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Abstract

Fertilization accounts for 40-60% of total oil palm maintenance costs, yet smallholder farmers who manage roughly 41% of
Indonesia's oil palm area still determine dosages from habit and visual estimation rather than from measured soil condition or
plant age, a gap linked in field surveys to dosage errors of 25-35% relative to PPKS-recommended values. Prior decision-support
tools, including web-based lookup tables and static recommendation charts, lacked dynamic input handling, did not model the
inherent uncertainty in soil nutrient data, and were validated only internally without independent field verification. To close this
gap, this study designed, implemented, and empirically validated SawIT PalmExpert, a Mamdani Fuzzy Logic-based expert
system that recommends macro-fertilizer dosages (Urea, TSP/SP-36, KCI/MOP, Kieserite/Dolomite) from five inputs soil pH,
Nitrogen (N), Phosphorus (P), and Potassium (K) obtained from accredited laboratory analysis (pH H20 1:5; Kjeldahl N; Bray-
1 P; NH40Ac K), together with plant age. The specific contribution of this research is threefold: (1) the first documented web-
based expert system to integrate soil chemical status and plant age simultaneously as continuous fuzzy inputs for oil palm fertilizer
dosing, rather than treating them as independent lookup criteria; (2) a 24-rule Mamdani knowledge base explicitly calibrated
against PPKS agronomic standards through structured expert interviews and three rounds of rule validation, rather than derived
from generic literature; and (3) a multi-dimensional empirical validation combining functional, accuracy, usability, and field
simulation testing on a single deployed system. Concretely, black-box functionality testing across 10 scenarios all passed; fuzzy
output accuracy testing on 15 cases against PPKS references yielded 100% conformity within a +/-10% tolerance (maximum
deviation 2.9%, confined to fuzzy-set transition zones); usability testing with 10 purposively sampled respondents (6 smallholder
farmers, 4 extension workers), using a validated instrument (content validity index 0.88; Cronbach's alpha 0.84), produced an
overall score of 4.24/5.0 ("Very Good") across five dimensions ease of use, information clarity, response speed, recommendation
relevance, and overall satisfaction; and field simulation testing on three representative soil scenarios received full agronomist
approval. These results demonstrate that a laboratory-calibrated Mamdani fuzzy expert system can deliver both algorithmic
accuracy and practical usability, positioning SawlIT PalmExpert as a scientifically grounded, field-ready decision-support

alternative to experience-based fertilization for smallholder oil palm farmers.
\§ J
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Introduction

Oil palm (Elaeis guineensis Jacq.) is Indonesia's primary export plantation commodity, contributing significantly
to national foreign exchange earnings [1]. Fertilization is the largest single cost component, representing 40-60% of
total plant maintenance expenditure [1], [2]. Despite this economic importance, smallholder farmers who manage
approximately 41% of Indonesia's total oil palm area of 15.08 million hectares [3] continue to determine fertilizer
dosages based on tradition or visual estimation, without reference to quantitative soil or plant-age data. Field surveys
in North Sumatra documented average dosage errors of 25-35% relative to PPKS-recommended values, directly
attributable to the absence of a practical decision-support tool calibrated to site-specific soil conditions [4]. The
economic consequences are twofold: over-fertilization contributes to unnecessary expenditure and potential soil
acidification, while under-fertilization particularly nitrogen deficiency depresses yield by up to 30% compared to
optimally fertilized plots [5].

Oil palm fertilizer requirements are site-specific, governed primarily by two parameters: soil condition (chemical
status) and plant age [4]. The soil chemical parameters of greatest relevance are pH, Nitrogen (N), Phosphorus (P),
and Potassium (K). Each parameter was quantified in this study through accredited laboratory analysis: soil pH was
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measured in water suspension (1:5 ratio) using a calibrated pH meter; total N by the Kjeldahl digestion-distillation
method; available P by the Bray-1 extraction method; and exchangeable K by NH4OAc extraction with atomic
absorption spectrophotometry [16]. In terms of plant age, the oil palm production cycle is divided into the Immature
Plant (TBM) phase (years 1-3) and the Mature Plant (TM) phase (years 4-25), with substantially different nutrient
requirements between phases [5]. The scope of this study is therefore delimited to these two phases, consistent with
standard PPKS agronomic guidance, and does not encompass nursery or replanting-year management.

