SUBMITTED TO IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FORIDEO TECHNOLOGY 1

Overlap-Area Registration Model for View

Mosaics Using Matching Features

Xiaoyong Sun,Student Member, IEEBnd Eric DuboisFellow, IEEE

Abstract

In this paper, we provide a new optimization model for regtédn of the overlap-area between two
adjacent images taken by a camera mounted and rotated qod.tAfter overlap-area registration, two
such views can be stitched into one picture with a larger fafldiew. The proposed model includes
affine transformation adjustments and nonlinear focalfleadjustment. In order to minimize the stitching
errors in the final view, we select a vertical stripe area &mjistration and stitching instead of using the
whole overlap area. An implementation based on feature himagchas been proposed to significantly
reduce the computations. All transformations involvedrapgesented as sampling structure changes, and
the actual interpolation is carried out only when necessanrder to maintain the resolution as high as
possible. In addition, a novel algorithm is proposed that significantly reduce the accumulated errors
when stitching multiple images to genera&€0° panoramas. The solution of the global optimization
for registration of the overlap areas between all the pmtead images in generating such panoramas
has been largely simplified with an iterative approach. Thigeemental results demonstrate that the

proposed methods can yield good stitched views with miniangfacts.

Index Terms

X. Sun and E. Dubois are both with the School of Informatiochf®logy and Engineering (SITE), University of Ottawa,

Canada.



SUBMITTED TO IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FORIDEO TECHNOLOGY 2

View Mosaic, Image-Based Rendering, Feature Point MatgHimage Registration, Panoramas.

. INTRODUCTION

Recently, pictures with large field of view (FOV), such as @amic views, have found a number of
applications in image-based rendering (IBR) [1]. The FO\anfimage is limited by the camera’s optical
system which is difficult and expensive to increase througictly optical means. However, stitching
several small-FOV images into one with a large FOV is moraigitforward and easier to achieve
through software implementation [2]. Stitching overlappmages along the horizontal direction to get
wide-FOV pictures and eveB60° panoramas [3] has become very common recently. In thist&tya
views from different directions are captured by a cameraithanounted on a tripod and rotated around
its optical center. The adjacent images, with some oventap,are then stitched together. More general
scenarios for view mosaics can be found in [4].

Overlap-area registration is the most important step thastrne accomplished before stitching. When
depth variations are small compared with the average deptth as in most outdoor-scene applications,
the registration of adjacent images is not a big problem aodtrof the available commercial software,
(e.g., [5]), can perform well. However, when the depth \#oiais large compared to the average depth, as
in most indoor-environment applications, this depth wafawill cause significant problems for overlap
area registration between the adjacent views.

Previous work on overlap-area registration emphasizewesg of the camera motion based on different
models. Under this framework, various methods to registeroverlap area of two adjacent images have
been proposed based on an 8-parameter perspective traasifor [6], a polynomial transformation with
more freedom [7], and other geometric corrections [8]. A panson of some commonly-used parametric
models for camera motion recovery can be found in [9]. Théstemiion and the stitching are usually

implemented based on the whole overlap area, which can li@epnatic because the overlap area may



SUBMITTED TO IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FORIDEO TECHNOLOGY 3

be too large for one global transformation to yield a goodilte§hus local corrections have to be used
for ghosting cancellation [6], which makes the registmatinore complex and introduces the possibility
of causing further discontinuities among local blocks amenedistortions, especially when dealing with
high resolution pictures. Thus, the problem of effectivertap-area registration is still open.

The method proposed in this paper does not explicitly recoseera motion, but aims to reduce the
registration error in the overlap area and to obtain a highlity seamless mosaic view after stitching.
Our model is simple but nonlinear, jointly adjusting the esas pose and the camera’s focal length
parameter. The focal length is used in the warping procebafere stitching. Warping the overlapped
images onto a common imaging surface is a popular technigwéeiv mosaicking. This simulates the
condition that the mosaic view was captured by a virtual ganvéth its imaging sensor in the shape
of this common surface. In this way, the difference betwdmntivo images in the overlap area can be
reduced; we refer to this procedure as warping for a virtoahmon imaging surface. The camera pose
adjustment is carried out in this paper using affine tramsédions, but other transformations such as
perspective transformations can equally well be used.

We observe that the overlap area registration and stitcbingvo adjacent views do not necessarily
need to be carried out in the whole overlap area, but can bigetimio a stripe-block area within it.
This observation makes the registration easier than puevinethods and it significantly reduces the
discontinuities [10].

Like most other registration methods, the proposed registr method can use the image intensities at
each pixel within the overlap area for registration. Howethee amount of computation in the optimization
is very large in this case, thus affecting the efficiency efakgorithms. The time-consuming optimizations
usually end up locating a local minimum and may not give diaesults when the initial guess is not
good enough [2]. An alternate implementation using regi&tn based on feature matching is given in this

paper, where feature points have been used as control pafis [11]. After obtaining a set of reliable
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matching features between two adjacent images, the ovarkpregistration problem is converted to the
position registration of the feature points. The optimimafproblem is consequently changed to using the
positions of a limited number of feature points instead dhgishe image intensities or textures over the
whole overlap area. Thus algebraic solutions for the optition problem can be applied, significantly
reducing the amount of computation. A great deal of reselaashtbeen carried out in computer vision for
fast and robust feature matching algorithms [12] to dedhwérious matching difficulties under different
scenarios. Similar work on image mosaicking by stratifiedamag has recently appeared [13] but in a
scenario different from this paper.

