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Nonuniform Slant Correction for Handwritten Word Recognition
Eiji TAIRA†a) , Student Member, Seiichi UCHIDA†† , Member, and Hiroaki SAKOE†† , Fellow

SUMMARY Slant correction is a preprocessing technique to improve
segmentation and recognition accuracy for handwritten word recognition.
All conventional slant correction techniques were performed by the estimation of the average slant angle and the shear transformation. In this paper,
a nonuniform slant correction technique for handwritten word recognition
is proposed where the slant correction problem is formulated as a global
optimal estimation problem of the sequence of local slant angles. The optimal estimation is performed by a dynamic programming based algorithm.
From experimental results it was shown that the present technique outperforms conventional uniform slant correction techniques.
key words: slant correction, dynamic programming, handwritten word
recognition

1. Introduction
In handwritten word recognition, slant correction is a widely
used preprocessing technique to improve segmentation performance, which significantly aﬀects recognition accuracy.
In conventional slant correction techniques [1]–[9], the average slant angle of a word is estimated and then corrected
uniformly by shear transformation. The average slant angle
is estimated by averaging angles of near-vertical strokes [1],
[2] and analyzing projection histograms [3]–[6] and statistics of chain-coded stroke contours [7]–[9].
These uniform slant correction techniques will perform
successfully under the assumption that each word is written
at a constant slant. The fact, however, is that the slant angle fluctuates at every component character in a word due to
writer’s habit, the inherent shape of each character, writing
position, and so on. This makes it necessary to estimate local slant angles and to correct slants nonuniformly. The necessity of nonuniform slant correction is justified by Britto
et al.’s result [9] that there are significant gaps between the
average slant angle and the individual slant angles of component characters and the gaps degrade the performance of
segmentation based word recognition systems.
It is noteworthy that Hase et al. [10] have proposed a realignment technique for inclined and curved texts, where the
inclination and the curve of a text is approximated by some
quadratic functions and then its component characters are
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realigned horizontally and slant-corrected using those functions. This technique, however, will not be appropriate for
the slant correction of handwritten words whose component
characters have slants regardless of the shape of their text
line.
In this paper, a nonuniform slant correction technique
is proposed where the slant correction problem is formulated
as a global optimal estimation problem of local slant angles
at all horizontal positions. The optimal estimation is governed by an objective function designed to globally evaluate
the sequence of local slant angles and several constraints designed to impose the smoothness of the angle fluctuation.
The optimal sequence maximizing the objective function
subject to the constraints is eﬃciently searched for using
a dynamic programming (DP) based algorithm.
2. Nonuniform Slant Correction
2.1 Problem Formulation
Let A = {a(i, j)} denote a binary-valued word image of size
M (width) ×N (height). The nonuniform slant correction
technique proposed in this paper is based on optimal estimation of local slant angles at all horizontal positions of A
(Fig. 1). Using the line segment between pixels (i, 1) and
(pi , N) to represent the local slant angle at position i, the
optimal correction of the local slants is equivalent to the optimal estimation of the sequence p1 , . . . , pi , . . . , p M . Hereafter, the line segment is called a correction line and denoted
as ai (pi ).

Fig. 1

Nonuniform slant.
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Fig. 2

Slant correction process.

The optimal estimation problem of the sequence
p1 , . . . , pi , . . . , p M is formulated as the maximization problem of the objective function
F(p1 , . . . , pi , . . . , p M ) =

M


fi (pi | pi−1 ),

(1)

i=1

where fi (pi | pi−1 ) † is a function to evaluate pi in the context
of the value of pi−1 . The details of fi (pi |pi−1 ) will be described in Sect. 2.2. For smoothing the estimating sequence,
the sequence is subjected to a monotonicity and continuity
constraint and a range limitation defined as
0 ≤ |pi − pi−1 | ≤ 2,
|pi − i| ≤ W,

