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Abstract

In modern VLSI manufacturing processes, dummy fills are lyide
used to adjust local metal density in order to improve laywftor-
mity and yield optimization. However, the introduction ofaage
amount of dummy features also affects wire electrical pridgs

In this paper, we propose the first Coupling constrained Dymm
Fill (CDF) analysis algorithm which identifies feasible &ions for
dummiy fills such that the fill induced coupling capacitance loa
bounded within the given coupling threshold of each wirenseqf.
The algorithm also makes efforts to maximize ground dumntg; fil
which are more robust and predictable. The output of therigo
can be treated as the upper bound for dummy fill insertion,itand
can be easily adopted in density models to guide dummy fidlrins
tion without disturbing the existing design.

Category: B.7.2 [Integrated Circuits]: Design Aids - Place-
ment and routing; J.6 [Computer Applications]: ComputédeX
Engineering - Computer-aided design

Terms: Algorithms, Design

Keywords: dummy fills, coupling, CMP

1. Introduction

In modern VLSI manufacturing processes, foundries usually
guire an effective metal density to be satisfied in order tueae
layout uniformity and yield optimization. Dummy fills are aély
used to increase the density of sparse regions. In genayaiyt
density control consists of two phases: density analysis fain
synthesis. Density analysis is to decide the availabletipasi for
dummy fills. Fill synthesis computes the amount of dummy fea-
tures for each density window [1].

Most previous works [1, 2, 3, 4, 8, 9] focus on fill synthesisidA
none of these works consider the dummy fill coupling impacts o
neighboring wires. [5] formulated a performance impacttiéa fill
approach. But their model assumes that the dummy featuté wid
is much smaller than the spacing between two signal vdres.,

fills and the signal wire changes, the induced wire capacias

also different, varying from 3% to 10%. The large coupling im
pacts from dummiy fills definitely cannot be ignored.
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Figure 1: (a) Test structure: one signal wire is placed betne/o
power rails. Dummy fills are inserted around the signal w{i®.
Dummy fill introduced coupling capacitance on wires withfetif
ent widths. Nofill is the case without dummy fillsMin/Max is
the minimum/maximum capacitance increase that is intredxy
dummiy fills due to the different spacing between dummy filld an
the signal wire MW refers to the minimum wire width.

AMW

In this paper, we address the dummy fill density analysis-prob
lem, and propose the first Coupling constrained Dummy FIDEE
algorithm which identifies feasible locations for dummysfiduch
that the fillinduced coupling capacitance can be boundeumihe
given coupling threshold of each wire segment. The outpuuof
algorithm can be easily adopted in density models for filltbgn
sis. For example, the CMP density calculation in [1, 2, 3,,89]8
require that the upper bound of dummy fills for each window tmus
be given. Based on a CDF solution, it is very easy to derive the
maximum amount of dummy fills in each window. Furthermore,

w << d. Based on this assumption, they derived the capacitance our algorithm outlines the dummy fill regions such that nopimg

formulas that are only related to the distance of two wires, @-
tally ignore the spacing between dummy fills and wires. Havev
the dummy fill induced coupling capacitance is tightly rethto
the distance between dummy fills and wires. Furthermoreheén t
current technologyw << d does not hold at all! For example, in
one foundry, the width of a floating metal fill shape on a metgét
can be four and a half times of the minimum spacing of that meta
level. Figure 1 shows the dummy fill impacts on wire capaciéan
The simulation is based on the test structure in Figure I(@%im

violations will be introduced as long as dummy fills are itsdr
in those regions. This allows different dummy fill patterosbe
applied.

The dummy fills can either be connected to ground or be left
floating. Both types are supported and adopted [11] in thasnd
try. Overall, the coupling capacitance of floating dummygfiél less
than that of ground fills. Thus we are expected to get eveetaar
pacitance increase from ground fills. On the other hand,rgtdills
are more robust and predictable. They can be used for ndesle-sh

technology node. One signal wire is placed between two power ing, and avoid fill induced uncertain floating voltage. Ttliere,

rails. The dummy features, which are floating metal squaes,
inserted around the signal wire. When the spacing betweemgu

ground dummy fills are still favored over floating dummy filkaur-
thermore, ground fills can help to reduce the IR-drop of thegyo



distribution network [7]. In our algorithm, we also makeaett to is long enough to cross the power rail pair, the allowableisga

maximize locations for ground fills. betweery, andS; is not enough to hold a ground fill. Still a floating
For the rest of the paper, we first give the formal formulation fill is inserted.