Inaccurate fertilization has measurable consequences in both directions. Chronic over-fertilization leads to soil
acidification, increased greenhouse gas emissions from volatilization, and yield depression at extreme levels [6].
Conversely, nitrogen deficiency alone reduces leaf area index and bunch weight, causing productivity losses of 20-
30% in experimental plots in North Sumatra [7]. The economic and environmental case for precision fertilization
recommendations is therefore well established.

To address decision-making under uncertainty, expert systems incorporating fuzzy logic have been applied across
agricultural domains. Hutabarat et al. [8] implemented the certainty factor method for rice fertilizer type selection
(78% accuracy). Yulian and Puspitaningrum [9] achieved 82% accuracy in web-based oil palm disease diagnosis using
forward chaining. Tusla and Wati [10] predicted oil palm yield with Sugeno fuzzy logic (88% accuracy). Ningsih and
Prabowo [12] applied Mamdani fuzzy logic to determine coffee plant fertilizer dosages (85% accuracy). These studies
confirm that fuzzy-based reasoning consistently outperforms rigid rule-based or purely experiential approaches in
agricultural decision support; however, each addresseseither a single soil/plant parameter in isolation or a different
commodity altogether. A critical gap remains: no prior study has integrated Mamdani fuzzy logic into a web-based
expert system for oil palm fertilizer dosage determination that simultaneously considers soil condition (pH, N, P, K)
and plant age as continuous input variables validated against a national agronomic standard. The specific problem
addressed in this research can therefore be stated as follows: smallholder oil palm farmers currently have no
computational tool that (i) converts laboratory-measured soil chemical status and plant-age phase into a quantitative,
PPKS-referenced fertilizer dosage recommendation, (ii) explicitly represents the graded, overlapping nature of soil
nutrient categories rather than forcing them into rigid thresholds, and (iii) has been independently validated through
both accuracy and field-usability testing rather than internal developer testing alone.

The rationale for selecting the Mamdani approach over Sugeno or Tsukamoto methods lies in its output
interpretability and alignment with expert reasoning: Mamdani inference produces a full fuzzy output set that can be
defuzzified to a continuous dosage value, making it more suitable for dosage recommendation tasks than the Sugeno
method's linear output functions [13]. The Mamdani approach also allows knowledge base rules to be formulated
directly from agronomist interviews, as each IF-THEN rule corresponds to a linguistically meaningful agronomic
statement rather than a polynomial function [14]. Practical implementation constraints for smallholder farmers
including limited digital literacy, intermittent internet access, soil test costs, and language barriers were addressed in
this study through simplified slider-based data entry, local-language interface labeling, and a PDF report output that
can be used offline after consultation [15].

The specific research objectives are: (1) to design an expert system architecture incorporating soil condition
variables (pH, N, P, K) and plant age as a fuzzy knowledge base; (2) to implement the Mamdani Fuzzy Logic method
for inference under data uncertainty in fertilizer dosage determination; and (3) to evaluate the system through
functionality testing, fuzzy output accuracy testing against PPKS standards, field simulation testing, and usability
testing with representative target users.

Consistent with these objectives, the research variables are defined explicitly as follows: the independent (input)
variables are soil pH, Nitrogen (N), Phosphorus (P), Potassium (K), and plant age, each treated as a continuous fuzzy
linguistic variable rather than a discrete lookup category; the dependent (output) variables are the recommended
dosages of four macro-fertilizers Urea, TSP/SP-36, KCI/MOP, and Kieserite/Dolomite, expressed in kg/tree/year. In
general form, the expected result of this research is a validated web-based expert system that converts these five site-
specific input variables into a quantitative, PPKS-referenced fertilizer dosage recommendation, accompanied by an
auditable inference trail (active rules and membership degrees) and a printable agronomic report, thereby replacing
subjective, experience-based estimation with a reproducible, laboratory-grounded decision rule that can be
independently checked for accuracy and field usability.

