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Abstract

Inadequate vehicle maintenance management is one of the main causes of road accidents and elevated
operating costs in light vehicles. This paper addresses this problem through the development and
implementation of a low-cost integrated system for preventive maintenance management and alerts.
The device, based on an open-hardware architecture (Arduino Mega 2560), integrates Global Posi-
tioning System (GPS) and mobile communication (GSM/LTE) modules to monitor distance traveled
in real time and notify the user via SMS about the proximity of critical services such as oil changes,
brake inspections, and timing-belt replacements. Experimental validation was conducted in the city
of Guayaquil using a 2012 Hyundai Accent. Field tests were carried out in three scenarios: a dense
urban route, a peripheral road, and interurban routes. Results showed satisfactory accuracy with a
global average percentage error of 3.98% compared to the vehicle’s odometer, and 100% effectiveness
in sending alerts. It is concluded that the proposed system is a viable and reliable technological
solution to mitigate the "forgetfulness factor" among private drivers, improving road safety and vehicle
lifespan.

Keywords: preventive maintenance; Arduino; GPS; GSM; vehicle telemetry; road safety

1. Introduction
In the technical management of light vehicles, preventive maintenance represents a strategy

aimed at anticipating mechanical failures and keeping operational performance within safe parameters.
At the global level, inadequate management of service intervals is a precursor to critical mechanical
failures, which represent a significant cause of road accidents [1]. In the Ecuadorian context, this
problem acquires a structural dimension due to the characteristics of the vehicle fleet. According to the
Annual Report of the Automotive Sector by AEADE, the national vehicle fleet shows a marked aging
trend: 75% of vehicles are more than six years old, and 60% exceed eleven years of use [2].

This statistical reality reveals a substantial technological gap. The vast majority of these vehi-
cles, manufactured before the mass adoption of consumer telematics, lack native maintenance-alert
systems, forcing owners to rely on manual methods that are prone to the “forgetfulness factor” [3].
Technological obsolescence not only increases operating costs due to corrective repairs [4], but also
has direct environmental implications. National regulations such as RTE-002 of INEN [5] establish
strict emission control limits; however, the technical literature warns that internal combustion engines
are primary sources of harmful substances such as carbon monoxide (CO), carbon dioxide (CO2),
and nitrogen oxides (NOx) [6]. Consequently, when these engines operate without adequate mainte-
nance (oil changes, filters, or spark plugs), their operation deviates from optimal design parameters,
compromising regulatory compliance and worsening air quality.

Although recent literature proposes OBD-II-based monitoring solutions and cloud-based plat-
forms [7,8], these typically present cost and compatibility barriers for the average user of a conventional
M1 category vehicle [9]. There is therefore a need to develop accessible aftermarket solutions.
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Additionally, recent studies have shown that real urban traffic conditions in congested cities such
as Guayaquil exhibit high dynamic variability and a complex urban morphology characterized by high
building density and “urban canyon” effects that hinder the propagation of wireless signals [10]. This
limits the representativeness of measurements obtained under controlled scenarios or standardized
cycles, making experimental validation of vehicular systems—especially those relying on GPS/GSM
telemetry—necessary directly on real traffic routes [6].

This work addresses this need through the implementation of an integrated preventive main-
tenance management and alert system. The device uses an open-hardware architecture (Arduino
Mega) and GSM (Global System for Mobile Communications) communication via SMS (Short Message
Service), technologies selected for their high availability and low operating cost [11]. The objective is to
validate a prototype capable of calculating the distance traveled via GPS and autonomously notifying
the user about the proximity of critical services, bridging the technological gap in the vehicle fleet and
contributing to road safety.

The main objective of this study is to develop and experimentally validate a functional low-cost
prototype that optimizes preventive vehicle maintenance management. As its primary contribution, the
work integrates accessible technologies with a quantitative technical validation approach, evaluating
the precision of distance measurement, the effectiveness of the generated alerts, and system latency
under real operating conditions.

2. Materials and Methods
The materials used and the methodological procedure for developing and validating the proposed

system are presented below.

2.1. Research Design

The research was structured under a pretest–posttest comparative scheme, corresponding to a
quasi-experimental design without random assignment, in accordance with the methodological guide-
lines described for applied studies in real contexts where experimental manipulation of environmental
variables is not possible [12].

The pre-intervention phase consisted of recording mileage conventionally via the vehicle odome-
ter, used as an instrumental reference. The post-intervention phase comprised the implementation of
the proposed electronic system, enabling automatic measurement of distance traveled via GPS and the
scheduled generation of preventive maintenance alerts.

The vehicle, habitual routes, and general operating conditions were kept constant during both
phases, allowing comparison of instrumental behavior before and after the technological intervention,
focusing on measurement coherence and the functional performance of the implemented system.

The unit of analysis consisted of an M1 category light vehicle, and the experimental period lasted
approximately five weeks, encompassing both phases of the experimental process.

2.2. Methodological Approach Oriented Toward Operational Optimization

Preventive maintenance optimization is approached from an operational perspective, understood
as an improvement in the reliability and timeliness of the information used to schedule technical
interventions. In this sense, digitizing monitoring constitutes a key element for reducing uncertainty
in planning and strengthening data-driven decision-making. Recent studies on condition-based
maintenance indicate that the incorporation of digital tracking systems helps improve operational
efficiency by providing continuous and verifiable information [13]. It has also been reported that the
integration of electronic monitoring tools can increase control precision and reduce unplanned events
in maintenance processes [14].

Consistent with this conceptual framework, the developed system was designed to automate
mileage control, reduce dependence on manual logging, and improve the timeliness of service alerts.
The implemented operational sequence and the decision criteria adopted are represented schematically
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in Figure 1. The optimization considered therefore corresponds to a functional improvement in
preventive maintenance control, supported by the availability of quantifiable real-time information.

Figure 1. Methodological flowchart of the system.

2.3. Unit of Analysis and Testing Environment

Experimental tests were carried out in the city of Guayaquil, Ecuador, selected for its heteroge-
neous traffic conditions and dense urban topography. According to prior studies on driving cycles in
this locality, the variability of stops and the built environment create a challenging scenario for satellite
signal stability, known as the “urban canyon” effect [6,7]. These conditions allow evaluation of the
robustness of the prototype’s filtering algorithm against momentary precision losses.

The unit of analysis consisted of an M1 category light vehicle (sedan). A 2012 Hyundai Accent
with an initial odometer reading of 145,230 km was selected, as it is representative of the majority
segment of the national vehicle fleet according to AEADE [2]. For distance validation, the vehicle’s
digital odometer was established as the reference instrument. This decision is grounded in the
functional coherence of the system: since maintenance intervals are defined and perceived by the
user from the dashboard reading, the relevant comparison metric is the odometer and not an absolute
geodetic measurement. To ensure that the odometer did not introduce a disproportionate error into the
validation, the physical variable of greatest impact was controlled: the dynamic wheel radius. Prior to
each test, tire pressure was standardized at 30 PSI, mitigating variations due to rubber deformation [15].

