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Abstract

The layer assignment, also called constrained via minimization, is to determine
which layers can be used for routing the wire segments such that the number of
vias can be minimized. Vias should be eliminated as many as possible in the layout
design because vias will reduce the performance of the circuits and increase the
manufacturing cost. In this paper, we present a heuristic algorithm to eliminate the
vias in the three-layer routing instances using the hybrid sense method. Some asso-
ciated constraints under practical considerations, such as restricted terminals and ad-
jacent limitation, will be addressed and solved extensively. By our experiments, the
algorithm is fast and efficient to generate very good solutions.

Index terms-Via minimization, layer assignment, channel routing, NP-complete.

I. INTRODUCTION

THE ROUTING PROBLEM is an important field in VLSI/LSI or PCB layout.
In the current technologies, three layers are awailable for routing the interconnec-

tions of nets. There correspondingly are some efficient three-layer routing algorithms
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[8-11] based on VHV or HVH mode. The assumption of both modes can efficiently
avoid the possibilities of unacceptable short-crossing, that is, the crossings of differ-
ent nets on the same layer. It would, however, produce a large number of vias in
the layout. From a technological point of view, the number of vias should be kept
as small as possible. In IC processing, the increase of vias will cause the decrease
of yield significantly and the circuit performance will be reduced. Additionally, the
increase of vias has the penalty of manufacturing cost increased. Hence, the via
minimization has to be considered in the routing problem.

The Constrained Via Minimization (CVM), which is also called the layer assign-
ment, assumes that the topologies of all nets are known. That is to say, the
topology of layout is fixed while the wire segments are to be reassigned to the new
layers in order to eliminate the unnecessary vias. The example of three-layer CVM
problem is sketched in Fig. 1. Some of vias in the layout drawn in Fig. 1(a) are
reduced by the layer reassignment of all wire segments, and the final result with
one via only is shown in Fig. 1(b). This final result has the fixed topology of inter-
connections as shown in Fig. 1(a). In the opposite way, if the function of via
minimization is embeded into the routing algorithms simulaneously, it is called as
Unconstrained Via Minimization (UVM), The UVM problem was first introduced by
Hsu in 1983 [13]). The aim of UVM is to minimize the number of vias based on
the net list information without considering either the geometry of the region or
design rules. But note that, in this paper, only the CVM problem is under consid-
eration.

The algorithms proposed for CVM problem in the two-layer routing were pre-
sented by [1]-[7]. Via reduction of 20 percent or more can often be achieved. The
two-layer CVM problem is not NP-complete when the junction degree (the number
of segments connected to one via) is less than or equal to 3 and it can be solved
in polynomial time. With the advent of VLSI technology, three-layer routing be-
comes feasible [8]-[11]. Therefore, CVM porblem for three-layer routing is needed
to be solved. Chang and Du [12] first formulated the three-layer CVM (3CVM)

problem and showed it is an NP-complete problem.
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Fig. 1(a) The original layout. (b) Final layout.

Both local sense and global sense are considered in the algorithms to solve the
three-layer CVM problem. An algorithm with local sense checks vias one by one to
see if the via can be eliminated by reassigning new layers to the wire segments
connected by this wvia. For global sense, the given topology is assumed to be
"layerless” touting, and the minimization of vias is done by assigning globally all wire
segments in the routing to new layers so that vias can be produced as small as
possible. As stated above, the local sense algorithm would be seriously influenced by
the given layer assignment of each wire segment because it considers only the con-
dition in the neighborhood of a via. Due to this property, the algorithms with local
sense are suitable to the problems with small size and these will become inefficient
when the problem size is grown. In general, global sense algorithm is better than
the local sense one. |

Few papers were proposed for solving 3CVM problem up to the present. The
heuristic algorithm presented by Chang and Du [12] was to minimize the vias with
local sense. Hence, the algorithm is efficient to the routing examples with small
problem size. Our first version [15] eliminated vias by global sense method and pre-
sented better results than those published in the paper [12].

