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Abstract Keywords 
Hyperspectral imaging technology offers great oppor-
tunities in noninvasive disease diagnostics and scien-
tific research. Medical hyperspectrometer operation  
is based on the light ability to be reflected from biologi-
cal tissue and depends on how strongly the tissue  
absorbs/reflects the light. Knowledge of the reflected 
and scattered light from tissues makes it possible  
to accurately interpret the state of health of a patient. 
Hyperspectrometer was considered consisting of pro-
jection lens that takes a picture of the patient’s body 
from the finite distance, imaging spectrometer, as well 
as of calibrated radiation sources to illuminate the 
areas under study. Image decomposition into spectrum 
was implemented in the scheme of a classical spec-
trometer, which entrance slit was the exposure slit  
of the imaging lens. To ensure scanning, it was sup-
posed to use displacement either of the spectrometer  
or of the patients under examination on a conveyor 
belt. A technique is proposed for determining the in-
strument function of a medical hyperspectrometer 
taking into account the scattering function influence  
of optical system, slit, optical radiation receiver, image 
displacement relative to the slit and electronics.  
By analyzing the instrument function, it becomes pos-
sible to implement various methods for assessing  
the optical image quality, such as modulation transfer 
function and spatial and spectral resolution, which  
is required for correct use of the device and image 
interpretation. The instrument design process involves 
optimization of the main circuit and design solutions 
according to the criterion of their influence on the 
instrument function and the generated image quality. 
An example of instrument design was considered  
involving optimization of the basic circuitry and design 
solutions 
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Introduction. Significant success was achieved in the recent years in mastering 
the optical range of the electromagnetic oscillations spectrum. Modern optical 
radiation sources and receivers were developed, and they created the basis  
for new hyperspectral optoelectronic devices used in scientific research, industry, 
agriculture, etc. Spectral instruments are the unique means in studying the 
surrounding objects covering a spectral interval ten times wider than the human 
eye. Each solid, liquid or gaseous object has its own unique spectral “portrait” 
characterizing its chemical composition, state and thus identifying the object 
under study. The most common task of hyperspectral measurements in the 
optical range of 0.3–2.5 m includes the Earth remote sensing, product quality 
and safety control, research in archeology and art, as well as in forensic science 
[1–5]. Achievements in the element base of the optoelectronic instrumentation 
and image formation and analysis in the ultraviolet, visible and infrared spectral 
regions made them attractive for using in the medical research [6–14]. 
Hyperspectral imaging technology is holding significant promise in the non-
invasive disease diagnostics and scientific research. Medical hyperspectral device 
(MHSD) differs, for example, from hyperspectral equipment for the Earth 
remote sensing [1, 15] in its equipment that includes the projection lens filming 
from a finite distance, as well as in using the calibrated radiation sources  
to illuminate the samples under study. To ensure scanning, displacement of the 
studied patients or of the MHSD on a conveyor belt is usually used. 

The light ability to be reflected from biological tissue depends on how 
strongly it absorbs the light [10–12]. In turn, absorption is a function of the mo-
lecular composition. Thus, for example, absorption coefficient at the wavelength 
of 660 nm is 0.053 for a leg, blood-saturated 1.3, and oxygen-deprived is 4.9 cm–1. 
The diseased state of tissues leads to a corresponding alteration in their reflective 
properties. Thus, knowledge of reflected and scattered light makes it possible  
to accurately interpret measurement data on the state of the tissue [14]. 

Transition from multi-zone imaging to the hyperspectral imaging increases 
not only the information amount, but also provides completely new great 
opportunities to extract information on the state of the object under study. Only 
hyperspectral measurements are able to reveal small spectral differences between 
separate elements of the body surface and serve as an indicator of the disease 
processes being of interest to specialists. However, these data could be extracted 
only with correct use of the equipment and interpretation of the obtained images, 
which requires knowledge of the real hyperspectrometer characteristics. 

Problem statement. The process of receiving and processing optical radia-
tion envisages introducing various instrumental distortions, which could be 
mathematically simulated as the instrument function and taken into account 
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when determining the hyperspectrometer characteristics and, first of all, its spec-
tral and spatial resolution. Using the MHSD instrument function at the stages  
of design, optimization of the design solutions, as well as assembly, calibration  
and evaluating quality of the finished equipment would make it possible to use  
the device correctly and improve the quality of image interpretation. 

Problem solution. Medical hyperspectral device consists of an imaging lens 
(IL) and the image spectrometer, where the spectrometer entrance slit is located 
in the IL image plane (Fig. 1). The slit is oriented across the equipment platform 
motion direction with the angular field limited by the lock range. Using  
the spectrometer, the image slice with the exit slit spectral resolution is output  
to the receiver. 

