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Abstract

Motivated by the oscillatory signals with components with fast-varying instantaneous
frequency, we approach the time-frequency analysis problem by optimization. Based on
the proposed adaptive harmonic model, the time-frequency representation of a signal is
obtained by directly minimizing a functional, which involves few properties an ideal time-
frequency representation should satisfy, for example, the signal reconstruction and con-
centrative time frequency representation. FISTA (Fast Iterative Shrinkage-Thresholding
Algorithm) is applied to achieve an efficient numerical approximation of the functional.
We coin the algorithm as Time-frequency bY COnvex OptimizatioN (Tycoon). The nu-
merical results confirm the potential of the Tycoon algorithm.

Keywords: Time-frequency analysis, Convex optimization, FISTA, Instantaneous
frequency, Chirp factor

1. Introduction

Extracting proper features from the collected dataset is the first step toward data
analysis. Take an oscillatory signal as an example. We might ask how many oscilla-
tory components inside the signal, how fast each component oscillates, how strong each
component is, etc. Traditionally, Fourier transform is commonly applied to answer this
question. However, it has been well known for a long time that when the signal is not
composed of harmonic functions, then Fourier transform might not perform correctly.
Specifically, when the signal satisfies f(¢) = Zle Ap(t) cos(2mr(t)), where K € N,
Ai(t) > 0 and ¢} (t) > 0 but Ax(t) and ¢}, (t) are not constants, the momentary behavior
of the oscillation can not be captured by the Fourier transform. A lot of efforts have been
made in the past few decades to handle this problem. Time frequency analysis based on
different principals [I5] has attracted a lot of attention in the field and many variations
are available. Well known examples include short time Fourier transform (STFT), con-
tinuous wavelet transform (CWT), Wigner-Ville distribution (WVD), chirplet transform
[29], S-transform [33], etc. Empirical mode decomposition [20] and ensemble empirical
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mode decomposition [44] were proposed as alternative solutions aiming to alleviate the
shortage of these analyses; however, its mathematical foundation is still lacking at this
moment and several numerical limitations cannot be ignored. The sparsity approach
[34], approximation approach [9] and time-varying autoregression and moving average
approach [I3] are also proposed in the literature, to name but a few.

Among these approaches, the reassignment technique [23] 2, [6] has attracted more and
more attention in the past few years. The main motivation of the reassignment technique
is to improve the resolution issue introduced by the Heisenberg principal. Precisely,
the STFT coefficients are reallocated in both frequency axis and time axis according
to their local phase information, which leads to the reassignment technique. The same
reassignment idea can be applied to a very general settings like Cohen’s class, affine class,
etc [I6]. It has been shown that the reassignment technique shares the same flavor as the
non-local mean technique commonly applied in image processing [I7]. Among several
possible reassignment techniques [2, [6 1], synchrosqueezing transform (SST) is a special
reassignment technique. To be more precise, in SST, the STFT or CWT coefficients
are reassigned only on the frequency axis [12] [IT [0} (30} B5], 4T}, [7] so that the causality
is preserved and hence a real time algorithm is possible [§]. As a special reassignment
technique, the same trick could be applied to different time-frequency representation. For
example, the SST based on wave packet transform is recently considered in [45]. After
that, SST is applied to different fields, ranging from medicine [2T], 28| 43}, [42] [3, 27],
mechanics [24], [T4], finance [I8] B8], high energy physics [25] 2] to geographics [19, B9].

As useful as the reassignment and the SST approach, they are limited to the anal-
ysis of signals of “slowly varying instantaneous frequency”. Precisely, the conditions
|AL(t)] < €@l (t) and |9} (t)] < €@} (t) are essential if we want to study the model
@) = Zszl A (t) cos(2mdg(t)) by the current proposed reassignment and SST tech-
niques. However, the oscillatory signals with fast varying instantaneous frequency is
commonly encountered in practice, for example, the chirp signal generated by bird’s
song, bat’s vocalization and wolf’s howl, the uterine electromyogram signal, the heart
rate time series of a subject with atrial fibrillation, to name but a few. Thus, finding
a way to study this kind of signal is fundamentally important in data analysis. In this
paper, based on previous works and the goal of having a time-frequency representa-
tion, we would consider an optimization approach to study the signals with fast varying
instantaneous frequency. In brief, based on the relationship among the oscillatory com-
ponents, the reconstruction property and the sparsity requirement on the time-frequency
representation, we suggest to evaluate the optimal time-frequency representation F' by
optimizing the following functional

2

H(F,G) :—/‘%/F(t,w)dw—f(t) dt

b / O,F(w) — 27w (t,w) + Gt W) F(tw)2dtdw (1)
+ MF| L 4+ YIG| 2,

where G is an auxiliary function which quantifies the potentially fast varying instanta-

neous frequency. It is clear that although H is not strictly convex, it is convex, so finding

the minimizer is guaranteed. To solve this optimization problem, we propose to apply

the widely applied and well studied algorithm Fast Iterative Shrinkage- Thresholding Al-
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gorithm (FISTA). We coin the algorithm as Time-frequency bY COnvex OptimizatioN
(Tycoon).

The paper is organized in the following way. In Section [2| we discuss the adaptive
harmonic model to model the signals with a fast varying instantaneous frequency and its
identifiability problem; in Section |3] the motivation of the optimization approach based
on the functional is provided; in Section we discuss the numerical details of Tycoon.
In particular, how to apply the FISTA algorithm to solve the optimization problem; in
Section [5] numerical results of Tycoon are provided.

2. Adaptive Harmonic Model

We start from introducing the model which we use to capture the signal with “fast
varying instantaneous frequency”. First introduce the following model, which generalizes
the AS)* class considered in [I1}, [7]:

Definition 2.1 (Generalized intrinsic mode type function (¢IMT)). Fiz constants 0 <
e<1,0<d<1andcy>cy >0. Consider the functional set QS°*, which consists of
functions in C1(R) N L (R) with the following format:

g(t) = A(t) cos(2mo(t)),
where the following conditions hold:
A e CHR)NL®(R), ¢ C3R),
infrep A(t) > ¢1, infier @'(t) > ¢,

sup,;er A(t) < ca,  sup,er @' () < c2,  sup,ep ¢ (t)] < co,
A ()] <ed'(t), [¢" ()] <eg'(t) forallteR,

Definition 2.2 (Adaptive harmonic model). Fiz constants 0 < e < 1, d > 0 and ¢ >
c1 > 0. Consider the functional set Q') which consists of functions in C*(R) NL*>(R)
with the following format:

K
g(t) =Y gk(t),
=1
where K is finite and gi(t) = Ay(t) cos(2me(t)) € Q2 when K > 1, the following
condition is satisfied:
Gy (t) — ¢p(t) > d (2)
forallt=1,... K—1.

C1,C2

We call ¢,d, c; and c; model parameters of the Q7';* model. Clearly, Q¢+ C Q7'
and both Q¢ and Q:}tfz are not vector spaces. Note that in the Agfz’ model, the
condition “¢y € C3(R), sup,cg |¢) (t)| < co and |¢)(t)| < €¢)(t) for all t € R” is replaced
by “¢p € C%(R) and |¢](t)| < €gj(t) for all t € R”. Thus, we say that the signals in
AZ are oscillatory with slowly varying instantaneous frequency. Also note that A7
is not a subset of Q). Indeed, for Ay(t) cos(2mgy(t)) € A7y, even if ¢, € C3(R), the
third order derivative of ¢, is not controlled.
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Before proceeding to say what it means by “instantaneous frequency” or “amplitude
modulation”, we immediately encounter a problem which is understood as the identi-
fiability problem. Indeed, we might have infinitely many different ways to represent a
cosine function go(t) = cos(2xt) in the format a(t) cos(2wd(t)) so that a > 0 and ¢’ > 0,
even though it is well known that go(¢) is a harmonic function with amplitude 1 and
frequency 1. Precisely, there exist infinitely many smooth functions « and § so that
go(t) = cos(t) = (1 + a(t)) cos(2n(t + B(t))), and in general there is no reason to favor
a(t) = B(t) = 0. Before resolving this issue, we could not take amplitude 1 and frequency
1 as reliable features to quantify the signal go when we view it as a component in Q2.
In [7], it is shown that if g(¢t) = A(t) cos(é(t)) = [A(t) + a(t)] cos(2m[o(t) + B(t)]) are
both in A7, then [a(t)| < Ce and |3'(t)| < Ce, where C' is a constant depending only
on the model parameters c1, co, d. Therefore, A, and ¢} are unique locally up to an error
of order €, and hence we could view them as features of an oscillatory signal in Acl’ 2.
Here, we show a parallel theorem describing the identifiability property for the functlons
in the Qij’” model.

