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ABSTRACT Collision detection of two objects plays an essential role for the machine tool automation.
Although the collision detection of two objects has been studied in applications like virtual reality, the
collision detection for the machine tool requires high precision to avoid overcut damage to the high-cost
machine tools. The current collision detection for machine tools is under the soft-ware based computer
numerical control (CNC), the low computation capability of which refrains the CNC based approach from
real-time collision detection. In this paper, we consider the design of application specific integrated circuit
(ASIC) to enhance the collision detection for machine tool automation. Because the bounded objects are
represented by meshed triangles, we consider the separating axis theorem (SAT) based detection algorithm.
Furthermore, by considering high precision required by machine tool applications, the proposed algorithm
includes collision detection of either non-coplanar or coplanar triangles. Following the collision detection
algorithm, we design hardware architecture with parallel processing to provide higher throughput rate
over the architecture reported in our conference paper. The VLSI implementation results under the TSMC
TN40G (45nm) CMOS technology reveal that our architecture requires 1,212K gates and provides detection
throughput 38.46M per second for collision detection of two triangles, while operating at 500 MHz. For two
objects represented by 400 and 400 meshed triangles, respectively, our hardware architecture can provide
collision detection in 0.96 ms, which is smaller than the 1 ms required for real-time processing of collision
detection of two objects.

INDEX TERMS Application specific integrated circuit, collision detection, coplanar triangles, low power
consumption, machine tool, meshed triangles, non-coplanar triangle, separating axis theorem.

I. INTRODUCTION
Machine tool automation plays an important role to enhance
the value and efficiency of machine tools. For the automation
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of the five-axis sculpturing machine tool (SMT) in Fig. 1,
collision detection of the sculptured object and cutter is an
essential technique. The collision detection of two objects is
necessary not only in machine tool automation [1], [2], [3],
[4], [5], [6] but also in the film animation, computer games,
robots [7], etc.
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FIGURE 1. The 5-axis sculpturing machine tool [8].

FIGURE 2. Mesh of triangles for representing a bounded object [11].

Representation of the 3-dimensional (3D) objects [9], [10],
[11] is the first step for studying the collision detection of
two objects. Among the multiple representations, the use
of meshed polygons to represent a 3D object (see Fig. 2)
simplifies the problem of collision detection. The collision
detection of two bounded objects is reduced to the collision
detection of two polygons from two objects [12], [13], [14].
Furthermore, there exist practical algorithms for collision
detection of two polygons, e.g., the Gilbert-Johnson-Keerthi
distance algorithm [15] and those depending on the separat-
ing axis theorem (SAT) [1], [9], [16], [17].

Nonetheless, the collision detection of two objects requires
large amount of computational work. For example, if either of
the two objects is represented by 200 polygons, the computa-
tional burden for collision detection of two objects is equiv-
alent to the burden for 40,000 times of collision detection of
two polygons. To realize the collision detection of two objects
for the SMT, the soft-ware based computer numerical control
(CNC) approach [18] has been developed. Due to the low-
computing capability, the soft-ware based approach makes
the SMT unable to achieve real-time collision detection [3],
[7], [19], [20].

To overcome the above-mentioned drawbacks of the
soft-ware based approach, we study the design of applica-
tion specific integrated circuit (ASIC) for collision detection
of two objects in this paper. The considered objects are

FIGURE 3. Separating plane and separating axis.

represented by meshed triangles. The problem of collision
detection of two objects is converted to the problem of col-
lision detection of two triangles from the two objects. Thus,
by following the SAT based algorithm, we propose a hard-
ware architecture for collision detection of two objects. Due
to the parallel structure, the designed architecture performs
collision detection of two objects in less than 1 ms and meets
the requirement for the automation of 5-axis SMT. Further-
more, multi-threshold technique is employed to reduce the
power consumption and leads our architecture to be applica-
ble in a low power consumption environment.

