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Abstract

This paper presents a molecular dynamics (MD) scheme for the automatic generation of dot patterns for the light guides used in LCD backlight
modules. Several MD computational techniques are integrated with the conventional MD scheme to enable the adjustment of the dot density in
specific regions of the light guide in order to create a dot distribution with a high dot density variation and a high spatial uniformity. These tech-
niques include the cell division technique, the variable r-cut technique, the boundary smoothing technique and the reflective boundary condition.
The reflective boundary condition enables a precise control of the dot density within each cell, and is instrumental in achieving a dot distribu-
tion with both a high dot density variation and a high spatial uniformity. The performance of the proposed dot generation scheme is verified by
considering the practical example of the dot pattern design of a light guide with a single LED light source located in the lower-right corner. The
numerical results confirm the ability of the proposed method to achieve an even luminance condition by establishing a dot pattern whose density
increases concentrically with an increasing distance from the light source.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The generation of random non-overlapping dot patterns is
of fundamental concern since appropriate arrangements of such
patterns can be used to construct higher-order geometric ele-
ments such as lines and surfaces, and so forth. The generation
of random non-overlapping dot patterns has many applications
in a diverse range of fields. For example, in finite element analy-
sis problems, dot patterns can be used to construct a mesh of
the computational domain in which each dot represents a dis-
cretized variable to be solved [1]. In an alternative application,
designing appropriate non-overlapping dot patterns on the base
of the light guides used in LCD products is essential if an even
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luminance of the display panel is to be achieved [2]. Although,
these two applications are very different, certain aspects of the
dot pattern design task are similar in both cases. For example,
in both applications, it is necessary to increase the density of
the dot distribution in certain regions of the domain of interest,
e.g., at the point of a high gradient change of the field variable
in the grid generation problem, and in the region of the light
guide furthest removed from the position of the light source in
the light guide design application. A second similarity between
the two cases is that the schemes used to generate the dot pat-
terns must provide the ability to adjust the initial dot pattern
by increasing or decreasing the dot density in response to some
form of feedback in order to optimize the final solution. In the
case of adaptive mesh generation for 2D or 3D finite element
applications [3], this feedback takes the form of the field solu-
tion error [3], while in the light guide design application, the
original dot pattern design is adjusted in accordance with the
illumination results obtained during the detailed optical design
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phase [4]. Accordingly, a requirement exists for powerful al-
gorithms capable of developing dot patterns with appropriate
dot density variations to meet the requirements of the particular
problem and possessing the means to optimize the original dot
pattern in accordance with a given criterion.

Idé et al. [5] developed a dot pattern generation scheme
based on molecular dynamics (MD) simulations. In their
approach, an initial dot pattern was generated using low-
discrepancy sequences (LDS) rather than a truly random func-
tion, and the MD method was then used to regulate the inter-dot
spacings in order to obtain a final random dot distribution. How-
ever, their scheme lacked sufficient flexibility to allow for the
creation of a dot distribution with a high dot density variation.
Since the MD method is considered a powerful tool to under-
stand nano-science [6,7] and technology [8,9], the development
of the dot generation scheme to accommodate the needs for the
subsequent optical design phase for the optimization of the dot
distribution is necessary. In [4], the current authors developed
a MD scheme for designing the dot pattern of a light guide in
a backlight module. In the proposed scheme, the computational
domain was divided into an array of sub-domains of equal area.
By allowing the dot density to vary freely from one sub-domain
to the next, the scheme successfully met the requirement to cre-
ate a dot pattern with a high dot density variation. Furthermore,
it was demonstrated that the original dot pattern, specified to
satisfy the illumination requirements of the light guide, could
be successfully adjusted in accordance with the results of the
optical design phase to produce an optimized dot pattern, i.e.
a dot distribution which yielded an even luminance condition.
However, controlling the evolution of the dot pattern such that
the final dot density distribution corresponded exactly to the
original dot density specification was difficult since the move-
ments of the individual dots during the MD simulations were
governed by unitary force relationship.

