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Abstract: In the drilling survey, there is a technique called borehole imaging, which examines the 

internal ground structure and the presence or absence of faults based on the unfolded panorama created 

by processing the borehole images taken by a camera. When we investigate the underground to prevent 

disasters such as landslides, it is desirable to use a portable and simple system including a monocular 

camera because we set up the system on the mountain slope. The problem with the monocular camera 

system is that the camera moves off the hole center and rotates around the hole axis. In order to 

generate the accurate unfolded images, it is necessary to obtain information about the accurate center 

and orientation of the camera moving inside the hole. For this purpose, we have developed a system to 

simultaneously estimate the camera pose and the hole center by applying SLAM technology to 

forward-looking images acquired in a forward vision camera system. 

 

Keywords: borehole imaging, panorama, visual SLAM, forward-looking images, monocular camera, 
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I. INTRODUCTION 

 

orehole imaging is one of the most effective 

geological survey methods used in architecture and 

civil engineering, when they investigate the borehole 

drilled vertically in the ground.  In order to investigate 

the properties of the ground which contains soil and 

rocks, there are methods of obtaining core samples and 

directly observing them. On the other hand, there are 

methods, in which optical cameras, acoustic sensors, 

and electrical measurement devices are used to obtain 

internal structural information. Methods with optical 

cameras are expected to be widely used since they have 

the potential to accurately investigate the internal 

ground and geology at low cost. 

A borehole camera is an optical camera that can 

record the inner wall condition of a drilled hole. A 

borehole camera can capture video while the camera is 

lowered towards the bottom of the hole. Investigators 

use this video to study geological structures and detect 

cracks in strata. However, since the videos are typically 

very long, this kind of surveys require manpower and 

time-consuming work. Recently, automatic fracture 

detection methods [1, 2, 3] have been proposed. 

In order to perform detailed image analysis of the 

geological structure, it is necessary to obtain accurate 

information such as the depth and direction of the 

camera at the time of obtaining the images inside the 

borehole. Camera systems generally used for this 

purpose are sophisticated and complicated, as they need 

to be well controlled even inside deep holes. Therefore, 

these systems need to be installed in well-maintained 

locations and require fine adjustments such as 

calibration to improve survey accuracy. Furthermore, it 

is difficult to handle them on-site and costly since they 

require special techniques. 

As natural disasters have increased all over the world 

due to abnormal climate change these days, image 

surveys of boreholes have become more important from 

the perspective of preventing natural disasters such as 

landslides. In the case of natural disaster prediction, 

there is a strong demand for surveys of places where it 

is difficult to install cameras, such as undeveloped land 

and slopes. In addition, the investigators need to survey 

many holes in order to predict natural disasters. To keep 

survey costs down, the costs associated with moving 

and installing camera systems should be reduced as 

much as possible. 

Borehole Imaging Processing System (BIPS) has 

been used as one of borehole imaging surveys. It is 

equipped with a control device for sending out the 

camera to keep the speed of the camera constant when 

the camera captures the borehole, and there is less 

rotation around the vertical axis. Therefore, once a 

B 
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series of operations is completed, it is possible to 

acquire high-precision images of geological features. 

However, in general, this type of camera system is 

difficult to install and move, which requires manpower, 

time, and cost. Therefore, these camera systems are not 

suitable for disaster prevention which is based on 

surveys on rough terrain. 

In contrast, forward vision camera system (FVCS) is 

easier to install and it has less space constraints. Quick 

surveys are possible even in rough terrain environments 

such as steep slopes, which is very useful for disaster 

prevention. However, in FVCS, the camera is dropped 

manually through the borehole. The cable twist may 

create a rotation of the camera and the cable shift may 

create swing of the camera. Besides there is a large 

difference between the image center and the actual 

borehole center in the image since the camera rotates 

drastically as it moves deeper. Camera rotation, swing, 

and descent speed become unstable, making it difficult 

to analyze borehole wall images using image 

processing techniques. 

