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We consider the problem on recognition of a string object presented in several video
stream frames. In order to maximize the output accuracy, we combine several results of the
recognition. To this end, we consider a model of result of a string object recognition. The
model takes into account the estimations of alternative results of per-character classiﬁcation.
Also, we propose an algorithm to combine results of a string recognition according to this
model. The algorithm was evaluated on a MIDV-500 dataset of document images. The
experimental results show that the proposed algorithm allows to achieve the high accuracy
of recognition result due to an analysis of several images, and the use of the estimations of
alternative results of per-character classiﬁcation gives the higher results then a combination
of strings that contain only the ﬁnal alternatives of each character.
Keywords: recognition in video stream; mobile OCR; recognition algorithms.

Introduction
High-precision and high-speed recognition of objects in images and video stream is of
particular interest for a wide range of researchers in the recent years [1–3]. The nontrivial
problem is to recognize such objects as text paragraphs, document ﬁelds, etc. In particular,
this problem takes place, if the image source is a hand-held camera of a mobile device.
Among disadvantages of such images we note motion blur, defocus, glares on reﬂective
surface, camera resolution, which is insuﬃcient for accurate OCR (Optical Character
Recognition), etc. [4, 5]. Fig. 1 gives an example of a glare on reﬂective surface of a
document, as well as the impact of the glare on the text ﬁeld images obtained from the
video stream frames.

Fig. 1. An example of a glare on reﬂective surface of a document (left) and the text ﬁeld
images obtained from the video stream frames (right). Images are taken from MIDV-500
dataset [6] (clip HA39 ﬁeld 3)
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One of advantages of the video stream recognition is the possibility to process several
frames in real time and, therefore, to mitigate disadvantages of single-frame object
recognition. In other words, the same object is recognized several times in diﬀerent video
frames, and, therefore, the overall recognition accuracy increases. Note that the selection
of a single best recognition result is not useful strategy in some cases, for example, if there
is no video stream of a document having the frame with fully visible and recognizable
object. Therefore, it is necessary to investigate by the method of combination of several
recognition results.
A wide range of works is devoted to the problem on combination of the results obtained
by diﬀerent recognition systems for the same input [7, 8]. In some sense, this problem is
similar to the problem on combination of several results of recognition of the same object
by diﬀerent inputs. However, most of published papers considers the result of a single
indivisible object recognition and, therefore, deals with the model of recognition result as
a result of division of an input object into a certain number of classes. At the same time,
as a rule, the problem on composite objects recognition requires to represent a recognition
result as a sequence of classiﬁcation results, such as in the case of text string recognition,
where each character is recognized separately. There exists a number of papers devoted to
combination of results of a string object recognition. Most of these papers is based on the
ROVER approach [9]. For the ﬁrst time, this approach was proposed in order to recognize
a speech. Later, the ROVER approach was used for optical recognition of printed [10] and
handwritten [11] text strings. At the same time, these works consider the model of result
of a string object recognition as a string of characters (with the estimation of conﬁdence
of overall string) and do not use the extended hypothesis model, which takes into account
the per-character alternatives. However, the paper [12] shows that the extended hypothesis
model allows to increase the accuracy of text strings recognition due to the use of language
models. According to the paper [11], the ROVER framework can be underexploited in the
ﬁeld of string object recognition. The paper [13] also considers the problem on combination
of results of a string object recognition, but does not give the formal problem statement,
the suﬃciently complete description of the algorithm, and the information on the impact
of the extended model of per-character result.
The goal of this paper is to construct a model of result of a string object recognition,
which takes into account the per-character alternatives. Also, based on the model, we
follow the ROVER architecture in order to construct an algorithm to combine the results
of a string object recognition. Section 1 describes the model of result of both a single object
classiﬁcation and a string object recognition. The model is used to construct the algorithm
in Section 3. Section 2 states the problem on combination of results of a string object
recognition. Section 3 describes the proposed algorithm. Section 4 presents an experimental
investigation of the algorithm performed on the basis of the MIDV-500 dataset [6], which
consists of video clips of 50 samples of various identity document types (10 video clips
per each document type, where each video clip consists of 30 frames) with ground truth
containing ideal positions and values of text ﬁelds.

