
1. Introduction

Camera calibration plays a major role in photogrammetry, 
which determines the projection from 3D coordinates 
of points to 2D image coordinates. Once a projection is 
known, 3D information can be inferred from 2D and vice 
versa (Faugeras et al., 1992). In traditional photogrammetry, 
cameras are calibrated in a laboratory. There, calibration 
parameters are determined by analyzing photos captured 
onto accurately measured targets installed at calibration sites. 
In contrast to related approaches, self-calibration, which was 
introduced by Faugeras et al. (1992), is popular because it 
does not depend on calibration references. Instead, it uses 
only relationships between targets in photos captured in 
different locations. Self-calibration is defined as the process 
of determining calibration parameters of a camera directly 

from multiple uncalibrated images of unstructured scenes. 
Such scenes do not require any special calibration objects 
(Wikipedia, 2016).

Camera calibration has been widely implemented by 
modern photogrammetric or computer vision solutions, 
as well as by stand-alone tools that are known to work 
based on self-calibration theory. Among the tools, GML 
C++ camera calibration toolbox is a free tool that uses 
a calibration pattern to complete the calibration process 
automatically (Graphics and Media Lab, 2016). If applied 
using multiple patterns, the process can be more stabilized 
by using fewer target photos and resulting in improved 
accuracy. Camera calibration toolbox for Matlab is a better 
known tool, which is implemented in both Matlab and in C 
and is an open source included in OpenCV (Bouguet, 2015). 
The tool requires more sophisticated parameter settings 
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Fig. 1. Recommendation in capturing a target  
(Agisoft, 2016)

Incorrect Correct

Parameters Description
fx, fy Focal lengths (principal distances) in pixels

cx, cy Principal point offsets in pixels

K1, K2, K3, P1, P2 Coefficients of radial and decentering lens distortions

Table 1. Camera calibration parameters estimated by Agisoft Lens

but results in greater accuracy. Agisoft Lens is a stand-
alone tool provided in a package with Agisoft PhotoScan 
(Agisoft, 2016). PhotoScan is a commercial software product 
that is capable of photogrammetric processing of digital 
photos and 3D spatial data generation without intensive 
photogrammetric knowledge and skill. PhotoScan can 
perform camera calibration in two ways: 1) by means of 
an on-site implementation during relative orientation and 
aerial triangulation by using aerial photos, or 2) conducting 
a laboratorial implementation through Agisoft Lens by using 
photos captured onto a patterned target displayed on digital 
panels.

Many studies in aerial photogrammetry have used 
unmanned aerial vehicles (UAVs) and conducted aerial 
triangulation by using PhotoScan (Yeo et al., 2016; Kim 
et al., 2016; Lee, 2015; Sung and Lee, 2016; Kim, 2014). 
However, few have focused on whether the camera 
calibration itself is implemented by means of an on-site or 
laboratorial approach. In fact, although these approaches 
usually employ an on-site implementation, determining 
the extent of the impact that the calibration method has 
on the overall accuracy of aerial triangulation and ground 
positioning is difficult. Choi et al. (2015) tested the 
compatibility of a conventional digital photogrammetric 
workstation (DPW) and some current UAV-oriented 
photometric software. The camera calibration parameters 
were considered, but were supplied by the camera vendor. 
Lee and Oh (2012) compared the accuracy of on-site self-
calibration using flat control points with laboratorial self-
calibration in close-range photogrammetry. They concluded 
that on-site self-calibration is as accurate as laboratorial 
self-calibration, but it is still in question if the same result is 
expectable in UAV photogrammetry. This study considers 
that camera self-calibration may be influenced by the two 
different approaches in UAV photogrammetry. Thus, we 

implement the on-site and laboratorial approaches by using 
Agisoft PhotoScan and Lens and present the results.

2. On-site vs. Laboratorial Self-calibration

General steps of aerial triangulation by using PhotoScan 
are: 1) “adding photos” in which photos are imported to the 
software. 2) “aligning photos” in which PhotoScan extracts 
several feature points from photos and identifies conjugate 
points among them to conduct relative orientation, and 
self-calibration is then implemented utilizing the conjugate 
point pairs. 3) “creating markers” in which ground control 
points (GCPs) are marked on the photos by means of manual 
on-screen digitizing. Their absolute coordinates are also 
entered manually. 4) “optimizing cameras” in which camera 
calibration parameters are updated and exterior orientation 
parameters are finally optimized. Because the calibration 
parameters are estimated by using the on-site photos during 
the second process, we refer to the approach henceforth as 
on-site self-calibration.

