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The use of yogurt as a silage additive on physical characteristics and chemical
compositions of napier grass silage
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Abstract

The purpose of this study was to determine the physical characteristics and chemical composition of Napier grass silage
inoculated with yogurt. The experimental design was a completely randomized design (CRD), divided into 4 groups with
10 replicates. The treatments were 1) 5% molasses added (control group), 2) 2% yogurt added, 3) 3% yogurt added
and 4) 4% yogurt added. The fermentation period was 21 days. The results showed that the physical characteristics of
the Napier grass silage with 3% yogurt added had the highest total score (22.81 points). This was classified as a very
good silage. The other groups had good total scores for physical characteristics, which were at a secondary level. The
chemical compositions (moisture, dry matter, crude protein, organic matter, ash, NDF and ADF) of Napier grass silage
were not statistically different among all experimental groups (P>0.05). However, it was found that the crude fiber
content of all yogurt-added groups was higher than that of the control group (P<0.05). Therefore, using yogurt as
a silage additive at 3% resulted in Napier grass silage having better physical characteristics than using molasses as

a silage additive.

Keywords: Yogurt, silage additive, napier grass silage, chemical composition, physical characteristic
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Table 1

Assessment of physical characteristics of silage
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chemical compositions of napier grass silage

wazdnduigsnsammiay uaslidizoUn (2 AZUILIL) LU
mulml,axﬁﬁﬁul,ﬁ'amjﬂmﬂ {5l (1 AZUUW) LT
Wwlon wazandsnunn (0 AZUKK) FIWR FLRABY
2Ly BIDRNIN (3 AzULL) FillaNnaLd BIaFIT8 T
(2 AZUWW) FINAANI (1 Az uazdinenaunie
8§61 (0 ATWUL) 611 pH 81 3.5-4.2 (6 AZLWY) 4.4-4.7
(4 AZUUW) 4.7-5.1 (2 AZUWW) >5.1 (0 AZUWR) LilDAzIUL
T4 20-25 = @3N, 15-19 = @, 6-14 = AUNA1I WA 0-5
= i Wazuuudasulaslfuszamauiarasidormy
WU 5 an @A NNLdunIa-a19 (pH) diuwnng
AMuADNT8 Bal et al., (1997)Imﬁmﬁamamﬁnm;ﬂﬁ
ﬁmi’nvﬁmumjwmimaad NaNaT 100 NIW inludulu
ToUw (blender jar) WWaziBoa wdrinlusaanudining
Wunya-eng (pH) @T’mm%iaa pH meter (pH meter model

UB-5, Denver Instrument, Germany)

physical characteristics

Smell

- not mild, slight odor rancid (8 point)

- mild, pleasantly acidic, pickled fruit or sour vinegar smell (12 point)

- odor rancid and slight putrid aroma (4 point)

- musty or mouldy aroma (0 point)

Texture

- firm, material not easily rubbed from fibre (4 point)

- firm, with softer material can be separated from fibre, slight slimy (2 point)

- firm, soft tissues easily rubbed from fibre (1 point)

- slimy and grimy (0 point)

Color - light green-yellow or green brown (3 point)

- yellowish green or brown green (2 point)

- brown (1 point)
- brown to black (0 point)

pH - 3.5-4.2 (6 point)
- 4.4-4.7 (4 point)
- 4.7-5.1 (2 point)
- >5.1 (0 point)

Total score - 20-25 = very good quality
- 15-19 = good quality
- 6-14 = moderate quality

- 0-5 = low quality

Note. From Silage standards (1" ed.) by, Department of Livestock Development, 2004, Printing House of the Agricultural Cooperatives Association

of Thailand, Copyright ©2004 Department of Livestock Development.
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Table 2  Physical characteristics of Napier grass silage
Physical characteristics molasses 5% yogurt 2% yogurt 3% yogurt 4% P-Value %CV
Smell 8.00 10.66 12.00 9.33 0.33 25.82
Texture 3.33 3.33 4.00 3.33 0.80 28.57
Color 1.00° 2.00° 2.66° 3.00° 0.00 13.27
pH 3.72° 3.88" 3.81° 3.91° 0.00 1.17
Total score 16.05 19.88 22.81 19.25 0.23 18.62

**Means within the same row with different superscripts differ significantly (P<0.05).
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Table 3  Chemical compositions of Napier grass silage (%DM basis)

Chemical compositions molasses 5% yogurt 2% yogurt 3% yogurt 4% P-Value %CV
Moisture 83.20 84.20 84.04 85.26 0.25 1.34
DM 16.80 15.80 15.96 14.74 0.07 7.14
OM 88.70 87.84 88.42 86.36 0.08 1.15
Ash 11.30 12.16 11.58 13.64 0.08 8.28
CF 36.27° 40.09° 40.05° 39.90° 0.04 4.09
CP 6.07 6.26 6.17 6.93 0.25 5.67
NDF 66.48 68.03 68.29 68.41 0.06 0.92
ADF 37.96 39.30 38.49 39.04 0.29 1.58

**Means within the same row with different superscripts differ significantly (P<0.05).
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Abstract

This research investigated the production of compost from concentrated latex sludge as a conditioner and studied the
properties of the compost in four different experiments using different ratios of composting ingredients: concentrated
latex sludge, urea, and cow manure. The different ratios were used were: 3.0:0:0, 2.0:0.5:0.5, 2.0:1.0:0, and 2.0:0:1.0,
respectively. All compost formulations were analyzed for their properties, specifically the average of: temperature,
moisture content, pH, electrical conductivity, and organic matter. It was shown that a suitable compost fermentation
period lasted for 50 days. The properties of the compost derived from concentrated latex sludge included an average
temperature range of 29.80-38.06 °C, the percentage of moisture content ranged from 78.92% to 81.82%, pH was
between 8.34 - 8.48, electrical conductivity (EC) was 3.18 - 6.13 decisiemens/meter, and quantity of organic matter
ranged from 38.51%-42.71%. Among treatments, the compost in the second treatment with the ratio 2.0:0.5:0.5 was
found to be the most suitable, showing the greatest economic value and investment return due to its superior N: P: K
content which was the highest in the experiment. Specifically, the percentage contents of N, P, K were 4, 0.95%, and

0.39% respectively. In analysis of economical value, the compost yielded a return on investment 48.47% and a net
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profit of 1,537.80 Baht per production cycle. In conclusion, the production of compost from concentrated latex sludge

contained primary micronutrients and had potential for promoting plant growth as a soil conditioner.

Keywords: Latex sludge, compost, soil amendment
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Table 2  Properties chemical of compost from concentrated latex sludge
Parameter Value Organic Fertilizer Standard of Department
of Agriculture (2014)

pH 7.54 5.5-8.5
Moisture (%) 25.53 30
Electrical conductivity (dS/m) 1.25 Not more than 6.00
Total nitrogen (%) 2.22 210

Total phosphorus (%) 21.60 205

Total potassium (%) 2.10 205

CIN Ratio (%) 18.18 < 20/1

Total lead (mg/kg) 310.00 <500

Total arsenic (mg/kg) 35.00 <50
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Table 3
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Physical changes of compost from concentrated latex sludge

Physical changes in compost of compost from concentrated latex sludge

Treatment

15 - 28 day

29 - 42 day Complete decomposition
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Figure 1 Changes in temperature in all experiments
during the composting process.
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Figure 2 Changes in moisture content in all the
experiments during the composting process
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Table4 Average temperature of compost from

concentrated latex sludge

Average temperature
Treatment Latex sludge : urea :

COW manure (ec)
1(3.0:0:0) 37.01 + 4.08°
2(2.0:05:0.5) 30.82 + 1.37°
3(20:1:0) 29.80 + 1.34°
4(20:0:1) 38.06 + 7.75°

Note. a, b The difference is statistically significant at the level of
P <0.05
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muml%muwmmmmmmumm%ﬂmmwal%um
mm%ugﬂuﬁ’mmn %amsmimuqwmw%ﬂﬁmm:au
damitasaanpvaafiunideglugag 50-60 iWafidud
S‘fidLﬂu‘*ﬁ’mﬁﬁ’ﬂﬁlﬁ@msﬂaﬂaa’mﬁgoqﬂ (BANTaY
ea3n, 2554) s'fioﬁ']mﬂmw%umﬂLﬁuvl,ﬂﬂmﬁ'ﬂa:
E]ﬂ5@LLﬂuLLﬂ:ﬂ@ﬂ%Nﬁm’ﬁad’jﬁd°ﬂada’m’]ﬂn’]Ui%ﬂadﬂil
ldiAagniwnisviasandianle (F3uni Tua,
2552) wamnanudutasnin 20 woidud asvinlw
g'ﬁuw%ﬁﬁﬁﬁmsﬂaﬂamﬂmmmzmmﬁnﬂﬂﬁmmm
@Walwnssar Iunsing, 2559) InnsAn¥12895LA
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Table 5 Average moisture of compost latex sludge
from concentrated latex sludge