One application of view mosaics is to generate cylindriealgramas, where a set of overlapped images
that cover a360° field of view are captured by a camera mounted and rotated dpat Starting from
one given image (the first image), the adjacent images arsteegd in the overlap area and stitched one
by one until the last image has been stitched. The left sideright side of this mosaicked image finally
have to be registered and stitched in the overlap area. Howthe accumulated registration errors are
usually very large. Thus, a global optimization on the cverbreas between all pre-captured images
is required, although the solution might be too complex ttawbdirectly. In this paper, an iterative
algorithm is proposed to obtain the global optimizationugoh.

Usually, the sophisticated algorithms for overlap regiébn that are required to achieve good results
involve many transformations. Each transformation reggamthe original images and thus reduces their
resolution. In this paper, all the transformations invdhege regarded as sampling structure changes, and
the actual interpolation is carried out only when necessarthe final stage. In this way, the maximum
resolution can be maintained.

In section Il, we briefly describe the camera rotation modebbtaining the pre-captured images,
the basic techniques that will be used in this paper and thaode to match features in the overlap

area. The optimization models and our solutions to redueadfistration errors between two adjacent
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overlapped images are proposed in section Ill. To minimizediscontinuities, the strategy of registration
and stitching on a stripe-block area within the overlap asdatroduced in section IV. Section V shows
how multiple transformations, represented as changesadfthge’s sampling structures, can be cascaded.
The amount of computation for the matching feature-basg@doggeh and the texture-based approach are
also roughly compared in this section. The procedure to rgé®860° panoramic views based on the
proposed method are described in section VI with a novedtiter algorithm. The experimental results

are illustrated in section VII, with our conclusions givendgection VIII.

II. CAMERA MOVEMENT MODEL AND BASIC TECHNIQUES

In order to stitch two adjacent images, the difference betwthe two views in the overlap area must
be minimized to obtain stitched images with good qualitprirra general camera rotation model [8], we
find that camera pose and movement deviating from the idea&l issthe main cause of registration error
[10]. Affine adjustment and focal-length adjustment aredusethis paper to reduce the registration error
in the overlap area caused by such non-ideal camera pose @refmant. The affine transformation on a
discrete image is defined first. Then, cylindrical warpingliscussed in order to introduce the nonlinear
part of the proposed model. In addition, the precise defimitf the overlap area is given, followed by

a brief discussion of feature detection and matching in thexlap area.

A. A general camera rotation model for analysis of registmaterrors

When a camera is mounted on a tripod and captures imagesfexedif rotation angles, its motion
usually deviates from a pure rotation about the camera goje center. We refer to the camera’s
projection center as the camera position in the followingtiees. A general camera rotation model
[8] is illustrated in Fig. 1. It is not easy to physically ldeathe projection center of a real camera.
Thus the camera center usually moves along a circle (théeaimay not even be on the level plane), as

shown by the dashed arc in Fig. 1, rather than remaining fixeal given point, such a® in Fig. 1.
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Assume that two images, and I, are captured from adjacent viewpoint3;(and O in Fig. 1) with

Fig. 1. The general camera rotation model

some overlap area. Using similar notation to [14], we asstimeimagel; is captured with a camera
having a certain framé? with origin at the camera centé), and I is captured with a camera having
frame Fy» with origin O2. The coordinate vector of a scene poftin frame F; (i = 1,2) is denoted
Ep = [Fp, i, FiP,]T. Thenf>P = 2R - PP + 20,, where 2R is a rotation matrix and®0; is the
coordinate vector 00; in frame F; [14]. Using the pinhole camera model, the pointis projected to
pointsp; andp, in Fy and F, respectively, given by; = f; - "P/FP,, where f; and f, are the focal

lengths associated with the two camera positions. Comfpitiinse equations, we obtain

D2z 1 712 713+ 201, /PP | | p1a
W12 \poy, | = |ra1 7122 7o3 + 201, /1P, | |1y (1)
f2 r31 rs2 13z + 0L /PP | f

Where!w12 = fl'FzPZ/(f2'F]PZ)1 F201 = [FzOlm FzOly FZOIZ]T andpi = [pzx DPiy piz]T (Z = 1’ 2) Tij

(i,5 = 1,2,3) are the elements of 3 by 3 matrﬁzR. The key observation here is that the transformation
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to describe the positions of corresponding points in therlapgearea of the two adjacent images is
depth-dependent. Perfect registration can only be acdhiesth perfect 3D reconstruction of the depth

distribution of the environment, which is difficult to immleent in practice.

B. Discrete affine transformation

Affine transformations are normally defined on continuopiaeg images. For a discrete-space imhge
the affine transformation is defined as follows. Assume thairdginuous-space image correspondind to
can be obtained using a linear interpolation oper&toiThen the discrete affine transformation operator
with parameter vectot, denotedA;, is defined by(A¢l)(x) = (HI)(T'(x — xo) +d + o),z € A,
whereT = [{I' 2] andd = [d; do]". We define the parameter vectbr= [ti; t1 to1 tae di do]”
and x is an arbitrary reference point. In this paper, the imageaeten. = (z.,y.) will be selected
as the reference point, so we will not explicitly specify in the following sections unless necessary.
A is the sampling lattice where the imag¢d.7)(x) is defined. Of course(HI)(z') is only computed
at the pointsz’ = T(x — x.) +d + x.,x € A, using any suitable interpolation method such as
bilinear, bicubic, or spline. The affine transformation @oodinates oriR? can also be represented as
an operatoiS; whereSix = T'(x — x.) + d + x.. Thus, we havé.A.I)(x) = (HI)(S¢x). In practical
situations,T" is non-singular, so tha$; is invertible. The inverse is also an affine transformatiwith

St_la:’ = T_l(a:, — &) — T'd + ..

