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Abstract—Placement is one of the most critical stages in
the physical synthesis flow. Circuits with increasing numbers
of cells of multirow height have brought challenges to tradi-
tional placers on efficiency and effectiveness. Besides providing an
overlap-free solution close to the global placement (GP) solution,
constraints on power and ground (P/G) alignments, fence region,
and routability (e.g., edge spacing and pin short/inaccessible)
should be considered. In this article, we propose a legaliza-
tion method for mixed-cell-height circuits by a window-based
cell insertion technique and two post-processing network flow-
based optimizations. Compared with the champion of the ICCAD
2017 Contest, our algorithm achieves 35% and 13% less average
and maximum displacement, respectively, as well as signifi-
cantly fewer routability violations. Comparing our algorithm
with the state-of-the-art algorithms on this problem, there is
an 8% improvement in average displacement with comparable
maximum displacement. The source code of our legalization is
available at https://github.com/cuhk-eda/ripple.

Index Terms—Bipartite matching, legalization, linear program-
ming, network flow algorithm, overlap removal, placement.

I. INTRODUCTION

TANDARD cells are designed with the same height and
S aligned on placement sites for the simplicity of physical
synthesis. With the globalized design and fabrication of inte-
grated circuits, the semiconductor feature size continuously
shrinks down to three nanometers [2]. However, the num-
ber of in-cell tracks diminishes significantly and the internal
routability within a single-site-high cell becomes inadequate.
In subfive-nanometer technology nodes, there are placement
sites of just three-track-high [3], which results in design dif-
ficulties of complex standard cells with high driving strength,
such as multiplexers [4] and multibit flip-flops [5]. On the
other hand, cell area is wasted in the region for N-type transis-
tors when large cell width is required by P-type transistors to
achieve similar rise and fall transition time [6]. For ascending
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performance and efficiency, complex cells are now designed
with multirow height and two-layer metal routing while simple
cells remain single-row height and one-layer metal routing [7].
Consequently, the challenges in physical synthesis migrate
from cell design to cell placement.

As the name suggested, the placement stage of physical
synthesis allocates standard cells on sites of the core area.
Traditionally, placement consists of three steps: 1) global
placement (GP); 2) legalization; and 3) detailed placement. GP
imports cells from the netlist and spreads the cells optimiz-
ing wirelength with analytical models [8]. Multiple objectives
are considered, including congestion, timing, and power, but
physical constraints, such as overlapping, site alignment, and
special net connection, are neglected. The physical constraints
are instead resolved in the later step, legalization, where the
quality of GP solution is preserved as much as possible, i.e.,
the average displacement of cells is minimized [9]. Finally,
further refinement is conducted in detailed placement where
the physical constraints are satisfied and wirelength is further
reduced [10]. Therefore, the introduction of mix-cell-height
circuits migrates most of the problems to the legalization step.

The previous works on legalization algorithms for mixed-
cell-height circuits can be categorized into four types. The ear-
lier literature converts the mixed-cell-height circuit legalization
problem into a single-cell-height problem. Wu and Chu [11]
constructed artificial double-row cells from pairs of single-
row cells by graph matching and conducted a double-row
detailed placement on cells with the same double-row height.
They consider width difference, cell connectivity, and displace-
ment in the weight of graph edges. This method is under the
assumption that all double-row-high cells have the same power
and ground (P/G) rail configuration. While maintaining the
cell area, Dobre et al. [12] modified the mixed-cell-height
library to have the same height with the shortest cell and
partitioned the floorplan based on an initial placement solu-
tion conducted by the modified same-cell-height library and
conventional detailed placement algorithms. A particular cell
height is then specified to each partition and conventional
detailed placement algorithms are performed again for each
partition. Its limitation is that all cell functions should have
implementations in every cell height. The empirical results
show that mixed-cell-height designs achieve area and power
reduction compared with same-cell-height designs but cell
height swapping is required in this procedure and, as a strong
and unnecessary constraint, selecting the same cell height
for each floorplan partition affects the estimation of timing
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and power in logic synthesis and highly restricts the solution
space.

Similar to the single-cell-height circuit legalizer Tetris [13]
and dynamic-programming-based Abacus [14], the second
type of mixed-cell-height circuit legalization algorithms
honors the horizontal cell order of GP. For example,
Wang et al. [15] extended Abacus and optimized a quadratic
programming (QP) of multirow cells. A number of cell pins
are regarded as the weight of the quadratic cell displacement
to restrict the wirelength overhead. They legalize cells from
left to right and evaluate the legalization cost of each cell in
every neighboring row. The cost of dead space is discussed
in this method with six cases, which is time consuming com-
pared with other methods. Chen et al. [16] proposed a much
faster method by relaxing the constraint of right boundary and
dividing multirow cells into multiple single-row cells whose
adjacency is guaranteed by Lagrangian relaxation. By apply-
ing the Karush—Kuhn-Tucker (KKT) conditions, the quadratic
legalization problem is then transformed into a linear com-
plementary problem (LCP) and solved by the modulus-based
matrix splitting iteration method (MMSIM) whose conver-
gence requires the just-mentioned separated formulation of
multirow cells. The cells placed outside of right boundary
are finally resolved by a Tetris-like method, which results in
large maximum displacement for dense designs with irregu-
lar fence shapes. To resolve the effect of locally dense area,
Zhu et al. [17] proposed a movement-aware cell reassign-
ment method. After initially solving the quadratic legaliza-
tion problem by MMSIM, disruptive cells are identified and
reassigned toward sparse areas. MMSIM is then repeatedly
conducted until the objective function has no further improve-
ment. However, maintaining the cell order of GP loses solution
space and may cause poor results especially for dense designs.

The third type is free from the artificial restriction on cell
order. Chow et al. [18] proposed a multirow local legaliza-
tion (MLL) algorithm where cells are legalized sequentially.
When legalizing a target cell, the row assignments and relative
order of previously legalized cells are maintained. In a win-
dow around the GP location of the target cell, different row
assignments and insertion points of the target cell are explored
and the total displacement is minimized by shifting cells in the
local region horizontally. Its major limitation is that the later
a cell is placed, the higher potential exists for the cell to be
placed with large displacement. In addition, the minimized dis-
placement is w.r.t. the current locations of local cells, which
can be accumulated to large displacements w.r.t. GP locations
after many iterations. MrDP [19] proposes a wirelength-driven
legalization based on a chain move scheme and extends a dual
min-cost flow (MCF) method [20] from single-row to multirow
cells for postrefinement. A potential problem is that using half-
perimeter wire-length (HPWL) instead of displacement as the
objective function in legalization may disturb other objectives
optimized in GP.

There are some recent works that legalize mixed-cell-height
circuits with additional constraints, such as IR drop mitiga-
tion [21] and half-row fragmentation [22]. However, none of
the previous work solve the problem comprehensively. Some
of them target at minimizing HPWL while some focus on the

total displacement, but none of them simultaneously handle
other important measures and constraints, such as the exis-
tence of fence region and routability issues, which include pin
inaccessible, pin short, and edge spacing.

In this article, we present a fast and high-quality legaliza-
tion framework for standard cells with mixed cell heights,
which outperforms the state of the art under the displace-
ment objective. Our legalizer optimizes both the maximum and
average displacement. It also considers fences and routability
constraints, minimizing the number of violations. Our major
contributions are as follows.

1) We develop a mixed-cell-height circuit legalizer opti-
mizing the maximum and average displacement with
constraints on fences, edge spacing, and pin accessibil-
ity.

2) We devise a thread-safe method called multirow global
legalization (MGL) that inserts a cell optimally into a
window, minimizing the average displacement of all the
cells in the region from their GP instead of their current
positions.

3) An iterative bipartite graph matching is devised to min-
imize the maximum displacement among a group of
cells that can exchange their positions without creating
additional violations.

4) We extend the MCF formulation of the fixed-row-and-
order problem to the one that optimizes a weighted sum
of the maximum and average displacement, with range
constraints on the cell movements to avoid pin short and
pin access violations.

The remainder of this article is organized as follows.
Section II illustrates the problem formulation and constraints.
Section III provides a detailed explanation of our proposed
techniques. Section IV verifies the effectiveness of our
approach, followed by a conclusion in Section V.

