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1. Introduction 

Face recognition has been an active area of research for several decades, given its 
wide range of potential applications in commercial, military, and government 
sectors. However, face recognition research has been focused primarily in the 
visible region of the electromagnetic (EM) spectrum. Recently, researchers have 
developed methods for face recognition in the infrared (IR) spectrum, particularly 
in near-IR (NIR) (i.e., 0.74‒1 μm wavelength), shortwave IR (SWIR) (1‒3 μm 
wavelength), and thermal IR, to a limited extent. Facial signatures acquired in the 
NIR and SWIR bands are more similar to the visible spectrum facial signature, 
while facial signatures collected in the thermal IR band appear significantly 
different from their visible spectrum counterparts. Unfortunately, imagery derived 
in the visible, NIR, and SWIR rely to varying degrees on ambient illumination, 
either manmade or naturally occurring. As a result the ability to identify a particular 
individual using visible, NIR, and SWIR, imagery is greatly limited, if not 
impossible, when the test subject is poorly illuminated.  

Alternatively, imagery recorded in thermal IR do not experience such limitations, 
since it predominately based on thermal emission rather than reflection of ambient 
light. In general, the thermal IR portion of the spectrum is composed of two 
waveband regions (i.e., the mid-IR [MidIR] at 3‒5 μm wavelength and longwave-
IR [LWIR] at 8‒14 μm wavelength). Although, imaging in the thermal IR does not 
rely on ambient illumination, the resultant image of a human face (either in MidIR 
or LWIR) is often described as being “ghost-like”, devoid of the detailed spatial 
features often exhibited in visible imagery (Fig. 1).  

 

Fig. 1 Conventional LWIR thermal image. Shown is the typical “ghosting” effect inherent 
in both MidIR and LWIR imagery. 
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However, over the past decade, there has been much research designed to develop 
a new type of thermal camera system capable of optically filtering the image-
forming radiance that forms a scene based on the polarization state. These type of 
imaging systems are often termed “polarimetric imagers” and exist for both and 
MidIR and LWIR operation.1–4 

Polarimetric sensors that operate in the thermal IR are designed to exploit the 
phenomena that “manmade” objects tend to emit thermal radiation that has a 
preferential linear polarization state, while naturally occurring “background” 
materials (e.g., vegetation, grass, trees, and so on) tend to show little or no 
preferential linear polarization. As a result, a thermal polarimetric image can 
significantly enhance the ability to detect certain objects hidden by background 
clutter or that exhibit poor thermal contrast (i.e., a low-observable). Examples of 
such application include the detection of improvised explosive devices (IEDs) or 
buried landmines, enhanced targeting and tracking of manmade vehicles and 
personnel, the identification and suppression of military decoys, and improved 
remote detection of hidden or camouflaged targets.5–8  

Because a thermal polarimetric image contains both conventional thermal and 
polarization information, when augmented, the resultant scene tends to display 
much more detail compared to the conventional thermal image only. As an 
example, Fig. 2 shows a conventional LWIR thermal image (left) and the resultant 
polarimetric degree-of-linear-polarization (DoLP) image (right).  

  
Fig. 2 LWIR thermal (left) and the resultant polarimetric DoLP image (right) comparison 
of a Russian 1970s vintage T-72 tank 

Only recently has thermal polarimetric imaging been applied to face recognition 
applications. A particular focus of face recognition research has involved cross-
spectrum, or heterogeneous, face recognition algorithm development. The 
objective of cross-spectrum face recognition is to recognize the identity of an 
individual imaged in one spectral band (e.g., thermal) from a gallery database 
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containing face imagery acquired in another band (e.g., a visible spectrum 
database). For cross-spectrum face recognition, the gallery is usually taken to be in 
the visible spectrum, since real-world biometric databases and watch lists are 
typically only made up of visible imagery. Given the similar reflective 
phenomenology in the visible, NIR, and SWIR bands, research on NIR-to-visible 
face recognition1,2 and SWIR-to-visible face recognition3,4 has achieved some 
measure of success. However, thermal-to-visible face recognition is significantly 
more challenging due to the difference in phenomenology between the thermal and 
visible spectra. Recently, several research groups5–8 have developed techniques for 
and evaluated the performance of thermal-to-visible face recognition, achieving 
limited success. Although thermal-to-visible face recognition is highly challenging, 
it is also highly desirable as thermal imaging is often used to provide enhanced 
situational awareness for environments in which ambient illumination is not present 
(e.g., nighttime surveillance).  

