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Abstract  In recent years, scholars have witnessed the increasing progress of using unmanned aerial systems (UASs) in 

topographic mapping due to its lower cost compared with alternative systems These UASs enables tree height estimation by 

capturing overlapped images and generating 3D point cloud through the structure from motion (SfM) algorithm. To ensure 

that the normalized digital surface model (nDSM) in the mountain areas is created accurately, careful attention to flight 

patterns and uniform distribution of ground control points (GCPs) are necessary. To this end, a quadcopter equipped with an 

RGB camera is used for imaging an area of 131 hectares in two steps: firstly, through a single flight strip with an optimized 

distribution of GCP and secondly through an improvement of the flight configuration. Afterward, two nDSMs were created 

by the automatic processing of raw images of both approaches. The prominent results demonstrate that the smart integration 

of key parameters in flight design can bring the root mean square errors (RMSE) down to 52.43 cm without the need to 

include GCPs. However, using GCPs with an appropriate distribution culminates in RMSE of 33.59 cm, which means   

35.93% better performance. This study highlights the impacts of optimal distribution in GCP on nDSM accuracy, as well as 

the strategy of using images extracted from the combination of two flight strips with different altitudes and high overlap when 

local GCP is inaccessible, was found to be beneficial for increasing the overall nDSM accuracy. 

Keywords  Tree height estimation, Unmanned aerial systems (UASs), Ground control points (GCPs), Normalized digital 
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1. Introduction 

Trees height is one of the most significant parameters of 

the ecosystem because it is closely related to ecological 

functions and ecosystem biodiversity [1]; thus, obtaining its 

accurate geospatial data for forest applications is essential 

[2], which necessitates using an effective methodology [3]. 

Most remote sensing satellites barely measure vertical 

structural information of trees because they lack suitable 

spatial resolution. Although multi capabilities of light 

detection and ranging (LiDAR) technology propose the right 

solution for height estimation (as waves are capable of 

penetrating the dense vegetation), to the same proportion, we 

are facing its high costs and dealing with enormous amounts 

of data that it's difficult to organize [4]. Hence, a 

cost-effective and efficient approach is required to digitize 

the land, which not only fits into the various topographical 

features of the intended area but also provides the desired 
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spatial resolution.  Nowadays, quadcopters are known as a 

critical part of modern photogrammetry, which can collect 

high radiometric resolution images by connecting 

non-metric digital cameras to a small flight platform, thanks 

to its harmless features, usability, excellent stability, and 

ability to record [5]. Algorithms like, structure from motion 

(SFM) and multi-view stereo (MVS) are highly efficient, 

inexpensive and user-friendly approaches to reconstruct 

high-resolution modeling in places with complex topography 

which greatly improve the automation of photogrammetric 

workflow [6]. SFM is a photogrammetric technique based  

on computer vision for extracting a 3D structure from 

multiple-view images taken with moving cameras [7]. 

Comparing the evaluation of SFM/MVS methods, which do 

not need prior knowledge about camera position and its 

parameters, to the conventional photogrammetric methods 

illustrates that time and expenses can be diminished through 

these novel approaches, and it can be considered as a flexible 

alternative due to the high time-frequency observations [6]. 

Based on the dense point cloud generated using SFM 

technique, high spatial resolution orthophoto mosaic and 

digital surface/terrain models can be generated [8,9] which is 

critical for plant structure assessment [10]. Losing about 350 

square meters of forest every second causes climate change 

in Iran, which generates 715 million tons of carbon dioxide 
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annually. In this regard, SFM-based normalized digital 

surface models can be updated regularly, as a practical 

approach to obtain accurate information about plant surface 

features such as tree height. These measures are essential for 

monitoring and simulating forest regeneration activities and 

for quantitative analysis of forest structure and dynamics 

[11]. The nDSM denotes the absolute altitude of artificial 

altitudes relative to ground elevation which can be 

determined by height normalization through an existing 

digital terrain model (DTM) (i.e. DTM must be subtracted 

from DSM) [10]. 

