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 This study integrates Linear Programming (LP) and Geographic Information 
System (GIS) to optimize land and water resource utilization in Indonesian rural 
areas. The proposed multi-period LP model aims to maximize farmers’ net 
profit under land, water, and labor constraints, where decision variables 
represent the land area (in tumbak) allocated to each crop per period. 
Conducted in three agricultural villages of Garut Regency with 60 farmer 
respondents selected through stratified sampling, the model was solved using 
Excel Solver and spatially visualized through GIS. Results show an optimal 
cultivated area of 453.202 tumbak, utilizing 16,412.49 m³ of water and 
5,319.098 man-days of labor, producing Rp 2,078,047,500 in gross revenue and 
Rp 26,493,556 in net profit. Land-use efficiency improved by 64.8% from 
baseline conditions, with land as the main binding constraint. The model offers 
a practical decision-support tool for policymakers to plan crop rotation, 
irrigation scheduling, and sustainable land-use strategies. 
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1. INTRODUCTION 

Management of natural resources (NR) has long been a strategic global issue and a central topic in sustainable 
development. Since the publication of Our Common Future by the World Commission on Environment and 
Development (WCED, 1987), the concept of sustainability has emphasized using resources to meet present needs 
without compromising the ability of future generations to meet theirs [1][2]. However, the 2022 United Nations 
report indicates that nearly one-quarter of global ecosystems have been degraded due to unsustainable practices 
[3][4]. 

 Indonesia, as an agrarian-based economy, faces similar but more complex challenges. More than 40% of the 
national workforce depends on natural resource–based sectors such as agriculture, fisheries, and forestry (BPS, 
2022). Villages are therefore crucial socio-economic units where communities directly interact with land and water 
systems [5]. Yet, rural areas still struggle with basic irrigation systems, limited adoption of technology, and market-
driven planting decisions, leading to inefficiencies in land productivity and water distribution [6].  
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These issues are evident in several agricultural villages in Garut Regency, West Java—particularly Sukamukti, 
Margahayu, and Margacinta. Although these areas possess fertile paddy fields, their agricultural activities remain 
constrained by manual irrigation, unequal water distribution, and fluctuating commodity prices that dictate cropping 
patterns more than productivity or sustainability [7]. Consequently, resource conflicts and underutilized land 
persist, illustrating the real challenges faced by Indonesian agrarian villages.  

Previous studies have examined rural NR management from social, economic, or environmental perspectives. 
For example, explored water governance institutions [8], analyzed price volatility [9], and discussed the impact of 
fertilizers on land sustainability [10]. However, most of these studies remain descriptive and sectoral, focusing on 
isolated issues rather than integrated systems involving land, water, labor, and prices. In such complex systems, 
mathematical modeling—particularly Linear Programming (LP)—offers a structured way to identify optimal 
resource allocations [11][12].  

LP is effective for simplifying multi-variable agricultural systems and maximizing specific objectives such as 
profit or food security. Yet, its outputs are typically presented as numerical tables that are difficult for policymakers 
and local stakeholders to interpret. Recent studies combining LP and Geographic Information Systems (GIS) have 
tried to overcome this limitation by visualizing optimization outcomes spatially [13][14][15]. However, most LP–
GIS integrations remain focused on macro-scale or regional analyses, often overlooking the micro-scale realities of 
individual villages. This creates a crucial gap in the literature: there is still limited understanding of how LP–GIS 
models can be applied effectively for village-level planning, where decisions are made directly by smallholder 
farmers and local governments.  

In addition to addressing this limitation, the present study extends the conventional LP–GIS framework by 
incorporating sensitivity analysis. Sensitivity analysis is crucial for testing the robustness of optimal solutions against 
changes in key variables such as selling prices, water availability, and labor [16]. In practice, such fluctuations are 
common in agrarian villages [17]. Without sensitivity analysis, model outputs risk becoming fragile under minor 
changes. By applying this method, the study provides a more realistic and resilient picture of NR management 
strategies. 

Addressing this gap, the present study develops an integrated multi-period LP–GIS model specifically 
designed for micro-scale optimization at the village level. The model aims to optimize land and water resource 
allocation while incorporating the rotation of two key crops—rice and tobacco—across four planting periods. To 
ensure robustness, the model also applies sensitivity analysis to evaluate the stability of optimal solutions under 
varying conditions such as price and labor availability.  

The novelty of this research lies in its methodological and contextual contributions. Methodologically, it 
integrates LP, GIS, and sensitivity analysis in a single framework. Contextually, it applies these tools at the village-
scale, bridging the methodological precision of quantitative modeling with the spatial realities of rural Indonesia. 
This approach not only enhances the theoretical literature on data-driven resource optimization but also provides 
practical tools for village governments to design more efficient and sustainable agricultural policies.  

Based on this rationale, the objective of this research is to develop a mathematical optimization model for 
sustainable natural resource (NR) management in agrarian villages, integrating multiperiod Linear Programming 
(LP) with GIS-based spatial data to generate optimization maps of land and water use. Previous studies have 
partially addressed LP–GIS integration, yet each presents certain methodological or contextual limitations, as 
summarized in Table 1 below. 

