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Poisson’s spot is the bright point in the centre of the geometrical shadow of a circular object,
as a consequence of Fresnel’s diffraction. In the literature, the relative intensity of Poisson’s spot
has been examined in the case of small deviations from the circular cross-section of the circular diffrac-
tion obstacle, simulating a surface roughness. It was shown that small amounts of surface roughness
can completely remove Poisson’s spot. In this paper, a specially adapted analytical-numerical method
is presented to study this phenomenon. With this method, the influence of larger deviations from
the circularity of a diffraction obstacle on Fresnel diffraction can be examined. The deviations from
the ideal cross-section of a lightened circular object are of the semi-circular shape. The effect of different
modifications to the cross-section of this type was analyzed. All of the simulated diffraction images are
similar to the case of a circular cross-section, showing Poisson’s spot. However, the obtained theoret-
ical results show that the relative intensity of Poisson’s spot falls oscillatorily as the size of deviations
increases. The oscillatory dependence is explained by using the concept of Fresnel zones. The method
can be used for modeling future diffraction experiments of both electro-magnetic and matter waves.
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1. Introduction

Great possibilities of computer simulation in sci-
ence enabled research in physics allowing to ex-
amine once again some physical phenomena. One
of them, connected with the wave nature of light,
is Poisson’s spot which is a consequence of light
diffraction in the shadow of a circular opaque
disk [1, 2]. The experimental confirmation of the ex-
istence of that spot led to winning of Fresnel’s wave
theory of light [3] over Newton’s corpuscular the-
ory [4]. However, at the beginning of this century,
it was reported theoretically [5–9] that the electro-
magnetic energy (EME) flow lines can be observed
as possible trajectories of photons. Based on this,
in [8] authors simplified the Rayleigh-Sommerfeld
integral [10, 11] and came up with an algorithm
for determining a relative intensity dependence of
Poisson’s spot on the radius of the blocking disk,
on the distance of the screen behind the disk, and
on the wave length of monochromatic light, as well
as an algorithm for drawing the EME flow lines as
the possible trajectories of photons. At the same
time, T. Reisinger et al. [12, 13] studied Poisson’s
spot by the diffraction of deuterium molecules and
C70 at both an ideal and rough disk. The au-
thors assumed sinusoidal roughness and they per-
formed appropriate simulations by using an algo-
rithm devised by Dauger [14]. In the mentioned
articles, the simulated surface roughness was rela-
tively small.

In the present paper, we shall simulate the influ-
ence of relatively large deviations from the ideal cir-
cular cross-section of the circular diffraction object
on the relative intensity of Poisson’s spot. We would
also like to refer to the authors addressing the same
problem but with different applications and slightly
different approaches [15–17].

We have developed an analytical-numerical
method for studying the influence of larger devi-
ations of a semi-circular shape on the relative in-
tensity of the bright spot. The method introduced
in Sect. 2 uses the Rayleigh-Sommerfeld integral
and few new functions to estimate that influence.
In Sect. 3, we shall examine three specific arrange-
ments of larger deviations from the ideal circular
cross-section. In the centre of the shadow of each
of them, a bright spot appears. The relative in-
tensities of the central bright spot show an oscilla-
tory dependence on the size of disk damage. How-
ever, further on we show that in the case of a large
number of small deviations of such a shape an os-
cillatory dependence disappears. The relative in-
tensity of Poisson’s spot falls continuously by in-
creasing the size of the disk damage. Throughout
Sect. 4, the diffraction of monochromatic light of
wavelength λ = 500 nm incident on a rough disk
with the radius of R = 0.5 mm was assumed.
The roughness is simulated by 48 circles of the same
radius with the centres on the edge of the circu-
lar disk. They cut equal parts from the simulated
disk. The influence of such roughness on the relative
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intensity of Poisson’s spot depends on the radius of
the circles which cut the disk as well as on the dis-
tance z of the disk to screen. In Sect. 5, the results
are analyzed and we indicate the possibility of fur-
ther theoretical research which this method gives in
the area of understanding the nature of light, as well
as some practical applications.

