Consider the “clique representation” of a netlist by means of an edge-weights
graph G(V, E) as discussed in Section 7.1. The weight of an edge (i, j) €
given by yij (yij = 0 when (i, j) ¢ E). Then the center of gravity (xf, ¥¥) of ack
{ is defined as: :
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il 2, j YiiXj Figure 7.10 The interchange of subsets in the Kernighan-Lin algorithm.
=T
i Vij . .
! . first thing to remark is that the problem is NP-complete and that the algorithm
y'g = M ) posed by Kernighan and Lin is a heuristic that turns out to be rather successful.
’ X vi g principle of the algorithm is to start with an initial partition consisting of the

g A? and B® which, in general, will not have a minimal cut cost. In an iterative
pess, subsets of both sets are isolated and interchanged. In iteration number m,
set isolated from A™~! will be denoted by X™ and the set isolated from B!
be denoted by Y. The new sets, A”™ and B™ are then obtained as follows:

So, the center of gravity is found by computing the weighted average of the cox
dinates of those cells connected to i. An example of a perturbation is then to m¢
a cell to a legal position close to its center of gravity and if there is another cell
that position to move that cell to some empty location or to its own center of gra
(Which creates a chain of moves until the last cell in the chain is put in an em '
location).

A" =A™\ xmu T
B™ =((B™ '\ y"uxm

8 idea is illustrated in Figure 7.10. The iteration goes on until no improvement in
jeut cost is possible.

important issue in the algorithm is the construction of the sets X” and Y.
g that for any nonoptimal partition, there are subsets X and Y that will lead to
pptimal partition in one interchange step. The difficulty of the problem arises, of
from the fact that these subsets cannot be identified easily. Therefore, the
prithm makes an attempt to find suitable subsets, interchanges them and then tries
make a new attempt, until the attempt does not lead to an improvement of the cut
R In this context, each exchange of subsets is called a pass. The total number of
"—; needed turns out not to be dependent on the problem size n: most examples
prted in the literature do not need more than 4.

he construction of the sets X and Y™ is based on external and internal costs for
fices in the sets A™~! and B™!. The external cost E, of a € A™~! is defined as

7.5 Partitioning

The direct motivation for paying attention here to the partitioning problem origin
from min-cut placement. However, partitioning is itself an important problem
the field of VLSI design automation. It shows up e.g. when' a large circuit has
be implemented with multiple chips and the number of pins on the IC packag
necessary for interchip communication should be minimized. '

Many versions of the partitioning problem exist and many algorithms for
version. A famous algorithm was published by Kernighan and Lin in 1970. It willl§
discussed in the next section. The section on Bibliographic Notes at the end of #
chapter provides pointers to other algorithms. |

7.5.1 The Kernighan-Lin Partitioning Algorithm

Ea = Z ‘yay, aec Am-l
yEB"‘—l

The model assumed by the algorithm is as follows: there is an edge-weight
undirected graph G(V, E); the graph has 2# vertices (IV] = 2n); an edge (a, b)
has a weight y,; if (a,b) ¢ E, y,, = 0. The problem is to find two sets A and’
subjectto AUB=V,ANB =@, and |A| = |B| = n, which minimizes the cut o
defined as follows:

the external cost for vertex a € A™! is a measure for the pull that the vertex
sriences from the vertices in B™~!. In a similar way, the external cost Ej, for a
£x b € B! and the internal costs I, and I can be defined:

Ep= Y Vb, beB™!

xeAm-1

Yab
(a,b)eAxB

In other words, the goal is to minimize the total weight of the edges cut by
partitioning of V' into the sets A and B. Note that the algorithm assumes that

‘ Ia= Z Yax» aeAm_l
clique model has been used for the representation of nets (see Section 7.1).