Furthermore, the legal acceptance tolerance for commercial odometers, established at 4% by the
National Institute of Standards and Technology (NIST) [16], was considered as a control limit for
evaluating prototype performance.

2.4. Materials and System Components

The system is based on a modular open-hardware architecture, validated in the literature for its
cost-effectiveness [17]. An Arduino Mega 2560 microcontroller was used, chosen for its capacity to
handle multiple simultaneous serial ports for GPS and GSM [18]. A Ublox Neo 6M GPS module with
concurrent tracking capability was integrated, which improves precision in urban environments [19].
An A7670SA GSM module was employed for transmitting alerts via SMS. This architecture guarantees
a higher delivery rate in areas with intermittent coverage and reduces monthly operating costs by
75–85% compared to mobile data solutions [20,21]. A voltage sensor for detecting vehicle ignition
status, and a MicroSD card reader module for local data storage, were also included. The cost details
and specifications of the components used are shown in Table A2.
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Logical development and data analysis were supported by specialized software tools. Micro-
controller firmware was programmed in the Arduino IDE version 2.3.7 integrated development
environment, using C++ for managing positioning and communication libraries. For schematic de-
sign and pre-experimental circuit validation (see complete diagram in Figure A1 and connections in
Table A1, the Fritzing simulator version 1.0.4 was used, allowing verification of connection integrity
before physical implementation. Raw data processing, tabulation of field tests, and generation of
descriptive charts were performed in Microsoft Excel 2021. Finally, for sample size calculation and
inferential statistical analysis of percentage errors, Minitab® version 21.4 was used, configured for a
95% confidence level.

2.5. Data Collection Procedures

Data collection was structured in two main phases:

2.5.1. Pre-Intervention Phase

In this stage, reference values for the system were established. Maintenance intervals by mileage
for the vehicle’s main systems (engine oil change, transmission oil, brakes, spark plugs, and tim-
ing system) were collected from manufacturer manuals. These values were programmed into the
microcontroller memory as alert thresholds.

2.5.2. Post-Intervention Phase

Once the prototype was installed in the vehicle (see physical assembly in Figures A2–A5), the
system automatically began calculating the distance traveled from GPS coordinates. The vehicle
odometer reading was manually recorded at the start and end of each weekly test period, enabling
direct comparison with the GPS Ublox Neo 6M module measurement. Each alert event generated
was automatically logged to the MicroSD card, including date, time, remaining mileage for each
maintenance interval, and total mileage.

Laboratory tests included verification of GPS signal reception, reliability of SMS alert sending
using the A7670SA GSM module, and measurement of system latency. Only after meeting the
established technical criteria were field tests conducted under real operating conditions.

2.6. Maintenance Alert Algorithm

The implemented algorithm continuously compares the accumulated mileage calculated by the
GPS module against the maintenance thresholds defined for each vehicle. When proximity to a
maintenance interval is detected, the system generates three progressive SMS alerts: a first alert at
50 km before the scheduled maintenance, a second at 10 km, and a third upon reaching the exact
established mileage. This strategy enables anticipatory planning of maintenance interventions.

2.7. Data Analysis Methods

Data analysis was developed using descriptive statistical techniques. GPS system accuracy was
determined by calculating the Mean Absolute Percentage Error (MAPE) and the Root Mean Square
Error (RMSE), using the vehicle odometer record as the reference standard. Additionally, the standard
deviation of the error in each test scenario was analyzed to quantify system repeatability and to verify
the consistency of the systematic bias (Positive Bias) inherent to GNSS technology. Detailed results of
these indicators are presented in Table A3.

The performance of the alert system was evaluated using a confusion matrix, in which events were
categorized as correct and incorrect detections, both positive and negative [22]. From this classification,
the overall precision index of the system was calculated, considering values above 95% as valid.

Finally, system latency was analyzed through descriptive statistics, estimating the mean and
standard deviation of the time elapsed between the activation of the maintenance threshold and the
user’s receipt of the SMS (see statistical summary in Table A4. The system met requirements when
latency was below 10 seconds.
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2.8. Statistical Determination of Sample Size

To ensure the representativeness of the experimental data, an initial pilot phase was conducted
consisting of 3 repetitions for each test scenario. From these preliminary results, the standard deviation
of the measurement error (S) was calculated for each route type.

To ensure the accuracy of the final results, the Minitab statistical software was used to determine
the minimum sample size (n) required to estimate the mean error with a 95% confidence level (Z =

1.96). Maximum permissible error margins (E) specific to each distance scale were established, yielding
the following experimental design parameters:

Urban Route (A): An initial standard deviation of S = 0.065 km was observed. For a target error
margin of 0.1, the calculation determined a sample size of 5 repetitions.

Peripheral Route (B): With a pilot standard deviation of S = 0.161 km and an admissible error
margin of 0.2, 5 repetitions were required.

Long-Distance Route (C): Due to greater variability in route conditions (error standard deviation
S = 0.709 km), an error margin of 0.5 was set, yielding a requirement of 11 repetitions.

3. Results
The results of the validation are presented below.

3.1. Experimental Validation of the Proposed System

To verify system functionality, specific tests were carried out on each of its main subsystems that
support the prototype’s functionality: positioning (GPS), communication (LTE/GSM), storage (Mi-
croSD), and energy/ignition state (voltage detection). Results are organized by subsystem, including
measured parameters, observed behavior, and the corresponding technical interpretation.

3.1.1. Validation of the Global Positioning Module (GPS)

GPS module validation aimed to verify three essential aspects for prototype operation: (i) the
ability to acquire a satellite signal in an adequate time (Fix), (ii) the accuracy of the calculated distance
traveled via coordinate-based odometry, and (iii) the consistency of accumulated error when compared
to the vehicle odometer, used as the operational field reference.

Signal Acquisition Time (Fix).
In the static cold-start test, the GPS module achieved valid satellite fix in an average time of

45 seconds. This result is considered adequate for an embedded system operating with consumer-
grade GNSS signals, especially considering that in real scenarios, the initial Fix is often affected by
environmental conditions (partial obstruction, satellite availability, and signal quality). The recorded
time allows the system to be operational within a reasonable interval from vehicle start-up, enabling
the initiation of distance counting and maintenance logic without prolonged delays.

