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For the modeling and evaluation of dual field-of-view (FOV) common-aperture dual-band imaging
system performance, two factors must be considered at the same time. One is that the system must
have a larger target acquisition range, and the other is that the detection range and recognition range
of the system must be the same. In this paper, taking the dual FOV common-aperture visible/long
-wave infrared (LWIR) imaging system as an example, the performance of the dual FOV common
-aperture dual-band imaging system is modeled and evaluated using an imaging system performance
model based on comprehensive resolution. Firstly, the target acquisition range of the dual FOV vis-
ible imaging system is analyzed, and the condition that the detection range is equal to the recog-
nition range is obtained. Then, under the condition of common aperture, the target acquisition range
and the relationship between detection range and recognition range of dual FOV LWIR imaging
system are analyzed. The analysis results show that, under the condition of dual FOV and common
aperture, when the detection and recognition ranges of the visible imaging system are equal, the
detection and recognition ranges of the LWIR imaging system are not equal. When the detection
and recognition ranges are close by reducing the comprehensive resolution, the target acquisition
range of the dual FOV common-aperture dual-band imaging system will decrease.
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1. Introduction

Dual-band imaging has the advantage of complementary scene information. In addition,
it has been highly valued in the military, security, agriculture and other fields [1,2].
The combination of visible imaging and LWIR imaging is a typical dual-band imaging
form. The reason is that visible imaging has the advantage of high resolution compared
with LWIR imaging. However, LWIR imaging has the advantage of strong penetration
and is not affected by ambient light. Usually two independent single-band imaging sys-
tems are integrated to achieve dual-band imaging. The dual-band imaging system has
the characteristics of light weight, small volume and simple image fusion algorithm
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after adopting the common-aperture structure [3—6]. The dual FOV is usually used to
realize the detection task and the recognition task in the target acquisition task, which
is to identify the target by adjusting the wide field-of-view (WFOV) to a narrow field-
of-view (NFOV) without changing the position of the observer [7]. As a consequence,
two factors should be considered at the same time when modeling and evaluating the
performance of the dual FOV common-aperture dual-band imaging system. One is that
the system should have a large target acquisition range (collectively referred to as the
detection range and the recognition range). Second, the detection range of the system
should be the same as the recognition range.

The United States Army uses the night vision integrated performance model (NVIPM)
based on targeting task performance (TTP) metric to model and evaluate the perfor-
mance of the imaging system [8,9]. NVIPM is a very complex physical model related
to many factors. By using the approximation of NVIPM based on the comprehensive
resolution, and combined with the characteristics of common aperture and dual FOV,
the relationship between target acquisition range, detection range and recognition
range of visible/LWIR imaging system is modeled and evaluated.

2. Performance evaluation model

The TTP metric in NVIPM is related to the parameters describing imaging system, tar-
get characteristics, atmospheric conditions, display and eyes, etc. The TTP metric de-
fined as [10, 11]
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where M rp is the TTP metric in cycles/mrad, u is the spatial frequency in cycles/mrad,
Cq(u) is the contrast threshold function of the imaging system, C(u) is the contrast
threshold function of the eye, M¢(u) is the modulation transfer function of the im-
aging system, N(u) is the display rms noise, a is the empirical constant, L is the bright-
ness of the display in foot Lambert (fL), C; is the contrast of the target on the display,
uy and uy are the spatial frequencies corresponding to the intersection of Cy and Cg (1)
in cycles/mrad.

In NVIPM, if the target contrast, the characteristic dimension of the target, the tar-
get acquisition task and the number of cycles on the target are given, the target acqui-
sition range is

R=—Mypp ()
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where, R is the target acquisition range (km); W7 is the characteristic dimension of the
target (m); N is the number of cycles on the target, which is related to the probability
of completing the target acquisition task.

It can be concluded from Eq. (1), that Eq. (2) is a very complex performance mod-
el. When neglecting atmospheric transmittance and imaging system signal-to-noise ra-
tio (SNR), it can be approximated by [12,13]

W D
R =~ TKVFOMT (3)

where D is the diameter of the clear aperture of the optical system in mm, A is the wave-
length in um, K is the calibration coefficient, which is related to the brightness of the
display and the target contrast on the display, and Vg, is the figure of merit (FOM),
which is expressed as

unA/ M o (u) Mp(u) Mgp(u) du @)
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where u, is the Nyquist frequency in cycles/mrad, M (u), M p(u) and M p(u) are the
modulation transfer functions of optical systems, detectors and flat panel displays, re-
spectively.

