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A Fast Three-layer One-side Bottleneck Channel Routing
with Layout Constraints using ILP∗
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SUMMARY An algorithm for three-layer bottleneck channel routing
problem that uses ILP is proposed. The proposed algorithm determines the
track and layer assignment of nets for problems with layout constraints in
which pins of each net are placed on the upper boundary of the adjacent
regions on both sides of the bottleneck channel. The proposed algorithm
restricts the routing pattern of each net to one of three patterns by taking
feasibility into account, and outputs a solution in a few seconds when the
number of nets is 300.
key words: VLSI Layout Design, Three-layer Bottleneck Channel Routing,
Integer Linear Programming

1. Introduction

In VLSI layout design, it is required not to deteriorate the
circuit performance. On the other hand, it is important to
realize a layout in a small area to reduce manufacturing
costs. The objective of our research is to develop a routing
framework that enables us to layout a circuit in small area
while meeting performance specifications.

In VLSI with fewer routing layers, cell-based design
where the routing area is defined between cells is often
adopted, and may contain bottleneck routing regions which
are bottleneck for area reduction. While a routing style for
standard cell design in advanced node was discussed in [3],
we focus on routing problem defined between cells. In this
paper, a routing problem on the bottleneck routing region
where performance specifications are not violated even if
multiple wires go through a track is discussed. A medium-
scale routing problem in which the number of nets is several
hundred and layout constraints are imposed to consider cir-
cuit performance is assumed.

For routing problems which contain layout constraints,
it is not easy to construct constructive algorithms that con-
sider all constraints. If the routing problem can be formulated
as an Integer Linear Programming (ILP), layout constraints
can be considered more easily than constructive algorithms.
However, ILP is generally NP-hard and often difficult to solve
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in practical time, even for small-scale problems.
In cell-based design [4], the routing area is partitioned

into small routing regions called channel or switchbox, and
various design flows and algorithms have been proposed. For
example, channel routing algorithms assuming HV routing
in which the routing in each layer consists of either horizon-
tal segments (H) or vertical segments (V), and pins of nets
located on the boundary of routing region were proposed in
[5]–[8]. Three layer L-shaped channel routing was discussed
in [9]. Track assignment procedure considering cross-talk
minimization was proposed in [10], and track assignment in
cases that pins of nets are located inside routing region was
discussed in [11], [12]. Sufficient conditions to complete a
switchbox routing was discussed in [13]. Routing architec-
tures which consist of extremal switch-block structures were
discussed in [14]. A design flow without repeating design is
discussed in [15]–[17].

For general routing problems, various types of routing
algorithms such as maze [18] and A* [19] have been intro-
duced for a single net. For routing of multiple nets, rip-up
and reroute technique [20] and length matching [21], [22] to
improve the completion ratio of routing and to improve the
quality of routing have been discussed. However, they may
not fit to cell-based design in which rectangle routing regions
without obstacles are defined. Challenges and approaches of
VLSI routing was discussed in [23].

A routing design flow with HV routing without repeat-
ing routing design has been established. However, the ob-
tained layout may contain a routing region which is a bot-
tleneck for area reduction (Fig. 1(a)). In order to resolve
bottleneck, Bottleneck channel routing (Fig. 1(b)) was pro-
posed in [24], [25]. In [25], the algorithm U2TLA-2.0 for
two-layer bottleneck channel problem was proposed. How-
ever it is a greedy algorithm, and is not easy to enhance to
three or more layers with layout constraints.

In this paper, we focus on three-layer bottleneck chan-
nel routing with layout constraints in which pins of nets are
located on the boundary of routing region. The number of
tracks required in three-layer bottleneck region is at least
one-third of the number of nets that go through the region
horizontally in bottleneck channel routing. While, it is at
least two-thirds of the number of nets if HVH routing where
layers 1 and 3 consist of horizontal segments and layer 2
consists of vertical segments is adopted. In case that hori-
zontal tracks are used as much as possible, the height of the
bottleneck region required by three-layer bottleneck channel
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(a) HV Routing (b) Bottleneck Channel Routing

Fig. 1 Circuit layouts without and with bottleneck channel

routing is 50% smaller compared to that by HVH routing.
In this paper, we propose U3TLA-ILP3.0 that deter-

mines the routing of nets by using ILP for U-shaped three-
layer bottleneck channel routing problem (U3BCRP) with
layout constraints. A layout pattern obtained by using
U3TLA-ILP3.0 will be utilized as an initial solution to ex-
plore a detailed routing in bottleneck region efficiently.

