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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
(Pp) and a low probability of false alarm (Ppa). 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 Pp as high as 0.95 with a Pgr4 of 0.006. Skin
reflectances of the subjects in the image were collected with an ASD FieldSpec3®
Spectrometer for comparison with results from the NIMI algorithm applied to the
hyperspectral image. The mean absolute error between data measured by the ASD
FieldSpec3® 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.



Acknowledgements

This research and the resulting dissertation would not have been possible without the
support and assistance of a great number of people. I would like to express my deepest
gratitude to my advisor, Major Michael Mendenhall, for his invaluable support and
guidance throughout this research and the writing of the dissertation. Thanks to Ms.
Christina Schutte, Dr. Phil Hannah and Dr. Devert Wicker of the Air Force Research
Laboratory Sensors Directorate as well as Dr. Kathleen Robinette of the Air Force
Research Laboratory Human Effectiveness Directorate for their sponsorship of this
research. Thanks to Captain Adam Brooks, Lieutenant Keith Peskosky, Lieutenant
Matthew Hornung, Amber Hanson, Tracey Hong, and Sherry Jiao for their work
collecting data. Special thanks to Richard Durbin for his assistance with almost
every aspect of data collection, computer support, and lab equipment maintenance.
Special thanks to Dr. Frank Nagy of the Wright State University Anatomical Gift
Program and Dr. Heidi Bertram of the Wright-Patterson Medical Center, Department
of Pathology for their support and consultation for this work. Special thanks to the
donors of the Anatomical Gift Program and their families. It is my great hope that
the results of this research are worthy of your gift. Finally, I would like to thank my
family for all of their love and support. To my parents, thank you for believing in
me and giving me the tools to accomplish all that I have. To my children, thank you
for reminding me of what is important. To the love of my life, my wife, this work is

dedicated to you.

Abel S. Nunez

vi



Table of Contents

Abstract . . . . . .

Acknowledgements . . . . . . .. ...
List of Figures . . . . . . . . . . . . . .

List of Tables . . . . . . . .

L. Introduction . . . .. ... oo
1.1 Imtroduction. . . . . . . . ... ...
1.2 Anatomy and color of human skin. . . . . ... ... ..

1.3 General approaches to modeling multi-layered materials

1.3.1 Monte-Carlo reflectance models . . . . . . . ..
1.3.2 Diffusion theory reflectance models . . . . . . .

1.3.3 Kubelka-Munk theory reflectance models . . . .
1.4 Remote sensing of skin . . . . . ... ... ... ...
1.4.1 Skin detection in color imagery . . .. .. . ..
1.4.2 Detection of skin in near-infrared imagery
1.5 Research question. . . . . . . .. ... ... .......
1.6 Organization of dissertation . . . . . . .. .. ... ...

IT. Physics-Based Human Skin Reflectance Model . . . . . . . . . ..

2.1 Introduction. . . . . . . . ... .. ... ...
2.2 Kubelka-Munk theory reflectance model . . . . . . . ..

2.2.1 Kubelka-Munk multi-layer reflectance model . .
2.2.2 A generic N-layer model structure . . . . . . . .
2.2.3 Process for generating spectra . . . . . .. . ..

2.3 Data and tissue collection . . . . . . ... ... ... ..
2.3.1 Collection from living subjects . . . . . . . . ..

2.3.2 Collection from cadavers . . . . . ... ... ..
2.4 Optical properties of skin components . . . . . .. . ..

2.4.1 Index of refraction . . . .. ... ... .. ...
2.4.2 Absorption coefficients . . . ... ... ... ..

2.4.3 Reduced scattering coefficient . . . . . . . . ..

2.4.4 Subcutaneous tissue reflectance . . . . . . . ..
2.5 A model of humanskin . . . . .. ... ... ... ...
2.5.1 Model parameters . . . . . ... ... ... ...

vil

vi

O© J = O O Ot Ot DN = =

—_ =
—_ =

12
12
13
14
15
19
20
20
22
22
23
24
30

34
36
36



III.

2.5.2 Fresnel reflection . . . . ... ... ... ...
2.5.3 Absorption and scattering coefficients . . . . . .
2.5.4 Subcutaneous tissue reflectance . . . . . . . ..

