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ABSTRACT Global Routing (GR) is a crucial and complex stage in the Very Large-Scale Integration (VLSI)
design, which minimizes interconnect wirelength and delay to optimize the overall chip performance. Steiner
tree construction is one of the basic models of VLSI physical design, which is usually used in the initial
topology creation for noncritical nets in physical design. In a GR process, a Steiner Minimum Tree (SMT)
algorithm can be invoked millions of times, which means that SMT algorithm has great significance for
the final quality of GR. Some of the research works are surveyed in this paper to understand GR and SMT
problems and to learn the available solutions. Firstly, we systematically dissect three types of subproblems in
Steiner tree construction and three types of GR methods. Then, we investigate the recent progress under two
new technology models. Finally, the survey concludes with a summary of possible future research directions.

INDEX TERMS Steiner tree construction, particle swarm optimization, routing, very large scale integration,
global routing.
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I. INTRODUCTION

Today, Very Large-Scale Integration (VLSI) design plays
a fundamental role in the development of many high-tech
electronic circuits. VLSI is the process of forming an Inte-
grated Circuit (IC) by incorporating millions of transistors
into a single chip [1]. As integration continues to increase,
more and more features, even a complete system can be
integrated into a single chip. Some IC foundries have even
achieved large-scale mass production of 7nm chips, this mar-
ket trend presents many challenges for Physical Design (PD)
and verification. As the backbone of the information industry,
VLSI design and manufacturing are playing an increasingly
important role in promoting economic development, reform-
ing industrial structure and changing lifestyle.

PD is the most time-consuming stage in the design process
of IC, and it is also one of the most crucial and concerned
research fields in VLSI Computer-Aided Design (CAD) tech-
nology. Due to its complexity, the whole process of PD is
usually divided into several phases: partition [2], floorplan-
ning [3], layout [4], [5], placement [6], routing and other
stages [7]. Within the PD flow, one of the most critical steps
is Global Routing (GR) [8], a stage where signal nets are
connected coarsely under a given placement so that wire/via
spaces are allocated to each signal net [9]. The feature size
has been reduced due to scaling during the IC design process.
As a result, interconnect wire delays now contribute to a
great proportion of the total delay compared with gate delays.
Due to this reason, routing plays a major role in current IC
design process as it affects the overall delay in routed design.
Besides, the quality of GR solution directly affects chip
area, speed, manufacturability, power consumption and the
number of iterations required to complete the design cycle,
and hence this step plays an important role in determining
circuit performance. On the other hand, GR is a notoriously
difficult problem: Even the simplest version of the problem,
where a set of two-pin nets is to be routed under congestion
constraints, is an NP-complete problem [10].

As one of the basic models of VLSI PD, Steiner Minimum
Tree (SMT) can be applied to the floorplanning, layout and
routing stages. Given points on a plane, an SMT connects
these points through some extra points (Steiner points) to
achieve a minimum total length. An SMT is usually used in
initial topology creation for noncritical nets in PD. For timing
critical nets, wirelength minimization is not the only goal.
However, most nets are noncritical in routing phase and an
SMT gives the most desirable route of such a net. Thus, SMT
is often used as accurate estimations for congestion and wire-
length during floorplanning and placement. It indicates that
an SMT algorithm can be invoked millions of times. On the
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other hand, there exist many large pre-routes in modern
VLSI design. The pre-routes are usually modeled as large
sets of points, which increase the input size of Steiner tree
problem. Since the SMT is a problem that can be computed
millions of times and many of them have very large input
size, highly efficient algorithms with good performance are
desired.

Nowadays, it is no longer enough to consider only the wire-
length and congestion during GR and Steiner tree construc-
tion. With the rapid development of integrated circuits, chip
process is more and more advanced. Similarly, the number of
transistors in the chip can be more and more. With the same
performance, the power consumption of the chip becomes
lower and lower. Besides, the number of metal layers in chips
is increasing dramatically, which leads the number of vias
become more and more. Due to the above reasons, timing
and power consumption issues have become increasingly
prominent. More and more constraints have emerged in GR
and Steiner tree construction, which leads to the fact that
the traditional routing algorithms or SMT algorithms cannot
adapt to such multi-objective tasks well. Thus, GR and SMT
algorithms face new challenges.

Although GR and SMT construction are quite correlative
and vibrant research fields, they are rarely mentioned together
in a holistic manner. To the best of our knowledge, this is the
first time that the GR and SMT algorithms to the VLSI realm
are systematically dissected, categorized and put together in a
review article. The survey has the following four main objec-
tives. First, we introduce the principles, related concepts, and
their advantages and disadvantages of some common basic
strategies in GR. Second, we investigate three subproblems in
Steiner tree construction and three different GR subproblems.
Third, we investigate some of the current advanced pro-
cesses and routing issues based on these processes. Finally,
we point out the future research directions to guide the future
work.

The rest of the paper is organized as follows: In Section II,
we introduce some of the basic technologies in GR, as well
as their advantages and disadvantages. In Section III,
we describe the problem model for the two problems
of Steiner tree construction and GR. In Section 1V,
we investigate three subproblems in the Steiner tree:
SMT, Obstacle-Avoiding Steiner Minimum Tree (OASMT)
and Length-Restricted Steiner Minimum Tree (LRSMT).
In Section V, we investigate three types of GR algorithms:
sequential methods, concurrent methods and performance-
driven routing. In Section VI, a discussion of related issues
is provided, including GR in a Multiple Dynamic Supply
Voltage (MDSV) chip design and routing problems in a new
via-pillar process. Finally, Section VII concludes this survey
and suggests directions for future research.

Il. BASIC ROUTING STRATEGIES

In this section, several basic strategies that are often used in
GR are described.
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A. MULTI-PIN NET DECOMPOSITION

Multi-pin net decomposition [11]-[15] is often used in the
GR algorithms. A net with more than two pins is often
decomposed into two-pin subnets, and then point-to-point
routing for each subnet is performed in some order. This net
decomposition is performed at the beginning of GR, which
affects the quality of the final routing solution. Multi-pin
net decomposition is adopted by many global routers. Two
popular methods to decompose a multi-pin net are Rec-
tilinear Steiner Minimum Tree (RSMT) construction and
Minimum Spanning Tree (MST) construction. RSMT often
provides tree topologies with shorter wirelength while MST
provides greater flexibility due to more L-shaped two-pin nets
produced.

B. MAZE ROUTING

A subproblem often encountered in GR is finding the shortest
path connecting the two pins in the presence of blockages.
The most widely known solution to this problem is the Lee’s
algorithm [16], that is, maze routing algorithm. Maze routing
is a grid-based search algorithm that has long been considered
a brute-force algorithm since it allows all possible paths. For
an arbitrary cost function, maze routing uses the shortest
possible path to connect the source and target points. Simple
maze routing implementations typically use Breadth First
Search (BFS) or Dijkstra algorithms. In addition, the A*
algorithm usually performs better. Johann and Reis [17] used
the A* algorithm to improve the Lee’s algorithm to speed up
the convergence.

C. MULTI-SOURCE AND MULTI-SINK MAZE ROUTING
Multi-source and multi-sink maze routing [18] evolved from
traditional maze routing, which is an improvement over tra-
ditional maze routing, considering more and better routing
paths. Since the maze routing can only obtain paths starting
from a given source and ending at a given receiver, the router
using the maze routing may lose some better solution for
multi-pin net due to this limitation. Figure 1 shows a routing
graph of a multi-pin net, which is divided into two subtrees.
When using traditional maze routing, no matter how large the
search space is, only the path starting from A and ending with
B can be obtained. However, other possible paths connecting
the two subtrees are also possible solutions to accomplish
this multi-pin routing. To overcome the shortcomings of
traditional maze routing, multi-source and multi-sink maze
routing treats all grid points in the same subtree as source
points, and all grid points in another subtree as sink points.
Thus, the router can obtain a path like path CD, which not
only avoids the blockage area, but also obtains a shorter
wirelength.

D. STEINER TREE CONSTRUCTION

Both the maze routing and the line probe approach are
designed for the connection of a two-pin net. However,
in practical design, routing problems often encounter some
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FIGURE 1. Alternative paths obtained by classical maze routing (path AB’)
and multi-source and multi-sink maze routing (path CD).
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FIGURE 2. A three pin net connected by (a) a spanning tree and
(b) a Steiner tree.

source

nets with more than two pins. A common approach to deal
with multi-pin nets is to decompose them into a set of two-pin
nets. One way to perform this decomposition is to first con-
struct an MST on these pins and then perform maze routing
on each pair of pins corresponding to each edge of the MST.
As shown in Figure 2(a), a possible solution for routing a
three-pin net uses this scheme, which is decomposed into two
two-pin nets. It’s easy to see that such a scheme probably
won’t find the best solution. The total length of the rout-
ing tree can usually be reduced by adding additional points
outside of given pins and constructing an MST on all these
nodes. The extra added node is the Steiner point, as shown
in Figure 2(b). In most VLSI GR problems, since all wires
are horizontal or vertical, only the RSMT [19]-[21] is consid-
ered. In recent years, due to the potential of non-Manhattan
architecture, some work has focused on the X-architecture,
so the X-architecture Steiner tree [22]-[24] has gradually
become a research hotspot.

E. PATTERN ROUTING

Given a set of two-pin nets, a global router needs to find the
path of each net under the capacity constraint. Most nets are
routed with short paths to minimize wirelength. Maze routing
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FIGURE 3. Common patterns used to route two-pin nets such as (a) L-shapes, (b) Z-shapes and (c) U-shapes.

methods such as Dijkstra’s algorithm and A* search can be
used to guarantee a shortest path between two pins. How-
ever, these techniques can lead to unnecessary slowdowns,
especially when the generated topologies are composed of
point-to-point connections, such as an L-shape. In practice,
many nets’ routes are not only short but also have few bends.
Therefore, pattern routing [25], [26] is a better choice. Com-
pared with the traditional maze routing, the pattern routing
has the advantages of high efficiency and high speed. Pattern
routing uses a predefined pattern for routing the two-pin nets,
which limits point-to-point connections to a small number
of fixed shapes. Given a m x n bounding box, where n
k x m and k is a constant, pattern routing only takes O(n)
time while maze routing requires O(n*logn) time. As shown
in Figure 3, topologies commonly used in pattern routing
include L-shapes, Z-shapes, and U-shapes.

F. MONOTONIC ROUTING

Monotonic Routing [18] finds the best monotonic routing
path. Assuming that the given source point is at the bottom left
of the receiving point, monotonic routing can only move up
or to the right from the grid point. Since the path of the mono-
tonic routing does not exceed the bounding box of the two-pin
nets, this method only needs to search for (m(’f+l(;z);), paths
on the m x n grid. Therefore, monotonic routing increases the
search space while maintaining the same time complexity as
Z-shaped pattern routing. However, since monotonic routing
is difficult to bypass some obstacles, Liu ef al. proposed a
hybrid method [27]. Its search solution space is between the
monotonic routing and the maze routing, and has a good
trade-off between the runtime and the quality of the solution.

G. INTEGER LINEAR PROGRAMMING (ILP) ROUTING

The mathematical model of the GR problem can always be
easily modified to a 0-1 ILP problem, that is, ILP rout-
ing [28]-[30]. For each net and a routing graph, a set of
Steiner trees is given. Thus, the goal of ILP is to select a
Steiner tree from the set of Steiner trees in the net so that
its route does not violate the capacity constrain and minimize
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the total wirelength. However, as the circuit scale increases,
the time complexity of ILP is very large.

H. RIP-UP AND REROUTE

After determining the initial routing of a set of nets, it is com-
mon to find that some routing resources are overused. Then,
existing routers are torn apart and reassigned in an iterative
repair framework called rip-up and reroute [25], [31]-[34].
Modern ILP tools help ILP-based global routers to success-
fully complete hundreds of thousands of routes within hours.
However, commercial Electronic Design Automation (EDA)
tools require greater scalability and lower runtime. In the
routing phase, if a net cannot be routed, it is usually due to
physical obstacles or other routed nets occupying its path.
The core idea is to allow temporary violations until all nets
are routed, that is, iteratively rip some nets, and reroute them
differently to decrease the number of violations. If only one
net is processed at a time, this strategy is a sequential method,
so the order of nets to be processed has a great influence on
the quality of the final solution.

For each net in violation, Kuh and Ohtsuki [31] defined
successful quantifiable probabilities (success rates) of rip-up
and reroute, and only re-routed the most promising nets.
However, whenever a net cannot be routed without violations,
the success rates needs to be recalculated. This is very expen-
sive, especially for large scale designs. Rip-up and reroute are
often combined with other GR methods as a post-processing
step to further improve routing quality.

I. NEGOTIATED CONGESTION ROUTING

The core idea of negotiated congestion routing [35]-[37] is
to use the congestion history of each edge of routing graph
as the basis for future routing. The original negotiated con-
gestion routing was proposed by McMurchie [35] to balance
the competing goals of eliminating congestion and minimiz-
ing the performance degrading due to timing critical paths.
Nowadays, the idea of a negotiation mechanism has been
widely used in the design of the current global router. Modern
routers use negotiated congested routing to perform rip-up
and reroute, where each edge is assigned a cost(e) to reflect
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the needs of the edge e. A segment from net N that is routed
through e pays a cost of cost(e). The total cost of N is the sum
of cost(e) values taken over all edges used by net:

cost(N) = Zcos t(e) (1)

eeN

A higher cost(e) value will resist the use of edge e to a
greater extent and implicitly encourage the net to seek other
less used edges. The iterative routing method uses methods
such as A* search to find the least costly paths while respect-
ing the edge capacity. That is, in the current iteration, all nets
are routed according to the cost of the current edges. If any of
the nets cause violations, such as congestion on some edges,
the nets are ripped up and the edge costs of those nets are
updated to reflect their congestion and rerouted in the next
iteration. The process continues until all the nets are routed
or certain termination conditions are met.

