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GOLF BALL AND METHOD FOR DESIGNING
SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of U.S. application Ser. No.
12/389,888, filed Feb. 20, 2009, the entire content of which is
incorporated herein by reference.

BACKGROUND OF THE INVENTION

The present invention relates to a golf ball and to a method
for designing the golf ball. More specifically, the present
invention relates to a golf ball including noncircular dimples,
and to a method for designing the golf ball.

For the purpose of increasing the carry of a golf ball, the
golf ball has been heretofore designed to include multiple
recessed parts, or dimples, on the surface thereof, and to use
these dimples to produce aerodynamic effects when the golf
ball is flying after being hit by a golf club. A dimple is a
recessed part of a golf ball having a spherical shape in general,
and is shaped as if the part is formed by truncating the surface
of the spherical shape. A single golf ball includes multiple
dimples of one kind or multiple kinds, and the dimples are
arranged in various patterns.

Among conventional dimples, the most frequently used
one is a dimple having a circular border line, called a circular
dimple. When only circular dimples are arranged on the sur-
face of a golf'ball, the surface would have regions unoccupied
by any dimples. Accordingly, the unoccupied regions are
occupied by dimples each having a noncircular border line,
called noncircular dimples. It is commonly known that com-
bining circular dimples and noncircular dimples increases the
surface coverage of the golf ball with the parts in which
dimples are formed, i.e., dimple coverage on the surface, to a
maximum extent, and thereby contributes to the increase of
the carry of the golf ball due to the aerodynamic effects. It is
also known that aerodynamic effects on the dimples may vary
depending on the shape of each recessed part, i.e., the shape of
the bottom surface of each dimple, as well as the border shape
of each dimple.

BACKGROUND ART DOCUMENT
Patent Document

Patent Document 1: U.S. Pat. No. 7,250,011.

SUMMARY OF THE INVENTION
Problems to be Solved by the Invention

Since a noncircular dimple has a complex border shape, it
is difficult to design a noncircular dimple having a smooth
surface shape (contour) that is the outermost surface of a golf
ball. Patent Document 1 (U.S. Pat. No. 7,250,011) discloses a
method for forming noncircular dimples having smooth bot-
tom surfaces by sectioning each bottom surface into an
increased number of facets. However, each noncircular
dimple thus formed still has ridge-like or valley-like lines on
the bottom surface thereof, and thus fails to have a sufficiently
smooth bottom surface. As a result of having the ridge-like or
valley-like lines, the air resistance of the golf ball having
noncircular dimples may increase.

An aspect of the present invention focuses on the shape of
the bottom surfaces of noncircular dimples. Specifically, an
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object of an aspect of the present invention is to reduce the air
resistance of the contour of each noncircular dimple included
in a golf ball and thereby improve the aerodynamic perfor-
mance of the golf' ball. Moreover, an object of an aspect of the
present invention is to form each noncircular dimple to have
a smooth contour and thereby obtain a golfball with a contour
which has a new appearance from an aesthetic viewpoint.

Hence, according to any of the aspects of the present inven-
tion, a golf ball with an increased carry and improved appear-
ance can be designed. This enables optimization of the sur-
face shape of a golf ball, and thus contributes to an
improvement in golf game gear.

Means for Solving the Problems

An aspect of the present invention provides a golf ball
including a plurality of circular dimples and a plurality of
noncircular dimples in a surface thereof, the noncircular
dimples being provided between the circular dimples. Here,
the noncircular dimples each have a border line which is a
boundary line on the surface, the boundary line formed by
connecting a plurality of border segments, wherein each bor-
der segment is any one of a line segment and a smoothly
curved segment, the noncircular dimple has a bottom surface
formed by connecting at least five facets to each other, the
facets formed on the basis of at least five curved reference
lines, and each of the curved reference lines passes a reference
point set inside a virtual sphere and any one of at least five
border points provided respectively at positions on the bound-
ary line excluding connecting points of the border segments,
and is tangential to a reference plane at the reference point,
wherein the virtual sphere has a diameter corresponding to an
external diameter of the golf ball, and wherein the reference
plane having the reference point.

Another aspect of the present invention provides a method
for designing a golf ball including a plurality of circular
dimples and a plurality of noncircular dimples in a surface.
The method includes the steps of: arranging the circular
dimples; arranging the noncircular dimples between the cir-
cular dimples; determining, on a virtual sphere having a
diameter corresponding to an external diameter of the golf
ball, a shape of a border line of each of the noncircular
dimples on the surface, as a boundary line formed by con-
necting a plurality of border segments each being any one of
a line segment and a smoothly curved segment; determining,
for the noncircular dimples, a reference point and a reference
plane including the reference point, inside the virtual sphere;
setting at least five border points respectively at positions on
the boundary line excluding connecting points of the border
segments; forming at least five curved reference lines each
tangential to the reference plane at the reference point and
each passing the reference point and a corresponding one of
the at least five border points; and generating at least five
facets each surrounded by corresponding ones of the curved
reference lines and the border segments, thereby to determine
a shape of a bottom surface of the noncircular dimple with a
shape of connecting the facets to each other.

Thus, according to an aspect of the present invention, a golf
ball with a reduced air resistance of the contour of each
noncircular dimple and improved aerodynamic performance
can be obtained. Moreover, another aspect of the present
invention also focuses on the contour of each noncircular
dimple, and forms a smooth contour of each noncircular
dimple to obtain a golf ball with a contour which is new from
an aesthetic viewpoint.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an external view of a comparative example of a
golf ball manufactured on the basis of a design according to a
comparative embodiment.

FIG. 2 is an enlarged perspective view of a noncircular
dimple of the golf ball manufactured on the basis of the design
according to the comparative embodiment.

FIG. 3 is a flowchart for designing a bottom surface of the
noncircular segment in the design according to the compara-
tive embodiment.

FIG. 41s a cross-sectional view of a virtual sphere designed
according to the comparative embodiment taken along a cross
section passing a reference point of the noncircular dimple
and the center of the virtual sphere in a radial direction.

FIG. 5 is a schematic view showing the comparative
example of the golf ball according to the comparative
embodiment being designed and represented by design bor-
der segments and curved reference lines.

FIG. 6 is a graph showing profiles each plotting distances
of the bottom surface of the noncircular dimple from the
center of the virtual sphere in the design according to the
comparative embodiment.

