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ABSTRACT

This paper presents an efficient multiresolution, signal analysis wavelet technique to
diagnose sinusitis.  We describe the properties, construction and Applications of Fractional B-
Spline Wavelet Transform (FrSWT) with a strong mathematical background from the B-spline
family.  Diagnosis of sinusitis is a quite critical issue at the clinical level as the disease shares its
symptoms with several other diseases also.  An early screening algorithm is required to validate
the diagnosis.  We compared FrSWT output for spatially varying inhomogeneous turbid medium
with previously obtained Empirical Wavelet Transform output, thereby differentiating healthy and
sinusitis patient in an effective manner.  FrSWT algorithm validates the output to diagnose sinusitis
using wavelet technique.

Keywords: Multiresolution, Wavelet, Sinusitis, Fractional B-spline Wavelet Transform
(FrSWT), B-Spline, Empirical Wavelet Transform (EWT).

INTRODUCTION

Fractional calculus utilized in 1974 by
Keith1, which involves fractional integral and
derivative.  Many reserch works were in progress
in fractional calculus concentrating in a fractional
derivative.   This paper mainly focusses on using
fractional wavelet transform to diagnose sinusitis.
Mallat2-3 paved a way to wavelet analysis4 with
mathematical derivation and definitions briefing
about each wavelet which is quite helpful in the
biomedical signal analysis5.  Fractional Wavelet
Transform6-7 gaining popularity in signal analysis
as it combines the goodness of wavelet and SWT
technique.   Though Fractional Wavelet Transform8-

10 proved to be a powerful signal processing tool in
1990’s itself, it is only after Unser who paved a way
to the family of scaling functions, it is used for signal
analysis and synthesis.  It is used here to analyze
the biomedical signal recorded from sinusitis

patients and compared with healthy people with
the help of FrSWT.

Sinusitis11 is a common condition due to
inflammation of the lining inside the nasal cavity
and the sinuses.  This may be due to viral or
bacterial infections and may continue for two or
more weeks.  Sinuses are cavities behind the cheeks
and nasal bones, eye, and forehead.  The American
Academy of Otolaryngology12 summarizes several
symptoms of sinusitis with major and minor
infections.  As it affects 35% of the population
annually, it requires proper diagnosis and treatment.
Imaging techniques serve the purpose of
diagnosing sinusitis at its extreme condition, but
earlier diagnosis13-14 done clinically utmost in
several cases.  This misleads sinusitis detection,
as the symptoms were shared by quite a few
diseases also.  So, a compact, user-friendly, non-
radiative, less expensive method is required.
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Near Infrared Sensor (NIR) can be used
to diagnose sinusitis in a non-radiative manner.  It
provides high resolution spatially and temporally
which may attract the user to proceed with this new
technique.  This paper briefs about the properties,
construction, and Applications of Fractional Spline
Wavelet Transform (FrSWT) and to detect sinusitis
in an efficient manner using NIR sensor.

Fractional spline wavelet techniques
Insight to fractional spline technique

A new wavelet technique based on
scaling functions utilized to analyze signals.
Wavelet techniques play a critical role in the signal
analysis. Splines and wavelets are strongly related
and expressed in analytical form.  B-Splines stability
makes it attractive for specialists.  It requires very
less degree of support, even the origin.  The
Recursive family of B-splines can be generated
using factorization theory.

The Polynomial splines, at first introduced
by Schoenberg15-16 in 1946 and later extended by
Thierry Blu and Michael Unser in 2000 to fractional
degrees á > -1/2.  Polynomial spline is a piecewise
function of order, n.  Isolated discontinuities occur
at the knots, joining points between polynomial
segments.  Fractional splines behave exactly like
integer B-spline but offer extensive support for
various applications.  A polynomial of degree, n
expressed as arithmetic relation of the scaling
function.

Moreover, orthogonal fractional spline
wavelet17 can be implemented as fractional
differentiator for fractal signals and fractional
Brownian motions.  Two commonly used
approaches in splines were Orthogonal, semi-
orthogonal compactly supported spline wavelets
and symmetric compactly supported wavelets
developed by Cohen, Daubechies, and Feauveau
not confining to spline space.

Properties of fractional B-spline
Some of the attractive properties of

fractional B-splines commonly shared with classical
B- spline, discussed in brief.  Fractional splines have
a fractional order of approximations.  For non-
integer á, it could not make an equivalency between
the order of approximation, L and the polynomial

degree, n.  For integer, á > -1/2 fractional B-splines
provide multi-resolution analyses even though it
cannot produce optimal wavelet bases for integers
(-1/2< á <0).  It also satisfies the two-scale relation
and contributes optimal Riesz bases.  Fractional
splines used in variational interpolation problems
even.  It interpolates between polynomial degrees.
It interpolates polynomial splines similar to factorial
interpolation using gamma function (generalization
property).  Regularity property implies that they are
á- Hçlder Continuous.  They decay in such a way
that even their causal polynomials becomes
compactly supported.  They are deficit in positivity
and compact support alone.

