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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 ia 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 optimali 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 proc>dures 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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automoblles 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
today, and this occurred without any formal advocacy of human factors in
design.

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,
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.

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

(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
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 often 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
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-
tms of a design was required to assure that those elements were mutually



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 co 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 systeam design on the characteristics of
man as much as on thnse of the machine, and to allocate control functions
on the same basis. 1t i{s 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 toocl of NPP and
process control, and its role is expectnd 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 efficlent, 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 often 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 system 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.



Ore 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-
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 0.
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, lack.round

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 probiem, developed a methodolcgy, and lead to
this study (ref. 1). Earlier (in 1979-80) BioTechnolugy, Inc. (BTI) had
undertaken a study for the Department of Defense (DOD) to examine the
literature and the histories of recent systems procurements (ref. 3). In
spite of DOD 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).



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 wmethods proposed for the allocation of
functions. These begin with the "listing" approach. 1In 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 HOS (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 uypothetical-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)



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. Furthermore, 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 continuocusly 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 teatative 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 poirt 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 methud 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 te 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 desigrn, 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 conetraints, and against reliability requirements. If these
requirements are met, Step 5 forces the analysis team to ask whether the
human job, as it 1is 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 .nd 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. Iwplementing the Method

Having 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 design modification. This methodology is an
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 NP[ 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 apperdices: Section 2,

"Defining the Problem,” reports lessons learned during research, defines
the terms to be used, and describes significant characteristics of the



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 i{s 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. Secticen 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.



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 questionms.

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,
wiilch 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: 1In 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 coatrol functions,
which {s determined by the design of the plant and the control system.

It is often 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 proceus
control industries. There is, for instance, a system analysis taxonomy
by which functions of a projected system are allocated among four
resources: men, data (computer programs and procedures), equipment, and
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.

11
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2.1.1 Allocation is a Visible Problem

Designing existing systems adapted ror human control requires more effort
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 autcmated functions, human
operators may be unable to observe the process or to exercise useful
control. To the obverse, they may be required to perform chores that are
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 Desiln 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 off-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 shouid be manual or automatic.

In conventional design practice that decision may often 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 io 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 i@ our objective to maximiaze 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. Allocailion 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 is an Invention Process

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 systeax
decision, and (3) an allocation eof 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 allocatiun of functions decision determines which control
actions will be perforwed by man and which by machine.

The three parts of th: 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 probiem.

2.1.5 Allocation Responds to an Engineering Hypothesis

The steps in the design process that fellow represent an extension of rhe
traditional approach to system design taken by the process control indus-
try. The feedback path which encourages iteration towards an optimum
solution, in particular, has been made explicit. The approach showr also
attempts to mimlic in a macrocosmic sense the microcosmic pattern ¢f indi-
viduals engaged in inventive design, although the process in zu irdivid-
ual may occur more as a parallel activity tiian as the serial process
outlined herc. This evolutionary process is purported to be realistic
but not necessarily an opt‘mum one for all systems. Experts disagree on
what should be the ideal pa.‘ern for the system design process.

Figure 2.1 presents the follow.ng logical steps in design hypo*thesis:

l. 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.

2. MHardware Hypothesis. The systems engineers and design team hypothe-
size that a certain engineering solution can perform the functions
under consideration. This solution is selected from analogous pust
technology modified as necessary. To allow maximum latitude for
design innovation, the hypothesis is stated in gereral rather than
component-specific terms. The lower limit to the specificity of the
hypothesis is difficult to state explicitly and must be left as a
judgment to be made by iLhe team.
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3. Control Requirem. 1ts. The mission and the hypothetically selected
hardware impose .<rtain control requiremaznts, which are estimated.

4. 2llocation of Functions Hypothesis. The desigaecrs hypothesize that
certain control interventions will be made by a human operator and
others will be made by automation.

5. Automation Task Requirements. Control interveniions allocated to
automation become automation requirements, and must be added to the
hardware bvpothesis.

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

7. Human Organizatisn Hypothesis. 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 hypothe-
sized, the hardware hypothesis must be wodified. 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 simultanecus
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 engincering subsystem (the plant) is defined by the sum of the hard-
ware hyputheses which survive design review and are incorporated in the
final system design. Similarly, the human subsvsiem (the organization)
is deffned by the sur of the human hypotheses w'rich survive and are
incorporated in the final luman factors plan. At that point, the three
elemerts 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. 1In the human sub-
system, allocation of functions determines the “perator task recuirements
which the human subsystem ¢ tisfies; in the engineering subsystem it
generates the control requirements and automation capabilities.

The human subsystem design may or may not fully reflect the allocation of
functions, at least as observed from outside that system. But once the
design is conceptualized, the allocation of functions is completeiy
Implicit in the engineering subsystem. That system (which includes
instrumentation and controls) determines whether a control function will
be performed automacically 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 factcrs 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 en,’aeering team detects a problem in design hypotheses
and thus must reconsider the eariier 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 powzr 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:

l. Interface Design: The design of co cols 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 literaturs,
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 operaticn requires two kinds of interven-
tion by man: control and maintenance. Although this report is
restricted to the allocation of conttol functions, allocation of
waintenance 1s no less important. Treatment of maintenance alloca-
tion requires a separate and substantially different approach.

2.1.10 Summ!‘!

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 decomposed
into subsystems, developing and elaborating detail with each cycle of
hypothesis and test. Hypotheses are rejected when they prove infeasiple
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 i{s a process of invention even when, as is frequently 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 praicess 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 sufficient 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 1lteration

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 au fterative 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. FEach 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 deve'oped for the gross elements of design

(ma jor 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 contrel
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 characteristice--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 consequeices 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
ezercise 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.



At the lowert level of ifnnovation the designers simply reproduce portions
of a previous design, adapting it only enough to fit into the scheme of
the new system. In such cases there {s probably ample data on the empir-
ical performance of the equipment, and perhaps even anecdotal data on its
human factors sultvabllity. 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 human
problems, due (for instance) to perceived control inconsistencies between
subsystems of the overall design. Some of these problems can be pre-
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
new system setting.

At the highest level of innovation, designers occasionally develop com-
pletely new applied technologies, previously known theoretically or as a
laboratory phenomenon. During the 1950s, for instance, most of the mod-
ern 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 the
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
basis for decision. Expert judgment is based almost wholly on, and is
calibrated by, expert experience with analogous technology, human and
machine.

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

Previous paragraphs have suggested a distinction between "design” and
"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-
mize costs, iisks, 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
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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 DOD Directive 5000.1 (ref. 15) and in
numerous supporting regulations.

Features of the system conceépt which should be (but sometimes are not)
recognized in NPP design iaclude 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.).

2533 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 cross-
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 availlable 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 ¢f a plant are identi-
fied 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.

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 speciffed 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;"
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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 instance, "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 it
is performed. A plant state is a specific configuration of the plant and
lts process parameters. Thus "produce steam” may be performed under
several normal and partially degraded oporating states, as well as some
non-operating test states.

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 aot 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.

l. 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.