of the CDF problem in Section 2. In Section 3, we present the

CDF algorithm to identify feasible ground/floating dummy fib- 3. CDF A|gorithm

sitions with capacitive coupling constraints. The aldunitfirst lo-

cates dummy fill regions using ILP formulations. Then it cédtes

the maximum ground dummy fills that can be inserted. The exact

ground/floating fill locations are determined by a dynamagpam-

The whole flow of the CDF algorithm can be summarized as fol-

Algorithm CDF

. . o i 1. Build the coupling capacitance lookup table;
ming based algorithm that maximizes the total amount of ifigat 2. Slice the IayoFl)Jt ir?to srl)otS' P
?umzwy flltljs;s \;yeII.SThe eTp;rlmEntal results are presem&ei- 3. Identify dummy fill regions for each slot;
lon 4, and Section 5 concludes the paper. 4. Determine ground/floating fill locations;

2. Problem Formulatlon The output is the feasible locations for ground/floating dym
The dummy fills are metal tiles, and they are to be insertetién t  fj||s satisfying the coupling constraints. It can be treasedthe
empty space among signal wires. Since ground dummy fills need ypper bound for fill synthesis with the guarantee that no ogp
connection to power grids on upper/lower layers, their iahd violations will be introduced as long as dummy fills are pthoa
pitch are usually larger than those of the floating dummy. fills- these locations. Without loss of generality, we assumeathatire

sume the half width of a ground fill isy and the spacing between  segments are horizontal, and dummy fills are horizontal intitga
two ground fills issy. Letws andss be the half width and spac- 55 well.

ing of floating dummy fills, respectively. The spacing betwee ] )
ground dummy fill and a floating dummy fill is alsg. 3.1 Coupling Capacitance Lookup Table

Given a routing solutiork on layerL, there areN signal wire In general, each segment has the coupling effect on all ctbgr
segmentss, ..., Sy. For each wire segmei§, it has a coupling ments. However, the coupling capacitance decreases dcathat
thresholdC;. The dummy fills are inserted in the empty space with if the segment is out of the neighborhood of the other segfiént
the following constraints: 12]. Therefore, we only consider the capacitive couplingveen

two neighboring parallel wires and suppose the neighbatltbg-
1. The spacing between a dummy feature and a signal wire mustgnce isD. Then the capacitive coupling between two segments can

be larger than the min-spacing requirement be expressed in the following formula:
2. The spacing between two dummy features (ground or float- a- # d<D
ing) should satisfy the given spacing requirements. c= { 0 d>D

3. If the total capacitive coupling of after inserting dummy  whereq is the coupling paramete,is an experimentally estimated
fillsis ¢, thenc; < G;. constant [10]L is the coupling length, ardlis the distance between
two segments.
Although the behavior of floating dummy fills is less predidéa
the above formula can totally bound their coupling impattsere-
fore, we apply this model for all coupling calculations.
Got To speed up execution, we build up a lookup table. For each
Sl entry, it records the distance of two wires and the corregipon
unit length coupling capacitance. Then the coupling betwe®
wires can be calculated in constant time.

3.2 Slot Partition

Since the coupling capacitance is closely related to theloay
length between two wires, we first slice the whole layouticaty
according tax coordinates of the end points of each wire segment.
As shown in Figure 3, the layout is partitioned into 5 slotst €ach
slot, the wire distribution may be different, and it dirgctffects
dummy fill insertion. Therefore, our dummy fill insertion atiegy
Figure 2: A dummy fill solution for a CDF problem. is to insert dummies slot by slot. This slicing step can belyeas

achieved by sorting coordinates of all end points, and the running

Figure 2 shows an example. In this example, there are 5 wire time is bounded b¥D(NIlogN).

