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Abstract

Hyperspectral data is rich in features that allow accurate identification of a wide

variety of materials, including human skin. The question this research answers is “Can

we develop a skin reflectance model in the visible (VIS) and near infrared (NIR)

portions of the electromagnetic spectrum and use it to develop skin detection and

classification algorithms?” To answer this question, this research is divided into three

parts. First, we describe an engineering model of human skin reflectance in the VIS

and NIR. Second, we model sensor output based on knowledge of the skin reflectance

spectra, incident radiance spectra, and sensor response. Finally, we describe and

demonstrate algorithms for accurate skin detection and skin color estimation from

hyperspectral images.

The skin reflectance model developed in this research is based on data collected

by the scientific community, measurements collected from cadavers and living sub-

jects, and measurements of some of the constituent components of skin. The model

treats skin as a multi-layered material where each layer has a specific absorption and

scattering coefficient based on the materials that make up the layer. The reflectance

and transmittance values of each optical interface and each layer can then be cal-

culated with the Fresnel and Kubelka-Munk equations. All these values are then

used to determine an overall reflectance of skin. Various parameters in the model

such as melanosome level, blood level, and oxygenation level can be adjusted to show

their effect on the skin reflectance spectra. The results of the skin reflectance model

along with illumination by various blackbody radiators are then used as inputs into

a modeled sensor. The selected modeled sensor used in this analysis is a generic

Red-Green-Blue (RGB) sensor. The modeled skin reflectance spectra is also used to

develop the Normalized Difference Skin Index (NDSI) and the Normalized Difference

Green Red Index (NDGRI). These indices are computationally inexpensive and allow
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for the development of skin detection algorithms with a high probability of detection

(PD) and a low probability of false alarm (PFA). The Near Infrared Melanosome

Index (NIMI) is also developed from the skin reflectance model. This index allows for

the development of an algorithm to estimate the reflectance of skin at any point in

the VIS based on reflectance data at two wavelengths (the first between 650nm and

900nm and second at 1080nm).

To test the accuracy of the skin reflectance model, a comparison is made be-

tween measured and modeled data. The average root mean square error across the

VIS and NIR between measured and modeled data for skin from living subjects and

skin from cadavers was 1.12% and 2.43% respectively. The skin reflectance model

then allows us to generate qualitatively accurate responses for an RGB sensor for

different biological and lighting conditions. To test the accuracy of the skin detec-

tion and skin color estimation algorithms, hyperspectral images of a suburban test

scene containing people with various skin colors were collected. The skin detection

algorithm developed in this work had a PD as high as 0.95 with a PFA of 0.006. Skin

reflectances of the subjects in the image were collected with an ASD FieldSpec3r

Spectrometer for comparison with results from the NIMI algorithm applied to the

hyperspectral image. The mean absolute error between data measured by the ASD

FieldSpec3r Spectrometer and data estimated by the NIMI algorithm is 0.026 where

the reflectances of the individuals at 685nm ranged from 0.14 to 0.64.
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A Physical Model of Human Skin

and Its Application for Search and Rescue

I. Introduction

1.1 Introduction

Hyperspectral sensors provide a great deal of spectral granularity and a potential

means for improved detection and classification of select materials [49]. They have

demonstrated an excellent capability for identifying anomalous materials of interest

from airborne platforms over a large geographic area to include geologic and biologic

surface cover. Their use is certainly not limited to applications of physical sciences and

can be extended to a plethora of remote object detections such as aircraft wreckage or a

lost hiker’s exposed skin [85]. In terms of the latter example, current airborne systems

exist that perform search and rescue (SAR) by way of spectral matching [76,89]. The

effectiveness of the SAR application is often in the hands of an operator that requires

a large degree of “operator capability.” It is noted by experts that any hyperspectral

system developed for use in SAR will need to be simple enough to operate for a non

hyperspectral-exploitation expert [81] and allow the user to discriminate small targets

in a large scene [46]. Due to the nature of SAR, near real-time exploitation of the data

is essential for it to be of use [77]. A hyperspectral/multi-spectral system designed to

automatically detect and classify the pigmentation level of human skin can be one of

the components of such a critical system.

One example of an airborne hyperspectral imaging system used in SAR is the

Civil Air Patrol’s Airborne Real-Time Cueing Hyperspectral Enhanced Reconnais-

sance (ARCHER) system [81]. ARCHER is able to search for objects with a specific

spectral signature and send any data of interest to ground stations for further analy-

sis [14]. The current ARCHER system collects data in the spectral range of 500nm-

1100nm, where human skin has a large difference in spectral response based on its
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color. Extending the capability of the system to collect farther into the near-infrared

(NIR) could improve its ability to detect skin since its spectral response in this region

does not vary significantly based on its color.

