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Absolute position sensors are widely used in machine tools and precision measuring instruments 
because measurement errors are not accumulated, and position measurements can be performed without 
initialization. The laser speckle-based absolute position sensor, in particular, has advantages in terms of 
simple system configuration and high measurement accuracy. Unlike traditional absolute position sen-
sors, it does not require an expensive physical length scale; instead, it uses a laser speckle image data-
base to measure a moving surface position. However, there is a problem that a huge database is required 
to store information in all positions on the surface. Conversely, reducing the size of the database also 
decreases the accuracy of position measurements. Therefore, in this paper, we propose a new method to 
measure the surface position with high precision while reducing the size of the database. We use image 
stitching and approximation methods to reduce database size and speed up measurements. The absolute 
position error of the proposed method was about 0.27 ± 0.18 μm, and the average measurement time 
was 25 ms.
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I. INTRODUCTION

Linear position sensors are divided into incremental 
position sensors and absolute position sensors. The incre-
mental position sensor measures the relative position by 
counting the pulse signal generated when the target surface 
moves [1]. This method has a rapid measurement and long 
measurement range. However, it introduces a reset delay 
and accumulates errors over time [2]. Conversely, the ab-
solute position sensor has the advantage of being able to 
measure the absolute position of the surface immediately 
without initialization and being robust against power failure 
[3, 4]. Due to these advantages, absolute position sensors 
are widely used in machine tools and measuring equipment 
that requires reliability and high precision [5].

Absolute position sensors use a physical scale that marks 
each position on the surface for immediate position mea-
surement [6, 7]. This scale is one of the main parts that 
determine the measurement resolution of an absolute posi-
tion sensor. However, high precision scales are difficult to 
manufacture because of their accuracy requirements, and 
thus, absolute position sensors are expensive. Patzelt et al. 
[8] introduced a noncontact optical absolute position sen-
sor based on a laser speckle pattern (LSP). They sequen-
tially scanned the surface to create an LSP image database. 
LSP images of the surface are unique for each position on 
the surface, so the image database acts as an optical scale 
replacing the physical scale. They measure the absolute 
position of the surface by comparing the reference images 
stored in the image database with the target image acquired 
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at the current position of the surface. However, it is time-
consuming to compare all the reference images to the target 
image to find the reference image that best matches the tar-
get image. In addition, there is a problem that the size of the 
image database becomes excessively large because refer-
ence images for all positions on the surface must be stored.

To reduce the size of the image database, Paris et al. [9] 
developed a new method of storing only image features 
extracted from the reference images. They stitched the 
image features to create a global feature map. Since only 
feature values are stored instead of the reference image, this 
method significantly reduced the required storage space 
and allowed high-speed position measurements by compar-
ing features instead of images. However, due to the boiling 
phenomenon of the laser speckle [10], there is a problem 
that it is difficult to accurately measure absolute position 
information using only the image features extracted from 
the reference image.

Thus, this paper proposes a new method to solve the 
problems of the existing LSP-based absolute position sen-
sors. The proposed method creates a global LSP map by 
stitching a reference image and using the coarse-to-fine 
method to measure the absolute position quickly. The glob-
al map created using the image stitching method greatly re-
duces the size of the image database, and the coarse-to-fine 
method improves the absolute position measurement time.

This paper is organized as follows. Section 2 is divided into 
displacement measurements using the phase correlation (PC) 
method, the global map generation and, the coarse-to-fine 
method. The optical system setup and experimental results are 
in Section 3. Section 4 discusses the summary of this study.

II. METHODS

2.1.  Displacement Measurement Using the Phase 
Correlation Method

When an optically rough surface reflects the laser light 

with a planar wavefront, a boiling speckle pattern is formed, 
and the laser light with a spherical wavefront forms a trans-
lational speckle pattern [10, 11]. In a pure boiling situation, 
when the rough surface is translated, the intensity distribu-
tion of the speckle pattern changes randomly, but in a pure 
translation situation, the intensity distribution is maintained 
and translated in proportion to the moving distance of the 
surface. Figure 1 shows the optical system configuration 
used in this paper to generate a translational speckle pat-
tern. The lens in front of the laser diode (LD) converts the 
plane wave into a spherical wave. Thus, the reflected laser 
light from the rough surface forms translational LSPs. The 
camera outputs the 2D RGB images of translational LSPs 
moving in proportion to the distance moved by the surface.

