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| PAPER Special Section on Discrete Mathematics and Its Applications

A Via Assignment and Global Routing Method for 2-Layer Ball

Grid Array Packages

SUMMARY In this paper, we propose a global routing method for 2-
layer BGA packages. In our routing model, the global routing for each net
is uniquely determined by a via assignment of each net. Our global routing
method starts from an initial monotonic via assignment and incrementally
improves the via assignment to optimize the total wire length and the wire
congestion. Experimental results show that our proposed method generates
a better global routing efficiently.

key words: ball grid array, monotonic routing, via assignment, wire con-
gestion, total wire length, heuristic

1. Introduction

In recent VLSIs, the number of required I/O pins becomes
over several hundreds. Instead of DIP (dual in-line package)
or QFP (quad flat package) in which the number of available
I/O pins is small, BGA (ball grid array) package is used to
realize the huge number of connections between VLSI and
PCB. In BGA package, a connection between a bonding fin-
ger and a solder ball is realized using several routing layers.
A bonding finger, which is called simply finger, is connected
to VLSI chip by bonding wire. A solder ball, which is called
simply ball, is connected to PCB.

Since the structure of a basic BGA package is symmet-
rical, a symmetrical radial routing can be applied if a netlist
between fingers and balls is not specified. However, since a
netlist between fingers and balls is usually given and often
changed, and since a BGA package of various types is used,
routing design is required repeatedly in design scene. Al-
though there are several routing tools for VLSI package, the
performance of these tools is not so good due to several fea-
tures in package routing which are not in VLSI routing or in
PCB routing. For example, the routing area of a BGA pack-
age has various huge obstacles which include balls them-
selves. The size of a ball is large compared to the width of a
wire. For other example, a plating lead which realizes a con-
nection to the outer ring surrounding package is sometimes
required to every net in order to realize electric plating to
all wires on surface. A plating lead is redundant for circuit
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operation but used to reduce the manufacturing cost since
chemical plating is expensive.

The first approach for BGA package routing was pro-
posed in [1] and it was improved in [2]. In these approaches,
it is assumed that the number of routing layers is one and
that a netlist is not given. These approaches generate a
netlist and generate a global route of each net. Each net
connects a pair of a finger and a ball. The objective is to
balance the congestion over the routing area and shorten the
wire length of each net. Since a netlist is usually given in
package design, these approaches are not used in package
routing but used in package architecture design. For a given
netlist in 2-layer BGA model as shown in Fig. 1, global rout-
ing on layer 1 may be possible by using these algorithms if
a candidate of via positions is considered as a ball. But the
feasibility of the global routes on layer 2 is not guaranteed.

While, the algorithms for multi-layer BGA and PGA
(pin grid array) routing are proposed in [3] and [4], respec-
tively. These algorithms first assign each net to a layer and
then generate routes in each layer. However, the feasibility
of routes from the finger of each net to the assigned layer
and routes from the assigned layer to the ball of the net is
not guaranteed. These routings require vias that are large
compared to the wire width and almost same as ball inter-
val in most cases. These algorithms skip the via assignment
planning which is the most difficult part in package routing.

To optimize routes on both layer 1 and layer 2 by ex-
changing a via assignment, we propose a via assignment
and global routing method for 2-layer BGA packages which
considers total wire length and wire congestion. We intro-
duce the concept of monotone in global routing and in via
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assignment. If a monotonic via assignment is given, the
monotonic global routing on layer 1 is uniquely determined.
Our method explores monotonic via assignments to reduce
the total wire length and wire congestion of corresponding
global routing. Our method starts from an initial monotonic
via assignment and incrementally improves the via assign-
ment. The proposed method was implemented by C++ and
applied to some data. The experimental results show that
our method efficiently generates better global routes with
respect to total wire length and wire congestion.