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
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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 anormal 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
sald of additive functions that the final system output may occur
even If the output of any such function does not occur.

3. Control Functions.

a. Essential control functions. Essential control functions are
multiplicative functions as defined above, including those
coutrol 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 iavent the elements
of design for each function. The functions of a system have been opera-
tionally defined and the functional design phase (Sect. 2.3.56) is com-
pleted when the plant has been partitioned into elements for which it
proves possible to provide a satisfactory 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 May Not Be Unique

Obviously, most systems can be partitioned into functions in more than
one way. Usually more than one set of definable functious 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-
cesses. In fact, humans cannot think about future capabilities except in
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-
fied or the allocation of functions decided. In other words, "there is
no cookie cutter.”



Inetead, 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 statietical 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-
fied data to predict human performance (see also Sect. 2.6).

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

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 egpecula-
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 against 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-
slons be made by a panel, which should include at least the following
features:

l. 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.



3. Meetings should be formal and controlled by an ageuda. 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
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
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, nowever, 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. fCare must be exercised to prevent this procedure
from alienating individual team members.



2:95.5 The Hethquloéz

Section 4 describes a methodology ftor 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 two
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 overtly
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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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,

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
conditions, 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/1nformat ion-processing tasks occur in process control,
management planning, computer operation, labor supervision, military
intelligence analysis, and rescarch, Cognitive 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
consideration of cognitive informational 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 judgment rather than quantified analysis.
This 1s perhape undesirable, but it is made necessary by at least two
considerations:

® As was noted above, past methodologics 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 the
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 ia control can be evaluated
using formal models of the information processing sequence, Three cate-
gories of possible models are shown in Fig, 2.2.

lI

Models of the control requirement. Block | of Fig. 2.2 represents
possible models of the control requirement for a task or funct ion.
Given a general future engineering design, one might ask what control
actions will be required to configure and control the plant in all
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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 the
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/psychowotor
models has been suggested as the means of analyzing control requirements
and providing a standard language to describe the steps in information
processing. The model of system performance reflected by Fig. 2.3 is
recommended by the authors. The diagram shown contains three control
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 its
links to the electrical grid.

2.6.3.1 Core Performance Areas

This model can be re-expressed by the model of Fig. 4.3 in Sect. 3 of
this report. This model identifies eight core performance areas

(ref. 14). These core performance areas are recommended as a working
taxonomy to describe the steps which must be taken in order to process
data from sensors to control signals, whether these steps are taken by
man or machine.

2.6.3.2 Alternate Models

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
range of alternate models. An earlier report by Pulliam (ref. 19) illus~-
trates a detailed method for dealing with information processing tasks at
the developmental design level.

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 "information
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
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taken, and he plans control interventions acccrdingly. 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 15 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-
lug 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. 1In 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 coantrol 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 conditiou 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 exerclse 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 remaln 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 initiats an increased flow from
reserves, 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 wen and machines
perform very well. There are other tasks, such as multivariate value
welghing, 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.

As a result, the two maior 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
tasks. Each of these dimensions will sum many human or machine vari-
ables. Furthermore, each will be an estimate--an attempt to realistic-
ally predict the performance of man or machine in cortrolling 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
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Finally, there is the region (Pha)s bounded by regions (P, (By), (U),
and (U ), and by the lines of constant proportional difference B-E and
U'~E'. At all points in this region the difference between the expected
performance of man and machine is not great. This is a region of less
certain cholce 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
wachine 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 tlie man and
machine performance variables (X and Y dimensions) are themselves multi-
variate parameters which resist quantification. 1In the absence of an
ability to scale X and Y, no reasonable values can be assigned to the
internal boundaries of the matrix. Furtherumore, it must be recognized
that the matrix concerns only the question of which allocarion 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 technologis 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 1s 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 from project to project. The use
of a formal design data base is recommended as a requirement 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 huma~ 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, expeasive misunderstand-
ings are frequent, Simulator developers sometimes design details of the
training simulator based on old data, long after control engineers have
changed the real displays and controls. Proczdure developers write and
publish procedures using control assumptions and terminology different
from those being used by training developers and control board designers.
These failures are expeasive in terms of retrofit costs, as well as in
terms of the safety and elfectiveness of the end system.

2.8.2 Over the Wall

The situation often encountered in the nuclear power industry resembles
that represeated by Fig, 2.6, with the absence of the "Design Documenta-
tion" box., Several design teams operate within their own respective
walls, with an exceptionally high wall between the designers of the engi-
nearing and human factors subsystems. Too many people are involved to
permit direct communication; oaly a documentation system can provide
effective communication "over the wall."

In NPP design, the wall has been a more sz2rious problem than in some
other fields, This is true because in the nuclear power industry docu-
mentation is often relatively informal or it is not pressrved as the
design develops, 3 fact which hinders interdisciplinacy planning. Good,
relatively stanlardized 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:

® Mediate interdisciplinary communication. It should be written in a
language and conform to a sct of conventions that are reasonably stan-
l1ard and translatable among discip'ines. This implies that there must
he some central direction of the documentation effort.

® Permit access to data from the other specialities, and provide that
data at a time aad 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.

® Provid: a durable historical record. It should make possible the
ability to go back anld fally recall past decisions within any discip-
line. This implies that not only the dasign but also the rationale
fyr decisions should be recorded.

® rProvide continuity of effort and direction as people and design teams
change .

® 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,

® Permit a design to be tested by deductive analysis, even though there
may as yet be no hardware to test empirically.
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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 pecple 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 from more divergent specialities are needed, and the pro ject
time span may increase. At some degree of complexity design becomes
infeasible without the support of a sophisticated documentation system.

0Of course, maintaining a more scphisticated 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

Effectively 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 suggescs 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 evercised using data from the design docu-

mentation base.

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 geneval philosophy and on
their objectives regarding the role of man.



2.9.1 Theoretical Limit of Automatic Control

There is a theoretically imaginable level of automation at which a plant,
once in place, is auvtomatically brought into operation and produces power
at its design capacity throughout its entire lifetime without supervis-
fon. 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,” "ruaning,” and "closed.” Human 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 iantervention. The power levels and schedule for opera-
tion may be dictated by an automated diespatch center so that the plant
may become a lower element in the hierarchy of a large-scale power dis-
tribution system.

Although social and technological boundaries way 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.. 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
the plant should be able to assume, as well as the minimum set of con-
trcllable transitions that will be necessary at a desired level of
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achievable automation (the role-of-man objective). The following ques-
tions may aid in the development of such a state diagram.

® What must be controllable to meet human, economic, social, regulatory,
and management obhject ives?

® What operat:ng states are required to meet the plant's requirements
during i1ts life vycle?

® What test, maintenance, and refueling states should occur?
® What degraded and railed states may occur?

® What transitional states lie between the operating and degraded states
Cincluding emcrgency transitions)?

® What is the maximum (theoretics!ly) achievahle set of automatically
controlled transactions?

® What automatically controlled transitions are reasonable design tar=-
#ets, considering the role-of-man objectives, the cost, and the cur-
rent state of automation technology?

