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Pin Assignment with Global Routing for General
Cell Designs

Jingsheng (Jason) Cong, Member, IEEE

Abstract—In this paper, we present an algorithm which com-
bines the pin assignment step and the global routing step in the
physical design of VLSI circuits. Our algorithm is based on two
key theorems: the channel pin assignment theorem and the
block boundary decomposition theorem. These two theorems
enable us to deal successfully with the high complexity resulting
from combining the pin assignment and global routing steps.
According to these two theorems, we only need to generate a
coarse pin assignment and global routing solution. The exact
pin locations and global routing topology can be determined
optimally later by a linear time algorithm. We implemented a
pin assignment and global routing package named Beau-
ticianGR based on the proposed algorithm. BeauticianGR pro-
duces very satisfactory results on test circuits and is being in-
tegrated into the automatic layout design system at the National
Semiconductor Corporation.

1. INTRODUCTION

ENERAL cell design style [10] is widely used for the

design of complicated VLSI circuits. In general cell
design style, a circuit is partitioned into a set of general
cells, referred to as blocks. Usually, each block has a well-
defined logic function and is to be implemented in the
next level of design hierarchy (for example, using stan-
dard cells). The goal of a general cell layout design sys-
tem is to determine the dimensions of the blocks, the lo-
cations of the blocks and the interconnections between the
blocks so that chip area is utilized in the best possible
way. Due to the high complexity of the physical design
problem, most systems divide the physical design process
into four steps: floorplanning, pin assignment, global
routing, and detailed routing. In the floorplanning step,
the dimensions and locations of the blocks are deter-
mined. In the pin assignment step, the locations of pins
on the block boundary are determined. During global
routing, we determine the connecting paths for pins that
belong to the same net and are located in different blocks.
During detailed routing, we use a channel router or a
switchbox router to assign wires in each routing region to
specific layers and tracks to implement the connecting
paths determined in global routing. Clearly, such a par-
tition of the physical design process is based on the weli-
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known methodology called divide-and-conquer. Much
work has been done on floorplanning, global routing, and
detailed routing. However, we have so far seen only lim-
ited progress in the pin assignment problem.

Previous approaches to the pin assignment problem can
be briefly summarized as follows: the concentric circle
mapping method [5] processes pins on a block by block
basis. Two concentric circles are drawn for each block.
The inner circle corresponds to the boundary of the block
currently being considered. Pins in other blocks are
mapped to points on the outer circle. The best mapping
between points on the two circles is computed, which
leads to an assignment of pin positions for the current
block. In the nine-zone method [8], assignment of pins is
also performed on a block by block basis. The plane is
divided into nine possible zones to assist the assignment.
The topological pin assignment method was proposed in
[1], in which blocks are processed one at a time. A sweep-
ing arm with one end fixed at the center of the current
block sweeps the whole plane to determine the topological
pin assignment. In [15], [16], a physical analogy was used
for the pin assignment problem. Attractive forces are as-
sumed between pins that belong to the same net. The
equilibrium configuration of the system is determined
which yields an assignment of pin positions for pins in all
blocks.

A careful study shows that these approaches face two
major difficulties.

1) It is very difficult to evaluate a pin assignment so-
lution. The chip area and the total wirelength are the two
most important objectives to be optimized in the physical
design process. However, neither of them can be esti-
mated accurately without carrying out the global routing
step. Fig. 1(a) shows two possible assignments of the po-
sitions for pins of a two-pin net. However, it is difficult
to determine which assignment is better.

2) The objective in the pin assignment step might con-
flict with the objective in the global routing step. Different
global routers may produce different results on the same
pin assignment solution. It is very difficult to design a
good pin assignment algorithm without knowing the
mechanism to be used in global routing. For example, if
we assign the two pins of a net to locations as shown in
Fig. 1(b) we could hope that they will be connected ac-
cording to the dashed lines by a global router using a
shortest path based algorithm. However, if we use a den-
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Fig. 1. Problems in previous approaches.

sity driven global router, it is quite possible that the global
router detects that the middle vertical channel is too
crowded, and thus chooses the connection path indicated
by the solid lines. In this case, the choice made at the pin
assignment step is not good at all.

Both difficulties are due to one reason: the pin assign-
ment step is carried out independently of the global rout-
ing step. It is clear that the pin assignment step and the
global routing step are very closely related. This suggests
that considering pin assignment and global routing at the
same time should lead to better designs if we can handle
the higher complexity resulting from combining these two
steps.

To overcome these difficulties, we apply in this paper
a methodology called marriage-before-conquest. We de-
sign an algorithm which performs pin assignment and
global routing in one step. Here the keyword is marriage.
If we simply merge two problems, we shall face ex-
tremely high complexity. However, if we successfully
marry two problems, we shall see very nice harmony. A
successful marriage between the pin assignment problem
and the global routing problem is based on the channel
pin assignment theorem and the block boundary decom-
position theorem to be shown in later sections. As a result
of these two theorems, the combined problem is reduced
to that of finding a coarse pin assignment and global rout-
ing solution, since the precise pin locations and global
routing connections can then be determined later opti-
mally in linear time. These two theorems also lead to a
finite time deterministic algorithm for solving the pin as-
signment problem optimally. Prior to this work, there was
no finite procedure which guarantees an optimal solution
to the pin assignment problem.

Since most of the previous algorithms for pin assign-
ment (except [15] and [16]) carry out the assignment step
on a block by block basis, they also face another problem.
Their pin assignment solutions are very sensitive to the
order in which the blocks are processed. However, little
is known about how to determine the best block ordering.
The difficulty is also overcome in our approach, because
our algorithm processes all the pins and blocks simulta-
neously.

The remainder of this paper describes our algorithm. In
Section II, we formulate the new combined problem and
state a few technical assumptions. In Section III, we state
two important theorems, which form the foundation of our
algorithm. In Section IV, we describe the algorithm in

detail. Experimental results are presented in Section V.
Several extensions are presented in Section VI.

II. FORMULATION OF THE PROBLEM

In this paper, we combine the pin assignment problem
and the global routing problem into one problem, which
we call the global connection arrangement problem. In-
tuitively, a solution to the global connection arrangement
problem consists of an assignment of the pins and a global
routing solution associated with this assignment. In the
rest of this section, we define the notion of validity and
optimality of solutions to the gobal connection arrange-
ment problem.

