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Pseudopin Assignment with Crosstalk Noise Control

Chin-Chih Chang and Jason Caorigllow, IEEE

Abstract—This paper presents a new pseudopin assignment during detailed routing can be accurate, the freedom to control
(PPA) algorithm with crosstalk noise controin multilayer gridless crosstalk noise is restricted. On the other hand, although
general-area routing We propose a two-step approach that c osstalk noise control in global routing may have more flexi-

considers obstacles and minimizes the weighted sum of total wire bility. th timati th te without detailed
length and the estimated number of vias under crosstalk noise lity, the estimations can not be very accurate without aetaile

constraints. We test our algorithms on a set of MCM examples and Considerations on wire ordering, spacing, and the complications
a set of standard-cell examples. Without crosstalk noise control from obstacles and gridless layouts. In [26], crosstalk noise is
in PPA, the average noise in the MCM test cases after detailed considered in a pseudopirassignment step. Their algorithm

routing is 0.13-0.22Vpp with up to 11% of nets larger than 0.3 hserts pseudopins on each boundary one by one with a priority

Vbp. However, if the noise constraint of each netis setto 08pp deri d th f | fi lqorithm t
in PPA, the average noise in each case reduces to 0.11-0¥5, O'C€rNg and then periorms a space relaxation aigorithm 1o

(15%-31% reduction) with no crosstalk noise violations. Most of further separate pseudopins. Their greedy algorithm may lack
the nets in our standard-cell test cases do not have noise problems.a global view to align the pseudopins of the same nets.
Our PPA algorithms still give better noise distributions and have In this paper, we propose a new PPA algorithm to control the
1%-10% noise reduction on the global nets in these standard-cell o 4gsta1k noise and minimize a weighted sum of the number of
test cases. Even without ripup and reroute, the detailed routing . - . . ; -
completion rate is 93%-99% and the average vias per net is only V1aS and wire length in multilayer g_ndless ge.nerall area routing.
0.7—1.4 for our MCM test cases and 1.0-1.7 for our standard-cell Our algorithm takes the obstacles into consideration by decom-
test cases. posing the tile boundaries into intervals and then solves the PPA
Index Terms—Deep submicrometer, gridless routing, noise anal- prob]em in two steps: cogrse pseudopin assignment (CPPA) and
ysis, routing. detailed pseudopin assignment (DPPA). In CPPA, each pseu-
dopin is estimated with a crosstalk-safe spacing from its noise
constraint and assigned to an interval. Our CPPA algorithms are
efficient graph routing algorithms that minimize the weighted
N A TYPICAL hierarchical routing system, a global routeisum of wire length and vias. They also ensure that every interval
determines wirings in a rough scale (in terms of routingas enough space for all the pseudopins assigned to it. In DPPA,
regions) and a detailed router determines the exact wiringdch pseudopin is assigned to an exact location and crosstalk
within each routing region. In order to build a bridge betweemoise constraints must be satisfied. Our DPPA algorithm de-
global routing and detailed routing, we need to determiriermines pseudopin ordering and then aligns pseudopins of the
the wire crossing locations on the region boundaries. A wisame net under crosstalk constraints.
crossing point is called pseudopirin this paper. The problem
of determining the pseudopin locations is called the PPA Il. PROBLEM FORMULATION

(PPA.) problem. Because PPA determines the wire ordering ‘.':mC{Ne are interested in the PPA problem for a multilayer gridless
spacing to a large extent, it can be used effectively for wire

N ; L ._area routing system with obstacles. The inputs of the problem
length minimization, via minimization, and crosstalk noise . . f . .
: : . .consist of a multilayer global routing solution, a set of design

control. We are interested in the problem of PPA with viga )
rules, and a set of crosstalk constraints. We assume that the

minimization, wire length minimization, and crosstalk noise .
L . . : .~ global router uses a reserved layer model, which means each
control in hierarchical multilayer gridless general-area routing. ; : . . S
) . o yer has a preferred routing orientation (horizontal or vertical);
In [18], a two-layer grid-based PPA algorithm is discusse
obstacles are also allowed. We also assume that the global router

Their heuristic algorithm optimizes the alignment of PSCUivides the routing area regularly into an array of rectangular
dopins, but does not consider crosstalk. There are some stu{ilies 9 9 y y 9

. N ) - Tilés. For each net, the global routing solution determines which
on controlling crosstalk noise in detailed or channel r(_)utml%eS andlayersit should go through without giving the exact
Eg'g" [[22]é][3][,2[91];1], Eti](’)lglz]]’ tLZeO]'cr[cz)i)ta?Ii '2(320eba;srt?#]gggnwire crossing locations. We need to determine the wire crossing

9 ' ' 9 I%cations before a detailed router can route each tile indepen-

dently. Since these wire crossing locations act just like pins in
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shows two PPAs of the same global routing solutiom3ax 4

tiles. The tile boundaries are shown as dotted lines. Pseudopins
are labeled 1-12; real pins are labeled a2, b1, b2, ¢1, and

¢2; the grey areas are obstacles. The possible detailed routings
according to the PPA are also shown in the figure. The narrow
solid lines represent wires on layer 1 and the wide solid lines
represent the wires on layer 2. The shaded areas indicate the II
space between the wires of ét-H2 to the wires that are sepa-

rated by the minimum spacing to them. We can see the total cou-

pled length (length of shaded areas) is roughly 4 (tile widths) in Vias = 6
Fig. 1(a), but decreases to 2 (tile widths) in Fig. 1(b). The detour Coupling capacitance on net b1-b2 = 4
on netbl — b2 is roughly 1 (tile height) in Fig. 1(a) and 1.5 (tile Detour on net bl-b2 a1

height) in Fig. 1(b). This example shows different PPA solutions )
can lead to considerably different via counts, wire lengths, and -
capacitance coupling among nets.

Our objectives of the PPA are to determine the locations of
pseudopins to minimize a weighted sutfi’, + 3V C of the
total wire length?’ L and the estimated number of required vias
V' C under the crosstalk constraints. We assume the weights
and/ are given by the user. We choose this objective because
crosstalk noise usually only needs to be controlled in a safe
range, but the wire length and via minimization is usually de-
sired. Note that minimizing the estimated number of vias means
more alignments on pseudopins and less routing resources used Vias = 8
by vias, thus generating more routable problem instances for de- Coupling capacitance on net bl-b2 ~ 2
tailed routing. Detour on net bl-b2 =~ 1.5

We estimate the total wire length by the summation of the (b)
Manhattan distances between adjacent pins (real or pseudojiefl. Impacts of PPA. (a) PPA with less vias and detours, but larger coupling
all nets. We shall explain how the crosstalk noise is estimated] 2‘321'62' (b) PPA with smaller coupling on nét-52, but more vias and
the next section. The details of via estimation are explained in
Section IlI-A. T

A. Crosstalk Noise Estimation Agressor
] T ——-

Rout, A Ra/2 Ra/2

To estimate the crosstalk noise in PPA, we need to estimate
the routing of each net and compute the resistance and capaci-

tance from the estimated routing. The routing of each net is esti- — Cx

mated by a set of wire segments that correspond to pseudopins.

We usescg, to denote the wire segment corresponds to pseu- Rout,V. Rv/2 Rv/2
dopinp. If a pseudopirp is on the boundary between tilds }—‘ — ! —
and?x, the length of the wire segmestg, is estimated by the Victim —— v
center-to-center distance between tilgésands. T

Under this assumption, we can estimate the resistance and ca- _
pacitance for each wire segment. If a pair of pseudopins on tfig 2. Crosstalk calculation.
same boundary were assigned adjacent to each other, we could _ S
know the coupling length and separating distance between thé&d, the peak crosstalk noisg,s. for the circuits in Fig. 2 can
two wire segments. Therefore, we can estimate the coupling £&-€estimated by the following formula:
pacitance by a table lookup method [8] (used in our approach). VopC,
Alternatively, we may also use analytical formulae. Vaoise = R 1
From the above estimated resistance and capacitance together % 5
. : : P . . Rout, v+ Rb/2
with driver and receiver characteristics information, we can es-
timate the crosstalk noise in PPA by any crosstalk modelinghere the aggressor is driven by a step voltage sourég,gf
including those in [12], [19], [24], [25], and [27]. with intrinsic resistance oz, 4 and the victim is connected
In our implementation, we use a simple closed-form consdo ground via its intrinsic resistandg,, . The intrinsic ca-
vative formula for two-terminal nets described in [25] to calpacitances of the two lines a€e¢, andC,,, line resistances are
culate the crosstalk noise on each wire segradéktcording to R, andR,,, and the coupling capacitance between the aggressor
) . . . ) and victim isC,..
If there are multiple-terminal nets, we calculate the noise as if all the wire . . . .
segments of the same net were on a simple path to simplify the noise computaWe choose SUCh.a simple formula in our implementation be-
tion and give a conservative upper-bound estimation on crosstalk noise. ~ cause of the following reasons.

