
Abstract — Cave mapping is far beyond surface 

mapping technologies because of the rugged terrain 

and the limited availability of sensors (for example, no 

GPS). Most of the existing maps were hand-drawn and 

are inaccurate. The mapping technologies are outdated 

or require expensive tools, or they are too complicated 

to use by anyone. For this, we propose a drone-based 

system where with the use of its basics sensors and laser 

range finders, and monocular cameras, we will be able 

to create 3D maps in real-time. 

Index Terms — vision-aided navigation, SLAM, cave 

mapping 

I.  INTRODUCTION 

 cave mapping system could be an excellent tool for 

exploring previously unknown places but could also 

be helpful for different touristic and recreational 

activities. We propose a system that can be installed on an 

Unmanned Aerial Vehicle (UAV) because it would 

provide several advantages in this environment. For 

instance, it would be ideal for long chimneys for which 

manual mapping would be hard or even impossible. Such 

a drone is relatively small and can travel fast, so it is 

suitable for caves. Of course, it cannot fly into narrow 

corridors where a person could fit, but every technique has 

its limitations. 

The current prototype consists of an offboard model 

with a laser rangefinder and an inertial measurement unit 

capable of creating 2D maps of the environment. For this, 

we used the Robot Operating System (ROS) as the 

framework in which we could integrate the necessary parts. 

The goal was to create a model which could be easily 

transferred to a real drone. For this, we used an Odroid 

minicomputer [1] as the main unit, a Pixhawk Mini [2] 

flight controller with the IMU, and a Hokuyo laser 

rangefinder [3]. We wanted to create a map and navigate 

the drone with its help, too, so we chose a SLAM 

(Simultaneous Localization and Mapping) algorithm. We 

used Google's Cartographer implementation, which was 

easy to integrate into the ROS framework and provided a 

complete customization option. The final map was created 

on a remote computer in real-time because we needed more 

performance for better accuracy than the Odroid could 

provide. With this system, we were able to make different 

measurements and create maps based on these. 

II. RELATED WORK 

The traditional method for mapping is by manual 

measurements in which by using manual tools like tape 

measures, cartographers build polygons from the measured 

lines and draw the map based on these. With the 

appearance of modern software and tools, this process 

became more manageable. 

There are 3D imaging software where one can 

visualize these polygons in 3D and create the 2D maps with 

projection [4]. Using laser distance measure equipment 

made the procedure even faster since these could record the 

slope angle and the magnetic azimuth. One such solution is 

DistoX [5], which along with the previously mentioned 

measures, records multiple points around the breaking 

points, making it easier to fit planes on the point cloud.  

There are other active cave mapping projects, too, like 

Caveatron [6] or Zebedee [7]. The main differences 

between these are whether they can be used on the move 

[6] or require static measurements [5]. There are also 

approaches using no laser, but they could not achieve 

significant results yet. 

III. SYSTEM OVERVIEW 

We created an offboard model of the system for the 

prototype, which replicates the final, drone-mounted set up 

as close as possible; it would only require slight 

modifications to integrate into a drone. For better usability, 

we created a 3D printed holder for these illustrated in 

Figure 1. 

 

Figure 1. 3D printed holder with the camera at the front, LiDAR 

on the top, and the Pixhawk Mini on the bottom 

The main part is an Odroid XU4 minicomputer on 

which the ROS framework ran. The main task of this unit 

is to gather the data from the different sensors and relay 

them to another computer with a bit of pre-processing if 

necessary. Later on, after optimizing the mapping 

algorithm, it could be possible to do all the calculations on 

this unit. 

There are two main sensors. The first one being the 

Hokuyo urg-04lx-ug01 lightweight 2D laser rangefinder, 

also called LiDAR [3]. The LiDAR uses infrared laser 

beams, and it can take measurements with a 10 Hz 

frequency, 240 degrees viewing angle, and 0.36 angular 
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resolution. It can record data from 20mm to 4000mm with 

a maximum of 3% error. The resolution and the distance 

are suitable for cave mapping. 

