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1. Introduction

This study describes a parametric model of diffuse reflectance from Near Infrared (NIR) and Short-

Wave Infrared (SWIR) absorbing dyes on cotton-fabric substrates [1]. The parametric models 

provide representation of dielectric-response characteristics of the dyes and information on the 

sensitivity of their interactions with substrates. The parametric model is based reduction of 

absorption spectra by means of critical feature isolation and projection. The critical features are 

identified through structural analysis of the peaks, troughs, and points of inflection in the 

calculated Kubelka-Munk absorption spectra from diffuse reflectance measurement [2-5]. These 

features are then parameterized and projected into a reduced feature subspace to effectively capture 

the fundamental characteristics of the absorbing dyes, while still maintaining the essence of the 

critical features. The critical feature parameterization and projection supports the construction of 

the parametric model which is capable of simulating reflectance from coated substrates, for various 

dyes, substrates, and mixtures. The IR-absorbing dyes considered in this study are characterized 

by robust spectral features, whose inverse spectral analysis demonstrate the concept, as 

emphasized by reference [6], of applying Kramers-Kronig analysis to diffuse reflectance [7-9], 

which has significant practical value with respect to reduced effort for sample preparation (for 

spectroscopic analysis). Construction of reduced feature spaces for spectrum characterization is 

based on concepts from principle-component analysis (PCA) [10]. Sample preparation for 

spectroscopic measurements and the IR-absorbing dyes considered in this study are described in 

reference [11] and references [12,13], respectively. This study continues examination of inverse 

analysis and parametric modeling of NIR and SWIR absorbing dyes on cotton-fabric substrates 

[14, 15, 16] 

The reduced subspace models produce an undressed spectra that preserves the critical dye 

characteristics, while removing undesired spectral noise and complexity. This allows for a 

simplified analytical expression for each NIR-SWIR absorbing dye. Extending this analysis to 

multiple dyes provides a database of analytical representations for the individual dyes and their 

significant features. These undressed functions also provide a noise-free initial representation of 

the dyes that support the construction of the measurement-enhanced models. These models are 

constructed using a constrained multivariable optimization to account for measurement artifacts 

within the diffuse reflectance. This establishes an enhanced measurement-based version of the 

modeling space that can improve application-specific reflectance predictions. This modeling 

subspace can then support the construction of effective-medium models for mixtures and deposit-

on-substrate micro or meso structures.  

Effective medium models work by defining a weighted relationship between the constituent dyes 

and substrates that make up a composite NIR-SWIR absorbing mixture. Using the reduced, 

enhanced analytical representations of the individual dye constituents allows these effective 

medium models to analytically predict the macroscopic properties of new composite mixtures. 

Since these models are created using a parametric subspace, this allows for additional algorithmic 

approaches for identifying the spectral mappings between the individual reduced spectra and the 

new dye mixture combinations. Future efforts will explore the spectral prediction accuracy of such 

models.  

______________
Manuscript approved October 30, 2023.
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2. Undressed Parametric Model of Diffuse Reflectance Spectra

The Kramers-Kronig analysis provides an estimation of dielectric responses using diffuse 

reflectance from materials on substrates and their absorption functions obtained using inverse-

analysis. The initial methodology for calculating the complex dielectric response function of the 

undressed spectra follows a similar procedure to that developed in Ref. [16]. This reference 

describes the previous research focused on estimating the dielectric response functions for NIR-

SWIR absorbing dyes. This effort now extends this analysis and uses reduced analytical 

representations of the calculated absorption to create optimized models of the diffuse reflectance, 

capable supporting new dye mixture predictions.  

