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ABSTRACT  

Panoramic infrared imaging is relatively new and has many applications to include tower mounted security systems, 

shipboard protection, and platform situational awareness.  In this paper, we review metrics and methods that can be used 

for analysis of requirements for an infrared panoramic imaging system for military vehicles.  We begin with a broad view 

of general military requirements organized into three categories, survivability, mobility, and lethality. A few requirements 

for the sensor modes of operation across all categories are selected so that panoramic system design can address as many 

needs as possible, but with affordability applied to system design. Metrics and associated methods that can translate 

military operational requirements into panoramic imager requirements are discussed in detail in this paper. 
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1. INTRODUCTION  

Multifunctional sensing has become the philosophy and next generation goal of military imaging systems.  Sensors of the 

future have to do more than one function. They have to do these functions for less cost, and they have to be smaller and 

lighter.  Tasks associated with military imaging are shown in Figure 1.  Large general areas include lethality, survivability, 

and mobility.  Lethality includes target acquisition (think M1A tank main gun sight), Intelligence Surveillance and 

Recognizance (ISR), and persistent (ISR).  The mantra of lethality for the US Army is “see first and shoot first” which 

usually translates into wide field of view for target detection and long range identification, and boresight for targeting.  

Survivability includes the normal sensing and imaging tasks such as infrared countermeasures (there is an incoming missile 

or munition), infrared search and track (for Army this is the detection and tracking of aircraft and unmanned aircraft), and 

hostile fire indication (there is small arms fire, RPGs, mortars near).  Finally, mobility is the use of sensors to perform 

pilotage, driving, seeing in degraded visual environments, and navigation.  At the intersection of all these military tasks is 

situational awareness which provides for enhanced decision making in the warfighting environment. 

 

Figure 1. Some sensor modes organized in groups 

Many of these military tasks associated with ground combat vehicles require an imager or sensor to perform over very 

wide field-of-views or field-of-regard.  In fact, the desire is to perform most of these tasks over 360 degrees around the 

vehicle.  There has been significant progress in panoramic imaging (especially in the infrared) over the past 10 years and 

now is the time to consider panoramic imaging for multifunctional sensing.  Panoramic imaging can be achieved in several 

system architectures, scanning, distributed aperture or through a warp optics like a fisheye or donut panoramic. All the 

architectures are different and have their advantages and disadvantages. Some configurations can satisfy many of the 

requirements (DAS and Donut) but the issue becomes cost, complexity, and real time imaging requirements. 



 

 
 

 

There are many trades that must be considered in a multifunctional panoramic infrared imager.  What band(s) are required?  

The Army has long preferred LWIR over MWIR for targeting due to performance in dirty battlefield conditions (smoke, 

burning targets, cold weather).  Threat warning with high temperature, unresolved sources that move fast favors the MWIR 

band with high frame rates.  Atmospheric transmission over long imaging paths favors LWIR in Army environments, but 

resolution with diffraction-limited imaging systems favors MWIR.  There are not only band comparisons (LWIR vs MWIR 

vs dual band), there are sensitivity, frame rate, and Size-Weight-Power (SWAP) trades that are required for application to 

ground combat vehicles. 

The place to start these types of analyses is with the user.  In this case, the question is “for a low-cost, low-swap, panoramic 

infrared imager on your vehicle, what are the most important tasks that it must perform and what are the metrics associated 

with these tasks?” We spoke with military personnel, all of whom were senior (both officer and enlisted), had been in 

combat, and worked closely with the Battle Labs. This paper is a beginning of this analysis based on observations of 

military operations and potential requirements. It presents methods for evaluating imager performance with respect to 

operational requirements.  This paper begins with a general summary of military user “requirements,” then describes sensor 

metrics that can determine whether requirements are met. We discuss the methods for translating the operational 

requirements to the sensor requirements used by the metrics.  This is only a preliminary paper and there is much work to 

be done, but we provide methods for performing analysis of multifunctional panoramic infrared imagers against many 

operational requirements. The methods are also valid for conventional imaging systems. 

2. OVERVIEW OF MILITARY REQUIREMENTS 

The first step in this work was the consideration of a list of operational requirements against which to perform sensor 

design. The list was organized by groups, each group containing corresponding sensor modes. There were three general 

groups, Survivability, Lethality, and Mobility. Example sensor modes for Survivability were: RPG detection, antitank 

missile detection, artillery detection, Rifle HFI, human tampering with vehicle, assessment of dismount, etc. Example 

sensor modes for Mobility were: driving DVE, obstacle collision avoidance, threat avoidance, situational awareness of 

cliffs and ditches, etc. Example sensor modes for Lethality were: search and detect humans, vehicles and boats, target ID, 

humans, vehicles and boats, ISR, Persistent ISR (PISR), etc. Each mode contained operational requirements.  

The goal of the research was a study of how general operational requirements can be converted to sensor requirements for 

sensor design. After consultation with the military personnel, we selected several operational requirements to consider as 

examples for panoramic sensor design. We selected, Antitank Missile Detection (Survivability), RPG Detection 

(Survivability), Obstacle and Collision Avoidance/Situational Awareness of Cliffs and Ditches (Mobility), Good Driving 

Performance DVE (Mobility), Detection and Target ID of People (Survivability, Lethality), and Detection and Target ID 

of Vehicles (Lethality). The selected operational requirements are depicted in Figure 2. 

  

Figure 2. Military requirements  



 

 
 

 

 

Next, we present methods which can be used to derive sensor requirements from the operational requirements. For 

example, the operational requirements for Antitank and RPG threats can be translated to sensor requirements using a Noise 

Equivalent Irradiance (NEI) metric. For obstacle avoidance and awareness, DVE, detection and target ID of people and 

vehicles, we can use the Targeting Task Performance (TTP) metric.  