Accuracy of Accumulated Distance Measurement.
The prototype’s odometry is based on the accumulation of distances between successive points

calculated from GNSS coordinates. To reduce the impact of “urban noise” and avoid accumulation of
micro-displacements when the vehicle is stationary (e.g., at traffic lights), firmware logical filtering
was applied. Distance calculation was optimized using the native function of the TinyGPS++ library
(distanceBetween), replacing complex manual calculations. Additionally, firmware logic was applied
to discard displacements at speeds below 3.0 km/h or distances less than 5 meters between readings.
This approach reduces the risk of “phantom sums” in stop-and-go environments.

The following code as shown in Listing 1 excerpt illustrates how the algorithm calculates real
distance and dynamically updates maintenance counters:
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Listing 1. GPS processing and odometer update logic executed in the main loop.

1 // GPS processing logic and odometer update (inside void loop)
2 while (Serial1.available () > 0) {
3 if (gps.encode(Serial1.read())) {
4 if (engineOn && isConfigured) {
5 if (gps.location.isValid ()) {
6 if (firstFix) {
7 lastLat = gps.location.lat();
8 lastLon = gps.location.lng();
9 firstFix = false;

10 } else {
11 double distMeters = gps.distanceBetween(
12 gps.location.lat(), gps.location.lng(),
13 lastLat , lastLon);
14

15 // Urban noise filters (Stop -and -Go)
16 if (gps.speed.kmph() > 3.0 && distMeters > 5.0) {
17 totalOdometer += (unsigned long)distMeters;
18

19 // Dynamic update of 6 maintenance counters
20 for (int i = 0; i < NUM_MAINT; i++) {
21 maintCounters[i] += (unsigned long)distMeters;
22 }
23

24 lastLat = gps.location.lat();
25 lastLon = gps.location.lng();
26 }
27 }
28 }
29 }
30 }
31 }

GPS vs. Vehicle Odometer Comparison.
The dynamic test consisted of a controlled long-distance trip, using the vehicle’s digital odometer

as a practical reference. After completing a standard route of 160.0 km (odometer), the prototype
recorded 164.0 km as accumulated distance. In relative terms, this difference represents an error of
approximately +2.5%, evidencing a positive deviation (overestimation). The relationship between
both measurements is expressed by Equations (1) and (2):

ErrorAbs = |ValueRef − ValueMeas| = |160.0 − 164.0| = 4.0 km (1)

ErrorRel =
ErrorAbs
ValueRef

× 100 =
4.0

160.0
× 100 = 2.5% (2)

Error Margin Analysis and Systematic Tendency.
The 2.5% error is considered satisfactory for a GNSS system without differential correction (e.g.,

without RTK or advanced SBAS), particularly in urban conditions where signal can degrade due
to obstructions, building reflections, and variations in horizontal precision. The observed positive
tendency is interpreted as resulting from accumulated residual micro-variations in the signal during
stops, which can introduce small phantom distances that add to the total, even with filtering applied.

In practical terms, this slight overestimation does not represent an operational risk. On the
contrary, it introduces a conservative margin: by slightly overestimating distance, alerts will tend to
be triggered ahead of the real mileage, reducing the risk of the user exceeding the critical oil change
or component replacement interval. Consequently, the GPS module meets the prototype’s primary
requirement: delivering a consistent and sufficiently precise measurement to trigger mileage-based
maintenance thresholds.
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3.1.2. Validation of the LTE/GSM Communication Module

The communication subsystem validation aimed to guarantee the prototype’s ability to operate
on the current telecommunications infrastructure, prioritizing fast connectivity, link stability, and low
latency in alert delivery. Unlike traditional 2G solutions, the module used (A7670SA) allows LTE
network operation, which improves performance in environments where 2G coverage is limited or
obsolete.

SMS Alert Transmission Latency.
System latency was evaluated through 20 consecutive alert transmissions under standard coverage

conditions. Statistical analysis reveals a mean of 4.13 seconds and a standard deviation of 0.63 seconds.
As summarized in Table 1, the maximum recorded value was 5.00 seconds (see detailed log in Table A4.
These results validate compliance with the design requirement (< 10 s), aligning with delivery times
reported in the literature for low-cost SMS-based telemetry systems [23,24].

To quantify the operational effectiveness of the notification system, a confusion matrix was
constructed based on 20 test events (N = 20). A “Positive Case” was defined as the condition in which
the vehicle effectively reaches the programmed mileage threshold and the system must generate an
SMS alert. Results were classified as:

• True Positive (TP): The system detected the threshold and correctly sent the SMS.
• False Positive (FP): The system sent an alert without the threshold having been reached (false

alarm).
• False Negative (FN): The system reached the threshold but did not send the alert (detection

failure).
• True Negative (TN): The maintenance time had not arrived, and the system correctly sent no

alert.

Table 1. Confusion Matrix of the Alert System.

Alert Sent (Predicted) No Alert (Predicted)

Real Event (Threshold Reached) TP = 20 FN = 0
Real Event (No Threshold) FP = 0 TN = *

From these values, key performance indicators were calculated: Precision (Eq. 3) and Recall/Sen-
sitivity (Eq. 4):

Precision =
TP

TP + FP
=

20
20 + 0

= 1.0 (100%) (3)

Recall =
TP

TP + FN
=

20
20 + 0

= 1.0 (100%) (4)

The 100% precision and recall results mathematically validate the reliability of the decision
algorithm and the A7670SA communication module, surpassing the success criterion established for
critical notification management (> 95%).

Figure 2 shows the SMS alert message as received on the vehicle owner’s mobile device, confirm-
ing the end-to-end communication chain from the prototype to the user.
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Figure 2. SMS maintenance alert received on the owner’s mobile device.

3.1.3. Validation of the Data Storage System

The storage module (MicroSD) fulfills a critical function: ensuring information persistence upon
power loss and enabling the historical logging of mileage, events, and alerts. Its validation focused
on correct hardware initialization, write integrity, and the ability to recover state after abrupt power
interruptions.

The storage system was redesigned to fulfill a dual critical function: hosting a static database
(DATA.CSV) with the profiles and specific maintenance schedules for various vehicle models, and
persisting the user’s dynamic configuration in a local file (CONFIG.TXT). The latter stores the owner’s
contact number, selected vehicle, total odometer, and real-time counters for up to 6 independent
maintenance intervals.

As shown in the code excerpts (see Listing 2), the system manages structured reading and writing
of these parameters. This routine is fundamental for recovering exact information after power cuts or
restarts, preventing loss of service history.

Listing 2. Functions for saving and loading user configuration and maintenance data.

