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1 MEPLY REFEM TO

NAVWEPS OD 18413A

HUMAN FACTORS DESIGN STANDARDS FOR THE FLEET BALLISTIC
MISSILE WEAPON SYSTEM

1. OD 18413A is promulgated for the information and
guidance of all military, government, and contractor
agencies participating in the development of the Fleet
Ballistic Missile Weapon System. The purpose of this
publication is to provide human factor guidelines for

the design of the FBM Weapon System and its components.

It is published in two volumes: Volume 1, Design of
Systems; Volume 2, Design of Equipment.

2. Consideration of the guidance and information pro-
vided in this document is mandatory in pew designs for
FBM Weapon System equipment and components scheduled

for installation in SSB(N) 616 and later class submarines.

Notice of errors, omissions, and corrections should be
submitted to the Special Projects Office (Sp2012), De-
partment of the Navy, Washington 25, D. C,.

3. OD 18413A supersedes all previous issues of this
publication which should be destroyed. Evaluations of

Control-Display Components, included in previous issues,

have been discontinued.
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PREFACE

b The basic objective of this handbook is to provide special assistance tc sys-
tem and component engineers and human factors specialists in perfoming those
portions of their engineeriny activities which may result in the specification or
design of hardware to be operated and/or maintained aboard FBM submarines.
The principles or guidelines in the handbook are based upon cocmpilation of re-
search findings and logical analysis and are expressed in terms which permit
direct engineeriny application.

~ As a matter of convenience, the handbook ir being publirhed in two volumes.
Volume 1, "Design of Systems, " contains Sections 1 and 2 of the handbook and
provides a basis for establishing and evaluating alternative system and subsys-
tem concepts with respect to man-machine requirements, capabilities, and
trade-offs.. Volume 2, '"Design of Equipment, "' contains Sections 3 and 4 of the
handbook andP¥esents information on which to base the selection, utilization,
and design of eguipment to enhance human operation and maintenance activities
and thus achievéimproved system performance and availability. The two vol-
vnmes will generally be used atdifferent states of system and subsystem definition.

fection 1 of this volume describes the stages in the weapon system develop-
ment cycle and presents guidelines for the application of human factors at each
stage. This section is useful in estimating the required extent of such efforts in
a development program.

Section 2 of this volume contains human factors considerations and guide-
lines to be used in the development of system concepts, man-machine roles and
functions, and subsystem requirements. It is useful during the early stages of
system development, when decisions about the employment of men and machines
are being made,.

1ii.
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The application of human factors techniques and knowledge at critical stages
in the developmentcycle of a weapon system can be accomplished most effectively
if an appreciation is gained of the steps involved in this development process and

- of the ways in which human factors can be applied at each astep. This brief sec-
tion provides a general description of the major steps in the system development
cycle, identifies the type of organization and technical personnel involved at each
of these steps, and indicates the range of human factors activities which will be
useful to tt *m in their work. In thie sense, it is useful primarily to system R&D
planners in estimating the human factors effort required for a given system
development.

This section is intended also as an introduction to Section 2, in which the
system engineering process per se is outlined and man-vaachine trade-off con-
| siderations and techniques are described.

*This section is concerned with the technical phases in the development of the FBM
System; therefore, the management aspects of the process (e. g., the letting of con-
tract, management structures suchae the Special Projects Office, and management
techniques such as PERT are not included in the description.




Description of Cycle

I. DESCRIPTION OF THE CYCLE

The development of a complex system proceeds roughly through the phases
shown in Fig. 1-1, progressing from the general and abstract to the specific and
concrete. For a system as ccmplex as the FBM system, these steps, in general,
will be followed for the over-all development of the system. However, there is
considerable overlap and variation in the process for individual subsystema and
equipments. Each design ordinarily is subject to several iterations before it is
accepted. For example, at the present time, three clagses of submarines, two
generations of Fire Control and Launcher Subsystems, and a continuously evolv-
ing Navigation Subsystem have been designed, with future generations in the
planning design or prototype stages. However, for any individual equipment (on
the assumption that it completes the design cycle successfully) this cycle will
provide a useful framework within which to discuss the application of human fac-
tors to the design of the FBM rsystem.

Having listed the various phases of a weapon system development cycle {with
some hints as to the role of human factors), we shallnow examine in closer de-
tail the engineering and analytical activities involved, their relationship to man-
machine considerations, kinds of human factors that are relevant to each phase,
and the degree of sensitivity of the end product to these factors.

Phase 1: Definition of the System Operational Requirements and Constraints

Before initiation of the design of a system such as the FBM, extenrive
planning and exploratory inverstigations are required to:

a. Establish operational requirements for the system, includiag an-
alysis of the anticipated conditions under which the system might
be operated,

b. Identify technologies potentially capable of bringing the syatem into
existence; for example, the availability and suitability of inertial
guidance technigues and the use of solid vs. liquid propellant rocket
motors.

c. Determine alternative system concepts applicable to the fulfill-
ment of these requirements; for example, the use of moving launch
platforms (i.e., submarines) vs. stationary undersea platforms.

The establishment of over-all weapon system requirements is made by the Office
of the Chief of Naval Operations (CNO) and is based in part on the presumed
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Description of Cycle

enemy capabilities at the time the system could be expected to be operational.

This step ordinarily will be dependent on 2nalyses performed by military agencies,

reseurch organizations, and industry for the provision of state-of-the-art and

trade-off information which may result in modification of the requirements

specified for the system. It is at this stage that cvitical decisions arc made

which have far-reaching effects upon such diverse items as performance, re-

liability, maintainability, personnel and training requirements, procurement

costs, and spare parts costs. Early gross trade-off atudies should be made at .
this level.

Human factors has had limited but important application at this early
stage of FBM development. As an example, the question arose of the psycho-
logical and physiological effects of prelonged undersea patrols. This question,
central to the development of the system, had to be answered before a final sys-
tem concept could be developed. The atomic submarine, Nautilus, was used as
a test bed for this purpose, making several cruises with prelonged subsurface
operations and providing much useful data in the way of atmospheric control re-
quirements and other aspects of submarine habitability. Thus, an important set
of human factors constraints and requirements was established early in the de-
velopment cycle.

Phase 2: Determination of Functional Requirements

Once decisions have been reached about the system operational require-
ments, the results are documented in the formof a Specific Operational Require-~
ment (SOR), which is prepared by CNO and transmitted to the materiel bureaus
for action. In response tco this document, the lead bureau (BuWeps in this
instance) must prepare a Technical Development Plan (TDP) which summarizes
the functions which must be performed to satisfy these requirements and the con-
ditions under which and tolerances within which the functions are to be performed.
In addition, this TDP outlines the gross techniques and equipment concepts which
will be used to fulfill these functional requirements. Preparation of the TDP for
the FBM system has been a direct responsibility of the Special Projects Office
of BuWeps. Typically, the TDP is based upon a functional requirements and
feasibility study, or, more often than not, parallel studies performed by Navy,
industry, university, and private research groups reporting to the Special Pro-
jects Office. These studies involve:

a. Detailed consideration of techniques and technologies which can
meet the requirements (for example, the use of an inertial guid-
ance system to provide the precise position information required
for navigation over long periods of submerged operation, the se-
lection of solid propellant fuels for the missile to reduce launch .
preparation time, etc. ).

e Lk
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b. Specification of the time, accuracy, and reliability with which each
function will have to be performed in order to meet the operational
requirements of the system (for example, the missiles must be de-
signed so they can be launched in '"x'" minutes, and the circular
error probability for the missiles must be "y " yards, etc.).

€. Analysis of the conditions under which the system is expected to be
operated to determine any constraints or special requirements that
this might impose on the design (for example, the implications on
the design of the missile of launching from a submerged position,
the effects of sea state, the potential capabilities of the enemny to
detect the submarine, etc.).

d. Development of mission profiles, including the hypothetical opera-
tion of the system throughout its mission in order to determine
more precisely the design requirements and support requirements
for the system.

e. Estimation of the development time and probable effectiveness of
the system at the end of that time.

The types of personnel involved in these studies are usually conceptually oriented
and include physicists, mathematicians, and systemns engineers. During this
critical phase of TDP development, the functional capabilities of the human being
as well as thehardware and state-of-the-art capabilities mustbe taken into account,
and man-machine (or manual-automatic} decisions must be made. Some cost
trade-offs between man and machine are possible at this level, the results of
which can help direct the assignment and distribution of functions among person-
nel and equipment.

The development of functional requirements and system concepts thus
involves the performance of feasibility and trade-off studies to determine the
most effective approach to use within the constraints imposed on the system.
The results of these analyses and the approach that was to be followed in the
development of the FBM system are stated in the Technical Development Plan
for the FBM Weapon System.

Based on his knowledge of the capabilities and limitations of human be-
havior, the human factors specialist can contribute at this point to decisions
about whether or not to use personnel to perform specific functions. At the
command level, he is primarily concerned with decision-rnaking requirements;
for example, the complexities and unpredictability of the situation under which
the system must operate obviously will require human judgment. At levels more
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directly related to the hardware, he must consider such factors as the degree of
autornation of a particular subsystem or equipment. For example, the rapid firing
rate required of the Mark 84 Fire Control System meant that an automatic firing
mode would have to be provided because of man's inability both to process the
amount of information that would be required of him and to respond within the
time available. In other situations, such as checkout of the subsystems and equip~-
ments8, a more manual mode of operation was both possible, because of the less
stringent time limitations, and desirable in the interesat of designing more reli-
able and flexible test equipment. The human factors effort duringthis phase thus
represents an important contribution to the formulation of operational and main-
tenance concepts for the system,

Along with the developinent of the system concept, tentative planning for
the selection of suitable types and number of personnel to man the system may

also be done.

Phase 3: Preliminary Design

The FBM Technical Development Plan, as promulgated, incorporates
the most feasible concepts and techniques for implementation of the functions.

-Thus, it is important that systems engineers and human factors specialists co-

operate closely in this phase. The latter group typically provides such inputs
as: (1) translation of subsystem requirements into specific personnel require-
ments for command, operation, maintenance, and support; (2} determination of
general information and control capabilities required by the personnel; and (3)
preliminary development and evaluation of alternative procedures which the per-
gonnel vill use to perform their functions.

Phase 4: Detailed Design

After the specifications for the system or subsystem have been ¢valu-
ated and approved, the individual equipment and component decsign phase is
initiated. At this stage, the electronic and mechanical design details of each
equipment are undertaken if -- as is often the case ~-- available equipment will
not meet the requirements of the system. This involves: (1) preparation of elec-
trical and mechanical design specifications for the equipment; (2) considcration
of the interfaces between equipments and between equipment and personnel (in
the form of controls and displays); (3) selection {or design, where required) of
components whichk are requircd for the produ~tion of the equipment; and (4) de-
velopment of operating and maintenance procedures.
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These activities are typically the responsibility of contractor engineer-
ing personnel. At this point, man-machine considerations become quite apecific
and directly oriented towards hardware requirements:

a. Selection (or design, where required) of control and display com-
ponents whichmeet human factors criteria for the conditions under
which the equipment is expected to be operated.

b. Design and location of control and display panels and consoles, in-
cluding the translation of information and control requirements into
hardware requirements and thelocation and operation of the control
and display hardware on these panels and conacles.

c. Electronic and mechanical design as it relates to test procedures
and test equipment, location of teat points, provisions for monitor-
ing the status of the equipment, and the other considerations related
to the maintenance of the equipment.

d. Determination of the compatibility of the equipment desaign with the
operational and maintenance concepts that have been established
for the syetem.

e. Detailed development of operational and maintenance procedures
for the various modes and conditions ofoperation and the translation
of these procedures into requirements for technical manuals and
job aids,

f. Consideration of the design of operational equipment to permit its
use as an effective medium for on-the-job training and mainten-
ance of proficiency of FBM crews. ¥

Often, alternative techniques are compared and evaluated or individual
portions of the equipment are mocked upand tested. For example, a Fire Control

+Although beyond the scope of this volume, as defined by SPO, technical
management and engineering personnel must also be alert to potential
problems related to requirements for manning, selection, training,
motivation and morale, physiological habitability, logistic support, and
information feedback.
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Console simulator was fabricated for the Mark 84 Fire Control Subsystem to de-
termine experimentally the ability of the operator to perform with various levels
of automaticity.

At the same time the equipment or component specifications are being
prepared, the requirements for training of personnel and the design of simulation
and training equipment must also be developed.

Phase 5: Fabrication and Testing .

When the detailed circuitry has been designed and provisions for pack-
aging and interconnection of the equipment have been completed, the first proto-
type of the system is fabricated, + Once this step has been completed, the test
engineer interconnects the equipments of the system or subsystem and checks
out their operability. At this time an examination of the system should be made
from both design and operability standpoints to insure that no significant human
factors problems exist or, if they do, to provide design or procedural recom-
mendations for their elimination.

Phase 6: Installation of System

After the subsystems and equipments have been tested and approved,
they are installed in the submarine and tested again, this time as an integrated
system and under conditions approximating the operational and environmental
conditions for which they have been designed. For the FBM system, this evalu-
ation bas ranged from interface circuitry testing of the subsystems through launch-
ing of inissile test vebicles to launching of operational missiles.

Human factors continues as an important concern during this phase in
the interests of determining any design, procedure, or training problems that

may be disclosed only under these test conditions.

Phase 7: Operational Evaluation of the System

Oncethe system has been installed and determined to be operational, the
next problem is that of determining whether itmeets the established operational

*Under typical accelerated development schedules for FBM equipment, this step
is often merged with the following two steps, because the first equipment fabri-
cated often becomes the first operational equipment. This is important to recog-
nize, since it emphasizes the need to include human factors censiderations in the
design of "engineering model' equipment.
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rcquirements. At this time, the system is turned over to the user agency to
perform this evaluation, usually with the support of contractor personnel. In-
formation pertaining to man-machine effectiveness in the system should be made
available during this evaluation period, to be used both for the correction of de-
ficiencies in the existing equipment or procedures and for providing guidance in
the development of later models or future systems.

Phase 8: System Deployment and Operational Utilization

When the entire system has been determined to meet operational re-
quirements, it is deployed by the user agency to perform the functions for which ]
it has been designed. Monitoring of operational human factors problems must ]
continue during early system deployment, since utilization of the system under
the conditions for which it has been designed remains as a final source of evalu-
ation information. Solutions to such problems as are generated at this time
not only provide anewers to the problem at hand, but also provide a basis for
the design of future equipmentand sy stems. Information of this type for the FBM
system has been obtained from the responses to human factors questionnaires i
filled out by the crews while on patrol as well as from observations by design :
personnel.

After a system has been operational for some time, it is almost inev -
itable that modifications of both a minor (SPALT) and major (model change)
nature will be required. This may be the result of changes in operational re-
quirements, unsatisfactory performance of the equipment, or advances in hard-
ware state of the art., Man-machine considerations play an important role in
establishing human engineering requirements for model changes and in determ-
ining the effects of SPALTs on operation and maintenance of the system.

In the FBM system, an extensive network of information feedback
has been established to insure that operational ¢xperience from this program
is available to management, personnel, training, design, and logistics acti-
vities, both to refine the present utilization of resources and to influence
the early phases of follow-on programs,
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Guidelines

II. GUIDELINES

The preceding discussion has identified the role of human factors in each
phase of the FBM system development cycle. This information is conveniently
summarized in Table 1-1 in the form of brief management guidelines for appli-
cation of human factora throughout the cycle.

It is important to note that in proceeding through ‘the cycle there is a pro-
gressive narrowing and limiting of design alternatives open to the engineer. This
fact serves to underscore the importance of early consideration of human factors

in each development stage.

Table 1-1
Guidelines for Application of Human Factors in System Development Cycle

Phases in Syatemn Participating

Development Cycle Ead Product Agencien

System Engineering Activities

Ralevant Human Factorvs Activities

-

Detinition of Spacific Op-' CNO
system opera- erational Re.
tional require. quivement

ments © (SOK)

2, Determination Techaical Muteriol
of f lop Buraaus
requirepents Plan (TDP)

3. Preliminary Systemn and Materiel
Deuign of wubksystem Bureaus and
System and epucifica- their con-
Subsyetems tions tractors

[ ]

10.

Miesion raguirements deter-
minaxion and ooaly identi-
(ication of operatiag, weight,
space, and other constrainte

Performance of gross trade-
off studies; definition of oys-
temn and ubsystem types,
bardware tachniquee and per-
formance, reliability, and
maintainability goale; detar-
mination of information trans -
fer requirernents throughout
the system; i of

. Establishment of parsoannel impli-
cationa and constrainir (e.g., num-
bar, typs, re-enlistment rate,
training capabilitizs, operatin,
environmeat)

. Contribution to operational and
maintenance concepts and mmn-
tainability goals

. Participation in gross trade-off
studies .

. Gross assignment of subsystem

operational, i . and

i to personrel and

support conrepts; development
of system evaluation require -
ments

Evaluation of alternative de-
sign concepts with respect (o
preceding step (e. g., analog
va, digital, mechanical ve,
electrical); determination of
installation requirements; per-
formance of detailed trade-off
studiee; preparation of system
and subsystem specifications

. Groes di-ision of duties among
peareonnal

. Deter ion of implicaticns for
manning and training

+Deter tion of impl for

sysirm evajuation

. Analysis of information transfer
requirements throughout the ays-
tem

. Detailed susignment of subsystem
functions to personnel and equip-
ment for each alternative design
concept

. Translation of information trans-
fer requirements into display,
control, and processing tequire-
ments for esch alternative design
concept

. Evaluation of each with respect to
human factors {e.g., implications
for number and typew of person-
nel, training, )ob aids, man-
machine interface design, datia
processing requirements, etc.)

Ceneral location of operator and
maintenance stations

. (General demign of functianal
procedures

Preparation of man-machine por -
tuons of subsystem speciticanons
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Table 1-1 (cont'd)

Phases in System Participsting
Developmant Cycle ad Product Agonciss System Eaginesring Activities Relevant Hurnan Factors Activities

4. Detalled Design Equipenemt BuWe,

Reliability -maintainability an- . Translation af contral and display

of Syotem amd and compo-  BuShipe alysis and prediction; dater- requirements snto hacdware re-
Bubsystem nant design BuPers minstion of eystem aAnd subéys- quirements
spacifications BuSaadA tam teat and chechout raquire.
Contractore mants; logistic support analy- . Specification of location and en-
#ie; gensration of system vironmant (or operator stations
evaluation plane, and of per-
formance, reliability and . Selaction and design, where re.

maintainability reporting re- quired, of control and display

q and p
srtablishinent of quality &
ance and squipment modifica- . Deeign of oporator panels, con-
tion (SPALT) programs; defi- snjes, and workopacas
mition of personnal and training

quir ; lish . Selcction and location of commu-
oif documeatation {i. e, , tech. nication equipment
nical manual)requirements

ur-

. Specafication of operating and
maintenance procedures for nor-
mal and non-normal mades of
operation

Participaton in system evalua-
tion planning

. Paraonnel manning and training
raquirements determination

S. Fabrication and 3Syetem pro- Materiel Continuing review of quality . Evaluation of prototype system
testing of eys- totype {or Bursaus, sesurance program results and  from human factors standpoint
tam fiat model) Contractoze of asrly performance, reli-

and tachnical axd subcom- ability, and maintainability re. . Recommendstons of modifications
manuzle tractors, ports; definition of spars parts  to designe or procadures (ar op-
BuPers procuremant, y. and ion and 1]

transportation requirementa;
initiation and/or approval of . Establishmaent of training courses
minor modifications (SPALTS)

. Familiarization of per sonnal with

system
6. Installation and c P d Shipyards, Analysis of installation prob- . Review of installation reporta
initial (dockeide) syotem, Lkteriel lers and reports; initation from human factorc sta )dpoint;
operation of ready for bureaus, and/or approval of minor modi- recommendations of miror de-
sysiem sea triale contrsctors fications {(SPALTS) sign changes

. Training o/ pereonnsl

7. Operatiomal Test and Materied Anslyeis of individual test . Review of test and evaluation re.
Evaluation of tuatl buresus, and avaluation reporte?; initi- ports from human factors stand-
Syatem reports OPTLV ation and/or approval of munor  point ¥

FOR, modifications {SPALTS); con-
flest, tnuing teview of system per- . Recommendations of deeign or
coniractors formance, reliability, and procedural modificatons
maintainebility
« Determination of training ade -
quacy and recommaendation of
changes

6. Deployneat and Operations] Fleet Analysis of oparational defi- . Review of operational deficiency
Cperatiomal deficluncy ciencies; initiation and/or ruports from human factors
Utlisadontt roports approval of minor modifica- standpoint

dons (SPALTS); continuing .

review of system performance, . Interviews with operating and

relizhilily, and i Lity personnel to obtain
additional data

- Recommendation of design or pra-
cedural modifications

*Ficot-hand observation is extremely desirable if appropriate arrangements can be made.