2. Description of the method

Let us consider a two-dimensional opaque circu-
lar disk in the plane z = 0 (Fig. 1). The centre of
the circular opaque disk is (x = 0, y = 0, z = 0).
We are interested in how a large circular deviation
of such a disk influences the diffraction of waves.
To simulate the deviation, one part from the circu-
lar disk is separated. In the simulation, the matter
waves (here: the plane waves) fall on a rough disk
in a half-plane of z = 0. The light is described by
the electric and magnetic field, namely

E(r, t) = Re{E(r)e− iωt},

B(r, t) = Re{B(r)e− iωt},

while particles with the mass are described by the
wave function ψ(r, t) = ψ(r)e− iωt, where ω is the
angular frequency. For all the three quantities,
E(r), B(r) and ψ(r), the spatial part A(r) ∈ C
satisfies the Hemholtz equation
∇2A(r) + k2A(r) = 0, (1)

with the wave number k = 2π
λ = ω

v , where v is
the velocity of the wave. This type of equation fol-
lows both from Maxwell’s and Schrödinger’s equa-
tions for a free particle. When solving (1), it is nec-
essary to be in the area z > 0, where the boundary
condition is given as the value of the required func-
tion A(r) in the plane z = 0. We assume that for an
incident wave the initial condition A0(x, y, z = 0) is:

A0(x, y) =


A0, for points (x, y) which

the rough disk does not cover
0, for (x, y) ∈ the rough disk

(2)
For a situation when the wave amplitude A(r) is
constant in the plane z = 0, the solution of (1) is

A(x, y, z) = − i

λ

∫
S

A0(xm,ym)
e ikr

r

×
(

1− 1

ikr

)
cos (θ) dxmdym, (3)

where
r =

√
(x− xm)2 + (y − ym)2 + z2,

cos(θ) =
z

r
, (4)

and where S is the surface on which the initial con-
dition is set by the function A0(xm,ym). In order to
simplify the calculation, we apply Babinet’s princi-
ple [18]. The field is defined as the difference be-
tween the field which would be created by a free

Fig. 1. The scheme of the experiment of the
diffraction of the monochromatic laser light on the
ideal circular opaque disk.

plane wave and the one created by the illuminated
rough disk in z = 0 plane. This is expressed as

A(x, y, z) = A0 e ikz −Ah(x, y, z). (5)
Now, Ah(x, y, z) is given in accordance with (3),
only that A(x, y, z = 0) = A0(x, y), i.e.,

A0(x, y) =


0, for (x, y) which

the rough disk does not cover
A0, for (x, y) ∈ the rough disk

(6)
Thus,

Ah(x, y, z) = − iA0

λ

∫
Sh

e ikr

r

×
(

1− 1

ikr

)
cos (θ) dxmdym, (7)

where Sh is the surface in the z = 0 plane which the
rough disk covers. It is suitable to use the cylindri-
cal coordinates:

xm − x = ρm cos(ϕm),

ym − y = ρm sin(ϕm) (8)
where r =

√
ρ2m + z2, and cos(θ) = z

r . Note
that the integrand in (7) does not depend on ϕm.
The expression can be then simplified as follows:

Ah(ρm, ϕm, z) = Iρm(Iϕm). (9)
The size:

Iϕm =

∫
Sϕm(ρm)

dϕm, (10)

is the total size of the angles under which the inter-
vals of the circle Om and the rough disk cuttings are
seen (Fig. 2). For a given set of ρm, the set Sϕm(ρm)

of all values φm is obtained, so the point with coor-
dinates (z = 0 , ϕm, ρm) belongs to the unlighted
part of the disk. In order to find the limits of the
integration, firstly we will solve several geometrical
tasks.

Let us observe two circles of the radius R1 and R2

in the distance X > 0 (Fig. 3). For the simplicity
of notes, we introduce a function:

mfarccosx =


0 x > 1

arccos(x) −1 ≤ x ≤ 1

π x < −1

(11)

346



The 100 years anniversary of the Polish Physical Society — the APPA Originators

Fig. 2. Figure by which we introduce the length of
the section in the integral.

Fig. 3. Figure by which we determine limits of the
integral.

Half of the angle under which two intersection
points are seen, viewed from the centre of the other
circle, is

∆ϕ(R1, R2,X) = π −mfarccos

(
R2

1 −R2
2 −X2

2XR2

)
.

(12)
In the case of their cutting, we can calculate half

of the angle under which two intersection spots are
seen, viewed from the centre of the other circle. It is
given by:

∆ϕ(R1, R2, X) = π − arccos

(
R2

1 −R2
2 −X2

2XR2

)
.

