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Abstract—Global routing for modern large-scale circuit designs
has attracted much attention in the recent literature. Most of
the state-of-the-art academic global routers just work on a
simplified routing congestion model that ignores the essential
via capacity for routing through multiple metal layers. Such a
simplified model would easily cause fatal routability problems in
subsequent detailed routing. To remedy this deficiency, a more
effective congestion metric that considers both the in-tile nets
and the residual via capacity for global routing is presented.
Experimental results show that our global router can achieve very
high-quality routing solutions with more reasonable via usage.

Index Terms—Congestion, global routing, layout, physical
design.

I. Introduction

AS INTEGRATED circuit (IC) technology continues to
advance, the number of transistors per die will still

grow dramatically in the near future, which incurs substantial
manufacturing challenges, especially for the modern very-large
scale routing. As indicated in [2], [14], routing is a key step
to bring the design-for-manufacturability/yield (DFM/DFY)
upstream into the design process, since it determines most
of the layout geometries in the physical design flow.

Due to its high complexity, routing is often based on a few
basic techniques. As pointed out by Scheffer in [31], “Routing
is the blue collar work of IC design. There are no conceptual
difficulties and very little use of higher mathematics.” In order
to tackle the complexity and make it manageable, the routing
problem is usually solved by the two-stage approach of global
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routing followed by detailed routing. The routing area is ini-
tially partitioned into tiles, and then global routing decides the
tile-to-tile paths for all nets to guide the subsequent detailed
routing that determines the exact tracks and vias of nets.

A modern chip may contain billions of transistors and
millions of nets. To handle the increasing complexity, a high-
quality global router is desired. As reported in [27], a placer
integrated with an efficient global router as an interconnect
model has a great potential to enhance the optimization con-
sistency of placement and routing. In addition, suffered from
the manufacturing closure issues, global routing is the key
step to address various nanometer electrical effects, such as
crosstalk [36] and chemical-mechanical polishing (CMP) [7].
In 2007 and 2008, the Association for Computing Machinery
(ACM) International Symposium on Physical Design (ISPD)
held global routing contests to boost the research [17]. The
2007 contest released two sets of benchmarks for 2-D and
3-D global routing and defined a performance cost metric
which ranks the routing results based on the prioritized order:
1) the total overflow; 2) the maximum overflow; and 3) the
total wirelength. The 2008 contest further considered the trade-
off between wirelength and runtime. The contests signify
the importance of global routing and substantially drive the
evolution of global routers.

A. Related Work

Recently, many academic global routers were developed
based on some well-studied routing techniques, including
the sequential (e.g., maze [20] and A*-search [10] routing)
and concurrent [e.g., multicommodity flow [1] and integer
linear programming (ILP) [16]] approaches. Kastner et al. [19]
developed Labyrinth which applies pattern routing by using
L-shaped (1-bend) and Z-shaped (2-bend) patterns to speed
up the routing. Cho et al. [6], [8] presented BoxRouter
which adopts progressive ILP, adaptive maze routing, fol-
lowed by negotiation-based rip-up and rerouting that has
been successfully applied to field-programmable gate arrays
(FPGAs) (PathFinder [21]) and recent global routers
(FGR [29], Archer [24], NTHU-Route [13], and NTUgr [4]).

Ozdal and Wong [24], [25] developed the Archer global
router, which employs a framework for a smooth trade-off
between overflow and wirelength minimization and applies a
Lagrangian relaxation based topology improvement algorithm
to minimize congestion while satisfying a wirelength bound.
Pan and Chu [26], [28] developed FastRoute which utilizes
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a fast lookup-table based congestion-driven rectilinear Steiner
minimal tree [9], dynamic programming (DP) monotonic rout-
ing, and multisource multisink maze routing. Gao et al. [13]
developed a congested region identification method to specify
the rip-up/rerouting order for nets and adopted a refinement
process to further reduce routing overflow. FGR and Maize-
Router are the winners of the ISPD’07 global routing contest
in the 2-D and 3-D categories, respectively. FGR [29], [30]
used the minimum spanning tree for flexibility preservation
and incorporated a discrete Lagrange multipliers scheme into
negotiation-based rip-up and rerouting. MaizeRouter [22], [23]
employed a new data structure for net decomposition and
developed new techniques such as extreme edge shifting,
edge retraction, and net defragmentation to achieve high-
quality solutions. NTHU-Route 2.0, NTUgr, and FastRoute
3.0 are the winners of the ISPD’08 global routing contest.
NTHU-Route 2.0 [3] modifies the history-based cost function
and the rerouting order based on NTHU-Route. NTUgr [4]
applies iterative forbidden-region rip-up/rerouting with look-
ahead historical cost increment. FastRoute 3.0 [35] integrates
a techniques named virtual capacity into FastRote 2.0. Further,
FastRoute 4.0 [33] uses via-aware Steiner tree generation and
three-bend routing to reduce the via count.

B. Our Contributions

Although the recent global routers demonstrate their superi-
ority over the ISPD’07 benchmarks, we shall point out that the
global routing contest just handled a simplified (possibly, over
simplified) global routing problem, without considering some
crucial design rules such as vias for routing through multiple
metal layers. For example, the released 3-D benchmarks of
the contest only set vertical and horizontal capacities and lack
the via capacity between layers, which allows the participants
to directly map their 2-D routing solutions to 3-D ones by
layer assignment [8], [29]. These simplifications may not be
realistic for practical applications [32].

