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ABSTRACT

We propose a fast text/graphics resolution improvement algorithm
with boundary parameterization and wavelet based denoising. Gi-
ven input images containing labeled text/graphics objects, local
boundary segments on each object are traced, parameterized, smo-
othed, and subsequently rerendered at the desired resolution. All
of the critical operations are delegated to lookup tables, result-
ing in an algorithm that is fast, computationally inexpensive, with
low memory requirements. A very flexible framework is proposed
which can be utilized in a variety of text/graphics applications re-
quiring resolution improvement.

1. INTRODUCTION

In many applications digital material consisting of text and graph-
ics that have been created at a particular resolution have to be
printed/displayed at higher resolutions offered by printers and other
high resolution devices. We will refer to a technique that achieves
the necessary resolution conversion as a resolution improvement
algorithm (RIA). Briefly, the aim of resolution improvement algo-
rithms is to take digital images containing text and graphics ren-
dered at a particular resolution and somehow produce the same
image at a higher resolution with better quality. Figure 1 illus-
trates an example of RIA operation where the low resolution text
and graphics showing obvious aliasing artifacts are converted to a
higher resolution where quality is improved and artifacts are elim-

Epson
L 7

(a) Original (b) Processed
Fig. 1. Resolution Improvement.

Epson

There are various techniques for performing resolution im-
provement. Perhaps the most favorable scenario involves the use
of scalable text and graphics, where text/graphics are generated
in terms of various parameters (see for e.g. [1] and references
therein). These parameters can be used to do very high quality
rendering for a variety of resolutions. Hence, resolution improve-
ment is simply achieved by passing the parameters to the high
resolution device, which uses an appropriate rendering algorithm.
However, in many cases (such as in some laser printing applica-
tions), the rendering of scalable text/graphics is typically done up

to dot per inch (dpi) resolution and further conversion to sub-dpi
resolution may be necessary. Most importantly, in important text/-
graphics applications involving scanned documents, bitmap data,
hand generated data, data on computationally simple devices such
as some client/server applications and personal digital assistants,
etc., one does not have access to scalable text/graphics and one
must achieve resolution improvements by starting with the low
resolution data itself (as opposed to starting with given parame-
ters that enable scaling) and obtain higher resolution versions with
quality improvements by using signal processing algorithms.

For text/graphics, classical interpolation techniques utilizing
splines and other filters [2, 3], even when accompanied by sub-
sequent sharpening, are in general unsatisfactory for high qual-
ity results. More elaborate techniques that account for disconti-
nuities (see for e.g., [4] and references therein) are applicable to
domains that are much broader than text/graphics, and typically
produce less than optimal results on text/graphics images. These
general techniques also do not result in fast algorithms necessary
to tackle some of the aforementioned applications. Specifically
for text/graphics images, one can employ approaches where pat-
terns in the input are recognized and replaced with resolution im-
proved patterns in the output via sophisticated pattern matching
techniques utilizing large lookup tables designed by human opera-
tors. However, such techniques generally require large amounts
of memory and significant amounts of computation for pattern
matching. They are also encumbered by an important inflexibil-
ity since they require expert human operators that can design high
quality output patterns.

In this paper we propose a fast text/graphics resolution im-
provement algorithm with boundary parameterization and wavelet
based denoising. Given input images containing labeled text/-
graphics objects, the boundary of each object is traced, parame-
terized, denoised, and subsequently rerendered. All of the critical
operations are delegated to lookup tables, resulting in an algorithm
that is very fast and computationally inexpensive with low mem-
ory requirements. A very flexible framework is proposed which
can be utilized in a variety of applications requiring resolution im-
provement. The proposed algorithm can be used to do resolution
conversion to devices having higher resolutions and/or to devices
having the same grid/dpi resolution but more color planes, sub-
dpi resolution, etc. Application specific constraints are easily in-
corporated into the algorithm. Section 2 introduces the proposed
algorithm. The three main parts of the proposed algorithm are dis-
cussed in Sections 2.1, 2.2, and 2.3. Section 3 considers simulation
examples followed by Section 4 of generalizations and concluding



remarks.

2. MAIN ALGORITHM

Figure 2 presents a conceptual overview of the proposed algo-
rithm. As shown, the objective of the algorithm is to convert the
low resolution character depicted by the input image into a high
resolution one depicted by the output image. This conversion is
done by invoking the algorithm for each text and graphics pixel
at the boundary of each text/graphics object (we assume that the
input document is such that text/graphics pixels are labeled).
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Fig. 2. Overview of resolution improvement.

The proposed RIA operates by smoothing the “jagged” bound-
aries of low resolution text/graphics and it can be summarized as
follows:

1. For each text/graphics pixel that is on the boundary of the re-
spective text/graphics object, determine the pixels that make up the
local boundary segment (Section 2.1).

