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Abstract

The algorithms and the implementation of a new macrofcustom cell chip-
planning, placement, and global routing package are presented. The simulated-annealing-
based placement algorithm proceeds in two stages. In the first stage, the interconne.ct area
around the individual cells is determined using a new dynamic interconnect area estimator.
The second stage consists of: (1) a channel definition step, using a new channel
definition algorithm, (2) a global routing step, using a ncw global router algorithm, B.!‘ld
(3) a placement refinement step. This strategy has produced placements which require
very little placement modification during detailed routing. Total intercon.nect.lcnigth
savings of 8 to 49 percent were achieved in experiments on 9 industrial circuits.
Furthermore, circuit-area reductions ranged from 4 to 56 percent versus a variety of other
placement methods. .

1. Introduction

The algorithms and the implementation of a new macro/custom cell placement
and global routing package are presented. This package, named Timber WolfMC, makes
extensive use of the simulated annealing algorithm. Simulated annealing has been an ef-
fective algorithm upon which to base a standard cell placement and global routing pack-
age.l 2325 The use of simulated annealing was therefore considered for the general-
ized macrofcustom cell placement problem.

TimberWolfMC is applicable to circuits containing cells of any rectilinear
shape. Furthermore, the cells may have fixed geometry including pin locations (macro
cells) or the cells may have an estimated area with a specified aspect ratio range, and with
pins that need to be placed (custom celis). TimberWolfMC also permits the custom cells
to have aspect ratios in a continuous or discrete range. Furthermore, the cells may have
several possible instances, whereby TimberWolfMC is to select the one which is most
suitable. The selection of aspect ratio and/or instance is guided by the minimization of
the Total Estimated Interconnect Cost (TEIC) and by the geometry of the empty space al-
lotted for the cell as influenced by the neighboring cells. TimberWolfMC places circuits
consisting entircly of macro cells as well as circuits consisting entirely of custom cells.
Furthermore, the program will place circuits consisting of a combination of macro and
custom cells. Consequenfly, TimberWolfMC is applicable to chip planning problems.

The TEIC calculation is based on the exact pin locations, as opposed to assum-
ing that all of the pins associated with a cell have a location equal to the center of the
cell. Consequently, all eight possible orientations are considered for each cell. A new
algorithm for accurately estimating the interconnect area around the individual cells is
used in TimberWolfMC. This algorithm has resulted in the generation of placements
which require very linle placernent modification during or afier detiled routing.

The placement algorithm proceeds in two distinct stages. During the first stage,
the interconnect area around the individual cells is determined using the new, dynamic,
i t-arca esti That is, as each cell is moved, its effective area is adjusted.
A simulated anneating algorithm is used to minimize the TEIC. The sccond stage of
TimberWolfMC consists of several executions of a placcment-refinement algorithm.
Each execution consists of three steps: (1) a channel definition step, using a new channel
definition algorithm, (2) a global routing stcp, using a new global router algorithm, and
(3) a placement-refinement step. The information obtained in step 2 is used to compute
the density of all of the channels, which then permits accurate interconnect-area de-
termination. The placement of the cells is then refined in step 3 to reflect the required in-
terconnect area. A low-temperature simulated annealing algorithm is used to accomplish
step 3. Three such placement refinement steps are sufficient for the final TEIC and the
final chip area to converge.

Total interconnect length savings of 8 to 49 percent were achieved in experi-
ments on 9 industrial circuits, in comparison to scveral automatic and manual place-
ments. Furthermore, for the 9 examples, circuit-area reductions ranged from 4 to 56 per-
cent in comparison to the other placements.

The first report of a macro cell placement program using simulated anncaling
was by Jepsen and Gelant Ani pl ion of simulated annealing for floorplan de-
sign was reported by Otten and van Ginneken.! More recently, another impl%menmtion
of simulated annealing was reported by Wong and Liu for floorplan design.” None of
these previous placement programs were able to handle a combination of macro and cus-
tom cells on the same chip. That is, these previous programs could not handle the
simultaneous problems of pin placement, instance selection, aspect-ratio selection, ori-
entation selection, rectilinear cells, fixed cell g y. and pl Furthermore,
none of these programs featured interconnect area estimation, whereas TimberWolfMC
features two stages of interconnect area estimation. This enables TimberWolfMC to
generate placements which require little (if any) placement modification during detailed
routing.

The paper is organized as follows: Section 2 presents some details of the general
TimberWolfMC methodology. In Section 3, the algorithms for the first stage of Tim-
berWolfMC are presented. The algorithms for the second stage, including the placement-
refinement procedure, are described in Section 4. The experimental results are presented in
Section 5. Finally, the lusion is the subject of Section 6.

2. The General TimberWolfMC Methodology

This section covers three aspects of TimberWolfMC which provide flexibility
and robustness to the general methodology and algorithms. The first subsection briefly
presents the basic simulated annealing algorithm. In the next subsection, the key aspects
of the new dynamic interconnect-arca estimator are reviewed. The third subsection de-
scribes the generation of the initial placement configuration. Finally, the last subsection
introduces the custom-cell pin placement methodology.

2.1 The Basic Simulated Annealing Algorithm

Simulated ling was proposed by Kirkpatrick, et. al., as an effective method
for the solution of combinatorial optimization problems involving the minimization of a
function over many degrees of freedom.” Complete accounts of the structure and termi-
nology of the TimberWolfMC impl ion of the simulated annealing algorithm were
previously pmblishcsd.2 The algorithm is characterized by: (1) the generation function
generate, (2) the acceptance function accept, (3) the updating function update, (4) the in-
ner loop criterion and (5) the stopping criterion. TimberWolfMC uses scveral imple-
mentations of simulated annealing.

2.2 A New Dynamic Interconnect-Area Estimator

For macro and custom cells, it is usually the casc that there arc pins on all of the
edges of the cells. Itis therefore y to all i space around each cell.
Failure to allocate the correct amount invariably results in significant placement alteration
by the global and/or detailed routers. These placement modifications usually result in
substantial increases in total interconnect length and chip area, due to the introduction of
sizable empty arcas on the chip. Furthermore, attempting to find the most suitable cell-
placement manipulation is indeed a challenging problem. Solving this type of problem
requires either a spacer or a placement refinement algorithm.™ Since the placement ad-
justments are local in nature, suboptimal solutions are likely.