The other main sensor is the camera, a daA1280-54uc 

Basler monocular camera. This global shutter camera has 

1.2 megapixels resolution and can record 54 fps at a 64-

degree viewing angle. Like with the LiDAR, the main 

reasons for this choice were the low price and the small 

weight. Also, the global shutter is essential to be resilient 

to onboard vibrations. 

 
Figure 2. The points from the laser measurement projected back 

to the picture after the transformations. 

The camera and LiDAR each record data in their 

relative coordinate system. RADLOCC [8], [9] calibration 

was used to calculate a translation and orientation vector 

between the two sensors. For verification, the points were 

projected to the camera's image (Figure 2). 

The final system will be implemented on a 3DR Iris+ 

[10] drone. It has the 3DR Pixhawk flight controller, which 

is compatible with the Pixhawk Mini used in the prototype 

system. This module also provides acceleration and 

gyroscope data. 

 

Figure 3. 3DR Iris+ drone. 

An Optitrack coordinate reference system was used 

for accurate motion tracking [11]. Its purpose was to check 

the result of the measurements and calculations and verify 

their error. It is based on eight infrared cameras, each 

capable of 240 fps, and with this, we were able to localize 

the given object with 6 DOF. 

As mentioned before, the ROS framework was used 

to build up the system. Both the camera and the LiDAR had 

their corresponding ROS nodes. The Optitrack was 

operated by the vrpn_client_ros node, which received data 

from the streaming engine running in Motive, Optitrack's 

software. The mavros node was used to communicate with 

the flight controller, the Pixhawk Mini, and receive the 

IMU data. The Cartographer node was running on another 

computer with higher performance to receive as accurate 

results as possible. An overview of the connections can be 

seen in Figure 4. 

IV. CARTOGRAPHER 

The mapping algorithm was chosen considering the 

available data, the computational requirements, and ROS 

compatibility. Gmapping [12], which uses the OpenSLAM 

algorithm, Hector SLAM [13] which realized a 3D 

localization based on two 2D maps, and Google's 

Cartographer [14] were tested, and the Cartographer was 

the best option. This method does not require odometry 

data; it only needs inertial measurement data for 3D 

mapping and realizes a two-level graph-based SLAM 

algorithm. 

The first level is the local SLAM responsible for 

building submaps, which are locally correct for a short time 

window from the laser data. The second layer is the Global 

SLAM which runs in the background and is responsible for 

creating a globally correct map from the submaps. If 

available, it could also incorporate for the constraint 

matching other sensory data like IMU or odometry. A high-

level overview of the system can be seen in Figure 5. 

 

Figure 4: rqt graph of the ROS connections during the 

mapping process 

 

Figure 5. Cartographer system overview. 



V. MAPPING RESULTS 

The tests were done on two different measurement 

types. First, we tested the system in a simulated 

environment inside a building, then took measurements 

with the real sensors and used that for the map creation. 

The simulated environment was created with the 

Gazebo simulator, and it consisted of corridors, smaller 

rooms, and a bigger open space. We conducted tests on 

different parts of this environment, but they all gave similar 

results. The place's layout mainly consisted of straight 

lines, which were easy to create, and the individual rooms 

are visible on the map. Nonetheless, the final results were 

inaccurate because the straight lines also represented a 

problem. We did not use any additional sensory data, like 

IMU. When the LiDAR was traveling along a long wall, 

the algorithm could not decide if it was standing in a place 

or moving since it only saw a straight line without other 

waypoints. As a result of this, even though the individual 

rooms are correctly represented, their relative positions are 

incorrect. In most cases, they overlap, as can be seen in 

Figure 6. 

 

Figure 6. The smaller parts overlap because of the drifting. 