1. Model of Result of String Object Recognition
In order to construct a model of result of a string object recognition, ﬁrst of all we
consider the corresponding model for a single object. Suppose that K possible classes of
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objects form the set C = {c1 , c2 , . . . , cK }, and it is necessary to determine a class that
contains the image I of some object c. To this end, we use the module f of a single object
classiﬁcation. In the classical problem statement, the result is one of the classes f (I) = cf ,
where cf ∈ C, and the problem on a single object classiﬁcation is to maximize a posteriori
probability that the class cf coincides with the true class c (provided by some dataset).
In the general problem statement, the classiﬁcation module fˆ associates the input image
I with the set of pairs fˆ(I) = {(c1 , q1 ), (c2 , q2 ), . . . , (cK , qK )}, where qi is the membership
estimation of the fact that the object belongs to the class ci . The ﬁnal result of a single
object classiﬁcation is a class corresponding to the maximal membership estimation:

 
 
ˆ
ˆ
.
(1)
f (I) = arg max{f (I)} ∈ cf (cf , qf ) ∈ f (I) ∧ qf = max q
(c,q)∈fˆ(I)

If there exist several pairs (cf 1 , qI ), (cf 2 , qI ), . . . with the same maximal membership
estimation, then an additional convention is established in order to uniquely determine
the class. For example, we can consider the result to be the class with the maximal
membership estimation and the minimal index in the set C. Model of result of a single
object classiﬁcation (1) can be considered as a variant of the model of result of the
algorithms to compute membership estimations [14] and is widely used in the methods
of optical image recognition based on the convolutional neural networks [15].
In order to deﬁne the result of a string object recognition, we need to introduce a
zero-length “null string” λ (an empty class) as a possible alternative of a single object
classiﬁcation. By the extended result of a single object classiﬁcation we mean the mapping
a : C ∪ {λ} → [0, 1] from the set of classes and the empty class λ to the set of membership
estimations. Each membership estimation is considered to be a real number in the interval
[0, 1], and the sum of all membership estimations is equal to 1 in each mapping. Therefore,
we deﬁne the set of all possible results of the single object classiﬁcation Ĉ:
(
)
X
def
Ĉ = a ∈ [0, 1]C∪{λ}
a(c) = 1 .
(2)
c∈C∪{λ}

On the set of all possible results of single object classiﬁcation Ĉ (2), the metric can
be deﬁned as follows:
X
def 1
ρĈ (a, b) =
|a(c) − b(c)|, ∀a, b ∈ Ĉ.
(3)
2
c∈C∪{λ}

It is easy to see that function ρĈ (a, b) (3) has all metric properties, since ρĈ (a, b)
corresponds to a scaled taxicab metric in a vector space on the ordered set C ∪ {λ}. The
range of the function ρĈ (a, b) is the interval [0, 1], since the sum of membership estimations
is equal to 1 for any a, b ∈ Ĉ.
Denote the “empty classiﬁcation result” by λ̂:
def

λ̂ = {(λ, 1), (c1 , 0), (c2, 0), . . . , (cK , 0)} .
(4)
By the result X of a string object recognition we mean a string on the set Ĉ \ {λ̂},
def
i.e. the element X ∈ X, where X = (Ĉ \ {λ̂})∗ . The string X is a sequence of results of
a single object classiﬁcation X = x1 x2 . . . xn , where xi ∈ Ĉ \ {λ̂}. The length |X| = n of
the string X is the number of elements in the sequence. Denote by Xi...j a substring of X,
which includes the elements xi xi+1 . . . xj for 1 ≤ i ≤ j ≤ n. If i > j, then the substring
Xi...j corresponds to the empty substring λ̂ with zero length.
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The elementary edit operation T on the string X is deﬁned as a pair (a, b) 6= (λ̂, λ̂),
where a, b ∈ Ĉ, as follows. If b 6= λ̂, then the element xi = a is replaced by the element b
in the string X. If b = λ̂, then the element xi = a is deleted from the string X. If a = λ̂,
then the element b is inserted in the string X.
Consider two arbitrary strings X, Y ∈ X with ﬁnite lengths. An edit transformation is
deﬁned as a sequence of L elementary edit operations TX,Y = T1 T2 . . . TL , which transforms
the string X to the string Y . The weight of an edit transformation is deﬁned as a sum of
distances (in terms of metric ρĈ (3)) between the pairs of objects involved in the elementary
edit operations Ti = (ai , bi ) of the edit transformation TX,Y :
def

w(TX,Y ) =

L
X

(5)

