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SWAP-MOVE WITH LONGITUDINAL NEIGHBORING
OPTIMIZATION AND MAXIMUM A POSTERIOR ESTIMATE
FOR VISUAL CORRESPONDENCE*

QING TIAN, YINCHU WANG, XINGUO WEI, YUAN ZHANG, WEI L1 AND L1 FANG

Abstract: The stereo vision is based on accurate image calibration. In practice, the low-cost stereo vision
systems have limited calibration accuracy. Therefore, the matching points will have disparities not only
in the latitudinal neighborhood, but also in the longitudinal neighborhood, which will seriously affect the
performance of existing algorithms. In this paper, we redesign the swap-move strategy with both longitudinal
and latitudinal disparities, which expand the optimization method from one-dimensional to two-dimensional
in the max-flow optimization procedure. We prove that it can be locally optimal from the perspective of
maximum a posteriori (MAP) estimation. Finally, the effectiveness of this algorithm is verified by real data
experiments.
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Introduction

Stereo matching uses two or more images of the same scene from different view angles to
calculate the pixel disparities that can be further used to calculate the depth, i.e., distance
of scene objects from the camera, by trigonometry. There already exist some technologies
to obtain the depth, such as infrared laser camera and radar. Compared with infrared laser
camera, the stereo matching based on binocular camera has the advantage of low cost and
easy implementation. For radar technology, the active electromagnetic waves are often use-
ful for strong backscattering points. Taking into account the cost and coverage factors, we
use binocular stereo matching to obtain depth information.

According to the optimization theory, the stereo matching algorithm can be divided into
local stereo matching [2,3,32] and global stereo matching [1,5,7]. The global stereo match-
ing algorithm can integrate a variety of prior knowledge into the global energy function, so
its performance is better than the local stereo matching algorithm. As a global optimiza-
tion algorithm, graph-cuts has been studied and developed by the scholars due to its good
performance [8]. Moreover, its idea of minimizing the energy function of the constructed
edge weighted graph has been widely used to solve many computer vision problems, such
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as image segmentation [14,19,36], image completion [33], medical imaging [6,21], 3D recon-
struction [20,25], stereo matching [18,34] and machine learning [15]. The stereo matching
methods usually adopt the graph-cuts by transforming the disparity map into a multi-label
update problem [22,30]. Namely, different disparities are treated as different labels. With
the maximum posteriori probability (MAP) estimation of label distribution [24,29] or mini-
mizing the energy function [12,28], the disparities can be calculated. Under the assumption
of Markov Random Field, the maximum posterior probability and the minimum energy are
equivalent [26].

Graph-cuts, as an optimization method, is originally proposed by Ford and Fulkerson to
solve the combinatorial optimization problems [10]. Max-flow and min-cut theorem implied
by their algorithm is an important core theorem in network flow and graph theory. Never-
theless, graph-cuts had not been applied to the field of computer vision until 1989. Greig
et al. first applied graph-cuts in binary image segmentation and overcomes the defects of
local optimal solution and slow convergence rate [11]. After that, graph-cuts was limited to
binary image segmentation until 1998. Roy et al. first used graph-cuts to solve multi-value
optimization problems and make graph-cuts have a wider applicability [27]. But finding the
minimum value of energy function objectively is a NP-hard problem. To solve this problem,
Boykov et al. adopted the idea of multi-label to solve multi-value problems and proposed
two swap-move algorithms, i.e., alpha-beta swap and alpha-expansion algorithm. These al-
gorithms can achieve good performance [4]. In terms of the optimization performance of
alpha-expansion algorithm, it has been proved that the difference between the local and the
global optimization is only a fixed factor while alpha-beta swap algorithm isn’t proved to
have similar optimization performance. Nashihatkon et al. did a meticulous research on
label update strategy and pointed out that alpha-beta swap algorithm has a better per-
formance than alpha-expansion algorithm in the condition of a large number of labels [23].
Nevertheless, the optimization performance of alpha-beta swap algorithm is still unknown.