Treatment Average Organic

Latex sludge : urea : moisture Fertilizer

cow manure (%) Standard
1(3.0:0:0) 38.92 + 2.04°
2(2.0:05:0.5) 31.65 + 1.67°

Not more than
3(20:1:0) 31.82 + 2.05" 35 %

4(2.0:0:1) 31.79 + 1.80°

Note. a, b The difference is statistically significant at the level of
P <0.05
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2.4 @1ANTWNIA-A9 (pH)

@hmsﬁ’f’[%lﬁ’m’]iwa@ﬂUﬂi’fﬂmnmﬂ“ﬁuﬂd
‘Ii"]U’]\'l"fl/u@li’]"ﬂ’?@ﬁ’m’]iﬁ’]VLWW’Wlﬂ’?uLLﬁ@d@cﬁ (Figure 3)
WU’j’]ﬂ’ﬁNa(ﬂﬂﬂ%ﬁﬂﬂ’]ﬂ%LLﬂdﬁt\‘l 4 TANIINANDY
fenadoanuiunia-as (pH) asaaszaznIIManed
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(NIVATIMINMINEAT, 2557) lastnualiiiananadu
NIA-6139 (pH) 5.50 - 8.50 HAMIFNHINLIELAR BN
\Junsa-61g (pH) q@msmaaaﬁ' 1 uaz 4 e Laae
AU unIa-a19 (pH) WAL 8.34+0.54 LAz 8.38+0.61
awiey llenuuandrsnuadelnedagnieada
fiszeiu 0.05 z%m%’uqﬂmsmaadﬁ 2 uaz 3 Auady
anaLdunIa-a19 (pH) inNU 8.48+0.41 Laz 8.48+0.54
Lmn@mﬁ‘ummiwmadﬁ 2 uar 3 adIUnBEATL
fis2@U P < 0.05 NaN3AN®AG (Table 6) WUINAANA
WWunsa-and (pH) maaﬂwﬁ'ﬂmﬂﬁuﬂa

9
8 -
7 —8fr*

pH

O T T T T T T T T T T T T T
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49

Composting time (days)
—T2 —T3 - T4

——T1

Figure 3 Changes in electrical conductivities (EC) in all

experiments during the composting process

2.5 @159 11# (electrical conductivity)

@iﬂﬂﬂiﬁﬂ‘lﬂﬁ’]ﬂﬂiﬂﬁ@]ﬂU‘V\ﬁ'ﬂiﬂﬂﬂ
mﬂ‘ﬁuﬂamaaﬁ@ﬁﬁﬂﬂiﬁﬂVLWWﬁnﬂi'uLLamﬁo (Figure 4)
wuinaassnsinniang 4 TANIINANDINNDA
JzazIaINsRuNAaIN T AN (EC) agluﬁ’sdﬁ
3.18-5.85 Ladduudaluas F9dd1nsinlawa (EC)
frnwnarinasgwlladudd Taoimualifidnsiluin
laiin 10 0dFandaiuas (nsudnmaneas, 2557) Talu
mswamijmnnn’m“??uﬂﬂ*‘ﬁ‘s:ﬂ:nmmwﬁn 50 % WANT
finwN69 (Table 7) wuh“’g@miw@aauﬁ 1 unz 4 Heade
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(pH) aaadlazadN Huang et al. (2004) 318971%31
a X A ' = '
MstANIuRIeaaasvadsdaNulunTa-a1e (pH) 1u
ﬂadﬂﬂLﬁm}’mmiﬁ’]mumadﬁﬁuﬂ’%rﬂﬁﬂayamy
g15Usznaudun3dyd TINNN1TNARBIAIANNLT Y
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latianisidfoundasuini pH 8t 8.00-8.48 v
fnfivandiniuidutuveslalasiaudean (HY
nflanuFuNusdanisaTydulavesafunid
=1 I A < ' + Qs
LLammamwmmLﬂuﬂmﬁsamumﬂuqy‘mm
A ' @ { o+ @ \ . @
T46n30-619 (pH) VoTENYNTandnIzdInadadns
1

o

=

fowinfinonwine-as (pH) Sanwdunialuns
ilondni@ (Ameen et.al, 2016)

Table 6 Average (pH) of compost latex sludge from
concentrated latex sludge
Treatment Average Organic Fertilizer

Latex sludge : urea : (pH) Standard
1(3.0:0:0) 8.34+0.54°
2(2.0:05:0.5) 8.48+0.41°

55-85
3(2.0:1:0) 8.48+0.54°
4(2.0:0:1) 8.38+0.61°

Note. a, b The difference is statistically significant at the level of
P <0.05

M3 WA (EC) 1¥inny 3.18+0.66 WAz 3.41+0.34 anal
s lifanuuandrstuatnsfivbidnfiszdu P < 0.05
LL@iéﬂ%?ﬂJmnﬁﬂ@aaaﬁ 2 uaz 3 Aadumainlnin
(EC) vinAL 5.85+1.06 WAz 5.24+1.19 LANGINH
atiafitudAyfiszau P < 0.05 NYANITNARDI
é’andndwmsﬁﬂﬂﬁhﬁuag’ﬁ'uﬂ’%mmé’mwa’mwau
ﬂﬂgL‘%ULLazga'S"JL‘*ﬁmﬁmﬁ'umiﬁﬂwwaﬁ%@ﬁ
WINIAT (2563) mﬂﬁﬁw"LWW’ma{li'@qau%mi"awhﬁ"u
5.98 LOTTLUUADLUAT
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Electrical conductivity (dS/m)
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Figure 4 Changes in electrical conductivities (EC) in all
experiments during the composting process

2.6 ﬂ"la%ﬂ%'ﬂ'fﬂq (organic matter)

Suﬂ%ﬁmqmwﬁwﬂwﬁ'ﬂmnﬂ'mﬁl,ﬂmsaﬁﬁ'@
Aaunieiagnn 15 T aseeszuzAMInINienin
wuiwﬁmmﬁlﬂﬁuﬂ%ﬂfmqﬁv’d 4 mmsw@amaglumaﬁ
38.51 - 42.71 ‘qﬂ“g@mi‘n@aauﬁﬂ%mmauﬂ%m’i’mqm
#1n4130 Lﬂa‘i%u@ﬂ@mfﬁﬂﬁfﬂmummeﬁmmgmﬂﬂ
WINBuN3S (NsWdTIMIINEAT, 2557) WUINALaAY
Buniuiag q@mimaao‘ﬁ' 13Uaz4 ﬁmmﬁﬂﬁuﬂ%ﬂi’mq
LNy 38.86+4.18 39.78+8.02 WAy 38.51+8.03
auiau liflanuuandrsiueteiiiosdniiszau
P<0.05 f‘fial,mﬂ@i'mﬁ'u"g@ﬂﬁmaaaﬁ 2 ﬁﬁ@hﬁm’%ﬁ@q
WINNL 42.7146.62 s‘fﬁﬁﬂ‘%mmmm%umﬂﬁq@Lﬁaamﬂ
samawnaudsznaudomniuils fogi3s uazyain Gth
anususalumsiniAvanusuldasssanalidanudn
mnﬁqﬂwamiﬁnmﬁa (Table 8) Lﬁmmnmmimam
2 ﬁmqmms‘ﬁLﬂuﬂsﬂwﬁém%‘umsw%zyLaaﬂmlaa
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Table 8
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Table 7  Average electrical conductivity of compost
latex sludge from concentrated latex sludge

Treatment Average electrical Organic

Latex sludge : urea : conductivity Fertilizer

cow manure (dS/m) Standard

1(3.0:0:0) 3.18+0.66° Not more than

6 dS/m
2(20:0.5:0.5) 5.85+1.06"
3(20:1:0) 5.24+1.19
4(20:0:1) 3.41£0.34°

Note. a, b The difference is statistically significant at the level of
P <0.05

YBINITRAN wudwﬁﬂ’%mm’éuw’%ui’@qagh 10 TWUIN
38.50 - 53.16 (sl Tudlagsiiwiin I@]ﬂq@nﬁswmaaqﬁ 12
3 uaz 4 TN UBUNIDINYYINL 40.5541.20 52.45+2.22
52.35+3.10 Waz 52.05+4.23 1o fidudlaninmiin uazas
Hum IudSunmdunidaaasauszuziaimsninlayil
ﬂ%mmauﬁﬁmqﬁmmﬁﬂ%aﬁLﬂ'&iﬂw,l,ﬂam,ﬁw,ﬁﬂﬁaﬂ
Lﬁa’guqmwmmmwﬁnﬁ 50 3% SnmBunIsianae
ndagluta4 35.20-40.55 WediFudlassiwin Lﬁaéuqm
2N IRGNT 50 T I@uﬂ’%mm‘ém’%ﬁmqﬁmﬂﬂ
azagluundanmny uazwasnulinugdunid nsaaas
maaﬂ‘%mmﬁuw‘%mi’mqLﬂuwammnmsﬁﬂ%mmﬁuﬁﬁ
asvauluizggnadosaaouazi lWlBuund swasaw
lappduniddsunmdunidaniveuaziianudunusny
ﬂ’%mm'éuﬂ%ﬂi'@q st adunidaiuauanadtSun o
maa’éuﬂ%ﬂi‘mqa:amﬂﬂﬁm FomaanaasfumMINaaed
294 Garcia et al., (2003) AivhlWnsnesasfgtunsls
anand ldnmyuanauznenwauluyznen wonLSun o
BUNITInNANMINREATZLZLININMINARSY