ρĈ (ai , bi ).

i=1

Deﬁne a metric on the set of results of a string object recognition X as the minimal
weight of an edit transformation which transforms the string X to the string Y :
def

(6)

ρX (X, Y ) = min{w(TX,Y )}.

Function ρX (6) can be considered as one of the realizations of the Generalized
Levenshtein Distance [16]. It can be shown that ρX has metric properties, if ρĈ also has such
properties [17]. The following recurrent procedure allows to compute the distance ρX (X, Y )
between two results of a string object recognition. Let d(i, j) be the distance ρX (X1...i , Y1...j )
between the preﬁxes of the strings X and Y with lenghts i and j, respectively. Then
d(0, 0) = 0,

d(i, 0) =

i
X

ρĈ (xk , λ̂),

d(0, j) =

k=1




 ρĈ (xi , λ̂) + d(i − 1, j), 

d(i, j) = min ρĈ (λ̂, yj ) + d(i, j − 1),
,




ρĈ (xi , yj ) + d(i − 1, j − 1)

j
X

ρĈ (λ̂, yk ),

k=1

(7)

and d(|X|, |Y |) corresponds to the target metric value ρX (X, Y ).
Note that the maximal value of the metric ρX (X, Y ) is max{|X|, |Y |}, if ρĈ (3) is used
as a metric on the set of results of a single object classiﬁcation. At the same time, since
ρX is a particular case of the Generalized Levenshtein Distance, then this metric can be
normalized such as to save the properties of identity, symmetry, and triangle inequality [17]:
def

ρ̃X (X, Y ) =

2 · ρX (X, Y )
,
α · (|X| + |Y |) + ρX (X, Y )

(8)

where α is the maximal possible weight of elementary deletion or insertion. In
the case of the weight of an edit transformation deﬁned as (3), we have α =
max{ρĈ (a, λ̂), ρĈ (λ̂, b), a, b ∈ Ĉ} = 1.
Among alternative approaches to comparison of string objects we note the Dynamic
Time Warping (DTW, [16, 18]). However, the classical statement of the DTW algorithm
requires correspondence of the boundary elements of the compared string objects, but
does not penalize insertions and deletions, and does not have metric properties (more
speciﬁcally, does not guarantee that the triangle inequality is satisﬁed).
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2. Problem on Combination of Results of String Object
Recognition
Let us consider the problem on a string object recognition in a video sequence.
Input of the system takes a sequence of the images I1 , I2 , . . . , IN of the string object
ν ∈ C ∗ . The module F̂ of a string object recognition associates each image with the result
of recognition F̂ (Ii ) ∈ X. In framework of the considered model, we assume that the
membership estimations of the empty class λ are equal to zero in the results of a single
image recognition:
F̂ (Ii ) = Xi , Xi ∈ X, Xi = xi1 xi2 . . . xini ,
(9)
xij (λ) = 0, ∀j ∈ {1, . . . , ni }.
The problem is to combine the results X1 , X2 , . . . , XN with associated weights
w1 , w2, . . . , wN in the single result X ∈ X minimizing the distance (according to some
metric) between X and the true value ν. Since X ∈ X is the string on the set Ĉ \ {λ̂}, and
ν is the string on the set of classes C, then, in order to determine the distance between
these strings, it is necessary to perform some additional conversion. The most natural way
is to convert the true value ν to the string ν̂ ∈ X,
ν = ν1 ν2 . . . νnν , νj ∈ C
ν̂ = ν̂1 ν̂2 . . . ν̂nν , ν̂j ∈ Ĉ \ {λ̂},
(10)
def
ν̂j = {(λ, 0), (c1 , 0), (c2, 0), . . . , (νj , 1), . . . , (cK , 0)},
and use metric ρX (X, ν̂) (6) (or its normalized variant ρ̃X (X, ν̂) (8)) as a distance between
the combined result X and the true value ν. However, from a practical point of view, the
possibility to obtain the ﬁnal result of a string object recognition (by analogy with ﬁnal
result (1) for a single object) is important. In order to obtain the ﬁnal result of a string
object recognition, we can use the following two-step procedure.
1. Associate each component xj ∈ Ĉ \ {λ̂} of the combined result X = x1 x2 . . . xnX
with either the corresponding class cxj ∈ C with the maximal membership estimation
xj (cxj ), or the empty class λ, if the membership estimation xj (λ) exceeds the predeﬁned
threshold θ:

arg maxc∈C xj (c),
if xj (λ) < θ,
x̄j =
(11)
λ,
if xj (λ) ≥ θ.
2. Delete all components x̄j = λ from the string x̄1 x̄2 . . . x̄nX obtained in the ﬁrst step.
Use the constructed string X̄θ ∈ C ∗ as the ﬁnal result of a string object recognition.
We can consider the distance between the combined result X and the true value ν to
be either the Levenshtein distance levenshtein(X̄θ , ν) [16], or its normalized variant [17]:
2 · levenshtein(X̄θ , ν)
.
(12)
|X̄θ | + |ν| + levenshtein(X̄θ , ν)
The problem on combination of results of a string object recognition is considered in [9]
in the context of speech recognition. Instead to combine the results of recognition of several
images I1 , I2 , . . . , IN by the single recognition module F̂ , the paper [9] combines the results
of recognition of the single “image” I by several recognition systems F1 , F2 , . . . , FN . These
two problem statements can be considered as similar ones except for the noise model.
Indeed, the aim of the combination of results of a string object recognition in a video
sequence is both to ﬁlter the noise component in the input images I1 , I2 , . . . , IN (that is
conditioned by inaccuracies in the input data, errors of input images preprocessing, etc.)
ρL (X̄θ , ν) =
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and to take into account the impact of this ﬁltration on the result of an application of the
recognition module F̂ . At the same time, the aim of the combination of results obtained by
diﬀerent recognition modules is to ﬁlter the noise introduced by the recognition modules
themselves.
The approach described in [9] is called the ROVER (Recognizer Output Voting Error
Reduction) and is constructed as a two-module system given in Fig. 2. At the ﬁrst step,
the alignment module transforms all input string objects to strings of equal length by
performing corresponding insertions of the empty class λ in an optimal way. At the
second step, the voting module selects a class for each string component on the basis of
a linear combination of class frequencies and conﬁdence estimations of the corresponding
recognition modules.

Fig. 2. Two-module system of the ROVER approach [9]
The model of result of a string object recognition used in the ROVER approach [9]
is a pair of a string on the set of classes of a single object classiﬁcation and a conﬁdence
estimation of a recognition module. In order to construct the algorithm to combine results
of a string object recognition with the extended model of recognition result, we consider
the problem statement to align strings of type (9).
Consider the input of the alignment module to be N strings X1 , . . . , XN , where Xi ∈ X,
and |Xi | = ni > 0:
X1 = x11 x12 . . . x1n1 ,

X2 = x21 x22 . . . x2n2 ,

...,

N
N
XN = xN
1 x2 . . . xnN .

(13)

In order to represent the alignment of results of a string object recognition, we
P
N
introduce the function Align : {1, . . . , N} × {1, . . . , max ni } → {1, . . . , N
i=1 ni }. The
i=1

function Align(i, j) determines the number of the component of the “combined” result
string, for which the component xij provides a contribution. For each input string, the
values of the function Align are diﬀerent for diﬀerent string components and remain the
order of components: ∀ i ∈ {1, . . . , N}, ∀j ∈ {1, . . . , ni − 1} : Align(i,
PNj) < Align(i, j + 1).
Also, we introduce the function Match : {1, . . . , N} × {1, . . . , i=1 ni } → Ĉ deﬁned
as follows:
 i
xj ,
if Align(i, j) = k,
def
Match(i, k) =
(14)
λ̂,
if ∄j : Align(i, j) = k.
The problem on alignment is to ﬁnd the alignment function Align minimizing the
penalty functional given by a total pairwise distance between results of a single object
classiﬁcation contributing to the same components of the combined result:
XX
k

ρĈ (Match(i1 , k), Match(i2 , k)) → min .

