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ABSTRACT

The use of augmented reality technology is becoming a necessity
of many cultural heritage sites to stay competitive and attractive
to tourists. In this paper, we present an outdoor augmented reality
guidance system for ancient rock painting aiming to enhance tourist
experience and introduce the culture and historical background.
We propose a two-stage approach that combines GPS and feature-
based recognition methods. In the first stage, we build a navigation
map in advance, which consists of the distribution information of
major scenic spots, then visit these spots guided by GPS data on the
standard smartphone. In the second stage, we adopt a feature-based
recognition and tracking method to identify rock painting accurately
and augment them with interactive contextual annotations like 3D
textual labels, images, and videos. The reliability of this system
is verified through on-site demonstrations - RockArt of the Helan
Mountain, which is one of National Key Historical and Cultural
Sites in China.

Index Terms: H.5.1 [Information Interfaces and Presentation]:
Multimedia Information Systems - Artificial, Augmented, and Vir-
tual Realities

1 INTRODUCTION

Rock painting in Helan mountain is a kind of art form that curves
images and written words on rock surfaces by the northern nomadic
people who lived there in China. It records the pattern of economy,
resident lifestyle, religion and wars from the Stone Age to the Song
and Yuan Dynasties of different ethnic groups. These paintings
are precious cultural heritage with significant historical values, and
related tourism projects are becoming an important way to learn
about history knowledge.

However, it is actually not easy to see the details of rock paint-
ings and understand their cultural background for tourists. Some
rock paintings are eroded because the bare rock surfaces have been
exposed to the sunlight and corroded by rain in long-term history.
On the other hand, some rock paintings are located on steep terrains
such as the high area of the mountain surface and cliffs, causing that
these paintings are difficult to be observed directly when the tourists
are at the mountain foot.

Under this situation, this paper presents an outdoor tourist guid-
ance system based on augmented reality(AR) technology, aiming
to enhance the tourism experience by providing simultaneous inte-
grated view on their handheld mobile devices: the stream of raw
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Figure 1: Photograph of rock painting in the Helan Mountain.

image data of the real environment captured by camera and the
virtual introduction contents provided by the application database.

Specifically, the user is located in the scenic spot, moving and
orienting a handheld mobile device, and capturing the image of rock
painting towards the target location. The 2D rock painting image is
identified by the system. Meanwhile, the raw images are presented
on the mobile device and augmented by additional information
layers, including 3D textual labels, images and other media contents
which introduce the historical and cultural background related to the
specific rock painting.

But in the outdoor mountain scenes, painting recognition faces
a series of challenges. Firstly, since the rock paintings are located
on the mountain surface at different heights, it’s difficult to identify
rock paintings in long-distance and various scales. What’s more, the
rock surface is irregular, so it’s crucial to detect the painting’s plane
and calculate the location of the virtual contents accurately.

To address this problem, we propose a two-stage approach that
combines GPS and feature-based recognition methods. In the first
stage, we build a navigation map in advance, which consists of the
distribution information of major scenic spots, and visit these spots
in the navigation map guided by GPS data on standard smartphones.
In the second stage, we divide the rock paintings into two types
based on their altitude and further identify them accurately. For the
high-position paintings, we calculate the device orientation, and for
the low-position paintings, a feature-based recognition and tracking
method is adopted.

This paper is organized as follows: In Section 2, an overview
of the AR technology and application in heritage and tourism is
presented. Section 3 describes the system pipeline and algorithm
details. Experimental results are presented in Section 4. Finally,
Section 5 concludes this paper and discusses future works.

2 RELATED WORKS

The outdoor augmented reality-based tour guidance system can
provide intuitive and immersive experiences to tourists by superim-



posing virtual content on real cultural heritage sites. Some related
applications have emerged in recent years with the development of
AR technology. For example, Huang et al. [8] proposed a fixed-
position viewing system based on outdoor augmented reality for
digital reconstruction of the famous royal garden Yuanmingyuan. It
reconstructs historical virtual content in advance, and superimposes
them on the real scene. Visitors can see the augmented scene through
the fixed-position device. However, visitors only have a limited field
of view, and can not use the device conveniently when they walk
around.

Others attempts to provide immersive virtual reality experience
are through head-mounted displays(HMDs). Augmented reality-
based cultural heritage on-site guide (Archeoguide) project presents
new ways to access information in cultural heritage sites such as
navigation or visualizing reconstruction of the ancient scene. Vla-
hakis et al. [15] test and evaluate Archeoguide at Greece’s Olympia
archaeological site with wearable HMD. An AR system that com-
bines a binocular see-through display and a time-of-flight (ToF)
depth sensor is presented in [2], which can provide users with a
visual augmentation view of their surroundings. Shin et al. [14]
incorporate video materials with corresponding real cultural heritage
sites in an immersive way to introduce historical backgrounds. In re-
cent years, AR applications equipped with holographic HMDs (such
as Microsoft HoloLens, Meta, and Seengene X1S) are becoming
increasingly popular [11].

