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Minimizing the Number of Switchboxes for
Region Definition and Ordering Assignment

Jin-Tai Yan and Pei-Yung Hsiao

Abstract—For a building block placement, the routing space
will be fully defined into channels and switchboxes because the
definition of switchboxes releases all the cycles in a channel prece-
dence graph and further yields a safe routing ordering. However,
switchbox routing is more difficult than channel routing. Due to
the requirements in the routing phase, it is important for us to
minimize the number of switchboxes in the definition of channels
and switchboxes. In this paper, a region definition and ordering
assignment (RDAQOA) algorithm on minimizing the number of
switchboxes is proposed. First, the routing space is modeled
as a floorplan graph. According to the routing precedence in
one “T” type junction, the graph is further transformed into a
channel precedence graph. Hence, the problem of minimizing the
number of switchboxes in region definition will correspond to the
minimum feedback vertex set (MFVS) problem in the channel
precedence graph. Second, based on the cyclic properties in a
channel precedence graph, the MFVS problem is solved by the
minimal-cycle phase and the long-cycle phase. All the minimal
cycles and most of the long cycles are broken in the minimal-cycle
phase, and the remaining long cycles are further broken in the
long-cycle phase. As a result, fewer switchboxes are defined, and
these channels and switchboxes are assigned to guarantee a safe
routing ordering. The time complexity of the algorithm is proved
to be in O(n) time, where n is the number of line segments in a
given floorplan graph. Finally, several examples have been tested
on the proposed algorithm and other published algorithms, and
the experimental results show that our algorithm defines fewer
switchboxes than other algorithms.

1. INTRODUCTION

N VLSI layout design, most of the layout problems [1]-{4]

have been proved to be NP-complete, and heuristic ap-
proaches are usually applied to reduce the complexity of these
problems. Thus, many efficient algorithms have been proposed
to obtain near-optimal solutions for these layout problems in a
reasonable time complexity. In general, these problems are
classified into the following main subproblems: placement,
global routing, region definition and ordering, detailed routing,
and compaction. The overview of these subproblems is shown
in Fig. 1.

Generally speaking, the routing space of a building block
placement is modeled as a floorplan graph. If the graph is
fully decomposed into channels and there exists a safe routing
ordering, it will be clear that the width of any channel can
be expanded or contracted without destroying previous routed
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Fig. 1.. Overview of the layout problem.

channels. Furthermore, according to the assigned routing or-
dering, these defined channels can be successfully routed by
a channel router in the routing phase. Such a building block
placement will be called a slicing placement. However, it is
not certain that each building block placement is a slicing
placement.

Consider a given building block placement shown in Fig. 2
and suppose that the regions A, B, C, and D are all to be
defined as channels. As the terminals in region B are not
fixed, region A must be routed before region B. For the
same reason, region B must be routed before region C, region
C must be routed before region D, and region D must be
routed before region A. The iterative phenomenon of the
precedence relations of regions A, B, C, and D will construct
a channel precedence cycle. The cyclic constraint is named a
cyclic channel precedence constraint (CCPC) [5]. Clearly, if a
building block placement has some CCPC’s, the routing space
will be not defined into only channels and the placement will
be a nonslicing placement. For a nonslicing placement, the
definition of switchboxes or L-shaped channels is generally
introduced to release these cyclic channel constraints and
guarantees a safe routing ordering in the routing phase.

For region definition and ordering assignment, the problem
of breaking CCPC’s in a building block placement has been

0278-0070/96$05.00 © 1996 IEEE
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Fig. 2. Cyclic channel precedence constraint.

extensively studied for many years. Various approaches have
been proposed and discussed in previous published papers
[6]-[13]. First, Otten [6] restricts the acceptable placements
of slicing structures in order to avoid these CCPC’s. Hence, it
is certain that no CCPC is in a building block placement. On
the other hand, a building block placement may be modified
to avoid these CCPC’s by converting a nonslicing structure
into a slicing structure. For example, Chiba [7] perturbs the
placement to convert a nonslicing structure into a slicing
structure, and Kimura [8] shrinks the placed modules to
perform the same conversion. However, instead of breaking
the CCPC’s in region definition and ordering assignment,
these restricted and modified techniques only change the
nonslicing structure into the slicing structure for a building
block placement. In recent years, the problem of breaking
CCPC’s have been really solved by introducing the definition
of switchboxes [1], [9]-[11] or by combining straight channels
into L-shaped channels [S], [12]-[13]. In addition, some
other approaches [14]-[16] have been proposed and are well
documented in the literature. In general, for a building block
placement, the number of switchboxes is fewer than the
number of L-shaped channels. Therefore, the definition of
switchboxes is always applied to release all the CCPC'’s in
a building block placement. .
Since the definition of switchboxes releases all the cycles in
a channel precedence graph and further yields a safe routing
ordering, the routing space will be fully defined into channels
and switchboxes. Consider a CCPC, we can refer again to
the placement shown in Fig. 2. Firstly, the width of region A
can be estimated by the position of pins and local connection
in region A, and the positions of the floating pins between
region A and B are fixed by the crossing distribution of one
“T” type junction [17]. Then regions B, C, and D can now be
sequentially routed as channels in that order. Finally, region
A is routed as a switchbox with a fixed width and fixed
terminals on three sides. Hence, the CCPC will be released
by introducing the definition of a switchbox. For the same
reason, all the CCPC’s in a building block placement will be
released by introducing the definition of some switchboxes.
However, from the viewpoint of detailed routing, the width of
a switchbox in region definition is fixed and switchbox routing

is not guaranteed. In addition, it is well known that switchbox
routing [18] is more difficult than channel routing. Due to
the consideration of routing success in the routing phase, it is
important for us to minimize the number of switchboxes in
the definition of channels and switchboxes.

