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ABSTRACT 

 

 

With the forestry and logging activities contributing to 5.4% of the agricultural sector in the 
Malaysia’s 2019 GDP growth, this had thus implied the forest as having a significant role in 
national growth and the critical need of a precise tree volume estimation. Other than that, the 
forest also plays a pivotal role in forest management and administration as the tree volume 
assessment is a key element in the establishment of an efficient forest management plan for long-
run sustainability. It has been highlighted in the 38th Majlis Urusan Hutan dan Silvikultur 
(MAJURUS) where each Forest Management Unit (FMU) is preferable to have their own local 
volume table. Research has therefore been conducted to be align with the issue highlighted by 
MAJURUS as the current practice by the Forestry Department Peninsular Malaysia (FDPM) is 
that the same volume table been used throughout all forest reserves in Malaysia and there is also 
a limited number of study performed on developing a volume table. Therefore, this research is 
to fill the gap by performing the development and validation of local and standard volume model 
for Malaysia’s forest reserve. Briefly, a volume table can be developed through several ways 
and one of it is by deriving from the volume function. In this research, the performance of several 
log formulas against several log sectional lengths will be tested. Results of the assessment show 
that Huber of 2 m log sectional length is the best as it recorded the least bias and lowest value 
of mean square error (MSE). The development of local and standard volume model is then 
performed by using one of the most powerful tools in analyzing the data of natural and physical 
sciences, which is regression analysis. The regression analysis consists of two phase which is 
relationship testing and volume equation modelling. 15 volume models were tested and the 
performance of each model will be assessed from the result of several statistical tests. The 
developed local and standard volume model is then validated against the current volume table 
practiced by the FDPM and developed volume table by the previous scholar for one of the 
secondary growth forest in Malaysia. The finding from the research found that the current 
volume table practiced by the FDPM tends to overestimate the estimation for diameter at breast 
height (DBH) that is greater than 40 cm which represented by 89.16% while the constructed 
volume models in this study have a higher accuracy level than the previous scholar as it records 
0.1565 of root mean square error (RMSE) lower than the previous scholar. Hence, this is clearly 
shown that the current volume table practiced by the FDPM is less reliable to be used for all 
forest reserves in Malaysia and there is a significant difference between the volume model 
developed for a different forest reserve. This is therefore in alignment with the issue highlighted 
by the MAJURUS. 
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ANALISIS PERSAMAAN ISIPADU POKOK UNTUK  

HUTAN SIMPAN CHERUL, TERENGGANU 

 

ABSTRAK 

 

Dengan aktiviti perhutanan dan pembalakan yang telah menyumbang sebanyak 5.6% daripada 
sektor pertanian dalam pertumbuhan KDNK 2018 di Malaysia jelas menunjukkan bahawa hutan 
mempunyai peranan yang penting dalam pertumbuhan negara dan keperluan terhadap anggaran 
jumlah isipadu pohon yang tepat adalah sangat penting. Selain itu, hutan juga memainkan 
peranan penting dalam pengurusan hutan dan pentadbiran kerana penilaian isipadu pokok yang 
tepat merupakan kunci utama dalam penubuhan pelan pengurusan hutan yang cekap untuk 
kemampanan jangka panjang. Telah diketengahkan juga di dalam mesyuarat Majlis Urusan 
Hutan dan Silvikultur (MAJURUS) yang ke-38  di mana setiap Unit Pengurusan Hutan (FMU) 
disarankan untuk mempunyai jadual isipadu balak yang tersendiri. Oleh hal yang demikian, 
penyelidikan telah dijalankan dan mendapati bahawa amalan semasa adalah bertentangan 
dengan saranan pihak MAJURUS di  mana, Jabatan Perhutanan Semenanjung Malaysia (FDPM) 
telah menggunapakai jadual isipadu balak yang sama terhadap kesemua hutan simpan di 
Malaysia dan bilangan kajian pembangunan jadual isipadu balak adalah sangat terhad. Oleh itu, 
kajian ini adalah untuk mengisi jurang yang ada dengan melaksanakan pembangunan dan 
pengesahan model isipadu tempatan dan standard untuk hutan simpan di Malaysia. Secara 
ringkasnya, jadual isipadu balak boleh dibangunkan melalui beberapa cara dan salah satunya 
adalah dengan memperoleh daripada fungsi kelantangan. Dalam penyelidikan ini, prestasi 
beberapa formula balak terhadap beberapa panjang keratan balak akan diuji. Hasil kajian 
menunjukkan bahawa formula Huber dengan 2 m panjang keratan balak adalah yang terbaik 
kerana ia mencatatkan nilai bias yang paling kecil dan nilai MSE yang terendah. Pembangunan 
model isipadu tempatan dan standard dilakukan dengan menggunakan salah satu alat yang 
paling kuat dalam menganalisa data sains alam dan fizikal iaitu analisis regresi. Analisis regresi 
terdiri daripada dua fasa iaitu pengujian perhubungan dan pemodelan persamaan kelantangan. 
15 model isipadu telah diuji dan prestasi setiap model isipadu ini akan dinilai daripada beberapa 
ujian statistik. Model isipadu tempatan dan standard yang dibangunkan kemudiannya divalidasi 
terhadap jadual isipadu balak semasa yang digunakan oleh pihak FDPM dan juga jadual isipadu 
balak yang telah dibangunkan oleh sarjana terdahulu untuk salah satu hutan pertumbuhan 
menengah di Malaysia. Hasil daripada penyelidikan mendapati bahawa jadual isipadu balak 
semasa yang diamalkan oleh FDPM adalah cenderung untuk berlebihan dalam anggaran isipadu 
bagi pokok yang mempunyai ukurlilit (DBH) yang lebih besar daripada 40 cm yang diwakili oleh 
89.16%, manakala model isipadu yang dibina dalam kajian ini mempunyai tahap ketepatan yang 
lebih tinggi daripada sarjana terdahulu kerana ia mencatatkan nilai RMSE yang lebih rendah 
daripada sarjana terdahulu sebanyak 0.1565. Justeru, ini jelas menunjukkan bahawa jadual 
isipadu balak semasa yang diamalkan oleh FDPM untuk kesemua rizab hutan di Malaysia adalah 
kurang tepat dan terdapat perbezaan yang ketara antara model isipadu untuk simpanan hutan 
yang berlainan. Oleh itu, ini adalah sejajar dengan isu yang diketengahkan oleh MAJURUS. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Research background 

 The United Nations Environmental Programme (UNEP) and Food and Agriculture 

Organization of the United Nations (FAO) (2020) reported that in 2020, 30.8% of the world’s 

terrestrial surface was covered by forest. However, surprisingly, in a recent study conducted by 

FAO towards global forests, resources reported that there is a gradual decline in the number of 

world forest areas between 1990 and 2020. This issue has received considerable critical attention 

by the United Nation Framework Convention on Climate Change (UNFCCC). In 2014, UNFCCC 

constructed the Reducing Emission from Deforestation and Forest Degradation (REDD+) program 

introducing two new mechanisms, one being the management of forest issues (United Nations 

Framework Convention on Climate Change (UNFCCC), 2014).  

A vast amount of literature has also been published on the importance of forests. Henry et 

al. (2011), Kuyah et al. (2012), Xia et al. (2013), Mugasha et al. (2013) and Brearley et al. (2017) 

emphasise that forests are one of the important components in the terrestrial ecosystem, which 

plays a major role in regulating the climate and mitigating against natural disasters. It has also 

been conclusively shown that forests constitute the largest carbon pools with an estimated amount 

exceeding 650 billion tons including the carbon content of biomass, deadwood, litter as well as in 

the soil (United Nations Environmental Programme (UNEP) and Food and Agriculture 

Organization of the United Nations (FAO), 2020) where green plants consume carbon dioxide for 

photosynthesis. Hence, the absorption of carbon dioxide will reduce the amount of carbon dioxide 

gas in the atmosphere and indirectly reducing the risk of the ozone layer thinning and other natural 

disasters. Besides as a carbon sinker, forests play a pivotal role in the national growth of these 
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products or any potentially tradable forest activities which not only benefits rural society but the 

whole country (Food and Agriculture Organization of the United Nations (FAO), 1997;  Xia et al., 

2013;  Brearley et al., 2017).  

Along with the growth of forest activities, there should also be increasing concern placed 

over forest management plans in all countries, including Malaysia. Malaysia, as a tropical country, 

is characterised by having moist tropical forests. Statistics released depicting Malaysia’s primary 

industry sector in 2019 showed that 54.82% of the country’s land area was covered by forest. The 

timber grown in Malaysia has high commercial value amongst Southeast Asian countries and 

reports show that the revenue gained from the export activities in 2019 was around RM 7.51 billion  

(Forestry Department Peninsular Malaysia (FDPM), 2019). Regarding the significance of the 

timber, the Sustainable Forest Management (SFM) system adopted by Malaysia in 1901, maintains 

this sustainable resource from disturbance or even worst, from depletion (Malaysian Timber 

Council, 2016). The Selective Management System (SMS) is one of the framework constructs 

under SFM, which plays a key role in optimising the country’s expenditure in preserving forests, 

but at the same time, gaining value from this resource.  

 The previous study by Van Tuyl et al. (2005) (as cited in Sisay et al., 2017)  highlighted 

that there are several ways to evaluate the feasibility of forests, part of it is the evaluation through 

the value of its volume, biomass and net primary production (NPP). The volume of wood is the 

quantification of either an individual log, tree or group of trees in cubic value (Food and 

Agriculture Organization of the United Nations (FAO), 1997). The emphasis in having a precise 

value of tree volume is highlighted by Jr. and Wood (1993), Shari et al. (2010) and Mate (2016) 

where it plays a vital role in forest management and administration. As such, in-depth knowledge 

of volume table development is vital for sustainable forest management because forests are widely 

acknowledged as one of the main contributors to economic development. Dilworth (1980) define 

volume table as the quantification of the mean content of a tree or even the entire community of 

tree species based on the provided tree dimensions such as the diameter and height which is 
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represented in a tabular form. Accordingly, the volume table is seen as one of the important 

elements in assessing the current economic condition of one’s country (Sandrasegaran, 

1972;  Kumar, 2015).  

However, despite the importance of the volume table, there remains scant research on 

volume table development, although there are some cases where the volume table adopted by some 

countries are out-dated. The issues experienced in Korea are highlighted in the study by Lee 

(2015), where the volume table, widely used in Korea, has been developed by the Korea Forest 

Research Institute in 2012. Interestingly, China is also facing similar problems as Korea. Xia et al. 

(2013) highlighted that the volume table used as a reference by the timber industry in China, are 

those that were constructed in the past three decades and more precise, it was developed in the late 

1970s as mentioned by Liu et al. (2019). However, the urgency in developing a new volume table 

is also driven by the fact that the forest structure will change over time with a high probability of 

underestimation or overestimation in the volume assessed. This fact was also highlighted by Kang 

et al. (2015) towards Pinus rigida Miller, the third-largest species planted in South Korea, which 

illustrates just how important the volume table is. Meanwhile, in the paper written by Liu et al. 

(2019) did mentioned that the volume table assessment should be re-visit once in every two 

decades as per regulated by the China government. This is to corroborate the veracity of the volume 

table as there will be difference in the climate and site condition between now and 20 years later. 

Malaysia is facing the same problem as China and Korea. According to experts, the volume 

table used in Malaysia is the same one that was developed several decades ago and continues to 

be used throughout all states in Malaysia. Some of Malaysia’s forests have approached their second 

rotation felling such as the Tekam Forest Reserve, Pahang and Keledang Saiong Forest Reserve 

in Perak. The analysis undertaken throughout the development of the volume table in Malaysia 

discovered that there are two recent published volume table developed for Panti Forest Reserve, 

Johor (Shari et al. 2010) and Sungai Merbok Forest Reserve, Kedah (Aman and Parlan, 2020). 
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Given the forest structure will change over time, the volume assessment using the existing volume 

table will have a high probability of underestimation or overestimation.  

Accordingly, based on the above discussion, the focus of this research is on the 

construction of a local volume table applied at one of the permanent forest reserves in Terengganu, 

the Cherul Permanent Forest Reserve (CPFR). In 2019, Terengganu gained a total revenue of RM 

34.6 million from the forestry sector (Terengganu State Forestry Department, 2019). CPFR is a 

secondary growth type forest located in the southern part of Terengganu, representing around 

6.84% of the total volume of the permanent forest reserve area in Terengganu (Terengganu State 

Forestry Department, 2019).  

The figure below shows the location of the permanent forest reserves for Cherul.  

 

1.2 Problem statement   

The assessment of tree volume is a key element in the establishment of the annual allowable 

cut (AAC) since it will indicate the production yield and standing of a particular forest (Shari et 

Figure 1.1 : Position of the Cherul Permanent Forest Reserve (CPFR) in Terengganu 
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al., 2010;  Mohd. et al., 2015). The need to have a precise value of tree volume is highlighted by 

Shari et al. (2010), where it plays a vital role in forest management and administration.  

There has been growing interest in the research for tree volume, but at this stage, limited 

studies have been undertaken on the development of the volume table for Malaysian rainforests. 

Simply put, a volume table is a tabulation of the mean volume of trees, logs or even sawn timber 

against one or more features which can be derived from the volume functions. Mohd et al. (2015) 

highlighted the importance of the volume table given it plays a significant role in structuring the 

forest management plan and forest harvesting. As a country located at the equatorial latitude lines, 

Malaysia, as with several other countries has moist tropical rainforests with total rainfall up to 

3900 mm for Peninsular Malaysia and 3100 mm and 4600 mm for Sabah and Sarawak respectively 

(Malaysian Meteorological Department, 2019). These factors drive the need of having a volume 

table, as a precise method in the assessment of tree volume, as claimed by Shari et al. (2010). 

However, the structure of trees in these tropical rainforests, having dense vegetation, will 

consequently increase the difficulty in quantifying the tree data.  

The significance of the volume table has also been emphasised by Majlis Urusan Hutan 

dan Silvikultur (MAJURUS) in its 38th meeting where each Forest Management Unit (FMU) 

should have their own local volume table (Shari et al., 2010). This is also because each forest 

differs from another forest in terms of its forest type, and each forest type is different in terms of 

their corresponding altitude, flora composition, climate, soil and biotic (Yusof et al., 2010).  

In brief, MAJURUS is the highest technical forum in Forestry Department Peninsular 

Malaysia (FDPM) that is responsible for reviewing and formulating forestry and silvicultural 

management techniques for the sake of uniform implementation in Peninsular Malaysia. The 

council will meet at least once a year and it will be led and secretarise by the deputy director-

general of forestry (operations) and director of the Silviculture & Forest Biodiversity Conservation 

unit of the state forestry office respectively. The members are comprises of the following: 

i- the director of forest management unit 



 

6 
 

ii- two representatives of the state forestry director 

iii- two representatives of the deputy state forestry director 

iv- two representatives of the deputy assistant directors of state forestry (silviculture and 

protection) 

v- two representatives of the district forest officer 

vi- a representative from FRIM 

vii- a representative from Faculty of Forestry and Environment, Universiti Putra Malaysia 

(UPM). 

A Forest Management Unit (FMU) is a legally established permanent entity with their own 

demarcated forest boundaries. Besides, each FMU has their own objective including the aspect of 

economic, social and ecological management stipulated by long-term management plans, annual 

work and business plans closely related to the main forest functions. For the case of Peninsular 

Malaysia, each state consitute as one FMU disregards of it size. However, there exist forest 

concession area which established as FMU such as Cherul Forest Concession (CFC) in 

Terengganu. Sarawak is of the same definition to that of Peninsular Malaysia. Meanwhile, for the 

case of Sabah, area covered by a “Sustainable Forest Management License Agreement (SFMLA)” 

established as one FMU. 

The notion of developing a volume table for Malaysian rainforests has been noted ever 

since 1924, where Sanger-Davies first raised these issues. The analysis of prior studies indicates 

that the development of the volume table is mainly based on the tree species with only seven 

studies out of the list reviewed had developed a volume table on a forest reserve. Details of the 

analysis are as follows:  

Table 1.1 : Analysis of bibliographical research across tree species and its forest type/location 
involved in the research of tree volume table construction for Malaysia rainforest 

Author Species/Species group Forest Type/Location 
Sanger-Davies (1924) Rhizophora apiculata Mangroves Forest, Taiping, Perak 

Watson (1928) Rhizophora apiculata Mangrove forest 
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Author Species/Species group Forest Type/Location 
Landon (1948) Rhizophora apiculata Mangrove forest 

Noakes (1952) Rhizophora apiculata Mangrove forest 

Vincent (1960) Shorea leprosula Miq. Inland Forest, Rantau Panjang, 
Kelantan 

Kwan (1966) Multi-species Inland Forest, Mentakab, Pahang 

Sandrasegaran (1966a) Eucalyptus robusta Sm. Inland Forest, Ulu Bertam, Pahang 

Sandrasegaran (1966b) Tembusu Forest Research Institute Plantation 

Sandrasegaran (1966c) Yemani Inland Forest, Gerik, Perak 

Sandrasegaran (1966d) Teak Inland and Lowland to Hill 
Dipterocarp Forest, Perlis 

Sandrasegaran (1967b) Eucalyptus grandis Inland Forest, Ulu Bertam, Pahang 

Sandrasegaran (1967a) Eucalyptus saligna Sm. Inland Forest, Ulu Bertam, Pahang 

Sandrasegaran (1968) Pinus caribaea Mor Inland Forest, Sungai Buloh, 
Selangor 

Sandrasegaran (1969) Tectona Grandis Linn. f. Inland and Lowland to Hill 
Dipterocarp Forest, Perlis 

Sandrasegaran (1970) Pinus merkusii Jungh & 
De Vriese Forest Research Institute Plantation 

Sandrasegaran (1972) Rhizophora apiculata Mangroves Forest, Taiping, Perak 

Mohd. et al. (1981) Pinus caribaea var. 
Hondurensis 

Inland Forest; Sungai Buloh, 
Selangor & Kulim, Kedah and 

Inland and Lowland to Hill 
Dipterocarp Forest; Tapah, Pahang 

& Gombak, Kuala Lumpur 

Afzal-ata et al. (1985) Dryobalanops aromatica Inland and Lowland Dipterocarp 
Forest, Selangor 

Mohd. et al. (1989) Acacia Mangium Inland Forest, Rantau Panjang, 
Kelantan 

Ghani et al. (2004) Multi-species 
Inland and Lowland to Hill 

Dipterocarp Forest; Rompin, Pahang 
& Jerantut, Pahang 

Shari et al. (2010) Multi-species Lowland Dipterocarp Forest, Kota 
Tinggi, Johor 

Parlan et al. (2011) Gonystylus Bancanus Mangroves Forest, Taiping, Perak 

Aman and Parlan 
(2020) 

Bakau (Rhizophora 
apiculata & R. 

mucronata) & Non-
bakau species 

Mangrove Forest, Merbok, Kedah 

 

Although, none of the volume tables developed was specifically for the Cherul Permanent 

Forest Reserve (CPFR) at Terengganu. As such, there is a need to research the development and 

construction of a volume table for the CPFR. 
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1.3 Research questions 

Based on the problem statement, three research questions have been developed for this 

study as follows: 

a) What is the best volume formula and log sectional length to be used in calculating 

the log volume? 

b) How to build an accurate volume model for Cherul Permanent Forest Reserve 

(CPFR) at Terengganu? 

c) How to evaluate the constructed volume models for Cherul Permanent Forest 

Reserve (CPFR) at Terengganu? 

