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1_INTRODUCTION

Military maintenance and repair, alwvays unglamorous but
essential tasks, are becoming even more important with time.
Technology in general, and weapons systems in particular, are
increasing in complexity and their rcles in maintaining readiness
are gqgrowing more crucial. This is especially true of the
sophisticated electronic and aeronautical equipment found on
today's ships —-— for example, many weapons systems cannot
function without their support computers. While numbers and
complexity of equipment are increasing, manpower availability and
reading skills of Naval recruits are decreasing. Research into
improving Naval maintenance and repair technology is therefore
imperative.

1. 1_Technical Documentation

As computer scientists, our interest centers on the data
needed for maintenance and repair. It is not within our purview
to address the political, organizational, or economic aspects of
producing, distributing, and using such data, despite the primary
importance of thkese factors in a total systems analysis. We
instead restrict ourselves to the technological issues: how the
data 1is currently structured, presented, and used, and how its
structure, presentation, and use might be improved in the future.

We call the data that technicians use as primary references

for troubleshooting, repair, and routine maintenance technical
documentation (TD). Examples of such documentation include:

e equipment descriptions,
e theories of operation,
e training manuals,
e operating instructions,
e instructions for planned maintenance,
e troubleshooting procedures,
e disassembly, repair and replacement instructiomns, and
e parts listse.
The users of technical documentation have broad, if not explicit,

requirements and expectations. In particular, they expect a
document to be:




e organized so that information needed for the task at hand
is readily found,

e adaptable to their working style and skills,

e accura*e, complete, and up-to-date,

e consistent with itself and other related documents,
e understandable and readable, and

e portable and durable enough to be used in the working
environment.

Present technical documentation technology is primarily hardcopy
(paper and microform) based, which presents the following
problems:

« It is difficult 0 structure hardcopy technical
documentation to serve multiple user needs simultaneously:

Users with different skill 1levels (novice, expert), ijobs
(manager, technician, operator), and presentation
preferences (text vs. picture orientation) cannot all be
satisfied by a single manual with a sinqgle organization.
Structuring hardcopy technical documentation for multiple,
non-sequential modes of access is difficul*, confusing, and
awkward at Dbest. This, coupled with the growth in the
complexi*y of the systems being documented, has forced a
decentralization and duplication of information among many
manuals. However, +*he proliferation of m®manuals in turn
creates the need for inter-manual cross referencing and
indexing, and causes both logistical (paper movemen*) and
managerial (configuration management) problems in ensuring
“he manuals' accuracy and consistency. Thus, the first two
expectations above are somewhat at odds with one another.

e Understandability and readability are not easily
accomodated by hardcopy's inflexible presen*ation style:

Problems of manual writing style are well known in the
military (Jablonski, 1971]. Most Navy technical manuals
are in the "traditional" format [ Hughes, 1977], with about
70% of their pages devoted to text written at the 9th grade
reading level, and the remaining space used for charts,
illustrations, and diagrams. some attention has been
focused on changing manual formats to Dbetter suit
technicians® declining reading levels (see appendix
As2.1e M) Even with new formats, the lack of dynamics
(animation) and the impossibility of interacting with the
document prevent radical changes in presentation style that
could be used to create more easily understood
documentation.




e Hardcopy documentation is vulnerable in bharsh environments:

Present Naval technical documentation does not stand up
well in the harsh environments commonly found on ships.
Paper, while portable, is not suitable for extremely wet,
dirty, or windy workplaces. Technical manuals are
susceptible to permanent damage by soiling or tearing.
Microform fares even worse, because it requires more
careful handling (fingerprints can render it useless) and a
fragile, electromechanical display device. Any new
technical documen*tation technology which is developed mus:
meet stringent environmental requirements if it is to see
wide use on ships.

e The hardcopy production process is inadequately supported:

Like the systems i* suprorts, technical documentation has
systems engineering aspects of its own. Documents must go
through the production process of design, authoring, data
capture, replication, distribution, feedback, and update.
These functions require 1logistics and managerial supporte.
For example, configuration management is used to keep track
of document status. Present hardcopy technology suffers
from the use of inadequate tools in all phases of the
production process, and a lack of integration between the
phases, which severely ccmpromise the manuals' timeliness,
accuracy, and consistency.

There have been several attempts to improve hardcopy
technical manuals and adapt <film and videotape for technical
documentation [Hughes, 1977). These programs recommend the
development of electronic media as a possible answer [ Frazier,
197S). We too believe that new computer-based electronic media
could provide a cost-effective solution to many of the
above-mentioned problems. This btelief 1is based on our and other
researchers' prior experience with automated teaching, text
manipulation, and interactive computer graphics.

Cost-effective electronic technical documentation delivery
systems could have the following advantages:

e The physical volume of the technical documentation in use
could be reduced.

e Distribution and update propagation could be decreased in
cost, while increased in efficiency and timeliness.

e Cocomputer gqraphics techniques could lte used to present high
con*ent, easily understood displayse.

e A database could be structured for quick access of

well-specified information, wusing au*omatic indexing and
classification/zinformation retrieval techniques. The
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system could also interact with the user to determine
his/her needs +hrough give-and-take dialogue, and actively
provide quidance to the right information.

The system could be flexible enough to tailor itself to the
user's preferences, skills, reading level, and intelligence
by analyzing his or her resgponses as they are input.

Xerox's Learning Research Group, long involved in the

development of a powerful personal computer for general
use --— the Dynabook "dynamic notebook", has written eloquently of
the possibilities opened by well-crafted computer-based media:

It

For most of recorded history the interactions of
humans with their media have been primarily
nonconversational and passive in the sense that marks
on paper, paint on walls, even "motion" pictures and
television, do not change in response to the viewer's
wishes. A mathematical formulation —— which may
symbolize the essence of an en*ire universe -— once pu*
down on paper, remains static and requires the reader
+o expand its possibilities.

Every message 1is, 1in one sense or another, a
simulation of some idea. I+ may be representational or
abstract, isolated or in context, static or dynamic.
The essence of a medium is very much dependent on the
vay messages are embedded, changed, and viewed.
Although digi*al computers were originally designed to
do arithmetic computation, the ability to simulate the
details of any descriptive model means that the
computer, viewed as a medium itself, can be all other

media if the embedding and viewing methods are

sufficiently well provided. Moreover, this new
"metamedium" is active -~ it can respond to queries and
experiments —— so that *he messages may involve the

learner in a two-way conversation. [LRG, 1976]

is this facility that we would like to apply to technical

documentation: the dynamic instead of the static, the
conversational and active instead of the nonconversational and
passive.

1.2 _Purpose and QOrganization of this Report

The purpose of this report is three-fold:

First, ¢to develop a characterization of technical documen-

tation with which we <can describe both the interaction between a
technician and his or her technical manuals, and the inherent

ST
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capabilities of the documentation media in current use (Section

2. Specifics on the kinds of documentation used in Naval ¥
maintenance and repair, the actual manual formats employed, and

+he "pipeline" used to produce *hem are included (Appendix A).

Second, to sketch the high level architecture of a future
*echnical documentation delivery system, discuss the research
problems tha*t need to be solved *to make its development possible,
and estimate the technological advances necessary to implement
the future system (Section 3.1).

Third, ¢to explore the <close relationship between the

: disciplines of design, training, and maintenance and repair,

] suggesting the expanded role that the future technical

H’ documentation delivery system migqht play as an integral part of
the design and training processes (Section 3.2).

1.3 Basis

The information and opinions presented here are based on our
experience of more than a decade with interactive computer
graphics and text processing, and a variety of reference sources.

A literature search was performed and yielded materials froa
many areas: maintainability engineerang, systens data
engineering, human factors, and previous studies of military
maintenance and technical data. These studies included reports
of several military programs oriented toward the improvement of
technical documentation for training and maintenance support: the
Navy Technical Information Presentation Program (NTIPP) (Hughes,
19771, the Army's Skill Performance Aids (formerly, Integrated
Technical Documentation and Training) program (SPA) [ ARTADS,
19771, and *he Air Porce's Automated Technical Order System
(AT0S) [ATOS, 1978 ]1. All three programs stress the need for
in*egratina +he development of technical documentation with the
design and development of technical equipment. In addition, they
are aimed at improving the match between the user's needs and
abilities, and technical documentation data and its presentation.
i The repor*s resulting from these programs examine the s*tate of
i current military technical documentation from the points of view
of produc*ion, content, usage, and distribution.

t An additional source of information was our own personal
observa~ions made on visi*s to *wo ships: the U.S.S. Puget Sound
(AD-38), a destroyer tender whose primary mission is maintenance
and repair, and the U(.S.S. Independence (CV-62), an aircraft
carrier. These on-site visits were made in October, 1978, while
the ships were in port at Norfolk, Virginia. The visits were
l made for +the express purpose of examining how maintenance and
repair is done in actual shipboard environments. On both ships,
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wve spoke to officers and enlisted personnel, to +ry to form a
picture of typical maintenance and repair operation. A more
de+ailed summary of *hese visits can be found in [Brown, 1978].

As valuable as these ship visits were to forming our
percep*ions of Naval maintenance and repair, we realize, of
course, that two visits alone are scarcely sufficient to obtain a
representative sample of a "typical" shipboard environment, if
such exists at all. Indeed, one observation resulting from the
visits was the wide variation in operating procedures both
between ships and even between departments on the same ship.
Nevertheless, we feel *that the exposure to actual maintenance and
repair practices obtained from these visits provided a useful
background for our s*udy.

2 A_COMPARISCN QF EXISTING DOCUMENTATICN MEDIA

In order to gain a better idea of the possibilities for
computer based documentation, it is helpful to examine the
inherent capabilities of the existing documentation media
themselves: the limitations of paper manuals, microform, and
traditional audio-visual media; their advantages and
disadvantages.

Technical documentation mav be characterized by its:

e physical characteristics — the document's medium, size,
shape, weight, and "feel",

e data types — the kinds of information contained in the
document,

e database structure —— the manner in which data types are
encodad, grouped together, and cross-referenced/linked,

e interaction devices —— the interface through which data are
presented to and obtained from the user,

e display format —— the appearance of information presented
“0 the user,

e travel facilities —-- the means for exploring and traversing
the database,

e query facilities — the provisions for obtaining specific
information from *he datatase, .




e annotation facilities —— the means by which the user adds
autographed information to the database, and

e personalized presentation facilities — the means by which
+he system alters its manner of response to suit the needs,
either expressed or implied, of the user.

These characteristics are all closely interrelated, some
more +han others, depending on the medium. We examine firs+t
existing media, and then future computer based media, in terms of
then.

In the following discussion, it will be necessary to
distinguish bet ween those organizational structures and
interac+ional <capabilities imfrosed on the documentation by the
author and adhered to by the user, and those provided for and
enforced by *he documentation delivery system itself.

Consider, for example, a reference in a paper document. It
will, *ypically, be either a precise page or section reference in
+he document or another volume, or a subject reference. The
reader, 1in following the reference, must find and turn to the
referenced page, and, in the latter case, must first resolve the
subject reference to a page or section number by consulting an
index. This is a time consuming and potentially error prone
procedure. Computerized documentation can provide the ability to
instantly "jump" *to the referenced information. The searching is
done for, not by, the user, who need never be aware of where the
referenced material is physically located. Many of the research
problems which we are addressing involve the development of means
+*0 shift the responsibility for accomplishing such tasks from the
user to the documentation system.

2,1 _The Paper Paradigm

Traditional paper documentation provides useful paradigms
for a rich set of organizational structures and interaction
capabilities. The central role paper still plays as an
information medium is responsible for behaviors and expecta*ions
on the part of its users that must be dealt with in the design of
future documentation systems. Hence paper serves as a benchmark
and point of departure for the information presentation
techniques we are investigatinge.




L e A A G U R

e _Physical Characteristics, Datatypes, and Database Structure

The word "manual" is derived from the Latin manuale —
something that <can be held in the hand. As such, the paper
manual is a compact and convenient package for technical
information. Although standard data types (e.g., English
lanquage text) have arisen through convention, the
two-dimensional information carried by the printed page, and its
format, are limited only by practical considerations: the manual
should not be unwieldy in size or contain excessively complicated
or dense information, which may be hard to read or understand.

An individual manual is organized as a randomly accessible,
ordered set of identically sized pages, possibly interspersed
with oversized foldouts. The author may segment verbal and
pictorial information into sections, chapter, paragraphs,
sentences, tables, charts, schematics, drawings, and photographse.
Arbitrarily complex cross referencing schemes may employ indices,
tables of contents, and inline references.

e _Display Format and Interaction Devices

A page 1is its own display; the reader's hands, perhaps
holding a pen or pencil, are the only "interaction devices."
Paper is unique amonqg present documentation in that, barring
external references to other material, it is completely
self-contained. As 1is the case with other static media, its
physical organization and disrlay forma*t are inextricably
intertwined. Information stored on a page is displayed on that
page — "what you see is what you get." Only automated (computer
based) media which interpose processing power between the stored
information and its display can reformat information and conceal
the details of its actual location from the user.

e _Travelling

Travelling through information provided by a paper manual is
entirely up to the user, who may adapt any of a variety of
approaches as appropriate:

e reading "from cover to cover" or reading sections of text
in a prescribed (not necessarily linear) order,

following proceduralized checkout or troubleshooting
sequences,
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e skimming through text, illus*rations, tables of contents,
or indices,

e linearly thumbing/flipping through its pages.

e direct access "jumping" to a referenced page through
information provided by an inline reference, concordance,
or index, or

e referring to another volume.

Intimately associated with travelling is the activity of
"hookmarking" important pages for future reference. This may be
done by the user or may be provided for by the documentation
itself via thumb indices, tabbed inserts, or colored pages. The
chapter headings, page numbers, and even the "feel" of the manual
vhen opened to the current page indicate the reader's location,
as well.

e _Querying

Searching for specific information (querying) a paper manual
is solely the user's responsibility and may involve:

e looking for information that is known to be in a particular
place,

e looking for a section that is known *0o be somewhere in the
manual,

e looking for information that is only suspected to be in the
manual,

e asking what the manual contains, or

e asking where in the manual you are€, where you have been,
and (by looking ahead) where you will be — your itinerarye.

In searching, the user relies upon the manual's structure,
established by its segmentation into chunks of information linked
+together by whatever «cross-referencing or indexing there is.
Because paper is a static medium, a manual may be hierarchically
organized in only one way (frcm cover to cover), even though the
information that it contains might conceivably be ordered in any
of a number of other hierarchies, some of which might be better
suited to the reader's current needs. In addition, there is no
way to filter out information that is extraneous to the search.
The reader who is referred to several pages in the manual must
actively ignore strrounding pages and unneeded portions of the
referenced pages.




e _Annotation

Annotation is the principal method by which a user (as
opposed to the system) personalizes a document, The annotation
capabilities provided by paper are particularly flexible
(assuming the user is allowed *c mark up his/her own copy, often
prohibited in a one-copy-per-shop environment).

Since irformation is stored as ink on paper, the user may
make marginal ccmments, circle, underscore, point, cross out,
(re)write/drawve. The form in which annotations appear itself
provides informa*ion and can be used to draw distinctions:

e handwriting —— The style of handwriting distinguishes
between different annotators or different intent/mood on
the part of the same annotator. Cursive marginalia may
contras* with bold prin*ted warnings.

e color —-— Color coding may be used to clarify signal paths
in a schematic, group 1logically related subassemblies, or
emphasize important information.

e shape --— Underscoring, circling, boxing, pointing, and
shading may each be used for different effect.

e size — The relative size of an annotation might indicate
its importance.