(13)
If the circles do not intersect, then the function
arccos(x) is zero.

Let us determine the length of the intersection of
two intervals (a, b) and (c, d). It can be noted in
the form:
D(a, b, c, d) = max [0,min(b, d)−max(a, c)] . (14)
Now we can solve the integral of ϕm in (9).

Let us consider the deviation, for example, as
in Fig. 2. The circle whose centre is on the edge of
the disk is set up under the angle α and its radius
is RE . In Fig. 2, the centre of the Descartes’s coor-
dinate system (x = 0, y = 0, z = 0) is in the pointO.
We calculate the value A in the point (x, y, z). Its
projection on the plane xOy is in the point Om
which is the centre of the cylindrical coordinate

system given by (8). Let us determine the angle
under which the illuminated part of the disk Iϕm
is seen. From the size of the interval of the an-
gles under which the whole disk is seen we take
up the size of the intersection of the interval and
the one under which the cut part is seen. In Fig. 2,
the circular arc which covers the illuminated part
of the circular disk goes from A to B, opposite to
the direction clockwise and it is seen under the an-
gle ϕb max − ϕb min.

The cut part which causes the deviation goes
from C to D and it is seen under the angle
ϕd max − ϕd min. So:

Iϕm = ϕb max−ϕbmin

−D(ϕb min, ϕb max, ϕdmin, ϕd max), (15)
where ϕb min = ϕb −∆ϕb, ϕb max = ϕb + ∆ϕb,
ϕd min = ϕd −∆ϕd, and ϕd max = ϕd + ∆ϕd.

The coordinates of the points O and Om,
observed from the coordinate origin Om, are:
O (−x,−y) and OE (−x+R cos(α),−y +R sin(α)).
The determined straight lines OOm and OOE di-
vide in half the angles ∠AOmB and ∠COmB,
respectively. For this reason,

ϕb = arctan

(
−y
−x

)
,

ϕd = arctan

(
−y +R sin(α)

−x+R cos(α)

)
. (16)

where the function arctan is in the interval (−π, π],
and, importantly, takes into account in which quad-
rant there are the points O and OE . Using (13),
we get:

∆ϕb = ∆ϕ(R, ρm,
√
x2 + y2),

∆ϕd = (17)

∆ϕ(RE , ρm,
√

(−x+R cos(α))2+(−y+R sin(α))2).

In this way, we can express (9) as:
Iϕm = φ(ρm), (18)

where φ(ρm) is obtained when substituting (16) and
(17) into (15). Note that Ah in (9) depends only on
ρm and z, therefore (7) can be written as

Ah(x, y, z) = − iA0

λ

√
x2+y2+R∫
0

φ(ρm)
e ikr

r

×
(

1− 1

ikr

)
cos (θ) dρm, (19)

where r and θ depend on ρm by relation (8).
The expression (5) can be written in the form

suitable for numerical calculation. The relative in-
tensity of Poisson’s spot, i.e.,

i

i0
=
|A|2

|A0|2
, (20)

can now be calculated numerically for the arbitrar-
ily chosen z, using an algorithm with the parame-
ters R, RE , α and λ. We can change RE and α
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both by the value and the number for given R, z
and λ. The form of circular deviations depends on
that. For given R, RE , α and λ the dependence of
the relative intensity from the distance z from the
screen can be examined, too. Let us note that by
this method both the symmetrical and the asym-
metrical circular deviations can be observed both
in 2D and 3D by the suitably written algorithms.

2.1. Algorithm

On the triangle ∆O1O2A (Fig. 3) we apply
the cosine theorem (O1O2 = X):

R2
1 = R2

2 +X2 − 2R2X cos (∆φ) ,

cos ∆φ =
R2

1 −R2
2 −X2

−2XR2
,

∆φ = arccos

(
−R

2
1 −R2

2 −X2

2XR2

)
,

∆φ = π − arccos

(
R2

1 −R2
2 −X2

2XR2

)
.

