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Abstract:

Introduction/purpose: The Modulation Transfer Function (MTF) is a useful
fool for an imaging system performance analysis. It is used in Electro-
Optical (EQ) system design, verification of targeted system parameters,
but also in optimization tasks for systems under test. This methodology
based on the linear systems theory allows the performance analysis of
complicated EO systems to be divided into subsystems. In this paper, the
MTF methodology will be presented and explained, followed by the
measurements performed in the electro-optical laboratory. The MTF
measurements were performed on three types of cameras in different
spectral bands, after which the results were compared to the model
expectations and theoretical limits for the imaging system. For one of the
sensors, the limiting frequency was also measured using the USAF 1951
test target which allowed the comparison between the methods.

NOTE: The previous version of this paper was presented at Sinteza 2019
International Scientific Conference on Information Technology and Data Related
Research (Paden, 2019).
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Methods: Laboratory measurements and theoretical mathematical
calculations.

Results: Based on the laboratory and theoretical results, the measurement
results were further analyzed.

Conclusion: The measurements have proven that the calculated cutoff
frequency and the MTF curve represent the limit for the real measured
system performance. Therefore, this study has confirmed that the MTF
can be convenient for finding system limitations and bottlenecks and for
increasing the overall performance of the system.

Key words: MTF-Modulation Transfer Function, USAF 1951 test,
electro-optics.

Introduction

Border security in the modern society has become an increasingly
important task for countries in order to prevent illegal immigration,
smuggling and cross-border criminal, but also to answer to the recent
needs for border lockdowns due to the pandemic health crisis (McDaniel
et al, 2006), (Dufour, 2013). As borders are vast, usually not easily
accessible areas, the task of their protection requires centralized control
and integration of various types of sensors such as radars, cameras,
motion sensors, and unmanned aerial vehicles. One of the key roles in
these systems is the one of Multi-Sensor Imaging Systems (MSIS) which
are sets of different sensors covering the visible spectral band (Holst,
2008) - VIS (0.4-0.7 um), but also the Near Infrared — NIR (0.7-1.1 pm),
Shortwave Infrared - SWIR (1.1-2.5 ym), Midwave Infrared — MWIR (2.5-
7 um) and Longwave Infrared - LWIR (7-15 ym) ones. The goal of these
systems is to provide all-day, all-weather visibility, which is achieved by
integrating high quality detectors working in different spectral bands and
powerful lenses, for long range and high resolution systems (Peri¢ et al,
2019). Based on their main role in the system, MSIS can be designed for
various tasks such as detection, recognition, and identification of different
type of objects (vehicles, trucks, pedestrians, etc.).

This paper will analyze one such multi-sensor imaging system
consisting of a visible camera, an SWIR and an MWIR camera with
lenses whose specifications will be listed in Chapter 5 of this paper. The
performance assessment of this system was done in an electro-optical
laboratory by measuring the system Modulation Transfer Function and,
for one of the sensors, the resolution using the USAF 1951 resolution
test chart.
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In Chapter 2, we will describe the basics of the electro-optical (EO)
imaging system performance and its main models. Chapter 3 gives an
overview of the theory behind the MTF analysis and its contribution in the
overall performance analysis of one imaging system, followed by Chapter
4 where the methodology uncertainties and biases are listed.

The laboratory environment, the equipment used for the
measurements and the procedures and methods used in this process are
described in Chapter 5.

Chapter 6 presents the measurement results for all three sensors
and discusses them in relation to the theoretical expectation.

The alternative measurement of system limiting resolution is
presented in Chapter 7.

The real-environment outdoor camera performance is presented in
Chapter 8 where the system potential to perform detection, recognition
and identification of objects is tested on the scene 12 km far from the EO
system position.

Finally, the last chapter offers the conclusions on the conducted
testing and proposes some possible guidelines for further optimization of
electro-optical imaging systems.

Electro-optical imaging system performance

The analysis of the electro-optical imaging system performance is a
complex process that must cross-reference the results and information
gathered in different environments, as depicted in Figure 1.

Besides the necessity of taking measurements/predictions in various
environments, one must take into consideration all the elements of the
system, from the scene, to the observer (Holst, 2008).

Figure 2 depicts one such system, and the elemets which are
affecting the creation of an image to be presented to the observer.
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Figure 1 — Relationship between different system predictions and measurements, for an
infrared imager (Peric¢ et al, 2019)
Puc. 1 — OmHoweHuemex0y pa3nuyHbIMU rpo2Ho3amMu U U3MePEHUSIMU cUCMeMbIOns
UHepakpacHoli momoepacpuu (Peric et al, 2019)
Cnuka 1 — O0Hoc usmeljy paznudumux npedukyuja u Mepera cucmema 3a
uHbpaupseHy kamepy (Peric et al, 2019)
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Figure 2 — Electro-optical imaging chain
Puc. 2 — Gnekmpoornimuyeckas uernoyka usobpaxeHuu
Cnuka 2 — Enekmpoonmuyku naHay, criuke
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The major elements that contribute to the resulting image quality are
the following (Holst, 2008):

The scene content - target and background characteristics,
clutter, motion

Intervening atmosphere - rain, haze/fog, transmittance, dust
Electro-optical system — Lens and Sensor system - Minimum
Resolvable Temperature Difference (for infrared systems),
Minimum Resolvable Contrast (for visible systems), resolution,
sensitivity, noise,

Electronics — Signal processing

Display - distance to the observer, luminance, contrast, and
finally,

Observer - his experience, fatigue, training, and workload.

