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Stereoscopic Image Stitching Based
on a Hybrid Warping Model

Weiqing Yan, Chunping Hou, Jianjun Lei, Member, IEEE, Yuming Fang, Member, IEEE,
Zhouye Gu, Member, IEEE, and Nam Ling, Fellow, IEEE

Abstract— Traditional image editing techniques cannot be
directly used to process stereoscopic media, as extra constraints
are required to ensure consistent changes between the left and
right images. In this paper, we propose a hybrid warping model
for stereoscopic image stitching by combining projective and
content-preserving warping. First, a uniform homography algo-
rithm is proposed to prewarp the left and right images, and thus
ensure consistent changes. Second, a content-preserving warping
is introduced to locally refine alignment and reduce vertical
disparities. Finally, a seam-cutting-based algorithm is used to
find a blending seam, and the multiband blending algorithm
is used to produce the final stitched image. Experimental results
show that the proposed method can effectively stitch stereoscopic
images, which not only avoids local distortions, but also reduces
vertical disparities reasonably.

Index Terms— Image stitching, image warping, stereoscopic
image.

I. INTRODUCTION

IMAGE stitching has been widely studied in the fields of
computer vision and graphics. It can be used to stitch

images of adjacent views with small horizon fields into
a single image with large horizon. At present, image stitching
techniques are integrated in many well-known commercial
softwares, such as Adobe Photoshop, AutoStitch, and so on.
These softwares are widely used by the users to organize and
process photo collections.

Traditionally, image stitching is typically implemented by
using a parametric projective warping to bring images into
alignment [1]–[3]. The projective warping method is often
implemented by a homography matrix. Although 2D projective
warping is robust, it can only provide accurate alignment
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for planar scenes or parallax-free camera motions, i.e., the
photographer’s physical location must be fixed and only
rotational motion is permitted. In other cases, 2D projective
warping results in artifacts, such as ghosting or broken struc-
tures. Recent image stitching methods adopt spatially varying
warping [4]–[6] to align input images, which produces fewer
artifacts than 2D projective warping. However, these methods
are primarily designed for 2D images.

With the rising popularity of stereoscopic images and
videos, techniques for producing and editing stereoscopic
media have recently attracted a large amount of attention
in the research community. For stereoscopic image stitching,
a limited number of studies have been reported in [7]–[11].
For example, Zhu et al. [10] presented a method to
automatically and efficiently generate stereoscopic mosaics
using a video camera mounted on an airborne platform.
Gurrieri and Dubois [11] proposed two multiple-camera con-
figurations capable to produce high-quality stereoscopic
panoramas in real time. However, these methods might need to
densely sample the scene using a video camera and/or follow
some specific rules to rotate the camera. In addition, they do
not work well with a sparse set of captured input images.

Compared with traditional 2D media content, stereoscopic
media provides a more immersive viewing experience by
producing a perception of depth. With this additional depth
dimension, more challenges and constraints emerge in creating
enjoyable 3D experiences [12]–[14]. Since naive extensions
of the existing 2D stitching algorithms usually fail to deliver
a comfortable 3D viewing experience, new techniques are
required to accommodate these new constraints and to take
advantage of new information provided by stereoscopic media.
Fig. 1 shows some of the issues that arise when producing
stereoscopic content using a 2D image stitching method,
as-projective-as-possible algorithm (APAP) [4]. Although no
ghost exists in both the left and right images processed by
the APAP method, the sizes of the left and right images are
different. Moreover, the disparity of the resulting images is
not consistent, which will result in discomfort and eye fatigue.
This problem is primarily caused by different projective mod-
els used in the left and right images, and traditional warp
estimation without considering the vertical disparity.

In this paper, we present a novel stitching method for
stereoscopic images. The contributions of this paper are sum-
marized as follows: 1) we provide an effective stereoscopic
image stitching method based on a hybrid warping model,
which combines projective and content-preserving warping;
2) we propose a uniform homography matrix to simultane-
ously prealign neighboring stereoscopic images, which glob-
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Fig. 1. Result samples from different stereoscopic image stitching algorithms.

ally preserves the structure consistency of adjacent images;
3) a content-preserving method is introduced and solved by
an energy minimization solution to locally refine prewarped
stereoscopic images and reduce vertical disparities; and 4) an
extended seam-cutting-based algorithm is designed to find
a seam of blending, and the multiband blending algorithm is
accordingly used to produce the final stitched images.

The rest of this paper is organized as follows. Section II
gives a brief overview on the existing 2D image stitching meth-
ods as well as the recent work on warping-based image editing
techniques. Section III presents the proposed stereoscopic
image stitching method. The experimental results are shown
in Section IV. Finally, this paper is concluded in Section V.