2. Preliminaries
2.1 Problem Definition

In our BGA package model, the number of routing layers is
two. Fingers, which are connected to a bare chip by bond-
ing wire, are placed on the perimeter of a rectangle enclos-
ing the chip on layer 1. Balls, which are connected to PCB,
are placed on a grid array on layer 2 on the outside of the
perimeter on which fingers are placed’. A net in BGA pack-
age consists of a finger and a ball. The connection between
the finger and the ball of a net is realized by wires on layer 1
and 2 and vias that connect a wire on layer 1 and a wire on
layer 2. Moreover, a ring structure which surrounds package
is fabricated in our model. Each net should be connected to
the ring in order to enable electrical plating to protect its
wires. The extra connection to the ring of a net is called a
plating lead. The ring is cut when the package is used. A
plating lead is redundant for the operation, but it is used to
reduce the fabrication cost and to improve the reliability.

Since the radius of a ball is large compared to the inter-
val of the balls, the number of the routes between adjacent
balls on layer 2 is limited. Therefore, the length of a wire
connecting a ball and a via on layer 2 should be shortened
and plating leads should be routed on layer 1. Therefore, the
routing model is restricted as follows: the route of each net
has only one via placed near the ball of the net, the wire on
layer 1 connects the finger of the net and the ring through
the via of the net, and the short wire on layer 2 connects the
ball and the via of the net. The BGA package of our model
and a routing example are shown in Fig. 1.

We assume that the number of vias to be placed in the
area surrounded by adjacent four balls is at most 1. There-
fore the set of possible positions of vias is represented by the
set of nodes N, on a grid array, whose interval is the same
as that of balls as shown in Fig. 2. We call the grid via grid
array. We partition the package area into four by cut lines
as shown in Fig. 2 and apply our method to each part. In the
following, we consider the bottom part.

Nets are labeled according to the order of fingers on the
perimeter from the left to the right as ng, ny, .. ., n,,-1, where
m is the number of nets. The ball and the via of net n; are
denoted by b; and v;, respectively. An assignment of the via
of every net to a node in N, is denoted by V. The coordinate
of v; in an assignment V is denoted by (x;, y;), where x; and y;
are both integer. The coordinate of b; is also denoted by the
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Fig.3  Fingers and balls on a package, a via grid array based on the po-
sitions of balls, and a via assignment.

coordinate (xf? , yf ) using the axis of the via grid array, where
x/ and y? are always expressed by @ +0.5 (a is integer). The
x-coordinate of the left and right boundary at horizontal grid
line y = k are denoted by x,,,;,(k) and x,,,,(k), respectively.

In Fig. 3, an example of a via assignment as well as the
relative positions of fingers, balls, the via grid array, and cut
lines are illustrated by taking all assumptions and definitions
into account. In the example in Fig. 3, x,,;,(k) = k — 0.5 and
Xmax(k) = xpyax — k + 0.5 where xy4x is the maximum x-
coordinate in the via grid array.

Global routing problem for 2-layer BGA package is de-
fined in the following.

Global routing problem for 2-layer BGA

Inputs: Fingers and balls
Netlist (connection requirements of every pair
of a finger and a ball)

Outputs: A via assignment V on N,
The corresponding global routes

Objective: Minimize total wire length and
maximum wire congestion

In case that some balls are placed inside the perimeter on
which fingers are placed, the routing area is divided along the
perimeter and routing for each area is performed individually.
Therefore, it is assumed that balls are placed outside the perimeter
as shown in Fig. 2 for easy explanation.
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Fig.4  Global routes of nets at y = 2.

2.2 Global Routing Based on a Via Assignment

In global routing problem for BGA packages, the outputs
are a via assignment V and global routes corresponding to
it.

If the route of each net on layer 1 intersects every hor-
izontal grid line between its finger and the outer ring just
only once, the route is said to be monotonic. Otherwise, it
is said to be non-monotonic. It is easy to see that a mono-
tonic routing is possible for via assignment V if and only if
x; < xj is satisfied for any pair of nets n; and n; (i < j) such
that y; = y;. A similar observation is found in [1]. A via
assignment that satisfies this condition is said to be mono-
tonic. In our method, only monotonic routes are dealt with
in layer 1. Although a monotonic route tends to be shorter
than a non-monotonic route, it may still become longer by
snaking. The routes may violate a design rule if there are
many routes between adjacent vias. Therefore a via assign-
ment such that the total wire length and the maximum wire
congestion of global routes are minimum should be pursued.