In order to relate these various measurable system design
parameters with their operational performance, different models were
developed and used. Three levels of models are best answering to these
requirements (Shumaker & Wood, 1988), (Fiete, 2010):

Component/phenomenology models — These models find the
MTF of the whole system (MTFSYS) by finding the MTF of
individual components, listed in the paragraph above. The
MTFSYS is then used as an input parameter for the next-level
system modeling;

System performance models — Built on component models, they
describe the total system performance for some controlled
tasks;

Operational models — These models focus only on the overall
operational system functionality, where they are used to
calculate detection, recognition and identification ranges of the
whole system.

The focus of our analysis will be limited to the component model,
where the Modulation Transfer Function will be used to describe the
signal transfer characteristics of the whole system, and of some of its
subsystems.

The MTF methodology and its main characteristics as well as
limitations are described in more detail in the following two chapters.
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MTF analysis

The MTF analysis is one of the primary parameters used in electro-
optical system design, sub-system specification and performance
analysis (Holst, 2011).

This methodology carries out the analysis of the total impulse
response of the system from the spatial (time) domain to the frequency
domain by the means of Fourier analysis. The benefit of this is the
replacement of the complex time domain mathematics, involving two-
dimensional convolutions, with much simpler multiplications between
elements (Boreman, 2001).

The imaging channel response is described by the Optical Transfer
Function (OTF), where the Modulation Transfer Function represents the
modulus of OTF, i.e. the magnitude response of our optical system to the
sinusoidal input signals of various frequencies.

The MTF analysis is applicable only for linear shift invariant (LSI)
systems which should modify only amplitude and phase of the target
(Holst, 2011). In order to achieve this, four conditions must be met: 1.
signal processing is linear; 2. the radiation is incoherent; 3. the image is
spatially invariant; and 4. the system mapping is single valued. While
these conditions are generally not fulfilled, especially on a microscale,
the MTF analysis is a very useful tool in a system performance analysis
and comparison and, as such, very much in use in the system design
and choice of adequate optical elements (Peri¢ et al, 2018).

The MTF methodology connects two important aspects of the image
— its modulation depth (or contrast) and resolution - through the concept
of spatial frequency.

The modulation depth is actually a measure of visibility of an image.
The finite-size impulse response of the electro-optical system (i.e. not the
delta function) decreases the modulation depth of the image, compared
to that one of the object (Daniels, 2018).

In image processing applications, a system performance is often
described in terms of spatial frequency, defined in the number of line
pairs per mm (or cycles per mm, or cycles per miliradian), where one
line pair (or one cycle) represents the closest spacing of black and white
bars that can be resolved by the system.

Figure 3 presents the USAF 1951 resolution test chart which is one
of the most commonly used targets for evaluating system spatial
frequency (United States Department of Defense, 1950). The basis of the
chart is a group of three vertical and three horizontal lines organized by
groups and elements. A higher group/element number gives a higher

77

Paden, N. et al, Modulation transfer function in the analysis of electro-optical system performance, pp.572-597



i‘ VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2020, Vol. 68, Issue 3

number of black and white line-pairs per millimeter, i.e. higher spatial
fregency. The chart clearly shows that by increasing spatial frequency
(increasing the number of black and white line-pairs per millimeter, noted
with a higher group/element number in the figure), it becomes more
difficult to distinguish the lines.

Group Number

B III ] m
III_2

III =1 Illlllgi

=M uE

Element Number 4_“| 2§ =s
S=1

E o= m=6
s=m ="
USAF 1951 1X

Figure 3 — USAF 1951 resolution test chart, where the group of bars with ahigher
group/element number have higher spatial frequencies
Puc. 3 — Tecmosas uenb BBC CLUA 1951 2oda, 20e epynna nuHul ¢ 601bWUM YUCTIOM
epynn / anemeHmo8 umeem 60Js1ee 8bICOKYIO MPOCMPaHCMBEHHYIO Yacmomy
Cnuka 3 — TecmHa mema YCA® 1951, 20e epyna nuHuja ca eehum 6pojem
2pyne/enemeHama uma eehy npocmopHy hpekseHyujy

The concept of spatial frequency will be additionally explained later
in the document, where the system resolution will be evaluated by using
the USAF 1951 test chart.