Average organic matter of compost from concentrated latex sludge

Treatment Average Organic Fertilizer
Latex sludge : urea : cow manure organic matter Standard
1(3.0:0:0) 38.86+4.18° Not lower than 30
2(2.0:05:0.5) 42.716.62° (7% by weight)
3(20:1:0) 39.78+8.02°
4(20:0:1) 38.51+8.03°

Note. a, b The difference is statistically significant at the level of P < 0.05
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2.7 USaurmsraerursuanilanan
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mmsmaaa‘ﬁ' 2 ﬁﬂ'%mmmqmmwé“ﬂiwmnﬁq@
%aﬁ@hmqvluimmuwhﬁ'u 4.00 TaWaswaIaviL
0.95 fiaAnTudafilanin uszmglwunsiFouiyiniy
0.39 wWafifud lanfdTanmmgamiananmarinng
5.34 WasiTud iadaaml,ﬂu'*g@ﬂﬁﬂ@aadﬁ 3, 4
Wae 1 %aﬁﬂ%mmﬁwlmwﬁ%ﬁnmﬂﬁu 5.30,
4.51 Uaz 4.170NNE1GU WANNTANEIGY (Table 9)
mnmwmaammsmamﬁ 2 ffsnamalulasau
mﬂﬁqmﬁaamné‘ms'}muwaulumsﬁﬁ’ﬂﬂal
ﬂsznauéﬁﬂgai‘a%aﬁmuwawmaom@;"l,uvl,mmu
LEWABINUMINENUYDY Astari et al, yaNUTm
3 wafifud waznanTndriuiluyiTugas 46-0-0
%aﬁﬂ%mmmqvl.uvlmmu FesganadedSumlulasian
sl,umwﬂ'ﬂﬂmgaﬁq@ z%m%’u*q@mimaadﬁ 4 50N
wgaWa%'a@‘ilﬁqﬂ Uae ‘qcﬂmiwﬂaaaﬁ 3 JUSunalwunados

Table 9
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Hunany S9FeansosfiuNITANENI09I8UNWT HOwinW
2547) ldvinmsanwiihnnduilsuaznmnaznowla s
Urlomilumaiiduiagiedulunsdgniis fansmn
nnmMiazaund ulasiau Weawada uazlwunaidow
luﬁﬂi%dLﬂum@4m'mi‘v\é’ﬂﬁﬂmﬁmmﬂumﬂé‘mh LA
waN§@ﬁvlﬁamﬁmﬁﬁmﬁnuﬁﬂajLL@m@mammﬂ%ﬂmﬂﬁ
ﬂwﬁnmn“ﬁuﬂﬂiamuﬁﬂmﬁuiwﬁ'm&ai’aﬁqmamﬁﬁ
lauRsnuAzsanahanldlslomilunsinduiag
ﬁwgoﬁulumsﬂgnﬁﬂﬁ \FWA I TLUNANTISY Semoanaos
numMsAnym Saily (2565) Namaamﬂ%ﬂwﬁ'ﬂmﬂ
i'aqﬁuﬂ'%ﬁwawaaﬂvl,@Tmﬂ‘[samuaﬁ'm‘f’]ﬁuﬂﬁmﬂuﬂﬂ
danmaasgiavlansznandavasinazinvilvduazin
imseigiavlanazlnandananiinsliladeus:
ayﬂm:é’uLﬁmﬁ'uua:gandﬁLfiaLﬂ%ﬂmﬁﬂuﬁ'umﬂ%
fuiail

Properties of primary macronutrients of compost from concentrated latex sludge

Treatment

Primary macronutrients (%)

Latex sludge : urea : cow manure

Nitrogen (N) Phosphorus (ons) Potassium (KZO)
1 (3_0 -0 0) 3.00 0.93 0.24
2(2.0:0.5:0.5) 4.00 0.95 0.39
3(2.0:1:0) 3.80 0.96 0.54
4(20:0:1) 3.20 0.91 0.40

2.8 N33 ARANVANAINIILATHIAIEAT

AUNUUATHANDUUNKINNNINAAT] N
Andiuily W‘.Ll’j’]ﬂU%ﬁﬂﬂ’lﬂ%uﬂd’qmﬂ’liﬂ@aadﬁl 2
Asandmnaunnauds : 8138 - 4837 : YA 2.00 : 0.50
:05: ﬁﬂ%mmm@;mmwé’mwmnﬁq@ ﬁﬁ'}vl,sqw%m?ia
WAL 1,537.60 UNN/GaTaLNTHAR LLa:ﬁwvl,imﬁaéTunu
SUEA HINU 1,742.60 UIN@aTALNITHAS lasdaai
HAABLUNUINMTAINY (ROI) WAL 48.47 iadidud
dununulunandalsniniiny 3,172.40 vndasey

MINAG LLﬁdLﬂuﬁunumﬁthLﬂuﬁua@ LYY 205.00 LN
dosaunsuae lagwuindudndeuaeissiauss
qﬂnirﬁmﬂﬁq@ Aausaunz 39.00 MuAUNUHKLLITIN
i 2,967.40 LNNGaIaLNINGER %awuiwﬁunuﬁuuﬂi
ey Uszneud dnhiwdeiwds daillusanaz 50.55
ATTRNNINIINEAT (0L wa1 Mnsinana) 3euas 23.59
UWATANUTING (19N QUATANTIZAINININGN) et
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mnauils 1,000 Alansy namTANEEs (Table 10)
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Table 10 Cost and benefit analysis of produce of compost latex sludge from concentrated latex sludge

Item Value in cash (Baht) Non-cash value (Baht) Percentage
1. Fixed cost
1.1 Depreciation of tools and equipment 80.00 39.00
1.2 Opportunity cost for land use 50.00 24.40
1.3 Opportunity cost 75.00 36.60
Total fixed costs 205.00 100.00
2. Variable Costs
2.1 Cement fermentation pond 200 6.74
2.2 Cost of materials (Spade, Shovels, Molasses, Urea) 700.00 23.59
2.3 Electricity charge 2.40 0.08
2.4 Cow manure 50.00 1.68
2.5 Cost effective microorganisms 150.00 5.05
2.6 Water charges 50.00 1.68
2.7 Fuel gas cost (Baht/production cycle) 1,500 50.55
Total variable cost 2,967.40 205.00 100.0
Total cost 3,172.40
Total cash cost 2,967.40
Total revenue (Baht/production cycle) 4,710.00
Net profit 1,537.60
Profit is above cash costs 1,742.60
Return on investment (ROI) (%) 48.47
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Abstract

This research aimed to investigate the plant diversity within the Pha Dum community forest, located in Na Duang
District, Loei Province. A total of 14 sampling plots, each measuring 20x20 m, were utilized to assess the diversity of
trees, while a 5x5 m sampling plot was employed to examine understory plant diversity. The results revealed a rich
variety of plant life, encompassing 29 families, 41 genera, and 45 species. Notably, the Rubiaceae stood out with 7
species, closely followed by the Dipterocarpaceae with 4 species. Among the tree species, Shorea obtusa Wall. ex
Blume exhibited the highest Important Value Index (IVI) at 150.160, while Dipterocarpus obtusifolius Teijsm. ex Miq.
followed with an IVI of 43.442. Furthermore, in the category of understory plants, Vietnamosasa pusilla (A.Chev. &
A.Camus) T.Q. Nguyen had the highest importance value index (IVI) of 52.709, with Fimbristylis dichotoma (L.) Vahl
following at 13.881. The species diversity index (H’) for trees and understory plants was calculated to be 3.034 and
2.645, respectively. The evenness value (J) was 0.996 for trees and 0.832 for understory plants, while the diversity value
(D) were 7.531 and 7.454, respectively. It is noteworthy to mention that Gardenia sootepensis Hutch. was identified as

a rare species within Thailand, and Scleropyrum pentandrum (Dennst.) Mabb. was identified as a globally rare species.