Fig. 1. Hyperspectral device operation scheme: 
1  is test sample; 2  is IL; 3  is collimating lens; 4  is fixing lens; 5  is dispersing device;  

6  is entrance slit 

Image decomposition into a spectrum is implemented in the scheme  
of   a classical spectrometer, which entrance slit is the IL exposure slit. The sys-
tem is built according to the following principle: the IL films from the finite 
distance and forms the image of the filming object moving perpendicular  
to the optical axis on a slit installed in the IL image plane. The slit width  
is equal to the size of the image receiver element, and is determined by the line 
direction according to the MHSD capture requirement. 

The collimating lens collimates beams of rays from the image onto the slits 
and directs the parallel beam of rays to a dispersing device (DD). The image  
of the object under study moving along the slit is decomposed on the DD into  
a spectrum, which is focused by the lens on the image receiver. In this case, space 
is depicted in the receiver line direction, and the slit image moving spectrum  
is depicted in the column direction. Both the reflective diffraction grating  
and the prism systems, including those in the autocollimation mode, could  
be used as the DD [15]. Hyperspectrometers with the DD have high spatial and 
spectral resolution. However, it should not be forgotten that DD and scanning 



Method for Calculating the Instrument Function of a Medical Hyperspectrometer 

ISSN 0236-3933. Вестник МГТУ им. Н.Э. Баумана. Сер. Приборостроение. 2022. № 3  95   

complicate the design, increase the manufacturing complexity, increase the 
equipment weight and size parameters and tighten requirements to the operating 
conditions. 

The two-dimensional matrix is the receiver. In the first dimension parallel  
to the slit, the image cut by the slit and generated by the IL is displayed along  
the receiver line, while in the second dimension perpendicular to the slit, the 
image is spectrally scanned. Spatial information in the transverse direction  
is accumulated due to scanning and is carried out by displacing along the object 
under study (Fig. 2). Thus, a three-dimensional data hypercube is formed that 
includes spectral information of each pixel of the patient under study. Data 
hypercube (DHC) is understood as a set of images of the same subject of the 
patient’s body obtained simultaneously in a variety of narrow spectral ranges 
(channels). 

Fig. 2. Experimental MHSD external appearance: 
1  is radiation source; 2  is spectrometer; 3  is guides; 4  is IL 

 
Using DHC obtained in a short period of time and MHSD, easily and quickly 

the following problems could be solved: spectral analysis of the human body itself 
(open wounds, tumors), mixed structures study, spectral characteristic of each 
point of the sample under study localization, prompt tracking the course  
of various processes, etc. In addition, equipment setup is facilitated by visual 
control of the resulting images. 

The hardware design process involves optimization of the main circuitry and 
design solutions according to the criterion of their influence on the formed image 
quality (its optotechnical parameters). The image obtained with a spectral 
instrument is not an absolute copy of the shooting scene image, since fine details 
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of the objects are blurred. This blurring size is determined by the general 
scattering function, which is also called the А(x, y) device instrument function. 

By analyzing the instrument function, several methods for assessing  
the optical image quality could be implemented, such as modulation transfer 
function (MTF), spatial resolution and spectral resolution. With the ideal optical 
design, DD, radiation receiver and electronics, the radiation detector pixel size 
would determine the spatial and spectral resolution. However, components  
of a hyperspectral instrument in real conditions introduce distortions; therefor, 
spectral and spatial resolution should be simulated at the design stage. 

The object optical radiation could be described using spectral distribution  
of the object brightness. Optical system within the framework of the diffraction 
scalar theory is a spatial filter, which is characterized by the optical transfer 
function. As a result of transformations in the optical system, we have the 
illumination spectral distribution at the exit. 

It is customary to evaluate image quality at the characteristic frequency equal 
to 2/3 of the Nyquist frequency. According to the Kotelnikov theorem, only 
frequencies below the Nyquist frequency would carry useful information at signal 
sampling. The Nyquist frequency is 1/(2d), where d is the matrix pixel size.  
It is necessary to ensure coordinated operation of the lens with the low-pass filter 
and the image receiver that the MTF value is equal to 0.4 at the characteristic 
frequency. In the case when the low-pass filter is missing in the optical system,  
its role should be played by the optical system itself. In this case, the MTF at this 
frequency should be 0.16. 

To analyze the MHSD quality, the output signal could generally be repre-
sented as convolution of the 0( , )I x y  input signal and the instrument function 
[16, 17]: 

 0( , ) ( , ) ( , ) ,
W

I w r I x y A w x r y dx dy  

where ( , )A w x r y  is the device response shifted by w  and r  values;  
W  is the range of coordinates, where the device response is significant. 

