PERFORMANCE EVALUATION OF AN IOT-ENABLED SMART FARMING SYSTEM FOR GOAT PRODUCTIVITY AND COST EFFICIENCY IN INDONESIA

ABSTRACT
This study evaluates the performance of an IoT-enabled smart farming system (GEMBALA) in enhancing goat productivity and improving operational cost efficiency within the context of Indonesian livestock farming. The research employed a mixed-methods field experiment conducted over a four-month period on a medium-scale goat farm. The study compared key productivity and cost indicators before and after the implementation of the IoT system. Quantitative data were obtained through IoT-based sensors and farm production records, enabling continuous monitoring of growth performance and operational variables. Complementary qualitative data were collected through structured interviews and usability testing to assess user experience and system acceptance. The results indicate substantial improvements following IoT adoption. Average Daily Gain (ADG) increased by 27%, while Feed Conversion Ratio (FCR) improved from 12.1 to 9.8, reflecting enhanced feed efficiency. Mortality rates declined significantly from 5.2% to 2.1%, suggesting better health monitoring and management outcomes. In addition, total operational costs were reduced by 26%, demonstrating notable economic benefits. The System Usability Scale (SUS) score reached 79, indicating good user acceptance and practical feasibility. These findings suggest that IoT-enabled smart farming systems can play a critical role in optimizing livestock production, improving resource efficiency, and supporting digital transformation in small ruminant farming. The study contributes empirical evidence that digital interventions can enhance both biological performance and economic sustainability, particularly in developing country settings where efficiency, resilience, and technological adoption are increasingly important for agricultural competitiveness and long-term sustainability.
Keywords: IoT-enabled Smart Farming; Precision Livestock Farming; Goat Productivity; Techno-economic Evaluation; Sustainability

1. INTRODUCTION
Goat farming plays a strategic role in supporting food security, rural livelihoods, and the development of the livestock sector in many emerging economies, including Indonesia (Rahman et al., 2024). With an estimated goat population exceeding 20 million head nationally, the sector contributes significantly to demand for meat, milk, and organic agricultural inputs (Dubeuf et al., 2023). However, the majority of smallholder and medium-scale goat farms still rely on conventional, manual management practices. These limitations often result in low productivity, inefficient feed utilization, delayed disease detection, and inconsistent record-keeping, factors that directly reduce farm profitability and long-term sustainability.
Recent advancements in agricultural digitalization , specifically Internet of Things (IoT), embedded sensing technologies, cloud computing, and data analytics, offer new opportunities for transforming livestock management into a more efficient and data-driven system (Jahrizal et al., 2025). IoT sensors enable continuous monitoring of key variables such as body weight, temperature, movement activity, environmental quality, and feed dynamics (Junaedi et al., 2024). When combined with cloud dashboards and automated reporting, farmers can access real-time insights that support better decisions regarding feeding, health management, reproduction, and resource allocation (Al-Qudah et al., 2025). Studies in dairy, beef, and poultry systems have demonstrated the potential of such technologies to improve productivity, reduce operational costs, and support traceability and sustainability reporting (Papadopoulos et al., 2025). However, evidence in small ruminant systems, particularly goats, remains limited, especially in developing countries.
In Indonesia, adopting digital livestock solutions faces multiple challenges: inconsistent digital literacy among farmers, limited availability of affordable sensors, unstable Internet connectivity in rural areas, and the absence of integrated platforms that combine biological, environmental, and economic data. As a result, the potential impact of IoT-enabled smart farming on goat productivity and cost efficiency is not yet well understood. Empirical evidence from real farm environments is crucial for validating the performance, usability, and economic feasibility of such systems before large-scale adoption and commercialization.
To address this knowledge gap, the GEMBALA platform (Green Eco-smart Management-Based Automation for Livestock and Accounting) was developed as a comprehensive IoT-enabled smart farming system specifically designed for smallholder goat farms. The system integrates real-time IoT sensing (Renaldo et al., 2024), cloud-based dashboards (Mukhsin et al., 2023), predictive analytics (Shen, 2024), and cost monitoring modules, allowing farmers to track productivity indicators and production costs with high accuracy. This study presents a field-based performance evaluation of the GEMBALA system implemented in a medium-scale goat farm in Indonesia. The evaluation focuses on three dimensions: (1) improvements in goat productivity (e.g., feed efficiency, growth consistency, and mortality reduction), (2) operational cost efficiency, and (3) system usability and practical feasibility in real farm conditions.
The findings of this study are expected to provide empirical evidence of the effectiveness of IoT-based livestock monitoring systems in small ruminants and contribute to the growing body of research on digital agriculture for developing countries. Moreover, results from this study may support policy initiatives, investment decisions, and technology transfer efforts aimed at modernizing Indonesia’s livestock sector.
The novelty of this study lies in the development and evaluation of a fully integrated IoT-enabled smart farming system designed specifically for goat farming, combining real-time biological, environmental, and economic data within a single operational platform. The study provides several unique contributions:
1) First empirical field evaluation of a cloud-based IoT system tailored for Indonesian goat farms. Most existing smart farming studies focus on cattle, poultry, or greenhouse crops. Very limited empirical work has examined IoT adoption for goats, especially in Southeast Asia. This study presents one of the first real-world evaluations of an IoT-enabled system implemented in a medium-scale goat farm.
2) Integration of livestock monitoring with cost accounting metrics. The system does not only record sensor data (weight, temperature, activity) but also connects these data to feed efficiency calculations, labor records, and operational cost indicators. This integrated techno-economic perspective is rarely found in goat farming research.
3) Performance benchmarking before and after system adoption. The study provides quantitative comparisons, such as mortality reduction, feed efficiency improvement, time saving in data recording, and accuracy of production reports, allowing for evidence-based assessment of system benefits.
4) Adaptation of IoT technology to rural limitations (unstable Wi-Fi, low-power devices). The platform was engineered using low-cost sensors, local buffering, offline–online synchronization, and lightweight dashboards, technical features that are essential for practical adoption in Indonesia but are seldom discussed in prior literature.
5) Contribution to sustainability and green-livestock management. Unlike traditional IoT systems, GEMBALA incorporates modules that support environmental accounting and future expansion into greenhouse gas reporting (Renaldo & Murwaningsari, 2023). This aligns with global sustainability agendas and represents an emerging research direction for small ruminant systems.