xeAm-1
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initialize(A°, BO);
m<«1;
do { for eacha € A™!
“compute D;”; v
for each b € B™!
“compute Dp”;
for (i < 1;i <nm;i —i+1){
“find unlocked vertices a; € A™ 1, b; € B™~! such that
A; = Dg; + Dp; — 2¥a;b; 18 maximal”;
“lock a; and b;”;
for each “unlocked” x € A™~1
Dy <« Dx + 2yxa; — 2}’xb,~§
for each “unlocked” y € B™~!
Dy < Dy — 2Yya; + 2be,~2

The difference between internal and external costs gives an indication
desirability to move the vertex: a positive value shows that the vertex should
moved to the opposite set, a negative value shows a preference to keep the
its current set. The differences for the vertices in both sets are given by the va
D, and Dy:

D,=E;—1I, a eAm_l
Dy =Ep—1Ip, be il

Now the gain in the cut cost, A, resulting from the interchange of two vertic
be expressed as:

}
“find a k such that Zi“:l A; is maximal”;
G« X1 Ais
if (G >0){
X™ «{ay, ... akh
Y™ «{b1,...,br};
A — (Am1\ X™)uY™,
B™ « (B™1\Y™)uXx™,
“unlock all vertices in A™ and B™”;
m«<m+1
}

}
while (G > 0);

A=D,+Dyp—2ys, ac A", be B™!

‘The last term is a correction for a possible edge between a and b, which will co Y‘
to cross the cut after swapping the vertices.

The pseudo-code code of the Kernighan-Lin algorithm is shown in Figus
As mentioned earlier, each execution of the outer loop is a new pass. In the:
inner loop, the for loop with iteratign variable i, the subsets to be interchangel
constructed element by element. In each iteration of this loop, the pair (a;, &
A™=1 x B™=1 giving the best improvement for the cut cost is selected. The ves
are then “locked”, meaning that they cannot be selected once more in the inner
They are candidates to be included in the subsets. Actually, it is pretended that
have already been interchanged, and the differences between external and ints
costs of the unlocked vertices are therefore updated (check the correctness of
expressions that update the values of D, and Dy).

It is important to realize that the best cut cost improvement leading to the seleg
of a pair (a;, b;) may be negative. Once all vertices have been locked, the pairs
vestigated in the order of selection: the actual subsets to be interchanged corresg
to the sequence of pairs (starting with i = 1) giving the best improvement. So, g
in the sequence may have negative cost improvements as long as the pairs follo
them compensate for it. Such a situation would e.g. occur when the exchange of &
clusters of tightly connected vertices results in an improvement, while the excha
of individual vertices from each cluster does not improve the cut cost. -

The algorithm will be illustrated using the example graph given in Figure 7“
The graph consists of the vertices v; to vg. The initial partition consists of the i
sets {v2, v3, Vs, v7} and {v1, v4, vs, vg} with cut cost 14 as shown in Figure 7.1
The evolution of the algorithm in the first pass is shown in Figure 7.13. Each row
the figure corresponds to a value of the loop variable i as is shown in the first col
The values under a column headed by a vertex name-v show the subsequent vala
of the variable D, (the difference between the external cost £, and the internal ca

Figure 7.11  The pseudo-code description of the Kernighan-Lin algorithm.

| variables that are locked at a specific stage of the inner loop are underlined
e value A corresponding to the selected pair is given in the last column.

e the inner loop has been traversed, the value k has to be determined such
: sum Z'{ A; is maximal. In this case, the value ofkis 1 ‘and the subsets (?f
s to be exchanged are {v;} and {v4} (note that k = 3 is.optimal as‘well). Th.lS
%o the new sets A! = {v3, v4, vg, v7} and B! = {v1, v2, vs, vg} as is shown in
£ 7.12(b). The cut cost has now decreased from 14 to 8.