FIG. 7 is an enlarged view of a surface of the golf ball
manufactured on the basis of the design according to the
comparative embodiment.

FIG. 8 is an enlarged perspective view of a noncircular
dimple according to an embodiment of the present invention.

FIG. 9 is a cross-sectional view of a virtual sphere taken
along a cross section passing a reference point of the noncir-
cular dimple according to the embodiment of the present
invention.

FIG. 10 is a flowchart for designing a noncircular dimple of
a golf ball according to an embodiment of the present inven-
tion.

FIG. 11 is a flowchart for designing the noncircular dimple
of the golf ball according to the embodiment of the present
invention.

FIG. 12 is a flowchart for designing the noncircular dimple
of the golf ball according to the embodiment of the present
invention.

FIG. 13 is a schematic view showing an example of the golf
ball being designed and represented by border segments of
the noncircular dimples and curved reference lines according
to the embodiment of the present invention.

FIG. 14 is a graph showing profiles each plotting distances
of the bottom surface of the noncircular dimple from the
center of the virtual sphere according to the embodiment of
the present invention.

FIG. 15 is an enlarged view of a surface of the golf ball
manufactured on the basis of the design according to the
embodiment of the present invention.

FIG. 16 is a flowchart for designing the noncircular dimple
according to the embodiment of the present invention.

FIG. 17 is a schematic view of the golf ball being designed
and represented by border segments of the noncircular
dimples and curved reference lines according to the embodi-
ment of the present invention.

FIG. 18 is a graph showing profiles each plotting distances
of the bottom surface of the noncircular dimple from the
center of the virtual sphere according to the embodiment of
the present invention.

FIG. 19 is an enlarged view of a surface of the golf ball
manufactured on the basis of the design according to the
embodiment of the present invention.
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FIG. 20 is an external view of an example of a golf ball
manufactured on the basis of a design according to an
embodiment of the present invention.

FIG. 21 is an external view of the example of the golf ball
manufactured on the basis of the design according to the
example of the present invention.

FIG. 22 is an external view of a comparative example of a
golfball manufactured on the basis of a design according to a
comparative embodiment.

FIG. 23 is a schematic view showing a comparative
example of the golf ball being designed and represented by
design border segments and curved reference lines according
to the comparative embodiment.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

1. Outline of the Embodiments

As to a golf ball having circular dimples, even though the
circular dimples are positioned so as to be as numerous as
possible on the surface of the golf ball, the surface still has
regions, each of which has a surface area large enough to
include a dimple, but is nevertheless not large enough to
include a circular dimple. In some embodiments of the
present invention, noncircular dimples are arranged in such
regions. In the following, embodiments of the present inven-
tion will be described on the basis of the accompanying
drawings. In the description, the same components will be
denoted by the same reference numerals. To fully understand
the embodiments of the present invention, a comparative
embodiment will be described first. It is to be noted that the
following description is to the same for the comparative
embodiment and the embodiments, unless otherwise noted.

2. Shape of Golf Ball to be Designed

FIG. 1 shows an external appearance of a golf ball manu-
factured on the basis of a design according to the comparative
embodiment. The golf ball shown in FIG. 1 includes a total of
272 dimples, i.e., a total of 92 circular dimples D, and D,
and a total of 180 noncircular dimples Dy, on its surface.
Here, the dimple coverage on the surface is 88%. The non-
circular dimples D, collectively denote noncircular dimples
with various shapes. A concrete procedure for designing such
a golf ball by using a three-dimensional CAD will be
described below.

2-1. Arrangement of Dimples

First, a virtual sphere having a diameter of the external
diameter of the golf ball is defined. The virtual sphere defines,
by its surface, parts (land parts), in which no dimples are to be
formed, of the overall surface of the golf ball. Thereafter,
regions in which circular-dimples are to be formed are
arranged on the spherical surface of the virtual sphere. For
this arrangement, any technique of arranging circular dimples
as uniformly as possible can be used. In this example, the total
number of the circular dimples is determined, and the two
kinds of circular dimples D, and D, having different diam-
eters are arranged. The diameters of the circular dimples
shown in FIG. 1 are determined by taking into account that
most parts of the remaining land parts are to be covered later
by noncircular dimples.

Then, regions for the noncircular dimples D, are arranged
in the parts defined as the land parts. Each of the regions for
the noncircular dimples is determined by firstly defining a
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region surrounded by the border lines of circular dimples and
line segments, of which each line segment is connecting the
border lines of two nearest circular dimples at the shortest
distance, and then by shifting the border of the region inward
by the amount of a width set for each land part between
adjacent dimples. This will be fully described later. In this
manner, the circular and noncircular dimples are arranged on
the surface of the virtual sphere. Here, the line segments are
each a line connecting the border lines of two circular
dimples, and may be a line curving along the surface shape of
the virtual sphere (part of the great circle of the virtual sphere)
or a straight line merely connecting the border lines of adja-
cent circular dimples without curving along the surface shape
of the virtual sphere.

2-2. Formation of Bottom Surface of Circular
Dimple

The bottom surface of each of the circular dimples may be
of any kind. Specifically, the bottom surface of the circular
dimple may be of any kind, such as a part of the spherical
surface, an ellipsoid of revolution, a paraboloid of revolution,
or a double dimple.

2-3. Formation of Bottom Surface of Noncircular
Dimple

FIG. 2 is an enlarged perspective view of a noncircular
dimple, and FIG. 3 shows a flow of designing the bottom
surface of the noncircular segment as shown in FIG. 2. The
border line of the bottom surface of the noncircular dimple is
formed of: line segments LS|, L.S; and LS5 each connecting
circular dimples; and curved segments CS,, CS, and CS s each
of' which is an arc corresponding to a border part of a circular
dimple. Hereinafter, the line segments and curved segments
will collectively be called “border segments”. The border line
of the noncircular dimple includes connecting points of the
border segments. Although the border segments are continu-
ous at the connecting points, they are not always connected
smoothly with one another, and the points may hence be
vertices (corner points), for example. In the comparative
embodiment, to design the bottom surface of the noncircular
dimple having the border line formed by combining such
border segments, first, a reference point (point A) is set
(8102), next, curved reference lines using the reference point
are determined (S122), and finally, the curved surface of the
bottom surface is determined on the basis of the curved ref-
erence lines (S132).