Unfortunately, it is very difficult to computc the precise amount of interconnect
space needed along each edge of a cell without performing a global routing step. Fur-
thermore, it is even more difficult to compute the interconnect space during an intermedi-
ate point of a simulated annealing approach in which a penalty function is vsed to limit
the amount of cell overlapping. During such an intermediate point, it is likely that sev-
eral cases of cell overlapping are present. This makes a channel definition procedure very
difficult to perform. Thus, while it would be best to maintain a global routing of the
placement at any given point in the simulated anncaling process, such a procedure is very
difficult at best, and surely very cpu-time intensive.
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Methods have been introduced which appear to give good results for the static
interconnect-area estimation problem. However, these methods appear rot to be
suitable for the dynamic estimation problem, in which it is necessary to update the esti-
mates millions of times during the course of an execution of a simulated anncaling algo-
rithm. Furthermore, the previous methods assume that the pin locations on the various
cells have a statistical distribution. However, in the problems of interest here, the pin
locations for a given cell are cither precisely known (macro cells) or approximately
known (custom cells).

My new algorithm for the dynamic interconnect arca estimation problem bases
the estimate on three factors:

(1) The average net traffic. This is an estimate of the average number of inter-
connections passing through a channel. This estimate is used to derive the expected aver-

age channel width, zep d by Cyy:
N
Cw= —C: t, [¢)]

where Ny, is an accurate estimate of the final total interconnect length, Cy, is the estimate
of the total channel length, and f is the center-to-center wiring track separation.

(2) The position of the channel on the chip. In macro/custom cell layout, it is
often the case that the shortest possible route is used for a net. Consequently, it would be
expected that the thicknesses of the channels would be greater nearer the center of the core
area. This effect is modeled by multiplying Cw by a modulation function, whose value
reflects the position of the channel. This modulation function is implementzd as the
composite of two modulation functions, one reflecting the vertical position of the channel
and the other reflecting the horizontal position. The center of the core region is set at x =
0 and y = 0, with the width of the core represented by W and the height of the core repre-
sented by H.

The expression for the horizontal modulation function is given by:

_ | |{Mx—Bx}
fofx) = M- |x T

where —0.5W < x < 0.5W. Note that f; has a maximum value of M, forx =0 and a
minimum value of B, for x = £0.5. The expression for the vertical modulation function
is given by:

M,-B
5H6) = My- 1yl { ’—-!-}

05H
where -0.5H <y < 0.5H.

The functional forms for fx and f, were chosen based on the obscrvation of
manual layouts of industrial macro cell chips. For two layers of interconnect, the chan-
nels near the center of the core usually were approximately twice as wide as channels lo-
cated near the middle of the sides of the core, and approximately four times as wide as
channels located near the corners of the core. Consequently, typical selections are: My =
My ~2and By =By = 1.

Five channel edges are shown are Figure 1. el ig characterized by, fx(ex )~
By and fy(e, ) ~ By. Edge g2 is characterized by fife; ) f,(e ) =My My, Edgeedis
chamtenzed by fxge, ) f ) =My By and cdge eis ass:gncd approximately the mini-
mum weight fes ) (40 ) ~ B By

(3) The relative pin dcns:ty of an edge. The pin density of a cell edge i, repre-
sented by d’, is defined as the total number of pins belonging to edge i divided by the
length of ufgc i. The average pin density for the entire circuit is represented by Dp. This
is computed by dividing the total number of pins (for all of the cells) by the sum of the
pcnmeters of all the cells. It is then possible to define the relative pin density of a cell
edgeias d,p, where

g
i
% = B,
The interconnect area modulation factor associated with the relative pin density of cell
edge i has the following form:

Fpli) = max (1.0, d)

1 have defined f7pfi) 2 1.0 for all i, implying that at least some intercornect area needs to
be assigned to a cell edge even if the edge has relatively few (if any) pins.

Note that factor (2) above must be updated each time a cell is moved during the
simulated annealing process. The cpu time required to update this factor is minimal.
Factors (1) and (3) can be determined at the outset and stored.

Each channel edge is bordered by two cell edges. Hence, it is approximated that
the interconnect area associated with a cell edge is one half that computed for a channel
edge with the same coordinate pairs. Let  now represent a cell edge, and further let e
represent the estimated interconnect area associated with cell edge i. The values of x; and
yi represent the positions of cell edge i Thq‘ complete expression for the interconnect
area associated with a cell edge i is given by ¢,

e:‘, =05« Cw f,(x,)f,(y,)f,_,,(l) @2)
From Eqn. 1, the expected value of z:, should be 0.5Cw. Under the assumption that
Srpli) =1, the normalmnon constant 0.is used to yield the required expected value:

o« = j j' 160 1,0) dndy ®
IfEM=My= My and B = Bx By, then
M ;—B } @
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Figure 1.

In the simulated annealing approach used in TimberWolfMC, sufficient inter-
connect space between the cells is maintained by appending a border d the contours
of each cell. The area cccupied by each rectilinear cell is represented as a set of one or
more non-overlapping rectangular tiles. Each time the amount of overlap (if any) is up-
dated for two cells, the edges of each tile for a cell are expanded outward by an amount
given by Eqn. 2.

The respective outward expansions of the tile edges are updated cach time a cell
participates in the generation of a new state in the simulated annealing approach. Hence
the estimation of the interconnect arca attributable to a given edge of a cell is a dyramic
quantity, depending on the location of the edge at any given time. It follows that if a cell
is moved from a comer towards the center of the core area, then the effective area of the
cell will increase. Similarly, if a cell is moved from the center towards a comer of the
core area, then the effective area of the cell will decrease.

2.3 Determining the Core Area

The determination of the desired (or, target) core area is difficult since the amount
of wiring area needed cannot be determined prior to the completion of the simulated an-
nealing placement algorithm. During the course of the simulated annealing algorithm,
the cells will be discouraged from extending beyond the core boundaries. 16 If the target
core area is excessive, the final aspect ratio generated by the placement algorithm may be
guite far from the desired value. On the other hand, if the target core area is too small, ~
either insufficient interconnection space will have been allotted between some of the cells,
or cases of cell overlapping will be present at the conclusion of the algorithm.