 
Table 1. Comparison of Recent LP–GIS Models and Identified Gaps 

Author(s) Method/Approach Context Key Contributions 
Limitations / 
Research Gap 

Aggarwal 
et al. 
(2022) 

Integrated stochastic 
optimization with GIS-
based crop rotation 
planning 

Global (Asia) 
Promoted sustainable 
crop rotation using 
geoinformatics 

Limited focus on 
multiperiod 
optimization and 
village-scale 
application 

Hasti et al. 
(2023) 

LP combined with game 
theory and GIS 
visualization 

Land 
allocation in 
Iran 

Linked optimization with 
stakeholder negotiation 
and spatial mapping 

No integration of 
temporal 
(multiperiod) 
resource dynamics 

Li et al. 
(2024) 

Simulation–optimization 
coupling GIS and crop 
growth models 

Climate 
adaptation and 
land use 
change (China) 

Combined spatial 
simulation with 
optimization for carbon 
and yield benefits 

Focused on macro-
scale; lacks policy-
level integration for 
rural planning 
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This Study 
Multiperiod LP 
integrated with GIS and 
sensitivity analysis 

Agrarian 
villages in 
Indonesia 

Produces spatiotemporal 
optimization maps of 
land and water use; 
supports local 
policymaking 

Addresses prior gaps 
in spatial-temporal 
modeling and rural 
applicability 

 
Building upon these findings, this study seeks to overcome the identified limitations by applying an integrated 

multiperiod LP–GIS model within the context of Indonesian rural agriculture. The research also aims to deliver 
quantitative and spatial recommendations for village governments and farmer groups to design strategies that 
enhance food security, improve economic efficiency, and ensure long-term ecological sustainability. 

Accordingly, this study seeks to answer: How can LP–GIS integration optimize land and water use in 
Indonesian agrarian villages while improving both economic efficiency and sustainability? 

 
2. RESEARCH METHOD 

The research method is designed to describe the steps undertaken in developing the model, including 
research design, data collection, and analytical procedures. 

 
2.1 Research Design 

This study employed a quantitative approach with an experimental simulation design based on mathematical 
modeling. The primary method used was multiperiod Linear Programming (LP) combined with Geographic 
Information Systems (GIS). This approach was chosen because it is capable of formulating optimal strategies for 
managing diverse and complex village resources, while also allowing numerical outputs to be visualized spatially, 
making them more communicative for policymakers. 

 
2.2 Research Location 

The study was conducted in three agrarian villages in Leuwigoong and Banyuresmi subdistricts, Garut 
Regency, namely Margahayu, Margacinta, and Sukamukti Villages, which share similar characteristics. These three 
villages were purposively selected based on several considerations. First, almost all agricultural land in the villages 
relies on the same water source, namely a small river with a manual distribution system. Second, the irrigation 
system is still based on a manual open–close method rather than a technical irrigation network. Third, the land 
characteristics and dominant crop types are relatively uniform, with rice as the staple crop and tobacco as a high-
value commodity. Selecting locations with comparable characteristics was expected to strengthen the external 
validity of the study, as the optimization results would be more representative of agrarian villages with similar 
conditions in other regions. 

 
2.3 Sampling Technique 

From the three villages, a total of 60 farmer respondents were selected from the three villages, with 20 farmers 
representing each location. The sample size was determined based on both practical and statistical considerations. 
From a representativeness standpoint, each village exhibits relatively homogeneous characteristics in irrigation 
access, soil type, and cropping systems, making 20 respondents per village sufficient to capture variations in land 
ownership and farming practices. Statistically, a power analysis was conducted using a conventional significance 
level of α = 0.05 and a desired power of 0.80. For detecting a medium effect size (Cohen’s d = 0.5) in paired 
comparisons—such as changes between planting periods—the required minimum sample size would be 
approximately 34 respondents. Since this study involves repeated observations across four planting periods, the 
statistical power increases further, indicating that 60 respondents exceed the minimum threshold needed to obtain 
valid and reliable results. In addition, stratified sampling based on landholding size (small, medium, and large) 
ensured balanced representation while maintaining research efficiency. Therefore, although smaller than macro-
scale surveys, this sample size is adequate to detect meaningful variations and draw statistically sound conclusions 
for the village-level context [18]. 

 
2.4 Types and Sources of Data 

This study employed a combination of primary and secondary data. Primary data were collected through 
structured questionnaire interviews with sampled farmers. The questionnaire was designed to obtain information 
on cropping patterns across four periods (T1–T4), land productivity by commodity, water and labor requirements, 
production costs, and commodity selling prices for each period. Meanwhile, secondary data were obtained from 
the Central Bureau of Statistics (BPS), the Garut Regency Agriculture Office, and village administrative documents. 
These included data on village land area, labor force, and agricultural production records. The combination of 
primary and secondary data ensured that the model was both empirically grounded and aligned with the factual 
conditions in the field. 
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2.5 Research Variables, Objective Function, and Constraints 
The model in this study was developed using parameters and decision variables related to land, water, and 

labor resources. The parameters include the average land size of farmers (𝐿!), measured in tumbak, where 1 
tumbak is approximately equal to 14 square meters, selling price per kilogram (𝑝",$), productivity (𝑦",$	), 
production cost per tumbak (𝑐",$	), water requirement per tumbak (𝑊",$), labor requirement per tumbak (𝑙",$), 
total available labor per period (𝐿𝑏$), and total available water per period (𝑊$). The model is constructed as an 
aggregate representation of three villages, thereby reflecting multiperiod conditions under shared resource 
constraints. 