C. Warping the image onto a cylindrical surface

In order to reduce the difference between two adjacent imagéhe overlap area, the images should
be mapped onto a common surface such as a cylindrical orispheurface, as if they were captured by a
camera with its imaging sensor on this common surface. Wesgha cylindrical surface as the common
imaging surface in this paper since it is a popular choicestoegate360° panoramas. The warped images

are referred to asylindrically-warpedimages. The cylindrical radius is usually chosen to be tloalfo
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length of the camera. This choice makes the geometric oeksttips between the source images and
the warped images straightforward and thus the warpingritthgo is easy to implement. Using similar
notation as above, the cylindrical warping is denoted\gswith parameterf, which is the focal length

of the camera (assuming that the camera is rotated exacindrits optical center and the focal length
is unchanged for adjacent images). Then, the warped image/'jd)(z) = (HI)(z'),z € T, whereT’

is a lattice in the cylindrical coordinate. The relationsbetweenz: = [z y]” andx’ = [z" y']” can be
represented as (obtained from [2])= f-tan((z —z.)/f) + 2. andy’ = (y —y.)/ cos((z —x.)/f) + Ye.

This one-to-one nonlinear mapping betweerand ' can also be represented by an operater
on R2, so thatWI)(z) = (HI)(U;x) with ' = Usx. The corresponding inverse mapping defines
the de-warping procedure that will be used later. The irvexk the above relationship is given by
w = f-tan (2" —zc)/f) +acandy = f-(y —y)/(V/ (@ —2)?+ f2) +ye, Or x = Up'x.
Operatorl/{f‘1 denotes the sampling structure change from the warped iteatiee de-warped image in
the de-warping transformatiod(x) = (H(Wfl))(uf‘lac).

One fixed focal length can only be used to warp all images ifcdmmera was rotated exactly around
its projection center and the camera focal length was urgddhduring the capture procedure, because
this focal length is the radius of the cylindrical surfaceowéver, the camera usually does not rotate
around its projection center, as illustrated in Fig. 1. Tipgiroal virtual common imaging surface for
view mosaicking is no longer a cylindrical surface with onefl radius, or focal length. Thus, the focal
length will be assumed variable and can be adjusted for aaelye. In practice, the real shape of the
virtual common imaging surface may be too difficult to reaovedjustment of focal length alone may
be insufficient to recover the practical virtual common inmggsurface. In section 111-B, we will define

the optimal focal length with respect to minimization of ttegistration errors in the overlap area.
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D. Definition of the overlap area between adjacent images

Assume thaf; and/; are two original adjacentimages wheids to the left ofl». I; and, are defined
on sampling lattice\. Let 1/, define the area where imadgis defined and sel () = 0,z € R2\ ;.
Similarly, let W, define the area where imadg is defined withly(x) = 0,2 € R?\ W». In both cases,
x is in the image coordinate system, with origin at the top ¢éfthe image. The approximate registration

of imageI; and I, through a simple shifting technique is given by

A 1
dyp = arg min ——— 6Ii(z) — L(x — dy)], (2)
doEA |W12(d0) ﬂ A| wew1§;i0)n N | ( ) ( )|

whereWis(dy) = W1 [(Wa2+do) is the overlap between two regiofig, and (W2 +dy). |[Wia2(do) (Al
represents the number of pixels within ai®a (dy). The overlap area between imadesndl; is defined
as ng(cio) = Wy N(Wy + cio). The sub-image of; in the overlap area i$icom Where Iijcom(xz) =
Li(z),z € Wiga(do) andWiga(do) = Wia(do) N A. Similarly, Leom(z) = Io(z — dp), 2 € Wiga(dp)
for the sub-image of, in the overlap area.

The above registration processing is defined on the originabes, so that¥,, W, and Wis(dp)
are rectangular in shape. If the affine or/and warping t@nsdtions are applied of,, then W5, and
le(cio) may no longer be rectangular. We ug€ to denote the general non-zero area of a transformed

image, so that we denote the overlap area of transformed imagé& gydy) = W, (W, + dy).

E. Matching-feature detection in the overlap area

Matching features are detected in imagesm and Iocom in order to implement the feature-based
approach for registration. In this paper, we simply matchridacorners [15] based on correlation. The
matching relationships between the Harris corners in twmiswages are found through neighbor area
searching based on a normalized correlation criterion. dpipolar constraints can be used to guide the
matching process [16]. A publicly available software pagkéhat includes similar functions can be found

on Roth’s Projection Vision Toolkit (PVT) website [17].
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For each feature point, or Harris corn@r located ate in I1¢com, its matching point infocom is searched
from among the Harris corners located in a window centered st image Iocom This window is the
neighborhood searching window. The block-based nornlcarelations between every Harris corner
within the neighborhood searching window fgom and the feature poinP in Icom are calculated. The
feature point with maximum normalized correlation is seddcand its normalized correlation value is
compared with a threshold to determine if it is a good matgigaint for P. Since the image$;c.om and
I>com a@re very similar to each other, the neighborhood searchingaw can be set to a relatively small
size, which makes matching relatively easy and reliablerevidetails on the above feature matching
algorithm can be found in [18].

The relationship betweeh om and I>qom iS represented by two sets of matching feature pointg MP
{xinn=1,2,..,N} and MR = {x2(z1,)|n = 1,2,..., N} in Iicom and Iocom respectively. For any
feature pointz;, € MPy, its matching point inlycom is denoted asca(x1,) € MP2. N is the total
number of matching features in the common region. In the@fdghg section, we will use the position of
these feature points to determine the transformationseointages/; and I, for overlap area registration.

Some recently developed more reliable matching featutes) as SIFT corners [19], PCA-SIFT [20],
etc., can also be used. The algorithms for Harris cornerctieteare relatively simple and thus save
computations. For those overlap areas where there are femo deatures that can be detected, the
matching features can be selected from dense disparity.ruspslly, stitching of overlap areas having

low texture is easy to achieve with few artifacts.

