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ABSTRACT 

Forest plantations are anticipated to play the important roles to maintain the 

commercial supply of logs and reducing timber demand from the natural forest. Thus 

the estimation of timber volume is crucial for the management to assess their 

productivity potential. Generally, the estimation of timber volume is considered a 

difficult task as ground measurement is expensive. The extensive use of Unmanned 

Aerial Vehicles (UAV) in forest plantations and indirect measurements of basic tree 

attributes is suitable for monitoring and timber volume estimation. The UAV 

measurement has the advantage that it can acquire the high resolution digital imagery 

through photogrammetry and Structure from Motion (SfM) to estimate basic tree 

attributes such as tree heights, diameter at breast height (DBH) and crown diameters.  

The purpose of this study is to estimate the timber volume of Acacia mangium 

plantations using ortho-mosaic, digital surface model (DSM) and digital terrain model 

(DTM), which are derived from UAV data. The involved workflow used Canopy 

Height Models (CHM) for the tree height extraction, the smoothing of raster images 

to find the local maxima and Inverse Watershed Segmentation (IWS) for estimation of 

the crown diameters which indirectly used to estimate the DBH and the calculation of 

Acacia mangium timber volume. All this workflow is done with the help of 

geographical information system. Finally, the accuracies of the two methods are 

validated by testing their significance. Results showed higher agreement between field 

measured and estimated UAV data for tree heights than for DBH based on RMSE, 

which ranged from 1.97 m – 3.33 m for height and 3.67 cm – 4.49 cm for DBH. 

However, the Pearson’s r for DBH derived from UAV measurement data shows weak 

correlation than that of the field measurement which ranged from 10% – 48%, while 

tree height shows the strong correlation between UAV measurement and field 

measurement which ranged from 75% – 99%. For the timber volume estimation, the 

RMSE ranged from 0.25 m3 – 0.34 m3 and Pearson’s r ranged from 33% - 62%. In 

overall, the accuracy of the results is acceptable and showed that the methods were 

feasible for Acacia mangium timber volume estimation.  
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ABSTRAK 

Perladangan hutan memainkan peranan penting untuk memenuhi permintaan 

kayu komersial dan mengurangkan pemusnahan hutan semulajadi. Oleh itu, anggaran 

isipadu pokok sangat penting terutama kepada pihak pengurusan ladang hutan untuk 

menentukan potensi hasil tanaman mereka.  Secara amnya, tugasan untuk menentukan 

isipadu pokok adalah sukar dan memerlukan kos yang tinggi. Penggunaan Unmanned 

Aerial Vehicle (UAV) sangat sesuai digunakan untuk tujuan pemerhatian dan juga 

penentuan isipadu pokok. Pengukuran menggunakan UAV mempunyai kelebihan 

dimana ianya dapat menghasilkan gambar digital beresolusi tinggi melalui teknik 

fotogrametri dan Structure from Motion (SfM) dan seterusnya digunakan untuk 

mengukur parameter asas pokok seperti tinggi pokok, diameter at breast height (DBH) 

dan saiz kanopi pokok. Tujuan utama kajian ini dijalankan adalah untuk menentukan 

isipadu pokok Acacia mangium daripada ladang hutan dengan menggunakan fotograf 

udara, digital surface model (DSM) dan digital terrain model (DTM), dimana ianya 

diperolehi daripada data UAV. Dengan menggunakan teknik local maxima daripada 

Canopy Height Model (CHM), tinggi pokok dapat ditentukan, manakala dengan 

menggunakan teknik Inverse Watershed Segmentation (IWS) pula, kanopi pokok 

dapat ditentukan dimana secara tidak langsung ianya digunakan untuk menentukan 

DBH, dan seterusnya pengiraan isipadu pokok. Kesemua jalan kerja ini dilakukan 

dengan bantuan sistem informasi geografik. Akhir sekali, ketepatan hasil kajian 

disahkan dengan menguji hubungkait antara dua kaedah, iaitu pengukuran 

menggunakan UAV dan pengukuran di lapangan. Hasil kajian menunjukkan 

hubungkait yang tinggi diantara tinggi kayu dan DBH yang diukur menggunakan 

kedua-dua kaedah berdasarkan nilai root mean square error (RMSE) dimana nilainya 

diantara 1.97 m – 3.33 m untuk tinggi pokok dan 3.67 cm – 4.49 cm untuk DBH. 

