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PUBLIC AND PRIVATE ARCHIVES are replete with important, interesting, or sentimen-
tal documents that have become nearly illegible through the course of years,
repeated handling, or accidental or purposeful damage. Archivists, both profes-
sional and amateur, have investigated techniques to preserve these documents and
to restore them. Recently, the pertinent journals have recorded contributions, ata
rate of perhaps two dozen per year, to document restoration.! This paper is to de-
scribe another restoration investigation, which applies technology derived from the
U.S. space program. The technology is known as digital image processing and may
be described most simply as an amalgamation of the camera and the computer.2

A document is commonly understood to be a vehicle (paper, book, medal, or sim-
ilar surface) that carries an inscription such as writing, printing, or drawings. Since
the term usually refers to items of historical or legal value, it must include photo-
graphic materials, but this would apply only to relatively recent documents.

Digital image processing emerged from the milieu of photography, and restora-
tion techniques for continuous tone images have been studied extensively.? Our
interest here, however, is in the adaptation of the technology to documents bearing
inscriptions of the ilk of writing or line drawings. We will call these graphical
documents. Half-tone images, which are on the boundary between graphical and
pictorial records, will be considered pictorial and therefore outside our domain of
interest.

Image processing experience has shown that rarely does extensive processing
reveal information that is not visible in original images to a careful (perhaps
trained) observer. This is not to denigrate the value of such processing (even to the

William H. Spuck writes as the manager, Science Data Analysis Section of the California Institute of
Technology’s Jet Propulsion Laboratory. Blackwell and Soha are supervisors of two different groups
within the Science Data Analysis Section.

For additional references to pertinent monographs and to articles in professional journals, the reader
should see Library Literature: An Index to Library and Information Science, published bimonthly, with
periodic cumulations, by the H. W. Wilson Co., New York (under the following headings: Archives—
Care and Restoration; Books—Care and Restoration; and Documents—Care and Restoration) and in
Library and Information Science Abstracts, published bimonthly by the Library Association, London
(under the heading Technical Processes and Services, Code SE).

2F. C. Billingsley, “Review of Digital Image Processing,” Proceedings, European Computer Conference
on Interactive Systems & CAD, September 1975, ONLINE, Brunel University, Uxbridge, Middlesex, En-
gland.

SWilliam K. Pratt, Bibliography on Digital Image Processing and Related Topics (Los Angeles: Univer-
sity of Southern California, Image Processing Institute, Electronic Sciences Laboratory [USCEE Report
453], 1973); Azriel Rosenfeld, “‘Picture Processing: 1974,” Computer Graphics and Image Processing, 4
(1975): 133-55; and Azriel Rosenfeld, ‘‘Picture Processing: 1973,” Computer Graphics and Image Pro-
cessing 3 (1974):178-94.

The American Archivist Vol. 89, No. 2 April 1976 131

$S820B 9aJ} BIA /Z-| L-GZ0Z 1B /wod Aiojoeignd pold-sawid-yiewlsiem-jpd-swid//:sdiy wouy papeojumoq



132 THE AMERICAN ARCHIVIST—April 1976

most sophisticated of observers), but it does place a lower bound on the quality of
image that may be restored. The principal objective of the present investigation is
not to enable reading or interpreting of documents, but to restore their quality.
Then, not only do they become more legible to the casual reader, but also they pos-
sess the best possible qualities for resisting inevitable subsequent deterioration.

We characterize good graphical documents by sharp, clear imprints on an
otherwise clean background. This is not to rule out variations in the markings, but
to emphasize their deliberateness. In general, graphical documents include color
variations of both the markings and the background. We will not discuss these,
however. Instead, we will consider only black and white material, and treat color
only insofar as it represents a means of emphasizing the contrast between the mark-
ings and the background. (For example, printing with a particular hue on an off-
white background may yield more contrast when viewed through spectrally selected
filters and color controlled illumination than when these are not controlled.)

Document deterioration yields many artifacts, by which is generally meant mark-
ings or discoloration not intended by the creator of the document. Mold, water, and
dirt stain are typical artifacts in the deterioration of ancient archival documerits.
These artifacts affect both the markings and the background, or, more significantly,
the relationship between the two. Ultimately, we desire to regain (or perhaps gain
for the first time) good graphics. That is, we seek deliberate markings on a
distractionless background.