Method

A. Research Stages

This research was conducted over six months (January—June 2026) at PT. Surya Mata Ie Plantation, Kampung
Upah, Bendahara Subdistrict, Aceh Tamiang Regency, Aceh Province, and comprised eight systematic stages [17]:
(1) literature review of expert systems, fuzzy logic, oil palm agronomy, and web development frameworks [8], [11],
[13], [14]; (2) data collection through structured expert interviews and accredited soil laboratory analysis [16]; (3)
system requirements analysis; (4) system design using UML notation [18]; (5) system implementation using
TypeScript/React/Supabase; (6) system testing (black-box functional, accuracy, usability, and field simulation); (7)
result analysis; and (8) report preparation.
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Figure 1. Research Stages

B. Data Collection

Primary data were obtained through structured interviews with three accredited plantation agronomy experts with
a minimum of 10 years of experience in oil palm nutrition management. Interview protocols followed a semi-
structured format covering: fertilization rule derivation, threshold values for each soil parameter, plant age phase
classifications, and standard deviations acceptable in dosage recommendations. Secondary data were sourced from:
the PPKS Fertilization Recommendation Handbook (2022 edition) [19], the Direktorat Jenderal Perkebunan
fertilization guidelines [20], peer-reviewed journals indexed in Scopus and SINTA, and plantation company SOPs.
Soil samples for system validation were collected from 15 representative plots at the study site, analysed by the BPTP
North Sumatra accredited soil laboratory using the methods described in the Introduction.

C. System Design

The system was modelled using the Unified Modelling Language (UML) [18]. To keep the diagram directly usable
by the participating agronomists and plantation staff during requirements validation, all actor and use-case labels in
Figure 2 are presented in Indonesian, the working language of the study site. The diagram defines two actors. The
first, Pengguna (User: Petani/Petugas Lapangan Farmer/Field Officer), can perform Login, Input Data Kondisi Tanah
dan Umur Tanaman (enter soil condition and plant-age data), Proses Perhitungan Fuzzy Metode Mamdani (trigger the
Mamdani fuzzy computation, modelled with an «include» relationship to Login since a valid session is a precondition
for consultation), Lihat Rekomendasi Dosis Pupuk (view the dosage recommendation), Cetak Laporan PDF (print the
PDF report), and Lihat Riwayat Konsultasi (review consultation history). The second actor, Admin, is linked to
Pengguna by a generalisation relationship, meaning the Admin inherits every use case available to the User and can
additionally perform four administrative use cases: Kelola Basis Aturan Fuzzy I[F-THEN (manage the fuzzy IF-THEN
rule base), Kelola Fungsi Keanggotaan (manage membership-function parameters), Kelola Data Pengguna (manage
user accounts), and Kelola Data Blok Kebun (manage plantation block master data).

Sistem Pakar Penentuan Dosis Pupuk Kelapa Sawit

Figure 2. Use Case Diagram of the Oil Palm Fertilizer Dosage Expert System
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As a basis for justifying the choice of an expert-system-based approach, Table 1 presents a comparison between
the conventional fertilizer dosage determination process and the system proposed in this research.

Table 1. Comparison between the Conventional System and the Proposed System

Aspect Conventional System Proposed System
Decision basis Experience/visual estimation Laboratory soil data + expert rules
Consistency Low (subjective) High (rule-based, objective)

Speed
Soil parameter source

Access

Slow (expert consultation needed)  Automatic (<5 seconds)

Visual/estimated

Laboratory-measured pH, N, P, K

Limited, location-dependent Web-based, available anytime

D. Fuzzy Logic Design

The system employs five linguistic input variables (soil pH, N, P, K, plant age) and four output variables (Urea,
TSP/SP-36, KCI/MOP, Kieserite/Dolomite dosage in kg/tree/year). Fuzzy set boundaries were derived from expert
interviews and PPKS recommendation standards [19]. Phosphorus requirements are notably lower in absolute terms
than Nitrogen and Potassium but are disproportionately important during the TBM phase for root system establishment
[15]. Tables 2 and 3 present the complete variable definitions.