Previous researches mainly focus on the multi-label problem and are able to produce
very good results with ideal calibration in vertical direction. However, in practice, there
is always calibration errors in the vertical direction for binocular camera, which causes the
longitudinal disparities. For example, the optical axis of the cameras is not exactly parallel,
or the two cameras are not set at the same height. Moreover, there also could be some
factors affecting the accuracy of calibration, such as the non-standard calibration plate, the
insufficient number of feature points, the accuracy of feature points extraction method and
the shooting angles [35]. Meanwhile, the fully automatic calibration method of camera is
still existed errors [16,31]. However, the previous algorithms only consider the latitudinal
disparity, and will fail when both longitudinal and latitudinal (LL) disparities are present.
To solve this problem, we propose a LL-swap-move algorithm with the consideration of the
longitudinal disparities. Firstly, we reconstruct the model with the help of MAP. Then, we
redesign the graph, i.e., weights, source and sink points. After that, max-flow algorithm
is executed to optimize. Next, the label of pixel is changed based on update strategy. Af-
terwards iteration strategy is applied to obtain the final result. Furthermore, we prove the
reason why the LL-swap-move algorithm can achieve good optimization performance. Fi-
nally, we verify the effectiveness of this algorithm by real experimental data.

The rest of the paper is organized as follows. Section 2 describes the problems of binoc-
ular camera system in practice. Section 3 introduces the LL-swap-move algorithm as well as
corresponding proving process. The actual test results of LL-swap-move algorithm are given
in Section 4. Also, comparison between different algorithms and analysis on the results are
made. At last, the conclusion of this paper is given in Section 5.
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Existing System Problem

Binocular Stereo Matching Theory

In classical stereo vision problems, there are two cameras to observe a static scene and the
relative coordinate system assumption is known for both cameras. Under this condition,
stereo matching is to determine the position of two corresponding points, Pr(Xr,Yr) in
the left image and Pr(Xg, Yr) in the right image, for the same point P(X¢, Yo, Z¢) in the
scene. Then, the positional differences, between P;, and Pg, can be regard as the distance
from P to cameras. In order to simplify the problem of stereo matching when finding
corresponding points, two cameras are usually placed on the same line as much as possible.
Thus the two optical axes of cameras can be placed as parallel as possible and there is
only a latitudinal difference between P; and Pr. Their abscissa difference is the latitudinal
disparity d. From this, the depth of the scene and the coordinates of the points in the
scene mapped from pixels can be calculated by combining disparities with the triangular
geometry principle. Depth is the distance from the point in the scene to the camera. On
condition that the calculated disparity map is accurate, disparity map can be used for 3D
reconstruction, target detection, non-contact measurement, and so on. Therefore, accurate
disparity map is the focus of stereo matching.

cr\ Right Camera
N Xc

Figure 1: Sketch map of binocular imaging.

When a binocular camera is used to collect images for stereo matching, Ocp, and O¢g
represent two horizontal placed cameras as shown in Figure 1. O¢y is selected as the origin
and the coordinate system is established as Ocpx.yc.z., where the z. axis is parallel to
the = axis of imaging plane coordinate, the y. axis is parallel to the y axis of the imaging
plane coordinate system, and the z. axis is the optical axis of the left camera. If the
camera calibration is very accurate, the coordinates of P can be calculated according to the
coordinates of P;, and Pg, the focal distance f of the camera, and the baseline distance b.

From APP;,Pr ~ APO¢cOcpr and triangular geometry principle we have that

Xc
XL:f707 (2.1)
Xc—b
Xn=f =5, (22)

Y,
Y:fég, (2.3)
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where Y = Y, = Yi. If d is known, we can substitute X; = Xp + d into equation (2.1),
(2.2) and (2.3), giving

b- X
Xo=—2L, (2.4)
d
b-Y
Yo= — (2.5)
b-

Then, the depth of P can also be calculated by the geometric relationship

b
D= a,/X%+Y2+f2. (2.7)

Different pixel positions in the image and disparities reflect the different distance from
points in the scene to the cameras. The position of the pixel in the image is relatively
fixed. Therefore, accurate disparity is the focus of the stereo matching. The generation of
accurate and reliable disparity map is of great significance for the subsequent use for 3D
reconstruction, target detection and so on.