2.1. Valid Global Connection Arrangements

We are given a floorplan as input which specifies the
location and the dimensions of each block. Fig. 2 shows
a floorplan. For a block b, x(b) and y(b) denote the co-
ordinates of the center of b, and w(b) and h(b) denote the
width and the height of b, respectively. Channels are rect-
angular routing regions between blocks (or between a
block and the chip boundary) as defined in [9]. (In Fig.
2, we label the channel formed between blocks, but we
did not label the channels formed between the blocks and
the chip boundary.) We use d(C) to denote the density of
channel C. Given a pin p, we use blk(p) to denote the
block that p belongs to. Given a net N, we use blks(N) to
denote the set of blocks which contain a pin in net N and
we use |N| to denote the size of net N (i.e, the number of
pins in N). The center of a net N, (cx(N), cy(N)), is de-
fined as follows:

(b) 2 y(b)

2
__ beblks(N) * __ beblks(N)
cx(N) = TN cyN) = N[

The minimum distance between any two pins is specified
by a constant A, called feature separation, which is spec-
ified by the design rules. A valid global connection ar-
rangement (valid GCA) consists of a mapping f and a
Steiner forest F which satisfy the following two condi-
tions.

C1: For each pin p, f maps p to a point f(p) on the
boundary of blk(p). For two pins p and g on the same
block, the distance between f(p) and f(q) is at least \.

C2: For each net N, there is a Steiner tree S(V) in F
which connects all the f(p)’s for p € N. The Steiner points
in S(N) are channel intersection points. Each edge in S(N)
represents a channel.

Note that a mapping f satisfying condition C1 is a valid
solution to the pin assignment problem, and a Steiner for-
est F satisfying condition C2 is a valid solution to the
global routing problem. In previous approaches, fis com-
puted first before we start the computation of F. In our
approach, we compute f and F at the same time. Fig. 3

shows the partial global connection arrangement for a net
in Fig. 2.
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Fig. 3. The partial global connection arrangement for a net.

2.2. Optimal GCA

For a given valid GCA, we estimate the chip area as
follows. For a horizontal line /,, we define the local width
at l,, denoted W(l,), to be

W) = 2 wh)+T- 2 dO)
bN ¢ CNip#¢

In#

where T is the track-to-track spacing, b N I, # ¢ means
that block b intersects line /,, and C N [, # ¢ means that
(vertical) channel C intersects line /,. (See Fig. 4.) We
define the estimated chip width W to be W = max,y,
W(l,). Similarly, for a vertical line /,,, we define the local
height at [, denoted H(l,), to be

Hl)= 2 hb)+T- 2 dC).
b0l #¢ CNilp+¢

We define the estimated chip height H to be H =
maxy, H(l,). The estimated chip area A is defined to be
the product of the estimated chip width and the estimated
chip height, i.e., 4 = W - H.

Next, we estimate the total wirelength. We define the
span of a net N in a channel C, denoted s(C, N), to be the
distance in the direction parallel to the channel between
the leftmost pin of N in C and the rightmost pin of N in
C. (See Fig. 5.) The total span TS (C) in a channel C is
defined to be

TS(C) = Nn;ﬂ s(C, N)

where N N C # ¢ means that there are pins that belong
to net N in channel C. Clearly, TS(C) is an estimation of
total wirelength in channel C. We define the estimate total
wirelength WL to be

WL = 2

allchannel C

T5(C).
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Fig. 5. Definition of the span of a net in a channel.

Note that in the estimation of chip width and chip
height, we use channel density to approximate the number
of tracks to be used in a channel. In the estimation of total
wirelength in a channel, we leave out the short wires that
are perpendicular to the channel. In general, these ap-
proximations are acceptable. Moreover, it is not difficult
to see that the estimated chip area A and the estimated
total wirelength WL thus defined are lower bounds on the
final chip area and the final wirelength after detailed rout-
ing. It has been shown from experimental results that the
final chip area and the final wirelength are very closely
related to these lower bounds.

Given a valid GCA, it is straight forward to compute
the estimated total wirelength since the total span in each
channel can be obtained easily by summing up the spans
of the nets. However, it is less trivial to compute the es-
timated chip area. Nevertheless, it can still be computed
in linear time as follows: first, given a floorplan, we con-
struct the horizontal channel position graph. Each node
in the graph represents either a block or a channel. There
is a direct edge from block b to channel C if b and C are
adjacent in the floorplan and C is to the right of b. Also,
there is a direct edge from channel C to block b if C and
b are adjacent in the floorplan and b is to the right of C.
For a block node b, the weight of the node is assigned to
be w(b), where w(b) is the width of block b. For a chan-
nel node C, the weight of the node is assigned to be T -
d(C), where d(C) is the density of channel C. Fig. 6
shows the horizontal channel position graph for the floor-
plan shown in Fig. 2 (/; and [, represent the channels
formed with the left side boundary of the chip. r;, r,, and
r; represent the channels formed with the right side
boundary of the chip.) It is not difficult to show that the
horizontal channel position graph thus constructed is a di-
rect acyclic graph. Moreover, the maximum weight of a
direct path in the graph equals the estimated chip width.
(The weight of a path is defined to be the sum of the
weights of the nodes in the path.) Using depth-first search,
we can compute a maximum weighted path in linear time
[6]. Similarly, we can construct the vertical channel po-
sition graph and compute the estimated chip height in lin-
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Fig. 6. Horizontal channel position graph for the floorplan in Fig. 2.

ear time. Therefore, the estimated chip area can be com-
puted in linear time. Here we can see clearly one of the
advantages of considering pin assignment and global rout-
ing together: we can estimate the chip area and the total
wirelength easily and accurately. On the other hand, such
estimations cannot be obtained efficiently if we are given
only a pin assignment solution.

