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OpenOCD approach in Hardware Design
implemented to Back Spine Position Measuring

based on Accelerometer Data
Aleksandar Peulic ; Hubert Högl ; Nenad Filipovic ; and Zoran Ebersold

Abstract—In this study we presented an approach for a real-time ac-
quisition system based on wavelet transform processing and direct connec-
tion with FE simulation method of spinal disc segment motion. This paper
describes a microprocessor system for on board signal acquisition to de-
termine range of motion values of lumbar spine. Wavelet transform was
performed for filtering and processing of acquired signals. We present a
wearable, unobtrusive system for real-time data monitoring, which consists
of off-the-shelf components and sensors. The wavelet transform is showing
itself as a useful mathematical tool in the field of signal compression sys-
tem and there is an increasing need in many data acquisition applications
for having a development environment which could be flexible enough for
specific measuring systems. An elementary example of a wavelet transform
using the matrix algebra approach will be presented. For development we
completely use open-source tools, in detail the GNU toolchain for ARM
and the OpenOCD debugger. Deformation distribution of the spinal mo-
tion segment was determined with finite element analysis. Lateral bending,
trunk flexion, extension, pelvic tilts were evaluated in the measurements.
The results show the three-dimensional mechanical deformation distribu-
tion inside the spinal motion segment during flexion.

Index Terms—Sensors designs, Wavelet trasform, finite element mod-
elling, rehabilitation.

I. INTRODUCTION

IT is essential to know the range of motion (ROM) values
for proper rehabilitation procedure after spine part surgery.

Also, it is helpful during the rehabilitation treatment to ob-
serve the progression of the patients recovery. Various methods
and devices are used for motion analysis. Schober technique,
radiologic researches, videofluoroscopic analysis, goniometry
and inclinometry are the most frequently used [1,2,3]. Nowa-
days the devices which enable three dimensional motion anal-
ysis on the skin have been developed due to technological ad-
vance. There are a number of devices such as Moire topography,
photogrammetry, video raster stereometry, optoelectronic scan-
ner, ultrasound scanner and cineradiography [4,5,6]. Following
standard lumbar discectomy, the residual complaints persist to
some degree in 28 % to 74.6% of patients and they are common
diagnostic and therapeutic problems. Studies have focused on
the radiological identification of possible pain-inducing struc-
tures in failed back surgery patients. However, recurrent pain
following lumbar surgery is clinically often non-specific, and
imaging techniques frequently fail to demonstrate a structural
reason for the pain. As a consequence, no consensus exists on
the management of such residual pain, especially if technical
investigations are negative. Exercise therapy following surgery
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has been shown to have a beneficial effect [7-9], but how re-
habilitation programs should be composed remains a controver-
sial issue [8]. Following back surgery, surgical recovery has
to be facilitated. During the inflammation phase, the focus in
rehabilitation is on the wound healing and on the pain con-
trol. The duration of this phase is depending on the surgery
performed: the more invasive the surgery, the longer the in-
flammation phase. Adequate pain relief, with pain killers on
schedule, inhibiting break through pain, is essential. Although
a lot of surgeons brace their patients postoperatively, there is
an obvious lack of consensus regarding indications for immobi-
lization, the most appropriate type of brace and the duration of
bracing. In our opinion, the duration of bracing should be kept
as short as possible, since it has been shown that lumbosacral or-
thoses reduce muscle activities in the thoracic and lumbar erec-
tor spinae muscles [10]. Wavelet technology encompasses the
idea of taking large amounts of data at one end of a process,
and being able to store that massive amount of information in a
much smaller, more space efficient form at the other end, while
at the same time retaining what is necessary to keep the trans-
formed data accurate. The wavelet transformation is a alterna-
tive tool to traditional time-frequency representation technique
such as the discrete Fourier transform. It is an efficient sig-
nal processing technique that can be used to represent real-life
non stationary signals. The most interesting dissimilarity be-
tween wavelet transforms and Fourier is that individual wavelet
functions are localized in space. An advantage of wavelet trans-
forms is that the windows vary. Wavelet transform has been
used in many applications such as image processing and com-
pression, transient signal analysis, numerical analysis, seismic
geology, quantum physics and among many other applications.
The Discrete Wavelet Transform (DWT) is a useful tool for sig-
nal and image processing applications adopted in many emerg-
ing standards.[11]. Wavelets, as their name implies, are little
waves. More specifically, they are oscillatory functions that in-
crease and decrease. Linear algebra approach implemented in
our system provides a tool for illuminating some wavelet algo-
rithms and for developing wavelet and scaling function coeffi-
cients for the edges of a finite signal. The OpenOCD project
started in 2004 to fill this gap with an open-source software
agent sitting between a GDB compiled for ARM and a JTAG
adaptor. It began as a diploma thesis with the goal in mind to
write an open-source JTAG-debugger restricted to ARM7 con-
trollers which can easily be interfaced to different JTAG adap-
tors. Until now the feature set and maturity level has very much
improved to nearly that of commercial debuggers. OpenOCD
opens two network connctions for GDB/RSP and Telnet. The
debugger and the OpenOCD server can thus be run on dif-
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ferent machines. New JTAG adaptors can be easily added to
OpenOCD. Due to free and open-source software it has never
been easier to get high-quality cross development software for a
broad range of microcontrollers. This application field is mainly
dominated by the GNU Compiler Collection GCC, consisting of
a C/C++ compiler, assembler, linker and utilities. Considering
especially the ARM architecture, a well-established “arm-gcc”
port is available. When it comes to debugging the situation gets
worse. The difficulties start when programs shall run on the
target processor under control of GDB when restricting oneself
to only free software. Many modern controllers like those from
ARM have “Embedded ICE” (EICE) facilities on chip to get full
control within a debugger over the target program. The EICE is
driven by a “JTAG” port, which is a four-wire synchronous se-
rial port accessible at some package pins. The JTAG port is
often called “TAP” (Test Access Port). Thereis GDB, the GNU
Debugger. For most architectures GDB comes with a simulator,
so that simulating programs written with GCC is in general not
a problem. In contrast to the target hardware a plain GDB has
no concepts of EICE, JTAG and similar details at the hardware
level. GDBs concept of debugging is expressed in a Remote Se-
rial Protocol (RSP) which is a simple ASCII high-level protocol
to control the debug process. For example for a memory modify
operation GDB will emit the string M4015cc,2:c320#6d
(address 0x4015cc, size 2 bytes, data 0xc320; the value 6d
after # is a checksum). The RSP specification is contained in
the GDB documentation. The necessary piece of software be-
tween tool-chain and target is in principle a protocol converter
from RSP to JTAG bitstream commands (Figure 1).
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Fig. 1
THE GNU TOOLCHAIN, ENHANCED WITH THE GPL’ED OPENOCD
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Fig. 2
MORE DETAILED INTERFACES WHEN DEBUGGING WITH GDB AND

