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Methods: 

Introduc  on: 

This study was conducted without fi nancial support from any external funding agency.

Night vision goggles (NVGs) introduce several limitaƟ ons to human vision, including 
a reduced fi eld of view, monochromaƟ c imagery, lower visual acuity, and impaired depth 
percepƟ on. These factors make object detecƟ on and recogniƟ on during NVG-supported 
night fl ights, parƟ cularly at low alƟ tudes, especially demanding. The aim of this study 
was to assess the eff ecƟ veness of fl ight crew members in detecƟ ng and recognizing 
visual targets represenƟ ng potenƟ al terrain threats under NVG-aided versus NVG-free 
photopic condiƟ ons.

Seventy NVG-inexperienced fl ight personnel were randomly assigned to a control group 
(n = 33) or an experimental group (n = 37). ParƟ cipants performed a target discriminaƟ on 
task using a 3D terrain model under two lighƟ ng condiƟ ons: natural daylight (photopic 
vision) for the control group and NVG display screen illuminaƟ on for the experimental 
group. The task involved detecƟ ng and recognizing six high-contrast geometric targets 
(triangles and squares) simulaƟ ng terrain obstacles. Responses were recorded using 
a structured quesƟ onnaire.

Detection and recognition performance was significantly lower under NVG-aided 
condiƟ ons. Age and fl ight experience did not infl uence outcomes, and target shape had 
no signifi cant eff ect on recogniƟ on accuracy in either condiƟ on.

NVG use was associated with impaired target detecƟ on and recogniƟ on, independent 
of parƟ cipant demographics. The results point to both opƟ cal and system-level limitaƟ ons, 
underscoring the need for improved NVG calibraƟ on procedures and performance 
assessments under realisƟ c, lower-contrast condiƟ ons, as well as targeted user training 
to ensure reliable operaƟ onal performance and fl ight safety.
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The common limitaƟ ons associated with NVG 
use include reduced depth percepƟ on [27,47,56], 
increased visual faƟ gue due to eye strain and 
tension [51], and physical faƟ gue related to the 
increased helmet weight, since the NVGs are 
mounted directly onto the helmet [22,39]. Neck 
muscle faƟ gue has been associated with the 
increased head movement required to compensate 
for the narrow FOV, as well as to the locaƟ on of the 
center of gravity of the helmet-NVG system [17].

The use of NVGs for detecƟ on (determining that 
an object is present), recogniƟ on (determining 
the object’s class, e.g., rotary-wing or fi xed-wing 
aircraŌ ), and idenƟ fi caƟ on (discerning the specifi c 
type, e.g., AH-64E, Mi-24) of targets under varying 
condiƟ ons – such as diff erent image intensifi er 
technologies and ambient light levels – has been 
the subject of extensive research [11,19]. Several 
studies [2,3] suggest that the eff ecƟ veness of visual 
discriminaƟ on (including detecƟ on and recogniƟ on) 
while using NVGs depends mainly on the scanning 
technique employed. This is explained by the 
fact that improper or absent scanning strategies 
may prevent users from fully benefi Ɵ ng from the 
capabiliƟ es off ered by NVG technology.

NVG users demonstrate head-scan paƩ erns 
similar to those in tradiƟ onal visual search studies; 
however, their head movements are generally 
faster and of greater amplitude. This may be 
aƩ ributed to the reduced image quality provided 
by NVGs, which could lead aircrew to scan more 
frequently, either subconsciously, in an eff ort to 
acquire more visual informaƟ on, or deliberately, to 
avoid missing transient visual cues.

Notably, target visibility directly infl uences 
the speed of head movements during search 
tasks [19]. In contrast, fi xaƟ on duraƟ on remains 
relaƟ vely stable, regardless of NVG use or target 
conspicuity. This suggests that the Ɵ me spent 
focusing on a detected target is not signifi cantly 
infl uenced by these factors [19]. These fi ndings 
indicate that NVGs do not fundamentally alter 
the mechanics of head and eye coordinaƟ on, 
but they do aff ect the effi  ciency of visual search, 
parƟ cularly as a funcƟ on of target detectability. 
This is consistent with broader research [53,59] 
demonstraƟ ng that head and eye movements 
operate in a coordinated manner during complex 
visual tasks, with peripheral vision contribuƟ ng to 
the detecƟ on of salient sƟ muli.

Although some studies [23,31] suggest that 
training in scanning techniques can improve 
target detecƟ on response Ɵ mes, formalized 
scanning paƩ erns may not always prove benefi cial. 

INTRODUCTION

The proper predisposiƟ ons, and above all the 
training, of fl ight crews are criƟ cal to ensuring the 
eff ecƟ ve and safe execuƟ on of fl ight operaƟ ons 
under varying lighƟ ng condiƟ ons. This is especially 
true for fl ight crews maintaining 24-hour readiness, 
where nearly half of operaƟ onal hours may involve 
night fl ying. The requirement of using night 
vision goggles (NVGs) for all aŌ er-dark fl ights has 
increasingly become the standard for enhancing 
fl ight safety, not only in Europe. This requirement 
applies not only to military aviaƟ on, but also to 
police units, emergency medical services, border 
guards, fi re departments, and forest protecƟ on 
services.

Night fl ights are oŌ en conducted at the 
limits of human capability, primarily due to the 
physiological limitaƟ ons of the human visual 
system, such as the decline in visual performance 
as ambient light levels decrease. These limitaƟ ons 
are the main reason for adopƟ ng night vision 
enhancement technologies [38].