System Problems

The 3D coordinate accuracy (e.g. accuracy of calibration plate printed and measured),
the number of feature points, the extraction accuracy of feature points, the quantity of
calibration picture, the angles of taking pictures and other factors affect the accuracy of
calibration. But the current calibration methods are still existing calibration errors [9, 13,
16,31]. Meanwhile, the position of two cameras affects whether the calibration image pairs
can achieve sufficient line alignment. If the line alignment is not sufficient, the disparities
calculated by the stereo matching algorithms, may be inadequate and inaccurate, e.g. alpha-
beta swap algorithm [17]. In Figure 1, Prg is the point after inaccurate camera calibration.
In this case, the corresponding points not only have differences in latitudinal direction, that
is latitudinal disparity d, but also have certain differences in longitudinal direction, that is
longitudinal disparity I. However, when the network graph of the max-flow algorithm is
constructed by the alpha-beta swap, the source and sink points and weights are designed
only considering disparities along the latitudinal neighborhood direction.

Take the label set F' with o and 8 as an example, that is, F={«, 8}. The alpha-beta
swap is first given a set of initial labels f, P={P,|m € F}, where P,={p € P|f, = m}
represents a pixel set whose label is assigned as m. The energy function to be minimized by
the algorithm is

E(f) = Esmooth(f) + Edata(f)a (2'8)

where Fgp00tn Measures the piecewise smoothness of f, while Fg4:, measures the difference
between f and the observed data. The form of Ej,4, is typically

Edgata(f) = Y Dp(fp); (2.9)

where D,, measures how well label f, fits the observed data at pixel p.
The first image is represented by I and the second image is represented by I’. I, repre-
sents the intensity of p in the first image. D,,’s expression is

Dy(fy) = min(| I, = I.p, | 0, (2.10)
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where U is a constant and usually set as 20. The form of Eq,,00tn 18 typically

Esmooth Z Vp q fpa fq (2'11)

{p,a}eN

where N represents a set of adjacent pixel pairs on the image, V}, 4 represents the smoothness
between adjacent pixel pairs p and ¢, and its expression is

Vi.a(fp, fq) = min( I;/>+f,, - cI1+fq U). (2.12)

For clarity, Figure 2 shows 1D network graph for a 1D image.

Figure 2: Alpha-beta swap algorithm composition.

In Figure 2, « is the source point and £ is the sink point, p € P,g, where Pyg = P, |J P3
and f, € {a,}. The edges connecting with a and § are t-link edges, that is iy and tg .
A pixel pair of {p,q} C P.s and {p,q} € N, {p,q} are connected by n-link edges, that is
€{p,q}- The weights of the edges are shown in Table 1.

Table 1: Weight design of alpha-beta swap algorithm

edge weight for
ty Dy(a) +3_ qen, Vpgla, fo) | p € Pag
quaﬁ
tzﬁn Dp(B) +>- qen, Voa(B:fq) | P € Pap
Q€Pa.3 { } N
qJ€
€{p.a} Voa(a,B) ey

Only latitudinal disparities are considered in the alpha-beta swap algorithm as shown
in Table 1. Once the image pair has both the latitudinal and longitudinal disparity, alpha-
beta swap algorithm is ineffective. In this paper, LL-swap-move algorithm is proposed
for image pairs with both latitudinal and longitudinal disparity. With the consideration
of longitudinal disparity, the optimal model is constructed from MAP, and the iterative
optimization is performed with the help of the max-flow algorithm. Finally, our algorithm
has a better performance.
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Swap-move with longitudinal neighborhood optimization

Optimization Function Model

For each pixel p € P, f, represents the label of p in the image f = (f1, f2,..., fm) and
the label set is F' = wuy,ug,...,usxt- ¥ = (Y1,Y2, .-, Ym) means the value of the actual
label. y1,¥y2, ..., ym are conditionally independent of the given f, each of which has a known
conditional density function f(y,|f,), dependent on f only through f,.