The following figure depicts how the increase of spatial frequency of
the object (the upper graph) affects the modulation depth of the image
(middle graph), resulting in the degradation of the MTF function (lower

graph).
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Figure 4 — MTF as a function of spatial frequency (Boreman, 2001)
Puc. 4 — MTF kak ¢byHKyusi npocmpaHcmeeHHol Yacmomsi (Boreman, 2001)
Cnuka 4 — MTF kao ¢byHkyuja npocmopHe yd4ecmaHocmu (Boreman, 2001)

To summarize, by moving to the spectral domain, instead of
convoluting the independent impulse responses of the system
components, we will simply multiply their separately calculated MTFs,
resulting in the overall system modulation transfer function (MTFSYS).
Figure 5 illustrates typical MTF shapes of some of the system
components. The x-axis, noted with &, represents normalized spatial
frequency, i.e. spatial frequency divided with cutoff frequency (detector,
or optical cutoff, depending on the type of the system, as explained in
Table 1 of this paper).

The MTFs presented in Figure 5 do not conclude the list of the
elements affecting the final shape of the MTF system graph, where jitter,
defocus and noise also influence the final result. The more components
are analysed, the better result (result closer to real measurements) will
be achieved. As a rule of thumb, it can be considered that the quality of
the optical system is better if the area below the curve is greater.
Nonetheless, there is no ultimate way to evaluate which MTF shape is
the best (Boreman, 2001), due to non-linearity of the human eye which
does the task of reconstruction filtering.
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Figure 5 — System MTF as a result of components MTFs, where & denotes normalized
spatial frequency (Boreman, 2001)
Puc. 5 — Cucmema MTF kakpesysnbmam komrnoHeHmos MTF, 20e £ o603Hayaem
OMHOCUMesbHY MPocmpaHcmeeHHyro Yyacmomy (Boreman, 2001)
Cnuka 5 — Cucmem MTF kao pesynmam MTF-a nojeOuHaqyHux KomrnoHeHmu, 20e &
o3Hayasa peflamusHy rpocmopHy y4yecmaHocm (Boreman, 2001)

The parameter that uniquely defines the shape of the electro-optical
system modulation transfer function is given by the expression F4A/d,
where F; is the focal ratio (F-number), A is the wavelength, and d is the
detector size (Holst, 2011).

The following table gives the relation between the value of the
expression and its representation in the spatial and frequency domain.

Table 1 — Optics-limited versus detector-limited system performance (Holst, 2011)
Tabnuuya 1 — Onmuko-ogpaHu4yeHHas 3¢bgheKmueHOCMb CUCMEeMbl [0 CPAaBHEHUo C
demexkmopom (Holst, 2011)

Tabena 1 — lNopehere cucmema ozpaHu4eHUX demeKkmopomM, 0OHOCHO onmukom (Holst,

2011)
System . . .
FyNd performance Spatial domain Frequency domain
<1 Detector-limited Airy disc smaller than Optical cutoff greater that detector
the detector cutoff
>1 Optics-limited Airy disc larger than Detector cutoff greater than optical
the detector cutoff

This ratio also reveals the systems prone to aliasing, boresome
artefacts of the signal under-sampling, which occur for the ratios below
the value of 2.
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While the MTF measurement brings a lot of benefits in system
design and analysis, this methodology also has its uncertainties,
described in the following chapter.

MTF methodology uncertainties

The MTF laboratory measurement process suffers from various
uncertainties or biases, mostly caused by the fact that the methodology
requirement for the LSI system is not achieved. This results in
differences in measuring which can be categorized into four groups
(Haefner, 2018):

m  Data corruption,

Equipment and experimental selection,
Operator selection, and
System under test effects.

Data corruption is the reason of the most severe errors in the MTF
measurement, which can make the whole process unusable and
meaningless. The main reasons of data corruption can be found in:

m  Saturation, where multiple input values are mapped to the same

output value,

m  Quantization, where low signal quantization levels can lead to

significant variations in signal output uncertainties, and

m  Non-linear response.

Equipment and experimental variations are the reason why the MTF
results for the same system, measured in different laboratories, will give
different results. These variations are caused by:

m  Target angle variations - as the system is not diffraction-limited,

the MTF is rotationally dependent

Operator selection, where one needs to select:

m  Region of Interest (ROI) - real systems are not spatially
invariant, so the choice of ROl will influence MTF
measurements,

m  Focus adjustment, where results obtained even by highly
trained technicians will vary due to selected focuses which will
affect measurement results.

System under test effects, such as:

= Non-uniformity, caused by detectors imperfections, poor optics,
or fixed patter nnoise, and

m  System noise.