The GCA problem is to find a valid GCA such that the
ordered pair (4, WL) is minimized with respect to the lex-
icographical order (i.e., (4,, WL,) < (A,, WL,) iff 4, <
A, or A, = A, and WL, < WL,). We call such a valid
GCA an optimal global connection arrangement (optimal
GCA). The lexicographic order we have chosen means
that minimization of the chip area A has a higher priority
than minimization of the total wirelength WL. Note that
most physical design problems (such as the global routing
problem by itself) have a finite (though, often exponen-
tial) number of valid solutions. Therefore, an optimal so-
lution can always be found by exhaustive search in finite
time. Unlike those problems, the pin assignment prob-
lem, as well as our global connection arrangement prob-
lem, have an infinite number of valid solutions, since we
have an infinite number of ways to assign a pin to the
boundary of its block as long as the feature separation is
preserved. Therefore, a simple exhaustive search algo-
rithm is not capable of producing an optimal solution in
finite time. In fact, none of previous algorithms for the
pin assignment problem is able to guarantee an optimal
solution in finite time. We shall show that the two theo-
rems in the next section will lead to a finite time algorithm
to solve the global connection arrangement problem as
well as the pin assignment problem optimally.

2.3. Some Technical Assumptions

For the simplicity of the presentation of our algorithm,
we state a few technical assumptions here:

Al: all blocks are rectangular in shape;
A2: no pin has been pre-assigned;
A3: each net has at most one pin on each block.

These assumptions are not essential to our algorithm.
However, they make the presentation of our algorithm
easier. We shall show in Section VI how our algorithm
can be applied to situations where some of these assump-
tions do not hold. In particular, we show that our algo-
rithm can be extended to the cases where the floorplan

contains L-shaped blocks, some blocks are predesigned
(which means that the pin positions on these blocks are
fixed), or some pins have constraints on their positions.

1II. Two FUNDAMENTAL THEOREMS

In this section, we state two theorems which form the
foundation of our algorithm to be presented in the next
section. These two theorems allow us to decompose the
global connection arrangement problem into two subprob-
lems such that the optimal solutions to the two subprob-
lems can be combined to yield an optimal solution to the
original problem.

3.1. Channel Pin Assignment Theorem

Let us look at a simplified pin assignment problem, i.e.,
the pin assignment problem for channels. Given a channel
C, we are interested in the problem of arranging pins on
the bottom edge and the top edge of the channel such that
the ordered pair (d(C), s(C)) is minimum, where d(C) is
the density of C and s(C) is the total span in C. We call
this problem the channel pin assignment problem. (One
basic step in our algorithm in the next section is to solve
such a problem.) The general solution to this problem is
not known. However, we shall show that this problem can
be solved for a special class of channels, called basic
channels, and this result on basic channels suffices the
need of our algorithm.

Now we introduce the notion of a basic channel. Given
a channel C, we say that a net N is a basic net in Cif N
has at most one pin on the top edge of C and one pin on
the bottom edge of C, (N may also have up to two exits,
one on the left side of C and the other on the right side of
C.) We say that a channel C is a basic channel if every
net in C is a basic net. The following theorem says that
we can solve the channel pin assignment problem opti-
mally for basic channels.

Channel Pin Assignment Theorem: Given a basic
channel C, we can assign the pins on the top edge and the
bottom edge of Cin O(n + e) time such that the ordered
pair (d(C), s(C)) is minimum, where n is the number of
pins in the channel and e is the number of exits in the
channel.

We shall prove this theorem in Section IV-4.2, where
we shall present a linear time algorithm to assign pins
optimally in a basic channel. This theorem leads to the
block boundary decomposition theorem in the following.

3.2. Block Boundary Decomposition Theorem

First, we introduce the concept of block boundary de-
composition. For each block b in a given floorplan, we
divide the boundary of b into a set of intervals such that
each interval is either the top edge or the bottom edge of
a channel adjacent to b. We call this operation block
boundary decomposition. Such a decomposition can be
easily obtained from the channel intersection graph [9].
Each edge in the channel intersection graph corresponds
to an interval on the boundaries of the blocks adjacent to
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Fig. 7. Block boundary decomposition of the example in Fig. 2. (a) Chan-
nel intersection graph. (b) Block boundary decomposition.

the edge. Fig. 7(a) shows the channel intersection graph
of the floorplan in Fig. 2, and Fig. 7(b) shows the block
boundary decomposition for the given floorplan.

We now introduce the concept of coarse GCA. A coarse
global connection arrangement (CGCA) is a pair (g, G)
where g is a mapping which maps each pin p to an interval
8(p) on the boundary of blk(p) and G is a Steiner forest
satisfying condition C2 (in Section II-2.1). We use the
term coarse arrangement because in a CGCA we only
know the interval to which a pin belongs but do not know
the exact location of the pin in its interval. For example,
Fig. 8(a) shows a partial CGCA for a net. A CGCA (g,
G) is valid if the number of pins assigned to each interval
is no more than the maximum number of pins allowed in
that interval. That is, for each interval I obtained by the
block boundary decomposition, \ - pins(I) < length(l),
where pins(/) is the number of pins assigned to I by the
mapping g and length(I) is the length of the interval I.
We say that a GCA (f, F) is a refinement of a CGCA (g,
G) if f(p) is in interval g(p) for each pin p and F is iso-
morphic to G. For example, Fig. 8(b) shows the partial
GCA which is a refinement of the CGCA in Fig. 8(a).
Clearly, a valid CGCA always has a valid GCA as its
refinement, since given a valid CGCA, we can simply as-
sign pins in each channel in an arbitrary order to obtain a
valid refinement provided that the minimum separation
requirement is satisfied. A valid GCA (f, F) is an optimal
refinement of a valid CGCA (g, G) if (f, F) is a refine-
ment of (g, G) and its cost is minimum among all the
valid CGA’s which are refinements of (g, G). Now we
are ready to state the following important theorem.

Block Boundary Decomposition Theorem: For a given
block boundary decomposition, there is only a finite num-
ber of CGCA’s. Moreover, given a CGCA, we can find
its optimal refinement in O(n + k - m) time, where k is
the number of nets, m is the number of blocks, and n is
the number of pins.