II. PROBLEM FORMULATION

Given a set of m multirow height cells C = {cy, c2, ..., cim}.
The cell height and displacement are measured in terms of the
multiple of single row height. Let 3 be the set of cell height,
and €, C C be the set of cells whose height is 4. The problem
is to place each cell ¢; from GP (x,y)) into (x;,y;) with a
corresponding displacement:

5i=8xi+8)’i=|xi—x”+’yi_y” W

such that the maximum and average displacement is mini-

mized:
> s )
L‘,EC;,

which is the metric used in the ICCAD 2017 Contest [9].
Multirow height cells provide high driving strength so that
they potentially supply more fanouts and are more critical in
timing. Being minorities, the displacement of multirow cells
is better honored. Besides, this objective can better verify the
effectiveness of legalizers on cells of any height.

Besides, cells should be overlap free and aligned to place-
ment sites of the chip. The P/G alignment and the fence region
constraint are treated as hard constraints:

1 1
Sam = 7 Z e
H] & 16l
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Fig. 2. Proposed legalization flow.

1) Cells with even cell heights must be placed in alternate
rows with aligned P/G rails [18];

2) Cells assigned to a fence region must be placed inside
the fence boundary [23].

Note that there is no restriction on the row assignments for
cells of odd cell height because they can be flipped vertically
to correctly align with the P/G rails.

We divide the routability violations of cell pins in two cat-
egories and consider them as soft constraints [24]. Intercell
pin short or spacing violations are modeled as edge spac-
ing. Violations with P/G grids and input/output (I/O) pins are
modeled as pin short or pin access violations.

1) An edge-type rule is specific to neighboring vertical-
edge pairs of cell instances. Cell edges particularly refers
to vertical edges of cells and are categorized into cell
edge types. A minimum spacing is required between any
two cell edge types.

2) Signal pins of cells should be able to connect with vias
or regular wires without creating violations. If a signal
pin is short or inaccessible due to the P/G grids and I/O
pins, there may not be available access point for the pin
in detailed routing.

In the modern chip design, the P/G rails are usually regular
grids running horizontally or vertically in alternate metal lay-
ers. Note that a signal pin on metal layer k is short if it overlaps
with a P/G rail or an I/O pin on metal layer k. A signal pin is
inaccessible if it cannot be accessed by a regular wire without
creating violations on metal layer k or it cannot be accessed
by a via without creating violations on metal layer k + 1. As
shown in Fig. 1, the left pin on metal layer one (M1) has pin
access problem with the rail on metal layer two (M2), and the
M2 pin is short with the M2 rail.

III. ALGORITHMS

The overall algorithmic flow is illustrated in Fig. 2, which

consists of three stages.

1) Given a GP solution with multicell-height circuits, we
first legalize it by MGL, which inserts the cells into the
placement region. Note that a cell may belong to a spe-
cific fence region. Cells that do not belong to any fence
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Fig. 3. Comparison between MLL and our purposed MGL. (a) GP. (b) Four
cells legalized; Final results of minimizing the total displacement w.r.t.
(c) current locations (MLL) and (d) GP locations (MGL).

regions are placed in the default fence region, which is
outside all other given fence regions.

2) Next, the maximum displacement is optimized by swap-
ping cells of the same type in the same fence region.
The displacement cost function is linear at the begin-
ning and exponential afterward to maintain the average
displacement at the same time.

3) Finally, keeping the rows and cell order unchanged, the
average and maximum displacement is further optimized
by linear programming.

Details of these three major steps are explained in the follow-
ing sections.

A. Legalization

In this section, we will introduce the MGL method, which
legalizes cells sequentially to minimize the average and max-
imum displacement from the given GP positions.

Inspired by MLL [18], MGL legalizes cells sequentially.
Different from MLL that calculates displacement based on
the current cell locations and can eventually accumulate a
large displacement w.r.t. GP locations, MGL minimizes the
displacement from GP locations directly. Fig. 3 illustrates an
example, where the given GP positions are shown in Fig. 3(a).
Suppose cells ¢1 — ¢4 are legalized before inserting target cell
¢; as in Fig. 3(b), which already has a total displacement
of two. In Fig. 3(c), MLL optimizes the total displacement
w.r.t. current locations and achieves a value of one. However,
the total displacement from GP position is actually three.
Fig. 3(d) shows the result with minimized total displacement
from GP positions (i.e., two) produced by MGL.

Algorithm 1 shows the flow of MGL. When legalizing a
target cell ¢, a window r; around its GP position (x}, y;) is con-
sidered. Meanwhile, legalized cells that lie completely within
ry are referred to as local cells, which can be shifted for legaliz-
ing ¢;. In MGL, the row and order assignment of local cells are
fixed, but those of ¢; are enumerated and evaluated. With row
and relative order of local cells fixed, inserting c¢; with height
h; implies that we need to place c¢; in some gaps between
the legalized cells in h; consecutive rows. A combination of
those gaps for inserting c¢; is an insertion point. For a given
¢y and r;, MGL first obtains all the legal insertion points by
using the enumerating method in [18] (line 1). It then calcu-
lates the optimal displacement cost of all the insertion points
(lines 2-10). The displacement curve, which represents the
cost of each insertion point with varied x-coordinate of ¢, can
be constructed by adding up all displacement curves of the

Authorized licensed use limited to: Chinese University of Hong Kong. Downloaded on January 10,2022 at 15:33:06 UTC from IEEE Xplore. Restrictions apply.



146 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 41, NO. 1, JANUARY 2022

Algorithm 1 MGL
Require: Window r;, GP position (x}, y}) of target cell c;.
Ensure: Legal positions of ¢; and local cells.

1: Find candidate insertion points {p;} in ry;

2: for all p; € {p;} do

3: for all breakpoint b do

Store (xp, left slope kl, right slope k}r)) in points;
end for
ACCURVE(points); > Accumulate slopes.

d; < optimal displacement;

xi <« optimal x-coordinate;

y! < y-coordinate of p;;

10: end for

11: j < argmin; d;;

12: Place ¢, at (x},y)) and spread local cells;
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Fig. 4. Four types of displacement curves.

local cells and c¢;. The construction of the curves is explained
with more details later. The best position to insert ¢; with an
insertion point is the position with the lowest cost on the dis-
placement curve. After inserting ¢, at the position with the
lowest cost, local cells are shifted to the left or right when
needed to legalize the placement (lines 11 and 12). If there
is no valid insertion point, the size of r; is increased and the
legalization for ¢; is conducted again. In practice, the window
size is initialized as the size of ¢;, i.e., to check if ¢; can be
directly placed at its GP position without creating violations.
After that, r, expands horizontally by six rows and vertically
by four rows.

In MLL, when a valid insertion point p is considered, there
are only two types of displacement curves for any local cell as
illustrated by types A and B in Fig. 4 in which the horizontal
axis is the x-position of the target cell and the vertical axis
is the displacement contributed by the local cell. The curves
are of these shapes since we are measuring the distance from
the original positions of the local cells before the target cell
is inserted. Cells on the right of p in the window have dis-
placement curves of type A because they may be pushed to
the right of their original positions due to the insertion of the
target cell at different horizontal positions. Similarly, cells on
the left of p in the window have displacement curves of type
B because they may be pushed to the left due to the insertion.
The turning points of these curves are called critical posi-
tions as they start contributing to the cost in displacement if
the target cell moves beyond the corresponding critical coor-
dinate [18]. Since there are only these two types of curves
in MLL, the optimal position to place the target cell can be
obtained efficiently by finding the median of all these critical
positions.

In MGL, the scenario is more complicated since the dis-
placement is counted w.r.t. the given GP position. There are
two more types of displacement curves as illustrated by types
A — D in Fig. 4. Without loss of generality, we first discuss
the local cells on the right of a valid insertion point p, where
there are two possible types of curves A and C. Cells with
their GP positions at or on the left of their current positions
have displacement curves type A because the target cell will
only push them further to the right from their GP positions.
For cells with their GP positions on the right of their current
positions will have displacement curve type C. The turning
points on these curves are either critical positions as in MLL
(labeled by a) or positions computable from the GP positions
of the local cells (labeled by ¢). We call all these turning points
breakpoints. To prove the property of displacement curves, we
introduce the definition of clusters as follows.

Definition 1: A right cluster is a set of cells that can move
to the right together without creating overlaps with other cells.
Specifically, a cell without adjacent cell on the right is a right
cluster by itself.

Property 1: Every right cluster has a cell without adjacent
cell on its right so that this cell is a right cluster itself.

Property 2: Every right cluster has a cell without adjacent
cell in the cluster on its left so that the cluster without this
cell is still a right cluster.

Lemma 1: If all cells in a window are placed at their
optimal positions (i.e., total displacement is the smallest under
the fixed row and fixed-order constraint) w.r.t. their GP posi-
tions, the displacement curve for moving a right cluster to the
right is piecewise linear, nondecreasing, and convex.