+4By thie phses of the cycle, accumulated modification (SPAL ) raquirements, technolegical. or state-of-the-art
improvements, and changes in opsrationsl or functional requirements may warrant & major decign change (e.g..
model chonge), in which case the cycle is repested, starting with Phase 3

g v rvnzan
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This section develops and presents human factors considerations to be ap-
plied carly in the design of the systern when functional requirements are being
analyzed, system concepts are being formulated, and functions are being as-
signed tc man and machine. ¥ It is intended for the military analyst, scientist,
or systems engineer who -- whether consciously or not -- makes decisions about
where man is to be utilized in the system and what functions he should be
assigned. ’

For the systems engineer, it is useful in establishing a frame of reference
in which to decide uvpon appropriate roles for man and machine and in determin-
ing how man.machine funciions should be implemented. Further, it will aid in
determining the location of personnel, the general nature of the duties and tasks
to be performed by each, their information and control requirements, and esti-
mations of the workload that will be imposed on each of the personnel. The end
product of applying the information in this section is a set of man-machine inter-
face requirements which can then be transformed into specific hardware require-
ments for displays, controle, panels, workspaces, etc.

Part I of Section 2 containg an intensive discussion of the various kinds of
factors which influence man-machine integration; these include mission, system,
use, and man-machine factors, The latter group is expanded upon in some de-
tail with a discussion of human task trends in Naval weapon systems, definitions
of fundamental marn-machine tasks and the elements of which they are composed,
a discussion of the nature of the man-machine interface, and, finally, a summary
of relative capabilities and limitations of men and machines.

Part I, Man-Machine Intigration. is divided into four major discussion
areas. The first ia a brief description of various system models as aids to task
assignment ‘in whichdifferent techniques of describing man-machine system oper -
ation are presented. One of these techniques, the Operational Sequence Diagram,
is then describedindetail. The differences between operational and maintenance
interfaces between man and machine are also described, and the utility of each
technique with respect to these interfaces is discussed.

tThe term "system' is used here in a generic sense to refer to: {a) the entire
FBM system; (b) subsystems within this complex; or (c) individual equipments,
depending on the particular level of design to be discussed.

13.
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The second major area is entitled, "Man-Machine Task Assignment Guide-
lines. " In this section specific guidelines for assignment of functions to man
and to machine are presented and specific human requirements for sensing, pro-
cessing, and actuating are identified.

The third area is that of evaluating task assignments to man vs, machine.
Once a trial assignment has been made (and all assignments rnust be considered
as such since the process is an iterative one during early stages of waapon sys-
tem planning and design), it xnust be evaluated with respect to a number of sys-
tem-oriented criteria. These criteria are listed and discusred, together with
evaluation schemes. The fourth area deala with the end producte of the systems
engineering process insofar as human factors are concerned, namely, apecifi-
cation of man-machine interface requirements. The purpose of this final dis-
cussion in Volume 1 is to define the nature of the man-machine interface and to
direct the reader towards the appropriate application of Volume 2, Design of

Eguig_r_nent.

14.




M Machine lntegration
I. FACTORS INFLUENCING MAN-MACHINE INTEGRATION

To gain a perspective on the role of human factors in systems engineering,
it is important to understand the system engineering procese itself. It may be
conceived as a dynamic sequential decision proceas with limited reverasibility,
subject to several scts of constraints. Consideration of the realities of tech-
nical R&D requires further that the system engineering process be viewed as an
heuristic process in which several alternative conceptions may be developed and
carried along simultaneously, some or all may be altered or eliminated as a
function of the constraints imposed at various development stages, and new con-
ceptions may be developed. As the cycle proceede and esuccessive commitments
are made to seiected lines of development, the commitments themselves cerve
as a new set of constraints on later decisions, Often, certain constrainits or
new technological, military, political, or economic considerations may require
that an entire line of development be dropped and the system be reconceived
from an earlier step in the cycle.

Thus, in the final analysis, a weapon system is not really 'developed' in the
strict planning sense; rather, it is 'grown" in the highest sense of the word,
What we are saying, in effect, is that good gystem concepts may be selected and 1
the conditiona for their growth and-maturation may be optimized in a properly ‘
planned and executed system development program. The end product of such a
program is always a man-machine system in which man and machine perform 4
complementary (and often supplementary, i.e., backup) functions. + 1

If the functions, operations, and actions defined for a given system could be
assigned to manor machine on the basis of relative capabilities alone, the aseign-
ment task would not be very difficult, The significant decision problems arise
out of the necessity to develop hardware and software for a specific aystem, to
be used in a specific context, anticipating a rauge of variation in both system
design and use. For example, although a general-purpose computer is both

+It is important to recognize that both man and machine are almest completely
"programmed' in their performance by virtue of wiring (fixed equipment pro-
gram), tape, card or drum storage (flexible equipment program), written
procedures (fixed human program), training (flexible human program), and ex-
perience (flexible human program). We say 'almost compietely' because of the
ever -present possibility of random behavior, as in equipment failure and human
error.
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feasible and economical for certain applications, its use for FBM navigation and/
or fire control may be unthinkable due to special requirements (e.g., reliability,
independence) or constraints (e. g. , space).

These decisions normally are made during the initial or preliminary deaign
stages of systemn development. It ia important to note that they may not be
"conacious' dacisions per se, i.e., they may be constrained as a result of allied
decisions in other areas, such as a decision to decentralize all digital data pro-
cessing capability. Thus, as a continuing outgrowth of increasing concept and
dezign specificity throughout weapon system development, the allowable de-
grees of freedorn in both hardware and software concepts and in design become
ever smaller. Toward the end of the development cycle, there are only minor
variatione allowed on a single design theme; and the final selection among these
variations can be made on the basis of dollars, time, or whether the manufacturer
is located ina depreased area. The point here is that effective planning requires
that decision consequences be recognized early enough to change the course of
design.

A final point degerving of introductory emphasis is that because functional
requirements and constraints begin to be dictated (if not overtly recognized} early
in the planning game, weapon sy stem planners must become aware of the potential
consequences of their decisions with respect to men, machines, and program-
ming requirements.

A system development thus proceeds fromadesired mission through the es-
tablishment of basgic system functions required to perform the mission to the
assignment of these functions to men, software (programming), and hardware
(equipment). This process is strongly influenced by three sets of factors which

we have labelled ''svstem-determined factors,' 'use-determined factors, " and
"man-machine, or human, factors. " The entire process is sumimarized in Fig.
2-1, which indicates the sequential and iterative nature of the process and iden-
tifieg the factors which must be considered.

Man-machine factors cannot be discussed in isolation from the weapon sys-
tem planning and develupment process, since they are deeply imbedded therein.
Thus, is is of primary importance to understand the process itself. To this end,
a series of tables (2-1 through 2-5) has beenconstructed to help identify and de-
fine the various factors and their multiple interactions. We shall progress
through the tables in the direction of increasing system specificity, represent-
ing the planning andpreliminary design portion of the weapon system development
cycle. Each table will be discussed indetall, and examples will be given where
appropriate.
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Fig. 2-1. Factors in Weapon System Development

1 Mission-Determined Factors {Table 2-1)

1.1 Mission Types

The very nature of the mission itself will immediately impose general
constraints on system design and will thus influence man-machine function as-
signment. A given mission type {examples of which are listed in Table 2-1)
will delimit the range and scope of system types from which a final selection can
be made and similarly will determine the functions, performance requirements,
and subsystem types. Within the present Navy context, the FBM mission {(a
combined one of deterrence and, failing that, strategic warhead delivery) dic-
tates the employment of a surface-ship- andf/or submarine-launched missile, with
the latter syctem type preferred for its survivability and difficulty of detection.
The functional phases of target-to-weapon assignment, navigation, weapon arm-
ing, and launching are also predetermined by the mission type with resulting di-
rect influence upon man-machine assignments. Certain system performance
requirements can also be established at this point based upon trade-off studies
{e. g., warhead yield vs. missile guidance accuracy vs. submarine navigation
accuracy vs, error in knowledge of critical target position.
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Mission-Determined Factors

‘ Table 2-1
3 Examples of Mission-Determined Factors
Missira Types Fun-tional Phases Performance Requiroments
-
5 Airborne Werpon
4" ASW Mission Delivery Mission
" 1 Jateirencs Proceed to Datum  Target Aseignment Speed
- "' : Reconnsiasante Navigate Pre-Flight Altitude
1 Shors Bombardmant Search Take-oft Depth
A ASW Localixe Climb Manauverability
3 Harbor Defense Classify Patrol Accuracy
Tactical Warhend Delivery Track Navigate Weapon Yield
Strategic Warhead Delivery Attack Dalivery Turn-Around Time
Cloaa-support Post-Attack Rendesvous Response Time
Logietic Delivery Assesoment Return-to-Base Operational Reedineas
; Show-of-Strength Land Syotem and Subsystem Availability
4 Comumunications Post-Ops Analysia MTBF {(minimum)
k Coenmand /Control Down Time (maximum)
Other Datection Range
: Channel Capacity
Memory Storage
a Dats Rate
4 Othor
-3 Wseapon System Developmaent Cycle .
i3 (Direction of Increasing Spocificity) v
3 1.2 Functional Phases

Each functional phase of a given mission type. together with other fac-
tors, will help establish the systemn performanre requirements and system and
subsystem types in a manner similar to that first described.

4 L3 Performance Requirements

The partial listing in Table 2-1 is sufficient to indicate the acope nf pos-
: sible effects upon the assignment decision. For example, if count-dow: time is
) an appropriate and critical function for the FBM sy2tem, and if enemy missile
. characteristics and/or political considerations dictate that csunt-down time should
not exceed 15 miuutes, then critical missiie checkout and readiness operations
» will have to be compressed in time such that there will be an over-riding need to
automate some of tne more time-consuming operations.

As another example, the high availability requirement of the FBM
Navigation Subsystem may be met by increasing redundancy reliability, or

18.
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maintainability. This is easily seen by studying the availability function for re-
dundant equipments. t :

el G

A_ = redundant availability, or probability that at least one out of n
equipments will be operable when needed

=

where

T¢ = mean time to failure
Ty = mean down time
n = number of equipments {i. e., redundancy)

Either increasing n (redundancy)or Ty (reliability) or reducing Ty owviously will
result in increasing availability, although increasing redundancy or reliability is
generally more difficult and costly. Thus, in order to meet the Navigation Sub~
system availability requirement, there has been a pressure to reduce down time
by automating certain checkout and fault isolation functions in addition to the par-
allel effort to provide redundancy {e.g., 3 SINS, 2 NAVDACS) and improve re-
liability. It is alsc conceivable that in some cases system accuracy may be
affscted adversely by human intervention and that, as a result, certain critical
procedures must be carried out automatically.

Finally, the need for rapid firing of the missiles requires a rate of in-
formation processing beyond human capabilities, thus dictating an automatic
siurmal launch sequence. ‘

2 System-Determined Factors (Table 2-2)

2.1 System Type

The very nature of a weapon system dictates many gross allocation limits.
For example, while an FBM submarine is under way, the performance of check-
out and maintenance of a Polaris missile is limited by the relative inaccessibility

* This formulation implicitly assurnes that each equiprnent has a repairman

assigned to it full time. For a more detailed discussion, see this volume,
page 27 and Volume 2, page 220 et. seq.
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e

Table 2-2

Examples of System-I)etermined Factors

rowne

Syste  Type

Subsystern Typs

Subsysaten:
Deuign Concepts

Design Conatrainte

e

Manned Aircraft
FBM & “rmarine
Helicnpter

SAM

Crhital Velicie

Da:a Systern

Weapon Carrier
Senwisg

Dats. Processing
Navigation

Fire Gontrol
Launch
Guidanc.

Flight Conta ol
Fueling
Propulsion

Payload or
W rapon

Analog

Digital

Mechanical
Elecyrical
Hydraulic

[ umatic

Modular Deasign
Redundant Elements

Brnilt-in Checkout
Features

Design to Simplify
Operation

Design to Facilitate
Maintenance

Cont
Weight
Valume
Peroonnel
Safety

State of the Art

Weapon System Development Cycls
— % (Direction of Increasing Specificity)

4

of the launch tubes, requiring that critical subsysters suchas guidance and flight
control be monitored continuously and automatically.

Since any of the sixteen missiles can be launched at different targets,
sirnple Go/No-Go checks on guidance accuracy often result in the less accurate
missiles being down, whereas quantitative information concerning resuvlting CEP
can permit re-targetting such that less accurate missiles may be asuigned to
nearer targets. {Note that in this instance a less automatic approach may result
in increased system capability. )

2,2 Subsystem Type

Each subsystemtype carries with it specific function allocation require-
ments, depending again onconditions ¢f use. Guidanceandnavigation subsystems
typically require careful alignment and accuracy checks in addition to straight-
forward "operating' checks. In contrast, there is no possible way to check out




System-Determined Factors

the propulsion systemn of the solid-fuel missile. Flight contrel checks may be
either operability-type (e.g., hard-over jetavators in response to input signal)
or response-determining type (e.g., dynamic analysis), depending upon purpose
of checkout and/or level of maintenance.

For navigation, several alternatives and combinations thereof are
feasible: inertial, hyperbolic radio, etc. Each carries with it specific implica-~
tions for {unction assignment,

2.3 Subsystem Design Concepts

It is at this decision stage that design variables begin to affect function
assignment, For example, a navigation subsysiem must operate in real time,
using inputs from various sensors and providing continuous accurate data on
position, velocity, and attitude. The different navigation sensors may require
the employment of mechanical, electromechanical, or electrical techniques.
Navigation data processing may be more or less automated and may require
combinations of digital and analog techniques. Each possibility implies specific
function assignment problems,

As a more detailed example, let us consider design for maintainability
and examine the effecte of two alternative design concepts, namely, Modular
Design and Centralized Access Points (i.e., brought out to a central location in

a single cable. Fig. 2-2 indicates the nature of this decision problem. As a
given subsystem is subdivided into an increasingly greater number of replace-~
able functional modules, the following consequences will generally accrue for the
case where at least one access point from each module is brought out to a central

location:

. Decreased reliability or lower mean time between subsystern fail-
ures (more connectors, wiring, etc.).

. Increased weight.

Larger cable diameter and number of wires.

Less checkoul sophistication required. Instead of carrying out tests
(using a few access points) requiring solution of complex simultane-
out equations, it is possible simply to signal-trace through succes-
sive module access points to determine existence of failure.

More complex internal switching in the automatic test gear,

Decreased trouble-shooting time due to ease of sequential signal-
tracing.

21,
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{a) No replaceable rmnodules or internal access points

— Inputs ——-— Subsystem }———p Output s ———

(b) Replaceable modules but no internal access points

b — Inputs —_p| L e p-Outputs

(c) Replaceable modules and internal access points

Inpute ——p —— Quiputs

v
B -

Internal Access Points
e

i

; ‘: ‘ /__l__.__..J

3 / Automatic

I

v

Test
\  Equipment
¥_..—.

. ,
- A 4 In (3). with no replaceable inodules or 1nternal Access ponts, operability checka
® : e per vt mmad. 4o mat e chout requsrements are siedTS TR briaT Emd

. Ton probably be done manually. In (b), with replaveable modules bat no internal

: access pointu, checkout 4nd trouble 189ation to & replaceable umit requires very

1 T 12, test €quip capable ui solving simulteascus equations; these
functions generally comaot be prriermad wanually.  In (), with hoth replaccable
modules and internal access pointe,  hzckout and tyouvle 100lation to a replace-
able module are eimplified bacause sumple input-outpat operability checks can
now be done on 10dividual modules (or small groups) in » rapid sequential manner.

Whether these checks should be dene by man or machine now depends entirely

upon tystem-specific requirements, such aw speed and accuracy, and upon op-

o ationel-ude consddesntions. such as availability of trained personnel.

Fij. 2-2. Effect of modular design and test point policy upon
monitoring and checkout gear
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Obviously the nurnber and location of access points in the Polaris missile is a
crucial design decision which is really independent of :nodularization. As such,
it has many consequences ard requires the .pecification of design guidelines for
functional modularization based upon trade-offs between prime and teat equip-
ment design.

2.4 Design Constraints

In this category we include such factors as cost, wieghtand space, safety,
survivability, state of the art, and human limitations which dictate the assign-
ment of certain types of functions to men or machines. In navigation, real-time
continuous computation of position (if required) must be done by auiomated means
because of huran limitations with respect to computational speed and load. Si-
milarly, rapid sequential launching of misailes in normal operation must be done
automatically because of the large number of parameters and the high Jdata rate
involved.

We havealready discussed the effect of missile accessibility limitations
upon missile checkout and maintenance capability requirements (sce previous dis-
cussion under System Type). One hardware state-of-the-art ! ..itation in main-
tenance is that of wave-form analysis and interpretation, which at present is
most easily and least expensively done by a properly trained technician,

3 Use-Determined Factors

3.1 Base or Site Considerations (Table 2-3 A)

For any given weapon system, the basing or type of launch site or plat-
form will impose a number of additional requirements and constraints upon
development alternatives, At a hardened distributed ground-based ICBM site
where a number of subterranean silos may be geograpuically separated by dia-
tances approximating a mile or more, state-of-the-artconstraints might eiiminate
the possibility of completely centralized fire control and missile checkout equip-
ment, in which case, separate equipments would be required for each missile,
perhaps with some overlapping capability. But now the planner would want to
consider carefully the possibility of using the same equipment for both fire con-
trol and targetting detailed periodic and pre-launch checkout using different
prograwmns (manual or automatic) and criteria in each case. In an FBM submarine,
however, it is possible to tilne-share a single fire control subsystem amcng all
16 missiles for the fire control, targetting, and checkout functions.

23.
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Table 2-3 A

Examples of Use-Determined Factors

Beee or Site

Considerations Quantity Deployment Environment
Phyasical Strees Paychological Streas
Sea-Basad Number of Location of Humidity Motivation
Sywstem Ele- Distributed
Land-Baeed ments par Sy stern Noias Morale
lL.ocation Ilements
Hardened {Operationa, Vibration Danger/Safoty
\.a-Line Maintenance,
Soft Redundsancy Logictics Acceleratior Time Preseure
Consideration. }
Distributsd Other Temperature aformation Load
Geo-political
Compact Conaidarations Pressure Mission-Induced
Stress
Forward Area Asmospheric
Composition Taak-Induced

Coutinental US
Aiy-Launched
Orbital

Other

Weapon System Development Cycle

Stress

Failure -Induced
St ess

{Dir=ction of incrsasing Specificity)

3.2 Quantity

Such considerationc as number of weapons, on-line redundancy, etc.

are often predetermined by preceding cunsiderations in the planning cycle.

The, numbeaer of Polaris miss. les per FBM submarine was selected as a
compror. .se bared on trade-off considerations involving number and .ost of
submarines, strategy of operational deployment for submarines with respect to
enem,;, target locaticns and prooable search capability, and achievable missile
The periodic and pre-

range for a configuration <ontainable within submarines.

launch checkout equipment parameters were largely determined by missile
firing rate (lirmited by stute of the art) and specific na ure of the various sub-
systems. 't is important to note here that the second generation of FBM sub-
marine s is capable ofanincreased missile firing rate, vhizhinturn has necessitated

a change intargetting techniques and in pre-launch checkout requirements.

24.
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3.3 Degloxment

The distance betweaen the location of maintenance and/or checkout gear
and personnel and the location of the equipment to be maintained can set important
constraints on checkout and design requirements. Even more obvicus is the
effect of distributed locations cf system elements upon logistics requirements
and upon command/control and communications requirements.