1)
Ca+C,
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1 1
2 2
3 3
4 4
12 3 4 24 31
@ (b) ‘ :
Fig. 3. Netordering on adjacent layers. (a) Vertical next ordering (1 2 3 4). (b) B1 '€ B2 B3

Vertical next ordering (2 4 3 1).
Fig. 4. Tile boundary decomposition and via estimations.
1) The detailed routing results are still unknown during PPA.

Therefore, the noise calculation in PPA will be rough esshows that we can permute the pseudopins on the vertical layer
timations due to the error in estimating coupling capacjithout changing the PPA on the horizontal layer. Note that the
tance even if the most accurate noise estimation modglktimated number of vias and total wire lengths are not changed
are used. Itis not necessary to use complicated and acgpthese two assignments, although the noise estimations on the
rate noise models in PPA. What we need is a conservatigrizontal layer will change slightly. However, such change is
model to absorb the estimation errors. According to [25],sually much smaller compared to the change due to ordering
the simple formula in (1) reports noise always betweegy spacing of the pseudopins on the same layer.

10% and 20% higher than AS/X, an IBM circuit simula- - Assigning pseudopins one layer at a time can reduce the

tion tool similar to SPICE. ~ problem complexity and does not sacrifice too much solution
2) We need a formula that is efficient to evaluate for rUnUmGua"ty_ Furthermore, because each pseudopin is confined on
reasons. a single tile boundary, we do not need to work on the entire

Although we are using the above formula to estimaigyer, assigning pseudopins one row (or column) at a time is
crosstalk noise, we would like to emphasize that our algorithghod enough. Because the assignment on a row or a column is

is not based on the assumption of which noise model is usgghilar, we will focus on the PPA on a row of tiles in the later
Our algorithm can use any other reasonable noise models sy@tussions.

as the 2= model recently proposed in [10].

We assume the system clock is divided intaser-defined
windows (time buckets) [22]. The noise effect in one window
will not last to another window. Therefore, we do not need to The crosstalk constrained PPA problem is an NP-hard
add up noise on different windows. For each victim net, we onRfoblem even when we only consider a degenerated problem
need to add up the noise from its active neighboring aggresg@ldetermine if a feasible PPA exists on a Single tile boundary.
nets within each window. This can be proved by a simple reduction from the Hamiltonian

The benefit of using time buckets is that more aggressive déth problem (a proof similar to that in [15] will be provided
signs are allowed. However, it also requires the knowledge iBfthe Appendix).
the logic switching behaviors to determine the valuexaind Our PPA algorithm is a heuristic algorithm that consists of
whether there is noise concern between any pair of nets i &le boundary decomposition which partitions tile boundaries
window. into intervals, a CPPA step which assigns pseudopins to inter-

Our algorithm simply assumes this information is given byals, and a DPPA step which assigns the exact locations of pseu-
users. If the user does not have such information, our defa@@pins within each interval. Our algorithm has a similar flavor
assumption is that the noise between every net pair shouldasethe pin assignment algorithm used in [4].
considereds# = 1).

We use a simple assumption that pessimistically estimates fheTile Boundary Decomposition

crosstalk noise on a net is the summation of all the crosstalkye first decompose boundaries to a set of intervals by max-
noise on all the segments of the net. In the case that a MgfRim horizontal strips. Thenaximum horizontal stripsvhich
accurate crosstalk modeling is used (e.g., it needs to penalig&re first defined in [23], are strips (rectangles) that form a par-
coupling at the receiver more than coupling at the driver), Wgion on the empty space in a routing region such that no strip
can use a weighted sum to calculate the crosstalk with a propeforizontally adjacent to any other strip. In our algorithm, the
choice of weights. rectangular objects are obstacles, real pins, or the projections of
We use this simple weighted summation method for crosstaiiq| pins from adjacent layetsrig. 4 shows an example of the
noise for fast noise estimation with the cost of possible overggaximum strips formed on a row of four tiles. The grey areas are
timation of the crosstalk noise. rectangular objects, which are obstacles or real pins. The dashed

I1l. PPA ALGORITHM

B. Layer by Layer Approach 3In fact, each rectangle is expanded by half of the minimum spacing on that

We ob h h . i doni . | Iager. Our algorithm can further cut strips that are too tall (compared to an input
e observe that the assignment of pseudopins In oNne laygl meter) to make sure that we have enough partitions on the routing areas to

has little affect on PPAs on different layers. For example, Fig.a3oid trivial coarse assignment.
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lines are the horizontal lines shot from the top and bottom of the 8

obstacles. The decomposed intervals are labeled 1-19. 1 N 7/ 14
The above tile boundary decomposition allows us to accu- k‘"l:&\’lnﬁ

rately estimate the minimum number of required vias under the ‘\Q\\k@z’!/i %\){'}l/i

reserved layer model without knowing the exact pseudopin lo- ““:‘Q}%"o/ o\ 0% K

cations. We use the following approximation to simplify the es-
timation: we only consider obstacles on the same layer and as-
sume the space on the adjacent layers is always available for

SN2,
PRI
"’« BRI
A 57 NIRRT

X S0P <P

X2 A‘"‘“ OYINALY
AN '\"4».7‘\‘.«“\"

/g “‘ i D
making connections. Z‘«Z}‘%\:\{L\%ﬁ'}‘{\\
If two pseudoping; andp, are on the same layer and as- 4,;';‘““%? ~ll,“\\-
signed to intervals of stripg, ands», we only need to check if ///\\\'///\\\

s1 andss horizontally overlap. Ifp; is on a horizontal layer and 19
p2 IS on a vertical layer, we only need to check ogjithorizon- 13

tally overlaps withss. Fig. 4 shows several examples of the via Bl B2 B3
estimation patterns on boundariB¢ and B2. The via estima-
tions on pseudopins betweéh andB2 are 0, 2, 4, 1, and 3 for

netsa, b, ¢, d, ande, respectively.

Fig. 5. Coarse routing graph for CPPA.

on this pseudopin from (1). Fro,., we can find the minimum
B. CPPA separation distance to its neighbor by interpolation in the capac-

' ) . ) ] itance lookup table. This calculated minimum separation dis-

In CPPA, we assign pseudopins to intervals. The noise cQfnce is our estimated crosstalk-safe spacing for the pseudopin.
trol in CPPA is through space reservation on each pseudopinﬂ_) Coarse Routing GraphTo solve the CPPA problem, we
The idea is to reserve more space for pseudopins that are mgeg generate a coarse routing gragh = (V, E) from the
likely to have noise problems such that the pseudopins with Bgsundary decomposition. The vertex $etonsists of the inter-
tential noise problems can have more space to separate thgglk and the connection points that are either real pins or pseu-
selves from other pins in DPPA. Our CPPA algorithm reserve@pins. The edges i connect vertex pairs which can reach
space for each pseudopin by estimating a crosstalk-safe spagiggh other without crossing a tile boundasor example, Fig. 5
for each pseudopin, which will be discussed later. shows the routing graph for a layout in Fig. 4 with two con-

After the crosstalk-safe spacing for each pseudopin is Calcting points andt representing a net that needs to go through
culated, the noise control is implicitly done when we resolv@e houndarie®1, B2, and B3.
the congestion in assigning pseudopins to intervals. Our CPPAEgch edge(u, v) in the routing graph is assigned a cost
algorithm will simply focus on the objective of minimizing a(u, v), which is a weighted sumh + fc of the Manhattan
weighted sumvI’'L + 5V C of the estimated total wire length gistances between the center of the two intervals and the
T'L and the estimated number of vi&. estimated number of viasto connect pins om andwv.