2.5.5  Skin reflectance model: incorporating optical prop-
erties . . . . . . .o

2.6 Exploring tissue variation effects on the reflectance model
output . . . . ..o

2.6.1 Melanosome level . . . . . ... ... ... ...
2.6.2 Redistribution of melanosomes . . . . . . . . ..
26.3 Bloodlevel . ... ... ... .. . .......
2.6.4 Redistribution of blood . . . . . . ... ... ..
2.6.5 Oxygenation level . . . . . . ... .. ... ...
2.6.6 Dermal thickness . . . . ... ... ... ....
26.7 Collagen . . . ... ... ... ..

2.6.8 The effect of including the stratum lucidum and
stratum granulosum . . . ... .. .. ... ..

2.6.9 The effects of subcutaneous tissue . . . . . . . .

2.6.10 Comparison of our reflectance skin model results
using absorption and scattering coefficients de-
scribed in this dissertation and existing literature.

2.7 Comparing skin reflectance model output with collected
data . . . . ...

2.8 Distribution and sensitivity of parameters . . . . . . ..
2.8.1 Distribution analysis of model parameters
2.8.2 Model sensitivity analysis . . . ... ... ...
2.9 Discussion . . . . . . ...

Application of Skin Reflectance Model for Determining Sensor Reach-
ing Radiance for Imaging Human Skin . . . . . . . .. .. .. ..

3.1 Imtroduction. . . . . . . . . .. ... ... ...
3.1.1 Ilumination sources . . . . .. ... ... ...
3.1.2 The RGB camera response . . . . . .. .. ...
3.2 Results . . ... ... ...
3.2.1 Epidermal melanosomes . . . .. .. ... ...
3.2.2 Blood volume . . . ... ... ... ... ....
3.2.3 Hemoglobin oxygenation . . . . . ... ... ..
3.2.4 Ilumination conditions . . . . . . . . . .. ...
3.3 Discussion . . . . . ...

viil

40

41

41
42
43
43
45

47
47

48
49

50

o1
o8

59
61
65

69
69
70
71
74
74
76
79
79
30



IV. Application of Skin Reflectance Model for Remote Sensing . . . .

4.1 Introduction . . . . . . . . . . .,

4.2 Measured and Modeled Skin Reflectance and Skin Con-
fuser Measurements . . . . . . . . . . ...

4.2.1 Observations from skin reflectance measurements
4.2.2 Human skin reflectance model output . . . . . .

4.2.3 Skin confuser measurements . . . . . . ... ..
4.3 Skin detection algorithm . . . . . .. .. .. ... ...

4.3.1 Features for skin detection and false alarm sup-
pression . . . . ...

4.3.2 Normalized difference vegetation index (NDVI)
4.3.3 Normalized difference skin index (NDSI)
4.3.4 Normalized difference red-green index (NDGRI)

4.3.5 Observation of feature values using modeled and
measured data . . . . ... ... L

4.3.6 Rules-based skin detection algorithms . . . . . .

4.4 Estimating reflectance of skin at 685nm as well as the
melanosome content of the epidermis . . . . . . ... ..

4.5 Hyperspectral test images . . . . .. .. ... ... ...

4.6 Results of the rules-based skin detector . . . . . . . . ..
4.7 NIMI remote sensing . . . . . . . . . ... ... ... ..

4.8 Discussion . . . . . . ..

V. Conclusions and Future Work . . . . . . . ... ... ... ....
5.1 Imtroduction. . . . . . . ... ... ... ...
52 Conclusions . . . . . . . ... ...
5.3 Current work . . . .. . ...

5.3.1 Improved detection algorithm . . . . . . . ...
5.3.2 Two camera skin detection system . . . . . . . .
5.3.3 Monocular skin detection system . . . . .. ..
5.3.4 Four camera solution . . . . . .. ... ... ..
54 Futurework . . . ...
5.4.1 Improving skin reflectance model . . . . . . ..
5.4.2 Remote sensing for triage. . . . . . . ... ...
5.4.3 Animal skin detection . . . ... ... .. ...
5.4.4 Psycho-physiological responses . . . . . . . . ..

Appendix A. Human Subjects Research Documents . . . . . . . . ..
Appendix B. CIE Colorspace Values . . . . . . . .. ... ... ....
Appendix C. Comparison of Modeled and Measured Skin Reflectances

1X

Page

83
83

33
83
84

86
86

86
89
90
91

91
92

94
99

100
108

112

114
114
114
116
116

117
118

119
120
120

120
122
123

124
131

135



Appendix D.

Bibliography

Additional Results for Skin Detection Algorithm



Figure

10.

11.

12.

13.

