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Abstract

This paper presents an approach for 3D reconstruction of X-ray tomographic images of coronal loops, observed on the solar atmosphere by the

Japanese satellite Yohkoh. In this approach, the intermediate cross-sections images of the magnetic loop are generated with image morphing

controlled by a Bezier curve in arc shape. Due to the high computational costs involved in the processing and visualization of solar images, a

parallel application for 3D reconstruction of a coronal loop was implemented to execute in the Atlas parallel system.

q 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Solar images with high spatial and temporal resolution,

captured by satellites equipped with X-ray telescopes, show

that the dynamic structures of plasma observed on the active

regions of the solar corona—the outermost layer of the solar

atmosphere—are sources of intense X-rays emissions [16,17].

Among these structures, the coronal loops are associated with

closed magnetic field lines that connect magnetic regions on

the solar surface, generating a plasma flow inside a tube with

arc shape. The coronal loops can be isolated, as shown in

Fig. 1, or organized in a more complex system of loops.

Isolated loops come in a variety of shapes and sizes, spanning

thousand of kilometers in the solar corona.

Frequently, X-ray images of coronal loops show twisted

structures with sigmoidal shape (S or inverted S shape), as

shown in Fig. 2. This occurs due to a continuous motion of fluid

rotation at both ends of the loop that generates torsional waves

that propagate along the tube.
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Scientists at NASA found out that when the coronal loop

becomes unstable after several rotations, it is quite probably to

occur a solar explosion. This explosion (known as solar flare) is

a sudden release of great amount of stored magnetic energy in

the solar corona, which can be observed as an intense and

sudden brightness in intensity of X-rays (Fig. 3). The solar

explosions may cause serious perturbations in terrestrial

communication systems, damage satellites and energy trans-

portation system, as well as the emission of extremely

dangerous radiation levels for astronauts in space missions.

Researchers recognize the importance of the study of the

coronal loops dynamics to forecast the solar explosions. At the

National Institute for Space Research (INPE), scientists have

been developing a detailed study of the spatio-temporal

dynamics of the coronal loops [11,12]. However, this study is

performed with bi-dimensional images without any infor-

mation about the 3D structure of the loops. In this way,

physical and geometric parameters of the magnetic loop are

subject to errors due to the spatial limitation imposed by bi-

dimensional images. Motivated by this need, efforts have been

made in order to allow the tri-dimensional reconstruction of the

coronal loops from tomographic images obtained through

satellites.

The X-ray tomographic images below, captured by

telescopes on board of the Yohkoh satellite, show the energy

emission of a magnetic loop in two different depths of the solar

atmosphere. The loop-bottom emits hard X-ray (HXR), that is,
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Fig. 1. Coronal loop.

Fig. 3. Solar flare.
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X-ray of higher energy, detected by the Hard X-Ray Telescope.

The loop-top emits soft X-ray (SXR) of lower energy that is

detected by the Soft X-Ray Telescope. Fig. 4 shows the X-ray

images with a resolution of 128!128 pixels, with information

of the bottom and top of the loop, respectively.

As there is no information about the tri-dimensional structure

of the loop between the top and bottom images, the

reconstructed loop using traditional methods for 3D reconstruc-

tions does not present the shape of an arc. This occurs because

the shape of the transversal-sections between the top and bottom

images must gradually be modified to generate the arc [7].

We tried to generate the intermediate images of the loop

using an image morphing method. However, as the morphing

methods are controlled by linear transition functions, it was

impossible to reconstruct the arc. In order to solve this

problem, we developed a method for tomographic reconstruc-

tion of coronal loops, using image morphing with a transition

function controlled by a Bezier curve.

