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I. INTRODUCTION

In 1946, Gabor proposed using a set of Gaussians located on a time–frequency
lattice as a basis for representing arbitrary signals [1]. Gabor’s motivation can be
understood by considering Fig. 1a. If one considers an acoustical signal, generally
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Figure 1. (a) A section of Beethoven’s fifth symphony, showing that if a musical score is viewed
as a plot of the time–frequency plane there is strong correlation between frequency and time. Note
that most of the time–frequency phase space cells are empty. (b) A schematic representation of the
von Neumann lattice in which one Gaussian is placed in every phase space cell of area h. For a color
version of this figure, see the color plate section.

there is some form of time–frequency correlation. This is made explicit in musical
notation, where the score can be thought of as a two-dimensional (2D) time–
frequency plot, showing schematically that not all frequencies are present at all
times. Gabor’s proposal was to divide this 2D time–frequency space into cells of
area 2𝜋 and place one Gaussian per cell. If the Gaussians are considered as a basis
set, intuitively a substantial fraction of the Gaussians may be expected to have
near-vanishing coefficients.

It turns out that the identical lattice of Gaussians was discovered by von
Neumann 15 years earlier in the context of quantum mechanics, where instead
of 𝜔 and t the conjugate variables are p and x and the area of the unit cell is
h [2]. However, in all respects the formalism is isomorphic. Von Neumann’s
interest was in a generalized uncertainty principle, but subsequently mathematical
physicists explored the properties of the von Neumann lattice as a basis. It was
proven that if one Gaussian is placed per cell of area h the von Neumann basis is
complete but not overcomplete, provided the width parameter of the Gaussian is
appropriate to the cell size [3]. In the late 1970s, Davis and Heller [4] explored
the use of the vN basis for solving the time-independent Schrödinger equation
(TISE). Their motivation was similar to that of Gabor’s. They reasoned that the
classical mechanical phase space contour at energy E should provide an excellent
guide for where quantum mechanical basis functions are needed. To the extent
that basis functions outside the classical contour can be eliminated, the basis
should provide a very efficient representation. Some prototypical examples of
classical energy contours are illustrated in Fig. 2.

Although the commercial aspects of the representation are probably much
larger for audio and image processing than for quantum mechanics, the advan-
tage of the von Neumann representation is potentially much higher in quantum



JWST498-c01 JWST498-Rice Printer: Yet to Come September 15, 2014 8:50 Trim: 6in × 9in

PHASE SPACE APPROACH TO SOLVING THE SCHRÖDINGER EQUATION 3

(a) (b)

Figure 2. Classical phase space contours for (a) harmonic oscillator Hamiltonian, (b) Coulomb
Hamiltonian.

mechanics. The reason is that quantum mechanical calculations for realistic atoms
and molecules involve solving a wave equation in 3N degrees of freedom, where
N is the number of electrons and nuclei, a dimensionality much higher than one
deals with in signal and image processing. Most basis function methods use a
tensor product Hilbert space and as a result the number of basis functions grows
exponentially with the number of degrees of freedom. This notorious problem
is called the “exponential wall” [5]. Although the von Neumann basis functions
in multidimensions are direct products of one-dimensional (1D) Gaussians, the
Hilbert space after removing the energetically inaccessible Gaussians is not a ten-
sor product Hilbert space. Thus, formally at least, the method has the potential to
defeat the exponential wall in basis set calculations.

Due to its intuitive appeal and its potential for simple and efficient represen-
tation, the von Neumann representation has attracted interest in the theoretical
chemistry community since the late 1970s. Similarly, the Gabor representation
has attracted interest in the signal processing community since its invention in
1946, with a peak of interest in the 1980s and 1990s. The development of the the-
ory in these two fields has been nearly independent, with only limited transfer of
ideas and methods between these communities. Figure 3a summarizes some of the
key milestones in the development of von Neumann/Gabor theory [1, 2, 4, 6–19].

One of the striking parallels in the development of the method in quantum
mechanics and signal processing is that the method never became mainstream
in either community. A key reason is undoubtedly the problems encountered in
converging the method, problems reported independently in both fields. Figure 3b
collects some quotations from the literature, both in quantum mechanics and in
signal processing, that testify to the problems with convergence of the method
[4, 7, 8, 11, 12].

We have recently discovered a simple but surprising way to converge the
von Neumann/Gabor method [15–19]. Our insight was to define a modified
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“For     = l, we have the von Neuman basis, which is very poorly convergent
as the grid is extended into phase space.” 

“In order to represent a classical wavepacket, f(x) should go to zero rapidly
for large |x|, as should g(p) for large |p|. The requirement of completeness
turns out to make this property relatively useless.” 

“Gabor’s original proposal, with    0t0 = 2  , leads to unstable reconstruction.” 

“[T]he phase space truncation scheme—tempting though it may be to apply
to the von Neumann lattice—is actually quite inefficient in this context.” 

Figure 3. (a) A schematic diagram of the development of the von Neumann/Gabor method
in the quantum mechanics and signal processing communities. The development proceeded largely
independently. (b) Quotes from the quantum mechanics and signal processing literatures indicating
that the von Neumann/Gabor basis on a truncated lattice does not converge.

von Neumann/Gabor basis in which the boundary conditions are taken to be peri-
odic and band limited. As we show below, this ensures that the representation has
exact informational equivalence with the Fast Fourier Transform method, which
has been used so profitably for quantum dynamics calculations. In the language of
signal processing, the significance of this result is that the modified Gabor basis
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satisfies a Nyquist–Shannon sampling theorem [20–22], meaning that the represen-
tation is exact for functions that are band limited and periodic, and converges expo-
nentially fast for functions that decay exponentially in both time and frequency.
The net result is that the periodic von Neumann (pvN) or periodic Gabor (pg) basis
combines the best of both worlds: Gaussian flexibility with Fourier accuracy.

One more development is crucial to making the method useful. Although the
periodic von Neumann representation has complete informational equivalence
with the Fourier representation if the full basis is kept, it turns out that discarding
even a single pvN function incurs a considerable error—actually a much larger
error than incurred in discarding Fourier functions. In other words, Gabor’s original
proposal for compression turns out not only to fail, but to have exactly the opposite
consequences of what he expected. To understand the problem and its solution,
note that the von Neumann basis is non-orthogonal. As a result, the basis functions
do not satisfy a Kronecker delta relation ⟨gm|gn⟩ = 𝛿mn, but rather a relation⟨bm|gn⟩ = 𝛿mn where the {bm} are a set of basis functions biorthogonal to the
{gn}. Although the {gn} are localized the {bm} are not. In the implementation of
the vN representation as envisioned by Gabor and all subsequent work, the {gn} are
the basis functions and therefore the delocalized {bm} determine the coefficients.
Our finding was that by interchanging the role of the basis and its biorthogonal
basis we obtain a delocalized basis {bm} but the localized functions {gn} now
determine the coefficients, many of which are now nearly vanishing.