The objective of the current study is to enhance the perfor-
mance of the MD dot generation scheme presented in [4] by
applying various computational techniques to improve the con-
trollability of the dot density in each cell in order to achieve
a dot distribution with a high dot density variation and a good
spatial uniformity. These techniques include the cell division
technique, the variable r-cut technique, the boundary smooth-
ing technique and the reflective boundary condition. Having
systematically examined the effectiveness of each of these tech-
niques in improving the dot density variation and spatial unifor-
mity of the dot pattern, the performance of the proposed method
is verified by considering the practical example of the dot pat-
tern design of a light guide with a single LED light source
located in the lower-right corner.

2. Mathematic formulation
2.1. Displacement of atoms during MD simulations

In designing the light guide pattern, an initial specification
for the dot density distribution is generated in accordance with

the required optical performance of the light guide. The MD dot
generation scheme is then applied to adjust the positions of the

dots in each cell in order to obtain a uniform dot distribution
which satisfies the original dot density variation specification.
In the present MD simulations, the individual dots in the dot
pattern are treated as atoms and it is assumed that their dis-
placements are described by Newton’s law of motion, i.e.

2. , n
m%ﬂd%:;ﬁj(mp, 1)

where r; is the position of the ith atom; m is the atom mass;
cq is a damping term; f;; is the force exerted on atom i by
neighboring atom j; and 7 is the total number of neighboring
atoms around atom i.

In the conventional MD approach [10], the simulations con-
sider the thermal motion of atoms in an equilibrium state in a
perfect damping-free system, and an assumption is made that
the motions of the atoms are governed by both repulsive and
attractive forces. However, in the current simulations, the objec-
tive is to establish a quasi-static solution of a non-overlapping
dot distribution via a process of force regulation. In establish-
ing this solution, it is assumed that the motions of the atoms
are governed by repulsive forces only and that the atoms move
in a damped system. Consequently, a damping term, cg, is in-
troduced into the equation describing the displacement of the
atoms (see Eq. (1)), and a force model which imposes a purely
repulsive force between the atoms is used in place of the poten-
tial function used in conventional MD simulations.

2.2. Force function and cell division technique

Fig. 1 shows the variation of the magnitude of the repulsive
force between two atoms as a function of the distance between
them. The r-cut [10] parameter shown on the x-axis of this
figure indicates the distance within which the two atoms will
interact with one another. Specifically, if the distance separat-
ing the two atoms is less than the r-cut distance, a repulsive
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Fig. 1. Variation of repulsive force as function of atomic distance, r;;.
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force is established and the atoms are mutually repelled with a
force of magnitude:

Flrijy = e uen, @)
Irijl

where f(r;;) is the shorthand representation of f;;(r;,r;) and
cy; is the force control parameter. As shown in Fig. 2(a), the
original domain is sub-divided into an array of cells, identified
by the subscripts k and [/ indicating the column and row num-
ber of the cell, respectively. In the MD dot pattern generation
scheme proposed in this study, the dot densities prescribed for
individual cells can be different from those prescribed for the
neighboring cells. In Eq. (2), the force control parameter ap-
plied in an individual cell, ¢y, is dependent on the value of the
dot density in that cell, i.e.

o= e )

Feut,kl

where fi. is the residual force at the r-cut distance in the cell. It
is noted that fre x tends to zero when r;; is greater than or equal
to the r-cut distance, r¢y k. Furthermore, the greater the residual
force, the higher the repulsive force between the atoms, and
consequently, the greater the distance by which the two atoms
are driven apart. During the force calculations, the neighboring
atoms of each atom are identified using the Verlet list technique
[10,11] in order to reduce the n? search to an n search, and
the force control parameter is calculated based on the distance
between them.

