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This paper presents a grid snapping technique, called multi-resolution fuzzy grid snapping
(MFGS), that enables automatic mouse cursor snapping for a multi-resolution grid system.
Quick and frequent switching between high- and low-resolution grid snapping is essential to
make geometrical drawings that include both ﬁne and coarse structures when using CAD
systems with ordinary single-resolution grid systems. MFGS is intended to relieve users of
this tedious manual switching. MFGS dynamically selects an appropriate snapping resolution
level from a multi-resolution grid system according to the pointing behavior of the user.
MFGS even supports an extremely ﬁne grid resolution level, which is referred to as the nosnapping level. We show experimental results which demonstrate that MFGS is an eﬀective
grid snapping technique that speeds up low-resolution grid snapping while retaining the ability
to snap to high-resolution grids. Furthermore, we examine the role of fuzziness in MFGS and
its eﬀect on snapping performance.

ever, because this technique switches the snapping resolution depending on the travel distance
of dragged objects from their previous position,
the user occasionally must repeat the dragging
operation several times to obtain the intended
resolution. In contrast, MFGS is a cursor snapping technique that infers the intention of the
user with regard to snapping resolution directly
from the pointing behavior.
When the ﬁneness of object alignment varies
from coarse to ﬁne, the natural pointing behavior of the user varies from rough movements
to careful movements. Therefore, MFGS is designed to select low-resolution grids when the
user points with rough movements and highresolution grids when the user points with careful movements. As a result, the user is able to
control the snapping resolution through natural
pointing behavior.
Here, to illustrate why the selection of grid
resolution is required, let us consider the example of forming a trapezoid, as shown in Fig. 1.
For the user to align the ﬁne parts of the structure, a and b, the grid must be set to a high
resolution. However, while aligning the coarse
parts of the structure, c and d, such a highresolution grid setting hinders easy pointing operations. In other words, the grid resolution
is too high for the purpose of aligning c and
d. As a result, slight inaccuracies in the pointing of the user will cause points c and d to
be misaligned, as shown in Fig. 1 (b). On the
other hand, if the grid is set with a low reso-

1. Introduction
We have developed a cursor snapping technique —— multi-resolution fuzzy grid snapping
(MFGS) —— which snaps a cursor into a multiresolution grid system by automatically selecting an appropriate grid resolution level. This
selection takes into account the pointing behavior of the user as well as the cursor position.
As the alignment of objects is essential for
geometrical drawings, most currently available drawing systems are equipped with object alignment functions based on various constraints. To enhance the alignment functions,
many studies have examined constraint-based
drawing systems, such as Sketchpad1) , Briar2)
and Snap-Dragging3) , that increase the variety of constraints. However, these studies have
not focused on automatic resolution setting
for the constraints. When alternately drawing ﬁne structures and coarse structures with
current drawing systems, the user must frequently switch the grid resolution to achieve optimum snapping, which makes drawing a timeconsuming task. Automatic grid resolution selection promises to become a key technology
that will improve alignment functions.
Automatic control of grid resolution for object snapping is provided by HyperSnapping4) ,
which allows a user to control the snapping resolution level by simply dragging objects. How† Muroran Institute of Technology
1874

Vol. 48

No. 4

(a) Original trapezoid in
a high-resolution grid.
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(b) Snapped trapezoid in
a high-resolution grid.

Fig. 2 Choices for cursor snapping in a multiresolution grid.
(c) Original trapezoid in
a low-resolution grid.

(d) Snapped trapezoid in
a low-resolution grid.

resolution grid system.
2. Multi-Resolution Fuzzy Grid Snapping

(e) Original trapezoid in
a multi-resolution grid.

(f) Snapped trapezoid in
a multi-resolution grid.

Fig. 1 Diﬀerences in snapping according to grid
resolution.

lution, as shown in Fig. 1 (c), so that the user
can easily align c and d, it becomes impossible to correctly align a and b as intended, as
shown in Fig. 1 (d). Therefore, to achieve easy
and correct alignment, the user needs to switch
the grid resolution according to the ﬁneness or
coarseness of the structure.
In MFGS, we consider drawing on a multiresolution grid system that is a combination of
several grids of diﬀerent resolution, as shown
in Fig. 1 (e) and (f). MFGS will automatically
select the appropriate grid resolutions for the
points a, b, c and d, according to the pointing
behavior of the user. Here, careful pointing operations by the user for a and b cause MFGS to
select the high-resolution grid for these points.
On the other hand, rough pointing operations
for c and d cause MFGS to select the lowresolution grid for these points. As a result, the
user will be able to align the points as intended,
as shown in Fig. 1 (f).
The core concept of MFGS was introduced in
Ref. 5). The present paper reorganizes MFGS
and extends it to include both no-snapping
and multi-resolution snapping within the same
framework. This paper also discusses the characteristics of MFGS with regard to simulations to show the MFGS mechanism. Furthermore, we have done experiments to test the efﬁciency of MFGS compared to single-resolution
grid snapping (SGS) and to determine whether
fuzziness should be incorporated in the multi-