Due to the high computational costs involved in the

processing and visualization of solar images, in real-time, a

high performance computer system becomes necessary to

obtain the forecast of the solar explosions. In a joint effort

between the Department of Computer Science at Federal

University of São Carlos (UFSCar), the Astrophysics Division

(DAS) and the Associated Laboratory for Computing and

Applied Mathematics (LAC) at INPE, a parallel system

(financed by FINEP-Studies and Projects Funding Agency) is

being developed with capacity to support realistic applications,

involving a reasonable amount of parallel processing [9]. An

Atlas system based on Digital Signal Processors (DSPs),

developed by Eonic Solutions GmbH, is composed by one host

PC Pentium, four DSPs and the Virtuoso real-time operating

system.
Fig. 2. Twisted coronal loop.
In this paper, we present a parallel application for 3D

reconstruction of a coronal loop, in order to execute in the Atlas

parallel system.

The paper is organized as follows: in Section 2, we briefly

give an overview of the morphing algorithm. Section 3

describes the 3D reconstruction method using image morphing

controlled by a Bezier curve. Section 4 describes the Atlas

parallel system used for the development of the parallel

application. Section 5 presents the parallel application.

Experimental results are discussed in Section 6. Finally,

Section 7 presents the conclusions about this work.
2. Image morphing

Image metamorphosis or morphing is the gradual trans-

formation of one image into another one by the generation of a

sequence of intermediate images [3,20]. Many image-

morphing algorithms have been proposed [1,4,13]. In feature-

based morphing algorithms [1], pairs of corresponding points

in the two images are specified to compute mapping functions

that define the spatial correspondence between all pixels in

both images.

The morphing process consists of image warping, so that the

two images have the same shape, and color interpolation with

cross-dissolve between the deformed images. Cross-dissolving

is the process of blending the colors of two images in order to

obtain colors in an intermediate image.

Image warping is a spatial transformation technique that

maps each pixel of an image into a new position of the other

image [19]. In order to specify the deformation from the source

image to the destination one, we need a set of pairs of

corresponding points {(pi,qi)jpi,qi2R2, i21,.,n}, where pi

specifies a location in the source image that corresponds to a
Fig. 4. Bottom (HXR) and top (SXR) images of the loop.
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location qi in the destination image. These pairs of control

points are used to move the pixels at corresponding points from

the source position to the destination one and move all other

pixels along in a consistent manner [13].

There are several mapping functions for image warping

[13,14]. The problem of image deformation using the inverse

distance weighted interpolation method originally proposed by

Shepard [15] can be formulated as follows.

Given n pairs (pi,qi) of control points, we need to find at

least one continuous function f:R2/R2 with f(pi)Zqi, iZ
1,.,n. For each pair of corresponding points (pi,qi), a local

interpolator fi:R
2/R2 with fi(pi)Zqi is determined. Linear

local interpolators are normally used to move the control points

by a linear transformation [13]. The movement of neighbour

pixels is controlled by a mapping function that depends on the

distance between the pixel to each of the control points of the

image. Therefore, pixels more distant of a control point are not

affected by the displacement of this point.

The mapping function f:R2/R2 is a weighted average of

the local interpolator functions, with weights that depend on

the distance from the pixel to its respective control points. The

inverse distance weighted function is given by:

f ðx; yÞZ
Xn

iZ1

wiðx; yÞfiðx; yÞ:

The weight function wi:R
2/R depends on the inverse distance

from a pixel p(x,y) to the control point pi(xi,yi), normalized by

the sum of the inverse distances to all control points:

wiðx; yÞZ
diðx; yÞ

Pn

jZ1

djðx; yÞ

;

where di(x,y) is the inverse euclidean distance from a pixel p to the

control point pi.

The weight function wi must satisfy the conditions:

(1) wiR0, and
Pn

iZ1

wiðx; yÞZ1;

(2) wi(xi,yi)Z1, with isj,i,jZ1,.,n.