Walaubagaimanapun, korelasi Pearson’s untuk DBH yang diperolehi daripada 

pengukuran menggunakan UAV menunjukkan korelasi yang rendah berbanding 

pengukuran dilapangan menunjukkan nilai peratusan diantara 10% ke 48% manakala 

untuk tinggi pokok menunjukkan korelasi yang tinggi diantara dua kaedah dimana 

nilai peratusannya diantara 75% - 99%. Untuk penentuan isipadu kayu, RMSE 

menunjukkan nilai diantara 0.25 m3 – 0.34 m3 dan korelasi Pearson’s menunjukkan 

peratusan diantara 33% - 62%. Secara keseluruhan, ketepatan hasil kajian boleh 

diterima dan menunjukkan bahawa kaedah ini boleh digunakan untuk menentukan 

anggaran isipadu kayu Acacia Mangium. 
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CHAPTER 1  

 

 

INTRODUCTION 

1.1 Background of Study 

Forest plantations is not a new thing in Malaysia. Forestry Departments were 

the pioneer who directly involved in developing forest plantations. The Compensatory 

Forest Plantation is one of the program that developed by the Forestry Department in 

1982. This program planted the fast-growing tropical hardwood species such as Acacia 

mangium, Gmelina arborea and Paraserianthes falcataria (Abdul Rasip et al., (1997). 

In Peninsular Malaysia, a total of 0.07 mil. ha of natural forests had been transformed 

into forest plantations since 1996. 

Since 1973 and 1981, forest plantations were actively operational in East 

Malaysia. There were estimated around 10,000 ha of forest plantations planted in 

Sabah and Sarawak which consists of hardwood species such as Acacia mangium, 

Gmelina arborea, Paraserianthes falcataria and Swietenia macrophylla. The Acacia 

mangium species was the most species planted in East Malaysia particularly in 

Sarawak. 

The State Government’s commitment on sustainable forest management and 

establishment of enormous commercial forest plantation are among the proactive 

actions to make sure the timber industry is a sunrise industry. The implementation of 

sustainable forest management practices impacts the timber production from natural 

forests. Therefore, forest plantations play an important role to maintain the commercial 

logs supply. 
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Demand for supply of timber from forest plantations is expected to increase in 

the coming decades (Elias and Boucher, 2014). From 1990 to 2015, the global area of 

forest plantations increased from 167.55 to 277.9 mil. ha or approximately 4.06% to 

6.95% of the global forest area (Payn et al., 2015).  The spike in global and regional 

forest plantations shows the importance role of forest plantations in supplying timber 

to the downstream of forest industries. 

In 2016, there are two Forest Plantation Management Units (FPMU) and eight 

Forest Management Units (FMU) certified area that covering 3.97 mil. ha in Malaysia, 

including Sabah and Sarawak (MTC, 2016). Figure 1.1 shows the distribution of FMU 

and FPMU in Malaysia. The FMU is a demarcated land area where it was 

predominantly covered by natural forests and has been managed in a long run basis to 

set out clear objectives in the forest management plan (ITTO, 2004).  

 

Figure 1.1: FMU and FPMU location in Malaysia (MTC, 2016) 

Collecting accurate tree attributes information faster and more efficiently is 

one of the concerns and challenges of forest management. For planning and decision 

making in forest plantations, it is important to have the accurate quantification of basic 

tree attributes such as tree height, diameter at breast height (DBH) and crown diameter. 

With the help of basic tree attributes measurement, the timber stand volume of small 

extent areas can be calculated.  
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Inventory information on timber stand volume is required for harvesting 

rotations planning. With improvements of unmanned aerial vehicles (UAV), it is now 

possible to acquire high resolution imagery and three-dimensional (3D) data for basic 

tree attributes measurements. 

Conventional methods for forest inventory measurements is slowly replaced 

by high spatial resolution data from satellite imagery. Within this few years, the use of 

UAV for collecting various spatial information is tremendously increased. Recent 

studies have reported the use of UAV in various analyses, including forestry 

applications (Goodbody et al., 2017). The UAV imagery acquisition and post-

processing it with the structure from motion (SfM) method is one of the major new 

approaches to analyse forest structures (Mlambo et al., 2017). SfM is a 

photogrammetric method for building 3D models based on many two-dimensional 

(2D) images received a lot of attention in remote sensing fields with the use of airborne 

platforms. The advantage of UAV data is that high resolution ortho-mosaic images can 

be generated that clearly detect tree canopies (Panagiotidis et al., 2017). Moreover, 

this approach can be used to construct 3D models of an area through photogrammetry. 

This means that there are possibilities for extracting forest inventory from UAV data 

(Wallace et al., 2016). 

