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Abstract 
The algorithms and the implementation of a new macro/custom cell chip- 

planning. placement, and global muring package arc presented. The siuudatcd-annealing- 
based placement algorithm m.=d.S in hvo stages. I” the fust stage. the iuteXO”“at 8r.X 
around theindividual cells is determined using B new dynamic intaconnect ~TCB estimator. 
The second stage consists of: (1) a channel definition step, using a new channel 
definition algorithm, (2) a global routing step. using a new global router algorithm. and 
(3) a placement refinement step. This strategy has produced placements which require 
very little placement modification during detailed routing. Total interco~nect~lcn~th 
savings of 8 to 49 percent were achieved in experiments on 9 industrml cxrcmts. 
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 TimberWoljMC. makes 
extensive use of the simulated annealing algorithm Simulated annealing has been an ef- 
fecti~2$$~tbm upo” which to base a standard cell placeme”t and global routing pack- 
age. The use of simulated annealing was therefore considacd for the general- 
ized macro/custom cell placement problem 

TimberWolfMC is applicable to circuits containing cells of any rectilinear 
shape Furthermore, the cells may have fixed geometry iucI”diug pi” locations (macro 
cells) or the cells may have an e.stimatcd arca with a specitid aspect ratio range, and with 
pins that need to be placed (custom cc&). TimbaWolfMC also permits the custom cells 
to have aspect ratios iu a contiuuous 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 Interconnbet Cost (TEE) and by the geometry of the empty space al- 
lotted for the cell as influenced by the neighboring cells. TimberWolfMC places circuits 
consisting entidy 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. Consequently. TiilxrWoliMC 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 B locetio” equal to the center of the 
cell. Consequently. all eight possible oricntatioms are considered for each cell. A new 
algorithm for accurately estimating the interconnect ana around the individual cells is 
used in TimberWolfMC. This algorithm has resulted in the generation of placements 
which -“ire very littlepl acement moditication duri”g or eftez detailed muting. 

The placement algorithm pmceads in hvo distinct stages. During the fmt stage. 
the interconnect area around the individual cells is determined using the new, dynamic, 
interconnect-atca estimator. That is, as each cdk is moved, its effective wea is adjusted. 
A simulated annealing algorithm is used to m%mizo the TEE. The second stage of 
TimberWolfMC consists of several executions of a placement-refi”ement algorithm. 
Each ae.xaiion consists of three steps: (1) a channel defmition step, using a new channel 
defmition algorithm, (2) a global routing step, using a new global router algorithm, and 
(3) a placement-refmement step. The informatio” obtained in step 2 is used to compute 
the density of all of the channels. which the” permits accurate interconnect-area de- 
termination. The placement of the cells is the” refmed 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 refmement steps are sufficient for the fmal TEIC and the 
fmal chip area to co”vcrgc 

Total interconnect length savings of 8 to 49 percent were achieved in experi- 
ments on 9 industrial circuits. iu comparison to ~%veral automatic and manual place- 
me”&. Furthermore, for the 9 samples. circuit-area reductions ranged from 4 to 56 pa: 
cent i” Wmpeliw” to the other placeme”ts. 

The fast report of a mac10 41 placement program using simulated annding 
was by Jepsen and Gelan6 A” implementation of simulated annealing for flom’ple” de- 
sign was reported by Otttn and “8” Ginneken.’ More recently. another impl;me”tation 
of simulated anncahg was reported by Wang and Li” for floorplan design. None of 
these previous placeme”t programs were able to handle a combination of macro and CUS- 
tom cells cm the same chip. That is. these previous pragrams could not handle the 
simultaneous problems of pi” placement, instance selection, aspect-ratio selection, ori- 
entation selection. rectilinear cells, fixed cell geometry, and placement. Furthermore, 
“cmt of these programs featured interconnect area estimatio”. wheras TimberWolfMC 
features two stages of interconnect area estimation. This enables TimberWoliMC to 
generate placements which require little (if any) placement modification during detailed 
routing. 

~hc paper i organized as folkws: Section 2 presents some details of the general 
TimbuWolfMC methodology. In Section 3. the algorithms for the fast stage of Tim- 
be,rWcdfMC are prcscnted. The algorithms for the swo”d stage, includi”g the pl=“=“t- 
retinement pmccdwe, are da&bed in Section 4. The qerimmtal results are prese”ted in 
Section 5. Finally. the conclusion is the subject of Section 6. 

2. The General TimberWolfMC Methodology 
This section covers three aspects of TimberWolfhfC which provide flexibility 

and robustness to the general methodology and algorithms. The fmt subsection briefly 
presents the basic simulated anncalig algorithm I” the next subsection, the key aspects 
of the new dynamic interconnect-area cstimata are reviewed. The third subsection de 
scribes the generation of the initial placemeut configuration. Finally. the last subs&ion 
intToduccs the custom-cell pi” plaxment metbcdology. 

2.1 The Bask Simulated Anneaiing Algorithm 
Simulated annealing was proposed by Kirkpatrick et. al.. as au effective method 

for the solution of combbMorial optimization probkems involving the minimization of a 
function over many degrees of freedom9 Complete accounts of the structure and termi- 
nology of the TimberWolfMC implcme”tetion of the simulated annealing algorithm were 
previously publishaL The algorithm is characterized by: (I) the generation function 
generaIe, (2) the acceptmcc function accept, (3) the updating function updare, (4) the in- 
ner loop criterion and (5) the sropping criterion. TimberWollMC uses several imple- 
mentations of simulated anneali”g. 

2.2 A New Dynamic Interconnect-Area Estimator 
For macm and custom cells, it is usually the case that there sre pins on all of the 

edges of the cells. It is therefore n-say to allocate intaconnect space amund 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 increasea in total interconnect length and chip area, due to the introduction of 
sizable empty areas on the chip. Furthermore, attempting to fmd the most suitable cell- 
placement manipulation is indeed a challenging problem. Solving this type of problem 
requires either a spacer or a placement refinement algoritbm.10 Since the placement ad- 
justments ate local in nature, suboptimal solutions are likely. 