Our target is to identify as many as possible feasible posstior
ground dummy fills. At the same time, maximize floating filléns
tion as well.

segments5;, $, S3, &, andSs. dg anddg, are ground fills, while Once the layout is partitioned into slots, the capacitiveptiong
dsi (i =1,...,9) are floating fills. Sinces; has a tight coupling threshold of each wire segment is redistributed accordingst
bound, dummy fills have to be placed far frén The power rail length in each slot, i.e., if the length of wire segménts L, and

pair is on the lower layer. Faly anddg, they can be connected  the slot length id/, then the capacitive coupling thresholdSfin
to Gnq. Therefore, they are inserted as ground fills. Althodgh the given slot i<C; * (L{/L;). Without confusion, we still us€; to
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Figure 3: The illustration of layout slicing.

represent the coupling threshold$fin the given slot.

For some positions, we know clearly whether dummy fills can
be inserted or not. Therefore, we can further partition tbeisto
smaller pieces, and solve the dummy fill insertion problenetxh
slot piece independently. Since the dummy fill insertiondnfeslot
piece has no impact on other slot pieces, the quality of ttz fiilh
solution is guaranteed.
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Figure 4: Three cases for slot partition

There are three cases as shown in Figure 4.

Case A: There is no feasible position between two wgeandS 1,
i.e., the spacing betweé&handS, 1 is less than 2w; +2-s.
Then no dummy fills can be inserted betwegrand S, 1.
Therefore, the dummy fill insertion abo& has no impacts
on the fill solution belowg 1. We can safely divide the slot
into two parts: a slot piece abo& and a slot piece below

S+1-

Case B: If there is no coupling constraint §pthen dummy fills can
be inserted aroun§ as long as the min-spacing requirement
is satisfied. Therefore, we can apply the dummy fill insertion
algorithm for the slot piece abo\& and the slot piece below
S separately.

Case C: If the spacing betwe&nandS; is larger than 2D +2- ws,
then at least one dummy fill can be inserted. As shown in

Figure 4 (Case C), the middle cyan region can hold at least

one dummy fill. The spacing betwe®pand§ is D, and the
spacing betweeR, andS 1 is alsoD. If |Pp—Py| > wj,
the piece betweeR, andP; is safe for dummy insertion, and
the dummy fill insertion abov®; is independent of the fill
insertion belowP,. Therefore, we only need to process two
slot pieces: the piece abof and the piece beloW,.

three cases help to control the number of wires in each sbatepi
within a reasonable range. This greatly reduces the probkiee
and speeds up the execution. For convenience, we also refer a
piece as a slot since the dummy fill algorithm is applied orheac
slot piece independently.

3.3 Dummy Fill Region Identification

In this section, we identify dummy fill regions for the givelots
subject to the coupling capacitance constraints. We finditiom

the slot into FillRegions which covers all possible positidor the
dummy insertion. Then an optimal ILP based algorithm is psaul

to maximize effective dummy fill regions assuming that eaith F
Region has at least one dummy fill assigned. Next, we extemd th
algorithm to allow no fills in some FillRegions.

3.3.1 FillRegion
Suppose there arawire segmentsy, ..., Sy in the given slot. The
slot width isL. For each wire segmefy, lety; be they coordinate
of the center linew; be the half width of the segment, a be
the coupling threshold. Also defirp = {/aL /Ci, which specifies
the minimum spacing between the dummy fills & despect to the
given coupling threshold.

For convenience, we let the region between two wire segments
S andS;1 (i=1,...,m—1) beR. The region abové&; is Ry, and
Rm is the region belov&y,. For each regiof®; (i =1,...,m—1), its
FillRegion is defined a$vi,Ui] = [Yi+1+Wi+1+ws +max{di;1,s},
yi —w; —ws —max{d;,s}] since the spacing between a dummy fill
and a wire segment must satisfy both coupling constraintnaine
spacing constraint. So the FillRegion sizeijis= Uj —V; + 1. This
bound covers all feasible locations for dummiy fills, but nbpa-
sitions are valid to insert dummies due to the coupling cairds.
Similar rules apply foRy andRy,. For convenience, we also refer
R to the FillRegion ofR;.
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Figure 5: (a) The slot piece includes two wire segmé&tandS,.