Thus, the purpose of this study is to assess the use of UAV system for 

estimating timber stand volume, focusing on extraction of the tree height and DBH, 

using both an ortho-mosaic image and a 3D model constructed using the SfM method.  
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1.2 Problem Statement 

Many interested parties such as commercial sector, merchantable timber and 

wood products require information of the forest biophysical parameter such as stand 

volume, growing stock volume and aboveground biomass. This interested parties need 

proper tree attributes measurement in order to determine the exact value in that tree. 

Not only used for downstream woodworking mills to produce furniture, these timber 

also manufacture the mouldings, doors and flooring. Researchers and foresters need 

this basic tree attributes in order to estimate timber volume from individual tree. 

Estimation of timber stand volume is important in observing for reasons of planning 

and documentation in forest plantations industry.   

Generally, tree attributes measurement is done using conventional technique, 

in which the measurement is carried out using field instruments such as measuring 

tape, scale stick and inclinometer (Luoma et al., 2017). Conventional methods in 

plantations areas are time consuming. Basic measurements of tree attributes are tree 

height, DBH and crown diameter. Tree DBH is measured at 1.3 m above the ground 

(Avery and Burkhart, 2002). Height of tree and height to crown is measured using sine 

and tangential method from the distance observer or scaling method. This conventional 

technique is usually use as the most accurate measurement that should be use for 

validation of other remotely sensed measurements and estimation. The main issue with 

conventional method is that it required a lot of time to complete where many 

manpower needed for the measurements of numerous trees in small area. 

To estimate timber stand volume, the spatial information of individual tree 

crown delineation for Acacia mangium plantations is needed. This will help to balance 

the harvesting cost for forest plantations management. The precise estimation for forest 

inventory is important in achieving sustainable forest management. Normally, the pre 

harvesting estimation of standing timber volume is very critical for successful 

operation especially in the forest plantations. This will decide the basis for harvesting 

maps and help to balance the harvesting cost and expected incomes from wood sales.  
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For spatially larger areas, modelling of volume requires the use of remote 

sensing information for practical purposes. Moreover, the value of inventory data of 

remote sensing can have increased with the detailed coverage at lower cost. The high 

resolution imagery can be obtain from UAV system and it has abilities to generate 

digital surface model (DSM). This is one of the advantage using the UAV system 

because of the cost that is cheaper than that airborne laser scanner (ALS) system.  

This study utilizes the data generated from UAV for tree attributes 

measurement. The purpose of this study is to evaluate the accuracy of basic tree 

attributes measurement using 3D data obtain from UAV. The accuracy of the 

measurement during this study tested and validated with the conventional 

measurement technique on the field.  

1.3 Research Objectives 

The aim of this study is to assess the capability of UAV system for timber 

volume estimation of Acacia mangium forest plantations in Sarawak. This aim is 

supported by several specific objectives: 

 To estimate basic tree attributes (tree height, DBH) and timber stand volume 

at plot-level based on UAV data. 

 To evaluate the accuracy of basic tree attributes measurement and timber stand 

volume obtained from UAV with the conventional field measurement. 
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1.4 Scope of Study 

This study was conducted in Segan Reforestation Project, own by Samling 

Reforestation (Bintulu) Sdn Bhd, located at latitude 2º 58’ N to 3º 12’N and longitude 

112º 58’ E to 113º 12’E near the town of Bintulu, Sarawak in Malaysia. Segan 

Reforestation Project is one of the two FPMU in Malaysia. The first planting for this 

project was carried out in the year 1999/2000 and it was the earliest Industrial Tree 

Plantations (ITP) established in Sarawak. There are several species planted in Segan 

Reforestation Project such as Acacia mangium, Falcataria moluccana and Eucalyptus 

pellita.  

 

Figure 1.2: Location of study area 

 

However, this study only focuses on the Acacia Mangium species, with 10 

years old planting age. The Acacia mangium is a fast growing species where the 

harvesting for this species is done when the trees reach matured ages which is within 

13 to 15 years.  
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Figure 1.3: Wild Acacia mangium tree 

For this study, primary data collected from DJI Phantom 3 Professional, a 

multi-rotor UAV system. Previous studies have shown that UAV can be used to 

retrieve basic tree attributes such as tree height, DBH, tree delineation and crown 

projection area (Panagiotidis et al., 2017). However, this study only focused on 

measuring basic tree attributes for timber stand volume estimation which is tree height, 

DBH and crown size. The selection of this attributes is based on the previous studies 

on timber stand volume estimation (Abdollahnejad et al., 2018).  

The timber stand volume is measured roughly using conventional field 

measurement that involve lots of manpower, inaccurate and not applicable for large 

plantations area. Same goes to the estimated timber stand volume using ALS in which 

the results are reliable but the data is very expensive to be use for large plantations 

area. Further study on this matter is required to access the timber stand volume 
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estimation from 3D data that generated from UAV and see how accurate the timber 

volume estimation using this approach. In this study, the Acacia mangium species was 

selected to be estimated its volume in Sarawak. 

