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Abstract

Adaptive binarization techniques are proposed for the
restoration of degraded documents for Waferfiche™ archival.
Waferfiche™ is a compact archival solution for long-term preser-
vation of documents in a human-accessible image based format.
Bi-level images are preferable for the lithographic fabrication uti-
lized in Waferfiche™ production. Binarization of degraded docu-
ments poses challenges due to the tonal variations in the fore-
ground text and background paper. Using dispersion and edge
based measures, our methods are specifically optimized for pre-
serving information while eliminating unwanted noise. In ad-
dition, we present several pre/post-processing techniques that
improve image quality. The effectiveness of our methodology
is experimentally demonstrated by images captured from Wafer-
fiches. Adaptive binarization using dispersion and edge based
noise elimination thus provide an effective restoration method for
degraded documents for Waferfiche™ archival.

1 Introduction

Archival is commonly necessary for documents that have histori-
cal significance or long-enduring value such as legal records, es-
tate plans, transcripts/diplomas, medical documents, and historic
manuscripts. Long-term preservation is, however, a challenging
problem. Machine readable digital media and formats [1] face
a constant cycle of technological upheaval that severely limits
their longevity. On the contrary, common human-accessible me-
dia such as paper require an excessive amount of storage space.
Though the storage space is significantly reduced by various
forms of film based optical image storage systems [2], both pa-
per and film based media suffer from severe physical degrada-
tion over time. In particular, microfilm archival [3], which has
commonly been used for the long-term storage and preservation
of documents, may encounter severe shortening in its expected
lifespan upon an increase in the temperature and relative humid-
ity of the storage facility [4,5]. Consequently, compact and robust
human-accessible archival methods are desirable.
Waferfiche™.is an encouraging novel innovation developed
for robust long-term archival of documents. The information is
archived on a metal coated silicon wafer by imprinting images us-
ing microfabrication technology that is extensively utilized in in-
tegrated circuit fabrication. This silicon based medium is known
to have a long lifetime. For instance, during the Apollo 11 lu-
nar mission, a silicon disc etched with goodwill messages was
left on the surface of the moon [6]. Silicon is highly resis-
tant to the variations in temperatures, humidity, and moisture
thereby it is a versatile media for long-term preservation of in-
formation in physically challenging conditions. In fact, for the
Waferfiche™technology, a lifetime of over 500 years has been
reported [7]. Microfabrication of archival images enables com-

Archiving 2008 Final Program and Proceedings

pactness in Waferfiche™archival, where, for example, an archiv-
ing capacity over 2500 letter-size documents can be reached on
a standard six-inch wafer using 2um (or finer) fabrication tech-
nology. As with other methods, the information is preserved in
a human-accessible format since its recovery requires only the
use of suitable optical magnification. For purpose of illustration,
Fig. 1 shows a sample WaferficheT™containing historic “Sarva-
moola Grantha” manuscripts.

Figure 1. Sample Waferfiche™archiving medium.

Binary images are preferable in the microfabrication of
Waferfiche™. Documents for Waferfiche™can come from mul-
tiple sources including microfilms, original hardcopy records,
and electronically generated documents. For a majority of doc-
uments, where the originals are in good condition, the prepro-
cessing for Waferfiche™archival is straightforward. However,
degraded documents pose several challenges that we address in
this work. Specifically, images that are severely deteriorated due
to aging and less than optimal storage are considered in our work.
These images typically exhibit significant foreground and back-
ground variations in tones in addition to noise. We develop adap-
tive binarization techniques specifically optimized for maximally
preserving text information in the transfer to the more robust
Waferfiche™medium. We present experimental results demon-
strating the efficacy of our methods comparing images of de-
graded documents with their binarized counterparts and with im-
ages retrieved from Waferfiches obtained using these methods.