Face recognition is an active area of research that could benefit from knowledge

of the spectrum of human skin. Many face recognition algorithms depend on the size,

shape, and color of facial features to identify a face [97]. However, performance of these

algorithms is degraded by something as simple as a change in face orientation [63].

Hyperspectral images provide several additional features to aid in face recognition.

For example, the spectral signature of skin on the face provides a pose-invariant

feature for use in these algorithms [62].

Knowledge of skin spectra of the hand has applications in hand and gesture

recognition. Hand and gesture recognition is important for designing new and im-

proved human/computer interfaces [15, 54] and is currently based on the color and

geometry of the hand [11,74]. A hyperspectral image of the hand could provide addi-

tional information, such as whether a pixel is from the palm or the back of the hand,

based on the melanosome level of the skin. Hyperspectral imagery could also identify

specific points on the hand such as melanin spots or veins to assist in determining the

hand’s position.

1.2 Anatomy and color of human skin

Skin is constructed of multiple layers with varying thicknesses and varying opti-

cal properties. A typical cross-section of skin is shown in Fig. 1 where the primary lay-

ers are the epidermis, dermis, and subcutaneous tissue. The epidermis is constructed

of the stratum corneum, stratum lucidum, stratum granulosum, and stratum basale.

The dermis is constructed of the papillary dermis and reticular dermis. Within the

dermis are various blood vessels, nerve endings, and sweat glands, which all affect the

optical properties of the dermis. Below the dermis is a layer of subcutaneous tissue

which includes fat and striated muscle. Each layer of skin is constructed of various
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combinations of water, collagen, blood, melanosomes, and other chromophores such

as bilirubin and betacarotene.

Epidermis

Dermis

Subcutaneous Tissue

Figure 1: Cross-section of thin skin collected from a fair-skinned cadaver.

The thickness of the tissue layers can differ depending on their location on the

body. For example, the dermis of the back is approximately twice as thick as that of

the abdomen. The stratum corneum of the sole of the feet and the palm of the hand

are several times thicker than on any other part of the body. These variations affect

the reflectance of skin, especially in the NIR.

The color of human skin varies from people with an almost white complexion to

those with a black-brown color [57]. Skin color is determined by a number of optical

factors such as the refraction coefficient of the surface of the skin, the absorption coef-

ficients of the skin layers and each layer’s scattering coefficient. Differing amounts of

melanosomes in the epidermis account for the largest difference in skin color. A cor-
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Table 1: Percentage of the epidermis volume occupied by melanosomes [35].

Skin Color Melanosome Percentage (%)

Light-Skinned Adult 1.6 - 6.3

Moderately Pigmented Adult 11 - 16

Darkly Pigmented Adult 18 - 43

Table 2: The Fitzpatrick scale used to describe skin color and its sensitivity to
ultra-violet radiation [51].

Type Color Sun Response

I Very Fair Always Burns

II Fair Usually Burns

III White to Olive Sometimes Burns

IV Brown Rarely Burns

V Dark Brown Very Rarely Burns

VI Black Never Burns

respondence between skin color and the percentage of the epidermis volume occupied

by melanosomes is shown in Table 1.

For clinical purposes, skin can be divided into one of six types according to the

Fitzpatrick Scale (Table 2). This scale is used to describe skin color and its sensitivity

to ultra violet radiation [93]. A connection can be made between the melanosome level

in the epidermis and the Fitzpatrick skin type based on the description of skin color

in Table 1 and Table 2. (This connection is used in describing skin based on our

estimates of the melanin in Section 4.7.)

Differing amounts of hemoglobin, bilirubin, and betacarotene in skin can also

account for a large difference in skin color. An increase in dermal blood level causes

skin to take on a ruddy color while a decrease causes skin to take on a paler color [67].

Increased amounts of bilirubin or betacarotene in skin cause it to take on a yellow or

yellow/orange tint, respectively [45].
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Figure 109: Comparison of model and measured cadaver skin reflectance for sample
49 and 50.
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Figure 110: Comparison of model and measured cadaver skin reflectance for sample
51 and 52.
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Figure 111: Comparison of model and measured cadaver skin reflectance for sample
53 and 54.
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Figure 112: Comparison of model and measured cadaver skin reflectance for sample
55 and 56.
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Figure 113: Comparison of model and measured cadaver skin reflectance for sample
57 and 58.
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Figure 114: Comparison of model and measured cadaver skin reflectance for sample
59 and 60.
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Figure 115: Comparison of model and measured cadaver skin reflectance for sample
61 and 62.
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Figure 116: Comparison of model and measured cadaver skin reflectance for sample
63 and 64.