For processing of UAV images, the Pix4Dmapper Pro software was used. 

Pix4Dmapper Pro developed by Swiss company, Pix4D, which is a computer vision-

based software company. This software has a capability to create a geo-referenced 2D 

ortho-mosaic and 3D point cloud based on the images captured from the UAV. The 

processing using Pix4Dmapper Pro is automated. However, some options can be set 

for the SfM, the bundle block adjustments (BBA) and the camera self-calibration 

(Benassi et al., 2017).  

For spatial analysis, the ArcGIS 10.2.1 software was used. This software is a 

Geographic Information System (GIS) basis products developed by Esri. The ArcGIS 

software is powerful tool to manipulate spatial data for geographical information. 

For analysis part, all statistical analyses were conducted in Microsoft Office 

Excel. The linear regression analysis is used to assess the relationship between the 

measured and estimated parameter. 
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1.5 Methodology 

 

Figure 1.4: Flowchart of the methodology 

 

 



10 

1.6 Significant of Study 

Timber stand volume estimation from basic tree attributes have drawn attention 

of research society mainly to support sustainable forest management and retrieving the 

necessary data for silviculture activities. This study utilized the UAV system in 

retrieving basic tree attributes for timber stand volume estimation. Conventional 

methods for tree attributes measurements are time consuming and expensive to 

conduct. Currently, the accurate measurement of timber stand volume from basic tree 

attributes is completed through felling and weighting processes. This process is not 

practical in forest plantations as it will cause loss to the operation since the trees need 

to be cut down in order to calculate the timber stand volume.  

This study is an effort to estimate the timber stand volume over the large 

plantations area based on the tree attributes measurement. The tree attributes 

measurement such as tree height, DBH and crown diameter can be estimated from 

UAV system. The 3D data from UAV such as DSM provide effective and time 

consuming estimation of timber stand volume in which it has been investigated 

throughout this study. Precise timber stand volume estimation is very beneficial in 

achieving sustainable forest management.  

This study will promote UAV system as an option for timber stand volume 

estimation to replace the conventional methods. Forest plantations companies such as 

Samling Reforestation (Bintulu) Sdn Bhd which actively involved with forest 

plantations can expose to this kind of technology and utilize it in their plantations. This 

study also proved that UAV system can be used in forest plantations for monitoring 

through temporal measurement for management decision making. Therefore, the 

output of this study which is timber stand volume estimated using UAV system can be 

seen as a future potential in replacing conventional methods. 
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1.7 Thesis Outline 

This thesis consists of five chapters in which each chapter are separated 

systematically to clearly show the significance of this study towards timber stand 

volume estimation using UAV system.  

Chapter 1 contains sub-chapters that initiate the idea in conducting this study 

with background of the study showing the importance of timber stand volume 

estimation for forest plantations. This chapter also stated the problem faced with 

conventional methods for tree attributes measurements and timber stand volume 

estimation. The objectives developed for this study also outlined in this chapter as a 

guideline throughout the study. Significance of the study discussed the contributions 

of this study to acknowledge the usage of UAV system in forest plantations 

particularly in timber stand volume estimation. Scope and limitation of this study also 

highlighted in this chapter to ensure that this study can be completed within the 

suggested timeframe. 

Chapter 2 summarizes reviews from the related literatures in which this chapter 

discusses on the advancement of remote sensing technology particularly in timber 

stand volume estimation and basic tree attributes measurements from conventional 

methods to satellite based and UAV based approach. This chapter also underlined the 

problems faced from the conventional methods and also not enough studies focusing 

on usage of UAV system for standing timber volume estimation for forest plantations.  

Chapter 3 is completely devoted to introduce datasets and methodologies used 

in this study. Methodologies highlighted are the sample plots configuration in the field, 

SfM methods to generate point clouds from UAV data, spatial analyses to extract tree 

attributes from UAV data and calculation of the standing timber volume. Methods of 

validation were also discussed in which estimated and measured tree measurements 

and volume is validated. 
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Chapter 4 focuses on presenting and discussing the results from processing 

outlined in Chapter 3. This chapter shows statistical analyses from the measurements 

data. 

The results obtained shown in Chapter 4 are used in Chapter 5 to prove that 

objectives from this study were achieved. Chapter 5 also presented recommendation 

to improve the results as the continuation of this study is highly recommended based 

on the findings show in this study which timber stand volume estimation by using 

UAV system. 
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