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Abstract—In this paper, an accurate and robust pose 

estimation algorithm for binocular camera systems is proposed 
based on pigeon-inspired optimization (PIO), which can be easily 
generalized to estimation for multiple camera systems. In this 
method, the information of both cameras is completely used, and 
the poses of them can be determined accurately at the same time. 
Pigeon-inspired optimization is a new and efficient evolutionary 
algorithm, which is employed to select the optimal rotation axis 
in our method. The robustness and high accuracy of the 
proposed method has been demonstrated by three cases of 
experiments over some state-of-the-art pose estimation methods. 

Keywords—pose estimation; binocular camera systems; 
multiple camera systems (MCS); pigeon-inspired optimization (PIO) 

I. INTRODUCTION 
Pose estimation of a calibrated camera is a fundamental 

problem and one of the most active research topics in computer 
vision [1]. It has numerous applications in augmented reality 
[2], [3], photogrammetry [4], and robotics [5], [6]. Pose 
estimation aims at retrieving the rigid transformation between 
the camera and the reference frame, given some 3D reference 
points and their corresponding projections on the image plane. 
Therefore, pose estimation is known as “perspective-n-point” 
(PnP) problem. To tackle this problem, various techniques 
have been well established and thoroughly studied. Many 
techniques are iterative and use a nonlinear optimization 
scheme [7]-[9], while others try to solve this problem by non-
iterative methods to relieve the computational burden [10]-[12]. 
Generally, the iterative methods are more stable and accurate 
but more time-consuming than the non-iterative ones. 

Recently, a robust non-iterative solution of PnP (RPnP) is 
proposed with the lowest computational complexity ( )nΘ  [10]. 
This solution is obtained by establishing a seventh order 
polynomial as a cost function and solving it directly. This pose 
estimator achieves the best performances among the existing 
non-iterative algorithms and as accurate results as the best 
iterative solutions. In addition, it is efficient and robust to work 
well in different configurations of reference points [10]. 

Previous investigations have focused on pose estimation 
from monocular view image sequences. In recent years, with 
the development and wide applications of multiple camera 

systems (MCS), interests have grown in pose estimation in the 
multi-view cases [13]-[16]. MCS can provide wider filed-of-
view than a single camera, and have been commonly used for 
scene reconstruction as they can recover stereo information 
easily. Pose estimation for MCS is a key issue in these 
applications. In term of pose estimation, MCS can enhance the 
precision and robustness due to the redundant information they 
provided. Another advantage of MCS is that MCS can avoid 
the ambiguities in some single camera cases. 

Although estimation of a single camera pose is a widely 
researched problem in the last decade, there are a limited 
number of dedicated methods for MCS pose estimation. In [13], 
Frahm et al. established a virtual camera based on the relation 
between two cameras, and converted the pose estimation of 
MSC into a problem of determining the pose of the virtual 
camera. Liu et al. retrieved the rotation and translation of MCS 
by optimizing the homographies of different cameras [2]. In 
[14], Xu et al. solved this problem by transferring all cameras 
into a unified coordinate and using the total error to replace the 
collinearity error in the well-known LHM algorithm [7]. 

In this paper, a novel robust binocular pose estimation 
method (which we refer to as BPnP) is proposed based on the 
RPnP method, and can be easily generalized to situations 
involving more than two cameras. Our method aims to obtain 
the 6 degrees of freedom (DOF) of a binocular camera system 
with an overlapping field-of-view by combining the 
observations of both cameras. We assume that each camera has 
known intrinsic parameters and fixed orientation and 
translation to each other which can be obtained by stereo 
calibration. In our method, we establish a unified coordinate 
frame to which both cameras refer, and then the pose for each 
camera can be calculated simultaneously and accurately. 