II. RELATED WORK

A. Image Stitching

In general, there are two steps in traditional image stitching
methods, namely, registration and blending. Registration

techniques try to align two input images to the same
coordinate system according to the extracted geometrical
motion model, while blending techniques, such as seam
cutting [15], [16] and multiblending [17], [18], combine the
two registered images into a single one. The seam-cutting
methods [15], [16] optimize pixel selection among the
overlapping images to minimize visible seams, and the
advanced pixel blending techniques, such as Laplacian
pyramid blending [17] and Poisson image blending [18],
stitch two registered images into a single composite image.

In order to reduce ghosting artifacts, registration has to be
performed before blending for image stitching. To register
two images, most existing image stitching methods estimate
a 2D projective transformation or homography between two
input images and use it to align them [1]–[3]. A homography
transformation H between two input images I 1 and I 2 can be
described as⎡

⎣
w · x1
w · y1
w

⎤
⎦ =

⎡
⎣

h11 h12 h13
h21 h22 h23
h31 h32 1

⎤
⎦

⎡
⎣

x2
y2
1

⎤
⎦ (1)

where (x1, y1, 1) and (x2, y2, 1) are the homogenous coordi-
nates of two points in image I 1 and I 2, respectively. However,
for actual complex scenes, these homography-based methods
cannot adequately characterize the required warp, and thus
lead to ghosting. Recent spatially varying warping meth-
ods, including APAP warping methods [4], smoothly varying
affine (SVA) stitching [5], and shape-preserving half-projective
warps for image stitching [6], have been extended to image
stitching and work well. Zaragoza et al. [4] proposed a bundle
adjustment technique to simultaneously refine multiple APAP
warps for large panoramas. Lin et al. [5] developed an SVA
stitching field, which is flexible enough to handle parallax
while allowing local deformations. Chang et al. [6] designed
a spatial combination method using a projective transformation
and a similarity transformation to align the input image and
preserve the perspective of individual images as similarity
warps. These methods reduce ghosts under the condition of
keeping the geometric realism of perspective image stitching.
However, all these methods are designed for 2D images. When
these methods are used for stereoscopic image stitching, they
lead to an inconsistent global structure and incorrect dispar-
ities when stitching the left and right images, as introduced
in Section I.

B. Image Editing Based on Warping

Warping techniques have been widely used in many aspects
of stereoscopic image editing. Early image warping techniques
are designed to address various problems in 2D image/video
processing, including the correction of wide-angle lens
distortion [20], [21], the production of projections for artistic
perspective [22], and so on. In [20], a content-based approach
was presented to map a wide-angle photograph defined on the
viewing sphere onto a flat image, such that the resulting image
appears more natural. Wei et al. [21] proposed a framework
for fisheye video correction, which minimizes time-varying
distortion and preserves salient content in a coherent manner.
Carroll et al. [22] addressed the problem of manipulating
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Fig. 2. Outline of the proposed method. (a) Prewarping based on a uniform homography. (b) Image fine-tuning based on content-preserving warping.
(c) Image blending.

perspective by using a 2D warping method guided by
constraints based on projective geometry. While, inspired by
the widely accepted saliency theory [23], [27], content-aware
warping methods have been applied to many aspects of
image processing, including image resizing [28], [29], video
compression [30], [31], and image classification [22]. The key
idea of content-aware warping techniques is that, as long as the
warped results of salient regions are closer to the physically
correct constraints, the distortions introduced in nonsalient
regions might be unnoticeable to the observer. Recently, warp-
ing methods are also expanded to 3D image/video processing
with stereoscopic constraints, including content-aware 3D
image resizing [33], [34], 3D video stabilization [35], stereo-
scopic image cloning and pasting [36]–[38], the manipulation
of disparity for stereoscopic images [39], [40], and changing
perspective for stereoscopic images [41]. Chang et al. [33]
proposed a content-preserving warp method for stereoscopic
image retargeting, which mainly preserves salient regions
during image resizing by building some constraint conditions
to compute a warped image. Liu et al. [35] proposed a content-
preserving warp based on sparse correspondences in monocu-
lar image sequences. Tong et al. [38] proposed a stereoscopic
image composition method, which can efficiently paste
2D images into stereoscopic scenes by warping them
appropriately, which generate pleasant results for viewers.
Niu et al. [42] extended a traditional 2D image warping
technique for stereoscopic images. Their method can construct
a good stereoscopic image whose structure is different from
the original scene structure. Lang et al. [39] proposed an
effective nonlinear disparity mapping method, which deforms
input stereoscopic video streams to meet a desired disparity
range based on image warping. Du et al. [41] addressed the
problem of manipulating perspective in stereoscopic pairs
and applied their method to stereoscopic stitching. However,
their method cannot ensure the alignment of the overlapping
region of two stereoscopic images, since it only considers

the changes in image perspective. Zhang and Liu [43] first
stitched the left images of input stereoscopic images and
input disparity maps, and then warped and stitched the right
images constrained by the stitched left image and target
disparity map. Their method could align the left and right
images without ghosts and keep the consistency of the
stitched left and right images based on the target disparity
map. However, the method may produce some distortions
or vertical disparities, since they only warp the right images
rather than both, to adjust disparities and keep the consistency.