TimberWolfMC uses the dynamic interconnect-area estimation algorithm to de-
termine the expected interconnect area required for the chip. For the purposes of comput-
ing the initial core area, in which the positions of the cell edges are not known, Eqgn. 2 is
approximated by:

é, =05acC,f0) fy(O) )
The modulation functions, fx and f;, are given their maximum values. The relative pin
density for a cell edge, represented by frp in Eqn. 2, is assumed to have to be unity for atl
cell edges.

2.4 Custom-Cell Pin Placement

This subsection presents some details on pin placement with regard to custom
cells.!? Pins on custom cells may be specified in several possible ways: (1) A pin may
be given a particular fixed location. (2) A pin may be assigned to a particular edge or
edges of a cell. (3) A pin may belong to a group of pins which may be assigned to a
particular edge or edges of a cell. Finally, (4) a pin may belong to a group of pins which
is assigned a particular sequence ordering as well as a particular edge or edges of a cell.
The placement of a single pin, a group of pins, or a sequence of pins may be specified as
being restricted to either one cell edge, two cell edges, or any of the edges.

Changes to the p t of the une itted pins, that is, those specified ac-
cording to (2), (3), and (4) above, occur throughout the course of the snmulated annealing
algorithm. All possible pin locations on the edges of a cell req ge for
each of the eight possible orientations. Since the number of possible pin locations on a
custom cell can easily number into the thousands, the amount of storage needed would be
excessive. Also, during the carlier portion of the simulated annealing run, when T is rel-
atively high, approximating the location of the pins is sufficient.

For these reasons, a strategy is used in which a specific number of pin sites are
defined for cach edge of a custom cell. The pin sites are approximately cvenly spaced
along cach edge. Even though the locations of the sites are stored for each possible cell
orientation, the amount of storage required is modest due to the limited number of pin
sites per edge. Each pin site is assigned a capacity, in accordance with the number of pin
locations encompassed by the site. During the course of the simulated annealing algo-
rithm, a penalty function approach is used to discourage more than this number of pins
from occupying a site.

3. The Algorithm for Stage 1 of TimberWolfMC

This section presents the algorithmic details for the first stage of Timber-
WolfMC. A simulated annealing algorithm is wsed to find a placement of the
macrofcustom cells such that sufficient interconnect arca is allotted between the cells and
such that the TEIC is minimized. If all of the net-weighting factors have a value of 1.0,




the total estimated interconnect length (TEIL) is identically equal to the TEIC. During
this first stage, the interconnect area around the individual cells is determined using the
dynamic interconnect-area estimator described in Section 2.2,

3.1 The Cost Function
The cost function for the simulated annealing algorithm of stage 1 consists of
three independent tertns.

3.1.1 The first term in the cost function: C,

The first term is a function C; returning the TEIC. The Stage 1 algorithm
secks to minimize this term while driving the next two terms of the cost function to zero,
The following terminology is used: (1) N, is the total number of nets, (2) x(n) returns
the span of net n in the x, or horizontal direction, (3) ¥(») returns the span of net n in the
¥, or vertical direction, (4) h(n) retumns the weighting factor for net 2 for the horizontal
direction, and (5) v(n) returns the weighting factor for net n for the vertical direction. The
function C; is then given by:

N,

€, = 3, (x(hin) + yln) vin)) ©

n=]
3.1.2 The second term in the cost function: C

The second term is the overlap penalty function C2. The value returned by this
function is given by:

C2=p22 o(i,j) m
i<j
where p3 is a normalization constant. The function O(i, j} returns the total amount of
ovetlap area between cells i and j. A rectilinear cell is stored as a union of non-overlap-
ping rectangular tiles. Formally, the function Oi, j) is given by:
%

T
0(ij)=Y, i 01.1) ®

;=1 t'.-l
where the rectangular tiles comprising the area of cell i are represented by ¢; € {1, 2, -,
Ti} and similarly for the tiles comprising the area of cell j. The function Oij) retarns
the common area between the two tiles specified as its arguments.

The normalization parameter p; is required since function Cj scales linearly with
the grid size of the net list data, while function C is quadratic with respect to the grid
size. The normalization is performed when 7 is at its maximum value, that is, for T~
oo, designated as T = Te.. If the normalization is not performed and the initial average
values of the function C» are substantially greater than the initial average values of the
function C}, then the simulated annealing algorithm will be concerned primarily with the
minimization of the overlap penalty function. That is, relatively little attention will be
paid to the minimization of the TEIC. On the other hand, if the initial average values of
€2 are substantially smaller than the average values of Cy, then the simulated annealing
algorithm will be concerned primarily with the minimization of the TEIC. That is, rela-
tively little attention will be paid to the elimination of the cell overlaps, until T is rela-
tively small. At this point, most of the attention will then be focused on the removal of
the infeasibilities, with the accompanying increase in the TEIC.

Nine industrial circuits were tested to determine the value of p2 which would, on
average, result in the lowest values of the final TEIC. The results showed that the lowest
final values of the TEIC were obtained when

p2C; =nC; )
at the highest temperatures (T = T, ), where 13 ~ 0.5. The performance of Timber-
WolfMC was not very sensitive to the value of v|. In fact, a degradation in average per-
formance was not noted until | was reduced below 0.25 or beyond 1.0.

3.1.3 The third term in the cost function: C3

The third part of the overall TimberWolfMC cost function, C3, is a penalty
function which serves to limit the number of pins in each pin site to the capacity of that
site. The foljowing notation is used: The cells are rep ted by j, where j e
{1, 2, -..]NC}. For each custom cell j, the pin sites arc represented by s, ?vhere sje {1,
2, ---, N;'}. The function C3 returns the contents of a given pin site, that is, the number
of pins contained by the site. Further, the function C3 returns the capacity of a given pin
site.