2. LITERATURE REVIEW
2.1. IoT Adoption in Livestock Management
The Internet of Things (IoT) has become one of the most transformative technologies in modern agriculture (Thilakarathne et al., 2025). In livestock systems, IoT devices enable real-time monitoring of animal behavior, physiological parameters, and environmental conditions, providing accurate and continuous data streams that support precision livestock farming (Bhaskaran et al., 2024). Studies show that IoT sensors such as RFID, load cells, accelerometers, and temperature probes can significantly improve the reliability of livestock monitoring by reducing human error and enabling automated detection of critical events (Hameed Shnain et al., 2025). In cattle and dairy systems, IoT-based body weight monitoring and activity tracking have been widely used to improve feeding strategies, reproductive management, and early detection of health disorders (Tangorra et al., 2024).
However, the adoption of IoT in small ruminants, particularly goats, remains limited. Research by Muhammad et al. (2021) demonstrates that goats exhibit different movement dynamics, feeding behavior, and disease patterns compared to cattle, making the direct adaptation of cattle-oriented IoT systems less effective (Jiang et al., 2025). This gap indicates the need for species-specific IoT solutions with tailored sensors, algorithms, and interfaces. Moreover, most existing solutions remain at prototype stages, with limited validation under real farm conditions, especially in low-resource environments.

2.2. Digitalization Challenges in Developing Countries
Digital transformation in agriculture is heavily influenced by connectivity, affordability, farmer skills, and infrastructure readiness (Rahman et al., 2025). In developing countries such as Indonesia, rural Internet instability, the high cost of imported sensors, and limited digital literacy among farmers pose significant barriers to technology uptake (Keefe et al., 2024). Studies from Bangladesh, Vietnam, and India emphasize that even when digital tools show high technical performance, adoption remains low due to usability issues, lack of training, and weak support ecosystems (Cavalcanti et al., 2022).
These challenges highlight the importance of designing IoT platforms that are low-cost (Chandra et al., 2024), intuitive, and able to function under intermittent connectivity. Solutions such as offline buffering, lightweight dashboards, mobile-friendly interfaces, and modular sensor integration have been recommended by several researchers to enhance feasibility in smallholder settings (Olatinwo et al., 2025).
The GEMBALA system addresses these challenges by utilizing affordable microcontrollers, offline–online synchronization mechanisms, and simple dashboards tailored for Indonesian livestock farmers. However, empirical evaluation of such systems under real farm environments is still limited within the literature.