U3TLA-ILP3.0 restricts the routing pattern of each net
to one of three patterns by taking feasibility into account.
In U3TLA-ILP3.0, decision variables are used to determine
the pattern used by each net, the track and layer assignment
is determined according to the decision variables, and the
routing pattern is determined. U3TLA-ILP3.0 outputs solu-
tions in a few seconds for medium-scale problems about 300
nets. The routing pattern that satisfies layout constraints can
be obtained in a short time by U3TLA-ILP3.0.

2. Bottleneck Channel Routing Problem

A routing problem is to find a better routing pattern that
satisfies the connection requirement under the design rule.
The connection requirement among pins is called a net.
Among routing patterns which satisfy connection require-
ment, a routing pattern is infeasible if there is a design rule
violation, feasible otherwise.

In grid based design, the wires of different nets have a
conflict if they share the same coordinate in the same layer.
In grid based design, a solution which satisfies connection
requirement and have no conflicts is feasible. The solution
of a routing problem must be feasible and must meet layout
constraints.

Three-layer bottleneck channel routing problem is de-
fined on routing area that consists of a bottleneck channel and
adjacent regions on both sides as shown in Fig. 2. A wire
which connects pins of a net goes through a track in the bot-
tleneck channel. A set of two-pin nets 𝑁 = {𝑛1, 𝑛2, . . . , 𝑛𝑘}
is given as an input. Pins of each net are placed on the
boundary of left and right adjacent regions. The left se-
quence 𝐿 = (𝑙1, 𝑙2, . . . , 𝑙𝑘) where 𝑙𝑖 ∈ 𝑁 is defined as the
sequence of nets whose pins are aligned counterclockwise
order on the boundary of the left-adjacent region. Simi-
larly, the right sequence 𝑅 = (𝑟1, 𝑟2, . . . , 𝑟𝑘) where 𝑟𝑖 ∈ 𝑁
is defined as the sequence of nets whose pins are aligned
clockwise order on the boundary of the right-adjacent re-

Fig. 2 Bottleneck channel routing

U3BCRP
Input:

• net set 𝑁 = {𝑛1, 𝑛2, . . . , 𝑛𝑘} (𝑘 > 0)
• right sequence 𝑅 = (𝑟1, 𝑟2, . . . , 𝑟𝑘)
• the number of tracks 𝑇 ∈ N+

Output:

• track assignment of nets
𝐴𝑇 : 𝑁 → {1, 2, . . . , 𝑇}

• layer assignment of segments of nets
𝐴𝐿 : 𝑁 → {1, 2, 3} (left vertical)
𝐴𝑀 : 𝑁 → {1, 2, 3} (horizontal)
𝐴𝑅 : 𝑁 → {1, 2, 3} (right vertical)

Fig. 3 U-shaped three-layer bottleneck channel routing problem

gion. 𝑁 𝑙 (𝑛) and 𝑁𝑟 (𝑛) are the sets of nets whose left and
right pins are before the left pin and the right pin of net 𝑛 in
the left and right sequences, respectively. That is, they are
defined as

𝑁 𝑙 (𝑛) = {𝑙𝑖 | 𝑖 < 𝑗 , 𝑛 = 𝑙 𝑗 }, (1)
𝑁𝑟 (𝑛) = {𝑟𝑖 | 𝑖 < 𝑗 , 𝑛 = 𝑟 𝑗 }. (2)

In this paper, U-shaped three-layer bottleneck chan-
nel routing problem (U3BCRP) shown in Fig. 3 which is
the most basic three-layer bottleneck channel routing prob-
lem is formulated. In U3BCRP, routing area 𝐺𝑘,𝑇 for 𝑘
two-pin nets and 𝑇 tracks is modeled by the routing grid
(−𝑘 ≤ 𝑥 ≤ 𝑘, 0 ≤ 𝑦 ≤ 𝑇) as shown in Fig. 4 where the
y-axis corresponds to the degenerated bottleneck channel,
the region 𝑥 < 0 corresponds to the left-adjacent region, and
the region 𝑥 > 0 corresponds to the right-adjacent region.
Left pin of net 𝑙𝑖 and right pin of net 𝑟 𝑗 are placed at grid
point (−𝑖, 0) and ( 𝑗 , 0), respectively. Track 𝑡 (1 ≤ 𝑡 ≤ 𝑇) is
the grid line connecting (−𝑘, 𝑡) and (𝑘, 𝑡).

Wires of at most three nets can go through a single track.
In the following, we assume that an input which satisfies

𝑘 ≤ 3𝑇 (3)

is given. Also, we assume, without loss of generality, that left
sequence 𝐿 is fixed as 𝑙𝑖 = 𝑛𝑖 for any net 𝑛𝑖 ∈ 𝑁 . Therefore,
right sequence 𝑅 is given as input. In addition, we assume
that layout constraints may be given, such as wires of two
specified nets must not be close to each other.