Fundamentally, the contribution in this paper is an expan-
sion to the work in our conference paper [20]. In addition to
the more elegant technical presentation, we will propose an
improved algorithm and hardware design over the one in [20].
We will show that the improved architecture requires less
silicon area, works at higher frequency, consumes less power,
and performs the collision detection in shorter time interval.
Furthermore, to our knowledge, there is no journal paper
studying the ASIC design for collision detection applied to
machine tool automation. As machine tool automation is
essential for the future precision machinery, our contribution
about the state-of-the-art hardware design for collision detec-
tion of two objects here is therefore valuable.

The organization of this paper is as follows. In Section II,
we introduce the SAT and our proposed SAT based algorithm
for collision detection of two triangles. Based on the pro-
posed algorithm, a new hardware architecture is proposed in
Section III. We report the implementation results for the pro-
posed architecture in Section IV. Concluding remarks about
our architecture and implementation results are delivered in
Section V.

II. THE COLLISION DETECTION ALGORITHM
Our following implementation algorithm for collision detec-
tion of two 3D triangles relies on the SAT [16], [21]. In gen-
eral, the SAT is applied to the collision detection of two
convex sets. But here, we only present those results related
to the collision detection of two triangles in the 3D or 2D
space.

Let us consider the scenario in Fig. 3. Two 3D triangles are
said to be collision-free if and only if there exists a separating
plane between the two triangles. A vector that is orthogonal
to the separating plane is the associated separating axis. The
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TABLE 1. Potential separating axes for two non-coplanar triangles A and
B with vertices {A1, A2, A3} and {B1, B2, B3}, respectively.

separating plane and associated separating axis may not be
unique.

Each triangle A is characterized by its three vertices
{A1,A2,A3}. The associated normal vector

−→
NA to the triangle

A can be computed from the coordinates of the three vertices.
The notation

−−→
OA1 denotes the directional vector that starts

from the origin O of the coordinate system and ends at
vertex A1. The three edges of triangle A are

−−→
A1A2,

−−→
A2A3, and

−−→
A3A1. The cross product of two vectors −→a and

−→
b produces

vector [22] a2b3 − a3b2
a3b1 − a1b3
a1b2 − a2b1


︸ ︷︷ ︸

−→a ×
−→
b

△
=

 a1
a2
a3


︸ ︷︷ ︸

−→a

×

 b1
b2
b3


︸ ︷︷ ︸

−→
b

. (1)

The vector −→a ×
−→
b is orthogonal to both vectors −→a and

−→
b . To determine that two non-coplanar triangles A and B
are collision-free, one only needs to find one separating axis
vector from the 11 potential separating axes [12], [21], [24]
in Table 1. These potential separating axes include the normal
vectors and the cross product vectors of edge vectors associ-
ated with the two triangles.

A potential separating axis −→c becomes a separating axis
to two collision-free triangles if and only if the projections
of the two triangles onto the potential separating axis −→c do
not overlap. The projection of vertex A1 of triangle A on the
potential separating axis −→c is [22]

proj
(
−−→
OA1,

−→c
)

=

−−→
OA1 ·

−→c

||
−→c ||2

−→c , (2)

where the inner product of two vectors −→a and
−→
b is defined

by

a1b1 + a2b2 + a3b3︸ ︷︷ ︸
−→a ·

−→
b

△
=

 a1
a2
a3


︸ ︷︷ ︸

−→a

·

 b1
b2
b3


︸ ︷︷ ︸

−→
b

. (3)

Two vectors−→a and
−→
b are orthogonal if and only if−→a ·

−→
b =

0. The ||
−→c ||

2
=

−→c ·
−→c in (2) denotes the norm squares

of vector −→c . The projection in (2) denotes the amount of
projection

−−→
OA1 ·

−→c along the directional vector −→c /||−→c ||
2.

Instead of testing the projection vectors, we can simply test

FIGURE 4. The projections of triangles A and B on the separating axis.