An important constraint to any realization of the restoration goal is that the pro-
cess must be practical. Whether the process is to be made available as a system or a
service, some implementation of the process must be feasible technically and eco-
nomically. In the end, an essential criterion must be the cost per page of restoration.
Ease of operation and similar operational factors also affect cost and process ac-
ceptability and must be considered.

IMAGE RESTORATION SPECIMENS

For the current investigation, we treated four pages of graphical material. Three
are handwritten and old. The fourth is typewritten. These documents were obtained
from technology advisers attached to state and local governmental offices. The
advisers asked several archives for examples of deteriorated or damaged documents.
Both worst-case and typical specimens were selected, and four pages from these were
chosen for processing. Photographs of the four pages appear as Figures 1 through 4.

Figure 1 is an interesting historical document. It is an extract from the will of
President Zachary Taylor. It evidences a common problem of inked documents;
namely, that ink from the reverse side of the paper has bled through to the front in
varying amounts. This makes legibility difficult, but certainly not impossible.
Other minor artifacts are also present, the most notable being the effects of transpar-
ent tape covering part of the left-hand margin.

Figure 2 is a letter from the Archives of the State of Mississippi. This document
shows several problems, but the most significant is the obvious loss of contrast
between the writing and the background from the top to the bottom of the page.

Figure 3 is a deed, known to us as one of Mrs. Brally’s documents. This deed poses
the problems of the Mississippi document, but, in addition, the results of mold that
has grown over the central area of the document are quite evident. It is probably true
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that better (spectrally selective) photography would decrease the impact of the
mold, but, once a black and white photograph has been exposed and developed, the
most that can be done is to retrieve the maximum amount of information from the
photograph. For a restoration experiment, this is equivalent to starting with a more
difficult example.

Figure 4 is a typewritten memorandum from the Archives of the Tacoma, Wash-
ington, Police Department. The document evidences considerable deterioration
caused by repeated duplication. The net effect is to turn most of the printing into
disconnected dots. This artifact is compounded by contrast degradation and by the
superposition of random dot patterns in background areas.

RESTORATION PROCESS

Documents or photographs of documents must be converted toa numerical form
(a process called digitization) before they can be restored by a computer. Similarly,
computer-restored images are numerical and must be displayed on some medium
(paper, film, television monitor) before they can be viewed. This process is illus-
trated in Figure 5.

The process of digitizing documents for restoration must be performed carefully.
The computer industry uses the slogan GIGO (garbage in, garbage out) as a
reminder of the precept that good computing results start with good, valid data.
This is as true for document restoration as for any other computer application.

The process used to digitize the documents of Figures 1-4 involved two steps.
First, the original documents were photographed. Then the photographs were con-
verted to numerical form.

Special attention was given during the photographic step to the safety of the orig-
inal document. Such a precaution is essential in the milieu of important archival
documents, but, having recognized this, we will assume its accomplishment and
discuss it no further.

The photographs in Figures 1-4 were, in fact, prepared with specific attention to
their suitability for computer processing. Figures 2 and 3 were photographed using
standard darkroom te¢hniques and Kodak Contrast Process Pan film.
Kodalith/Ortho-Type 3 was used for the Tacoma Police document. No special
lighting, filtering, or lens techniques were used. Figure 1 was photographed with
somewhat more care. A photographer from the Johnson Spacecraft Center, Hous-
ton, carried out the photography under the guidance of one of the authors. Several
lighting and filter combinations were explored, and Tri-X Pan film was used. The
combination found most suitable for this document was white light (tungsten
source) at F16 and 0.5 sec. exposure with a Wratten #11 filter.

While further discussion of this photographic process is beyond the scope of this

introductory paper, we note that the following parameters have been observed to be’

significant to the process:

a) spectral content of illumination source

b) illumination geometry (including combination of epi- and trans-illumina-
tion)

¢) photographic filter selection

d) lens optical characteristics

e) film spectral response
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f) film resolution capability (grain characteristic)
g) film photometric response (fog level, gamma, maximum density)

Subsequently, the photographic film was scanned by an automatic precision
microdensitometer. This yielded a digital magnetic tape that recorded the transmis-
sivity (equivalently, the density) of the film at every point on a very fine (10 micron
spacing) rectangular network of points covering the entire film surface. Parameters
similar to those pertinent for the photographic process affect the scanning step.

Digitization need not be a two-step process. In fact, almost any realization of the
methods reported here that was aimed at a production environment would bypass
the photographic intermediate. Means exist today (such as television cameras, fac-
simile scanners, and reflection microdensitometric scanners) to scan the original
document directly, and there are some parameters, such as photometric sensitivity,
that would be improved in this way. One-step digitization was not used in this
investigation simply because the two-step process was more expeditious.