Specifically, all these routers ignore the residual via ca-
pacity in a routed region, which might complicate subse-
quent detailed routing. Chen and Cengiz [5] measured routing
congestion with via consideration, but their model is too
complex to handle large-scale circuit designs. For example,
their experiments handled only three-track global tiles while
the track number of a global tile in the ISPD’07 benchmarks
can be up to 55. As shown in Fig. 1(a), a tile may contain both
stacked and unstacked vias during detailed routing, and all
the stacked vias occupy extra resources. The in-tile wires are
referred to as the wires routed inside the tile, while the cross-
tile wires run through the tile. For example, routing wires of a
net whose pins locate in the same tile are in-tile wires. In-tile
wires affect not only wire capacity [11] but also via capacity
because the in-tile wires might block other detailed routing
paths to pass through this tile. As the configuration shown in
Fig. 1(b), a misled global router may guide other nets into
a tile already full of in-tile wires since the via capacity is
not considered, which would greatly degrade the routability
of subsequent detailed routing. In addition, the via capacity
would decrease as the number of cross-tile wires increases;
Fig. 1(c) shows that the residual via capacity highly depends

Fig. 1. Routing abnormality incurred by a pathological global routing con-
gestion metric. (a) During detailed routing, a global tile may contain stacked
and unstacked vias. (b) Tile with four routing tracks is full of in-tile wires.
Without considering the via capacity, a misled global router may route more
stacked vias through this congested tile. (c) Residual via capacity decreases
as the cross-tile wires increase, which is also ignored in the congestion metric
for the ISPD global routing contests.

Fig. 2. Resource-analysis example for a tile. (a) Tile with vias and wires.
(b) Lower-bound demand which represents the resources occupied by in-
tile wires, stacked vias, and wires that directly cross two tile boundaries.
(c) Estimated demand which represents the lower-bound demand and wires
that cross one tile boundary.

on the cross-tile wires, which changes dynamically during
routing. Consequently, the resulting global routing solutions
(even without any overflow) may not lead to the completion
of detailed routing, which might further complicate the routing
problem and worsen the design convergence.

To justify our findings, we analyzed the six circuits from
the best-seen 3-D global routing results of FGR 1.1 [12],
which are considered “overflow-free” by measuring the
congestion at the tile boundary only. Fig. 2 shows a resource-
analysis example. Fig. 2(a) shows a routing example for a
tile. Fig. 2(b) shows the lower-bound demand of the tile,
considering in-tile wires, stacked vias, and wires that directly
cross two tile boundaries. Fig. 2(c) shows the estimated
demand of the tile, considering the lower-bound demand and
cross-tile wires that cross only one tile boundary. We plotted
the maximum occupied area of vias and wires in a tile with
respect to the tile area in Fig. 3, where “resource” represents
the tile area, “lower-bound demand” denotes the lower-bound
demand which equals the maximum area of the wires and vias
that directly pass through the tile, and “estimated demand”
gives the average demands which equals the approximate
area (measured by the half-tile length) of the wires that cross
through the boundaries of the tile. As shown in this figure, we
found that five out of these six “overflow-free” circuits (except
newblue2) have their tile areas smaller than the corresponding
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Fig. 3. Analysis of the six best seen 3-D global routing results of FGR
1.1 [12], which are considered “overflow-free” by measuring the congestion at
the tile boundary only. For five “overflow-free” circuits (except the newblue2),
their tile areas are smaller than the corresponding lower-bound demands;
subsequent detailed routing would fail if it follows these misleading global
routing results.

lower-bound demands, which would create over-congested
routes within a global tile; further, subsequent detailed routing
would fail if it follows these misleading global routing results.

In order to reduce the gap between global routing and
detailed routing, we shall consider via usages and in-tile nets
for our global routing congestion model. Besides, we observe
that the popular DP based monotonic routing that has been
successfully applied to the 2-D cases [13], [28] cannot be
directly extended to the 3-D ones. The reason is that the 2-D
routing graphs are directed acyclic when the routing paths
are constrained to be monotonic, and thus finding a shortest
path on a directed acyclic graph can be done in linear time.
However, the 3-D routing graphs are not directed acyclic when
the routing paths are constrained to be aerial-monotonic [A
routing path is said to be aerial-monotonic if it does not contain
any detour from the aerial (top) view.]. To remedy these defi-
ciencies, we propose an efficient algorithm to find the optimal
aerial-monotonic routing paths, and extend the algorithm to
handle the detoured routing in only linear time. The major
contributions of this paper are summarized as follows.

1) We develop a more effective congestion metric that
considers in-tile wires and residual via capacity for
global routing. This metric can prevent our router from
producing over congested global tiles that would com-
plicate subsequent detailed routing.

2) Two types of routing paths, the aerial-monotonic and
escaping-point routing paths, are introduced. The aerial-
monotonic routing extends the efficient 2-D monotonic
search to a 3-D routing graph, whereas the escaping-
point routing allows reasonable detours to reduce the
congestion and overflow.

3) With our congestion metric, we develop a new global
router that features two novel routing algorithms for
congestion optimization, namely aerial monotonic rout-
ing and multisource multisink escaping-point routing.
In a routing box of V nodes, in particular, the O(V )-
time escaping-point routing algorithm guarantees to find
the optimal solution and achieves the theoretical lower-
bound time complexity. Compared with the O(V lg V )-
time complexity of the multisource multisink maze
routing [28], our router can effectively find routing paths
in faster runtime.

Fig. 4. (a) Routing region contains 3× three global tiles. (b) Corresponding
3-D global routing graph with three layers of (a). Each tile is represented
by a global tile node, and the relationship between two tiles is modeled by
an edge. Note that each layer has a preferred horizontal or vertical routing
direction shown in this figure.

4) Compared with the state-of-the-art global routers, the
experimental results show that our global router can
achieve better routing solutions with more reasonable
via distribution that can benefit and correctly guide
subsequent detailed routing.

The rest of this paper is organized as follows. Section II
describes the routing model and the problem formulation.
Section III presents the methodologies and the algorithm flow
of our global router. Experimental results are reported in
Section IV, and the conclusion is given in Section V.

II. Problem Formulation

We partition the routing region into tiles (or called global
cells) and model the routing region as a 2-D or 3-D routing
graph composed of nodes and edges. The 2-D routing graph
contains only a horizontal and a vertical layers, whereas the
3-D one has at least three layers. Fig. 4(b) illustrates a three-
layer 3-D routing graph that models the routing region of
Fig. 4(a). In the routing graph, the global tile node represents
a tile, while the global edge (edge in short) models the
relationship between adjacent tiles, e.g., the edge in the x or
y-direction represents the boundary between adjacent tiles in
the same layer, and the edge in the z-direction models the
layer transition between tiles lying in the adjacent layers. Each
horizontal/vertical edge is associated with a capacity to model
the limited routing resources such as the number of available
detailed routing tracks on the tile boundary. The main objective
of global routing is to minimize the total overflow, which is
calculated by the total amount of routing demand that exceeds
the capacity for each edge, and/or the maximum edge overflow.

