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ABSTRACT ent foundries as well. Automatic layout migration technology,

Layout migration has re-emerged as an important task due to theWhich can amortize the high development cost associated with

increasing use of library hard intellectual properties. While re- custom d_eS|gn across dlfferent foundries and processes, is there-
cent advances of migration tools have accommodated new met-fore cru0|_al fqr the sustained gr_owth of hard |Ps for the small,
rics, the underlying engine is based on the one-dimensional (1-D) @nd the viability of IP-based design for the large.

layout compaction algorithm, largely due to its efficiency com- LayouF migration has been_ studied decades ago as th_e layout
pared to its two-dimensional (2-D) counterpart. In this paper, we compaction pr_oblem. 'I_'here 1S, however, a re-emerging interest
propose a new method that can overcome the artificial constraintsOF New migration algorithms in order to a_ccommodate the Ueed
introduced by the 1-D compaction algorithm, thereby effectively °f New metrics [1, 2], the adherence to library layout architec-

achieving the quality of 2-D compaction, yet keeping the com- ture [3], the special treatment of analog IPs [4], and the new
putational cost almost as low as 1-D compaction. Our method challenges of complex design rules and resolution enhancement

is based on the application of soft constraints, or artificial con- (€chnologies [5]. In this paper, we revisit the subject of migra-

straints that are initially relaxed, and gradually tightened to be tion engine, which is crucial for the runtime efficiency of any

satisfied. We demonstrate the effectiveness of our approach by"€W migration framework. The migration engines, traditional or
successfully solving the difficult 1-D compaction instances we new, are formulated either as two successive one-dimensional (1-

found in the migration of Berkeley low power library, originally D) compaction problems (X direction followed by Y direction),

developed for 1.2um MOSIS process, into TSMC 0.25um and or one two-dimensional (2-D) compaction problem. The former
0.18um technology. is known for its speed and wide adoptance, but also poor layout

quality for some cases. The latter is known for its better quality,
but extremely long run time.
1. INTRODUCTION In this paper, we present a new technique such that the 2-D

It is generally felt that the complexity involved in systems-on- compaction quality can be achieved by iterative 1-D compaction.
chip (SOC) design can only be tamed by intellectual-property The key idea is to “soften” those constraints generated as arti-
(IP) based design, where the reuse of existing components is ad-facts of 1-D compaction — instead of hard constraints that must
vocated to boost design productivity. Two forms of IP are gener- be satisfied, they can be violated. During the iteration, these con-
ally used:soft IPs delivered in the form of synthesizable RTL, straints are gradually tightened, eventually leading to a feasible
andhard IPs delivered in the form of layout. Since soft IPs will  solution. Our experience indicates that for those hard instances
be re-synthesized by the SOC integrator for their chosen technol-we encounter with the traditional 1-D compaction strategy, the
ogy, they are favored for their portability. On the other hand, soft proposed method converge in only a few iterations.
IPs are only limited to digital logic and SOC is by nomeans only  The rest of the paper is organized as follows. We first review
asea of gates. In fact, 70% of the silicon area will be occupied by the related work in Section 2. We then describe our migration
hard IPs such as SRAMs, FIFOs, CAMSs, datapaths and analogframework in Section 3. In Section 4, we describe in detail how
front-ends, which are typically designed by abuttingeary of artificial constraints are treated. We give experimental results in
hand crafted cells. With custom layout design, hard IPs can be Section 5 before we draw conclusions.
delivered with higher performance and better predictability than
the soft IPs, and therefore less effort in the SOC integration.

The major bottleneck that prevents the wide adoption of hard 2. RELATED WORK
IPs is, as its name suggests, the dependency of layout on pro- Automatic layout migration was among the oldest CAD prob-
cess. The cost of initial custom layout design is already very lems investigated and a large body of research was carried out
high. This applies even to IPs such as standard cells, which areunder the layout compaction problem. A good survey of layout
used to be considered simple compared to other IP libraries. To- compaction can be found in [6] and [7]. The compaction method-
day’s standard cell libraries contain hundreds of cells with dif- ologies include: shear-line approach, virtual grid approach and
ferent functions and driving strengths. Most fabless companies constraint graph approach. Our migration tool extends the con-
choose to use libraries offered by hard IP companies precisely straint graph approach, which represents constraints only as dis-
because of the high cost associated with library development. tance inequalities, into general linear formula, which are needed
To make things worse, manufacturing processes are updated evin some occasions.
ery 18 month, each with a different set of design rules. This  The two-dimensional compaction problems were examined in [8,
makes the development cost of hard IPs too high even for hard 9, 10]. Proposed methods include zone-refining and simulated
IP vendors, since they have to offer different versions for differ- annealing. However, the zone-refining approach requires a rea-



sonably optimal layout to start with, while the simulated anneal-
ing method may requires a significant running time at each cool-
ing stage. Our migration method works directly on the original
layout to be migrated, and has a runtime comparable to 1-D com-
paction.