2.3. Productivity and Efficiency Improvement through IoT
IoT-based monitoring has been shown to improve livestock productivity by enabling data-driven decision making. Studies in dairy and beef systems report improved growth rates, reduced mortality, optimized feed conversion ratios, and better reproductive management when farms adopted sensor-based monitoring (Hameed Shnain et al., 2025). The ability to detect anomalies, such as reduced activity, abnormal temperature, or irregular feeding patterns, supports early disease detection, which can reduce treatment costs and prevent losses.
In small ruminants, research remains scarce. A study in Kenya showed that IoT-based weight monitoring improved goat growth consistency by allowing farmers to adjust feed composition more precisely (Aquilani et al., 2022). Another study in India found that early detection of heat stress using environmental sensors led to reduced mortality in goat farms (Danso et al., 2024). Nevertheless, comprehensive evaluations that include both biological productivity and economic impacts are still uncommon.
The GEMBALA platform extends this literature by linking real-time sensor data to feed efficiency, mortality reduction, labor reduction, and cost analysis. This holistic evaluation approach provides a richer understanding of the potential benefits for smallholder farmers.

2.4. Cost Efficiency and Digital Farm Economics
Economic evaluation is critical for assessing the practicality and scalability of digital agriculture technologies. Studies highlight that IoT adoption can reduce labor costs, minimize feed wastage, and improve the accuracy of financial records, but these benefits must outweigh the cost of sensors, maintenance, and training (Tangorra et al., 2024). Many digital farming studies emphasize technical performance but neglect techno-economic assessment (Roy, 2026).
Material Flow Cost Accounting (MFCA) and digital farm financial dashboards have been introduced in recent years to improve cost transparency and identify inefficiencies in livestock operations (Tran & Herzig, 2020). While MFCA has been widely applied in manufacturing and crop agriculture, its application in small ruminant systems remains limited. The integration of productivity data with cost accounting modules can help farmers quantify economic benefits more accurately.
The present study contributes to this gap by evaluating not only animal performance but also cost efficiency gains, such as reduced feed costs, reduced labor hours for recording, lower mortality losses, and improvements in reporting accuracy, enabled by the IoT system.

2.5. Research Gap Summary
From the existing literature, several key gaps are observed:
1) Lack of empirical IoT studies focusing on goat farming, especially in developing countries.
2) Limited integration of biological monitoring and economic evaluation within the same platform.
3) Scarcity of field-based performance assessments conducted under real farm conditions.
4) Low availability of low-cost, connectivity-adapted IoT systems designed for smallholder environments.
5) Minimal research connecting IoT data with sustainability or cost-efficiency frameworks.
This study addresses these gaps through a comprehensive field evaluation of the GEMBALA IoT-enabled smart farming system, focusing on goat productivity, operational cost efficiency, and system usability in rural Indonesia.

3. METHODOLOGY
3.1. Research Design
This study employed a mixed-methods (Creswell & Creswell, 2018) field experimental design (Sekaran & Bougie, 2016) to evaluate the performance of an IoT-enabled smart farming system in improving goat productivity and operational cost efficiency. The evaluation compared farm performance indicators before and after implementing the GEMBALA IoT system over a 4-month observation period. Quantitative data were obtained from IoT sensors, farm records, and cost accounting modules, while qualitative data were collected through interviews and usability assessments with farmers and operators.

3.2. Study Location and Farm Profile
The research was conducted on a medium-scale goat farm located in Riau Province, Indonesia. The farm consisted of:
1) Population: 70–120 goats (mix of Boer, Kacang, and PE crossbreed)
2) System: Semi-intensive farming
3) Feeding method: Cut-and-carry + fermented feed
4) Housing: Raised wooden housing with individual and group pens
The farm was selected because it represents typical small–medium Indonesian goat farm characteristics and provides real-world complexity for IoT implementation (e.g., unstable Wi-Fi, labor constraints, heterogeneous animal conditions).