The technology that simultaneously estimates the 

self-location and creates an environment map from the 

surrounding three-dimensional information is called 

SLAM (Simultaneous Localization and Mapping) 

technology [4]. SLAM using a camera is called Visual-

SLAM (V-SLAM). In V-SLAM, the image obtained 

from the camera is input, and the camera pose and map 

(3D map) are output. The landmark position can be 

obtained by adding the measurement data to the camera 

position. Conversely, the position of the camera can be 

obtained by subtracting the measurement data from the 

landmark position. The environment around the camera 

can be expressed by obtaining multiple relationships of 

landmarks from the camera and constructing 

simultaneous equations based on them. 

In this research, in order to cope with the problem of 

camera rotation and swing in borehole surveys in FVCS, 

we have developed a system to simultaneously estimate 

the camera pose and the hole center by applying SLAM 

technology to borehole images. 

  

 

II.  UNFOLDING IMAGES IN 2D 

OPERATION 

 
 

The hardware setup of FVCS in this research is 

shown in Fig. 1. A camera attached to the tip of the 

cylindrical probe is dropped down manually through 

the borehole. Since the inside of the borehole is dark, 

the camera is equipped with LED lights to take videos. 

The camera cable is manually sent out at the same time 

as the camera is lowered downwards. A cable counter 

measures the length of the delivered cable, and the 

length measurement value is incorporated into the video 

signal and overlaid on the image output data. The video 

is sent to the computer via a signal converter. Fig. 2 

shows an example of a borehole image taken with this 

system. The camera depth distance value is overlaid in 

the upper right corner of the image. 

 

Several methods have been proposed to create 

unfolded images of boreholes. In this chapter, we 

introduce commonly used methods of unfolding images 

based on 2D operation and several problems of these 

methods. The method is roughly divided into three 

steps: (i) detection of the center of the borehole in the 

image in each frame, (ii) panorama image generation by 

converting the captured image from the polar 

coordinate system to the orthogonal coordinate system, 

and (iii) image extension in the depth direction by 

synthesizing the images between frames.  
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A. Borehole unfolded image generation 

 

In each frame, the captured image is converted based 

on coordinate conversion. An example of the panorama 

image is shown in Fig. 3. Once the borehole center is 

fixed in the captured image, the polar coordinate system 

is set up in the image as shown in Fig. 3(a). The origin 

of the polar coordinate system is the borehole center in 

the image. The value θ  is an angle with respect to the 

image horizontal axis. The value r is a distance from the 

borehole center in the image. The panorama image is 

created as shown in Fig. 3(b). In the panorama image, 

the θ axis is the horizontal axis, and the r axis is the 

vertical axis. 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Borehole imaging by conversion in 2D 

coordinate systems. 

 

 

As described above, in order to create an unfolded 

image, it is necessary to set the borehole center (the 

origin of polar coordinate). Since the borehole center 

greatly affects the result of subsequent image 

processing, it should be calculated accurately. Fig. 4 

shows the difference in developed images due to the 

difference in borehole center setups. Fig. 4 indicates 

that the further away the hole center is from the correct 

position, the more distortion occurs in the created 

unfolded image as shown in the upper right image of 

Fig. 4. If the distortion is larger, it becomes more 

difficult to analyze the crack direction. Therefore, it is 

important to detect the center of the hole with high 

accuracy and suppress the distortion in order to obtain a 

highly accurate developed image. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Distortion difference of unfolded images. 

 

 

B. Borehole Center Detection 
 

The line-of-sight of the borehole camera is normally 

directed towards the deepest part of the borehole in the 

dark, so the borehole center in the image is darker than 

its surroundings. The borehole center in the image is 

calculated based on the extraction of the dark area of 

the image by image processing. 

First, the original image is converted to the grayscale 

image. The image is then binarized by simple threshold 

processing. By performing morphological 

transformations such as dilation and contraction on the 

binarized area, the neighboring small area is reduced 

and the outline of the central area is extracted. After 

that, the center of gravity of the obtained region is 

calculated and used as a candidate for the center of the 

hole. However, in this method, when there are black 

rocks or sediment on the borehole wall, the area 

including the center does not become circular, and the 

center of gravity often becomes different from the true 

center of the borehole. It is very difficult to accurately 

detect the central region because it is easily affected by 

noise. 