(2)
(3)

where W is a positive constant to specify the range of compensable slant angles as [− tan−1 (W/N), tan−1 (W/N)].
opt
Let pi denote the optimally estimated pi . Slantcorrected images, denoted as B = {b(i, j)}, are obtained by
opt
mapping the pixels on the correction line ai (pi ) of A onto
the ith column of B, for every position i (Fig. 2). This fact
indicates that the nonuniform slant correction is closely related with nonlinear elastic image matching, such as piecewise linear two-dimensional warping [11]. It could be also
noted that the above constraints are meaningful not only
opt
opt
opt
to smooth the optimal sequence p1 , . . . , pi , . . . , p M but
also to preserve the topological structure of the input word
through the mapping.
2.2 Objective Function
The function fi (pi | pi−1 ) is defined as a weighted sum of
three functions, i.e.,
fi (pi | pi−1 ) = ω s si (pi ) + ωc ci (pi )
+ (1 − ω s − ωc )γi (pi | pi−1 ),

(4)

where ω s , ωc are nonnegative weights and ω s + ωc ≤ 1.
The first function si (pi ) is designed to measure a confidence level of the existence of a long stroke on the correction line ai (pi ). This design policy is based on the observation that the long vertical strokes show the slant angle more

Fig. 3 Calculation of the horizontal position pi . Firstly, (a) the σ × N
rectangular region is decided from pi . Secondly, (b) the average slant angle
θ in this region is estimated. Lastly, (c) pi is given by i + N tan θ.

clearly than other strokes. Here we use the maximum length
of connected black pixels on the correction line as the confidence level. For suppressing the eﬀects of short vertical
strokes and horizontal strokes whose slant angles are less
related with the character slant, si (pi ) is set as 0 if the maximum length is shorter than N/3.
The second function ci (pi ) is designed to measure the
diﬀerence between the slant of ai (pi ) and the average slant
around ai (pi ). This is based on the consideration that the
average slant angle in a small region is not far from the optimal local slant angle. In particular, using the chain code
based method [7]–[9] as an average slant estimation technique, the slant angle of characters which inherently have
slanted strokes, such as “X”, can be estimated with reasonable accuracy. The function ci (pi ) is defined as
ci (pi ) = −|pi − pi |,

(5)

where pi is the horizontal position which is calculated from
the average slant angle in the σ × N rectangular region that
centers the middle point of ai (pi ) (Fig. 3). Local average
slant angles are estimated by the chain code based method
proposed by Ding et al. [8].
The third function γi (pi | pi−1 ) †† is used to evaluate a
smoothness between local slant of two consecutive position
i and i − 1, and defined as
†
Although the function f1 should be denoted as f1 (p1 ), the
function fi is denoted as fi (pi |pi−1 ) regardless of i for notational
simplicity.
††
For i = 1, the value of the function γ1 is set to 0 regardless of
p1 .
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γi (pi | pi−1 ) =

0
−Γi (pi )

if pi = pi−1 + 1
otherwise,

(6)

3. Experimental Results

where Γi (pi ) is the number of black pixels on ai (pi ). By
maximizing γi (pi |pi−1 ), the local slant angles tend to be the
same at i and i − 1 (i.e., pi = pi−1 + 1). Note that at ligatures
and blanks, γi (pi |pi−1 ) becomes very small value regardless
of pi and pi−1 . Thus, this formulation allows quick changes
in slant angles at ligatures and blanks.

Through several experiments, the eﬀectiveness of the
present nonuniform slant correction technique was qualitatively and quantitatively evaluated and compared with that
of the conventional uniform slant correction technique proposed by Ding et al. [8].

2.3 Solution by DP

3.1 Qualitative Evaluation

Considering a sequential optimization process of p1 , . . . ,
pi , . . . , p M , the process has the Markov property. This is because under the definition of the objective function (1) and
the constraints (2) and (3), the value of pi−1 is necessary for
determination of pi , and the other past values (e.g., pi−2 ) are
not necessary. It is well known that the optimization problem with the Markov property can be eﬃciently solved using
DP.
Figure 4 shows a DP algorithm for the optimization
problem formalized in Sect. 2.1. The value gi (pi ) is the maximum (i.e., optimal) cumulated value of fk (pk |pk−1 ) up to
k = i. Step 5 is so-called DP recursion, and can be rewritten
as