Figure 2 shows example images acquired while scanning 
the surface. The speckle pattern in the white square in Fig. 
2(a) is the same in the white square in Fig. 2(b). This is be-
cause the square in Fig. 2(b) has moved by Δx pixels from 
the square in Fig. 2(a). We can calculate the distance Δx be-
tween the two images using the PC method. The PC method 
is one of the digital image correlation (DIC) methods [12], 
which has a constant calculation time and is robust to noise 
distortion [13].

Assuming that f1 and f2 are two LSP images acquired 
from adjacent positions and f2 is the shifted image of f1 by 
(Δx, Δy), then

 1
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According to the Fourier shift theorem:
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where F1 = 
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 is the Fourier transform, ωx 
and ωy are wavenumbers. The cross-power spectrum of the 
two images is given by

FIG. 1. Optical setup for measuring the moving distance of 
the rough surface. A laser with a spherical wavefront reflected 
from an optically rough surface forms a translational speckle. 
The moving distance of the rough surface is calculated by 
analyzing the translational speckle images acquired by the 
image sensor.

LD Image 
sensorLens

Rough surface

Translational
laser speckle

Spherical wave

Moving direction

FIG. 2. Example of LSP images acquired on a moving surface. 
(a) LSP image acquired before the surface moves, (b) LSP 
image acquired after the surface moves. The solid line square 
has shifted by Δx pixels from the previous position indicated 
by the dotted line square. Δx is proportional to the moving 
distance of the surface.

(a)                                               (b)
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where * denotes the complex conjugate. The inverse Fou-
rier transform of Eq. (3) is
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and it becomes the Dirac delta function where the peak ap-
pears at (Δx, Δy) corresponding to the distance between the 
two images.

The position values of the peak are discrete and have 
a quantization error. To reduce the quantization error, we 
use the Gaussian curve fitting method to calculate the peak 
position [14, 15]. The translation distance Δx is extracted at 
the maximum position of the fitted Gaussian curve.

2.2. Global Map Generation
Conventional absolute position sensors require a physi-

cal scale with markers for all positions on the surface. The 
LSP-based absolute position sensor replaces it with an im-
age database containing images of the sequentially scanned 
surface. Figures 3(a) and 3(b) are examples of the first 
and second LSP images acquired by scanning the surface. 
The dashed white rectangle in Fig. 3(d) indicates the areas 
where the same pattern appears in the two images. The 
larger overlapped area helps to measure the distance be-
tween the two LSP images accurately. However, the narrow 
step size caused by the larger overlapping area increases 
the image database size. Therefore, we adjust the step size 
as wide as possible while the normalized cross-correlation 

(NCC) value of two adjacent LSP images is higher than 0.8.
The high correlation between the LSP images improves 

the accuracy of the absolute position measurement, but it 
also means that much data is stored redundantly. We re-
move this redundancy by using the image stitching method. 
Image stitching is widely used to stitch multiple images 
taken from different positions as if the images were taken 
with a single camera [16, 17]. We calculate the distance be-
tween two neighboring images among the scanned images 
and arrange the positions of the two images so that they 
overlap each other (Fig. 3(c)). Then, the two images are 
fused using a linear blending method to form a single image 
(Fig. 3(d)). This process is repeated for all images scanned 
on the surface to generate a global map shown in Fig. 3(e).

The stitched global map no longer contains redundant 
information. Instead, the image size is significantly reduced 
compared to all reference images acquired by scanning the 
surface. Assuming that the number of the reference im-
ages are all 200, the width of each image is 1,980 pixels, 
and neighboring images overlap each other by 90%, the 
total width of 200 images is 396,000 pixels. In contrast, the 
width of the stitched image is 41,382 pixels, which is 90% 
less than the scanned original images.

2.3. Absolute Position Measurement Using the Coarse-
to-fine Method

The absolute position of the surface can be measured 
by comparing the stitched global map and the target image 
using the PC method. The stitched global map speeds up 
measuring absolute position by removing redundancy of the 
original image scanned from the surface. However, even in 

FIG. 3. Global map generation using image stitching method. (a) LSP image acquired with the first position, (b) LSP image acquired 
with the second position, (c) calculate the distance between the two images, (d) stitched image of the two images. The white 
rectangle represents the same pattern between the two images, and (e) stitching result of all LSP images scanned on the surface. 
Scale bar, 100 μm.