 

1.4 Research objectives 

To achieve the aim of this study, three research objectives are presented as follows: 

a) To identify the best volume formula and log sectional length for log volume 

estimation. 

b) To construct volume models based on statistical methods. 

c) To evaluate the accuracy of constructed volume model. 

 
1.5 Scopes of research 

The scope of this research focuses on some issues mentioned below: 

• The main focus of this research will cover on developing volume models for forest 

reserve. 

• Majlis Urusan Hutan dan Silvikultur (MAJURUS) in its 38th meeting has 

emphasised that each Forest Management Unit (FMU) should have their own local 

volume table. Volume models are required in the construction of volume table. 

Therefore, this research focus on developing volume models. 
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• The tree dataset were collected through a fieldtrip at compartment 37, Cherul 

Permanent Forest Reserve (CPFR), Terengganu. The measurements were carried 

out on both the standing and felled trees. The parameters measured are breast 

height, total height, merchantable height and stem diameter at every 2 m interval. 

Trees that were dead dying, broken or even in bad form were excluded from 

performing the measurements in ensuring data quality. 

 
1.6 Contributions of research 

This research has provided a deeper insight into the construction of the tree volume table. 

This research makes several noteworthy contributions, the primary one being the newly developed 

volume model. Other contributions of this research are outlined below: 

i) This study identified the best log formula and log sectional length in estimating the 

log volume. This was achieved by comparing the volume estimation of several log 

sectional lengths using the formulas of Huber, Bruce and Smalian with the Newton 

formula. The adoption of these log formulas is based on the availability of the data. 

The findings of an extensive literature on the volume table has motivated the work 

of this study to identify which log sectional length and log formula are the best 

since there are different opinions amongst different scholars on these matters.  

ii) Apart from that identifying the best log formula and log sectional length, the 

volume model development for all species, dipterocarp and non-dipterocarp tree 

species was also part of this research. The model was developed from scratch using 

real tree data provided by the Forest Research Institute Malaysia (FRIM). The 

development of the model was then accomplished by identifying the coefficient of 

each variable in the model adopting the statistical method. 

iii) Identification of the reliability of the existing volume table practised by the Forestry 

Department Peninsular Malaysia (FDPM) was achieved. This was performed by 

validating the volume estimation of the newly developed model with the existing 
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volume table. The analysis found that volume estimation using the existing volume 

table tended to overestimate the estimation for DBH, greater than 40 cm. 

iv) Tabulation of the evolution of volume table development in Malaysia was also 

demonstrated in this research. Limited access to most of the literature related to 

volume table development, therefore significant effort was put towards gathering 

the information in tabulating it.   

v) Identifying the stability of the constructed volume model was achieved by 

validating the constructed volume models with the existing volume table as well as 

the volume model constructed by the previous researcher. The findings revealed 

that the constructed volume models in this study had a higher accuracy level than 

the one constructed by the previous researcher, which does not overestimate the 

estimation as compared to the existing volume table. 

 
1.7 Thesis outline 

Based on the objectives previously presented and on the approach proposed before, this 

thesis is made up of five (5) chapters, which contents are summarized as follows: 

• Chapter 1. Introduction. This chapter presents the background of the study, research 

problems, questions, objectives, scopes and contributions of the research. 

• Chapter 2. Literature review. This chapter starts with overview of the fundamental concept 

of volume table which including types of tree volume volume table and method used in the 

construction of volume table. Besides, current reseach trend in volume table construction 

and performance measurement is also presented. Then, this chapter presents various 

literatures on references on volume estimation techniques. Later, this chapter presents 

overview of machine learning technique in estimating the volume. Also, revolution of 

volume table construction in Malaysia is also presented. 

• Chapter 3. Methodology. This chapter presents the methodology that has been developed 

to modelled and validate volume models using regression analysis.  
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• Chapter 4. Result and Discussion. In this chapter, the volume models have been constructed 

and validated against the existing volume table as well as the volume model constructed 

by the previous researcher. The accuracy of the constructed volume models was then being 

assessed. 

• Chapter 5. Conclusion and future works. This chapter summarizes the main conclusions as 

well as achievements of the work undertaken in this research and suggests areas for future 

work. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1 Introduction 

This chapter presents a literature review of relevant studies related to the development of 

the volume table, not only limited to the case of Malaysia but also in other countries as well. The 

chapter begins by providing a brief introduction concerning the volume table based on the previous 

scholars. After that, the volume estimation technique will be examined and discussed. The 

advancement of information technology (IT) has resulted in the application of machine learning 

(ML) in several fields, including forestry, which will be discussed in more detail in Section 2.7 

After this section, a review focusing on volume table construction in Malaysia and overseas will 

be studied and analysed. Importantly, an in-depth understanding of the overall concept of the 

volume table is highly significant since it can contribute to achieving the objectives of this study. 

 

2.2 Forest reserves 

Statistics released depicting that Peninsular Malaysia’s total land area is 13.21 million 

hectare, forested area represent 43.38% of it and 36.41% is the permanent forest reserve (Forestry 

Department Peninsular Malaysia (FDPM), 2019). Meanwhile, total permanent forest reserve area 

in Sarawak and Sabah is 4.3 million hectare and 3.6 million hectare respectively (Sabah Forestry 

Department, 2019;  Forest Department Sarawak, 2021). 

Generally, 54.82% of Malaysia land area is covered by forest (Food and Agriculture 

Organization of the United Nations (FAO), 2020). As reported in the Global Forest Resources 

Assessment 2020 (Food and Agriculture Organization of the United Nations (FAO), 2020), more 

than half of the Malaysian forest is naturally regenerated forest while the rest is planted forest. 



 

13 
 

Naturally regenerated forest also known as natural forests contributes more portion in terms 

of the biodiversity conservation and certain ecosystem services as compared to the planted forest 

(Food and Agriculture Organization of the United Nations (FAO), 2020). Forest formed as a result 

of the structured planting and/or deliberate seeding is defined as planted forest (Food and 

Agriculture Organization of the United Nations (FAO), 2020). Planted forest can be categorized 

into two which are plantation forest and other planted forest. Planted forest is a forest that is 

managed in an intensive manner and able to meets all the planting and stand maturity criteria while 

other planted forest is contradicts with the planted forest (Food and Agriculture Organization of 

the United Nations (FAO), 2020). 

Cherul Permanent Forest Reserve (CPFR) is a second growth forest which located around 

100 km to the west of Bandar Chukai, Kemaman, of geographical coordinate from the range of 4˚ 

05’ 20”N and 103˚ 06’ 20”E to 4˚ 06”N and 102˚ 53.5”E in the south; and 4˚ 16’N and 102˚ 45” 

in the north (Mohd, 2016). CPFR is part of Cherul Forest Concession (CFC) which previously was 

under the concession of Pesama Timber Coporation Sdn Bhd (Pesama) is now under the 

concession of Kumpulan Pengurusan Kayu Kayan Terengganu Sdn Bhd (KPKKT) since the year 

1999. The KPKKT concession area of CPFR consists of 59 compartments and total area coverage 

is around 199.51 ha to 486.03 ha. Topographic condition of the concession area is very hilly of 

about 50 to 650 meters above sea level (a.s.l.), primarily falls between 50 to 300 meters a.s.l. and 

contain mixture of short and steep sloves (Pesama Timber Corporation, 2018). 

Malaysian forests are characterized by inland, peat swamp, mangrove and plantation forest 

but mainly area covered by inland forest. Inland forest comprises of dipterocarps forest, oak forest 

and mountain ericaceous forest. For the dipterocarps forest, it covers all forest or land at the foot 

of the hill up to the upper part of the hill and it can be segmented into three, which are lowland 

dipterocarp forests, hill dipterocarp forests and upper dipterocarp forests. Forest located at the foot 

of the hill, 0 m to 300 m elevation above sea level, is known as lowland dipterocarp forest (Omar 

et al., 2020). Meanwhile, hill dipterocarp forests and upper dipterocarp forests is characterized by 
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an elevation of 300 m to 750 m and 750 to 1200 m above sea level respectively (Omar et al., 2020). 

In addition, the elevation of oak forest may reach up to 1500 m above sea level and beyond 1500 

m is known as montane ericaceous forest (Omar et al., 2020).  

CPFR is mixed tropical forest characterized by dipterocarp (Dip) and non-dipterocarp 

(Non-dip) trees where the forest stand primarily consists of Meranti (Shorea spp.), Keruing 

(Dipterocarpus spp.) and Balau (Shorea spp.) tree species from the Dip group and Kelat 

(Syzygium spp.), Medang (Lauraceae), Rengas (Gluta & Melanochylla spp.) and Mahang 

(Macaranga spp.) tree species from the Non-dip group. The average temperature of CPFR is 

27.05˚C with high humidity of about 70% to 98% and high number of annual rainfall which up to 

4000 mm (Pesama Timber Corporation, 2018).  

 

2.3 Tree genus 

The dipterocarps are a family of hardwood and Dipterocarpaceae is the family name while 

Dipterocarpus is the genus name. Taxonomically, the lowest rank is species name as it is more 

specific. It is then followed by genus and family. In other words, the dipterocarp also known as 

fruits have seeds with two wings which came from the word, di = two; ptero = wing; carp = seed 

(Brearley et al., 2017). Dipterocarp is the most dominant and highly significant timber not only in 

Malaysia, but throughout Southeast Asian. This is supported by the report released by (Forestry 

Department Peninsular Malaysia (FDPM), 2019) where that the revenue gained from the export 

activities in 2019 was around RM 7.51 billion and contribute approximately 0.50% to the 

Malaysia’s Gross Domestic Product (GDP). 

Dipterocarp can be divided into three main categories based on their density and hardness 

which are light hardwoods (LHW), medium hardwoods (MHW) and heavy hardwoods (HHW) 

(Zaidon, 2017). Example of light hardwoods are Melantai (Shorea macroptera.), Gerutu 

(Parashorea spp.) and Mersawa (Anisoptera spp.). Meanwhile, Kapur (Dryobalanops spp.) and 

Keruing (Dipterocarpus spp.) falls under medium hardwoods category and Balau (Shorea spp.), 
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Cengal (Neobalanocarpus heimil) and Resak (Vatica spp.) are the heavy hardwoods. These three 

categories are differ in terms of their density and hardness. Details of average density of the timbers 

at 15% moisture content (MC) for each hardwood as portrayed in table below: 

Table 2.1 : Hardwood classification (Zaidon, 2017) 

Classification Density Range, kgm⁻³ (at 15% MC) 

Light Hardwood (LHW) 800 - 1120 

Medium Hardwood (MHW) 720 - 880 

Heavy Hardwood (HHW) 400 - 720 

 

Dip is said to grow taller and larger than Non-dip, hence, this cause the Dip to have bigger 

felling limits as compared to the Non-dip. Statistically, the Dip can grow more than 70 m tall in 

Sabah as compared to Peninsular Malaysia, where it can only grow up to 60 m. Example of Non-

dip species are Jelutong (Dyera costulata), Penaga (Mesua ferrea L.) and Sepetir (Sindora spp.). 

In short, non-dipterocarp (Non-dip) is opposite to that of the dipterocarp (Dip). In this 

research, the tree sample data contain mixture of Dip and Non-dip and all species represent the 

mixture of Dip & Non-dip tree sample data. 

 

2.4 Types of volume in forest value wood chain 

Given the broad application of the term, volume has used in various fields, in this thesis, 

the term volume will be used solely by referring to the volume of a tree, and quantification of the 

wood size (Food and Agriculture Organization of the United Nations (FAO), 1997). The 

assessment of tree volume is a key element in the establishment of the annual allowable cut (AAC) 

since it will indicate the production yield of a particular standing forest (Shari et al., 2010;  Mohd. 

et al., 2015;  Mwangi, 2015). The information on current production yield can be used to predict 

the future yield over time. The importance of high accuracy and precision in volume estimation is 

emphasised by Jr., and Wood (1993) and Shari et al. (2010) given it plays a major role in forest 
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management. This is because the volume assessment contains useful information which can be 

used in the estimation of the growth rate and biomass (León and Uranga-Valencia, 2013). In 

addition, for forest areas, volume estimation is one of the significant parameters in evaluating the 

forest resource itself (Xia et al., 2013). 

In forest management and the wood supply chain, several volume terms are frequently 

used, which are stem volume, merchantable volume, log volume, product volume and stand 

volume. Stem volume and stand volume hold crucial information for forest inventory and forest 

management planning while the merchantable volume, log volume and product volume are 

commonly used terms in the wood supply chain. Standing wood volume can either be stem volume 

or merchantable volume. Stem volume can either be a cubic measure of an individual or group of 

trees, expressed as a function of tree height and diameter at breast height (DBH). Whereas, the 

volume of a tree that excludes the stump and top part is known as the merchantable volume. Log 

volume refers to the merchantable volume that has been transported and has arrived at the mill’s 

gate. Product volume is defined as the amount of the end product of logging activities and mill 

processing, which has been commercialised such as veneer sheets, lumber, furniture and plywood. 

Figure 2.1 displays the intercorrelation between these types of volume.  

 

Figure 2.1 : The intercorrelation between several volume types 

  

2.5 Volume estimation technique 

Tree volume can be expressed either in terms of total cubic volume of a tree or in terms of 

total cubic volume of an area. However, this section focuses on the volume estimation technique 

for an individual tree. A tree can be divided into four main components, the crown, stump, root 
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and stem. The branch that grows from the main stem together with twigs and foliage, either the 

primary or secondary branches, are both considered as the crown part (Jr. et al., 2016a). The root 

is where the main storage of water, nourishment and mechanical support are, located in the 

underground part of the tree (Jr. et al., 2016a). In the tree felling process, the lower end of the tree, 

the stump, is just left above ground by the logger. The stem refers to the primary vertical axis as 

opposed to the ground and is located at the above part of the stump (Jr. et al., 2016a).  

Among these four tree components, the stem is the most important and valuable part of the 

tree in the wood industry because all commercialised products such as plywood and furniture are 

processed from the stem. As such, the stem has received considerable attention from researchers 

in estimating the volume of wood. In the forest mensuration book written by Jr. et al. (2016a), the 

volume of an individual tree can be estimated by using three methods, which include the graphical 

methods and integration, water displacement method and formula. In addition, the advent of 

technology has helped to drive the use of remote sensing in forestry. The following section 

discusses further on each method.  

 

2.5.1 Log Formula 

According to Alemdag (1978), the selection of the formula is influenced by the 

comprehensibility in adopting the formula and the availability of the tree sample dataset rather 

than looking at the precision and accuracy level of a particular method. There are lists of log 

formula as reported by Freese (1973) as cited by which are not only limited to the United States 

(US) and Canada but to other countries as well. Of all the log formula listed by Freese (1973), a 

brief summary of the literature on the Smalian, Newton, Huber and Bruce formula will be 

presented. The equation for these four methods is tabulated in Table 2.2.



 

18 
 

Table 2.2 : Log formula used in volume estimation 

Log formula Equation 

Smalian’s formula 𝑉𝑖 = (1 2⁄ )(𝐴 + 𝐵)(𝐿) 

Newton’s formula 𝑉𝑖 = (1 6⁄ )(𝐴 + 4𝑀 + 𝐵)(𝐿) 

Huber’s formula 𝑉𝑖 = (𝑀)(𝐿) 

Bruce’s formula 𝑉𝑖 = (0.25𝐴 + 0.75 𝐵)(𝐿) 

          where : 

𝑉𝑖 = Log volume at ith (m³) 

L = Length of log (m)             

B = Cross-sectional area at small end of log (m³) 

A = Cross-sectional area at large end of log (m³) 

M  = Cross-sectional area at mid-length of log (m³) 

2.5.1.1 Smalian’s formula 

 

Figure 2.2 : Tree data measurement of Smalian’s formula (Jr. et al., 2016a) 

In brief, Smalian’s formula was initially developed by Heinrich Ludwig Smalian in 1837, 

and uses a cross-sectional area at both log ends in calculating log volume. The method of 

measurement for the application of Smalian’s formula is shown in Figure 2.2. Grave (1906), Avery 

and Burkhart (1983) and Schreuder et al. (1993) contended that that Smalian’s formula is widely 

used in the US and the analysis towards several other studies found that this method has also been 

widely applied in other countries such as Indonesia, Canada, Turkey and India.  

In an article written by León and Uranga-Valencia (2013), Smalian’s formula has received 

considerable attention from scholars in estimating log volume due to its simplicity in its adoption, 
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especially for the condition where there is an absence of a mid-length measurement due to the log 

stacked pile condition. Similarly, Ormerod (1985) asserted that log scalers frequently used this 

technique in Canada for the same reason. Also, most of the researchers that have conducted studies 

in Asian countries preferred to use Smalian’s formula in their work. This is because most Asian 

countries have tropical forests which are characterised by having very dense vegetation; where for 

each 1 ha plot it may contain up to 300 tree species (de Oliveira and Mori, 1999). Thus, this would 

contribute to significant challenges in measuring the middle cross-sectional area of a tree, which 

strongly supports the notion by León and Uranga-Valencia (2013) as previously mentioned. 

 

2.5.1.2 Newton’s formula 

The second log rules that are most commonly applied for volume estimates is Newton’s 

formula. Newton’s formula is a formula that not only uses the cross-sectional area at both log ends, 

but it also takes the mid-length measurement into the calculation. Figure 2.3 illustrates how the 

measurement is taken for the application of Newton’s formula. 

 

Figure 2.3 : Tree data measurement of Newton’s formula (Jr. et al., 2016a) 

 

2.5.1.3 Huber’s formula 

Meanwhile, volume estimation using the average cross-sectional area of the tree is known 

as Huber’s formula. Much of the available literature on Huber has stated that this method is the 

commonly-used method in Europe and some tropical countries (Grave, 1906;  Ozçelik et al., 

2006). The measurement method for volume estimation using Huber’s formula is illustrated in the 

figure below. 
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Figure 2.4 : Tree data measurement of Huber’s formula (Jr. et al., 2016a) 

 

2.5.1.4 Bruce’s formula 

Bruce’s formula is a widely-used method used in the western parts of the US and was 

initially introduced by Bruce David in 1982 (Ozçelik et al., 2006). This formula considers both log 

ends which is similar to that of Smalian’s formula, but with some modifications adapted from 

Smalian’s formula by adding some coefficient in the calculation of both log ends for better butt 

log volume estimation (Li et al., 2015). The measurement methods for volume estimation using 

Bruce’s formula is similar to Smalian’s formula (refer to Figure 2.2).  