The geometric closeness objective functfon migration was
proposed in [2]. It is an extension to th@nimum perturbation
objective functiorproposed by [1]. The 1-D migration tool for
datapath layout with layout architecture considerations such as
routine grid, power line, and pitch matching was explored in [3].

3. MIGRATION FRAMEWORK

In this section, we describe our integer linear programming
(ILP) based migration framework. The migration engine of our Here, i andx; are the X coordinates of the right and left
tool assumes that the leaf cell layout is Manhattan. The migration edges of each rectangle in the layout. The const}#ﬂfsand
engine can therefore generate the migrated layout by determiningxﬁld are the X coordinates of the right and left edges of the cor-
new positions of horizontal and vertical edges of all geometries. responding rectangle in the original layout, as shown in Fig-
aclassical 1-D migration framework: itfirst migrates along the X and are counted in the geometric closeness calculation. This is
direction, or determining positions of vertical edges, and then the most conveniently achieved by using the corner-stitched layout

(@)

Figure 1: (a) Minimum area layout objective function. (b) Geomet-
ric closeness objective function.

Y direction, or determining positions of horizontal edges. With-
out loss of generality, in the discussion that follows, we assume
migration in the X direction only.

A constraint-based migrationof a leaf cell can be formulated
as an integer linear programming (ILP) problem:

minimize dx
subject to Ax> b
x>0

Herex is a vector of variables to be determined, and in the
simplest case would just be coordinates for all vertical edges.
Vectorso represent the coefficients win the objective function
of optimization. A is the constraints, each row of which repre-
sents coefficients ofin an inequality. Typically, an equality will
be in the formx; — x; > by, where the constat represents the
minimum distance between two edges.

The constraint generation is a key component of the migration
process. It discovers the relative position requirements between
layout edges coming from different sources. One source of con-
straints is imposed by thdesign rules The second source of
constraints is imposed Hyigh-level architectural requirements
which have to do with the global structure of the entire library,
rather than individual cells. This includes the routing track con-
straints, the power line constraints, the transistor size constraints
and the port matching constraints. The third source of constraints
unfortunately, arartificial. This is the primary reason that lay-
out generated by 1-D compaction is inferior to 2-D compaction.

l

We examine the sources of such constraints and elaborate our,

treatment in the next section.

The migrated layout is largely influenced by the choice of the
objective function. The traditional minimum area objective func-
tion is defined by

X — X 1)

wherex; is the X coordinate of the right most vertical edge in the
layout, andX is the X coordinate of left most vertical edge, as
illustrated in Figure 1 (a).

To preserve advanced design considerations in the original
layout, as argued earlier, we define a new objective function
called thegeometric closenesss follows:

> | (ki —xi) — (xp'd —xd

’
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representation [11].

To linearize, or to remove the absolute value computation in
(2), we use a method similar to [1] by introducing two variables
R andL; for each rectangle, such that (3) are introduced as con-
straints,

R > Xi—Xi
Ri 2 X?ild _ Xﬁld
L < Xi—X;
I—i S X?ild _ Xﬁld (3)
and the objective function is replaced by (4):
Y (R-Li) @)

4. SOFT CONSTRAINT BASED MIGRA-
TION

In the 1-D migration strategy, X direction and Y direction are
migrated separately, and artificial constraints are introduced to
ensure that there is no arbitrary movement of layout rectangles in
one direction when performing migration on the other direction.
However, these artificial constraints compromise the optimality
of the migrated layout. An improvement is to relax these con-
straints by introducing additional variables, calleldstic vari-
ables. With the elastic variables, the artificial constraints can be
violated under a controlled way.