The following tests were made with the actual sensors 

in a student dorm's corridors. This was a U-shaped corridor 

with a few room-like open spaces along with it. During the 

first measurements, the sensors (LiDAR, IMU) were held 

in hand, resulting in some swinging of the modules. The 

algorithm could use the data from the IMU to correct some 

of the swinging and project the measurements back to the 

horizontal plane, but it could only compensate for smaller 

movements (Figure 7.). In the following test, the sensors 

were fixed to a rolling platform to exclude this swinging 

factor. 

 

Figure 7. The corridors were narrow, so the swinging was 

smaller, correctable. In the large spaces, this was more 

noticeable and could not be entirely corrected. 

At first, the LIDAR was at a 2-meter height, which 

meant that it only saw the walls and door frames. While the 

results were mostly accurate, there was drifting in this case, 

too, like in the simulated environment. 

The final measurements were also made on the rolling 

platform but at the height of 40 centimeters. It meant that 

many objects appeared on the scans, such as chairs, tables, 

shelves, and couches. This introduced some noise, but it 

also created more waypoints that the algorithm could use 

and keep track of its position. The sensors were also 

brought into some connecting rooms along the corridor, 

and the algorithm was able to keep track of its position, and 

no drifting was present (see Figure 8). 

  

Figure 8. a) The final map, with more noise but also more 

accurate b) The floorplan of the student hostel, marked 

with red the areas traversed during the final test. 

 

Figure 9. The recognized contours in the image. 

VI. CAMERA MODULE 

It could be possible to create a 3D map using only 

laser rangefinders, but using a camera (or more) can also 

improve accuracy and provide additional information. For 

this purpose, we experimented with the camera and tried to 

determine the distance of a given object on the image based 

on the laser data. The experiment was done using the 

Optitrack reference system to check the error of our 

measurements. For the measurements, there was a given 

object of a predefined value, yellow, so it would be easy to 

localize in the image. The following tasks were 

implemented using the OpenCV library. To find the yellow 

a) b) 



object, a threshold was applied in the HSV color space. 

Based on the polygon given by the contours of the object, 

the centroid was calculated. (Figure 9.) 

The centroid point had to be undistorted because the 

camera had a default distortion. Another ROS node was 

used to acquire the distortion parameters that were later 

used for the OpenCV's undistortPoints function. With this 

point, for the simplicity of the experiment, an assumption 

was made that the laser's points were in the same plane as 

this centroid point, meaning only the corresponding laser 

measurement had to found. The camera and LiDAR 

calibration described earlier can be used to validate this 

assumption. The laser rangefinder's data covered 180 

degrees viewing angle with 512 measured points, while the 

camera covered 64 degrees with 1280 points. Based on this, 

the center portion of the laser data was taken and 

interpolated to find the one matching the centroid point. 

There were some errors because of the measurement noise, 

but the overall results were satisfactory, as shown in  

Figure 10. 

 

Figure 10. The calculated (blue) and Optitrack data 

(orange) closely follow each other; only a few errors occur. 

The y-axis shows the distance of the object in meters, and 

the x-axis shows the Unix time. 

VII. CONCLUSION 

The work so far is a proof of concept. The modules 

presented can be used to map an environment and all of it 

could be implemented onboard a drone. So far, we have a 

laser-based mapping system capable of creating 2D maps 

and a camera that can recognize a given object and 

determine its distance based on the laser data, all of this on 

a small 3D printed module that can easily be mounted on a 

drone.  

The maps are created only in 2D and need to be 

extended to 3D. From the technology currently available, 

two viable solutions exist for an onboard sensor setup 1) 

solid-state 3D LiDAR and 2) two 2D LiDAR sensors 

rotated 90 degrees relative to each other. We are currently 

testing an Intel RealSense L515 camera [15]. 

The project's final goal is to create an autonomous 

system, meaning no user interaction would be needed for 

the drone to map the cave. While this is a distant goal, it 

requires that a map would be available in real-time. Instead 

of the offline map creation, a lower resolution map can be 

created in real-time onboard the drone simultaneously. The 

measurements can be recorded for offline high-resolution 

map creation. 
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