“j-cvolution of the variables in the second pass is shown in Figure 7.14. The
ssion of the second iteration is that the maximal gain corresponds to the
" k = 2, which means that the vertex subsets to be exchanged are {v3, va}
: ,vg}. The exchange of these subsets leads to A2 = {v1, v2, v3, v4} and
{vs, ve, v7, vg} Which is the optimal solution for the example. The cut .cost
quals 2. Clearly, a third pass will not lead to an improvement and the algfmthm
pp. The final partition is illustrated in Figure 7.12(c). Note that the Kcmxghap-
gorithm will not always find the optimal solution: it is just a powerful heuristic.
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b time complexity of the algorithm is determined by the inner loop that is
fed 7 times (remember that the number of executions of the outer loop was
joblem-dependent). Finding the best pair of vertices to be locked next requires
prwise comparison of elements each with at most n elements. Therefore, the
B of comparisons is O(n?) and the total time complexity becomes O(n?). In
Eal situations (but not in the worst case) sorting the elements of A™~! and
H ccording to their difference values will limit the number of comparisons
Mirst few elements of the sorted lists. As sorting can be done in O(nlogn)
lis would lead to an overall time complexity of O(n?logn). A better time
pxity can be achieved by the use of more sophisticated data structures and a
Bd search strategy (see also the Bibliographic Notes).

e that the Kernighan-Lin algorithm can be seen as a local search with variable
’_ hood (see Section 5.5): the number of elements exchanged between the sets
jand B™~! depends on the feasible solution that one is visiting.

). ibliographic Notes

fof the textbooks that deal with physical design automation, such as [Len90],
). [Sai95] and [Sar96], pay quite some attention to the placement problem. In
#n, general information on the placement problem can be obtained through the
¥ papers [Got86], [Bra87] and [Pre88). ‘

Fic circuit representation as presented in this chapter is not so often discussed
erature, as it is quite straightforward and because different applications have
requirements. Circuit representations that are e. g. appropriate for placement

Figure 7.12 Different steps in the application of the Kemighan—Lip algorithm: thc
partition (a), the situation after the first iteration (b) and the final solution (c). i

50 B0 Bitioning are paid attention to in [Len90] and [Alp95]. What has been presented
. A 8 an internal data structure, meant to reside in the computer’s memory while
five U3 W Wpl.vi Vs V3 W é brithm is processing it. A related issue is the external representation meant to
1rs 3 -1 -l 3 3 -1 3 ’ , on file, usually in a human-readable format, that can be shared by many
) ~§ = =1]|-3 =1 -1 _2 j ions. Such a format is EDIF (Electronic Design Interchange Format), that
3 ‘g 1 ‘g 2 r 1 Ben standardized by ANSI [Kah92a]. It deals with the notions of cells, ports

#8 and many, many more issues that are relevant for real-world CAD.
fwire-length metrics mentioned in the text and some others are listed in
B). [Len90] and [Sai95].

fterm logistic signal (for power and clock wires) was coined by Spaanenburg
5]. An example of a min-cut algorithm for placement is given in [Bre77].
lles of clustering algorithms can be found in [Ake82].

Figure 7.13 The first pass of the Kernighan-Lin algorithm applied to the graph of
ure 7.12. E
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i|vi v v v | v vz vs wg| A geported in [Sun95] simulated annealing is probably the best algorithm cur-
=3 sl =k =l [ 3 =3.wd =1 =2 known for placement, especially for standard-cell placement. Already the
2| § ~B,. =33 =T =Py o1 8 _". ication on simulated annealing as a general-purpose optimization method
3 =3 3 =1 .= _12 .‘ presented results applied to the placement problem. Also, the introductory
4 1 3 :

on simulated annealing [Rut89] uses the placement problem as the main illus-
pof the method. The Timberwolf system [Sec85] is famous for its good results
Mdard-cell placement by simulated annealing. The version discussed in [Sun95]
By eliminates overlaps after each move. A “rectangle packing” method based

Figure 7.14 The second pass of the Kernighan-Lin algorithm applied to the gra
Figure 7.12.




