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Abstract: An algorithm of minimizing the number of buffers under certain delay constraint with accurate delay mod-

els is presented. Given a two-terminal net. the algorithm can minimize the total number of buffers inserted to meet

the delay constraint. A high order delay model is applied to estimate interconnect delay and a nonlinear delay model

based on look-up table is for buffer delay estimation. The experimental results show that the algorithm can effi-

ciently achieve the trade-offs between number of buffers and delay, and avoid needless power and area cost. The

running time is satisfactory.
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1 Introduction

For very deep sub-micron technology, it is
well known that interconnect delay has become
more dominant than gate delay in determining the
overall circuit performance. T hus, interconnect op—
timization has become a critical step in the high
performance VLSI design. Some interconnect opti-
mization techniques, such as topology optimization,
device sizing, buffer insertion, and wire sizing, have
gained widespread acceptance in deep submicron
design. In particular, buffer insertion techniques
have been successful in reducing interconnect de-
lay.

Buffer insertion has been an active area of

study in recent years. Closed formed solutions have
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been proposed in Refs.[ 1~ 3] for inserting buffers
on a 2-pin net. The authors of Ref. [ 4] insert
buffers on a tree by iteratively finding the best
buffer location. Van Ginneken'” proposed a dynam-
ic programming algorithm which finds the optimal
solution under the Elmore wire delay model and a
linear gate delay model. Several variants of this al-
gorithm have been proposed "*”. These algorithms
above use both simplified gate and wire delay mod-
els. However, it is well known that both the Elmore
delay model and the linear gate model are not accu-
rate enough. Furthermore, both models are not
aware of the input waveform, which is becoming
increasingly important in today’s very deep sub-mi-
cron technology. The optimal solution under these
simple models may be not good enough. T hus, the

author of Ref. [ 8] extends Van Ginneken’s algo-
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rithm by using both accurate interconnect and gate
delay models, and the signal waveform is consid-
ered in buffer insertion. Gao et al.'” presents a
graph-based algorithm for optimal buffer insertion
to minimize delay time under accurate delay mod-
els. The algorithm shows that the buffer insertion
problem can be reduced to the shortest path prob-
lem, and it is simpler and easier to understand and
implement than the algorithm in Ref. [ 8].

As the intrinsic delay of a buffer becomes
smaller and the chip dimension gets larger, there
may be more and more buffers inserted for high-
performance designs in future technology genera-
tions (e. g.,close to 800000 for the 70nm technolo-
gy as estimated in Ref. [ 10]). The insertion of so
many buffers will cause great power and area cost.
On the other hand, it may be not necessary to mini-
mize delay time in circuit design, and only to satisfy
certain delay constraint which is enough for gener-
al VLSI design. In order to avoid needless power
and area cost, the number of buffers should be min-
imized so long as the delay constraint is satisfied.

In this paper, we present a graph based algo-
rithm of minimizing the number of buffers subject
to a given delay constraint with accurate delay
models. The main contributions of this paper are:

(1) Our algorithm solves the problem by
transforming it into a series of the shortest path
problems. As we know, the dynamic programming
algorithm proposed by Van Ginneken has gained
popularity with various buffer insertion problem,
but it is based on the hierarchical nature of the El-
more delay model. However, for accurate delay
models the RC delay are not additive, this would
result in a large number of partial sub-trees needed
to be analyzed during the bottom-up dynamic pro-
gramming algorithm. Furthermore, when a signal
waveform is considered, the input transition time is
unknown in the bottom-up dynamic programming
procedure, we must calculate delay under many
possible input transition times for a RC tree, this
will deserve huge memory requirements and run-—

time cost.

(2) Accurate interconnect and buffer delay
models are adopted. A high order delay model is
applied to calculate the interconnect delay more ac—
curately. Nonlinear delay model based on look-up
table is used to calculate the delay of buffer. T he
look-up tables are all from an industrial circuit li-
brary. And signal rise/fall time is also taken into
account in the delay calculation for interconnect

and buffer.

2 Delay calculation for interconnect
and buffer

As shown in Fig. I, we approximate each sig—
nal as a finite ramp which is characterized by two
parameters: delay time D and transition time Tr,
where D is defined as the time required for the re-
sponse to reach half its final value, and Tr is taken
to be the time required for the response to increase

from 10 to 90 percent of its final value.

