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Abattr.net

In this paper we study a pin aa&gnment problem for macro-ceb
which is motivated by the goal of integrating the placement and
routing steps in the physical design of VLSI circuits. We assume
that the macro-ceb have already been placed. In the mean time, we
m u m e that the design of the macro-ceb is still “soft” in that
although the pins in a cell have a k e d relative order, they can be
shifted around the boundary of the cell. A new algorithm was
developed to determine the optimal shiftings of the pins so that a
weighted s u m of the length of the connecting wires is minimum.
Good experimental results were obtained.

1. Introduction

An important step in the general problem of placement and
routing of macro-cells is the aoaignment of pins to positions on the
boundaries of the macro-cells. We w u m e that in the placement and
routing phase the design of a macm-cell is still “soft” in that circuits or 1/0pads inside of the macro-cell can be rearranged so that
positions of connection pins on the boundary can be rearranged
accordingly. A major reason for such rearrangement is the potential
of obtaining better routing results [I] [2]. Also, rearrangement of
pins can also facilitate the routing of special nets such as the
power/ground nets [3]. The most general form of our problem is to
assume that placement of the macro-cells has not been committed
and that pins in the cella can be rearranged in any arbitrary fashion.
Thus, we want to place the cells and to position the pins on the
boundaries of the cells so that total wire length (or wome other measwe) will be minimised. There are several restricted versions of the
problem: We may m u m e that the macro-cella have already been
placed and can no longer be moved. We may also assume that the
relative positions of the pins in each cell are k e d . In other words,
they must be arranged according to a k e d order. In this paper, we
shall present a model which we believe is suitable to handle the general problem. We shall also present a method of solution for the case
with fixed placement for the cella and k e d relative positions for the
pins. Our experimental results are, indeed, most promising.
2.

the pins along the boundary of each macro-cell has been predetermined. We B h d represent a macro-cell by an inscribing circle
with the diameter of the circle equal to the smaller of the height and
the width of the rectangular cell. (Clearly, for a macro-cell with an
aspect ratio that is close to 1, an inscribing circle is a good approximate representation. In Sec. 6, we shall discuss how adjustments in
the final solution can be made for macro-cells with aspect ratioa that
are significantly larger than or smaller than 1.) We shall place the
pins on the circumference of the circle representing a macro-cell with
the order of the pins and the distances between them fixed. Fig. l(a)
shone an example of a placement of cells and Fig. l(b) show the
corresponding representation. Thus, the pin assignment problem can
be modeled as that of rotating the circles (equivalently, rotating the
pins on the circumferences of the circles) so that the total length of
all connecting wires, or the value of some other coat function,
minimised. Fig. l(c) shows a new assignment of pin positions.
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Using such a model, we can formulate the pin assignment problem as a minimisation problem as follows: Suppose that there are n
macro-eells. For macro-eell i, let zi and yi denote the coordinates
of the center of the circle representing the macro-cell. Suppose that
the circle is rotated by an angle 0; (with respect to an initial reference placement.) It follone. that the positions of all the pins in cell i
can be expressed in terms of zj, yj, and Bj. We can then compute the
distance between every two pins that belong to the name net and are
in ditlerent cells. The sum of these distances will be the total wire
length which can be minimised with respect to the variables 8,, e,,
0,. In general, instead of the total wire length, the cost function
may assume a more general form of a weighted sum of wire lengths.
For example, we can adjust the weighting factors so that longer
wires will have larger weights. In this case, the lengths of long connecting wires will be reduced in the final solution. Also, we can
adjust the weighting factors so that a selected subset of the connecting wires (such as power connection) will have larger weights. In this
case, more emphasis will be placed on the reduction of the total
length of this subset of connecting wires. We can also adjust the
weighting factors so that connecting wires among some of the
macro-eells will have larger weights in order to assure that the total
length of connecting wires aomng these macro-cella will be reduced.

...,

The Model

We assume that a fixed placement for a set of rectangular
macro-cells was given. We also assume that the relative positions of
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So that we can handle such a general formulation of the problem, we
propose a new approach based on a physical analogy of rotational
torques acting on the circles.

