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Abstract 

The use of Unmanned Aerial Vehicles (UAV) has become increasingly popular compared to terrestrial mapping 

technologies such as terrestrial laser scanners (TLS) and Global Navigation Satellite Systems (GNSS), which 

are costly and have limited coverage. UAV offers quicker, wider coverage, and more detailed result. Typically, 

UAVs are used in precision agriculture, disaster mapping, and 3D building modeling. However, the accuracy 

of UAV 3D models often has issues. This study aims to improve the accuracy of 3D building facade models 

using a combination of depth maps and GCPs and to compare the results with direct measurements using a 

digital meter. The study was conducted at Kehati Building, Cibinong, Integrated Science Area Complex Area, 

BRIN. The study began with the acquisition of photo data using UAVs and the measurement of Ground Control 

Points (GCP). Subsequently, the aerial photos were processed into orthophotos with four processing scenarios 

based on the use of GCP and input mesh. Scenario 1 and 2 without using GCP, the difference is only in the 

input mesh. Scenario 1 uses dense cloud, while scenario 2 uses depth maps. On the other hand, scenarios 3 and 

4 use GCP with the difference in the input mesh used. Finally, the geometric accuracy of the 3D building model 

produced from the four scenarios was tested. Accuracy tests showed that scenarios using GCP, as demonstrated 

in scenarios 3 and 4, had better RMSE which are 0.082 m and 0.064 m respectively. However, identification in 

scenario 3 was more difficult due to the imperfectly formed facade. Therefore, it can be concluded that the use 

of GCP significantly improves the dimensional accuracy of the facade. 
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1. Introduction 

In the last few decades, the use of Unmanned Aerial 

Vehicle (UAV) technology has become more popular 

compared to terrestrial mapping technology. 

Terrestrial mapping such as terrestrial laser scanners 

(TLS) and positioning using the Global Navigation 

Satellite System (GNSS) are both still high-cost 

technologies with limited spatial coverage [1] and 

[2]. Even terrestrial technology such as GNSS only 

produces a very limited density of detail for objects 

above the earth's surface.  

UAV offers speed, large scale area, and ease of 

data collection as well as detailed results when 

compared to terrestrial technology [3]. This is 

inseparable from the evolution of computer vision 

algorithms in image processing using 

photogrammetry. On the other hand, technological 

developments have made UAV equipment lighter, 

capable of carrying sensors in one vehicle. GNSS 

equipment is also installed on the UAV to obtain high 

accuracy map [4] and [5]. UAV is usually used for 

precise agriculture purposes [6] and [7], 

comprehensive mapping of disaster-affected areas 

[8] and [9], including the ease of constructing 3-

dimensional buildings. The 3-dimensional building 

modelling can be used for the purposes of identifying 

building damage due to disasters [10], historical 

building management [11] and [12], and 

infrastructure monitoring [13] and [14]. 
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UAV also can capture data using multiple angles of 

view. UAV surveys usually use nadir mode, aerial 

photography mode using a perpendicular angle (close 

to 90 degrees) to the object. However, the nadir 

method often cannot obtain detailed building areas. 

On the other hand, there is an oblique method of 

taking photos, namely using a tilted camera 

(generally 45°). The advantage of oblique mode is 

that building facades and other vertical objects can be 

seen well due to the tilt of the camera angle [15] and 

[16]. The combination of using nadir and oblique 

cameras can improve the depiction of the shape and 

surface of sub-vertical walls better [17]. 

Geometrically, the accuracy of 3D models of UAV is 

still often problematic. UAV point clouds without 

GCP produce absolute position accuracy of 

approximately 20 cm [18]. Other research also shows 

that building models from UAV produce an accuracy 

of around 18 cm for planimetric positions and 15 cm 

for height components [19].  It is necessary to 

improve strategies to obtain geometric accuracy of 

objects with high accuracy.  

Generally, building a facade model can be done 

using a mesh from a point cloud or depth map. The 

problem is, in 3D modelling using UAV, many noisy 

point clouds are found, which affects the results of 

the facade mesh. In addition, an insufficient number 

of overlapping photos makes some point clouds have 

holes [20]. This greatly affects the quality of the 

building facade that is formed. 