Proof: First, we show that there is a finite number
of CGCA'’s under the block boundary decomposition. Let
(g, G) be a CGCA. Clearly, there is finite number of
nonisomorphic G’s since each G is a Steiner forest and
each Steiner point has to be a channel intersection point.
We shall show that there is finite number of distinct g’s.
According to Assumption A1 that each block is a rectan-
gle, it is not difficult to show by induction that the number
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Fig. 8. CGCA and its refinement. (a) CGCA for a net. (b) Its refinement
(CGCA for the net).

of intervals on the boundary of each block is at most m +
3. Therefore, there are at most m + 3 ways to map a pin
to an interval on its block boundary. Thus there are at
most (m + 3)" distinct g’s. Therefore, there is a finite
number of CGCA’s.

Next, we show that an optimal refinement of a CGCA
can be computed efficiently. Suppose (g, G) is a given
valid CGCA. Clearly, the assignment of pins in one chan-
nel can be carried out independently of the assignment of
pins in other channels, since we do not need to shift a pin
from one interval to another interval. Moreover, since the
block dimensions are fixed, when (d(C), s(C)) is mini-
mized for every channel C, (4, WL) is minimized, which
results in an optimal refinement of (g, G). For each chan-
nel C, according to the definition of the block boundary
decomposition, the top edge of C belongs to the boundary
of a single block, and the bottom edge of C also belongs
to the boundary of a single block. According to Assump-
tion A3, a net has at most one pin on each block. There-
fore, each net in C is a basic net. Thus C is a basic chan-
nel. That is, every channel is a basic channel. According
to the channel pin assignment theorem, for each channel
C, we can assign the pins in C in time O(n. + e.) such
that (d(C), s(C)) is minimized, where n_ is the number of
pins in C and e, is the number of exits in C. It is not
difficult to show by induction that the total number of
channels is at most 8m. Since each channel has at most
2k exits, the total number of exits L, e, < 2k - 8m.
Therefore, the total time for processing all the channels
is

Z(nc+ec)= Enc+ Zec=0(n+k'm).
allC allC allC

O

The theorem has three important consequences. First,
it shows that the global connection arrangement problem
is in NP. Since there is a finite number of distinct
CGCA’s, we can design a polynomial time nondetermin-
istic algorithm for the global connection arrangement
problem which guesses a valid CGCA and then computes
an optimal refinement in polynominal time. Second, it en-
ables us to find an optimal GCA in finite time. We can
easily design a branch-and-bound algorithm which enum-
erates all the valid CGCA’s and computes an optimal re-
finement of each of them. An optimal GCA must be one
of these optimal refinements. Third, the theorem suggests
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that we can divide the global connection arrangement
problem into two parts: CGCA and channel pin arrange-
ment. Since we can solve the channel pin assignment
problem optimally, we need only concentrate on the
coarse global connection arrangement problem. Instead of
assigning a pin to a point, we only need to assign a pin to
a channel, which reduces the solution space significantly
(when we say assigning a pin to a channel, we mean to
assign the pin to the interval adjacent to the channel on
the block boundary). Such a simplification allows us to
design better and faster heuristic algorithms. We shall
present an efficient heuristic algorithm for the coarse
global connection arrangement problem and an optimal
algorithm for the channel pin assignment problem in the
next section.

IV. ALGoriTHM FOR COMPUTING AN OptiMAL GCA

In this section, we shall present an algorithm for com-
puting an optimal GCA. It is not difficult to conclude that
the problem of computing an optimal GCA is NP-hard
since it includes the global routing problem. Although the
block boundary decomposition theorem enables us to ob-
tain an optimal GCA in finite time by exhaustive search,
most likely the search time for an optimal solution will be
exponential. The algorithm we shall present in this sec-
tion is a polynomial time heuristic algorithm. Since the
block boundary decomposition theorem enables us to re-
duce the solution space significantly, our algorithm per-

forms well in general. Based on the block boundary de- -

composition theorem, our algorithm works in two stages:

Stage 1: compute an (approximation of ) optimal valid
CGCA (g, G);
Stage 2: compute an optimal refinement of (g, G).

where an optimal valid CGCA is defined to be a valid
CGCA whose optimal refinement is an optimal GCA. For
Stage 2, the problem can be solved optimally in polyno-
mial time. For Stage 1, we use a polynominal time heu-
ristic algorithm.

4.1. Stage 1: Compute an Optimal Valid CGCA

As defined in the preceding section, a CGCA consists
of a pair (g, G) where the mapping g specifies the channel
to which each pin is assigned and the Steiner forest G
specifies the channels used for connecting each net. In
this section, we introduce a more compact representation
of a CGCA, which we call a net connection forest. First,
we extend the notation of a channel intersection graph [9].
Given a floorplan, the channel intersection graph is an
undirected graph in which each vertex represents a chan-
nel intersection and each edge represents a channel. To
construct the floor connection graph, we carry out the fol-
lowing operations: for each channel C, we introduce a
channel vertex v(C) which divides the edge correspond-
ing to C in the channel intersection graph into two edges.
Also, for each block b, we introduce a block vertex v(b).
We connect v(C) and v(b) whenever C and b are adjacent

assignment edges channel edges

(a) (b)
Fig. 9. Channel intersection graph and floor connection graph.

in the floorplan. We call the resulting graph the floor con-
nection graph. Fig. 9(a) shows the channel intersection
graph for the floorplan shown in Fig. 2, and Fig. 9(b)
shows the corresponding floor connection graph. We clas-
sify the edges in a floor connection graph into two classes.
If an edge connects a block vertex and a channel vertex,
we call the edge an assignment edge. We call the rest of
the edges channel edges. Clearly, each channel edge lies
entirely in a channel and it is obtained by subdividing an
edge in the corresponding channel intersection graph. In
Fig. 9(b), we mark some assignment edges and channel
edges.

