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ABSTRACT 

In the visible light region, the sources and specific performance of ill-conditioned problem in particle sizing using 

light extinction method are calculated and analyzed. The experiments are performed with standard polystyrene 

particles. And the improved global POWELL algorithm is used to inverse the particle size distributions. Both 

simulation and experimental results show that the ill-conditioned problem in the light extinction method is serious for 

the submicron particles. It is sensitive to noise, leading to the poor stability and accuracy of the inverse results. 
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1. INTRODUCTION 

In modern society, the size of particles plays a crucial role in quality or performance of the product, such as energy, 

food, medicine, chemical industry etc.. Furthermore, in environmental monitoring and some industrial process, real 

time measurements and on-line measurements of particle size distribution (PSD) is needed. As an effective method, 

the principal advantages of light extinction method is rapid and simple, and can be used for in-line monitoring of 

micron or sub-micron particle systems, thus providing real-time measurements of both PSD and particle concentration. 

However, the ill-conditioned problem in light extinction method becomes the bottleneck in practical application, it 

sensitive to the inevitable measurement error, thus makes it hard to get a satisfactory solution [1]. 

At present, the research on particle sizing using light extinction method focuses on two respects. One is the application, 

such as optimal wavelength selectivity [2] and on-line monitoring [3,4], the other is the modification of the inversion 

algorithm, by which the more stable and accurate results can be received [5~7]. However, the characteristic of ill-

conditioned problem in the light extinction method receives less attention. For example, the extremum of objective 

function, the morphology of the extremum region of objective function and the sensitivity of objective function to the 

measurement error, these factors will affect the convergence of the algorithm and then the final results. 

In this paper, the sources and specific performance of ill-conditioned problem in particle sizing using light extinction 

method in the visible light region was studied. And the improved global POWELL algorithm is used to inverse the 

particle size distributions. Furthermore, the experiments are performed with standard polystyrene particles by using 

light extinction method. 

 

2.   THEORY 

The light extinction method is based on the light scattering theory. Particle size distribution (PSD) is retrieval from 

the transmittance spectra, which is measured after the composite light through the suspension medium. The 

measurement principle is shown in Fig. 1. 
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Fig. 1. Principle of light extinction method 

When a beam of parallel monochromatic radiation light of intensity 
0I  passes through a suspension of particle system, 

scattering and absorption by particles lead to an attenuation of the transmitted light I . According to the Lambert-Beer 

law [8]: 

0 ( )I I L                                            (1) 

if the suspension of particle system is polydisperse spherical and the multiple scattering and interaction effects can be 
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neglected, the transmitted light intensity I  is defined as follows: 
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where ( ) ln ( )E T    is the extinction value, 
0( ) ( ) / ( )T I I    is the transmittance at wavelength  . 

VC  is volume 

concentration of particle system, the lower and upper integration limits are denoted by 
minD  and 

maxD . ( , , )extK m D  is 

the Mie extinction efficiency of a single particle which is a complex function of particle diameter D , wavelength   

in the medium and relative refractive index m  (the ratio between the particle and medium refractive index). ( )Vf D  is 

the volume frequency distribution of particle system, which is the PSD to be determined. 

Eq. (2) is Fredholm integral equation of the first kind which is a well known classical ill-posed problem. The PSD 

function can be retrieved by constructing the above Eq. (2). Since only a finite number of   values can be accessed 

experimentally, the volume frequency distribution function ( )Vf D  can be retrieved only over the limited range 

min max[ , ]D D .Suppose the diameter range is discretized into N  subintervals, then Eq. (2) can be numerically discretized 

as follows: 
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where the vector of extinction values ( 1,2, , )iE i M , the 
ijA  are elements of coefficient matrix, 1.5 VC LC  is 

constant, ( ) ( 1,2, , )j V j jX f D D j N  is the particle volume fraction of the j th  subintervals. 

If the extinction value is measured with M  incident wavelengths, the numerical discrete version of the integral in Eq. 

(3) at multiple wavelengths yields the matrix equation: 

E AX                                          (4) 
 

3.  SOURCES AND INFILUENCES OF THE ILL-CONDITIONED PROBLEM IN LIGHT EXTINCTION 

METHOD 

In light extinction method, the feature of the coefficient matrix is depended on extinction coefficient 
extK . Fig. 2 

shows the curves of extinction coefficient 
extK  corresponding to different refractive index along with the change of 

particle diameter D  based on Mie theory. As can be seen, 
extK  is a complex oscillating function and glitches is occurred 

on the extinction coefficient curves with increasing of m . When the particle diameter is small, the extinction 

coefficient 
extK  increases with particle diameter of monotone increasing and reaches maximum value. The extinction 

coefficient 
extK gradually tends to 2 with the further increase of the particle diameter. When particle diameter is small, 

the scattering is approximation for Rayleigh scattering, and the correspondence between the extinction coefficient and 

the particle diameter is unconspicuous. When particle diameter becomes large and extinction coefficient is 

approximately equal to 2, extinction coefficient does not has obvious change with particle diameter vary. 