This #nalysis should lead to the development of a state-transition dia-
gram resembling Fig. 3.5 in Sect. 3.

2.9.3 Asymmetry of Roles

To assume that the roles of man and automation are potentially equivalent
1s msleading and potentially erroneous, even though there appears to be
superficial symmetry (1.e., most coatrol and decision tasks can poten=-
tially be performed either by a human operator or by an automated control
system), There may be differences between the relative suitability of
man aud machine £ a given task, depending on such variables as speed,
reliability, precision, complexibility, and cost, but those differences
may be Guantitative rather than qualitative, Up to a limit, allocation
to human or machine components can be selected much as selecting engi-
neering components: by comparing their relative performance characteris-
tics to the requirements of the control tasks. In many cases, either can
be mad: o perform to specification,

However, there are basic differences between the ultimate roles of man
and machiue as controllers, In fact, man and machine cannot undertake
fully equivalent roles even 1f, when viewed only as engineering compo-
neats, they are equally capable of performing the task concerned. This
is true for two basic reasons: First, man must retain ultimate coatrol
of what he builds, and second, man must be kept informed whenever the
machine assumes control. These reasons will be elaborated,
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Fig. 2.8. A symmetrical man/machine model.

2.9.3.1 A Syametrical Control Model

Figure 2.9 represents a hypothetical industrial process (a plant) and its
control systew in which man and mechiane are assigned symmetrical roles.
The plant {(center) is governed by controls (right), and its state is
observable through 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 displays, by
continuous feedback. Symmetrically an automatic control system (ACS)
(bottom) senses plant status and affects control.

This is a potentiallyv uracceptable relationship because the operator and
the ACS are in competition for control of the plant. They are likely to
undertake competing coniro) strategies, and neither the operator nor the
ACS can act on the basis of <omplete information because actions by
either party may change the system configuration. Neither party can plan
a dependable control strategy without knowing what the other is planning.

2.9.3.2 An Allocating Control Medel

A possible correction to this conditicu may be provided by a symmetrical
division of tasks. Figure 2.9 illustraies a plant with an "allocator,”
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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 {or complex, large-scale process control because:

l. Man (the operator) needs to intervene so as to supersede the -
mated control system in deciding the level of production or .
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 thet man should know what the ACS
is going to do, and that ACS program &_tions 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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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 Features

There are a few uotable 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 automated 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 immediate control of a safety
response.
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2.9.4 Basic Rules for the Role of Man

At least six working rules for the role of man in an automated system can
be extracted from the preceding development:

l. 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 glven to man to correct automatic con-
trol {f necessary.

3. Information should be provided to man concerning the actions of auto-
matic control and its objectives (i.e., what the control logic is
trying 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 {f required to assume
control.

2.10 THE PROGRESSION OF ALLOCATION OF FUNCTIONS

The specificity and detail f 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

Figure 2.11 illustrates the possible content of an allocation of func-
tions document after about four levels (or cycles) of partitioning. This
must necessarily include the following six pieces of information:

Fleld l--Identity of the Function: Field No 1 identifies a function.
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 identifies the
principlie subsystems concerned for this example (heating, ventilating,
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1. Function Code 1.5.2.3: Heat, cool, vent areas of RAB with filtered air at specified temperatures. Maintain human habitability. Cool RAB
equipment. Control radiation leakage.
2. Subsystems HVAC RAB subsystem. 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.
Maintain normal heat level,
Maintain required rate of air flow.

Start backup fans.
Filter radiation from exhaust air.
Reconfigure dampers for radiation
containment.

.

.

.

Etc.

Activate fans, refrigeration, heating coils,

using setpoint thermostats.

Display temperature and flow data.

Display predicted data from trend forecasts.

Provide abnormal parameter alarms.

Provide equipment failure alarms.

Control dampers (normal) using program logic.
-

L B

Etc.

Recognize abnormality.

Set thermostats seasonally by phone to Plant
Equipment operator.

Make periodic log entries per procedure.
Start emergency fans.

.
Reconfigure dampers to contain radiation.
Reconfigure dampers to control fire.
B
a
B
Etc.

Fig. 2.11.

Contents of an allocarion of functions document.

Ly
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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 off-site power, cool-
ing water, heating steam, and ambient air.

Fleld 3--Plant States: Tu 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 descvibe the allocaticn of functions in detail. All functions which
need to be performed to support the control requirements of Field 4 arve
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 wholly tc man,
an entry is required only in Field 6. For example, "Reconfigure dampers
for radlation containment” ifs 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 avtomation. 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 wili 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 ad justments, 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 will 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-
tions in complex control settings such as traffic routing, intelligence
analysis, or vehicle operator control.

2.11.1 Cost

Sections 3 and 4 of this report describe a generic 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. 1Is it worth
the cost?

The answer scems clear: Humea error now causes about half of the acci-
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
seem 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 praciical 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 soive the problem
of allocating functions. There is still much to bYe done. Some recom-
mended next steps are presented in Sect. 7, Conclusions.
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However, 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
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.
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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
® ldentify the major steps necessary during the initial, or “functional
design," phase of system development. (Refer to the discussion of

developmental versus functional design in Sect. 2.3.6,)

® Explain how those major steps affect the allocation of control
functions.

® Identify the steps which produce information necessary to the alloca-
tion decision.

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

® 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 1in the context
of a design effort in which the human component 1s given adequate treat-
ment. Design practice in the nuclear power industry has occasionally
neglected the human component, or has considered it only after an engi-
neering design was well advanced. This description of the design process
emphasizes those steps which ensure planning for the human component, and
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 functionms.
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
“"fmproved” 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.

l. Data sources specified. Formal steps are called out for those design
decision points which provide infcrmation 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.

3. Allocation effects identified. Formal steps are described for those
points at which allocation of functions decisions impact upon other
decisions in engineeiing or in human factors design.

4. Human factore 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
functioual design.

5. Llocumentation. Because successful allocation of functions depends on

good project documentation, a minimum necessary set of design docu-
mentation points are suggested.

3.1.3 Source and Application of the Methodoiogy

The functional design methodology described in this section reflects
underlying decision steps which have been exercised in the past in NPP
design, although those steps frequently have not been named or docu-
mented. The methodology also reflects recognized good practice as it is
reported in the professional literature, and uses the language of that
literature. (Refer to discussion of the systems design process in

Sect. 2.3.) The methodology for the allocation of functions is adapted
trom the Price-Tabachnick allocation model described earlier in this
report and in prior reports (see refs. 1 and i4).

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

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
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both engineering subsystem design and human subsystem desizn, 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
two principal phases in which initial solutions are first hypothesized
and then followed by a deductive test.

3.1.4.1 Entry Conditions

Figure 3.2 is a simplified representation of the design process.*

Block 1 represents the initial conditions for design: A design team is
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
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-
tive or not achievable; if so, Block 3 must be repeated.) The tentative
allocation of functions defines the requirement for human tasks from
which a human factors solution (Block 5) can be hypothesized. At this
point (Block 6) the team examines the hypothetical design to determine
(a) whether there are contradictions between the engineering and human
designs, and (b) whether the functions are adequately partitioned (i.e.,
iato small enough functions). As necessary, the team returns to Block 2;
partitions the functions into a larger number of smaller functions; and
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).

