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1. Introduction

The constantly evolving manufacturing technology continues
to push the complexity of integrated circuits to new heights. For
example, the new Intel Core i7 contains more than 1 billion tran-
sistors. A direct result of this exploding complexity is the dra-
matic increase in the complexity of packages and printed cir-
cuit boards (PCBs). Today’s high-end packages can have over
2,000 pins[1]. A typical high-end PCB could have more than
10,000 signal nets. On the other hand, the size of a package is
kept to a minimum, making the footprint of such a package on a
PCB a very dense pin grid.

Such a large net count and high pin density make man-
ual design of PCBs an extremely time consuming and error-
prone task. Furthermore, the increasing clock frequency im-
poses special physical constraints such as length-matching rout-
ing, pairwise routing, planar routing, etc., on high-performance
PCBs [2], [3], [4], [5]. These constraints make traditional IC and
PCB routers not applicable to modern PCB routing. To the best of
our knowledge, there is no mature commercial automated router
that handles these constraints well. Therefore, automated PCB
routers that are tuned to handle such constraints are in great de-
mand for modern high-performance PCB layout. Because of such
demand, a tremendous amount of research has focused on PCB
routing problems in recent years. Two major topics in PCB rout-
ing are escape routing and length-matching routing. In this paper,
we give an overview of recent research efforts on these two top-
ics. The rest of this paper is organized as follows: Section 2 gives
some background about the PCB routing problem. In Section 3,
we introduce recent research advances on escape routing. In Sec-
tion 4, we introduce the projection based escape routing style and
provide a study of its related bus escape planning problem. Then
in Section 5, we survey the research results on length-matching
routing. In the last Section, we briefly cover the research results
in some other relevant topics.
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2. PCB Routing Problem

A modern PCB usually hosts several chip packages whose
footprints are arrays of pins (see Fig.1). Such pin arrays are
expected to be connected by non-crossing wires. Not all con-
nections can be routed on one layer, so multiple layers are used
to accommodate all the wire connections. However, introducing
vias at the middle of a route would introduce reflection and ring-
ing effects which can cause serious signal integrity issues [4], [5].
Therefore, it is highly preferred that no vias are inserted in the
middle of the routing (vias are allowed at the two ends to connect
to the package pin/ball). This requires the routing of a signal net
to be planar without switching layers in the middle. This planar
routing style makes PCB routing very different from IC routing,
which uses conventional XY routing style with a preferred rout-
ing direction for each routing layer. Therefore, conventional IC
routing algorithms cannot be used to solve the PCB routing prob-
lem.

There are two important problems in PCB routing:

(1) Escape routing: route from pins inside the pin arrays to the
boundary of the arrays (help the pins “escape” the pin array).
(2) Length-matching routing: connect the escaped routes be-
tween the pin arrays while satisfying stringent length con-
straints.
Escape routing and length-matching routing have different tasks.
Since escape routing usually dominates the total number of lay-
ers, its major task is to escape a set of pins using as few layers as
possible. Sometimes it may also need to provide matching net or-
derings along the boundaries of the two arrays in order to provide
a planar topology for later length-matching routing. The focus
of length-matching routing, on the other hand, is to carefully de-
tour the wires to meet the length constraints while maintaining
the planar topology inherited from escape routing.

3. Escape Routing

Among all the PCB routing problems, escape routing is prob-
ably the most intensively studied. It can be further classified into
three categories:
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Fig. 2 Typical network-flow model for unordered escape routing problem.

e Unordered escape is to route from the pins inside a pin ar-
ray to the boundary of the array without any constraint on
the pin ordering along the boundary.

e Ordered escape also considers only one pin array. How-
ever, it requires the escape routing to conform to a specified
ordering along the boundary.

e Simultaneous escape considers escape routing of two pin
arrays. The ordering of the escaped routes in the two arrays
are required to match in order to provide a planar topology
for later length-matching routing.

The three types of escape routing problems all have applications
in PCB routing.

Both unordered and ordered escape routing problems involve
only a single pin array. Studies of these problems are undertaken
not only within PCB routing research but also within package
routing research because package designers also face the prob-
lem of routing from inside a pin array to some linearly arranged
bonding pads. Simultaneous escape routing, however, is only for
PCB routing.

3.1 Unordered Escape

Network-flow approaches are pervasively used to solve the un-
ordered escape routing problem. The idea is to view each rout-
ing path as a unit flow from the pin to the boundary. Since
no ordering is specified, a flow solution always corresponds to
some non-crossing routing. A typical network model looks like
Fig.2. Representative works using network-flow to solve the
unordered problem include Fang et al.’s works on flip-chip de-
sign [6], [7], [8] and Yu et al.’s work on package routing [9]. Note
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Fig.3 Yan and Wong’s [11] network-flow model inside a tile.

that Yu et al.’s work is not completely based on the network model
in Fig.2. Their network is based on triangulation of the pins
because they do not assume a regular rectangular grid structure
of the pins. In Wang et al.’s work on layer minimization [10],
network-flow is used to analyze the problem and estimate the
maximum number of escapable pins.

