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PAPER
UEO Channel Routing Algorithm to Alleviate Local Congestion for
Generalized Channels

Zezhong WANG†a), Hiroto NAKAYAMA†, Nonmembers, Masayuki SHIMODA†b), Member,
Atsushi TAKAHASHI†c), Fellow, Kosuke YANAGIDAIRA††, Nonmember,

and Chikaaki KODAMA††, Senior Member

SUMMARY Global routing is one of the most crucial steps for design
closure in the physical design of VLSI. This paper proposes a routing algo-
rithm, called UEO algorithm, for generalized channels to achieve a small
local congestion which is mainly dedicated to global routing for CMOS cir-
cuits designed to match 3D bonding technology. In our generalized channel
formulation, due to tight global horizontal routing capacity, the connection
of a net is restricted to a single-trunk Steiner tree. Routing algorithms
proposed for the generalized channel so far achieve a small total vertical
wire length while achieving the minimum number of used tracks, but they
do not take a local vertical congestion into account, and the completion
of detailed routing may suffer from a large local vertical congestion. The
proposed UEO algorithm iteratively determines the assignment of trunks
of nets based on the net priority proposed in this paper to achieve a small
local vertical congestion. In experiments, it is confirmed that UEO achieves
a small local vertical congestion, and that this work contributes to achieve
design closure of routing design for 3D VLSI.
key words: generalized channel, local congestion, parallel wire length

1. Introduction

Global routing is a critical physical design step to obtain
high-performance chips in very-large-scale-integrated cir-
cuits (VLSI) design flow [1]. Recently, 3-dimensional (3D)
chip manufacturing has been investigated extensively, and
one of the key challenges in 3D integration is interconnec-
tion technology between vertically stacked 2D chips [2]–
[4]. In recent 3D flash memory, bonding pads are used
for communication between a complementary metal-oxide-
semiconductor (CMOS) chip and a flash memory chip on it,
and are regarded as obstacles during the routing design for
the CMOS chip. Figure 1 shows a top view of a routing layer
of a part of the CMOS chip that includes bonding pads for
3D integration, which are regularly placed as an array inside
the routing area.

Due to CMOS chip architecture and design policy of 3D
flash memory, the routing area in the CMOS chip contains
bottleneck regions of connections in one direction where the
routing capacity is tight and the pins of a net are preferred to
be connected by a single-trunk Steiner tree if the connection
of the net passes a bottleneck region.
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Fig. 1 A routing layer for horizontal wires with tight capacity due to
regularly placed bonding pads [5].

Despite the effectiveness of conventional global routing
algorithms in scenarios where routing layers contain few or
no obstacles, they struggle to efficiently utilize layers with
regularly placed obstacles. Techniques such as annealing,
negotiation, or machine learning become impractical due to
their significant computational demands.

To effectively address challenges found in global rout-
ing of CMOS chip for 3D flash memory, the concept of a
generalized channel was introduced [6], [7]. This model
features horizontal tracks defined in a routing layer for hor-
izontal wires which span the routing area, allows pins of a
nets to be placed inside the routing area, and all pins of a
net are connected using a single trunk Steiner tree (STST).
The vertical wire that connects a pin of a net and the trunk
of the net is routed in a routing layer for vertical wires. The
routing resource for vertical wires is not so tight compared
to the routing resource for horizontal wires, but is limited.

To alleviate the global vertical congestion in general-
ized channels, algorithms that reduce the total vertical wire
length were proposed [5], [6]. Even though these algorithms
achieve a small total vertical wire length by using the min-
imum number of horizontal tracks, they do not take a local
vertical congestion into account, and the completion of de-
tailed routing may suffer from a large local vertical conges-
tion. In order to achieve the design closure, a local vertical
congestion has to be small enough.

In this paper, we propose UEO (Under, Enclose, Over)
algorithm for generalized channels where no constraint ex-
cept prohibiting an overlap of trunks is enforced. UEO con-
nects pins of each net by a STST, and achieves a small local
vertical congestion by using the minimum number of hori-
zontal tracks. It is built upon the Greedy Routing Framework
with Guarantee (GRFG) presented in [5]. GRFG ensures the
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completion of assignment of trunks of nets to tracks when
the required number of tracks is provided and no constraint
except overlap is enforced on the assignment. UEO assigns
trunks of nets to tracks iteratively under GRFG according to
the net priority proposed in this paper. Even though UEO
is heuristic and the optimality in terms of the minimum
maximum local vertical congestion is not guaranteed, UEO
achieves a small local vertical congestion effectively.

