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Estimating depth of layered structure based on multispectral speckle correlation
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Abstract

Some objects have layered structures in which a dynamic
region is covered by a static layer. In this paper, we propose
a new experiment for estimating the depth of the dynamic
region using speckle analysis. The speckle is caused by
the mutual interference of a coherence laser. We use two
characteristics of the speckle. One is the temporal stabil-
ity of the speckle pattern and the other is the wavelength
dependency of the transmittance of the laser. We estimate
the depth by computing correlations of speckle patterns us-
ing multispectral lasers. Experimental results using a sim-
ulated skin show that multispectral speckle correlation can
be used for analyzing a layered structure.

1. Introduction

For most objects, light is not only reflected by the sur-
face, but also penetrates it. Recently, studies have externally
analyzed the interior of objects using this property. Because
it is a safe source without the risk of radiation exposure,
there are a variety of analysis application fields using near-
infrared light and visible light[1][2]. In many objects, the
interior has a layered structure. For example, sweat glands
and sebaceous glands exist as the outermost layer, while
capillaries and lymphatic vessels spread in the underlying
dermis layer. Additionally, in the case of the stem of a plant,
there is a vascular bundle that carries the nutrients and mois-
ture inside the epidermis, endothelium and skin layer. It is
believed that analyzing the layer structure non-destructively
without cutting an object has applications in various fields.

As one of the optical phenomena, a speckle effect has
been studied. The speckle effect is observed as a noisy
pattern on the surface when an object is illuminated by a
laser. The speckle effect was recognized from the early days
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when the laser was first discovered. Initially, the speckle
effect was regarded as noise in the imaging and was stud-
ied for the purpose of its removal. Subsequently, the na-
ture of the speckle effect became clearer. Research then
expanded into optical information processing and optical
measurement using the speckle phenomenon[3]. Recently,
Shih et al.[4] showed that the speckle effect can be used for
detecting small changes in a location because the speckle
patterns change drastically even if the motion of the object
is slight. Zizka et al.[5] have developed a faster and more
accurate motion sensing method using a laser speckle. Ad-
ditionally, imaging blood flows have been studied using the
property that the speckle changes occur only under dynamic
movement[6].

In this study, we propose a method for estimating the
layer structure of an object based on speckle analysis. We
assume that the target object has no external motion but mo-
tion occurs in the inner layer. According to the characteris-
tic that speckle light reflected only by a static layer becomes
temporarily stable, while speckle light reaching a dynamic
region changes significantly, we estimate the depth of the
static layer by calculating the correlation of successive im-
ages. Additionally, we show that the range of the estimated
depth can be extended using multiple laser sources that have
different transmission properties.

2. Properties of Speckle
2.1. Interference of laser light

As shown in Fig.1(a) when an object is irradiated with
a laser light, a wave field is formed by the light scattered
at the surface. Light from the object surface is scattered in
different directions by the minute irregularities. The scat-
tered light propagates as a spherical wave and interference
of the light occurs at each point in space. The phase of the
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Figure 1: The principle of speckle

light varies depending on the optical path of the scattered
light. By the superposition of the light at each point, the
wave is destructive or constructive and made light and dark
as shown in Fig.1(b). We call this pattern the “speckle pat-
tern”.

2.2, Stability of speckle

When the light source or the object has a slight mo-
tion, the optical path of the object changes. Therefore, the
speckle pattern changes radically. Conversely, when they
are both still, the pattern is stationary.

Because the speckle pattern is formed by the scattering
of light at the fine irregularities of the object’s surface, it
changes considerably when there is a slight change in the
positional relationship between the rough surface and the
light. Moreover, the modeling of the speckle pattern is dif-
ficult because the additive characteristic of light does not
hold. In contrast, when the source and object scene is static,
the speckle pattern is stationary. Therefore, observing the
speckle pattern enables the detection of dynamic changes in
the scene.

3. Proposed method

3.1. Layered structure

Plant stems and human skin have layered structures. In
the case of human skin, there is an outer layer in which
blood flow does not occur, while there is a dermal layer
that has spreading capillaries beneath it. Additionally, plant
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Figure 2: 2D distribution of depth of static layer

stems perform in the same way. There is a skin layer with no
movement on the outside, while a layer with a flow of wa-
ter in the vascular bundle spreads on the inside. The struc-
ture of these objects can be regarded as a layered structure,
which has a dynamic region under a thin static layer.