The edge cost cost(e) is increased according to the edge
congestion ¢(e), defined as the total number of nets using e
divided by the capacity of e:

d(e)
()

If e is uncongested, i.e., ¢(e¢) < 1, then cost(e) does not
change. If e is congested, i.e., p(¢) > 1, then cost(e) is
increased to punish nets that use e in subsequent iterations.
In negotiated congestion routing, cost(e) can only grow or
remain unchanged. Because if cost(e) is reduced, the cost of
the previous penalty for the net using edge e will no longer
be valid. And it would be futile to try to route these nets in
the iterations, because these nets will use the same edges as
before when rerouted.

The range of the growth rate of Acost(e) must be con-
trolled. If it is too high, the entire set of nets will be pushed
from one edge to another. It can cause the routes of the net
to jump back and forth between different edges, resulting
in longer runtime and longer wirelength, and may affect the
success of the routing. On the other hand, if Acost(e) is too
low, then all nets without violations require too many itera-
tions, causing an huge increase in runtime. Ideally, the cost
growth rate should be gradual so that a small portion of
the nets is routed differently in each iteration. In different
routers, the growth rate is modeled as a linear function [38],
a dynamically changing logic function [39], and an expo-
nential function with a slowly increasing constant [14], [40].
In practice, a good negotiated congestion-based global router
can effectively reduce congestion while maintaining small
wirelength.

p(e) @

J. LAYER ASSIGNMENT

Layer Assignment plays a crucial role in routability, timing,
crosstalk and manufacturability. If an excessive number of
wires are assigned to a specific layer, congestion and crosstalk
will be exacerbated [41], [42]. Besides, if global timing criti-
cal nets are assigned to the lower layer, the timing is deterio-
rated due to narrower wire width/spacing. A large number of
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vias due to poor layer assignment may result in a routability/
pin access problem because vias require a larger area and
a wider pitch than the wires. For nano-designs, minimizing
the number of vias is especially important because via mal-
function is one of the key manufacturability issues [43]-[45].
Layer assignment is a critical step in multi-layer GR because
it maps the results of 2D GR back to the original multi-layer
solution space. Modern integrated circuits or chips are often
multi-layered structures. When routing, most routers usually
do not directly route in three-dimensional space. Instead, they
are routed on a two-dimensional plane, and then the 2D rout-
ing result is restored to the 3D space by the layer assignment
technique. Some work is implemented based on dynamic
programming [11], [46], [47]. In addition, BoxRouter 2.0 [13]
implements a complex linear programming technique that
restores 3D routes from 2D projections and optimizes 2D
routers from 3D routing results. The goal of layer assignment
is usually to maintain the total overflow of the 2D GR,
and then minimize the number of vias [48]-[50]. Lee and
Wang [51] considered antenna effect in the layer assignment,
by properly assigning wires to higher metal layers (not nec-
essarily the top layer), antenna violations can be effectively
reduced.

ill. PROBLEM MODEL

A. PROBLEM MODEL OF STEINER TREE CONSTRUCTION
The SMT problem is to connect all pins through some extra
points (called Steiner points) to achieve a minimum total
wirelength in VLSI routing.

One of the most basic problems in VLSI routing is the
shortest path problem of two-pin nets, looking for the shortest
routing path given the position of the two pins while con-
sidering the obstacles. Commonly used strategies are maze
routing, line probe methods, pattern routing and so on. How-
ever, in the actual routing problems, there are often more
than two pins in a net. A common approach to dealing with
multi-pin nets is to decompose the multi-terminal net into a
set of two-terminal nets, that is, construct an MST with pins
as nodes. In order to reduce the wirelength of the routing tree,
in addition to original nodes formed by given pins, the final
MST can be constructed by introducing additional nodes.
As shown in Figure 2, a three-pin net connected by spanning
tree is given. By adding an extra point to form the Steiner tree,
the total wirelength is greatly reduced. Therefore, the Steiner
tree model has gradually become the best connection model
for multi-pin net which is a key issue in VLSI routing.

In most routing problems, the segments can only route
horizontally and vertically. We call this kind of routing tree
RSMT. The RSMT construction is an NP-hard problem,
which is as follows: Given a set of points in the plane,
the RSMT problem seeks to connect the points by added some
extra points: A tree made up of horizontal and vertical line
segments that has the minimum cost. The cost of any edge
in the tree is the rectilinear or manhattan distance between
its endpoints, and the cost of a tree is the sum of its edge
costs. However, since only the horizontal and vertical routing
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directions are included, the Manhattan architecture-based
routing cannot fully utilize the routing area, which makes
it difficult to achieve the desired wirelength. In order to
break this limitation, it is necessary to change the traditional
Manhattan architecture [52]. Therefore, researchers began
to try to use the X-architecture as the base model for rout-
ing to achieve the overall performance optimization of the
chip. Diversification of interconnection structures not only
reduces the wirelength, but also improves routing quality and
improves chip performance.

B. PROBLEM MODEL OF GR

The basic goal of routing is to successfully connect to each
net and resolve resource contention issues. In modern VLSI
design, completing the above tasks in one step is a very com-
plicated problem because there may be millions of compo-
nents and nets on a single chip. Therefore, the routing stage is
often divided into two sub-phases: GR and Detailed Routing
(DR). In GR, chip areas are divided into a set of areas, and
wires that cross the boundaries of these areas are roughly
assigned certain paths indicating which areas they must pass
through. After performing this phase, the routing within each
such area will be performed in the detailed routing phase. For
GR, modern designs typically have multiple metal layers and
two adjacent layers are connected by vias [26].

map

FIGURE 4. Routing area and its corresponding grid graph.

The GR problem can be described as follows: In the GR
phase, the routing area is divided into a set of rectangular grid
cells called G-Cells, as shown in Figure 4. Therefore, the GR
problem typically models the routing area as a grid graph, and
the available routing resources are represented by the edges
with capacity in the grid graph. The grid graph (routing area)
is G(V, E), where the node v; € V represents a rectangu-
lar grid unit (G-Cell). The two G-cells with adjacency are
mapped to one edge e;; € E of the grid graph. The capacity of
the grid edge, c(ej;), represents the number of routing tracks
available between two adjacent grid cells G-Cell; and G-Cell;.
And d(e;j) indicates the number of routing tracks taken up.
According to d(e;j) and c(e;;), the overflow of the edge can
be obtained as follows:

de —Ce, If de > e
overflow = .
1l { 0, otherwise

3
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When evaluating the quality of a GR solution, three met-
rics are usually considered, that is, overflow, wirelength and
runtime. The goal of the algorithm is to minimize these three
metrics [53]. Overflow refers to the total amount of demand
that exceeds capacity over all edges. In the ideal case, we want
the overflow to be zero. Similarly, wirelength should be as
small as possible. It is for this reason that various SMT
construction algorithms need to be designed to optimize the
wirelength of each net in a set of nets to minimize the total
wirelength.

IV. STEINER TREE CONSTRUCTION

Given a set of input points, the Steiner tree construction is
a tree that looks for the minimum length of the connected
input points, where new points can be added to minimize
the length of the tree. Solving the Steiner tree construction is
of great importance since it is one of the fundamental prob-
lems in network, VLSI routing, multicast routing, wirelength
estimation, computational biology, and many other areas.
However, Steiner tree construction is an NP-hard problem,
which smashes any hope of finding a polynomial time algo-
rithm to solve the problem precisely. This is the reason that
most studies focus on finding effective heuristic algorithms.
In addition, the SMT algorithm may be invoked millions of
times in a complete GR process. This means that an efficient
SMT algorithm plays a key role in the GR.

=
o

©

©

0

ORr NWRA U O N®O
w

2000 and before 2001-2010 2011 and after

B SMT ®mOASMT ®=LRSMT

FIGURE 5. Distribution of three types of SMT in different periods.

Figure 5 shows the distribution of three types of work in
different periods. It is easy to see that most of the early work
are focused on SMT. After 2000, more and more researchers
began to consider obstacles. During this period, [80] pro-
posed the original LRSMT model. In the last decade, more
and more work has focused on the LRSMT problem. This
is in line with the development trend of VLSI design today.
As shown in Figure 6, early work requires little consider-
ation of obstacles. Later, researchers have begun to con-
sider a variety of constraints. It is known that the basic
optimization goal of SMT construction is to minimize the
interconnected wirelength while considering as many other
optimization objectives as possible like obstacles, timing and
buffering. Therefore, every surveyed paper usually involves
more than one constraint mentioned in Table 1. And the
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TABLE 1. Constraints considered in SMT construction over the last decade.

Three Types of SMT Construction  Constraint of Consideration References
considering wirelength [52], [54-60]
SMT considering X-architecture [521, [59]
considering multi-layer [52]
considering timing/delay [58], [59]
considering memory [55], [56]
considering wirelength [61-70]
OASMT considering obstacles [61-70]
considering X-architecture [67-70]
considering multi-layer [62], [65], [69]
considering wirelength [71-76]
LRSMT considering obstacles [71-76]
considering timing/delay [74], [76]
considering buffering [72-76]
18 1 v,
16
14
12 10 Vl
10
8 6 7 \%
6 5 5
4 3 4 2 V3
2 o ! 0 0 0 0
0
Obstacle Multi-layer ~ X-architecture Timing/Delay Buffering
2000 and before 2001-2010 2011 and after

FIGURE 6. Constraints considered at different periods in SMT.

constraints considered in SMT construction over the last
decade in Table 1 is given according to the most critical
optimization objectives of surveyed papers.

A. SMT

As one of the basic models of VLSI PD, the SMT can be
applied to the planning, layout and routing stages. Given
points on a plane, an SMT connects these points through some
extra points (called Steiner points) to achieve a minimum total
length. An SMT is usually used in initial topology creation for
noncritical nets in PD. For timing critical nets, minimization
of wirelength is not the only goal. However, since most nets
are noncritical in routing stage and an SMT gives the most
desirable route of such a net, it is often used as an accurate
estimation of congestion and wirelength during floorplanning
and placement. It indicates that an SMT algorithm can be
invoked millions of times. On the other hand, there exists
many large pre-routes in modern VLSI design. The pre-routes
are usually modeled as large sets of points, which increase
the input sizes of the Steiner tree problem. Since SMT is a
problem that can be computed millions of times and many
of them have very large input sizes, the highly efficient algo-
rithms with good performance are desired. There are many
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FIGURE 7. Example of edge-based update.

exact algorithms and heuristic algorithms to solve the SMT
problem due to its importance. However, SMT is an NP-hard
problem, which means that any exact algorithm [20], [23] is
expected to have an exponential worst-case runtime. Thus,
much more previous efforts are put on heuristic algorithms.
Since an MST is proved a 3/2 approximation of an SMT [77],
some works construct an SMT by improving on an MST
topology [78]. However, since the backbones are restricted
to the MST topology in these approaches, there is a limit on
the improvement ratios over the MSTs. The iterated 1-Steiner
algorithm [79] is an early approach to deviate from this
restriction, which is the first heuristic which has been shown
to have a performance ratio less than 3/2.

A much more efficient approach called edge substitute was
later proposed by Borah et al. [19], which is an edge-based
method that starts with an MST, and iteratively joins a point
to a nearby edge and then deletes the longest edge in the
formed ring. They first used the Prim algorithm to calculate
the minimum spanning tree of a set of vertices in O(n?) time.
As shown in Figure 7, assuming e; is the longest edge of the
path between vi and v; in the tree, they made the following
modifications to the tree: (1) Add node v. (2) Delete edge e;.
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(3) Delete edge e>. (4) Add a new edge from node p to
node vi. (5) Add a new edge from node p to node v;. (6) Add a
new edge from node p to node v3. In the above process, a new
node, the Steiner point, is added to the whole tree, and a pair
of existing edges are replaced with three new edges. The sum
of the costs of the newly added two edges (v, v2) and (v, v3) is
equal to the cost of the original edge e;. Therefore, the above
steps reduce the cost (gain) of the tree to:

gain = length(ey) — length(v, vi) “4)

However, this operation is also subject to certain restriction.
Considering the tree in Figure 8, the nodes v; and v3 may
be connected by e», so that the operation based on the above
steps can be performed. However, node v, cannot be con-
nected to e, in the same way. In a sense, e; blocks v, from
connecting to e; in the tree, while nodes v and v3 are visible
to edge e;. Therefore, a node can be connected to an edge for
edge-pair replacement only if the node is visible to the edge.

Vs

FIGURE 8. Visible nodes and blocking.

Zhou et al. [80] established a general framework of
spanning graphs which includes both Delaunay Trian-
gulation (DT) and Non-Delaunay Triangulation (NDT)
approaches. Based on the framework and using the property
that each point needs to be connected to only a few other
points, they designed a sweep-line algorithm to construct a
spanning graph for rectilinear distance. Then, MST can be
easily calculated on the spanning graph. Their spanning graph
is a set of edges that connect all points and does not form a
loop. In fact, Zhou’s spanning graph is a sparse graph, which
contains at least one MST. The number of edges in the graph
is called the cardinality of the graph, and they propose an
efficient algorithm to construct the spanning graph of the
cardinality. Starting from each point, the plane is divided into
eight areas (Figure 9). If use rectilinear distance, the distance
between any two points in one region is always less than
the maximal distance from them to p. Based on the cyclic
property of the MST, the longest edge on any circuit should
not be included in any MST, which means that the point
closest to p in each region only needs to be connected to p.
Considering all the given points, these connections will form
a spanning graph of the cardinality O(n).
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FIGURE 9. Eight partition.

A heuristic SMT algorithm was proposed in [81], which
combines Borah’s edge substitution and Zhou’s spanning
graph. It is a heuristic algorithm that starts from RMST and
updates it to solve the RSMT problem. It is much faster than
the iterated 1-Steiner algorithm and has similar performance.
However, they didn’t use a sweep line algorithm to find
visibility relations between points and edges. In order to skip
this complex step, they used the geometrical information,
which is embedded in the spanning graph. For each edge in
RMST, the end points of the edge are considered. Then, all
neighbors of both end points spanning graph are considered
as point components of point-edge pairs. Since the number of
possible point edge pairs is O(n), then the complexity of this
scheme is also O(n).