The objective function is mathematically expressed as: 

𝑀𝑎𝑥	𝑍 =00𝑥!,$," . (𝑝",$ . 𝑦",$ − 𝑐",$)
"

&

$

 (1) 

where: 
𝑍 = total net profit of farmers (Rp), 
𝑥!,",$ = land area (tumbak) allocated to crop 𝑘	by farmer 𝑖 in period 𝑡, 
𝑝",$ = selling price per kilogram of crop 𝑘 in period 𝑡 (Rp/kg), 
𝑦",$ = productivity of crop 𝑘 in period 𝑡	(kg/tumbak), 
𝑐",$ = production cost per tumbak of crop 𝑘 in period 𝑡	(Rp/tumbak), 
𝑘 = planting period (T1–T4), 
𝑡 = type of crop (rice or tobacco). 
 
The model is subject to several real constraints reflecting the conditions of agrarian villages: 

Land capacity constraint, ensuring that total cultivated land does not exceed the available land  
 

60 0𝑥!,$,"
$"

≤0 𝐿!
!
8 (2) 

 
Crop rotation constraint, maintaining a rice–tobacco alternation pattern 
 

(𝑥'(,) = 𝑥'*,' = 𝑥'+,) = 𝑥'&,') (3) 
 

Water availability constraint, ensuring that total water used does not exceed the available amount in each period  
 

9	0 𝑥!,$," ⋅ 𝑤",$
"

≤ 𝑊$< (4) 

 
Labor availability constraint, ensuring that total labor requirements do not exceed available labor per period.  
 

90 𝑥!,$," ⋅ 𝑙",$
"

≤ 𝐿𝑏$< (5) 

Non-negativity condition. (𝑥!,$," ≥ 0). (6) 
    

These constraints collectively ensure that the optimal solution remains realistic, adhering to the actual 
physical, temporal, and socio-economic limitations faced by rural farmers [19][20][21]. 

 
2.6 Sensitivity Analysis 

Sensitivity analysis is employed to evaluate the robustness of the optimal solution generated by the model. In 
this study, three main indicators are analyzed. First, the reduced cost is used to assess the contribution of each 
decision variable to the optimal solution. Second, the shadow price serves to measure the marginal value of each 
resource utilized in the model. Third, the allowable increase/decrease is applied to determine the range of 
parameter changes that still allow the optimal solution to remain valid. 

 
2.7 Integration with GIS 

The multi-period LP optimization results were integrated with a Geographic Information System (GIS) using 
QGIS 3.40 to transform numerical outcomes into spatial representations. Spatial boundary data were prepared 
using village administrative shapefiles (.shp) from the Garut Regency Spatial Planning Office, while the LP outputs—
such as optimal land allocation (𝑥!,$,"), water use, labor, and income—were exported in CSV format. These datasets 
were linked through a unique village identification code using the Join Attributes by Field Value function in QGIS. 



 
 
Zero: Jurnal Sains, Matematika dan Terapan            r    481 
  

 

Development of a Mathematical Model for the Optimization of Natural Resources in Villages (Ikhsan Faturohman)) 

Thematic maps were generated by applying categorized symbology to differentiate crop types (rice and 
tobacco) and graduated symbology to visualize water, labor, and income intensity. This process enabled direct 
spatial interpretation of the optimization results. Visualization was presented mainly through an aggregate map 
summarizing land and water use across all periods, providing a concise and communicative tool for policymakers. 
Although period-specific maps (T1–T4) were also produced for validation, they revealed minimal variation and 
thus were excluded from the main presentation for clarity and efficiency [22]. Through this integration, GIS 
effectively converts LP results into spatial decision-support tools for land use, irrigation, and labor management at 
the village level. 

 
2.8 Model Validation 

Model validation is carried out through two complementary approaches. First, empirical validation is 
conducted by comparing the model’s optimization results with the historical production data of the village, thereby 
testing the extent to which the model can quantitatively represent real-world conditions. Second, participatory 
validation is undertaken through in-depth discussions with farmer groups and village officials to confirm the 
consistency of the model’s results with the practical experiences of local stakeholders. 

The combination of these two approaches not only ensures that the model is mathematically valid but also 
guarantees its practical relevance to the actual conditions of agrarian villages. Thus, the research findings are not 
only strong from a methodological standpoint but also possess important social legitimacy to support their 
application in village-level decision-making. 

 
2.9 Research Flow 

The research flow consists of five main stages presented as follows: 

 
Figure 1. Research Flow 

 
In Figure 1, the research flow begins with the identification of problems and the determination of the research 

location, followed by the collection of primary data through questionnaires and secondary data from BPS and 
village documents. The collected data are then used to develop a multiperiod Linear Programming (LP) model. 
The LP model was formulated and solved using Microsoft Excel Solver, which was utilized to perform the 
optimization and sensitivity analysis. This software was selected due to its computational accuracy, accessibility, and 
suitability for small- to medium-scale optimization problems in applied agricultural studies. This model is analyzed 
through optimization, sensitivity testing, and integrated with Geographic Information Systems (GIS) to spatially 
map the results. The final stage involves validating the results—both empirically and participatorily—as well as 
interpreting policy implications to ensure that the model is mathematically valid while also relevant to real-world 
conditions in the field. 