The model in Fig.2 works well if we only consider orthogo-
nal wiring capacity, which is the maximum number of wires al-
lowed between two horizontally or vertically adjacent pins. It
does not capture the diagonal capacity because the number of
wires passing between two diagonally adjacent pins cannot be
correctly captured by this model. Yan and Wong[11] proposed
a network model that could correctly capture the diagonal capac-
ity as well as orthogonal capacity. By adding nodes and edges,
they are able to control the flow in finer detail inside each tile and
thereby capture the diagonal capacity. Their network model is il-
lustrated in Fig. 3. Their other contribution is to consider missing
pins in their model.

There are also non-flow solutions to the unordered escape rout-
ing problem. For example, Yu and Dai [12], [13] used monotonic
routing style to escape all the pins in a pin grid on one layer. How-
ever, non-flow solutions are usually used to solve full grid escape
problem, which means all the pins in the grid are expected to be
escaped in one or multiple layers, which is a common problem
for package routing. In PCB routing, we often face the problem
in which a set of specified pins is expected to be escaped on the
same layer. In that case, network-flow is still the most popular
approach.
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3.2 Ordered Escape

For the ordered escape problem, network-flow does not work
because flow does not carry the ordering information. Re-
searchers usually rely on either heuristics that may lose optimality
or exponential time approaches such as integer linear program-
ming (ILP) or Boolean satisfiability (SAT).

In Ref.[14], Fang et al. formulated the ordered escape rout-
ing problem as an ILP problem and used an ILP solver to solve
the problem optimally. With their reduction technique, they were
able to prune the number of variables by 99.9%. Such a vari-
able reduction is very useful because it reduces the runtime for
a fairly large design (over 1,000 pins) to about an hour, which is
acceptable considering human designers will spend much more
time routing it manually. Unfortunately, since they consider non-
monotonic routing only when their routing graph has a cycle,
their ILP formulation does not guarantee optimality.

In Ref. [15], Luo and Wong proposed to transform the ordered
routing problem into a SAT problem and use a SAT solver. Their
formulation makes no assumption on the routing style, meaning
that their approach can guarantee to find a solution if one exists.
It is the first work that can optimally solve the ordered escape
routing problem. However, this optimality comes at a price. It
would take the router about 10 minutes to route a 10x 10 grid and
the time complexity grows very fast when the grid size increases.
However, they also proposed a partition technique to decompose
a large problem into smaller problems, which could significantly
reduce the runtime. In a later paper [16], Luo and Wong extended
their router to handle cyclic ordering and pin clustering. Because
their router is very powerful in solving small but difficult prob-
lems, they also propose to use their router to rip-up and reroute a
small region where other heuristic-based routers fail to complete
the routing.

Another route that researchers took to tackle the problem is to
simplify the problem by adding constraints on the routing. The
most popular constraint used is the monotonic routing constraint.
The escape routing of a pin is called monotonic if it goes to the
target pin grid boundary without turning back. Kubo and Taka-
hashi’s work [17], [18] on two layer escape routing and via as-
signment for packages adopts this monotonic routing style. In
their work, they assume that the escape routing follows mono-
tonic style and perturb the via assignment iteratively to search for
suitable via assignment and escape routing. This approach was
then enhanced by Tomioka and Takahashi [19] to achieve better
routability.

In another paper by Tomioka and Takahashi [20], they studied
the cases where pins are escaped through a corner of a pin grid
or through the opposite two sides of a pin grid. They discovered
the necessary and sufficient conditions for planar topological so-
lutions to exist in those two cases. They also proposed a routing
algorithm based on the discovered necessary and sufficient con-
ditions.

The work by Lee et al. [21] does not put monotonic constraint
on the routing. Their routing algorithm is based on computing
the weighted longest common subsequence and maximum planar
subset of chords. They compared their router with the ILP-based
router in Ref. [14] and showed a 122x speedup.
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Fig. 4 An illustration of boundary routing [25].

3.3 Simultaneous Escape

Different from the single component escape routing problems
which are common for both package and PCB routing, the simul-
taneous escape routing problem is unique to PCB routing. There-
fore, there is less research in this category.