Display of the restored document is merely the reverse of digitization. Numerical
images are placed on some medium that can be visually observed. Photographic
film is a very convenient medium and was used for this study. The film was exposed
by a high precision cathode ray tube (television monitor). Other media (especially
direct viewing of cathode ray tubes) might be preferable for other applications.

PROCESSING RESULTS

President Taylor’s Will. Following digitization, President Taylor’s will was dis-
played with only a minor digital contrast adjustment (Figure 6). Minor contrast
adjustments represent no novel technology since they are equivalent to paper selec-
tion, exposure, and chemistry adjustments in photographic reproduction. The
adjustments here were made digitally to allow improved quality consistency in the
computer-to-film conversion process by fixing the photographic and electronic
parameters of the display system.

A histogram (graph of the frequency of occurrence) of the gray levels contained
on the document was prepared. This appears in Figure 7. Gray levels had been re-
corded in 256 steps from 0 (pure black) to 255 (pure white).

Analysis of the histogram shows what can be observed in the original document:
to wit, that the gray levels concentrate in two regions (the histogram is bi-modal).
These correspond to the background (the whitest or left-most concentration), and
the writing and bleedthrough (the darkest or right-most concentration). The bleed-
through is located on the left (lighter) side of the darker concentration. Consider-
able improvement is expected, then, from saturating to white all points whose gray
level is deduced to belong to either the background or the bleedthrough and to black
all remaining points. The result of applying this process appears as Figure 8.
Because the gray levels of the bleedthrough and the writing overlap, we would not
expect perfect results from this process.

Two other artifacts were also removed in Figure 8. First, the margins of the docu-
ment were located and saturated to background white. They contain no informa-
tion. Second, the area covered by transparent tape was subjected to an independent
histogram analysis and restoration, since the net effect of the tape was to change the
contrast relationship.
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Mrs. Brally’s and Mississippi Documents. Mrs. Brally’s document and the Mis-
sissippi document were processed together because, except for the mold, they evi-
denced similar problems. Histogram analysis suggested that extensive contrast
manipulation would be helpful. Figures 9 and 10 are the result. Here, the zero gray
level remained at zero (black), gray levels above 60 were set to 255 (white), and those
in between were uniformly (linearly) adjusted between 0 and 255. Note that this con-
trast adjustment could be accomplished by modifying the digitizing parameters to
utilize fully the available dynamic range. This is often difficult to accomplish in
practice, however, so conservative digitizing parameters are usually chosen to avoid
the possibility of data loss due to saturation. (This would be particularly true in a
production environment.)

It appeared that Mrs. Brally’s document would benefit from differing contrast
adjustments from top to bottom, and this was performed by subdividing the image
into five horizontal swaths and separately adjusting each. The result is Figure 11.

At this point, it appeared desirable to try to sharpen the edges of the letters. Edge
sharpening is a standard image-processing technique, although it is somewhat
sophisticated mathematically. An edge-sharpening method was applied to the two
pages, with the results shown in Figures 12 and 13. The technique used is known as
two-dimensional convolutional high pass filtering. The edge-sharpening tech-
nique encompasses another contrast adjustment, which was again selected to max-
imize discrimination.

Now some attention was necessary to the distortion caused by the mold. The edge-
sharpening technique had a salutary benefit on the mold effects in that it converted
them from something like a haze to a random pattern of black dots and lines. In
image processing language, this undesirable component of a picture is called noise.
A technique was now applied that measured the perimeter of all black objects on the
page and eliminated the object if its perimeter was smaller than a specified thresh-
old. This noise-cleaning process, applied to Mrs. Brally’s document, resulted in the
considerably cleaner image of Figure 14—a result which we judged to be a satis-
factory final product. Of course, this process resulted in some loss of inscription
data, as well as the artifacts, but this tends to be equally true of each of the previous
processes. This fact emphasizes the need for judicious application of each process.
Such judgment has not yet been automated.