3. NOISE EQUIVALENT IRRADIANCE METRIC 

For Antitank and RPG threats we can use the NEI metric to translate operational requirements to sensor requirements. We 

define NEI as the flux density at the entrance aperture that produces a signal to noise ratio of unity. The NEI sensor 

requirement provides the value of flux density at the aperture plane of a sensor. The sensor designer has to design the 

sensor components such that enough flux reaches the detector to produce the required SNR depending on the task.  

NEI Requirement Calculation for Launch or Firing Events 

 

Figure 3. Illustrations for NEI requirement calculation of a launch event  

To calculate the NEI requirement for launch or firing events we make the assumption that the target is a point source 

characterized by an in-band intensity in units of [W/sr]. The intensity persists over a time profile. The flux density incident 

on the aperture plane of the sensor is equal to the intensity multiplied by the solid angle of the unit area at range, attenuated 

by the atmosphere (for example, using Beer’s law)  

 
𝑁𝐸𝐼𝑟𝑒𝑞(𝑡) = 𝜏𝑎

𝑅/1000 𝐼(𝑡)

𝑅2
× 10−6 [𝑊/𝑐𝑚2] (1) 

where the intensity 𝐼(𝑡) is in units of W/sr and varies with time, the range 𝑅 is in units of meters and the resulting 𝑁𝐸𝐼𝑟𝑒𝑞(t)  

is in units of 𝑊/𝑐𝑚2. This is illustrated in Figure 3. A requirement can be constructed by specifying the threat to be 

detected through 𝐼(𝑡), the range at which the threat should be detected, R, and the atmospheric conditions, 𝜏𝑎. Other 

information associated with the requirement can be the temperature of the background and the SNR required by an 

algorithm to perform detection. 

The NEI of Equation 1 is time dependent and the time dependence is a characteristic of the threat. We will remove the 

time dependence later using a threat and sensor dependent equivalent persistent intensity value. The equivalent persistent 

intensity value is represented by an attenuation factor times the peak intensity. The attenuation factor translates the time 

profile of the intensity to a constant intensity value during the measurement. The sensor characteristics associated with the 

attenuation factor include, the time constant (for thermal detectors), integration time (for photon detectors), frame rate and 

phase of measurement with respect to the threat event I(t).   

These type of events are characteristic of Antitank missile launch, or RPG launch. For example, according to Wikipedia 

and other sources on the internet,2-7 the Kornet Antitank missile has a range of 5.5Km to 8Km and the RPG-7 has a range 

from 200m to 900m. These ranges are used in Equation 1, together with measured intensity profiles, to obtain the NEI 

requirement. 

NEI Requirement Calculation for Rocket Detection 

Equation 1 is appropriate for modeling launch or firing events but it can also be used to detect a target that is moving 

across the field of view and is persistent on one pixel only for a limited time. Such as the case of rocket detection. Examples 

of these are again the Antitank missiles and the RPGs. According to the references, 2-7 these rockets have velocities ranging 

form 120m/s (RPGs) to 300m/s (the Kornet missile). These events can be modeled in Equation 1 using the time profile of 

the intensity. To first approximation (point source), this time profile resembles a square pulse of finite duration 𝑡𝑝. The 



 

 
 

 

time 𝑡𝑝 can be calculated using the range and velocity of the rocket and the IFOV of the pixel as illustrated in Figure 4 and 

Equation 2 

 

Figure 4. Illustration of the time profile calculation for the rocket problem 

 𝑡𝑝 = 𝐼𝐹𝑂𝑉 × 𝑅𝑎𝑛𝑔𝑒/ 𝑟𝑜𝑐𝑘𝑒𝑡𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦     [𝑠] (2) 

The units of IFOV are in radians, range is in meters and velocity is in meters/second. This calculation of the time duration 

is a first order approximation and is optimistic since it is assumes that the sensor is looking at the rocket. A better 

approximation of the time 𝑡𝑝 can be achieved by projecting the rocket path on the projected pixel depending on the 

deployment scenario.  

   

Equivalent Persistent Intensity Calculation  

One method that can be used to test if a sensor of given characteristics can satisfy a given NEI requirement is to convert 

the NEI requirement to an equivalent blackbody problem with a resolved target of continuous radiation. We will discuss 

this method later, but first we describe a model for obtaining the equivalent continuous radiation figure from the time 

dependent intensity in the NEI requirement. The model requires knowledge of the intensity time profile and some sensor 

characteristics, detector integration time, detector time constant and the detector frame rate. There is also a dependence on 

the phase of the detector measurement with respect to the NEI time profile. This dependence requires a statistical analysis, 

but in general one can use the statistics such as the minimum, mean or maximum. The model works for many time profiles 

and for both thermal and photon detectors, and is derived/expressed in the Laplace domain. 

 

Figure 5. Time domain- Laplace domain model for the signal sampled by the detector.   

The model is illustrated in Figure 5. The Laplace representation of the intensity time profile is the input to the detector 

response transfer function, the output of the detector response is the input to the integration response transfer function, and 

the output of the integration response is sampled at the frame rate or sample instant. The sampling is performed after the 

output of the integration response is converted back to the time domain through an inverse Laplace transform. This models 

integration.  