The earliest work on this problem is Ozdal and Wong’s
work [22], [23]. Their idea was to first generate a few simple
routing patterns for each pin and then choose one routing pat-
tern per pin such that the mismatched net ordering along the two
boundaries is minimized. They intelligently modeled the pattern
selection problem as a longest path with forbidden pairs problem
and proposed an exact polynomial-time algorithm that is guar-
anteed to find the maximal planar routing solution on one layer.
For large problems, they proposed a randomized algorithm that
has better scalability. In a later paper [24], they presented several
enhancements on this router: (1) they used a congestion-driven
router to generate the routing patterns, and (2) they took perfor-
mance constraints into consideration. The effectiveness of their
approach is largely determined by the routing patterns generated
in the first step. The router performs well when good routing so-
lutions can be captured by the generated patterns. Unfortunately,
the shape of the escape routing can be very complicated in diffi-
cult escape problems. In this case, it can be very tricky to predict
what patterns should be generated to capture a good solution.

In Ref. [25], Luo et al. presented a novel boundary routing ap-
proach to solve the simultaneous escape routing problem. Essen-
tially, their idea is to build a routing boundary for all the pins
inside a pin grid and let the routing path follow the boundary as
much as possible when routing a net. After a net is routed, the
routing boundary is shrunk to exclude the routed net. Figure 4
illustrates this idea. Although their strategy looks very simple,
experiments show that this strategy is very effective in solving
difficult problems. For a set of industrial escape problems, their
router successfully solved all of them while the Cadence Allegro
PCB router was only able to complete the routing for half of the
problems. Figure 5 shows their routing result for one problem.

One interesting work worth mentioning is the potential router
proposed by Kajitani [26]. The idea is based on the analogy be-
tween planar routing and equipotential lines in an electric field.
Equipotential lines are naturally planar. Therefore, we can view
any planar routing as the equipotential lines in a certain electric
field. On the other hand, by enumerating possible configurations
of the electric field, one could enumerate possible planar topolo-
gies for the routing. Since this work focuses on planar topology
in general, its theory can be applied to all three types of escape
routing problems.
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4. Bus Escape Planning

Works in the previous section consider the escape routing
problems at net level. On the other hand, Kong et al. started
a series of works studying escape routing problems on bus
level [27], [28], [29], [30], [31]. In these works, they adopt a
projection based escape routing style. The escape routing of each
bus is bounded by a rectangle formed by projecting the pin clus-
ter of the bus toward the boundary of the pin grid (see Fig. 6).
In Ref. [30], they compare their projection based pin assignment
and escape routing solution with the single-layer escape routing
solution and observe that the projection based multi-layer solu-
tion usually results in shorter wire length and occupies smaller
routing space. Figure 7 illustrates this argument. It can be seen
that the multi-layer routing solution produced by their projection
based scheme has shorter and straighter wires. Moreover, if we
escape all the pins in one layer, we will obtain very imbalanced
wire length: some pins have very long detours in their escape
routing while some other pins escape without any detour. This
dramatic difference in wire lengths makes later length-matching
routing a much more challenging problem. On the other hand,
the projection based multi-layer solution has very straight wires.
Therefore, the length difference is much smaller, making length-
matching routing an easier problem.

The bus escape planning problem is to plan the routing area for
each bus so that there are no conflicts between the buses. Under
the projection based escape routing framework, the routing area
of a bus is its projection rectangle. Therefore, the bus escape plan-
ning problem can be abstracted as a rectangle arrangement prob-
lem: assign the given projection rectangles to the routing layers
so that the following two conditions are satisfied on each layer:

o Non-overlap constraint: The projection rectangles inside

a pin array do not have any overlaps. Otherwise, the escape
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Fig. 6 Projection based escape routing style.

routing inside the two rectangles can potentially overlap (see
Fig. 8 (a)).

e Planar constraint: The ordering of the projection rectan-
gles along the boundaries of the two pin arrays must match
(similar to simultaneous escape routing problem). Other-
wise, the two buses will cross each other (see Fig. 8 (b)).

Notice that all the projection rectangles have one property: at
least one edge of the projection rectangle must be attached to the
pin array boundary.

Similar to the escape routing problem, the bus escape planning

problem also has different flavors:

e Escape planning considers one pin array (as shown in
Fig.9(a)). There is no planar constraint in this case, and
only the non-overlap constraint needs to be considered.

o Simultaneous escape planning considers two pin arrays (as
shown in Fig.9 (b)). Both the non-overlapping and the or-
dering constraints must be satisfied on each layer.

We will survey the works under the two categories in the subse-
quent subsections.
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Fig. 8 Conflict between projection rectangles. (a): overlapping rectangles in a pin array lead to over-
lapping escape routing; (b): reversed ordering of the rectangles in two pin arrays leads to wire

crossing of two buses.