This study intends to estimate the depth of the static layer
and target the dynamic region existing under it as shown in
Fig.2. When the irradiation is only from one direction of the
light source, the object surface is spread two-dimensionally.
Therefore, at each point in the 'y plane, the problem of de-
termining the depth of the static layer at all the sites be-
comes a problem of estimating the depth d (x, y).

3.2. Light transmittance

Figure 2 shows the state of the optical path to the inside
of the object’s surface when it is irradiated at points A, B
and C. da,dp and do respectively define the depth of the
static layer at points A, B and C. When comparing points
A, B and C, because more light penetrates the dynamic re-
gion at point A than at B, larger speckle changes can be
observed with a corresponding increase in the amount of
time-varying light. Furthermore, because the light does not
reach the dynamic region at point C, speckle changes do not
occur and it is stable.

3.3. Speckle correlation

As described in the previous section, the variation in the
speckle pattern differs as a function of the depth of the static
layer. To numerically evaluate this variation, we adopt the
correlation between time-varying speckle patterns. First,
with an object irradiated by laser light, we photographed
two images continuously. We then obtained a correlation
value for the window that is acquired for each pixel of the
two images. To calculate the correlation value when the
n X n square window is centered on the pixel x, we con-
sider one vector i € RP as having p = n? values with a
focus on pixel z. We calculate the correlation value C'(x)
of the 21,2 vector in the pixel that is common to the two
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Figure 3: The principle of generating observed patterns

images.

Because the amount of speckle change decreases as the
depth of the static layer increases, the correlation value of
the two images increases accordingly. Therefore, it can be
said that the speckle correlation value and the depth of the
static layer have a monotonically increasing relationship.

3.4. Modeling of speckle correlation

In this section, we model the relationship of the speckle
correlation value to the depth of the static layer. The ob-
served images contain high frequency speckle patterns, and
the low frequency components are similar to each other. In
this setting, as shown in Fig.3, the pattern observed is ex-
pressed as a multiplication of the speckle pattern, which has
an average | and shading pattern[7]. That is, assuming that
S is a shading pattern under normal illumination and r(z)
is a speckle component whose average is 0, the observed
pattern ¢(z) can be modeled as:

(M

where 1 = [111...1]7. We then consider the elements that
make up the speckle pattern . When the laser irradiates
the object, assuming that d is the depth of the static layer,
according to the law of Lambert-Beer[&], the intensity of the
light decreases exponentially with the distance (2d round-
trip distance) through the object. Assuming that o is the
absorption coefficient and p is the reflectance of the object,
the attenuation factor a(0 < o < 1) of the intensity of the
laser light reaching the dynamic region is expressed as:

t=8S1+r)

2)

Assuming that the luminance value vector r(z) of a small
region around the pixel = is the summation of the compo-
nents rp(x) reflected from the object ” s surface, rg(x) re-
flected only by the static layer and rp (z) reflected from the
dynamic region can be expressed as:

a = exp (—2do)

r(z) =rr(x) + (1 — a)rs(x) + arp(x) 3)

using the attenuation factor a.
Tt is assumed that rq(x), r2(x), define the luminance
value vector of the two consecutive images. Because the
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speckles created by the light reflected only from the object’s
surface and static layer do not change, then r(z), rg(x) is
constant. Conversely, because the components reaching the
dynamic region change, these are defined as rp, (x), and
rp,(x). Therefore, we can express each 71 (z) and ro(z)
as:

“
&)

rr(z) + (1 — a)rs(z) + arp, (z)
rr(z) + (1 — a)rs(z) + arp,(x)

1 (.T)

’I"Q((L‘)

The correlation value C(x) of the two vectors using vari-
ance parameters vr, vg, v12 can be expressed as:

ori(x)-ra(x)  vr+(1—-a)us
O @@ T w @
where
v rr(z) - rr(z),
vs = rg(x) rs(x),
viz = |ri(2)][r2(z)].