A Bayesian formulation specifies a priori distribution p(z) over all allowable images. The
likelihood I(y|f) of any image f is combined with p(z), in accordance with Bayes’s theorem,
to form an a posteriori distribution

p(fly) o< Lyl f)p(f)- (3.1)

The actual disparity map is calculated when p(f|y) is maximized by MAP. So p(f|y) is
defined as the optimization function model which should be maximized.
The expression of log-likelihood ratio is

Ini(ylf) = zz(n = >1nf(yp|fp) 52)

pEP fr€F \uq€F ukeF
UpFUg

The prior distribution model p(z) can be expressed as

) x exp(= Zﬂpq pg) (3.3)
pEP
qeP
wherein
Voa(fp: o) {p,a} €N
Poa = { o qO others’ (34)
1 —
Gpg = o=l (3.5)
0 fp# Jq
Thus, apart from an additive constant, In p(f|y) can be written as
L(f) = &(f) +n(f), (3.6)
wherein

= ( 11 H fp >1nf(yp|fp) (3.7)

PEP f,eF \uq€F ukGF
UpFUg

1
= 9 Z BpaGrq- (3-8)

peEP
qeP

The MAP estimation is the image f which maximizes L. « and 8 are chosen to construct
the optimization function L,g, and its expression is

Laﬁ(f) = Eotﬁ(f) + naﬁ(f)a (39)
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wherein

B Ip— P

SN =D MW 7 (3.10)
pPEPag
1

Nas(f) = ) Z Bpq + Z Bpa> (3.11)

pGPa[g p€Pa5

qE€Pup q¢Pup

Where A\, = In{f(yp|a)/f(yy|8)}. Consider a capacity network comprising n + 2 nodes,
including a source s, a sink ¢ and n pixels. If A\, > 0, the capacity of a directed edge (s, p)
from s to pixel p is designed as

pPEPup

c(5,0) =X+ Y Bpgs (3.12)

QQPaB
Otherwise, there is a directed edge (p,t) from p to ¢t with capacity

PEPap

cp,t) ==X+ Y B (3.13)

quaB

There is an undirected edge (p,q) between two internal nodes(pixels) p and ¢ with ca-
pacity

€ P,s,q € P,
c(p,q) = {5,,q PETem 0= Tap (3.14)

0 otherwise
For any image f,let S={s}U{p: f,=a}and T = {t} U{p: f, = 5} define a two-set

partition of the network nodes and put

CH=> cu (3.15)

keSleT

Figure 3: A cut of a network graph.

As shown in Figure 3, the set of edges with a node in S and a node in T is called a cut
and C(f) is called the capacity of the cut. The min-cut is the cut with minimum capacity
and its capacity is equal to the max-flow.

Theorem 3.1. If a and B are chosen to be source and sink to construct the network graph
Gaps Lap(f) will be minimized to Los(f€) after update labels by maz-flow algorithm. Mean-
while, L(f) will be local mazimized to L(f©).
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Proof. The cost of a cut in G, is obtained

C(f)—{ 3 Z__ﬂmaxo Y EDY 5,4}

PEPqp qZPap

F 2 (3.16)
i 3 m(0)

pEPaB
q€Pup

—|—{ Z J;f_g[max() —Ap) Z Bpq

PEPap 9% Pas

which differs from —L,g(f) by a term which does not depend on f and this term does not
affect that the minimization of C(f) is to maximize Log(f). The difference between L(f)

and Log(f) is
2
1 fo — 1,
+§ Z 6PQ<2_B(I> .

L(f)=Lag= > Y. K IT I 5 f” >1nf(yp|fp)

PEPuop frEF upEF ukeF
Uk FUg qEP.p

(3.17)

No matter which cut is used to form the new label set f¢, the labels of (P — P,) region

will not update, so L(f¢) — Lag(f¢) is a constant for all cuts C. Thus L(f) will be local
maximized to L(f) when min-cut is acquired.

