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This paper presents a preliminary methodology for identifying and localizing anomalous heat sources on 2D
surfaces in electronic systems using sparse sensor networks. As power densities in modern electronics continue
to rise, effective thermal monitoring has become essential for preventing failures and ensuring long-term reliability.
However, dense sensor deployment is often impractical due to cost constraints and spatial limitations. The proposed
approach leverages heat-diffusion physics to predict the expected response of the sensor network to anomalies
occurring at predetermined locations of interest. In this way, the computationally intensive simulation stage is
decoupled from the real-time identification process, substantially reducing the monitoring system’s computational
burden. Experimental validation shows that, even with a 50-fold reduction in sensor count (a 98% decrease),
the worst-case localization error increases only by a factor of 25. By enabling more cost-effective monitoring
network deployments, the methodology supports the acquisition of detailed information about component operating
conditions without interfering with primary system functions.
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1. Introduction

The power density of electronic systems has in-

creased significantly in recent years, as illustrated

in Fig. 1, and despite growing questions about

Moore’s Law as demonstrated by Kish (2002), it

is expected to continue improving, as described

by Theis and Wong (2017). Recent years have

witnessed the widespread adoption of electrical

systems even in applications not traditionally per-

formed by electrical systems. Examples of such

sectors include the extensive diffusion of electric

vehicles in the automotive industry (as shown

by Rajashekara (2013) and Fluchs (2020)) and

the adoption of the more-electric philosophy in

the aerospace sector (as shown by Buticchi et al.

(2022)). Applications in these emerging sectors,

while made possible by the newly achievable

power densities, present numerous challenges in

terms of component safety and reliability.

A consequence of the high power densities

employed is the natural increase in temperatures

Fig. 1. Evolution of power density over time. Data
from Saito (2023).
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Fig. 2. Evolution of Mean Time To Failure as a func-
tion of temperature, as illustrated by Lakshminarayanan
and Sriraam (2014).

that can be generated during operation. Monitor-

ing and controlling these temperatures is critical

in such systems, particularly because, as high-

lighted by Lakshminarayanan and Sriraam (2014)

and shown in Fig. 2, many failure mechanisms

in electrical systems are temperature-dependent,

and consequently their operational lifetime is also

affected.

Thermal monitoring of individual components

therefore becomes important to ensure adequate

operational lifetime. Unfortunately, individually

monitoring every component installed in an elec-

tronic system or on a printed circuit board

(PCB) is complex. Embedded temperature sens-

ing within electrical components is achievable as

demonstrated by Meijer et al. (2018), however,

this integration approach is technically complex

and not readily accessible, particularly for post-

deployment diagnostic applications. In this con-

text, deploying a limited sensor network capable

of identifying anomalous hot spots represents a

useful tool. During operation, it enables adapta-

tion of operating conditions in response to lo-

calized thermal peaks. During fault identification

phases, it facilitates the detection of potential short

circuits. Furthermore, using a limited number of

sensors minimizes system impact, allowing dedi-

cated sensors as depicted by Kalker et al. (2021) to

be reserved for only the most critical components

while maintaining a general overview of system

behavior.

2. Algorithm Description

Given the difficulty often associated with im-

plementing sufficiently dense sensor networks,

knowledge of the system’s response to a partic-

ular phenomenon of interest within the domain

under analysis enables the acquisition of addi-

tional information about the system behavior. In

this context, the predominantly two-dimensional

nature of PCBs facilitates the analysis of temper-

ature diffusion across the entire PCB, as diffu-

sion through the thickness is limited both by the

material properties (typically fiberglass) and by

the small thickness (typically less than 1.6 mm).

In order to validate the proposed algorithm, and

given the complexity associated with designing

a dedicated PCB, a square homogeneous domain

was chosen as the test sample. Although this con-

figuration constitutes a simplification with respect

to the complex trace topology of real circuits, it

offers a reasonable approximation of PCBs featur-

ing large copper fill regions.

With the analysis domain fully characterized,

the system response to a thermal perturbation

induced by abnormal component overheating is

governed by the heat diffusion equation. Assum-

ing a unit increase at the thermal source, the equa-

tion becomes:

T (r, t) =
1

4παt
e−

r2

4αt (1)

where T denotes the temperature measured by

the sensor, α represents the thermal diffusivity

coefficient, r is the radial distance between the

heat source and the sensor location, and t is the

time elapsed between the onset of the temperature

variation and the measurement acquisition. From

this equation, it is possible to determine the pre-

cise response at each sensor, provided a waiting

time is allowed for thermal perturbation diffusion.