In a corner-stitched representation, layout rectangles, called
tiles, are organized in different planes. Accordingly, design rules
are imposed between tiles within the same plane, caified-
planerules, and across different planes, calie@rplanerules.

In the 1-D migration framework, artificial constraints are intro-
duced for both intraplane rules, and interplane rules.

When migration is performed in the X direction, constraint
generation algorithm such as the depth-K shadowing closure [2]
is used. In such algorithm, constraints are generated according
to the relative position of tiles according to their Y coordinates.
When we proceed to migrate in the Y direction, these assump-
tions have to be preserved. Otherwise the solution along the X
direction will no longer be valid, or DRC-clean. For example, in
Figure 2, the following artificial constraints have to be generated
during the Y compaction.



ya—yr > O
Yib—Y» = O
Yib—VYa > 0.

Here for the ith tile,y;y denotes the Y coordinate of the top
edge, whileyy, denotes the Y coordinate of the bottom edge.

We relax these constraints by introducing three additional vari-
abless;, sp,s3 and rewrite the above constraints as follows

ya—Yyir > 0-s
Yib—Y3w > 0-%
Yib—VYan > 0—s3
s,...,88 > 0
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Figure 2: Intra plane artificial constraints.

Artificial constraints associated with interplane rules are sim-
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Figure 3: Interplane artificial constraints.

It is easy to see that if the value ©fis small, we practically
relax all the artificial constraints introduced and approximating
a 2-D migration. When the value & approaches infinity, re-
quiring all the elastic variableg to approach zero, the problem
becomes the same as the original 1-D migration.

To migration the cell with soft constraints, we adopted an it-
erative optimization procedure in which the value of the weight
factorC is adjusted at each iteration. Starting with small value
of C, the objective function described above and both the soft
and hard constraints are fed into a ILP solver and solutions for
each edge position are found. We migrate the cell based on the
solution. Next we check to see if the cell is free of design rule
violations. If so, we stop at this point, and return the migrated
cell. Otherwise, a new set of soft and hard constraints for the mi-
grated cell are derived in a similar manner for the original cell.
The value ofC in the objective function is updated with an ap-
propriate step size. The new objective functions and constraints
are again fed to ILP solvers to find solutions for next migration.
The entire procedure is repeated until the migrated layout is free
of design rule violations. The scheme for updatihgan affect
the optimality of the solution obtained. In our experiments, we

ilar, except that in this case, the source edge and the constraintused the following scheme:
area are on separate planes, which are migrated independently.

We therefore need two additional artificial constraints on the X
direction to ensure that the relative position of tiles in the con-
straint area to the source edge are kept. For example, in Fig-
ure 3, the two additional artificial constraints a¢gge— X1 >

0,X1r — Xedge=> 0, Wherexgqgedenotes the position of the source
edge Xy andx; denotes the left and right edge of tile 1 respec-
tively. Similarly, these constraints can be formulated as soft con-
straints as follows,

Xedge— X1 = —S1
Xir —Xedge = —
s > 0
$ > 0

We now consider how we can control the elastic variables so
that ultimately we can obtain DRC-clean layout. The idea is to
use the objective function. Our objective function is formulated
as

oTx+CZS,
1

Here the term o xis the same as the objective function of the
original one in 1-D migration. The ter@y; s accounts for the
contributions of soft constraints. Variablgsdenotes the elastic
variables introduced in generating soft constraints. The s€alar
is used as the weighting factor.

initial value C=0.001
1st iteration CcC=1
succeeding iterations Chew= 10%Cqg

5. EXPERIMENTAL RESULTS

To test the effectiveness of our tool, we apply our tool on
the low-power standard cell library and datapath library devel-
oped by Burd [12] at University of California, Berkeley. This
library was based on SCMOS 2 technology. The standard
cell library contains 94 cells, including gates performing com-
mon logic functions with different drive strength. The datapath
library contains 285 cells, including those to construct adders,
shifters, multiplexors and register files. Both libraries are silicon
proven and have been used at Berkeley for at least a dozen chips
(www.fags.org/fags/Isi-cad-fag/part4 ). Our tar-
geted processes are TSMC OB and TSMC 0.18m technolo-
gies. All cells are migrated successfully: they are all DRC clean
and do not require manual editing. All experiments are carried
out on a SUNBIade 100 system running at 500 MHZ.

5.1 Sample Layout

In this section we show sample migration results to demon-
strate the effectiveness of the proposed method.

