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Abstract— This paper presents a new pseudo pin assign-
ment (PPA) algorithm with crosstalk noise control in multi-layer
gridless general-area routing. We propose a two-step approach
that considers obstacles and minimizes the weighted sum of
total wire length and the estimated number of vias under
crosstalk noise constraints. We test our algorithms on a
set of MCM examples and a set of standard cell examples.
Without crosstalk noise control in PPA, the average noise
in the MCM test cases after detailed routing is 0.13-0.22 Vpp
with up to 11% of nets larger than 0.3Vpp. However, if
the noise constraint of each net is set to 0.3Vpp in PPA,
the average noise in each case reduces to 0.11-0.15Vpp (15%-
31% reduction) with no crosstalk noise violations. Most of
the nets in our standard cell test cases do not have noise
problems. Our PPA algorithms still give better noise dis-
tributions and have 1%-10% noise reduction on the global
nets in these standard cell test cases. Even without rip-up
and reroute, the detailed routing completion rate is 93%-99%
and the average vias per net is only 0.7-1.4 for our MCM test
cases and 1.0-1.7 for our standard cell test cases.

Keywords— Deep submicron, Gridless routing, Noise anal-
ysis, Routing.

I. INTRODUCTION

In a typical hierarchical routing system, a global router
determines wirings in a rough scale (in terms of routing
regions) and a detailed router determines the exact wirings
within each routing region. In order to build a bridge be-
tween global routing and detailed routing, we need to de-
termine the wire crossing locations on the region bound-
aries. A wire crossing point is called a pseudo pin in this
paper. The problem of determining the pseudo pin loca-
tions is called the pseudo pin assignment problem. Because
pseudo pin assignment determines the wire ordering and
spacing to a large extent, it can be used effectively for wire
length minimization, via minimization, and crosstalk noise
control. We are interested in the problem of pseudo pin
assignment with via minimization, wire length minimiza-
tion, and crosstalk noise control in hierarchical multi-layer
gridless general-area routing.

In [18], a two-layer grid-based pseudo pin assignment
algorithm is discussed. Their heuristic algorithm opti-
mizes the alignment of pseudo pins but does not consider
crosstalk. There are some studies on controlling crosstalk
noise in detailed or channel routing (e.g., [2] [3] [14] [15] [17]
[20] [25]), or in global routing (e.g., [28] [29]). Although
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the crosstalk noise estimations during detailed routing can
be accurate, the freedom to control crosstalk noise is re-
stricted. On the other hand, although crosstalk noise con-
trol in global routing may have more flexibility, the esti-
mations can not be very accurate without detailed consid-
erations on wire ordering, spacing and the complications
from obstacles and gridless layouts. In [26], crosstalk noise
is considered in a pseudo pin' assignment step. Their algo-
rithm inserts pseudo pins on each boundary one by one with
a priority ordering and then performs a space relaxation
algorithm to further separate pseudo pins. Their greedy
algorithm may lack a global view to align the pseudo pins
of the same nets.

In this paper, we propose a new pseudo pin assignment
(PPA) algorithm to control the crosstalk noise and mini-
mize a weighted sum of the number of vias and wire length
in multi-layer gridless general area routing. Our algorithm
takes the obstacles into consideration by decomposing the
tile boundaries into intervals and then solves the PPA prob-
lem in two steps: coarse pseudo pin assignment (CPPA)
and detailed pseudo pin assignment (DPPA). In CPPA,
each pseudo pin 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 sum of wire length and vias.
They also ensure that every interval has enough space for
all the pseudo pins assigned to it. In DPPA, each pseudo
pin is assigned to an exact location and crosstalk noise
constraints must be satisfied. Our DPPA algorithm deter-
mines pseudo pin ordering and then aligns pseudo pins of
the same net under crosstalk constraints. A preliminary
version of this paper was presented in [1].

II. PROBLEM FORMULATION

We are interested in the pseudo pin assignment (PPA)
problem for a multi-layer gridless area routing system with
obstacles. The inputs of the problem consist of a multi-
layer global routing solution, a set of design rules, and a
set of crosstalk constraints. We assume that the global
router uses a reserved layer model which means each layer
has a preferred routing orientation (horizontal or vertical);
obstacles are also allowed. We also assume that the global
router divides the routing area regularly into an array of
rectangular tiles. For each net, the global routing solu-
tion determines which tiles and layers it should go through
without giving the exact wire crossing locations. We need
to determine the wire crossing locations before a detailed
router can route each tile independently. Since these wire

In [26], pseudo pin is called crosspoint.
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Fig. 1. Impacts of pseudo pin assignment

crossing locations act just like pins in detailed routing, we
shall call them “pseudo pins’ in this paper. On the other
hand, we call the original pins “real pins” to distinguish
them from pseudo pins.

Assignment of pseudo pins may have significant impact
on the wire length, the number of vias, and crosstalk noise
in the final layout generated by the detailed router. For ex-
ample, Figure 1 shows two pseudo pin assignments of the
same global routing solution on 3 x 4 tiles. The tile bound-
aries are shown as dotted lines. Pseudo pins are labeled
1-12; real pins are labeled al, a2, bl, b2, cl, and ¢2; the
grey areas are obstacles. The possible detailed routings ac-
cording to the pseudo pin assignment are also shown in the
figure. The narrower solid lines represent wires on layer 1
and the wider solid lines represent the wires on layer 2. The
shaded areas indicate the space between the wires of net
b1-b2 to the wires that are separated by the minimum spac-
ing to them. We can see the total coupled length (length of
shaded areas) is roughly 4 (tile widths) in Figure 1(a), but
decreases to 2 (tile widths) in Figure 1(b). The detour on
net bl — b2 is roughly 1 (tile height) in Figure 1(a) and 1.5
(tile height) in Figure 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 pseudo pin assignment are to deter-
mine the locations of pseudo pins to minimize a weighted

sum oTL + BV C of the total wire length T'L and the es-
timated number of required vias VC under the crosstalk
constraints. We assume the weights a and 8 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 desired. Note
that minimizing the estimated number of vias means more
alignments on pseudo pins and less routing resources used
by vias, thus generating more routable problem instances
for detailed routing.

We estimate the total wire length by the summation of
the Manhattan distances between adjacent pins (real or
pseudo) of all nets. We shall explain how the crosstalk
noise is estimated in the next section. The details of via
estimation are explained in Section ITI-A.

A. Crosstalk Noise Estimation

To estimate the crosstalk noise in PPA, we need to es-
timate the routing of each net and compute the resistance
and capacitance from the estimated routing. The routing
of each net is estimated by a set of wire segments that cor-
respond to pseudo pins. We use seg, to denote the wire
segment corresponds to pseudo pin p. If a pseudo pin p
is on the boundary between tiles 77 and 7%, the length of
the wire segment seg, is estimated by the center-to-center
distance between tiles 77 and T5.

Under this assumption, we can estimate the resistance
and capacitance for each wire segment. If a pair of pseudo
pins on the same boundary were assigned adjacent to each
other, we could know the coupling length and separating
distance between these two wire segments. Therefore, we
can estimate the coupling capacitance by a table lookup
method [8] (used in our approach). Alternatively, we may
also use analytical formulae.

From the above estimated resistance and capacitance to-
gether with driver and receiver characteristics information,
we can estimate the crosstalk noise in PPA by any crosstalk
modeling, including those in [12] [19] [24] [25] [27].

In our implementation, we use a simple closed-form con-
servative formula for two-terminal nets described in [25] to
calculate the crosstalk noise on each wire segment.? Ac-
cording to [25], the peak crosstalk noise Vppise for the cir-
cuits in Figure 2 can be estimated by the following formula:

VopCy (1)

Rout, A
Fouro 2 Ca+ Co

Vnoise =

where the aggressor is driven by a step voltage source of
Vpp with intrinsic resistance of Ry, 4; the victim is con-
nected to ground via its intrinsic resistance Roys,v. The
intrinsic capacitances of the two lines are C, and C,, and
line resistances are R, and R,; and the coupling capaci-
tance between the aggressor and victim is C.