1 // User configuration and maintenance persistence functions
2 void saveConfig () {
3 SD.remove("CONFIG.TXT");
4 File file = SD.open("CONFIG.TXT", FILE_WRITE);
5 if (file) {
6 file.println(ownerNumber);
7 file.println(currentYear);
8 file.println(currentModel);
9 file.println(totalOdometer);

10 for (int i = 0; i < NUM_MAINT; i++) {
11 file.print(maintNames[i]); file.print(",");
12 file.print(maintIntervals[i]); file.print(",");
13 file.println(maintCounters[i]);
14 }
15 file.close();
16 }
17 }
18

19 bool loadConfig () {
20 if (!SD.exists("CONFIG.TXT")) return false;
21 File file = SD.open("CONFIG.TXT");
22 if (file) {

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 March 2026 doi:10.20944/preprints202603.1980.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.1980.v1
http://creativecommons.org/licenses/by/4.0/


9 of 26

23 ownerNumber = file.readStringUntil(’\n’); ownerNumber.trim();
24 currentYear = file.readStringUntil(’\n’); currentYear.trim();
25 currentModel = file.readStringUntil(’\n’); currentModel.trim();
26 String odoStr = file.readStringUntil(’\n’); odoStr.trim();
27 totalOdometer = odoStr.toInt();
28 for (int i = 0; i < NUM_MAINT; i++) {
29 String line = file.readStringUntil(’\n’);
30 int firstComma = line.indexOf(’,’);
31 int secondComma = line.lastIndexOf(’,’);
32 if (firstComma > 0 && secondComma > firstComma) {
33 maintNames[i] = line.substring (0, firstComma);
34 maintIntervals[i] =
35 line.substring(firstComma +1, secondComma).toInt ();
36 maintCounters[i] =
37 line.substring(secondComma +1).toInt ();
38 alert50[i]=false; alert10[i]=false; alert0[i]=false;
39 }
40 }
41 file.close();
42 return true;
43 }
44 return false;
45 }

System State Recovery.
After restoring power, the system executed the recovery routine from a state file, successfully

restoring the last stored mileage. This behavior confirms that the prototype maintains operational
continuity and avoids “zero restarts” that would affect monitoring validity. The storage subsystem
thus demonstrates robustness for vehicular scenarios, where power-off and power-on events are a
normal part of daily operation.

3.1.4. Validation of the Energy and Virtual Ignition System

The power system was validated with two objectives: (i) to ensure that the electronics operate
under stable conditions against typical automotive electrical system variations, and (ii) to verify
the effectiveness of the voltage-based “virtual ignition” algorithm, avoiding the need for physical
connection to the ACC wire and enabling direct connection to the battery terminals (Figure A4).

Power Supply Stability.
During tests, the voltage regulator maintained a stable 5 V output for inputs up to 14.5 V, a range

consistent with automotive operation when the alternator is under load. This result indicates that
the regulation stage is adequate for protecting the microcontroller and associated modules against
fluctuations in the vehicle’s electrical system.

Engine State Detection by Voltage.
The virtual ignition algorithm correctly discriminated engine states by reading battery voltage

using a conversion factor adjusted to 5.7. Clearly differentiated ranges were established to avoid erratic
states:

• Engine off: (< 12.9 V) → system in standby mode (no distance accumulation).
• Engine on: (> 13.8 V) → system in active mode (km counting and threshold evaluation enabled).

This logic is implemented as a virtual ignition strategy, as shown in Listing 3.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 March 2026 doi:10.20944/preprints202603.1980.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.1980.v1
http://creativecommons.org/licenses/by/4.0/


10 of 26

Listing 3. Engine-state detection based on battery voltage thresholds (virtual ignition).

1 // Engine state detection function (Virtual ignition)
2 void readVoltage () {
3 // Conversion factor 5.7 for the implemented voltage divider
4 int adc = analogRead(PIN_VOLT);
5 batteryVoltage = (adc * 5.0 / 1023.0) * 5.7;
6

7 if (batteryVoltage > 13.8) {
8 engineOn = true;
9 } else if (batteryVoltage < 12.9) {

10 engineOn = false;
11 }
12 }

3.2. Field Test Results on Real Routes

To evaluate system performance under real operating conditions, field tests were conducted based
on the repetition of representative trajectories (illustrated in Figure A3) for the most frequent driving
scenarios: dense urban environment, mixed peripheral road, and long-distance routes. In each case,
the distance traveled calculated by the prototype was directly compared against the vehicle’s odometer
reading, considered the operational reference. The obtained results are presented below.

3.2.1. Results on Dense Urban Route

Urban route tests were performed in an environment characterized by heavy traffic, multiple
traffic lights, and frequent stops—conditions representing the most demanding scenario for satellite
positioning systems due to the urban canyon effect and signal drift in stop-and-go situations.

Route A was defined within the urban center of Guayaquil, characterized by high vehicle flow
and frequent traffic lights. The route begins in the south of Guayaquil, departing from the Cangrejo
Fútbol sportsbar, and advances northward along Avenida Quito, crossing a large part of the city to the
center, where an intermediate stop is made at Picantería “El Sargento Mayor.” For the return, the route
descends southward again, first taking Lorenzo de Garaycoa street, then turning onto Vicente Trujillo
street, and finally onto Av. Domingo Comin to conclude near the Guayas riverbank, specifically at the
Caraguay Market Metrovía stop, as illustrated in Figure 3.

Figure 3. Route A: Dense urban route in Guayaquil city center.
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Table 2. Results: Route A (Dense Urban — 11.0 km).

Repetition Real Distance (Odometer) Prototype Distance Deviation (km) Error (%)

Test A-1 11.00 km 11.67 km +0.67 km 6.09%
Test A-2 11.00 km 11.76 km +0.76 km 6.91%
Test A-3 11.00 km 11.69 km +0.69 km 6.27%
Test A-4 11.00 km 11.73 km +0.73 km 6.64%
Test A-5 11.00 km 11.70 km +0.70 km 6.36%

AVERAGE 11.00 km 11.71 km +0.71 km 6.45%

The average percentage error was 6.45% (overestimation). This deviation is the highest of the
three scenarios and is attributed to the “multipath” effect or signal reflection off tall buildings in the
city center. This phenomenon introduces “noise” into GPS coordinates, adding phantom extra meters
while the vehicle moves slowly or is stopped at traffic lights, generating a count higher than the real
distance.

3.2.2. Results on Mixed Peripheral Route

The mixed peripheral route corresponds to an intermediate scenario, characterized by moderate
speeds (40–60 km/h), fewer stops, and continuous-flow sections. This environment enables evaluation
of system behavior when the GPS operates with greater stability and less urban interference.

Route B begins in the southern part of the city, at Persianas Ecuador, and heads northward through
Guayaquil primarily via the Vía Perimetral. The route continues to the reference point at Maximetales
S.A. Norte, located in the northern sector of the city. From this point, the route returns following the
same road axis back to the origin, completing a total round trip of 41 km south–north–south, as shown
in Figure 4.