Note that the annotator and reader maintain responsibility
for imparting meaning to the annotations when *hey are created
and read. In addition, annotations are not checked for
consistency and are in no way integrated with the information to
which they refer, except insofar as they are overlaid om it. It
would be more proper to say that *he annotations are associated
with the display format, though they may have been intended to
refer *o the information being displayed ("what" is being said),
without regard to its manner of presentation ("how" it is said).
Suppose that the reader «circles a reference to a testpoint in
red. The intention was to indicate an important reference, but
the page only bears a line that was drawn about a collection of
marks representing particular words. The reader must be aware of
the annotator's intentions and remember what the red circle
signifies.

Ink-on~paper annotations are not selectively viewable, and
may only be propagated *o revisicns of the annotated mategial by
lengthy and error prone hand copying.
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e _Personalized Presentation

Attempts to personalize a paper manual's presentation
typically involve the <creation of different versions for varying
skill levels, or the hand assembly of relevant short sections in
a looseleaf binder or packet to suit a particular job. (See the
discussion of the “control work package" concept in Appendix
A.1.3).

2s2 Microform

Microform is the most popular alternative to paper. Its
primary advantages are compactness, which makes it easier to
store and distribute; simple and rapid updating, eliminating the
need to apply individual page changes at the maintenance level;
and reproduction costs lower than those for comparable paper
documents. since it 1is a newer technology, there has been
greater standardization of formats, and better configuration
control.

A static 2-dimensional medium, microform is typically used
to provide photoreduced copies of originally paper-based
documentation. Consequently, micrcform users interact with their
documents in much the same way as they do with paper, with two
notable differences:

e A clumsy electromechanical reader mediates between the user
and the document, serving cnly to enlarge and project the
images it contains, without providing any processing power
(some systems have indexing facilities that allow automatic
retrieval of a frame whose number is entered by the user).

e The annotatiomn capabilities of paper are completely lost,
except insofar as reader/rprinter hard copy may be marked
up.?

Additional disadvantages include the following:

e The need for indexing is more <critical with microform
documents, since the user cannot view them without the use
of a reader.

e Photographs do no* reproduce well in general.

1But note that none of the printers we saw in the electronics
shop on the aircraft carrier were operational, a source of
considerable frustration to technicians.

-11-
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e Color, which 1is used in certain types of manuals, is very
cos*ly *o reproduce, and therefore rarely used.

e Some kinds of information, such as wiring diagrams, which
span multiple "pages" do not lend themselves to the mediunm,
since most display devices can show only a page at a *ime.

e Reader/printers do not offer adequate frame to frame
correlation for copies of continuous multi-page material.

e "pPage flipping"® can only be accomplished in a clumsy
fashion. Automated readers tend to over or undershoot the
location of a desired frame.

e One cannot have the equivalent of several manuals open side
by side.

e The display devices are no* yet portable or rugged enough
to be used in hostile environments.

e Like paper documentation, all information is static.

However, microform is not -Hjust a new way to economically

store the sameé material as paper. Novel display formats could
+ake advantage of the large two dimensional information plane
presented by fiche. For example, a troubleshooting sequence

could instruct the user to proceed vertically down the fiche, for
high level troubleshooting, and horizontally across for
instructions required for in-depth analysis. The horizomntal
strip can contain full sized schematics and charts, too bulky for
inclusion in a paper manual (though maneuvering in a schematic
can be difficult because of the reader's fixed sized display
window) . This layout scheme was used in *the Army's MICROM
program for Field Level manuals employed in missile component
checkout [Hess, 1969].

2.3 _Traditional Audiovisual Media

Although traditional audiovisual aids, such as film, slides,
and audio recordings, have been used successfully in training,
unsatisfactory resul*s have been achieved in maintenance and
repair experiments. An experiment reported in [ Elliott, 1966] is
typical. Successive index cards containing proceduralized
troubleshooting information were presented to subjects when they
entered the number of each desired card into an electromechanical
retrieval device. The number of the next card was determined by
the result of +he tests ordered by the previous card selected.
Members of one group received the card itself, members of the
other group were read the information that it contained (with the
option to have tlke whole card reread from the beginning as many
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times as requested). The audic gqroup fared significantly worse,
spending more time and making more €rrorse.

One possible explanation for the inferior performance of the
group provided with the audio documentation is that the
informa*ion itself was ©poorly suited for audio presentation.
However, because of the technology available at the time, the
audio group was at an unfair disadvantage: the spoken repetition
of an entire card was an inadequate substitute for the rereading
of isolated words and phrases possible for those who received
written information. Audio group members had to waste time
listening to parts of the instructions that they already
unders*ood if a repetition was requested, and may sometimes have
failed to request needed repetitions as a result., Similar
problems could occur in the ©presentation of animated pictorial
data via film or videotape. For example, a desired frame of a
filmed animation might only be reached by watching all the
preceding material.

The largely sequential "lockstep" presentations useful in
training won't suffice for maintenance and repair activities.
Traditional awudiovisual media do not Lty themselves provide
adequate facilities for the quick random access needed in
proceduralized tioubleshooting to move both between and "inside
of* selected s*eps. Therefore, most approaches to structuring
and quickly accessing a '"troubleshooting tree" database of
audiovisual materials use computerized retrieval, even though the
"leaves" of the tree are traditional media.?2 Despite the use of
+traditional media for information storaqe, the resulting system
would be a computer-based hybrid with none of the sophisticated
facilities proposed in Section 3. 1.

2fxamples of such systems may be found in [SALT, 197°]. Even
standard Kodak "“Carousel" slide projectors may be ordered with a
microprocessor controller for random access.
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ADVANTAGES

a2 Paper

e Reliable

? e Simple

e Familiar

e Self-contained, individual

E manuals are highly portable
! e Rich annotation facilities

Microform
e Cheaper to reproduce and

distribute than paper
e More compact than paper

e More easily updated in the
field than paper

Iraditional Audiovisual Media
e Exploit sight/sound

e Audio can obviate eye con-
tact

e Animation can better illus-
trate time-varying phenomena

Table 1: A Comparison of Existing Documentation Media

DISADVANTAGES

e Fxcessively bulky in quan-
tity

e Difficult and expensive to
distribute and update

e Limited structuring facili- i
ties

e Static, inflexible, noncon-
versational presentation

e Bulky, clumsy reader/print-
ers often malfunction

e Only one page at a time is
viewable

e Printers don't handle multi-
page schematics well

e No annotation facilities

e Photographs and continuous
tone art reproduce poorly

e Static, inflexible, noncon-
versational presentation

e Clumsy electromechanical
systems are failure prone
and expensive

e No smooth "give-and-take"
interaction

e Inadequate facilities for
random access retrieval




3_DIRECTIONS FOR FUTURE RESEARCH

In this section, we present two projects which will serve as
the focal points for our automated technical documentation
research:

e <+he development of a computer based medium for the storage
and presentation of technical documentation. This involves
experimentation with forms of structure and presentation.

e an investigation into the relationship between design,
training, and maintenance and repair. This relationship is
important in that it strongly affects the form of a new
technical documentation medium, both in the interaction
modes it should support, and in the way it is ultimately
used (e.g., for training, maintenance and repair, or both).

321 Computer Based Media

We propose tha* the development of a computer based
technical documentation medium could eliminate or reduce problems
of paper volume, distribution and update, inflexibility, and lack
of structure. However, a radically new medium whose ultimate
goal is the large scale replacement of paper must:

e provide an improvement in wuser capability over paper
manuals,

e be portable and rugged enough for use in potentially
hostile environments,

e be easy to use and require minimal user training to
operate, and

e include tools for low-cost creation and production of new
technical documentation.

Most of these goals will require significant research and
development to achieve., The ccmponents that will comprise this
new electronic medium are intended for development in a ten to
fifteen year time franme, It is doubtful whether paper can be
completely displaced by any new media within this time period.

Since a user's attitude towards documentation is in large
measure shaped by prior experience with conventional media (most
often paper books), an effort is made bherein to suggest new
capabilities that might be rrovided by computer based nedia.
However, many of the existing modes of access of paper
documentation should be retained, because of their familiarity
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and essential simplicity. Clearly, a successful new medium
should merge these conventional access modes with new ones that
convey information more effectively.

One way of determining the optimal combination of new and
0ld characteristics is through experimentation. In the following
pages we sketch the high level architecture for an experimental
technical documenta*ion delivery system of the future that will
serve as a point of departure for our research. The functioral
capabilities of the architecture will be presented, along with a
set of research gquestions that will provide the basis for
experiments within i*s framework. The reader should keep in mind
that not all the technology needed for such a system currently
exists —— considerable extrapclation of <current technology is
imagined. :

The reader is referred +o a specification for the design of
a technical documentation system for the Army, that makes use of
available technology (Gurwitz, 1978]1. Many of the ideas of that
system are expanded here. In fact, that system could be thought
of as an "interim" technical documentation system (in the sense
of [ LRG, 1976 1) However, vwhere its capabilities were
necessarily limited by available technology, the system described
here is not.

A second proposal for a computer based technical
documentation system is presented in an excellent report prepared
at the same time as ours for NTIPP by Behavior Technology
Consultants, Ince. (BTC) {Frazier, 1979). The proposed BTC systen
would use a small mini- or wmicro-computer based terminal with
high quality graphics capabilities, 1local memory, and magnetic
disk mass storage. The +erminal could communicate with a central
technical documentation archival computer, but is designed to
operate primarily in a standalone mode. User interaction would
be accomplished with a specialized function keyboard for input,
and a combination of CRT and cther medium to high resolution
graphics output devices. The design emphasizes the use of
existing technology (microprocessors, disk storage, CETs) in a
semi-portable device (weighing 80 pounds) for presenting
primarily procedural technical data with backup reference
information.

Rhile we are in basic agreement with the aims of the BTC
system, we feel that their discussion underemphasizes several key
issues:

¢ Though *their system is targetted for the mid-1980's Navy,
the time and effort required for the development of systenm
softvare and the creation of documentation suitable for the
system's presentation capabilities, makes the deployment of
practical shipboard systems by the target date seen
overoptimistic.
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e The BTC report makes 1little mention of the problems
involved in creating documentation designed to take full
advantage of the new medium. As stated in section 3.1.4.1,
the creation of a structured database for a large volume of
text and graphics that is easily accessible is a difficult,
resource intensive prcblen.

e No consideration is given to the size of digital databases
required for supporting sophisticated presentation of
technical documentation. This is an especially serious
concern given the expected explosion in size due to
increased graphics content of the new documentation and the
use of existing storage technclogy.

As part of our research strateqy, a testbed system will be
developed. Though it emfploys technology similar to that of the
proposed BTC system, it will be wused to explore sophisticated
techniques such as animation, annotation, personalization, and
nonsequential travelling that were not considered in their
reporte. However, this testbed should not be construed as a
prototype of our proposed +technical documentation delivery
system, but ratker as an experimental vehicle for developing
answers to research questions which will be refined and augmented
as our research progresses.

3¢1«1 TESTBED SYSTEM

i The experimental system to be used as a research vehicle
represents a laboratory microcosm of the problems to be faced in
the development of the future technical documentation delivery
system described in the next section. The testbed will initially
be built with existing technclogy: midi- and minicomputers with
magnetic disks for document storage and processing, and color
raster graphics equipment with conventional interaction devices
(keyboard and data tablet). It will have many of the database,
interaction, and presentation characteristics described in the
following sections. The testbed system will enable us to
experiment with these techniques and devices, and add new
capabilities as our research progresses (e.g., an optical disk
for compact mass storage, a touch sensitive display and voice
input/output for more natural interaction, and advanced
annotation facilities).

i Wt e S B A O

A major problem to be faced in the development of the
testbed is the initial selection of a database with which to
experiment. Initially, a small (500-1000 page with approximately
100 pictures) database derived from existing Navy technical
manuals is contemplated. The problems we will encounter are
typical of those involved in retrofitting existing technical
documentation to a new medium (see Section 3.1.4.3):
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e selection of an experimental database which is both
representative of Navy technical documentation and
extensible,

e dJdetermination of a transfer strategy which will make full
use of the testbed's structuring and presentation
facilities,

e capture of text and pictures in machine readable form, and

e imposing structure on the database.

3.1.2 PUTURE SYSTEM: CHARACTERISTICS

The main function of the future technical documentation

delivery system 1is the storage and access of a large amount of

' structured technical informaticr in the form of text and graphics

i in arbitrary combina*ion (see Appendix A.2.3). The inclusion of

i annotation facilities means that it is not simply a read-only

‘ device interpreting a "“canned" technical documentation database,

but rather allows the technician to "mark up" the documentation,
as he or she would paper technical manualse.

The system should be able to operate in a stand-alone mode,
with a self-contained database that comprises the equivalent of
one or more technical manuals, held on some removable storage
medium. In addition, it shculd be akle to operate as an
"intelligent terszinal" which could be connected to a central
database of *echnical information. This might be a shipboard
technical 1library or a more centralized land-based archive
connected to the ship by satellite 1link. In this mode, a
technician could "plug in" to the central database and receive a
"package"® of technical documentation that could be buffered
locally for use during a particular maintenance and repair task.

The unit should be small and lightweight, for easy
portability. It should be battery powered and rugged enough to
survive in a hostile environment, such as the boiler room of a
shipe A high resclution flat ranel color display could serve as
the output device. 1Input devices might include a touch sensitive
interface, overlaid on the display, for picking and drawinge.
Depending on the level of sophistication of the input
capabilities desired, a keykoard wmight be included. Typically
however, a simpler input device for 1limited alphanumerics or
voice input would be needed for interacting with maintenance and
repair data. Most of the user control and data access functions
could be accomplished using simple menus with selections
indicated by picking or voice input. The device would contain
one or more local processors, fast primary memory, and accomodate
some removable secondary storagqe medium (€.9e., magnetic or
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optical disk). An I/0 port would allow connection to remote
processors or the central database.

The scale of the unit envisioped here is exemplified by
Xerox PARC's Dynabook project [LRG, 19761, whose goal is to
develop a portable persoral computer for general information
needs.

3.1.3 PUTURE SYSTEM: MEDIA RESEARCH FROBLEMS3

3. 1. 3.1 Interaction Modes

The system should accomodate three major interaction modes:
e PFree format travelling/querying.

If the wuser is looking for general information, provision
should be wmade for presenting and choosing possible paths
for further exploration at each step, narrowing (or
broadening) the search when necessary, and making no*e of
topics of interest that must be momentarily bypassed. On
the other hand, if specific information is desired, the
user should be able to access it quickly without the need
to tediously retrace the =same hierarchy by which it may
have originally been found.

e Proceduralized checkout and troubleshooting sequences.

The user can be gquided through maintenance procedures whose
specific order of performance is important. The material
next presented may be dependent on evaluation of the user's
responses.

e Training.

Tutorials, practice problems, and graded test questions
much like those of present Computer Aid Instruction (CAI)
systems, such as the University of Illinois' PLATO systen
[ Sugarman, 1978], require facilities similar to those
needed for proceduralized maintenance and repair. The

3The problems discussed herein include both those that we intend
to tackle ourselves, and those that must be solved by other
researchers before a system with the proposed abilities can
become a reality. The word "we" is used in some places to
indicate which parts of particularly difficult problems we will
approach.
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documentation system could be used from the start in school
training, initially to instruct the technician in its own
use. In addition, +training sequences provided onboard
could allow technicians to acquire the job skills needed
for promotion, withcut leaving the ship.

RRYERAV e

3.1.3.2 Data Types

A variety of data types must be supported by the technical
documentation tocl. Their <choice, tased on the database to be
presented, will determine the internal data structure and
presentation techniques required. For example, text, which may ,
3 be represented by a string of 8-bit codes, requires much i
different processing than a vector stroked 1line, or a raster
representation of the same 1line. Differentiating between these
data types permits them to be handled in a computer system in a
way that is optimal for each representation.