2.2. Numerical evaluation

Calculation of A(x, y, z) for given parameters R,
RE , λ, and for an array of angles αi which indicates
the position of counts, requires the following steps
of numerical evaluations:

• define the function, that for O1x, O1y, R1, and
R2 determines an interval (α−∆φ, α+ ∆φ),
where α = arctan(O1x

O1y
), and ∆φ is given

by (12) with X =
√
O2

1x +O2
1y,

• calculate the integral (19),

• since for each cutting out ρm is fixed, one can
calculate an interval from (1), where:

O1xi = −x+R cos(αi),

O1yi = −y +R cos(αi),

R1 = RE , R2 = ρm.

We denote this interval by (φnmin, φnmax).

• determine:
Iφm = φmax − φmin

−
∑
n

D(φmin, φmax,φnmin,φnmax).

• calculate (5).

3. Influence of larger deviations
on Poisson’s spot

Let us apply the described method to the config-
urations with larger deviations from the ideal cir-
cular cross-section. We simulate the deviations by

Fig. 4. (a) Cross-section of the circular object of
the radius R = 0.5 mm. (b) The relative intensity
of monochromatic light on the distance z = 0.04 m
behind the circular object depending on x.

cutting larger parts from the circular cross-section
by the circles whose centres are on the edge of the
object. The radius of the object is R = 0.5 mm and
it is lightened by a monochromatic laser light of the
wavelength λ = 500 nm. Without the deviations,
the relative intensity of Poisson’s spot depending
on x on the distance z = 0.04 m behind the disk is
shown in Fig. 4.

Now, from the circular cross-section we cut one
part by the circle of the radius RE = 0.2 mm
whose centre is on the edge of the disk in the point
(x, y) = (R, 0), (α = 0). We shall get the configura-
tion that is shown in Fig. 5. We model the experi-
ment in which the object of such a cross-section is
lightened by the laser light of λ = 500 nm.

In the same distance behind the lightened object,
we shall get a diffractional picture that also con-
tains a bright spot in the centre of the shadow
(Fig. 6a and b). The relative intensity of the bright
spot lessened but it keeps the shape of Poisson’s
spot. In this case, the relative intensity in the cen-
tre of the shadow is i/i0 ≈ 0.82.

The dependence of the relative intensity of Pois-
son’s spot from the size of the deviation, from
the distance z from the object and from the position
of the deviation on the cross-section of the object is
shown in Fig. 7. One can see that the dependence of
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Fig. 5. (a) The scheme of the getting of the one
larger deviation of the radius RE = 0.2 mm and
with the position α = 0 on the circle of the radius
R = 0.5 mm. (b) The cross-section of the object
with one larger deviation.

the relative intensity from the size of the damage of
the disk is of an oscillating kind. The Fresnel zone
concept gives a very physical explanation. When
the disk is not damaged, the only contribution to
the relative intensity of Poisson’s spot is given by
the first Fresnel zone above the edge of the disk [12].
The cut part unblocks a certain number of Fresnel
zones which were unblocked by the disk. They de-
crease or increase the relative intensity of Poisson’s
spot in regard to the previous value. In fact, that
depends on the number and extension of the zones
which are partially unblocked, and on their sur-
faces. Therefore, with increasing RE , the relative
intensity falls although not continuously. If the dis-
tance of the source of light from the disk is much
longer than the distance z on which the diffraction
picture is observed, then the radius of nthzone can
be estimated as rn ≈

√
nλz [19]. The number and

the surfaces of the unblocked zones are easily de-
termined. The widths of the neighbouring zones
are given by ∆rn ≈ rn − rn−1 = rn −

√
r2n − λz.

Note that the width of the zone is increased from
the edge towards the centre of the disk. Their sur-
faces in the unblocked part are approximately equal.
The secondary waves which start from the neigh-
bouring zones do not cross the same paths towards

Fig. 6. (a) The relative intensity of the monochro-
matic light behind the object shown in Fig. 5, (a)
in 2D and (b) in 3D.

Fig. 7. (a) The oscillatory dependence of the rela-
tive intensity of Poisson’s spot from the size of the
deviation (from RE) for z = 0.04 m. (b) The oscil-
latory dependence of the relative intensity of Pois-
son’s spot from the distance z from the lightened
object for RE = 0.2 mm.