To cope with the noise, we use many candidates for 

the borehole center. First, multiple hole center 

candidates are randomly selected from the original 

image, and unfolded images are generated for all the 

selected center candidates. After that, the optical flow 

method is used to perform feature point matching with 

the unfolded image of the previous frame, and the 

center with the highest likelihood is obtained from the 

feasible trajectory. In this research, corners are detected 

 
(a) Polar coordinate   in the original image 

 

 
                            

(b) Panorama image 
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as the feature points using Shi-Tomasi corner detection 

method [5]. Next, the optical flow of the feature points 

is calculated by the image pyramid type Lucas-Kanade 

method [6] using the information between successive 

frames.  Fig. 5 is an example of optical flow overlaid in 

the image when we apply the optical flow method not 

to the unfolded image but to the original image. Fig. 5 

shows that the camera movement draws an ellipse as a 

trajectory inside the borehole and is eccentric, which 

indicates that the camera center deviates from the hole 

center.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Optical flow in the original image. 

 

In the feature matching, several motions of 

eccentricity, depth movement, and rotation of the 

camera appear as optical flow trajectories in the two-

dimensional image as in Fig.5. It is difficult to extract 

only the eccentricity component which is borehole 

center deviation. Therefore, by assuming the eccentric 

component, we try to acquire the borehole center by 

matching the feature points in the unfolded image that 

includes only the depth direction and rotation. 

Fig.6 shows the result of applying the optical method 

to a series of unfolded images. Fig.6(a) shows the 

unfolded image and the optical flow trajectories when 

the center of the hole is selected manually. Fig.6(b) and 

Fig.6(c) show the unfolded images and the optical flow 

trajectories when the borehole center is assumed to be 

away from the feasible point which is selected manually 

as in Fig.6(a).  

As can be seen in Fig.6, the variance of the optical 

flow trajectory is small when the unfolded image is 

generated using the feasible point as in Fig.6(a). 

Therefore, we assume the correct position of the hole 

center can be calculated by using this property. Namely, 

after setting several position candidates for the center of 

the hole and generating the optical flow trajectory of 

the unfolded images, it is possible to obtain the accurate 

center position of the hole based on the variance of 

those trajectories. 

    However, this still remains to have the problem that 

some motions of eccentricity and swing of the camera 

affect image conversion and create inaccurate unfolded 

images. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Optical flow in unfolded images. 

 

III. UNFOLDING IMAGES BASED ON VISUAL 

SLAM 

 

In order to cope with the problem of camera rotation 

and swing in borehole surveys in FVCS, we use visual 

SLAM [4], which performs self-position estimation and 

environmental measurement in 3D space from images 

taken by a monocular camera. This method chooses 

ORB feature for image feature extraction. ORB feature 

is a directional multi-scale FAST corner with 256-bit 

descriptors, which realizes fast feature matching and the 

accuracy of bundle adjustment. As a result of applying 

visual SLAM to the borehole images, the measured 

wall points (black point cloud) and the camera position 

(green points) are obtained (see Fig. 7). 

 

 

 

 

 

 

(a)The selected borehole center and optical flow in the unfolded 
image 

(b)  Assuming the borehole center to the upper 

(c)  Assuming the borehole center to the 

left 
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Fig. 7 The result of visual SLAM applied to a 

borehole video. (It is displayed by being turned 

sideways.)  

 

The flow to estimate the center of the borehole is as 

follows: (i) applying visual SLAM to borehole images, 

(ii) determining a borehole center at a certain frame, 

and (iii) calculating the borehole centerline.  

Visual SLAM is applied to the images obtained from 

the monocular camera, and the point cloud data of the 

shape of the borehole and the trajectory data of the 

camera position and orientation are obtained. Next, 

assuming that the moving distance of the camera is 

sufficiently large with respect to the diameter of the 

center of the hole, the temporary axial direction of the 

hole is calculated using the start point and end point of 

the camera. Furthermore, the axis direction is set as the 

normal vector, and a plane passing through the camera 

position at a certain frame is determined, and the point 

cloud data of the borehole existing near the plane is 

obtained. Finally, a circle is fitted to the obtained point 

cloud data. Here, two perpendicular bisectors are 

obtained from four random points in the point cloud, 

and the intersection point is determined as the center of 

the hole at that frame. At the same time, the radius is 

determined. The centerline of the hole is obtained by 
applying the least squares method to several estimated 

hole center points. The average radius value is also 

obtained.  