Theorem 3.2. f* is the label which maximize L(f). Different label pairs are selected to
construct network graph to execute max-flow algorithm each swap, the relationship between
the current label f€ and f* is L(f*) > L(f¢) > sL(f*), where s € (0,1].

Proof. Let

Minager Vpq(a, ﬂ)) (3.18)

c=min
Paett (maxa;egeFV}o,q(Oé, &)

be the smallest ratio of the smallest nonzero value of V' to the largest nonzero value of V.
After one time swap, the labels are updated to

« p € P,
fP=4 B pEPs. (3.19)

fpc otherwise
When swap moves are allowed, i.e., when the max-flow is still decreasing, we can get
L(f€) = L(f*?). (3.20)

Let Q be a set consisting of pixels in P and adjacent of pixels in N. We define L(f|Q2)
to be a restriction of the contribution of labeling f to the set €2

Lf1) ==Y Dp(fo) + Y. Bpg(l—GChpg). (3.21)
PEQ {p,q}€Q

Let H,p be the set of pixels and pairs of neighboring pixels contained in P,. Also, let
I, be the set of pairs of neighboring pixels on the boundary of P,z and J,g be the set of
pixels and pairs of neighboring pixels contained outside of P,3. That is

Hup = P.sU{{p,q} € N:p€ P,s,q € Pag}, (3.22)
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Iop={{p.q} € N :p € Pap,q € (P — Pap)}, (3.23)
Jaﬁ:(P_PaB)U{{pv(J}eN:ngaﬁvquaﬂ} (3.24)

The following facts hold
L(f*P|HP) = L(f*[H*"), (3.25)
L(f*P|1°7) > eL(f*|1°7), (3.26)
L(f*P[J°P) = L(fC[J°P). (3.27)

The left and right of equations (3.25), (3.26), and (3.27), are respectively added to each
other so that

L(f*PIHP) + L(fP|1%) + L(f*°|T°P) = L(f*[H*?) + eL(f*|1*%) + L(f|J*"). (3.28)
When max-flow falls after swap moves, the inequality relation is as follows
L(fEIH ) + L) + L(f91T7) = L(f*P|HP) + L(f*P|1°7) + L(f*7|J°F). (3.29)
Using (3.22), (3.23), and (3.24), we get from the equation above
L(fE[H?) + L(fC|1%%) = L(f*|H*?) + cL(f*[1°7), (3.30)

The total L(f) is obtained by using all label pairs. Therefore, we need to sum (3.30)
overalla # € F

DSOS CIL(COIHP) + L) = > S LT HYP) + eL(£71°P))]. (3.31)
a€F B#a a€F B#a
BEF BEF

Let different label pairs have w species, w >2. And let I = U, gerI®?. On the left side
of (3.28), for every pixel p, D, appears w-1 times. Meanwhile, for {p,q} € N, the term
V(fp, fy) appears once for f, = «, f, = B in L(f¢|H*?), w-2 times for f, = «a, f, # B
in L(f|I%/e), and w-2 times for f, = B, f; # o in L(f°|I7»#). Similarly, corresponding
number of times also be known on the right side of (3.31). Thus, (3.31) can be rewritten to
get the bound

LOFO) + 20O 2 L) + (”Zj_f’) - 1) L(ID). (3.52)

Then, we get from the equation above

LU < L©) + 222000 - [@fﬂ”:i’)c—llw*m

< L(f9) + WL(}CCU) (3.33)
< %Jr 1| L(f©).

It proves that each new label distribution ¢ has both upper and lower bound

SL(f*) < L(f°) < L(f), (3.34)
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where

w—1

5= ((2w—3)(1—c)+ 1) 7 . (3.35)

So we can use max-flow algorithm for different label pairs to approximates L(f¢) to
the local maximum L(f*). Finally, their difference is within a fixed factor. Moreover, this
factor, can be as large as 1 which depends on c.