The function E(.rj) returns the penalty which is assigned to site s;on custom cell
J- A nonzero penalty is assigned to any site containing a number of pins which is greater
than the specified site capacity. The expression for E is given below:
0 if Culsp) s Cpisp
E@sp = (10)
Cols))— Cpls) +x if C,fs)) < Cp(s;)
The constant K serves to ensure that the number of pin sites containing more pins than
specified by the capacity goes to zero just prior to the end of Stage 1 of TimberWolfMC.
In the actual implementation, k = 5. With reference to Eqn. 10, the penalty function C3
is given by:
N

<

N
C = Y Y, (EGY an

j=1 .1,-1

3.2 The Generation of New States

3.2.1 The generate function

Tests have corroborated the theoretical results which have shown that the initial
state has no influence on the final value of the TEIC.)3 Hence it is common to begin
with a random initial placement of the macro/custom cells. Each iteration of the inner
loop initiates a call to the generation of new states function gemerate. The im-
plementation of this function is now presented.

generate ()
move_type = R(1,2,p) :
M Ri(1, 2, p ) returns a random integer between 1 and 2, such that the
probability of returning 1 is p. 7 = p / (1—p) represents the ratio of single-
cell displacements to pairwise interchanges. */
if (move_type == 1) { /* Single cell displacement */
T'=R(1,N;) ; /* Ncis the number of cells */
x = R(enep) s
y = R(ep.er) 3
/* R(k,i) returns a random integer between k and J, with uniform dis-
tribution. A cell { is randomly selected for displacement to a ran-
domly selected new location, represented by the coordinate pair (x,y)
in the core area (bounded on the left by ¢y, on the right by ¢,, below
by ¢p, and above by ¢,). The coordinate pair (x,y) represents the new
location for the center of cell i, */
if(As(i,x,y)=YES) {
/* Displacement of cell i to (x,y) was accepted. */

’

} elseif( A (4, x,y)==YES) {
* Cell i 4s the focus of another new state attempt; this time its ori-
entation is changed to effect an aspect ratio inversion. In Figure 2, if
cell Cy is displaced to location (x,y) with its current orientation, a
great deal of overlap will result with the core boundary and with cell
C3. If the orientation of cell C3 is changed such that its aspect ratio
is inverted, no overlap will result in the new location. */

7* The displacémcm failed for both aspect ratios; the next at-
tegapt is a randomly-chosen orientation change of cell i, */
A(i);
0
if( cell i is a custom cell ) {
for(k=1; kS Py(i); k++) {
Apli)
1* Ap(i) retumns the number of uncommitted pins
on cell i, This value dictates the number of times a

new pin group (or sequence) is selected for dis-
placement to a new set of pin sites. */

)
Adi} 3
/* Attempt an aspect ratio change, within specificd bounds. */

else { }"‘Two cells will be selected for interchange. */
Jj=R(LN:Y
if(Az(i,j)==YES) {
) eflis:f returns YES if the interchange of cells i and j was accepted. */

ALiLj);

2" i An interchange of cells i and j will be attempted again;

this time the orientations of the cells are each changed to

effect aspect ratio inversions. For example, in Figure 2,

if cells Cs and C7 are interchanged, a great deal of overlap

will result with the core boun and with cells C4 and

Cg. However, if the orientation of each cell is changed

such that its respective aspect ratio is inverted, no overlap
will result in their new locations, */

Figure 2

The ratio  of single cell displ tocell i hanges can have an impor-
tant effect on the final TEIL. The normalized final TEIL for a variety of circuits versus
the ratio » is shown in Figure 3. The circuits contained an average of about 25 macro
cells. Each cxecution of the inner loop consisted of Az = 200 calls to the generate func-
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tion per cell. The initial value of T = T.,, was such that almost every new state was ac-
cepted. For each successive iteration of the inner loop, the new value of T was deter-
mined by: Tpew = O Tot4, where o = 0.90. Figure 3 indicates that values of 7 in the
range from 7 through 15 yield TEIL values which are within one percent of the mini-
mum. This wide range gives robustness to the algorithm.
3.2.2 The range limiter

The generate function is controlled by a range Iimiter. Large-distance moves
usually imply large values of AC. At low temperatures, only moves which approxi-
mately satisfy AC < 0 have a reasonable chance of being accepted. Hence, at low tem-
peratures, the large-distance moves are almost invariably rejected. In order to generate
moves which have a reasonable probability of acceptance, these large-distance moves are
prohibited by the use of a range-limiter window. When a cell is selected for displ t,
such as cell C; in Figure 4, the range-limiter window is centered at (xg, yg), corre-
sponding to the center of Cy. The randomly-selected new location for Cy must: lie within
the range-limiter window. In the current implementation of TimberWolfMC, cell inter-
changes arc not controlled by the range-limiter window.

At the beginning of stage 1, when T is at its maximum value (indicated as T, in
Figure 4), the window extends beyond the core area, thereby allowing moves of maxi-
mum distance. Values of T are considercd over a range of approximately six decades. As
T is lowered (for example, to T2 and subsequently to T), the window span in cach direc-
tion is reduced as a function of the logarithm of T. In Figure 4, the span of the window
is indicated for two intermediate values of 7, namely 7; and 7. As T approaches the
value T = T, the span of the window reaches its minimum value (as indicated in Figure
4) and this condition marks the end of stage 1 of TimberWolfMC.

Several range-limiter functions were tested, in which cach function reduced the
span of the window as a function of logo(7). Y I particular, tests were made: for range-
limiter functions of the following form, where 1 < p < 10:

1ogo(T)

w,‘(’l')=W',;{"/1 } (12)
gy, 1)

WyT) = W { LA } 3

W7 1cpresents the window span in the x-direction at 7' = T, that is, Wy(T',). Further-
more, W7 represents the window span in the y-direction at T = T, that is, Wy(T o). The
value of i was chosen such that for T = T, the term in the braces on the right hand sides
of Eqns. 12 and 13 are normatized to 1.0. That is,

A= plW)oaJ
A nominal value of Tew is 10°.

The smallest values of the final TEIL were achieved with p in therange 1S p <
4. For this range, there was no observable difference in the performance with respect to
the final TEIL. However, noticeably smaller values of the residual cell oveslapping after
the completion of the Stage 1 algorithm were achieved with the larger values of p. The
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residual cell overlapping is the value of the penalty function C whenT — T ~ 0.
For a given valuc of T, as p increases, the window size is smaller. This implies that
more local cell moves will be d, thus enhancing the probability of the removal of
instances of cell overlapping, Consequently, the choice of p = 4 was made so as to ob-
tain the lowest possible values of both the final TEIL and the residual cell overlapping.