I1l. OVERLAP AREA REGISTRATION USING MATCHING FEATURES AS CONTRDPOINTS

In this section, we introduce our methods to reduce the tragjisn errors. The affine transformation is
used as one technique to adjust the camera pose changéisetoggh a nonlinear focal-length adjustment

procedure. The objective function in the proposed optitiiramodel aims at minimizing the residual
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registration errors in order to obtain a seamless mosaiw aiter stitching. Thus the ‘optimal’ focal

lengths obtained do not necessarily have any significansipalymeaning.

A. Camera pose adjustment through affine transformation

The affine adjustment is applied on thglindrically-warpedimages. For example, assume tayglin-
drically warpedimages areWW, I, and Wy, I>. Here, f; is the a priori estimated focal length of the
camera.

In the texture-based approach [10], the affine adjustmeni\gul, is defined by searching for the

parameter vectot, that minimizes the average of absolute differences oveoteglap area,

~ . 1
f=argmin ————— 3 Wph(z) - AWy, L)()| (3)
2 |W12(d0) ﬂF| 2eW!,(d o)l

whereW,(d,) is the overlap between the imagesg;, I; and Wy, I, as defined in Section II-D.

For the feature-matching approach, the correspondingnaptaffine transformation is given by
N
£ = argmin — 2_:1 U @1 — S UG s ()], (4)

whereZ/{]gj1 and St‘zl define the forward mapping for cylindrical warping and affimansformations,
respectively. This is a standard least-squares problenme Metails on the problem formulation can be
found in [21]. It can easily be solved using the singular gatlecomposition (SVD) method or other
related algebraic methods (usually > 3).

The optimal parameter vectés is selected to update the curretty, I> by A; (Wy, I2). The positions

of matching features are also updated following the optitresisformation. An affine adjustment can

equivalently be applied on image/; I; to matchWy, I.

B. Focal-length adjustment method

The optimal focal length associated with each image fomdylcal warping is selected as a refinement

so as to further minimize the registration error. In the g algorithm, the focal-length adjustment is
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applied on original or de-warped images after some init@drgetric transformation (such as the above
affine adjustment) has been applied on two adjacent imagesexXample, assume that we want to apply
focal-length adjustment on image, i.e., to find the optimal focal length associated withthat can
minimize the overlap registration error with.

First, we warpl; with some fixed focal lengtlf;. It can be the focal length initially estimated from
camera calibration, or it can be the focal length obtainedhfia previous optimization of focal length
applied on image/;. The estimated focal length does not need to be very accusdiieh makes the
calibration inexpensive. Then, the search for an optimahklfdength f, for I, using image intensity

matching yields [10]

~ . 1
f2 = argmin ——————— Z \Wflfl(a:) - Ai2 (WfQIZ)(w)\ (5)
o Wialdo) LT 7%

whereW;,(dy) is the overlap area between the imagig I; and Wy, I and.A; is the optimal affine
transformation defined in Section Ill.Afyq is the initial guess off,, which also can be the focal length
initially estimated from camera calibration, or it can be focal length from a previous optimization of
focal length adjustment applied on imadein an iterative procedure.

The above optimization involves a large amount computafidre alternative approach proposed in
this paper is to find the optimal focal length using the poaiiof matching features in the overlap area.

The optimization model for the feature-based approachds th

N
" 1 _ _ _
f2 = arg Hjl"in N Z ’uﬁlwlvn - S%gl(ulewz(wl’n))P’ (6)

n=1

which is a scalar optimization problem. After the optimatdb length f» is found, warping with this
focal length is applied od, for updating the positions of the features in the featurgedaapproach, for
further processing. As we mentioned, focal-length adjesiims only applied on de-warped images in
the proposed algorithm.

In the matching-feature approach, areas with more matcieiaires get better registration. Usually,
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these areas are rich in texture and good stitching is redjud@ the other hand, we can give different
weights to the registration errors for matching featuredifi¢érent locations in equation (4) and (6) to
adjust residual registration errors at different locagiamthe overlap area. This observation also supports
the following idea: a better registration result can be vl if the matching features on a narrow stripe

area are chosen (special weights assignment), as will be itlo8ection IV.

C. The overall overlap area registration algorithm

The overall optimization model to register the overlap doetween two adjacent images using the

texture-based approach is

A A . 1
[t27f17f2] = a‘rgtmln ; ~ ’Wfr[l(w) - Atz (Wf2,[2)($)’ (7)
bt (Wi (dy) (T weWZ{2(dg)mF

wherer’Z(d;)) is the overlap area between the imay®g [, andWy, I>. fip and fy are initial values
of f1 and f5, respectively. In the feature-based approach, the cayngbpg optimization model is

N
" A A o1 _ 1, -
[t2, f1, f2] = arg min ; U ey — ;U s (0)) (8)

Finding jointly optimal#,, f1, f> requires the solution of a complex nonlinear optimizatisabpem.
Instead, the following alternating optimization algontitan be used in an iterative way:

1) setfio = f20 = fo andg = 0.

2) The imaged; and I, are warped using focal lengthfg, and foq, respectively. The warped
version of imagel; is Wy, I; and that ofly is Wy, I».

3) Apply affine adjustment on image/y,, I> to obtain.A; (Wy,,I2) after registering the overlap
area betweeVy, I; and Wy, I».

4) Apply focal-length adjustment ofy to obtaian] I, and based on which the focal-length
adjustment can be applied dp to obtaian2]2 after de-warping4; (Wry,,I2).

5) g = g + 1; stop? if not, setfiy = f1 and fag = fo, go to 3).
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The conditions to terminate the iterations can be: (1) tlygstetion errors are small enough compared
to a predefined threshold; or (2) the change of the registragirors is small enough compared to a
predefined threshold; or (3) the number of the iteratipfss reached a predefined value. In practice, we
usedg to terminate the iterations. The actual implementationeevearried out using the feature-based
approaches. The globally optimal parameters for equa8pm@y not necessarily be found in the above
alternating optimization. However, the simulation residhow that the solutions obtained are generally

good enough for the current applications.