The remainder of this review is organized as follows. Section II presents the
basic theory. Sections III–V present applications, first to femtosecond pulse shap-
ing, then to quantum mechanics (both time independent and time dependent) and
finally to audio and image processing. Section VI is a Conclusion with some
discussion of future directions.

II. THEORY

A. von Neumann Basis on the Infinite Lattice

The von Neumann basis set [2] is a subset of the “coherent states” of the form:

gnl(x) =
(2𝛼
𝜋

) 1
4 exp

(
−𝛼(x − xn)2 + i

pl

ℏ
(x − xn)

)
(1)

where n and l are integers. Each basis function is a Gaussian centered at
(xn, pl) = (na + x0,

lh
a
+ p0) in phase space, where x0 and p0 are arbitrary shifts.

The parameter 𝛼 = 𝜎p

2𝜎x
controls the FWHM of each Gaussian in x and p space.

Taking Δx = a,Δp = h∕a as the spacing between neighboring Gaussians in x and
p space respectively, we note that ΔxΔp = h so we have exactly one basis function
per unit cell in phase space. As shown in [3] this implies completeness in the
Hilbert space.
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The “complete” vN basis, where n and l run over all integers, spans the infinite
Hilbert space. In any numerical calculation, however, n and l take on a finite number
of values, producing N Gaussian basis functions {gi(x)}, i = 1…N. Since the size
of one vN unit cell is h, the area of the truncated vN lattice is given by SvN = Nh.

B. Fourier Method

Before proceeding to describe our modified version of the von Neumann lattice,
we need to present some background about the Fourier method.

The pseudospectral Fourier method [23, 24] (also known as the sinc discrete
variable representation (DVR) [25]) is a widely used tool in quantum simulations
[26–29]. In this method a function 𝜓(x) that is periodic in L and band limited
in K = P

ℏ
can be written in the following form: 𝜓(x) =

∑N
n=1 𝜓(xn)𝜃n(x), where

xn = 𝛿x(n − 1), and 𝛿x =
𝜋ℏ

P
= L

N
. The basis functions {𝜃n(x)} are given by [30]:

𝜃n(x) =

N
2∑

j=−N
2
+1

1√
LN

exp
(

i2𝜋j

L
(x − xn)

)
, (2)

which can be shown to be sinc functions that are periodic on the domain [0,L]
[31]. A couple of representative functions from this set are illustrated in Fig. 4.
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Figure 4. Illustration of the Dirichlet or periodic sinc functions. These functions are the under-
lying basis of the fast Fourier transform (discrete Fourier transform with periodic boundary conditions).
They go to 1 at one of the Fourier grid points and to 0 at all the other Fourier grid points. The various
members of the basis are orthonormal. For a color version of this figure, see the color plate section.
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Figure 5. (a) N = 9 coordinate grid points and N = 9 Gabor unit cells cover the same area in
phase space, S = 2𝜋N. Superimposed is a typical Gabor function. Note that its boundary conditions
are not appropriate for the rectangular area. (b) The periodic Gabor (pg) basis is a complete set for the
truncated space. The pg basis functions are, loosely speaking, periodic and band-limited Gaussians
whose centers are located at the center of each unit cell.

By Nyquist’s theorem, if the spacing between points in the Fourier method
is 𝛿x, the frequency range that can be spanned is 2P = 2𝜋ℏ

𝛿x
. Thus, the set

{𝜃i(x)} i = 1,… ,N spans a rectangular shape in phase space with area SFGH =
2LP = 2L𝜋ℏ

𝛿x
= Nh [23]. Thus N unit cells in the vN lattice and N grid points

in the Fourier method cover the same rectangle with an area in phase space of
(Fig. 5a):

SvN = SFGH = Nh. (3)

This suggests that N vN basis functions confined to this area will be equivalent
to the Fourier basis set. Unfortunately, the attempt to use N Gaussians as a basis
set for this phase space area leads to extremely large numerical errors. One may
think of this as a result of Gaussians on the edges of Fig. 5a protruding from
the truncated space; as a consequence, there are also gaps in the coverage of the
Hilbert space of the interior region.

C. The Periodic von Neumann Basis (pvN)

The problem with convergence of the truncated lattice of Gaussians can be over-
come by combining the Gaussian and the Fourier basis functions, generating a
“Gaussian-like” basis set that completely spans the truncated space. Specifically,



JWST498-c01 JWST498-Rice Printer: Yet to Come September 15, 2014 8:50 Trim: 6in × 9in

8 DAVID J. TANNOR ET AL.

the {gm(x)} functions enter as the coefficients of the Dirichlet functions {𝜃i(x)} to
construct a new basis set, {g̃m(x)}:

g̃m(x) =
N∑

n=1

𝜃n(x)gm(xn) (4)

for m = 1,… ,N. The new basis set is in some sense, the Gaussian functions with
periodic boundary conditions and band limited, henceforth the periodic von Neu-
mann or pvN basis (Fig. 5b). We can write Eq. (4) in matrix notation as: G̃ = ΘG,
where Gij = gj(xi). By taking the width parameter 𝛼 = Δp

2ℏΔx
we guarantee that the

pvN functions have no linear dependence and that the matrix G is invertible, that is
G̃G−1 = Θ. The invertibility of G implies that the {g̃m(x)} and the {𝜃i(x)} span the
same Hilbert space and therefore are informationally equivalent representations.

Inspection of Fig. 5b explains why the subtitle of this review is “thinking inside
the box.”

D. Biorthogonal von Neumann Basis Set (bvN)

Although the pvN and the Fourier methods span the same rectangle in phase space,
in the Fourier basis one is constrained to a rectangular area in phase space whereas
in the pvN method one has the freedom to place basis functions only where
needed in phase space. If the classical phase space up to energy E occupies only
a small fraction of the circumscribed rectangular area, the pvN basis can lead to
significant savings. This is particularly important for multidimensional problems,
where the savings in the pvN actually grows faster than exponentially with dimen-
sion, as discussed in Section II E. below. However, there is an important subtlety
in discarding basis functions that arises because the basis in non-orthogonal. We
therefore provide a brief review of some properties of non-orthogonal bases.

