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Fig. 1. Example of MOL-based standard cell structure. (a) MOL consists of
CA and CB layers. (b) If placement is not carefully designed, CA layer may
involve lots of TPL cross-row conßicts. The circles denote the abstraction
of CA layer features in the conßict graph and an edge between two circles
denote that the corresponding features should be printed by different masks.
The number in each circle represents the mask/color used for the feature.

detailed placement targeting at cross-row conßict removal. The
contributions of this paper can be highlighted as follows.

1) We carry out a comprehensive study on standard cell
level coloring strategy and Boolean-based look-up table
(BLUT) construction for MOL structures.

2) We propose single row placement techniques that allow
local reordering for conßict and stitch minimization.

3) We develop a concurrent approach for multirow conßict
removal.

4) We propose a dynamic programming algorithm to solve
generalq-partition interleaving for post wirelength and
stitch reÞnement.

5) Experimental results demonstrate the effectiveness of
our proposed framework.

The rest of this paper is organized as follows. SectionII
shows the deÞnitions of related concepts and our overall ßow.
Sections III and IV propose the cell level decomposition
and TPL aware detailed placement, respectively. SectionV
gives the experimental results, followed by the conclusion in
SectionVI .

II. PRELIMINARIES AND OVERALL FLOW

A. MOL Structure

As shown in Fig.1(a), MOL layers typically include CA
and CB [32]. In this paper, we focus on CA layer colorability
since this layer is more likely to cause TPL conßicts across
different rows. In a row-based layout structure, standard cells
are aligned to placement rows with identical height. Horizontal
power and ground (PG) rails are shared by neighboring rows.
Thus neighboring rows have to be aligned in a back-to-back
manner; i.e., a row orientated toN must have neighbors ori-
entated toFS, as shown in Fig.2(b), vice versa. CA features
can touch the PG rails. For simplicity, we deÞne atouching
Þngeras a CA feature that touches the PG rails, and anon-
touching Þngeras a CA feature that does not hit any PG rail.
All Þngers are aligned to speciÞc grids since they are aligned
between features of gate layer according to the self-aligned

Fig. 2. Example of conßicts on (a) intrarow metal-1 layer and (b) cross-row
MOL layer.

manufacturing process. Due to the existence of touching Þn-
gers, it is very likely to introduce conßicts between cross-row
CA features. Fig.1(b) shows an example of coloring failure
caused by cross-row conßicts if only three masks are avail-
able. We also assume that there is no conßict between MOL
Þngers within a standard cell.

B. Colorability Analysis for Advanced Standard Cell

In advanced standard cell design, the standard cell colorabil-
ity is different from conventional one (e.g., 45-nm technology
node). On one hand, due to the employment of MOL layers for
local connection near PG rails, there is no cross-row conßict
on metal-1 layers and the metal-1 layer conßict can only hap-
pen between two abutting cells in the same row, as shown in
Fig. 2(a). On the other hand, if cells are not carefully placed,
there would be a large amount of cross-row conßicts on MOL
layers. Fig.2(b) shows such conßicts.

C. Overview of Proposed Flow

The overall ßow of our methodologies is shown in Fig.3.
There are two main phases, standard cell phase and detailed
placement phase. In the standard cell phase, given standard cell
library as the input, we perform precoloring for metal layers in
standard cells, generate look-up table (LUT) for metal-1 layer
and extract MOL features for next phase. In the second phase,
TPL aware detailed placement is performed to optimize wire-
length, assign coloring solution, and minimize conßicts and
stitches. This phase consists of different placement approaches
with TPL constraint consideration and post placement color
assignment for MOL layer. The density-driven global move is
very similar to [33], so we skip it for brevity. The output of
the framework is decomposed layouts with optimized place-
ment solution and color assignment for both metal-1 and MOL
layer.
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Fig. 3. Overall ßow of the methodologies for TPL detailed placement.

III. STANDARD CELL LAYOUT DECOMPOSITION

In TPL, features of a certain layer are decomposed into three
masks. Two features that are too close to each other cannot
be assigned to the same mask; otherwise, it will introduce
a conßict. For standard cells, we consider metal-1 layer and
MOL layer for TPL layout decomposition.