3

3.2.3 Single-cell displacement-point selection

In the function generate, when a particular cell is selected for displ t, the
new target location is a randomly-selected coordinate pair within the range-limiter win-
dow. The process of selecting the new target location is performed by the displacement-
point selection function Dy. This function selects only from a very limited number of
evenly-dispersed points lying within the range-limiter window. Let W(T) and Wy(T)
represent the horizontal and vertical spans of the range limiter window, respectively. The
value of 0.5Wx(T) defines the maximum distance in x that a cell's center may be moved
in either direction. The function D; restricts the step sizes in each direction to a set of 3
equally-separated amounts. The step sizes in each direction are multiples of sy, defined as
follows:

w

§p = ,;(T) as)
w.

s, = ’6(” (16)

The only possible integers that can be multiplied by sy (or sy) to yield the actual
step distance are contained in the set I = I, = {-3, -2, -1, 0, 1, 2, 3}. Excluding the se-
lection Iy = O and I, = 0, there are 48 possible points within the range-limiter window
which could be selected as the displ 1ent points (that is, the points to which the center
of the sclected cell could be placed). As T approaches the value T = T, the span of the
window reaches its minimum value of 6 units (in terms of the grid size inherent in speci-
fication of the cell geometry and pin locations in the net list) and this condition marks the
end of stage 1 of TimberWolfMC. Thus, the minimum value of the step sizes sy and sy
are one.

The function Dj has the following two characteristics: (1) With far fewer points
to be considered, it is likely that a displacement of a cell to most of the 48 points could
be considered for each value of 7. (2) Much more emphasis is placed on the cells making
large moves during large values of T and on the cells making comparatively smaller
moves for smaller values of T. That is, small refinement moves are not attempted at
high values of T, nor are large moves attempted at low values of T.

The function D was compared with a function D, which selects displacement
points randomly from any of the points lying within the range-limiter window. The
function D yielded only slightly better values for the final TEIL, however, the average
residual cell overlapping after the completion of the Stage 1 was 22 percent lower when
D was used. 19

3.3 Additional Stage 1 Simulated Annealing Algorithmic Details

The inner loop criterion in TimberWolfMC is specified in terms of the number
of attempted new states per cell per value of T, designated as A;). The number of itera-
tions of the inner loop for a given value of T is then given by:

A=A N an

W

where Ng is the r of macro/ cells. The effect of the inner loop criterion
was noted for several circuits containing 30 to 60 macro cells. In Figure 5, a plot of the
normalized average final TEIL versus A, for these circuits is shown. Note that for cir-
cuits of this size, A; ~ 400 is sufficient to yicld the best results. In Figure 6, a plot of
the relative final chip arca (following TimberWolfMC global routing and placement
refinement) versus A for these circuits is shown. Again, A, =~ 400 is sufficient to yield
the best results. Also note that reasonably good results can be obtained for substantially
smaller values of A.. The execution time for stage 1 of TimberWolfMC is directly pro-
portional to A.. The cpu time for a typical A= 400 run was about 4 hours on a VAX
8650. Note that for A¢ = 25, the reduction in TEIL was 13 percent less than the best re-
sults. However, the cpu time in this latter case was 16 times less than that for the A, =
400 tests. While the A¢ = 400 case represents a substantial amount of cpu time, the
additional 13 percent reduction in TEIL often yiclds an additional final chip area reduction
of as much as 10 to 15 percent. From this standpoint, in the latter stages of the circuit
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design process, the additional cpu time is usnally justified. On the other hand, in the
carly stages of the design, a smaller value of A, is more appropriate.

The function update(T) is cxpressed by

Tory = update(T ;) = T,y all,,), 0<afl, <1 (18)
The cooling schedule used in TimberWolfMC was determined experimentally, with the
following observations: (1) Three to five iterations are performed in which virtally every
new state was accepted and where T is reduced rapidly from iteration to iteration. (2) After
having left the high T regime, T was reduced such that the reduction in the average TEIC
from one T step to another is approximately the same. (3) When the average value of the
TEIC is only slightly reduced from one 7 step to another, the control of T enters the final
regime where T is reduced more rapidly so that the value of the cost function firmly con-
Ve The initial value of T =T, is chosen such that virmaily every new siate pro-
posed by generate is accepted. Tests on 9 industrial circuits showed that the average cell
area, , including the estimated interconnect area, was approximately proportional to the
value of T = T, necessary to obtain an initial acceptance rate of nearly 100 percent. Fora
25-cell circuit characterized by ¢, = 10%, the smallest value of T yielding an initial accep-
tance rate of nearly 100 percent was To, ~ 105, Therefore, to normalize for different cir-
cuit sizes and different grid sizes, the following expression is used:

T, =T c—’: (19)
cﬂ
where the selections of £, = 104 and T:_ = 10° were made based on 25-cell industrial cir-
cujts. Defining

C,

a
Sp= =% (20)
ca
it is then possible to rewrite Eqn. 19 as:
T, = Sp7T., (1)

The value of ST is a scale factor for the simulated annealing temperature profile, taking
into account the circuit and grid sizes.

Table 1 contains the data for a{T44) as a function of Ty for which the best
results were obtained with TimberWolfMC. The entrics in the first column indicate the
smallest value of (S - T,,,) for which T4 returns the corresponding entry in the second
column. For example, for Tyq 2 (S7 - 7000), a(T'giq) roturns 0.85. It was arbitrarily
determined that approximately 120 temperature values were to be considered in a typical
execution of the simulated annealing algorithm. Based on extensive experimentation for
9 industrial circuits, the range of T from (Sr - 200) to (Sy - 7000) most strongly influ-
enced the performance of TimberWolfMC. The stopping criterion is satisfied following
an iteration of the inner loop in which the range-limiter window has achieved its min-
imum span.

For Toid 2 oTotd
(S 7000) 0.85
(5~- 200) 092
(s;- 10) 0.85

0 0.80

Table 1

4. The Algorithms for Stage 2 of TimberWolfMC

The second stage of TimberWolfMC consists of several executions of a place-
ment refinement algorithm. A placement refinement step is used to correct any (usually
small) inaccuracics produced by the dynamic interconnect area estimator. That is, if
insufficient space was allocated between a pair of cells, then additional space is provided
as required. Or, if excessive space was allocated, then the cells are compacted as much as
possible.

Each execution of the placement refi algorithm of three steps: (1)
a channel definition step, (2) a global routing step, and (3) a placement-refinement step.
The information obtained in step 2 is used to compute the density of all of the channels,
which then permits more accurate interconnect-arca determination. The placement of the
cells is then refined in step 3 1o reflect the Tequired inter arca. A low
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simulated annealing algorithm is used. Three such placement-refinement steps have
proven to be sufficient for the final TEIL and the final chip area to converge. The place-
ment of the cells requires very little modification during detailed routing as a result of this
strategy. This section presents the three steps of the placement-refinement algorithm.