Fig. 1 Curve illustrating the definition of delay time

and transition time

A high order delay model is applied to esti-
mate interconnect delay. The built-in delay evalua-
tion engine uses congruence transformation tech-

"'to reduce the order of a large RC net-ist

nique
while stability and passivity can be guaranteed. T o
be an efficient timing analysis engine with good
trade-offs between accuracy and speed, an adaptive
method is used to control the order of netist re-
duction. In benchmark testing, the accuracy can be
within 1% of SPICE simulation. T he output of the

delay calculator is the delay time D and the transi-

tion time Tr.
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We use a nonlinear delay model based on look—
up table for buffer delay estimation. The propaga-
tion and transition tables are provided in the indus—
trial circuit library. T he value of D is computed by
performing table look-up and interpolation within
the propagation table that is a two-dimensional
table indexed by total output capacitance and input
transition time. The total output capacitance is the
sum of pin and wire capacitance on the net connect—
ed with the output pin of the buffer. T he transition
time Tr is computed by performing simple linear
interpolation within the transition table that is a
one-dimensional table indexed by total output ca-—
pacitance.

We build two lookup tables for delay calcula-
tion. T he first table is for interconnect delay calcu—
lation, as shown in Fig. 2(a), the value of D and Tr
from p to q will be calculated, here, p and q are re-
spectively the start and the end point of the wire
segment. The second table is for buffer and inter—
connect delay calculation, as shown in Fig. 2(b),
the value of D and Tr from a to q will be calculat-
ed, here, a is the input of the buffer, and q is the

end point of the wire segment.

Pr@g—— @4

(@)
a [ P q
(b)

Fig. 2 (a)Interconnect; (b) Buffer and interconnect

Suppose a net has N candidate buffer locations
which are uniformly distributed. For any possible
buffer insertion scheme, the length of any segment
can be any from 1 to N+ 1 in some units. Accord-
ing to our delay calculation procedure, we can easi-
ly conclude that either table is a two-dimensional
table indexed by two parameters: the length of the
wire segment and the input transition time (We as—
sume that there are Trww possible transition

times) . Given the two parameters, we can get the

corresponding value of D and Tr by table lookup.

3 Problem formulations

The problem we want to solve can be stated as
follows:

Given: a two-terminal net, N candidate buffer
insertion locations in the net.

Objective: find a buffer insertion scheme, so
that the number of buffers inserted in the net is
minimized, and the total delay of the net does not
exceed the delay bound To.

Like the algorithm in Ref. [ 9], we construct
graph G(shown in Fig. 3). Each column represents
a level. Level 0 and level 4 represent respectively
the source and the sink position. Levels 1~ 3 repre—
sent three candidate buffer locations (for notation-
al convenience, we assume that there are three can-
didate buffer locations) . Level 5 represents the po-
sition where a sink node f is inserted. Starting from
left to right, the current node is connected to all
the nodes on its right by directed edges. We assume
that there are Trma possible transition times from
Time[ 1] to Time[ Trus] in ascending order. And
corresponding Trua nodes indexed from I to Trms
are created at each level.

First an input transition time Trin is assumed
for the source. Then a node i is picked as the
source node at level 0 such that Time[i] is the
closest to Tru. The delay time and the output tran-
sition time Tron of the output waveform are caleu—
lated for each assumed connection. T he node index
k at each level is determined so that Timel k]
matches Trew. By repeating a similar process to
nodes level by level, all the nodes except for those
at level 4 can be connected to some nodes on its
right levels. Finally, all dots at level 4 are connect-
ed to the sink node f. It is clear that each path from
a to f represents a buffer insertion scheme.

Each edge e is annotated with two labels: the
delay time x and the number of buffers k associated
with the edge. Obviously, for the edges connecting
from level O to other levels, x is valued by the delay

time in Fig. 2(a), and k& is valued by 0; for the edges
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connecting from level 4 to level 5,x and k are both
valued by 0; for other edges, x is valued by the de-
lay time in Fig. 2(b), and k is valued by 1.

Given such a graph theoretic interpretation,
our problem can be stated as follows:

Formulation 1. Given: the above graph G and
corresponding interpretation on G.

Objective: find a path p connecting a and f in
G,so that K is minimized subject to T' not exceed-

ing the delay bound To. Here, K is the total number

of buffers in the path,that is, K = Yk, and T is

eEp

the total delay of the path, that is, T = Zx.

cEp
The problem can be solved by dynamic pro-
gramming technique. However, firstly, for accurate
delays models the RC delay are not additive, this
would require that for each node we trace back the

the RC

shown in Fig. 3. Thus, there are much more partial

first buffer and construct sub-tree, as
sub-trees needed to be analyzed during bottom-up
dynamic programming algorithm compared with
Van Ginneken’s hierarchical algorithm. Secondly,
when a signal waveform is considered, the input
transition time is unknown in the bottom-up proce-
dure, we must calculate delay under T rws possible
input transition times for a RC tree, this will de-

serve huge memory requirements and runtime cost.