A. Standard Cell Precoloring

For metal-1 layer, the cell precoloring problem in a row-
based layout structure is the same as that in [22]Ð[24]. That
is, given a standard cell and coloring distance for metal-1
layer, generate all candidate coloring solutions where no two
solutions are redundant to each other [23]. The redundancy is
deÞned by the fact that one candidate coloring solution has
the same color assignment to left and right boundary features
as another solution of the cell. Although the solution space
for a whole standard cell can be very large, there is no need
to enumerate all possible coloring solutions for placement.
Due to the fact that conßicts come from boundary features of
cells in the TPL detailed placement problem, only boundary
conditions need to be considered. In our metal-1 layer decom-
position ßow, we apply the backtracking algorithm from [23]
and enumerate all color combinations for boundary features.
Features not belong to the boundaries are assigned with any
color combination that carries out a legal coloring solution.
Due to limited number of boundary features, it is applicable to
store the coloring solutions as an input for detailed placement
stage.

For MOL layer precoloring, similar to metal-1 layer, we
only consider coloring solutions of features that are close to
cell top or cell bottom. As suggested in [34], we forbid stitch-
ing for CA layer. At Þrst glance, the precoloring problems
of metal-1 layer and MOL layer are very similar. However,
the difference lies in the problem size. In advanced technol-
ogy node, for metal-1 layer, there are usually fewer than Þve
boundary features for left or right side of a standard cell, while
the number of Þngers for MOL layer is much larger. Usually
large cells have even more Þngers; e.g., a D ßip-ßop has more
than twenty Þngers at top boundary.

Fig. 4. Example of discrete conßict-free offset values between two vertically
stacked cells for LUT of MOL layer.

Fig. 5. Example of LUT sizes for metal-1 and MOL layers.

B. BLUT Construction

According to previous analysis, we generate precoloring
solutions of metal-1 layer for each cell and precompute the
minimum colorable distance for every cell pair with different
coloring solutions. The distances are stored in an LUT.

For MOL layer, the LUT is discrepant to that of metal-1.
Fig. 4 gives an example to explain the difference. Suppose
we have cellCi at bottom and cellCj is on top of cellCi.
Conßicts may occur at discrete values of the position pairs.
For simplicity, let the horizontal position of cellCi be pi.
Possible situation is that conßicts occur if cellCj is placed to
positionpi + 1, pi + 2, pi + 5, andpi + 6, while positions like
pi, pi + 3, pi + 4, andpi + 7 are safe for cellCj . Therefore, the
LUT for MOL should contain a set of conßict ranges instead
of a single required distance like metal-1.

Nevertheless, as mentioned in SectionII-A , such kind of
approach may suffer from large problem sizes. Fig.5 gives
an example of solution spaces of four particular cells. The
maximum amount of candidate coloring solutions for metal-1
comes from XOR2_X2, which is 12, but its MOL layer has
more than 100 000 coloring solutions. It is no longer feasible
to store all the solutions in the LUT. One way is to select
partial solutions, but it will increase the difÞculty to resolve
conßicts for fewer coloring options.

Due to the regularity of MOL features, we can solve the
problem more efÞciently. All possible topological patterns of
four abutting Þngers can be represented by the patterns listed
in Fig. 6 with proper ßipping and rotation. Most of these pat-
terns are TPL friendly except patternF which results in a
four-clique structure (K4). It is impossible to resolve a K4
with only three colors. As the topological patterns depend on
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TABLE II
PERFORMANCEEVALUATION OF LUT CONSTRUCTION ANDDETAILED PLACEMENT ALGORITHMS

here. Column ÒBLUT+AllÓ employs BLUT and all the TPL
aware detailed placement techniques in [43], including all
techniques in SectionIV except SectionIV-C. Column ÒFull
FlowÓ employs BLUT and all the TPL aware detailed place-
ment techniques proposed in SectionIV. For each design
methodology, we list four different metrics: Ò� WL,Ó ÒCF,Ó
ÒST,Ó and ÒTime(s).Ó� WL measures the total wirelength
change after optimization. CF gives the total conßict number
on metal-1 and MOL layer. ST gives the stitch number only
on metal-1 layer as stitching is not allowed on MOL layer.
Time(s) lists the process runtime in seconds.

We Þrst compare methodologies LUT+OSR and
BLUT+OSR, where both of them utilize the OSR placement
in [23]. The difference is that the former one employs the
conventional LUT, while the latter one uses the BLUT as
in Section III-B . We can see that, on average LUT+OSR
introduces more than 5000 conßicts, while BLUT+OSR
only reports less than ten conßicts. The reason is that under
MOL-based structure, conventional LUT may contain too
many precoloring combinations. To control the LUT size,
some precoloring solutions are predeleted in cell library.
Therefore, LUT-based method is not able to Þx most of the
conßicts. Compared with conventional LUT, the proposed
BLUT enables larger solution space, and thus is more
powerful to Þx cross-row conßicts.