2. Parameterize and denoise/smooth the boundary segment using
overcomplete wavelets (Section 2.2).

3. Establish rendering for the pixel with the aid of the smoothed
boundary segment, resulting in resolution improved text/graphics
objects (Section 2.3).

In short, the algorithm views the jagged boundary as a noisy
version of an underlying smooth boundary. The traced local bound-
ary segment is therefore parameterized in terms of pixel coordi-
nates, these coordinates are denoised/smoothed using an overcom-
plete wavelet transform and finally, a smoothed boundary segment
is constructed using the denoised coordinate data. The algorithm
is thus composed of three stages given by the boundary tracing,
boundary smoothing and final rendering.

All of the computationally complex operations are convenient-
ly delegated to lookup tables (LUTS) for fast and computation-
ally simple operation. The traced boundary is used to construct
a chain-code which addresses the LUTs containing the results for
subsequent stages. Furthermore, memory requirements for the al-
gorithm and the sizes of the LUTs can be precisely controlled by
adjusting the size of the pixel neighborhood in the construction of
the boundary segment.

2.1. Boundary Tracing

Initial known Known background
--- background neighbor neighbor
; 60
\
17 2

54 1

:l:

(a) Starting the trace
upward for the chain code downward

e

Rotated directions  (c) Starting thetrace  (d) Traced boundary
12311031

Fig. 3. Chain-code for the boundary segment.

Figure 3 illustrates an example trace of a boundary segment.
The trace is carried out for each text/graphics pixel that lies on

the boundary of a text/graphics object. A text/graphics pixel be-
longs to the boundary of a text/graphics object if at least one of its
4-connected (or 8-connected, if desired) pixel neighbors does not
belong to a text/graphics object. The current pixel serves as the
initial point from which the trace starts in two directions, each pro-
ducing N points for a 2N 41 point boundary segment®. As shown
in Figure 3 (a), the initial pixel has one or more non-text/graphics
neighbors which we term “background” neighbors. Each one of
these background neighbors is possibly associated with a differ-
ent boundary segment (multiple boundary segments for a pixel are
handled independently, in turn). For example, in Figure 3 (a) using
4-connectivity, there are two such neighbors: The left background
neighbor is associated with the boundary segment making up the
leftmost portion of the letter (as shown traced in Figure 3 (d)) and
the right background neighbor is associated with the boundary seg-
ment making up the closed boundary segment making up the cen-
ter of the letter (not shown). Given this initial pixel and say the left
background neighbor, there are 7 directions which are searched in
turnto decide the next pixel on the segment. The first text/graphics
pixel found (as the directions are searched in turn) is determined as
the next pixel on the boundary segment and the algorithm jumps to
this pixel to continue the trace until NV pixels are found. Observe
that the order of the search is with respective to the background
neighbor and the background neighbor is propagated from pixel to
pixel during the trace: For example, after direction 1 is taken in the
initial step onto the next pixel, the next background neighbor will
remain to the left of the next pixel. Thus, the order of the boundary
search will remain the same, i.e., the upper-left diagonal location
will be searched first at the next iteration. However, depending
on the traced boundary segment, this order may easily change as
shown in Figure 3 (b), where the upper-right diagonal will be the
initial point for the search.

Associating the order of the search with the background neigh-
bor allows the algorithm to utilize locally relative directions which
become important when the number of directions to search is con-
strained to be a number P (P < 7) for speed and memory re-
quirements. As illustrated in Figure 3 (b), the search order “ro-
tates” during the trace and the shown boundary can actually be
traced by using only 4 distinct but relative directions? (i.e., P < 3
is enough for this example). Once the initial portion of the trace
is concluded (upward with an upper-left diagonal starting point in
Figure 3 (a)), the remaining portion of the trace is accomplished
by starting with and propagating a symmetric order for the search
(downward with a lower-left diagonal starting point in Figure 3
(c)). The final traced boundary consists of 2NV + 1 points (N = 4
in Figure 3), and can be indexed by 2N point chain-codes plus the
one of 4 orientations for the boundary segment. As we will see,
the boundary resolution improvement techniques we propose are
insensitive to 4-fold rotations by 90° and a 2V chain-code (Fig-
ure 3 (d), with the semicolon separating the chain-codes for each
direction) is sufficient to index the boundary segment.

2.2. Boundary Denoising
This step of the proposed algorithm is carried out off-line and only
the results are stored in a LUT. The LUT is accessed using the

LI N points cannot be found in either direction then the algorithm ex-
trapolates additional points as needed in order to provide direct and fast
access to LUTs using a fixed length chain-code.

2ltis clear that there will be instances where a constrained number P <
7 of directions will not be sufficient to determine N points during either
portion of the trace. In such cases, the algorithm will again provide an
extrapolation.



index constructed from the chain-code of the traced boundary seg-
ment at run-time.