3.4 Environment
3.4.1 Physical

State-of-the-art limitations at any given time will often combine
with systern performance requiremenis to dictate a system operating environ-
ment which is incapable of supporting human life (for example, an unmanned
satellite-launched weapon). Such instances will normally result in a class of
non-allocatable functions, i.e., a class of functions which can be performed
only by autornated meane. In less extreme cases, atmospheric conditions may
affect the allocation decision. For example, carrier-based aircraft flight-line
checkout in extreme environment (cold, noise, etc.) should not require ex-
tended exposure of personnel. Thus, the allowable exposure time for humans
in extreme environments may becoin~s a2 determinant in function allocation. When
manual operations exceed this time, some functions must be autornated,

3.4, 2 Psvchological

In addition, there are the more subtle psychological stresses which
will often degrade the usefulness of checkout equipment in the field. There are
elements of both danger and "time pressure' in pre-launchoperationsassociated
with balli'stic missiles and in carrier landing operations which may degrade man's
ability to make complex decisions accurately and with the required timing. The
effects of both psychological stress and so-called 'task-induced stress' (i.e.,
the effect of '"loading' the operator) en human performance in varying types of
tatka and system design situations are well documented in the psychological
literature(8. 12, 13, 19, 22),

One further paychological concept deserves special consideration
at this point. The effects of varied levels of motivation and morale upon operat-
ing ind maintenance effertiveness can be very great. In reviewing relevant lit-
eruture in this azea, we find that low levels of raotivation and morale are found
to he agsociated with two kinde of function mis-allocation:

1) Where equipmert requires high skill levels on the part of low
skilled personnel.
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2) Where equipment requires low skill levels on the part of high-
skilled personnel.

Note that these are rot necessarily simple man-machine mismatches due to bad
selection, training, or assignment of personnel. Rather, they are largely design-
controllable in the following sense:

The first instance [ 1) above ] involves equipmenta which are
designed such that only simple manipulative and gross decision
functions are required of the man, and personnel are selected
and trained on this basis. However, in practice, the frequent
occurrence of unpredictable or medium-probability events may
often require decisions and actions beyond the capabilities of
these personnel, resulting in lowered mcrale.

The second instance [2) above ] may be characterized by the
situation in which field operating, maintenance, and decision
problems are adequately anticipated and personnel selected and
trained to handle medium- and low-probability events (note that
this almost always requires a detailed knowledge of both weapon
systern and use factors). Thus, given the same general types

of cquipment design as described in 1), above, thuse personnel
are dissatisfied with "goon meters' and bored with simple moni-
toring tasks. Motivation can be expected to degrade as a resuit.

In both instances, the results take their toll in distrust of equipment and ''sloppy"

procedures. These, in turn, result in increased errors, down time, and spare
parts use rate, and decreased system operability and availability. In both in-

stances, system design concepts which recognize these use-determined factors
can serve to eliminate the undesirable results. Subsystems should be so de-
signed that personnel are kept continually involved in system functions, to a

level consistent with their capabilities.

3.5 Management Policies (Table 2.3 B)

Operaticns management policies include the cormmand/control structure
and existing SOP within which a weapon system 1nust operate and the intelligence,
communications, and data processing milieu which determine and shape its
inputs. Weapon systemdesign must go beyond simply interfacing with the appro-
priate equipments; it must also take into account the basic nature of the super-
structure in which it will operate.

Maintenance management and/or system support policies include the
planning, scheduling, and controlled provision of spare parts, test equipment,
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technicians, fO's, field modifications, manufacturers' tech reps, and so forth,

‘ Although definitely affected by equipment design(e.g., type and number of spares
s are directly influenced by modular deaign and part tailure rates), maintenance
o and support management policies include external use-determined factors to

. which a weapon system is most vulnerable. The organizational aspects of wea-
RN pon system checkout and maintenanc. are fairly complex. ¥ However, it is clear
3 that decisiona concerning the ernployment and man-hour utilization of manufac-
turers' tech reps, for example, will have consequences in the areas of system
down time and checkout effectiveness, The local base procurement allowances
for spare parts and test equipment will have similar effecta,

Table 2-3 B
Examples of Use-Determined Factors

MANAGEMENT POLICIES

Operations Maintenance Support
. , Operating Levals Mainterance Lavels Suppart Levels R
‘ {
Command/Coatrol In-Flight ship Spare Parts Plenning :
Operational Flight Line Tender Teet Equipment Logistics (
Commupications and On-Line Depot Field Mode Failure Reporting i
DPS Requirements
Off-Line Factory Mavy Techniciane Cther Factors 3
Other Factors
Tech Reps
Ovarhaula i

Distribution of the above functions among distributed system elements and levels

. Waapon dyatem Development Cycle
¥ {Dirvection of lncresasing Specificity)

A 2

e

4
In the other direction, the ever-present necessity for field modification to
equipment already in operational use must be taken into account when allocating
functions between man and machine. The field modification (or "SPALT") prob-
lem for the FBM system was an iinportant factor in considering two alternative
proposals for mechanizing checkout of Launcher and Fire Control subsystem mod-
ules. The two proposals differed in that one used a punched paper tape program

JEpR

* For an example of such an analysis, see Wohl, J.G., et al(23)
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and was largely automated, while the other employed a punched card tech-

nique to aid the opesator in a primarily manual sititation, Since a cannister

of tape might contain test programa for upwards of a <iozen different mod-

ule types, the normal process of field substitation of an "improved version'

of a particular module type would require that an entirely new tape cannister

accompany the arrival in the field of each newly ravised modile type. In contrast,

it would b a relatively simpie and inexpensive matter to package an appropriate

punched card with each module sent to the field. The logistic, accounting, and -
program updating requirements consequent to this kind of decision obviocusly

would be quite different in szope.

Selection, training, and ass gnment of personnel have already been dis~
cussed withrespe~t to man-machine mismatch and psychological stress, Suffice it
¢0 say at this point that the mis-cich can just as well resvlt from inadequate syo-
tem management policies as from inadequate design,

4 Man-Machine Fa« tors

The development to this point has beer concerned with the way in which 2uc
cesgsive constraints become applied to the assignment problem du: ing the wepon
syatem development cycle as a function of system planning, desigr, and c¢pera-
tional employment considerations, thus progressiv.’ reducing the degrees of
freedom available for function assignment. The finar gey of factors whica must
be considcredincludes the capabilities and limitations of menandmachines rela-
tive to the activities which they must perform ir various Naval taske. The follow-
ing discussion is, therefore, divided into four parts:

. Human task trends in Naval weapon systems.

Description of fundamental rman-machine tasks and task elements.
. Definition of man-machine interface.

Discussion of capabilities and limitations of man and machine.

4.1 Human Task Trends in Naval Weapon Systems

More oiten than not, as has been demonstrated, the general design re-
quirements of the system will suggestthe number and location of personnel. They
will not, however, suggest how personnel can be utilized most effectively. One
general trend in the evolution of the FBM system {and other complex systems,
for that matter) should be noted in this connection and its implications for the
role of human operators pointed out: Systerns are moving in the direction of .
requiring iarger and larger amounts of data to be more and more accurately

28.




. T . S s i

Man -Machine Factors

processed in increasingly shorter periods of time. The hurnan huas rather

severe limitations on the amountof information (1) towhich he can respond, and
(2) which he can process accurately within a short peried of titne. Therefore,
the trend has been to increase the degree of autornation of systems. However,
thic trend has not succeeded in removing the requirements for man in the sys-
tem, but has mereiy shifted his responsibilities to other areas {e.g., perfor-
mance monitoring, manual backup, complex decision making in unforeseen

- contingencies, computer programming, etc.}. Alswo, as equipment increases
in automaticity, larger numbers of mere highly skilled maintenance technicians
are usually required, thus increasing the amount of attention which must be
given to the design of eguipment for maintainability.

Some of these trends for non-military personnel are clearly indicated
in Fig. Z-3, which shows how the per cent distribution of the total U. S. civilian
laber force has changed since 1990 among five broadly defined categories of hu-

man jobs:
. Managerial . femi-gkilled
. Highly-skilled . Unsgkilled
. . Agricultural
DL sof
IR « | Highly Sxilled
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Fig, 2~3. The changing composition of U, 5. civilian labor
force: 1900-1975 (Source: Economic Almanac,
R . 1962; based upon 1960 census data)
R
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If we canassume that the actual lubor force distributionis closely related to industry
needs, then Fig. 2-3, which is based on cengus data, indicaies that the need
for agricultural workers has derlined markedly eince 1500; that the need for un-
skilled labor has undergone a gradual decline; and that the need for semi-ckilled
labor has gradually increased. Most important, howcwver, is the fact that Fig.
2-3 shows a rapidly growing need for highly skilled personnel and a steadily
rising need for managerial skills,

The drastic reductioninneed foragricultural workers, of course, may be
traced directly to the results of automation, as may the reduction in need for un-
skilled labor. .On the other hand, the rapidly increasing requirements for highly
skilled labor may alse be traced largely toautomation; for to the extent that auto-
mation in an industrial ''system" eliminates unskilled labor requirements, it
upgrades the skill requirements for the personnel remaining in the system.

The same general trends must operate within military weapon system
development, In-*fact, it is likely that military weapon systems lead the trends
indicated in Fig, 2-3 by 8 or 10 years. For example, during World War II,
ammunition handling was automated in several of the shore bombardment and
anti-aircraft gunnery systems used on board heavy ships. This eliminated the
need for certain classes of unskilled and semi-skilled labor. Toward the war's
end, gun f{ire control computations were automated (e.g., the MK-I computer),
eliminating the need for certain semi-skilled and highly skilled gun laying acti-
vities. The development, during the same period, of automatic radar tracking for
gun fire control systems resulted in elimination of the highly skilled tasks of op-
tical tracking and range finding. Finally, we have only to look at the few hundred
square feet of combat information center on the heavier World War II ships and
compare it with the thousands of square feet of command and control space on
the Enterprise to see what is happening to certain high-skill and managerial func-
tions in modern Naval weapon systems.

The FBM systemis an excellent example of the result of these trends. An-
alysis of the crew duties and ratings indicates that approximately 15% are mana-
gerial decision makers, nearly half perform highly skilled operating and main-~
tenance activities, about one-fourth perform various semi-skilled duties, and
the remaining 10% are unskilled {(mess personnel and non-rated personnel).

This section requires some careinite application. Most of the information
on the utilizaticn of manis often applicable only to gross categories of functions,
For some functions there is no problem in assignment; they can clearly be per-
formed more effectively by man or by machine, but not by both -- at least at a
given stage of technological development. But for many functions, there is con-
siderable overlap; and the decision to use man is contingent on considerations
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specific to the particular system, including the stage of development. The fol-
lowing paradigm indicates hcw this situation will change with time. Areas A
and B indicate, respectively, the sets of Naval tasks which can be performed by
man and mackine, while the overlap, Area C, represents those tasks which can
be performed by either man or machine.

&E Machine

Past

v

A B Future

As state of the art (Area B) progresses and machines hecome increasingly cap-
able of performing human activities, the overlap (Area C) will increase and the
distribution of skills in Area A will change in accordance with trends shown in
Figure 2-3.

Hence, because of this continual change, only general guidance can be pro-
vided, along with some of the considerations invelved in making decisions about
utilization of personnel. This guidance cannot replace the judgment which must
be exexcised by systems and human factors engineers working together as a
team to develop and evaluate alternative system design concepts. However, one
over-riding consideration should be borne in mind: A well-integrated man-
machine design can achieve far more than either man or machine alone,
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4.2 Fundamental Man-Machine Tasks and Task Elements

For convenience, we have grouped the various types of Naval functions
which ‘an be performed by man and/or machine into several categories:

. Decision tasks
. Operating tasks
. Checkout, maintenance, and damage controi tasks
. Administrative and clerical tasks,
This classification scheme is carried further in Table 2-4, which identifies

basic task types within each of the~e categories and the human skill require-
ments if performed by man.

Table 2-4
Man-Machiie Tasks in Modern Naval Weapon Systems

Skill Requirements

Taek Culegory I Dona by Man
DBecision Tasks
. Oparatioas! Decisions aemi- or highly ckilled
. Tactical Decisions highly skillsd
. Strategic Decisions highly skilled
. Policy Decisions highly skilled
Opare ‘ag Tasks
. Msteriala Handling o2 Processing loor or serni-skilled
. Coutinuous Control highly shiltad
P-riodic, or Discrete, Control aemi- or highly skilled
. Montioring sarni- or highly skilled
. Data Precessing axd Coerputation vemi. or highly skilled
. Communication semi-akilled
Checkout, Maintenanza, ind Dumage Coutrel Tarke
. Fe-ventive Mainteuance semi-eiilled
. Tuat and Chechout Lighly ekille<
. . Diagnosis highly skilled
. Fault laclation higtly skilted
. Rertore. Replace or Repair cemi- or highly skilled

Adminietrotive and Clerical Tashe

. Plansing Mghly ukilied
. Scheduling highly skillad
. Reporting varni-skillad
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Regardless of the classification scheme employed, however, it must
be recognized that there exist basic task elements which are common to every
task, whether performed by man or machine nr by both together. The three
baric functional 'building blocks' of which any set of systein tasks or accivi-
ties,ig composed are simply:

. . Sensing
FProcessing

Actuating

These building blocks, or task elements, are summarized in Figs. 2-4 A and B,
which alsoindicate the functional components of which they are composed. Figs.
2-4 A and B empnasize the similarities betwecn man and machine; in the follow-
ing discussion, important differences will aleo be =inted. {¥or discussion of
"decision making' ve. "procesaing,_”—see footnote .n pg. 38.)

These functions admittedly are an oversiinplilication of complex sys-
tem functions, be they man or machine; nonetheless, they will be useful as back-
ground to the guidelines on assignment of functions. Some qualifications should
be added at this point; any complex sysiem involves many combinations and re-
plications of these basic functions. Also, man and machine functions are not E
completely analogous, nor can one be completely substituted for the other -Zat
least at the present state of technological development. This is demonstrated in
Talle 2-5, which describes various poesible levels of auctomation in both mech-
anistic and humenistic terms. Theareasof non-correspondence are quice evident.
Finally, it should be noted that the terms '"equipment' and '"personn:i' are used
differently todistinguish between twomajor types of components of complex semi-
automatic or automatic hardware systems. Obviorsly, any itemr or group of
hardware which can perform more than one func.ion and which is designed to ac-
complish some common objective can be referred to as a system. The same can
also be said of man, since he is sufficiently complex to be referred to as a sys-
tem and as being composed of many subsystems. As yet, ne complex equipment P.
system exists which is fully automatic; that is, no complex equipment system 3
is completely independent of man in all phases of its operation and maintenance.

The man/machine functions of sensing, processing, and actuating. to.
3 gether with their interrelationships, will next be discussed in detail.
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Table 2-5

IDTR———— L

Analog Between Personnel and Fquipmeut Functions *

Yersonnel Peracnnel
Level of CHARACTERISTICS Lgva) ¢ Capabilities
Tunctioning ¢, . lprent Personnel Tuneticnlng Invoived
— - —
Zuro Toole supplied to ‘1l buman snergy Phyaical strength . Hui.an force
Ovder mas. 0 1.1 Gane and ¢ "atrol ex- and characteris- e.penditura
his efficienty but pended wi required.,  tHcaf» g., strangth,
Lot to substitute endurance, stc. ). * H:m&n -lh.
for human func- {physical)
tion({» g., hammer, . Human re-
veu 'viver, knjfe, sponse to en-
piisre). virnamental
conditions "
rirss Wanine: ¢ rower Human en- - fro suri-motor . Seneori-motor

Order corpler. -ata hu-
man energy, re.
nlac~s much of the
Y 1mer work energy,

at recacres control
and direction by an
ope: *or.
‘ecand Equipment pover
Order replaces human

anergy bat re-
quiret uperaior
set-up &nd start
cnd stop control,

Third Eqaipment cycuing

Ox jer or sequancing is
asli-ordered but
not self-c.rrecte’
{open loop).

Fourth Zquipmert cycling
Order and seqrencing ie

aelf-ordered and
eelf-corrected
\:loses loop)

Fiith Machine perform-

Order ance is bazsed upon
automatic solution
of control equation s,

used to cantroi,
direct, and apply
sou e type of
powes 24
equipmen.,

Human energy
wmed to start and
stop .ut a~t up
machine wu V.

Human controls of
machine cycles
rm=quired,

Hurnan monitors
m-chine perform-
anc.e,

Performas calcu-
lationas often with
elaborate language,
symtiology.

cupabilit! a,

Srnscri-motor
capebiliti~e,

Sensori-motor
capabilities

Mental functions

capabilities

Curaciion time
Tty 1aged

-Speed of man-
ipvlation

-Positionirg

Skill e aptitude
L Gontrol- dianiny

Aynari.as

~T vcking be-
ha ~or {-ursuit
and compsnis -
tion)

-Alded tracking
~Quitisvaing
. Aging

. Vigilance

. Psycho-physical
coding, etc.

. Stimuli

. Memory
. Learning
. Intelligence

. Intellectual ha- -
bit patterns

t+ After George and Amber(9)
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Table 2-5 (cont'd)

Lavel of
Functioning

CHARACTERISTICS

Equipment

Personnel

Per. ornel
Level of
Functioning

Personnel
Capabilities
Involved

Sixth
Order

Seventh
Order

Eighth
Order

Ninth
Order

Tenth
Order

Machine perform-
ance is baeed upon
automatic solution
of control and con-
tingency equatione.

Performance is a
function of experi-
ence both with the
presont task and
with a history of
similar experion-
ces {which, pre-
sumably, are
stored in memory).
In this case, equip-
ment avoids past
mistakes, attempts
differant forms of
operation, and im-
proves. Examples
of experimental
«quipment in this
level are the "'Per-
ceptron' and the
“Cybertron, "

Equipment extrapo-
lates from its ex-
perience to modes
of operation beyond
actual experience,
resembling intuitive
and judgment
activities.

Equipment develops
original creative
concept and can
work beyond ite
programming. No
machine of this
type now exists and
theres probably would
be little agreement
on what constitutes
creativity in the
mechanical-elec-
trical senge.

Equipment relates
socially with other
equipment and with
perscnnel. Equip-
ment is capabls of
diminant interac-
tive behavior.

Obeys complex
logic, reasons by
inductive logic

Performance
changes an a
function of
learning.

Obeys complex
logic, utilizes in-
taition and judg-
ment, reascns by
deductive logic.

Creates, originates

Personnel relate
socially with one
another and are
zapable of various
rales (dominant,
submissive, etc.)
at various times.

Hypothetico-
deductive
reasoning

Learning

Inductive
reasoning

Imagination, chan-
neled emaotion

Interperaonal
relations and
social living

.Concept forma-
tion

. Information
aynthesis and
processing

. Communicationas

. Language and
vocabulary
. Complex learning

. Learning 28 a di-
rected process of
change (motiva-~
tion, need, life
crises, etc.)

. Attituden

. Training for de-
sired perform-
ance

~Motor
-Concept
. Age differences

. Individual
differences

. Conditioning
. Imagination
. Creativity

. Group dynamics
(leaderahip)

. Motivation and
morale value
structurce

. Social behavior

. Group dynamics
. Morale
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4.2.1 Sensing

The aensing function cousista of the detection of some physical en-
ergy (information or signalr) originating within the environment of a system.
These signals may originate external to the system, us in radar or sonar returns
or as in the human senses of vision, hearing, smell, etc. They may also be
developed internal to the equipment, as in the reault of switch closures in equip-
ment or the kinesthetic sense in man. In either case, specific sensors are re-
quired to receive these signals as inputs to the system. The sensing funciion
is often coupled with transducing, converting, filtering, or amplifying functions.
Equipment examples abound, as in the transformation of a mechanical signal to
an electrical signal, analog to digital conversion, sélection of some portion or
all of a signal for amplification, or screening out sorne undesired portion of a
signal component, e, g., noise.

An important characteristic associated with human senses is the
phenomenon of attention. Althcugh the human being is constantly receiving sen-
sations from nia.ny sources, he is able to select and concentrate on only those
which are of importance to him, much as equipment aensors are able to filter
out various unwanted signals or noise or to select deeired signals. In addition
to attention, the reception of atimuli is influenced by a man's physical condition
(i. e., health, fatigue) as well as by the range of sensitivity of the receptors.