Based on otr investigation into the content of military
technical documentation (see Appendix A), we have identified the
following potential data types:

P -

e text,
e 2-D line drawings,

e 3-D line drawings,

e bit map raster drawings and photographs,*

e sound cues, and

e references.

These primitive data types can be grouped in collections or
structures:

e A frame could be defined as the information needed for a
single static display, analcqous to a page in a book. This
might consist of combinations of text, graphics, etc.

*Raster displays use arrays of bits, called "bit maps," in which
each picture element ("pixel") or distinguishable point on the
display corresponds to several bits in nmemory. This data,
typically 4-12 bits per pixel, determines brightness levels in
monochrome systems, and hue, saturation, and brightmess in color
systems. The bit map can also be treated as individual 1-n bit
planes into which data can be written or read separately. For
more information, see [ Newman, 157917.
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e A sequence might consist of a group of ordered frames which
can be accessed one after ancther, for purposes of training
or proceduralized instructicn.

e An animation miqght be a sequence of 2- or 3-D graphics that
could be run together tc give a moticn picture effect.

e A document could be a logically coherent unit containing
arbitrary primitives, ctructures, and references both
internal to itself and tc other documents.

e A database (see Section 3.1.3.3) would be a collection of
documents and their crcss-references, traditionally an
ordered sequence, a hierarchy, or a directed graph.

The selection of a powerful set of primitive data types and
structures and the development of efficient methods for storing,
processing, and presenting them is a major near and long term
research problenm.

3.1.3.3 Database Structure

There are two levels of datatase structure present in our
hypothesized system, both of which will require substantial
researche.

The internal (implementaticn) structure is the way in which
{collections of) primitive data types are physically stored and
cross-referenced. Of primary concern here is the development of
encoding formats that provide efficient and flexible access to
information.

The 1internal structure is +transparent to the user, who |
perceives omnly the external structure: the way in which the '
interaction facilities provided by the system combine to produce
the user's mental conception of the data with which he or she is
interacting. This user-perceived external structure must be easy
to understand and maneuver in, while providing as much power as
possible. These goals often seem to be at cross purposes; their
resolution will Le necessary tc create a system that is useful,
as well as usable., The more general the structure, the more the
possibility for confusion. If a system is not comfortable and
natural to use, it will not be used. A Boeing Company study,
conducted to gauge the readability of the technical manuals then
in wuse, showed that 16% of the aircraft mechanics questioned
never used technical manuals [Jablonski, 19713

Brown University's File Retrieval and Editing System (FRESS)
[van Dam, 1975) and MIT's Spatial Data Management System (SDMS)
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[Bolt, 1979; Herot, 1979] evidence two different approaches to
external database structure.

FRESS, a text manipulation system with information retrieval
capabilities, allows its users to imbed structuring information
(known as "hypertext" [(Nelson, 19741) in their data and
manipulate this structure as they would normal text. Hypertext
may consist of hierarchical blccks, cross-references, annotation
tags, and keywords that canm be cpecified in Boolean expressions
for retrieval. Thus, the information can be structured as an
arbitrarily complex "directed graph" which supports information
retrieval in a database of text and line drawings. The ability
to manipulate the structure 1like any other information in the
system gives the user a powerful way of travelling through the
database. By providing information hiding capabilities (see
Section 3.1.3.5), the structure can be used to gquide users
through the data in an active manner, potentially useful for
proceduralized troubleshooting.

SDMS structures graphical and aural information im an
open-ended "dataland" which the viewer can explore by "flying"
through it with the aid of several interaction devices. Obijects
in the database are represented by graphical symbols that are
fixed in spatial orientation with respect to each other in the
data space. A multi-level of detail display allows the user to
examine the data represented by the symbols through "“zoom" and
"pan" operations.

The database structure problems that need to be solved are
computationally tractable and demand no special hardware;
however, they will require much experimentation beginning with
the earliest stages of our work.

3.1.3.4 Interaction Devices

Is the choice of interaction devices purely a matter of
personal taste and preference or are there some that make
possible an ease of interaction that would be otherwise
unobtainable? We are interested in at first using commercially
available hardware and established algorithme to gauge the
potential, tradeoffs, and computational load of devices that
exploit diverse modalities:

® Touch sensitive displays [ Bolt, 19771 (€<g., those
manufactured by TSD Disrlay Products, Inc. and Elographics,
Inc.) can provide a wordless approach to spatially oriented
interaction that is more natural than that achieved with
keyboards, knobs, switches, or joysticks.
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e Character recognition algorithms can allow verbal
annotations to be input from a data tablet or touch
sensitive display and stored/processed in the same fashion
as the annotated text itself, For example, the input
annotations could be scanned, along with the original text,
for the occurrence of specified words, Hand-printed input
can also be used to eliminate Dbatched keypunching from
forms (€.9., the "2-kilo" forms discussed in Appendix
A.1.3) filled out by service personnel without requiring
them to learn how to use a typewriter keyboard.

e Voice interfaces (e.d., those manufactured by ATO, Dialog,
and Votrax) can make rpossible ‘*“hands free" information
interchange without eye contact. Studies should be done of
the vocabulary, syntax, and semantics associated with
maintenance and repair procedures for specific (classes of)
equipnent, what power must be provided? Much maintenance
and repair may require cnly "word at a time" interaction
for which much simpler solutions exist than those demanded
by continuous speech understanding.

Unlike handwritten or touch input, voice interfaces have
the po*ential to radically influence the structure of
future documentation. At first, voice can be used as an
alternate means of communricating information to users who
are less comfortable with written instructions, and for
providing prompts or accepting simple commands. Voice
(and, more generally, audio) interfaces could later be used
to continuously monitor the maintenance and repair process,
offering (umsolicited) corrective feedback.

We intend to acquire a touch sensitive display early in our
research, but a lack of adequa*e computational power and hardware
expense preclude our uvse of handwritten input and voice,
respectively, for the near term.

Future work could address the following difficult problems:

e In what ways can the equirment under test/repair be
directly interfaced with the documentation? "Plugging the
problem into the system" could generate side by side

1 displays of expected versus actual measurements. can
expensive, exbaustive automated testing equipment (such as
the Versatile Avionics Shop Tester (VAST) system used
aboard the U0.S.S5. Independence [Avionics, 19781) be
replaced by systems that uce a "human in the loop" to
handle whatever manipulation and deduction that has not
already been automated?

e The documentation might include programs for sophisticated
"intelligent" tools veed to perform repairs. when
diagnosis is complete, the documentation system could
interface with and specify the operation of complicated
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repair equipment that could, for example, take advantage of
the reqular 2 1/2-dimensional layout of electronic systenms.
Organizational level personnel might only need to position
the tool on the malfunctioning equipment, without having to
understand its operaticn. A family of such program
controlled (micro)manipulators might be envisioned, each
capable o¢f a variety of repair procedures. For example,
one such tool might wuse a motorized shaft to precisely
adjust trimmer potentiometers and capacitors. By storing
maintenance informatior in the equipment wunder repair
itself, comparisons of its current state with its unique
electronic "signature" could help assure precise
individualized repairs. Maintenance and repair schedules
might also ke kept in the equirment and tool. Computerized
documentation can thus be a vital first step toward
minimizing, and eventually eliminating, the need for
trained human assistance in many repair procedures.

3.1.3.5 Display Format and Presentation Techniques

The techniques of bhighlighting, information hiding,
animation, and windowing can help make the information presented
by the system useful and understandable to a wide class of users.
Although, with the exception of animation, their implementation
is often simple, research needs to be done to determine how to
use them effectively.

*_Highlighting

There has been much research on and practical experience
with the graphic effects needed to effectively highlight data in
a display [Christ, 1975; Morgan, 1963; Morris, 1979]. This is
especially important in complex, frequently changing displays.
Techniques used for gqraphics highlighting include blinking,
intensification, and the use of ¢olor. In summary, color seems
to be the best all around highlighting device for complicated
material. Therefore, the technical documentation system would
use a color display.

Attempts have been made tc appeal to senses other than the
visual:

e Sound cues have been used for highlighting in combination
with graphic displays to reinforce spatial effects [Bolt,
1979].




e Tactile feedback has been employed to indicate the user's
position in a displayed two dimensional force field by
exerting X and Y forces on a knob that the user moves to
explore it [Brooks, 1977).

The main difficulties in choosing proper highlighting
techniques are in determining their subjective effectiveness
(i.e., which techniques to use when for greatest effect).

e _Information Hiding

"Information hiding® 4ia the selective concealment of
information in a display, a technique that can be used to reduce
confusion in a crowded display, to differentiate between multiple
levels of detail, to provide keyword-protected access to selected
sections of the document, or in a training system, to hide
answers to test questions or material a student is not prepared
to handle. Information hiding can be implemented in several
wvays. In text oriented systems, information is hidden by making
smooth transitions between surrounding non-hidden text portioans.
In graphics systems, informaticn may e hidden by removing
selected items in a displaye.

Graphical information hiding may be combined with a "logical
pan/zoom" facility that enables an irmaginary window to be placed
over a part of the display (e.g.., a large block diagram), which
is enlarged to fill the windowe. As the displayed portion is
"zoomed in" on, more detailed views of that section of the image
pop into view. This <creates a "2 1/2-D" effect, in whichk the
pseudo-third dimension is level of detail. This can be very
useful for allowing a user to concentrate on a section of a
complex image and selectively choose the level of detail he or
she wishes to see. Conversely, it can be used to provide an
overview of a diagram, while hiding potentially confusing detail.
It can also allow large, complex images (€.d., schematics) to be
displayed on small screens without sacrificing detail to limited
resolution.

An example of this type of information hiding can be seen in
MIDAS [ Gurwitz, 1978a], which lets wusers logically pan and zoomn
over an animated block diagram of a micro-computer systen.
2 1/2-D has also been used to access hierarchically structured
data in a graphics database [Bclt, 1977a]le 1In this application,
the zoom capability was used to travel Dbetween levels in a tree
structured database of raster pictures.

The use of information hiding techniques greatly depends on
how the database is structured, and subjectively on how complex
the "chunks" of information to be displayed are, and how smooth
the transitions between chunks should bes A smooth "pan/zoom"




facility like that used in MIDAS is visually pleasing, but is it
necessary for the effect to be successful?

e Animation

How can dynamic displays, unknown in static paper
documentation, be effectively integrated into the system? What
use can be made of “"cartoon" animations, dynamic parts
explosions/implosions, simulaticns, selectable views of the same
object obtained by "flying around 1it"?

[T

Animated block diagrams could be used to illustrate the
dynamic (and often asynchronous) "handshaking", or control
interface between digital devices. MIDAS, mentioned above,
1 exemplifies this kind of animation. Can the specification of
| such pictorial user-controlled simulations be automated? A
digital system may be unambiquously specified at the level of
contrcl and data flow using the Instruction Set Processor (1ISP)
notation [Bell, 1978; Barbacci, 1979], and the specification
compiled to produce a simulator. Research could be done into the
possibility of automatically generating an animated visualization
of the architecture from its ISP which could be driven by the
simulator to display data transfers and control operations. The
ISP would probably have to be extended with some high level
animation primitives.

i 3-D exploded views are often used in assembly/disassembly
5 instructions. An animated parts explosion diagram under user
control would be wuseful in 1illustrating the interconnection of
parts in a complex mechanical assemllage. How can such highly
structured animations be specified? Interpolated key frame
animation provides a Dbasis. How can the system simulate the
working of even simple mechanical components? Thigs is an
intrinsically hard problem.
How realistic and smooth do animationg have to be? There is
a wide spectrum of possibilities between the painstaking full
animations of the old Disney studios and slowly interpolated, ten
frame sequences, such as those employed in the Xerox PARC
Superpaint system [ Shoup, 1979]. This question is of great
importance, since the generation of arbitrary, swmooth, high
resolution color animations weould place tremendous demands (by
today's standards) on the system's computational power and
storage capacity. The complexity of the authoring tools required
for creating animations depends on the level of sophistication
desired, as well.




e Windowing

“"Windowing" refers tc the division of a display surface into
one or more areas ("windows") into which possibly unrelated
information may be mapped.

What clean ways can be developed for graphically presenting
unanticipated ccmbinations of information? Consider the
technician who requires simultaneouvs display of several charts
(separate pages in one or more manuals). Existing computer-based
solutions involve:

e menu-picking to swap the <contents of a single display
window,

e nultiple contiguous windows (such a display would
correspond to a technician's spreading out several manuals
for side-by~side reference), and

e overlapping windows that simulate the clutter of an office
desktop by allowing arbitrarily sized windows to partially
or completely obscure each other wunder wuser control
[ Teitelman, 1977].

How can a custom "nonce display" — one that is not planned
for when the documentation was created —— be synthesized from
relevant sections of charts, tables, and text, taken from
possibly disparate databases? The user might indicate the needed
information by circling it. If the display is to be constructed
from sections of several tables, material might have to be
altered in size, reordered/scrted, c¢r manipulated in other ways
in order to be effectively integrated. Such facilities will not
be of much use unless *they are e€asy to control.

3.1.3.6 Travelling

The kind of facilities provided for traversing the database
play a crucial role in determining the documentation's
usefulness.

"You are here" assistance must be provided to help the user
maintain his/her bearings in an information-rich environment.
One possibility is a dynamically changing symbolic 2D (or 3D) map
that reflects the layout of the database, indicating the user's
current position [Bolt, 1979)]. How does one generate a canonical
display of this type from an arktitrary directed qraph?

The user should have the ability to "bookmark" important
locations, 1leaving a "trail" c¢f places that may be retraced
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sequentially or accessed individually [Bush, 1945; van Dan,
1975). System-provided trails could smoothly lead the technician
through proceduralized troubleshooting sequences.

Like the closely related problems of choosing and imposing a
structure on the documentation database, the above will require
much experimentation.

There are other, even more <challenging problems whose
solution could only be attempted when our repertoire of
structuring techniques has matured. For example, could the
ability be provided to simul*aneously navigate in mwmultiple
databases? With such facilities, a technician familiar with the
maintenance of one device could ccmpare/contrast it with another
similar, yet unfamiliar, device. Incompatible sections of the
two databases might be noted as such and bypassed, while material
amenable to comparison 1is processed and displayed. Must the
facilities for coordinated parallel travel be anticipated and
provided for in advance or c¢an it be done dynamically, on
request?

3.1.3.7 Querying

The provision of powerful query facilities requires that the
system should be able to autcmatically present an "index" of the
information available in the database. This automatic indexing
could be menu based, presenting major topics which could then be
broken down into subtopics by picking choices from successively
displayed menus. An easy way of travelling to and from the index
and the various chunks of information it references would have to
be provided (e€e.g., the NLS +*ree walking functions [ Englebart,
1973)) .

At first, index entries «could be entered by hand, with
assistance from tke authoring tcols discussed in Section 3.1.4.1.
In addition, material might be indexed for keywords by the systen
itself. This approach is already being taken in software running
under Bell Laboratories' UNIX operating system. A collection of
articles and papers stored «c¢nline, containing over 5,100,000
words, was automatically indexed for all words not among the 100
most common in the English langquage. The resulting 19,000
keywords can be used in combination to select a document whose
title, author, or 1location is unknown [Lesk, 1979]. 1IBMN's
STAIRS, developed for their recent antitrust suit and
subsequently marketed commercially, is also used to build such
inverted files with a much 1larger database [IBM, 1979). As
advances in AI language understanding are made, the system might
take on a more significant role in classifying material by the
concepts, rather than just the words, that it con*ains.
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Vital areas for research include the development of

automatic indexing facilities and a means by which the system may

¢ engage in dialog with the wuser to help determine and satisfy his

i 3 or her retrieval requests. Both of these areas require that the

system understand either the document or the user to produce the

best solutions, Consequently, our initial research will concern

itself with the simple indexing and classification schenes

discussed above and the creation of retrieval dialogs using words

and gestures that do not require research in langquage
comprehension.

