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Abstract single picture. Using a wide field of view (fish-eye) lens

can be a solution, but the images obtained have substan-

As the field of view of a picture is much smaller than our tial distortions, and mapping an entire scene into the limited
own visual field of view, it is common to paste together sev-resolution of a video camera compromises image quality. A
eral pictures to create a panoramic mosaic having a larger more common solution is photo-mosaicing: aligning, and
field of view. Images with a wider field of view can be gen- pasting, frames in a video sequence, which enables a more
erated by using fish-eye lens, or panoramic mosaics can becomplete view. Digital photography created new applica-
created by special devices which rotate around the camera’stions for mosaicing [14, 15, 16, 3], which were first imple-
optical center (Quicktime VR, Surround Video), or by align- mented for aerial and satellite images.
ing, and pasting, frames in a video sequence to a single Three major issues are important in image mosaicing:
reference frame. Existing mosaicing methods have strong
limitations on imaging conditions, and distortions are com-
mon.

Manifold projection enables the creation of panoramic
mosaics from video sequences under more general condi-
tions, and in particular the unrestricted motion of a hand-
held camera. The panoramic mosaic is a projection of the
scene into a virtual manifold whose structure depends on 4 |mage cut and paste:Most regions in the panoramic

e Image alignment: Determines the transformation
that aligns the images to be combined into a mosaic.
Paper photo-mosaicing uses rigid transformations for
alignment: picture translations and rotations. Digi-
tal processing enables more general transformations,
like affine or planar-projective.

the camera’s motion. ThlS manifold iS more general than mosaic are Over|apping, and are Covered by more than

the customary projections onto a single image plane or onto one picture. The cut and paste process involves either

a cylinder. a selection of a single image for each overlapping re-

In addition to being more general than traditional mo- gion, or some kind of a combination of all over|ap-

saics, manifold projection is also computationally efficient, ping images.

as the only image deformations used are image-plane trans-

lations and rotations. Real-time, software only, implemen-  ® Image blending: Necessary to overcome the inten-

tation on a Pentium-PC, proves the superior quality and sity difference between images, differences that are

speed of this approach. present even when images are perfectly aligned. Such
differences are created by a dynamically changing
camera gain.

1 Introduction The simplest mosaics are created from a set of images

whose mutual displacements are pure image-plane transla-

The need to combine pictures into panoramic mosaicstions. This is approximately the case with some satellite
existed since the beginning of photography, as the camera’dmages. Such translations can either be computed by manu-
field of view is always smaller than the human field of view. ally pointing to corresponding points, or by image correla-
Also, many times large objects could not be captured in ation methods. Other simple mosaics are created by rotating
the camera around its optical center using a special device,

*_This research was mostly done_when S. Peleg was on sabbatica! agnd Creating a panoramic image which represents the pro-
E;‘gg@sgmjfi_:gﬁ?amh Center, Princeton, NJ, USA. Contact E-Mall: ;o0tion of the scene onto a cylinder [5, 13, 12, 11]. Since

1J. Herman passed away on October 1, 1996, a few weeks after com-t IS N0t simple to ensure a pure rotation around the optical
pleting the first version of the mosaicing program VideoBrush. center, such mosaics are used only in limited cases.




In more general camera motions, that may include both
camera translations and camera rotations, more general
transformation for image alignment are used [4, 6, 10, /
18, 8]. In all cases images are aligned pairwise, using a
parametric transformation like an affine transformation or
planar-projective transformation. A reference frame is se-
lected, and all images are aligned with this reference frame

and combined to create the panoramic mosaic.
Aligning all frames to a single reference frame is reason-

s
<
able when the camera is far away and its motion is mainly Area Imaged
a translation and a rotation around the optical axis. Signif-
icant distortions are created when camera motions include
other rotations.
Manifold Projection overcomes many of the difficulties 4 ‘

in photo-mosaicing: ‘/

e The projection is defined for almost any arbitrary A

camera motion and any scene structure. This is en-
abled by narrowing the goal of image alignment from
perfect alignment of all overlapping image regions to
alignment only along the seam between the images.

e There are no distortions caused by the alignment to a
reference frame. Object size in the panoramic mosaic  Figure 1. Aerial photography with a 1D scan
is the same as in the original images, and therefore  gystem (pushbroom camera).
the resolution in the mosaic is the same as the image
resolution.