List of Figures

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

Color image of a group of subjects with different skin pigmenta-

tions under solar illumination in a suburban environment. . . .

Multi-layer skin reflectance model based on Fresnel reflection and
transmission, Kubelka-Munk reflection and transmission, and re-
flection of subcutaneous tissue. The arrows depict light traveling
through optical interfaces and not a specific direction for the
light’s path. . . . .. . ... ... ... ... ..

Fractions of reflectance and transmittance for possible paths of

light for model interfaces 0 and 1. . . . . . . .. .. ... ...
Volunteer collection form. . . . . . . . . . . . . . .. ... ...
Cadaver collection form. . . . . . . . . . . . ... ...

Liquid water absorption in the visible (VIS) [61] and near-infrared
(NIR) [12]. . . o oo

Collagen absorbtion in the VIS and NIR measured from gelatin

sheets which are 100% collagenous protein. . . . . . . ... ..

Comparison of dermis and epidermis absorbtion values defined
in this research with that of the literature of Saidi et al. [71] and

Salomatina et al. [72]. . . . . . ..o

Melanosome absorbtion in the VIS and NIR based on values mea-

sured by Jacques [35]. . . . ...
Oxygenated hemoglobin and deoxygenated hemoglobin absorp-

tion in the VIS (solid and dashed respectively) at concentration
in blood of 150¢/L [68]. . . . . . . . . ...

Absorbtion of bilirubin at concentration in blood of 0.05g/L,
betacarotene in the epidermis at concentration of 2.1e7%¢g/L, and

betacarotene in blood at concentration of 7.0e °g/L [44]. . . .

Reduced scattering coefficient for the epidermis and dermis es-
timated in the current work, estimated by Jacques [35], and

measured by Salomatina et al. [72].. . . . .. ..o L.

x1

Page

17

18
21
23

24

26

26

27

29

30

33



Figure Page

14. Reflectance of subcutaneous tissue for four different cadavers. . 35
15. Mean reflectance of subcutaneous tissue scaled so its maximum

value iIsone. . . . . .., 35
16. Maximum absolute difference envelope for measured and mod-

eled subcutanecous reflection. . . . . . ... ... 36
17. Magnified image of skin sample along side Meglinski and Matcher

model [52] with the following additional layers in the epidermis:
stratum lucidum, stratum granulosum, stratum spinosum, and

stratum basale. Actual depth of skin sample shown in the image

is approximately 1.2mm. . . . . . .. .. .. ... ... ... 38
18. Modeled skin reflectance for Type I/1I skin (melanosome level of

2.4%) and Type V/VI skin (melanosome level of 24%). . . . . . 42
19. Difference in modeled skin reflectance for a uniform distribu-

tion of melanosomes in the epidermis versus the same volume of
melanosomes concentrated in the stratum basale. Difference is
shown for Type I/II skin and Type V/VL. . . . . ... ... .. 43

20. Modeled skin reflectance for a typical concentration of dermal
blood and without dermal blood. Reflectance is shown for Type
[/11 skin with normal concentration of blood, Type I /1T skin with-
out blood, Type V/VI with normal concentration of blood, and
Type V/VI with without blood. . . . . ... ... ... .... 44

21. Difference in modeled skin reflectance for an even distribution
of blood in the dermis versus the same amount of blood in the
papillary dermis, upper blood net dermis, reticular dermis, and
deep blood net dermis at concentrations of 0.4%, 3%, 0.4%, and
1% respectively (see Table 6). Difference is shown for Type I/II
skin and Type V/VL. . . . ... ... oo 45

22. Difference in modeled skin reflectance for skin with a typical con-
centration of blood where all the hemoglobin is oxygenated versus
the case where all the hemoglobin is deoxygenated. Difference is
shown for Type I/II skin and Type V/VIskin. . ... ... .. 46

x1i



Figure Page

23. Modeled skin reflectance for Type I/II skin with a dermal thick-
nesses of 3mm, Type I/II skin with a dermal thicknesses of

1.5mm, Type V/VI skin with a dermal thicknesses of 3mm, and

Type V/VI skin with a dermal thicknesses of 1.5mm. . . . . . . 47
24. Modeled difference in skin reflectance for skin with 30% collagen

versus skin with 15% collagen. Difference is shown for Type I/I1

and Type V/VIskin. . . ... ... ... ... .. ....... 48
25. Difference in modeled skin reflectance for skin with 20% water

versus 5% water in the stratum lucidum and stratum granulosum.

