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Abstract

This study evaluates the feasibility of using two affordable thermal cameras (UNL-T
UTi260M and UTi260T), which are not designed as automotive sensors, for observing
pedestrians and warm objects during night-time driving under low-illumination conditions.
The experimental setup includes mounting the camera on the vehicle body (e.g., side mirror
area/roof), recording road scenes in urban and rural environments, and selecting represen-
tative frames for qualitative and quantitative analysis. The study assesses: (i) observable
pedestrian detectability in unlit road sections and under oncoming headlight glare, where
visible cameras often lose contrast; (ii) the influence of low ambient temperature and strong
cold wind on image appearance (including “whitening” /contrast shifts); and (iii) workflow
differences, where UTi260M relies on a smartphone application for streaming/recording,
while UTi260T supports PC-based image analysis and temperature-profile visualization. In
addition, a calibration-based geometric method is proposed for approximate pedestrian
distance estimation from single frames using silhouette pixel height and a regression model
based on 1/hyy, valid for a specific mounting configuration and a known subject height.
Results indicate that both cameras can highlight warm objects relative to the background
and support visual pedestrian identification at low illumination, including in the pres-
ence of oncoming headlights, with UTi260M showing more stable behavior in parts of the
tests. This work is a feasibility study and does not claim Advanced Driver Assist Systems
(ADAS) functionality; it outlines limitations, repeatability considerations, and a minimal
set of metrics and procedures for future extension. All quantitative indicators derived
from exported frames are explicitly treated as image-level proxy metrics, not as physical
sensor characteristics.

Keywords: thermal imaging; night-time road monitoring; pedestrian detectability; long-
wave infrared; consumer thermal cameras; glare; proxy image metrics; distance estimation

1. Introduction

Road traffic safety during the dark part of the day remains a persistent challenge,
largely driven by limited scene illumination, headlight glare, and reduced conspicuity of
vulnerable road users such as pedestrians and cyclists. Conventional forward-looking
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visible-spectrum cameras strongly depend on ambient illumination and scene contrast.
In unlit or poorly lit road sections—common not only in rural areas but also in periph-
eral urban streets—camera-based perception may degrade substantially, especially when
dynamic-range limitations and flare reduce effective contrast in the region of interest [1,2].

Thermal infrared (IR) imaging provides a different sensing cue: it captures emitted
radiation related to surface temperature and emissivity rather than reflected visible light.
Consequently, thermal imaging can remain informative under low illumination and can
be less sensitive to visible headlight glare, since it does not rely on the visible-light in-
tensity distribution [3]. Glare is also a safety-relevant factor because it can reduce visual
performance and cause temporary visual impairment/discomfort [4-7].

In parallel with automotive-grade solutions, the market offers low-cost handheld
thermal cameras intended primarily for industrial inspection, building diagnostics, and
maintenance. Although such devices are not designed as automotive perception sensors,
their affordability and accessibility motivate a feasibility-level investigation: can consumer-
grade thermal cameras support meaningful detectability of pedestrians/vehicles in unlit
road segments, including challenging scenarios with oncoming headlight glare? If feasible,
such a setup could serve as a low-cost research platform and a proof-of-concept for night-
time situational awareness, especially for educational and experimental purposes.

Prior work has discussed thermal and night-vision approaches for pedestrian
detection [8], as well as thermal-camera use cases and limitations for transportation safety
and road-user protection [3]. The broader context includes comparisons of thermal and
regular cameras across lighting and visibility conditions and the need for “around-the-
clock” video-based sensing [9,10], along with advances in computer vision methods mostly
developed for regular RGB video [11-13]. However, it remains non-trivial to assess what
can be achieved using consumer handheld cameras that apply internal automatic gain
control (AGC), palette mapping, compression, and overlays.

This study evaluates feasibility of using two consumer thermal cameras (UTi260M and
UTi260T) in a road environment. The focus is pedestrian detectability in unlit or poorly lit
urban and rural road sections, robustness under oncoming headlight glare, stability under
cold ambient conditions, and practical workflow differences between smartphone-based
acquisition (UTi260M) and PC-oriented post-processing (UTi260T).

The main contributions are as follows: feasibility evaluation of two consumer LWIR
thermal cameras in night-time road scenarios (urban and rural, lit and unlit); qualitative
evidence of pedestrian and vehicle detectability under low illumination and in the presence
of oncoming headlights; workflow-oriented comparison between UTi260M (smartphone
streaming/recording) and UTi260T (PC analysis tools); and a simple calibration-based
method to approximate pedestrian distance from single frames using pixel-height measure-
ments, explicitly stated as mounting-specific.

1.1. Visible and Thermal Imaging

Visible-spectrum sensing covers the range to which the human eye is sensitive (pho-
topic vision in daylight and scotopic vision at low-light levels). Under night-time conditions,
visible cameras can suffer from low signal, high dynamic range, saturation from strong local
light sources, and glare. Infrared radiation lies beyond the visible band. For practical sens-
ing, mid-wave IR (mid-wave infrared (MWIR), ~3-5 ym) and long-wave IR (Long—wave
infrared (LWIR), ~8-14 ym) are commonly considered. LWIR is particularly relevant for
passive thermal imaging of objects near ambient temperatures because it captures emitted
thermal radiation without requiring external illumination [14-16].
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1.2. Thermal Vision Systems

Thermal imaging systems generate images based on thermal radiation. Uncooled
microbolometer sensors have become widely used due to reduced cost and compactness.
In road scenes at night, pedestrians and vehicles often present measurable thermal contrast
due to body heat and warmed surfaces (e.g., engine and exhaust areas), supporting de-
tectability in unlit road sections [3,8]. Thermal imaging is also considered relatively robust
against some visual limitations (e.g., low illumination and visible glare), and is frequently
discussed as a complementary modality in automotive applications [17,18]. The approach
can be further optimized, as discussed in related experimental and system integration
studies [19,20].