To address the via-capacity issue, we associate a dynamic
via capacity with each global node. Note that a via capacity
is not associated with an edge connecting different layer tiles
because resources on metal layers are much more critical than
that on via layers. We estimate the dynamic via capacity by
the area of the corresponding tile because wires and vias
are geometrical rectangles in the layout. For stacked via
consideration, we not only integrate layer assignment into
global routing, but also constrain the in-tile stacked via count.
Consequently, we define the via capacity of a tile t as

υt =

⌊
max {0, (at − ao − ai) − aw}

(vw + vs)2

⌋
(1)
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Fig. 5. Example illustrating the calculation of via capacity.

where at , ao, ai, vw, and vs denote the area of the tile t, the total
area of the obstacles in t, the area of in-tile nets in t, the via
width, and via spacing, respectively. Here, aw represents the
probabilistic area of wires passing through the tile boundary,
and the probabilistic length of a passing wire is averagely
the half of the tile width (based on uniform distribution).
Therefore, aw is defined as

aw =
∑
µ∈B

(µw + µs)lt/2 (2)

where lt , µw, and µs denote the length of the tile t, the wire
width, and wire spacing, respectively. µ ∈ B refers to a wire
crossing through the boundary B of the tile t. By this model,
the via resource of a global routing tile t depends on the
usage of wires but does not affect the wire capacity of t. As
illustrated in Fig. 5

aw = 4 · (µw + µs)lt/2 = 4 · (α + α)8α/2 = 32α2

and

υt =

⌊
(at − ao − ai) − aw

(vw + vs)2

⌋

=

⌊
(64α2 − 0 − (α + α)6α − 32α2

(α + α)2

⌋
= 5.

A more practical 3-D global routing problem that considers
the aforementioned two issues by estimating the area of the
layout and routing on a 3-D routing graph is defined as follows.

The 3-D Routing Problem: Given a netlist, widths and
spacings of vias and wires, and wire capacities, find 3-D
routing paths connecting pins of each net such that the total
number of wire and via overflow, and the total wirelength are
minimized.

Note that we minimize the total number of wire and via
overflow first to make fair comparisons with the recent works.
Alternatively, we may minimize the maximum wire and via
overflow in a tile first, which is arguably a more suitable
objective for global routing.

III. Routing Methodology

There are two kinds of commonly used routing approaches
for 3-D global routing: 1) direct 3-D global routing; and
2) 2-D global routing followed by layer assignment. Direct
3-D global routing is more flexible, but it is often very time-
consuming. Further, its solution space is much bigger, and thus
finding a legal routing solution becomes harder. In contrast, the
approach of 2-D global routing followed by layer assignment

Fig. 6. Flow of our global router.

is more efficient, but it tends to introduce more via overflow.
Our routing approach unifies the advantages of the two meth-
ods. We first find a 2-D minimal-overflow routing solution and
then a 3-D minimal-overflow one, applying layer assignment
to minimize 3-D overflow and serve as an intermediate step
to bridge the 2-D and 3-D routing solutions.

Fig. 6 shows the flow chart of our 3-D global routing.
Initially, each net is decomposed into 2-pin connections by
the minimum spanning tree to maximize the flexibility of the
topology, as mentioned in [29]. Then, we apply 2-D monotonic
routing to route all the nets. If the current 2-D routing does not
incur any 2-D (wire) overflow, layer assignment is performed
to produce an initial 3-D routing solution. If the initial 3-D
routing solution also does not cause any 3-D (wire and via)
overflow, the final global routing solution is obtained.

If the routing solution is not overflow-free, an iterative
negotiation-based rip-up and rerouting scheme is performed
to find a minimal-overflow solution (whose total overflow is
zero or cannot be further reduced) for 2-D and 3-D routing.
For rerouting, we apply 2-D and 3-D routing techniques, such
as multisource multisink aerial-monotonic and escaping-point
routing, mentioned in Section III-B. Once the 2-D overflow
cannot be reduced any more, a dynamic-programming-based
layer assignment is performed to minimize 3-D via overflow
and then wirelength. Different from the previous work, the
layer assignment is not the final step when via overflow exists.
For 3-D global routing, 3-D routing edges inherit historical
costs from 2-D routing edges; we minimize via overflow
without increasing wire overflow. We detail the distinguished
features of the negotiation-based rip-up and rerouting in the
following.

A. Negotiation-Based Rip-Up and Rerouting

In the rip-up and rerouting stage, subnets are routed in the
nonincreasing order of their bounding-box area since a subnet
with larger bounding-box area has more flexibility. Rerouting
high-flexibility subnets first can reduce overflow effectively
and reserve more resources for subsequent less-flexibility
subnets. Similar to the cost function in PathFinder [21], our
global router applies the negotiation-based cost of using a
horizontal/vertical edge for 2-D routing, described as follows:

cost2−D(e) = (1 + he) · pe + be (3)
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where he represents the historical cost of e, and the base cost
pe is usually set as pe = de/ce for e with the capacity ce and
the demand de (pe = de if ce = 0). The bending cost be is
set as 1 if a bend in 2-D routing s introduced [34]; otherwise,
be is set as 0. For 3-D routing, the cost of using an edge is
described as follows:

cost3−D(e) =

⎧⎪⎪⎨
⎪⎪⎩

k1 if wire overflow is induced
(1 + he) · pv if stacked vias are induced
0 if via/wire sharing occurs
1 otherwise

(4)
where k1 is set as 106 to avoid producing more wire overflow.
With the usage of stacked vias dv and the via capacity cv on
the global tile passed through by the newly induced stacked
vias, pv is usually set as pv = dv/cv (pv = dv if cv = 0).