 

2.5.2 Issues in log volume formula 

 In the previous section, Smalian’s formula can be said to be the most commonly-used 

formula by researchers in volume estimation. Other researchers, however, who have examined 

Smalian’s formula, have found that this method tends to overestimate the volume. In the tree stem 

classical geometries studies by León and Uranga-Valencia (2013), the accuracy and precision level 

of Huber’s, Smalian’s and Newton’s methods are tested against several tree stem classical 

geometries with a different number of segments. Tree stem classical geometries refer to the tree 

having a shape, like a paraboloid, neiloid and cone. The results show that the volume estimation 

of all tree stem classical geometries tested in this study was accurate using Newton’s formula 

whereas, for the formula of Huber and Smalian, it is precise only for paraboloid shape-like tree 

stem. Therefore, the performance of Newton’s formula towards tree stem classical geometries is 

in accordance with Husch et al. (1982) and Diéguez-Aranda (2003). Although, but there is a slight 

difference in the case of Huber and Smalian in the study of Diéguez-Aranda (2003). 
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The controversy surrounding the inaccuracy in the application and use of both log ends 

measurement for volume estimation using Smalian’s formula have long been debated amongst 

scholars. A study of several empirical formulae towards Keruing (Dipterocarpus spp.) found that 

Smalian’s formula showed the highest level of bias and tended to overestimate volume as 

compared to other methods tested, which included the methods of Newton, Huber, Brereton, 

Patterson and Centroid. Patterson et al. (1993) believed that volume estimation using Smalian’s 

formula tended to have inconsistencies in its estimation due to the inclusion of butt log 

measurement. For young trees estimated to be 20 years old, Wood and JR (1990) found signs of a 

recession on its crown part, while on its butt, neither swell nor flare was evident, but sooner or 

later would be. These findings are somewhat contradictory to those of Yavuz (1999), who found 

that Smalian’s formula showed the largest level of bias on volume estimation towards the butt of 

6 m log length and the next consecutive log length.  

Furthermore, the accuracy of the Smalian’s formula is dependent on the log length being 

quantified. Husch et al. (1982) contended that a log having a length up to 1.2 m is practicable to 

use Smalian’s formula in volume estimation. In contrast to Husch et al. (1982), Schreuder et al. 

(1993) argued that volume estimation of a log having a length less than 3 m is acceptable in using 

Smalian’s formula. Consequently, this issue has received much attention from numerous scholars. 

In a comparative study of log volume estimation by Li et al. (2015), they found that estimation 

using Smalian’s formula showed the largest level of bias for 2.5 m, 5 m and 10 m log lengths. This 

finding is contrary to the assessment released by Husch et al. (1982) and Schreuder et al. (1993). 

On the one hand, much of the literature tends to show that Newton’s formula is the most 

accurate volume estimation technique. In a case study of volume estimates towards the Keruing 

(Dipterocarpus spp.) in Indonesia by Krisnawati (2002), the study found that Newton was the 

second method in the lists that produced the smallest bias in estimation after the Centroid method. 

This fascinating result could be due to the mid, and both log ends measurement included in the 

calculation (Krisnawati, 2002). In 2006, Ozçelik et al. conducted a volume estimation study 



 

22 
 

towards Brutian pine, Taurus cedar and Taurus fir trees in Turkey. The finding of the study showed 

that Newton was the most accurate method amongst the other five methods tested and produced 

non-biased estimates for each test. 

On the other hand, even though the majority of studies find that Newton shows the best 

performance in estimating log volume, there exist some researchers that claim Newton is an 

impractical method used in volume estimation study. According to Avery and Burkhart (1983) and 

Fonweban (1997), midpoint measurement is difficult to obtain, especially for the tropics given the 

dense vegetation structure. Taken together, this makes Newton’s method as a costly and time-

consuming method.  

Meanwhile, Li et al. (2015) state that Huber’s method is considered impracticable due to 

time required to take the mid-length measurement and consequently, the method is limited in its 

application throughout North America. However, the shift in technology has introduced more 

advanced scan technology which is able to reduce this issue (Janák, 2012).  

Regarding the accuracy of volume estimation, there are differing opinions amongst 

scholars on Huber’s formula. Some scholars claim that the Huber tends to overestimate while 

others claim that this method results in underestimation. Huber’s method is claimed to accurately 

predict only the classical geometries of paraboloid shape-like tree stem. As such, for any tree stem 

shape less than the second degree of the paraboloid, it tends to underestimate the predictions and 

overestimates the predictions for the third-degree paraboloid (Wood and JR., 1990). In a 

comparative study by Li et al. (2015), the prediction accuracy of several log rules was tested under 

two conditions: the tree-length and cut-to-length conditions. Under the tree-length conditions, 

Huber produces the smallest bias as well as for the sectional log length of 5 m and 10 m. However, 

this result is contrary to that of Krisnawati (2002) where the accuracy of volume predictions of 

Huber was less than Newton and Centroid but greater than Smalian, Brereton and Bruce. For a 

tree condition where excessive butt swell exists, it is preferable to use Huber as compared to 
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Newton as the volume estimation technique because Huber predicts better compared to Newton 

(Husch et al., 1982). 

On the other hand, Huber is said to be more accurate compared to Smalian as it has been 

found that the error of Huber is half that of Smalian and opposite in sign (Husch et al., 

1982;  Philip, 1994). Considering the previous study by Husch et al. (1982) and Philip (1994) as 

motivation, León and Uranga-Valencia (2013) performed a comparative study between Huber and 

Smalian with the results matching those observed in earlier studies. The similarities between the 

study of Krisnawati (2002), León and Uranga-Valencia (2013) and Li et al. (2015) showed that 

Huber tends to underestimate the predictions. Despite the high accuracy rate in Huber compared 

to Smalian, it has been further observed by Belyea (1931) and Bruce and Schumacher (1950) that 

Huber receives less attention from scholars as compared to Smalian. However, this contradicts 

with that of Philip (1994) in that Huber’s method is the most commonly used method for 

predictions. 

 Notwithstanding, Li et al. (2015) claim that Bruce’s method has better performance in butt 

log volume estimation. This view is also supported by the findings in a comparative study 

conducted by Tewari and Singh (2005), where Bruce’s method showed the lowest bias in 

estimating the volume of Eucalyptus hybrid and Acacia nilotica in India. Conversely, Ozçelik et 

al. (2006) reported that Bruce’s method was the second least accurate method in log volume studies 

towards three tree species in Turkey. Moreover, Bruce’s method is found to underestimate the 

prediction, as shown in the study of Krisnawati (2002) and Li et al. (2015). Despite all these 

weaknesses, Bruce’s method shows better performance as compared to the methods of Smalian in 

Ozçelik et al. (2006). 

 Collectively, two common factors that commonly relate to the accuracy of volume 

predictions are the length and diameter of the log. In the literature of log volume estimation by 

Goulding (1979), Martin (1984) and Biging (1988), log length has been identified as one of the 

main factors that will affect the accuracy level of volume estimation. The finding further shows 
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that log length is negatively related to the level of accuracy for all log formulas, Newton’s, 

Smalian’s and Huber’s, tested in this study.  

 Krisnawati (2002) discovered that the log diameter size is negatively related to the accuracy 

of log volume predictions for Newton, Smalian, Brereton, Patterson and Centroid whereas a 

positive relationship was observed in the case of Huber and Bruce. This finding is consistent with 

that of Patterson and Doruska (2004), who found that Huber resulted in a negative number of 

biases when a tree of small diameter is used and vice versa. Meanwhile, Jr. and Wood (1993) 

reported that prediction errors and diameter size are negatively related only for Huber, whereas, a 

positive relationship is found for Bruce, Newton and Smalian. Interestingly, the finding of this 

study differs from those studies. 

Therefore, this research will be using log formula in volume estimation despite of its 

weakness due to its applicability in data sample. Other method that will not be using will be further 

explained in the next section. 

 

2.5.3 Graphical methods and integration  

For a condition where a solid that has a circular cross-section and its diameter measurement 

is varied along an axis, the volume is suggested to be estimated by using the graphical method and 

integration. This method requires data of the diameter along the stem or section which is preferable 

to have both the overbark and underbark diameter. Moreover, it involves the plotting of a smooth 

curve graph of height against length for each measurement of the cross-section that has been taken. 

The area under the curve will be measured by using a planimeter or a dot grid. Briefly, a planimeter 

is a mechanical device that was invented by Jacob Amsler in 1854 for measuring an area of plane 

figures (Jr. et al., 2016b). An appropriate conversion factor is also required to obtain the cubic 

value measurement, which is represented by the graph in cubic feet per square inch measurement. 

The formula of the conversion factor is expressed as: 
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𝐶𝑓 = 𝐴. 𝐿 (2.1) 

where: 

𝐶𝑖 = Conversion factor for ft3 per in2 of graph (or m3 per cm2 of graph) 

𝐴  = Cross‐sectional area per in. or per cm of Y-axis 

𝐿  = Length per in. or per cm of X-axis 

 

2.5.4 Remote sensing 

Generally, remotely sensed data could be defined as the acquisition of any type of data 

which does not require physical contact with the objects of interest. In 1960, Evelyn L. Pruitt, a 

geographer of the U.S. Office of Naval Research, introduced the term “remote sensing” (Baumann, 

2001). Specifically, remote sensing is defined as the acquisition of geospatial data using sensors 

mounted either on an aircraft or satellite (Jensen, 2004;  Campell and Wynne, 2011). The advent 

in technology has increased the diversity of remotely sensed data from both platforms, airborne 

and spaceborne, thereby increasing the availability of data. Also, the power, portability and 

affordability of computing devices capable of managing a large geospatial dataset will increase. 

In the future, there will be changes in the trend of forest inventory application. Several kinds of 

remotely sensed data in the application of forestry and ecological inventory applications are aerial 

analogue photography, moderate and high-resolution optical data and light detection and ranging 

(LiDAR). 

 

2.5.4.1 Application of remote sensing in individual tree measurement 

The advent of remote sensing technology has created an initial hypothesis among scholars 

where the technology will help to ease forest management and the associated inventory process. 

There are several kinds of remotely sensed data that commonly used in the application of forestry 

and ecological inventory such as aerial analogue photography, moderate and high-resolution 
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optical data and light detection and ranging (LiDAR). Here, the question of scholar’s assumptions 

is discussed, specifically on individual tree measurement.  

For crown width measurement, it can be directly measured from an aerial photograph. 

However, the translation of the crown width on a print is far easier provided the scale of the 

photograph is known. Although, in many cases, planimeter is used in estimating the crown area 

and shape on high-resolution imagery. Also, the estimation of crown width using digital imagery 

is a kind of automated form of data extraction. The principle of this approach is where it combines 

the use of a photograph and algorithm. According to Jr. et al. (2016a), this technique is considered 

to be less subjective, and “wall to wall” maps from imageries can be constructed. Although, despite 

that, the manual approach is said to be more accurate.  

Regarding tree height measurement, several approaches are available for estimation by 

using aerial photography and airborne LiDAR. Firstly, using the shadow length approach, 

additional information on the solar angle can be obtained, provided that the location and time of 

the image captured are known. Notably, the estimation of tree height from the shadow length of 

sunlit trees is much easier since it can be solved by using the trigonometry concept. However, this 

method is only suitable for tree estimation in open stands or near edges situated on level terrain 

given the height measurement in a closed canopy forest, or even sloping terrain condition as 

claimed by Spurr (1984) is less accurate.  

The second technique is height measurement employing the parallax approach. Briefly, 

this approach was first introduced around the early to mid-1930s (Andrews, 1936). The 

measurement of height by the parallax approach is where the parallax difference between the 

images in a stereo pair is estimated. Here, a parallax wedge or any other special equipment is 

required for estimation on an analogue photograph. Spurr (1984) emphasised that on typical 

imagery, this technique can be applied to measure tree height up to 1.5 m. 

According to van Leeuwen and Nieuwenhuis (2010) airborne LiDAR is a high-

performance technique given its capability in obtaining the best data for remote tree mapping or 
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stand height over large areas. Moreover, the tree height can be easily estimated provided that the 

probe density is high enough for crown capturing as well as for ground elevation capturing. 

Otherwise, crowns of suppressed trees or those in the understory are unable to be determined by 

the airborne LiDAR. 

Therefore, it can be concluded that the use of remote sensing is merely a tool to obtain tree 

measurement. Although, for individual tree measurements such as the height and DBH, there 

remains an issue on the accuracy of the measurement.  Thus, remote sensing will not be used in 

this research. 

 

2.5.5 Water displacement method 

The water displacement method is also known as xylometry, which was initially introduced 

by Archimedes, around 250 before the common era (BCE) (Jr. et al., 2016a). This method requires 

an object to be completely immersed in a container that contains water. The displaced water is 

then collected in another container, and the volume of water displaced is measured. The volume 

of the water displaced is considered as the volume of the object. However, this technique is said 

to be irrelevant in measuring the volume of porous and fragile objects, but volume estimation of 

an irregular shape solid is accurately estimated using this method (Martin and Ek, 1984).  

Indeed, the water displacement method is widely applied in various fields, including 

forestry and health. The application of the water displacement method in the health sector is seen 

in the study of Chromy et al. (2015) towards limb volume prediction and Bhat et al. (2016) in testis 

volume prediction. Whereas, in the forestry sector, the application of the water displacement 

method in estimating the tree volume can be seen in the study of Figueiredo-Filho et al., (2000), 

Ozçelik et al., (2008) and Akossou et al., (2013). Although nowadays, this method has received 

less attention from scholars in the forestry sector because it is considered as impracticable in 

research work when a large immersion tank is needed for volume estimation. 
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With regards to the weakness of the graphical methods and integration, remote sensing and 

water displacement method discussed above, these three methods will not be using in this research.  

 

2.6 Fundamental concept of volume table 

 Burkhart and Avery (1994) and Rawat et al. (2003), like Dilworth (1980) define the volume 

table as the quantification of the mean content of a tree or even the entire community of tree species 

based on the provided tree dimensions such as the diameter and height which is represented in a 

tabulation form. Conversely, Lanly and Clement (1981) state that the development of the volume 

table is not only limited from deriving the volume function, but it can also be formed using a 

graphical or semi-graphical method such as Keen and Page’s method and the volume basal area 

line approach. 

In the literature of Latif and Islam (2001), the relative importance of the volume table has 

been the subject of much discussion. The volume table is one of the important elements in 

assessing the current economic condition of one’s country. This view is also supported by Kumar 

(2015) as a volume table has the capability of identifying the sustained yield in which any 

increment and decrement on the yield can be readily detected. Adopting a similar position, Naing 

et al. (2014) investigated volume table development in teak plantations in the Bago Yoma Range, 

an established plantation for one of the commercial tree species in the Bago Township of Burma. 

In short, the volume table is highly significant in forest mensuration and management. 

 

2.6.1 Types of tree volume table 

In a report released by Rawat et al. (2003), the volume table can be divided into three types, 

namely, local, standard and a regional volume table. The local volume table is developed based on 

a volume function of a single parameter which is the diameter and is limited to the local area where 

the data are collected. While the derivation of the volume equation of the two parameters, diameter 

and height, will form a standard volume table, also known as a general volume table by other 
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researchers such as Singhdoha et al. (2018). The table is designed to suit an individual tree species 

or group of tree species and specific localities. The regional volume table is said to be similar to 

the standard volume table but applies to a broader geographical area. Mensuration studies by 

Husch et al. (1982) hold a similar view as that of Rawat et al. (2003) on the interpretation of the 

local and standard volume table. However, this group of scholars also examined another type of 

volume table, a form class volume table.  

A form class volume table is where the volume is expressed regarding diameter, height and 

other tree-related measurements. However, there are different opinions amongst scholars on the 

third variable of the form class volume table. For instance, Näslund (1947) used the height above 

ground of the base of the live crown as the third parameter while Schmidt (1971) measured the 

diameter of the stem at the height of 7 m. The inclusion of the third parameter in volume table 

development is presumed to contribute to the increased accuracy for volume estimation. However, 

Akça (1996) found that the inclusion of the upper stem diameter will not increase the table’s 

accuracy rate (Laar and Akça, 2007). The difference between the local, standard, regional and 

form class volume tables are summarised in Appendix A. 

Aside from the local, standard, regional and form class volume tables, it has also been 

noted that other terms which have commonly been used are ‘one-way volume table’ and ‘two-way 

volume table’. Here, Inoue et al. (2013) describe a one-way volume table as a computation of stem 

volume from its diameter at breast height (DBH) while a two-way volume table is described as a 

computation of stem volume from both, its height and the DBH. DBH herein is referring to the 1.3 

m to the aboveground level as per defined in Shari et al. (2010). 

In a mensuration study by Laar and Akça (2007), the interpretation of the single-entry and 

double-entry volume table is analogous to the one-way and two-way volume table as in Inoue et 

al. (2013). Further elucidation on the triple-entry volume table can be found in Ounekham (2009), 

where these scholars conclude that this type of volume table is similar to the form class volume 

table.  
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For the case of China, the ministry of forestry in China used the term unary volume table 

and binary volume table. Unary volume table was developed based on a volume function of 

diameter at breast height (DBH) while for the binary volume table, volume function is expressed 

in terms of DBH and one more parameter, which is the tree height (Liu et al., 2019). This clearly 

shows that the unary volume table and binary volume table is equated with one-way volume table 

and two-way volume table respectively. Table 2.3 illustrates the different categories of the tree 

volume table and its mathematical expression based on the definitions discussed earlier.  

Table 2.3 : Tree volume table classification 

Types of Tree Volume Table Mathematical Expression 

Local Volume Table (Rawat et al., 2003) 

𝑉 = 𝑓(𝐷) 
One-Way Volume Table (Inoue et al., 2013) 

Single-Entry Volume Table (Laar and Akça, 2007) 

Unary Volume Table (Liu et al., 2019) 

Standard Volume Table (Rawat et al., 2003) 

𝑉 = 𝑓(𝐷, 𝐻) 

Regional Volume Table (Rawat et al., 2003) 

Two-Way Volume Table (Inoue et al., 2013) 

Double-Entry Volume Table (Laar and Akça, 2007) 

Binary Volume Table (Liu et al., 2019) 

 
 

2.6.2 Methods for volume table construction 

It has been well acknowledged that there is growing interest and attention among 

researchers on the construction of the volume table where numerous methods have been adopted 

since the first introduction of the volume table by Heinrich Cotta in 1804 (Husch, 1963). Moreover, 

it has been identified that there are two general methods for developing a volume table, which is 

the direct and indirect method. The construction of a volume table using the direct method requires 
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the involvement of three basic procedures, namely, the graphical method, alignment chart 

technique and the formula or least square method. Whereas, the indirect method is where the 

construction of the volume table is by using the form factor method and taper curve. The 

exemplification for the direct and indirect methods are summarised in Table 2.4. 