2-3-1. Design of Bottom Surface according to
Comparative Embodiment

Design of the bottom surface of the noncircular dimple
according to the comparative embodiment will be described
below. First, the reference point (point A) is set at a central
part of the noncircular dimple region inside the virtual sphere
(8102 in FIG. 3). This reference point is for defining an
approximate depth of the noncircular dimple, and it is hence
set closer to the center of the virtual sphere when designing a
deep dimple, whereas it is set closer to the surface of the
virtual sphere when designing a shallow dimple. FIG. 4 is a
cross-sectional view of the virtual sphere taken along a cross
section passing the reference point A of the noncircular
dimple D, and the center of the virtual sphere having a
radius R.

Then, by using points on the border segments (border
points) and the reference point A, curved reference lines RC, |

20

25

30

35

40

45

50

55

60

65

6

to RCy, are determined (S122 in FIG. 3). Here, the curved
reference lines RC,;; to RC,, are to be used to determine
facets which will form the curved surface of the bottom
surface. Thus, a design technique according to the compara-
tive embodiment employs a configuration having such a large
number of curved reference lines that each facet would be
minimized when forming the bottom surface of the noncir-
cular dimple for making its shape as smooth as possible. For
this purpose, in the design according to the comparative
embodiment, two border points, for example, are set around
the midpoint of each of the line segments and the curved
segments forming the border part of the noncircular dimple.
The border points are shown as border points B,, to B, in
FIG. 2. When the positions of the border points B, to B, are
represented by relative positions that are indicated by the
number of sections of equally divided into 100 sections for
each of the border segments, the border points B, to B, are
set at positions before and after a relative position 50 that is
the midpoint, such as, at relative positions 40 and 60.

To determine curved reference lines, each pair of border
points among the border points B, to B, and the reference
point A are associated with one another to form a set of three
points, wherein the border points of each pair are border
points respectively on border segments approximately oppo-
site to each other with respect to the reference point A, for
example, the border point B, ; on the line segment LS, and the
border point B,; on the curved segment CS,. The reference
point A is included in each of all of the sets. Since the refer-
ence point A is set inside the virtual sphere, that is, in a
position closer to the center of the virtual sphere than a posi-
tion on the surface of the virtual sphere, the three points
included in each set are not usually aligned on a single straight
line. On the basis of the three points included in each set,
curved reference lines are determined. First, a curved line
connecting one border point on a border segment is deter-
mined, for example, the border point B, ,, and the other border
point on a border segment, for example, the border point B,,,
while passing the reference point A. Then, the curved line is
divided into two by the reference point, to determine curved
reference lines. In FIG. 4, the connected curved reference
lines RC,; and RC,, thus determined are shown. Similarly,
the curved reference lines RC,, to RC,, are determined by
using all the border points B, to B, and the reference point
A shown in FIG. 2. FIG. 5 is a schematic view of the golf ball
being designed and represented by the border segments and
the curved reference lines used in this design.

Thereafter, by using the curved reference lines, the bottom
surface having the border line formed of the border segments
is determined (S132 in FIG. 3). In the example shown in FIG.
2, by using the 12 curved lines, i.e., the curved reference lines
RC,, to RC,,, the bottom surface having a border line formed
of the line segments LS, LS; and LS, and the curved seg-
ments CS,, CS, and CS; is determined. To determine the
curved surface, parts of the curved surface to be components
of'the curved surface, that is, facets, are determined. A facet is
defined by a region surrounded by border segments and
curved reference lines. In the example in FIG. 2, facets are
defined respectively by regions such as a region surrounded
by three curved lines, the curved reference lines RC,, and
RC,, and the line segment LS|, and a region surrounded by
four curved lines, the curved reference line RC,,, the line
segment LS, the curved segment CS, and the curved refer-
ence line RC,,. Each facet is surrounded by at least one
border segment and two curved reference lines. In other
words, a facet is a smooth surface in a region having at least
one border segment and two curved reference lines as its
border line, and is usually a curved surface. The curved sur-
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faces are each obtained on the basis of data on the border
segment and the curved reference lines for the corresponding
facet, by using any algorithm for defining a curved surface
passing the border segment and the curved reference lines.

When the curved surfaces that are to be the facets are
determined, the facets are connected to form the bottom sur-
face of the noncircular dimple. This bottom surface is shown
as a bottom surface BS in FIGS. 2 and 4. The shape of the
bottom surface BS in the comparative embodiment is not
necessarily smooth at the connecting parts of the facets, or
around the curved reference lines, even though the facets are
continuous in the connecting parts. To illustrate the situation,
FIG. 6 shows profiles plotting the “heights” of the bottom
surface BS, that is, distances of the bottom surface BS from
the center of the virtual sphere, around the reference point and
around the border line. FIG. 6 shows distances (heights) of the
bottom surface BS from the center of the virtual sphere at
positions around the reference point A and positions around
the border line schematically shown by chain lines in FIG. 2
and by arrows in FIG. 4. In FIG. 6, directions from the
reference point A are shown in the horizontal axis, whereas
the heights at the respective directions are shown in the ver-
tical axis, and the heights around the reference point A and the
heights around the border line are shown by curved lines AL,
and AL, respectively. For comparison, a distance r, of the
reference point A from the center of the virtual sphere, that is,
the height of the reference point A, and the radius R of the
virtual sphere are also shown. It is to be noted that, in FIG. 6,
the profiles of the surface are exaggerated compared to the
actual ones for the purpose of illustration. As shown in FIG. 6,
with the design according to the comparative embodiment,
although a large number of curved reference lines, that is, 12
curved reference lines, are used, the bottom surface of the
noncircular dimple still has non-smooth regions. Specifically,
the bottom surface includes ridge-like or valley-like lines
radially extending from the reference point along the refer-
ence lines. This situation can also be observed in an enlarged
view of the surface of the golf ball shown in FIG. 7.

In the above-described design, two border points are set
respectively at the positions corresponding to the relative
positions 40 and 60 on each border segment. If the border
points are positioned near the connecting points of the border
segments (corner points), the bottom surface of the noncircu-
lar dimple reflects the shapes around the corner points and
consequently includes non-smooth ridge-like or valley like
lines radially extending from the reference points along the
reference lines.

