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Table-Lookup Delay Model
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Abstract: An algorithm is presented for obtaining placements of cell-based very large scale inte—
grated circuits, subject to timing constraints based on tabledookup model. A new timing delay
model based on some delay tables of fabricators is first simplified and deduced; then it is formu-
lated as a constrained programming problem using the new timing delay model. The approach
combines the well-known quadratic placement with bottom-up clustering, as well as the slicing
partitioning strategy. which has been tested on a set of sample circuits from industry and the re—

sults obtained show that it is very promising.
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1 Introduction

There have been extensive studies on timing-driven placement in recent years. The
approaches toward this problem fall into two main categories: net-based and path-based.
In a typical net-based one, potential critical paths and acceptable delays at each cell are
calculated, from which slack of a net on each path is derived. The slack of a net gives the
upper and lower bounds of the net’s size, which serve as the constraints during the subse—
quent placement phase. The basic idea of a net-based approach can be combined with ideas

. . . Rl . [2.3]
such as iterative improvement' ', constructive placement

.14 . . -
818, as gives rise to several variations.

5]

, incremental timing analy-
Net weighting'”” is a technique often used in this approach; which puts a weight on
the nets with smaller slack, or gives priority to critical nets. In this way a constrained op—
timization problem is turned into an unconstrained one. It has been reported that these
techniques can achieve favorable results. However, it should also be noted that the net

weights are under invetsigation, which makes it difficult to apply proper mathematical
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analysis to the problem.

In the path-based approach, all or a subset of the paths are taken into account in the
formulation of the problem, often with a set of linear constraints. It is expected that the
problem can be handled more mathematically in this approach, since the timing in VLSI is
inherently path-oriented.

Jackson and Kuh'” proposed an approach based on linear programming. Gao et al.'”
proposed a new method of iterative modification of net bounds for taking advantage of the
computational efficiency of the net-based approach. Srinivasan et al.'” proposed an ap-
proach based on Lagrangian Relaxation. It is observed that only a small subset of timing
requirements are active as constraints at one time, thus the problem caused by a large
number of paths can be effectively avoided. Timing requirements by a set of linear inequal-
ities are concluded to be on the non-differentiable Lagrangian.

However, there is a difference of opinion about how to calculate the timing delay of a
path between the academician and fabricators. The academicians often adopt Elmore delay
model or Sakruai delay model to analyze and compute the timing delay of each path, while
the fabricators prefer to trust their own delay tables which are obtained by experiments
and statistics.

In this paper, a new timing-driven placement algorithm based on tabledookup delay
model is proposed in order to eliminate this divergence. As far as we know, there has been
no such kind of timing—driven placement algorithm yet. We first simplify and deduce a new
timing delay model based on the delay tables of some fabricators; then we write a non lin—
ear program to solve the placement problem using the new timing delay model. This algo-
rithm incorporates the well-known quadratic placement with bottom-up clustering and the
slicing partitioning strategy, which has been proved to be efficient, effective and fast-to-
run.

Quadratic wirelength is choosen as our objective function because it can result in few—
er very-dong nets than linear objective function, i. e., the quadratic function can place
components more sparsely and result in the better timing property and fewer components

overlapping each other.
2 Table-Lookup Timing Model

2.1 Delay Table
The nonlinear delay model stores vendor-specific delay information in the technology
library in the form of Tabled.ookup and supports a high correlation between nonlinear
vendor delay models and the timing analyzer calculations. Delay analysis involves calculat-
ing the total delay, which comprises cell delay and connect delay:
D= Den + D ( l}
where D is the delay caused by the gate itself, typically measured from the 50 percent in—

put pin voltage to the 50 percent output pin voltage, D.is the connect delay. The delay D.
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of net k is:

Do = R; > Cin+ (1/2)C (2)

where the coefficient 1/2 is due to the distribution characters of Rx. The connect delay of
D.can be computed from (2) easily. Conceptually, D.n can be determined from a delay
table, which depends on two parameters: input transition time and output capacitance.
The former is the time that is required for the input pin of node to change state. Naturally
another parameter, output transition time AT i is needed to denote the time for the output
pin of node k to change state, which is a portion of the input transition time of the node
(k+ 1). The total input transition time of node (k+ 1) is: ATw= AT i+ Da. Table 1is a
typical delay table.