The comprehensive resolution Q [12,13] is defined as the ratio of the detector
cutoff frequency to the optical cutoff frequency,

uw _ [ _ Fi )

S Y R

where uq and up, are the cutoff frequencies of the optical system and the detector in
cycles/mrad, respectively, f'is the focal length of the optical system in mm, d is the
detector size in um, and F' is f~number.

For target detection task and recognition task, the Eq. (4) fit valid up to O = 4 [14]
provides:

Q

Veom D ag0°+as0°+a,0*+a;0° +a,0* +4a,0 (6)

Veom r * bgQ°+bs0° + 5,0 +b,0° +b,0*+b,0 (7

where Vrom p and Vrom r are the FOMs of detection and identification, respectively.
ag = —0.00249, a5 = 0.02546, a, = —0.008275, a; = 0.08981, a, = —0.16979, a, =
=0.82954, by =—-0.00247, b5 = 0.0261, b, =—-0.0901, b; = 0.1098, b, =—0.1582, and
b, =0.7402.
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Fig. 1. Relationship between Vigy p and Vegy g and 0.

The curve of the relationship between Vrom p and Vrom r and Qis showninFig. 1.
Based on the definition of Q, the curve can be divided into three regions: the detector
-limited region for O < 0.41, the transition region for 0.41 < Q <2 and the optics-lim-
ited region for 2 < Q0 <4.

3. Performance of dual FOV visible imaging system
3.1. Target acquisition range of dual FOV visible imaging system

The equations of detection range and recognition range of visible imaging system can
be obtained from Egs. (3), (6) and (7).

P Do ®)
DV Ny FOM D V Iy
W Dy

Ry v = Ng KVrom r v Ty )

where Rp v and RR v are the detection range and recognition range of the visible im-
aging system in km, respectively, Vrom p v and Vrom r v are the FOM of the detection
and recognition of the visible imaging system, respectively; Dp, and Dy are the diam-
eters of the clear aperture for detection and recognition in mm, respectively, 4y is the
average wavelength of visible, Ay, = 0.55 um, N, and Ny are the number of cycles on the
target when the detection and recognition probability is 50%, respectively. N = 2.0,
Ngp =17.5, Wy =3.11 m are recommended in NVIPM.
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3.1.1. The relationship between target acquisition range and focal length,
clear aperture and detector size

For the convenience of discussion, assume the focal length of the optical system chang-
es between 20 and 200 mm, the diameter of the clear aperture changes between 25 and
100 mm, and the F changes between 0.5 and 8. When the size of the visible detector
dy 1s 3.5 and 5 um, respectively, the relationship between the target acquisition range
and the focal length, the diameter of the clear aperture and the size of the detector cal-
culated by the Eqgs. (6)—(9) is shown in Fig. 2. Figure 2 shows that the target acquisition
range increases with the increase of the focal length and the decrease of the detector
size. When the focal length is small, the diameter of the clear aperture has little effect
on the target acquisition range, but when the focal length is large, the diameter of the
clear aperture has a certain effect on the target acquisition range. There is an interval
between the detection range and the recognition range (the area between the maximum
recognition range and the minimum detection range in Fig. 2). In addition, the equal
interval increases with the increase of the focal length range and the decrease of the
detector size.
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Fig. 2. Relationship between the target acquisition range of the visible imaging system and the focal
length, clear aperture, and detector size. (a) dy = 3.5 um, and (b) dy, = 5 pm.

3.1.2. The influence of F on target acquisition range

Figure 3 shows the relationship between the F and the interval where the target acqui-
sition range and the detection range are equal to the recognition range. As can be seen
from Fig. 3, the F' corresponding to the interval in which the target acquisition range
and detection range are equal to the recognition range is between 0.5 and 8, which is
limited by the SNR and sensitivity of the imaging system. In fact, the F’ cannot be taken
to such a large range. Figure 3 also shows the corresponding target acquisition range
and the interval where the detection range and the recognition range are equal when
F =1 and F =4. Figure 3 shows that the F' has a great influence on the target acqui-
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Fig. 3. Relationship between the target acquisition range of the visible imaging system and the /' number.
(a) dy =3.5 pm, and (b) dy, =5 pm.