581

Paden, N. et al, Modulation transfer function in the analysis of electro-optical system performance, pp.572-597



i.‘ VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2020, Vol. 68, Issue 3

While all these challenges in MTF measuring are well documented,
with defined best practices how to mitigate these uncertainties, results
from the laboratory must be accompanied with the ones from tests
performed in real environment, to enhance the evaluation of the system
and give clear guidelines for its improvement.

MTF measurement setup

The MTF characteristics measurements were done in an electro-
optical laboratory equipped with a collimator station, illustrated in the
following Figure:

Optical
Module
(Collimator)

Targets

Radiation
Sources

%

Figure 6 — Electro-optical modular test station (Cl Systems, 2012)
Puc. 6 — Snekmpoonmuyeckas ModyrnbHas ucrsimamernbHas cmaryusi (Cl Systems,
2012)
Cnuka 6 — ModynapHa enekmpoonmuy4ka mecm-cmaruua (Cl Systems, 2012)

The test system has the following characteristics (Cl Systems,
2012): the collimator's effective focal length (EFL) is 3,025mm (120
inches), with a clear aperture of 355.6mm (14 inch) and a field of view of
1.0°. The radiation source is VIS/SWIR integration sphere with a spectral
range of 0.44-2.2 ym, and a blackbody source (absolute temp. range 0°C
to 125°C, resolution 0.001°C), which is used for MWIR and LWIR
measurements.

The characteristics of the cameras under the test are as follows:

m SWIR - resolution 640 x512 pixels, detector pixel size 15 um.

The lens has a declared waveband of 0.9-1.7 uym, and a
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variable focal length (f;) of up to 2500mm. The measurements
were made on f; = 2500mm, with F;=16

m Visible camera — resolution 1920x1080 pixels, detector pixel
size 5 ym. The lens has a declared waveband of 0.4—-0.7 pym,
and a variable focal length of up to 2000mm (with extender).
The measurements were made on f; = 2000mm, with F3=16

. MWIR - resolution 640x512 pixels, detector pixel size 15 pm.
The lens has a declared waveband of 3-5 um, an anticipated
waveband central wavelength of A=4 uym, and a variable focal
length of up to 825 mm. For the purpose of measurements, we
set the focal length to fj = 784mm, to provide enough room for
fine focusing.

There are different methods to determine the system MTF, using the
imaging lines, points, or even imagery from a system of well-known MTF
values (Schowengerdt et al, 1985).

In this case, the MTF measurements were performed with a step-
target, depicted in Figure 7. The MTF measurement procedure with the
step target is described in the following lines.

Figure 7 — Step-target, used in the MTF measurement
Puc. 7 — Lienesol mecm, ucrnonb3yembilnpu usmepeHuu MTF
Cnuka 7 — Tecm-mema Koja ce kopucmu 3a mepeme MT®-a

The measurement process begins by selecting and placing the
slanted step target with an almost perfect edge in the target wheel,
switching on the integration sphere and setting the intensity. The edge
spread function (ESF) is the system response to a high contrast edge
(Kohm, 2004). Images in a number of consecutive frames are taken, and
averaging is done over all recorded frames. The derivative of the ESF
produces the line spread function (LSF), which is the system response to
a high contrast line. While the target has an almost perfect edge, its
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image gets distorted as a result of the system imperfection, resulting in
the LSF.

From the LSF, by means of Fast Fourier transformation (FFT), the
MTF graph is derived, presenting all frequencies up to cut-off frequency.

The above described procedure measured the MTF of the whole
system, which was compared with the MTF curves for the detector
(determined by the size of the pixel and the focal length of the lens) and
the optics system (which is limited by the optical diffraction), calculated
from formulas (1) to (5) (Holst, 2008).

The MTF curve for the detector is calculated as the magnitude of the
following formula

. fx
| sin(raafy) _ S0 (770)
OTFdetector (fx)=SInC(T[0(dfx) = ”adfx = = T[ffxDCO ) (1)
DCO

1 d  detector pixel size
"~ foco fi effective focal length’

(2)

Aq

The diffraction (optical) MTF was calculated by the following formula:

OTFags(f) = 2lcos™ (2) = () [1- Ly

foco foco foco” ' (3)
for fx < foco
OTFqirs = 0,for fx > foco,  where (4)
f fi_ 1
foco = 5y @ Fa = 5= (5)

The parameters used in the formulas (and in the tables in the
following chapter) are
m A —central wavelength,

m d — detector pixel size,

m f; —focal length,

m D — diameter of the lens aperture,

m  F; — F-number, a function of the focal length and the lens
aperture,

m  fpco — detector cutoff frequency,

m fyco — optical (diffraction) cutoff frequency,

m  NA — Numerical aperture, and

m  fy— Nyquist frequency, which is half of detector cutoff

frequency, as per the sampling theorem.
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Measurement results

The measurement parameters and the calculated cutoff frequencies
are summarized in Table 2 for the visible camera, in Table 3 for the
short-wave infrared (SWIR) camera, and in Table 4 for the mid-wave

infrared (MWIR) camera.