 
Fig.2 Extinction efficiency curves 

 

Fig. 3 displays the surface of coefficient matrix A  with simulating polystyrene particle which is dispersed in water. 

Here, the range of particle diameter D is 0.1~10μm, D  is expressed in logarithmic coordinates. The wavelength in the 

visible range (0.4~0.8μm) and the refractive index of water is described by the formula [9]: 
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The refractive index of polystyrene particle is calculated from [10]: 
2
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Fig.3 Coefficient matrix 

From Fig. 3 we can find that matrix eigenvalue changing with wavelength is a relatively slow process. The measuring 

results improve little with the increase the number of wavelengths (i.e. M , 30 in paper). On the whole, coefficient 

matrix will change obviously with the particle diameter in the size range 0.1μm to 10μm. In submicron particles range, 

coefficient matrix value increases with increasing particle diameter. In micron particle range, coefficient matrix value 

increases with decreasing particle diameter, along with the oscillation. In visible light range, coefficient matrix values 

change slowly with the wavelength. 

 

3.1. SENSITIVITY TO THE MEASUREMENT ERROR 

The main procedure of solving the inverse problem in light extinction can be summarized in two steps. The first step 

is generating a vector of extinction value cal

iE  by coefficient matrix 
ijA  and preset PSD pre

jX . The second step is 

compared cal

iE  with measurement value meas

iE , then adjust pre

jX until cal

iE sufficiently close to meas

iE . In this process, 

given smoothing and non-negative constraints to pre

jX . Proximity of cal

iE  and meas

iE  is represented by the objective 

function: 
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To retrieve the particle size distribution from spectral extinction data in the dependent model one need to solve the 

optimal problem. Inversion calculation is the process of the objective function minimization. Therefore, the 

characteristics of the objective function reflect the features of ill-condition in inverse problem. The extremum status 

of the objective function reflects the accuracy and stability of retrieved distribution, optimization value is easily fall 

into one of the several local extremums, leading to deviation in inversion result. 

In the dependent model, different types of particle size distribution functions have been used such as the log-

normal function, Rosin-Rammler function, gamma function and so on. Among these available well-behaved 

distribution functions, we have chosen to work with the log-normal, which can be defined as follows: 
2
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( ) exp
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                             (8) 

Where D  and   is diameter parameter and narrowness parameter of the distribution respectively. 

First, calculate the measurement value meas

iE  by using preset characteristic parameters D  and  . Secondly, calculate 

extinction values cal

iE  by using different characteristic parameters D  and  . Finally, calculate the objective function 

combined cal

iE  with meas

iE by Eq. (7). 
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Fig.4 Surface of objective function for the particle with diameter 0.5μm. (a) without error; (b) with 1% error; 

 

Fig. 4 shows the surface of the objective function with characteristic parameters 0.5D m  and 0.2  , include 

without measurement error (Fig. 4(a)) and with 1% measurement error (Fig. 4(b)). From Fig. 4(a) we can see that the 

objective function has many local minima, and close to global minimum, it is difficult to realize global optimization 

in inversion. As we can see from Fig. 4(a), the minimum points become unclear with 1% measurement error, the 

minimum area was a curved "groove" and approximately parallel with the axis of distributed parameters  . Compared 

Fig. 4 (b) with Fig. 4 (a) we find that measurement error does not change the distribution characteristics of the objective 

function, but the extreme points obviously deteriorated. Hence, on the one hand it is necessary to try several preset 

size distributions as starting point to find local optima and eventually find the global optimal solution. On the other 

hand, it should be reduced the measurement error as small as possible. In the actual measurement, inevitability 

measurement error will lead to the difficulties for optimizing in inversion. From the situation of Fig. 4 (b), two possible 

scenarios of optimization results can be predicted: diameter parameter D  is larger and narrowness parameter   is 

smaller than preset, or diameter parameter D  is smaller and narrowness parameter   is larger than preset. 

 

 

 
Fig.5 Surface of objective function for the particle with diameter 2.1μm. (a) Without error; (b) with 2% error; 

 

Fig. 5 displays the surface of the objective function with characteristic parameters 2.1D m  and 0.2  . Fig. 5(a) 

without measurement error, Fig.5(b) with 2% measurement error. As can be seen, the objective function has no 

obvious morphological differences in spite of with 2% measurement error. The global minimum of the objective 

function appeared in the vicinity of a preset size distribution. 