In single-resolution grid systems, the cursor will simply be snapped to the nearest grid
point. In multi-resolution grid systems, though,
there are multiple choices for grid points. Selection of the grid layer in which the cursor should
be snapped depends on the user’s intention.
For example, Fig. 2 shows a three-layer multiresolution grid system that includes a highresolution grid system G1 , a middle-resolution
grid system G2 , and a low-resolution grid system G3 . In this ﬁgure, c is the current cursor
point, while g1 , g2 , and g3 are the nearest grid
points to c in G1 , G2 , and G3 , respectively. In
this particular case, the user has three choices
for snapping the cursor: g1 , g2 , and g3 . In addition, the user has another option which we
call no-snapping. No-snapping can be regarded
as snapping of the cursor c to itself. Thus, the
user now has four choices: g1 , g2 , g3 , and c.
This leads to the problem of determining which
choice the user intended.
To overcome this problem, we propose a snapping strategy that uses the pointing behavior of the user. In this strategy, we associate
rough pointing behavior with low-resolution
snapping, and careful pointing behavior with
high-resolution snapping. The reason for this
association is that the position the cursor represents is considered vague in the case of rough
pointing, but precise in the case of careful pointing.
As the ﬁrst step toward realizing MFGS, we
designed a fuzzy cursor model and a multiresolution grid system. We then developed a
fuzzy grid snapping technique, MFGS, which
embodies the above strategy.
2.1 Fuzzy Cursor Model
To introduce vagueness into a cursor’s posi-
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(a) Perspective view.

(b) Top view.

Fig. 3 Conical fuzzy cursor c̃.

tion, we use a conical fuzzy cursor, which is
expressed by a conical fuzzy point c̃ = c, rc .
Here, c̃ is a fuzzy set characterized by a conical
membership function


v−c
∨ 0,
(1)
µc̃ (v) = 1 −
rc
where v is a variable position vector in point
space E 2 , c is the current cursor position, rc
is the fuzziness that represents the vagueness
of the cursor position, and ∨ represents for the
max operator. Figure 3 is a diagram of the
conical fuzzy cursor. We then set the amount
of fuzziness rc according to the roughness of the
pointing behavior. Although there is no well established formula that directly associates fuzziness with roughness, we propose the following
method based on the fuzziness generator empirically obtained in Refs. 6) and 7).
The ﬁrst step is to provide the system
with all of the recent cursor positions and
the corresponding time stamps for a certain
period of time T as a sequence (ci , ti ) ∼
(ci−m+1 , ti−m+1 ), where (ci , ti ) represents the
current cursor position. Second, the system applies spline interpolation8),9) to the sequence
and then checks the acceleration ai and the velocity vi at each cursor position ci . The system
next assigns an appropriate degree of fuzziness
rc∗i to each cursor position ci by using the fuzziness generator 6),7)
rc∗i = Ca ai + Cv vi ,

(2)

where C a and Cv are positive constant values
that are determined empirically. Third, the system calculates the recent average fuzziness as
m−1
1  ∗
r
.
(3)
r̄c∗i =
m j=0 ci−j
This step is to smooth the ﬂuctuation of the
fuzziness. Finally, the system calculates the
fuzziness rc of the current cursor — that is, rci
— as
rci = αr̄c∗i + (1 − α)rci−1 ,

(4)

where α is a constant value between 0 and 1.
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The ﬁnal step is ﬁrst-order lag ﬁltering to adjust
the response speed of the fuzziness variation of
the fuzzy cursor.
2.2 Multi-Resolution Grid System
We deﬁne an n-layered multi-resolution grid
system as a combination of single-resolution
grid systems Gi (i = 1, 2, . . . , n), each of which
has two properties, SGi and rGi . Here, SGi and
rGi are, respectively, the stride and the fuzziness of a grid Gi . In the grid system, we assume that Gi (i = 1, 2, . . . , n) are in descending
order of resolution. Therefore, we simply give
the smallest value to SG1 and the largest value
to SGn . On the other hand, we let the fuzziness
represent the area covered by each grid point.
The area covered is considered to be small for a
high-resolution grid system but large for a lowresolution grid system. Therefore, we assign
the smallest amount of fuzziness to rG1 and the
largest amount of fuzziness to rGn .
2.3 Fuzzy Grid Snapping
In MFGS, the snapping strategy for the
multi-resolution grid system discussed above is
realized through the following method. For simplicity, we can assume without losing generality
that the number of layers n is 3.
First, the system selects the grid point gi that
is nearest to the fuzzy cursor c̃ from each grid
system Gi , and uses it as a snapping candidate.
Next, the system replaces each snapping candidate gi with a conical fuzzy point g̃i = gi , rgi ,
where rgi is set to rGi , inheriting the fuzziness
from the grid Gi . Then, for each snapping candidate, the system evaluates the necessity of the
fuzzy proposition “g̃i is in c̃” by
N g̃i = inf 2 ((1 − µg̃i (v)) ∨ µc̃ (v)),
v∈E