» Computation is simplified as the only image warping problem becomes easier when the inputis a video sequence.
used are image-plane translations and rotations. A 2D frame in a video sequence can be regarded as having
a 1-D strip somewhere in the center of the image (“center
strip”), embedded in the 2D image to facilitate alignment.
The motion of the sweeping plane can then be computed
Srom the entire image, and applied on the center-strip for
alignment and mosaicing.
. o The image transformations of the 1D strips generated by
2 Manifold Projection the sweeping plane are only rigid transformations: image
plane translations and rotations. Therefore, rigid transfor-
Manifold Projection simulates the sweeping of the scene mations should also be the transformation used in Manifold
with a plane using a one-dimensional sensor array (Fig-Projection. It should be noted that general camera motions
ure 1). Such a 1-D sensor can scan the scene by arbitrarynduce, in general, non-rigid image-plane transformations.
combinations of rotations and translations, and in all casesHowever, to simulate the plane sweep only rigid transfor-
the scanning will result in a sensible panoramic image if we mations should be used for the center-strip.
could figure out how to align the incoming 1D image strips.  The panoramic mosaics generated by combining the
Some satellite images are created by scanning the earth witlaligned 1D center-strips form a new scene-to-image pro-
a 1-D sensor array using a rotating mirror. Since in this casejection, called the Manifold Projection. This is a projec-
the alignment of the sensors can be done using the locationion of the scene into a general manifold which is a smooth
of the satellite and the position of the mirror, panoramic 2D manifold passing through centers of all image planes con-
images are easily obtained. Figure 1 is an example of suchstructing the mosaic. In the case of pure camera translations
a 1D scan system. In some cases mosaics generated in th{gigure 2.a), Manifold Projection turns out to be a parallel
manner can be considered at linear pushbroom cameras [7Jprojection onto a plane. In the case of pure camera rotations
In more general cases the motion of the sweeping plane(Figure 2.b), it is a projection onto a cylinder. But when
may not be known. It seems impossible to align the 1-D both camera translations and rotations are involved, as in
image strips coming from an arbitrary plane sweep, but the Figure 2.c, the manifold is not a simple manifold any more.

Manifold Projection has been initially implemented in a
software package which performs real-time mosaicing from
a video sequence on a Pentium-PC without any hardwar
acceleration.
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Figure 2. Different cases in Manifold Projec-
tion, where the projection is onto a smooth
manifold passing through the centers of the
image planes used for mosaicing. The cam-
era is located at the tip of the “field-of-view”
cone, and theimage plane is marked by abold
segment.

a. In pure camera translation the projection
is a parallel projection onto a plane.

b. In pure camera rotation the projection is
onto a cylindrical manifold.

c. When both cameratranslation and rotation
are involved, the manifold is not simple any
more.

is the 1-D strip to be aligned and pasted into the mosaic as
depicted in Figure 1.

However, in certain simple cases the manifold projec-
tion can be constructed without ego-motion computation.
These are the cases having little motion parallax and lit-
tle change in scale: pure camera rotations with arbitrary
scenes; arbitrary ego-motion with a planar scene (or a very
far-away scene); etc. Even in more challenging cases man-
ifold projection can be computed without ego-motion com-
putation as long as a good 2D image alignment method is
being used. 2D image alignment will fail to produce good
panoramic mosaics only in cases of motion parallax be-
tween foreground and background, and when the 2D align-
ment does not consistently align either the foreground or the
background.

The implementation of the manifold projection de-
scribed in this paper uses only 2D alignment, rather than
using full ego-motion analysis. Nevertheless, results are
impressive in most cases. It has most of the desired fea-
tures of the theoretical manifold projection, e.g. that each
object in the mosaic appears in the same shape and size as
it appears in the video frames, avoiding any scaling, and
therefore avoiding the possible associated distortions and
loss of resolution. The 2D alignment used therefore com-
pensates only for image translations and rotations. Another
assumption in this implementation is that scale changes are
minimal: there is no change of focal length, and the effects
of forward motion are significantly smaller than the effects

The ability to handle such arbitrary combinations of camera of other motions. The following steps were taken:

rotations and translations is the major distinction between
Manifold Projection and all previous mosaicing approaches.

The type of camera motion has a very significant im-
pact on the type of projection and on the appearance of the
panoramic mosaic. In camera panning, where the camera
motion is a pure rotation around the Y-axis, the resulting
projectionis onto a cylinder. This generates a mosaic which
is, locally, very similar to every input image.