In this paper, we present a hybrid sense algorithm for solving three-layer con-
strained via minimization problem. The basic idea is that, for any problem instance,
we use the global sense method to minimize the vias first and then the local sense
methods as the initial and post-improving phases of our hybrid sense algorithm, re-
spectively. Although the result generated from the initial phase with global sense
method is reasonably good, there still are some vias which can be further eliminat-
ed from the objected instance, however. The post-improving phase with local sense

method is used to eliminate vias further after the initial phase. Fig. 2 sketches the
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basic flow of our hybrid sense algorithm. The details will be discussed in the sec-

tions IIT and IV.

layeriess layout presolution

final layout
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Fig. 2 The basic flow of the hybrid sense algorithm.

In practical applications, several special constraints must be taken into account,
To solve the CVM problem, generally, the terminals are allowed to be available for
any layer. But in practical, there may be only some layer(s) allowed. This is what
we call restricted terminals. In addition, vias, are only allowed to connect wire seg-
ments in the adjacent layers, will get more important in VLSI design. Hence, the
conception of adjacent limitation is obtained. For example, via 4 connects wire seg-
ments in first-layer and second-layer, but via B connects wire segments in first-layer
and third-layer. It is clear that via 4 is more feasible than via B in consideration
of performance and processing cost. Qur previous paper [16] first took these associ-
ated constraints into account for practical applications. But, it was a global sense
one. A

Under these special constraints, we define four styles for the constrained via
minimization problem as follows:

(1) GO_THROUGH style: There is no constraint on both terminals and vias.

(2) ADJACENT style: Vias are only allowed to connect wire segments in the
successive layers, such as layer i and layer i+1.

(3) 1r TERMINAL style: The terminals are restricted to only one layer (or on-
ly one layer is available for terminals) and there is no constraint on vias.

(4) 2r_TERMINAL style: The terminals are restricted to any of two specified
layers and there is no constraint on vias.

It is obvious that the constraints of both adjacent limitation and restricted ter-
minals can be mixed to form two new styles. But they are just trivial and therefore
omitted in this paper.

In the next section, we introduce some foundations and the graph model for
CVM problem. Based on this graph model, we do via minimization by coloring the

associated graph in some special ways. Our hybrid sense algorithm for
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GO_THROUGH style is presented in Section Il and the initial phase is discussed
right here. Section IV addresses the details about the post-improving phase. The as-
sociated constraints of restricted terminals and adjacent limitation are solved in Sec-
tion V by some modifications of the algorithm presented in Section III. Several big
examples are used to evaluate the algorithms. The results are satisfactory and shown

in the last section.

(a) (b}

Fig. 3 (a) Crossover of two wire segments.

(b) Qverlap of two wire segments.
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Fig. 4 The transient routing.

II. FOUNDATIONS AND GRAPH MODEL OF
CONSTRAINED VIA MINIMIZATION

For understanding of the CVM problem, some terminologies should be intro-
duced first.

A net is a collection of wire segments that electrically connects a set of termi-
nals or pins. A via is a feedthrough hole or contact where the wire segments of a
net on different layers are connected. A crossing is an intersection where two wire
segments of different nets are intersected each other. There are two types of cross-
ing as shown in Fig. 3. In the original layouts, the layers are divided into two

classes of H-layer and V-layer which are used for routing the horizontal and verti-
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cal wire segments, respectively. For example, in HVH routing mode, there are two
H-layers and one V-layer. A transient routing is an incomplete or “layerless” physical
routing in which the topology of nets in routing has existed, whereas the wire seg-
ments in the routing have not yet been assigned to layers. Fig. 4. is an example of

transient routing.
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Fig. 5 Segment-crossing graph.

The transient routing can be represented as a graph called Segment-Crossing
Graph (SCG) denoted as G,=(V,, E,JUE)). The graph is constructed as follows. Each
vertex in V| represents a wire segment in the transient routing. The edges in G,
are divided into two sets including the set of via-edges (denoted as E ) and the set
of crossing-edges (denoted as E ). If there is a via connecting two wire segments,
then an edge in E, will connect the two corresponding vertices in SCG. An edge
in £, which is incident on two vertices in SCG, means two corresponding wire
segments are crossover each other. We use dot lines and solid lines for two differ-
ent kinds of via-edges and crossing-edges, respectively. For the transient routing of
Fig. 4, its associated SCG is illustrated in Fig. 5.