TABLE 2. Potential separating axes for two coplanar triangles A and B.

the amount of projections to determine whether the projec-
tions of the two triangles overlap. Thus, as shown by Fig. 4,
a vector −→c is a separating axis for triangles A and B if and
only if

min
{
−−→
OA1 ·

−→c ,
−−→
OA2 ·

−→c ,
−−→
OA3 ·

−→c
}

> max
{
−−→
OB1 ·

−→c ,
−−→
OB2 ·

−→c ,
−−→
OB3 ·

−→c
}

(4)

or

max
{
−−→
OA1 ·

−→c ,
−−→
OA2 ·

−→c ,
−−→
OA3 ·

−→c
}

> min
{
−−→
OB1 ·

−→c ,
−−→
OB2 ·

−→c ,
−−→
OB3 ·

−→c
}

. (5)

Additionally, when the two triangles are coplanar, the
potential separating axes need to be considered differently.
Observe that when the two triangles are coplanar, the begin-
ning 9 potential separating axes in Table 1 are along the same
direction. For such two coplanar triangles, only 6 potential
separating axes needs to be considered and they are listed in
Table 2.
The SAT based collision detection algorithm is now listed

inAlgorithm 1. The algorithm is to test whether each potential
separating axis in Table 1 or 2 is a separating axis. When a
separating axis is found, the indicator CollisionOccurs = 0 is
returned; otherwise, the indicator CollisionOccurs = 1 is
returned. The pseudo codes in lines 3-6 of Algorithm 1 are for
computing the projections (inner products) of triangles A and
B onto the normal vectors

−→
NA and

−→
NB, respectively. The codes

in lines 7-11 are for testing whether
−→
NA or

−→
NB is a separat-

ing axis. Note that
−→
NA and

−→
NB are the 10- and 11-th potential

separating axes in Table 1. The computed values tk and vk ,
∀k , are also used in line 12 of Algorithm 1 to test whether the
two triangles are coplanar. Therefore, the computed tk and
vk , ∀k , are tested twice as in lines 7 and 12, a fact that leads
the proposed Algorithm 1 to achieve complexity reduction.
Finally, the algorithm tests each potential separating axis in
lines 14-22 or 25-33 of Algorithm 1 to determine whether it
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Algorithm 1 The SAT Based Algorithm to Detect
Collision of Two Triangles A and B

input :
−−→
OA1,

−−→
OA2,

−−→
OA3,

−→
NA,

−−→
OB1,

−−→
OB2,

−−→
OB3,

−→
NB

output: CollisionOccurs

1 Compute the edge vectors
−−→
A1A2,

−−→
A2A3,

−−→
A3A1,

−−→
B1B2,

−−→
B2B3,

−−→
B3B1

2 CollisionOccurs = 1
3 for k = 1 to 3 do
4 Compute tk =

−−→
OAk ·

−→
NA and sk =

−−→
OBk ·

−→
NA

5 Compute uk =
−−→
OAk ·

−→
NB and vk =

−−→
OBk ·

−→
NB

6 end
7 if ((mink tk > maxk sk ) or (maxk tk > mink sk )) or

((mink uk > maxk vk ) or (maxk uk > mink vk )) then
8 CollisionOccurs = 0
9 return;

10 else

11 end
12 if ((t1 == v1) and (t2 == v2) and (t3 == v3)) then
13 % Coplanar triangles
14 for k = 1 to 6 do
15 Assign −→c to be the k-th axis in Table 2
16 Compute the 6 inner product terms in (4)
17 if (inequality (4) or (5) holds) then
18 CollisionOccurs = 0
19 return;
20 else

21 end
22 end
23 else
24 % Non-Coplanar triangles
25 for k = 1 to 9 do
26 Assign −→c to be the k-th axis in Table 1
27 Compute the 6 inner product terms in (4)
28 if (inequality (4) or (5) holds) then
29 CollisionOccurs = 0
30 return;
31 else

32 end
33 end
34 end
35 return;

is a separating axis for the coplanar or non-coplanar triangles,
respectively.

One important property possessed by Algorithm 1 is
that the computations in the algorithm includes multiplica-
tions and comparisons only. Recall that the projection in
(2) requires division by ||·||

2. To avoid the division operation,
we replace the projection by the inner product in (4) and
(5) without sacrificing the performance. This division-free
algorithm leads our derived architecture in the next section
to be divisor-free and numerically stable.