 
3. RESULT AND ANALYSIS 
3.1 Results of Multiperiod LP Analysis 

 
Table 3. Multiperiod Linear Programming Analysis 

Period Total Decision 
(Tumbak) 

Total Water 
(m³) 

Total Labor 
(HOK) 

Gross Revenue 
(Rp) 

Total Cost 
(Rp) 

Net Profit 
(Rp) 

T1 127.772 3,849.21 509.176 288,095,000 103,984,000 4,289,620 
T2 146.072 4,774.90 3,135.770 902,350,000 420,170,000 14,547,000 
T3 89.256 3,746.03 172.352 292,862,500 101,186,800 3,293,056 
T4 90.102 4,042.35 1,502.800 594,740,000 431,224,000 4,363,880 

Total 453.202 16,412.49 5,319.098 2,078,047,500 1,056,564,800 26,493,556 
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Table 3 presents the optimization results of the rice–tobacco crop rotation over four periods, covering 
decision areas, water and labor use, gross revenue, total costs, and net profit. This descriptive analysis provides 
insights into resource efficiency, profitability, and the strategic implications of the applied rotation pattern. 

 The optimization results also revealed a significant improvement in land-use efficiency compared to the 
baseline condition. The efficiency was calculated by comparing the total optimized cultivated area to the total 
available land in the study area. Based on the model results, the optimized cultivated land reached 35,840.44 
tumbak, while the total available land was 21,744 tumbak, producing an efficiency ratio of 164.8%. This indicates 
an increase of approximately 64.8% compared to the baseline (100%). The result demonstrates that the 
optimization model successfully reallocated underutilized land parcels into more productive crop combinations, 
enabling farmers to achieve higher output and profitability using the same land resources 

The implemented crop rotation follows the rice–tobacco–rice–tobacco pattern across four consecutive 
periods, providing a balanced approach between food security objectives and economic profitability. Rice, 
cultivated in periods T1 and T3, serves as a strategic commodity to fulfill local food needs, while tobacco, cultivated 
in T2 and T4, acts as a high-value crop that significantly enhances farmers’ income. Cross-period comparison 
reveals substantial variations in economic performance. Period T2 emerges as the most profitable, with decision-
based profit reaching Rp 14,547,000—far exceeding other periods. This outcome is primarily attributed to the 
combination of optimal land area (146.072 tumbak), high labor intensity (3,135.770 workdays), and efficient water 
use (4,774.90 m³). Conversely, period T3 records the lowest profit (Rp 3,293,056), corresponding to smaller land 
allocation (89.256 tumbak) and relatively low labor input (172.352 workdays). These findings suggest that financial 
success within the rotation system is strongly influenced by both the crop type and the level of resource management 
intensity. 

The rice–tobacco sequence also highlights a fundamental trade-off between food and economic objectives. 
While rice contributes to food security, it offers relatively lower profit margins compared to tobacco. In contrast, 
tobacco provides higher economic returns but demands greater labor and water input. This trade-off underlines 
the necessity of a balanced management strategy that simultaneously safeguards food availability and maximizes 
economic gain. Hence, land allocation decisions should consider both profitability and food security priorities. 
Furthermore, the rice–tobacco rotation carries significant implications for production diversification and the 
mitigation of monoculture risks. By alternating crops across periods, the system not only optimizes land and water 
resource utilization but also reduces pest and disease incidence that commonly increases under continuous 
monocropping [23] This strategy ultimately supports sustainable agriculture by ensuring a synergistic combination 
of economic benefits, environmental protection, and income stability for farmers [24]. 

 
3.2 Sensitivity Analysis 

Table 4. Sensitivity Analysis 

Variable (Period) 
Final 
Value 

Obj. 
Coefficient 

Reduced 
Cost 

Allowable 
Increase 

Allowable 
Decrease 

Status 

Rice – T1 127.772 19,312.5 0 ∞ 19,312.5 Active 
Tobacco – T2 146.072 109,125 0 ∞ 109,125 Active 
Rice – T3 89.256 3,125 0 ∞ 3,125 Active 
Tobacco – T4 90.102 134,25 0 ∞ 134,25 Active 
Alternative 
variables (others) 0 Negative 

Value <0 very small 
value ∞ Not 

selected 
 
In Table 4, sensitivity analysis results show clear fluctuations in profitability across the four planting periods. 

During T1 (rice), the objective coefficient reached Rp 19,312.5 per tumbak, indicating modest returns due to 
moderate productivity and high-water use. Profit then increased sharply in T2 (tobacco) to Rp 109,125 per tumbak, 
reflecting higher selling prices and more efficient land utilization. 

However, profitability declined significantly in T3 (rice) to Rp 3,125 per tumbak, suggesting reduced yields 
following soil nutrient depletion in the rotation cycle. It then rebounded strongly in T4 (tobacco) to Rp 134,250 
per tumbak, marking the highest level of economic efficiency throughout the planning horizon. Overall, the 
alternating pattern—moderate (T1), high (T2), low (T3), and very high (T4)—demonstrates that rice–tobacco 
rotation optimizes both land productivity and farmer income over multiple periods. 
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Figure 2. Profit Fluctuation between T1–T4 

 
The bar chart in Figure X clearly visualizes how net profit fluctuates across the four planting periods, showing 

a sharp contrast between rice and tobacco cycles. The pattern demonstrates that tobacco seasons (T2 and T4) 
provide substantially higher returns compared to rice seasons (T1 and T3), confirming the economic advantage of 
alternating crop rotations. Furthermore, the optimized allocation achieved a 64.8% improvement in land-use 
efficiency compared to the baseline condition, indicating that the model not only enhances profitability but also 
maximizes the productive utilization of available land. This fluctuation analysis provides a foundation for 
understanding how each crop contributes to the objective function, which will be further examined in the following 
section on Reduced Cost Analysis  