This research aims to produce a 3-dimensional 

building facade model using a combination of depth 

maps processing and the use of GCP. After that, the 

dimensions of the facade are measured from the 

results of the combination. The accuracy test of the 

3-dimensional facade model was compared with 

direct measurements using a digital meter. The use of 

GCP is expected to increase the accuracy of facade 

dimensions. Apart from that, the use of depth maps is 

also expected to improve the appearance quality of 

the resulting building facade. In this study, aerial 

photo processing and acquisition are integrated. 

Include the use of GCP for orthorectification, 

multiple input mesh processing, and multiple angles 

of view with nadir and oblique modes. The main goal 

is to improve the facade's object accuracy and 

appearance. 

 

2. Method  

2.1 Research Area 

The 3-dimensional building modelling research area 

was carried out in the Kehati Building, Cibinong 

Integrated Science Area Complex area, BRIN as can 

be seen in Figure 1. The Kehati Building is arranged 

into 3 buildings which are connected to each other in 

a relatively flat area.  

In this case, 3-dimensional modelling only uses one 

of the buildings on the north side where there are no 

trees or obstacles that could interfere with the data 

acquisition process. Therefore, 3-dimensional model 

data can be seen in its entirety when taking aerial 

photos. 
 

 
 

Figure 1: Location of Kehati-BRIN building 

 

2.2 UAV Data Acquisition 

Aerial photography was taken using an assembled 

multirotor type UAV DJI Phantom 4 Pro V2.0. The 

camera installed is a fixed lens CMOS camera with 

20-megapixel resolution. Information related to the 

specifications of the UAV and the camera used can 

be seen in Table 1. The aerial photo acquisition 

process is carried out using two different camera 

orientations, namely nadir and oblique camera 

modes, as can be seen in Figure 2. The flight height 

used in this acquisition is 80m for nadir mode and 

50m for camera oblique mode. The oblique mode 

flight altitude is lower compared to nadir mode to get 

a more detailed facade image. Taking aerial photos in 

nadir mode using the drone deploy application with 

overlap and side-overlap settings respectively, 

namely 80% and 70%, produces 250 images. The 3-

dimensional mode parameter is also activated when 

setting the drone deploy. The aim is to obtain an 

oblique image from the perimeter of the flight 

mission plan, facing the centre of the building object.  
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Table 1: DJI Phantom 4 Pro V2.0 specification 
 

Aircraft   
Take off Weight 1,375 g  

Diagonal Size 350 mm 
 

Max Service Ceiling Above Sea 

Level 
19,685 ft (6,000 m) 

 
Max Ascent Speed 6 m/s (S-mode); 5 m/s (P-mode)  

Max Descent Speed 4 m/s (S-mode); 3 m/s (P-mode)  
Max Pitch Angle 25° (P-mode); 35° (A-mode); 42° (S-mode)  
Max Flight Time Approx. 30 minutes  

Operating Temperature Range 32° to 104° F (0° to 40℃)  
Satellite Positioning Systems GPS/GLONASS  

Hover Accuracy Range Vertical:  
±0.1 m (with Vision Positioning)  
±0.5 m (with GPS Positioning)  
Horizontal:  
±0.3 m (with Vision Positioning)  
±1.5 m (with GNSS positioning）  

Battery Type LiPo 4S (15.2 V)  
Gimbal   

Stabilization 3-axis (pitch, roll, yaw)  
Controllable Range Pitch: -90° to +30°  

Max Controllable Angular Speed Pitch: 90°/s  
Angular Vibration Range ±0.02°  

Vision System   
Vision System Forward/backward/downward  

Velocity Range ≤31 mph (50 kph) at 6.6 ft (2 m) above 

ground  
Altitude and Operating Range 0-33 ft (0-10 m)  

Obstacle Sensory Range 2-98 ft (0.7-30 m)  
Camera   

Sensor 1" CMOS; Effective pixels: 20 M; FOV 

84°;  
Lens 8.8 mm / 24 mm (35 mm format 

equivalent:24 mm); f/2.8 - f/11, auto focus 

at 1 m - ∞  
ISO Range Video:100-3200(Auto), 100-6400(Manual)  

Photo:100-3200(Auto), 100-12800(Manual)  
Electronic Shutter Speed 8 - 1/8000 s  

Operating Temperature Range 32° to 104° F （0° to 40℃）  
 

 
(a) (b)                      

 

Figure 2: UAV camera orientation: (a) nadir view, (b) oblique view 
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Figure 3: Aerial photo acquisition and ground control point in Kehati-BRIN building 

 