We choose such a simple formula in our implementation
because of the following reasons. (i) The detailed routing

2If 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 computation and give a conservative upper-bound estima-
tion on crosstalk noise.
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Fig. 2. Crosstalk calculation

results are still unknown during PPA. Therefore, the noise
calculation in PPA will be rough estimations due to the
error in estimating coupling capacitance even if the most
accurate noise estimation models are used. It is not nec-
essary to use complicated and accurate noise models in
PPA. What we need is a conservative model to absorb the
estimation errors. According to [25], the simple formula
in Equation 1 reports noise always between 10% and 20%
higher than AS/X, an IBM circuit simulation tool simi-
lar to SPICE. (ii) We need a formula that is efficient to
evaluate for runtime reasons.

Although we are using the above formula to estimate
crosstalk noise, we would like to emphasize that our algo-
rithm is not based on the assumption of which noise model
is used. Our algorithm can use any other reasonable noise
models such as the 2-m model recently proposed in [10].

We assume the system clock is divided into n user-
defined windows (time buckets) [22]. The noise effect in
one window will not last to another window. Therefore,
we do not need to add up noise on different windows. For
each victim net, we only need to add up the noise from its
active neighboring aggressor nets within each window.

The benefit of using time buckets is that more aggressive
designs are allowed. However, it also requires the knowl-
edge of the logic switching behaviors to determine the value
of n and whether there is noise concern between any pair
of nets in a window.

Our algorithm simply assumes this information is given
by users. If the user does not have such information, our
default assumption is that the noise between every net pair
should be considered (n = 1).

We use a simple assumption that pessimistically esti-
mates the crosstalk noise on a net is the summation of all
the crosstalk noise on all the segments of the net. In the
case that a more accurate crosstalk modeling is used (e.g.,
it needs to penalize coupling at the receiver more than cou-
pling at the driver), we can use a weighted sum to calculate
the crosstalk with a proper choice of weights.

We use this simple weighted summation method for

crosstalk noise for fast noise estimation with the cost of
possible over-estimation of the crosstalk noise.
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Fig. 3. Net ordering on adjacent layers

B. Layer by Layer Approach

We observe that the assignment of pseudo pins in one
layer has little affect on pseudo pin assignments on different
layers. For example, Figure 3 shows that we can permute
the pseudo pins on the vertical layer without changing the
pseudo pin assignment on the horizontal layer. Note that
the estimated number of vias and total wire lengths are not
changed in these two assignments, although the noise esti-
mations on the horizontal layer will change slightly. How-
ever, such change is usually much smaller compared to the
change due to ordering or spacing of the pseudo pins on
the same layer.

Assigning pseudo pins one layer at a time can reduce
the problem complexity and does not sacrifice too much
solution quality. Furthermore, because each pseudo pin
is confined on a single tile boundary, we do not need to
work on the entire layer, assigning pseudo pins one row (or
column) at a time is good enough. Because the assignment
on a row or a column is similar, we will focus on the pseudo
pin assignment on a row of tiles in the later discussions.

III. TuE PPA ALGORITHM

The crosstalk constrained pseudo pin assignment prob-
lem is an NP-hard problem even when we only consider a
degenerated problem to determine if a feasible pseudo pin
assignment exists on a single tile boundary. This can be
proved by a simple reduction from the Hamiltonian path
problem (a proof similar to that in [15] will be provided in
Appendix).

Our pseudo pin assignment algorithm is a heuristic algo-
rithm that consists of a tile boundary decomposition which
partition tile boundaries into intervals, a coarse pseudo pin
assignment step which assigns pseudo pins to intervals, and
a detailed pseudo pin assignment step which assigns the ex-
act locations of pseudo pins within each interval. Our algo-
rithm has a similar flavor as the pin assignment algorithm
used in [4].

A. Tile Boundary Decomposition

We first decompose boundaries to a set of intervals
by maximum horizontal strips. The mazimum horizontal
strips, which were first defined in [23], are strips (rectan-
gles) that form a partition on the empty space in a routing
region such that no strip is horizontally adjacent to any
other strip. In our algorithm, the rectangular objects are
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Fig. 4. Tile boundary decomposition and via estimations

obstacles, real pins, or the projections of real pins from
adjacent layers.? Figure 4 shows an example of the maxi-
mum strips formed on a row of four tiles. The grey areas
are rectangular objects, which are obstacles or real pins.
The dashed lines are the horizontal lines shot from the top
and bottom of the obstacles. The decomposed intervals are
labeled 1-19.

The above tile boundary decomposition allows us to ac-
curately estimate the minimum number of required vias
under the reserved layer model without knowing the exact
pseudo pin locations. We use the following approximation
to simplify the estimation: we only consider obstacles on
the same layer and assume the space on the adjacent layers
is always available for making connections.

If two pseudo pins p; and ps are on the same layer and
assigned to intervals of strips s; and s2, we only need to
check if s; and s, horizontally overlap. If p; is on a hor-
izontal layer and p, is on a vertical layer, we only need
to check on if s; horizontally overlaps with ps. Figure 4
shows several examples of the via estimation patterns on
boundaries B1 and B2. The via estimations on pseudo pins
between B1 and B2 are 0, 2, 4, 1, and 3 for nets a, b, ¢, d,
and e, respectively.

B. Coarse Pseudo Pin Assignment

In CPPA, we assign pseudo pins to intervals. The noise
control in CPPA is through space reservation on each
pseudo pin. The idea is to reserve more space for pseudo
pins that are more likely to have noise problems such that
the pseudo pins with potential noise problems can have
more space to separate themselves from other pins in de-
tailed pseudo pin assignment. Our CPPA algorithm re-
serves space for each pseudo pin by estimating a crosstalk-
safe spacing for each pseudo pin, which will be discussed
later.

After the crosstalk-safe spacing for each pseudo pin is
calculated, the noise control is implicitly done when we
resolve the congestion in assigning pseudo pins to intervals.
Our CPPA algorithm will simply focus on the objective of

3In fact, each rectangle is expanded by half of the minimum spacing
on that layer. Our algorithm can further cut strips that are too tall
(compared to an input parameter) to make sure that we have enough
partitions on the routing areas to avoid trivial coarse assignment.

minimizing a weighted sum o7 L + SV C of the estimated
total wire length T'L and the estimated number of vias VC.

Since we do not have the exact pseudo pin locations for
wire length calculation, we approximate the location of a
pseudo pin p by the location of the center of the interval
that pin p is assigned to.

A coarse pseudo pin assignment is feasible if all the in-
tervals have enough space for the pseudo pins assigned to
them. The CPPA problem is an NP-hard problem which
can be proved by a simple reduction from the set partition
problem to a CPPA problem on a single boundary (a proof
will be provided in Appendix).

The crosstalk-safe spacing for a pseudo pin is estimated
by assuming that the pseudo pin is adjacent to a pair
of pseudo pins which have the average capacitance, re-
sistance, and driver/receiver characteristics. We assume
each pseudo pin has a noise budget that can be cal-
culated from the noise constraints.® If a pseudo pin
has a noise budget B, with the estimated total capac-
itance, resistance, and driver/receiver characteristics, we
can calculate the maximum allowed coupling capacitance
C, = (%QL + C,)B/Vpp on this pseudo pin
from Equation 1. From C,, we can find the minimum
separation distance to its neighbor by interpolation in the
capacitance lookup table. This calculated minimum sepa-
ration distance is our estimated crosstalk-safe spacing for
the pseudo pin.

B.1 Coarse Routing Graph

To solve the CPPA problem, we first generate a coarse
routing graph G = (V, E) from the boundary decompo-
sition. The vertex set V consists of the intervals and the
connection points which are either real pins or pseudo pins.
The edges in E connect vertex pairs which can reach each
other without crossing a tile boundary.? For example, Fig-
ure 5 shows the routing graph for a layout in Figure 4 with
two connecting points s and ¢ representing a net that needs
to go through the boundaries B1, B2, and B3.