(e)

    (a)        (b)           (c)          (d)
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the stitched map, only a few areas have a high correlation 
with the target image. Most of the rest of the area does not 
affect the absolute position measurement but increases the 
calculation time.

The coarse-to-fine method is used to eliminate these in-
efficiencies. It consists of two steps. The first step involves 
searching for the reference image that has the highest cor-
relation with the target image among the images used for 
stitching. This reference image is then used to calculate the 
absolute position of the surface compared to the target im-
age in the second step.

The purpose of the first step is not to accurately calcu-
late the absolute position of the target image but to find the 
reference image number at high speed. The stitched global 
map and the target image are scaled down by the same ratio 
to speed up the calculation. The LSP shows a unique distri-
bution of speckle grains at each position on the surface, and 
this distribution remains almost similar until the scale down 
ratio is less than the average size of the speckle grain. This 
means that the scaled down global map can also be used 
as a marker for each position on the surface. Therefore, the 
scaled down global map and the target image is compared 
with the PC method to calculate dΔx, which is the distance 
between the two images. The image number r of the refer-
ence image having the highest correlation with the target 
image is calculated using the following equation:

 5

𝑟𝑟 𝑟 𝑟𝑟�� ���
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    ,                       (5) 
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where N, 

 5
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    ,                       (5) 

  

width, and twidth are the total number of LSP images 
used to create the global map, the width of the scaled down 
global map, and the width of the scaled down target image 
by the same ratio, respectively.

In the second step, the absolute position of the surface is 
calculated by comparing the ⌊r⌋th reference image and the 
target image. In this step, the absolute position is measured 
in sub-pixel resolution using a reference image not scaled 
down. Assuming that the position of the reference image 
was calculated correctly in the first step, it has a high cor-
relation with the target image. The distribution of speckle 
grains between the reference image and the target image 
has a high similarity in the entire image area. Even if only 
a portion of the two image regions are cropped and com-
pared, the distance between the two images can be calcu-
lated as if comparing the entire region. A few rows of two 
images were cropped and compared to avoid storage space 
wastage and fast computation. The two cropped images are 
compared using the PC method to calculate the distance dΔx 
between the two images, and finally, the absolute position 
of the target image xabs which is calculated using the equa-
tion as shown below:

 6

𝑥𝑥��� = ⌊𝑟𝑟⌋ �������������
��� + 𝑑𝑑�����,                        (6) 

  

, (6)

where Gwidth, Twidth, and N are the width of the global map, 

the width of the target image, and the total number of refer-
ence images in the global map, respectively.

III. EXPERIMENTS AND RESULTS

3.1. Experimental Setup
To verify the performance of the proposed method, we 

constructed an optical system with a 635 nm laser light 
source CPS182 (Thorlabs, NJ, USA), a USB type CMOS 
camera HU801 (Huentek, Gwangju, Korea) for acquiring 
LSP images, and a motorized stage NanoMax381/M (Thor-
labs, NJ, USA) to precisely move the surface (see Fig. 1). 
The theoretical resolution of the stage is 5 nm. The acquired 
image was an RGB image of 1,920 × 1,080 pixels, the FOV 
was about 1,345 × 756 μm, and the FOV of a single pixel 
was about 1.428 μm. The image was acquired for a 20,000 
μm section while moving the x-axis stage in 100 μm steps 
so that the scanned LSP image overlaps the neighboring 
image by about 90%. We converted the acquired image to 
grayscale, and the noise was removed using a median filter. 
The vignetting distortion caused by uneven illumination of 
the light source was corrected using the average image of 
2,000 LSP images acquired from different positions [18]. 
The distance between each LSP image was calculated us-
ing the PC method and stitched seamlessly using the image 
stitching method [17]. The ground truth of the surface posi-
tion was measured with the built-in nano-stage encoder.