In Ry, two dummy fills can be inserted as denotedRyyand P,
andR; can hold five dummy fills. (b) When two dummy features
are inserted irRg, no fills can be placed iR; since the coupling
betweenP, and S; has reached the coupling thresholdSf (c)
Only Py is used for dummy insertion iRy. 4 dummy fills can be
inserted inR;.

If we arbitrarily assign dummy fills into the FillRegions,eth
amount of inserted fills may be limited. Figure 5 gives an exam
ple. In Figure 5 (a), there are two signal wire segméhtandS,.

In Ry, two dummy fills can be inserted as denotedandP,. Ry

Combining these three cases, we can cut a slot into smaller can hold five dummy features. If two dummy features are iesert

pieces, and identify dummy fill regions for each slot piecpase
rately. For high denisty region, Case A helps to slice a sitd i
smaller pieces; for low density region, Case C can be applibdse

in Ry as shown in Figure 5 (b), they consume all the coupling bud-
get of §;, and no dummies can be inserted witRp On the other
hand, if only one dummy is inserted Ry as shown in Figure 5



(c), four dummy fills can be placed iR;. Therefore, three more
dummies can be inserted than the solution in Figure 5 (b).

3.3.2 Optimal Dummy Fill Region Generation

In this section, we present an optimal algorithm to maxinitze
total effective regions for dummy fill insertion. The algbrn iden-
tifies dummy fill regions from FillRegions such that no cafigei
coupling violations are introduced if dummy fills are ingettin
those regions. At the same time, the total dummy fill regiaes a
maximized. The algorithm is based on the ILP formulation. We
assume that at least one dummy feature is to be inserted im eac
FillRegion. In the next section, we will extend our ILP forkation

to allow no-fills in some FillRegions.

For each wire segmeig (i = 1,...,m), two sets of variableX;
andY; are createdX = {Xi1,....Xir, ,} andY; = {yi1,Vi2, .-, ¥ir; }-
The values ok;j andyjk are either 0 or 1. To facilitate expression,
two auxiliary variable§; andB; are used for eac§. The following
is the ILP formulation to identify maximum dummy fill regians

m-1

min{T; + _Z(Bi +Ti+1) +Bm}

subject to:

X1+ ..+ X, =1; ie[l,m (1)
Vit +..+Yirn, =1, ie[l,m (2)
T=1X1+2X2+...+r_1-Xr, , — 1, ie[l,m) (3)
Bi=1¥a1+2-Yio+...+ri Vi —1 ie[l,m (4)
Bia+Ti<rii _ ie2m (5
ZE':ll Pij-Xij+ Y Gk Yk <Ci+d t+d™h ie[Lm  (6)

Xij=0,1; ie[lm] i €Lriz1];

Yik =0,1; i€ [1,m]; ke [Lri];

xij refers to thejth position aboves, andy;, represents thith
position belowS. If x; = 1, it means that th¢'" position and its
above positions are selected. Therefore, only one valug @in
be 1. Equation (1) expresses this constraint. Similarly,if= 1,
it means thek" position and positions below it are selected. Still
only one value ofy, can be 1, and Equation (2) is used to bound
the constraint.

Ti means how many positions from the bottomRpf; are not
used, andB;_; means how many positions from the topRyf 1 are
not used. Therefore, the total number of unused positioosldh
be less than the total positions in the regiyn;. This constraint is
expressed by Equation (5).

Finally, Equation (6) describes the coupling constraineanh
wire segment. The capacitive coupling between any two given
positions can be easily derived from the lookup table. d:!,éf'
(i=2,...,m) be the coupling capacitance betwegmndS_1. For
convenience, sefl’ =0. Similarly, ci*l (i=1,...m—1)is the ca-
pacitive coupling betwee§ andS, 1, andc&1+1 = 0. Also letp;j
be the coupling capacitance betwegnandS, andgy is the cou-
pling capacitive betweey andS. Z?:ll pij - Xij is the coupling ca-
pacitance betweef and the dummy fill right above igﬂzl ik - Yik
is the coupling capacitance betwegrand the dummy fill right be-
low it. Due to the dummy fill insertion, the capacitive coungji
between §, S_1) and §, S.1) is blocked, and the total coupling
on § is adjusted accordingly.