Each edge (u,v) in the routing graph is assigned a cost
d(u,v) which is a weighted sum ah + (¢ of the Manhattan
distance h between the center of the two intervals and the
estimated number of vias ¢ to connect pins on u and v.

It is easy to show that a coarse pseudo pin assignment
for a net connecting from v to u corresponds to a path
from v to u in the coarse routing graph, and routing cost
(weighted sum of wire length and via count) is the sum of
the edge costs of the path. Therefore, for a subproblem of
the CPPA that assigns a single net, we can use the shortest
path algorithm to find the minimum cost assignment.

4In our implementation, we evenly distribute the noise constraint
of each net to every pseudo pin p in the net according to the length of
the wire segment segp (defined in Section II-A). However, any clever
algorithm which distributes noise budgets can be used.

5In order to make use of the intervals which are too short for assign-
ing any pseudo pin, our routing graph has more vertices. For each
interval I, we introduce two vertices vy, and vp;. If a pseudo pin p
is assigned to vj, (vp;), it means p is aligned to the bottom (top) of
I, and may cover several short intervals if v is too short for p.



CHANG AND CONG: PSEUDO PIN ASSIGNMENT WITH CROSSTALK NOISE CONTROL 5

8

A

AN
a\\\ 001/ S
2 /)
. S SN
SO \VANVAVZAV.

Wi
Y
Senak ) SO
NLEEXS AT NXL
AN NG
N\

ﬁ',"’l( )"%‘ TALEX
e Tl
S N~/ =
VY8

13
B2

Bl B3

Fig. 5. Coarse routing graph for CPPA

B.2 Coarse Pseudo Pin Assignment Algorithms

Based on the optimal assignment of a single net (shortest
path algorithm), we implemented two approaches to solve
the coarse pseudo pin assignment problem. The first one is
a net-by-net approach which just applies the shortest path
algorithm to assign nets one by one (with the capacity of
each vertex considered). Because it is a straightforward im-
plementation using the single net shortest-path algorithm
for CPPA one by one, we will not discuss its details. The
second one is an iterative deletion approach (similar to the
concept first used in global routing [11] [4]), which works
one boundary at a time and simultaneously assigns the
unassigned nets crossing the boundary with their best as-
signments (shortest paths).

We first describe the overall flow of our iterative deletion
based CPPA algorithm. It works one boundary at a time.
Each iteration it checks on the boundaries that are not yet
processed and selects a boundary B, with the most num-
ber of pseudo pins. For each boundary B,, it iteratively
applies an iterative deletion based multi-net CPPA algo-
rithm until all the nets that cross B, have been assigned.
Because the CPPA problem is NP-hard, we do not have an
efficient algorithm that can guarantee that we can always
find feasible assignments for all nets. If our algorithm can
not find feasible assignments, it would do rip-up and re-
route to enhance the chance of finding a feasible solution.

Before we explain our iterative deletion based multi-net
CPPA algorithm, we need some definitions to help our al-
gorithm explanations. For a pseudo pin p on boundary B,
we use n, to denote the subnet in the current row that p
belongs to. This subnet connects pins from pin s, to pin ¢,.
The coarse routing graph of the subnet n, contains vertices
Sp, tp, and vertices (corresponding to available intervals)
from boundaries Bsp, to By,. The set of the vertices on
boundary B; is denoted as V;. The shortest path cost from
vertex u to vertex v is denoted as D(u,v). We define a ver-
tex set A(p) = {v € V | D(sp,v) + D(v,tp) = D(sp,tp)}-
The vertex set A(p) on boundary B, is the vertex set that
can permit some shortest paths from s, to ¢,. The set

A(p) can be found by computing the shortest path from s,
for all vertices in the coarse routing graph and computing
the shortest path backward from ¢, for vertices between
boundary B; and By, .

The details of our iterative deletion based multi-net
CPPA algorithm working on a boundary B, is explained
below. For each pseudo pin p in V,, it runs the shortest
path algorithm to find A(p) and assign p to all the vertices
in A(p). It reports a failure and stops the program if there
is no path from s, to t, even after the rip-up and reroute
algorithm has been applied.® It also records the shortest
path cost of n, as C(p). Since we have many duplicate
assignments, some vertices in V; can be too crowded. The
algorithm then iteratively selects an assignment oy, ,, which
assigns a pseudo pin p to a vertex v and deletes the assign-
ment o, , until there are no more overly congested vertices.
The selection criteria for the assignment oy, , for deletion
are: (i) the vertex v is one of the most crowded vertices
(ii) pseudo pin p has the most number of alternative as-
signments among the pseudo pins that has an assignment
in v.

After we have no more overly congested vertices, our
algorithm goes through every unassigned pseudo pin p on
boundary B,. If pseudo pin p has some assignment that
has not yet been deleted and the subnet n, can still be
assigned with the cost C(p), we use the shortest path for
np to assigned all the pseudo pins in n,. Please note that
some subnet n, may not be assigned with shortest path
cost C(p) because some vertices become unavailable due
to assignments from other nets or all its assignment have
been deleted. The pseudo pins that are not assigned in the
current pass will be assigned in later passes with higher
costs.

A summary of the iterative deletion based CPPA algo-
rithm is shown below.

1. while there are unassigned boundaries
2. select the most crowded unassigned boundary B,
3. while there are unassigned pseudo pins in B,
4 for each pseudo pin p not yet assigned on B,
5. compute A(p) and C(p)
6 assign p to all the vertices in A(p)
7 while there are vertices that are too congested
8 delete an assign oy, , that satisfies
a. vertex v is one of the most congested
vertices
b. pseudo pin p has the most alternative
assignments in v
9. assign pseudo pins in subnet n, if n, can
still be assigned with cost C(p)

SDuring the rip-up and reroute, if we find certain boundary has
been ripped-up too many times, we will reduce the crosstalk-safe
spacing estimation of some pseudo pins 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 will report failure.
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B.3 Speedup the CPPA for a Single Net

The CPPA for a single net is the basic building block for
both of our net-by-net and iterative deletion CPPA algo-
rithms. We need to apply this algorithm at least once for
every net in the net-by-net CPPA algorithm and maybe
many times for each net in the iterative deletion CPPA
algorithm.

A straightforward implementation of the shortest path
algorithm for directed-acyclic-graph (DAG) has a complex-
ity of O(V + E) time.” Since the coarse routing graph is
very dense (i.e., E ~ O(V?)), the complexity for the algo-
rithm is about O(V?2), which can be time consuming.

Because the special cost structure of the CPPA problem,
we are able to find efficient algorithms (linear time in prac-
tice) for the shortest path problems in CPPA. The key idea
of our algorithms is to avoid explicitly generating and vis-
iting all the edges while maintaining the optimality of the
shortest path algorithm. The reduction in complexity from
O(V'?) to almost linear time has great impacts on the run
time our CPPA algorithm. We have seen more than 10x
reduction in run time in our test cases after we switched
our implementations to the enhanced version.

If we do not consider the cost of wire length, we shall
present later in this section an algorithm to cut down the
complexity of the shortest path algorithm to O(dV'), where
d is the maximum via count per edge. Since d is a small
number (d = 4 in our formulation), we have a linear time
algorithm in practice.

If we consider the weighted cost of wire length and via
counts, we shall present later in this section an O(dgV)
algorithm to calculate the shortest path for the case that all
the costs are rounded to some integral multiples of certain
unit and the cost for a via is . When the 3 is small enough,
we still get a linear time algorithm in practice.

Because the exact pseudo pin locations are not deter-
mined in CPPA, the wire lengths calculated in CPPA are
still some rough approximations. We do not need the
length calculation to be very precise and we can use larger
granularity for the wire length. If we choose a larger granu-
larity for wire length, we can normalize o and 3 to smaller
values such that our algorithm can run faster. For exam-
ple, we set the cost of one via equal to the cost of a wire
of length 10x pitches (minimum wire width and spacing)
in our experiments. We also selected 10x pitches as the
minimum length unit, i.e.; all the lengths are rounded to
integral multiples of this unit. In this case, we have a =1
and 8 = 1.