(15)

i1 <i2
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In order to generalize the voting module (see Fig. 2), which goal is to select the class
for each component of the combined result, we introduce the function r that combines the
results of a single object classiﬁcation:
N
r : Ĉ N × (R+
0 ) → Ĉ \ {λ̂}.

(16)

Input of the function r consists of N results of a single object classiﬁcation a1 , a2 , . . . , aN
such that ∃i : ai 6= λ̂, and a sequence of the corresponding non-negative weights
N
X
w1 , w2, . . . , wN of contribution of each result,
wi > 0.
i=1

Then, we have the following form of the function R that combines the results of a
string object recognition:
R(X1 , X2 , . . . , XN , w1 , w2, . . . , wN ) = r1 r2 r2 . . . rnR ,
(17)
where nR = max Align(i, j), and each component of the combined string is computed by
i,j

function (16) that combines the results of a single object classiﬁcation. According to result
of alignment (14),
rj = r (Match(1, j)), Match(2, j), . . . , Match(N, j), w1 , w2 , . . . , wN ) .
(18)
In the general case, the exact solution to problem on alignment (15) requires the
computation of dynamic programming scheme (by analogy with the computation of
Generalized Levenshtein Distance (7)) with a complexity that exponentially depends on the
number N of input strings. Indeed, in the computation, it is necessary to use results of the
alignment of the strings X1 1...i1 , X2 1...i2 , . . . , XN 1...iN for all tuples formed by preﬁx lengths
of a string recognition results (i1 , i2 , . . . , iN ) ∈ {1, . . . , n1 }×{1, . . . , n2 }×. . .×{1, . . . , nN }).
In order to compute this scheme, we can also use some heuristic approaches to search for
the shortest path such as the A∗ -search [19].
In the next section, we present the algorithm to combine the results of a string object
recognition. The algorithm uses the same approximation of the alignment functional as
the original ROVER approach [9].

3. Algorithm to Combine Results of String Object Recognition
Computation of combined result of a string object recognition involves a sequence
of the intermediate combined results R(1) (X1 , w1 ), . . . , R(i−1) (X1 , . . . , Xi−1 , w1 , . . . , wi−1),
where each result R(i−1) is used to obtain the alignment result at the i-th stage. At the
ﬁrst stage of the algorithm,
R(1) (X1 , w1 ) = X1 .
(19)
At each next i-th stage, construct an optimal alignment of the strings
Xi and R(i−1) (X1 , . . . , Xi−1 , w1 , . . . , wi−1). To this end, use a dynamic
programming scheme by analogy with (7). Let d(l, m) be the distance
ρX Xi1...l , R(i−1) (X1 , . . . , Xi−1 , w1 , . . . , wi−1 )1...m , and Pp (l, m) be the auxiliary functions
for p ∈ {1, 2, 3}. Compute d(l, m) and Pp (l, m) by the following recurrent procedure:
P
P
(i−1)
d(0, 0)
= 0, d(l, 0) = lk=1 ρĈ (xik , λ̂), d(0, m) = m
),
k=1 ρĈ (λ̂, rk
i
P1 (l, m) = ρĈ (xl , λ̂) + d(l − 1, m),
(i−1)
(20)
P2 (l, m) = ρĈ (λ̂, rm ) + d(l, m − 1),
(i−1)

P3 (l, m) = ρĈ (xil , rm ) + d(l − 1, m − 1),
d(l, m) = min{P1 (l, m), P2 (l, m), P3 (l, m)}.
80

Bulletin of the South Ural State University. Ser. Mathematical Modelling, Programming
& Computer Software (Bulletin SUSU MMCS), 2019, vol. 12, no. 3, pp. 74–88

