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Abstract: A cross point assignment algorithm is proposed under consideration of very long nets (LCPA). It is to
consider not only the cost of connection between cross points and pins and the exclusive cost among cross points on
the boundary of a global routing cell, but also the cost of displacement among cross points of the same net. The ex—

periment results show that the quality and speed in the following detailed routing are improved obviously, especially

for very long nets.
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1 Introduction

Due to the high complexity of VLSI layout de—
sign, nowadays a top-down strategy is generally
adopted in the layout design.

Most systems divide the routing process into
three phases: global routing, cross point assign-
ment (CPA), and detailed routing. Global routing
divides the chip area into a two-dimensional array
of global routing cells(GRCs) . This phase finds a
Steiner tree on the GRC array for each net under
certain constraints, without exact crossing loca-
tions of each wire on the GRC boundaries. After
global routing is finished, CPA is required, fol-
lowed by detailed routing.

CPA is to determine the exact crossing loca—
tion on the GRC boundary for each net, while tak-
ing into consideration the effect of pins and obsta-
cles in the GRC. The goal is to minimize the total

wire length and the total number of vias in the de—
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tailed routing, and to improve the quality of final
routing and the electronic performance in the cir-
cuit.

Up to now, the CPA problem has not been
well addressed, and there are only a few algorithms
published.

In Reference[ 1] a CPA algorithm was pro-
posed based on the analysis of the category of the
wiring patterns in a GRC after global routing. It
reduces the CPA problem of the whole chip to a se-
ries of CPA problems in the single column or row.
It has been proved that CPA problem in a single
column or row is independent on each others'”
The CPA algorithm tries to overcome the depen—
dency of the CPA result on the order in which the
net and the boundary of GRC are processed. The
algorithm considers the effect of other cells” pins
and obstacles in the GRC. The algorithm proposed
in Ref.[3] tries to solve detoured wiring problem
for long nets, and furthermore, to avoid over-con-

gested cross points on a boundary. In this paper we
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propose a CPA algorithm under consideration of
very long nets. The cost of displacement between
two cross points next to each other was taken into
consideration. T he displacement has a major effect
on the shape of the final routing. The wider the
span is, the larger the displacement cost is. Our ex-
periment results show that for long nets, introduc-
ing the displacement cost could greatly improve the
routing shape by stretching the very long nets as
straight as possible. It also reduces the number of

vias and the total length of wire.

2 Model analysis

In this section, we take a vertical CPA as an
example to demonstrate the mathematical model
employed in our algorithm. T he algorithm could be
extended easily to the horizontal CPA.

We study a whole column every time. First, we
give some definitions as follows:

Col = {Greci. Grez, *** Grew 1) is a set of all
GRCs in a column, with GRCi+ 1 following GRC:.

E= {ei, ez, ***er} is a set of all boundaries in a
Col, where ei= GRCi. NGRCix s

N= {ni,n2, ", n} is a set of all nets within a
Col which has more spans than a GRC. T hat is, for
those nets CPA has to be performed.

Ni(e)= {n| nEN AnNeiF#D }is the set of all
nets in N going across boundary ei.

CPi(ei)= {c| cEes A occupied(c)} is the set
of all available locations of cross points on bound-
ary ei.

Pi(n) = {ct| Edge( i) EEi(nj) AOwner(ei)
= nj} is the set of cross points for net nj, where
Edge(cir) is the boundary of GRC which ¢ is on,
and Owner(¢jr) is the net which ¢ belongs to.

Ei(nj)= {e|] eEE An €EPi(ei)} is the set of
edges which n; goes through.

puj+ is the terminal in the upper GRC of the k-
th cross point of the net n;. If there is no terminal
in that GRC, pu is recursively defined as puj i 1.

Similarly, pdi+ is the terminal in the lower GRC of

the k-th cross point of net n;. Since the global rout-
ing tree is generated by the connection relationship
of net, there must be a physical terminal in the
GRC related to top and bottom edges of E;(n;).

For an available cross point ¢ir on boundary e,
we define [ cir- 1+ 1, cirv 1- 1] as its exclusive interval.