Table 2.4 : Method for volume table construction 

Direct method 

Graphical technique 

Alignment chart technique 

Formula or least square 

Indirect method 
Form factor method   

Taper curve 

 

2.6.2.1 Indirect method 

The form factor method and taper curve are considered as an indirect method in developing 

the volume table. The fundamental concept of this method is where the relationship of tree volume 

is constructed based on the diameter at breast height (DBH), height and form function. West (2009) 

claims that an accurate determination of the form factor is said to contribute to the high accuracy 

of volume estimation. Whereas, Philip (1994) divided the form factor into three types, namely, 

artificial, absolute and normal, also known as Pressler's form factor. The difference between these 

three types of form factors is the height at which the measurement of the cross-sectional area is 

taken. For an artificial form factor, it is based on the cross-sectional area at breast height while 

absolute and normal or Pressler’s form factor is based on the ground level and 0.9 m of the total 

height measured from the tip, respectively. 

Previous work purely on the form factor method is applied in the study of Bruce (1913), 

while the integration of the form basal area and form class taper method is applied in the study of 

Girard and Gevorkiantz (1939). Although, the recent work on developing the form factor functions 

can be seen in the study of Neto et al. (2016), Tenzin et al. (2017) and Shrestha et al. (2018). 
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However, indirect method will not be used in this research as the sample data is not suitable 

for the indirect method. 

 

2.6.2.2 Direct method 

The graphical method, alignment chart technique and the formula or least square method 

is classified as the direct method. Here, the graphical technique, one of the oldest techniques 

adopted in volume table construction, is claimed by Bruce and Schumacher (1950) as having the 

least accurate method as compared to the alignment chart and formula or least square. The 

harmonised-curved method is one of the graphical techniques introduced by Graves in the 

nineteenth century (Chapman and Meyer, 1949). This method has been widely used throughout 

Europe and America. In fact, some researchers report that the harmonised-curved method is a 

suitable and reliable method for the volume table and taper curve construction (Husch, 1963).  

However, this contradicts with the nature of this method where it is predominantly used 

graphics and requires a very high skill of curve fitting and interpretation by the mensurationist to 

minimise the probable error that can affect the accuracy of the yield (Chapman and Meyer, 1949). 

In addition, it requires a considerably large dataset and tends to be very subjective as the human 

skills vary across each mensurationist (Sandrasegaran, 1972;  Berry, 1990). Thus, contributing to 

the inconsistency of the results and is, therefore, less relevant in its application in the construction 

of the volume table.  

In 1919, Bruce introduced the alignment chart technique following the inadequacy of the 

tabulation method (Spurr, 1952). The alignment chart is a method that uses multiple regression 

equations in curve linear alteration. In the case of a double-entry volume table, this technique is 

said to have the capability of evading the occurrence of interpolation (Laar and Akça, 2007).  

Consequently, previous research by Chapman and Meyer (1949) reported that the 

alignment chart technique produces favourable output and can be considered as a reasonably easy-

going method due to the small amount of mensuration training needed. Spurr (1952) mentions that 
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the alignment chart method is a chart-based method where the chart is graphically structured on 

paper. However, in a situation where there are changes in paper dimension, the interpretation of 

the chart is said to be less accurate, and errors are more likely to occur (Spurr, 1952).  

The least-square method, the third direct method, is claimed by Mohd et al. (2015) as being 

the most commonly-used method in developing the volume table, succeeding the harmonised-

curve method, alignment chart method and other methods that were once popular. The growing 

trend in using the least square method is in line with the advancement and growth of IT, which 

aids in the development process of the volume table. 

Therefore, the least square method will be using in this research as the sample data suits 

with this method and it is aligned with the advancement and growth of IT.  

 

2.6.3 Current research trend in volume table construction 

During the initial phase and introduction of the volume table’s construction, the taper form 

and graphical alignment chart technique were the most commonly applied methods by researchers. 

However, given the limitation of such methods and the advancement of IT, this has shifted the 

interest of researchers towards the formula or least square method which can be seen in the table 

below; a tabulation form of a recent volume table development studies across several continents. 
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Table 2.5 : Analysis on the previous study of volume table development 
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Table 2.5 : Analysis on the previous study of volume table development (cont.) 
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Table 2.5 : Analysis on the previous study of volume table development (cont.) 
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 A recent study by Aman and Parlan (2020) found that there is limited number of study not 

only on volume equations, but as well as the volume table towards a specific mangrove species or 

even the entire mangrove forest. The most recent study was the one performed by Parlan et al. 

(2011) on developing local volume table for one of the fauna species mentioned in the Convention 

on International Trade in Endangered Species of Wild Fauna and Flora (CITES) back in 12 January 

2005 which is Gonystylus Bancanus in Pekan Forest Reserve. However, in the study of Aman and 

Parlan (2020), local volume table development were conducted on two Bakau species which are 

(Rhizophora apiculata & R. mucronata) and Non-Bakau species (other species) in Sungai Merbok 

Forest Reserve, Kedah. Aman and Parlan’s data collection method differs from that of Parlan et 

al.’s, as Aman and Parlan (2020) were using destructive method whereas Parlan et al. (2011) were 

using non-destructive method. Aman and Parlan (2020) employs the least square method as its 

volume table construction technique and log formula of Newtwon’s and Smalian’s are used in 

estimating the volume. Parlan et al. (2011) volume estimation technique and volume table 

construction method is similar to that of Aman and Parlan (2020).  

 Kumar et al. (2020) carried out volume table development study towards one of the species 

that is broadly cultivated in India due to the large scale of reforestation programmes named 

Eucalyptus tereticornis. The goal of this study is to facilitate the process of wood volume 

estimation without any involvement of tree felling by providing more practical tool for the 

foresters or scientist. In this study, the researcher applied the formula of a cylinder in estimating 

the volume, while the least square method as its volume table construction technique. The cone 

formule is applied to the topmost sections, while the Smalian’s formula applied to the bigger 

branches. 

 Singhdoha et al. (2018) conducted a volume table construction study for Populus deltoids 

in Northern Haryana, which are the most widely planted species in India’s agroforestry sector. The 

diversity of its use and high commercial value has driven farmers to participate in large-scale 

poplar cultivation. As such, there is a need to develop a volume table for Populus deltoids to 
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alleviate the estimation process of the standing tree crop and return from its sale before the final 

decision concerning its marketing. This study involves the destructive method of data collection 

where the sample tree is felled into a small section. The log formula is used in estimating the total 

tree volume, and the least square method is then applied in constructing the volume table.  

The studies of Shrestha et al. (2018) focused on three important tree species in the Western 

Region of Nepal, specifically, the districts of Nawalparasi and Kapilvastu. Dalbergia sissoo, 

Shorea robusta and Terminalia alata are the three valuable timber species in Nawalparasi and 

Kapilvastu, and so the development of a volume table for these three tree species is highly 

significant in the growing assessment of the stock. Shrestha et al. (2018) adopted a similar 

approach in volume table construction similar to Singhdoha et al. (2018), which is the least square 

method but is slightly different in the volume estimation technique used. In this study, the 

researcher applied the formula of a cylinder for the lowest section, Smalian’s and Newton’s 

formula for the first section and the consecutive tree section, respectively. The formula of a cone 

was also applied to the topmost sections.  

In another work by Kitikidou et al. (2017) focused on developing a volume table for one 

of the Mediterranean tree species, namely Brutia pine. Brutia pine is one of the widely planted tree 

species in the Mediterranean region due to its high ecological value, not only for soil protection 

but plays an important role as a windbreak as well. The limited information regarding both the 

growth dynamics and yield of Brutia pine has motivated the researcher to undertake the present 

research. This study uses the Van Laar and Akça (1997) volume formula in determining the total 

volume for a tree with a diameter at breast height greater than 15 cm and the cylindrical formula 

for a tree less than 15 cm. Similar to Kitikidou et al. (2017), Angelaki et al. (2015) estimated 

individual tree volume using the Van Laar and Akça (1997) volume formula. Both studies adopted 

a similar method in volume table construction, the least square method. 

In a separate study, Ramos-Uvilla et al. (2014) focused on two Pinus species in the southern 

part of Sierra Purhépecha, Michoacan state, for their volume table development. The two Pinus 
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species were Pinus oocarpa and Pinus lawsonii. These two Pinus species are among the highly 

exploited tree species used in the production of wood-based products such as packing boxes, rural 

buildings, and mouldings as well as for resin. Therefore, this strongly supports the necessity of the 

volume table for use by the forest manager. This study employs the least square method as its 

volume table construction technique, while the formula of a cone and Smalian’s formula is used 

in estimating the volume.  

Kabir et al. (2014) undertook volume table development for rubber tree (Hevea 

brasiliensis. Muell Arg.) which is considered to be a significant cash crop in Bangladesh. In 2014, 

the revenue generated was about 10.06 million USD, even though the percentage of exported 

rubber was less than that for the local usage. Regarding its importance, more systematic 

management of the rubber plantation, however, is needed to monitor current cultivation as well as 

for the future framework. In this study, the cylindrical formula is applied to its bottom and top 

sections, while the mid-log volume is estimated by using Smalian’s formula. The least-square 

method is then used in constructing the volume table. 

A similar pattern is found in the studies of Islam et al. (2012), Yousefpour et al. 

(2012a), Fadillah (2013), Juliana (2013), Pramudya (2013), Seputra (2013), Ureigho (2013), 

Naing et al. (2014), Permadi (2014), Solehah (2014), Kang et al. (2015) . Although the study in 

this field is applied in different continents, all adopt a similar method in volume table construction 

which is the least square method. This similarity is not only found in the volume table construction 

method, but the volume estimation technique is also similar to all the research work uses the 

formula in estimating the log volume. However, there is still room of improvement. 

Conclusively, the trend that can been from Table 2.5 where most of the research work focus 

on the development of local volume table and the least square method and log formula are the most 

commonly-used technique by the researcher for volume table development and volume estimation 

respectively. 
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2.6.4 Current research trend in performance measurement 

 In modelling, the reliability and robustness of the model are important aspects and is crucial 

in validating the developed model. The analysis of recent volume table development studies was 

performed in this study, finding that there are lists of performance measurement indicators that are 

used in the fitting and validating process of the model. The findings from the analysis of 

performance measurement can be seen in Table 2.6. 

 As shown in Table 2.6 there are several types of performance measurement that are 

commonly used, namely, coefficient of determination (R²), root mean square error (RMSE), F-

test, aggregate deviation, average deviation and standard deviation (SD). R² and F-test are the most 

commonly used performance measurement indicators by the researcher in the fitting process of 

the model, while the validation process is commonly used in RMSE, aggregate deviation and 

average deviation in measuring performance.  
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Table 2.6 : Analysis on the performance measurement used by previous researchers 

Statistical 
Methods 

A
m

an
 a

nd
 P

ar
la

n 
(2

02
0)

 

K
um

ar
 e

t a
l. 

(2
02

0)
 

                                       

H
os

sa
in

 e
t a

l. 
(2

01
9)

 

Si
ng

hd
oh

a 
et

 a
l. 

(2
01

8)
 

Sh
re

st
ha

 e
t a

l. 
(2

01
8)

 

K
iti

ki
do

u 
et

 a
l. 

(2
01

7)
 

A
ng

el
ak

i e
t a

l. 
(2

01
5)

 

K
an

g 
et

 a
l. 

(2
01

5)
 

N
ai

ng
 e

t a
l. 

(2
01

4)
 

Pe
rm

ad
i (

20
14

) 

So
le

ha
h 

(2
01

4)
 

R
am

os
-U

vi
lla

 e
t a

l. 
(2

01
4)

 

Ju
lia

na
 (2

01
3)

 

Pr
am

ud
ya

 (2
01

3)
 

Se
pu

tra
 (2

01
3)

 

Fa
di

lla
h 

(2
01

3)
 

Is
la

m
 e

t a
l. 

(2
01

2)
 

Y
ou

se
fp

ou
r e

t a
l. 

(2
01

2b
) 

Pa
rla

n 
et

 a
l. 

(2
01

1)
 

Ilh
am

 (2
01

1)
 

Is
dw

in
an

to
 (2

01
1)

 

Standard 
deviation (SD) 

                     

Standard Error 
(SE) 

                     

Sum squared 
error (SSE) 

                     

Mean square 
error (MSE) 

                     

Root mean 
squared error 
(RMSE) 

                     

Bias 
                     

 

 



 

 
  

42 

Table 2.6 : Analysis on the performance measurement used by previous researchers (cont.) 
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Several publications have highlighted that there are three important elements in 

measurement, which include bias, precision and accuracy. Literally, bias is a representation of 

discrepancy in the average between the estimated value and true value. Several actions lead to the 

occurrence of bias; one of them is the error or flaws that are made in the sampling procedure 

(Walther and Moore, 2005).  

The consistency measure of the prediction was defined by Walther and Moore (2005) as a 

precision. The relationship between MSE with bias and variance has also been proven in the 

previous study by Casella and Berger (1990) (as cited in Walther and Moore, 2005) where: 𝑀𝑆𝐸 =

𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 + 𝑏𝑖𝑎𝑠2.  

However, a limitation exists either in the measurement or estimation technique used at 

different times and under several circumstances is said to an give effect to the level of preciseness 

(Jr. et al., 2016a). The standard deviation (SD) is classified by Jr. et al. (2016b) as one of the 

precision measurements. While, Walther and Moore (2005), like Jr. et al. (2016b), not only 

classified SD as precision measurement, but part of it also includes the variance.  

The closeness of the estimation from its true value is a representation of accuracy. The 

mean square error (MSE), root mean square error (RMSE) and mean absolute error (MAE) are the 

three examples of accuracy measures (Walther and Moore, 2005). On the other hand, it has been 

claimed by Walther and Moore (2005) that the most popular accuracy measure is MSE since it 

applies an integration concept between bias and precision. The three elements of measurement, 

bias, precision and accuracy, have been illustrated in the book written by West (2015) and Jr. et 

al. (2016b) as the bull’s-eye position of the target, as illustrated in Figure 2.5.  
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Figure 2.5: Bull’s-eye position of the target (Jr. et al., 2016c) 

 

Based on the figure above, the best possible result for the marksman is at the top right, 

which is where the shot is most precise and unbiased. On average, it can be seen that the position 

of all shots is right on the bull’s-eye. In addition, it is claimed to be an unbiased measurement as 

the majority of shot attempts are positioned considerably close to its true position. Referring to 

Figure 2.5, the shots cluster closely around the bull’s-eye. Therefore, it can be said that the 

marksman measures the bull’s-eye target with a high level of certainty which indirectly results in 

a high degree of precision. In a nutshell, the measurement of which had the least bias as well as 

high precision and accuracy level can be concluded as the best measurement. 

 

2.7 Application of machine learning technique in volume estimation 

During the early stage of introducing volume tables, the use of traditional volumetric 

techniques was adopted. Although since then, growth in the IT field has slowly transformed the 

current modelling technique of volume model development to machine learning (ML). Generally, 

ML is part of artificial intelligence (AI) that eases the data analytics process as it automates the 

construction process of model analytics. There are several types of ML techniques, and the 
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application of ML is not only limited to regression and classification, but it can also be employed 

for clustering and anomaly detection.  

 Diamantopoulou et al. (2018) highlighted that ML is favourable due to its capability in 

automating the detection of hidden data patterns and modelling it. Artificial neural network (ANN) 

has been claimed by Diamantopoulou et al. (2018) to be a reliable branch of ML for the application 

of forest modelling. Also, the application of ANN is not only used widely in forestry, but numerous 

studies have cited ANN in the healthcare field (Tsai et al., 2016;  Ahmed et al., 2018;  Catic et al., 

2018;  Roffman et al., 2018). Generally, ANN is a system which was inspired from the central 

nervous system (CNS) of the human brain where it involves computerisation of a simple 

mathematical function before being distributed in parallel (Özçelik et al., 2010;  Reis et al., 2016).  

The vast application of ANN is found in the forestry sector such as in biomass and volume 

prognosis (Vahedi, 2016;  Lacerda et al., 2017;  Sanquetta et al., 2017;  Yang et al., 2018), as well 

as the designation of models for forest growth and forest mortality (Zhang et al., 2017;  Rocha et 

al., 2018). Besides that, the application of ANN can also be seen in tree volume estimation studies 

as in the work of Lacerda et al., (2017) and Tavares Júnior et al., (2019). Regarding the accuracy 

of volume estimation, there are different opinions amongst scholars such as Lacerda et al. (2017) 

where they discovered that ANN estimates the volume better than regression while Tavares Júnior 

et al. (2019) cited the opposite view.  

Aside from that, ANN is another dominant approach for regression type problems using 

support vector regression (SVR). Vapnik initially proposed SVR–Chervonenkis around the 1960s 

and can be categorised into two areas; support vector classification (SVC) and support vector 

regression (SVR) (Langhammer and Cesák, 2016). Briefly, SVR is a prediction tool introduced by 

Vapnik, Steven Golowich, and Alex Smola in 1992 and uses the application of ML theory in 

automating the evasion of any data overfitting for high accuracy of the regression prediction 

(Basak et al., 2007;  Langhammer and Cesák, 2016). There are two types of SVR: epsilon-Support 
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Vector Regression (ε-SVR) and nu-Support Vector Regression (μ-SVR). In a comparison study 

by Diamantopoulou et al. (2018), they report that ε-SVR performs better than the regression. 

Application of machine learning in tree volume estimation will be performed in this 

research and explained further in later section. 

 

2.8 Revolution of volume table construction in Malaysia 

It has been acknowledged that the evolution of the volume table for Malaysian rainforests 

started in 1924 by Sanger-Davies, where a volume table was developed for Rhizophora apiculata 

Bl, at Matang Mangrove Forest, Taiping. The construction of the volume table was also undertaken 

towards other Rhizophoraceae species as well as Bruguiera cylindrica in 1953 by Setten. The 

development of the volume table then continued to Dipterocarp species like Shorea leprosula Miq 

(Vincent, 1960), Fagraea fragrans Ridl. (Tembusu) (Sandrasegaran, 1966b), and Dryobalanops 

aromatica Gaertn. f. (Kapur) (Afzal-ata et al., 1985). The study has not only been limited to the 

Dipterocarp species, but the development has also been carried out for Non-Dipterocarp species 

like Teak (Sandrasegaran, 1966d, 1969) and Eucalyptus genus (Sandrasegaran, 1966a, 1967a, 

1967b). Table 1.1 displays a summary of bibliographical research of volume table construction in 

Malaysia from 1924 until today. 