ПРОГРАММИРОВАНИЕ

In order to compute the combined result R(i) (X1 , . . . , Xi , w1 , . . . , wi ) at the i-th stage,
we introduce two auxiliary functions tX : {0, . . . , ni + nRi−1 } → {1, . . . , ni } and tR :
{0, . . . , ni + nRi−1 } → {1, . . . , nRi−1 } computed by the following recurrent procedure:
tX (0) = ni ,
tR (0) = nRi−1 ,
P (t (k − 1), tR (k − 1)) = d(tX (k − 1), tR (k − 1))∧

tX (k − 1), if 2 X
∧P1 (tX (k − 1), tR (k − 1)) 6= d(tX (k − 1), tR (k − 1))
tX (k) =
(21)

t
(k
−
1)
+
1,
in
other
cases,
 X
tR (k − 1), if P1 (tX (k − 1), tR (k − 1)) = d(tX (k − 1), tR (k − 1))
tR (k) =
tR (k − 1) + 1, in other cases.
At the i-th stage, the combined result is computed as follows:
nRi = min {k : tX (k) = tR (k) = 0} ,
R(X1
, . . . , Xi , w1 , .. . , wi ) = r1 r2 . . . rnRi ,
(i−1)

r rtR (t(k))+1 , λ̂, Wi−1 , wi ,





r λ̂, xitX (t(k))+1 , Wi−1 , wi ,
rk =





i
 r r (i−1)
tR (t(k))+1 , xtX (t(k))+1 , Wi−1 , wi ,

if tX (t(k)) = tX (t(k) − 1),

(22)

if tR (t(k)) = tR (t(k) − 1),
in other cases,

def P
def
where Wi = ik=1 wk , t(k) = nRi − k + 1, and function r (16) combines results of a single
object classiﬁcation.
In framework of the proposed algorithm, the function r should have the following
property:
r(a1 , . . . , aN , w1 , . . . , wN ) =
(23)
= r(r(a1 , . . . , aN −1 , w1 , . . . , wN −1 ), aN , w1 + . . . + wN −1 , wN ).
In the more general case, the alignment procedure is the same. At the i-th stage, the
combined result should be computed directly by (18). To this end, it is necessary to obtain
the functions Align and Match (14) in the explicit form.
In framework of this work, we consider the function r to be a weighted average of
membership estimations, which has property (23):
N
1 X
r(a1 , . . . , aN , w1 , . . . , wN )(c) =
ai (c) · wi , ∀c ∈ C ∪ {λ}.
(24)
WN i=1
In the pseudo code form, the procedure to combine results of a string object recognition
is presented as Algorithm. The computational complexity of both metric function ρĈ (3)
and function r (24) that combines results of a single object classiﬁcation is O(K), where K
is the number of classes in a single
Since the upper bound of the length
Pobject classiﬁcation.


i
i
of the combined string R is O
|X
|
≤
O
i
·
max
|X
|
after the i-th stage, then
i
i
j=1
j=1

the computational complexity of each algorithm iteration can be estimated as O(M 2 NK),
where M = maxN
i=1 |Xi |, and the computational complexity of whole Algorithm can be
estimated as O(M 2 N 2 K).