Until now, all prior research in the area of face recognition using thermal imagery 
has been limited to image sets recorded in the LWIR.9–16 Fortunately, new MidIR 
polarimetric camera systems have been developed by Polaris Sensor Technologies 
Inc. (Huntsville, Alabama) that have been explicitly designed for human ID 
applications.  

Prior efforts involving the LWIR had reported differences in the quality of 
polarimetric facial imagery depending on whether it was recorded outside or 
indoors within a laboratory setting. Specifically, facial polarimetric images 
recorded indoors exhibited a reduction in recorded linear polarization on the order 
8%‒12%, compared to outside image capture. This reduction in recorded linear 
polarization was attributed to increased levels of ambient LWIR radiation present 
within an enclosed room due to thermal emission from the walls and ceiling. In 
comparison, ambient radiant levels outside, in the LWIR, are significantly lower 
because the thermal background under clear sky conditions exhibits radiance levels 
typically associated with blackbody temperatures well below 0 °C, often referred 
to as “cold sky” conditions.  

To better understand this effect in the thermal IR, a study was conducted in which 
polarimetric imagery of facial profiles were recorded in both the LWIR and MidIR, 
under varying conditions and temperatures, to better quantify this phenomena. 
Objects imaged were both an actual human test subject and a set manikin heads. 
The manikin head surfaces were coated with either a smooth mirror-like pigment 
or a diffuse carbon-black polymer in an attempt to produce surfaces that were 
highly reflective or emissive in thermal IR.  
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2. MidIR and LWIR Polarimetric Sensors 

For this test, two thermal polarimetric sensors were considered, each functioning in 
either the MidIR or LWIR region of the spectrum. Both systems were acquired from 
Polaris Sensor Technologies Inc. (Huntsville, Alabama). The LWIR system image 
capture system is based on a Stirling cooled, mercury cadmium telluride (MCT) 
focal-plane array (FPA) with a pixel density of 640 × 480, while the MidIR platform 
utilized “two” indium antimonide (InSb) FPAs, each with pixel densities of  
1280 × 1024; however, each polarimetric camera used a different optical 
configuration to accomplish the necessary polarimetric filtering. Specifically, the 
LWIR polarimetric camera was based on a spinning-achromatic-retarder (SAR) 
design, while the MidIR platform used a two-camera, division-of-amplitude (DoA), 
SAR hybrid optical configuration.17–19  

An image of the Stirling cooled LWIR SAR polarimetric camera in shown in  
Fig. 3, which uses a rapidly spinning achromatic phase retarder mounted in series 
with a linear polarizer. A “sequence” of images are recorded at a 120-Hz frame 
rate, where each image represents a particular polarization state. A Fourier 
modulation technique is applied to the pixel readout in which a Fourier series 
expansion is calculated for each channel. Finally, the expansion is inverted to yield 
the Stokes image parameters in terms of Fourier coefficients. This LWIR 
polarimetric system was equipped with a dual-focus objective (i.e., 45- and  
145-mm optic) resulting in either a near or far field of view (FOV) of 10.6° × 7.9° 
and 3.3° × 2.5°, respectively. Additional key parameters are shown in the Table 1.  

 

Fig. 3 LWIR MCT polarimetric camera system based on the SAR design 
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Table 1 Technical parameters for the LWIR SAR-based polarimetric camera system 

Parameter Specification 
Format 640 × 480 
Waveband 7.5‒11.1 μm 
Pixel size 15-μm square 
NEΔT 25 mK at f/2 
NEΔDoLP 0.1% 
Frame rate 120 Hz 
Dynamic range 14-bit 
Narrow FOV 3.3° × 2.5° 
Wide FOV 10.6° × 7.9° 
Pixel size 15 × 15 μm 
Instantaneous FOV (IFOV) at 1 km (Narrow FOV) 4 inches   

(Wide FOV)  12 inches 
 
The polarimetric filtering architecture used for the MidIR sensor is a DoA SAR 
hybrid system that captures two orthogonal states by splitting the scene using a 
polarimetric beam splitting cube. Each state is projected onto one of the two InSb 
FPAs. The image forming radiance enters the system and passes through a half-
wave achromatic retarder. The vertically polarized radiance emerging from the 
half-wave retarder is transmitted through the polarizing beam splitter cube, while 
the horizontally polarized radiance is reflected off the hypotenuse face of the 
polarizing beam splitter cube. 