Theorem 2.1 (Identifiability of Q¢°2). Suppose a gIMT a(t)cos¢(t) € Q2 can be
represented in o different form which is also a gIMT in Q2 that is, a(t)cosp(t) =
A(t)cosp(t) € Q2. Define ty, : “Y(m +1/2)7) and sm = ¢~ Y(mm), m € Z,
a(t) := A(t) — a(t), and B(t) = go(t) — ¢(t). Then we have the following controls of «
and B at t,, and s,

1. Up to a global factor 2im, 1 € Z, B(t,) =0 for alln € Z;

2. a(tna)(izz)(tn) = W“Z)?éf;(t") for all n € Z. In particular, a(t,) = 0 if and only if
B'(tn) =0 for alln € Z;

3. a(sm) = 0 for all m € Z. If a(sm) = 0, then B(sm) = 0; if a(sym) > 0, then

1B(sm)| < 7/2.

Furthermore, the size of a and 8 are bounded by

1. |a(t)] < 2me for allt € R;
2. 18" (t)] < 2me, |8'(1)] < ZC—T;E and |B(t)] < % for allt € R.
1

Theorem 2.2 (Identifiability of Q¢%;*). Suppose f(t) € Qi can be represented in a
different form which is also in ch’” that is,

N
:Zal( cos ¢y (t ZA; cos @y (t ch’cz.
=1

Then, when d is big enough as is described in , M = N and for allt € R and for
alll =1,..., N, the following holds:

1. |¢u(t) — @i(t)] = O(Ve) up to a global factor 2nw, n € Z;

2. | (t) — @i (t)] = O(Ve);
3. [ (t) — ¥/ (1) = O(Ve);
4 Jai(t) = Ai(t)] = O(Ve),

where the constants on the right hand side are universal constants depending on the model

parameters of Q:';%.

4



Note that in this theorem, we do not concern ourselves with the optimal constants
or the optimal d bound. As a result, we have the following definitions, which generalize
the notion of amplitude and frequency.

Definition 2.3. [Phase function, instantaneous frequency, chirp factor and amplitude
modulation] Take a function f(t) = Zévzl ap(t) cos go(t) € Q7). Foreacht=1,...,N,
the monotonically increasing function ¢¢(t) is called the phase function of the £-th gIMT;
the first derivative of the phase function, ¢y(t), is called the instantaneous frequency
(IF) of the {-th gIMT; the second derivative of the phase function, ¢} (t), is called the
chirp factor (CF) of the £-th gIMT; the positive function Ae(t) is called the amplitude
modulation (AM) of the £-th gIMT.

Note that the IF and AM are always positive, but usually not constant. On the
other hand, the CF might be negative and non-constant. Clearly, when ¢, are all linear
functions with positive slopes and A, are all positive constants, then the model is reduced
to the harmonic model and the IF is equivalent to the notion frequency in the ordinary
Fourier transform sense. The conditions |Aj(t)] < e@y(t) and |¢)'(t)| < e@)(t) force
the signal to locally behave like a harmonic function or a chirp function, and hence the
nominations. By Theorem [2.I] and Theorem [2:2] we know that the definition of these
quantities are unique up to an error of order e.

We could also model the commonly encountered ingredient in signal processing — the
shape function, trend and noise as those considered in [41] [7]. However, to concentrate
the discussion on the optimization approach to the problem, in this paper we focus only
on the Q7';* functional class.

3. Optimization Approach

In general, given a function f(t) = Zszl Ap(t) cos(2mr(t)) so that Ax(t) > 0 and
¢ (t) > 0 for t € R, we would expect to have the ideal time-frequency representation
(iTFR), denoted as Ry¢(t,w), satisfying

K
Ryp(t,w) =Y Ag(t)e® 15y ) (w),
k=1

where dy/ (1) is the Dirac measure supported at @, (t), so that we could well extract the
features Ay (t) and ¢}, (t) describing the oscillatory signal from R;. Note that the iTFR
is a distribution. In addition, the reconstruction and visualization of each component
are possible. Indeed, we can reconstruct the k-th component by integrating along the
frequency axis on the period near ¢} (t). Indeed,

Ay (t) cos(2mpi(t)) = §R/R Ry (t,w)h (w;ﬁ%(t)) dw,

where 8 means taking the real part, § < 1, h is a Schwartz function supported on

[-A,A]l, A > 0, so that A(0) = 1. Further, the visualization is realized via displaying
the “time-varying power spectrum” of f, which is defined as

K
St w) = > AF(1)dgr 1) (),
k=1
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and we call it the ideal time-varying power spectrum (itvPS) of f, which is again a
distribution.

To evaluate the iTFR for a function f = ZkK:l Ay (t) cos(2m(t)) restricted on a
compact and connected interval I C R numerically, we fix 0 < 6§ < 1 and consider the
following approzimative iTFR with resolution 0

~ K . 1 _ / t
Ry(t,w) = ;Ak(t)eﬂwk“)gh (W) ;

where t € I, w € R and h is a Schwartz function supported on [-A, A], A > 0, so that
f h =1 and %h (g) converges to Dirac measure ¢ supported at 0 weakly as ¢ — 0 and
J h(z)dz = 1. Clearly, we know that Rf is essentially supported around (¢, ¢} (t)) for
k=1,...,K and as ¢ — 0, f%f converges to the iTFR in the weak sense. Also, we have

forallt € I and k=1,..., K, when @ is small enough so that Af > d, we have

o5 (1) +A0

R Ry(t,w)dw = Ag(t) cos(2mép(t)).
@ (t)—A0

Thus, the reconstruction property of iTFR is satisfied. In addition, the visualization
property of itvPS can be achieved by taking
(9= 040
0

where the equality holds due to the facts that ¢), are separated and 6 < 1. Next we need
to find other conditions about R;. A natural one is observing its differentiation. By a

direct calculation, we know 4z h’ (%m) =du3h (%m), and hence we have

. . 2 & 1
S1(tw) = |Rr(t.w)| = 3 1405,
k=1

2

)

K
~ ; 1, (w—¢,(t)
/ 27 p(t) = k
O Ry (t,w) = ,}Zl Al (t)e Gh ( 7

X . 1 _ b (t
+i2m kz::l A0 2 ( MT%() >

< 27 " 1 i _¢I t
=S e gon (S0

K /
=3 A0 S (“‘Z’k@)

k=1

! - ¢§g(t)>

K
+i2m Y Ag(t)gy(t)e O L ("’ ;
k=1
S () o Ly (@ Bh(8)
+0u > Ag(t)e’ dhgh(—5 )
k=1

6



By the fact that wR(t,w) = Eszl Ap(twem e L p (%m), we have

&Rf(t w) — i2mwR; (t,w) (3)
/ zm()l w — ¢ (t)
_ZA 2 t h( ok )
— o 27y (t) w— ¢;c(t)>
2 ZAk ' (1))e'? ah (9

_’_aw A (t z27r¢k(t)¢//() ¢l() )
2 (=)

We first discuss the case when f € AZ)%; that is, |¢ ()] < €|gp(t)] for all t € I.
Note that by the assumption of frequency separatlon and the fact that 6 < 1,
[@](t) — OA, @) () + OA] N [} () — OA, ). (t) + OA] =0 When [ # k. Thus we have