(5)

according to the deﬁnition of the necessity measure in fuzzy set theory 10),11) . Note that in
this particular case, where g̃i and c̃ have conical fuzzy membership functions, the necessity
deﬁned in Equation (5) can easily be calculated
as


rc −  gi − c 
g̃i
∨ 0.
(6)
N =
rc + rg i
The system performs fuzzy reasoning by applying the rules shown in Table 1, and then
evaluates the snapping candidates with grades
µ(g̃3 ), µ(g̃2 ), µ(g̃1 ), and µ(c̃). In this table,
the symbol ∧ stands for the min operator and
is translated as a logical and, while (1 − N g̃i )
is translated as the negation of N g̃i . Therefore,
the rules shown in Table 1 can be translated as
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Table 1 Fuzzy rules of MFGS.
Rule

Fuzzy logical operations

1

µ(g̃3 ) = N g̃3

2
3

µ(g̃2 ) = (1 − N g̃3 ) ∧ N g̃2
µ(g̃1 ) = (1 − N g̃3 ) ∧ (1 − N g̃2 ) ∧ N g̃1

4

µ(c̃) = (1 − N g̃3 ) ∧ (1 − N g̃2 ) ∧ (1 − N g̃1 )

follows:
• Rule 1 recommends g̃3 as the snapping
point gs if (the necessity of “g̃3 is in c̃”
is high),
• Rule 2 recommends g̃2 as the snapping
point gs if (the necessity of “g̃3 is in c̃”
is not high) and (the necessity of “g̃2 is in
c̃” is high),
• Rule 3 recommends g̃1 as the snapping
point gs if (the necessity of “g̃3 is in c̃”
is not high) and (the necessity of “g̃2 is in
c̃” is not high) and (the necessity of “g̃1 is
in c̃” is high),
• Rule 4 recommends c̃ as the snapping point
gs if (the necessity of “g̃3 is in c̃” is not
high) and (the necessity of “g̃2 is in c̃” is
not high) and (the necessity of “g̃1 is in c̃”
is not high).
The combined application of the four rules as a
whole is to try to snap the fuzzy cursor to the
candidate from the lowest resolution as long as
the necessity is high. Finally, the system determines which snapping candidate has the highest grade and selects it as the snapping point
gs . If, in an extreme case, µ(c̃) has the highest
grade, then the current cursor c is selected as
the snapping point gs . In this case, the system
infers that the user wants no-snapping.
To demonstrate how MFGS works, let us
again consider the case shown in Fig. 2. Now,
let us set the strides as SG1 = 1.00, SG2 = 4.00,
and SG3 = 16.00 and the fuzziness as rG1 =
0.50, rG2 = 2.00, and rG3 = 8.00, and let us assume the exact positions as c = (5.6, 2.6), g1 =
(6.0, 3.0), g2 = (4.0, 4.0), and g3 = (0.0, 0.0).
Then, let us set the fuzziness rc of the fuzzy
cursor with four diﬀerent values: 1.50, 3.00,
9.00, and 22.00. Figure 4(a) and Fig. 4 (b) illustrate the case of rc = 9.00 and the case of
rc = 3.00, respectively. The grades evaluated
by MFGS with the settings are summarized in
Table 2. As indicated in the table, as the fuzziness of the cursor increases, the resolution of
the snapping selected by the system decreases.
This conﬁrms that MFGS follows the proposed
snapping strategy.

(a) rc = 9.00.