Fig. 5 shows the mapping process of a pixel p(x,y) to a new

position p 0(x 0,y 0). The position (x 0,y 0) is calculated by a

mapping function defined as f ðx; yÞZw0f0Cw1f1Cw2f2;

with f0(p0)Zq0, f1(p1)Zq1 and f2(p2)Zq2. The weights satisfy

the conditions w1Ow0Ow2 and w0Cw1Cw2Z1.
d1

d2

d0

p0

p

p2q0

q1

q2

p’ 

p1

Fig. 5. Mapping of a pixel with inverse distance weighted interpolation method.
In order to obtain the metamorphosis of one image into

another, we generate a progressive deformation of the source

image and inverse deformation of the destination image. At the

same time, a cross-dissolve of the deformed images generates

the intermediate images. Therefore, the influence of the source

image is attenuated while the influence of the destination image

increases.
3. Reconstruction of 3D coronal loops using image

morphing with Bezier curves

In this reconstruction method, the deformation of the top

and bottom images of the loop is controlled by a Bezier curve

to approximate the magnetic field in arc shape.

We need to specify four control points that define the 3D

Bezier curve. In Fig. 6, points P0 and P3 correspond,

approximately, to the loop footpoints observed in the bottom

image. Points P1 and P2 are adjusted to define the shape of the

magnetic loop.

The parametric polynomial function, P(t), of a cubic Bezier

curve is expressed by

PðtÞZ ð1KtÞ3P0 C3tð1KtÞ2P1 C3t2ð1KtÞP2 C t3P3;

where t is the normalized parameter of the curve, with values

range between 0 and 1; P0, P1, P2 and P3 are control points with

cartesian coordinates x, y and z.

For each point P(t) of the curve, the tangent vector is

ðPðtÞZ
P0ðtÞ

jjP0ðtÞjj

where P 0(t) is the first derivative at the point P(t).

We perform the image morphing using the inverse distance

weighted interpolation method to deform the original images, and

a cross-dissolve of the deformed images to generate the

intermediate images [5,6]. Two points Pc0 and Pc1 with the

same coordinate z in the Bezier curve, are used as control points in

a slice, for the partial deformation of the top and bottom images.

For each control point Pci of a specific slice, a local

interpolator fi:R
2/R2 is specified. We defined the interpolator

f0 and f1 at the control points Pc0 and Pc1 by

f0 Z 1K ðPc0 and f1 Z 1K ðPc1;

where Pc0 and ðPc1 are the tangent vector to the Bezier curve at

the points Pc0 and Pc1. Fig. 7 shows the warping parameters

using the Bezier curve.
Fig. 6. Bezier curve for approximation of the tri-dimensional loop.



Fig. 8. Mapping of pixels in the warping process with Bezier curve.

Fig. 7. Warping parameters represented by a Bezier curve.
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The inverse distance weighted interpolation function f(x,y)

is a weighted average of the local functions f0 and f1, given by:

f ðx; yÞZw0ðx; yÞf0ðx; yÞCw1ðx; yÞf1ðx; yÞ:

On a slice, the weight function wi:R
2
/R depends on the

inverse distance from a pixel P(x,y) to the control point

Pci(xi,yi), normalized by the sum of the inverse distances of all

control points. So, the weight w0 is given by:

w0ðx; yÞZ
d0ðx; yÞ

d0ðx; yÞCd1ðx; yÞ
;

where d0(x,y) and d1(x,y) are the inverse distances from the

pixel P(x,y) to the control points Pc0 and Pc1, respectively.

In order to synthesize the deformed images, each pixel at the

position (x,y) of the top or bottom image is moved to a new

position (x 0,y 0) at the intermediate slice n, given by:
Fig. 9. Image morphing process
ðx0;y0ÞZ ðx;yÞCaðDx;DyÞ;

being a the inverse distance weighted interpolation function, and

(Dx,Dy) a displacement that depends on the nearest control point.

The displacement (Dx,Dy) for each point at the slice is

defined as the distance xy between the nearest control point in

the slice n and the corresponding control point in the bottom

image, for deformation of the bottom image (or in the top

image, for deformation of the top image).