2 Overview of Waferfiche ™ Archiving Tech-
nology

An overview of Waferfiche™ archival process is illustrated in

Fig. 2. Documents on different media are first captured by de-

vices with suitable resolution as continuous tone (contone) im-
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Figure 2. An overview of Waferfiche™document archival process.

ages. In order to prepare these images for Waferfiche™archival,
bi-level representations for the captured contone images are ob-
tained by binarization. As a result of the adaptive binariza-
tion method developed for maximally preserving information (de-
scribed in Sec. 3.2), some amount of unwanted background noise
is also generated in the binary representations of degraded doc-
uments. The unwanted noise is eliminated using the methods
we describe in Secs. 3.3.1 and 3.3.2. In addition, using the tech-
niques described in Sec. 3.5, the resulting images are prepared for
WaferficheT™fabrication. Finally, using microfabrication steps
that include oxide deposition, metal deposition, photolithography
and metal etching, bi-level images are archived on Waferfiche™.

3 Processing of Degraded Documents for

Waferfiche ™ Technology

3.1 Types of Degradations

The degraded documents that we encounter typically exhibit sig-
nificant foreground and background variations in gray level in ad-
dition to extrinsic noise such as dirt. We observe degradations
such as fading of ink/toner, non-uniform/inadequate ribbon ink
for typewritten documents, ghost image appearance due storage of
documents on top of each other, and other physical degradations
on paper and film. In Fig. 3, we show portions of two documents,
where foreground and background tonal values vary. These vari-
ations can also be observed on the normalized histograms shown
in Fig. 4. As we describe in the next section, these variations
pose challenges for the binarization of the images captured from
degraded documents for Waferfiche™.

3.2 Document Binarization
Binarization separates the image values into two classes: fore-
ground and background. In typical document images, foreground
features include text, line drawings, pictures, etc., and the back-
ground is usually the paper. Binarization for a document image
should, therefore, maximally preserve the text while eliminating
the noise on the paper. Misclassifications may degrade the legi-
bility of the document and, therefore, choice of the binarization
technique is a crucial step.

The binary image I® (x,y) is obtained by comparing the con-
tone image values /°(x,y) against a threshold function 7' (x,y),
where x and y represent the spatial coordinates along the hori-
zontal and vertical directions, respectively. Specifically

Ib( ) 1 iflc(xay)>T(x7y)7
x7 = .
0 otherwise,

M

defines the binary image, where the values 0 and 1 correspond to
the image levels for the foreground and background, respectively.

Several binarization techniques have been proposed in the
literature [8]. The characteristics of the document, specific appli-
cation requirements, and computational complexity are some of
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Figure 3. Examples of degradations encountered. Document (a), obtained
from a microfilm scan, shows fading in foreground tonal values; and docu-
ment (b), scanned from hardcopy, shows variations in background.

the common factors that impact the choice of a binarization tech-
nique. Since a large number of images that need to be processed
for archival, we seek a simple but efficient algorithm. In par-
ticular, we use an adaptation of Otsu’s well-known binarization
method [9] to determine the threshold function 7 (x,y), wherein
the method is either utilized globally or adapted locally in order
to better handle spatial variations in foreground-background con-
trast.

Otsu’s method [9] chooses a single threshold value
(T()c7 y) = Topt) for an image that minimizes the intra-class vari-
ance between the foreground and background classes. For image
values between 0 and 255, this computation is given as

P(T)(1=P(T)) (ks — Hp)*
P(T)o;+(1-P(T))o})

(@)

Topr = arg mTax

where P(T) = 31 p(t) is the cumulative image histogram,
and y;, are the mean values over the foreground and background
partitions, respectively, when thresholding at the gray level T', and
0'f2- and obz are the variances over the foreground and background
partitions, respectively, when thresholding at the gray level T'.
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Figure 4. Normalized histograms of images captured from degraded doc-
uments. (a) and (b) show the histograms of the images in Fig. 3(a) and (b),
respectively.

For purpose of illustration, Fig. 5(a) shows the binary repre-
sentation obtained by binarizing the image using the Otsu thresh-
olding in Eq. (1). The optimal threshold value T is computed as
151 and 109 using the normalized histograms shown in Fig. 4(a)
and (b), respectively. One can readily see the high contrast in-
formation in the contone images is nicely preserved, whereas sig-
nificant information in low contrast regions is lost. Hence, while
global binarization may be effective for documents that do not
exhibit variations in the foreground and background tonal values,
for most degraded documents, loss of information should be ex-
pected.
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Figure 5. (a) and (b) show global binarization results for the images in

Fig. 3(a) and (b), respectively.