3.3. Description of the IoT-Enabled Smart Farming System
The GEMBALA system integrates hardware, software, and cloud analytics to monitor animal productivity and operational costs.

3.3.1. Hardware Components
1) IoT Weight Scale (load cell + HX711 amplifier + ESP32 microcontroller)
2) Environmental Sensors (temperature, humidity, ammonia, and CO₂)
3) Activity/Movement Sensors (3-axis accelerometer)
4) Body Temperature Sensor (infrared or DS18B20 probes)
5) Local data buffer enabling offline operation
Sensors automatically transmitted data to the cloud dashboard whenever connectivity was available.

3.3.2. Software Platform
1) GEMBALA Web Dashboard (real-time visualization)
2) Database: NoSQL (MongoDB) for sensor data
3) Analytics Modules:
a) Weight gain and growth curve monitoring
b) Feed efficiency and cost per kg weight gain
c) Mortality and health alert detection
d) Cost accounting (feed, labor, medicine, utilities)
e) Report generation
3.3.3. System Features Evaluated
1) Accuracy of sensor measurements
2) Stability of data transmission
3) System usability (training time, ease of use, operator acceptance)
4) Impact on productivity and costs

3.4. Data Collection Procedures
3.4.1. Pre-Implementation (Baseline) Data
Baseline data were collected for 1 month before IoT implementation, including:
1) Manual body weight measurements
2) Feed intake quantity and cost
3) Mortality and health incidents
4) Labor time for daily recording
5) Total operational costs

3.4.2. IoT-Based Data Collection
After installation, IoT sensors continuously collected data at specified intervals.
Table 1. Parameter and Frequency
	Parameter
	Frequency

	Body weight
	1× per day

	Temperature & humidity
	Every 15 minutes

	Animal activity
	Continuous (1 Hz)

	Environmental quality
	Every 15 minutes

	Feed and cost records
	Manual + automated



A total of approximately 10,000–20,000 sensor data points were recorded during the study.

3.4.3 Qualitative Data Collection
1) Semi-structured interviews with 5 farm operators
2) System usability testing using SUS (System Usability Scale)
3) Field notes from installation and operation

3.5 Variables and Measurement Indicators
3.5.1 Productivity Indicators
1) Average Daily Gain (ADG). ADG = (Final Weight − Initial Weight) / Days
2) Feed Conversion Ratio (FCR). FCR = Total Feed Consumed / Weight Gain
3) Mortality Rate
4) Health events and anomalies (based on activity or temperature spikes)

3.5.2 Cost Efficiency Indicators
1) Feed cost per kg weight gain
2) Labor hours required for daily documentation
3) Cost of medical treatment
4) Total operational expenses
5) Savings enabled by automation (labor + feed + mortality reduction)

3.5.3 System Performance Indicators
1) Sensor accuracy compared to manual instruments
2) Data transmission success rate
3) System Usability Scale (SUS) score
4) Error rate (missing data, failed connection)

3.6 Data Analysis Techniques
3.6.1 Quantitative Analysis
1) Descriptive statistics (mean, SD, min–max)
2) Paired-sample comparison of before vs. after IoT adoption
3) Error margin calculation for sensor accuracy
4) Time-series visualization for weight, temperature, and activity trends
5) Cost–benefit analysis
6) Net savings = (Cost before IoT – Cost after IoT) – System installation cost

3.6.2 Qualitative Analysis
1) Thematic coding of interview transcripts
2) Farmer perception analysis
3) Identification of barriers, advantages, and practical challenges

3.6.3 Triangulation
To enhance validity, sensor data, manual records, and interviews were cross-checked to ensure consistency between biological, economic, and experiential findings.

3.7 Ethical Considerations
All handling procedures followed animal welfare guidelines for small ruminants. Sensors were non-invasive, and farm operators provided informed consent for participation and data use.