Table 2. Input Variables and Fuzzy Sets

Variable Range Fuzzy Sets (Value Range)
i
Nitrogen (N), % 0.1-0.75 Low (0.1-0.2); Medium (0.21-0.5); High (0.51-0.75)
Phosphorus (P), ppm P20s 5-20 Low (5-10); Medium (11-15); High (16-20)
Potassium (K), me/100g 0.1-1.0 Low (0.1-0.3); Medium (0.4-0.5); High (0.6-1.0)
Plant Age, years 1-25 Immature/TBM (1-3); Mature/TM (4-25)

Table 3. Output Variables and Fuzzy Sets

. Range
Output Variable (kg/treelyear) Fuzzy Sets (Value Range)

Urea Dosage 0.5-4.0 Very Low (0.0-0.5); Low (0.5-1.0); Medium (1.0-2.0); High
(2.0-3.0); Very High (3.0-4.0)

TSP/SP-36 Dosage 0.0-3.0 Low (0.0-0.5); Medium (0.5-1.5); High (1.5-3.0)

KCI/MOP Dosage 0.0-7.0 Low (0.0-1.5); Medium (1.5-3.0); High (3.0-5.0); Very High
(5.0-7.0)

Kieserite/Dolomite Dosage 0.0 - 4.0 Very Low (0.0-0.5); Low (0.5-1.0); Medium (1.0-2.0); High

(2.0-4.0)

The membership functions adopt trapezoidal forms for boundary sets (e.g., Very Acidic: [3.0, 3.0, 3.5, 4.5]) and
triangular forms for intermediate sets (e.g., Acidic: [3.5, 4.5, 5.5]), following established practice for handling edge-
of-domain linguistic terms [13]. The 24 IF-THEN inference rules were validated through three rounds of structured
review with the participating agronomists before finalisation. Representative example rules are shown in Table 4.
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Table 4. Example Fuzzy Rules

No. IF-THEN Rule

1 IF N = Low AND Age = Immature THEN Urea = Very High
2 IF N = Medium AND Age = Mature THEN Urea = Medium

3 IF N = High AND Age = Mature THEN Urea = Low

4 IF P =Low AND Age = Immature THEN TSP = High

5 IF P = High AND Age = Mature THEN TSP = Low

6 IF K = Low AND Age = Mature THEN KCI = Very High

7 IF K = Medium AND Age = Immature THEN KCI = Medium
8 IF pH = Very Acidic THEN Dolomite = High

9 IF pH = Slightly Acidic THEN Dolomite = Low

10 IF pH = Neutral THEN Dolomite = Low

The Mamdani inference pipeline proceeds through four stages: (1) Fuzzification crisp input values are mapped to
membership degrees using the defined membership functions; (2) Fuzzy operator application the MIN operator
computes the firing strength (alpha-predicate) of each rule's antecedent; (3) Rule composition the MAX operator
aggregates the clipped consequent fuzzy sets from all active rules into a single composed output set; and (4)
Defuzzification the Centroid (Center of Gravity) method converts the composed fuzzy set to a crisp dosage value: z*
= (Sum z*mu(z)) / (Sum mu(z)), where z* is the recommended dosage in kg/tree/year, z is a domain point, and mu(z)
is the aggregate membership degree at that point.

E. Database Design

The system database was implemented using PostgreSQL via the Supabase BaaS platform, comprising six tables
whose structure is summarised in Table 5.

Table 5. Main Database Structure

Table Function Key Attributes
user_profiles User data (admin/farmer) id, username, full name, role, plantation_name
consultations Consultation input data id, user_id, ph, nitrogen, phosphorus, potassium,

umur_tanaman, lokasi

fuzzy rules IF-THEN knowledge base id, nutrient_variable, nutrient_category,
fertilizer target, adjustment multiplier

fuzzy membership Membership function params  id, variable_name, category, min_value, max_value

base_dosages Base dosages by age group id, age group, age_min, age _max, urea_base, tsp_base,
kel base, kieserite base

consultation_results Recommendation output id, consultation_id, fertilizer name, dosage, category

F. Interface Design

The interface was designed in two panels: an Admin panel for knowledge base management, and a User panel for
consultation. Key screens include a login page, a main dashboard, a consultation form with slider-based inputs for all
five fuzzy variables, a recommendation results page with a downloadable PDF agronomic report, and a consultation
history page with filtering and Excel export capabilities.
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Results and Discussion

