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ABSTRACT- In Lbis paper, Lhe inportance of phase In the caonlext
af Dbioloaqical signals is highlightened., Techniqgues for
manipulalting Lhe phase speclral wvalues prlor Lo ilks wuse are
[1lustrated and several approaches Lo exploit the role of phase
statistics in biological signal analysis and feature exlraction
are discussed.

1. TNTRODUCTION

In Fourier representalion of signals, spectral magnitude and
phase tend to play ditferent roles and in some situations, many
of the important features of a signal are preserved if only .Lhe
phase is retalned. A correspondlng statemeal can nol inp general
be made for the spectral) magnpibude (Oppenheim and Lim, 1981).
This observation about phase has been made in a nuvmber ol
diEferent contexts and applications including one-dimensional,
two-dimengional and Uhree-dimensional signals. [In speech, (or
insltance, it has DLeen shown Lhal Lthe intelliglbilily of a
senlence is retaioed j3f Lhe phose of the Fourier Lransform of a
long segment is combined wilh unity magn)btude (Rablner and
gchafer, 1978). It has been veported by Ilayes and Oppenhiem,
{2980) thot many of Lhe [ealures of an original image are clearly
identiElable in the phase-ounly image reconslructed Lut not (n the
magnilude-only image. This suggesls very strongly Lhe [act thal
In many <contexts the phase cuntains muvh of Lthe essential
“informaltion "™ in a sianal.

The present paper brinys emphasis Lo the role Lthat phase
plays in Lhe context of blological signals: physiological and
epldemioloqglical records. Seclion {1 Jdemonslrates sgme fLechniques
for manipulaling the raw phase speclral values prlor to Its wuse.
The importance of phase in patlern detection has a number of
important implications with regard ko applications. In section
111, we review some ltechningues that have been daeaveloped and
vtilized and we conslder some specific applications.
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IT. PHASE SPECTRAL MANIPULATIONS
The-complex Fourier spectruom X{(E) of a real signal x(t) is
delined as
o

X{(€) = [ x(L) exp(-j2nit) gt (1)

-
wvhete x(t) can be given by

1 > i
X(t) = 5=— | X(£) exp(jenLt) df (2)
1n the genersl case,  we deal wilh waveforms of flnite
duration, hence
x(t)

x(L) t‘< t g % (3)
= 0 elsewhexe

In this case the integratlion in Eg.(l) }s limited to the closed

interval Lt . L),
1 2

The frequency component (harmonic) X(f) 1is a complex
guantilty vwith real and imaginary parts denoted by R(f) and I(£),
tespectlvely. X(E) bas an amplitude A{f) and phase &(€f) defined

by
/ 2 2
A €) = R (E)Y+ I (€) {(4)

I(EY
$(E) = arcltg {— (5)
R{f)

In practice x{t) is sampled alt an appropriale sampling Erequency
and the discrele Fouvrier transform is calculaled with Lhe help of
the Fast Fouriex Transform (IF'FT) algoxrithm.

The phase spectrum calculated by Eq.(5) can be conslidered 3s
contributed by two additlve factors: the phase effect due
specifically to the shape of the waveform, and those due to the
fact that the signal Is generally displaced away. [rom its most
nearly symretrical position with respect to zexo Lime In the
xecord. In freguency domain terms, the signal Is treated as 1f U
repeats on a time-base equal Lo the chosen record length; the
phase specltrum after "spinning” on its time base to {ts most
symmetrical position s treated as that contributed ta the
vaveform alone. But since In general the maln patbtern features of
2 signal exhibit ap arbitrary displacement from their temporally
most-symmetrlcal poslitian, Chls adds a phase shlEt prxoportional
to the relevant time delay and to harmonic number. The resulting
phase angle may then be subject Lo complicalion by "wrap~aroung"
Into the principle angle range.

I1I.1 The Wrap-Around Effect

Although the phase components calculated from Eq.(5) can
have values in the xange [(-® ,® ), the values of @¢(f) are all
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mapped in Lthe <teglon [(-m,n).. This is due to Che

periodic
characler of the arctg functlon. -In [fack, #(€) shonld therefore’
be wvrlltten as . h .
d T
10E) Y4 ;
¢l£f) = acctg [ —_— ] W2k, (6)
: ROE) K o= ...,=2,-1,0,1,2,...