Such ridge-like or valley-like lines often deteriorate the
aerodynamic performance of the golf ball. The inventors of
the present invention have been concerned that this deterio-
ration may increase the total air resistance of the golf ball. In
particular, the inventors have been concerned that the increase
may become more prominent as the shapes of the noncircular
dimples become more complex and, as a consequence, the
ridge-like or valley-like lines increase. In addition, if the golf
ball includes more ridge-like or valley-like lines, the lines
become more conspicuous, and the golf ball tends to be
poorer in design of its external appearance.

2-3-2. Design of Bottom Surface According to
Preferred Embodiments of the Invention

To avoid generating the bottom surface including the
above-described ridge-like or valley-like lines, or non-
smooth regions, a different technique from the above-de-
scribed design technique is used to design the bottom surface
in the embodiments of the present invention. Specifically, in a
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first embodiment, a reference plane including the reference
point A is used. In a second embodiment of the present inven-
tion, in addition to the reference plane used in the first
embodiment, a boundary condition for forcing the boundaries
between facets, which are curved surfaces forming the bot-
tom surface, to be smooth is imposed, in order to avoid gen-
erating the non-smooth regions.

2-3-2-1. First Embodiment

Inrelation to the first embodiment of the present invention,
FIG. 8 shows an enlarged perspective view of a noncircular
dimple, FIG. 9 shows a cross-sectional view of a virtual
sphere taken along a cross section passing the reference point
of the noncircular dimple, and FIGS. 10 to 12 show design
flows of the noncircular dimple.

In this embodiment, determination of a reference plane is
performed, in addition to the design technique used in the
comparative embodiment. The determined reference plane is
used to determine curved reference lines. Specifically, also in
the first embodiment, first, the reference point is set around a
central part of the noncircular dimple region (S02 in FIG. 10).
The reference point is set inside the virtual sphere as in the
comparative embodiment.

Then, a reference plane including the reference point A is
determined (S12). This reference plane is shown as a refer-
ence plane RP in FIG. 9. The reference plane is used to
determine curved reference lines, and is hence not formed in
the actual golf ball. Preferably, the reference plane is deter-
mined to be perpendicular to a radial direction connecting the
reference point and the center of the virtual sphere. However,
the reference plane according to the present invention is not
limited to that perpendicular to the radial direction. In FIG. 8,
the reference plane RP is represented by alternate long and
short dash lines.

Thereafter, the curved reference lines are determined
(S22). In this determination in the first embodiment, unlike
the determination of the curved reference lines in the com-
parative embodiment, the curved reference lines are each
determined by using a border point set approximately at the
midpoint of a corresponding border segment, the reference
point and the reference plane. In FIG. 8, curved reference
lines RC, to RC; are determined by using border points B, to
B set respectively around the midpoints of the border seg-
ments, the reference point A and the reference plane RP. Here,
the positions of the border points on the border segments are
not particularly limited to the midpoints, but are not to be
around connecting parts of the border segments, that is,
around corners of the border line. Specifically, assume that
the position of each border point is represented by a corre-
sponding one of relative positions 0 to 100 along the corre-
sponding border segment. In this case, the border point is set
at a relative position between approximately 30, preferably
approximately 40, and 70, preferably 60, inclusive. Alterna-
tively, the border points of each two border segments opposite
to each other (for example, the point B, and the point B,,) may
be set on a plane passing the center of the virtual sphere,
together with the reference point A.

InFIG. 8, the curved reference lines RC, to RC are shown.
The curved reference lines in the first embodiment are each
determined so as to pass the border point, set at the midpoint
of'the corresponding border segment, and the reference point,
and to be tangential to the reference plane RP at the reference
point A. Here, “a curved line is tangential to a plane at a point
on aplane” means that the curved line passes the point and the
direction vector of the curved line is included in the plane at
the point, in other words, the curved line passes the point and
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the direction vector of the curved line is perpendicular to the
normal vector of the plane at the point. Accordingly, the
curved reference lines RC, to RC, each pass the reference
point A and have a direction vector included in the reference
plane RP at the reference point A. Moreover, the direction
vector of each of the curved reference lines RC, to RC; at the
reference point A is perpendicular to the normal vector of the
reference plane RP. FIG. 9 illustrates a situation in which the
curved reference lines RC, and RC, are tangential to the
reference plane RP at the reference point A.

To obtain the curved reference lines thus tangential to the
reference plane, first, the direction vector included in the
reference plane is defined at the reference point A (S202), as
shown in FIG. 11. This direction vector can be generated by
mathematical calculation. For example, to generate such a
direction vector by using the reference point A, the border
point B, and the reference plane RP, a vector from the refer-
ence point A to the border point B, is obtained, the vector is
projected on the reference plane RP, and the vector is normal-
ized if necessary. Such generation can be performed by apply-
ing a Gram-Schmidt orthogonalization process to the normal
vector of the reference plane RP and the vector from the
reference point A to the border point B, and then calculating
the normal vector of the reference plane RP and a vector
orthogonal to the normal vector.

Then, by using the direction vector thus generated, a
curved line connecting the reference point A and the border
point B, is generated as a curved reference line (S204). This
curved reference line may be any of various curved lines
tangential to the reference plane RP at the reference point A as
described above. FIG. 13 shows a schematic view of the golf
ball being designed and represented by the border segments
and the curved reference lines used in the design according to
the first embodiment.

Thereafter, on the basis of the curved reference lines, the
bottom surface, which is a curved surface having the border
segments as the border line, is determined (S32 in FIG. 10). In
the first embodiment of the present invention, the same tech-
nique as that used in the comparative embodiment is used.
Specifically, by using the line segments LS,, LS; and LS., the
curved segment CS,, CS, and CSq, and the curved reference
lines RC, to RC4, facets are determined (S302 in FIG. 12). In
FIG. 8, the bottom surface of the noncircular dimple is formed
of six facets. As in the technique used in the comparative
embodiment, each facet is defined on the basis of data on the
border segments and the curved reference lines for the facet,
by using any algorithm for defining a curved surface.
Thereby, the facets are connected, to form the curved surface
of the bottom surface (S302 in FIG. 12). The bottom surface
BS thus obtained is shown as a bottom surface BS in FIGS. 8
and 9. Here, although it is described above for the illustration
of'the configuration that the facets are connected to obtain the
curved line of the bottom surface, adjacent facets obtained on
the basis of the same curved reference line are naturally
connected, and hence no particular process is required.