For each vertex u & V, we define a set of vertices, which are adjacent to u
by the edges in £, to be an adjacent list of u, and the other set of vertices
which are connected to u by the edges in E_ is defined as a cluster of u. The ad-

jacent list and the cluster of vertex u are denoted as A(x) and C(u), respectively.
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Fig. 6 Color assignment on the segment-crossing graph.

Let each layer in three-layer routing be represented by one color. The layer
assignment of wire segments in the transient routing is to assign each vertex in
the ‘colorless’ graph G_ one color such that any two vertices, which are incident
with an edge in E, are painted by different colors. On the other hand, any two
vertices joined by an edge in E, are painted as the same color as possible. In Fig.
5, it is obvious that when any two vertices incident with the via-edge are assigned
to the same color, the corresponding via will minimized in the original routing.
Based on this observation, we try to assign vertices incident with via-edges the same
colors and vertices incident with crossing-edges the different colors (because of no
violation to electrical requirement). The more vertices incident with the via-edges
are assigned the same colors, the more vias are eliminated, Fig. 6 is a colored
SCG of the graph shown in Fig. 5 and its corresponding layout is given in Fig. 7

with one via only.
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Fig. 7 The physical routing of Fig. 6.
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III. HYBRID SENSE ALGORITHM FOR
GO THROUGH STYLE

The 3CVM was shown to be NP-complete [12]. Therefore, a heuristic algorithm
with hybrid sense method is proposed in this section. Let us first consider the seg-
ment-crossing graph G =(V,, E, UE) and two sets of vertices associated with each
vertex u & V. One is the adjacent list of u, and the other is the cluster of u.
The colors assigned to the vertices in A(«) are the recommended colors of vertex u.
If the vertex u is colored with one of the recommended colors, some vias contact-
ing to the wire segment corresponding to ¥ may be eliminated. The colors assigned
to the vertices in C(u) are the constrained colors of vertex u. Any constrained
color of wvertex u indicates a color to which the vertex u cannot be assigned for
avoidance of violating the electrical requirement. Therefore, the expected colors  of
vertex u are the colors with belong to the recommended colors of vertex # but not
the constrained colors of vertex u. If vertex u can be assigned to one of the ex-
pected colors then there will be some vias eliminated.

A color that has been assigned to a vertex u is called active color of u denot-
ed as a(u). The vertex u that has assigned a color is called active vertex. Oppositely,
it is called inactive vertex if it has not been assigned a color. Let r(u), c(u), and
e(u) be the collections of recommended colors, constrained colors, and expected
colors of vertex u, respectively.

In summary, r(u), c¢(u), and e(u) can be expressed in the following formulas.

rw)={a@) | i € A)}. (D
cw)={a() | j € Cw)}. (2)
e()=r(u)-(r(u) Nc(w)). (3

In Fig. 8, it illustrates these definitions for demonstration.
A vertex u is called p-constrained vertex (or called pC vertex for simplicity) if
|c@)| =p, where |c(u)| is the number of distinct colors in c(x). For the example

of Fig. 8, vertex u is a 1C vertex.

A. THE HEURISTIC ALGORITHM

Using the definitions above, our hybrid sense algorithm can be presented step

by step as below and the details will be addressed later.
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ALGORITHM VIA-MINIMIZATION

/*The initial phase*/

1. input a layout and construct a segment-crossing graph G, and let all ver-
tices in G_ be inactive vertices;

2. REPEAT

3. select an inactive vertex u with highest priority in G;

4. IF vertex u is 3C vertex THEN BACKTRACK(u);

5 ELSE assign vertex u to a color, a(u);

6 calculate r(i) by r(i)=r@i) Ua(u), for all i & A(u).

7. calculate c(i) by c(i)=c(u), Ua(u), for all i & C(u).