In this paper, we propose a novel stitching method for a pair
of stereoscopic images based on a hybrid warping model. First,
we design a uniform homography matrix to simultaneously
prewarp neighboring stereoscopic images, which can globally
preserve the structure consistency of the two images. Further-
more, inspired by the widely applied content-aware warping
methods, we propose to use a content-aware method to fine-
tune the prewarped stereoscopic images and minimize verti-
cal disparities. Experimental results show that the proposed
method can effectively stitch stereoscopic images.

III. PROPOSED STEREOSCOPIC IMAGE

STITCHING METHOD

Fig. 2 shows an outline of the proposed method, which
mainly includes prewarping based on a uniform homography,
image fine-tuning based on content-preserving warping, and
image blending. Let I 1

L , I 1
R , I 2

L , and I 2
R represent the input

stereoscopic image pairs, and I 1
L and I 1

R are chosen as the
reference image pairs. First, we propose a homography matrix
to roughly prealign the pair of input stereoscopic images
I 2

L and I 2
R . Such a homography matrix can preserve the global

structure consistency of two input images. The transformed
images are shown as I 2

L and I 2
R , and the corresponding

anaglyph is represented as anaglyph (I 2
L and I 2

R ).
The green and red points in Fig. 2 are the
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scale-invariant feature transform (SIFT) feature points
in the warped left and right images, respectively. It can be
observed from the enlarged portion of the anaglyph that
there are still some vertical disparities after the processing
of homography-based prealignment. Second, the content-
preserving warping method is used to fine-tune the alignment
and avoid visual distortion. The results after content-
preserving warping are denoted by Î 2

L and Î 2
R , and the

corresponding anaglyph is represented as anaglyph ( Î 2
L

and Î 2
R). Finally, a seam-cutting-based seam finding algorithm

and the multiband blending algorithm [16] are deployed to
create final stitching results, denoted by OL and OR .

A. Prewarping Based on the Uniform Homography Matrix
Applying 2D stitching methods to stereoscopic images may

not work well due to the difficulty in ensuring consistent
size and disparity. Therefore, we propose a uniform projective
transformation to two stereoscopic images. The homography
matrix H is estimated from the sets of matched SIFT feature
points [44], which are across (I 1

L , I 2
L), (I 1

R, I 2
R), and (I 2

L , I 2
R).

All the matched feature points are verified using the funda-
mental matrix estimated by Random Sample Consensus [45].
The sets F1, F2, and F3 of the matched feature points are
denoted as

F1 = {(
f 1
il , f 2

il

)∣∣ f 1
il ∈ I 1

L , f 2
il ∈ I 2

L , i = 1 · · · n1
}

(2)

F2 = {(
f 1

j r , f 2
j r

)∣∣ f 1
j r ∈ I 1

R, f 2
j r ∈ I 2

R , j = 1 · · · n2
}

(3)

F3 =
{(

f 2
kl , f 2

kr

)
∣∣∣∣∣

f 2
kl ∈ (

I 2
L − IOL

)
, and

f 2
kr ∈ (

I 2
R − IOR

)
, k = 1 . . . n3

}
(4)

where ( f 1
il , f 2

il ), ( f 1
j r , f 2

j r ), and ( f 2
kl , f 2

kr ) denote the pairs
of the matched feature points from (I 1

L , I 2
L), (I 1

R, I 2
R), and

(I 2
L , I 2

R), respectively. n1, n2, and n3 denote the number of fea-
ture points. IOL denotes the overlapping region of I 1

L and I 2
L ,

and IOR denotes the overlapping region of I 1
R and I 2

R . To calcu-
late the homography matrix H , the energy term Epre is defined
by considering alignment and the consistency of disparity,
which can be expressed as

Epre = 1

n1

n1∑
i=1

∥∥∥∥
1

wi
H f 2

il − f 1
il

∥∥∥∥
2

+ 1

n2

n2∑
j=1

∥∥∥∥
1

w j
H f 2

j r − f 1
j r

∥∥∥∥
2

+ 1

n3

n3∑
k=1

∣∣∣∣∣
[

1

wk
H f 2

kl

]

y
−

[
1

wk
H f 2

kr

]

y

∣∣∣∣∣
2

(5)

where H denotes a homography matrix with eight parameters.
wi , w j , and wk are the homogenous components of the
corresponding feature points’ coordinates. [(1/wk)H f 2

kl ]y and
[(1/wk)H f 2

kr ]y are the y-coordinates of feature points after
transformation.

In (5), H is obtained through three stages as follows.
1) Four pairs of feature points are randomly selected

from F1, and a homography matrix H1 is computed
by (1). Then, H1 is plugged into (5) to obtain the energy
term Epre1. Similarly, four pairs of feature points are
also selected from F2, and a homography matrix H2 is
computed by (1). H2 is plugged into (5) to obtain the
energy term Epre2.