IV. CHOOSING A NARROW STRIPE BLOCK FOR STITCHING TO MINIMIZE THE ISCONTINUITIES

The observation that the final stitching of the two images lsammplemented just on a narrow stripe
area is important. We perform the optimization on all pdgssé#tripe blocks with fixed size in the overlap
area, instead of over the whole overlap area, and thus ar begistration result can be obtained. The

updated overall optimization can be expressed as,

N a A A . 1
[t27 fla fZ’Z] = a‘rgt min B =~ E ’Wfr[l(w) - Atz (Wf2,[2)($)’ (9)
2l Wy i(do) (VT =

where the stripe blockV7;, ;(d,) is a sub-area of the overlap area with fixed size, W&, ;(dg) C
Wl’z(dA;,). The subscript denotes the location where the stripe block starts. We aidrig for a stripe
block within the overlap area that gives the minimum regt&n error after the proposed affine adjustment
and focal-length adjustment have been carried out on thgerpairl, andl,. Parameter vectat, and
parametersf; and f> on this stripe block are the optimal ones. In practice, theraating optimization
method can also be used by finding the optirfgl f1, and f, for the whole overlap area and then
searching for the optimal stripe area within the whole aygidrea.

In the feature-matching-based implementation, the fahgwobservations have to be considered:

« Due to the irregular distribution of the feature points ire thverlap area, the stripe block for

registration should be large enough to contain a sufficiember of feature points.
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« The stripe block where the registration is carried out ismextessarily the same as the block where
the stitching will be implemented; the former can be larged aontain the latter.

« There may be no matching features in the best stripe blocktftwhing.

As a consequence, we define two types of stripe blocks: dtipeks for registration and stripe blocks
for stitching. The optimal affine transformation paramgtend optimal focal length are obtained based
on the position registration of the matching features ingtrpe block for registration and the location
of the optimal stripe block for registration is recordedeTstripe block for registration should be large
enough to contain sufficient matching features.

If the overlap area of two adjacent views is not very large,car simplify the algorithm by choosing
one reasonable stripe block for registration near the akpart of the overlap area. In this case, we will
not search for the optimal stripe block for registration simply search for the optimal stripe block for
stitching. In our implementation, the width of the strip@dk for registration was usually selected to be
five to six times larger than that of the stripe block for $titry. This is not necessarily optimal but it
gives good results and it reduces the computations. In thig the optimization on the stripe block for

registration including both focal-length adjustment affftha transformation is

(2, f1, fo] = arg min — Z s, g, — (Uf_zlw(ﬂh,n))\z (10)

ERARE neg;
where¢; is a set which contains an index list of all matching featutest are located in the selected
stripe block for registrationlV; is the number of matching features §n
Within the stripe area for registration, we search for arinoglt narrow stripe block for stitching, where
the texture registration error is minimized. The stripeckkare of fixed size and can overlap with each

other. The location of the optimal stripe block for stitafpioan be obtained from

n 1
j = arg mln Z ]Wflfl(a:) - At*z(WﬁIg)(a:)] (11)
Wei 0] = r

whereW, ; C W, is one possible stripe block for stitching, wighstanding for its start positiorV,. is
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the stripe block for registration. It can be the optimalpstrblock for registratioﬁfifl/z’%(ci;)), or specified
as above, depending the size of overlap area.

In the algorithm, the position of the finally selected optitipe block for stitching is determined
by the texture difference on each possible stripe bloclea$iof the difference between the positions of
the matching feature points. The reason is that the visuahstg discontinuities will be visible through
texture discontinuities.

It is possible that a sharp luminance change might appean wtiching on a narrow stripe area if
the luminance change between two adjacent images is veagg.|&or this kind of situation, a multi-
resolution-based stitching method is suggested. Eachanf@gstitching is first decomposed into two
sub-band components through a complementary pair of 2Dsfilighe bandwidth of the lowpass filter is
very narrow. Then, the lowpass components of two imagestiéchexd on the whole overlap area and the
highpass components of two images are stitched on the natrgve area. After obtaining the lowpass
and highpass components of the stitched images, the finethesdti image can be obtained by adding its
lowpass component and highpass component. In this wayp #ir@inance changes can be avoided in the
stitched images and the stitching quality is good due to thegsed stitching method on a narrow stripe
area. The method has been tested with successful resultsstifthing implemented through blending.
The correspondent weighted pixels in the stitching areafdom different source images are added to
generate the transition area in the stitched images. Thghigechange linearly along the horizontal
direction in the stitching areas. The summation of corradeot weights at any pixel in the stitching
area equals one. Further details on this blending methodedound in [2]. Other stitching algorithms

[22] can also be used.
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V. RESOLUTION AND COMPUTATION CONSIDERATIONS

Each transformation essentially changes the samplingtates where the discrete image is defined.
Thus interpolation will be used, which usually reduces tisgupe’s resolution due to the low-pass filtering
effect in interpolation.

Fortunately, the above transformations in the registnapicocedure can be cascaded. Each transfor-
mation will only result in a new sampling structure defined thie original continuous image. The
interpolation from the original discrete image will be apgl only when it is necessary, for example
when evaluatingd; (W; I2)(x) = (HIg)(Siz(u];zla:)). Because the registration is implemented based
on the positions of matching features, no error due to reptimmwill affect the registration precision.

We useW; I & Ay, (Wf212) to represent the image resulting from stitching; I andAfz(szlg).