The selection of this temporal parameter, however,

depends critically on both the dimensions of the

surface under monitoring and the target spatial

resolution. For constant spatial dimensions, ex-

tended waiting periods enable enhanced spatial

resolution, whereas for constant waiting times,

reduced spatial dimensions yield improved reso-

lution.
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Given the significant configurational degrees

of freedom in the system under analysis, a sen-

sor placement strategy was adopted whereby sen-

sors are located at the centers of five identical

circles that are mutually tangent and tangent to

the domain boundary (see Fig. 4). This geomet-

ric arrangement minimizes the maximum source-

to-sensor distance, enhancing thermal response

characteristics, while maintaining unobstructed

perimeter regions (typically allocated for connec-

tor placement) and contiguous areas for mounting

components with larger footprints. Regarding the

placement of heat sources representing individual

components, in the absence of specific constraints,

they were positioned at the nodes of a 16 × 16

grid. Each individual node therefore represents the

source of the disturbance that induces the temper-

ature variation measured by the previously posi-

tioned sensors. By simulating sensor readings for

every grid position, a response matrix is obtained

that characterizes the measurement network be-

havior for each individual ”component” location.

To facilitate direct comparison between simulated

and experimentally measured results during sys-

tem operation, the sensor temperatures obtained

from each simulation were normalized. During

the monitoring phase, the system calculates the

discrepancy between the normalized temperature

values measured by the sensors and those pre-

dicted by the simulations. The simulation yield-

ing the minimum error identifies the component

responsible for the thermal anomaly.

3. Experimental Assessment

To verify the adopted algorithms, a setup was

developed in which the position of the heat source

could be easily modified while keeping the sensor

network unchanged. For the positioning of the

heat source, 25 points distributed throughout the

test field were selected.

3.1. Experimental setup

The overall architecture of the setup is comprised

of three sections: the temperature monitoring sys-

tem, the heat source control unit, and the test

domain.

The temperature monitoring segment consists

of a network of 5 temperature sensors positioned

at the centers of circles that are simultaneously

tangent to each other and to the edges of the

test domain, together with their respective data

acquisition and signal conditioning equipment.

The validation domain consists of a 50 mm ×
50 mm × 2 mm square aluminum alloy plate. In

order to limit disturbances caused by unknown

external thermal sources, an insulating thermal en-

closure was constructed to contain the plate during

testing. The external housing also facilitates heat

source positioning and provides mounting support

for the heating element.

The heat source segment comprises a heating

cartridge controlled via open-loop Pulse Width

Modulation (PWM) to achieve maximum temper-

ature stability. The inclusion of a Power Control

Board allows both adjustable temperature control

and the capability to power multiple heating car-

tridges.

Before proceeding with the experimental cam-

paign, an analysis was necessary to determine the

Fig. 3. Overall architecture of the experimental setup,
illustrating the anomalous heat source segment and the
measurement network.
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Fig. 4. Uncertainty-prone locations of the cells.

most appropriate waiting time for the experimen-

tal setup. Given the reasonable dimensions of the

test sample and the limited temperature variations

inducible by the heating elements, the waiting

time was varied over a range from 5 s to 500 s.

Based on analysis of the responses, a compromise

value of 117 s was adopted to balance resolution

and responsiveness.

3.2. Experimental campaign

For the algorithm verification, 25 points were se-

lected to test the algorithm’s performance under

both ideal conditions (with the heat source po-

sitioned exactly at a grid node) and off-nominal

conditions. Specifically, the point distribution was

organized as follows:

• 20 measurement points randomly distributed

within the domain to be uniformly spaced from

the sensors.

• 4 measurement points positioned at the loca-

tions of the cells subject to the highest uncer-

tainty (defined by the grid nodes; see Fig. 4).

• 1 measurement point positioned exactly at a

sensor location.

As temperature control is implemented through

open-loop PWM, various tests were carried out

to determine optimal duty cycle values. Based

on this preliminary analysis, a 55% duty cycle

was chosen as a compromise between maintaining

the thermal limits of the insulation materials and

ensuring the sensor network’s sensitivity to the

induced temperature variations.

Finally, with respect to test duration, 25 minutes

was selected to ensure adequate thermal diffusion

that could be perceived even by the sensors most

distant from the heat source.