At the same time, it is important to distinguish automotive-grade sensors from con-
sumer handheld devices. Consumer devices often apply internal AGC, palette mapping,
and overlays that affect the final exported image. Therefore, when such cameras are used
in road experiments, quantitative metrics computed from screenshots/JPG/PNG must
be interpreted as image-level proxy measures, not as physical sensor noise parameters or
lab-measured NETD.

Unlike automotive-grade night-vision systems, research deliberately focuses on con-
sumer handheld thermal devices and evaluates what level of pedestrian detectability and
geometric reasoning as feasible under real road conditions.

2. Materials and Methods
2.1. Aim and Research Questions

The aim is to evaluate whether affordable (consumer-grade) thermal cameras can sup-
port night-time road-scene monitoring, including: (i) detectability and/or visual separation
of pedestrians under low illumination; (ii) behavior under oncoming headlights (glare),
where visible cameras often lose usable contrast; (iii) stability of thermal visualization
at low temperatures and adverse conditions (strong cold wind); and (iv) practical-use
differences between UTi260M and UTi260T (UNI-T, Plovdiv, Bulgaria).

2.2. Equipment Used, Data Acquisition and Processing Workflow

Technical differentiation between UTi260M and UTi260T. Although both devices
employ a 256*192 pixels uncooled VOx microbolometer sensor with comparable thermal
sensitivity (<50 mK) and identical spectral range (8-14 um), their data acquisition and
analysis architectures differ substantially.

UTi260M is a smartphone-integrated thermal module that stores images directly on
the mobile device in JPG format and provides temperature readout via on-screen spot/area
tools. However, it does not provide radiometric raw data export. Therefore, quantitative
analysis relies on display-level frame extraction.

UTi260T, in contrast, supports both WiFi-based mobile transmission and USB-based
PC analysis software (UNI-T v 2.3.15). The device allows structured on-screen analysis
(multiple points, lines, and regions), gallery-based export, and PC-assisted visualization.
This makes UTi260T more suitable for controlled post-processing and documentation.

The comparison of these two devices therefore does not aim to compare sensor perfor-
mance per se, but rather to evaluate how different consumer-grade acquisition workflows
influence feasibility for night-time road monitoring.

Although Tables 1 and 2 show similar core thermal specifications (sensor resolution,
spectral range, and sensitivity), the devices differ in acquisition architecture and data-
handling workflow. UTi260M is designed as a smartphone-integrated module with display-
level JPG storage and mobile-app temperature readout. UTi2607T, in contrast, supports WiFi-
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based transmission, USB communication, and structured PC analysis software, enabling
more controlled post-processing and documentation.

Table 1. UTi260M thermal imager specifications.

Sensor Uncooled Vanadium Oxide

Low temperature (—20-150 °C), high
temperature (0-550 °C) (auto switching)

Range switching

Modes Industrial, human body
Emissivity 0.95 (default) 0.01-1.00
IR resolution 256*192 (49,152)
Infrared spectral bandwidth 8-14 um
Thermal sensitivity <50 mK
Frame rate 25Hz

Table 2. UTi260T thermal imager specifications.

Sensor Uncooled Vanadium Oxide
Temperature measurement range —20~150 °C, 100~550 °C (manual shift)
Infrared response band 8-14 pm
IR resolution 256*192 (49,152)

Infrared spectral bandwidth 8-14 pm

Thermal sensitivity/NEDT <50 mK
Frame rate 25Hz
Temperature measurement resolution 0.1°C

Therefore, the comparison in this study focuses not on intrinsic sensor performance
but on feasibility differences arising from distinct consumer-level data acquisition pipelines.

The two devices were selected due to their positioning in the consumer low-cost
segment. At the time of purchase, the approximate market prices were ~190 EUR for
UTi260M and ~330 EUR for UTi260T, which are substantially lower than automotive-grade
thermal imaging systems.

Both cameras offer a wide temperature measurement range (—20 °C to 550 °C),
256 x 192 LWIR resolution, and practical field deployability. The aim of this study is
not to evaluate certified automotive sensors, but to assess whether affordable consumer-
grade thermal cameras can provide meaningful night-time road-scene information under
real conditions.

During road tests, real-time monitoring was performed either through the smartphone
application (UTi260M and UTi260T hotspot mode) or directly on the UTi260T device display.
Subsequently, exported frames were processed on a Windows-based environment for region
of interest (ROI)-based statistical analysis.

No radiometric raw data export was available for UTi260M. Therefore, all quantitative
evaluation is based on display-level frame extraction.

2.3. Mounting Configuration and Observation Geometry

To reduce influence from vehicle heat sources, the cameras were mounted outside the
engine compartment and oriented toward the road lane and environment ahead.

UTi260T was mounted on the vehicle roof at approximately 1.7 m height in a horizontal
orientation to capture the road environment (Figure 1a, position 1).

https:/ /doi.org/10.3390/vehicles8030061


https://doi.org/10.3390/vehicles8030061

Vehicles 2026, 8, 61 5o0f 23

Figure 1. Camera mounting configuration and positions on the vehicle: (a) UTi260T (pos. 1) on roof;
UTi260M (pos. 2) near side mirror; (b) example mounting view; (¢) external mounting position of
the thermal camera on the windshield enabling forward road monitoring; (d) external mounting
configuration of the thermal camera on the vehicle body during night-time road experiments.

UTi260M was mounted near the side mirror at approximately ~1 m height (Figure 1a,
position 2).

In the reported tests, the practical observation range was approximately ~200 m for
high-contrast thermal targets, with a capture cone angle of approximately 56° (horizontal).
UTi260T transmitted images wirelessly to a smartphone (after obtaining a functional
application/connection), while UTi260M was connected to the smartphone through its
supported interface.

