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ABSTRACT 

fhe color change of oil palm fresh fruit bunches (FFB) is one of the important parameter:, ror harvesting ucci-.ion-.. 
I lowcvc.:r. human visual iuentification is prone lo errors due 10 uncontrolled ambient lighting and the far di-.tancc of fruit 
bunches on tall palm trees. These errors can lead to inaccurate harvesting and signilicant revenue los,. l"hi stud~ 
introduces a laser remote sensor for non-destructive FFB ripeness assessment. Based on the unique ~pcctral rclki:tion 
curves of the FFO at different ripeness, laser modules at three different \\avelength!> (vbiblc- NIR region ) ha\l.: been 
emplo) ed for the measurement. The photodetector and laser sources are configured in a coaxial manner to enable long 
work distances up 10 9m. This portable laser remote sensor has undergone successful on-plant testing in oil palm e,tnte,. 
with measurements validated against oil content by conventional bunch analysis. II is a potcnlia l tool for prcci!-ion 
harvesting and oil yield prediction. 
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1. INTRODUCTION 

The fruit's appearance and colours are the widely used indicators for the assessment of fruit ripeness. qualit: and 
acceptability by farmers and consumers. The apparent reason is the fast and non-destructive nature of the method to gauge 
the optimal time for harvest and yields. For some fru its. there are clear correlations bet\\eCn the physical appearance 
(colours and shape) and biological condition (changing concentrations of pigments such as chlorophylls and carotcnoids) 
in the epidem1is layer of the fruits at different stages of ripeness. However. the conventional approach that relies on visual 
inspection is akin 10 a qualitative assessment in which the accurac: is highly dependent on the harvester's e,periencc. 
Hence it is restricted to a small number of simple classifications (e.g. unripe. undcrripe, ripe .ind overripe) for the fruit 
assessment. Furthermore. the ambient lighting conuition and the distance between the target fruit arc critical parameter, 
innuencing the accuracy of the assessment. 

Various non-destructive techniques for quantitative a~ses-,mcnt'> have hccn propo'>ed for in.,tancc colorimetr) I 11, vi,ible 
imaging 121. vi'>ible and near-infrared (VN II{) -,pcctm,copy IJ I, and hypl·r,pcctr,11imari11~I1.51- In the co111e,1 ol 11d p,11111 
fruit asse'>smenls. the visible imaging technique ba-,ed on the Rcd-(ireen-Blue ( IW 13) ph1110, I <1•8 I captured h)' tlw , 1a11d,11 d 
cameras i'> a "idcly c>.plored technique. There arc other rl'search clfon, in e,ph11111t• 1l1c ,i,ihle-111l1:11cd "Pl'll111111111 the 
oil palm fruit U'>ing the , pcctrometcr or h) pcr, pcctnil im.1~i11g de, ice /\ I\ 1de1 1cflelt,1nu· ,pc~ 1111111 (-10011111 110011111) l,111 
provide more comprehensive information about the ripenc\\, I he dat,1 Ir 0111 1h1: near -rnlr.11 ccl I c~1rn1 ( X0011111 l IHI\ c ,il, 11 
been explored and prm en to he 114,c f11 I in the ripcnc" :Me,,llll'nl l111 oil p,11111 tru11 I 'I, IOI 

A ~11i table light ,ource "ith a broad .. pcctrurn i'> ,:-,,cntial for the n1ca.,111emcm I lm\c,c1. th1; low 1.11h1;11;1Kc p1111ll'1t~ 111 
broadbanu light mnl-.cs it lcs, idcnl for remote ,cn,ing mca,uremcnt. Multi -h,111d ,1"e,\111e111 tech111q11e, thal ,11 l' h,1, l'd 1111 

the I I.I) ,mirce, at SJh!ci li t: wa, clength, hm c heen '111-(j!.C\ted 11 I, 11 I I he \\ rn 1-. di, 1.rncc " 11111111.·d ( I 111) ,111d 1n: l1111t ,ti 1, 
impractical tor mMitc operation and on-plnnt '''''-''>\lllcnt. 
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2. T IIE SPECT RAL CH ARACT ERIST ICS OF FRESH FRUIT BUNCII 