Obviously, our target is to maximize dummy fill regions, ite.
minimize the number of unused positions, which is expreasdte
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Figure 6: (a) The slot includes three wire segmeitsS,, andSs.
For each position in the FillRegion, it is associated withiafales
Xij and/oryjx. (b) A dummy fill solution from an ILP solution with
X12 = X23= X33 =1 andy;o = yo1 =Yy32 = 1.

sum of T; andB;.

Figure 6 shows an example with three wire segmé&nt$&, and
S. The green areas are the FillRegions. For each positionein th
FillRegions, itis associated wit; and/oryj, accordingly as shown
in Figure 6 (a). Figure 6 (b) gives the dummy fill region saduti
whenxgz = Xp3 = X33 =1 andyi1o = yo1 = y32 = 1.

3.3.3 General Dummy Fill Region Generation

P R P

Pop----oommomoomeeo oo

Sz

) Papeeee e P3

(@ (b) (©

Figure 7. (a)Py, P, and P; are feasible positions to insert dum-
mies. (b) When a dummy is inserted Bs) the introduced coupling
capacitance on botf; andS, reaches the coupling thresholds of
S andS,. No dummies can be inserted & and P;. (c) Two

dummies can be inserted & andP3; whenP; is left empty.

In the above section, we assume that each FillRegion haasit le
one dummy inserted. However, in order to maintain couplioig-c
straints and maximize the amount of inserted dummies, hbtlal
Regions can get one dummy assigned. Figure 7 shows an example
In Figure 7 (a), there is one feasible positiBs betweenS; and
S. If one dummy is inserted oR, as shown in Figure 7 (b), it
consumes the coupling budget of b@&hand S, and no fills can
be placed orP; andP3. On the other hand, two dummies can be
placed onP; andP3 whenP; is not used as illustrated in Figure 7
(c). Therefore, we can insert one more dummy in Figure 7 (c).

On the other hand, even density distribution is stronglyepred
for yield improvement and design overhead reduction. Ifdhe a



FillRegion between two wires, it means that the spacing betw
two wires is large and it is desirable to insert dummies farsity
uniformity. Therefore, we introduce a no-fill weight If a FillRe-
gion has no fills inserted, we add a penalty in the objectinetion
to discourage the large empty space between two wires. Eljs h
to balance the two requests of maintaining coupling coimtg-and
maximizing dummy fills.

Based on the ILP formulation in the previous section, we add
two more variables;p andyjo for eachS. Whenxjg = 1, it means
no fills are inserted in the regidR _;. Whenyig = 1, it means no
fills are inserted ifk;. Then we extend the previous ILP formulation
for the general dummy fill region generation.

m-1 m

min{[Ty + Zi (Bi+Tit1) +Bm] +A- (Ymo + _Zixio)}

subject to:
X0 +Xi1 + ... +Xir,_, =15 ied,m (1)
Yio+Yirt.-+Yin =1 ielm (2
T =1-X1+2-Xo+...+Tli—1-Xr, , — 1, ielm (3
Bi=1Yi1+2-Yig+...+ri-Yir, —1; ic[Lm (4
Bi1+Ti<ri_1; ie2zm (5
L IRTED L PEPE
(1-%0)- ¢ *+(1-yio)- ™ +C;  ie[Lm (6)
Yi-10+X1+ - +Xir , =1 ie2m (7)
XitnotYir+..+Yir =1 ie[l,m-1] (8)
Xij=0,1; ie1,m] j€[0ri_q]
Yik=0,1; ie[l,m ke [0,ri]

Compared to the ILP formulation in the previous sectian,
(Ymo + S0 X0) are added in the objective function to penalize
the FillRegions without dummy fills. In Equations (1) and,(2)
Xio andyijo are added, respectively, so that both cases (with-fills
and without-fills) are covered. Equations (3), (4) and (% Lot
changed. Equation (6) is adjusted to include the situatimh shat
no fills are inserted in the FillRegions above/bel§wMeanwhile,
if the FillRegionR; has no fills, bothx 1) andyio should be 1.
Therefore, two more equations (7) and (8) are used to fqf¢e)o
andyip to be 1 at the same time. This ILP formulation accurately
describes the coupling constraints and can produce dumimg-fil
gion solutions that balance both the maximum fills and thesitgn
uniformity.