8. UNTIL all vertices in G, are active vertices.

/*The post-improving phase*/

9. POST-IMPROVE;

END ALGORITHM VIA-MINIMIZATION

ruy={1,1,2}
c(u)={0,0,0}
euy={1,1,2} a(u) =1
O inactive vertex
Fig. 8 The example of definitions of vertex u. Fig. 9 The example of color assignment.

In the REPEAT-UNTIL loop, it makes use of global sense method to mini-
mize the vias. We call this portion as the initial phase in our hybrid sense algo-
rithm. In the last step, the POST-IMPROVE procedure with local sense method is
used to enhance the outcomes generated from the initial phase.  Accordingly, the
post-improving phase is defined simultaneously. The details of the post-improving
phase will be addressed in Section IV.

Initially, all vertices in G_ are inactive vertices. One of them will be selected to
be assigned a color. Because the result of the algorithm depends on the order of
selecting the inactive vertices, we use a priority function to determine the sequence

of the selected vertices. The priority function is estimated at each vertex in G



A ‘HYBRID SENSE’ ALGORITHM FOR
252 LAYER ASSIGNMENT IN THREE-LAYER VLSI ROUTING

Step 3 selects an inactive vertex based on the nonincreasing order of priority of the
vertices. Each inactive vertex will be classified into one of four kinds based on the
|c)|, that is, it is going to be one of 0C, 1C, 2C, and 3C vertices when there
are three colors needed for the three-layer routing. The highest priority vertex is
3C vertex and lowest one is 0C vertex. If some inactive vertices are the same kind,
one with maximal degree of constraints, i.e., the maximal number of |C(u)|, will be
selected first from them. Initially, all vertices in G, are OC vertices. In formula, the
priority function of the inactive vertex u is defined as
P(u)= |c(u)|* deg_max + deg(u); 4)
where deg max is the maximum degree of all vertices in Gt
=V, E) and deg(u) is the degree of vertex u in G¢.
This priority function first selects the vertex with maximal |c(u)| and assigns it

an appropriate color later. By doing such action, it will help in decreasing the

complexity of constraints and the possibility of backtrackings when the program pro-

ceeds. If there is a tie among many inactive vertices with equal |c(u)|, the vertex
with maximal degree in G?¢ is selected for tie-breaking. A vertex with more degree
in G¢ will affect more other vertices during color assignment of G,. For the same
meaning, the factor deg(u) in formula (4) also helps in decreasing the complexity of
constraints and the possibility of backtrackings when the program proceeds. In short
words, for good results the vertex with highest priority had better be selected and
assigned to an appropriate color first. Moreover, if there is still a tie occurring in
formula (4), arbitrary one among these inactive vertices with equal priority will be
selected.

In the case of 3C vertex, a(u)= ¢, that is, no available color can be assigned
to vertex u. In order to hold the 3-layer requirement, the color reassignments of
some active vertices in C(u) are needed during the color assignment of 3C vertex.
The BACKTRACK procedure’ is to reassign some active vertices in C(u) to new
colors such that the 3C vertex u can be assigned to a legal color. The apporach of
backtracking will be discussed in the subsection B.

After a vertex is selected by the priority function, an active color has to be
assigned to this selected vertex. Let L={0,1,2} be a set of colors corresponding to
the three layers used in the routing. The active color of vertex, a(u), must be one

in the set of L-c(u). The best color is determined as follows. Let |r_(u)| be the
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number of color 7 in r(u) and & L. To eliminate the maximum number of vias,
the color assigned to an inactive vertex u will be a(u) satisfying the feasible condi-
tion that is defined below.

a(u)=7, 7 € e(u) and |r_ (u)| is maximum. (5)

For the example illustrated in Fig. 9, |r,(u) |and |r,(u)| are equal to two and

one, respectively. According to formula (5), the active color of vertex u, ie., a(u), is

set to color 1, therefore.