In addition, Cinel and Bazlamacci [82] used the
Zhou’s algorithm [81] and Kahng’s Batched Greedy Algo-
rithm (BGA) algorithm [83] as the basis for proposing
an RSMT algorithm to produce outstanding effects in a
shorter time. They made some modifications to the RSMT
algorithm [81] that the longest edge computation part of
the RSMT algorithm is replaced by the BGA approach in
which parent-edge arrays are calculated and used for this
purpose. Thus, they got a non-recursive and much faster
version. Besides, they proposed the partial parallelization and
distributed form of the modified algorithm.

Kahng’s BGA algorithm [83] finds RMST and the optimal
full Steiner triple on the sparse graph, rather than at the
fully connected graph. The full Steiner triple is the opti-
mal three-terminal Steiner tree, with the terminal located on
the leaf. The algorithm considers combining each complete
Steiner triple into RMST. The most expensive edges in each
cycle that will be formed with each merger should be removed
from RMST. Thus, the BGA algorithm gets an approximate
RSMT.

A very fast and accurate RSMT algorithm called FLUTE
was proposed by Chu and Wong [21]. Based on the
pre-computed lookup table, the FLUTE algorithm can solve
the optimal RSMT for low-degree nets (up to 9 degrees).
For high-degree nets, they also implemented a net-breaking
technique to reduce the size of the net until the method
can be used. Chu et al. showed that according to the relative
positions of pins, all nets with degree n can be divided into
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FIGURE 10. An illustration of the vertical sequence of a net.

I <+—— Vertical edge
®
I ]

h, h, h;

Horizontal edge

FIGURE 11. An illustration of horizontal and vertical edge lengths.

n! groups. For each group, the wirelength of all possible
routing topologies can be written as few linear combinations
of distances between adjacent pins. Each linear combination
is called a Potential Optimal Wirelength Vector (POWYV).
They stored few POW Vs for each group into a lookup table.
To find the optimal wirelength of a specific net, they simply
calculated the wirelength corresponding to the POWYV of the
group to which the net belongs, and then got the minimum
wirelength. The FLUTE method only considers routing along
the Hanna grid, as Hanan points out that the optimal RSMT
can always be constructed based on the Hanan grid [84].
When generating the lookup table, they make the vertical
sequence s152 . ..S, the index list of all the pins sorted in
ascending order according to the y coordinate. As shown
in Figure 10, the vertical sequence is 1342. The length of
the horizontal edge in the Hanan grid is equal to the distance
between two adjacent vertical Hanan grid lines. The length
of the horizontal edge is represented as h; = x; + 1 — x;,
and the length of the vertical edge is expressed as v; =
¥(si+1)—y(s;), as shown in Figure 11. For a given net with four
pins, the wirelength of the three possible routing solutions can
be written as hy 4+ 2hy + h3 +v1 +v2 +2v3 (Figure 12(a)) and
hi 4+ 2hy + hz 4+ vi + va + v3 (Figure 12(a)). The wirelength
is expressed as a vector coefficient and is called a wirelength
vector. The corresponding wirelength vector of Figure 12(a)
and Figure 12(b) is (1,2,1,1,1,2) and (1,2,1,1,1, 1),
respectively. More importantly, they observed that it is only
necessary to consider few wirelength vectors that have the
potential to produce the optimal wirelength. Most vectors are
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FIGURE 12. Two possible routings for the net in Figure 10. (a) Vector
(1,2,1,1,1,2), (b) Vector (1,2,1,1,1,1).

redundant because they are larger or equal in all coefficients
than the other vectors. For example, of the three vectors
above, (1,2,1,1,1,2) can be ignored because the vector
(1,2,1,1,1, 1) produces smaller v3. They groupd the nets
with the same vertical sequence together to share a set of
POWVs. Because if two nets have the same vertical sequence,
each routing solution for one net is topologically equivalent
to the solution of another net. Next, for each vertical, the algo-
rithm generates all possible routing topologies, finds the cor-
responding wirelength vectors and prunes away the redundant
wirelength vectors. The remaining set of wirelength vectors is
the POWYV of the group. An easy way to generate all possible
routing topologies is to enumerate all possible combinations
of using and not using each edge in the Hanan grid graph, and
check if the generated subgraph is a Steiner tree containing all
the pins. However, this method is very expensive. Therefore,
they implement an algorithm based on boundary compaction
technology. For a given group, they reduced the mesh size
by compressing any of the four boundaries, that is, moving
all the pins on the boundary to the grid lines adjacent to the
boundary. The routing topology set of the original problem
can be generated by extending the routing topology of the
reduced grid back to the original grid.

A line segment-based RSMT construction algorithm was
proposed by Vani and Prasad [54], which constructs a RSMT
by incrementally increasing the length of four line segments
drawn at each point. When two line segments are intersected,
add an edge to the tree. The intersection of the line segments
of the two points forms a rectangular layout, generating two
Steiner points. Steiner point that reduces the total length must
be selected. At the same time, a new strategy is used in
the decision to select one of the two edges. The wirelength
error problem caused by selecting one of the two edges is
eliminated, and an approximate optimal RSMT is generated.

As shown in Figure 13, when the line segments of vertex 3
and vertex 4 intersect, one edge between the two vertices
must be added to the RSMT. However, since the lengths
of the edges of the upper L-shaped layout and the lower
L-shaped layout are equal, the decision to select a specific
layout is postponed, and both layouts are temporarily selected
and not added to the RSMT. Next, when the line segments
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FIGURE 13. Line segments of points 3 and 4 intersect and both the
L-shaped layouts (edges) are temporarily selected.

FIGURE 14. The upper L shaped layout of points 3 and 4 are made
permanent when 2 and 3 are connected.

of vertex 3 and vertex 4 intersect, the only edge between
them is selected and added to the RSMT. Once the vertices
2 and 3 are connected, due to the presence of overlapping
edges (Figure 14), the edges of the upper L-shaped layout
between the previous temporary selection of vertex 3 and
vertex 4 will be made permanent and added to the RSMT.
Whenever a line segment of point p; touches a line segment
of another point p;, those two points have to be connected
in a rectilinear fashion if and only if connecting those two
points does not form a loop in already constructed tree. Those
two points can be connected using either the upper L-shaped
layout or the lower L-shaped layout. The time complexity of
the proposed algorithm depends on the length between the
two points in the RSMT that have the largest difference in
x-axis or the difference in y-axis, since all the line segments
are incremented till this last edge is added to the RSMT.

In [55], [56], a memory efficient RSMT construction was
proposed. Its model is an improvement of original FLUTE.
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The memory optimization is not considered in RSMT con-
struction of FLUTE and it adopts BFS to find MST as a result
it induces memory overhead. To address this issue, it adopts
divide and conquer and Depth First Search (DFS) to find
the MST. The computation time is reduced due to less I/O
disk access. The model also supports computation for larger
degree net with limited memory utilization.

One of the applications using the RSMT construction
is GR in which RSMTs are used for constructing topolo-
gies. For example, MaizeRouter [15], DpRouter [85], Fast-
Route [12], [46], BoxRouter [34], GRIP [40], and
NTHU-Route 2.0 [26] use FLUTE for routing topology
generation. However, FLUTE constructs only one RSMT for
a net. Recently, Lin and Kim [57] built a database to rapidly
construct all RSMTs on the Hanan grid for a given set of pins.
They applied the database to timing-driven RSMT construc-
tion and congestion-aware GR. Compared with FLUTE, this
algorithm can significantly reduce the wirelength and delay
of the critical path.

For the X-architecture, due to its advantages in wirelength
optimization, in recent years there have been some spe-
cial alliances in the industry to promote the X-architecture.
In this context, Xianlong et al. [86] pointed out that the
X-architecture will become a hot spot for VLSI PD.
They emphasized that X-architecture Steiner Minimum
Tree (XSMT) is one of the most critical issues under the
X-architecture. In addition, [87] presented some challenges
and opportunities for the routing tree and routing algorithms
under the X-architecture and gave the good prospects. There-
fore, as a new basic problem, some algorithms have been
proposed to solve the XSMT construction problem.

Two XSMT construction algorithms, called OST-E and
OST-T, were proposed by Zhou [81]. They both gener-
ate graphs based on the X-architecture, and combine edge
replacement method and triangular contraction, respectively.
And both they can be extended to any geometry of the routing
architecture. Kruskal’s algorithm first sorts all the edges of a
spanning graph by nondecreasing length and then considers
them in the order. If the ends of the current edge have not
been connected, the edge will be included in the MST; oth-
erwise, it will be excluded. It can represent these connection
operations by a binary tree, where the leaves represent the
points, and the internal nodes represent the edges. For each
internal node, its two children represent the two components
connected by the corresponding edge in the MST. To illustrate
this, a spanning tree and its merging binary tree are shown
in Figure 15. As we can see, the longest edge between any two
points is the least common ancestor of the two points in the
binary tree. For example, the longest edge between p and b
in Figure 15 is (b, ¢). To find the longest edge in the cycle
formed by connecting a point to an edge, they need to find
which end of the edge is in the same component with that
point before connecting the edge. The least common ancestor
of these two points is the longest edge that needs to be deleted.
For example, after connecting p with edge (a, b), because
p and b are in the same component before connecting (a, b),
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the longest edge to be deleted in the cycle is (b, ¢). Itis crucial
to find (point, edge) pairs in the OST-E algorithm and to find
triples in the OST-T algorithm. For edge substitution, in order
to reduce the number of point-edge candidates from O(n?) to
O(n), they just considered the neighbors of either end of the
edge to form (point, edge) pairs. Since the cardinality of the
spanning graph is O(n), the number of possible (point, edge)
pairs generated by this way is also O(n). Then, the longest
edge can be removed as shown in Figure 16.

a

€

d

FIGURE 15. MST and its merging binary tree.

Coulston [23] proposed an accurate XSMT construction
algorithm and pruning technique. This exact algorithm forms
XSMT in two stages: generating all possible full components
for a given point set, and then merging the full components
to form XSMT. However, because of its exponential time
complexity, it is less practical.

a a

(] c
¢ d ¢ d

FIGURE 16. Illustration of remove the longest edge.

The first multi-layer architecture using X-architecture
full-chip routing was proposed by Ho et al. [24]. In order
to make full use of the advantages of X-architecture, they
studied the optimal routing of the three-terminal nets on
X-architecture, and developed a general XSMT algorithm
based on DT method.

Tuetal [58] proposed an algorithm to construct a
timing-driven routing tree to balance the wirelength and tim-
ing. The construction of the tree is based on the properties of
the shortest path tree and the MST. They proposed a graph
with significantly fewer edges, but there is still an optimal
solution to the problem. Based on the RC delay model, they
modeled the timing using the geometric relationships of the
circuits. The optimization goal is to minimize the total length
if the length of each path is within a certain range. They
iteratively added an edge to the MST to optimize the solution,
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and in order to further improve performance, the batch algo-
rithm is also introduced. In addition, [59], [88] have proposed
two algorithms for constructing timing-driven XSMT, and
can significantly improve the timing performance of the chip
compared with RSMT.

Recently, Liu et al. [60] presented an algorithm SMT con-
struction based on Hybrid Transformation Strategy (HTS)
and self-adapting Particle Swarm Optimization (PSO). They
used HTS to enlarge the search space and improve the conver-
gence speed. However, the proposed HTS in the evolutionary
process may produce an ineffective solution. To this end,
the crossover and mutation operators of Genetic Algorithm
based on Union-Find Sets is introduced. The experimental
results show that the proposed algorithm can efficiently pro-
vide a better solution for SMT problem both in X-architecture
and rectilinear architectures than others. Moreover, the algo-
rithm can obtain several topologies of SMT, which is benefi-
cial for optimizing congestion in VLSI GR stage.

B. OASMT

The OASMT problem has been widely studied in recent
years. Figure 17 shows the distribution of OASMT in differ-
ent periods, early Steiner tree construction rarely considered
obstacles. Since the RSMT problem is an NP-complete prob-
lem, the existence of obstacles further increases the difficulty
of finding the optimal solution. Since macro-cells, IP blocks,
and pre-routed nets are often seen as obstacles to the routing
stage, the Obstacle-Avoiding Rectilinear Steiner Minimum
Tree (OARSMT) algorithm is very useful for practical routing
applications. There are many heuristic algorithms that can
achieve good results in a short period of time. In addition,
some precise algorithms have been proposed to generate opti-
mal OARSMT. For example, [89] defined a grid-like trajec-
tory graph. Then, a hybrid method for searching for one-to-all
shortest paths while constructing MST was presented. The
resulting routing tree can be regarded as an approximation of
the Steiner tree.

OASMT

>
N

= 2000 and before =2001-2010 = 2011 and after

FIGURE 17. Distribution of OASMT in different periods.

Lietal. [90] used an efficient method to solve the
obstacle-avoiding rectilinear Steiner tree problem. This work
is developed based on the GeoSteiner method [20]. Full
Steiner Tree (FST) is a basic concept used in GeoSteiner.
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In FST, all the pins in consideration are leaf nodes. By split-
ting at a node with a degree greater than 1, any Steiner
tree can be decomposed into a set of FST with disjoint
edges. Since FST is easier to construct than SMT, most exact
SMT algorithms will first generate its FST component. The
GeoSteiner framework consists of two main phases. The first
is FST generation, which involves pruning away unnecessary
nodes based on some preprocessing information. As can be
seen, the runtime of this stage is quadratic. The second is the
concatenation of FSTs which are generated at the first phase.
It can be foreseen as an ILP and can be solved using branch
and cut search method. Initially, consider a set of actual pins.
Every corner of each obstacle is treated as a virtual pin.
For the FST generation, these virtual pins are also included,
regardless of whether they are considered in the final optimal
tree generation. In the incremental method generated by FST,
the FST of two points is firstly generated, and these two
points can be implemented by either of the two methods.
Firstly, both points are real points, and secondly, at least one
of them is virtual point. Techniques are used to ensure that
redundant edges due to multiple FSTs are eliminated. The
method is extended to generate FST with three or more points
recursively. Once all the useful FST is generated, ILP is set
to select the appropriate subset of FST and concatenate them
to obtain the OARSMT.

