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1. Introduction

Measurement of the interior of an object is a key tech-

nique in various fields such as the inspection of food for

finding foreign objects or the observation inside a human

body.

X-ray Computed Tomography (CT) is one of those tech-

niques that has been used in the inspection of the interior.

However, the conventional X-ray CT is hard to use due to

its cost, invasiveness, etc. Recently, optical measurement

using visible (VIS) / near infrared (NIR) light is spotlighted

because the optical system is inexpensive and safe compared

to the X-ray.

However, optical measurement is challenging due to the

scattering property of VIS/NIR light. In the case of the con-

ventional CT, the interior is estimated using a mathemati-

cal inverse transform based on an assumption that paths are

straight and parallel. Therefore, the conventional CT is not

directly applicable to optical measurement when the scat-

tering occurred in the target material. For the scattering

material, Optical Scattering Tomography (OST) [1], [4], [6]

and Optical Diffusion Tomography (ODT)[2], [3] have been

proposed. In these methods, the paths of the scattered light

are simulated and the interior is estimated from them. A

drawback of these methods is the high computational cost

due to simulating thousands of paths.

In this paper, we propose an optical scattering tomog-

raphy using the mathematical inverse transform. Figure 1

illustrates the overview of our proposed method. First, we

propose a simplified model of the scattered light path. In

this model, each path of the scattered light is approximated

by a straight line. As a result, the paths in the object are

regarded as a set of spreading lines from the incident point.

We also propose light path alignment that converts these

spreading paths into parallel paths. This alignment makes

it possible to estimate interior using mathematical inverse

transform that has been used in the conventional ray CT,

although the light is scattered.
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Fig. 1: Schematic illustration of our method.

2. Method

2.1 Conventional CT method

To begin with, we describe how the interior is estimated in

the conventional CT. The conventional X-ray CT has been

used for decades because it provides a clear visualization of

the interior of the object. The conventional CT relies on the

important X-ray’s property that it passes straight through

the object without reflection and refraction, but it is atten-

uated a certain rate depending on the material.

Figure 2(a) illustrates a setup of the conventional CT mea-

surement. We call this measurement parallel transmission

measurement. Parallel beam is cast onto an object from

the light source and its projection on the plane of opposite

side is observed. This measurement is executed from various

views.

When the paths in the object are straight and parallel,

the interior is reconstructed using the inverse Radon trans-

form. When a single ray is cast onto the object, it travels

in a straight path. Its intensity is attenuated according to

the path length and the absorption rate of the material. A

projection of a single ray is regarded as the integral of the

absorption over the straight line. The inverse Radon trans-

form will give a relationship between the projection data

obtained from the measurement and the spatial distribution

of the absorption rate. Filtered Back Projection (FBP) [5]

is an implementation of the inverse Radon transform, which

is superior in terms of the accuracy and the speed.
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Fig. 2: Conventional CT measurement.(a) Parallel transmis-

sion measurement.(b) Example of a sinogram.

Fig. 3: Path of scattered light in the material.

2.2 Model of path of scattered rays

In the case of optical measurement, the interior cannot

be estimated in the same way since the light path does not

follow the assumption in the parallel transmission measure-

ment. Now, we describe the model of the paths of the scat-

tered light that our CT method relies on.

Limiting incident ray

In order to apply the conventional CT for recovering the

interior, points on the surface where the ray entered and

where the ray went out must be determined first.

Figure 3 illustrates the paths of the scattered light when

the parallel beam is cast. When each ray enters a scattering

material, the path is scattered into multiple and spreading

paths. We cannot determine where the ray that reached on

the specific point come from because the rays from all in-

cident rays reach the same point on the surface. To deal

with this problem, we cast a single ray on the object at the

observation so that the incident point is determined.

Approximating path of scattered light

Figure 4(a) illustrates the paths of the scattered light cor-

responding to a single incident ray. In order to simplify the

disturbed path of the scattered light, we approximate each

path of the scattered light by a shortest path connecting

the incident point and the point on the surface where the

light reached as shown in Fig. 4(b). Then the paths in the

object are regarded as a set of spreading straight rays from

the incident point.

According to this model, we propose shortest-path trans-

mission measurement to estimate the interior of the scatter-

ing object. The left-top figure of Fig. 1 illustrates the setup

of our measurement. A single ray is cast toward an arbitrary

point of the object and the object’s surface is measured us-

ing a camera. Then measurement is repeated with rotating

the object. As a result, sets of spreading straight rays for

(a) (b) (c)

Fig. 4: Model of the light path. (a) actual path of scattered

light. (b) shortest-path transmission model. (c) parallel

paths obtained by light path alignment.

various angles of the incident rays are captured.

2.3 Light path alignment

According to the light path model, the paths in the object

are simplified as spreading straight rays. However, it is still

insufficient to apply inverse Radon transform because they

are not parallel. Here, we introduce light path alignment

that aligns these simplified paths to parallel paths.