In the RPnP method, a rotation axis is selected from a set of 
3D reference points to establish a new orthogonal coordinate 
frame, which is an important factor that affects accuracy. The 
effects of rotation axis selection schemes have been discussed 
in [10], and selecting an edge whose projection length is the 
longest is reported to achieve better results than other schemes. 
But finding this edge from all the ( 1) 2n n −  ones in an n-point 
set is time-consuming, especially in large-size point sets. 
Furthermore, even though the one with the longest projection 
length is selected, it may not be the optimal rotation axis in this 
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method. Therefore, the rotation axis selection step is 
formulated as an optimization problem in this paper, which can 
be solved efficiently by evolutionary algorithms. 

Pigeon-inspired optimization (PIO) algorithm is a recently 
established evolutionary algorithm, which mimics the homing 
behavior of pigeons [17]. To apply this common natural 
phenomenon to a metaheuristic, Duan and Qiao designed two 
operators in this algorithm, i.e., map and compass operator, and 
landmark operator. PIO has demonstrated its competitive edge 
over several algorithms in real-world applications [17]-[19]. In 
this paper, an improved PIO algorithm is utilized to find the 
optimal rotation axis and therefore obtain the most accurate 
pose of the binocular camera system. 

The rest of this paper is organized as follows. The details of 
our proposed BPnP method are presented in Section II. Section 
III describes the improved PIO algorithm and uses it to select 
the optimal rotation axis in our BPnP. Experimental results 
using synthetic data are given in Section IV. Finally, 
conclusions are drawn in Section V. 

II. THE BPNP METHOD 

A. Problem Formulation 
The problem of pose estimation for a calibrated binocular 

camera system can be defined as follows. The rotation and 
translation from the left camera to the right camera are denoted 
by 

3 4

rl rlR t
×

. Given several points ( )1,..., , 3iP i n n= ≥  in a 
3D reference frame, their corresponding projections on 
normalized left image plane ( )1,...,l

ip i n=  and right image 
plane ( )1,...,r

ip i n=  (see Fig. 1), the task of this paper is to 
estimate the 6DOF of both the left and right camera which are 
denoted by 

3 4

l lR t
×

 and 
3 4

r rR t
×

, respectively. Since 
the rigid transformation between the two camera frames is 
known, once the 6DOF of the left camera are determined, those 
of the right camera can be obtained as follows: 

T T T0 1 0 1 0 1

r r rl rl l lR t R t R t
= .                      (1) 

Therefore, we define the left camera frame as the unified 
coordinate frame of the binocular camera system to make use 
of the information provided by both cameras. The binocular 
pose estimation problem is then converted into a problem of 
retrieving the rigid transformation between the unified 
coordinate frame and the reference frame. 

B. Selection and Determination of a Rotation Axis 

We begin with a selection of an edge 0 0i jP P  from all the 

edges { } { }{ }| , 1,..., , 1,...,i jPP i j i n j n> ∈ ∈  in the n-point set 
as a rotation axis. In [10], Li et al. provided three schemes to 
choose this edge and compared their influences on the accuracy 
of RPnP. This paper selects the rotation axis using an improved 
PIO algorithm, which will be described in Section III. 

 
Fig. 1. The reference points and their projections in a binocular camera system. 

A new orthogonal coordinate frame a a a aO X Y Z  is 
established based on the selected edge 0 0i jP P  as follows: The 
origin aO  is defined in the middle of this edge, and aZ -axis 
has the same direction as 0 0i jP P . After a a a aO X Y Z  is created, 
the 3D points are transformed from original reference frame to 
the new coordinate frame. 

In order to determine the rotation axis aZ , the set with n 
points is divided into ( )2n − 3-point subsets. Applying 3-point 
constraint to the separate subset [20], we can get 
( )2n − polynomials as follows: 

( )
( )

( )

4 3 2
1 1 1 1 1 1

4 3 2
2 2 2 2 2 2

4 3 2
2 2 2 2 2 2

0,

0,
...,

0.n n n n n n

f x x x x x e

f x x x x x e

f x x x x x e

α β χ δ

α β χ δ

α β χ δ− − − − − −

= + + + + =

= + + + + =

= + + + + =

 (2) 

The above nonlinear equation system can be solved by 
finding the minima of the square sum of the polynomials, the 
full derivation of which is given in [10]. When the minima are 
found, we can obtain the depths of 0iP  and 0jP , based on 
which the rotation axis is determined: 

0 0

0 0

i j
a

i j

P P
Z

P P
= .                                      (3) 

Since each minimum corresponds to a rotation matrix and a 
translation vector, we choose the most accurate estimation as 
the final result. 