Proof of Lemma 1: Based on the two properties, we prove
it by mathematical induction. In the base step, if a single cell
is a right cluster, the GP position of this cell will not be on
the right of its current position because, otherwise, we will
have moved it further to the right. Therefore, its displacement
curve is like type A, which is piecewise linear, nondecreasing,
and convex. In the induction step, we assume that the lemma
is correct for all right clusters of -1 cells. Then, for any right
cluster R of r cells, we split it into a single cell ¢; without
adjacent cell in R on its left and another right cluster R\{c;}
with r-1 cells. If the displacement curve d; of ¢; is of type
A, the lemma is clearly correct for R because adding two
piecewise linear, convex, and nondecreasing curves will result
in the same properties. If d; is of type C, then its slops are

0, X <a
d=3-m, a<x<c )
m, <X

where my is the weight on the displacement of ¢;. Since all
cells in R are originally placed at optimal positions, the slope
of the displacement curve dg of the cluster R\{c;} satisfies

d/y=0, X <a
dyp =my, a<x

“)

because, otherwise, the whole right cluster R should have been
moved further to the right. Hence, adding up d; and dx gives
a piecewise linear, nondecreasing, and convex shape curve.
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Algorithm 2 AcCurve

Algorithm 3 Maximum Displacement Optimization

Require: points = {(xp, kl k;) | b is a breakpoint}.
Ensure: Total displacement curve.
1: Sort points by xp;
for all x,, = x;, do
Ky, < ki, +kj
ky, < ky 4k
Remove b, from points.
end for
for all breakpoint b do

ki <~ ZX<X[, l +ZX>X], l’

r
kb <~ ZX <xp l + Zx >Xp l’
end for

R A U i

=4

Therefore, the lemma is correct for any right cluster of r cells,
which accomplishes the proof. |
Theorem 1 states that the final displacement curve is con-
vex if the local cells are originally at their optimal positions
w.r.t. their GP positions, before the target cell is inserted.

Theorem 1: Consider a window W containing a target posi-
tion (1}, y;), a set 8 of local cells lying completely inside W,
and a target cell ¢; to be inserted into W. If all the cells in 8
are originally placed at their optimal positions (i.e., total dis-
placement is the smallest under the fixed row and fixed-order
constraint) w.r.t. their GP positions, the displacement curve,
where the x-axis is the position of the target cell x;, obtained
by adding up the displacement curves of all the cells in § is
piecewise linear and convex.

Proof of Theorem 1: The total displacement curve is clearly
piecewise linear because the displacement curve for each cell
is piecewise linear and |§| is finite. The right (left) part
of the displacement curve is accumulated by a set of right
clusters so it is nondecreasing (nonincreasing) and convex.
Therefore, the total displacement curve is piecewise linear and
convex. |

The precondition of having the local cells at optimal posi-
tions w.r.t. their GP positions would require running an MCF
(as described in Section III-C) before invoking MGL that
will lengthen the running time. Therefore, in our implemen-
tation, we compute the cost at each breakpoint to find the
optimal position. Since the number of breakpoints is linear
with the number of local cells, the optimal positions can be
found in linear time, as shown in Algorithm 2. Given a set
of breakpoints sorted by x-coordinate (line 1), we first merge
breakpoints sharing the same x-coordinate by adding the slopes
together (lines 2-6). For the total displacement curve, its left
(right) slope at each breakpoint is the right slope sum of left
(nonright) breakpoints adding the left slope sum of nonleft
(right) breakpoints. Then, the optimal x-coordinate xp, is at
the boundary of its feasible region or satisfies l_céol_cgo <0.

B. Maximum Displacement Optimization

In this section, we will present a maximum displacement
optimization method in a legal placement. Recall that in MGL,
each cell is processed sequentially and it will then be fixed to
a row once placed. The maximum displacement can be further

Require: Cell list C.
Ensure: Legal positions of C.
1: while true do
2: ¢; < cell with max displacement;

3 Cr < cell list with the same type and fence;
4 if |C7| > so then

5 Sort Cr by ‘x, x’+x’ ‘y, y'+y’ ;

6: Cr <« top-s of C?T,

7 if ¢; ¢ Cr then

8 Cr < Cr U {c);

9: end if

10: end if

11: Optimize Cr by bipartite matching;

12: if max displacement of Cr is not changed then
13: return ;

14: end if

15: end while

reduced if the row assignments can be changed, especially for
the cells being placed near the end of MGL. It is unavoidable
to place them with large displacements if the regions around
their GP locations are dense. Fig. 6(a) shows the displacement
of a cell type in a fence region. Each rectangle represents a
cell. Red cells are of the same type and gray cells are of other
types. The long gray lines connect cells to their corresponding
GP positions. Some cells are placed to even tens of rows away
from their GP positions.

To reduce the maximum displacement without introducing
violations to the legal placement, we perform an iterative
min-cost bipartite matching to optimize the maximum dis-
placement. For each iteration, we regard the cell ¢; with the
largest displacement as the target cell and reduce its dis-
placement with the help of cells close to the current and
GP positions of the target cell. Algorithm 3 shows the flow
of the optimization. Cell list Cr € € is initialized by cells
with the same type and fence region as ¢; (line 3). If |Cr|
is larger than a given number so, only ¢; and the cells close
to ([(x; +x7)/21, [ + ¥})/2]), the middle point of the cur-
rent and GP positions of ¢;, are selected for fast running time
(lines 4-10). Given a bipartite graph G = (Cr, Pr, Cr x Pr)
on the current positions Py C P of the cells in Pr, any cell
¢i € Cr can take up the positions p; = (x;,y;) of another
cell ¢; to minimize the maximum displacement without creat-
ing any violations. The problem is to find a perfect matching
8 C Cr x Pr between cells and positions with the minimum
total cost Z(ci,p,-)es D; j, where D; j = ¢ (|xj—x;|+|y;—y|) and
¢ (8) is defined as a strictly increasing function such that it is
linear when § is small to preserve the average displacement.
After a certain threshold of §, ¢ will increase rapidly in order
to discourage large displacement. Here, we have

8, §<do
P@) = g—i, otherwise ®)
0
where §p is the tolerable maximum displacement
threshold. This min-cost perfect matching problem
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can be optimally solved by formulating as an MCF
problem [25].

There are previous works that use bipartite matching
in detailed placement to minimize HPWL but only those
cells on “independent” nets can be optimized simultane-
ously [26], [27]. Here, the cost function ¢ is defined in
such a way that both the average and maximum displace-
ment are handled and all selected cells can be optimized
simultaneously.

C. Fixed Row and Fixed-Order Optimization

After the matching-based maximum displacement
optimization, we perform a final postprocessing refinement
to further reduce the maximum and average displacement
by shifting the cells locally without changing the cell order
and row assignments. Taking the objective of the total
displacement as an example, given a set of m multirow
height cells ¢ = {c;}, the problem can be formulated as
follows:

min Zm,»axi (6)

1
st xi+wi<x; V(,j)eé (6a)
L <xi<r V¢eC (6b)

where m; is the weight on the x-displacement §,; of cell c;,
w; is the width of c¢;, /; and r; are the left and right boundary
of the row segment that ¢; can horizontally shift inside, and &
is the set of neighboring pairs where (i, j) € € if and only if
¢; is the left neighbor of ¢; on some rows. The left and right
boundries of segments can be determined by core boundries,
fence regions, or placement blockages.

Equation (6) can be converted to a dual MCF problem and
effectively solved [19], [20]. Compared to the formulation
in [19], our transformation to MCF has three strengths.

1) There are significantly fewer vertices in the flow

network, which is more efficient.

2) The maximum and average displacement are optimized

simultaneously.

3) Weight m; is set according to (2) but it is ignored in [19].

We first split the x-displacement §,; in (6) to a pair of
variables x;” and x?'

max Z m; (xl_ — xl+) @)

xix x5
st x; Sx—x < xj' Ve; € @ (72)
x; <0<x Vge€ (7b)
xi—xi < —w; V(@ jeél (7¢)
x;>1; Ve eCp (7d)
xi <ri Ve €Cp (7e)

where G, (Cg) is the set of left-most (right-most) cells in at
least one of the segments.