In spectral devices, each separate  wavelength corresponds to a certain y 
coordinate in the focal plane, in which direction information about spectral 
composition of the detected radiation is located. Thus, instrument function 
along the OY-axis could be written in the ( , )A x  form for each fixed ,   
and it will be called the spectral instrument function. 

The instrument function for MHSD is the following convolution: 

 ( , ) PSF PSF PSF PSF PSF ,gen opt sl rec sc elA x y  
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where PSFopt  is the optical scattering function; PSFsl  is the function that takes 
into account the slit effect on the total scattering function; PSFrec  is the func-
tion that takes into account the radiation receiver influence; PSFsc  is the scat-
tering function connected to image displacement relative to the slit; PSFel   
is the function that takes into account the influence of electronics. 

Point scattering optical function. The optical system is never “ideal”; 
therefor, the energy from the source is scattering and distributing in the IL im-
age plane within a certain small area. The point scattering function (PSF)  
is defined as the spatial energy distribution of illumination in the point source 
image. The scattering degree depends on many factors, including diffraction, 
aberrations and quality of the optical system mechanical assembly.  

The optical PSFopt  could be described with satisfactory accuracy by the 
two-dimensional. 

Gaussian function [16] 2 2 2 2PSF ( , ) exp( / ) exp( / )opt x y x a y b , where 
a and b are the coefficients calculated based on requirements to the PSF half-
width, 

 
22

;
4 ln 0.5 4 ln 0.5

yxa b , 

,x y  are the optical PSF half-width defined as the function width at the lev-
el of half of its maximum value along the x and y axes, respectively. 

To find the optical transfer function, let us apply the Fourier transform  
to the scattering function: 

 2 2 2 2 2 2TF ( , ) exp exp ,opt x y x ya a  

where ,x y  is the spatial frequency. 
If the optical system design parameters are known, the expected (calculat-

ed) value of the optical PSF could be obtained with high accuracy by simulat-
ing in programs for the optical system automated calculation. 

This approach disadvantage is that it does not consider the influence  
on the optical system image quality of such factors as striations and inhomo-
geneities of optical materials; defects of optical surfaces and coatings; optics 
contamination during operation; light scattering, glare, etc. 

The function that takes into account the slit effect on the overall PSF 
describes spatial blurring associated with the finite size of the hyperspectral 
equipment entrance slit. This influence manifests itself in the case of an imaging 
spectrometer built on the DD basis. Such entrance slit influence function has the 
following form: 
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 PSF ( ) rect ( / ),sl y y h  

where h is the slit width. Fourier transform from this function is 
 TF ( ) sinc ( ).sl y yh   

In the case an image of an insignificant part of the patient's body surface  
is needed, it is possible to build a spectrometer without a slit, DD and without 
scanning. In this case, additional optical filters should be introduced into the 
optical system, and additional mathematical processing of the obtained images 
should be provided. 

The function that considers the radiation receiver influence describes spa-
tial blurring associated with non-zero sizes of the receiver sensitive elements. 
The function has the following form: 
 PSF ( , ) rect ( / ) rect ( / ),rec x yx y x d y d  

where xd  is the size of the image receiver element across the route (along the 
line); yd  is the size of the image receiver element along the route (along the 
column). 

Receiver element transfer function in the frequency domain is as follows: 

 TF ( , ) sinc ( ) sinc ( ).rec x y x x y yd d  

The matrix receiver mathematical model is based on the fact that the receiv-
er converts a two-dimensional optical signal into the one-dimensional electrical 
video signal ( ),u t  where t  is the time coordinate. Due to the fact that continu-
ous illumination distribution is converted by the matrix receiver into the dis-
crete charge distribution signal, the sampling imaging system turns out to be 
spatially non-invariant, i.e., the image of a point source depends on its position 
relative to the two-dimensional lattice of the matrix (sampling). If certain re-
quirements and assumptions are met, fundamental approach to the imaging sys-
tem analysis based on the theory of linear spatial filtering and the use of the 
modulation transfer function could be extended to such systems. 

The scattering function associated with the image displacement relative  
to the slit takes into account the image blurring that occurs, if during the time 
that the signal for a given pixel is being integrated, the image is shifted from 
one detecting element to another. This shift is simulated using a one-
dimensional PSF having the form of a rectangular pulse PSF ( ) rect ( / ),с y y s  
where s  is the spatial image blurring in the IL image plane defined as the im-
age shift expressed in pixel fractions during the integration time. 