C. Retrieving the Rotation and Translation 
After determining the rotation axis, the rotation from the 

new coordinate frame to the left camera frame can be 
represented as follows: 
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( )
1 4 7

2 5 8

3 6 9

cos sin 0
, sin cos 0

0 0 1

l
a

r r r
R Rrot Z r r r

r r r

α α
α α α

−
= = ,   (4) 

in which R is an orthogonal rotation matrix that has the same 
elements as aZ  in its third column. 

Given n 3D reference points, the projections from them to 
the left and right image plane are formulated as follows: 

 
l l l l
i i i
r r rl l rl l rl
i i i

p R P t
p R R P R t t

λ
λ

= +

= + +
,                   (5) 

where [ ]T
i i i iP X Y Z=  are the 3D coordinates of the 

reference point in a a a aO X Y Z , ( )T, ,1l
i i ip u v=  and 

( )T
, ,1r r r

i i ip u v=  are the normalized coordinates in the left and 
right image plane, respectively. 

To retrieve the unknown variables cosα , sinα  and 
Tl l l l

x y yt t t t= , we substitute (4) into (5) and rewrite it to a 
4 6n ×  homogenous linear equation system: 

[ ] T

4 1 4 1 4 4  cos sin 1 0l l l
n n n x y zA B C t t tα α× × × = , (6) 

where 

1 1 3 1 4 1 1 1 1 6

1 1 3 1 5 1 2 1 1 6

1 1 3 1 4 1 1 1 1 6

1 1 3 1 5 1 2 1 1 6

4 1

3 4 1 6

3 5 2 6

3 4 1 6

3 5

...

l l

l l

r r

r r

n
l l
n n n n n n
l l
n n n n n n

r r
n n n n n n
r
n n n n

u X r Y r X r u Y r
v X r Y r X r v Y r

u X d Y d X d u Y d
v X d Y d X d v Y d

A
u X r Y r X r u Y r
v X r Y r X r v Y r

u X d Y d X d u Y d
v X d Y d X d

×

− − +
− − +
− − +
− − +

=
− − +
− − +
− − +
− − 2 6

,

r
n nv Y d+

 

1 1 1 1 6 1 1 3 1 4

1 2 1 1 6 1 1 3 1 5

1 1 1 1 6 1 1 3 1 4

1 2 1 1 6 1 1 3 1 5

4 1

1 6 3 4

2 6 3 5

1 6 3 4

2 6

...

l l

l l

r r

r r

n
l l

n n n n n n
l l

n n n n n n
r r

n n n n n n
r r

n n n n

Y r u X r u Y r X r
Y r v X r v Y r X r

Y d u X d u Y d X d
Y d v X d v Y d X d

B
Y r u X r u Y r X r
Y r v X r v Y r X r

Y d u X d u Y d X d
Y d v X d v

×

+ − −
+ − −

+ − −
+ − −

=
+ − −
+ − −

+ − −
+ − 3 5

,

n nY d X d−

 

[ ]4 4 1 2 3 4nC C C C C× = , 

1 3 1

1 3 2

1

3 1

3 2

1
0

...
1

0

r rl rl

r rl rl

r rl rl
n
r rl rl
n

u r r
v r r

C

u r r
v r r

−

−
−

=
−

−
−

, 

1 6 4

1 6 5

2

6 4

6 5

0
1

...
0
1

r rl rl

r rl rl

r rl rl
n
r rl rl
n

u r r
v r r

C

u r r
v r r

−
−
−

=

−
−
−

, 

1

1

1 9 7

1 9 8

3

9 7

9 8

...