Note that (7) itself is not a dual of an MCF problem. As
the dual LP of an MCF problem, each variable in the LP rep-
resents a vertex in the MCF and each constraint in the LP
represents an edge in the MCF, where the vertices of vari-
ables with positive signs are sources of edges, the vertices of

variables with negative signs are sinks of edges, and the con-
stant is the cost of edges. To preserve the nature of an edge
that consists of a source and a sink, we introduce an auxiliary
variable Xo representing the coordinate of the core origin in
an auxiliary coordinate system. By substituting the coordinates
in the auxiliary coordinate system {X;, X; , Sc;’} for those in the
core coordinate system {x;, x; , xl.*}, we have

iy 2 ) ®

st X <Xi—x, <X VeeC (8a)
X <X <% Vegee (8b)

X —5Cj < —w; V(@,j) € & (8¢)
Xi—Xo>1; Ve¢ieCp (8d)
Xi—Xo <ri Vci€Cp (8e)

whose constraints have exactly one variable with positive sign
and one variable with negative sign. Thus, its dual linear
programming is an MCF problem

doowily 9

minQ = Z(xj»(f,* —f7) -+ ’ifir) -
Y ; (ijee

st. Fi=ft—fm+f —f

+ Z fij— Z fii=0 Vc¢ieC (9a)
Jipe€ k:(k,iye&
Fo==) Fi=0 (9b)
i
0<fr.fr<m VeeC (9¢)
fLff=0 veee ©d)
fl=0 veec—cy (%)
ff=0 V¢ elC—Cp (9f)
fi=0 V@G, jpek 92)

where {f} = {f;"} U {fi+} U{fit U {fil} U {f{}. After solving the
MC, the coordinates in the auxiliary coordinate system are the
potential of vertices and the coordinates in the core coordinate
system can be calculated by x; = X; — Xo, x; = X; — Xo,
x; = % — Xo. Note that each of the auxiliary vertices {v; }
and {vf} connects only two edges, which can be combined to
form one edge. Hence, they can be eliminated. Overall, this is
an MCF problem with m—+1 vertices and 2m+|Cr |+ |Cg|+|€|
edges where m is the number of cells, while the MCF in [19]
has 3m + 2 vertices and 6m + |€| edges. Our formulation is
simpler and thus can be solved more efficiently.

1) Extension Considering Maximum Displacement: The
formulation above optimizes the total displacement. To con-
sider the maximum displacement, we further introduce a pair
of auxiliary variables §~ and §* whose absolute values repre-
sent the largest displacement of the cells to the left and to the
right of the corresponding GP position. Thus, we extend 8 to
consider a weighted sum as follows:

max  mp(8” —8T) + ) mi(¥ —%)  (10)
8,8+ %o %% & ;

S.t. 87 <Xxi— x; — 5yi Vei € C (10a)

8§~ <% —8, Veiel (10b)
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Flow Cap Cost
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o500
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noo150 0 3
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Ji3 00 -3
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! 00 0

1 00 0

f3 00 S

(c)
Fig. 5. Example of fixed row and fixed-order optimization.

$t =% —xi+8,, Vet (10c)
5t > %+, VeieC (10d)

(8a)—(8e)

where myg balances the maximum and the average displace-
ment in the objective function and §y; is the y-displacement
of cell ¢;, which are constants since the row assignments will
be preserved in this step. The dual LP is as follows:

n}inQ + (7 + ") max 8y,
l

+ 20 =) = e 47 an

st. Fi+ff—f'=0,, />0 VYee€ (lla)
Fo+f"—f'=0,0=<f"f"<mo (11b)
=== f=0 (11c)

(90)-(92)

where f7, f", {fip }, and {f'} are auxiliary variables for handling
the maximum displacement.

Fig. 5 shows an example. Cells ¢ and ¢y are single row
while cell c3 is double row. The corresponding flow graph is
shown in Fig. 5(b). Vertices v;, v, and v, are auxiliary nodes
while each of the other nodes represents a cell in Fig. 5(a).
The solid straight edges from v, (e.g., ff) represent the flows
for the constraints of the left boundary. The solid straight edge
to v, (f3) represents the flow for the constraints of the right
boundary. The other solid straight edges (e.g., f13) illustrate
the flows for the constraints between neighbouring cells. The
solid curly edges (e.g., f; ) represent the flows formulating the
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absolute value. The dotted edges (e.g., /") represent the flows
for the formulation of the maximum displacement.

To solve the MCF problem, we deploy a network simplex
algorithm that performs O(mnNU) pivots and O(n) time per
pivot in the worst-case scenario, where m and n denote the
number of nodes and arcs in the flow network, respectively, U
denotes the maximum arc capacities, and N denotes the largest
arc cost [28]. However, this bound does not reflect the typical
performance of the algorithm in practice [29]. With the first
eligible arc pivot rule, the algorithm can be much faster than
this bound.

D. Routability-Driven Refinement

Edge spacing rules define the minimum distances between
different types of cells. The method in Section III-B does not
create violations to any edge spacing rules because only cells
of the same type replace each other in the bipartite match-
ing and all pairs of consecutive cell edges remain unchanged.
For the MGL and the fixed row and fixed-order optimization,
there are two kinds of cell moves. One is to horizontally
shift cells to the left or right with row assignment and cell
order fixed, where the edge spacing is reserved between each
pair of consecutive cells. The other is to insert a target cell,
where the edge spacing is reserved when constructing insertion
points.

Pin access and pin short violations are caused by signal
pins of cells sheltered by P/G rails or I/O pins so that no same
layer wire or upper layer via can access the pins without caus-
ing design rule violations (DRVs). Due to limited numbers of
lower layer I/O pins and resource reservation for their routing,
we treat the regions below I/O pins in M1 or M2 as placement
blockages. So the source of violations can be divided into two
types: 1) overlaps with horizontal rails or 2) with vertical rails.

In MGL (Section III-A), if an insertion point has a viola-
tion with a horizontal rail, it will not be considered as a valid
insertion point. On the contrary, violations with vertical rails
are handled in a more detailed manner. When enumerating the
insertion points in a window, local cells are moved to the left-
most and right-most positions in the local region to validate the
insertion points. After a local cell being moved to its left-most
position, it moves back to the right until it has no violation
with a vertical rail; the opposite happens for right-most posi-
tions. If the window accommodates no violation-free insertion
points for both target cell and local cells, it is discarded and
a larger window will be considered in the next iteration until
the window covers the whole fence region. While evaluating
an insertion point, the optimal position is chosen accord-
ingly to the displacement curve. If there is a violation with
vertical rails, a least-displaced-position without violation is
selected.

Maximum displacement optimization (Section III-B) does
not create pin access or pin short violations. To avoid more
pin access and pin short violations in the fixed row and fixed-
order optimization (Section III-C), the cells will be restricted
to a feasible range defined by the intersection of the row
segment and the P/G rails. Thus, every cell has its left and
right boundary constraints in the MCEF, i.e., Cf = Cgr = C. [;
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and r; in the formulation are the left and right boundaries of
cell ¢;’s feasible range, respectively.

E. Multithread Implementation

Since local windows that do not overlap with each other
can be processed simultaneously, MGL is implemented with
multithreading to speed up processing. A scheduling step
decides which local windows can be processed at the same
time. The scheduler maintains a list £, containing 2-
tuples of the target cell and its corresponding local window
under processing. In each iteration, the scheduler selects
a fixed number of these 2-tuples that do not have their
local windows overlapping with each other and pushes them
into L.

Legalizers in the child threads process MGL whenever
there is unprocessed 2-tuple in £, and apply the legaliza-
tion step. The scheduler switches to perform MGL as well
when it finished scheduling. If MGL failed to insert the tar-
get cell, the local window is expanded and the new 2-tuple
of the target cell and the expanded local window will then
be pushed into a waiting list £,, from which the scheduler
will select the 2-tuples for the next iteration. Since the sched-
uler synchronizes all threads and the cell order in £,, is kept
the same as the original cell order, the multithread imple-
mentation is deterministic once the capacity of list £, is
determined.

IV. EXPERIMENTAL RESULTS

We implemented the proposed legalization algorithm for
mixed-cell-height circuits in C4++ programming language.
LEMON [25] is used as the MCF solver. We run all exper-
iments on a 64-bit Linux machine with eight cores of Intel
Xeon 2.1-GHz CPUs and 64-GB RAM.

A. ICCAD 2017 Benchmark Results

In the first experiment, we compare with a binary from
the first place of the ICCAD 2017 Contest [9] and a binary
from the state of the art [17]. Eight threads are used for the
proposed algorithm and both comparison algorithms to simu-
late the Contest environment. We do not compare with [30]
because the average displacement in its objective function does
not consider the weights on cell numbers as (2) and thus,
the results are biased toward single-row cells since, shown
in Table I, at least 85% cells are single-row cells. Some
other benchmark statistics are also shown in Table I, including
design density and GP HPWL. Here, density is measured by
the total cell area over the total free area.