We first provide some definitions for our explanations.

Definition 1: Given the source s, the cost for a path
(s,v1,v2,...,V,v) from source s to a vertex v is d(s,v;) +
d(vi,v2) + - - + d(vg, v), we define D(v) is the minimum
cost of all the paths from s to v.

Definition 2: For a vertex u and a vertex v, we define
DT (u,v) = D(u) + d(u,v).

"For a set S, we will just use S for | S | in the big-O notation when
there is no confusion.

The value of DT (u,v) is the shortest path cost to v under
the restriction that edge (u,v) is the last edge in the path.

Single Net CPPA for Via Cost Only

We first discuss the case that wire length is not consid-
ered (& = 0). In this case, the cost d(u,v) between two
vertices u, v are the via estimation via(u,v) of the edge.
Remembering that a vertex v on boundary i corresponds
to an interval I, we denote r(v) as the farthest location
that we can push I, horizontally toward boundary ¢ + 1
without hitting any obstacles. For example, in Figure 4,
we have r(6) < r7(3) = r(4) < 7(5). In our via estimation,
if r(v) > r(u), we have d(v, z) < d(u,z) for any vertex z on
the next boundary except for the case that d(u,z) equals
to zero (in this case, r(u) = r(v) and they both reach next
boundary i + 1).

For a vertex uw and a vertex w on the same boundary,
all the edges coming out from u will be pruned if the first
condition of the following is satisfied; all the edges with
costs that are not equal to zero will be pruned if the second
condition is satisfied.

1. D(w) + d < D(u), where d is maximum via count per
edge.
2. D(w) < D(u) and r(w) > r(u).

In the first case, any edge (u,z) is pruned because a
path consists of a shortest path from source to w and
(w,z) is always shorter than a path goes through u to
z (DT (w,z) = D(w) + d(w,z) < D(w) +d < D(u) <
D(u) + d(u,z) = DT (u,z)). In the second case, any edge
(u, ) which cost is not zero is pruned by a similar rea-
son (DT (w,z) = D(w) + d(w,z) < D(w) + d(u,z) <
D(u) + d(u,z) = DT (u,x)). We say u is dominated by
w or w dominates u if any of the above conditions is satis-
fied.

A simple example to demonstrate the dominating rela-
tions among vertices is shown in Figure 6. It contains sev-
eral vertices on boundaries 7 and ¢+ 1. For each vertex v, we
place it to the center of I,,. For a vertex v in boundary i, we
also draw a horizontal stick to show the value of r(v). We
assume the maximum via count per edge d = 4. Assume
the shortest path cost on boundary (stage) ¢ have been cal-
culated and their costs are: D(a) = 8, D(b) =7, D(c) =8,
D(d) = 9, and D(e) = 12. We can show that vertex e
is dominated by vertex b because D(b) + 4 < D(e). Ver-
tex e is also dominated by vertex d because D(d) < D(e)
and r(d) > r(e). Vertex a dominates vertex ¢ because
D(a) < D(c) and r(a) > r(c).

We call a set DS in stage i is a dominating set on stage
i if any vertex in stage ¢ is dominated by some vertex in
the set DS. For the example in Figure 6, a set {a,b,d}
is a dominating set on stage i. A set {a,b,c,d} is also a
dominating set by definition.

Given a dominating set on stage i, the shortest path cost
to a vertex z on stage ¢ + 1 can be found by the following
formula:

D(z) = min{DT (y,z) | d(y,z) =0 or y € DS}
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Since any vertex u in stage i is dominated by some vertex
vin DS, unless d(u, z) = 0, vertex u can be discarded when
considering the shortest paths to z because DT (u,z) >
DT (v, z) by the definition.

The above formula basically says that the shortest path
cost to a vertex z can be found by checking on its adjacent
edges to the previous stage that have costs equal to zero
and the edges from the vertices in a dominating set of the
previous stage. Therefore, when we know the shortest path
to all the vertices in stage ¢ and a dominating set DS;,
the shortest path cost can be found by checking at most
(| DS; | +1)- | Viy1 | edges, where V;y; is the vertex set on
stage i + 1.

We shall show next that we can have a dominating set
of size at most d + 1 in any stage. Given a set SC of ver-
tices in stage ¢ of the same cost, the vertex u that has the
largest r(u) will dominate any other vertex in SC. There-
fore, we can form a dominating set that has one vertex
for each cost in stage i. Let mc be the minimum cost in
stage i, we can drop any vertex with cost ¢ > mc + d from
the dominating set because they will be dominated by the
dominating vertex of cost mc. We now have a dominating
set of size at most d+ 1. In fact, we can further reduce the
size of a dominating set if any of the remaining vertices is
dominated by another vertex in the dominating set.

Since finding a dominating set only takes O(dV;) com-
parisons on stage ¢ and we visit at most only (d + 2)V;
edges when we calculate the shortest path cost on stage i,
we have an O(dV') time shortest path algorithm.

Theorem 1: If only via cost is considered, coarse pseudo
pin assignment on a single net can be done in O(dV'), where
d is the maximum via count per edge.

Single Net CPPA for Combined Length and Via Costs

We now discuss how we handle the combined length and
via cost in our shortest path algorithm. Under this formu-
lation, the edge cost d(u,v) between two vertices u, v is now
a weighted sum «a - length(u,v) + (- via(u,v), where o and
B are user specified weights; length(u,v) is the Manhattan

distance between the center of interval I, to the center of
interval I,; via(u,v) is the via cost estimation. Please note
length(u,v) = | yu — Yo | +tile width, where y,, and y, are
the y-coordinates of the centers of the intervals I, and I,.

Because the cost of a path contains the length measure-
ment now, there is no longer a set of vertices that can
dominate all the other vertices. The algorithm in the pre-
vious subsection can no longer be applied. However, we
shall show that we can define two dominating sets for each
vertex. Furthermore, a sequence of these dominating sets
can be calculated efficiently and we can have an efficient
shortest path algorithm.

We first modify the dominating conditions with the aid
of a new definition of a modified cost DL(u,v) = D(u) +
a-length(u,v). We can rewrite the dominating conditions
on vertices w and u for a vertex x in the next stage:

1. DL(w,z) + Bd < DL(u, x).
2. DL(w,z) < DL(u,z) and r(w) > r(u).

By similar arguments as in the previous section, an edge
(u, ) can be pruned in the shortest path consideration be-
cause DT (w,z) < DT(u,z) in both cases. We say that
w z-dominates v and w is z-dominated by w if any of
the above conditions is satisfied. We use the same exam-
ple in Figure 6 to demonstrate the new definition. We
have labeled the y-coordinates of the vertices in left hand
side of the graph. Assume we have calculated the short-
est path costs for all the vertices in stage i: D(a) = 8,
D) =7, D(c) = 8, D(d) = 9, and D(e) = 12. We
also assume a = 1, § = 1, and d = 4. We can calculate
DL(a,z) = D(a) + 16 — 10 + w = w + 14, DL(b,z) =
D) +12—-10+w = 9 + w. In this case, vertex a is -
dominated by b because DL(b,z)+d = w+13 < DL(a, z).

The dominating sets of a vertex x in stage i + 1 are
defined for two subsets of the vertices in stage i: TOPF, and
BOTTOM,. The set TOPF, is formed by the following: we
first shoot a horizontal line from the center of interval I,
any vertex u with the center of I, that above or right on
the horizontal line is in TOP,. The rest of the vertices
in stage ¢ are in BOTTOM,. For example, in Figure 6,
vertices a and b are in TOP, and vertices ¢, d and e are in
BOTTOM,.

A set DST C TOPF, is a z-top-dominating set if any
vertex in TOP, is z-dominated by a vertex in DST. A
set DSB C BOTTOM, is a z-bottom-dominating set if
any vertex in BOTTOM, is z-dominated by a vertex in
DSB. Obviously, for any vertex z, we can find an z-top-
dominating set and an z-bottom-dominating set with sizes
less than Bd + 1 because we can have one z-dominating
vertex for each cost and any vertex v with DL(v,z) larger
than DL(u,z) + Bd is x-dominated by u, where u is the
vertex with the smallest DL(u, z).