As for routes on layer 2, the route from a ball is ex-
pected to be short. But some routes may cross if no detour
is allowed. In monotonic via assignment V, if y; = y; for
net n; and n; (i < j), then x; < x;. Therefore, if x? > xlj’,
and y;’ = y? then routes from balls b; and b; on layer 2 cross
if no detour is allowed. A via assignment V is said to be
detour-preventive if y; # y; for net n; and n; (i < j) such
that xib > xlj’ and yl.b = y? . This condition is considered while
optimizing via assignments.

The via assignment shown in Fig.3 is monotonic.
Therefore, the monotonic global routing is uniquely deter-
mined. For example, three vias v4, vs and vy are assigned to
the horizontal grid line y = 2. The route of a net in mono-
tonic routing intersects the line as shown in Fig. 4. Similarly,
the route of each net in monotonic routing intersects the
other horizontal grid lines. The monotonic global route of
each net on layer 1 is generated by connecting the intersect-
ing point of every horizontal grid line. The global routing
of the via assignment shown in Fig. 3 is shown in Fig. 5. In
Fig. 5, the intersections of routes on each horizontal line are
placed evenly between adjacent two vias. Obtained global
routes are transformed into rubber band sketches [5]. If the
rubber band sketches do not violate design rules specified
by designers, physical routes can be obtained based on the
sketches.

2.3 Evaluation of Global Routes

In the global routing problem, the objective is to minimize
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total wire length and maximum wire congestion. In this sec-
tion, the way to evaluate wire length and wire congestion for
a via assignment is discussed.

In via assignment V, the via assigned above v; is de-
noted by via(above, v;). Formally, via(above,v;) = v; if v; is
assigned above v; on the same vertical grid line and no via
is assigned between v; and v; on the line. If there is no such
via, via(above, v;) = (. Similarly, via(below, v;), via(left, v;),
and via(right, v;) are defined.

2.3.1 Evaluation of Wire Length

If the wire length of a route on layer 1 becomes longer, the
route snakes. If a route snakes, it crosses vertical grid lines.
For example, routes of n, and ng in Fig. 5 (thick lines), have
different length. The route of ng snakes and its wire length
is long. As shown in Fig. 5, the route crosses vertical grid
line x = 4 twice between horizontal lines y = 1 and y = 3.
While, the route of n, does not snake and the route does
not cross any vertical line. Therefore, we evaluate the wire
length of a route on layer 1 by the number of intersections
of the route and vertical grid lines. Although the exact wire
length depends on the detailed routing, this evaluation has
enough accuracy in global routing, since the distribution of
wire lengths of detailed routings obtained according to the
global routing is small.

For a monotonic via assignment V, the number of
nets that intersect the vertical grid line between v; and
via(above, v;) is denoted by cut,(v;) and defined as follows.

cut,(v;)

_ ) li-j-1
10

Similarly, the number of nets that intersect the vertical grid
line between v; and via(below, v;) is denoted by cuty(v;).

(if via(above,v;) = v))
(if via(above, v;) = 0)

cuty(v;)

(li-k-1
10

Note that cut,(v;) = cuty(v;) if via(above, v;) is v;.

Although a route on layer 2 may detour even if a via
assignment is detour-preventive, the route is expected to be
short and seldom detour. Therefore, the wire length of a
net on layer 2 is evaluated only by the Manhattan distance

(if via(below, v;) = vy)
(if via(below, v;) = 0)
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between the via v; and the ball b; of the net, which is denoted
by d(v;) and defined as follows.

d@) = X2 = x|+ Iy - yil

2.3.2 Evaluation of Wire Congestion

Given monotonic via assignment V, the intersections of
monotonic routes and horizontal grid lines are determined.
Even if intersections are placed evenly between adjacent two
vias, design rule violation may occur if the interval of the in-
tersections is narrow. Therefore smallest possible wire con-
gestion is better. Since the number of intersections (includ-
ing vias) on each horizontal grid line is constant, the maxi-
mum wire congestion becomes small if the wire congestion
of every part is balanced. In this section, we define wire
congestion and the balance of the wire congestion.

In our method, wire congestion is evaluated by the re-
ciprocal of the intersection interval between adjacent two
vias. The wire congestion left of via v; is denoted by
density;(v;) and defined as follows.

density;(v;)

i—j
—_ Xi—Xj
- i+1
Xi—Xmin (i)

Similarly, the wire congestion right of the via v; is denoted
by density,.(v;) and defined as follows.