As described above, the proposed MD dot generation algo-
rithm separates the domain of interest into a prescribed number
of individual rectangular cells in order to enhance the flexibility
of the dot density adjustment procedure. In cell (k, 1), the dot
density is defined as:

Dkledot:mkl'ﬂ'rz’ @
Acell Acell

where my; is the total number of dots in cell (k,/) and r is

the radius of the individual dots. Note that r remains constant

throughout the domain.

2.3. Variable r-cut technique

To ensure that all of the dots in one cell can interact with all
of their neighboring dots, the total area enclosed by the r-cut ra-
dius, A, k1, defined as the reactive area, must extend beyond the
boundaries of the cell. In the limiting case, the smallest reactive
area, A, min, ki, in cell (k,1) is given by:

Acell

Ar_min,kl = . (5)
npj

Eq. (5) provides the minimum r-cut value. The actual r-cut
value in cell (k, /) can then be obtained from:

Acell
Tomy

(6)

Feut,kl = Qm *

where a, is a multiplier and my = Dy -Aceu/rrr2 from
Eq. (4). Eq. (6) indicates that the r-cut value is increased as the
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Fig. 2. (a) Schematic diagram of cell division and cell notation; (b) schematic
diagram of variable r-cut technique (upper) and reflective boundary condition
(lower).

dot density, which is inversely related to my;, decreases. Con-
versely, the r-cut value reduces as the dot density increases,
as illustrated in the upper panel of Fig. 2(b). In this study, the
process of scaling the r-cut value in proportion to the cell dot
density is referred to as the variable r-cut technique.

2.4. Boundary smoothing technique

Although the cell division approach permits the dot density
to be fine-tuned in order to achieve a uniform luminance con-
dition over the surface of the backlight, it is difficult to ensure
a uniform distribution of the dots across the cell boundaries.
Therefore, an average force control parameter is introduced
to ensure a smooth transition between the dot distributions in
adjacent cells. As stated above, the r-cut value is adjusted in
accordance with the dot density in each cell. Furthermore, from
Eq. (3), it is observed that the force control parameter, cy;,
varies inversely with changes in the r-cut value. Therefore,
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in order to maintain a smooth dot distribution across the cell
boundary, the value of the control parameter in cell (k, /) is av-
eraged with that of the adjacent cell, e.g., (k, (I + 1)), when the
region enclosed by rey k7 extends beyond the boundary into cell
(k, (I + 1)). In other words, the average force parameter is de-

fined as:
Ckl + Ck(1+1) )
2 9

where Cpoundary 18 the force control parameter applied to a dot
located at or near the boundary.

Cboundary =

2.5. Reflective boundary technique

In order to achieve a high density variation of the dot pat-
tern over the entire light guide surface, the number of dots per
cell specified in advance to achieve the required cell dot density,
Dy, should change as little as possible during the force regu-
lation process. However, due to the repulsive force acting on
neighboring dots within the specified r-cut distance, dots may
leave their original cell and enter an adjacent cell during the
force regulation process. The problem of dot migration from
one cell to another is particularly acute in the case where a
high dot density difference exists between neighboring cells.
The present study overcomes this problem by applying a sim-
ple technique referred to as the reflective boundary condition
to prevent the dots from leaving their original cells during the
force regulation step. This technique is illustrated schematically
in the lower panel of Fig. 2(b). As shown, when the reflective
boundary condition is applied, any atom attempting to cross the
cell boundary is reflected back to a position within its original
cell which exactly mirrors the location which it would other-
wise have traveled to in the adjacent cell.

3. Results and discussion

This section commences by considering the application of
the proposed MD dot generation scheme to the construction of
a dot pattern with a uniform distribution. The analysis then con-
siders the case of a non-uniform dot distribution with a high dot
density variation. In the following, the performance of the pro-
posed dot generation scheme is evaluated in terms of T(k), an
indicator of the uniformity of a random distribution, and RDF,
the radial distribution function of the dots in the dot pattern.