Since we do not have the exact pseudopin locations for wire jg easy to show that a CPPA for a net connecting froton:
length calculation, we approximate the location of a pseud@p"&orresponds to a path fromto w in the coarse routing graph and
by the location of the center of the interval that piis assigned routing cost (weighted sum of wire length and via count) is the
to. ] o ) sum of the edge costs of the path. Therefore, for a subproblem

A CPPA is feasible if all the intervals have enough spacg the CPPA that assigns a single net, we can use the shortest
for the pseudopins assigned to them. The CPPA problempi§th algorithm to find the minimum cost assignment.
an NP-hard problem that can be proved by a simple reductionz) CPPA Algorithms: Based on the optimal assignment of
from the set partition problem to a CPPA problem on a singl¢ single net (shortest path algorithm), we implemented two
boundary (a proof will be provided in the Appendix). approaches to solve the CPPA problem. The first one is a

The crosstalk-safe spacing for a pseudopin is estimated fu-py-netipproach that just applies the shortest path algorithm
assuming that the pseudopin is adjacent to a pair of pseudoq'@sassign nets one by one (with the capacity of each vertex
which have the average capacitance, resistance, and drivettisidered). Because it is a straightforward implementation
ceiver characteristics. We assume each pseudopin has a n9§ﬁg the single net shortest-path algorithm for CPPA one
budget that can be calculated from the noise constréitfts. py one, we will not discuss its details. The second one is an
pseudopin has a noise budgetvith the estimated total capaci-jterative deletiorapproach (similar to the concept first used in
tance, resistance, and driver/receiver characteristics, we can 5ﬁibal routing [4], [11]), which works one boundary at a time

culate the maximum allowed coupling capacitance and simultaneously assigns the unassigned nets crossing the
R boundary with their best assignments (shortest paths).
C, = <LA C, + oy) B/Vpp We first describe the overall flow of our iterative deletion
Rout, v + Ry /2 based CPPA algorithm. It works one boundary at atime. At each

5In order to make use of the intervals which are too short for assigning any
4In our implementation, we evenly distribute the noise constraint of each neteudopin, our routing graph has more vertices. For each intEyvele intro-
to every pseudopip in the net according to the length of the wire segment,  duce two vertices,,, andv,,; . If a pseudopitp is assigned to;,, (v..;), it means
(defined in Section II-A). However, any clever algorithm which distributes noisgis aligned to the bottom (top) df, and may cover several short interval® if
budgets can be used. is too short forp.
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iteration, it checks on the boundaries that are not yet procesded while there are unassigned boundaries

and selects a boundaBy, with the most number of pseudopins2. select the most crowded unassigned

For each boundar,., it iteratively applies an iterative deletion boundary B,

based multinet CPPA algorithm until all the nets that crBss 3. while there are unassigned pseu-

have been assigned. Because the CPPA problem is NP-hard, we dopins in B,

do not have an efficient algorithm that can guarantee that we for each pseudopin p not yet as—

can always find feasible assignments for all nets. If our algo- signed on B,

rithm can not find feasible assignments, it would do ripup arl compute A(p) and C(p)

reroute to enhance the chance of finding a feasible solution. 6. assign p to all the vertices in
Before we explain our iterative deletion based multinet CPPA Alp)

algorithm, we need some definitions to help our algorithm ex- while there are vertices that are

planations. For a pseudopjnon boundaryB,, we usen,, to too congested

denote the subnet in the current row thabelongs to. This 8. delete an assign op . that satis-

subnet connects pins from piy to pint,. The coarse routing fies

graph of the subnet, contains vertices,,, ¢,, and vertices a. vertex v is one of the most

(corresponding to available intervals) from boundafigs, to congested vertices

By,,. The set of the vertices on boundaBy is denoted a. b. pseudopin p has the most al-

The shortest path cost from vertaxto vertexv is denoted as ternative assignments in v

D(u, v). We define a vertex sed(p) = {v € V,, | D(s,, v) + 9. assign pseudopins in subnet ny if

D(v, t,) = D(s,p, t,)}. The vertex seti(p) on boundanB, is n, can still be assigned with

the vertex set that can permit some shortest paths oo, cost C(p)

The setA(p) can be found by computing the shortest path from
sp, for all vertices in the coarse routing graph and computing the

shortest path backward fromy for vertices between boundary 3) Speed-Up the CPPA for a Single Néthe CPPA for a
B, andB,, . single net is the basic building block for both of our net-by-net

The details of our iterative deletion based multinet CPPA #fnd iterative deletion CPPA algorithms. We need to apply this

gorithm working on a boundati,, is explained below. For each @90rithm at least once for every net in the net-by-net CPPA
pseudopinp in V,, it runs the shortest path algorithm to ﬁndalgor_nhm and maybg many times for each net in the iterative
A(p) and assigm to all the vertices ind(p). It reports a failure deletion CPPA algorithm. _

and stops the program if there is no path frgmo t, even after A strmgh_tforward |mp_lementat|on of the shortest path_ algo-
the ripup and reroute algorithm has been appiittalso records fthm for directed acyclic graph (DAG) has a complexity of
the shortest path cost af, asC(p). Since we have many dupli- OV +E) t|me; Since the coarse routing graph is very dense
cate assignments, some vertice$/incan be too crowded. The [i.e., £ ~ O(V7)], the complexity for the algorithm is about

5 ) . :
algorithm then iteratively selects an assignment,, which as- O(V*), which can be time consuming.
signs a pseudopip to a vertexv, and deletes the assignment Because the special cost structure of the CPPA problem, we

o, » until there are no more overly congested vertices. The &ye able to find efficient algqrithms (linear time_in practice) for
lection criteria for the assignment, ., for deletion are: 1) the the shortest path problems in CPPA. The key idea of our algo-

vertex is one of the most crowded vertices; 2) pseudgpfims rithms is to avoid explicitly generating and visiting all the edges

the most number of alternative assignments among the ps\é@—"e maintaining the optimality of the shortest path algorithm.

dopins that has an assignmentin The reduction in complexity from»(V2) to almost linear time
After we have no more overly congested vertices, our aIgBQS great impacts on the runtime our CPPA algorithm. We have

rithm goes through every unassigned pseudppin boundary seen more than ten times reduction in runtime in our test cases
B,. If pseudopinp has some assignment that has not yet bedffer we switched our implementations to the enhanced version.
deleted and the subne, can still be assigned with the cost If we do not consider the cost of wire length, we shall present

C(p), we use the shortest path fop to assigned all the pseu—'ater in this section an glgorithm to cut dowr_1 the complexity of
dopins inn,. Please note that some submgtmay not be as- e shortest path algorithm @(dV), whered is the maximum
signed with shortest path caS{(p) because some vertices beYia count per edge. Sinaéis a small numberd = 4 in our
come unavailable due to assignments from other nets or allfemulation), we have a linear time algorithm in practice.

assignment have been deleted. The pseudopins that are not a£We consider the weighted cost of wire length and via counts,

signed in the current pass will be assigned in later passes wiff Shall present later in this section @Xid/3V') algorithm to
higher costs. calculate the shortest path for the case that all the costs are

A summary of the iterative deletion based CPPA algorithm founded to some integral multiples of certain unit and the cost
shown below. for a via is/3. When the3 is small enough, we still get a linear
time algorithm in practice.
. . o . _ Because the exact pseudopin locations are not determined
6During the ripup and reroute, if we find certain boundary has been npped-mCPPA h ire | h lculated in CPPA il
too many times, we will reduce the crosstalk-safe spacing estimation of so , the wire lengths calculated in are still some

pseudopins and try again with different net ordering. If the boundary has been
ripped-up too many times and no more spacing reduction can be done, we willFor a setS, we will just useS for |\S| in the big© notation when there is
report failure. no confusion.
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rough approximations. We do not need the length calculation

to be very precise and we can use larger granularity for the wire v

length. If we choose a larger granularity for wire length, we can 16 a

normalize« and 3 to smaller values such that our algorithm

can run faster. For example, we set the cost of one via equal to 2 b

the cost of a wire of length ten times pitches (minimum wire

width and spacing) in our experiments. We also selected ten 10 ®*

times pitches as the minimum length unit, i.e., all the lengths 8 ¢

are rounded to integral multiples of this unit. In this case, we

havea = 1 andg = 1. 5 d @
We first provide some definitions for our explanations.
Definition 1: Given the sources, the cost for a path 7 e

(s, v1, v2, ..., vy, v) from source s to a vertex v is

d(s, v1) + d(vi, v2) + -+ + d(v, v), we define D(v) Boundary i Boundary i+1

is the minimum cost of all the paths froato v.

Definition 2: For a vertexu and a vertexv, we define Fig. 6. Vertex dominating.
DT(u, v) = D(u) + d(u, v).

The value ofDT'(u, v) is the shortest path costtainderthe  \ye call a setDS in stagei is adominating sebn stage; if
restriction that edgeu, v) is the last edge in the path. any vertex in stagéis dominated by some vertex in the €25.

4) Single Net CPPA for Via Cost Onlywe first discuss the £or the example in Fig. 6, a st, b, d} is a dominating set on
case that wire length is not considered € 0). In this case, stagei, Aset{a, b, c, d} is also a dominating set by definition.
the costl(u, v) between two vertices, v are the via estimation  Gjen a dominating set on stagethe shortest path cost to a

via(u, v) of the edge. Remembering that a verteon boundary yertex.: on stage + 1 can be found by the following formula:
¢ corresponds to an intervd),, we denote-(v) as the farthest

location that we can push horizontally toward boundari+- 1 D(z) = min{DT(y, z) | d(y, z) =0 ory € DS}.
without hitting any obstacles. For example, in Fig. 4, we have ' ’ ’ ’ '
7(6) < r(3) = r(4) < r(5). In our via estimation, if-(v) > Since any vertex in stagei is dominated by some vertexn

7(u), we haved(v, z) < d(u, x) for any vertexr on the next DS, unlessd(u, ) = 0, vertexu can be discarded when con-
boundary except for the case thigt:, =) equals to zero [in this sidering the shortest pathsidecauséd)T(u, =) > DT(v, )
casey(u) = r(v) and they both reach next boundary 1]. by the definition.