For each net N, we shall represent the partial CGCA
for the net by a tree T(N), which we call the net connec-
tion tree of N. T(N) is a subgraph of the floor connection
graph in which the set of leaf vertices is the set of block
vertices {¢(b)|b € blks(N)} and each nonleaf vertex is a
channel vertex or a channel intersection vertex. Fig. 10
shows a net connection tree for a three-pin net. It is im-
portant to note that T(N) specifies both the assignment of
pins in N to channels and the channels used to connect net
N. For a pin p in N, assume that p is on block b. Then
v(b) appears in T(N) as a leaf. Thus v(b) is incident upon
a unique assigment edge, the other end of which is a chan-
nel vertex v(C) for some channel C, which specifies that
we should assign p to channel C. The rest of the edges in
T(N) are channel edges, which specify the channels used
to connect the pins in N. Let & be the disjoint union of
the net connection trees of all the nets. We call L a net
connection forest. Clearly, each net connection forest L
corresponds to a CGCA (g, G) since the assignment edges
in T define the mapping g and the channel edges in L
define the Steiner forest G. Using such a compact repre-
sentation, the objective of Stage 1 is to compute an opti-
mal net connection forest. We say that a net connection
forest L is optimal if there is an optimal GCA which is
the refinement of the corresponding CGCA of L.

Our algorithm is basically an iterative elimination al-
gorithm. It can be briefly outlined as follows. We say that
a connected subgraph H(N) of the floor connection graph
is admissible for a net N if H(N') contains at least one net
connection tree of N as a subgraph. We say that an edge
e in H(N) is nonessential if H(N) remains admissible after
e is removed from H(N). Initially, we compute an admis-
sible graph H(N) for each net N. Let © be the disjoint
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Fig. 10. Net connection tree.

union of the admissible graphs of all the nets. We repeat-
edly remove the ‘‘worst”’ nonessential edge from Q until
{2 is a net connection forest. Two important questions need
to be answered: ‘‘how is the initial admissible graph for
each net computed?’’ and ‘‘how are the edges to be re-
moved in each iteration determined?”’

We could use the whole floor connection graph as the
admissible graph for each net initially since it definitely
contains a net connection graph. Moreover, this set of ini-
tial graphs contains an optimal net connection forest since
it contains all the possible net connection forests. How-
ever in this case there might be a lot of nonessential edges
to be removed before a net connection tree is obtained.
The existence of a large number of nonessential edges not
only increases the computation time but also makes it
more difficult to estimate congestion in channels. To
overcome these difficulties, in our algorithm, for each net
N, we compute a minimum rectilinear convex polygon
B(N) which encloses all the blocks in blks(N). The initial
graph H(N) is chosen to be the subgraph of the floor con-
nection graph in which each channel intersection and each
channel is in B(N). Moreover, we do not include a block
vertex v(b) in H(N) if b is not in blks(N). For example,
assume that a net Ny, blks(N,) = {b,, b;}. Fig. 11(a) and
(b) shows B(N,) and H(N,), respectively. Clearly, H(N)
is usually much smaller than the floor connection graph.
We can show that this set of initial admissible graphs for
all the net contains an optimal net connection forest. (The
key step in the proof is that for any net N, we can always
replace a path in T(N) outside of B(N) by a path inside
of B(N) without increasing any local width or height and
without increasing total span in any channel. We leave
out the details here.)

To determine the edges to be removed from  in the
elimination process, we assign a weight w(e) to each edge
e in H(N). A maximum weighted nonessential edge will
be removed at each iteration. Weights of assignment edges
and weights of channel edges are computed differently.
For an assignment edge e in an admissible graph H(N),
suppose that e connects block vertex v(b) and channel
vertex v(C). Let I(b, C) denote the interval on the bound-
ary of block b which is a top edge or a bottom edge of
channel C. Let n(b, C) denote the number of pins cur-
rently in I(b, C). Moreover, let m(b,C) denote the max-
imum number of pins allowed in I(b, C) (which is deter-
mined by the length of the interval divided by the feature
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(a) (b)
Fig. 11. Minimum rectilinear convex polygon and initial admissible graph
(a) B(Ny), (b) H(N,).

separation N). Then, the weight of the assignment edge e
is defined as follows:

nb, C) )
—m(b, 0 + B - t(C,N)

w(e) = a

where « and 3 are two constant factors, and ¢(C, N) is
the rectilinear distance between the center of channel C
and the center of net N. Note that n(b, C)/m(b, C) mea-
sures how crowded the pins are in the interval I(b, C).
We choose a to be much larger than 8 to make sure that
n(b, C) never exceeds m(b, C) (so that CGCA computed
is valid). The appearance of the term 7(C, N) in the weight
function reflects our preference to assign a pin to a chan-
nel closer to the center of the net which the pin belongs
to.

For a channel edge e in an admissible graph H(N ), sup-
pose that e corresponds to channel C. The weight of the
channel edge e is defined to be

w(e) = ac * d(C) + b, - (C) + ¢cc - t(C, N)

where d(C) is the density of C, /(C) is the length of C,
and #(C, N) is the same as defined above. The parameters
ac, be, and ¢ are constant factors satisfying the condition
that ac > bc > c¢¢ (which weigh the contributions of
d(C), I(C), and t(C, N) to the weight of e¢). Moreover,
we choose ac (similarly for b. and ¢¢) to be larger for a
noncritical channel C. A channel is critical if an increase
in the density of the channel will increase either the chip
width or the chip height. Clearly, our algorithm tends to
minimize congestion in critical channels since it assigns
larger weights to the channel edges corresponding to the
critical channels. Critical channels can be identified using
the longest path algorithm for directed acyclic graphs [6].
We leave out the details here. The idea of identifying crit-
ical routing regions has also been used in other work, es-
pecially in [3].

We use a depth-first search algorithm similar to the bi-
connectivity checking algorithm [12] to mark all the non-
essential edges in H(N) for each net N. This can be done
in O(my) time, where my, is the number of edges in H(N).
In each iteration, we remove the maximum weighted non-
essential edge in @ from the corresponding admissible
graph. Then we remark the nonessential edges in the re-
sulting admissible graph and update the weights of af-
fected edges due to the possible change of density of the
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channel containing the deleted edge. Our algorithm stops
when each H(N) is a net connection tree (or equivalently,
when {2 is a net connection forest).