Here, vr,vs mean the variance of rr(x), rs(z), and vio
can be expressed by the product of the standard deviations
of r1(z) and 7o(x). These parameters are then assumed
to be constant irrespective of the pixel. From Equation(2),
because the attenuation factor « is a function of the depth
of the static layer, the relationship between the depth of the
static layer and the correlation value is obtained from Equa-
tion(6). If we can measure the speckle correlation value
of the object whose depth is known in advance, it is possi-
ble to estimate the parameters vy, vg, and vio by fitting the
measured values to the model Equation(6). Therefore, by
modeling the relationship between the speckle correlation
value and the depth of the static layer d beforehand, we can
estimate, in practice, the depth of the static layer at all the
sites from the calculated correlation values.

4. Extension to multiple wavelengths
4.1. Difference between wavelengths

In the previous section, we showed the principle of esti-
mating the depth of the static layer by using the measured
speckle correlation values. This is because the depth of the
static layer contributes to the variation in speckle resulting
from light transmittance.

However, this transmittance changes not only as a func-
tion of the material, but also as a function of wavelength.
Therefore, when using only a light source of one wave-
length, the estimate of the depth of the static layer can be
difficult. For example, in the case shown in the left of Fig.4,
the light with a wavelength of \; does not reach the dy-
namic region and there is no change in the speckle pattern.
However, for the light with a wavelength of A3, the depth
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Figure 4: differences of transmittance by wavelengths and
materials

reached is too deep, and the speckle pattern changes gener-
ally for any depth. In such a case, it is not possible to esti-
mate the depth of the static layer. Moreover, in the example
on the right of Fig.4, because most of the light reaches the
dynamic region, or may not reach the dynamic region of the
object for material 3 and material 1, we cannot estimate the
depth.

4.2. Multispectral speckle correlation

To solve the problem in the previous section, in this
study, we extended the speckle correlation method to a mul-
tispectral approach. Using a multispectral laser, it is possi-
ble to reduce the restrictions on the material for which the
estimation is difficult when using a single wavelength.

The principle of estimating the depth of the static layer
is the same as for a single wavelength. But as shown in
Fig.5, by extending to a multispectral laser, the relationship
between the speckle correlation value and the depth of the
static layer that are different for each wavelength, can be
obtained. We define C)y, (d) as the speckle correlation value
at a certain wavelength \;. Using k types of wavelength,
because the relationship between speckle correlation value
and the depth of the static layer are also k types, we can
express it by the following expression:

C(d) = (Cx (d),Cx, (d),...,C, (d)) @

If C’ is the correlation values that were actually measured,
estimated depth d is determined as

d = arg min ||C (d) — C'|| ®)
d

5. Experiments

5.1. Setup

First, we performed experiments that mapped the rela-
tionship between the speckle correlation value and the depth
of the static layer, in advance. The true value of the depth
is known from numerical evaluation. We used a simulated
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Figure 5: The relationship between the depth of the static
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Figure 6: Simulated skin using polypropylene

skin consisting of the dynamic region and the static layer
that mimics the skin as shown in Fig.6.
This simulated skin is composed of:

(a) Polypropylene disk in a static state
(b) Acrylic plate of transparent color
(c) Polypropylene disk of motion state

(a) simulates the static layer in the skin, and by varying the
depth from O[mm] to 11[mm] measures the speckle changes
at different depths. (c) is to reproduce the dynamic region
using a translation stage that can be controlled by a PC. (b)
is used for physical blocking so that (a) does not move as
a result of the motion of (¢). The environment for this ex-
periment is shown in Fig.7. The camera captures speckle
patterns by irradiating the above sample with a laser.

5.2. Depth estimation using three wavelengths

In this experiment, we calculated the correlation value of
the speckle pattern generated by the irradiation of lasers of
670[nm] in the visible region and 782[nm], 850[nm] in the
near infrared region, using the following procedure.

1. In the first picture without any movement.

2. After a small movement, take the second picture.

3. From the two images, calculate the speckle correlation

value at each pixel.
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Table 1: Parameters of each graph

| wavelength | o vr Vs V12 |
670 nm 0.08 0.08 0.86 0.94
782 nm 0.05 0.01 0.87 0.99
850 nm 0.06 0.01 0.65 0.99
12 " 670nm —782nm —850nm

1 —670nm(model) —782nm(model) —850nm(model)
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Figure 8: The model-fitting result for each wavelength

We show the relationship between the depth of the static
layer and the actual speckle correlation values in Fig.8. Fur-
ther, by fitting the measured value to the model equation
(6), parameters such as shown in Table 1 were obtained. In
Fig.8, we show the results of model fitting for each wave-
length. Although some errors can be observed between the
model and the measurement results, it can be seen that they
approximately coincide with each other.