This is known as the wrap-arcund effect.

The elfecl of wrap-around can be eliminated by an untolding
(unvwrapplng) procedure. This can be made by adding or subtracting
multiples of 2n to the phase values alt approprlate Erequencies In
ordexr to make a)ll the differences of two consecuklve phase
specktral values less khan n. The removal of the GColds in the
phase speclrum reveals any trend which may be present. This
represents the displacement of the maln signal CECeatuvres Erom
Lheir temporally most-symmetrical position. The aradient of the
teend 1s propozrtlional to the relevant tlme delay and to tUthe
harmonlc number. JU may be positive oxr negatlibve depending on
vhether the sighial is advanced [orward or delayed afler the onset
time., Therefore, the unwrapping procedure musL be followed by a
linear regression and 3 Lrend removal. The whole process is known
3s 'Megression Splnning"” (Sulton,1980).

I1.2 Removing The Trend

A least-square error line is fltted to the phase spectrum
anqd the calculaled trend ls removed -Lhe phase spectrum will then
have ho I(ncrements greatexr than im radlans, and no overall ¢rend.
Using Lhis method, speclally on complex signhals, it is often
fdund that the vnfolded and trend-removed phase speclruwm exhibits
phase Increments greater than +n radlans, and the yecopstructed
s5ignal s evidently not centecred. The folds produced by the
removal of best-fjt line occur at poinks where the signs)l pover
Is low. At Lhese polints, sudden 'Jjumps' occur in the phase
spectrum (Sayers, 1974). Regression sploaning surmounts Lthis
problem by removing Lhese secondary f[olds by unfoldlng Lhe phase
specltrum once more, and Lhen removinu any furlbthey LUrend that

emerqges. The resultanl phase speclrum can now Dbe consldered as
that contributed by the the signal pattern features alone and can
be utillzed for Jdiffrcrent purposcs. Fig.)l shows a typical example

of unlolded spun phase spectrum of an arbikraxy signal.
IIX. APPLICATIONS
XXXI.1 Patlmern Deleclion

The existence of any sysltematic palbtern, underlying an
ensemble of records ls problemalical. Some hasis Eox comparison
ls needed: for Instance, Dby testing the records {n question
agalnst otherwlse similar records that cerlalnly do nuvt contaln
the pattern. The most objeclive approach is one Cthat dzpends upon
the proprertles of the phase spectrum of the sigynal.

An ensemble of random siygnals will exhiblt uniformly randam
phase specltra ftor each harwmonic a0d, subjecl to statislical
sampling elfects, Lhis can be uscd for Lesting purposes, because
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the presence in all signals of a common paltern imposes a measure
of phase aggregation in relevant hardmonlcs. Moreover, I1f a
vislbly dlscernable pattern is present Jn & record, then the
Incremental phase spectrum (hetween successive harmonlics) (s

magnitude-limited, and this also may be wusable(Sayers et al
1974).

ITT.1.a. Uskng Phaso Aggregation

IfE the same response pattern was presenkt in each of an
ensemble of records, some aggregation shovld occur f{n Lhe
dlistribution of Lthe phase-spectral values for individual trelevant
hsxmonics as depicted in Fig.2. In the absence of any conslstent
patterns, a uniform distribution of the ensemble of phases wauld
be expected for each harmonic (Sayets el al., 1974). This methad
has proved to be ol some value jn dlffetvent physlioloyical records
where it Is required Lo detect Lhe response of a stimulus. Fox
example, Sayers et al., (1979] and Besgley et al. {t1979) have
applied this Ltechnpique to the delection ofF avditocy evoked
potentials In the electroencephalography (EEG). Patterxn aspects
of lndividual post-stimulus responses were examined by the
ensemble distribution of phase values oF Tourier spectral
components employed to characterize signal pattern. The
indlvidual harmonic phase values were dlstributed approximately
unlform for- unskbimalakzad £EG, bul were demonstralted Lo DLe
incrxesslingly aggregated for increasinaly suprathreshold stimull.
It {s approved that a Cully objective auvdiometric technique can
be based on this method and Lhakt the presence or absence of an
avdiltory-evoked polential (AEP) can be decided wjthout Lhe
intervention of the tester, bthereby removing the tester bias-