Difference is shown for Type I/II skin and Type V/VI skin. . . 49
26. Modeled Type I/II skin reflectance for characteristic subcuta-

neous reflectance spectra scale factors of 75%, 50%, and 0%. . . 50
27. Modeled Type V/VI skin reflectance for characteristic subcuta-

neous reflectance spectra scale factors of 75%, 50%, and 0%. . . 51
28. Measured Type I/II skin reflectance and modeled Type I/I1 skin

reflectance using scattering and absorption coefficients developed
in this dissertation, described by Jacques in [35], and measured
by Salomatina et al. in [72]. Parameters for the model were not

adjusted for best match with measured data. . . . .. ... .. o1

29. Measured Type V/VI skin reflectance and modeled Type V/VI
skin reflectance using scattering and absorption coefficients de-
veloped in this dissertation, described by Jacques in [35], and
measured by Salomatina et al. in [72]. Parameters for the model

were not adjusted for best match with measured data. . . . . . 52

30. Sample comparison of modeled and measured cadaver thick Type
[/II skin reflectance. Selected sample has among the highest
correlation between measured and modeled data for the cadaver

measurements. . . . . . ... ..o 55

31. Sample comparison of modeled and measured cadaver thin Type
I/11 skin reflectance. Selected sample has among the highest
correlation between measured and modeled data for the cadaver

measurements. . . . . .. ... 56

xlil



Figure Page

32. Sample comparison of modeled and measured living thin Type
[/11 skin reflectance. Selected sample has a typical correlation
between measured and modeled data for the living skin measure-

ments. . . . .. .. 56

33. Sample comparison of modeled and measured living thin Type
V/VI skin reflectance. Selected sample has a typical correlation
between measured and modeled data for the living skin measure-

ments. . . ... . 57

34. Average RMSE as a function of wavelength for living measured
skin reflectances, cadaver measured skin reflectances, and com-

bination of living and cadaver measured skin reflectances. . . . 59

35. Histograms of the six model parameters used for the best match
with measured living skin reflectances. Parameter name is listed

on the x-axis of each histogram. . . . .. ... ... ... ... 60

36. Histograms of the six model parameters used for the best match
with measured cadaver skin reflectances. Parameter name is

listed on the x-axis of each histogram. . . . . .. ... ... .. 62

37. Sensitivity analysis for the skin model parameters for skin from
living subjects over the VIS and NIR. Sensitivity is the partial
derivative of the skin model function versus the specified model
parameter at a particular wavelength. Skin model parameters
include melanosome level, blood level, oxygenation level, dermal

thickness, collagen level, and subcutaneous reflection level. . . . 63

38. Sensitivity analysis for the skin model parameters for skin from
cadavers over the VIS and NIR. Sensitivity is the partial deriva-
tive of the skin model function versus the specified model param-
eter at a particular wavelength. Skin model parameters include
melanosome level, blood level, oxygenation level, dermal thick-

ness, collagen level, and subcutaneous reflection level. . . . . . 64

X1v



Figure
39.

40.

41.

42.

43.

44.

45.

46.

Sensitivity analysis for the skin model parameters for fair skin
(Type I/II) from living subjects over the VIS and NIR. Sensi-
tivity is the partial derivative of the skin model function ver-
sus the specified model parameter at a particular wavelength.
Skin model parameters include melanosome level, blood level,
oxygenation level, dermal thickness, collagen level, and subcuta-

neous reflection level. . . . . . . .. ...

Sensitivity analysis for the skin model parameters for darkly pig-
mented skin (Type V/VI) from living subjects over the VIS and
NIR. Sensitivity is the partial derivative of the skin model func-
tion versus the specified model parameter at a particular wave-
length. Skin model parameters include melanosome level, blood
level, oxygenation level, dermal thickness, collagen level, and sub-

cutaneous reflection level. . . . . . . . .. ...

Block diagram of an imaging system used to model camera out-

put when imaging skin. . . . . ... ..o

Scaled blackbody radiance curves for 5250K, 4100K, 3200K and
1800K. Curves are scaled so sum of area under curves between

380nm and 825nm are equal. . . . ... ...

Response curves as a function of wavelength for the Commission

internationale de 'clairage (CIE) color space. . . . . . .. ...

Left: Avatar with a 2% melanosome level and increased blood

volume in the cheek. Right: Corresponding reflectance spectra.