Acquisition time takes about 12.5 minutes. The flight 

path is set in a South to North direction around the 

selected building with a total mapped area of around 

5 hectares. Furthermore, another acquisition mode 

used is oblique mode, aimed at obtaining building 

facades that cannot be seen using nadir mode. On the 

other hand, oblique mode aerial photography was 

taken using the drone harmony application with the 

camera tilt angle set to 45°. The flight path is made 

to orbit around the mapped building with a distance 

between orbits of 50 m. There are 9 flight path orbits 

with an overlap setting of 60% to get a better 3-

dimensional building model. The number of photos 

produced from oblique mode is 143 photos. An 

illustration of data acquisition using nadir and 

oblique modes in this research can be seen in Figure 

3. 

 

2.3 Measurement of Ground Control Points (GCP) 

Ground control point (GCP) measurements were 

performed next, following the aerial photo 

acquisition procedure. Measurements of ground 

control points were made to create a three-

dimensional model that had been georeferencing 

corrected. GCP points are distributed evenly across 

the building area with a total of 4 points. A geodetic 

type GNSS instrument, Leica Zeno GG04, was used 

to do GCP measurements. The GNSS measurement 

method uses a rapid static method with an 

observation interval of every 1s. The GCP data 

processing procedure connects to 

Continuously Operating Reference Stations (CORS) 

BAKO, utilizing a coordinate system that refers to 

the SRGI2013 datum, which is local horizontal and 

vertical datum applicable in Indonesia [21]. 

 

2.4 Aerial Photo Processing 

Photogrammetry data was processed using the 

structure from motion (SfM) method in Agisoft 

Metashape (ver. 1.7.3). The obtained photos, which 

included both oblique and nadir images (143 and 

250), were processed in a single project. There were 

4 scenarios in aerial photo processing with 

differentiating parameters, namely dense cloud and 

depth maps input when creating the mesh and using 

GCP and without GCP during the georeferencing 

process. The scenarios in this research are shown in 

more detail in Table 2.  In photogrammetric analyses, 

image processing often follows a simple workflow 

framework. Common tie points within the 

overlapping area are primarily used to perform 

bundle adjustments from the obtained images. The 

GCPs on the images perform the absolute orientation 

procedure after the sparse point cloud created by 

supplying the collinearity and coplanarity criteria 

with bundle adjustment [22]. In photogrammetry, 

absolute orientation is a basic technique that is crucial 

for transforming three-dimensional (3D) points from 

a local to a global (geodetic) coordinate reference 

system [23]. Next, interior orientation parameters 

were estimated using self-calibrating in Agisoft for 

all processing scenarios. In the 'Align Photos' 

process, the parameters used to create sparse clouds 

are as follows: accuracy = high, key point limit = 

60,000, and check the Adaptive camera model fitting 

section. The next stage is to carry out GCP pricking 

for scenarios 3 and 4. A dense cloud is then built 

using high accuracy parameters and mild filtering 

depth to get denser point cloud. In addition to 

producing dense clouds, the dense cloud build 

process also produces depth maps.  

 

 



 

International Journal of Geoinformatics, Vol. 21, No. 4, April, 2025 

ISSN: 1686-6576 (Printed)  |  ISSN  2673-0014 (Online) | © Geoinformatics International  

75 

Table 2: Combination of 3D building modelling processing 
 

No Type Georeferencing Input mesh 

GCP No-GCP Dense cloud Depth maps 

1. Scenario 1 - ✓ ✓ - 

2. Scenario 2 - ✓ - ✓ 

3. Scenario 3 ✓ - ✓ - 

4. Scenario 4 ✓ - - ✓ 

 

Depth maps are generated from Multi-View Stereo 

from overlapping sequential photos [24] and [25]. 

Depth maps are very useful for producing accurate 3d 

reconstruction [26]. After the point cloud and depth 

maps are produced, building facade was constructed. 

To achieve better 3D result, the building facade was 

constructed using high quality parameters mesh and 

arbitrarily chosen surface type. For scenarios 1 and 3 

the mesh was built using dense cloud, while for 

scenarios 2 and 4 using depth maps. 

 

2.5 Validation of 3-Dimensional Building Geometry 

The aerial photos, both nadir and oblique, are then 

processed to produce a building facade in mesh 

format. Next, the dimensions of the building were 

then measured using the ContextCapture viewer 

software. The process of validating the 3-

dimensional building geometry resulting from UAV 

acquisition is carried out by comparing the 3-

dimensional building results with direct 

measurements in the field. Calculation of 3D 

modeling accuracy uses the root mean square error 

(RMSE) equation, as can be seen in Equation 1. 