A flexible model for the intensity time profile is the following, represented in the Laplace domain by the third order system  

 
𝑄𝐵(𝑠) =

1

𝑞𝐵 𝑛𝑜𝑟𝑚

 
1 − 𝑒−𝑠𝑡𝑝

𝑠(𝑠 + 1/𝜏1)(𝑠 + 1/𝜏2)
∑ 𝑒−𝑠(𝑚𝑡𝑏+𝑡𝑏𝑃ℎ𝑎𝑠𝑒)

𝐵−1

𝑚= 0

 
(3) 

where 𝜏1, 𝜏2 ≠ 𝜏1, and 𝑡𝑝 are time constants and duration parameters that describe the shape of the event and have units 

of seconds. The summation is due to an event train and can be used to model multiple firing events or multiple laser pulses. 

The time 𝑡𝑏 is the period of events, 𝑡𝑏𝑃ℎ𝑎𝑠𝑒 is the phase with respect to the zero time, 𝑚 is the event number and 𝐵 is the 

number of events. The normalization factor 𝑞𝐵 𝑝𝑒𝑎𝑘 is chosen so that the peak of each event is unity 



 

 
 

 

 
𝑞𝐵 𝑝𝑒𝑎𝑘 =

𝜏1𝜏2

(𝜏1 − 𝜏2)
(𝜏2𝑒

−
𝑡𝑝𝑒𝑎𝑘

𝜏2 (1 − 𝑒
𝑡𝑝

𝜏2) − 𝜏1𝑒
−

𝑡𝑝𝑒𝑎𝑘

𝜏1 (1 − 𝑒
𝑡𝑝

𝜏1)) 

𝑡𝑝𝑒𝑎𝑘 =
𝜏1𝜏2

(𝜏1 − 𝜏2)
[𝑙𝑛 (1 − 𝑒

𝑡𝑝

𝜏2) − 𝑙𝑛 (1 − 𝑒
𝑡𝑝

𝜏1)]  

(4) 

The detector response can be modeled as a first order system  

 
𝐷(𝑠) =

1/𝜏𝐷

𝑠 + 1/𝜏𝐷

 (5) 

For thermal detectors the time constant 𝜏𝐷 can be relatively large, for example 10ms. For photon detectors the time constant 

can be much shorter preferably very close to zero. 

The integration transfer function is given by  

 
Σ(𝑠 ) =

1 − 𝑒−𝑠𝑡𝑖

𝑡𝑖𝑠
 

(6) 

where the integration time is given by 𝑡𝑖. For thermal detectors this is the readout integration time, for example, the detector 

always accumulates signal and the readout electronics sample that signal for a time 𝑡𝑖. For photon detectors this is the 

detector integration time, for example, the detector only accumulates signal during the time 𝑡𝑖 and does not during the rest 

of the time until the next frame. The model works for photon detectors if the detector time constant, 𝜏𝐷, is very close to 

zero, otherwise the signal, 𝑞𝐵(𝑡) should be multiplied by pulse train in phase and duration equal to the integration pulses. 

Finally, sampling is achieved by evaluating the time domain version of the result at the frame instants. This models 

integration. The resulting equation for a measurement at frame instant 𝑡𝑛 is    

 

𝑚(𝑡𝑛) = ℒ−1 {
1

𝑞𝐵 𝑛𝑜𝑟𝑚𝜏𝐷𝑡𝑖

 
(1 − 𝑒−𝑠𝑡𝑝)(1 − 𝑒−𝑠𝑡𝑖)

𝑠2 (𝑠 +
1
𝜏1

) (𝑠 +
1
𝜏2

) (𝑠 +
1

𝜏𝐷
)

∑ 𝑒−𝑠(𝑚𝑡𝑏+𝑡𝑏𝑃ℎ𝑎𝑠𝑒)

𝐵−1

𝑚= 0

}|

𝑡=𝑡𝑛

 

(7) 

The time domain representation of Equation 7 is provided in the appendix. 

If the relative phase between the event and the sampling moments is known, the result of Equation 7 is the equivalent 

persistent intensity attenuation value that is used in the equivalent blackbody calculations. If the relative phase is not 

known, then a statistical value is used instead. Rigorous statistics are obtained by treating 𝑚(𝑡𝑛) as a random function of 

𝑡𝑏𝑃ℎ𝑎𝑠𝑒 and assuming that zero time corresponds to sampling time. To avoid all the mathematics involved with the rigorous 

approach, the following ad-hoc procedure can be used instead.  

We calculate Equation 7 for continuous time, 𝑡𝑛 = 𝑡 and 𝑡𝑏𝑃ℎ𝑎𝑠𝑒 = 0𝑠. Then we identify an interval, or time 𝑡0 which 

satisfies 

 𝑚(𝑡0) =  𝑚(𝑡0 + 𝑡𝐹) (8) 

where 𝑡𝐹 is the frame period. This works if the interval contains only one peak or equivalently the derivative of the function 

is zero valued only once inside the interval – such as the case of single pulse events, or multiple but spread out events. 

Because the duration of the identified interval is equal to the frame or sample period, we are guaranteed that at least one 

of the sample instants will fall within this interval. We can use this interval to calculate the statistical value for the 

equivalent persistent intensity value. As mentioned previously, in the cases when  𝐵 > 1 but the events are spread out with 

respect to the frame period, there might be several of these intervals, in those cases we use the first one. 

The method described above is illustrated with examples for a thermal detector and for a photon detector. Let’s assume 

that we have a firing event described by, 𝜏1 =  0.8𝑚𝑠, 𝜏2 = 3.2𝑚𝑠, 𝑡𝑝 = 0.8𝑚𝑠 and 𝐵 = 1. The thermal detector is 

described by, 𝜏𝐷 = 10𝑚𝑠, 𝑡𝑖 = 1𝜇𝑠 and frame rate 60Hz and the photon detector is described by, 𝜏𝐷 = 10𝜇𝑠, 𝑡𝑖 = 1.5𝑚𝑠 

and frame rate 400Hz.  The results are shown in Figure 6a and Figure 6b respectively. Evaluating the time domain version 

of Equation 3 results in the solid line that peaks at 1. This is the event. Evaluating the time domain version of Equation 7 

results in the interrupted line which peaks at 0.29624 for the thermal detector and at 0.96531 for the photon detector. The 

region of the interrupted line that is emphasized with the thick solid line in both figures is the statistics interval. We are 

guaranteed that one of the measurement samples will be inside this region.  



