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Abstract:
Robots should be able to perceive the surroundings in the complicated and unknown environment before carrying out further

navigation. Consequently, environmental reconstruction is the premise for the robot autonomous operations. In this paper,
a pipeline scene reconstruction method based on image mosaicing is proposed for cylindrical pipeline environment. With a
wide-angle camera, the image sequence of the pipeline environment is captured. In order to obtain intuitional environmental
information around the pipeline, an unwrapped model is proposed to unfold the distorted raw image to corrected flat surface
image. By utilizing ORB (Oriented FAST and Rotated BRIEF) and weighted smoothing blending algorithm, image mosaicing
with sequence frames are performed to realize scene reconstruction. The experimental results demonstrate that the proposed
algorithm can achieve seamless stitching of pipeline image, and the number of keypoints is prominently decreased in comparison
to that of FAST operator, while the quality of keypoints is improved. Compared with the classical SIFT and SURF operator, the
time-consuming of the algorithm is improved about 2.5 times, which is more suitable for real-time environmental reconstruction.
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1 Introduction

A variety of pipelines are the important way to achieve

material transport in industry, these pipelines will lead to

cracks perforation and scaling after a long period of use,

so pipeline detection and maintenance is critical in order to

guarantee long-term continuous use [1]. As the pipeline en-

vironment is narrow, complicated and dangerous, it is in-

tensely difficult to carry out the manual inspection for the

pipeline environment, and the robot is gradually becoming

a kind of ideal pipeline inspection and maintenance equip-

ment. In order to complete autonomous navigation for robots

in pipeline environment, it is essential to reconstruct the

pipeline. In particular, panoramic observation of pipeline

environment will directly improve robot navigation control

and operation quality.

In the pipeline reconstruction, the selection of sensors has

a direct impact on the reconstruction effect.In the early work

[2], pinhole camera is installed on the robot, and the im-

age obtained can reflect the state of the pipeline. Neverthe-

less, due to the particularity of the pipeline structure, the im-

age can merely get about 70◦ to 90◦ angle,which takes a

lot of human resources to integrate these images into 360◦

panoramic images. The entire process is time-consuming

and too complicated, affecting the operating efficiency. The

development of fish-eye lens has become the technical sup-

port to cope with these issues.Fish-eye lens has very short

focal length and viewing angle close to 180◦. It has wide-

angle characteristics, a picture can show the information on

horizontal direction of 360◦, so it has an evident advantage

compared to ordinary cameras [3].

We install fish-eye lens on the robot, and continuously ac-

quire video of the pipeline environment with the movement

of the robot in the pipeline. Subsequently the system will
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(U1713224) and the National Key Research and Development Plan
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get the video frame into images, finally we mosaic images

and reconstruct pipeline. Image mosaicing is a key step in

the process of environmental reconstruction, including spa-

tial registration, plane projection and blending.

In recent years, image registration and image blending

method are foundation of image mosaicing technology. Im-

age registration establishes geometric relationship between a

pair of images depicting the same scene. Image Blending is

to eliminate image distortion and synthesize a seamless im-

age of the overlapped image. At present, image registration

methods are basically divided into area-based methods and

feature-based methods [4],[5]. Area-based methods operate

the gray information of the image directly, establish the sim-

ilarity measure between the image to be registered and the

reference image, find the transformation model parameters

that make the similarity measure achieve the optimal value.

Generally, area-based methods are grouped into normalized

cross correlation-based method [6] and mutual information-

based method [7]. The disadvantage of these methods is that

if the image overlapped area is smaller, speed of registra-

tion will be very slow and the error is obvious, so it is lim-

ited for some applications. The feature-based algorithm has

been studied by quite a few scholars. It depends on efficient

image feature extraction, feature matching between images

to calculate the geometric transform and complete the reg-

istration. Among the feature-based registration algorithms,

Harris corner detector [8], FAST corner detector [9], SIFT

feature detector [10], SURF feature detector [11] and ORB

feature detector [12] are common. Harris operator is simple

and accurate, but the choice of mask size requires sufficient

prior knowledge. Once there are great rotation changes be-

tween the images, it will cause mosaicing to generate ghost-

ing. FAST operator is precise and more efficient than Harris,

however, the selection of threshold becomes the challenge

and it is not robust against high intensity noise and increased

image variability. SIFT operator has important properties

including scale invariant, rotation invariant and affine invari-
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ant, especially with efficient and accurate detection effect

for high resolution images. But its time consumption is ex-

tremely long, which is the important problem many scholars

try to solve. SURF operator improves significantly over the

above operators, and it’s suitable for real-time splicing appli-

cations, although it is not ideal in the scene of more lighting

changes and color changes. ORB operator is a combination

of FAST corner detection and BRIEF descriptor. It has stable

rotation invariance, low sensitivity to noise, fast calculation

speed and is suitable for real-time detection, so it is suitable

at present.