3.4 Dummy Fill Insertion

Once we identify the dummy fill regions, we need specify the ex
act dummy fill locations. Furthermore, for each dummy fill re-
gion, they can be used for either floating fills or ground fi8&ce
ground fills are favored over floating fills for their reliabjl and
predictability, we should insert as many ground fills as fssIn
this section, we first calculate the maximum amount of theigdo
fills that can be inserted in the dummy fill regions. Then weppse

a dynamic programming based algorithm to decide the posifior
both ground fills and floating fills. The algorithm also maxies
the insertion of floating dummy fills.

3.4.1 Ground Dummy Fill Estimation
Ground dummies usually have a larger width and spacing, e t
must connect to power rails. Figure 8 (a) shows an example wit

4 slots. The regions; (i = 1,...,9) are the dummy fill regions
obtained by our dummy fill region generation algorithms. 2O
SLOT3 and SLOT4 cover a pair @nds. As illustrated in Figure

8 (b), two ground fillsdy; anddg, are inserted going throughs,

Fs and Fg. Although d¢s can reach both twénds, the width of
F4, Fs andFg is not enough to hold one ground fill. For the rest of
the dummy fill areas, they are used for floating dummy fdis (...,
dts).

“

Fs

53

SLOT1 SLOT2 SLOT1 SLOT2 SLOT3 SLOT4

(@ (b)

Figure 8: (&), ...,Fg are dummy fill regions obtained from the ILP
dummy fill region generation algorithm. (b) Dummy fill soloi
with floating fills and ground fills.

SLOT3 SLOT4

For each position in the region outlined by a pair of powelsrai
if it is fully covered by dummy fill regions, the position isédsible
for ground fill insertion. As shown in Figure 9 (a), there abe s
dummy fill regions within twoGnds. Two regionsG; andG, can
be used for ground fills.

Gnd Gnd Gnd Gnd
! | ! |
F2 F | E Fa | G1
F1 Fs | F1 Fs |
Fs Fs
Fe Ea Gz
I T I T

SLOT1 SLOT2

CY

SLOT3 SLOT1 SLOT2

(b)

SLOT3

Figure 9: (a) There are 6 dummy fill regions between Grals.
(b) G1 andG; can be used for ground fill insertion.

For each ground fill region, suppose its heightligHg > 2-
Wg). Then the maximum number of ground fills in this region is
[(Hg—2-Wg)/(2-Wg+55)] +1.

Although the number of ground fills can be determined very eas
ily, the exact locations of ground fills have large impactgloating
fills. Figure 10 shows an example. In Figure 10 (a), the regian
lined by blue lines can insert two ground fills. If the grourits fare
placed as Figure 10 (b), no floating fills can be inserteB;inOn
the other hand, if the two ground fills are placed as Figurec]O (
d¢; can be inserted.

This tells us that the ground fill locations have large impact
on floating fill assignment. Therefore, we propose the falhgwy
dynamic programming based algorithm to determine dummy fill
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SLOT3

Figure 10: (a) Two ground fills can be inserted in the regiattiroed
by blue lines. (b) No floating fills can be insertedFp. (c) A
floating fill d¢1 can be placed if;.

positions so that the number of floating fills can be maximiasd
well.

3.4.2 Dummy Fill Position Calculation

AR — Y o
Hi| G B —
] Ty 1 +(He-Hy)
yi Sy % ¢

@ (b ©

Figure 11: (a)G is a ground fill region with a heightly. (b) B
represents the area occupied by ground fills. (c) The bottdye e
of regionBin G.

If the ground fills are packed tightly, i.e., the ground fillea
placed with minimum ground fill spacing;, then more room is
left for floating fills. Therefore, we group the ground fillg&ther,
and treat them as a whole. In Figure 11 @)epresents a ground
fill region with a heightHg. y; andy, are they coordinates of the
bottom and upper edges Gf respectively. Suppose the number of
ground fills inserted irG is Ng, and letB represent the total area
occupied by ground fills. The height &is H, = (Ng—1) - (2-