The uniformity of a random distribution, T(k) , 1s defined as
[12]:
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where k is the dimension of the random dot distribution and N
is the total number of dots.
The radial distribution function (RDF) is defined as:

g(r) = )

= , 9
p2mr Ar ©)

where p is the average density and is equal to the total number
of dots divided by the area occupied by these dots; 2wrAr is
the shell area between two concentric circles; and n(r) is the
number of dots in the shell area 27r Ar.

3.1. Uniform dot arrangement

Fig. 3(a) illustrates the uniformity of the dot distributions
generated by the present MD algorithm with and without the re-
flective boundary condition, respectively, for different numbers
of dots in the simulation domain. The results obtained in [5] us-
ing a dynamic low-discrepancy sequence (DLDS) scheme are
also presented for comparison purposes. The uniformity data
are calculated by substituting the coordinates of each dot in
the distribution into Eq. (8). In the figure, the solid line and
the dashed line represent the least-squares fit to the uniformity
data obtained by the MD scheme with and without the reflec-
tive boundary condition (RBC), respectively. Meanwhile, the
dashed-dotted line is plotted directly from the data presented in
[5]. As shown, the best-fit line for the uniformity data obtained
using the RBC condition is described by 0.109N ~148 while
that for the uniformity data obtained without using the RBC
condition has the form 0.017N 117, In other words, both the
slopes and the amplitudes of the two lines are different. Here,
a slope of —1.48 and a amplitude of 0.109 result in a smaller
value of Tli,z) and therefore indicate a more uniform distribu-
tion trend as a function of N. Therefore, it is observed that the
MD scheme in which the RBC condition is imposed achieves
a higher uniformity than that in which this boundary condi-
tion is not employed. This result is logical since if the reflec-
tive boundary condition is not imposed, dots may migrate from
their original cell to an adjacent cell during the force regulation
process resulting in an unequal number of dots in each cell in
the final distribution. Further evidence of the dot migration phe-
nomenon is shown in Fig. 3(b), which plots the variation of the
average dot difference with the total number of dots in the sim-
ulation domain. Note that the results are obtained without using
the RBC condition and are presented for the cases of 25 and
100 cells in the simulation domain, respectively. Here, the aver-
age dot difference is defined as the summation of the difference
between the final number of dots in each cell and the average
number of dots in each cell divided by the total number of cells.
It can be seen that in both the 25- and the 100-cell domains,
the average dot difference ratio increases with a wave-like form
with an increasing number of dots. The maximum average dot
difference is approximately 2.3 and arises in the case of 2500
dots evenly distributed throughout 25 cells. This result implies
that for each cell containing 100 dots in the original distribution,
an average of 2.3 dots enter or leave the cell during the force
regulation process. Although the change in dot number within
each cell is very small, it will nevertheless prevent the distri-
bution from converging to a fully uniform solution. A close
inspection of the data plotted using cross symbols in Fig. 3(a)
(without RBC, 25 cells) shows that the uniformity trend with
an increasing number of dots in the simulation domain has a
similar wave-like variation to that shown in Fig. 3(b). In other
words, it is apparent that the change in the number of dots in
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Fig. 3. (a) Comparison of dot distribution uniformity obtained by MD dot generation scheme with and without reflective boundary condition, respectively, and
uniformity achieved by DLDS scheme in [5]; (b) average dot difference with no reflective boundary condition for 25 and 100 cells in the simulation domain,
respectively; (c) dot distributions obtained by MD scheme for simulation domains containing 1000 dots in 25 cells with reflective boundary condition (upper). Note

bottom panel shows initial random dot distribution before force regulation process.

each cell during the force regulation process results in a poorer
uniformity of the final dot pattern. The upper panel of Fig. 3(c)
shows the dot distributions obtained by the MD scheme with the
reflective boundary condition, respectively, for a total of 1000
dots arranged in 25 cells. The lower panel in Fig. 3(c) presents
the original dot distribution, i.e. prior to the force regulation
process. Comparing the final distributions obtained by the MD
scheme after the force regulation process (upper panel) with
the original dot distribution (lower panel), it is apparent that the
MD dot generation scheme is capable of achieving a highly uni-

form dot distribution regardless of the initial arrangement of the
dots in each cell.