The CPA problem is to determine matrix for
every ei and every N

@il 1 @il 2 e @il | N (el

@iz, 1 a@iz.2 b @i2 | N ()]

i (ll'r-fl'r-]l N i (li’é[l'l-]l 42 @i (’.]'éit'éll N .\',-[t',-ll

where Ai is called the assignment matrix on edge
ei, in which each row vector expresses the alloca-
tion of each available cross point, and each column
vector indicates which cross point is assigned for
each crossing net on ei. aip.g= 1 if and only if the
pth cross point on ei is assigned to the gth crossing
net. The matrix should satisfy the following condi-

tions:
| CPle ]|

Z Aip.q = |

g= 1

1<p <|Nie)|

This means that a net has one and only one

cross point.

| Nite]

Noan, =1

p=1

1 éq él CPr‘(er'}I

This means that a cross point can be allocated
to one net at most.
ip,qg = 0 or ]

The connection cost of net n; is defined as
|J‘,'j(n}-]| |EJ;[N}-]|— 1

E conn(¢ir) + Z

k=1 k=1

cost(nj) = dist(eje, ¢jrs 1)

where conn(¢) represents the cost of connection
between the cross point and its upper and lower
terminals, and dist(cjt, ¢i.4+ 1) represents the cost of
placement between two neighboring cross points of
the same net. Let ai be the column vector in A cor-
responding to net nj. The cost of CPA for a single

net could be written as

|.|‘,}-1uj]|

cost(nj) = ). ciaij +
-

[E;(n)]

Z aidijais 1.

i=1

where matrix ¢i is the matrix of connection cost for
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net n; on edge ei, and di is the matrix of displace-
ment cost. Since ¢i and di are independent on the
result of CPA, they can be constructed in advance.
Now the connection cost of all the nets in the
column Col is
cost(col) = Z cost(nj)
j=

which could be rewritten as
k-1

Z AiDi i 1A

I
cost(col) = Z}LFA" + |
where Li and D:i+1 are the connection matrix and
displacement matrix, on boundary ei of the GRC re-
spectively.

For now, the analysis above does not include
the correlation among cross points for different
nets on the same GRC boundary. T o estimate such
correlation, we do the following operation for each
A

If we define vector s= {1, 1, === ljnep }'s Ais

indicates which cross points on boundary e have

been assigned. Now we introduce matrix Gi:
g g2
iz gizz
Zir- 1+ Lr
Zil
Gi=
Zitv 1,2 Lir.r
ZilCPiep| = 1+ L] | CP(e)
Zire 1= 1r
il CPley)| | TPl

Gi is called the exclusiveness matrix on boundary
ei, where [ is the exclusive interval. Obviously the
diagonal elements gir.,= 0, for 1<r<| CP(ei)]| .

(Ais)'Gi(Ais) could represent the sum of the
exclusiveness costs of any two available cross
points. By setting the non-zero elements in matrix
Gi,we can build the exclusiveness cost of the GRC
boundaries or some parts of boundaries.

So far, the cost of CPA for the column Col

could be written as
I k=1

Cost(col) = Z LiA: + EA iDiie 1A

i= 1 i=1

(1)

where the first term is the connection cost, the se—

+ Y (Ais)'Gi(Ass)

i=1

cond is the displacement cost, and the last is the
exclusiveness cost.

The minimum cost CPA is a quadratic pro-
gramming problem. Its variables could only take a
value of 0 or 1, so it is an integer quadratic pro-

gramming problem.

3 LCPA algorithm

[nteger quadratic programming is an NP hard
problem. We simplify the CPA problem to several
linear assignment problems. Then solve them one
by one on the GRC boundary.

The algorithm works heuristically, by assign-
ing cross points on each GRC boundary from the
bottom-most one upward. Once a GRC boundary
has been processed, the resulting locations of cross
points for the nets are used to update the displace-
ment cost for the next GRC boundary. We rewrite

cost(col) as

h k-1

cost(col) = D LiAdi+ Y. AiDiiiAis)

i= 1

+ Y (Ais)'Gi(Ais)

i= 1

i= 1

3

= LA+ E(Lr'+ A Do) A

P

+ Y (Ais)'Gi(Ais) (2)
i= 1

in which Li= Li+ A= 1Di- 1.i could be viewed as the

correcting connection cost.