K 9 X /
];Ak(t) 127r¢k()9h< jk()>| :Z|A;€(t)|29i2h2 <c;);im>

k=1

Indeed, when w € [¢](t) — A, ¢}(t) + OA], we have

2
ZA’ ZQW(ﬂlh(”_;’bk(”)‘ =|A2(t)\29i2h2 (W_(fl@)).

The same argument holds for the other terms on the right hand side of . As a result,
by a direct calculation, we have

. ‘ . 2
H\/é (00 (1) — i2mw Ry (t,0)) HL (4)
2 292 6202 2
< | €Jo,0,2 +2m0e] 192 +4m°0Ja 00 + —5= B 2 Joa2 | 31,

where Jy, = [ 0" [87Th(77)]ld77, where n,m,l = 0,1,.... Thus, when € is small enough,
. . 2
H\/é (0o (t,0) zszf(t,w))] y

approach discussed in [I1]. Precisely, the authors in [I1] considered to minimize the
following functional

is small. This observation leads to a variational

2

Ho(F) ::/‘%/F(t,w)dw—f(t) dt

+ / |0, F (t,w) — i27wF (t,w)]” dtdw.

The optimal F would be expected to approximate the iTFR of f € A%, well. However,
that optimization was not numerically carried out in [11].
7



Now we come back to the case we have interest; that is, f € Q'; restricted on I.

Since the condition on the CF terms, that is, |¢}(t)| < €|¢}.(¢)], no longer holds, the above
bound does not hold and minimizing the functional Hy might not lead to the right
solution. In this case, however, we still have the following bound by the same argument
as that of :

K 1, (w—¢)(t) :
||\/§ <atRf(tvw) — 21wR(t,w) — Oy, ;Ak(t)6i2ﬁ¢k(t)¢g(t)§h <9k>> o

<

K , 2
VB (4ilt) = 2n A )(w o (1) (‘“ - jk“)) .

< (€2J07072 + 27769J1,072 + 47T2(92J2,072> C%I,

Thus, once we find a way to express the extra term J,,, Zszl Ap(t)et? g (t)Lh (WTW)
in a convenient formula, we could introduce another conditions on F'.
In the special case when K = 1; that is, f = A(t) cos(2m¢(t)), we know that

0. [0 g gn (<=0 )| = oo iste) 5)

Thus, we have
9//I|at1%f(t,w) —i2nwR(t,w) + ¢ (t)0u Ry (t,w)|*dtdw = O(62, e, €2).
Thus, we could consider the following functional
0/ |0,F(t,w) — i21wF (t,w) + a(t)9, F(t, w)|*dtdw, (6)
where a(t) € R is used to capture the CF term associated with the “fast varying instan-

taneous frequency”. Thus, when K = 1, we can capture more general oscillatory signals
by considering the following functional

H(F, ) ::/I
+ pb // 10, F(t,w) — i21wF (t,w) + a(t)0, F(t,w)|*dtdw (7)
I

2
dt

%/F(t,w)dw—f(t)

+AMF ey + Yl ez,

where F € L?(I x R) is the function defined on the time-frequency plane restricted on
I xR. The L' norm is added since we would expect to introduce a sparse time-frequency
representation when the signal is composed of several intrinsic mode functions.

In general when K > 1, we cannot link 9, S5, Ax(t)e? k(D! (1)1 n (WTM> to

awéf (t,w) by any function on ¢ like that in . In this case, we could expect to find
another function G € L?(I x R) so that

G(t,w) = { g;;(t) when o & [0, (1) — 02, ¢}, (1) + OA] .

8



and hence G(t,w)d, Ry (t,w) = 0, Zszl A (t)e2mee (0 gl (¢ )5h ( _ﬁ;“(t)) Thus, we could

consider minimizing the following functional

H(F,GQ) = /'éR/F(t,w)dw—f(t) i

+u0//1 |0, F (t,w) — i271wF (t,w) + G(t,w)d, F(t,w)|*dtdw )

dt

+ —=Gllr2(1)-
\/a” HL (I)

Here, the L? penalty term |G| > has 1/4/8 in front of it since

+ A Fl 2 (ny

1G>y = 29AZ||¢ 21y (10)

Thus, the L? penalty term does not depend on . It is also clear that the L' penalty
term in the above functional does not depend on 6 as we have

z_: Ag(t)e?me® %h (w — Z);“(t))

i

Next theorem shows that we can always find a minimizer of the functional H which
has an Hermitian property.

K
dtdw = > " | Atz (r). (11)

k=1

Theorem 3.1. Let f be a real signal in H. Then, for a firted G such that for all t,w,
G(t,w) = —G(t,—w), there exists a minimizer F of H(-,G), which has a Hermitian
symmetry property with respect to the frequencies w, i.e. for all t,w, F(t,w) = F(t,—w).

Proof. Let F be a minimizer of H(-,G). We claim that F' : L?(I x R) — C, (t,w) —
F(t,—w) is also a minimizer of H(-, G). Indeed:

b / / 0T —w) — i2mwF ) + C(t,)0. (F(E ) ) f dtdw

e Y et
+)\//‘F(t, )] i + v

Then, using a change of variable ) = —w and the assumption G(t,w) = —G(t, —w):

H(F,G) =/\%/F<t,n>dn—f<t> 2

2
+ u\/é/ ‘ 5’t + 2t + G(t, n)@n) F(t, 77)‘ dtdn




Here, note that 9, (F(t7 —w)) = -0, (F(t,n)). We obviously have

§R/Wd”:%/ﬂtm)dn
/ / ‘W) dtdn = / |F(t,m)|dtdn.

R [(at +i2mw + G(1, w)aw) F(t,w)}

and

Moreover, one has

=R(OF(t,w)) — 2nwS(F(t,w)) + R(G(t,w))R(OLF (t,w)) — S(G(t,w))I (I F (t, w
=R(OF(t,w)) + 2nwS(F(t,w)) + R(G(t,w))R(OLF(t,w)) — S(G(t,w)) (I, F(t,w
=R[(0y — i2rw + G(t,w)0,,) F(t,w)]

and

[(at +i2mw + G, w aw) P t,w)]
w

S(9F (t,w)) + 2mwR(F (t,w) + S(G(t,w)) R(F(t,w)) + R(G(t,w)S(F(t,w))
:_\S(at (t,w)) + 2mWR(F (¢, w)) — S(G(E,w)S(F(t w) = R(G(E,w))S(F(Ew))

= K@ — 27w + G(t,w) ) F(t,w)

Thus, one has
/ 0,F () — 127w F (£, w) + G(t, @)D (F(t,w))[ dtdw

-/

O F (t, —w) — i21wF (t, —w) + G(t,w)d, ( (t,— ))‘2dtdw,

and hence F' is also a minimizer of H(-,G). Consequently, H(-, G) being convex, cF +

(1 —¢)F, where 0 < ¢ <1, is also a minimizer of H(-, G), hence the conclusion.

Remark. There exist a scaling ambiguity between G and J,,F, as we can alway rewrite
G(t,w)0,F(t,w) as G(t,w)ec 10,F(t,w) with ¢ # 0. This scaling ambiguity is well
known in the blind source separation problem [31], and the L? regularization on G allows
one to deal with it during the optimization process. However, we could not obtain G
without this scaling ambiguity and its correct scaling factor will be estimated separately.

4. Numerical Algorithm

We consider the following functionals associated with @:

G(F,a ?R/F(t,w)dw—f(t) St
R

+ u/ |0, F(t,w) — i2rwF(t,w) + (), F(t, w)|* didw,
R

10



and
U(F,a) = A|Fllor + 7]l

where t is the time and w is the frequency. The numerical implementation of @ follows
the same lines while we have to discretize a two dimensional function G.