sition performance for the imaging system with small clear aperture, which is shown
in that the F' reduces the maximum value of the target acquisition range; in the case
of'the same F, the smaller the size of the detector, the larger the target acquisition range.
When the F of detection and recognition is the same, the /" has a great influence on
the interval where the detection range is equal to the recognition range. As can be seen
from Fig. 3, if the detection range is equal to the recognition range, the diameter of
the clear aperture at the time of detection is either reduced or the diameter of the clear
aperture at the time of identification is increased if the detection range is equal to the
recognition range. It is almost impossible for the detection range to be equal to the rec-
ognition range when F' =4 isused, because the minimum detection range is much larger
than the maximum recognition range.

3.1.3. The relationship between target acquisition range
and comprehensive resolution

The relationship between the target acquisition range and the interval where the detection
range is equal to the recognition range and the comprehensive resolution Qv is shown
in Fig. 4. Figure 4 shows that the target acquisition range increases with the increase
of the comprehensive resolution; due to the influence of the F, the upper limit of the
comprehensive resolution is usually limited to the value corresponding to F' =4, so
for the smaller clear aperture, the larger target acquisition range corresponding to the
larger comprehensive resolution has no practical significance. When the comprehen-
sive resolution of detection and recognition is the same, the comprehensive resolution
has a great influence on the interval where the detection range is equal to the recogni-
tion range. It can be seen from the Fig. 4 that the smaller the comprehensive resolution,
the smaller the difference between the detection range and the recognition range. In
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Fig. 4. Relationship between the target acquisition range of the visible imaging system and the compre-
hensive resolution. (a) dy = 3.5 um, and (b) dy, = 5 pm.

fact, it contradicts the requirement that the target acquisition range requires a larger
comprehensive resolution.

3.2. The condition that the detection range is equal to the recognition range
of the dual FOV visible imaging system

As can be seen from Eq. (5), the first five terms in Egs. (6) and (7) will become very
small, and Egs. (8) and (9) can be approximated as

/b

R])7V ~ al ND Kd_V (10)
R

Ry y = bj— A KW (11

where (7, and f§ are the focal length for detection and recognition, respectively.
Equations (10) and (11) show that when the comprehensive resolution is very small,
there is almost no relationship between the target acquisition range and the clear ap-
erture, which is consistent with Fig. 2.
From Egs. (10) and (11), the condition that the detection range is equal to the rec-
ognition range is

afy _ bt
ND NR

(12)

From Eq. (12), the relationship between the focal length when the detection range is
equal to the recognition range is shown in Table 1. The subscript D and R in the table
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Table 1. Relationship between focal length, clear aperture, IFOV and comprehensive resolution
during detection and recognition.

£ ] fe=421b
D [mm)] Dp=4.2Dp
W [mrad] Wr =024 Wy
F Fr=Fp

0 Or = Op

represent detection and identification, respectively. Table 1 also shows the relationship
between the diameter of the clear aperture, the instantaneous field-of-view (IFOV) W,
and the comprehensive resolution in detection and recognition. Table 1 shows that
when the focal length of the optical system, the diameter of the clear aperture, the IFOV,
the F, and the comprehensive resolution during detection are respectively 4.2, 4.2,
0.24, 1 and 1, times the corresponding parameters during identification, the detection
range is equal to the recognition range.