As to the exclusiveness cost, our algorithm u-
tilizes the method of priority queue in Reference
[ 3].1t only assigns cross points for a certain subset
of the nets in Col with some priority. After the cur-
rent queue is processed, the result is substituted in-
to the exclusiveness cost to get the linear exclu-
siveness cost of other available cross points. T he
cost could be represented by a linear function of
Ai, and then be combined into the connection cost.
Finally, the cost for the whole column cost( Col)

could be written as:
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m k
cost(col) = Y (LuApi+ Y. (Lui+ AkiDu-1.)Au 3.3 Computing each cost
h=1 i= 2
k .
. (A 1) Gi( A s)) (3) 3.3.1 Connection cost

i=1
We decompose the cost in such a way that for
each priority level, the objective function for each
GRC boundary is approximated by a linear func-

tion.
3.1 Preparation of our algorithm

Before running the algorithm, we have to con-
struct the priority queue. Based on each global
routing tree, we can estimate roughly the total wire
length of each net, sort them in the decreasing or-
der of the length, and divide them into m priority
levels. In our algorithm, let m be 3. Larger m might
provide a better estimation of the exclusiveness
cost, but the complexity may also be increased. Af-
ter the queue is constructed, the algorithm is per—
formed on all the nets with the same priority once

at a tlime.
3.2 Linear assignment algorithm

As stated before, this algorithm reduces the
CPA problem in a column to multiple sub—prob-
lems of sequential CPA on a GRC boundary. The
sub—problem on each GRC boundary is to deter—

mine

@i 1.1 @iy 1,2 o @iy, .\'J-htr-r-bl
4 @i;2.1 @iy 2,2 o @iy2,| .\'J-htr-r-bl
W=
Qigl Cp; (e| 1 @ilor, (e)] 2 T @i CP; ()] LN, (e)]
k h h L

min L A
| {:I“.k[v,.rl
st. E @ipp.q = 1

g= 1
| v iy el

i

1 gp = | .-"\"lih((?i)l

1 <q=<|CPi(e)]
aips= 0 or 1
This is a linear programming problem. Due to
the special characteristics of the constrains, it is

much better to solve using linear assignment or

min-cost matching in bipartite graphs.

Our algorithm adopts the method in Ref. [ 2]
to classify the nets into four categories, as illustrat—

ed in Fig. 1.

Boundary of GRC
Category2
Pin
Category

Wl Category3 /

l Categor

' 4 Catego

: Category2

I’

Fig. 1 Four categories of cross points

(1) category 1: The net has a cross point on
the left boundary of the GRC.

(2) category 2: The net has a cross point on
the upper boundary of the GRC.

( 3) category 3: The net has a pin inside the
GRC.

(4) category 4: The net has a cross point on
the right boundary of the GRC.

The connection cost of the net is written as

conn(eix) = | ee — pdie] « + | eie = puis] « (4)

PY; u}

7 Pin P ‘. Connection
Connection

i il : i

; . A | C:
iConnection |Avajlble pd; |

I i | :
! CH)/SS ints ' d

Category2 Category3 Categoryd

Fig. 2 Pin and caculation of connection cost

which represents the horizontal distance between

the cross point and the upper and lower terminals.

Different types of cross points have different pd;

and pujr.

3.3.2 Computing and updating displacement cost
Let ¢j.k+ 1 be the cross point for the net on the

next GRC boundary. The displacement cost could
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. lower priorit
dist( ek, ¢iar 1) = | Gk — €k 1] » 5 P
( e I) | ! s Il ( ) Pin with D/
Before doing the linear assignment for each higher priorgy
-~

GRC boundary, we search in the previous GRC
boundary for the nets of category 2, compute the
displacement cost for each cross point available,
and combine the result into the corresponding con-
nection cost. At the same time we project the ob-
stacles onto the top and bottom boundary, and in-
troduce a penalty term for them in the displace—
ment cost. In our algorithm, a constant value is
added according to the position of the projection.
The displacement cost and the obstacles are illus—

trated in Fig. 3.