When the system is operated, the half-wave retarder is rotated continuously. During 
the integration time, the retarder sweeps through a finite range of angles depending 
on the integration time and frame rate. For example, if a 4-ms integration time is 
chosen with a 60-Hz frame rate, then the retarder sweeps through an angle of  
(4 × 10 − 3 ∙ 60 ∙ 22.5° = 5.40). The intensity modulation caused by the rotation of 
the half-wave retarder is reduced by a small amount of 0.8%. For most operations, 
the integration time is approximately 7 ms. As a result, the polarization contrast is 
not impacted by the continuous rotation of the retarder. The MidIR system was 
specifically designed for long-range applications and can be equipped with either a 
600-mm objective (long range) or a 25-mm objective (short range). Pictures of the 
MidIR DoA SAR hybrid system with the 600- and 25-mm objectives mounted, are 
shown in Fig. 4a and b, and the key parameters of the MidIR system are shown in 
Table 2.  
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 a b 

Fig. 4 a) Cross section of the MidIR polarimeter with the long-range objective mounted, 
and b) 25-mm objective mounted 
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Table 2 Key parameters for the MidIR DoA-SAR hybrid polarimetric sensor 

 

3. Polarimetric Methodology  

For polarimetric applications, it is common practice to use a Stokes parameter 
approach to describe the polarization state of the image forming radiation that 
results from either emission or reflection.20 We apply the Stokes parameter 
methodology to our imaging application, where we define the Stokes parameters 
images S1, S2, and S0 by Eqs. 1–3,  

 S1 = I(0) - I(90)                                          (w/sr-cm2), (1) 

 S2 = I(+45) - I(-45)                                    (w/sr-cm2), (2) 

 S0 = total calibrated radiance image          (w/sr-cm2), (3) 
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and the DoLP is defined as  

 DoLP = 
0

21 22

S
SS +

, (4) 

where I(0), I(90), I(+45), and I(-45) represent 2-D LWIR images produced with 
polarimetrically filtered radiance polarized (relative to the vertical plane) at 0°, 90°, 
+45°, or ‒45°, respectively. As one can see from Eqs. 1–3, the S1 image represents 
a measure of the vertical as compared to the horizontal state, the S2 image 
represents a measure of the difference between the two ±45° diagonal states, and 
the combined radiance image, S0, is taken to be equivalent to the conventional 
LWIR thermal image. Finally, it is common practice to normalize S1 and S2 with 
respect to S0 in order to generate unitless fraction (i.e., S1(%) = 100 × (S1/S0) and 
S2(%) = 100 × (S2/S0)) and this is the convention we use throughout this report.  

4. Emission- versus Refection-Induced Polarization 

Because we are comparing the detection response between two different IR wave-
band regions, it is informative to understand how linear polarization states, induced 
by either “reflection” or “emission”, combine at the sensor to yield the net 
polarimetric response.  

Typically, thermal radiation in the thermal IR either becomes linearly polarized by 
reflection from the surface of an object or becomes polarized when thermal energy 
is emitted from the surface of an object. Induced polarization due to either reflection 
or emission arise from the fact that both parameters are directionally dependent 
quantities (i.e., 𝜌𝜌(𝜆𝜆,𝜃𝜃,𝜙𝜙) and 𝜀𝜀(𝜆𝜆,𝑇𝑇, 𝜃𝜃,𝜙𝜙)), where 𝜌𝜌 and 𝜀𝜀 are the directional 
reflection and emission coefficients, respectively; and 𝜃𝜃 and 𝜙𝜙 are directions 
defined relative the object’s surface normal, 𝑛𝑛�. As a result, the values of these 
quantities change depending on how they are viewed. Taking these formulations 
into account, one can rewrite each quantity in terms of a superposition of orthogonal 
components as shown in Eqs. 5 and 6:  

 𝜌𝜌(𝜆𝜆,𝜃𝜃,𝜙𝜙) = 𝜌𝜌⊥(𝜆𝜆,𝜃𝜃)+𝜌𝜌∥(𝜆𝜆,𝜃𝜃)
2

                  Total reflectivity (5) 

 𝜀𝜀(𝜆𝜆,𝑇𝑇,𝜃𝜃,𝜙𝜙) = 𝜀𝜀⊥(𝜆𝜆,𝑇𝑇,𝜃𝜃)+𝜀𝜀∥(𝜆𝜆,𝑇𝑇,𝜃𝜃)
2

             Total emissivity (6) 