However, current AR HMDs are cumbersome and unaffordable
for normal tourists. So using handheld mobile devices such as
smartphones and tablets is a more reasonable choice. Hu and Tsai [7]
integrate actual historic monuments with Augmented Reality games,
which can both entertain and educate visitors through mobile devices
while they visit the historic sites. Similarly, Cavallo et al. [3] show
how a classical marker-less approach can be combined with mobile
sensors and geospatial information, and leverage context-specific
elements in a real-world environment. However, these methods are
designed for urban scenes, which have obvious features and easy to
be identified. Other works such as [4, 6, 9, 12] are used for providing
augmented experience in indoor scenes.

As mentioned earlier, rock paintings in the Helan Mountain suffer
from erosion and the dramatically changing environment. Therefore,
all the above methods are confined to indoor or outdoor close-range
scenes, which are not suitable for our work: rock painting on the
outdoor mountain surface. In this paper, we will take full advantage
of the planar feature of these rock paintings, and design one outdoor
AR system that can archive our purposes.

3 METHODS

Figure 2: The two-stage approach proposed in our work.

Our system focus on outdoor cultural heritage sites. Although it
is hard to recognize and track eroded and shadow-varying rock

Figure 3: Navigation map of rock painting in the Helan Mountain

paintings in the Helan Mountain, we notice the fact that almost all
the rock paintings are carved in big and flat stones. So, we can make
use of the planar feature instead. In addition, since the position
of the rock paintings are fixed, their location information can be
considered as rough prior knowledge.

We propose a two-stage approach that combines GPS and feature-
based recognition method, which is illustrated in Figure 2. In the first
stage, we build a navigation map in advance, which consists of the
distribution information of rock paintings. User’s position coordinate
is obtained in real-time through GPS by handheld mobile device,
and the distance between the user and rock painting on the horizontal
plane is calculated to determine whether or not the user belongs to
the visible range of the corresponding rock painting. In the second
stage, due to the GPS coordinate is not precise enough, we need to
identify the rock painting accurately when the user is in a visible area.
According to the location height of the rock paintings, we divide
them into two classes: high-position rock painting targets and low-
position rock painting targets, for a different type of painting using a
different method to identify them, so as to improve system accuracy
and robustness. For the low-position ones, we recognize it and track
its plane in the world coordinate system via a detection method
based on the ORB feature. For the high-position ones, we calculate
it’s orientation instead. Then we superimpose the virtual content at
the corresponding position of the real scene with appropriate scales
and angles and provide users a more realistic interactive experience.

3.1 Global Navigation Map

As shown in Figure 3, we collected the global geographic coordinates
of rock paintings in the Helan Mountain in advance, store them
as a sequence to build the navigation map, each element in map
is represented as Pi = [lng, lat,alt,cat], indicating the longitude,
latitude, altitude and it’s category: high-position painting or low-
position painting. The system obtains the mobile device’s coordinate
in real-time, and calculated the distance between the user and rock
painting. Here we use geographical distance to indicate the distance
along the surface of the earth. If the distance is less than a threshold,
then we consider the user is in the visible range of the corresponding
rock painting.



Figure 4: Low-position rock painting identification process. Feature points are extracted from each frame and matched with the pre-stored image
feature points. Then filter out unmatched feature points and calculate the homography matrix, meanwhile obtain the recognition result. Finally
superimpose virtual contents.

3.2 Orientation calculation
For high-position rock paintings that distributed on steep, tower-
ing peaks, it is difficult for the user who stands at the foot of the
mountain to capture rock painting images with sufficient resolution
by the handheld mobile device. Meanwhile, the parallax is small
over a long distance, so it’s difficult to identify paintings directly.
However, because of these rock paintings’ small amount and sparse
distribution, we can ensure that in each visible range there is only
one high-position painting at most, so that no overlapping areas
would cause ambiguity, and the coordinate in the map can be used
as their unique identifiers.

Once enter a hight-position painting’s visible area, the system
obtains pitch and yaw of the mobile device through compass, con-
vert them into direction vector, and calculate the angle between
the orientation of the device and the orientation of the target rock
painting. This angle is used to determine whether the camera is
orienting toward the target rock painting, thereby displaying the
virtual corresponding introduction content when facing the target
rock painting.

3.3 Feature-based Tracking Method
For low-position rock paintings distributed on the low rock surface,
the application mainly faces two tasks: 1) determine whether the
camera captured an image of rock painting, and 2) for the rock
painting image, extract the plane in real-world which it is located
on. Since this type of painting’s distribution is relatively dense,
the distance with the user is relatively close, and the image size is
small, the image captured by the device can be complete and clear.
Therefore, an image recognition and plane detection method based
on image feature matching and homography matrix is adopted.

Figure 4 depicts the algorithm. During the preprocessing phase,
we took rock painting images in advance as a target set I= {Ii}N

i=1
for recognition, where Ii is the i-th image in pre-stored image set,
and N is the size of I. Then we extract their feature points as set
S= {Si}N

i=1, where Si = {sk}Mi
k=1 are the feature points in image Ii, sk

is the k-th feature point, Mi is the number of feature points. Consid-
ering of system efficiency, we choose ORB [13], a computationally-
efficient binary descriptor, which is rotation invariant and robust to
noise. Compared with SIFT [10] and SURF [1], ORB can run in
real-time with good performance, therefore it is more suitable for
outdoor rock painting image recognition task.