A method based on Steiner point selection was proposed
by Liu ef al. [91]. This Steiner point-based framework can
also be extended to multiple layers of OARSMT. The algo-
rithm is mainly divided into four steps: graph construc-
tion, Steiner point selection, MST construction and final
refinement strategy. Hanan grid and escape graphs are used
to find the position of the Steiner point. Both methods
generate a vertex from the intersection of the terminal or
the extension line of the obstacle corner point. However,
it produces many such vertices, making the vertices selec-
tion take too long. Therefore, the algorithm uses a differ-
ent approach. In graph construction step, Obstacle Avoiding
Voronoi Graph (OAVG) is constructed with a given set of
terminals, obstacle vertices and desirable Steiner point can-
didates in O(nlogn) time. Then, using Prim’s algorithm and
shortest path region, a Steiner point is selected from the con-
structed OAVG graph. In the third step, Obstacle-Avoiding
Rectilinear Steiner Tree (OARST) is constructed in O(nlogn)
time using MST algorithm proposed by Long [92] and
Liu [93]. MST on OAVG is constructed by the given ver-
tices and the selected Steiner points. Long’s MST algorithm
includes the terminal path generation and MST generation
using these paths, and Liu’s algorithm includes critical path
generation. Refinement is done in O(nlogn) time to reduce
redundant segments created in the above steps.

A top-down divide and conquer approach called FOARS
was proposed by Ajwani ef al. [61]. FOARS first divides
a group of pins into several subsets, and then generates
an obstacle-avoiding Steiner tree for each subset of pins
by using FLUTE algorithm that considers obstacles. The
initial solution is decomposed into multiple subproblems
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and OARSTSs are generated and reconstructed. FOARS uses
Obstacle-Avoiding Spanning Graph (OASG) to generate ini-
tial connected graphs. Similarly, Long et al. [92] used OASG
to construct OARSMTs. FLUTE is a very powerful and
fast tool but is not designed for the situation with obsta-
cles. In order to create OARSMT, Steiner tree generated
by FLUTE is applied with obstacles to perform local opti-
mization, and then all locally optimized trees are combined
to get the final solution. However, since there is no global
view taken into consideration, this scheme fails to sup-
port large number of points or complexly placed obstacles.
In order to overcome this problem, a partitioning algorithm
is used to provides a global view for the problem at higher
level and partition problem into smaller ones. This algo-
rithm is divided into five stages. In the first stage, the con-
nectivity information between the pins and obstacle corner
vertices is obtained by using a novel octant OASG gener-
ation algorithm. In the second stage, FOARS constructs a
MST based on the OASG and then obtained an obstacle
penalized MST. In the third stage, FOARS partitions the pin
vertices based on the obstacle penalized MST. After parti-
tioning, they constructed an obstacle-aware Steiner tree by
calling obstacle-avoiding FLUTE. Then they rectilinearized
the pin-to-pin connections avoiding obstacles to construct an
OARSMT. In the last stage, they performed V-shape refine-
ment on the OARSMT to further reduce the wirelength. The
runtime complexity of FOARS algorithm is O(nlogn).

A routing graph called Obstacle Avoidance Routing
Graph (OARG) was proposed by Liu et al. [93]. A three-step
algorithm with refinement scheme is utilized to find
a sub-optimal solution for the OARSMT problem. The
three-step algorithm can be summarized as the first step is
to construct OARG with O(nlogn) time and O(n) space, and
the second step is constructing MST-OARG in O(nlogn) time,
the third step is OARST transformation from MST-OARG
using a scheme called as MST-OARG reduction. During the
local optimization process, the total wirelength of the OARST
is reduced. General cases are used in this refinement scheme
and sorting method is used to make the scheme greedier.
Wirelength estimated by the algorithm can be reduced signif-
icantly in O(nlogn) time. As mentioned OARG in this work
maintains O(n) space, hence contributing in the better initial
solution to O(nlogn) time. Besides, it significantly contributes
to the performance with its linear space and obstacle avoid-
ance properties.

Lin et al. [94] proposed an efficient algorithm based on
OASG, which provides a certain theoretical optimal guar-
antee for the construction of OARSMT. They built an
OASG with “essential” edges and proved that there is a
rectilinear shortest path between any two pins, which is
not guaranteed in the OASG in [95]. With this feature,
the item works to ensure optimal OARSMT for any two-pin
nets and many multi-pin nets. After constructing the ini-
tial OARSMT, they developed an effective improvement
for U-shaped connections in OARSMT to further reduce
wirelength.
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Hu et al. [96] proposed a non-deterministic local search
heuristic algorithm to deal with small-scale OARSMT prob-
lems with complex concave and convex polygon obstacles.
The method is based on Ant Colony Optimization (ACO).
Although this non-deterministic approach is flexible in deal-
ing with complex obstacles, it can lead to very expensive
runtimes for large-scale designs. The method first constructs
a Steiner tree or a spanning tree for a multi-pin net, and
then the edge that overlaps with obstacle is replaced by the
edge around the obstacle. This method is very popular in the
industry because of its simplicity and efficiency. However,
the tree constructed in the first step may not have a global
view of the obstacle, so the second part may only eliminate
local overlap around the obstacle. Therefore, the quality of
the solution for this work may be limited.

Compared to non-maze routing-based algorithms, the
benefits of maze routing-based algorithms include the fea-
sibility of applying various additional constraints on rout-
ing graph. However, multi-layer routing graphs are much
more complex than single-layer routing graphs. This greatly
increases the runtime required to solve the multi-layer
OARST problem using maze routing. Lin ef al. [62] pro-
posed an algorithm based on maze routing, and proposed a
Steiner point pre-selection strategy to guide the construction
of multi-layered barrier Steiner trees. The algorithm provides
a good trade-off between routing quality and runtime. The
quality of the routing depends on the total cost, which is the
sum of the wirelength and the vias cost. The algorithm first
constructs a routing graph through a modified Hanan grid
graph and evaluates the fitness values of each vertex to select
the appropriate vertices to form the set Q of Steiner points.
The initial multi-layer OARST is formed by connecting the
pins and the points in the set Q. Then the Steiner point and tree
topology are changed through the rip-up and re-build of Q,
the final multi-layer OARST is generated.

In terms of exact algorithms, Ganley and Cohoon [97] pro-
posed a strong connection graph called escape graph for the
OARSMT problem and proved that there is an optimal solu-
tion composed only of escape segments in the graph. Based
on the escape graph, they proposed an algorithm to construct
optimal three-terminal and four-terminal OARSMTs.

In addition, there are several exact algorithms that give
the optimal routing tree for the obstacle. However, for
large-scale problems, this is lack of practicality since any
precise algorithm requires exponential worst case time com-
plexity. An exact algorithm was proposed by Huang and
Young [98], which is a major improvement on [90]. They
first proposed a new kind of full Steiner trees, namely the
Obstacle-Avoiding Full Steiner Tree (OAFST). They proved
that there is an optimal tree consisting of only OAFSTs for
any OARSMT problem. Then they extended the possible
topology of the FSTs in [77] to find possible topologies for
OAFSTs, which suggests that OAFSTs can be easily con-
structed. Then a two-stage algorithm is proposed, in which
the first phase is the generation of OAFST and the second
phase is the construction of OARSMT. In this approach, each

VOLUME 8, 2020

obstacle uses only two virtual points. The OAFSTs for each
terminal are recursively generated by using bottleneck Steiner
distance, empty diamond, empty corner rectangle and empty
inner rectangle properties. In the second phase, OAFSTs
are generated by formulating these OAFSTs into ILPs and
using branch and cut searches. This approach combines the
incremental method so that the OAFST explosion can be
avoided. Later, Huang and Young [63] first implemented a
geometric method to solve the OARSMT problem. Virtual
terminals are added to simplify the structure of the FST.
In this method, at least one virtual terminal is added to each
edge of each obstacle. The algorithm can solve complex
concave obstacles and convex obstacles. The best solution
is the concatenation of FST. In [64], Huang et al. introduced
virtual terminals at the four corners of each obstacle. In the
FST generation phase, a virtual terminal pruning process is
implemented to effectively reduce the number of FSTs, and
an efficient method is proposed to construct a two-terminal
FST in the presence of obstacles.

The existing multi-layer OASMT algorithm considers
pin-to-pin connections rather than area-to-area connections,
which limits the quality of the solution due to lack of
regional information. Wang et al. [65] proposed a method
based on region-to-area generation of graphs to construct a
multi-layered barrier-shaped Steiner tree. The method con-
nects all net shapes through the edges on one layer or vias
between the layers. They used a binary search tree to han-
dle obstacle avoidance constraints by capturing obstacles
and inter-area connections with less time complexity. Their
algorithm can guarantee an optimal solution for a net con-
necting any two net shapes on a single layer. The algorithm
can be roughly divided into four stages: In the first phase,
the overlapping net shapes are concentrated into one cluster
to reduce the scale of the problem. In the second phase,
a multi-layer spanning graph that connects all net shapes and
corner vertices is constructed. In the third phase, a multi-layer
obstacle-avoiding region-to-region MST that connecting all
net shapes is generated, which may use some corner vertices
and eliminate some extra edges along the obstacle. In the final
step, all slant edges are converted to rectilinear ones, and the
multi-layer OARSMT is generated.

Recently, Guo and Huang [66] proposed a first
Physarum-inspired obstacle-avoiding routing algorithm for
the PD of integrated circuits. They simulated the foraging
behaviors of Physarum polycephalum using a novel nutrition
absorption/consumption mathematical model, thereby pre-
senting an efficient routing tool called Physarum router. With
the proposed routing approach, for a given set of pin vertices
and a given set of on-chip functional modules, a RSMT
connecting all the pin vertices while avoiding the blockage
of functional modules can be constructed automatically. Fur-
thermore, several heuristics including a divide-and-conquer
strategy, a non-pin leaf node pruning strategy, a dynamic
parameter strategy, etc., are integrated into the proposed
algorithm to fundamentally improve the performance of the
Physarum router. Simulation results on multiple benchmarks
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confirm that the proposed algorithm leads to shorter wire-
length compared with several state-of-the-art methods.

For the non-Manhattan architecture, there are also
some existing work focused on the Obstacle-Avoiding
X-architecture Steiner Minimum Tree (OAXSMT) prob-
lem [67]-[70], [99]. Jing et al. [99] first constructed a fully
connected tree based on DT of the obstacle-avoiding con-
straint, and then embedded the tree into the obstacle-avoiding
Steiner minimum tree by region combination. It is effective
because the time complexity is only O(nlogn). However, since
it is designed to solve A-geometry problems, the routing
results for the X-architecture are not satisfactory. Especially
when the scale of the problem is large, the results obtained
are even worse than the rectilinear architecture.

Huang er al. [67] proposed an OAXSMT construction
algorithm based on PSO, which is the first to specifically
solve the problem of single-layer X-architecture around the
Steiner tree problem. PSO has the characteristics of simple
execution, few parameters and fast convergence [100]-[102].
Two genetic operators based on union-find are added into
Huang’s PSO process, namely crossover and mutation opera-
tions, which update the velocity and position of particles and
further enhance the search ability. In addition, they also com-
bined some heuristic strategies to further optimize the quality
of the global optimal particle. Later, Huang er al. proposed a
fast four-step heuristic algorithm [68], which first constructed
a DT from given pins, and the Obstacle-Free Euclidean
Minimum Spanning Tree (OFEMST) is constructed based
on DT. Then, two lookup tables are generated that record the
connection information about the edge of OFEMST. And the
corner points on some obstacles are selected as the interme-
diate nodes by capturing the global view of obstacles, leading
edges in OFEMST to avoid all obstacles accurately.

An algorithm called MLXR was proposed by
Huang et al. [69], which is based on a lookup table and builds
a 3D obstacle-free minimum tree as the basic architecture.
An effective projection-based obstacle avoidance strategy is
utilized to accurately capture the appropriate Steiner point
position in a multi-layer environment. MLXR first constructs
a 3D obstacle-free minimum tree to connect all pins and
builds two lookup tables based on this obstacle-free minimum
tree to provide fast information inquiry for the post steps.
The 3D obstacle-free minimum tree is then converted into
a multi-layer XSMT by means of a lookup table. Finally,
the obstacles are handled by two refinement strategies. The
experimental results show that compared with the most
advanced algorithms, MLXR is excellent in both the total
wirelength and the running speed.

C. LRSMT

In the practical design, routing areas typically contain multi-
ple routing layers. Equipment often only occupies the equip-
ment layer and some lower metal layers, and thus does
not completely block the wires. When routing on a higher
layer, wires may pass through larger obstacles. However,
the repeater cannot be placed inside obstacles. It is indeed
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FIGURE 18. Distribution of LRSMT in different periods.

possible to avoid obstacles by increasing the wirelength,
but it can lead to timing violations. Therefore, it is neces-
sary to relax the routing resources in the routing process,
so that wires can pass through obstacles to a certain extent,
thus ensuring timing closure and avoiding signal distortion.
Figure 18 shows the distribution of LRSMT in different
periods, it is easy to see that no one paid any attention to the
LRSMT issue in the early stages. However, in the last decade
researchers have focused on the LRSMT problem because it
is more in line with practical industrial designs.