 

 
 

 

The results show that the equivalent persistent intensity using the average criterion is 0.2964 × 𝐼𝑝𝑒𝑎𝑘 for the thermal 

detector and  0.96531 × 𝐼𝑝𝑒𝑎𝑘  for the photon detector. We should note that a change in the frame rate of thermal detector 

will not change the maximum value, it will only affect the minimum and average values.  

 

Figure 6. Evaluation of Equation 7 for a thermal detector (a) and photon detector (b). The threat intensity event is described by 

𝜏1 =  0.8𝑚𝑠, 𝜏2 = 3.2𝑚𝑠, 𝑡𝑝 = 0.8𝑚𝑠 and 𝐵 = 1, the thermal detector described by 𝜏𝐷 = 10𝑚𝑠, 𝑡𝑖 = 1𝜇𝑠 and frame rate 60Hz, 

and the photon detector is described by 𝜏𝐷 = 10𝜇𝑠, 𝑡𝑖 = 1.5𝑚𝑠 and frame rate 400Hz. 

Next, we show the results of Equation 7 for rocket detection in  

Figure 7. 

 

Figure 7. Evaluation of Equation 7 for a thermal detector (a) and photon detector (b). The threat intensity event is from a 

rocket 5Km away traveling with a speed of 300m/s and the detector has IFOV of 500urad. The threat can be described by 

𝜏1 =  40𝑢𝑠, 𝜏2 = 1.6𝑢𝑠, 𝑡𝑝 = 8𝑚𝑠 calculated using Equation 2 and 𝐵 = 1. The thermal detector described by 𝜏𝐷 = 10𝑚𝑠, 

𝑡𝑖 = 1𝜇𝑠 and frame rate 60Hz, and the photon detector is described by 𝜏𝐷 = 10𝜇𝑠, 𝑡𝑖 = 1.5𝑚𝑠 and frame rate 400Hz. 

 

The photon detector outperforms the thermal detector in both cases for the maximum and average criteria. If the minimum 

criterion is used, the thermal detector would outperforms the photon detector for short pulses pulse detection but not for 

long pulses like the rocket detection. In general, the thermal detector outperforms the photon detector when the minimum 

criterion is used only in some cases, such as if the threat event duration is shorter than the frame rate of the time of the 

photon detector.  



 

 
 

 

The Equivalent Blackbody Method    

Once the 𝑁𝐸𝐼𝑟𝑒𝑞(𝑡) requirement is specified, we can calculate the ability of a sensor to comply with the requirement, or 

design a sensor to meet the requirement. We perform these calculations using the equivalent blackbody method. For 

example, consider a LWIR sensor with detector time constant of 10ms and frame rate of 60Hz. Relevant sensor parameters 

for a sensor design would include aperture size, F#, detector sensitivity and time constant, detector size and the SNR 

required for the detection algorithms. A hypothetical, requirement states a NEI requirement as having a peak value 

10𝑝𝑊/𝑐𝑚2 with the time profile given by the solid line in Figure 6a. Provided a detector with typical NETD of 35mK at 

F/1 and time constant of 10ms, detector active area of 15um x 15um, optics transmission of 0.8 across the band, a detection 

algorithm requirement for SNR of 10, and background temperature of 300K, we need to determine the aperture size and 

focal length of the system to satisfy the requirement.  

We first convert the time profile of the NEI requirement to an equivalent persistent value. We use the average criterion 

and obtain an attenuation factor of 0.225 (see Figure 6a). The NEI requirement therefore becomes a persistent 

2.25𝑝𝑊/𝑐𝑚2.  

Next, we convert the equivalent NETD of the sensor times the required SNR, to flux on the aperture/detector using the 

equivalent blackbody problem illustrated in Figure 8. The equivalent NETD of the sensor accounts for the F/# of the optics 

as well as for the sub-pixel ratio, therefore it is a function of F/#, target size, background temperature and range. Proper 

modeling of the equivalent NETD will be the subject of future work. The following examples assume that the target is 

resolved, removing the effect of the target size, background temperature and range, and that the optical systems have the 

same F/# as the one at which the NETD was measured.  

 

Figure 8. Illustration of the equivalent blackbody method. 

The equivalent blackbody method assumes a resolved target; the differential flux on the detector will be  

 
Φ𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟 =

𝑝2

4𝐹#2
∫ 𝜏𝑜(𝜆)[𝑀(𝜆, 300𝐾 + 𝑁𝐸𝑇𝐷(𝑅, 𝐹#, 𝑇𝐵𝐺 , 𝑡𝑎𝑟𝑔𝑒𝑡) × 𝑆𝑁𝑅) − 𝑀(𝜆, 300𝐾)]𝑑𝜆

𝜆2

𝜆1 

 (9) 

where, 𝑝 is the detector size in cm, 𝑀(𝜆, 𝑇) is the blackbody emittance given by  

 
𝑀(𝜆, 𝑇) =

𝑐1

𝜆5[𝑒
𝑐2
𝜆𝑇 − 1]

     [
𝑊

𝑐𝑚2 𝜇𝑚
] (10) 

where 𝑐1 = 37418 [𝑊 𝜇𝑚4/𝑐𝑚2]  and 𝑐2 = 14388 [𝜇𝑚 𝐾𝑒𝑙𝑣𝑖𝑛] . Evaluating Equation 9 over the LWIR band 