4. Experimental Results
In this section, we present the experimental results obtained by the proposed algorithm
to combine results of a string object recognition described in the previous section. In
framework of the problem on recognition of text ﬁeld, we use the MIDV-500 dataset as
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Require: N > 0 and ∀i ∈ {1, . . . , N } : |Xi | > 0
1: R ← X1
2: W ← w1
3: for i = 2 to N do
4:
d(0, 0) ← 0
5:
p(0, 0) ← 0 {path label}
6:
for k = 1 to |Xi | do
7:
d(k, 0) ← d(k − 1, 0) + ρĈ (xik , λ̂) {Xi = xi1 xi2 . . . xi|Xi | }
8:
p(k, 0) ← 1 {path 1 – aligning xik with an empty component}
9:
end for
10:
for k = 1 to |R| do
11:
d(0, k) ← d(0, k − 1) + ρĈ (λ̂, rk ) {R = r1 r2 . . . r|R| }
12:
p(k, 0) ← 2 {path 2 – aligning rk with an empty component}
13:
end for
14:
for l = 1 to |Xi | do
15:
for m = 1 to |R| do
16:
P1 ← ρĈ (xil , λ̂) + d(l − 1, m)
17:
P2 ← ρĈ (λ̂, rm ) + d(l, m − 1)
18:
P3 ← ρĈ (xil , rm ) + d(l − 1, m − 1)
19:
d(l, m) = min{P1 , P2 , P3 }
20:
if P1 = d(l, m) then
21:
p(l, m) ← 1
22:
else if P2 = d(l, m) then
23:
p(l, m) ← 2
24:
else
25:
p(l, m) ← 3 {path 3 – aligning xil with rm }
26:
end if
27:
end for
28:
end for
29:
R′ ← ∅ {empty string}
30:
TX ← |Xi |
31:
TR ← |R|
32:
while TX > 0 or TR > 0 do
33:
if p(TX , TR ) = 1 then
34:
R′ ← r(λ̂, xiTX , W, wi )R′ {inserting new element in the front of R′ }
35:
TX ← TX − 1
36:
else if p(TX , TR ) = 2 then
37:
R′ ← r(rTR , λ̂, W, wi )R′
38:
TR ← TR − 1
39:
else
40:
R′ ← r(rTR , xiTX , W, wi )R′
41:
TX ← TX − 1
42:
TR ← TR − 1
43:
end if
44:
end while
45:
R ← R′
46:
W ← W + wi
47: end for
48: return R

Algorithm to combine the results of a string object recognition:
the iterative procedure to compute R(X1 , X2 , . . . , XN , w1 , w2 , . . . , wN )
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a source of video frames of text ﬁelds. We analyze such types of document text ﬁelds as
numeric dates, document numbers, machine-readable zone (MRZ) lines, and document
holder name components written using Latin alphabet.
In the experiments, we use only such frames that the document boundaries are whole
presented in an image. Therefore, in the considered MIDV-500 subset, the video sequences
have various lengths, from 1 to 30 frames. We consider only the frames with whole
presented documents, since the ideal coordinates of text ﬁelds can be obtained only for
those frames. In order to minimize the normalization eﬀects and ensure a more clear
presentation of the results, we take the lengths of clips to be equal to 30 frames. To this
end, we repeat the frames of each clip in a cycle.
We cut each text ﬁeld from the source frame. To this end, we use a projective
transformation obtained according to the annotation provided with the dataset and
additional margins of 30% from the size of the minimal dimension of the text ﬁeld. Each
cutted image of a text ﬁeld has the target resolution of 300 DPI and is recognized by a text
ﬁeld recognition module of Smart IDReader document recognition system [1]. Therefore,
for each image, we obtain extended model of result of a string object recognition (9). As a
distance between the combined result of a text ﬁeld recognition and its true value (provided
by the dataset for each ﬁeld), we use normalized Levenshtein distance ρL (12) between the
true value and the text string obtained by procedure (11). All character comparisons are
case-insensitive, and the Latin letter “O” is considered to be equal to the digit “0”.
In framework of this experiment, we compare Algorithm, which operates with the
extended model of result of a string object recognition, with an analogous one, which
operates with the model of result of a string-only recognition. For each video clip, we
combine by the ROVER combination method [9], where input is simple text strings formed
by procedure (11) applied to the per-frame results of recognition. The threshold θ of
membership estimation of empty symbol (11) is considered to be 0, 6 both for Algorithm
and for the ROVER method.
Fig. 3 gives the results of
the compared algorithms for the
analyzed text ﬁelds in MIDV-500.
Both combination methods show
that the result of recognition
improves over time, then the
number of frames increases.
However, regardless of the length
of combined video sequence,
Algorithm takes into account
alternative variants of recognition
of each individual character and
achieves lower error value on
average, than the direct application Fig. 3. Results of the combination algorithms for
of the ROVER method, which
text ﬁelds in MIDV-500 dataset
takes into account only the top
alternatives for each character. Table presents the achieved average distances between the
combined result of a text ﬁeld recognition and its true value for diﬀerent lengths of the
combined video sequence preﬁx.
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Table
Achieved distance values for combination methods
Combination
method
Without
combination
ROVER
Algorithm