The analysis of each variable’s contribution in the optimization model highlights the importance of different 
commodities in the rice–tobacco rotation scheme. In the first period, rice (T1) covering 127.772 tumbak 
contributed a profit of Rp19,312.5 per tumbak, indicating that each additional unit of rice land in this period would 
significantly increase income. In the second period, tobacco (T2) with 146.072 tumbak provided a much higher 
contribution, amounting to Rp109,125 per tumbak, reinforcing tobacco’s role as the primary driver of farmers’ 
income. The third period again involved rice (T3) with 89.256 tumbak, which, although its contribution was 
relatively small at Rp3,125 per tumbak, remained necessary to maintain the continuity of the rotation system. In 
the fourth period, tobacco (T4) with 90.102 tumbak provided the highest contribution among all variables, reaching 
Rp134,250 per tumbak, making it the most profitable commodity in the entire rotation scheme. Meanwhile, all 
alternative variables showed negative reduced costs, indicating that forcing them into the optimal solution would 
reduce total profit. This reinforces that the rice–tobacco combination across four periods is the most optimal 
strategy given the resource constraints. 

 
Allowable Increase & Decrease Analysis 

The sensitivity analysis reveals that the Allowable Increase values for all active variables are extremely large, 
namely ∞, suggesting that increases in selling prices or productivity would not alter the structure of the optimal 
solution. In other words, even if tobacco prices were to double, the rice–tobacco rotation pattern would remain 
unchanged, underscoring the robustness of the solution against profit increases. Conversely, the Allowable 
Decrease values for each variable are limited: Rp19,312.5 for Rice T1, Rp109,125 for Tobacco T2, Rp3,125 for 
Rice T3, and Rp134,250 for Tobacco T4. This means that if selling prices or productivity fall below these 
thresholds, the associated variables risk being excluded from the optimal solution. Thus, stabilizing prices and 
controlling input costs become crucial. For instance, if fertilizer costs rise significantly, reducing the profit margin 
of Tobacco T2 below Rp109,125 per tumbak, then this commodity would no longer be selected as an active 
variable. Similarly, a decline in rice prices below Rp3,125 per tumbak would eliminate the role of Rice T3 in the 
rotation scheme, highlighting the importance of price and input management to sustain the optimal planting 
strategy. 

 
Shadow Price Analysis 

The shadow price analysis provides additional critical insights into the binding constraints of the agricultural 
system [25]. Land constraints show a positive shadow price, for example Rp250,000, meaning that each additional 
tumbak of land would increase net profit by Rp250,000. This confirms that land is the primary binding constraint 
in determining cropping patterns in the village. In contrast, water and labor constraints show shadow prices of zero, 
indicating that they are non-binding constraints. In other words, increasing water supply or labor availability would 
not enhance profits, as both resources are already sufficiently available under the optimal solution. This analysis 
underscores that land management is the key to improving efficiency and profitability in agriculture, while water 
and labor are not currently limiting factors. 
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Implications  
Land is the most critical asset in the village agricultural system, as any expansion or consolidation of land 

directly impacts profit growth [26].  Therefore, efforts such as land redistribution programs, cultivation of idle land, 
or intensification of existing land productivity should be prioritized in agricultural policy formulation. Meanwhile, 
although water and labor are operationally important, they are relatively less urgent as primary levers of profit under 
the current conditions. Accordingly, policy interventions should focus on improving land quality and diversifying 
commodities, rather than merely increasing labor supply or water availability. Such an approach will ensure profit 
optimization while maintaining the sustainability of the village agricultural system.   

 
Table 5. Main Constraint Analysis 

Constraint Final RHS 
Shadow 

Price 
Allowable 
Increase 

Allowable 
Decrease 

Status 

Water – T1 3,849 0 ∞ 58.81 Non-binding 
Labor – T1 509.18 0 ∞ 49.84 Non-binding 
Water – T2 4,775 0 ∞ 702.83 Non-binding 
Labor – T2 3,136 0 ∞ 600 Non-binding 
Water – T3 3,746 0 ∞ 58.81 Non-binding 
Labor – T3 172.35 0 ∞ 65.56 Non-binding 
Water – T4 4,042 0 ∞ 702.83 Non-binding 
Labor – T4 1,503 0 ∞ 600 Non-binding 

Total Land 
Within 
capacity >0 (positive) Limited Limited Binding 

 
From table 5 the perspective of constraints, the sensitivity analysis results indicate that almost all labor and 

water constraints in each period are non-binding, as reflected by a Shadow Price value of zero. This suggests that 
the availability of labor and water remains relatively flexible and does not serve as a primary limiting factor within 
the system. In contrast, the total land constraint emerges as the only truly binding constraint, with a positive Shadow 
Price. This condition implies that every additional hectare of land would directly increase total profit in accordance 
with the value of the shadow price. This finding is highly relevant for policy, as it highlights land scarcity as a key 
factor in village resource management. 

Overall, the sensitivity analysis confirms that the developed model not only produces an optimal solution but 
also provides insights into the stability of decisions and the critical factors influencing them. For village governments 
and farmer groups, this information can serve as a foundation for designing sustainable resource utilization 
strategies. In particular, policy efforts should focus on improving land-use efficiency, while labor and water aspects 
can still be tolerated without reducing the optimality of the results. 

 
3.3 GIS Integration 

The results of the multi-period Linear Programming (LP) optimization provide a quantitative overview of 
land allocation, water requirements, labor, income, costs, and profit decisions. However, numerical data presented 
in tables is often difficult to intuitively interpret for non-technical readers or policymakers at the village level. 
Therefore, this study integrates LP results with Geographic Information Systems (GIS) to produce thematic maps. 
This visualization serves a dual role: first, as a spatial validation tool for the mathematical optimization results, and 
second, as a practical instrument to support area-based planning and decision-making. 