Although it is well known that the definition of switchboxes
is applied to release all of the CCPC’s, only few algorithms
have been proposed to minimize the number of switchboxes
in region definition and ordering assignment. In general, the
routing space is modeled as a floorplan graph. According
to the routing precedence in a T-type junction, the graph is
further transformed into a channel precedence graph. Hence,
the problem of minimizing the number of switchboxes in
region definition will correspond to a minimum feedback
vertex set (MFVS) problem in the channel precedence graph.
However, the MFVS problem is NP-complete for a channel
precedence graph. To our knowledge, only three algorithms
are proposed to minimize the number of switchboxes in region
definition and ordering assignment. First, a greedy approach
[10] generates the definition of a switchbox whenever a CCPC
is detected, and always generates the definition of unnecessary
switchboxes for a complicated building block placement. Fur-
thermore, Sur-Kolay and Bhattacharya [19] propose a heuristic
algorithm based on a clique cover-table approach and a greedy
approach to discuss the cycle structure of channel graphs
in nonslicible floorplans. In this approach, the definition of
switchboxes is divided into the minimal-cycle phase and
the long-cycle phase. In the minimal-cycle phase, an O(n?)
algorithm is proposed to break all the minimal cycle. Then, all
the long cycles are broken by a greedy algorithm in the long-
cycle phase. However, several unnecessary switchboxes are
defined for a complicated building block placement. Finally,
Cai and Wong [20] propose a graph-based algorithm to find
a feedback vertex set in a channel precedence graph by the
transformation between a reduced digraph and an intersection
graph, and obtain significant improvement on the number of
switchboxes. However, the time complexity of the algorithm
is in O(n®) time.

In this paper, a region definition and ordering assign-
ment (RDAQA) algorithm on minimizing the number of
switchboxes is proposed. Based on the cyclic properties in a
channel precedence graph, the MFVS problem is solved by the
minimal-cycle phase and the long-cycle phase. All the minimal
cycles and most of the long cycles are broken in the minimal-
cycle phase, and the remaining long cycles are further broken
in the long-cycle phase. As a result, fewer switchboxes are
defined, and these channels and switchboxes are assigned to
guarantee a safe routing ordering. The time complexity of the
algorithm is proved to be in O(n) time, where n is the number
of line segments in a given floorplan graph. Finally, several
examples have been tested on the proposed algorithm and other
published algorithms, and the experimental results show that
our algorithm defines fewer switchboxes than other algorithms.

The rest parts of this paper are organized as follows. Section
II contains the preliminaries and the available definitions
for minimizing the number of switchboxes in the RDAOA
problem. In Section III, the graph transformations from a
floorplan graph to a k-cycle intersection graph are discussed
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for the minimal-cycle phase. Section IV provides the details of
the proposed RDAOA algorithm. In Section V, experimental
results in the tested examples are shown and compared.
Finally, the conclusion for the proposed algorithm is presented
in Section VI..

II. PRELIMINARIES AND DEFINITIONS

In building block design style, all the building blocks are
located on fixed positions by a macro cell placement algorithm.
The space between any pair of adjacent blocks is always
applied to route all of the nets. In order to successfully
route these nets in detailed routing, the routing space must
be partitioned into rectilinear regions after global routing,
and these regions to be routed must be further assigned in
a safe ordering. In this paper, we define the routing space into
channels and switchboxes to assign a safe ordering. Before
we describe the proposed approach in detail for minimizing
the number of switchboxes, some important assumptions and
definitions will be modeled as follows:

First, assume that all the building blocks are rectangular
modules. Therefore, the routing space between any pair of
adjacent blocks will be represented by one horizontal or
vertical line segment, and the intersection points of the line
segments will represent the junction routing areas. From
the geometrical relation between these line segments and
intersection points, these line segments and intersection points
will construct a floorplan graph for a given building block
placement by a transformation algorithm [7]. Furthermore, the
space between any block and any boundary can be ignored
in the RDAOA problem. Thus, a modified floorplan graph
without the boundary line segments is generated for the
RDAOA problem. The modified floorplan graph is regarded
as the floorplan graph throughout the rest of this paper unless
explicitly stated otherwise. In Fig. 3, a building block place-
ment, its related floorplan graph and its modified floorplan
graph are shown.

Second, as a floorplan graph has been generated from a
building block placement, it is necessary for the RDAOA
problem to solve two conditions of empty rooms and “+” type
junctions [5] in a floorplan graph. For empty rooms, whenever
there exist empty rooms in a floorplan graph, they will be
removed by recursively removing one wall segment from each
empty room until none are present in the floorplan graph
[21]. Thus, it may be assumed that all of the empty rooms
in the floorplan graph have been removed in the RDAOA
problem. On the other hand, for the “+” type junctions, several
algorithms [5], [7], [22], [23] are proposed to split one “+”
type junction into two “T™ type junctions. Hence, all the “+”
type junctions are successfully split by creating some “I"™ type
junctions. It may be assumed that each “+” type junction in the
floorplan graph has been separated into two “I™ type junctions
by a splitting algorithm in the RDAOA problem.

As mentioned above, there is no empty room and “+” type
junction in a floorplan graph, and the floorplan graph only
consists of horizontal and vertical line segments. In general,
each horizontal or vertical line segment in a floorplan graph
will be represented as one channel. As two rows of terminals
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Fig. 3. A building block placement and its floorplan graph.

located on a channel are fixed, the channel will be-routed
successfully by a channel router. Hence, for one “I™ type
junction in a floorplan graph, the base channel of the “7”
type junction must be routed before the top channel of that
according to the specification of channel routing. Based on
the precedence relation in one “I™ type junction, we define a
channel precedence graph from a floorplan graph as follows.

Definition 1: For a given floorplan graph, F, a channel
precedence graph G(F) = (V, A) is a directed graph defined
as follows: Each line segment in the floorplan graph is
represented as one vertex of V. Each directed edge (u,v) is in
A if and only if the two line segments corresponding to v and
v form one “T™ type junction in the floorplan graph, and the
one corresponding to u is the base of the “T™ type junction.

In Fig. 4(a), the floorplan graph for a building block
placement is shown, where wv; denotes the ith vertical
line segment from the left, and the h; denotes the jth
horizontal line segment from the top. The channel precedence
graph G of Fig. 4(a) is illustrated in Fig. 4(b), where V is
{v1,v2,v3,v4, 05,6, b1, ho, b3, ha, hs} and A is {(v1, h1),
(va, h2), (v3, ha), (v3, ha), (va, Ba), (vs, hs), (ve, hs), (h1,v2),
(ha,v1), (ha,vs), (h3,v3), (hs,v6), (hayv1), (ha,va), (hs,v4)}.