 

Figure 1.  Schematic of DEM types 

Therefore, the accuracy of the tree height model depends 

heavily on the authenticity and integrity of the 3D models, 

especially the DSM. The accuracy of the digital surface 

model of the UAS photogrammetry is influenced by many 

factors, among which are camera’s focal length, ground 

sampling density (GSD), camera orientation, sensor quality, 

the amount of overlap between images, area morphology, 

and finally, using the ground control points (GCP) which is 

the most essential item [12,13]. Actually, GCP affects the 

accuracy of aerial triangulation [14]. Although Setting GCPs 

with decent distribution is a time-consuming and costly 

process, it is still known as a method with the highest vertical 

accuracy achievable among other methods of improving  

the precision of UAS-based imagery products [15]. Thus, 

although the minimum expected number of GCPs to achieve 

a target quality is not determined yet, the number of control 

points is highly related to the image situation. Consequently, 

if coordinates of the images' centers are not achieved    

with high precision, at least four to five GCPs must be 

considered for optimal accuracy [16]. Having conducted a 

comprehensive review, Enoc Sanz et al. found a remarkable 

relationship between the number and location of introduced 

GCPs in bundle block adjustment and the UAS-SFM 

photogrammetric accuracy. Besides, they also find the GCPs’ 

distribution in a triangular mesh network very effective as 

the maximum distance to each GCP is minimized [17]. 

Literally, determining the best combination between various 

parameters such as distribution’s configuration, number of 

GCPs, and distance between GCPs can dramatically boost 

the authenticity of the SfM’s outputs [18]. Ramirez et al [19]. 

evaluated the UAS-photogrammetric mapping accuracy  

and indicated that obtaining GCP at the margins of the 

photogrammetric block in terms of planar accuracy, 

culminates in good results; However, given that vertical 

precision is subject to elevation changes level at block 

surface and other factors, which are different from errors in 

planar coordinates, achieving acceptable vertical precision is 

not possible. Hence, to optimize the vertical accuracy, the 

control points at the surface and center of blocks must be 

classified. By doing so, the integration of these two methods 

leads to dwindling the obtained total error value. Forlani et al. 

[20] analyzed the Automatic Aerial Triangulation (AAT) 

performance, as a standard approach to georeference UAS 

image blocks, compared to GCPs. In this regard, a DSM    

is generated by RTK-UAS in three different settings of  

block control (1. Only GCP, 2. Only camera stations 3. The 

integration of one GCP and camera stations). The first and 

third options proposed the best DSM. Planar and elevation 

errors in AAT methods are dropped in the bucket compared 

to the conventional methods; however, it cannot be certainly 

replaced with future GCPs. Both GCP coordinates 

measurements and camera positioning, while taking photos 

with RTK, were employed to estimate tree height with the 

images of a flat garden taken by UAS. Estimating trees 

height using GPS- RTK was calculated by Tejada, et al [21] 

and the root mean square error (RMSE) obtained 35 cm. 

Birdal et al [22] also utilized a UAV with six GCPs to 

analyze tree height, which resulted in RMSE of 28 cm. As 

can be seen, a great number of studies have been conducted 

on developing various methods of achieving high accuracy 

and reliability in nDSM, based on using the least control 

points or even no points. However, these studies failed to 

consider the impacts of better distribution of GCPs and 

effective parameters of flight design in analyzing nDSM 

accuracy. Thus, this research aims to determine the 

importance of understanding the effects of optimizing the 

ground control points (GCPs) and the flight design 

parameters for modeling the tree height estimation by the 

UAV photogrammetric process. In this research, the nDSM 

of a case study area is generated based on processing images 

captured by a quadcopter. The tree height model is generated 

in two procedures. At first, the optimal distribution of ground 

control points and its related information are inserted into the 

model. In the second scenario, the flight plan and camera 

configuration to achieve the highest accuracy are considered 

to export the results. Finally, both procedures results are 

compared with the real height of trees, which is measured by 

laser distance meter. 
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2. Materials and Methods 

2.1. Study Area 

The photographed area is about 4350 hectares, located in 

southwestern Iran in Khuzestan province. This area is also 

located at a 39 km distance from Koushka, a village in the 

outskirts of the Koohrang city in Chaharmahal Bakhtiari 

province of Iran. The geographical coordinates of the region 

are ′ 18 ′ 22 ° 32 ° N latitude and ″ 52 ′ 50 ° 49 E longitude.  