In U3BCRP, an output routing pattern has to satisfy the
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Fig. 4 Routing area 𝐺𝑘,𝑇 , tracks, and pins

following four conditions.

• Pin of all nets are connected by wire.
• Wires of different nets have no conflicts.
• The wire of each net consists of one horizontal and two

vertical segments.
• Each segment is assigned to either layer 1, 2, or 3.

The wire of a net consists of two vertical segments and one
horizontal segment which is assigned to a track.

Output of the problem is the track assignment 𝐴𝑇 and
the layer assignment of three segments 𝐴𝐿 , 𝐴𝑀 , and 𝐴𝑅. The
routing pattern is uniquely determined under the four condi-
tions above if the track and layer assignment is determined.
If the wires of different nets share the same coordinate, they
must be assigned to the different layer to avoid conflicts.

Once the track assignment 𝐴𝑇 (𝑛) is determined, the
track used by the horizontal segment of net 𝑛 and the length
of the vertical segments of net 𝑛 are determined, and the
routing shape of net 𝑛 is determined.

Fig. 5 shows an example of routing pattern. The black,
red, and blue line segments represent the wires on layer 1,
layer 2, and layer 3, respectively.

For each net, via must be inserted to a wire when the
routing layer of the wire is changed. A via placed between
layer 𝑖 and layer 𝑗 is called 𝑖- 𝑗 via. A conflict occurs when
a 1-3 via and a wire on layer 2 share the same coordinate.
Note that a 1-2 via can share the same coordinate with a wire
on layer 3 without conflict.

3. Track Assignment to avoid Conflict

Before introducing ILP formulations for U3BCRP, neces-
sary conditions in track assignment to avoid conflicts when
the routing layer of each segment of nets is specified are
discussed.

Let 𝑁𝑖,𝑖 be the set of nets whose left vertical segment
and horizontal segment both use layer 𝑖. All horizontal
segments of nets belonging to 𝑁𝑖,𝑖 use the layer 𝑖, and all nets
belonging to 𝑁𝑖,𝑖 are assigned to different tracks if the routing
pattern has no conflicts. Let 𝑎 and 𝑏 be nets belonging to
𝑁𝑖,𝑖 such that 𝑎 ∈ 𝑁 𝑙 (𝑏). If net 𝑎 is assigned to a track below
the track to which net 𝑏 is assigned, the left vertical segment
of net 𝑎 and the horizontal segment of net 𝑏 intersect on the
same layer, and conflict occurs as shown in Fig. 6(a). To
avoid the conflict between net 𝑎 and net 𝑏, net 𝑎 must be
assigned to a track above the track to which net 𝑏 is assigned

Fig. 5 A routing pattern for 𝑅 = (𝑛4, 𝑛9, 𝑛3, 𝑛7, 𝑛8, 𝑛1, 𝑛6, 𝑛5, 𝑛2 )

(a) 𝐴𝑇 (𝑎) > 𝐴𝑇 (𝑏) (b) 𝐴𝑇 (𝑎) < 𝐴𝑇 (𝑏)
Fig. 6 Track assignment with and without conflict

as shown in Fig. 6(b).
If a routing pattern contains no conflicts, all nets be-

longing to 𝑁𝑖,𝑖 ∩ 𝑁 𝑙 (𝑛) are assigned to a track above the
track to which net 𝑛(∈ 𝑁𝑖,𝑖) is assigned. In this situation,
the following equation holds.

∀𝑛 ∈ 𝑁𝑖,𝑖 , 𝐴𝑇 (𝑛) > |𝑁𝑖,𝑖 ∩ 𝑁 𝑙 (𝑛) | (4)

If a track assignment satisfies the condition of Eq. (4),
the left vertical segment and the horizontal segment of nets
belonging to 𝑁𝑖,𝑖 have no conflicts.

4. ILP Formulation which requires much calculation
time

In this section, a straightforward ILP formulation for
U3BCRP is introduced. This formulation is natural and
intuitive but impractical.

Fig. 7 gives a part of ILP formulation U3TLA-TLLL
for U3BCRP. Since the logical product (∧) can be converted
to an equivalent linear expression using auxiliary variables,
a formulation which contains logical product is used here for
clarity.