4.1. Numerical discretization

Numerically, we consider the following discretization of F' by taking A; > 0 and
A, > 0 as the sampling periods in the time axis and frequency axis. We also restrict
F to time [0, MA,;] and, because of Theorem [3.1] to the positive frequencies [0, NA,],
where N, M € N. Then, we discretize F' as F € CIN+tDX(M+1D) and o as a € RM+1,
where

Fn,m = F(tmywn)7 am = Oé(tm),
tm = mAy, wy :=nA,, n=0,1,...,Nand m =0,1,..., M. The observed signal f(t)
is discretized as a (M + 1)-dim vector f, where

fz = f(tl)-

Note that the sampling period of the signal A; and M most of time are determined by
the data collection procedure. We could set A, = ﬁ and N = [M/2] suggested by
the Nyquist rate in the sampling theory.

Next, using the rectangle method, we could discretize G(F, «) directly by

2

N
g( 22% m»wn))Aw_f(tm) Ay
m=0 |n=0
M N
10D D O (tn s wn) — 1270w F (b, ) + ()0 F (b ) | A A
m=0n=0

The partial derivative 0;F can be implemented by the straight finite difference; that is,
take a (M +1) x (M +1) finite difference matrix D pr41 so that F Dy, approximates the
discretization of 0;F. However, this choice may lead to numerical instability. Instead,
one can implement the partial derivative in the Fourier domain, using that 0, F'(t,,, wy,) =

F1 <i2w§kF(§k,wn)) [m], where F' = F(F) and F denotes the finite Fourier transform.

For the sake of simplicity, we still denote by 0; or J,, the discretization operator in the
discret domain, whatever the chosen method (finite difference or in the Fourier domain).
Also denote 1 = (1,...,1)T € RN*1. In the matrix form, the functional G(F,«) is thus
discretized as

G(F,a) = A, |AF = F||* + A Aup | B(F, )%,

where
A: C(N+1)><(M+1) N RM-H
F — 2R (1TF) A,
B: CWN+Dx(M+1) o cM+1  _ CN+1)x(M+1)
(F,a) — O F — 2nwF + 9, Fdiag(a),

and w = diag(0, Ay, 24, ..., NA,,) € RIWHDX(N+1),
11



4.2. Expression of the gradient operator

Denote Go(F) := G(F,a) and Bo(F) := B(F,«); that is, a is fixed. Similarly,
define Gr(a) := G(F, ) and Bp(a) := B(F, ); that is, F is fixed. We will evaluate
the gradient of G, and G after discretization for the gradient decent algorithm. Take
G € CM+DX(N+1) " The gradient of G, after discretization is evaluated by

VQQ\FG _ hm ga(F+hG) - ga(F)
h—0 h

= 20(AF — /)T AG + 2A0,A, 1{Bo F, BoG)
= (20 A" (AF — f) + 20, A,uB,Bo F,G).

As a result, we have
Valr = 200 A"(AF — f) + 200 A, uBgBo .

where A* and B}, are adjoint operators of A and B, respectively. Now we expand A*
and B},. Take g € RM+1. We have

M /N
(AF, g) = Z <Z 2§RFn7mAw> Im

m=0 \n=0

M N
= Z Z 3%IT'n m§R wgm)7

and

m];[) n;O .
— S 2R RA G + Y S SF (A"
m:O;\L/[:O N m:On;[O N
+i Y Y SFm2RA G nm — i > Y RF i S(AG)nm.
m=0n=0 m=0n=0

Since (AF, g) = (F, A*g) for all F and g, we conclude that

A RMAL CIN+1)x(M+1)
91 -+ 9pm+1
o oo . (12)
91 -+ 9Gm+1

To calculate B, by a direct calculation we have

(BoF,G) = (O F — i2nrwF + 9, Fdiag(a), G)
= (F,-0,G + i2rwG — 9,,Gdiag(a))
= <F’ B;;G> )

12



where G € CVHDX(M+1) " Thys, we conclude that

B;; . C(MHDX(N+1) CM+1)x(N+1)
G s —0,G + i21wG — 9, Gdiag(c). (13)
As a result, the first part of VGu|r, 2A;A*(AF — f), can be numerically expressed
as
N N
AR Fpoi—f1 .. ARY Foysr— Fup
n=0 n=0
AN A, : ; e RIVFDX(MAHD) - (14)
N N
ARY Fpoi—f1 .. ARY Foyuir—fun
n=0 n=0

and the second term

20 A uB*BF = 20A 1 (—0,0,F + idnwd, F — 0,0, Fdiag(ax) + idr’w*F (15)
+i27wd,, Fdiag(a) — 9,0; Fdiag(a) + 270, wFdiag(a) — 0,0, Fdiag(cx))

Similarly, by taking 3 € CM*1, the gradient of G at a after discretization is evalu-
ated by

lim Gr(a+hB) — Gr(a)

h—0 h

tr((0. Fdiag(8))" (9., Fdiag(e))
= —B"tr(F*9,0, Fdiag(a)).

VgF|oc/6

Thus, we have
VGr|a = —tr(F*0,0, Fdiag(a)) € CMT1,
where
N+1

(VGFla)m = a(tm) Z [awF(tmvwn)]Q'

n=1

4.8. Minimize the functional H(F, «)

We now have all the results needed to propose an optimization algorithm to minimize
the functional H(F, ). The minimization of H(F,G) in (9) is the same so we skip it.
The functional we would like to minimize depends on two terms, F' and «. Since the
functional spaces F' and « live are convex, we will therefore minimize the functional
alternately by optimizing one of these two terms when the other one is fixed; that is,

Fyy1 = argmin H(F, o)
{ “ (16)

Q41 = arg mainH(FkH, Q).

with ap = 0 and Fjy = 0 are used to initialize the algorithm. Convergence results of this
classical Gauss-Seidel method can be found for example in [46] B36].
13



4.4. Minimization of He = H(-, @)

When « is fixed, H,, is a convex non smooth functional, involving a convex Lipschitz
differentiable term (the function G, ), and a convex non smooth term (the ¥,, regularizer).
Popular proximal algorithms such as forward-bacward [I0] or the Fast Iterative Shrink-
age/Thresholding Algorithm (FISTA) [] can then be employed. FISTA has the great
advantage to reach the optimal rate of convergence; that is, if F" is the convergence point,
Ho(Fr) — Ha(F) = O (7)., while the forward-backward procedure converge in O (%)
(see [37] for a great review of proximal methods and their acceleration). Contrary to the
forward-backward, one limitation of FISTA is that the convergence is proven only on the
sequence (Hqo(F'j)), rather than on the iterates (F'y);. However, the latest study [5]
gives a version of FISTA which fulfill this gap while maintaining the same convergence
rate. As far as we know, it is the only algorithm with these two properties, and then will
be use in the following.

In short, FISTA relies on three steps

1. A gradient descent step on the smooth term Gu;
2. A soft-shrinkage operation, known as the proximal step;
3. A relaxation step.

The algorithm is summarized in Algorithm [I} In practice, the Lipschitz constant can be
evaluated using a classical power iteration procedure, or using a backtracking step inside

the algorithm (see [4] for details). VG, is given by Eq. and Eq. (15)).

Algorithm 1 FISTA algorithm for #,.
Choose the number of iterations nj.
The initial values are Fy € CV+OX(M+1) o — B and the Lipschitz constant L =
IVGall*.
for k=0tony —1do
Gradient step: Fj/o ¢ 2 — %Vga\zk;

. aL \T
Proximal step: Fi1 < Fri1/2 (1 — m) ;

Relaxation step: zx11 « Fry1 + ’;—ig(FkH — Fy);
end for
Output F,,, .