The Process and Weight Design

Two labels u; and us are taken as example to construct the network graph as shown in
Figure 4. uy represents the longitudinal disparity /; and latitudinal disparity d;. Similarly,
us represents the longitudinal disparity /o and latitudinal disparity ds.

Figure 4: A network graph with label pairs u; and us.

Considering the longitudinal neighborhood, we still use D, to measure how well the label
fp fits pixel p given the observed data and use V, 4 to represent the smoothness between
adjacent pixel pairs p and ¢q. Thus we have

D,(l,,dy,) = min(

Iy =Lty | U): (3.36)

U), (3.37)

. ’ /
Vp,a(lp, lg: dp, dg) = mm(}‘rpmﬂp,m%—dp Lo t1y,0,+4d,

where p, is the abscissa of p and p, is the ordinate of p. The edge weights are set as shown
in Table 2.

Then the max-flow can be got by max-flow algorithm after the weight is set. Before the
max-flow converges, pixels will be divided into different cut sets and their labels will also be
updated. When the max-flow converges, the optimal disparity map can be generated. The
updated rules are expressed as follows

u, peT

fo=<u peS, (3.38)
fp others
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Table 2: Weight design of LL-swap-move algorithm

edge weight for
u
(2% Dp(lla di)+>° qEN, Vp,q(ll’lq’dla dq) P € Pyyu,
q€Puyu,y
u
tp? Dy(l2,d2) + 32 qen, Vpglla,lg d2,dg) | p € Puyus
q€Puyuy
{p.a}eN
€{p,q} Vp,q(l1,l2,d1,d2) g P,
Construct the . N
Tmage pair network graph _| Execute rx.lax-ﬂow .| Whether max- RSN Optimal disparity
X ! algorithm flow converges map
with label pairs
[y
Update the J
disparity map o

Figure 5: The flow chart of LL-swap-move algorithm.

The update of the label corresponds to the calculation result of longitudinal disparity
and latitudinal disparity. For instance, if f, is updated to w;, the longitudinal disparity of
p is updated to l; and the latitudinal disparity of p is updated to dy. The complete flow
chart of proposed algorithm is shown in Figure 5.

Results and Analysis of Experiments

Since the experimental results are not tested on the classic data set which is fully calibrated,
our environmental scenario is shown in Figure 6. Some images are taken from laboratory
environment, where ZED binocular cameras are chosen and the yellow shadow is the in-
tersecting area of two cameras. All images used in the experiments are obtained after the
flexible camera calibration by viewing a plane.

Figure 6: The scene of laboratory.
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The Calibrator Test

longitudinal longitudinal
direction direction

lengitudinal longitudinal
direction direction

titudinal

4 ax e rection

w Iy
longitudinal longitudinal
direction direction
(e) (f)

Figure 7: (a) Left image (b) Right image (c) Latitudinal disparity map of alpha-beta swap
algorithm (d) Longitudinal disparity map of alpha-beta swap algorithm (e) Latitudinal dis-
parity map of LL-swap-move algorithm (f) Longitudinal disparity map of LL-swap-move
algorithm.
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In order to verify the optimization performance, we use a calibrator to perform the matching
test as shown in Figure 7. Some corners on the calibrator are selected for disparity measure-
ment, which are indicated in Figure 7 by red points, i.e., 24 corners in the 3rd row and 20
corners in the 20th column. After that, we select the image in Figure 7(b) as the reference
image and perform alpha-beta swap algorithm and LL-swap-move algorithm on the image
pair. Figure 7(c)(d) show the results of alpha-beta swap algorithm and the LL-swap-move
algorithm’s results are shown in Figure 7(e)(f).

