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Abstract—An image montage technique creates a photorealistic output image without artifacts by synthesizing multiple input
images. We propose an image montage method to create a photorealistic virtual scene that seems as if it exists in a real world by
synthesizing real scene images captured in different places. The
images to synthesize are appropriately selected from a large database of different scene images. We suppose that images in the
database were captured in the same place by moving a camera to
translate its 3D position and rotate its viewing direction. Our
method first obtains lots of similar image pairs such that two
images in each pair have similar regions as if they are the same
scene part that shifts its position in respective images by a camera motion. Then, from the pairs, appropriate successive images
are selected and arranged in a 3D virtual space such that every
image is similar to both adjacent images in their overlapping
regions to fake a camera motion of a walk-through in the space,
which results in constructing a photorealistic virtual world. The
similarity in the overlapping region is evaluated using gist and
color histogram. The selection of the successive images is done by
solving an optimization problem using a graph of images to
search for appropriate closed paths, each of which satisfies a
restriction of a 3D space. A final virtual scene image is synthesized by blending the overlapping regions of adjacent images in a
desired closed path.
Keywords—image edit; image montage; virtual scene; gist;
color histogram;

I. INTRODUCTION
In computer graphics and vision, image montage is one of
active research topics and lots of methods have been proposed
so far. The method proposed by Sivic et al. [1] creates a photorealistic virtual world by treating real scene images captured at
different places in a large database as images captured by moving a camera at the same place. Images to use are sequentially
selected and moved in left/right, forward, and horizontally rotational directions to arrange in a 3D virtual space so as to make
adjacent images partially overlap each other. The adjacent images are selected by evaluating the similarity in their overlapping region using gist [2] and color layout vectors. This sequential selection of images results in making a chain of images in the 3D space. Then, a serious problem can be caused by
inconsistently assigning different images to the same 3D position and direction by different parts of the chain. In this research, we propose a method to cope with this inconsistency.
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Our method uniquely assigns images to their own suitable 3D
positions and directions as a solution of an optimization problem using a graph of images. The graph is searched for closed
paths that satisfy 3D restrictions to give each image in the paths
consistency for its 3D position and direction.
II. RELATED WORK
Various image montage methods have been proposed. The
interactive tool of [3] automatically determines the optimal
boundaries of the desired regions from multiple input images to
synthesize a natural output image. In the system of [4], an output image is synthesized from suitable input images automatically selected from a database by putting category labels on a
canvas. Graphcut texture synthesis of [5] can stitch two input
images along an automatically determined boundary. The image summarization method of [6] summarizes multiple input
images into an output image by bidirectional similarity. Image
melding of [7] synthesizes an output texture to change between
two textures gradually. The methods of [8] and [9] create a
patchwork in which important parts cut out from respective
input images are arranged as compactly as possible.
Panorama synthesis from input images is an important topic
in image montage. QuickTime VR of [10] and Panoramic image mosaics of [11] are pioneering works. The method of [12]
reduces the distortion of a synthesized panorama image. The
method of [13] makes seams between input images inconspicuous. The methods of [14] and [15] synthesize lots of input
images along a street into a horizontally-long panorama image
by a multi-perspective technique. The method of [16] generates
a panorama image with depth. The methods of [17] and [18]
synthesize a panorama image from a video.
The methods of [19] and [20] treat a large number of images captured in the same place, such as a tourist spot, from various camera positions by different persons. The images are arranged in a 3D space and related to each other by exactly estimating their 3D positions. The method of [21] allows a user to
move his/her viewpoint smoothly between videos.
III. SIMILARITY EVALUATION
The gist of an image is a feature to evaluate the global
structure of the image [2]. For example, it is often used for
scene classification. It is obtained as a 𝑀-dimensional vector