A lthough NVGs signifi cantly improve visual 
percepƟ on, situaƟ onal awareness, and overall 
operaƟ onal safety, insuffi  cient understanding 
of their limitaƟ ons, combined with overesƟ maƟ on 
of one’s capabiliƟ es when using NVGs, remains one 
of the most common causes of accidents during 
night fl ight missions [27]. The limited fi eld of view 
(FOV) of NVGs – approximately 40° – requires the 
user to perform conƟ nuous head movements to 
cover the same visual area that would normally be 
scanned using only simple eye movements [56]. 
Under normal photopic condiƟ ons, a much larger 
visual area (up to 70–80° horizontally and 50–60° 
verƟ cally) can be monitored primarily through eye 
movements. 

This restricƟ on in FOV under NVG condiƟ ons 
not only increases the physical demand of scanning 
but also impairs perceptual funcƟ ons such as 
moƟ on detecƟ on [37]. This is parƟ cularly relevant 
because the peripheral reƟ na, outside the high-
acuity central zone, is densely populated with 
rod photoreceptors, which are highly sensiƟ ve 
to changes in luminance and moƟ on. RestricƟ ng 
this peripheral input through a narrow FOV may 
therefore compromise the detecƟ on of dynamic 
or peripheral sƟ muli. It is worth noƟ ng that the 
image produced by NVGs has an output brightness 
calibrated to the mesopic range of human vision 
[38], in which visual acuity and some degree 
of color percepƟ on are sƟ ll maintained [40]. 
However, NVG-aided vision is generally comparable 
to low-light vision rather than vision under normal 
dayƟ me illuminaƟ on.
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not only from the perspecƟ ve of fl ight safety 
(e.g., avoiding terrain obstacles, a criƟ cal element 
in determining operaƟ onal parameters such as 
fl ight alƟ tude), but also in defi ning the minimum 
observable size of a target required for successful 
detecƟ on and recogniƟ on in operaƟ onal condiƟ ons.

METHODS

Experimental design
The study employed a between-subjects design 

with one independent variable: vision condiƟ on 
(photopic vs. NVG-aided scotopic). ParƟ cipants 
were randomly assigned to one of two groups, with 
each group performing the tasks under a single, 
disƟ nct lighƟ ng condiƟ on. The primary analyses 
focused on between-group comparisons to assess 
the eff ect of lighƟ ng condiƟ on on task performance 
(detecƟ on, recogniƟ on, and idenƟ fi caƟ on 
of targets). Due to the constrained nature of the 
recogniƟ on task, limited to two geometrically 
simple sƟ muli (targets: square vs. equilateral 
triangle), recogniƟ on and idenƟ fi caƟ on were 
treated as equivalent. Given the low ambiguity and 
high discriminability of sƟ muli, correct recogniƟ on 
was assumed to indicate correct idenƟ fi caƟ on, 
rendering further separaƟ on of these stages 
methodologically unnecessary.

Participants
A total of 70 volunteer parƟ cipants (two 

females), all acƟ ve helicopter fl ight crew members, 
took part in the study. Their ages ranged from 26 
to 52 years (M = 34.1, SD = 5.59), and total fl ight 
experience ranged from 230 to 2,100 hours (M = 
707.2, SD = 383.48). None of the parƟ cipants had 
prior experience with NVGs or had undergone 
formal training in visual scanning techniques for 
fl ight with NVGs.

ParƟ cipants were recruited based on predefi ned 
inclusion criteria, including a medically 
documented: 
– best corrected monocular visual acuity 

of at least 20/20 at 6 meters,
– stereoacuity of at least 40 arc seconds, tested 

using the Stereotest – Circles (Stereo OpƟ cal 
Company Inc., Chicago, IL, USA),

– age-appropriate monocular amplitudes 
of accommodaƟ on,

– no more than three errors on the 14 plates 
of the 38-plate ediƟ on of the Ishihara colour 
test (Kanehara & Co., Ltd., Tokyo, Japan), 
conducted under daylight or arƟ fi cial light 
closely resembling natural daylight (D65 light 
source, 6500K white LED, 98 CRI),

This is primarily due to an observed increase 
in false-posiƟ ve detecƟ ons, where parƟ cipants 
erroneously ‘detected’ targets that were not 
present in the scene [10,15]. Other research 
fi ndings [36] indicate that search failures may not 
necessarily result from the absence or incorrect 
applicaƟ on of scanning techniques, but rather from 
the inability to discriminate the target from its 
surrounding background. This suggests that while 
eye movements play a substanƟ al role in object 
detecƟ on, merely fi xaƟ ng on a target does not 
guarantee its detecƟ on [33,36].

Given the above consideraƟ ons, some scanning 
methods recommend the use of free or natural 
search paƩ erns rather than formalized scanning 
rouƟ nes [10,15]. Successful visual search appears 
to depend not only on motor behavior but also 
on knowing which aspects of a target become salient 
in a specifi c environment. Kotulak [31] proposed 
scanning techniques that focus less on physical 
behaviors, such as eye and head movements, and 
more on cogniƟ ve strategies. He emphasized the 
superiority of ‘scanning with understanding’ over 
memorized or rouƟ ne-based scanning paƩ erns. 
According to Kotulak [31], to reduce the likelihood 
of visual search failures, operators should direct 
their aƩ enƟ on toward specifi c objects of interest, 
rather than scanning general areas. Furthermore, 
direct fi xaƟ on on objects is recommended. 
In unaided scotopic vision, a central black spot is 
present, whereas this does not occur in NVG-aided 
vision. Therefore, central vision remains eff ecƟ ve 
even in low-light condiƟ ons. This black spot arises 
because the fovea is devoid of rods and therefore 
nonfuncƟ onal under scotopic condiƟ ons, whereas 
NVGs amplify light to maintain cone-mediated 
central vision. During scanning, viewers are advised 
not to fi xate on any single object for more than 
one or two seconds, and to make frequent return 
fi xaƟ ons during recogniƟ on tasks if needed [31].

