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ABSTRACT

It is generally known that preservation of
phase information in images is important as evi-
denced by the fact that modifying an image such
that phase is preserved but the magnitude of all the
spectral components is set to unity generally pre=-
serves many of the features of the original image.
A similar experiment has been carried out with
speech, showing that preservation of only the long-
time phase retains many important features of the
original speech. An interpretation of these re-
sults, and their potential application to blind de-
convolution, is suggested,

I. PHASE-ONLY SPEECH AND PICTURES

It is well known that for many images, the
phase of the Fourier transform is more important
than the magnitude(1,2), Specifically if

F(u,v) = ]F(u,v)leje(u’v) (1)

denotes the two-dimensional Fourier transform of
an image f(x,y) then the inverse Fourier transform
of ei®(w,v) has many recognizable features in com-~
mon with the original, whereas the inverse Fou-
rier transform of | F(u,v)| generally bears no re-
semblance to the original., This is illustrated in
Figure 1 where Figure 1a is the original image
and Figure 1b is the phase-only image, i.e., the
inverse Fourier transform of ej© (u,v)*** Clearly,
the phase-only image retains many of the features
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of the original. By contrast the magnitude-only
image, i.e., the inverse Fourier transform of
[F(u,v)| of Figure 1a would have a small bright
region near the origin in a dark background with
no resemblance to the original image. As is evi-
dent in this example, the phase-only image often
has the general appearance of a high-pass filtered
version of the original with additive broadband
noise.

A similar experiment has been carriedout with
speech with similar results as indicated in Fig-
ure 2. Specifically, the magnitude of the Fourier
transform of an entire sentence was set to unity
and the inverse transform was computed to obtain
the phase-only equivalent speech. Figutre 2a cor-
responds to the spectrogram of the original sen-
tence and Figure 2b to the spectrogram of the
phase-only equivalent, It is evident from Figure 2b
that the basic formant structure of the original
sentence has been preserved. In fact, in listening
to the processed sentence as represented by Fig-
ure 2b total intelligibility is retained although the
speech has the general quality associated with
high-pass filtering and the introduction of additive
uncorrelated noise, The magnitude-only speech
has a large amplitude at the origin and some
formant-like structure which provides a speech-
like characteristic but with no speech intelligi-
bility.

In the case of images the transformation of an
original image to a phase-only image is a spectral
whitening process which can be viewed as filtering
with a frequency response H(u,v) = 1/|F(u,v)].
Since the spectra of images tend to fall off at high
frequencies, the equivalent filter frequency re-
sponse H(u,v) will have a high-pass characteristic.
A similar interpretation can apply in the corre-
sponding case of phase-only speech. Although this
argument provides a general basis for an interpre-
tation of the results, it is not precise enough for a
complete explanation. The basic processing to ob-
tain the phase~-only signal is of course highly non-
linear and the simplified interpretation above as~
sumes that it can be viewed as a linear process.
Furthermore, while it is reasonable to identify
1/ |F(u,v)| as generally emphasizing high frequen-
cies over low frequencies it will also have specific
spectral details associated with it which for some
examples could certainly affect or obliterate im-~
portant features in the original signal. Several
simple examples serve to illustrate the point.



Consider, for example, any zero phase or linear
phase image. Clearly the phase-only counterpart
will consist only of a single impulse with a posi-
tion dictated by the slope of the linear phase. A
similar example in the case of speech would lead
to a similar result. Consider, for example, the
sentence illustrated in Figure 2. While the phase-
only equivalent was highly intelligible, we can con-
sider constructing a zero-phase sentence by con=-
catenating this original with itself reversed in
time, with an impulse geparating them to ensure
that the Fourier transform is positive. In this
case, the phase-only equivalent signal will contain
only an impulse.. Again, in the case of speech,
consider a steady state vowel. While the magni-
tude of the long-time Fourier transform falls off
at high frequencies as we would expect, it also
contains the resonances associated with the for-
mants of the steady~state vowel. Thus the signal
obtained from only the phase of the long~time Fou-
rier transform would not be expected to contain the
formants of the original vowel and thus the essen-
tial features of the original signal will have been
lost. This is illustrated in Figure 3 where Fig-
ure 3a is the spectrogram of the original steady
state vowel and Figure 3b is the spectrogram of
the phase-only reconstruction.