B. 2-D and 3-D Routing Techniques

We observe that many 2-D routing techniques, such as
monotonic routing cannot directly be applied to the 3-D
routing because the pins of nets may be located in the same
layer, and thus the monotonic routing cannot be propagated
upward followed by downward between layers. FGR [29]
tried to solve the 3-D routing (without constraining via count)
by 3-D maze routing alone; its results show that it is time-
consuming, and its solution quality degrades in some test cases
because of the high O(V lg V )-time complexity and the huge
solution space, where V is the number of nodes in a routing
box. To remedy this deficiency, we introduce two new types of
3-D routing paths, namely the 3-D aerial-monotonic routing
path and the escaping-point routing path, to make the solution
space manageable.

The first type is the 3-D aerial-monotonic routing path. A
monotonic routing path is referred to as a 2-D path connecting
the source and the target without any detour [28], as shown in
Fig. 7(a). Monotonic routing is indeed an important technique
for 2-D global routing, but it is not suitable for 3-D routing and
may become useless for a straightforward 3-D extension. For
3-D routing, monotonic routing paths are quite rare; typically,
pins are on the lowest layer, while wires are on higher layers,
and thus finding a path needs to switch among upper and
lower layers by vias. Such routing paths, detours with vias,
are no longer monotonic. We thus introduce the 3-D aerial-
monotonic routing path which does not contain any detour
except detouring with vias, as shown in Fig. 7(b). We define
the 3-D aerial-monotonic routing path as a path that does not
contain any detour from an aerial (top) view, but it may contain
detours from a lateral (side) view. Consequently, a 3-D aerial-
monotonic routing path contains not only wire information,
but also via information, and thus it can facilitate 3-D routing.

The second type is the escaping-point routing path. When
a net is in a very congested region, it is desired to find a
path with U-turns or detours to escape from the net bounding
box for congestion optimization. Note that the resulting path is
restricted in the extended routing box due to the wirelength and
performance considerations; the size of the extended routing
box depends on congestion and the size of the net bounding
box. Fig. 8(a) and (c) shows two typical routing paths from s

Fig. 7. Illustration of the aerial-monotonic routing. (a) 2-D monotonic
routing path. (b) 3-D aerial-monotonic routing path, which looks like the
2-D monotonic one from an aerial view.

Fig. 8. Illustration of the escaping-point routing path. The escaping-point
routing paths s → t shown in (a) and (c) can be decomposed into two
monotonic routing paths s → p and p → t via the escaping point p as
shown in (b) and (d), respectively.

to t that detour from the net bounding box. Here, we define the
escaping-point routing path as the path that can be split into at
most two monotonic routing paths by one escaping point. For
example, the escaping-point routing paths s → t of Fig. 8(a)
and (c) can be decomposed into two monotonic routing paths
s → p and p → t via the escaping point p as shown
in Fig. 8(b) and (d), respectively. Note that the escaping-
point routing paths also include the aerial-monotonic routing
paths. With escaping-point routing, a router can explore more
paths inside the searching box for congestion optimization and
overflow reduction.

We propose efficient 3-D routing algorithms to find the
corresponding optimal routing paths for the aerial-monotonic
routing and the escaping-point routing.

1) Multisource Multisink Aerial-Monotonic Routing
(MSAMR): We first develop an aerial-monotonic routing
(AMR) algorithm to find an optimal 3-D aerial-monotonic
routing path and then extend it to a 3-D MSAMR algorithm
without sacrificing the optimality. Note that the 3-D routing
graph is not directed acyclic when the routing paths are
constrained to be 3-D aerial-monotonic. The z-direction global
edge connecting two global tiles on two layers can be upward
and downward, and thus cycles may be introduced in the
3-D routing graph. For example, Fig. 9(a) illustrates a routing
graph for 2-D monotonic routing, and this graph is directed
acyclic; Fig. 9(b) illustrates a routing graph for 3-D aerial-
monotonic routing, and this graph is not directed acyclic. As
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Fig. 9. Difference between the routing graphs for 2-D monotonic routing and
3-D aerial-monotonic routing. (a) Routing graph for 2-D monotonic routing,
which contains no cycle. (b) Routing graph for 3-D aerial-monotonic routing,
which contains cycles.

a result, existing linear-time algorithms that find the shortest
path on a directed acyclic graph is not applicable to this case,
and it is thus desirable to develop an efficient algorithm for
this problem.

The AMR algorithm iteratively performs the two-phase
operations of the pile update and pile propagation, where a
pile represents a set of global tile nodes in the z-direction
of a global routing graph. Pile update is an inter-layer (z-
direction) cost propagation within a pile, and pile propagation
is an intra-layer (x and y-directions) cost propagation among
piles. From an aerial view, the pile propagation behaves like
the propagation of 2-D monotonic routing, propagating the
cost of the nodes in a pile ρ to the nodes of ρ’s adjacent
piles. Fig. 10 summarizes the AMR algorithm. Without loss
of generality, we assume that s is at the lower-left corner
of the bounding box and t is at the upper-right corner. In
lines 1–4, the algorithm performs initialization, which sets the
costs of nodes as infinity so that the costs can be updated
during propagation; in lines 5–8, it iteratively performs the pile
update and pile propagation (to be explained later). Finally,
the algorithm traces back from t to s and returns an optimal
aerial-monotonic routing path. Note that the total number of
aerial-monotonic routing paths from the lower-left corner to
the upper-right corner of an m×n×L grids is Cm−1

m+n−2 ·Lm+n−2.
The main difference from 2-D monotonic routing is that the

AMR algorithm requires each pile ρ to conduct the pile update
which updates the cost of the nodes in ρ upward followed by
downward directions before applying the pile propagation on
ρ. With the pile update, the AMR algorithm can guarantee
to find an optimal 3-D aerial-monotonic routing path. Fig. 11
illustrates the AMR algorithm on a three-layer 3-D routing
graph. Fig. 11(a) shows the pile propagation from the piles ρ1

and ρ2 to the pile ρ, and Fig. 11(b) depicts the upward and
downward pile updates of ρ before it continues to propagate
to adjacent piles ρ3 and ρ4, as shown in Fig. 11(c). Note that
the dynamic via capacity can be addressed during the upward
and downward pile updates. If any via overflow occurs, the
cost of the node is increased by a via-overflow penalty. Note
also that we can use the coloring method to avoid unnecessary
downward updating and thus speed up the runtime, as shown
in Fig. 12. In lines 1–7, the algorithm propagates to upper
layers, and in lines 8–16, it propagates to lower layers.
Initially, the edges are colored as blue (line 4). During the
upward propagation, once an edge is updated by a smaller
cost, the edge is colored as red (line 6) to avoid redundant

Fig. 10. Aerial-monotonic routing algorithm.