Agisoft Lens is an automatic camera calibration tool that 
uses a series of photos captured onto a chessboard pattern. 
The pattern can be displayed on digital panels, such as 
LCD monitors and TVs, for use as a calibration target. The 
minimum number of photos for calibration is known to be 
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Items Description                      
Model (name) T600 (Inspire 1)
Manufacturer DJI

Weight 2935g including battery
Max. height 120m above takeoff point

Max. flight time 18min
Max. speed 22m/s

Max. wind speed 10m/s

Table 2. Specifications of UAV

Items Description                      
Model (name) FC350 (X3)
Manufacturer DJI
Focal length 3.61mm
Field of view 94°
Format size 4000x3000pixels

Pixel size 1.56㎛

Table 3. Specifications of installed camera

Items Description

Region Kyungpook Nat. Univ., Sangju-si,  
Gyeongsangbuk-do, Korea

Area Approximately 3㎢
No. of photos 68

Avg. flight height Approximately 90m above takeoff 
point

Table 4. Specifications of flight

three and vendors recommend that the whole area of a photo 
be covered by the pattern (Fig. 1). The parameters in Table 1 
are estimated by the calibration, which are related to Eq. (1) 
in Brown’s model (Brown, 1971)

∆x = �̅�𝑥(𝐾𝐾1𝑟𝑟2 + 𝐾𝐾2𝑟𝑟4 + 𝐾𝐾3𝑟𝑟6) + {𝑃𝑃1(𝑟𝑟2 + 2�̅�𝑥2) + 2𝑃𝑃1�̅�𝑥𝑦𝑦�} 

 

 
∆y = 𝑦𝑦�(𝐾𝐾1𝑟𝑟2 + 𝐾𝐾2𝑟𝑟4 + 𝐾𝐾3𝑟𝑟6) + {2𝑃𝑃1�̅�𝑥𝑦𝑦� + 𝑃𝑃2(𝑟𝑟2 + 2𝑦𝑦�2)}   (1)
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∆y = 𝑦𝑦�(𝐾𝐾1𝑟𝑟2 + 𝐾𝐾2𝑟𝑟4 + 𝐾𝐾3𝑟𝑟6) + {2𝑃𝑃1�̅�𝑥𝑦𝑦� + 𝑃𝑃2(𝑟𝑟2 + 2𝑦𝑦�2)}   (1)

 

�̅�𝑥 = x − 𝑐𝑐𝑥𝑥 ,𝑦𝑦� = y − 𝑐𝑐𝑦𝑦 , 𝑟𝑟 = �(x − 𝑐𝑐𝑥𝑥)2+(y − 𝑐𝑐𝑦𝑦)2 where, ∆x and ∆y denote departures from collinearity due 
to lens distortion,                                                                      .

After the estimation, the parameters are imported to 
PhotoScan in “pre-calculated type” and marked “fixed” 
to block further modification. Afterwards, the aerial 
triangulation is conducted in the same manner as the on-site 
approach except that no further optimization of calibration 
parameters is allowed. We refer to this approach henceforth 
as laboratorial self-calibration.

The two approaches of on-site and laboratorial self-
calibration fundamentally share an algorithmic base of 
self-calibration and are implemented by the same vendor. 
Regardless of the type of software, whether packaged or 
stand-alone, a remarkable difference exists in the acquisition 
of photos to be used in the calibration. On-site self-
calibration uses photos acquired from the sky, which are then 
applied to aerial triangulation. An expected shortcoming is 
that recognizing targets along with their coordinates may 
be ambiguous because these targets would not have the 
same shape and may encounter blurring because of distant 
observation.

Laboratorial self-calibration uses photos of targets in 
close proximity that may result in better recognition of 
targets and is expected to cover the flaws anticipated in on-
site self-calibration. However, laboratorial self-calibration 
possesses a problem that shooting (or capturing) distance 
is limited by the size of targets displayed on digital panels 
and the targets are captured in closer proximity contrary to 
the conventional laboratorial calibration. Small calibration 
errors estimated in a close model may not be critical in close-
range photogrammetry. However, it cannot be overlooked in 
aerial photogrammetry. The problem can be more serious in 
aerial photogrammetry by using UAVs. UAVs are usually 
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equipped with lenses of shorter focal lengths to cover larger 
areas at low altitudes. Shorter focal length requires targets in 
even closer proximity to fulfill the recommendation shown 
in Fig. 1. 

In our study, the two approaches of on-site and laboratorial 
self-calibration were implemented in UAV-based aerial 
photogrammetry and assessed based on aerial triangulation 
results.

3. Application

3.1 Specifications of data

Photos were captured from a college campus by using 
a rotatory-winged UAV. A camera was installed on a 
gimbal to control pitching and panning. The UAV aviated 
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automatically over five strips maintaining overlaps and 
sidelaps. Specifications for the UAV, installed camera, and 
flight are given in Tables 2, 3, and 4, respectively.