After the Fourier transform from the image displacement function, the fol-
lowing is obtained:  
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 TF ( ) sinc ( ).sc y ys  

The equipment electronic path during accumulation and transfer of charges, 
signal digitization and its amplification causes distortions affecting the instru-
ment function. In each case, the function that considers the influence of electron-
ics is calculated separately or measured. 

To calculate the instrument function, it is necessary to determine the gen-
eral transfer function. Applying the convolution theorem, it becomes possible 
to obtain it as the product of their Fourier transforms of all transfer functions 
of the scattering function main elements [15, 16]: 
 TF ( , ) TF TF TF TF TF .gen x y opt sl rec sс el  

A feature of the hyperspectral equipment operation is the instrument 
function separation into the longitudinal || ( )А y  and transverse ( )А x
components. Spatial characteristics of the filming scene are measured in the 
longitudinal component direction, and information is obtained in the trans-
verse direction on the image spectral composition of the patient’s body limited 
by the spectrometer entrance slit: 

 
2 2 2

2 2 2

TF ( ) exp sinc ( );

TF ( ) exp sinc ( ) sinc ( ) sinc ( ).
gen x x x x

gen y y y y y y

a d

b h d s
  (1) 

The transfer function amplitude component, i.e., MTF, is of greatest interest 
in evaluating the image quality. Entering the MTF designation, the following 
expression is obtained: 

 MTF = TF =MTF MTF MTF MTF MTF .gen gen opt sl rec sc el   (2) 

Applying the inverse Fourier transform to the general transfer function, 
the formula for calculating the instrument function could be obtained: 

 1 1( ) (TF ( )); ( ) (TF ( )),gen gen x gen gen yA x F A y F   (3) 

where 1F  is the inverse Fourier transform operator.  
Example. Let us determine characteristics of the hyperspectral equipment. 

Let the equipment operate in the range of 1.1–2.2 m with spectral resolution  
of 3–20 nm. The transfer function simulation parameters are as follows: for the 
radiation receiver — a matrix with element dimensions of 24 × 32 m; 
spectrometer entrance slit width is 24 m; optical PSF half-width value  
is x y 14.35 m. The electronics PSF and image motion influence on the 
general function was not taken into account. 



V.I. Zavarzin 

100  ISSN 0236-3933. Вестник МГТУ им. Н.Э. Баумана. Сер. Приборостроение. 2022. № 3 

Using expressions (1)–(3), a graph of the instrument function in the longi-
tudinal and transverse directions is obtained (Fig. 3). 

Fig. 3. Calculated instrument function in the longitudinal (dashed)  
and transverse (solid) directions 

By analyzing the graphs, the linear size of the instrument function distribu-
tion cross section could be obtained at any level of the scattering distribution 
height. In this case, the spectral instrument function width is ( )y = 26 m  
the level of 50 % of the distribution height. 

Discussion of the obtained results. In the considered example, a fixed value 
of the optical PSF half-width x y 14.35 m was taken in the calculation; 
however, this value could significantly depend on the wavelength and on the  
angular field point in real devices. In this case, the instrument function should  
be calculated for each wavelength and field point separately [18, 19]. 

By analyzing the instrument function, it becomes possible to implement 
not only various methods in evaluating the device quality, but also to deter-
mine the influence of each element on this quality, also during assembly  
and calibration. 

When creating photometric methods and devices for diagnosing the state 
of human health, it is important to understand both the process of the reflect-
ed electromagnetic wave formation and the features of the subsequent stages  
of data interpretation that form requirements to the equipment output data. 
Due to the large number of MHSD spectral channels and complexity of solving 
the correct identification problem (in regard to the state of human health),  
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region for the problem under consideration. It is also necessary to create a da-
tabase of spectral responses for various deviations and provide an automatic 
computerized procedure for processing the hyperspectral information and its 
interpretation. 

At the stage of evaluating quality of the manufactured optical system, the in-
verse problem is of interest, i.e., restoring the optical system scattering function 
based on the known brightness distributions on the object and the illumination 
distribution at the receiver. This method makes it possible to calculate most  
of the image quality characteristics of the optical systems. 

Conclusion. A technique is proposed to determine the MHSD instrument 
function having high spatial and spectral resolution. Based on the results of the 
analysis of the instrument function, it becomes possible to implement various 
methods for assessing the optical image quality using MTF, spatial and spectral 
resolution. This is necessary for the device correct operation and interpretation  
of images. Introduction of the developed methodology at the design stage would 
make it possible to determine the influence of various elements on the quality 
and optimize design solutions, which, in turn, would allow developing a MHSD 
with high characteristics, and their use in medical practice would ensure 
identification of various diseases at an early stage. 
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