When applied to the Mississippi document, the perimeter measurement process
was much less satisfactory. The problem here is that the noise cannot be separated
from the inscription solely on the basis of perimeter. A large perimeter value (Figure
15) removes most noise, but it also results in an unacceptable loss of inscription
data. A smaller perimeter value (Figure 16) preserves more of the inscription, but
also admits more noise. What is needed is a technique to take advantage of the rela-
tive spatial correlation of the writing as opposed to the more random character of
the noise. Therefore, an alternative process was applied to the Mississippi docu-
ment, with its goal to join isolated fragments of letters. The technique used was a
crude directional filter that emphasized points which, when aligned with their
neighbors, fell on straight lines. After this filtering, the previous perimeter-based
noise cleaning procedure was applied to reduce the background artifacts. Finally,
the resulting image was combined with the edge-enhanced version of Figure 13,
using a computerized version of a double exposure. This produced a picture in
which the relative strength of the inscription is increased. The result, in Figure 17, is
not totally satisfactory but does, in our opinion, represent some improvement.
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Tacoma Police Document. The processing applied to the Tacoma Police docu-
ment was considerably different from that previously described. The concept was to
broaden the isolated dots that formed the letters by emphasizing individual digitiz-
ing points that had several neighbors falling within the dots. This was accom-
plished by means of a five-by-five point low-pass (averaging) filter. The result of
this operation appears in Figure 18.

This result was discouraging, and careful thought suggested no simple tech-
niques to improve performance even in the less deteriorated regions. The approach
that seemed most promising for this document was one which combined optical
character recognition (pattern matching against idealized character templates)
coupled with contextual grammatical analysis. Such an approach was beyond the
scope of this investigation.

CONCLUSION

The most significant conclusions to be drawn from this study would probably be

those that answer the following three questions:

1. Were the restorations successful?

2. Can restoration be commercially practical?

3. What should be the next investigative steps?

These questions are obviously sequential, each depending for significance on an
affirmative answer to its predecessor.

The first question, about the successfulness of the restoration, is perhaps the most
difficult question of the three to answer. First, the success is one of degree and the
measure is subjective. Second, the authors are not the appropriate experts to mea-
sure the success. And, third, the authors have not exhausted their ideas on what can
be done (hence, question 3) and, therefore, tend to see the results as not good
enough. Nevertheless, a reasonably unbiased comparison of Figures 1-3 with Fig-
ures 8, 14, and 17 indicates that the processing yielded improved graphics in the
handwritten documents. The blacks are black; the whites, white. The most signifi-
cant artifacts have been removed, and nearly everything that can be read through
careful observation of the original can be read more easily on the product. These res-
torations, then, possess the desired characteristics of master copies for subsequent
document reproduction. Success was not achieved for the Tacoma Police docu-
ment.

The question of commercialization has two principal components, financial and
technical. Although some review of the financial facet has been conducted, this is
better the domain of industrial analysts than research and development specialists.
Any commercialization analysis must consider the two principal markets; namely,
the market for restoration systems and the market for restoration services.

Technically, the feasibility of commercial packaging of the restoration methods
used for this investigation is a certainty. Several alternative digitizers and display
devices are already commercially available, and the processor can be any of a
number of commercially available minicomputers. It is more likely, however, that
if the processor were to be packaged today it would use the new microprocessor
technology. The selection of system components would depend somewhat on the
intended market. For example, drum-type (facsimile) scanners are probably less
expensive, but flat-bed scanners might be more appropriate for fragile documents.
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Similarly, facsimile display devices are inexpensive, but the desired product may be
microfilm. In addition, system design undoubtedly would include further investi-
gation of methodology along the lines discussed below.

Several topics for future investigation emerged from this effort. Several are novel
applications of existing continuous tone image methods, but most are adaptations
of these to the graphic restoration problem.

One fruitful area for exploration would be the generation of histograms for small
regions of the page to exploit local properties more fully. Methods which measure
and adapt their parameters to these properties would emerge.

Another interesting feature to exploit is the inherent linearity of the graphical
material. Techniques which follow lines and ones that span short gaps are of partic-
ular interest.

The topic of good data collection must not be ignored. As discussed above, resto-
rations are re-creations, not creations. They must start with the best possible mea-
surement of the available qualities of the original document.