Table 1 A Typical Delay Table

S~ 0.022 0. 052 0.12 0.278 0. 646 1.5
T ~__
0.112 0. 1325 0.1731 0. 2624 0. 4841 0. 9806 2. 1814
0.14 0. 1325 0.1731 0. 2625 0. 4836 0. 9801 2. 1816
0. 255 0. 1325 0.1757 0. 2662 0. 4815 0. 9827 2. 1811
0.543 0. 1332 0.174 0. 2672 0. 4822 0. 9825 2. 1813
1. 301 0. 1369 0. 1837 0.273 0.4814 0. 9756 2. 1741

From the delay table, we can see
24 Drelay
that D is roughly a nonlinear increas—

ing function of the parameters input

transition time and output capacitance. Uutput
Capactlane:

In geometry, the track of the function

is a curved surface, as shown in Fig. 1.
2.2 Curved Surface Fitting

Let Di denote the delay of a cer—

tain cell k&, and AT the time for the

output pin K to change state; then

from section A, we may obtain such FIG. 1 Curved Surface
supposition:
Di= f(ATi- 1, Ciovaa) + b= KnATi- 1+ KiCuoa + b (3)
AT = S(AT -1, Cr- o) + b= LuATi-1 4+ LizChoa + b (4)

Obviously, we can determine the coefficients according to the delay—-tables, which are pro-
vided by the fabricators easily. The least-squares fit method is adopted in practice. Take
Table 1 for example: for Table 1, the corresponding result of fitting is:

K= 1.383235, Kiz= 0.001411, b= 0.098862
When we use formula (3) instead of Table 1, the minimum deviation is 1. 3580% while the

maximum is 6. 0284% . Figure 2 is the comparison between the fitting plane and the corre-
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sponding primary curved surface. According to the computing results, it can be seen that
our formula fits the delay table perfectly. We may also determine the coefficients of formu-

la (4) from another delay table in the same format as Table 1.

(b) Computed Delay Table
- -""/”—:

Inpup-Net-Transition 02 . 00 '
Net- Total-Output- Net-Capacitance Input -Net-Transition "T'otal-Output-Net-Capacitanee

Primary Curved Surface Fitting Plane

FIG.2 Comparison of Fitting Plane and Primary Curved Surface

2.3 Computing Path Delay
Formula (3) represents the delay of a single cell. As for the delay of a whole path
from node S to node T, such as a path shown in Fig. 3, there are n parts and n+ 1 nodes in
it.
T _ T Di denotes the timing delay from the
Oc—hf;()m()c___‘;() '(_)_’O(—!:Q input pin of node k to its output pin, AT
denotes the input transition time of node K,
FIG.3 Computing Path Delay and Croathe output capacitance of node K.
For the sake of simplication, we give the
initial boundary conditions as Do= 0 and ATo= 0. For node 1, according to (3), we ob-
tain:
D= KuATo+ KiCuoa + b
= KicCuua + b

= K.f.[ > Con + c.] + b (5)

= menCi+ m

MmMen1= K leg M1 = K It-Z Cpin + b|
1

where Y Cpin stands for the sum of capacitance of all sank pins of net 1 and C1is itswire ca—
i

pacitance. In the similar way, we have obtained:

AT{= LuATo+ LiCi- o + Ib
= Ll"Cl—llilill"‘ gbl
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L S Cout G+ Ib
1

..'J'-ilCl + G
pen= Li'-., q1 = L]rZ C]}in + I
1
For node 2, the input transition time includes the delay of net 1, namely, Di.. So we have
got:
ATi= AT{+ Da= PaiCi+ qi+ Ri D, Cun+ (1/2)C

1
PG+ PruRi+ PrenRiCi+ g
Pa= L, Pru = Z(:pin, Prenn = 1/2, g = L].-Z Cuin + Lby

1 1

analogically, for node n, we can obtain:
D= menCr+ me2Ca+ 4+ monn- 1Co- 1 + meanCo + meaR1+ meaaR2+ oot
+ mena- 1Ro- 1 + mRt‘,'u[RlCl + mre2R2C2 4+ * + mecwn- 1R 1Co- 1+ 1a
men= KuPe-1,mer= KuPe-2,, menn-1= KaulPe o= 1, Men = Ko
MEn1= K,.;P.ﬂm— 11 MEn2 = K,,,P;m— 1,2, "y MEnn-1 = K ru'PRn— L= 1

MRCn1= K:JIPRI.’H— 1.1, MRCn2 = Kﬂ.rPHn‘.'n— 1.2, ***y MRCon- 1 = K P reo- lon=1

Nan= Kﬂlqn— 1+ Kur'Z Cpin + bu

AT.= PecCi+ PeCot+ **+ Peun-1Coot + PeanC

+ PrmRi+ ProRa+ o+ Proa-1Ru-1+ PraRa

+ PreaR\Ci+ PreaR:C2+ **+ Prewn- \Ru-1Co-1 + PreanRaCo + qu (6)
Pen= LuPen-1.1,Pe= LuPen-1.2,**  Ponu-1 = LuPon-tn-1, Pen = Lue