We now discuss how we can find a sequence of top-
dominating sets for all vertices on stage i + 1 in O(8dV; +
Viy1) time. We first show an efficient way to generate xo-
top-dominating set from a z;-top-dominating set if z; is
above z2 on stage i. In the case that z; is above zs, if
u € TOP,,, we will have length(u,z2) = length(u,z1) +
distance(x1,x2), where distance(z1, z2) is the distance be-
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tween the centers of intervals I, and I,,. We now have
DL(u,z3) = DL(u,z1) + « - distance(z1,z2). For our
example in Figure 6, DL(a,y) = D(a) + 16 — 5+ w =
D(a)+16 —10+ 10 -5+ w = DL(a,z) + 10 — 5
DL(a,z)+distance(z,y). Similarly, DL(b,y) = DL(b, z)+
distance(z,y).

The above formula shows us that if a vertex u € TOP,,
is z1-dominated by a vertex w € TOP,,, u is za-dominated
by w for z2 (In the example, a is xz-dominated by b and a is
also y-dominated by b). Therefore, if a set DST,, is an x1-
dominating set for TOF,,, it still zo-dominates all the ver-
tices in TOP,, for the vertex z2. We can construct an za-
top-dominating set by updating DL(u,z2) = DL(u,x1) +
a - distance(xy,x2) for every u in DST,, in O(8d) and
compare them against DL(v,x2) for v € TOP,, — TOP,,
in O(Bd| TOP,, — TOP,, |) time. For the example in Fig-
ure 6, we have an z-top-dominating set {b}. We calculate
DL(b,y) = DL(a, z)+distance(z,y) = 11+w+5. We then
checks on the members of TOP, — TOP, with {b} one by
one. For the vertex ¢, we have DL(c,y) =8+ 8 -5+ w =
11 + w. Because r(c) > r(b) and DL(c,y) < DL(b,y),
vertex b is y-dominated by ¢. We should update the dom-
inating set to {c} by deleting b and adding c. For the
vertex d, we have DL(d,y) = 9+ w. Therefore, vertex ¢ is
y-dominated by d. The final y-top-dominating set is {d}.

If we do a top-down sweep on the vertices on stage i + 1,
every vertex in stage ¢ appears just once in TOPF,, , —
TOP,; for some j. Furthermore, TOP,, , — TOP;; can
also be found efficiently by interleaving a top-down sweep
on stage ¢ with the sweep on stage i + 1. Therefore, we
can construct top-dominating sets for all the vertices in
stage 1 + 1 in O(BdV; + Viy1). Similarly, we can find all
the bottom-dominating sets for for all the vertices in stage
i+ 1 in O(BdV; + Viy1) by a bottom-up sweep on stage
i + 1. Since TOP, U BOTTOM, = V;, any vertex v in
V; is dominated by some vertex in TOP, or BOTTOM,.
Therefore, we can find the shortest path to z by just check-
ing on vertices in TOP,, BOTTOM, and the vertex u with
via(u,z) = 0. As a result, we have an O(dBV) time short-
est path algorithm.

Theorem 2: If the cost for an edge of h length and v vias
is ah+ fBv, where «, 8, h, and v are integers, coarse pseudo
pin assignment on a single net can be done in O(3dV),
where d is the maximum number of vias per edge.

C. Detailed Pseudo Pin Assignment

After the CPPA step, every pseudo pin is assigned to
some interval. The detailed pseudo pin assignment then
assigns pseudo pins to the exact locations inside each in-
terval. Pseudo pins of the same strip (defined by the tile
boundary partition) are assigned together in a way some-
what like channel routing. Fach subnet n is first assigned
as a single wire segment w,, i.e., all the pseudo pins in
subnet n are aligned on a straight line. We first determine
the ordering and spacing of these wire segments. As in
channel routing the number of tracks required may exceed
the channel density, we may have assignments that exceed
the strip height if we insist that all the pseudo pins in each

subnet b must be aligned. If this happens, we will apply
an alignment algorithm to break up the alignments and in-
troduce jogs to resolve the problem. Instead of demanding
all pseudo pins of the same net must be aligned, the align-
ment algorithm will just try to align as many pseudo pins
as possible.

The details of the ordering and spacing algorithm and the
alignment algorithm are discussed in the next two sections.

C.1 The Ordering and Spacing Algorithm

Our ordering and spacing algorithm works on one strip
at a time. It is a simple iterative packing algorithm that
assumes pseudo pins of a subnet n are aligned as one single
wire segment w,,. The algorithm packs the segments either
to top or bottom depending on which side can result in
a shorter wire length in detailed routing. For the wire
segments preferred to be packed to the bottom, the packing
algorithm iteratively finds a segment that can be assigned
to the lowest location and assigns it. The lowest location is
determined by the crosstalk-safe spacings to the segments
already packed to the bottom. Packing segments to the
top can be done similarly.

In DPPA, the minimum crosstalk-safe spacing between
adjacent pseudo pins from their crosstalk constraints is cal-
culated in a similar way as in coarse pseudo pin assignment,
except that we now have exact data on neighboring nets.
It may not be the same value as previously estimated in
CPPA. Therefore, it is possible that the spacing require-
ment in some interval exceeds the available space although
it did not happen according to the previous estimations in
CPPA. If this happens, we will adjust our spacing estima-
tion, redo the coarse assignments for the affected nets with
the new spacing estimations, and redo the ordering and
spacing assignment on the affected strips.

C.2 The Alignment Algorithm

For a strip s with height h, if we have enough spacing for
all the pseudo pins in each interval but the ordering and
spacing algorithm generates assignment that require height
larger than h, we would apply the alignment algorithm to
introduce jogs and align as many pseudo pins as possible.

For a strip s that contains several intervals, our align-
ment algorithm aligns pseudo pins one interval at a time.
It starts from the most crowded interval and works on the
intervals toward its left and right.

For pseudo pins pq, p2, ..., pn from bottom to top on
an interval I, on boundary B;, we developed an optimal
dynamic programming algorithm which assigns the pin lo-
cations for pi, p2, ..., pn and maximize the number of
alignments between the pseudo pins on I, to the locations
(other pins of the same net) that they want to be aligned.

We use ms; to denote the minimum separation distance
between p; and p;+1. For a pseudo pin assignment o that
assigns pseudo pin p; to location loc, we define ALY (loc)
as the number of alignments for pseudo pins p;, pa, ...,
p;i. We define M L;(loc) the maximum of ALY (loc) among
all feasible assignments and M A;(loc) = {o | AL?(loc) =
ML;(loc)}. Please note that the maximum of M L,(loc)
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for all feasible locations of pseudo pin n is the maximum
number of alignments.

It is obvious that M L;(loc) can also be recursively calcu-
lated by M L;(loc) = a;(loc)+maz{ML;_1(b) | b+ms;_1 <
loc}, where a;(loc) is the number of alignments on p; when
it is assigned to location loc. Our alignment algorithm ba-
sically uses this formula to calculate M L; for i =1 to n on
all feasible locations.

We call a location loc; a redundant location for py if
there exists a location loce such that loc; > locs, and
ML (loc1) < MLg(locs). Because for any feasible assign-
ment gy that assigns py to locy, we can find an assignment
o such that it assigns py to loce with greater or equal num-
ber of total alignments to o;. We can construct o by com-
bining o1 and o2 € M Ag(locs) this way: o (i) = o9(i) for
i <k and o(i) = 01 (¢) for i > k. For any pseudo pin p, we
can restrict it to be assigned to non-redundant locations
without losing the optimality. Please note if p; has m non-
redundant locations locg,1 < locg,s < --- < lock,m, we must
have M Ly(lock,1) < MLy(lock2) < --- < MLg(lock,m).
Therefore, to find the maximum M L; 1 below loc, we only
need to find the maximum non-redundant location of p;_;
that is smaller than loc.