For a vertexu and a vertexv on the same boundary, all the  The above formula basically says that the shortest path cost to
edges coming out from will be pruned if the first condition of a vertexx can be found by checking on its adjacent edges to the
the following is satisfied; all the edges with costs that are ngtevious stage that have costs equal to zero and the edges from
equal to zero will be pruned if the second condition is satisfieghe vertices in a dominating set of the previous stage. Therefore,

1) D(w) + d < D(w), whered is maximum via count per when we know the shortest path to all the vertices in stagel

edge; a dominating sef).S;, the shortest path cost can be found by

2) D(w) < D(u) andr(w) > r(u). checking at most|DS;| + 1) - |Vi41| edges, wher#&;4 is the

In the first caseany edge(u, ) is pruned because a pathvertex set on stage+ 1.
consists of a shortest path from sourcetand(w, z) isalways  We shall show next that we can have a dominating set of size
shorter than a path goes througho = (DT (w, ) = D(w) + atmost + 1 in any stage. Given a s8C of vertices in stage
d(w, ) < D(w)+d < D(u) < D(w)+d(u, ) = DT (u, x)). of the same cost, the vertexhat has the largest«) will dom-

In the second case, any ed@e x) which cost is not zeris inate any other vertex ifC. Therefore, we can form a domi-
pruned by a similar reaso(I"(w, ) = D(w) + d{w, ) < nating set that has one vertex for each cost in staget mc
D(w) +d(u, x) < D(u) + d(u, ) = DT (u, z)). We sayuis be the minimum cost in stage we can drop any vertex with
dominatedy w orw dominates. if any of the above conditions coste > mc 4 d from the dominating set because they will be
is satisfied. dominated by the dominating vertex of cest. We now have

A simple example to demonstrate the dominating relatiomsdominating set of size at magt+ 1. In fact, we can further
among vertices is shown in Fig. 6. It contains several verticesduce the size of a dominating set if any of the remaining ver-
on boundarieg andi + 1. For each vertex, we place it to tices is dominated by another vertex in the dominating set.
the center ofl,. For a vertexv in boundaryi, we also draw  Since finding a dominating set only také¥dV;) compar-

a horizontal stick to show the value ofv). We assume the isons on stagéand we visit at most onlyd + 2)V; edges when
maximum via count per edgé= 4. Assume the shortest pathwe calculate the shortest path cost on stage have aw(dV)
cost on boundary (stagéhas been calculated and the costs aréime shortest path algorithm.

D(a) =8, D(b) =7, D(c) = 8 D(d) =9, andD(e) = 12. Theorem 1:If only via cost is considered, CPPA on a single
We can show that vertex is dominated by vertek because net can be done i®(dV'), whered is the maximum via count
D(b) + 4 < D(e). Vertex e is also dominated by vertex per edge.

becauseD(d) < D(e) andr(d) > r(e). Vertexe dominates  5) Single Net CPPA for Combined Length and Via
vertexc becauséD(a) < D(c) andr(a) > r(c). Costs: We now discuss how we handle the combined length
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and via cost in our shortest path algorithm. Under this formulavheredistance(z1, 2) is the distance between the centers of
tion, the edge cosi(u, v) between two vertices, v is now a intervals/,, and/,,. We now haveD L(u, z2) = DL(u, x1)+
weighted sumv - length(u, v) + 3 - via(u, v), wherea and  « - distance(xy, x2). For our example in Fig. 6D L(a, y) =
3 are user specified weights¢ngth(u, v) is the Manhattan D(a) + 16 — 5+ w = D(a) + 16 — 104+ 10 — 5 + w =
distance between the center of intendgl to the center of DL(a, )+ 10 — 5 = DL(a, z) + distance(x, y). Similarly,
interval I,; via(u, v) is the via cost estimation. Please not®L(b, ) = DL(b, ) + distance(z, y).
length(u, v) = |y, — yo| + tile width, wherey, andy, are The above formula shows us that if a verexe TOP,,,
they-coordinates of the centers of the intervg|sand Z,,. is z;-dominated by a vertexws € TOP,, « IS z2-dom-
Because the cost of a path contains the length measuremeated by w for z, (in the example,a is z-dominated
now, there is no longer a set of vertices that can dominate alltme & and « is also y-dominated bybd). Therefore, if a
other vertices. The algorithm in the previous subsection canset DST,, is an z;-dominating set forTOP, , it still
longer be applied. However, we shall show that we can defirg-dominates all the vertices infOP,, for the vertex
two dominating sets for each vertex. Furthermore, a sequence:of We can construct anczs-top-dominating set by up-
these dominating sets can be calculated efficiently and we adating DL(u, x2) = DL(w, z1) + « - distance(zy, x2)
have an efficient shortest path algorithm. for every v in DST,, in O(8d) and compare them
We first modify the dominating conditions with the aid ofagainst DL(v, z2) for v € TOP,, — TOP, in
a new definition of a modified co®L(u, v) = D(u) + o - O(Bd|TOP,, — TOP,|) time. For the example in
length(u, v). We can rewrite the dominating conditions on verFig. 6, we have anc-top-dominating sef{b}. We calculate

ticesw andw for a vertexz in the next stage: DL(b, y) = DL(a, z)+distance(z, y) = 114+w+5. We then
1) DL(w, x) + fd < DL(u, z); checks on the members'#OP, — TOP,, with {4} one by one.
2) DL(w, z) < DL(u, ) andr(w) > r(u). For the vertex, we haveDL(c, y) = 8+8—5+w = 114+ w.

By similar arguments as in the previous section, an ed§gcauser(c) > r(b) and DL(c, y) < DL(b, y), vertexb
(u, £) can be pruned in the shortest path consideration 4g-y-dominated byc. We should update the dominating set
causeDT(w, z) < DT(u, z) in both cases. We say thatt0 {c} by deletingb and addingc. For the vertexd, we have
w z-dominatesy, and v is z-dominated byw if any of the DL(d, y) = 9 +w. Therefore, vertex is y-dominated byd.
above conditions is satisfied. We use the same exampleTiRe finaly-top-dominating set i§d}.
Fig. 6 to demonstrate the new definition. We have labeled thelf we do a top-down sweep on the vertices on stagel,
y-coordinates of the vertices in left-hand side of the grapRvery vertex in stagéappears just once IfOP,, , — TOP,,
Assume we have calculated the shortest path costs for all faResome;. FurthermoreTOP, , —TOP,; can also be found
vertices in stagé: D(a) = 8, D(b) =7, D(¢) = 8, D(d) =9, efficiently by interleaving a top-down sweep on stagéth the
andD(c) = 12. We also assume = 1, 3 = 1, andd = 4. We Sweep on stage + 1. Therefore, we can construct top-dom-
can calculateDL(a, =) = D(a) + 16 — 10 + w = w + 14, inating sets for all the vertices in staget 1 in O(8dV; +
DL(b, z) = D(b)+12—10+w = 9+w. Inthis case, vertexis Vi11). Similarly, we can find all the bottom-dominating sets
z-dominated by becaus@ L (b, x)+d = w+13 < DL(a, z). for all the vertices in stagé + 1 in O(3dV; + Vi;1) by a

The dominating sets of a vertexn stage + 1 are defined for bottom-up sweep on stage- 1. SinceTOP, UBOTTOM,, =
two subsets of the vertices in stagelOP,, andBOTTOM,. Vi, any vertexv in V; is dominated by some vertex ifOP
The sefT'OP,, is formed by the following: we first shoot a hor-or BOTTOM,,. Therefore, we can find the shortest pathrto
izontal line from the center of intervd],, any vertex: with the by just checking on vertices ifOP,, BOTTOM,, and the
center ofI, that is above or right on the horizontal line is invertexw with via(v, ) = 0. As a result, we have af(d3V)
TOP,. The rest of the vertices in stagare inBOTTOM,. time shortest path algorithm.
For example, in Fig. 6, verticesandb are inTOP,, and ver- ~ Theorem 2:1f the cost for an edge of length andv vias is
ticese, d, ande are inBOTTOM,,. ah + pv, whereq, 3, h, andv are integers, CPPA on a single

A set DST C TOP, is a z-top-dominating set if any Nnet can be done iv(5dV’), whered is the maximum number
vertex in TOP,, is z-dominated by a vertex iDST. A set Of vias per edge.
DSB C BOTTOM, is a z-bottom-dominating set if any
vertex inBOTTOM,, is z-dominated by a vertex idDSB. C. DPPA
Obviously, for any vertex:, we can find anz-top-dominating  After the CPPA step, every pseudopin is assigned to some
set and arx-bottom-dominating set with sizes less thah+ 1  interval. The DPPA then assigns pseudopins to the exact loca-
because we can have omedominating vertex for each costtions inside each interval. pseudopins of the same strip (defined
and any vertexw with DL(v, x) larger thanDL(u, ) + 3d by the tile boundary partition) are assigned together in a way
is z-dominated byu, wherew is the vertex with the smallest somewhat like channel routing. Each subnés first assigned
DL(u, z). as a single wire segment,, i.e., all the pseudopins in subnet