l

l

r rl rl

r rl rl

l
n
l
n

r rl rl
n
r rl rl
n

u
v

u r r
v r r

C
u
v

u r r
v r r

−
−

=

−
−

, 

1 9 1 7 1

1 9 1 8 1

1 9 1 7 1 1 3 1

1 9 1 8 1 1 3 2

4

9 7

9 8

9 7 3 1

9 8 3 2

...

l

l

r r rl rl

r r rl rl

l
n n n
l
n n n

r r rl rl
n n n n
r r rl rl
n n n n

u r Z r Z
v r Z r Z

u d Z d Z u t t
v d Z d Z v t t

C
u r Z r Z
v r Z r Z

u d Z d Z u t t
v d Z d Z v t t

−
−

− + −
− + −

=
−
−

− + −
− + −

, 

1 4 7 1 4 7 1 4 7

2 5 8 2 5 8 2 5 8

3 6 9 3 6 9 3 6 9

rl rl rl

rl rl rl rl

rl rl rl

r r r r r r d d d
D R R r r r r r r d d d

r r r r r r d d d
= = = . 

After solving this linear equation system, we can use the 
results to transform the 3D reference points into the left camera 
frame l l l l

c c c cO X Y Z . Once the pose of the left camera is 
determined by 3D alignment scheme [10], that of the right 
camera can be obtained simultaneously according to (1). 

III. PIO OPTIMIZED BPNP 
In RPnP method, three schemes are employed to select the 

rotation axis, i.e., randomly choose an edge, choose an edge 
whose projection length is the longest from n randomly 
sampled edges and from all the ( )1 2n n −  edges. The third 
scheme has been reported to be the most accurate. However, 
this scheme needs to calculate the projection lengths of all the 

( )1 2n n −  edges, which is not efficient, and the edge selected 
by it may not be the optimal one. Therefore, this paper 
formulates the rotation axis selection step as an optimization 
problem and solves it by an improved PIO algorithm. 

In the PIO model, the position and velocity of the ith 
pigeon are denoted by [ ]1 2, ,...,i i i imX x x x=  and 

[ ]1 2, ,...,i i i imV v v v= , respectively, where m is the dimension of 
the problem to be solved. In this paper, 2m =  and 

1 2[ , ]i i iX x x=  represents the edge 
1 2i ix xP P . Therefore, the 

fitness value of this pigeon is the total error of BPnP when 

1 2i ix xP P  is selected as the rotation axis. The target of PIO 
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algorithm here is to find the optimal rotation axis which yields 
the minimal total error. 

The basic PIO model has two operators: the map and 
compass operator, and the landmark operator. The operator to 
be executed is randomly selected in each iteration. In the 
former operator, the position and velocity of the ith pigeon in 
the tth iteration are updated as follows: 

( ) ( ) ( )( )
( ) ( ) ( )

1 1

1

Ft
i i g i

i i i

V t V t e rand X X t

X t X t V t

−= − ⋅ + ⋅ − −

= − +
,      (7) 

where F is an important factor which can control the rate of the 
velocity change during iterations, rand is a random number 
generated within [ ]0,1 , and gX  denotes the current global best 
position. 

The population size of pigeons is decreased in the landmark 
operator, and the center position of the rest is given by: 

( )
( ) ( )( )

( )( )

1

1

p

p

iN
i

c

N
i

X t
fitness X t

X t

fitness X t

⋅
= ,                   (8) 

where pN  is the current population size. Then the new position 
of each pigeon can be calculated by: 

( ) ( ) ( ) ( )( )1 1i i c iX t X t rand X t X t= − + ⋅ − − .         (9) 

The reason why we use PIO algorithm instead of other 
evolution algorithms to select the rotation axis is that the 
convergence rate of PIO is so fast that an optimal result can be 
obtained within only a few iterations. But one drawback of the 
basic PIO algorithm is the lack of the diversity of population. 
In this paper, we improve the basic PIO algorithm by 
introducing a random binary integer-valued matrix (map) of 
size pN m× , which indicates the elements of ( )iX t  to be 
manipulated by using the corresponding elements of another 
item. For example, ijx  is updated only if 1ijmap = . We 
modified (7) and (9) as follows: 