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
appropriate roles have been assigned to the engineering and human subsys-
tems (Block 8), When this is done, the individual subsystem concepts are
evaluted separately (3lock 9). Normally, in this step the team will

*This is the sequence shown ian Fig. ? 1, except that it has been
simplified by grouping several steps together,
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detect a number of design deficiencies and/~. an inadequate partitioning
of functions (Block 10), resulting i~ ;_veral cycles of feedback and
redesign through the hypothesis phase., When the hypothetical design
passes the evaluation tests, a system functional design is complete
(Block 11).

3.1.4.4 Where Allocation Occurs

Allocation of control functions occurs principally in the Block Nos. &
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
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.

3.2 ENTRY CONDITIONS
This subsection describes the preliminary eveats 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 8peciiee the general
requirements and constraints the plant must meet.

At the outset of a project this requirement may be very gencral., As a
minimum it typically will specify

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

ORNL-DWG 83-13782
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® A specifi~ 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,

® Cost limits, Example: Under an initial dollar limit during 1983-85;
under a total dollar limit by completion.

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

® Power distribution, Example: Deliver power into the regional grid at
Ware, Nebraska.

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 busiuess 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:
® Major components

® Number of reactor units

® Major departures from prior designs

® 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:

® The general level of automation desired
® General policy on emergency reconfiguration by operators

® General division of responsibility to management, shift supervisors,
control room (CR) operators, plant crew, and maintenance,

Note that defining the role of man followe 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.")
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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 factors
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);
(¢) 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 include
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
agreed upon,

® The roles of any subcontractors are defined.

3.2.5 Organize for Documentation (Figure 3.3, Block 5)

The continued effective interaction of different 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 suffered 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. 1In 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 retura
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 effect defines a "function" opera-
tionally. A function is a subprocess of the plant which is convenient to
consider as a unit during early design. 1t 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 subprocess states
until closely related elements have been defined, each of which produces
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 hreakdown of the plant into its
essential subsystems (reactcr, 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 *ransitions 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 tarms, what categories
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

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
in Sects, 3.3.1.2 throngh 3.3.1.4. FEach 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 coatrol 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 coadition "B" (running downm,
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 isolatioa "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);
(11) 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 after blocks 9, 11, 14, or as soon as it
is recognized that it caannot be allocated as defined.

3.3.1.8 Regartition

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 represeants a gate through which each function is
passed, one at & 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
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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 /output
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 Documentation."

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 humen factors solution (manpower,
training, etc., step 14),

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 coatrol problems can be avoided.

3.3.5.2 1ldentify Control Requirements

It is a basic responsibility of the engineering staff to state where the
plant will need to be controlled, although the human factors staff saould
assist. A usefu! 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. However, it seems appro,.iate
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:

a. higher levels of functioning exercise control over larger por=-
tions and broader aspects of the overall system behavior;
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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
mome.it we will describe step 11 only briefly.

Steps 9 aud 10 hypothesized an “engineering solution" and a set of con-
trol requirements for a specific function currently under design.

Step 11 will now hypothesize an appropriate allocation of that function
to man or machine, It is understood that more than one such allocation
may Ye possible and appropriate: the problem is to divide responsibility
for control of this function to man or to automation in one of several
possible satisfactory ways. It is also understood that, in most cases,
the allocation will be shared between man and automated control

rather than allocated exclusively to one or the other,

3.%.6.1 Allocarion Irteracts with Other Steps

The allocation of functions responds to a hypothesized engineering design
solution (step 9), using data describing control requirements (step 10).
"t anticipates the development of human subsystem functional design
(human factors solution, step 14), and does two things: (1) It deter-
mines whether the engineering solution is acceptable from an allocation
standpoint; if not, it may be necessary to reconsider earlier steps such
as steps 6 and 9. (2) It develops a hypothetical allocation of control
responsihilities bYetween man and machine, Functions allocated to man
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.

3.3.6.2 How Functions are Allocated

Functions ae allocated to man, to machine, or (more frequently) to com-
binations of the two alternatives, by applying a series of tests to the
enzineering hypothesis, The.e tests ask, in an ordered sequence, the-
following questions:

l. 1Is automation mandatory?

2. 1If mandatory, is automation feasible?

3. 1Is human action mandatory?

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

5. Is the function too broadly defined to allocate (needs
vepartitioning)?

6. 1Is automation techaically preferable (but not mandatory)?

7. 1Is humar control technically preferable?
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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-
vide a preliminary statement of the human organization, with estimates of
numbers and with quantitative requirements including lLife cycle costs,
Nocumentation typically includes general statements regarding:

® Number of personnel

® Skill and training levels

® Job design, crew composition, and skill prr ression

® Procelures and job aids

® Training organization

® Selectioa and advancement

® 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. 1t concerns at
least two areas:

1. Bn ineetigg/ﬂunln Solution Fit. Having gone through stegs 9, 11, and
to hypothesize an engineering and a human factors solution for
each function, the team again compares those two scolutions: Do they

really p.ovide for all control requirements? Are they efficiently
related?

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 deci-
sions made for different functions reflect divergent design
philosophies?

If the emerging design is incomplete, fragmented, or inconsistent, it is
normally necessary to recon-ider some function:l decisions from the
"alternative concepts" point (step 8).

3.3.11 Allocatability Test

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 plant's necessary sub-
systems and processes, the parts of which are closely related, which pro-
duces a plant subproduct, and which can be treated as a unit concept
during early eystem design. 1In 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. 1If 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 !5 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~z 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 hypothecical 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 elaboracion of detail. This iterative cycle of

Phase 1 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 1s assured because Phase I does not end until a
tentative set of functions has been hypothesized. Detail must therefore
be sufficient to:

® Identify the hypothesized functions and clearly state their boundaries
® Identify the engineering solutions

® Document the allocation of functions decisions

® 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 Core Performance Requirements? A first test asks
whether man, viewed as an engineering component, can neet 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. 1Is 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 2?

5. 1Is nggitive Support Adequate? This step asks whether the operator
will be provided sufficient information to continually be aware of
the plant status,
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6. 1s Job Satisfaction Optimal? This step examines the factors which
lead to human acceptance of the job.

Failure to qualify on any of the six tests in this step will return a
hypothetical function to an appropriate step of Phase 1 for redesign.
(This feedbick is shown as step 23.)

3.4.3 Evaluate En!ineeriqilbcnigg

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 staff.

3.4.4 Evaluate Human Factors Denigg

It 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.*

3.4.5 Congletg}

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 rede’ n»d, 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, ie 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? 1Is the level of detail adequate for the plant design

*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
defined. 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.) 1If 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 Deoigz

Collectively, the functions which pass all tests of Phase Il constitute a
system functional design (step 25 of Fig. 3.5).
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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 Fxg 2.1. The step-by-step details of this method are item-
ized ulnutely 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 ll: 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:

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 engineerirz and
human fdctors subsystems and permit a human factors treatment to be
hypothesized. A recommended procedure for formulating a hypothesizec
allocation of functions is shown in Fig. 4.1, which presents step 1l
Fig. 3.1 in greatly expanded detail.