2.4. Functional Verification of the System

Before road measurements, correct image transmission and thermal response were ver-
ified using a controlled heat source inside the vehicle (e.g., Heating, Ventilation and Air Con-
ditioning (HVAC) outlet). This step confirmed stable streaming/recording and baseline ther-
mal responsiveness prior to analyzing road scenes. Figure 2 illustrates the functional veri-
fication procedure of the UTi260T wireless transmission workflow. Subfigures (a) and (b)
demonstrate the WiFi-based connection and live streaming of the external environment
to an Android device. Subfigures (c) and (d) confirm stable image acquisition during
scene alternation between the vehicle cabin and the external road environment. This proce-
dure ensured reliable data transmission, synchronization, and thermal response prior to
conducting night-time road experiments.
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(c) (d)

Figure 2. Functional verification of UTi260T wireless streaming and image acquisition workflow.
(a) Initial WiFi connection between UTi260T and Android mobile device; (b) external-environment
thermal capture during live wireless transmission; (c) in-cabin thermal capture confirming stable
streaming under low-light conditions; (d) subsequent external-environment acquisition to verify
switching between indoor and outdoor scenes without loss of signal or image stability.

2.5. Frame Preparation for Analysis

Recordings were collected in urban and rural environments under night-time con-
ditions. Representative frames were selected for analysis and assigned Case IDs. For
each case, metadata were recorded: camera (UTi260M /UTi260T), scenario (urban/rural;
lit/unlit; glare/no-glare), and notes on environmental conditions (cold wind; sky in frame).
The UTi260T provides two synchronized image modalities acquired during the same scene:
(i) a thermal image used for target-to-background temperature-contrast assessment, and
(ii) a conventional visible-light frame used for contextual interpretation (lane geometry,
surrounding objects, and lighting conditions). During post-processing, the manufacturer
software allows the two channels to be displayed separately (side-by-side) or inspected
sequentially, enabling direct qualitative comparison between thermal detectability and
visible-scene readability under identical conditions. In this study, the thermal channel was
used for detectability assessment (presence/absence of a warm target, contrast, and proxy
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noise/uniformity metrics), while the visible channel served as a reference to document
illumination conditions (e.g., glare from headlights, unlit road segments, and background
clutter) and to support figure annotation.

To minimize visual clutter, Ul overlays (e.g., brand/date stamps) were removed by
cropping where necessary, without altering the thermal palette or intensity values beyond
the exported image’s native representation.

2.6. Extraction of Temperature Information

When radiometric raw data are unavailable, temperature-related information can only
be extracted approximately from exported images. Where the interface provides numeric
markers (e.g., min/max/spot values), those values were used as reference. Otherwise, a
palette/legend mapping can be used to build an approximate color-temperature relation-
ship for the displayed image, with the understanding that the result is dependent on the
device’s AGC and palette settings.

2.7. Metrics for Thermal Image Quality and Detectability

Quantitative evaluation was performed using regions of interest (ROIs) over (i) an
object region (e.g., pedestrian torso or hottest vehicle area) and (ii) a homogeneous back-
ground region (e.g., asphalt/road surface).

For statistical analysis, a fixed rectangular region of interest (ROI) was manually
defined within a homogeneous road-background region of each frame. The (ROI) was kept
identical in pixel coordinates across consecutive frames to ensure comparability. Regions
containing vehicles, pedestrians, text overlays, and graphical elements were excluded to
avoid bias in the noise and uniformity estimation.

2.8. Proxy Thermal Image Quality Metrics Derived from 8-Bit Exported Frames

The following procedure provides image-level proxy indicators for noise and non-
uniformity computed from exported thermal frames (e.g., JPG/PNG/screenshot). The
method does not attempt to recover the sensor’s physical noise characteristics; instead,
it quantifies the stability and spatial consistency of the final displayed image, which is
influenced by internal AGC, palette mapping, compression, and overlays. The adopted
indicators follow common IR quality-analysis ideas (noise, uniformity, structured artifacts)
and are adapted for a feasibility dataset with non-radiometric exports [21-24].

All calculations were performed on 8-bit grayscale representations derived from
exported display images. Since UTi260M does not provide radiometric raw data export,
the analysis relies exclusively on display-level pixel intensity values digital numbers, (DN).

1.  Temperature mapping method (display-based, optional)

When radiometric raw data are unavailable, a pixel-wise temperature proxy can be
obtained from the displayed frame by: (i) extracting the color legend (scale bar), (ii) building
a color-temperature mapping from the legend, and (iii) applying nearest-neighbor color
matching to each pixel in the thermal region. This enables approximate quantitative
comparisons of thermal variations, while explicitly remaining dependent on the display
settings (palette, AGC, and min—-max scaling of the frame).

2. Spatial-noise estimation (local standard deviation)

Spatial noise is computed as the standard deviation within a local window centered
at pixel:

Tnoise (1, ]) = \/I\llzlzjl (Tk - T)zr 1)

where 07,0550 (1, j) is local spatial-noise estimate for the window centered at pixel (i, j);
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Ti—temperature of the k-th pixel inside a local analysis window. Index k enumerates
all pixels within the window, i.e, k=1,2,..., N.

T—local mean temperature computed over the same analysis window:

This metric quantifies local thermal fluctuations and is the primary indicator of sensor
stability in a single still frame.

The spatial-noise proxy ;s represents the standard deviation of grayscale intensity
values within the selected (ROI) and reflects spatial fluctuation of pixel intensities in
homogeneous background regions.

3.  Global noise level

A global noise proxy is defined as the mean of local noise values across the image (or
across the analyzed thermal region):
The global noise level is defined as the mean of all local noise values across the image:

1 .
Uglobal = Fryn7 2ij Tnoise (1, 1), (2)

where H is image height and W is image width.
4. Noise distribution (histogram)

A histogram of 0y,,;s, values is used to describe the distribution of local noise magni-
tudes. This helps identify whether the noise is approximately Gaussian, skewed, multi-
modal, or dominated by structured components (e.g., banding or fixed-pattern artifacts).