Laser remote sensor is an enhanced version or a multibnnd sensor that employs lnsers for long work distances (remote 
sensing). A lnser is a coherent light source that can be collimated ror ill um inntion or the target at a ru,1her distance. ·1 he 
laser beam can be expanded using a beam expander so that the illuminating area of the fruit bunch can be controlled. and 
a more homogeneous measurement cnn be achieved. The laser power is scnlable nnd controlled electronically according 
to the condition and this property is useful for the cancellation/elimination of noise in the detected signal by the 
photodetector. In the selection of laser wavelengths, the main consideration would be based on the good correlation 
between the renectance and fruit ripeness as well as the minimum interference from the natural light. 

Visible imaging technique based RGB photos captured by standard camera is probably the most widely explored technique 
for fruit ripeness assessment. The relationship between the captured RG B intensities from the photo and optical renection 
spectrum of the fruit samples arc not well understood. In this current study. a compar::itive study is perfonned. 
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Fig. l. lllu, trativc diagram or the UV-Vi\ ~pcctromctry measurement. 

Fig. I illustrates the experimental set.up for the UV -Vis spectrometry test using a spectrometer with a detection range from 
200- 1 I00nm. I lalogen lamp is used as the illuminating light source for the measurement. 
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Fig. 2(a) depicts the fruitlet specimens utilized in the characterization test. The small fractions of the fruit let surfrtce or 
varying ripeness (colours) were excised and employed in the investigative study. The fruitlet ripeness fo llowed the 
sequence GI < G2 < G3 < G4 < GS, transitioning from a dark purple to red orange as ripeness progressed. The 
corresponding renection spectrum of each fruit let to three ripeness stages were presented in Fig. 2(b). 

The bandwidth of the reflection curve widened alongside ripening. The cutoff at the shorter wavelength region. which 
depicted as red straight line in Fig. 2(b) started at 700nm for GI. progressed to 64011111 as the ripeness increased ( from G2. 
G3. then G4) and eventually stopped at S60nm for GS. The reflectivity within the blue region (400 - -t50nm) consistently 
low irrespective of ripl.!ness. elucidating the low intensity observed in blue pixels and their limited correlation ,~ith fruit 
ripeness. 

Fig. 2(c) shows the detected RGB pixel intensities that correspond to different ripeness levels. A good correlation II as 
clearly shown between the intensity of red co lour pixel and the level of ripeness. whereas the green and blue pixels do not 
exhibit any signilicant variation for sample G2. G3. and G4. with the blue pixel displayed the least discernible alteration!>. 
It was wor1h noting that the reflecti ve spectrum c.xhibitec..l nn incremental pa11crn with increasing ripeness. with the ~oh: 
intensity changes noticeable between GI and G2. 

Fig. 3. FFl3s at ditTerent levels of ripeness an: charact..:ri✓ed. From ldi to right: Unrip,·. Underripc and ripe. 

The characterization test proceeded to three FFBs of different ripeness. classified as unripe. underripe. and ripe as sho1\n 
in Fig. 3. The three FFBs were characterized using a halogen lamp and the reflection spectra of the bunches were recorded 
and measured via spectrometer. 6 - 8 sets of measurements were taken across various sections of the fruit bunches. and 
the spectral curves were averaged to produce a singular representative curve for each class of ripeness as shown in Fig. -t. 
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The proposed design of the laser remote sensor incorporated three laser wavelengths (in the range or 550 - 900nm) as 
illuminating sources. The selection criteria for the first two wavelengths were based on their exceptional sensitivity to FFB 
ripeness. The retlected power or these two wavelengths had demonstrated a strong correlation with fruit bunch ripeness. 
The laser operating in the region of 800-90011111 was selected as referencing parameter in the measurement. 