Due to the geometrical properties in a floorplan graph,
the generated channel precedence graph has several available
graphical properties to help solve the RDAOA problem of
minimizing the number of switchboxes. \

Lemma 1: Let G(V, A) be a channel precedence graph, @
has the following graphical properties:

1) planar,

2) bipartite,

3) maximum out-degree is equal to 2,
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4) if |V| > 4, then there are at least four vertices whose
out-degree is not more than 1,

5) if |V| > 4, then the number of edges |A| is at most
2n — 4, where n is the number of vertices.

Proof: The proofs of statement (1)—~(4) are the same as
Lemma 1 in the Cai and Wong’s paper [20] except for the
correction to statement (4). Furthermore, by statement (3),
since the out-degree of each vertex is not more than 2, the
total number of edges |A| in a channel precedence graph is not
more than 2n, where 7 is the number of vertices. By statement
(4), it demonstrates that there are at least four vertices whose
out-degree is not more than 1. Hence the number of edges in
a channel precedence graph is at most 2n — 4, where 7 is the
number of vertices in a channel precedence graph.  Q.E.D.

In general, each horizontal or vertical line segment in a
floorplan graph will be represented as one channel. If the
generate channel precedence graph is acyclic, the routing
space will be fully decomposed into horizontal and verti-
cal channels, and the safe ordering of these channels will
be arranged by a topological sorting. Clearly, the RDAOA
problem can be solved by a topological sorting, and no
switchbox is defined in the building block placement. On
the other hand, if the channel precedence graph is cyclic,
the. RDAOA problem will not be solved by a topological
sorting and some cyclic channel constraints will be yielded
in the building block placement. Therefore, the definition of
switchboxes will be introduced to release all of the cyclic
channel constraints in the building block placement. It is well
known that switchbox routing is more difficult than channel
routing. Due to the requirements in the routing phase, it is
necessary for us to minimize the number of switchboxes in
detailed routing.

From the viewpoint of a channel precedence graph, if a
channel precedence graph is cyclic, a set of vertices will be
removed from the graph to generate a new acyclic channel
precedence graph. Clearly, the set of removed vertices in a
channel precedence graph will correspond to the definition of
switchboxes in a mapped building block placement. As the set
of removed vertices is defined as switchboxes, all the CCPC’s
in the mapped building block placement will be fully released
by the definition of switchboxes. Furthermore, the vertices in
the remaining acyclic channel precedence graph will be only
defined as channels. Finally, a safe routing ordering of these
channels will be assigned by a topological sorting, and the
ordering of the defined switchboxes will be further assigned
randomly after all of the defined channels.

Therefore, the RDAOA problem of minimizing the number
of switchboxes in a building block placement will correspond
to the problem of minimizing the number of ‘the set of
removed vertices in a generated channel precedence graph.
For a channel precedence graph, the problem of minimizing
the number of the set of removed vertices is defined as the
MFVS problem.

Definition 2: A feedback vertex set S of a directed graph
G = (V,A) is a subset of V. The vertex removal from G
results in an acyclic directed graph. A minimum feedback
vertex set Sy, is a feedback vertex set with minimum
cardinality.

It is well known that the minimum feedback vertex set
(MFVS) problem [24] remains NP-hard for a channel prece-
dence graph. Since the MFVS problem is to remove a minimal
set of vertices to break all the cycles in a channel precedence
graph, it will be important for the development of a heuristic
algorithm to study the characterization of a channel precedence
cycle in a channel precedence graph. According to the con-
struction of a floorplan graph, some graphical properties of a
channel precedence cycle are further described.

Lemma 2: For a channel precedence graph, three graphical
properties of a channel precedence cycle are as follows:

1) the length is even,

2) the length of a minimal cycle [25] is 4,

3) all vertices are in at most four minimal cycles at the

same time.

Proof: 1t is clear that a precedence relation in a chan-
nel precedence graph represents one “T” type junction in
a floorplan graph. If there exists one cycle in a channel
precedence graph, the number of vertices representing vertical
line segments will be equal to that representing horizontal
line segments in the cycle. Hence, the number of vertices in
the cycle is even and the length of the cycle is even. Due
to the geometrical position in a floorplan graph, a minimal
cycle in a channel precedence graph is constructed by two
vertices representing vertical line segments and two vertices
representing horizontal line segments. The length of a minimal
length is four. As mentioned above, the maximum out-degree
of any vertex in a channel precedence graph is 2, in other
words, each line segment in a floorplan graph is used as the
base of at most two “T” type junctions. In addition, one “T"
type junction is in at most two minimal cycles. Thus, each
vertex in a channel precedence graph is in at most four minimal
cycles at the same time. Q.E.D.

In general, the cycles in a channel precedence graph are
divided into the minimal cycles whose length is four and the
long cycles whose length is more than four. According to the
physical structure of a floorplan graph, it may be assumed that
most of the cycles in a channel precedence graph are minimal
cycles. Therefore, it is important for the MFVS problem to
break all the minimal cycles in a channel precedence graph.
The MFVS problem in a channel precedence graph will be
solved by the minimal-cycle phase and the long-cycle phase
[19]. In the minimal-cycle phase, all of the minimal cycles
and most of long cycles in the channel precedence graph are
broken by removing a minimal of vertices to be defined as
switchboxes. Finally, the remaining long cycles are broken by
an iterative greedy approach-in the long-cycle phase.

Since the minimal-cycle phase is important for the MFVS
problem, some available graphs need to be further defined for
the minimal-cycle phase. First, a weighted channel precedence
graph is established to indicate cyclic information by assigning
weight onto the vertices in a channel precedence graph.

Definition 3: A weighted channel precedence graph G’ =
(V’, A’} is a channel precedence graph with weight assigned to
V. For each vertex u in V', a weight value w(u) is assigned
onto the vertex u, where w(u) is the number of the minimal
cycles in which u is contained.
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Fig. 4. (a) A given floorplan graph. (b) The channel precedence graph of (a).

In order to define a set of vertices in a channel precedence
graph as switchboxes in the minimal-cycle phase, some ver-
tices in a weighted channel precedence graph are of no use.
Furthermore, a cyclic channel precedence graph is further es-
tablished to simplify the size of the weight channel precedence
graph by removing the vertices which are not in any minimal
cycle. ,

Definition 4: A cyclic channel precedence graph G* =
(V*,A*) is a subgraph of a weighted channel precedence
graph by removing the vertices which are not in any minimal
cycle, where V* is a subset of V, and A* is a subset of A.