4.1 Escape Planning

Kong et al. first studied the escape planning problem in
Ref. [29], in which they proposed an optimal algorithm to find a
maximum non-overlapping subset of the projection rectangles. In
their approach, the simpler cases are first solved by dynamic pro-
gramming, where the projection rectangles are attached to one or
two sides of the pin array; the more complicated cases where the
projection rectangles are attached to three or four sides are then
solved by an enumeration technique and reduction to the simpler
cases. The time complexity of their algorithm is O(n®), where

© 2012 Information Processing Society of Japan

n is the number of input projection rectangles. Note that each
bus has four possible projection rectangles to the four sides of the
pin array. The four rectangles overlap at the pin cluster bound-
ing box. If all four projection rectangles of a bus are fed to the
input, the algorithm can choose at most one of them. Therefore,
by feeding all four possible projection rectangles of each bus to
the algorithm, the optimal escape directions of the buses can be
automatically determined. In a subsequent work [31], Ma et al.
studied the problem of determining the optimal projection direc-
tions of the buses such that the resultant maximum clique size of
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Fig. 9 Two types of bus escape planning problem. (a): escape planning; (b): simultaneous escape plan-
ning. The striped rectangles in each figure form a selected subset without conflict.

the projection rectangles, i.e., the maximum number of projection
rectangles overlapping with each other, is minimized. It is easy
to see that the maximum clique size of the projection rectangles
is a lower bound of the number of layers needed. Suppose the
maximum clique size is k (each pair of the k projection rectan-
gles overlap), at least k layers are required to accommodate all
the buses. The maximum clique size is usually a good estimate
of the minimum number of layers needed. The authors prove that
this problem is NP-complete by reduction to the 3SAT problem.
They then provide a good approximation algorithm to solve it us-
ing linear programming relaxation and rounding.

4.2 Simultaneous Escape Planning

Simultaneous escape planning is first studied in Refs.[27],
[28]. In these two works, they consider the case where the two
pin arrays are placed “face to face” and the projection rectangles
in both arrays are all attached to the two facing boundaries. In
Ref. [27], Kong et al. tackled the problem of selecting a max-
imum subset of projection rectangles satisfying both the non-
overlap and planar constraints. Since all the projection rectangles
are attached to the two facing boundaries, each projection rect-
angle can be viewed as an interval along the facing boundaries.
The problem is then transformed into a longest common interval
sequence (LCIS) problem and solved optimally by dynamic pro-
gramming in O(nlogn) time, where n is the number of projec-
tion rectangles. Yan et al. [28] then studied the layer assignment
problem, which is to assign the projection rectangles into a mini-
mum number of layers without conflict. They show that the layer
assignment problem can be transformed into a bipartite matching
problem, which can be optimally solved in O(n>3%) time. By find-
ing the maximum matching of the corresponding bipartite graph,
the optimal layer assignment of the projection rectangles can be
easily obtained.

In a recent work [32], Ma et al. studied the layer assignment
problem of the general case simultaneous escape planning, where
the projection rectangles can be attached to any boundary of the
pin arrays. An optimal algorithm based on branch and bound
search is proposed to assign the projection rectangles into a mini-
mum number of layers, such that the non-overlap and planar con-
straints are satisfied on each layer. The search process starts from
the root of the search tree and visits different parts of the tree by
assigning certain projection rectangles to specific layers. At each
tree node, a lower bound and an upper bound are computed using

© 2012 Information Processing Society of Japan

(b)

ILP, and the subtree is pruned if it does not lead to an optimal so-
lution. A min-cut based ordering algorithm is also developed to
preprocess the projection rectangles, so that the projection rect-
angles in the search tree are properly ordered, which makes early
pruning more possible and further improves the searching effi-
ciency. Experimental results report reasonable runtime.

5. Length-Matching Routing

Length-matching routing is to connect the escaped routes be-
tween the boundaries of pin arrays while satisfying certain length
constraints. Due to the high clock frequencies on today’s high-
performance boards, the nets are usually subject to very stringent
length constraints. There are two types of length-matching con-
straints:

e Min-max length bounds: Each net is given minimum and
maximum length bounds and the length of the routing must
be within the bounds.

e Bounded length difference: A group of nets are expected to
have similar length. In other words, the difference between
the lengths of a group of nets must be limited by some given
bound.

In order to meet the minimum length bound or to minimize the
length difference, we may need to lengthen wires that are too
short. This makes the length-matching problem unique because
intentionally increasing the wire length is usually discouraged in
many other routing problems.

A common way to increase the wire length is to snake the wire.
However, snaking one wire generates a large blockage for other
wires. In order to avoid this blockage, other wires may need to be
detoured, potentially causing their maximum length bounds to be
violated. As a result, greedy approaches will usually fail because
they lack the global view of balancing the needs of all the wires.
How to carefully distribute the limited routing resources so that
the length requirements of all the nets can be satisfied is the key
to this problem.