5. Vertical noise profile (row-wise)

Row-wise behavior is summarized by the mean local noise per row:

1
‘Trow(y) = szwzl Unoise(xr y)/ (©)

6. Horizontal noise profile (column-wise)

Similarly, the column-wise profile is

1
Ucol(x) = EZle Unoise(xr y)r (4)

7. Local noise variability (window size sensitivity)

Local noise is computed using small window sizes (e.g., 5 x 5 or 7 x 7). This exposes
variations between homogeneous regions (asphalt/background) and areas affected by
gradients, edges, interpolation, or compression artifacts.

8. Uniformity Index (UI)

To characterize frame-level uniformity in a simple way, the following index is used:

Uglobal

ur=1 , )

Tax — Tmin
where T4y is maximum temperature in the analyzed frame;
Tin is minimum temperature in the analyzed frame.
For display-level exported frames, the (UI) is used as a simple indicator of spatial
consistency within the ROI and should be interpreted as a proxy measure rather than a
physical sensor uniformity parameter.

9.  Fixed-pattern noise (FPN)
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Fixed-pattern artifacts are assessed through variability of row/column means
(banding-like structure). In the context of exported non-radiometric images, FPN is inter-
preted as a structured non-uniformity proxy that can originate from sensor non-uniformity
and/or the display pipeline (AGC/NUC mapping).

10. Estimated noise—equivalent temperature difference (NETD) (proxy)

(NETD) typically requires radiometric temporal measurements. When only single
exported frames are available, an approximate indicator may be defined from the global
spatial noise:

NETDest = X0¢lobals (6)

where « is a scaling factor dependent on the color-temperature mapping and display
scaling. In this work, NET D is reported only as a proxy and is not interpreted as a
sensor specification.

11. Signal-to-noise ratio (SNR)

For detectability assessment, SNR is defined as

SNR= 1, )
Oglobal

where T is the mean value of the selected object-related signal (or object ROI) and Uglobal 18
the global noise proxy.

2.9. Distance-to-Pedestrian Estimation from a Single Frame (Monocular, Height-Based)

A simple monocular distance-estimation approach is considered for feasibility analysis
using a known subject height. The inputs are: real subject height H, m measured subject
pixel height h,, (px) for each frame; and frame dimensions Wiy,g, Himg, (pX).

For calibration, the real distance D from the camera to the person is measured in the
field, together with the person’s height H. For each calibration frame, the subject pixel
hyx is extracted (e.g., from a bounding box). A convenient normalized ratio is r = hpyx/ Ny,
where N, is the vertical resolution of the frame in pixels.

The approach uses the following relationships.

Calibration from real measurements (deriving an effective pixel focal length):

hyxD
fpx(H, D) — pT/ 8)

where D is the distance from the camera to the person/object (m);

—hypy is the measured object height in pixels;

—H is the real height of the person/object (m);

—fpx(H, D) 1s the effective focal length expressed in pixels.

The distance model must first be calibrated using initial pairs (H, D) and the corre-
sponding measured /i,;. Once calibrated for a fixed mounting configuration and processing
settings, the method can be used to estimate distance only under the same setup and for
objects/persons consistent with the assumed height model.

Distance estimation (operational use):

H
Dt ) = fZ , . )

px
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2.10. Pixel Footprint and Percentage Occupancy Ratio (POR)

From each selected frame, an approximate pedestrian silhouette is obtained by seg-
mentation (thresholding by intensity/contrast followed by morphological operations).
Then the bounding-box height &, is measured, together with bounding-box width w,
and area:

App = wpxhpx (10)

The percentage occupancy is computed as POR = App/ A frame, Where A gy is the
total frame area in pixels.

This yields a measurable dependency: as distance increases, both /1,y and POR de-
crease, which can be used as an additional geometric cue and as a consistency check for the
distance-estimation procedure.

2.11. Entropy-Based Image Information Metric (Shannon Entropy)

Image entropy is used as an indicator of the informational content and intensity
distribution within the selected region of interest (ROI). It reflects the degree of vari-
ability of grayscale values and provides an estimate of the complexity of the thermal
scene representation.

The entropy is calculated using the Shannon formulation:

H=-Y " p(i)log,p(i), (11)

where p(i) represents the probability of grayscale intensity level i within the (ROI)
histogram. Let p(i) denote the normalized probability of intensity level i in the
(ROI) histogram.

Higher entropy values indicate richer intensity variation and more complex image
structure, while lower entropy values correspond to more uniform regions.

2.12. Data Acquisition Protocol During Road Tests

During night-time road experiments, both devices were operated under defined
acquisition workflows.

The UTi260M device was connected via USB-C to an Android smartphone and op-
erated exclusively through the manufacturer mobile application. Real-time streaming
and recording were performed on the smartphone. Thermal frames were stored in JPG
format on the mobile device. All quantitative analysis was conducted subsequently using
exported frames.

During field experiments, the UTi260T device was mounted on the vehicle roof and op-
erated either via (i) WiFi hotspot connection to an Android device for real-time monitoring,
or (ii) local display observation. For quantitative analysis, thermal frames were exported
and processed in a Windows-based environment using the manufacturer PC software.

Figures 3 and 4 present representative thermal frames obtained during the ex-
perimental recordings and illustrate the typical appearance of pedestrians under
low-illumination conditions.

The wireless transmission setup shown in Figure 5 was used both for functional
verification and during selected road tests to ensure stable real-time monitoring. Quan-
titative proxy metrics were computed on exported static frames to ensure repeatable
(RQOI) selection.

All reported quantitative results are based on stationary acquisitions to guarantee
frame stability and reproducibility.
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@) (b) ©

Figure 3. Example illustrating sky-induced AGC/contrast shift and appearance changes at low-
temperature conditions: (a) pedestrian detected near a parked vehicle in a residential street envi-
ronment; (b) pedestrian observed at close range near a building fagade; (c) pedestrian detected at a
longer distance on an unlit road section.