A o o T LI
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3.1.3.8 Annotation :
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In one electronics shop onboard the U.S.S. Independence we
observed technical manuals that had been extensively annotated in
color with additional text and drawings. These annotations were
strongly done by the technicians while in school, and later
during actual repair activities. Thus, the manuals had become a
personal respository of maintenance and repair experience. The
wish was expressed to us that all technical manuals could be so
E annotated, not just personal copies of training manuals obtained
b & in school. Our observations were strongly reinforced by the

i NTIPP Fleet Survey of Technical Manual Users [Hughes, 1978]:

g VR

kf It can be noted here that the primary advantage seen by
; [technicians ] in having their own set of manuals is the
L 4 ability to personalize them by adding marginal notes
& and supplemental data. The primary disadvantage cited
i was the added burden of having to maintain their
manuals in an up-to-date condition. Approximately 53%
of +the overall sample felt that having to update the
manuals would be bothersome. . .

that at least some of the materials obtained in
training, as well as their own supplemental material,
are required in the performance of their jobe. This is
predominantly the case for both technicians and
operators.

[. In addition to the technical manuals, it was noted

The provision of quick urdate facilities (the lack of which
is the primary disadvantage of having one's own personal,
personalizable documentation) is a key goal of the future system.

Annotation may not be 1locoked upon favorably by those who
produce the manuals, some of whom feel that annotation is often
an unsatisfactory subsititute for reporting unclear or incorrect
material and that it could be obviated by writing correct,
up-to-date manuals [ Shihda, 1979]. We believe, however, that no
documentation, noc matter how well crafted, can be all things to
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all people. Annotation capability should be offered if it can
help clarify material for one reader when it is already more than
adequately clear for most, if it can be provided without
affecting the way other users see a document, and if it is
accompanied by easy-to-use facilities for reporting actual
documentation problems.

How may autographed wuser apnotations be associated with a
technical documentation database? The sort of annotation
facilities required depend on the application. An inquiry needs
to be made into the kinds of annotation techniques currently
employed in a cross-section of communities and disciplipnes. What
do potential users find essential, desirable, or lacking in their
present *oo0ls?

Though bitmapped annotations (uninterpreted graphics input
by the user and overlaid on the displayed document) provide for
the most freedom in marking up a document, an alternative
approach could employ a small, user-defined set of annotation
primitives (e.g., circles, boxes, and underscores of various
colors), vperhaps indicated to the system by appropriately
gesturing at the display or data tablet [Applicon, 1979131. Such
annotations might be compactly encoded and intimately associated
with the information +to which they refer. Retrieval requests
based on the user's annotations would then be possible. For
example, the user could instruct +*he system to display all
information circled in blue. or annotations might be
automatically created by the system when the user requests that
all occurrences of a specific rpart name be circled.

Our experience with FRESS has shown that users should not
only be able to mark up a perscnal copy in a smooth and natural
fashion, but should be able to easily compile a digest of
selected informaticn for fast retrieval by copying relevant
sections to a common workspace, and ordering/annotating them to
suite.

User annotations ideally should be dynamically propagated
(if desired) when a document is updated.s This is to say that
annotations should be associated with the information in the
database and npot merely with its appearance on the display
screen. If the system stores an annotation with the section
annotated, then intervening material may be edited without
invalidating the annotation. A =simple bitmapped overlay scheme
does not handle this problem. If words are shuffled about, on or
between pages, the overlay will be "off register" —— the
annotations and the annotated material will no longer be properly
aligned. This problem is very difficult in the general case,
corresponding to that of tracking editing changes in a
manuscript, considered by the Hypertext group at Brown [ Elliott,
1971als It is unclear how to display annotated material that is
itself split during upda*e and moved in pieces to different parts
of the document.
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Qur initial efforts will concentrate on developing effective
annotation techniques requiring no semantic analysis of
annotations or annotated text, some minimal pattern recognition
of Frasic gestures made by the annotator, and experimentation with
means of associating annotations with specific information in the
database, as opposed to the use of simple Litmap overlays.

Future research might investigate +the possibilities of
applying artificial intelligence techniques +*0 the extremely
difficult problem of propagating updates when the wording of an
annotated section changes.

In addition, we wculd 1like to eventually consider the
feasibility of checking annotations for consistency and accuracy:

e If the system is taught that, for example, only certain
types of data may be circled in red it should notify a user
who attempts to misplace a red circle. An "annotation key"
display could show the wucser-defined meaning of each
annotation primitive.

e If verbal annotations are interpreted by the system as
words, rather than meaningless (except to the annotator)
marks to be displayed, then artificial intelligence
techniques wmight be applied to their content to provide
some rudimentary test of their accuracy.

3. 1. 3.9 Personalized Presentation

How can the documentation system alter its presentation to
suit the perceived abilities and =skills of its user? By
analyzing the user's responses, the system might determine,
without being explicitly told, default browsing speed, preferred
presentation level of detail, propcrtion of pictorial to verbal
material displayed, and even the complexity of information which
“he user 1is able to handle. Such a system will not only obey,
but infer, as well.

How will users react to a machine that is seen as a "Big

Brother"? Probably with little enthusiasm, The user's
suspicions and fears about such a powerful tool must be
considered in its design rphilosophye. The systenr must be

configured and introduced as a personable, as well as
personalized, assistant, modifying its own behavior to that of
the user, instead of forcing the user to conform to ite.

Much work bhas already been dcocne at MIT towards the
development of a system that produces personalized movies for use
as maintenance and repair instructional aids [Negroponte, 1978;
Mayer, 19791. A changing model of the user helps determine the
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selection of material from a database of static and dynamic,
sound-synchronized images. A novie tailored to the abilities and
display preferences of the user is generated "on the fly"; its
mode of presentation and level of detail may be altered by the
user at any time.

Fruitful and extremely difficult areas for research include
not only the analysis of the user's responses, but as well the
development of means for providing different forms of the same
information (e.g., pictorial vs. textual). Must the information
be redundantly encoded, as in the MIT system, or could a single
common encoding suffice? Spatial data, such as a printed circuit
board layout, might be presented to the user as either a verbal
description or a line drawing by processing the same stored data
structure differently. A ccmmcn database might be developed
using the knowledge representation techniques that are currently
the object of research in artificial intelligence [Charniak,
1976; Goldman, 19751

3.1.4 FUTURE SYSTEM: GENERAL RESEARCH PROBLEMS

3. 1. 4.1 Authoring

New documentation formats with complex structural
information and dynamic disrlays will require a radically
different approach to authoring. Sophisticated software tools
will have to be employed to structure the database and create
dynamic sequences. The delivered documentation might well
incorporate material produced by the vendor's own computerized
design and documentation system.

Section 3.1.3 described several interaction capabilities
that transcend those currently available with convent*tional
technical documentation media. In order to make full use of
sophistica*ted travelling, structure, and presentation techniques,
documentation must be prepared specifically for the new medium.
If, for example, an existing technical manual were simply copied,
transferring existing text, rfictures, and structure, the net
result would be a duplicated dataktase, with little or no increase
in capabilities. For example, microform conversion programs such
as MIARS advocated the simple photoreduction of existing manuals.
While bulk was decreased, no new interaction capabilities were
gained. Instead, some, 1like annotation, were lost. Even in
programs which introduced new manual formats without changing
medium, such as JPA, success depended on developing new writing
skills which took advantage of the format [Chenzoff, 1973).
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Authors must be trained tc "write" effectively for the new
medium, and tools, such as "authoring languages", must be
developed to aid in this intellectually demanding process. Even
with such tools, authoring will be a difficult, time consuming,
and therefore costly taske The fproblems encountered in creating
“"courseware" or lessons for the University of Illinois PLATC
computer aided instruction system are well known [Sugarman,
1978 1. A+ Brown University, the development of a hiqghly
structured database for instructional wuse in college courses
proved to be a major intellectual task, demanding creativity,
thoroughness, and the ability to visualize and impose complex
structure by hand [Strandberq, 1976]. These problems were faced
in a database primarily limited to text; the introduction of
static pictures, let alone animations, complicates matters
considerably. 5 i

In order to make possible the production of large amounts of
new documentation, powerful ccmputer based tools must be
developed. Such tools wmight ke superset extensions of the
documentation delivery system cr totally independent of it. They
must provide facilities for:

e input+ting and editing text and (dynamic) graphics,
e 1imposing structure on the documentation,

e developing procedural troubleshooting and training
sequences,

e propagating updates (checking consistency and completeness)
and doing version management, and

e incorporating end user feedtacke.

Pundameﬂtal research must be done to determine the kinds of
authoring toocls needed, as well developing effective means for

structuring multimedia information. A beginning can be found in
the work done in such fields as Ccmputer Aided Instruction (CAI),
computer Aided Design (CAD) , technical animation, film,

television, and text processing.

3¢1.4.2 Integration

Can information peculiar +to a particular piece of equipment
(its repair history) be compiled and catalogued by serial nunmber
for access by the technician? Such information, when in
machine-readable format, can be automatically analyzed to
discover patterns of malfunction, useful for correcting possible
design flaws and predicting needed parts stocks.




How can the functionality needed to provide ready access to
documentation also be used to:

e request materials needed for maintenance and repair,
interface with automated stockrocm systems, and record
access to local pre-expended bins. The user might indicate
the needed part to the system which would automatically
report on its whereabouts and, if necessary, requisition
it. The need to know about (and 1look up) ordering
information would be eliminated, and valuable time would no
longer be lost filliang out forms.

e report on the status of equipment under
repair —— automatically monitoring information vital for
readiness, and repair scheduling.

e enable the technician to offer feedback on undocumented
equipment problems, repair techniques, and technical
documentation shortcomings,

e capture utilization statistics useful in determining
technician effectiveness and assisting with accurate
scheduling.

3.1. 4.3 Retrofit of Existing Documentation

One of the most difficult logistical aspects of developing a
new technical documentation medium is the problem of creating a
highly structured database. Because of the number of technical
manuals that are currently in existence, and the rate at which
this information grows, the electronic capture and conversion of
this o0ld data to the new medium presents a tremendous "retrofit"
problem, separate from the task of creating completely new
documentation especially for the new mediunm.

The magnitude of the retrofit problem becomes apparent when
two factors are considered. First, existing documentation must
be rewritten tc some extent to take advantage of more
sophisticated graphics capabilities (including animation) and
restructured for new access methods. Existing redundancies
should be removed. Second, the large number of existing
technical manuals (see Appendix A.2.3) would make a rewrite of
all of them prohibitively expensive. The alternative, simple
conversion without rewriting for the new medium, only duplicates
the existing documentation without any advantages other than the
potential for rapid update proragation.

An indication of the difficulty and cost of both retrofit
strategies (simple media transfer and rewrite) can be seen in
previous efforts at introducing new manual formats (e.g., those
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for JPA and FCMM, discussed in Appendix A.2.1.1), and new
documentation policy programs such as NTIPP. 1In these programs
it was decided, because of high conversion costs, that the new
formats would primarily be introduced in new technical manuals,
rather than in rewrites of cld documentation. However, some
selected manuals were experimentally rewritten during program
development.

Given the 10-15 year time frame for the development of this
new medium, the amount of author and wuser training that will be
required for it to gain acceptance, and the difficulty of the
"conversion" problem, it is likely that a comprehensive retrofit
strategy cannot Le adopted. Rather, 1like the new manual format
and policy programs discussed in Appendix A.2.1.1, there will be
a gradual process of develoring new docnmentation for new
equipment and scme selective rewriting of a few potentially
long-lived or high priority technical manual sets. Thus, it is
unrealistic to assume that any new automated medium will displace
paper in the near future.

3.1 5 TECHNOLOGY ESTIMATE

In order to develop a computer based technical documentation
system with the characteristics we have defined, advanced
technology will be needed. In this section, we shall look at
these technology requirements, and estimate the resources
required: processing power, storage, and graphics hardware. This
estimate is intended only as a rough guide and is made using
current technology and recent technology estimates as a point of
departure,

3.1 £. 1 Processing

The physical compactness cf the future system mandates the
use of microprocessors for lccal processing. The tasks which
they must perform include:

e command processing and executive control,
e input device handling,

e data access from secondary storage,

e data communication with remcte databases or processors, and

e graphics display processing.
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The interrelationship of these tasks is shown in Figure 1.
Note that each functional division may require one or more
processors to achieve the necessary scspeeds for fast data access
and display. Each of these functions is described below.
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e Command and Executive

This function includes central control of the other systenm
functions through an operating system, and the processing of user
commands. The processing Fpower needed is not that great (it
could be handled by currently available microprocessors). The
biggest problem in this area 1is interprocessor communication.
With such a distributed architecture, a sophisticated interface
and coordination strateqy must be developed.

e Input Handler

The low-level handling of the input devices is included in
+his function. 1In addition, more sophisticated input processing,
such as text editing, voice and handwriting recognition, and pick
correlation would be done here. It is important that input be
kept as simple and familiar to the technician as possible (e.g.,
handwriting, finger pointing, voice). Derending on the level of
the input processing, these functions might share the command and
executive processor. On the other hand, more sophisticated forms
of input, such as voice, would require a separate high-speed
PIroOCessor.

* _Database Access

The access of desired information from the database consists
of two tasks: deciding what data is needed to satisfy the
request, and transforming it from the format in which it is
stored into a suitable display format. The data structures
required for display are typically very different from those
needed for information stcrage and retrieval. Significant
processing 1is needed for quick transformation between the two
representationse. Retrieval might require the application of
artificial intelligence techniques if inference making for
processing "hiqh level" queries or achieving personalization is
to be done. Otherwise, standard information retrieval techniques
could be used. 1In either case, the internal database structure
must allow for quick retrieval.

The speed and data requirements for this function are high.
Typical random access time for a display frame should be no more
than 1-2 seconds, on the averaqe. Depending on the level of
encoding of the data, this Frrocessor must be capable of
transferring between 5K bytes (character encoded text page) and
1M bytes (1Kx1Kx8 unencoded raster page) in tha* amount of time.
For consecutive frames of a sequence or an animation, the access
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+ime must be considerably less than one second. One solution to
this problem is 1local buffering or pre-fetching of a number of
pages or frames at once, in a "working set" strategy for
displaying related pages of information. This reduces processor
demand somewhat, but increases local pPrimary storage
requirements, which are not forseen to be a problem with future
memory technology.

e Data Communication

This function provides data transfer from an I/0 interface
to a remote database or processor, such as a central technical
library. The strateqy for this type of access would be to make
requests of the database, and receive several pages of technical
documentation data to be buffered in 1local storage for later
processing and display. For example, in the Work Package concept
(see Appendix A.2.1.1), fewer than 30 pages of information would
be required at any time. To access this amount of data in a
reasonable amount of time, a high speed data 1link would be
required. A 1Mbaud 1rTate over coaxial cable is easily possible
between points on a ship. The data rates mentioned for database
access also apply here.