Aerial targets were chosen from among traffic lines and 
manhole covers, and 3D coordinates were acquired by 
means of global navigation satellite system (GNSS) survey 
based on virtual reference station (VRS). Following a visual 
inspection of the photos, eight were designated as GCPs and 
twelve as checkpoints (Fig. 2).

3.2 Implementation of on-site self-calibration

Sixty-eight photos were captured by the UAV and imported 
into PhotoScan. “aligning photo” recognized approximately 

70,000 tie points and conducted relative orientation. Self-
calibration was implemented on-site and coarse calibration 
parameters were estimated. Twenty points were marked on 
the photos and their coordinate information was entered. 
“optimizing camera” converted exterior orientation 
parameters from relative coordinates to absolute ones by 
using the eight GCPs and optimized the camera calibration 
parameters. Finally, aerial triangulation accuracy was 
estimated using the twelve checkpoints.

3.3  Implementation of laboratorial self-calibration

As described in Section 2, laboratorial self-calibration is 
expected to be vulnerable to the problem of short shooting 

Fig. 4. Nine photos used in the second  
experiment

 Fig. 3. Target displayed on 47in LCD TV  
in the second experiment

Fig. 2. Test area and distribution of control points (GCPs: red circles, check points: orange rectangles)
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distance. In this study, it is more vulnerable because the focal 
length of the camera is as short as 3.61mm, which corresponds 
to 20mm in a full-frame format. Two experiments were 
conducted to assess the impact of the shooting distance 
by using two digital panels of different sizes. In the first 
experiment, a 27in LCD monitor was employed to display 
the chessboard target, and nine photos were taken at different 
orientations. In the second experiment, a 47in LCD TV was 
employed and nine photos were captured at similar angular 
orientations but from a farther distance (Figs. 3 and 4).

In each experiment, photos of the target were imported 
to Agisoft Lens and calibration parameters were estimated 
automatically. Sixty-eight aerial photos were then imported 
to PhotoScan. Before the “aligning photo” process was 
performed, the new calibration parameters as well as the 
control points marked in the on-site self-calibration were 
imported to PhotoScan. Without modifying the calibration 
parameters, we conducted relative orientation and aerial 
triangulation by using the same eight GCPs. Finally, accuracy 
was estimated based on the same condition.

4. Results and Discussion

The calibration parameters estimated from the three 
experiments are shown in Table 5 and residuals in Figs. 5, 
6, and 7. Noticeable changes in lens distortion parameters 
could not be recognized based on numerical comparisons 
in Table 5. However, changes in focal lengths affected the 
estimation of ground sampling distances (GSD) along with 
average flight altitudes: 3.4cm/pixel at 91.5m for on-site 
implementation compared to 4.0cm/pixel at 93.4m and 93.2m 
for laboratorial implementations.

Residuals of on-site self-calibration were smaller than 
the others shown in Fig. 5. However, the irregular pattern of 
residuals did not seem practical because residuals increased 
along the radial directions in ordinary lenses. The spreading 
patterns of laboratorial self-calibration, as shown in Figs. 6 
and 7, seem more practical when considering that the tested 
lens was wide angle. Compared to the 47in panel, the 27in 
panel revealed more dramatic increases in residuals along 
radial directions.

Fig. 5. Residuals in on-site self-
calibration

Fig. 6. Residuals in laboratorial self-
calibration using 27in panel

Fig. 7. Residuals in laboratorial self-
calibration using 47in panel

Parameter On-site self-calibration
Laboratorial self-calibration

27in panel 47in panel
fx (pixels) 2263.39 2349.93 2325.58
fy (pixels) 2263.39 2349.93 2325.58
cx (pixels) 1961.20 1965.67 1970.01
cy (pixels) 1518.44 1520.89 1524.95

K1 -0.125311 -0.140047 -0.126846
K2 0.0983568 0.113993 0.0950885
K3 -0.0141336 -0.0253878 -0.0115986
P1 0.0005322 0.0006933 0.0004584
P2 -0.0003519 0.0005516 0.0003071

Table 5. Calibration parameters
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Fig. 8. Poorly focused photo captured onto a 27in panel Fig. 9. Better focused photo captured onto a 47in panel

Point ID
On-site self-calibration

Laboratorial self-calibration
27in panel 47in panel

Horizontal Vertical Horizontal Vertical Horizontal Vertical
Point 1 4.6 2.2 9.0 14.8 6.4 8.2
Point 4 0.6 -0.1 3.7 8.1 1.8 3.8
Point 10 1.5 -2.7 7.2 4.6 5.0 2.4
Point 12 1.7 -0.4 10.3 8.2 8.1 3.3
Point 14 4.9 5.5 4.6 -16.2 4.6 -5.8
Point 16 3.8 -1.2 4.6 0.8 3.9 -0.7
Point 19 1.8 1.3 5.0 9.4 4.1 6.8
Point 22 9.2 -1.8 10.4 -17.8 9.5 -11.0