For an orthonormal basis, we have the relation:

⟨𝜙m|𝜙n⟩ = 𝛿mn. (5)

For a non-orthogonal basis this relation does not in general hold and one writes:

⟨gm|gn⟩ = Smn, (6)

where S is the overlap matrix. Alternatively, one can write:

⟨bm|gn⟩ = ⟨gm|bn⟩ = 𝛿mn (7)
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where the set {bm} is called the basis “biorthogonal” to the set {gn}. The usual
completeness relation for orthogonal bases:

∞∑
n=1

|𝜙n⟩⟨𝜙n| = 1 (8)

is replaced by the relations:

∞∑
n=1

|gn⟩⟨bn| = ∞∑
n=1

|bn⟩⟨gn| = 1. (9)

To obtain an explicit relation for the {bn} we note the following alternative expres-
sion for the completeness relation for a non-orthogonal basis [32]:

∞∑
n=1

∞∑
m=1

|gm⟩(S−1)mn⟨gn| = 1. (10)

Comparing Eq. (10) with Eq. (9) we see that

|bn⟩ = ∞∑
m=1

|gm⟩(S−1)mn, (11)

or on the truncated space

|b̃n⟩ = N∑
m=1

|g̃m⟩(S−1)mn. (12)

Figure 6 shows a plot of the S and the S−1 matrices on a logarithmic scale. As
seen clearly in the figure, although the S matrix is tightly banded, the S−1 decays
slowly away from the diagonal. As a consequence, although the {gi} basis is
localized, the {bi} basis is delocalized. Figure 7 shows a typical bn basis function,
which is seen to be not only delocalized but to be quite irregularly shaped with
discontinuous derivatives.

E. Periodic von Neumann Basis with Biorthogonal Exchange (pvb)

We now return to the issue of discarding unnecessary basis functions. If |𝜓⟩
occupies only a fraction of the rectangle spanned by the Fourier basis, we may
expect that many of the pvN basis functions will fulfill the relation: ⟨g̃j|𝜓⟩ = 0,
j = 1,… ,M. However, due to the non-orthogonality of the basis we cannot simply
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Figure 6. Magnitude of S (a) and S−1 (b) matrices on a logarithmic scale. For a color version
of this figure, see the color plate section.

eliminate the states g̃j, since the coefficients of g̃j are not simply given by ⟨g̃j|𝜓⟩ =
0. To see this, consider the representation of the state |𝜓⟩ in the pvN basis set:

|𝜓⟩ = N∑
m=1

|g̃m⟩am =
N∑

n=1

N∑
m=1

|g̃m⟩(S−1)mn⟨g̃n|𝜓⟩, (13)
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Figure 7. A typical biorthogonal basis function.
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where in the second equality we have used the completeness relationship for non-
orthogonal bases, Eq. (10), applied to the truncated space. Comparing the two
expressions in Eq. (13) we find that

am =
N∑

n=1

(S−1)mn⟨g̃n|𝜓⟩. (14)

The expression for the coefficients am is seen to contain S−1. Since as discussed
above S−1 is delocalized, am can be quite significant, even if gm is remote from
𝜓 because am can draw amplitude from non-remote ⟨g̃n|𝜓⟩. Nevertheless, we
can still take advantage of the many near-vanishing ⟨g̃n|𝜓⟩ to obtain a compact
representation of the function |𝜓⟩. The key is to exchange the role of the {gn} and
{bm} basis sets. Substituting Eq. (12) into Eq. (13), |𝜓⟩ can be written as

|𝜓⟩ = N∑
n=1

|b̃n⟩cn =
N∑

n=1

|b̃n⟩⟨g̃n|𝜓⟩. (15)

By assumption, M of the coefficients are zero, hence only N′ = N − M basis func-
tions are necessary in order to represent |𝜓⟩ in this basis. Note that the new basis
functions, the {bn}, are not only delocalized but have discontinuous derivatives
(see Fig. 7); paradoxically, this is the farthest thing from the localized basis envi-
sioned by Gabor and by his counterparts in the quantum community! However,
this highly irregular basis is exactly what is needed to ensure that the localized
functions {gn} determine the coefficients, and hence that the representation is as
sparse as possible.

The equations take a particularly compact form in matrix notation: Eq. (12)
becomes B = GS−1 = (G†)−1 or G†B = 1 at the Fourier grid points.

The biorthogonal basis is well known in the signal processing literature [6, 9,
10, 33–35], but the crucial idea of exchanging the roles of the pvN and the bvN
seems to have been overlooked. We attribute this to the fact that Eq. (10) involving
S−1 does not appear in that literature. It is this expression, together with the non-
sparseness of the S−1 matrix that provides the motivation for the exchange of roles.
To distinguish our method from previous work we call our method the “periodic
von Neumann with biorthogonal exchange” method or pvb. When applying the
method to signal processing we refer to it as the “periodic Gabor with biorthogonal
exchange” method or pgb.

III. APPLICATION TO ULTRAFAST PULSES

As a first illustration of the use of the periodic Gabor basis we consider the repre-
sentation of shaped femtosecond laser pulses that emerge in the field of quantum
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Figure 8. Example of a non-intuitive Fourier transform pair. The solid line shows the amplitude
and the dashed line the phase. The “V” phase profile in frequency leads to a double-pulse structure
in time.

control [36–41]. These pulses are complex, and in general are shaped in both
amplitude and phase. We start with this example for three reasons. First, chrono-
logically this was our first application of the von Neumann lattice [14,15]. Second,
it provides a nice comparison of the visual form of the discrete Gabor representa-
tion with the Wigner and Husimi representations. Third, it shows the importance
of the periodic boundary conditions in the Gabor representation without the addi-
tional complications of quantum mechanical operators. In Section IV, when we
turn to the quantum mechanical applications, all the considerations introduced in
this section will still apply, with additional methods required to represent operators
in the pvb basis.

Figure 8 shows a shaped laser pulse in both the frequency and time repre-
sentations. In frequency, it consists of a Gaussian amplitude multiplied by a “V”
phase profile. In the time domain, related by a Fourier transform, the “V” phase
profile leads to a double-pulse structure. Although both the frequency and time
representations contain the same information, it is difficult to appreciate all the
properties of the signal from one representation alone.

Figure 9a shows the same signal in the Wigner representation [42]. The
marginals of the Wigner representation give the absolute value squared in the
frequency and time representations, respectively. However, in the Wigner repre-
sentation one can visualize simultaneously both the single-lobed structure of the
frequency profile and the double-lobed structure of the time profile. Note that the
Wigner representation shows oscillations between the two portions of the pulse
in time. These oscillations can take on negative values, making it impossible to
interpret the Wigner representation strictly as a probability distribution. Figure 9b
shows the Husimi representation of the same signal. The Husimi representation
is defined as the absolute value squared of the overlaps of the signal with a
continuous-parameter set of time–frequency Gaussians [43], and therefore unlike
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Figure 9. The Wigner representation (a), the Husimi representation (b), and the von Neumann
representation (c) of the pulse in Fig. 8. All three representations allow the visualization of the pulse
in time and frequency simultaneously. For a color version of this figure, see the color plate section.

the Wigner representation is everywhere positive semidefinite. Formally, one can
show that the Husimi representation is a Gaussian smoothing of the Wigner repre-
sentation, and in fact one can see that the oscillations in the Wigner representation
are washed out in the Husimi representation.