Unfortunately, it is very difficult to compute the precise amount of interumnect 
space needed along each edge of a cell without performing a global routing step. Fur- 
thermore, it is eve” more difficult to compute the interconnect space during an intermcdi- 
ate point of a simulated annealing approach in which a penalty function is used to limit 
the amount of cell overlapping. During such an intermediate poi”t, it is likely that sev- 
eral cases of cell overlapping are present This makes a channel definition procedure very 
difficult to perfcmn. Thus, while it would be best to maintain a global muting of the 
placement at any given point in the simulated annealing process. such a pro&we is vety 
difficult at best. and surely very cpu-time intensive. 
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Methods have bee” introduced1 pki2ch appear to give good results for the static 
interconnect-area estimation problem. However. these methods appear mot to be 
suitable for the dynumic estimation problem, in which it is necessary to update the es& 
mates millions of times during the course of a” execution of a simulated annealing al@- 
rithm. Furthermore, the previous methods sssuxne that the pi” locations on the varkus 
cells have a statistical distribution. However, in the problems of interest here, the pin 
locations for a given cell are either precisely known (macro cells) or approximately 
known (custom cdls). 

My new algorithm for the dynamic interconnect area estimation pmb1e.m bases 
the estimate on three factors:‘3 

(1) The average nef traffic. This is a” estimate of the average “umber of inter- 
connurtions passing through a channel. This estimate is used to derive the expecled aver- 
age channel width, represented by Cly: 

NL 
cw=-I, 

CL 
(1) 

whcxe NL is a” accurate estimate of the fmal total interconnect length, CL is the,~$nate 
of the total channel length, and t, is the center-t+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 “et Consq”e”tly. it would be 
expected that the thicknesses of the channels would he greater nearer the cc&z 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 implemented as the 
composite of two moddation functions. one reflecting the vex&al position of ths channel 
and the 0th~ 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 cme repm 
sented by H. 

The expression for the horizontal modulation function is give” by: 

f&l = Iv,- 1x1 { W} 

where -C.5W <x I; 0.5W. Note thatf, has a maximum value of Mx for x 2 0 and a 
minimum value of Bx forx = fo.5. The expression for the vertical modulation function 
is given by: 

f/Y) = My- IYI { W} 

where -0.5H <y 5 OSH. 
The functional forms for fx a.dfy were chosen based on the observation of 

manual layouts of industrial macro cell chips. For two layers of interconnect, the chan- 
nels near the ccntcr of the - usually were approximately twice as v&de as channels lc- 
cated near the middle of the sides of the cme. and approximately four times as wide as 
channels located “ear the comers of the core Consequently. typical selections are: klx = 
My-2andE,=Ey-1. 

Fivr channel edges are shown are Figure I. ~+~el in charactcrixd byJG,l - 
B, and fy(ey ) = BY.3 E!dgef2 is characterized by f*(e, ) fY(ey ) - M, MY. FMge e3 is 
ch-terized b’F,L ) f$f ) - MI BY 
mum weight: fJex ) fy(e, j I B, By 

and edge e5 is assigncxl approximately the mini- 

(3) The relative pi” density of a” edge. The pin density of a cell edge i, repro- 
sented by d’, is defined as the total number of pias bckmging fo edge i divided by the 
length of Jgc i. The overage pin &wiry for the entie circuit is r.tpmcnted by Dp This 
is computed by dividing the total number of pins (for all of the cells) by the s~“tn of the 
perimetersiof all the cells. It is then possible to defme the r&&e pin den& of a cell 
edgeias4p, where 

‘ 

& = & 

The interconnect area modolatio” factor associated with the relative pin density of cell 
edge i has the following form: 

f&i) = mu. ( 1.0, a$ 

I have defined f,di) Z 1.0 for all i, implying that at least some interconnect ares needs to 
be assigned to a cd 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 cp” time required to update thii factor is minimal. 
Factors (1) and (3) can be. de&mined at the outset and stored 

Each channel edge is bordered by hvo cell edges. Hence. it is approximated that 
the interconnect area associated with a cell edge is one half that computed for a channe,l 
edge with the same coordinate pairs. Let i now represent a cdl edge, and funher let .?L 
represent the c~timeted interconnect area associated with cell edge i. The values Of Xi and 
yi represent the positions of cell edge i. The complete expression for the inlrrconnect 
arcaassociatcdwitha~cdgciisgivenby~ 

& = 0.5 o[ C, f,(Zi.)f,(yi)f,~) (2) 
From Eqn. 1, the expected value of 4 should be 0.5Cw. Under the assumption that 
f&(i) m 1. the normaliza$ con&ant a is used to yield the requkd expected value: 

I 
a=HW ~~ I I 

f,(x) F,(Y) do 6 (3) 
-W/Z 

IfM=M,=MyandB=E,=By,then 

a={!y}’ (4) 
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In the simulated annealing approach used in TimberWolfMC. sufficient inter- 
connect space. between the cells is maintained by appending a border around the contours 
of each cell. The area occupied by each rectilinear cell is represented as a set of one 01 
more non-overlapping rectangular tiles. Each time the amount of overlap (if any) is np 
dated for two cells, the edges of each tile fox a cell sxe expanded outwaxi by a” amount 
given by Eqn. 2. 

The respective ouhverd expansions of the tile edges are @ated each time a cell 
participates in the generation of a new state. in the simulated annealing approach. Hence 
the estimation of the imemonncct arca athib”table to a give” edge of a cell is a dynamic 
quantity, depending on the location of the edge at any give” time. It follows that if a cell 
is moved from a comer towerds the centa of the core ares. then the effective ama of the 
cell will increase. Similerly. if a cell is moved from the center towards a comer of the 
core erca. then the effective afea of the cell will decrease. 

2.3 Determining the Core Area 
The determination of the desired (or, tarpet) uxe area is difficult since the amount 

of wiring - needed -not be determined prior to the completion of the simulated an- 
nealing placement algorithm. During the co”rse of the simulated annealing algorithm, 
the cells will be discouraged from extendi”g beyond the core bo~ndaries.1~ If tbc target 
core area is excessive, the fmal aspect ratio gwlemted by the placumn t elgolithm m&y be 
quite far from the de&xl value. 0” the other hand, if the target core area is too small, 
either insufficient interconnection space will have bee” allotted bcrwcrn some of the cells. 
or casc5 of cell overlapping will he present at the conclusion of the algaithm 

TimberWolfMC uses the dynamic intezconnect-area estimation algorithm to de 
termine the expected interconnect area required for the chip. For the purpcses of comput- 
ing the initial core area, in which the positio”s of the cell edges are not known. Eqn. 2 is 
appmximeted by: 

4 = 0.5 a C,&(O) f,(O) (5) 

The modulation functions. fx and&, BIG given their n-a&mum values. The relative pi” 
density for a cell cdgc. represented by fp in Eqn. 2. is emuned to have to be unity for aU 
cell edges 

2.4 Custom-Cell Pin Placement 
This subsection prcse”ts some details on pi” placement with regard to custom 

~eUs.~‘l Piis on custom cells may be specified in several possible ways: (1) A pi” may 
be given a particular fixed location. (2) A pi” may be assigned to a particular edge or 
edges of a cell. (3) A pi” may belong to a group of pins which may be assigned to a 
particular edge or cdgcs of a cell. Finally, (4) a pi” may klong to a group of pins which 
is assigned a particular sequence ordaing as well as a particular edge or edges of a cell. 
The placement of a single pi”, 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 placement of the uncommiftcd pins. that is. those specified ac- 
cord;ng to (2). (3). and (4) above, occur throughout the coame of the simulated anneali”g 
algorithm All possible pin locations on the edges of a custom cell require storage for 
each of the eight possible orientations. Since the number of possible pin locations on a 
custom cell cm easily number into the thousands. the amount of storage needed would be 
excessive Also. during the earlier portion of the simulated annealing run, when T is I& 
atively high, approximating the location of the pins is sufficient. 