8. A Physical Analogy

We use a physical analogy in which a connecting wire between
two pins in two different circles exerts a rotational torque on each of
i and j represented by
the two circles. Consider the two macr-ells
the two circles shown in Fig. 2. Let p and q denote two pins that
belong to the same net. Imagine that there is an attractive force,
which will be denoted F,, or Fw , between the two pins along the line
joining the pins. Since the centers of the circles are held &xed, the
attractive force produces a rotational torque equal to riF,,~in7~
that tends to rotate circle i in the clockwise direction and a rotational torque equal to rjFEpsin7. that tends to rotate circle j also in
'IP
the clockwise direction, where ri and rj are the radii of circles i and
j, respectively. The total rotational torque acting on each circle is
equal to the sum of the torques due to the connecting wires a t the
circle. According to well-known principles of Physics, a t equilibrium,
the angular positions of the circles will be such that the total rotational torque acting on each of them is zero. Such an analogy is
indeed the basis of our general formulation of the pin assignment
problem. Intuitively, the total wire length will be minimized a t
equilibrium. (This is indeed the case as will be shown in Appendix 1.)
However, by taking advantage of the flexibility in specifying the
magnitude of the force F,,, we can handle a very general class of
cost functions.
For the magnitude of the attractive force Fpq, we shall depart
from the formulae we found in a Physics textbook and assume that
the magnitude is given by the formula
FP, = cpg

* [(Az,,)2 + (Av,,)21h~

Clearly,

Let zip, yip be the coordinates of point p, zjI, yj, be the coordinates of
point q , and Az,,, Ay,, be the horirontal and vertical distances
between p and q , respectively. Since

+ zi
+ yi
+ zj
+ yj

zi = rj * cos(ei+ai )
y.P' = ri * sin(ei+aip)
2. = rj * cos(ej+a. )
'I
'I
y.'I = rj * sin(el+a.'I)
Az,, = 2. - 2.
'I

P
'

AY,, = V i , - Vi,
we have:

(1)

where the proportional constant e, and the power h,, can, in general, be chosen to assume different values for different pairs of pins.
It is indeed such flexibility in choosing the values of e, and h,, that
provides us with the capability to handle cost functions of a very
general form. For example, by choosing cpg to be 1 and h,, to be the
same value h for all pairs of pins p and q , we can control the relative weights of long connecting wires by changing the value of h . If h
is chosen to have a large value (for example, 4), it means that a long
connecting wire will exert a large rotational torque on the circles it
connects. Consequently, a long connecting wire will contribute a
larger weighted sum to the value of the cost function. In other
words, choosing a large value for h amounts to accentuate the effect
of far away cells. On the other hand, if h is chosen to have a small
value (for example, l), it means that the difference in the magnitudes
of the rotational torques due to long and short connecting wires will
not be as significant. In fact, if h is chosen to be 0, it means that the
effect of all connecting wires, long and short, will be the same. As
will be seen in Appendix 1, this indeed leads to the case that a t
equilibrium, the total (unweighted) connecting wire length is minimized. In Sec. 7, we shall present experimental results .to demonstrate
the effect of different choices of the value of h.

arctan(Ay,,/Az,,)-a
%/2
-R/2

0

We shall fill in some more details in the formulae for computing
the overall rotational torque acting on a circle. Note that in Fig. 2,
is the angular position (with respect to 0~1~).
Bj
is the angular position (with respect to ojJ,).
aip is the angle between oiIo and o i p , 0 5 ai < 2 ~ .
P ai is the angle between ojJo and ojq, O 5 a 'I. <
-2 ~ .
pi, is the angle between the horizontal line and pq, -R
pj, is the angle between the horizontal line and qp, -%

if Ay,, = 0 and Az,,

R

<0

It follows that the rotational torque acting on cell i due to the connecting wire between p and q , Ti , can be computed as

Ti = ri

* Fpg* sin7.'PI

Consequently, the total rotational torque acting on cell i is given by

Thus, a t equilibrium, we have the equations:

T,.(e,, e,,

4. Mathematical Details

if Az,, > 0
if Az,, < 0 and Ay,, > 0
if Az,, < 0 and Ay,, < 0
if Az,, = 0 and Ay,, > 0
if Az,, = 0 and Ay,, < 0
if Ay,, = 0 and Az,, > 0

"ctan(A~,,/Az,,)
wctan(Ay,,/Az,,)+a

...,e,)

=

ri

F,,
p€i

t

sin7{, = 0 i = 1, 2,

,ti

...,n

(2)

which will be referred as the torque equations.