OPENOCD.

In more detail, debugging target code in GDB via JTAG con-
sists of the interfaces shown in Figure 2.

II. COMPUTATIONAL METHODS

Wavelets are function basis sets that can be localized in both
real and in Fourier space. The basis is constructed from dila-
tions and translations of the original wavelet function. There
are many possible choices for the wavelet function; commonly
known wavelets are the Haar and Daubechies-4 wavelets. The
wavelet transform expands an signal in terms of the wavelet ba-
sis functions. There exists a class of orthogonal wavelet trans-
forms, analogous to Fourier transforms. The wavelet transform
(WT) is a decomposition of the signal as a combination of a set
of basis functions, obtained by means of dilation a and trans-
lation b of a single prototype wavelet Ψ(t) where the WT of a
signal x(t) is defined as 9:

Wax(b) =
1√
a

∫ ∞
−∞

x(t)Ψ(
t− b
a

) dt (1)

The greater the scale factor is, the wider is the basis function
and consequently, the corresponding coefficient gives informa-
tion about lower frequency components of the signal, and vice
versa. In this way, the temporal resolution is higher at high fre-
quencies than at low frequencies, achieving the property that the
analysis window comprises the same number of periods for any
central frequency. If the prototype wavelet Ψ(t) is the derivative
of a smoothing function θ(t) , it can be shown [12], [13] that the
wavelet transform of a signal x(t) at scale a is 2:

Wax(b) = −a(
d

db
)

∫ ∞
−∞

x(t)θ(t− b) dt (2)

where

θa(t) = (
1√
a

)θ(
t

a
) (3)

is the scaled version of the smoothing function. The wavelet
transform at scale a is proportional to the derivative of the fil-
tered version of the signal with a smoothing impulse response
at scale a . Therefore, the zero-crossings of the WT correspond
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to the local maxima or minima of the smoothed signal at dif-
ferent scales, and the maximum absolute values of the wavelet
transform are associated with maximum slopes in the filtered
signal. The scale factor a and/or the translation parameter b can
be discrete. The usual choice is to follow a dyadic grid on the
time-scale plane:

a = 2k; b = 2kl (4)

The transform is then called dyadic wavelet transform, with ba-
sis functions 5:

Wk,l(b) = 2−
k
2 Ψ(2−kt− l); k, l ∈ Z+ (5)

For discrete-time signals processing, the dyadic discrete
wavelet transform DWT is equivalent, according to Mallats al-
gorithm, to an octave filter bank [14], and can be implemented
as a cascade of identical cells [low-pass and high-pass finite im-
pulse response FIR filters], as illustrated in 3.