The aim of th e study
In light of the aforemenƟ oned consideraƟ ons 

related to NVG-aided fl ight, parƟ cularly when 
operaƟ ng at low alƟ tudes over varied terrain, this 
study aimed to assess the eff ecƟ veness of aviators 
in a task involving the detecƟ on and recogniƟ on 
of targets under photopic and NVG-aided vision. 
The targets represented potenƟ al terrain hazards, 
which, according to procedures commonly 
employed by aviators, are considered priority 
objects during visual search in low-alƟ tude night 
fl ights using NVGs [31].

Understanding the factors that infl uence eff ecƟ ve 
visual observaƟ on using NVGs may be valuable 
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variaƟ on [35]. As a result, binaural luminance 
balance was maintained, and the occurrence 
of perceptual confl icts, such as the Pulfrich eff ect, 
between the binocular views provided by the NVGs 
is unlikely [35].

The goggles were powered by two nickel-
cadmium (Ni-Cd) baƩ eries, each providing 1.2 V. 
When mounted on the THL-5NV helmet (FAS Mariusz 
Ficon, Poland), the system allowed for precise 
adjustment to both the pilot’s head and individual 
visual characterisƟ cs. The total weight of the NVG 
system, including the power supply and helmet, 
was approximately 2.4 kg. A detailed descripƟ on 
of the NVGs and their technical specifi caƟ ons can 
be found in the papers [25,32,41,42,50]. 

Terr ain model board
To simulate a fl ight environment under photopic 

and scotopic vision condiƟ ons, the Night Vision 
Training System (NVTS) (ETC-PZL Aerospace 
Industries, Poland) [16] was used. The central 
component of the NVTS is a terrain model board 
(Fig. 1), which represents a scaled-down landscape 
at a 1:160 scale. The model features diverse 
topography, including both fl at and hilly terrain, 
as well as urban and rural areas and a runway, 
providing a realisƟ c and varied visual environment 
for NVG-based tasks.

For comparison, the experimental set-up with 
the terrain model board, seen in photopic vision 
and under the NVG-aided vision, is presented 
in Fig. 1 and Fig. 2, respecƟ vely. 

Targets
Two-dimensional geometric shapes (squares and 

equilateral triangles) of 25 mm size were used as 
targets, placed at a distance of 3.5-4 meters from 
the observer, simulaƟ ng a real-world size of 4×4 
meters viewed from 600 meters. Each target was 
made of opaque, white, semi-maƩ e cardboard, 
with a thickness of 0.5 mm. For the given viewing 
distance, the targets subtended approximately 
6.25 mrad of visual angle, which corresponds to 
an angular spaƟ al frequency of about 0.16 cycles/
mrad, assuming one full spaƟ al cycle (bar + space) 
spans the target width.

Thresholds for visual discriminaƟ on (detecƟ on 
and recogniƟ on) of the targets were defi ned 
in accordance with the current standard for two-
dimensional target evaluaƟ on [44], based on the 
Johnson criterion [26]. According to this criterion, 
the number of cycles required across the target 
width to achieve a 50% probability of detecƟ on and 
recogniƟ on is 1 and 4, respecƟ vely. This corresponds 
to minimum angular spaƟ al frequencies of 0.16 

– contrast sensiƟ vity, assessed using the 
FuncƟ onal Vision Analyzer (Stereo OpƟ cal 
Company Inc., Chicago, IL, USA).

ParƟ cipants were randomly assigned to one 
of two groups:
– the experimental group included 37 parƟ cipants 

(age M = 34.6 years, SD = 5.85; fl ight M = 743.4 
hours, SD = 434.33), who performed tasks 
under scotopic vision condiƟ ons using NVGs, 

– control group consisted of 33 parƟ cipants (age 
M = 33.7 years, SD = 5.34; fl ight M = 666.7 hours, 
SD = 318.86), who completed the same tasks as 
individuals from experimental group but under 
photopic (daylight) vision condiƟ ons.

ParƟ cipaƟ on in the study was enƟ rely voluntary. 
Volunteers were recruited from a training course 
on the aeromedical aspects of night vision device 
use, conducted at the Military InsƟ tute of AviaƟ on 
Medicine (WIML) in accordance with STANAG No. 
7147 – AAMedP-1.21, EdiƟ on A [60]. 

All experimental procedures were approved by 
the Ethics CommiƩ ee of the WIML (Poland) and 
conducted in full compliance with the DeclaraƟ on 
of Helsinki and applicable regulaƟ ons on the 
protecƟ on of human subjects. All parƟ cipants 
provided wriƩ en informed consent and were 
informed of their right to withdraw from the study 
at any Ɵ me without consequence.

Apparatus 

NVG
The study uƟ lized a set of binocular PNL-3 NVGs 

with a 40° fi eld of view, manufactured by PCO S.A. 
(Poland) (serial numbers: 006, 020, 028, and 037). 
These NVGs were equipped with P-43 phosphor 
(green) image intensifi er tubes (IITs), specifi cally 
the XD-4 model (Photonis, France), which lack 
automaƟ c gain control and automaƟ c brightness 
control, limiƟ ng the system’s output luminance 
regulaƟ on. Under opƟ mal viewing condiƟ ons, 
the spaƟ al resoluƟ on of the PNL-3 goggles is 
at least 1.15 cycles/mrad. The characterisƟ cs of the 
display screen in the PNL-3 NVGs (without opƟ cs, 
measured data provided by the manufacturer 
Photonis, France) are as follows: limiƟ ng resoluƟ on 
(at center): 64 lp/mm, luminance (max. output  
brightness): 17 cd/m2, equivalent background 
illuminance: 0.15 μlx – determining the lowest 
light level (the background illuminance and the 
background noise of image intensifi er) at which 
objects can be detected, signal-to-noise raƟ o: 22.