As shown in Fig. 8, the control point in the bottom image is

mapped to a new position in the slice n, with a displacement

Dxy. The pixels that are most distant from the control point are

displaced with a smaller Dxy, weighted by the interpolation

function. The same procedure is used for the top image.

Simultaneously, we generate the intermediate images of the

loop with a cross-dissolve of the deformed top and bottom

images. Fig. 9 illustrates this process, showing some deformed

slices of the top and bottom images, their respective control

points and the intermediate slices generated.

Due to the need to obtain the 3D reconstruction of the

coronal loops within a reasonable time, we implemented the

reconstruction method to be executed in a parallel system with

four processors.
4. The parallel system

The ATLASe system (Fig. 10), from Eonic Solutions

GmbH, includes hardware and software to implement and

execute applications that need high performance. This system

is composed by one host PC Pentium with Windows NT and

two DSP boards [2]. Each board is equipped with two

processors ADSP-21160, 72 MHz (Hammerhead SHARCe)

from Analog Devices. These DSPs are high performance signal

processors for communications, graphics, and imaging appli-

cations, which combine floating-point operations with multi-

processing support. Other ATLASe boards can be added to the

system.

ATLASe system is shipped together with the fully installed

Virtuosoe real-time operating system (RTOS) from Wind

River Systems, Inc.
: warpingCcross-dissolve.



Fig. 10. Atlas parallel system.

L.N. Faria et al. / Image and Vision Computing 25 (2007) 95–102 99
4.1. Virtuoso real-time operating system

The Virtuoso kernel (Virtual Single Processor Programming

System) is an operational system that concentrates only the

objects and services necessary for the development of real-time

applications in multi-processor systems [18]. Each microkernel

object has specific attributes and supports a set of services.

The main objects of Virtuoso are: tasks, semaphores,

mailboxes, queues, channels, memory partitions, resources

and timers.

Task. A task is a program module that exists to perform a

defined function or a set of functions. A task is independent of

other tasks but may establish relationships with them.

Semaphore. Semaphores are used to synchronize two tasks

and/or events. A signaling task will signal a semaphore while

there is another task waiting on that semaphore to be signaled.

One can wait on a semaphore with a time-out or return from the

waiting time if no semaphore is signaled. This can be useful to

make sure that the task does not get blocked.

Mailbox. Messages are used between a sender and a receiver

task. This is done using a mailbox. The mailbox is used as an

intermediate agent that accepts messages. Mailboxes work

with arbitrary sizes and allow a selective transportation

between sender and receiver.

Queue. Queues are also used to transfer data from a task to

another one but here the data with fixed size is transferred in a

buffered and time-ordered way. The advantage is that no

further synchronization is required between the enqueuing and

the dequeuing task, allowing the enqueuer to carry on.

Channel. A channel consists of queued writer(s) and

reader(s) and an optional channel buffer. In the unbuffered

case, data with arbitrary size will flow directly from writers to

readers. When using the option of channel buffers, data will

probably first be copied to the buffer before being finally

transferred to the reader. Channels should be thought of as

software ‘pipes’ that allow one task to put data in and another

one to take it out. In addition, host channels allow

communication between a task running in a DSP and an

external program running in the host.

Memory. In any system, memory is a resource for which

tasks compete.

Resource. The resource protection calls are needed to assure

that the access to resources is done in an atomic way. Unless
the processor can provide real physical protection, the locking

and unlocking of a resource is in fact a convention that all tasks

using a resource must follow.

Timer. This class of calls allows an application task to use a

timer as part of its function. From there on, the timer can be

started to generate a timed event at a specified point in time

(one shot) or at an interval (cyclic).

The application developed using Virtuoso is divided into

tasks; that is, independent program modules that can interact

with other tasks through communication and synchronization

services. Tasks can be associated to different priorities. After

defining the objects and application code, the programmer

distributes these objects among the more convenient processors

until the real-time requirements are met.