Bi

6. Iterative Solution of the T o r q u e Equations

< pi < + R .
< piPI< +R.

ri

is the angle between oip and pq, - ~ / 2
7.'IP is the angle between ojq and qp, - ~ / 2

5 7i, 5 +%/2.
5 7ip( 5 + x / 2 .

PI-

From the torque equations in (2) we can solve for the values of
8,. Although, in principle, we can
the angular positions e,, t2,
employ the classical Newton-Jacobi iterative method of solution [4,
51, computational considerations led us to a more eEcient iterative
procedure which we shall present in this section. In the classical
Newton-Jacobi iterative method, we need to evaluate the inverse of
the Jacobian matrix in each iteration. For a system with 6,000

....,
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macro-celle, thii amounts to computing the inverse of of a 5,000 X
5,000 matrix. (The largest example we shall present in Sec. 7 cont h 6,400 macro-eelb.) For our pin wignment problem, the
number of non-iero entries in the Jacobian matrix is approsimately
equal to the number of conncetiug wires. (The largest example we
tested has over 100,OOO connecting wires.) Thus, even though there
are more efficient methods for evaluating the inverses of sparse
matrices, both the computation time and the accuracy required are
still quite formidable for large problems. We employ imtead a set or
decoupled equations in our iterative procedure. Intuitively, such a set
of decoupled equations suggests itself naturally when we examine the
physical analogy we introduced earlier.

0

-r i
- r 1-T

-I-

I

-I-

- t -I-+ -1-

- r 1- r

i
-I

- + +-

t

#io), #io), ...,

We begin with the initial solutions
e$). Let
denote the solutions obtained in the mrr iteration.
We shall compute 6lm+I),
according to the following equations:

#im), ...,#An)

#["I,

#Im+'), ...,#Am+')

It is well-known that when a physical system is a t equilibrium,
it might be in a state of meta-rtablc equilibrium, or it might be in a
state of rtablc equilibrium. A physical system is said to be in a state
Note that the equations in (3) are indeed based on the physical intuition that changes in the value of the angular position Bi in successive
iterations depend both on the sign and the magngude of the rotational torque acting on cell i, Ti(01,#?,
#"). Fi("') in (3) is the
average force acting on circle i which ~dcomputed according to the
formula

...,

where FjF) is the value of F,, computed in the m'" iteration, and d
is the total number of connecting wires at cell i. e!"') in (3) is the
value of a control parameter c i in the mm iteration which is computed according to the formula

I

0.85*c$m-l)
1.25*e,h-')

e;")

=

if Ti(#(") *Ti(#(m-')) > Ot
if [Ti(dm))*Ti(dm")) < 0 and
ITi(dm-'))l - ITi(dm))l< 0.6

lTj(#(m-i))l]

The initial value
is set to be (k * d)'/' where k is the number of
pins in cell i. Note that the value of e$'" is decreased if T;(dm))and
T,(dm-l)) are of the same sign, and the value of e!"') is increased if
Ti(&')) and
are of opposite signs. In the former case we
want to speed up the convergence, whiie in the latter case we need to
move slower in searching for the cross over point a t which Ti(@) is
equal to 0.
Finally, the termination criterion for the iterative procedure is :

I #I"'+') - e,(") I < 0.003

for each cell

or

I D("+')- D(")I / D(")< 0.00005

of meta-stable equilibrium if any minor pertubation w i ll lead the
system away from equilibrium. On the other hand, a physical a y 5
tem is said to be in a state of stable equilibrium if it always returns
to equilibrium after any minor perturbation. A simple illustrative
example is shown in Fig. 4(a). For the pin assignment problem,
similar phenomena are illustrated in Fig. 4(b): So that we will not
accept a metketable equilibrium solution an the final solution, our
iterative procedure always goee on for one more step of iteration
(corresponding to a minor perturbation) when the termination condition is satisfied. If the total wire length continues to decrease, we
realise that we were at a state of meta-stable equilibrium and the
iterative procedure continues. On the other hand, if the total wire
length increases instead, we realiie that we were a t a state of stable
equilibrium and the iterative procedure terminates.

for 3 succesive iterations

where D("'+')and D(")are the values of the total wire length computed in the (m+l)" and the ma iterstions, respectively.

meta-stable

stable

6. Other Considerations

In our physical model, twc-terminal nets and multi-terminal
nets are handled in the same fashion. For a net that has more than
one pin on a circle, we shall replace them by a "representative" pin
in the computation of rotational torques. Clearly, the poaition of the
representative pin should be the "average" of the positions of the
pins that belong to the same net as illustrated in Fig. 5.