3.2. Experimental Results
Database size and image processing time were reduced 

by using the coarse-to-fine method. The accuracy of the 
position measurement was tested while gradually reducing 
the size of the global map to find the reduction ratio of the 
global map to be used in the coarse measurement stage. 
The surface was scanned at 100 μm steps, and 201 LSP im-
ages from 0 μm to 20,000 μm were acquired and stitched to 
create an original sized global map. The size of this global 
map was 30,475 × 1,080 pixels, and it was scaled down 
by 1/2, 1/22, … and 1/26 to create a total of seven differ-
ent sized global maps. The result of measuring the average 
speckle grain size of each global map by the method in [19] 
recorded the maximum size of 43.9 pixels, and the mini-
mum of 2.1 pixels, which was larger than a single pixel in 
all global maps which means that the speckle distribution of 
the original global map is maintained even when the global 
map is scaled down by 1/64.

We experimented with the accuracy of calculating the 
number of reference images according to the scale down 
ratio of the global map in the coarse step. We acquired 
200 images for the experiment while moving the surface 
position with a step size of 100 μm. The target image was 
acquired repeatedly 10 times to obtain a total of 2,000 im-
ages. After scaling down the global map in seven different 
ratios, the number of the reference images was calculated 
using Eq. (5). The calculated results were compared with 
the ground truth, and the equation for calculating the mean 
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absolute error (MAE), Er, for each global map is given by

 7
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�∑ |𝑟𝑟�𝑖𝑖𝑖 𝑖𝑖� − 𝑟𝑟���𝑖𝑖𝑖 𝑖𝑖�|���� 𝑖                     (7) 

  

, (7)

where i, n, N, and rGT are ith reduction ratio, image number, 
the total number of images, and ground truth of nth image, 
respectively.

Figure 4(a) shows MAE for each global map with a dif-
ferent scale down ratio, and Fig. 4(b) shows the calcula-
tion time. MAE of all seven ratios was less than 0.5. When 
the scale down ratio was 32 and 64, the measuring time 
was 13.7 and 11.1 ms, which was not significantly differ-
ent. However, when the ratio was 64, the average error 
increased about two times compared to 32. Suggesting that 
the right neighboring reference images can be found easily 
even if the global map is reduced by 64. Regarding calcu-
lation time, there is no significant difference between the 
scale down ratios 32 and 64.

In the fine measurement step, we crop out a part of the 
target image and the reference image and compare them. 
The reference image output in the coarse step has a high 
correlation with the target image. Therefore, even if only 
a small part of the entire area is cropped, we can precisely 
calculate the distance between the two images. We experi-
mented with the effect of the cropping size of the two im-
ages on the accuracy of the absolute position measurement. 
The original size of the two images is 1,920 × 1,080 pixels, 
and 5, 10, 20, 40, 80, 160, 320, and 640 rows were cropped 
out from the center of the image, respectively. Thus, the 
smallest image has 1,920 × 5 pixels, and the largest image 
has 1,920 × 640 pixels. To accurately calculate the Δx of 
Eq. (4), we cropped it only in the y-axis direction of the im-
age.

We acquired 200 images for the experiment while mov-
ing the surface position with a step size of 100 μm. The 

target image was acquired repeatedly ten times to acquire 
a total of 2,000 images. After cropping the two images in 
eight different heights, the absolute position of the surface 
was calculated using the PC method. We compared the 
measured results with the ground truth, and the equation for 
calculating MAE, Ex, for each cropping height is given by

 8
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where h, n, N, and 
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 is hth cropping height(rows), image 
number, the total number of images, and ground truth of 
absolute position of nth image, respectively.

The error according to the cropping height is shown in 
Fig. 5(a). When the cropping height was 640 pixels, the 
MAE was the least, but the processing time was the longest 
at 167.5 ms (see Fig. 5(b)). The average of all MAE values 
was almost constant at 0.2 μm regardless of the cropping 
height, and the error range was also similar in all. When 
the cropping height is 10 pixels, MAE is 0.21 ± 0.16 μm, 
which is 0.04 μm higher than when the cropping height is 
640 pixels, while the processing time is reduced by about 
11 times with an average of 14.8 ms.

Based on the results of the above two experiments, we 
created an image database to test the performance of the 
proposed system. We acquired 201 LSP images with a step 
size of 100 μm for a surface of 20,000 μm to create an im-
age database. The global map image for the coarse step was 
created by stitching each LSP image and then reduced the 
image size with the scale down ratio of 32. The reference 
image for the Fine step was generated by cropping each 
LSP image to a height of 10 pixels from the center row of 
each image. Therefore, the image database was composed 
of one global map image and 201 reference images.

