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ABSTRACT

For wide-angle images with heavy lens distortion, especially
those widely used in multi-camera systems, the single glob-
al homography cannot satisfy the required warp due to non-
linear distortions, leading to misalignment and shape distor-
tion. This paper proposes a multi-homography warping to
stitch wide-angle images with unknown lens distortion, which
integrates multiple local homographies with a global homog-
raphy for accurate alignment and shape preservation. We
suggest a solution by conditional sampling to obtain a larg-
er proportion of inliers for more accurate estimation of local
and global projective transformations. We introduce an adap-
tive weighting scheme to combine these transformations for
smoothing our warp over the entire target image from the lo-
cal homographies to the global homography. The experiments
evaluate the alignment accuracy and shape preservation of the
proposed method.

Index Terms— Wide-Angle Image Stitching, Image
Alignment, Multi-Homography Warping

1. INTRODUCTION

Existing stitching methods based on invariant feature match-
ing techniques [1, 2] have already succeeded in aligning over-
lapping images taken by conventional lenses, and stitching
them into seamless and natural photo-mosaics, but can not
handle lens distortion well. We focus on dealing with wide-
angle images suffering from lens distortion, e.g., radial dis-
tortion that seriously affects inlier selection, image alignment,
and shape preservation. Panoramic stitching with lens distor-
tion is required for many vision applications such as video
surveillance [3, 4], navigation [5], and robotic vision systems
[6, 7]. In this paper, we consider situations with unknown lens
distortion, for example, images are captured by two cameras
with significantly different heavy radial distortions as shown
in Fig. 1(a), making it challenging to produce a highly aligned
result with less shape distortion.

In order for stitching images with lens distortion, early
methods use calibration models [9, 10] to correct the distor-
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Fig. 1. Tllustration of the proposed stitching method for a
challenging case. (a) Images captured by our telepresence
robot [8] with different heavy radial distortions. (b) Our result
with accurate alignment in the overlapping region and shape
preservation in the non-overlapping region.

tion effects, and recently polynomial methods [11, 12, 13]
that estimate distortion factors based on Division Model [14]
have been well studied. The Division Model is defined as
2’ = /(1 + \||z||?), where X is the radial distortion coeffi-
cient. Jin et al. [11] use three image point correspondences
to estimate homography accounting for radial distortion and
solve it by using Levenberg-Marquardt method. Byrdd et al.
[12] perform homography estimation in the same way and
solve the problem by using Groner basis method. Because
they both assume that all images share the same distortion
factor, their models can not achieve accurate results when in-
put images suffer from different lens distortions. Ju et al. [13]
estimate the distortion factors for each image and create an
accurate stitched image, however all images are warped ac-
cording to the corresponding distortion factors, resulting in
heavy shape distortion in the non-overlapping region. All the
above methods work at the RANSAC [15] stage, also Byrod
et al. [12] note the decreased performance of distortion free
methods in inlier selection, since they conduct random sam-
pling and removes matching feature points close to distorted
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edges as outliers.

Although much attention has been given to distortion esti-
mation, it is often overlooked that lens distortion brings about
the inaccuracy of projective warp parametrised by a 3 x 3 ho-
mography matrix. The single homography projective model
is usually too general to handle lens distortion, which might
give rise to misalignments and ghosting effects in the over-
lapping region. Recently, methods based on local warping
achieve outstanding performances on aligning images with
no distortion. Gao et al. [16] propose a dual-homography
warping which separates a single scene into a distant plane
and a ground plane and estimates two homographies to pro-
duce a more seamless image. Moving Direct Linear Trans-
formation (Moving DLT) technique proposed by Zaragoza et
al. [17] can estimate varying local homographies to allow
local deviations, and Lin et al. [18] combine Moving DLT
with a six-degree-of-freedom similarity transform to create
a natural-looking panorama. The similarity transform is al-
so employed in the shape-preserving half-projective (SPHP)
warp [19] that smoothly changes from projective to similarity
along a rotated co-ordinate axis. The accuracy of local warp-
ing methods highly relies on enough inliers, which are espe-
cially hard to be chosen from distorted image pairs, further-
more, similarity transform is sufficient only in the presence of
no or mild lens distortion.

We propose a multi-homography warping to bring over-
lapping images with unknown lens distortion into better align-
ment. Instead of estimating distortion factors, we first use
residual sorting information to obtain a larger proportion of
inliers, then generate a global projective transform for glob-
al shape preservation, and estimate multiple local projective
transforms for accurate alignment. Finally the global homog-
raphy and multiple local homographies are combined accord-
ing to our weighting scheme to smooth the warp over the en-
tire target image. Our method contributes to both accurate
alignment in the overlapping region and shape preservation in
the non-overlapping region, as presented in Fig. 1(b).