Fig. 11. Pile update and pile propagation of the AMR algorithm. (a) Pile
ρ consisting of three nodes is updated by piles ρ1 and ρ2 via the pile
propagation. (b) Pile update is performed on the pile ρ upward followed by
downward to update the cost of nodes in ρ. (c) After pile update, ρ continues
to update the next two adjacent piles ρ3 and ρ4.

propagation during the downward propagation. During the
downward propagation, we check whether the color of an edge
is blue (line 11) to avoid redundant propagations during back
tracking. Note that the reason why we update the cost upward
followed by downward is that nets start and end on the lowest
layer—a net should connect contacts with metal wires, and
contacts are located on a layer lower than all metal layers.

Lemma 1: A pile ρ has two fan-in piles ρ1 and ρ2. If nodes
in ρ1 and ρ2 have the minimum AMR costs, nodes in ρ

will have the minimum AMR costs after performing the pile
propagations on ρ1 and ρ2, and then the pile update on ρ.

Proof 1: The AMR cost of a node is the cost of an aerial-
monotonic routing path from source s to the node. In the
cases, where a node in ρ has the minimum AMR cost that
is propagated from a node in ρ1 or ρ2, the minimum AMR
cost can be obtained by the pile propagations on ρ1 and ρ2

since the resulting path should be aerial-monotonic. In other
cases, where a node in ρ has the minimum AMR cost that
is propagated from another node in ρ, the minimum AMR
cost can be obtained by the pile update on ρ since the partial
resulting path in ρ should be connected.

With Lemma 1, we have the following lemma.
Lemma 2: After performing the pile update on pile ρ, each

node in pile ρ has the minimum AMR cost.
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Fig. 12. Pile update algorithm with the coloring method.

Proof 2: Based on the AMR algorithm, before performing
the pile update on pile ρ, all its fan-in piles have performed
the pile propagations. Therefore, according to Lemma 1, each
node in pile ρ has the minimum AMR cost after performing
the pile update on pile ρ.

From Lemma 2, we have the following theorem:
Theorem 1: For a net bounding box containing V nodes,

the AMR algorithm finds an optimal aerial-monotonic routing
path in O(V ) time, achieving the lower-bound complexity.

Proof 3: According to Lemma 2, node gt has the minimum
AMR cost, and thus tracing back from node gt to gs can
obtain an optimal aerial-monotonic routing path. If the net
bounding box is an m×n×L grids, the AMR algorithm runs
in O(mnL) = O(V ) since the pile update runs in O(L), where
L is the number of layers.

With the increasing number of congested regions, the mul-
tisource and multisink routing can effectively find alternative
paths to connect two subtrees, as illustrated in Fig. 13(a).
Note that the multisource multisink maze routing [28] re-
quires O(V lg V )-time and becomes very slow when V is
large, because it spends significant time in maintaining a
large priority queue. In contrast, extending from our AMR,
the MSAMR algorithm can find an optimal 3-D multisource
multisink aerial-monotonic routing path in only O(V ) time,
which achieves the theoretical lower-bound complexity (since
such a routing path may contain O(V ) nodes).

The MSAMR algorithm is detailed below. We find two
subtrees, Ts and Tt , which are connected by the source s and
the target t, as shown in Fig. 13(a). We classify the topological
relationship of the two subtrees into four categories, the xy

nonoverlap, the x overlap, the y overlap, and the xy overlap,

as shown in Fig. 13(b)–(e). According to the topological
relationship of the two subtrees, we can find a minimum-area
routing box that covers all possible aerial-monotonic routing
paths with a specific direction. For instance, in Fig. 13(b),
the relationship is the xy nonoverlap, and we find a routing
box covering possible paths from s1 to t1. If the relationship
is the x overlap, as shown in Fig. 13(c), it needs two routing
boxes to cover all possible aerial-monotonic routing paths; the
first routing box is from s1 to t1, and the second routing box is
from s2 to t2. The case for the y-overlap relationship [shown in
Fig. 13(d)] can be handled similarly to the x-overlap one. For
the most complicated topological relationship, the xy overlap,
four routing boxes are required to cover all possible aerial-
monotonic routing paths; Fig. 13(e) illustrates an xy-overlap
case which contains four routing boxes, including s1 → t1,
s2 → t2, s3 → t3, and s4 → t4. Thus, we perform AMR on
each routing box to find an optimal aerial-monotonic routing
path with a specific direction. Note that all nodes in the subtree
Ts should be treated as source nodes. AMR selects a minimum-
cost node from the nodes on the target tree Tt and in the routing
box, and then back traces to any node in the source subtree Ts.
Finally, we report the minimum-cost routing path, an optimal
aerial-monotonic routing path.

Theorem 2: For a bounding box of a multipin net, with V

nodes, the MSAMR algorithm finds an optimal multisource
multisink aerial-monotonic routing path in O(V ) time, achiev-
ing the lower-bound complexity.

Proof 4: For the bounding box of a multipin net of V nodes,
performing AMRs of at most four different directions in the
bounding box can find an optimal multisource multisink aerial-
monotonic routing path. Besides, since the AMR algorithm
runs in O(V ), the MSAMR algorithm runs in O(4V ) = O(V ).

