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ABSTRACT   

Particle tracking is an important tool in a wide range of experimental fields in which optical imaging systems are used. 
Unfortunately, tracking algorithms are susceptible to pixel-locking when a tracked object occupies a small number of 
pixels on the detector or is near other particles, in which the particle localization is biased towards the pixel center. In 
this proceedings paper we demonstrate this effect and show how these errors can be ameliorated using the Single Pixel 
Interior Fill Function (SPIFF) algorithm, improving the fidelity of any metrics obtained from particle tracking (e.g 
interparticle separation). We analyze the severity of pixel bias inherent in optical systems of different magnification 
values and the effect that the SPIFF algorithm has on them. Our analysis demonstrates a tradeoff between the severity of 
the pixel locking and the signal-to-noise ratio of optical systems with different magnification. 
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1. INTRODUCTION  
Imaging is a ubiquitous tool in scientific research, and as the capabilities of imaging systems and techniques improve, 
they allow one to observe increasingly smaller objects with greater frame rates and increased resolution[1], [2]. This has 
allowed remarkable scientific breakthroughs in a wide range of fields[3], [4]. Alongside the developments in imaging 
techniques there has been rapid development of algorithms for localizing and tracking objects in captured images. The 
input of these algorithms is a sequence of images, two-dimensional arrays of pixel intensities, and their output is 
determination of the pixel positions of bright (or dark) objects in the array – the localized coordinates of particles in the 
image. Such algorithms (e.g the Crocker-Grier algorithm[5]; the Raghuveer radial intensity algorithm[6]; non-linear 
fitting algorithms[7]) are exceedingly useful as they allow sub-pixel accuracy in determining the location of sub-micron 
scale objects and in extricating their dynamics and interactions in biological[8] and physical[9] systems. 

However, when the tracked objects are small (occupy a small number of pixels on the detector), or are in close proximity 
to other objects most tracking algorithms introduce pixel-locking error, in which the particle localization is biased 
towards the center of the pixel (see Fig 1). As a result, any metric obtained from the tracked particle trajectory such as 
mean square displacement[10] (MSD) or interparticle separation will also be biased and inaccurate.  

Fortunately, Burov et al[11] introduced the Single Pixel Interior Fill Function (SPIFF) algorithm that corrects pixel-
locking errors. The SPIFF algorithm is highly useful at reducing errors in the fidelity of the tracked particle trajectories, 
and in metrics such as interparticle separation or orientation[12].  

In this proceedings paper, we analyze the effect that different microscope magnification values have on the severity of 
pixel locking and on the efficacy of the SPIFF algorithm. We captured videos of a single 150 nm Ag nanoparticle 
trapped in a focused Gaussian optical beam. The particle was imaged using different optical magnification values (60x, 
90x, 150x and 225x). We applied standard particle tracking methods[13] to localize the particle positions and compared 
the severity of pixel locking observed for each of the magnification values. We then applied the SPIFF algorithm to the 
tracked trajectories and compared the output for the different magnifications.  We report a tradeoff between the pixel-
locking we observe for smaller magnification values and the signal-to-noise ratio (SNR) of the captured image seen in 
larger magnifications. 
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2. PIXEL LOCKING AND THE SPIFF ALGORITHM 
2.1 Pixel locking 

Commonly used particle tracking algorithms[6], [13], [14] make use of a circular fitting window with a width of 
W=2R+1 pixels as their basis for identifying and localizing particles in an image. By fitting of the tracking window to 
the 2D array of pixel intensities in a given frame the output of the algorithms is a table of calculated particle positions 
{xn,yn}. In cases when the imaged objects are small (i.e. 2-4 pixels FWHM on the detector), and close together (e.g. 2-5 
pixels separation on the detector) the tracking has to be done using the algorithm’s smallest possible window size for 
particle identification and Gaussian fitting or centroid localization. However, such a small window size is susceptible to 
a Nyquist undersampling error that results in a systematic error known as pixel locking[15] in which the particle 
positions are biased towards the center of the pixel.  

This error can be seen in Figure 1, which shows a representative frame from a video of three 150 nm Ag nanoparticles 
tracked with a window size of R=1,2 and 3 (Fig 1a-c). These frames were taken from a 1000 frame video. We tracked 
the entire video using the aforementioned window sizes and collected a set of the decimal parts of the localized positions 
as a 2D distribution. Each of these distributions shown in Fig 1(d-f) is termed a ”meta-pixel”. These distributions show 
the particle positions are severely biased towards the center of the pixel (blue points are individual localizations) fir 
small tracking window sizes introducing a localization error that (strongly) effects the calculation of metrics such as 
interparticle separation and orientation values.  

 
Figure 1. (a-c) Dark-field microscopy images of three 150nm Ag nanoparticles in a Gaussian optical trap. The red marks 
on the bright pixels are the results of localization using the Mosaic particle tracking algorithm suite from imageJ[13] 
with radius of R=1,2 and 3 pixels respectively (tracked particle diameter is W=2R+1). Scale bar is 350 nm. (b) Resultant 
decimal particle localizations, termed the “meta-pixel”, calculated by tracking a 1000 frame video of three Ag nano-
particles. Each frame represents the result of tracking the video using the tracking radii shown in (a)-(c).  