(8𝜇𝑚 𝑡𝑜 12𝜇𝑚) results in  

 
Φ𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟 =

152𝜇𝑚2

4𝐹#2
∫ 𝜏𝑜(𝜆)[𝑀(𝜆, 300𝐾 + 0.035 × 10) − 𝑀(𝜆, 300𝐾)]𝑑𝜆

12𝜇𝑚

8𝜇𝑚 

 

Φ𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟 ≈
31

𝐹#2
𝑝𝑊 

(11) 

This is the amount of flux from the target that should reach the detector for an SNR of 10. Assuming an F/1 system and a 

time persistent NEI requirement of 2.25𝑝𝑊/𝑐𝑚2, an aperture of area 17.3 𝑐𝑚2, 𝐷 = 4.7𝑐𝑚, will satisfy the requirement 

(with average over the band optics transmission of 0.8).  

With respect to panoramic sensors, this calculation would indicate that a distributed aperture type panoramic system is 

more suitable for this task compared to a donut system. Donut systems have relatively small entrance pupils because of 



 

 
 

 

the convex optical surfaces that are used to warp the world. Similar calculations can be carried out for all the detector 

design parameter space or for other threats or for other detectors. We present a MWIR photon detector example next. 

Consider a MWIR sensor with detector integration time of 1.5ms and frame rate of 400Hz. A requirement states NEI of  

peak value 100𝑝𝑊/𝑐𝑚2 with the time profile given by the solid line in Figure 6a. Note that the NEI peak value for the 

MWIR band is an order of magnitude larger than for the LWIR. This is because there is more radiant intensity in the 

MWIR band than there is in LWIR. Provided a detector with typical NETD of 35mK at F/1, detector active area of 15um 

x 15um, optics transmission of 0.8 across the band, a detection algorithm requirement for SNR of 10, and background 

temperature of 300K, we need to determine the aperture size and focal length of the system to satisfy the requirement.  

We first convert the time profile of the NEI requirement to an equivalent persistent value. We use the average criterion 

and obtain an attenuation factor of 0.88 (see Figure 6b). The NEI requirement therefore becomes a persistent 88𝑝𝑊/𝑐𝑚2.  

Next, we convert the equivalent NETD of the sensor multiplied by the required SNR to flux on the aperture using the 

equivalent blackbody problem illustrated in Figure 8.  

Assuming a resolved target and the MWIR band (3𝜇𝑚 𝑡𝑜 5𝜇𝑚), the flux on the detector from the target will be  

 
Φ𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟 =

152𝜇𝑚2

4𝐹#2
∫ 𝜏𝑜(𝜆)[𝑀(𝜆, 300𝐾 + 0.035 × 10) − 𝑀(𝜆, 300𝐾)]𝑑𝜆

5𝜇𝑚

3𝜇𝑚 

 

Φ𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟 ≈
3.3

𝐹#2
𝑝𝑊 

(12) 

This is how much target flux should reach the detector for an SNR of 10. Assuming an F/1 system and a time persistent 

NEI requirement of 88𝑝𝑊/𝑐𝑚2, an aperture of area 0.047 𝑐𝑚2, 𝐷 = 0.25𝑐𝑚, will satisfy the requirement (with average 

over the band optics transmission of 0.8). This is obviously a very small aperture but it just means that we can relax other 

system parameters, for example we can increase the SNR from 10 to 100, increase the F# (make sure to change the 

equivalent NETD in the calculation as well, Equation 9), relax the NETD of the sensor, increase the pixel size, lower the 

integration time and frame rate, etc. This calculation also shows that a donut panoramic system with small entrance pupil 

can be used for this task.    

4. THE TARGET TASK PERFORMANCE METRIC 

To translate operational requirements related to obstacle avoidance and awareness, DVE, and detection and target ID of 

people and vehicles to sensor requirements, we can use the Targeting Task Performance (TTP) metric.1 The TTP metric 

is a resolution metric whose value correlates well with task performance. The metric is calculated using sensor 

characteristics, and scene characteristics, as well the response of the human visual cortex. Given that the Mobility and 

Lethality related tasks are performed by humans, the TTP metric captures the operational requirements mentioned above.  

TTP for Targeting Tasks 

Before dismounting an APC or even a tank, it is necessary to determine what human activity is around the vehicle, where 

humans are located, and detect and identify any suspicious activity to ensure the safety of the Soldiers. Detection and 

identification of vehicles is also important for both Survivability and Lethality modes of operation. Example requirements 

can be found in references 8, 9. The following section describe how the TTP can be used to obtain sensor requirements from 

operational requirements.  

The  𝑇𝑇𝑃𝑡𝑎𝑟𝑔𝑒𝑡 , in target space in cycles per meter, is the resolution provided by the system for a given target contrast at 

a given range. 𝑇𝑇𝑃𝑡𝑎𝑟𝑔𝑒𝑡  is usually calculated as the geometric mean of the horizontal and vertical resolutions when the 

system is assumed separable. The horizontal 𝑇𝑇𝑃𝐻  𝑡𝑎𝑟𝑔𝑒𝑡 , for example, is given by  

 

𝑇𝑇𝑃𝐻 𝑡𝑎𝑟𝑔𝑒𝑡 =
1

𝑅𝑎𝑛𝑔𝑒
∫ [

𝐶𝑇𝐺𝑇

𝐶𝑇𝐹𝑠𝑦𝑠𝑡𝑒𝑚(𝜁)
]

1
2

𝑑𝜁

𝜁𝑐𝑢𝑡

𝜁𝑙𝑜𝑤

 (13) 

where 𝐶𝑇𝐺𝑇 is the apparent target contrast (contrast at the target (𝐶𝑇𝐺𝑇−0) propagated through the atmosphere) and is 

assumed constant across spatial frequencies.  We elaborate on the Contrast Threshold Function (CTF) of the system later, 



 

 
 

 

but simply put, it depends on the eye response and sensor characteristics. The vertical resolution is of the same form but 

calculated along the vertical direction. 