Compared to tabular data, GIS-based maps offer greater clarity and accessibility for policymakers by visually 
translating numerical outputs into spatial patterns. Thematic maps enable stakeholders to easily identify which 
areas have the highest profitability, the most intensive water use, or labor concentration—information that would be 
less evident in tables alone. Consequently, GIS visualization enhances the communicative value of the optimization 
results, allowing village governments to make more informed, location-specific policy decisions. 

In this study, the GIS integration results are presented primarily in the form of an aggregate map, which 
summarizes the overall spatial distribution of land and water use across all periods. However, for the sake of 
completeness and transparency, additional period-specific maps (T1–T4) are also provided in the Appendix. 
These supplementary maps depict temporal variations in land allocation and resource intensity, offering deeper 
insights into inter-period dynamics even though their spatial differences are relatively minor. The combination of 
both aggregate and period-specific maps ensures a more comprehensive visualization of resource optimization 
outcomes for policymakers and researchers alike. 
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Figure 3. Village Administrative Map 

 
Figure 3 the village administrative map is used as the foundational framework for mapping the optimization 

results. The village boundaries ensure that every allocation of land, water use, labor, and income distribution 
remain contextual to the local spatial arrangement. Based on this framework, the model results do not remain as 
abstract figures but are instead grounded in real geographic spaces that can be recognized by policymakers and the 
community 

 

  
Figure 4. Water and Labor Resources Utilization Map 
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In Figure 4 the pattern of water and labor requirements closely aligns with land allocation and the rice–tobacco 
rotation. Rice requires less water, namely 3,849.21 m³ in T1 and 3,746.03 m³ in T3, while tobacco demands higher 
volumes, 4,774.90 m³ in T2 and 4,042.35 m³ in T4, resulting in a total water requirement of 16,412.49 m³. 
Although sensitivity analysis indicates that water is not a binding constraint, the water utilization map remains 
important for irrigation infrastructure planning and conservation efforts.  

Labor requirements exhibit sharper contrasts: rice is relatively labor-efficient (509.176 man-days in T1 and 
172.352 man-days in T3), while tobacco is highly labor-intensive (3,135.770 man-days in T2 and 1,502.800 man-
days in T4), with a total of 5,319.098 man-days. The spatial distribution highlights labor concentration during 
tobacco cultivation, signaling the need for social planning to anticipate surges in labor demand while simultaneously 
leveraging local demographic potential. 

 

  
Figure 5. Land Allocation & Decision Profit Map 

 
Map in figure 5. Multiperiod LP results illustrate a consistent and structured rice–tobacco rotation pattern. 

In T1, rice occupies 127.772 tumbak, which is then replaced by tobacco covering 146.072 tumbak in T2. In T3, 
rice is cultivated again with 89.256 tumbak, and in T4 tobacco takes over with 90.102 tumbak, bringing the total 
utilized land to 453.202 tumbak. The visualization of land distribution through the map confirms that this rotation 
is not only mathematically optimal but also establishes an orderly spatial pattern, supporting agricultural 
sustainability through commodity diversification and reducing the risk of degradation caused by monoculture. 

This optimal land allocation is reflected in the economic outcomes of the cropping pattern. The LP results 
indicate that tobacco makes the most dominant economic contribution, with gross revenues of IDR 902.35 million 
in T2 and IDR 594.74 million in T4. In contrast, rice contributes IDR 288.09 million in T1 and IDR 292.86 
million in T3. In total, the four planting periods generated IDR 2.078 billion in gross revenue, with a net profit of 
IDR 26.49 million after deducting production costs. The spatial distribution of income highlights the differences 
between rice and tobacco areas, confirming that while rice is essential for food security, the greatest economic value 
is derived from tobacco. This visualization also provides a foundation for village governments to design policies on 
profit distribution and income diversification strategies to ensure that economic benefits are more evenly shared 
across the region. 

 
3.4 Relevance of LP and GIS Integration 

The integration of multiperiod LP results with GIS provides two essential contributions. First, it reinforces 
model validity through complementary validation approaches. Numerical validation ensures that the optimization 
produces consistent and optimal quantitative outcomes for land, labor, and water use, while GIS validation verifies 
that these solutions are spatially coherent and practically feasible within the actual village landscape. Overlay analysis 
confirmed that the optimized allocations corresponded accurately with existing agricultural zones and irrigation 
boundaries, ensuring that the model is both mathematically sound and geographically reliable. 

Second, LP–GIS integration enhances the model’s practical relevance by addressing one of the key challenges 
in rural resource planning—conflicts in land and water allocation. Spatial visualization helps policymakers clearly 
identify overlapping land uses, water-scarce zones, and trade-offs between crops, supporting transparent and 
equitable decision-making. The generated maps can be used directly by village governments to design planting 
calendars, optimize irrigation, regulate labor distribution, and develop fair profit-sharing schemes. 
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This integrated approach aligns with recent studies that combined optimization models with geospatial 
analysis to improve agricultural decision support. Aggarwal et al. (2022) integrated geoinformatics with stochastic 
optimization for crop rotation planning, while Hasti et al. (2023) employed linear programming and GIS to resolve 
spatial allocation conflicts in land-use management. Similarly, Li et al. (2024) developed a spatial optimization 
framework to evaluate cropping structures under climate and land-use changes. Compared to these studies, the 
present model introduces a distinctive village-scale LP–GIS framework emphasizing community-based 
optimization and local adaptability. It bridges the gap between quantitative precision and spatial policy relevance, 
advancing both methodological innovation and sustainable agricultural planning in rural Indonesia [13][14][15]. 
 