For qualitative evaluation of the present technique, several
handwritten word images (city and state words) from the
CEDAR CDROM database were subjected to a slant correction test. In advance to applying the present technique, each
word image was binarized, linearly scaled to be N = 64,
and then padded W columns of blanks at both left and right
sides. The parameters of the present technique were set
as σ = 11, ω s = 0.56, and ωc = 0.26. (While these
parameters were experimentally determined, the investigation in Sect. 3.3 will show that this parameter setting is not
a delicate task.)
Figure 5 shows original images and their slantcorrected images. Both of uniform and nonuniform slant
correction techniques give good results for nearly uniformly
slanted words (Fig. 5 (a)). When obvious nonuniform slant
appears (Fig. 5 (b)), the present technique provides nearperfect correction while the conventional technique fails.
Note that the present technique can correct the slants of
component characters preserving their inherent shapes.
To clarify the necessity of the three functions si (pi ),
ci (pi ) and γi (pi |pi−1 ), slant correction was performed without one of these three functions. Figure 6 shows original
images and their slant-corrected images. Firstly, when si (pi )
was removed (Fig. 6 (a)), the slant correction was unsuccessful around long strokes. Secondly, when ci (pi ) was removed (Fig. 6 (b)), several characters which inherently have
slanted strokes were excessively deformed. Finally, when
γi (pi |pi−1 ) was removed (Fig. 6 (c)), most of slant-corrected
images became unnatural due to the large fluctuation on estimated local slant angles. The reason why such degradations occur can be easily explained from the design policy
of each function si (pi ), ci (pi ) and γi (pi |pi−1 ), described in
Sect. 2.2. The necessity of the three functions will be further
confirmed through the quantitative investigation in Sect. 3.3.

gi (pi ) := ω s si (pi ) + ωc ci (pi )


gi−1 (pi−1 )+
+
max
.
(1 − ω s − ωc )γi (pi |pi−1 )
pi−1 =pi −{0,1,2}

(7)

Step 8 and 9 are the backtracking procedure to obtain the
opt
opt
opt
optimal sequence p1 , . . . , pi , . . . , p M .
The resulting DP algorithm requires O(N MW) computations, since the calculation of gi (pi ) (i.e., the DP recursion)
requires O(N) computations and the number of the calculation of the DP recursion is O(MW). When M = 355, N =
64, and W = 90 (i.e., the range of compensable slant angles
is [−54◦ , +54◦ ]), the DP algorithm required 25 ms on a PC
(Xeon 1.7 GHz).

3.2 Evaluation of Estimation Accuracy

Fig. 4

DP algorithm.

For the quantitative evaluation of the present technique, an
experiment to measure the mean error between given and
estimated slant angles was conducted by using artificially
slanted word images. Figures 7 (a), (b) and (c) show original
machine-printed word images, slanted images at a constant
angle of 30◦ , and nonuniformly slanted images at angles sinusoidally changing in [−30◦ , 30◦ ], respectively.
Table 1 shows the mean error between given and estimated slant angles, i.e.,
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Fig. 5 Examples of slant correction. For each word, its original image (top), the result of the conventional uniform slant correction technique (middle), and the result of the nonuniform slant correction
technique (bottom) are shown. The nonuniform slant correction results are similar (a) and superior (b) to
the conventional uniform slant correction results. In (b), remarkably improved characters are indicated
by arrows.

Fig. 6 The eﬀect of the three functions si (pi ), ci (pi ) and γi (pi |pi−1 ). For each word, the top image is
the original image, and the middle image is the result of the present technique using all three functions.
In (a), (b) and (c), the bottom image is the result of the nonuniform slant correction technique without
the function si (pi ), ci (pi ) and γi (pi |pi−1 ), respectively.
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Fig. 7 Artificially slanted words. (a) Original image. (b) Slanted at the constant angle of 30◦ . (c)
Nonuniformly slanted at angles sinusoidally changing in [−30◦ , 30◦ ].
Table 1 Mean error (in degree) between given and estimated slant angles for the ten images in
Fig. 7 (b) and (c).
image no.
uniform correction
nonuniform correction

1

2

1.4
1.6

0.8
2.1

constant angle
3
4
0.6
1.9

0.3
2.2

5

1

4.0
2.7

19.0
5.9

sinusoidally changing angle
2
3
4
19.6
6.3

19.1
6.8

19.1
7.0

5
19.7
7.8

Fig. 9 The region of incomplete columns in (a) original image, (b) unsuccessfully slant-corrected image and (c) successfully slant-corrected image. If the slant correction is successfully performed, such columns become
fewer. In fact, such column is disappeared in (c).