The shape of the curved surface of the bottom surface thus
obtained is shown in FI1G. 14 in the form ofheight profiles and
in FIG. 15 as an enlarged view of the surface. In FIG. 14,
heights AL,, around the reference line and heights AL,
around the border line show a state in which the bottom
surface, particularly around the reference point, is smooth by
having uniform heights. Specifically, in the graph in FIG. 14,
the heights AL, around the reference point are approximately
the same irrespective of the directions, and are plotted by an
approximately straight line in the graph. Furthermore, even at
parts distant from the reference point, that is, at parts close to
the border line, the connecting parts of the facets are smoother
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than those obtained in the comparative embodiment, although
the number of curved reference lines is half as large as that
used in the technique of the comparative embodiment. Spe-
cifically, in the graph in FIG. 14, the heights AL ,,, around the
border line are plotted by an only slightly broken line. This
state is also observed in the enlarged view of the surface of the
golfball shown in FIG. 15. Here, the graph of the heights AL,
around the reference point shows a straight line when the
reference plane RP is perpendicular to a radius vector con-
necting the center of the virtual sphere and the reference point
A. Moreover, in FIG. 14, as in FIG. 6, the profiles of the
surface are exaggerated compared to the actual ones, for the
purpose of illustration.

Thus, according to the first embodiment of the present
invention, the bottom surface of the noncircular dimple can be
designed to be a curved surface which is smoother than that in
the comparative embodiment.

2-3-2-2. Second Embodiment

In the second embodiment, in addition to the reference
plane used in the first embodiment, a boundary condition for
forcing the boundaries between facets, which are curved sur-
faces forming the bottom surface of each noncircular dimple,
to be smooth is imposed, in order to avoid generating non-
smooth regions at the boundary parts of the facets. In this
embodiment, curved reference lines are obtained in the same
procedure as Steps S02, S12 and S22 in FIG. 10 and the steps
in FIG. 11. However, in Step S32 in FIG. 10, to obtain the
curved surface for the bottom surface, design is performed
according to a design flow shown in FIG. 16.

Specifically, in the second embodiment, first, the curved
reference lines determined by the same process as that in the
first embodiment are used (Steps S02, S12 and S22 in FIG. 10
and the steps in FIG. 11). FIG. 17 shows a schematic view of
the golf ball being designed and represented by the border
segments and the curved reference lines used in the design
according to the second embodiment.

Then, in the second embodiment, a boundary condition is
set for the facets on both sides of each of the curved reference
lines (S304 in FIG. 16). The boundary condition is set in
conjunction with the facets on both sides of each ofthe curved
reference lines. Specifically, on two facets positioned respec-
tively on both sides of a curved reference line, such a bound-
ary condition that the two facets on the both sides would have
the same tangential plane at any point on the curved reference
line is imposed. To express this boundary condition math-
ematically, first, a vector equation of a curved surface is
expressed as

r=r(u,v)
where u and v are two independent parameters and r is a
position vector on the curved surface of the facet and can be
expressed as r=(r,, 1, r,)". Here, ( )7 indicates transposition.
Assumethatapointr, ona first facetand apointr, on asecond
facet are expressed by such position vectors. In this case, the
state in which the points on the both facets each correspond-
ing to the parameter (u,, v,) are “connected” means that the
relationship

#1(tto,vo)=+a(tto, Vo)
holds. If the relationships

3r Bt vo)=3r>/du(uo, Vo)
and

3r 1 /Bv(to, Vo) =0/ (1o, V0)
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hold, in addition to the above relationship, at the connecting
point r,(u, Vy)=r,(U, V,), the facets are connected
“smoothly.” In other words, the situation in which two facets
on both sides of a curved reference line are “smoothly con-
nected” means that the above two sets of relationships hold at
any point on the curved reference line.

In terms of geometry, the first facet is generated on one side
of'a curved reference line while the second facet is generated
on the other side of the same curved reference line. In this
case, at each point of each of the first and second facet, a
tangential plane having the point as a point of contact is
defined. If the two facets on both sides have the same tangen-
tial plane at any point on the curved reference line, the facets
are “smoothly connected” at the curved reference line. In
other words, the facets are smoothly connected at the curved
reference line under the condition that, when the points of
contact of the respective tangential planes move from the
inner sides of the respective facets toward a point on the
curved reference line, the tangential plane of the first facet and
the tangential plane of the second facet become the same at
some point. Here, the tangential plane on the first facet is a
surface defined by two vectors 3r,/3u(u, v) and 3r,/3v(u, v),
and the tangential plane on the second facet is a surface
defined by two vectors dr,/3u(u, v) and 3r,/3v(u, v). Accord-
ingly, if the facets are smoothly connected at the point r, (u,,
Vo)=r>(Uy, V), the above equation can be obtained when (u,
v)=(u,, Vo). Any means can be used for a process to make such
geometric tangential planes the same in three-dimensional
CAD.

Thereafter, by using the curved reference lines and the
border segments, facets satisfying the boundary condition are
obtained (S306), and the facets are connected to form the
curved line of the bottom surface (S308). As in the first
embodiment, no particular process is necessary to connect the
facets to obtain the curved line of the bottom surface in the
actual design.

The shape of the curved surface of the bottom surface thus
obtained is shown in FIG. 18 in the form of graph showing
height profiles and in FIG. 19 as an enlarged view of the
surface. In FIG. 18, as in FIG. 14, heights AL,,, around the
reference point A and heights AL, around the border line are
substantially straight lines, illustrating a situation in which
the bottom surface of the noncircular dimple is smooth with
uniform heights. Specifically, in FIG. 18, the graph of the
heights AL,,, around the reference point A is a substantially
straight line, and the graph of the heights AL _,, around the
border line is, although being a curved line, smooth at every
part. This bottom surface profile is also observed in the
enlarged view of the surface of the golf ball shown in FIG. 19.
Here, in FIG. 18, as in FIGS. 6 and 14, the profiles of the
surface are exaggerated compared to the actual ones, for the
purpose of illustration.

Thus, according to the second embodiment of the present
invention, the bottom surface of the noncircular dimple can be
designed as a more smoothly curved surface than that
designed in the first embodiment. This may suppress an
increase in the total air resistance of the golt ball. In particular,
since the number of ridge-like or valley-like lines does not
increase even when the noncircular dimples have complex
shapes, the shape of the noncircular dimple can be designed
more freely. Furthermore, since the number of ridge-like or
valley-like lines does not increase, the design of the external
appearance of the golf ball can be improved.
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3. Implementation by Computer

Next, an implementation example in which the above-
described designs are implemented by a computer will be
described.