U3TLA-TLLL represents the routing of each net by
using four variables defined in Eqs. (5), (6) which specify the
track assignment and the layer assignment of three segments.
𝑥𝑇𝑡,𝑛 specifies track assignment 𝐴𝑇 . The net 𝑛 is assigned to
track 𝑡 if 𝑥𝑇𝑡,𝑛 = 1. 𝑥𝐿𝑖,𝑛, 𝑥𝑀𝑖,𝑛, and 𝑥𝑅𝑖,𝑛 specify layer assignment
𝐴𝐿 , 𝐴𝑀 , and 𝐴𝑅, respectively. For example, the left vertical
segment of net 𝑛 is assigned to layer 𝑖 if 𝑥𝐿𝑖,𝑛 = 1.

In U3BCRP, each net is assigned to one track and each
segment of a net uses one layer. They are forced by Con-
straint on Pattern in U3TLA-TLLL (Eqs. (7), (8)). The
conflicts between the wires of different nets (Eqs.(9), (10)),
and the conflicts between the 1-3 via and the wire on layer 2
(Eq. (11)) on left region are prohibited in the Constraint on
Conflict in U3TLA-TLLL. The conflict on right region can
be prohibited similarly, but the description is omitted here.

5. Proposed Method U3TLA-ILP3.0

In this section, the proposed algorithm for U3BCRP with ILP
formulation U3TLA-ILP3.0 shown in Fig. 8 is introduced.
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U3TLA-TLLL
Decision variables

𝑥𝑇𝑡,𝑛 ∈ {0, 1} (∀(𝑡, 𝑛) ∈ {1, 2, . . . , 𝑇} × 𝑁) (5)

𝑥𝐿𝑖,𝑛, 𝑥
𝑀
𝑖,𝑛, 𝑥

𝑅
𝑖,𝑛 ∈ {0, 1} (∀(𝑖, 𝑛) ∈ {1, 2, 3} × 𝑁) (6)

Constraints
· Pattern ∑𝑇

𝑡=1 𝑥
𝑇
𝑡,𝑛 = 1 (∀𝑛 ∈ 𝑁) (7)∑3

𝑖=1 𝑥
𝐿
𝑖,𝑛 =

∑3
𝑖=1 𝑥

𝑀
𝑖,𝑛 =

∑3
𝑖=1 𝑥

𝑅
𝑖,𝑛 = 1 (∀𝑛 ∈ 𝑁) (8)

· Conflict

∑
𝑛∈𝑁 𝑥𝑇𝑡,𝑛 ∧ 𝑥𝑀𝑖,𝑛 ≤ 1 (∀𝑡 ∈ [𝑇],∀𝑖 ∈ {1, 2, 3}) (9)∑𝑇
𝑡=1 𝑡 · 𝑥

𝑇
𝑡,𝑛 <

∑𝑇
𝑡=1 𝑡 · 𝑥

𝑇
𝑡,𝑛′ + 𝑇 (1 −∑3

𝑖=1 𝑥
𝐿
𝑖,𝑛 ∧ 𝑥𝑀𝑖,𝑛′ )

(∀(𝑛, 𝑛′) ∈ 𝑁2, 𝑛 ∈ 𝑁𝑙 (𝑛′)) (10)

𝑥𝑇𝑡,𝑛 ∧ 𝑥𝑇𝑡,𝑛′ ∧ 𝑥𝑀2,𝑛 ∧ 𝑥𝐿1,𝑛′ ∧ 𝑥𝑀3,𝑛′ = 0

𝑥𝑇𝑡,𝑛 ∧ 𝑥𝑇𝑡,𝑛′ ∧ 𝑥𝑀2,𝑛 ∧ 𝑥𝐿3,𝑛′ ∧ 𝑥𝑀1,𝑛′ = 0

(∀(𝑡, 𝑛, 𝑛′) ∈ [𝑇] × 𝑁 × 𝑁, 𝑛′ ∈ 𝑁𝑙 (𝑛)) (11)

Fig. 7 ILP formulation U3TLA-TLLL

5.1 Routing pattern

U3TLA-ILP3.0 restricts the layer assignment of each net
to three patterns shown in Fig. 9. U3TLA-ILP3.0 uses a
variable that specifies the pattern used by each net, but does
not use variables for track assignment.

The variables used in U3TLA-ILP3.0 are

𝑝𝑖𝑛 :=
{

1 (net 𝑛 uses 𝑃𝑖)
0 (otherwise) (12)

where 𝑖 ∈ {1, 2, 3} and 𝑛 ∈ 𝑁 . The net 𝑛 uses 𝑃𝑖 if 𝑝𝑖𝑛 = 1.
The Constraint on Pattern

𝑝1
𝑛 + 𝑝2

𝑛 + 𝑝3
𝑛 = 1 (∀𝑛 ∈ 𝑁) (13)

restricts the pattern of each net to one of three patterns.

5.2 Track Assignment

Proposed algorithm determines track assignment according
to the patterns of nets determined by U3TLA-ILP3.0.