4.5. Minimization of Hp := H(F,-)

Once Fj is estimated, the minimization of Hp, reduces to a simple quadratic mini-
mization:

M N
« = argmin O F (tin, wn) — 127w F(t, wn) + a(tm) 0 F (tm, wn 2
k+1 ga {#ZZt ( ) ( ) (tm) ( )|

m=0n=0



Thus, « can be estimated in a closed form as, for allm =0,..., M,

25 R (awF(tm,wn) [00F (£, wn) — iQanF(tm,wn)D

N
20 |0 F (t, wn) 12 + /1

5. Numerical Results

In this section we show numerical simulation results of the proposed algorithm. The
code and simulated data are available via request. In this section, we take W to be the
standard Brownian motion defined on [0,00) and define a smoothed Brownian motion
with bandwidth o > 0 as

b, =W K,,

where K, is the Gaussian function with the standard deviation ¢ > 0 and * denotes the
convolution operator.

The first example is a semi-real example which is inspired from a medical challenge.
Atrial fibrillation (Af) is a pathological condition associated with high mortality and
morbidity [22]. It is well known that the subject with Af would have irregularly irregular
heart beats. In the language under our framework, the instantaneous frequency of the
electrocardiogram signal recorded from an Af patient varies fast. To study this kind of
signal with fast varying instantaneous frequency, we pick a patient with Af and determine
its instantaneous heart rate by evaluating its R peak to R peak intervals. Precisely, if the
R peaks are located on t;, we generate a non-uniform sampling of the instantaneous heart
rate and denote it as (¢;,1/(t;+1 — t;)). Then the instantaneous heart rate, denoted as
@' (t), is approximated by the cubic spline interpolation. Next, define another a random
process A; on [0, L] by

(I)G'l (t) + H‘bUl HL°°[(),L]
2||@o, [|Loo0,1)

A(t) =1+ , (17)

where t € [0, L] and o7 > 0. Note that A; is a positive random process and in general
there is no close form expression of A;(t) and ¢;(¢). The dynamic of both components
can be visually seen from the signal.

We then generate an oscillatory signal with fast varying instantaneous frequency

fi(t) = As(t) cos(2m¢1 (1)),

where A;(t) is a realization of the random process defined in (I7). We take L = 80,
sample f1 with the sampling rate At = 1/10, o1 = 100, o2 = 200. In Tycoon, we take
p=0.003, v = 0.007 and v = 1. To compare the result with other methods, in addition
to showing the result of the proposed algorithm, we also show the analysis results of
short time Fourier transform (STFT) and synchrosqueezed STFT. In the short time
Fourier transform (STFT) and synchrosqueezed STFT, we take the window function g
as a Gaussian function with the standard deviation ¢ = 1. Please see Figure [1] for an
example. In this example, we see that the proposed algorithm Tycoon could extract this
15



15

0.5~

-0.51

15 | | L |

0 5 10 15 20 25 30 35 40
Time (sec)
2.5 2.5
2 2

N
2]

Frequency (Hz)
-

{

Frequency (Hz)

3 ~ A
; M: “‘:‘\ﬂﬂ%

: W
0.5 0.5
0 0
0 20 40 60 80 0 20 40 60 80
Time (sec) Time (sec)
2.5 2.5
2 2
~ N
T z
31.5 ' 51 5
c ] 1 [
SV WYY p ‘\l' S
g iy g
'8 [T
0.5 0.5
0 0
0 20 40 60 80 20 40 60 80
Time (sec) Time (sec)

Figure 1: Top: the signal f1 is shown as the gray curve with the instantaneous frequency superimposed
as the black curve. It is clear that the instantaneous frequency varies fast. In the second row, the short
time Fourier transform with the Gaussian window with the standard deviation 1 is shown on the left and
the synchrosqueezed short time Fourier transform is shown on the right. In the third row, the Tycoon
result is shown on the left and our result with the instantaneous frequency superimposed as a red curve is
shown on the right. In the bottom, the chirp factor, ¢} (t), is shown as the gray curve and the estimated
@4 (t); that is, the «(t), is properly normalized to remove the scaling ambiguity and superimposed as the
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fail. In addition, the chirp factor can be approximated up to some extent.

In the second example, we consider an oscillatory signal with two gIMTs. Define
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random processes As(t) and ¢2(t) on [0, L] by
D5, () + 2o, [l (0,2
3195, [l 0,1

tTd, + 0.5]|®y, || 1,00
da(t) = 7rt—|—/ { 2(5) 1902 l<(0,1 —sin(s)| ds,
0 L5[[®4, [ L<0,]

As(t) =1+

where ¢t € [0, L] and g2 > 0. Note that by definition ¢o are both monotonically increasing
random processes. The signal is constructed as

[=hHh+ [, (18)

where fo = Ajcos(2mpa(t))x[20,80)(t) and x is the indicator function. Again, we take
o1 = 100, o2 = 200, L = 80 and sample f with the sampling rate At = 1/10. In Tycoon,
we take p = 0.003, v = 0.007 and v = 1. In STFT and synchrosqueezed STFT, the
window function is the same as that in the first example — the Gaussian window with the
standard deviation o = 1. The results of STFT, synchrosqueezed STFT and Tycoon are
shown in Figure |2l It is clear that the proposed convex optimization approach provides
the dynamical information hidden inside the signal f.

Lastly, we add noise to the signal f and see how the proposed algorithm performs.
To model the noise, we define the signal to noise ratio (SNR) as

SNR := 201log; std(f)

std(®)’

where f is the clean signal, ® is the added noise and std means the standard deviation.
In this simulation, we add the Gaussian white noise with SNR 7.25 to the clean signal f,
and obtain a noisy signal Y. The result is shown in Figure |3| Clearly, we see that even
when noise exists, the algorithm provides a reasonable result.

6. Discussion and future work

In this paper we propose a generalized intrinsic mode functions and adaptive harmonic
model to model oscillatory functions with fast varying instantaneous frequency. A convex
optimization approach to find the time-frequency representation, referred to as Tycoon
algorithm, is proposed. While the numerical results are encouraging, there are several
things we should discuss.

1. While with the help of FISTA the optimization process can be carried out, it is still
not numerically efficient enough for practical usage. For example, it takes about
3 minutes to finish analyzing a time series with 512 points in the laptop, but in
many problems the data length is of order 10° or longer. Finding a more efficient
strategy to carry out the optimization is an important future work.

2. While the Tycoon algorithm is not very much sensitive to the choice of parameters
1, A and v, how to choose an optimal set of parameters is left unanswered in the
current paper.
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Figure 2: Top: the signal f is shown as the gray curve with fo superimposed as the black curve which
is shifted up by 4 to increase the visualization. It is clear that the instantaneous frequency varies fast
in the second component. In the second row, the short time Fourier transform (STFT) with a Gaussian
window with the standard deviation o = 1 is shown on the left and the synchrosqueezed STFT is shown
on the right. In the third row, the intensity of the time frequency representation, |Rf|2, determined by
the proposed Tycoon algorithm is shown on the left; on the right hand side, the instantaneous frequencies
associated with the two components are superimposed on |I~%f|2 as a red curve and a blue curve.

3. The noise behavior and influence on the Tycoon algorithm is not clear at this
moment, although we could see that it is robust to the existence of noise in the
numerical section. Theoretically studying the noise influence on the algorithm is
important for us to better understand what we see in practice.
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Figure 3: Top: the noisy signal Y is shown as the gray curve with the clean signal f superimposed as the
black curve.In the second row, the intensity of the time frequency representation, |Ry|2, determined by
our proposed Tycoon algorithm is shown on the left; on the right hand side, the instantaneous frequencies
associated with the two components are superimposed on |Ry|2 as a red curve and a blue curve.