From comparison of Fig. 4 and Fig.5, it follows that the extremum status of the objective function of sub-micron 

particles is poor in particle sizing using light extinction method. It is sensitive to noise, small error will causes 

significant changes in the distribution of the objective function, and lead optimization is difficult, it illustrates the 

accuracy and stability of inversion results is poor. However, the extremum status of the objective function of micron 

particles is better, and less sensitive to errors. 
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3.2. INVERSION CALCULATION 

POWELL algorithm is a very effective optimization method, which basic idea is to set an initial point, to search for 

the optimal phase along the conjugate direction, constantly adjust the search direction in the search process, then get 

the optimal solution [11]. However, in light extinction method if the initial choice of the starting point is not good, it 

will be easy to fall into local minimum. In this paper, the POWELL algorithm is optimized, which selects a number 

of starting points to get the optimization of multiple solutions and calculate the corresponding residual value. 

Take uniform points in the range of diameter parameter and narrowness parameter, respectively, as the starting points. 

Then we can make the comparison of the minimal solution as the optimal solution of the residual value of inversion. 

It can avoid falling into local minimum and to find the global optimal solution. However, the methods of searching 

points is very much, the continuous optimization procedure is very time consuming. Therefore, this paper uses the 

global POWELL algorithm improved by similarity calculation [12]: 
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determining a optimum particle diameter (i.e., 
jD corresponding to the maximum particle size 

jS ) as the starting point, 

and multipoint optimization for the narrowness parameter, so as to achieve the global optimization and save time. 

Fig. 6 shows the inversion of PSD which is calculated using the improved global POWELL algorithm which diameter 

parameter D  is set to 0.5μm and 2.1μm, respectively, the narrowness parameter   is set to 0.2, the measurement 

errors were taken 0%, 1% or 2%. In the absence of measurement error, we can get accurate inversion distribution. Fig. 

6(a) shows that the distribution of inversion is unstable when the grain diameter parameter of particles as small as 

0.5μm in the presence of 1% measurement error, it is very sensitive to measurement errors and serious illness. Fig. 

6(b) given diameter parameter for the larger particles of 2.1μm can be obtained relatively stable and accurate results 

in the presence of 2% measurement error. 

 

 

 
Fig.6 Inversion results by using improved global POWELL algorithm. (a) 0.5μm；(b) 2.1μm 

 

In general, with the improved global POWELL algorithm can achieve a stable global optimization, get accurate 

inversion result. Inversion calculation results and the sensitivity of the objective function to measure error inspection 

conclusion consistent. As we can see, due to the ill-conditioned problem in light extinction method, caused the 

objective function has several local minimum values, and is more sensitive to measurement error, especially for 

submicron particles. 

 

 

 

 

 

 

4. EXPERIMENTAL RESULTS 
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Measure the standard particle based on the light extinction method. Using halogen light source (HL-2000, Ocean 

Optics, Inc), which can emit polychromatic light stably, sends the light into the sample cuvette. After interacting with 

the sample, the output light from the cuvette is guided into a spectrometer (USB4000, Ocean Optics, Inc) where the 

light is dispersed across an array of CCD detectors. The effective spectral range of this spectrophotometer is 

0.2~0.85μm. Test samples are standard polystyrene particles of the nominal value of 0.5μm produced by Beckman 

Coulter company and standard polystyrene particles of the nominal value of 2.1μm microns (GBW(E)120021) 

produced by Beijing Haianhongmeng Reference Material Technology Co., Ltd.. 

 

Power 

supply

Light 

source
Cuvette Spectrometer Computer

 
Fig.7 Schematic of measurement system based on the light extinction method 

 

Disperse the standard particles in the distilled water to form monodisperse particle system. Collect transmittance 

spectrum by optical fiber spectrometer in each measurement. In order to get a higher signal to noise ratio, acquire light 

intensity signal for many times(100) with spectrometer and take average. In the data processing, select 30 wavelengths 

from the visible light range (0.4~0.8μm). 

Fig. 8 shows the inversion results of measurement for standard polystyrene particles, each standard particle repeated 

measurements, and the improved global POWELL algorithm is used to inverse the PSD. Overall, the experimental 

measuring result based on light extinction method is reliable. However, as shown in Fig. 8(a), The inversion error of 

5 times measurements for 0.5μm particle is larger and unstable. In contrast, the measurement result for 2.1μm particles 

is more stable and accurate in Fig. 8(b). 

 

 
Fig.8 Experimental inversion results for standard polystyrene particles. (a) 0.5μm; (b) 2.1μm 

 

5. CONCLUSIONS 

In this paper, we studied the ill-conditioned problem in particle sizing using light extinction method in the visible light 

region. The sources and specific influence of the ill-conditioned problem was analyzed by numerical calculation. 

Results show that the ill-condition is far more severe in submicron particles sizing based on light extinction method, 

even 1% measurement error can leads to a bad inversion result, and the stability and accuracy of inversion results is 

poor. In contrast, micron particles are relatively good. Optimal selection strategy of the initial points in the POWELL 

algorithm is determined, the inversion results show that the improved POWELL algorithm can avoid falling into local 

minimum, achieve a stable global optimization. Furthermore, the results of experiments on standard polystyrene 

particles with nominal value 0.5μm and 2.1μm by light extinction method also shows that the ill-condition is far more 

severe in submicron particles sizing. 
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