To speed up the procedure of choosing a maximum
weighted nonessential edge and the procedure of updating
edge weights after the removal of an edge, we set up three
buckets for each channel. For a channel C, the first bucket
bt, (C) stores all the nonessential channel edges in Q which
lie in C, the second bucket bt,(C) stores all the nones-
sential assignment edges in © connected to the top edge
of C, and the third bucket bt (C) stores all the nonessen-
tial assignment edges in © connected to the bottom edge
of C. Before we start the iterative elimination process, we
sort the edges in each bucket according to their weights
in nondecreasing order. Clearly, if we remove a channel
edge in channel C, all the weights of the edges in b7, (C)
decrease by the same amount (due to the reduction of
channel density d(C)). Thus we do not have to resort the
edges in b1,(C). Moreover, we can store the amount of
change in a field called offser associated with each bucket,
so that the update of all the weights of the edges in bz, (C)
can be completed in constant time. Similarly, if we re-
move an assignment edge connected to the top (bottom)
edge of C, all the weights of the edges in br, (C) (bt;(C))
decrease by the same of amount (due to the reduction of
the number of pins assigned to that edge n(b, C)). Thus
the update of all the weights of the edges in br,(C)
(bt3(C)) can be completed in constant time by updating
the offset field of bz, (C) (bt;(C)). A maximum weighted
nonessential edge can be found by comparing the maxi-
mum weighted nonessential edges in each bucket. (Re-
member that using the data structure suggested above, the
weight of a nonessential edge e is computed as w(e) —
bucket (e).offser, where bucket(e) is the bucket which
contains e). The algorithm for computing a CGCA is
summarized in Fig. 12.

This algorithm has two advantages: first, the algorithm
processes all the pins and blocks at the same time. There-
fore, it avoids the difficult problem of determining the best
processing order. Second, at any time, the algorithm
maintains the global information on all the nets in all the
channels. Therefore, it can eliminate connections in the
most congested channels to avoid local congestion.

The complexity of our algorithm can be analyzed as
follows. Let k be the numbert of nets, and m be the num-
ber of blocks. As we have pointed out in the proof of the
block boundary decomposition theorem in Section II1-3.2,
the total number of channels is at most 8m. Since each
channel contributes three edges in the floor connection
graph (two channel edges and one assignment edge), the
number of edges in the floor connection graph is at most
24m. Since each H(N) is a subgraph of the floor connec-
tion graph, the number of edges in H(N) is O(m). There-
fore, the total number of edges in Q is O(km). Now let us
analyze the complexity of the algorithm shown in Fig. 12
line by line. Given a net N, the minimum rectangular con-
vex polygon B(N) can be computed using an algorithm
similar to the algorithm for computing the convex hull of

Algorithm Computing a CGCA.
1. For each net N
compute B(N) and H(N).
Let Q be the union of H(N)'s forall N,
2. For eachnet N
mark the non-essential edges in H (V).
3. For each channel
create three buckets and sort edges in each bucket.
4. Repeat
5. € := maximum weighted non-essential edge in Q.
6. remove ¢ from the corresponding H (N ).
7. re-mark the non-essential edges in H(N),
8. update the weights of the edges in the bucket containing e .
9. Until € is a net connection forest.

Fig. 12. Algorithm for computing a CGCA.

a point set in O(m log m) time [11]. Also, H(N) can be
obtained from B(N) in O(m) time. Thus Line 1 takes O(km
log m) time. For each H(N), we can mark the nonessential
edges in it using an algorithm for computing the bicon-
nected components in O(m) time. Thus Line 2 takes O(km)
time. Let 5 be the total number of buckets. Then, s =
O(m), since the number of channels is O(m). Let m; de-
note the number of edges in the ith bucket. Since Zi_, m;
= km, Line 3 takes time

2 m; log m; < (Z m,»> - log <Z m,»> < km log (km).
i=1 i=1 i=1

Therefore, Lines 1-3 (the initialization phase) take O(km
log (km)) time. Line 5 can be completed in O(m) time by
comparing the maximum weighted edge of each bucket.
Line 6 takes constant time. Line 7 takes O(m) time again
by using the algorithm for computing the biconnected
components. Line 8 can be completed in constant time by
updating the offser field of the bucket containing e. Thus
Lines 5-8 (cach iteration) take time O(m) time. Since there
are O(km) edges in Q, we shall go through at most O(km)
edge deletions. Therefore, the entire elimination process
takes O(km”) time. Hence, the complexity of our algo-
rithm for computing a CGCA is

O(km log (km)) + O(km®) = O(km - max (log k, m)).

4.2. Stage 2: Compute an Optimal Refinement of a
Given CGCA

After we obtain a CGCA, we know the pins and exits
in each channel. Moreover, there is no interaction be-
tween two different channels because the CGCA we com-
puted in Stage 1 is always valid (which implies that the
number of pins in each channel does not exceed the limit
so that we do not have to shift pins from one channel to
another). Therefore, we can process each channel inde-
pendently. Furthermore, it has been shown in the proof
of the block boundary decomposition theorem in Section
IT1-3.2 that each channel is a basic channel. Thus we need
only consider the pin assignment problem for basic chan-
nels. We say that a channel pin assignment is optimal if
(d(C), s(C)) is minimized among all possible channel pin
assignments. In the rest of this section, we present a linear
time algorithm which always produces optimal pin as-
signments for basic channels. This result also completes
the proof of the channel pin assignment theorem in Sec-
tion I11-3.1.
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In a basic channel C, each net has at most two pins (one
on the top edge and one on the bottom edge) and at most
two exits (one at the left side and one at the right side).
We can classify a net N in a basic channel into one of the
following eight classes depending on whether N has pins
on the top or bottom edge and has exits on the left or the
right side:

Net Class Pins Exits
pass by (PB) 0 both
left single (LS) 1 left
right single (RS) 1 right
balanced single (BS) 1 both
left pair (LP) 2 left
right pair (RP) 2 right
balanced pair (BP) 2 both
internal pair (1P) 2 no

It is easy to see that such a classification includes all the
possible basic nets. Fig. 13 illustrates each of the eight
classes. Clearly, we can remove all the PB nets from a
basic channel before we proceed to assign pins in the
channel since there is no pin in the PB net to be assigned.
Moreover, removal of the PB nets will not affect the op-
timal pin assignment for other nets since deleting a PB net
will decrease channel density by one for any assignment
solution. Therefore, in the rest of this section, we assume
that there is no PB net in a basic channel. We call two LS
nets a pair of matched LS nets if one net has the pin on
the top edge of C and the other net has the pin on the
bottom edge of C. (See Fig. 14(a).) Similarly, we call two
RS nets a pair of matched RS nets if one net has the pin
on the top edge of C and the other net has the pin on the
bottom edge of C. (See Fig. 14(b).) In the description of
our algorithm, we refer to a vertical line in the channel as
a column. We do not require equal spacing between two
adjacent columns, but we require the distance between
any two adjacent colums to be at least \. Our algorithm
for channel pin assignment is as follows.