In this paper, according to the special environment of

pipeline system, we use fish-eye lens to collect the images

and expand them based on pipeline image unwrapped model.

We use the ORB operator and weighted smoothing blending

algorithm to realize image mosaicing, which has the charac-

teristics of fewer keypoints and higher efficiency. The goal

of this paper is to reconstruct pipeline environment automat-

ically without any prior knowledge.

2 Scene reconstruction model

2.1 fish-eye lens imaging model
The Fish-eye lens imaging model is a linear camera model

for projecting the surface of a space object onto the imaging

plane. As shown in Figure 1, the linear Camera model con-

tains an internal parameter matrix and an external parameter

matrix, and the projection matrix of the camera is described

as:

λ

⎡
⎣ u

v
1

⎤
⎦ =

⎡
⎣ f 0 u0 0

0 f v0 0
0 0 1 0

⎤
⎦
[

R T
0 1

]
⎡
⎢⎢⎣

Xw

Yw

Zw

1

⎤
⎥⎥⎦ (1)

where f is the focal length, (u0, v0) is the intersection

point of the optical axis center line and the imaging plane.

R and T respectively represent rotation matrix and trans-

lation matrix of the coordinate transformation from the

camera coordinate system to the world coordinate system,

(Xw, Yw, Zw) is the coordinate of a point in the world coor-

dinate system, (u, v) is the coordinate of imaging points in

the imaging plane, λ is the scale factor.

2.2 equidistance projection model
Linear camera model is determined as:

r = f tan θ (2)

Many people study fish-eye lens projection model[13], it

is mainly composed of stereographic projection, equal An-

gle projection, orthogonal projection, equidistance projec-

tion [14]. The most commonly used is the equidistance pro-

jection model, and it is expression as below:

r = fθ (3)

The linear camera model and the equidistance projection

model schematic diagram are shown in Fig. 1. θ is the angle

between the incident beam and the main axis, r is the cen-

ter of the image to the imaging point distance, f is the focal

length. In the linear camera model, the light that is emitted

by point M in the three-dimensional space does not have any

deflection, and it continues to be projected onto the imaging

plane, that is, point m′ in the figure. However for fish-eye

lens, the light emitted by point M will have a typical devia-

tion, the distance from the image point of the fish-eye lens to

the image center will be smaller than that of linear camera.

Therefore, a larger radial distortion is introduced, shown in

point m.
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Fig. 1: equidistance projection model

In this paper, the fish-eye image needs to be expanded,

and it will be corrected in accordance with the equidistance

projection model.

2.3 pipeline image unwrapped model
The expansion process of pipeline images taken by the

fisheye lens is dissimilar from that in the usual environment.

In this paper, a new unwrapped model for pipeline structure

is proposed, which can effectively improve the accuracy of

pipeline expansion.

Taking the center of the circle as the center in the pipeline

image, pixels of the circle corresponding to the different radii

reflect the pixel distribution on the contour of the inner wall

of the pipeline. Accordingly, the pipeline image expansion

needs to map the image to the cylinder plane, subsequently

the cylinder plane to the unwrapped image.

Pipeline image unwrapped model is shown in Fig. 2, point

O is the fish-eye lens, the focal length of the fish-eye lens is

f, the height of pipeline wall is H, the radius is R, point P is

on the pipeline image, P is mapped to point P ′ on the wall

of the pipeline, and the Angle between P ′ and the inner wall

of the pipeline O1A1 is ϕ. dx, dy is the physical size of the

horizontal and vertical coordinates in the imaging coordinate

system, du, dv are the pixel distortion of the horizontal and

vertical coordinates, caused by the fish-eye lens. The cor-

responding point of point P ′ in pipeline expansion figure is

P ′′.
⎧⎨
⎩
x = (u− u0 − du)dx
y = (v − v0 − dv)dy

r =
√
x2+y2

(4)

According to the fish-eye lens equidistance projection

model:

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

θ1 = r1
f =

√
((u1−u0−du)dx)

2+((v1−v0−dv)dy)
2

f

θ2 = r
f =

√
((u−u0−du)dx)

2+((v−v0−dv)dy)
2

f

L = R
tan θ1

H1 + L = R
tan θ2

(5)
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Obtained by the above formula:

Py
′′ = H1 =

R

tan θ2
− R

tan θ1
(6)

The angle of P ′ and the pipeline wall O1A1 is ϕ,thus,

P ′′
x =

360◦ − ϕ

360◦
∗ 2πR (7)
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Fig. 2: pipeline image unwrapped model

3 Scene reconstruction based on image mosaic

To reconstruct the pipeline based on image stitching, we

present some steps. Firstly image preprocessing also called

random noise removal, which ensures that image has the cal-

ibration accuracy of pixel level. The next step is image un-

wrapping with image correction. Image registration and im-

age blending are the core and focus of this process. Image

registration [16] requires finding transformation relation of

the two images, and makes the overlapping parts of the two

images blending perfectly. Image fusion [17] is to improve

the image seams due to differences in intensity scale, by re-

moving unnecessary information to make stitching boundary

traces smooth, and without losing important information of

the original image.

3.1 image preprocessing
Image preprocessing mainly achieves image denoising,

and we perform median filtering on images. Median filter is

a nonlinear smoothing filter, which can overcome the fuzzy

problem of image details brought by linear filter under cer-

tain conditions and enhance the image. The algorithm uses

a sliding window with nine points to sort the intensity val-

ues in this window, and then assign the values to the center

point.It is defined as:

f ′(x, y) = median{f(x− 1, y − 1), f(x, y − 1),

f(x+ 1, y − 1), f(x− 1, y), f(x+ 1, y), f(x− 1, y + 1),

f(x, y + 1), f(x+ 1, y + 1)}
(8)

Median filter can quickly filter each frame of image to

reduce the interference of noise on the image, and it can save

most of the important details of the image, making image

registration achieve better results.

3.2 image unwrapped
Image unwrapped is the basis of image mosaicing, we ob-

tain horizontal and vertical coordinates of the expanded pic-

ture using above pipeline image unwrapped deduction. Since

pipeline image creates non-linear compression in the lateral

field of view, dense distribution of pixels after the unfold-

ing image is different, additionally, the image pixels out-

side the pipeline should also be considered, so we use bi-

linear interpolation to solve these problems. Interpolation

function f satisfies quadratic function, assuming that a point

p, according to its four adjacent integer pixels’ gray value

P11(x1, y1), P12(x1, y2), P21(x2, y1), P22(x2, y2), we inter-

polate in the x and y directions respectively,first in x direc-

tion,

{
f(Q1) =

x2−x
x2−x1

f(P11) +
x−x1

x2−x1
f(P21)

f(Q2) =
x2−x
x2−x1

f(P12) +
x−x1

x2−x1
f(P22)

(9)

where Q1 = (x, y1), Q2 = (x, y2). Then in y direction,

P (x, y) =
y2 − y

y2 − y1
f(Q1) +

y − y1
y2 − y1

f(Q2) (10)

The basis of unwrapping process is to find the center of

the pipeline image, we utilize the Hough transform to de-

tect the center of the circle [17],[18]. Hough transform uses

the global features of image to connect edge pixels to form

the region closed boundary, it converts the circle on the X-Y

plane to the a-b-r parameter space, describes the point in the

parameter space, and achieves the goal of detecting the edge

of the image.The method calculates all points that may fall

on the edge of the statistics, according to the statistical re-

sults of the data to determine the degree of belonging to the

edge.

We adopt Hough gradient algorithm for detection, the al-

gorithm is listed in Algorithm 1.

There are some disturbances and uncertainties in the use

of single picture to obtain the center coordinates. We rotate

the fish-eye lens at the pipe mouth at a fixed angle, and write

down a numerical value for the center each time. Rotate n

times and ask for their arithmetic mean as the final center

coordinates.

According to this principle, we detect the circle in the

pipeline image, radius of the cylinder is R, the distance from

the fish-eye lens to the starting point of calculation in the

three-dimension space is L, the focal length of fish-eye lens

is f. We scan the pixels along the azimuth and radius in the

image coordinate, and accomplish the unwrapping. The re-

sults are as shown in Fig. 3.