(b)

Figure 4. UTi260T night-time frame and visualization in analysis software: (a) thermal frame with

software overlay tools (processing/visualization); (b) corresponding baseline (“normal”) view.
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(b)

Figure 5. UTi260T night-time frame for a different scene and visualization in analysis software:

(a) thermal frame with activated processing/visualization tools; (b) baseline (“normal”) view
for comparison.

3. Results
3.1. Qualitative Observations: Detectability Under Low Illumination and Glare

The analyzed frames show that thermal visualization enables clear separation of a
pedestrian from the background in unlit/poorly lit road sections where the visible camera
provides low contrast. Under oncoming headlights, the thermal image remains informative
because it does not rely on visible-light intensity distribution; the pedestrian remains
distinguishable as a warmer region relative to the environment.
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In the performed tests, UTi260M showed more stable behavior in motion up to ap-
proximately 60 km /h (observationally), while UTi260T provided stronger post-processing
tools (spot/line/graph instruments). Under field conditions, UTi260T performance is more
sensitive to workflow factors (connection/app/modes), while UTi260M benefits from a
simpler smartphone-based pipeline.

3.2. Issues and Artifacts Observed at Low Temperatures

Sky influence on AGC. When a large portion of the sky is included in the frame,
very low apparent temperatures (radiative sky) can affect AGC and contrast distribution.
Consequently, the scene may appear contrast-shifted relative to road objects (Figure 3).

Strong cold wind artifact. Under strong cold wind, degradation of the thermal
image (“whitening”/reduced clarity) was observed. Likely causes include cooling
of the housing/front optics, condensation/frost, or sensor thermal stability triggering
AGC/NUC adaptations.

3.3. Proxy Noise and Uniformity Analysis

A quantitative proxy analysis was conducted on homogeneous regions of the scene
(typically asphalt/background) to evaluate fluctuation level and spatial non-uniformity of
the displayed thermal output. The analysis is based on 8-bit exported images; therefore,
results are reported in DN and describe the final visualized frame (including compression,
AGC, and overlay elements), not microbolometer physical noise or sensor specification
parameters such as NETD.

To ensure comparability, a homogeneous ROI in the road /background region was
selected for each frame, avoiding text overlays, graphical elements, and bright thermal
objects. The following proxy metrics were computed: intensity standard deviation (¢;,is.),
noise range, noise mode, row /column non-uniformity indicators (0row, 0¢or), (UI), and a
proxy estimate of (FPN proxy). These metrics are suitable for comparative assessment
across scenes/devices under the same procedure and dataset, but must not be interpreted
as absolute thermographic sensor characteristics.

Representative UTi260T frames and corresponding software views used for visualiza-
tion and analysis are shown in Figures 4 and 5. The paired visible frames clarify whether
limited detectability in the visible domain is caused by low ambient illumination, glare, or
scene complexity. In several night scenes, oncoming headlights substantially reduced the
usability of the visible frame (local overexposure and loss of contrast), while the thermal
frame retained a stable depiction of warm objects with clear separation from the colder
background. This dual-channel evidence supports the main feasibility claim: consumer
thermal imaging can complement conventional visibility when the latter is compromised
by glare or insufficient street lighting, provided that the thermal device remains within its
operational constraints (mounting stability, wind/cooling effects, and limited resolution).

3.4. Comparative Analysis of Thermal Frames Captured with UTi260M Versus UTi260T

Figure 6 presents a thermal frame recorded with the UTi260M via a smartphone ap-
plication at a road intersection under night-time /low-illumination conditions. The scene
does not contain pedestrians; the purpose of this figure is to illustrate palette-dependent
rendering behavior and scene-level thermal contrast characteristics rather than pedestrian-
specific detection. In contrast to the UTi260T (Figures 4 and 5), where a PC-based work-
flow enables more structured image inspection and presentation of thermal and visible
channels, the UTi260M workflow is primarily oriented toward mobile viewing and record-
ing, with more limited options for extracting radiometric information and conducting
detailed post-processing.
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oL*C

2025.12.30 19:14

Figure 6. Thermal frame captured with UTi260M at a night-time intersection under low illumination
(no pedestrian present). The figure illustrates palette-dependent rendering differences using identical
raw thermal data: (a) Gray scale; (b) Red hot; (c) Black white; (d) Lava; (e) Iron red. The purpose
is to demonstrate how palette selection influences perceived contrast and visual interpretation in
consumer-grade thermal imaging.

Qualitative comparison (key observations):

Thermal contrast and “hot object” highlighting. The UTi260M clearly highlights
objects with higher apparent temperature (e.g., parts of a vehicle), which is useful as a
rapid visual cue when driving through poorly lit road sections. Under such conditions, the
thermal view is less affected by oncoming headlights than a visible-light camera, which is
typically impacted by glare and blooming.

Automatic gain/contrast (AGC) and the effect of cold regions (sky/open horizon).
A typical behavior is observed: when the scene contains very cold regions (e.g., sky), the
automatic scaling redistributes the dynamic range and may reduce local contrast on the
roadway, visually perceived as “whitening” or grayscale compression. This dependence
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2025.12.30 19:22

on scene composition is an important limitation for consistent visual interpretation across
different environments.

Geometry/resolution and effective thermal detail. Although the smartphone-recorded
output may have a higher pixel resolution due to screen capture, scaling, or video encoding,
the effective thermal spatial detail remains limited by the sensor class (e.g., 256 x 192).
This must be considered for any quantitative inference based on object size in pixels, edge
sharpness, or fine structural details.

Software environment and traceability. The UTi260T provides a more transparent
analysis workflow (point/line tools, statistics, paired visible frame, curves/plots), which
supports repeatability and reporting. In the UTi260M case, the analysis is more practical “in-
field,” but repeatability is harder to demonstrate when relying mainly on screen-recordings
and frames with overlays.