This paper is organized as follows: Sect. 2 provides
the background and defines the problem. Section 3 intro-
duces the proposed UEO algorithm. Section 4 presents the
experimental results, comparing the performance of UEO
with other existing methods. Finally, Sect. 5 presents the
conclusion.

2. Preliminaries

This section outlines essential concepts, including the prob-
lem background, the total parallel length for assessing local
vertical congestion, and the definition of the Generalized
Channel Routing Problem (GCRP).

2.1 Problem Background

To enable efficient routing on a layer with tight global hor-
izontal capacity due to regularly placed obstacles, the rout-
ing layer is modeled as a generalized channel. A general-
ized channel is characterized by predefined horizontal tracks
spanning the entire routing area, ensuring obstacle avoidance
and preserving global horizontal routing capacity, effectively
eliminating obstacles within the channel. This generalized
channel model is similar to the classical channel employed
in standard cell designs with a few metal layers. The routing
problems associated with these models are termed the gen-
eralized channel routing problem (GCRP) and the classical
channel routing problem (CCRP), respectively [6].

In CCRP where pins are placed on channel boundaries,
several algorithms [8]–[19] have been developed. For ex-
ample, routing for rectangle channel using HV-rule in which
each layer uses only either horizontal or vertical wires has
been discussed in [8]–[13], [15], while a routing algorithm
for L-shaped channel using three-layer has been proposed
in [14]. In [16]–[19], routing algorithms for bottleneck
channel in which horizontal wires share the same track in
adjacent layers to satisfy many connection requirements in a
small region have been proposed. However, these algorithms
are not directly applicable to GCRP. GCRP allows pins to be
placed at any location within the channel.

In a primitive CCRP defined for detailed routing with
two metal layers in standard cell design, horizontal and ver-
tical constraints enforced on nets play an important role to
define the behavior of algorithms for CCGP. However, in
a primitive GCRP, which is defined for global routing for
CMOS chips for 3D integration where the vertical routing
capacity is not so tight and pin locations are not absolute, no
constraint except prohibiting an overlap of horizontal wires
is enforced. It is reasonable to assume that a conflict among

vertical wires that can be observed in a simple routing repre-
sentation can be resolved in the followed detailed placement
and routing.

To connect multiple pins of a net, the Steiner minimal
tree (SMT) is used in a Euclidean plane, while the rectilinear
Steiner minimal tree (RSMT) is commonly used in VLSI
routing [20]–[22]. However, RSMT typically uses multiple
horizontal wires, which may consume the horizontal routing
resource redundantly, and is not ideal for layers with limited
horizontal routing capacity. Dogleg routing [9] mitigates
this by only using horizontal wires obtained by segmenting
a horizontal trunk into sections, and is used to reduce the
number of tracks needed under vertical constraints in CCRP.
Despite its benefits, dogleg routing increases vertical wires
and vias, and consumes vertical routing resource much, and
makes the following detailed routing difficult. Conversely,
the single-trunk Steiner tree (STST) uses a single trunk, using
the minimum horizontal routing resources and minimizing
vertical wires and vias.

It is not difficult to obtain a STST for a single net.
While, it is not easy to obtain multiple STSTs without over-
lapping of horizontal trunks of nets that achieve small con-
gestion even if no constraint except prohibiting an overlap
of horizontal trunks is enforced. There are several ways
to obtain multiple STSTs without overlapping of horizontal
trunks. Left-Edge [8] effectively assigns the trunks of nets
to the minimum number of tracks using the leftmost princi-
ple. However, it is less effective at alleviating the vertical
congestion. BCA [6] is specifically designed to minimize
the total vertical length for two-pin nets, and its advanced
version, SDG [5], addressesmulti-pin nets. Despite these ad-
vancements, both algorithmsmay result in high local vertical
congestion. The study in [23]–[25] discusses routing algo-
rithms within GCRP using wires of various widths, whereas
this paper focuses on routing with unit-width wires. Al-
though these approaches enhance the assignments, they do
not prioritize the minimization of local vertical congestion.