We compare results generated by the regular 1-D framework
and our soft constraint based 2-D framework. Figure 4 (a) shows



the layout of thescantspcrcslcell in the library. Figure 4 (b) geometric closeness metric under the 2-D iterative framework.
and (c) show the migrated layout by the traditional 1-D frame- It can be observed that our solution is approximately 11% bet-
work and by our soft constraint based 2-D migration. The widths ter than minimum perturbation method in area, and only 7.5%
of metall that are noticeably stretched in the 1-D migration lay- worse than minimum area compaction, even though area is not
out. This is not the case for 2-D migration. In addition, several our primary optimization goal.

contact stretches observed in the 1-D migration are also avoided

in our method. 6. CONCLUSION

In conclusion, we have argued that the migration technology

is essential for the success of hard IPs in general, and library
IPs in particular. We identified the inherent problem of artifi-

cial constraints that arise in the popular 1-D migration frame-
work and proposed a solution based on iterative soft constraint
satisfaction. Based on our study, we conclude that the proposed
strategy is effective, as the difficult instances we encounter using
the classical 1-D framework can be solved, and efficient, as our
framework only needs a few iterations to converge, therefore has
comparable runtime to the 1-D framework.
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Figure 5: Migration of shcs1 cell.

(c) 2-D migration result

Figure 6: Migration of csamsbodd cell.

Table 1: Area results and 2-D/1-D comparison.

(c) 2-D migration result

Cell No. of (a) (b) (c) (d)
Name tiles GC change| GC layout change for soft constraint(X/Y) total GC change area
XIY iter 1 iter 2 iter 3 iter 4 XY orig MA MP GC 2D
cnttop 117 10/48 10/21 0/7 10/28 3040 | 2400 | 4000 | 4025 | 3864
csainbuf 192 57/237 38/110 23/23 0/93 61/226 6264 | 3744 | 8388 | 8424 | 7956
csalsbeven | 1053 759/3289 | 425/1709| 34/68 | 167/464 | 50/285 676/2526 14848 | 27963 | 27963 | 28548 | 25920
csamsbodd | 1180 920/4893 | 379/1708| 84/35 | 166/310 | 53/392 682/2445 14848 | 32370 | 32370 | 32370 | 24644
invs 166 227/57 36/53 154/2 8/0 198/55 2560 | 2142 | 2688 | 2814 | 2814
mux2 343 224/347 21/216 | 10/121 40/0 71/337 3584 | 4644 | 4816 | 4988 | 4930
mux2.csl 165 62/56 42/49 28/8 1/6 43/54 1680 | 1890 | 2030 | 2100 | 2065
mux2.cs2 167 61/66 41/54 28/13 2/6 43/60 1680 | 1995 | 2030 | 2100 | 2100
mux2.cs3 252 178/181 65/92 110/31 175/123 3080 | 3762 | 3828 | 3960 [ 3599
mux2.cs4 354 197/197 86/109 5/22 4/42 100/197 4368 | 5369 | 5369 | 5551 | 5349
nand2lp 226 171/161 46/110 | 101/24 147/134 2944 | 3196 | 3243 | 3196 | 3012
noror2lp 265 265/185 131/60 22/38 22/24 175/122 3392 | 4032 | 4032 | 4032 | 3920
or2blp 259 226/185 38/99 153/34 | 15/60 206/193 3136 | 3876 | 3876 | 3876 | 3876
f0 194 240/61 25/61 200/0 12/0 237/61 2688 | 2928 | 3072 | 3216 | 3016
scantspcesl 280 127/442 92/222 23/93 115/315 3204 | 5040 | 5040 | 5152 | 4692
shcsl 219 113/286 64/108 64/108 2840 | 3538 | 4118 | 4118 | 3692
shilbit 239 415/14 56/12 328/5 0/2 384/14 4544 | 3224 | 4615 | 4736 | 4736
shllend 221 410/38 55/13 328/15 0/16 383/29 4544 | 3286 | 4615 | 4736 | 4736
shlllsb 326 446/144 76/99 328/43 0/35 404/134 4544 | 4884 | 5254 | 5476 | 5024
tspcr 345 393/286 53/218 20/7 63/14 136/239 3392 | 4930 | 4930 | 4930 | 4731
Average 0.925 | 1.093 | 1.109 | 1.000