In order to create an unfolded image at an arbitrary 

camera position, a cylindrical section is determined at a 

certain distance away from the 3D position of the 

camera, and then the hole wall point cloud contained in 

the cylindrical section is extracted. The 3D coordinates 

of this point cloud are projected onto the image taken at 

that position of the camera. Camera parameters are used 

for the projection. The point cloud information in the 

associated image becomes a donut shape, and the 

unfolded image is generated by using the image of this 

section. This processing is executed in each frame, and 

the unfolded image of the entire borehole wall is 

acquired by matching the feature points. 

 

 

IV. EXPERIMENTS 

 

 By applying visual SLAM to images of a borehole 

drilled on the mountainside in the field, the camera 

trajectory (orange points in Fig.8(a)) and point cloud 

information (blue points) about the hole wall can be 

obtained. Fig.8(b) shows an estimated borehole center 

(green ‘+’ mark) at a certain camera position (orange 

‘x’ mark) by utilizing two perpendicular bisectors 

created by four selected points in the point cloud (blue 

points). The camera shifts off the borehole center can 

be calculated. Fig. 9(a) shows a set of estimated 

borehole center data for 500 different camera positions. 

By applying the least squares method to estimated 

center data, a centerline of the borehole is calculated 

shown as a green line in Fig. 9(b). Fig.9(b) also shows 

the wall point cloud (blue points) and estimated center 

data (orange points). In this result, we can see that the 

obtained straight line passes near the center of the 

borehole. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 Borehole center estimation by processing point 

cloud data.  

 

 

 

 

 

 

 

 

 

 

(a) Estimated center positions (upper view) 

（a） Borehole and camera 

path 

(b) Borehole center in a plane 
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Fig. 9 Borehole centerline estimation. 

 

Based on the obtained borehole centerline, a partial 

cylinder between 10cm and 20cm from a certain camera 

position is assumed and displayed in Fig.10. The top 

circle and bottom circle of the cylinder are displayed as 

two ellipses.  Fig.11 shows two ellipses when the 

camera shift off the borehole center is large. These 

figures show the results are obtained by considering the 

3D camera pose in the borehole. This method is 

expected to solve the problem of the camera shift and 

swing, compared with 2D operation by merely 

assuming a polar system using circles onto an image. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 Virtual borehole cylinder overlaid onto a 

borehole image. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 The result in case of a large camera shift off the 

borehole center. 

 

V. CONCLUSION 

 

 We have developed a system to cope with the 

problem of camera shift and swing inside the borehole 

by utilizing the 3D point cloud and the camera 

trajectory obtained by applying visual SLAM to the 

actual borehole images. This time, we have shown a 

method to calculate a center line of the borehole and a 

virtual cylinder of the borehole to create unfolded 

images. In the future, we are planning to generate 

unfolded images along the borehole centerline and to 

verify its accuracy. 

 

REFERENCES 

 
[1] B. Rousso, S. Peleg, I. Finci, and A. Rav-Acha. 

"Universal Mosaicing using Pipe Projection" 
Proceedings of Sixth International Conference on 
Computer Vision, pp. 945–950, 1998. 

[2] M. Cao, Z. Deng, L. Rai, S. Teng, M. Zhao, and M. 
Collier. "Generating panoramic unfolded image 
from borehole video acquired through APBT" 
Multimedia Tools and Applications, Vol. 77, Issue 
19, pp. 25149–25179, 2018. 

[3] Rommed A. Q. C. et al. "Improving Accuracy of 
Automatic Fracture Detection in Borehole Images 
with Deep Learning and GPUs" 30th International 
Conference on Graphics, Patterns and Images 
(SIBGRAPI), pp. 345-350, 2017. 

[4] R. Mur-Artal et al. "ORB-SLAM: A Versatile and 
Accurate Monocular SLAM System" in IEEE 
Trans. on Robotics, 31- 5, pp. 1147-1163, Oct. 
2015. 

[5] Shi J and Tomasi C. "Good Features to Track" 
Proc. CVPR, pp. 593-600, 1994. 

[6] Lucas B and Kanade T. "An Iterative Image 

Registration Technique with an Application to 

Stereo Vision" Proc. IU Workshop, pp. 121-130, 

1981.  

 

(b) Borehole centerline (green) 

16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2   

Example of a 

borehole wall 

image. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1   

Hardware 

setup of 

FVCS. 