Wg + &) +2-Wg. Therefore, they coordinate of the bottom edge
of B varies within the rangd@ = [y;,y1 + (Hg — Hp)] as illustrated

in Figure 11 (b) and (c). Obviouslylg — Hy < 2xwg +sg. If
the position ofB is fixed, then we can calculate how many floating

can get the maximum number of floating fills. Once the positioi
ground fills are settled, the floating fill positions can besdetned
easily.
Algorithm Fill _Position
Initialize Rec and Pre;
For each position pin Ty
Rec[1][p] = number of floating fills within [0, p— sg];

For each position pin T
For each position qin T;_3
fills = number of floating fills
within [d+Hy(i_1) +Sg. P—Sgl;

1
2
3
4.
5. Fori=2tom
6
7
8
9
9 if(fills + Recf[i-1][q] > Rec[i][p])

10. then Recli][p] = fills + Rec[i-1][q];
11. Pre[illp] = q;
12.

13. maxfills = 0;

14. For each position pin Ty

15.  fills = number of floating fills within [p+ Hpi + g, Y];
16.  if(maxfills < fills + Rec[m][p])

17. then maxfills = fills + Rec[m][p];

18. maxpre = p;

In the FP algorithm, we need to calculate the number of flgatin
fills in the given ranggQ,P]. So we need to check ea¢h. If
F have no intersection witliQ,P], then no floating fills will be
inserted inQ, P] from F;. Otherwise, we have four cases as shown
in Figure 12. Suppose thecoordinates of the bottom and upper
edges of; areyy; andys,;, respectively.

—ys [ P
P & !
B
F1 ﬂyﬂ yis Fa
yu F2
Q Gi

\_/ylz Y

Figure 12: Four cases for floating dummy fill calculation

fills can be inserted. This motivates us for the following agric = Case 1: The whole dummy fill regidf is within [Q, P], i.e.,Q < yj;

programming based dummy fill insertion algorithm.

FP (Fill Position) Problem Between a pair o6Gnds, there are
n dummy fill regionskFy, ..., Fy, andm ground fills regionGy, ...,
Gm. Assume the ground fills occupy a regiBnin G;. Suppose the
height ofG;j is Hgj, and itsy coordinate of the bottom edgeyg.
The height ofB; is Hyj, and itsy coordinate of the bottom edge is
Vpi- The target is to determine the valuesygf so as to maximize
the number of floating dummy fills.

Without loss of generality, suppose theoordinate of the whole
region is[0, Y]. Also letT; = [yg;, Ygi + (Hgi — Hbi)], which specifies
all the possible positions of the bottom edgeBaf

andyy < P. If yp5 —yp; > 2-wg, then the total number of
floating fills in F is [(y2i —y1 —2-ws)/(2-ws +5¢)] + 1.
Otherwise, no fills can be inserted. One exampl&;isn
Figure 12. ForF1, Q < y11 andy,1 < P, and the floating fill
insertion inF; is totally determined by1; andy»;.

Case 2: The dummy fill regioR; is partially within [Q,P] such that

yii < QandQ <yy < P. If yp; —Q > 2wy, then the total
number of floating fills inF is [(y; — Q—2-wj;)/(2-wi +
sf)] + 1. Otherwise, no fills can be inserteh in Figure 12
gives an example.

Our approach is to scan the ground fill regions from bottom te&Case 3: Similar to Case 2. The dummy fill regigris partially within

top (i.e., fromG;y to Gy). For each position ifj, we calculate
the maximum floating fills that can be inserted below it, arabre
the values in a two-dimension arr&gc. We also use another two-
dimension arrayre for tracing purpose. After processi@y,, we

[Q,P] with Q < yj; <P andP <yy. If P—yy; > 2-wy,
then the total number of floating fills i is [(P—y3; —2-
wi)/(2-ws +s¢)] + 1. Otherwise, no fills can be inserted.
F3 in Figure 12 shows an example.