Next, we performed the estimation of the depth of the
static layer of the simulated skin, which was measured sep-
arately using this model. Fig.9 shows the results of esti-
mating the depth using only a single wavelength and, as
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Figure 10: Estimated depths using three wavelengths

shown in Table 2, an error against the true value is listed.
It can be seen that the trend in the error varies depend-
ing on the wavelength: the error increased suddenly when
the estimated depth was more than 7[mm] for the laser of
850[nm]. However, Fig.10 shows the results from estimat-
ing the depth where the square sum of the difference be-
tween each model is minimized using a three-wavelength
laser. Table 2 lists the error against the true value.

The error was less than half the case for a single wave-
length, and an accuracy improvement for the estimates was
observed by extending to a multi-wavelength laser. From
these results, using multispectral lasers, a high correlation
was observed in the estimated and actual depths, and ef-
fective estimation of the depth of the static layer using the
multispectral speckle correlation method proposed in this
study, is verified.

6. Applications

As an example of the application of this study, we per-
formed speckle measurements of body tissue. Because of
the flow of water and blood within tissue, a dynamic region
is always present in the case of living tissue. Therefore, we
took additional consecutive shots with the camera and cal-



Table 2: Error between multi and single wavelengths

| Wavelength | RMSE [mm] |

670 nm 0.8069
782 nm 1.0781
850 nm 1.4675
multiple 0.6276

culated the speckle correlation value. We showed the results
of visualizing the speckle correlation values when irradiat-
ing human fingertips with a laser in Fig.11. In this image, it
is clear that the correlation value increases as the luminance
value changes from blue, to green, to red.

In Fig.11, the same degree of speckle correlation can be
seen for the skin. Although this is slight, it can be seen that
speckle correlations for the nails are higher. Therefore, the
static layer of the skin area is thin and the dynamic region
spreads just below this layer, while for the nail area it can be
seen that the static layer is thicker than for the skin. Further,
the area surrounded by a dotted line in Fig.11(a) is calloused
skin. Because there was no speckle change in the correla-
tion image, there was no motion such as blood flow in this
area and we found that the depth of the dynamic region was
not achieved.

This application has limitations. In the experiment using
a simulated skin based on polypropylene, we can calibrate
the relationship between the correlation and the depth of
the dynamic region because the depths are given. However,
in body tissue, the depth of the dermis layer is not given.
Therefore, we can only perform relative evaluation in the
proposed method.

7. Conclusions

In this study, to analyze an object with a layered structure
such as biological tissue, we used the speckle pattern gener-
ated by a laser. The layered structure has a dynamic region,
such as blood flow behind the static layer. We proposed a
method for estimating the depth of the static layer from the
correlation value of speckle changes using the characteris-
tic of speckle patterns. The characteristic is stable in time
relative to a static object. Further, because of the significant
limits for the estimated depth using only a certain wave-
length, we demonstrated a method for estimating the depth
of the static layer over a greater range. Because the trans-
mittance depths of the light inside the object are different
depending on the wavelength, extending the light to multi-
spectral lasers enabled us to estimate the depth to a greater
extent.

We performed the estimation using a simulated skin
based on polypropylene. We compared the estimated depth
for the static layer with real depth. There was a high cor-
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(a) observed image

(b) correlation image

Figure 11: Speckle correlation images of fingertip

relation between the two. Additionally, as applied to living
tissue, we measured the state of speckle pattern changes of
the fingertip of a human. Appropriate speckle changes were
observed in the skin, nail and calloused areas.

In this study, the material subjected to depth estimation
was only of one type, namely polypropylene, so in the fu-
ture we plan to measure the relationship between the corre-
lation value and the depth of the static layer for various ma-
terials. Additionally, with application to living tissue, rather
than a relative evaluation of the skin, such as that of shal-
low blood flow under a nail, we plan to measure the depth
distribution of more detailed blood flow quantitatively.
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