For pseudo pin p;, we can assume that the boundary B is
partitioned to ¢; intervals, I; 1, I; 2, ..., I; ¢ such that lo-
cations of the same interval have the same alignments and
locations on adjacent intervals have different alignments,
For example, in Figure 7, we show pseudo pin p; wants
to be aligned with d at 40. The partition for p; is [0,40),
[40, 40], and (40,100] with alignments 0, 1, and 0, respec-
tively.

We will show next if pseudo pin p;—; has a finite number
m of non-redundant locations and p; partitions the bound-
aries to t intervals, the number of non-redundant locations
for pseudo pin p; is at most m + ¢. For an interval I,
if there are x locations of the form loc + ms;_1 for some
non-redundant location loc of p;_1, the interval I, can be
partitioned to Iy, I1, ..., I, by these z points. Because the
locations in each interval will have the same M L; number,
they are all redundant except for the lowest point on each
interval. Therefore, interval I can contribute at most z + 1
non-redundant locations for p;. Because there are at most
m points that partition ¢ intervals, the total number of
non-redundant locations of p; is at most m + ¢t.

The above proof of finite non-redundant locations also

gives us the procedure on how to compute them. We will
use the example in Figure 7 to demonstrate the calcula-
tion. We assume the minimum spacing is 20 for any pair
of pseudo pins. The non-redundant locations for pseudo
pin p; are 0 and 40 with M L,(0) = 0 and M L;(40) = 1.
The pseudo pin p, partitions the boundary to [0,50),
[50,50], and (50,100] with alignments 0, 2, and 0, re-
spectively. Therefore, we check on the locations 0 + 20,
50, 40 + 20 for non-redundant locations. The results are
20 and 50 with M L2(20) = 0 and M Ly(50) = 2. Note
that the location 60 is a redundant location of p, because
ML,(60) = 1 < ML5(50). The pseudo pin p3 partitions
the boundary to [0,90), [90,90], and (90,100] with align-
ments 0, 1, and 0, respectively. The non-redundant loca-
tions of ps are 20 + 20, 50 + 20, and 90 with M L3(40) =0,
M L3(70) =2, and M L3(90) = 3. If we assign ps to 90, p2
to 50 and p; to 0, we have an assignment with maximum
alignments..

Our algorithm is further enhanced to allow weighted
sums on the number of alignments such that we can have
preferences to the alignments which align pseudo pins to
real pins or pins on a previously processed boundary.

Note that the above alignment algorithm does not
change the ordering of the pseudo pins and the packing
algorithm does not cause wire crossing on any segments.
Therefore, misalignments of the pseudo pins within a strip
may be routed by just introducing jogs but not vias.

IV. EXPERIMENTAL RESULTS

We tested our algorithms on a 168 MHz SUN Ultra II.
We use the NTRS’97 0.18um technology for the resistance
and capacitance calculations.

We have two sets of test cases. The first set of test cases
contains two test cases mccl and mecc2 of MCM designs.
They were scaled down by a factor of 90.90 such that the
original 75um pitch in MCM design is scaled to 1.5 times
the minimum width (0.22um) plus the minimum spacing
(0.33um) in this technology. The driver resistance in each
net is set to 180012 in this set of test cases.

The second set of test cases contains six standard cell
designs: s5378, s9234 513207, s15850, s38417, and s38584.
The placements of these test cases were placed by GOR-
DIAN/DOMINO [21] [13].® The driver resistance in each
net is set between 85502 and 1425Q according to the net
length.

We use the global router MINOTAUR [9] to obtain the
multi-layer global routing solutions for all the test cases.

Each test case is run with different setups on the PPA
algorithms, noise control, and cost functions. For the ex-
periments with noise control, the noise constraint is set to
0.3Vpp for each net.

For the test cases with combined length and via cost
function, we use 10 pitches as the length unit and the cost

8The test cases that we obtained only contain net lists without
cell library information. The cell geometry and pin locations used
in placement are generated by using a Mississippi State University
0.8um Standard Cell Library. We then shrunk them to approximate
the cells in the 0.18um technology.
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TABLE 1
CROSSTALK NOISE ESTIMATION IN PPA (viA 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
mccl net no 171 483 130 16 2 0| 0.15 10.63
mccl id no 351 433 18 0 0 0| 0.11 26.09
mcc2 net no 378 1422 2852 2001 459 6 0.26 80.73
mcc2 id no 1224 2807 2611 466 10 0| 0.19 315.06
5378 net no 1391 220 74 9 0 0| 0.05 6.25
55378 id no 1405 234 51 4 0 0| 0.04 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
513207 net no 3246 353 153 24 5 0| 0.04 14.58
513207 id no 3367 286 113 13 2 0| 0.03 34.46
515850 net no 3761 481 190 35 5 0| 0.04 18.98
515850 id no 3928 401 123 15 5 0| 0.03 53.05
538417 net no 10306 639 297 55 12 0| 0.02 22.37
538417 id no 10911 354 41 3 0 0| 0.01 40.36
538584 net no 13160 964 477 139 13 1 0.03 29.11
538584 id no 14147 516 82 9 0 0| 0.01 64.85
mccl net yes 315 465 22 0 0 0| 0.12 12.82
mccl id yes 400 390 12 0 0 0| 0.10 36.78
mcc2 net yes 1425 3848 1845 0 0 0| 0.16 128.49
mcc2 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
85378 id yes 1518 170 6 0 0 0| 0.03 20.58
59234 net yes 1322 156 ] 0 0 0| 0.03 9.58
59234 id yes 1364 118 4 0 0 0| 0.03 15.02
513207 net yes 3475 273 33 0 0 0| 0.02 24.31
513207 id yes 3581 186 14 0 0 0| 0.02 67.15
515850 net yes 4051 382 39 0 0 0| 0.03 35.96
515850 id yes 4237 225 10 0 0 0| 0.02 93.15
538417 net yes 10617 612 80 0 0 0| 0.02 25.97
538417 id yes 10803 466 40 0 0 0| 0.01 53.99
538584 net yes 13761 893 100 0 0 0| 0.02 34.61
538584 id yes 14074 624 56 0 0 0| 0.01 95.95
TABLE II

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
mccl net no 251 487 59 5 0 0| 0.13 9.25
mccl id no 308 461 33 0 0 0| 0.12 20.57
mcc2 net no 811 1442 2279 2033 553 0| 0.25 69.68
mcc2 id no 1154 2260 2218 1255 230 1 0.21 198.31
5378 net no 1363 225 94 11 1 0| 0.05 6.26
5378 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
513207 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
515850 net no 3758 488 187 36 3 0| 0.04 19.18
515850 id no 3816 453 174 23 6 0| 0.04 48.18
538417 net no 10344 622 283 51 9 0| 0.02 21.93
538417 id no 10362 606 296 37 8 0| 0.02 35.29
538584 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
mccl net yes 316 461 33 0 0 0| 0.12 18.38
mccl id yes 382 407 13 0 0 0| 0.11 37.39
mcc2 net yes 1493 3720 1905 0 0 0| 0.16 181.23
mcc2 id yes 2033 3869 1216 0 0 0| 0.14 503.09
$5378 net yes 1478 200 16 0 0 0| 0.03 16.34
55378 id yes 1507 173 14 0 0 0| 0.03 23.31
59234 net yes 1313 161 12 0 0 0| 0.03 9
9234 id yes 1347 128 11 0 0 0| 0.03 12.82
513207 net yes 3481 267 33 0 0 0| 0.02 27.93
513207 id yes 3510 238 33 0 0 0| 0.02 51.52
515850 net yes 4056 375 41 0 0 0| 0.03 34.39
515850 id yes 4089 354 29 0 0 0| 0.03 69.64
538417 net yes 10674 568 67 0 0 0| 0.02 25.43
538417 id yes 10740 517 52 0 0 0| 0.02 42.1
538584 net yes 13746 896 112 0 0 0| 0.02 35.21
538584 id yes 13956 722 76 0 0 0| 0.02 60.3
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for h length units and v vias is h + v.