As can be seen in Table 1.1, it is apparent that in the past, volume table constructions 

studies were quite active, slowing down after the study conducted by Mohd et al. (1989). What 

stands out in this table is the lack or limited recent study on the volume table construction where 

there are four study which was performed in 2000s. Thus far, there has been no research on tree 

volume table construction conducted at Cherul Forest Reserve. 

 In the earliest stage of volume table development in Malaysia around the years 1923 to 

1952, the graphical technique approach was adopted by researchers. However, several weaknesses 

caused were identified, causing it not to be the best choice in the study of Setten (1953) and Setten 

(1952). Setten applied the least square technique approach in the study of volume table 
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construction for Eucalyptus robusta Sm and Bruguiera cylindrica. Amongst some of the 

weaknesses of the graphic technique that have been identified is that it requires large sample data 

for the curve to be drawn and requires highly skilled and competent people to interpret the curve 

(Sandrasegaran, 1972).  

 Subsequently, the volume basal area approach started to be adopted in Malaya in 1960. As 

seen in the study of Vincent (1960), the construct of a commercial general volume table used the 

volume basal area of clear bole height regression. Whereas, Vincent and Sandrasegaran (1965a) 

and Vincent and Sandrasegaran (1965b) adopted the volume basal area line in the study of the 

general volume table of the indigenous tree species and a local volume table of the Johore 

Mangroves forest, respectively.  

 The current approach used for the construction of the volume table in Malaysia is through 

adopting an objective approach first introduced by Sandrasegaran (1968). An objective approach 

is where the relationship between DBH and volume is deduced based on the scatter plot diagram, 

thereby influencing the decision-making process for the regression model (Sandrasegaran, 1972). 

Sandrasegaran (1972),  Mohd. et al. (1989),  Shari et al. (2010),  Parlan et al. (2011) and  Aman 

and Parlan (2020) are some of the previous studies that employed an objective approach. The 

evolution of the tree volume table approach used in Malaysia is presented in the table below. 

 

Table 2.7 : Revolution in the approach used for tree volume tables construction in Malaysia 

No Year Approaches used in constructing the volume table 

1 1923 - 1952 Graphical technique approach 

1924 Sanger-Davies - volume table for Rhizophora apiculata 

1928 Watson - revise the volume table develop by Sanger-Davies  

1948 Landon - volume table for Rhizophora apiculata 

1952 Noakes - supersede the volume table develop by Landon 
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No Year Approaches used in constructing the volume table 

2 1952 - 1953 Least square technique approach  

1952 Setten develop a quadratic regression volume equation by using least 

square method on Eucalyptus robusta Sm. 

1953 Setten develop a quadratic regression volume equation by using least 

square method on Bruguiera cylindrica  

3 1955 - 1967 Volume basal area approach 

 1960 Vincent use volume basal area of clear bole height regression for 

volume table construction of Shorea leprosula Miq. 

 1965 Vincent and Sandrasegaran use volume basal area line for volume 

table construction of Johor Mangrove forest 

 1965 Vincent and Sandrasegaran use volume basal area line for general 

volume of commercial indigenous species in the lowland Dipterocarp 

forest  

4 1968 - now Objective approach  

involve the use of regression model, weighted and unweighted 

equation 

1968 Sandrasegaran – volume table for Pinus caribaea Mor. 

1969 Sandrasegaran – volume table for Tectona Grandis Linn. f. 

1970 Sandrasegaran – volume table for Pinus merkusii Jungh & De Vriese 

1972 Sandrasegaran – volume table for Rhizophora apiculata 

1981 Mohd. et al. – volume table for Pinus caribaea var. Hondurensis 

1985 Afzal-ata et al. – volume table for Kapur (Dryobalanops aromatica 

Gaertn. F.) 

1989 Mohd. et al.  – volume table for Acacia Mangium 
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No Year Approaches used in constructing the volume table 

 2004 Ghani et al. – volume table for lowland and hill dipterocarp forest in 

Pahang 

2010 Shari et al. – volume table for second growth forest (Panti Forest 

Reserve) 

2011 Parlan et al. – volume table for Gonystylus Bancanus 

2020 Aman and Parlan – volume table for natural mangrove forest (Sungai 

Merbok Forest Reserve) 

 

2.9 Summary 

The fundamental concept associated with the tree volume table has been discussed and 

analysed in this chapter. The investigation and review of previous studies revealed that there are 

several types of volume tables and techniques in estimating the volume. Each type of volume table 

and volume estimation technique was discussed and reviewed in detail. The growth and 

advancement in IT have also led towards the use of remote sensing in the application of forest and 

ecological inventory applications; however, there are pros and cons of this method which were 

discussed. As such, an analysis of current research trends and issues related to volume estimation 

will help to provide strong support towards the directions of this study.  

This research is going to use the log formula as log volume estimation technique and least 

square method as the volume table development method.    
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CHAPTER 3 

 

METHODOLOGY 

 

3.1 Introduction 

 The design research methodology is outlined in this chapter. Good design plays an 

important role in achieving set research objectives. The research design comprised of five main 

phases: a preliminary study, data collection and data pre-processing, development, validation and 

results. Aside from discussing the research design, the approaches adopted in conducting the 

research work are also discussed. Further elucidations of the research design and research approach 

are discussed in the following section. 

 

3.2 Research design 

Research design can be defined as the overall plan or strategy of research and is based on 

a systematic approach that covers the entire research process, starting with problem formulation 

until report documentation. The designated architecture of data collection and data analysis in this 

study ease the process of identifying the most suitable research method, as shown in Figure 3.1 

illustrates the research design phases of this study. 
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Figure 3.1 : Research design 

 

3.2.1 Preliminary study 

The first phase of the framework is the preliminary study. The preliminary study phase 

consists of three main components, which are the literature review, gap identification and the 

identification of the research objective. This phase begins by examining the concept of the volume 

table development and its significance to the country as a whole. Previous investigation of the 

volume table in Chapter 2, found that analysis of the volume equation was required before a 

volume table can be constructed. Therefore, the analysis of literature is not simply limited to the 

volume table as understanding the concept of volume estimation as it also includes the research 

process as well. The analysis of several volume table studies was conducted to identify the current 
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research trend on volume estimation techniques and volume table construction methods. From 

that, a comparison between each type of volume estimation technique and volume table 

construction method was made, and the relevancy of its application studied.  

In addition, the opinion from an expert, Mrs Nur Hajar Zamah Shari, a research officer at 

the Forest Research Institute Malaysia (FRIM) was obtained given she is the person in charge for 

volume table development in Malaysia. As a result, the log formula as the volume estimation 

technique and the regression analysis was adopted in this study in constructing a local volume 

table. At the conclusion of this phase, the research gap, the research objective and research problem 

were identified. Graphical representation of the preliminary study phase is shown in Figure 3.2. 

 

Figure 3.2 : Structure of preliminary study phase 

 
3.2.2 Design and implementation 

3.2.2.1 Data collection and data preprocessing 

Within the second phase of the research design, is the data collection and data pre-

processing stage. In conducting research, there are a number of sampling techniques that can be 

employed, of which this study adopted stratified sampling methods. The number of trees was 

selected based on the diameter classes and species group. The real tree data were collected at 

compartment 37, Cherul Forest Reserve, Terengganu and the measurements were carried out on 
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both the standing and felled trees. Trees that were dead dying, broken or even in bad form were 

excluded from performing the measurements. 

Similarly, trees with a diameter at breast height (DBH) less than 15 cm were excluded from 

this study. For the standing trees, a handheld Laser Criterion 400 was used to measure the diameter 

and height of the tree. The measurement on felled trees was taken by the forest officer using a 

calliper and measuring tape before the log was transferred to the logger’s lorry. Tree measurement 

taken on standing trees was considered as a non-destructive method while the destructive method 

was used on the measurement of felled trees.  

The total tree sample collected was 265. However, after completing the pre-processing 

stage, the number of tree samples decreased to 241. One of the aims of this study was to produce 

a volume equation that could not just be used generally, but could also be used for dipterocarp and 

non-dipterocarp species. In achieving this aim, a total of 241 tree samples were subdivided into its 

tree group, either as dipterocarp or non-dipterocarp species. Briefly, dipterocarp is the main tree 

family in Southeast Asian forests where it is normally described as tall, straight trees (sometimes 

buttressed) with an average height of 50 m, trunk diameter greater than 2 m and characterised as 

having no branches from the trunk to the canopy level (Ghazoul, 2016). In this research, it has 

found that from the 241 tree samples, 201 samples were non-dipterocarp, while the other 40 

samples were dipterocarp. Detailed data distributions are shown in Table 3.1. 
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Table 3.1 : Tree species and quantity 

Dipterocarp 
No Tree species Quantity 

1 Balau Merah (Shorea collina) 6 

2 Balau (Shorea spp.) 1 

3 Damar Hitam (Shorea spp.) 6 

4 Keruing (Dipterocarpus spp.) 8 

5 Meranti Melantai (Shorea macroptera) 4 

6 Meranti Tembaga (Shorea leprosula) 7 

7 Meranti Kepong (Shorea ovalis) 1 

8 Meranti Bumbung (Shorea dealbata) 1 

9 Meranti Pa’ang (Shorea bracteolata) 2 

10 Meranti Rambai Daun (Shorea acuminata) 1 

11 Meranti Nemesu (Shorea pauciflora) 2 

12 Resak (Vatica spp. & Cotylelobium spp.) 1 

TOTAL 40 
Non-Dipterocarp 

No Tree Species Quantity 

1 Nyatoh (Sapotaceae spp.) 14 

2 Kelat (Syzygium spp.) 36 

3 Rengas (Gluta spp.) 15 

4 Kedondong (Burseraceae spp.) 9 

5 Medang (Lauraceae) 4 

6 Kempas (Koompassia malaccensis) 16 

7 Kasai Daun Lebar (Pometia pinnata) 1 

8 Merbau (Intsia palembanica) 2 

9 Mempening (Quercus argentata) 4 

10 Perah (Elateriospermum spp. / Pimelodendron spp.) 13 

11 Jangkang (Xylopia spp.) 1 

12 Terap (Artocarpus spp.) 2 

13 Mempisang 3 

14 Putat (Barringtonia spp.) 1 

15 Penarahan 3 

16 Bintangor (Calophyllum spp.) 9 

17 Keledang (Artocarpus spp.) 3 
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Non-Dipterocarp 
No Tree Species Quantity 

18 Jelutong (Dyera costulata) 2 

19 Sesenduk (Endospermum malaccense) 6 

20 Kasai (Pometia spp.) 3 

21 Inggir Burung (Ixonanthes reticulata) 1 

22 Keranji  (Dialium spp.) 1 

23 Kungkur (Albizia splendens) 2 

24 Kayu Arang (Diospyros spp.) 2 

25 Penarahan Arang (Myristica spp.) 1 

26 Kembang Semangkok (Scaphium spp.) 3 

27 Merpauh (Swintonia spp.) 18 

28 Machang (Mangifera spp.) 1 

29 Kandis (Garcinia spp.) 1 

30 Kubin (Macaranga gigantea) 1 

31 Mahang Putih (Macaranga hypoleuca) 4 

32 Nyatoh Taban 1 

33 Saga (Adenanthera pavonina Linn.) 1 

34 Penaga (Mesua ferrea L.) 1 

35 Setambun  1 

36 Tualang (Koompassia excels) 1 

37 Minyak Berok  2 

38 Simpoh (Dillenia spp.) 1 

39 Geronggang (Cratoxyllum spp.) 1 

40 Hampas Tebu 1 
41 Sepetir (Sindora spp.) 1 

42 Ludai 2 

43 Tembusu hutan 1 

44 Melunak (Pentace spp.) 1 

45 Mengkulang (Heritiera spp.) 3 

46 Kulat 1 

TOTAL 201 
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The data in each group were then subdivided according to its diameter class. The rule of 

thumb was next applied to each group species where 70% of the data were used for training, and 

30% for testing (Yang, 2020). To avoid bias, the rule of thumb was also applied to each diameter 

class. The testing dataset was independent of the fitting procedure for any types of constructed 

models, including the regression and ML techniques, and was only used for the evaluation of each 

respective constructed model. Table 3.2 presents summary statistics of the data distribution of this 

study.  

Table 3.2 : Summary statistics of data distribution 

Variable 

Training data Testing data 
Mean Min. Max. SD Mean Min. Max. SD 

All species ( 169 trees ) All species ( 72 trees ) 
D (cm) 52.2 12.8 98.0 17.0 53.1 23.6 129.6 18.0 
H (m) 17.0 10.7 30.0 3.9 17.3 6.5 25.9 3.7 
 Dipterocarp species ( 28 trees ) Dipterocarp species ( 12 trees ) 
D (cm) 61.7 25.8 98.0 20.0 66.6 32.8 129.6 26.9 
H (m) 20.4 13.3 30.0 4.6 17.1 11.9 20.9 2.6 
 Non-dipterocarp species  

( 141 trees ) 
Non-dipterocarp species  
( 60 trees ) 

D (cm) 49.3 23.6 86.9 14.4 52.66 12.8 99.4 17.26 
H (m) 16.4 6.5 28.2 3.5 17.3 11.2 25.9 3.75 

 

The total tree sample data collected, as mentioned earlier, was 265; however, after going 

through the pre-processing stage, the number of tree sample data was 241. The rule of thumb was 

applied in cleaning the data where 70% of data were used for training, and 30% for testing (Yang, 

2020). Data pre-processing is very important because real-world data is not clean and will 

comprise of noise, often inconsistent and sometimes incomplete due to human or instrumental 

error (Baskar et al., 2013). Moreover, it is highly important to ensure the use of quality data in 

producing quality output.  

Data pre-processing consisted of five main procedures: data cleaning, data integration, data 

transformation, data reduction and data discretisation. Firstly, a raw tree dataset of 265 went 

through the cleaning process and only 241 tree data left at the end of this phase. At this phase, any 
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outliers, noisy data or even incomplete tree data were completed and/or discarded, and 

inconsistencies problem resolved. 241 tree data then went through a merging process before 

moving to the next process, which was data transformation. Data of the same group species will 

be gathered into one. In the data transformation phase, normalisation, aggregation and 

generalisation were applied to the tree data, and a data summary table was created. After that, tree 

data were reduced before discretised into dipterocarp and non-dipterocarp species. The flow of 

data pre-processing is illustrated in Figure 3.3. 

 

Figure 3.3 : Stage of data preprocessing 

3.2.2.2 Computation of volumes and evaluation of volume formulas 

In the previous chapter, it was identified that there were only four log formulas: Smalian’s, 

Newton’s, Huber’s and Bruce’s formula. Accordingly, this study examined the effect of log 

sectional length and log formula on the accuracy of volume estimation. Figure 3.4 illustrates the 

structure of the volume computation and evaluation of the volume formula. 
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Figure 3.4 : Workflow of volume computation and evaluation of volume formula  

As mentioned in Chapter 2 of this study, Newton’s formula has been recognised as the 

most accurate formula in calculating tree volume as stated by Chapman and Meyer (1949), Loetsch 

et al. (1973) and Husch et al. (1982). Therefore, Newton’s formula was set as the ‘true volume’, 

and the accuracy of Smalian’s, Bruce’s and Huber’s formula was evaluated using several statistical 

performance measures. The performance of each formula was evaluated concerning bias, precision 

and accuracy. The best log formula was the one having the least biased, most accurate and precise 

in its prediction. 

Bias can be defined as the average deviation between the estimated volume and true 

volume, which is obtained by using three log formula and Newton’s formula. In short, bias will 

lead to either an underestimation or overestimation of its true value. In the mensurational book 

written by Jr. et al. (2016), the occurrence of bias may be due to faulty measurement procedures, 

instrumental errors, faults in the sampling procedure, errors in the computations or even mistakes 

in the recording. Walther and Moore (2005) classified the mean error (ME) as the common bias 

measure.  
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Further, precision, as defined by Walther and Moore (2005), is the measure of the 

consistency of the prediction, and its precision may be affected by limitations in the measurement 

or estimation technique used at different times and in several circumstances (Jr. et al., 2016a). 

Generally, the precision of an estimator increases linearly with the square root of the sampling 

effort. Several statistical criteria are considered by Jr. et al. (2016) such as precision measurement, 

with one being the standard deviation (SD).  

Moreover, accuracy represents the closeness level of the estimation from the true value. 

Mean square error (MSE) is the most common accuracy measure given it comprises a combination 

of concepts, bias and precision (Walther and Moore, 2005). This can be observed where an 

accurate estimator would have a small value of variance and the least bias in the prediction.  

 

3.2.2.3 Regression analysis 

Regression analysis is widely acknowledged as one of the tools in analysing the data of 

natural and physical sciences. The purpose of regression analysis is for measuring the relationship 

of either a dependent variable with one independent variable or a dependent variable with more 

than one independent variable. At the end of regression analysis, a volume model is obtained, and 

from the equation of the model itself, the effect of changes in one unit of an independent variable 

towards the changes in a dependent variable can be interpreted. Jr. et al. (2016a) mentioned that 

regression analysis plays an important role in forest mensuration. Therefore, in this study, two 

stages were involved in regression analysis, as shown in Figure 3.5, relationship testing and 

modelling of the volume equation. 
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Figure 3.5 : Structure of regression analysis 

i- Test the relationship 

The scatter diagram is the most commonly-used graphical representation in examining the 

relationship between two variables. The linear or non-linear trend can be seen from the graph. The 

correlation analysis is then used to quantify the degree of a linear relationship between two 

variables, which is represented numerically. On the other hand, multiple correlation analysis refers 

to the correlation measures between more than two variables. The existence of the correlation is 

found when the size of the measurement of one variable is related to the size of the measurement 

of another variable. Therefore, the initial hypothesis of this study is where the sample correlation 

coefficient (r) lies between the -1 and 1; that is, -1≤ r ≤ 1, however, if r = 0 does not necessarily 

mean X and Y are statistically independent because if the variables are related in a non-linear way, 

r would also be 0 (Porter and Gujarati, 2009). 