For this analysis, normalized extinction functions 〈𝛼𝑁(𝜆)〉, dependent on wavelength 𝜆, are

determined by inverse spectral analysis of diffuse-reflectance spectra using the Kubelka-Munk 

model, i.e., 

 〈𝛼𝑁(𝜆)〉 =  
𝑓𝐾𝑀(𝜆)

max[𝑓𝐾𝑀(𝜆)]
 (𝐸𝑞. 1) 

and 

 𝑓𝐾𝑀(𝜆) =  
(1 − 𝑅𝑛(𝜆))

2

2𝑅𝑛(𝜆)
.  (𝐸𝑞. 2) 

where Rn is the normalized reflectance relative to background, e.g., substrate, and   𝑓𝐾𝑀 is the

Kubelka-Munk absorption estimate. Before proceeding, it should be noted that the inversion 

procedure defined by Eqs. (1) and (2) has a specific sensitivity property with respect to NIR-SWIR 

absorbing dyes, and accordingly, is essentially equivalent to other inversion procedures, applied 

to different types of spectroscopic measurements. This sensitivity property is discussed below. 

Next, an imaginary index of refraction, 𝑘𝑁(𝜆), scaled according to the normalized extinction

functions 〈𝛼𝑁(𝜆)〉, is calculated by

 〈𝑘𝑁(𝜆)〉 =
〈𝛼𝑁(𝜆)〉𝜆

4𝜋
,  (𝐸𝑞 3) 

and a real-refractive-index change, Δ𝑛𝑁(𝜆), consistently scaled, is calculated by the Kramers-

Kronig relation 

 〈Δ𝑛𝑁(𝜆)〉 =
2𝜆2

𝜋
𝑃 ∫

〈𝑘𝑁(𝑧)〉𝑑𝑧

𝑧(𝜆2 − 𝑧2)

∞

0

.  (𝐸𝑞 4) 

Note that a multiplicative factor approximates the dependence on scatterer density, and that the 

Kubelka-Munk function in Eq. (2) is correlated with the absorbance function. Further, we assume 

that the wavelength integration range of Eq. (4) is incomplete, but of sufficient expanse for 

estimation of the real-refractive-index change 〈Δ𝑛𝑁(𝜆)〉. Sensitivity with respect to this

incompleteness can be quantified by extrapolation procedures at the limits of the measured spectral 

range.  
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Adopting the approximation of a scattering coefficient Cscat as being weakly dependent on 

wavelength, it follows that the normalized extinction function is dependent on the wavelength 

dependent absorption coefficient and a multiplicative factor used to approximate the dependence 

on scatterer density. The scaling parameter 𝐶𝑠 represents this dependence on scatterer density, and 

the normalized absorption estimate, 𝛼𝑠(𝜆), is represented by: 

 

                    𝛼𝑠(𝜆)  = 𝐶𝑠〈𝛼𝑁(𝜆)〉.                                                       (𝐸𝑞 5) 

 

Accordingly, the dependence of the complex index of refraction on scatterer density is 

 

                      𝑘𝑠(𝜆) = 𝐶𝑠〈𝑘𝑁(𝜆)〉                                                       (𝐸𝑞 6) 

and 

                      𝑛𝑠(𝜆) = 1 +  𝐶𝑠〈Δ𝑛𝑁(𝜆)〉.                                               (𝐸𝑞 7) 

 

Additional information on the Kramers-Kronig calculation and the scatterer density significance 

can be found in Ref. [16]. Numerical integration of Eq. (4) uses methods described in references 

[7-9]. The spectral-reduction procedure entails the decomposition of 〈𝛼𝑁(𝜆)〉 in terms of reduced 

basis-function expansions, consisting of Lorentzian functions. Thus integration defined by Eq. (4) 

is performed analytically, by Hilbert transformation of analytic functions. Accordingly, letting 

                       〈𝛼𝑁(𝜆)〉 = 𝜆 ∑ (
𝐴𝑘

𝜆𝑘
)

𝑁𝑘

𝑘=1

 
(𝛾𝑘/2)2

(𝜆 − 𝜆𝑘)2 + (𝛾𝑘/2)2
    ,                                   (𝐸𝑞. 8) 

it follows that 

                       〈𝑘𝑁(𝜆)〉 =
𝜆2

4𝜋
 ∑ (

𝐴𝑘

𝜆𝑘
)