Fig. 3
TWO FILTER-BANK IMPLEMENTATIONS OF DWT (A) MALLATS

ALGORITHM. (B) IMPLEMENTATION WITHOUT DECIMATION

From the transformed coefficients and the low-pass residual,

W2kx[2kl] (6)

the original signal can be rebuilt using a reconstruction filter
bank. The downsamplers after each filter in 3(a) remove the
redundancy of the signal representation. As side effects, they
make the signal representation time-variant, and reduce the tem-
poral resolution of the wavelet coefficients for increasing scales.
To keep the time invariance and the temporal resolution at dif-
ferent scales,we use the same sampling rate in all scales, what
is achieved by removing the decimation stages and interpolat-
ing the filter impulse responses of the previous scale. This al-
gorithm, called algorithm trous, is shown in Figure 3(b). Using
this algorithm, the equivalent frequency response for the k-th
scale is 7:

Qk(ejω) =

{
G(ejω), k=1
G(ej2k−1ω),

∏k−2
l=0 H(ej2lω) k ≥ 2

(7)

A. Linear algebra Haar approach

Linear algebra provides a tool for illuminating some wavelet
algorithms and for developing wavelet and scaling function co-
efficients for the edges of a finite signal. In practice matrices

are not used to calculate the wavelet transform. Each step in the
forward Haar transform calculates a set of wavelet coefficients
and a set of averages. If a data set x0, x1, ..., xN−1 contains N
elements, there will be N/2 averages and N/2 coefficient values.
The averages are stored in the lower half of the N element array
and the coefficients are stored in the upper half. The averages
become the input for the next step in the wavelet calculation.
The recursive iterations continue until a single average and a
single coefficient are calculated. This replaces the original data
set of N elements with an average, followed by a set of coef-
ficients whose size is an increasing power of two. The Haar
equations to calculate an average ai and a wavelet coefficient ci
from an odd and even element in the data set are shown 8:

ai =
x1 + xi+1

2
, di =

x1 − xi+1

2
(8)

In wavelet terminology the Haar average is calculated by the
scaling function. The coefficient is calculated by the wavelet
function. Five level Haar transform for 64 sample width of win-
dow is realized by:

//*************************************

X_ul=acquire_signal[] ;

Nb_sample=64;

// main function
{

while(1)
{

calculate haar_wav(Nb_sample, X_ul); //first step
calculate haar_wav(Nb_sample/2, buf_a);//second step
calculate haar_wav(Nb_sample/4, buf_a);//third step
calculate haar_wav(Nb_sample/8, buf_a);//fourth step
calculate haar_wav(Nb_sample/16, buf_a);//fifth step

}
}//end_main

We implemented a complex Finite Element (FE) formula-
tion to simulate spinal motion segment for a specific patient.
It is continuum model with electro-kinetic coupling which takes
into account mechanical motion, fluid flow as well electrical po-
tential from extracellular matrix. Boundary conditions for pre-
scribed displacement of upper surface at L5-S1 discus are taken
from sensors technology described above. FE analysis is used
for 3D analysis of deformation, stress, fluid velocity and elec-
trical potential at different prescribed top displacements from
measurements. On this way a direct coupling of measurement
and simulation technology is achieved. The nodal variables in
FE mesh of discus L5-S1 are:
• displacements of solid U ,
• fluid pressure P ,
• Darcys velocity Q,
• electrical potential Φ .

A standard procedure of integration over the element volume
is performed and the Gauss theorem is employed. An implicit
time integration scheme is implemented, hence the condition
that the balance equations are satisfied at the end of each time
step is imposed. The system of differential equations for each
finite element is 9:
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Muu 0 0 0

0 0 0 0

Mqu 0 0 0

0 0 0 0



n+1Ü
n+1P̈
n+1Q̈
n+1Φ̈

+


0 0 Cuq 0

Cpu Cpp 0 0

0 0 Cqq 0

0 0 0 0



n+1U̇
n+1Ṗ
n+1Q̇
n+1Φ̇

+


Kuu Kup 0 0

0 0 Kpq 0

0 Kqp Kqq KpΦ

0 KΦp 0 KΦΦ




∆U

∆P

∆Q

∆Φ

=


n+1Fu

n+1Fp

n+1Fq

n+1FΦ

 (9)

The matrices and vectors are 10,11,12,13,14:

KqΦ = −k−1
11 k12

∫
V

NT
q NΦ,x dV (10)

KΦq = k21

∫
V

NT
Φ,xNq,x dV (11)

KΦΦ = −k22

∫
V

NT
Φ,xNΦ,x dV (12)

n+1Fq =

∫
V

NT
q ρ

n+1
f b dV −Kn

qpP −KqqnQ−Kn
qΦΦ

(13)

n+1FΦ =

∫
A

NT
Φn

T j dA−Kn
ΦpP −Kn

ΦΦΦ (14)

Details about all variables in equations are given in [7].