For these reasons, a strategy is used in which a specfic number of pi” sites arc 
defied for each edge of a custom cell. The pi” sites am approximately evenly spaced 
along each 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 pi” 
sites pa edge. Each pi” site is assigned a copoci~, in accmdance with the number of pi” 
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 “umber of pins 
from occupying a site 

3. The Algorithm for Stage 1 of TimberWolfMC 
This se~tio” prc~cnts the algorithmic details for the fflst stage of Timbcr- 

WolfMC. A simulated annealing algorithm is used lo fmd a placement of the 
macro/custom cells such that sufficient intexannect ama is allotted between tbe cells and 
such that the TEIC is minimized. If all of the net-weighting factors have a value of 1.0, 
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the total estimated interconnect length (TEIL) is identically equal to the TEE. Daring 
this fmt stage, the interconnect area around the individual cells is determined using the 
dynamic intcscon”cct-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 tczms. 

3.1.1 The first term in the cost function: Cl 
The fmt term is a function CI mhuning the TEE The Stage 1 algorithm 

seeks to mi”imizc this tam whik driving the next two tams of the cost function to zero. 
The following terminology is wed: (1) N, is the total numbu of nets, (2) r,(n) refurns 
the span of net n in the*. or horizontal direction, (3) yin) retums the apan of “et n in the 
y, or vertical diition. (4) h(n) nhnns the weighting factor for net n for the horizontal 
direction. and (5) v(n) returns the weighdng factor for net n for the vertical direction. The 
function Cl is then give” by: 

c, =$ (z&J hfd f y(n) vh) ) (6) 
r-l 

3.1.2 The second term in the cost function: C2 
The second tam is the overlap penalty function C2, The value retumed by this 

function is given by: 

i<j 
whae P2 is a normalization co”sta”t. The function O(i, j) returns the total amoullt of 
OV~~P area behuecn cells i and j. A re~tilincar cell is stored as a &on of “on-ovcdap 
ping rectangular tiles. Formally, the function O(i, j) is give” by: 

0Ci.j) = 5 % O,(+.$J (8) 
4-1 tj’A 

wh~theractangulartilescomprisingthearcaofcclliarercprese”tcdbyfiE (1,2,..., 
Ti) and similarly for the tiles comprising the area of cellj. The function Ogij) returns 
the common area betWix.n the two tiles specitkd 6s its arguments. 

The nom-&z&m parameterP2 is rqircd since function Cl scales li”wly with 
the grid size of the net list data, while function C2 is quadratic with respect to the grid 
size. The normalization is paformed when T is at its maximum value, that is, for T + 
w, designated as T = T,. If the “omuli~ation is not performed and the initial average 
values of the function C2 are substantially greater than the i”itial avverage values of the 
function Cl. then the simulated annealing algorithm will be co”ccmed prlmat4y 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 
C2 are substantially smaller than the avcsage values of Cl. then the simulated annealing 
algorithm will he concaned primally with the minimization of the TEIC. That is. &a- 
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 the” be focused on the removal of 
the infcasibilities, with the auxmpsnying incrwsc in the TEIC. 

Nine industrial circuits were teated to detumine the value of p2 which would, on 
average, result in the lowest values of the final TEX. The results showed that the lowest 
fmal valuea of the TEIC were ob@i”ed when 

P2C2 = oc, (9) 
at the highest temperatures (T = Tw), where q - 0.5. The performance of Timbcr- 
WoltMC was not very sensitive to the value of q. In fact, a degradatio” in average per- 
formance was not noted until q was reduced b&xv 0.25 or beyond 1.0. 

3.1.3 The third term in the cost function: C3 
The third part of the overall TimbesWolfMC cost function, C3, is a penalty 

function which serves to limit the number of pins in each pi” site to the capacity of that 
site. The fol$owing notation is ased: Tbe custom cells are represented by j, where j E 
(1.2, ... N ). Foreachcastomcellj,~hepinsitcs~reprcsentcdbysj,whaesjE (1, 
2, . . , h’i]. ‘The function C3 returns the contents of a given pin site, that is. the numbu 
of pins contained by the site. Further, the function C3 retums the capacity of a given pi” 
site. 

The function E(si, ICW the penalty which is ~SS@NXI to site sj 0” custom CCU 
j. A nonzero penalty is assigned to any site containing a number of pins which is greater 
than the spfdied site capacity. The expression for E is give” below: 

i 

0 if Cl(SjJ 5 c&J 

E(sj) = (10) 

c&j) - cp(5j, + K if cfCsj) < c*Csj~ 
The constant K serves to msure that the number of pin sites containing more pins than 
specified by the capacity goes to zcxo just prior to the end of Stage 1 of TimberWolIMC. 
In the actual implementation. K = 5. With reference to Eqn. 10, the penalty function C3 
is given by: 

Y h’. 

C, = z c ( E(sjJ ? 
j-A a,-1 

(11) 

3.2 The Generation of New States 

3.2.1 The generate function 
Tests have coi~oborated the themeticaI results which have show” that tic initial 

state has “0 influence on the fmal value of the TEX.tg Hence it is comtw~n to begin 
with a random initial placement of the macro/custom calls. Each itaatio” of the inner 
loop initiates a call to the generation of new states function gcncrafe. The im- 
pleme”tation of this function is now presented. 