Problems potentially arise when animations are used. In the
worst case, successive unencoded frames «¢f raster data might be
transmitted, requiring a 30 MNiyte/sec rate for 1Kx1Kx8 bit
frames, However, already existing encoding schemes make it
unlikely that speeds of this magnitude will be necessary.

e Graphics Display Processing

Graphics presents the highest processing speed demands of
any of the functions in the systen. The display technology
chosen might initially be raster graphics baszed (see Section
3.1.5.3)« Thus, displays in their most basic form would consist
of bit mapped datae. The resclutions necessary for legible, high
content displays require on the order of 1 Mbyte of storage. For
dynamics (such as animation), the worst case would be rewrite of
the entire data 30 times per second, resulting in the need for
processing throughput of wup to 30M bytes/second. Currently, the
fastest available microprocessors operate at speeds approaching 1
mips (million instructions per second). It is estimated that to
support the type of dynamic graphics needed for animatioas,
10-100 mips processors will be needed [Kay, 1977]. It is not
unreasonable to assume, given current trends in VLSI technology
develorment [ Torrero, 1979], that microprocessors will be able to
achieve these speeds within ten years. In addition, there are
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several factors which mitigate the speed and storage
requirements:

e Encoding of graphics data reduces the size fiqure. Text,
for example, is typically encoded in 8-bit bytes. A page
of text containing 60 1lines, each 80 characters long,
requires only about SK bytes. Techniques such as
run-length encoding (for data compression) and scan
conversion (encoding of bit-per-pixel raster data in
strokes stored as X,Y coordinate pairs, one for each
endpoint) also reduce the amount of data to be processed.
However, encoding alters the processing distribution from
simple data pmovement to more sophisticated
encoding/decoding taskse. Specialized fast processors,
built using custom VLSI, could be dedicated to these
operations.

e Dynamics do not wusually require the processing of the
entire picture bit map. Techniques are available to
isolate the dynamic from the static data, to reduce the
amount of data to be processed in each refresh cycle.

e Graphics processing lends itself tc parallelism. Several
microprocessors working in parallel (one for each plane of
raster data, for example), can share the load.

e A large part of the data to be displayed is static, and
requires less processing.

3. 1. 5.2 Storage

There are several requirements for storage technology in the

technical documentation system. A high capacity, rugged, cheap,
removable secondary storage medium is necessary for holding
technical documentation databases. This would enable a
technician to obtain all documentation on equipment that he is
servicing in one, €asy to use forme. In addition to secondary

storage, the technical documentation system would require large
amounts of high speed primary memory for buffering of technical
documentation data pages and display refresh.

e _Optical Disk

Optical disk technology, which is just starting to become
generally available, seems like an ideal candidate to fill this
need. Optical disk technology has been used for video and
digital data.
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Current videodisks are carakle of storing 54K tracks of 1M
bits/tracke. A typical disk has an average access time of 2.5
seconds per frame, with a worst case access time of 5 seconds
(first frame to last) [MCA, 1979]. Videodisk systems have
facilities for indexed retrieval of individual tracks on a random
access basis, as well as ccntinuous sequences of frames for a
television picture (up to 30 minutes per side).

As attractive as the videodisk 1is, there are several
problems with current implementations:

e They are read only. However, direct read after write and
read-write capability is in +*he research stages ([ Kenney,
1979 7.

e They require a fairly sensitive playing device which
rotates the disk at high speed (1800 rpm). This presents
portability and ruggedizing problems.

e Indexing (random access) schemes need development. There
is currently no way of combining the continuous and indexed
access modese.

Ooptical disks designed as a replacement for random access
magnetic disk storage of digital data are under development. For
example, an optical disk =<system being developed by Philips
Research lLaboratories has a capacity of 10 billion bits on a 30
cm disk with a mean access time of 70 ms, a recording rate of 10
Mbits/sec, and an error rate of between 10-S and 10-6 bits. This
system uses laser recording and playback technology, a tellerium
disk medium, and rotates at approximately 1200 rpm [ Bulthuis,
19791.

Within the next few years, it can be expected that the
problems of read/write optical video and digital data disks will
be solved. Philips predicts that a 25 ms average access time for
optical data disks (comparable tc good magnetic disks) is
achievable with capacities of ur toc 100 billion bits.

® Local Storage

Primary memory is distributed in several places throughout
the *echnical documentation systeme The need for buffer memory
for a number of pages of technical documentation data has already
been mentioned. This will require fast access storage in the
3-5M byte range. In additicn to this, refresh memory for the
graphic display will require another 1M byte, unless the
development of flat panel displays with inteqgral memory obviates
the need for separate refresh memcry. The requirement for this
much memory in a portable device is a stringent one. However,
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advances 1in semiconductor and magnetic bubble memories in the
next ten vyears will probably make this possible [ Hodges, 1977].
Some current microprocessors can already access this large an
amount of memory.

3.1. 5.3 Graphics

We have already mentioned the use of raster graphics display
technclogy. Raster displays currently have the ability to
display high resolution, <color pictures without flicker.
Dynamics are limited (as opposed to those obtainable with stroked
or vector displays), because cf the processing needed to handle
the large amounts of data required at high speeds.

Current color display resolutions range up to 1280x960x16
(elements x 1lines x bit planes). Naturally, the greater the
resolution of the display, the more legible it is. For purposes
of a technical documentation system, where large amounts of text

and gqraphics must be displavyed, 1Kx1Kx8 or better resolution
would be good. The amount of text that can be displayed also
depends on this resolution. For example, characters may be

defined in a 7x9 pixel matrix, with 9x12 pixel spacing, allowing
approx. 80 lines of 110 characters on a 1Kx1K display, though, to
insure maximum legibility, not all of these would be used.

Current raster displays use high resolution <color CRT
monitorse. In order +*o meet the portability and durability
requirments for the technical documentation system, a high
resolution, color, flat panel display must be developed. Work is
being done with thin and thick film semiconductor technology to
achieve this [Tannas, 1978]. However, this seems to present one
of the biggest technological challenges in the development of a
rugged, portable systenm.

Another requirement for a technical documentation system is
a touch sensitive input device that is inteqral with a flat panel
display, and has enough resclution, accuracy and durability to be
used as a picking and input device in a shipboard environment.
Touch sensitive inpu+ devices with sufficien* resolution and
accuracy are already commercially available from Elographics and
TSD Display Produc:s.

3. 1e 5.4 Sizing Estimate

An estimate of the processing and storage resources needed
in a computer based technical documentation delivery tool can be
derived from the amount of data to be handled in some typical
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documentation data bases. The size of the standard, text
oriented documentation for existing military equipment varies.
For example, tke documentation for a small system, the AN/VRC-12
series radios examined in [Gurwitz, 15787, is contained in 6
volumes of approximately 1200 pages. Cn the other hand, the
documen=ation for an entire helicopter (the UH-1H) consists of
approximate 9200 pages in 38 volumes. An intermediate-sized
example is *he documen=a*ion for the J-85 jet engine: 5500 pages
in 23 volumes (Chenzcff, 1973].

With these figures in mind, the capacity of a hypothetical
+technical documentation delivery system can be estimated. For
the purposes of this rough estimate, a one~-to-one correspondence
can be drawn tetween manual pages and “frames" in a technical
documentation system (see Section 3.1.3.2). This assumption
makes for a conservative estimate, since the computer based
system would not have to have the physical repetition of figures
within a manual and redundancy between different volumes in a set
of manuals. For example, JPAs employ many more pictures than
traditional technical manuals, but their rate of reuse within a
manual is much higher [Chenzoff, 1973]). The future system could
reuse fiqures and other material Lty storing one physical copy and
referencing it as needed. Conversely, if animations are used,
the amoun:t of information needed may expand significantly.

In totally unencoded format (eeg., a raster bitmap
representation where manual pages are stored in digital facsimile
form), the storage needed for a manual page is 1M byte, for a
high resolution display (1Kx1Kx8 raster). This can be taken as
an upper bound, since enccding schemes such as run length
encoding (for pure data compression), vectorization (for
representing line drawings using scan conversion), and character
encoding (for teat), will most likely be used. These and other
schemes, used singly or in combination, reduce the 1M byte/frame
fiqure “remendously.

Using current estimates for optical disk technology as a
model, about 750 of these unencoded frames could be stored on one
side of a 14 cm disk (1M bit/sector or 8 sectors/frane)
[ Bulthuis, 1S79]. The overhead required for control information
needed for indexing and structuring the frames should be less
+han 20% of the storage space (in the system proposed in
[Gurwitz, 19781 it was less tbhan 10%). Thus, the equivalent of
about four manual volumes could be stored on one side of a disk,
with access times and processing requirements as described in
Section 3.1.5.1. However, Philips is currently developing a 30
cm disk with ten times the capacity of the 14 cm prototype. With
advances in optical disk or «cther storage technology, encoding
schemes, and rewrite of existing documentation to take proper
advantage of the new medium, this fiqure would increase.
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30 1« 6 SUMMARY

As has been arqued in Secticn 3.1.5, there are many
difficult technological problems that must be solved before an
effective technical documenta*icn system can be implemented.
While some of these problems seem amenable to solution by
extrapola*ing current trends in technology, it is not clear that
all of them can be solved adequately within ten years. One must
also *ake into consideration the cost and reliability of such a
tool, even if all the design and implementation problems are
solved.

Technological considerations aside, more important basic
research must be dcne in the fundamental and potentially more
difficult areas discussed {interaction methods, data
representation, internal and external database structure, etc.)
if such a tool is +to be available within ten to fifteen years.
Both the technological and information problems must be worked on
concurrently if a computer Lased system is to be a solution to
technical documentation problems in maintenance and repair.
Thus, our proposed strateqy of developing technical documentation
“echniques on available interim equirment in a testbed facility
seems desirable.

We can summarize the areas where research is needed to
achieve the goal of a computer based technical documentation
system, as we have described it. The problems fall into several
(partially overlarping) categories:

These are problems which can be solved by the development of
“soft technology": algorithms and software systems, in such areas
as AI, graphics, and databases. These require new methods of
applying existing technology, and adapting and refining
techniques:

e structuring a technical documentation database for flexible
and efficient user access,

e rTepresenting information, Loth for fast system retrieval
and for disglay,

e making +he system "user friendly" and easy to learn;
providing practical "help" facilities,

e developing mechanisms fcr creating and viewing annotations,

e presenting technical documentation data effectively on a
small display,
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e crea*ing and maintaining large, highly structured
databases, and

e prov.1ing feedback between direct maintenance and repai:
activity and administrative functions (scheduling,
inventory, quality contrcl and assurance).

Technological Problems

These call for the development of entirely new “hard
+*echnology" or the improvement cf currently existing applications
(i.e., the develorment of faster processors and larger memories).
We need:

e powerful microprocessors and/or VLSI <chips for fast data
transfer and dynamic grarhics,

e large amounts (many Mbytes) of fast primary storage in a
portable device,

e rugged, random access, read/write removable media (possibly
optical disk) for mass secondary storage,

e flat panel, high resclution, color displays with an
integral fouch sensitive infput device,

e effective input devices that are rtoth simple to use and
powerful enough for sorhisticated interaction (e.g..,
handwriting and voice), and

e devices which can withstand hostile environments and be
made "sailor proof".

Problems of Understanding

These are pioblems which require research into fundamental
concepts., They are not well wunderstood and it is not clear that
solutions *o all of them can be fcund in *he nex* ten to fifteen
years. Fundamental problems include:

e re*ention of as many uvseful capabilities available with
paper documentation as possible,

e development of interaction modes which support integrated
desiqn, training, and maintenance and repair (see Section
3.2),

e personalization of the system for individual user skills
and interaction preferences,

e development of authoring +*o00ls and me*hodologies for
multimedia presentations, and
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e development of animation +*echniques, s-arting with the
comparatively easy 2 and 2 1/2-dimensional symbolic domains
and even*ually including 3-dimensional mechanisms.

Social and Economic Problems

This set of problems consists of general ones which affect
~he success of a new mediup if it can be in*roduced. They nmust
be considered when dealing with any of the others. The systen
muszt:

e be cost-effective,
e be accepted by technicians and managerial personmnel, and

e allow a sensible retrcfit =strateqy for adapting existing
documentaticn to the new medium.

Our interests 1lie with researching those information problems
~hat require new application and development of soft technology:
structuring of multimedia databases, presentation techniques
(including anima*ion), develcrment of new interaction methods,
annotation, and personalization.

322 Relationship of Design, Training, and Kaintenance

One issue tha* surfaced throughout our study, was the fact
-hat <thkere exists some rela*icnship Lletween maintenance and
repair and the areas of design and training. 7The existence of
this relationship affects the scope and purpose of a ccmputer
based *echnical documentation medium. Rather tham just providing
a reference source for maintenance technicians, a computer based
+echnical documentation system of the future could also offer
integral training and possibly even equipment design facilities.

The data for these discirlines are very much interrelated.
It has been said that maintenance is a consequence of design
[Blanchard, 1969]. From the perspective of system life cycle,
~he influence of design on maintenance, and of both design and
maintenance on training are clearly evident. The data needed for
main<enance and repair results from the data produced in the
design task; €.9., the engineering drawings (schematics,
blueprints, or block diagqgrams) that result from the design
process are crucial to maintenance and repair. Training data is
also related to design and main*tenance data, since support
training often consists of hypothezical maintenance problems and
operating training is based on documentation (user's quides) that
are a direc= consequence of design. In electronics, for example,
a technician is trained to repair a specific piece of equipment
and of-en uses the technical manuals he or she received at school
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as a primary reference source when performing maintenance and
repair [ Hughes, 1578].

Finally, maintenance and repair data can affect training and
design. The results of failure analysis can be fed back into the
training process, influencing +he development of new maintenance
procedures and training methods. This da*a can also affect the
redesign of eguipment for more reliable operation.

342.1 UNIFIED DEVELOPMENT PIPELINE

one indication of the impcrtance of the relationship has
been the emergence of system development strategies that
emphasize unifica+*ion of the *three disciplines. These approaches
are given different names, based on the functions they affect.
Integrated Logis=tics Support (ILS) is a management function +hat
stresses the consideration of system's support in all phases of
the system 1life cycle. The Integrated Systems Concept makes
field operations considerations a guiding force in the conceptual
design of technical systenms. The 1Inteqrated Data Concept
s-resses the =zotal identifica+ticn, development, and control of
all technical data as an integral part of a system design and
development effort [Wal*on, 19€5]. These concepts are all
accepted by the military, as evidenced by programs which specify
~hat the production of <training and maintenance documentation be
integrated with systems design and development [ Folley, 1978].

Some advantages of an inteqrated approach are:

e development of more reliable <ztechnical documen*ation
leading to reduced cost,

e avoidance of duplication cf effort in documenting sys:ens,
e reduced data conflicts,
e centralized control of information, and

e increased accuracy and timeliness of information.

3.2.2 INFORMATICN TYPES

In addition <to the integration concepts described above,
there are commonalities between the information types found in
<he disciplines of design, main*enance and repair, and training
which merit further investigation. The results of the design

“process include engineering drawings, operating instruc*ions,
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functional specifications, preventive maintenance, calibration,
and special repair requirements, Maintenance and repair
documentation is developed from this information and a
maintenance analysis, which idenzifies human in<erfaces and logic
for system checkout and troubleshooting. This documentation is
comprised of +echnical manuals which include much of the
information generated from the design process, as well as
“roubleshoo*ing procedures, and disassenmbly, repair, and
replacement instructions. Training documentation will often make
use of technical manuals for maintenance and repair, as well as
specially developed training procedures which include student
“est questions and example problems. Cne survey showed that over
75% of Navy technicians used technical manuals in their courses
[ Hughes, 1978].