Table 1: Test Results

File Layout Wire Wire Orginal | CPU Violations Max-Density Ave-Density
Area(un?) Segs | Cons.| MaxDens| Time || NoCap| CDF || NoCap | CDF Diff NoCap | CDF Diff
Testl| 483.8x441.4 | 1405 | 1079 | 12.95% 1s 563 0 49.74% | 49.74% | 0.00% || 44.81% | 39.85% | 4.96%
Test2 || 4654.0x4660.4f 6370 | 4437 | 23.36% 2s 2209 0 50.37% | 50.01% | 0.36% || 48.41% | 47.46% | 0.95%
Test3|| 438.2x437.4 | 8670 | 5694 | 11.73% 2s 4528 0 49.18% | 49.14% | 0.04% || 42.99% | 37.63% | 5.36%
Test4 || 4660.4x4682.8| 17594 | 12241 | 23.06% 9s 6033 0 50.14% | 50.13% | 0.01% || 47.99% | 46.27% | 1.72%
Test5 || 1478.0x1497.2] 29936 | 21953 | 24.25% | 10s || 13988 | O 50.37% | 49.68% | 0.69% || 45.87% | 37.03% | 8.84%
Test6 || 7548.8x7467.2) 44078 | 32378 | 24.61% | 40s 6257 0 51.49%| 50.26% | 1.23% || 48.10% | 45.99% | 2.11%
Test7 || 1479.5x1497.0| 53082 | 31569 | 19.89% | 12s || 22355 | O 50.09% | 50.09% | 0.00% || 46.73% | 44.89% | 1.84%
Test8 || 4683.8x4683.4] 58169 | 42889 | 23.86% | 108s | 25229 0 50.47% | 49.74% | 0.67% || 47.94% | 40.95% | 6.99%
Test9 || 7477.2x7550.4] 119490| 84971 | 24.72% | 209s || 30529 0 53.36% | 51.16% | 2.20% || 49.11% | 44.53% | 4.58%

Case 4: The dummy fill regioR fully covers[Q,P],i.e.,y;; < Qand
P <yy. If P—Q > 2-wjs, then the total number of floating
fillsin Fis [(P—Q—2-wf)/(2-wi +5¢)] + 1. Otherwise,
no fills can be insertedz, in Figure 12 is an example.

For eachF;, the number of floating fills can be calculated in
constant time. In the FP algorithily, < 2-wg + 5. Therefore, the
total running time of FP algorithm can be bounded®iyn-n-T?2),
whereT = 2-wg + 5.

4. Experimental Results

Our algorithm was implemented in C on a linux workstatior3@Hz).
We use GLPK (GNU Linear Programming Kit) as our ILP solver.
The test cases are derived from the industry designs andothe ¢
pling thresholds are generated randomly. Set the dummypfit-s
ing be the same as as the fill width, i.e: W& = s; and 2 wg = sg.
The density window size is set asu?d. Table 1 shows the results
of the nine test cases. “Wire Segs” is the total number of aég
ments in each test case. “Wire Cons.” is the number of wiréls wi
coupling constraints. “Original MaxDens” is the maximummee
sity of all the density windows before fill insertion. For tie test
cases, the CDF algorithm can find feasible positions for dymm
fills within a short time. We compared our results with the-fill
ing results without considering coupling constraints. fwCap”,
dummiy fills are inserted in the empty space as long as thegfgati
the spacing rules. Using our algorithm, the maximum deritiie
final postfill layouts is around 50% for all the test cases. Garad
with NoCap, the final maximum density and average density are
pretty close, which means that our algorithm can identifsfble
fill locations very effeciently. A small density gap (both xiraum
density and average density) between CDF and NoCap exisis. T
is caused by wire patterns and coupling constraints. Howese
shown in NoCap, when the coupling constraints are not censitl
during dummy fill insertions, the dummy fill induced couplingy
make the total coupling on wires exceed the given threshakl.
shown in Table 1, “Violations” is the number of wires whos&ato
capacitive coupling is larger than the given threshold. &bthe
test cases, if the dummy fills are inserted regardless thpliogu
constraints, a large number of wires have coupling viotetio

5. Conclusion

In this paper, we present the first dummy fill density analgis
gorithm which takes coupling impacts into consideratiome &l-
gorithm also makes efforts to maximize ground dummiy fillsicluh

are more robust and predictable. The output of the algorghmbe
treated as the upper limit of dummy fill insertion, and it candas-
ily adopted in density models to guide dummy fill insertioriheiut
disturbing the existing design. Furthermore, our algonithutlines
the dummy fill regions such that no coupling violations wi! im-
troduced if dummy fills are inserted in those regions. Thieves
different dummy fill patterns to be applied.
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