III. ARCHITECTURE AND IMPLEMENTATION

Movement measuring protocol required from the subjects
to perform trunk flexion and extension in a standing position,
Figure 4. Measurement started from vertical neutral position
and followed with continuous movement how much is possi-
ble. Each measurement was repeated two times and patients
were informed about experiment performed in Clinical Centre,
Kragujevac. Measured results were transmitted wirelessly to the
base station and entered in the table in the data file for further
analysis, filtering and FE calculation.

Fig. 4
REAL PATIENT AND SENSORS POSITIONS

The proposed experimental system integrates wired 3D ac-
celerometer sensors to achieve accelerations three axis data.
The system features an ARM 7 processor Atmel AT91SAM7s256
with 256 Kbytes internal high-speed Flash and 64 Kbytes in-
ternal high-speed SRAM. The processor runs at 18.432 MHz
that allows execution of data acquisition algorithms in real-time,
while power efficient modes extend battery life. The system is
designed as intelligent 3 degree of freedom sensors and contains
a 3D accelerometer ADXL330, Figure 5. The ADXL330 is a
small, thin, low power, complete 3-axis accelerometer with sig-
nal conditioned voltage outputs, all on a single monolithic IC.
The product measures acceleration with a minimum full-scale
range of ±3g. It can measure the static acceleration of grav-
ity in tilt-sensing applications, as well as dynamic acceleration
resulting from motion, shock, or vibration.

Fig. 5
BLOCK DIAGRAM OF THE EXPERIMENTAL SYSTEM

The ARM processor controls sensors and communicates with
the capture device, in our case a standard bluetooth communi-
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cation. Direct angle estimate requires inverse tangent function
that amplifies noise from accelerometer signals. All signals are
sampled at 100 Hz. Output is generated every 10 ms for raw sig-
nals, estimated positions for X, Y and Z signals are represented
in Figure 7. The ARM board is controlled with the OpenOCD
debugger as shown in Figure 6.

Fig. 6
TERMINAL WINDOWS, OPENOCD, TELNET, PICOCOM AND CODE

Calibration of sensors became necessary as we discovered
that each inertial sensors axis had different offset and sensitiv-
ity. Calibration of the acceleration sensor was done by rotating
it to obtain each axiss maximum and minimum values for +1g
and -1g. Special attention was needed to keep this device in the
same plane of rotation.

Fig. 7
WEARABLE SENSOR POSITION IN 3D DURING TRUNK FLEXION IN [MM]

Fig. 8
SPINAL MOTION SEGMENT COMPUTER FE MODEL BEFORE TRUNK

FLEXION

Fig. 9
COMPUTER FE MODEL DEFORMATION DISTRIBUTION OF SMS AFTER

TRUNK FLEXION

Using these experimental results and values of total angle
in flexion and extension we calculated movement of the spine
part as it is described. Figure 8 presents SMS computer model
before, and Figure 9 SMS deformation distribution after trunk
flexion.

IV. CONCLUSIONS

In this study we presented an approach for a real-time acqui-
sition system based on wavelet transform processing and direct
connection with FE simulation method of spinal disc segment
motion. In addition we proposed an approach to position mon-
itoring. The Daubechies wavelet transforms are defined in the
same way as the Haar wavelet transform by computing the run-
ning averages and differences via scalar products with scaling
signals and wavelets. The only difference between them con-
sists in how these scaling signals and wavelets are defined and
we plan to implement the Daubechies wavelet transforms in our
system. The proposed system is very convenient for medical
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applications, unobtrusive, real-time monitoring, computer as-
sisted physical rehabilitation, such as post-surgery and stroke
rehabilitation, real time walking monitoring, freezing gate mon-
itoring in Parkinson’s disease and in industrial applications such
as robotic and mechatronics systems. We plan to expand our
system to full on-board processing and support simultaneous
monitoring of multiple objects. Medical doctors involved in
treatments could share experience and knowledge. Future work
will include clinical experiments on the larger set of patients
at Clinic Centre as well as more complex FE model with more
coupled SMS. Also the larger number of patients will provide
ability to more effectively analyse. We plan to experiment with
different sensors, custom sensors and radio modules. Also we
plan on board analysis and data processing using a different mi-
crocontrollers core.
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