3. LASER REMOTE SENSOR 

Figure 5. ,he appearance of the laser remote sensor. 

The sensor system comprised of three laser modules emitting at distinct wavelengths, each channeled through separate 
fan-out fibers and consolidated via a 3-to-l bundled optical fiber into a common output connector. This lens was used to 
converge the renected or scattered beam from the targeted fruit to the lens's foca l point, where a photodetector detected 
the focused retlected beam. Notably, a larger lens diameter corresponds to enhanced optical intensity oft he collected beam. 
The laser remote sensor incorporated an Arduino rnicrocontroller fo r the control of the laser modules, signal acquisition 
for the retlected intensity from the photodetector. and some basic calculations. 
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Figure 6. (a) FFBs at different categories ofripene'i'i. and (b) l)i-,cri111i11a11t analy,i,; plot. 

Fi~ure <,(a) , how, thl' e.-..: perimental rcs111ls ot' the lno;er remote ,;e11,or for (1 FFlh of three ditTcn.:111 cntegork, (l lnripe- 1, 
llnripc-2, llndcrripc- 1. llndcrripc•2. Ripc- l 111H.l Ripc-2). lhe Fl·lh \\ ere pthitioncd at a di, tancc of 7m from the h1,l'I' 

1c111nte ,e11,or. I he deteeted i11tl·n,;itic, ot' the reflected bean" arc calc11lmcd. and the re,1111\ nrc pre,cntcd in the 
di,eri111 inant 111rnly~i, plot i11 Fig. 6(h). 'I he dntn from the unripe FFn, arc 1110,;t I) rnncentrntcd \I ithi11 the vicinity of ( PC I. 
11( ':? ) ( I .:?S, 0. 18) wherca, the thttu til' 111ulcrripc FFlh arc nt ( I .J. 0.2 1) and ripe FFll, at ( 1.3 I A, 0.2·1 0.4 ). Both 
Pt' I 1111d PC2 incrc:l\e pm1,tre.,... ively with i11t·rc11,in~ levl' I, or ripenl'" or the FFB,. Ripe- I had lo-.1 more fruit let-; than 
H ipl'•: and thl' thrn n, or the hunch arc more c,po,ed. I hi, c,plui1l', it, high PC2 value!.. 
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4. ON TREE ASSESSMENT 
In the conventional approach, the assessment of the ripeness of oil palm FFBs primarily relics on visua l scrutiny. This 
approach involves the consideration of various parameters including colouration, bunch dimensions. and the count of loose 
fruits on the ground. However, this method encounters considerable impediments when deployed for FFBs situated on tall 
palm trees. Its reliability is contingent upon ambient light conditions and the visibility of FFBs to ground-level observers. 
As illustrated in Fig. 7(a), images showing an FFB wh ile positioned atop a 7-rneter-tall oil palm tree and subsequent to 
harvesting on the ground are presented. Despite being adjudged underripe upon visual assessment on the tree (Refer Fig. 
7(a)), closer scrutiny revealed that it was ripe (Refer Fig. 7(b)). Subsequent analysis encompassing bunch and oil 
assessments unveiled a notable oil content with in this FF£3 (oil to dry mesocarp ratio, 0 /DM = 77. 1%). contradicting its 
initial visual classification. Fig. 7(c) and (d) show the on-tree measurement using the proposed instrument. Reel laser beam 
on the FFB marks the points of measurement. 

Fig. 7. The appearance of(a) an FF[l (red dotted circle) on a 7m tall palm tree and (b) at a closer distance nlier hanesting (c) l.a~cr 
beam pointed on FFB (d) On-tree measurement for a 7m height oil palm tree. 