In a pure camera translation, where the camera moves
parallel to the image plane, manifold projection is a semi-
parallel projection onto a plane. Semi-parallel means that
each center-strip is parallel to the other center-strips, but
within the center-strips the projection is still perspective.
Parallel projection is very different from a perspective pro-
jection in the sense that far-away objects do not appear
smaller than close-by objects.

3 Image Alignment

1. Real-time translation-only alignment of incoming

images using correlation. Correlation is performed
in a multi-resolution manner, where the results of the
correlation in lower resolutions are used to guide the
correlation in higher resolutions. This multiresolu-
tion correlation enables to detect large displacements,
while keeping the computational complexity low.

Itis important that this part will be done in real-time,
displaying to the user the evolving panorama as the
camera is being moved.

. In order to increase accuracy, #@tshal alignment

is done off-line, this time computing both 2D image
translation and 2D image rotation. This is done in a
multi-resolution fashion by solving 3 equations with
3 unknowns (the motion parameters for image trans-
lation and rotation), as described in [2].

Simulation of scene sweeping by a plane from a given 4 Cutand Paste

video sequence can be done once the full 3D motion of the
camera (“ego-motion”) is known [9]. Given the 3D ego-

Combination of the sequence of aligned image frames

motion, and given the range of objects whose aspect ratiointo a single panoramic mosaic can be done in several ways.

should be best, it can be determined éach image where

In those cases where image alignment is close to perfect, it
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Figure 3. Pixel values in the panoramic mo-
saic can be computed by averaging the cor-
responding values in all overlapping frames.
In addition to a simple mean, the median is
often used to compute the pixel value in the
mosaic from all overlapping regions.
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Figure 4. Pixel values in the panoramic mo-
saic are taken from a single image whose
center, after alignment, is closest to the cor-
responding pixel. All pixels in Region 2 of the
mosaic are therefore taken from the strip at
the center of Image 2, etc. This constructions

corresponds in 2D to the Voronoi tessellation.

is desirable to use all overlapping images to produce the

mosaic as described in Figure 3. In this case, pixel valuesdifferentimages. These seams should be eliminated in order

in the panoramic mosaic can be computed by averaging theo get a seamless panorama.

corresponding values in all overlapping pixels of the aligned  The process of blending the differentimages into a seam-

original frames. In addition to a simple mean, the median less panorama must smooth all these illumination disconti-

is often used to compute the pixel value in the mosaic from nuities, while preserving image sharpness. A method that

all overlapping regions. fulfills this requirement is described in [3]. In this approach,
When the alignment between images is not perfect, av-the images are decomposed into band-pass pyramid levels,

eraging may result in blurring and in deterioration of image and then combined at each band-pass pyramid level . Final

quality. In this case it is preferred to select only one of the reconstruction of the images from the combined band-pass

input images to represent a region in the mosaic. Such a selevels give the desired panorama.

lection should be done to minimize effects of misalignment.

The most Iogicgl selection is to select from each image thatg Examples

part closest to its center. There are two reasons for that se-

lection: ) . .
Figure 5 and Figure 6 show some panoramic mo-

e Alignment is usually better at the center than at the Saic images created with an implementation of the man-
edges of the pictures. ifold projection on the PC. Note that the processing is
all done in full color. More pictures, in color, can
¢ Image distortion is minimal at the center of the im- be viewed in “http://www.sarnoff.com/VideoBrush” and in
ages “http://www.cs.huji.ac.il~peleg/brush”.

This selection corresponds to the Voronoi tessellation
[1], and is shown in Figure 4. Using the Voronoi tessella-
tion for image cut-and-paste also served to minimize visible
misalignment due to lens distortions. Voronoi tessellation  Manifold Projection enables the fast creation of low-
causes every seam to be at the same distance from the tw@istortion panoramic mosaics under very general camera
corresponding image centers. As lens distortions is a ra-motions. The basic principle is the alignment of the strips
dial effect, features that are perpendicular to the seam willwhich contribute to the mosaic, rather than the alignment of

be distorted equally on the seam, and therefore will remainthe entire overlap between frames. Each strip undergoes the
aligned regardless of lens distortion. minimal distortion to be aligned with the neighboring strip,

eliminating global distortions.

An implementation under the assumptions of insignifi-
cant change of scale and limited parallax gives unparalleled
speed and quality of mosaicing. Extensions should address

Changes in image brightness, usually caused by thethe issues of motion parallax, as well as forward motion and
mechanism of automatic gain control (AGC), cause visible zoom which are not addresses in the current scheme. Initial
brightness seams in the mosaic between regions covered bgxperiments in this direction are reported in [17].