The curve of latitudinal disparity at 3rd row The curve of longitudinal disparity at 3rd row
s 0
E —real latitudinal disparity _% —real longitudinal disparity
a ’ *-LL-swap-move algorithm o +LL-swap-move algorithm
2z 0 ~ alpha-beta swap algorithm Z° - alpha-beta swap algorithm| |
24 =
©
g / \ g
g0\ s
= T N
I3 [ S
g2 S |
3 ERTA
= 7 5 5 |\
< ]
3 10
1 s o I E) = 1 B 0 I E) =
pixel position pixel position
(a) (b)
The curve of latitudinal disparity at 20th column The curve of longitudinal disparity at 20th column
B 0
E —real latitudinal disparity _2 —real longitudinal disparity
a ~+LL-swap-move algorithm a ~+LL-swap-move algorithm
2, alpha-beta swap algorithm| | -E‘ ° alpha-beta swap 1
2 ot £
g g
AN ‘ : s :
— / ©
Tl M ot E
3 , \ D e
= <)
s 5

1 5 10 15 20 i 5 10 15 20
pixel position pixel position

(c) (d)

Figure 8: (a) The curve of latitudinal disparity at 3rd row (b) The curve of longitudinal
disparity at 3rd row (c) The curve of latitudinal disparity at 20th column (d) The curve of
longitudinal disparity at 20th column.

As shown in Figure 8, there is only one obvious error of the calculated longitudinal and
latitudinal disparity at the second corner in the 3rd row. Most of the other corners’ calculated
results are accurate. Moreover, we also make the mean square error analysis among the
results of the proposed algorithm, alpha-beta swap algorithm and actual disparity. For the
latitudinal and longitudinal disparity, the mean square errors of LL-swap-move algorithm
are 0.41px and 0.84px while those of alpha-beta swap algorithm are 3.30px and 19.23px.

We also analyze the corner M as shown in Figure 9(a) which has obvious errors. After
processed by LL-swap-move algorithm, the corresponding corner R is in the 4th row and the
5th column in the right image as shown in Figure 9(b). The corresponding corner N which is
got by measuring is also shown in Figure 9(b). According to the measurements, this error is
an apparent error of position. In section 3, we use the four-neighbor model and the grayscale
information to construct the network graph. So, the gray values of the four-neighbor pixels of
corner M, N, R are extracted as shown in Figure 9(c~e). In accordance with the construction
method of the network graph in LL-swap-move algorithm, the local network graph of the
result of measurements and this algorithm can be obtained as shown in Figure 9(f)(g).
In order to make it clearer, we only show the grayscale difference without normalizing.
The accuracy of this corner is concerned in the measured result while other pixels in the
neighborhood are not considered completely. But because the positional information of the
relationship between the pixels is considered in the measurements, the accuracy of the result
is ensured. On the other hand, in order to obtain the smooth effect, LL-swap-move algorithm
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is performed with considering of the grayscale difference in the four-neighbor. However, the
positional relationship is not taken into account. Thus, after this algorithm, the grayscale
difference in the neighborhood is smaller than the actual measurements, but the positional
error is obvious.

72 104 87
96 40 19 75 40 46 98 21 16
41 17 18

(d)

(f) (e)

Figure 9: (a) The error corner in the left image (b) The corresponding corners of the
measured and the calculation of LL-swap-move algorithm (¢) The gray value of M’s four-
neighbor (d) The gray value of N’s four-neighbor (e) The gray value of R’s four-neighbor (f)
The local network graph of measured result (g) The local network graph of LL-swap-move
algorithm’s result.