 

Figure 2.  The location of the study area at Koohrang, Iran 

2.2. UAV Platform and Primary Data Collection 

A Sony Cyber-shot DSC-WX220, 18 MP digital   

camera was used to perform photogrammetric 3D point 

determination. The flight elevation is 100 meters, and its 

spatial resolution is 0.0315 meters. The drone is controlled 

manually to take pictures at the size of 4896 × 3672 pixels 

with excellent quality. 

2.2.1. Based on a Single Flight and Optimal Configuration of 

GCPs 

According to the literature section, the spatial distribution 

of GCPs is directly related to the geometric accuracy. In light 

of this evidence, our strategy to distribute GCPs in space as 

uniformly as possible which can cover elevations variability 

was conducted based on as the following points:  

1.  Getting GCPs at the corners of the photogrammetric 

block to model the possible distortions patterns and 

errors of the entire block. 

2.  Setting GCPs at the center of the area to cover the 

elevation distortions of the entire block.  

3.  Consideration must be given to the equidistant 

coverage and the angle between the GCPs, because the 

angle between them will be calculated during the 

bundle adjustment process [23]. 

Based on these tips, nine ground control points (GCPs)  

are appointed and measured in the area, to insert related 

information into the software during the processing stage. 

Fig 2, demonstrates the GCP’s configuration used in this 

study. The quadcopter was then controlled to fly over the 

pre-designed path and aerial path. The aerial photography of 

the is performed by capturing 49 color images with 4mm 

focal length and 3.15 cm ground sampling distance.  

 

Figure 3.  GCP configuration for the photogrammetric block in the 

approximate shape of the study area 

2.2.2. Based on Flight Planning Parameters and without 

Using of GCPs  

In order to optimize the UAS campaigns, especially  

when setting and measuring GCPs is accompanied by 

inaccessibility or severe shortages of time and financial 

resources, we evaluated the impact of flight planning on the 

accuracy of nDSM, and in particular the calculation of tree 

height. Interlocking ideas which affect the calibration of 

aerial cameras are used to manage drones operations such as 

increasing image overlap, the integration of two flight strips 

with different elevation and camera angles. In this study, the 

flight mission was planned with two intersecting blocks 

consisting of two flight paths with imaging at two different 

heights (as shown in the figure below). All photos taken in 

the abovementioned blocks included 80% frontal overlap 

and 60% lateral overlap. Since the tilt of the camera is 

usually determined based on local morphology, a nadir 

camera tilt was chosen due to the roughness of the area. The 

quadcopter is equipped with a GPS-enabled receiver which 

can be connected to the satellites and this capability helps   

it to save the camera’s location during data capturing. 

Afterward, all these images were combined in one process. 

This innovative technique was implemented to improve the 

outputs of bundle block adjustment and, subsequently, 

increasing the planar and vertical accuracy. By doing so, the 

role of an optimal configuration of a photogrammetric block 

in nDSM quality derived from this method can be 

understood better. 

Table 1.  Characteristics of the flight plan 

Camera tilt Overlap Flight patterns 
Number of 

images 

0° 80%-60% 

 

210 
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Figure 4.  Interlocking parameters in flight plans  

2.2.3. Field Measurements for Results Validation 

According to the field observations, the height of 25 

random trees was evaluated. Each amount of height is 

calculated by measuring horizontal and vertical distance and 

the angle of slope between meters and targets. Then, the 

location of each tree is also recorded by manual GPS. These 

ground measurements were used to determine the accuracy 

and overall correlation coefficient of the results obtained 

through photogrammetric image processing. 