As a result, the DoLP due to reflection, 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝜌𝜌 and emission, 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝜀𝜀 can be 
expressed in Eqs. 7 and 8:  
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 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝜌𝜌 = (𝜌𝜌⊥(𝜆𝜆,𝜃𝜃)−𝜌𝜌∥ (𝜆𝜆,𝜃𝜃)
(𝜌𝜌⊥(𝜆𝜆,𝜃𝜃)+𝜌𝜌∥ (𝜆𝜆,𝜃𝜃)      Reflection-induced polarization (7) 

 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝜀𝜀 = (𝜀𝜀⊥(𝜆𝜆,𝜃𝜃)−𝜀𝜀∥ (𝜆𝜆,𝜃𝜃)
(𝜀𝜀⊥(𝜆𝜆,𝜃𝜃)+𝜀𝜀∥ (𝜆𝜆,𝜃𝜃)        Emission-induced polarization (8) 

Although not apparent from the scalar Eqs. 7 and 8, Fresnel theory predicts the 
DoLP due to reflection, DoLPρ, is orthogonal with respect to the DoLP due to 
emission, DoLPε.21  

As a result, when an object exhibits both types of induced polarizations, the net 
total DoLP, DoLPTotal, recorded by a polarimetric sensor represents a vector 
superposition of the two orthogonal states, which combine to reduce the net 
measured linear polarization response and is given by Eq. 9:  

 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇= �𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝜌𝜌 − 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝜀𝜀�          “net” polarization state (9) 

Figure 5 presents a visual representation showing how induced polarization due to 
both reflected thermal radiation and thermal emission combine at the sensor, 
resulting in a net reduction of received linear polarization.  

 

Fig. 5 Schematic showing how recorded linear polarization state is reduced by the 
superposition of induced polarized radiance that results from both emission and reflected 
energy 

In practice, one type of induced polarization is usually dominate, which serves to 
define the direction and magnitude of resultant measureable DoLP signal. In 
addition, it is not uncommon to see polarization states “flip”, as evident in the sign 
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of either S1 or S2 for environments in which ambient conditions are changing (e.g., 
changing cloud cover or effects due to the daily diurnal cycle).22  

5. Polarimetric Image Capture 

Polarimetric imagery and video was recorded over multiple sessions using both the 
LWIR and MidIR camera systems described in Section 2. Test subjects (human and 
manikin heads) were imaged in either an inside or outdoor setting. The inside 
setting was intentionally chosen to maximize ambient radiant effects. This was 
done by placing the subject in a small hallway in which floor, walls, and ceilings 
where approximately 2 m from the image test point. Conversely, the outside test 
scenario was chosen to minimize ambient radiant effects. Test subjects were 
positioned in an open setting in which sky conditions were clear and devoid of any 
cloud cover (i.e., often referred to as “cold sky” conditions).  

Before image capture, both sensors underwent a nonuniformity-correction (NUC) 
procedure in which know radiance from a calibrated extended blackbody is directed 
into each camera in order to flood-fill the imaging objective. This allows for direct 
conversion from camera raw signal “counts” into integrated absolute radiance 
values (w/sr-cm2).  

Test subjects consisted of either an actual human head (body temperature 36 °C), 
or a pair of manikin heads that were coated with either a diffuse carbon-black 
pigment or a highly reflective “mirror”-like epoxy resin (Fig. 6). Coatings for the 
manikin heads were chosen to represent either an “emission” or “reflective” 
dominate target based on being coated with the carbon-black or mirror epoxy 
coatings, respectively. It should be noted that the thermal response for the carbon-
black manikin is expected to be very similar to what has be measured in prior 
studies involving actual human test subjects since the emissivity for carbon-black 
paint and human skin are ε = 0.97 and ε = 0.98, respectively.23  



 

11 

 

Fig. 6 Image of coated diffuse carbon-black manikin head (left) and coated mirror pigment 
manikin head (right) used as “emissive” and “reflective” targets, respectively 

The first test conducted was to determine temperature dependencies on the 
polarimetric images, S1, S2, and DoLP for both MidIR and LWIR spectral band, 
under conditions of ambient radiant loading (i.e., recorded indoors). Manikin heads 
were artificially heated above the ambient room temperature of 21 °C, to a 
maximum temperature of approximately 50 °C, using a conventional laboratory 
heat-gun. Imagery was recorded with each camera operating at 30 frames/s and a 
20-frame average was generated for the radiant image S0, the two Stokes images 
S1 and S2, and polarimetric product image DoLP. The resultant set of four images 
formed cube, and a representative region of interest (ROI) was chosen and projected 
to all images. Pixel average values were then generated for all four images. 
Resultant values for S1, S2, and DoLP (represented as a linear polarization 
percentage) are shown in Fig. 7, and the recorded radiant values S0 (units 
watt/cm2*sr) are displayed separately in Fig. 8.  
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Fig. 7 Plot of polarimetric values S1, S2, and DoLP as a function of temperature for both 
MidIR and LWIR imagery 