2) Multisource Multisink Escaping-Point Routing: We
first propose a two-phase aerial-monotonic routing (TAMR)
algorithm to find an optimal escaping-point routing path in
O(V ) time, and then extend it to the two-phase multisource
multisink aerial-monotonic routing (TMSAMR) algorithm for
multisource multisink escaping-point routing. Note that our
algorithm achieves the theoretical lower bound of O(V ) time
since such a routing path may contain O(V ) nodes. As shown
in Fig. 14, the TAMR algorithm can get an optimal escaping-
point routing path because an optimal path is composed of two
aerial-monotonic routing paths from both the source and the
target. Note that the TAMR algorithm is different from the
traditional bidirectional search. The traditional bidirectional
search stops when the two search paths meet in the middle, and
then it finds a path just like the path found by the unidirectional
search. In contrast, TAMR can find a routing path allowing one
aerial detour while the unidirectional search cannot.

The detail of the TAMR algorithm, as shown in Fig. 15,
is described below. In line 1, we decide the size of box
according to the user-specified number ext. In lines 2–8, four
3-D aerial-monotonic propagations are performed from the
source to the four corner points of the extended routing box,
and then bookkeep the information about the distances and the
propagation directions. The same process is performed for the
target in lines 9–15. In line 16, we combine the distances to
the source and to the target of all nodes in the box, and then
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Fig. 13. Illustration of the MSAMR algorithm. (a) Better multisource mul-
tisink aerial-monotonic routing path s′ → t′ replaces the original path s → t.
(b)–(e) MSAMR algorithm uses aerial-monotonic propagation based on the
topological relationship of the source and the target subtrees.

Fig. 14. Two-phase routing for escaping-point routing. (a) Aerial-monotonic
propagation from s to the four corners of the routing box. (b) Aerial-monotonic
propagation from t to the four corners of the routing box.

find a node with the minimum distance. In lines 17–19, we
back trace to the source and the target from the node with the
minimum distance, and then combine the two paths, as shown
in Fig. 15. Lines 2–8, lines 9–15, and line 16 run in O(V )
time, and thus the algorithm runs in O(V ) time. Note that this
algorithm achieves the lower-bound complexity since such a
routing path may contain O(V ) nodes.

Theorem 3: The TAMR algorithm finds an optimal
escaping-point routing path in O(V ) time, achieving the lower-
bound complexity.

Proof 5: For an extended box with O(V ) nodes, after
performing the aerial-monotonic propagations from s (t) to
the four corners of the extended box, each node gs (gt) in Gs

(Gt) has the minimum AMR cost from s (t). After combining
the costs of nodes in Gs and Gt , we can find the minimum
combined cost that is the cost of an optimal escaping-point
routing path; the resulting path can be obtained by tracing
back on Gs and Gt . In addition, since performing these two
aerial-monotonic propagations, combining the costs of nodes,
and finding the minimum combined cost all run in O(V ), the
TAMR algorithm also runs in O(V ).

Fig. 15. Two-phase aerial-monotonic routing algorithm.

Note that like the MSAMR algorithm, we can extend the
TAMR algorithm to the TMSAMR one by performing the two-
phase MSAMR algorithm from both the source and the target
subtrees according to their topological relation.

Theorem 4: The TMSAMR algorithm finds an optimal mul-
tisource multisink escaping-point routing path in O(V ) time,
achieving the lower-bound complexity.

Proof 6: For an extended box with O(V ) nodes, after
performing the aerial-monotonic propagations from the four
corners of the bounding box of the subtree Ts (Tt) to the
four corners of the extended box, each node gs (gt) in Gs

(Gt) has the minimum AMR cost from Ts (Tt). Note that the
propagation is performed from a corner of the bounding box
of the subtree to the diagonal corner of the extended box (e.g.,
from the top-right corner of the bounding box of the subtree to
the bottom-left corner of the extended box). After combining
the costs of nodes in Gs and Gt , we can find the minimum
combined cost that is the cost of an optimal multisource
multisink escaping-point routing path; the resulting path can
be obtained by tracing back on Gs and Gt . In addition, since
performing these aerial-monotonic propagations, combining
the costs of nodes, and finding the minimum combined cost
all run in O(V ), the TMSAMR algorithm also runs in O(V ).

IV. Experimental Results

Our global router was implemented in the C++ program-
ming language on a 2.0 GHz Intel Xeon Linux workstation
with 16 GB memory. We compared our global router with
the latest results of BoxRouter 2.0 [8], NTHU-Route [13],
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TABLE I

Statistics of the ISPD’07 Benchmark Circuits

Circuits Grids #Net
adaptec1 324 × 324 219 794
adaptec2 424 × 424 260 159
adaptec3 774 × 779 466 295
adaptec4 774 × 779 515 304
adaptec5 465 × 468 867 441
newblue1 399 × 399 331 663
newblue2 557 × 463 463 213
newblue3 973 × 1256 551 667

TABLE II

Statistics of the ISPD’08 Benchmark Circuits

Circuits Grids #Net
bigblue1 227 × 227 282 974
bigblue2 468 × 471 576 816
bigblue3 555 × 557 1 122 340
bigblue4 403 × 405 2 228 903
newblue4 455 × 458 636 195
newblue5 637 × 640 1 257 555
newblue6 463 × 464 1 286 452
newblue7 488 × 490 2 635 625

Archer [25], FGR [29], FGR 1.1s best-seen [12], [30], and
MaizeRouter [22], [23], based on the ISPD’07 benchmarks.
We also compared our global router with the latest results of
NTHU-route 2.0 [3], NTUgr [4], and FastRoute 4.0 [33], based
on the ISPD’08 benchmarks. Tables I and II give the statistics
of the ISPD’07 and ISPD’08 benchmark circuits, respectively.

A. Global Routing Results Without Considering Via Capacity

Table III shows the comparison of 3-D global routing
results on the ISPD’07 global routing benchmarks. For this
experiment, we turned off the via-capacity and in-tile-net
considerations for our global router to make fair comparisons
with other routers. (Note that as mentioned earlier, we do not
consider such a simplification to be realistic for real-world
applications.) In this table, “OF” and “WL” give the number of
overflow and the total wirelength. Our global router completed
six out of eight circuits for the 3-D benchmarks. Note that
it is known that newblue3 is unroutable. For the newblue3
circuit, our router obtained the best routing solution among all
these routers, with only 31246 overflow; our router achieved
4.0×–15.7× runtime speedups (with similar total wirelength).
The experimental results justify the high routability of our
router. According to the metric of the ISPD’07 global routing
contest [17], the total wirelength is compared only when the
number of total overflow and the maximum overflow are
the same. Table IV shows the comparison of 3-D global
routing results on the ISPD’08 global routing benchmarks.
Our global router completed five out of eight circuits for
the 3-D benchmarks (same as other routers). Although our
router is slower than other routers, our router obtains the best
wirelength on the bigblue2 circuit.