4.2. Visual environment for the development of parallel

real-time programs

In order to offer support for the development of parallel

applications with Virtuoso, a tool Visual Environment for the

Development of Real-Time Parallel Programs [8,10] was

developed at the Department of Computer Science at UFSCar.

The first version of the tool is available for download from

http://www.dc.ufscar.br/wtev and was released as Teaching

Environment for Virtuoso (TEV).

In the Visual Environment, applications are built through

the construction of a graphical model. This model is

represented by a graph, where nodes denote the data structures

that compose a parallel program (tasks, signals, resources,

mailboxes, etc.), and arrows denote the communication and

synchronization operations between the structures. The

information in the graphical model can be complemented

with code written by the user. Based on this information, the

C/CCC source code of the application is automatically

generated.

5. Parallel program for 3D reconstruction of coronal loops

The application for 3D reconstruction of coronal loops is

composed by a main program, written in Interactive Data

Language (IDL), running in the host PC of the Atlas system,

and a 3D reconstruction parallel program running in the four

DSPs. The communication between these programs is obtained

through a bi-directional pipe (Fig. 11).

The main program offers a user graphical interface and an

interface for 3D visualization of the coronal loop.

The 3D reconstruction parallel program, implemented in the

programming model based on tasks and channels is divided

into five tasks (MASTER, TASK1,.,TASK4). Task MAS-

TER distributes the original images of the loop between the

tasks TASKi, where each task TASKi executes in a different

processor, in order to simultaneously generate a subgroup of

intermediate images.

The tasks are interconnected by channels (PIPE, CHAN-

NEL1,.,CHANNEL4). The external channel (PIPE) allows a

bi-directional communication between the main program at

host PC and the tasks on the DSPs of the parallel machine. The

http://www.dc.ufscar.br/~tev
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other channels perform the inter-processor or intra-processor

communication between tasks. Fig. 12 illustrates the data flow

of the 3D reconstruction application.

When the main program is executed, a pipe for external

communication is created, and the parallel program initiates

the execution. Task MASTER opens a connection with the pipe

and waits the main program to send the original images of the

loop.

When the user requests a 3D reconstruction, the main

program sends the original images for task MASTER, who in

turn, distributes these images between the other tasks using the

internal channels. Each task TASKi waits until receiving the

original images to initiate the processing.
eClose 

aster

ipeOpen

annelGet 

annelPut 

Parallel Program

Task 1 

ChannelGet 

Task  n

ChannelPut

ChannelGet 

ChannelPut

Channel 1 

Channel n

econstruction application.

llel program in the Visual Environment.



Fig. 14. 3D Bezier curve and reconstructed loop using image morphing.

Fig. 16. Hypothetical sigmoid loop reconstructed from the X-ray tomographic

images.
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During the generation of the intermediate images subgroup,

tasks TASKi send the intermediate images to the main program

through the communication pipe. The main program stores the

intermediate images to obtain a volume dataset. After the 3D

reconstruction, the tri-dimensional structure of the coronal loop

can be visualized through an interface of volume visualization.

After that, new requests of 3D reconstruction can be

executed. Finally, when the main program is finished, the

parallel program closes the pipe and ends the execution.

Fig. 13 shows a simplified graphical representation of the

parallel program in the Visual Environment, omitting TASK3,

TASK4 and other objects such as memory pool.

After defining all the objects and writing the parallel

application code, the microkernel objects can be easily

distributed between the processors of the parallel machine,

using the object properties editor offered by the Visual

Environment. Tasks MASTER and TASK1 were mapped to

DSP1, while tasks TASK2, TASK3 and TASK4 were mapped

to DSP2, DSP3 and DSP4, respectively.