2.3. Generation of DSM, DTM, Ortho-images 

Considering two different approaches to data collection, 

this step was also performed in two series to produce two tree 

height models at the end. This phase was automatically 

carried out in Agisoft photoscan software. Using Align 

Photos function, the relative orientation of images to each 

other was done [24]. After the relative orientation of the 

images is established, the exterior orientation for the first 

model should be made using GCPs. hence nine GCPs were 

marked in the software and bundle block adjustment 

performed automatically, so all images were accurately 

georeferenced by the ground control information. A total of 

65211 key points were used for the BBA with 7189256 3D 

points. The mean reprojection error of the adjustment was 

0.41. No GCPs were used for the second model at this stage, 

just the positioning information derived from UAVs GPS 

was used and the camera parameters were accordingly 

improved to optimize the model precision. Key points, 3D 

points and reprojection error of the adjustment were 130422, 

11084480 and 0.63 respectively. The continuation of the 

image processing from this point was repeated exactly for 

each model. Then dense point cloud surfaces are generated. 

Also, this point cloud was interpolated using the triangular 

irregular network (TIN) and a 3D digital model was created. 

Agisoft Photoscan determines the surface models as DEM, 

which in this case are the same as DSM. It should be noted 

that mesh reconstruction based on dense point clouds 

facilitates the generation trend of DSM, yet to generate a 

DTM this method cannot be applied because our points are 

not classified [25]. A set of points should be selected that 

exist on the ground surface. Therefore, mesh reconstruction 

allows for DTM extraction only based on ground points. 

 

Figure 5.  UAS derived Orthomosaic & 3D model construction 

Flights on two 
orthogonal routes 

with various 
elevations

High
overlap

Camera tilt
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3. Results  

3.1. Creating the Normalized Digital Surface Models 

The nDSM is a digital model with elevation changes 

which includes all-terrain features. Considering the method 

of nDSM generation as explained earlier, we used ArcGIS 

software to subtract the DTM from DSM and extraction of 

tree height. For this purpose, we converted the filing 

containing XYZ values to raster format. In order to generate 

nDSM in ArcGIS software, the following workflow should 

be implemented: 

First: Arctoolbox >>>> Conversion Tools >>>> In Raster. 

Second: Arctoolbox >>>> 3D Analyst Tools >>>> Raster 

Math >>>> Minus. 

With the same workflow, we extracted two tree height 

models and the following figure represents one of the final 

generated models. 

 

Figure 6.  Normalized digital surface model based on flight plan 

Fixed tree window sizes (FWS) of 3×3, 5×5 and 7×7 were 

able to detect more trees and had a significant impact on the 

detection of tree surfaces and forests using a local algorithm 

of maxima in UAV-derived images. 

3.2. Evaluating the Accuracy of Generated Digital 

Surface Models 

According to the quality assessment results of the 

extracted DSMs as summarized in Table 2, the equal 

distribution of GCPs is imperative for the DSM accuracy. 

Moreover, implementing geometric self-calibration methods 

based on flight design also provides acceptable accuracy. 

Table 2.  Information on UAS image orientation and DSMs processing 

Model 

DSM Based On 

Optimal Flight 

Mode 

DSM Based On 

Standard 

Distribution Of GCP 

Reprojection error 

(pixels) 
0.65 0.41 

RMSEXY (m) 0.071 0.0460 

RMSEZ (m) 0.118 0.0756 

3.3. Validation Between nDSM-Derived Heights and 

Field Measurements 

The height values 25 trees were extracted from two 

generated models and then we plotted linear regression and 

their correlation coefficient values using Excel program  

and obtained the root-mean-square deviation as a statistical 

index for assessment of values accuracy. To assess the two 

different methods employed to calculate tree height from the 

UAS imagery, we computed RMSE and Normalized RMSE 

of the height estimates using the following equations: 

RMSE =  
 (𝒉𝒊−𝒉 𝒊)𝒏
𝒊=𝟏

𝒏
                (1) 