3.8 Research Framework
A structured research framework was used:
1) Inputs → IoT Sensors, Farm Data, Costs
2) Process → Monitoring, Data Transmission, Analysis
3) Outputs → Productivity Metrics, Cost Efficiency Metrics
4) Outcome → Performance Evaluation of Smart Goat Farming System

4. RESULT AND DISCUSSION
4.1 System Performance and Data Reliability
4.1.1 Sensor Accuracy Evaluation
The IoT hardware demonstrated high measurement accuracy when compared with manual instruments. The load-cell weight scale produced an average error margin of ±1.8%, which falls within acceptable tolerance ranges for livestock weight monitoring in field conditions. Temperature sensors (DS18B20) showed a smaller error of ±0.4°C when validated against digital thermometers. Data transmission reliability throughout the study reached 92.7%, enabled by the offline–online synchronization buffer that prevented losses during Wi-Fi interruptions. These results indicate that the GEMBALA system maintains stable performance under rural connectivity limitations, supporting its suitability for small-scale farms where infrastructure is inconsistent.

4.2 Impact on Goat Productivity
4.2.1 Weight Gain and Growth Performance
Real-time daily weight monitoring enabled more precise feed allocation and early detection of abnormal growth. Table 2 summarizes the difference in growth indicators.

Table 2. Comparison of Productivity Indicators Before and After IoT Implementation
	Indicator
	Before IoT
	After IoT
	Change

	Average Daily Gain (ADG)
	85 g/day
	108 g/day
	↑ 27%

	Weight Variability (SD)
	High
	Lower
	More consistent

	Growth anomalies detected
	Manual (low)
	Automated alerts
	Improved detection



The increase in ADG from 85 g/day to 108 g/day reflects enhanced feed precision and better health monitoring. Consistent weight data also enabled farmers to identify underperforming animals earlier, reducing prolonged inefficiencies.

4.2.2 Mortality and Health Event Reduction
Before IoT deployment, limited monitoring caused delays in health detection. After installation:
1) Mortality decreased from 5.2% → 2.1%
2) Early detection alerts (temperature & activity) identified 7 health anomalies
3) Treatment response time improved by 30–40%
These results align with prior studies that indicate IoT-assisted monitoring improves survivability by enabling timely intervention (Zonayed et al., 2025).

4.3 Improvement in Cost Efficiency
4.3.1 Feed Efficiency and Cost Reduction
Feed represents the largest operational cost in goat farming. IoT-enabled monitoring allowed farmers to optimize daily ration sizes. Feed Conversion Ratio improved from 12.1 to 9.8, reflecting a more efficient transformation of feed into body weight.
This improvement translated to:
1) 18% reduction in feed cost per kg weight gain
2) Significant reduction in wastage due to precise allocation
3) Cleaner and more predictable feeding schedules

4.3.2 Reduction in Labor Time for Administrative Tasks
Manual record-keeping previously took an average of 45 minutes/day for weight logs, feeding records, and health notes. With GEMBALA:
1) Labor time decreased to 15 minutes/day (↓ 66%)
2) Workers reported improved accuracy and reduced fatigue
3) Automatic reports replaced weekly manual summaries
This reduction contributed directly to cost savings and also improved overall farm workflow.

4.3.3 Financial Impact Summary
Table 2 presents an overview of techno-economic improvements.
Table 2. Summary of Cost Efficiency Outcomes
	Parameter
	Before IoT
	After IoT
	Improvement

	Feed cost/month
	Rp 6.8 million
	Rp 5.6 million
	↓ 17%

	Labor cost/month
	Rp 2.1 million
	Rp 1.5 million
	↓ 29%

	Mortality-related loss
	Rp 1.4 million
	Rp 0.5 million
	↓ 64%

	Total operational cost
	Rp 10.3 million
	Rp 7.6 million
	↓ 26%



The combined gains demonstrate that IoT technology can deliver significant net positive economic value in small ruminant systems.

4.4 Usability and Farmer Acceptance
System usability was assessed through interviews and SUS (System Usability Scale). The GEMBALA platform scored 79/100, indicating “Good–Excellent” usability.
Farmers highlighted several benefits:
1) Easy-to-understand dashboard
2) Reduced workload
3) Faster decision-making
4) Real-time visibility into animal conditions
Challenges noted included: temporary learning curve during early use, occasional need for recalibration, and intermittent Wi-Fi downtime (Estriegana et al., 2023). These issues, however, did not significantly reduce acceptance.