The first work that does non-greedy resource allocation for
wire extension is by Ozdal and Wong[33], [34]. They used a
Lagrangian relaxation based routing scheme to control the length
of each net. In their routing scheme, Lagrangian multipliers are
iteratively updated to reflect the current resource need of each
net. A special router is called in each iteration to route the nets
according to the resource need implied by the multiplier. In gen-
eral, their approach provides good results. However, it has two
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I ===

Fig. 10 The routing result of Yan and Wong’s [38] length-matching router.

potential issues:

e A router must be called iteratively to perform the actual rout-
ing. When the problem is large and difficult, it needs many
iterations to converge to a solution, resulting in very long
runtime.

e The routing of each net must be monotonic in one direction.
This limits the possible topology of the solution and there-
fore also the application of this approach.

In a later work, Ozdal and Wong [35], [36] proposed an algo-
rithm for length-matching routing inside a channel. They first
used river routing to derive the routing boundary of each net and
then detoured each net inside its bounded area. They showed that
their algorithm can approximate the optimal solution by a con-
stant factor. This approach can achieve quite significant speedup
compared to the Lagrangian relaxation based approach because it
avoids calling a router iteratively. However, since only the chan-
nel routing problem is considered, this approach has even more
limited applications.

Length-matching routing inside a channel is also challenged by
Kubo et al. [37]. They used a symmetric-slant grid interconnect
scheme to reduce the length-matching problem into a general grid
routing problem. The advantage of their work is that it can also
handle multi-sink nets. However, their approach is for IC routing
and therefore assumes an XY routing style, which is not practical
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for PCB routing.

Recently, Yan and Wong [38] proposed a length-matching al-
gorithm that does not impose any restriction on the routing topol-
ogy. Neither does their router require the pins to be aligned along
a channel, nor does it limit the routing to be monotonic. Their
key idea was to view the length-matching routing problem as an
area assignment problem and use a placement structure, bounded-
sliceline grid (BSG) [39] to help transform the area assignment
problem into a mathematical programming problem. An iterative
approach was then used to solve this mathematical programming
problem. Besides its ability to handle general topology, another
big advantage of this router is that it is gridless. Unlike all previ-
ous routers, its performance does not depend on the routing grid
size. This feature leads to very good scalability and is extremely
useful because modern PCB routing configurations usually imply
huge routing grids. This advantage was verified by their experi-
ments. In one of their data, they achieved a 1000x speedup over
the Lagrangian relaxation based router in Ref. [34]. Their router
is very effective in solving difficult problems. Figure 10 illus-
trates one of their routing results. It can be seen that their router
could efficiently utilize the routing space for wire extension. In a
later paper [40], they extended their router to handle multi-layer
routing and multiple separation rules.

One potential drawback of their work is that their routing
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scheme assumes a given topology. Such a topology is easy to
generate if there are not many obstacles. However, if the design
is filled with many obstacles, then generating a good topology
for their router could be non-trivial. Two different solutions were
recently proposed to address this issue:

Yan and Chen [41] follow the overall framework of first par-
titioning the routing area into regions and then assigning rout-
ing resources in the regions into individual nets proposed in
Refs. [38], [40]. However, their ways of partitioning the rout-
ing area, generating routing topology and assigning routing re-
sources are more sophisticated. Instead of using a sizable struc-
ture (BSG), they generate the partition by merging neighboring
regions in the Hanan grid. The routing topology is then deter-
mined by applying the max-flow algorithm on the adjacent graph
generated from the partition. Finally, the routing resources in the
regions are utilized to detour/straighten the nets to meet the length
constraint through a sequence of heuristics. The experimental re-
sults show the great potential of their router.

Kohira and Takahashi [42], [43] took a completely different ap-
proach. Their idea is to expand the wavefront of all the nets simul-
taneously. When expanding the wavefront of one net, the router
tests the connectivity of all nets via max-flow algorithm and de-
termines the feasible directions of wavefront expansion. Then it
greedily chooses from the feasible directions the one that mini-
mizes the difference between the current estimated length and the
given length constraint. The result is promising in the presence
of many obstacles. Since the max-flow algorithm is used to test
connectivity on each wavefront expansion, this approach guaran-
tees that all pins will eventually be connected. However, since
the algorithm is greedy and lacks a global prospect of resource
allocation, the router can make wrong choices during the course
of wavefront expansion. As a result, the length error of their ap-
proach is fairly large. To address this issue, they proposed some
post-process operations such as R-Flip and S-Flip to heuristically
detour/straighten the wires in order to reduce the length error.

6. Other Works

There are many other works on PCB layout that do not fall into
the previous categories.

Yan and Wong [44], [45] proposed a preprocessing step to un-
tangle the twisted nets for length-matching routing. They pro-
posed a single-detour routing style and did a series of theoretical
studies on this style. Their work was then followed up by Yan
and Chen [46], who considered untangling on both ends of the
routing.