Figure 9c shows the signal of Fig. 8 in the von Neumann/Gabor representation.
Since the basis set is discrete so is the representation. The major features of the
signal in both frequency and time are clearly observed. The discreteness of the
representation, which at first sight may appear somewhat jarring, is actually its
strength, providing exactly the same number of parameters as the discrete Fourier
representation.

As a first test of the von Neumann representation, in Fig. 10 we consider whether
the transformation of a signal to the von Neumann representation is invertible. The
red curve in Fig. 10c portrays the amplitude profile of a frequency signal defined at
a finite, discrete number of points. Such a discrete representation occurs naturally
when considering shaped ultrafast pulses, since the masks used for pulse shaping
consist of a finite, discrete number of pixels. Figure 10a–b show the amplitude
and phase respectively of the von Neumann representation. The back-transformed
signal is shown as the blue curve in Fig. 10c, and differs significantly from the
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Figure 10. Transformation of a Gaussian pulse from frequency to the von Neumann repre-
sentation and back without periodic boundary conditions. The error in the back-transformed signal
is quite significant (blue vs. red curve in (c)). Panel (a) shows the amplitude of the von Neumann
representation and panel (b) the phase. Adapted from Ref. [15]. For a color version of this figure, see
the color plate section.

original signal. However, when the conventional von Neumann basis is replaced by
the pvN basis, the representation in Fig. 11a–b is obtained. The periodic boundary
conditions are clearly visible in the figure, with the effect that the ringing in the
interior region that is present Fig. 10a is eliminated. When Fig. 11a is back-
transformed to frequency, the signal is indistinguishable from the original (red
curve in Fig. 11c), and in fact the two signals are identical to the precision of the
computer. This shows the dramatic effect of the periodic boundary conditions on
the von Neumann representation.

IV. APPLICATIONS TO QUANTUM MECHANICS

We now turn to the main topic of this review, the application of the pvb method to
quantum mechanics. In this section we discuss the application to the TISE and in
the next section we will discuss the application to the time-dependent Schrödinger
equation.
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Figure 11. Transformation of a Gaussian pulse from frequency to the von Neumann representa-
tion and back with periodic boundary conditions. The back-transformed signal agrees with the original
signal to the accuracy of the computer (blue vs. red curve in (c)). Panel (a) shows the amplitude of the
von Neumann representation and panel (b) the phase. Adapted from Ref. [15]. For a color version of
this figure, see the color plate section.

A. Time-independent Schrödinger Equation (TISE)

1. Formalism

Consider the TISE HΨ = EΨ. H is the Hamiltonian operator consisting of a

kinetic energy and a potential energy operator: H = T + V = − ℏ2𝜕2

2m𝜕x2 + V(x) where
for simplicity we use a 1D notation and express the operator in the coordinate
representation. In a non-orthogonal basis this equation takes the form:

HU = SUE (16)

where H is the Hamiltonian matrix whose elements Hij are given by

Hij = ⟨gi|H|gj⟩ = ∫
∞

−∞
g∗i (x)

[
− d2

dx2
+ V(x)

]
gj(x)dx (17)
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and S is the overlap matrix defined in Eq. (16)

Sij = ⟨gi|gj⟩ = ∫
∞

−∞
g∗i (x)gj(x)dx. (18)

In the pvN basis, the basis functions {gi} take the form {g̃i} given by Eq. (4), so
Eq. (18) takes the form [16]:

Sij = ⟨g̃i|g̃j⟩ = ∫
L

0
g̃∗i (x)g̃j(x)dx

=
N∑

n=1

N∑
m=1

g∗i (xn)gj(xm)∫
L

0
𝜃∗n (x)𝜃m(x)dx

=
N∑

n=1

g∗i (xn)gj(xn). (19)

Note that the tildes completely disappear from the expression for Sij and one is left
only with the sampling of the original Gaussians at the Fourier points. In matrix
notation, Eq. (19) takes the form

S = G†G. (20)

In the pvN basis the Hamiltonian matrix takes the form [16]:

HpvN
ij = ⟨g̃i|H|g̃j⟩

=
N∑

m=1

N∑
n=1

g∗i (xm)⟨𝜃m|H|𝜃n⟩gj(xn)

=
N∑

m=1

N∑
n=1

g∗i (xm)HFGH
mn gj(xn) (21)

and similarly

HbvN
ij =

N∑
m=1

N∑
n=1

b∗i (xm)HFGH
mn bj(xn). (22)

Again, note that the tildes completely disappear in both the pvN and bvN repre-
sentations, as a result of the orthonormality of the 𝜃m. We have made use of the
fact that ⟨𝜃m|H|𝜃n⟩ is precisely what is meant by the Fourier grid Hamiltonian
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[24]: HFGH = VFGH + TFGH, where the potential and the kinetic energy matrices
are given by: VFGH

ij ≈ V(xi)𝛿ij and [44]

TFGH
ij = ℏ2

2M

⎧⎪⎪⎨⎪⎪⎩

K2

3

(
1 + 2

N2

)
, if i = j

2K2

N2

(−1)j−i

sin2
(
𝜋

j−i
N

) , if i ≠ j.
(23)

2. 1D Applications

To illustrate the importance of the periodic boundary conditions, we start with
a simple example of the 1D harmonic oscillator. Figure 12a shows the error
in the seventh eigenvalue of the harmonic oscillator as a function of the basis
set size N for a rectangular phase space grid. The results using the vN basis
without periodic boundary conditions converge extremely slowly. In contrast,
the results using the Fourier grid, the pvN and the pvb methods all converge
exponentially, and in fact give identical results as long as a rectangular phase
space lattice is used. The poor convergence of the conventional vN method can be
understood by considering Fig. 12b, which compares the kinetic energy spectrum
obtained using the FGH/pvN/bvN representations with that obtained using the
conventional vN representation. The eigenvalues of the kinetic energy matrix using
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Figure 12. (a) Error in the seventh eigenvalue of the harmonic oscillator for a rectangular phase
space grid as a function of the basis set size N. The pvN, pvb, and Fourier grid methods all give identical
results (solid), 14 orders of magnitude more accurate than the usual vN basis (dashed). (b) Kinetic
energy spectrum using the vN basis(dashed) and using the FGH, pvN, and bvN basis (solid). (c). Error
in the 24th eigenvalue of the Morse potential as one discards basis functions from a rectangular phase
space lattice. The pvb (solid), pvN (dashed), and Fourier grid (dotted) behave completely differently.
Removing even one basis function from the pvN introduces significant error, while more than two-
thirds of the pvb basis functions can be removed without introducing any significant error. Adapted
from Ref. [16].
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the FGH/pvN/bvN methods trace out a truncated parabola. Although the kinetic
energy spectrum is truncated at a value of Tmax determined by the spacing 𝛿x, the
spectrum is exact within the domain determined by the truncation. In contrast, the
eigenvalues obtained with the vN method describe a corrugated parabola. This
error in the kinetic energy (and a similar error in the potential energy) leads to an
error in the energy eigenvalues.