Hannemann and Peyer [103] defined an LRSMT model,
which modified the distance network heuristic algo-
rithm [104] to construct a feasible solution to the LRSMT
problem. The algorithm is a 2-approximation algorithm. Held
and Spirkl [71] followed the LRSMT model, and they built
a range viewable view based on the view [105]. The shortest
path that satisfies the LRSMT problem constraint between
two points in the pin and obstacle inflection point must
be included in the range. In the post-processing, FLUTE
algorithm and Prim algorithm are used to reconnect the pins
in the greatly unobstructed area to improve the solution
quality. To ensure that the solution contained in the range
view can satisfy the constraints, the LRSMT model is further
simplified. Thus the range view not contain the Steiner point
inside obstacles. Therefore, the Steiner tree obtained by this
algorithm does not contain any steiner points inside obstacle,
and this simplification will increase the total wirelength.
A more accurate model, called the OARSMT with slew rate
constraint (OARSMT_SC), is introduced in [72], [73]. This
model uses the PERI model [106] to calculate the specific
slew rate and ensures that the feasible solution part of the
sub-tree inside obstacles does not violate slew rate constraint.
OARSMT_RC can accurately meet the constraints, but in the
design process, it is necessary to frequently calculate more
complex voltage conversion rate values.

Zhang et al. [72] designed a heuristic algorithm. They first
constructed an initial RSMT structure using Flute. In the
repair process, three basic operations to reduce slew rate
is introduced, and an integer linearity is established. The
ILP model is used to correct the voltage conversion rate
of the violation. The incremental method is used to repair
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the violation constraint one by one. The correction process
divides the initial RSMT into multiple connected compo-
nents. Finally, the length-restricted maze routing algorithm
is used to interconnect these components to obtain the final
feasible solution. The number of specific constraints in the
ILP model depends on the shape of the obstacle, the position
of the pin, and the accuracy of the solution. It is necessary
to calculate the slew rate of each possible candidate internal
tree in the ILP model. The maze routing algorithm takes a
long time in this method.

A deterministic  algorithm  was proposed by
Huang et al. [73], which can be used to obtain the optimal
solution embedded in the extended Hanna grid. The LRSMT
simplifies the constraint model and improves the efficiency
of the solution, but the calculation of the constraint is not
accurate enough. It is easy to cause detour or violate the actual
constraints, which increases the difficulty of subsequent
work.

Zhang and Pan [74] used the over-the-blocking routing to
reduce delay in key paths and wirelength. It can meet the
slew constraint and place the buffers in nonblocked places.
Pre-buffering is used to provide a timestamp leading to be
useful in finding good topology with respect to time and
optimization is done on the embedded tree to improve the
Delay to critical sinks. The approach proposed in this paper
is time-driven, over-the-block RSMT with slew constraints.
It consists of mainly five steps. First is the construction
of timing-driven initial RSMT T with pre-buffering. Then
change the topology of T to in accordance with the slew con-
straints. Later perform buffering on T and refine the topology
of T based on buffering information. Again perform buffering
onT.

Zhang et al. [75] proposed a heuristic algorithm that con-
structs an extended rectilinear Steiner tree grid as a routing
graph, ensuring that the routing graph contains at least one
optimal solution for RSMT problem and one near optimal
solution OARSMT problem. And by modifying the shortest
path heuristic algorithm, a step-growth heuristic algorithm is
designed to solve the constrained SMT problem. The precom-
putation strategy is used to avoid frequent calculation of slew
rate.

Shyamala and Prasad [76] further refined the LRSMT
problem by considering both slew constraint and delay. They
first presented an accurate delay optimization information.
Then RSMT is iteratively computed until a convergence is
met and delay optimization is done to find the delay resisted
path. Secondly, it solves the slew and delay optimizer fail-
ure to improve the slack performance. Lastly, in the delay
optimizer, position of Steiner points is optimized to reduce
optimizing cost and wirelength.

V. GR

Within the PD flow, one of the most critical steps is GR,
a stage where signal nets are connected coarsely under a
given placement so that wire/via spaces are allocated to each
signal net. The quality of the GR solution directly affects chip
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area, speed, power consumption and the number of iterations
required to complete the design cycle, and hence this step
plays an important role in determining circuit performance.
On the other hand, GR is a notoriously difficult problem:
even the most simple version of the problem, where a set
of two-pin nets is to be routed under congestion constraints,
is an NP-complete problem. Due to the increasing domi-
nance of interconnect issues in VLSI design, it is desirable
to incorporate GR into early design stages to get accurate
interconnect information. Generally, routing is divided into
GR and DR. After GR is completed, the result of GR is used
as a guide for detailed routing to determine the precise routing
trajectory of the wire mesh. Therefore, GR has always been
the focus of researchers, because the quality of its routing
has a great impact on the timing, power consumption and
manufacturability of the chip.

GR techniques can be broadly divided into sequential
methods and parallel methods. The sequential method uses
maze routing [16], pattern routing [25], or rip-up and reroute,
and only one net is routed at a time. The parallel method
routes all the nets simultaneously. For example, Albrecht [39]
defined the GR problem as a multicommodity flow problem
and then solved it using ILP. Since the ILP problem has a
large time complexity, it is usually simplified to a linear pro-
gramming problem and solved by an approximation method.
In terms of the implementation process, the GR method used
by the global router can be divided into two categories: One is
complete 3D routing, and the other is to perform 2D routing
first, and then layer the results of 2D routing. For the complete
3D routing method, FGR [14] and GRIP [40] apply maze
routing and ILP on the 3D routing graph, respectively. Due
to the high complexity of modern designs, full 3D routing
typically takes more time than other methods. For other
routers that use 2D routing methods [11]-[13], [15], [38],
[46], [107], [108], they first project the routing instance onto
a plane, and then map the solution from the projection plane
to the original multiple routing layers through the method of
layer assignment.

A. SEQUENTIAL METHODS

The most primitive and straightforward strategy for routing
multiple nets is to select a specific order and then route the
nets in that order. The main advantage of this method is that
when routing the current net, it is possible to know and con-
sider the congestion information of the previously routed net.
For example, in early algorithms that decompose multi-pin
nets into two-pin nets, techniques such as obstacle-avoiding
maze routings or line probes are used to route each net.
In these approaches, a cell boundary is said to be open to
path searching until all of the tracks have been occupied by
previously considered nets. After that point, the boundary is
treated as an obstacle. The disadvantage of sequential method
is that the quality of solution depends largely on the order in
which nets are processed, and it is difficult to find a good
order. In any particular order, it is more difficult to route later
considered nets because they are subject to more blockages.
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In addition, there is no feedback mechanism that allows these
nets to feed back information to earlier routed nets to leave
some areas for later routed nets. Abel [109] concluded in his
early work that no single net-sorting technique consistently
performed well. Despite the controversy over the sequencing
problem of the net, there are some good research results on
sequential routing, mainly through the iterative loop to feed
the congestion information from the later routed nets to the
earlier routed nets.

The maze routing proposed by Lee [16] can optimize the
routing of two-pin nets. The advantage of Lee’s algorithm
is that if the shortest path between two points exists, it will
be found. However, as the routing area increases, its time
complexity and memory usage become very large. Foran xn
grid, the Lee’s algorithm requires O(n?) time complexity.
In addition, the multi-pin version [110], [111] of this work
were originally designed for two-pin nets, and their solution
quality is not satisfactory.

FastRoute 1.0 was proposed by Pan and Chu [112], it is
a very fast router that is orders of magnitude faster than
traditional routing algorithms. FastRoute 1.0 avoids the use
of maze routing algorithms in its implementation, as it is
well known that maze routing consumes a large amount of
runtime of the global router. FastRoute 1.0 uses the Steiner
tree construction to avoid the maze path. Due to the good
quality of the Steiner tree obtained during the GR process,
FastRoute 1.0 performs only one maze routing throughout the
GR process.

The implementation process of FastRoute 1.0 can be
roughly divided into three phases:

1) GENERATION OF CONGESTION GRAPH

At this stage, FLUTE is used to create a Steiner tree for
all nets. All generated Steiner trees are decomposed into
two-pin nets and routed using the L-shaped pattern routing.
Thereafter, a congestion graph is obtained from the rough
routing process.

2) CONSTRUCTION OF CONGESTION-DRIVEN STEINER TREE
In order to reduce congestion and build the optimal Steiner
tree, two important techniques are applied during the stage.
First, based on the congestion graph, the Steiner tree topology
is constructed to reduce routing congestion. This algorithm
extends the process of achieving congestion minimization in
the FLUTE method, using fewer edges in a crowded area.
In the second phase, in order to further reduce congestion,
the edge shifting technique is adopted after the Steiner tree
topology is modified. Move the edges to different locations
to improve congestion without changing the rectilinear wire-
length of the tree. As the edge shifts, routing requirements
also shift from crowded areas to uncongested areas, reducing
local congestion. The method is suitable for every net with
more than 4 pins, and the congestion graph will change with
each nets.
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3) USE PATTERN ROUTING AND MAZE ROUTING

FOR TWO-PIN NETS

This phase breaks down the Steiner tree into smaller two-pin
nets. Then use Z-shaped pattern routing for 2-pin nets and
perform rip-up and re-route. When performing rip-up and
re-route, FastRoute 1.0 utilizes a logic function-based cost
function that guides the maze routing to find less congested
paths. Due to this high speed feature of FastRoute 1.0, it can
be integrated into the early stages of design. Use in the early
stages of design and execute in a fast manner can improve the
quality of the design.

Pan et al. introduced two main techniques in FastRoute
2.0 [18] to further improve the quality of the solution of
FastRoute 1.0. First, replace the pattern routing in Fas-
tRoute 1.0 by using monotonic routing technology. Sec-
ond, a multi-source and multi-sink maze routing strategy
is used. FastRoute 2.0 achieved better solution quality than
FastRoute 1.0, reducing total overflow by more than an order
of magnitude and running at 73% slower than the FastRoute
1.0. In FastRoute 1.0, each Steiner tree is decomposed into
two-pin nets and routed using Z-shaped pattern routing. Since
the pattern routing limits the shape of the routing path, the GR
process can be greatly accelerated. However, the quality of
the pattern routing may be much worse than the maze routing.
Maze routing ensures that the lowest-cost routing scheme
is found, while pattern routing considers only a very small
fraction of all possible routing schemes. For two-pin nets
spanning mn grids, L-shaped pattern routing considers only
two different paths, and Z-shaped pattern routing only con-
siders m + n different paths. Therefore, in many complicated
situations, the pattern routing will fail. FastRoute 2.0 hopes
to find a balance between the pattern routing and the maze
routing, so that the quality of the solution can be better than
the pattern routing, but the runtime is not much slower than
the pattern routing. Therefore, FastRoute 2.0 uses monotonic
routing instead of pattern routing in FastRoute 1.0. The basic
idea is to find the best monotonic routing path for a two-pin
net. Let one pin be source (S) and the other pin be sink (T).
The monotonic routing path from S to T always points to T.
Figure 19 shows two different monotonic routing paths from
S to T. Note that all monotonic routing paths do not deviate
from the bounding boxes of S and T. In addition, the maze
routing can only find the shortest path between two specific
pins. For multi-pin nets, it is usually decomposed into two-pin
nets and then maze routing is used for each two-pin net.
The disadvantage of such a solution is that it ignores the
information of the tree. Each edge is independently routed
and often misses the optimal path. With this in mind, Fas-
tRoute 2.0 uses a multi-source and multi-sink maze routing
strategy. Fastroute 2.0 is the same as the first two phases of
FastRoute 1.0. In the final stage, Fastroute 2.0 first applies
monotonic routing to each edge of each routing tree, and
then performs a round of multi-source and multi-sink maze
routing. However, in this round of maze routing, maze routing
is not performed on all sides. Rather, only the lengths that
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FIGURE 19. Two different paths of monotonic routing.

exceed a threshold and the edges that span the crowded area
will be routed by the maze routing, while the other edges
still use monotonic routing. The algorithm avoids short nets
and long nets not passing congested area by maze routing.
Otherwise, unnecessary detours may be created to use more
wirelength and lead to crowded routing. Of course, another
important reason is to reduce the runtime of the maze routing.
If there is still a lot of overflow, Fastroute 2.0 will carry more
rounds of maze routing.

Zhang et al. proposed the concept of virtual capacity in
Fastroute 3.0 [107], which guides the rip-up and reroute of
the maze routing stage through ““virtual” capacity rather than
real capacity. The process of Fastroute 3.0 has a total of six
main steps. Steps 1, 3 and 4 are inherited from Fastroute 2.0.
Step 1 is still the decomposition of multi-pin nets, generating
congestion-driven RSMT by using FLUTE. Then, the RSMT
of all multi-pin nets is broken down into a set of two-pin
nets. Step 2 is virtual capacity initialization, which initializes
the virtual capacity by subtracting the estimated overflow
from the real edge capacity. Step 3 is to perform L-shaped
pattern routing and Z-shaped pattern routing. Step 4 is still the
multi-source and multi-sink maze routing in Fastroute 2.0.
The step 5 is the virtual capacity update, which is performed
every iteration of the maze routing. The varies of the virtual
capacity value depends on the comparison between the capac-
ity used by the current edge and the original edge capacity.
Steps 4 and 5 will be applied iteratively until the entire over-
flow gets stuck. The last step is to perform layer assignment.

A Steiner Min-Max Tree (SMMT) approach was proposed
in [113]. An SMMT is a Steiner tree whose maximum-weight
edge is minimized over all Steiner trees. Chiang et al. solved
the GR problem by constructing Steiner min-max trees for
each net sequentially, defining each edge weight by estimat-
ing the routing congestion. The algorithm sorts the perimeter
of bounding box of the net and routes only one net at a time,
where the net with the smaller bounding box perimeter is
routed earlier.

In the method of Chiang et al. [114], the goal is to mini-
mize congestion and wirelength simultaneously. The method
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uses the minimum weighted rectilinear Steiner tree approxi-
mation algorithm to sequentially route the nets. The method
divides the routing area into a set of region and assigns a
corresponding weight to each region. The weight is defined
according to the complexity of the region and the congestion,
and the weight of the blocked region is set to infinity. For
wires routed along the boundary of two different weighted
regions, it is assumed that a weight with a smaller value is
selected. Then the weight of an edge is the product of the
length of the edge and the weight of the region to which
the edge belongs, and the goal of the process is to minimize
the total weight of the rectilinear Steiner tree. On the routing
graph, there is always the smallest weight path connecting
two nodes. As with the SMMT-based method, the nets are
first sorted in increasing order of the bounding box, and each
net is then routed in this order. The weights for all areas are
updated after each net is routed.