Experimental works and methods
This section enables us to learn about the

basic idea and construction of B-spline and
fractional B-spline technique. The proposed
methodology along with the database and the
method of examination were presented in detail.

Fractional differential operators
The Fourier transform of the discrete

fractional differential operator, Δγ  of order γε R+ is
given by the equation18-20;

F{ Δγ
+f (t)}(ω) = (1-  e-γω)γ fˆ(ω) ...(1)

Here ‘+’ refers to the causal function.  The
inverse FT is
Computed by applying generalized binomial
expansion, the fractional forward finite difference
operator (convolution operator) is

Δγ
+f (t) = p)

Fractional B-spline
Fractional causal B-splines constructed by

considering the analogy of classical B-splines by
finite fractional differences of the symmetric and
piecewise power functions which is a continuation
of polynomial splines for all non-integers, α > -1.
Fractional B-splines expressed as,

The generalized fractional binomial
coefficients:
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Where    Γ(u) , Euler’s Gamma function defined as
   Γ(u) =   xu-1e-xdx

Symmetric fractional B-splines were used
to know the inner products of fractional B-spline
with degree, α >-1

B*
α = β+

(α-1)/2 * β-
(α-1)/2

Overview of Orthogonal Spline Wavelet design
and estimation

Orthogonal Spline wavelet transform first
developed by Battle and Lemarie in 1987, later
impelemented by Mallat and  Daubechies illustrated
compactly supported transform for signal analysis.
Wavelet Transform decomposes the signal into two
basis functions.  Scaling function, Õ (t) and Wavelet
function, ø(t) are the basis function estimated using
scaling filter coefficient, g(n) and wavelet filter
coefficient, h(n) respectively.  The Wavelet
Coefficient represents the details of the signal acts
a high-pass filter and the scaling function
representing the approximate signal like low-pass
filter.  Decomposition and reconstruction of these
signals were done using tree algorithm.

Designing Orthogonal Wavelet Transform
requires scaling function estimate, Õ (t) and the
filter coefficients, h (n) and g (n).  Design procedure
can be initiated by selecting any one of the
parameters.  Battle and Lamerie started designing
by selecting the scaling function, but the output
suffers from non-compactly supported wavelet
functions.  Later, Daubechies designed the wavelet
transform considering the filter coefficients, thereby
constructed a compactly supported orthonormal
bases wavelet.  Pyramid algorithm used to
implement the wavelet transform using low pass
and high pass filter.

Orthogonal Spline wavelet can be
implemented21 by successive decomposition of
approximate signals and detail signal for a
maximum number of wavelet scales.
Implementation done by deciding the impulse
response coefficient of the filter coefficients and
then estimate the approximate and detail signal by
downsampling and upsampling respectively

leading to efficient and fast computation than Fourier
transform.  This method is quite efficient for analysis
and synthesis of signals, especially for biomedical
signals.

Characteristics of Paranasal sinus and Optical
properties of a turbid medium

Paranasal sinuses (PNS) comprises of
narrow, air-filled cavities surrounding the nasal
cavity.  Four paired sinuses22 were Frontal, Maxillary,
Sphenoidal and Ethmoidal which lies between the
eyebrows, inferior to eye in maxillary bone, at the
center of the head near the optic nerve and
between eyes and nose separating the brain from
nasal cavity respectively.  Nasal cavities and sinus
cavities were connected by Ostia to allow air and
mucus flow freely.  When infection occurs, this
passage is blocked causing disturbance to the flow
which creates pain in the sinus cavities.  The Nasal
blockage may be due to viral or bacterial infection
which suspends tiny particles of microorganisms,
dust or allergens.  The nasal fluid becomes turbid
due to such particles, which prevents easy flow of
air and mucus through the cavity.

Near Infrared (NIR) [23] light [750-1100)
nm offers high transparency to light and greater
depth of penetration in the biological tissues
(translucent).  Biophotonics field offers an ultimate
diagnostic feature in exploiting the tissue-light
relationship based on reflection, absorption,
scattering, fluorescence and diffuse reflectance.  As
per Beer Lambert’s Law, light undergoes
attenuation in relation to the property of the material.
However, turbid medium (within most of the
biological tissues) highly scatters the NIR light due
to various molecular interactions and so non-linear
attenuation occurs.  Multiple scattering occurs as
different molecular interactions, exhibit various
wavelengths leading to multiple frequency signal
output. Scattering24 occurs when there is a
difference in the refractive index with the material
or within the material.  Air-filled cavities exhibit less
absorption and reduced scattering coefficient
compared to nasal cartilage25.