The number of real-valued multiplications (RMULs)
required by the proposed Algorithm 1 is counted. The com-
putations in lines 3-6 to determine whether coplanar trian-
gles exist require 36 RMULs, because each inner product
requires 3 RMULs. For the case of coplanar triangles, the
number of RMULs required by the operations in lines 14-22
may be as small as 18 or as large as 6*18=108. The 18
RMULs is required when the first potential separation axis
is determined to be a separation axis, and, the 108 RMULs is
required when none of 6 potential separation axis is a sepa-
ration axis. Similarly, for the case of non-coplanar triangles,
the number of RMULs required by the algorithm for the oper-
ations in lines 25-33 varies from 18 to 9*18=152 In totality,
the algorithm is of variable computational complexity, i.e., it
may require as few as 36+18=54 RMULs for the coplanar
triangles or as large as 36+152=188 RMULs for the non-
coplanar triangles.

Our algorithm here requires fewer RMULs than our pre-
vious conference work in [20]. The major advantage of this
improved algorithm is revealed by the pseudo codes in lines 4
and 5 of Algorithm 1, where tk , sk , uk , and vk , k = 1, 2, 3 are
computed. These values are used to test whether the two
triangles are coplanar and also to test whether the potential
separating axes

−→
NA and

−→
NB are really separating axes. Thus,

in the worst case of non-coplanar triangles, neither
−→
NA nor

−→
NB is a separating axis; and, the algorithm only needs to
test the remaining 9 potential separating axes in lines 25-33.
However, in [20], to determine whether the two triangles are
coplanar and to determine whether normal vectors

−→
NA and

−→
NB

are the separating axes are computed separately. The algo-
rithm in [20] needs to test, for the worst case of non-coplanar
triangles, 11 potential separating axes. For this reason, our
algorithm here requires fewer RMULs than the one in [20].
Note that the algorithm in [20] also outperms the in [12] and
other several algorithms. In later sections, we will also show
that the designed hardware architecture from Algorithm 1
has higher hardware efficiency than the proposes architecture
in [20].

III. THE PROPOSED HARDWARE ARCHITECTURE
The precision for each object may be as small as 2 µm; and,
the size of each object may be as large as 200mm or 2·105 µm
in the x-axis. Under such condition, the word length for
representing each fixed-point number to realize Algorithm 1
is determined to be 18 bits. Besides, the condition to test
the coplanarity of two triangles in line 12 of Algorithm 1
is obtained from the mathematically results. The condition
is inappropriate for the fixed-point numbers here, and, it is
modified as

|tk − vk | < ϵ, k = 1, 2, 3, (6)

The ϵ allows the proposed architecture to tolerate the numeri-
cal quantization error, truncation error after the multiplication
of two numbers, and other noisy effects. Thus, the condition
in (6) with ϵ = 2 µm is used in our proposed hardware
architecture.

VOLUME 11, 2023 21195



T.-H. Liu et al.: ASIC Design and Implementation of the Real-Time Collision Detection for Machine Tool Automation

FIGURE 5. The proposed hardware architecture.

FIGURE 6. Time schedule for the computation by the proposed
architecture.

We now introduce the proposed hardware architecture for
implementing Algorithm 1 in Fig. 5. The architecture is
designed for the worst computational complexity case, which
requires 188 RMULs to determine whether two non-coplanar
triangles collide or not. For practical consideration, the infor-
mation of meshed triangles to represent two objects is saved
in a data file in STereoLithography (STL) file format [9].
Each triangle from the meshed triangles for representing
an object is characterized by the coordinates of the three
vertices and the associated normal vector. These coordinates
and associated normal vectors for two triangles are inputs to
our hardware architecture. Each PROJ module is for com-
puting the inner product of two vectors. Each CMP module
that follows a PROJ module performs the comparisons in
(4) and (5) to yield indication about whether a separating
axis is found. Two PROJs on the left-hand side are associated
with the operations in lines 4 and 5 of Algorithm 1. The
COP module produces an indicator to indicate whether the
two input triangles are coplanar or not. The PSA module
produces the remaining 9 or 6 potential separating axes for
the non-coplanar or coplanar triangles, respectively. Parallel
9 PROJs are associated with the inner product operations in
line 27 of Algorithm 1. When coplanar triangles are detected,
only six of the 9 PROJs are activated to compute the inner
products. Since the two input triangles are either coplanar