Before closing the paper, we would like to indicate an interesting finding about SST
which is related to our current study. When an oscillatory signal is composed of intrinsic
mode type function with slowly varying IF, it has been studied that the time-frequency
representation of a function depends “weakly” on a chosen window, when the window has
a small support in the Fourier domain [IT, [7]. Precisely, the result depends only on the
first three absolute moments of the chosen window and its derivative, but not depends on
the profile of the window itself. However, the situation is different when we consider an
oscillatory signal composed of gIMT function with fast varying IF. As we have shown in
Figure |2 when the window is chosen to have a small support in the Fourier domain, the
STFT and synchrosqueezed STFT results are not ideal. Nevertheless, nothing prevents
us from trying a window with a small support in the time domain; that is, a wide support
in the Fourier domain. As is shown in Figure [4] by taking the window to be a Gaussian
function with the standard deviation 0.4, STFT and synchrosqueezed STFT provide
reasonable results for the signal f considered in . Note that while we could start to
see the dynamics in both STFT and synchrosqueezed STF'T, the overall performance is
not as good as that provided by Tycoon. Since it is not the focus of the current paper,
we just indicate the possibility of achieving a better time-frequency representation by
choosing a suitable window in SST, but not make effort to determine the optimal window.
This kind of approach has been applied to the high energy physics field [26], where the
window is manually but carefully chosen to extract the physically meaningful dynamics.
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A theoretical study regarding this topic will be reported in the near future.
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Figure 4: Left: the intensity of the short time Fourier transform (STFT) with a Gaussian window with
the standard deviation o = 0.4 is shown on the left and the intensity of the synchrosqueezed STFT is
shown on the right.
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Appendix A. Proof of Theorem

Suppose
9(t) = a(t) cos §(t) = (a(t) + a(t)) cos(¢(t) + B(t)) € Q. (A.1)
Clearly we know a € C*(R), B € C3(R). By the definition of Q¢°2, we have
inf a(t) > c1, supa(t) < cs, (A.2)
teR teR
1nﬂgq§( ) > c1, sup @' (t) < ca, 19" (1)] < 2 (A.3)
te teR
/()] < ed' (1), 6" (t)] < e/ (t) (A4)
and
tigﬂg[a(t) + a(t)] > c, ig}g[a(t) + a(t)] < ez, (A.5)
inf[¢'(8) + B'(8)] > e1, ilelpkﬁ () + B/ ()] < ca, 16"(t) + B"(t)] < 2 (A.6)
|d'(t) + o/ ()] < e(¢'(t) + B'(1)), 6" () + B”' ()] < e(&'(t) + B'(2))- (A.7)

The proof is divided into two parts. The first part is determining the restrictions on
the possible 8 and « based on the positivity condition of ¢’(¢) and a(t), which is inde-
pendent of the conditions and ( - The second part is to control the amplitude

of 8 and «, which depends on the condltlons | ) and l-)

First, based on the conditions , an, we bhOW how S and «
are restricted. By the monotonicity of o(t) based on the condition (A.3} deﬁne tm € R,
m € Z, so that ¢(t,,) = (m + 1/2)7 and s, € R, m € Z, so that qS(sm) = mu. In other

words, we have

9(tm) =0 and g(sm) = (—1)"a(sm).
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Thus, for any n € Z, when t = t,,, we have

(a(tn) + a(tn)) cos(o(tn) + B(tn))
= (a(ts) + ( n)) cos[nm +7/2 + B(tn)] (A-8)
=a(ty,) cos(nm 4+ m/2) =0,

where the second equality comes from (A.1]). This leads to S(t,) = kn7, kn € Z, since

a(ty) + a(t,) > 0 by (A.6).

Claim Appendix A.1l. k, are the same for alln € Z and k,, are even. As changing the
phase function globally by 2lm will not change the value of g(t;), where I € Z, we could
assume that 5(t;) =0 for alll € Z.

Proof. Suppose there exists t,, so that 8(t,) = k7 and S(tp+1) = (k+1)m, where k,l € Z
and { > 0. In other words, we have ¢(t,+1) = ¢(t,) + (I + 1)7. By the smoothness of 3,
we know there exists at least one t' € (t,, ¢y, ) so that ¢(t') + B(t') = (n+3/2)m, but this
is absurd since it means that (a(t) + a(t)) cos(é(t) + B(t)) will change sign in (¢, tn+1)
while a(t) cos(¢(t)) will not.

Suppose k,, is a fixed odd integer k, then since 8 € C3(R) and S(t,) = B(tni1) = k,
there exists t' € (tn,tn+1) so that B(t') = kr and hence

a(t’) cos(¢(t)) = (a(t’) + a(t') cos(e(t) + B(t') = —(a(t') + a(t')) cos(4(t)),

which is again absurd since cos(¢(t')) # 0 and the amplitudes are positive by (A.2) and
(A.5). We thus obtain the second claim. O

Claim Appendix A.2. 3'(t) is constant or changes sign inside [ty tny1] for alln € Z.
Furthermore, |B(t') — B(t")| < w for any t',t" € [tm, tm+1] for all m € Z.

Proof. By the fundamental theorem of calculus and the fact that 8(t,) = B(tn+1) = 0,
we know that

o:amwo—ﬁmnzlw“ﬁme

which implies the first argument. Also, due to the monotonicity of ¢ + 8 (A.6]), that is,

(n+1/2)m = ¢(tn) + Btn) < d(')+ (') < d(tnt1) + B(tns1) = (n+3/2)7 for all t, we
have the second claim
1B(t) — B(t")| < .

Indeed, if |3(t") — B(t")| > =, for some t' < t" € [t,,tn41], We get an contradiction since

(") + B ¢ [(n+1/2)m, (n+3/2)x] while ¢(t')+B(t') € [(n+1/2)7, (n+3/2)x]. O
Claim Appendix A.3. a(s;,) > 0 for allm € Z. If a(sy) = 0, then B8(sm) = 0; if
a(sm) > 0, then |B(sm)| < m/2.

Proof. When t = s,,,, we have

(—=D)™a(sm) = a(sm) cos(mm) (A.9)
(@(5m) + @(5m)) coslinm + B(sm)]
(=1)™(alsm) + asm)) cos(B(sm)),
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where the second equality comes from (A.1]), which leads to a(sy,) > 0since | cos(B(sm))| <
1.

Notice that (A.9) implies that 5(s,,) = 2k, where ky, € Z, if and only if a(s,,) = 0.
Without loss of generality, assume k,,, > 0. Since 3 € C3(R), there exists t' € (tm—1,5m)
so that B(t') = 7 and hence

a(t’) cos(¢(t)) = (a(t’) + a(t')) cos(o(t) + B(t')) = —(a(t') + a(t')) cos(4(t")),
which is absurd since cos(¢(t')) # 0 and the positive amplitudes by (A.2) and (A.5).
Thus we conclude that 5(s,,) = 0.

To show the last part, note that when a(s,,) > 0, 0 < cos(B(sm)) = m <1
by (A.9). Thus, we know B(sm) € (—7/2,7/2) 4+ 2n,,m, where n,, € Z. By the same
argument as in the above, if n,, > 0, there exists t' € (t;—1, $m) so that (') = 7 and
hence

a(t’) cos(¢(t')) = (a(t') + a(t)) cos(o(t') + B(t')) = —(a(t’) + a(t')) cos(8(t')),
which is absurd since cos(¢(t')) # 0 and the positive amplitudes by and (A.5). O

Claim Appendix A.4. a(tna)(-stf;c)(tn) = ‘15,(’5;2?;5;“") for allm € Z. In particular, a(t,) =

0 if and only if B'(t,) =0 for all n € Z.
Proof. For 0 < x < 1, we have
(a(tn + ) + a(ty, + x)) cos(Pp(t, + x) + B(t, + x)) = a(t, + x) cos(d(tn + )),

which means that

a(t, + x) _ cos(p(t, + x) + B(t, + x))
a(t, + ) + a(t, + ) cos(o(tn, + x))

By the smoothness of ¢ and 3, as x — 0, the right hand side becomes

L cos(@(t +2) + Bl + 1)
z—0 cos(¢(t, + x))
— fim (¢ (tn + ) + B (tn + x) sin(@(tn + ) + B(tn + 7))
z—0 @' (tn, + ) sin(p(t, + x))
_ () + 5 (t)
(tn)

Thus, since a(t, + =) + a(t, + ) > 0 and a(t, + =) > 0 for all x, we have

altn) ¢'(tn) + B'(tn)

altn) + a(ty) @' (tn)

Claim Appendix A.5. 5”(t) is 0 or changes sign inside [ty t,y1] for alln € Z.