Table 2 — Calculated cutoff frequencies for the visible camera
Tabrnuya 2 — PaccyumaHHble npedesibHble Yacmombi O kKamepbl 8uOeoHabnodeHuUst
Tabena 2 — UspadyyHame epaHU4YHe ¢hpekseHyuje 3a sudrbusy Kkamepy

Detector : Optical
Detector | Focal F- cutoff ][\rlgg:j;: cy cutoff
A [um] size length number | frequency £ FyNd frequency
d[um] filmm] Fy foco N foco
[cy/mrad] [cy/mrad] [cy/mrad]
0.5 5 2000 16 400.00 200.00 1.60 250
Table 3 — Calculated cutoff frequencies for the SWIR camera
Tabnuua 3 — PaccyumanHbie npedernbHblie Yacmomal 0511 SWIR kamepb!
Tabena 3 — U3pauyHame epaHu4He gppekseHyuje 3a SWIR kamepy
Detector : Optical
Detector | Focal F- cutoff ][\rlggllj:: cy cutoff
A[um] | size length number | frequency f FyNd frequency
d[pm] fulmm] Fy fpco N foco
[cy/mrad] [ey/mrad] [cy/mrad]
1.5 15 2500 16 166.67 83.33 1.60 104.1667
Table 4 — Calculated cutoff frequencies for the MWIR camera
Tabnuua 4 — PaccyumatHbie npedesnbHble 4acmomsl 0151 MWIR kamepb!
Tabena 4 — UspadyyHame epaHuyHe ¢ppekseHyuje 3a MWIR kamepy
Detector ; Optical
Detector | Focal F- cutoff fr\rlggﬂxlasrtxcy cutoff
A[um] | size length number | frequency f FyNd frequency
d[um] filmm] Fy foco N foco
[cy/mrad] [cy/mrad] [cy/mrad]
4 15 784 4 52.27 26.13 1.07 49
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These values were then used to calculate and plot the graphs for the
MTF of the detector, the MTF of the diffraction, and the resulted MTF of
the system (MTF product) using formulas (1-5), given in the previous
chapter. The graph X-axes are all plot up to the Nyquist frequency (which
is one half of the sampling frequency), as that is the highest frequency
which can be faithfully reconstructed, as per the sampling theorem
(Holst, 2008).

Figure 8 presents the graphs of the calculated MTFs and the
measured MTF for the visible camera with the extender (f; =2000mm).

Figure 9 gives the graphs of the calculated MTFs and the measured
MTF for the SWIR camera with a focal length of 2500mm.

Finally, Figure 10 shows the MTF calculations and measurements
for the MWIR camera with a zoom lens with the maximum focal length of
825mm, which was set on 784mm for these measurements.

wtp MTF detector
== MTF diffract

MTF

de= MTF product

=== MTF measured

0 20 40 60 80 100 120 140 160 180 200
Spatial frequency fx [cy/mrad]

Figure 8 — MTF for the visible camera, f;=2000mm
Puc. 8 — MTF Onsi kamepbl sudeoHabnodeHus, f; =2000mm
Cnuka 8 — MTF 3a sudrbugy kamepy, f; =2000 mm
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== MTF detector
== MTF diffraction
==dr=M product

== M measured

T sl
0.0 100 200 300 400 500 60.0 700 80.0
Spatial frequency fx [cy/mrad]

Figure 9 — MTF for the SWIRcamera, f; =2500mm
Puc. 9 — MTF dnsi SWIR kamepsi, f; =2500mm
Crniuka 9 — MTF 3a SWIR kamepy, f; =2500 mm

== MTF detector
== MTF diffraction

=

e M M2 ASUrEd

0.00 5.00 10.00 15.00 20,00 25.00 30,00
Spatial frequency fx [cy/mrad

Figure 10 — MTF for the MWIR camera, f; =784mm
Puc. 10 — MTF ona MWIR kamepesl, f; =784mm
Cnuka 10 — MTF 3a MWIR kamepy, f; =784 mm
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A. Visible camera, with the extender (f; =2000mm)

By analyzing Figure 8, we can conclude that the measured result
(the MTF measured curve) has lower cutoff frequency than the one
expected by the theory (the MTF product curve). The deviation of the
measured MTF from the theoretical one, reflected in the steeper decline
of the MTF curve, can be explained by the effect of the elements which
were not measured in this case, such as focus, electronics for video
processing, display, etc. We can also conclude that the limiting factor in
this case is the diffraction of the lens system (fyco), as the MTF diffract
graph is below the MTF detector. While the calculated diffraction of the
lens system is at 250 cy/mrad, we can see that the measured MTF is
falling below 0.2 already for the spatial frequencies at a one tenth of the
optical cutoff. This can be explained by using the optical extender (to
achieve the targeted focal length) which has also introduced the
deviations caused by the aberrations (imperfection) of the optical
extender elements.