𝑁𝑘

𝑘=1

 
(𝛾𝑘/2)2

(𝜆 − 𝜆𝑘)2 + (𝛾𝑘/2)2
                                      (𝐸𝑞. 9) 

and 

                       〈Δ𝑛𝑁(𝜆)〉 =
𝜆2

4𝜋
 ∑ (

𝐴𝑘

𝜆𝑘
)

𝑁𝑘

𝑘=1

 
(𝛾𝑘/2)(𝜆 − 𝜆𝑘)

(𝜆 − 𝜆𝑘)2 + (𝛾𝑘/2)2
 .                                   (𝐸𝑞. 10) 

 

A parametric model of reflectance is given by: 

        
          𝑅𝑀(𝜆) =  𝑅𝐵(𝜆)[1 − 𝑅𝑠 (𝜆)]                                         (𝐸𝑞. 11) 

 

where 

 

          𝑅𝑠(𝜆) =
[𝑛𝑠(𝜆) − 1]2 + [𝑘𝑠(𝜆)]2

[𝑛𝑠(𝜆) + 1]2 + [𝑘𝑠(𝜆)]2
                                     (𝐸𝑞. 12) 

 

and 𝑅𝐵(𝜆) is the substrate reflectance. An algorithm and case study analyses for the decomposition 

of 〈𝛼𝑁(𝜆)〉 in terms of reduced basis-function expansions, consisting of Lorentzian functions, is 
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given in reference [15]. This decomposition can be achieved because key features of IR spectra, 

e.g., those of IR absorbing dyes, including their absorption peaks and troughs, can be characterized 

within a dimensionally reduced space using concepts from principle-component analysis (PCA) 

[10]. Accordingly, full spectral data can be projected into a smaller subspace of spectral 

components, while still maintaining the essence of the critical features, such as peak wavelengths, 

peak heights, and inflection points. 

 

With respect to the inverse spectral analysis, the parametric model defined by Eqs. (11) and (12) 

is not considered a unique representation, but rather part of a concept model space. The choice of 

a particular parametric model within a model space is motivated by the property obtained by the 

inverse analysis (e.g. complex indices of refraction) and the system characteristics to be simulated 

(e.g. scatterer mixing and segmentation on substrate), as well as the convenience of the model 

formulation for its combination with other models. The parametric model in Eqs. (11) and (12) has 

been formulated for combination with established effective-medium models and machine learning 

optimization methods, which themselves may be characterized as part of a model space. 

 

 

 

3. Measurement-Optimized Parametric Model of Diffuse Reflectance Spectra 

 

 

The undressed parametric models from Section 2 can be further modified to capture the spectral 

artifacts that emerge through the measurement process and instrumentation. This step incorporates 

a multi-variable optimization that adjusts the reduced spectral parameters, such that the modeled 

reflectance, calculated through Eq. (12), more accurately fits the measured diffuse reflectance. The 

function variables considered include the critical feature peak wavelengths, peak heights, peak 

widths, and the scattering density, 𝐶𝑠. The number of critical features is also adjusted such that the 

features provide sufficient spectral parameters, while still minimizing the model complexity. 

 

The optimization function calculates the mean squared error between the measured diffused 

reflectance and the model calculated reflectance using the reduced spectrum parameters, as shown 

in Eq. 13, where 𝑤̅ represents an array of the peak wavelength locations, ℎ̅ represents an array of 

the peak heights, and 𝑤̅ represents an array of the peak full-widths at half height.  

 

min 𝑀𝑆𝐸 = min 𝑓(𝑥) = min  𝑓(𝑤̅, ℎ̅, 𝑤̅, 𝐶𝑠)                                  (𝐸𝑞. 13) 

 

The mean squared error is calculated by the difference between the normalized reflectance 

relative to background, 𝑅𝑛(𝜆), and the calculated reflectance through Eq. (12), 𝑅𝑠(𝜆), as shown 

in Eq. (14). 