We evaluate the pin access violations with Innovus
18.12 taking both Preroute DRC Violations and Pin Access
Violations into count. We adopt the score function in the
contest as much as possible to have a more comprehensive
comparison:

N, + N, {8
s:(1+shpw1+ P; 8)<1+ma’z{ ’})Sam (12)

TABLE I
STATISTICS OF ICCAD 2017 BENCHMARKS

Benchmark i/lzg(e)(si # Celli of D;fferel;t Helghlj Density I—(I‘F::;/}
des_perf_1 0 112644 0 0 0]90.6% | 1.22
des_perf_a_mdl 4 103589 4699 0 0[55.1% | 2.16
des_perf_a_md2 4 105030 1086 1086  1086| 55.9% | 2.18
des_perf_b_mdl 0 106782 5862 0 0] 55.0% | 2.11
des_perf_b_md2 0 101908 6781 2260 1695| 64.7% | 2.14
edit_dist_1_mdl 0 118005 7994 2664  1998| 67.4% | 4.01
edit_dist_a_md2 6 115066 7799 2599  1949| 59.4% | 5.10
edit_dist_a_md3 6 119616 2599 2599  2599| 57.2% | 5.33
fft_2_md2 0 28930 2117 705 529| 82.7% | 0.45
fft_a_md2 6 27431 2018 672 5041 32.3% | 1.09
fft_a_md3 6 28609 672 672 672| 31.2% | 0.95
pci_bridge32_a_mdl 4 26680 1792 597 448 | 49.5% | 0.45
pci_bridge32_a_md2 4 25239 2090 1194 9941 57.7% | 0.57
pci_bridge32_b_mdl 6 26134 1756 585 439| 26.6% | 0.66
pci_bridge32_b_md2 6 28038 292 292 2921 18.3% | 0.58
pci_bridge32_b_md3 6 27452 292 585 585|22.2% | 0.58

where Sppw1 is the ratio of HPWL increase, N, and N, are
the numbers of violations on pin access/short and edge spac-
ing, m is the number of cells, displacements §; and Syy, are
calculated by (1) and (2), and A is 100 [9]. Note that the
runtime scores are not included because they are measured
w.r.t other teams. The penalties of maximum displacement and
target utilization are not included because their exact defini-
tions are not clear and a constant factor is not revealed. The
results are listed in Table II where our proposed algorithm
achieves 35% smaller average displacement and 13% shorter
maximum displacement compared with the first place. Our
proposed algorithm also achieves 8% smaller average displace-
ment and 4% longer maximum displacement compared with
the state-of-the-art work. For routability-driven constraints, we
have no edge spacing violations while the first place produces
nearly six thousand in one case. We also have significantly
fewer pin access violations. Without counting the designs that
we are violation free, the numbers of violations are reduced by
398 times and 446 times on average, compared with the first
place and the state of the art, respectively. In terms of S, our
purposed method has 47% and 9% improvement on average.

B. Modified ISPD 2015 Benchmark Results

In the second experiment, we compare with the state-of-the-
art placers [15], [16], [18]. The benchmarks are modified from
the ISPD 2015 Contest [23] and provided by Chow et al. [18].
10% of the cells were selected and converted to double
height and half width. To be consistent with other works
listed in Table III, we adapted our program to use total dis-
placement as the objective function and ignored fences as
well as routability-driven constraints. Note that the results
of [15], [18] are improved ones reported in [16]. We can see
that we have improved over the previous published works by
19%, 16%, and 8%, respectively, in total displacement.

C. Tradeoff on Window Size

In the third experiment, we verify the tradeoff between
running time and solution quality on the expansion step of
window size. As shown in Table IV, a larger window size is
beneficial on average displacement while a smaller window
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TABLE II
COMPARISON BETWEEN OUR ALGORITHM AND THE CHAMPION IN ICCAD 2017
Benchmark Avg. Disp. Max. Disp. HPWL (+€9) Pin Access Edge Space Score S Runtime (s)

Ist [17] Owurs| 1st [17] Ours| 1st [17] Ours 1st [17] Ours| 1st [17] Ours| 1st [17] Ours I1st [17] Ours
des_perf_1 0.710 0.807 0.870| 7.7 6.6 10.1{1.30 1.33 1.34| 7313 3636 216 0 0 0[0.87 0.96 1.05| 9.55 22.64 28.91
des_perf_a_mdl 1.818 0.994 0.913|62.6 60.7 60.7(2.26 2.23 2.23| 2566 3080 2 0 0 0[3.16 1.69 1.51| 546 3.80 3.85
des_perf_a_md2 3.476 1.328 1.143|68.0 40.4 48.1(2.28 2.26 2.25| 2604 2986 2 0 0 0[6.26 1.98 1.75| 5.50 6.27 3.84
des_perf_b_mdl 0.698 0.701 0.659| 9.0 9.0 11.4|2.16 2.16 2.16| 2442 2392 17 0 0 0[0.80 0.80 0.75| 4.47 3.28 4.34
des_perf_b_md2 0.655 0.655 0.617(20.0 19.4 24.1{2.19 2.20 2.19| 2125 2120 0 0 0 0[0.82 0.82 0.78| 4.16 240 3.80
edit_dist_1_mdl 0.798 0.765 0.660| 7.9 7.8 5.8{4.09 4.10 4.09| 3435 3414 0 0 0 0[0.90 0.87 0.71| 5.17 3.10 3.89
edit_dist_a_md2 0.646 0.639 0.612(16.4 16.4 16.4|5.18 5.18 5.17| 3230 3235 0 0 0 0[0.78 0.77 0.72| 431 3.71 4.29
edit_dist_a_md3 0.901 0.838 0.760(28.0 23.3 23.3|5.46 548 5.46| 3479 3361 194 0 0 0[1.21 1.09 0.96|44.34 25.66 16.73
fft_2_md2 0.675 0.837 0.716| 6.6 7.2 6.3]0.49 0.52 0.51| 1942 932 75|5980 0O 0[0.96 1.07 0.86| 1.18 0.90 1.40
fft_a_md2 0.566 0.568 0.562(34.3 34.3 34.3|1.11 1.11 1.11 807 814 11 0 0 0[0.79 0.79 0.77| 0.99 0.43 0.87
fft_a_md3 0.536 0.538 0.529(11.0 11.0 11.0{0.97 0.97 0.97| 764 765 5 0 0 0[0.62 0.62 0.60| 1.02 0.46 0.80
pci_bridge32_a_mdl[0.696 0.664 0.650|42.6 42.6 45.7(0.47 0.47 0.48| 588 564 1 0 0 0[1.05 1.00 0.99| 1.11 0.89 1.07
pci_bridge32_a_md2[0.898 0.894 0.832|27.2 18.1 18.1{0.59 0.60 0.60| 1845 813 18 0 0 0[1.27 1.15 1.05| 1.89 3.02 1.30
pci_bridge32_b_mdl|1.064 0.824 0.776|87.7 51.4 51.4(0.69 0.68 0.68| 587 753 0 0 0 0[2.11 1.32 1.21| 1.26 0.63 1.12
pci_bridge32_b_md2[1.084 0.791 0.698|72.3 54.6 61.7(0.60 0.59 0.59| 646 862 0 0 0 0(1.97 1.30 1.17| 1.08 0.65 1.23
pci_bridge32_b_md3|1.910 1.024 0.916|68.2 49.8 49.8(0.62 0.61 0.61 656 849 1 0 0 0[3.46 1.65 1.43| 1.34 1.09 1.04
Norm. Avg. 1.35 1.08 1.00|1.13 0.96 1.00({1.02 1.02 1.00{398.09 445.95 1.00 — 1.47 1.09 1.00| 1.21 0.94 1.00

TABLE III
COMPARISON BETWEEN OUR ALGORITHM AND STATE-OF-THE-ART PLACERS
. Total Disp. (sites) Runtime (s)