The phenomenon of attention is closely related to the concept of
perception. Human reception of signals would be meaningless without some ba-
sis for their interpretation. This interpretation becomes possible as a result of
experience or learning. For example, the onset of a red light may be interpreted
through learning as an emergency condition which, in turn, becomes associated
with certain responses. Ability to associate through learning takes another form,
too; for example, the red light may often occur simultaneously with a siren. La-
ter the presence of the siren alocne may cause a recollection of the red light and
trigger the ''red light'" responses, whether desirable or not. This association
demonstrates another characteristic of human perception, that of the symbolic
processes associated with it. Through man's ability to abstract significant de-
tails of cormnplex inputs and to remember them, he is able to apply his experience
to other situations; i.e., he is atle to learn. Unlike equipment, perception in
man is also influenced by emotional processes. For example, the performance
of a particular task may be enhanced or degraded depending on the pleasant or
unpleasant memories associated with it,

Thus, the function of perception in human beings is somewhat simi-
lar to those of transducing, filtering, and amplification in hardware systems.
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4.2.2 Processing

After the information has been transformed into inputs suitable for
use in a systers, it is processed to produce appropriate outputs. The informa-
tion processing function may involve any or all of the following subfunctions: (1)
measuring (estimating) and comparing external signals against each other or
some stored standard of comparison; (2) integration of varicus signale with each
other and with various alternative available actions; and (3) storage of some or
all of the information, to be acted upon later, Transducing, converting, ampli-
fying, and fiitering again may be involved. Information proceesing in equipment
may be pe:formed according to pre-established fixed programs or may be under
the control of a human operator. Often the rate at which information is recsived
or can be processed is too great for the information to be acted upon immediately,
or it may be unnecessary to act upon the information at the time of reception. In
these cases, data may be stored cither temporarily or permanently, depending
on the requirements for their atilization., In equipment memory there may also
exist programe which provide instructions for proceseing the information,

Man is able to process infcrmation based on his perception of the
signals which he receives and upon stored information. This integration of ex-
ternal and internal information as the basia for identification or selection of
appropriate courses of actionis often called decision making, Although decision-
making tasks reflect an emphasis on only certain aspects of human information
processing capabilities, they have become a focal point for discussing man's
processing capabilities. t The procesases which support the decision-making

To many, the general concept of '"decision making' entails a necessary ingredi-
ent of mystery, i.e., the choosing of one among two or miore alternatives nec-
essarily requires that the chooser does not have complete information at hand,
As an example, we talk of a submarine sKipper having to make a complex deci-
sion. He must make his choice based on a number of elements t¢ which he must
assign a variety of differential weightings. Either the weightinga and/or the
population of elements is incompletely known te him. In addition, he may not
know the proper model or series of manipulationa to use in order to make the
best choice. This is a prevalent conception of 'decision. ! The man does not
have all the necessary information and/or knowledge, yet he must make his
choice now. He says, "I can't wait to learn that; I'll have to make a decision. "
The corollary to this conception is that if the man does have all the requircd
knowledge and information, then the logical choice becomes self-evident and
there is really no decision involved. This popular conception of decision mak-
ing is refuted herein. The term "decision'' is utilized in this volume as a de-
scriptive noun for an activity which can be performed by man or machine which
may or may not involve sensing and actuating, and which always involves pro-
cessing. The termas usedherein describes theprccess of s—eTe'EE'on from among
alternative courses of action; alternatively, it describes the process of "map-
ping''input sets upon output sets. Thus, it is correct to talk about "haviag made
a decision' (past tense); but when a man ''is deciding" {present tense}, he is

processing.
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capabilities of man inciude abilities for gualitative estimations, comparisonas,
judgment, transformation, coding and decoding, inductive and deductive reaaon-
ing, abstraction and conceptualization, memorization and recall, and predic-
tion, The result of these capabilities is to xnake man much more flexible as a
data processor than machines -- at least with the present stage of technological
development. Through appropriate training, man is able to deal with changing

3 situations and unforeseen problems in the absence of a specific program, Un-
Lot like a computer, man can continuously deveiop and modify his own programming.
' ‘ In other words, he can learn, Closely associated with man's decision-making
fanction is his memory or storage capability. Memory is the retention of what
is learued and. conversely, forgetting is the failure to retain what is learned,
Without memory, at least in the biological sense, there could be n« learning;
cach occurrence of a signal wculd elicit the same reaponse as before and there
would be no modification or reprogramming of behavior. The capability of man
to remember and to modify his behavior through learning accounta for much of
his flexibility as a programmer of computers. Much of what is remembered and
the ability to manipulate and combine thie information (thinking and reasoning) is
the result of man's symbolic proccamcapabﬂiw. What is retained is in the
form of words, numbers, or images which represent abatractions or symboliza-
tions of what is learned, This capability for abstraction and conversion to sym-
bols of large amounta of information accounts for much of man's superiority
over machines in decision making.

4.2.3 Actuating

Once a desired action has been identified or selected as a result of
information processing or decision making, it is necessary to implement thisac-
tion, This may involve the function of regulation such as controlling the rate and
time at which the action is performed {e. g., the duration.of the ballasting oper-
ation in diving the submarine, or control of the speed of the submarine). Other
discrete forms of control may be involved (e. g., the selection of "Channel 1" vs.
""Channel 2 in the Fire Control Subsysiem, or the transmissaion of information to
the rissile guidance capsules at an appropriate time in the firing sequence). Regu-
lation in man involves the organization or patterning of his responses so that they
will occur at the proper time, in the proper sequence, or in the proper combi-
nations. For example, when learning to perform a procedure, an operator must
refer to manuals or otherwise seek guidance to learn how to perform the proced-
ure. Eventually, these responses become sufficiently learned that the procedure
is performed rapidly and accurately as a perfectad and completely organized skill N
without any external supports. As skills are nianiered, they are perfcrmed more ‘
and more automatically and involve less conscious effort or thought on the part
of the individual. This is particular)y evident in the learning of sequential re-
sponses, as in keyset operation, or continucus responses, as in steering or track-
ing, For the learning of complex know'ledger, as might be required for high-level
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decision-rmaking tasks, a sirnilar organization of responses may take place if
similar situations occuar often enocugh; otherwise, man may exhibit considerable
variability and disorganization in his behavior.

Also related to the regulation function in systems is the concept of
feedback. Many sewni-automatic or automatic devices or systems have one or
“rr—z‘c;r—e-ﬁnsing or monitoring circuits which feed back information on the opera-
ticn of the system to provide a basis for regulationand further action. Such feed-
back loops are the distinguishing feature of clozed-loop systems as opposed to
open-loop systems. In many systems a human operator or inoniter is depended
upon to close the loop. Responses within the human himself, as with closed-loop
hardware systems, exhibit feedback characteristics. This is generally referred
to as knowledge of results and may be of two general types: internal, resulting
from sensations associated with bodily movements or the higher mental proces-
gses, a8 mightoccur in the mental solving of some problem; and external, result-
ing from seeing or hearing the 1esults of his responses such as the change in
position of a control, change in the status of an instrument, or change in position
of a vehicle.

Finally, to achieve the output ~- whether it is information, materi-
als, or control of other equipment -- all systems have one or more actuation
functions. These require a supply of requisite energy in a form necessary to
achieve the output. In man, this final phase of the behavior process is the evo-
cation of some muscla response, either verbal as a ccmmand, or as a motor
response such as the movement of the arm and hand to activate a control or the
movement of the eyes to view some display. Glandular responses also occur
but ordinarily are of lessimportince from a design standpoint; however, they do
affect the level and type of activity of the individual as well as his comfort.

Two other categories of functioning peculiar to humans should be
mentioned, those of drive and rnotivation. Drives include suchfactors as hunger
and thirst and are related to the physiological requirements of the human or-
ganism., Motives are requirements which arise out of the individual's learning
experiences, primarily those involving interaction with other people. Both
drives and motives function as cnergicers of humnan behavior and as such are
somewhat analogous to the power required by hardware systems for activation
(see Figs. 2-4 A and B).

4,3 The Man-Machine Interface

Since the concern in this volurne is with complex subsystems ci the FBM
Weapon System in which many personnel and equipments are involved, it is im-
portant to describe the interactions betwe 2n men and machines, particularly as
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they relate to control and display interfaces. The simplest situation which can
be described to indicate the significant interactions is that of one man and oue
machine, as in Fig, 2-5.

Inputs {other perecnael}

__ lnputa (physical eavirsament)

U 1 L

lnpats
o T e TR
Seneia; Displa: H
.__%'21'____.)___;, onees rare Semsing ' .
[athaar equipmaent ' - N H
TR [ R
; ‘ Procesving ; }
H *Precessing ; :
; % e i i
Outputs - Asteat
{otaar aqalpmmant) I . Controls Act ating | H
{sitects on the ¥ H
aquipemant itsslf) l | H

Verbal sod Othar
Reaponeas

e e e BOtBEE | e eee e em e emanea e j

Fig. 2-5. Man-machine system

From Fig. 2-5 it is evident that the rmachine can receive inputs from
the environment, from other equipments, from feedback within itself or from the
man througn the control link or interface. Man can receive inputs from other
personnel, {rora the physical environment, from the equipment itself through
displays, or, in some instances, from the actual outputs of the equipment it-
self (e. g., ship motion).

Fig. 2-5 suggests that processing cen take place within the equipment
or between the equipment and man through the links provided by displays and con~
trols. However, simpler situations occur where man may do all of the process-
ing; or, if the equipment is as simple as an instrument, man can pertorm all of
the processing and actuation; or if it is a hand tool. man will provide the sensing
and processing and part of the actuation,
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Fig. 2-5 indicates thata machine may reapond by providing cutputs to
control other equipments (some may even contrel man); exert some control on
itself such as movement, or provide outputs in the form of materials or pro-
ducts, such as the print-outs provided by line printers. Similarly, human
outputs in response to input data may be used to control other equipment or
other personnel, depending on the information received, the equipment dis-
plays, the environment, or feedback from the outputs of the equipment.

The simple one-man/one-machine relationships deacribed above repre-
sent only part of the problem of designing equipment for human use. The major
part of the problem is the multiple -man/multiple-machine case where there
are many equipments performing different, or sometimes redundant, functions .
and many men each aleo responsible for different functions. The problem is
the consideration of the possible functicnal relationships among personnel and
between the men and machinesa in addition to the functions to be performed. In
short, an entire assemblage of components, man and machine, must be consid-
ered before even preliminary decisions can be made about the assignment of
functions and the control-display (i. e., man-machine interface) characteristics
which will be required for the personnel te perform their functions effectively.

4. 4 Capabilities and Limitations of Man and Machine

Table 2-6 summarizes the relative advantages of men and machines
with respect to the basic task elements just discussed. Since this represents
the final set of factors to be considered in weapon system development and
man-machine function assignment, it will be expanded upon in some detail
below.

Following is a series of general principles taken primarily from dis-
cussions by Swain and Wohl(24) after Fitts(6), together with some additions
and comments pertinent to the assignment problem in general.

4.4.1 Characteristics Tending to Favor
Humans over Machines

4,4, 1,1 Ability to Detect Certain Forms cf Stimuli

The ability to detect certain stimuli {e.g,, smell, taste),
especially stimuli which are not readily sensed inorganically, is one of man's
characteristics,

4.4.1.2 Sensitivity to‘a Wide Variety of Stimuli

Man is sensitive to a wide variety of stimuli through the use of
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the organs of sight, hearing, smell, touch, temperature, pain, taete, balance,

and muscle

sense (kinesthesis).

All of these sensory abilities are used in oper-

ating and/or maintaining equipment, though obvinusly some are used much more
In spite of this wide variety in sensitivity, the precision
of sensitivity in any orne mode i8 quite restricted compared to machine "'sensing

than others.

ability, "

Summary of Significant Man-Machine Factors

Table 2-6

Advantages of Humans

Task Element Advantages of Machines

Arrive at new and different

- B scoluiions to problems Deductive logical ability

Tetect low lovels of energy 5 Sensitivity to stimuli cutside
E of man's ability
Sensitivity to 4 wide variety N
of stimali s Insensitivity to extranaous
1 factors
Perceive patterns and general- N
ise from them G Monitoring of other machines
or men
Detect signals in a high noise
environment
Store and recall large amounts P Respond quickly to contral
of information R signals
0
) Exercise judgment C Store and recall large amounte
: o E of data for short periods
_ ) Improvise and adopt flexible s
3 ] proceduree s Compating abuity
3 o I
; Handle low-probability events N Handling of highly complex
B G parallel operations

f A Profit from sxperieace

Track under a wide variety of
wituations

Perform when overloaded

Reason inductively

Perfcrm routine, repetitive,
precise tacks

Perform fine manipulations

Exert large amounts of force
amoothly and precisely
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4.4.1 3 Ability to Perceive Patterns and Generalize
About Them

Man has this ability, even though the patterns rnay change in
size or position or may be partly masked by noisc. However, this ability (per-
ceptual constancy) as it applies to cevtaiw types of activities is often difficult to
learn. Interpretation by human .perators of patterns of lights sometimes re-
quired by certain coniputer ptograms may be extremely difficult to learn. Wave-
form analysis is considered by most maintenance technicians to be the single
most difficult perception required in test and checkout, and differences of opinion
often exist between techniciang in interpreting waveforms. Therefore, itig or-
dinarly advisable to search for ways to avoid waveform or light pattern analysis,
especially where relatively low-skilled personnel may be employed. However,
if data can be encoded and displayed in such a way that the personnel can use
their perceptual capability to the maximum (i. e., if adequate 'pictorial'' or fa-
miliar "patterned" displays are nsed), then they will be very good at sizing up
complex situations quickly.

4.4.1. 4 Ability to Detect fignals (including patterns)
in High Noise Eunvironments

This slility is rolated mainly to the use of various types of op-
erational cathode ray tube displays and to reception of auditory signals. One
shortcoming to this human ability is the human tendency to fill in gaps in the dis-
played information on the basis of uxpectancies. When these expectancies are not
valid, the human operator or technician may see something that is no: there or
may miss out-of-tolerance indicarior.s not in line with his erroneous expectancy.
This human limitation applies mostly tec monitoring tasks, somewhat less to rou-
tine operating and maintenance tasks, and least to trouble location tasks where
the man knows something is wrong and is searching for out-or-tolerance indica-
tions,

4.4. 1.5 Ability to Store Large Amounts of Information for
Long Periods and t> Remember Relevaut Facts at
the Appropriate Time

This ability is related to the hurnan's superior ability to use
judgment, to improvise, and to respond appropriately to low probability occur-
rences. The human is said to be capable of storing from 1. 5 million to 100
million binary bits of information. The largest computers available fall far short
of this capacity. Man's memory of facts is less reliable than machine's, but he
does fairly well at remembering priuciples, strategies, contingencies, and other
rules and their applica.ions, provided that he has been properly taught.
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4.4.1.6 Ability to Use Judgment

It is aidficult to define '"judgment,' though we all seem to know
what it is. Perhaps man's superior ability to use judgment is related to his
2%'lit; o bandle concepts, ideas, and other data which are not eawsily quantified
and to arrive at a decision ¢n the basis of some unspecifiable comparison of
nebulously defined alternatives, even when the situation is unique. Machines ave
not yet very efficient at the kind of selective, long-term storage needed in hand.
lin.g unique problems, and they cannot be fedany variables that cannot be encoded.
Trus, judgnient is very important where the population of events rannot be com-
pletely defined.

4.4.1.7 Ability to Improvise and Adopt Flexible Procedures

The human can reprogram easily and quickly and can vary per-
formance tolerances quickly. He can acquire pew methodological know-how
simply by reading printed verbal procedural directions. Human flexibility helps
avoid complete breakdown in emergencies. Thus, if high degrees of flexibility
are required for navigation, fire control, and launch operations, then man should
play an important role in accomplishing them. However, he would have to be
relatively highly skilled ualess the flexibility could be designed into written pro-
cedures for him to follow and allowable task durations were sufficiently large.

4.4.1.8 Ability to Fandle Low-"robuiility alternatives
{i.e., Unexnacted Events)

The human may not always employ .n adequate strategy in deal-
ing with rare events. In fact, he generally tends 7o try several strategies which
have worked before for more familiar events, and he tends to repeatun ucceastul
strategies ox to just "Easter egg' (i.e., attem:t randon. activities). This char-
acterisiic is not restricted to relatively uaskilled personnel. If low-probability
events can be programnied into a machine, the machine will he more efficient,
because there is no forgetting. However, if the population of possible low-
probability events is large ({the usual sitvation in command/contror and checkout
operalions), then the storage capacity required to handie them poses problerns
for the machine. On the other hand, properly d=signed procedures, ccupled with
adeqguate training, can markedly increase the average man's facility to respond
to the unexpectad.

4.4.1.9 Ability to Arrive at New and Cormpletely
Liiferent §_9_1.utions to Problems

The human can employ originality in putting to ase incidental
intelligence picked up during hi. training or experience. Unforturately, he
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sometiman may try the novel when the ususl would be more appropriate. This
partly explains the often-observed tendency for the technician to “tinker' and for
the operator to “over-adjust” rather than follow the prescribed procedures, Prob-
ably a more complete explanation should alue refer to the usual inadequate design of
procedures.

ey

4. 4.1, 10 Ability to Profit From Sxperience

Ability to profit from experience, that is, tomodify rmsponses
on the hasis of prior eventa, is another of man's characteriatics. It is not uaed
to its maximum in operating and maintenance aitwations because of lack of a for-
ma) organization and procedure for incorporating and disseminating a body of
opevating or maintenance knowledge. Thus, system management policies will
often prevent a system from taking advantage of experience. Although machines
have been built that can "learn' from experience (e. g., chess players ar.d imaze
runners), the cost and volume required for such machines is much greater than
for an equivalent man. "

4. 4. 1. 11 Ability to Track (i.e., Act as a Servo Follow-Up)

In a Wide Variety of Situations

Man has thie capability despite relatively poor tracking ability.
The ability to track (i. e., follow or center a moving target) is more pertinent to
operator positions than to maintenance positions. A notable example in the FBM
nystermn is the Type 11 Periscope operator, who must center a star within the peri.
scope field of view in order to obtain a position or heading fix. Hies ability te deo
so with adequate accuracy obviates the need for an automatic star-tracking devica.

4.4.1. 12 Ability to Perform when Overloaded

The human is capable of withstanding high conditions of load-
ing that might cause a complete breakdown in a machine. That is, the human
frequently can perform at a less optimum rate or at a lower level of proficiency
under high load conditions, but he usually can 2ontinue to perform. This quality
of ''graceful degradation' is found in some machines, but to a lesser degree than
in humani. However, this human ability is related to man's ability to generate
his own inputs, and the neyative side of this ability is the possibility that these
inputs may he irrelevant to a sclution. Thus, the human introduces internally
generated ''ncise’ to the man-machine syatem, and this cau be part of the
"overlioad. "

4.4.1.13 Ability to Reason Inductively

Min can reason inductively, that is, make generalizations from
specific observations. .Along with judgment, this is perhaps man’'s greatest
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claimn to fame. It is especially important in decision making. Dut one of the

reasond why inductive ability has been soimportantin Naval tasks iu that adequate

suppuxtfor human deductive ability is often absent in a given subgystem (i.e., in-

sufficient information is presented to the man). Since the generalizations made
by persornelinthe absense of informationare so often incorrect, the best cperat-

inp or maintenance eituation should perhaps be so structured as to require as
little as possible 0. man’s inductive ability. (As will be seen ilater, this does not

necesgarily mean to automate.) The major exception to thia statement is the
sci of Naval tasks which can Le characterized as largely decision rnaking in
naiure,

4.4.1. 14 Ability to Perform Fine Manipulations

This superiocrity of man is especially important in assembly-
disassembly operations, fault correction (e. g., soldering, replacing tubes, etc.)
and in th2 fine adjustments required in calibration and alignment. Machines built
to perform this type of manipulation are frequently extremely costly and com-
plex. However, precise manual adjuetments cften must be aided by a machine,
for example, a receiver tuning device or a torque wrench with a readout in foot-
pounds. And those manipulations involving complex eye-hand coordinat.oa are
difficult to lairn to a high skill level.

.

4.4.2 Characteristics Tending to Favor Machines Over Humans

4.4.2.1 Sensitivity to Stimuli

Machines can sense forms of energy in bands beyond man's
spectrum of sensitivity, for instance, infrared and radio waves.

4.4.2.2 Insensitivity to Extraneous Factors

Machines have a greater insensitivity than man to extraneous
factors. They have no morale problems. They do what they're told tc do. Per-
hapsg this is at once the machine's greatest advantage and its greatest disadvan-
tage. The advantages tend to be emphasized by design engineers, especially those
who have seen equipment misused in the field. The disadvantages tend to be em-
phasized by field persconnel, especially those viith high levels of skill who see
aspects of this skill being replaced by machines.