When all variables are determined to satisfy Eq. (13),
the track assignment of net 𝑛 using 𝑃1 is defined as follows
(see also Fig. 10).

𝐴𝑇 (𝑛) :=
∑

𝑚∈𝑁 𝑙 (𝑛)
𝑝1
𝑚 + 1 (14)

Note that
∑

𝑚∈𝑁 𝑙 (𝑛) 𝑝
1
𝑚 is equal to the number of nets which

appear before 𝑛 in the left-sequence 𝐿 and that use 𝑃1. Both
the left vertical segments and the horizontal segments of
nets using 𝑃1 use layer 1, and there is no conflict among

Algorithm for U3BCRP
Input: 𝑁
Output: 𝐴𝑇 (𝑁), 𝐴𝐿 (𝑁), 𝐴𝑀 (𝑁), 𝐴𝑅 (𝑁)
***** 1. Pattern selection using ILP *****
𝑃( 𝒑): ILP-formulation

Variables: Eq. (12)
Constraints

· Pattern: Eq. (13)
· Tracks: Eq. (15)
· Conflicts: Eq. (16, 17, 18)
· Layout: Eq. (21)

solve(𝑃( 𝒑))
for(𝑛 ∈ 𝑁)

𝑝(𝑛) :=


1 if 𝑝1
𝑛 = 1

2 if 𝑝2
𝑛 = 1

3 if 𝑝3
𝑛 = 1

endfor
***** 2. Track and layer assignment *****
for(𝑛 ∈ 𝑁)

switch(𝑝(𝑛))
case(1):

𝐴𝑇 (𝑛) := |{𝑚 | 𝑚 ∈ 𝑁𝑙 (𝑛), 𝑝(𝑚) = 1}| + 1
(𝐴𝐿 (𝑛), 𝐴𝑀 (𝑛), 𝐴𝑅 (𝑛)) := (1, 1, 2)

case(2):
𝐴𝑇 (𝑛) := |{𝑚 | 𝑚 ∈ 𝑁𝑟 (𝑛), 𝑝(𝑚) = 2}| + 1
(𝐴𝐿 (𝑛), 𝐴𝑀 (𝑛), 𝐴𝑅 (𝑛)) := (1, 2, 2)

case(3):
𝐴𝑇 (𝑛) := |{𝑚 | 𝑚 ∈ 𝑁𝑙 (𝑛), 𝑝(𝑚) = 3}| + 1
(𝐴𝐿 (𝑛), 𝐴𝑀 (𝑛), 𝐴𝑅 (𝑛)) := (3, 3, 2)

endswitch
endfor

Fig. 8 Proposed Algorithm for U3BCRP

𝑃1 (1, 1, 2) 𝑃2 (1, 2, 2) 𝑃3 (3, 3, 2)

Fig. 9 Three patterns used by U3TLA-ILP3.0

Fig. 10 Track assignment of 𝑃1

them since the track assignments defined by Eq. (14) satisfy
the condition of Eq. (4). The right vertical segments and
the horizontal segments of nets using 𝑃1 have no conflicts
among them since the former use layer 2 and the latter use
layer 1. Therefore, any nets using 𝑃1 have no conflicts among
them.

For any nets using 𝑃2 (or 𝑃3), the track assignments
of nets are defined similarly so that they have no conflicts
among them. Therefore, any nets using the same pattern
have no conflicts.

The number of nets to be used for each pattern is less
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than or equal to the number of tracks 𝑇 . The Constraint on
Tracks∑

𝑛∈𝑁
𝑝𝑖𝑛 ≤ 𝑇 (∀𝑖 ∈ {1, 2, 3}) (15)

restricts the number of nets to be used for each pattern.

5.3 Constraints in ILP to avoid conflicts

From the restriction of routing pattern and the track assign-
ment, any nets using the same pattern have no conflicts. A
conflict occurs only if a vertical segment and a horizontal
segment belong to different patterns. U3TLA-ILP3.0 im-
poses constraints which prevent conflicts caused by such
segments belonging to different patterns.

For any pattern 𝑃𝑖 , a conflict occurs when a vertical
segment of 𝑃𝑖 intersects the horizontal segment of other
pattern 𝑃 𝑗 (≠ 𝑃𝑖) which use the same layer. Among 12 pairs
of vertical and horizontal segments belonging to different
patterns, the following three are pairs of segments which use
the same layer.

• right vertical segment of 𝑃1, horizontal segment of 𝑃2
• left vertical segment of 𝑃2, horizontal segment of 𝑃1
• right vertical segment of 𝑃3, horizontal segment of 𝑃2

The intersection of segments in these three pairs are prohib-
ited by the Constraint on Conflict shown below. The vari-
able 𝑀 used in these constraints is a big-constant defined as
𝑀 := 𝑇 + 1.