SCW~O ( 
move-type = R,<l, 2, p ) : 

p Ri(l. 2.~ ) retune a random integer between 1 and 2. such that the 
probability of retuning 1 is p. r =p / (l-p) repre.w~ts the ratio of singL 
cdi diilacements to $ru’ise interchanges. +/ 

if ( move fypc == 1) ( 
T’= R( l.iVc,) ; 

/, Single cell displaccmcnt */ 
I, NC is the number of cells l / 

* = R( CI. cr ) ; 
Y = R(cb.~) : 

P R(k,i) rehum a random integer betwee” k and 1. with uniform dis- 
tribution. A cell i is randomly selected for disolacement to a ran- 
domly se&ted new location. r&resented by the kmdinate pair (x,y) 
in the core area (bound& on the left by cl. on the right by e,, below 
by ~4, and above by q). The. coordinate pair (x,y) represents the new 
lccatmn for the center of cell i. */ 

if(MLx,y)=YES) ( 

) 
I 

/L ,$Xsplawment of cell i to (x,y) was accepted. */ 
)eIsetf(A (i,x,y)==YES) ( 

PCdIiLth f c ecus of another new state attempt, this time its ori- 
ent&on is changCa to effect a” aqect ratio bwersion. In Figure 2. if 
cell C2 is displaced to location (x,yj with its current orientation. a 
great deal of overlap will result with the core boundary and with cell 
C3. If the orient&o” of cell C2 is changed such that its aspect ratio 
is bwerted. “0 ovnlap will result in the “ew location. */ 

I~( 
I* The diplac&ncnt failed for both aspect ratios; the next at- 
teplpt is a randomly-chosen orientation change of cell i. */ 

1 
Ao(i ) ; 

k( cell i is a cnstom cell ) ( 
fox(k=l;ksPrJi);k++) [ 

AP(i) ; 
P AP(i), returns the number of uncommitted pins 
on cell 8. This value dictates the “umber of times a 
new pin group (or scpuence) is selected for dis- 

1 
place&nit0 a n&v set-of pin.sites. */ 

Mi) ; 
/’ Attempt a” aspect ratio change. within specified bounds. */ 

h Two cells will be sclccted fox interchange. *I 
j = R( l.N,) : 
if(Az(i.jJ=YES) ( 

P A 
14 

r%ms YE3 if the interchange of cells i and j was accepted. */ 

4)i.j) j 
I* An mterchange of cells i and j will be attempted again, 
this time. the orientations of the cells are each changed to 
effect sspwt ratio inversions. For wample, in Figure 2. 
if ceUs C5 and C7 are interchanged, a grti deal of overlap 
will result with the core boundary and with c& Cq and 
Cd. However, if the orientation of each cell is changed 
such that irs respective aspect ratio is inverted. no overlap 
will result in their new locations. *I 

I 

Figure 2 

The ratio I of single cell diilacements to cell interchanges can have a” bnpor- 
tant effect on the foal TEL. The nomulizcd final TElL for a variety of circuits versus 
the ratio r is shown in Figure 3. The circuits contained a” average of about 25 macro 
cells. Each execution of the inner hp consisted of A, = 200 calls to the generate ftmc- 
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tio” pa cell. The initial value of T = T, was such that almost every new state was ac- 
CepPd. For each successive iteration of the inner loop, the new value of T waq deter- 
mined by: Tncw = a Told. where a = 0.90. Fignrc 3 indicates that v&w of r in the 
range from 7 through 15 yield TEIL values which arc within o”e percent of the rnki- 
mum. This wide range givivcs mbustncss to the algorithm. 

3.2.2 The raage limiter 
The generate function is conkolled by a range Iimiter. Larg~distace moves 

usually imply large values of AC. At low tempcrakes, only moves which approxi- 
mately satisfy AC < 0 have a reasonable chance of being accepted. Hence. at low tern- 
peratures. the largedistance 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 sekcted fox diqpl-ent, 
such as cell Cl in Figure 4, the rang+limiter window is centered at (x0, yg). corre- 
spending to the center of Cl* The randomly-selected new location for Cl must lie within 
the rangeliiter window. In the current implementation of TimbcrWolfMC. cell inter- 
changes arc not controlled by the rang&mi~a window. 

At the beginning of stage 1, when T is at irs maximum value (indicated as T, in 
Figure 4). the window extends beyond the core area, thereby allowing movc.s of maxi- 
mum distance. Values of T are considered ova a lange of approxtiely six decades. As 
T is lowered (for example, to T2 and subsequently to Tl), the window span in leach direc- 
tion is reduced as a function of the logarithm of T. In Figure 4. the spa” of the window 
is indicared for two intumediatc values of T. narndy TI and T2. As T approaches the 
value T = To, the span of the window reaches its minimum value (as indicated in Figure 
4) and this condition marks the end of stage 1 of TiiWolfMC. 

Scvd ran&imk functions were tested. in which each function x&xd the 
span of the window aa a function of logI,~(7J. l9 I” pat-ticnld?, testr WQC made for range- 
limiter functions of the following form, where 15 p 5 10: 

G xp~.~ents the window span in the z-direction at T = T,, that is, W#,). Further- 
more, W-represents the window spa” in the y-direction at T = T,, that is, W&J. The 
value of i was chosen such that for T = T,. the mm in the braces on the righi hand sides 
of Eqns. 12 and 13 are noxmalized to 1.0. That is. 

b = pl%c~J 
A nominal value of T, is ld. 

The smallest values of the fmal TEIL were achieved with p in the rage 15 p < 
4. For this range, there was no observable diffcre”cc in the pafoknance with--t to 
the fiial TEIL. However, noticeably s&er values of the residual cell ovzlapping after 
the completion of the Stage 1 algorithm were achieved with the larger v&cl; of p. The 

residual cell overlapping is the value of the penalty function C2 when T + To - 0. 
For a given value of T. as p in-es, the window size is smaller. This implies that 
more local cell moves will be atte”qed. thus enhancing the probability of the removal of 
instances of cell overlapping. Conquently. the choice of p = 4 was made so as to ob- 
tai” the lowest possible ~valucs of both the fti TEIL and the m&dual cell overlapping. 

3.2.3 Single-cell displacement-point selection 
In the function generate, when o particular ceU is .seIccted for displacement, the 

new target location Is a randomly-selected coordinate pair within the range-liimitcr win- 
dow. The process of sekting the new target location is paformed by the displacement- 
point selection functio” D,. This function selects only from a veq limited number of 
evenly-dispersed points lying within the rang~lbniter window. Let W,(T) and W,,(T) 
represent the horizontal and vatical spans of the range limiter window. mspcctively. The 
value of 0.5WJT) defmes the. maximum distance in x that a cell’s cemer may be moved 
in either direction. The function D, nxtricts the step sizes in each direction to a set of 3 
equally-separated amotmts. The step sizes in each direction are multiples of s, defmed as 
follows: 

w,m 
3, = - 

6 
(15) 

wp 
sy = - 

6 
(16) 

The only possible integers that can be mukiplied by s, (or sy) to yield the actuaI 
step distance are contained in the set I, = I, = (-3. -2. -1.0.1.2.3). Excluding the .x+ 
lection Ix = 0 and 1, = 0, there are 48 possible points within the rangalimitu window 
which could t-e selected as the displacement points (that is, the points to which the centcx 
of the s.zIccted c&l could be placed). As T approaches the value T = T,J. the span of the 
window reaches its minimum value of 6 units (in terms of the grid size inherent in spcci- 
fication of the cell geometry and pi” locations in the net list) and this condition marks the 
end of stage 1 of TimberWoliMC. Thus. the minimum value of the step sizes s1 and sy 
arc one. 