4.4.2.3 Monitoring Other Men or Machines

A great deal of research evidence (both experimental and field
observational) coliected by North American and British rescarchers shows that
man is 4 poor monitor of infrequently occurring events as well as frequently
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occurring events over a long period of time (16). Man becomes distracted or
just bored. The evidence is so overwhelming that Fitts, et. al(6) have declared
that machines should monitor humans rather than vice versa. This principie has
important implications for the design of semi-automatic equiprnent, as will be
discussed in the next major heading. A corollary to the above principle is that
man should not be the sole check on the accuracy of his work.

4.4.2.4 Responding Quickly to Control Signals

Machines have microsecond lags, whereas the shortest which
can be expected from man is about 200 milliseconds, and this only if he is set to
make a movement upon the receipt of a Go/No-Go signal. If a decision is re-
quired, the human response time increases rapidly. Moreover, man becomes
fatigued rapidly under conditions requiring @ series of rapid decisions. Speed,
then, is one of the primary qualities of machines.

4.4.2.5 Storing and Recalling Large Amounts of Precise
Data for Short Periods of Time

Especially in the caomputer field, there are requirements for
short-term storage of information {'scratch pad' data), followed by complete
erasure of the data in preparation for ancther task. Machines excel at this; hu-
mans not only have difficulty memorizing large amounts of information, but their
recall is often spotty and they have difficulty in completely erasing information
in short-term storage.

4.4.2.6 Computing Ability

People make errors even in the simplest conversions of data
requiring no more than simple arithmetic. They are poor at quickly performing
highly complex calculations. Such calculations as higher order integrations per-
tinent to some types of navigation and fire control computations, are beyond the
capability of humans. However, machines are limited by the rules of operation
that are built into them. In some caseg, humans can arrive at an adegquate an-
swer more quickly by a series of approximations that drop out unnecessary
precision.

4.4.2.7 Handling of Highly Complex Operations (i.e., Doing
Many Different Things at Once }

Fitts, et al{6) states that when man has to employ his highest
intellectual abilities, he is essentially a one-channel computer -- he can work
effectively at solving only one problem or attending to one thing at a time. Only
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when he achieves very high degreea of skill can he work on more than one thing,
and then only by rapidly shifting back and forth. The machine, however, is lim-
ited only by the capacity built into it.

4.4.2.8 Deductive Logical Ability

Machines are much guicker and more reliable than humans in
identifying a specific item as belonging to a large inclusive class and in using
rules for processing information. If an operation can be programmed 100%, then
a machine can be built to perform the operation rapidly and accurately with per -
fect repeatability. However -~ and this is often overlooked -- procedures can
be built to enable a human to follow the rules efficiently, though less rapidly, and
with a small probability of error.

4.4.2.9 Performance of Routine, Repetitive, Precise Tasks

Man is notoriously prone to commmission of errors in such op-
erations. As in monitoring tasks, he becomes easily distracted or he may per-
form some non-prescribed action out of sheer boredom. However, if the task is
sufficiently repetitive that it can become automated, then the operator’'s involve-
ment in and awareness of what he is doing can be reduced to a minimuam and he is
free to think of other things. This is one explanation for the compatibility of many
persons to extremely routine assembly-line work. In most operating and main-
tenance tasks on board FBM submarines, this high degree of repetitiveness and
restriction in work assignment is seldom to te found. Consequently, it is a safe
generalization that machines are superior to humans in the performance of most
routine, highly repetitive, and precise tasks.

4.4.2.10 Exerting Large Amounts of Force Smoothly and Precisely

The human is no match in strength for even the simplest lifting
or moving devices, and his control movemants with large objects tend to be er-
ratic and subject to oscillation, especially whea the emphasis is on speed.
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II. MAN-MACHINE INTEGRATION

The preceding Part 1 of this section has presented a detailed discussion of
the factors which influence man-machine integration, more or iess in order of
their occurrence in the aysiem development cycle. In Part II, techniques and

guidelines for man-machine integration will be presented.

1 Systemm Models as Aids to Task Assgigament

The first step in any man-machine irtegration analysis is to describe the
systemn under consideration in functional terms, These descriptions are gener-
ally referred to as system models or paradigms. Following is a discussion of
system models which have been found o be useful in man-machine integration,

1.1 Types of Models

A "system model" is nothing more than an opsrational description of a ] 1
systemn, to be used for analytical purposes. There are many kinds of operational ‘ :
descriptions which can be employed, ranging frorn the pure verbal description to
the pure mathematical or symbolic description as listed in Table 2-7. Depend- ;
ing upon the intended use, some may be more appropriate than others. ;

Most of these techniques are well known to syatems engineers and ana-
lysts, and most of them can be quite useful ac variocus stages in system design.
However, because of 1ts importance from the human factors analysis standpoint
and the success in applying it to the FBM system, the Operational Sequence Di-
agram (OSD) has been selected for descriptive emphasis in this section. Infor- :
mation on the other methods may be fcund in any text on systems engineering. ;

SO, LR

1.2 The Operational Sequence Diagram

During the past fow years, a tool for the analysis of man-machine sys-
tems has been developed and refined. This tonl, called the Operational Sequence
Diagram (OSDj and describad in detail by Kurke (11), is derived from methods
engineering techniques such as the various types of operational process charts
described by Barnes (1), Mundell (18), and Maynard and Stegmerten (15), These
techniques have been supplemented by the recent PERT-charting concepts and by
human factors concepts such as task analysis(17), in which those discriminatiors,

decisions, and actions necessary and sufficient to operate a mechanism are
enumerated.
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Table 2-7
Technigues of System Operational Description

Type of Mindal

Dascription

Verbal Account
. Jcenario
Graphic Representation

. Block Diagram

. Flow Diagram

- Tima-Lins Chart

. Link Chact

. Event-Sequence Chart

. Operational Sequence
Diagram {OSD)

Mathematical Modsl

. 8~arvo Theory

. iInformation Thsory

. Queusing Thaory

. Gane Theory

. Decision Theory

. Mashematical
Programming

Verbal account of operating procedures, events, timing, etc.

Verbal-oymbolic account of static connectivity of major syec-
tem wlaments. Usually identifies mpoxtant aystam variables
and their genwral relationships. Usoful alao for describing
aystem organisation.

Verbal-symbolic account of low of material or information
throughout system.

Verbal-symbolic representation of critical activitias per-
formaed by ayetom clemeuts chowing tiine ralationehips and
durations (e.g., Gentt chart),

Verbal-schematic representation of workapacw layout showing
frequency of use of 'links' batwesn atations.

Verbal-symbolic reps tion of system operation in terms
of critical events and their connectivity and timing (e. g. ,
PERT Chart).

Verbal-syrrbolic repressentation of ali system activities, their

ivity and tiniing, with additional identification of sene-
ing, processing, and actuating requirements. As this lavel of
detail, it io possible to zesign functions to man and machine
and to determine display and control requirements.

Symbolic representation of input/cutput relationships of groups
of slemants in a closed-loop continuous control sysiemn (ses this
volume, pg. 83, for example).

Symbolic representation of input/output relaticashipe of elo-
in icati h 1 (see this volume, pg. 80,

a
for ezample).

Symbalic representation of input/output relationships of ele-
ments which perform an administrative, maintenance, ur
logistic sarvica (see Valume Z, pg. 230, for example).

Symbolic representation of relationships between action alterna-
tives and coets or losses.

Symbaolic representation of rales upon which to base alternative
courses of action.

Symbplic representation of sll syatemn activities. their cconec-
tivity and timing, with the capability of colving for an optimal
program.
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‘The Operational Sequence Diagram pictorially displays nformation-
decision-action sequences that a system or its subsystems follow in completing
a mission. As such, it directly parallels the basic man-machine functions of
senaing, processing, and actuating. In an introductory paper, Brooks (3) defined
QSD's as schematic or information-decision-action flow diagramas and described
their use in the dynamic description of man-machine systems. He described it
as a convenient tool whereby

... system operation can be codified simultaneously with
hardware designs. The human engineer can lay out his
panels realistically; the project engineer can obtain a bet.
ter idea of the man-machine relationships for various
degrees of automation and can therefore evaluate alterna-
tive system deaigns. "

A later, more detailed, paper by Kurke(l0) presents a complete exposition of the
OSD techaique and its applications. We are indebted to him for the following dis-
cussion and examples.

The OSD may be used to establish sequence-of-operations requirements
between subsystem interfaces at various levels of system analysis. The inter-
faces may be between machines, between operators, or between machines and
operators. Simple or complex systems may be analyzed and the degree of tho-
roughness of the analysis may be selected for maximum usefulness, A second
form of OSD stresses its use as a pictorial adjunct to symbolic logic. In this
form the basic sequential OSD is combined with a logical analysis technique {10)
to depict the logical result of each of several decision-action sequences. The
third use of the OSD combines the technique with various link analysis techniques
as described by Channell and Tolcott (5) for evaluating panel layout and the de-
sign of workspaces.

The basic components of an OSD are various geometric figures coded to
denote the elements of any operational sequence {Fig. 2-6). In its simplest form
the OSD consists of "actuation' elements depicted by squares, connected by a
"time line'' uniting the actions. The communication of information in the broad-
28t sense of Lne term is indicated by a triangle to represent the transmitting ac-
tion, i.e, talk, switch closure, etc., and a circle to represent the sensing or
reception, i.e., hearing words, visual displays, etc. A semi-circle denotes the
utilization of stored information such as previously obtained knowledge or training.

When actions and commaunications are present, the next level of com-
plexity involves the use of the element (hexagon) representing the processing or

decision function. Processing may be defined operationally as the variable in-
tervening between a matrix of stirauli and a matrix of possible responses. It is
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the raison d'etre for the OSD. The 'operator''{which may or may not be human)
requires information which is somehow integrated and elicits one of alternative
actions or transmissions. As noted in Fig. 2-6, the resultant actions, inactions,
or inappropriate actions can be coded in the OSD. Two additional types of sym-
bol are useful at this level of system complexity. One of these discriminates

between manual and automatic functions. The other type is a logic device.
FROCEMING OR DECISION

ACTION, E.G.. CONTROL OPERATION

THANSMIT /ED INFORMATION

RECEIVED INFORMATION,
E.G., NDJCATOR DISFLAY

d O« QOc¢

PREVIOUSLY STORKD NFORMATION, K
£.0., KNOWLEDGE E

SINGLE: LINED SYMBOLE REPRESENT f
MANUAL OPERATIONS -

DOUBLE-LINED SYMBOLS ARK
AUTOMATED OFERATIONS

SOLL) GYMBOLSE INDICATE IMACTION A
OR NO INFOGRMATION |

HALF.FILLED SYMBOLE INDICATE PANTIAL
INPORMATION OR (NCOPRECT OFEAATIONS
DUE TO MOISE OR ERROR SOURCES IN THE

N WO

STSTEM
I VAND" LOGIC b
M 3

Fig. 2-6. Symbols used in operator sequence diagrams.

Manual elements such as those involving a man driving an auto, seeing
a red light, deciding to stop, stepping on the brake. or biowing his horn at a
pcdestrian are represented by singic-iwmcd symbole. Thie brake light on his c-
is an example of automatically transmitted information. Automatic elements are
depicted by double-lined squares, triangles, etc. For instance, the brake light
of the car going on would be depicted by a double-lined circle. The second type
of symbol is logical in nature; it diacriminates between logic conjuncrions,
Separate time linee entering or leaving an element represent an ‘''or' condition.
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""And" is represented by the junction of two lines prior to entering, or subaequent
to leaving the element.

Operational Srquence Diagrams may be used during various phases of
system development from the initial determination of the sequence of groas op-
erations to the detailed evaluation of panel layouts. To illustrate its use on an
unclassified basis, let us examine how it might be used in the develiopment of
Campbell and Blank's proposal for a shipboard radar data computer to improve
navigation safety by reducing the likelihood of ship collisions.(4) Such a colli-
sion avoidance system ccungists of a ship and an environment which contains
objects to be avoided. To accomplish its mission, the ship must meet the follow-
ing requirements. [t needs:

Knowledge of potential collision objects in the environment.
. Knowledge of cwn status relative to objects in the environment.

Capability of determining CPA (closest point of agproach) and, from
this, deciding whether to evade the object.

Ability to take actions necessary for evasion from a universe of ac-
ceptable evasive tactice.

Feedback for evaluation of usefulncsz of evasive tactic.

Assembling the required navigation functions in a sequential order, the
mission can be generalized as illustrated by the sequential OSD in Fig. 2-7, in
which information concerning navigation hazards such as another ship is received
by the colliasion avoidance system. This information, knowledge of own ship's
heading, speed. etc. and of thuse actions permitted by the rules of the nautical
road are all utilized in the decision to chauge own shipn's coarse., A new course
iu chosen and plotted and the ship is put on the new course. The new relative
bearing and speed of the other ship is received and the decision concerning the
adequacy of the new situation is evaluated to determine the effectiveness of the
maneuver.

The first step in analyzing the system is to compare the human factors
elements in the existing system and in a proposed system. An examination of
the allocated man-machine functions can be made to yield comparative data on
the human error potential of both systems,
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OWN SHIP 3TAYUS RULES OF
RPAD
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DEGIDE CHANSE COURSE]
DECIOE WHAT NEW
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—

PLOT GOUNSE

I TO NEW COUASE —

P
DECIDE 15 NEW COURSE SAFEP

PLOT NEW COURSE UR
NO FURTHER AGTIOM
REGQUIRED

Fig. 2-7. Basic collision avoidance system

The very question of the desirability of the hypothetical radar computer
is one of allocation of man-machine functions. In effect, the development of the
radar computer would produce a new system and the relative effectiveness of the
two systems should be compared. A very satisfactory method of determining the
effectiveness of alternate systems is the comparison of OSD's representing them.
More detailed diagrams than the one in Fig. 2-7 are needed. In addition to the
ship and its environment, we are now corcerned with the watch officer and the
radar computer and in the detailed interactions of these components.

Fig. 2-8 illuatrates this level of analysis of the conventional system and
the proposed system incorporating a radar data computer.

The .nanual system (Fig. 2-8A) requires that a target be identified, and
if a casual estimate indicates it might be a threat, its course relative to own ship
is plotted to determine if the two ships are on a collision course. An evaluation
of the plotted course is made and if the decision to maneuver to avoid the other
ship is made, a new course is plotted. Then own ship is put on a new speed and
heading. Subsequent .o this change, the relative course of the other ship is re-
plotted and the collision thoeat is re-evaluated,
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Fig. 2-8. Detail analysis of alternate collision
avoidance systerns
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The computer system (Fig. 2-8B) also requires that a target be recocg-
nized and identified. The target is then entered into the computer, which con-
tinuously evaluates the relative threat. When the evaluation indicates a collision
course, an alarm notifies the watch officer, who -- on the basis of computer-fed .
displays -- identifies which of several targets represents the collision threat.
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The watch officer simply estimates a change of cource and/or speed and entera
this change in the computer, which evaluates it. If Lhe threat is eliminated, the
alarm and threat indications are replaced by an "OK' dispiay. The watch officer
now simply orders the change in speed and heading he previously had entered in-
to the computer, This entire sequence can be completed in a fraction of the time
required for the manual sequence. In addition to illustrating elapsed time graph-
ically, a time scale on the OSD shcows the input and output rate load imposed on
the human operators in the system.

A cornparison of the operations involved in both sy stems indicates that
the types of error leading to collision potential are less eanily designed out of the
original system than the one with the computer, i. e., provided a correct entry
is made, computation of CPA is leas subject to error and more rapidly performed
by electronic than by human computers.

In general, when the sequence reaches a major decision point, the prac-
tice is to prepare-separate OSD's for each alternate action. If a system requires
numerous decisiona, this practice could result in more diagrams than can be
handled conveniently., To overcome this disadvantage, computer pregramming
techniques are incorporated into the OSD to show the effects of alternate actions
on a single diagram. To illustrate the logical analysis form of the OSD, the
watch officer in our hypothetical collision avoidance system makes decision F,
the choice of a course {Fig. 2-9). Two alternatives, G and H, are shown. If he
enters course G into the computer, data from the other ship via radar K and data
concerning own ship L are integrated and computed. If conditions indicate that
the entered alternate would lead to another collision course, it would be so indi-
cated by the computer's display R and a series of decisions (S, V) must be made
by the watch officer to choose another course, If the alternative course H is
chosen, this entry (with inputs K and L) will cause the indications P and Q that
the entered course has a safe CPA. The watch officer uses this information in
hie decirion S to order T, a change in the ship's course.

This use of the sequence diagram suggests its use with a system of sym-
holic logic. The results of the alternate decisions shown in Fig. 2-9 may be
written as a series of logical sequences, thus:

Aj- Bi =» C; —» (Dj - Fg) =» Ejl+ (Do Fj) (1
Fi = [(Gi = Li) * Hyl + [Go* (H; = Jj)]— M (2)
Ki- Ly« (I +Jj) => M; (3)

(H; ~> J;) - Kj+ Li — Mg =3 (N; * Op)
—~>» (P, Qj) —>» Sa —>» Tj —>» U; (4)
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Fig. 2-9. Analysis of alternate actions

(G ~—» L) - Xj+ Lj =y My =3y (N« Of) = Rj -=» §, — V; (5}

where the capital letters stand for the elements in the OSD; small o ueed an &
subscript represents the null state of the element; i is used to denote an only ac-
i tive state, anda, b, ¢, ..., etc., ave used as subscripts when an element has
more than one active output; a dot indicates and logic; and a plus indicates or
logic. The bar over the capital letter means that the element indicated receiveo
only part of its requisite inputs in this seguence. It indicates that other inputs to
the element are necessary to change it from the null to the active state.

The ability to reduce graphic representation to the notation of symbolic
logic enables the analyst to use the latter methodology in establishing meaning-
: ful operational procedures. This graphic-logical translation also provides a
; method for evaluating the relative effectivene<s of various combinations of manned
and automated system components,
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. In addition to its uses in system analysis and design, the Operational
5 Sequence Diagram has a role ia the design and evaluation of equipment. One
o A method requires the development of very detailed OSD's showing on a tirme scale
the inputs and outputs required by the operator for his information-decision-
action acquences. These inputs and outputs may come from other equipment or
frum other personnel in the system. The time of input and output information
becomes one of the contributing factors inthe design of equipment. The OSD used
as amethod for studying interpersonal communications required by the system can
be used in the determination of the number and location of operating personnel.

Operationul Sequence Diagrams may be laid out spatially as well as along
a time line. The spatial layout method overlays the inputs and outputs to the op-
erator on a sketch of the panel face. Fig. 2-10 illustratee this technique in the
comparison of two panel designs submitted for a given sequence. Both panels
consistof two toggles and six indicator lamps. The sequence ¢f operations com-
mences at the arrow and is shown by the line connecting three types of OSD ele-
ments: squares, standing for switch operations; circles for indicators on; and
‘L spots for indicators off. The spatial layout form of OSD provides a graphic de- y
T scription of the perceptual-motor load a particular layout imposes upon the :
N decision~-making function of the equipment operator.

A

Fig. 2~10. Spatial OSD superimpesed on two panel layouts

However, perhaps the most important end product of this method of an-
alysis in any of its forms is that the information and action symbols on an OSD
can be utilized directly to determine dispiay, control, and programming require-
ments, from whence man-machine irterface design may proceed.

In summary, the Operational Sequence Diagram is a type of process
chart modified for the peculiar needs of human factors work. Its primary use
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in the FBM system has been in determining man-rmachine interaction gsequences
in the Mk 80 and 84 Fire Control and in the Launcher systems, in analyzing in-
formation flow requrirements between groupe of men and machines on the FEM
submarines, and in coordinating information-decision-action sequences between
interfacing subsystems. Since these sequences relate directly to the senging-
processing-actuating functional capabilities of man and machine, they can be
used to determine display, control, and programming requirements.