4.1.1 General Method

The recommended procedure for allocating functions consists of 19 analy-
sis 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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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 subsystems 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.

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 meet ings, 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 djesign team. The pre-
cise skills and experience required of them will depend on the speci-
fic functions b:ing allocated and their technical characteristics,
The roles of the team members are generally as follows:

a. Engineering design members are expected to:

® Explain the hypothetical engineering solution to other members of
the team.
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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.
Human factors design members should:

Provisionally estimate the reasonableness and svitability of
each team decision in terms of its human factors implications,

Frovisionally 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 drliberations.

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,

The senior allocator member shall:

Control the agenda and prepare for meetings.

Chair meetings.

Make final decisions.

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 reaquirements described
by step 11.5 of Fig. 4.1, assisted by human factors
representatives,

Analogous Technology. Expert judgment is assisted by comparing each

proposed technology with analogous real cases. 1In fact, experience
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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, problems, and cost,
See also the discussion of analogous technology, Sect. 2.5.2, and
institutional memory, Sect. 2.8.4.

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:

® the entry conditions established at steps 1-5;
® the identity of provisional functions, step 6;

® the alternative engineering concepts and hypothetical solution,
steps 8 and 9;

® the description of the control requirements imposed by the engi-
neering solution, step 10; and

® 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 organizatiown and will be accessible whenever necessary
to reconsider the allocation hypothesis,

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.

Permissive Criterion. During this hypothetical allocation decision
the goal 1s 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.




82

Series Analysis. In general, the team will deal with provisional

functions one at a time, Later (in step 19) the simultaneous effects
of all functions will be examined, but here the goal is to achieve a
hypothetically optimum allocation 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 interactions between functions.

Decision Matrix. The matrix shown in Fig. 4.2 1s designed to clarify

the logical basis for certain decision steps. (This matrix was first
discussed in Sect. 2.7.3.) Shown in circles outside the matrix are
the respective steps from Fig. 4.1 at which the contents of each
region are allocated.

Decision-Making Procedure. The tzam 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-
1ical order.* These steps are detailed in Sect. 4.1.2.

b. Engineering members will describe the hypothetical engineering
solution, 1ts demands on users, and its analogous technologies
(Sect, 4.1.1),

c¢. Human factors members will discuss the appareat consequences of
the solution on personnel (see Sect, 4.1.1).

d. All members will suggest possible allocations of function, and
will seek to achieve a consensus solution.

e. The chairman will decide on a hypothetical allocation, not nec-
essarily accepting the majority opinion. He or she will record
that decision, including the decision rationale and any impor-
tant non-concurrences,

f. The method and criteria described in Sect. 4.1.1 will be appiied
in each of the steps shown in Fig. 4.1.

4.1.,2 Step ll1.1: 1Is Automation Mandatory?

This step 1dentifies functions and subfunctions for which automation 1is
mandatory. These are the functions which lie in region (Uh) of Fig. 4.2,

*Other sequences are acceptable so long as all decision steps are

applied, However, the order shown is a rational sequence of decistions,
and 1s 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 muet be automated, although some tasks may
require a capability for human observation and interveantion. 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 eavironmental 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.

¢. Does Regulation or Law Require Automation? If so, use outcome "yes."

d. Does Safety Require Automation? If a policy dictates, or if on con-
stdered analysis 1t is decided that sfety functions should be initi-
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 returned
through step 11.6 for repartition.

c. "No." 1If 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 (U, ) of
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

® No feasible engineering strategy exists,
® The costs of automation would be unreasonable,

® Development or delivery time would be unacceptable,.
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® The reliability of an automated solution would not meet function
requirements.

4.1.3.1 Test Result

a. "Yes." 1If automation is technically feasible, the entire function is
hypothetically allocated to automation, with no human participation,
Go to the bus line "allocate to automation."

b. "No." If automation is not feasible, the function must be reparti-
DR . - . . -
tioned, redefined, or assigned a new engineering solution. Return to

step 6 or 9,

4.1.4 Step 11.3: 1Is 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 mandatorv. 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 muét be under human control, although some may require
automated support at the task level. That question will be dealt with by
step 11.15, "Specify Residual Automation Support."

4.1.4.1 Applicable Substeps and Questions:

a. 1Is Human Performance Required by Law or Regulation? If so, use out-
T e
come “yes,.

b. 1Is Human Performance Required by Labor Agreement? If so, use outcome

Tyes."

c. 1Is 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 cause the plant
to produce economically desired products and keep it within statutory
safety standards. If a function falls in this category, use outcome
"yes '"

d. Is Automation Technically Infeasible? Using criteria in Sect. 4.1.2,
1s automation probably infeasible? 1If 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.

¢, "No." If the outcome is "no," go to step 11.5.
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4.1.5 Step 11.4: 1Is 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 (U, )
of Fig. 4.2. This decision is made primarily on the technical advice o?
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., 1If man is not a feasible
solution, use outcome "no."

4.1.5.1 Test Result

a. "Yes." If human performance is feasible, the entire fuaction is
hypothetically allocated to man, without automation of any part.
Go to the buz 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.

2.1.6 Step 11.5: Analyze Included Core Performance Requirements
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 definiag 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, [f there are no other allocator member.,, 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
performed.

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

® (Cricical core performance requirements, and
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® 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,

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.

Estimate the Suitability of Automation. The engineering representa-
tives 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:

® Control requirements which impose critical technical limitations
or costs,

® Description of the limitatious,

® 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,

® 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

esign to deal with easily, use outcome "yes."
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b. Different Treatments., If a function contains two or more areas which
L 1. N 3 = " "
appear to require different allocation treatments, use outcome "yes.

¢. Similarity of Content. If a function contains more than oane cluster
of coherent subfunctions, it should be partitioned. That is, it
should be repartitioned if it contains two ur more parts which differ
sharply when analyzed as outlined in Sect. 4.1.5. 1If this is the
case, use outcome "yes."

4.1.7.2 Test Result
a. "Yes." 1If the outcome of step li.6 is "yes,"

return to step 6 of
Fig. 3.1 and repartition the function.

" proceed to step 11.7.

b. "No." 1If the outcome is '"mo,
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 1l.1 to
11.12.

4.1.8 Step 11.7: 1Is Automation Preferred?

This step identifies fuuctions 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 Preferred Automation

a, Included Cases. This step identifies those functions for which auto-
mation 18 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, effective, inexpensive) and
human performance imposes some problems, and (b) cases in which auto-
mation is marginally effective 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." 1f the outcome is "yes," go to the bus line marked "allocate
to automation."

b. "No." 1If the outcome is "no," go to step 11.8.
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4.1.9 Step 11.8: 1Is 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.)

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.
(See also Sect. 2.9.)

4.1.,9,2 Test Result

a. "Yes." 1If 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 .f 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. 1f
such allocation is appropriate, the outcome is "yes."