2) Epre is calculated as Epre = min(Epre1, Epre2, Epre).
Then, the corresponding H of Epre can be obtained.
Here, the initial value of Epre is set as an infinity number.
The corresponding initial H is set as a 3 × 3 unit
matrix E3×3.

3) Go to step 1), iteratively until the iterative time n
satisfies the predefined value. In our simulations, the pre-
defined value is experimentally set as 1000.

With the above procedure, H bringing the minimum energy
value Epre in the iteration can be obtained. After obtaining H ,

the two images I 2
L and I 2

R are transformed to I 2
L and I 2

R .
Then, the two stereoscopic images are roughly aligned with
the transformation.

B. Alignment Fine-Tuning and Disparity Consistency
Adjustment Using Content-Preserving Warping

As indicated in Section III-A, after the prewarping based on
uniform homography matrix, the two stereoscopic images are
roughly aligned. However, there still exist some vertical dispar-
ities. Currently, various content-preserving warping methods
have been used in many applications, such as video stabiliza-
tion and image/video retargeting. Existing studies [33], [34]
show that the content-warping method can be used for small
local adjustment. Therefore, we use it to further align prewarp-
ing results, as shown in Fig. 2(b).

In the proposed warping method, the prewarping images

I 2
L and I 2

R are divided into m×n grid cells. The vertices in

I 2
L and I 2

R are denoted by V 2
i, j,l and V 2

i, j,r . F1, F2, and F3

are the sets of matched feature points obtained in the image

pairs (I 1
L , I 2

L ), (I 1
R, I 2

R), and (I 2
L , I 2

R), respectively.
1) Sparse Stereoscopic Correspondences: The resulting fea-

ture sets F1, F2, and F3 generally have an irregularly
clustered distribution of correspondences, depending on scene
content. Moreover, these feature sets may include mismatched
feature points. To ensure a better spatial distribution of features
and avoid mismatched points, a pruning algorithm is applied to
remove correspondences around the vertices V 2

i, j,l and V 2
i, j,r ,

and a convolution method is applied to remove the isolated
correspondences points in featureless regions. The pruning
algorithm removes all the pairs from F1, F2, and F3, which
meet the conditions of

∥∥ f 2
i,l − V 2

i, j,l

∥∥ < δ (6)
∥∥ f 2

i,r − V 2
i, j,r

∥∥ < δ (7)

where f 2
i,l and f 2

i,r are feature points in the images I 2
L and I 2

R ,
respectively. The radius δ depends on the image resolution
and the size of the grid cell. In our experiments, δ is set
as 10 empirically.

Apart from removing the irregular correspondences,
the convolution method is used to remove the isolated cor-
respondences in stereoscopic images. In certain grid cell with
fewer points, there is no feature point in its eight neighborhood
grid cells or just one neighborhood grid cell includes feature
points. We call these feature points in the grid cell as isolated
correspondences. To obtain a promising warping result, these
isolated correspondences should be removed.
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Fig. 3. Sparse stereoscopic correspondence.

The isolated correspondences are detected by the convolu-
tion method, which can be expressed as

G = Mm×n ∗ R3×3 (8)

where Mm×n is a matrix consisting of 0 and 1 (0 denotes that
there is no feature point in a grid cell, while 1 denotes there are
feature points in a grid cell). R3×3 denotes a 3×3 matrix with
all the values as 1. The convolution method is separately used
for the image I 2

L and I 2
R . If the value of an element is 1 or 2

in the matrix G, the feature points and its correspondences
in the corresponding grid cell are removed. Fig. 3 shows an
example of the resulting features.

2) Warping: After the selection of sparse feature points,
the image warping problem is formulated as a grid cell
warping problem, which can be expressed as

̂V 2
i, j = W

(
V 2

i, j

)
(9)

where V 2
i, j includes V 2

i, j,l and V 2
i, j,r ; the values of ̂V 2

i, j are

unknown variables, which include ̂V 2
i, j,l and ̂V 2

i, j,r . A feature

point f̂ in image Î 2 is denoted by a linear combination of
four neighboring cell vertices of the corresponding cell. If the
feature point f̂ located in the mesh grid (i, j), it can be
formulated as

f̂ =
i+1∑
p=i

j+1∑
q= j

ap,q
̂V 2

p,q (10)

where the coefficients ap,q are computed by finding V 2
p,q

and inverting the bilinear interpolation process [46] from
V 2

p,q to f in the image I 2. The mesh warping problem is
addressed by solving an energy minimization framework based
on defined energy terms, including alignment, stereoscopic
constraint, and shape preservation. The energy terms are
described in detail as follows.