B. THE BACKTRACKING PROCEDURE

The backtracking will be treated to reassign some of active vertices to new
colors so that any 3C inactive vertex (or 3C vertex for simplicity) can be assigned
to a legal color. Since all colors in L have been assigned to the vertices in the
cluster of the 3C vertex u, a color, which is assigned to some of vertices in C(u),
is selected to be the active color of the 3C vertex u. Each vertex in C(u) may be
one of 0C, 1C or 2C vertex. If a color assigned to the 2C vertex in C(u) is select-
ed for the color assignment of the 3C vertex u, this 2C vertex will change to be a
3C inactive vertex such that the work of backtracking will be continued. In the case
of 0C or 1C vertex in C(u), the backtracking are terminated because the vertex is
not going to be a 3C vertex when its color is assigned to the 3C vertex u. The re-
quirement of selecting a color is to minimize the number of active vertices which
will become 3C vertices after this color is assigned to the current 3C vertex. For
the example of Fig. 10, all wire segments except s, are active and C(s,)={s,, Sp St
The wire segments s, s, and s, are corresponding to the 0C, 1C, and 2C vertices,
respectively, and the wire segment s, corresponds to 3C inactive vertex because of
|c(su)| =3. The color assigned to the OC vertex s, will be selected as a color for
the vertex s, since the vertex s, will change to be 1C inactive vertex that has more
flexibility to reassign.  But it is not reasonable to select the color of the vertex s,
because the vertex s, will be 3C inactive vertex after its color is assigned to s,.

The algorithm of backtracking is presented in the following.
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.......... : Layer 2 or color 2

Fig. 10 An example for backtracking. Fig. 11 An example for termination in backtracking.

PROCEDURE BACKTRACK(u)/*the u is a 3C vertex*/

1. calculate the k_(u) for = =0, 1, and 2;
2. calculate the |¢_(u)| for 7 =0, 1, and 2;

w

a(u)= 7, k_=(@) and |c_=(u)| are minimized such that there are fewest
marked 2C vertices with active color 7 in C(u);
FOR all i in C(u); DO
c(@)=c(i) Ua(u);
IF (a(i)=a(u)) THEN INACTIVE();
END
calculate r(i) by r(i)=r(i) Ua(u) for all i in A(u);

vertex u is marked;

A A

END PROCEDURE BACKTRACK

PROCEDURE INACTIVE(u)

1. claculate r(i) by r(i)=r(i)-a(u) for all i in A(u);
2. claculate c(i) by c(i)=c(i)-a(u) for all i in C(u);

3. set vertex u to be inactive;

END PROCEDURE INACTIVE

Two parameters are needed in the BACKTRACK procedure. Note that only
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one of three colors in the layer assignent will be selected for an active color of
the 3C inactive vertex. Both parameters of k_(u) and ‘ct(u)] are used to deter-
mine the active color assigned to the 3C vertex. The parameter k (i) is defined as
follows.

k_(u) =max(‘c(i) , for all vertices i € C(u) and 7 =a(i)), (6)

The k_(¢) =p means some of vertices in C(u), which have been assigned a

color 7, are going to be (p+1) constrained vertices after the 7 color is selected as
an active color of the 3C vertex u. For the example in Fig. 11. The inactive wire
segment u corresponds to the 3C vertex and k (u)=2, k,(u)=1, k,(u)=1. If the
color 0 is assigned to the 3C vertex u, the wire segment s2 will become a 3C ver-
tex, meanwhile, the backtracking will be continued. Therefore, the assigned color for
3C vertex u may be 1 or 2.

The parameter ‘cr(u)’ is defined to be the number of active vertices which
will become the inactive vertices after color 7 is assigned to the 3C vertex u. ]c(u)i
is calculated below.

(Cr(“)’ =The count of vertices i for a(i)= 7 and i &€ C(u). @)

If we choose 7 to be the active color of 3C vertex u, there will be ‘cr(u) |
active vertices in C(u) which will turn to be inactive vertices. Of course. the num-
ber of these vertices should be kept as small as possible.