B. SWIR camera, a focal length of 2500mm

This measurement, performed by the short-wave infrared camera
with a narrow field of view (NFOV), reveals that again we are dealing with
an optics-limited system, which is obvious from the graph (where the
MTF diffraction is lower than the MTFdetector line), from the values of
focoand foco, but also from the value of FyA/d expression, as per the
limits defined in Table 1 of this paper. The MTF measured curve is also
below the MTF product one but, compared to the visible camera in the
scenario A, the measured curve is less steep. In this scenario, the
measured MTF drops below 20% approximately at a value of 26 cy/mrad,
which is around 25% of the optical cutoff. Based on this, it is safe to
conclude that the SWIR lens has better optical characteristics than the
one used with the visible camera. Having this in mind, we expect better
identification in SWIR images which will be tested with images taken from
a real scenario.

C. MWIR camera, a focal length of 784mm

Unlike the first two scenarios where the system was clearly residing
in the diffraction (optics) limited part, here the cutoff frequencies
(detector, and optical) are much closer, resulting in closer MTF detector
and MTF diffraction graphs, compared to the first two scenarios. What is
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also readable from the graph is that the measured MTF is above 10% for
most of the values up to the Nyquist limit, which is a general indication of
a well-designed system and better image quality (Boreman, 2001)
(although the system performance can be really evaluated only through
the prism of frequency specific range of interest). What also must be
commented is the measured results for the frequencies above 22-23
cy/mrad, reflected in the incline of the graph-line. As this have no
explanation in physics of the system, this behavior can be explained by
system non-linearity, signal processing, measurement setup, and other
aspects which are described in Chapter 4 of this paper and have the
effect on the MTF measurements.

Other methods for measuring EO system resolution

The MTF analysis and measurements, presented in the previous
chapters, offers a lot of information to the viewer, by describing the
system behavior on the whole spectrum of frequencies, up to the limiting,
cutoff frequency. There are other methods to measure optical resolution:
the United States Air-Force (USAF) 1951 resolution test chart, being one
of the most popular ones, is given in Figure 11 of this document.

GROUP 2, ELEMENT 6

0 |
1 [

Figure 11 — USAF resolution target, imaged with the MWIR camera described in Chapter
6. The left image was taken with a good focus, the right one with a bad focus.

Puc. 11 — Lens paspeweHus BBC CLLUA, nonydyeHHas ¢ nomoubto kamepbi MWIR,
onucaHHol 8 anase VI. Jlegoe uzobpaxkeHue 6bi10 r1ony4eHo rpuxopowiel
ghokycupoeke, npasoe rnpurnioxoli hoKycuposKe.

Cnuka 11 — USAF-osa pe3onyyuoHa mema cHumrbeHa MWIR kamepom onucaHom y
rnoanassby VI. Criuka 5ie8o cHUMIbeHa je ca 0obpum hOKycoM, a criuka OecHo ca 10uum
¢hoKycom.
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This target consists of a group of elements, each element consisting
of three vertical and three horizontal bars of precise width. The observer
task is to visually identify which group of bars can still be distinct without
blurring into one another. By identifying the number of that last resolvable
element, which is in our case group 2, element 6, the resolution limit can
be calculated from the formulas:

l
Resolution (_p) = pUroupt——— — 72 = 713 —
mm mm (6)

element—1 5 lp

Resolution (mcy )

rad l
= Collimator EFL [mm] = 10~3 x Resolution (i)
cy mm/ (7)
= 21.56
mrad

where the Collimator Effective Focal Length (EFL) is 3,025mm, as
previously mentioned.

Having in mind that the human visual system can work with contrast
which is above 5% (although this cannot be taken as a hard fact, as it
depends on the human visual system properties), by analyzing again
Figure 10, we can see that the value of the MTF is falling to 5%
somewhere around the spatial frequency of 20 cy/mrad, which is similar
to the limiting resolution found with the USAF 1951 test target (formula
7).

The USAF target, as shown, is an effective method to quickly
estimate the system resolution, but it suffers from some challenges. The
most important one is in the fact that the process heavily depends on the
observer (and his decision on what target is resolvable), but also on
some other things, such as the image focus, which can seriously affect
the measurement, as shown in Figure 11.

While the MWIR system and the focal length forming the target
image were the same for both images, the focus of the object (target) for
the right image was not done properly. As a result, the limiting resolution
derived from this image is lower than previously estimated. While the
matter of the focus is also affecting the MTF calculations (Holst, 2008),
(Haefner, 2018), in this case of the USAF1951 test target, it will give a
completely wrong picture of the system capability.
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Real scenario images

In order to illustrate the image performance of the multi-sensor
imaging system (MSIS) in a real scenario, the system tested in the
laboratory (a Visible and an SWIR camera, without an MWIR sensor)
was installed outdoors and set to monitor the scene approximately 12
kilometers apart from the MSIS position.