Schematic illustration of light path alignment is shown in

Fig. 1. The light path alignment converts paths of scattering

surface measurement shown in the first row into the parallel

paths in the second row. From a single measurement, scat-

tered light through the object is observed and it is treated

as a set of spreading straight paths from the incident point.

Other sets of the paths are observed by casting rays from

different directions. Then we pick up the paths of the same

direction from these sets and align them according to the

location so as to be parallel as shown in Fig. 4(c).

Light path alignment can be implemented as a conversion

of sinogram. Sinogram stores rays observed by a measure-

ment as shown in Fig. 2(b). Suppose that a uv coordinate

is fixed on the object and the camera and the light source

rotates around the origin of the uv coordinate as shown in

Fig. 5. Let X be the location where a ray reach on the pro-

jection plane and θ be the angle between the orientation of

the camera and v axis. In the sinogram, a ray reaches X of

the projection plane of the camera is stored at (X, θ).

We denote sinogram of shortest-path transmission mea-

surement by gs and one of parallel transmission measure-

ment by gp. Light path alignment is a conversion from gs

to gp.

In order to formulate a conversion between both sinogram,

we discuss about the relationship between the coordinates

of the sinogram and the path of a ray. In the case of parallel

transmission measurement as shown in Fig. 5(a), a ray that

reaches xp of the projection plane with θ = θp is stored at

gp(xp, θp). In the case of shortest-path transmission mea-

surement as shown in Fig. 5(b), “ray 1” that reaches xs

of the projection plane with θ = θs is stored at gs(xs, θs).

We focus on the path of this ray. If this path is extended

through the surface, it can be regarded as a ray of parallel

transmission measurement with a virtual projection plane

X ′ and θ = θ′p. Let x
′
p be a location that the extended path

2



The 19th Meeting on Image Recognition and Understanding

𝑢

𝑣

𝑋

𝜃𝑠

𝜙

𝜃𝑝
′

𝑥𝑠
real projection plane

𝑋′

ray1 ray3

ray2

𝑥𝑝
′

projection plane

𝑢

𝑣

𝑥𝑝

𝑋

𝜃𝑝

virtual projection plane

(a) (b)

Fig. 5: Geometry of measurement. (a) parallel transmission

measurement. (b) shortest-path transmission measurement.

reach then the ray is stored at gp(x
′
p, θ

′
p) in the sinogram

of the converted sinogram. From the discussion above, light

path alignment is altered by moving gs(xs, θs) to gp(x
′
p, θ

′
p)

like shown in Fig. 2. This conversion is possible when each

coordinate in the sinogram gp represents a unique ray in the

object.

We formulate the relationship between (x′
p, θ

′
p) and

(xs, θs) in the case of the object is a cylinder and the camera

model is orthogonal projection. Let ϕ be an angle between

the ray from the light source and the ray in the object. The

relationship between (x′
p, θ

′
p) and (xs, θs) is formulated as

follows:

x′
p =

xs cosϕ

sin 2ϕ
=

xs

2 sinϕ
(1)

θ′p = ϕ− θ. (2)

Therefore, the sinogram of the shortest-path transmission

measurement gs can be converted to one of the parallel

transmission measurement gp by following equation:

gp(xp, θp) = gs

(
xs

2 sinϕ
, ϕ− θs

)
. (3)

The paths of the scattered light are converted to parallel

paths by this conversion, then the optical CT for the scat-

tering object using inverse Radon transform is possible.

2.4 Optimal placement of light source

By light path alignment, the paths of shortest-path trans-

mission measurement are converted to parallel. However,

there are some unobserved paths due to the incompleteness

of the measurement. For example, “ray 2” in Fig. 5(b) is ob-

served because it reaches the surface that can be seen from

the camera. In contrast, “ray 3” cannot be observed be-

cause it reaches the surface that is hidden from the camera.

Therefore, it is necessary to find the optimal setup of mea-

surement to minimize the number of unobservable paths.

In the discussion so far, the light source is placed at the op-

posite of the camera. However, a number of the unobserved

paths changes corresponding to the angle between the light

source and the camera. Assume the camera is fixed, now we

derive an optimal placement of the light source relative to

the camera.

light source

camera

observable 

surface

𝜃𝑙𝑝𝑚𝑎𝑥

(a)

light source camera

𝜃𝑙
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observable 

surface
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Fig. 6: Observed paths corresponding to a placement of the

light source. (a) 0◦ ≤ θl ≤ 90◦. (b) 90◦ ≤ θl ≤ 180◦.

Figure 6 illustrates the observable area in the case of the

object is a cylinder and camera model is orthogonal projec-

tion. We denote the angle between the orientation of the

light source and the orientation of the camera by θl. The

rays that reach the surface highlighted by green are observ-

able by the camera and the area that these rays pass through

is shown in blue. It is found that there are the areas that

are unobservable from the camera.