 

( )
2

i mS S
RMSE

n

−
=


 

Equation 1 

 

Where Si is the dimension of the object using a laser 

distance meter, Sm is the dimension of the object 

resulting from the UAV, and S is the number of 

validation samples. Validated building geometry 

includes wall width, windows, floor width, height, 

facade decoration on all sides of the building. In this 

case, direct measurement of building dimensions 

uses a SNDWAY Green Laser-50m digital laser 

meter and a 50m long iron plate measuring tape. The 

total geometry validation sample amounted to 67 

building geometry measurements, as can be seen in 

Figure 4. 

 

3. Result and Discussion  

3.1 GCP Processing Result  

Less than 400 meters separated the base station from 

the GCPs, and baseline measurements were made for 

sessions longer than 20 minutes. The computation of 

the baselines produced fixed phase ambiguity 

solutions for all points, with horizontal precision 

ranging from 5-12 mm and vertical precision ranging 

from 1-19 mm. Meanwhile, RMSE GNSS processing 

produces accuracy ranging from 8-16 mm. These 

results are good enough to obtain a thorough 3D 

model of the building (Table 3).  

 

3.2 Aerial Photo Result 

The combination of nadir and oblique measurements 

produces tie points with a total of 216,063 points for 

full area, as can be seen in Figure 5(a). Unfortunately, 

high number of close images induces strong noise 

and affected on accuracy 3D modelling [27]. So, it 

would be better to remove outlier tie points manually. 

The number of points is the result of the data filtering 

process for non-building areas and several outliers 

points a total of 67,984 points (Figure 5(b)). Once the 

tie point noise has been reduced, a more accurate 

mesh will be produced. 

 

3.3 3D Modelling Result 

The results of forming a 3D building model using a 

mesh model from dense cloud and depth maps can be 

seen in Figure 6. The total faces formed for the mesh 

model from depth maps were 2,210,411 with 13 

similar vertices. Meanwhile, for the mesh model 

using dense cloud the total faces were 2,114,712 with 

similar vertices 11. Making 3D models based on 

Depth Maps produces better small details of the 

facade compared to dense cloud results. In the dense 

cloud results, the facade wall surface still appears to 

contain artifacts. Even the facade looks incomplete, 

like it has holes in several parts. The results of the 3D 

building model accuracy test using laser distance 

meter measurements are presented in Table 4. Only 

47 samples out of a total of 67 digital meter 

measurement samples can be used to test the 

accuracy of the 3D model. There were 20 samples 

that could not be identified in the 3D model because 

the 3D model did not perfectly form the building 

facade. Scenario 1 produces an RMSE value of 0.135 

m with an R square value of 99.97%. The largest 

residual is 0.08 in sample 11 in the facade dimension 

with a distance of ~8 m. Furthermore, Scenario 2 

produces an RMSE value of 0.087 m with an R 

square value of 99.97%.
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Figure 4: Taking field validation points 

 

Table 3: GCP processing result 
 

ID Easting (m) Northing (m) Heigh 

(m) 

Ambiguity 

solution 

Hor. 

Precision 

(m) 

Vert. 

Precision 

(m) 

RMSE 

(m) 

G001 704,545.849 9,281,759.464 158.102 Fixed 0.005 0.001 0.008 

G002 704,586.472 9,281,766.620 158.125 Fixed 0.012 0.019 0.016 

G003 704,533.631 9,281,858.322 158.152 Fixed 0.008 0.014 0.010 

G004 704,591.043 9,281,859.576 158.100 Fixed 0.007 0.010 0.010 

 

 
(a)                                                                            (b) 

 

Figure 5: Tie point results from nadir and oblique views: (a) full points (b) filtering points 

 

Table 4: Accuracy testing of 3D models with various scenarios 
 

Type Min (m) Max (m) Mean (m) RMSE (m) 

Scenario 1 0.001 0.081 0.018 0.135 

Scenario 2 0.001 0.049 0.007 0.087 

Scenario 3 0.001 0.070 0.007 0.082 

Scenario 4 0.001 0.049 0.004 0.064 
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(a) 

 
(b) 

 

Figure 6: 3D mesh model (a) dense cloud (b) depth maps 
 

 
 