(b) rc = 3.00 (enlarged portion of (a)).
Fig. 4 Relationships between snapping candidates and
the fuzzy cursor in a multi-resolution grid system.
Table 2 Evaluated grades of snapping candidates
according to fuzziness rc .
rc
1.50
3.00
9.00
22.00

µ(g̃3 )
0.00
0.00
0.17
0.53

µ(g̃2 )
0.00
0.17
0.62
0.47

µ(g̃1 )
0.47
0.70
0.38
0.17

µ(c̃)
0.53
0.30
0.11
0.05

To demonstrate the characteristics of MFGS
and show how MFGS evaluates the snapping
grades at each cursor position, let us consider a
fuzzy cursor c̃
(7)
c̃ = (cx , 0), rc ,
which is shown in Fig. 5. Figure 5 illustrates a
fuzzy cursor c̃ that travels along the x-axis of
a three-layer multi-resolution grid system while
changing its fuzziness rc . The properties of the
multi-resolution grid system are set to be identical to those in the above demonstration.
Figure 6 shows graphs of the grades that
are evaluated by MFGS for the fuzzy cursor
c̃. In Fig. 6 (a), the variance of the grades
µ(g̃3 ), µ(g̃2 ), µ(g̃1 ) and µ(c̃) are plotted threedimensionally with respect to the change of
cx (∈[0.0,16.0]) and rc (∈[0.0,16.0]). Note that
four surfaces exist, all of which intersect with
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each other. When a certain surface is topmost,
its corresponding snapping candidate is selected
as the snapping point. Thus, let us refer to the
area where the surface for a certain snapping
candidate g̃i is topmost as the dominant range
of g̃i . The change of the dominant range is more
clearly shown in Fig. 6 (b), which is a top view
of Fig. 6 (a).
In Fig. 6 (b), we can see that the number of
dominant ranges that appear at every position
of cx is always four, which is the number of
snapping candidates. This means that the user
always has a chance to choose any snapping
candidate, no matter what the cursor position,
by controlling rc through his or her pointing
behavior.
Next, considering the width and position of
each dominant range, we can see that they
vary according to the shift of the position cx
and form a pattern that resembles saw blades.
This saw-blade pattern implies the gravitational characteristics of MFGS. For example,
if we consider the dominant range of g̃2 in the
graph, we see that it is considerably wider when
c is near the grid points of G2 (where cx is near
0, 4, 8, 12 or 16) than when c is far from these
grid points. This means that the probability
of c being snapped to g̃2 becomes greater as
c approaches a grid point of G2 . These characteristics can be thought of as the gravitation
characteristics of G2 . Regarding the dominant
ranges of the other snapping candidates, we can
see similar saw-blade patterns. Therefore, the
user will feel the gravitation characteristics of
all the grid system Gi while moving the cursor.
From the above observations, we conclude
that MFGS provides the user with a full choice
of snapping resolution, allowing the user to feel
the gravitation characteristics from the multiresolution grid system.
3. Experimental Results
In this section, we present the results of experiments done to evaluate the performance of
the MFGS technique. The ﬁrst experiment was
to test the eﬀectiveness of MFGS, and the second was to determine the usefulness of fuzziness
in MFGS.
3.1 Eﬀectiveness of MFGS
To evaluate the performance of MFGS, we
did a target selection experiment with a threelayer multi-resolution grid system consisting of
G1 , G2 , and G3 . We had ﬁve users perform
tasks that required them to select consecutively
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Table 3 Target selection time (s).

User

G1
A
2.34
2.33
B
C
2.50
2.57
D
2.41
E
Avg. 2.43

MFGS
G2
1.70
1.56
2.14
1.77
1.52
1.74

G3
0.95
0.95
1.15
0.91
0.88
0.97

SGS
2.13
1.61
1.81
1.91
1.82
1.86

G1
3.09
2.55
2.78
2.94
2.98
2.87

MGS
G2
2.06
1.69
2.18
1.81
1.80
1.91

G3
0.91
0.98
1.19
0.93
0.87
0.98

appearing target grid points on a computer display ☆ , as shown in Fig. 7, for ﬁve minutes. We
then calculated the average selection time. The
task was repeated three times, changing the target points but keeping all of the MFGS settings
unchanged. Each time, when the user was required to select a target point, one grid layer
was speciﬁed and the target grid point was selected randomly from the grid points of the
speciﬁed layer. The selection was considered
completed when the mouse button was pressed
while the snapping point was over the target
grid point.
For MFGS, we set the strides as SG1 =
5[pixels], SG2 = 20[pixels], and SG3 =
80[pixels] and the fuzziness as rG1 = 2.5[pixels],
rG2 = 10[pixels], and rG3 = 40[pixels], respectively. We set the properties for the fuzzy cursor c̃ as T = 0.5[s], C a = 0.036[s2 ], C v =
0.014[s] and α = 0.5.
For comparison, we also performed a similar
experiment to obtain the target selection time
using single-resolution grid snapping (SGS),
which is commonly used in current CAD applications. For SGS, we set the resolution of
the grid system to the same values as for the
high-resolution grid G1 of MFGS.
The results are summarized in Table 3 and
graphically illustrated in Fig. 8. Figure 8 shows
that the selection time for targets from lowresolution layer G3 with MFGS was shorter
(0.89 s) than that with SGS, while the selection time for targets from high-resolution layer
G1 with MFGS was slightly longer (0.57 s).
In the MFGS experiment, we observed that
the users achieved quick and easy target selection from G3 by expressing their intention for
low-resolution snapping through rough pointing behavior. On the other hand, for targets
from G1 , the users were able to achieve highresolution snapping, but needed a slight pause
☆