The luminance imbalance between the right 
and leŌ  eyepieces of each the NVG did not exceed 
the recommended 10% threshold for luminance 
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(a square and an equilateral triangle), each with 
clearly disƟ ncƟ ve contour characterisƟ cs. Given 
the high perceptual salience of these shapes and 
the limited number of possible target classes, the 
actual spaƟ al frequency required for successful 
recogniƟ on is expected to be substanƟ ally lower 
than the classical threshold.

cycles/mrad for detecƟ on and 0.64 cycles/mrad for 
recogniƟ on. While the Johnson criterion specifi es 
a requirement of approximately four cycles across 
the target (0.64 cycles/mrad) for recogniƟ on 
at a 50% probability level, this threshold was 
originally developed for complex military 
targets. In our study, however, the recogniƟ on 
task involved only two simple geometric shapes 

Fig.  1.  A view of the terrain model board through unaided eye in photopic vison (photo may not refl ect the true luminance 
level).

Fig.  2.  A view of the terrain model board produced by NVG (photo may not refl ect the true luminance level). 
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Resolution test chart
To rapidly assess the operaƟ onal status 

of the NVGs and verify their ability to resolve 
detail at a specifi ed level in the main study phase, 
a resoluƟ on test chart was used as a funcƟ onal 
screening tool for parƟ cipants. Fiƫ  ng and focusing 
of the goggles is a standard procedure and 
a prerequisite for eff ecƟ vely compensaƟ ng for 
the limitaƟ ons of these devices, such as low visual 
acuity, narrow fi eld of view, and substanƟ al weight 
[5,31,38]. The chart was developed at the WIML 
(Poland) and is based on the opƟ cal resoluƟ on test 
defi ned in the U.S. Air Force MIL-STD-150A (1951) 
[13]. This high-contrast (>95%) square-wave graƟ ng 
chart was posiƟ oned at eye level, at a distance of 4 
meters from the parƟ cipant, and illuminated using 
a 2856K color temperature light source, calibrated 
to simulate one-half moonlight condiƟ ons (0.07 
lux). The resoluƟ on paƩ ern was designed to match 
a Snellen visual acuity level of 20/35, allowing for 
consistent and objecƟ ve evaluaƟ on of the goggles’ 
performance. This test chart is rouƟ nely used 
for pre-fl ight PNL-3 NVG adjustments, and in this 
study it was applied to ensure that the NVGs were 
funcƟ oning opƟ mally before task performance.

Data co  llection
A custom-designed quesƟ onnaire featuring 

a photographic image of the terrain model 
board (Fig. 3) was used to collect research data. 
In addiƟ on to standard demographic quesƟ ons 
(age, aircraŌ  type, total fl ight hours), parƟ cipants 
were asked to mark the locaƟ ons of the detected 
and recognized targets (triangles and squares) 
directly on the photo. To assist with this task, 
the photo of the terrain model was overlaid with 
white circles indicaƟ ng the possible locaƟ ons 
of the objects placed on the board surface (Fig. 3). 
A misidenƟ fi ed or incorrectly marked locaƟ on was 
counted as a recogniƟ on error. ParƟ cipants were 
explicitly instructed to mark only those targets 
they had actually detected and recognized, and to 
avoid guessing. 

Given that the parƟ cipants were a homogeneous 
group (each individual was cerƟ fi ed fl ight 
personnel with current medical clearance), it was 
assumed that the working memory (including 
spaƟ al memory) component involved in the task 
was comparable across both the control and 
experimental groups. Therefore, the study results 
(i.e., the number of detected and recognized 
targets) were infl uenced primarily by factors 
related to visual percepƟ on rather than cogniƟ ve 
variability, such as memory capacity.

Therefore, we assumed that the target is likely to 
be recognized when the minimum angular spaƟ al 
frequency reaches at least 0.35 cycles/mrad. It is 
important to note that the values used for detecƟ on 
and recogniƟ on thresholds (0.16 and 0.35 cycles/mrad, 
respecƟ vely) refer to the resolving power required by 
the visual system, rather than properƟ es inherent to 
the target itself. Given that the unaided human eye 
has a resolving power of approximately 1 arcminute 
(approx. 0.3 mrad), corresponding to about 3.33 
cycles/mrad [49], a high-contrast target with a physical 
size of 25 mm can be both detected and reliably 
recognized.

Light stimuli
An LED lamp with a 2856 K color temperature 

(in accordance with MIL-L-8576A, 1986) was used 
to simulate daylight illuminaƟ on. An addiƟ onal 
light source, equipped with an aperture system to 
control illuminaƟ on intensity without aff ecƟ ng color 
temperature, was used to simulate one-half moonlight 
illuminaƟ on at a level of 0.07 lux [45]. Both light sources 
were posiƟ oned 4 meters above the terrain model 
board to simulate two disƟ nct ambient illuminaƟ on 
condiƟ ons. Under simulated daylight condiƟ ons, the 
surface luminance of the terrain model was measured 
at 16 cd/m², while under simulated one-half moonlight 
condiƟ ons it was reduced to 3.4×10⁻² cd/m². When 
viewed through the NVGs, the resulƟ ng output 
luminance observed through each eyepiece under 
moonlight-level illuminaƟ on was approximately 8.3 
cd/m². Therefore, the eff ecƟ ve luminance experienced 
through the NVG system was comparable to the 
direct luminance of the terrain model under daylight 
condiƟ ons.