4.1 Channel Generation

A new channel generation algorithm was developed for rectilinear cell layouts
emphasizing the creation of channels which are more amenable to detailed monitoring of
the local routing congestion.2 This algorithm enables accurate determination of the
space necessary between nearby cells. Traditional routing-channel generators have been
designed only to facilitate detailed routing of the chip, and are less able to monitor local
routing congestion.

Consider the routing channel defined by the dotted region in Figure 7. Suppose
that a global router assigned some ber of net to this ch 1, which is un-
derstood to follow the contour from a to . With respect to this channel, the following
observations are made: (1) Compaction (or expansion) of the ch 1 is performed by
moving the group of cells G independently from the group of cells G2, where
G,={c;.c;,c3}and Gy={c;.c5}. (2) The cell edges bordering the channel are
labeled Ej‘, where i is the group (either 1 or 2) and where j identifies a particular cell edge
in the group. Note that there are four ceil edges bordering the channel which belong to
group 1 and five cell edges bordering the channel which belong to group 2. (3) Note that
defining the channel density (the usual congestion metric) is not possible since the chan-
nel does not have exactly two parallel, opposite sides. Hence it is not possible to specify
a single parameter which gives the expected width of the channel.

A channel such as that of Figure 7 is suvitable for detailed routing. However,
several disadvantages arise if such a channel is present during the placement refinement
phase. First, since there is no single par exf ing a di ion to the ch 1
this channel must be analyzed in greater detail. That is, a mugtitude af pa{ametcrrﬁ muit
be derjved which specify the required spacing between edges: E; and E; , E, and E;, E;
and E;, etc. Second, if this additional analysis reveals that the spacing between cell
edges E; and E| requires adjustment( either expansion or compaction), such a change
may of may not subsequently neccssitlate an adjustment of the spacing betweea edges E;
and E; , and perhaps between edges B, and Eg' as well.

In summary, complex channels such as that represented in Figure 7 require addi-
tional [ocal congestion analysis, well beyond a simple ch ] density calculation. Fur-
thermore, responses to spacing changes may well trigger additional local analyses and/or
spacing adjustments.

On the other hand, if a channel is bordered by only two cell edges, then it is
possible to specify a single parameter which yields the expected width of & channel.
Defining the track spacing t; to be the minimum ceater-to-center spacing of the intercon-
nect along the length of the channel, the expected width w (for two layers of interconnect)
is given by:

w= (d+2) t 22)

where d is the density of the channel. This expression is based on the fact that channel
routers arc currently available which routinely route a channel in a number of tracks ¢
such that £ < (d + 1).21 It is therefore possible to specify the required spacing between
any two cell edges provided that every routing channel is bordered by exactly two cell
edges, or bordered by one cell edge and the border of the chip.

Consequently, in my new channel definition algorithm a channel, or critical re-
gion, is created between every pair of parallel cell edges belonging to different cells such
that: (1) The span of the two edges overlap in one (of the two) dimensions, in which a
rectangular region of emply space is bounded on two sides by these two edges. The ex-
tent of the empty space region equals the common span of the two edges. (2) No other
cell edges intersect the rectangular, empty space region between the two edges.

In Figure 8, the placement of five cells, C; through Cs, is shown. Note that
Cy is a'rectilinear cell having 12 edges. The cross-hatched regions in this figure indicate
the critical regions, that is, those gular regions bordered by exactly two cell (or core
boundary) edges. The distance between the two edges determines the thickness (or capac-
ity) of the vertical or horizontal channel. Each of the empty space regions in Figure 8,
labeled r; for i € {1, 2, -+ , 20} is a node in the channel graph. In Figure 9, the edges for
the final channel graph are shown as dashed lines. The channel graph nodes arc repre-
sented by #; where i e (1,2, --- , 20).
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The pins on each edge of each cell are then mapped onto the comrespending adja-
cent channel edge. This mapping is done by projecting the pin location perpendicular to
the cell edge until intersecting the corresponding channel edge. In Figure 9, pin P; on
cell Cz is projected to location P on the channel edge defined by nodes rng and ns.
Similarly, pin Pg on ccll Cy4 is projected to location Py on the channel edge defined by
nodes ns and ng. The channel graph nodes are positioned (for example, node njg in Fig-
ure 11) such that every pin on a cell edge is projected to lie between the two nodes of the
corresponding channel edge.

The concept of the bottleneck, introduced by N.P. Chen, is quite similar to the
definition of a critical region.“* My new algorithm is somewhat more general in that
every possible critical region is identified, and used, during the placement refinement step.
Chen's method assumes that two critical regions, or bottlenecks, will not overlap. Over-
lapping can occur if a critical region is created both by a pair of vertical cell edges and a
pair of horizontal ccll edges. An example of this exists in the upper left corner of Figure
9, where nodes ng, ng, ny;, and ny2 enclose two overlapping critical regions. In Chen's
method, either the placement is modified to remove the overlapping critical regions, or
one of the critical regions is ignored. The ignored critical region is that which is the
widest, based on the estimate that this critical region will probably be less congested after
global routing. Since global routing has not been performed yet, this can only be an es-
timate. In my new algorithm, all of the critical regions are identified and used.

4.2 Global Routing

A good review of global routing strategies has been pubhshed.23 A new gen-
eral-purpose global routing §onthm which avoids the classical routing-order dependence
problem was also developed.“* The global router is independent of the layout style since
the only inputs to the algorithm are a net list and a channel graph (such as that. generated
by the algorithm of Section 4.1). In the input to the global router, each pin in the net
list has been assigned to a specific position on a channel edge in the graph, including
electrically equivalent pins. The global router makes full use of equivalent pins to mini-
mize the routing length of a net. The global router minimizes the sum of the routing
lengths of all of the nets subject to the satisfaction of the capacity constraints of the
edges. The constraints result from the fixed widths of the channel edges.

4.2.1 Phase one of the global router

The new global router algorithm has two basic phases. The first phase generates
(and then stores) M alternative routes for each net. The parameter M is typically on the
order of 20 or more. The algorithm attempts to find the M shortest routes for each nct, a
task which can be accomplished readily for two-pin nets using Lawler's algonthm.
This is an efficient algorithm for finding the M-shortest paths between two vertices on a
graph.