The function DS has the following two characteristics: (1) With far fewa 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 T. (2) Much mm emphasis is placed on the &Is “aking 
large mows during large values of T and on the ceJls makjng compamdvely smaIle.r 
moves for smaller values of T. That is, small refinement ITKIY~~ 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 Dr. which sckts 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, tbe average 
residual cell overlapping after the completion of the Stage 1 was 22 pxccnt lower when 
Ds was uscd.t9 

3.3 Additional Stage 1 Simulated Annealing Algorithmic Details 
The inner hop criterion in TimberWolfMC is specified in terms of the number 

of aucmpted new states per cell per value of T, designated as A=). The number of item- 
tions of the inner loop for a give” value of T is then given by: 

A = A,N, 07) 
where NC is the number of macro/custom cells. The effect of the inner loop crikxion 
was noted for several circuits containing 30 to 60 nucm 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, AC - 400 is sufficient to yidd the best re-sults. In Figure 6, a plot of 
the relative final chip avza (following TimkWolfMC gIobal muting and placement 
refiement) versus A, for thesc circuits is show”. Again, A, I 400 is sufficient to yield 
the best rc~nlts. Also note that reasonably good results can be obrained for substa”tiz,lIy 
smaller values of A, The cxbcution time for stage 1 of TimberW~IfMC ir 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 IC- 
s&s. However, the cp” time in this latter case was 16 times less than that for the 4 = 
400 tests. While the A, = 400 case r~escnts a substantial amc.nn~ of cpu time. the 
additional 13 Ik?rcent reduction in TEIL often yields 811 additional fmal chip arutreductio” 
of a~ much a~ 10 to 15 F”t. From this standpoint, in the latter stages of the circuit 

NWtiiZed 
Final TEIL 

A 
4.0 -- 

2.0 -- 

1.5 -- 

1.0 -- 

0.5 __ 
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design process, the additional cpu time is usually justified. 0” the 0th~~ band, in the 
cnrly stages of the de&“, B smalla value of 4 is more appmprink 

The function @a@(T) is cqxcwd by 

T, = v&l@,,, = To,‘, arr,,J, 0 < urT,,J < 1 (18) 
The cooling schedule used in TimbcrWolfMC was determined expnimcntally. with the 
following observations: (1) Three to five itcrctio”s arc perfonncd in which virtually every 
new state was accepted and whacT is educed rapidly from iteration to i&&on. (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 - (3) when the average value of the 
TEIC is only slightly reduced from one T step to another, the control of T enters the final 
regime where T ia reduced -rapidly so that the value of the cast function f&y co”- 
“cage.% 

The initial value of T = T, ia chose” such that ViraLally “cry new s~~tc pro- 
posed by gcncratc is acccptcd. Tests on 9 indushial circuits showed that the avcragc cell 
-Ea. including the estimated intaconnect arca, was approximately proportional to the 
value of T = T, “cccssary to obtain a” initial accepta”cz rate of nearly 100 pacent For a 
25-a% chwit chaacterizcd by E,, = 104, the smallest value of T yielding an initial accep- 
tnncc rate of “early 100 pacat was T, * 16. Thcrcforc, to “mmalizc for diffcrcnt cir- 
cuit sizes and differen gtid sizes, the following cqxcssion is used: 

T, = T: % 
7 (19) 

a 
where the selections of Ea = 104 and T: = 10’ were. made based on 25-ce.U indushinl cir- 
cuits. Defining 

ST = : (20) 
=a 

it is then possible io rewrite. Eq”. 19 as: 

T, = S,T:, (21) 

The value of ST is a scale factor for the simulated a”neali”g tcmperarurC proffie, taking 
into account the circuit and grid sizes. 

Table 1 contains the data for a(T,,& as a function of Toti for which the best 
results wcrc obt&cd with TimberWolfMC. The entries in the fmt column indicate the 
smcllcst value of (ST. T,,j for which Toid ret”ms the cmrcsponding c”wy in the second 
column. For example. for Toti > (S, ‘7000). a(T& mtums 0.85. It was arbitrarily 
determined that approximately 120 temperahue values wcrc to bc considued in a typical 
execution of the simulated annealing algorithm Based on cxtcnsive wrpcrimentctio” for 
9 industrial circuits, the range of T from (S, 200) to (S, .7000) most strongly influ- 
enced the pcrfonnsncc of TimbczWolfMC. The slopping criterion is satisfied following 
an iteration of the inner loop in which the range-limiter window has achieved its tin- 
imum span. 

&Y ;gy 
0.85 

cs’, ;lO) 
0.92 
0.85 
0.80 

Table 1 

4. The Algorithms for Stage 2 of TimberWolfMC 
The second stage of TimbnWolfMC consists of sevaal cxccutions of a place 

mcnt refmcmcnt algorithm. A pl-c”t refmcment step is used to correct any (uswlly 
small) inaccuracies produced by the dynamic interconnect area cstbnator. That is, if 
insufficient space was allocated between a pair of cells. the” additional space is provided 
as rcqdrcd. Or, if exccssivc space was cllocatcd, then the cells are compacted as much as 
possible. 

Each weanion of tbc placement reii”cment algorithm consists of three steps: (1) 
a channel definition step. (2) a global routing step* and (3) a placcmc”t-refinement step. 
The information obtained in step 2 is used to compute the dwlsity of cl1 of the channels. 
which then pcrmits more accurate intercame&arca detclmination. The plcccmcnt of the 
cells is then rcfmcd i” step 3 to xct-lcct the rwuircd i”tuco”” cct - A low-tempcratun 

I _ .._ b,,,,-, 

Figure 7 

simulated annealing algorithm is used. Three such placement-refinement steps have 
prove” to bc sufficient for the fmcl TlXIL and the final chip arca to convcrgc. The place 
mat of the cells requires very little modification drtring dctailcd muting as a result of this 
strategy. This sozion presents the three steps of the placement-rcfinemcnt algorithm. 