TABLE 3. Power consumption by our architecture after the application of
the multi-Vt technique.

or non-coplanar, only the maximum number of PROJs are
required in the architecture to save silicon area. The very
last NAND operation delivers indicator CollisionOccurs = 0
when a separation axis is found. The time schedule for the
computation by the proposed architecture is illustrated in
Fig. 6. The proposed architecture is divisor-free and may be
numerically stable.

Hardware parallelization is employed in the proposed
architecture. The Algorithm 1 is of variable complexity,
because it exits in line 9, 19, or 30 when a separating axis
is found. However, for the architecture in Fig. 5, parallel
computation is designed and there are 9 PROJ modules to
process the 9 or 6 potential separating axes for non-coplanar
or coplanar triangles, respectively. Such design allows the
proposed architecture to work with high throughput rate and
to perform with fixed complexity.

IV. THE IMPLEMENTATION RESULTS
We design the proposed architecture to consume low power
using the multi-threshold (or multi-Vt) technique [23]. The
TSMC TN40G (45nm) CMOS technology allows standard
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FIGURE 7. Chip layout of the proposed hardware architecture.

TABLE 4. Hardware implementation results.

cells to work at three different voltage thresholds, i.e., low
threshold (low-Vt), regular threshold (regular-Vt), and high
threshold (high-Vt). We set the cell with long data path to
work at low-Vt, and other cells to work at high-Vt. Working
at frequency 500 MHz, our proposed architecture consumes
leakage power and total power listed in Table 3. Clearly, this
multi-Vt trick leads our hardware architecture to consume
less leakage power and total power consumption by 47.12%
and 18.86%, respectively.

The implementation statistics and chip layout of our archi-
tecture are listed in Table 4 and illustrated in Fig. 7, respec-
tively. The throughput rate for performing collision detection
of two triangles is defined by

(throughput rate) = frequency/(processing cycles). (7)

Compared with the architecture in [20], the architecture here
tests whether the coplanar triangles exist at the early stage.
Such design leads the proposed architecture to have shared
SA module for computing either 6 or 11 potential separating
axes for the coplanar or non-coplanar triangles and achieves
gate count reduction. The new design also demonstrates less
processing cycles and higher throughput rate over the old
design.

The time schedule of the proposed architecture is listed in
Fig. 6. Three clock cycles are required for the 3D coordinates
of the three vertices of triangle A or B to be input to the archi-
tecture. Working at frequency 500 MHz, our architecture can
finish the collision detection of two triangles every 3 clock
cycles or 6 ns due to the parallel and pipeline structure. For

two objects represented by 400 and 400 meshed triangles,
respectively, our hardware architecture can finish the colli-
sion detection of two such objects, or equivalently 160,000
times of collision detection of two triangles, in 0.96 ms. This
time interval is smaller than the required 1 ms for real-time
processing of collision detection of two objects. Thus, our
architecture can conduct the collision detection of two such
objects with real-time processing.

V. CONCLUSION
ASIC realization of collision detection of two objects for the
machine tool automation is considered. For the 3D objects
represented by meshed triangles in the STL file format, we
develop one SAT based algorithm to process the multiple
times of collision detection of two triangles. To achieve the
required 1 ms for real-time processing of collision detection
of two objects, we design hardware architecture with pipeline
and parallel processing to determine the separating axes from
the multiple potential separating axes. We demonstrate that
the improved architecture in this paper outperforms our pre-
vious architecture in [20] in finishing the collision detection
of two objects. The improved architecture features smaller
silicon area, less power consumption, and less time interval to
finish the collision detection of two objects. As machine tool
automation is essential for the future precision machinery, the
first hardware design of collision detection of two objects in
this paper is therefore valuable.
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