349



The 100 years anniversary of the Polish Physical Society — the APPA Originators

Fig. 8. (a) The cross-section of the object when
from the circular disk of the radius R = 0.5 mm
we cut two parts by the circles of the same radii
RE = 0.2 mm with the positions α1 = 0 and α2 =
π. (b) The relative intensity of monochromatic light
behind the object depending on x on the distance
z = 0.04 m in 2D and c) in 3D.

the central spot on the distance z = 0.04 m. They
rather arrive with different phases at it. The waves
that start from the even zones are in the phase and
the waves that start from the odd zones are also
in the phase. The waves from the even and odd
zones are in the opposite phases. Because of that,
the relative intensity of the central bright spot falls
oscillatorily. In the case when RE = 0.2 mm, seven
Fresnel zones are unblocked, thus the curve seen
in Fig. 7a contains 4 local minima and 3 local max-
ima. Such a behaviour of a relative intensity with
increasing RE is expected.

Fig. 9. (a) The cross-section of the object when
from the circular disk of the radius R = 0.5 mm
we cut three parts by the circles of the same radii
RE = 0.2 mm with the position α1 = 0 , α2 = π
and α3 = π

2
. (b) The relative intensity of monochro-

matic light behind the object depending on x on the
distance z = 0.04 m in 2D and (c) in 3D.

Figure 7b shows that the dependence of the rel-
ative intensity of the central bright spot from z is
also oscillatory. In this case, when z is increased,
the radius of the Fresnel zones within the damage
grows, while the number of the zones in the dam-
age falls. Therefore, we have the relative inten-
sity’s increase and decrease in regard to the pre-
vious. The relative intensity will not fall continu-
ously. It will oscillate around i/i0 ≈ 0.75. When z
is further increased, the number of the maxima and
minima decrease until the central bright spot is lost.
When the width of the first Fresnel zone is beneath
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the edge of the disk ∆r ≈ RE , Poisson’s spot is
almost lost. This happens for z ≈ 0.32 m (based
on the expression for width of neighbouring Fresnel
zones, when rn = R and ∆rn = RE). Moreover,
the damage contains only one Fresnel zone. In case
when no damage occurs, the dependence of relative
intensity on z goes much faster towards i/i0 = 1
and does not oscillate. For large values of z, the de-
pendence behaves like an asymptote. By the dam-
age, the dependence of the relative intensity on z
oscillates around a line without inclination, which
is below i/i0 = 1.

The procedure of simulation for two, three and
a larger number of deviations is similar as in the
case of one deviation. The physical explanation
is qualitatively the same. The appropriate depen-
dence differs only quantitatively. Figures 8 and 9
show the appropriate dependences of the relative
intensity of Poisson’s spot for two and three devi-
ations from the ideal circular cross-section, respec-
tively. In the case of two deviations i/i0 ≈ 0.67 in
the centre of the shadow, while in the case of three
deviations i/i0 ≈ 0.53.

4. Impact of “circular rougness”
on the relative intensity of Poisson’s spot

In paper [12], the roughness is simulated
by adding deviations to the first Fresnel zone above
the disk. We simulated the roughness by the dam-
age of the disk by the semi-circular deviations in
the first Fresnel zone beneath the edge of the disk.
Because of that, we named it “the circular rough-
ness”. Let us consider how such roughness of
the circular opaque disk simulated by 48 circles of
the same radii influences the intensity of Poisson’s
spot (Fig. 10). The centres of the circles are on
the edge of the disk and they cut equal parts from
the observed disk. Let the monochromatic light of
wavelength λ = 500 nm fall on such a rough circular
opaque disk of radius R = 0.5 mm.

Fig. 10. The simulation of the circular opaque disk
roughness of the radius R = 0.5 mm with 48 cir-
cles of the same radii with the centres on the edge
of the disk.

Fig. 11. (a) The dependence of the relative inten-
sity of Poisson’s spot from RE for z = 0.04 m be-
hind the rough disk. (b) Overlap of cuttings for
RE > 20 µm.

Let such a disk be situated in the plane z = 0,
with the centre in the coordinate origin. Using
the described method, we watched the relative in-
tensity of Poisson’s spot behind the disk in the dis-
tance z = 0.04 m from xOy plane.

We were examining the dependence of the relative
intensity of Poisson’s spot for the different radii of
the circles RE (Fig. 11a). All the values RE there
are in the first Fresnel zone beneath the edge of
the disk. The width of that zone is ∆r ≈ 20 µm.
The relative intensity grows with the increase of RE
as the roughness falls effectively because of the over-
lap of the cuttings (Fig. 11b).