The chain-code for a given boundary segment is used to estab-
lish the order of the pixels in the segment by starting from one end
of the chain and moving to the other. It will become clear below
that in addition to 4-fold rotations by 90°, the boundary denoising
algorithms are also not sensitive to the starting point in the chain.
Prior to coordinate decomposition, the boundary segment is first
upsampled by an amount U (U > 2) to form an upsampled bound-
ary segment. The upsampling amount is chosen to correspond to
the desired integer resolution conversion factor. However, due to
a technical issue discussed below, even when the grid resolution
is to remain unchanged, i.e., say when the algorithm will be used
to take advantage of detailed color planes, grayscales , etc., of the
display device, U > 2 is still enforced and a down-conversion is
introduced later.
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Fig. 4. Boundary segment parameterization.

As shown in Figure 4 (U = 2), the upsampled boundary seg-
ment is parameterized by establishing an orthogonal (X, Y") coor-
dinate system. Each pixel in the segment is represented in terms of
its coordinates, i.e., a M point segment results in M (X,Y) co-
ordinates. The formed (X,Y") coordinates are considered as two
independent sequences and are denoised using an overcomplete
wavelet transform to form a new sequence (X, Y) of coordinates.
The overcomplete wavelet transform consists of a wavelet trans-
form and its overcomplete shifts [5]. Hence, for each sequence,
denoising is established by transforming the sequence with each
wavelet transform, thresholding the absolute values of the wavelet
coefficients with a threshold 7" (hard thresholding), inverse trans-
forming to obtain an intermediate sequence, and finally averaging
the intermediate sequences corresponding to each wavelet trans-
form to obtain the overall denoised result [5, 6]. Note that the
independent coordinate parameterization and hard thresholding of
wavelet coefficients ensures that the denoising stage is not sensi-
tive to the starting point and earlier mentioned 4-fold rotations.

The reason for considering the upsampled version of the bound-
ary segment (even for cases where the grid resolution remains the
same) can be seen as follows: Suppose the original boundary seg-
ment corresponds to a 45° line. If we consider the X and Y co-
ordinates of this line without upsampling, we end up with two se-
quences which are linear. Since both of these linear sequences are
first order polynomials it is clear that they are smooth on their own
right. For example, a wavelet transform evaluated over a signal
that is a first order polynomial will produce zero valued wavelet
coefficients (except for the trivial case of a Haar wavelet), indicat-
ing the high degree of smoothness of the signal. Hence, while the
45° line will suffer from significant aliasing artifacts and require
RIA correction, there will be little or no correction affected by the
proposed denoising technique with U = 1. On the other hand,
when we incorporate U > 2 upsampling, the resulting boundary
segment is no longer linear or smooth and will be handled correctly
by the proposed algorithm.

The difference of the denoised coordinates and the original co-
ordinates is determined as the differentials (dz, dy) = (X,Y) —

(X,Y). Th differentials are clipped to an appropriate level (1 for
U = 2) with the assumption that the noisy boundary is within a
half pixel of the original smooth boundary. The rendering stage
only requires the differentials that correspond to the current pixel
for which the local boundary segment is traced. With U > 2, the
current pixel can be considered to be upsampled by U resulting in
U? child pixels. Of course only a portion of the child pixels will
belong to the upsampled boundary segment. Hence, only the dif-
ferentials for the child pixels on the upsampled boundary that have
the current pixel as a parent are required in the rendering stage.

2.3. Final Rendering

We will discuss the rendering stage primarily for the case where
U = 2. Further generalizations can be found in Section 4. After
boundary denoising one can think of the child pixels that reside
on the boundary as having been “displaced” with the calculated
differentials (dz, dy). Since the algorithm will be repeated for all
parent pixels on text/graphics boundaries, we are only interested
in the displacement of the child pixels whose parent is the current
pixel. Pixels that are not on text/graphics objects (background pix-
els) and non-boundary text/graphics pixels are handled at the final
stage of rendering.
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Fig. 5. Displaced child pixels and overlaps.

For the current pixel, the rendering stage amounts to rendering
the child pixels to their new locations and rendering the correct
information to the previous locations of the child pixels. Figure
5 (a) shows the displacement of the child pixels that are on the
boundary as determined by the calculated differentials (dx, dy).
Superimposed on the figure is a grid of pixels labeled p1, ... ps.
As illustrated, the child pixel previously at p4 has been displaced
to overlap portions of pixels p1, p2, ps, and p4. The overlapping
shown in the figure is in terms of simple box occupancy filters
and as is discussed in Section 4 , more sophisticated filters such as
Gaussians can easily be incorporated into the algorithm.