Table I and Table IT show the distribution of the esti-
mated crosstalk noise on each test case with via cost func-
tion and combined cost function, respectively. The sec-
ond column shows which CPPA algorithm is used (net for
net-by-net and id for iterative deletion). The columns un-
der “Noise distribution” give the number 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 — 0.3Vpp.
The arithmetic average of the crosstalk noise of all nets are
shown in the column “avg. noise”. The last column shows
the run time measured in seconds.

If the crosstalk noise constraints are not considered, the
average noise of mccl and mec2 is 0.11-0.26 Vpp with up
to 36% of nets that have noise larger than 0.3 Vpp. The
average noise for those standard cell test cases is much
lower (0.01-0.05 Vpp).

The noise distributions between MCM test cases and
standard cell test cases are quite different because the wire
length distributions are quite different. For our MCM test
cases, only 3 out of 802 nets in mccl and 81 out of 7118 nets
in mec2 are local nets that do not cross any tile boundary.
On the other hands, most of the nets in these standard
cell designs are short local nets. There are 41% to 72% of
nets that are local nets that do not cross any tile bound-
ary. These short local nets usually have much less noise
than global long nets. They are treated as no noise (0 Vpp
when we calculate the noise distribution and noise average)
in the PPA noise estimation. As a result,the estimated av-
erage noise of these standard cell test cases are much lower
than our MCM test cases.

If the crosstalk noise constraints are considered, the av-
erage noise in mccl and mcc2 is reduced to 0.10-0.16 Vpp
and the average noise of those standard cell test cases is
reduced to 0.01-0.03 Vpp. Both of our CPPA algorithms
successfully reduce all the noise values to values that are
smaller than 0.3 Vpp. Overall, the noise control by itera-
tive deletion algorithm is better, but the run time is also
longer. The difference in noise distributions using different
cost functions in CPPA is not very significant.

The run time of combined cost CPPA is comparable to
the run time of using via cost only because the selection
of larger granularity when we calculate the wire length in
CPPA (8 = 1 in the O(8dV) time algorithm). In some
test cases, the ones with combined cost are even faster than
their via cost only counterparts.

We use an internally developed multi-layer gridless de-
tailed router based on the gridless routing engine as de-
scribed in [5] [7] [6] to route the above examples. This
detailed router is still under refinement, it can do a net-by-
net routing, but can not do rip-up and reroute at this point.
The routing results are shown in Table IIT and Table IV.

Please note that net counts in Tables ITI and IV count all
the local nets and subnets within each tile. If a net spans
n tiles, each of its n subnets is counted as one in the net
counts.

The estimated number of vias in PPA are lower bound es-
timations, the detailed router may use more vias if it makes

more turns to route the nets. In PPA via estimation, we
do not include the via estimation for local nets that could
be routed within a single tile. However, the via counting in
detail routing includes all the vias. This explains the big
differences between the estimated and routed via counts.

The results of pseudo pin assignment are highly routable,
even though no rip-up and reroute is performed. The com-
pletion rates of different cases are 93% — 99%. The average
vias per net is only 0.7-1.4 in the MCM test cases and
1.0-1.7 in the standard cell test cases.

The column “PPA wire length” reports the total Man-
hattan distance between pins after the detailed pseudo pin
assignment. The column “DR wire length” reports the to-
tal wire length after the detailed routing. We can see the
wire length in PPA is very close (within 4%) to the DR
wire length. This shows that most of the detailed nets are
routed without detours. We can see slight wire length re-
duction in the test case mccl if the combined cost is used.
There is sizeable wire length reduction (9 — 10%) in mcc2
if the combined cost is used. The reason why we can get
more wire length reduction in mcc2 than mccl is probably
because we have smaller tiles in mccl, thus less variations
in wire lengths and less room for wire length reduction.
Because most of the nets in our standard cell test cases are
local nets that do not have pseudo pins, thus not affected
by PPA, we can only see small (up to 7%) wire length re-
ductions in these standard cell test cases.

Table V and Table VI show the distribution of crosstalk
noise after detailed routing. From the detailed routed re-
sults, we do a 2-D extraction to find out the line resistance,
the line capacitance and coupling capacitance for all the
nets (including local nets, therefore, the noise in local nets
is calculated in this step). We then plug in these data to
the same noise calculation formula in Equation 1 to find
out the exact noise in the layout. Table V and Table VI
verified that the noise control in the pseudo pin assign-
ment can be carried out by the detailed routing with high
fidelity. The noise is not as bad as estimated in Table I
and Table II. This is because our noise estimation in PPA
is somewhat conservative on the total capacitance, which
results in higher estimated noise.

For the MCM test cases, if no noise control is done
in PPA, the average noise for each test case ranges 0.13-
0.22 Vpp with up to 11% of nets exceeding the 0.3Vpp
noise budget after detailed routing in mcc2. With 0.3 Vpp
noise constraints for all nets, the average noise for each net
reduces 15%-31% with no noise violations. The cases that
use iterative deletion for CPPA still give the best noise
distribution after detailed routing.

For the standard cell test cases, we can see most of our
test cases do not have serious noise problems (the average
noise is only 0.06-0.07 Vpp without noise control) because
the majority of the nets in these test cases are short local
nets. The improvements on noise distributions are moder-
ate because our algorithms only tries to meet the noise con-
straints and the majority of local nets are not affected by
PPA. In some test cases, there are up to 3 nets that violate
the noise constraints. This is because the noise estimation
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TABLE III
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
mce2 id no 55403 54776(98.87) 35430 44487 5394.07 5399.18
5378 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
mcc2 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
55378 net yes 7000 6488(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 IV