In the applications of obtaining large FOV pictures by $iiitg two adjacent views, the final de-warping
process can also be cascaded as one of the sampling strabanges. The de-warping processing can

be represented b)/\/ffli()/vf1 I & Az, Wy, 1)) and we can see

ijl(Wf]Il S ./47;2 (szlg)) = W;l(Wflfl) © Wﬁi(Aﬁ(Wﬁ[g)) (12)

since the same focal lengihs = (f1 + f2)/2 is used and the same reference point is chosen, which is
the center of final stitched image which can be calculatedrbedtitching is actually carried out.

The views from panoramas can be obtained in a similar way. réference center for de-warping
and a focal length have to be specified for a segmented view fh@ panorama in order to implement
de-warping.

The proposed method for overlap area registration based ainhing feature positions can save a
large number of computations since the number of matchiagufes is much lower than the number
of pixels in the overlap area. Once the matching featuresohtained, the amount of computation in

the proposed optimization model to find optimal affine par@mseand focal length is negligible when
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using the matching-feature approach compared with usiagdhture-based approach. In addition, the
cost functions of the optimization models in the matchiagtfire approach are directly related to the
positions of the matching features. In the texture-basegucaeh, the sampling structures of the images
are first changed through the applied transformations aed thquired texture information is obtained
from interpolation to evaluate the cost functions. As a egpence, the texture-based approach requires
more additional computations.

In the feature-based approach, there are extra compugaitiothe feature detection and matching,
which serve as overhead computations in the overall cortipantamount. The amount of computation
for feature detection and matching is different from mettmohethod. Usually, the searching for matching
features is the most expensive step. In the proposed methmayerlap areas are quite similar and thus
the searching windows can be set to relatively small sizésglwgreatly reduces the computation. In
addition, a great deal of research, such as that in [23],dadimg on robust algorithms with low cost.
As a consequence, the overhead computations can also belowshcompared with the optimizations

in the texture-based approach.

VI. GENERATING PANORAMIC VIEWS

One of the most important applications for view mosaics igyémerate panoramic views for IBR
applications. In order to generate a cylindrical panoramea,need to stitch several images into one.
Assume that images,, I, I3, ...y are taken in different directions by a camera mounted onpadri
and rotated clockwise roughly around the camera’s center.pfe-captured images are overlapped with
each other, and cover360° view. Thus the right part of ; overlaps with the left part of; .

Usually, the overlap area in the imagesand/, is first registered through some kind of transformations,
such as the proposed algorithm. The transformed images aned I.,. 11,2 represents the resulting image

after stitching image$, andr,. Then the overlap area between the ima@jgezsandlg is registered, while
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transforming/s to I;. ImagelI, , 5 is obtained after stitching, , and I. Similar procedures are carried
out until the transformed imagg, has been stitched and the stitched imagg.“’M is obtained. Finally,
the left side of image(i’sz has to be registered and stitched with its right side in therlap area
to generate the full panorama. However, the differencewdmt these two parts in the overlap area
are usually very large due to the accumulated registraticors making registration very difficult. The

situation is illustrated in Fig.2, where we see that the gfammation betweerd); and I]'w is very large

[
|

Fig. 2. lllustration of the effect of accumulated errors3i50° panoramic view generation

due to the effect of accumulated errors, which brings sigaifi changes on imagg,. This makes left
side of I; and right side of imagéd,, in the overlap area very different, and the registrationhefse
two sides in the overlap area can be very difficult. The regfisth errors usually remain very large.
In [6], the accumulated global rotation angle is assigneth&transformations o, I», .., I, after
finding this global rotation angle through an initial tentatregistration. Then registrations and stitching
are carried out again considering the assigned rotatioteamg each transformation. This will affect the
registration results and the way to assign the accumuldtdxhigrotation angle on each transformation is
tentative. Several trials may be required to experimentgliproach a good result. A global optimization

is essentially required to minimize the overall overlapaaregistration errors. However, the algorithm to
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obtain the solution of the global optimization may be verynpdex.

One observation associated with this kind of situation amopamic view generation is that every adja-
cent image pair with overlap usually can be registered vesl individually. Based on this observation,
a novel algorithm to approach the optimal global registratiesults in an iterative fashion is proposed.
In order to describe the proposed algorithm, the overlap eggistration problem is first formulated as
a coordinate system conversion.

We associate a 2D coordinate systémwith each pre-captured imade (i = 1,2, ..., M). Without
loss of generality, the origin of the 2D coordinate systersdkected at the left-top corner of the image.
On the top of Fig. 3, the first three pre-captured images amdctiordinate systems associated with
them are illustrated. In order to generate the panoramaidtead transformations convert eac¢l into
G so that there are only horizontal offsets between any @&yoThe bottom of Fig. 3 shows the ideal
relationship betweery, for the first three pre-captured images after registrath@sumeM; represents
the transformation defined on imade which transfers the coordinates of points G to their new
coordinates inG;. For a scene poinP, assuming the coordinate of its imaging pointin G; is ‘x,
the coordinate of its imaging poirit’ in the G; is M;(‘z). For the proposed registration algorithm,
M;(e) = S 1(2/{;1(%)) with affine parameter vectar; and parameteyf; for focal length adjustment
defined onl;.