A larger percentage of the particles can be identified, even when the particles are closely separated, when the tracking 
window is small (e.g. R=1), however, we observe a strong pixel-locking which introduces errors in position dependent 
metrics. Conversely, when a large tracking window is used (e.g. R=3), the pixel-locking bias disappears, but many 
particles are not identified (one of the three particles in figure 1(c) is not identified). 

2.2 The SPIFF Algorithm 

The pixel locking bias can be removed by using the Single Pixel Interior Filling Function (SPIFF) method, which is a 
corrective algorithm introduced by Burov et al[11]. The SPIFF algorithm collects the fractional part of the tracked 
locations in a meta-pixel.  It proceeds to estimate the true particle position of a given particle localization by expanding 
the probability distribution such that it uniformly spans the entire meta-pixel. Given a set of estimated decimal values of 
the localized particle centers 𝑋! , the true particle position 𝑋! can be calculated by numerically solving the integral 
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𝑋! = ± 𝑃(𝑋!! )𝑑𝑋!!
!!
! ,   (1) 

and finding the fraction of estimated values in the range 0,𝑋! , where 𝑃(𝑋!! ) is the SPIFF density function, i.e. the 
probability density of the set 𝑋! . For more details see refs.[11], [12] Figure 2 shows an example of a meta-pixel 
distribution for a video of two particles in a Gaussian optical trap before and after application of the SPIFF correction 
algorithm. As can be seen from Figure 2, the SPIFF algorithm evenly distributes the particle localizations across the 
meta-pixel, leading to a more uniform distribution. 

 

 
Figure 2. Decimal part of the pixel localization in a ”meta-pixel”. The localizations are from the tracked data of an 
experimental video of two particles in a optical Gaussian trap before (a; blue) and after (b; black) SPIFF correction. Data 
was taken from an experimental video with 1000 frames and 2000 particle localizations.  

3. COMPARISON BETWEEN DIFFERENT MICROSCOPE MAGNIFICATIONS  
As shown in Figure 1, choosing a small tracking window introduces greater bias in the particle localizations and larger 
pixel locking. In theory this effect could be counteracted by choosing an optical system with greater magnification. The 
magnification of the optical system directly determines the size of the particles on the detector (i.e. the number of in 
pixels it occupies on the detector) as it determines the effective pixel size of the system. Therefore, one might assume 
that increasing the magnification of the system would allow for a smaller effective pixel and a larger image of the 
particle, which in turn allows one to increase the size of the tracking window and to circumvent the issue of pixel 
locking.  

However, increasing the magnification will decrease the SNR of the system, as the same number of photons will now be 
spread over a larger number of pixels, thereby affecting the precision of localization. This is of particular concern in the 
case of photon-limited experiments such as imaging of single fluorescent molecules or rapidly moving particles that 
necessitate short integration times.  

In order to explore the effect of magnification on the SPIFF algorithm, we trapped a single 150nm diameter Ag 
nanoparticle in an expanded Gaussian trap using the setup described by Sule et al[16]. The particle motion was captured 
at a frame rate of 2004FPS with an exposure time of 100 µs and the videos were 104 frames long. These imaging 
conditions are commonly used in experiments set up to capture fast dynamics of trapped particles. We also introduced an 
external 2.5x beam expander to the system allowing us to capture the particle motion with magnifications of 60x, 90x, 
150x and 225x, corresponding to effective pixel sizes of 108, 72, 43 and 29 nm, respectively. Figure 3 shows a 
representative frame from the videos taken for each of the magnifications.  
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Figure 3. Representative dark-field image of a single 150 nm Ag nanoparticle taken at different magnifications. (a) 60x 
magnification, scale bar is 1080 nm. (b) 90x magnification, scale bar is 720 nm. (c) 150x magnification, scale bar is 430 
nm. (d) 225x magnification, scale bar is 288 nm. The illumination intensity was the same for all magnifications  

As can be seen from Fig 3, the size of the particle on the detector increases at larger magnifications, but its contrast is 
reduced (compared to the background). This is due to the fact that the light scattered from the particle is distributed 
amongst more pixels. We measured the SNR of the videos (defined as the ratio of the brightest pixel in the particles to 
the mean value of the background pixels) for the different magnifications as 3.3, 2.4, 1.7 and 1.4 for the aforementioned 
magnifications.  

We tracked the particle positions using the Mosaic program with varying window radii and used the tracked trajectories 
to calculate the mean square displacement (MSD) values for the trapped particle. The MSD of a tracked particle is 
defined as: 

𝑀𝑆𝐷 𝜏 = (𝑥 𝑡 + 𝜏 − 𝑥(𝜏))! ,            (2) 

where 𝑥(𝜏) is the position of a particle at time 𝜏, and  𝑥 𝑡 + 𝜏  is its position after time t. The overbar in the equation 
signifies the mean of the displacement difference. MSD is an widely used measure that is used to determine the nature of 
particle motion in a wide range of fields such as biophysics[9] or colloidal systems[17]. This measure is often used to 
examine the statistical mechanical properties of diffusing and driven particles of interest.  

