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It has been proposed to utilize the median algorithm for determination of the extrema positions 
of diffuse light reflectance intensity distribution by a discrete signal of a photodiode linear 
array. The algorithm formula has been deduced on the base of piecewise-linear interpolation for 
signal representation by cumulative function. It has been shown that this formula is much 
simpler for implementation than known centroid algorithm and the noise immune Blais and 
Rioux detector algorithm. Also, the methodical systematic errors for zero noise as well as the 
random errors for full common mode additive noises and uncorrelated noises have been estima-
ted and compared for mentioned algorithms. In these terms, the proposed median algorithm is 
proportional to Blais and Rioux algorithm and considerably better then centroid algorithm. 
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АЛГОРИТМ ОЦІНЮВАННЯ СУБПІКСЕЛЬНИХ ПОЛОЖЕНЬ 
ЕКСТРЕМУМІВ СИГНАЛУ ДИФУЗНОГО ВІДБИВАННЯ СВІТЛА  

НА ОСНОВІ МЕДІАНИ 

І. Б. Івасів 

Фізико-механічний інститут ім. Г. В. Карпенка НАН України, Львів 

Показано, що важливою проблемою оцінки субпіксельних положень екстремумів розпо-
ділу інтенсивності дифузного відбивання світла за результатами вимірювань сигналу 
сенсора, сформованого на дискретних світлочутливих елементах фотодіодної лінійки, є 
сильний вплив шумів на периферійних елементах. Вказаний чинник суттєво знижує 
ефективність відомих алгоритмів оцінки положень екстремумів неперервних сигналів на 
основі дискретних вимірювань, зокрема, алгоритму центроїда. З іншого боку, стійкий до 
шумів алгоритм детектора Блейза–Ріо відзначається складністю імплементації. Запропо-
новано використовувати алгоритм медіани для оцінки субпіксельних положень екстре-
мумів сигналу, який, з одного боку, є достатньо стійкий до шумів, а з іншого – значно 
простіший в імплементації, навіть порівняно з алгоритмом центроїда. Пояснено основну 
ідею алгоритму та виведено відповідну формулу оцінки положення екстремуму сигналу 
на основі подання 5-елементного дискретного сигналу фотодіодної лінійки у вигляді 
кусково-лінійної кумулятивної функції. Обчислено та порівняно максимальні похибки 
оцінок положень екстремумів модельованого розподілу інтенсивності дифузного розсію-
вання світла зі застосуванням до відповідних модельованих дискретних сигналів запро-
понованого алгоритму, алгоритму центроїда та алгоритму Блейза–Ріо в умовах як відсут-
ності шумів, так і за синфазного та некорельованого шуму. За відсутності шумів макси-
мальна методична систематична похибка становила: для 5-елементного алгоритму цен-
троїда 0,06 мм, 5-елементного алгоритму Блейза–Ріо 0,06 мм та 5-елементного алгоритму 
медіани 0,04 мм за кроку 1 мм світлочутливих елементів фотодіодної лінійки. Для син-
фазного шуму в діапазоні співвідношень сигнал/шум від 20 до 100 алгоритм медіани дає 
дещо більші випадкові похибки (максимальна – 0,08 мм), ніж алгоритм Блейза–Ріо, але 
значно менші, ніж алгоритм центроїда. Для некорельованого шуму в діапазоні співвід-
ношень сигнал/шум від 10 до 100 запропонований алгоритм медіани забезпечив наймен-
ші значення максимальних випадкових похибок (не перевищували 0,14 мм) серед усіх 
трьох алгоритмів. 

Ключові слова: дифузне відбивання світла, дискретний сигнал, положення екстремуму, 
алгоритм центроїда, алгоритм Блейза–Ріо, алгоритм медіани, завадостійкість, систе-
матична похибка, випадкова похибка. 
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Introduction. The problem of estimating the characteristics of corrosion damage 
of metal surface in the form of submillimetre corrosion spots formed by agglomeration 
of corrosion products on the elements of the surface microstructure [1–4] continues to 
be considered. In particular, works [5, 6] proposed to size the surface corrosion micro-
defects by the determination of the extrema positions for diffuse light reflection inten-
sity distribution (Fig. 1) as long as such signal metrics provided the significant advan-
tage in terms of tolerance to fluctuations of microdefects location. 

 
Fig. 1. Extrema positions of the diffuse light reflection signals for different sizes of corrosion grains 

(Ir – relative intensity measured by photodiode linear array). 