Mean skin reflectance from 380nm-750nm for melanosome levels

ranging from 1%-43%. . . . . . . ...
Top: Left and right halves of avatar correspond to 4% and 8%

melanosome levels respectively in the left frame with correspond-
ing reflectance spectra in the right frame. Bottom: Left and
right half of avatar correspond to 16% and 32% melanosome lev-
els respectively in the left frame with corresponding reflectance

spectra presented in the right frame. . . . . . . . . .. ... ..

XV

Page

65

66

70

71

73

74

75

76



Figure
47.

48.

49.

50.

ol.
52.

93.

o4.

95.

Top: Avatar with a 2% melanosome level. Left and right halves
of avatar correspond to normal blood volume and no blood vol-

ume respectively in the left frame with corresponding reflectance

spectra in the right frame. Bottom: Avatar with a 8% melanosome

level. Left and right halves of avatar correspond to normal blood
volume and no blood volume respectively in the left frame with

corresponding reflectance spectra in the right frame. . . . . . .

Left: Avatar with a 2% melanosome level. The left and right
half of the avatar have a hemoglobin oxygenation level of 75%

and 0% respectively. Right: Corresponding reflectance spectra.

Avatars with a 2% melanosome level and increased blood vol-
ume in the cheek. Left halves of the avatars are illuminated
with an equal energy spectrum. The right halves are illuminated
with blackbody radiation at different color temperatures. Cor-
responding reflectance radiance spectra presented in the right
frame. Top: 5250K color temperature. Middle: 4100K color

temperature. Bottom: 3200K color temperature. . . . . . ..

Skin reflectance measurements of Type I/II skin, Type III/IV
skin, and Type V/VIskin. . ... ... ... ... ... ....

Modeled skin reflectance for different melanosome levels. . . . .

Spectra of Type I/II and Type V/VI skin and spectra of a plastic

doll and brown cardboard. . . . . . . .. ... ... ...

Solar irradiance in Dayton, OH on a sunny day scaled by the

maximum irradiance and the radiance spectra of Type I/II skin

illuminated by sunlight scaled by the same maximum irradiance.

Modeled skin reflectance for different melanosome levels. Per-
tinent spectral components used for each algorithm are marked
with vertical dashed lines: (660,860)nm for Normalized Differ-
ence Vegetation Index, (1080,1580)nm for Normalized Difference
Skin Index, and (540,660)nm for Normalized Difference Green
Red Index. . . . . . . .. ..

Modeled skin reflectance for different pigmentation levels and

locations of near-infrared Melanin Index algorithm wavelengths.

Xvi

Page

78

80

82

84
85

87

38

92



Figure Page

56. N(\, D) values for values of A = {685,850,950}nm versus skin

reflectance at 685nm (D). . . . . . ... Lo 96
57. Regression coefficients for the NIMI algorithm for wavelengths

between 650nm and 950nm. . . . . . ... ..o oL 97
58. Regressed N(\) values for A = 685nm (solid, square) and A =

850nm (dashed, circle) versus D (skin reflectance at 685nm). . 98
59. Top: Color image of suburban test scene. The scene contains

people with different skin colors as well as several potential false

alarm sources. Bottom: The skin truth pixels. . . ... ... 100
60. Suburban test scene with potential false alarm sources. Top:

Image at 1080nm and Bottom: Image at 1580nm (bottom). . 102
61. Application of the NDSI algorithm to the suburban test scene

with potential false alarm sources. . . . . .. . ... ... ... 103
62. The receiver operating characteristic (ROC) curve for skin de-

tection varying NDSI threshold 0 <~y < 1.. ... .. ... ... 103
63. Top: Detection Image with NDSI threshold v = 0.314 with

Pp = 0.95 and corresponding Pry4 = 0.0156. Bottom: Detec-
tion Image with NDSI threshold v = 0.589 with Prs = 0.0005

and corresponding Pp =0.413. . . . . . . .. ... ... ... 104
64. Application of NDVI to the suburban test scene with possible

false alarm sources. . . . . . ... ... 105
65. ROC curves for the rules-based skin detection algorithm per

Eqn. (30) varying NDSI with fixed values of NDVI. . . . . . .. 105
66. Scatter plot of NDSI versus NDVI values for skin and non-skin

pixels. Number of pixels analyzed was decimated for ease of
viewing. Skin detection algorithm with NDSI threshold of 0.259
(solid) and NDVT threshold of 0.6 (dashed-dotted) has Pp = 0.95
and corresponding Pr4 = 0.015. Skin detection algorithm with
NDSI threshold of 0.467 (dashed) and NDVI threshold of 0.6
(dashed-dotted) has Pp = 0.766 and corresponding Pr4 = 0.0005. 106

Xvil



Figure
67.