The above examples suggest that there are
factors to consider in addition to the basic whiten-
ing property of the phase-only reconstruction. In
particular, we propose that for both speech and
pictures, if the long~time Fourier transform is
"sufficiently smooth," then intelligibility will be
retained in the phase-only reconstruction. This
condition can be interpreted in several ways. For
speech, if the long-time transform is relatively
smooth, the essential formant structure of the
short-time transform will remain intact in the
whitening process. For the case of images, if the
long-time transform magnitude is smooth and falls
off at high frequencies then the principal effect of
the whitening process is to emphasize the high
frequencies and therefore the edges in the image,
thereby retaining many of the recognizable fea-
tures. As developed in Appendix A, smoothness
of the long-time transform magnitude equivalently
implies a short impulse response for the whitening
filter, and a short correlation function for the
original signal, Although shortness of the cor-
relation function does not by itself guarantee a
smooth transform magnitude we believe that it is
an important factor,

Importance of the long-time phase does not of
course imply importance of short-time phase.
This is certainly evident in the case of speech
where it is well known that on a short-time basis,
phase is relatively unimportant whereas, as evi-
denced by Figure 2, on a long-time basis the sig~
nal constructed from the phase only is intelligible
and retains many of the important features of the
original. One experiment that has been conducted
which supports the notion that short-time phase is
relatively unimportant in speech is the synthesis
of speech in a homomorphic vocoder. While the
speech synthesized using a vocal-tract impulse
response with correct spectral magnitude but zero
phase is highly intelligible, if the correct phase is
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used with a spectral magnitude of unity, intelligi-
bility is almost completely lost.

The difference in importance of phase on a
long-time versus short-time basis has conse-
quences in a variety of practical areas including
filtering and transform coding. In filtering, the
importance of the phase of the filters is, of course,
associated with the importance of phase on the
time (or space) scale commensurate with the length
of the filter impulse response, Thus, for example,
the fact that for many pictures the phase of the
overall image is important does not by itself imply
that in image filtering, particular attention must
be paid to the phase characteristics of the filter.

In transform coding, the difference in importance
of magnitude and phase as the size of the trans~
form increases clearly indicates that the relative
importance of accurate coding of each of these
components changes.

II. BLIND DECONVOLUTION USING
PHASE-ONLY RECONSTRUCTION

Since, on a long~time basis, phase alone con-
tains a considerable amount of information about
the signal there are a variety of potentially prac-
tical situations in which reconstruction of a signal
from information only about the phase would be
useful, For example, if a signal has been filtered
with a zero phase filter whose spectral character-
istics are otherwise unknown, reconstruction from
the phase only may be preferable to the degraded
signal, As a simple illustration consider the
original image in Figure 1a. In Figure 4 is
shown the result after blurring with a zero phase
frequency response. Restoration of the blurred
picture from the phase only with the magnitude set
to unity results in the image in Figure 1b,

A simple and probably more preferable strat-
egy to assigning a magnitude of unity is to apply a
magnitude characteristic which is generally rep-
resentative of the class of signals. For example,
in the case of images, a magnitude characteristic
obtained by averaging a large number of images
could be used, As an illustration, for the example
in Figure 1, the image obtained by applying an
average magnitude characteristic to the correct
phase is shown in Figure 5. Amnother example
which demonstrates the usefulness of reconstruct-
ing a blurred image based on the phase-only recon-
struction is shown in Figure 6. Figure 6a is the
original, 6b is the blurred image, and 6c and 6d
correspond to the phase-only reconstruction with
unity magnitude and an average magnitude char-
acteristic respectively.

The above procedure for blind deconvolution
can in certain cases be related to estimating the
blurring function by segmenting the signal and av-
eraging the spectral magnitudes of the segments.
Specifically, consider a oné-dimensional signal
f(t) with Fourier transform

F(w) = |Flw)]ed®@) | (2)



Define the rectangular window r(t) as

r(t) =1 0 s t< T
=0 otherwise
so that f(t) = ), £, (t)
k

where fk(t) = f(t) r (t = kT)

Assuming that the cross-correlation between fx(t)
and fi(t) for k+j is negligible, the autocorrelation
¢'ff('r‘; of f(t) is approximately

Ybgln  lrl<T

k

¢ff('r)

13

0 |7|>T
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and in the frequency domain

IF@ P = ), 7 )P (3)
K

where Fk(w) is the Fourier transform of fk(t).

Similarly if f},(t) represents the blurred signal
with Fourier transform Fp(w) = B(w)|F(w)|ejO(w)
then

1P @) = ) [ Fye)f (4)
k

where Fpi(w) is the Fourier transform of the kth
segment of the blurred signal. Thus the phase-
only reconstructed signal is approximately ob-
tained by dividing F,(w) by an estimate B(w} of the
blurring function given by

B(o) = [E !‘Fbk(w)lzli/z (5)
k

In the case when an average magnitude character-
“istic A(w) is combined with the phase, the equiv-
alent approximation to the blurring function is