a) Alignment term: The alignment term is used to better
align the prewarping images and the reference images, includ-
ing local and global alignment terms. For local alignment,
the feature points f̂ 2

i,l and f̂ 2
i,r should be moved to match their

corresponding positions in the reference images I 1
L and I 1

R ,

so that they can be well aligned. Thus, the local alignment
term is defined as

Eh =
∑

f 1
i,l ∈F1

∥∥ f̂ 2
i,l − f 1

i,l

∥∥2 +
∑

f 1
i,r ∈F2

∥∥ f̂ 2
i,r − f 1

i,r

∥∥2
. (11)

Since the feature points in sets F1 and F2 are from
the overlapping image region, the local alignment term only
constrains the warping of the overlapping image region with
selected feature points. For other regions, as the prewarped
results I 2

L and I 2
R have already provided a good approximation,

our method encourages the regions without feature points to
be as close to the prewarping result as follows:

Eg =
n∑

j=1

m∑
i=1

gi, j,l
∥∥̂V 2

i, j,l − V 2
i, j,l

∥∥
2

+
n∑

j=1

m∑
i=1

gi, j,r
∥∥̂V 2

i, j,r − V 2
i, j,r

∥∥2
(12)

where gi, j,l is a binary value. If there is no feature point in
the grid cell of the left image, gi, j,l = 1. Otherwise, it is equal
to 0. gi, j,r is defined in the similar way for the right image.

b) Stereoscopic constraint term: The stereoscopic con-
straint term is designed to obtain comfortable 3D experiences,
including vertical and horizontal disparity constraints. Our
method enforces the stereoscopic constraint between the two
images by applying the constraint to a sparse set of matching
feature points, since the human vision system is sensitive to
these features.

The vertical disparity constraint is used to ensure the vertical
alignment of feature points, namely, the y-coordinates of the
corresponding feature points in both the images should be
similar. The energy term of vertical disparity constraint is
defined as

Ey =
n3∑

i=1

∥∥ f̂ 2
i,l,y − f̂ 2

i,r,y

∥∥2
(13)

where n3 is the number of feature points in the set F3.
The horizontal disparity constraint keeps the disparity

consistency of the prewarping results I 2
L and I 2

R , i.e., the
x-coordinate of each feature point is encouraged to be close
to the disparity of feature point in the prewarping image. The
energy term of horizontal disparity constraint is described as

Ed =
n3∑

i=1

∥∥ f̂ 2
i,l,x − f̂ 2

i,r,x − ϕ(di)
∥∥2

(14)

where ϕ(di ) = f 2
i,l,x − f 2

i,r,x . In addition, our method
can achieve the user-defined disparity distribution by
changing the disparity mapping ϕ(di ). An example is shown
in Section IV-B.

c) Shape preservation term: Shape preservation term is
used to reduce distortion and keep the smoothness of warping.
We would like to get the warping results, which are smooth
and locally similar, since such warping results appear less

distorted. In this case, the warping function W (V 2
i, j ) should

satisfy the Cauchy–Riemann equations, and the Hessian of the
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warping function W (V 2
i, j ) should be zero. Carroll et al. [22]

converted these equations into energy function based on finite
differences. The Cauchy–Riemann equation is equivalent to
the energy function of similarity transformation [35], and the
Hessian is equivalent to smoothness energy function. The
energy function of similarity transformation and the smooth-
ness energy function are, respectively, shown in (15) and (16).
For the calculation of squared norm in (16), the matrix is first
converted to a vector row-by-row as the work in [47] and
[48] as

Es1(i, j) =
∑

(i, j )∈mij

∥∥ ̂V 2
i+1, j,l − ̂V 2

i, j,l − u · (
̂V 2
i, j+1,l − ̂V 2

i, j,l

)

− v · R · ( ̂V 2
i, j+1,l − ̂V 2

i, j,l

)∥∥2 (15)

Es2(i, j) =
∑
(i, j )∈mij

∥∥∥∥∥∥∥∥∥

⎡
⎢⎢⎢⎣

̂V 2
i, j+1,l − 2̂V 2

i, j,l + ̂V 2
i, j−1,l

̂V 2
i+1, j,l − 2̂V 2

i, j,l + ̂V 2
i−1, j,l

̂V 2
i+1, j+1,l − ̂V 2

i+1, j,l − ̂V 2
i, j+1,l + ̂V 2

i, j,l

⎤
⎥⎥⎥⎦

∥∥∥∥∥∥∥∥∥

2

(16)

where R = [
0 −1
1 0

]
; mij denotes a grid cell; u and v

are the known coordinates within the local coordinate sys-
tem. Since our grid cell is rectangle, we set u as 0 and
v = ‖Vi+1, j − Vi, j ‖/‖Vi, j+1 − Vi, j ‖.