Global planning of buses is studied by Kong et al. in Ref. [47].
They proposed the first automatic bus planner for PCB routing.
Their bus planner not only performs global routing of buses on
each layer, but also does layer assignment. They tested their plan-
ner on a state-of-the-art industrial board (7000+ nets and 12 lay-
ers) and achieved very good routability. Length constraints were
also considered in their work.

The pin assignment problem for PCBs is studied in Ref. [48].
In the paper, Meister et al. proposed four heuristics for pin assign-
ment considering both wire length and routability; however, they
did not perform escape routing. A simultaneous pin assignment
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and escape routing scheme is proposed in Ref. [30].

Reference

[1] Fujitsu: IC Package, Fujitsu Microelectronics Limited (online), avail-
able from (www.fujitsu.com/downloads/MICRO/fma/pdf/
a810000114e.pdf) (accessed 2011-08-23).

[2]  Ritchey, L.W.: Busses: What Are They and How do They Work?,
Printed Circuit Design Magazine, (online) (2000), available from
(http://www.speedingedge.com/PDF-Files/busses.pdf).

[3] Ritchey, L.W. and Zasio, J.: Right the First Time, A Practical Hand-
book on High Speed PCB and System Design, Speeding Edge, Glen
Ellen, CA (2003).

[4]  Brooks, D.: Signal Integrity Issues and Printed Circuit Board Design,
Prentice Hall, Upper Saddle River, NJ (2003).

[5]  Mitzner, K.: Complete PCB Design Using OrCAD Capture and PCB
Editor, Newnes, Burlington, MA (2009).

[6] Fang, J.-W., Lin, I.-J., Chang, Y.-W. and Wang, J.-H.: A Network-
Flow-Based RDL Routing Algorithm for Flip-Chip Design, /EEE
Trans. Comput.-Aided Design Integr. Circuits Syst., Vol.26, No.8,
pp-1417-1429 (2007).

[7] Fang, J.-W., Lin, L-J., Yuh, P.-H., Chang, Y.-W. and Wang, J.-H.:
A Routing Algorithm for Flip-Chip Design, Proc. Int. Conf. on
Computer-Aided Design, pp.753-758 (2005).

[8]  Fang, J.-W. and Chang, Y.-W.: Area-I/O Flip-Chip Routing for Chip-
Package Co-Design, Proc. Int. Conf. on Computer-Aided Design,
pp-518-522 (2008).

[9] Yu, M.-F., Darnauer, J. and Dai, W.W.-M.: Interchangeable Pin Rout-
ing with Application to Package Layout, Proc. Int. Conf. on Computer-
Aided Design, pp.668—673 (1996).

[10] Wang, R., Shi, R. and Cheng, C.-K.: Layer Minimization of Escape
Routing in Area Array Packaging, Proc. Int. Conf. on Computer-Aided
Design, pp.815-819 (2006).

[11]  Yan, T. and Wong, M.D.F.: A correct network flow model for escape
routing, Proc. Design Automation Conf., pp.332-335 (2009).

[12]  Yu, M.-F. and Dai, W.W.-M.: Single-Layer Fanout Routing and
Routability Analysis for Ball Grid Arrays, Proc. Int. Conf. on
Computer-Aided Design, pp.581-586 (1995).

[13]  Yu, M.-F. and Dai, W.W.-M.: Pin Assignment and Routing on a
Single-Layer Pin Grid Array, Proc. Asia and South Pacific Design Au-
tomation Conf., pp.203-208 (1995).

[14] Fang, J.-W., Hsu, C.-H. and Chang, Y.-W.: An Integer Linear Pro-
gramming Based Routing Algorithm for Flip-Chip Design, Proc. De-
sign Automation Conf., pp.606—-611 (2007).

[15] Luo, L. and Wong, M.D.E.: Ordered Escape Routing Based on
Boolean Satisfiability, Proc. Asia and South Pacific Design Automa-
tion Conf., pp.244-249 (2008).

[16] Luo, L. and Wong, M.D.F.: On using SAT to ordered escape problems,
Proc. Asia and South Pacific Design Automation Conf., pp.594-599
(2009).

[17] Kubo, Y. and Takahashi, A.: Global Routing by Iterative Im-
provements for Two-Layer Ball Grid Array Packages, IEEE Trans.
Comput.-Aided Design Integr. Circuits Syst., Vol.25, No.4, pp.725—
733 (2006).

[18] Kubo, Y. and Takahashi, A.: A Global Routing Method for 2-Layer
Ball Grid Array Packages, Proc. Int. Symp. on Physical Design,
pp-36-43 (2005).

