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(a) Actual coconut field environment 

(b) Simulated coconut field eovironment 

Fig.7 Actual and simulated coconut field environment 

which has a tree distance and tree diameter of 

approximately 6 m and 30 cm， respectively 

lustrated in the figures. 

5. Simulation of a coconut field environment 

Due to its topography， coconut trees cannot grow in 

Sapporo， Japan. This limitation has made experimen-

tation difficult but not impossible. 1n this regard， a 

simulated environment of coconut field in Hokkaido 

University campus was mad巴 usingboxes. Thirty 

pieces of fabricated trees were made to look like coco-

nut trees with an approximately same diameter with 

real cocon u t trees w hich is 30 cm. Figur巴7shows the 

actual coconut field environment and the simulated 

coconut field environment. 1n Fig. 7a， the tree dis-

tance is large and there are no tree branches below the 

trunk of each coconut tree. The simulated coconut 

field environment tree distance and tree diameter 

were approximately same as the actual distance and 

diameter of the coconut tr巴巴sin the coconut field 

which is 6 m and 30 cm， respectively 

6_ Noise removal in the steering algorithm of the 

robot tractor 

The data obtained by the robot tractor PC， coming 

from the laser scanner's PC have noise data. These 

noise data wil1 cause the steering to huntjoscillate 

which will， in turn， affect the accuracy of the navig仕

tion. To avoid this ph巴nomenon，MA (moving aver-

age) was included to the st巴eringalgorithm. 1n this 

research a SMA (simple moving average) was used. 

SMA is illustrated in Eqn (4) (McQuarrie and Tsai， 

1998) 

1 nd一I
SMA =-"-I: ai 

nd j=l 
(4) 

where SMA is the new sequence， nd is the number of 

data in each calculation， and aj is the given sequence. 

Equation 4 can be also written as ; 

S -G:j+α:j-l +・・・・・・+aj-nd+1
MA-

nd 
(5) 

One characteristics of the SMA is that if the data has 

a periodic fluctuation， then applying an SMA of that 

period will eliminate that variation. 1n this research 

nd was-limited to 10 data in each calculation because in 

a real-time application，large amount of data wil1 have 

a time delay in sending the data into the steering 

system. The data acquisition rate was set to 1 Hz. 

7. Algorithm to control the steering angle of the 

robot tractor 

To control th巴st巴eringof robot tractor， a receiving 

function was developed for the robot tractor to re-

C巴ivethe data from th巴 laserscanner. The desired 

steering angle is represented as the function of lateral 

error and heading error denoted by c and 仇 respec-

tively. To solve the desired steering angle， Eqn (6) can 

be used. 

ωDSA =一CGainAc+ GainB 6.ct) (6) 

where ωDSA is the desired steering angle in deg， 6.ゆ is

the heading error in deg， c is the lat巴ralerror in m， 

Gain A is the lateral gain in degjm and Gain B in degj 

deg is the heading gain. Gain A and Gain B are the 

control parameters. A lookup table for L (look-a-head 

distance)， Gain A and Gain B was prepared according 

to travel speeds of the robot tractor. The robot tractor 

was run to several speeds with satisfied line-following 

performance. Gain A and Gαin B were determined as 

0.5 and 35， respectively， which gave the minimum 

error in the lookup table. The d巴siredsteering angle 

was computed using these parameters (Gain A and 

Gain B). This method is adaptable to guidance both 

straight and curved path because the desired heading 

angle is modified in each control step by updating the 

target point. 
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Fig. 8 Illustration of the captured points of th巴laser

scanner transformed to sinusoids in r-8 Hough 

space. 
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Fig. 9 Noise removal to obtain the d巴siredsteering 

angle of the robot tractor 

8. Experimental test runs 

The developed automatic guidance system for nav 

igation in coconut field was tested in a simulated 

coconut field environment. Five different speeds (0.5， 

0.55，0.64，0.87， and 1.4 m/s) wer巴testedin the sim ulated 

area. Using the developed system the robot tractor 

could run autonomously between the simulated coco-

nut tree rows. 

III Results and discussion 

1. Hough transform recognition result 

Applying the Hough transform， the laser scanner 

could recognize the coconut tree rows made from 

boxes as a straight lin巴. Figure 8 shows the results in 

r-8 Hough space of the captur巴dpoints by the laser 

scanner. A cluster of inters巴ctionsof sinusoids can be 

se巴n.The majority of the intersection of th巴sesinu-

soids that estimated the equation of the line would 

become the coconut row lines. These points of major-

ity of intersections served as the solution for recogniz-

ing the coconut tree rows. The right distance of th巴

laser scanner from the coconut row is denoted by rR 

and the left distance of the laser scanner from the 

coconut row is denoted by rL目

2. N oise removal in the desired steering angle 

SMA (simple moving average) was us巴dto remove 

the noise included in the data obtained from the laser 

scanner's PC before sending to the tractor's PC. 

Figure 9 shows the results in noise removal algorithm 

In the figure， the gray projections represent the raw 

data which came from the laser scanner's PC. The 

RMS (root mean squared) error of raw data without 

SMA was 4 deg. The black projections represent the 

desired steering angl巴usingthe SMA. The RMS (root 

mean squared) error for raw data with SMA was 2 deg 

The SMA eliminated the big hunting in the steering 

angle. Elimination of the hunting in the steering will 

improve the accuracy of the system. In this research 

SMA was used as the algorithm to remove the noise 

b巴causeit will not have a time delay in th巴system.

Minimum time delay in the guidance system is very 

important in real-time application of autonomous ve-

hicle. 