Algorithm: Optimal Channel Pin Assignment (OCPA)

Input: Given pins on the top edge and the bottom edge
of the channel, and exits on the left side and right side ot
the channel. Each net is a basic net.

Step 1: Classify each net by one of the eight classes
defined above. Remove all the PB nets from the channel.

Step 2: Starting from the left side of the channel, as-
sign all matched LS nets pair-by-pair, one pair per col-
umn; Similarly, starting from the right side of the chan-
nel, assign all matched RS nets pair-by-pair, one pair per
column.

Step 3: Starting frem the left-most available position,
assign all the LP nets one-by-one, one net per column;
Similarly, starting from the rightmost available position,
assign all the RP nets one-by-one, one net per column.

Step 4: Starting from the leftmost available position,
assign unmatched LS nets one-by-one, one net per col-
umn.
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Fig. 13. Classification of nets in a basic channel.

(a) (b)
Fig. 14. A pair of matched (a) LS or (b) RS nets.

Step 5: Starting from the left-most position, assign all
IP nets one-by-one, one net per column.

Step 6: Starting from the rightmost available position,
assign all the unmatched RS nets one-by-one; some of
them may share a column with unmatched LS nets as-
signed in Step 4.

Step 7: Assign BS nets and BP nets any available col-
umns. They may share columns with unmatched LS nets
or RS nets.

It is easy to see that if the number of pins on each edge
of the channel does not exceed the maximum number of
pins allowed on that edge (which is true since the CGCA
we computed in Stage 1 is valid), our algorithm always
gives a valid assignment. Optimality of the algorithm can
be concluded from the following lemmas. The proofs of
these lemmas are not difficult and will be omitted.

Lemma I: There is an optimal solution in which each
matched pair of LS nets or RS nets occupies a column,
and all the matched LS pairs are to the left of the other
nets and all the matched RS pairs are to the right of the
other nets.

Lemma 2: Assume that there is no matched pair of LS
nets or RS nets. There is an optimal solution in which
each LP or RP net occupies a column, and all the LP nets
are to the left of the other nets and all the RP nets are to
the right of the other nets.

According to Lemmas 1 and 2, after the assignments in
Step 1 and Step 2, we are guaranteed to have an optimal
solution consistent with the current assignment. Now we
need only consider channels with BS, BP, IP nets, and
unmatched LS and RS nets. We call these channels sim-
plified basic channels.

Lemma 3: In a simplified basic channel, there is an op-
timal solution in which each IP nets occupies a column.
We call such a solution an s-type optimal solution.

Lemma 4: In a simplified basic channel, there is an
s-type optimal solution in which all the unmatched LS nets
are to the left of the other nets. We call such a solution
an st-type optimal solution.
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Lemma 5: The solutions produced by the OCPA algo-
rithm are always st-type optimal channel pin assignment
solutions for simplified basic channels.

Finally, combining these results, we have the following
theorem.

Theorem: The OCPA algorithm produces an optimal
channel pin assignment which minimizes (d(C), s(C)) in
time O(nc + ec), where nc is the number of pins in the
channel, and ec is the number of exits in the channel.

V. EXPERIMENTAL RESULTS

Based on the algorithm described in Section IV, we im-
plemented a pin assignment and global routing package
named BeauticianGR. It is being integrated into the au-
tomatic physical design system at National Semiconduc-
tor Corporation. In the current version of BeauticianGR,
some parts of the algorithm are simplified. For example,
the floorplan input to BeauticianGR always has a slicing
structure, since it is generated by a slicing floorplanner
[14], [13]. We took advantage of the simplicity of slicing
structures and reduced the problem of computing B(N) to
the problem of finding the least common ancestor in the
slicing tree of the blocks in blks(N) for a net N. Also, in
the current implementation, the floorplan connection
graph constructed by the program is simpler than the one
defined in Section III-3.2. The package is written in the
C language and run on a SUN 4/280 workstation. We
tested BeauticianGR on two real VLSI circuits. One cir-
cuit, named TEST, is a small design with 61 nets. An-
other circuit, named SDDC, is a disk controller being de-
signed at the National Semiconductor Corporation. Table
I shows the complexity of the two circuits and the running
time of our algorithm. We traced many nets in the outputs
of our program and the quality of pin assignment and
global routing is very good. We could not perform com-
parison with other approaches due to the lack of bench-
mark examples for the pin assignment problem.

V1. EXTENSIONS

The assumptions in Section II can be removed without
affecting the structure of the algorithm. In the rest of this
section, we extend our algorithm to the cases where the
floorplan contains L-shaped blocks, or some blocks are
predesigned (which means that pin positions on these
blocks are fixed), or some pins have constraints on their
positions (e.g., they must be placed in certain channels or
on certain sides of the blocks).

6.1. Extension 1: The Floorplan Contains L-Shaped
Blocks

When the floorplan contains L-shaped blocks, the rout-
ing region becomes more complicated. We still define a
channel to be a rectangular routing region formed by two
blocks. (Some people also use L-shaped channels [2] or
monotone channels [4] when the floorplan contains
L-shaped blocks.) The channel intersection graph can be

TABLE I
TesT CIRCUITS AND RUNNING TIME
Time
Ex. # Blocks # 10 Pads # Nets # Pins (seconds)
TEST 6 15 61 145 10.0
SDDC 18 76 599 1619 4684.1

....................................