Then during the running phase, for the image frame It at times-
tamp t, we extract its feature points St , and match them with feature

points of each pre-stored image in I to get the recognition result, and
calculate the similarity score Dt . For the image Ii with the highest
similarity score Dt,i, if the number of successfully matched feature
points is more than the threshold dnum, the current frame It is consid-
ered to match with rock painting Ii. If two consecutive frames match
the same rock painting, the feature point matching between these
two adjacent frames is used to calculate the homography matrix H
and extract the plane where the rock painting located.

To reduce operation cost, before calculating H, there is a feature
point filtering process. Specifically, sk

t is removed from St if it
doesn’t match with any feature point in Si, so we can get the filtered
feature points S

′
t that satisfies equation shown below:

∀sk
t ∈ S

′
t , ∃sh

i ∈ Si, s.t. sk
t matches with sh

i (1)

Then we match S
′
t and S

′

t+1, and calculate the matched feature
point pairs between It and It+1. This step makes sure that the feature
point pairs used to calculate the homography matrix are almost
within specific rock painting areas, thus ensuring the uniqueness of
the calculated H and the extracted plane, meanwhile reducing the
system calculation.

Then we use RANSAC [5] algorithm to sample four pairs from
the matched feature points, and calculate the initial value of H
iteratively. Finally, we optimize it by minimizing reprojection error

argmin
H

∑
k
‖sk

t+1−Hsk
t ‖+‖sk

t −H−1sk
t+1‖ (2)

Once the homography between two frames is obtained, we can
then place the virtual content at the target location in the real-world
coordinate system. To achieve this goal, the system calculates 6-
DOF transformation from the camera coordinate system to the world
coordinate system. In subsequent frames, we can get the transfor-
mation by tracking the plane and calculate homography between
adjacent frames and superimposing the virtual content at the appro-
priate location.

4 EXPERIMENT

The God of Sun is one of the most representative rock paintings in
the Helan Mountain. Figure 5 shows the result that augments this
painting use our proposed application. The application detects and
marks the rock painting plane in the user’s view, and superimposes
corresponding on this plane to indicate the location and the painting’s
name. In addition, the background and the clear front view image



Figure 5: Augmented view of the God of Sun.

of the rock painting are superimposed. This sample shows that our
application can help users visit in detail efficiently, and learn about
cultural background more conveniently.

To further evaluate the performance and usability of our applica-
tion, we randomly recruited 30 tourists to compare their experiences
in two situations: with or without our AR application. The partic-
ipants consisted of 17 males and 13 females between the age of
17 and 52. Most of them(83.33%) have not used any AR system
before, 4 participants have used AR application several times, and
one participant is familiar with AR technology. None had previous
experience with our application.

We asked participants to test our application and complete the
questionnaire. The questionnaire was designed with five proposi-
tions, evaluated by satisfaction in five stages, which are Totally
agree(TA), Agree(A), Neutral(N), Disagree(D) and Totally dis-
agree(TD). The questionnaire is shown as following:

1. This application is easy to use.
2. This application helps me to understand the historical signifi-

cance of rock paintings.
3. This application helps me to observe rock paintings’ detail

more clearly.
4. This application runs stably with high accuracy.
5. I am willing to use this application during the tour.

Table 1: Result of questionnaire

propositions TA A N D TD

proposition 1 50% 40% 10% 0% 0%
proposition 2 53% 43% 3% 0% 0%
proposition 3 40% 43% 10% 7% 0%
proposition 4 30% 37% 23% 7% 3%
proposition 5 27% 47% 20% 3% 3%

The result of the questionnaire is described in Table 1. It demon-
strates that almost all participants agree that our application can
enhance their experience. In Proposition 2 and Proposition 3, there
are 86% and 83% of participants with approval attitude respectively.
Only two participants thought that our application did not help to
observe rock paintings clearly. On the other hand, all participants
thought that there is no difficulty in using this application. However,
33% of the participants felt that the stability and accuracy of the
system were not good enough, and 26% of then did not have a strong
willingness to use it. The result implies that our application does
have a role in improving the tour experience, but we still need to
improve its robustness. People have a degree of acceptance level of
AR guiding system, which has a great potential for commercial use.

5 CONCLUSION

In this paper, we present an outdoor augmented reality guidance sys-
tem for ancient rock paintings aiming to enhance tourist experience
and introduce the culture and historical background. The application
adopts a two-stage approach that combines GPS and feature-based
recognition methods and achieves satisfactory performance in the
outdoor mountain environment.

In the future, we plan to improve image recognition accuracy
under strong sunlight or dark conditions to achieve better robustness.
Furthermore, the GPS precision and update rate can be improved,
and the virtual superimpose stability can be enhanced by applying a
smooth algorithm.
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