The developed laser remote sensor was deployed in Tanah Merah estate, Negeri Sernbilan, Malaysia for on-tree 
assessment. A total of 38 FFBs were assessed and compared against the classifications based on visual inspection and 
bunch and oil analysis. 

5. OPERATION PRJNCIPLE AND OIL CONTENT INDEX 
The measurement is based on the linear discriminant analysis (LOA). LOA is a supervised technique. utilizes class labels 
to find a feature combination that best distinguishes between classes. It begins by calculating class means and covariance 
matrices, computing within-class and between-class scatter matrices. The primary aim is to derive a linear discriminant 
function that maximizes the ratio of between-class to within-class scatter, enabling optimal class separation. The dataset 
is then projected onto this function, reducing dimensions while preserving e\~entinl discriminative details for tasl-., like 
classification. The algorithm for determining the ripeness is given by. 

I. = (RA - 0.22) t (R11 - 1.3) 
Where R,, and Rn arc the rcnectancc from two sensing wavelengths. The ripeness cl:i,s i fic:it ion ba,ed o n 1.-v:iluc i, ;i, 

fo llows, 

UN RIPE UNDER RI PE RIPE 

L < -0.1 -0. 1 · I .. 0 L ·O 

On the other lwnd, the oil content parameter, of each Fl B detcn11 inc the actual ripenc-,.,. I he oil c.:untcnt p :11 :1111ctc1 l'o11,i,t, 
or oil to bunch ratio (0/U), oi l 10 dry mcsocarp rnt io (the me,ocarp \Iii'> dried in oven. 0 l)W), oil 10 \\Cl llll'"H;,11p 1,11io 
(mcsocarp was not dried in oven. 0 /WM) and moisture content (llmcr moi,tun: indicate, more conver,ntion, MC). I 11hil: 
2 provides the ripencs<, classificntion for FFBs. 
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UNDERRIPE RIPE 

0 /8 below 25% 25% and above 

O/DM below 70% 70% and above 

O/WM below 50% 50% and above 

MC above 40% below 40% 

J'able 2. The ripeness classilicat ion of oi I contelll parameters. 

For simplicity or analysis, oil content index (OCI) is a single value index that describes the oil content or the FBBs and 
OCI can be constructed as follows, 

DC/ = (~ - 25) • Wo + (!!_ - 10) * W o + (_!}_ - so).- W o + (40 - MC) * W'.wc 
B 11 DM 15M WM WM 

WQ + W .2-. + W -2_ + WMC = 1 
8 DM WM 

where Wo/b, Wo/DM, Wo/wm and W _MC denote the weightages of each oil content parameter in the OCI. Table 3 
describes the ripeness classification based on OCI 

UNRIPE UNDERR IPE RIPE 

oc1 --- -10 -10< OCl<0 OCl>0 

Table 3. ·1 he ripeness cla\sification ofOCI. 

6. PERFORMANCE METRICS AN D RESULTS 

This section delves into key statistical metrics offering insights into classification models, notably featuring the widely 
utilized confusion matrix. It serves as a vital measure applicable to both binary and multiclass classification problems, 
presenting predictions in a matrix form. TI1is matrix provides a comprehensive view of correct and inco1Tect predictions 
per class. offering valuable clarity on model confusion between different classes. As pan of the performance assessment 
in classification algorithms. the confusion matrix stands out among the preferred parameters. effectively visualizing and 
summarizing their performance. 

It tnllies predicted and actual values, distinguishing True Negatives (TN) as accurately classified negatives and True 
Positives (TP) as accurately classified positives. rhe) also cncapsuh11e False Positives (FP), where actual negatives arc 
m isclassi(icd n, positive<;. and False Negat ivcs ( FN). "here actual positives arc 111 i-.clas•dlied as negntives. Once the 
confusion matrix is generated for each implemented algorithm the following metric values, accuracy. -.cn-;itivity. 
specificity. and error rate. arc ca lculated from the confusion nn111 i,. 