Comparing the two best-fit lines for the dot distribution uni-
formity data obtained using the MD dot generation scheme with
the dashed-dotted line representing the uniformity results ob-
tained using the DLDS scheme in [5], it can be seen that the
MD scheme with the RBC condition (solid line) obtains a more
uniform distribution trend as a function of N, i.e. the exponent
of —1.48 and amplitude of 0.109 results in a higher unifor-
mity, i.e. a lower value of Tlf,z), than the exponent of —1.5 and
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amplitude of 0.3 of the distribution obtained using the DLDS
scheme. The conservation of the number of dots in each cell
during the force regulation process performed using the reflec-
tive boundary condition ensures that the uniformity of the final
distribution converges to a fully uniform solution, even for a
very high total number of dots in the simulation domain. From
Fig. 3(a), it is apparent that this uniformity convergence con-
dition is maintained even with as many as 10,000 dots in the
simulation domain, which is far higher than the 3000 dots con-
sidered in [5].

Finally, note that, actually, the data to obtain the best-fit line
of DLDS scheme [5], which is presented by hollow circles and
hollow triangles, overlap with our data that include the RBC
condition. This means that some initial data prepared by the
DLDS scheme can obtain comparable uniform distribution or
even a more uniform distribution than our data after their MD
relaxation process [5]. However, in comparison with our data,
due to the more relatively scattered data pattern they present
the predicted trend of the uniformity of the distribution as a
function of N lies above our prediction. The scattered final
uniformity presented was explained in Ref. [5] as due to the
different initial conditions of the DLDS scheme. The more con-
centrated data of the current study shows a lower dependency of
the final uniformity on the initial prepared data. Actually, in our
calculation, the data is prepared by a random number generator
as shown at the bottom panel of Fig. 3(c).

Fig. 4(a) illustrates the variation of the maximum attainable
dot density as a function of the number of dots in each cell.
The maximum dot density which can be achieved for a cell is
an important characteristic of any dot generation scheme. In
the current problem of designing an appropriate dot pattern on
the base of a light guide, a very high dot density is required
in the region furthest from the light source to compensate for
the progressive loss of luminous flux as the light is redirected
through the light guide. In the present simulations, the dot den-
sity is found by establishing the minimum distance between two
dot locations which ensures that the non-overlapping condition
holds and then calculating the total filling dot area by multi-
plying the square of the dot radius, which is equal to one half
of this minimum distance, by the 7 constant and then by the
total number of dots per cell. Finally, the value of the dot den-
sity is obtained by dividing the filling area by the cell area. In
Fig. 4(a), it can be seen that the dot density decreases as the
number of dots in the cell increases and approaches a value
of approximately 60% as the total number of dots increases
to 1000. This result implies that the present MD dot genera-
tion scheme can easily achieve a dot density of more than 60%
provided that the number of dots in each cell does not exceed
1000. In designing the dot pattern for a light guide, the dot size
is generally known in advance and the cell size is then speci-
fied in accordance with an estimate of the highest dot density
required to satisfy the luminance requirements. Fig. 4(b) shows
the dot distributions for the case of cells with 10 dots and a fill-

Fig. 4. (a) Variation of dot density with number of dots in cell; (b) dot distrib-
utions for cells containing 10 dots with dot density of 0.640 (upper) and cells
containing 150 dots with dot density of 0.614 (lower).
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ing dot density of 0.640 (upper panel) and cells with 150 dots ing rise to the lower dot density observed in the lower panel of
and a filling dot density of 0.614. From these results, it can  Fig. 4(b).