7 Concluding Remarks

5 Color Merging in Seams



Figure 5. Examples of panoramic images using manifold projection. The curved boundary is created
by the unstabilized motion of the hand-held camera.



[6] M. Hansen, P. Anandan, K. Dana, G. van der Wal, and
P. Burt. Real-time scene stabilization and mosaic construc-
tion. In ARPA Image Understanding Workshppges 457—
465, Monterey, California, November 1994. Morgan Kauf-
mann.

[7] R. Hartley and R. Gupta. Linear pushbroom cameras. In
J. Eklundh, editorThird European Conference on Computer
Vision, pages 555-566, Stockholm, Sweden, May 1994.
Springer.

[8] M. Irani, P. Anandan, and S. Hsu. Mosaic based represen-
tations of video sequences and their applicationsFiftin
International Conference on Computer Visjgrages 605—
611, Cambridge, MA, June 1995. IEEE-CS.

[9] M. Irani, B. Rousso, and S. Peleg. Recovery of ego-motion
using image stabilization. IWEEE Conference on Com-
puter Vision and Pattern Recognitigmages 454—-460, Seat-
tle, WA, June 1994.

[10] P. Jaillon and A. Montanvert. Image mosaicking applied to
three-dimensional surfaces. I2th International Confer-
ence on Pattern Recognitippages 253-257, Jerusalem, Is-
rael, October 1994. IEEE-CS.

[11] A. Krishnanand N. Ahuja. Panoramic image acquisition. In
IEEE Conference on Computer Vision and Pattern Recogni-

Figure 6. Manifold projection with vertical tion, pages 379-384, San Fransisco, California, June 1996.
scanning. The curved boundary is created [12] S. Mann and R. Picard. Virtual bellows: Constructing high
by the unstabilized motion of the hand-held quality stills from video. IrFirst IEEE International Confer-
camera. ence on Image Processipgustin, Texas, November 1994.

[13] L. McMillan and G. Bidop. Plenoptic modeling: An image-
based rendering system. BiIGGRAPH Los Angeles, Cali-
fornia, August 1995. ACM.

8 Acknowledgment [14] D. Milgram. Computer methods for creating photomosaics.
IEEE Trans. on Computer€-24:1113-1119, 1975.
[15] D. Milgram. Adaptive techniques for photomosaicking.

Many thanks to colleagues at Sarnoff for providing the IEEE Trans. on Computer§-26:1175-1180, 1977,

right envirqnmept for this Wor'k: D. Dixon initiated thi.s re- [16] S. Peleg. Elimination of seams from photomosaicsm-

search by insisting that mosaicing should Work real-time on puter Graphics and Image Processji§:90-94, May 1981.

a PC. Encouragement and support was given by P. Anan-[17] B. Rousso, S. Peleg, and I. Finci. Generalized panoramic

dan, J. Bergen, P. Burt, C. Carlson, G. Gendel, T. Kumar, mosaics. INDARPA Image Understanding Workshofew

H. Sawhney, and N. Winarsky. Orleans, Louisiana, May 1997. Morgan Kaufmann.

[18] H. Sawhney, S. Ayer, and M. Gorkani. Model-based 2D
& 3D dominant motion estimation for mosaicing and video
representation. Iirifth International Conference on Com-
puter Vision pages 583-590, Cambridge, MA, June 1995.

[1] F. Aurenhammer. Voronoi diagrams: A survey of a funda- IEEE-CS.

mental geometric data structurBCM Computing Surveys
23(3):345-405, September 1991.

[2] J. Bergen, P. Burt, R. Hingorani, and S. Peleg. A three-
frame algorithm for estimating two-component image mo-
tion. IEEE Trans. on Pattern Analysis and Machine Intelli-
gence 14:886—-895, September 1992.

[3] P. Burt and E. Adelson. A multiresolution spline with
application to image mosaicsACM Trans. on Graphics
2(4):217-236, October 1983.

[4] P. Burt and P. Anandan. Image stabilization by registra-
tion to a reference mosaic. KRPA Image Understanding
Workshoppages 457-465, Monterey, California, November
1994. Morgan Kaufmann.

[5] T.R.Halfhill. See you asund.Byte Magazingpages 85-90,
May 1995.

References