(@) (b)
Fig. 15. The corresponding (a) channel intersection graph and (b) floor
connection graph.

constructed efliciently using the plane sweeping tech-
nique. Fig. 15(a) shows the channel intersection graph of
a floorplan with L-shaped blocks. We can still carry out
the block boundary decomposition which divides the
boundary of each block into a set of intervals such that
each interval is adjacent to exactly one channel. It is not
difficult to show that each channel is still a basic channel
and the boundary of each block is divided into at most 2m
+ 4 intervals (instead of m + 3 intervals when all the
blocks are rectangular in shape as shown in Section
III-3.1), where m is the number of blocks in the floorplan.
Therefore, both the channel pin assignment theorem and
the block boundary decomposition theorem still hold. The
floor connection graph can be constructed from the chan-
nel intersection graph in the way as in Section IV-4.1 by
introducing the block vertices and the channel vertices
aned then connecting each block vertex to its adjacent
channel vertices. Fig. 15(b) shows the floor connection
graph constructed from the channel intersection graph in
Fig. 15(a). After we have constructed the floor connection
graph, we can use the same algorithm shown in Fig. 12
to compute a good CGCA. Since each channel is still a
basic channel, we can use the OCPA algorithm presented
in Section IV-4.2 to compute the optimal refinement of
the CGCA. Clearly, the same approach can be also ap-
plied to the floorplan with rectilinear blocks. (Rectangular
blocks and L-shaped blocks are special cases of rectilinear
blocks.) The only difference is in generating the floor con-
nection graph.

6.2. Extension 2: Some Blocks Are Predesigned

If some of the blocks are predesigned, the positions of
the pins in these blocks are fixed. In order to keep the
fixed pins in their predetermined positions, we shall im-
pose the following two constraints. i) In Stage 1, these
pins remain in the channels they belong to. ii) In Stage 2,
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these pins remain at the positions which are predeter-
mined.

In order to meet constraint i), we exclude from the ini-
tial admissible graphs the assignment edges which assign
the fixed pins to other channels which they do not belong
to. For example, if net N, has two pins p, and p,, one is
in block b, and the other is in b, respectively. Moreover,
block b, is predesigned and pin p; is at the bottom side of
b, as shown in Fig. 16(a). Then, the initial admissible
graph H(N,) of net N, will be the one shown in Fig. 16(b).
Note that we did not include in H(N,) the assignment
edges from p; to the top channel, the left channel, or the
two right channels (the reader may compare it with the
initial admission graph shown in Fig. 11(b)). This forces
us to assign p; to the bottom channel adjacent to b,.

In order to meet constraint ii), we need to extend the
channel pin assignment algorithm in Section IV-4.2. It is
easy to see that each channel is still a basic channel. How-
ever, some pins may have predetermined positions. Since
the top or bottom edge of a channel is adjacent to exactly
one block, there are the three following cases: a) no pins
on the two channel edges have predetermined position. b)
The pins on one edge have predetermined positions, while
the pins on the other edge are free. ¢) The pins on both
edges have predetermined positions. In case a), we can
use the OCPA algorithm presented in Section IV-4.2. In
case ¢), we do not have to assign any pins in the channel
since all the pin positions are known. Now we present an
algorithm for case b). Without loss of generality, we as-
sume that the pins on the top edge of the channel have
predetermined positions while the pins on the bottom edge
are free.

Algorithm: Channel Pin Assignment with a Fixed Edge

Input: Pins on the top edge of the channel have prede-
termined positions, and the pins on the bottom edge are
free. Each net is a basic net.

Step 1: Classify each net by one of the eight classes
defined in Section IV-4.2. Remove all the PB nets from
the channel.

Step 2: For each net of classes LP, RP, BP, or IP,
assign the top pin at the predetermined position on the top
edge and assign the bottom pin at the same column at the
bottom edge.

Step 3: For each LS net, if its pin is on the top edge,
assign it to the predetermined positions. If it is on the
bottom edge, assign it to the leftmost available position
on the bottom edge.

Step 4: For each RS net, if its pin is on the top edge,
assign it to the predetermined positions. If it is on the
bottom edge, assign it to the right-most available position
on the bottom edge.

Step 5: For each BS net, if its pin is on the top edge,
assign it to the predetermined positions. If it is on the
bottom edge, assign it to any available position on the
bottom edge.

It can be shown in a similar way as in Section 1V-4.2
that this algorithm runs in linear time in terms of the num-
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Fig. 16. Initial admissible graph for net with pre-designed pins (block b,.pp
is predesigned). (a) Predetermined pins. (b) H(h,).

Fig. 17. Initial admissible graph for net with constrained pins. (p, has to
be assigned to the right side of b,.)

ber of pins, exits in the channel, and minimizes the chan-
nel density and the total span in the channel (i.e., the or-
dered pair (d(C), s(C))).

6.3. Extension 3: Some Pins Have Constraints on Their
Positions

It is possible that in practice some pins have constraints
on their positions, although their positions are not com-

- pletely fixed. For example, the designer may require that

some pin be placed in certain channel or on certain side
of the block. Usually, these constraints can be accom-
modated in our algorithm by choosing a subset of assign-
ment edges for that pin in the initial admissible graph.
Suppose that net N, has two pins p, and p, on blocks b,
and bs, respectively. If p; has to be assigned to the bottom
channel adjacent to block b, for some reason, we can use
the initial admissible graph shown in Fig. 16(b) in the
preceding subsection. Since in that graph p, is incident
upon only one assignment edge which intersects the bot-
tom channel, p, is guaranteed to be assigned to the bottom
channel. If p; has to be assigned to the right side of block
by according to the designer, we can use the initial admis-
sible graph shown in Fig. 17. In this graph, we let p, be
incident upon only two assignment edges which intersect
the right side of b,. Thus p, is forced to be assigned to
one of the channels to the right of b,. From these exam-
ples, we can see that we can handle many constraints on
pin positions by generating different initial admissible
graphs at the beginning of our algorithm.

It is not difficult to see that in all three extensions, each
channel is still a basic channel. Therefore, the channel pin
assignment theorem and the block boundary decomposi-
tion theorem still hold. Thus the performance of our al-
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gorithm is not affected. It is an open question whether we
can solve the pin assignment problem optimally for non-
basic channels. An optimal channel pin assignment al-
gorithm was given in [7] for channels without exits.
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