4.1 Channel Generation 
A new channel generation algorithm was devclopcd for rectili”ear cell layouts 

emphasizing the oration of channels which are more amenable to detailed monitoring of 
the local muting catgcstion.20 This algorithm enables wxratc detemaination of the 
space necessary between nearby cells. Traditional muting-charmel generators have been 
designed only to facilitate. detailed muting of the chip, and arc less able to monitor local 
routing congestion. 

Consider the routi”g channel defmed by the dotted region in Figme. 7. Suppose 
that a global muter assigned some “umber of net segmc”ts to this channel. which is un- 
dcrstood to follow the contour from (I to h. With respect to this channd. the following 
observations are made: (1) Compaction (or expa”sion) of the channel is pcrfonncd by 
moving the group of cells Cl independently from the group of cells G2. where 
G, = { c,. , c2 , q } and G, = { c, , c, 1. (2) The cdl edges bmdaing the channel are 
labeled $, where i is the group (citbcr 1 or 2) and whore j idcntific a pattic”lar cell cdgc 
in the group. Note that thcxe arc four cell edges bordering the channel which belong to 
group 1 and five cell edges bordering tic channel which belong to group 2. (3) Note that 
defining the channel &t&y (the usual congestion metric) is not possible since the than- 
ncl 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 Figcrc 7 is suitable for detailed muting. Howcvcr. 
several disadvantages arise if such a channel is prcscnt duriag the placcmcnt refinement 
phase. First. since there is no single para”~cter expressing a dimension to the channel. 
this channel mwt be analyzed in greata detail. That is, a m 

Y 
htudc f 

s T-tTmuqt bedcriLvedwhichspacifythcrcqoiredspacingberweenadges:~ andJ$.E2 and%.& 
and 4 ,tctc. Synd, if this additional analysis reveals that the spacing between ccl1 
edges El and El requires adjustmc”t( either expansion or compaction), such a chanq 
may os may not suhw+cnUy neccssi~te an $justmcnt of the spacing bztwatn edges 4 
and& ,cndpcrhapsbchvccncdgs&, and& aswell. 

In sununay, complex chant& such as that rcpwented in Figure 7 require addi- 
tional focd congcation analysis, well beyond a simple channel density calculation. For- 
thcmorc, responses to spacing changes may well trigger additional local analyses and/or 
spacing ndjnstmmts. 

Ott the other hand, if a chnncl is boniaed by only two cell cdgcs. the” it is 
possible to specify a single paramcta which yields the expected width of II channel. 
Dcfming the track spacing tr to be the minim urn carter-to-ccmcr spnoing of tbc in-- 
ncct along the length of the channel. the expxtcd width w (for hvo layers of interconnect) 
is given by: 

w = (d+Z)c, (22) 
where d is the density of the channel. This expression is based on the fact that channel 
muters arc c-tly available which routinely mute a channel in a number of tracks I 
such that t 5 (d f 1) .” It is therefore possible to specify the required spacing bctwew 
any two cell edges provided that cvay muting channel is bordered by exactly two cell 
edges. cr lmdaed by one cell edge and the bmda of the chip. 

Consequently. in my new channel defmition algorithm a channel. or cri&xJ IC- 
gion. is created between every pair of parallel cell edges belonging to diffem”t cells such 
that (1) The span of the Tao edges overlap in one (of the hvo) dimensions. in which a 
rectangular region of empty space is bounded on hvo sides by these two edges. The cx- 
tent of the empty space region equals the common spa” of the two edges. (2) No otha 
cell edges intersect the. re.ctangulnr* LmyNy spm? region bctwcen the two edge& 

I” Figure 8, the placement of five cells. Cl through C5. is show”. Note that 
Cq is a’rcctilinear cell having 12 edge& The cross-hatched regio”s in this figwe indicate 
the critical regions, that is. those rtctangolar rcgio”s badcrcd by exactly two cell (or core 
bound) edges. The distace between the two edges dctemrincs the tbiclmess (or capac- 
ity, of the vertical or horizontal channel. Fach of the empty spoec regio”s in Fig,,m 8, 
l&Zledr;f~iE (1.2, ... (20) is a node in tbc channel graph. I” Figurt 9. the cdgcs for 
the fmal channel pph are show” as dashed linu. The channel graph nodes are repre 
sc”tcdbynjwhaciE (1,2..-. ,201. 
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Figure 9 

The pins on each edge of each cell are then mapped onto the ccmesponding adja- 
cent channel edge. This mapping is done by projecting the pi” location perpet~dicular to 
the cell edge until intersecting tic -“ding channel edge. In Figure 9. pi” PI on 
cell Cq is projected to location P, on the channel cdpe defmed by nodes “4 and “3. 
Similarly, pi” PO on cell C4 is projected to location PO on the channel edge dctincd by 
nodes nj and “9. The channel graph “odes are positioned (for exampIe, “ode “10 in Fig- 
ure 11) such that every pi” on a cell edge is projected to lie betwea the two nodes of the 
corresponding channel edge. 

The concept of the botdeneck. introduced by N.P. Chen. is quite similar to the 
defiiition of a critical tegio”.22 My new al~mithm is somewhat more general in that 
every possible critical region is identified. and used. duri”g the placanent refmcment 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 cell edges. A” example of this exists in the upper left coma: of Figure 
9. where nodes ng. “9, “I,, and “12 enclose two overlapping critical regions. In Chen’s 
method, either the placenxnt 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 muting. Since global routing has not been performed yet, this can only be a” es- 
timatc. I” 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 p”blishedp A. new ge”- 

eral-purpose global routing al or&m which avoids the classical routing-order dependence 
problem was also developed. 34 The global muter is independent of the layout style since 
the only inputs to the algorithm are a “ct iist and a channel graph (such as that generated 
by the algorithm of Section 4.1). I” the input to the global router, each pin in the nu 
list has been assigned to a specific position on a channel edge in the graph,. including 
elechially equivalent pins. The global muter makes full use of equivalent pins to mini- 
mize the routing length of a net. The global router minimizea the sum of Ihe muting 
lengths of all of the nets subject to the satisfaction of the capacity constraints of the 
edges. The consuait~m result from the fixed width8 of the chatmel edgea. 

4.2.1 Phase ““e of the global router 
The new global routa algorithm has two basic phases. The fmt phase generates 

(and the” stores) M alternative routes for each net. The parameter M is typically on the 
order of 20 or more. The algorithm attempts to fmd the M shortest routes for each net, a 
task which cat be accomplished readily for two-pi” “cts using Lawlcr’s algorithmz5 
This is an efficient algorithm for fmding the M-shortest Paths between two vcrticcs on a 
graph. 