Congestion occurs when the demand for routing re-
sources exceeds the available capacity in a specific area of
the chip. Higher congestion leads to potential routing fail-
ures. To alleviate congestion, several algorithms have been
proposed both in placement and routing phases. During
placement, the DLManage model [26] employs heat maps
for dynamic congestion management, while the PDT ap-
proach [27] focuses on minimizing congestion. In the rout-
ing stage, various algorithms [28]–[32] have been devel-
oped to reduce local congestion. The PathFinder router [30]
is notable for balancing performance and routability, while
another algorithm [31] minimizes congestion through esti-
mates. Additionally, a model [32] has been proposed for
effective use in integer linear programming (ILP) to reduce
congestion. However, these algorithms cannot be directly
applied to GCRP.

2.2 Generalized Channel Routing Problem

In GCRP, each net is connected by STST which is charac-
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terized by the y-coordinate of the trunk of the net. The
primal objective of GCRP in this paper is to minimize the
total vertical local congestion while assigning all trunks of
nets to given tracks without overlapping. The vertical local
congestion is evaluated by the length of the common sections
of vertical wires that are close to each other.

GCRP is an assignment task of trunks of nets to tracks
where inputs are sets of nets, Nin = {n1,n2, . . . ,nm}, and
horizontal tracks,Tin = {t1, t2, . . . , tk}. A net n consists of the
set of pins n = {p1, p2, . . . , p |n |} which are to be connected
by wires. The net n to which pin p belongs is denoted by
n(p).

The y-coordinate of track t is represented by y(t). The
coordinate of pin p is represented by (x(p), y(p)). The mini-
mum andmaximum x-coordinate of pins in net n are denoted
by xmin(n) = minp∈n x(p) and xmax(n) = maxp∈n x(p), re-
spectively. The horizontal interval of net n is defined as
I(n) = [xmin(n), xmax(n)].

A track assignment A that assigns the trunk of net
n to track t is represented by A(n) = t. A horizontal
constraint (HC) between two nets n and n′ is defined if
I(n) ∩ I(n′) , ∅. The trunks of nets with HC cannot be
assigned to the same track.

The vertical wire of pin p of net n when the trunk of
n is assigned to track t is represented by v(p, t) where the
range of v(p, t) is [y(p), y(t)] if y(t) > y(p), and [y(t), y(p)]
otherwise. The length of vertical wire of pin p is wy(p, t) =
|y(p) − y(t)|.

The length of a net is the sumof the lengths of horizontal
wire and vertical wires of the net. The length of net n
when the trunk of n is assigned to track t is formulated as
w(n, t) = wx(n) + wy(n, t), where wx(n) = xmax(n) − xmin(n)
and wy(n, t) =

∑
p∈n w

y(p, t). The horizontal length wx of
a net is independent of track assignment. The total vertical
length (y-length) of nets in a net set N by a track assignment
A is denoted by wy(N,A) =

∑
n∈N w

y(n,A(n)).
In this paper, the congestion and the local congestion

are used to evaluate a track assignment. The congestion of
the routing obtained by a track assignment A is evaluated
by the total y-length

wy(Nin,A) =
∑
n∈Nin

wy(n,A(n)).

The local congestion is evaluated by the common section of
vertical wires with small distance.

If the vertical wires v(p, t) and v(p′, t ′) belonging to
different nets have the common vertical section and the hor-
izontal distance of them is less than the threshold dth (that
is, |x(p) − x(p′)| ≤ dth), then we define that they cause a
local congestion by the parallel wire. Otherwise, we regard
no local congestion is caused by them. The threshold dth is a
user-defined parameter which would be set to suit the design
situation.

Let P(N) be the set of nearby pin pairs of net set N in
terms of threshold dth which is given as P(N) = {(p, p′) |
p ∈ n ∈ N, p′ ∈ n′ ∈ N,n , n′, |x(p) − x(p′)| ≤ dth, y(p) ≥
y(p′)}. The length of parallel wire PL (v(p, t), v(p′, t ′)) by

Fig. 2 The length of parallel wire (PL).

v(p, t) and v(p′, t ′) where (p, p′) ∈ P(Nin) is defined as fol-
lows: In cases that y(t) > y(t ′),

PL (v(p, t), v(p′, t ′)) =
y(t ′) − y(p) if y(t ′) ≥ y(p), (a)
0 if y(p) > y(t ′) ∧ y(t) > y(p′), (b)
y(p′) − y(t) otherwise (if y(p′) ≥ y(t)); (c)