Up to now, several best-performing routers are: NTHU-
route 2.0 [26], FastRoute 4.0 [46], NCTU-GR 2.0 [49]
and MGR [115], respectively. NCTU-GR 2.0 [49], has
the best performance among all academic routers, and it
uses two Bounded-Length Maze Routing (BLMR) algo-
rithms (optimal-BLMR and heuristic-BLMR) that perform
much faster routing than traditional maze routing algo-
rithms. In addition, they develop a parallel multithreaded
global router on a multicore platform based on the proposed
sequential GR algorithm. MGR [115] is a multilevel 3D
router that runs much faster than traditional 3D router [14].
Besides, for the last two years, researchers have tried to
solve the GR problem by using machine learning-based
approaches [116]-[118].

B. CONCURRENT METHODS
1) ILP-BASED ROUTING
In the sequential techniques, routes are generated one at a
time based on a predetermined ordering. Sequential methods
are very fast, but because of their sequential nature can result
in sub-optimal solutions. The concurrent techniques attempt
to solve the problem using global optimization techniques.
These methods can provide a global view of the circuit’s
routing, but take a considerable amount of time. Concurrent
routing of all nets is a complex issue from the point of view
of computational complexity. The use of ILP [28]-[30] is
one of the ways to achieve this. In fact, the mathematical
model of the GR problem can always be modified into a
0-1 integer programming problem. Linear programming con-
sists of a set of constraints and optional objective functions.
This function judges whether it is the largest or the smallest
according to the constraint. Both the constraint and the objec-
tive function must be linear. These constraints form a system
of linear equations and linear inequalities. ILP is a special
linear programming in which each variable can only take
integer values. In ILP, all variables are binary, called 0-1 ILP.
The ILP has three inputs: (1) A routing graph of size
W x H, which is a grid of G-cells, (2) The capacity of
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the routing edge, (3) Netlist, which stores the information
of nets: including which pins each net needs to connect,
the coordinates of each pin and so on. Suppose the horizontal
edges extend from left to right: G(i, j)) G(i + 1, j), while the
vertical edges extend from the bottom to top: G(i, j) G(i, j+1).

ILP uses two sets of variables. The first set contains k
Boolean variables Xuer,, Xnetys - - -5 Xner, and each variable
acts as an indicator for one of k specific paths or rout-
ing options, each net neteNetlist. If x,,, = 1, the rout-
ing option X, is available, and if x,.,;, = O, the routing
option X, is not available. The second set consists of k
variables Wyer, , Wher s - - - » Wner, €ach of which represents the
net weight of the specific routing option, each neteNetlist.
The net weights reflect net satisfaction with each routing
option (larger weights mean that net has a higher level of
satisfaction with routing options, for example, with fewer
routing turns). It is known that each net net e Netlist consists
of k available routes, and the total number of variables in
each set is k x Netlist. Building an ILP depends on two types
of constraints. First, each network must choose a separate
routing (mutually exclusive). Second, to prevent overflow,
the routes (total usage) assigned to each edge cannot exceed
its capacity. ILP maximizes the total number of routing nets
but may leaves some unrouted nets. That is, if the optional
routing causes a solution overflow, then this routing will not
be selected. If all routes for a particular net cause overflow,
then no routes will be chosen and thus the net will not be
routed.

Sidewinder [119] and BoxRouter 1.0 [34] both decompose
multi-pin nets into two-pin nets by using FLUTE, and the
routing of each net is selected or not selected from two alter-
native schemes. If neither of the two possible routing options
for a net is selected, Sidewinder performs maze routing to
find an alternate route and replaces the unavailable routing
in ILP. Besides, a net that is successfully routed and does
not conflict with an unrouted net can be removed from the
ILP. Thus, Sidewinder only solves the multiple ILP problem
until it cannot be further optimized. In contrast, BoxRouter
1.0 post-processes the results of its ILP using maze-routing
techniques.

BoxRouter 1.0 first performs fast and effective prerouting
to identify the most crowded areas or boxes, then incremen-
tally expands the routing box and performs different routing
strategies inside and outside each expanded box, repeating
the process until it covers the entire circuit. In addition,
BoxRouter 1.0 uses the key box routing idea, which is to
expand from prerouting estimates of the most crowded areas,
where routing takes precedence over other areas that are
more crowded. Adaptive Maze Routing (AMR) is used to
implement ILP. ILP and AMR only route the area inside the
box. For the area inside the box, BoxRouter 1.0 first routes
with ILP to fully utilize the routing capacity inside the box.
Then use AMR to detour the parts of the box where ILP
cannot be routed. However, the limitation of BoxRouter 1.0 is
that its gradual ILP routing only considers L-shaped mode,
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which is not ideal for most nets that need to be detour in
complex mode.

BoxRouter 2.0 was proposed by Cho et al. [13]. It uses
A* search based on congestion negotiation for routing,
and achieves layer assignment through efficient progressive
via/blockage-aware integer ILP. At the same time, because
the sudden change of the congestion graph will mislead
the router, resulting in inaccurate congestion estimation,
BoxRouter 2.0 uses a rip-up that considers the topology.
When a path is selected to be re-routed, exploring more
flexibility by disassembling some adjacent paths in its same
net. Boxrouter 2.0 is mainly divided into 2D GR and layer
assignment, but its routing algorithm can also be directly
applied to multi-layer (3D) situations. The advantage of 2D
GR over 3D GR is that it requires less computing power and
memory because the routing graph shrinks significantly.

A global router based on the concurrent techniques was
presented by Behjat and Chiang [120]. The proposed tech-
nique includes an estimate of congestion in the routing area
to produce high quality routes. Besides, the routes that are
likely to be in the congested areas are discarded to reduce
the input sizes of the ILP. To increase the speed of the router
while keeping the quality of results optimal, an algorithm that
examines the characteristics of the possible routes in the ILP
formulation is used. This algorithm reduces the time to solve
the ILP problem by performing ILP in two stages. In the first
stage, the trees that have low cost in the objective function are
chosen. This set of chosen trees taken out of the ILP problem
and the size of the ILP problems are reduced. In the second
stage, the modified ILP problem is solved. By eliminating
trees in the first stage, significant improvements in solving
time are obtained. The router is able to gain global view of
whole circuit with solving times that are comparable to global
routers based on sequential techniques.

A scalable GR technique via ILP called GRIP was pro-
posed by Wu et al. [40]. GRIP works by decomposing the
chip into rectangular subregions together with their net
assignments to form smaller-sized subproblems. It then
applies an ILP-based procedure to solve the subproblems in
a systematic order. By applying ILP in a systematic manner,
GRIP obtained a significant improvement in solution quality
for benchmark instances but with prohibitively long execu-
tion runtimes. Later a parallel global router that is based
on an extended ILP procedure of GRIP was proposed by
Wu et al. [121], which can remove the synchronization bar-
riers between subproblems, effectively utilizing many more
processors and reducing runtimes to an acceptable practical
level.

The high volume and complexity of cells and intercon-
nect structures in modern designs are causing serious chal-
lenges to routability. Rapid congestion analysis is becom-
ing crucial to fix the routability problem at the early stages
of the design, for example during placement [122] and in
conjunction with GR [123], [124]. In modern designs, sev-
eral new factors contribute to routing congestion including
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significantly-different wire size and spacing among the metal
layers, sizes of inter-layer vias, various forms of routing
blockages (e.g., reserved for power-grid, clock nets, or IP
blocks in an SoC), local congestion due to pin density and
routing inside a global-cell, and virtual pins located at the
higher metal layers. However, none of the early estimation
techniques such as [125]-[128] capture these new sources
of congestion comprehensively. In [129], a fast framework
was presented, which aims to accurately predict the con-
gestion hotspots. The framework utilizes the flexible model
of GR that captures many necessary modern design fea-
tures. The framework relies on an ILP formulation. Since
solving the ILP formulation to optimality is impractical for
realistically-sized problem instances, this work also proposed
several new ideas for a practical implementation of the frame-
work to obtain a high quality approximate solution to the
formulation. An approximation method shrinks the origi-
nal ILP formulation without seriously degrading its solution
quality, as well as a way to integrate the solution of the
formulation with the traditional rip-up and reroute procedures
used by many GR frameworks. Furthermore, this work speeds
up the conventional rip-up and reroute GR procedures by
performing multiple rip-ups and a single simultaneous rerout-
ing of equivalent nets. It also provides a congestion-aware
layer assignment procedure to account for varying wire size,
spacing, blockages, and pins at different metal layers.

In addition, there are some ILP-based algorithms [8],
[130]-[133]. In [130], a top-down hierarchical method is
combined with the flat ILP-based GR approach, which can
optimize several GR objectives simultaneously and speedup
the computation time of the proposed ILP-based global
router. Sen [131] considered the GR problem of selecting
a maximum set of nets, such that every net can be routed
entirely in one of the given layers without violating the physi-
cal capacity constraints. The algorithm gives results which are
guaranteed to be within a certain range of the global optimal
solution and runs in polynomial-time. And it demonstrates
that the complexity can be significantly reduced in the worst
case prediction. Lu et al. [132] proposed a two-stage transis-
tor routing approach for CMOS standard cells. This two-stage
approach synergizes the merits of channel routing and ILP
approach. The segment-based ILP makes their router more
scalable than a grid-based ILP. Liu et al. [8], [133] combined
PSO and ILP to solve the GR problem under X-architecture.
They adopted the partitioning strategy to reduce the size of
the GR problem, thus contributing to the efficient solution of
the ILP model by PSO.

2) MULTICOMMODITY FLOW-BASED ROUTING

The objective of the GR problem is to allocate a limited set
of resources optimally to a given set of demands. In a way,
the nature of this problem is quite coherent with the problem
of finding optimal flows in a network [134]. A network is
a connected graph consisting of vertices and edges. In a
basic network flow model, there are two types of vertices:
One called the source and the other one called the sink.
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For one commodity, a certain amount of flow must be shipped
from the source to the target vertex. Each edge has a flow
capacity, which represents the upper limit of the flow allowed
through the edge. One form of the problem requires that as
much flow as possible be transmitted through the network
without exceeding any edge capacity, which is referred to
as the max-flow problem. The other form assigns a cost per
unit flow to each edge, and sets the problem objective to be
the minimization of the total transportation cost through the
network for a given flow from the source to the sink. This
formulation is called the min-cost flow problem. An advan-
tage of the network flow problem is that it can be solved in
polynomial time to obtain an optimal integer solution when
edge capacities are integers. A good description of network
flow methods can be found in the book by Ahuja et al. [135].
While it is not possible to model the entire GR problem as a
single commodity network flow problem, this technique can
be employed to solve some subproblems in GR [136], [137]
and can lead to high-quality solutions.

There is a special type of network flow model, the multi-
commodity flow problem, which can be applied directly to
the GR problem. In multicommodity flow problem, many
commodities must be shipped on a common network, and
each commodity has its own unique sources and targets.
When it is used to solve the GR problem, each net can be
regarded as a commodity. An advantage of this approach is
that the multicommodity flow problem can be formulated as
a linear programming problem. Since linear program solvers
are slow for the size of problems encountered in GR, research
on the multicommodity flow problem has mostly focuses
on heuristics and combinatorial approximation algorithms.
While sequential methods, rip-up and reroute and other
heuristics may be effective in practice, they do not provide
a specific answer as to whether a feasible solution exists.
In other words, if these methods fail to find a viable solution,
it is not clear whether this is because the feasible solution
does not exist or because of the shortcomings of the heuristic
method. In addition, when the heuristic method finds a feasi-
ble solution, it is not known whether the solution is optimal
or not, and how far it is from the optimal solution. However,
if we consider the GR problem as a multicommodity flow
problem, we can answer these questions. Multicommodity
flow-based technology can handle simultaneous routing of
multi-nets as a multicommodity flow problem. The main idea
is to model the nets as different commodities that flow in
the network of a routing resource graph. The flow problem
is typically solved by linear programming which results in
fractional flow. Therefore, the solution is discretized by the
randomization rounding method.

Given a graph G = (V,E),and V = {v1,v2,v3, ..., ¥}
is a set of n vertices and E = {eq,e2,e3,...,¢e,} 1S a set
of m edges. Some work defines this graph as a directed
graph, while others define it as an undirected graph. The
difference only affects the formalization of the problem. The
form of undirected graph is often used to solve the GR
problem of multi-pin net. In this graph, kK commodities must

68611



IEEE Access

H. Tang et al.: Survey on Steiner Tree Construction and GR for VLSI Design

be transported from some vertices to other vertices. In GR,
each net is regarded as a commodity and there is a set of
N = {Ni,Ny,N3,...,N;} commodities that are to be
shipped. For each commodity N;, a certain amount d;, namely
the demand, is required to be shipped. And each N; corre-
sponds to a net with more than one pin and each d; is always
one. Each edge has a flow capacity u(e) and cost c(e). In gen-
eral, two constraints must be met in a multicommodity flow
problem. The first is the demand constraint, which requires
that the the amount of flow shipped for each commodity
should be equal to its demand. And the second is the bundle
constraint, which means that the amount of flow passing
through each edge must not beyond its capacity u(e).
Reference [138] was the first to use the multicommod-
ity flow model for GR. The algorithm is based on directed
networks and is limited to two-pin nets. On the surface,
the algorithm is similar to the rip-up and reroute algorithm,
and gives an analysis of the convergence and convergence
speed of the algorithm, but there is no relevant analysis and
statement on the optimality. This router can be used for the
routing of chips and boards with rectilinear or nonrectilinear
channel topology in a multi-layer environment. This makes it
more universal than other known global routers. The router
is based on a multicommodity flow model in the graph form
with hierarchical cost function. This model is proved to be
NP-complete. By maximizing on each iteration the decrease
in the number of channels at the highest level of overflow and
the number of cells with overflown via count, it moves from
the optimal solution to an initial cost function in the direction
of the constraints. If a solution exists for each iteration, then
algorithm will converge in polynomially bounded number of
steps to the solution of the multicommodity flow problem.
If a solution does not exist for some iteration, then an escape
procedure is applied and the process continues. The objective
of escape procedure is find nets which have wrong topology
and are blocking improvement of the route distribution, then
change their topology by changing pairs of connected nodes.
A formulation for multi-terminal nets routing to multi-
commodity flow model was conducted by Raghavan and
Thompson [139]. The GR problem is formulated as a mul-
ticommodity flow problem: For each net, units of flow are
to be shipped from each pin to Steiner point. Their objec-
tive is to minimize the maximum flow among all edges.
The runtime of the algorithm is exponential in the num-
ber of terminals in a net but polynomial in the number of
nets and the size of the array. The algorithm is thus best
suited to cases where the number of terminals on each net
is small. Carden et al. [140] established the first reported
global router with a theoretical bound from the optimal solu-
tion, and they extended Shahrokhi and Matula’s two-terminal
multicommodity fractional flow algorithm [141] to obtain a
multi-terminal multicommodity integer flow solution. The
router uses a randomized rounding technique to derive a
discrete net connection with an error bound on the derivation
from the optimal fractional solution. And it improves the final
results by employing an iterative procedure. In the iteration,
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the cost of each edge is an exponential function of the
congestion.