by applying multi-scale and multi-orientation Gabor filters to
an image, where 𝑀 is the number of the filters. The similarity
of two gists is evaluated using their dissimilarity, 𝑑𝑔 , defined
by the sad (sum of absolute difference) of their vectors. The
smaller 𝑑𝑔 is, the more similar the gists are.
The color histogram of an image evaluates the color distribution of the image by voting for 𝐿 bins defined by dividing
the range of pixel colors. It is obtained as a 𝐿-dimensional vector. One way to evaluate the similarity of two histograms is
histogram intersection [22], which gives a similarity value 𝑠ℎ ,
0 ≤ 𝑠ℎ ≤ 1. As 𝑠ℎ gets closer to 1, the histograms are more
similar. We define the dissimilarity 𝑑ℎ = 1 − 𝑠ℎ .
Our method evaluates the similarity of two images in their
overlapping region by a dissimilarity 𝑑𝑔ℎ defined by averaging
the two dissimilarities using a weight 𝑤𝑔ℎ , 0 ≤ 𝑤𝑔ℎ ≤ 1.
𝑑𝑔ℎ = 𝑤𝑔ℎ 𝑑𝑔 + (1 − 𝑤𝑔ℎ ) 𝑑ℎ
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IV. PROPOSED METHOD
A. Outline
Our database has real scene images of different places, and
the images are treated as images captured by moving a camera
in the same place to synthesize virtual scene images. First, our
method obtains lots of similar image pairs such that two images
in each pair have similar regions as if they are the same scene
part that shifts its position in the respective images by a camera
motion. In order to obtain such pairs, the similarity of two images in every pair is evaluated for their overlapping region
formed by applying some camera motions: 𝑡𝑚𝑎𝑥 translations
and 𝑟𝑚𝑎𝑥 rotations. Next, from the similar image pairs, appropriate successive images to arrange in a 3D virtual space are
determined such that every image is similar to both adjacent
images in their overlapping regions to fake a walk-through
camera motion. In order to arrange unique images for respective 3D positions and directions without inconsistency, the successive images are determined as a solution of an optimization
problem using an image montage graph constructed by using
the similar image pairs as edges and their images as nodes. The
graph is searched for closed paths that satisfy 3D restrictions to
give each image in the paths consistency for its 3D position
and direction. Finally, a virtual scene image is synthesized by
blending the images in a desired closed path.
B. Virtual Camera Condition
Images in the database were actually captured in different
places by different cameras using different parameters such as
pixel resolutions, viewing angles, and focal lengths. In order to
treat these images as images captured in the same place by
moving a common camera, a virtual camera condition is given
as follows. The 3D shapes and positions of objects in each image are not known. Thus, we suppose that all the objects are on
a 3D plane that was positioned in parallel to the image plane of
the common camera when the image was captured. The 3D
plane is called object plane. Each image is mapped on its object plane. The local 3D camera coordinate system of each image is defined by a left-hand system; the position at which the

camera was when the image was captured is its origin, the
viewing direction of the camera is z axis, the right direction of
the viewing direction is x axis, and the upper vertical direction
is y axis. The distance from the origin to the object plane in the
z direction is a parameter to determine. The scaling of the object plane in the x and y directions between the camera coordinates and the pixel coordinates of the image is also a parameter.
For example, one simple parameterization is to use the number
of pixels of the image as the length of the object plane in each
of the x and y directions and give the average of the two lengths
to the distance from the origin in the z direction.
C. Overlapping Region of Two Images
Two images are arbitrarily picked out from the database as
an image pair and partially overlapped by a camera motion
chosen from 𝑡𝑚𝑎𝑥 translations 𝑇𝑡 , 𝑡 = 1, ⋯ , 𝑡𝑚𝑎𝑥 , and 𝑟𝑚𝑎𝑥
rotations 𝑅𝑟 , 𝑟 = 1, ⋯ , 𝑟𝑚𝑎𝑥 . Then, the similarity of their overlapping region is evaluated. In Fig. 1, two images are mapped
on their object planes respectively as shown in (a-1) and (a-2).
In each case of (b) and (c), the object plane of (a-2) is moved
by a 3D coordinate transformation from the camera coordinate
system of (a-1) to that of (a-2) to simulate a camera motion as
shown in (b/c-2), while the object plane of (a-1) remains the
same as a reference plane as shown in (b/c-1). This results in
forming their overlapping region as the bright part shown in
(b/c-3), which is made by simply adding the pixel colors of
(b/c-1) and (b/c-2). The virtual camera condition for these cases is given the simple parameterization described in section IV
B. In the case of (b), the camera motion of (b-2) is a translation
by a 3D vector 𝒕 = (𝑡𝑥 , 0, 𝑡𝑧 ), which moves the object plane of
(a-2) to the right in the x direction and near to the origin in the z
direction. The overlapping region forms a rectangle in (b-3). In
the case of (c), the camera motion of (c-2) is a rotation by an
angle 𝜃𝑦 , which rotates the object plane of (a-2) around the y
axis to the right. The overlapping region forms a hexagon in (c3). This asymmetrical hexagon can generally cause a different