Generally, three types of statistical tests for correlation measures include Pearson’s 

correlation test, Kendall’s rank correlation test and Spearman’s rank correlation test. Kendall’s 

rank and Spearman’s rank is a non-parametric test while Pearson’s is not. Pearson’s correlation is 

applied when the researcher intends to measure the degree of the relationship between linearly 

related variables, whereas Kendall’s rank is to quantify the dependence level between two 

variables. Spearman’s rank correlation test is used to quantify the degree of association between 

two variables.  
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Therefore, this study measures the relationship degree between two variables; the first one 

is the diameter at breast height (DBH) and volume, while the second one is between height and 

volume. The selection of Pearson’s correlation test assumes that the height is linearly related to 

the volume and similarly, for the DBH and volume.  

ii- Construction of volume equations 

Tree data were fitted to the most commonly used regression models, both weighted and 

unweighted. The selection on the weighted or unweighted equation depends on the nature of the 

data. If the data is normally distributed, then the weighted least square is adopted. Otherwise, the 

unweighted least square is adopted. The data are said to be normal when there the existence of 

heteroscedasticity and inconsistency in the standard deviation of standard error across all levels of 

the explanatory variable. 

The weighted equation was adopted in this study with the purpose that the uniformity of 

variance along the regression line can be achieved with possible departures from normality 

(Sandrasegaran, 1972). The weighted least square regression coefficient as claimed by Cunia 

(1964) to be the best linear estimates in the statistical sense even in a condition where the 

distribution is not normal. This is due to the homogeneity of variance in volume along the 

regression line equalised, and the consistency in its variance is tending to improve the fit under the 

use of weighted regression. 

 

3.2.2.4 Model fitting 

At the initial stage of constructing the volume table, the tree sample was divided into testing 

and training. The rule of thumb, 70-30 was applied in this study, where, 70% of the data were 

categorised as training data used for model construction, and the remaining data were used in the 

validation process (Yang, 2020). As such, this phase required the use of training data. The training 

data were fitted into the selected regression models, and the performance of the regression model 

was evaluated using two performance measures, standard error (SE) and Furnival’s Index (FI). 
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Furnival’s Index was selected in this study instead of another normal statistical test to avoid 

the problem that could arise in the data analysis phase, due to the inclusion of transformations of 

the dependent variable and weighted regression into the analysis. Thus, Furnival’s Index was used 

in this study to overcome those problems. 

 

3.2.3 Testing and evaluation 

In the testing and evaluation phase, a thorough evaluation was implemented, with several 

statistical tests performed to evaluate which volume model performed the best. In short, this phase 

was very important because a model is built for a specific purpose, and therefore the model needs 

to be verified whether it is performing as expected and in line with the design objective. Two types 

of volume model are aimed to be produced at the conclusion of this study, the local and standard 

volume model for dipterocarp species, non-dipterocarp species and all tree species datasets.  

In this research, the validation process used some of the data that was initially isolated in 

the early stages of the study from being used in the regression model construction. The testing data 

were then fitted into all fifteen regression models. The best selection of models was based on the 

value of bias, standard deviation (SD) and root mean square error (RMSE). 

Furthermore, to meet the third objective of this study, the constructed local volume model 

needed to be compared with the one that was constructed by the previous researcher. Meanwhile, 

the constructed standard volume model was assessed and compared with the existing volume table. 

The accuracy of the constructed volume models was then evaluated and analysed from the point 

value of RMSE.  

Apart from modelling using the regression method, modelling using ML techniques was 

performed. The two ML techniques used for tree volume modelling were SVR and ANN. The 

modelling of tree volume was performed for three different categories: dipterocarp, non-

dipterocarp and all species. The accuracy of the estimates was assessed and analysed from the 

point value of RMSE.  



 

63 
 

3.3 Summary of research design 

 

Figure 3.6 : Research Design 

 Figure 3.6 shows a summary of the entire research design process that was undertaken in 

this study, starting from the preliminary study until the accomplishment of the research objectives. 
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3.4 Implementations of the research design 

3.4.1 Analysis between several log formula and log sectional length 

 This study involved three types of log volume formula which were Smalian’s, Huber’s and 

Bruce’s formula and the volume estimation for each of these formulae against several log sectional 

length which were 2 m, 4 m, 6 m and 8 m were calculated. Volume estimation was carried out by 

using these three-log formulae which were then be compared to Newton’s formula and treated as 

“true”.  

The complexity of Newton’s formula constitutes its title as being the best method to use in 

this study. This is because, as seen in the equation below, it requires three kinds of diameter 

measurement, which are small, mid-length and large end diameters. However, in a condition where 

the number of diameters is even, the last interval needs to be calculated using Smalian’s formula 

which is then summed with previously calculated volume using Newton’s formula (Jr. et al., 

2016a). Several previous studies like Fonweban (1997) and Li et al. (2015) have tested the 

performance of Newton’s formula with several other log volume formula, finding that Newton’s 

is the most precise and accurate in estimating the volume. The volume equations for these four 

formulae are tabulated in Table 3.3. 

Table 3.3 : Log formula used in volume computation 

Log formula Equation 

Smalian’s formula 𝑉𝑖 = (1 2⁄ ) ∗ 𝑓 ∗ 𝐿 ∗ (𝑑𝐴2 + 𝑑𝐵2)                  (3.1) 

Huber’s formula 𝑉𝑖 = 𝑓 ∗ 𝐿 ∗ (𝑑𝑀)2                                          (3.2) 

Bruce’s formula 𝑉𝑖 = 𝑓 ∗ 𝐿 ∗ (0.25(𝑑𝐵)2 + 0.75 (𝑑𝐴)2)         (3.3) 

Newton’s formula 𝑉𝑖 = (1 6⁄ ) ∗ 𝑓 ∗ 𝐿 ∗ (𝑑𝐴2 + 4𝑑𝑀2 + 𝑑𝐵2)   (3.4) 
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where: 

𝑉𝑖 = Log volume at ith (m³) 

𝐿  = Length of log (m)             

𝑓  = 0.00007854 (metric units) 

𝑑𝐴 = Diameter at the small log end (cm) 

𝑑𝐵 = Diameter at the large log end (cm) 

𝑑𝑀 = Diameter at the mid-length log end (cm) 

Next, the total volume of each log needed to be calculated. The total volume of each log 

was obtained by summing up the volume of all log sections using the following formula: 

𝑉𝑇 = 𝑉1 + 𝑉2 + 𝑉3 + ⋯ + 𝑉𝑛 (3.5) 

where: 

𝑉𝑇 = Total volume of a log (m³) 

𝑉𝑛 = Volume at nth log section (m³) 

The performance of Huber’s, Smalian’s and Bruce’s formula in estimating the log volume 

was undertaken using different log sectional lengths and evaluated using several statistical 

performance measures. The performance was evaluated from three different perspectives: bias, 

precision and accuracy. The best log formula was the one that had the least bias, was most accurate 

and precise in its prediction. 

 Bias is a representation of discrepancy in the average between the estimated and true log 

volume which is obtained using three log formulas and Newton’s formula. Several actions lead to 

the occurrence of bias which are faulty measurement procedures, instrumental errors, and faults in 

the sampling procedure, errors in the computations or even mistakes in the recording (Walther and 

Moore, 2005). The bias was estimated using the following formula: 
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𝐵𝑖𝑎𝑠 =
1
𝑛

∑(𝑉𝑚𝑖

𝑛

𝑖=1

− 𝑉𝑛𝑖) (3.6) 

where:  

𝑉𝑚𝑖 = Estimated log volume at ith (m³) 

𝑉𝑛𝑖 = True log volume at ith (m³) 

𝑛   = Number of samples 

Precision is the consistency measure of the prediction as defined by Walther and Moore 

(2005). The limitation that exists either in the measurement or estimation technique used at 

different times and under several circumstances is said to give effect to the level of preciseness (Jr. 

et al., 2016a). Standard deviation (SD) classified by Jr. et al. (2016b) as one of the precision 

measurements. Therefore, SD in this study was estimated using the following formula: 

𝑆𝐷 = √
∑ (𝑉𝑖 − 𝑉̅)2𝑛

𝑖=1
(𝑛 − 1)

 (3.7) 

where:  

𝑉𝑖 = Estimated log volume at ith (m³)           

𝑉̅ = Mean volume (m³) 

𝑛  = Number of samples 

The closeness of the estimation from its true value is a representation of accuracy. The 

most popular accuracy measure is the mean square error (MSE) since it applies an integration 

concept between bias and precision (Walther and Moore, 2005). The following is the formula for 

accuracy estimation: 

𝑀𝑆𝐸 =
1
𝑛

∑(𝑉𝑖 − 𝑉̅)2
𝑛

𝑖=1

 (3.8) 
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where:  

𝑉𝑖 = Estimated log volume at ith (m³)             

𝑉̅ = Mean volume (m³) 

𝑛 = Number of samples 

 

3.4.2 Relationship testing and volume modelling 

 As mentioned in Chapter 3 and illustrated in Figure 3.5 there are two stages involved in 

the regression analysis phase, which are relationship testing and modelling of the volume equation. 

For relationship testing, the most commonly-used graphical method, the scatter diagram, was used 

in this study to examine the relationship between two variables. This study set out to examine the 

degree of two relationships, where the first one was between the diameter at breast height (DBH) 

and volume, while the second one was between height and volume.  

 In addition, correlation analysis was performed using Pearson’s correlation test with an 

assumption that the height and volume had a linear relationship, and DBH and volume adopted a 

similar position. The following formula was used to calculate Pearson’s r correlation: 

𝑟 =
∑ 𝑋𝑖 ∗ 𝑌𝑖

𝑛
𝑖=1 − ((∑ 𝑋𝑖

𝑛
𝑖=1 ) ∗ (∑ 𝑌𝑖

𝑛
𝑖=1 )

𝑛 )

√{(
∑ 𝑋𝑖

2𝑛
𝑖=1 − (∑ 𝑋𝑖

𝑛
𝑖=1 )2

𝑛 ) ∗ (
∑ 𝑌𝑖

2𝑛
𝑖=1 − (∑ 𝑌𝑖

𝑛
𝑖=1 )2

𝑛 )}

 
(3.9) 

  where: 

𝑟  = Coefficient of correlation 

𝑋𝑖 = Diameter of tree at ith (m)            

𝑌𝑖 = Volume of the tree at ith (m) 

𝑛  = Number of trees 

Meanwhile, the degree of relationship between Y and more than two explanatory variables 

was measured using multiple coefficients of correlation, which were denoted by R. The multiple 



 

68 
 

correlation coefficient test was used in identifying the degree of relationship between volume, 

height and DBH. This is in line with one of the objectives of the study, which was to determine 

the best standard volume equation. The formula of the multiple correlation coefficient is given as 

follows: 

𝑅 = √
𝑏1(∑ 𝑋1𝑖 ∗ 𝑌𝑖

𝑛
𝑖=1 ) − 𝑛𝑌̅𝑋̅1 + 𝑏2(∑ 𝑋2𝑖 ∗ 𝑌𝑖)𝑛

𝑖=1 − 𝑛𝑌̅𝑋̅2

∑ 𝑌𝑖
2𝑛

𝑖=1 − 𝑛𝑌̅2  (3.10) 

where: 

𝑅  = Multiple correlation coefficient 

𝑋̅1 = Mean of tree diameter (m) 

𝑋̅2 = Mean of tree height (m) 

𝑋1𝑖 = Diameter of the tree at ith (m)            

𝑋2𝑖 = Height of tree at ith (m)             

𝑌𝑖  = Volume of the tree at ith (m) 

𝑌̅  = Mean of volume (m³) 

𝑛  = Number of trees 

The second phase was the modelling of the volume equation. As a result of extensive 

research on volume table development, it was discovered that there are lists of regression models 

which are commonly used by researchers. This study used both weighted and unweighted 

regression. As mentioned in the previous chapter, Cunia (1964) claims that the weighted least 

square regression coefficient is good, if not preferred linear estimate in the statistical sense even 

in a condition where the data distribution is not normal. Therefore, the list of the weighted and 

unweighted equations used in this study is listed below: 
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Unweighted equation 

1. 𝑉 = 𝑏𝑜 + 𝑏1𝐷 
2. 𝑉 = 𝑏𝑜 + 𝑏1𝐷 + 𝑏2𝐷2 
3. 𝑉 = 𝑏𝑜 + 𝑏1𝐷2 
4. 𝑉 = 𝑏𝑜 + 𝑏1𝐷2𝐻 

5. 𝑉 = 𝑏𝑜 + 𝑏1𝐷2 + 𝑏2𝐻 + 𝑏3𝐷2𝐻 
6. 𝑉 = 𝑏𝑜 + 𝑏1𝐷2 + 𝑏2𝐷𝐻 + 𝑏3𝐷2𝐻 
7. log𝑒 𝑉 = 𝑏𝑜 + 𝑏1 log𝑒 𝐷 

8. log𝑒 𝑉 = 𝑏𝑜 + 𝑏1 log𝑒 𝐷 + 𝑏2 log𝑒 𝐻 

Weighted equation 

9. 𝑉 𝐷2⁄ = 𝑏𝑜 + 𝑏1(1 𝐷⁄ ) + 𝑏2(1 𝐷2⁄ ) 
10. 𝑉 𝐷2⁄ = 𝑏𝑜 + 𝑏1(1 𝐷2⁄ ) 
11. 𝑉 𝐷2𝐻⁄ = 𝑏𝑜 + 𝑏1(1 𝐷2𝐻⁄ ) 
12. 𝑉 𝐷2⁄ = 𝑏𝑜 + 𝑏1(1 𝐷2⁄ ) + 𝑏2(𝐻 𝐷2⁄ ) + 𝑏3𝐻 
13. 𝑉 𝐷2𝐻⁄ = 𝑏𝑜 + 𝑏1(1 𝐷2𝐻⁄ ) + 𝑏2(1 𝐻⁄ ) + 𝑏3(1 𝐷2⁄ ) 
14. 𝑉 𝐷2⁄ = 𝑏𝑜 + 𝑏1(1 𝐷2⁄ ) + 𝑏2(𝐻 𝐷⁄ ) + 𝑏3𝐻 
15. 𝑉 𝐷2𝐻⁄ = 𝑏𝑜 + 𝑏1(1 𝐷2⁄ 𝐻) + 𝑏2(1 𝐻⁄ ) + 𝑏3(1 𝐷⁄ ) 

         where: 

𝑉 = Tree volume (m³) 

𝐷 = Diameter (m)             

𝐻 = Log length (m) 

𝑏𝑖 = Regression coefficients  

 
3.4.3 Analysis of volume equation 

 Analysis of volume equation involve the process of fitting the data into weighted and 

unweighted regression before going through statistical analysis as portrayed in Figure 3.7. 
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Figure 3.7 : Structure of volume analysis 

Training data were fitted into all weighted and unweighted regression models as listed in 

the previous section. The performance of all 15 models was evaluated using two performance 

measures, Furnival’s Index (FI) and standard error (SE).  

Furnival’s Index was chosen instead of other common statistical tests to avoid the problem 

that could arise in the data analysis phase, due to the inclusion of transformations of the dependent 

variable and weighted regression into the analysis. Additionally, standard error (SE) was required 

in the calculations of FI. Thus, the formula of FI is as expressed below: 

𝐹𝐼 = [𝑓′(𝑉)]−1 ∗ 𝑠 (3.11) 

where: 

       𝐹𝐼       = Furnival’s Index 

       𝑠         = Residual standard error (SE) from the fitted regression 

 [𝑓′(𝑉)]−1 = Geometric mean 

 

3.4.4 Validation of volume equation 

In the previous section, a total of 15 regression models for each group of data were 

obtained. In this section, the regression model is validated. Validation involves the model 

verification process to ensure the performance is within expectations and is parallel to the design 

objective. This phase required the use of 30% of the data that were previously set aside from being 
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used in the regression analysis. The testing data were then fitted into all fifteen regression models. 

This enabled the study to measure the distance between the volume values obtained with the actual 

volume value. The performance measures for model validation were bias, SD and RMSE.  

 Notably, bias concerns the average difference between volume estimation using two 

different datasets, which in this study were the training dataset and testing dataset, while SD 

measured the consistency of the prediction. The bias and SD were estimated using the formula in 

Equations (3.6) and (3.7) respectively. RMSE is the standard deviation of the prediction error, and 

is expressed using the formula as shown below: 

𝑅𝑀𝑆𝐸 = √
1
𝑛

∑(𝑉𝑖 − 𝑉̅)2

𝑛

𝑖=1

 (3.12) 

     where:  

𝑉𝑖 = Log volume at ith  (m³)             

𝑉̅ = Mean volume (m³) 

𝑛 = Number of samples 

 

3.4.5 Evaluation on the accuracy of the constructed volume models 

The second objective of this study was to build local and standard volume models for three 

different categories, dipterocarp, non-dipterocarp and all species, which was accomplished. This 

was followed by the last objective to assess the accuracy of the constructed volume models. 

In 2010, Shari et al. conducted a study on the Panti Forest Reserve where three local 

volume equations were successfully constructed for dipterocarp, non-dipterocarp and all species. 

The local volume equations are listed below: 

i) Dipterocarp  :  

𝑉 = 0.002688 ∗ 𝑑𝑏ℎ1.7462 (3.13) 

ii) Non-dipterocarp :  
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𝑉 = 0.001231 ∗ 𝑑𝑏ℎ1.9531 (3.14) 

iii) All species  :  

𝑉 = 0.0010125 ∗ 𝑑𝑏ℎ1.9417 (3.15) 

The constructed local volume models obtained in this study were compared with the ones 

obtained by Shari et al. (2010). For the assessment of standard volume models, the evaluation was 

performed with the volume table that has been used by the Forestry Department Peninsular 

Malaysia (FDPM) for many years. The accuracy of the local volume models was assessed from 

the point value of RMSE, and the RMSE was computed using the formula as given in Equation 

(3.12). The existing volume table was used as the benchmark to assess any overestimation or 

underestimation event in the use of volume estimation using the constructed standard volume 

models. 

 
3.5 Tree volume modelling via machine learning 

In modelling, one of the essential elements is the capability in managing regression analysis 

problems. Given the fact that ML techniques are not only capable of developing a reliable and 

robust model that can deal with complex environmental problems, modelling via ML techniques 

is often chosen, as in this study.  

SVR and ANN, as mentioned earlier in this study, are two ML techniques used in tree 

volume modelling. In this study, the epsilon-Support Vector Regression (ε-SVR) algorithm of 

SVR was applied in modelling the tree volume. Both ε-SVR and ANN modelling was performed 

using the “e1071” package in the R software. Each one of the three datasets was divided into two, 

where 70% of all data were used for training and the remainder for testing (Yang, 2020).  