Luminance measurements were used to calculate 
target-background contrast under both viewing 
condiƟ ons. In the daylight condiƟ on, with a background 
luminance of 16 cd/m² and target luminance of 74 cd/
m², the resulƟ ng Michelson contrast was 0.64. In the 
moonlight condiƟ on, the background luminance was 
3.4×10⁻² cd/m², and the target luminance was 0.193 
cd/m², yielding a Michelson contrast of 0.70.

All illuminance and luminance measurements 
were conducted using an ILT1700 photometer with 
an SED033 detector equipped with a Y-photopic fi lter 
(InternaƟ onal Light Technologies, USA). To measure 
illuminance, the detector was fi Ʃ ed with a W wide-
eye diff user. For luminance measurements, an R 
barrel hood with a narrow 1.5° fi eld of view was used. 
The photometer and detector were supplied with 
a cerƟ fi cate of calibraƟ on in accordance with ISO/
IEC 17025:2018-02, and were fully compliant with 
the required accuracy and reliability standards for 
photometric measurements.
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Throughout the tesƟ ng, only one parƟ cipant and 
the researcher were present in the room at any 
Ɵ me to maintain experimental control.

Task 2 – spaƟ al recall – aŌ er a fi ve-minute 
delay, parƟ cipants were asked to mark the 
locaƟ ons of the previously recognized targets 
on a photographic image of the terrain model 
board (Fig. 3).

Each parƟ cipant completed task 1 under one 
of the two vision condiƟ ons (photopic or NVG-aided 
scotopic), depending on group assignment, and task 
2 under photopic vision.

AŌ er compleƟ ng both tasks, parƟ cipants fi lled 
out a quesƟ onnaire collecƟ ng demographic and 
fl ight-related data (e.g., age, total fl ight hours, aircraŌ  
type). All study procedures were conducted in the 
morning hours.

Statistical analysis
To assess the eff ects of vision condiƟ on 

on performance in a target observaƟ on task, two 
separate Wilcoxon rank-sum tests were used to 
compare the number of detected and recognized 
targets between the control group (photopic vision) 
and the experimental group (NVG-aided scotopic 
vision). Another Wilcoxon signed-rank test was used 
to assess whether recogniƟ on accuracy diff ered 
between triangle and square targets, with target 
shape treated as a within-subject factor.

In addiƟ on to the group comparisons, rank-based 
linear regression models were conducted for each 
dependent variable to examine the infl uence of age 

Procedure
All parƟ cipants were familiarized with the 

experimental procedure, including the task instrucƟ ons 
and response format. Prior to the experimental task, 
parƟ cipants were shown visual examples of the two 
target types used in the study: squares and triangles. 
In addiƟ on, parƟ cipants in the experimental group 
underwent a mandatory NVG fi t and focus calibraƟ on 
procedure, conducted in the test environment with 
ambient light adjusted to simulate one-half moonlight 
condiƟ ons. The calibraƟ on involved interpupillary 
distance adjustment and focusing of objecƟ ve and 
eyepiece lenses using a resoluƟ on test chart placed 
4 meters away (matching the target observaƟ on 
distance in the main task). This procedure ensured 
that parƟ cipants achieved a minimum visual acuity 
of 20/35, which was a prerequisite for inclusion in the 
experimental phase.

The experiment comprised two sequenƟ al tasks:
Task 1 – object detecƟ on and recogniƟ on – parƟ cipants 

viewed a terrain model board (Fig. 2) and were 
instructed to detect, recognize, and memorize 
the locaƟ ons of six objects (three triangles, three 
squares). ParƟ cipants were instructed to scan the 
illuminated scene freely and naturally, without 
using any formalized visual scanning paƩ erns. 
The observaƟ on was conducted from a fi xed 
distance of 4 meters, simulaƟ ng an aerial viewing 
height of approximately 300 meters above 
ground level. The viewing Ɵ me was fi xed at 60 
seconds, corresponding to the average duraƟ on 
of a helicopter overfl ight of a similarly sized area. 

Fig. 3.   Photo of terrain model board with possible target locaƟ ons.
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To account for potenƟ al covariate eff ects, a rank-
based linear regression was performed on the ranked 
detecƟ on scores. This model was staƟ sƟ cally 
signifi cant overall, F(3, 66) = 5.31, p = 0.002. The vision 
condiƟ on remained a signifi cant predictor (p < 0.001), 
while neither age (p = 0.983) nor total fl ight hours (p = 
0.541) signifi cantly predicted detecƟ on performance.

A second Wilcoxon rank-sum test showed 
a signifi cant diff erence in the number of recognized 
targets between groups (W = 950.5, p < 0.001, r = 
0.49) (Fig. 4). Again, parƟ cipants in the NVG group 
recognized signifi cantly fewer targets than those 
in the photopic group. The median (IQR, 25th–75th 
percenƟ le) number of recognized targets was 5 (4–6) 
in the photopic group and 3 (3–4) in the NVG group.

A rank-based regression model for recogniƟ on was 
also staƟ sƟ cally signifi cant, F(3, 66) = 7.62, p < 0.001. 
The eff ect of vision condiƟ on remained signifi cant 
(p < 0.001), while neither age (p = 0.306) nor fl ight 
hours (p = 0.500) signifi cantly predicted recogniƟ on 
performance.