2. INLIER SELECTION

The goal of inlier selection is to obtain a noise-free set of
matching feature points between the target image / and the
reference image I’ for homography estimation. RANSAC
generates hypotheses of a given geometric model, e.g., the ho-
mography estimated from four point correspondences in our
case, and each hypothesis is satisfied by a randomly chosen
minimal subset of the input data. Most existing methods rank
the homography hypotheses, and typically select inliers from
all points according to their corresponding residuals to the op-
timal hypothesis.

In situations with large lens distortion, the non-linear ef-
fects at the RANSAC stage are notable but often ignored. The
input data of corresponding points between wide-angle im-
ages are usually seriously contaminated with outliers. Even

Fig. 2. (a) Inliers selected by 500 random sampling iterations.
(b) Inliers selected from three portions by our method (10 ran-
dom and 100 conditional sampling iterations for each portion)
with the same outlier threshold.

points close to image borders which are actually more impor-
tant to the quality of the final result, are removed as outliers
because of their large residuals. In Fig. 2(a) we notice that the
random sampling is only capable of finding matching points
in the central, less distorted portion of an image pair, in fac-
t, the true inliers spread out over the images. Certainly more
points can be retained by setting a higher outlier threshold, but
it increases the probability of accepting mismatching ones.

Intuitively, points close to the same portion of an image
pair are more likely to satisfy the same homography hypoth-
esis that better respects the local distorted structure. That is,
given a minimal subset of points chosen from the same por-
tion, we can generate the local homography hypothesis to re-
cover as many inliers as possible in the portion. Based on
Multi-GS [20], we use residual sorting information to perform
a conditional sampling instead of pure random sampling, be-
cause the probability f(P;, P;) of two points arising from the
same homography can be encoded by residual sorting [20].

As an example, a fixed number of homography hypothe-
ses {H;}M, are generated under random sampling from the
input data {p;, p’} X, for each datum P; = {p;, p.} we rank
M hypotheses in terms of the residuals to them and form the
permutation h’ = {h1, ..., hpr}. The higher H., is ranked in
h%, the more likely P; is an inlier to it. Moreover, there will be
many common hypotheses shared by P; and P; at the top of
their list A* and A7 if they are inliers from the same portion.
Multi-GS constructs the conditional inlier probability distri-
bution to guide the selection of the next datum according to
the residual sorting information of datums that have been cho-
sen. The probability is defined as

1 . .
f(F)ian):E‘hll:amhi:aL (1)

where h{., is the vector with the first-a hypotheses of A’ and
|ht., N 1., | denotes the number of shared hypothesis.
Instead of estimating distortion factors by random sam-
pling, we choose conditional sampling to accelerate the gen-
eration of the local homography hypothesis, hence can recov-
er as many local inliers as possible. By repeating the proce-
dure and removing inliers obtained previously from the input
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Algorithm 1 Multi-Homography Inlier Selection

Input: the input data P, size of a minimal subset p > 0,
outlier threshold ¢, and ¢; (¢, > ¢;), required number of
homography hypotheses 7, and 7 (1, < 7).

Output: a set © of inliers.

1: remove the mismatches from P using RANSAC with ¢,;

2: repeat

3:  generate a set II of 7, hypotheses from P by random
sampling;

repeat

purely randomly select the first datum s; from P;
select p — 1 datums based on II using Multi-GS;
IT = IT U {new hypothesis fitted on s1., };

until (size of II > n)

find the optimal hypothesis with the largest number of

inliers I whose residuals < ¢;;

10 © = 0O U I;remove [ from P;

11: until (size of P < p)

12: return O.

R A A

data before each loop, we are able to obtain a larger propor-
tion of inliers uniformly distributed in most distorted portions.
We summary our adaptive method as Algorithm 1 and show
an example of selection results in Fig. 2(b).

3. GLOBAL HOMOGRAPHY

Given a set of inliers {p;, p;}7_, between the target image
I and the reference image I’, the global homography H, €
R3*3 indicates the projective transform p’ = Hyp,

.’ﬂ’ hl h2 h3 x
Y| = |ha hs he| |y]- @
1 he hs 1] |1

Using Direct Linear Transformation (DLT) [21], we can
rewrite (2) by cross product as Ozx1 = p’ x Hgyp, linearized
as

Oxs  —pT  ypT ] |M
O3x1 =ah=| pt'  Oixs —2p"||:|,
—y'p" a'p" Oixs | |py

where two rows of a € R3*? are linearly independent. We
estimate h from all n inliers as

B — - B2 = in || Ah||? 4
argmhln;Ha I argmhln|| I “

with the constraint ||h|| = 1, where a; corresponds to the
first-two rows of a for the i-th datum {p;, p;}. The global ho-
mography H, reshaped from h can be obtained by calculating
the least significant right singular vector of A € R?V>9,

As a result of the larger proportion of inliers obtained
by using our inlier selection method, the global transform p-
reserves the global shape of I extremely well as shown in
Fig. 3(a), yet fails to align images in the overlapping region.