B) < gy 2 [Pt F] /2 (6)
k

III. CONCLUDING REMARKS

In this paper, we have considered the impor-
tance of phase in speech and pictures. We have
illustrated, by way of examples, that spectral
whitening does not completely explain the high in-
telligibility of phase-only images and long-time
speech. As a first step towards a more detailed
interpretation, we have introduced the notion of
"smoothness" of the long-time transform magni-
tude. With a particular measure of smoothness,
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we have shown that a smooth long-time transform
magnitude implies a short impulse response of the
whitening filter and a short correlation of the orig-
inal signal, Even though we have not shown that
short correlation implies a smooth long-time
transform magnitude, we speculate that shortness
of the correlation is an important factor for the
long-time transform magnitude to be smooth.
Qualitatively, if the correlation of a signal is
short, the signal characteristics vary rapidly
from one short-time segment to other short~time
segments. Since the long-time transform magni-
tude squared under some conditions is approxi-
mately the average of uncorrelated short-time
spectral magnitudes squared, a rapidly varying
signal generally implies smooth long-time trans-
form magnitude due to the averaging process. For
a smooth long-time transform magnitude and
therefore a smooth whitening filter, the spectral
details of a signal will remain intact and the intel-
ligibility will be preserved. Finally, we have con-
sidered the potential areas of application such as
signal coding and restoration that could benefit
from the importance of phase in a signal. As an
example, we have related blind deconvolution to
the restoration of an image from its phase when
the image is degraded by an unknown zero phase
blurring function.

In summary, we feel that the importance of
phase in speech and pictures has important prac-
tical implications and there is considerable room
for further refinement in the interpretation of the
phase-only reconstruction experiments for pictures
and speech. It is our hope that through this pre-
sentation, further discussion will be stimulated.

APPENDIX A

In this Appendix we relate the duration of the
equivalent whitening filter, and the autocorrelation
function to the smoothness of the Fourier trans-
form magnitude. In the discussion we consider
only a one-dimensional signal. The extension to
two-dimensional signals is straightforward with
identical results and conclusions.

Let f(t) denote a one-dimensional signal with
Fourier transform F(w) = |F(w)|eio(w). We define
the "smoothness™ Sof |F(w)| as

+o0
2 1 _d 2
S =§_m [[F(w)| dw IF(w)I] do (A1)
or, egquivalently,

s? = S:o [ 10g | F )] |2 g (A.2)

With thig particular choice of smoothness measure
and a particular definition of signal duration, S
provides an upper bound on the duration of the in-
verse transform of |F(w)|, on the duration of the
autocorrelation function of f(t), and on the duration
of the inverse transform of 1/|F(w)|. More spe-~
cifically, let g(t) denote the inverse Fourier



transform of |F(w)| and define the duration Ag of

g(t) as
4
1252 () g
2 -0
(ag)” =—035
S gz(t) dt

or, equivalently,

400
d 2
) S_w [-d—w—]F(w)]] dw

(Ag)” = —o
S [ IF(w)[]2 dw

The numerator in (A.4) can be rewritten as

4o oo
(ol @ = {7 1w

1
X [Iml a%)‘ !F(w)nzdw

and, using the Schwarz inequality,

e 4o
S [E%IF(w)nzdwsS | F(w)|? do

0O

Substituting inequality (A.5) into (A.4),

Ag £ S

where S is defined in eq.(A.1) and (A.2).

o g d 2
XSOO [lm!—d—;]F(w)” dw

(A.3)

(A.4)

(A.5)

(A.6)

In a sim-

ilar manner, we can show that the duration A¢ys of
the autocorrelation function ¢ff('r) of f(t) satisfies

the inequality

Y FES 28,

(A.7)

and that the duration Ah of h(t), the inverse Fourier
transform of 1/|F(w)]|, satisfies the inequality

Ahg S .
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FREQUENCY (kMz}
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Fig.1a. An original image.

TIME {sec)

Fig.2a. Spectrogram of a sentence "Line up
at the screen door" spoken by a male speaker.

TIME (sec)

Fig.3a. Spectrogram of a steady state vowel.
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Fig.1b. Phase only image of Fig.1a. with
the magnitude set to unity.

FREQUENCY {kHz)

t 15
TIME  (sec)

Fig.2b. Spectrogram of phase only speech
of Fig.2a., with the magnitude set to unity.

FREQUENCY (kiz)

TIME (sec)

Fig.3b. Spectrogram of phase only speech
of Fig.3a. with the magnitude set to unity.



Fig.4. The image in Fig. 1a. blurred by a blurring Fig.5. Phase only image of Fig.4a. with the mag-
function with zero phase frequency response. nitude set to an average magnitude of many images,

Fig.éb. The image in Fig,6a, blurred by a blur-
ring function with zero phase frequency response.

Fig, 6c. Phase only image of Fig, éa. with Fig.6d. Phase onlyimage of Fig. 6a., with the mag-
the magnitude set to unity. nitude set to anaverage magnitude of many images.
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