Having shown that the FGH/pvN/bvN methods all give identical results for a
rectangular phase space, we now ask what happens when one begins to remove
basis functions. Figure 12c shows the error in the 24th eigenvalue of a 1D Morse
potential as one discards basis functions from a rectangular phase space lattice.
The pvN (dashed), pvb (solid), and Fourier grid (dotted) behave completely dif-
ferently: removing even one basis function from the pvN introduces a significant
error, an error much larger than removing basis functions from the FGH method.
However, by exchanging the roles of the basis and its biorthogonal basis, more
than two-thirds of the pvb basis functions can be removed without introducing any
significant error.

3. Multidimensional Applications

Formally, the extension of the pvN and pvb methods to multidimensions is straight-
forward if the full multidimensional rectangular basis is kept. The overlap matrix
and the kinetic energy matrix become tensor products of 1D overlap and kinetic
energy matrices, respectively, and the multidimensional V matrix is diagonal.
However, the key to large savings in multidimensions is to avoid a tensor product
representation. In fact, one wants to avoid constructing tensor product matrices
even as intermediates, since in multidimensions these can easily exceed the size
of even the largest computer memories.

Thus, one of the key practical issues is choosing an optimal non-direct Hilbert
space, that is, knowing in advance which basis functions in the tensor product
Hilbert space can be discarded. If one has already solved the TISE and has the
exact eigenfunctions the answer is straightforward: the overlaps of the phase
space Gaussian with the exact eigenfunctions can be used to determine which
biorthogonal functions should be eliminated from the basis. But this presumes
that the solutions of the TISE are already known, knowledge that is generally
lacking. We have therefore tested a number of alternative criteria. A simple and
intuitive approach is to choose a cutoff based on the energy of the center of the
Gaussian, but this was found not to give very accurate results. A second approach is
to calculate the distance of the center (or perhaps the tail) of the Gaussian from the
classical energy contour, and this indeed gives higher accuracy. A third approach,
which looks promising in preliminary tests, is to calculate the eigenfunctions using
a small basis, and use the crude eigenfunctions as a guide for adding additional
basis functions. This approach can be applied iteratively, adding additional layers
of basis functions until a desired level of convergence is achieved.
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Figure 13. (a) The triangle potential. (b) Comparison of the error in the highest eigenvalue of
the Fourier (dashed) and pvb (solid) methods as a function of basis set size. Adapted from Ref. [16].
For a color version of this figure, see the color plate section.

As mentioned above, one wants to avoid constructing tensor product matrices
even as intermediates. The tensor product matrices can be avoided by building
the compact pvb matrices directly, element by element. Somewhat surprisingly,
the computational bottleneck in multidimensions turns out to be constructing the
diagonal V matrix. A promising approach seems to be to write the multidimen-
sional potential as a sum of factorized 1D potentials. Then the construction of
the V matrix proceeds essentially in the same way as the construction of the
T matrix.

As an example of the application of the pvb method to a multidimensional
system, consider the 2D “triangle” potential shown in Fig. 13a. This potential
has threefold rotational symmetry which is characteristic of the potential in the
2D degenerate subspace of a molecule with a threefold axis of symmetry. The
potential has the same symmetry as the Henon–Heiles potential, but is a bona fide
bound potential as opposed to the Henon–Heiles which is metastable. Moreover,
we designed this potential to have elongated troughs, and therefore it is much
less harmonic than the Henon–Heiles. We have chosen the parameters so that the
potential dissociates at E = 1 and has 10,000 bound states.

Figure 13b compares the error in the highest eigenvalue of the triangle potential
as a function of basis set size for the pvb and FGH methods. The pvb method is
seen to provide the same accuracy as the FGH method, using only about one-tenth
of the number of basis functions.

Multidimensional applications to LiCN, HCN, and HCCH are in progress
but have not been published yet [45]. Preliminary results indicate that the
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multidimensional pvb is always more efficient that the multidimensional FGH
(the comparison assumes that the FGH basis is pruned in coordinate space where
the value of the potential is high [25]). However, the savings of the pvb for these
systems is found to be somewhat lower than for the triangle potential, since these
molecular potentials are closer to harmonic, where the pvb savings is smaller.
The pvb method is also found to be less efficient than the successive diagonaliza-
tion/truncation scheme [46], where the latter can be performed. The real advantage
of the pvb method is that it does not require any zeroth order separation of the
Hamiltonian or assumption about adiabaticity of some modes: it performs the
pruning of basis functions in all degrees of freedom at once, in an automated
way without the need to set up a hierarchy of modes. Because it adapts the basis
to the classical phase space boundary, not just the coordinate space boundary,
it is expected to provide roughly speaking the square of the savings of an FGH
basis with coordinate space pruning (2 degrees of freedom per coordinate instead
of just 1).

4. Scaling of the Method with h and with Dimensionality

The ability to localize a pvb function at a specific point in phase space results in the
remarkable concept that in the classical limit one requires only one basis function
per eigenstate. In other words, to calculate N eigenenergies we should need only N
basis functions. This limit can be understood as follows. Semiclassically, a classical
phase space volume V supports N = V∕h eigenstates, that is, every eigenstate spans
a phase space volume of h (or in multidimensions, hD). However, every vN basis
function spans a phase space volume of h, hence N vN basis functions span a
phase space volume V . In the limit that the size of the Planck cell h is much
smaller than the phase space volume V , so that the edge effects from the pruned
lattice can be neglected, the vN basis exactly covers the classical phase space.
But this is the limit V ≫ h, which is precisely what is meant by the classical
limit. This remarkable property is unique for methods based on phase space
localization [13].