(if via(left, v;) = v;)
(f via(left, v;) = 0)

density,(v;)

k=i
_ X—=Xi |
- m—i
Xmax (Yi) = Xi

In our model, the difference of density;(v;) and
density,(v;), denoted by F(v;), is defined to evaluate the bal-
ance of wire congestion.

(if via(right, v;) = vy)
(if via(right, v;) = 0)

F(v;) = |density,(v;) — density,(v;)|

For example in Fig. 5, the number of intersections on
the left of vy is 4 and the length between the left cut line
and vy is 1.5. Then, the wire congestion between the left cut
line and vy is 3.33. Similarly, the wire congestions between
v4 and vs, vs and vyg, and v|o and the right cut line are 1, 5
and 10, respectively. F(vq4) = |density;(v4) — density,(v4)| =
[3.33 — 1] =2.33.

The routing cost for monotonic via assignment V,
which is denoted by COS T(V), is defined by the following
cost function including above evaluations:

m—1

COST(V) = Z(acuta(vk) + Bd(v) + yF(vr)),
k=0

where a, 5 and y are coefficients.
3. Via Assignment Method
3.1 Outline of the Method

Our via assignment method is based on a heuristic ap-
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proach. First, the method gives an initial monotonic detour-
preventive via assignment. Then the via assignment is mod-
ified by sequential via movements so as to improve the rout-
ing cost as much as possible. Via movements are iterated
until the routing cost cannot be improved any more.

The routing cost should be reduced as much as possible
by a via movement. In our method, such a via movement is
determined by selecting one that reduces the routing cost the
most.

3.2 [Initial Via Assignment

If balls are placed in monotonic order, an initial via assign-
ment is given by placing vias as same as the ball placement.
In practical BGAs, most balls are placed in monotonic order,
but some balls may not. Therefore, we assume that a mono-
tonic ball sequence is obtained from a given ball sequence
by exchanging two adjacent balls on the same y-coordinate
(the exchange is applied at most once for each ball). For
example, the ball sequence on y = 1.5 is ny, ng, ns, ny, and
ny3 in Fig. 3. It is not monotonic but the monotonic one is
obtained by exchanging the position of two balls of net ns
and ng. For such a ball sequence, it can be divided into two
monotonic subsequences. For example, the ball sequence
(ny, ng, ns, ny7, ny3) is divided into two monotonic subse-
quences (11, ng, n7, n13) and (ns).

A monotonic and detour-preventive via assignment is
obtained if these two subsequences for each ball sequence
are assigned on the different horizontal grid lines. The de-
tailed procedure to obtain an initial via assignment is defined
as follows.

Step 1: For each ball sequence on the same y-coordinate,
divide the sequence into two monotonic subsequences.

Step 2: Determine y-coordinates of vias. For two mono-
tonic subsequences of the ball sequence on y = k, vias
of a subsequence are put on y = k — 0.5 and the other
ony=k+0.5.

Step 3: For vias on the same y-coordinate, sort them in
monotonic order and place them from the left.

For the example in Fig.3, each step is executed as
shown in Fig. 6. In this initial via assignment, the number
of vias assigned on a same horizontal line may be over the
number of the grid nodes on the line. In such a case, an
overflow via is moved to a grid node without via on another
grid line keeping the monotonic and detour-preventive con-
ditions. We omit the detail in this paper.

Step 1 Step 2 Step 3
513’2121‘51) o < Il)l yp=3 (y=§) 11
o 4,10 y=2
2O L6 7.13  y=I

=1)1,2,6,7,9,13
(y=0.5) 5 9 y:l} (=D
2,0,3,8,12,9, 14

0,3,8,12,14 y=0 (y=0)0,3,8, 12, 14

Fig.6 Initial via assignment.
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3.3 Sequential Via Movement

There are many ways to modify the current via assignment.
In this paper, a sequential via movement is proposed for the
via assignment modification. A sequential via movement is
a movement in which vias are moved to their adjacent grid
nodes one by one until reaching a grid node without a via as
shown in Fig. 7.