Pmr|= LmP.*m— 1. 1s PR112 = errP.ﬁ.’u— 1.2, """, Pm,u- 1= LN;PRH— L 1, Pmm = Z C|Jin
n

PR(.'rrlz LmPR(.'n— |.|,PR(.'M2 = LuPreo- 1,2, ***, PH(.’H.H— i = LuPreo- I.on= 1,PR(.’J!J! = 1/2
n= Lmqn— 1+ Lm'z Cpir\ + Ilba

It is easy for us to deduce D1, D2, ***, Duw-1, Duand AT, AT2, ***, AT from formula
(6). Therefore, for the total delay of this path, we have:

Doa=Di+ Do+ Di+ o+ Dit Da+ Do+ =+ Dau
aiCi+ axC2+ *+ aCo+ bR+ b:R2+ ** + bR, (7
+ aRICi+ R0+ eaRCoi+ A+ Do+ Dot -+ Da

where
a = meu+ mea+ men+ Ut 4+ mem

a:= me2z2+ meoaz+ Ut + Mo

(dn = M inn
bi = mru+ men + 4+ mew

b= mra+ mre+ 4 mee
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b1 = meen-
c1 = Mmgea + Mren + **° + Meem
c2= mMmere32 + Meres2 + "+ Meen2
Cn—- 1= MECa,n- 1
A= nm+ n+ ns+ "+ n
For a critical path, there is such a constraint as:
D= Di+ Dot Ds+ **+ Dut Da+ Do+ =+ Do = T (8)
Therefore, we regard all the timing constraints of the eritical paths as limiting conditions

of a mathematical programming problem, and then solve it problem.

3 Main Algorithm Description

3.1 Timing-Driven Clustering - TIMIX

In the beginning, a clustering algorithm was performed on the primary circuit to ob—
tain a condensed circuit, in which each cluster composed of a set of cells was considered as
a single component. After that, a quadratic placement problem has been solved on the
clustered circuit instead of the original one. Our clustering algorithm covers following such
steps:

First of all, we assign the weight of each net according to the importance of it(i. e.
should a net be near the critical paths, it could be assigned a heavier weight).

Secondly, for each movable cell, its weight assigned can be equal to the sum of the
weight of all fanout nets driven by it. As shown in Fig. 4, the fanout nets of cell C are
netl and net2, so the weight of cell C should be the sum of the weight of netl and net2.

Next, from the largest weight to the smallest one, the cells can be sorted out. And
then the first unclustered cell is chosen as the seed of a new cluster.

According to the total number of cells, we can determine the average number of cells
in a cluster, so that the total number of clusters will remain about 5000. In this way, the
size of each cluster is so small that it can be looked as a ‘f)oint”. On the other hand, it will
not take very long time to solve such kind of problem. ClusterSize is the average number

of cells in a cluster.

B

A = = As shown in Fig. 4, the current seed A is
B c )
N\ found down to its fanout elements and fan, and
E
—=  repeatedly adds the fanin elements into cluster A
Netl . .

OY until A reaches ClusterSize. The pseudocode of
Y Ej PI . . - . - p .
the timing—driven clustering algorithm TIMIX is

@x BEG

shown in Fig. 5.

According the primary netlist based on cells,
F1G. 4 Sketch Map of Timing=Driven Clustering . i .
the new netlist corresponding can be built up
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based on clusters. Generally speaking, the scale of the new netlist is much smaller than

that of the original one.

/% New TimingDriven Clustering Algorithm: TIMAX* /
Begin:
I. Form the weight of each nel:
2. Form the weight of each movable cell:
3. Sort the movable cell set CellList, o that the sequence of CellList will be from the biggest weight to the smallest
weight:
4. Determine ClusterSize which is the typical number of cells inside each cluster,
5. For each free cell Cc € CellList,
{ CurrentCells= { Cc}: nextClusters= NULL: CandidatedCells= NULL;
While (number of CurrentCells< ClusterSize)
[find all the fanin cells of CurrentCells, for each fanin cell Cin:
{If { Cin has not been clustered yet)
Add Cis into CandidateCells:
Else if ( Cin has already been clustered)
Add the Cluster in which Cin resides into nextClusters:
]
il (number of CurrentCells+ number of CandidateCells> = ClusterSize)
{ Create a new cluster with the cells inside CurrentCells and CandidateCells:
Break:
]
".I:‘iﬂ
[if{ There is no change with the sets CurrentCells. CandidateCells and NextCluster)
{ Create a new cluster with the cells inside CurrentCells and CandidateCells:
Break:
]
else
{Add all the cells inside CandidateCells into CurrentCells;

CandidateCells= NULL:

)