Note that the platforms of Archer (Intel Xeon 3.6 GHz)
and MaizeRouter (AMD Opteron 2.8 GHz) are faster than
ours (Intel Xeon 2.0 GHz), and the runtime information of

BoxRouter 2.0 is not available. (However, it is known that
BoxRouter 2.0 is slower than these routers.) FGR 1.1 has two
modes, the default mode, which can be run on our platform,
and the one with its best-seen results [12], which was run
on a 2.4 GHz AMD Opteron CPU. Compared with FGR 1.1,
our router achieves better routability and results in smaller
overflow. Although the total wirelength of our router is about
3% worse than FGR 1.1s default mode and FGR 1.1s best-
seen results, our runtime is at least 15.7× faster than that of
FGR 1.1. Note that the best-seen results of FGR 1.1 were
obtained with the running time bound of 2880 min for each
circuit. (Note also that the ISPD’08 scoring metric penalizes
4% wirelength for each 2× slower runtime, up to 10% penalty
for wirelength.)

B. Via-Aware Global Routing Results

Tables V and VI show the comparisons of via-aware 3-D
global routing results on the ISPD’07 and ISPD’08 bench-
marks, respectively. (Note that we excluded the newblue3
circuit in this experiment because it is known that newblue3
is trivially not routable due to its high-pin-density problem.)
In these tables, “VOF” reports the number of via overflow,
which is the excess of the stacked vias. Unlike the simplified
metrics of the ISPD’07 and ISPD’08 routing contests [17],
[18], we constrained the in-tile via count by via capacity and
set the number of via overflow as one of the major metrics.
We believe that this is a more reasonable congestion metric
for global routing. The via capacity, as shown in (1), should be
decided by the remaining routing resource of the global tiles.
In other words, the via capacity is dynamic and is affected by
the number of wires passing through the same global tile.

Tables V and VI show the routing results with the consid-
eration of the dynamic via capacity, decided by (1). These
results show that minimizing the 3-D total wirelength without
considering the via capacity increases the stacked via overflow
since almost all the overflow are contributed by the via
overflow. It should be noted that those routers cannot consider
via capacity due to the limitations of those routers; thus, these
comparisons might not be fair, and they are just for the reader’s
reference.

For the experiments considering dynamic via capacity on
the ISPD’07 and ISPD’08 benchmarks, our router achieved the
best overall results for the total overflow (including the via and
wire overflow) and the total via overflow. Note that the total via
overflow for the bigblue2 circuit is zero since the wire-capacity
constraints on this circuit are very critical; the bigblue2 circuit
contains 23978 zero-capacity routing edges while bigblue4
contains only 35 zero-capacity edges and the others contain
no zero-capacity routing edges. The experimental results show
the high quality and superiority of our router. (Note that the
prioritized order is as follows: 1) the total overflow; (2) the
maximum overflow; and 3) the total wirelength.)

C. Efficiency of Aerial-Monotonic Routing

In order to test the efficiency of the AMR and MSAMR
algorithms, we implemented two algorithms, 3-D maze routing
and 3-D multisource multisink maze routing, and constrained
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TABLE III

Comparison of the 3-D Global Routing Results on the ISPD’07 Benchmarks

Circuit
FGR 1.1 [29] FGR 1.1 Best [30] BoxRouter 2.0 [8]

∮
Archer [25]# MaizeRouter [23]† NTHU-Route [13] Ours

OF WL
(e5)

CPU
(min)

OF WL
(e5)

OF WL
(e5)

OF WL
(e5)

CPU
(min)

OF WL
(e5)

CPU
(min)

OF WL
(e5)

CPU
(min)

OF WL
(e5)

CPU
(min)

adaptec1 0 87.79 431.9 0 88.02 0 92.04 0 96.16 87.0 0 93.79 223.0 0 90.56 90.3 0 90.53 16.1

adaptec2 0 89.63 41.5 0 89.96 0 94.28 0 97.54 23.0 0 91.65 42.0 0 92.17 13.8 0 91.60 4.7

adaptec3 0 198.77 237.7 0 200.14 0 207.41 0 211.82 50.0 0 202.13 83.0 0 205.04 59.1 0 203.12 21.6

adaptec4 0 182.87 33.0 0 178.90 0 186.42 0 194.46 12.0 0 185.68 14.0 0 188.43 8.10 188.28 2.5

adaptec5 0 258.64 931.8 0 260.53 0 270.41 0 280.56 247.0 0 265.90 339.0 0 265.03 250.3 0 264.91 29.3

newblue1 310 94.01 1441.3 234 90.68 394 92.94 682 96.03 50.0 1194 95.27 87.0 352 90.91 41.7 62 91.78 1046.8

newblue2 0 132.08 10.2 0 129.30 0 134.64 0 143.75 7.0 0 133.48 9.0 0 136.01 3.3 0 132.88 3.4

newblue3 44 854 172.79 1547.1 38 386 163.41 38 958 172.44 33 394 176.63 163.0 32 825 177.44 182.0 31 800 168.40 318.7 31246 239.29 374.0

Comp.∗ − 1.00 15.79 − 1.00 − 1.04 − 1.09 4.65 − 1.03 7.74 − 1.03 4.01 − 1.03 1.00

∗: Wirelength and runtime comparisons are based on the overflow-free cases.
†: The runtime of FGR 1.1 best seen result is 48 h [30].∮

: No runtime is reported for BoxRouter 2.0 [8], but it is known that BoxRouter 2.0 is slower than FGR 1.1.
#: Archer’s runtime is reported in [25] based on a faster platform (Intel Xeon 3.6 GHz).
†: MaizeRouter’s runtime is reported in [23] based on a faster platform (AMD Opteron 2.8 GHz).