4. MULTI-HOMOGRAPHY WARPING

To improve alignment accuracy, we use Moving DLT [17]
technique to estimate a local homography

N
h* = argm}}nz ||w}a;h||* = argmgn [[W*AR|>  (5)

i=1

for each position z* in I, where the weight is calculated as
w; = maz(exp(—||z* — pil|*/o?),7), (6)

so W* = diag([wjw].. wiywy]), and v € [0, 1] is an offset.
Moving DLT assumes higher weights to inliers closer to z*,
the homography h* better respects the local distorted struc-
ture around z*, so its accuracy highly depends on the qual-
ity and the quantity of inliers. As inliers obtained by using
our method spread out over the overlapping region, the warp
h* varies smoothly and provides the most accurate alignmen-
t. While the ~A* in the non-overlapping region containing no
inliers, becomes a Gaussian-weighted combination of local
homographies of the overlapping region, leading to unnatural
shape distortion as shown in Fig. 3(b).

Fig. 3. (a) The warped I by the global homography. (b) The
warped I by the local homographies. (c) Weight map of wy'".
(d) The result of our method.

In our method, we integrate the local h* with global H,
as our multi-homography warping:

H;, =wh" + (1 —w;)H,, @)
the weighting coefficient is given by
wi = (u” = um)/(urr — ), (®)

where u is the new coordinate system (u,v) obtained as a
rotation of the original (z,y) of the warped I. The rotation
angle is chosen as 0 = atan2(—hs, —h7) (hs, h7 from Hy),
and it has been proved in [19] that the area distortion of H,
only becomes larger along the positive u-axis, from the over-
lapping region to the non-overlapping region. Therefore we
smooth the warp from the local homographies to the global
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homography along the positive u-axis. u,, and u,; are small-
est and largest value of u of all * in I, respectively. For
each z*, the w;" ranging from 0 to 1 is computed by Eq. (8).
Fig. 3(c-d) present a weight map of w; and the result of our
multi-homography warping. To compensate the adjustments
of local homographies in the overlapping region, we warp the
reference image I’ by using R}, = H* (h*)~%.

5. EXPERIMENTS

We compared our multi-homography inlier selection with
methods proposed by Byrdd et al. [12] and Ju et al. [13].
The distorted image dataset is also from [13] with pre-defined
distortion factors ranging from -0.5 to 0.5. The feature points
were detected using SURF [22]. On each of 11 image pairs,
the average inlier proportion of each method over 10 repeti-
tions of 2000 random sampling iterations was computed. For
our method, we ran 10 random and 100 conditional sampling
iterations in each loop and the total number of iterations is
also limited to 2000 in each repetition.

The results are depicted in Fig. 4. The method [13] has
similar inlier proportions unrelated to distortion factors but at
a lower rate, and the performance of the method Stitching3pt
[12] significantly decreases when A < 0, since their method
can not estimate accurate distortion factors in this case. It is
clear that our multi-homography inlier selection consistent-
ly outperforms the others, as we generate local homography
hypotheses under conditional sampling instead of estimating
distortion factors using random sampling.

Inlier Proportion

—&— Stitching3pt [12]
0.2 —A—Juetal. [13]

0.1 —&— Proposed

0.5 0.4 0.3 0.2 0.1 0 -0.1 -02 -03 -04 -05
Distortion Factor

Fig. 4. Comparison of the inlier proportions.

To evaluate the alignment accuracy and shape preser-
vation of our multi-homography warping, we compare our
method with methods [12, 13], softwares Autostitch [2], and
Microsoft ICE [23], and all of these techniques employ a
single homography for image alignment. Fig. 5(b-f) show the
stitched results of a pair of distorted image with A = —0.4
(Fig. 5(a)), and we highlight a few notable areas where mis-
alignments and shape distortion occur. Because all images
are warped according to the corresponding distortion factor,
heavy shape distortion are produced by method [13]. The
results of Stitching3pt, Autostitch, and Microsoft ICE are
similar, and all of these methods produce misalignments and

(d) Autostitch [2] (e) MS ICE [23] (f) Ours

Fig. 5. (a) Two distorted images with A = —0.4.
Stitched results of (a) via different methods and ours.

(b-f)

Fig. 6. Panorama of building images.

ghosting effects due to the inaccuracy of the single homogra-
phy projective warp. However, our method aiming for local
alignment accuracy and global shape preservation performs
better in these areas.

The panorama example in Fig. 6 demonstrates that our
method is easily generalized to multiple images taken by wide
angle lenses with unknown lens distortion.

6. CONCLUSION

This paper has presented a multi-homography warping to
stitch wide-angle images with unknown lens distortion, which
integrates multiple local homographies with a global homog-
raphy. The experiments have shown that our method improves
the performance of inlier selection on wide-angle image pairs,
and can achieve both accurate alignment in the overlapping
region and shape preservation in the non-overlapping region.
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