68.

69.

70.

71.

72.

73.

Application of NDSI and NDVI with thresholds for skin detec-
tion. Top: NDSI threshold of v = 0.259 and NDVI threshold
of @« = 0.6 for a Pp = 0.95 with a corresponding Prs = 0.015.
Bottom: NDSI threshold of v = 0.467 and NDVT threshold of
a = 0.6 for Ppy = 0.0005 with a corresponding Pp = 0.766. . .

Application of NDGRI to image of suburban test scene with po-
tential skin color confusers. Colorbar shows the representative

NDGRI values. . . . . . . . . . .

ROC curves for the rules-based skin detection algorithm per
Eqn. (31) varying NDSI with fixed values of NDGRI. . . . . . .

Scatter plot of NDSI versus NDGRI values for skin and non-
skin pixels. Number of pixels analyzed was decimated for ease of
viewing. Skin detection algorithm with NDSI threshold of 0.286
(solid) and NDGRI threshold of -0.05 (dashed-dotted) has Pp =
0.95 and corresponding Pr4 = 0.006. Skin detection algorithm
with NDSI threshold of 0.455 (dashed) and NDGRI threshold of
-0.05 (dashed-dotted) has Pp = 0.785 and corresponding Pry =
0.0005. . . . .

Application of NDSI and NDGRI with thresholds for skin detec-
tion. Top: NDSI threshold of v = 0.286 and NDGRI threshold
of § = —0.05 with Pp = 0.95 and corresponding Prs = 0.006.
Bottom: NDSI threshold of v = 0.455 and NDGRI threshold of
6 = —0.05 with Pp = 0.785 and corresponding Pr4 = 0.0005. .

Top: Test scene with seven subjects of interest covering the range
of Fitzpatrick skin types. Middle: Skin reflectance at 685nm esti-
mate based on estimated reflectance of skin pixels at A =685nm.
Bottom: Skin reflectance at 685nm estimate based on estimated

reflectance of skin pixels at A =850nm. . . . . . . . .. ... ..

Goodrich near-infrared cameras with optical filters at 1050nm
and 1550nm (approximately the specified NDSI wavelengths of
1080nm and 1580nm) with bandwidths of 10nm and 12nm re-
spectively. This demonstrates the flexibility of the methodology

developed in this dissertation. . . . . . . . . .. ... ... ...

XVvill

Page

107

108

108

109

110

111

117



Figure Page

74. Skin detection shown on monitor for the two NIR skin detection
camera/system with cameras pointing at the subject. . . . . . . 118
75. Close in view of skin detection shown on monitor for cameras

pointing at the subject. The false detections due to depth of
field problems are clearly evident. . . . . ... ... ... ... 119

76. NIR panchromatic image of the palm of a living person above the
abdomen of a fair-skinned cadaver. The artifact on the shoulder

of the cadaver (right portion of the image) is due to exposed

subcutaneous tissue. . . . . . ... Lo 121
77. NDGRI values of the fair-skinned cadaver and the palm of the

living person in Fig. 76. . . . . . . .. ..o 122
78. Left: NIR image of a man and his dog. Right: Application of

the NDSI thresholded to yield a detection mask. . . . .. . .. 123
79. Page 1 of request for Institutional Review Board (IRB) exemp-

tion Memorandum for Record (MFR). . . . . . ... ... ... 125
80. Page 2 of request for IRB exemption MFR. . . . . . ... ... 126
81. Page 3 of request for IRB exemption MFR. . . . . . ... ... 127
82. AFIT human subjects IRB exemption MFR. . . .. ... ... 128
83. Accepted proposal from the Director of the Anatomical Gift Pro-

gram, Boonshoft School of Medicine, Wright State University. . 129
84. Accepted proposal from the 88" Medical Group IRB. . . . . . 130
85. Comparison of model and measured living skin reflectance for

sample land 2. . . . .. ..o oo 142
86. Comparison of model and measured living skin reflectance for

sample 3and 4. . . . . ... 142
87. Comparison of model and measured living skin reflectance for

sample 5and 6. . . . . .. ... 143
88. Comparison of model and measured living skin reflectance for

sample 7and 8. . . . . ... 143
89. Comparison of model and measured living skin reflectance for