Modelling of tree volume was performed for three different categories, dipterocarp, non-

dipterocarp and all species. The RMSE for each model was then calculated to obtain an 

interpretation of the accuracy of the estimates. The RMSE was computed using the formula as 

given in Equation (3.12). 
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3.6 Summary 

This chapter presents the proposed methodology in order to construct volume models as 

well as the implementation of regression analysis in modelling the tree volume data. The step-by-

step procedure regarding the modelling, analysis, and how the evaluation part was performed was 

also explained in detail. The modelling that was fabricated was attributed to the designs proposed 

in the previous chapter believed to achieve the second objective of the study. This chapter 

explained the process of how the evaluation process was performed to accomplish the third 

objective of the study. The validation part was the last part, playing an important role since it 

established the volume model for Cherul Forest Reserve. The next chapter discusses on results of 

the experiments. 
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CHAPTER 4 

 

RESULT AND DISCUSSION 

 

4.1 Introduction 

 This chapter presents and analyses the results obtained from applying the research 

methodology, as presented in Chapter 3. The best log sectional length for volume estimation is 

first identified, as mentioned in the first research objective. The identification process involves 

several log sectional lengths that are assessed against Smalian’s, Huber’s and Bruce’s formula. 

The correlation analysis is performed in order to quantify the degree of relationship between the 

variables. Towards the accomplishment of the second objective, the tree data are modelled using 

regression, and the selection of the best volume model is based on several performance measures. 

Besides that, a tabulation of modelling via regression and ML techniques is performed to analyse 

the discrepancy of modelling using a different method. At the conclusion of this chapter, a local 

and a standard volume equation for all species, dipterocarp and the non-dipterocarp group is 

obtained.  

 

4.2 Evaluation of volume formulas against several log sectional length 

Table 4.1 presents the results of bias, mean square error (MSE) and standard deviation 

(SD) of interval 2 m, 4 m, 6 m and 8 m using Smalian’s, Huber’s and Bruce’s formula. 



 

75 
 

Table 4.1 : Results of bias, precision and accuracy according to its log sectional length 

 Bias (m³) MSE (m³) SD (m³) 
2 m log interval    

     Smalian 0.02225 0.00342 0.17064 
     Huber 0.00989 0.00227 0.17016 
     Bruce -0.07535 0.01144 0.16779 
4 m log interval    
    Smalian 0.06658 0.01462 0.16508 
    Huber 0.03844 0.00596 0.16427 
    Bruce -0.12524 0.03029 0.15932 
6 m log interval    
    Smalian 0.03351 0.65584 0.17060 
    Huber -0.01445 0.63849 0.16889 
    Bruce -0.24681 0.71479 0.16176 
8 m log interval    
    Smalian 0.15426 0.07258 0.16037 
    Huber 0.08107 0.02349 0.15734 
    Bruce -0.22145 0.08319 0.14763 

 

Based on Table 4.1, it can be seen that Huber’s formula is the least bias for all log sectional 

length. To be precise, the negative value of bias at 6 m of log sectional length indicates an 

underestimation in the log volume by 0.01445. Meanwhile, an overestimation in prediction was 

detected for 2 m, 4 m and 8 m log sectional length by 0.00989, 0.03844 and 0.08107 respectively. 

Overall, the bias for all log sectional length is very low.  

The graphical representation of MSE in Figure 4.1 shows that Smalian’s and Huber’s 

formula is almost similar for 2 m, 4 m and 8 m of log sectional length, while Huber’s is the least 

for all log sectional length. This is supported by the numerical values shown in Table 4.1, which 

indicate that Huber’s formula recorded the lowest MSE value for all log sectional length, followed 

by Smalian’s and Bruce’s. MSE indicates the prediction accuracy. Therefore, the lower the value 

of MSE, the higher the accuracy. 
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Figure 4.1 : The variation of mean square error (MSE) for each log section 

Furthermore, Bruce’s formula shows the lowest value of SD for all log sectional length. 

Therefore, it can be said that Bruce’s formula is the most precise method as the standard deviation 

analyze the dispersion of data and indicates precision in the estimation. However, higher in 

precision does not indicate a high level of accuracy and vice versa. In this study, this also applies 

to Bruce’s formula and Smalian’s formula because Bruce’s formula shows the highest value of 

MSE for all log sectional length. Not only that, but Bruce’s formula reported the highest bias for 

all log sectional length. For the case of Smalian’s formula, it recorded the highest value of SD for 

all log sectional length tested in this study.  

In a study by Walther and Moore (2005), they identify the relationship between accuracy, 

bias and precision where high prediction accuracy is contributed either by the least value of 

biasness or least value of variance or even both. The relationship between MSE with bias and 

variance has also been proven in the previous study by Casella and Berger (1990) (as cited in 

Walther and Moore, 2005) where: 𝑀𝑆𝐸 = 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 + 𝑏𝑖𝑎𝑠2. This can be seen in Table 4.1, 

where the log formula that shows the lowest value of MSE for each of the log sectional length, the 
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biasness is also the least. In this study, this is refers to Huber’s formula since it recorded the lowest 

value of MSE and bias for log sectional length of 2 m, 4 m, 6 m and 8 m. 

 Therefore, it can be concluded that Huber’s formula performed the best as it recorded the 

least bias and lowest value of MSE. As such, using a 2 m log sectional length is recommended for 

the best result for log volume estimation. In addition, Huber’s formula has the highest 

comprehensibility level as compared to the other log volume formula as it only used one type of 

variable which was the diameter at the mid-length log end (refer to Figure 2.5). Regarding the log 

volume formula, it is somehow in contra with the literature of volume table study conducted in 

Malaysia, where scholars use Newton’s formula for the calculation of volume.  

 
4.3 Correlation analysis 

 

Figure 4.2 : Scatterplot of volume against DBH for all species datasets 
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Figure 4.3 : Scatterplot of volume against height for all species dataset 

 

Figure 4.4 : Breush-Pagan test output for all species data generated using RStudio 

The coefficient of correlation measures the association between one or more variables. 

Graphical representation not only portrays the types of relationship, but it also measures the 

strength of the association between two variables. As can be seen in Figure 4.2 and Figure 4.3, the 

DBH and volume were linearly correlated, similarly for height and volume. Figure 4.4 depicts that 

p-value is less than the significance level, where α = 0.05, therefore, this reject the null hypothesis 

and prove that there is existance of heterocesdasticity. 



 

79 
 

 

 

Figure 4.5 : Correlation analysis output of DBH and volume for all species data generated using 

RStudio 

The graphical representation clearly shows that both DBH and volume and height and 

volume, have a positive linear relationship as the volume increases when the DBH increases and 

an increase in height also cause the volume to increase. However, concerning the strength, the 

strength between DBH and volume is higher than the height and volume. This was supported by 

the result of Pearson’s correlation test, as shown in Figure 4.5, that the DBH and volume are 

statistically significant with a correlation coefficient of 0.8052. Whereas, the height and volume 

were moderately correlated with each other with a correlation coefficient of 0.6245 as depicted in 

Figure 4.6.   

 

Figure 4.6 : Correlation analysis output of height and volume for all species data generated using 

RStudio 
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Figure 4.7 : Scatterplot of volume against DBH for dipterocarp species dataset 

 

Figure 4.8 : Scatterplot of volume against height for dipterocarp species dataset 

For dipterocarp group data, the relationship between DBH and volume is linear as 

portrayed in Figure 4.7. For the height and volume, they were also correlated with a linear kind of 

relationship, as seen in Figure 4.8. Morever, Figure 4.9 shows there is an existance of 

heterocedasticity as the p-values is less than 0.05. On the other hand, the Pearson’s correlation test 

results in Figure 4.10 and Figure 4.11 prove that there is a marginal difference between DBH and 

volume and height and volume as their correlation coefficient is 0.7818 and 0.6214 respectively. 

The similarity, in this case, is where both are statistically significant as the p-value for DBH and 

volume is 2.6−9 , while 1.876−5 is for the height and volume, which both reject the null hypothesis 

as their p-values are less than the significance level, where α = 0.05. 
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Figure 4.9 : Breush-Pagan test output for dipterocarp species dataset generated using RStudio 

 

Figure 4.10 : Correlation analysis output of DBH and volume for dipterocarp group data 

generated using RStudio 

 

Figure 4.11 : Correlation analysis output of height and volume for dipterocarp group data 

generated using RStudio 

 

Figure 4.12 : Scatterplot of volume against DBH for non-dipterocarp species dataset 
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Figure 4.13 : Scatterplot of volume against height for non-dipterocarp species dataset 

Furthermore, the scatter diagram showing volume against diameter for non-dipterocarp 

group data in Figure 4.12 shows that the diameter and volume were correlated having a positive 

linear relationship. As can be seen in Figure 4.13, the height and volume have a similar pattern 

with both diameter and volume, with a positive and linear kind of relationship. Figure 4.14 clearly 

shows that there is an existance of heterocedasticity as the p-value is greater than α = 0.05. 

However, the strength of the correlation between DBH and volume is higher than between height 

and volume. This was supported with Pearson's correlation test result, as shown in Figure 4.15 and 

Figure 4.16 that the correlation coefficient for DBH and volume is 0.7973, while for height and 

volume is 0.5961. Both are statistically significant as their p-value is less than α = 0.05. 

 

Figure 4.14 : Breush-Pagan test output for non-dipterocarp species dataset generated using 
RStudio 
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Figure 4.15 : Correlation analysis output of DBH and volume for non-dipterocarp group data 

generated using RStudio 

 

Figure 4.16 : Correlation analysis output of height and volume for non-dipterocarp group data 

generated using RStudio 

 Multiple correlation analysis measures the association for more than two variables. One of 

the aims of this study was to determine the best standard volume equation. Therefore, the 

association between volume, DBH and height were measured using a multiple correlation test. The 

results of the multiple correlation analysis for all types of group data were tabulated, as tabulated 

in Table 4.2.  

Table 4.2 : Results of multiple correlation analysis and statistical significance tests 

 All species Dipterocarp Non-dipterocarp 
Multiple correlation 

coefficient (R) 0.8687 0.8727 0.8578 

p-value 5.0577−73 2.9876−12 2.1588−57 
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Observing the table above, it is apparent that there is a high positive correlation between 

volume, DBH and height not only for all species group data but also for dipterocarp and non-

dipterocarp group data. The multiple correlation coefficient for all species, dipterocarp and non-

dipterocarp are 0.8687, 0.8727 and 0.8578, respectively. The similarity is detected in which all 

group data are statistically significant as their p-values are less than the significance level where α 

= 0.05.  

  

4.4 Regression analysis of volume model 

This section addresses the modelling of the volume equation, which is in line with the 

second objective of this study, which was to acquire the volume model by using the statistical 

method. Modelling of the volume equation was a phase where only 70% of the data were involved 

in the regression analysis process. The result of the regression analysis for all species, dipterocarp 

and non-dipterocarp species were summarised as shown in Table 4.3 to Table 4.5. 

Table 4.3 display the regression analysis result for the all species dataset. From the table, 

it can be seen that the local volume Equation 5 and the standard volume Equation 8 records the 

lowest value of FI with the value of 8.4043−06 and 6.9356−06 respectively. As such, the poor fit 

of the model is implied from a large value of FI and therefore, the lower, the better.  

Meanwhile, the results, as depicted in Table 4.4 indicate that local volume Equation 6 and 

standard volume Equation 6 are the best fit of the local and standard volume model for the 

dipterocarp species dataset. This is due to a low FI value recorded by these two volume equations 

with the values of 7.6798−06 and 4.7627−06 respectively. The regression analysis result for the 

non-dipterocarp species is as portrayed in Table 4.5. Upon closer inspection of the table, it shows 

that local volume Equation 6 and standard volume Equation 8 are the best-fitted models with the 

values of 8.2554−06 and 6.7442−06 respectively.  
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Table 4.3 : Regression analysis result for all species data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Volume Equation Furnival’s Index 

Local volume equation  

1. 𝑉 = −2.865805 + 0.111973𝐷 1.3550 

2. 𝑉 = 0.2030587 − 0.0180767𝐷 + 0.0012345𝐷2 1.3550 

3. 𝑉 = −0.2408 + 0.001069𝐷2 1.3980 

4. log𝑒 𝑉 = −7.26408 + 2.06666 log𝑒 𝐷 0.7518 

5. 𝑉/𝐷2 = 0.0016017 − 0.0548980(1 𝐷⁄ ) + 1.0184491(1 𝐷2⁄ ) 𝟖. 𝟒𝟎𝟒𝟑−𝟎𝟔 

6. 𝑉 𝐷2⁄ = 0.001013 − 0.07244(1 𝐷2⁄ ) 8.5675−06 

Standard volume equation  

1. 𝑉 = 0.1913 + 0.00005123𝐷2𝐻 1.1 

2. 𝑉 = −0.4635 − 0.00005137𝐷2 + 0.04564𝐻 + 0.00004616𝐷2𝐻 1.0700 

3. 𝑉 = −0.4304 − 0.000005802𝐷2 + 0.001765𝐷𝐻 + 0.00003259𝐷2𝐻 1.0270 
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Table 4.3 : Regression analysis result for all species data (cont.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Volume Equation Furnival’s Index 

Standard volume equation  

4. log𝑒 𝑉 = −8.82980 + 1.81964 log𝑒 𝐷 + 0.90001 𝑙𝑜𝑔𝑒 𝐻 0.6422 

5. 𝑉/𝐷2𝐻 = 0.00004850 + 0.3732(1 𝐷2𝐻⁄ ) 0.0063 

6. 𝑉/𝐷2 = −0.0001374 + 0.3313(1 𝐷2⁄ ) − 0.009368(𝐻/𝐷2) + 0.00005920𝐻 6.9764−06 

7. 𝑉/𝐷2𝐻 = 0.00004214 − 0.4367(1 𝐷2𝐻⁄ ) − 0.00007317(1 𝐻⁄ ) + 0.05655(1 𝐷2⁄ ) 0.0063 

8. 𝑉/𝐷2 = −0.0001129 + 0.2645(1 𝐷2⁄ ) − 0.0002420(𝐻 𝐷⁄ ) + 0.00006022𝐻 𝟔. 𝟗𝟑𝟓𝟔−𝟎𝟔 

9. 𝑉 𝐷2𝐻⁄ = 0.00002792 − 0.4292(1 𝐷2𝐻⁄ ) + 0.00005124(1 𝐻⁄ ) + 0.001920(1 𝐷⁄ ) 0.0063 
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Table 4.4 : Regression analysis result for dipterocarp group data 

Volume Equation Furnival’s Index 

Local volume equation  

1. 𝑉 = −3.75663 + 0.13340𝐷 2.1900 

2. 𝑉 = 1.747283 − 0.084230𝐷 + 0.001889𝐷2 2.1040 

3. 𝑉 = −0.4645369 + 0.0011773𝐷2 2.0820 

4. log𝑒 𝑉 = −7.4267 + 2.1188 log𝑒 𝐷 1.2972 

5. 𝑉 𝐷2⁄ = 0.0014944 − 0.0400503(1 𝐷⁄ ) + 0.6766451(1 𝐷2⁄ ) 7.7989−06 

6. 𝑉 𝐷2⁄ = 0.0011204 − 0.2255673(1 𝐷2⁄ ) 𝟕. 𝟔𝟕𝟗𝟖−𝟎𝟔 

Standard volume equation  

1. 𝑉 = −0.2071 + 0.00005164𝐷2𝐻 1.3090 

2. 𝑉 = 2.211 − 0.001056𝐷2 − 0.09008𝐻 + 0.00009411𝐷2𝐻 1.1600 

3. 𝑉 = 0.5935 − 0.0007948𝐷2 − 0.0000734𝐷𝐻 + 0.00008065𝐷2𝐻 1.1780 
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Table 4.4 : Regression analysis result for dipterocarp group data (cont.) 

Volume Equation Furnival’s Index 

Standard volume equation  

4. log𝑒 𝑉 = −9.9054 + 1.7014 log𝑒 𝐷 + 1.3958 𝑙𝑜𝑔𝑒 𝐻 0.9419 

5. 𝑉/𝐷2𝐻 = 0.00005254 − 0.5392(1 𝐷2𝐻⁄ ) 0.0069 

6. 𝑉 𝐷2⁄ = −0.0006614 + 0.9259(1 𝐷2⁄ ) − 0.03859(𝐻/𝐷2) + 0.00007844𝐻 𝟒. 𝟕𝟔𝟐𝟕−𝟎𝟔 

7. 𝑉 𝐷2𝐻⁄ = 0.0001087 + 4.296(1 𝐷2𝐻⁄ ) − 0.0015260(1 𝐻⁄ ) − 0.1504(1 𝐷2⁄ ) 0.0055 

8. 𝑉/𝐷2 = −0.0005447 + 0.3629(1 𝐷2⁄ ) − 0.0002433(𝐻 𝐷⁄ ) + 0.00007406𝐻 4.8222−06 

9. 𝑉 𝐷2𝐻⁄ = 0.00008188 + 1.152(1 𝐷2𝐻⁄ ) − 0.001061(1 𝐻⁄ ) + 0.0004075(1 𝐷⁄ ) 0.0056 
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Table 4.5 : Regression analysis result for non-dipterocarp group data 

Volume Equation Furnival’s Index 

Local volume equation  

1. 𝑉 = −2.369130 + 0.098990𝐷 1.0600 

2. 𝑉 = −1.3247458 + 0.0525793𝐷 + 0.0004717𝐷2 1.0590 

3. 𝑉 = −0.1076 + 0.0009931𝐷2 1.0610 

4. log𝑒 𝑉 = −7.92732 + 2.23002 log𝑒 𝐷 0.5671 

5. 𝑉/𝐷2 = 0.0008554 + 0.0156905(1 𝐷⁄ ) − 0.5179762(1 𝐷2⁄ ) 8.3005−06 

6. 𝑉 𝐷2⁄ = 0.001026 − 0.1947(1 𝐷2⁄ ) 𝟖. 𝟐𝟓𝟓𝟒−𝟎𝟔 

Standard volume equation  

1. 𝑉 = 0.156 + 0.00005216𝐷2𝐻 0.8938 

2. 𝑉 = −1.287 + 0.0002746𝐷2 + 0.0998𝐻 + 0.00003193𝐷2𝐻 0.8818 

3. 𝑉 = −1.063 + 0.0001629𝐷2 + 0.003624𝐷𝐻 + 0.000003239𝐷2𝐻 0.8603 
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Table 4.5 : Regression analysis result for non-dipterocarp group data (cont.) 