Benchmark #Cell | Density | yg1 1p [15] b [16] Ours | [18]-Imp [15] [16] Ours
des_perf_1 112644 | 90.58% 279545 474789 242622 188719 6.1 7.5 24 2.7
des_perf_a 108292 | 42.90% 81452 73057 72561 71049 2.5 3.8 2.3 2.1
des_perf_b 112644 | 49.71% 81540 72429 71888 70959 2.2 3.9 2.3 2.3
edit_dist_a 127419 | 45.54% 59814 60971 62961 57264 1.8 49 2.8 2.3
ffr_1 32281 | 83.55% 54501 53389 46121 38938 1.0 1.3 0.7 1.3
fft_2 32281 | 49.97% 25697 21018 20979 20381 04 1.1 0.6 0.6
fft_a 30631 | 25.09% 19613 18150 18304 17897 0.2 1.2 0.6 0.6
fft_b 30631 | 28.19% 28461 21234 21671 20852 04 1.2 0.6 0.6
matrix_mult_1 155325 | 80.24% 80235 73682 71793 61992 4.0 54 3.6 32
matrix_mult_2 155325 | 79.03% 75810 65959 65876 58250 4.2 54 3.7 3.1
matrix_mult_a 149655 | 41.95% 46001 40736 40298 39683 1.6 5.7 34 3.0
matrix_mult_b 146442 | 30.90% 40059 37243 37215 36658 1.2 5.6 3.2 32
matrix_mult_c 146442 | 30.83% 42490 40942 40710 39767 14 5.6 3.2 2.7
pci_bridge32_a 29521 | 38.39% 27832 26674 26289 25960 0.3 1.2 0.6 04
pci_bridge32_b 28920 | 14.30% 27864 26160 26028 26120 0.2 1.0 0.4 0.6
superbluell_a 927074 | 42.92% 1786342 1983090 1742941 1595907 29.7 503 263 22.2
superbluel? 1287037 | 44.72% | 2015678 1995140 1963403 1713915 103.6 565 386 31.6
superblueld 612583 | 55.78% 1599810 1497490 1566966 1330885 16.7 48.1 17.7 13.8
superbluel6_a 680869 | 47.85% 1173106 1147530 1135186 1055668 20.7 41.8 187 14.9
superbluel9 506383 | 52.33% 806529 808164 781928 705509 105 29.6 132 11.9
Norm. Avg. 1.19 1.16 1.08 1.00 \ 1.04 209 1.08 1.00

size causes 2% degradation. On the other hand, performing
MGL takes less time with a smaller window in most of the
designs, except for dense regions where smaller windows need
more expansion iterations. Therefore, this parameter is left
viable for users to adjust based on site size and aspect ratio,
cell size, core utilization, etc.

D. Efficiency of Multithreading

In the fourth experiment, we verify the efficiency of
multithreaded MGL. Since the solutions are identical with
different numbers of threads and multithreading is only imple-
mented for MGL, we only show the running time of MGL in

Table V, where 1.6x, 2.9x, and 4.5x speedups are achieved
with two, four, and eight threads, respectively.

E. Effectiveness and Runtime Breakdown

In the fifth experiment, we break down the effectiveness and
running time of MGL and two postprocessing stages. Table VI
lists the average and maximum displacement and running tim-
ing for these three stages. We can see that the maximum
displacement decreases by 66% through maximum displace-
ment optimization and the average displacement decreases by
1% through fixed row and fixed-order optimization. The table
also shows that each of the three stages takes about one third of
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TABLE IV
TRADEOFF ON WINDOW SIZE

TABLE VI
EFFECTIVENESS AND RUNTIME BREAKDOWN

Benchmark S*Avg.MDflsp. iy ‘ Sl\:ldxivl[zlspl.‘i ‘ Rsu*nm?jlerIrig Benchmark L*Avg. D*ISP. - E\:Iaxiv[]zlsp].:* ‘ ]El*lnmrl:/%Tlm;*
des_perf_1 0.962 0.964 0.968|48.4 49.5 69.8|3.17 4.74 8.34 des_perf 1 0.964 0.915 0.870{49.5 10.0 10.1|4.74 20.51 1.65
des_perf_a_mdl 0.937 0.919 0.940{92.7 60.7 60.7|0.90 1.81 3.74 des_perf_a_mdl 0.919 0.919 0.913160.7 60.7 60.7|1.81 0.17 1.18
des_perf_a_md2 1.237 1.148 1.142|49.7 48.1 48.1|0.77 1.67 3.23 des_perf a_md2 1.148 1.148 1.143]48.1 43.1 48.1|1.67 0.27 1.17
des_perf_b_mdl 0.677 0.675 0.676{52.4 53.8 47.1/0.82 1.28 2.14 des_perf_b_mdl 0.675 0.662 0.659(53.8 11.4 11.4]1.28 0.95 1.27
des_perf_b_md2 0.626 0.618 0.617|37.1 27.3 26.5/0.71 1.31 2.62 des_perf_b_md2 0.618 0.619 0.617|27.3 24.1 24.1|1.31 0.35 1.43
edit_dist_1_mdl 0.674 0.664 0.656{13.9 5.8 7.3|0.58 0.98 1.93 edit_dist_1_mdl 0.664 0.664 0.660| 5.8 5.7 5.8|0.98 0.46 1.60

0.620 0.614 0.613]24.1 16.5 16.4]0.71 1.30 2.77 edit_dist_a_md2 0.614 0.614 0.612|16.5 164 16.4[1.30 0.52 1.60

edit_dist_a_md2

edit_dist_a_md3 0.797 0.783 0.771|56.1 74.2 83.7|1.94 2.78 5.47

fft_2_md2 0.738 0.721 0.722|21.4 10.0 13.0{0.19 0.29 1.47
fft_a_md2 0.562 0.563 0.566|34.3 34.3 34.3|0.15 0.22 0.35
fft_a_md3 0.533 0.531 0.533|11.0 11.0 11.0{0.10 0.15 0.30

pci_bridge32_a_mdl|0.655 0.652 0.653(45.8 45.7 45.7(0.23 0.33 1.22
pci_bridge32_a_md2|0.861 0.839 0.829|38.3 18.7 18.1|0.30 0.47 1.26
pci_bridge32_b_md1|0.796 0.781 0.778|54.2 51.4 51.4|6.72 0.31 0.45
pci_bridge32_b_md2|0.745 0.704 0.698|72.3 61.7 61.7|0.16 0.32 0.65
pci_bridge32_b_md3|0.966 0.925 0.879|49.8 49.8 49.8|0.17 0.34 0.71

| 1.02 1.00 1.00|1.31 1.00 1.06]1.92 1.00 2.26

Norm. Avg.

* Window expands horizontally (vertically) by four (two) rows for each iteration.
T Window expands horizontally (vertically) by six (four) rows for each iteration.
# Window expands horizontally (vertically) by eight (six) rows for each iteration.

TABLE V
RUNNING TIME OF MULTITHREADED MGL

MGL Running Time (s)

Benchmark IT 2T 4T 8T
des_perf_1 15.66 9.16 6.12 474
des_perf_a_mdl 9.61 529 297 1.81
des_perf_a_md2 8.52 474 262 1.67
des_perf_b_mdl 6.06 344 2.04 1.28
des_perf_b_md2 7.01 399 219 131
edit_dist_1_mdl 5.14 314 1.64 098
edit_dist_a_md2 735 423 236 1.30
edit_dist_a_md3 10.55 676 3.88 278
fft_2_md2 144 087 046 029
fft_a_md2 091 055 032 022
fft_a_md3 0.85 049 024 0.15
pci_bridge32_a_mdl 1.63 1.08 055 033
pci_bridge32_a_md2 1.79 1.23  0.70 047
pci_bridge32_b_mdl .15 0.80 046 031
pci_bridge32_b_md2 132 086 048 0.32
pci_bridge32_b_md3 1.38 088 048 0.34
Norm. Avg. | 100 061 034 022

the total running time on average but the maximum displace-
ment optimization dominates in two congested designs. Fig. 6
shows an example of the maximum displacement optimization
in which red cells are of the same type while red lines con-
nect cells to their corresponding GP positions. Cells with
large displacement in Fig. 6(a) are moved to closer locations
in Fig. 6(b).