For nets consisting of more than two pins, I developed an algorithm which gen-
eralizes Lawler's approach. This algorithm finds the approximately M-shortest paths on a
graph for an n-pin (2> 2) net, with the ability to handle clectrically-equivalent pins. Re-
sults have shown that for nearly all nets of fewer than 20 pins, this new algorithm ap-
pears to find the minimal Steiner length route among the M alternatives.
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Figure 11

The phase one algorithm will be explained using Figures 10, 11, and 12. In
Figure 10, there is a five-pin net to be globally routed on the indicated graph, There are
only four distinct pin groups, as pins P34 and P3p are electrically equivalent. The algo-
rithm arbitrarily sclects a starting pin and then interconnects subsequent pins in an order
essentially determined by following Prim's algorithm for finding a minimum spanning
treeon a gx\aph.26 There is one main difference, however. Each time a pin is to be added
to the list of interconnected pins, the algorithm generates and stores the M-shortest paths
connecting the new pin with the existing interconnected pins. Referring to Figure 10, P2
was selected as the starting pin. The first step of the recursive process selects Py as the
nearest next pin. 27 The M-shortest paths between nodes Pj and P are generated and
stored. In the figure, the four shortest such paths are indicated.

The algorithm then sequentially selects one of the stored paths and recursively
interconnects an additional pin. For example, in Figure 11, the algorithm has proceeded
to where path number 4 is under consideration. At this level of recursion, nodes Py, P,
6,8, 13, 12,9, and 5 are all target nodes. The next pin to be interconnected is cither of
the electrically equivalent pair P34 and P3p. The M-shortest paths between the target
nodes and nodes P34 or P3p are generated and stored. In the figure, the three shortest
such paths are indicated.

The algorithm again selects one of the stored paths and recursively interconnects
pin P4. InFigure 12, the recursion has procecded to where path 2 of the previous step is
being considered. At this point, nodes Py, P2, 6, 8, 13, 12, 9, 5, P34, P3p, 21, 18, and
15 are all target nodes. The M-shortest paths between the target nodes and node Py are
generated and stored. In the figure, paths 1, 2, and 5 arc shown. Each time a connection
has been made to the final pin, the completed route is stored along with its length. The
overall M-shortest such routes are retained for id in phase two.

4.2.2 Phase two of the global router

The second phase of the algorithm selects a single route from among the M; S
M alternatives for cach net i, where ie { 1,2, ,N }and N is the number of nets.
Note that M; is specified as M; < M since cases arise in which foewer than M altcrnative
routes are possible for a given net. Let iy represent the k-th alternative route for net i,
whereke £1,2, - ,M;}. A random interchange algorithm is then used to select al-
ternative i, for each net while seeking to minimize the total routing length subject to the
channel-edge capacity constralms This apptoach enables the global router to avoid the
net-routing-order d d 1
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This section describes the cost and generate functions for the random interchange
algorithm. The cost function is represented by:
N

= Aiy) @3

i=1
where A(ip) represents the length of altemative route .

Let E; represent a channel edge, where j € {1,2, ,Ncx) and where Ncp, repre-
sents the total number of channel edges for a circuit. The density of channel edge j is
represented by Dj and the capacity of the edge is represented by C;.

A second cost function is defined by:

Na

X=Z (m; - cplpj>c; 3 e
i=1
X represents the total number of excess tracks required over all channel edges.

The M; possible routes for cach net i are cnumerated such that the k = 1 route is
the shortest. That is, iy is the shortest route for each net i, The first state of the random
interchange algorithm is such that k = 1 for cach net i. If this first state is such that no
capacity-constraint violations are observed, that is, if there does not exist j € {1, 2, .-,
Ncp} such that D; > Cj, then the algorithm terminates since each net has been given its
shortest route with no capacity violations. If capacity-constraint violations are observed,
the random interchange algorithm visits other states while attempting to eliminate the
excess congestion.

New state generation begins with the random selection of a channel edge E;
characterized by D; > Cj. A neti containing a segment using Ej is then randomly se-
lected. An alternative route for net i is selected randomly from among those characterized
by AX < 0. If AX =0 and AL <0, or if AX < 0, then the new route is accepted; other-
wise it is rejected. The stopping criterion is satisfied when either: (1) cach net has been
assigned the k=1 route and X=0, or (2) the values of L and X have not changed for
M-N new state attempts.

4.3 Placement Refinement

A low-temperature simulated annealing algorithm is used to accomplish this
step. The placement of the cells is refined to reflect the required interconnect area, as de-
termined by the channel definition and global routing steps. These steps determined the
required interconnect area of every channel. Since exactly two cell edges border each

h 1, the spacing req nent b the two cell edges is immediately established.
One half of the interconnect space is associated with each of the two cell edges. That is,
each respective edge is expanded outward (from the interior of the cell) by an amount equal
10 one-half of the required channel width. These expanded cell edges are used each time
the amount of overlap (if any) is updated for two cells. Note that in contrast to the Stage
1 dynamic interconnect-area estimator, the amount of outward expansion of the cell edges
is a static quantity for each execution of the three placement refinement steps.

The same objective function as in stage 1 of TimberWolfMC, described in Sec-
tion 3.1, is used. The function generate has a much simpler form for Stage 2. New
states can only be generated by atiempting single cell displacements and by alterations of
the pin placement. The orientations of the cells are not changed during Stage 2. The as-
pect ratios of custom cells also remain fixed during the second stage. These latter two
methods of new state g tend to invalidate the calculation of the i area
associated with a particular cell edge. More pl 1t refi steps are required in or-
der to enable the possibility of a convergence in the final chip area and the final TEIL.
Furthermore, even if convergence is achieved, the final values of the chip area and TEIL
tend not to be better than the case in which orientation and aspect-ratio changes are not
permitted.

Since the cell moves are very local in Stage 2, the range-limiter window must
have an initial size which is some fraction p of the span of the core area. Equation 12
dictates the control of the window size for the x direction. It is desired that:

W (T)
we

X

po= @5)

The initial value of T for Stage 2 is selected which satisfies Eqn. 25. Thatis, a
solution for T” is desired from the following expression:
4o8yofT)

= (26)
A
where A is defined by Eqn. 14. That is,
10g,,T)
p= A @n
48T
Solving this expression for T” then yields:
Tl - plug‘ 10 T, 28)

In TimberWolfMC, p = 0.03 is uscd. This implies that the cells are initially
permitted to move 3 percent of the span of the core in any direction, Based on tests for 9
industrial circuits, on the average it was found that larger values of j yiclded equally good
final values of the TEIL, but not better. Of course, the cpu time required to achicve a
convergence in the TEIL is larger for larger values of . The value of p had to be reduced
somewhat below 0.03 before the average performance showed a degradation.