Consequently, the overlap area registration problem isvalpnt to a coordinate system conversion.
Supposd; and/; are two adjacent images (wheje= i+1 mod M). Two sets of matching feature points
BIMP; = {'(; jy ol = 1,2,...,N;;} and“MP; = {%z(; ;) ,)|n = 1,2,..., N; ;} are in the coordinate
systems; (in imagel;) andG; (in imageI;), respectively’’MP; denotes the set of matching features
between/; and I; and im(i,j),n denotes the coordinate iy (G; coordinate system) of one of these
matching features. Its correspondent matching featurg is at positionjac(iac(ivj)vn) in the coordinate

systemG;. The total number of the matching features betwgeand/; is IV; ;. The ideal transformations
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Fig. 3. lllustration of new local minimization model
M; and M; are defined such that,
Mi(Z(; jy ) = MiPz(2 (i 5)n)) + 2o (13)

for all matching features'/zy = [“/xo,0] denotes the horizontal translation betwegh and G;. In
practice,M;, M; and’Jz, are found by minimizingy> s IMi(e(; jyn) — M (e 4y ) — o,
such as in the algorithm proposed in Section Il to register adjacent overlapped images. In order to
generate the panoramas, the above minimization has to bectaut on all pairs of adjacent overlapped
images. The objective function for overall optimizatioryis", (32" IMi(®(; jy.n)— Mz (T (i j)0)—
bixo|?). A very complex global optimization algorithm might be rémgal to solve this problem.

In this paper, an efficient algorithm is proposed to solve aheve optimization problem iteratively.
A set of local optimizations are carried out to approach thiet®n of the global problem. One local

optimization can be illustrated using Fig. 3. In the follogridescription, the goal is to obtain the optimal
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transformation defined ofy (wherej = 2 in Fig. 3). Instead of searching for the optimal transforiorat
applied on/; to match the overlap area between imdgé¢i = j — 1 mod M, wherei =1 in Fig. 3)
and [;, the optimal transformations applied dn are defined to minimize the registration errors both
between/; andI; and betweerl; and/;, (k = j+ 1 mod M, wherek = 3 in Fig. 3). In the proposed
feature matching approach, the matching features on bfitarid right sides of ; are matched with their
correspondences in the adjacent imagesnd I;,. For example, on the top of Fig. 3;; and?, are a
pair of matching features betweénand I, on the left side ofl, and%, and?, are a pair of matching
features betweei, and I3 on the right side ofl,. Ideally, for all matching features, both betwegn
and; and between; and I}, the relationships
Mi(im(i,j),n) = Mj(jm(im(i,j),n)) + bl
(14)
M2y n) = My (e (2 1y ) + 70
are satisfied, wherée ;) ,, denotes the coordinate of one matching feature betweemd I, in G,

with its correspondent matching feature at posit’fm(}fm(j,k),n) in G. We are looking for the optimal

transformationM ;, and thus both\; andM;, are temporarily fixedAM,. can be the initial transformation

or the optimal transformation found in the last iterationantusing an iterative method. The correspondent

objective function for optimization is
N; N;,

1 = i i i i 1 ; / ; i
= > IMil(s)0) =M (2 ) =0l D MG (G 00) M, 0)) o
b p=1 IR p=1

(15)
The overall procedure to generate panoramas using the imgiffature approach is as follows:
1) Apply warping with initial focal lengthf, on all pre-captured imagel, I, ... Iy;. These
are the initial transformationat;, M,, ... M},; setg = 0.
2) setj =2 and M; = M.
3) Search for the best transformatidn; (including both affine transformation and focal length

adjustment) forl; by minimizing equation (15).
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4)j=j+1 mod M.

5) j = 2 ? if not, go to step 3); otherwise, go to step 6).

6) g = g + 1; stop? if not, setM; = My, My = My, ..., M, = My, go to step 2).
The condition to terminate the iteration can be: (1) the gtegiion errors are small enough compared
to a predefined threshold; or (2) the change of the registragirors is small enough compared to a
predefined threshold; or (3) the number of the overall itenstg has reached a predefined value. In
practice, we used to terminate the iteration. Good results can be obtainedhbgetto five overall
iterations. It should be noted that the offsets between twjacent images, d¥ixz,, are variable in each
local optimization and the optimal offsets are obtainea@raftll transformations have been found. The
technigues of registration and stitching on a stripe areabeaincorporated in the above algorithm in a

straightforward manner.

VIl. EXPERIMENTAL RESULTS

In this section, we first test the proposed algorithm for tlitcling of two adjacent images with
some overlap area. In this test, a pair of adjacent imagettébed to synthesize a view with a larger
FOV. Then, the results are shown when stitching two registe@djacent images on stitching areas with
different widths. The registration is implemented usindhbthe traditional approach and the proposed
approach for comparison. The mean square errors (MSE) battfee positions of matching features
in the overlap areas (equivalent to the obtained minimumgunagons (4), (6), etc.) will be used to
evaluate the registration results. Using the changes sEtMSE values, the contributions from different
adjustments that have been presented can be illustrateall\i-the proposed algorithm for generation of
360° panoramas is implemented as one application for view mkisgcin all experiments, the original
images were captured by a digital camera mounted and rotatedtripod, at different rotation angles.

The camera poses were just roughly adjusted to be levelldthbg. The image size for all pre-captured
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images is 1024 pixels in width and 768 pixels in height.

Fig. 4 shows the results obtained in experiment 1. The gvenegeslicom and Ircom With detected
Harris corners are shown in Fig. 4 (a), (b). The geometriati@hships between the matching features
after registration using equation (2) are shown in Fig. 4 {¢t}e geometric relationships between these
matching features after overlap area registration usiegpttoposed algorithm are shown in Fig. 4 (d).
If we simply warp the images with the initial focal length aadjust the two images through shifting
along horizontal and vertical directions (traditional istgation approach), the stitched results are shown
in Fig. 4 (e). The stitching was carried out in the indicatétpe area. Fig. 4 (f) shows the stitching
result after applying the proposed registration algoritomd blending on the indicated stripe block. The
blending is carried out in the area between the two vertinaklin each stitched image. It is clear that the
match is much better and that the stitched view is signiflgantproved with the proposed registration
algorithm (for example as the edges of the shelves near tttenp The authors have also tested some
commercial software packages, and none of them give bateguivalent results compared to the results
from the proposed method. In this experiment, we can noheg there is a possible faulty matching
feature at the tops of the images, which are low texture atdawever, it does not significantly affect
the proposed registration algorithm and the stitching Itdsecause the number of matching features in
the low texture area is very small.