be inferred that the dot density will be increased if the simula-

tions are based on a smaller cell size, or equivalently, a larger 3~2'. Non-uny‘or m dot arrangement with high dot density

dot size. Comparing the two panels in Fig. 4(b), the dot den- ~ Variation

sity of the distribution in the lower panel appears to be very
dense, i.e. there is very little space separating the individual
dots. However, the dot density (0.614) is actually less than that
of the more sparse distribution in the upper panel (0.640). This
arises because the total sum of the vacant area in the lower dis-
tribution is greater than that in the upper distribution. In the
MD force regulation procedure, irrespective of the number of
atoms (i.e. dots) in the simulation domain, a small distance
must be maintained around each atom to prevent an overlap- 3.2.1. Variable r-cut technique

ping condition. Consequently, as the number of dots increases, Fig. 5 (a) to (c) show the final dot distributions obtained af-
the amount of vacant area in the domain also increases, giv- ter the force regulation process using different r-cut techniques.

The discussions above have considered the use of a constant
r-cut value in achieving a dot distribution with a uniform dot
density over the simulation domain. Conversely, this section
discusses the use of the MD scheme in generating a dot pat-
tern with a non-uniform dot density distribution by varying the
value of the r-cut parameter and applying the boundary smooth-
ing technique and the reflective boundary condition.
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Fig. 5. Dot distributions for different r-cut situations, (a) fixed r-cut value; (b) predefined r-cut value; (c) variable r-cut value.
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In Fig. 5(a), the distribution is generated using a constant r-cut
value in all of the cells. In Fig. 5(b), the distribution is con-
structed using an r-cut value which varies from cell to cell in
accordance with the original estimate of the dot density vari-
ation required to achieve the desired luminance condition and
remains constant during the force regulation process (abbrevi-
ated hereafter to the predefined r-cut technique). In Fig. 5(c),
the distribution is produced using an r-cut value which varies
from cell to cell and is automatically adjusted during the force
regulation process. In the initial dot density specification, the
central cell is assigned a dot density value four times higher
than that of the surrounding cells. In Fig. 5(a), it is observed
that this dot density variation is not preserved during the force
regulation process, i.e. a uniform dot density distribution results
because the use of a fixed r-cut value drives all of the atoms to
an approximately equal distance from one another. In Fig. 5(b),
adifferent r-cut value is specified for each cell and this value re-
mains unchanged during the force regulation process. Although
this technique successfully preserves the original dot density
variation, the dots have a non-uniform distribution. Observing
the central cell, it can be seen that the dots are rather crowded
and that vacant areas exist, particularly in the vicinity of the
cell boundaries. In Fig. 5(c), the r-cut value is automatically
adjusted during the force regulation process to take account of
the migration of dots from one cell to another. (Note that the
reflective boundary condition is not imposed). Comparing the
distributions in Fig. 5 (c) and (b), it is apparent that while both
r-cut techniques preserve the original dot density variation, the
use of a variable r-cut parameter results in a less crowded dis-
tribution in the high-density cell and a smoother transition of
the dot pattern across the high- to low-cell density boundaries.
The improved distribution shown in Fig. 5(c) demonstrates the
effectiveness of adapting the value of the r-cut parameter in
accordance with the dynamic changes which take place in the
cell density as atoms either leave or enter the cell during force
regulation. By adopting this approach, the distances by which
the atoms within a cell are mutually repulsed reflect the cur-
rent cell density and hence a more uniform distribution is ob-
tained.

3.2.2. Boundary smoothing technique

Fig. 6(a) shows the radial distribution function, g(r), of the
dot distribution across the boundary separating a high-density
cell and a low-density cell. Two cell density variation cases
are considered. In the first case, the density ratio of the high-
density cell to the low-density cell is 2:1, while in the second
case, the density ratio is 4:1. The radial distribution function
is presented for the cases where the variable r-cut technique
is implemented with and without the boundary smoothing tech-
nique, respectively. It is observed that the drop in the magnitude
of g(r) across the cell boundary is more pronounced in the case
of a higher dot density ratio. However, for both density ratios,
the fall in the value of g(r) across the boundary is reduced
when the boundary smoothing technique is employed. In addi-
tion, the variations of g(#) in the regions close to the boundary
are smoother when the boundary smoothing technique is ap-
plied, particularly in the lower dot density ratio case. Fig. 6