As shown in Figure 5 (b), the rendering algorithm calculates
the amount of overlap in pixels p; through p4 caused by the dis-
placement of the child pixel previously at p4. This results in an
overlap factor o 4 at pixel k& due to the displacement of pixel p4
(k = 1,...,4 in the figure). Similarly, as shown in Figure 5 (c),
the algorithm also calculates the amount of overlap at pixel p4
(04,1,1 = 4,5,7,8) assuming that the relevant pixels neighboring
pa (ps, p7, and ps in the figure, as determined via the differentials)
move the same way p4 does via a locally rigid motion assumption.

Let ¢;(pa) denote the input color of the child pixel at p4 with
the understanding that the input color of a child pixel is the same
as the color of its parent pixel in the input image. In the rendering
stage we keep track of the output image color c,/(. . .) as well as the
percentage occupancy a(. . .) of each child pixel (a(...) =0 =
0% and a(...) = 1 = 100%). We start the rendering stage by
coloring all pixels in the output image with the color 0 and zeroing



out the percentage occupancies. The rendering due to the child
pixel that was at ps modifies the subpixel p; variables by

co(p1) = co(p1)+ 01,4 X ci(pa) @)
a(p1) = a(p1)+o14 2

and similarly for p2 and ps, assuming o ; are normalized to 0 —
1, corresponding to 0 — 100% overlap. The variables at p, are

updated as
colpr) = colpr)+ Y osuxcilp) ®)
1€{4,5,7,8}
a(p) = ap)+ D> ou O
1e{4,5,7,8}

which corresponds to a locally rigid motion. This ensures that
no holes are left at the locations of moving pixels. Observe that
in Figure 5 (c), due to the assumed rigid motion, 045 = 034,
04,7 = 02,4, and 04,8 = 01,4.

After all boundary child pixels are rendered in this fashion,
the output image consists of child pixels with occupancy values
that are greater than 100% and that are less than or equal to 100%.
The final color at child pixels with occupancy greater than 100% is
determined by normalizing by the corresponding occupancy, i.e.,
the color is divided by 2 if the occupancy is 2, etc. The final color
at child pixels with occupancy less than or equal to 100%, includ-
ing the background and non-boundary text/graphics pixels, is de-
termined by

co(p) = co(p) + (1 —a(p)) x ci(p) (5)

where p denotes the location of such a child pixel. This ensures
that after resolution improvement text/graphics pixels blend smo-
othly into the background.

We have illustrated the rendering process using upsampled
boundary segments (U = 2) and box occupancy filters. Depend-
ing on the desired output resolution factor the algorithm computes
the necessary occupancy values, converts these to lower resolu-
tions if necessary (as in the case where grid resolution is to stay
the same and the algorithm will be taking advantage of the color
planes, grayscales, etc., in the output device), and stores the re-
sults in the LUT off-line. In this fashion, given the chain-code
for the boundary segment, the algorithm avoids all unnecessary
calculations and directly renders the output image at the desired
resolution.

3. SSIMULATION EXAMPLES

Figure 6 illustrates the performance of the proposed algorithm on
12pt monochrome text. In order to illustrate the performance of
the algorithm under very tight resource allocation, as would be
the case in very simple hardware/software implementations, we
have chosen the parameters in a very conservative fashion. For this
example P = 4, i.e., only the first 4 directions are allowed in the
boundary trace, N = 3, i.e., local boundary segments are limited
to 7 pixels, and T = 4. Wavelets used in denoising are given by
the Daubechies 7-9 biorthogonal bank. The conservative choice
for P and N minimizes buffering requirements (necessary in the
tracing and rendering stages) and allows for very fast operation.
While the algorithm provides excellent performance even under
these settings, we note that the performance does improve with
increased P and especially N.

4. GENERALIZATIONS AND CONCLUSION

We have proposed a resolution improvement algorithm that meets
the important memory, computational speed and computational

o L1mes New R
hamburgefon

o L1mes New R
hamburgefon

- Times
hambu

Fig. 6. Resolution Improvement: (a) 12pt monochrome text at
300 dpi, (b) resolution improved to 300 dpi plus grayscale, (c)
resolution improved to 600 dpi plus grayscale.

complexity requirements we have outlined. The rendering pro-
cess is discussed for the specific case of U = 2. For higher values
the algorithm is scaled in a straightforward fashion, however, at-
tention must be given to ensure that holes are not created after
displacing the boundary pixels. The algorithm can likewise be ex-
tended to handle non-integer resolution conversions by converting
to a higher integer resolution followed by conversion to the desired
resolution. Of course, the simple filters for occupancy and conver-
sions to lower resolutions (if necessary) can be done with sophisti-
cated filters and LUTs modified appropriately. One of the key ben-
efits of the algorithm is its direct access to LUTs without requiring
intermediate computationally significant search steps. The LUTs
can also be designed to ensure application specific constraints such
as seriff and corner preservation for text using selective denoising
based on input boundary segment classification, etc.
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