Figures 7 and 8 illustrate representative thermal frames used for qualitative assessment of
pedestrian detectability under varying observation distances and environmental conditions.

oLc oLC

2025.12.30 19:22 2025.12.3019:22

(b)

Figure 7. Thermal frame acquired with UTi260M used for monocular distance calibration and
single-frame pedestrian ranging based on the “real height—pixel height” relationship. The pedestrian
(=1.95 m) is represented by a bounding box, from which the pixel height /1,y is measured and used to
estimate the distance D after prior calibration. The visible-light view (inset) is included for contextual
reference under low illumination and oncoming headlight conditions: (a) pedestrian detected at
short distance with clear thermal contrast relative to the background; (b) pedestrian detected at
intermediate distance where thermal contrast begins to decrease; (c) pedestrian detected at longer
distance where the pedestrian appears smaller and the thermal contrast is further reduced.

Outcome of the comparison.

The UTi260M is more suitable for operational, real-time visual screening and mobile
monitoring in low-illumination conditions, whereas the UTi260T is more suitable for docu-
mentation and post-analysis, where a structured software workflow and clearer traceability
of measurement markers are required. In this study, no (ADAS) functionality is claimed;
the work is positioned as a feasibility assessment of low-cost thermal devices as an auxiliary
information source for detecting warm targets under low illumination. It should be noted
that Figure 9 is included to demonstrate scene-level visualization behavior and workflow
differences, while dedicated pedestrian examples are discussed separately in Section 3.5.
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Figure 8. Visualization the dependence of pedestrian pixel height on distance.

Figure 9. Examples demonstrating the practical observation range and scene coverage for UTi260M
and synchronized dual-channel capture with UTi260T: (a) UTi260M with smartphone and application;
(b) thermal frame used for temperature-contrast and detectability assessment; (c) simultaneous
visible-light frame used to document illumination conditions and scene context (road geometry,
traffic, and glare sources).
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Table 3 summarizes proxy noise and uniformity metrics for UTi260T and UTi260M
thermal frames and for a control night frame from a visible camera. The lowest 0,5, is
observed for UTi260M (0.488 DN), while UTi260T values are higher (1.113-1.363 DN) for the
analyzed scenes. Ul is high for thermal frames (0.962-0.996), consistent with a more stable
displayed background under low illumination. In contrast, the night visible frame shows
substantially lower UI (0.601), reflecting the adverse impact of low signal and strong local
light sources on uniformity and usable contrast. The SNR proxy, computed only for thermal
frames, is highest for the scene with a clearly expressed pedestrian (561.77), supporting
good detectability of a warm object relative to the background in unlit road sections.

Table 3. Proxy noise and uniformity metrics computed on homogeneous background (ROIs)

(8-bit, DN).
T noise Noise Range Noise Mode 1 FPN Proxy
Image (DN) (DN) (DN) Trow (DN) 0co1 (DN) Ul=1- o/p (DN) SNR Proxy NETD,;
UTi260T—thermal
edestrian, frame, 1.113 6 35 0.905 0.968 0.962 0.125 561.77 n/a
p
Figure 8)
UTi260T—thermal
(parked vehicles/street, 1.363 8 150 1.273 1.197 0.993 0.229 120.16 n/a

frame, Figure 7)
UTi260M—thermal

via smartphone 0.488 3 116 0.454 0.453 0.996 0.069 301.23 n/a

(frame, Figure 9)
Visible-light camera

(night frame, Figure 8) 1.293 8 4 1.283 0.893 0.601 0.260 n/a n/a

3.5. Geometric Measurements from UTi260M Frames (Pedestrian Height 195 cm)

For a sequence of UTi260M frames, pedestrian pixel height h,, was extracted by
silhouette segmentation and bounding-box measurement. Using relationships (8) and (9),
a mounting-specific distance-estimation function can be obtained after calibration with
measured distances, shown in Table 4 and Figure 8.

Table 4. Measured pedestrian pixel height and footprint metrics (preparation for distance calibration).

Frame H,m D,m fpx hyx
Figure 10a 1.95 6 1187 384
Figure 10b 1.95 9 1187 289
Figure 10c 1.95 12 1187 192

Entropy over 6 Frames Sigma Noise over 6 Frames

—8— UTi260M
—8— UTi260T

Uniformity Index over 6 Frames

25

—O— UTi2B0M
—8— UTi260T

—6— UTi260M
—&— UTi260T

Sigma Noise
Uniformity Index

Frame Frame Frame

Figure 10. Comparative statistical stability analysis of UTi260M and UTi260T based on six consecutive
frames acquired under identical stationary night-time conditions: (a) entropy, (b) 0;,yis., and (c) (UI).
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3.6. Practical Observation Range

Both UTi260M and UTi260T showed a similar practical observation range of approxi-
mately ~200 m under the reported conditions and a capture cone angle of approximately
56° (Figure 9). Vehicle silhouettes, buildings, pedestrians, and other warm objects were
distinguishable in the thermal imagery.

3.7. Statistical Evaluation over 6 Consecutive Frames

UTi260T exhibits higher entropy values (5.76 + 1.10 bits) compared to UTi260M
(4.39 £ 0.42 bits), suggesting greater dynamic contrast redistribution. However, this is
accompanied by substantially higher variability in 0,55, (17.64 &= 7.91 vs. 7.68 £ 2.69) and
significantly lower (UI) (0.506 & 0.236 vs. 0.892 % 0.039).

The results confirm that UTi260T applies stronger scene-dependent AGC adjustments,
leading to higher dynamic variability between consecutive frames. In contrast, UTi260M
demonstrates more stable frame-to-frame behavior, which may favor repeatability in
statistical analysis, despite slightly lower entropy levels.