For design purposes it is desired that a sensor requirement be specified independent of the target range and contrast. 

Operational requirements are often stated in target space.  Next we describe the method, then an example of how to translate 

an operational requirement for a specific target and task to a sensor requirement.  For example, an hypothetical operational 

requirement states that the average target characteristic dimension of a target set is √(𝐻 × 𝑊) = 0.75m, the scene contrast 

is 3K, the required resolution for 50% task performance is V50 = 2.7Cyc/Tgt when the target is Xm away and has contrast 

distribution 𝐶𝑇𝐺𝑇−0 = 0.16, and the atmospheric transmission is 0.8/Km. These requirements can come from field 

experiments that resemble the operational requirement. Care should be taken that the contrast and size of the targets used 

in the experiments are representative of the actual task scenario. The TTP metric correlates well to task performance if a 

normally distributed set of targets and contrasts which represents the entire spatial frequency spectrum under the integral 

is considered.  

We need to translate these operational requirements to a sensor TTP value in cycles/milliradian with contrast specified at 

the aperture of the sensor. The sensor TTP can then be used for sensor design. Assuming that the horizontal and vertical 

TTP resolution are separable and the same, we start by converting the V50 resolution to cycles per meter  

 

𝑉50[
𝑐𝑦𝑐

𝑚
] =

𝑉50 [
𝑐𝑦𝑐
𝑇𝐺𝑇

]

𝑇𝐺𝑇 𝑠𝑖𝑧𝑒 [𝑚/𝑇𝐺𝑇]
 (14) 

and multiply by the range in Km to obtain V50 of the sensor in cycles/milliradian 

 

𝑉50−𝑠𝑒𝑛𝑠𝑜𝑟 [
𝑐𝑦𝑐

𝑚𝑟𝑎𝑑
] =

𝑉50 [
𝑐𝑦𝑐
𝑇𝐺𝑇

]

𝑇𝐺𝑇 𝑠𝑖𝑧𝑒 [
𝑚

𝑇𝐺𝑇
]

× 𝑅𝑎𝑛𝑔𝑒 [𝐾𝑚] (15) 

The apparent contrast can be calculated using Beer’s law and the specified atmospheric transmission  

 𝐶𝑇𝐺𝑇 = 𝐶𝑇𝐺𝑇−0 × 𝜏𝑎𝑡𝑚
𝑅𝑎𝑛𝑔𝑒[𝐾𝑚]

 (16) 

The resulting sensor requirement is given as a 𝑉50−𝑠𝑒𝑛𝑠𝑜𝑟 [
𝑐𝑦𝑐

𝑚𝑟𝑎𝑑
] with 𝐶𝑇𝐺𝑇, and the numbers are used in the equation below 

 

𝑉50−𝑠𝑒𝑛𝑠𝑜𝑟 < ∫ [
𝐶𝑇𝐺𝑇

𝐶𝑇𝐹𝑠𝑦𝑠𝑡𝑒𝑚(𝜁)
]

1
2

𝑑𝜁

𝜁𝑐𝑢𝑡

𝜁𝑙𝑜𝑤

 (17) 

Sensor design can be achieved by considering the terms that constitute the system CTF. The system CTF is calculated 

provided the system MTF (𝐻𝑠𝑦𝑠(𝜁)), the CTF of the eye (𝐶𝑇𝐹 (
𝜁

𝑆𝑀𝐴𝐺
)), the scene contrast (𝑆𝐶𝑁𝑇𝑃𝑀), and detector 

sensitivity terms (Γ𝑑𝑒𝑡), display characteristics and MTF (𝑀𝑑𝑖𝑠𝑝(𝜁)). These are the sensor characteristics. The CTF of the 

system is composed of the horizontal and vertical CTFs. For example, the horizontal system CTF can be modeled as  

 

CTF𝐻 𝑠𝑦𝑠 =
𝐶𝑇𝐹 (

𝜁
𝑆𝑀𝐴𝐺

)

𝑀𝑑𝑖𝑠𝑝(𝜁)𝐻𝑠𝑦𝑠(𝜁)
{ 1 +

Γ𝑑𝑒𝑡
2 𝑂𝑡ℎ𝑒𝑟𝑇𝑒𝑟𝑚𝑠(𝜁)

𝑆𝐶𝑁𝑇𝑀𝑃
2 }

1/2

 (18) 

𝑂𝑡ℎ𝑒𝑟𝑇𝑒𝑟𝑚𝑠(𝜁) includes noise bandwidth terms and proportionality constants. The system MTF itself will depend on the 

optics and sampling (detector pitch). All these sensor characteristics can be used to design a sensor that will achieve the 

desired TTP. A parameter design space can be constructed with all the sensor characteristics. A meaningful parameter 

space would be limited/constrained by the available technology, system cost, system reliability and other factors. 

In this entire process it is assumed that the target size and 𝐶𝑇𝐺𝑇 values are representative of the target set which is being 

sought in the requirement, and that the target set has a normal distribution of sizes and contrast values. The normal 

distribution insures that Equation 17 can be satisfied by any combination of sensor characteristics (used to compute the 

𝐶𝑇𝐹𝑠𝑦𝑠𝑡𝑒𝑚(𝜁)). For example, the same performance can be achieved by a mediocre MTF and good sensitivity, or mediocre 

sensitivity and good MTF. Proper design parameter pools are constructed by running the calculations for a representative 

range of target contrasts and sizes.      