Normalized RMSE = 
𝑹𝑴𝑺𝑬 

𝒉𝒎𝒂𝒙− 𝒉 𝒎𝒊𝒏                           (2) 

Table 3.  Evaluation of the accuracy in the methods adopted 

METHODS 

Tree Height 

Estimation Using 

Ideal Settings In 

The Flight Plan 

Tree Height Estimation 

Using The Uniform 

Configuration Of GCPs 

RMSE 52.43 33.59 

Normalized 
RMSE 

20.16 12.91 
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Figure 7.  Linear regression analysis on tree height estimation 

4. Discussion 

The structural characteristics of trees, in particular, their 

heights, are biologically and economically important. The 

first step in sustainable vegetation management is finding 

accurate and updated information. Using remote sensing data, 

especially UAVs in vegetation management studies has 

attracted attention, as field data acquisition is a too expensive 

and time-consuming process. The authenticity of the 

normalized digital surface model derived from the 

UAS-SFM approach is reliable to assess tree heights.  

Previous research, in line with the disciplines of UAS 

photogrammetric, proposed several procedures to generate 

more accurate 3D models of the terrain surface with the least 

error rate. A wide range of these studies has focused on 

employing GCPs and its different density and placements to 

reduce errors and boost nDSM accuracy derived from 

UAS-SFM. Evaluation of these findings helps to better 

understand the role of GCP’s density in planar and vertical 

accuracy of UAS-derived digital elevation models. It is not 

easy to determine the exact number of GCPs required at a 

photogrammetric block. However, because the planar 

accuracy of digital models is always better than vertical 

accuracy, the number of GCPs needed to produce reliable 

results is not generally high [26]. Setting approximately 5 to 

7 GCPs provide good performance to decrease the error 

range. Although there are no fixed rules on how to GCPs, the 

uniform distribution of all points is highly recommended 

[27]. 

The main objectives of this research are to improve the 

normalized digital surface model derived from UAS-SFM 

data processing and to afford an opportunity to calculate the 

exact height of trees. In this regard, two different methods of 

increasing the accuracy proposed and analyzed. Our first 

strategy was to optimize the configuration of GCPs and we 

tried to distribute GCPs uniformly on corners and centers of 

the area to find the most accurate nDSM. But, the uneven 

areas covered by vegetation cause a lack of proper access for 
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setting GCPs, and there is not a practical and affordable 

solution that can be applied for remote regions. So in the 

second step, the research is focused on designing an effective 

procedure for getting closer to the accuracy of the GCP-BBA 

method and accordingly, we idealized the flight plan. 

Because the final results of UAS-SfM Photogrammetry with 

non-metric cameras are deeply influenced by other factors 

such as flight pattern, flight elevation, morphology, camera 

angles, and the amount of overlap. There are several studies 

that have been conducted to investigate tree height based on 

nDSM through UAS results. However, there is a research 

gap in assessing the impacts of GCPs’ configuration and the 

integration of all key parameters of the flight plan at the  

same time on the accuracy of the tree height model (in a 

mountainous area). 

Results demonstrate that GCP-BBA provides better 

accuracy compared to the flight plan of this study. However, 

field self-calibration based on flight parameters and image 

capturing conditions seem so effective in improving the 

results of block adjustment. Using the flight operation on two 

orthogonal routes at two different heights with high forward 

and lateral overlap leads to reconstructing data from various 

perspectives and further enhancement of observations and 

resulted in reducing planar and vertical errors. Besides, a 

90-degree vertical view was considered for the imaging 

process because the study area was not flat. 

Lim et al. [28] calculated the tree height situated on a flat 

area by using a UAV without obtaining GCP, which resulted 

in RMSE = 0.84m. K. Zainuddin et al. [29] achieved RMSE 

= 66.2cm result in a similar study with the same operating 

conditions but using images obtained with UAV at a 

low-altitude. Whereas the validation result of the nDSM 

derived tree height estimation based on our method showed 

the greater potential to improve accuracy even in an uneven 

area and also thereby reducing the complicated and 

time-consuming collection of GCPs in the region. However, 

the best procedure selection depends heavily on project 

objectives, and time and cost involved. 