 

𝑀𝑆𝐸 =
1

𝑁
∑ (𝑅𝑛(𝜆) − 𝑅𝑠(𝜆))

2𝑁
𝜆=1                                          (𝐸𝑞. 14) 

 

The reduced spectrum input parameters included the peak wavelengths, peak heights, peak full-

width at half-height, and the scatter density. The optimization constraints for these parameters are 

shown in Table 1. The initial values for these parameters a provided through the undressed reduced 

spectra. For the critical features added beyond the undressed spectrum features, the parameters 
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were initialized such that the peak wavelengths evenly spanned the dyes absorption zone, and 

started with peak heights of 0.2 and peak full width half means of 40 nm.  

 

Table 1: Multivariable Optimization Constraints 

Step Minimum Maximum 

Peak Wavelength 0 nm 2500 nm 

Peak Height 0 1 (normalized) 

Peak Full-Width at Half Height  0 nm 1000 nm 

Scatter Density 𝐶𝑠 0 10 

 

The iterative optimization follows a gradient-based descent algorithm that searches for a local 

minimum within the mean squared error. The parameters are finalized once the optimization 

tolerance is reached. These measurement-optimized reduced spectra parameters represent the 

critical feature reduction that can more accurately deconstruct the measurement spectrum, and in-

turn support more accurate measurement-dependent predictions for new dye mixtures and 

substrates. The next section provides an example case for calculating and comparing the undressed 

reduced spectra and the measurement-optimized reduced spectra. 

 

 

4. Example of Modeling Procedure 
 

The dyes chosen for this analysis have maximum-absorption wavelengths in either the NIR or 

SWIR bands, with appreciable spectral features extending into the visible spectrum. Reference 

[11] describes the procedures used for dye and dyed-fabric sample preparation, and reflectance-

spectrum measurements of dyed fabric samples. Reference [16] describes the spectrometer 

specifications the measurement process for the diffuse reflectance. For this study, these dyes are 

designated according to their maximum absorption wavelengths, using the designation “KM-

Maximum-Absorption-Wavelength,” similar to references [12,13], where the chemical formulae 

for these dyes are given. For each of these results, the absorption spectra was calculated from 

diffuse reflectance measurements using the normalized Kubelka-Munk inverse analysis method. 

 

The initial critical feature isolation and projection for dye KM-720 is shown in Figure 1. The 

undressed subspace projection consists of four peaks as defined in Table 2. The undressed 

parameters are selected to optimally match the full spectral features. This significant reduction in 

the absorption spectra still sufficiently captures the dye’s defining absorption characteristics. 
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KM-720 

  
Figure 1: KM-720 absorption spectra and peak characterization, and comparison between the 

original Kubelka-Munk absorption spectra and the subspace feature projection. 

 

 

Table 2: KM-720 Undressed Critical Peak Parameters 

Wavelength Peak Amplitude Full-Width Half-Height 

370 0.30 50 

430 0.10 60 

675 0.40 60 

726 0.98 50 

 

         

The complex indices of refraction for the reduced absorption subspaces were estimated and 

evaluated using Kramers-Kronig analysis Eqs. (9) and (10). Kramers-Kronig analysis establishes 

fundamental material properties that can support the characterization of the dielectric response 

functions. The intermediate index of refraction properties, Δ𝑛𝑁(𝜆) and 𝑘𝑁(𝜆), are of particular 

interest, as they can be scaled – based on the scatterer density – to effectively estimate these 

dielectric response functions. The Kramers-Kronig results from the undressed reduced subspace 

absorption were compared to the complex index of refraction for the full dataset with extrapolation, 

termination, and smoothing corrections, as calculated in reference [14]. The result of this 

comparison for KM-720 is shown in Figure 2.   
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Figure 2: KM-720 Kramers-Kronig indices of refraction, comparing the results from the full 

extrapolated and smoothed KM dataset with the results from the critical feature approximation. 