1o o o e} o
20 o o o o
o o s} o o
o o o o o
o (=} o 8]
o o o o
b 1

< = d4 =}
o = o o] o]
T
s} s} o o o
Level0 1 2 3 4 5

Fig. 3

Graph G for buffer insertion under accurate

delay models

[n our algorithm, we solve the problem by
transforming it into a series of the shortest path
problems. Firstly, we propose a new formulation,
called balance of buffer number and delay mini-
mization( BBNDM) problem:

Formulation 2( BBNDM ). Given: the above
graph G and corresponding interpretation on G.

Objective: find a path p connecting a and f in
G, such that K+ of is minimized, here, & is the co-

efficient.

Obviously, we haveK + of = Zk+ usz

eSp cEp

> (k+ o) ,thus,each edge e is weighted by k+

¢€p
o, and the BBNDM problem can be described as

the shortest path problem.

4 Properties

[n this section, we explain some important
properties that our algorithm lies on.

Dominance property: Since paths are charac—
terized by two parameters K and T, they may be
compared with a partial order. A path p:a~ f is
said to be non-dominated if all other paths p ta~ f
have {K'> K or T'> T} or {K'=K and T'= T}.

Lemma 1: For any value of «, the optimal solu-
tion of the BBNDM problem is not dominated by
any other solution.

Proof: Let (K, T') be the optimal path found
for the BBNDM problem. Suppose there exists a
path (K', T') that dominates (K, T), thus, we
have (K< K and T'< T} or {(K'< K and T'= T}
or {K'= K and T'< T).Therefore, K+ o> K '+
«T . Since (K, T) is the optimal path found for the
BBNDM problem, we have K+ o7 <K '+ oT ". So,
there is a contradiction.

Lemma 2: Let (K,T) be the path p found for
the BBNDM problem under o. As the value of o de-
creases, the value of K decreases, and the value of
T increases.

Proof: Let (K1, T1) be the path p1 found for
the BBNDM problem when the coefficient o is val-
ued by o, and (K2, T'2) be the path p2found for the
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BBNDM problem when the coefficient o is valued
by 0.
Without losing generality, let
o< 0 (1
Since (K1, T1) is found for the BBNDM problem
under o,
Ki+ o7V = K>+ ouT> (2)
Similarly,
Ko+ T < Ki+ ol (3)
From Eqs.(2) and (3),we get
w(T2- T)) =K /- Kon=x(T2- T1) (4

Hence,

(o= o) (T2- Ti) <0 (5)
From Eqs. (1) and (5),we get
TW=T- (6)
From Eqs.(4) and (6),we get
Ki- Ke=so(T2- T1) =0 (7)
Thus,
K=K (8)

S Owr algorithm

5.1 Algorithm description

According to the properties in Section 4, we
assign ® with various values, and get the corre-
sponding optimal solutions by the shortest path al-
gorithm. Firstly, « is assigned a initial value, if the
total delay T exceeds the delay bound To, we re-
peatedly keep doubling o, until we find the two sue-
cessive values o and ot such that the corresponding
T exceeds To,and T2 is less than To. On the other
hand, if starting from the initial « and the corre-
sponding T is less than To, we repeatedly keep
halving o, until we find o and co.

Then we do a binary search in the range [ o,
o] to identify the final value of ®so that the corre-
sponding optimal solution of the BBNDM problem
satisfies the condition that the total number of
buffers K is as minimal as possible subject to the
total delay T not exceeding the delay bound To.
The flow of the algorithm is shown in Fig. 4. In the

algorithm, when the value of o is modified, it will

increase, and the total number of buffers (denoted
by BufNuml) of the optimal solution under o will
remain unchanged or get larger; when the value of
o is modified, it will decrease, and the total number
of buffers (denoted by BufNum2) of the optimal
solution under o will remain unchanged or get

When the of BufNuml and

BufNum2 both remain unchanged in at least m

smaller. values
modifications, the algorithm ends and we get the fi-
nal optimal solution. In our algorithm, we set m=

3, and the experimental results are satisfactory.