Proof. This is clear since '(t) is constant or changes sign inside [t,, t,,41] for all n €
Z. O
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To finish the second part of the proof, we have to consider the conditions (A.4) and
ED.

Claim Appendix A.6. |a(t)| < 2we for allt € R.

Proof. Suppose there exists ¢’ so that a(t') > 2me. The case a(t') < —27e can be proved
in the same way. Take m € Z so that t' € (s, Sm+1). Without loss of generality, we

assume t' < t,,,. From (A.4) and (A.7) we have
/()] < e(2¢(t) + B'(1))-

Thus, if we take t € (8,,,t"), we have by the fundamental theorem of calculus

lo(t)) — a(t)] < /t o (u)|du < e[2¢(t) — 26(¢) + B(') — B(t)]
< €l(@(smt1) + Blsmr1) — (sm) — Blsm)) + (d(sm+1) — d(sm))] < 2me,

where the last inequality holds due to the fact that ¢ 4+ 8 and ¢ are both monotonic and
Claim [Appendix A.2] This fact leads to a(t,,) > 0. For each m € Z, since |3(s,,)| < 7/2

by Claim [Appendix A.3] we have

1 1 1
1= 2B(sm)? < ———— < 1= =B(sm)> + —B(s5m)*
58(6m)* < gy < 1= g Blom)? + gy Blon)”

which comes from Taylor’s expansion of the cosine function around ¢(s,,). Thus, we
know

20(tm)
t — >0
)= + ot~
which contradicts to the fact that 5(t,,) = 0 shown in Claim [Appendix A.1 O

Thus we obtain the control of the amplitude. Note that the proof does not depend
on the condition about S”.

Claim Appendix A.7. |3"(t)| < 2me, |5'(t)| < 2%16 and |B(t)| < 2% for all t € R.
1

Proof. Suppose there existed t' € (ty,tm+1) for some m € Z so that |37 ()| > 3we.
Without loss of generality, we assume 3”(¢') > 0. From (A.4) and (A.7)) we have

1B ()] < e(2¢'(t) + B'(2)).

Thus, by the fundamental theorem of calculus, for any t € (¢,,,t"), we know

B"(¢') — B"(1)] < / 18" ()| du < ¢ / (26/(t) + F'(£))du < 2re,

where the last inequality holds due to Claim[Appendix A.2|and the fact that ¢(t')—¢(t) <

H(tmy1) — ¢(tm) = m and |B(t') — B(t)| < 7 from Claim [Appendix A.2| Similarly,

we have that for all t € (¢ tn41), |87(") — p"(t)] < 2me. Thus, ”(t) > 0 for all
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t € [tm,tm+1], which contradicts the fact that 8”(¢t) must change sign inside [t,, tm+1]

by Claim
With the upper bound of |8”|, we immediately have for all ¢ € [t,,, tim1] that

2me

180 = 18/(8) — B (t)] < / 8" @ldu < 2(t — tm)e < 2,

m

where the last inequality holds by ¢ — t,, < t;41 — tm < 1/c1. Similarly, we have the
bound for 5. O

Appendix B. Proof of Theorem

When there are more than one gIMT in a given oscillatory signal f € Q¢'), we loss

the control of the hinging points for each gIMT like those, ¢,, and s, in Theorem 2]
So the proof will be more qualitative. Suppose f = f € ch’c2 where

N
Z a;(t) cos[2m ¢y (t)], Z A (t) cos[2mp; (B)].
=1

. N e M 7
Fix ty € R. Denote fi, := >, fros fto = 2121 frols

2
fro(t) == au(to) cos {27T <¢>l(t0) + ¢1(to)(t —to) + &/ (to)(t;o))]

and

f, )2
froa(t) == Ai(to) cos [QW (Sﬁl(to) +¢i(to)(t — to) + Wfl(to)(t;o)ﬂ .

Note that f,; is an approximation of a;(t) cos[2m¢;(t)] near to based on the assumption of
Q% where we approximate the amplitude a;(t) by the zero-th order Taylor expansion
and the phase function ¢;(t) by the second order Taylor expansion. To simplify the proof,
we focus on the case that |¢] (to)| > €|¢)(t0)| and |¢] (to)| > €|¢)(to)| for all . For the
case when there is one or more [ so that |¢] (t9)| < €|¢](to)|, the proof follows the same
line while we approximate the phases of these oscillatory components by the first order
Taylor expansion.

Recall that the short time Fourier transform (STFT) of a given tempered distribution
f € 8§’ associated with a Schwartz function g € S as the window function is defined as

V() = [ Halgla =

Note that by definition f, fi,, fto € 8. To prove the theorem, we need the following
claim about the STFT.

Claim Appendix B.1. For a fized tyg € R, we have
Vi (rm) = Vi (7m)| = O(e).

where C is a universal constant depending on c1, co and d.
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Proof. Fix a time ty € R. By the same argument as that in [I1} [7] and the conditions of
Q1 we immediately have

Vi (z.m) = Vi2 (r,m)|

‘ / — fio () g(t — T)e~ 2™ dt

—ay(to)) cos[2mey (t)]g(t — to)e—i%rntdt’

/R ar(to) (cos2mdn(£)] — cos[2n(B(to) + &' (to) (t — to)

+%¢//(t0)(t — t0)2)])g(t _ to)eiQﬂ'ntdt‘
=0(e),

where the last term depends only on the first few absolute moments of g and ¢’, d, ¢;
and cs. O

With this claim, we know in particular that Vf(g)(to,n) = Vf(t? (to,n) + O(e). As a
result, the spectrogram of f and f;, are related by

Vi (to. 0] = VA (o, ) + O(e).
Indeed, we have

|V(g (to.m) ai(to)Ir0.

\Mz

Next, recall that the spectrogram of a s1gnal is intimately related to the Wigner-Ville
distribution in the following way

Vil = [ W0 W (e - 7.6 - s
where the Wigner-Ville distribution of a function h in the suitable space is defined as
WV (z,§) == /h(g: +7/2)h* (x — 7/2)e e T,

Claim Appendix B.2. Take g(t) = (20)"/*exp {—not?}, where ¢ > 0. When d is large
enough described in (-) with the properly chosen oo > 0, where og is the minimizer of

, we have

Vi (torm)l? = Lito.m) + ¢ and V" to.m)]" = Lto.n) +e

where

2 o _2mo(¢(to) —n)° }
£ 2(0% + ¢ (1)) T { o2 + 6} (to)?
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and

o 2ro (@) (to) — n)?
t A t _ — .
(fo:n Z o\ ST T ) eXp{ o + ¢l (t0)?

Proof. By a direct calculation, the Wigner-Ville distribution of the Gaussian function
g(t) = (20)"/* exp {—mot?} with the unit energy, where o > 0, is

52
WVg(x,Q2eXp{2ﬂ'(az + >},

similarly, the Wigner-Ville distribution of f, ; is

WV, (2,€) = af (t0)0g! (t) 46! (t0) (@—t0) (£)-

Thus, we know

2
‘ (B.1)

VA2 (to,m)

://WVftoJ(x,{)WVg(x —tg, & —n)dazdg

2
// al (to 5¢ (to)+¢;' (to) (z— to)(§)> 2exp {—QW (a(m —t9)” + (f;?)) } dédw

i) [ {3 (oto - s+ O H W= =0},

o
o), 3 g 0 | e i) — ).