4. Performance of dual FOV LWIR imaging system
4.1. Target acquisition range of dual FOV LWIR imaging system

The relationship between the target acquisition range of the LWIR imaging system and
the aperture, focal length and detector size of the LWIR imaging system can be ob-
tained based on Egs. (3), (6) and (7), as shown in Fig. 5. The detectors size d| y g in
Fig. 5(a)—(d) and (e)—(h) are 12 and 17 pum, respectively. The average wavelength of
the LWIR is 10 pm in Fig. 5. Figure 5 shows that the target acquisition range increases
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Fig. 5. Relationship between the target acquisition range of the LWIR imaging system and the clear aperture,
focal length and detector size. (a, e) f'=20...50 mm, (b, f) f'=50...100 mm, (c, g) f'=100...200 mm,
(d, h) £'=20...200 mm.
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Fig. 5. Continued.
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with the increase of focal length and the decrease of detector size. The influence of
clear aperture on target acquisition range is more complex. For the detection, when
the focal length is small, the smaller is the clear aperture, the smaller is the detection
range, as shown in Figs. 5(a) and (e); when the focal length is larger, the smaller is the
clear aperture, the greater is the detection range, as shown in Figs. 5(c) and (g). For the
recognition, the smaller the clear aperture, the smaller the recognition range. The dif-
ferent trends of detection range and recognition range with the change of clear aperture
indicate that the influence of clear aperture on detection and recognition is different.
Figure 6 shows the target acquisition range of the LWIR imaging system under the
limitation of F. It is found that the F has a great influence on the target acquisition
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Fig. 6. Relationship between the target acquisition range of the LWIR imaging system and the /' number.
(8) dpwr =12 pm, and (b) dyyg = 17 pm.
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Fig. 7. Relationship between the target acquisition range of the LWIR imaging system and the compre-
hensive resolution. (a) dywr = 12 um, and (b) dy wr = 17 pm.
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range of the LWIR imaging system with small aperture diameter when compared with
Fig. 5.

Figure 7 shows how the target acquisition range changes with the comprehensive
resolution Q) wir. It can be seen from Fig. 7 that with the increase of Q; wr, the de-
tection and recognition range increases; when 2 < Qpwr < 4, the recognition range
almost no longer increases, but the detection range still increases. When Oy wr > 4.
the wrong result is obtained because the conditions for applying the model are not met.

The combined effect of " and Q; g on the target acquisition range can be illus-
trated in Fig. 8. In Fig. 8, the O wg 1s limited to 0.5 to 2, and the corresponding F is
about0.5to 3.5. Figure 8 shows that with the decrease of the comprehensive resolution,
the minimum detection range and the maximum recognition range are getting closer and
closer. However, the target acquisition range is decreasing.
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Fig. 8. Target acquisition range of the LWIR imaging system under the limit of Oy wir and F. (a) dy wir
=12 pum, and (b) dp wr = 17 pm.
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4.2. Relationship between detection range and recognition range
of dual FOV LWIR imaging system

From Eq. (3), the difference between the detection range and the recognition range of
the dual FOV LWIR imaging system can be obtained as dg wir

13
N, N (13)

Y R LWIR ~

Wi K ( DpVeom b Lwir Dy VFOMRLWIRJ
ALwir

where Vrom p twir and Vrom r Lwir are the FOMs of detection and recognition of
LWIR imaging system, respectively.

Based on the characteristics of the common aperture optical system and the con-
dition that the detection range of the visible imaging system is equal to the recognition
range, the Eq. (13) can be written as follows:

w.K Dy

5R7LWIR ~ ( Veom b twir — 1.1 VFOMﬁRiLWIR) (14)

jLLWIR ND

5. Experiment
5.1. Experimental principle

The experimental principle of performance evaluation of dual FOV common-aperture
dual-band imaging system is shown in Fig. 9. The blackbody radiation passing through
the LWIR target and the visible source radiation reflected by the visible target enter
the off-axis reflective collimator, then pass through the collimator into the common
aperture of visible and LWIR optical system and image on the visible and LWIR detector
array. After photoelectric conversion, an electronic image is formed and a viewable
image is displayed to the observer after computer processing and electro-optic con-
version of the display. The contrast of visible target and LWIR target is 0.25 and 3 K,
respectively, the size of target is 3.11 mm, and the contrast of target display is 0.2.
Based on the previous discussion and the relationship between detection and recogni-

LWIR
Common-aperture —» dstector array |
| Off-axis reflective collimator visible and LWIR o Computer

? ? optical system |  Visible
detector array
‘ LWIR target ” Visible target | Display

‘ Blackbody ‘ ‘ Visible source |

Fig. 9. Experimental principle of performance evaluation of dual FOV common-aperture dual-band im-
aging system.
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Table 2. Optical system parameters.

First set Second set

Detection Recognition Detection Recognition
f'[mm] 25 105 35 147
D [mm)] 25 105 25 105
F 1 1 1.4 1.4

tion in Table 1, the parameters of the optical system used in the experiment are shown
in Table 2.