2 Man-Machine Task Assignment Guidelines

System requirements seldom require the selection of the best components
for the system; instead, one usually wants to know what available components .
will adequately meet system requirements so that the least expensive or the
most readily available components which meet the requirements may be used.
It manis viewed a2¢ any other system component, he may be selected to perform
a given function even though he may not perform the funciion as well as a machine,
provided that hic performance still meets system requirements. Thus, a task
ma:- be assigned to man if he is already available to perform it and if this in-
volves less cost than using hardware. In still other instances, there may be no
choice in the assignment of tasks; either they must be performed by man or they
must be performed by machine. For example, the computations required for the
migssgile guidance are too complicated and must be updated too frequently to be
performed by man. On the other hand, selection of programs for NAVDAC or
the selection of pans time for TRANSIT fixes must be performed by man. Also,
in a somewhat different category, there is the performance of back-up operations.
Man is frequently used to perform manual operations when more automatic modes
of operation are not possible because cf their inrappropriateness or because of
equipment malfunctions.

In viewing man as a potential sy stem component, the implication is that hu- !
man performance capabilities and limitations can be specified ir the same i
manner as any hardware component within the system. However, the perform-
ance characteristics of man cannot be specified precisely for many of the func-
tions which man can perform. For some sensing functions, such as vision and
hearing, human characteristics can be specified quite accurately. Similarly,
actuating capabilities and limitations are fairly well known. However, for pro-
cessing functions such as reasoning and decision making, human characteristics
can, with few exceptions, be specified only in the most general of terms. Also,
because of man's adaptive capabilities, his characteristics. must often be speci-
fied in terms of the range of task or input crnditions over which he can perform
effectively.

In the following guidelines for assignment of sensing, processing, and actu-
ating functions, main emphasis has been placed upon the processing functions for
three reasons:
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Sensing and actuating characteristics of the man as opposed to the ma-
chine are well documented in other handbooks and available references
and have been utilized in developing the guidelines for selection and de-
sign of equipment and components in Volume 2 of this handhook.

The trend in modern Naval weapon systems, as exemplified by the FBM
system, i8 toward increasing automation of processing functions.

A knowledge of human processing characteristics is important in early
system development when relative roles of mar 2nd machine are being

established.

For these reasons, a detailed discuseion of human processing characteristics is
included herein, whereas human sensing and actuating characteristics are only
briefly summarized.

2.1 Sensing

In deciding whether equipment or personnel should perform specific
functions related to receiving inputs, information is needed about:

. the requirements for energy detection and distrimination; and
. the system- and use-determinead factors influencing energy detec-
tion and discrimination,

Energy detection and discrimination refers to the ability to receive or sensec
electromagnetic, particulate, and/or mechanical energy without specific re-
gard to signal qualities or informational content. Detection refers specifically
to the absclute presence or absence of physical energy, while discrimination
refers specifically to the presence or absence of a difference between physical
energy levels., The reception of these energies requires the presence of a sens-
ing mechanism which can be affected by the particular type, range, magnitude,
and other qualities of the energy. Obviously, both man and equipment are
capable of receiving many forms of physical energy. This detection or recep-
tion by the senses is prerequisite to discrimination and later processing.
Systein- or use-determined factors may then dictate other uses of equipment
or personnel for sensing and may require compromises in the assignment of
tasks, In one instance, though limited in detection and discrimination capabili-
ties as compared with a specific equipment sensor, man may be required in
the system because of his multipotentialty Jor sensing many forms of physical
energy. In other instances, where detection would be monsctonous, hazardous,

.

61.

e e ARG i e e ek gk




Caes

Assignment Guidelines

inefficient, or impossible for man to perform, equipment sensors may be re-
quired or desirable. The guidelines which fellow serve to structure the man-
machine assignment decision with respect to the critical function of sensing.

2.1.1 Deiection and Discrimination

* Detection and discrimination of specific physical energies
should be performed by equipment sensors, except for the
following considerations:

a. If the situation requires the reception of many different
types of physical energy in close proximity in time but not
simultaneously (such as might be involved in steering ry
vehicle, where visual, auditory, tactual, and kinesthetic
sensing all may be useful for control), the multipotenti-
ality of man's senses may indicate his use for detection
and diecrimination functions.

b. If high noise levels are present, it may be necessary to
utilize man to detect signals. This capability is often asso-
ciated with detection of signals on cathode-ray tube displays
and use of communication equipment.

c. If equipment sensors cannot be designed to provide effec-
tive scanning, then it may be necessary to use man. Man,
through his. ability to direct his attention to various portions
of his environment, may provide a more effective means of
detection than more highly programmed equipment sensore.

d. If contingencies which may arise in the operaticn and main-
tenance of the system cannot be predicted adequately during
its design, it may be necessary to include man as a sen-
sor for sonie back-up functions.

e. If effective equipment sensors cannot be designed, then it
may be necessary to use man. For example, man must be
included to detect visual signals associated with the use of
radar equipment, auditory eignals associated with the use
of sonar, and wave formsg associated with the use of test
oscilloscopes. This may, in some instances, involve the

The * symbol indicates specific guidelines for the allocation of functicns.
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detection of low-energy levels which might fail to activate
an equipment sensor.

If man is already present in A given situation, it may be
more economical to use him as & sengor than to provide
additional equipment if the sensing requirements are within
the range of human sensitivity. This also ia related to the
desirability of providing a man with enough work so that he
will maintain a reasonable level of motivation and alertness.

2.1.2 Cpnditions for Employment of Personnel for Detection and

Discrimination

a.

* If personnel are used to perform energy detectionand discrim-
ination functions, then the dynamic range, intensities, and

§ frequencies of the energy inputs should be within the capabilities

of the human senses.

Since the effective utilization of man as a sensor (such as
might be required under the corditions described in the pre-
ceding guideline) is conatrained by the sensitivities of the
human senses, it is necessary to degcribe some of their
capabilities and limitatioas. The physical variables asso-
ciated with stimulation of the human senses are generally
defined in terms of (1) type, (2) intensity, and (3) spectral
or frequency distribution. The characteristics of the sen-
sory receptors in responding to the physical stimuli may
be defined in terms of dynamic range, amplitude resolution,
spectral range, spectral resoclution, spatial resolution, and
temporal resolution (i. e., acuity).

One important characteristic of human senseorgansis their
ability o change their sensitivity as a result of recent or
on-going stimulation. This characteristic is called sen-
sory adaptation. A commonly experienced example, visu-~
al dark adaptation, results in an increased sensitivity to
achromatic light following a relatively short initial period
in darkness. On the other hand, exposure to daylight con-
ditions results in reduced sensitivity tc low-level light
sources or signals, Practical application of this phenom-
enon traditionally has been made in ship control stations
(low-level red light), aircraft cockpit illumination (also
low-level red light) for night flying, and in radar control
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rooms, where chservation must be made of low-level
visual stirnuli.

The important relevant sensory limitations are summaxzized in
Table 2-8. Details concerning each sensory mode are included in appropriate
sections of Volume 2, Design of Equipm«nt, and are presented therein in termas
of specific design requirements for display design and environmental control.

2.1.3 Monitoring

¥ Long-term monitoring of apecific physical energies generally
should be performed by equipment sensors.

in addition tohis unsuitability for the detection of electromechanical
energies per se, mMan is typically a poor monitor of infrequently occurring events
or events occurring over long periods of time. He is easily distracted and he
may become bored or fatigued. Again, as with detection, there may be conditions
which require the use of man for monitoring in spite of these limitations. Thus:

a. If signals must be detected in high noise environments, then it
may be desirable to use man for monitoring. In operational
eituations, this applies mostly to cathode-ray tube displays
such as radar displays, auditory equipment associated with so-
nar, and external communications equipment. In maintenance
situations, this capability is most relevant in the use of test
oscilloscopes.

b. If the unpredictability of the signal makes it difficult or im-
possible touse an equipment sensor, then it may be necessary
to usé man. For example, the visual and auditory capabilities
of man may be useful when it cannot be predicted:

(1) Where the signal will occur, although some notion may be
had of when it will occur;

(2) When the time of onset will be, although the position in
space of the signal is predictable;

(3) Whether something is going to occur.
Again, these involve the multipotential capabilities of man's
senses where thie complexity or the unmpredictability of the

input situation makes it difficult or imposesible to use equip-
ment sensors.

64.




(%) (ydr1 3,77 eIMOsqy

L ]
aN (#) s-¢ S9UOL 3INg /M G-¢~ IITYM TW 06-1°0) S-¢€ JOON 'q &
(zHepnyrdwy wug -gq *)
uN (uorBsy 383yD ur) ¢ (%) 8d> 0002 @ S2€ (¥) WBYT 2IM /4 0LG~  8,"IQ PABR[RY JO "ON ‘e

8,dNf 30 ‘'ON ‘1
uonnios’dy ‘g

(£D
uN AN {€) 8d> 0002 ® «PoL-0% (dsel uo Burpuadeq)
satpweD- ‘34 001-1 reumdo 7
TEN - XN (@ mlﬁ.mmnoomAU .
{9}(3zeparowt Jmr- . satssed) (dry xe8ura ( w /gaukp 2000 ‘=qP0) (s ‘2)Tw 000 ‘91
038 €7@ € MW 103)_wrwi/Bg0¢-¢ ¢ (5 ‘%) 9POET-0~ -100000 *) 9P 001 urnunxew
o ° [ a8uey vy
uoneurUIIdsYJ A318UIU] ‘A
[ (2)(sd> 008-005)500 '53/3v]  (2Xnw 059-05%)
VN (2) sd> gz~ (L °¢)(8d> 0002Z-0€) 8dd G-7 nw -1 QNf J0 9215 '2
(eTui< 8,71q Injosqy
VN AN (€) s-% ssamyBrag) o1 ~ Jo 'ON 'q
(e) (ap 09 @ (¥} seursusluy 8,770 2AQIEIaY
VN (¥M{ed> 92¢-1) 081 8d> 000 ‘02-02) 0081 umpIW B 21 ~ Jjo ‘oN ‘e
8,Nf Jo "ON ‘i
uonnjosay g
VN (¥N) pazzoday 30N (2) #d> 000 ‘c1-002 (2) nwz 008-00¥ Teumdo 7
{VN) staeomddy j0N (%) 8d> 000 ‘0T-1 (¥ ‘¢ ‘2) 8d> 000 ‘¢2-02 (¥) nw 0501-00¢ wnurxew ‘1
. sfuey 'y
QOTIRATUITIOS I(]
Tex103dg zo0 Aousenbexg @1
axngsaxd UOTIEUIIOIIP INEST) erpaw Surpunox
sNoIUBRIND-gns Burenes eanssead o -xng ur aanssaxd jo
{UOTIOBIIUWOD pue suorieraea Aousnbaaxy suonrjetaea Aouanbaay s9Aem dST33ulewr
Surgoiazis arosnN pue epmypduay pue spryrduwre swog -0I30919 dUWIGS snWINmg jo 3IngeN II
‘syurof
‘s8urpus sazou anssmy
TOPUI} PUR ITISNP Surfjzspun pue unig leqg 2hg 1o1dadey 1
; 9189Y3IEITTYH UOTIRITIA TeSTUEYISAT ucn PNy USTSTA I919wereq
! PUE gonoy,
1

NDISIA LNIWGINDT OL LNVATTIY SNOILVLIATT AYOSNIS NVWNAH 4O AYVIWINAS
§-2Z °1q®]




.._oﬂ.xuowioz
‘suonediIgndg Isaog ‘( ‘ps) ‘M H ‘oyreurg ‘sura3sAg 1oIjnmon) Jo J9n pue m,
udiseq oq3 m 81030%,d wewn} uo siadeq P[RS :uj ‘sjIuuRyn)
TIOBBULIOIUT 8® £98USGS 8, W ‘M ‘[ ‘PITYQID pue "H ‘N ‘AeIqmop p
‘€961 ‘NIOX MIN [IH-meindN -uBiseq

‘9561 “qI0X moN 370y ‘KBojoyokeg juewdinby o3 3pMD BurrsswiBuy wewmy fe ‘39 ‘'l D ‘weBioW ¢
Telusuntiadxy ‘‘H ‘8isqsoryog pue °g "M ‘y3zompoopm g 2661 ‘ABoroysdsg
‘9561 10X maN 3oy “ABojoysisd restBororsiyg Tejusunzadxy perddy 103 23mmsuy ‘e8sy10n symy

‘H "W ‘ssuof pue ‘°N ‘g ‘s’auof 'y "; ‘Ia8uspm ‘9 {-Asy) uwoupy puodss eyeq DuUrissurBuUN ueumy jo yooqpuey ‘7
‘1661 ‘¥ioX mon :hemim  “KBotousKsg 6%61 10X moN :hemtm ‘KBoroysksq remsunzedxm

Teusunzadxy jo YooqpueH ‘(°ps) 'S°'S ‘susasyg ‘g PoTddY -1 D ‘ueBiow pue ‘g ‘g ‘asuren 'y stuedeys |

*PAIST] #30U3I9301 ay3 Buotue wioay pejoees eIEP sapriusssadss jsow ay3 spraoad pajonb sadinos ayy -1

SpouI([ensiA-ucu) IJeUIIIL
1A paambax uoyexs

-do wesLs uo 29
ovoﬁmwwmw.wwww Sutuzem ao mﬁumlouud“ﬁuouw ‘g STaAR]
-9 uonyezado spowt s1euIajTe BLA juagaxd 890103 ag10u Judlquue ySry g
wa3shs uo Mdeq pesambsx uoryeaado ure; D 1o woneaqw Y3 ‘g pajuseaxd [erasy
-paaj 2utusem -s4s uo yoeqpesy Suy Sury8yy Jusrqure z00g p  -ewr feuorsuwaunPUMWN %
Zo Buruiatyuony ‘7 -uxea 1o fururrryuon ¢ juezzodurt suorjey peambaz suostred
spowx pParqesIp sasuss -1 Tezoduray rewrg ¢ WD SNOSUEINNLS ¢
Lio8mas sty K1o1pne pue Tensty 7 paambaz uon paambazx yozeas
SurzTTin Ap3oag uotTpNE -uane jo wondnizauy -, 10 8upguedss tepedg 7
-Ip 10¥ 338T%9 pue UOIfIA Yioq Io3 sTeusts paxmmbaa
194 poyzow oN ‘I 9IqEIcARIUN suonmpuod 7 LoueBaswe o Buruaey q uomieiuatIo yersedg -y 98T I10J SUOTIEOTPUT ITIA
_ {9 ‘6) g1°~ {2'€2) 098 21~ (L°e "2P?8 9T~ (L ‘¢ ‘2) 29802~ * ewny wonowey sdung ‘Tz
; (5) (@323081p 9% pasuas
_ uN 89Ydno3 93eredsg) 998 /07~ (L)smg 2~ (L ‘s ‘2) #dd 06-02=33D TORRUIUWIINY] Terodway ‘1A
(2'2) (2) wrw 1~ srqeaedeg g
(cuerd tejuozIION .
Uy UoTjeRZI[eD0rT ﬁm . H_ g ‘o~ squdedasg ‘v
VN {2} (pwey) wwig-% jo 10112 eBeaeay) ziw 121 uoneITUITIINY] Tenedg A

(2) (apoo1 ®°  (2)(s10A9T woneuTwNNY
(9)e1°-80 "51/1V :zmﬁﬁ\m& ¥1°z1/1V sd> 0001) 60 ‘g1/1V 4BTH ®) 20 °-10 "31/1V GNf jo 9215 7




AR ST R AL ML T S R IO TS SRR B

Assignment Guidelinea

c. If equipment cannot be designedto handle monitoring require-
ments, then it may be necesaary to use man.

d. If manisalreadypresent in a given situation, it may be movre
economical touse him as a monitor than to provide additional
equipment, provided the monitoring tasks are properly de-
signed to compensate for man's limited capabilitier.

2. 1. 4 Canditions for Employment of Personnel for Monitoring Fanctions

* If man must be used to perform monitoring functions, then
his limitations for monitoring must be considered. .

There is considerable evidence, based on investigations of watch
keeping and inspection work, which indicates that the ability to detect and re-
spond to small unpredictable signals varies with the passage of time(14), In
general, the efficiency of vigilance rises rapidly at the start of the monitoring
period and decreases rapidly again when the period lasts longer than half an H
hour. This general and universal finding, taken together with other experimental
reaults, leads to the careful congideration of the following factors in designing
human monitoring tasks.

a. Signal Characteristics

(1) Personnel are more likely to notice frequently recurring
signals than those occurring less frequently.

{2) Regularly spaced signals are more easily and more reli-
ably detected than irregularly spaced signals.

(3) Time lapsesa between one signal of interest and the next 7
appear to be of very great importance.

{4) The longer the working span {i.e., the watch-keeping situ-
ation), the more decrement in vigiiance can be expected.
However, short rest periods apparently restore gome re-
sponsge readiness, although the data do not suggest the
optimum length of the rest periods.

(5) It has been suggested that the regular repetition of un-
wanted signals (i. e., signals of no interest) might be just
as harmful for alertness as the irregularity of signals of
interest.
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Environmental Characteristics

(1) Personnel isolation reduces alertness. Research has
shown that isolated subjects areless alert than those work-
ing with somebody else, At the same time, elimination of
diatracting conditions also seems tc lead to a decline in
readinese to detect and respond to small changes in the
¢ avironment.

(2) Moderately noisy and uncomfortable surroundings seem to
increase watchfulness, The implication here is that some
minimum sensory stimulation is necessary to maintain
vigilance,

Motivational Characteristics

{1) Motivation can be increased by providing immediate know-
ledge of results during the task so that personnel are given
some basis for judging their own performance.

{2) Personnel can get tired of sitting still and receiving in-
formation. It has been said in this regard that personnel ]
also show fatigue who only sit and watch.

{(3) Tasks with a strong perceptual element (e.g., maintaining
a pointer cn a stationary mark) are particularly likely to
show bad effects from prolonged work.

(4) Monotonous surroundings contribute to decrements in
vigilance.

(5) Human vigilance may be aided by self-pacing as opposed
to machine pacing of monitoring tasks.

Implications

Systemn deeign should allow for human vigilance variables in
any task situation and should attempt to minimize vigilance
decrement by three important steps:

(1) Infrequent signals should be presented regularly and should

have strong behavioral coding. 1n this regard, color, posi-
tion, movement, use of multiple senses, and various other
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coding schemes should be utilized to snhance the attract-
ability, detectability, and meaningfulness of the sigral.

The task situation should provide personnel with immedi-
ate knowledge of results {i. e., feedback) so as to impart
to them a complete experience and a basis for improving

performance (see pg. 85, this volume, for detailed
discussion).

Control must be excrcised over the signal environment
such that stress situations are avoided and minimal sen-
sory stimulation is afforded to personnel. In this regard,

the regular occurrence of unwanted signals should be
minimized.

Processing

The preceding section has been concarned with the simple detection
and discrimination of physical energies and the continued detection of these
energies over extended periods of time (i.e., monitoring). In this sectionm,
guidelines and considerationsare provided on the capabilities of personnel and
equipment to interpret, store, retrieve, associate, integrate, and otherwise
process information. An analysis of the man-machine assignment problem
with vespect to iniormaticn processing requires consideration of: 1)the types
of processing; 2) the capacities; and 3) the factors which influence this pro-
cessing. Each of these will be discussed in the following sections. While the
term '"information processing' reflers broadly to an entire input-output or
stimulus-responge complex, it may also be categorized in terme of the nature
and degree of input/output integrating activities involved. From this view-
point, information processing may be classified into the following types:

. Where the operation is essentially that of a relay or amplifier
(i.e., a more or less direct stimulus-response or input/output
connection). Examples of human processing activities of this na-
ture would be the task of operating & push button when a light
comes on and a simple position tracking task.

. Where the operation is one of encoding. Here there is a trans-

formation of the input signale such that the response or output may
be qualitatively and/or quantitatively different from the input.
The tasks of translation, of keying a code number to represent

address information, and of binary-te-octal transformation are
good examples.
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. Wherethe operation is one of evaluating and/or decision making.
This is a response- or output-selection-type of situation in which
risks, values, or utilities are assigned to alternative actions or
responses; and reaponses, when made, are thus based upon a
weighting of the input information and take the form of a selection
{rom among alternative outpats.

Following are guidelines for assignmenc of processing functions to man and
machine, together with a discussion of the factors which influence this
aspignment.