I11.7.b Using Ensemble Standard Deviation of Phase

One of the most efficient techniques Dbased on statistlical
pattern analysis has been developed for measuxing hearing
threshold (Ross, A. J. 1978). The technique uses Lhe phase
standard deviation of harmenic componenks as a measure of
consistent pattern contenl occurring throughoul an ensemble” oEF
records. 1t involves a conveniional non-parametric sbtatistical
test to Qdeclde whether the. distribution of phase values for

individual harmonic componenfs of a number of post-stimulus EEG
records is upifarm. 1f the phase ensemble of a harmonlc component
exhiblts aggregation, Lhe ensemble standard deviatlion value

should be signilCicantly small compared to Lhat of a wunliformly
distributed ensemble. On tha other hand, in Lthe case of no
constrainlt, a larqe engemble standaxd deviallon value {(about =/3}
ls expecled (Sectlon I[1.3).

IXX.2. Decomposition and Disaggregatiaon
Linear decomposltion of a signal into 1its components can
sometimes be done by 1linear fillLering. Motre often, it Is

necessary Gto identify empirically any common or tecurrent
Eeatu;es and then to isolate them, wusing knowledge about the
identifled fealure and about its occurrence locatlons.

Disaggregatlon {5 3 term from statislical epidemiology; 1L means
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the opexatlon of splitting 2 record into known contributoxy
parts, for Instance according Lo the geographical reglons from
which data ils obtained, or by separating Lhe contribvtions by
time (seasonally, say) for sepatrate study. The approach can be
illominating by examlning specific slignals in wvhich the
inspecltlon of Lhe spectral phase values ls vecty wuseful to this
end.

A numbexr of authors have used the phase aggregation concept
In order to identlfy the presence of a common pattern oxr a
standard form in an ensemble o0f records; epldemiological and
physivblogical (Sayers ek al., 1982 and Sayers et al., 1983). This
may help In establising a reference representatjve palttern for
the common behavlor of Lhe records.

Fig.3 shows an-'ensemble of postneonatal dally death xecords
dve to gastrolntestinal causes Jn Dakahlia governorale over Years
1981-1%87. The records exhibit long-term (seasonal) wvariations.
Moreovetr, Jrregular cvecurrent short-duratlion lIncreases in the
number of deaths which might be 'nolse' ot mighlt be due tao
possible bLlolaogical origin can be obserxved. Therefore, each
record can be regarded as composed of a loong-Lexrm seasonal
componént added Lo high frequency lxregular component. A
convenient approach is Lto separate t(hese components using
f4ltexing operations. Accordingly, some Lasfs Eor choosing the
extent of flltering should be sovaqht. 1L has been reported DLy
Abou-Chadl et al.,(1990) thal the record phase spectra have
shown a clear phasc aggregation in harmonic components (nl to Hs)

(Fig.1). Thls indicated the existence of a common pallern in the
ensemble of recoxds. This common patterxrn zreflects Lhe seasonal
behaviour and was 1isolated Ffrom each record tor further
lnvestigation (Fig.5%).

‘The same procedure has been also applied to 24-hour adult
heart-rate and ambulatory intra-arlerial blood-pressure records
(Sayers et al.,1%082 and )983). It has been reported Lthat records
do exhlblil Ltwo well known features: very large varlabillty
superimposed on a crudely circadian pattern. The cilrcadian
pattervn reflects Lhe fact that t(he heart-rate and mean blood
pressure scems to dxop at nighk during rest, rising again in the
morning; the patterns of rise and fall are ralher varlable Dbelng
linked to the sleeping cycle of the subjeck. The existence of the
common circadian pattern Js reflected on the phase values of the
original recoxds in the Cform of aggregation in the relevant
harwmonics. This leads, in turn, to identifying the contributlng
components Lo the circsedian pattern and thexeby its lsolation.

Howevey, {n the analysis of 24-hour heart-rale in neonates
(Abou~Chadi, 1986), the distribution of the phase spectral values
for the relevant harmonics have been found to be bimodal (Fig.6).
This has been considexed as an Indication Lhat the
long-ternm pattern in the neonalal heart-rate signal lles in more
than one standard form and that each modé is certainly related to
some main features. These tesults have 1led to classifylng the
long-term behavior into three distinct forms. This has been
achleved by comparing the phase values of the dlfferent vrecords
and relate them to the nearest wmodal values. (Hexe the term

cCommnon
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clxcadian {s not valid due Lo the differenk sleeping and waking
times Lln neonates).