158



600 800 1000 1200 1400 1600 1800
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Wavelength (nm)

R
ef

le
ct

an
ce

 

 
Measured
Modeled

600 800 1000 1200 1400 1600 1800
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Wavelength (nm)

R
ef

le
ct

an
ce

 

 
Measured
Modeled

Figure 117: Comparison of model and measured cadaver skin reflectance for sample
65 and 66.
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Figure 118: Comparison of model and measured cadaver skin reflectance for sample
67 and 68.
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Figure 119: Comparison of model and measured cadaver skin reflectance for sample
69 and 70.
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Figure 120: Comparison of model and measured cadaver skin reflectance for sample
71 and 72.
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Figure 121: Comparison of model and measured cadaver skin reflectance for sample
73 and 74.

600 800 1000 1200 1400 1600 1800
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Wavelength (nm)

R
ef

le
ct

an
ce

 

 
Measured
Modeled

600 800 1000 1200 1400 1600 1800
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Wavelength (nm)

R
ef

le
ct

an
ce

 

 
Measured
Modeled

Figure 122: Comparison of model and measured cadaver skin reflectance for sample
75 and 76.
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Appendix D. Additional Results for Skin Detection Algorithm

Additional results for the skin detection algorithms are presented in this appendix.

Figure captions provide a description of the scene and any pertinent information

about the collection. The results presented in this appendix are of a qualitative

nature showing images of the detection results vice Receiver Operating Characteristic

(ROC) Curves. The reason for the qualitative presentation is due to time constraints

as the hand-truthing process is time consuming and that quantitative results using

ROC curves were presented in Chapter 4.
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Figure 123: Skin detection results for suburban test scene containing people with a
wide variety of pigmentation levels and skin color confusers. Scene was collected with
SpecTir’s HyperSpecTIR 3 (HST3) imager [36]. People in the scene are approximately
37m from the imager. Normalized Difference Skin Index (NDSI) and Normalized
Difference Green Red Index (NDGRI) thresholds are β = 0.45 and γ = 0 respectively.
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Figure 124: Skin detection results for suburban test scene containing people with
a wide variety of pigmentation levels and skin color confusers. Scene was collected
with SpecTir’s HST3 imager [36]. People in the scene are approximately 35m from
the imager. NDSI and NDGRI thresholds are β = 0.45 and γ = 0 respectively.
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Figure 125: Skin detection results for suburban test scene containing people with
a wide variety of pigmentation levels and skin color confusers. Scene was collected
with SpecTir’s HST3 imager [36]. People in the scene are approximately 30m from
the imager. NDSI and NDGRI thresholds are β = 0.45 and γ = 0 respectively.
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Figure 126: Skin detection results for suburban test scene containing people with
a wide variety of pigmentation levels and skin color confusers. Scene was collected
with SpecTir’s HST3 imager [36]. People in the scene are approximately 26m from
the imager. NDSI and NDGRI thresholds are β = 0.45 and γ = 0 respectively.
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Figure 127: Skin detection results for suburban test scene containing people with
a wide variety of pigmentation levels and skin color confusers. Scene was collected
with SpecTir’s HST3 imager [36]. People in the scene are approximately 22m from
the imager. NDSI and NDGRI thresholds are β = 0.45 and γ = 0 respectively.
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Figure 128: Skin detection results for suburban test scene containing people with
a wide variety of pigmentation levels and skin color confusers. Scene was collected
with SpecTir’s HST3 imager [36]. People in the scene are approximately 19m from
the imager. NDSI and NDGRI thresholds are β = 0.45 and γ = 0 respectively.
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Figure 129: Color image of suburban test scene. Scene contains one person walking
through the parking lot. Scene was collected with the HST3 from a second story
window.

Figure 130: Skin detection results for parking lot and park in a section of Fig. 129.
Scene contains one person walking through the parking lot (left) and results of skin
detection algorithm (right). Scene was collected with the HST3 from a second story
window. NDSI and NDGRI thresholds are β = 0.4 and γ = −0.1 respectively.

Figure 131: Color image of suburban test scene. Scene contains one person in the
park area behind a tree to the right of the red asterisk. Scene was collected with the
HST3 from a second story window.
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Figure 132: Skin detection results for suburban test scene in a section of Fig. 131.
Scene contains one person in the park area behind a tree (left) and results of skin
detection algorithm (right).. Scene was collected with the HST3 from a second story
window. NDSI and NDGRI thresholds are β = 0.4 and γ = −0.1 respectively.
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Figure 133: Skin detection results for parking lot. Scene contains people with
a wide variety of pigmentation levels. Scene was collected with the Surface Optics
Corporation (SOC) 700 NIR hyperspectral imager.
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