2.2.1 Interpretation

¥ Interprstation of complex physical energy {nputs should be per-
formed by personnel.

a. Interpretation, as used herein, refers to the capacity to
recognize or ascribe meaning, contextual relations, or
organization to sensed energy. As such, it represents a
first level of processing. Of course, any equipment trans-
formation involving transducing, filtering, or amplifica-
tion functions can be thought of as interpretation in the
sense of simple processing of signals, However, the con-
cern here is with situations which involve more complex
signal transformation and organization.

b. DBecause of his capabilities for attending to selected por-
tions of his environment, detecting many forms of physical
energy, ascribing meaning to them based on past experi-
ence, and responding with appropriate actions, man is
more effective than equipment in many situations where
transformatioa of inputs is required. This is most evi-
dent in the perception of patterns and recognition of these
patterns in new or unusual stimulus situations. For ex-
ample, this includes the capabilities of man to interpret
wave forms on cathode ray tube displays, interpret radar
and sonar dieplays, etc. Examples of how this perception
of patterns or relationships can be transferred from one
situation to another are evidenced in man's ability to
steer vehicles under varying environmental conditions.

c. Somelimitations of human interpretive abilities should be
noted:
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(1) Past perceptual experiences influence present inter-
pretation and, conversely, current interpretive ac- !
tivities influence stored events and change them both
qualitatively and quantitatively.

(2) The reliability and content of signal interpretation is
particularly susceptible to emotional and intellectual
errors (both constant and sporadic), a8 well as phys-
ical degradation (decreased sensitivity because of
sensory fatigue, etc.,;. This problem of attaining and
maintaining reliable and valid human interpretation of
physical energy can be mitigated by adequate design
engineering (e. g., information displays), personnel
training (including practice and training support docu-

- ments and materials), and on-the-job proficiency re-
inforcements, training and proficiency exercises, etc.

2.2.2 Generalized Processing

%  Generalized information processing and decision making should
be performed by peraonnel where:

a. Patternperceptionisimportant (especially where patterns
may change in size, position, or energy configuration (typcs
and strength levels) under different conditions.

b. Long-term storage of information is required.
¢. Insight, discovery, orheuristic problem solving is required.

d. Decision making and learning in a complex changing situ-
ation are required.

e. Ability to improvise and adopt flexible procedures ie im-
peortant and, within the state of the art, cannot be built
into 2 machine program,

f. Number of low-probability events which mightoccur is high
and the cost or capacity 6f machine programming is ex-
ceeded by the requirement.

g. Inductive reasoning is required, i.e., a requirement ex-
ists for generalizations tobs made from the specificevents.
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Specialized Processing

*  Specialized information processing and decision making should
be performed by equipment where:

a. Deductive logic can be prograrmnmed.

b. Speed and amount of memory search or entry (storage) is
an extensive requirement.

c. Highly complex computations or logical operations are
involved.

d. Short-term storage and retrieval of large amcunts of data
is required.

e. System functioning requires extremely short time lags be-
tween scheduled events,

f. Many routines, channels, and memory areas must be uti-
lized simultaneously (parallel operation).

g- A high degree of repetitiveness and routine is involved in
the sequence of tasks or events.

h. Events are unambiguous and probable but can be expected
to occur only infrequently, e.g., as in monitoring of equip-
ment readiness.

i. Reduction of the over-all amount of work load and activity
for personnel can be expected and provided within system

cost parameters.

Short-Term Storage and Retrieval

*  Storage of large amounts of data and recall for shortperiods of
time should be performed by equipment when;

a. Information is low in meaningfulnese to the human, even
though it may ultimately be useful to him.

b. Encoding or identification for library search can be simp-

'ler than the symbolic processes utilized by humans for the
purpose of recall.
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i3 c. Rapidly committing large amounte of inforenation to stex-
¥ age is reguired, sinca humsnsg often cannot recall infor-
. mation and sppavently cannot completely erase lesrned
f;“ material -- 4 factpr whick sometimes creates considerable
W uareliability and leck of velidity in operator performance.

2.2.58 Long-Term Storage and Retrieval

%  Long-term atorage and recall of ineaning{il material of consid-

evable contextual complexity should be psrformed by personnel
wshen:

& Restantion of abatract and symmbelic material and ite selec-
! tive recall for a wide veriety of agplicationa is required,

b. Modification of retained material in the direction of new

3 learming about a conwiantly changing environment is
& required.

P
b

]

c. Judgment in situations is required where all the relevant
factors cannot be ciearly specified in advance.

d. Self-modifying behavior based upon retention of experienced
events i3 required.

2.2.6 Conditiona for Employment of Personnel for Processing Functions

% If personnel are used to perform information processing func-

tions, then the information characteristics, rate, storage, and
retrieval requirements must lie within human capabilities.

There are many system- and use-determined factors which affect
human information processing. Anything which affects behavior will, in a broad
sense, affect the information-processing performance of the human. This includes
the compatibility c¢f the stirnulus-response situation, the speed, regularity, and
other conditions of stimulus presentation, the skill of the human, the effecte of
practice, the effects of noise and irrelevant information, and the nature of feed-
back or knowledge of results. (These factors are not mutually exclusive.) These
factors are discussed below under five major headings: Input/Output Character-

istics; Storage and Retrieval Characteristics; Capacity; Transfer Function; and
Feedback.
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a. Input/Output Characteristics

{1) Reaction Time

The majority of personnel taska in the FBM system in-
volve reactiono to discrete signals. These reactions can
be simple or complex, depending upon whether or not the
personnel have to make decisions about the signals to which

they will respond.

{a) Sensory Mode

. For the thrce senses most likely to be used (audi-
tory, visual, and tactual), the differences in time
lags are small and probably insignificant for most,
if nnt all, applications. The following data are
typical of reaction times cbtained in studies of hu-
man responses to simple stimuli impinging upon
the various sense modalities:

Touch ¢.115-0.190 sec
Hearing 0.120 - 0.432 sec
Vision 0.160 -0.476 sec
Vestibular {sense of balance) 0.190 - 1.450 sec
Kinesthesis {muscle senase) 0.240 -0.350 gec

. Odor and pain, which are physiological warning
devices, have long reaction times.

. Reaction time for combined signals (signals go-
ing to two or more senses simultaneously) is no
shorter than for the one signal giving the fastest
reaction time.

. Implications: The value obtained from selecting
the sense to be used solely on the basis of reac-
ticn time is small; other design considerations
are nearly always more important, For example,
auditory signals are poor when the ambient noise
level is high; visual signals are poor when they
may appear outside the normal viewing area of
the operator.
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(b) Signal Characteristice

The larger the size or area of a (visual) signal,
the faster will be the reaction time, up to some
limiting value.

The greater the intensity of a signal, the faster
will be the reaction time, up to some limiting
valnue,

(c) Signal Duration

74.
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The duration of 2 signal has very little cffect on
reaction time provided the signal ia easily vis-
ible or audible, Very short signals (0.1 second
or less) may produce louger reaction times; how-
ever, their main disadvantage is the likelihood
that they may not be noticed at all.

Although no general relationships have been es-
tablished, the quality of certain signals does

evoke faster reaction times. For example, high
frequency sounds have a slightly faster reaction !
time than low frequency sounds. !

There iz a faster reaction time to visual signals \
which strike the center rather than the periphery
of the eye.

There is no difference in simple reaction time to
flashing or steady signals. However, when one
intermittent signal has to be distinguished from a
steady one, reaction time is directly related to
the flash length of the intermittent signal, because
flashing and steady signals are indistinguishable
until the flash is ended.

Implications: Visual signals should be of suffici-
ent size, brightness, and duration to be easily
and obviously seen. (Detailed recommendations
for their design are presented in Volume 2). Dur-
ation should never be less than 0.5 second, and,
where applicable, the signal should last until the
appropriate response has been made. Nothing is
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gainedin speed by using a flashing signal rather
than a steady one. However, in many applications
a flashing signal is preferred to a steady one he-
cause of its greater attention-demanding value.
Important signals should be placed in front of the
operator or as close to this location as possible.
Auditory signals should be sufficiently different
from the prevailing noise background to he easily
and nbviously heard. Signal duration should be
at least 0.5 second, and, where applicable, the
signal should last until the appropriate response
has been made.

{d) Signal Complexity

In some instances the signals which are to be re-
sponded to rmay not be perfectly discriminable
(distinguighable) from each other. The act of
discrimination takes time; the more difficult the
discrimination, the longer the time. Peaction
time is a sensitive measure of the observer's
uncertainty, so that when he is just barely cap-
able of making a correct judgment, the extra
effort is reflected in a longer reaction time.

As the number of available signals increases, the
time required torespond te any one alco increases.
{See discussion on channel capacity, pg. 79. this
volume. }

There are three important cases when the above
statements do not apply:

- When all possible signals are not equally
likely to occur. The most likely signals will
have the shortest reaction time; the least likely
will have the longest.

- When the signals can be grouped in some
meaningful way. Reaction time will tend to be
proportional to the number of groups rather than
to the number of separate signals.

- When the signals are sequentially arranged.
Once the operator learns the arrangement,

75.




. O R B T D Mo ¥ 2 S sy m

ST 4T

|
?

Assignment Guijdelines

reaction time will be a function of the number
of signala which can occur at the next sequen-
tial step.

. Reaction time is generally lengthened more when
discriminability is reduced than when the number
of signals is increased.

. Implications: The number of signals should be
kept to a minimum for the required task; each
additional signal will increase the time required
to respond to any ons. When the signals are not
independent, they should be arranged in such a
way that the operator can easily see their rela-
tionships, Instruments shculd be so designed and
arranged as to facilitate human reception of sig-
nals. (Detailed recommendations for instrument
design and panel layout are given in Volume 2.)

{2) Stimulus-Response Compatibility

In general, the more compatible the stimulue with the re-
sponse, the greater the rate of information processing. *
Among the relevant considerations for stimulus-response
compatibility are the past experiences of the human, popu-
lation stereotypes (e. g., the OFF position of light switches
in England is "'up"), the parallelism between the stimulus
presentation and the response media, and the nature of the
encoding required by the situation. Under certain condi-
tions, for example, verbal responses to visual inputs will
result in an information transmission rate greater than
manual responses to these same stimuli.

{3) Encoding Requirements

The nature and/or degree of encoding involved in the task
is thus an important aspect of stimulus-response compati-
bility. The easier the encoding requirement, the greater

+ Stimulus-responscz compatibility refers to the interaction effects of the nature
and mode of stimulus presentation with the nature and mode of the response
medium. It essentially determines the amount of enco ing which the man must

perform.
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will be the rate of information transmission for any set of
stimulus alternatives.

Statistical Characteristics

The assignment of response categoriea on the basis of the
statistical propertiea of the stimulus and response alter-
natives will improve the rate of information transmission,
i. e., the faster and more easily made responses should be
paired with the more frequently occurring stimuli. The
Morse code is based upon this principle, with the most
frequently occurring letter, ‘‘e, ' encoded as the simplest,
briefest response, ‘“'dot."

Data Preeentation Characteristics

The speed, intermittence, and other conditions associated
with the presentation of signals to an operator will affect
the rate of information processing. Up to a point, in-
creasing the rate of information presentation will increase
the rate of information transmission (see discussion on
capacity under /8), below) As the time between signals
becomes longer and/or more variable, the rate of infor-
mation processing will decrease and performance will be
more variable. If the conditions of data presentation pro-
vide partial or complete advance (anticipatory) informa-
tion about the (n + 1)th input stimulus while the operator
is still responding to the nth stimulus, the rate of infor-
mation transmission will generally be increased.

Self- vs. Machine-Pacing

For taskas which continue for an extended period of time,
the average amount of information processed will usually
be greater when the operator can control the rate of in-
put signais (self-pacing) as oppcsed te conditions where
the input rate is controlled by external conditions such as
machine cycle time (machine-pacing). This occurs be-
cause time lost can be regained in a self-paced but not in
a machine-paced task.

Skill and Training

With respect to skill level and/or the effects of practice,
the rate of information precessing will increase up to

7.
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(8)

some limit as a consequence of practice and/or increased
gkill. Practice results in greater selectivity in what the
human attends to, elimination of unnecessary response com-
ponents, and an improvement or refinement of necessary
response components.

Noise

The presence of ''noise' (interference during the presen-
tation of input stimuli) will adversely affect the rate of
information processing. Also, the amount of irrelevant
material through which the human must search in order to
detect or identify the relevant signal will degrade informa-
tion processing performance. Practice will assist only to
a degree in overcoming the effects of noise and irrelevant
material.

b. Storage and Retrieval Characteristics

It can be expected that the degree to which any material will be
atored will be determined not just by the passage of time, but
by such factors as are described below:

(n

78.

Conditions under which the Information is

Committed to Storage

(a) The greater the degree of original learning, the bet-
ter the retention. Overlearning importantly assists
human storage.

fb) Practice distributed over the learning period is es-
pecially helpful in promoting retention. Distributed
practice and rehearsals are generally more effective
than massed or highly concentrated sessions, especi-
ally for large amounts of complex information.

(c) Material with a high degree of meaning to the human
is better retained than less meaningful data such as
codes and abstract symbols.

{d) Dissimilar material events are retained better ihan
similar material. Increased similarity, short of
identity, between two activities being committed te
storage generally will result in increased forgetting.
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(e) Long lists or sequences of material to be coinmitted
to storage generally produce differential retention;
the beginning and end of the material are retained
better than the intervening material.

(2) Activities of the Human Before, During, and
After Initial Stora&g of Information

Increasing the amount of additional learning between suc-
cessive recalls of stored material decreases the retention
of that material. Rehearsal of the stored material, how-
ever, generally helps retention.

(3) Conditions of Retrieval from Storage (e.g., Recall,
Recognition, Reproduction, Relearning)

Information retrieval from memory is g=neraily enhanced
by duplicating the original stimulus and environmental con~
ditions under which the information was committed to
storage.

Capacity

The information handling capacity of the human operator is
typically defined in terms of speed and accuracy of task per-
formance or in terms of the maximum amount of infermation
which can be processed per unit of tirne (these terms may be
shown to be equivalent). By "information processed'' is meant
the number of equivalent binary decisions (bits) involved in the
information processing.

Specific values for human processing capability are dependent
upon many system- and use-determined factors. Since the hu-
man information processing is always specific to the conditions
under which the measurements are obtained, it is only really
meaningful to talk about the man-machine information channel
rather than the human channel. For example, in situations
where the input information varies along a single dimension
(such as color, brightness, loudness, or pitch) and the task re-
quires an absolute judgment about the stimulus in terms of this
dimension, the human is capable of processing appr oximately

3 to 4 bits of information per ¢ iimulug event. ¥ That is, the

- + Absolute judgment refers to a categorization or identification of the signal or
stimulus itself as opposed to a comparative judgrnent, in which the stimulus
is evaluated relative, in some respect, to another stimulus.
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human can only identify absolutely from 8 to 16 steps along any
single sensory dimension. While some differences do exiat be-
tween the human sensory channels in this respect, the process-
ing is usually similar.

The addition of other dimensions (¢. g., color, size, shape,
brightness) to the stimulus will increase the processing ability
of the man-machine channel in absolute judgment situations.
However, the increase rasulting from adding dimensions is at
an apparently decrexeing rate of change; the addition of a third
dimension increases processing ability, but the amount of in-
crease is less than that observed when the second dimension
was added, and s0 on for further dimensional additions. How-
ever, it should be menticned that, while the addition of stimulus
dimensions appears to increase the total information process~
ing capability of the human channel, the accuracy with which
judgments are made decreases with respect to any particular
dimension. Thus, the over -all result is one of an apparently
fixed man-machine charnel characteriatic of 3 to 4 bits per
stimulus or input event.

The channel capacity, or maximum information processing rate
of & man-machine channel, appears to be directly related to hu-
man reaction time (see Jdiscussion on pg. 73, this volume).
Measures taken in hundreds of experiments all indicate that
esimple reaction time to a single stimulus {in a "no choice" situ-
alion) is of the order of . 12 to .25 seconds. Experiments on
the time to react to one of several alternative stiruli #o-called
''choice" or 'complex' reaction time) increases as a \ogarith-
mic function of the number of possible stimuli closely approxi-
mated by the following formula:

Complex Reaction Time = K log,(n+ 1)

where n is the number of equally likely alternative suvimuli and
K varies from 0. 13 to 0. 19 seconds. The term (n+ 1) includea
the ever-present additional alternative of reacting or not re-
acting. Thus, if simple reaction tine represents the minimum
time in which the binary judgment between stimulus presence or
absence can be processed by man, then hie maximum possible
rate of information trausrnission, or capacity, is simply the
inverse of his shortest simple reaction tirne, or about 8 bits
per second.
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R Man-machine information handling capability is summarized
~i in Fig. 2-11, which is a generalized plot of the results of sev-

eral varied experiments. Fig. 2-11 indicates a fall-off at
both high and low information presentation rates for a man-
machine channel as compared to an ideal or perfect noiseless
channel. Physically realizable equipment channels show an
over-load fall-oif at higher rates (the specific capacity de-
pends entirely on the channel design) but not at the lower rates.
This 'vigilance decrement' (see this volume, pg. 66 et. seq.,
for discussion) appears to b2 characteristic only of man-ma-
chine channels,

160, 990

Capacity: 8 bita/sec

orioad Decrement

She-ad-beth-

-
o

and roalfvable machines)

Information Treasmission Rate ia Bits/Hour

1,000
Per]
( Chas

100

Vigilance Decrgment
{characteristic/of man oaly}

B 10 100 1000 10, 000 100, 000 1, 000, 000 (3

Informytion Presentatica Rste in Bite/Hour

Fig. 2-11. Idealized graph showing man-machine
channel capacity
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Fig. 2-11 hao heen replotted in a different way to indicate the
effect of information presentation rate upon errors producved
by & man-machine channel, This is shown in Fig. 2«12, Al.
though the two graphs are equivalent, Fig. 2-12 emphasizes
; the fact that there appears to be a broad optimum inforrmatien
presantation rate for minimizing errors in man-machine chan-
; nels in the vicinity of 1/3 to 3 bits per second. The reader is
13 invited toc sort playing cards without error by color (1 bit per
card} or suit (2 bits per card), being careful to subtract card
handling time, and measure his own processing rate. He will
find, as is usual in self-paced tasks of this nature, that his
processing rate is within this range.

— Vigilancd Decrement ___;-:L‘_-
1‘? r—a

= fun Information Pre- | ——
wlﬂuu Rate e

Probability of Error

10 100 1000 10, o000 100, 000 1,000, 000

tnformation Presentation Rate in Bits/Hour

Fig. 2-12. Idealized graph showing error probability of a
man-machine channel as a function of informa-
tion presentation rate

82.




.
T T LT N R A YR T Ao PN T AR AL e v 61 AT 1+ 57

Input or
Forcing
Function

Asaignment Guidelines

Transfer Function

For continuous control tasks suchas manual star tracking with
the Type 11 periscope or manual control of submarine steer-
ing and diviag, the nature of the information processing which
perscnnel are called upon to perform is quite different than

the processing functions previously described. In these and
similar instances, the man is required to act as an element in
a closed-loop control or “'servo' systemn; as such, he inust pro-
vide a dynamic input/output relationship which minimizes some
measure of servo system error.

A typical system block diagram of such a servo system is
shown in Fig. 2-13.

System Output
Display [P Man ~ontrol Kinematics or System
or Dynamics Response

Gk(S) Os)

Gp(S) Gum(S) Gc(S)

Sensor

Gg(S)

Fig. 2-13. A generalized closed-loop manuval control system

In it, man acts as sensor, processor, and actuator; he receives
gignals from the display, transforms them in accordance with
a transfer function into temporal force patterns, and manipu-
lates a contrcl in accordance with the generated force patterns.

Out of the last decade of work in this area there has emerged
the realization that the human transfer function is largely de-
termined by the dynamics of the forcing function and of the sys-
tem which he i8 controlling. This dependency can be demon-
strated quite easily. Using the symbols adjacent to the system
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elements in Fig. 2-13 to represent the transfer functions in tke
complex frequency domain of each element, the actual closed-
loop tranufer function GAL(S) of the over-all system may be
writtsn as:

Gax (S Gp(S) Gm(S} GC(S) GK(S)
AL = | TTG5(8) GDiS) GMIS] GC(5) GKIS)

Now let GDL(S) represent the desired closed-loop input/output
relationship for the system. Then,

y QO(s)
Cirp (S) = D)
D1(5) I(S)

in order for the system to perform in accordance with the fore-
going mathematical staternent, the man's processing charac-
teriotics (i. e., transfer function) must approximate the following
forrm:

i GpL(S)
GM(S) = T15 GpL(S)] Gs(S) GOS) GC(S) GKIS)

This clearly shows that the man must compengate for the dis-
play, control, and system dynamics in a rather direct way., -

The results of many studies of human behavior in continuous
control systems of this nature point towards 2 generalized trans-
fer function for the "human servo element' of the following
form:

Ke 1% (1 4 TLS)
GMS) = [TH TSI (1 + T,50)

where

Gp(S) = human transfer function

K = ratio of output position signal to input position signal

T = time lag between rignal occurrence and initial re-
sponsz {0.2 to v. 5 seconds)

TN = neuro-muscular time lag (0.1 o 0. 16 seconds)

84.