result in similarity evaluation when the rotation is applied reversely by the same angle. In order to avoid this problem, our
method rotates not only the object plane of (a-2) but also that
of (a-1) in mutually reversed directions by 𝜃𝑦 ⁄2 to form a
symmetrical hexagon as shown in the case of (d).
D. Selection of Similar Image Pairs
The similarity of each pair of two images 𝐼𝑖 and 𝐼𝑗 , 𝑖 ≠ j, is
evaluated for their overlapping region by applying 𝑡𝑚𝑎𝑥 translations 𝑇𝑡 , 𝑡 = 1, ⋯ , 𝑡𝑚𝑎𝑥 , and 𝑟𝑚𝑎𝑥 rotations 𝑅𝑟 , 𝑟 =
1, ⋯ , 𝑟𝑚𝑎𝑥 . From among all combinations of (𝐼𝑖 , 𝐼𝑗 , 𝑇𝑡 , 𝑅𝑟 ),
the 𝑒𝑚𝑎𝑥 most similar pairs 𝐸𝑒 , 𝑒 = 1, ⋯ , 𝑒𝑚𝑎𝑥 , are selected as
similar image pairs. Each similar image pair 𝐸𝑒 has a camera
motion, 𝑇𝑒 ∈ {𝑇𝑡 , 𝑡 = 1, ⋯ , 𝑡𝑚𝑎𝑥 } or 𝑅𝑒 ∈ {𝑅𝑟 , 𝑟 = 1, ⋯ , 𝑟𝑚𝑎𝑥 },
to apply to its two images.
The similarity evaluation is done using the dissimilarity 𝑑𝑔ℎ
of Eq. (1) between two square patches 𝑆𝑖 and 𝑆𝑗 that come from
the images 𝐼𝑖 and 𝐼𝑗 respectively. The patches have the same
size, 𝑤 × 𝑤 pixels, and exactly overlap each other. The position of the patch pair is slided at intervals of some pixels within
the overlapping region. The dissimilarity of the whole overlapping region is given the average of the dissimilarity values at
all the positions. Each similar image pair 𝐸𝑒 is given a dissimilarity 𝑑𝑒 calculated for its overlapping region.
E. Search for Closed Paths of Similar Images
Using the 𝑒𝑚𝑎𝑥 similar image pairs 𝐸𝑒 , appropriate successive images to arrange in a 3D virtual space are determined
such that every image is similar to both adjacent images in their
overlapping regions to fake a walk-through camera motion. In
order to arrange unique images for respective 3D positions and
directions without inconsistency, the successive images are
determined as a solution of an optimization problem as follows.
First, 𝑛𝑚𝑎𝑥 candidate images 𝐼𝑛 , 𝑛 = 1, ⋯ , 𝑛𝑚𝑎𝑥 , are obtained by enumerating all the images from the 𝑒𝑚𝑎𝑥 similar
image pairs 𝐸𝑒 . Then, an image montage graph is constructed
using the candidate images 𝐼𝑛 as nodes and similar image pairs
𝐸𝑒 as edges. Each edge 𝐸𝑒 has a camera motion, 𝑇𝑒 or 𝑅𝑒 , to
apply to the two images whose nodes are connected by the
edge. The edge 𝐸𝑒 also has a dissimilarity 𝑑𝑒 that indicates the
similarity for the overlapping region of the two images. Each
node can be connected to arbitrary number of other nodes. Two
nodes can be connected by more than one edge having a different camera motion. Then, the graph is searched for closed
paths such that each closed path satisfies the 3D restriction for
positional and directional consistency, by which the accumulation of the camera motions of all the edges along the closed
path restores the 3D position and viewing direction of the camera to those at the first node after visiting all the nodes along
the path. This gives each image in the closed paths consistency
for its 3D position and direction.
The search for the closed paths in the graph is done by a recursive depth-first search algorithm as follows.
Step 1 : If all the nodes in the graph have been visited at least
once, this algorithm is finished. Otherwise, one node is selected from among the nodes that have not been visited yet.