 

 
 

 

Now consider the typical numbers provided in the operational requirement above,  

 

𝑉50−𝑠𝑒𝑛𝑠𝑜𝑟 =
2.7 [

𝑐𝑦𝑐
𝑇𝐺𝑇

]

0.75 [
𝑚

𝑇𝐺𝑇
]

×
𝑋

1000
𝐾𝑚 = 0.0036𝑋 [

𝑐𝑦𝑐

𝑚𝑟𝑎𝑑
], (19) 

 𝐶𝑇𝐺𝑇 = 0.16 × 0.8𝑋/1000. (20) 

Therefore the system requirements is given as 

 

∫ [
0.16 × 0.8𝑋/1000

𝐶𝑇𝐹𝑠𝑦𝑠𝑡𝑒𝑚(𝜁)
]

1
2

𝑑𝜁

𝜁𝑐𝑢𝑡

𝜁𝑙𝑜𝑤

> 0.0036𝑋 [
𝑐𝑦𝑐

𝑚𝑟𝑎𝑑
] (21) 

where X is the range in meters. Sensor design is then carried out by selecting sensor characteristics that result in system 

CTF that satisfies the sensor requirement in Equation 21.  

With respect to panoramic imagers, care should be taken to account for the variable resolution across the field of view. 

For example, donut panoramic systems have varying resolution in the vertical direction, therefore the horizontal and 

vertical CTFs are not the same and the two dimensional version of the TTP metric should be used. For distributed aperture 

systems, the horizontal and vertical resolutions are generally the same and the methods presented above are a good 

approximation.  

TTP for Mobility Tasks 

Tanks, APCs, and HUMMVs all have difficulty maneuvering at night.  Avoiding obstacles and collisions as common tasks 

with the Driving Viewer Enhancement (DVE) system. 10, 11 Improved obstacle and collision avoidance are required, along 

with situational awareness of ditches and cliffs. 12, 13  

The methods above work for targeting tasks, detection or ID of people and vehicles. For Mobility tasks, such as driving, 

there is no specific target, rather the scene is the target, and therefore the target contrast in the TTP integral is set to one 

 

TTP𝐷𝑟𝑖𝑣𝑖𝑛𝑔 = ∫ √
1

𝐶𝑇𝐹𝑠𝑦𝑠(𝜁)
𝑑𝜁

𝜁𝑐𝑢𝑡

𝜁𝑙𝑜𝑤

 𝑓𝑜𝑟 𝑎𝑙𝑙 𝐶𝑇𝐹𝑠𝑦𝑠 < 1 (22) 

Again we are assuming equal horizontal and vertical resolutions. The effect of the scene contrast is modeled in the CTF 

of the system as shown in Equation 18, 𝑆𝐶𝑁𝑇𝑃𝑀. Low scene contrast decreases the dynamic range of the system and 

amplifies noise, high scene contrast minimizes noise. For system design we do the same as we did for the targeting tasks, 

design the system CTF through the sensor characteristics (see Equation 18). The value for TTP𝐷𝑟𝑖𝑣𝑖𝑛𝑔 can be specified 

through experiment. However, experimental data for this requirement is not readily available.  Pilotage surveys can provide 

a starting point for this requirement. Flying a helicopter near the ground involves judging distance, estimating closure to 

terrain or objects, maintaining the orientation of the aircraft, determining a suitable flight path, and searching for obstacles 

and threats.14,15 Based on pilotage surveys, a TTP of 3 cycles/milliradian with scene contrast > 1°C, provides sufficient 

image quality for flying a helicopter close to the ground. Because of differences in metric models (mainly CTF eye), it is 

important to point out that this TTP value was calculated using the 2004-2006 model. 1 The horizontal field of view was 

40 degrees, the frame rate greater than 30 Hz and the image lag was less than 33ms. With regard to how fast the vehicle 

can move, full visual acuity is maintained when the scene cues are passing by the observer (driver) at a rate slower than 

30 deg/sec.  

Although some tasks are similar, flying a helicopter and driving do differ. For example, scene cues for driving are different, 

paths are usually more constrained by the terrain, the proximity to obstacles and side terrain is greater, the speed of 

maneuvering is different, and the image display might be different (helmet mounted display vs. flip over display). These 

are just some of the differences. Further experiments are needed to determine the operational requirements for obstacle 

collision avoidance and situational awareness of cliffs and ditches, but the pilotage data is a good starting point. 

The metric above with the current DVE experience as well as the pilotage surveys, can be used to come up with initial 

sensor requirements for the operational requirement of “good driving performance.” However, both the DVE and the 

pilotage surveys had limited field of view. The limited field of view, while it is effective in the desert and on rural roads, 



 

 
 

 

has problems in urban environments with more structures outside the field of view.12, 13, 16 Further experiments or 

simulations are necessary to better understand this requirement.  

 

5. CONCLUSIONS  

This paper provides several metrics that can be used to define common military operational requirements for panoramic 

imagers on vehicles. The question that we asked was  “for a low-cost, low-swap, panoramic infrared imager on your 

vehicle, what are the most important tasks that it must perform and what are the metrics associated with these tasks?” Each 

priority Survivability, Mobility, and Lethality is assigned appropriate metrics.  We identified two general metrics that can 

be used to evaluate, analyze and design imagers against the operational requirements. We provided methods for translating 

the operational requirements to sensor requirements that can be digested by the metrics.  This in only a preliminary paper 

and there is much work left, but we provide methods for performing analysis of multifunctional panoramic infrared imagers 

as they apply to ground combat vehicles. Future work will focus on using the methods presented in this paper to analyze 

existing and notional panoramic sensors against the list of operational requirements.   