Let g(M) be the gain of a sequential via movement M
which is defined as COST(V) — COST(V’), where V'’ is
the via assignment obtained from V by applying M. Sim-
ilarly, Acut,(v) is defined as the difference between cut,(v)
for V and cut,(v’) for V', where v' in V' and v in V are as-
signed to the same grid node. Acut,(v), Ad(v), Adensity,(v),
Adensity,(v), and AF (v) are defined similarly. In a sequen-
tial via movement M for V, the gain g(M) can be represented
as the sum of local gains g,,(v) where v is a via contained in
M. For example, we can define g,,(vg) for the sequential via
movement M shown in Fig. 7 as

gm(ve) = Acuty(ve) + Ad(ve)
+AF(vg) + AF(vp) + AF(v7)
=2-DH+(1-2)
+(4-1-2=-3D+(1 -4 -1-2)
+(1=-2[-13-2))
-4

Around vg, cut,(ve) is changed by M, but Acut,(ve) is
counted as Acut,(vs) in gp(vs). Basically, the balance of
wire congestion at a via is contained by the local gain of the
via. However, AF'(v,) and AF'(v;) are also counted in g (vg)
since AF(v;) and AF(v7) are changed by M but v, and v; are
not contained by M. The via assignment V around vg and
that obtained by applying M are shown in Fig. 8.

Fig.8 The change of via assignment around ve.
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A sequential via movement is said to be monotonic if
the direction of every horizontal movement of via is either
left or right and that of every vertical movement is either
above or below. In a monotonic sequential via movement M
for V, gy (v) for a viavin M can be calculated if the previous
two vias of v in M and the next via of v in M are given. For
example, assume that a part of sequential via movement M
is given as shown in Fig. 8. If M is monotonic, vy, vy, v7 and
vg remain the same grids after applying M, but may not if
M is not monotonic. Therefore, g,(vg) can be determined
without using the other part of M if M is monotonic but can
not otherwise.

3.4 Construction of Cost Graph

We construct a directed acyclic graph, which is called the
cost graph of a via for via assignment V, that represents
monotonic sequential via movements started from a via,
which is denoted by v,. In the cost graph G, the gain of
a monotonic sequential via movement corresponds to the
weight of a directed path in G. For our convenience, a
dummy via is placed to a node if no via is assigned to the
node in V. Therefore, a monotonic sequential via movement
started from v, is represented as (vs, vj, v}, U, - . ., €) Where e
is a dummy via.

In a monotonic sequential via movement M for V, the
local gain gy(v) can be defined as g(v;, v, vk, v.) where v;
is the previous via of v, v; is the previous via of v;, and v,
is the next via of v, in M, since the local gain at v, is same
among all monotonic movements including sub-movements
(i, Vj, Uk, Ue). U 18 0 if vy is dummy.

Let G be the cost graph of via v, for via assignment V.
Since the type of a monotonic sequential via movement is
either above-left, above-right, below-left, and below-right,
G consists of four subgraphs corresponding to each type.
The construction of the subgraph of the cost graph of v, cor-
responding to below-left type is shown in the following.

Step 1: Generate node (0, 0, v,)

Step 2: Generate at most two nodes (0, v, v;) where v; is
via(below, vy) or via(left, vy) and v; is allowed to be a
dummy node.

Step 3: For each v; in the below-left region of v, generate
at most 4 nodes (v;, v;, v), where v; is via(below, v;)
or via(left, v;), and vy is via(below, v;) or via(left, v;),
where only vy is allowed to be a dummy node.

Step 4: Add an edge from a node (v;, v}, vy), to a node (v;,
Uk, Ue) With the weight:

g(;,vj, v, 0:)  (if v is not dummy)
g(i, vj, g, Uc) + g(vj, vk, Uc, B)
(if v, is dummy)

if the via assignment after the corresponding via
movement is monotonic and detour-preventive.

The cost graph of above-left and below-left types from
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vs is shown in Fig. 9, where dotted arrows represent the via
movement that the via assignment after the corresponding
via movement violates the monotonic and detour-preventive
routing condition and shaded nodes represent unreachable
nodes because of the violations.