The selected node becomes the current node 𝑁𝑐 , and a new
search starts from this node. In the depth-first search, the
nodes that are visited in the depth direction are stored in a
node list 𝑁𝑚 , 𝑚 = 1, ⋯ , 𝑚𝑚𝑎𝑥 , where 𝑚 indicates the
depth level. The number of stored nodes, 𝑚𝑚𝑎𝑥 , is initialized
by 0.
Step 2 : The current node 𝑁𝑐 is checked whether it is stored in
the current list 𝑁1 , ⋯ , 𝑁𝑚𝑚𝑎𝑥 .
Step 2-1 : If the current node 𝑁𝑐 is not stored, this means that a
closed path does not exist in the list. Then, 𝑚𝑚𝑎𝑥 is increased by one, and the node 𝑁𝑐 is stored to 𝑁𝑚𝑚𝑎𝑥 . The
search proceeds from this node 𝑁𝑚𝑚𝑎𝑥 to all the adjacent
nodes except for the previous node 𝑁𝑚𝑚𝑎𝑥 −1 . The search to
each adjacent node recursively goes to step 2, in which the
adjacent node becomes the current node 𝑁𝑐 .
Step 2-2 : If the current node 𝑁𝑐 is stored, this means that a
closed path exists in the list. When the 𝑚𝑠 -th node 𝑁𝑚𝑠 is the
node 𝑁𝑐 , the closed path consists of nodes 𝑁𝑚𝑠 , ⋯ , 𝑁𝑚𝑚𝑎𝑥 .
In this case, the search stops without proceeding to adjacent
nodes. If the closed path satisfies the 3D restriction above, it
is reserved as a candidate closed path. Then, this recursive
search returns backward by one depth level.
Step 3 : If recursive search of step 2 is finished, go to step 1.
This algorithm repeats the above steps by changing a starting
node. This copes with the case in which the whole graph consists of more than one isolated subgraph. One node can be
visited more than once, which means that each node is allowed
to be in more than one closed path. The recursive searches to
the respective adjacent nodes in step 2-1 are executed individually. That is, the increment of 𝑚𝑚𝑎𝑥 and the store of nodes
to the list 𝑁𝑚 for the adjacent nodes are done independently of
each other after the search has branched to them.
After executing the above algorithm, desired closed paths
are selected from candidate closed paths reserved in step 2-2.
The average of the dissimilarities of all edges in a closed path
is one criterion to determine whether the virtual scene synthesized by blending adjacent images of the path is photorealistic.
F. Image Synthesis of Virtual Scene
A final virtual scene image is synthesized by blending the
overlapping regions of adjacent images of a desired closed path.
One simple way of the blending is feathering [11] that uses a
weight determined by the distances from the boundaries of two
images. Poisson image editing [23] achieves better results.
V. EXPERIMENTAL RESULT
We used the following PC condition: OS: Windows10 Pro,
CPU: Intel(R) Core(TM) i7-4790K 4.00GHz, RAM: 8.00GB.
We developed and executed our software using Visual Studio
2015. The software to calculate gists was obtained from [24].
Fig. 2 and 3 are panorama images obtained by our method.
The images in our database were obtained from [25]. The resolutions of all images were 256 × 256 pixels. In order to obtain
similar image pairs, three rotations 𝑅1 , 𝑅2 , and 𝑅3 , which had

Fig. 2. Panorama image of virtual scene of “grass field”.

[2]

[3]
Fig. 3. Panorama image of virtual scene of “forest”.

rotation angles 20, 30, and 40, were applied to every image pair.
For gists, Gabor filters of three scales were used, and the numbers of orientations in the scales were 8, 8, 4. The gists were
calculated for R, G, and B respectively. As a result, one gist
was given a 60-d vector. For color histograms, a and b values
in Lab color system were used. Each color range was divided
by 8. This results in 64 bins, and one histogram was given a 64d vector. The weight 𝑤𝑔ℎ of Eq. (1) was given 0.5. A patch of
40 × 40 pixels was slided at intervals of 30 pixels within an
overlapping region. Each panorama image of Fig. 2 and 3 was
obtained by the closed path with the smallest dissimilarity. In
this experiment, the 3D restriction for candidate closed paths
was that the accumulation of rotation angles along all the edges
of a closed path was 360 degrees. The overlapping regions of
adjacent images were blended by feathering. Other experimental data for Fig. 2 and 3 are shown in Table I.
In Fig. 2 and 3, some parts are given good results of natural
montage. However, as a whole, photorealistic virtual scenes
with high quality are not obtained. We consider that this was
caused mainly by the shortage of database images. Besides, the
small number of similar image pairs is also a serious reason.
VI. CONCLUSION
We proposed a method to create a virtual scene that seems
as if it exists in a real world by synthesizing real scene images
captured in different places. Virtual scenes synthesized by our
method partially have photorealistic appearance. However, as a
whole, high quality results have not been obtained yet. Although the increase of database images and similar image pairs
is one solution, it causes the explosive increase of computation
time for the current algorithm. The improvement of the algorithm is necessary as a future work.
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