At the same time, an effective implementation of proposed metrics requires the 
determination of extrema positions with sub-pixel accuracy, namely within linear size 
(hereafter, pitch) of a photodiode linear array (PhDLA) cell. The main drawback of the 
most popular algorithms for extremum position determination of continuous characte-
ristic by the discrete signal (the centroid algorithm [7–9], wavelet-based algorithms 
[10], as well as the Gaussian approximation algorithm, the linear interpolation, the pa-
rabolic estimator algorithm, etc. [11]) is the significant influence of the noises [9, 11]. 
From this point of view, the Blais and Rioux (BR) detectors [12] are the most tolerant 
for the noise [11]. Another algorithm providing the noise immunity is the median algo-
rithm for peak detection [13]. However, it is necessary to describe this algorithm con-
cerning the discrete signal of diffuse light reflection and compare it with BR algorithm 
and centroid algorithm in terms of the noise immunity as well as complexity of imple-
mentation. 

Both mentioned above centroid and BR algorithms have some drawbacks restric-
ting their application. 

Thus, based on the calculation of the first moments of the diffuse light reflection 
signal pattern within extremum neighbourhood, the 5-element centroid algorithm 

 2 1 1 2

2 1 0 1 2

2 2
c

s s s s
X Pitch

s s s s s
− −

− −

− − + +
= ⋅

+ + + +
, (1) 

where s0 is the maximal signal on PhDLA cells, s-1, s1 are the signals on the left and 
right (respectively) cells closest to the cell with maximal signal (central cell), s–2, s2 are 
the signals on the left and right cells one pitch farther from the central cell, is grounded 
on the incorrect assumption concerning signal concentration in the centers of the sensor 
cells. As a result, especially for narrow signal peaks, the centroid algorithm has the 
considerable methodical systematic error. In addition, double weights for the peripheral 
pattern elements cause the significant influence of noise on the random error of posi-
tion determination. 

The BR algorithm is more tolerant to noises but, on the other hand, is more 
difficult to calculate: 
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Therefore, the actual problem is to develop such signal extremum sub-pixel posi-
tion determining algorithm that is simple and quite tolerant to noises. 

Principles of position determination based on median of signals spatial distri-
bution. If we have some signal s(x) distributed continuously on the interval [Xmin, Xmax] 
(Fig. 2), we can determine the center of mass X0 of this signal by two ways. The first 
way consists in calculation of the signal first moment normalized by signal “mass”: 
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that is known as the centroid algorithm. For the 5-element discrete signal we obtain 
formula (1) for X0 calculation. 

 
Fig. 2. Continuous signal on interval [Xmin, Xmax]. 

It is quite obviously that the sensitivity of moment functions ( )
b

p

a

x s x dx∫  to signal 

disturbances is proportional to the moment order p. Consequently, the zero-order mo-

ment ( )
b

a

s x dx∫  should be the more tolerant to disturbances. Therefore, another way of 

the center of “mass” determination that can be more stable is solving the next equation: 
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Equation (4) is the equation for signal median (see Fig. 3). 
Analytical solution of equation (4) is not a trivial problem. However, we can try to 

solve it by rewriting integrals in equation (4) into the Stieltjes form and doing the 
following manipulations: 
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where 
0

( ) ( )
x

S x s z dz= ∫  is the cumulative function, and, consequently, equation (5) can 

be written and solved in the following manner: 
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Fig. 3. Definition of signal median. 

Now, if we have the 5-element discrete signal s–2, s–1, s0, s1, s2, we can build the 
piecewise constant cumulative function S(x) with the nodal values S–3 = 0, S–2 = s–2,  
S–1 = s–2 + s–1, S0 = s–2 + s–1 + s0, S1 = s–2 + s–1 + s0 + s1 and S2 = s–2 + s–1 + s0 + s1 + s2 
(see Fig. 4). But, piecewise constant function does not allow us to determine the center 
of “mass” with sufficient accuracy. Therefore, we must apply some interpolation to the 
obtained set of nodal values. A spline interpolation seems to be quite good for determi-
ning the center of “mass” (see Fig. 5). However, on the other hand, derivation of 
algorithm formula with spline interpolation can be some cumbersome.  

 
Fig. 4. Cumulative function S(x) for discrete signal. 

 
Fig. 5. Spline interpolation for a piecewise constant cumulative function. 
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Algorithm derivation based on the median of piecewise linear cumulative 
function. The more simple way of algorithm formula derivation is application of the 
piecewise-linear interpolation of cumulative function (see Fig. 6). 