Figure 4. Route B: Mixed peripheral route via Vía Perimetral.
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Table 3. Results: Route B (Mixed Peripheral — 41.0 km).

Repetition Real Distance (Odometer) Prototype Distance Deviation (km) Error (%)

Test B-1 41.00 km 41.87 km +0.87 km 2.12%
Test B-2 41.00 km 41.82 km +0.82 km 2.00%
Test B-3 41.00 km 41.86 km +0.86 km 2.10%
Test B-4 41.00 km 41.88 km +0.88 km 2.15%
Test B-5 41.00 km 41.84 km +0.84 km 2.05%

AVERAGE 41.00 km 41.85 km +0.85 km 2.08%

Results show an average error of 2.08%. The significant reduction in error compared to the urban
route (6.45%) confirms that, as building density decreases and average speed increases, the system
improves its precision, while maintaining a slight positive tendency.

3.2.3. Results on Interurban Routes

Tests in the interurban scenario were carried out on a controlled 32 km route, designed to evaluate
behavior at constant cruising speed. The obtained results (Table 4) show an average deviation of
+1.09 km, representing a mean error of 3.40%.

Unlike the peripheral route (where the error was lower, 2.08%), in this scenario the sustained
constant speed appears to have influenced the systematic accumulation of positive micro-positioning
errors. This confirms a consistent tendency of the module to slightly overestimate distances on
continuous routes without stops, aligning with the expected positive bias.

Route C begins on the Vía a la Costa highway, at the Delportal supermarket, continues along
this main artery to the Chongón entrance (the return point), and finishes at the same starting location,
forming a round trip of 32 km, as shown in Figure 5.

Figure 5. Route C: Interurban route on Vía a la Costa.

Table 4. Results: Route C (Interurban Road).

Repetition Real Distance (Odometer) Prototype Distance Deviation (km) Error (%)

Test C-1 32.00 km 33.06 km +1.06 km 3.31%
Test C-2 32.00 km 33.10 km +1.10 km 3.44%
Test C-3 32.00 km 33.09 km +1.09 km 3.41%
Test C-4 32.00 km 33.08 km +1.08 km 3.37%
Test C-5 32.00 km 33.09 km +1.09 km 3.42%
Test C-6 32.00 km 33.11 km +1.11 km 3.47%
Test C-7 32.00 km 33.08 km +1.08 km 3.36%
Test C-8 32.00 km 33.08 km +1.08 km 3.36%
Test C-9 32.00 km 33.11 km +1.11 km 3.47%
Test C-10 32.00 km 33.10 km +1.10 km 3.42%
Test C-11 32.00 km 33.07 km +1.07 km 3.35%

AVERAGE 32.00 km 33.09 km +1.09 km 3.40%
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The low dispersion observed confirms that the error does not grow in an uncontrolled manner
with increasing distance, but maintains stable proportionality relative to the total traveled. This
behavior is indicative of a systematic and predictable drift, characteristic of commercial-grade GNSS
systems without differential correction.

From an operational standpoint, this consistency is especially relevant as it allows anticipation of
system behavior on extensive routes and validates its use for mileage-based preventive maintenance
management.

3.3. Statistical Analysis of Results
3.3.1. Analysis of Accumulated Percentage Error

The consolidation of results reveals a clear pattern: the system overestimates distance in all
scenarios. The mean error was 6.45% in urban, 2.08% in peripheral, and 3.40% in interurban routes.
The global mean error of the system stands at 3.98%. This consistency in overestimation (Positive Bias)
is fundamental for reliability, as it indicates that the error is not random but systematic and predictable.

3.3.2. Comparison Between Satellite and Mechanical Odometry

The discrepancy observed between the odometry calculated by the prototype and the vehicle
odometer reading responds to inherent differences between both measurement methods. While the
satellite system calculates distance by summing geodetic segments between discrete positions, the
mechanical odometer is based on tire rotation, being sensitive to physical factors such as inflation
pressure and wear.

In this context, a systematic positive error close to 2.5% falls within acceptable margins for
consumer-grade GNSS instrumentation. From a maintenance engineering perspective, this behavior is
even favorable, as it introduces a quantifiable operational safety margin: projecting the mean error
over a typical 5,000 km maintenance cycle, the system will generate the alert at approximately 4,875
real km, anticipating the intervention and reducing to zero the risk of exceeding the critical component
operation limit.

3.3.3. Statistical Validation of Mean Differences

To determine whether the observed difference between the prototype measurement and the
vehicle odometer is statistically significant, an inferential analysis was conducted using Minitab
software, applied independently for the three test scenarios (Urban, Peripheral, and Interurban routes).

First, the normality assumption was verified using the Shapiro-Wilk test. In all three evaluated
scenarios, p-values > 0.100 were obtained, indicating that the data follow a normal distribution.
Confirming that the data distribution is parametric, the Student’s t-test was applied. The corresponding
normal probability charts are presented in (Figures A6–A8).

A paired t-test was applied to compare the means of the distance calculated by the prototype
against the odometer reference distance. The analysis was performed under the following hypotheses,
with a 95% confidence level (α = 0.05):

• Null Hypothesis (H0): There is no significant difference between the prototype and odometer
measurements.

• Alternative Hypothesis (H1): There is a significant difference between both measurements.

Analysis results yielded p = 0.000 for all three evaluated routes (see Figures A9–A11)). Since the
p-value is less than the significance level (p < 0.05), the null hypothesis is rejected in all cases.

Rejection of the null hypothesis (p < 0.05) confirms that statistically significant differences exist
between the measurements. However, this result should not be interpreted as random error, but as the
confirmation of systematic behavior: the prototype consistently tends to measure a slightly greater
distance than the odometer. This finding statistically validates the trend observed in the samples from
all three scenarios (Tables 2–4), confirming that the 3.98% average error is attributable to the Positive
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Bias inherent to GNSS technology and not to chance, which guarantees an operational safety margin
for maintenance.

3.4. Discussion of Results and Experimental Conclusions

The comprehensive evaluation of the proposed system, based on unit and field tests conducted,
allows analysis not only of the quantitative performance of each subsystem, but also of the overall
reliability of the prototype as a support tool for preventive vehicle maintenance management. The
results obtained evidence coherent, stable, and technically consistent behavior, adequate for application
in light vehicles under real operating conditions.

3.4.1. Consistency and System Reliability

One of the most relevant findings of the study is the measurement system’s consistency, observed
across different route typologies and operating conditions. The filtering algorithm implemented in
the GPS module, designed to mitigate urban noise and avoid accumulation of micro-displacements
when the vehicle is stationary, demonstrated stable performance in demanding scenarios such as dense
urban traffic. Despite the presence of frequent stops and signal obstructions, the system maintained
a bounded and predictable error, confirming the stability of the filtering algorithm against external
perturbations.