TABLE IV

Comparison of the 3-D Global Routing Results on the ISPD’08 Benchmarks

Circuit
NTHU-Route 2.0 [3] NTUgr [4] FastRoute 4.0 [33] Ours

OF WL (e5) CPU (min) OF WL (e5) CPU(min) OF WL (e5) CPU (min) OF WL (e5) CPU (min)
bigblue1 0 56.35 9.8 0 58.45 16.0 0 57.76 7.7 0 60.91 17.4
bigblue2 0 90.59 8.5 0 93.18 293.4 0 93.50 11.2 0 89.98 285.2
bigblue3 0 130.76 5.2 0 134.56 7.2 0 130.73 2.6 0 133.60 6.7
bigblue4 162 231.04 86.2 188 239.56 432.4 164 251.22 62.2 194 246.62 260.5
newblue4 138 130.46 80.5 142 135.47 1209.5 160 138.10 33.9 148 139.58 843.7
newblue5 0 231.73 14.6 0 238.96 34.5 0 233.77 11.5 0 241.02 35.4
newblue6 0 177.01 14.1 0 185.47 19.1 0 180.78 13.2 0 187.75 19.9
newblue7 62 353.35 84.4 310 365.08 1410.8 54 359.84 183.2 340 373.04 1422.1
Comp.∗ − 0.96 0.50 # − 1.00 0.99 − 0.98 0.37# − 1.00 1.00

∗: Wirelength and runtime comparisons are based on the overflow-free cases.
#: The averages are just for reference since the differences between numbers are large.

TABLE V

Comparison of the 3-D Global Routing Results on the ISPD’07 Benchmarks With Dynamic Via Capacity Constraints

Circuit
FGR 1.1 best [30] MaizeRouter [22] BoxRouter 2.0 [8] NTHU-Route [13] Ours

OF VOF WL (e5) OF VOF WL (e5) OF VOF WL (e5) OF VOF WL (e5) OF VOF WL (e5)

adaptec1 2048 2048 88.02 1933 1933 99.70 1963 1963 92.04 1700 1700 90.56 1081 1081 96.61

adaptec2 193 282 193 282 89.96 158 409 158 409 99.53 218 379 218 379 94.28 179 171 179 171 92.17 135 459 135 459 100.68

adaptec3 32 719 32 719 200.14 15 850 15 850 210.19 37 711 37 711 207.41 28 614 28 614 205.04 10 390 10 390 218.76

adaptec4 7072 7072 178.90 2469 2469 190.81 7091 7091 186.42 6611 6611 188.43 1616 1616 206.14

adaptec5 487 200 487 200 260.53 438 331 438 331 303.34 534 040 534 040 270.41 435 053 435 053 265.03 427 068 427 068 270.81

newblue1 66 003 65 769 90.68 49 169 47 797 100.38 64 597 64 203 92.94 52 978 52 626 90.91 51 472 51 410 95.71

newblue2 8284 8284 129.30 5252 5252 139.22 11 423 11 423 134.64 7567 7567 136.01 4343 4343 136.15

Comp. 2.17 2.17 1.00 1.31 1.31 1.10 2.37 2.37 1.04 1.93 1.93 1.03 1.00 1.00 1.09

TABLE VI

Comparison of the 3-D Global Routing Results on the ISPD’08 Benchmarks With Dynamic Via Capacity Constraints

Circuit
NTHU-Route 2.0 [3] NTUgr [4] FastRoute 4.0 [33] Ours

OF VOF WL (e5) OF VOF WL (e5) OF VOF WL (e5) OF VOF WL (e5)
bigblue1 123 286 123 286 56.35 168 047 168 047 58.45 150 734 150 734 57.76 138 362 138 362 64.04
bigblue2 0 0 90.59 0 0 93.18 0 0 93.50 0 0 89.98
bigblue3 36 246 36 246 130.76 47 985 47 985 134.56 53 862 53 862 130.73 28 239 28 239 134.97
bigblue4 3950 3788 231.04 4960 4772 239.56 3798 3634 251.22 3586 3780 241.49
newblue4 104 820 104 682 130.46 145 988 145 846 135.47 125 383 125 223 138.10 83 467 83 615 140.14
newblue5 381 004 381 004 231.73 536 290 536 290 238.96 478 883 478 883 233.77 372 290 372 290 244.55
newblue6 810 373 810 373 177.01 1 011 288 1 011 288 185.47 965 761 965 761 180.78 747 762 747 762 215.40
newblue7 6501 6439 353.35 7378 7068 365.08 6818 6764 359.84 4803 5143 374.64
Comp. 1.14 1.11 0.93 1.48 1.44 0.96 1.37 1.34 0.96 1.00 1.00 1.00
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Fig. 16. Runtime comparison of 3-D aerial-monotonic maze routing and 3-D
maze routing for decomposed 2-pin nets, based on the adaptec1 circuit.

their resulting paths to be 3-D aerial-monotonic. In Fig. 16, the
runtimes are plotted as functions of the area of searching box
for AMR and 3-D maze routing, based on the adaptec1 circuit
in the ISPD’07 3-D benchmarks. As shown in the figure,
AMR is consistently faster than 3-D maze routing, and AMR
is on average 31.11×faster than 3-D maze routing. Though
not shown here, MSAMR also achieves a very significant
speedup over the 3-D multisource multisink maze routing. The
results show the great efficiency of our AMR and MSAMR
algorithms.

V. Conclusion

In this paper, we have derived a congestion metric, dynamic
via capacity, for global routing; the metric practically considers
the via capacity as well as the in-tile nets. With this metric,
we have developed a new global router that features two
novel effective routing algorithms, aerial-monotonic routing
and multisource multisink escaping-point routing, for con-
gestion optimization. In particular, the linear-time escaping-
point routing algorithm is optimal in the sense that it achieves
the theoretical lower-bound complexity. Experimental results
have shown that our global router can achieve better routing
solutions with more reasonable via distribution that can benefit
and correctly guide subsequent detailed routing.
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