For nets consisting of m01e than two pins. I developed an algorithm which gut- 
eralizes Lawler’s approach. ‘lids algorithm fmds the approximately M-shortest paths on a 
graph for 811 n-pin (“2 2) “et with the ability to handle electrically-equivalerd pins. Rb 
suits have shown that for nearly all nets of fewer than 20 pins. this new algorithm ap- 
pears to fmd the minimal Steiner length mute among the M alumatives. 

Figure 10 

I 3 

Figure 11 

The phase one algorithm will be explained using Figures 10, 11. and 12. In 
Figure 10. there. is a five+pin “et to be globally muted on the indicated graph. Thcxe are 
only four distinct pin groups. as Pins P3,4 and P3g are. electrically equivalent. The algo- 
rithm arbitrarily selects a starting pi” and then int~nnects subsxqwnt pins in an order 
essenti8Jly determined by following Prim’s algorithm for finding a minimum Spanning 
tree on a graph.= There is one main difference, however. Each ti”xe B pi” is to bc. added 
to the list of i”terco”“ected pins, the algorithm generates and storea the M-shortest paths 
connecting the new pi” with the existing interw”nectcd pins. Referring to Figurc 10, P2 
W’aS SdeCtd Bs the Starting pi”. The fUSt Step Of thC XZWsiVC proceSS W.&B PJ Ed the 

“eU’GSt nexf ph2’ ‘l-he M-shortest paths between “odes PJ and P2 are getterMed a”d 
stored. I” the fgurc. the four shortest such paths are indicated. 

The algorithm then sequmtially selects one of the stored paths and recursively 
interconnects an additional pi”. For example, in Figure 1 I. the algorithm has pmceeded 
to where path number 4 is under consider&o”. At this level of rearsion. “odes PJ. P2. 
6.8.13. 12,9. and 5 are all target nodes. The next pi” to be intcrcmm ected is dthcr of 
the elechically equivalent Pair P3.4 and P3s. The M-shortest paths between the target 
nodes and nodes P3A or P3i3 arc gcnaated and stored. In Ihe fxure, the three shortest 
such Paths are indicated. 

The algorithm agaio se.kcm one. of the stored paths and recursively intu’conncets 
pi” P4. In Figure 12, the recursion has proceeded to where path 2 of the previous step in 
being considered. At this point, “odes PI. Pz, 6,s. 13,12,9,5. P3.4, P3g. 21, 18, and 
15 ax all target nodes. The M-shortest paths between the target “odes and “ode P4 arc. 
generated and stored. I” the figwe, paths 1.2, and 5 are shown. Each time a co”“.xXio” 
has been made to the fti pi”, the completed m”te is stored along with irs length. The 
overall M-shortest such routes arc retained for consideration in phase two. 

4.2.2 Phase fwo of the global router 
The second Phase of the algorithm selects a single mute fmm among the Mi 5 

Maltcmativesforcach”eti,whcreiE {1,2;~~.N}andNisthc”umbaof”e~. 
Note that Mi is spc~ified BS Mi 5 M &CC c~se8 arise in which feWa than M altgnath 

routes are possible for a given “et Let it represent the k-th alternative mute for net i, 
whaeke,{ 1 ,2;.. , Mi 1. A random interchange algorithm is the” used to select al- 
ternative i, for each “et while seeking to minimize the total routing length subject to the 
channel-edge capacity constr&ts. This approach enables the global router to avoid the 
“ct-routing-oKla dcpmdmcc Pmblem. 
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Figure 12 

This section describes the cost and generate functions for the random interchange 
algoIilh”l. The cost function is represented by: 

Y 

i-l 

where x(id represents the length of altunativc route ik. 
Let Ej Xm”t a chmcl edge, whej E (1,2, , N&) and whae N,=h VC- 

sents the total number of channel edges for a circuit The density of channel edge j is 
Teprcscnted by Dj and the capacity of the edge is w”tcd by Cj 

A second cost function is defiicd by: 
i-J& 

X = c { CDj - Cj) 1 Dj > Cj } CW 
j-l 

X represents thi. total number of excess tracks required over all channel edges. 
The A4; possible routes for each net i are enumeJatcd such that the k = 1 mute is 

the shortest. That is. il is the shorteat route for each net i. The fmt state of the random 
interchange algorithm is such that & = 1 for each net i. If this fmt state is such that no 
capacity-constraint violations are observed. that is. if there does nor exist j E 11.2, a.1 , 
NC/,) such that Dj > Cj, then the algorithm ltrminates S~IICC. eaCh not h&E bee” give” its 
shortest route with no capacity violations. If capacity-constraint violations arc observed, 
the random intachangc algorithm visits other states while attempting to eliminate the 
excess c‘3ngcstio”. 

New state generation begins with the random selection of a channel edge Ej 
characterizeal by Dj > Cp A “et i containing a segment using Ej is then randomly sc+ 
lected. An alternative route for net i is selected randomly from among those characterized 
byAXX0. IfbX=OandhL.SO,orifhX<O,thenthcnewmuteisacceptcd;other- 
wise it is rejected. The sropping criterion is satistied when either: (1) each ntt has been 
assigned the kl route and X=0, or (2) the values of L and X have. not changed for 
MN ttew MC &tempts. 

4.3 Placement Refinement 
A low-temperature simulated annealing algorithm is used to accomplish this 

step. The placement of the tolls is refmcd to reflect the required intmconneft area, as de- 
termined by the channel defmition and global routing steps. Thcso steps dctcrttked the 
required interconnect arca of every channel. Since exactly two cell edge? border each 
channel. the spacing requirement between 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 expimded outward (from the interior of the cell) by an amount equal 
to on-half of the required channel width. Tbcse expanded cell edges are used each time 
the amount of ovmlap (if any) is updated for two cells. Note that in mntrast to the Stage 
1 dynamic interconnect-anx estimator. tbe amount of outward expansion of the cell edges 
is a static quantity for each execution of the three placement rdimement steps. 

The same obiectivc function as in stale 1 of TiibcrWollMC. described in Set- 
d 

tion 3.1, is used. The function generote has a much simpler form for Stage 2. New 
states can only be generated by attempting .sin& cell dispk+tne”ts and by alterations of 
the pin placement The orientations of the cells am not changed during Stage 2. The as- 
pect ratios of custom cells also retnain fucd during the second stage These latter two 
methods of new state generation tend to invalidate the cakuk~ti~ of the intcxconnect area 
associated with a particular cdl Sage Mote placement reiinement steps are required in or- 
der to enable the possibility of a convergence in the final chip area and the final TEIL. 
Furthermore, eve” if convcxgence is achieved. the fund values of the chip area and TEIL 
tend not to be berter than the - in which orientation and aspect-ratio changes arc not 
pzxrnittcd. 