 

 

Using the scalable indices of refraction components, and the undressed spectra, a model for the 

diffuse reflectance was calculated using Eqs. (11) and (12). A comparison between the originally 

measured diffuse reflectance and the undressed model results is shown in Figure 3. The locations 

of the critical peaks align closely; however, there are significant differences between the trough 

and peak widths, as expected due to broadening effects. Therefore, the undressed reflectance 

model is limited in its ability to accurately capture the measurement and application artifacts. 

Therefore, a measurement-optimization is performed on the reduced spectra parameters to better 

align the calculated reflectance with the measured diffuse reflectance.  

 

 
Figure 3: Comparison of measured and undressed absorption modeled reflectance of dye 720 on 

cotton-fabric substrate. The model is using a scatter density of 1.9. 
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For Dye 720, the iterative analysis demonstrated an ideal model fit with four critical features, 

similar to the original undressed reduced spectra. The enhanced parameters from the constrained 

optimization are provided in Table 3. The scatter density was optimized to a value of 𝐶𝑠 = 1.65. 

The measurement-optimized critical feature parameters resulted in a significantly improved fit 

with the measured reflectance data, with the mean squared error improving from 0.026 to 0.00037. 

The measurement-optimized results are shown in Figure 4.  

 

 
Figure 4: Comparison of measured and measurement-optimized modeled reflectance of dye 720 

on cotton-fabric substrate. The model is using a scatter density of 1.65. 

 

 

Table 3: KM-720 Measurement-Optimized Critical Feature Parameters 

Wavelength Peak Amplitude Full-Width Half-Height 
205 0.20 432 
492 0.10 303 

1179 0.62 999 
805 0.32 434 

 

The measurement-optimization, using a multi-variable gradient descent algorithm, provides model 

parameters that very closely align with the measurement reflectance. This approach captures the 

macro-spectral characteristics well; however, minor inflections are more difficult to capture due 

to their minimal impact on the mean squared error optimization function. This can be seen with 

the lack of distinction between the two inflection points near 680 nm and 720 nm. In order to 

correct for this, the mean squared error calculation from Eq. (14) was updated into a wavelength-

weighted calculation. As a result, wavelengths over which the dye exhibits key absorption 

characteristics are weighted as a higher contribution within the mean squared error calculation. 

This update is shown in Eq. (15).  
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𝑀𝑆𝐸 = 0.9 ∙
1

(𝜆2 − 𝜆1)
∑ (𝑅𝑛(𝜆) − 𝑅𝑠(𝜆))

2

 𝜆2

𝑛=𝜆1

+ ⋯ 

0.1 ∙
1

(𝜆1−𝜆0)+(𝜆𝑁−𝜆2)
(∑ (𝑅𝑛(𝜆) − 𝑅𝑠(𝜆))

2
+  ∑ (𝑅𝑛(𝜆) − 𝑅𝑠(𝜆))

2 𝑁
𝑛=𝜆2

 𝜆1
𝑛=𝜆0

)      (𝐸𝑞. 15) 

 

In the wavelength-weighted equation, 𝜆0 represents the measurement starting wavelength, 𝜆1 

represents the starting wavelength for the dye’s key absorption activity region, 𝜆2 represents the 

end of the dye’s key absorption activity region, and 𝜆𝑁 represents the ending wavelength of the 

measurement. The dye’s high activity region, between 𝜆1 and 𝜆2, contributes 90% of the 

optimization response for the mean squared error calculation, ensuring good alignment in this 

critical spectral region. Applying this adjustment to dye 720 results in significantly improved 

inflection point characterization, as shown in Figure 5. 

 

 

 
Figure 5: Comparison of the measured reflectance and the measurement-optimized wavelength-

weighted modeled reflectance of dye 775 on cotton-fabric substrate. The model is using a scatter 

density of 1.17 and a weighted activity region spanning 650 nm-750 nm. 