Thus, the data for each discipline is invariably related to
the others, with maintenance and repair and training data being
developed frcm design datae. Hcwever, their organization and
format differ significantly. For design data to be useful later
in <he development 1life cycle, it must be organized in%o a
standard format that is vusvally very different from that
genera-ed during the design frccess. Design data is less formal
and not structured for information retrieval bty maintenance taske.
Ano-her imporzant difference 1is revealed when mnodes of user
access are considered.

3.2+ 3 INTERACTION CHARACTERISTICS AND PRESENTATION METHODS

The human interface differs for design, +raining, and
3 mainternance and repair data.

Design is an act*ive, creative process that involves
tradeoffs between conflicting design constraints. Design data
E | may start out as very rough irformal drawings which are

! continuously refined in an iterative manner, until the final
design is achieved. During this revision fprocess, the design may
change radically as unexpected conditions arise and optimizations
are discovered. The design process continues during development:
rough sketches are formalized, maintenance requirements are
developed “hrough analysis, and a production strategy is arrived
at.

Training is also an active rprocess. For learning to take
place, there must be interaction between the teacher and the
student. This in*eraction can take the form of teacher/studen:
questioning as well as practice questions or laboratory
exercises. When students become passive readers of training
manuals or passive attendees at a lecture, training can lose its
effectiveness.
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Finally, corrective maintenance and repair is a highly
interactive activity that also requires a certain type of
crea=ivity. In many instances in troubleshooting, the
availability of certain information at the right time can lead
~“he experienced technician to the realization of the cause of a
problem, Proceduralization of the process can reduce the amount
of creativity required from <-he =zechnician [Elliott, 1971].
There exist differences of opinion on the merits of
“roubleshoo*ing techniques ~hat emphasize highly specific
procedures rather than theory [Shimberg, 1969; Kruvand, 1970].
Procedures that specify every s:ter needed to isolate and repair a
fault enable personnel with little training <o maintain
equipment, However, procedures of this type (such as those found
in =-he FPTA or maintenance derendency charts discussed 1in
Appendix A.2.1.1) are currently expensive to produce, may be
usable only by highly +trained and experienced personnel, incur a
considerable cost of time, and may not cover all types of
failures [Frazier, 1979]. When a maintenance and repair
procedure is incomple<e or fails tc¢ uncover the faul<, the poorly
trained technician is at an imprasse. A technician trained in the
theory of operation of the equiprent can often wuse his or her
skills to succeed where a fault isolation procedure fails.
However, this assumes a highly trained technician with
~roubleshooting skills -- <somecne tha*t may be scarce in <he
military of the future.

The meri*s of proceduralization versus theoretical
backqround need to be studied further. The results of these
analyses will have great imract on the shape of a fuzure
technical documentation system. If the percentage of cases where
proceduralization is adequate 1is high compared to those which
require theory training, then a centralized “help" facility that
makes expert guidance available to the technician through the
system could be created. For examfple, the expert resource could
inszruct *he technician to take specitic measurements and offer
guidance should standard maintenance procedures fail. A basis
for such a facility can be found in several online, interact:ive
consulting facilities currently in use on computer systems (e.g,
PLATO, NLS).

Training and <zroubleshoo*ing (fault isclation) are similar,
in that troubleshooting requires the technician to "learn" (or
re-learn) *he operation of the equirment under repair in order to
be successful. This understanding process may come from the same
or similar documentation that is used for training. On the other
hand, <:raining exercises may require the student to perform
practice troubleshooting exercises to reinforce his or her
knowledqe of the equipment.
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3. 2. 4 SUMMARY

We have argued that there is a very close relationship
be“ween maintenance and repair, training, and design. The
advantages of an inteqrated approach toward development of data
for *hese three areas have been described. Further research into
the rela-ionship Letween these areas is necessary. Such work in
understanding commonalities in data and interaction modes will
resulcz in ~he more efficient development of technical

documentation, and in its better utilization.




ARRPENDIX A i CURRENT NAVAL TECHNICAL DOCUMENTATICN ECR
MAINTENANCE AND_REPALR

As a result of our investigations, we have partitioned our
discussion of technical documentation for shipboard maintenance
and repair into two general areas: direct maintenance and repair
support, and technical documentation technologqy.

e Qirect maintepance apd repair support relates to the actual
per formance of maintepnance activities by the technician:

what 1is done to solve a maintenance problem, how it is
done, and what informaticn is needed to do it. This area
also deals with the peripheral activities of material and
workflow management. Py locking at this general area, we
can gain insight into *he user's needs and requirements for
technical documentation.

e Technical documentation iechnology e€ncompasses the systems
required 0 deliver <*echnical documentation +o the
technician, from their planning to their operational use.
It also enccmpasses the design of the documents *hemselves.
Our purpose in examining technical documentation from this
point of view is to iden+ify problems, both existing and
potential, in supporting and managing technical
documenzation.

In both of these areas, we shall examine the processes
involved and *ry to characterize them as "“pipelines" of connected
processes, This model will be wused to identify the data that is
used, and isolate po*ential prcblem areas or "bottlenecks." In
addition, we shall try to estimate the amount of data generated
and consumed in each component activity in order to determine the
applicability of automated solu*icns.

A 1_Direct Maintenance and Repair Support

A.1. 1 TYPES OF MAINTENANCE AND REPAIR

Maintenance activities can be divided into two categories:
preven-ive and corrective.

Preventive maiptenance activities are reqularly scheduled,
well defined procedures that can te summarized in proceduralized

sequence documents (step by s*ep instruc+ions and checklists),
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such as work packages or cards [Walton, 1965]. Activities that
fall in*o *his category include:

e Visual inspection

e Checkou*s

e Servicing (cleaning and lubrication)

e Scheduled replacement of *ime significant parts
e Calibration and alignment

Programs for preventive maintenance are usually developed during
pre-produc*ion planning from system develogment data that resul:s
from the desigqn process. The biggest problems involved are in
analyzing the design data to identify where preventive
maintenance is required, while aveiding possible over-inspection
that can result 1in greater equigpment failures by acciden* or
through a technician's incompetence.

corrective maintenance, on the other hand, is a much less
well specified and organized set cf ac*ivities. While
trcubleshooting checklists and action trees (decision trees with
ac*ions associated with each node) are often used for diagnosis,
procedures and data for this type of maintenance and repair
*ypically canno-= be adeqguately planned in advance, The
technician is 1left *o0 rely cn his or her own experience and
expertise to interpret the available data in order to isolate and
repair a faul:. Consequently, the provision of the necessary
data in a form that the individual technician is most comfortable
wi+h should be one goal of technical documen*ation. Technical
manuals are the traditional technical documentation wused in
correc=ive maintenance.

There are three 1levels of corrective maintenance support to
be considered: organizational, intermediate, and depot level.
These levels comprise a maintenance and repair hierarchy, with
organizational support as the lowest (most direct) level.

Organizational support is performed on the level of the
individual department within a ship. It is usually the

responsibility of +he unit tha*t operates the equipmen* and
includes the least detailed type of work: minor adjustments, and
localizazior of problems *0o a modular level where repair involves
simple module replacement. Organizational maintenance
documentation is often included with cperating instructions.

Intermediate support, the next level up, is more extensive
and usually involves repair at a lower level of modularity (e.dq.,

*he circuit board level in electronic equipment). Intermediate
maintenance is performed by an organization comprised of
specially +rained ztechnicians, whose sole task is maintenance.
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In the case of the tender we visited, an entire ship was devoted
t0 intermediate maintenance. O©On the aircraf+: carrier, *here were
departments within the ship for it. The documentation on this
level is more de+ailed than thatr for organizational maintenance,
and is found in separate manuals.

Depot level suppor:t is the most complete and extensive level
of main“*enance. cn this level facilities exist for the tozal
overhaul of equirment, It is primarily land based and not
direc*ly involved in support cf active equipment.

On each level (except for the total reconditioning of
equipment), *he activities of corrective maintenance are similar:
~hese are the steps that the individual technician goes through
to identify and repair a fault. Each step involves data which
“he technician needs *o perform his or her taske. This process
has been analyzed extensively in the field of maintainability
engineering. One such task breakdown consists of the following
phases [Blanchard, 1969):

e preparation (includes gathering of tools and setup of test
equipment),

e localization (using no external test equipment; observation
only),

e isolation (using external test equipment),
e disassembly,

e interchange,

e reassembly,

e alignmen*, and

checkout and verification.

The degree of difficulty of any phase depends on the type of
equipment being serviced and the circumstances surrounding the
problem. For example, an intermittent fault makes isolation more
difficult because of its dynamically changing nature. Thus, to
de*ermine *he pioblem areas in this model of maintenance and
repair, we must first distinquish ltetween the various clasces of
equipment to be repaired, the environmeénts in which they are
“ypically found, and the type of technical documentation that
exists tc support them.
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A. 1.2 SHIPBOARD ORGANIZATION OF MAINTENANCE AREAS

Fiqure 2 1is a diagram of the organization of the U.S.S.
Puget Sound, which gives a gqood idea of the range of Naval
main*enance and repair. Note that a similar range was found on
the carrier, though further complicated Ly the special needs of
providing maintenance support for aircraft, which accounts for a
large segment of its maintenance organization. As shown, the
major divisions of the maintenance areas are:

e Hull: structural repair, rgainting, welding, and foundry
work.

e Machinery: fabrication c¢f machined parts, valve, boiler,
and pump repaire.

e Electrical: mo*or and gyrcscope repaire.

e Electronics: communicaticns equipment, radar, test
equipment repair, and electronic calibration.

e (Ordnance: small mechanical rerpairs, fire control, qun, and
launcher repair, and mechanical instrument calibration.

O-her departments are resgponsitle for administration (workflow
and parts management, planning and estimating, and accounting),
guality control and assurance, and nuclear propulsion repair.
Each department is divided intc divisions responsible for a
particular sub-area (e.g., valves in the machinery department);
each division is comprised of work centers which are clus*ers of
technicians, under the command of a supervisor, who are
responsible for particular equigpment.

These maintenance areas can be roughly divided into two
categories: mechanical and electronic. Several areas, such as
electrical and ordnance, share features of both.
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Fiqure 2: U.S.S. Puget Sound Crganization

A. 1. 2.1 Mechanical

Main<enance and repair activities for mechanical systems
(e« 9., hull and machinery) are less oriented toward localization
and isclation, and place more emphasis on the disassembly,
interchange, and reassembly fphases of the pipeline, since faults
in these systems are usually cbvicus upon visual inspection. Two
factors often complicate the repair of mechanical systems: the
large physical size of many of ‘he items to be serviced, some of
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which weiqh many tons, and the need to fabricate replacement
parts. The lat*er requirement resul*s from the age of many ships
(some more than twenty years old), which makes finding
replacement par:ts impossible at *imes, <since suppliers wray no
longer exist. In some cases, such as hull repair, no replacement
parts were ever contemplated (€«.d., repair of a cracked
bulkhead) . As a result, much of the resources of mechanical
depar“ments are devoted to fakrication: foundry, welders, etc. A
third complicating factor in this area is environment. Much
repair must be done on-site, in hostile working conditions.

Technical documenta*ion c¢cnsists mainly of 2-D blueprints
(hull), 3-D isometric ©parts explosions and 2-D planar views
(machinery), and disassembly and maintenance procedures for
mechanical assemklages, such a& Fumps. Blueprints are the
preferred form of documentation tftor mechanical technicians
[ Hughes, 19781. The availability of documenta=ion in mechanical
areas, especially hull, is low. The reasons for this include the
aqe of many mechanical systems in use and lack of criticality.
In areas like machinery (pump or toiler repair), where
maintenance and repair procedures are needed, formal
documentation is sometimes available. However in areas such as
structural repair, blueprints may be the only documentation
available, since other documentation 1is unnecessary. In cases
where fabrication is required (making wmachined parts, for
example), informal drawings may be made from measurements of old
parts, rathker than from blueprin+s on file. However, -he need to
take pPrecise measurements of parts whose blueprints are
unavailable, for example, does result in a loss of <the
technician's time.

A.1.2.2 Electronics

Electronics presents a much different se* of requirements
than the mechanical areas. Repair 1is largely oriented toward
localization and isolation. Test equipment is necessary, since
visual inspection alone is not adequate for fault isolation. One
es-imate is tha- fault identification takes up 60% of the effort
in repair of electronic systems [Blanchard, 1969]. Electronic
systems are physically smaller than mechanical ones, and more
modular in design. Thus, repair usvally takes place off-site, in
relatively comfortable environments. Little, if any, fabrication
of parts 1is necessary 10 the repair process. Replacement parts
are small, and for +*he most rart cheap and readily available.
Modular design makes repair of electronics systems predominantly
hierarchical. Faul*s can be isolated and repaired on several
levels: the module, which may consist of many circuit boards; the
circuit board, which may contain many discrete components; and,
in the case of digital circuits, the inteqgrated circuit level.
Thus, depending on the maintenance concept in force for
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particular equipment and the maintenance level, repair might take
~he form of isclating and <swapping faulty modules, circuit
boards, or individual components. Froblems arise when the lowest
replaceable units called for by <+he maintenance concept are
unavailable, requiring the technician to attempt repairs without
proper documenta*ion.

The technical documentation for supporting the maintenance
and repair of e€lec*ronic sys*ems is, of necessity, the most
complex. Since electronic circuit operation cannot be seen
direc+=ly, +he documen=za*icn is 1largely symbolic, consisting of
two dimensional circuit schematics and functional block diagrams,
which are *he preferred froms of documentation [ Hughes, 1978].
In addition, traditional textual <theories of operation and
troubleshooting guides are used. Finally, specification lists,
grapks, sample waveform illustrations, proceduralized
troubleshooting, alignment, and test procedures, and parts lists
are employed. Compared +to <the documentation of mechanical
systems, electronics documentaticn is far superior in terms of
availability and information content. This is because these
systems tend to be newer, more sophisticated and complex, and
hence require more <=raining and =sophistica*ion to repair than
mechanical ones. However, the quality of organization and detail
of documenta*ion depends on tlke individual equipment involved.

A special prcblem of electronics documentation is that of

+imeliness and accuracye. Due to the continual development and
change tha~ many sys*ems undergqo, new generations of
documentation may trail the release of equipment. Thus,

applicable documentation may noz be available or up-:to-date. A
related problem results from the existence of multiple
confiqurations of sirilar hardware, making +*he task of finding
accurate documentation on a specific configuration more
complicated. The symbolic nature of eleczronics documentation,
the relative complexity of these systems, and the sophistication
needed *o0 repair them, make the electronics area the mos:
amenable to the intrecduction o¢f new technical documentation
media.

A.1.2.3 Electrical and Crdnance

Finally, there are areas which have characteristics of both
elec=ronics and mechanicse.

In electrical repair (of motors, for example) emphasis is
placed on the localiza*ion and isclation ac+ivities, in which =zhe
use of test equipment ccmes into play. However, the physical
disassembly, interchange, onboard parts manufacture, and
reassembly phases are s+<ill a larqge part cf the work, because of
the electro-mechanical nature of these systems. The




documentation for elec*rical repairs combines *he 3-D drawings
and 2-D blueprints of the mechanical world, with 2-D symbolic

schematic diagrams more typical of electronic systems. In
addizion =-o disassembly ins*ructions, <troubleshooting and tes<
procedures, electrical =specifications and parts lists and

breakdowns are also found. As with electrionic systems, circuit:
schematics and block diagrams are the preferred forms of
documentation [Hughes, 1978].

Ordnance is similar in that it deals with small mechanical
and electromechanical equipment,

Ac 1.3 WORKFLOW MANAGEMENT

Workflow management enccmpasses the overall management of
the corrective maintenance and repair process from the reporting
of a problem, the estimation cf resources rneeded for its repair,
the scheduling of maintenance personnel, and overseeing of the
work -hrough gquality assurance and quality control programs.
Responsibili+y for administering preventive main‘enance programs
also falls in this area.