∑
𝑚∈𝑁 𝑙 (𝑛)

𝑝1
𝑚 <

∑
𝑚∈𝑁𝑟 (𝑛)

𝑝2
𝑚 + 𝑀 (1 − 𝑝1

𝑛) (∀𝑛 ∈ 𝑁)

(16)∑
𝑚∈𝑁𝑟 (𝑛)

𝑝2
𝑚 <

∑
𝑚∈𝑁 𝑙 (𝑛)

𝑝1
𝑚 + 𝑀 (1 − 𝑝2

𝑛) (∀𝑛 ∈ 𝑁)

(17)∑
𝑚∈𝑁 𝑙 (𝑛)

𝑝3
𝑚 <

∑
𝑚∈𝑁𝑟 (𝑛)

𝑝2
𝑚 + 𝑀 (1 − 𝑝3

𝑛) (∀𝑛 ∈ 𝑁)

(18)

In the following, we show that a conflict caused by
segments belonging to different patterns are prohibited either
by Eqs. (16), (17), or (18). The value of each term in each
formula is nonnegative, and the value of the left side is at
most 𝑇 in each formula. Therefore, note that an inequality is
satisfied when 𝑝𝑖𝑛 (𝑖 = 1, 2, 3) is 0 since the value of the right
side is at least 𝑀 (= 𝑇 + 1). Also, Eqs. (16), (17), and (18)
may not be satisfied when 𝑝1

𝑛, 𝑝2
𝑛, and 𝑝3

𝑛 are 1, respectively.
Here, we show that the left vertical segment of nets

using 𝑃2 and the horizontal segments of nets using 𝑃1 do not
intersect if Eq. (17) is satisfied. Let’s consider a case that
net 𝑛 uses pattern 𝑃2, that is, 𝑝2

𝑛 = 1. We show that the left
vertical segment of net 𝑛 and the horizontal segments of nets
using 𝑃1 do not intersect if Eq. (17) is satisfied.

Let 𝑡 be the value on the left side of Eq. (17).

Fig. 11 No conflict at left vertical segment of 𝑃2 (𝑡 < 𝑐)

Fig. 12 Conflict at left vertical segment of 𝑃2 (𝑡 ≥ 𝑐)∑
𝑚∈𝑁𝑟 (𝑛)

𝑝2
𝑚 = 𝑡 (19)

From Eq. (14), 𝑡 + 1 is equal to the track number of net 𝑛.
The left vertical segment of net 𝑛 on layer 1 spans from track
1 to track 𝑡 + 1 as shown in Figs. 11 and 12. Let 𝑐 be the
value of the first term on the right side of Eq. (17).∑

𝑚∈𝑁 𝑙 (𝑛)
𝑝1
𝑚 = 𝑐 (20)

Note that 𝑐 represents the number of nets using 𝑃1 which
appear before net 𝑛 in the left-sequence 𝐿. The horizon-
tal segments of these nets terminate to the right of the left
vertical segment of net 𝑛 as shown in Figs. 11 and 12.

Note that 𝑡 < 𝑐 holds if Eq. (17) is satisfied. If 𝑡 < 𝑐, the
horizontal segments of all nets using 𝑃1 which are assigned
to track 1 to track 𝑡 + 1 terminate to the right of the left
vertical segment of net 𝑛 as shown in Fig. 11. The left
vertical segment of net 𝑛 and the horizontal segments of nets
using 𝑃1 do not intersect, and no conflict occurs.

If 𝑡 ≥ 𝑐, conflict may occur as shown in Fig. 12. Sup-
pose there exists a net 𝑛′ which appear first in left-sequence
𝐿 among nets using 𝑃1 and whose left pin is to the left of
that of net 𝑛. The net 𝑛′ is assigned to track 𝑐 + 1(≤ 𝑡 + 1),
and the horizontal segment of net 𝑛′ on layer 1 terminates
to the left of the left vertical segment of net 𝑛. The left
vertical segment of net 𝑛 and the horizontal segments of net
𝑛′ intersect, and conflict occurs.

In summary, Eq. (17) restricts to 𝑡 < 𝑐, and prohibit the
intersection of the left vertical segment of nets using 𝑃2 and
the horizontal segments of nets using 𝑃1.

It can be shown similarly that the conflict between 𝑃1
and 𝑃2 and the conflict between 𝑃3 and 𝑃2 do not occur if
Eqs. (16) and (18) are satisfied, respectively, but the descrip-
tion is omitted here.