Keywords: Diversity, community forest, tree, understory plant, rare species in Thailand
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Table 1 Plants in Pha Dum community forest, Na Duang District, Loei Province
No. Family Scientific name Local name Group a1 pi In pi
1 Apocynaceae Urceola polymorpha (Pierre ex Spire) Som lom uc 6.329 -0.081
D.J.Middleton & Livsh.
2 Asparagaceae Ophiopogon intermedius var. pauciflorus Hook.f. Faek hom uc 8.881 -0.128
3 Asteraceae Chromolaena odorata (L.) R.M.King & H.Rob. Sap suea uc 12.649 -0.217
4 Asteraceae Elephantopus scaber L. Do mai ru lom uc 9.039 -0.132
5 Asteraceae Gymnanthemum extensum (DC.) Steetz Pa cha mong uc 3.783 -0.075
6 Boraginaceae Heliotropium indicum L. Ya nguang uc 3.228 -0.051
chang
7 Celastraceae Salacia chinensis L. Kam phaeng TC 9.632 -0.073
chet chan
8 Convolvulaceae Camonea vitifolia (Burm.f.) A.R.Simdes & Staples Chingcho uc 2.936 -0.036
9 Costaceae Hellenia speciosa (J.Koenig) S.R.Dutta Ueang mai na uc 5.622 -0.051
10 Cyperaceae Cyperus rotundus L. Ya haeo mu uc 10.068 -0.161
1 Cyperaceae Scleria levis Retz. Ya khom bang uc 10.182 -0.131
12 Cyperaceae Fimbristylis dichotoma (L.) Vahl Ya nio nu uc 13.881 -0.194
13 Dipterocarpaceae Shorea siamensis Miq. Rang TC 32.937 -0.217
14 Dipterocarpaceae Dipterocarpus tuberculatus Roxb. Phluang TC 26.411 -0.192
15 Dipterocarpaceae Shorea obtusa Wall. ex Blume Teng TC 150.160 -0.248
16 Dipterocarpaceae Dipterocarpus obtusifolius Teijsm.ex Miq Hiang TC 43.442 -0.261
17 Euphorbiaceae Croton oblongifolius Roxb Plao yai TC 6.2589 -0.080
18 Fabaceae Mimosa pudica L. Maiyarap uc 3.557 -0.066
19 Fabaceae Peltophorum dasyrrhachis (Miq.) Kurz A rang TC 9.928 -0.073
20 Fabaceae Xylia xylocarpa (Rxob.) Taub. Daeng TC 27.751 -0.277
21 Hypericaceae Cratoxylum cochinchinense (Lour.) Blume Tio kliang TC 8.620 -0.122
22 Irvingiaceae Irvingia malayana Oliv. ex A.W.Benn. Krabok TC 10.092 -0.128
23 Lamiaceae Rotheca serrata (L.) Steane & Mabb. Akkhi thawan uc 1.715 -0.035
24 Leeaceae Leea indica (Burm.f) Merr. Katang bai uc 1.848 -0.042
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Table 1 Plants in Pha Dum community forest, Na Duang District, Loei Province (cont.)
No. Family Scientific name Local name Group (VI pi In pi
25 Lecythidaceae Careya arborea Roxb Kradon TC 7.932 -0.292
26 Loganiaceae Strychnos nux-blanda A.W Hill Tumka TC 26.711 -0.099
27 Lygodaceae Lygodium polystachyum Wall.ex T.Moore Li phao uc 4.487 -0.101
28 Primulaceae Ardisia polycephala Wall. ex A.DC. Tin cham uc 3.268 -0.053
29 Myrtaceae Syzygium cumini (L.) Skeels Wa TC 9.347 -0.073
30 Ochnaceae Ochna integerrima (Lour.) Merr. Chang nao TC 16.927 -0.098
31 Poaceae Vietnamosasa pusilla (A.Chev. & A.Camus) Phek uc 52.709 -0.297
T.Q.Nguyen
32 Rutaceae Clausena wallichii var. guillauminii (Yu.Tanaka) Song fa uc 8.650 -0.155
Molino
33 Rubiaceae Ixora cibdela Craib Khem pa uc 6.758 -0.049
34 Rubiaceae Paederia linearis Hook.f. Tot mu tot ma uc 3.824 -0.119
35 Rubiaceae Dioecrescis erythroclada (Kurz) Tirveng. Ma khang daeng TC 13.238 -0.094
36 Rubiaceae Gardenia sootepensis Hutch. Kham mok luang TC 12.151 -0.122
37 Rubiaceae Gardenia obtusifolia Roxb. ex Hook.f. Si da khok TC 16.950 -0.130
38 Rubiaceae Morinda coreia Buch.-Ham. Yo pa TC 12.896 -0.109
39 Rubiaceae Mitragyna hirsuta Havil Kra thum khok TC 12.558 -0.207
40 Sapindaceae Lepisanthes rubiginosa (Roxb.) Leenh. Ma huat TC 2.639 -0.07
41 Santalaceae Scleropyrum pentandrum (Dennst.) Mabb. Mueat khon TC 4.095 -0.060
42 Simaroubaceae Harrisonia perforata (Blanco) Merr. Khontha uc 2.507 -0.071
43 Zingiberaceaea Kaempferia marginata Carey ex Roscoe Wan toop moop uc 11.876 -0.202
44 Zingiberaceaea Curcuma angustifolia Roxb Krachiao daeng uc 8.514 -0.116
45 Zingiberaceae Curcuma parviflora Wall. Krachiao khao uc 3.697 -0.071
Species diversity index (H’) UC 2.645
TC 3.034
Evenness (J) UC 0.832
TC 0.996
Diversity (D) UC 7.531
TC 7.454
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oo o,
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Abstract

The first documented dinosaur footprints in Southeast Asia were discovered in 1984. The footprint site is located on
the Somdet cliff overlying Phu Luang hill in the Phu Luang Wildlife Sanctuary, Loei Province, Northeastern Thailand.
The tracksite is imprinted on a sandstone bed of the Phu Phan Formation, Lower Cretaceous. It is the only footprint
track discovered from this stage in Thailand. However, the Phu Luang tracksite is at risk of deterioration due to
climate, animal, and human activities. This study aims to monitor a digital conservation plan for this tracksite using
3D models generated through digital photogrammetry. This method’s 3D model output can capture texture and color,
and can represent the properties of the specimen at the time. When compared to older processes such as cast and
mold footprint, it produces better results and is easier to use. These models provide informative data in detail for
conservation and enhance scientific communication and collaboration. By adopting photogrammetry, data production

becomes rapid and cost-effective, benefiting specialists and the public for conservation and knowledge dissemination.

Keywords: Phu Phan formation, Korat group, early cretaceous, 3D model, dinosaur footprints
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Introduction

The discovery of dinosaur footprints in Southeast Asia
started in 1884. Thailand has a rich history of dinosaur
discoveries, including several dinosaur tracksites found
in different localities, and these remarkable findings were
among the first documented fossil vertebrate footprints in
Southeast Asia. (Buffetaut ef al. 1985a). This first dinosaur
tracksite was reported to have fifteen footprints embedded
on a sandstone bed of the Phu Phan Formation, located
at the Somdet cliff in the Phu Luang Wildlife Sanctuary
of Loei Province (Lat 17.293520177762456N, Long
101.52982315394472E), northeastern Thailand (Figure 1).

The footprint maker was attributed to a large
theropod with a footprint length of approximately 35 cm.
The Phu Phan Formation is part of the Khorat Group and
dates back to the Early Cretaceous period (Buffetaut et al.
1985b; Le Loeuff et al., 2005, 2006; Lockley et al. 2002,
2006;).

Forty years later, it is worth noting this area is
the part of the nature trail and viewpoint of Somdet cliff,
and that the Phu Luang tracksite faces significant risks
of deterioration. Factors such as the region’s humid
subtropical climate, wild animals, and human activities
threaten the preservation of these prehistoric footprints.
Without proper conservation efforts, there is a potential
for erosion and degradation of the footprints over time.
(Figure 2).

To address these risks and protect the valuable
dinosaur footprints, researchers propose a conservation
plan (Site Monitoring and Maintenance, Visitor Education,
Scientific Research, Documentation and Record-Keeping,
Community Engagement, Emergency Response Plan, and
Collaboration) based on a digital plan. This plan uses 3D
models generated through the digital photogrammetry
technique (Albertz, 2007; Mallison and Wings, 2014),
providing detailed and accurate morphological information
of the tracksite (e.g., Lyons et al., 2000; Falkingham,
2012; Cunningham, 2014; Petti et al., 2018; Martinez et
al., 2020). These digital models offer promising avenues
for virtual documentation, exhibition, and preservation
of the dinosaur tracks, which are susceptible to

weathering.

Digital conservation of the first dinosaur tracksite of Thailand using

photogrammetry for 3D modeling

Materials and Methods

Photogrammetry

A field survey was conducted to generate
digital surface models of the dinosaur tracksite using
photogrammetry. A Canon PowerShot G7 X Mark Il digital
compact camera with a resolution of 20.1 megapixels
was utilized for this purpose. The camera’s focal length
(35 mm film equivalent) could be adjusted from 8.8 to
36.8 mm (24-100 mm). Data acquisition involved
capturing 395 images divided into photosets from
various viewpoints with overlapping patterns of 60 to 80
percentage. 21 calibration markers (Physical target point
print-out from Metashape) were placed near the footprints
to scale the 3D models. The images were taken manually
while walking around the tracksite, with each photo
captured at a distance equivalent to one walking step
(0.5 to 1 m). The photography session took place between
1 p.m. and 3 p.m. in January 2022 to ensure adequate
sunlight. Camera settings included dimensions of 4864
x 3648, 180 dpi x 180 dpi resolution, F/11 aperture, ISO
speed of 125, focal length of 9 mm, white balance set to

auto, no flash, and the export format set to JPG.