Error

Assignment Guidelines

Ty, = lead tirne constant (0. 25 to 2.5 seconds)

Ty = lag time constant (5. 0 to 20 seccnds)

S = complex frequency argument

Based upon empirical results, Fogel(?) has suggested that a
manual closed-loop vehicular control system should have the

characteristics shown in Fig, 2-14.in order to make best use
of the man in a servo element.

1
1 +0.258)(1 +0.25S Man }—p »LOutput
( X ) S{l +0.55) E P )

Fig. 2-14. Vehicular system dynamics recommended

by Fogel, based on survey of experimental
studies and related data

Birmingham and Tayler (2) have stated that aystem dynarnics
in any kind of manual control system should be so designed as
to require that the man act as a simple low pass amplifier with
a corner frequency at about 3 radians/sec. A more detailed
discussion of man as a servo element may be found in these
two excellent references.

Feedback, or Knowledge of Results

Analysis of human data processing activies reveals few if any
open-loop activities, i.». , activities wherein some feedback
of what happered or what ia about to happen is not available to
the human in some form. In fact, it appears that any activity
of which a human is a part either as an initiator of events or
as a link in a series of events is in essence a closed-lcop sys-
tem. The performance of personnel can be optimized by pro-
viding them with proper feedback ot information aboutthemselves
and their performance. Information concexning the correct-
newss of his action enables the human, as a self-correcting
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system element, to refine his action(s) andcorrect further. By
social habit, the human operator seeks confirmation of his self-
concept in every action and, inasmuch as his reactions to spe-
cific systern-related stimuli are intrinsically bound up with his
emotions and intellectual functioning, the whole man is affected
by the need for information feedback. Thus, feedback becomes
an intrinsic requirement for human information processing.
This feedback is not limited to results of actions already carried
out; it may also include anticipatory feedback or prediction of
future events. It ig not at all surprising then that the need for
adequate and timely information presentation is acute in moet
man-machine functions.

The over-all adequacy of feedback information can be judged
by its content and timeliness, Content considerations in any
particular situation largely involve the relevancy and amount
of information presented to the human as well as the sensory
mode through which the information i channelled. The more
precise the information required, the more the need for pre-
cisely relevant and substantive feedback information. Timeli-
ness considerations involve the temporal relationships among
the amount of information available, the time which the oper-
ator has to utilize it, and the gpeed with which the operator
can acquire it and put it to use.

2.3 Actuating

Thus far, we have considered the comparative aspects of perzonnel ar-d
equipment with regard to sensing and processing of infor:nation. It ir evident
that apparatus can be supplied to augment man's sensing and processing capabili-
ties and that man can augment strictly equipment capabilities, In thie section,
the actuating or control function will be considered, togeth=r with comparutire
man ard machine capabilities to control, modify, manipulate, move arcund in,
and otherwise affecthi. environment. Again, the systemdesiguer can extend the
effectiveness of bothman and machine by careful application uf available inferma-
tion about their relative advantages and limitations. The terms of reference are
presented below, followed by guidelines for assignment oi actuating functions to
man and machine,

Personnel and equipment differ in the overtness of actuating perform-
ances. The concept of actuation, when applied to personnel and equipment thus
may not always have the same meaning. Actuation generally connotes overt or
observable movement. Most machine reactions to stimuli are overt, e. g., me-
chanical, electrical, etc., and can easily be claseified as actuations. Human
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reactions to impinging signals, however, arenot always observable and, in some
instances, are not even easily measurable (e.g., an emotional response to some
stimulus pattern or, again, the intellective grasping of stimulus relationships as
in a thought process). Personnel are capable, then,of non-observable actuating
responges to impinging stimuli. It ic important to recognize that a man can,
upon appropriate signals, place into action a chain of varied events which con
occur entirely within himeself and which are extremely hard to make explicit,

Man's verbal response capacities also sethim off as distinct from and vastly
more flexible (for most circumstances) than his equipment. Indeed, “Lc ability
to make meaningful verbal responses makes man unique among existing animals
and machines, The ability to respond through varied language media enables
personnel to communicate not only with their equipment, but also ~- and pri-
marily -- with other personnel.

Personnel and equipment exhibit similar motor performance character-
istics. Theconcept of actuationalsois inextricably related tomotor verformance
{or movement), both for personnel and for equipment. Three types of movement
can be identified for both the human and comparable actuating equipment:

. Isometric or 'static'’ movements are those wherein the prime task
of the actuating mechanism 18 to maintain its position, Little ac-
tual movement is accomplished, but .vork energy is expended to
maintaia ine desired position.

. Positioning movements, whether momentary, repetitive, or con-
tinuous, generally involve the actuation of a structural member
first in the desired spatial direction and secondarily to the speci-
fied spatial locus. For example, actuating a crane involves a gross
positioning and directing of the apparatus and then the finer move-
ment of the equipment extremities. In the discussion of human
positioning movements, we commonly refer to reaction time (time
to begin or to complete (depending on the situation) an overt action)
as the important measure.

. Adjustive or continuous action is a third type of actuation usually
involving close-tolerance positional and rate movements, Adjus-
tive movements normally occur in a continuous reaction task wherein
the information available in a closed-loop systemis changing., Per-
sonnel as well as equipment exhibit closed-loop serve performance
characteristics, Eachcanrespond witha predictable characteristic
~~ or nearly so -- to indicate positional and rate changes in a dy-~
namic information control system. In discussions of hurnan adjust-
ive behavior we commonly refer to timing as the appropriate time
dimension of the response,
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Personnel and equipment both exhibit measurable actuating character-
istics aslong as the actuation response is overt. Work energy is usually expen-
ded in the actuation response -~ that is, a force is distributed in both time and
space. Function allocations to personnel and/or squipment must take into ac-
count at least these four measurable characteristics of actuating responses:

Speed of actuation,
Accuracy and precision of performance,
Force and strength of response.

c.eliability of performance.

The factors listed above may appear in any type of actuation,

*  Where speed, accuracy, and/or reliability of actuation is crit-
ical, equipment should perform the actuating tasks.

Personnel usually cannot:

a. Actae fast as comparable actuating mechanismas.

b. Exert as much force as comparable actuating mechanisms.
c. Ac. as reliably in a completely defined actuation function.

d. Perform reliably in as wide a range of incompatible or in-
clement environments as selected comparable equipment,

e. Actuate many things at once (parallel operation),

*  Where complex actuations requiring flexibility, adaptability,

and coordination are required, personnel should perform the
actuating tasks.

Personnel usually can:
a. Learn complex actuation principles and relationships.

b. Exhibit variety in the repertoire of possible actuation meth-
ods and principles.

c. Develop highly refined and coordinated motor movementis.
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Combine, in one unit, 2 continuously operating adaptable
closed-loop control mechanism with wide capacities for
reaolving time-dependent problems (e. g., involving pre-
diction, the utilization of stored experience, etc.).

Combine sensor, processor, and actuator functions.

When personnel must perform actuating tasks, human actuat-
ing characteristics must be taken into account in system design.

Most human actuating characteristics are directiy relevant to
equipment and component design and have, therefore, been included in appropri-

N ate parts of Volume 2, '"Design of Equipment. " Attention is cspecially directed
to the following parts of Volume 2:

Pp. 113-115 for a discussiun of operator strength and force
capacity.

Pp. 123-145 for specific design requirements for hand con-
trols as related t¢ human actuating characteristics.

Pp. 147-154 for specific design requirements for verbal
communications equipment as related tc human speech
characteristics.

Pp. 159-184 and 210-215 for specific design requirements
for panels, consoles, and seats as related to dimensicnal
characteristics of the human body,

Pp. 276~277 and 282-285 for specific design requirements
for improving maintainability as related tc human body di-
mensions and weight-lifting capability.

3 Evaluation of Task Assignments

It ia important to recognize that there arealways alternatives to a particular
system design and that, once a particular system concept has been selected for
further study or development, there will be alternative ways of mechanizing it.
This section is concerned with evaluation of alternative mechanizatione from a
man-machine standpoint. Only general advice can be given in this area, since
the bases for and methods of evaluation will differ in every instance,
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Evaluvation of Assignments

3.1 Criteria

The basis for comparison of two alternatives is called a criterion or a
set of criteria. Following is a list of some of the more important criteria ok~
served in human factors work on the FBM system:

Speed or its inverse, performance
time (mean and variability)

Accuracy (deviation) and precision
(variability)

Error probability

Dependability (maintainability and
reliability)

Adaptability (of systemto changesin
requirements, equipment design, or
operating conditions)

Mobility (e. g., of test equipment)
Complexity

Graceful degradation (ability to con-
tinue to operate although at substand-
ard levels of performance)

Weight

Space

Feasibility (hardware state of the art
or human limitatioas)

Perscnal involvement (extent to
which per sonnel identify themselves
with their tasks or are aware of sys -
tem operation)

90.

Personnel quantity and quality

Pernonnel hazard and risk of equip-
ment damage

Tactical delivery schedule (time for
system to become operational)

Equipment weight and/or volume
Training costs {(personnel, time,
facilities)

Manning level (inicludes shift weight-

ing factor)

Development cost(including program-
ming)

Logistics costs andpolicy (pipeline and
spares provisioring policies)

Equipment unit cost in production (in-
cluding spares)

Systermn environment (ability to cper-
ate under various climatic, terrain,
socio/psychological, political, and
other conditions)
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3.2 Evaluation Schemies

Theoretically, each system operating or maintenance task may be as-
signed some '"effectiveness' numbers which represent the suitability of different
man-machine "mixes' in getting the task done. Given a reliable matrix of these
numbers, a planner could try out various approaches to an optimum allocation of
tasks to man and machine.

An effectiveness number must be related in a definite way to the cri-
teria which prevail in the real situation; some meanes musat exist for "mapping"
values back and forth from the criterion dimensions to the effectiveness scale,
In the preceding paragraph we have mentioned some of the criteria which apply
to the common classes of system tasks. How is one to "map!' these dimensions,
let alone combine them?

A start can be made by recognizing that some criteria which are phys-
ically continuous (or otherwise inconvenient)can be handled in terms of a limited
number of digcrete levels. Thus a weight criterion for an FBM checkout device
might have only three values for practical purpcses because these three repre-
sented the major model possibilities foreseen by the technology. These values
might be 51 pounds for a minimum built-in test panel, 108 pounde for a more
inclusive array of test indicators, and 220 pounds for an elaborate switching cen-
ter. Similarly, "ease of interpretation' levels could be defined and the possible
“'candidates' might be few indeed.

With about half a dozen major criteria and only a few levels on each di-
mension, the possibility exists of deriving paired-preference values across the
differant criteria. A military authority or technological expert might, for ex-
ample, be willing to choose which of two discrete 'situations'' would be most
advantageous to a given weapon system mission. The situations weuld be con-
trived to pit one criterion against another in a systematic fashion, though as far
as the judge is concerned, he is simply making a choice from among two alter-
natives at a time,

The statistical treatment of such data would depen< on the qualifications
of the judges, their confidence and unanimity in assignment, and the assumpticns
that one is willing to make about the utility function being sought. If a set of
alternatives can be reliably ranked, and if a "difference order"* exists in these
rankings, t:en utility numbers can be obtained with surprisingly few additional

In a supply framework, a logistics planner might assert that he would rather
replace X with Y than replace A with B, ''Replace X with Y'" is a difference,
and the preference relation between such differences is a difference order.
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assumptions. The meaningfulness of the numbers is still controversial and
must be determined by applying them over a wide range of circumstances. Never.-
theless, such methods deserve study and application.

To implement such an approach, the following steps would be involved:
. Select a mission phase and subaystem.
. List the major criteria that will apply to the situation,

Formulate via heuristic methods the major feasible subsystem con-
figuratione for the situation, if possible reflecting the principal cri-
teria by discrete equipment and man-machire role differences.

Arrange the feasible criterion levels systematically into pairs. t

. Obtain rankings of criterion combinations and difference-order
data if possible,

. Derive utility numbers for each criterion.

The above procedure serves toemphasize, via the utility measure, which
criteria deserve the most attention from the man-machine task-designation stand-
point. It might happen, for instance, that the criteria which come out with the
highest utility valuee are not particularly sensitive to man-machine "ability" dif-
ferences, in which case subsidiary values such as cost or convenience could
decide the final configuration. For those cases where the criteria with high
utilities do have the poasibility of being instrumented by either manual or auto-
matic method, the planner will probably have to refer back to the unique capabilities
of the human and the device and to perform some more or less systematic weight-
ing of alternatives. The 'suitability" of man or machine for the different criteria
is naturally complicated, but some rough guides can be stated for a start. In
Table 2-9, for instance, the numbers indicate the general advisability of assign-
ing tasks according to the criteria. Thus, the man gets a high ''grade” of
three on flexibility, a low grade on speed, and so forth. In the same way, the
machineie high on speed, etc. These numerical values were arbitrarily assigned
and may be meodified drastically for a given subsystem configuration. A com-
plete discussion of this type of evaluation scheme may be found in Wohl and Swain
(24) and in Teeple (21),

Triads, partial pairing, and other grouping techniques might be employed for
convenience in the data collectinn,
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Table 2-9
Nlustration of Criterion Weighting

Suitability Suitability
Criterion Unit for Man for Machine )
Speed 3 k
Accuracy 2
. Reliability 2
Adaptability 3
Personal Motivation 2
Personnel Hazard 2
Time for System to Become Operational 2
Equipment Weight 1
Equipment Space 1
Training Costs : 2
Manning Level 2
Logistics Costs 2
Equipment Costs 2

Another type of task assignment evaluation technique, reported by
Kurke{10), is of particular importance here because of its direct association
with the Operational Sequence Niagram. (See previous discussion on pg. 50,
et. seq.) To illustrate the use of OSD's in evaluating man-machine task assign-
ments, Kurke employed a hypothetical system example shown in Fig. 2-15 A, in
which Act A results in a series of operations to elicit Act . Symbols B and C
represent alternate environmental conditions which are necessary for or inhibit
this process, respectively. B conditions occur 90% of the time. Upon receipt : %

of indications D and E, the operator decides (G) upon Action H rather than J.

H interacte with Condition B to produce Act K, Should the decision G to activate
H be made under environmental Condition C, Error L will reault. Using the no-
tation describad on pages 57 and 58 of this Volume, the system under normal
operating conditions may be described as:

{A; —>» D;) * (Bp «~>» Ej) ~> (Ga ~» Ha —>K)+ (Gp ~> J;) (1)
By - Ha —» K; (2)
) 93.
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Analysis of the diagram shows that the sources of "human error' are
centered about the decision element G. The operator may respond incorrectly
or fail to respond at all to various combinations of signals. In reference to de-
cison (G, the errors may be divided into input and output error, S and R, and
described as:

S —» (Do * Ej =» Gj) + (Do - Fi — Gj) +(Di - Ej —» Go)
_ (3)
+(D;* F{ —>» G, —> Hy, —> L)

and

Rj —» Gj —> (Hp © Jo) + (Hp * Ji) {4)

The human error can be reduced by two meana. One method is by in-
troduction of a 'logic switch! to replace the human decision-making function
(Fig. 2~15B). This will provide an automated system where

D;* (Ei+ Fo) > M; — H; - K (5)
The other method would be the inclusion of additional components to per-

mit the system to cperate under Condition C as well as B. The inclusion of com-
ponent N would change the logic of the system to:

(A; =» Dg) * (Bp + Ca) ~» [G, —> (H, —> K) * (Hp —> N)]

(6)

+(Gp —> J3)
C,* Hy —> N, - K (7)
(By - Ha) + (Hp —> N;j) —» K; (8)

as shown in Fig. 2-15C. This arrangement would eliminate the need to discrim-
inate between E and F. The nature of the inputerror source then becomes

S§'—» [Do - (Bp +Ca)]+(Dj+ Bo - Cp) ~=» G 9

while R remains unchanged from Equation (4), above.
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A ORIGINAL SYSTEM B. AUTOMATIZED VERSION C. MANUAL MODIFIGATION
Fig. 2~15. System compariscns
The solution of the problem requires some quantitative information such

as the reliability of components, For illustrative purposes, let us assume the
reliability of the original system which equals (abcdef) = 0.788, where

a = Reliability of Sequence (A; —> Dy) = 0,99
b = Ratio of B:B and C = 0,90
c = 1 - P(S5) = 0,95
d = 1 - P(R) = 0.95
e = Reliability of Sequence (B, —> K) = 0.99
f = Reliability of Sequence (G; —» K) = 0,99

and P(S) and P(R) are the probability ¢f human error at S and R respectively.

The first alternative of automating the system would replace human
decision G with a logic switch M, thereby eliminating S and R. Assuming that
the reliability of the logic switch is 0,99, this improvement would increase
system reliability to 0, 864.

The second alternative, that of providing an additional component (with

very poor reliability) to reduce the human error potential would yield a reliability
of (abcdef) + (adhjkmn) = 0. 858 + 0. 046 = 0.904, where
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h = 1 -P(SY) = 0,99
j = C:B and C = 0.10
k = Reliability of Sequence (G, ~+ Hy —» N) = 0,99
m Reiiability of Sequence {Cp -—» N) = 0.99

n = Reliability of Sequencc (Hy + Cp —~ Nj —p i_("} = 0.50

Collecting the analysed data for various combinations of Jdenrec of automation
and component reliabilities as on Fig. 2-16 should yield data to establish the
trade-off point when determining the allocation of mun-machine functions in de-
veloping a system,

AUTOMATIZED

| -9

Ju— —_—
g "‘"—Q-—"
l
T s

t
5 -
MANUALLY
i® OPERATED l
d .
w0t o %5 b - 1
. RELIABILITY OF (Cy ~>N)
7O+ GOMDITION
"B OHLY CONDITIONS "8" & "c"

Fig. 2-16. System reliability

This particular analysis of system reliability leads to the conclusion
that automating the existing system is considerably lesa effective than devel-
oping a new manual systemn withthe capability of operatingunder a greater variety

of environmental

conditions.

Some little additional improvement in system re-

liability can be obtained by automating the latter system. The data in Fig.
2-16, together with additional economic and enginrering considerations, shouid
be among the factors which determine how best to iimprove the aystem (i. e.,
whether to autornate, to increase the scope of the system, to improve reliabili«
of sequence (Cy -~ N), or some combination vf these approaches).
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4 Man-Machine Interface Requirementa

Once a final evaluation and selsction from amaong alternative system and/or
subsystern mechanizations has been made, the next step in the systern design pro-
cess is to prepare subsystem design requiremeats or specifications, Specifying
the man-rachine interface requiremenis at this stageis largely a matter of list-~
ing the apecific information items to be transferred between man and machine
during the various phases of system operation. If an operational sequence di-
agram has been prepared, this step is vastly simplified.

Two general areas of man-machine interface requirementmay be distinguished:
The operating interface.
The maintenance interiace,

Information transfer requirements for the two areas differ mainly in terms of the
task differences. Guidelines for selection and/or design interface elements in
both areas have been developed and are presented in detail in Volume 2, Section
3, '"Design of Equipment for Operation, "' and Section 4, '"Design of Equipment
for Maintenance. " The discussions in Volume 2 provide information conceraing
the medium and the specific method of information transfer, the relative utility
of various kinds of display and control components, and their arrangement on
panels and consolea.

The intelligent application of h:iman factors corisiderations insyatems enyin-
eering requires, in effect, abroad state-of-the-artknowledge of human capabilities
and limitations with respect to physical, physiological, psychological, and psycho
physiological requirements imposed by mission, system- and use-determined
faciors. The final specification of a man-machine interface must reflact these
factors as well as the man-machine factors themselves. It is to the understand-~
ing of the total process in which human factors ie imbedded that Volume | has
been dedicated.
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