3 ]
L .
Projection
e -
Dbstacle
SR A ‘Im-.mnunf
(TOSS PO available
Displacement ' Assigned
B Y it
CTOSS painis
gl

Fig. 3 Displacement cost

3.3.3 Computing and updating exclusiveness cost
Priority queue is used to deal with the conges—
tion of the cross points. A higher priority is as—
signed to a longer net. CPA is performed first for
those nets with higher priority. Those cross points
that have not been assigned are passed on to the
next stage. When doing CPA for higher priority
level. the exclusiveness cost could not be computed
because it is impossible to predict the impact of
cross points for lower priority nets on the current
priority level. To estimate that, a heuristic method
was adopted in our algorithm, as shown in Fig. 4.
First, we find in the GRC the pins of those
nets with a lower priority level, and project them
onto the boundaries. The projections are called re-
served cross points for other nets. Later, the algo—
rithm uses these reserved cross points to compute
the exclusiveness cost at the current priority level,
based on the current exclusiveness matrix. Differ—

ent from the actual cross points, the diagonal ele-

Hr--«-rv-ﬂ

Actual LIS POins
Cross poinis
~
Fig.4 Reserved and actual cross points

ment in the exclusiveness matrix Gui corresponding
to the reserved cross points is non-zero, which
means the impact on the nets with lower priority if
it is occupied. The reserved cross points may still
be assigned in the CPA. As a penalty, the non—zero
element on the diagonal of G tries to prevent the
the

points. The above method gives a rough estimation

algorithm from assigning reserved cross
of the cost.

For each following priority queue, Gu is com—
puted before CPA is performed, based on the as—
signment result of the previous stage. Gu reflects
the congestion of the cross points on the current
GRC’s boundary, which is dependent only on the
assigned cross points on the boundary. not on the
nets. Then the exclusiveness cost is combined into
the cost matrix of all crossing nets on the current
GRC boundary. In our algorithm, the cost increased

at each cross point for each net is the same.

4 Complexity analysis

Let m be the number of the priority queues
generated by the algorithm, k& be the number of
GRC boundaries in a col, n be the number of avail-
able cross points on a boundary, p be the average
number of crossing nets, [ be the exclusive inter—
val. We have:

The complexity of performing linear assign-—
ment on each GRC boundary is o(n');

The complexity of updating the displacement
cost on each GRC boundary is O(np);

The complexity of CPA for each priority

queue is O(kn’), updating the congestion cost be-
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tween different priority queues is O(knl);
So, the

O(mkng). If we could implement it in parallel, the

complexity of the algorithm is

algorithm could run even faster.

S Experimental results

The algorithm is implemented in C language
on SUN Enterprise E450. Below is a comparison of
the results derived from LCPA in this paper and
the CPA algorithms in Ref. [ 3]. The testing data is

provided by MCNC, whose parameters are listed in

T able 1.

Table 1 Parameters of the testing circuits
Bench mark Number of nets Number of GRCs
c2 745 9x11
C5 1764 16X 18
Cc7 2356 16X 18
Avq 21851 63 X 68

We input the results of LCPA and CPA to our
gridless router, and the routing results are listed in

Table 2 and Table 3.

Table 2 Gridless routing result after CPA

Bench Completion Number of Total wire
mark rate/ % i vias length
c2 99 88 8709 464325
C5 100 235 23085 1265757
c7 99 571 30087 1981404
Avg 99 2837 265100 9434387
Table 3 Gridless routing result after LCPA
Bench Completion Number of Total wire
/s

mark rate/ % vias length
C2 100 43 7846 457012
C5 100 136 20290 1247697
c7 100 161 25819 1953556
Avg 99 1612 224783 9254748

From the gridless routing results, we can see
that the completion rate was improved, and the to-
tal wire length was reduced. The number of vias
dropped significantly by 10% to 15%, and the de-
tailed routing time was shortened by approximately

50% .

Table 4 gives the comparison in the running

speed of CPA and LCPA.

Table 4 Comparison in the running time

t/'s
Bench mark
] CPA LCPA
c2 | 1. 800 1. 890
(0] 4. 680 4. 780
c7 6. 840 6. 950
Avqg 37. 800 38.750

From Table 4, we can see that though there is
an update on the displacement cost for neighboring
GRC boundary in each iteration in the algorithm of
LCPA, the running time of LCPA is almost equal
to that of CPA.

6 Conclusions

In this paper, we propose a cross point assign-
ment algorithm under consideration of very long
nets (LCPA). Our experiment results show that
LCPA can obviously reduce the difficulty of the
following detailed routing and improve the routing
quality with little cost of running time compared
with previous CPA algorithm. In the future work,
we plan to consider crosstalk during cross point as—

signment.
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