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
85378 net no 7000 6715(95.93) 4727 6979 80.19 82.96
85378 id no 7000 6724(96.06) 4645 6975 80.20 82.75
89234 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
838584 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
mcc2 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
89234 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
838417 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
838584 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
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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
meccl net no 125 557 119 1 0 0] 0.15
mecl id no 234 552 16 0 0 0| 013
mcc?2 net no 520 2349 3683 565 1 0] 0.22
mec2 id no 912 3417 2681 108 0 0| 0.18
55378 net no 1316 331 a7 0 0 0] 0.06
$5378 id no 1305 345 44 0 0 0| 0.07
$9234  met no 1162 281 35 0 0 0| 0.06
$9234 id no 1189 265 24 0 0 0| 0.06
s13207  met no 3090 640 47 1 0 0| 0.06
s13207  id no 3102 636 40 0 0 0| 0.06
$15850  met no 3476 905 88 2 0 0| 0.07
$15850  id no 3514 907 50 0 0 0| 0.07
38417  met no 9354 1822 132 1 0 0| 0.06
$38417  id no 9413 1803 92 1 0 0| 0.06
$38584  met no 11796 2712 242 4 0 0| 0.06
$38584  id no 11939 2635 178 2 0 0| 0.06
mccl net yes 274 515 3 0 0 0] 012
mecl id yes 326 468 7 0 0 0| 011
mee2 net yes 1348 4427 1343 0 0 0| 0.15
mcc? id yes 1752 4459 907 0 0 0] 0.14
55378 net yes 1369 316 9 0 0 0] 0.06
5378 id yes 1369 320 5 0 0 0| 0.06
$9234  met yes 1240 235 3 0 0 0| 0.06
$9234 id yes 1249 229 0 0 0 0| 0.06
$13207  met yes 3134 612 31 1 0 0| 0.06
s13207  id yes 3167 587 24 0 0 0| 0.06
515850  met yes 3608 810 53 0 0 0| 0.06
15850  id yes 3633 797 40 1 0 0| 0.06
$38417  met yes 9442 1784 82 1 0 0| 0.06
$38417  id yes 9428 1798 83 0 0 0| 0.06
$38584  met yes 11866 2707 178 3 0 0| 0.06
538584  id yes 11868 2729 156 1 0 0| 0.06
in PPA only considers the effects from global nets and the
TABLE VI estimated routing in PPA may not completely match the
CALCULATED CROSSTALK NOISE AFTER DETAILED ROUTING routing results by the detailed router.
(coMBINED COST) Table VII and Table VIII show the crosstalk noise for
the global nets (nets cross at least on tile boundary) in the
CPPA_ noise Noise distribution ave. standard cell test cases. We can see our PPA algorithms
control | 0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 | noise generate better noise distributions for those global net and
mccl net no 182 565 55 0 0.14 .
meel id no 217 559 26 ol o013 reduce the average noise of global nets from 0.08-0.09 Vpp
mcc2 net no 843 2368 3110 797 | 0.21 to 0.07-0.08 Vpp in the test cases.
mcc2 id no 1091 3106 2511 410 | 0.19
55378 net no 1313 333 a7 1| 0.07
55378 id no 1310 335 49 0| 0.07 V. CONCLUSIONS
$9234  met no 1163 276 39 0| 0.07
9234 id no 1158 295 25 0| 0.07 In this paper, we presented a new approach for pseudo
s13207  met no 3123 604 49 2| 0.06 . . . . . .
s13207  id no 3093 646 37 2| 0.06 pin assignment with crosstalk noise control in multi-layer
15850  met no 3546 835 89 1| 007 gridless general-area routing. Our approach includes two
515850  id no 3511 883 75 2| 0.07 . . .
<38417  mnet no 9377 1784 147 11 oos steps: coarse pseudo pin assignment and detailed pseudo
38417 id no 9274 1880 154 1| 0.06 pin assignment. This two-step approach absorbs the ob-
$38584  met no 11810 2694 246 4| 0.06 . . . . .
s38584  id no 11792 2711 248 3| 0.08 stacle considerations and can efficiently assign pseudo pins
mccl net yes 266 515 21 0| 0.12 to minimize total wire length and the estimated number of
meel Iigt ;’:2 o2 4233 11;; 0| o1t vias and control crosstalk noise. Our experimental results
mcc2 id yes 1939 4431 748 0| 0.14 show that our pseudo pin assignment algorithm can gener-
55378 net es 1358 327 9 0] 0.06 . : : :
o378 id ges 1308 584 15 ol o006 ate suitable pseudo pin assignment to satisfy the crosstalk
$9234  met yes 1242 234 2 0| 0.06 noise constraints after detailed routing and achieve high
59234 id yes 1273 203 2 0| 0.05 : : : :
12907 net Yos 3177 566 31 11 ooe completion rate in detail routing.
13207 id yes 3182 576 20 0| 0.06
s15850  met yes 3603 812 56 0| 0.06 VI. ACKNOWLEDGMENTS
515850  id yes 3581 843 47 0| 0.06
:ggﬁz nigt ;’ZZ gggé }gﬁ 1397) g g:gg The authors would like to thank Jie Fang and Kei-Yong
$38584  met yes | 11877 2701 175 1| 0.06 Khoo for providing the gridless detailed router DUNE. We
538584  id yes 11860 2726 166 2| 0.06

would also like to thank Patrick Madden for providing
MINOTAUR global router and some global routing solu-
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TABLE VII
CALCULATED GLOBAL NET CROSSTALK NOISE AFTER DETAILED
ROUTING (VIA COST)

TABLE VIII
CALCULATED GLOBAL NET CROSSTALK NOISE AFTER DETAILED
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
5378 met no 618 287 5 0] 009 s5378  met no 617 287 a5 T[] 0.09
5378 id no 616 294 40 0| 0.09 5378 id no 619 286 45 0| 0.09
$9234  met no 595 235 33 0| 0.08 $9234 et 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
s13207  net no 1207 420 41 1| 0.08 s13207  met no 1233 395 39 2| 0.08
13207 id no 1239 397 33 0| 0.08 13207 id no 1214 424 29 2| 0.08
s15850  met no 1265 595 78 2| 0.09 515850  met 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
$38417  met no 2435 745 92 0| 0.08 $38417 et no 2454 720 97 1| 0.07
38417  id no 2597 629 46 0| 0.07 38417  id no 2416 752 103 1| 0.08
38584  met no 2574 1260 169 1| 0.09 538584 et no 2579 1252 171 2| 0.09
38584  id no 2818 1106 80 0| 0.08 38584  id no 2615 1226 162 1] 0.09
5378 met yes 678 264 8 0] 0.08 5378  mnet yes 662 282 6 0] 0.08
$5378 id yes 683 265 2 0| 0.08 $5378 id yes 707 236 7 0| 0.07
$9234  met yes 682 179 2 0| 0.07 $9234 et yes 682 180 1 0| 0.07
59234 id yes 678 185 0 0| 0.07 59234 id yes 702 159 2 0| 0.07
13207 met yes 1245 396 27 1| 0.07 13207 net yes 1269 374 25 1| o.07
13207 id yes 1281 374 14 0| 0.07 13207 id yes 1302 354 13 0| 0.07
s15850  met yes 1383 515 42 0| 0.08 515850  met yes 1410 487 43 0| 0.08
515850  id yes 1434 477 29 0| 0.08 515850  id yes 1406 499 35 0| 0.08
38417  met yes 2553 678 41 0| 0.07 38417  met yes 2525 695 52 0| 0.07
38417  id yes 2592 639 41 0| 0.07 38417  id yes 2544 683 45 0| 0.07
38584  met yes 2725 1189 89 1| 0.08 38584 et yes 2714 1203 87 0| 0.08
38584  id yes 2775 1168 61 0| 0.08 38584  id yes 2778 1153 73 0| 0.08

tions. path can be found. Similarly, if we have a Hamiltonian path

in G, we can convert it to a feasible solution in the con-

APPENDIX structed PPA problem. Therefore, the Hamiltonian path

I. THE NP-COMPLETENESS PROOFS OF THE PPA AND
CPPA PROBLEMS

In this appendix, we shall show the simple proofs of the
NP-completeness of both PPA and CPPA problems by the
reductions from the Hamiltonian path problem and the set
partition problem, respectively.

A. The PPA Feasibility Problem is NP-complete

It is obvious that the PPA feasibility problem is in NP
because we can verify the feasibility of a PPA solution in
polynomial time. It remains to show that the PPA feasi-
bility problem is NP-hard.

The idea of the proof is to reduce the Hamiltonian
path problem, which is NP-complete (see [16]), to a sin-
gle boundary PPA feasibility problem, i.e., a PPA problem
instance with only one boundary. The Hamiltonian path
problem asks whether a graph G = (V, E) has a simple
path (vp,,Vp,,...,vp,) such that n = |V |, vp, # vp, if
i #j a‘nd (vpi7vpi+1) e E'

Given a graph G = (V,E), we can construct a single
boundary PPA problem in polynomial time such that each
vertex v in V' corresponds to the pseudo pin p,. If there is
an edge between v and v in G, the pseudo pin p, and p,
are noise free and can be separated by minimum spacing
ms. If there is no edge between v and u, the noise consider-
ation requires p,, and p, be separated at least by ds, where
ds > ms. We set the height of the row as (n — 1)ms. It is
easy to show if the PPA problem is feasible, there is a way
to place pseudo pins such that distance between any adja-
cent pseudo pins is ms, thus a corresponding Hamiltonian

problem can be reduced to the PPA problem. Because the
Hamiltonian path problem is NP-complete, the PPA prob-
lem is NP-hard. The PPA problem is NP-complete because
it is both in NP and NP-hard.

B. The CPPA Feasibility Problem is NP-complete

It is obvious that the CPPA feasibility problem is in NP
because we can verify the feasibility in polynomial time.
We shall show there is a trivial reduction from the set parti-
tion problem, which is NP-complete (see [16]) to the CPPA
problem to prove the CPPA feasibility is NP-hard.

The set partition problem asks whether there is a par-
tition of a set S of integers to A and S — A such that
Yo2cAT =D cs_a 2. From a set partition problem that
> zesZ = T, we can form a CPPA instance on a single
boundary with two intervals of height T'/2. Each element
x € S corresponds a pseudo pin with spacing requirement
z. It is trivial to show these two problems are equivalent,
thus CPPA problem is NP-hard and NP-complete.
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