In our method, the salient regions are encouraged to undergo
more restrictive smoothing than the nonsalient ones. Thus,
the shape preservation term of the left image is defined as

Esl =
n∑

j=1

m∑
i=1

ω(i, j ) · (Es1(i, j) + Es2(i, j)) (17)

where ω(i, j ) is the saliency value of the grid cell (i, j). In our
experiments, the salient regions are detected by the algorithm
in [24].

The energy function Esr for the right image is defined
in a similar way. Thus, the shape preservation term can be
formulated as

Es = (Esl + Esr)/2. (18)

d) Energy optimization: To obtain ̂V 2
i, j,l and ̂V 2

i, j,r ,
we minimize the total energy including all the above energy
terms as

E = Eh + Eg + Ey + Ed + Es . (19)

Since the energy E is a quadratic function of ̂V 2
i, j,l and ̂V 2

i, j,r ,
the minimization problem is solved via a sparse linear solver.

Equations (13) and (14) can be approximated as

Ey =
∑

(
f 2
i,l , f 2

i,r

)
∈F3

∥∥∥∥∥∥
f̂ 2
i,l,y −

(
f 2
i,l,y + f 2

i,r,y

)

2

∥∥∥∥∥∥

2

+
∑

(
f 2
i,l , f 2

i,r

)
∈F3

∥∥∥∥∥∥
f̂ 2
i,r,y −

(
f 2
i,l,y + f 2

i,r,y

)

2

∥∥∥∥∥∥

2

(20)

Ed =
∑

(
f 2
i,l , f 2

i,r

)
∈F3

∥∥∥∥∥∥
f̂ 2
i,l,x −

(
f 2
i,l,x + f 2

i,r,x

)

2
− ϕ(di )

2

∥∥∥∥∥∥

2

+
∑

(
f 2
i,l , f 2

i,r

)
∈F3

∥∥∥∥∥∥
f̂ 2
i,r,x −

(
f 2
i,l,x + f 2

i,r,x

)

2
+ ϕ(di)

2

∥∥∥∥∥∥

2

.

(21)

Then, the coordinates of the grid vertices (̂V 2
i, j,l and ̂V 2

i, j,r )
are uncorrelated and can be solved separately with the same
system matrix and different right-hand sides. Once the output
grid cells are obtained, the bilinear interpolation algorithm [46]
is used to achieve the final result.

C. Image Blending

The last step of the proposed method is image blending.
An extended seam-cutting-based method is applied to find
a seam in the aligned image, and then, the multiband blend-
ing algorithm [17] is deployed to create the final stitching
result. To stitch two stereoscopic images together, we need
to find a seam in the overlapping region, which is imple-
mented by dynamic programming. Similar to the seam carving
method [49], the cumulative energy M(i, j) for connected
seams of each entry (i, j) in the first row is computed as

Mi, j = e(i, j) + min(Mi−1, j−1, Mi−1, j , Mi−1, j+1) (22)

where e(i, j) can be formulated as

e(i, j) = ∥∥ Î 2
OL(i, j) − Î 1

OL(i, j)
∥∥

+∥∥̂G2
OL(i, j) − ̂G1

OL(i, j)
∥∥ (23)

where Î 2
OL and Î 1

OL denote the overlapping regions of

the warped images Î 2
L and I 1

L , respectively. ̂G2
OL(i, j) and

̂G1
OL(i, j) denote the gradients of overlapping regions of the

warped images ( Î 2
L and I 1

L ), respectively. At the end of this
process, the minimum value of the last row in Mi, j indicates
the end of the minimal connected vertical seam.

With the above process, the seam in the overlapping region

of the left images ( Î 2
L and I 1

L ) is found. The seam in the
overlapping region of the right images ( Î 2

R and I 1
R ) can be

found correspondingly.
After the seams in overlapping regions are found, image

blending is used to blend the left (right) images. Despite the
overlapping region corresponding to the same scene, the gray
values in the two images might not be exactly the same
due to the differences in imaging conditions. In the seam
position of the overlapping region, an obvious splicing gap will
be produced. Therefore, image fusion was used to eliminate
the splicing gap and make the image stitching results more
natural. In this paper, the multiband blending algorithm [17]
is employed to get a smooth resultant image.

IV. EXPERIMENTAL RESULTS

In this section, we conduct some comparison experiments
to demonstrate the advantages of the proposed method.
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Fig. 4. Six test cases (left images) used in the image stitching.

Fig. 5. Comparison of alternative energy terms. First row: stitched left images. Second row: stitched right images.

Since there is no stereoscopic image database available for
image stitching, we have constructed a database composed
of six stereoscopic images: Lake, Office Building, Alocasia,
White Building, Flower, and Panorama. The stereoscopic
images were captured using a FUJIFILM REAL 3D W1
digital camera. Fig. 4 shows the six test cases used in our
experiments. In Sections IV-A and IV-B, we first report the
experimental comparison results, including the comparison
of alternative energy terms, the comparison between our
method and the three representative image stitching methods:
APAP [4], Du’s method [41], and Zhang’s method [43]. The
APAP method is a 2D image stitching method, which better
addresses the problem of image alignment compared with the
other 2D image stitching methods. Du’s method could change

stereoscopic image perspective and apply to stereoscopic
image stitching. Zhang’s method could directly stitch
stereoscopic images. Following the experiment, we show the
applications of the proposed stereoscopic image stitching
framework. Limited by the medium, the results shown in this
section are presented as red/cyan color anaglyph images.