Fig. 5(a) shows a weighted channel precedence graph
of Fig. 4(b), and a cyclic channel precedence graph of
Fig. 5(a) is shown in Fig. 5(b). In Fig. 5(b), four minimal
cycles {hl, Vo, /‘Lz, Ul}{hg, Vs, hg, Ug}, {hg, VU3, h4,’l)4} and
{hs, ve, hs,va} are in the cyclic channel precedence graph.

Furthermore, by Lemma 2, all vertices in a channel prece-
dence graph are in at most four minimal cycles at the same
time. For the same reason, all vertices in a cyclic channel
precedence graph are in at least one minimal cycle and in
at most four minimal cycles at the same time. Therefore,
one vertex in a cyclic channel precedence graph will be
contained in one minimal cycle, two minimal cycles, three
minimal cycles, or four minimal cycles simultaneously. A k-
cycle pattern in a cyclic channel precedence graph will be
defined to optimally find a minimal set of vertices to be defined
as switchboxes in the minimal-cycle phase.

Definition 5: A k-cycle pattern is a connected subgraph of
a cyclic channel precedence graph and contains k£ connected
minimal cycles. The weight of at least one common vertex in
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Fig. 5. (a) The weighted channel precedence graph of Fig. 4(a). (b) The
cyclic channel precedence graph of Fig. 4(a).

Fig. 6. All the possible k-cycle patterns.

the k-cycle pattern is exactly k.

Clearly, only 1-cycle, 2-cycle, 3-cycle, and 4-cycle patterns
will be found in a cyclic channel precedence graph. All
possible k-cycle patterns are shown in Fig. 6. The cyclic
channel precedence graph in Fig. 5(b), it covers one 2-cycle
pattern and one 3-cycle pattern. The 2-cycle pattern is formed
by two minimal cycles {h1,vs, ho,v1} and {ho,vs, hs,vs}.
The other 3-cycle pattern is formed by three minimal cycles
{hZ, Vs, h3> ’03}) {h37 VU3, h4a ’04} and {h3, Vg, h’5a ?)4}-

According to the definition of a k-cycle pattern, all of the
minimal cycles in a k-cycle pattern will be broken by removing
one common vertex. Hence, a k-cycle pattern will be viewed
as a processed unit in the minimal-cycle phase. For any pair
of k-cycle patterns in a cyclic channel precedence graph, the
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intersection relation will be set by sharing at least one minimal
cycle. Here, a k-cycle intersection graph is further established
by modeling the intersection relation between any pair of
adjacent k-cycle patterns.

Definition 6: For a cyclic channel precedence graph, a k-
cycle intersection graph Gir-cycle = (Vi-cycles Ek-cycle) i an
undirected graph, where V.., represents all of the k-cycle
patterns in the cyclic channel precedence graph, and Ej-cycie
represents the intersection relations of all pairs of adjacent
k-cycle patterns.

Lemma 3: For a floorplan graph, the number of defined
switchboxes in the minimal-cycle phase is at most the number
of vertices in its k-cycle intersection graph.

Proof: For a k-cycle intersection graph, each vertex
represents a k-cycle pattern. As mentioned above, all of the
minimal cycles in a k-cycle pattern are broken by removing a
common vertex in the k-cycle pattern. If there exists intersec-
tion relations in all the k-cycle patterns, it is possible that all
the minimal cycles in a k-cycle pattern are covered by the other
k-cycle patterns. In fact, all the minimal cycles in a k-cycle
pattern will be broken by removing at most one vertex. Since
the removed vertex is defined as a switchbox, the number of
defined switchboxes in the minimal-cycle phase is at most the
number of vertices in its k-cycle intersection graph. Q.E.D.

For a k-cycle intersection graph, each vertex represents a k-
cycle pattern. Hence, the vertex set is further divided into the
independent set and the dependent set. For an independent
vertex, the mapped k-cycle pattern will be independently
broken in the minimal-cycle phase. On the other hand, for
a dependent vertex, the mapped k-cycle pattern will not be
independently broken in the minimal-cycle phase. Here, the
definition of an independent vertex in a k-cycle intersection
graph will be applied to define necessary switchboxes for
its related building block placement. Furthermore, according
to the construction of a k-cycle intersection graph, some
graphical properties are further described.

Definition 7: For one vertex in a k-cycle intersection graph,
the vertex represents a k-cycle pattern. If there exists any
minimal cycle only in the k-cycle pattern, the vertex will be
defined as an independent vertex. On the other hand, if all
the minimal cycles in the k-cycle pattern are fully covered
by the other k-cycle patterns, the vertex will be defined as a
dependent vertex.

Lemma 4: For a k-cycle intersection graph, some graphical
properties are as follows:

1) planar,

2) the intersection of two k-cycle patterns has at most two

minimal cycles,

3) the degree of at least one vertex is less than 3,

4) one k-cycle pattern is not fully covered in the other

k-cycle pattern,

5) any vertex with degree 1 is an independent vertex.

Proof: Because a cyclic channel precedence graph is pla-
nar and the intersection relation between two k-cycle patterns
belongs to a neighbor relation, a k-cycle intersection graph will
be planar. As mentioned above, at most two minimal cycles
are located on the same “T" type junction and the intersection
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Fig. 7. (a) A given floorplan graph. (b) The k-cycle intersection graph of (a).

relation in a k-cycle intersection graph always appears on
one “I™ type junction. Thus, the intersection of two k-cycle
patterns has at most two minimal cycles. By Lemma 2, one k-
cycle pattern has at most four minimal cycles. If one 1-cycle or
2-cycle pattern is in a k-cycle intersection graph, the degree of
the vertex representing the pattern will be less than 3. On the
other hand, if not, only 3-cycle and 4-cycles patterns will be in
a k-cycle intersection graph. According to the distribution of
the minimal cycles in a floorplan graph and the construction
of one 3-cycle or 4-cycle pattern, the degree of the vertex
representing one corner pattern will be less than three. Hence,
the degree of at least one vertex is less than three.

From the definition of a k-cycle pattern, there exists no
covering relation between two k-cycle patterns, one k-cycle
pattern will not be fully covered in the other k-cycle pattern.
Finally, since one k-cycle pattern only intersects with one other
k-cycle pattern and one k-cycle pattern is not fully covered in
the other k-cycle pattern, any vertex with degree 1 in a k-cycle
intersection graph is an independent vertex. QED.