Equipment problems are generally detected by personnel at
the organizational maintenance level who operate the equipment or
perform simple preventive maintenance (PM) procedures. Depending
on the nature of the problem and the rating of the sailor, he may
be able o take care of it on the spot. Ctherwise, he £ills out
an OPNAV 4790/2K Ship's Maintenance Action Form, known
collogquially as a "2-kilo" form. It has fields for identifying
the ship and particular equigment (location, name, serial
number(s)), a narrative description of the problem, the date and
zime the problem was discovered, and the name(s) of the reporting
personnel. The information c¢n this one document is used in
administering all subsequent phases of the repair job. It also
serves as input to the 3-M repor*ing system described in Appendix
A. 1. 5. Aviation repair perscnnel use a different Maintenance
Action Form which serves the same purposes.

The information on the %“2-kilo" is added to the Current
Ship's Maintenance Project (CSMP) file, which 1lists all
outstanding organizational, intermediate, and depot level
maintenance work. The other major sources of CSMP information
are <the scheduled maintenance activities (PM and alterations).
The CSMP is intended to be a management tool which reflects the
material condi*ion of the ship.

Scheduling of both corrective and preventive maintenance on
most ships is done by the Werk Center Supervisors, who act as
"foremen" overseeing these activities. Scheduling on tenders is
done by a Planning and Estima*ing office. The factors that go
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into 1job scheduling include: the 1list of outstanding work,
personnel availabili+ty and skills, parts and tool availability,
and equipment priorities. A Master Job Catalog lists approximate
personnel and ma*erial requirements for mos: "standard" jobs;
others must be estimated. Shipboard maintenance scheduling is
stictly a manual process a* precsent, and relies heavily on the
skill and experience of the individuals doing it. Automation is
used only to record and 1lis* scheduling information, and to
prepare Automated Work EKequest forms (work orders). The Fleet
Non-tactical ADP Requirements Definition Working Group has
recommended an interactive ccmputer system which integrates the
scheduling, CSMP, and parts and material management functions
[ Hobler, 1S761.

Some maintenance jobs cannot be performed due to the lack of

parts, *ools, or qualified perscnnel. These jobs are deferred
until materials are obtained «c¢r repair facilities (possibly on a
tender) become available. Jcbs which are not deferred are

normally execuzed as scheduled.

Depending on the ship and the nature of the work, some
quali-y assurance (QA) procedures may be performed during or
after the maintenance task is ccmpleted. These vary from simple
visual inspection to extensive non-destructive testing (e.g..,
ultrasound fracture tests). Quali+y Assurance is a major
activity on the tender we visited. For many repairs, the QA
department assembles (manually} a "control work package" with a
copy of the original "2-kilo" fcrm, a par=s list, step-by-step
maintenance instructions, a btench report, and a final test
repor=. This approach helps insure that a good job is done, but
it appears that most ships do not have the resources to generate
“his kind of comprehensive documen* on a regular basis. This
capability might be possible, however, with an automated
“echnical documenta*ion delivery system.

Ac 1.4 PARTS AND MATERIAL MANAGEMENT

Parts and material management deals wi*h the supply,
distribution, and inventory rrocedures for materials and
equipment necessary for maintenance and repair. The availability
of parts often determines whether a maintenance action can be
performed or if it must be deferred (possibly to a secondary
intermediate maintenance facility, such as a tender). Therefore,
parts and ma*terial management has a direc*t impact on fleet
readiness.

Ships have limited space for storing spares and tools, and
limi-ed facilities for repair. When a ship is commissioned or it
comes in for refitting, the Ship Parts Contrcl Center, with help
from <the ship's Supply Office, decides what goes on each shipe.
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An Allowance Parts List (APL) specifies what spares the ship may
carrye The «criteria for determining entries on the APL include
size and weight, <cost, @military essentiality (some items are
deemed absolutely necesary to the ship's mission), repair
capabili*y (versus replacement), and known and estimated failure
rates, Even within these restrictions, the aircraft carrier we
visited during the research for this report s+tocked over 165,000
items, with an aggregate wor*h c¢f aktout 100 million dollars.

Most of the ©parts on a ship are stored in a central supply
office, where access to the inventory can be controlled.
Pre-expended Parts Bins (PEBs), located near work stations,
provide ready access to small, commonly used items. 1f
technicians canno* find the parts they need in the PEBs, they
must go to the supply office with a manufacturer's serial number
or some other means of uniquely identifying the part. Since
ships!' inventories are indexed by APL or national stock number,
some cross referencing must be done before parts can be located.
Increasingly, microfiche is being used for this purpose, since
the medium is well suited to handle the high volume of
information and frequent updatesreplication rate of parts lists.

Reconciliaticn of the various parts 1lists with one another
and the physical inventory, and general inventory control are
major shipboard management Ffproblems. The process of cross
referencing part numbers also consumes the technicians' time.
These problems could be alleviated, however, by applying proven
administrative data processing techniques [Hobler, 1976].

A more serious and difficult problem is to increase parts
availability, by carrying ar inventory better matched to real
needs. We were told that, on the carrier, about 80% of the
reques-s for non-aircraft parts could be fulfilled from stock —
the other 20% had to be deferred, or an alternate means of repair
found. The greates~ unknown in formulating an APL (and thus the
inventory) is the failure-rate data, which depends to a large
extent on known failure pa*terns. Presently, the source da:a
exists for obtaining failure statistics (see Appendix A.1.5), but
a facility to actually carry out the analysis is not in place.

A. 1.5 FEEDBACK AND DATA COLLECTIONS

The primary means of gathering data on maintenance and
repair activities is the Maintenance Data System, part of the

SThe source for this material was a presentation by Paul Ruth of
the Fleet Maintenance Support Cffice, Mechanicsburg, PA, as part
of a seminar on Shipbuilding and Shipboard Maintenance and Repair
given at the Information Systems Division of the Office of Naval
Research, Arlington, VA, on April 27-28, 1978.
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Navy's Maintenance Material Management (3-M) programe. The
objec+ive of the 3-M program (s*arted in the mid-sixties) was to
simplify and standardize procedures for shipboard maintenance and
repair, and to provide a means fcr data collection. Main:enance
information is collected at the source, once, using the "2-kilo"
form described in Appendix A.1.3. Normally, only corrective
mainrenance da*a 1is gathered, but items on a selected equipment
list (including safety-related gear) have all related maintenance
activi-ies reported. Contractor maintained equipment, missiles,
and nuclear ships and submarines are not included in the progranm.

The "2-kilo" forms are transcribed to magnetic tape, on
either <+he originating ship or a tender, and sent 0 the
Maintenance Support Office in Mechanicsburg, PA for processing.
Abou= 3 million transactions per month are handled by the sys*em.
ADP Proqrams running on a large computer produce printed reports
which are intended to help management gain insight into system
and opera*ioral costs, reliability, and manpower requirementse.
It was also hoped from the program's inception that it would help
identify potential catas-rophic failure patterns.

These goals have been met to some extent, but extracting
such information is difficult and time consuming: the database is
extremely 1large (data has been collected for nearly 15 years),
and a new program must be written for each query. At present, no
real-time "information retrieval" capability exisrts for analyzing
the database. In addition, the data 1is often months old before
it 1is input to the systen, since the tapes are sent to the
Maintenance Supporz Cffice only when ships go into port for
intermediate maintenance. felays in processing and reporting
mean that rhe identification of "urgent" problems can take half a
year OL mMOre€.

A more responsive feedback system (possibly tied *o an
automated shipboard technical documentation delivery systen)
would clearly benefit maintenance and repair activities. Be=ter
tools for analyzing the database could provide quicker and more
reliable identification of equirment failure patterns. This is
important for safetyvy reascns alone. Failure rate measurement and
projection also facilitates the generation of Allowance Parts
Lists tha* more accurately fredict actual s-ockroom needs,
thereby reducing deferrals due to unavailalkle spares.

However, any analysis is orly as good as the source data on
which it is based. Two problems exis* with the present method of
collecting data:

e Sailors are sometimes reluctant to fill out the "2-kilo"
form (some needed repair work is never reported). This is
not necessarily scmething that technclogy can solve.

e Much of the really useful data is in the narrative section
of the "2-kilo", which at this time is not machine
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processed, Computer understanding of "natural lanquage"
narra*ives is still a majcr research problem, and it is not
clear when such techniques will be feasible,

A, 2 Technical Documeniation Technology

A. 2.1 PRESENT DCCUMENTATICN FCEMATS

A.2.1.1 Paper

Formal military +echnical documenta*ion 1is currently
presented in several different formats, the use of which varies
between the services and amcng the system commands within the
Navy:

e Traditional text oriented manuals,

e Functionally Oriented Maintenance Manuals (FOMNM),

e Job Performance Aids (JPA),

e Work Packages (WP), and

e Blueprints, reference cards, and other documents.
While traditional text criented manuals are the most prevalent
form, increasing use is made of FCMM (by NAVELEX and NAVSEA), WP

(by NAVAIR), and JPA (by <+the Army and <he Air Force) [ Hughes,
19771 These formats are descrikted below.

e _Traditional Text Oriented Manuals

Tradi-ional <+echnical manuals are largely text oriented,
with illustrations supporting narrative descriptions found in the

text. The types of illustrations include 1line drawings,
photographs, and schematics, and account for 15-20% of manual
image area [Chenzoff, 1973 ]« The tex: includes equipment

descriptions and theories of operation, and can be compared, in
style and forma:, =o liberally illus*rated high school textbooks.
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Since they include descriptive theory, rather than trying to
cover every situation thatr may arise in the opera+ion and
maintenance of the equipment, they rely to a gqreat degree on the
reader's intelligence. However, these manuvals also contain a
large amount (30-40% of total image area) of procedural
informazion (Chenzoff, 1973]. These procedures are relazed to
tasks, such as assembly, disassembly, or repair, which can be
accomplished by following a fixed sequence of steps, as opposed
0o =roubleshooting procedures which require decision makinge.
Typical manual size is be*ween 100 and 300 pages.

e Functicnally Oriented Maintenance Manuals (FOMM)

The FOMM is a two volume manual oriented exclusively toward
maintenance and repair, in ccntrast to traditional manuals which
provide informaticn to suit all major users. Cne volume con*ains
sections on general equigpment characteristics, operating

instructions, theory cf operation, scheduled maintenance
instructions, installaticn instructions, test procedures, and a
parss  liste The other contains <“roubleshooting and repair

information: configquration breakdown, turn-on checkout chart,
func-ional diagram, schematics, repair and alignment procedures,
and repair parts data. The major proklems FOMM presents are
large size (both in paqge size and number) and inapplicabili-y o
mechanical systems, since they are oriented toward functionally
hierarchical electronic systenms.

The FOMM uses color coding to illustrate bhierarchical
functional and hardware levels, dowd to the smallest functional
entity in the equipment. In addition, FOMMs make use of
mainzenance dependency charts keyed to the color coded units
{usually sections of circuit schematics), for fault isolation by
a series of checkroints. These are matrices which illustra*e the
conditions necessary for the operation of some function by
showing the relationship Letween physical components and
functional events. The charts depict the dependency of one event
(e« 9., *he presence of a sigral) upon another (-he availability
of a voltage), in a tabular format which allows the technician to
follow a 1logical sequence of steps to determine the cause of a
problem. Thus, =he technician does no+* need to rely on
extrarolation frcm theory. However, the cost of developing a
comple-e set of char-s for a system is quite high and tecuhnicians
often find them confusing and difficult to use.
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e Job Performance Aids_ (JPA)

There are two kinds of JPAs: Fully Proceduralized
Troubleshoo*ing Aids (FPTAs) andé Job Guides.

Fully Proceduralized TIrcubleshooting Aids are a series of
step-by-step acticn trees, showing the sters necessary to isolate
hardware faul:s. These aczicn +*rees are tied together by
Checkout Procedures, which link the action trees by a flowchart
nota*ion for idenzifying test decision points, fault isola=ion
procedures, and repair and replacement procedures.

Job Guides are narrative procedures which cover instructions
for per forming organiza*icnal maintenance other than
troubleshooting.

Supplementary manuals are used to provide data, such as
specifications and parts lis*s, that does not fi* into either
format,

These manuals differ from tradizional technical manuals in
that more emphasis is placed on structured task analysis in their
preparation, *o achieve procedvral data tha*t relies less on the
technician's intelligence. In addition, illaustrations are
emphasized over <tex*t, with 30-40% of the image area of JPAs
devoted to line drawings and schematics (no photographs). The
manuals are formatted *o reduce rage flipping during steps of a
procedure, with illustrations on each page keyed to procedural
text on the facing page. This results in a great deal of
redundancy, since the same illustration may be used many times.
Thus, while the paqge size of a JPA is smaller than that of the
<raditional TM (5"x7.25" vs. 8.5"x11"), there tend to be more
pages in a JPA (200 pages average, with a maximum of 300 by
milizary specification).

JPAs are =raditionally oriented toward mechanical sys:tems,
since the amount of work necessary to produce a good manual for
complex electronic systiems makes +hem prohibitively expensive
[ Hugnes, 1977 ]. Nothing in the JPA format, however, would
preclude *heir use with electronic systems.

e _Work Packages (WP)

The Work Package concept emphasizes a series of short (12-15
pages are considered optimal, but no more than 30 pages by
milizary specification) stand-alone work units which are
organized by functional tasks. Several work uanits are combined
+o form a WP manual on a particular system. These manuals
emphasize the wuse of illustrations over text wherever possible,
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as well as proceduralized instructions and checklists. They are
designed for microform reduction, and can be reproduced in pocket
size. The major difference between WPs and traditional technical
manuals is in *he organization of data by functional task.

The WP 1is said to have advantages over other forms of
+echnical documentation because it presents information in small,
easily understood chunks. Its major disadvan-age is that its
task-oriented organization can make it hard to find specific
informazion.

e _PBlueprints. Reference Cards, and Cther Documents

Besides the technical manuals, shipboard documentation in
operational use includes blueprints, reference cards, and special

documen*s such as par*s numbering lists. As no*ed in Appendix
A. 1.2, blueprints are a primary source of information to those
doing maintenance and repair c¢n mechanical <systems. Ships

maintain a Dblueprint file as rart of their techunical libraries.
However, our shipboard observations indicated that al-hough
technicians find the blueprints useful, the library file is ofrten
incomplete, especially in clder chips. Either the documents
never exis*ed in the library frcm the beginning, or they were
lost over time, with no replacements available,

Main-enance Feguirement Cards (MRCs) are laminated reference
cards with safe*y and preventive maintenance insiructions for an
individual piece of equipment. They are used with great success
in *he areas of elec*ronics and ordnance. MRCs are organized to
provide a handy source c¢f information for the most common
main:zenance tasks, and are also intended to lessen the use of
technical manuals.

Ao 2. 1.2 Microform

Microform has been aprlied with <come success in the
Maintenance Informaticn Automated Retrieval System (MIARS)
developed by NAVAIR and the Technical Manual Microtfiche Program
developed by NAVSEA. Both programs retrofit existing paper
documentation tc microform. Standard formats include 16mm roll
microfilm, 35mm aperture cards, and 105 x 148mm fiche.

MIARS employs 16émm microfilm cartridges with an automated
search console and a reader/printer for obtaining hard copy. The
Technical Manual Microfiche Program uvses a simple viewer/printer
with 98 frame fiche, Preliminary reports of both proijects
indica*ed user acceptance. However, later surveys [ Hughes, 1978]
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show considerable dissatisfaction with microform as a replacement
for paper because of the disadvantages cited in Section 2.2.
Nevertheless, most technicians thought microform a good solution
for parts and supply sys*em ordering.