3-1. Outline of Implementation by Computer

In a shape design for designing a golf ball by using three-
dimensional CAD software that runs on a computer, first, a
virtual sphere is defined. Since the virtual sphere is defined by
specifying the radius R and thereby defining the spherical
surface, at least the radius R or information sufficient to define
the radius R is stored in any memory unit.

Then, dimples are arranged on the virtual sphere. Here,
circular dimples and noncircular dimples are arranged as the
dimples, as described above. The circular dimples can each be
arranged by setting the center position on the surface of the
virtual sphere. For example, by using polar coordinates hav-
ing the center of the virtual sphere as the origin, the center
position of the circular dimple is defined by a polar angle 6
and an azimuth angle ¢. To arrange the circular dimples
evenly on the spherical surface of the virtual sphere, arrange-
ment of faces and arrangement of vertices of a regular poly-
hedron, such as a regular icosahedron, a regular dodecahe-
dron or a regular octahedron, or a spherical polyhedron
derived from such a regular polyhedron can be used. For
example, by further dividing each face of a regular icosahe-
dron into triangles, contours of the spherical surface can be
expressed. Moreover, by adjusting the number of the tri-
angles, the number of circular dimples can also be adjusted
freely. The total number of the dimples, including the number
of'the noncircular dimples to be described later, is preferably
between approximately 200 and approximately 500 inclu-
sive. Thereafter, the sizes of the circular dimples are deter-
mined by using any information that can identify the position
of the border line of each circular dimple, for example, the
diameter or the radius of the circular dimple. The size of each
circular dimple can be determined on the basis of the number
of circular dimples arranged around the dimple. For example,
the size of a circular dimple D, with 5 circular dimples
arranged therearound can be set smaller than that of a circular
dimple D, (see FIG. 20). The numbers and sizes of the
circular dimples can be designed by taking account of aero-
dynamic effects and aesthetic appearance. Thus, the position
and the size of each circular dimple are stored.

3-2. Design of Noncircular Dimples

The outline of the design of each noncircular dimple is as
described above. To design such a noncircular dimple by
using a computer, the border line, the reference point, the
reference plane, the curved reference lines, and the facets may
be set in this order. The details will be described below.

3-2-1. Setting of Border Lines

Each border line can be defined based on a region sur-
rounded by arcs of the border lines of the already-set circular
dimples and line segments each connecting the border lines of
the arranged circular dimples with one another at the shortest
distance, by shifting the border of the region inward by the
amount of a width set for each of the land parts between
adjacent dimples. Here, each of the line segments connecting
the border lines of two closest circular dimples at the shortest
distance is considered to be part of the great circle of the
virtual sphere passing the centers of the two circular dimples.
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Such a line segment can be obtained by calculating a vector
which are perpendicular to two vectors from the center of the
virtual sphere to the centers of these circular dimples, obtain-
ing a plane passing the center of the virtual sphere by using
the obtained vector as a normal vector of the plane, and then
obtaining a curved line that is a crossing line of the virtual
sphere and the obtained plane. By using plate-shaped regions
having a thickness corresponding to the values set for the
widths of the land parts, line segments as the border segments
can be determined in consideration of the widths of the land
parts. Such a line segment is determined for each pair of the
circular dimples. In contrast, the curved segment can be deter-
mined based on an arc of the border line of the circular dimple
by drawing an arc on the virtual sphere, the arc forming a part
of a circle which is concentric with the circumference of the
border line of the circular dimple adjacent to the noncircular
dimple, and which has a radius obtained by adding the value
of the width of the land part to the radius of the adjacent
circular dimple. In this manner, border segments are deter-
mined for each of the noncircular dimples, and information
defining each of the border segments (border segment defi-
nition information) is stored. In the configuration shown in
FIG. 20, 6 facets are used for each noncircular dimple. How-
ever, 5, instead of 6, border segments may be used for a
noncircular dimple, providing the noncircular dimple with 5
border points, or border points may be set on 5 out of 6 border
segments, depending on design. In addition, in the case in
which circular dimples and noncircular dimples are used as
shown in FIG. 20, when the positions and the sizes of the
circular dimples surrounding each noncircular dimple are
determined, the shape of the border line of the noncircular
dimple is automatically obtained by adding the values of the
widths of the land parts. At this stage, the arrangement of the
circular dimples and the widths of the land parts are adjusted
to thereby adjust the coverage of the dimple area on the entire
area of the golf ball surface (surface coverage) freely. This
surface coverage is preferably set equal to or greater than
approximately 65% to increase the carry, and can be approxi-
mately 100% if the widths of the land parts are set extremely
small.

Moreover, border points are set on the border line of each
noncircular dimple. The border points may be determined by
calculating the midpoint position of each of the line segments
and curved segments. Then, the coordinates of each border
point are stored.

3-2-2. Setting of Reference Points

Then, reference points are set. For each reference point, the
coordinates will be stored. For the determination of the coor-
dinates, the reference point is specified by the depth from the
surface of the virtual sphere or the distance form the center of
the virtual sphere (r, in FIG. 9), and the coordinate values
may be calculated on the basis of the depth or the distance.
The direction of the reference point may be obtained in vari-
ous ways and is set to be, for example, the direction of the
barycenter of the shape having the border lines including the
reference point, the direction of the barycenter obtained on
the basis of the border points on the line segments, or the
direction of the barycenter of the center positions of three
circular dimples surrounding the noncircular dimple. The
reference point may be expressed by a polar angle 6 and an
azimuth angle ¢ as the center of each circular dimple. Data on
the reference point thus obtained is stored in any memory unit
in association with the noncircular dimple. For example,
when arrangement of each reference point is determined by
the polar angle 6 and the azimuth angle ¢, each reference
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point has the polar angle 6 and the azimuth angle ¢, and the
polar angle 6 and the azimuth angle ¢ are thus stored in
association with the depth or the distance. Here, an offset may
be set in consideration of aerodynamic effects so that the
reference point would be near the border line of the noncir-
cular dimple.