The most significant constraint imposed on the development of any restoration
method is the commercialization goal. Today’s computing hardware constrains the
complexity of the processes that may be employed. The constraint lies mainly in the
area of the amount of data that may be retained within the processor at any one time.
Current limitations are in the vicinity of a few scan lines. A typical graphical
document might have a total of several thousand such lines. Many potential pro-
cesses require the entire page to be processed simultaneously (accessed randomly).
The present trend in computer hardware technology may obviate this complexity
constraint within only a few years, but the methods applied in this investigation all
satisfied the constraint.*

“The authors gratefully acknowledge the assistance of L. N. Mogaveroand R. L. Gilbert at the headquar-
ters of the National Aeronautics and Space Administration (NASA), and the team they manage of state
and local government technology transfer specialists, who contributed to the selection of documents for
restoration and the evaluation of the results. John Brinkmann of NASA/Johnson Spacecraft Center pho-
tographed President Taylor’s will. William Smollen, NASA technology representative to the New
Orleans Regional Planning Commission, made the arrangements for this photographic session. John
D. Addington, of the JPL Image Processing Laboratory, performed much of the processing of the will,
and several inquisitive members of the Image Processing Laboratory staff suggested innovations to
improve the restoration methods applied to all of the documents.
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9. Mrs. Brally’s document after digitization and contrast adjustment.
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10. Mississippi document after digitization and contrast adjustment.
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11. Mrs. Brally’s document after performing independent contrast adjustment on five sepa-
rate segments.

SS900E 93l) BIA /Z-| 1-GZ0Z Ye /wod Aiooeignd:poid-swid- yiewlsiem-jpd-awiid//:sdiy wouy papeojumoq



DIGITAL IMAGE PROCESSING 149

: B 353 ”' -2
/"a’“{///{z (?‘,A* ”é 5 st %/@ seve

A 7 / 1, ///f‘ ia ct)‘/ua, .{ 'L
& w Srels //,/ 40 Des? 06p 35, P
/“/n/ 7en. ﬁ it /ﬁ; ;/ bl oo é/{f ’ ”N‘{ Dot

/ hn}' //nr;/{‘n,z oo/ ~ al7; 7’01 C ;’{r / / mﬂ/

’ " s YT Eid 01/1 oz %

2 7 r/yru' um

2 7 /9 ) ’
7

g 't(/« )// r//‘

»' - / 74 &K/
-/)//IG/ {7//() ////(; // ,.Z,.-'».
ac N/
‘o/l// (’ Tn: 7 ’// i g / ///h(’ gy /)

/ /3/; e '\Z‘j 11»1// ”/{,, P}//}(Jl/ ferrarits s

2 42 qu/ 2 /7//’ éz;/,z ilairaise. .
/’c % /y}%/ﬁé ”"J”’D }% -‘*"f ;g& [»‘/f’/ ess

S f/'//y% (*”/(‘g /7// Yeyripe
3 "l”'// (’2& //I ’/"
U n;;sﬁ;/ o Sontes %‘ {‘/”é‘ { G 0«' é//:fl A, 7
" > P’ %
i rd l/(/g;{/»// (/// /1( nl >//( / l.r) r/up/;
A /'uu/ :/L’ /7///( o / ,,,) 4
2 u (.:r // {‘t;/ ﬁ«”/n ‘, /,:7,7;( Qéﬂ
'a’ Jibeee /r)u /// - /‘ iy Lord Sy g4 t.x{ ) oy P Yot //(_
M&‘ﬂr z«) e /‘C wy 0/[?14 - /t"{ (,4) e //‘v' Yrse d 7
i1 &

n//‘ %—'(’/ v
/:/’p ’// : . ?/M"’ )/ ‘/711!'\——’ r

7-\L/A k_,/ //'/L; u't//‘l“ 'Jf‘? .

7’.\,a/u) sV oLt ﬁu{rw

X a;;za}/;;vw’f
gaen vn?l f(l(ga/u(\l—c

’ (Pt .
e /‘/lu\ )/"‘, 7. “\‘(j.’/ci 1 < [

/uu/ e

12. Edge sharpening applied to Mrs. Brally’s document. Writing is essentially uniformly
discernible at this stage, although noise remains.
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13. Edge sharpening applied to the Mississippi document. Here the writing remains diffi-
cult to separate from the noise in some areas.
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14. Mrs. Brally’s document after noise cleaning procedure.
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15. Mississippi document. Writing and noise are not as easily distinguished. Here a short
perimeter value was used and, while almost all noise has been removed, so has much of
the inscription.
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16. A smaller perimeter value results in greater retention of inscription data, but more noise
remains also.
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17. Mississippi document after filtering to increase connectivity, followed by noise cleaning.
A fraction of the edge-sharpened product of Figure 13 was superimposed on this final
version.
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18. Low-pass (smoothing) filter applied to the Tacoma Police Department document in an
attempt to increase connectivity.
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