Repetition of trajectories under similar conditions allowed verification of measurement repeata-
bility, evidenced by the low dispersion of percentage error between consecutive tests. In particular, in
long-distance routes, error variation remained within a narrow range, indicating that the observed
deviation is not the product of random fluctuations but of systematic behavior inherent to the satellite
measurement method. This characteristic is essential for preventive maintenance applications, where
system predictability is a key factor for reliable decision-making.

Taken together, these results validate that the system is not only functional but also reliable over
time, preserving its performance under different traffic conditions, speeds, and environments, meeting
the technical criteria defined in the methodological phase.

3.4.2. System Operational Safety Margin

Analysis of the impact of the measurement error on maintenance cycles allows evaluation of the
system from an operational and reliability engineering perspective. The observed systematic positive
error, with a mean value close to 2.5%, implies that the system tends to slightly overestimate the
distance traveled. Projecting this behavior over a typical 5,000 km maintenance cycle, the alert would
be generated at approximately 4,875 real km, introducing an anticipation margin of approximately 125
km.

This behavior adheres to the “fail-safe” design principle, widely applied in critical systems, where
safety is prioritized over absolute precision. In the context of vehicular maintenance, it is preferable for
the system to anticipate the need for intervention before the component reaches its critical operating
limit, rather than delaying the alert and increasing the risk of excessive wear or mechanical failure.

From this perspective, the observed operational safety margin does not represent a limitation of
the system, but a functional advantage, as it protects engine and component integrity regardless of
driving style or road conditions. Experimental results consequently confirm that the proposed system
fulfills its fundamental objective: optimizing preventive maintenance management through timely,
reliable, and safety-oriented alerts.

4. Discussion
4.1. Analysis of Technical Precision Against Industry Standards

Experimental results yielded a global systematic mean error of 3.98% (overestimation) in distance
measurement. Contrasting this value with the specialized literature, consistent behavior is evident
across all three evaluated scenarios, where deviation was invariably positive, validating the “Positive
Bias” theory [25]. This phenomenon, inherent to the discrete sampling of trajectories via GPS in
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environments with signal noise, mathematically explains the tendency observed in our tests. In this
context, recent literature agrees that experimental evaluation of systems applied to the vehicular
environment should be conducted under real operating conditions, as these more accurately reflect the
technical challenges associated with urban traffic and vehicle-infrastructure interaction [26].

Despite variations by environment, the overall prototype performance remains within accepted
safety ranges. As a regulatory reference, the National Institute of Standards and Technology (NIST)
establishes a 4% acceptance tolerance for vehicle odometers [16]. Given that our system presented a
global mean deviation of 3.98%, the device strictly complies with the precision standards allowed for
vehicular mechanical instrumentation.

Finally, in terms of road safety, the automation of alerts reduces dependence on driver memory,
mitigating the risk of accidents caused by mechanical failures, which are consistently reported by
ANT [27]. Similarly, compliance with maintenance intervals favors control of pollutant emissions (CO,
CO2, NOx), aligning with the objectives of current environmental regulations [5,6].

4.2. Economic Impact and Viability in Maintenance Management

The viability of an aftermarket telemetry system depends directly on its economic accessibility
compared to existing market alternatives. To evaluate this aspect, a comparative analysis was per-
formed between the proposed prototype and two widely distributed commercial solutions (Vyncs and
Fleetio), detailed in Table 5.

Table 5. Comparison of Similar Solutions.

Solution Technology Initial Cost Monthly Cost Communication Limitations

Vyncs OBD-II tracker with DTC
reader $146 $22.00 Proprietary app

(internet)

Depends on data
coverage; manual
scheduling

Fleetio Fleet management cloud
software N/A $10.00 Proprietary app

(internet)

Limited automated
integration; requires
daily manual km update

Proposed
Prototype

Satellite telemetry-based
preventive alert system $78.84 $3.00 (SMS) SMS messaging Does not extract DTC

fault codes from ECU

4.2.1. Cost Structure and Scalability

The initial cost of $78.84 USD for the functional prototype represents the version built with
standard commercial components (Arduino Mega, independent GPS/GSM modules) acquired at
retail prices. A formal scalability analysis reveals significant optimization opportunities if the system
advances to a manufacturing phase:

• Series production (batches of 100 units): Bulk component acquisition enables an estimated
25–30% cost reduction, placing the base cost between $55.00 and $59.00 USD. Migration toward a
custom Printed Circuit Board (PCB) design would add approximately $15.00 USD per unit at this
volume, resulting in a final production cost of ∼$70.00–$74.00 USD per device.

• Industrial production (batches of 1,000+ units): Scaling production and integrating Surface
Mount Device (SMD) components directly into a System-on-Chip (SoC) design reduces manu-
facturing costs by 40–45%. The projected cost would drop to ∼$43.00–$47.00 USD per unit, also
achieving greater physical robustness and a significantly smaller installation size.

4.2.2. Return on Investment Analysis (ROI)

To evaluate the real impact on the user, an implementation scenario was considered with a
projected final price of $120.00 USD and a monthly operating cost of $3.00 USD (basic SMS plan). The
Total Cost of Ownership (TCO) during the first year would be $156.00 USD. In contrast, the commercial
Vyncs solution represents an annual TCO of $410.00 USD ($146.00 + $264.00), demonstrating that the
proposed prototype generates a 62% savings compared to international alternatives.
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Furthermore, studies show that lack of management and corrective maintenance exceeds the costs
of preventive maintenance by 60% [4]. For a light vehicle with average annual preventive expenditure
of $800.00 USD, omitting service intervals would raise the cost to ∼$1,280.00 USD annually due to
mechanical failures. Implementation of this system ensures preventive compliance, generating a net
annual savings of ∼$480.00 USD. Under this metric, the payback period for the end user is reached in
just 3 to 4 months of operation.

Considering that 75% of the Ecuadorian vehicle fleet exceeds 6 years of age and lacks native
telematics systems [2], this solution demonstrates not only economic viability, but structural relevance
for mitigating the high operating costs of the sector.