Single-target Image Test

In order to further verify the effectiveness of LL-swap-move algorithm on more complex
targets, we make a test on the pedestrian images. The four consecutive frames extracted
from the pedestrian video are selected as the reference images as shown in Figure 10(a), and
the corresponding images are shown in Figure 10(b). Shoulder and leg areas are selected to
show the local effect which are indicated in Figure 10(a) by red and blue circles. The results
of alpha-beta swap algorithm are shown in Figure 10(c). Figure 10(d) shows LL-swap-move
algorithm’s results. The local results are shown in Figure 10(e~h).
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Figure 10: (a) The reference images (frame 1 to 4) (b) The correspondence images (c)
Alpha-beta swap algorithm (d) LL-swap-move algorithm (e) The shoulder results of alpha-
beta swap algorithm (f) The shoulder results of LL-swap-move algorithm (g) The leg results
of alpha-beta swap algorithm (h) The leg results of LL-swap-move algorithm.
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From the test results of the collected images, it can be found that alpha-beta swap algo-
rithm performs poorer than LL-swap-move algorithm because of the systematic calibration
error and the existence of the longitudinal disparity. In addition, the results of alpha-beta
swap algorithm as shown in Figure 10(e)(g) show that the contour information cannot be
well performed at the strong texture area and the performance of smoothness is poor at the
weak texture area as well. With the consideration of longitudinal disparity, LL-swap-move
algorithm have a better optimization performance as shown in Figure 10(f)(h). Because of
the consideration of the smoothness of the labels, the results are relatively smooth.

Multi-target Image Test
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Figure 11: (a) The reference images (b) The correspondence images (c¢) Alpha-beta swap
algorithm (d) LL-swap-move algorithm (e) The head results of alpha-beta swap algorithm
(f) The head results of LL-swap-move algorithm (g) The body results of alpha-beta swap
algorithm (h) The body results of LL-swap-move algorithm.
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We also make an experiment on images with multiple pedestrians. Figure 11(a)(b) show
the reference images and the correspondence images. Moreover, head and body areas are
selected to show the local effect which are indicated in Figure 11(a) by yellow and green
circles. Because of the systematic calibration error and the existence of the longitudinal
disparity, the results generated by alpha-beta swap algorithm are not satisfactory as shown
in Figure 11(c). LL-swap-move algorithm has a better performance as shown in Figure
11(d). As shown in Figure 11(e), the effects of the results generated by alpha-beta swap
algorithm are rough in the strong texture region, and are not smooth in the weak texture
region as shown in Figure 11(g). But LL-swap-move algorithm has the better effect as shown
in Figure 11(f)(h) even there are systematic calibration errors.

In order to describe the convergence performance of LL-swap-move algorithm more
clearly, we choose the first image pair in Figure 11(a)(b) to visually illustrate the con-
vergence process as shown in Figure 12(a~f). As the iterations progress, the disparities are
updated step by step. Finally, the optimal disparity map can be obtained. Moreover, we
show the different convergence performance between alpha-beta swap algorithm and LL-
swap-move algorithm in Figure 13. Because the consideration of longitudinal disparity is
adding into the optimization function, LL-swap-move algorithm has a lower initial value. In
terms of convergence speed, alpha-beta swap algorithm is a little faster than LL-swap-move
algorithm. Alpha-beta swap algorithm converges at the 16th iteration while LL-swap-move
algorithm converges at the 45th iteration. But in terms of convergence results, LL-swap-
move algorithm has a lower convergence value. Alpha-beta swap converges at 1044 while
LL-swap-move algorithm converges at 469. Thus, LL-swap-move algorithm has better con-
vergence performance.
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Figure 12: The comparison of different convergence processes.

Conclusion

In the field of stereo matching, the inaccurate calibration and non-ideal cameras position will
result in image pairs disparities not only in latitudinal neighborhood but also in longitudinal
neighborhood. With the consideration of longitudinal neighborhood, we propose the LL-
swap-move algorithm and construct the optimization model. Then, we execute the max-
flow procedure to generate the dense disparity map. The optimization performance of LL-
swap-move algorithm are verified by real data experiments, which shows that the proposed
algorithm can ensure the retention of disparity information and the accuracy of disparity
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calculation when dealing with stereo matching image data with longitudinal deviation. It
can be applied to the image matching with two-dimensional disparity, which effectively solves
the problem that the alpha-beta swap algorithm cannot perform well with the inaccuracy
of the camera calibration. Also, it can provide accurate disparity reference value for further
image detection and 3D reconstruction. Moreover, this two-dimensional matching points
optimization strategy can be applied to other stereo matching algorithms when camera
calibration is not ideal.
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