( ) ( ) ( )( )
( ) ( ) ( )

1 1

1

Ft
i i g i

i i i i

V t V t e rand X X t

X t X t map V t

−= − ⋅ + ⋅ − −

= − + ⋅
,     (10) 

( ) ( ) ( ) ( )( )1 1i i i c iX t X t map rand X t X t= − + ⋅ ⋅ − − ,  (11) 

where imap  is the ith row of the matrix map. The improved 
PIO algorithm is utilized to minimize the total error of BPnP 
method, the schematic diagram of which is shown in Fig. 2. 

In addition, we have analyzed the computational 
complexity of PIO algorithm. Since the dimension of our 
problem is ( )1 2n n − , i.e., the total number of edges from 
which the optimal rotation axis is to be picked out, the 
maximum number of iterations is denoted by cN , and the size 
of the pigeon population is pN , it can be calculated that the 

computational complexity of our method is ( )2
c pn N NΘ . 

Therefore, the PIO optimized BPnP method can obtain the 
optimal solution within an acceptable period. 

START

Initialize the parameters of PIO (Np, m, F, map) and 
the velocity of each pigeon within limits; 

Randomly initialize the position of each pigeon as
an edge from all the edges between the 3D points

Evaluate all the pigeons according to 
the corresponding total error of BPnP

The map and
compass operator?

Update the position and velocity of 
each pigeon according to (10)

Update the position and velocity of 
each pigeon according to (11)

Check for any new minimum 
solution, and update Xg

Output the total error 
and the estimated pose

END

Satisfy the criteria
of stopping?

Y

Y

N

N

 

Fig. 2. Schematic diagram of the PIO optimized BPnP method. 

IV. EXPERIMENTS 
In this section, we compared the accuracy and robustness of 

our method (referred to as PIO-BPnP) against that of some 
state-of-the-art methods using synthetically generated data, 
which is the most prevalent way to evaluate the pose 
estimation methods. 

The following algorithms were compared in the 
experiments: 

• LHM. A widely used iterative method for pose 
estimation by Lu et al [7], which is used to retrieve the 
pose of each camera individually.  

• MLHM [14]. One of the best pose estimation methods 
for MCS, which is an enhancement of LHM. MLHM 
can obtain the 6DOF of a binocular camera system. 

• RPnP. A very efficient and robust non-iterative PnP 
solution by Li et al [10], which can achieve as accurate 
results as the iterative methods. RPnP is used to 
determine the pose of each camera one by one. 
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• BPnP. The pose estimation method for binocular 
camera systems proposed in this paper, which can be 
used to estimate the poses of both cameras at the same 
time. 

• PIO-BPnP. The PIO algorithm optimized BPnP method 
for estimating the pose of a binocular camera system, in 
which PIO is used to select the optimal rotation axis in 
BPnP. 

The experimental configuration was as follows. We 
simulated two cameras with the same resolution 640 480×  
pixels, and the focal length of them was 800 pixels. The 
rotation and translation from the left camera to the right camera 
were given by: 

1 0 0 1
0 1 0 0
0 0 1 0

rl rlR t = . 

Three cases of the reference points were generated to evaluate 
these methods in our experiments, i.e., the ordinary 3D case, 
the planar case and the quasi-singular case, the definitions of 
which are given in [10]. In the three cases, the reference points 
were randomly distributed in the range [ ] [ ] [ ]2,2 2,2 4,8− × − × , 

[ ] [ ]2,2 2,2 0− × − ×  and [ ] [ ] [ ]1,2 1,2 4,8× × , respectively, and 
the same level ( 3σ = ) of Gaussian noise was added to their 
2D projections on the left and right image plane. The pose of 
this binocular camera system was randomly generated. 
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(a) Mean Rotation Error                        (b) Median Rotation Error                       (c) Mean Translation Error                 (4) Median Translation Error 

Fig. 3. Results in the ordinary 3D case (the number of points 4,..., 20n = , and the level of Gaussian noise 3σ =  pixels). 
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(a) Mean Rotation Error                        (b) Median Rotation Error                       (c) Mean Translation Error                 (4) Median Translation Error 

Fig. 4. Results in the planar case (the number of points 4,..., 20n = , and the level of Gaussian noise 3σ =  pixels). 