 

Fig. 8 Plot of measured thermal radiance values S0 (watt/cm2*sr) as a function of 
temperature for both MidIR and LWIR imagery 
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As seen in Fig. 7, the measured DoLP for all polarimetric images is constantly 
higher in the MidIR portion of the spectrum compared to the LWIR, although the 
received magnitude of the thermal radiance in the MidIR is approximately an order 
of magnitude less (see Fig. 8). At first glance, one might think this to be 
counterintuitive, until the effect of ambient loading is considered. To gain some 
perspective, Planck calculations were conducted from 2 to 14 µm for temperatures 
20 and 40 °C (Fig. 9).  

 

Fig. 9 Plank calculation from 2‒14 µm for a typical blackbody at 20 and 40 °C 

Figure 9 shows the relative radiant values for a typical blackbody (i.e., emissivity 
value 1) in both 3‒5-µm (MidIR) and 8‒12-µm (LWIR) ranges. Here we assume 
the hallway in which the imagery was recorded is made up of materials with 
emissivity values in the range 0.80‒0.90.24 As one can see, the ambient levels of 
relative radiance emitted by a hallway (temperature 20 °C) at 4 µm (center of MidIR 
band) is 2.19E-2 while at 10 µm (center of LWIR band) is 3.71E-1, or more than 
an order of magnitude higher. If one takes into account the effects described in 
Section 4 (i.e., reflected ambient radiance induces a polarization state orthogonal 
to emission induces polarization, resulting in a reduction in the measure 
polarization), then “less” ambient radiance in the MidIR results in “less” 
suppression of emission induce polarization, which leads to a “higher” measured 
DoLP value in the MidIR.  

The next step was to offer a side-by-side comparison of the resultant images 
recorded by both cameras under varying conditions. Although this form of analysis 
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is somewhat subjective, it is still a valuable means of gaining insight to the relative 
polarimetric performance in each thermal band. In an attempt to offer some 
quantifiably measureable quantities such and maximum and minimum radiance and 
polarization quantities, ROIs required for analysis were again chosen based on the 
circumference of the facial region for each manikin (Fig. 10).  

 

Fig. 10 Defined ROI used in analysis 

The first scenario consider was to determine the effects ambient loading have on 
both the radiant, S0, and DoLP images for highly reflective and emissive surfaced 
targets. Imagery were recorded with targets at an ambient temperature of 23 °C and 
at 35 °C to mimic human body temperature. Figure 11 shows the LWIR image set 
for the reflective and emissive manikin heads at room temperature 23 °C. Also 
shown below each image are the minimum and maximum pixel values for S0 and 
DoLP for the ROI shown in Fig. 10. Similarly, Fig. 12 displays a similar set; 
however, now manikin heads are imaged at 35 °C.  
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Fig. 11 LWIR image set at T = 23 °C of S0 and DoLP recorded in an environment in which 
there is radiant ambient illumination (i.e., recorded indoors). Displayed below each image is 
the target temperature and minimum and maximum pixel values for S0 and DoLP based on 
the ROI shown in Fig. 10.  
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Fig. 12 LWIR image set at T = 35 °C of S0 and DoLP recorded in an environment in which 
there is radiant ambient illumination (i.e., recorded indoors). Displayed below each image is 
the target temperature and minimum and maximum pixel values for S0 and DoLP based on 
the ROI shown in Fig. 10.  

Shown in both Figs. 11 and 12 is that the conventional LWIR radiant images, S0, 
show significant variance between the reflective and emissive manikins at both  
T = 23 °C and 35 °C. It is apparent the reflective coating produced a thermal image 
similar to what is seen in a conventional visible image (i.e., displaying detailed 
facial features) and is particularly apparent for the low-temperature manikin in 
which the majority of the image forming radiance is due to reflection of the ambient 
background. However, these features begin to fade for both the S0 and DoLP 
images as the manikin is heated and thermal emission begins to dominate over the 
reflected component of ambient background. Note that although the reflective 
nature of this manikin appears to exhibit certain facial features that are easily 
recognizable to a human observer, the highly reflective surface also produces a 
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strange shadowing anomaly due to reflections of the background and may result in 
poor performance when used as a bases set in a facial recognition algorithm.  