We now discuss how we can find a sequence of top-donare aligned on a straight line. We first determine the ordering and
nating sets for all vertices on stage- 1 in O(8dV; + V;41) spacing of these wire segments. As in channel routing, in which
time. We first show an efficient way to generate-top-dom- the number of tracks required may exceed the channel density,
inating set from ar;-top-dominating set ifc; is abover, on  we may have assignments that exceed the strip height if we insist
stage:. In the case that; is abovez,, if «w € TOP,,, we that all the pseudopins in each subbetust be aligned. If this
will havelength(u, z2) = length(u, z1) +distance(z1, z2), happens, we will apply an alignment algorithm to break up the
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alignments and introduce jogs to resolve the problem. Instead of 188}3 ______________ '
demanding all pseudopins of the same net must be aligned, the 15’3.I
alignment algorithm will just try to align as many pseudopins as n
. s p2ime--..

possible. 50 | ‘M

The details of the ordering and spacing algorithm and the 40 | . d
alignment algorithm are discussed in the next two sections. pl [ R

1) Ordering and Spacing AlgorithmOur ordering and 0 |

spacing algorithm works on one strip at a time. It is a simple
iterative packing algorithm that assumes pseudopins of a subnet
n are aligned as one single wire segmant The algorithm Fig. 7. Pseudopin alignments on a boundary.
packs the segments either to top or bottom depending on which
side can result in a shorter wire length in detailed routingses this formula to calculafe L; for i = 1 ton on all feasible
For the wire segments preferred to be packed to the bottoggations.
the packing algorithm iteratively finds a segment that can we call a locatiorioc; a redundant location fow;, if there
be assigned to the lowest location and assigns it. The lowesists a locatioioc, such thaloc; > locs, andM Ly (loc; ) <
location is determined by the crosstalk-safe spacings to tMLk(locQ). Because for any feasible assignmentthat as-
segments already packed to the bottom. Packing segmentsigsy, toloc,, we can find an assignmemssuch that it assigns
the top can be done similarly. pr to loco with greater or equal number of total alignments to

In DPPA, the minimum crosstalk-safe spacing between adj&;. We can construat by combinings; ando, € M Ay, (locy)
cent pseudopins from their crosstalk constraints is calculatediis way:o(i) = oy(i) fori < kando(i) = o1(:) fori > k.
a similar way as in CPPA, except that we now have exact dagr any pseudopip, we can restrict it to be assigned to nonre-
on neighboring nets. It may not be the same value as previouglyhdant locations without losing the optimality. Please note if
estimated in CPPA. Therefore, it is possible that the spacing 8- hasm nonredundant locatiorlecy, ; < locy o < --- <
quirement in some interval exceeds the available space althoqtg@’m, we must haveél! Ly, (locy, 1) < MLy (locg,2) < -+ <
it did not happen according to the previous estimations in CPPMLk(Ioch m). Therefore, to find the maximum/ L;_, below
If this happens, we will adjust our spacing estimation, redo théc, we only need to find the maximum nonredundant location
coarse assignments for the affected nets with the new spaciig, _; that is smaller thatoc.
estimations, and redo the ordering and spacing assignment opor pseudopim;, we can assume that the boundatys par-
the affected strips. titioned to¢; intervals,f; 1, I; o, . .., I; ., such that locations

2) Alignment Algorithm:For a strips with height?, if we  of the same interval have the same alignments and locations
have enough spacing for all the pseudopins in each interval lpt adjacent intervals have different alignments. For example,
the ordering and spacing algorithm generates assignment {atig. 7, we show pseudopim wants to be aligned witH at
require height larger thah, we would apply the alignment al- 40. The partition fop; is [0, 40), [40, 40], and(40, 100] with
gorithm to introduce jogs and align as many pseudopins as pgfignments zero, one, and zero, respectively.
sible. We will show next if pseudopim,_; has a finite numbein

For a strips that contains several intervals, our alignmer@f nonredundant locations apgl partitions the boundaries to
algorithm aligns pseudopins one interval at a time. It starts frofftervals, the number of nonredundant locations for pseudopin
the most crowded interval and works on the intervals toward i¢s is at mostm + ¢. For an intervall, if there arex locations
left and right. of the formloc + ms;_; for some nonredundant locatidst of

For pseudopingy, ps, .. ., p, from bottom to top on an in- pi—1, the intervall, can be partitioned téy, 11, . . ., I, by these

terval I, on boundaryB;, we developed aoptimal dynamic * points. Because the locations in each interval will have the
xr 3}
programmingalgorithm that assigns the pin locations for, sameM L; number, they are all redundant except for the lowest

P p,, and maximizes the number of alignments betweeq{)int on each interval. Therefore, intervBlcan contribute at

the pseudopins o#, to the locations (other pins of the samdnostz + 1 n_onredundant_ _Ioca_tlons for;. Because there are
net) that they want to be aligned. at mostm points that partitiort intervals, the total number of

o ) ) nonredundant locations @f is at mostrn + ¢.

We usems; to denote the minimum separation distance The ghove proof of finite nonredundant locations also gives us
betweenp; and p;,,. For a pseudopin assignment that he procedure on how to compute them. We will use the example
assigns pseudopip; to locationloc, we define AL (loc) as i Fig. 7 to demonstrate the calculation. We assume the min-
the number of alignments for pseudopims ps, - .-, pi- We  jmum spacing is 20 for any pair of pseudopins. The nonredun-
def|_neML7; (loc) the maximum ofAL{ (loc) among all feasible yant |ocations for pseudopjn are 0 and 40 with/ L, (0) = 0
assignments andl/ A;(loc) = {o | AL7(loc) = ML;(loc)}.  andpfL,(40) = 1. The pseudopip, partitions the boundary to
Please note that the maximum&f L., (loc) for all feasible lo- [0, 50), [50, 50], and(50, 100] with alignments zero, two, and
cations of pseudopin is the maximum number of alignments.zero, respectively. Therefore, we check on the locatioh<0,

Itis obvious that\/ L;(loc) can also be recursively calculateds0, 40 4 20 for nonredundant locations. The results are 20 and
by ML;(loc) = a;(loc) + max{ML;_1(b) | b+ ms;—; < 50 with M L>(20) = 0 andM L»(50) = 2. Note that the loca-
loc}, wherea;(loc) is the number of alignments gn when it tion 60 is a redundant location pf becausel/ L»(60) = 1 <
is assigned to locatiolvc. Our alignment algorithm basically M L,(50). The pseudopips partitions the boundary {0, 90),

BO Bl B2
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TABLE |
CROSSTALK NOISE ESTIMATION IN PPA (/1A COST)

CPPA  noise Noise distribution avg. run

control [ 0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 | noise time

mcel net no 171 483 130 16 2 0| 015 10.63
mcel id no 351 433 18 0 0 0| 011 26.09
mce2 net no 378 1422 2852 2001 459 6| 026 80.73
mcc2 id no 1224 2807 2611 466 10 0| 0.19 315.06
s5378 net no 1391 220 74 9 0 0| 0.05 6.25
s5378 id no 1405 234 51 4 0 0| 004 12.27
59234 net no 1177 202 92 12 3 0| 0.05 4.78
59234 id no 1259 187 38 2 0 0| 0.04 8.83
s13207  net no 3246 353 153 24 5 0| 0.04 14.58
513207 id no 3367 286 113 13 2 0| 0.03 3446
s15850  net no 3761 481 190 35 5 0| 004 18.98
515850 id no 3928 401 123 15 5 0| 0.03 53.05
$38417  net no 10306 639 297 55 12 0| 0.02 2237
$38417 id no 10911 354 41 3 0 0| 0.01 40.36
$38584  net no 13160 964 477 139 13 1| 0.03 29.11
538584 id no 14147 516 82 9 0 0| 001 64.85
mccl net ves 315 465 22 0 0 0| 012 12.82
mccl id ves 400 390 12 0 0 0| 010 36.78
mce2 net yes 1425 3848 1845 0 0 0| 0.16 12849
mce2 id yes 2236 3819 1063 0 0 0| 0.14 784.78
$5378 net yes 1476 209 9 0 0 0] 0.03 16.96
$5378 id yes 1518 170 6 0 0 0| 0.03 2058
59234 net ves 1322 156 8 0 0 0| 0.03 9.58
59234 id ves 1364 118 4 0 0 0| 0.03 15.02
s13207  net yes 3475 273 33 0 0 0| 0.02 2431
513207 id yes 3581 186 14 0 0 0| 002 6715
s15850  net yes 4051 382 39 0 0 0| 0.03 3596
515850 id ves 4237 225 10 0 0 0| 002 9315
$38417  net ves 10617 612 80 0 0 0| 002 2597
$38417 id yes 10803 466 40 0 0 0| 0.01 53.99
$38584  net yes 13761 893 100 0 0 0| 0.02 3461
538584 id yes 14074 624 56 0 0 0| 001 9595

[90, 90], and(90, 100] with alignments 0, 1, and O, respectivelyThe placements of these test cases were placed by GOR-
The nonredundant locations pf are20 + 20, 50 + 20, and 90 DIAN/DOMINO [13], [21].8 The driver resistance in each net
with M L3(40) = 0, M L3(70) = 2, andM L3(90) = 3. If we is set between 8550 and 1425according to the net length.
assignps to 90,p2 to 50 andp; to zero, we have an assignment We use the global router MINOTAUR [9] to obtain the mul-
with maximum alignments. tilayer global routing solutions for all the test cases.