In this case, we obtain solution in the central (with maximal signal) sensor cell at 

the cross point of interpolated cumulative function ( )ɶS x  with min max( ) ( )

2
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line where Xmin = –2.5, Xmax = 2.5. The equation for the mentioned segment of interpo-
lated cumulative function is derived in the following way: 
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where 1 2 1( 0.5)ɶS S s s− − −− = = +  and 0 2 1 0(0.5)ɶS S s s s− −= = + + . 

 
Fig. 6. Piecewise-linear interpolation for the piecewise constant cumulative function. 

Then, taking into account that 3( 2.5) 0ɶS S−− = =  and 
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can be written as: 
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And finally, 
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Algorithm validation and comparison with centroid and BR algorithms. The 
simulation based on the modelled signal (see Fig. 7) according to [6] was applied to 
validate the new algorithm and compare it with the Centroid and BR algorithms. For 
this simulation, the signal of diffuse light reflection was calculated for a corroded sur-
face with the total area of corrosion spots of π·(0.15)2 ≈ 0.07 mm2 and their concentra-
tion of 326 cm–2. Corrosion grains were modelled as spherical copper particles with a 
base radius of 1 µm (or a base diameter d0 = 2 µm). 

 

Fig. 7. Diffuse light reflection signals for 2 µm corrosion grains  
(Ir – relative intensity measured by photodiode linear array). 

The methodical systematic errors for zero noise as well as random errors for dif-
ferent types of noises were calculated for all positions of signal extrema. Then the 
maximal errors of these position determination were taken as the error estimates. 

Thus, the maximal methodical systematic error for the 5-element centroid algo-
rithm, 5-element BR algorithm and 5-element median algorithm has made 0.06 mm, 
0.06 mm and 0.04 mm respectively. That is, the median algorithm provides the least 
methodical error. 

Also, two types of noise were utilized for algorithms comparison: 
1) Full common mode (CM) additive noise (noises for each of 5 sensor cell 

change synchronously) 

 [5] GnoiseN = σ ⋅ ξ ⋅  (17) 

where σnoise is the noise RMS, ξ is centralized random value normally distributed with 
the standard deviation σξ = 1, G is the 5-element unit gain vector for sensor cells 
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2) Uncorrelated additive noise 

 [ ][5] ,     1,5noise iN i= σ ⋅ ξ = , (19) 

where [ξi] is the 5-element vector of random values ξ. 
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A signal-to-noise ratio (SNR) for mentioned noises was determined as smax /σnoise, 
where smax was the maximal signal for the given PhDLA cells. 

Fig. 8 and Fig. 9 show the result of calculated maximal error of extrema positions 
in case of full CM noise and uncorrelated noise, respectively. 

 
Fig. 8. Maximal random errors of signal extrema positions vs. SNR for centroid, BR  

and median algorithms (full CM additive noise). 

 
Fig. 9. Maximal random errors of signal extrema positions vs. SNR for centroid, BR  

and median algorithms (uncorrelated additive noise). 

As it can be seen from Fig. 8, the median algorithm provides the maximal random 
error of extremum position determination that is somewhat greater than BR algorithm, 
but much less than the centroid algorithm in case of full CM additive noise. On the 
other hand, in case of uncorrelated additive noise for PhDLA cells (Fig. 9), the median 
algorithm shows less maximal error than the centroid algorithm and even a little bit 
less error than BR algorithm. 

CONCLUSIONS 
The proposed median algorithm uses a much simpler formula in comparison with 

other algorithms so long as it contains fewer operations in the denominator (neither 
total signal summation nor comparison). This algorithm has a less methodical systema-
tic error (0.04 mm) than the centroid and BR algorithms. Also, it demonstrates much 
better noise immunity (for maximal errors in 100% tolerance interval) than the centroid 
algorithm for full common mode noise. In particular, the maximal random error of the 
median algorithm did not exceed 0.08 mm for SNR = 20 vs. 0.04 mm for BR algorithm 
and 0.1 mm for the centroid algorithm. For the uncorrelated noises, the proposed algo-
rithm provides better noise immunity than the centroid algorithm as well as BR algo-
rithm in SNR range from 10 to 100 (e.g. 0.14 mm vs. 0.23 mm and 0.15 mm respecti-
vely for SNR = 10). 

Therefore, the signals median algorithm could be recommended for the determina-
tion of the extrema positions for diffuse light reflection intensity distribution. 
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The reasonable next step is investigation of applying the spline approximation for 
the signal 5-element cumulative function to improve the proposed algorithm. 
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