5.4 Constraints in ILP to satisfy layout constraints

Among various types of layout constraints, ILP formulation
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that prevents crosstalk noise is discussed here as an example.
Assume that a pair of a noise source aggressor and

its victim are given, and that the wire of the aggressor and
a victim neither share the same coordinate nor adjacent is
requested even if they are assigned in different layer is given
as constraint.

Let 𝑛𝑎 be the aggressor, and let 𝑛𝑣 be the victim. If the
input satisfies both 𝑛𝑎 ∈ 𝑁 𝑙 (𝑛𝑣) and 𝑛𝑣 ∈ 𝑁𝑟 (𝑛𝑎), the wires
of 𝑛𝑎 and 𝑛𝑣 must intersect and no feasible solution exists.
So we focus on the other situations. Suppose, without loss of
generality, that an input which satisfies 𝑛𝑎 ∈ 𝑁 𝑙 (𝑛𝑣)∩𝑁𝑟 (𝑛𝑣)
is given. In order to satisfy the layout constraints, net 𝑛𝑎 must
be assigned to two or more tracks above the track to which
𝑛𝑣 is assigned, regardless of patterns of them used.

The Constraints on Layout∑
𝑚∈𝑁𝑖 (𝑛𝑎 )

𝑝𝑖𝑚 ≤
∑

𝑚∈𝑁 𝑗 (𝑛𝑣 )
𝑝
𝑗
𝑚+(𝑀+1) (2−𝑝𝑖𝑛𝑎−𝑝

𝑗
𝑛𝑣 )−2(

𝑁𝑖 (𝑛) :=
{

𝑁 𝑙 (𝑛) (𝑖 = 1, 3)
𝑁𝑟 (𝑛) (𝑖 = 2)

)
(21)

where (𝑖, 𝑗) ∈ {1, 2, 3}2 prohibit the intersection of the wires
of 𝑛𝑎 and 𝑛𝑣 and secure the gap between the wires of them
two tracks or more. The first term on the left and right sides
represent the (track number)−1 of 𝑛𝑎 and 𝑛𝑣, respectively.
Note that Eq. (21) for (𝑖, 𝑗) is satisfied if either 𝑝𝑖𝑛𝑎 = 0 or
𝑝
𝑗
𝑛𝑣 = 0 because of the second term on the right side.

In case that 𝑝𝑖𝑛𝑎 = 1 and 𝑝
𝑗
𝑛𝑣 = 1, the second term on

the right side of Eq. (21) is zero, and Eq. (21) forces that

(track number of 𝑛𝑎) ≤ (track number of 𝑛𝑣) − 2.

By the Eq. (21), net 𝑛𝑎 is assigned to two or more tracks
above the track to which 𝑛𝑣 is assigned.

The Constraint on Layout given here is for a single pair
of aggressor and victim, but the number of pairs is often
more than one in practice. If more than one pairs are given,
the layout constraints can be realized by adding constraint
given here for each pair. Even if any other layout constraint
is given, a routing pattern which satisfies the constraint can
be formulated if the constraint can be expressed in a linear
equation.

5.5 Proposed Algorithm

Propose algorithm shown in Fig. 8 first formulates U3BCRP
as U3TLA-ILP3.0．Proposed algorithm then solves the ILP
using a solver to determine the pattern of each net.

Once the pattern of each net is determined, the track and
layer assignment is determined uniquely. The track number
of net 𝑛 is set equal to the number of nets which appear
before 𝑛 in left or right sequence and which use the same
pattern with 𝑛.

5.6 An example of ideas to increase the feasible ratio

There is a problem instance for which U3TLA-ILP3.0 does

Fig. 13 A routing pattern obtained by the extended ILP3.1

not output a feasible solution even though a feasible solution
exists. In order to increase the ratio of feasible solutions by
U3TLA-ILP3.0, an extension of U3TLA-ILP3.0 in which a
feasible solution is obtained in such cases is discussed.

Assume that the first net in the left pin sequence and the
first net in the right pin sequence are both 𝑛1. In this case,
U3TLA-ILP3.0 can not find a feasible solution since the
horizontal segment of 𝑛1 is assigned to track 1 regardless of
the pattern used for 𝑛1, and one of vertical segment interferes
another one layer of track 1. Therefore, only two nets can be
assigned to track 1 in a feasible solution.