In the graphical description of the parallel program, the

microkernel objects—tasks, semaphores, channels, and so

on—and the communication and synchronization service

primitives offered by the Virtuoso, are graphically represented

by rectangles and connection lines, respectively. The Visual

Environment automatically generates the corresponding code

for the connections. In addition, specific complementary code

of the tasks can be written in the C/CCC language, using the

environment’s text editor.

The primitive pairs ChannelPut() and ChannelGet() carry

out the communication between two tasks through channels,

while the primitives SemaSignal() and SemaTest() execute the

synchronization between tasks using semaphores.

A synchronization mechanism between task MASTER and

each task TASKi through the semaphores (END1., ENDn)

becomes necessary to guarantee the correct functioning of the
Fig. 15. Bezier curve with a sigmoid shape.
3D reconstruction parallel program. When task TASKi finishes

the generation of the subgroup of intermediate images, it

signals the semaphore to indicate that the end of processing has

been reached. Task MASTER verifies the signal of each

semaphore. When all the semaphores are signaled, task

MASTER is ready to receive other original images for 3D

reconstruction. This synchronization prevents that task

MASTER wrongly receives an intermediate image as if it

was an original image of the loop.

After defining all the objects and writing the parallel

application code, the microkernel objects can be easily

distributed between the processors of the parallel machine,

using the object properties editor offered by the Visual

Environment. Tasks MASTER and TASK1 were mapped to

DSP1, while tasks TASK2, TASK3 and TASK4 were mapped

to DSP2, DSP3 and DSP4, respectively.
6. Results

We tested the 3D reconstruction method with the original

X-ray images of the solar atmosphere, shown in Fig. 4. A

Bezier curve was defined to reconstructed the structure of the

loop (Fig. 14a). The control points locations of the Bezier curve

are manually chosen in order to approximate the shape and size

of the loop. The 3D loop reconstructed is shown in Fig. 14b.

An advantage of the method for 3D reconstruction with

Bezier curve is the capacity to obtain loops of various shapes

and sizes, being enough to define the four control points for the

cubic Bezier curve.

A twisted loop with a sigmoid shape can be easily

reconstructed from the same top and bottom images. Fig. 15

shows the Bezier curve that defines the sigmoid shape for

reconstruction of the twisted loop shown in Fig. 16.

The 3D reconstruction parallel program was executed for

performance analysis in the parallel machine with four

processors. Table 1 shows the execution time, the efficiency
Table 1

Execution time (in seconds), efficiency and speedup of the parallel program

Number of

processors

Time (s) Efficiency (%) Speedup

1 75.86 100.00 1.0

2 38.36 98.88 1.98

4 19.28 98.37 3.93
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and speedup of the 3D reconstruction program as the number of

processors is increased.

Due to increasing overhead and the communication bottle-

neck, the efficiency tends to decrease and the speedup does not

increase linearly as the number of processors is increased.

Nevertheless, the estimated values show that the algorithm is

scalable allowing an increase in the numbers of processors.

7. Conclusions

We presented a method for 3D reconstruction of coronal

loops that generates intermediate slices between the top and

bottom images using image morphing. This reconstruction

method is controlled by a Bezier curve that defines the tri-

dimensional structure of the loop.

Despite the insufficient number of tomographic images for

3D reconstruction of the loop, the reconstruction method

presents a satisfactory visual result, allowing the reconstruction

of loops of different shapes and sizes.

Motivated by the need of obtaining the 3D reconstruction of

the coronal structures in real-time, a parallel program was

implemented to execute in the Atlas parallel system.

Preliminary results of the scalability analysis of the parallel

program show that the number of processors can be increased

in order to diminish the processing time.

The method for 3D reconstruction of coronal loops

presented in this paper is the first step to obtain the forecast

of the solar explosions from the three-dimensional dynamics of

the loop. In future, the parallel program implemented for 3D

reconstruction of loops will be used to reconstruct a sequence

of tomographic images in constant evolution over time. In this

way, a study of the spatio-temporal dynamics of the loop in

three-dimensions will be possible.
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