sample 9and 10. . . . . . . . ... 144

Xix



Figure Page

90. Comparison of model and measured living skin reflectance for

sample 11 and 12. . . . . . . . . ... .. ... ..., 144
91. Comparison of model and measured living skin reflectance for

sample 13 and 14. . . . . . . ... Lo 145
92. Comparison of model and measured living skin reflectance for

sample 15 and 16. . . . . . . . .. ..o 145
93. Comparison of model and measured living skin reflectance for

sample 17 and 18. . . . . . . . .. .. 146
94. Comparison of model and measured living skin reflectance for

sample 19 and 20. . . . . .. ... oo 146
95. Comparison of model and measured living skin reflectance for

sample 21 and 22. . . . . ... 147
96. Comparison of model and measured living skin reflectance for

sample 23 and 24. . . . . . ... 147
97. Comparison of model and measured cadaver skin reflectance for

sample 25 and 26. . . . . .. ... oo 148
98. Comparison of model and measured cadaver skin reflectance for

sample 27 and 28. . . . . ..o 148
99. Comparison of model and measured cadaver skin reflectance for

sample 29 and 30. . . . .. ... 149
100. Comparison of model and measured cadaver skin reflectance for

sample 3l and 32. . . . . .. ... ... 149
101. Comparison of model and measured cadaver skin reflectance for

sample 33 and 34. . . . .. ... 150
102. Comparison of model and measured cadaver skin reflectance for

sample 3band 36. . . . . . ... ... ... 150
103. Comparison of model and measured cadaver skin reflectance for

sample 37 and 38. . . . . . . ... 151
104. Comparison of model and measured cadaver skin reflectance for

sample 39 and 40. . . . . .. ..o 151
105. Comparison of model and measured cadaver skin reflectance for

sample 41 and 42. . . . . . ..o 152

XX



Figure Page

106. Comparison of model and measured cadaver skin reflectance for

sample 43 and 44. . . . . . ... 152
107. Comparison of model and measured cadaver skin reflectance for

sample 45 and 46. . . . . .. ..o 153
108. Comparison of model and measured cadaver skin reflectance for

sample 47 and 48. . . . .. ..o 153
109. Comparison of model and measured cadaver skin reflectance for

sample 49 and 50. . . . . ... oL 154
110. Comparison of model and measured cadaver skin reflectance for

sample 51 and 52. . . . . . ... oo 154
111. Comparison of model and measured cadaver skin reflectance for

sample 53 and 54. . . . . . ..o 155
112. Comparison of model and measured cadaver skin reflectance for

sample bb and 56. . . . . . . ... 155
113. Comparison of model and measured cadaver skin reflectance for

sample 57 and 58. . . . . ..o 156
114. Comparison of model and measured cadaver skin reflectance for

sample 59 and 60. . . . . . ... ... L 156
115. Comparison of model and measured cadaver skin reflectance for

sample 61 and 62. . . . . .. ... 157
116. Comparison of model and measured cadaver skin reflectance for

sample 63 and 64. . . . . .. . ... 157
117. Comparison of model and measured cadaver skin reflectance for

sample 65 and 66. . . . . . . ... ... 158
118. Comparison of model and measured cadaver skin reflectance for

sample 67 and 68. . . . . . ... ... 158
119. Comparison of model and measured cadaver skin reflectance for

sample 69 and 70. . . . ... ... 159
120. Comparison of model and measured cadaver skin reflectance for

sample 71 and 72. . . . . .. ..o 159
121. Comparison of model and measured cadaver skin reflectance for

sample 73 and 74. . . . ... .o 160

xx1



Figure
122.

123.

124.

125.

126.

127.

Comparison of model and measured cadaver skin reflectance for
sample 7band 76. . . . ... ... Lo

Skin detection results for suburban test scene containing peo-
ple 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
(6 =0.45 and v = 0 respectively. . . . . . ... ... ... ...