Our algorithm is further enhanced to allow weighted sums on Each test case is run with different setups on the PPA algo-
the number of alignments such that we can have preferencesittams, noise control, and cost functions. For the experiments
the alignments, which align pseudopins to real pins or pins oméh noise control, the noise constraint is set to &3y for
previously processed boundary. each net.

Note that the above alignment algorithm does not change the~or the test cases with combined length and via cost function,
ordering of the pseudopins and the packing algorithm does meg use ten pitches as the length unit and the cost fiength
cause wire crossing on any segments. Therefore, misalignments andv vias ish + v.
of the pseudopins within a strip may be routed by just intro- Tables | and Il show the distribution of the estimated crosstalk
ducing jogs but not vias. noise on each test case with via cost function and combined cost

function, respectively. The second column shows which CPPA

algorithm is used (net for net-by-net and id for iterative dele-

tion). The columns under “Noise distribution” give the number
IV. EXPERIMENTAL RESULTS of nets falls in each range. For example, the column 0.2-0.3
! shows the number of nets with crosstalk noise between 0.2-0.3

We tested Ol,Jr algorithms on a 168-MHz SUN_UItra . WEVDD. The arithmetic average of the crosstalk noise of all nets
use the NTRS'97 0.1¢m technology for the resistance andare shown in the column “avg. noise.” The last column shows

capacitance calculations. ) the runtime measured in seconds.
We have two sets of test cases. The first set of test cases CON the crosstalk noise constraints are not considered, the av-

tains two test casesccl andmec2 of MCM designs. They were erage noise ofncel andmee2 is 0.11-0.26Vp > with up to

scaled down by a factor of 90.90 such that the originalib- 360, of nets that have noise larger than U;3p. The average
pitch in MCM design is scaled to 1.5 times the minimum width,,ise for those standard-cell test cases is much lower (0.01-0.05
(0.22 um) plus the minimum spacing (0.3am) in this tech- Vion).

nology. The driver resistance in each net is set to X8@®this

set of test cases. 8The test cases that we obtained only contain net lists without cell library in-

Th d N . . dard formation. The cell geometry and pin locations used in placement are generated
_e second set of test cases contains six standar '%9 sing a Mississippi State University Qu8n Standard Cell Library. We then
designs: s5378, $9234 s13207, s15850, s38417, and s385&4nk them to approximate the cells in the Oudi8-technology.
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TABLE I
CROSSTALK NOISE ESTIMATION IN PPA (COMBINED COST)

CPPA  noise Noise distribution avg. run

control [ 0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 | noise time

mcel net no 251 487 59 5 0 0] 013 9.25
mcel id no 308 461 33 0 0 0| 012 2057
mce2 net no 811 1442 2279 2033 553 0| 025 69.68
mec2 id no 1154 2260 2218 1255 230 1| 0.21 198.31
s5378 net no 1363 225 94 11 1 0| 0.05 6.26
s5378 id no 1376 230 81 6 1 0| 0.05 12.43
59234 net no 1164 222 87 10 3 0| 0.05 4.76
59234 id no 1185 222 70 7 2 0| 0.05 8.7
s13207  net no 3247 372 131 27 4 0| 0.04 15.2
513207 id no 3293 337 130 18 3 0| 0.03 31.36
s15850  net no 3758 488 187 36 3 0| 0.04 19.18
515850 id no 3816 453 174 23 6 0| 0.04 4818
$38417  net no 10344 622 283 51 9 0| 002 2193
$38417 id no 10362 606 296 37 8 0| 002 3529
$38584  net no 13131 950 505 147 20 1| 0.03 29.22
538584 id no 13318 940 397 90 9 0| 0.02 49.26
meccl net ves 316 461 33 0 0 0| 012 18.38
meccl id ves 382 407 13 0 0 0| 011 37.39
mce2 net yes 1493 3720 1905 0 0 0| 0.16 181.23
mce2 id yes 2033 3869 1216 0 0 0| 0.14 503.09
s5378 net yes 1478 200 16 0 0 0] 003 16.34
$5378 id yes 1507 173 14 0 0 0| 0.03 2331
59234 net ves 1313 161 12 0 0 0| 0.03 9
59234 id ves 1347 128 11 0 0 0| 0.03 12.82
s13207  net yes 3481 267 33 0 0 0| 002 27.93
513207 id yes 3510 238 33 0 0 0| 0.02 5152
s15850  net yes 4056 375 41 0 0 0| 0.03 34.39
515850 id ves 4089 354 29 0 0 0| 0.03 69.64
$38417  net ves 10674 568 67 0 0 0| 0.02 2543
$38417 id yes 10740 517 52 0 0 0| 0.02 42.1
$38584  net yes 13746 896 112 0 0 0| 002 3521
$38584 id yes 13956 722 76 0 0 0| 0.02 60.3

The noise distributions between MCM test cases and stamder refinement; it can do a net-by-net routing, but can not do
dard-cell test cases are quite different because the wire lenggiup and reroute at this point. The routing results are shown
distributions are quite different. For our MCM test cases, onlyif Tables Il and IV.
outof 802 netsimnccl and 81 outof 7118 netsincc2arelocal  please note that net counts in Tables 11l and IV count all the

nets that do not cross any tile boundary. On the other hand, mggt| nets and subnets within each tile. If a net spartges,
of the nets in these standard-cell designs are short local n@igeh of itsn, subnets is counted as one in the net counts.

41% to 72% of nets that are local nets that do not cross any tileThe estimated number of vias in PPA are lower bound estima-
boundary. These short local nets usually have much less NBfs,. The detailed router may use more vias if it makes more

than glloblal Ionﬁ nets_. Thg_y a_rg trgated 35 ”9 nou‘i@(@when L['%ns to route the nets. In PPA via estimation, we do not include
we calculate the noise distribution and noise average) in via estimation for local nets that could be routed within a

PPA noise estimation. As a result,the estimated average n ﬁ?gle tile. However, the via counting in detail routing includes
of these standard-cell test cases are much lower than our M

Mthe vias. This explains the big differences between the esti-

test cases. , . . mated and routed via counts.
If the crosstalk noise constraints are considered, the average

noise inmeccl andmec? is reduced to 0.10—0.18), 5, and the The results of PPA are highly routable, even though no ripup

average noise of those standard-cell test cases is reducear}greroute is performed. The completion rates of different cases

0.01-0.03Vp, ». Both of our CPPA algorithms successfully re&€ 93%-99%. The average vias per net is only 0.7-1.4 in the
gM test cases and 1.0-1.7 in the standard-cell test cases.

duce all the noise values to values that are smaller than 64
Vpp. Overall, the noise control by iterative deletion algorithm The column “PPA wire length” reports the total Manhattan
is better, but the runtime is also longer. The difference in noiséstance between pins after the DPPA. The column “DR wire
distributions using different cost functions in CPPA is not verigngth” reports the total wire length after the detailed routing.
significant. We can see the wire length in PPA is very close (within 4%) to
The runtime of combined cost CPPA is Comparab|e tothe ruﬂile DR wire Iength This shows that most of the detailed nets are
time of using via cost only because the selection of larger graifuted without detours. We can see slight wire length reduction
ularity when we calculate the wire length in CPPA £ 1 in  inthe test casenccl if the combined cost is used. There is siz-
the O(3dV) time algorithm]. In some test cases, the ones witPle wire length reduction (9%-10%) incc2 if the combined
combined cost are even faster than their via cost only counté@st is used. The reason why we can get more wire length re-
parts. duction inmce2 thanmecl is probably because we have smaller
We use an interna”y deve|oped mu|ti|ayer grid|ess deta"éﬂﬁs inmeccl. ThUS, less variations in wire |engthS and lessroom
router based on the gridless routing engine as describedeﬁWire length reduction. Because most of the nets in our stan-
[5]-[7] to route the above examples. This detailed router is stflprd-cell test cases are local nets that do not have pseudopins
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TABLE Il
DETAILED ROUTING RESULTS (VIA COST)