(b) and (c) present the final dot distributions obtained by the
MD scheme for dot density ratios of 2 and 4, respectively. In
Fig. 6(b), the upper panel shows the distribution obtained when
the boundary smoothing technique is employed, while the lower
panel shows the distribution when boundary smoothing is not
applied. Meanwhile, in Fig. 6(c), the upper panel shows the dis-
tribution obtained using the boundary smoothing technique, the
central panel shows the distribution obtained without bound-
ary smoothing, and the lower panel shows an enlarged view
of the inset region marked in the upper panel. A close inspec-
tion of the dot distributions shows that the distance between
the dots in the vicinity of the cell boundary gradually changes
when the boundary smoothing technique is employed. Compar-
ing the two panels in Fig. 6(b), it can be seen that the use of the
boundary smoothing technique blurs the original cell boundary
when the dot density ratio between the high- and low-density
cells has a value of 2:1. However, when the dot density ratio
is increased to 4:1, the cell boundary can be clearly identified
regardless of whether or not boundary smoothing is applied be-
cause a large difference exists between the dot densities of the
central cell and the surrounding cells, respectively. Nonethe-
less, a close inspection of the cell distribution in the vicinity of
the cell boundary (see lower panel) reveals that the boundary
smoothing technique results in a smoother transition of the dot
pattern across the boundary.

3.2.3. Reflective boundary technique

Fig. 7(a) shows the dot density ratio of two adjacent cells,
i.e. A and B (see Fig. 7 (b) and (c)), after the force regula-
tion process for different values of the initially specified dot
density ratio. In Fig. 7(a), m 4 indicates the number of dots orig-
inally specified in cell A and the bold solid line represents the
ideal case in which the final dot density is equal to the origi-
nally specified dot density, i.e. the line has a slope of 1. It can
be seen that for all values of my4, the final dot density is less
than that originally specified (note that the reflective bound-
ary condition is not imposed). In other words, the number of
dots in cell B following the force regulation process is lower
than in the original dot density specification, while the num-
ber of dots in cell A is higher. This reflects the fact that the
dots tend to migrate from denser cells to less dense cells during
force regulation. Overall, this trend reduces the dot density vari-
ation over the entire simulation domain. Fig. 7(a) also shows
that the discrepancy between the initial dot density specifica-
tion and the final dot density increases as the number of dots
specified in cell A decreases. To ensure that the final dot dis-
tribution maintains the original high dot density variation, it is
necessary to prevent the individual dots from leaving their orig-
inal cells during force regulation. In the present simulations,
this is achieved using the reflective boundary condition. This
condition not only preserves the original dot density variation
specification, but also achieves a uniform dot distribution, as
discussed previously in Section 1. Fig. 7 (b) and (c) shows the
dot distributions obtained for an originally specified dot density
ratio of 9:1 for the cases of m4 = 10 and 25, respectively. Note
that in both figures, the upper panel shows the distribution ob-
tained using the reflective boundary condition while the lower
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Fig. 6. (a) Radial distribution function, g(r), for dot density ratios of 2:1 and 4:1; (b) dot distributions with (upper) and without (lower) boundary smoothing
technique for dot density ratio of 2:1; (c) dot distributions with (upper) and without (middle) boundary smoothing technique for dot density ratio of 4:1. Note lower
panel shows enlarged view of inset area in upper panel.
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Fig. 7. (a) Final dot density ratio of two adjacent cells A and B for different initial values of dot density ratio; (b) dot distribution for m 4 = 10 with reflective
boundary condition (upper) and without reflective boundary condition (lower); (c) dot distribution for m 4 = 25 with reflective boundary condition (upper) and
without reflective boundary condition (lower).
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Fig. 8. (a) Dot density contours specified for light guide with single light source in bottom-right corner; (b) dot distribution following MD force regulation process;
insets show dot distribution at different locations.