A. Comparisons

In this paper, we use (15) and (16) to reduce distortion and
keep the smoothness of warping. To evaluate the effectiveness,
we conduct one comparison experiment for the alternative
smooth energy term. As shown in Fig. 5, the method using
only (15) produces distortion [see the enlarged regions in
Fig. 5(a)]. The region on the roof of the building is distorted
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Fig. 6. Comparison results among different stitching approaches. From top to bottom: left image, right image, anaglyph image, and anaglyph image with
feature points and disparities.

and the tree is bent. In contrast, the proposed method
[Fig. 5(b)], which uses (15) and (16), makes a smoother,
more naturalistic stitched image.

We conduct other comparison experiments using the pro-
posed method with other existing ones on a range of chal-
lenging stereoscopic image pairs. The proposed method is
compared with the native 2D image stitching algorithm of

APAP [4] by applying it independently on the left and
right images. The stereoscopic image stitching methods in
[41] and [43] are also used in this comparison experiment.

Fig. 6 shows the comparison results of APAP [4] and the
proposed method for Office Building and Lake. The anaglyph
stereoscopic images (as shown in the third row in Fig. 6)
are obtained by cropping the raw stitching results, and the
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Fig. 7. Comparison results from different methods. From top to bottom: left image, right image, and anaglyph image.

anaglyph images with feature points and disparities (as shown
in the fourth row in Fig. 6) show the metric of vertical dispar-
ity, where the horizontal green lines denote that the vertical
disparity of corresponding feature points is zero. As shown
in Fig. 6, the APAP could well align the left and right images
separately, while they could not produce a good stereoscopic
image due to the lack of stereoscopic constraints. Since APAP
stitches the left and right images separately, the difference in
the projective transformation is large. The undesired vertical
disparity and inconsistent image sizes lead to incorrect and
inconsistent 3D perception. As shown in Fig. 6(c), the vertical
disparity mainly appears in the right part of the anaglyph
image, since APAP changes one of the two images. In contrast
to APAP, the proposed method ensures the consistency of
image size by a prewarping method based on the uniform
homography matrix. In addition, the proposed method guar-
antees image alignment and reduces vertical disparities in
a content-aware manner. The proposed method [Fig. 6(d)]
not only successfully aligns the two images, but also obtains
a good stereoscopic image with fewer vertical disparities.

Fig. 7 shows the comparison results of Du’s method [41] and
the proposed method. Du’s method can change the perspective
of one stereo image by changing the stereo camera orientation,
and, moreover, can be directly stitched to construct a stereo-
scopic panorama. Du’s method could lead to a good result with
little vertical disparity. However, their method cannot ensure
the alignment, since it only considers to change the perspective
of one stereoscopic image. In addition, Du’s method produces
ghosting [see the enlarged regions in Fig. 7(c)]. In contrast to
Du’s method, the proposed method [Fig. 7(d)], which consid-
ers the image alignment term and the stereoscopic constraint
term, not only successfully obtains a good stereoscopic image
with fewer vertical disparities, but also aligns the two images.

Fig. 8 shows the comparison results of Zhang’s method [43]
and the proposed method. Zhang’s method [Fig. 8(c)] can

align the input left and right images without ghosts. However,
it only warps the right images instead of warping both the
two images according to the stitched left images and the target
disparity map to adjust disparities and keep the consistency,
which may produce some distortions. As shown in the second
row in Fig. 8(c) (i.e., the stitched right image), there are some
distortions in the enlarged region. In contrast, the proposed
method [Fig. 8(d)], which uses uniform homography and
content-preserving warping method to warp both the images,
can effectively reduce the distortion [see the enlarged region
in Fig. 8(d)].

Fig. 9 shows the results of the proposed method for another
scene. It can be observed from Fig. 9 that the proposed method
not only aligns the input images, which is free from the
ghosting artifacts, but also reduces vertical disparity, which
avoids uncomfortable viewing experience.

The viewing experience of stereoscopic images is affected
by various factors [50], and there is no general objective
measurement of stereoscopic visual quality. However, it is
widely accepted that large vertical disparities increase visual
discomfort. Here, we show the average absolute vertical dis-
parity (AVD) for our method and other existing methods.
The AVD is computed from the sparse corresponding SIFT
features. The AVD is defined as

AVD =
∑Ns

i=1 |VDi |
Ns

(24)

where |VDi | denotes the AVD of the i th feature point and
Ns denotes the total number of feature points. Table I shows
the AVD of all the six stitched stereoscopic images. From
Table I, we can observe that the AVD from APAP is greater
than that of the proposed method in all of the image pairs.
The main reason is that the APAP does not consider the
stereoscopic constraints. While Du’s method considers the
stereoscopic constraints, the AVD from Du’s method is also
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Fig. 8. Comparison results with Zhang’s method. From top to bottom: left image, right image, and anaglyph image.