The statistical evaluation of UTi260M over six consecutive frames demonstrates stable
frame-to-frame behavior. Entropy values remain within a narrow range (4.39 £ 0.42 bits),
indicating consistent informational content without abrupt dynamic-range redistribution.
The 0,5sc metric shows moderate variability (7.68 & 2.69), with one higher value attributed
to scene-dependent contrast changes rather than systematic instability. The (UI) remains
high (0.892 + 0.039), confirming stable local contrast distribution within the selected (ROI),
shown in Table 5.

Table 5. Frame-to-frame statistical stability analysis of UTi260M based on six consecutive stationary

acquisitions.
Frame Entropy Thoise Ul
1 4.4325 6.9588 0.91237
2 4.7941 8.6050 0.85040
3 4.1814 6.9166 0.90105
4 3.6933 4.4479 0.93968
5 4.3938 6.7172 0.90938
6 4.8197 12.4493 0.83784

Summary (UTi260M): Entropy: 4.3858 £ 0.4192, 0yyoiee: 7.6825 & 2.6862, UL 0.8918 =+ 0.0393.

Overall, UTi260M exhibits predictable and repeatable thermal imaging behavior under
static vehicle conditions, which supports its suitability for consistent frame-based analysis.

The statistical evaluation of UTi260T reveals higher entropy values (5.76 4 1.10 bits)
compared to UTi260M, indicating richer informational content within the thermal frames.
However, the variability between consecutive frames is significantly larger. The ;s
metric (17.64 £ 7.91) demonstrates strong scene-dependent fluctuation, suggesting more
aggressive (AGC) behavior, shown in Table 6.

The (UI) exhibits substantial variability (0.506 + 0.236), indicating dynamic re-
distribution of contrast within the (ROI). This behavior suggests that UTi260T adapts
more strongly to scene composition, which increases informational contrast but reduces
frame-to-frame stability.

Figure 10 presents the statistical comparison of entropy, ¢;,is., and (UI) over six
consecutive frames for both devices. UTi260T demonstrates higher entropy peaks and
significantly larger 0,,,;s, values, indicating stronger scene-dependent contrast redistribu-
tion and more aggressive (AGC) behavior. However, this dynamic adaptation results in
substantial variability of the (UI), which fluctuates between 0.19 and 0.81.
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Table 6. Frame-to-frame statistical stability analysis of UTi260T based on six consecutive stationary

acquisitions.
Frame Entropy O noise Ul
1 4.5930 12.9281 0.35833
2 6.3559 23.8260 0.73215
3 6.3700 18.6376 0.39638
4 7.3739 29.6927 0.19188
5 4.7628 9.7564 0.81307
6 5.1313 11.0076 0.54351

Summary (UTi260T): Entropy: 5.7645 3= 1.1030, 0;,pjs: 17.6414 £ 7.9104, UI: 0.5059 + 0.2364.

In contrast, UTi260M exhibits lower but more stable entropy values, moderate 0;,y;s,
levels, and consistently high (UI) (=0.9), confirming repeatable frame-to-frame behavior.
The results suggest that UTi260T prioritizes adaptive contrast enhancement, whereas
UTi260M maintains more conservative and stable thermal visualization characteristics.

4. Discussion and Limitations
4.1. Interpretation of Results and Applicability

The results demonstrate that both consumer-grade thermal devices (UTi260M and
UTi260T) provide stable scene-level thermal contrast under night-time road conditions,
enabling visual separability of pedestrians and other warm targets from the background.
This is particularly relevant for (i) unlit or poorly lit sections where visible imagery has low
contrast and (ii) oncoming headlights where visible cameras are sensitive to glare and local
saturation. Because thermal imaging relies on emitted long-wave infrared radiation rather
than reflected visible light, target-to-background separability is preserved even under glare
or low-illumination conditions.

UTi260M offers a more practical field workflow due to direct smartphone visualization
and recording. UTi260T provides stronger post-processing instruments (temperature
profiles, analysis tools), but under field conditions, the workflow depends more strongly
on app/software stability and data-handling.

The reported SNR proxy values quantify display-level contrast separability and should
not be interpreted as physical detector-level (SNR).

4.2. Environmental Effects and Observed Artifacts

At low ambient temperature, two effects were observed: (i) the inclusion of a large sky
region can produce very low apparent temperatures and alter AGC, affecting road-region
visibility; and (ii) strong cold wind was associated with temporary contrast degradation
(“whitening”), likely caused by rapid front-optics cooling, altered sensor thermal equilib-
rium, and dynamic AGC redistribution. Consumer-grade microbolometer systems rely
on internal non-uniformity correction (NUC) and (AGC), both of which may react to
rapid environmental temperature shifts. These findings motivate stabilization measures
(protective housing, airflow reduction near optics, condensation control) and procedural
standardization (fixed pose, limited sky in frame) for future work.

4.3. Limitations of Data and Methodology

As a feasibility-oriented investigation, the study has several methodological limita-
tions that restrict direct generalization: non-radiometric images and proxy metrics. Proxy
indicators (0;,9is., UL, FPN proxy, SNR proxy) depend on compression, palette, AGC, and
overlays; characterize display-level variability and must not be interpreted as physical
(NETD) or intrinsic detector specifications. Tests do not cover rain/fog/snow/wet asphalt
reflectance comprehensively; there is a limited number of scenes and standardization.
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Some analyses use static frames because certain workflows do not reliably accept frames
extracted from video—no (ADAS) claims. The work reports detectability /visual separa-
bility only; automotive-grade (ADAS) would require multi-sensor integration, calibration,
functional safety, and large-scale validation as well as mounting-specific distance esti-
mation. Pixel-height distance estimation requires calibration, consistent processing, and
error reporting (e.g., MAE/RMSE); frames with partial occlusion or unstable segmentation
should be excluded.