From the example in Fig. 11, one of colors 1 and 2 can be used as an active
color of 3C vertex u. However, color 2 is more preferable as an active color of

3C vertex since |c1(u)‘ =2 and , for

¢,(u)| =1. The active color = =min(’cr(u)
7 =0, 1, and 2) means the resulting iterations in the backtracking process is mini-
mal after color 7 is assigned to the 3C vertex. Therefore, the active color is de-
termined in the following formula:
a(u)= 7, k_(u) and |cr(u)} are minimized such that there are
fewest marked 2C vertices with active color 7 in C(u). t)]

After assigning a color to a 3C vertex u, we mark this vertex. In formula (8),
the selected 7 also minimizes the number of 2C vertices (if exist), which have
been marked by this procedure, in the cluster of u. The marks of vertices are used
for avoiding infinite cycle occurring in the procedure. For details, please refer to

our paper [15].
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C. THE TIME COMPLEXITY OF THE INITIAL PHASE

Initially, to construct the associated Segment-Crossing Graph G, ie. to calcu-
late the adjacent lists and clusters of all vertices in G, it is done by checking the
connectivity and crossings of each segment with the other segments in layerless lay-
out. Hence, it is clear the time complexity for constructing G, is O( £?); where ¢ =
|V.,| is the number of segments in the objective layout.

In the initial phase it is not sure that how many vertices will be backtracked,
ie., the number of 3C vertices occurred cannot be predicted. As a consequence, we
isolate the BACKTRACK procedure from the initial phase for the analysis of time
complexity.

To achieve the most efficient selection of an inactive vertex with highest priori-
ty, a sorted bucket list is utilized. The data structure and the associated operations
of the sorted bucket list can be referred in [17]. After an inactive vertex u is se-
lected, the number of updatings of recommended and constrained colors of the re-
lated vertices (steps 6-7 in VIA-MINIMIZATION algorithm) are |A(u)| and |C(x)

respectively. Now it can be addressed that the time complexity of coloring G=(,
E,UE) is O(|E,|+|E,|)< O( ?) if there is no backtracking occurred.

In  BACKTRACK procedure, the calculations of &, (x) and |c (u)| are in
O(deg_max). But the updatings of recommended and constrained colors of the relat-
ed vertices (steps 4-8 in BACKTRACK procedure) are in O(deg max®). Therefore,
the time complexity of the BACKTRACK procedure is O(deg max>).

From our emperical experience, the number 8 of backtrackings is small and it
is reasonable to expect that time complexity O@B*deg max?) is lower than time
complexity O(£?) because deg max is much smaller than ¢ and £ is assumed to
be a small constant.

Based on the above discussions, therefore, the time complexity of the initial

phase is O((?) under one reasonable assumption.

IV. POST-IMPROVEMENT

The solution achieved by the initial phase of VIA-MINIMIZATION algorithm
is reasonably good. However, there still may be some vias which can be removed

from this solution further. We call this solution as the presolution.
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In a presolution, if there exists any vertex u and e(u) is not a null set, in ad-
dition, a(u) is not in e(u), then the via associated with the corresponding wire
segment © may be eliminated. In Fig. 12, for example, e(u)={0, 0} and a(u)=2.
Therefore, if we reassign a(u) to color 0 then one via will be eliminated. But as-
suming a(v)=2, it may be of no help to reassign a(u) to color 0. The local sense

algorithm for post-improvement is shown as below.
PROCEDURE POST-IMPROVE

1. REPEAT

§ =0

FOR each vertex u in G, DO
IF (e(u) + ¢ and a(u) % e(u) THEN
{rendomly select k & e(u);
INACTIVE(u);
a(u)= k;
UPDATE(u);

9. 5 =6 +1; }

10. END /*END of FOR*/

11. put ¢ into buffer B;

12. UNTIL (( 6 =0) or ( ¢ is stable))

® N W N

END PROCEDURE POST-IMPROVE

Fig. 12 A subgraph of G_ according to a presolution.
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PROCEDURE UPDATE(u)

/*refresh associated recommended and constrained colors*/
1. calculate r(i) by r())=r@i) Ua(u) for all i & A(u);
2. calculate c(i) by c(i)=c(i) Ua(u) for all i & C(u);

END PROCEDURE UPDATE

In POST-IMPROVE procedure, 6 is a counter to count the number of active
vertices which have been reassigned to new colors. In each iteration of the RE-
PEAT-UNTIL loop, we store ¢ into a buffer.