4.3. Impact on Maintenance Management

Beyond economic viability, the experimental results allow direct quantification of the extent to
which the system optimizes preventive maintenance management. First, the pre/post intervention
design declared in Section 2.1 establishes the reference comparison: before system implementation, the
vehicle lacked any automated alert mechanism and depended exclusively on manual methods subject
to the “forgetfulness factor” [3]; after implementation, the system notifies with 100% effectiveness
(N = 20, FN = 0), technically eliminating this factor as a cause of non-compliance with maintenance
intervals. Second, the systematic 2.5% positive bias introduces a quantifiable anticipation margin:
projected over a typical 5,000 km cycle, the system generates the alert at approximately 4,875 real km,
anticipating the critical threshold by 125 km and reducing to zero the risk of interval overshoot if the
driver responds to the notification. This behavior is consistent with what has been documented in
automatic alert systems for machinery, where alert automation has been shown to improve adherence
to maintenance schedules and reduce unplanned downtime [11]. Together, these two indicators—100%
notification effectiveness and deterministic 125 km anticipation per cycle—constitute quantitative
evidence of compliance with the preventive maintenance optimization objective set out in this study.

4.4. Technical Comparison Against On-Board Diagnostic Systems (OBD-II)

While recent literature proposes OBD-II-based monitoring solutions and cloud platforms for fleet
management [7], this project opted for an independent hardware architecture. To objectively evaluate
the differences between both solutions, a technical comparative analysis was developed (Table 6),
contrasting the capabilities of the OBD-II standard against the proposed satellite system.

Table 6. OBD-II Comparative Analysis.

Technical Parameter Commercial OBD-II Standard Proposed Prototype (GPS/GSM)

Odometry source Direct (ECU and wheel sensor readings) Indirect (satellite odometry via
Haversine formula)

Engine diagnostics Yes (DTC fault code extraction) No (ignition state detection by voltage
only)

Intrusion level High (physical connection to
CAN/K-Line data bus) None (total isolation from data bus)

Universality Limited (depends on manufacturer
protocol and year)

High (works in any vehicle with 12 V
electrical system)

Energy consumption Risk of parasitic drain when scanner left
connected

Controlled (LM2596S regulator and
automatic standby)

In the Ecuadorian context, where 75% of the vehicle fleet exceeds 6 years of age and 60% has
more than 11 years of use [2], relying on the OBD-II port drastically limits compatibility. Vehicles of
these generations often present worn diagnostic ports, closed manufacturer communication protocols,
or incompatibilities with generic scanners (ELM327). Furthermore, keeping a device permanently
connected to the OBD-II port can generate parasitic consumption that drains the battery.
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By not depending on the on-board computer (ECU) or the OBD-II standard, the proposed system
offers installation universality that commercial solutions dependent on the CAN network do not pos-
sess [9]. The decision to use an isolated system guarantees that there will be no electronic interference
with the vehicle’s critical systems, prioritizing accessibility and universal compatibility to mitigate the
“forgetfulness factor” in maintenance management.

4.5. Study Limitations

While overall accuracy was satisfactory, greater error dispersion was observed on dense urban
routes (2.88%) compared to peripheral routes (1.48%). This is consistent with findings reported by
Hussain et al. [7] regarding the challenges of the “urban canyon” effect in IoT systems. Future iterations
could benefit from more aggressive Kalman filtering algorithms to smooth readings in stop-and-go
traffic situations.

Finally, it is pertinent to note that direct quantification of the behavioral impact of the system—
such as the percentage reduction in mileage overshoot measured over a sample of real drivers over
several months—would require a longitudinal study with a control group beyond the scope of this
work. The quasi-experimental design adopted is appropriate for technical prototype validation, which
constitutes the necessary precondition prior to any large-scale deployment. Evaluation of the impact
on user maintenance behavior constitutes a natural line of future research.

5. Conclusions
An integrated preventive maintenance management and alert system based on an open archi-

tecture was successfully developed and implemented, incorporating positioning and mobile com-
munication modules, which enabled improvement of vehicular maintenance management through
quantifiable indicators. Experimental validation evidenced distance measurement accuracy with a
mean error of 3.98%, sufficient to guarantee the reliability of established alert thresholds, as well as
100% effectiveness in SMS notification sending during tests conducted, technically eliminating the
omission of maintenance intervals due to user forgetfulness. Additionally, an anticipation margin of ap-
proximately 2.5% relative to the 5,000 km reference maintenance interval was obtained, which reduces
the risk of exceeding critical service limits and favors timely planning of interventions. The average
latency of 4.13 seconds confirmed the system’s real-time operation capability. Together, these results
constitute objective evidence of more timely, controlled, and predictable preventive maintenance
management, fulfilling the optimization objective set out in this research.

The study concludes that the proposed technology is a viable solution to bridge the technological
gap in the Ecuadorian vehicle fleet, whose average age exceeds 16 years. By not depending on the
on-board computer (ECU) or the OBD-II standard, the system offers installation universality that
commercial solutions do not possess. This enables the democratization of access to vehicular safety,
transforming old analog vehicles into connected assets capable of preventing catastrophic failures.

Validation of SMS messaging as the exclusive alert channel confirmed its economic sustainability.
With reduced operating costs (75–85% savings), the system is accessible to the average user and small
transportation fleets, aligning with the need to reduce the high costs associated with unplanned
corrective maintenance.

Future lines of work identified include the integration of OBD-II reading modules for compatible
vehicles, allowing crossing of mileage data with engine diagnostic variables (temperature, RPM).
Additionally, development of a complementary mobile application capable of reading the history
stored on the MicroSD card via Bluetooth is suggested, offering the user a graphical visualization of
their driving habits and vehicle health over time.

Appendix A. Complete Circuit Diagram
The circuit design was performed using Fritzing software, enabling pre-simulation of the system

before physical implementation. Figure A1 presents the complete system schematic, showing connec-
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tions between the Arduino Mega 2560 microcontroller and peripheral modules (GPS, GSM, MicroSD,
and voltage sensor).

Figure A1. Complete schematic diagram of the preventive maintenance management system simulated in Fritzing.
Parts: 1 (12V vehicle battery), 2 and 3 (voltage converter), 4 (Arduino Mega), 5 (GPS module), 6 (GSM module), 7
(MOSFET), 8 (resistor), 9 (MicroSD module), 10 and 11 (resistors).

Table A1. System Connections.

Component Component Pin Destination Device Destination Pin

GPS Module GND Arduino Mega GND
GPS Module VCC Voltage conv. #3 OUT+
GPS Module TX Arduino Mega RX(19)
GPS Module RX Arduino Mega TX(18)
GSM Module GND Arduino Mega GND
GSM Module VCC Voltage conv. #3 OUT+
GSM Module RX Arduino Mega TX2(16)
GSM Module TX Arduino Mega RX2(17)
GSM Module PWRKEY MOSFET Drain
MicroSD Module CS Arduino Mega 53
MicroSD Module MOSI Arduino Mega 51
MicroSD Module MISO Arduino Mega 50
MicroSD Module SCK Arduino Mega 52
MicroSD Module VCC Voltage conv. OUT+
MicroSD Module GND Arduino Mega GND
MOSFET Gate Arduino Mega 7
MOSFET Source Arduino Mega GND

Appendix B. Component List and Technical Specifications
Component selection was made considering criteria of commercial availability, voltage compati-

bility, energy consumption, and operational reliability. Table A2 details all electronic components used
in the prototype, including model, relevant technical specifications, and quantity used.
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Table A2. Electronic Components of the System.