Figure 12 — Visible camera image
Puc. 12 — U306paxeHue ¢ kamepbl 8uOeoHabmodeHust
Cnuka 12 — Cniuka CHUM/beHa 8UG/bUBOM Kamepom

Figure 13 — SWIR camera image
Puc. 13 — NsobpaxeHue ¢ SWIR kamepsbi
Cnuka 13 — Cnuka cHumbeHa SWIR kamepom
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What is clearly distinguishable in the pictures are vehicles, buses,
pedestrians and the general background characteristics (buildings, trees,
etc.). Since this type of system is generally designed to perform
detection, recognition and identification of objects, it is safe to say that
the system is performing well for the purpose it was built for. Comparing
the images in VIS and SWIR, we can conclude that the SWIR image is
richer in detail, which is expectable regarding the comments stated
earlier in the paper. During the tests, we also noticed remarkable
advantage of the SWIR image in the presence of fog.

Conclusions

The theoretical analysis and laboratory measurements of electro-
optical system performance have demonstrated that the MTF can be an
effective analytical tool.

Theoretical calculations have shown that the increase of the focal
length results in the increase of the F-number (Fy), and for that reason
the diffraction of the lens system becomes the dominant limitation factor
compared to the detector limitation. In that way, we have identified the
maximal frequency for our system.

The MTF measurements in the electro-optical laboratory have given
some valuable information. Besides a visual confirmation on the system
limiting elements (where the lower diffraction lines prove they limit the
system, and not the detector), the comparison of the curves for VIS,
SWIR and MWIR cameras has shown that the SWIR and MWIR lenses
have supreme optical characteristics compared to those of the VIS
camera. In addition, the visualization of the results in the form of graphs
has clearly shown the areas where the system non-linearity and various
forms of data corruption caused the graph to behave unexpectedly.

The resolution measurement using the USAF target has presented
the alternative ways to analyze the system performance, although less
accurate compared to the MTF measurement methodology.

With the real scenario images, we have confirmed the expectation
from the laboratory measurements that the SWIR camera gives a better
(richer in detail) image compared to the Visible camera. This was
especially obvious for the tests conducted in the degraded environmental
conditions (fog).

Taking into account the considerable distance, it can also be
concluded that the whole EO system performs well, for the purpose it
was built for (detection, recognition and identification of objects). This
leads to a general guideline in the design and optimization of EO
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systems — the key of success is to fully understand the system
requirements and the use-cases (Hobbs, 2000), since no system can be
designed to provide perfect resolution, contrast, brightness and color
fidelity, for any object distance, in all possible environmental conditions.
Therefore, the best systems are the ones designed for the exact
purpose. Then, through a careful selection of system elements (lens,
detector, etc.) and the system parameter optimization, we can influence
the system performance.

To further prove the value of the MTF analysis, future efforts will be
made to include in the calculations the effects of other system elements
such as focus, jitter, and image processing MTFs. It is expected this will
provide better matching of measured and calculated MTF results as well
as give some additional direction for further EO system optimization.
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PYBEPUKA TPHTW: 47.00.00 SNIEKTPOHUKA. PAONOTEXHUKA;

47.57.00 MiHdpakpacHasa TexHuka,

47.57.29 Mpnbopbl HOYHOTO BMAEHWUS.

27.00.00 MATEMATUIKA;

27.35.00 MaTtemaTtuyeckue Moaenn ecTeCTBEHHbIX HayK U
TEXHUYECKUX HayK. YpaBHEHNS MaTemMaTu4ecKon
dusnku,

27.35.47 YpaBHeHUs nepeHoca.

BWO CTATbW: opurmHansHas Hay4Has ctaTbs

Pe3swome:

BeedeHue/uenb: ®yHkuyus modynsauyuu nepedadu (MTF) sensemcs
rone3HbIM UHCmpymeHmom Or1s1 aHanusa saghhekmugHocmu cucmema|
gopmuposaHusi uzobpaxeHut. OHa ucronb3yemcs npu paspabomke
anekmpoonmu4yeckux cucmem (EQ), nposepke uenesbix napamempos
cucmembl, a makxe 8 3adadax onmumusayuu mecmupyemou
cucmemsbl. [JaHHasi memoQdosioausi oCcHo8aHa Ha Mmeopuu JUHeUHbIX
cucmem u obecrieyusaem B03MOXHOCMb pa3desieHusi aHanusa
agppbekmusHocmu  crioxHbix cucmem 30 Ha nodcucmembl. B
Hacmosiwel cmambe rnpedcmasneHa U 0b6bsCHeHa Memodosioausi
MTF, a makxe nipugsedeHbl npuMepbl UMepeHUl, rnpPou3eedeHHbIX 8
anekmpoonmu4eckol nabopamopuu. NameperHuss MTF nposodunuck
C rnoMowbo mpex 8udo8 Kamep 8 pasHbiX CreKkmpasbHbIX
OuanasoHax, froc/ie 4Ye2o  pe3ynbmambl  CpasHusasnucb C
MPO2HO3UPYyEMbIMU  MOOENISIMU U meopemuydeckumu  npedenamu
cucmembi hopMUpPOBaHUST U306paKeHUsI.