3.3 image registration
The key step of image registration is to calculate the fea-

ture points of the image, and detection speed of feature

points is closely related to the time cost of registration. At

present, commonly used feature extraction operators include

SIFT, SURF, FAST, ORB and so on. ORB operator is an

image local feature descriptor which is invariant to rotation.

It is called SIFT and SURF effective substitute, because it

is computationally efficient and insensitive to noise. In this

paper, ORB operator is used to extract the features of un-

wrapped images.
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Algorithm 1 Framework of Hough gradient algorithm for

detection.

Input: grayscale image; cenThreshold; minRadius; maxRadius;

Output: vector of found circles;

1: Build a binary image utilizing Canny algorithm;

2: Build a 2 dimensional accumulator;

3: for each pixel do
4: Calculate the neighborhood gradient using Sobel operator;

5: end for
6: for all non-zero points in the binary image do
7: Draw lines along gradient direction;

8: Count the points passed through the line;

9: Calculate the distance from all non-zero points to the center

and sort them;

10: end for
11: for radius(i) = minRadiustomaxRadius do
12: for radius(j) = minRadiustomaxRadius do
13: if |radius(i)− radius(j)| ≤ cenThreshold then
14: radius(i) = radius(j).
15: end if
16: end for
17: end for
18: for radius(i) = minRadiustomaxRadius do
19: lineDensity(k) = points/radius(i).
20: end for
21: radius = max

radius
lineDensity.

(a) Pipeline image (b) Circle detection

(c) Unwrapped image

Fig. 3: Image unwrapped process

ORB operator combines FAST corner detector with

BRIEF feature descriptor [19], and makes improvements on

the original basis. Firstly, the keypoints are detected by

FAST operator, since the FAST operator does not propose

the method of measuring the corner points, Harris corner

metric method is adopted. The response function of the Har-

ris corner point is defined as:

R = detM − α(traceM)
2

(11)

Select N feature points with the maximum response value

of Harris. ORB operator obtains the direction of the key-

points by Intensity centroid method. For a feature point P,

we define the moments of a patch as:

mpq =
∑
x,y

xpyqI(x, y) (12)

where I(x, y) is intensity value in (x, y), we can calculate

the centroid:

C = (
m10

m00
,
m01

m00
) (13)

The angle between the keypoint and the centroid is defined

as the direction of FAST keypoint:

θ = arctan(m01,m10) (14)

In order to improve the rotation invariance of the method,

we need to ensure that x and y are in the circular region with

radius r. In addition, ORB operator refers to BRIEF descrip-

tor and develops into Steered BRIEF with rotation invari-

ance. It selects n pairs of points in the neighborhood range

of the keypoint, and calculates the binary intensity value of

n pairs of points, a binary intensity value is defined by:

τ(p;x, y) =

{
1 p(x) < p(y)
0 p(x) ≥ p(y)

(15)

where p(x) is the intensity of p at a point x, the binary

intensity value of length n is defined as:

fn(p) :=
∑

1≤i≤n

2i−1τ(p;x, y) (16)

Next, add a rotation invariance to the BRIEF, and a binary

intensity value of length n is generated by n pairs of points

around the feature points. Now these 2n points are formed

into a matrix S, which is defined as:

S = (
x1 x2 ... x2n

y1 y2 ... y2n
) (17)

we construct a steered version Sθ of S using the orienta-

tion θ and the corresponding rotation matrix Rθ, it is defined

by:

Sθ = RθS (18)

where Rθ = [
cos θ sin θ
− sin θ cos θ

]

So the improved BRIEF descriptor is:

gn(p, θ) := fn(p) |(xi.yi) ∈ Sθ (19)

We adopt the Brute-force matcher algorithm to match the

keypoints, and find out the two most similar features in the

two images and connect them. In order to make the match-

ing more efficient, we need to further select the matching

points. In this paper, Lowe’s algorithm in SIFT article [10]

is utilized to exclude the keypoints of mismatch, making the

matching more stable. This method proposes the Euclidean

distance of the keypoint eigenvector as the similarity mea-

sure in the two images, and is defined as:

di0
di1

< λ (20)

Take one keypoint i in the first image and find the first

two keypoints closest to the European distance in the second

image, in both of these keypoints, the match is accepted if the

nearest distance is divided by less than a certain threshold.

The results of feature detection and matching based on

ORB operator are shown in Fig. 4, from 4(a), 4(b), we
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can see that ORB operator detect enough feature points in

pipeline image. The initial matching is shown in 4(c), there

are a large number of matching pairs, including some error.