Fig. 5

568

stable

Fig. 4

The rate of convergence of our iterative method is very good.
For all the examples we tested, including some very large examples
with thousands of cells and tens of thousands of connecting wires,
the number of iterations is no more than 30. Fig. 3 show an example in which convergence of the angular positions toward their values
a t equilibrium is demonstrated. Note that the system reached equilibrium after about 10 iterations.
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Note that in computing the total rotational torque acting on a
cell according to the torque equations the number of terms is equal
to the number of wiru, connecting the pins in the cell to pins in other
cells. Consequently, the total computational complexity is proportional to the total number of connecting wires. For a two-terminal
net, there is one connecting wire between the two pins. On the other
hand, multi-terminal n e b can be handled in two different ways. In
the first way, we assume that there is a connecting wire between
every two pins in the net aa illustrated in Fig. 8(a). Thus, for a kterminal net, the number of connecting wires is k(k - 1)/2. In the
second way, we determine a m i n i u m spanning tree for the centers
of the circles, and aasume that there is a connecting wire between
two pins in the net only if there is a corresponding edge in the
minimum spanning tree aa illustrated in Fig. 8(b). Thus, for a kterminal net, the number of connecting wires is only k - 1. In both
cases, once the connecting wires among the pins are determined, the
rotational torques acting on the cells can be computed according to
the torque equations. We have experimented with both ways t o
determine the rotational torques and found that the "spanning tree"
representation of multi-terminal nets produces experimental results
that are almost as good aa that produced by the "complete g r a p h
representation of multi-terminal nets. Experimental results t o
demonstrate the differences will be presented in Sec. 7.

7. Experimental Results

There are four sets of results we want to present to justify our
approach. The first set of results are extremely simple situations in
which the optimal solutions are evident. Indeed, our algorithm waa
able to obtain the optimal solutions aa expected. Thme examples are
shown in Figs. 8-10.
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final solution
Fig. 9

After the angular positions of the circles at equilibrium are
determined, we shall map the pin positions from the circumference of
the inscribing circle back to the boundary of the rectaugular macrocell. Such a mapping is most straightforward when the aspect ratio
of the rectangualr macro-eell is very close to 1. On the other hand,
when the aspect ratio of a rectangular macro-cell is signilkantly
larger than or smaller than 1, a procedure for modifying the final
solution aa illustrated in Fig. 7 is employed to reduce the total wire
length. The details of such a procedure which can be use to solve a
more general pin assignment problem in which the relative positions
of the pins are not fixed will be reported in a forthcoming technical
paper (81.

final solution

initial solution
Fig. 10

Fig. 7

The second set of results are large examples that illustrate the
quality of the results produced by our algorithm aa well aa the speed
of computation. Fig. 11 shows an arbitrary initial solution and the
final solution obtained by our algorithm for a problem with 40 cells.
Table 1 is a summary of results for examples with number of cells
ranging from 100 to 8,400. In the column Wire Length, total is the
total wire length, and maz is the sum of the lengths of the 80 or top
10% longest connecting wires. Note that computation time for the
largest example (8,400 cells, 9,745 nets, 60,845 connecting wires, and
38,304 pins) is less than 10 minutes on a Gould PN9050 computer.
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length is the smallest. However, there are some relatively long wires.
When h,, is set to larger values, the value of the total wire length
increases, while the lengths of the longer wires decrease. Fig. 13 illustrates a situation in which the value of h,, for wires that belong to a
particular net (netl) is held k e d while the value of h,, for the other
wires varies. Note how the lengths of the wires for netl incresses
when the value of h,, for the other wires increases. Table 2 is a
summary of .results for examples in which the value of h,, is set to be
the same, h, for all pairs of pins. Note how the total wire length
increases when the value of h increases from 0.0 to 2.0. In the mean
time, note how the value maz decreases with increasing 6 .

initial solution

hp,

= 0.0

h,, = 1.0

total wire length = 222.4

tota1,wire length = 227.5

U

LJ

h,,

2.0
total wire length = 230.0
=

hp, = 4.0
total wire length = 231.4
Fig. 1 2

w

W

w
final solution
Fig. 11

Input
No cella neta wires

CPU

Wire Length
total
pins

I

maz
I

time

1

hp, = 3.0, p , q

e netl
h,, = 0.0, otherwise.

h,, = 3.0, p,q c netl
hM = 2.3, otherwise.

hp, = 3.0, p,q e netl
hp, = 3.5, otherwise.

hp, = 3.0, p,q E netl
h,, = 4.6, otherwise.