In contrast, the emissive manikin, which most accurately mimics the response of a 
human face, shows moderate to significant improvement (compared to the LWIR 
radiant image S0) in displaying fine detailed facial features in the both DoLP 
images at T = 23 °C and 35 °C, respectively. Comparison of the DoLP images at  
T = 23 °C and 35 °C highlight the effect that ambient radiance has on suppressing 
the received polarimetric signal. At ambient temperature 23 °C, the levels of the 
reflective and emissive components of the polarization are comparable and 
orthogonal, thus reducing the net DoLP recorded. As the temperature rises, 
emission-induced polarization begins to dominate, and as a result, more surface 
detail become apparent. The apparently large DoLP value of 2.41% for the 
reflective manikin at T = 35 °C is attributed ultra-smooth finish that the reflective 
epoxy resin produced. It is well known that induced polarization is highly depended 
on surface roughness, where smoother surfaces tend to produce higher degrees of 
linear polarization compared to diffuse surfaces.25    

A similar image set is shown in Figs. 13 and 14, where the test manikins are now 
imaged in the MidIR spectral region. It is interesting to note the behavior in S0 and 
DoLP for the reflective manikin as the temperature rises to 35 °C. At these 
temperatures, the reflective component of S0 and the DoLP image appears far more 
subdued resulting in a more uniform display of the facial details. Again, we attribute 
the unusually high DoLP value of 16.23% due to the ultra-smooth surface that 
resulted when coating the manikin with the reflective epoxy.  
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Fig. 13 MidIR image set at T = 23 °C of S0 and DoLP recorded in an environment in which 
there is radiant ambient illumination (i.e., recorded indoors). Displayed below each image is 
the target temperature and minimum and maximum pixel values for S0 and DoLP based on 
the ROI shown in Fig. 10.  
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Fig. 14 MidIR image set at T = 35 °C of S0 and DoLP recorded in an environment in which 
there is radiant ambient illumination (i.e., recorded indoors). Displayed below each image is 
the target temperature and minimum and maximum pixel values for S0 and DoLP based on 
the ROI shown in Fig. 10.  

After a qualitative review of all thermal images shown in Figs. 11‒14, the emissive 
DoLP image at T = 35 °C (recorded in MidIR) “appears” to give the best 
representation of a “visible” image of the manikin head. However, it is very 
important to take into account the technological and performance differences 
between the two polarimetric camera systems before making such judgement. For 
example, the LWIR SAR system was built approximately 6 years earlier than the 
MidIR DoA-SAR hybrid system, and as result, the newer MidIR camera benefited 
greatly due to new technologies and improved design features. Perhaps most 
important to take into account when comparing relative performance between the 
two platforms are the difference between the FPAs used in each camera (e.g., focal-
plane pixel density: MCT (LWIR) 640 × 480 vs. InSb (MidIR) 1280 × 1024).  

Nevertheless, when much of these differences are taken into account, I am 
impressed with how robust polarimetric imaging appears for the MidIR 



 

20 

polarimetric sensor. This is particularly impressive since the test scenarios 
considered here should favor operation in the LWIR (i.e., target temperatures in the 
range 20‒40 °C). Fortunately, there are efforts underway to develop dual-band 
MidIR/LWIR polarimetric imaging platforms that will utilize the same architecture 
and make polarimetric comparison between the two spectral bands much more 
straightforward.  

The manikin heads were finally placed outside in an open environment in an effort 
to reduce effects due to ambient loading that resulted when targets were imaged 
inside. During the test, sky conditions were observed to be clear and devoid of cloud 
cover, but atmospheric conditions were unusually hot with a measured relative 
humidity of 78% and a measured temperature in the range of 36‒37 °C (97‒98 °F).  

Unfortunately, our analysis was limited to the carbon-black-coated manikin head 
since the highly reflective manikin, when placed outside in the direct sunlight, 
produced overtly unnatural glare patterns of reflective radiance, and as result, was 
deemed unsuitable for analysis. Due to the hot temperatures experienced during the 
test, the carbon-black manikins acquired a temperature of 38 °C. Results for the 
emissive head are shown in Figs. 15 and 16 for the LWIR and MidIR image capture, 
respectively.  
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Fig. 15 LWIR image set recorded outside with manikin head at T = 38 °C. Shown are S0 
and DoLP imagery recorded under clear sky conditions, with direct sunlight and a relative 
humidity 78%. Displayed below each image are minimum and maximum pixel values for S0 
and DoLP based on a similar ROI as shown in Fig. 10.  
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Fig. 16 MidIR image set recorded outside with manikin head at T = 38 °C. Shown are S0 
and DoLP imagery recorded under clear sky conditions, with direct sunlight and a relative 
humidity 78%. Displayed below each image are minimum and maximum pixel values for S0 
and DoLP based on a similar ROI as shown in Fig. 10.  