We use the Lowe’s algorithm and set λ to 0.55. The im-

proved matching is shown in figure 4(d).

(a) Keypoints detection1

(b) Keypoints detection2

(c) Initial matching

(d) final matching

Fig. 4: Image matching process

3.4 image blending
Due to the illumination, the difference of the intensity and

the degree of deformation occur in the overlapping part. The

goal of image blending is to eliminate the discontinuity of

the light intensity in the overlapping area and realize the

smooth transition[17]. We adopt the weighted smoothing

algorithm, which uses the gradient method to fuse the transi-

tion region, so that the blended image has visual consistency.

Assuming that we blend N images,then,

P =

N∑
i=1

Piwi

N∑
i=1

wi

(21)

Where Pi denotes the pixels of the ith image in the area

on both sides of the seam line, wi is the weight value of

Pi, which indicates the distance from the current pixel to the

nearest boundary of the nth expanded image. This method

is simple and requires short time to meet the computational

efficiency requirements.

4 experiments and discussions

Pipeline reconstruction system needs image acquisition,

image preprocessing, image mosaic, image preservation, and

we finally get a seamless image. The flow chart of pipeline

reconstruction is shown in Fig. 5.
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Fig. 5: Flow chart of pipeline reconstruction

In order to verify the detection, mosaicing effect and com-

putational efficiency of ORB operators, we select two pic-

tures to do stitching experiment, and stitching results are

shown in Fig. 6.

(a) Pipeline image1 (b) Pipeline image2

(c) Unwrapped image1

(d) Unwrapped image2

(e) Image mosaicing

Fig. 6: ORB operator image mosaicing

At the same time, we use SIFT operator, SURF operator,

FAST operator to do the same stitching experiments, the re-

sults are shown in Fig. 7.

It can be seen that all the four operators have satisfied re-

sults, there is almost no apparent trace after eliminating the

overlapping part of the boundary, which is convenient for the

robot to detect.

These experiment compare and analyze the efficiency of

four operators. Table 1 shows detection result and processing

time. In terms of the number of keypoints detected, FAST

detected the most number, SIFT and SURF detection num-

ber was similar, and the number of keypoints detected by

ORB was the least. From the view of test effect, the qual-

ity of the keypoints detected by ORB operator is very high,

5326

Authorized licensed use limited to: INSTITUTE OF AUTOMATION CAS. Downloaded on September 23,2020 at 09:32:53 UTC from IEEE Xplore.  Restrictions apply. 



(a) SIFT operator

(b) SURF operator

(c) FAST operator

Fig. 7: SIFT, SURF, FAST operator image mosaicing

which satisfies the need of keypoints matching. In addition,

FAST has a great improvement in computational efficiency

compared to SIFT, SUFT. As a FAST improvement, ORB

consumes very little time and has the highest quality at the

same time. It lays a foundation for keypoints matching and

image mosaicing.

Table 1: Feature points number and processing time

Operator Feature points number Processing time[ms]

SIFT 1922-2371 1152.84

SURF 1514-1868 152.67

FAST 2175-3610 13.01

ORB 1355-1498 36.46

The quality of matching points is more important for im-

age mosaicing. In the precondition of satisfying the exper-

imental requirements, appropriate quantity and high quality

matching pairs can reduce the time cost in the later process-

ing. Table 2 compares the initial matching pairs and final

matching pairs after removing mismatches. It can be seen

that ORB operator has the least improved matching points,

and the high-quality matching makes the registration very

satisfactory.

Table 2: Initial and final matching pairs

Operator Initial matching pairs Final matching pairs

SIFT 1922 297

SURF 1514 289

FAST 2175 335

ORB 1355 191

From the above experiments, we can see that all the

four operators have satisfying mosaicing results, Meanwhile,

ORB operator has the highest computational efficiency, and

it is insensitive to noise, so ORB operator becomes the most

approving method.

5 Conclusion

This paper designs a reconstruction algorithm based on

image mosaicing in order to meet the demand of robot au-

tonomous navigation in pipeline environment. We propose

a unique image expansion model, and combine ORB feature

detector and weighted smoothing blending algorithm for im-

age mosaicing. The system with fish-eye lens data acquisi-

tion platform can accomplish the reconstruction of pipeline

automatically without any prior knowledge.
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