 

6. APPENDIX 

 
The time domain version of Equation 7 is 

 
𝑚(𝑡) =

1

𝜏𝐷𝑞𝐵 𝑝𝑒𝑎𝑘𝑡𝑖
∑ [𝑢(𝑡 − 𝜙𝑠ℎ𝑜𝑡_𝑠𝑡𝑎𝑟𝑡) ((𝐶1 + 𝐶2 + 𝐶𝐷)(𝑡 − 𝜙𝑠ℎ𝑜𝑡_𝑠𝑡𝑎𝑟𝑡) − (𝜏1𝐶1 + 𝜏2𝐶2 + 𝜏𝐷𝐶𝐷)

𝐵−1

𝑚= 0

+ 𝜏1𝐶1𝑒
−

𝑡−𝜙𝑠ℎ𝑜𝑡_𝑠𝑡𝑎𝑟𝑡

𝜏1 + 𝜏2𝐶2𝑒
−

𝑡−𝜙𝑠ℎ𝑜𝑡_𝑠𝑡𝑎𝑟𝑡

𝜏2 + 𝜏𝐷𝐶𝐷𝑒
−

𝑡−𝜙𝑠ℎ𝑜𝑡_𝑠𝑡𝑎𝑟𝑡

𝜏𝐷 )

− 𝑢(𝑡 − 𝜙𝑠ℎ𝑜𝑡_𝑒𝑛𝑑) ((𝐶1 + 𝐶2 + 𝐶𝐷)(𝑡 − 𝜙𝑠ℎ𝑜𝑡_𝑒𝑛𝑑) − (𝜏1𝐶1 + 𝜏2𝐶2 + 𝜏𝐷𝐶𝐷)

+ 𝜏1𝐶1𝑒
−

𝑡−𝜙𝑠ℎ𝑜𝑡_𝑒𝑛𝑑

𝜏1 + 𝜏2𝐶2𝑒
−

𝑡−𝜙𝑠ℎ𝑜𝑡_𝑒𝑛𝑑

𝜏2 + 𝜏𝐷𝐶𝐷𝑒
−

𝑡−𝜙𝑠ℎ𝑜𝑡_𝑒𝑛𝑑

𝜏𝐷 )

− 𝑢 (𝑡 − (𝑡𝑖 + 𝜙𝑠ℎ𝑜𝑡_𝑠𝑡𝑎𝑟𝑡)) ((𝐶1 + 𝐶2 + 𝐶𝐷) (𝑡 − (𝑡𝑖 + 𝜙𝑠ℎ𝑜𝑡_𝑠𝑡𝑎𝑟𝑡))

− (𝜏1𝐶1 + 𝜏2𝐶2 + 𝜏𝐷𝐶𝐷) + 𝜏1𝐶1𝑒
−

𝑡−( 𝑡𝑖+𝜙𝑠ℎ𝑜𝑡_𝑠𝑡𝑎𝑟𝑡)
𝜏1 + 𝜏2𝐶2𝑒

−
𝑡−( 𝑡𝑖+𝜙𝑠ℎ𝑜𝑡_𝑠𝑡𝑎𝑟𝑡)

𝜏2

+ 𝜏𝐷𝐶𝐷𝑒
−

𝑡−(𝑡𝑖+ 𝜙𝑠ℎ𝑜𝑡_𝑠𝑡𝑎𝑟𝑡)
𝜏𝐷 )

+ 𝑢 (𝑡 − (𝑡𝑖 + 𝜙𝑠ℎ𝑜𝑡_𝑒𝑛𝑑)) ((𝐶1 + 𝐶2 + 𝐶𝐷) (𝑡 − ( 𝑡𝑖 + 𝜙𝑠ℎ𝑜𝑡_𝑒𝑛𝑑)) − (𝜏1𝐶1 + 𝜏2𝐶2 + 𝜏𝐷𝐶𝐷)

+ 𝜏1𝐶1𝑒
−

𝑡−( 𝑡𝑖+𝜙𝑠ℎ𝑜𝑡_𝑒𝑛𝑑)
𝜏1 + 𝜏2𝐶2𝑒

−
𝑡−( 𝑡𝑖+𝜙𝑠ℎ𝑜𝑡_𝑒𝑛𝑑)

𝜏2 + 𝜏𝐷𝐶𝐷𝑒
−

𝑡−( 𝑡𝑖+𝜙𝑠ℎ𝑜𝑡_𝑒𝑛𝑑)
𝜏𝐷 )] 

(23) 

where 

 
𝐶1 =

𝜏1
3𝜏2𝜏𝐷

(𝜏1 − 𝜏2)(𝜏1 − 𝜏𝐷)
 

 𝐶2 =
𝜏1𝜏2

3𝜏𝐷

(𝜏2 − 𝜏1)(𝜏2 − 𝜏𝐷)
  

𝐶𝐷 =
𝜏1𝜏2𝜏𝐷

3

(𝜏𝐷 − 𝜏1)(𝜏𝐷 − 𝜏2)
  

(24) 



 

 
 

 

 
and  

 𝜙𝑠ℎ𝑜𝑡_𝑠𝑡𝑎𝑟𝑡 =  𝑚𝑡𝑏 + 𝑡𝑏𝑃ℎ𝑎𝑠𝑒 

𝜙𝑠ℎ𝑜𝑡_𝑒𝑛𝑑 =  𝑡𝑝 + 𝜙𝑠ℎ𝑜𝑡_𝑠𝑡𝑎𝑟𝑡 
(25) 
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