ITI.3 Yalidalion of The Occurrence of 3 Recurrent Pattern

If a recurrent pattern can bhe observed as the major
component in a signal , it may be posslible Lo eslablish whether
it is a pattern due to some underlying mechaniam ox 1% is only
fluctuation that cen be inkterpreted as an unwanted “noise" or
"osclllation". An example 15 the resi{dval signal Lhat rewmalns
after removing the long-term pattern from bilologlcal varlables,
F19.7 showvs the tresldual signa) for postnennatal deall records
and that of the neonalal heart-rate records. The signal shows
short-term recurrences of rise and fall, and therefore, 1t is
Important to determine the entity of these tranmsient fecurrences.

The phase spectral analysls has been efficlently spplied to
examine the validation of the occurrence of Uthese transient
xecurxences a3 an expliclt entikty. Thls has been achleved by
recongtructing khe residuval sigmnal using Lhe original amplitude
spectrum of the signal and arandomlzed ophase spectrum derlved
fxrom uniformly phase values (-m, +n)., the reconstructed signal 1is
shown in Flg.8 obtained by Lhe present author in a previous work.
Comparing the original and resynthesed signals, we =zee clearly
that the sjignal main features have been altered. This has been
proved by comparing Lhe statisgtical psrameters fox the transient
occurtences f{e.g. shape of the average transglent pattexn,
amplitude and inter-event Intervals).

JIX.4A. Eslimaling Lhe Dandwidbih of 2 Signal .

In establishlng Lthe speclificaltlion foxr the instrumental
.measurement of say, electrocardlographitc (ECG) waveforms, 1t is
necessary to detetwmine Lhe slgnal bandwidlh. Thls cannot be based
on observatlions of the amplitude or power spectrum wilhout
a prlorl estimate of the regulred answver; (bt 15 not wvarcranted to
Inker the result merely by specifying Lthe blghest [reguency
exhibiting slgniffcant power. However, an approach can be made
wsing the sltatistlical varxlabllity of the wavelorwm phase speclra.

In order to select individuval waveforms of ECG from a
contlinuous record, the starting polnt of ecach wsve must be
fdentified. This is invariably subject to uncertainly resuvlting
in the sddltion of a random latency to each waveform. Thils effect
adds a phase shift, proportional Yo harmonic number and Yo
latency value, into the phase speclrum of the wavefvrm. In the
complete ensemble, this effect contrlbutes an ensewmble standard
deviatlon of phase which is proportional to frequency, at least
for spectral componenlts that are coherently linked to Lhe cardlac
beat. Tor speelral cowmponents that are not Lime-linked In this
vay, and so nol part of the ECG sjgnal, Lhe effect of fluctuating
laktency amongst the different beats in the ensemble s to
contrlbute random phase shjifts that resu)lt in total phase values
that arxe unlformly distributed across the avallable range ot
phases. The ensemble standard deviation of a random varlable
which ls uniformly distzi%uted over the rangye from -180 to +180
{s calculable to be 103.9 (Bendat and Jansen, 1971).
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Therefore, Lhe curve of ensemble standacrd deviation ol phase
as a funclion of frequency tises llnearly at low Ezequencleg. It
fluctuates around a constant vatue (which approxlmates 104 tor
larage ensemble slzes) for speclral components Lthat are not
Lime-locked Lo the GCC bealt (Fig.9). IL is easy Lo sel a sultable
upper limit Lo the siynal-linked spectrum for such &an ensemble,
and thus to ldentify tLhe effective Dbandwldth speclflcatlon far
the slgnal (Rompelman et al., 1982 and Abou-Chadl et al., 1930).

TV. CONCLUSTION
Some appllicallons of the use of phase spectral values In the
context of biological slanals have Dbeen presented. They arxe
.f1lustrative of ways in which (he {mportance of phase can Dbe
explolled. They setve Lo demonstrate and assert that In a number
of conltexts the Faurier Lransform phase conlains more “Important”
\nformation than the FTourler Ltransform magnltude. Similar
conclusions have been drawn In speech and iwage signals, optical

holography and X-ray crystallography (Oppeonhiem 3nd Lim, 1981).
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