In Fig. 7(a), the floorplan graph of a building block place-
ment is illustrated and all the k-cycle patterns are labeled by
circles. Furthermore, Fig. 7(b) shows and explains the related
k-cycle intersection graph for the floorplan graph. For the k-
cycle intersection graph, it is clear that vertices 1, 3, and 6 are
independent and the other vertices are dependent.
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III. GRAPH TRANSFORMATION

In order to minimize the number of switchboxes in the
minimal-cycle phase, it is important to transform a floorplan
graph into a k-cycle intersection graph. According to the
construction of these graphs, the transformation can be divided
into three partial transformations: the transformation between
a floorplan graph and a channel precedence graph (FG-CPG
transformation), the transformation between a channel prece-
dence graph and a cyclic channel precedence graph (CPG-
CCPG transformation) and the transformation between a cyclic
channel precedence graph and a k-cycle intersection graph
(CCPG-KIG transformation).

First, in the FG-CPG transformation, each line segment in a
floorplan graph represents one vertex in a channel precedence
graph and each “T™ type junction in a floorplan graph repre-
sents onebedge in a channel precedence graph. By Lemma 1,
for a channel precedence graph G(V, 4),0(|V|) = O(JA]) =
O(n), where n is the number of line segments in a floorplan
graph. Hence the FG-CPG transformation will take O(n) time
by traversing all of the line segments in a floorplan graph by
a transformation algorithm [7].

Then, in the CPG-CCPG transformation, it is necessary
for the transformation to detect all of the minimal cycles in
a channel precedence graph. For any minimal cycle, there
are exactly four vertices to be connected by four precedence
relations. Therefore, the detection of all of the minimal cycles
will be solved by the Detect-All-Minimal-Cycle (DAMC)
algorithm. The DAMC algorithm for a channel precedence
graph is modified by a Depth-First-Search (DFS) algorithm
[26]-[27]. As each vertex in the channel precedence graph
is visited by the DAMC algorithm, all of the minimal cycles
from the vertex will be detected by an exhaustive search. After
visiting all of the vertices in a channel precedence graph, all the
minimal cycles will be fully detected by the DAMC algorithm.

Theorem 1: The DAMC algorithm will detect all the min-
imal cycles in a channel precedence graph. If an adjacent list
is applied to store the channel precedence graph, the time
complexity of the DAMC algorithm is in O(n) time, where n
is the number of vertices in the channel precedence graph.

Proof: Basically, the DAMC algorithm is a DFS algo-
rithm except that an exhaustive search is applied to detect all
of the minimal cycles in each vertex visiting. As a result, the
DAMC algorithm will detect all of the minimal cycles in the
channel precedence graph. Because the length of a minimal
cycle is four and the out-degree of each vertex is at most two,
the detection of all the minimal cycles in one vertex visiting
will take 16 (2*) searches in an exhaustive search. Clearly, the
time complexity of an exhaustive search in one vertex visiting
is in O(1) time. In addition, if an adjacent list is applied to
store the channel precedence graph, the time complexity of the
DFS algorithm will be in O(|V| + |A4|) time. Hence, the time
complexity of the DAMC algorithm will be in O(|V] + |4])
time. By Lemma 1, the number of edges | A| is at most 2|V|—4
in a channel precedence graph, that is, O(JA|) = O(|V]). The
time complexity of the DAMC algorithm is in O(n) time,
where n is the number of vertices in a channel precedence
graph. Q.E.D.

Since all the minimal cycles have been detected by the
DAMC algorithm, the CPG-CCPG transformation will be
achieved by the CPG-CCPG algorithm to transform a charinel
precedence graph into a cyclic channel precedence graph.
Basically, the CPG-CCPG algorithm is a DAMC algorithm
with the exception of the weight assignment and the deletion
of unnecessary vertices.

Theorem 2: The CPG-CCPG algorithm will transform a
channel precedence graph into a cyclic channel precedence
graph. The time complexity of the CPG-CCPG algorithm is
in O(n) time, where 7 is the number of vertices in a channel
precedence graph. .

Proof: By the definitions of CPG and CCPG, the CPG-
CCPG algorithm is a DAMC algorithm except for the weight
assignment and the deletion of unnecessary vertices. Before
the CPG-CCPG algorithm, the weights of all vertices in a
channel precedence graph are assigned as 0. For the CPG-
CCPG algorithm, the detection of all of the minimal cycle is
implemented by an exhaustive search in one vertex visiting.
As a minimal cycle is detected, the weights -of all vertices
in the minimal cycle are increased by 1, and the vertices of
the minimal cycle are marked. After traversing all the vertices
in a channel precedence graph, all unmarked vertices will be
removed from the channel precedence graph, and a cyclic
channel precedence graph will be generated. Basically, the
increment of the weights and the process of marking vertices
do not effect the time complexity in the detection of all the
minimal cycles in the algorithm. The deletion of unmarked
vertices only takes O(|V|) = O(n) time. Thus, the time
complexity of the CPG-CCPG algorithm is in O(n) time,
where n is the number of vertices in a channel precedence
graph. Q.ED.

Finally, the CCPG-KIG transformation will be achieved by
a CCPG-KIG algorithm to transform a cyclic channel prece-
dence graph into a k-cycle intersection graph. The CCPG-KIG
algorithm is implemented by visiting all of the-minimal cycles
in a cyclic channel precedence graph. In visiting a minimal
cycle, the vertex with maximal weight in the minimal cycle is
expressed as the representative of a k-cycle pattern containing
the minimal cycle. After visiting all the minimal cycles,
the representatives of the related k-cycle patterns will be
transformed into the mapping vertices in a k-cycle intersection
graph. Furthermore, if the representatives of any two k-cycle
patterns are located on the same minimal cycle, an intersection
relation between the two k-cycle patterns will be established.
Besides that, if any minimal cycle on a k-cycle pattern has at
least two vertices with a weight of 1, the k-cycle pattern will
be defined as an independent vertex in a k-cycle intersection
graph. Clearly, the classification of the vertices in a k-cycle
intersection graph will be also achieved in the CCPG-KIG
transformation. -

Theorem 3: The CCPG-KIG algorithm will transform a
cyclic channel precedence graph into a k-cycle intersection
graph. The time complexity of the CCPG-KIG algorithm is.
in O(n) time, where n is the number of vertices in a cyclic
channel precedeflce graph.