5.2. Theoretical calculation and experimental results

5.2.1. The target acquisition range and the difference between detection range
and recognition range of visible imaging system

For the visible imaging system with detector sizes of 3.5 and 5 um, the two sets of optical
system parameters for detection and recognition in Table 2 are selected. The theoretical

Table 3. Comprehensive resolution, target acquisition range and difference between detection range
and recognition range of visible imaging system (theoretical/experimental).

dy=3.5pum dy=>5pum
First set Second set First set Second set

Oy 0.16 0.22 0.11 0.15
Rp v [m] 20.73/19.50 29.02/28.65 14.51/13.84 20.31/19.80
Ry v [m] 20.73/19.45 29.02/28.59 14.51/13.80 20.31/19.75
Og v [m] 0/0.05 0/0.06 0/0.04 0/0.05
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and experimental results are shown in Table 3. In Table 3, Rp v, Rr v and the differ-
ence between detection range and recognition range dr_v have two values, respective-
ly. The values before *“/” are the results of theoretical calculation results, and the values
after “/” are experimental results. The experimental result is the average of multiple
experiments.

5.2.2. The target acquisition range and the difference between detection range
and recognition range of LWIR imaging system

The relationship between the target acquisition range and the difference between the
detection range and the recognition range and the comprehensive resolution of the
LWIR imaging system drawn based on the parameters in Table 2 is shown in Fig. 10.

Table 4 shows the target acquisition range Rp rwir and Rr_pwir and the difference
Or_LwiIr between the detection range and the recognition range corresponding to the
two comprehensive resolutions under the two detector sizes.

Table 4. Comprehensive resolution, target acquisition range and difference between detection range
and recognition range of LWIR imaging system.

dywig = 12 pm dywig = 17 pm
First set Second set First set Second set
OLwirR 0.83 1.17 0.59 0.82
Rp Lwir [M] 5.51/5.1 7.98/7.51 3.92/3.72 5.45/5.00
RR_LWIR [m] 5.26/4.5 6.92/6.20 3.86/3.62 5.20/4.42
5R7LWIR [m] 0.25/0.6 1.06/1.31 0.06/0.1 0.25/0.58

5.3. Analysis of results

The theoretical calculation results and experimental results in Table 3 show that the
target acquisition range increases with the increase of Qy; the difference between the
detection range and the recognition range also increases. The experimental result of
the target acquisition range is smaller than the theoretical result. It is because the ex-
perimental results are affected by other factors such as SNR. When the condition that
the detection range and the recognition range are equal is met, the detection range and
the recognition range are theoretically equal, but the experimental results show that
there is a small deviation between the two ranges, which means that the experimental
result of the difference between the detection range and the recognition range is larger
than the theoretical result. This is because the condition of equality is obtained under
the approximate formula of the target acquisition range, which is not exactly the same
as the actual situation.

Table 3 and Fig. 10 show that when the optical parameters common to the visible
imaging system are used, the comprehensive resolution of detection and recognition
of the LWIR imaging system is the same. However, the detection range and recognition
range are not equal. Besides, with the increase of the comprehensive resolution, the
difference between the two ranges is increasing.
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After comparing Table 3 with Table 4, it is found that the target acquisition range
of the LWIR imaging system is smaller than that of the visible imaging system, but
the difference between the detection range and the recognition range is larger than that
of the visible imaging system.

6. Conclusions

When a dual FOV common-aperture dual-band imaging system is modeled and eval-
uated, it is necessary to consider that the imaging system has a large target acquisition
range, and it is necessary to consider the detection range and the recognition range as
much as possible. Due to the difference in wavelength, detector size, focal length and
the clear aperture, the comprehensive resolution is different, which leads to the dif-
ference in the target acquisition range of the visible imaging system and the LWIR im-
aging system, which further affects the equal interval of detection range and
recognition range under the condition of dual FOV. The theoretical and experimental
result show that with the increase of comprehensive resolution, the target acquisition
range increases, but the difference between detection range and recognition range also
increases. Under the condition that the detection range and recognition range of the
visible imaging system are equal, and because the comprehensive resolution of the in-
frared imaging system is much larger than that of the visible imaging system, the dif-
ference between the detection range and the recognition range of the infrared imaging
system is also larger than that of the visible imaging system.

This study does not consider the effects of atmospheric transmittance and SNR on
the target acquisition range and the difference between detection range and recognition
range of dual FOV common-aperture dual-band imaging system. This will be the fol-
lowing research subject.
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