3-2-3. Setting of Reference Planes

Then, a reference plane is determined. Generally, a plane is
specified by a point which the plane passes and its normal
vector. Here, the reference plane is limited to a plane includ-
ing the reference point, and hence is determined only by
determining a normal vector. The most typical way to deter-
mine the normal vector is to use the direction vector of the
reference point from the center of the virtual sphere itself, or
any data defining a direction vector from the reference point,
for example, the above-described polar angle 6 and azimuth
angle ¢ of the reference point. When the direction vector of
the reference point from the center of the virtual sphere itself
is used as the normal vector of the reference plane, the refer-
ence plane is perpendicular to an axis connecting the center of
the virtual sphere and the reference point. As information on
the reference plane, at least the normal vector or data which
can bring the normal vector may be stored. If the bottom
surface is desired to be inclined at the reference point relative
to the surface of the virtual surface, the reference plane can be
set so as to be inclined.

3-2-4. Setting of Curved Reference Lines

Then, curved reference lines are obtained. A curved refer-
ence line is a curved line which passes the reference point and
a border point, and which is tangential to the reference plane
at the reference point. Accordingly, to determine a curved
reference line, first, a direction vector at the reference point is
calculated. For this calculation, a Gram-Schmidt orthogonal-
ization process is applied to the normal vector of the reference
plane and the vector from the reference point to the border
point, to obtain the direction vector at the reference point and
thereby store the direction vector. Next, by using the direction
vector at the reference point, the curved reference line is
obtained. Examples of a curved line which can be used for the
determination of the curved reference line are: a quadratic
curve such as a parabola, an elliptical curve or a hyperbola; a
cubic or higher-degree polynomial curve; a Béezier curve,
especially a quadratic or cubic Béezier curve; and a spline
curve. For example, in the case of using a Béezier curve, a first
straight line passing the reference point is obtained by using
the stored direction vector as its own direction vector, and a
second straight line passing the border point and defining the
inclination of the bottom surface of the noncircular dimple at
the border part is obtained on a plane including the reference
point and the border point and being perpendicular to the
reference plane. Then, a Béezier curve having the intersection
point of the first straight line and the second straight line as the
control point is calculated, thus determining the curved ref-
erence line. It is also possible to increase the number of
control points, for example, by using intersection points of a
straight line with the first and second straight lines as control
points. Information for defining the curved reference line thus
obtained (curved reference line definition information) is
stored. The above-described process can be performed for
each border point.

3-2-5. Setting of Facets

Then, facets are obtained. The border line of each facet can
be obtained on the basis of the curved reference line definition
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information and the border segment definition information. In
the above-described second embodiment, facets are obtained
by using the boundary condition that imposes two adjacent
facets to be connected smoothly with each other, in addition
to the border lines ofthe facets. As described above, under this
boundary condition, each two adjacent facets have the same
tangential plane on the curved reference lines. Here, ideally,
the adjacent two facets should have the same tangential plane
at every point of the curved reference line. However, practi-
cally, the curved surface of the bottom surface can be formed
sufficiently smooth as long as the tangential planes are com-
monly shared at a series of a finite number of discrete points
which are appropriately distributed on the curved reference
line. Accordingly, assume that the length of the curved refer-
ence line is 100, for example, where the relative position of
the reference point side is 0 and the relative position of the
border point side is 100. In this case, the boundary condition
is set so that the tangential planes are commonly shared at the
positions 20, 40, 60 and 80. Although ranges in which the
tangential planes are commonly shared can be determined by
various factors, the tangential planes may not necessarily be
commonly shared at any point of all the curved reference line,
due to other design factors. In such a case, as long as the
condition is set so that the tangential planes are commonly
shared at points of, for example, approximately 80% or more
of the total length of the overall curved reference lines of the
golf ball, 80% or more of the facets can be connected
smoothly.

Such a boundary condition is set depending on a curved
surface generation technique used for generating facets on the
computer. For example, in the case in which facets are each
generated by using a Béezier curved surface, a control point is
set at each point of the series of discrete points so that each
control point would be aligned with a different control point
for the first facet on one side of the curved reference line
(referred to as a first control point) and a different control
point for the second facet on the other side of the curved
reference line (referred to as a second control point) in the
order of the first control point, the control point on the curved
reference line and the second control point. Thereby, the first
and the second facets have the same tangential plane at each
point ofthe series of points on the curved reference line. Here,
the “boundary condition” means that each of the point of the
series of point on the curved reference line (curved reference
line control point), the first control point and the second
control point are “restricted so as to align on a straight line,”
in other words, that the computer operates so that the second
control point for the second facet is automatically determined
when the series of points on the curved reference line are
defined and the first control point for the first facet is defined.
Setting information for causing the computer to thus operate
is stored as the boundary condition.

As described above, a facet can be determined by causing
the computer to operate so that the facet would be smoothly
connected to adjacent facets, in other words, each two adja-
cent facets have the same tangential plane at, at least, some
points on the curved reference line serving as the boundary of
the adjacent facets. When facets satisfying the boundary con-
dition are generated on the overall region within the border
line of the noncircular dimple, the smooth bottom surface as
that obtained in the second embodiment of the present inven-
tion can be generated.

In the following, examples in which golf balls with shapes
according to the respective embodiments were actually
manufactured and tested in terms of their performances will
be described.
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Example 1

Example 1, which is a golf ball according to the first
embodiment as shown in Table 1, and Comparative Example
1, which is a golf ball according to the design technique of the
comparative embodiment, was manufactured. Specifically,
the golf balls were each manufactured so as to have 272
dimples in total, i.e., 92 circular dimples and 180 noncircular
dimples filling the gaps between the circular dimples. The
dimple coverage on the surface in such a configuration with
dimples was 88%. Example 1 and Comparative Example 1
have the same characteristics of the golf balls except the
noncircular dimples, i.e., the same internal configuration, the
same material and the same design of the circular dimples.
Circular dimples used for Example 1 and Comparative
Example 1 are so-called “double dimples”.