We further compare BLUT+OSR and BLUT+All, where
BLUT+All integrates OSR, LRSR, and min-cost ßow

techniques for detailed placement developed in this paper.
From Table II , we can see that both BLUT+OSR and
BLUT+All can achieve around 1% improvement in wirelength
compared with LUT+OSR. Compared with BLUT+OSR,
through some powerful techniques, such as local reordered
single row reÞnement (LRSR) and min-cost ßow-based con-
ßict removal, BLUT+All can resolve all the TPL conßicts.
It shall be noted that the runtime penalty of BLUT+All
is not signiÞcant, i.e., BLUT+All only introduces less
than 11% of runtime overhead against BLUT+OSR. The
reason is that for each single row, OSR-based method
is applied Þrst. Only if there exist remaining conßicts,
more expensive LRSR and min-cost ßow-based methods are
applied.

The Full Flow includes all the techniques in BLUT+All
and the interleaving algorithm for post reÞnement which fur-
ther optimizes wirelength and stitches without creating any
conßict. Compared with BLUT+All, it produces 9% fewer
stitches and further increases the average wirelength improve-
ment from 2.35% to 2.94% with similar runtime. The nature of
the interleaving algorithm for post reÞnement is a single row
placement algorithm, which can also serve as conßict removal
like OSR placement. However, we observe that it is not as
effective as the OSR placement, since it subjects to strict con-
straints from partitions which limit its solution space. Hence
we apply it in the post reÞnement stage where OSR placement
has already been applied.
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(a)

(b)

Fig. 15. Example of wirelength, stitch, and runtime tradeoffs forq-partition interleaving. Sweeping over (a)q when sliding window size is set to 8 and
(b) sliding window size whenq = 3.

C. Tradeoffs in Wirelength and Stitch ReÞnement

The performance and runtime ofq-partition interleaving in
SectionIV-C are highly related to the number of partitionsq
and size of sliding window. We study the relation by sweeping
q and sliding window sizes for one randomly picked row in
benchmark Òtop-85,Ó as shown in Fig.15.

The size of sliding windows is set to 8 when sweeping
over q, which means eight standard cells will be included in
a sliding window regardless of whitespaces among them. The
overall number of cells for interleaving including dummy cells
from whitespaces is usually 2Ð3 times of the total standard
cells in the window, as we split whitespaces into small pieces
for interleaving. With the increase ofq, cells have more free-
dom to move around and thus result in better cost including
wirelength and stitches, as shown in Fig.15(a). It is easier for
wirelength to drop signiÞcantly when cells are able to have
large movements, while the number of stitches reduces much
slower. Sometimes, the stitch number may even increase a
little bit to achieve better wirelength. According to the analy-
sis of runtime complexity in SectionIV-C, the runtime grows
exponentially withq, which is also shown in the Þgure.

Fig. 15(b) shows the impact of sliding window sizes on
wirelength and stitches. The smallest sliding window size in
the samples is 8, and the largest size is the total number of
standard cells in the row, i.e., 204. When the window size is
set to largest, the interleaving algorithm gives the optimal cost
in the row; otherwise, it achieves suboptimal solutions as we
divide the problem. It can be seen that the gaps of wirelength

and stitches between the suboptimal and optimal solutions are
not very large, but the runtime increases quickly. To balance
runtime and performance, we set theq to 3 and the size of
sliding window to 8.

Another factor to affect runtime is the maximum number
of pieces that each whitespace is split into. We split a whites-
pace into pieces such that each piece is wide enough to resolve
potential metal-1 conßicts between standard cells in the row.
However, whitespace pieces are regarded as dummy cells in
interleaving, which is directly correlated to the problem size. It
may result in runtime overhead if too many whitespace pieces
are generated, especially in layout with low utilization. Thus
we set an upper bound of pieces that can be generated from
each whitespace. Fig.16 shows the relation between runtime
and maximum number of pieces for a randomly picked row
for benchmark ÒtopÓ with various utilizations. The runtime
increases with the upper bounds and saturates at different sat-
urating points where the saturating points of layouts with low
utilizations come later than that with high utilizations. As a
result, layouts with low utilizations may be slower than oth-
ers with high utilizations, though they contain similar number
of standard cells. The phenomenon is still quite signiÞcant
in the runtime of Òtop-70Ó to Òtop-90Ó in TableII . We con-
trol the total number of pieces generated in each window to
be no larger than twice the amount of standard cells for bet-
ter consistency of runtime. The inßuences to performances
from the upper bound vary from design to design in our
experiment.
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