To show how the size of the cut parts influences
the relative intensity of Poisson’s spot, we chose
three values of RE = 2 µm, RE = 10 µm and
RE = 20µm. At the same time, we examined
the dependence of the relative intensity of Pois-
son’s spot from z for these chosen values of RE
(Figs. 12–14).

By this method, the light distribution of the rel-
ative intensity behind the rough disk (in all three
cases) may be displayed in 3D (Figs. 15–17).

5. Discussion

The method presented in Sect. 2 refers to the
semi-circular shape of the damage of the circular
object. The edge of the damaged disk is ideally
smooth. When introducing large damages of the
circular opaque disk (Sect. 3), Poisson’s spot is not
lost. In fact, its relative intensity reveals an unex-
pected property. It does not fall continuously yet
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Fig. 12. (a) The relative intensity of monochro-
matic light behind the object depending on x for
RE = 2 µm, on the distance z = 0.04 m. (b) The
relative intensity of Poisson’s spot depending on z.

Fig. 13. (a) The relative intensity of monochro-
matic light behind the object depending on x for
RE = 10 µm on the distance z = 0.04 m. (b) The
relative intensity of Poisson’s spot depending on z.

Fig. 14. (a) The relative intensity of monochro-
matic light behind the object depending on x for
RE = 20 µ m on the distance z = 0.04 m. (b) The
relative intensity of Poisson’s spot depending on z.

Fig. 15. (a) The relative intensity of monochro-
matic light behind the object for RE = 2 µm, on the
distance z = 0.04 m in 3D. (b) The increased light-
ened part around the centre of the shadow on (a).
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Fig. 16. (a) The relative intensity of monochro-
matic light behind the object for RE = 10 µm
on the distance z = 0.04 m in 3D. (b) The in-
creased lightened part around the centre of the
shadow on (a).

Fig. 17. (a) The relative intensity of monochro-
matic light behind the object for RE = 20 µm on
the distance z = 0.04 min 3D. (b) The increased
lightened part around the centre of the shadow
which cannot be seen on (a).

oscillatorily, which is explained by the concept of
the Fresnel zones. It can be shown that Poisson’s
spot will exist while the damage does not completely
unblock the first Fresnel zone around the centre of
the disk. The dependence of the relative intensity
of Poisson’s spot from the distance z of the disk has
also displayed oscillatory behaviour. The relative
intensity falls and grows oscillatorily around a defi-
nite value which depends on the size of the damage.
It is shown that the relative intensity of Poisson’s
spot does not depend on the angular position of the
damage, regardless of the number of damages. How-
ever, the diffraction image behind the disk changes
qualitatively. The dependence of the relative inten-
sity of Poisson’s spot behind the damaged circular
disk on the wavelength of the light was not subject
of this research.

A differently shaped surface roughness of the cir-
cular disk can also be simulated by the method pre-
sented in Sect. 4, in the way it was done in [12]. In
fact, the obtained dependence of the relative inten-
sity of Poisson’s spot on surface roughness is sim-
ilar to the results reported in [12]. Our results in
Sect. 4 show that even small deviations from the
ideal circular cross-section lead to the reduction
of the relative intensity of Poisson’s spot. When
RE = 10% from ∆r (see Figs. 12a and 15) the re-
duction is slight, but when RE = 50% from ∆r
(see Figs. 13a and 16), then the reduction is about
30%. When RE ≈ ∆r, then Poisson’s spot is al-
most lost (see Figs. 14a and 17). The reduction in
intensity also depends on the chosen wavelength and
distance z.

6. Conclusion

The described method and results offer new possi-
bilities for experimental and theoretical research on
the properties of Poisson’s spot behind a damaged
disk. For example, the examining of the influence
of larger deviations on Poisson’s spot can be ap-
plied in theoretical and experimental researches of
red blood cell damages for diagnosis of anemia. It
particularly refers to the diagnosis of sickle cell ane-
mia. A cross-section of a healthy red blood cell is
approximate to the ideal circular disk (R ≈ 6.9 µm).
This method gives new possibilities to research on
how the roughness influences the relative intensity
of Poisson’s spot in the experiments both with light
and particles with non-zero rest-mass. The intro-
duced functions and the integrals enable the exam-
ination of the field of photons and EME flow lines
behind the damaged disk. It will be the subject of
future research.
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