In cases that y(t ′) ≥ y(t),

PL (v(p, t), v(p′, t ′)) =
y(t) − y(p) if y(t) ≥ y(p), (d)
min (y(p), y(t ′)) −max (y(p′), y(t))

if y(p) ≥ y(t) ∧ y(t ′) > y(p′), (e)
y(p′) − y(t ′) otherwise (if y(p′) ≥ y(t ′)). (f)

Figures 2 illustrate the six cases in terms of the combi-
nation of two vertical wires, and the length of each parallel
wire (PL) is shown. Cases where y(t) > y(t ′) are shown in
Figs. 2(a), 2(b), and 2(c), corresponding to (a) y(t ′) ≥ y(p),
(b) y(p) > y(t ′)∧ y(t) > y(p′), and (c) y(p′) ≥ y(t), respec-
tively. Similarly, cases where y(t ′) ≥ y(t) are illustrated in
Figs. 2(d), 2(f), and 2(g), corresponding to (d) y(t) ≥ y(p),
(e) y(p) > y(t) ∧ y(t ′) > y(p′), and (f) y(p′) ≥ y(t ′), re-
spectively.

The total parallel length (TPL) of Nin by track assign-
ment A is defined as

TPL(Nin,A) =∑
(p,p′)∈P(Nin)

PL (v(p,A(n(p))), v(p′,A(n(p′)))) .

Note that no parallel wire occurs by v(p, t) and v(p′, t ′)where
y(p) ≥ y(p′) if either n(p) = n(p′), |x(p) − x(p′)| > dth, or
y(t) > y(t ′) ∧ y(p) > y(t ′) ∧ y(t) > y(p′).

This paper assumes each pin is a point. If accounting
for pin width is necessary in practical scenarios, the model
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can be adjusted to represent pins as intervals, for example,
with corresponding modifications to the algorithm.

The objective of GCRP in this paper is to minimize
the total local congestion, which is evaluated by TPL, while
assigning all nets Nin to the given tracks Tin. GCRP to
minimize the total local congestion is defined as follows:

GCRP for the total local congestion
Instance: Net set Nin, Track set Tin.
Output: Assignment A : Nin → Tin.
Objective: Minimization of TPL(Nin,A).
Constraints:

1. A(n) ∈ Tin,∀n ∈ Nin,
2. I(ni) ∩ I(nj) = ∅ if A(ni) = A(nj),∀ni,nj ∈ Nin.

This problem seems to be NP-hard since there is an example
that a simple greedy algorithm fails to obtain an optimal solu-
tion, but it is currently unknown to the best of our knowledge.
Even though the minimization of TPL does not necessarily
reduce an actual local congestion, it is used as the first step
to alleviate the local congestion.

In order to complete the track assignment of nets in Nin
to Tin, Nin and Tin have to meet the density constraint (DC)
defined below. We assume that Nin and Tin meet DC.

Let N (⊆ Nin) and T (⊆ Tin) be a set of unassigned nets
during the track assignment procedure and a set of tracks
to which no net is assigned so far and to which N will be
assigned, respectively. Density at x of N is the number
of nets in N whose interval contains x and is denoted by
d(x,N) = |{n ∈ N | x ∈ I(n)}|, and the maximum density
of N is defined as D(N) = maxx d(x,N). Capacity of T is
the number of tracks in T and is denoted by |T |. Slack at x
of N and T is defined as the difference between capacity and
density at x and is represented by s(x,T,N) = |T | − d(x,N).

A feasible track assignment of N to T exists if and only
if D(N) ≤ |T | is satisfied. We call D(N) ≤ |T | the density
constraint (DC) of N for T . It is said that N meets DC for T
if D(N) ≤ |T |.

Critical zone (CZ) of channel for N and T is the set
of x-coordinates of channel where there is no slack and is
denoted as Z(T,N) = {x | s(x,T,N) ≤ 0}. In any feasible
track assignment A of N to T , a critical zone is covered by
trunks, that is, for any x ∈ Z(T,N) and for any track t ∈ T ,
there exists the trunk of a net n ∈ N that contains x at t, that
is, A(n) = t and x ∈ I(n).

In order to accomplish the routing by determining track
assignment track by track in a greedy manner, CZ has to
be covered by trunks in each track. Algorithms that follow
the Greedy Routing Framework with Guarantee (GRFG) [5]
such as Left-Edge [8], BCA [6], SDG [5], and the proposed
UEO in this paper cover CZ by trunks, and complete the
routing if Nin and Tin meet DC.