4 5 6 7 8 9 1011121314151617181920
0

2

4

6

8

10

12
Mean Rotation Error

Number of Points

Ro
ta

tio
n 

Er
ro

r (
de

gr
ee

s)

 

 

LHM

MLHM

RPnP
BPnP

PIO-BPnP

4 5 6 7 8 9 1011121314151617181920
0

2

4

6

8

10

12
Median Rotation Error

Number of Points

Ro
ta

tio
n 

Er
ro

r (
de

gr
ee

s)

 

 

LHM

MLHM

RPnP
BPnP

PIO-BPnP

4 5 6 7 8 9 1011121314151617181920
0

2

4

6

8

10

12
Mean Translation Error

Number of Points

Tr
an

sla
tio

n 
Er

ro
r (

%
)

 

 

LHM

MLHM

RPnP
BPnP

PIO-BPnP

4 5 6 7 8 9 1011121314151617181920
0

2

4

6

8

10

12
Median Translation Error

Number of Points

Tr
an

sla
tio

n 
Er

ro
r (

%
)

 

 

LHM

MLHM

RPnP
BPnP

PIO-BPnP

 
(a) Mean Rotation Error                        (b) Median Rotation Error                       (c) Mean Translation Error                 (4) Median Translation Error 

Fig. 5. Results in the quasi-singular case (the number of points 4,..., 20n = , and the level of Gaussian noise 3σ =  pixels). 
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All experiments were performed in MATLAB R2014a on a 
2.6 GHz Intel Corel i5 processor. The parameters of PIO 
algorithm were set as: 30pN = , 2m = , 1F = , and the 
maximum number of iterations 30cN = . Each experiment was 
carried out for 1000 times and the average result was reported. 
The results of the three cases are given from Fig. 3 to Fig. 5. 

According to Fig. 3, in the ordinary 3D case, all of the five 
methods can reach very accurate results. Both of the RPnP and 
BPnP method can achieve better performances than the 
iterative algorithm LHM when only a small number of points 
are available. MLHM and PIO-BPnP are the two best 
algorithms in this case, in which our PIO-BPnP achieves the 
most correct results from 4 points to 20 points. 

In the planar case shown in Fig. 4, LHM and MLHM are 
not stable for estimating the rotation. The mean rotation errors 
of LHM and MLHM are higher than 24 degree and 46 degree, 
respectively, which are outside the reported range in Fig 4. The 
accuracy of BPnP is similar as that of RPnP in this case, and 
both of them are much better than LHM and MLHM. As for 
our PIO-BPnP method, the errors of both translation and 
rotation are considerably lower than those of other algorithms. 

As can be seen in Fig. 5, LHM and MLHM cannot work 
well in the quasi-singular case because of the local minima 
problem. Although RPnP can still achieve relatively accurate 
results in this case, the translation results of it are worse than 
those obtained by BPnP. Due to the rotation axis selection step 
optimized by PIO algorithm, PIO-BPnP can stably achieve the 
most accurate pose results for binocular camera systems in all 
the case. 

V. CONCLUSION 
This paper presented a robust and accurate pose estimation 

algorithm for binocular camera systems, which can be also 
used to estimate the pose of MCS. In the experimental section, 
we have shown that the proposed BPnP method is capable of 
dealing with different configurations of test data sets. An 
improved PIO algorithm is utilized to optimize the rotation axis 
selection step in our BPnP method, and it achieves much more 
accurate results than other state-of-the-art methods in all tested 
cases. 
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