The Wilcoxon signed-rank test for dependent 
samples showed no staƟ sƟ cally signifi cant diff erences 
between the target types (triangles and squares) 
in their recogniƟ on under two diff erent viewing 
condiƟ ons: photopic vision (control) V = 101.5, p = 0.63 
and NVG-aided scotopic vision (experimental) V = 154, 
p = 0.58. In photopic condiƟ on, parƟ cipants recognized 
slightly more squares than triangles (Fig. 5). 

Diff erences in recogniƟ on performance between 
target types (shape) did not emerge under the 
experimental vision condiƟ on either. Thus, 
target shape was not a signifi cant determinant 
of recogniƟ on accuracy.

Fig. 5.  Number of   correctly recognized target shapes 
(triangles and squares) under photopic and 
NVG-aided vision condiƟ ons. Boxplots display 
the median (bold horizontal line) and the 
interquarƟ le range (IQR), defi ned as the 25th 
to 75th percenƟ le (box edges). Whiskers extend 
to the most extreme data points within 1.5×IQR 
from the box. Individual data points are shown 
as jiƩ ered dots to reduce overlap.

and fl ight experience (total fl ight hours) as potenƟ al 
covariates. This approach allowed for assessing the 
unique contribuƟ on of each predictor on the rank-
transformed performance scores, while accounƟ ng 
for non-normality.

Vision condiƟ on was included as a categorical 
predictor, and age and fl ight experience were 
entered as conƟ nuous covariates. Eff ect sizes for 
group diff erences were reported using rank-biserial 
correlaƟ on (r) to quanƟ fy the magnitude of the 
observed eff ects in the Wilcoxon tests.

All analyses were conducted using R (ver. 4.4.2) 
[43], with the rstaƟ x package version 0.7.2 [28], dplyr 
package version 1.1.4 [57], eff ectsize package version 
1.0.1 [4], ggplot2 [58], and ggpubr package version 
0.6.1 [29]. StaƟ sƟ cal signifi cance was set at p = 0.05.

RESULTS

All  70 volunteers completed the study, and 
there were no data dropouts. The median number 
of detected and recognized targets under photopic 
and NVG-aided scotopic vision condiƟ ons is shown 
in Fig. 4.

Fig. 4.  M e d   i a n  n u m b e r  o f  d e t e c t e d  a n d 
recognized targets across vision conditions.
Boxplots display the median (center line) and the 
interquarƟ le range (IQR), defi ned as the 25th to 
75th percenƟ le. Whiskers extend to values within 
1.5×IQR from the quarƟ les. Individual data points 
are shown as jiƩ ered dots to reduce overlap.

A Wilcoxon rank-sum test revealed a signifi cant 
eff ect of vision condiƟ on on the number of detected 
targets (W = 825.5, p < 0.001, r = 0.42) (Fig. 4). 
ParƟ cipants in the experimental group (NVG-aided 
scotopic vision) detected signifi cantly fewer targets 
than those in the control group (photopic vision). 
The median (IQR, 25th–75th percenƟ le) number 
of detected targets was 6 (6–6) in the photopic group 
and 6 (5–6) in the NVG group.
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benefi ts diminish with increasing distance and 
declining image quality [21]. In our study, the 
viewing distance (3.5–4 meters) was designed to 
simulate operaƟ onal distances (~600 m), where 
subtle visual dispariƟ es could reduce perceptual 
reliability. To miƟ gate the risk of mislocalizaƟ on, 
predefi ned target zones were marked on the terrain 
model photograph (Fig. 3), and spaƟ al errors were 
conservaƟ vely classifi ed as recogniƟ on failures 
rather than localizaƟ on defi cits.

Spatial resolution and contrast
Understanding how well targets can be detected 

and recognized through NVGs depends not only 
on the imaging technology itself but also on the 
capabiliƟ es of the human visual system to perceive 
detail and contrast under low-light condiƟ ons. To 
evaluate these limits, we used the ModulaƟ on 
Transfer FuncƟ on Area (MTFA) framework – 
a validated model that links image quality with 
visual performance [12]. The MTFA, depicted as 
the shaded gray region in Fig. 6, is bounded by 
three key components.

The fi rst curve (yellow) represents the NVG 
ModulaƟ on Transfer FuncƟ on (MTF) [52], describing 
how well the PNL-3 system with XD-4 tubes (data 
provided by the manufacturer of the image 
intensifi er tube [61]) preserves image contrast 
across diff erent spaƟ al frequencies. A greater area 
under this curve generally corresponds to beƩ er 
image fi delity. The second curve (green) shows 
the Stereo Human Contrast Threshold FuncƟ on 
(Stereo HCTF), represenƟ ng the minimum contrast 
required by the binocular human visual system 
to perceive depth at various spaƟ al frequencies 
[14]. The third boundary, indicated by a verƟ cal 
dashed black line, marks the lowest usable spaƟ al 
frequency defi ned by the angular size of the target 
at a viewing distance of 4 meters.