Figure 6(a) results from measuring the absolute position 
while moving the surface from 0 to 20,000 μm in 100 μm 

FIG. 4. Reference image number measurement error and calculation time according to the scale down ratio of the global map. (a) 
The mean absolute error is proportional to the scale down ratio, (b) the calculation time is inversely proportional to the scale down 
ratio. The calculation time difference between the scale down ratios 32 and 64 is similar at 2.6 ms.

0.23

0.44

0.21

2.60 13.7 11.1

                                   (a)           (b)
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steps. We added a uniform random value between −50 μm 
and 50 μm to each step to prove that accurate measurements 
are possible regardless of the measurement position. The 
absolute position measured by the proposed system showed 
high linearity to the ground truth (r = 0.999). Figure 6(b) is 
the result of measuring the absolute position while moving 
the surface from 0 to 2,000 μm in 10 μm steps. Similar to 
the experiment in Fig 6(a), we added a uniform random val-
ue between −5 μm and 5 μm to each step. Figure 6(c) is the 
result of measuring the absolute position while moving the 
surface from 0 to 200 μm in 1 μm steps. As with the previ-
ous two experiments, high linearity is achieved regardless 
of the step size (r = 0.999). The average measurement time 
was 24.8 ms. Figure 7 shows the distribution of absolute 
positional errors for the previous three experiments. The av-
erage errors were 0.240, 0.192, and 0.239 μm, respectively, 
and the standard errors were 0.167, 0.140, and 0.144 μm, 
respectively. The maximum errors were 0.760, 0.643, and 

0.705 μm, respectively, about half the length of one pixel. 
Thus, there is a strong relationship between the measure-
ment results with the ground truth.

FIG. 5. Absolute position calculation measurement error 
and calculation time according to the cropping height of 
the reference image. (a) The mean absolute error is almost 
constant regardless of cropping height, (b) the calculation time 
is proportional to the cropping height.

    (a)
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    (b)
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         (c)

FIG. 6. Absolute position measurement result using the pro-
posed system. High linearity was observed regardless of the 
measurement range. (a) From 0 to 20,000 μm, (b) from 0 to 
2,000 μm, and (c) from 0 to 200 μm.
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IV. CONCLUSION

This paper proposes a method to measure the absolute 
position of the surface with the LSP image acquired by illu-
minating the coherent light on a linearly moved surface. We 
applied image stitching and the coarse-to-fine method to 
reduce the measurement time and the database size. In veri-
fying the performance of the proposed method, the file size 
of the database used in the experiment was about 2.1 MB. 
After loading to the memory, it only took up about 3.9 MB 
of memory space. This database size is somewhat larger 
than storing only image features but is very small compared 
to existing methods that require storing all reference im-
ages.

The average measurement error of the proposed system 
is approximately 0.27 ± 0.18 μm. It corresponds to 1/5 of 
1.428 μm, which is a single-pixel size on the surface. Un-
like absolute position sensors that use a physical scale, laser 
speckle-based absolute position sensors can adjust average 
measurement error, i.e. the measurement resolution, by ad-
justing the speckle size. For example, doubling the average 
speckle size of the proposed system cuts the single-pixel 
size on the surface in half. Assuming that the measure-
ment error of the PC method is maintained at 1/5 of the 
pixel size, the measurement resolution can be expected to 
improve to about 0.14 μm. The conventional laser speckle-
based absolute position sensors have the disadvantage of a 
larger image database and slower measurement speed [8]. 
In contrast, when the average speckle size increases, the 
proposed method can further reduce the size of the stitched 
global map by increasing the scale down ratio. Thus, it is 
possible to avoid the problem of slowing down the mea-
surement speed due to increased measurement resolution.

The limitation of the study is that to verify the perfor-
mance of the proposed method, it focuses only on a single 
axis step, and the transformation range of the surface is 

limited to 20,000 μm. However, depending on the applica-
tion, it is also possible to increase the moving range of the 
surface or implement a multidimensional absolute posi-
tion measurement sensor by mounting several sensors on a 
2-axis or 3-axis stage. There was still a problem regarding 
the speed of the process. As the movement range of the sur-
face increases, the size of the global map increases as well, 
which slows down the process. Thus, opening research op-
portunities in developing an additional speed-up method to 
enable high-speed measurement even when the translation 
range is increased.
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