Figure 14a shows the classical phase space for the Morse oscillator up to a
particular value of E, tiled using phase space squares. The squares that cover the
classical phase space are a qualitative guide to the placement of Gaussian basis
functions. It is seen that in the case of the 1D Morse oscillator, the pvb basis
needed will be only about half the size of the full phase space lattice and therefore
of the FGH basis. As shown in Fig. 14b, as h → 0 the pvb method approaches
efficiency 1 while the efficiency of the FGH method (the inverse of the number of
converged eigenvalues per basis functions) is the ratio of the classical phase space
to the circumscribed rectangle.

In the classical limit, one can study the efficiency as a function of dimensional-
ity. Consider the harmonic oscillator system. In 1D, the ratio of the classical phase
space to the FGH method is the ratio of the area of a circle inscribed in a square,
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Figure 14. (a) Phase space area spanned in the bvN method (magenta) and in the pvN (or
FGH) method (full rectangle) for a 1D Morse oscillator Morse. (b) Efficiency ratio (defined as number
of basis functions per converged eigenstates) of the bvN (solid) and FGH (dashed) methods for the
1D Morse oscillator as a function of h. (c) Efficiency ratio of the bvN (triangles) and FGH (circles)
methods for the 2D triangle potential of Fig. 13 as a function of h. The solid triangle and circle are the
efficiencies in the classical limit. Adapted from Ref. [16]. For a color version of this figure, see the
color plate section.

𝜂 = 𝜋

4
. In multidimensions this generalizes to the volume of a D-dimensional

sphere inscribed in a D-dimensional cube which takes the value:

Ratio = 𝜂D

D!
. (24)

The D! scaling formally defeats the exponential wall with dimensionality. This is
discussed in more detail in [31], where an intuitive explanation of the origin of the
D! factor is provided and shown to be generally an underestimate—potentially by
a very large factor—of the actual factor that arises from the multidimensionality
of the phase space.

5. Wavelet Generalization

Returning to Eq. (4), we note that it permits a wide variety of generalizations. First,
the 𝜃 functions are not required to be Dirichlet functions—any set of localized,
orthonormal functions can be used, for example, DVR functions. We have tested
Eq. (4) with Gauss–Legendre 𝜃 functions in the angle and Dirichlet functions in the
radial coordinate(s) to calculate the vibrational levels of LiCN in 2D and of HCN
in 3D. As mentioned above, these results are as yet unpublished but show that the
pvb representation can be significantly more efficient than the tensor product FGH
and DVR representations, even when the latter are implemented with coordinate
space pruning.

Another generalization of Eq. (4) is that functions {gi} on the right-hand side
of the equation could be any phase space localized functions, not necessarily
Gaussians. Alternatively, they could be Gaussians but with unequal spacing and
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Figure 15. (a) The periodic von Neumann method does not require identical, evenly spaced
Gaussians. One may tile the phase space any way one likes as long as the rectangular tiles have area
h. Then a basis of Gaussians whose centers and aspect ratios are matched to the rectangles will be a
complete and stable basis. This flexibility in the positions and widths of the Gaussians can improve
the efficiency of the pvN method significantly, particularly for problems that have multiple length
scales. (b) The error in E3 for the Coulomb potential as a function of basis set size. FGH (dashed), pvb
(circles), and wpvb (solid). Adapted from Ref. [17].

widths. Mathematically, the only requirement to obtain equivalence with the FGH
method is that the N functions be linearly independent; however in practice,
we have found that for numerical stability the functions should correspond to a
complete tiling of the FGH phase space using N tiles, each of area h. One way
to produce such a tiling is to use rectangles that satisfy a scaling relationship as
shown in Fig. 15a. Then one Gaussian is placed in each phase space rectangle
with an aspect ratio matched to the aspect ratio of the rectangle [17]:

gnl(x) =
(

2𝛼l

𝜋

) 1
4

exp
(
−𝛼l(x − xnl)

2 +
ipl

ℏ
(x − xnl)

)
, (25)

where al = ab|l|−1, xnl = (n − 1
2
)al + x1, pl =

2𝜋ℏ
al

( bl−1
b−1

− 1
2
) (l > 0), pl = −p−l

(l < 0) and x1 is the first point of the Fourier grid. The indices n, l take the
values n = 1,… ,Nl

x, l = ±1,… ,±Np where Nl
x is the number of Gaussians at

each p level, given by the ratio Nl
x =

L
al

and Np is the number of scales. The total

number of Gaussians is
∑

l Nl
x = N. We call this approach “wavelet pvb” or wpvb.

To see where such a scaling of the basis could be useful, consider the phase
space of the 1D Coulomb potential, shown in Fig. 2b. The phase space has long
tails at large |x| and extends to high |p| at small |x|. Tiling the classical phase
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space as in Fig. 15a will require many fewer tiles than using equidistant, identical
Gaussians. Figure 15b compares the error as a function of basis set size for the
FGH, pvb, and wpvb methods. The wpvb method is seen to significantly reduce
the error relative to the pvb method. Johnson and Kinsey have explored the use of
Daubechies wavelets [11] to solve the TISE [47]. Preliminary results show that the
wpvb method is significantly easier to use and slightly more accurate, but further
testing would be desirable.

It is interesting to compare the pvN and wpvN methods with two other methods:
the distributed Gaussian method [48–50] and the mapped Fourier method [51]. The
distributed Gaussian method tailors the width of the Gaussians to the local potential
and therefore would seem to have something in common with the wpvN method.
However, as opposed to the wpvN there is no systematic procedure for distributing
the Gaussians in multidimensions; moreover, because there is no periodicity in the
boundary conditions the method necessary requires overcompleteness in order to
converge. The mapped Fourier method seeks a mapping of the coordinates so
that the classical phase space will be as close as possible to rectangular. Then the
corresponding mapping is applied to the quantum Hamiltonian. Again, there is
no systematic procedure known for performing the mapping in multidimensions,
and in practice the method has been found to have limited accuracy for some
prototypical systems, such as the Coulomb potential.

B. Time-dependent Schrödinger Equation (TDSE)

The pvb method can also be applied to solving the TDSE, in the presence of
time-dependent fields. The concept of the classical phase space as a guide for
where to place basis functions still applies, but now the classical phase space
and the corresponding quantum mechanical basis depend on time. Two key issues
arise. First, should the basis functions be allowed to evolve in time or only the
coefficients? A great deal of effort has gone into developing methods to solve the
TDSE in a basis of moving Gaussians. In some of these methods the Gaussians
evolve according to classical mechanics [52, 53] and in others there are quantum
corrections to the evolution or the evolution is determined by a set of coupled
variational equations [54–58]. The motivation for a classically evolving basis is
that to the extent that classical–quantum correspondence applies to the Gaussians
either individually or to their collective distribution, the moving basis should cover
the requisite quantum phase space as a function of time.