Since the cdl troves 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 contml of the window size for the x direction. It is desired that: 

WRIT) 

The initial value of T for Stage 2 is sektcd which satisfies Eqn. 25. That is. a 
solution for T’ is desired from the following expression: 

,-,@j 
p=- (26) 

a. 
where )c is defined by Eq”. 14. That is. 

,h,,@j 

‘I=w 

Solving this expression for T then yields: 
T’ = p’=‘h “T_ (28) 

In TimberWolfMC, p = 0.03 is used. This implies that the cells are initially 
permitted to move 3 percent of the span of tbc core in any direction. Based on tests for 9 
indusnial circuits, on the average it was found that larga values of p yielded qually good 
find values of the TEIL. but not botta. Of course, the cpu time required to achieve a 
convergence in the TEL is large for lager values of p. The value of p had to be reduced 
somewhat below 0.03 bcfolc the average p.xfoXmazict showed a degmdali~. 

The tempcmture is updated by the function update expressed by Eqn. 18. Table 2 
contains the data for a(TO& as a function of Toti which is used during Stage 2. The pa- 
rameter ST is defined by Eqn. 20. 

For Told 2 

(ST 010) 

mold) 

0.82 
0.70 

Table 2 

For tbe fit two iterations of the three placement-refinement steps, the stopping 
criterion is satisfied once au itezation of the inner loop has bezn pcrfomred with the Tang* 
limiter window at its minimum span. For the third (final) iteration of the placemcnt- 
refmement step, tbc slopping criterion is satisfied if the value of the cost function is un- 
changed for 3 cmtsm~iw? iterations of the inner loop. 

5. Results 
5.1 Dynamic Interconnect Area Estimator Results 

In order to detuminc the accuracy of the dynamic interconnect area estimator, the 
foal TJ3IL and the tinal core arca for 9 industrial circuits were co- at the end of each 
of the two stages. A large change in the fii TEIL or in the core area would indicate 
substantial cell 1IY)vement during the second stag= of TimkWolfI~IC. thereby implying 
inaccurate interconnect area estimation. The results for the 9 circuits are shown in Table 
3. The last two cdumns reprcscnt, respcctivdy, the TElL and the cue ema at the end of 
stage 2 divided by the values obtained at the end of stage 1, expressed in tcnns of a pa- 
centage change. For the 9 circuits tested. on average thexe was negligible change in core 
ama between the two stages of TimberWolfMC. Furthcxmore, there was a nGmal dw 
creae in TElL aftu the ssond stage. 

Circuit 
NO. 
Pins 

NO. Avg. Area 
Trials Red. (%I 

il 33 121 452 
D1 11 83 309 2 3:: 2; 
Xl 10 267 762 4.0 2.5 
i2 23 127 577 

ii 
-1.0 -3.8 

f: iti 5:: 4309 102 2 4 10.5 2.5 -0.5 -0.5 
d2 20 6% 1776 4 12.7 8.5 
: 17 17 288 136 665 a37 4 2 0.5 0.5 -1.0 8.25 

AVE. 4.4 4.1 

Table 3 

5.2 TimberWolfMC Results 
The peaf-nw of TitnbcrWolfMC was compared versus vtuious industrial, 

university, and manual placement methods. The two criteria wae the TEIL and the fmal 
chip area. The results fca 9 industrial circuits of variouS sizes are summarized in Table 4. 

No. No. No. 
Circuit Cdls NC& Pills mlL ol% Rd%, Rd$k) 

il 33 121 452 7431 236 x 223 26 14 
pl 11 83 309 12306 293 x 294 8 18 
xl 10 261 762 60326 875 x 744 11 15 
i2 23 127 571 121386 2873 x 2751 49 t 
i3 18 38 102 7043 644 x 699 46 56 
11 62 570 4309 254063 1084 x 1042 19 50 
Q 20 656 1776 419608 1355 x 1433 13 4 
dl 17 288 a37 37365 245 x 305 23 t 
d3 17 136 665 3254.57 3398 x 3298 29 31 

Avg. 24.9 26.9 
t comparative result v/as not available 
Table 4 

=.-, 
p=T- 
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The 26 percent reduction in TEIL and the 14 perwnt chip area raiuction achieved 
for circuit il was in comparison to a placemen 
mizati~n.*~ 

t method based on resistive network opti- 
Circuits i2 and i3 were in comparison to the CJPAR placement and routing 

package developed by Gould-AMI. The CIPAR muter was not able to mute ils 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 mannal layout performed at Intel Corp. Circuit pl was 
in comparison to a manual layout at Hewlett-Packard. Further, circuits dl. dZ, and d3 
were in comparison to manual layouts at Advanced Micro Devices. For circuits 11, pl, 
dl. d2, and d3. the widths of the power sod ground linea 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 ep” time ranged tiom 15 minutes 
for the smallest circuits to 4 hours for the largest circuits on a DEC MicroVAX II. 

6. Conclusion 

A macro/custom cell chipplanning. placemenf and global routing pa&age based 
on tbc simulated annealing algorithm has been developed. A new algorithm far accurately 
estimating the interconnect area around the individual cells is used in TimbexWolfMC. 
This dynamic interconnect-area estimation algorithm has resulted in the generation of 
placements which require virtually no placemect modification during or aftex detailed 
routhg. 

The placement algorithm proceeds in two distinct stages. During the fust stage, 
tbe interconnect area around the individual cdls is determined using the dynamic intcrcon- 
nect area estimator. A simulated annealing algorithm is used tc minimize the TEIC. The 
second stage of TimbcrWollMC consists of three executions of a placement. refmement 
algorithm Each execution consists of three steps: (I} a channel definition step, in 
which a new channel definition algorithm is used. (2) a global muting step, using a new 
global routing algorithm, and (3) a placement refinement step. 

The pcrfomtancc of the package was wmparcd for 9 industrial circuits vases a 
variety of other placement algorithms. The avuage total interwnnect length reduction 
was over 24 percent and the average chip area reduction was nearly 27 percent Further- 
more. for the 9 examples, circuit-area reductions ranged from 4 to 56 percent vexxus a va- 
liety of other placement algorithms. 
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SESSION 6 

Tutorial: AUTOMATING THE DESIGN OF ELECTRONIC PACKAGING 

Speaker: Bany 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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