Albrecht [39] modified the Garg and Konemann’s multi-
commodity flow approximation algorithm [142] to solve the
linear programming relaxation of GR problem. They used
Newton’s method as an additional optimization step. In this
way, not only the maximum relative congestion is minimized,
but also the edge congestion is evenly distributed. Besides
congestion, wirelength is also considered in this method.
Albrecht’s method is simpler and faster than Shahrokhi and
Matula’s algorithm [141].

C. PERFORMANCE-DRIVEN ROUTING

As device dimensions shrink rapidly, interconnect latency
plays a critical role in chip performance. Therefore, it is
becoming more and more important to minimize wirelength
and delay. Since interconnect latency has become a dominant
factor in determining system performance, it is no longer
sufficient to consider only congestion. Daboul et al. [143]
balanced a multitude of different objectives via the resource
sharing framework,such as timing, power and wirelength.
In the routing process, the addition of timing constraints
and power constraints is more in line with actual industrial
manufacturing and is of great significance in both theoretical
research and actual production.

1) POWER-DRIVEN ROUTING

Interconnect power consumption is a major challenging
research issue in deep submicron solutions that affect overall
circuit performance. Due to high packaging density of com-
ponents, power is increasingly becoming the bottleneck for
the design of high performance VLSI circuits. It is essential
to analyze how the various components of power are likely
to scale in the future, thereby identifying the key problem-
atic areas. While most analysis focus on the timing aspects
of interconnects, power consumption is a very important
indicator.

Global interconnect delay has dominated over gate delay
in recent technologies. Though optimal buffer insertion
minimizes interconnect delay, it poses large power over-
head [144]. In deep submicron design, many thousands of
repeaters have to be used. In general, the repeaters are
optimally sized and separated to minimize the intercon-
nect delay. However, since these optimally sized repeaters
are quite large and also dissipate a significant amount of
power, the total power dissipation by such repeaters in
large high-performance designs can be prohibitively high
and they can cause severe routing congestion. Designers
must seek a trade-off between performance and power. The
optimal repeater insertion technique is used to minimize the
wirelength (shortest path between source to sinks), power
dissipation and wire size. This wire size is inversely pro-
portional to the power dissipation and buffer insertion is
directly proportional to the power dissipation. Nallathambi
and Rajaram [145] used PSO to consider buffer inser-
tion, buffer size adjustment, and wire sizing to minimize
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interconnect power consumption. The shortest path con-
straints, buffer insertion constraints, and wire size constraints
are considered for analysis and optimal power distribution.

Yang et al. [146] proposed an on-chip routing scheme
based on a new power model and a dynamic XY rout-
ing algorithm that provides adaptive routing based on adja-
cent congestion conditions, and ensures deadlock-free and
lovelock-free routing at the same time. The solution adjusts
the routing strategy based on power conditions, optimizes
power allocation, and avoids hot spots in the network. Effec-
tively adjust the power allocation of the network to meet
the power balance requirements, and the loss of network
performance is negligible.

Wu et al. [147] proposed a method of GR to minimize
interconnect power. They used a Multiple Supply Volt-
age (MSV) design in which a level shifter was added to
the network to connect the drive unit to the receiver unit
with a higher supply voltage. The level converter is modeled
as an additional terminal in the GR process, and an initial
solution is given. With the minimum wirelength as the tar-
get, a winding method is proposed, which further saves the
interconnection power. When the path is bypassed by this
process, the overflow is not increased, and the increase in
the wirelength is limited. Opportunities for energy savings
include: 1) reducing the area of the capacitor by bypass-
ing the lower the metal layer from the higher metal layer,
2) reducing the coupling capacitance between adjacent lines,
and 3) considering the routing of each segment of different
power-weights network level converter (capturing the corre-
sponding supply voltage and activity factor). A mathematical
formula is presented in this paper to capture these energy
savings opportunities and solve it using integer programming
techniques.

As Swarm Intelligence algorithms have been shown to
have good application prospects in solving NP-hard prob-
lems, Arora efal. proposed an algorithm based on ACO
in [148]. The combination of ant colony learning strate-
gies provides a multi-agent framework for combinatorial
optimization. It applies the ant colony algorithm to the
NP-hard problem of VLSI chip interconnect routing, which
is to find the optimal routing with the smallest capacity. The
goal of this algorithm is to minimize power consumption
by simultaneously minimizing wirelength, capacitance, and
vias.

The latest developments in nanotechnology in different
industries and the growing demand in the microelectronics
market for high performance, high complexity and low power
on chip systems are driving EDA vendors to explore and
innovate at all stages and aspects of the design development
cycle. Nowadays, some IC factories have achieved mass
production of 7 nm chips and attracted many industries to
use the technology in their future devices. This market trend
presents many challenges for EDA vendors as well as PD and
validation experts who need to consider many new physical
constraints and design rules to meet foundry requirements.
On the other hand, 7 nm node has new opportunities and
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advantages that the early design node did not have. With
regard to 7 nm designs, Chentouf et al. [149] had achieved
better clock power reduction without affecting circuit timing
or area. They take advantages of the large resistivity differ-
ence between Self Aligned Double Patterning (SADP) and
non-SADP layers to reduce the total clock parasitic load that
the clock driver balances, reduce the number of inverters and
buffers needed to drive all the clock leaf units, and, most
importantly, reduce clock power.

2) TIMING/DELAY-DRIVEN ROUTING

With the rapid development of technology, timing has
become more and more important in modern design. A num-
ber of techniques have been used to reduce circuit latency
during routing. The GR greatly impacts the timing behavior
of a chip. If the routing performs detours to avoid conges-
tion, timing constraints might get violated. In fact, critical
nets are competing for using congested routing resources.
A good timing-driven routing tree structure can significantly
affect layout and routing. As circuits become more complex,
previous algorithms may not be effective in modern design.
In modern integrated circuits, interconnections can cause
considerable signal delays. Therefore, interconnect delays
should be taken into account in routing. There are two main
optimization objectives of timing-driven routing. One is:
maximum sink delay, that is, the maximum interconnection
delay from source to any sink in a given net. The other one is
the wirelength, which affects the load-dependent delay of the
net’s driving gate.

Given a signal net, let 5o be the source node, and sinks =
{s1,$2,...5,} be the sink. Let G = (V, E) be the corre-
sponding weight map, where V = {vo, vi, ..., v,} represents
the source and sink points in net, and the edge e(v;, vj))€E
represents the routing costs between endpoints v; and v;. For
any spanning tree 7' on G, let radius(T) denote the length of
the longest source-sink path in spanning tree 7', and cost(T)
denote the sum of the weights of all edges of T, that is,
the total routing cost.

Since the source-sink length reflects the signal delay
between source and sink, the length is linear with the delay
and is closely related to the Elmore model [150], [151].
Therefore, in timing-driven routing, it is an ideal choice to
use the routing tree to simultaneously obtain the minimum of
the radius and cost. However, for most signal nets, the radius
and cost cannot reach the minimum at the same time. How
to achieve a good compromise between the two is the key
to timing-driven routing. Figure 20 shows a compromise
between radius and cost, with the sign on it representing
the cost of the edge. Figure 20(a) has the smallest radius,
the shortest possible path length from source to individual
sinks. Therefore, it is a shortest path tree that can be con-
structed with Dijkstra. Figure 20(b) has the least cost, so it
is a MST that can be constructed with the prim algorithm.
Figure 20(a) and Figure 20(b) are not practical due to their
large cost and large radius, respectively. Figure 20(c) has
achieved a good balance between the two.
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FIGURE 20. Tradeoff in tree construction. (a) A shortest-paths tree. (b) A minimum-cost tree. (c) A compromise with respect to

radius and cost.

Qiao and Hong et al. [152] proposed a loop routing perfor-
mance optimization approach. This method creates loops in
the existing routing trees to reduce the delay of the selected
critical path or the maximum delay of the net. The intercon-
nect tree is formulated as a tree of distributed transmission
lines, and the Elmore delay is used for delay calculation. This
method introduces new links with appropriate R, C values by
reference nodes and key nodes in the existing tree topology,
significantly reducing the delay of the selected critical path
or the maximum delay of the network. And it gives the
wirelength selection on the basis of pre-calculated time delay
of node and the resistance and capacitance array.

In [153], Hong et al. developed a timing-driven global
router called TIGER. This global router is based on a mul-
ticommodity flow model, similar to [140]. This approach
requires the construction of a Steiner tree for each net to
minimize congestion. In addition to congestion, this approach
also includes timing issues to always satisfy path-based tim-
ing issues. The delay model used in the router TIGER uses
the upper bound of the signal propagation delay in the RC
tree. The definition is as follows: Let R; denote the driver
resistance and Cy, denote the load capacitance of each sink.
The resistance and capacitance of the wire per unit length are
r and c respectively. Consider a net N = {vg, v{, v, ...},
where vq is the source node and others are the sink nodes.
A routing tree T of length W is constructed for N: For a sink
point v; in the net N, if the length of routing path from the
source point vg to the sink point v; is p,-(vg, v;), the upper limit
of the delay is defined as follows:

tup(vi) = B(Rg + rpr(vo, vi))(cW + CL) &)

where § = 2.21, indicating that the signal reaches 90% of
the final value, which represents the point at which the signal
reaches 90% of its final value.

One of the ultimate goals of timing-driven design is to
achieve a specific clock cycle time so that each register-
to-register delay along each path is less than a certain con-
straint. This is called a path-based constraint. There are
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FIGURE 21. An example of timing graph.

usually multiple wire meshes along the path between two
adjacent registers, as shown in Figure 21, where the critical
path is (v, v2,v3,v4) and the nets N; and N, are along
this path. However, in net-based approaches, the path delay
constraint is decomposed into a set of timing budgets assigned
to the nets. If these budgets are allocated poorly, some nets
located in congested areas may not have adequate timing
slack to achieve a feasible routing avoiding the congestion.
In TIGER, the routing tree is chosen so that the timing con-
straint along the critical path can be satisfied, which provides
greater flexibility than the net-based constraints. Similarly,
the method of Wang ef al. [154] is also based on the path.
It preferentially routing each critical synchronization path
and minimizes its delay.

Many modern routers use the FLUTE algorithm as the
basic method for constructing the Steiner tree, while in [155]
another method called Modified Algorithm Dijkstra (MAD)
is proposed to construct timing-driven Steiner tree for each
net. The Elmore delay of the tree constructed by MAD and
FLUTE is almost the same. Next, they used a gradient algo-
rithm to reduce congestion. Reference [155] utilizes the MAD
is iteratively to generate a set of perspective trees for each net,
and then applies a gradient method to select a unique tree for
each net, so that the capacity of the routing path is minimal.
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Cong and Madden reported a timing-driven GR method
for standard cell design in [156]. The method first constructs
a minimum spanning tree for each net. The experimental
results show that in the standard cell design, the wirelength
reduction from MST to the approximate Steiner minimum
tree is limited. If an MST cannot satisfy its time constraints,
a timing-driven tree topology [157] and wire sizing tech-
niques [158], [159] are used to ensure that timing constraints
are met. On this basis, the routing topology of the critical
net is determined, and a simplified connection diagram is
constructed for non-critical nets. Finally, congestion is mini-
mized by an iterative deletion process [160].

Hu and Sapatnekar [137] optimized congestion and delay
simultaneously, and these two indicators are usually com-
peting with each other. Their method provides a general
framework that can use any single-net routing algorithm and
any delay model in GR. It is based on the observation that
there are several routing topology flexibilities under timing
constraints. These flexibilities are exploited for congestion
reduction through a network flow based hierarchical bisec-
tion and assignment process. The algorithm can be roughly
divided into three stages: In the first stage, each network
is routed to meet its timing constraints, but there is no
need to consider congestion. At this stage, any single-net
performance driven routing method can be applied here.
In the second stage, a routing region is recursively bisected
into subregions in a top-down manner. Then assigning soft
edges to boundaries along the bisector, where the length
of the soft edge is fixed but the precise edge route is not
determined. The last step is a timing-constrained rip up and
reroute process. It rips up the edges on a set of most congested
boundaries and reroutes them through maze routing. The dif-
ference from traditional rip-up and reroute is that it imposes
restrictions on the length of the edges to ensure that timing is
not violated.

Huang er al. [161] formulated the timing-driven multi-
layer OARSMT problem and proposed an algorithm to solve
the problem. Their optimization goal is to minimize the
maximum source-to-sink length. Their approach includes
multi-layer timing-driven partitioning, the construction of a
multi-layer routing tree with barriers, and the construction of
a timing-driven multi-layer balanced tree.

Net-based delay bounds were proposed by
Huang et al. [162], rejecting Steiner trees that violate the
delay bound. Path-based delay bounds were proposed by
Hong er al. [153], discarding Steiner trees for a net that result
in a delay violation of a path through that net. Differently,
net-based and path-based delay bounds were considered by
Vygen [163]. Here, delay bounds on paths are treated in
the same way as routing space constraints. That is, delay
violations are not banned but minimized simultaneously with
congestion.