Proof: Basically, the CCPG-KIG algorithm transforms a
cyclic channel precedence graph into a k-cycle intersection
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graph. Besides that, the classification of vertices in the k-
cycle intersection graph is also done by the algorithm. By
Lemma 2, any vertex is in at most four minimal cycles and
the length of each minimal cycle is four. Therefore, the time
complexity of visiting a k-cycle pattern is in O(1) time, and
the representative of each k-cycle pattern is found by visiting
a minimal cycle in O(1) time. Clearly, all the k-cycle patterns
will be found by visiting all of the minimal cycles. It is easy
to understand that the time complexity of visiting all of the
minimal cycles is the same as that of the vertex traversal
in a cyclic channel precedence graph by a DFS algorithm.
Hence, the time complexity of finding all the k-cycle patterns
is in O(n) time. On the other hand, the intersection relation
between any two k-cycle patterns is decided by visiting all
the minimal cycles, and the classification of vertices in the
k-cycle intersection graph is done by visiting all the minimal
cycles. Since the time complexity of visiting all of the minimal
cycles is in O(n) time, the time complexity of the CCPG-KIG
algorithm will be in O(n) time, where n is the number of
vertices in a cyclic channel precedence graph. Q.E.D.

IV. REGION DEFINITION AND ORDERING ASSIGNMENT

As mentioned above, the RDAOA problem of minimizing
the number of switchboxes in a building block placement will
correspond to the MFVS problem for a channel precedence
graph. Based on the solution of the MFVS problem for a
channel precedence graph, an efficient RDAOA algorithm for
minimizing the number of switchboxes is proposed. Basically,
the solution of the MFVS problem for a channel precedence
graph is obtained by the minimal-cycle phase and the long-
cycle phase.

In the minimal-cycle phase, a channel precedence graph will
be transformed into a k-cycle intersection graph in O(n) time,
where n is the number of vertices in a channel precedence
graph. In the k-cycle intersection graph, each vertex represents
one k-cycle pattern. As one vertex in the k-cycle intersection
graph is selected, all the minimal cycles in the related k-cycle
pattern will be broken by removing one common vertex to
be defined as a switchbox. Hence, by breaking these selected
the k-cycle patterns, all the minimal cycles in a channel
precedence graph will be broken by removing a minimal set
of vertices to be defined as switchboxes.

However, based on the physical structure of a floorplan
graph, it is clear that some long cycles share vertices with
minimal cycles. Furthermore, it is desirable that most of the
long cycles can be broken at the same time in the minimal-
cycle phase. Hence, in addition to the vertex weight, the second
heuristic in-degree will be introduced to break one selected k-
cycle pattern, that is, if the selected k-cycle pattern has at
least two common vertices, one common vertex with larger
in-degree will be removed to break the k-cycle pattern. As a
result, all the minimal cycles and most of the long cycles in a
channel precedence graph will be broken at the same time in
the minimal-cycle phase, and the minimal-cycle phase will be
solved by the following Minimal_Cycle algorithm.

In the algorithm, the procedure of removing a minimal
set of vertices to break all the minimal cycles and most of

long cycles is not stopped until the k-cycle intersection graph
is empty. Basically, the operations in a loop statement are
divided into four main steps: 1) vertex selection, 2) vertex
removal, 3) vertex deletion, and 4) vertex search. In step 1), if
there exists any independent vertex in the k-cycle intersection
graph, the vertex will be selected. On the other hand, if not,
any vertex with degree 2 will be selected. In step 2), all the
minimal cycles in the related k-cycle pattern will be broken
by removing one vertex with the largest (vertex-weight, in-
degree) to be defined as a switchbox. In step 3), if unbroken
minimal cycles in a connected k-cycle pattern are fully covered
by one adjacent k-cycle pattern, the mapped vertex will be
deleted from the k-cycle intersection graph. In step 4), the
dependent vertices connecting the previous selected vertex or
the deleted vertices will be checked whether these are new
independent vertices. According to the description of the main
steps, the Minimal_Cycle algorithm will be shown as follows:
Algorithm Minimal Cycle
Input: a channel precedence graph;
Begin
Call the CPG-CCPG algorithm;
Call the CPG-KIG algorithm;
‘While ( KIG is not empty )
Begin
{ Vertex Selection }
If ( there exists any independent vertex
u in KIG )
Retrieve the vertex u;
Else
Retrieve any vertex u with degree 2;
Endif
{ Vertex Removal }
Select the vertex v with maximal
(vertex-weight, in-degree) in the
related k-cycle pattern P(u);
Mark the broken minimal cycles
in the cyclic channel precedence
graph;
Stin = Smin u { v };
{ Vertex Deletion }
Modify the k-cycle intersection graph
by deleting the vertices which connect
the vertex v and whose unbroken
minimal cycles are fully covered by
one adjacent k-cycle pattern;
{ Vertex Search }
Find new independent vertices from
adjacent dependent vertices;
End
Return the vertex set, Smin;
End
Theorem 4: The time complexity of the Minimal_Cycle
algorithm is in O(n) time, where n is the number of vertices
in a channel precedence graph.

Proof: By Theorems 2 and 3, it is clear that the
CPG-CCPG algorithm and the CCPG-KIG algorithm will
take O(|V|) time and O(|V*|) time, respectively. Because
O(JV]) = O([V*|) = O(n), the graph transformation from
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a channel precedence graph to a k-cycle intersection graph
will take O(n) time, where n is the number of vertices in a
channel precedence graph.

In a k-cycle intersection graph, each independent vertex
represents a k-cycle pattern with at least one minimal cycle
not covered by the other k-cycle patterns. In order to break
these independent minimal cycles, all the independent vertices
will be selected to break the minimal cycles in the related
k-cycle patterns. Therefore, as there exists any independent
vertex in a k-cycle intersection graph, the independent vertex
will be selected to break all the minimal cycles in the related k-
cycle pattern. On the other hand, if there exists no independent
vertex in a k-cycle intersection graph, all the vertices in the
graph are fully dependent vertices, that is, all the k-cycle
patterns are covered by the other k-cycle patterns. By Lemma
4, the degree of at least one vertex in a k-cycle intersection
graph is less than three. One dependent vertex with degree 2
will be selected to break all the minimal cycles in the related
k-cycle pattern.