4.4. Potential Image-Enhancement Approaches

Advanced enhancement techniques such as multi-scale wavelet filtering, contrast-
limited adaptive histogram equalization (CLAHE), or low-frequency compensation meth-
ods may improve perceived contrast under challenging environmental conditions (e.g., cold
wind or large sky regions triggering (AGC) redistribution). Such approaches could mitigate
dynamic-range compression and enhance target-to-background separability. Future work
may evaluate enhancement algorithms quantitatively (e.g., via entropy, contrast metrics,
or structural similarity indices) to assess whether post-processing improves detectability
without distorting thermal interpretability.

4.5. Cold-Wind-Induced Contrast Degradation

The observed “whitening” effect under strong cold headwind conditions is likely
associated with rapid convective cooling of the front optics and camera housing. When
exposed to cold airflow, the external lens surface may experience sudden temperature
reduction, potentially leading to transient thermal imbalance between the optics and the
microbolometer sensor. Such imbalance can affect apparent scene contrast due to internal
(NUC) cycles and (AGC) redistribution.

In addition, rapid cooling may alter the effective radiative balance between foreground
objects and background regions, especially when combined with large sky portions in
the frame. Since consumer-grade thermal cameras rely on automatic dynamic-range
scaling, abrupt environmental changes can lead to temporary contrast compression or
grayscale “whitening”.

No internal temperature logging of the sensor core was available; therefore, the expla-
nation remains physically motivated but indirect. Controlled laboratory measurements of
sensor and optics temperature under airflow exposure are proposed as future work.

4.6. Comparative AGC Behavior Between UTi260M and UTi260T

Although both devices employ similar LWIR microbolometer sensors, differences in
(AGC) implementation appear to influence scene rendering and proxy metric variability. In
dynamic road scenes where large cold regions (e.g., sky) alternate with warmer foreground
regions (road surface, vehicles, pedestrians), the two devices exhibited different contrast
redistribution characteristics.

UTi260M tended to maintain more stable foreground contrast during short-term scene
alternations, likely due to its smartphone-integrated display scaling pipeline. In contrast,
UTi260T, particularly when operated via PC software, showed more pronounced global
dynamic-range redistribution when large cold regions dominated the frame. This behavior
can increase apparent spatial variability and affect proxy noise metrics such as 0;,y;5, and UL

These differences are attributed not to intrinsic sensor performance, but to device-
specific AGC algorithms and display-level processing. Since this study relies on exported
non-radiometric frames, the reported proxy metrics characterize final rendered output
rather than detector-level characteristics.
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4.7. Statistical Stability and Device Behavior

The statistical evaluation over six consecutive stationary frames revealed distinct
frame-to-frame behavior between the two thermal devices.

UTi260M demonstrated stable entropy values (4.39 £ 0.42), moderate 0,5, (7.68 £ 2.69),
and consistently high (UI) (0.892 £ 0.039). The low variability confirms conservative and
repeatable (AGC) behavior under static night-time conditions.

In contrast, UTi260T exhibited higher mean entropy (5.76 + 1.10), significantly higher
Opoise (17.64 £ 7.91), and a substantially lower and more variable (UI) (0.506 + 0.236). The
strong frame-to-frame fluctuations indicate more aggressive dynamic-range redistribution
and scene-dependent AGC adaptation.

These findings suggest that UTi260T prioritizes adaptive contrast enhancement, po-
tentially increasing the visual detectability of warm targets, whereas UTi260M favors the
stability and repeatability of thermal representation.

4.8. Practical Implications

From an operational perspective: higher entropy and contrast adaptation (UTi260T)
may improve the visual separation of warm objects; higher statistical stability (UTi260M)
may improve repeatability for frame-based quantitative analysis.

The choice between devices therefore depends on whether dynamic enhancement or
frame-to-frame stability is prioritized.

4.9. Limitations of the Statistical Assessment

The statistical analysis was performed under stationary vehicle conditions and over
a limited number of frames. Although six consecutive frames allow preliminary stability
assessment, broader environmental variability (moving vehicle, changing weather, dynamic
scenes) may influence AGC behavior differently.

Additionally, the metrics are based on non-radiometric image outputs; therefore,
Tnoise and (UI) should be interpreted as proxy indicators rather than physical sensor noise
characteristics (e.g., NETD).

5. Conclusions

This work evaluated the feasibility of using two affordable thermal cameras (UTi260M
and UTi260T) for night-time road monitoring, focusing on pedestrian detectability in unlit
urban and rural road sections and robustness under oncoming headlights. The observations
indicate that thermal visualization can remain informative in scenarios where visible
cameras suffer from low contrast or glare, and pedestrians can remain distinguishable
relative to the background under low ambient temperatures.

Given the non-radiometric nature of exported frames, a set of image-level proxy
metrics (0y4i5., UL, FPN proxy, SNR proxy) was used to characterize the displayed image
and enable comparisons across devices and scenes. A calibration-based geometric approach
was also proposed to estimate pedestrian distance from single frames using pixel-height
measurements for a fixed mounting configuration.

The study does not claim an automotive-certified system and should be inter-
preted as feasibility-level evidence. Future work should include controlled tests under
rain/fog/snow, broader temperature ranges, a larger and more repeatable dataset, and
publication of frames and scripts as supplementary material to support reproducibility.
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Abbreviations
The following abbreviations are used in this manuscript:

MWIR Mid-Wave Infrared

IR Infrared

LWIR Long-Wave Infrared

AGC Automatic Gain Control

NUC Non-Uniformity Correction

ADAS Advanced Driver Assist Systems

NETD Noise-Equivalent Temperature Difference

ROI Region of Interest

DN Digital Numbers

FPN Fixed—pattern Noise
SNR Signal-to-Noise Ratio
POR Pixel Occupancy Ratio

FOV Field of View

HVAC Heating, Ventilation and Air Conditioning

CLAHE Contrast-Limited Adaptive Histogram Equalization
Ul Uniformity Index

RGB Red-Green-Blue
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