4.1.10,1 Test Result

a, "Yes." If the outcome is "yes," go th step 11.10,

b. "No." 1If 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
Automat ion

The source data for this step are the analytic data from step 11.5.

4.1.11.1 Allocations to Automation

a. Input Segments. The blocks on Fig. 4.3 marked "sensing" and "moni-
toring” represent input functions. These core performances may be
automated in part by providing sel f-actuated

® Monitoring of alarms and out-of-tolerence conditions.

® DNisplaying and intelligent configuring of system information to
maximize understanding of the information displayed and minimize
acquisition time,

® Information processing capability external to the human in support
of his own processing.

b. Central Nervous System (CNS) Processes. The blocks "information
processing,” "interpreting," and "decision making" may be automated
all or in part by providing sel f-actuated

® analysis of input data

® display of recommended procedural steps (some of which may in turn
initiate subsequences of their own)

® decision and diagnostic assistance

¢. 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
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® Automated hold-until-canceled data devices. An annunciator is a
simple form of such a device,.
® Buffer devices to support human short-term memory.
® Information systems to support long=-term memory.
® Automatic information logging.

d. Output Processes. The b'ocks "responding” and "controlling" can be
automated all or in part by providing

® get-point controllers
® gequence controllers

® computer control subsystems (which can implement complex varia-
tions of the first two)

Those parts of the control cycle identified as appropriate to auto-
mate are recorded descriptively, stating

® control requirements that apply

® human core performance areas that should be automated or provided
with automatic support

® the general automation strategy that should be applied (i.e, what
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
man. Outcome "no" places the remaining parts of the decision cycle in
region P, of Fig. 4.3,

4.1.11.2 Test Result

a. "Yes." If the outcome is "yes," go to the bus line marked "allocate
to aut» mation.

b. "No." If the outcome is "no," go to the bus line marked "allocate to

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
may provide a pattern of activity for the crew which leads to job satis-
faction and contributes critically important cognitive support.
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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 uanderstand 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 controllling 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? FEach 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, such tasks should not be selected.

(3) Matrix location (Fig. 4.2). Selected tasks should be in the
upper right of region (P, ) of Fig. 4.2--tasks which can be well
performed by either man or automation. '

¢, hAre the Tasks Useful to Job Satisfacton or Cognitive Support? 1In
selecting control requirements for allocation, consideration should
be giver to the requirements for job satisfaction and cognitive

support .,
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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." 1If the outcome "yes" occurs, go to the bus line "allocate to
man .

b. "No." If the outcome "no" occurs, go to step 11.12.

4.1.13 Step 11.12: Reconsider for Cognitive Support

This step reconsiders tasks provisionally allocated to automation. These
tasks are reconsidered if there appears to be a requirement for a greater
degree of cognitive support. (See also Sect. 2.6.5).

4.1.13.1 Criteria for Reconsideration

a. 1Is 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. Farly 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
subsystems and states which are, or are not, described sufficiently
in the operator's mental model.

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? 1Is there ade-
quate remaining task activity to provide sufficient cognitive support
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 fuactions go to the bus line "allocate
to man."

b. "No." Allocations previously made to automation continue to be so
allocated. Proceed to step 11.17.
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room (as in the case of a NP?), all control is automated to the extent
that 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 tunction allocated to man to ensure that no
uwanecessary burden is placed cn 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).

Set-Point and Sequence Controllers. Examine ecach function and spec-
ify poinis where unnecessary manipulation of analog controis can be
avoided by using set-point controllers, or where common switch-and-
valve sequencing can be simplified by automatic switching.

"Dea! Man" Controls., Examine each function. What happens if the
NG B LA L) St . s

operator fails to perform required functions? Can appropriate auto-
mat ion make the plant stable under these conditions?

Multiple Levels of Control Access. In many systems, a hierarchy of
control functions will be provided by the designers. Operator access
to each levzl or layer in the hierarchy may provide additional backup
capability to accommodate degradation of upper level function and
provide (v emergency reconfiguration. The further up the hierarchy
operator control is exercised, the more integrated the control action
Yecomes, Thus at high levels a single action can engage, disengage,
or modify many subsystems. FExamine each level and function within
that level to determine the most effective access points.

Congistent Level of Automation. Based on design guidance (steps 1,
2, and 3, the control room should present to the operating crew a
reasonably consistent level of automated support. Examine each func-
tion to ensure that austomation decisicns were based on uniform crite-
¢ia, Ghange any allocations that are seriously inconsistent, unless
there i3 a clear and compelling reason for the inconsistency.

4.1.17 Step 11.16: Provisionally Allocate to Man

The hypothetical allocations that reach this point are provisionally
allocated to man. Ea-h allocation here is provisional because each will
be subjected to a test at step 19 (Sect, 4.2), and because each may be
changed as the result of changes in the engineering or human design
Wypothesis, These allocations, and the rationale on which they were
made, will be entered into the design data base.

4.1.18 Step 11.17: Specify the Residual Role of Man

All cypes which result in a hypothetical allocation of functions to auto-
mation terminate at this step, which specifies man's role in automated
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automated designs. Specify the required minimum allocation of policy-
level control functions to man,

4.1.19 Step 11.18: Prcvisionally 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, FEnter these a'locations, and the rationale for them, into
the design data hase,

4.1.20 Step 11.i9: Record Automation Requirements

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
ident ify 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
descrive (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
automat ion 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, ent>’ed into the design data base,

4.2 STEP 19: DEDUCTIVE EVALUATION OF ALLOCATION OF FUNCTIONS

This phase provide~ for deductive testing and raluation of the hypothet-
ical allocations made at step 11, The viability of those allocations
depends on their being appropriactely 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 exerciscs the six test steps shown
in Fig. 4.5, which is an expansion of Fig. 3.1, step 19. 1In each step a
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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 ot

Sect, 4.1.1, except where noted below,

1. Expert judgment, Expert judgment is, in effect, required three
times: (i; 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 gquantitative 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 effects of (raining, selection, procedures, crew structure,
organization, and o*her human factors upon the ability of operators
to perform. The allocation of functions representatives ensure that
the effects of "unburdening" are considered, as was specified earlier
at hypothesis step 11.9, "allocate core performance segments'

(Sect. 4.1.10).

3. Analogous technolg&l. Expert judgment is assisted and made feasible
by previous experience with analcgous cases. Such analogy should be
used to predict the human requirements that a given function will
impose .,

4. The design data base. fvaluation 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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® 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 man and machine
has been made; b) the engineering hypothesis on which the alloca-
tion is based places reasonable demands on and providcs 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 tesi in
progress., Available quantified and empirical data will be exanined.
Each of the unquantifiable variables of human capability and of
unknown future technology will be identified and its effect on the
design estimated. Analogous technology will be discussed,

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 reasoans 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 tu pass the test,
the team will record the reasons for its failure,.