Frame number (length of the combined sequence preﬁx)
3
6
9
12
15
18
21
24
27
0, 136 0, 154 0, 160 0, 157 0, 168 0, 159 0, 165 0, 166 0, 150
0, 125 0, 096 0, 083 0, 075 0, 070 0, 069 0, 069 0, 069 0, 067
0, 115 0, 089 0, 078 0, 071 0, 066 0, 065 0, 066 0, 066 0, 064

Based on the results of the performed experiments, we conclude the following.
1. Methods to combine results of a string object recognition allow to achieve signiﬁcant
increase in accuracy of the ﬁnal result of recognition when analyzing a sequence of images.
2. The ROVER method was proposed to combine results of an object recognition
obtained by diﬀerent recognition algorithms, and also can be applied to combine results
obtained by a single recognition module on the basis of the given several images of the
same object.
3. Both the ROVER method, which takes a sequence of strings on the set of classes C
as input, and Algorithm, which takes a sequence of strings in extended model of result of
a string object recognition (9) as input, show signiﬁcant increase in accuracy of combined
result, when the number of processed frames increases. In framework of the problem on
text ﬁeld recognition, Algorithm shows higher accuracy than a direct application of the
ROVER to MIDV-500 dataset.
For the future work, additional extensions of the model of result of a string recognition
can be explored, e.g. an extension that takes into account the geometrical positions of
characters in each input image. Also, various approximations of alignment functional (15)
along with their impact on the alignment result can be studied more carefully. Finally,
it follows from the form of plots of the combined results accuracy (see Fig. 3) that the
combined results have the property of diminishing returns (according to the terminology of
the anytime algorithms [20]). This property is important for further study of the problem
on optimal stopping of the video stream recognition process.

Conclusion
In order to achieve the more accurate result of an object recognition in a video stream,
we consider the problem to combine results of a string object recognition based on several
images. We describe a model of result of a string object recognition, which takes into
account the alternative classiﬁcation results for the individual objects. Also, in framework
of the described model, we propose an algorithm to combine results of a string object
recognition. The algorithm was evaluated on MIDV-500 dataset in order to determine the
combination eﬀect on the results of a text ﬁeld recognition.
Experiments show that methods to combine results of a string object recognition
allow to achieve higher accuracy of recognition results when analyzing several images of
the same object. The proposed algorithm is compared with the direct application of the
ROVER method [9], which was developed originally to combine results obtained by several
recognition systems. Both algorithms show the increase in accuracy in the case of several
images. However, we propose the algorithm, which uses the extended model of result of a
string object recognition and allows to achieve higher accuracy of the combined result.
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МЕТОД УМЕНЬШЕНИЯ ЧИСЛА ОШИБОК РАСПОЗНАВАНИЯ
СТРОКИ, ОСНОВАННЫЙ НА КОМБИНИРОВАНИИ МНОЖЕСТВА
РЕЗУЛЬТАТОВ РАСПОЗНАВАНИЯ С ИСПОЛЬЗОВАНИЕМ
АЛЬТЕРНАТИВ СИМВОЛОВ
К.Б. Булатов, Институт системного анализа Федерального исследовательского
центра ≪Информатика и управление≫ РАН, г. Москва, Российская Федерация
В работе рассматривается задача комбинирования нескольких результатов распознавания строчного объекта, полученных из различных кадров видеопотока, с целью максимизации точности финального результата. Рассмотрена модель результата
распознавания строчного объекта, учитывающая оценки альтернативных результатов
распознавания каждого символа, и предложен алгоритм интеграции результатов распознавания строки согласно рассмотренной модели. Проведено экспериментальное
исследование алгоритма на наборе данных MIDV-500, содержащем изображения документов. Экспериментальное исследование показывает, что предложенный алгоритм
позволяет увеличить точность распознавания за счет анализа множества изображений
и использование оценок альтернативных результатов распознавания каждого символа
позволяет достичь более высоких результатов по сравнению с комбинированием строк,
содержащих лишь финальные альтернативы для каждого символа.
Ключевые слова: распознавание в видеопотоке; мобильное распознавание; алгоритмы распознавания.
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