In the presence of spatial variations in contrast, such as those
seen in Fig. 3, low contrast information can be preserved by local
binarization. An overview of local binarization is shown in Fig. 6.
The contone image is first divided into M, and M, constant size
rectangular blocks along the horizontal and vertical directions, re-
spectively. Next, each block is binarized using a blockwise con-
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stant threshold computed by Otsu’s method!, where

]b(i‘j)(XJ) = {

Laf 1%y (6y) > T, )
0 otherwise,

3)

defines the binary representation for the (i,/)” block, i €
{1,2,...,M,} and j € {1,2,...,M,}, where T(; j) is the optimal
threshold value for the (i, j)’h block. 7i; ;) is computed by us-
ing Eq. (2) with the normalized histogram p; ;) (t) of the (i, i
block. The final binary image I”(x,y) is obtained by tiling the
binarized blocks accordingly. Equivalently, it can also be ob-
tained via Eq. (1) using a threshold function for the contone image
1°(x,y) defined by T'(x,y) = T{j(x) j(y))» Where i(x) = LC:.CTMX—‘
and j(y) = [ Y My-‘ represent the threshold for the (i, j)" block,

Ymax

where [-] is the ceiling function that maps its argument to the next

largest integer.
Otsu Threshold|
omputation

Contone Image I(z, ) Locally Binarized Image 1%(z, )
12 i M, i
Ttz
! L Pin(t) ’
2
(4, 4)™ block | %
j I:‘iﬂ—»f:,"(.l.u\ HD j
|
] [t

Repeat for all blocks in 1(z, )
Figure 6. Local binarization process.

Figures 7(a) and (b) show the locally binarized images ob-
tained with M, = My, = 64. Itis clear that a significant amount of
low contrast information that is lost due global binarization (com-
pare against Figs. 5(a) and (b)) is preserved by local binarization.
However, objectionable background noise is produced due to the
binarization of local regions that contain hardly no information.
In order to eliminate these noise, we develop two techniques that
we describe next.

3.3 Noise Elimination

In order to eliminate the noise in the locally binarized image, we
need to distinguish between the information arising from the doc-
ument content and noise arising due to the contrast adaptive local
processing. Document content is more structured than the un-
wanted noise. Therefore, we develop methods to evaluate the
structuredness of the information to eliminate the unwanted noise.

3.3.1 Dispersion Based Noise Elimination
Our first method uses the spatial content within each block to in-
fer whether the binary information in a block is, or is not, struc-
tured. The information in a block is considered as the realization
of a spatial point process, where the observed pattern is classified
as either random, regular, or clustered [11]. Clustered patterns
are considered as structured and preserved, and the other types
of patters are considered as unstructured and eliminated. For this
purpose, a measure of dispersion [12] is computed for each block
Py i€ {1,2,..., M} and j € {1,2,...,My} in I°(x,y). The
dispersion based noise eliminated binary image is defined by
I (xuy) if D(i,j) > Dypy,

b
[disp(xvy) = { 1

For computational reasons, instead of computing a threshold value
for each pixel [10], blockwise constant thresholding is preferred.

(C)

otherwise,
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Figure 7. (a) and (b) show local binarization results for the images in
Fig. 3(a) and (b), respectively, obtained with M, = M, = 64.

where Dy; ;) is the dispersion measure for the (i, j)’h block where
the pixel (x,y) is located, and D,y is the dispersion threshold. It
can be inferred that as the dispersion threshold Dy, increased,
unstructured noise is progressively removed, however, useful in-
formation in a block can also be eliminated. Therefore, while the
threshold D,j, should be high enough to remove the unstructured
noise, it should also be low enough to preserve information.

We use quadrat analysis method to compute the dispersion
measure [11]. An overview of the computation of the dispersion
measure D; ;) for the block 1’ (i,j) is shown in Fig. 8. First, the
image is divided into O, and Qy small rectangular blocks, referred
to as quadrats. Next, the count of events in the each quadrat is
stored in C(p,q), p € {1,2,...,0x} and ¢ € {1,2,...,0,}. The
dispersion measure is then computed as”

2

)
Dijy=—"="-1, ©)
(i.)) Wi )

where [(; ;) and Gz(i, ;) are the sample mean and variance of the

counts of events C(p,q) in the binary block Ib(l-7 j)» Tespectively.
The dispersion measure D; ;) can take values between —1 and
gx X gy — 1, where g, and gy are the size of the quadrat along
the horizontal and vertical directions, respectively. Smaller dis-
persion measure values correspond to non-structured information,
whereas larger values represent structured features.