Data processing

Data processing was performed on a PC with an
Intel® Core(TM) i7-6700 processor operating at 3.40 GHz,
64.0 GB RAM, and Windows 10 as the operating system.
The software used for creating 3D models was Agisoft
Metashape Professional Edition Version 1.7.1, following
the procedure established by Mallison & Wings (2014);
Falkingham et al. (2018) and Lallensack et al. (2022).
This software enables the derivation of three-dimensional
models, point clouds, digital elevation models (DEMs), and
their integration with GIS products. The data analysis and
derivation process in this study consisted of the following
steps: 1) adding photos, 2) aligning photos, 3) creating
mesh and texture, 4) generating DEM, and 5) exporting

the model.

Twenty-one markers were set on the tracksite
to scale and orientate the 3D model accurately. These
markers were placed on the sandstone bed. The accuracy
of the scale was set at 0.01 m center radial in the black
circle. Additionally, these markers were placed on the

ground level at similar altitudes to orient the surface
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perpendicularly to the Z axis and produce a Digital
Elevation Model (DEM). These ground-level markers were
assigned to position the entire model perpendicular to the

surface, use the Z coordinate value of 0.

Results

The field survey capturing 395 images (Figure
3), covered an area of about 13.75 m2. The images were
interpolated and processed with high-quality accuracy
to generate a sparse point cloud consisting of at least
128,000 points. The processing time for this step was
approximately 5 hours. A dense point cloud was created
from the sparse point cloud, comprising 3.4 million points.
Subsequently, a mesh with at least 1.8 million faces was
generated, and a texture was applied to the 3D models.
The 3D models were exported as OBJ files, while the
texture and contour lines were saved as JPEG files.
Additionally, the Digital Elevation Model (DEM) was
exported as a TIFF file. Using photogrammetric
techniques resulted in the acquisition of high-resolution
digital data, encompassing digital surface models and
ground resolutions. A summary of these outcomes is

presented in Table 1.

Table 1 Technical parameters of a 3D model on the

Phu Luang tracksite
Method Photogrammetry

Software Agisoft Metashape

Number of Images 395.

Height from the ground (m) 1

Collecting duration (min) 30

Processing time 5 hrs.

Area (sq m) 13.75

DEM resolution (pixel) 9,038 x 15,447

The application of photogrammetry in ichnological
studies is becoming more common, as demonstrated by
the Phu Luang dinosaur tracksite surveys. Photogrammetry
has enabled the production of high-resolution images,
allowing for rapid data acquisition for each investigated
track. The images can be thoroughly examined using

software that allows users to tilt and zoom into the 3D

J Sci Technol MSU

model, facilitating track observation, analysis, and
measurements. This method eliminates errors caused
by original atmospheric and lighting conditions, as users
can adjust and orient lighting specifically for each track.
The photogrammetry provides an opportunity to study
footprints with high accuracy and ideal lighting conditions,

surpassing the limitations of field studies.

Discussion

In the case of the Phu Luang tracksite
(Figure 4), the 3D model shows all detail of the 15
tridactyl large-sized tracks. The 3D model, similar to the
sketch shown in Figure 4, reveals all the intricate details.
Within the model, even subtle variations in morphology
become evident due to factors such as overlapping
impressions, individual foot structure differences, and
varying degrees of weathering. Additionally, some areas,
such as points a and b, within the 3D model exhibit
footprints, even though they have not been explicitly
mentioned before. This approach not only provides data
but also unveils textures and details that might be
challenging to discern with the naked eye. A prime
example can be seen in locations a and b in Figure 4,
where what appears to be dinosaur tracks become more
evident upon closer inspection. Photogrammetry has
proven ideal for capturing a detailed photographic footprint
area, creating a comprehensive map and georeferenced
visualization of the dinosaur tracks on the ground. The
3D models derived from point cloud processing accurately
reproduce the trackways, enabling precise measurements.
The 3D models provide detailed representations of
the trackways; the models can be examined closely,
zoom in, rotate, and tilt for different perspectives, enabling
precise measurements of the footprints’ length, width,
depth, and orientation (Figure 5). The 3D model
exhibits an impressive level of detail that is on par with
the photographs. The key distinction lies in the 3D
model’s versatility — it can be rotated, adjusted, and zoomed
in or out to provide different perspectives. Moreover, owing
to the image resolution utilized during its generation, the
solid model allows for the examination of surface details

without the influence of lighting and shadow artifacts.

This non-invasive approach allows accurate data

collection without risking damage to the fragile fossils,
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ensuring repeatability for consistent scientific research and
facilitating comparisons between studies. Photogrammetry
enables the generation of various products, including 3D
models and videos, which researchers can use for remote
inspections of the site and conservation and dissemination

purposes.

Photogrammetry offers reliable and high-resolution
images, which are portable, have reduced costs and faster
execution. The long-term conservation of paleontological
remains a topic of debate, and despite various attempts
to document and restore dinosaur tracksites, the
management and conservation of these sites continue to

present challenges.

Replica methods: Digital vs Manual

In the paleontological field, replica processes for
dinosaur footprints and other fossils are frequently used.
When choosing a replication method, it is necessary to
consider the intended use of the replicas, as well as the
available resources, for studying and displaying fossils
while preserving the original specimens. Each method
has advantages and disadvantages, and the choice is
typically influenced by the specific requirements of the
project. In this study, the efficacy of photogrammetry and
silicone mold techniques for replicating dinosaur footprint
specimens was assessed, as detailed in Table 2 (Kozu,
2017).

Table2 The comparison of Photogrammetry and
Silicone Mold for Dinosaur Footprint
Method Photogrammetry Silicone mold
Type Digital Physical
Procedure time 1 hr. 72 hrs.
Field staff 1 2
Invasive No Yes
Damage No Yes
Portable Yes No
Usability Easy Hard

Photogrammetry stands out for its digital
preservation and interaction with other technologies, as

well as its non-invasive precision, distant data collecting

Digital conservation of the first dinosaur tracksite of Thailand using

photogrammetry for 3D modeling

capabilities, and adaptation to varied surfaces. Potential
disadvantages include reliance on lighting conditions and
a learning curve for equipment use. The silicone mold,
provides tangible copies suited for hands-on education
and museum displays, but it is an invasive process,
labor-intensive, and confined to physical replicas. The
intended purpose, preservation issues, and financial
considerations are all factors to consider when deciding
between approaches. As technology advances, an
intelligent choice of replication methods will influence the
future of paleontological study and teaching by balancing

precision, accessibility, and affordability.

When comparing 3D scanning for dinosaur
footprint 3D modeling, photogrammetry emerges as
a highly advantageous method. (Jansa et al., 2004)
Its accessibility, cost-effectiveness, and minimal
equipment requirements make it an appealing option for
researchers. Photogrammetry’s versatility in handling
various subject sizes, large-scale capabilities, and
adaptability to fieldwork contribute to its broad applicability
in paleontology. The user-friendly software, community
support, and educational value further enhance its
standing. While both methods have strengths, the numerous
pros of photogrammetry, including its non-invasiveness
and low impact on specimens, position it as a preferred
choice for creating accurate and detailed 3D models
of dinosaur footprints, fostering a balance between
precision, accessibility, and practicality in the field of
paleontological. (e.g., Cunningham et al., 2014; Chatzi
etal., 2017).

Conservation plan

The long-term protection and preservation plan
of these paleontological sites, the conservation strategy
for the dinosaur footprints at the Phu Luang tracksite is
essential. The main methods that a enable a conservation

strategy to protect dinosaur footprints are as follows.

1) Site Monitoring and Maintenance consistent
site monitoring is necessary to detect any risks or
modifications. Cleaning, fixing, and stabilizing the imprints
are all examples of maintenance procedures that can be

used to stop erosion, weathering, or other types of damage.

2) Visitor Education. It is essential to inform

visitors of the significance of the place and its
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preservation. Visitor centers, narrated tours, and
interpretive signage can all aid in promoting awareness

and appropriate behavior.

3) Scientific Research. Scientific study can be
encouraged at the site in order to better understand the
footprints while complying with conservation guidelines.
To limit their impact, researchers should adhere to tight

guidelines.

4) Documentation and Record-Keeping. Meticulous
records should be kept, photographs, and 3D models of
the footprints to document their current state. This provides

as a starting point for tracking changes throughout time.

5) Community Engagement. Involve local people
in conservation efforts, as they frequently play an important

role in conserving and valuing cultural heritage assets.

Phuluang Widlife
Sancatuary

. -

0 200 km 0

Dinosaur Footprint

J Sci Technol MSU

6) Emergency Response Plan. Develop an
emergency response plan to deal with unexpected risks
such as natural disasters, vandalism, or illegal excavation.
This plan should include rapid protection and recovery

techniques.

7) Collaboration. Collaborate with paleontologists,
conservationists, government agencies, and local
stakeholders to ensure that the footprints are preserved

in a coordinated manner.

A successful conservation strategy for dinosaur
footprints must take a holistic approach that combines
safeguards, awareness-raising, study, and continual
observation. We can assure the survival of these
priceless scientific and cultural riches for future generations

to study and admire by putting these plans into practice.