7. Beries and simultaneous analysis. 1In each test the hypothetically
allocated functions and their associated Jesign hypotheses are evalu-
ated, first one function at a time and then simultaneously by plant
function, to determine their total effect 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 ie 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 supporc require-
ments and vulnerabilities, the effects of emotion, fatigue, and competing
interests. These will be considered by step 19.2.
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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 cn each of the core
pecformance functions. This analysis can reexamine the detailed guid-
ance offered 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 aiso to
Appendix C).

Perform Series and Simultaneous Analysis. Hypothetically allocated
functions are evaluated using the design data base as a source of
data, The allocation of each fuaction is first evaluated individu-
ally and in series, on its own merits, asking the quesstion, "Can man
per form the control requirements of this fuaction as allocated?"
Then all functions are evaluated in their collective demands on the
operator, asking, "Can man perform all requiremeants imposed on him
during each predicted plant state?" In the first {series) analysis,
each function is evaluated based on the assumption thac one operator
will respond to the entire function. I[n the second (simultaneous)
analysis, all functions together are evaluated against the cepabili-
ties of the control room crew, considering hypothetical crew size,
individual capabiiities and training, and the availability of techni-
ca' assistance and supervisor support,

Test Procedure. The team discusses each function szerially to ensure

that the hypothetical engineering and human factors solutions are
fully understood, The hypothetical allocation of functions is exam-
ined for its effect 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 desigaed, 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 functions pass this test serially, they

are evaluated again, by plant state, for their simultaneous effect-~
the cumulative psvchological loads imposed by a!l functions together,

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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of steps 6, 9, 11, or 14 of Fig 3.1. A function can fail because
of

® improper partitioning (step 6)

® unsatisfactory psychological demands imposed by the engineering
hypotheses (step 9)

® inadequate hypothetical human factors solution (step 14)

2, Passed: Functions which pass this test may continue to step 19.2.

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, 1t widens the question by examining man (the operator) more
broadly. Here wan is viewed in reference to his physical, emotional, and
social requirements, and the job is viewed colliectively 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 in

Sect. 4.2.1.
b. Scope This step is required to consider all demands upon man except:
Ta) 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 predictible using the current disciplines in
physiology, engineering psychslogy, and human factors science., A
checklist of issues to consider will be offered below, but it is not
meant t3 limit the range of inquiry. The evaluation team should seek
to identi’y any excessive demand or constraint imposed by the hypo-
thetical system which is detectahle on the basis of either applied
experience or scientific analysis,

¢, Checklist, The following issues should be considered. (Refer also
to Appendices A and B,)

® Psychological/physiological environment: shift length, job coher-
ence, learning/performance requirements, and stress levels,

® Physical environment: heat, lighting, noise, glare, presence of
radiation, etc,

® Social structure: inter-/intra-group characteristics, work team
structure, and interpersonal interaction and support.
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® Organizational policy and structure: channels of communication,
supervisory structure, rewards system, and operator
autonomy/responsibility,

Test Result

l. Failed. If a hypothetica! function fails this test on any issue
discussed in Sect. 4.2.3, or if any plant state fails 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: 1s the Cost Tradeoff Acceptable?

The test in step 19.3 evaluates whether the design as hypothesized in
steps 9 and 14 makes an optimum balance of cost between engineering and
human factors desvelopment., 1In particular, it asks whether the nypotheti-
cal engineering and human factors solutionc can be achieved at an accept-
able cost,

4,2.4,1 Test Method

General Method. The ger:ral method of evaluation is parallel to
that used in Step 19.1, and the principles are detailed in
Sect. 4.2.1a.

Specific Method. The specific method includes 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 effort 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.

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 solutioas
(steps 9 and 14).

® The degree to which those solutions are tested designs, depart
from prior designs, or require new development.

® The implications of cost of acquisition, cost of development, and
development time (in general or camparative terms--not necessarily
dollars).

® Actual dollar costs for analogous past developments (if available).
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® Techuulogical hazard. What chance is there that the proposed solu-
tion will encounter development problems? Include the human fac-
tors solution: Can vou really achisve the training or procedures
capability proposed? Will it really perform as deoscribed?

® Consider full life cycle costs, as well as immediate development
and procurement costs,

4.2.4,.2 1Items to be Considered

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 technelogy costs 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.

Is There Any Gross Imbalance of Cost? Examine each fuaction to see

1f the d_signers have increased system cost by overemphasizing tech-
nology. Conversely, have they (ancreased human cost by underexploit-
ing technology? Refer to the level of technology guidance provided

by the engineering concept (Fig. 3.1, step 2).

Has Technology Been Overestimated? Examine each function to see if
there is a chance that the solitions may not be achievable, or may
encounter unacceptable development problems.

Can Technology Be Developed in Time? Can each hypothesized engineer-
ing or human factors solution be developed, dehugged, and delivered
in time?

Are Costs Acceptable? 1[Is there a chance that the developmeat 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 he 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 rhis happens, management looks tirst 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 eifectiveness. (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.

Is Tbchnql;;lfconailtent? 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
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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, elther 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/fail 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: 1Is the Human Factors Structure Adequare?

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
assumpt ions 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 woul ! assure the availability of an adequate organization, numbors,
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 <olution for its quality and achievability.)

4.2,5.1 Me:ihod and Content

a. General Method. The general method of evaluation is parallel te
that used in Step 19.1, and the principles applied are detailed in

Sect. A.2.1a.

b. Special Considerations. This test will determine whether the hypo-
thetical human subsystem design can be 'easonably assumed to meot its
objectives in the following areas:

® Can the hypcthetical organization be expected to provide personnel
at the times and places required?

® 1s supervisory and consultarive support adequate?
® 1Is tie division of roles between plant and control room suitable

to enable implementation of functions that may be anticipated for
future use but not currently planned?
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® Is crew size adequate at all times?
® Are specitied individual abilities equal to anticipated demand?

® Are specified skill and experience levels equal to anticipated
demand?

® Are specified training levels equal to anticipated demand?

® Are specified documentation and procedures equal to the crews'
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, e¢‘ther individual functions
or the design as a whol: 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,

b. Passed, If this test is passed, proceed to step 19.5.

4.2.6 Step 19.5: 1Is Cognitive Support Adequate?

This step determines whether the hypothetical design provides the control
room operator with sufficient information to maintain a continuous and
adequate mental model of the plant and systems. At any time operators
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 effect of any coatrol actions taken. 1In 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
experieace 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
ts also parallel to that used in step 19.1, and the principles are
detailed in Sect. 4.2.1a,




108

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. 1f passed, proceed to step 19.6.

4.2.7 Step 19.6: 1Is 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 contiauing
basis, will be sazisfied to perform the job as designed. Moreover, it
«sks whether tasks have been allocated to man . r machine in such a way as
to optimize man's satisfaction,

1. General Method. Again the genera! 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. 1In this case analysis
considers functions simultaneously only--not individually in series.

2, Test Result

a. Failed., 1If the design fails this test, it is returned for reconsid-
bAoAl i
eration of step 6, 9, 11, or 14,

b, Passed, 1f 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.