3. UEO Channel Routing Algorithm

In this paper, we propose UEO (Under, Enclose, Over) rout-
ing algorithm for generalized channels that achieves a small

TPL of vertical wires by using the minimum number of hori-
zontal tracks. It is built upon theGreedy Routing Framework
with Guarantee (GRFG) [5] which ensures the completion of
the assignment of trunks of nets when the required number
of tracks is provided. UEO assigns trunks to tracks itera-
tively according to UEO net priority proposed, and CZ of
each track is covered under GRFG. Even though UEO is a
heuristic and the optimality in terms of the minimum TPL is
not guaranteed, UEO achieves a small TPL effectively.

3.1 Relief-Zone

Parallel wires by vertical wires occur in terms of nearby pin
pairs. The occurrence of parallel wires depends on the track
assignment of trunks of nets. A parallel wire may not occur
if the trunks of nets are assigned to appropriate tracks.

The relief-zone of a pin is introduced here to indicate
tracks so that the occurrence of parallel wires is expected to
be prevented if the trunks of nets are assigned to a track in
the relief-zone of each pin. The relief-zone of pin p of a net,
which is denoted by R(p), is the range of y-coordinates. It
is recommended that the trunk of the net to which p belongs
be assigned to a track whose y-coordinate is contained in
R(p). The relief-zone of net n, which is denoted by R(n), is
defined in terms of the relief-zones of pins of n.

If all the trunks of nets are assigned to a track in its
relief-zone, then no parallel wire occurs. Our algorithm
assigns the trunk of a net to a track within the relief-zone
of the net as much as possible to avoid the occurrence of
parallel wires, even though it may be impossible to assign
all trunks of nets to tracks in their relief-zones.

There are various ways to define the relief-zone of a
pin. In this paper, we design the track assignment algo-
rithm so that the trunks of nets are assigned one by one
from the bottom track to the top track, and the relief-
zone of pin p is defined to fit the situation that trunks
are preferred to be assigned to a lower track. The defini-
tion of the relief-zone of pin p used in this paper is for-
mally defined as follows: R(p) = [Rmin(p),Rmax(p)] where
Rmin(p) = max(max(p,p′)∈P(Nin) y(p

′),−∞) and Rmax(p) =
y(p) if {p′ | (p′, p) ∈ P(Nin)} is not empty, Rmax(p) = ∞
otherwise.

The relief-zone of a pin focuses on the range of track
assignment for each individual pin. To extend this concept
to the net level, the relief-zone of a net is defined. The
intersection of relief-zones of pins of a net is defined as
the relief-zone of the net if it is not empty. Otherwise, the
relief-zone of the net is set to the relief-zone of pin p of
the net whose upper boundary is the minimum among the
relief-zones of pins of the net. The relief-zone of net n
is represented by R(n) = [Rmin(n),Rmax(n)]. There is no
guarantee that TPL is minimized when the trunk of a net
is assigned to a track in the relief-zone, but the occurrence
of parallel wires is expected to be suppressed in terms of at
least one pin of the net.

In Figs. 2, the relief-zones of pins p and p′ are R(p) =
[y(p′),∞] (shaded blue) and R(p′) = [−∞, y(p′)] (shaded
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Fig. 3 Relief-zone and track assignments.

Fig. 4 Relief-zone and track assignments.

orange), respectively. In Fig. 2(b), the trunks of nets n(p)
and n(p′) are assigned to tracks t3 and t1, respectively, where
y(t3) ∈ R(p) and y(t1) ∈ R(p′), and no parallel wire occurs.
While, in Figs. 2(a) and (d), and (e), the trunk of n(p′) is
assigned to a track whose y-coordinate is not in R(p′), and
a parallel wire occurs. Similarly, in Figs. 2(c) and (f), a
parallel wire occurs.

In Figs. 3, the relief-zones of nets n and n′ are R(n) =
[3,∞] (blue arrow) and R(n′) = [−∞,2] (orange arrow),
respectively. They are the intersections of the relief-zones
of pins of each net. In Fig. 3(a), the trunks of nets n and n′

are assigned to tracks in the relief-zone of each net, and no
parallel wire occurs. While, in Fig. 3(b), the trunks of nets n
and n′ are assigned to tracks outside their relief-zones, and
parallel wires occur.