The temperature is updated by the function update expressed by Eqn. 18. Table 2
contains the data for ai(T i4) as a function of Ty which is used during Stage 2. The pa-
rameter ST is defined by Eqn. 20.

For Tpd 2 oTotd)
St - 10) 0.82
Gr 0 0.70

Table 2

For the first two iterations of the threc placement-refinement steps, the stopping
crilerion is satisfied once an iteration of the inner loop has been performed with the range-
limiter window at its minimum span. For the third (final) iteration of the placement-
refinement step, the stopping criterion is satisfied if the value of the cost function is un-
changed for 3 consecutive jterations of the inner loop.

5.  Results
5.1 Dynamic Interconnect Area Estimator Results

In order to determine the accuracy of the dynamic interconnect arca estimator, the
final TEIL and the final core area for 9 industrial circuits were compared at the end of each
of the two stages. A large change in the final TEIL or in the core arca would indicate
substantial cell movement during the second stage of TimberWolfMC, thereby implying
inaccurate interconnect area éstimation. The results for the 9 circuits are shown in Table
3. The last two col pectively, the TEIL and the core area at the end of
stage 2 divided by the values obtained at the end of stage 1, expressed in terms of a per-
cent hange. For the 9 ci tested, on average there was negligible change in core
area between the two stages of TimberWolfMC. Furthermore, there was a minimal de-
crease in TEIL after the second stage.

No. No. No. No. Avg. TEIL  Avg. Area
Circuit Cells Nets Pins Trials Red. (%) Red. (%)
il 33 121 452 5 5.8 3.0
pl 11 83 309 6 2.0 9.2
x1 10 267 762 4 4.0 2.5
i2 23 127 577 5 -1.0 -3.8
i3 18 38 102 2 10.5 -0.5
11 62 570 4300 4 2.5 -0.5
@ 20 656 1776 4 12.7 8.5
dl 17 288 837 4 0.5 8.25
a3 17 136 665 2 0.5 -1.0
Avg. 4.4 4.1
Table 3

5.2 TimberWolfMC Results

The performance of TimberWolfMC was compared versus various industrial,
university, and manual placement methods. The two criteria were the TEIL and the final
chip area. The results for 9 industrial circuits of various sizes are summarized in Table 4.

No. No. No. Arca TEIL Arca
Circuit Cells Nets Pins TEIL (xxy) Red. (%) Red. (%)

il 33 121 452 7431 236 x223 26 14
pl 11 83 309 12306 293 x 294 8 18
x1 10 267 762 60326 875 x 744 11 15
i2 23 127 5717 121386 2873 x 2751 49 t
i3 18 38 102 7043 644 x 699 46 56
n 62 570 4309 254063 1084 x 1042 19 50
[ »4 20 656 1776 419608 1355 x 1433 13 4
di 17 288 337 37365 245 x 305 23 ¥
a3 17 136 665 325457 3398 x 3298 29 31

Avg. 24.9 26.9

1 comparative result was not available
Table 4
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The 26 percent reduction in TELL and the 14 p chip area reduction achicved
for circuit il was in comparison to a placement method based on resistive network opti-
mization.Z® Circuits i2 and i3 were in comparison to the CIPAR placement and routing
package developed by Gould-AMI. The CIPAR router was not able to rcute its own
placement for circuit i2, hence an area comparison was not possible.

The 19 percent total interconnect length reduction and the 50 percent chip area
reduction was in comparison to a manual layout performed at Intel Corp. Circuit pl was
in comparison to a manual layout at Hewlett-Packard. Further, circuits d1. d2, and d3
were in comparison to manual layouts at Advanced Micro Devices. For circuits 11, p1,
dl, d2, and d3, the widths of the power and ground lines were not supplied. It was as-
sumed that, on average, the widths of these lines were about twice a normal wire width,
and that these lines were present in every channel. The cpu time ranged from 15 minutes
for the smallest circuits to 4 hours for the largest circuits on a DEC MicroVAX 11

6. Conclusion

A macro/custom cell chip-planning, placement, and global routing package based
on the simulated anncaling algorithm has been developed. A new aigorithm for accurately
estimating the interconnect area around the individual cells is used in TimberWolfMC.
This dynamic interconnect-area estimation algorithm has resulted in the generation of
placements which require virtually no placement modification during or after detailed
routing.

The placement algorithm proceeds in two distinct stages. During the first stage,
the interconnect area around the individual cells is determined using the dynamic intercon-
nect arca estimator. A simulated annealing algorithm is used to minimize the TEIC. The
second stage of TimberWolfMC consists of three executions of a placement. refinement
algorithm. Each execution consists of three steps: (1) a channel definition step, in
which a new channel definition algorithm is used, (2) a global routing step, using a new
global routing algorithm, and (3) a placement refinement step.

The performance of the package was compared for 9 industrial circnits versus a
variety of other placement algorithms. The average total interconnect length reduction
was over 24 percent and the average chip area reduction was nearly 27 percent. Further-
more, for the 9 examples, circuit. reductions ranged from 4 to 56 percent versus a va-
riety of other placement algorithms.
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SESSION 6

Tutorial: AUTOMATING THE DESIGN OF ELECTRONIC PACKAGING

Speaker: Barry Whalen - MCC, Austin, TX

Organizer: Andrzej Strojwas

With the reduced IC design times provided by today’s DA tools, it is no
longer sufficient for the tools to end with a set of masks and a tester
program; they must also participate in the design of associated

electronic packaging technologies. The increased performance of
today’s IC’s also demands new, high-performance packaging technologies
if the speed of the chips is to be utilized effectively at the system

level.

However, can these goals be achieved at low added cost to the system?
‘Flip-chip,” solder-bump, and tab-attach substrates, high-density
multi-chip boards, and wafer-scale interconnect present many new
challenges to present CAD technologies.

Multi-layer place-and-route at IC densities, modeling and analysis of
transmission-line effects, noise problems and the supply of clean power
across the system are just a few of the new challenges facing the DA
engineer. In addition, mechanical stress and vibration analysis, as well
as thermal analysis techniques, are of increasing importance.
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