We have decided to take a different approach, in which the Gaussian basis is
fixed and only the coefficients change in time [18]. Our motivation is several fold:
1. As we have seen in the TISE, the periodic boundary conditions are crucial
to obtain convergence with a reasonable number of basis functions. It is not
obvious how to incorporate periodic boundary conditions into a basis of moving
Gaussians; 2. The most successful methods using time-evolving Gaussians use
Gaussians with fixed widths. As discussed above in the context of the Coulomb
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potential, Gaussians with different aspect ratios for different phase space regions
may be much better suited for certain problems and it is not clear how to construct
such a basis that evolves in time; 3. One can allow the active space to change in time
even without letting the basis functions evolve explicitly in time. Specifically, one
can introduce a time-dependent mask to tailor the active basis to those functions
whose instantaneous coefficients are larger than a certain cutoff. Solving the TDSE
using a time-independent basis of Gaussians has been explored by several groups
[55, 59–61].

With the basis functions taken as static, the equations of motion involve the
coefficients only and take the form:

dcj

dt
= − i

ℏ

∑
l∈

∑
m∈

S−1⟨b̃l|H(t)|b̃m⟩cm(t), (26)

where  is the active space.
There are several possible strategies for determining a time-dependent mask.

One is to use the evolution of the classical mechanical distribution as a guide for
the quantum mask (this can be done in the presence of an external field as well).
One would generally want to include additional functions at the boundary of the
classical distribution to account for the fact that the quantum distribution may be
somewhat more diffuse. A second possibility is a purely numerical algorithm: to
monitor the coefficients of the basis functions at the boundary of the quantum
distribution and when they grow beyond a certain threshold, to add new basis
functions where they are needed. We have tested both these approaches, but more
extensive tests are required to determine if one is generally to be preferred over
the other.

One of our major interests is in applying the time-dependent pvb method to
attosecond electron dynamics [62–65]. The time-dependent simulation of elec-
tronic systems in the presence of strong fields is very demanding computationally,
especially if multiple electrons actively participate [66–70]. Ultimately, we hope to
treat such systems with the time-dependent pvb method, and combine this simula-
tion methodology with optimal control theory. For example, controlling high-order
harmonic generation (HHG) is of great interest in attosecond science, not only
because of the possibility of generating coherent x-rays, but also as a mechanism
of generating attosecond laser pulses. The HHG process was once thought to
be well-described by a single-active-electron model as pictured in Fig. 16a, but
recent studies have suggested that the contributions from multi-electron dynamics
can be significant [71, 72]. We intend to apply the pvb method to elucidate and
exploit multi-electron mechanisms in the HHG process. Figure 16b shows another
interesting challenge to which we would like to apply the pvb method: to localize
multiple electrons at a particular site in a molecule by an optimally designed laser
pulse. Such control may eventually allow us to alter the chemical reactivity of
atomic and molecular species via ultrafast quantum electronic dynamics.
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Figure 16. Schematic diagram of electron
motion on the attosecond time scale. Left:
Strong field ionization and recollision, lead-
ing to high harmonic generation. Right: Strong
field manipulation of electronic motion in a
diatomic molecule. For a color version of this
figure, see the color plate section.

As a preliminary illustration of the application of the pvb method to time-
dependent electronic dynamics, we solve Eq. (26) for the electronic wavepacket
of a 1D atom in the combined field of near-infrared (NIR) and extreme ultraviolet
(XUV) laser pulses. The Hamiltonian of this system is given as

H(t) = H0 + V(t), (27)

where H0 is the field-free Hamiltonian with a soft-core Coulomb potential:

H0 =
p2

2𝜇
− Qe2

4𝜋𝜖0

√
x2 + a2

, (28)

and V(t) is the laser–electron coupling in the velocity gauge,

V(t) = − e
𝜇

[ANIR(t) + AXUV(t)]p, (29)

where ANIR(t) and AXUV(t) are the vector potentials of the NIR and XUV laser
pulses, respectively. The time dependence of the fields is shown in Fig. 17. For
details of the parameters see Ref. [18]. Figure 18 shows the time evolution of
the wavepacket in the pvb basis. It is clear that a large number of the Gaussians

Figure 17. Vector potentials, ANIR(t) and AXUV(t), of the NIR and XUV laser pulses applied to
the model 1D atom. For a color version of this figure, see the color plate section.
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(a) (b)

(c)

Figure 18. Snapshots of the wavepacket coefficients {|cj|2}j∈ shown by ellipses located at
the Gaussian centers {(qj, pj)}j∈. The colors of the ellipses indicate the magnitude of |cj|2 according
to the scale above the figure. The sequence of dark blue dots represent the simple-man trajectories (i.e.,
classical trajectories evolving in the presence of the field without the Coulomb potential) for direct
ionization; the light blue dots represent the rescattered simple-man trajectories. The dark blue + marks
represent the simple-man trajectories absorbing one XUV photon in the presence of the NIR field.
The snapshots were taken at (a) t = −2.06, (b) t = 0.69, and (c) t = 2.06 in units of NIR cycles. These
times are indicated by the green × marks in Fig. 17. Adapted from Ref. [18]. For a color version of
this figure, see the color plate section.

have near-zero coefficients due to their negligible overlap with the wavepacket.
Furthermore, it is clear that for this system the classical mechanics (shown as dots
and crosses) not only provides a good guide for the quantum evolution but also
provides insight into the different parts of the quantum distribution: the parts that
ionized from the NIR pulse, from the XUV pulse, and the parts that underwent
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Figure 19. Comparison of the photoelectron momentum distributions obtained with the reduced
pvb basis (blue solid line) and full pvb basis (red dashed line). The momentum distribution from a
simulation without the XUV pulse (using the full pvb basis) is also shown (gray solid line). The vertical
dashed lines indicate the cut-offs of the direct (N1 and N1′) and rescattered (N2 and N2′) photoelec-
trons, as well as the NIR-streaked single-XUV-photon ionization peaks (X1 and X1′), estimated by
the simple-man model. Adapted from Ref. [18]. For a color version of this figure, see the color plate
section.

recollision. Figure 19 shows the photoelectron distribution extracted from the
wavepacket at the end of the laser pulse. The ionized part of the wavepacket was
obtained by projecting out all the bound states, and the momentum distribution
was calculated by projecting the ionized part on the Fourier spectral basis (i.e.,
plane waves). The agreement between the calculation on the full rectangular basis
and on the reduced basis (≈ 12% of the functions) extends to probabilities as low
as 10−14 (the significant deviation at p ≈ 0 is not from an error in the dynamical
calculation but in the filtering of higher lying bound states). Finally, Fig. 20 shows

Figure 20. The error 𝜖 as a function of ⟨N⟩∕N (black × marks). The horizontal error bars
indicate the range of N(t)∕N in tmin ≤ t ≤ tmax. The data marked by the red filled circle is from the
simulation shown in Figs. 18 and 19. Adapted from Ref. [18]. For a color version of this figure, see
the color plate section.
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the error as a function of basis set size. With a basis of about 12% of the full
rectangular lattice one obtains an average error of the order of 10−8 relative to the
full rectangle.