. Phuluang Widlife
” Sanr.atuaryql

Dinosaur Footprint

Q _-
Phuluang Widlife Sancat(ar
© (Khok Nok Kra-Ba)

Figure 1 Locality map showing the Phu Luang tracksite in The Wildlife Sanctuary, Loei Province,
Northeastern Thailand. Image obtained using data from Google Earth Pro.
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Figure 2 a. The Phu Luang tracksite on the sandstone bed of the Phu Phan Formation by Kozu (2017).
b. large theropod footprint

Figure 3 Comparison of the results obtained on a large area. a, photo with drawing track; b, Point cloud;

¢, Mesh solid model; d, DEM. All photos with a 30 cm scale.
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Figure 4 3D Model vs Sketch of the tracks at the site Phu Luang modified by Kozu (2017).
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Figure 5 Comparison of the 3D model and photos Kozu (2017). Top) photo of a footprint No. 4 (left) and

No. 2 (right). Middle) 3D models of footprints with texture bottom) 3D models solid without texture.

Conclusion

Photogrammetry not only produces high-quality
data for monitoring, but it also shows textures and complex
features that the naked eye may miss. Notably, what
appears to be dinosaur tracks becomes much more obvious
with closer inspection. Field data and images were used
to map dinosaur tracksites. The current addition gives a
new and effective tool for revealing dinosaur footprints on

trampled surfaces. We report the results of photogrammetry

done at the Phu Luang tracksite. The purpose of this work
was to evaluate the resolution and trustworthiness of the
large-scale models beneficial for creating a detailed and
georeferenced map as well as a visual contextualization of
the ichnosite. This level of detail and precision enhances

our ability to understand these footprints, shedding new

light on the behaviors and movements of dinosaurs.

These techniques provide valuable tools for scientific

research and contribute to the preservation, exhibition,
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and communication of tetrapod tracks. By implementing
the proposed conservation measures, we can ensure the
protection and appreciation of the Phu Luang track site
for future generations. This site represents a significant
part of the rich dinosaur heritage in the region and holds
scientific, educational, and touristic value. It is important
to note that the proposed photogrammetry approach
does not replace traditional analytical methods such as
field mapping, tracing on acetate overlays, and casting.
Instead, it complements and improves these methods,
providing the researcher with consistent, cost-effective,
and rapid methodologies for studying tracksites at both

the track and site scale.

Moreover, photogrammetry can be utilized for
paleontological knowledge of tracksites and fossils for

virtual sites on the web, exhibitions, and outdoor panels.
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Abstract

This research focused on evaluating the effectiveness of the Decision Tree Algorithm in classifying breast cancer, as
well as investigating the associated risk factors. The study employed medical record data from breast mass patients
at Mahasarakham University’s Faculty of Medicine, spanning 2010 to 2022. The dataset, post-cleansing, comprised
1,524 records, with 1,343 representing low-risk breast cancer patients and 181 representing high-risk cases. The
study indicates that the Decision Tree Algorithms, specifically C4.5, C5.0, and Random Forest, had substantial
classification accuracy. However, their area under the ROC curve (AUC) values were relatively low due to insufficient
class separation, which stems from class imbalance. This issue was addressed by employing oversampling to
augment the minority class instances and undersampling to reduce the majority class instances. The outcomes
revealed that both C4.5 and C5.0 Decision Trees yielded comparable results, while Random Forest demonstrated

a superior AUC and recall, approximately 15-20% higher than C4.5 and C5.0.

Keywords: Breast cancer, decision tree, class-imbalance
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Table 3  The accuracy, area under the curve (AUC), and recall values of the models using the decision tree
algorithms C4.5, C5.0, and the Random Forest method, with data split into 75% for training and 25%
for testing.

Implement Accuracy AUC Recall
C4.5 0.8770 0.5463 0.0208
C5.0 0.8976 0.5000 0.0000
Random forest 0.8635 0.5271 0.0208
Oversampling 30% + C4.5 0.7203 0.6468 0.1719
Oversampling 30% + C5.0 0.6970 0.5391 0.0151
Oversampling 30% + Random forest 0.7394 0.7100 0.3721
Oversampling 35% + C4.5 0.6963 0.7200 0.3452
Oversampling 35% + C5.0 0.6639 0.5620 0.0807
Oversampling 35% + Random forest 0.7267 0.7648 0.4593
Combining Random Oversampling and Undersampling + C4.5 0.6540 0.7026 0.3629
Combining Random Oversampling and Undersampling + C5.0 0.6138 0.5538 0.0145
Combining Random Oversampling and Undersampling + Random forest 0.7142 0.7612 0.4571
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Abstract

In this article, we compute the Feynman propagator for a simple harmonic oscillator coupled to a constant electric field
using Schwinger’'s method, which is based on the solution of the Heisenberg equations for the position and canonical
momentum operators. Such solutions are then used to write the ordered Hamiltonian operator of the position
operators )2 (0O) and )2' (t). The utilization of proper operator ordering, along with subsidiary and initial conditions,
results in the yield of such a propagator. We found that the propagator obtained is consistent with the one obtained
using the Feynman path integral in the work of Poon and Mufioz (Poon & Mufioz 1999). We anticipate that this

technique will be advantageous and widely recognized for physics students
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Introduction

The calculation of the propagator for a quantum
mechanical system can be approached through various
methods. Among these, the most prevalent method involves
solving the time-dependent Schrédinger equation. Another
technique entails constructing the matrix element of the
unitary time operator within the spatial framework. These
methodologies, along with others, necessitate a profound
knowledge of the Hamiltonian operator. It is fair to say that
the Feynman path integral (Feynman, 1948) is a powerful
and elegant approach for computing the propagator. This
method harnesses the Lagrangian formalism, transforming
position and momentum from operators into ordinary
classical quantities, such as in the famous textbook by
Feynman and Hibbs (Feynman & Hibbs, 1965), where they
elucidated the computation of propagators for harmonic
oscillators by using the Feynman path integral. Recently
Poon and Mufioz (Poon & Mufioz, 1999) employed this
technique to compute the non-relativistic propagator for a
general quadratic Lagrangian—natural point of departure
if one intends to do perturbation theory in the path integral
approach. They also applied this approach to calculate
the propagator of a simple harmonic oscillator coupled
to a constant electric field. A recent research paper by
Chaithanapreecha and Yongram (Chaithanapreecha
& Yongram, 2023) used the Feynman path integral
to calculate the propagator or a damped harmonic
oscillator coupled to an electric field. And so on (Cohem,
1998; Brown & Zhang, 1994; Farina, Maneschy &
Neves, 1993; Holstein, 1985; Mannheim, 1988).

Moreover, Schwinger (1951) developed a
beautiful and powerful method, which is the so-called
Schwinger's method (SM), in the context of relativistic
quantum field theory to treat effective actions in quantum
electrodynamics (QED). However, Schwinger’s approach
is highly suited for calculating non-relativistic propagators,
such as the recent work done by Urrutia and Hernandez
(1984) using Schwinger’s action principle to calculate the
Feynman propagator for a damped harmonic oscillator
with a time-dependent frequency under a time-dependent
external force. To the best of our understanding,
subsequent to that time, only a limited number of papers
have been authored utilizing this approach, namely: in
1986, Urrutia and Manterola (Urrutia & Manterola, 1986)
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used it in the problem of an anharmonic charged
oscillator under a magnetic field; througout the same
calendar year, Horing, Cui, and Fiorenza (Horing, Cui,
& Fiorenza, 1986) applied Schwinger's method to obtain
the Green function for crossed time-dependent electric
and magnetic fields; in 1993, Fararina & Segui-Santonja
(1993) published a calculation of the Feynman propagator
for a harmonic oscillator with a time-dependent frequency
by using Schwinger's method. Rabello & Farina (1995)
used a gauge covariant poperatot technique which led
to a deduced path integral for a charged particle in
an arbitrary stationary magnetic field, verifying the
midpoint-rule for the discrete form of the interaction
term with the vector potential. For evaluating the small
time propagator they used a method developed by
Schwinger; Barone, Boschi-Filho & Farina (2003) used
Schwinger's method to obtain the Feynman propagator
for the nonrelativistic harmonic oscillator; Aragéo,
Boschi-Filho, Farina, and Barone (Aragao, Boschi-Filho,
Farina & Barone, 2007) reconsidered the Feynman
propagator of two non-relativistic systems: a charged
particle in a uniformed magnetic field and a charged
harmonic oscillator in a uniform magnetic field by using
Schwinger's method. Instead of solving the Heisenberg
equations for the position and the canonical momentum
operator, they applied this method by solving the
Heisenberg equations for the gauge invariant operators.;
Pepore, Kirdmanee, and Sukbot (2017) and Thongpool
& Pepore (2022) derived the propagators for a damped
harmonic oscillator with time-dependent mass and
frequency and a time-dependent inverted harmonic

oscillator by using Schwinger's method as well.

As previously stated, Schwinger's approach
is commonly employed to derive the propagator of
non-relativistic systems. However, it is far less widely
utilized compared to the Feynman path integral. To
confirm that Schwinger's method is extremely powerful
also, our purpose in this paper is to provide the reader
with the propagator for a simple harmonic oscillator
coupled to a constant electric field that is computed in
a straightforward way by Schwinger's method, which
is based on the solution of the Heisenberg operator
equations of motion. The use of proper operator ordering

and the subsidiary and initial conditions yields the
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propagator for such a system. We then compare the
propagator obtained with the one obtained using the
Feynman path integral in the work of Poon and Mufioz
(1999).