Figure 7: Correlation between actual dimension and residual squared: 

(a) scenario 1 (b) scenario 2 (c) scenario 3 (d) scenario 4 
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Front facade 

 
Front facade 

 
Side facade 

 
Side facade 

 
Top of building 

 

(a) 

 
Top of building 

(b) 

Figure 8: Façade visualization derived from UAV 3D modeling: 

(a) depth maps (b) dense Cloud 

 

Table 5: Visual facade from dense cloud and depth maps result 
 

Source 

Visual Appearance 

Semantics Texture 

Window Door Pillar Roof and 

Wall Facade 

Shape Color 

Dense Cloud 10 are 

partially 

formed and 

22 are not 

formed 

11 doors are 

not perfectly 

formed 

20 building 

pillars are 

formed 

The roof and 

wall facade 

are formed 

Surface with 

large hole 

Realistic 

Depth map 10 are 

partially 

formed and 

22 are not 

formed 

11 doors are 

not perfectly 

formed 

20 building 

pillars are 

formed 

The roof and 

wall facade 

are formed 

Smooth Realistic 

 

The largest residual is 0.05 in sample 30 in the facade 

dimension with a distance of ~5 m. Then, Scenario 3 

produces an RMSE value of 0.082 m with an R 

square value of 99.97%. The largest residual is 0.07 

in sample 11, the same as in scenario 1, namely the 

facade with a distance of ~8 m. Finally, Scenario 4 

produces an RMSE value of 0.064 m with an R 

square value of 99.98%. The largest residual is 0.05 

in sample 30 in the facade dimension with a distance 

of ~5 m. Based on Figure 7, scenario 1 produces a 

residual square with an imprecise distribution. This is 

because the mesh model from Dense Cloud produces 

a facade with a rough plane pattern. The facade plane 

looks like it is uneven, due to the imperfection of the 

tie points formed. The use of GCP in scenarios 3 and 

4 produces better RMSE accuracy compared to 

without GCP (scenarios 1 and 2).  
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Using a similarity transformation consisting of one 

scaling parameter, three rotation angles, and three 

translation vector parameters, GCP shows the 

geometric relationships between 3D points in the 

local and global coordinate reference systems [28]. 

These seven parameters are used to adjust real-world 

objects. However, in order to accurately generate 3D 

surface reconstruction, GCP can remove distortion 

caused by the dome effect [29]. 

Even though in scenario 3 the RMSE is better, the 

identification process is more difficult because the 

facade formed is not perfect. In terms of the visual 

semantic appearance of facade ornaments such as 

doors, windows, pillars, roofs, and wall facades, the 

results of both processing using dense clouds and 

depth maps produce almost the same visualization 

results. A summary of facade ornaments can be seen 

in Table 5. In terms of texture, the results of depth 

maps are better because they produce a 3D surface 

model with minimal perforated areas and have a 

smoother texture compared to dense clouds. A more 

complete visual comparison of the results of facade 

ornaments between dense clouds and depth maps can 

be seen in Figure 8. Facade areas that are not 

photographed during UAV acquisition will produce 

perforated areas due to the unavailability of point 

clouds. High-density point clouds are needed to 

produce 3D models of complex building facades [30] 

and [31]. This high density can be obtained from 

UAV multilooking capture. 

 

4. Conclusions 

The computation of the GCP produced fixed phase 

ambiguity solutions for all points, with capable 

horizontal and vertical accuracy. These GCP points 

can be used for the georeferenced process on aerial 

photos. On the other hand, to produce a realistic 

mesh, it is necessary to carry out a tie point noise 

filtering process. The combination of GCP and mesh 

input using Depth Maps (Scenario 4) produces the 

best RMSE compared to other scenarios, namely 

0.064 m. In this case, the use of Depth Maps produces 

better RMSE accuracy compared to Dense Cloud 

because the facade plane is well formed, making it 

easy to identify facades. The use of GCP has been 

proven to increase the dimensional accuracy of the 

facade (as can be seen in scenarios 3 and 4). This is 

because GCP arranges all the tie points formed in the 

most accurate position possible, thereby producing a 

precise 3D model. 

It has been demonstrated that integrating UAV 

data collection and processing improves the 3D 

object accuracy and appearance of facades. Building 

information modeling (BIM), building taxes, and 

applications that need precise facade information all 

depend greatly on knowledge of 3D object accuracy. 
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