4. Results Analysis

To evaluate the ability to correctly identify the

heat source position, the algorithm was executed

using the data obtained from the selected measure-

ment points as input.

For the different points analyzed, the position

error between the algorithm-estimated value and

the actual value was calculated as a percentage

with respect to the characteristic dimension of the

validation domain, which in this case is the plate

side length. Additionally, to evaluate effectiveness

compared to direct sensor placement near the heat

source, the error ratio at different measurement

points relative to this reference condition was cal-

culated. The results of this analysis are presented

in Table 1.

Observation of Table 1 reveals a mean error

of 24.43%. Analysis of the percentage error as

a function of measurement point position shows

that the highest errors occur at points located near

the test sample boundaries. Given the geometry of

the thermal enclosure, these zones are suscepti-

ble to minor thermal exchange with the external

environment. These errors are therefore partially

explained by the inherent characteristics of the

experimental setup utilized for validation.

To evaluate not only the algorithm’s ability

to correctly identify the source location but also

the stability of the estimated values, the extent

of the area identified as a ”region of interest”

was assessed. This region is defined as the area

Fig. 5. Arrangement of sensors (green squares) and
measurement points (red circles) with their respective
identification numbers.
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Table 1. Heat source localization performance

across different measurement points.

Measurement Error Relative Error
Point (%)

1 50.01 23
2 7.82 4
3 20.08 9
4 34.10 16
5 13.74 6
6 37.43 17
7 16.94 8
8 15.28 7
9 12.89 6
10 20.49 10
11 24.76 12
12 25.66 12
13 34.06 16
14 3.54 2
15 39.02 18
16 46.08 21
17 26.43 12
18 40.60 19
19 46.11 21
20 2.15 1
21 16.53 8
22 19.75 9
23 10.82 5
24 19.04 9
25 26.42 12

Note: The error is calculated as a percentage of the
characteristic dimension of the test sample.

Note: The relative error is calculated with respect to the
optimal positioning scenario, in which the heat source
is located exactly at the sensor position, as represented
by measurement point 20.

exhibiting less than 10% error between model-

predicted and measured values. The results of this

evaluation are presented in Table 2.

As can be observed in Table 2, the mean value

is 12.31%. This demonstrates that even in the

absence of precise point identification, the area re-

quiring inspection by alternative methods is con-

siderably reduced. Furthermore, this estimate does

not account for non-contiguous low-error regions,

which likely represent outliers that can be easily

removed, thereby further improving the resolu-

tion.

Table 2. Area in which points exhibit an

error between the model-estimated and mea-

sured temperature distribution on the sensors

of less than 10%.

Measurement Point Relative Area (%)

1 3.24
2 2.73
3 8.15
4 19.36
5 9.54
6 2.84
7 9.32
8 17.30
9 17.80
10 7.81
11 9.21
12 16.01
13 20.37
14 7.59
15 20.14
16 1.73
17 20.14
18 16.74
19 4.24
20 21.31
21 2.73
22 21.20
23 20.65
24 8.15
25 19.36

Note: The relative area is calculated with respect to
the total area of the test sample.

5. Conclusions

The experimental validation demonstrates that al-

though reduction in sensor number leads to degra-

dation in heat source localization capability, the

incorporation of simulated test sample behavior

effectively mitigates these effects. In the present

case, an 11-fold reduction (with a maximum of

25-fold in the worst case) in localization accuracy

was observed compared to the ideal configura-

tion with sensors directly positioned at compo-

nent locations, however this was achieved with a

substantially reduced sensor count. Specifically, a

sensor-to-component ratio of 5/256 was obtained,

corresponding to a 98% reduction in installed

sensor quantity. Moreover, the decoupling of the
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response simulation phase from the identification

phase permits optimal execution of each stage in-

dependently. The computationally intensive sim-

ulation phase can be executed asynchronously

relative to the identification phase, which, being

computationally lighter, could potentially be im-

plemented directly on the component hardware.

The proposed methodology constitutes a prac-

tical strategy for augmenting the spatial resolu-

tion of sparse sensor networks, thereby mitigating

installation complexity and implementation bur-

den. Furthermore, the synergistic combination of

a minimally invasive distributed sensor network

with dedicated sensors co-located with mission-

critical components enables comprehensive ther-

mal monitoring encompassing both high-priority

elements and components typically omitted from

conventional monitoring schemes.
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