A.2.1.3 Traditional Audiovisual Media

Traditional audiovisual media (£film, filmstrip, videotape)
are not 1in widespread use for direct maintenance and repair
support. In addition to problems of ruggedness and portability,
~heir serial, lockstep presenta*tion is no* suitable for
on-the-job task direction. However, these media do firnd use in
training.

A.2.2 USE OF COMPUTIER AUTCMATICN

There has been no operaticnal use of computers as a medium
for au:omated <echnical documenta*ion storage and presentation
employing any of the techniques described in Section 3.1. The
role of computers in military *echrical documentation programs
has been 1limited to text processing for <*echnical manual
production [ Touchton, 1975; SRI, 1976], and the maintenance of
engineering databases for vendor product development and
associated documentation rroducticn [ IPAD, 1977; Southall, 1979].
The major uses of non-tactical mili*tary computing have been in
supply inventory management, maintenance and repair work
scheduling, and maintenance data collection and reporting (e.ge.,
the 3-M progranm, discussed in Aprendix A<1.5)e These
applica-ions employ standard ADP techniques for data collection,
datanase management, and report dgenera:ion. Such uses for
computers are being expanded, especially in the area of
main-enance da*a collection and analysis =0 support be*ter
scheduling of preventive maintenance procedures [ AMS, 1978; Cook,
1978 1.

A recent Navy task force reccmmendation for the expansion of
shipboard non-tactical computer wusage (SNAP-2) [Hobler, 1976]
includes a more fully integrated program of ADP in the parts and
material management and workflow management areas than that in
force -oday. I* also specifies a program for placing an index of
available technical documentation (both manuals and drawings)
online. However, the index wculd be interfaced to microform
reader/printers instead of employing CRTs or graphics terminals
for direct documentation presentation.

A
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A.2.3 SIZING ESTIMATE

Recent estimates of the number of Navy *echnical manuals
state that there are between 120,000 and 135,000 different
technical manuals in use. These comprise approximately
25,000,000 pages, which contain 60-70% text by area [Hughes,
1977]1. The average number of pages per manual is between 200 and
300, depending c¢n the manual's fcrmat. A breakdown of these
figures by system command is given in Table 2.

System Command NAVSEA NAVELEX NAVAIR
Percentage distributicn

(by number of manuals) 68 14 18
(by number of pages) 81 10 9
New manuals per year 10,000 500 1,100
(zhousands of pages) 2,850 g g 57 110

Updates per year
(thousands of pages) 240-400 50-75 40

Table 2: Naval Technical Documentation Dis*ributione

These fiqures represent a trend that has been stable for the
past few years. Barring any changes in overall procurement
policy, it is estimated that the volume of technical
documen+tation production and updates should continue to expand
for the next five to ten years.

Thus, any systems proposed fcr automating *he storage and/or
production of this documentation in a ten to twenty year time
frame mus= he capable of storing upwards of 30 million paces of
information, with an annual growth rate of at least 4 million
pages. Of this information, currently one-third is graphics, and
this fiqure can be expected to grow, given the effects of such
exis=ing <technical documentation improvement programs as NTIPP
which calls for increased emphasis on pictorial information over
text in new technical manuals.

6Figures from [Hughes, 1977])
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A. 2. 4 THE PIPELINE FOR MAINTENANCE AND REPAIR TECHNICAL
DOCUMENTATION

Technical documentation for maintenance and repair has a
life cycle which parallels those of the systems it supports.
This life cycle can ke decomposed into the following stages:

planning and design,
e authoring,

e data capture,

e replication,

e distribu+ion,

e feedback, and

e updating.

For Navy technical documentation, implementation of each of the
above s=-eps varies with the frocuring System Command (SYSCCH),
contractor, equipment being documented, and types of
documentation being produced. There is no single, represcntative
"pipeline" for tle develorment c¢f Navy technical documentation;
in fact, the lack of uniformity has lteen cited as as major source
of problems with -he present system [SRI, 1977). However, the
life cycle stages 1listed above provide a general framework for
discussing the development of Navy maintenance and repair
technical documentation, particularly for the identification of
“he problems and Lko**lenecks tha+ exist in curren* systems.

e _Planning_and Design

The 1life <cycle of a technical document starts with its
planning and design phase, which typically begins during bidding
on equipment and ends shor*ly after +the contract has been
awarded. A set of planning documents, known as bookplans, are
developed which describe the contents of the proposed technical
documen=-ation in ou*line form. They beccme both a baseline for
monitoring later phases of technical documentation development
and a framework for the authocring process. Inputs <0 the
planning phase include systenm specifications, available
engineering and manufacturing infcrmation, contract requirements,
and the system maintenance rplan.

This phase has grea* impact on the final technical
documentation, and yet it suffers from some serious problems:
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e The available ~echnical information, particularly
maintenance requirements, is not always stable or reliable.
For example, the prelinminary equipment design, system
maintenance plan, and technical documentation plan are
often developed in parallel during the design phase which
is characterized by ccnstant change, because all of this
information is required before a contract can be awarded.

e Military technical manual specifications do not always
accomodate the particular equipment's maintenance reeds, as
in the case when new or innova*tive maintenance concepts are
utilized. This can have an adverse effect on the
effectiveness of the technical documentatione.

e Severe cost and time constraints often exist because much
of the work is done at the ccntractor's expense, before the
contract is awarded.

In short, +*he problems at +his stage appear to be largely
procedural, managerial, and e€economic in nature. One proposed
improvement is to simply delay +*he delivery dates for technical
documentation plans to allow a design based on (nearly) correct
and stable information [ Hughes, 1977]1.

®_Auzhoring

Cnce the initial design of the equipmen* is complete, the
authoring (or "content generation") process may begin. Technical
wri-ers work with <the bookplans develcped earlier, and with
information supplied by design engineers and derived from
engineering, manufacturing, and maintenance documentation o
generate draft technical manuals. The drafts are iteratively
reviewed and refined, and artwork is added to produce complete
manuscripts. Factors influencing the content of a manual include
formal specifications and writers' guides, the author's writing
skills and familiarity with the sulkject area, the complexity of
*he equipment, and the available data on i+ (which is subject 0
change) . The inevitable cost, size, and time constraints also
exist.

As in the planning and design stage of technical
documentation development, most of the problems in this stage are
non--echnological in nature:

e Technical writers have 1low priority, and therefore
difficulty, in gaining access to hardware which is being
used for development.

e The primary source of data on the equipment is the database
used for engineering development. This information is not
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oriented for the develcpment of maintenance technical
documentaticn, so the writer must manually extract and
assemble the information he needs, which is a difficult and
time-consuming taske. Greater integration of technical
documen+tation develcpmen: wi*th engineering developeent
might help to alleviate this proklem (see Section 3.2.1).

e The writing phase and +*he revision/review process lack

direct input from +the wuser ccmmunity. In fact, little

I consideraticn is apparently given to the actual data needs

. of the user, or the relaticnship bezween training and the

i material contained in the technical manual [ Hughes, 1977].

[ The Army's SPA program { ARTALS, 1977] is is an example of
? an at*empt *o address this last point.

Advancing technology is having some€ direct impact on the
technical writer, and will have a much greater impact in the
future. Text processing systems have been proven to speed up the
revision and review cycle for hardcopy manuscriptse. More
significantly, new computer-based systems for technical
documenta=ion presentation will require new authoring tools, and
authors skilled in using *hem (see Section 3.%.4.1).

s _Data Capture

Information generated during the authoring process must be
captured for the production of werking drafts and final copies
ready for replication. Initial input and edi:ting of text falls
under the area of "text processing". "Graphics processing" is
~he analog for artwork and other non-textual material.
Techniques for doing both vary widely at present:

e In =zotally manual systems, new drafts are completely
retyped manually, and all artwork and 1layout is done by
hand., This 1is *“he traditicnal mexzhod of data capture and
generation.

e Tex* processing sys=ems (which may be anything from a
"emart" typewriter to a time-shared computer) allow text to
te entered once into a mwachine, edited online, and ou=zput
fully formatted on a printer or phototypesetter. Page
layou- is automated, while gqraphics are handled manuallye.
These methods are beconming more widespread in the
production of Navy maintenance and repair technical
documentation as increasing volumes of material, coupled
wi*h escala*ting labor c¢cst*s and lowering equipment prices,
make these systems cost-effective.

e Some systems, such as that emrloyed in the NAVAIK Technical
Review and Update of Manvals and Publications (TRUMP)
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program, accept bo*h keyboard inpur and existing typeset
material, which 1is read Lty optical character recognition
(CCR) devices. This appears <o be the only prac*ical
technique for entering o0ld technical manuals into new
produc*ion systems.

e (Computer-aided drafting equipment, such as that
manufactured by Tek*ronix and Applicon, can be used for
entering and manipulating 1line art for publication. These
systems are particularly effective for engineering
drawings, since they often will accept machine-readable
data generated by ccmputer-aided design and manufacturing
(CAD/CAM) equipment, thereby e€liminating manual copyinge.

Al-hough automation has helped in the domain of data cap=ure,
some significant problems remain:

e Interactive graphics systems have not yet gained wide
acceptance in publishing, despite their effectiveness in
dealing with 2-dimensional 1line art, symbolic/schematic
diagrams, and other design and manufacturing artwork. Cne
reason may be the unfortunately prevalent perception of
“echnical documentaticn as an ancillary ac*ivity. While a
CAD/CAM grarhics system directly assists the development of
a produc%t, a system with the <same kind of sophistica*ion
cannot be as easily cost-qjustified for the production of
-he associa*ed documen*a*tion.

e Standards do not yet exist in the automated text processing
and graphics indus*ries. This often makes interfacing or
transporting data between unlike systems difficult., It
impedes <the integration c¢f automation into *the technical
documentaticn development processe.

e The "retrofit" problem of applying new delivery systems o0
0ld technical documentation will have to be addressed, as
such documen*ation will be in use (and thus subiject o0
revision) well into the future. The OCR method describea
above is c¢nly a par*ial sclution to this problem, because
it captures the text and grarhics without the structuring
information needed for interactive manipulation (see
Section 3.1.4.3).

The volumes of technical documentation handled by the Navy
are s-aggering (see Appendix A.2.3): a 25,000,000 page inventory
with a ten percent annual growth rate. This makes the move to
automation imperative, especially in the labor-intensive area of
data capture. Even capturing -he 1raw text and graphics withou*
imposing structuring is still preferable to not capturing this
informa*ion a*+ all. Numerous s+udies, such as [SRI, 1976] have
shown that the needed technolcqgy already exists.
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o _Keplication

Replication of a technical manual is dependent on the medium
used for distribution (predcminantly paper), the volume of
mazerial, and <+le source of -he master copy. Nearly all Navy
technical documentation printing is done by the Naval
Publica-ions and Printing Services Office (NPPSO) or its
subcontractors, using conventicnal paper and microform publishing
technology. large runs of paper manuals are done on standard
printing presses, while small volume or fast turnaround reguests
are produced by Xerographic or similar processes. Microform is
of-en used solely as a medium for distribution ard storage: when
a document is needed by a user, a paper copy is made locally.

Keplication technoloqy and its use within the Navy is fairly
well established. This is not suprising, considering the
maturity of the printing and micropublishing industries.
However, new media, such as op+ical disks or entirely electronic
methocds of distribution (e.g., satellite transmission) may alter
~he picture considerably. Ortical disks cffer several orders of
magnitude increase over paper in storaqgqe density and require a
completely differenc replication technology. Electronic
distribution goes even further, as it essentially eliminates the
need for replication at a cen*ral site.

e _Distribution

Distribution encompasses the storage, retrieval, and
physical delivery of +technical documentation, and the managerial
activi<ies of <ccnfiquration and inventory control. Note =hatz
some of the managerial activities start early in the life cycle
of a documen:t. There are three classes of distribution which
mus= be consideread:

e Initial distribution occurs when technical documentation is
first deployed. At this time configuration control is
initiated, volume requirements ar€ determined, and the
documents are actually delivered.

e Resupply is done in respcnse to useér requests. Inventory
control is impor*ant here.

e Archiving is the management of the "masters" used for
replication and resupgly.

Each Navy SYSCCM has its cwn fprocedures and agency to control the
distribution function, but all use the Naval Publications and
Forms Cen+er (NEFC) and the normal supply channels for the
physical distribution of technical documentation.
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The Hughes NTIPP study [Hughes, 1S77) indicated +hat the
Navy technical documentation distribution system works, but more
slowly zhan *he users would 1like. Delays are due largely to the
vast amount of paper which must be printed, managed, and
physically transgorted. If technical documentation could be
*ransmi“ted quickly from a central, efficiently encoded digital
archive to the user site for local replication or display, the
*ime and energy expended in prcducing and moving paper, and the
need for central printing and bulk storage facilities, would be
eliminazed.

»_Feedback

User feedback on Naval technical documentation comes from
three sources: maintenance reporting systems, tear-out comment
sheers from manuals, and surveys. The reporting systems, such as
3-M (see Appendix A.1.5), or NAVAIR Unsatisfactory Reports, are
oriented +towards equipment Trefpcrting and have no special
provisions for technical documentationr related problems. Conment
sheets are included with technical manuals, but their use is
entirely volun*arye. Properly conducted surveys can gather
comprehensive information on technical documentation usage
pat<terns and deficiencies, but they are expensive.

Most of the feedback mechanisms in the Navy include sending
a response *o the oriqinator of the report. This lets users know
<hat *he system is responding toc them and encourages them to use
it. Most reports are <classified as "routine", and are responded
to within 4S5 days. "Urgent® reports involving safety-related
problems are handled within 15 days, while serious "emergency"
mat<ters are +*aken care of within a day. ¢cn the other hand,
actual changes to the technical manuals due to user feedback take
six months to a year, or more, depending on the urgency of change
and the length of the update cyclee.

o _Updazing

Updates <to Navy *echnical documentation, whether they are
revision pages or completely rewritten manuals, go through the
same process of authoring, capture, replication, and distribution
used *o produce the original documents. Updates may be made to
reflect hardware changes to the documented equipment, or to
correc= deficiencies reported by users through the feedback
mechanisms described above. Three major problems exist with the
presen- update system:
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e« It is too slow. Changes to technical publications can take
a year or more to propagate through the system. This is an
especially serious prcblem for safety related information.

e Updates are often technically or stylistically inferior to
the original material, since they are usually produced by a
different group of tecknical writers who are not as
familiar with *he equipment as ~he original authors.

e Confiquration control is necessary to maintain accurate
records on the status of technical documents and the
technical documentation inventory of users (so that updates
may be prorogated). It does not appear that this need is
being met [ Hughes, 1977]}.

s_sSummary

As wi*h other documentation production pipelines that have
been studied [Irvine, 1979], classical problems exist, many of
which could be ameliorated by -judiciously applied automation and
a change of medium from hard copy *o digital:

e lack of wup-to-date, complete, and consistent source
material,

e inadequate facilities for entering and editing text and
illustrations,

e hardcopy media which are too expensive and too slow to
replicate, distribu*e, update and manage, and

e lack of coordination between producers and consumers of
technical data for design, training, and maintenance and
repaire.

Experience in introducing new technology in large
establishments with a great deal of history, infrastructure, and
consequent inertia has shown that enormous effort is required to
make new technology gain acceptance and pay off. Therefore, we
expect that the introduction of new media such as those
postula-ed in Sec+ion 3 will be accompanied by major, even
painful changes in systems and procedures for using and managing
<hem.
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