panel shows the distribution for the case where the dots are free 4. Verification example

to migrate to adjacent cells. It can be seen that the number of

dots in each cell remains constant before and after force regula- To verify the performance of the MD dot generation scheme
tion and that a dot distribution with a high dot density variation proposed in this study, the scheme is applied to construct the dot
is achieved. pattern for the light guide of a backlight module illuminated us-
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ing a single LED light source. In general, the appropriate dot
pattern design for a light guide is dependent on several factors,
including the type of light source used, the number of sources
used, the position(s) of the light source(s), the size of the light
guide, and so forth. However, the intention in all cases is to ob-
tain an even luminance condition across the surface of the light
guide. In the current example, it is assumed that the backlight is
used for a 1.5” display and is illuminated by a single LED light
source located in the bottom-right corner of the light guide. In
such a design, the dot density distribution should increase con-
centrically from low to high density with an increasing distance
from the light source in order to achieve an equal luminance
condition. In designing the light guide pattern, an initial specifi-
cation for the dot density distribution is generated in accordance
with the required optical performance of the light guide and
the MD dot generation scheme is then applied to adjust the
positions of the dots in each cell in order to obtain a uniform
dot distribution which maintains the overall dot density vari-
ation specification. In a practical application, this dot pattern
design is then adjusted iteratively in accordance with feedback
received from the optical design stage. However, in the current
verification exercise, this step is omitted.

Fig. 8(a) shows the initial specification for the dot density
of the light guide. As shown, the dot density increases from
a low value in the bottom-right corner (corresponding to the
position of the LED source) to a high value in the upper-left
corner (corresponding to the maximum distance from the light
source). In the simulations, the computational domain is sub-
divided into an array of 50 x 60 cell divisions in the x- and
y-directions, respectively. A random number generator is then
used to generate different numbers of dots in each cell accord-
ing to the dot density specification given in Fig. 8(a). The MD
force regulation process is then triggered to adjust the origi-
nal dot distribution. The results of the force regulation process
are presented in Fig. 8(b). It can be seen that the dot distribution
density increases smoothly and concentrically from the bottom-
right corner to the upper-left corner. In other words, an even lu-
minance condition of the light guide is obtained. Significantly,
this concentric distribution is obtained despite the fact that the
computational cells have a rectangular shape. Hence, the ef-
fectiveness of the reflective boundary condition and boundary
smoothing technique is confirmed.

5. Conclusion

This paper has presented a MD dot generation scheme for
designing suitable dot patterns for the light guides used in back-
light modules. Several MD computational techniques have been
proposed to accommodate the need to generate a dot pattern
with a high level of dot density variation and a uniform spatial
distribution. These techniques include the cell division tech-
nique, the variable r-cut technique, the boundary smoothing
technique, and the reflective boundary condition. The cell divi-
sion technique and the variable r-cut technique enable the dot

density in each cell to be uniquely specified such that a high
dot density variation and a uniform dot distribution can be ob-
tained over the light guide surface. Meanwhile, the boundary
smoothing technique ensures a smooth transition of the dot pat-
tern across the boundaries of cells with different dot densities.
Finally, the reflective boundary condition ensures that the dot
density variation of the final dot distribution conforms precisely
to the original specification. The performance of the proposed
MD dot generation scheme has been verifying by considering
the example of creating a suitable dot pattern for a light guide
with a single LED source located at its bottom-right corner. The
results have shown that the scheme successfully achieves an
even luminance condition by generating a dot pattern in which
the dot density increases concentrically with an increasing dis-
tance from the light source. Although this study has focused
on the generation of dot patterns for light guides, the com-
putational techniques implemented in the MD dot generation
scheme are equally applicable to the automatic grid generation
problem in finite element analysis applications.
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