In the ripcnc.,, cla~-. ilicution which con._i.,h ol'uniipc. untle11ipe and 1ipc, a mullicla,., clu ...... ilic111io11 i, nrn,c 11pplirnhh: to 
acccs, the pcrfo111111ncc cvuluntion. When there arc more than ti\ o cla~-.e,. it c:-.pantl, IO rcpic,cnt pc1 fo, n1:111n: 11e111,, 
11111ltiplc cla,~c,. I he \l111ct11rc bt·cnn1c, a , q1rnre 111ntri, I\ ith 1tm, and coh1111n, concsponding 10 the ditli:1ent ch,.....,c,. It 
prnvidc, 11 moic dclHilcd b1cul..dow11 ofn 111odcl\ pcrrnrmn11cc he) ond ,implc nceurncy. It help" i111111dcr:-.t:rndi11g, lw,, ,,ell 
,, nwdcl perl't,1111, li>1 different ch,,,e~ 1111d nids in idc11tif) i11g ,pcci tic 11rcu-. ,,here the mudcl might need imprnvcmcnt. It 
ev,tl11 11tt'' the i.:n11l·c1nc" or p1 edic1i1111, ucrn" 11111lt iplc clnv,c, 1,11her thnn ju,t 1,,0. I he goul i, to meu, 11re IHI\\ ,,ell the 
11111dcl pcrlrn m, for c11ch i11di, id1111I chi,, i11 11 ,i.:c11111111 "1th 111t11 t· 1111111 t\\ o ch1,<;cs. 

I hl' <>< ' I " the gold , 1111,thml i11 i.:h,,,il') ini:: the ripcnc,s of the I· Flh I\ herca-. the dntn from the rc111ote sensor nnd the vi,11111 
1n, pcrtio11111c tlw c,1i111111io11, i11 thi, , 111d). 

(u) Prediction: Remote sensor 
Unrinc I Undcrrioc I Rioc 

I lJ111 ipc 7 I I I 3 --
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Actual: OCI 
standard 

(b) 

Actual: OCI 
standard 

Unripe 
Underrioe 

Ripe 

0 
0 

Unripe 
8 
I 
6 

5 
20 

Predict ion: Visual lnsoection 
Underripe Rioe 

I 2 
5 0 
12 

.., 

.) 

Table 4. The confusion matrix of a total 38 FFBs for (a) Remote ~i.:n~or aml (h) I luman, hual in~pi.:c1io11 

Based on the confusion matrix in Table 4, accuracy (ACC) can be calculated based on the following expre~~ion 

TP+TN 
ACC = -------

TP + TN + FP + FN 

ACC gauges the accuracy of the laser remote sensor in the ripeness assessment with reference to the oil content data of the 
fruit samples. Simi lar accuracy assessment is performed for the data made by humnn visual inspection. 1 he accuracie~ or 
the remote sensor and visual inspection are calculated 10 be 73.68° o and 42.1 I%, respectively. 

7. SUMMARY 

A laser remote sensor has been developed and demonstrated ripeness detection for oil palm FFl3s. The optical instrume111 
has been tested in the estate, and a total of 38 FFBs have been assessed on the trees at an appro, imatc distance of 7-mctcr. 
The superior accuracy of the laser remote sensor (~73.68° o) can be attributed to its long " orking range and strong immunit~ 
to the interference of ambient light which varies throughout the day. The laser remote sensor S) stem is finely tuned to the 
unique spectral characteristics of oil palm FFBs. lt has proven to be a practical and crlicicnt tool fo r non-destructive. 
precision ripeness assessment. Its adaptability to diverse ripening stages and ability for on-plants of varying heights 
positions make it a valuable asset for precision harvesting and yield predictions in oi l palm plantations. The S) stem's 
portability enhances its accessibility. offering a solution that can be easily deployed across different locations within oil 
palm estates for effective and accurate ripeness assessments. 
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