Although this example is 1D, as discussed in the time-independent context

the expected savings is expected to grow with dimension faster than 𝜂D

D! . We are
currently working on the application of the method to the dynamics of larger
electronic systems.

V. APPLICATIONS TO AUDIO AND IMAGE PROCESSING

As discussed in the Introduction, the von Neumann basis set in x and p is iso-
morphic to the Gabor basis set in t and 𝜔. It is therefore straightforward to apply
the methodology described above to audio signals where the variables are t and
𝜔, as well as to image processing, where the image is a 2D spatial signal with a
conjugate variable, generally referred to as frequency, in each coordinate [19].

Figure 21 shows a “splat” signal in the time, frequency, and pgb representations.
We reconstructed the signal for various basis set sizes and calculated the norm
of the error (the difference between the original and the reconstructed signal).
The results are shown in Fig. 22. For comparison, we show results retaining the

(a) (b) (c)

Figure 21. The splat signal in time (a), frequency (b), and pgb (c) representations. Adapted
from Ref. [19]. For a color version of this figure, see the color plate section.
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Figure 22. The norm of the error of the
reconstructed signal as a function of the num-
ber of basis functions using the DFT (red), the
DGE with an additional correction due to Porat
(green), the pgb (blue), and the pgb with a cor-
rection developed by Porat (black). Adapted
from Ref. [19]. For a color version of this fig-
ure, see the color plate section.

same number of discrete Fourier transform (DFT) coefficients. It is seen that
the pgb representation gives several orders of magnitude more accuracy than the
DFT for the same number of basis functions. Clearly, the pgb method allows
much more compression than the DFT, but introduces some residual roughness.
This roughness may be removed using an additional correction due to Porat [33],
although the latter involves some additional computational cost.

A true comparison with state of the art audio compression methods will require
post-processing of the pgb representation using the standard audio compression
techniques, psychoacoustics, entropy coding, quantization, and non-zero mapping,
which we have not yet done. It is worth noting that there is a fast Gabor transform
that transforms the signal from the time to the Gabor representation and back in
≈ aN lnN operations, where 1 ≤ a ≤ 2 [34], potentially competitive with the FFT
which scales as N lnN.

We now turn to the application of the pgb method to image compression. We
will demonstrate this on the Barbara image (Fig. 23a). which is a well-known
benchmark for image compression. The original image contains 512 × 512 pixels.
Figure 23 shows the reconstruction of the image using only the 20,552 largest
coefficients (≈8% of the coefficients), using the discrete Gabor expansion (DGE)
(b), the discrete cosine transform (DCT) (c), the DCT applied to 8 × 8 blocks as
used in the JPEG standard (d), the Daubechies wavelet (e), and the pgb method
(f). The pgb method provides an enormous improvement over the DGE, and it
also has a clear advantage over the DCT. Applying the DCT on 8 × 8 blocks
introduces correlation between spatial and frequency information, and therefore
shows some of the advantages of the pgb method. However, the pgb transformation
is implemented on the whole picture and therefore does not suffer from the artificial
effect of blocking in the 8 × 8 DCT (Fig. 24). Examination of the finer details in
the picture (Fig. 25) and calculating the mean square error reveal that the pgb
outperforms the wavelet representation as well.
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(a) (b)

(d)(c)

(f)(e)

Figure 23. Reconstruction of the Barbara image using about 8% (20,552) of the coefficients. (a)
Original picture. (b) DGE method. (c) DCT transformation. (d) DCT on 8 × 8 blocks. (e) Daubechies
wavelet. (f) pgb method. Adapted from Ref. [19].
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(a) (b) (c)

Figure 24. A detailed part of the original image of Fig. 23 (a) and the reconstructions using
DCT on 8 × 8 blocks (b) and the pgb method (c). The artificial effect of blocking is much less severe
in the pgb method. Adapted from Ref. [19].

(a) (b) (c)

Figure 25. A detailed part of the original image of Fig. 23 (a) and the reconstructions using
Daubechies wavelets (b) and the pgb method (c). The pgb method is seen to be much closer to the
original than wavelet compression which is known to cause blurring for areas with rich sharp edges
[73]. Adapted from Ref. [19].

VI. CONCLUSIONS AND FUTURE PROSPECTS

The idea of a basis of phase space Gaussians dates back to the early days of quantum
mechanics. The appeal of being able to place basis functions exactly where needed
in phase space has fascinated researchers in both quantum mechanics and signal
processing, but in practice the approach has always suffered from convergence
problems.

In this review we have discussed a simple way to converge the approach, and
presented a theory that optimizes the phase space localization to obtain the most
compact possible representation. We have shown applications to shaped fem-
tosecond pulses, to the solution of time-independent and time-dependent quantum
mechanical problems, and to audio and image compression.

Work in progress includes applying the method to larger quantum mechanical
systems. In particular, we are currently applying the method to multidimensional
electronic systems where the Coulomb singularity and the long range Coulomb
attraction give rise to challenging numerical problems. We believe that the method
could be useful for density functional theory (DFT) and time-dependent DFT
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(TDDFT), as well as for quantum dissipative systems. In the realm of image
processing, the method may have potential applications for video.

The pvb/pgb method provides an interesting case study of an approach that
was developed independently in two different fields of science. Although the
applications to quantum mechanics and signal processing at first glance seem very
different, on deeper reflection it is clear that they have completely isomorphic
underlying mathematics. Our contribution to solving the longstanding problem
with the convergence of the method can be thought of metaphorically as “squaring
the circle,” where the Gaussian basis represents the circles and the Fourier basis
the square. By “thinking inside the box” one can modify the Gaussian basis
to obtain complete informational equivalence with the Fourier method. In the
context of signal processing, this establishes an unexpected connection between
Gabor theory, with its intuitive appeal and its promise of efficiency, and Nyquist’s
theorem with its rigorous error bounds. In the context of quantum mechanics it
establishes an unexpected connection between two previously disparate camps:
those that use Fourier (or DVR) methods and those that use Gaussian wavepacket
methods. Building these unexpected connections, both within fields and between
fields, is not only intellectually rewarding but potentially able to bear practical
fruit, allowing new connections and techniques to be brought from one area
to another.
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