Volume Equation Furnival’s Index 

Standard volume equation  

4. log𝑒 𝑉 = −9.41648 + 1.94348 log𝑒 𝐷 + 0.93559 𝑙𝑜𝑔𝑒 𝐻 0.4407 

5. 𝑉/𝐷2𝐻 = 0.00004674 + 0.4402(1 𝐷2𝐻⁄ ) 0.0052 

6. 𝑉 𝐷2⁄ = −0.0001616 + 0.02801(1 𝐷2⁄ ) + 0.003798(𝐻/𝐷2) + 0.00006305𝐻 6.7667−06 

7. 𝑉 𝐷2𝐻⁄ = 0.000005208 − 2.301(1 𝐷2𝐻⁄ ) + 0.0006605(1 𝐻⁄ ) + 0.1761(1 𝐷2⁄ ) 0.0051 

8. 𝑉/𝐷2 = −0.00007913 − 0.2237(1 𝐷2⁄ ) + 0.001014(𝐻 𝐷⁄ ) + 0.00004661𝐻 𝟔. 𝟕𝟒𝟒𝟐−𝟎𝟔 

9. 𝑉 𝐷2𝐻⁄ = −0.00002436 − 1.597(1 𝐷2𝐻⁄ ) + 0.0003917(1 𝐻⁄ ) + 0.005055(1 𝐷⁄ ) 0.0049 

 



 

91 
  

4.5 Validation results of volume models 

The completion of the volume equation modelling process was followed by model 

validation. Model validation used the remaining dataset that did not participate in the regression 

analysis for the avoidance of any bias. The performance of the model validation was evaluated 

from the value of SD and RMSE. Table 4.6, Table 4.7 and Table 4.8 summarise the results obtained 

from the statistical test. 

Table 4.6 : Statistical validation results for all species data 

 SD RMSE 

Local volume equation   

1 1.9864 1.2907 

2 2.6214 1.7553 

3 2.5367 1.6763 

4 2.4240 1.6285 

5 2.8724 1.9734 

6 2.4039 1.6055 

Standard volume equation   

1 2.3266 1.2732 

2 2.0571 1.1274 

3 2.1514 1.0864 

4 2.1945 1.1785 

5 2.2026 1.2284 

6 2.3583 1.2666 

7 1.8473 1.0996 

8 2.5684 1.4722 

9 1.9019 1.0226 
 

Table 4.6, Table 4.7 and Table 4.8 is revealing in a way that the RMSE gives a 

representation of how far the estimated volume deviates from the true volume.  

Table 4.6 is a tabulation result of the statistical test attained by the all species dataset. 

Looking at the SD, local volume Equation 1 is the most consistent one. Besides that, local volume 
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Equation 1 also recorded the smallest value of SD and RMSE, and therefore, this strongly supports 

the selection of local volume Equation 1 as the local volume equation for all species.  

Meanwhile, for the standard volume Equation 7  and 9, they recorded the smallest values 

in the SD and RMSE, respectively. Hence, it could conceivably be hypothesised that standard 

volume Equation 9 is the best standard volume equation for all species as the RMSE is all about 

the accuracy of the model and a lower RMSE value indicates a higher accuracy level.  

Table 4.7 displays result obtained from the statistical analysis of the dipterocarp group 

dataset. It is apparent from this table that local volume Equation 1 recorded the smallest value in 

the SD and RMSE. SD is about data spread off, and the data points were said to be very close to 

the mean when the value of SD is low. This was well described for local volume Equation 1 as it 

has the lowest value of SD compared to other local volume equations. Therefore, it can be deduced 

that local volume Equation 1 is the most suited to be a local volume equation for the dipterocarp 

species.   

Turning now to the standard volume equation. It can be seen from Table 4.7 that the lowest 

RMSE value can be found in standard volume Equation 4. Therefore, it can be deduced that 

standard volume Equation 4 is the best standard volume equation for the dipterocarp species.   

Table 4.7 : Statistical validation results for dipterocarp group data 

 SD RMSE 

Local volume equation   

1 3.5948 1.8680 
2 5.9939 4.0170 

3 5.1079 3.1552 

4 5.0382 3.1246 

5 5.4326 3.4771 

6 4.8610 2.9450 

Standard volume equation   

1 4.0902 2.1939 

2 2.9385 1.9695 

3 3.0119 1.9430 
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4 3.0005 1.6683 

5 4.1615 2.2585 

6 3.3833 1.9566 

7 2.1499 2.1174 

8 3.4378 1.9568 

9 2.3068 2.0351 

 

Table 4.8 : Statistical validation results for non-dipterocarp group data 

 SD RMSE 

Local volume equation   

1 1.6105 1.3980 

2 1.7130 1.4290 

3 1.8213 1.4899 

4 1.9771 1.5525 

5 1.8202 1.4720 

6 1.8817 1.4971 

Standard volume equation   

1 1.8663 1.1634 

2 1.8174 1.1714 

3 1.7606 1.1182 

4 1.9052 1.1658 

5 1.6723 1.1822 

6 1.9912 1.1443 

7 1.6877 1.2334 

8 1.9142 1.1262 

9 1.7044 1.1353 
  

The results obtained from conducting the statistical test of the non-dipterocarp group 

dataset are shown in Table 4.8. As can be seen in this table, it is apparent that local volume 

Equation 1 recorded the lowest value of SD and RMSE. The accuracy of the model was then 

supported by the lowest RMSE in local volume Equation 1. Thus, it can be deduced that local 

volume Equation 1 is the best local volume equation for the non-dipterocarp species.  
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In contrast to the standard volume equations, it is apparent that there is some variation in 

the results between SD and RMSE. Since the best model was selected based on the RMSE since 

it relates to the accuracy of the model. Therefore, it can be concluded that standard volume 

Equation 3 is the best standard volume equation for the non-dipterocarp species.  

Taken together, the volume equations for the Cherul Forest Reserve are as given below:  

a) Local volume equation 

i- Dipterocarp :  

𝑉 = −3.75663 + 0.13340𝐷 (1) 

ii- Non-dipterocarp :  

𝑉 = −2.369130 + 0.098990𝐷 (1) 

iii- All species :  

𝑉 = −2.865805 + 0.111973𝐷 (1) 

b) Standard volume equation 

i- Dipterocarp :  

log𝑒 𝑉 = −9.9054 + 1.7014 log𝑒 𝐷 + 1.3958 𝑙𝑜𝑔𝑒 𝐻 (4) 

ii- Non-dipterocarp :  

𝑉 = −1.063 + 0.0001629𝐷2 + 0.003624𝐷𝐻 + 0.000003239𝐷2𝐻 (3) 

iii- All species : 

𝑉 = −0.4292 + 0.00002792 𝐷2𝐻 + 0.00005124𝐷2 + 0.001920𝐷𝐻 (9) 

 

4.5.1 Result of analysis of the accuracy assessment of the constructed volume models 

To meet the third objective of this study, the accuracy assessment of the constructed 

volume model was conducted. The performance of the constructed local volume model was 

compared with the volume model constructed by Shari et al. (2010), while the constructed standard 
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volume model was compared with the existing volume table used by the Forestry Department 

Peninsular Malaysia (FDPM).  

4.5.1.1 Result of analysis of the accuracy assessment of the constructed local volume models 

Table 4.9: Comparison of constructed local volume models  

 
Shari et al. 

(2010) 1 2 3 4 5 6 

All species 1.5105 1.3540 1.4590 1.4322 1.4192 1.5424 1.4106 

Dipterocarp 2.0854 2.0406 2.7581 2.4092 2.3964 2.5317 2.3306 

Non-
dipterocarp 1.1957 1.1672 1.1705 1.1930 1.2221 1.1857 1.1966 

 

Briefly, in the study by Shari et al. (2010), the construction of the local volume model for 

Panti Forest Reserve was by using Newton’s formula, while Huber’s formula was used for this 

study. Table 4.9 is quite revealing in several ways. Firstly, it can be seen that all constructed local 

volume models have a lower RMSE value compared to the volume model constructed by Shari et 

al. (2010). This strongly shows that the constructed volume model has high accuracy as compared 

to the model constructed by Shari et al. (2010). Also, the lowest RMSE value was recorded by the 

volume model for the non-dipterocarp species, where it was lower by 0.0285 compared to the 

volume model constructed by Shari et al. (2010). The RMSE is a representation of the standard 

deviation of the prediction error, and therefore, the high RMSE value was due to the high amount 

of prediction error. Therefore, the two key takeaways from this are that the local volume models 

constructed in this study have higher accuracy level compared to the one constructed by Shari et 

al. (2010) and volume models constructed in this study are unique from the other study.  
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4.5.1.2 Result of analysis of the accuracy assessment of the constructed standard volume 

models 

 The constructed standard volume models were validated with the existing volume table, 

which was constructed by the Forestry Department Peninsular Malaysia (FDPM). Figure 4.17 

shows a comparison of the volume estimation of all species dataset using the constructed standard 

volume model and the existing volume table. The maximum and minimum values of volume 

estimation using the constructed standard volume model are denoted by MAX and MIN in the 

graph, respectively. Meanwhile, volume estimation using the existing volume table is marked in 

the figure below and denoted as Vol Table. 

 

Figure 4.17 : Scatterplot of validated constructed standard volume models for all species 

  It can be seen from the above figure, the volume estimation using the existing volume table 

is still within range of the constructed standard volume model up to 40 cm DBH. However, the 

volume estimation using the existing volume table tends to overestimate the estimation for DBH 

that is greater than 40 cm. Numerically, it can be described that around 8.75% of the estimation is 

between the maximum and minimum values of the volume estimation using the constructed 
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standard volume model. On the other hand, most of the time, the tendency of overestimating the 

estimation is high, represented by 89.16%. The percentage of the overestimation, underestimation 

and within the range is tabulated in Table 4.10. 

 
Table 4.10 : Percentage of overestimation, underestimation and within the range - all species 

DBH (cm) Overestimation (%) Within the range (%) Underestimation (%) 

20 – 50 32.08 8.33 1.67 

50 – 80 52.08 0.42 0.42 

80 – 110 4.58 0 0 

110 – 140 0.42 0 0 

 

Table 4.11 : Percentage of overestimation, underestimation and within the range – dipterocarp 
species 

DBH (cm) Overestimation (%) Within the range (%) Underestimation (%) 

20 – 50 7.50 22.50 0 

50 – 80 47.50 2.50 0 

80 – 110 17.50 0 0 

110 – 140 2.50 0 0 
 

The volume estimation of the dipterocarp species dataset was by using the constructed 

standard volume model and the existing volume table as portrayed in Figure 4.18. Observing the 

figure below, it is apparent that the trend of the volume estimation is like that with the previous 

dataset; however, for the volume estimation of the dipterocarp species dataset, a quarter of the 

volume is in the range of the maximum and minimum values of the constructed standard volume 

model. Referring to Table 4.11, the highest overestimation is recorded by trees of 50 – 80 cm DBH 

and 22.50% of the trees with DBH of 20 – 50 cm are in between the range. 
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Figure 4.18 : Scatterplot of validated constructed standard volume models for dipterocarp species 

 

Table 4.12 : Percentage of overestimation, underestimation and within the range – non-
dipterocarp species 

DBH (cm) Overestimation (%) Within the range (%) Underestimation (%) 

20 – 50 26.00 12.5 3.00 

50 – 80 17.00 1.00 0.50 

80 – 110 34.50 1.00 1.50 
 

Figure 4.19 illustrates the volume estimation of the non-dipterocarp species dataset using 

the constructed standard volume model and the existing volume table. As can be seen in Table 

4.12, 14.5% of the estimation is in between the maximum and minimum values of the volume 

estimation using the constructed standard volume model. Similar to the two previous datasets, the 

volume estimation using the existing volume table for the non-dipterocarp species also tends to 

overestimate the estimation for DBH that is greater than 40 cm. The numerical values, as shown 

in Table 4.12, can, therefore, support it, where more than 50% of the trees that with DBH greater 

than 40 cm tend to overestimate the estimation. 
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Figure 4.19 : Scatterplot of validated constructed standard volume models for non-dipterocarp 
species 

 

4.5.2 Result of analysis of the modelling via machine learning 

 Other than modelling the tree volume by using the regression, this study also performed 

tree volume modelling using ML techniques. The accuracy assessment results of the three different 

modelling techniques, regression, ANN and SVR are as shown in Table 4.13.  

Table 4.13 : Comparison of RMSE results between regression and machine learning technique 

 All species Dipterocarp Non-dipterocarp 

ANN 1.2639 1.6750 0.6377 

SVR 0.8076 2.1627 0.8762 

Regression 1.2907 1.8680 1.3980 
  

As can be seen from the numeric value in Table 4.13, the accuracy of the regression method 

for all species and dipterocarp group data is in between the two ML techniques. For all species 

data, SVR recorded the lowest value of RMSE as compared to ANN and regression. In short, 

RMSE represents the distance between the estimated volume and true volume. Therefore, the 
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volume estimation using ANN deviates by 1.2639 from its true volume. This contradicts with the 

dipterocarp group data, whereby, SVR is the method that results in the highest value of RMSE of 

2.1627. 

Meanwhile, the lowest value of RMSE was recorded by regression. For non-dipterocarp 

data, the accuracy assessment is in opposition with the dipterocarp, and all species group data as 

regression records the highest RMSE value, while ANN records the lowest value of RMSE. 

Therefore, it can be deduced that ML techniques did not perform better than the regression for all 

kinds of datasets in this study. 

 

4.6 Summary 

 This chapter examined the results and analysis of the adopted experiments, which were 

proposed in Chapter 4. As an overall summary, the local and standard volume models were 

managed in order to be constructed, and the validity of the constructed volume models was 

performed against the constructed volume model by the previous scholar as well as towards the 

existing volume table. The performance of tree volume modelling using ML techniques and 

regression was also performed. The results showed that the constructed volume models in this 

study not only performed better than in the previous study. However, the ML techniques did not 

perform well in this study. A deduction that can be made on the entire is presented and discussed 

in the following chapter, including the contributions and limitations of the research. 
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CHAPTER 5 

 

CONCLUSION AND RECOMMENDATIONS 

 

5.1 Conclusion 

 The initial aim of this study was to develop volume models for a forest reserve. The out-

dated volume table used by Forest Research Institute Malaysia (FRIM) along with the issue 

highlighted in the 38th meeting of Majlis Urusan Hutan dan Silvikultur (MAJURUS) which was 

held in 2002, each Forest Management Unit (FMU) should have their own local volume table. This 

fact motivated the researcher to undertake this study. The review of previous studies on volume 

table development revealed that the pattern in Malaysia for the development of the volume table 

was via the application of Newton’s formula in estimating log volume, while researchers outside 

Malaysia treated Newton’s formula as the true measure for the estimation of log volume in 

identifying the best log formula. Therefore, instead of directly using Newton’s formula as used by 

previous researchers, the best log sectional length and log formula were identified before the 

volume model for the forest reserve was constructed.  

As discussed in the previous chapter, several of the study’s objectives were achieved 

through three research design stages. The first objective was to identify the best volume formula 

and log sectional length for log volume estimation. Log sectional lengths of 2 m, 4 m, 6 m and 8 

m applying Huber’s, Smalian’s and Bruce’s formula were tested against Newton’s formula. The 

finding indicated that a 2 m length applying Huber’s formula was the best formula since it recorded 

the least bias and lowest value of MSE.  

The second objective of the study was to construct volume models for the local volume 

table based on statistical methods. Several statistical approaches were involved in the construction 

of the volume models and one of the most powerful tools in analysing the data of natural and 
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physical sciences, namely regression analysis, was also applied. As a result, the local and standard 

volume model for three different categories, dipterocarp, non-dipterocarp and all species, was 

constructed. 

Finally, and importantly, the last objective was to evaluate the accuracy of the constructed 

volume models. The constructed local volume models were compared with the volume model 

constructed by Shari et al. (2010). While for the assessment of the standard volume models, the 

evaluation was carried out with the existing volume table used by the Forestry Department 

Peninsular Malaysia (FDPM). The results of the evaluation and analysis revealed that the 

constructed volume models had a higher accuracy level compared to Shari et al. (2010) and the 

existing volume table tended to overestimate the estimation for DBH that was greater than 40 cm. 

 

5.2 Limitations of the research 

 The major limitation of this research regards the low level of accessibility of available 

literature on volume table development. Although, while there is numerous literature on volume 

table development, most literature is written in the study’s native language. Even though a request 

on the English version of one of the papers was sent, the response from the author was that the 

contribution of the paper was related to their own country for forest management purposes. As 

such, the paper was written in their native language. This limited access to relevant papers on the 

volume table and its construction.  

A further limitation concerns the limited number of studies on volume table development 

in the context of Malaysia, primarily due to the scarcity of data. Real or actual tree data for volume 

table development research requires a precise data collection method. As such, the data in this 

study could only be accessed from the Forestry and Environment Division of Forest Research 

Institute Malaysia (FRIM). This research data is neither out-dated nor irrelevant research in the 

context of Malaysia as highlighted by the FRIM officer in the 38th meeting of Majlis Urusan 

Silvikultur (MAJURUS) which could be seen as a limitation in its currency.  



 

103 
  

 Apart from these two limitations, a further limitation of this study is the limited access to 

Malaysian literature on volume table development. This is mainly due to the situation where there 

is limited access in most of the literature related to volume table development in the context of 

Malaysia. This also answered the question as to why most of the literature on forest research cannot 

be found in electronic form. 

 

5.3 Future work 

 Concerning future work, it is suggested to create a log scaling device that automates the 

volume estimation of a log. Currently, the forestry officer at the mill’s gate is exaggerating the 

diameter and length of a log through their own judgement visually and then referring to the printed 

version of the volume table to know its volume. This method can be considered impractical. 

Therefore, a log scaling device used in remote forest conditions for long periods each day could 

be a subject for further investigation. 

 On the other hand, it would be interesting to develop a device which could transmit tree 

data automatically from a remote forest area or site to the forestry office without the need for 

human intervention. One of the problems highlighted by the forestry officer was that they needed 

to make a cyclical visit to all forest areas in Peninsular Malaysia to monitor the tree growth. The 

current method they are using during the field visit is to manually monitor the tree's development 

by manually sketching the position of the trees in that particular plot on a piece of paper and 

measuring each tree manually due to the absence of an electric source in the forest.  
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APPENDICES 

Appendix A : The difference between local, standard, regional and form class volume table 

Local Volume 
Table  

(Rawat et al., 2003) 

Standard Volume 
Table  

(Rawat et al., 2003) 

Regional Volume 
Table  

(Rawat et al., 2003) 

Form Class 
Volume Table 
(Husch et al., 

1982;  Rawat et 
al., 2003) 

 
Construction of 

volume table based 

on the local area. 

Construction of 

volume table for an 

individual tree 

species or group of 

tree species and 

specific localities. 

Broader 

geographical area 

than the standard 

volume table is 

applied for volume 

table construction. 

Construction of 

volume table 

which based on the 

expression of 

volume in terms of 

its diameter, height 

and some other 

tree-related 

measurement. 

Involve a single 

parameter. 

Involve double 

parameters. 

Involve double 

parameters. 

Involve triple 

parameters. 

Representation of 

tree volume by 

diameter classes. 

Representation of 

tree volume by 

diameter and height 

classes. 

Representation of 

tree volume by 

diameter and height 

classes. 

Representation of 

tree volume by 

diameter, height 

and form class. 

 