In order to evaluate these areas, we take a look at a

distance between a ray and the center of the object. Let

the slice of the cylinder is a unit circle and a distance be-

tween a ray and the center of the object be d. In the

case of parallel transmission measurement, d takes a range

0 ≤ d ≤ 1. In the case of shortest-path transmission mea-

surement, the range depends on θ We denote the range of

d by dmin ≤ d ≤ dmax. For 0◦ ≤ θl ≤ 90◦, rays that pass

near the surface are unobservable. dmin and dmax are given

as follows:

dmin = 0 (4)

dmax = cos

(
π

4
− θl

2

)
. (5)

For 90◦ ≤ θl ≤ 180◦, rays that passes around the center are

unobservable. dmin and dmax are given as follows:

dmin = sin

(
θl
2

− π

4

)
(6)

dmax = 1. (7)

We define the coverage of the observation as a ratio of the

range taken by d compared to the radius. Let p denotes the

coverage of the observation, it is calculated as follows:

p = dmax − dmin. (8)

The coverage can be comprehended as the area of sinogram.

The distance d corresponds to the x-axis of sinogram be-

cause x-axis of sinogram is a displacement of a ray relative

to the center of the object. Therefore dmin,dmax and p mean

distances shown in Fig. 7(a). The coverage will be the ratio

of the area filled up in the sinogram. Fig. 7(b) shows the

coverage of observation with respect to θl. It is found that

the coverage takes its maximum 1 at θl = 90◦. This means

the complete paths are observable for this setting, thus it is

the optimal placement of the light source.
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Fig. 7: Coverage of the measurement. (a) Coverage as an

area in the sinogram. (b) Coverage vs the angle of light.

3. Experiment

We performed the numerical simulation for the evaluation

of the proposed method. We confirmed that our method

estimates the interior and confirmed the improvement of re-

construction by using the optimal measurement setup.

As a synthetic data, a distribution of the absorption rate

is given as shown in the second row of Fig. 8(a) with the

dimensions of 64x64. The first row of Fig. 8(a) shows the

ideal sinogram obtained by the parallel transmission mea-

surement. It is found that traces of the circles appear as

two sinusoidal curves.

First, we show the sinogram when the scatter occurs and

the reconstructed interior from it using FBP without align-

ment. The projection was simulated with the assumption of

the ideal shortest-path transmission model where the scat-

tering at surface is isotropic and the path of the ray in the

object is straight. We performed an experiment for θl = 0◦

where the coverage is not complete and for θl = 90◦ where

the measurement setup is optimal. Fig. 8(b) shows the sino-

gram and the reconstructed interior for θl = 0◦. Although

the sinogram consists of two curves reflecting the absorption

corresponding to two circles, they are not perfect sinusoids

like in the sinogram of parallel transmission measurement

Fig. 8(a). The reconstructed interior consists of two blurred

shapes. The circles were not reconstructed correctly because

the light paths were not aligned. Fig. 8(c) shows the sino-

gram and the reconstructed interior for θl = 90◦. In this

case, the light was cast perpendicularly to the orientation of

the camera from the left side, thus traces appear mainly on

the right side. The reconstructed interior is totally unclear

due to the corrupted shape of the sinogram.

Next, the sinogram was converted by light path alignment.

Fig. 8(d) shows the aligned sinogram and the reconstructed

interior for θl = 0◦. Two sinusoidal curves appear after the

light path alignment is executed. However, the sinogram is

lacking its both sides since the measurement setup is not

optimal. In the reconstructed interior, the shapes of the

circles are reconstructed. We can see that ellipse shaped

artifacts appeared and the shape outside the artifacts is un-

clear. These artifacts are considered to be caused by the

incompleteness of the sinogram. Fig. 8(e) shows the aligned

sinogram and the reconstructed interior for θl = 90◦. The

aligned sinogram is complete and is substantially identical

not aligned

𝜃𝑙 = 0∘
aligned

𝜃𝑙 = 90∘

(a) (b) (c) (d)

𝜃𝑙 = 0∘ 𝜃𝑙 = 90∘
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ground-truth

Fig. 8: Sinogram and reconstructed interior.

with the sinogram of parallel transmission measurement.

The complete observation of rays was possible because all

the ray through the closer half to the camera reach to the

observable surface in this case. In the reconstructed interior,

we can see the interior is reconstructed correctly.

4. Conclusion

We have proposed an optical scattering tomography us-

ing inverse mathematical transform. In order to reconstruct

the interior using the inverse Radon transform, the paths in

the object have to be parallel and straight. We have pro-

posed shortest-path transmission model that approximates

the paths of the scattered light as spreading straight lines

from the incident point. We have also proposed light path

alignment that converts approximated paths to parallel and

optimal placement of the light source.

From the numerical experiments, we have presented the

interior is reconstructed correctly by our proposed method.

We have also shown that the reconstruction is improved by

choosing the optimal placement of the light source.

For future work, we plan to measure a real object using

our method.
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