CPPA  noise Total DR routed PPA DR vias PPA wire DR wire

control nets nets(%) est. vias length(mm) length(mm)

mccl net no 12941 12876(99.50) 7414 9459 341.20 341.58
mccl id no 12941 12918(99.81) 7378 9120 338.44 338.68
mcc2 net no 55403 53737(97.03) 35542 47822 5423.37 5432.92
mcc2 id no 55403 54776(98.87) 35430 44487 5394.07 5399.18
55378 net no 7000 6709(95.84) 4319 7009 81.52 84.08
55378 id no 7000 6767(96.67) 4269 7102 82.45 84.94
59234 net no 5823 5679(97.53) 3626 6086 58.33 60.35
59234 id no 5823 5734(98.47) 3623 5969 59.66 61.40
513207 net no 12602 11711(92.93) 8755 17011 180.82 185.84
513207 id no 12602 11788(93.54) 8504 17317 183.86 188.83
515850 net no 14644 13714(93.65) 10053 21364 224.54 232.00
515850 id no 14644 13789(94.16) 9596 21734 228.73 236.23
538417 net no 30010 29374(97.88) 14462 42151 481.12 495.52
538417 id no 30010 29399(97.96) 14433 41651 490.38 504.22
538584 net no 39060 38215(97.84) 17013 55215 661.86 684.03
538584 id no 39060 38371(98.24) 16951 54972 684.66 705.25
mccl net yes 12941 12667(97.88) 7464 11403 341.40 341.93
mccl id yes 12941 12713(98.24) 7426 11243 339.69 340.12
mecc2 net yes 55403 52811(95.32) 40688 65044 5479.46 5495.27
mcc2 id yes 55403 53198(96.02) 40144 64724 5419.49 5503.37
5378 net yes 7000 6483(92.69) 4510 7435 83.80 86.31
55378 id yes 7000 6530(93.29) 4476 7664 85.05 87.46
59234 net yes 5823 5619(96.50) 3717 6265 59.87 61.61
59234 id yes 5823 5642(96.89) 3653 6299 61.87 63.52
513207 net yes 12602 11746(93.21) 9070 18257 183.09 188.59
513207 id yes 12602 11731(93.09) 8727 18744 187.26 192.50
515850 net yes 14644 13532(92.41) 10556 22143 227.93 235.75
515850 id yes 14644 13503(92.21) 10069 22583 232.44 239.62
538417 net yes 30010 29257(97.49) 14286 42435 487.42 501.11
538417 id yes 30010 29312(97.67) 14214 42923 506.52 520.85
538584 net yes 39060 38102(97.55) 16673 55209 668.69 689.50
538584 id yes 39060 38183(97.75) 16609 56846 712.40 733.62

TABLE [V
DETAILED ROUTING RESULTS (COMBINED COST)

CPPA  noise Total DR routed PPA DR vias PPA wire DR wire

control nets nets(%) est. vias length(mm) length(mm)

mccl net no 12941 12836(99.18) 7484 10859 326.88 327.36
mccl id no 12941 12861(99.38) 7378 10696 327.33 327.66
mcc2 net no 55403 54087(97.62) 36356 51501 4979.53 4988.44
mcc2 id no 55403 54369(98.13) 35802 51920 4975.54 4982.63
55378 net no 7000 6715(95.93) 4727 6979 80.19 82.96
55378 id no 7000 6724(96.06) 4645 6975 80.20 82.75
59234 net no 5823 5697(97.84) 3803 6088 58.16 60.14
59234 id no 5823 5733(98.45) 3803 6080 58.33 60.18
513207 net no 12602 11717(92.98) 8908 16952 178.25 183.46
513207 id no 12602 11748(93.22) 8612 16935 178.55 183.64
515850 net no 14644 13645(93.18) 10040 20703 220.93 228.44
515850 id no 14644 13670(93.35) 9671 21038 220.88 228.78
538417 net no 30010 29316(97.69) 16311 41728 475.13 490.53
538417 id no 30010 29393(97.94) 15759 41919 474.50 489.10
538584 net no 39060 38149(97.67) 18175 55397 657.88 680.65
538584 id no 39060 38235(97.89) 17836 55179 657.38 679.34
mccl net yes 12941 12647(97.73) 7604 13569 329.36 330.03
mccl id yes 12941 12650(98.75) 7510 13880 329.66 330.22
mecc2 net yes 55403 52029(93.91) 42968 74438 5031.27 5048.75
mcc2 id yes 55403 52256(94.32) 42022 75094 5018.54 5031.85
5378 net yes 7000 6509(92.99) 4739 7235 82.16 84.44
55378 id yes 7000 6508(92.97) 4623 7319 82.18 84.16
59234 net yes 5823 5580(95.83) 3878 6330 59.73 61.62
59234 id yes 5823 5606(96.27) 3857 6272 59.81 61.49
513207 net yes 12602 11733(93.10) 9074 18133 179.75 185.32
513207 id yes 12602 11753(93.26) 8862 18309 179.89 185.42
515850 net yes 14644 13586(92.78) 10499 21921 222.93 230.58
515850 id yes 14644 13506(92.23) 10199 22152 223.12 230.72
538417 net yes 30010 29317(97.69) 15255 42121 479.73 493.50
538417 id yes 30010 29361(97.84) 15030 42484 479.70 493.05
538584 net yes 39060 38111(97.57) 17247 55214 663.73 684.33
538584 id yes 39060 38228(97.87) 17180 55424 662.82 682.72

and, therefore, not affected by PPA, we can only see small (dimensional extraction to find out the line resistance, the line

to 7%) wire length reductions in these standard-cell test casempacitance and coupling capacitance for all the nets (including
Tables V and VI show the distribution of crosstalk naageer  local nets, therefore, the noise in local nets is calculated in this

detailed routing. From the detailed routed results, we do a twatep). We then plug in these data to the same noise calculation
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TABLE V
CALCULATED CROSSTALK NOISE AFTER DETAILED ROUTING (VIA COST)
CPPA  noise Noise distribution avg.
control | 0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 | noise
mccl net no 125 557 119 1 0 0 0.15
mccl id no 234 552 16 0 0 0 0.13
mcc2 net no 520 2349 3683 565 1 0 0.22
mcc2 id no 912 3417 2681 108 0 0 0.18
85378 net no 1316 331 47 0 0 0 0.06
85378 id no 1305 345 44 0 0 0 0.07
89234 net no 1162 281 35 0 0 0 0.06
$9234 id no 1189 265 24 0 0 0 0.06
513207 net no 3090 640 47 1 0 0 0.06
813207 id no 3102 636 40 0 0 0 0.06
815850 net no 3476 905 88 2 0 0 0.07
515850 id no 3514 907 50 0 0 0 0.07
538417 net no 9354 1822 132 1 0 0 0.06
538417 id no 9413 1803 92 1 0 0 0.06
838584 net no 11796 2712 242 4 0 0 0.06
838584 id no 11939 2635 178 2 0 0 0.06
mccl net yes 274 515 13 0 0 0| 0.12
mccl id yes 326 468 7 0 0 0 0.11
mcc2 net yes 1348 4427 1343 0 0 0 0.15
mcc2 id yes 1752 4459 907 0 0 0 0.14
5378 net yes 1369 316 9 0 0 0 0.06
5378 id yes 1369 320 5 0 0 0 0.06
89234 net yes 1240 235 3 0 0 0 0.06
89234 id yes 1249 229 0 0 0 0 0.06
513207 net yes 3134 612 31 1 0 0 0.06
513207 id yes 3167 587 24 0 0 0 0.06
515850 net yes 3608 810 53 0 0 0 0.06
815850 id yes 3633 797 40 1 0 0 0.06
838417 net yes 9442 1784 82 1 0 0 0.06
538417 id yes 9428 1798 83 0 0 0 0.06
538584 net yes 11866 2707 178 3 0 0 0.06
538584 id yes 11868 2729 156 1 0 0 0.06
TABLE VI as bad as estimated in Tables | and Il. This is because our noise
CALCULATED CROSSTALK NO'SEégTSf,)R DETAILED ROUTING (COMBINED  astimation in PPA is somewhat conservative on the total capac-
itance, which results in higher estimated noise.
CPPA _ noise Noise distribution ave. For the MCM test cases, if no noise control is done in PPA,
control | 0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 | noise H H
— — = s s o o the average noise for each _test case ranges 0.13¥p.g2vith
meel id no 217 559 26 0] 0.13 up to 11% of nets exceeding the 03 p noise budget after
mec2 net no 843 2368 3110 797 0.21 H H H H H H
g o oo 1091 3106 9511 a0l o010 detailed routing |nncc_2. With 0.3Vp p noise constraints for a!l
5378 net no 1313 333 a7 I | 0.07 nets, the average noise for each net reduces 15%-31% with no
s5378 id no 1310 335 49 0 0.07 H i i H i i
Sons4 o oo 163 e 20 ol oor noise violations. Thg cases 'that_ use |terat|ve.delet|or? for CPPA
59234 id no 1158 295 25 ol 007 still give the best noise distribution after detailed routing.
513207 net no 3123 604 49 2 0.06
jep e oo 2003 646 2 > | oos For the standard ceI_I test cases, we can see most of our tes_t
s15850  net no 3546 835 89 1| o071 cases do not have serious noise problems (the average noise is
515850 id no 3511 883 75 2 0.07 i i
38417 net e 9377 1784 4 11 oo _on!y 0.06 0.07VD_D without noise control) because the ma
38417  id no 9274 1880 154 1| 0.06 jority of the nets in these test cases are short local nets. The
38584 net no 11810 2694 246 4 0.06 H H i P P
Shersd g oo L1795 9711 a8 3| ooe |mprqvements on noise d|str|but|on§ are moderate because our
mecl net ves 266 515 21 0] 012 algorithms only tries to meet the noise constraints and the ma-
mecl id yes 326 462 14 01 o1l ority of local nets are not affected by PPA. In some test cases,
mec2 net yes 1565 4428 1125 0 0.15 . . . .
mee2 id yes 1939 4431 748 0| 014 there are up to three nets that violate the noise constraints. This
85378 net yes 1358 327 9 01 0.06 is because the noise estimation in PPA only considers the effects
5378 id yes 1398 284 12 0 0.06 . . .
0234 net yes 1242 234 5 0| 0.06 from global nets and the estimated routing in PPA may not com-
9234 id yes 1273 208 2 01 005 pletely match the routing results by the detailed router.
513207 net yes 3177 566 34 1 0.06 .
§13207  id yes 3182 576 20 ol 008 Tables VII and VIII show the crosstalk noise for the global
s15850  net yes 3603 812 56 0] 0.06 nets (nets cross at least on tile boundary) in the standard-cell
s15850 id yes 3581 843 47 0 0.06 . .
$38417  net ves 9371 1841 o7 ol 0.06 test cases. We can see our PPA algorithms generate better noise
iiiééi é;‘t ves | 9358 ;%1‘11 199 9| 005 distributions for those global net and reduce the average noise
$38584 id ges 11860 2726 166 2| 0.06 of global nets from 0.08-0.09p, » to 0.07-0.08/ , in the test