It is clear that the length of a path is equal to the gain
of the sequential via movement based on the path.

3.5 Via Assignment Method

In via assignment V, the local cost of a via is defined as the
sum of costs defined around the via like the local gain of a
movement. It is expected that the gain of a sequential via
movement started from a via with the maximum local cost
is large. Therefore, first, our proposed method constructs
the cost graph of a via with the maximum local cost. More-
over, in order to reduce the computation time, the method
only constructs two subgraphs of the cost graph which cor-
respond to the direction of the via such that the local cost
of the via is reduced more. Then the method determines a
directed path with the maximum weight in the graph. If the
weight is positive, the corresponding sequential via move-
ment is applied. Otherwise, the method constructs the cost
graph of a via with the 2nd maximum local cost, and repeats
it until positive weight path is found.

The method is summarized as the following procedure.

Via assignment and global routing method

Step 1: Give an initial monotonic detour-preventive via
assignment by the procedure in Sect. 3.2

Step 2: Sort all vias by their local costs in descending or-
der

Step3: i=1

Step 4: Let i-th via be v, and construct a cost graph

Step 5: Search a longest path on the cost graph

Step 6: If the length of the longest path is more than 0,
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apply a via movement corresponding to the longest
path, and go to Step 2

Step7: i=i+1

Step 8: If i < m, go to Step 4

Step 9: Generate global routes corresponding to the via
assignment

The number of nodes in the cost graph is O(|N,|) but
it is proportional to m in practical because the package size
is determined according to the net size. The longest path
algorithm for a directed acyclic graph runs in O(V?), where
V is the number of the nodes of a graph. In our method, the
complexity of searching a longest path on the cost graph is
O(m) since the degree of each node is at most 3.

4. Experiments

We implemented our method by C++ language and applied
it to some data, where all ball sequences in datal and data2
are monotonic but some ball sequences in data3 and data4
are not. The program ran on a personal computer with CPU
450 MHz and 512 MB memory.

The coefficients a, 8 and 7y of the cost function are all
1. Experimental results are shown in Table 1, where C,
D, F, and imp. are Y} cut,(v), Y5y Ad(v), S5 AF(v),
and the percentage of (initial COST — output COST)/(initial
COST), respectively. Each data is divided into four as
shown in Fig. 2 and we applied our method to each divided
part. The each value in Table 1 is the sum of the value of
each part. The initial global routes and the output global
routes of data3 are shown in Figs. 10(a) and (b), respectively.
In Fig. 10(b), some crosses are found on layer 2 since a route
on layer 2 is shown by a straight line segment. In order to
remove these crosses, some detours are required on layer 2,
but the increase of wire length expected to be small. It is
clear that the proposed method can improve the total length
of the routes and the wire congestion efficiently from exper-
imental results.

5. Conclusion

In this paper, we proposed a via assignment and global rout-
ing method for 2-layer BGA packages. First we introduced
a condition to determine global routes uniquely if a via as-
signment is given. Then our global routing method was pro-
posed. The method is based on a heuristic algorithm. It
generates an initial monotonic via assignment and modifies
the via assignment to improve the total wire length and the

Fig.9  Cost subgraph of vs.
Table 1  Experimental results.
initial output imp. | time
# nets C D F COST C D F COST # move (%) (s)

datal 316 175 | 316 | 356.45 | 847.45 | 82 | 350 | 215.87 | 647.87 73 236 | 5.54
data2 160 | 252 | 160 | 414.31 | 826.31 | 52 | 201 | 12594 | 378.94 66 54.1 | 0.89
data3 160 | 250 | 168 | 434.74 | 852.74 | 93 | 219 | 146.55 | 458.55 103 46.2 | 2.38
data4 160 | 271 | 164 | 406.14 | 841.14 | 91 | 212 | 146.62 | 449.62 78 46.5 | 1.79
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(a)

(b)

Fig.10  The initial global routes (a) and the output global routes (b) by the via assignment method.

wire congestion by sequential via movements. The method
iterates a sequential via movement until the cost is not im-
proved any more. This method was programmed by C++
and applied to some data. The experimental results showed
that the algorithm improved the total wire length and the
wire congestion. To consider the global routes on layer 2
with no cross is one of our future works.
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