Main Routine

1. Find o1 and o0:

2. BufNum 1= the total number of buffers of path p1 un-
der ou;

3. BufNum2= the total number of buffers of path p2 un-

der oz

4oo= (ou+ o) /2:

5. Do

6. {

7. Find the shortes a~ { path p in G under oz

8. if (the total delay of path p exceeds the delay

hound T'0)

9. {

10. o= o

1. BufNuml= the total number of buffers of
path p:

12. pie=p;

13. )

14, else

15. {

16. o= o

17. BufNum2= the total number of buffers of
path p:

18. prep;

19. )

20. o= (ou+ o) /2:

21}

22. until (the values of BufNum1 and BufNum2 both re-

main unchanged in at least m modifications)

23. return po.

Fig.4 Main routine of the algorithm

To find the shortest path, we use an efficient
ulgurithmlul, which can avoid the waste of lots of
memory. T he details on the algorithm can be found

in Ref.[9].
5.2 Remark on the algorithm

Our algorithm solves the problem by trans-
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forming it into a series of the shortest path prob-
lems. We find the corresponding optimal solutions
by the shortest path algorithm under various val-
ues of o until the algorithm converges at the final
value of o so that the corresponding optimal solu-
tion of the BBNDM problem satisfies that the total
number of buffers K is as minimal as possible sub-
ject to the total delay T not exceeding the delay
bound To. As we know, the running time complexi-
ty of the shortest path algorithm is polynomial:
O(TraaN7) . Moreover, the experimental results
show that the algorithm converges very quickly in
practice. Therefore, our algorithm can efficiently
achieve the trade-offs between number of buffers

and delay.

6 Experimental results

We have implemented our algorithm in C lan-
guage on Sun WorkStation V880 and tested it with
many nets of industrial circuits under 0. 13um tech-
nology. The experimental results of one of the nets
are shown in Table 1. The wire length of the net is
257400um. T he delay time without inserting buffer
is 99. 8891ns.

In Table 1, the numbers of the candidate
buffer locations are listed in column 1, the given
delay constraints for the net are listed in column 2,
the various values of « are listed in column 3, the
numbers of buffers inserted are listed in column 4,
the corresponding values of delay time and transi-
tion time of the net after buffer insertion are listed
in columns 5 and 6, and in the last column, the re-
lated running times are given. Furthermore, in the
remaining three rows, we give the minimized delay
time and the corresponding transition time when
buffers can be inserted as many as possible.

From the table, we can see that our algorithm
can efficiently achieve the trade-offs between num-
ber of buffers and delay, and the running time is
satisfactory. Furthermore, when the value of N
gets larger, the solution gets better, while the run—

ning time is increasing.

i 25 4
Table I Experimental results for the net
N Con o Num Delay Transition | Running
/ns time/ns time/ns time/s
52 | 0.8809 | 7 51.2874 7.1105 0.39
55 |0.2308 | 4 54. 6929 14.1210 0.30
60 | 0. 1846 3 59.0246 24. 1361 0. 27
11 70 | 0.0925 2 64. 4481 38. 1571 0.25
80 | 0.0691 1 75.3046 75.2127 0. 34
Minimized delay time= 50.0792ns,
Transition time= 2. 1030ns, the number of buffers= 10
50 | 1.3500 8 49. 9965 7.1105 1.78
52 | 0. 8897 6 51.4892 7.1105 2.07
55 | 0.2927 4 54. 6929 14.1210 2.29
23 60 | 0. 1664 3 58. 1106 14.1210 1.97
70 | 0.0914 | 2 64. 1309 31. 1466 1.92
80 | 0.0690 1 75. 1930 65. 1977 2.12
Minimized delay time= 47. 8900ns,
Transition time= 2. 1030ns, the number of buffers= 18
48 | 3.9750 | 18 46. 5995 5.1075 4.44
50 | 1.0031 7 49. 8029 5.1075 3.64
52 | 0.6960 | 6 50. 8006 9.1135 4.40
55 | 0.2777 4 54.7316 12,1180 4. 04
29 | 60 | 0.1737 3 58.3333 16. 1240 5.17
70 [ 0.0914 | 2 64,0929 29, 1436 4.05
80 | 0.0679 1 75.0477 71. 2067 5.51
Minimized delay time= 46.0152ns.
Transition time= 3. 1045ns. the number of buffers= 22

7 Conclusion

In this paper, we present a graph-based algo-
rithm of minimizing the number of buffers subject
to a given delay constraint with accurate delay
models. The algorithm solves the problem by
transforming it into a series of the shortest path
problems. The experimental results show that the
algorithm can efficiently achieve the trade-offs be-
tween number of buffers and delay, and avoid need-

less power and area cost. And the running time is

satisfactory.
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