Memodbi:  JlabopamopHbie  uU3MepeHus U meopemuyeckas
Mamemamu4ecKkasi crmamucmuka.

Pesynbmamsi:  Pe3ynbmambl usmepeHul 6binu  dornonHuUmesbHo
rpoaHanu3uposaHbl Ha OCHO8aHUU MpoeedeHHbIX rlabopamopHbIX U
meopemuyecKux pe3ysibmamos.

Bbigodbl: [NposedeHHbIe u3MepeHUsi rokasasnu, 4mo paccyumaHHas
npedenbHas Yyacmoma u Kpusass MTF npedcmaenstom cobol epaHuuy
pearnibHbIX ~ U3MEPEHHbIX  Xapakmepucmuk  aghghekmusHocmu
cucmemsbl. Takum obpasom, uccrnedosaHue nodmeepdusno, ymo MTF
Moxxem crnocobcmeosampb 6bIsI8/IEHUK CUCMEMHbIX OgpaHu4eHul u
y3KUX Mecm, a makxe MoebileHu0 obwel agpgpekmusHocmu
cucmembl.  PaspabomaHbl  pekomeHOayuu o  OanbHelwel
onmumu3ayuu cucmem hopMuposaHuUsi u3obpakeHudu.

Knwouesblie crnoea: pyHKkuus modynsyuu nepedadu, mecmosasi yeslb
USAF 1951, anekmpoonmuka.
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MOOYNALMOHA ®YHKLUWJA MPEHOCA Y AHAJTIN3U
MEP®OPMAHCU EJNIEKTPOOMNTUYKMNX CUCTEMA

Hedesrbko C. I'Iaf]eHas, ayTop 3a npenucky, [pazaHa b. Mepuh?,
Bparko I'. Nusana®, Munax M. Munocasrbesuh

#WHetuTyT Bnatakom, Beorpan, Penybnvka Cpbuja

® YHuBepauTteT CuHrMayHym, Kategpa 3a enekTpoTexHUKY U pauyHapcTBo,
Beorpag, Penybnuka Cpbuja

OBNACT: enekTpoonTuka, enekTpoHvka, MmateMaTuka
BPCTA YJ1IAHKA: opurMHanHm Hay4Hu pag

Caxemak:

Yeod/uyurb: ModynauuoHa ¢byHKkuyuja npeHoca (MTF) kopucmaH je anam
3a aHanusy nepgopmaHcu cucmema 3a obpady cnuke. Kopucmu ce y
Ou3sajHuparsy enekmpoonmudykux (EO) cucmema, ripu nposepu yurbaHux
napamemapa cucmema, anu u y 3adayuma onmumusayuje mecmupaHux
cucmema. Osa Memodorioeuja, 3acHoO8aHa Ha MeOoPUjU JIUHEaPHUX
cucmema, omoegyhaea Oa ce aHanusa riepgopmaHcu crioxeHux EO
cucmema nodesnu Ha nodcucmeme. MTF memodosnioeuja Hajnpe je
npedcmaesrbeHa U objawreHa, a 3amuM je [PuKa3aHO MepeHe
U38PpUWEHO y enekmpoornmudykoj nabopamopuju. MTF mepersa useedeHa
Cy Ha mpu muna Kamepa, y PpasfiudumuM CrieKmpasaHuMm orce3uma,
HakoH 4Yeza cy pesysimamu yriopefieHu ca oyYekusaHumM modenuma u
MeopUjCKUM O2paHuYersuma cucmema 3a obpady criuke.

Memode: Jlabopamopujcka Mepera U meopujcka Mamemamuyka
uspaydyHaearba.

Pesynmamu: Ha ocHogy nabopamopujckux U meopujckux pesynmama
do0amHo cy aHanu3upaHu pe3ynmamu Mepetba.

Sakrbyyak: Mepema cy Ookasana Oda u3padYyHama 2paHU4YHa
ppekseHyuja u kpusyrba MTF npedcmaerbajy epaHuuy 3a cmeapHe
rnepgopmaHce cucmema. NomepheHo je 0a MTF moxe 6umu nozodaH 3a
MpoHanaxewe OepaHuU4Yera U YCKUX epfla cucmema, Kao U 3a
rnoborbluar-e yKyrnHUX nepghopmaHcu cucmema.

KbyuHe peuu: modynayuoHa byHKuuja npeHoca, mecmHa Mmema
YCA® 1951, enekmpoonmuka.
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