[19] Tomioka, Y. and Takahashi, A.: Routability Driven Modification
Method of Monotonic Via Assignment for 2-layer Ball Grid Array
Packages, Proc. Asia and South Pacific Design Automation Conf.,
pp-238-243 (2008).

[20] Tomioka, Y. and Takahashi, A.: Monotonic Parallel and Orthogonal
Routing for Single-Layer Ball Grid Array Packages, Proc. Asia and
South Pacific Design Automation Conf., pp.642—-647 (2006).

[21] Lee, P-W.,, Lin, C.-W., Chang, Y.-W., Shen, C.-F. and Tseng, W.-C.:
An Efficient Pre-assignment Routing Algorithm for Flip-chip Designs,
Proc. Int. Conf. on Computer-Aided Design, pp.239-244 (2009).

[22] Ozdal, M.M. and Wong, M.D.F.: Simultaneous Escape Routing and
Layer Assignment for Dense PCBs, Proc. Int. Conf. on Computer-
Aided Design, pp.822-829 (2004).

[23] Ozdal, M.M. and Wong, M.D.F.: Algorithms for Simultaneous Es-
cape Routing and Layer Assignment of Dense PCBs, IEEE Trans.
Comput.-Aided Design Integr. Circuits Syst., Vol.25, No.8, pp.1510-
1522 (2006).

[24] Ozdal, M.M., Wong, M.D.F. and Honsinger, P.S.: Simultaneous
Escape-Routing Algorithms for Via Minimization of High-Speed
Boards, IEEE Trans. Comput.-Aided Design Integr. Circuits Syst.,
Vol.27, No.1, pp.84-95 (2008).

[25] Luo, L., Yan, T., Ma, Q., Wong, M.D.F. and Shibuya, T.: B-Escape: A
Simultaneous Escape Routing Algorithm based on Boundary Routing,

21



IPSJ Transactions on System LSI Design Methodology Vol.5 14-22 (Feb. 2012)

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]
[47]

[48]

Proc. Int. Symp. on Physical Design, pp.19-25 (2010).

Kajitani, Y.: The Potential Router, Technical report of IEICE. ICD,
Vol.106, No.551, pp.61-66 (2007).

Kong, H., Yan, T., Wong, M.D.F. and Ozdal, M.M.: Optimal Bus
Sequencing for Escape Routing in Dense PCBs, Proc. Int. Conf. on
Computer-Aided Design, pp.390-395 (2007).

Yan, T., Kong, H. and Wong, M.D.E.: Optimal Layer Assignment for
Escape Routing of Buses, Proc. Int. Conf. on Computer-Aided Design,
pp.245-248 (2009).

Kong, H., Ma, Q., Yan, T. and Wong, M.D.F.: An optimal algorithm
for finding disjoint rectangles and its application to PCB routing, Proc.
Design Automation Conf., pp.212-217 (2010).

Kong, H., Yan, T. and Wong, M.D.F.: Optimal Simultaneous Pin As-
signment and Escape Routing for Dense PCBs, Proc. Asia and South
Pacific Design Automation Conf., pp.275-280 (2010).

Ma, Q., Kong, H., Wong, M.D.F. and Young, E.EY.: A Provably Good
Approximation Algorithm for Rectangle Escape Problem with Appli-
cation to PCB Routing, Proc. Asia and South Pacific Design Automa-
tion Conf., pp.843-848 (2011).

Ma, Q., Young, E.FY. and Wong, M.D.F.: An Optimal Algorithm for
Layer Assignment of Bus Escape Routing on PCBs, Proc. Design Au-
tomation Conf., pp.176-181 (2011).

Ozdal, M.M. and Wong, M.D.E.: Length-Matching Routing for High-
Speed Printed Circuit Boards, Proc. Int. Conf. on Computer-Aided De-
sign, pp-394-400 (2003).

Ozdal, M.M. and Wong, M.D.F.: A Length-Matching Routing Al-
gorithm for High-Performance Printed Circuit Boards, /EEE Trans.
Comput.-Aided Design Integr. Circuits Syst., Vol.25, No.12, pp.2784—
2794 (2006).

Ozdal, M.M. and Wong, M.D.E.: A provably good algorithm for high
performance bus routing, Proc. Int. Conf. on Computer-Aided Design,
pp-830-837 (2004).

Ozdal, M.M. and Wong, M.D.E.: Algorithmic Study of Single-Layer
Bus Routing for High-Speed Boards, IEEE Trans. Comput.-Aided De-
sign Integr. Circuits Syst., Vol.25, No.3, pp.490-503 (2006).

Kubo, Y., Miyashita, H., Kajitani, Y. and Takeishi, K.: Equidistance
Routing in High-Speed VLSI Layout Design, Integration, VLSI Jour-
nal, Vol.38, No.3, pp.439-449 (2005).