Direct comparison between LWIR and MidIR images sets shown in Figs. 15 and 
16 appears to show better performance for the MidIR set based on qualitative 
observations. In particular, the polarimetric performance seems superior in the 
MidIR for S1, S2, and the DoLP imagery, even when differences in FPA 
technology and spatial resolution between the two sensors are taken into account. 
Unfortunately, the performance of the LWIR system seemed unexpectedly poor. 
Appearance of the LWIR set were prone to intensity saturation effects were quite 
noticeable on the top of the forehead region, which resulted in the appearance of 
unusually low overall contrast. We believe this may be due to an unintended 
consequence of the high temperature of the manikin head due to exposure to direct 
sunlight, which resulted in a measured maximum radiance value of  
4.40 × 10‒3 w/sr-cm2. Minimum and maximum temperatures chosen for the 
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“outside” NUC were 25 and 40 °C, and may have been insufficient for operation in 
the LWIR resulting in the apparent poor performance of the sensor.  

For operation in the MidIR, intensity of the measured radiance was more than an 
order of magnitude less than in the LWIR, resulting in a maximum recorded 
radiance value of 3.01 × 10‒4 w/sr-cm2, compared to 4.40 × 10‒3 w/sr-cm2 shown in 
the LWIR S0 image. These elevated radiance levels produced maximum DoLP 
values of 6.45% and 9.30% for the MidIR and LWIR images, respectively.  

The final portion of the study was to replace the manikins with an actual human 
subject and repeat the inside and outside test scenarios for both MidIR and LWIR 
polarimetric capture. Although study using manikins were informative, they cannot 
reproduce important human characteristics that result from differences in pigment 
and skin composition.9,10  

Figures 17 and 18 show resultant image sets of a human subject at body 
temperature, 36 °C, recorded inside for both LWIR and MidIR operation, 
respectively. Figures 19 and 20 display a similar image set where the polarimetric 
imagery was recorded outside under the same atmospheric conditions as described 
above.  

The comparison of the LWIR and MidIR image sets recorded indoors for human 
subject exhibits similar characteristics as seen for the manikin set shown in  
Figs. 14 and 15, in which recorded radiance in the MidIR band is lower by an order 
of magnitude, and conversely the DoLP is significantly higher in MidIR (i.e., 
maximum DoLP 0.93% in the LWIR compared to 2.90% seen in the MidIR). 
Again, the suppressed measured DoLP in both LWIR sets for human and manikin 
are attributed to the superposition of orthogonal components of polarization 
induced by reflection and emission from the subject, as described in Section 4.  
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Fig. 17 LWIR image set recorded indoors of human subject at body temperature T = 36 °C. 
Shown are S0, S1, S2 and DoLP imagery. Displayed below each image are the minimum and 
maximum pixel values based on an ROI similar to what is shown in Fig. 10. 
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Fig. 18 MidIR image set recorded indoors of human subject at body temperature T = 36 °C. 
Shown are S0, S1, S2 and DoLP imagery. Displayed below each image are the minimum and 
maximum pixel values based on an ROI similar to what is shown in Fig. 10. 
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Fig. 19 LWIR image set of a human subject recorded outside under direct sunlight and hot 
atmospheric conditions (i.e., 36‒37 °C [97‒98 °F]). As a result, measured skin temperature 
was slightly elevated to T = 37 °C. Displayed below each image are minimum and maximum 
pixel values for S0, S1, S2, and the DoLP image based on an ROI similar to what is shown in 
Fig. 10. 
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Fig. 20 MidIR image set of a human subject recorded outside under direct sunlight and hot 
atmospheric conditions (i.e., 36‒37 °C [97‒98 °F]). As a result, measured skin temperature 
was slightly elevated to T = 37 °C. Displayed below each image are minimum and maximum 
pixel values for S0, S1, S2, and the DoLP image based on an ROI similar to what is shown in 
Fig. 10. 