In Figs. 4, the relief-zones of nets n and n′ are R(n) =
[−∞,1] (blue arrow) and R(n′) = [−∞,2] (orange arrow),
respectively. They are set to the relief-zone of the pin whose
upper boundary is the minimum among the relief-zones of
pins of each net since the intersection of them is empty. In
such cases, a parallel wire always occurs.

3.2 UEO Net Priority

Algorithms designed under the Greedy Routing Framework
with Guarantee (GRFG) [5] assign trunks of nets according
to a net priority. Here, the net priority UEO (Under, Enclose,
Over) that is intended to achieve small TPL under the con-
dition that trunks are assigned one by one from the bottom
track to the top track is defined.

UEO net priority is defined in terms of a track to which
the trunks of nets are assigned. Nets are categorized into
three types, type-U, type-E, and type-O, and nets belonging
to type-U are given the highest priority, followed by type-E
and then type-O. In addition, in order to suppress TPL and
the total y-length as much as possible, the priority among

nets in the same type is defined.
The type of a net is determined based on the relative

location of the relief-zone of the net to the track to which it
is assigned. A net n is classified for track t as

1. Type-U if Rmax(n) ≤ y(t),
2. Type-E if Rmax(n) > y(t) ≥ Rmin(n), and
3. Type-O otherwise (if Rmin(n) > y(t)).

A type-U net has the highest priority. The current track
processed is above the relief-zone of the net, and the trunk
of the net will be assigned to a track above its relief-zone.
That is, it is determined that the parallel wire occurs in terms
of the net, and the parallel length in terms of the vertical
wire of a pin that defines the relief-zone increases if it is not
assigned to the current track. It is better to assign to a track
as early as possible to suppress the increase of parallel wire
in terms of the relief-zone.

Among type-U nets, nets are prioritized in descending
order of the number of pins of the net whose relief-zones are
below track t, which is given by:

RB(n, t) = |{p ∈ n | Rmax(p) < y(t)}|.

Then, ties are broken by the symmetric difference (SD) of
the net in terms of the current track which is defined as the
difference of the number of pins above the track and below
the track [5]. The SD for a net n on track t is given by:

SD(n, t) =
|{p ∈ n | y(p) < y(t)}| − |{p ∈ n | y(p) > y(t)}|.

Then, ties are broken by the leftmost principal. The second
and the third properties are expected to suppress the increase
of TPL and the total y-length, respectively.

A type-E net has the second priority. The occurrence of
parallel wire in terms of the vertical wire of a pin that defines
the relief-zone can be avoided if the trunk is assigned to the
current track. However, it is a chance to avoid the occurrence
of parallel wire even if the trunk is not assigned to the current
track. Ties among type-E nets are broken by the priority by
SD, and then by the leftmost principal.

A type-O net has the lowest priority. The current track
processed is below the relief-zone of the net, and the parallel
wire occurs if the trunk is assigned to the current track. There
is a chance to assign the trunk to a track in the relief-zone if it
is not assigned to the current track. Among type-O nets, nets
are prioritized in ascending order of the number of pins of
the net whose relief-zones are above track t, which is given
by:

RA(n, t) = |{p ∈ n | Rmin(p) > y(t)}|.

Then, ties are broken by the priority by SD, and then by the
leftmost principal.

In Figs. 5(a) and (b), the relief-zones of nets n and n′

are R(n) = [−∞,1] (blue arrow) and R(n′) = [2,∞] (orange
arrow), respectively. Nets n and n′ are type-U and type-E in
terms of tracks t1 and t2, respectively. In Fig. 5(a), the trunks
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of n and n′ are assigned to lower t1 and upper t2, respectively,
and no parallel wire occurs (#PW=0) and the total parallel
length is zero (TPL=0). While, in Fig. 5(b), the trunks of
n and n′ are assigned to upper t2 and lower t1, respectively,
and two parallel wires occur (#PW=2) and the total parallel
length is 2 (TPL=2). It implies that the trunk of the type-U
net is assigned to a lower track is better.

In Figs. 5(c) and (d), the relief-zones of nets n and n′

are R(n) = [−∞,3] and R(n′) = [4,∞], respectively. Nets
n and n′ are type-E and type-O in terms of tracks t1 and t2,
respectively. In Figs. 5(c) and (d), the trunks of n and n′

are assigned to tracks in the relief-zone of each net, and no
parallel wire occurs. It implies that even if the trunk is not
assigned to a lower track, there remains a chance to avoid
parallel wires.