Total 4.4 2.5 7.3 11.4 5.9 6.1

Table 6. Errors of aerial triangulation estimated by GCPs (unit: cm)

Point ID
On-site self-calibration

Laboratorial self-calibration
27in panel 47in panel

Horizontal Vertical Horizontal Vertical Horizontal Vertical
Point 2 15.8 10.0 13.3 52.1 14.1 23.8
Point 3 10.9 -7.8 5.7 -19.7 7.1 -19.4
Point 5 3.7 -28.7 5.1 -101.4 3.9 -54.1
Point 7 13.8 -4.1 8.1 8.9 8.8 -0.7
Point 9 7.2 2.7 4.4 72.7 1.4 28.6
Point 11 4.5 19.5 10.1 92.0 7.6 47.7
Point 12 1.6 -0.8 1.6 -43.6 2.1 -19.7
Point 15 6.6 -3.1 5.3 -13.9 5.4 -10.5
Point 17 8.0 3.1 8.4 -0.8 8.0 -6.2
Point 18 7.3 -4.2 8.3 5.3 7.3 0.2
Point 21 12.0 -25.0 11.3 -43.3 12.7 -24.4
Point 23 1.0 -3.8 0.4 -75.4 1.8 -29.6

Total 8.9 13.1 7.8 55.5 7.7 27.4

Table 7. Errors of aerial triangulation estimated by check points (unit: cm)
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The errors of aerial triangulation in horizontal and vertical 
directions were estimated using GCPs, as shown in Table 6. 
The errors of on-site self-calibration were measured to be the 
lowest, but for laboratorial self-calibration were highest when 
using a 27in panel and moderate when using a 47in panel. We 
can reason that on-site self-calibration produces more stable 
results than was anticipated, but laboratorial self-calibration 
degrade camera calibration if photos are captured closer to 
the target. However, another aspect can be observed from the 
errors estimated by the checkpoints in Table 7. Laboratorial 
self-calibration using both panels results in smaller horizontal 
errors than does on-site self-calibration. This means that 
the horizontal accuracy of laboratorial self-calibration is 
better than that of on-site self-calibration, although the latter 
remains still better in terms of vertical accuracy.

However, a twofold increase in the horizontal errors, as 
observed with on-site self-calibration from Tables 6 to 7, can 
be explained by the following: the calibration parameters 
were estimated such that they shared the errors of exterior 
orientation parameters, which is necessary to minimize the 
overall errors estimated using the GCPs. In other words, the 
calibration parameters were over-fitted to GCPs and thus 
resulted in more errors if estimated using the checkpoints. 
The impractical pattern of residuals seen in Fig. 5 was also 
because the parameters were over-fitted.

Drawbacks of laboratorial self-calibration can be found in 
the quality of photos. To cover the whole area of a photo with 
the target as recommended in Fig. 1, photos were captured 
as close as possible to the panels. This caused the photos 
to be poorly focused, resulting in inaccurate recognition of 
feature points. This worsened even further when the photos 
were captured onto a 27in panel (compare Figs. 8 and 9) and 
shooting angles were off-vertical to the panels.

 An increase in the vertical errors in all approaches was 
believed to derive from vertical errors, which are more 
noticeable than horizontal errors in the GNSS survey. 
However, the true cause of these errors requires further 
investigation, which will be conducted in our next study. 

 
5. Conclusion 

This study investigated two camera self-calibration 

approaches: on-site self-calibration and laboratorial 
self-calibration. Both of these approaches are based on 
self-calibration theory and implemented by means of a 
commercial photogrammetric solution, Agisoft PhotoScan. 
On-site self-calibration implements camera calibration and 
aerial triangulation by using the same aerial photos. By 
contrast, laboratorial self-calibration implements camera 
self-calibration by using photos captured onto a patterned 
target displayed on a digital panel, and then conducts aerial 
triangulation by using the aerial photos.

Aerial photos were captured by a UAV, and target photos 
were captured using a 27in LCD monitor and a 47in LCD TV. 
Calibration parameters were estimated and errors of aerial 
triangulation were analyzed. Results revealed that on-site 
self-calibration excels laboratorial self-calibration in terms 
of vertical accuracy. By contrast, laboratorial self-calibration 
obtains better horizontal accuracy if photos were captured 
at a greater distance from the target by using a larger panel.

Issues to be explored in a future study include the 
following: 1) GCP surveying should be improved to reduce 
the vertical errors of aerial triangulation. 2) Larger panels 
should be tested for laboratorial self-calibration to enable 
greater distances for capturing photos of the target. 3) 
The impact of panel size and shooting distances should be 
estimated in terms of error propagation.
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