6. Construet new netList based on clusters.

FIG.5 Timing-Driven Clustering Algorithm TIMIX

3.2 Problem Formulation

In global optimization steps, a mathematical programming problem is derived and
solved. The solution is a global placement of clusters. The objective function is based on
nets” quadratic wire length model. For net n. its length is computed according to the fol-

lowing equation:

Li= D [(xi= x)+ (yi— y)7]

ijEn
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Since the number of clusters in a net is different, we assign a weight w. to net n.
Therefore, the objective is to minimize the sum of the weighted quadratic wirelength of all

nets:

(b: Z !_r nlll n

nEN
At the Ith partition level, the placement plane can be divided into 2 regions, each
containing a subset of clusters. Let F2denote the index set of regions. If r stand for a re-
gion, T is the set of clusters in r, and (ur, w) is the coordinate of the center of region r.
Since a cluster can reside in one region only, we use o denote the region where cluster

i resides in. Thus, for region r, there are two constraints on the global placement:

2« 2.y

PET €T,

= U

|l ="

| 7l
Combining the objective function with constraints, including the distribution con-
straints gi(x) =<0 and timing constraints d;(x) <0, we get a constrained quadratic pro-
gramming problem (LPQ):
min®d(x)
sujected to:
gi(x) <0,i= 01,2, r;
di(x) <0,7=0,1,2,*,m
3.3 Solution Method
Lagrange relaxation method is used to solve the LQP problem. According to Refer—
ence| 9] and [ 10], we can get the global optima:
x= Q' y= Qb

where the vectors x and y are the coordinates of the movable clusters to be placed. We al-

ter the format of above formula and use an iterative solution method Conjugate-Gradi-
ent(CG) method to solve this problem. To improve the condition number of matrix Q,
Preconditioned Conjugate-Gradient (PCG) method is often applied in practice, as can result
in an efficient solution.
3.4 Post-Processing

During all the previous steps, we compute the positions of elements in the form of
clusters instead of cells. T herefore, it’s time for us to recover the clusters into cells. Since
the coordinates of the cells within a cluster are exactly the same, there is a large overlap of
cells, which indicates the cells are assigned to slots arbitrarily. To eliminate or remove the
overlap, we propose a simple heuristic to determine the coordinates of cell Ci. Supposing

the positions of all the other cells which connect to Ciare fixed, we can get an optimal po—

sition of Ci. For Ci. the object function is :

Ly= 2 wil(xi= x)"+ (yi- )’

nEN  i#]

Let:
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Then we have:

xi= l Z wux;:‘ Z waln— 1)

nEN . iF) nEN iFf
) i
yi= l 2 wayj| | E waln—- 1)
nEN, i#Fj nENiFf

In this step, we apply this method to every cell recursively. The experimental results

show that it is very effective to eliminate and remove the overlap of cells.
4 Experimental Results

We have implemented our new timing-driven placement algorithm on ULTRA-
SPARC workstations in C language. To investigate the efficiency of our approach, we
tested it with two real sequential circuits from industry: TABLE (contains 4596 cells) and
DESIGN (contains 44283 cells). In this approach, under the condition of no timing con-
straints, results can be obtained either by conventional placement (CV) or by timing-driv-
en placement (TD). The experimental results are summarized in Table 2 and 3. k is a
penalty-adapter factor. It is shown that with our approach, the maximum path delay can
be cut down greatly, while the number of critical paths is reduced significantly. Although
the total wirelength increases slightly, it is less important than the timing delay, especial-
ly in the case of deep sub-micron crafts.

Table 2 Experimental Results of Circuit Table

k Algo. Wire/um R- time/s Max- Delay/ns Num. of CPs
cv 3690598 120. 33 0. 296739 10
o TD 3707684 186. 71 0. 156441 i
cv 4207182 116.99 0. 294378 76
2 TD 4150565 185. 48 0. 198632 4
cv 4541789 117.36 0. 218765 47
6 TD 4669711 189. 40 0. 166008 9

Table 3 Experimental Results of Circuit Design

k Algo. Wire/um R- time/s M ax- Delay/ns Num. of CPs
Cv 8270277 576.23 0. 30495619 81

0 TD 9989253 686.79 0. 14796367 49
Cv 9582777 582.33 0. 48153858 91

#0 TD 11701530 736. 83 0. 18628043 54

20 Cv 10248219 583.96 0. 32790500 78

TD 12697523 752.65 0. 18073445 55
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5 Conclusion

In this paper, new light has been thrown on the problem of timing-driven placement
in the delay tables. We first simplify and deduce a new timing delay model based on the
delay tables of fabricators; then form a non-inear programming to solve the placement
problem by making use of the new timing delay model. Our approach incorporates the
well-known quadratic placement with bottom-up clustering and slicing partitioning strate—

gy. The experimental results show that our method is very effective and efficient.
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