In Figs. 5(e) and (f), the relief-zones of nets n and n′

are R(n) = [4,∞] and R(n′) = [−∞,2], respectively. Nets
n and n′ are type-O and type-E in terms of tracks t2 and

Fig. 5 The type of net n in terms of t2.

Fig. 6 Track assignments.

t1, respectively. In Fig. 5(e), the trunks of n and n′ are
assigned to upper t2 and lower t1, respectively, and parallel
wire occurs. While, in Fig. 5(f), the trunks of n and n′ are
assigned to upper t3 and lower t1, respectively, and no parallel
wire occurs. It implies that the trunk of the type-O net is
assigned to a higher track is better.

In Figs. 6, the relief-zones of six nets n1, n2, n3, n4, n5,
and n6 are represented by arrows in corresponding colors.
UEO net priority for track t1 is (n5,n1,n4,n2,n6,n3)where n1,
n4, and n5 are type-U, n2 and n6 are type-E, and n3 is type-
O. Among type-U nets, n5 has a higher priority than others
since RB(n5, t1) = 2 > RB(n1, t1) = RB(n4, t1) = 1. n1 has a
higher priority than n4 since SD(n1, t1) = 2 > SD(n4, t1) =
1. Among type-E nets, n2 has a higher priority than n6
since xmin(n2) < xmin(n6) while SD(n2, t1) = SD(n6, t1) = −2.
UEO net priority for t2 and t3 are (n4,n5,n1,n6,n2,n3) and
(n4,n5,n1,n2,n6,n3), respectively.

3.3 UEO Channel Routing Algorithm

UEO channel routing algorithm given inAlgorithm 1 assigns
the trunks of nets to tracks under GRFG to minimize TPL
using UEO net priority.

Given a set of nets Nin and a set of tracks Tin, UEO
determines UEO net priority for each track in Tin. In Step 5,
the function Top_UEO_Priority selects the top priority
unassigned net for track ti . In UEO, type-U and type-E nets
are assigned according to UEO net priority under GRFG,
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as earlier assignments generally result in shorter parallel
lengths. While, UEO may not assign type-O nets to prevent
the occurrence of parallel wire in terms of the net as much
as possible. The net assignment process for a given track is
terminated in Step 6 when the critical zone (CZ) of the track
is fully covered by the nets assigned so far, and no net except
type-O can be assigned without violating HC.

Here, the time complexity of UEO is discussed under
the assumption that the number of pins of a net is bounded
by a constant and that |Tin | = D(Nin). Let m be the number
of nets.

Step 1 is executed once, and the total time complexity
of step 1 is O(m). In step 1, N is set to Nin, and nets are
removed one by one from N while steps 2 to 13 are executed
repeatedly until N becomes empty. The time complexity
of the one-time execution of each step, except step 5, is
O(m). The time complexity of one-time execution of step 5
in which the top priority net is selected is O(m log m) since
the values used to determine UEO net priority of each net are
obtained in O(1), and a sort of nets according to the priority
is O(m log m). A sorting of nets is executed once for each
N , that is, O(m) times. Therefore, the total time complexity
of step 5 is O(m2 log m). During one time execution of the
while loop of steps 4 to 12, at least one net is assigned to
a track since |Tin | = D(Nin) and UEO follows GRFP, and is
removed from N . Therefore, the numbers of executions of
steps 2 to 13 are O(m2). Therefore, the total time complexity
except step 5 is O(m2) × O(m) which is O(m3). As the total,
the time complexity of UEO is O(m3).

The assignment result using UEO net priority is shown
in Fig. 6(d), which reduces TPL to 3, compared to Left-
Edge (TPL:8) and SDG (TPL:6). This demonstrates the
effectiveness of UEO net priority in minimizing TPL.

4. Experimental Results

The proposed routing algorithm UEO, as well as Left-
Edge [8] and SDG [5] for comparisons, is implemented in
Java, utilizing OpenJDK 22.0.2. All experiments are con-
ducted on Mac OS, running on a 10-core Apple M1 Pro
CPU with 16GB of memory where algorithms operate using
a single CPU thread throughout all experiments. The evalu-
ations of the largest benchmark, comprising 10,000 nets, are
completed in ten seconds.