Figure 9 shows the binary image obtained by locally binariz-
ing the contone image of Fig. 3(a) with M, = M, = 64 after elim-
ination of noise using the dispersion based approach using 3 x 3
pixel quadrats and Dy, = 2.5. It is clear that unwanted noise ob-
served in Fig. 7(a) is considerably reduced, while the foreground
text is preserved.

2This dispersion measure is also known as “index of clumping” [12].
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Figure 8. Dispersion measure computation.
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Figure 9. Image of Fig. 7(a) after dispersion based noise elimination.

3.3.2 Edge Based Noise Elimination

Our second method employs an edge based noise removal. Doc-
uments often contain edges due text or line drawings. Therefore,
structuredness of the document content can be determined using
the edges in the image. For this purpose, we use the number of
edges within each block to assess the presence of information.
Information in a block with low number of edges is considered
unwanted noise and removed, and, similarly, the information in
a block with large number of edges is referred to as structured
and preserved. An overview of edge based noise elimination is
shown in Fig. 10. The edge based noise eliminated binary image
is defined by

Pley) if I (xy) > &,
1 otherwise,

Ié’dge (x7y) = (6)

where 1¢(; ;) (x,y) is the expected value of a binary “edge map”

I1(x,y) over the (i, /) block, where the pixel (x,y) is located,
and € is a threshold value.

Edge map I(x, y) ["’,,W (z,y)
12 i M, i

1 ‘ o L (i, 5)™ block in I j)(z,y)

(4, 7)™ block
I o S IO
|

A |
WO O
Repeat for all blocks in I (2, y) and 1@, y)

Edge Based
el -] |
Noise Elimination

Figure 10. Edge based noise elimination.

The binary edge map I°(x,y) is obtained by edge detec-
tion [13]. Specifically,

1 if E,
Ie(xyy): 1 G(an)> thrs (7)

0 otherwise,

defines the edge map, where the value 1 and O correspond to the
presence and absence of edge, respectively, and E;, is a threshold
to assess significance of edges and G(x, ) is the magnitude of im-

age gradient computed by [VG (x,y)| = \/ze (x,9) + Gy? (x,y),
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where Gy (x,y) and Gy (x,y) are the first-order image derivatives
along the horizontal and vertical directions, respectively. Approx-
imations to these functions can be obtained by using linear shift-
invariant filters as Gy (x,y) = I°(x,y) * gx(x,y) and Gy (x,y) =
I¢(x,y) * gy(x,y), where g, and g, are the filters to compute im-
age gradients, and * represents 2D convolution operation. Several
filters are proposed for the estimation of the directional image gra-
dients Gy and Gy [13]. In this paper, we use the well-known Sobel
operators [13] to compute the directional image gradients.

Figure 11(a) shows the binary edge map /¢(x,y) for the im-
age of Fig. 3(b) obtained with E;;, = 80 via Eq. (7) and Fig. 11(b)
shows the edge based noise eliminated image by locally binariz-
ing the contone image of Fig. 3(b) with My = M, = 64, and elim-
inating unwanted noise within each block using € = 0.008. It is
clear that unwanted noise observed in Fig. 7(b) is considerably
reduced, while the foreground text is preserved.

Frerare

B gets
wak

L]

n
() 14, (x,¥)

Figure 11. Edge based noise elimination for the image of Fig. 7(b).

Both adaptive binarization techniques have advantages.
While binarization using dispersion measure is more efficient in
handling tonal variations in the text, binarization with edge de-
tection is more useful in handling line drawings and degradations
in the background. Therefore, in practice, we utilize a suitable
combination of the two approaches.