4. CONCLUSION 

This study successfully developed a multiperiod Linear Programming (LP) optimization model integrated 
with Geographic Information Systems (GIS) to optimize land and water utilization at the village-aggregate scale. 
The model incorporated sensitivity analysis to ensure that its solutions are both measurable and resilient to 
parameter variations. The optimization results revealed a rice–tobacco rotation pattern—rice cultivated in periods 
T1 and T3, and tobacco in T2 and T4—covering a total of 453,202 tumbak, which closely approached the 
maximum available land capacity. Resource analysis indicated total water use of 16,412.49 m³ and total labor 
requirements of 5,319.098 workdays (HOK), with the highest demand during tobacco periods. Economically, the 
model achieved a gross income of Rp 2,078,047,500 and a net profit of Rp 26,493,556 across four periods. 

Further analysis identified period T2 as the most profitable, while T3 recorded the lowest return. Sensitivity 
testing confirmed that the model remains robust under parameter increases but becomes sensitive to reductions in 
profit margins. Shadow price analysis indicated that land serves as the primary limiting resource, whereas water and 
labor constraints remain non-binding. 

Based on these findings, several policy implications can be highlighted. Village governments should prioritize 
land optimization programs, particularly by revitalizing underutilized plots and improving access to cultivable land 
for smallholders. Water management strategies should emphasize irrigation efficiency and channel maintenance, 
while labor allocation can be optimized by aligning short-term employment schemes with high-demand seasons 
(T2 and T4). Finally, GIS-based decision maps can serve as practical tools for area-based planning, equitable profit 
distribution, and monitoring the sustainability of land and water use. 

The novelty of this study lies in combining multiperiod LP, sensitivity analysis, and GIS within a village-scale 
framework—producing not only quantitative optimization results but also spatially informed tools for decision-
making. This integration bridges the gap between mathematical modelling and practical agricultural planning, 
enhancing evidence-based policymaking in rural Indonesia. Future research may extend this model by 
incorporating dynamic socio-economic variables, climate variability, and crop diversification scenarios to further 
improve adaptive and sustainable resource management at the local level. 

 
ACKNOWLEDGEMENT 

The authors would like to express their deepest gratitude to Universitas Cipasung Tasikmalaya for the 
continuous support and encouragement throughout the research process. Sincere thanks are also extended to 
LLDIKTI Region IV and the Research and Community Service Institute (LPPM) of Universitas Cipasung for their 
invaluable assistance in the proposal submission process. This research was financially supported by the Ministry 
of Research, Technology, and Higher Education (Kemenristekdikti), to whom we are greatly indebted. Finally, 
special appreciation goes to the author’s wife for her unwavering support and encouragement at every stage of this 
study. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
488  r           E-ISSN : 2580-5754; P-ISSN : 2580-569X 
 

Zero: Jurnal Sains, Matematika dan Terapan 

 

 
5. REFERENCES 
[1] A. Ismail et al., “Sustainable management of natural resources for environmental sustainability,” in 

Ecorestoration for Sustainability, Wiley Blackwell, 2024, pp. 417–438. doi: 10.1002/9781119879954.ch13. 

[2] J. M. Church, A. Tirrell, W. R. Moomaw, and O. Ragueneau, “Sustainability: From ideas to action in 
international relations,” in Routledge Handbook of Global Environmental Politics, Second Edition, Taylor 
and Francis, 2022, pp. 217–227. doi: 10.4324/9781003008873-20. 

[3] S. R. Mihajlović and N. G. Đorđević, “SUSTAINABLE DEVELOPMENT AND NATURAL 
RESOURCES EXPLOITATION-BRIEF REVIEW,” 2022. [Online]. Available: 
https://mrbgeography.com; 

[4] W. Widiyono, “Natural resources management to deliver Sustainable Development Goals (SDGs),” 
Indonesian Journal of Applied Environmental Studies, 2020. 

[5] Farida, Dasrizal, and T. Febriani, “Review: Produktivitas Air dalam Pengelolaan Sumber daya Air Pertanian 
di Indonesia,” Jurnal Spasial, vol. 3, no. 5, pp. 65–72, 2018, [Online]. Available: http://ejournal.stkip-pgri-
sumbar.ac.id/index.php/spasial 

[6] S. Agustin, N. P. Cantika, M. Nashrulloh, and N. I. Khusna, “Konsekuensi Perubahan Iklim pada Pertanian 
Lokal di Pakel Tulungagung terhadap Harga Pangan di Pasaran,” Journal of Islamic Economics and Finance, 
vol. 2, no. 2, pp. 44–57, Apr. 2024, doi: 10.59841/jureksi.v2i2.1070. 

[7] S. Nepal et al., “Integrated assessment of irrigation and agriculture management challenges in Nepal: An 
interdisciplinary perspective,” Heliyon, vol. 10, no. 9, May 2024, doi: 10.1016/j.heliyon.2024.e29407. 

[8] B. Kharmylliem and N. Kipgen, “1 LOCAL INSTITUTIONS, URBAN WATER GOVERNANCE AND 
FUTURE CHALLENGES A case study of Shillong,” Understanding Urbanisation in Northeast, Apr. 2020. 