Optical properties describing the photon
transmission inside the turbid medium were
absorption coefficient, ìa, scattering coefficient, ìs,
refractive index, nref and scattering anisotropy factor,
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Fig.1: (a) Original Signal (b) Sub-band signal (c)Fractional Spline Wavelet Transform output (d) Re-
synthesized signal (e) Scaling and Wavelet Functions of Fractional Spline Wavelet Transform

output of a chronic sinusitisPatient

g26. Variation in the refractive index27 produces
scattering which can be best illustrated using
Maxwell’s equation.  Photon transmission inside
the tissues can be analyzed analytically using
Radiative transfer equations (RTE) or modeled
using Monte Carlo simulations (very expensive).
When absorption is less than the scattering

coefficient, then it allows photons to propagate for
large tissue volume before getting absorbed.  Turbid
media scatters more than being absorbed validating
the diffusion approximation to Boltzmann’s transport
equation in determining ìa and ìs.  Photon transport
28 in highly scattering medium reduces the
independent variables involved in RTE leading to
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Fig. 2: Comparison of Fractional Spline Wavelet Transform output with radiographic
image for a Normal and Diseased (Chronic sinusitis) patient

Fig. 3: Comparison of radiographic image (a &d), TFR representation of EWT (b &e) and Time-
Fourier domain representation of Fractional Spline Wavelet Transform (c & f) of a diseased and a

normal person respectively
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diffusion theory under the assumption of directional
broadening. Transport equation reduces further
when radiance becomes a function of isotropic
fluence rate and directional flux in the case of a
highly scattering medium.

As turbid media undergoes multiple
scattering leading to total internal reflection (TIR), it
necessitates the measurement of a complex
refractive index.  The diffusion approximations for
determining varying refractive index were
discussed in many papers29-31 with controversies to
deal with spatially varying refractive index.  To
resolve discrepancies of Fresnel’s equation for TIR,
few researchers32 work with angle dependent
penetration.  Detecting in-homogeneities in the
turbid medium is quite important in biomedical
optics. In optics33, photon path bends in an
inhomogeneous medium calculated by Bouguer’s
equation.  The photon transport equation34 re-
derived for isotropic, variable refractive index with
spatial resolution in a highly turbid medium.  Two
equations derived with trajectory photon path and
the standard format in case of constant refractive
index, scatter less and lossless medium.

Database
Patients registered to undertake the

examination, included in the study after getting their
consent.  Clinical findings, objective findings, and
history of symptoms identified and given preference
to undertake the study and went on immediate
examination through radiographic technique.  Fifty
subjects included, along with the patients with
history and objective findings.  Data recorded in
Sathyabama University under the supervision of a
medical practitioner.  Signals recorded for 20 sec
using sigview software using the prototype
hardware35 developed earlier. Chronic patients and
normal people were also included for the study.
Signals recorded using NIR sensor is further
processed using signal processing tool to evaluate
the findings from the hardware with the radiographic
results.  Recording of signal sample is available in
the link provided https://www.youtube.com/
watch?v=pIItyK1Hp0A&feature=youtu.be.

Measurement method
Signals recorded from the patients using

hardware, radiographic images and results along

with the signal processing output processed and
compared to diagnose sinusitis. Fractional B-Spline
wavelet generates a smooth output for a piecewise
continuous signal.  Wavelet analysis proves to
diagnose sinusitis accurately.

Simulation results and discussion
Patient’s signals recorded under the

supervision of a medical practitioner in Sathyabama
dental hospital.  Patients with the history of sinusitis,
Clinical symptoms, and objective findings included
in the study along with the patient enrolled for the
study.  Healthy subjects also included for validating
the study after getting the consent of the individual
subjects.  NIR sensor used to record signal from
individuals for 20sec with the help of Sigview
software and stored separately for normal and
diseased.

Signals recorded were processed using
Fractional Spline Wavelet Transform in Matlab to
analyze signals in piecewise fashion, and it is
represented in time-fractional–domain
representation simultaneously.

Previously, we tried with Least Square
Support Vector Machine (LS_SVM) classification
algorithm35 and compared normal, and sinusitis
signal with each and every received FFT value and
deviation from the normal curve confirms the
condition in the chest.  Later, the same signals were
analyzed36 using Empirical Wavelet Transform
(EWT) and Multiple Decomposition Empirical
Wavelet Transform (MUSIC-EWT).  These
techniques accurately generate instantaneous
frequencies from a non-stationary and non-linear
signal even with poor SNR.  Thus it proves to be
optimum in case of real signals where noise
interference and spurious signals generate within
the human body.  However, it lags strong theoretical
proof which fails to explain the non-linear behavior
of the algorithm.