For subjects recorded outdoors, the amount of ambient radiance in the LWIR is 
reduced and emission-induced polarization is dominate compared to the reflection-
induced polarization, resulting in a higher measured DoLP in the LWIR. This effect 
is clearly seen by comparing the two DoLP images shown in Figs. 17 and 19 in 
which the measured maximum DoLP are 0.93% and 12.6%, recorded inside and 
outside, respectively.  

The comparison between the LWIR and MidIR image sets shown in Figs. 19 and 
20 recorded outside displays somewhat different behavior in relation to the 
measured DoLP values as seen in the manikin set. Unlike the manikin set, in which 
the measure maximum DoLP was greater for the MidIR image compared to the 
LWIR image, here, for the human subject, the measured DoLP recorded in the 
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LWIR is larger than that seen in the MidIR DoLP image (i.e., 12.6% for the LWIR 
comparted to 9.60% for the MidIR image). This is believed to be a direct result of 
chemical and tactile differences between the manikin head and the human subject. 
Specifically, the manikin was coated with a “diffuse” carbon-black pigment, while 
the human subject (who was exposed to usually hot and humid conditions during 
the test period) exhibited a degree of perspiration that resulted in an optical smooth 
skin surface. It is worth noting how naturally occurring skin oil and perspiration 
affect the MidIR thermal S0 and corresponding polarimetric images shown in  
Fig. 20, highlighted the obvious region of high polarization located on one side of 
the forehead. This undoubtable is a result of induced polarization due to strong 
specular reflection of the sun radiance in the MidIR waveband. However, this effect 
is not as apparent in the LWIR, since the magnitude of solar radiance in the LWIR 
is more than an order of magnitude lower.22  

6. Conclusion 

The ability record imagery appropriate for human ID in environments in which no 
visible illumination is present is an ability required for robust nighttime 
surveillance. Prior research involving thermal polarimetric imaging showed that 
such ability may be possible, but were limited to imagery recorded only in the 
LWIR. Research in the LWIR reported that performance was modestly affected by 
the location in which the human subject was imaged (i.e., indoors versus outdoors). 
Variation in the polarimetric response was attributed to differences in the 
magnitude ambient radiance levels in the LWIR depending on outside or indoor 
operation. It was suggested that such effects might be mitigated by conducting 
polarimetric imaging in the MidIR portion of the spectrum where ambient levels 
are lower.  

Presented here is a study designed to help address this question in which MidIR 
polarimetric imagery of facial profiles are recorded and compared to a 
corresponding set of imagery recorded in the LWIR. Test subjects were recorded 
for both indoor and outdoor settings, using a human subject and a pair of artificially 
coated manikin heads to mimic reflective and emissive surfaces. 

Polarimetric response was measured as a function of temperature in both the MidIR 
and LWIR bands for reflective and emissive surfaces. Results of the temperature-
dependent study shown in Fig. 7 show a plateauing in polarization response with 
increasing temperature. This effect results when the fraction of ambient radiance in 
the imaging environment becomes exceedingly small when compared to the ever-
increasing degree of thermal emission that results due to rising temperatures (i.e., 
polarization due to emission becomes greater than polarization due to reflection).  
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Results comparing polarimetric response for reflective- and emissive-surfaced 
manikin heads conducted indoors, showed, in general, better performance for 
operation in the MidIR compared to the LWIR, even when adjustments are made 
for the differencing radiometric and FPA technologies. This apparent advantage of 
MidIR compared to LWIR polarimetric imaging was again demonstrated when 
subjects were imaged outside. This was particularly notable since in theory, 
polarimetric performance in the LWIR should have benefited more (compared to 
the MidIR) by operating in a low ambient environment. Finally, it should be noted 
this comparison of MidIR versus LWIR polarimetric image performance was far 
from ideal, due to significant differences in camera design and components used in 
the development of each system. This problem is expected be rectified in the near 
future when a new dual-band MidIR/LWIR polarimetric platform is received. A 
more accurate quantitative comparison between the two bands is expected since the 
new dual-band camera system is expected to share an identical optical train, 
imaging objectives, and other important components.  
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List of Symbols, Abbreviations, and Acronyms 

2-D two-dimensional 

DoA division-of-amplitude 

DoLP degree-of-linear-polarization 

EM electromagnetic  

FOV field of view 

FPA focal-plane array 

ID identification 

IED improvised explosive device 

InSb indium antimonide 

IR infrared 

LWIR longwave infrared 

MCT mercury cadmium telluride 

MidIR mid-IR 

NIR near-IR 

NUC non uniformity correction 

ROI region of interest 

SAR spinning achromatic retarder 

SWIR shortwave IR 
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