Yan, T. and Wong, M.D.F.: BSG-Route: A Length-matching Router
for General Topology, Proc. Int. Conf. on Computer-Aided Design,
pp-499-505 (2008).

Nakatake, S., Fujiyoshi, K., Murata, H. and Kajitani, Y.: Module
Packing Based on the BSG-Structure and IC Layout Applications,
IEEE Trans. Comput.-Aided Design Integr. Circuits Syst., Vol.17,
No.6, pp.519-530 (1998).

Yan, T. and Wong, M.D.F.: BSG-Route: A Length-Constrained Rout-
ing Scheme for General Planar Topology, IEEE Trans. Comput.-Aided
Design Integr. Circuits Syst., Vol.28, No.11, pp.1679-1690 (2009).
Yan, J.-T. and Chen, Z.-W.: Obstacle-Aware Length-Matching Bus
Routing, Proc. Int. Symp. on Physical Design, pp.61-68 (2011).
Kohira, Y. and Takahashi, A.: CAFE Router: A Fast Connectivity
Aware Multiple Nets Routing Algorithm for Routing Grid with Obsta-
cles, Proc. Asia and South Pacific Design Automation Conf., pp.281—
286 (2010).

Kohira, Y. and Takahashi, A.: CAFE Router: A Fast Connectivity
Aware Multiple Nets Routing Algorithm for Routing Grid with Obsta-
cles, IEICE Trans. Fundamentals of Electron., Commun. and Comput.,
Vol.LE93-A, No.12, pp.2380-2388 (2010).

Yan, T. and Wong, M.D.E.: Untangling Twisted Nets for Bus Routing,
Proc. Int. Conf. on Computer-Aided Design, pp.396—400 (2007).

Yan, T. and Wong, M.D.E.: Theories and algorithms on single-detour
routing for untangling twisted bus, ACM Trans. Design Autom. Electr.
Syst., Vol.14, No.3, pp.1-21 (2009).

Yan, J.-T. and Chen, Z.-W.: Two-sided single-detour untangling for
bus routing, Proc. Design Automation Conf., pp.206-211 (2010).
Kong, H., Yan, T. and Wong, M.D.E.: Automatic bus planner for dense
PCBs, Proc. Design Automation Conf., pp.326-331 (2009).

Meister, T., Lienig, J. and Thomke, G.: Novel Pin Assignment Al-
gorithms for Components with Very High Pin Counts, Proc. Conf. on
Design Automation and Test in Europe, pp.837-842 (2008).

© 2012 Information Processing Society of Japan

Tan Yan received his B.S. degree in com-
puter science and technology from Fudan
University, China, and M.Eng. degree in
information engineering from the Univer-
sity of Kitakyushu, Japan. He obtained his
Ph.D. degree in electrical and computer
engineering from University of Illinois at
Urbana-Champaign in 2010. Dr. Yan is
currently senior R&D Engineer at Synopsys, Inc. His research
focus is on IC routing. However, he has a broad interest in var-
ious topic in EDA including physical design, parallel-CAD and
CAD for emerging nanotechnologies. Dr. Yan is the recipient of
the Best Paper Award at ISPD 2010 and the gold medalist of the
ACM student research competition at DAC 2010.

Qiang Ma received his B.Eng. degree in
electrical engineering from Zhejiang Uni-
versity, Hangzhou, China, in 2006, and
the M.Phil. degree in computer science
from the Chinese University of Hong
Kong, Hong Kong, China, in 2008. He
is currently pursuing a Ph.D. degree from

the Department of Electrical and Com-
puter Engineering, University of Illinois at Urbana-Champaign,
Urbana, IL. His current research interests include physical de-
sign of chips, packages, and printed circuit boards.

Martin D.F. Wong received his B.Sc. de-
gree in mathematics from the University
of Toronto and M.S. degree in mathe-
matics from the University of Illinois at
Urbana-Champaign (UIUC). He obtained
his Ph.D. degree in computer science from
UIUC in January 1987. From 1987 to
2002, he was a faculty member in Com-
puter Science at the University of Texas at Austin. He returned
to UIUC in 2002 where he is currently a Professor of Electrical
and Computer Engineering. He has published approximately 400
technical papers and graduated 41 Ph.D. students in the area of
Electronic Design Automation (EDA). He has won a few best
paper awards for his works in EDA. He has served on many tech-
nical program committees of leading EDA conferences. He has
also served on the editorial boards of IEEE Transactions on Com-
puters, IEEE Transactions on Computer-Aided Design, and ACM
Transactions on Design Automation of Electronic Systems. He
was an IEEE Distinguished Lecturer in 2005-2006. He is a Fel-
low of IEEE.

(Invited by Editor-in-Chief: Hiroyuki Tomiyama)

22