To establish our notation, we write the Feynman
propagator for a time independent nonrelativistic system

with Hamiltonian operator I:I in the form:
K(xb,xa;r):6’(2')<xb|l7(r)|xa> (1
where U(T) is the time evolution operator:
U(r) = exp(—iﬁlr/ ) @)

and 0(‘[) is the step function defined by

ifr>0

1
0(r) = 3
2 {o if 7<0 ©

First, observe that for T > 0, Eq.(1) leads to the

differential equation for the Feynman propagator:

. 0 A A
i EK(xb,xa;r):<xb|Hexp[—iHrj x,) )

By using the general relation between operators

in the Heisenberg and Schrédinger pictures,

A~

OH (t) — eil:lt/ Ose—il:lt/ (5)

it is not difficult to show that if |x> is an eigen-

vector of the operator X with eigenvalue X, then it is also

true that
X(t)|x,1) = x|x,1) (®)
where
X (@) =™ Xe ™ (7)
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and |x, l‘> is defined as
|x, t> e |x> (8)

Using this notation, the Feynman propagator can

be written as:

K(x,,x,;7)=(x,,7|x,,0) 9)

where
)2'(2')|xb,r> =X, |xb,r>

(10a)

)A((O)|xa,0>:xa

x,,0) (10b)

The differential equation for the Feynman

propagator, Eq.(4), takes the form

x,,0)=(x,,7|H|x,,0) (z>0) (1)

. 0
1 E(Xb,f

The form of Eq. (11) is very suggestive and is
the starting point for the very elegant operator method
introduced by Schwinger. The main idea is to calculate
the matrix element on the right-hand side of Eq. (11) by
writing H in terms of the operators X(t) and X(0),
appropriately ordered. Schwinger's method can be

summarized by the following steps:

(i) Solve the Heisenberg equations for the

operators X (t) and 2(T), which are given by:
L 0 & 5 A .0 n - .
lhaX(t) = [X(z),H],zhaP(t) =[P(t),H](12)

Equations (12) follow directly from Eq. (5).

(i) Use the solutions obtained in step (1) to
rewrite the Hamiltonian operator H as a function of the
operators X (0) and X(t) ordered in such a way that
in each term of I:[ the operator )2'(1:) must appear on
the left-hand side, while the operator X'(0) must appear

on the right-hand side. This ordering can be done easily
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with the help of the commutator [ X(0), X(1)] (see
Eq. (25)). We shall refer to the Hamiltonian operator
written in this way as the ordered Hamiltonian operator
[—?md()?('c), X(0)). After this ordering, the matrix

element on the right-hand side of Eq. (11) can be readily

evaluated:
(x,,T H xa,0>:<xb,z'|l:10rd(f((f),f((0)) x,,0)
13
EH(xb,xa;T)<xb,r xa,0> )

where we have defined the function H. The
latter is a c-number and not an operator. If we substitute

this result in Eq. (11) and integrate over T, we obtain:

i
(x,,7 xa,0>:C(xb,xa)exp(——J‘Tdr’
(14)
xH (x,,%,;7"))
where C(x,,x ) is an arbitrary integration
constant.

(iii)The last step is devoted to the calculation of
C(x,,x ). Its dependence on X, and X can be determined

by imposing the following conditions:

(xb,r|f’(r)|xa,0>=—i a£<xb,r xa,0> (15a)

b

. 0
xa,0>:+l §<xb,z'

a

(x,,7| P(0)

X,,0)  (15p)

These equations come from the definitions in
Eq. (10) together with the assumption that the usual

commutation relations hold at any time:
[X@). P@)]=[X(©0),PO)]=i  (16)

After using Eq. (15), there is still a multiplicative
factor to be determined in C(x,,x ). This can be done

simply by imposing the propagator initial condition:

lim (x,,7

70"

x,,0)=6(x, —x,) (17)
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Derivation of the propagator

We start the calculation of the propagator for a
simple harmonic oscillator coupled to a constant electric
field by using the Schwinger method. The Hamiltonian

operator of this system can be written as

A2
aoP (T)Jr%ma,z)}z(f)_qu((r) (18)

where m is the mass of the particle, ® is
natural frequency of oscillation, g is an electric charged,
and F is an electric field. We rewrite Eq. (18) as the

time-independent Hamiltonian operator, it reads

A

A2
A=O L 220)= gER(0) (19)
2m 2

despite the fact that the operator and are explicitly
time dependent. It is matter of choice whether to work with
the Hamiltonian operator given by Eq.(18) or by Eq.(19).

For simplicity, we choose the latter.

As stated in step (i), we start by writing down

the corresponding Heisenberg equations:

i j((t) — it) (20a)
dt m

d ~ 2 ~

—P(t)=—mw" X(t)+qE (20Db)

dt

whose solutions permit us to write for 7 = 7 that

X (1)=X (0)cos o P(O)sin OT— 2q€ sin’ 22 (21)
meo mw 2

For later convenience, we also write the

corresponding expression for £():

13(2') =—mwX (0)sin w7 + ﬁ(O) COs T

E .
+ L sinwr

[0

(22)

To complete step (i) we need to rewrite P(0)
in terms of X'(t) and X (0), which can be done directly
from Eq.(21):
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2qF . ot
P(O)— [X (7)-X (0)cos wr— L2sm2—] (23) H(x,.x,:7) = {7 #]%,.0)
T mao 2 <x,,,f xa.0>
2
. ) . . :ﬂ[ ( x;+x )CSC%()T*ZX,,XH cotwrescor  (28)
If we substitute this result into Eq. (19), we obtain 2
4¢°E? ) 4gEx, . ,or
+—sln CSC aT— sin CSC T
2 me* 2 me 2
] mao 4qEx, ot )
H=——7F— [X (T) + X (0) COS T —qiz[’sin2 ——csc? a)f] ——cotwr
2sin’ ot mae 2 2
- X(O)X(r) COS T — )?(T))?(O) cos w7
A By using Eq. (14), we can express the propagator
+————coswrsin’ — in the following form:
me 2 (24)

49EX (1) . 44°E* .
—q—z(r)sm2 or %sm“(a)r&)]
mao m’w

+ % mw’ X *(0) - gEX (0)

Note that the third term in Eq. (24) is not written

in the appropriate order. By using the commutation

relation
.. N P(0) .
[X(O),X(T)]Z[X(O), X(0)cos wr+ sin ot
mao
_24E sin® (er / 2)] (25)
ma”
S sin ot
mao

It follows immediately that
X(0)X(r) = X(2)X(0) +~—sin o7 (26)
mao

If we substitute Eq. (26) into Eq. (24), we obtain

the ordered Hamiltonian:

1 m—[X (DX 2(0)2X(2) X (0)coswr
2sin‘wr
202 >
4q E sin® or 4qEX2(O) sin’ ot o
m* o' 2 mao 2
B 4qEX (7)

~—sin’ (w7 / 2)] —iTwcot boYs
mo

Once the Hamiltonian operator is appropriately
ordered, we can find the function H(x,,x ;7) directly from
its definition, given by Eq. (13):

x,,0)= C(xb,xa)exp{—irdr’[ no_

<xb,z'

x( (xb2 + xj)csc2 wt'—2x,x, cot wr' csc ')
(29)
44°E* . , o1’ 4gE(x, +x
q2 —sin* —csc? a)r'—w
m-@ 2 mao

+

’

. 2T , 1w ,
x sin TCSC T —TCota)r ]}

The integration overz'in Eq. (29) can be readily

evaluated:
C(x,,x,) imw o
<xb’T >_ ’Sin T pr{ 2 Sin or ( (xb +xa )

iqE
2 wsinot (30)
gE )sin’ @r
2

XCOSWT2—X,X, )+

2

X[4(xb+xa_ma)

+ @ sinwt ]}
mw

where C(x,,x ) is an arbitrary integration constant

to be determined according to step (iii).