By Theorem 3, the independent vertices in a k-cycle in-
tersection graph are found in the CCPG-KIG algorithm, and
the dependent vertices with degree 2 in a k-cycle intersection
graph are always adjacent the processed independent vertices.
Therefore, the time complexity of the vertex selection will
take O(1) time. Again, because a k-cycle pattern has at
most 11 vertices, the time complexity of the vertex removal
will take O(1l) time by an exhaustive search. Since the
intersection of two k-cycle patterns has at most two cycles, an
independent vertex will have at most six adjacent dependent
vertices. Therefore, the time complexity of the vertex deletion
will take O(1) time by an exhaustive detection. Finally,
due to the construction of a k-cycle pattern, a dependent
vertex will have at most eight adjacent dependent vertices.
The time complexity of the vertex search will take O(1)
time by an exhaustive detection. Hence, the time complexity
of the operations in the loop statement is in O(1) time.
Clearly, the time complexity of the Minimal_Cycle algorithm
is in O(|Vi-cycle|) time. Furthermore, because O(|Vi-cycie|) =
O(n), the time complexity of the Minimal_Cycle algorithm is
in O(n) time, where n is the number of vertices in a channel
precedence graph. Q.ED.

On the other hand, the remaining long cycles in the chan-
nel precedence graph will be broken by an iterative chan-
nel/switchbox definition and ordering assignment in the long-
cycle phase. If there exists one vertex with in-degree O,
the vertex will be removed from the channel precedence
graph, defined as a channel and assigned a routing order.
If there exists one vertex with out-degree 0, the vertex will
be removed from the channel precedence graph, defined as
a channel and pushed into a stack. Based on the physical
structure of a floorplan graph, the remaining long cycles may
share vertices each other. In order to minimize the number
of switchboxes in the long-cycle phase, the first heuristic
out-degree and the second heuristic in-degree are applied
to break the remaining long cycles. Until there exists no
vertex with in-degree 0 or out-degree 0, one vertex with
the largest (out-degree, in-degree) will be removed from the
channel precedence graph and be defined as a switchbox.

As the channel precedence graph is empty, the channels
in the stack will be popped and assigned a routing order.
Finally, all the vertices defined as switchboxes will be ran-
domly assigned routing orders. According to t}}e description
of the algorithm, the RDAOA algorithm is shown in detail as
follows: k

Algorithm RDACA
Input: a floorplan graph;
Begin
ORDER = 1; Sy, = §; Stack = §;
Call the FG-CPG algorithm;
{ The minimal-cycle phase }
Call the Minimal_Cycle algorithm and
Return a minimal set of vertex for
the minimal cycles, Spyin;
Define all of the vertex in Spn;, as switchboxes; -
Assign the crossing pins for the switchboxes;
Construct a new channel precedence graph
by deleting Sy, from the original
channel precedence graph;
{ The long-cycle phase }
While ( the channel precedence graph is not
empty )
Begin
‘While (there exists any vertex w
with in-degree 0 in the channel
precedence graph)
Begin
Define the vertex w as a channel;
Assign the order of the channel as
ORDER;
ORDER = ORDER +1;
Remove the vertex w from the
graph, and change the
in-degree value of the
related vertices;
End v
While (there exists any vertex w with
out-degree 0O in the channel
precedence graph)
Begin
Define the vertex w as a channel;
Push the vertex w into Stack;
Remove the vertex w from the
graph, and change the
out-degree value of the
related vertices;
End
Retrieve the vertex w with
the largest (out-degree,
in-degree);
Define the vertex w as a switchbox;
Smin = Smin U { w };
Assign the crossing pins for
the switchbox;
Remove the vertex w from the
graph, and change the
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in-degree value of the
related vertices;
End
While ( Spin is not empty )
Begin
Pop one vertex w in Stack;
Assign the order of the
channel as ORDER;
ORDER = ORDER + 1;
End
While ( Sy, is not empty )
Begin
Retrieve any vertex w in Smin;
Assign the order of the
switchbox as ORDER;
ORDER = ORDER + 1;
End
End

Theorem 5: The time complexity of the RDAOA algorithm
is in O(n) time, where n is the number of line segments in
a floorplan graph.

Proof: - First, a floorplan graph is transformed into a
channel precedence graph by the FG-CPG algorithm. The time
complexity of the algorithm is in O(n) time, where n is the
number of line segments in a floorplan graph. ]

Basically, the RDAOA problem of minimizing the number
of switchboxes is divided into the minimal-cycle phase and
the long-cycle phase. As mentioned above, the minimal-cycle
phase will be solved by the Minimal_Cycle algorithm and
the time complexity of the algorithm is in O(|V|) time.
Again, the deletion of Sy,;, from the channel precedence graph
will require O(|V|) time. Hence, the time complexity of the
minimal-cycle phase is in O(|V|) time.

On the other hand, the remaining long cycles will be broken
by an iterative channel/switchbox definition and ordering
assignment in the long-cycle phase. Basically, if there is
not a long cycle in a channel precedence graph or all the
long cycles have been broken in the minimal-cycle phase,
the long-cycle phase will be implemented by a topological
sorting. In contrast, if there exist some long cycles in the
remaining channel precedence graph, the long-cycle phase will
be implemented by a modified topological sorting except that
one vertex with the largest (out-degree, in-degree) is defined
as a switchbox when there is no vertex with in-degree 0 or
out-degree 0. If the data structure of a channel precedence
graph is maintained in an adjacent list, the topological sorting
for the channel precedence graph will take O(|V]) time.
Finally, the ordering assignment for the channels in a stack
and switchboxes will also take O(]V'|) time in the worst case.
Hence, the time complexity of the long-cycle phase is in
O(|V]) time.

As mentioned above, the time complexity of the RDAOA
algorithm for the RDAOA problem of minimizing the number
of switchboxes will take O(|V|) time. Since O(|V|) = O(n),
the time complexity of the RDAOA algorithm is in O(n)
time, where n is the number of line segments in a floorplan
graph. Q.ED.