Then, we move on to Fractional Spline
Wavelet Transform (FrSWT) to analyze the signal in
a piecewise manner to smoothen the output at
various levels.  We can get more detailed
information as the signals were considered
fractional.  It has strong theoretical derivation which
best illustrates the algorithm.
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Using Fractional Spline Wavelet
Transform, the recorded signals processed.  The
signal decomposes at four levels with an alpha =
2.4 and ô = 0.3 of ortho type.  Signals separated
into a low pass and high pass using FIR filter.  The
high pass filter represents the impulse filter
coefficient of the wavelet function which provides
approximate signal, and the low pass filter
represents the scaling filter coefficient of the scaling
function representing the more detailed information
of the signal.  Further, it is resynthesized, scaled
and wavelet transform output obtained.

The output produces multiple frequencies
due to multiple scattering and TIR with varying
refractive indices as the medium is highly turbid for
acute and chronic sinusitis.  Thus, the patient with
sinusitis generates multi-frequency output as
illustrated in fig.1 for a chronic patient.   Fig. 1(a)
represents the original signal of a sinusitis patient.
Fig. 1(b) represents the sub-band obtained for the
signal taken for study.  Fig.1(c) represents the
Fractional Wavelet transformed output decomposed
into four levels with an alpha and tau predefined.
These values can be varied, but this value gives
optimum result.  Similarly, it is analyzed for several
patients with acute or chronic condition in the sinus
cavity to validate the result.  Low pass band
representing the detailed signal and the high pass
band representing the approximate signal.  When
NIR light is transmitted through opacified sinus
cavities using NIR sensor; the light gets reflected,
absorbed, scattered and diffused.  Due to water
accumulation, there is a more chance of TIR and
less absorption at NIR range.  Multiple scattering
offers diffused photon path well explained by
transport equation discussed earlier and thereby
generates multiple frequencies owing to total
internal reflection of varying refractive index.  Fig.1
(d) illustrates the de-synthesized signal from the
low pass band, combining the features of both detail
and approximation signal in to approximate signal
with more précised details by up sampling.  Fig.
1(e) represents the scaling and the wavelet function
obtained for the sinusitis signal.  However, for a
normal person, the output consists of one or very
few frequencies with less high pass band.  Thus,
the normal person’s sinus cavity (fully aerated)
allows greater penetration of light with no loss of
signal.  Light penetrates through the air-filled sinus

cavities whereas; it undergoes reflection, absorption
and scattering when passed through opacified
cavities.

A comparison made with the normal and
diseased signal using Fractional Spline Wavelet
Transform along with the radiographic images taken
consecutively while recording the signal with the
consent of the patients.  This avoids further
discrepancies in analyzing the data obtained at
various instants.  Fig. 2 shows the comparison of
normal and diseased FrSWT output with the
radiographic images.

Likewise, the comparison made with the
previous output obtained using Empirical Wavelet
Transform (EWT) with the FrSWT as shown in Fig.3.
This output represents the radiographic image with
Time-Frequency representation of EWT and the
Time- Fourier domain representation of Fractional
Spline Wavelet Transform.  In both EWT and FrSWT,
sinusitis patients show multiple frequencies and
the normal person shows very few variations in
frequency

The Orthogonal Spline wavelet transforms
analyze and synthesis signal at its best.  The output
shows that the diseased signal multi-scatters with
multiple approximate signals in the high pass band
and less low pass band to represent the detailed
signal. However in normal case, the LPF represents
more details about the original signal with a
resolution of 22j whereas it is 2j for approximate
signals. J is the no. of maximum wavelet scales.
Thus this transforms best suits for analyzing
biomedical signals.

CONCLUSIONS

Near Infrared Sensor used successfully
to diagnose sinusitis with the help of prototype
hardware.  Fractional Spline Wavelet Transform
used to analyze the signal in fractional order to
improve the resolution of the output signal. Multiple
frequencies generated, as the signals scatter due
to various refractive index of fluid inside the sinus
cavity.  Sinusitis diagnosed easily by the amount of
fluid inside the cavity, generating multiple
frequencies.  For aerated normal person, light
penetrates through the cavity without attenuation
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or scattering leading to single frequency output.
Thus, an efficient algorithm has been developed to
identify the turbidity of the sinus cavity and to
diagnose sinusitis without undergoing radiation
imaging techniques.  This paper compares the
output obtained from the hardware with the
radiographic image and the Empirical and
Fractional Spline Wavelet Transforms in an efficient,
cost-effective and non-radiative manner.  The
diagnostic procedure of identifying sinusitis,
simplified at an early stage.
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