A. System Implementation

The SawlIT PalmExpert system was successfully implemented as a web application with the following technology
stack: TypeScript and React.js for the frontend; TailwindCSS for responsive styling; Supabase (PostgreSQL) for the
backend database, authentication, and REST API layer. The system implements all designed modules: (1)
authentication and role-based access control; (2) fuzzy-based consultation (input collection, Mamdani inference
execution, and result display); (3) knowledge base management (CRUD on fuzzy rules and membership functions);
(4) consultation history with filtering; (5) PDF agronomic report generation; and (6) plantation block management
with fertilizer projection. Data flows in a single direction on each consultation: the React frontend collects the five
fuzzy inputs, submits them to Supabase, where the fuzzy inference engine executes fuzzification, MIN rule evaluation,
MAX composition, and Centroid defuzzification, and returns the crisp dosage values for immediate display and PDF
export. The four core interface implementations directly related to this Mamdani fuzzy logic application the rule base,
the membership functions, the consultation input, and the recommendation output are presented in Figures 3-6 below.

B. Interface Implementation

The Manage Fuzzy Rules page (Figure 3 system process screenshot) displays all 24 IF-THEN inference rules in a
tabular format. Each row shows the antecedent conditions (pH, N, P, K, plant age) and the consequent fertilizer dosage
category. Rules can be added, edited, or deleted by the admin without programming expertise, ensuring the knowledge
base can be updated as PPKS standards evolve.

e O o) £ R msywskdans

Kelola Aturan Fuzzy — Knowledge Base (@ ootttz

Figure 3. Manage Fuzzy Rules (Knowledge Base) Page

The Fuzzy Membership Function page (Figure 4 process screenshot) renders the membership curve for each input
variable. The soil pH visualisation shows five overlapping sets Very Acidic, Acidic, Slightly Acidic, Neutral, and
Alkaline with trapezoidal boundary and triangular intermediate functions. The visual overlap areas directly represent
the gradual transitions that motivated the choice of fuzzy logic over a rule-based threshold system.

Figure 4. Fuzzy Membership Function Page for the Soil pH Variable
The Soil Condition Consultation Form (Figure 5 input screenshot) is the primary user interface for farmers and
agronomists. Six interactive slider components allow entry of: soil pH (3.0-8.0), N content (0.1-0.5%), P content (10-
200 ppm), K content (0.1-1.0 me/100g), plant age (1-25 years), and optional plantation block/location. Each slider
displays the current value in real time, reducing data-entry errors compared to manual numeric input.
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« Form Konsultasi Kondisi Tanah

Figure 5. Soil Condition Consultation Form Page

The Agronomic Dosage Recommendation Report (Figure 6 output screenshot) is generated as a downloadable
PDF containing: plantation block registration data; soil test results with nutrient sufficiency category labels; the fuzzy
inference summary showing the active rules and alpha-predicate values; and a complete dosage matrix with a fertilizer
ordering form for the full plant population in the selected block. This report format was designed based on feedback
from the participating agronomy experts, who indicated that field officers require a printed deliverable for procurement

authorisation.

LAPORAN REKOMENDASI DOSIS AGRONOMI

36 ppm 03

Figure 6. Agronomic Dosage Recommendation Report Page (PDF Output)

C. Fuzzy Logic Implementation

To illustrate the Mamdani inference process, consider the following input case: pH = 5.5, N = 0.20%, P = 35 ppm,

K =0.30 me/100g, Age = 8 years.

Fuzzification yields: pH -> Slightly Acidic (mu = 1.0), N -> Medium (mu = 0.70), P -> Medium (mu = 0.60), K -
> Low (mu = 0.67), K -> Medium (mu = 0.33), Age -> Mature (mu = 1.0). Rule evaluation using MIN produces non-
zero alpha-predicates for 11 of the 24 rules. MAX composition of the resulting clipped consequent sets is performed
independently for each output fertilizer. Centroid defuzzification yields the following crisp dosages: Urea = 2.00
kg/tree/yr; TSP/SP-36 = 1.25 kg/tree/yr; KCI/MOP = 2.75 kg/tree/yr; Kieserite/Dolomite = 0.75 kg/tree/yr. These

values correspond exactly to the PPKS reference for this soil condition and age class (Test Case 1, Table 7).
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D. Testing Results

System testing covered four dimensions: black-box functionality testing, fuzzy output accuracy testing, usability
testing, and field simulation testing.
Functionality Testing: Ten primary system scenarios were tested using a black-box approach. All 10 scenarios
produced results matching the expected specification (Table 6).