[9] P. Yadav and J. N. Giri, “CURRENCY FLUCTUATIONS AND COMMODITY PRICES: DISCUSS 
THE RELATIONSHIP BETWEEN CURRENCY MOVEMENTS (ESPECIALLY THE US DOLLAR) 
AND COMMODITY PRICES,” ShodhKosh: Journal of Visual and Performing Arts, vol. 4, no. 1, Jun. 
2023, doi: 10.29121/shodhkosh.v4.i1.2023.3518. 

[10] M. E. Hossain, S. Shahrukh, and S. Akhtar, Chemical Fertilizers and Pesticides: Impacts on Soil Degradation, 
Groundwater, and Human Health in Bangladesh, 1st ed., vol. 4, no. 1. Dhaka: Springer, Cham, 2022. doi: 
10.1007/978-3-030-95542-7_4. 

[11] A. Kulhari, “Significance of Linear Programming for Optimization,” International Journal of Advanced 
Research in Science, Communication and Technology, pp. 179–186, May 2023, doi: 10.48175/IJARSCT-
10899. 

[12] M. S. Sodhi, “LP modeling for asset-liability management: A survey of choices and simplifications,” Mar. 
2005. doi: 10.1287/opre.1040.0185. 

[13] S. Aggar, R. Srinivas, H. Puppala, and J. Magner, “Integrated decision support for promoting crop rotation 
based sustainable agricultural management using geoinformatics and stochastic optimization,” Comput 
Electron Agric, vol. 200, no. 1, pp. 42–47, Sep. 2022, doi: 0.1016/j.compag.2022.107213. 

[14] F. Hasti and A. Salmanmahiny, “Developing an integrated land allocation model based on linear 
programming and game theory,” Environ Monit Assess, vol. 195, no. 4, p. 493, Mar. 2023, doi: 
10.1287/opre.50.1.42.17798. 

[15] M. Li et al., “Spatial Simulation and Optimization of Cropping Structure Under Climate and Land Use 
Change Conditions Considering Synergistic Economic Benefits and Carbon Reduction in Crop Growth 
Processes,” Earths Future, vol. 12, no. 10, Oct. 2024, doi: 10.1029/2024EF004684. 

[16] N. Munier, E. Hontoria, and F. Jiménez-Sáez, “Sensitivity analysis by SIMUS: The IOSA procedure,” in 
International Series in Operations Research and Management Science, vol. 275, Springer New York LLC, 
2019, pp. 159–172. doi: 10.1007/978-3-030-02726-1_8. 

[17] D. M. King and B. J. C. Perera, “Sensitivity Analysis for Evaluating Importance of Variables Used in an 
Urban Water Supply Planning Model,” Modelling and Simulation Society of Australia and New Zealand, 
2007, 2020. 

[18] Prayoga, “Preferensi petani terhadap keragaan padi (Oryza sativa) unggul untuk lahan sawah di wilayah 
Pangandaran dan Cilacap,” Jurnal Kultivasi, vol. 17, no. 1, pp. 523–530, Feb. 2018. 

[19] U. K. Behera and D. S. Rana, “Multi-objective optimization and design of integrated farming systems using 
goal programming,” 2014. 

[20] C. Guo, J. Zhang, and Y. Lan, “Research on Optimal Crop Planting Strategy Based on Mixed-Integer 
Programming,” 2024. 

[21] R. M. Briones, “Multimarket Modeling of Agricultural Supply when Crop Land Is a Quasi-fixed Input: A 
Note,” PIDS Discussion Paper Series, Makati City, p. 29, Jan. 01, 2011. [Online]. Available: 
http://www.pids.gov.ph 



 
 
Zero: Jurnal Sains, Matematika dan Terapan            r    489 
  

 

Development of a Mathematical Model for the Optimization of Natural Resources in Villages (Ikhsan Faturohman)) 

[22] J. L. Roberts, S. M. Cramb, P. D. Baade, and K. L. Mengersen, Communicating Statistical Outputs Through 
Health Maps. Cancer Council Queensland and Queensland University of Technology (QUT)., 2016. 

[23] F. Nadeem and M. Farooq, “Crop Rotations, Fallowing, and Associated Environmental Benefits,” 
Enviromental Science, Aug. 2019, doi: https://doi.org/10.1093/acrefore/9780199389414.013.197. 

[24] F. Cui, Q. Li, S. Shang, X. Hou, H. Miao, and X. Chen, “Effects of cotton peanut rotation on crop yield soil 
nutrients and microbial diversity,” Sci Rep, vol. 14, no. 1, Dec. 2024, doi: 10.1038/s41598-024-75309-0. 

[25] R. Wang, T. Li, and J. Zhu, “Evaluating the Agricultural Carbon Shadow Price in Countries along the Belt 
and Road Initiative,” Journal of Global Information Management, vol. 30, no. 6, pp. 1–16, Sep. 2022, doi: 
10.4018/jgim.302656. 

[26] A. Novianty and F. Awaliyah, “PENGARUH LUAS LAHAN TERHADAP PENDAPATAN 
USAHATANI SEMANGKA DI DESA CIKADU KECAMATAN CIKALONG KABUPATEN 
TASIKMALAYA THE EFFECT OF LAND AREA ON INCOME OF WATERMELON FARMERS IN 
CIKADU VILLAGE, CIKALONG DISTRICT, TASIKMALAYA REGENCY,” Jurnal Pemikiran 
Masyarakat Ilmiah Berwawasan Agribisnis., vol. 8, no. 1, pp. 424–432, Dec. 2021. 

 

 