 

The critical feature parameters for the updated wavelength-weighted results are shown in Table 

4. With the new optimization function, the ideal performance was found using 6 critical features. 

With the un-weighted optimization function, these two additional critical features were unable to 

provide improved characterization near the key spectral activity region. 
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Table 4: KM-720 Measurement-Optimized Wavelength-Weighted Critical Feature Parameters 

Wavelength Peak Amplitude Full-Width Half-Height 
255 0.569 255 
493 0.478 381 

668 0.139 129 
765 0.356 124 
867 0.676 303 

1121 0.902 671 

 

The parametric model in Table 4 provides a highly accurate characterization of the measured 

diffuse reflectance, which can support higher fidelity modeling capabilities. 

 

 

5. Case-Study Modeling of Reflectance 

 

The critical feature wavelength-weighted optimization steps were performed for 12 NIR-SWIR 

absorbing COTS dyes on a cotton-fabric substrate, and  the results were compared to the undressed 

absorption-based models (see Figures 5-27). These results demonstrate the optimization model’s 

capability for simulating measured diffuse reflectance, based on the reduction of absorption 

spectra, and using critical feature isolation and projection. This analysis continues that of [14 and 

16] by construction of a parametric model using reduced basis-function representations of IR 

absorption spectra, and the application of a measurement-based optimization solution.   
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Dye KM-775 

 

 
Figure 6: Comparison of measured reflectance and the undressed absorption model reflectance 

of dye 775 on cotton-fabric substrate. The model is using a scatter density of 1.6. 

 

 
Figure 7: Comparison of the measured reflectance and the measurement-optimized wavelength-

weighted modeled reflectance of dye 775 on cotton-fabric substrate. The model is using a scatter 

density of 1.44 and a weighted activity region spanning 450 nm-850 nm. 

 

Table 5: KM-775 Measurement-Optimized Wavelength-Weighted Critical Peak Parameters 

Wavelength Peak Amplitude Full-Width Half-Height 
193 0.206 311 
473 0.248 588 

730 0.070 244 
843 0.113 97 
915 0.255 389 

1236 0.688 983 
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Dye KM-778 

 
Figure 8: Comparison of measured reflectance and the undressed absorption model reflectance 

of dye 778 on cotton-fabric substrate. The model is using a scatter density of 1.8. 
 

 
Figure 9: Comparison of the measured reflectance and the measurement-optimized wavelength-

weighted modeled reflectance of dye 778 on cotton-fabric substrate. The model is using a scatter 

density of 0.60 and a weighted activity region spanning 350 nm-850 nm. 

 

Table 6: KM-778 Measurement-Optimized Wavelength-Weighted Critical Peak Parameters 

Wavelength Peak Amplitude Full-Width Half-Height 
187 0.559 468 
484 0.347 314 

668 0.273 262 
816 0.441 387 
880 0.576 432 
886 0.401 125 

1117 0.631 480 
1143 0.503 521 

1364 0.720 514 

1618 0.445 498 
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Dye KM-780 

 

 
Figure 10: Comparison of measured reflectance and the undressed absorption model reflectance 

of dye 780 on cotton-fabric substrate. The model is using a scatter density of 0.95. 
 

 
Figure 11: Comparison of the measured reflectance and the measurement-optimized 

wavelength-weighted modeled reflectance of dye 780 on cotton-fabric substrate. The model is 

using a scatter density of 0.90 and a weighted activity region spanning 650 nm-1050 nm. 

 

Table 7: KM-780 Measurement-Optimized Wavelength-Weighted Critical Peak Parameters 

Wavelength Peak Amplitude Full-Width Half-Height 
247 0.030 604 
316 0.141 584 

540 0.330 557 
746 0.181 386 
156 0.244 355 
985 0.877 568 
825 0.037 67 

1367 0.765 666 
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Dye KM-825 

 

 
Figure 12: Comparison of measured reflectance and the undressed absorption model reflectance 

of dye 825 on cotton-fabric substrate. The model is using a scatter density of 1.9. 
 