The benchmarks used for evaluation were randomly
generated due to the lack of available benchmarks from real
designs. The benchmark for evaluation consists of eight
groups with different numbers of nets with “gm-” prefix
to indicate multi-pin configurations, each group consisting
of 10 instances distinguished by suffix. Pins are uniformly
distributed such that x(p), y(p) ∼ U(0,1), for all pin p in
net n. The number of pins of a net is randomly and evenly
distributed between 2 and 10. The number of tracks in Tin is
equal to D(Nin) where y-coordinates of tracks are uniformly
distributed within the same range, that is, ∼ U(0,1). The
threshold dth for the benchmark is set as dth = 0.012/#net.

In Table 1, the total y-lengths, and in Table 2, the total

parallel lengths (TPL) and the average computation times
are shown.

In the tables, “LE,” “SDG,” and “UEO” stand for Left-
Edge [8], SDG [5], and UEO proposed in this paper, re-
spectively. “Total Distance” represents the total x-distance∑

n∈Nin dx(n) and the total y-distance
∑

n∈Nin dy(n) where
dx(n) = xmax(n)− xmin(n) and dy(n) =

∑
p∈n |y(p)−y(pmid)|

where pmid is a pin which has d|n|/2e-th largest y-coordinate
among pins of net n. “Ratio to Total y-Distance” refers to the
ratio of the total y-length of the nets to the total y-distance
of the nets. “Total Parallel Length (TPL)” refers to the total
parallel length of nets where the average values by Left-Edge
are used as a reference. TPL is used to assess local conges-
tion in this paper. These metrics include three values: the
average (ave.), the minimum (min), and the maximum (max)
for instances in each group.

The results shown in Table 1 indicate that UEO reduces
the total y-length, wy , by approximately 20% compared to
Left-Edge and increases it by 16% compared to SDG. The
results shown in Table 2 indicate that UEO reduces TPL by
about 85% compared to Left-Edge and by 68% compared to
SDG, and the computation times of SDG and UEO are larger
than LE.

The results given in Tables 1 and 2 are summarized by
the graphs shown in Fig. 7(a), (b), and (c). It is confirmed
that the variations of the total y-length, TPL, and the com-
putation time decrease as the number of nets increases. In
Fig. 7(c), it is observed that the computation times less than
one second are dominated by low-order terms, and times
where #net 50,000 and 100,000 are added. The computation
times of Left-Edge, SDG, and UEO when #net 100,000 are
about 13 seconds, 1,900 seconds, and 1,800 seconds, respec-
tively. The time complexities of Left-Edge, SDG, and UEO
are estimated based on the differences in average computa-
tion times between #net(= m) 50,000 and 100,000, yielding
O(m2.37), O(m2.29), and O(m2.29), respectively.

Figures 8 and 9 depict vertical wires of benchmark
“gm-6-0” (1,000 nets) obtained by Left-Edge and UEO in
red lines. In Figs. 8(a) and (b), all vertical wires are shown.
UEO achieves a shorter vertical wire length (wy:1,653.3)
compared to Left-Edge (wy: 2,045.1). In Figs. 9(a) and (b),
vertical wires which form parallel wires are shown. The
numbers of parallel wires (#PW) by Left-Edge and UEO are
319 and 120, respectively. The total parallel length (TPL)
by UEO is 9.1 while it is 63.8 by Left-Edge. It is confirmed
that TPL as well as the number of parallel wires is reduced
by UEO effectively.

5. Conclusion

In this paper, we present UEO routing algorithm, specifically
designed for routing layers with tight horizontal capacity,
which is modeled by generalized channels. UEO provides
routing solutions by connecting nets using a single-trunk
Steiner tree structure in generalized channels. Experimen-
tal results indicate that the total parallel length (TPL) which
is used to evaluate the local congestion is reduced by UEO
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Table 1 Comparison of Total y-Length (wy ).

Table 2 Comparisons of Total Parallel Length (TPL) and Computation Time.

Fig. 7 Experimental results.

Fig. 8 Vertical wires in gm-6-0 (#net:1,000).

Fig. 9 Parallel wires in gm-6-0 (#net:1,000).

about 85% from Left-Edge, and about 68% from SDG. How-
ever, further improvements of UEO are required to alleviate
the actual local congestion and to adapt to a broader range of
design constraints. Future work will focus on selecting more
diverse benchmarks to better represent real-world data dis-

tributions and incorporating wire and pin width variations,
such as gap channel optimization [23]–[25], to enhance the
algorithm’s practical applicability. Ultimately, UEO holds
great potential as a fundamental tool for advanced chip de-
signs in a recent 3D integration of VLSI.
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