In such cases, a feasible solution might be obtained if 𝑛1
uses a pattern without via. An ILP formulation which obtains
such routing pattern is defined as U3TLA-ILP3.1. It is de-
fined from U3TLA-ILP3.0 by imposing Conflict Constraint
Eq. (16, 17, 18) to all nets in 𝑁 except 𝑛1. For example,
Eq. (16) is replaced with∑

𝑚∈𝑁 𝑙 (𝑛)
𝑝1
𝑚 <

∑
𝑚∈𝑁𝑟 (𝑛)

𝑝2
𝑚+𝑀 (1−𝑝1

𝑛) (∀𝑛 ∈ 𝑁\{𝑛1})

(22)

From Eq. (14), 𝑛1 is assigned to track 1. All three segments
of 𝑛1 are assigned to the same layer, and 𝑛1 have no conflicts
with other nets. A routing pattern obtained by the extended
ILP3.1 is shown in Fig. 13.

6. Experimental Results

U3TLA-ILP3.0, ILP3.1, and TLLL are implemented in
Python 3.10.11, and executed on a PC with 3.60GHz In-
tel Core-i5 CPU, 32GB RAM. The solver used is IBM
CPLEX 22.1.1.0 [26] where “Mixed Integer Linear Program-
ming” without parallel optimization is selected as problem
type.

The problem instances are randomly generated by se-
lecting the right pin sequence among a permutation of nets.
The number of nets 𝑘 is set to be three times the number of
tracks 𝑇 . The symbol ‘*’ is added when a layout constraint
to prevent crosstalk in which a pair of one aggressor and 5
victims is defined is imposed to the problem instances. A
routing pattern obtained by using U3TLA-ILP3.0 is shown
in Fig. 14.

Table 1 shows the computation times, the number of
variables, and the number of constraints of U3TLA-TLLL
and U3TLA-ILP3.0 for one randomly generated instance
where a feasible solution is obtained by U3TLA-ILP3.0 in
each net size. In table, “time” represents the computa-
tion time taken to solve the formulated ILP for one prob-
lem instance. The number of variables used in ILP of
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Table 1 Computation time, the number of variables, and the number of
constraints
The symbol ‘*’ is added when a layout constraint to prevent crosstalk in
which a pair of one aggressor and 5 victims is defined is imposed.

#net #variable #constraint time [ms]
TLLL 3.0 TLLL 3.0 TLLL 3.0

12 1752 36 4440 51 596 8
18 5184 54 13896 75 141452 12
24 11472 72 31632 99 628764 13
30 21480 90 60240 123 >1h 13
60 157560 180 457080 243 >1h 21
150 2333400 450 6907200 603 >1h 89
*18 5184 54 13901 120 80327 11
*24 11472 72 31637 144 >1h 67

Table 2 Computation time and Feasible ratio
#LC represents the number of layout constraints.

#net #LC time [ms] ratio [%]
ILP3.0 ILP3.0 ILP3.1

30 - 12 97 99
60 - 20 98 100
150 - 78 100 100
300 - 279 100 100
600 - 1153 100 100
*60 45 43 94 96
*300 45 1087 98 98

U3TLA-TLLL and U3TLA-ILP3.0 are 2/3𝑘3 + 11/3𝑘2 + 6𝑘
and 3𝑘 , respectively. The number of constraints in case that
layout constraints are not imposed in ILP of U3TLA-TLLL
and U3TLA-ILP3.0 are 2𝑘3 + 7𝑘2 − 2𝑘 and 4𝑘 + 3, respec-
tively. The number of constraints imposed for the layout
constraints of U3TLA-TLLL and U3TLA-ILP3.0 are 1 and
9 per a pair of one aggressor and one victim.

Table 2 shows the average computation times and
the ratio of feasible solutions among 100 problem in-
stances for each net size for U3TLA-ILP3.0 and for the
extended U3TLA-ILP3.1. The ratio is reasonable since
U3TLA-ILP3.0 cannot obtain a feasible solution if the first
net in the right pin sequence is 𝑛1. Higher ratio is realized
by U3TLA-ILP3.1. A slightly smaller ratio is observed if a
crosstalk constraint is imposed.

7. Conclusion

In this paper, U3TLA-ILP3.0 which can consider layout
constraints for three-layer bottleneck channel routing was
proposed. For U3BCRP, U3TLA-ILP3.0 obtains a routing
pattern which satisfies the layout constraints in a short time
by using ILP and by restricting the layout patterns. A lay-
out pattern obtained will be utilized as an initial solution to
explore a detailed routing in bottleneck region with layout
constraints efficiently.

Our future works include the extension of U3TLA-ILP3.0
to adopt more routing patterns and adapt it to the more gen-
eral situations. For example, a pattern in which all three
segments use the same layer can improve feasibility and re-
duce the number of vias. The formulation of U3TLA-ILP3.0
can be easily extended when more routing layers are avail-

able. It is challenging to be able to handle problems where
pins are placed not only on upper boundaries.
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