AddiƟ onally, the red dashed curve labeled “NVG 
& Target MTF” represents the eff ecƟ ve MTF aŌ er 
accounƟ ng for the actual contrast of the targets 
used in the experiment (Michelson contrast ≈ 
0.7). This curve was calculated by mulƟ plying 
the NVG MTF values by the target contrast level, 
providing a more realisƟ c representaƟ on of NVG 
performance under operaƟ onal condiƟ ons. Two 
criƟ cal points are marked on the NVG & Target MTF 
curve (Fig. 6): point D (0.64 lp/mm) corresponds to 
the minimum spaƟ al frequency at which target 
detecƟ on is possible, and point R (2.56 lp/mm) 
indicates the minimum frequency for successful 
target recogniƟ on. Importantly, both points fall 
well within the MTFA, confi rming that the NVG 
system, under the given condiƟ ons (viewing 

DISCUSSION  

The  primary objecƟ ve of this study was to 
assess whether target detecƟ on and recogniƟ on 
performance, in the absence of standardized 
scanning strategies, diff ers as a funcƟ on of visual 
condiƟ ons – specifi cally, photopic vision versus 
NVG-aided vision. Despite the similar luminance 
levels of the terrain model under photopic viewing 
and the NVG display screens (16 cd/m² vs. 8.3 cd/
m²), the reduced performance observed under 
NVG condiƟ ons (Fig. 4) likely refl ects physiological 
and opƟ cal limitaƟ ons of the visual system when 
aided by night vision devices. The discussion below 
is structured around four key areas: (1) limitaƟ ons 
associated with fi eld of view, (2) depth percepƟ on 
and distance esƟ maƟ on, (3) spaƟ al resoluƟ on and 
contrast transmission, and (4) individual visual 
diff erences.

Field of view 
A criƟ cal factor contribuƟ ng to reduced 

performance under NVG-aided condiƟ ons is the 
limited fi eld of view (FOV), typically restricted to 
approximately 40° in both horizontal and verƟ cal 
dimensions. This narrowing limits peripheral 
awareness and demands greater head movement, 
thereby increasing cogniƟ ve and physical 
workload. Previous studies have consistently 
demonstrated that a reduced FOV impairs visual 
search eff ecƟ veness, parƟ cularly in tasks that 
require wide-area scanning or the simultaneous 
monitoring of mulƟ ple spaƟ al targets [24,55]. 
In our task, parƟ cipants were required to detect 
and recognize six spaƟ ally distributed targets, 
likely exceeding the spaƟ al scanning capabiliƟ es 
aff orded by the NVG FOV. In contrast, parƟ cipants 
under photopic condiƟ ons, with unrestricted FOV, 
demonstrated signifi cantly higher performance. 
While compensatory scanning strategies may 
develop over Ɵ me with experience [18,20], none 
of our parƟ cipants had prior NVG training, which 
likely contributed to the observed performance 
gap.

Depth perception and distance estimation  
Although the task did not explicitly require 

distance judgments, depth percepƟ on remains 
a relevant factor under NVG use. Binocular depth 
cues, such as convergence and disparity, can be 
aff ected by technical inconsistencies between the 
image intensifi er tubes. Even in binocular NVG 
systems, mismatches in resoluƟ on, contrast, focus, 
or luminance between leŌ  and right channels may 
disrupt stereopsis [9,54] and degrade distance 
esƟ maƟ on [21,30]. Moreover, stereoscopic 
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image specifi caƟ ons appear to meet theoreƟ cal 
thresholds for performance, real-world limitaƟ ons, 
such as contrast loss due to image intensifi er 
wear and individual variability in visual processing 
[7], can compromise the observer’s ability to 
detect or correctly idenƟ fy targets. Therefore, 
comprehensive NVG performance evaluaƟ on 
should integrate both technical assessments 
(e.g., MTF-based analysis) and user-centered 
factors, parƟ cularly under contrast condiƟ ons that 
realisƟ cally simulate operaƟ onal environments. 
Only by combining these perspecƟ ves can we 
ensure that the visual informaƟ on presented 
through NVGs is not only technically suffi  cient, but 
also perceptually accessible to the end user.

Individual diff erences
 Our analysis showed that NVG-aided vision 

signifi cantly impaired both target detecƟ on and 
recogniƟ on (p < 0.001), and this eff ect was not 
moderated by parƟ cipants’ age or fl ight experience. 
Neither age nor total fl ight hours signifi cantly 
predicted performance in either task, indicaƟ ng 
that the performance decrement under NVG 
condiƟ ons refl ects inherent limitaƟ ons of the visual 
environment (photopic vs. NVG-aided), rather than 
diff erences in individual ability.

Although the parƟ cipant sample was medically 
screened and relaƟ vely homogeneous, individual 

distance = 4 m, contrast = 0.7), provides suffi  cient 
spaƟ al resoluƟ on and contrast to support both 
detecƟ on and recogniƟ on tasks.

Although the applied NVG system theoreƟ cally 
provides suffi  cient spaƟ al resoluƟ on and contrast 
to support both detecƟ on and recogniƟ on tasks, as 
indicated by the MTFA range (Fig. 6), this assumes 
ideal or near-nominal performance of the image 
intensifi er tubes. In pracƟ ce, however, parƟ ally 
worn image intensifi ers, which may have degraded 
over Ɵ me, may exhibit reduced contrast transfer 
capabiliƟ es, eff ecƟ vely lowering the NVG MTF 
curve. As a result, some NVGs may have failed 
to deliver suffi  cient image quality for reliable 
target recogniƟ on, even if they had previously 
passed calibraƟ on using high-contrast resoluƟ on 
test charts. This highlights the need to account 
for in-service degradaƟ on when evaluaƟ ng NVG 
performance in operaƟ onal or research seƫ  ngs, 
parƟ cularly by assessing system performance not 
only using high-contrast test charts, but also under 
reduced-contrast condiƟ ons that more closely 
refl ect real-world operaƟ onal environments.