Ther terminating postulate is that § =0 or ¢ is stable after several iterations.
6 =0 means there is no active vertex to be reassigned to new color. On the other
hand, we can check whether ¢ is stable or not after a few of iterations by check-
ing the values stored in buffer B. We think ¢ is stable when the recent five &’s
are equal or differed within the tolerance of a specified constant. These two condi-
tions both mean that there will be no via which can be eliminated any more. By
experimental experience, the POST-IMPROVE procedure converges within ten itera-
tions in the most cases.

Anyway, it is impossible to predict exactly how many vertices will be reassigned
to new colors in each iteration and also how many iterations will be processed in
the POST-IMPROVE procedure. Thus, the time complexity of the POST-IMPROVE
procedure is derived under some assumptions. As mentioned above, ¢ is much
smaller than &, the number of segments in the objective layout, in each iteration.
Since the number of iterations required is limited within a small constant «, a*é
may be quantified as £. Hence, the time complexity of the POST-IMPROVE pro-

cedure is O(£) under some assumptions.

S S

o o

- Fig. 13 Appending two dummy vertices «’, u" to vertex u.
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V. RESTRICTED TERMINALS AND ADJACENT
LIMITATION

Under practical considerations, the constraints of adjacent limitation and re-
stricted terminals are very of importance and suitable for real applications. Adjacent
limitation does not allow vias to connect wire segments which are not in successive
layers. This constraint can enhance the circuit performance and reduce the process-
ing cost of the design with comparison to the unconstraincd one. Furthermore, in
the most VLSI designs, the terminals are not neccessarily free to all layers. Thus,
terminals restricted to one or two layers are usually used. In the following, we will

address the appropriate modifications for meeting these constraints.

A. MODIFICATIONS OF THE ALGORITHM FOR 1r AND
2r TERMINAL STYLES

In 1r-TERMINAL style, terminals are available for one particular layer, each
associated vertex of wire segment connected to the terminal can be appended by
two dummy vertices. Oppositely those segments, which are not connected to termi-
nals, may not be appended by any dummy vertex. In Fig. 13, two dummy vertices
of a certain vertex u, which corresponding segment is connected to at least one
terminal, are added to the cluster C(u). After these, the dummy vertices are set to
be active and painted by the suitable colors. For example, the terminals are re-
stricted to the first layer (color 0), two dummy vertices of u are assigned to colors
1 and 2. They will force the associated vertex u to be only painted by the color 0
because there are at least two colors 1 and 2 in the constrained colors c(u). It
means that the wire segments connected to the terminal are all located at first lay-
er. Of course, these dummy vertices should be fixed in color assignment, ie., no
reassigning color to any dummy vertex. For the case of terminals restricted to two
specified layers, namely, in 2r TERMINAL style, we only use a dummy vertex to
force the corresponding wire segment, which is connected to at least one terminal,
to be assigned to one of these two specified layers.

This dummy vertex model is very flexible and easy to be implemented (or less
modifications) for any variation of restricted terminals constraints. It also has the

potential for extension in multi-layer (n>3) CVM problem.
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B. MODIFICATIONS OF THE ALGORITHM FOR
ADJACENT STYLE

However, if we want to obtain the ADJACENT style solution, then the wire
segments will be classified into two categories consisting of horizontal and vertical
wire segments, Hence, the corresponding vertices are divided into two types of H-
vertices and V-vertices, respectively. The priorities of H-vertices are higher than the
V-vertices. Namely, the priority function in formula (4) is modified as

P(uw)=K*Hu)+P(u); 9
where P(u) is defined in formula (4), K=4*deg max +1,
and if u is a H-vertex then H(u)=1, else H(u)=0.

From formular (4), it is clear that the possible highest priority associated with
V-vertices is P(u)=3*deg_max + deg(u) which is less than or equal to 4*deg max. If
we expect that the priorities of H-vertices are always higher than V-vertices, con-
stant K should be greater than any possible priority associated with all V-vertices.
As a consequence, K is defined as 4*deg max+1.