The resolution of the display was 3.79[pixels/mm].
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Fig. 8 Comparison of average target selection time
between MFGS and SGS.

Fig. 9 Comparison of average target selection time
between MGS and SGS.

to control and reduce the fuzziness of the cursor through careful pointing behavior. These
results show that MFGS is an eﬀective snapping technique that speeds up low-resolution
grid snapping while retaining the ability to snap
to high-resolution grids.
3.2 Need for Fuzziness in MFGS
To test the need for fuzziness in a multiresolution grid system, we set up a non-fuzzy
version of the multi-resolution grid snapping
method, called MGS, and performed a similar target selection experiment using MGS.
In MGS, all of the settings were the same as
those in MFGS, except that the values of rgi
were set to zero. As shown in Fig. 9, with
MGS the selection time for targets from lowresolution layer G3 was approximately the same
as that of MFGS shown in Fig. 8, but noticeably longer for higher-resolution layers G1 and
G2 . A paired t-test shows that the diﬀerences
for G1 and G2 are signiﬁcant at signiﬁcance
levels of 2% and 6%, respectively. This indicates that eliminating the fuzziness from the
grids of MFGS reduced snapping performance
for higher-resolution grid systems. Thus, fuzziness in the grid systems is important for achieving better snapping performance with MFGS.
To analyze how the elimination of fuzziness from MFGS grids aﬀected snapping performance, we plotted the grades evaluated by
MGS for the case of fuzzy cursor c̃ shown in
Fig. 5. The result is shown in Fig. 10. The
graph patterns of Fig. 10 and Fig. 6 show that
the dominant range of each snapping candidate
varied more sensitively according to the shift
of the position cx in MGS, as compared to the
MFGS case. In addition, the number of dominant ranges varied from one to four, accord-

ing to the position cx in MGS, while it was
constant (four) in MFGS, as shown in Fig. 6.
The characteristics of MGS are likely to get
users into tricky situations, where the snapping
point moves around quickly as the user moves
the fuzzy cursor. Such tricky situations reduce
the snapping performance of MGS compared to
that of MFGS.
4. Conclusion
We have described MFGS, a grid snapping
technique that implements automatic cursor
snapping for multi-resolution grid systems. The
MFGS technique dynamically selects a grid
snapping resolution level and snaps the cursor to the grid layer with that resolution level,
which depends on to the roughness or carefulness of the user’s pointing behavior. This includes no-snapping, in which the cursor is not
snapped to any layer of the multi-resolution
grid system.
Our experimental results show that MFGS
is an eﬀective grid snapping technique, which
speeds up low-resolution grid snapping while
retaining the ability to snap to high-resolution
grids. Furthermore, experiments in which we
eliminated fuzziness showed that using fuzziness contributes to better snapping performance with MFGS.
As an advanced application of MFGS, we
plan to apply MFGS to object snapping in the
sketch-based CAD system proposed in Refs. 12)
and 13). Fundamentally, the fuzzy cursor discussed here is just one instance of the conical
fuzzy point. In fact, MFGS can generally be applied to any conical fuzzy point. In the sketchbased CAD system, drawn objects have fuzzy
feature points, the fuzziness of which is associ-
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Fig. 7 Computer display for target selection
experiment.
Fig. 5 Fuzzy cursor c̃ traveling along the x-axis while
changing the fuzziness in a multi-resolution grid
system.

(a) Perspective view.

(a) Perspective view.

(b) Top view.
Fig. 10 Grades evaluated by MGS for fuzzy cursor c̃
shown in Fig. 5.
(b) Top view.
Fig. 6 Grades evaluated by MFGS for fuzzy cursor c̃
shown in Fig. 5.

ated with the roughness of the drawing behavior of the user, and they are also instances of
the conical fuzzy point. Therefore, we believe
MFGS can be extended for application to au-

tomatic snapping of the feature points of CAD
objects to a multi-resolution grid system.
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