 
Figure 13: Comparison of the measured reflectance and the measurement-optimized 

wavelength-weighted modeled reflectance of dye 825 on cotton-fabric substrate. The model is 

using a scatter density of 0.48 and a weighted activity region spanning 350 nm-1150 nm. 

 

Table 8: KM-825 Measurement-Optimized Wavelength-Weighted Critical Peak Parameters 

Wavelength Peak Amplitude Full-Width Half-Height 
139 0.327 584 
495 0.274 400 

808 0.730 547 
928 0.330 101 

1066 0.589 447 
1267 0.701 502 
1495 0.816 555 
1802 0.958 807 
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Dye KM-832 

 

 
Figure 14: Comparison of measured reflectance and the undressed absorption model reflectance 

of dye 832 on cotton-fabric substrate. The model is using a scatter density of 1.4. 
 

 
Figure 15: Comparison of the measured reflectance and the measurement-optimized 

wavelength-weighted modeled reflectance of dye 832 on cotton-fabric substrate. The model is 

using a scatter density of 0.61 and a weighted activity region spanning 650 nm-850 nm. 

 

Table 9: KM-832 Measurement-Optimized Wavelength-Weighted Critical Peak Parameters 

Wavelength Peak Amplitude Full-Width Half-Height 
208 0.621 249 
425 0.511 562 

686 0.755 669 

779 0.075 115 

891 0.335 153 

982 0.655 324 
1144 0.916 570 
1426 0.804 583 
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Dye KM-836 

 

 
Figure 16: Comparison of measured reflectance and the undressed absorption model reflectance 

of dye 836 on cotton-fabric substrate. The model is using a scatter density of 1.3. 

 

 
Figure 17: Comparison of the measured reflectance and the measurement-optimized 

wavelength-weighted modeled reflectance of dye 836 on cotton-fabric substrate. The model is 

using a scatter density of 1.17 and a weighted activity region spanning 450 nm-1850 nm. 

 

Table 10: KM-836 Measurement-Optimized Wavelength-Weighted Critical Peak Parameters 

Wavelength Peak Amplitude Full-Width Half-Height 
167 0.168 996 
608 0.058 332 

951 0.358 445 
1294 0.690 998 
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Dye KM-845 

 

 
Figure 18: Comparison of measured reflectance and the undressed absorption model reflectance 

of dye 845 on cotton-fabric substrate. The model is using a scatter density of 1.1. 

 

 
Figure 19: Comparison of the measured reflectance and the measurement-optimized 

wavelength-weighted modeled reflectance of dye 845 on cotton-fabric substrate. The model is 

using a scatter density of 1.61 and a weighted activity region spanning 450 nm-1850 nm. 

 

Table 11: KM-845 Measurement-Optimized Wavelength-Weighted Critical Peak Parameters 

Wavelength Peak Amplitude Full-Width Half-Height 
253 0.200 619 
291 0.385 11 

651 0.167 702 
950 0.214 247 

1247 0.589 989 
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Dye KM-920 

 

 
Figure 20: Comparison of measured reflectance and the undressed absorption model reflectance 

of dye 920 on cotton-fabric substrate. The model is using a scatter density of 1.5. 

 

 

 
Figure 21: Comparison of the measured reflectance and the measurement-optimized 

wavelength-weighted modeled reflectance of dye 920 on cotton-fabric substrate. The model is 

using a scatter density of 1.01 and a weighted activity region spanning 450 nm-1850 nm. 

 

Table 12: KM-920 Measurement-Optimized Wavelength-Weighted Critical Peak Parameters 

Wavelength Peak Amplitude Full-Width Half-Height 
109 0.099 651 
569 0.212 830 

1061 0.502 807 
1119 0.116 173 
1501 0.584 996 
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Dye KM-949 

 

 
Figure 22: Comparison of measured reflectance and the undressed absorption model reflectance 

of dye 949 on cotton-fabric substrate. The model is using a scatter density of 1.5. 