TABLE 1
Comparative
Example 1 Example 1
Total number of Dimples 272
Of those, number of circular dimples 92
Of those, number of noncircular dimples 180
Surface coverage (%) 88

FIG. 20 shows an external view of Example 1. In Example
1, the schematic view of the curved reference lines and the
border segments in the course of design is the same as that in
FIG. 13. The external view of Comparative Example 1 is
shown in FIG. 1, and the schematic view of curved reference
lines and border segments in the course of design is the same
as that in FIG. 5. As can be understood by comparing FIG. 5
and FIG. 13, the number of curved reference lines used in
Example 1 is smaller than that used in Comparative Example
1. Nevertheless, as can be understood by comparing FIG. 1
and FIG. 20, the bottom surface of each noncircular dimple in
Example 1 is smoother than that in Comparative Example 1,
and ridge-like or valley-like lines are less likely to be
observed at the external appearance of the ball of Example 1.

The flight performances measured through tests by hitting
the golf balls of Example 1 and Comparative Example 1 are
shown in Table 2. Table 2 shows results of the tests in which
the golf balls were hit with a driver at a head speed of 45 m/s.
As shown in Table 2, compared to Comparative Example 1,
carry is improved by approximately 1.1%, from 216.2 m to
218.5 m, and the total including carry and run is improved by
approximately 1.5%, from 222.8 m to 225.8 m. This is
because the air resistance of the ball itself is reduced in
Example 1 compared to Comparative Example 1, which
increases the carry of Example 1, and the speed of the ball at

the time of landing is fast, which increases the run distance.
TABLE 2
Example 1 Comparative Example 1
Carry (m) 218.5 216.2
Total (m) 225.8 2225
Spin (rpm) 2720 2735
Example 2

Example 2, which is a golf ball according to the second
embodiment as shown in Table 3, and Comparative Example
2, which is a golf ball according to the design technique of the
comparative embodiment, was manufactured. In Example 2,
the golf balls were each manufactured so as to have a con-
figuration with 110 circular dimples and 216 noncircular
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dimples filling the gaps between the circular dimples. The
dimple coverage on the surface in such a configuration with
dimples was 90%. As in the case of Example 1, Example 2
and Comparative Example 2 have the same characteristics of
the golf balls except the noncircular dimples. Circular
dimples used for Example 2 and Comparative Example 2 are
also so-called double dimples.

TABLE 3
Comparative
Example 2 Example 2
Total number of Dimples 326
Of those, number of circular dimples 110
Of those, number of noncircular dimples 216
Surface coverage (%) 90

FIG. 21 shows an external view of Example 2. In Example
2, the schematic view of the curved reference lines and the
border segments in the course of design is the same as that in
FIG. 17. The external view of Comparative Example 2 is
shown in FIG. 22, and the schematic view of the curved
reference lines and the border segments in the course of
design is shown in FIG. 23. As can be understood by com-
paring FIG. 23 and FIG. 17, the number of curved reference
lines used in Example 2 is smaller than that used in Compara-
tive Example 2. Nevertheless, as can be understood by com-
paring FIG. 22 and FIG. 21, the bottom surface of each
noncircular dimple in Example 2 is smoother than that in
Comparative Example 2, even around the border portion of
the noncircular dimple. Hence, ridge-like or valley-like line
pattern is not observed at the external appearance of the ball
of Example 2.

The flight performances measured through tests by hitting
the golf balls of Example 2 and Comparative Example 2 are
shown in Table 4. Table 4 shows results of the tests performed
under the same condition as the measurements for Example 1
and Comparative Example 1. As shown in Table 4, compared
to Comparative Example 2, carry is improved by approxi-
mately 1.8%, from 215.4 m to 219.3 m, and the total including
carry and run is improved by approximately 2.0%, from 221.7
mt0226.1 m. The inventors of the present invention think that
the reason the carry is improved in Example 2 more than in
Example 1 is that no ridge-like or valley-like line occurred
even around the border line, as well as around the reference
point, of the bottom surface of each noncircular dimple

designed according to the second embodiment.
TABLE 4
Example 2 Comparative Example 2
Carry (m) 219.3 2154
Total (m) 226.1 221.7
Spin (rpm) 2725 2722

INDUSTRIAL APPLICABILITY

The present invention makes it possible to design a golf'ball
with an increased carry and improved appearance. This
enables optimization of the surface shape of a golf ball, and
thus contributes to an improvement in golf game gear.

R radius of virtual sphere
D¢ circular dimple
Dye noncircular dimple
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-continued
A reference point
T4 distance of reference point A from center of virtual sphere
RC curved reference line
RP reference plane
BS bottom surface
LS line segment
CS curved segment

What is claimed is:

1. A method for designing a golf ball including a plurality
of circular dimples and a plurality of noncircular dimples in a
surface, the method comprising the steps of:

arranging the circular dimples;

arranging the noncircular dimples between the circular

dimples;

determining, on a virtual sphere having a diameter corre-

sponding to an external diameter of the golf ball, a shape
of aborder line of each of the noncircular dimples on the
surface, as a boundary line formed by connecting a plu-
rality of border segments each being any one of a line
segment and a smoothly curved segment;

determining, for the noncircular dimples, a reference point

and a reference plane having the reference point, inside
the virtual sphere;

setting at least five border points respectively at positions

on the boundary line excluding connecting points of the
border segments;

forming at least five curved reference lines, each tangential

to the reference plane at the reference point, and each
passing the reference point and a corresponding one of
the at least five border points; and

generating at least five facets each surrounded by corre-

sponding ones of the curved reference lines and the
border segments, thereby determining a shape of a bot-
tom surface of the noncircular dimple with a shape of
connecting the facets to each other,

wherein, at any point on the reference line connecting

between the facets adjacent to each other, the facet and
the adjacent facet have the same tangential plane.

2. The method for designing a golf ball according to claim
1, wherein

the step of determining the reference plane includes the

step of storing a normal vector of the reference plane,
and

the step of forming the curved reference lines includes the

steps of:

calculating and storing a projection vector for each of the
border points on the basis of coordinates of the refer-
ence point, coordinates of the border point, and the
normal vector, the projection vector obtained when a
vector from the reference point to the border point is
projected onto the reference plane; and

reading the projection vector for each of the border
points, and then determining, as a curved reference
line for the border point, a curved line following the
projection vector as a direction vector at the reference
point and passing the border point.

3. The method for designing a golf ball according to claim
1, wherein

the step of generating the facets includes the step of setting

and storing a boundary condition under which each pair
of the adjacent facets with a corresponding one of the
curved reference lines interposed as a boundary have a
common tangential plane at each of at least some points
of the curved reference line, and

the facets are generated by using the boundary condition.
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