Fig. 9. Stitched results of the proposed method for another scene. From left to
right are the first input stereoscopic image pairs, the second input stereoscopic
image pairs, and the stitching results of the proposed method, while from top
to bottom are the left image, the right image, and the anaglyph image.

TABLE I

AVERAGE VERTICAL DISPARITY (/PIXEL)

larger than that of the proposed method. The main reason is
that Du’s method cannot guarantee the disparity consistency
in the overlapping regions of the images. Zhang’s method
also produces larger vertical disparities than our method.
The proposed method, which uses uniform homography and
content-preserving warping to warp both the images, reduces
vertical disparity by considering the stereoscopic constraints.

Fig. 10. Average evaluation score.

To better demonstrate the advantages of the proposed
method, we also conducted a user study [51], [52] to
compare the visual quality of the stereoscopic images
obtained by APAP, Du’s method, Zhang’s method, and the
proposed method. A total of 15 participants with normal
stereoscopic vision were invited to participate in the user
study. These participants were asked if they felt comfortable
with the factors, including ghost, distortion, and eye fatigue.
They were asked to rate from 1 (very uncomfortable) to
5 (very comfortable). Table II shows the subjective assessment
standard of stitched stereoscopic images.

We compute the average scores and show them in Fig. 10.
From Fig. 10, we can observe that the proposed method
outperforms the three other methods. From these experimental
results, we can observe that the proposed method provides
more comfortable viewing effects for the stitched results com-
pared with other existing ones by considering image alignment
and the stereoscopic constraints.

B. Applications

In this section, we apply the proposed method in various
applications of stereoscopic image processing to demonstrate
the advantages of the proposed method. We first present the
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TABLE II

SUBJECTIVE ASSESSMENT STANDARD OF STITCHED
STEREOSCOPIC IMAGES

production scenarios of disparity adjustment. Then, we illus-
trate the extension of the proposed method in the application
of full panoramas.

1) Disparity Adjustment: The disparity range of the pre-
aligned stereoscopic images may be not the optimal. In order
to provide a strong visual impact, large negative dispari-
ties need to be set to particular scenes. On the contrary,
stereoscopic videos with a period of large negative disparities
may cause visual fatigue. Therefore, the disparity has to be
adjusted. The proposed method can allow for the adjustment
of disparity. As mentioned in Section III-B, since ϕ(di ) in (14)
can be adjusted, the proposed method can also be used to
change the perceived depth of a stitching stereoscopic image
by changing the disparity mapping ϕ(di), similar with the
technique in [39]. Our method can compute a deformation
of the prealigned stereoscopic images I 2

L and I 2
R so as to meet

the target disparities. Fig. 11 shows an example of disparity

adjustment. Here, ϕ(di ) = 0.25( f 2
i,l,x − f 2

i,r,x ). It can be
observed from the result that the proposed method can adjust
the disparity as expected.

2) Constructing Stereoscopic Image With a Larger Horizon:
With the popularity of stereoscopic images, the techniques of
producing and editing panoramic stereoscopic images would
be widely used. A panorama stereoscopic image is a wide-
angle view or representation of a physical space. The proposed
method can construct a stereoscopic image with a larger
horizon.

Fig. 11. Disparity adjustment.

Fig. 12. Stereoscopic panorama image. From top to bottom: input stereo-
scopic images, stitched left image, stitched right image, and the anaglyph
image.

To obtain a stereoscopic image with a larger horizon, we can
stitch a set of overlapping images incrementally using the
proposed method. Given more than two stereoscopic images,
we first choose a central image to initialize the stitched
image. Then, the other images are incrementally stitched
via the proposed method. Fig. 12 shows an example of the
panorama stereoscopic image. This achieves a good panorama
stereoscopic image without ghosts. In addition, to acquire
360° stereoscopic panoramas, a spherical or cylindrical para-
metrization model for stereoscopic images may be introduced
to prealign multiple images in the future work.

V. CONCLUSION

In this paper, we have presented a novel hybrid warp-
ing model for stereoscopic image stitching. To ensure the
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consistent changes, a uniform homography is proposed to
prewarp the left and right images. The content-preserving
warping is introduced to locally refine the alignment and
reduce the vertical disparity. Finally, a seam-cutting-based
algorithm is designed to find a blending seam, and the multi-
band blending algorithm is used to produce the final stitched
image. Experimental results on stereoscopic image stitching
have shown the effectiveness of the proposed method and its
applications.
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