Experiment 2 was carried out on a pair of images intentignafiosen to have large depth variations.
Due to the large depth variations for these two adjacent@sagis very difficult to get a good registration
result in the overlap area. The overlap images are shownging=a), (b). Fig. 5 (c) shows the stitching
result using traditional registration approach and blegdh a wide area, with the stitching result using
traditional registration approach but blending in a stgwea shown in Fig. 5 (d). Fig. 5 (e) shows the
stitching result after registration using proposed methotblending in a wide area, with the stitching

result after registration using proposed method and biendn a stripe area shown in Fig. 5(f). We can
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TABLE |

MSE BETWEEN THE POSITIONS OF MATCHING FEATURES INEXPERIMENT 1 AND 2. (1) AFTER RELATIVE SHIFTING. (2)

AFTER INITIAL WARPING AND RELATIVE SHIFTING. (3) AFTER APPLYING AFFINE ADJUSTMENT ONI;. (4) AFTER

APPLYING FOCAL-LENGTH ADJUSTMENT ONI;. (5) AFTER APPLYING FOCAL-LENGTH ADJUSTMENT ON /5.

Experiment Q) 2) 3) (4) (5)
1 0.3364 0.3063 0.2182 0.2176 0.215%8
2 1.1798 0.6034 0.5872 0.5743 0.5675

see that the proposed method can give better registratiuttseand the technique of stitching on a stripe
area can significantly improve the visual quality of thecétd images.

Table | shows the MSE between the positions of matching featduring the registrations in Exper-
iment 1 and 2. The values were calculated based on the santé settching features in the overlap
area in each experiment, respectively. The data in coluar@ the minimal MSE values between the
positions of the matching features after applying the tiawlal registration approach. The data in column
(2) show minimal MSE values between the positions of the hiatcfeatures after initial warping and
relative shifting of two adjacent images along horizontad aertical directions. The data in column (3)
show the MSE between the positions of the matching featutesadifine adjustment. The data in column
(4) and (5) show the MSE between the positions of the matct@atures after focal length adjustments
on two adjacent images, respectively. Because the widtlewedap areas, distributions and numbers of
detected matching features are different in Experimentd Zrthe MSE values between Experiment 1
and 2 are not comparable.

In the last experiment, we tested the proposed registraigorithm in generating60° panoramas.
A tentative panoramic view is generated using the traditiGapproach in order to check the imaging

conditions of the pre-captured images. The procedure wasribed in Section IV withM = 12. We
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found that there is a huge vertical offset (around 200 pjxbetween the left side and right side of
the stitched im<age$172’___,12 due to the accumulated errors. A simple global rotatiorothiced severe
distortion, bringing significant difference between th# lde and right side Ofi,2,...,12 in the overlap
area.

The proposed algorithm for global registration in genegfianoramas was implemented and the final
stitching results on the overlap area between the first inaagethe last image are shown in Fig. 6. Fig. 6
(a) to (c) show the stitching results after one iterationp fterations and three iterations, respectively.

The results show that the proposed algorithm convergesfastyin obtaining an optimized solution.

VIIl. CONCLUSIONS

This paper has proposed an overlap-area registration itgehifior view mosaicking using an affine
transformation adjustment together with a nonlinear refieet through focal length adjustment. A feature-
based overlap-area registration algorithm has been thescfor implementation of the proposed method.
The principle of using matching feature points as controh{zofor view transformations can be applied
more broadly. One major advantage of using matching fegdair@s as control points is that the amount
of computation can be greatly reduced. Moreover, the gfyaté registration and stitching on a stripe
block within the overlap area can significantly improve theual quality of the mosaicked images.

In our approach, the registration of the adjacent imagesfarasulated as a general coordinate-system
transformation module which is independent of the pardicuegistration methods. The framework for
generating panoramas through adjacent image registraionthen be clearly illustrated. Due to the
complexity in obtaining a global optimization solution ftbre registration errors in the overlap areas of
all pre-captured images, a novel simple iterative algoritivas proposed with the experimental results
showing that the results converge to a good solution verghkipi

In addition, we observe that these view transformationsbeaconsidered as sampling structure changes
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which can be combined into one step in order to avoid unnacgdsterpolation, which will generally
reduce the texture resolution of the images. The principle lee applied to other applications involving
multiple transformations on the images, when some or alhe$¢ transformations can be combined into
a single one.

The proposed algorithm was applied to view stitching usimggdes taken by a conventional digital
camera mounted on a tripod and pointed in different direstiovith some overlap area between the
adjacent views. Methods to extend the proposed algorithmviga stitching in more general situations

and other types of cameras are currently being studied.
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Fig. 4. Results for experiment 1. (a) The matching featunefidom (b) The matching features ifpcom (C)The relationships
between matching features after registration using egug#). (d) The relationships between matching features afgistration

using the proposed algorithm. (e) Stitching result witllitianal registration approach but blending on a stripekldf) Stitching

result after registration using proposed method and bhendin a stripe block.
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Fig. 5. Results for experiment 2. (@om (b) I2com (C)Stitching result with traditional registration appoh and blending in
a wide area. (d) Stitching result using traditional registn approach but blending in a stripe area. (e)Stitchewlt after
registration using proposed method but blending in a widev.aff) Stitching result after registration using propossethod and

blending on a stripe area.
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Fig. 6. The stitching results in the overlap area betweenfitee image and the last image in generating panoramas with

different iterations using proposed algorithm: (a) aftdatetation (b) after 2 iterations (c) after 3 iterations