Table 6. Functionality Testing Results (Black Box)

No. Test Scenario Expected Result Status
1 Administrator login Admin dashboard loads Pass
2 User login User dashboard loads Pass
3 Add fuzzy rule Rule saved in KB table Pass
4 Edit membership function Parameters saved, curve updated Pass
5 Consultation (pH=5.5; N=0.2%; P=35; K=0.3; Age=8)  Dosage recommendation displayed Pass
6 Print PDF report PDF downloaded with complete data Pass
7 Filter consultation history Filtered history table displayed Pass
Add new user (Farmer role) User saved in table Pass
9 Export Excel summary Excel file downloaded Pass
10 Add plantation block Block saved, projection updated Pass

Accuracy Testing: The system's 15 test case outputs were compared against PPKS standard reference dosages
(Table 7). In 12 of 15 cases (80%), the system output was identical to the reference (0% deviation). Three cases (5, 9,
15) produced deviations of 2.5-2.9%, attributable to input values falling within the overlap transition zone between
adjacent fuzzy sets, where the Centroid integration produces an asymmetrically weighted average. All deviations were
well within the established +/-10% tolerance, yielding an overall accuracy of 100% (15/15). Agronomically, a 2.9%
deviation in dosage translates to approximately 0.05 kg/tree/year in the Urea channel, which is within the normal
measurement and application variability of field fertilization practice.

Table 7. Fuzzy Output Accuracy Testing Results

No. Input (pH/N/P/K/Age) (ISJy’;tSeII)I;I?Cult/%l:)tl) U /'ll")gll’ils(gl‘;f)ol) Dev. Status
1 5.5/0.20/35/0.30/8 2.00/1.25/2.75/0.75 2.00/1.25/2.75/0.75 0% Pass
2 4.5/0.10/15/0.15/3 1.25/0.50/1.75/1.00 1.25/0.50/1.75/1.00 0% Pass
3 6.0/0.22/40/0.40/15 2.75/1.50/3.25/0.85 2.75/1.50/3.25/0.85 0% Pass
4 3.4/0.08/10/0.10/12 2.00/0.75/3.25/1.50 2.00/0.75/3.25/1.50 0% Pass
5 5.0/0.15/25/0.25/5 1.75/1.00/2.50/1.00 1.80/1.00/2.50/0.95 2.8% Pass
6 6.5/0.25/50/0.45/20 0.75/0.60/1.00/0.50 0.75/0.60/1.00/0.50 0% Pass
7 4.8/0.12/20/0.20/10 2.25/1.25/3.00/1.00 2.25/1.25/3.00/1.00 0% Pass
8 5.8/0.20/42/0.38/18 2.50/1.25/2.75/0.75 2.50/1.25/2.75/0.75 0% Pass
9 4.2/0.09/12/0.12/7 1.75/0.75/2.50/1.25 1.80/0.75/2.50/1.25 2.9% Pass
10 5.3/0.18/30/0.28/14 2.25/1.25/2.75/0.85 2.25/1.25/2.75/0.85 0% Pass
11 6.8/0.28/60/0.50/22 0.75/0.50/1.00/0.50 0.75/0.50/1.00/0.50 0% Pass
12 4.0/0.07/8/0.08/2 1.00/0.50/1.50/1.50 1.00/0.50/1.50/1.50 0% Pass
13 5.6/0.21/38/0.35/11 2.25/1.25/2.75/0.85 2.25/1.25/2.75/0.85 0% Pass
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System Output PPKS Ref
No. Input (pH/N/P/K/Age) (U/TSP/KCl/Dol) (U/TSP/KCl/Dol) Dev. Status
14 4.7/0.14/22/0.22/16 2.50/1.25/3.00/1.00 2.50/1.25/3.00/1.00 0% Pass
15  5.1/0.16/28/0.26/9 2.00/1.25/2.75/0.85 2.05/1.25/2.75/0.85 2.5% Pass

Usability Testing: Ten respondents (6 smallholder farmers, 4 agricultural extension workers; age range 28-52; 7
male, 3 female; education range from senior high school to bachelor's degree) were recruited purposively to represent
the primary target user group. Respondents were asked to independently perform a fertilizer dosage consultation and
then complete a 15-item questionnaire on a 5-point Likert scale (1=Strongly Disagree, 5=Strongly Agree). The
questionnaire covered five dimensions: ease of interface use, clarity of displayed information, system response speed,
relevance of recommendations to plantation conditions, and overall user satisfaction. Content validity was established
through expert judgment review by two lecturers in information systems and one agronomist, achieving a content
validity index (CVI) of 0.88. Internal consistency was confirmed with Cronbach's alpha = 0.84, indicating good
reliability.