Concerning the application of GCPs, measurement error 

in tree height estimation was calculated approximately 

5.6cm higher than Birdal et al. results. However, Birdal et al 

obtain six GCPs in one-hectare which has a high GCP 

density, that imposes much higher costs and operations 

compared to what is done in this research by setting three 

more GCPs in a much larger study area. Besides, their flight 

altitude was so close to the ground. It is worth noting that the 

morphology of trees is so essential because detecting and 

separating the tree-crown boundaries affects the accuracy of 

height estimation [30]. For instance, Iizuka et al. [31] 

assessed a very dense forest area to estimate its tree height 

with root mean square error of 1.71m. But, Iran’s vast forest 

consists of a low-dense forest which afford an opportunity of 

using a drone’s images of single tree-crown to quantify 

heights. 

This research highlights the suitability of the second 

method which uses the integration of flight plans of the 

imaging platform to reduce the need for ground operations 

and errors of tree height estimation. But it is still necessary to 

expand the scope of these studies, future studies can evaluate 

the integration of UAS-RTK with combined flight patterns 

and high overlap or the installation of low-cost LiDAR 

sensors (such as the Livox Mid-100) on the quadcopter for 

reduction of GCP requirements for mapping dense forest 

areas. Developing strategies that improve the accuracy of 

UAS-SFM derived products could shed light on the 

systematic monitoring of biophysical parameters.  

5. Conclusions 

In this research, two normalized digital surface models 

(nDSM) were derived by processing UAS-surveys data. 

Utilizing our results in tree height quantification based on 

this approach, several suggestions are put forward: 

1. The nDSM derived from UAS provides an adequate 

accuracy to estimate the height of the trees. Whereas vertical 

accuracy as the main criterion of these models is lower than 

planar accuracy in both proposed approaches. This is likely 

due to these two facts: 

i)  The low base / height ratio, which is a more accurate 

reconstruction of surface features. 

ii)  Improving the distribution of GCPs and increasing 

overlapping can boost the vertical accuracy to a 

certain extent so that after reaching the threshold they 

can no longer increase its accuracy. 

2. With the optimal distribution of GCPs in 

UAS-photogrammetry, tree height was estimated to be  

35.93% more accurate than the idealized flight plan. It is 

while setting GCPs in a mountainous area is an intricate part 

of all projects. Also the error of estimating tree height based 

on flight planning was also below 53 cm and provided a 

competitive accuracy. That is, it can significantly affect the 

overall quality of nDSM. Therefore, it should be 

programmed thoroughly to provide standard topographic 

data. 

3. Less operational complexity, minimizing cost, and 

effective replacement in reducing errors of tree height 

models in remote areas are the prominent advantages of 

using the smart integration of key parameters in the flight 

mode. 

4. It is worth noting that having the exact location of the 

principal points which are obtained by GPS is so crucial in 

the absence of GCPs. Therefore, the navigation of these 

quadcopters should be very precise as it may cause a gap 

between photos or flight paths. 

5. The nDSM of both procedures, the height of some 

single-tree, is calculated with slightly larger error than 

normal, this uncertainty in estimation was due to the 

insufficient distance between the trees. 

Our research is not exhaustive and further steps should be 

taken in this research path. Finding how presented 

approaches work, helps researchers to better understand  

the concepts which culminate in reaching practical 

achievements in adopting UAS technology and increasing 
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the productivity in response to forest management needs. 

With all these taken into account, the integration of UAS 

images with the inclusion of GCP in BBA indicates a reliable 

approach in tree height estimation. In order to reduce the 

GCPs’ requirements, the combination of flight plans should 

be planned coherently to promote the SfM workflow. 

Specifically, the combined usage of images extracted from 

two flight strips with various elevations and high front and 

lateral overlap provides a reliable solution for extracting tree 

height information in an area with heterogeneous terrain. 
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