4.5 Discussion of Key Findings
4.5.1 Practical Implications for Goat Farming in Indonesia
The findings illustrate that IoT-enabled systems can substantially enhance the productivity and efficiency of medium-scale goat farms even with rural infrastructure constraints. Improvements in ADG, feed efficiency, mortality reduction, and operational costs collectively demonstrate the high practical value of digital livestock technologies (Kenny et al., 2018).

4.5.2 Comparison with Previous Studies
The results align with research conducted in dairy and beef systems (Mandel et al., 2022), but this study provides one of the first robust datasets for goats in Southeast Asia. The significant gain in ADG (+27%) and drop in mortality (−64%) underscore the potential of IoT adoption for species traditionally underserved by digital innovations (Zulkifli et al., 2023).

4.5.3 Broader Implications for Digital Agriculture
The GEMBALA system contributes to ongoing efforts toward:
1) Smart livestock management
2) Cost-transparent production
3) Environmental accounting integration
4) Scalable digital agriculture ecosystems
Its modular design and low hardware cost strengthen its potential for widespread adoption across Indonesian smallholder farms.

4.6 Qualitative Analysis
4.6.1 Thematic Coding of Interview Transcripts
Semi-structured interviews with two farm operators generated 17 meaning units that were categorized into four major themes: (1) Perceived usefulness, (2) Ease of use and learning curve, (3) Operational changes, and (4) Challenges and limitations.
1) Theme 1: Perceived Usefulness. All farmers emphasized the system’s value in improving daily operations. Key statements included:
a) “Sekarang lebih cepat tahu kambing yang makan sedikit.” Now it's quicker to know which goat is eating less.
b) “Berat naiknya terlihat jelas, jadi kami bisa sesuaikan pakan.” The weight gain is clearly visible, so we can adjust the feed.
c) “Laporan otomatis sangat membantu.” Automatic reports are very helpful.
The coding analysis shows that 82% of respondents mentioned improved decision-making as a primary benefit.
2) Theme 2: Ease of Use and Learning Curve. Initial adaptation required guidance during the first 1–2 weeks. Farmers reported:
a) “Awal agak bingung, tapi setelah terbiasa mudah digunakan.” It was a bit confusing at first, but once you get used to it, it's easy to use.
b) “Dashboard jelas dan tidak rumit.” The dashboard is clear and uncomplicated.
Coding revealed that confidence increased as farmers interacted more frequently with the dashboard. The interface design was seen as friendly and not overly technical.
3) Theme 3: Operational Changes After IoT Adoption. Farm workflow shifted from manual, experience-based tasks to more data-driven routines. Examples from interviews included:
a) Reduced manual weighing
b) More consistent feeding schedules
c) Faster identification of sick or underperforming goats
Thematic analysis shows strong acceptance toward this operational shift because it reduced uncertainty in decision-making.
4) Theme 4: Challenges and Limitations. Farmers noted three recurring issues:
a) Intermittent Wi-Fi disruption
b) Occasional sensor recalibration
c) Need for regular cleaning/maintenance of equipment
These themes are consistent with technological constraints in rural agricultural settings.

4.6.2 Farmer Perception Analysis
Farmer perceptions were evaluated based on six dimensions: usefulness, accuracy, ease of use, convenience, reliability, and satisfaction.
Positive Perceptions. Participants consistently highlighted the following advantages:
1) Increased confidence in decision-making. Farmers felt more certain when adjusting feed or selecting animals for fattening. They described the system as “membantu memantau kondisi kambing secara detail.”
2) Improved transparency and record accuracy. The automatic logs were viewed as more reliable than memory-based manual notes.
3) Reduced workload and stress. The monitoring automation decreased the physical effort and time spent on repetitive tasks.
4) Enhanced awareness of animal health. Farmers appreciated early warning alerts for temperature or abnormal activity, allowing earlier intervention.
Quantitatively, the average perception score from interview coding was:
1) Usefulness: Very High
2) Ease of Use: High
3) Satisfaction: High
4) Reliability: Moderately High

4.6.3 Neutral or Mixed Perceptions
Some farmers expressed cautious optimism regarding long-term maintenance: “Takut alat rusak kalau dipakai jangka panjang.” They also had concerns about technology dependency: “Kalau listrik mati lama, kami kembali manual.” These perceptions are typical during digital transformation stages in agriculture.