Figure 4 compares the MSDs for a single particle trapped under identical trapping conditions but viewed under different 
magnifications. Thus, the physical behavior of the particle will be the same and any differences in the tracked particle 
behavior will be due to the differences in the magnification. Note that all the MSD vs. lag time plots are curved due to 
the particle feeling the limited (confined volume of the optical trap. When the magnification is small (see Fig. 4(a)), the 
accuracy of the particle localization is limited by pixel locking effects. As a result, the particle displacement at small 
time lags (the first step of the MSD) is larger than for the 90x magnification (Fig 4(b)). This error can be improved 
significantly by using the SPIFF algorithm (compare the dashed and solid curves in Fig 4a).  

When the magnification is large (e.g. Fig 4d) we see that the SPIFF algorithm does not significantly improve the MSD, 
for any tracking window size. This is because the tracked data do not exhibit pixel-locking so the SPIFF algorithm has 
nothing to correct for larger windows (e.g. R=5 in panel (d)). For smaller windows (R=2 in panels (c-d)) the localization 
accuracy is limited by the low SNR of the images, which causes the tracking algorithm to have poor precision; that is, 
the particle position is localized to different pixels (from frame to frame) and thus localizations are not necessarily on its 
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true center. This imprecise localization results in artificially large displacements. These precision-limited effects are 
present in both the 150x (Fig 4(c)) and the 225x (Fig S(d)) magnifications.  

 

 
Figure 4. Calculated MSD values for a single particle trapped in a focused Gaussian trap for magnifications of (a) 60x, 
(b) 90x (c) 150x and (d) 225x. The different colored curves represent the different window sizes used by the Mosaic 
algorithm for particle tracking. The dashed curves are the tracked data, while the solid curves are the results calculated 
for the same trajectories after SPIFF correction. Note that the scale is the same for all calculations. 

Figure 5 shows a comparison between the calculated MSD results for the largest tracking windows for all magnifications 
shown in Figure 4 (i.e. R=2 for 60x and 90x magnifications, R=4 for 150x magnification and R=5 for 225x 
magnification). The curves in Figure 5 show the results obtained from the MSD calculations of each of the 
magnifications using the largest reasonable tracking window sizes (that is, window sizes that are not larger than the 
tracked particle). The 90x magnification data gives the smallest initial MSD value, implying that this magnification 
allows the best accuracy and precision in particle localization. This magnification is in accordance with the requirement 
that the pixel size be roughly 1/2.8 of the diffraction limit of the system[18]. It is important to note that this result is only 
valid for the optical system and trapping parameters described in section 1. A change in the noise of the system 
(obtainable by increasing the exposure time) or the particle brightness and size could lead to a different optimal 
magnification. For example, for brighter particles (and lower detector noise and background levels) greater magnification 
might be better. More research needs to be done to make a general claim about the optimal conditions for extracting 
information about sub-pixel particle positions given a system’s SNR and the measured objects brightness and 
dimensions.  

It is worth noting that the improvement of the MSD calculations by the SPIFF correction for the lowest magnification 
(evident in Figure 4(a) and in the red curves of Fig. 5) is a mark of the SPIFF algorithm restoring some of the 
information about the particle trajectory lost due to pixel-locking. Therefore, one could increase the sampling rate of a 
given experiment without much loss of information by using lower magnification and a smaller field of view, which 
would allow a higher frame rate, and applying the SPIFF correction to the resulting trajectories.  
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Regardless, since the experimental configuration we used is common amongst similar optical trapping and imaging 
experiments of plasmonic nanoparticles[19], [20] or Quantum dots[21], [22], we can claim that the optimal conditions 
we have found (a magnification of 90x combined with SPIFF correction of the tracked results) are applicable to a wide 
range of experimental results. 

 

 
Figure 5. Comparison between the MSD values calculated from different magnification values. The results shown here 
were chosen as the larges possible tracking window that is not larger than the particles for each one of the magnification 
values.  

4. CONCLUSIONS AND FUTURE WORK 
We have discussed the pixel-locking bias that arises when trying to image small particles such as nano-particles or single 
fluorescent molecules, and the SPIFF algorithm that is used to correct this bias. We utilized a single optically trapped 
150 nm Ag nanoparticle and tracked its position using commonplace particle tracking methods. Using the MSD of the 
particle, we demonstrated the tradeoff between the SNR of an image and pixel locking bias it presents (which 
necessitated the use of the SPIFF algorithm). Our results hints at a larger opportunity – since the SPIFF algorithm allows 
us to use smaller magnification and still capture the average physical characteristics of the system, it could be thought of 
as a compressed sensing mechanism.[23], [24] In future work we will focus on generalizing the conditions necessary for 
defining the optimal magnification for a given particle size and photon budget. This could be used to improve the 
resolution and acquisition rate of optical imaging and microscopy studies. 
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