Taken together, these fi ndings underscore 
that the eff ecƟ ve detecƟ on and recogniƟ on 
of targets using NVGs is infl uenced by both 
system-level image quality and the visual system’s 
ability to extract informaƟ on under constrained 
viewing condiƟ ons. Even when NVG-generated 

Fig. 6.  The modulaƟ    on transfer funcƟ on area (MTFA) for contrast target viewed with NVGs. Point D indicates the minimum 
spaƟ al frequency (0.64 pl/mm) at which it is possible to detect targets; Point R represents the minimum spaƟ al 
frequency (2.56 pl/mm) at which it is possible to recognize targets. Point A indicates the maximum spaƟ al frequency 
at which stereoscopic depth percepƟ on is possible under opƟ mal NVG imaging condiƟ ons; Point B shows the limiƟ ng 
spaƟ al frequency for stereoscopic depth percepƟ on under realisƟ c target contrast.
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Finally, there are conceptual limitaƟ ons related 
to the use of Johnson’s Criteria [26] as a predicƟ ve 
model originally developed for thermal imaging 
performance. Although this model remains 
a widely used and accessible standard for 
esƟ maƟ ng detecƟ on range, it is fundamentally 
empirical and idealized. It does not account for 
important human performance variables such 
as observer experience, faƟ gue, and aƩ enƟ onal 
capacity. Moreover, it is based on a 50% probability 
threshold and does not describe how detecƟ on 
probability increases beyond that point with 
improved resoluƟ on or image quality. Thus, while 
Johnson’s Criteria provide a useful benchmark, 
they may not fully refl ect real-world operaƟ onal 
eff ecƟ veness.

CONCLUSIONS

We found that  visual target detecƟ on and 
recogniƟ on performance was signifi cantly 
impaired under NVG condiƟ ons, regardless 
of parƟ cipants’ age or fl ight experience. The 
NVG condiƟ on resulted in both staƟ sƟ cally and 
pracƟ cally meaningful declines in recogniƟ on 
accuracy, underscoring the perceptual limitaƟ ons 
associated with night vision technology.

The observed performance diff erences between 
NVG-aided and photopic condiƟ ons likely result 
from a combinaƟ on of system-level constraints 
(e.g., restricted fi eld of view, reduced contrast 
sensiƟ vity), opƟ cal factors (image intensifi er 
variability), and possible individual visual 
characterisƟ cs. Although the NVG system met 
theoreƟ cal thresholds for resoluƟ on and contrast, 
worn intensifi ers may have reduced image quality 
below operaƟ onal requirements, parƟ cularly 
under realisƟ c, lower-contrast condiƟ ons.

These fi ndings highlight the need to assess NVG 
performance not only with high-contrast charts, 
but also under degraded contrast to refl ect real-
world use. IncorporaƟ ng both system diagnosƟ cs 
and user-centered factors is essenƟ al for ensuring 
reliable detecƟ on and recogniƟ on in operaƟ onal 
seƫ  ngs.

In addiƟ on, to improve user performance, 
reduce visual faƟ gue, or idenƟ fy individuals 
most likely to succeed in NVG-supported fl ight 
operaƟ ons, further invesƟ gaƟ on is necessary. 
This includes the development of screening tools 
sensiƟ ve to these factors, as well as the design 
of enhanced training protocols targeƟ ng visual 
skills. Such eff orts may help ensure safer and more 
eff ecƟ ve use of NVG systems across a broader 
range of operaƟ onal scenarios.

visual traits may have infl uenced NVG-based task 
performance. One relevant factor is accommodaƟ ve 
response in low-light environments. Research 
suggests a natural tendency for the eye to 
accommodate to a near focal distance (known 
as “dark focus”) under scotopic or visually sparse 
condiƟ ons [48]. This could impair image clarity 
when viewing NVG displays focused at opƟ cal 
infi nity, parƟ cularly in users with a strong tendency 
toward near accommodaƟ on [46]. AddiƟ onally, 
binocular suppression, especially of the non-
dominant eye, may reduce eff ecƟ ve binocular 
integraƟ on, thus narrowing perceived FOV and 
decreasing contrast sensiƟ vity [1,8]. Such eff ects 
may be exacerbated by interocular luminance 
imbalances, further degrading visual performance. 
Nonetheless, no parƟ cipants in the current study 
reported discomfort or visual strain, suggesƟ ng 
these individual diff erences, while theoreƟ cally 
impacƞ ul, did not manifest overtly in our sample.

Study limitation
While the fi ndings of this study provide insight 

into NVG performance in controlled condiƟ ons, 
several limitaƟ ons should be considered when 
interpreƟ ng the results.

First, the condiƟ ons under which the experiment 
was conducted may not have been suffi  ciently 
demanding to replicate the operaƟ onal stressors 
associated with real-life NVG missions. Specifi cally, 
the study took place during dayƟ me hours, which 
likely minimized the physiological and cogniƟ ve 
faƟ gue typically induced by prolonged nighƫ  me 
operaƟ ons. In actual scenarios, extended 
missions, especially those that disrupt natural 
circadian rhythms, are associated with a range 
of performance hazards, such as complacency, 
computaƟ onal errors, communicaƟ on breakdowns, 
poor decision-making, and irritability [6]. Circadian 
disrupƟ on is almost inevitable during night fl ights, 
and these factors must be considered when 
evaluaƟ ng the external validity of our fi ndings.

In addiƟ on to environmental limitaƟ ons, 
methodological challenges related to visual 
behavior should be considered. While the target 
detecƟ on and recogniƟ on task relied on NVG use, 
parƟ cipants were not instructed in standardized 
scanning strategies. As a result, each subject 
may have adopted a personal approach to visual 
search, which varied in eff ecƟ veness. Rapid or 
erraƟ c scanning paƩ erns may have caused image 
instability or blurring, potenƟ ally contribuƟ ng 
to missed targets or misidenƟ fi caƟ ons [34]. This 
variability consƟ tutes a confounding factor that 
may have infl uenced the observed outcomes.
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