Table I
The third set of results we want to present is the effect of the
exponent h,, in Eq. (1) on the lengths of connecting wires. Fig. 1 2
illustrates a situation in which the value of hp, is the same for all
connecting wires. Note that when hp, is set to 0.0, the total wire
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Fig. 13

representation. It is also interesting to observe that computation
time for the spanning tree representation is not significantly smaller
than computation time for the complete graph representation. The
major reason is that computation time depends more on the number
of cella (number of torque equations) than on the number of connecting wires (number of terms in the torque equations.)
8. Concluding Remarks

We hope the results presented above have demonstrated the
power of a novel approach to the pin assignment problem. There are
two extensions that we plan to carry out. The first extension is the
case in which we assume the locations of the cells are k e d but pins
of a cell may be positioned anywhere along the boundary of the cell.
A second extension is to assume that the locations of the cella have
not been fixed. In this case, there will be translational forces as well
as rotational torques acting on the circles. Finally, we note that in
many practical situations some of the pins are not movable, some of
the pins must maintain some k e d relative positions with respect to
other pins, while some other pins can be moved freely, it is our hope
that the methodology developed in this paper will provide a general
approach to the many possible variations of the pin assignment
problem.

Appendix 1

We shall show that when h,, in Eq. (1) is set to 0.0 for every
pair of pins, total wire length is indeed minimised when the rot&
tional torques acting on the circles are all 0. Because both wire
lengths and rotational torques are additive in their respective computations, we only need to examine the simple case in which there is
one connecting wire between two pins. Note that in Fig. 2,
Table 2

AS,, = Z. - Z.
Jf

'P

= rjcos(Bj+a.

Jf

The fourth set of results we want to present is a comparison
between the "complete graph" and the "spanning tree" representations of multi-terminal nets. Table 3 is a summary of our results.
For each example, we use the complete graph representation of
multi-terminal nets to set up the torque equations a d to obtain a
final pin position assignment. For this final pin position assignment
we compute the total wire length for the two cases that a multiterminal net will be connected by a complete graph and by a ~ p a n ning tree. We then turn around and use the spanning tree representation of multi-terminal nets to set up the torque equations and to
obtain an final pin position assignment. For this final pin position
assignment we also compute the total wire length for the two cases
that a multi-terminal net will be connected by a complete graph and
by a spanning tree. Note that the results obtained in these two ways
are quite indistinguishable. In Table 3, in the column Complete
Graph total wire length is computed for the case that a multiterminal net is connected by a complete graph. The numbers not in
parentheses are obtained when the torque equations are set up using
the complete graph representation, and the numbers in parentheses
are obtained when the torque equations are set up using the spanning
tree representation. In the column Spanning Tree total wire length
is computed for the case that a multi-terminal net is connected by a
minimum spanning tree. The numbers not in parentheses are
obtained when the torque equations are set up using the spanning
tree representation, and the numbers in parentheses are obtained
when the torque equations are set up using the complete graph

) + zj - ricos(8i+ai ) - zi

+

= r j ~ ~ s ( 8 j + a. ) ri~os(ei+aip) ( z j - z i )
Jf

A ~ p g=

Yj,

- yip

= rjsin(Bj+a.)

+ yj - risin(6i+aip) - yi

= rjsin(Bj+ajf)

- risin(ei+ai ) + (yj-yi)

Jf

Thus,
D,, = Dw = ( A z ; ~+ Ay,')'/'
To determine the angular positions of circles i and j at which D,, is
minimum, we compute the partial derivatives of D,, with respect to
Bi and 8, and set them to 0:
8DPf
-=
8ei
-=
8%

ae,

ri

* [Az,, Sin( Bi +aip)-AY,

(AS~"+A~;,)~/~

"

COS( Bi

+aip)]= 0

*[Az,,sin(Oj+aj )-AyWcos(8j+aj,)] = 0

(AZ;+AV;,)~/~

On the other hand, according to the torque equations in (2), we
have
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