The determination of C(x,,x ) is done with the
aid of Egs. (15) and (17). However, we need to rewrite
the operators P(0) and P(t) in terms of the operators
X (1) and X (0), appropriately ordered. For 2(0) this task
has already been done (see Eq.(23)), and for 2(T) we
find after substituting Eq. (23) into Eq. (22):

P(r) = morcot wr[ X (r) - X (0)cos o7]

5 . E .
—mwX (0)sin w7 + 9= sin wr
@

31

Then, by inserting Egs. (31) and (30) into Eq.
(15a) it is not difficult to show that:
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0C(x%,) )
ox,

Analogously, by substituting Eqgs.(23) and (30) into
Eq. (15b) we have that OC(x,,x )/0x_ = (). The last two
relations tell us that C(xb,xa) = (C, thatis, it is a constant
independent ofxb and x . In order to determine the value
of C, we first take the limit 7 — 0* on (x,, | x,0). If we
use Eq.(30), we find that

Tli_)rg(xb, |x,, 0>:Tlggl\/g_r exp [;—mr(xb_xa )]
(33)
T
=C nfclo 5(x,—x,)

If we compare this result with the initial condition,

Eq. (17), we obtain C = ~/m / 27ti . By substituting

this result for C into Eq.(30), we obtain the desired

Feynman propagator for the harmonic oscillator:

K(xb,xa;r)=<xb,r xa,0>

- / mo exp{ ime [ (x) +x2)cosr
2rihisin T 2hsinwrt S C
) 34)
iqE gt | . ,ot (
-2x, X 4|4 X, +X — sin“—
b ”]+2 ®sin @7 (%, ma)2)
+ q—ETsin a)r]}
me

Conclusions

We found the Feynman propagator of a simple
harmonic oscillator connected to a constant electric field
using Schwinger's method, which is usually used in
quantum field theory but also works well for non-relativistic
quantum mechanical problems, even though they don’t
happen very often. Schwinger's method is based on the
solution of the Heisenberg equations for the position
and canonical momentum operators. Such solutions are
then used to write the ordered Hamiltonian operator of
the position operators X’ (O) and )? (t). The utilization
of proper operator ordering, along with subsidiary and
initial conditions, results in the yield of such a propagator.
We found that the propagator obtained is consistent with

the one obtained using the Feynman path integral in the
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work of Poon and Mufioz (1999). Schwinger's method
is known for its strong focus on operator formalism
and its applications in quantum field theory as well as
non-relativistic quantum theory, whereas the path integral
method is renowned for its probabilistic interpretation
and its broad applicability to various quantum
systems, making it an extremely powerful tool in both
theoretical and computational physics. We hope that this
pedagogical paper may be useful for undergraduate as
well as graduate students and that a simple harmonic
oscillator coupled to a constant electric field may enlarge
the small list of non-relativistic problems that have been

treated by such a powerful and elegant method.
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Abstract

The purpose of the research was to develop an automatic in-field weather station specifically for use in agricultural
environments. The station was set up for use in a variety of weather conditions and research plant species. To
present the data collected, a smart system named Met4Agriculture was developed. Five sensors were included in the
solar powered in-field weather station design: light intensity, temperature, relative humidity, rainfall, and soil moisture
measured at a depth of 10 centimeters. The Thai Meteorological Department calibrated sensors for temperature,
relative humidity, rainfall, and soil moisture; Silpakorn University was responsible for the calibration of the light intensity
sensor. The calibration results showed that temperature and relative humidity sensors had an accuracy deviation of
approximately 1 °C and 1-3 %RH, respectively. The variance of the rainfall sensor was + 3 mm. The variance of the
rainfall sensor was + 3 mm. The light intensity sensor had a deviation 1.17 times less than the actual measured value.
The soil moisture sensor’'s measured moisture level trended in the same direction as the calculated soil moisture level,
with a coefficient of correlation between the two values close to 1. Additionally, a program was designed to run on
the LILYGO system and develop the Met4Agriculture program. The system could connect data from the loT NETPIE
system to display the measurement data from the station. The program referenced the station’s measurement points
using the ID and token from the NETPIE system and further developed it into the Met4Agriculture Application, which
is compatible with all platforms. It can display historical data for analysis of seasonal changes and set thresholds for

each parameter that impacts agricultural crop performance during different seasons.

This research outcome enables the development of a low-cost prototype for an automatic in-field weather
station monitoring system for agricultural field. The prototype system shows statistically significant measurement
accuracy comparable to that of standard instruments. The developed stations were installed in all five regions in
Thailand, this system can continuously collect, transmit, and display real-time monitoring data through a web

application and real-time mobile applications, compatible with both iOS and Android operating systems.

Keywords: Automatic weather station system, Met4Agriculture program, loT NETPIE system, sensor
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Table 1 Calibration results of temperature and relative humidity sensors and Michell hygrometer
MICHELL AM2315 correction SHT31 correction AHT15 correction
T H T H T H T H T H T H T H
9.40 90.40 9.50 90.61 -0.10 -0.21 9.85 88.30  -045 2.10 9.50 90.00  -0.10 0.40
9.40 90.40 9.52 90.51 -0.12 -0.11 9.88 88.74  -0.48 1.66 9.53 90.10  -0.13 0.30
9.40 90.50 9.53 90.59  -0.13 -0.09 9.80 89.00  -0.40 1.50 9.53 90.95  -0.13 -0.45
9.40 90.40 9.60 9048  -0.20 -0.08 9.80 89.20  -0.40 1.20 9.58 90.00  -0.18 0.40
9.40 90.30 9.59 9040  -0.19 -0.10 9.78 88.80  -0.38 1.50 9.51 90.00  -0.11 0.30
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Table 1 Calibration results of temperature and relative humidity sensors and Michell hygrometer (cont.)
MICHELL AM2315 correction SHT31 correction AHT15 correction
T H T H T H T H T H T H T H
9.30 79.50 9.49 78.60  -0.19 0.90 9.65 78.00  -0.35 1.50 9.55 7962  -0.25 -0.12
9.30 79.50 9.52 78.68  -0.22 0.82 9.65 7780  -0.35 1.70 9.52 7962  -0.22 -0.12
9.30 79.30 9.53 7840  -0.23 0.90 9.73 7760  -043 1.70 9.40 79.41 -0.10 -0.11
9.30 79.40 9.48 7849  -0.18 0.91 9.66 7765  -0.36 1.75 9.44 79.41 -0.14 -0.01
9.30 79.50 9.49 78.60  -0.19 0.90 9.66 78.00  -0.36 1.50 9.46 79.55  -0.16 -0.05
19.00 5850  19.18 5824  -0.18 0.26 1921 5630  -0.21 2.20 19.21 58.92  -0.21 -0.42
19.00 5850 1919 5859  -0.19 -0.09 1950  56.10  -0.50 2.40 19.20 58.55  -0.20 -0.65
19.10 5840 1920 5800  -0.10 0.40 19.40  56.00  -0.30 2.40 19.23 59.05  -0.13 -0.65
19.00 5850  19.18 5872  -0.18 -0.22 19.33  56.00  -0.33 2.50 19.20 58.50  -0.20 0.00
1910 5840 1921 57.95  -0.11 0.45 19.52 5630  -0.42 2.10 19.20 58.90  -0.10 -0.50
2910 4750 2917  47.88  -0.07 -0.38 2950 4557  -0.40 1.93 29.30 48.85  -0.20 -1.35
2910 4750 2917 4769  -0.07 019 2950 4530  -0.40 2.20 29.30 48.82  -0.20 -1.32
2910 4760 2919 4774  -0.09 014 2960 4568  -0.50 1.92 29.20 4868  -0.10 -1.08
2920 4760 2930 4777  -0.10 017 2970 4556  -0.50 2.04 29.30 48.68  -0.10 -1.08
2910  47.30 2918 47865  -0.08 035 2960 4533  -0.50 1.97 29.28 48.62  -0.18 -1.32
3910 3720 3915 3853  -0.05 -1.33 3944 3550  -0.34 1.70 39.27 40.05  -0.17 -2.85
39.20 3670 3920  38.28 0.00 -1.58 3969 3490  -0.49 1.80 39.40 40.02  -020  --3.32
3920 3770 3922 3895  -0.02 225 3958 3510  -0.38 1.60 39.40 39.90  -0.20 -3.20
3920 3770 3933 3819  -0.13 -149 3970 3500  -0.50 1.70 39.38 39.90 -0.18 -3.20
3920 3650 3925  38.01 -0.05 -1.51 3969 3500  -0.49 1.50 39.40 39.60  -0.20 -3.10
4910  17.30  49.21 18.61 -0.11 -1.31 4955 1752  -045 -0.22 49.23 2152  -0.13 -4.22
4910 1740 4922 1859  -0.12 -119 4953 1765  -0.43 -0.25 49.20 2153  -0.10 -4.13
4910 1720 4923 1836  -0.13 -1.16 4955  17.44 045 -0.24 49.24 2166  -0.14 -4.46
4910 1720 4924 1838  -0.14 -1.18 4952 1740  -0.42 -0.20 49.26 2148  -0.16 -4.28
4910  17.30 4922 1830  -0.12 -1.00 4952  17.35 042 -0.05 49.26 2136 -0.16 -4.06
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Figure 3 Tripping budget rain gauge (0.2 mm/tip)
and calibration kit

Table 2  Result of rain gauge calibration
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Table 2

volume of Counter 9 Counter 9
water (ml) 8 Inches Counter Test1 correction 8 Inches Counter Test2 correction
250 38.5 39 -0.5 15.4 14 1.4
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38.5 38 0.5 15.4 14 1.4
500 77.0 76 1 30.8 29 1.8
77.0 7 0 30.8 29 1.8
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145.8 145 0.8 58.3 55 3.3
145.8 146 -.02 58.3 58 0.3
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Table 3 TDR Soil Moisture Sensor calibration results
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Figure 7 (a) structural drawing for installation of
the Automatic in-field weather station
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Figure 11 Met4Agriculture application display output data from automatic in-field weather stations
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Figure 12 Met4Agriculture application QR code
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