 
Figure 23: Comparison of the measured reflectance and the measurement-optimized 

wavelength-weighted modeled reflectance of dye 949 on cotton-fabric substrate. The model is 

using a scatter density of 0.87 and a weighted activity region spanning 450 nm-1850 nm. 
 

Table 13: KM-949 Measurement-Optimized Wavelength-Weighted Critical Peak Parameters 

Wavelength Peak Amplitude Full-Width Half-Height 
203 0.241 301 
411 0.099 462 

507 0.008 49 
560 0.218 643 
908 0.372 695 

1124 0.196 572 
1421 0.598 565 
1615 0.238 430 
1671 0.180 165 
1799 0.573 361 
1841 0.126 102 
1952 0.376 215 
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Dye KM-978 

 

 
Figure 24: Comparison of measured reflectance and the undressed absorption model reflectance 

of dye 978 on cotton-fabric substrate. The model is using a scatter density of 1.5. 

 

 
Figure 25: Comparison of the measured reflectance and the measurement-optimized 

wavelength-weighted modeled reflectance of dye 978 on cotton-fabric substrate. The model is 

using a scatter density of 0.87 and a weighted activity region spanning 450 nm-1350 nm. 

 

Table 14: KM-978 Measurement-Optimized Wavelength-Weighted Critical Peak Parameters 

Wavelength Peak Amplitude Full-Width Half-Height 
2 0.003 338 

340 0.070 565 
468 0.277 808 

688 0.039 929 
979 0.078 307 

1054 0.831 978 
1106 0.344 161 
1424 0.395 734 
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Dye KM-1072 

 

 
Figure 26: Comparison of measured reflectance and the undressed absorption model reflectance 

of dye 1072 on cotton-fabric substrate. The model is using a scatter density of 1.4. 
 

 
Figure 27: Comparison of the measured reflectance and the measurement-optimized 

wavelength-weighted modeled reflectance of dye 1072 on cotton-fabric substrate. The model is 

using a scatter density of 2.15 and a weighted activity region spanning 450 nm-1950 nm. 

 

Table 15: KM-1072 Measurement-Optimized Wavelength-Weighted Critical Peak Parameters 

Wavelength Peak Amplitude Full-Width Half-Height 
109 0.032 440 
150 0.037 570 

483 0.097 569 
689 0.060 468 
923 0.130 470 

1126 0.183 452 
1354 0.386 406 
1638 0.255 417 
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6. Discussion 

 

The results from this analysis establish a proof of concept for the spectral reduction of complex 

measurement spectra into a significantly reduced critical feature subspace capable of maintaining 

the measured dielectric response characteristics for effective-medium model analysis. Optimizing 

the parametric model to fit the measured reflectance improved the reflectance accuracy 

significantly compared to the undressed parametric models based only on the absorption 

calculation. The optimization step was further improved by identifying each dye’s prioritized 

wavelengths of absorption activity and applying a wavelength-weighted optimization function. As 

a result, these diffuse reflectance prediction models accurately capture the critical spectral 

elements, and can in-turn support the predictive modeling of new dye combinations and substrates.  

 

7. Conclusion 

 

Simulating diffuse reflectance spectra of dyed fabrics, in particular fabrics containing NIR-SWIR 

absorbing dyes, is important for the design of IR absorbing fabrics. This study presents and 

demonstrates an optimized parametric model for this purpose, which is based on the reduction of 

absorption spectra by means of critical feature isolation and projection. The undressed parametric 

model based on the absorption calculation provides the initial inputs for a multi-variable gradient 

descent optimization to more accurately align with the diffuse reflectance measurements. This 

allows the parametric model to account for measurement and processing artifacts that improve its 

application specificity. The reduced, optimized functions establish a modeling space that can 

support the mapping of functions between individual NIR-SWIR absorbing dye components and 

new diffuse reflectance mixtures and substrate combinations. 
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