Samanta et al. [164] precomputed a set of alterna-
tive timing-driven Steiner trees for each net. Then, they
found near-optimal fractional solutions minimizing the total
quadratic over-congestion, choosing convex combinations
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of the pre-processed alternatives. Besides, they proposed a
Gradient algorithm for minimizing the total overflow. This is
a concurrent approach considering all the nets simultaneously
contrary to the existing approaches of sequential rip up and
reroute.

Recently, Held et al. [165] proposed a new model based on
the min-max resource sharing framework. This framework
integrates all static timing constraints as a linear number of
additional resources and customers into the resource sharing
model for GR, and works for RC-delay, linear delay, and
other delay models in which a net determines the delay
through its driving gate and the net itself. The algorithm can
dynamically adjust the delay budget to balance the congestion
and delay. An implicit delay budgeting is done as part of the
algorithm. In addition to timing, net length, power consump-
tion, or manufacturing yield can simultaneously be bounded
or optimized. Their implementation contains speed-up tricks
and runs fast also for nets with many terminals. Besides, Yan
and Yen [166], [167] proposed two delay-driven routing tree
for graphene nanoribbon based devices and interconnects.

VI. RELATED DISCUSSIONS

Early GR only considered overflow and wirelength. With the
development of VLSI design, modern GR faces different con-
straints and various optimization goals. Figure 22 shows the
distribution of different optimization objectives for GR over
the past decade. It is easy to see that more and more factors
are considered in the routing process, such as: vias, delay,
timing, power consumption etc. to further optimize chip per-
formance. With the continuous development of modern tech-
nology, the industry urgently needs an efficient automated
routing process. The researchers summarized the character-
istics of routing problems in different design environments,
and built a series of routing models and evaluation models to
adapt to various new types of processes, such as: MDSV GR
in IC design, new problem models under the advanced via
pillar process.
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FIGURE 22. Distribution of different optimization objectives for GR over
the past decade.

A. GR FOR MDSV DESIGN
In today’s large-scale integrated circuit design, with the
development of process technology, the transistor density
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of nanoscale Complementary Metal-Oxide Semiconduc-
tor (CMOS) circuit has increased dramatically in the past
30 years, resulting in the increase of power consumption den-
sity in the circuit. According to research, the power density
on the microprocessor increases twice as fast every three
years. Such high power consumption will cause the chip’s
heat dissipation performance to receive great pressure, so that
the temperature will overheat, making the circuit reliability
and safety decreased. At the same time, when the chip over-
heats, the chip performance will also drop sharply. Therefore,
the problem of power consumption has to be taken seriously.
However, at present, most of the GR algorithm is to reduce the
overflow, wirelength and calculation time as the optimization
goal, and all the functional components are working in the
same voltage mode. As the density of chips increases, power
consumption increases. High power consumption shortens
the battery life of portable devices, causing heat dissipation
and reliability problems. In the traditional voltage supply
mode, it is easy to cause excessive unnecessary power con-
sumption. This is because all the functional components of
the chip work in the same high voltage mode, and some other
devices that could work in the lower voltage mode also work
at high voltage, increasing the power consumption of the chip
and thus reducing the battery life.

In order to change this voltage supply model, industry chip
companies and researchers have proposed a multi-voltage
design model, which can effectively reduce power con-
sumption by controlling the voltages of different functional
components through complex control strategies. Therefore,
multi-voltage design is widely used in high-end applications
or low-power applications. In recent years, compared with
MSYV design, MDSV technology can further reduce power
consumption. In MDSV design, the voltage of each power
local region can be changed dynamically according to the
corresponding power mode. In some power modes, such as
energy-saving mode, waiting mode, sleep mode and so on,
some power locales can even be set to completely off state to
save power.

Total power consumption typically includes static power
and dynamic power. Static power consumption is caused by
leakage of current, while dynamic power consumption is
caused by switching of the active state of the device. In mod-
ern circuit design, most of the total power consumption is
dynamic power, which is proportional to the square of the
supply voltage. Although lowering the supply voltage can
greatly reduce dynamic power consumption, it also reduces
the speed and performance of the device. MDSV is typi-
cally used in high-end or low-power applications because
they effectively reduce dynamic power consumption through
complex control of voltage across different functional
units.

The proposed MDSV brings new opportunities and chal-
lenges to the PD of VLSI circuits. The proposed MDSV
brings new opportunities and challenges to the PD of VLSI
circuits. It puts forward new requirements for the PD process
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with MDSV as the basic model including floorplanning,
layou, placement and routing, etc. And it also poses a great
challenge to the study of EDA tools, especially for the global
routers. Reference [168] was the first time to construct the
corresponding GR for multi-dynamic voltage design mode.
As the first study on MDSV-GR problem, they defined the
Power Domain-Aware Routing (PDAR) problem, and pro-
posed point-to-point PDAR algorithm, forward-looking path
selection method and lookup table acceleration method. For
multi-pin net routing, a new constant schedule lookup mecha-
nism is used that quickly calculates the lowest cost monotonic
path from each node to the target subtree by calling four
enhanced monotonic routing. However, it had oversimplified
the mathematical problem of the MDSV design pattern, and
failed to conduct corresponding experimental research from
the goal of reducing power. In MDSV design mode [169],
the net may pass through more than one power localiza-
tion, some of which may be off while others are still in
active mode. For a live net with long detour length in the
closed power domain, a functional conflict may occur if
the repeater is placed in the closed power domain. There-
fore, limiting the detour length of the live net in the closed
power domain is a very important general routing problem
in MDSV design. A maze routing algorithm with length
restriction was proposed in [170] to control the wirelength
of the routing path. Meanwhile, [71] also proposed an SMT
construction algorithm which take into account the limitation
of the wirelength within the obstacle. However, neither of
them took into account the different length constraints under
different power supply localization. Therefore, the GR in
reference [71], [170] may still produce some illegal routing
results under MDSYV design.

The existing research on MDSV design mode is mainly
focused on some local stages such as layout and clock tree
construction, lacking an effective and complete solution to
the GR problem under MDSV design. If the novel MDSV
is introduced into the general routing stage, new general
routing problems will be generated, including new constraints
and mathematical models, and effective algorithms need to
be proposed. According to the investigation and research
conducted by the research group and chip design related
companies including Cadence Design Systems in the United
States, we found that the research on the GR algorithm under
MDSYV design can effectively reduce a large amount of power
consumption, while the current academic circle lacks the
research on the GR algorithm under MDSV Design. In fact,
in order to solve the problem of dynamic power consumption,
scholars have developed some new tools based on MSV,
MDSV and other related technologies. However, in these
tools, the relevant routing algorithm needs to make some
changes to solve the routing problem in the new design mode.
Therefore, looking for an effective MDSV design under the
GR algorithm, the construction of an efficient low-power GR,
not only has important theoretical value, but also has practical
manufacturing significance.
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B. GR FOR VIA-PILLAR TECHNOLOGY

In routing process, in addition to considering the wirelength
optimization goal, it is more necessary to consider the perfor-
mance optimization goal such as time delay. With the devel-
opment of process technology, the resistance of metal lines
and vias increases exponentially, which brings more stringent
constraints to traditional routing-related algorithms, leads to
the existing methods being prone to excessive delay/timing
problems and seriously affects the performance of the chip.
To this end, Synopsys and Taiwan Semiconductor Manufac-
turing Company jointly launched via-pillar, a key process
in 2017, as a representative technology for chip performance
in designs of 7 nm and below [171]. The via pillar approach
using metal layer promotion and multiplewidth configurable
wires. This fully automated via pillar design flow mitigates
the high resistance impact, thus greatly providing the delay
optimization ability and realizing the overall performance
optimization of the chip. Besides, due to multiple vias can
be placed side by side, the manufacturability of the chip is
improved. The proposal of via-pillar technology brings new
opportunities and challenges to the physical design of VLSI
circuit, that is, it puts forward new requirements in planning,
layout, routing and parameter extraction, etc., as well as
great challenges to EDA design tool research, among which,
routing is most closely connected [171].

After the introduction of the via-pillar process, many
problems in the traditional routing stage, including layer
assignment, track assignment, detailed routing, etc., need
to be updated. It is necessary to construct a new prob-
lem model under the via-pillar process, and then design
the corresponding effective algorithm. Related issues under
the via-pillar process have become more complex, requiring
careful consideration of via location, via size issues, and
latency optimization issues. However, the research work on
the traditional routing problem mostly regards the via as
having no shape and size. The size and position of the via hole
are not considered in the processing of the related routing sub-
problem, which leads to the inconsistency between the final
routing result and the actual chip design requirement, and the
failure rate of chip production is intensified. At the same time,
the industry still implements some manual implementation
of the related routing problems under the via-pillar process.
At present, there is still lack of an effective automated design
process. Therefore, it is of great theoretical and practical
significance to seek an effective automated routing algorithm
under the via-pillar process.

In recent years, the work of layer assignment have not
only targeted the minimization of the number of vias, but
further attempt to reduce the delay of the layer assign-
ment scheme [172]-[175]. Reference [176] uses a nego-
tiation mechanism-based algorithm to jump out of local
optimum, thus obtaining a better layer assignment scheme.
Reference [172] extends the algorithm of [176], and con-
siders the delay and congestion problem, and proposes a
time-driven dynamic programming algorithm to deal with
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the layer assignment problem of multi-layer nets. In order to
accurately estimate the delay, [158], [174] further consider
the delay of the vias. Reference [175] further considers the
influence of capacitive coupling on delay, and proposes a
delay-driven layer assignment algorithm based on negoti-
ation mechanism. However, these considerations for delay
optimization do not take into account the size of vias. It is
assumed that vias do not occupy routing resources and do not
affect the routing of the metal wire, which seriously affect the
accuracy of GR’s final results.

Existing research work on layer assignment problems
either does not consider the delay problem, or does not
consider shape of the via, which is far from the actual chip
design requirements. After the introduction of the via-pillar
process, the relevant routing model needs to consider the
existence of via size, and the key performance index of delay
optimization. Therefore, the existing layer assignment algo-
rithm no longer applicable to the layer under the via-pillar
process. For layer assignment problems, researchers need to
design corresponding effective algorithms. The introduction
of the via-pillar process can effectively optimize the delay and
improve manufacturability. Therefore, the effective solution
algorithm for global routing under the via-pillar process is
also a crucial problem worth exploring.

VIl. CONCLUSION AND FUTURE WORK
SMT construction in VLST has been the focus of researchers.
This is one of the most important steps in the process of VLSI
physical design and it is important for GR. For the prob-
lem of SMT construction, this paper studies SMT, OASMT
and LRSMT respectively. Early SMT construction had little
regard for obstacles, which were clearly not practical for
industrial design. With the development of integrated circuit
technology, the modern VLSI design have shifted toward the
system-on-chip paradigm, more and more obstacles appear in
the physical design process, such as some pre-routed nets and
macro cells and intellectual property blocks, which makes
the OASMT a hot spot for researchers to study. In practical
design, routing areas typically contain multiple routing lay-
ers. Equipment often only occupies the equipment layer and
some lower metal layers, does not completely block the wires.
When routing on a higher layer, wires may pass through larger
obstacles. However, the repeater cannot be placed inside
obstacles. It is indeed possible to avoid obstacles by increas-
ing the wirelength, but it can lead to capacitance, conversion
and timing violations. Therefore, it is necessary to relax the
routing resources in the routing process, so that wires can pass
through obstacles to a certain extent, thus ensuring timing
closure. In other words, LRSMT is closer to actual industrial
design. In the future, work on SMT construction should focus
more on issues based on LRSMT, and further consider con-
straints such as multi-layer, timing, and buffer-insertion.

For the GR aspect, there is no perfect solution, and each
method has its strengths and weaknesses. If one needs a
simple yet reasonably effective approach, perhaps sequential
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method is the best choice. When computation speed is a
crucial issue, hierarchical methods can be applied. Besides,
the method based on ILP can find the optimal solution in
theory, but only approximate solution can be obtained in prac-
tice due to the huge amount of computation. By far the best
global routers are sequential methods based on heuristic algo-
rithms. However, some existing work has used distributed
algorithms to greatly reduce the time to solve ILP. We have
reason to believe that in the future, with the development of
hardware, distributed algorithms and parallel algorithms will
play a very important role in GR. In addition, as portable
and wearable devices become more and more popular, longer
battery life has become an indispensable feature of mobile
devices. Today’s chip designs often require high performance
while maintaining low power consumption, which makes
power-driven GR becomes a research hot spot. The proposal
of MDSV is in line with this trend, which can significantly
reduce power consumption. Therefore, it is of great theoret-
ical value and practical significance to find an effective GR
algorithm under the MDSYV design and construct an efficient
low-power global router.

And for interconnect delay, the resistance of metal wires
and vias increases exponentially, which places stricter con-
straints on traditional routing-related algorithms. This results
in the existing methods being prone to higher delays and
timing violations during the routing process. Via-pillar tech-
nology can greatly reduce resistance due to the ability to place
vias side by side. However, the existing GR algorithms hardly
consider the actual size and shape of the vias. After introduc-
ing the via-pillar technology, many problems in the traditional
routing stage need to be changed, including layer assignment,
track assignment, etc. In the future, it is necessary to define a
uniform problem model under the via-pillar process, and then
design the corresponding effective algorithm.

Finally, we want to point out that some machine
learning-based methods have been applied to the substages of
GR, such as congestion prediction, and achieve good results.
Compared with traditional routers, these methods are ten
times faster than traditional global routers at predicting con-
gestion. In other words, the machine learning-based methods
have great prospects in the application of GR. Today, 7 nm
chips have achieved mass production, which brings more
powerful performance to mobile devices. VLSI technology
will continue to improve people’s quality of life, while SMT
construction and GR will continue to play crucial roles in
VLSI physical design.
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