F. Effectiveness of Pin Access Refinement

In the sixth experiment, we evaluate the effectiveness of
pin access refinement techniques. Table VII lists the average
and maximum displacement and the numbers of inaccessible
pins with the techniques turning on and off. We can see that
the average and maximum displacement increase by 4% and
5% through pin access refinement but numbers of inaccessi-
ble pins reduce by more than a thousand times on average.
In addition, we route the placement results with CUGR [31]
and Dr. CU 2.0 [32], and evaluate the actual impact of pin

0.783 0.762 0.760|74.2 23.3 23.3|2.78 11.46 1.67
0.721 0.721 0.716{10.0 6.5 6.3|0.29
fft_a_md2 0.563 0.563 0.562|34.3 34.3 34.3|0.22
fft_a_md3 0.531 0.531 0.529{11.0 11.0 11.0|0.15
pci_bridge32_a_mdl|0.652 0.652 0.650|45.7 45.7 45.7|0.33
pci_bridge32_a_md2|0.839 0.834 0.832|18.7 18.1 18.1|0.47
pci_bridge32_b_mdl|0.781 0.781 0.776|51.4 51.4 51.4|0.31
pci_bridge32_b_md2|0.704 0.704 0.698|61.7 61.7 61.7]|0.32
pci_bridge32_b_md3|0.925 0.925 0.916|49.8 49.8 49.8|0.34

| 1.01 1.01 1.00]1.66 1.00 1.00]0.29

edit_dist_a_md3
fft_2_md2

Norm. Avg. 0.29 0.28

* L: multi-row global legalization; M: max. disp. opt.; F: fixed row & order opt.
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Fig. 6. Maximum displacement optimization. (a) Before. (b) After.

TABLE VII
EFFECTIVENESS OF PIN ACCESS REFINEMENT

Avg. Disp. |Max. Disp. |Pin Access DRV
Benchmark ‘ Off On |Off On |Off On| Off  On
des_perf_1 0.654 0.870) 37 10.1|7179 216| 272584 295232
des_perf_a_mdl  |0.889 0913(60.7 607|642 2| 97534 88087
des_perf_a mdz  |L113 1143481 481(6396 2| 87571 73217
des_perf b mdl  |0.611 0.659(116 114|6257 17| 63624 53696
des_perf b mdz  |0599 0.617(245 241|657 0| 56347 45018
edit_dist_1mdl  |0.638 0.660| 58 58|7863 0| 124029 110427
edit_dist_a md2  |0590 0.612(164 164|7979  0|1884114 1857284

edit_dist_a_md3 0.710 0.760(23.3 23.3|8169 1942176311 2183820

£ft_2_md2 0657 0.716| 5.6  63(2171 75 17079 12814
££t_a_md2 0.544 0.562(34.3 343[2360 11| 59078 57282
£ft_a_md3 0511 0.529|11.0 11.0[1928 5| 41389 37625
pci_bridge32_a_mdl|0.634 0.650(45.7 457|1712 1| 19566 17029
pci_bridge32_a_mdz|0.796 0.832|18.1 18.1{1826 18| 19750 16713
pci_bridge32_b_mdl|0.767 0.776|51.4 5141676 0| 20273 18122
pci_bridge32_b_mdz|0.689 0.69861.7 61.7(1710 0| 19964 17759
pci_bridge32_b_md3|0.885 0.916(49.8 49.8/1780 1| 18658 16440
Norm. Avg. | 095 1.00/0.96 1.00[1007 1| 114 100

access refinement on routing with the total number of DRVs.
With refinement techniques, the total numbers of DRVs are
reduced by 14% on average. The improvement is more signif-
icant in designs with fewer DRVs. For other congest designs,
the routers have trouble eliminating DRVs.

Authorized licensed use limited to: Chinese University of Hong Kong. Downloaded on January 10,2022 at 15:33:06 UTC from IEEE Xplore. Restrictions apply.



LI et al.: PIN-ACCESSIBLE LEGALIZATION FOR MIXED-CELL-HEIGHT CIRCUITS

V. CONCLUSION

We presented a legalization method for mixed-cell-height
circuits with consideration of routability constraints, such as
pin access, pin short, edge spacing, and fence regions. We
proposed an MGL that minimizes the total displacement of the
cells within a window toward their given GP positions. We for-
mulated and solved the maximum displacement optimization
into by an MCF. Finally, we formulated the fixed row and
fixed-order optimization problem with a weighted sum of the
maximum and average displacement as objective into another
MCEF problem for further optimization. Comparing with the
champion of the ICCAD 2017 Contest [9], we achieved 35%
less average displacement, 13% less maximum displacement,
and much fewer routability-driven violations. We also com-
pared with the state-of-the-art work and achieved an 8%
average displacement improvement.

ACKNOWLEDGMENT

The authors would like to thank Prof. Jianli Chen for helpful
discussions and binary sharing of [16] and [17].

REFERENCES

[1] H. Li, W.-K. Chow, G. Chen, E. EY. Young, and B. Yu, “Routability-
driven and fence-aware legalization for mixed-cell-height circuits,” in
Proc. 55th Annu. Design Autom. Conf. (DAC), San Francisco, CA, USA,
2018, pp. 1-6.

[2] H. Li et al., “Deep learning analysis for split manufactured lay-
outs with routing perturbation,” I[EEE Trans. Comput.-Aided
Design Integr.  Circuits Syst., early access, Nov. 11, 2020,
doi: 10.1109/TCAD.2020.3037297.

[3] S. M. Y. Sherazi et al., “CFET standard-cell design down to 3Track
height for node 3nm and below,” in Proc. SPIECFET Design Process
Technol.Co-Optim. Manuf. XIII, vol. 10962, 2019, Art. no. 1096206.

[4] S.-H. Baek, H.-Y. Kim, Y.-K. Lee, D.-Y. Jin, S.-C. Park, and J.-D.
Cho, “Ultra-high density standard cell library using multi-height cell
structure,” in Proc. SPIE Smart Struct. Devices Syst., vol. 7268, 2008,
Art. no. 72680C.

[5] C. Santos, R. Reis, G. Godoi, M. Barros, and F. Duarte, “Multi-bit flip-
flop usage impact on physical synthesis,” in Proc. 25th Symp. Integr.
Circuits Syst. Design (SBCCI), 2012, pp. 1-6.

[6] Y.-X. Chiang et al., “Designing and benchmarking of double-row height
standard cells,” in Proc. IEEE Comput. Soc. Annu. Symp. VLSI (ISVLSI),
Hong Kong, China, 2018, pp. 64—69.

[7]1 D. D. Sherlekar, “Cell architecture for increasing transistor size,”
U.S. Patent 8631374, Jan. 2014.

[8] F. Gessler, P. Brisk, and M. Stojilovic, “A shared-memory parallel imple-
mentation of the RePlAce global cell placer,” in Proc. 33rd Int. Conf.
VLSI Design 19th Int. Conf. Embedded Syst., 2020, pp. 78-83.

[9] N. K. Darav, I. S. Bustany, A. Kennings, and R. Mamidi, “ICCAD-2017

CAD contest in multi-deck standard cell legalization and benchmarks,”

in Proc. IEEE/ACM Int. Conf. Comput.-Aided Design (ICCAD), Irvine,

CA, USA, 2017, pp. 867-871.

M. Khasawneh and P. H. Madden, “Hill climbing with trees: Detail

placement for large windows,” in Proc. Int. Symp. Phys. Design (ISPD),

2020, pp. 9-16.

G. Wu and C. Chu, “Detailed placement algorithm for VLSI design with

double-row height standard cells,” IEEE Trans. Comput.-Aided Design

Integr. Circuits Syst., vol. 35, no. 9, pp. 1569-1573, Sep. 2016.

S. A. Dobre, A. B. Kahng, and J. Li, “Design implementation with non-

integer multiple-height cells for improved design quality in advanced

nodes,” IEEE Trans. Comput.-Aided Design Integr. Circuits Syst.,

vol. 37, no. 4, pp. 855-868, Apr. 2018.

D. Hill, “Method and system for high speed detailed placement of cells

within an integrated circuit design,” U.S. Patent 6370673, Apr. 2002,

P. Spindler, U. Schlichtmann, and F. M. Johannes, “Abacus: Fast legal-

ization of standard cell circuits with minimal movement,” in Proc. Int.

Symp. Phys. Design (ISPD), 2008, pp. 47-53.

[10]

(1]

[12]

(13]

[14]

153

[15] C.-H. Wang et al., “An effective legalization algorithm for mixed-cell-
height standard cells,” in Proc. 22nd Asia South Pac. Design Autom.
Conf. (ASP-DAC), Chiba, Japan, 2017, pp. 450-455.

[16] J.Chen, Z. Zhu, W. Zhu, and Y.-W. Chang, “Toward optimal legalization
for mixed-cell-height circuit designs,” in Proc. 54th ACM/EDAC/IEEE
Design Autom. Conf. (DAC), Austin, TX, USA, 2017, pp. 1-6.

[17] Z. Zhu, J. Chen, W. Zhu, and Y.-W. Chang, “Mixed-cell-height
legalization considering technology and region constraints,” [EEE
Trans. Comput.-Aided Design Integr. Circuits Syst., vol. 39, no. 12,
pp. 5128-5141, Dec. 2020.