N° Component Qty. Unit Cost (USD) Subtotal (USD)

1 Arduino Mega 2560 1 $25.00 $25.00
2 Jumper cables 40 $0.05 $2.00
3 GPS antenna 1 $10.25 $10.25
4 Protoboard 1 $1.91 $1.91
5 Ring terminals 2 $0.15 $0.30
6 DC connectors 2 $0.45 $0.90
7 AWG cable 1 $4.00 $4.00
8 Resistors 3 $0.05 $0.15
9 LM2596S voltage converter module 2 $2.50 $5.00
10 GSM Module A7670SA 1 $10.17 $10.17
11 GPS Module Ublox Neo 6M 1 $5.95 $5.95
12 MicroSD module 1 $1.81 $1.81
13 MicroSD 64 GB 1 $6.90 $6.90
14 Enclosure 1 $3.00 $3.00
15 MOSFET irf540N 1 $1.50 $1.50

TOTAL $78.84

Appendix C. Physical Prototype Assembly

Figure A2. Physical assembly of the implemented prototype.
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Figure A3. Field route test of the prototype.

Figure A4. Battery connection.
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Figure A5. Connector output to the vehicle cabin.

Appendix D. General Code Structure
This appendix presents the complete and final source code of the firmware implemented in the

Arduino Mega 2560 microcontroller. The system has been programmed with a dynamic architecture
that includes a state machine for interactive configuration via SMS messages. This allows the user
to select their vehicle from a pre-loaded database (DATA.CSV) and automatically manage multiple
maintenance intervals without requiring physical hardware reprogramming.

1 // 1. GLOBAL VARIABLES AND DYNAMIC STRUCTURES
2 float batteryVoltage = 0.0;
3 bool engineOn = false , isConfigured = false;
4 unsigned long totalOdometer = 0;
5 const int NUM_MAINT = 6;
6 String maintNames[NUM_MAINT ];
7 unsigned long maintIntervals[NUM_MAINT], maintCounters[NUM_MAINT ];
8 // State machine for interactive configuration
9 enum SetupState {

10 ST_IDLE , ST_WAIT_MODEL_INDEX , ST_WAIT_ODO , ST_WAIT_HISTORY
11 };
12 SetupState setupState = ST_IDLE;
13

14 // 2. VIRTUAL IGNITION AND SATELLITE ODOMETRY
15 void readVoltage () {
16 batteryVoltage = (analogRead(PIN_VOLT) * 5.0 / 1023.0) * 5.7;
17 engineOn = (batteryVoltage > 13.8);
18 }
19 /* Main loop: urban noise filter and accumulation
20 if (gps.speed.kmph() > 3.0 && distMeters > 5.0) {
21 totalOdometer += distMeters;
22 for (int i = 0; i < NUM_MAINT; i++)
23 maintCounters[i] += distMeters;
24 } */
25

26 // 3. STATE MACHINE FOR SMS CONFIGURATION
27 void processIncomingSMS(String sender , String text) {
28 if (! isConfigured) {
29 switch(setupState) {
30 case ST_IDLE:
31 sendModelListSMS ();
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32 setupState = ST_WAIT_MODEL_INDEX; break;
33 case ST_WAIT_MODEL_INDEX:
34 /* Extracted model selection logic ... */
35 setupState = ST_WAIT_ODO; break;
36 case ST_WAIT_ODO:
37 totalOdometer = text.toInt () * 1000UL;
38 setupState = ST_WAIT_HISTORY; break;
39 case ST_WAIT_HISTORY:
40 maintCounters[setupMaintIndex ++] = text.toInt () * 1000UL;
41 if (setupMaintIndex >= NUM_MAINT) {
42 isConfigured = true;
43 saveConfig ();
44 }
45 break;
46 }
47 }
48 }
49

50 // 4. ALERT ENGINE AND PERSISTENCE (MicroSD)
51 /* Periodic check routine (executed in loop)
52 for (int i = 0; i < NUM_MAINT; i++) {
53 long remKm = (maintIntervals[i]-maintCounters[i]) /1000;
54 if (remKm <=50 && remKm >10)
55 sendSMS (" ALERT: "+ maintNames[i]+" in 50 km.");
56 else if (remKm <=10 && remKm >0)
57 sendSMS (" URGENT: "+ maintNames[i]+" in 10 km.");
58 else if (remKm <=0)
59 sendSMS (" OVERDUE: "+ maintNames[i]+".");
60 } */
61 void saveConfig () {
62 File file = SD.open("CONFIG.TXT", FILE_WRITE);
63 // Persists: phone , vehicle , odometer , maintenance counters
64 file.close();
65 }

Appendix E. Experimental Data Obtained

Table A3. Summary of Statistical Performance Indicators and Error by Test Scenario.

Test Scenario N Mean Error (Bias)
[km]

Std. Dev. (σ) [km] RMSE [km] MAPE [%]

Route A (Urban) 5 +0.710 0.035 0.711 6.45%
Route B (Peripheral) 5 +0.854 0.024 0.854 2.08%
Route C (Interurban) 11 +1.088 0.016 1.088 3.40%

Global Average 21 +0.942 0.166 0.956 3.98%

Table A4. Detailed Log of Alert Transmission Latency Times (N = 20).

Test # Latency (s) Test # Latency (s)
1 4.67 11 3.94
2 4.19 12 3.94
3 4.78 13 4.47
4 5.00 14 3.00
5 4.12 15 3.00
6 4.12 16 3.87
7 5.00 17 3.53
8 4.87 18 4.53
9 3.94 19 3.61

10 4.70 20 3.23
Mean = 4.13 s; Std. Dev. = 0.63 s; Max = 5.00 s
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Shapiro-Wilk Normality Tests and Paired t-Tests:

Figure A6. Shapiro-Wilk normality test — Route A (p > 0.100).

Figure A7. Shapiro-Wilk normality test — Route B (p > 0.100).

Figure A8. Shapiro-Wilk normality test — Route C (p > 0.100).
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Paired Student’s t-Test

H0: mean diff. = 0
H1: mean diff. ̸= 0

T value p value
44.90 0.000

Figure A9. Paired t-test – Route A.

H0: mean diff. = 0
H1: mean diff. ̸= 0

T value p value
79.29 0.000

Figure A10. Paired t-test – Route B.

H0: mean diff. = 0
H1: mean diff. ̸= 0

T value p value
225.41 0.000

Figure A11. Paired t-test – Route C.
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