Noise removal in the inclination of the vehicle was 

not included in this research because the experiment 

field was a simulated coconut field and it was almost a 

flat surface. The v巴hiclehas an inclination error but it 

was negligible due to its inability to affect the 

vehicle's evaluation accuracy. But in an actual coco-

nut field， the inclination error of the vehicle is neces-

sary to be considered which wiU b巴describedin the 

part of the research. 

Also， in an actual coconut field there are many 

obstacles such as weeds， grasses， plants， etc. These 

obstacles were not considered in this research because 

the experiment field was a simulated field only and 

there were no obstacles. But in an actual coconut field 

experiment these obstacles will be considered and it 

will be discussed in the next part of the research. 

3. Evaluating the accuracy in autonomous run 

The developed automatic guidance system for coco-

nut field navigation was tested in a simulated coconut 

field environment which has a width and length of 18 

m and 72 m， respectively. The simulated field was 

composed of four rows using boxes. The robot tractor 

was run autonomously between the simulated coco-

nut rows with a speed of 0.55 m/s. The RTK-GPS and 

IMU were used to evaluate the accuracy of the system 

Also. the centerlin巴ofthe simulated coconut rows was 

determined using the RTK-GPS. The purpos巴ofob-

taining the cent巴rlinebetween coconut rows was to 

know if the robot tractor was following the correct 

path or was running correctly at the middle of the 

rows 

Figure 10 shows the comparison of lateral and head-

ing errors with and without th巴MA(moving average) 

of the system. In Fig. 10a and 10b， the gray projections 

showed that there w巴rebig oscillations in the lateral 
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Fig. 10 Comparison of later~r'and heading errors with 
and without MA (moving average) 

。 70 

and heading errors. ，This means that it will affect the 

evaluation accuracy of the system. The RMSs (root 

mean squared) evaluated accuracy of the navigation 

system without the MA in lateral and heading errors 

were 0.138 m and 8 deg， respectively. The application 

of MA eliminated the big oscillations in the lateral and 

heading errors as shown in Fig. 10. The black projec-

tions represent the evaluated accuracy with MA. 

Figure 11 shows the evaluated accuracy results of 

lateral and heading errors with MA navigating in the 

simulated coconut field environment. The results 
showed that the robClt tractor can navigate atito-

nomously in a simulated coconut field environment. 
In the figure， the maximum lateral and heading errors 

were 0.15 m and 14 deg， respectively. The lateral and 

heading RMSs errors were 0.06 m and 3 deg， respec-

tively. The accuracy results were minimal and ade-

quate enough to run in a coconut field using the 

developed automatic guidance system. 

Test runs were conducted in a simulated coconut 

field environment in different speeds in autonomous 

run. The speed 0.55 mjs was used to evaluate the 

accuracy in coconut navigation. Table 2 shows the 

results in different autonomous test runs. In the table， 

RMS error = 0.06 m 
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(a) Lateral error of the robot 仕actor in 
simulated coconut field autonomous run 
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(b) Heading error of the robot 仕actorin 

simulated coconut field autonomous run 

Fig. 11 Accuracy results in coconut field autonomous 
navigation 

Table 2 Summary of RMS (root mean squared) 
lateral and heading errors in simulated 

coconut autonomous run 

Speed， m/s RMS lateral erroぇm RMS headiη:g erroT， deg 

0.5 0.06 3.11 
0.55 0.06 3.02 
0.64 0.05 3.48 
0.87 0.07 4.39 
1.4 0.6 3.15 

there was no big difference in the results of lateral and 

heading errors in autonomous run in different speeds. 

This means that the developed system worked well 

even in different speed runs. 

IV Conclusion 

In this research， the developed automatic guidance 

system for general orchard application was modified 

and developed into an automatic guidance system for 

real-time coconut field application. The laser scanner 

was used as the navigation sensor substitute to the 

GPS (global positioning system). The laser scanner 
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obtained the data necessary for orchard path naviga-

tion such as the object's distance and object's angle. 

An actual experirrient was conducted in the Philip-

pines to obtain the data necessary for modifying the 

developed automatic guidance system. The research 

used a masking method to obtain the ROI (region-of-

interest) in the data obtained by the laser scanner. 

The evaluated accuracy of the automatic guidance 

system for lateral and heading errors were 0.06 m and 

3 deg， respectively. These results were adequate enough 

to navigate the robot tractor in real-time coconut field 

application. The developed system was evaluated at 

0.55 m/s speed. 

The future works of the research are (1) to test 

experimental runs in an actual coconut field or appli-

cation in different orchards such as citrus， apple， 

strawberry， banana， etc. ; (2) to make a turning algo-

rithmfor autonomous navigation in an orchard ; and 

(3) to develop a low cost and small scale robotvehicle 

that can navigate in any given orchard application 

because the vehicle platform used in this research 

were expensive and quite big. 
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「研究論文」

果樹園作業のための自動走行システム(第1報)

ーレーザスキャナを用いたシステムのココナッツ園への

適用一

ノイラウィッドオスカージュニアホ1・ファロイテイモロ

ウラーマン叫・野口伸 *2i石井一暢叫

要 = 目

ココナッツ園における作業を想定して，レーザスキャ

ナを航法センサとした自動走行システムの開発を研究の

目的とした。本研究では，自動走行システムを開発する上

で7つのプロセスが採用された。レーザースキャナによ

るデータ取得・処理，ハフ変換による樹列認識，取得され

た距離空間情報のマスキング処理，擬似的ココナツ園に

おける試験，ナビゲーションシグナルのノイズ除去のた

めの移動平均処理，操舵制御アルゴリズムおよび自動走

行試験である。また，採用したハフ変換は樹列を直線とし

て認識・処理し，車両はその認識された直線を走行する

ように操舵制御した。

[キーワード](ROI) region-of-interest， 2次元レーザスキャナ，
ハフ変換，最小二乗法，単純移動変換， ココナツ圏
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