[18] W.-K. Chow, C.-W. Pui, and E. FY. Young, “Legalization algo-

rithm for multiple-row height standard cell design,” in Proc. 53nd

ACM/EDAC/IEEE Design Autom. Conf. (DAC), Austin, TX, USA, 2016,

pp. 1-6.

Y. Lin et al., “MrDP: Multiple-row detailed placement of heterogeneous-

sized cells for advanced nodes,” IEEE Trans. Comput.-Aided Design

Integr. Circuits Syst., vol. 37, no. 6, pp. 1237-1250, Jun. 2018.

[20] J. Vygen, “Algorithms for detailed placement of standard cells,” in Proc.

Design Autom. Test Eur. (DATE), Paris, France, 1998, pp. 321-324.

S. I. Heo, A. B. Kahng, M. Kim, L. Wang, and C. Yang, “Detailed

placement for IR drop mitigation by power staple insertion in sub-10nm

VLSL,” in Proc. IEEE Design Autom. Test Eur. Conf. Exhibit. (DATE),

Florence, Italy, 2019, pp. 830-835.

[22] Z. Zhu et al., “Mixed-cell-height legalization considering complex min-

imum width constraints and half-row fragmentation effect,” Integr. VLSI

J., vol. 71, pp. 1-10, Mar. 2020.

I. S. Bustany, D. Chinnery, J. R. Shinnerl, and V. Yutsis, “ISPD 2015

benchmarks with fence regions and routing blockages for detailed-

routing-driven placement,” in Proc. Int. Symp. Phys. Design (ISPD),

2015, pp. 157-164.

V. Yutsis, I. S. Bustany, D. Chinnery, J. R. Shinnerl, and W.-H. Liu,

“ISPD 2014 benchmarks with sub-45nm technology rules for detailed-

routing-driven placement,” in Proc. Int. Symp. Phys. Design (ISPD),

2014, pp. 161-168.

P. Kovdcs, “Minimum-cost flow algorithms: An experimental evalua-

tion,” Optim. Methods Softw., vol. 30, no. 1, pp. 94-127, 2015.

[26] T.-C. Chen, Z.-W. Jiang, T.-C. Hsu, H.-C. Chen, and Y.-W. Chang,

“NTUplace3: An analytical placer for large-scale mixed-size designs

with preplaced blocks and density constraints,” IEEE Trans. Comput.-

Aided Design Integr. Circuits Syst., vol. 27, no. 7, pp. 1228-1240,

Jul. 2008.

G. Chen et al., “RippleFPGA: Routability-driven simultaneous packing

and placement for modern FPGAs,” IEEE Trans. Comput.-Aided Design

Integr. Circuits Syst., vol. 37, no. 10, pp. 2022-2035, Oct. 2018.

R. K. Ahuja, T. L. Magnanti, and J. B. Orlin, “Chapter IV

network flows,” in Optimization (Handbooks in Operations

Research and Management Science), vol. 1. Amsterdam, The

Netherlands: Elsevier, 1989, pp. 211-369. [Online]. Available:

http://www.sciencedirect.com/science/article/pii/S0927050789010054

[29] Z. Kirdly and P. Kovécs, “Efficient implementations of minimum-cost

flow algorithms,” 2012. [Online]. Available: arXiv:1207.6381.

X. Li, J. Chen, W. Zhu, and Y.-W. Chang, “Analytical mixed-

cell-height legalization considering average and maximum movement

minimization,” in Proc. Int. Symp. Phys. Design (ISPD), 2019,

pp. 27-34.

[31] J. Liu, C.-W. Pui, F. Wang, and E. FY. Young, “CUGR: Detailed-

routability-driven 3D global routing with probabilistic resource model,”

in Proc. IEEE 57th Annu. Design Autom. Conf. (DAC), San Francisco,

CA, USA, 2020, pp. 1-6.

H. Li, G. Chen, B. Jiang, J. Chen, and E. EY. Young, “Dr. CU 2.0: A

scalable detailed routing framework with correct-by-construction design

rule satisfaction,” in Proc. IEEE/ACM Int. Conf. Comput.-Aided Design

(ICCAD), Westminster, CO, USA, 2019, pp. 1-7.

Haocheng Li received the B.Eng. degree from

the School of Information and Communications

Engineering, Xi’an Jiaotong University, Xi’an,

China, in 2016, and the Ph.D. degree from the

Department of Computer Science and Engineering,

Chinese University of Hong Kong, Hong Kong, in

2020.

He joined Cadence Design System, San Jose,
CA, USA, in 2021, where he is currently a Lead
Software Engineer, working on routing algorithms
with advanced technology nodes. His research
interests include electronic design automation, hardware security, and combi-
natorial optimization.

Dr. Li received the best paper award in ISPD 2017.

[19]

(21]

[23]

[24]

[25]

[27]

(28]

[30]

[32]

Authorized licensed use limited to: Chinese University of Hong Kong. Downloaded on January 10,2022 at 15:33:06 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1109/TCAD.2020.3037297

154 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 41, NO. 1, JANUARY 2022

Wing-Kai Chow (Member, IEEE) received
the B.Sc. degree from Hong Kong Polytechnic
University, Hong Kong, in 2009, and the M.Sc.
degree in computer science and the Ph.D. degree in
computer science and engineering from the Chinese
University of Hong Kong, Hong Kong, in 2012 and
2018, respectively.

He joined Cadence Design System, Austin, TX,
USA, in 2016, where he is currently a Principal
Software Engineer, working on routing algorithms
with advanced technology nodes. His current
research interest include clock network synthesis, and placement and routing
algorithms.

Gengjie Chen received the B.Sc. degree from
the Department of Electronic and Communication
Engineering, Sun Yat-sen University, Guangzhou,
China, in 2015, and the Ph.D. degree from the
Department of Computer Science and Engineering,
Chinese University of Hong Kong, Hong Kong, in
2019.

His research interests include combinatorial
optimization, numerical optimization, and electronic
design automation.

Dr. Chen received the ACM Outstanding Ph.D.
Dissertation Award in Electronic Design Automation in 2020, the first place
at ACM Student Research Competition in 2019, the first place at ACM SIGDA
Student Research Competition in 2018, the best paper award at ICCAD 2017,
the Hong Kong Ph.D. Fellowship from 2015 to 2019, and eight ICCAD/ISPD
contest awards.

Bei Yu (Member, IEEE) received the Ph.D. degree
from the University of Texas at Austin, Austin, TX,
USA, in 2014.

He is currently an Assistant Professor with the
Department of Computer Science and Engineering,
Chinese University of Hong Kong, Hong Kong.

Dr. Yu received seven Best Paper Awards
from ASPDAC 2021, ICTAI 2019, Integration,
the VLSI Journal in 2018, ISPD 2017, SPIE
Advanced Lithography Conference 2016, ICCAD
2013, ASPDAC 2012, and six ICCAD/ISPD contest
awards. He has served as TPC Chair of ACM/IEEE Workshop on Machine
Learning for CAD, and in many journal editorial boards and conference
committees. He is an Editor of IEEE TCCPS Newsletter.

Evangeline FY. Young (Senior Member, IEEE)
received the B.Sc. degree in computer science from
the Chinese University of Hong Kong (CUHK),
Hong Kong, and the Ph.D. degree from the
University of Texas at Austin, Austin, TX, USA, in
1999.

She is currently a Professor with the Department
of Computer Science and Engineering, CUHK. Her
research interests include EDA, optimization, algo-
rithms, and AI. Her research focuses on floor-
planning, placement, routing, DFM, and EDA on
physical design in general.

Dr. Young research group has won best paper awards from ICCAD 2017,
ISPD 2017, SLIP 2017, and FCCM 2018, and several championships and
prizes in renown EDA contests, including the 2018-2020, 2015-2016, and
2012-2013 CAD Contests at ICCAD, DAC 2012, and ISPD 2015-2020 and
2010-2011. She has served on the organization committees of ICCAD, ISPD,
ARC, and FPT and on the program committees of conferences, including
DAC, ICCAD, ISPD, ASP-DAC, SLIP, DATE, and GLSVLSI. She also served
on the editorial boards of IEEE TRANSACTIONS ON COMPUTER-AIDED
DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, ACM Transactions on
Design Automation of Electronic Systems, and Integration, the VLSI Journal.

Authorized licensed use limited to: Chinese University of Hong Kong. Downloaded on January 10,2022 at 15:33:06 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