Skin detection results for suburban test scene containing people
with a wide variety of pigmentation levels and skin color con-
fusers. Scene was collected with SpecTir’s HST3 imager [36].
People in the scene are approximately 35m from the imager.
NDSI and NDGRI thresholds are § = 0.45 and v = 0 respec-

Skin detection results for suburban test scene containing people
with a wide variety of pigmentation levels and skin color con-
fusers. Scene was collected with SpecTir’s HST3 imager [36].
People in the scene are approximately 30m from the imager.
NDSI and NDGRI thresholds are = 0.45 and v = 0 respec-

Skin detection results for suburban test scene containing people
with a wide variety of pigmentation levels and skin color con-
fusers. Scene was collected with SpecTir’s HST3 imager [36].
People in the scene are approximately 26m from the imager.
NDSI and NDGRI thresholds are § = 0.45 and v = 0 respec-

Skin detection results for suburban test scene containing people
with a wide variety of pigmentation levels and skin color con-
fusers. Scene was collected with SpecTir’s HST3 imager [36].
People in the scene are approximately 22m from the imager.
NDSI and NDGRI thresholds are g = 0.45 and v = 0 respec-

xxii

Page

160

162

163

164

165

166



Figure Page

128. Skin detection results for suburban test scene containing people
with a wide variety of pigmentation levels and skin color con-
fusers. Scene was collected with SpecTir’s HST3 imager [36].
People in the scene are approximately 19m from the imager.
NDSI and NDGRI thresholds are § = 0.45 and v = 0 respec-
tively. . . . L 167

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. . . . . . . . .. ... .. .. 168

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 § = 0.4 and v = —0.1 respectively. . . . 168

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. 168

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 3 = 0.4 and v = —0.1 respectively. . . . 169

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. . . . . ... 170

xxi1i



Table

10.

11.
12.

13.

List of Tables

Percentage of the epidermis volume occupied by melanosomes [35].

The Fitzpatrick scale used to describe skin color and its sensitiv-

ity to ultra-violet radiation [51]. . . . . ... ... .. ...
ASD FieldSpec3® Spectrometer Parameters [4]. . . . . . . . ..

Skin layer depths and water percentages for the Meglinski and
Matcher skin model [53]. . . . ... ... oL

Description of parameters in the skin reflectance model.

Depths and blood percentages for dermal layers for different
blood distributions [53] . . . ... ... oL

Minimum and maximum parameters for cadaver and living skin
used in the skin reflectance model developed in this dissertation.

Values are derived from the literature. . . . . . . . . . . .. ..

Parameters used in the skin reflectance model developed in this
dissertation that provide the best match with sample pair of
reflectance measurements from cadavers and sample pair of re-

flectance measurements from living skin. . . . . . . .. ... ..

Skin layer depths in cm used in the skin reflectance model devel-
oped in this dissertation for sample pair of reflectance measure-
ments from cadavers and sample pairs of reflectance measure-
ments from living skin. Cadaver skin layer depths are measured

and living skin layer depths are from [53] . . . .. .. ... ..

RMSE results between modeled and measured skin reflectances

for living and cadaver skin. . . . . . ... ...

NDVI, NDSI, and NDGRI values for different materials. . . . .

HST3 image bands used to implement skin detection and melanosome

estimation algorithms. . . . . . . . . ... ...

Estimation of reflectance at 685nm of subjects’ forearms in the

suburban test image shown in Fig. 59. Values calculated using

NIMI for A=685and A=850 . . . ... ... ... ... ...

XX1v

Page

20

37
41

45

53

o4

95

38
93

101

112



Table Page

14. Estimation of melanosome levels of subjects’ forearms in the sub-

urban test image shown in Fig. 59. . . . . .. .. .. ... ... 113
15. Values of z()\), y(\), and z()) for CIE Color Space [32] . . . . 131
16. Skin layer names . . . . . . . .. ... 135
17. Skin layer depths in centimeters for skin samples 1 through 50. 136
18. Skin layer depths in centimeters for skin samples 51 through 76. 137
19. Skin reflectance model parameters for best match with measured

data. . . .. 138
20. Skin reflectance model parameters for best match with measured

data continued. . . . . . .. ... 139
21. Skin model parameters for best match with measured data. . . 140
22. RMSE between measured and modeled skin reflectance . . . . . 141

XXV



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



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



combinations of water, collagen, blood, melanosomes, and other chromophores such

as bilirubin and betacarotene.

R 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-



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

111 White to Olive | Sometimes Burns

v Brown Rarely Burns

\Y 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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Appendiz 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 g = 0.45 and v = 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 8 = 0.45 and v = 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 § = 0.45 and « = 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 3 = 0.45 and « = 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 § = 0.45 and « = 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 3 = 0.45 and « = 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 § = 0.4 and v = —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 $ = 0.4 and v = —0.1 respectively.
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Figure 133:  Skin detection results for parking lot.
a wide variety of pigmentation levels. Scene was collected with the Surface Optics

Corporation (SOC) 700 NIR hyperspectral imager.
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