V. EXPERIMENTAL RESULTS

Our proposed algorithm has been implemented using stan-
dard C language and run on a SUN workstation under the
Berkeley 4.2 UNIX operating system. Thirty examples in-
cluding example Ex6 in the Cai and Wong’s paper [20] are
applied to measure the number of switchboxes in the RDAOA
problem. On the other hand, an exhaustive algorithm based
on the detection of all the cycles in a channel precedence
graph and the exhaustive search of the clique cover problem
is implemented to obtain the optimal solution of the number of
switchboxes for these tested examples. Based on the optimal
results of the exhaustive algorithm, a greedy algorithm[10] and
the three versions, namely first, last, and arbitrary, of the Cai
and Wong’s algorithm [20] are also implemented to compare
the number of switchboxes in the RDAOA problem. In the
experimental results, the results of the greedy algorithm and
the best result on these three versions of the Cai and Wong’s
algorithm are applied to compare the number of switchboxes
with the results of our proposed algorithm.

In Table I, the experimental results of twelve representative
examples with different sizes will be shown and compared
on the exhaustive algorithm, the greedy algorithm, the Cai
and Wong’s algorithm, and our proposed algorithm. From the
viewpoint of the numerical results, the contribution of our
proposed algorithm is not only in the theoretical reduction
of time complexity, but also in the number of switchboxes for
the tested examples.

First, as mentioned above, the time complexity of our
proposed algorithm in the RDAOA problem of minimizing the
number of switchboxes is reduced from O(n?) described in the
Cai and Wong’s paper [20] to O(n) time. Second, an optimal
ratio Yoptimal is further applied to measure optimal degree of
a proposed algorithm for any tested example such as

70ptima1(A1g;EX) = N—]\éiag(’—E—];;){—) x 100%

where N (Ex) is the number of switchboxes by an exhaus-
tive algorithm for the example Ex, and N(Alg,Ex) is the
number of switchboxes by a proposed algorithm Alg for the
example Ex. The definition of the optimal ratio is applied
to the greedy algorithm the Cai and Wong’s algorithm and
our proposed algorithm for all the tested examples. It is clear
that our proposed RDAOA algorithm attains 100% optimal
ratio for all the tested examples. The fact proves that the
proposed algorithm is efficient for minimizing the number of
switchboxes in the RDAOA problem.

For example 39 x 43, it contains 39 vertical line segments
and 43 horizontal line segments in a floorplan graph, and
these line segments will construct 37 minimal cycles and 9
long cycles in the floorplan graph. As a result, 37 minimal
cycles and 9 long cycles will be broken in the minimal-
cycle phase and O long cycle will be broken in the long-cycle
phase. By running our algorithm, 14 switchboxes are defined
to break all of the minimal cycles for the RDAOA problem
and the experimental result is shown in Fig. 8. Furthermore,
for example Ex6 in the Cai and Wong’s paper [20], the
experimental result is obtained by our algorithm and shown
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TABLE I
THE EXPERIMENTAL RESULTS

. Exhaustive Greedy Cai and Wong's Our RDAOA

E@ﬁmile # mmllmal #"ml& Search Algorithm Algorithm Algorithm
- Y x #H) cycle cycie #S |Time| #S {Time| Yowmd | #S {Time | Yopmat | #S [Time | Yopimat
6x6 3 0 2 l03s] 5}01sf400%{ 2]01s| 100%| 2 |0.1s]|100%
13x12 9 1 4 | 15m| 8 [02s|500% | 4|o02s| 100% | 4 |02sf100%
16 x 18 10 0 4 | 6Iml 171103s|364% | 4105s| 100%| 4 |0.4s] 100%
23x21 11 1 6 |14.2m| 15 | 0.6s}400% | 6 |08s{ 100% | 6 |0.7s| 100%
20x 24 16 3 9 131.3m| 20]09s}450%| 9|12s| 100%| 9 |1.0s|100%
28 x 35 21 4 10 [45.6mf 24 | 1.2s] 41.7% | 10| 165} 100% | 10 | 1.45]| 100%
32 x 42 31 6 15 | 120 33 114s}455% | 16]1.8s}933% | 15 | 1.7} 100%
37 x 40 38 7 14 | 20hf 32 |1.7s]438% | 15{23s|933% | 14 |2.0s| 100%
39 x 43 37 9 14 | 17 34 | 185} 41.2% | 14]|27s| 100% | 14 [225)100%
45x 50 46 10 21 §3.7h) 45 {245} 467% | 22{3.1s]955% | 21 |26s| 100%
51x 49 54 8 | 16 | 52n 41 |265{3950% | 17135s]941% | 16 [2.85] 100%
71x 65 35 12 |24 | 850 493.0s|490% | 25]41s|960% | 24 [3.25]100%

] ~
1 ] L -
[ | — i
1
! . T L =
T l | ]| T
Fig. 8. An example 39 x 43. ] L

in Fig. 9. The floorplan graph of example Ex6 contains 71
vertical line segments and 65 horizontal line segments. By
" the detection of an exhaustive search, the floorplan graph
contains 35 minimal cycles and 12 long cycles. As a result,
24 switchboxes indicated by thick lines and 112 channels are
defined to break all the minimal cycles and the long cycles.
Finally, the six results of example Ex6 has been obtained by
six different algorithms: the exhaustive algorithm, the greedy
algorithm, the first, last, and arbitrary versions of the Cai and
Wong’s algorithm, and our proposed algorithm. The number of
switchboxes in the RDAOA problem are listed and compared
in Table II. Clearly, the number of switchboxes defined by our
algorithm is fewer than that defined by the other algorithms.

VI. CONCLUSION

For a building block placement, the routing space will
be fully defined into channels and switchboxes because the
definition of switchboxes releases all the cycles in a channel
precedence graph and further yields a safe routing ordering.
However, switchbox routing is more difficult than channel
routing. Due to the requirements in the routing phase, it is

Fig. 9. An example 71 X 65 (Ex6).

TABLE II
THE COMPARISON OF 71 X 65 (EXaMPLE Ex6)
. Greedy The Cai-Wong Algorithm Our RDAOA
Exhaustive Method - " Algorithm
Search - First Last Arbitrary
#5 | Yot [as o | oS [Yorima| yg [Yowimus | #S | Yoo
% 49 | 490% | 25 | 96% | 26 [923%] 25 | %% | 24 | 100%

important for us to minimize the number of switchboxes in
the definition of channels and switchboxes. A region definition
and ordering assignment (RDAOA) algorithm on minimizing
the number of switchboxes is proposed in this paper. ' The
time complexity of the algorithm is proved to be in O(n)
time, where n is the number of line segments in a given
floorplan graph. Finally, several examples have been tested
on the proposed algorithm and other published algorithms, and
the experimental results show that our algorithm defines fewer
switchboxes than other algorithms.
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