formula in (1) to find out the exact noise in the layout. Tables V

cases.

V. CONCLUSION

and VI verified that the noise control in the PPA can be carried In this paper, we presented a new approach for PPA with
out by the detailed routing with high fidelity. The noise is notrosstalk noise control in multilayer gridless general-area
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TABLE VII TABLE VI
CALCULATED GLOBAL NET CROSSTALK NOISE AFTER DETAILED CALCULATED GLOBAL NET CROSSTALK NOISE AFTER DETAILED
ROUTING (VIA COST) ROUTING (CoMBINED COST)

CPPA  noise Noise distribution avg. CPPA  noise Noise distribution avg.

control | 0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 | noise control | 0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 | noise

s5378 net no 618 287 45 0] 0.09 s5378 net no 617 287 45 1| 0.09
$5378 id no 616 294 40 0| 0.09 s5378 id no 619 286 45 0| 0.09
$9234 net no 595 235 33 0| 0.08 59234 net no 593 233 37 0| 0.08
59234 id no 631 208 24 0| 0.08 59234 id no 598 240 25 0| 0.08
513207  net no 1207 420 41 1| 0.08 s13207  net no 1233 395 39 2| 0.08
513207 id no 1239 397 33 0| 0.08 513207 id no 1214 424 29 2| 0.08
$15850  net no 1265 595 78 2| 0.09 s15850  net no 1325 540 74 1| 0.08
515850 id no 1303 594 43 0| 0.09 515850 id no 1336 538 64 2| 0.08
s38417  net no 2435 745 92 0| 0.08 $38417  net no 2454 720 97 1| o.07
$38417 id no 2597 629 46 0| 0.07 $38417 id no 2416 752 103 1| 0.08
$38584  net no 2574 1260 169 1| 0.09 s38584  net no 2579 1252 171 2| 0.09
538584 id no 2818 1106 80 0| 0.08 538584 id no 2615 1226 162 1| 0.09
s5378 net yes 678 264 8 0 0.08 s5378 net yes 662 282 6 0| 0.08
$5378 id yes 683 265 2 0| 0.08 55378 id yes 707 236 7 0| 0.07
$9234 net yes 682 179 2 0| 0.07 59234 net ves 682 180 1 0| 0.07
59234 id yes 678 185 0 0| 0.07 59234 id yes 702 159 2 0| 0.07
s13207  net yes 1245 396 27 1| 0.07 $13207  net yes 1269 374 25 1] 0.07
$13207 id yes 1281 374 14 0| 0.07 513207 id yes 1302 354 13 0| 0.07
s15850  net yes 1383 515 42 0| 0.08 $15850  net yes 1410 487 43 0| 0.08
$15850 id yes 1434 477 29 0| 0.08 515850 id yes 1406 499 35 0| 0.08
s38417  net yes 2553 678 41 0| 0.07 s38417  net ves 2525 695 52 0| 0.07
$38417 id yes 2592 639 41 0| 0.07 538417 id yes 2544 683 45 0| 0.07
s38584  net yes 2725 1189 89 1| 0.08 538584  net yes 2714 1203 87 0| 0.08
538584 id yes 2775 1168 61 0] 0.08 538584 id yes 2778 1153 73 0| 0.08

routing. Our approach includes two steps: CPPA and DPPA. |

This two-step approach absorbs the obstacle considerations Gififire®. andp, be separated at least by, whereds > ms.

can efficiently assign pseudopins to minimize total wire lengtYY¢ Set the height of the row da — 1)ms. Itis easy to show

and the estimated number of vias and control crosstalk noidedt if the PPA problemiis feasible, there is a way to place pseu-
Our experimental results show that our PPA algorithm c&IfPinS such that distance between any adjacent pseudopins is

generate suitable PPA to satisfy the crosstalk noise constraffig Thus, &corresponding Hamiltonian path can be found. Sim-
lgrly, if we have a Hamiltonian path i¥, we can convertitto a

after detailed routing and achieve high completion rate in det gy Ve <
routing. feas,l_ble s_olut|on in the constructed PPA problem. Therefore, the
Hamiltonian path problem can be reduced to the PPA problem.
Because the Hamiltonian path problem is NP-complete, the PPA
problem is NP-hard. The PPA problem is NP-complete because

APPENDIX it is both in NP and NP-hard.
NP-CoMPLETENESSPROOFS OF THEPPAAND CPPA RROBLEMS

In this appendix, we shall show the simple proofs of thB. CPPA Feasibility Problem is NP-Complete
NP-completeness of both PPA and CPPA problems by the

reductions from the Hamiltonian path problem and the setIt is obvious th"f‘t t?he ?Ppﬁ)ﬁas.'b'“t}/ prob_lelrr:_ IS |nV\I>IP Eeh
partition problem, respectively. cause we can verify the feasibility in polynomial time. We sha

show there is a trivial reduction from the set partition problem,
o ) which is NP-complete (see [16]) to the CPPA problem to prove
A. PPA Feasibility Problem is NP-Complete the CPPA feasibility is NP-hard.
It is obvious that the PPA feasibility problem is in NP be- The set partition problem asks whether there is a partition
cause we can verify the feasibility of a PPA solution in polynof a setS of integers toA andS — A such thaty} _, v =
mial time. It remains to show that the PPA feasibility problem__.<_ , . From a set partition problem that ..z = T,
is NP-hard. we can form a CPPA instance on a single boundary with two
The idea of the proof is to reduce the Hamiltonian patintervals of heightl’/2. Each element € S corresponds a
problem, which is NP-complete (see [16]), to a single boundapgeudopin with spacing requirementt is trivial to show these
PPA feasibility problem, i.e., a PPA problem instance with onlyvo problems are equivalent. Thus, CPPA problem is NP-hard
one boundary. The Hamiltonian path problem asks whetheaad NP-complete.
graphG = (V, E) has a simple pattwy, , vp,, ..., vp,) such
thatn = |V|, vy, # vy, if i # j and(vy,, vp, ) € E.
Given a graphG = (V, E), we can construct a single ACKNOWLEDGMENT
boundary PPA problem in polynomial time such that each
vertex v in V corresponds to the pseudopin. If there is The authors would like to thank J. Fang and K.-Y. Khoo for
an edge between andw in G, the pseudopin,, andp, are providing the gridless detailed router DUNE and P. Madden for
noise-free and can be separated by minimum spagisglf providing MINOTAUR global router and some global routing
there is no edge between and , the noise consideration solutions.
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