Table 8. Usability Testing Results (1-5 Likert Scale)

No. Assessment Aspect Mean Score Category

1 Ease of interface use 4.2 Very Good

2 Clarity of displayed information 4.4 Very Good

3 System response speed 4.1 Good

4 Relevance of recommendations to plantation conditions 43 Very Good

5 Overall user satisfaction 4.2 Very Good
Overall Mean 4.24 Very Good

The values reported in Table 8 were derived as follows. Each of the five assessment dimensions was measured
through three questionnaire items on the 15-item instrument (5 dimensions x 3 items), scored by all 10 respondents
on the 1-5 Likert scale (1 = Strongly Disagree, 5 = Strongly Agree). For each dimension, the reported mean score is
the average of its three constituent item scores across all 10 respondents that is, the sum of all 30 individual item
responses (3 items x 10 respondents) divided by 30. The Overall Mean (4.24) is the average of the five dimension
means (equivalently, the average of all 150 individual item responses across the full instrument), giving equal weight
to each assessment dimension. Category labels were assigned using the standard five-band Likert interpretation scale,
in which the score range is divided into intervals of (5-1)/5 =0.8: 1.00-1.79 "Very Poor," 1.80-2.59 "Poor," 2.60-3.39
"Fair," 3.40-4.19 "Good," and 4.20-5.00 "Very Good." Applying this scale, System Response Speed (3.40-4.19 band,
mean 4.1) is categorised as "Good," while the remaining four dimensions and the Overall Mean (all >= 4.20) fall into
the "Very Good" band. Information Clarity scored highest (4.4), reflecting the effectiveness of the structured PDF
report layout and on-screen category labels; this was corroborated qualitatively by respondents who specifically
praised the labelled nutrient-sufficiency categories in the report. System Response Speed scored lowest (4.1), with
several respondents noting occasional latency during peak consultation hours, attributable to Supabase free-tier rate
limiting a limitation addressed in the future development plan. Because the instrument's internal consistency
(Cronbach's alpha = 0.84) and content validity (CVI = 0.88) both exceed the conventional 0.70 acceptability threshold,
the resulting Overall Mean of 4.24/5.0 ("Very Good") can be interpreted as a reliable and valid indicator of the system's
practical usability for its target user group, rather than an artefact of an unvalidated or internally inconsistent
instrument.

Field Simulation Testing: Three representative soil condition scenarios from the study site were used to evaluate
whether system-generated dosages were agronomically plausible: (i) a low-N, very acidic TBM plot (pH 4.2, N 0.09%,
P 12 ppm, K 0.12, Age 2); (ii) a medium-condition mature plot (pH 5.8, N 0.20%, P 42 ppm, K 0.38, Age 18); and
(iii) a high-condition older mature plot (pH 6.8, N 0.28%, P 60 ppm, K 0.50, Age 22). Dosages produced by the system
were reviewed by two participating agronomists against their field experience at the PT. Surya Mata Ie site. All three
scenarios received agronomist approval as within acceptable ranges, confirming the system's practical utility beyond
laboratory testing.
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E. Discussion

The SawlIT PalmExpert system demonstrates that integrating five input variables soil pH, N, P, K, and plant age,
each sourced from accredited laboratory analysis into a 24-rule Mamdani fuzzy knowledge base calibrated against
PPKS standards yields a decision-support tool with measurable accuracy and usability. The 100% within-tolerance
accuracy result represents a higher conformity level than the 85% reported by Ningsih and Prabowo [12] for Mamdani-
based coffee fertilizer dosage, and substantially higher than the 78% certainty-factor accuracy reported by Lubis et al.
[8]. The improvement is attributable to two factors: direct calibration of the rule base from PPKS standards rather than
generic agronomic literature, and the inclusion of plant age as an explicit fuzzy input variable to capture the TBM/TM
phase transition.