3.4 Binarization of Color Documents

For the bi-level representation of color documents, one may triv-
ially capture the document as a gray level image and perform the
binarization subsequently. The information in each color chan-
nel, however, may not be consistent and during the transforma-
tion from color to gray, low contrast information in the individual
color channels may not translate. This may yield loss of infor-
mation and should be avoided. The information in the individual
color channels can be maximally preserved by binarizing each
color channel separately and superposing the resulting bi-level
representations to obtain the final binary image. For a typical
RGB captured image, the final binary representation can be ob-
tained as 1 (x,y) = 15(x,y) A I%(x,y) AI§(x,y), where I(x,y) is
the bi-level representation for the color channel i, i € {R,G,B},
and A is the logical AND operation.

3.5 Pre/Post—-Processing

The bi-level image data is transfered to Waferfiche™using litho-
graphic fabrication. Due to imperfections in the microfabrication,
the ideal non-overlapping square shaped pixels in the image en-
large and overlap non-uniformly on the Waferfiche™. This yield
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a non-linear “process gain”, which typically yields thickened fea-
tures>. Fig. 12(a) shows a portion of the bi-level representation
for the historic “Vaishnava” script and Fig. 12(b) shows the cor-
responding portion of the image captured from the Waferfiche™.
It can be seen that characters are generally thickened and filled.
This behavior can be corrected by characterizing the system be-
havior and calibrating the parameters accordingly. A similar pro-
cess gain is observed in the printing systems that has been studied
extensively [14, 15]. There exists simple methods [16, 17] that
can be adapted for the calibration of the parameters against the
process gain. In addition, spectrophotometric response of the
Waferfiche™media can also be utilized to improve foreground-
background contrast [18].

In this paper, however, we employ morphological image
transforms, which have been extensively used in document im-
age analysis [19], to compensate for the process gain. In par-
ticular, we use the dilation and erasure operators [13] in or-
der to thin the features in the bi-level representations before
Waferfiche™ fabrication and remove noise amplified by the pro-
cess gain after the archived images are retrieved from Waferfiches.
Figure 12(c) shows the binary image obtained by dilating the im-
age of Fig. 12(a). It is clear that the features are thinned, however,
these features are restored by the process gain during the fabrica-
tion.

S S m;\wtﬁ
B FAH 5 mww A 9y

(a) Binary Vaishnava image

(b) Vais(i‘mava image; captufed on WaférﬁcheTM
RLGUE LSOl o
BFAH TR HAY 30

(c) Dilated Vaishnava binary image

Figure 12.
gain. (a) shows portion of binary Vaishnava image, (b) shows image cap-
tured from the Waferfiche™, and (c) shows the binary image (a) after mor-
phological dilation.

lllustration of pre-processing to compensate for the process

4 Experimental Results

Our experimental setup utilized a microfilm scanner at 300 x
300 dpi resolution. First, we captured a large set of document im-
ages from microfilms. In general, captured images exhibit tonal
variations in the foreground and background similar to the image
of Fig. 3(a). We tuned the parameters of the adaptive binariza-
tion algorithms for the optimal preservation of the information
in these types of documents. Fig. 13(a) shows a sample portion
of the contone Transcript image scanned from a microfilm and
Fig. 13(b) demonstrates the optimized binary representation for
this image obtained using our processing technique. It can be

3Depending on the microfabrication method, it can also yield thinned
features.
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clearly seen that the information in Fig. 13(a) is maximally pre-
served and the binary image do not contain any unwanted noise.
Next, a set of binary images were archived on WaferficheT™using
2 um lithographic fabrication technology and archived images
were captured through a microscope with 10x optical magnifi-
cation for demonstration. Figure 13(c) shows the archived Tran-
script image captured from the Waferfiche™that indicates that
the information is well-preserved in the archiving process.
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(c) Transcript image captured on Waferfiche™

Figure 13. Experimental results. (a) shows the original contone image, (b)
shows the binary representation of (a), and (c) shows the image archived on

the Waferfiche™medium.

5 Conclusion

In this paper, we present techniques for processing de-
graded document images for long-term archival using
Waferfiche™technology.  In particular, we present adap-
tive binarization techniques aimed at maximally preserving
information while eliminating unwanted background noise.
In addition, using pre and post-processing techniques we
demonstrate improvements on the quality of the restored infor-
mation. Experimental results demonstrated the efficacy of our
methodology.
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