In the initial phase of VIA-MINIMIZATION algorithm, if we have to meet the
constraint of color decision in consideration of the ADJACENT  style, the layer as-
signments of horizontal wire segments are limited to be H-layers. But the layer as-
signment of each vertical wire segment can be assigned to any layer under adjacent
limitation. In other words, for example, assume that the corresponding colors for
coloring the SCG are 0, 1 and 2 in HVH routing mode. Hence, the H-vertices are
limited to colors 0 and 2. But the V-vertices can be assigned to any color so long
as this color is helpful to eliminate vias and legal to adjacent limitation in the ini-
tial phase of the hybrid sense algorithm. Anyway, the horizontal wire segments are
not limited to H-layers in our solutions. After the execution of POST-IMPROVE
procedure, i.e., the post-improving phase, the horizontal wire segments can be as-
signed to V-layers so as to eliminate vias further.

For the requirement of adjacent limitation, we must check the legality of the
color assignment of any selected vertex in all the main program and other proce-
dures. For instance, a vertex u and r(u)={0}, it is illegal to assign this vertex u to
color 2 even though color 2 is the best one for some criteria. In consideration of
the adjacent limitation, only colors 0 and 1 are legal for coloring vertex u when

r(u) = {0}.
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VI. RESULTS AND CONCLUSIONS

The algorithm for three-layer via minimization was coded in C language and
implemented on SUN 4 workstation. The algorithms are efficient and have been
evaluated on some examples with big problem size including examples 7, 3a, 3b, 3c,
4b, and 5 presented in [8] and example diff is the Deutsch’s difficult example [14].
The original layouts of these examples are all in three-layer HVH mode. In this
paper, the results of example with small problem size in GO THROUGH style can
be referenced in [15]. They are better than the ones published in [12]. In the
paper* [12], only the examples with small problem size were solved in
GO THROUGH style.

There are four styles to be tested in this paper. Table I shows the results of
our algorithms for all styles. With comparison to GO THROUGH style in paper
[15], shown in Table II, this new hybrid sense algorithm can eleminate more vias
for the original test examples on the average. It is clear that the improvement is
achieved by the post-improving phase of the hybrid sense algorithm. Note again, the
algorithm proposed in [15] was a global sense one and equivalent to the initial
phase of the hybrid sense algorithm for GO _THROUGH style.

Table 1 also shows the results for ADJACENT, I1r_TERMINAL and
2r TERMINAL styles. It has better outcomes than those published in [16] that has
first addressed the problems of terminals restrictions. Table III shows the compar-
isons with [16]. As the data shown, it seems very reasonable to have these out-
comes. That is, the more flexible the constraint is, the better the solution is ob-
tained.

In this paper, we present a heuristic algorithm with hybrid sense for solving
the problem of three-layer constrained via minimization. Some associated constraints
are addressed and solved extensively. Besides the original CVM problem, the addi-
tional constraints of restricted terminals and adjacent limitation result into four

styles of solutons.
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Table I: The effections of via minimization on four styles solution

Examples

(See Ref[8])

ADJACENT

GO_THROUGH

No terminal
constraint

1r TERMINAL

2r_TERMINAL

No. of vias
eliminated

No. of vias
eliminated

No. of vias
eliminated

No. of vias
eliminated

1 26 21 2 11
3a 31 27 9 21
3b 79 70 41 65
3c 63 50 23 40
4b 69 60 8 27
5 81 54 4 20
diff 87 64 13 50

Table 11
Ours [15]
Ex.
No. of Vias No. of Vias
eliminated eliminated
1 26 21
3a 31 24
3b 79 26
3c 63 62
4b 69 45
5 81 76
diff 87 86
Table III
Ir_TERMINAL 2r TERMINAL
Ex.
Ours [16] Ours N [16]
1 2 2 11 13
3a 9 1 21 12
3b 41 12 65 23
3c 23 5 40 19
4h 8 16 27 50
5 4 6 20 20
diff 13 17 50 48
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