The Mamdani approach's advantage over Sugeno fuzzy logic [10] for this application lies in the linguistic
interpretability of its rule consequents. Agronomists can directly read, audit, and update the IF-THEN rules (Table 4)
without mathematical intermediary, which is critical for maintaining the knowledge base as PPKS standards are
revised. The trapezoidal boundary membership functions also explicitly capture the known agronomic reality that soil
pH boundaries between acidity categories are gradual, not abrupt a property that binary threshold systems inherently
cannot represent [11].

The usability result (4.24/5.0, Cronbach's alpha 0.84) confirms that the system is practically accessible to its target
users, including those without an informatics background. The validated instrument and representative respondent
sample strengthen this finding beyond the internal convenience sampling used in prior comparable studies. The PDF
agronomic report feature and plantation block management module were specifically cited by respondents as
providing value over conventional manual worksheets.

Important limitations remain. First, the current system considers only pH, N, P, and K; Magnesium (Mg), soil
moisture, rainfall, and organic carbon all documented influencers of oil palm fertilizer response [20] are not modelled.
Second, the 24-rule base was calibrated for mineral soils in Aceh Tamiang and requires re-validation before
application to peat soils, which exhibit fundamentally different nutrient dynamics. Third, the 10-respondent usability
sample, while representative in composition, is small; a larger validation study is warranted before broader
deployment. Future development should integrate IoT soil sensors for real-time data input, expand the rule base for
peat and other special soil types, and develop a mobile application to reduce the access barrier for field use.

Conclusion

The Mamdani Fuzzy Logic-based expert system SawIT PalmExpert has been successfully designed, implemented,
and tested as a web application for oil palm fertilizer dosage recommendation. The system integrates five input
variables soil pH, Nitrogen, Phosphorus, Potassium (all sourced from accredited laboratory analysis), and plant age
into 24 IF-THEN inference rules calibrated against PPKS standards, producing continuous dosage recommendations
for four macro-fertilizers (Urea, TSP/SP-36, KCI/MOP, Kieserite/Dolomite). The Mamdani approach with trapezoidal
and triangular membership functions, MIN rule evaluation, MAX composition, and Centroid defuzzification provides
both algorithmic accuracy and agronomic interpretability, and the resulting web application implements the complete
workflow from soil-condition data entry, through rule-base management restricted to authorised administrators, to a
printable PDF recommendation report.

Testing across all four dimensions confirmed the system's readiness for field deployment. Black-box functionality
testing passed all 10 designed scenarios, covering authentication, rule and membership-function management,
consultation, PDF export, history filtering, and plantation block management. Fuzzy output accuracy testing on 15
PPKS-referenced cases yielded 100% conformity within the +/-10% tolerance, with a maximum deviation of 2.9%
confined to soil-parameter values in the fuzzy-set transition zone an agronomically negligible deviation of
approximately 0.05 kg/tree/year in the Urea channel. Usability testing with 10 purposively sampled target users, using
an instrument with acceptable content validity (CVI = 0.88) and internal consistency (Cronbach's alpha = 0.84),
produced a validated mean score of 4.24/5.0, categorised as "Very Good," with all five assessed dimensions ease of
use, information clarity, response speed, recommendation relevance, and overall satisfaction scoring in the "Good" to
"Very Good" range. Field simulation testing on three site-representative soil scenarios, spanning a low-nutrient
immature plot to a high-nutrient older mature plot, received full agronomist approval for all recommended dosages.

These results demonstrate that SawIT PalmExpert can serve as a reliable, scientifically grounded alternative to
experience-based fertilization decisions for smallholder oil palm farmers, with expected benefits to both plantation
profitability, through the reduction of the 25-35% dosage error documented in field surveys, and environmental
sustainability, through the avoidance of over-fertilization-driven soil acidification. The present system is nonetheless
limited to pH, N, P, K, and plant age on mineral soils in a single study site with a 10-respondent usability sample;
future research should therefore expand the input variable set to include Magnesium and organic carbon, re-validate
the rule base for peat soil conditions, integrate real-time IoT soil measurement, and conduct larger-scale field trials
across diverse oil palm plantation regions.
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