2(0” + 97/ (t0)?) o + ¢/ (to)?
Thus, we have the expansion of Zl]\;l |V;tg)l(t07n)|2, which is L(tg,n). Next, we clearly
have

( ) ( ) ( ) (9)
V . Z |Vftg 1 §Rvatg 1 Vftg k( 7,1)
k£l
(9) (9)
<Z1Vft (7.) HVft o n>!~
k#l

To bound the right hand side, note that (B.1]) implies

o 1/4 o ey
V2. te| =) () - "o

As aresult, >3 ’V (m,m) ’ ‘V(g) (7, n)’ becomes

ax(to)ai(to)o'/? x4 o [ (rlto) — n)? | (8ito) —n)?
k; (4(0% + 6] (t0)2) (02 + 6} (t0)2))* p{ <02 i) o2+ ¢;’<to>2> } ’
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which is a smooth and bounded function of 7. As each component is product of two
Gaussian functions, the maximum of each component should be achieved around ¢; for
some [. Thus, we have the following bound

N

S vt ] |72, )

k£l

N? ax(to)ai(to)o'/? { <(¢;c(t0) - ¢2(t0))2) }
<— _
=9 (4(02 + ¢%(t0)2)(02 + ¢2’(t0)2))1/4 exp o o7 & ¢%(t0)2

for some k,I = 1,..., N, which is by e. Thus, by a direct calculation, we have the

following bound
(ca—c1)? 5 1 { —mod? }
c expy ————5 ¢ <€,
2d? 220 P 52 +c3 )~
which leads to the following rough bound of d:

o2 + 2 2V 20¢€

o (2 —c1)%c3’

(B.2)

Thus, by minimizing the right hand side by taking a suitable ¢ > 0, we have shown
that when d is large enough, the interference term is of order e. We have finished the
proof. [

Since to is arbitrary in the above argument and the spectrogram of a function is
unique, we have |Vf(g) (to,n)|* = |V (to,n)|2 and hence

|L(to,n) = L(to, n)| = O(e). (B.3)
With the above claim, we now show M = N.

Claim Appendix B.3. M = N.

Proof. With o9, by Claim[Appendix B.2 for each [ = 1,..., N, there exists a subinterval

I;(to) around ¢)(to) so that on I;(to), L(to,n) > 2\/2(14:;(')')@ = > 2\/;23' Similarly,
2

for each [ = 1,..., M, there exists a subinterval J;(to) around ¢j(to) so that on J;(to),

T A7 (o) cf i i i

L(to,m) > A D) > 3 T Thus, when € is small enough, in particular,
2

€K 2\/@, the equality in 1) cannot hold if M # N. O

With this claim, we obtain the first part of the proof, and hence the equality

Zal ) cos[2mepy (¢ ZAI cos2mp(t)] € Q757 (B.4)

Now we proceed to finish the proof. Note that it is also clear that the sets I;(¢y) and

Ji(to) defined in the proof of Claim [Appendix B.3|satisfy that I;(to) N Ix(to) = 0 for all

I # k. Also, I;(to) N Ji(to) # 0 and I;(to) N Jx(to) = 0 for all [ # k. Indeed, if k =1+ 1
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and we have I;(to) N Ji+1(to) # 0, then L(to,n) > \/21? on Ji11(t0)\1;(to), which leads

to the contradiction. By the ordering of ¢j(¢¢) and hence the ordering of I;(t), we have
the result.

Take £ =1, 0 = 1 and n = ¢/ (ty). By Claim [Appendix B.2| when d is large enough,

on I (tg) we have

aift) Al {_27r(so’1<to)—¢’1<to))2
V201 +67(0)?) V20 +¢1(t)?) L+ ¢i(to)?

which leads to the fact that

} +0(e), (B.5)

ai(t) Ail) | _ o, (B.6)
V20 +61(0)?) 201+ 91 (t0)?)
Indeed, without loss of generality, assume ai (to) > Aj (o) and we have

V201467 (t0)? \/2(1+90 (to)?)

ai(to) B Al(to)
VALt G0 VALT oo

) M) [ 2w(h) - 60)?)
S VAT 4D VAL o)) p{ 1+ (to)? } o)

by (B.5) since 0 is the unique maximal point of the chosen Gaussian function.
Claim Appendix B.4. |¢}(t) — ¢}(t)]| = O(\/E) for all timet € R and £ =1,...,N.
Proof. Fix ty € R and £ = 1. By (B.5| , ) and the conditions of ch’c2 on I1(ty) we

have
Ai(to) —ex _27(801(750) — ¢ (t))* — Ole
0+ () ‘1 p{ 1+ @t H 0(e)

Due to the fact that the Gaussian function monotonically decreases as

27 (1 (to) =4 (t0))? >
1+¢7 (to)?
0, we have

/ Y 2
(P1(to) — ¢1(t0))” _ 0(e).
1+ 7 (to)?
Since ¢ is uniformly bounded by ¢z, we know
¥ (to) — ¢ (to)| = O(Ve).

By the same argument, we know that |¢}(t) — ¢)(t)| = O(\/e) for all [ = 1,..., N and
teR. O

Claim Appendix B.5. |¢)(t) — ¢} (t)] = O(/€) for all timet € R and £ =1,...,N.

Proof. Fix tg € R and ¢ = 1. By the assumption that ¢}’ (o) = O(e) and ¢’ (o) = O(e),
we claim that |¢Y (to) — 7 (to)| = O(V/€) holds. Indeed, we have

to+1 to+1
Gltat D =dito)+ [ s md Gt D=pit)+ [ el
to to
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which leads to the relationship
to+1
Ghlto+ 1) = hlto+ 1) = 61(00) — ¢hlto) + [ (61(6) — pl ().
to

Therefore, by the assumption that ¢}’ (tg) = O(e) and ¢}’ (ty) = O(€), we have

to+1
[ @) - el

0t0+1 s
-/ (Y(to)—@'f(to)‘i‘ X 3”(x)—<pi”(x))dx> s
— 6(t0) — @l(t0) + O(c),
wbich s a6 — ()] = O(/) e I+ 1) it + ) - O und

| (to) — ¢’ (to)| = O(\/€). By the same argument, we know that |} (t) — ¢} (t)| = O(
foralll=1,...,N and t € R.

Dm

Claim Appendix B.6. |a¢(t) — Ay(t)] = O(V/e) for all timet € R and £ =1,...,N.

Proof. Fix tg € R and £ = 1. From (B.6), it is clear that |a;(to) — A1 (to)| = O(/e) if

and only if |¢ (tg) — ¢ (to)] = O(V/€), so we obtain the claim by Claim [Appendix B.5
Similar argument holds for all time t € R and £ =2,..., N. [

Lastly, we show the difference of the phase functions.
Claim Appendix B.7. |¢¢(t) — @e(t)| = O(\/e€) for all timet € R and £=1,...,N.
Proof. By (B.4)) and the fact that |a;(t) — A;(t)] = O(y/€), we have for all ¢t € R,

Zaz cos[2my(t) Zaz cos[2m(u(t) + eu(t))] + O(Ve),

where ; € C3(R). Note that S a;(t) cos[2m(di(t) + au(t))] € Q7% Fixty € R
Suppose there exists tg and the smallest number k so that oy (tg) = O(\f) up to multiples
of 27 does not hold. Then there exists at least one £ # k so that ay(t9) = O(y/€) does not
hold. Suppose L > k is the largest integer that ap(to) = O(y/€) does not hold. In this
case, there exists ¢; > ¢y so that 21111 ai(t1) cos[2my(t1)] = Zf\il ai(ty) cos[2m (g (t1) +
a;(t1))] + O(y/€) does not hold. Indeed, as ¢} (to) is higher than ¢} (o) by at least d,
we could find t; = ¢, ' (¢r(to) + ¢), where 0 < ¢ < m, so that cos[2m(¢r(t1) + ar(t1))] —
cos[2m (@ (t1))] = cos[2m (oL (to) +ar(to))] — cos[2m (oL (to))] + O(V/€) does not hold while
S g an(t) cos[2mey(t)] = Sy ai(t) cos[2m(u(t) + au(t))] + O(y/e) holds. We thus get a
contradiction and hence the proof. O
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