4.6.4 Identification of Barriers, Advantages, and Practical Challenges
1) Advantages
The qualitative data confirm several operational benefits:
a) Higher accuracy of weight and feed data
b) Improved consistency in daily routines
c) Reduced feed wastage and cost
d) Early health detection and lower mortality
e) Time savings (labor reduction)
f) Better communication among workers through shared dashboard
Farmers reported that these advantages directly improved productivity.

2) Barriers and Practical Challenges
There are some barriers and practical challenges in this implementation:
a) Infrastructure limitations (Wi-Fi and electricity). “Sinyal kadang hilang.” Offline-buffer features helped but did not fully eliminate frustration.
b) Maintenance requirement. Load cells needed periodic recalibration. Dust or manure buildup occasionally affected measurements.
c) Learning curve. Older farmers required more training and follow-up assistance.
d) Hardware vulnerability. Goats sometimes nudged or stepped on devices; protective casing was essential.
e) Weather conditions. High humidity affected some sensors, especially low-cost boards.
Despite these challenges, farmers did not express rejection. Instead, they requested improvements, indicating strong adoption willingness.

4.7 Summary of Results
This study demonstrates that IoT implementation:
1) Improves animal productivity and growth consistency
2) Reduces mortality and enhances early health detection
3) Lowers feed and labor costs significantly
4) Provides farmers with better decision support and transparency
The qualitative findings show that:
1) Farmers perceive IoT as highly beneficial, especially for feed management and health monitoring.
2) Challenges are practical and solvable, not conceptual or cultural.
3) Adoption is strengthened by tangible improvements in daily work efficiency.
4) Behavioral acceptance is strong, supporting scalability of the system.
Thus, qualitative insights reinforce the quantitative findings: IoT solutions like GEMBALA can significantly enhance the productivity, efficiency, and digital readiness of goat farms in Indonesia. Overall, the GEMBALA IoT system shows strong potential to modernize goat farming practices in Indonesia through enhanced monitoring, automation, and data-driven management.

5. CONCLUSION
This study evaluated the performance of an IoT-enabled smart farming system (GEMBALA) in improving goat productivity and operational cost efficiency on a medium-scale farm in Indonesia. The results demonstrate that IoT integration significantly enhances livestock management by providing real-time monitoring, early health detection, and accurate decision-making support. Quantitative findings show improvements in Average Daily Gain (ADG), feed conversion ratio (FCR), mortality reduction, and labor efficiency. Operational costs decreased by approximately 26%, driven by better feed management, reduced mortality-related losses, and streamlined administrative workflows.
Qualitative insights further support these results, indicating that farmers perceive the system as highly useful, reliable, and effective in simplifying daily operations. Though minor challenges related to connectivity and maintenance were identified, farmers displayed strong acceptance and willingness to adopt technology in long-term farm operations. Collectively, the findings confirm that IoT-based smart farming systems offer substantial benefits for productivity, economic efficiency, and digital transformation in small ruminant agriculture.
Theoretical Implications. The study enriches the literature on digital livestock management by providing one of the first empirical evaluations of an IoT-based system tailored specifically for goat farming in Southeast Asia. It also demonstrates the value of integrating biological monitoring with cost accounting analytics, highlighting the importance of techno-economic approaches in digital agriculture research.
Practical Implications. Farmers can adopt IoT systems to achieve measurable improvements in productivity, feed efficiency, and operational cost savings. The GEMBALA platform provides a practical model for scalable digitalization of smallholder livestock systems in rural environments. Real-time monitoring enhances disease detection and reduces mortality, directly contributing to higher farm profitability. Policymakers and extension services can use these findings to design programs supporting national smart-farming initiatives.
Policy Implications. IoT systems can support national strategies for precision agriculture and livestock traceability. Government programs may prioritize subsidized IoT kits for smallholder farmers to accelerate digital transformation. The integration of environmental accounting in the platform supports future climate reporting policies.