Fig. 8 Given and estimated slant angles for a nonuniformly slanted image of “Wyoming.”
M
1  opt
|θ − ψi |,
M i=1 i

(8)

Fig. 10 (a) Division of all black pixels into component characters (thick
parts) and ligatures (thin parts). (b) Word image without the ligatures.

opt

where ψi and θi are the given and the estimated slant angles
opt
at position i, respectively. The estimated slant angle θi is
opt
calculated by tan−1 {(pi − i)/N}. This result shows that (i)
the present technique provides almost the same estimation
as the conventional technique when a constant slant appears,
and (ii) the present technique provides more accurate estimation than the conventional technique when nonuniform
slant appears. Figure 8 shows the estimated slant angle obtained by the present technique as a function of position i
with the given slant angle for the case of word “Wyoming”.
opt
It is shown that the estimated angle θi follows the given
slant angle ψi appropriately.
3.3 Improvement of Segmentation Performance
For better segmentation, the slant-corrected word image
should be separable into its component characters by vertical boundaries. Thus, the eﬀectiveness of a slant correction
technique on the segmentation can be estimated by counting
the number of vertical columns crossing two (or more) characters in its slant-corrected word images (Fig. 9). Hereafter,

such column is called an incomplete column. The fewer the
number of incomplete columns becomes, the better segmentation performance can be expected.
This experiment was performed on 248 handwritten
word images (city words composed of two or more characters) of BD0100 and BS0100 sets in the CEDAR CDROM
database. Both of BD0100 and BS0100 sets contain handprinted and cursive word images. After the preprocessing
in the manner described in Sect. 3.1, we manually removed
ruled lines, comma and periods from each image, and then
manually divided all black pixels into component characters and ligatures. On counting the number of incomplete
columns, the ligatures were neglected (i.e., considered as
white pixels) because the belonging of ligatures is ambiguous. Figure 10 shows examples of division of all black pixels into component characters and ligatures.
Table 2 shows the number of incomplete columns in
word images without slant correction, with the conventional
uniform slant correction, and with the present nonuniform
slant correction (ω s = 0.56, ωc = 0.26). The number of in-
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Table 2

The number of incomplete columns.

dataset(#samples, #columns)

BD0100(137, 29076)

BS0100(111, 24102)

total(248, 53178)

without correction
with uniform correction
with nonuniform correction

2463
684
582

1589
554
478

4052
1238
1060

segmentation and recognition tasks. The embedment of
the present technique into word recognition systems based
on segmentation-by-recognition, such as Kim and Govindaraju [2], will realize a slant-correction-and-segmentationby-recognition where segmentation boundaries are represented by the correction lines and optimized with the help
of a character recognizer. This scheme will improve the
slant correction performance since character shape information can be used in the estimation of local slant angles.
Acknowledgement

Fig. 11 The ratio of the number of incomplete columns by the present
technique to that by the conventional uniform slant correction technique.

complete columns by the present technique was reduced to
86 percent (=1060/1238) of that by the conventional technique. Thus, it was quantitatively shown that the present
technique will be more eﬀective for improvement of segmentation performance than the conventional technique.
The necessity of the three functions si (pi ), ci (pi ) and
γi (pi |pi−1 ) was quantitatively clarified from the number of
incomplete columns in slant-corrected images in addition to
the qualitative investigation in Sect. 3.1. Figure 11 shows the
reduction rate of the number of incomplete columns from
the conventional technique at possible parameter settings.
The improved results (i.e., lower rates) were obtained when
all three functions are eﬀective, that is, ω s  0, ωc  0, and
1 − ω s − ωc  0. Thus, it is shown that all three functions
are imperative for the present technique.
It should be noted that the present technique consistently shows superiority over the conventional technique at
extremely large area of Fig. 11, i.e., for most parameter settings.
4. Conclusion and Future Work
A nonuniform slant correction technique for handwritten
word recognition was proposed. The nonuniform slant correction problem was formalized as a constrained optimization problem where local slant angles were variables to be
optimized and then eﬃciently solved using a dynamic programming based algorithm. Experimental results indicated
that the present technique can correct slants more appropriately than conventional uniform slant correction techniques.
Future works include the evaluation on actual word
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