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 evaluata the alloca-
tion of functions in an existing CR design., This demonstration was con-
ducted in response to the need of the Nuclear ®sgulatory Commission (NRC)
for a procedure which might be used to ident.. wunsafe 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, Flements 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 evalustion produced two products: (1) a descriptive assessment of
the funct’ons 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 Poot-Deoggp Review

1. Documentation, The methodology presented in this report depends
heavily on good documentation, as described for the design data base,
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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. 1
through 3.

Identifying Functicns. A further obstacle to evaluating an existing

plant 1s that its functional structures are hard to identify. 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
obgserving an existing control room. Consequently, before we can
evaluate the allscation 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 vet
built),

Limited Obiectives. 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,
whers 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 consideied after 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 optimums, the review should determine whether minimum
criteria have been met.

c. SafetE. The question of importance is whether control functions
have been safely allocated to man or to automation. This raises
quest icns of degree, because few obviously dangerous allocations
will be found. Most safety problems will result from the cumula-
tive effect of many poor allocations which overload cognitive
processes, stress the crew, deprive operators of information, or
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decrease job satisfaction. 1In 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.

%:1:2 Advnntn;eo of Po:t~Deli§n 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:

l. A visible plant and control room

2. Plant personnel--operators, fupervisors, trainers, managers
3. Procedures

4. Final design documents

5. Operating aad maintenance history

It is reasonable to assume that these resources will provide a basis for
evaluation, even without any original design documentation. 1In 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 effort during that phase, func-
tions are designed only to a certain level of detaii (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
defining 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

Given the problem as just described, BTI considered various elemeuts of
the original methodology for possible adaptation to the evaluation of an
existing CR.

5.2.1 Use a Portion of Step 19

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
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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 &« ‘evision of Fig. 4.5), three of those six tests will
not apply te the evaluation of an existing CR.

1.

2.

Cost Tradeoffs. Design cost tradeoffs, step 19.3, do not apply.

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 cquipment design or by better human fac-
tors organizational support.

In an existing plant, however, the equipment design options are no
longer open, and the issu2 is no longer a question of whether the
allocation of functions tradeoff is appropriate. Provided that human
pertormance 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.

Job Satisiaction. 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 cavses in addition to
proper allocation of control functions. In a post-design review, an
assessment of job satisfaction should be done by survey. Test 19.6
therefore should be omitted.

5.2.3 Retain Substeps 19.1, 19.2, 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
detaiied sequence of these tests. Refer to Sects. 4.2.1, 4.2.2, and
4.2.5 for detailed descriptions of their content.
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5.3 DEVELOPING A METHODOLOGY

Based on the analysis just described, BTI developed an interim methodol-
Oogy tor evaluating the allocition of control functions in an existing
control room. The primary obijectives 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 au existing plant and one still being
designed.

The first step was to determine whether the methodology reported in

Seci. 4.2 (deductive test of a design hypothesis) could be adapted to
evalation 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 automatinn. This would
require that

l. 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 abie to idenitfy genuine safety (or human per-
formance) problems.

It was not intended or expected that this demonstration procedure would
be suitable in its preseat 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.

#. 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

evaiuvation 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 evaluatad 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 wha: 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) consensval judgments, and (4) the use
of benchmark scales. (Developing benchmark scales was beyond the scope
of this project.)

5.4 GENERAL PROCEDURE
The genersl 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 ccllection forms and documentary
data such as plant functional flow, control layout, procedures, and pho-
tography. These source doc' nents 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 porformed., These steps are referred to as "table-top"
analysis:

l. PFunctions identified in block & are provisionally described in terms
of their appareat 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 (}). One set of user documents is produced
to support the panel proceedirgs 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 disp.ay documents are designed to provide the
following:

1. An agenda for analysis based on the identified plant functions,.
2. Effective display of the data coilected 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). 1In a real evalua-
tion the panel would meet on-site, where they can have access to SMEs
(block B8). These respondents may include CR operators, supervisors,
plant operators, designers, or trainers,

Block 9: Panel Proceeding. Tanels 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 panals proceed they produce working
documents, in part by makiang entries on the display documents.

3lock 11: Descriptive Evaluation, The panel produces the descriptive
evaluation described in Sect, &4.3.1.1.

B3lock 12: Panel Proceediqgi. Panels weet 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-
fied 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 ei:her an existing plant or a plant under design.

Block 15: Plant Under Design. The procedure of block sequence 15, 1§,
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
(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-
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 shle to take advantage of plant design documentation coincidentally
available from another project,

5.5.1 Heating, Ventilating, and Air Conditioning (HVAC) Control
Document s

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 examples). BioTechnology, Inc.,
secured permission of the owners to use these documents, on condition
that details be changed to aiter 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 target,
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 ~f Pig. 5.3.

5.5.2 Source Data

l. 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),

2. People: Access to staff and operators (SMEs) was simulated by the
availability of members of the design staff, This provided simulated
data reprezenting 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 DOCIMENTARY AKD INTERVIEW DATA COLLECTION

The next sten was to perform the data collection specified in block 2 of
Fig. 5.3. Figures 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 interview procedure was developed, SMEs were
questioned, and they provided comments such as would normally be offered
in a real iaterview.

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 func-
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 b: 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 off-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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13.

14,

15,
16.

QUESTIONS

Are there any obvious or apparent
constraints which work conditions,
equipment design, work shifts,
procedures, training, etc. impose
upon good performance?

Are there situations in which operators
are forced to “'shift gears” sc often
that overall performance suffers?

Are there complaints about boredom?
Do any particular functions require so

much effort or attention that they
interfere with other function:z?

COMMENTS

Fig. S.p., Sample interview sheet.
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5.9.1 Operatur Requirements Identification Form

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. 1t
includes a set of columns representing "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 derivea from
concurrent work being performed by BTI in CR task analysis, and is
indebted in part to a taxonomy by Berliner (ref., 22). Oun 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 Periormance

Figure 5,12 is a sample page from a worksheet used to generate a "mapping
function," by which the temporal sequence of coatrol events was related
to operator core performance areas, The "Activity Sequence' columa on
the left is a sequential activity taxonomy derived from task analyses, a
set of geaeric perceptual, cognitive, and psychomotor steps arranged in
the order in which they usually occur. This taxonomy was considered use-
ful as & 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, He 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 o° 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,
of instances in which that element was ideatified 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
transfer the summaries to the appropriate display documents.

Form A-24
Highlight items Refer to:
l. Two operators report that HVAC alarms during 19.1, 19.2

emergency shutdown are a nuisance, since
actions can usually be deferred as much as
an hour,

2. Five operators observed that HVAC aanuciators 19.1
are "not important" or "don't tell me much."

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

I. The function partition number from Fig. 5.8.
2. The function description from Fig. 5.9.
3. Descriptive cperator 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 Performance 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
(ref. 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 demand were then computed by category. Analyst comments were
eatered, 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-
nlay document, in that the menu on the left 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 allocaiion of control functions in tne prototypical
NPP subsystem being evaluated as specified in block 9 of Fig. 5.3. The
panel was assisted by an SME, a design engineer familiir 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 Respondents--SMEs

The SME simulated an idezl case, in which the panel would have acc~2ss 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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