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Abstract—As technology scales and frequencies increase, a new
hybrid design style emerges, wherein designs contain a mixture
of random logic and datapath standard-cell components. This
paper demonstrates that conventional half-perimeter wirelength
driven placers underperform in terms of regularity and Steiner
wirelength (StWL) for such hybrid designs. In addition, the
quality gap between manual and automatic placement is more
pronounced as the designs become more datapath oriented. To
effectively handle hybrid designs, this paper proposes a new uni-
fied placement flow that simultaneously places random logic and
datapath cells. This flow is built on the top of a leading academic
force-directed placer and significantly improves the quality of
datapath placement while leveraging the speed and flexibility
of existing random-logic placement algorithms. It consists of a
suite of novel global and detailed placement techniques, collec-
tively called structure-aware placement techniques (SAPT). These
techniques effectively integrate alignment constraints into place-
ment, thereby overcoming the deficiencies of existing random-
logic placers when handling designs with embedded datapaths.
Compared to other state-of-the-art placers, SAPT improves total
StWL by more than 28% and total routing overflow by over six
times on the ISPD 2011 datapath benchmark suite. In addition,
it improves total StWL by 5.8% on industrial hybrid designs.

Index Terms—Algorithms, datapath, layout, optimization,
physical design, placement.

1. INTRODUCTION

S APPLICATION-SPECIFIC integrated circuit frequen-

cies exceed 1 GHz and shrinking schedules drive in-
creased automation for microprocessor designs, the boundary
between manually designed datapath-logic and random-logic
macros is blurring. A new hybrid design style is emerging,
wherein designs contain both random logic and datapath
logic. The datapath logic generally refers to circuit structures
containing highly parallel bit operations [1] (often called the
bit stack), and careful design is important for high frequency
designs. Prior work [2] has shown that handling the datapath-
logic placement independent of the random logic, overly
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constrains the random-logic placement, degrading overall con-
gestion and wirelength. A single placement flow handling both
datapath and random logic is extremely valuable, improving
design time, solution quality, and saving development and
maintenance costs. However, [3], [4] demonstrate that most
state-of-the-art placers are incapable of handling designs with
regular structure. This paper shows that with design guidance,
existing half-perimeter wirelength (HPWL)-driven placers can
better handle designs with embedded datapath logic.

This paper presents a novel structure-aware placement flow
for hybrid designs via a set of effective placement techniques
amenable to incorporation within existing random-logic plac-
ers. The flow leverages the speed and flexibility of state-
of-the-art HPWL-driven placers, while imposing alignment
constraints' to achieve better regularity and Steiner wirelength
(StWL). The key contributions of this paper are as follows.

1) A study of the issues with current academic placers: the
inadequacies and specifically the lack of fidelity of the
HPWL model versus the StWL model when evaluating
and placing datapath logic.

2) A key insight to bit-stack alignment: alignment of the
bit-stack guides indirect StWL optimization, and signif-
icantly improves total StWL and routing congestion.

3) A novel placement flow: structure-aware placement tech-
niques (SAPT) that can be incorporated within existing
HPWL-driven placers to enable better alignment of the
embedded datapaths during both global and detailed
placement.

Section II outlines the problem faced by current random-
logic placers when placing datapath logic. Section III presents
the preliminaries and placement definitions. Section IV pro-
vides an overview of the structure-aware placement flow with
general descriptions of each technique. The structure-aware
global placement techniques are described in Section VI and
structure-aware detailed placement techniques are described
in Section VII. Section VIII presents experimental results,
followed by conclusions and future work in Section IX. This
is an extension of the preliminary work presented in [6].

II. MOTIVATION AND BACKGROUND

A common assumption among integrated circuit (IC) de-
signers is that circuits with high regularity such as datapath
logic require manual placement. Perpetuating this assumption

! Alignment constraint was also discussed in [5] as an example of geometric
constraint handling, but no circuit structures were considered.
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are two key factors that limited adoption of past automa-
tion attempts. First, prior approaches separate control logic
placement from datapath-logic placement. Second, a prevail-
ing evaluation metric for random-logic placement, HPWL is
inadequate for structured circuit styles. This section addresses
each of these factors, by first establishing the need for a unified
placement framework and then highlighting the inadequacy of
the HPWL metric for regular structures. It then demonstrates
that cell alignment during placement implicitly optimizes
StWL, producing significant wirelength improvements for
datapath style circuits.

A. Need for a Unified Placement Framework

Automatic placement of structured circuits has been per-
formed by dedicated datapath placers such as [1], [7], [8],
which generate highly compact, area efficient placements. Af-
ter layout generation, these methods construct a larger macro
block or small individual bit-slice macro blocks, followed
by the main random-logic mixed-size placer. More recently,
promising results were presented in [9] where an innovative
row-based placement of the datapath is proposed instead of the
traditional bit-stack alignment. A nonlinear optimization for
HPWL minimization with a sigmoid-based density model for
density control in datapath circuits is proposed. Once datapath
placement completes, the cells become a movable macro.
Generalizing this approach, results show that it is possible to
separately place the datapath cells and then apply mixed-size
placement techniques to generate significantly smaller HPWL
than prior placers.

However, these techniques suffer from some key drawbacks.
First, even though a datapath placer may minimize the local
wirelength through cell ordering [10], or optimizing specific
bit stacks [11], global interconnect optimization with the
embedded datapath is not taken into account simultaneously
during placement. Second, by making the datapath a macro,
in the general case, the datapath macro layout must occur
first and it is very difficult to select and optimize the correct
macro aspect ratio. Third, in industrial hybrid designs, the
datapath is not always tightly packed but many cases still
require alignment. Fourth, packing may force other more
critical random logic out of a specific area, reducing overall
result quality. Thus, though very promising, significant future
work is ahead for evaluating these techniques within a full-
industrial physical design flow.

B. StWL and HPWL Comparisons for Datapath Circuits

Datapath circuits are typically driven by one or more
high-fanout nets. Traditional HPWL-driven placers naturally
compact the placement of high-fanout nets to minimize total
wirelength. However, known optimal layouts for many regular
datapath structures are drastically different [18], often not
corresponding to a minimum-HPWL placement solution. To
illustrate this point, Table I compares a few state-of-the-art
academic placers using both, total HPWL and total StWL
on the modified ISPD 2011 Datapath Benchmark Suite [19].2
All StWL measurements were performed using coalesCgrip
[20], and all reported numbers are total wirelength results for

2The MISPD 2011 Datapath Benchmark Suite was modified to con-
tain unfixed latch rows compared to the original fixed latch place-
ment reported in ISPD 2011. Benchmarks can be downloaded at
http://www.cerc.utexas.edu/utda/download/DP/ [3].
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Fig. 1. Example circuit where StWL of the manually placed design is better
than that of the automated placement, but HPWL of the automated placement
solution is better than that of the manual placement. Netl has fanout of 10.

each design. The HPWL column in Table I is sorted from the
smallest to the largest for each benchmark. In addition, the
table reports the wirelength ratio normalized to the manually
placed solution. Careful examination of this table yields the
following surprising results.

1) While HPWL from the automated placement solutions
for both benchmarks are very close to the manually
placed solution, the StWL results degrade significantly,
with the best automated solution at 1.82x in StWL for
benchmark A and 2.27x for benchmark B compared to
the manual solution.

2) Fidelity of the HPWL metric appears low for datapath
logic. As shown in Table I, the HPWL column is sorted
by increasing value and it is generally expected that
StWL would maintain the same order, but in fact that
does not happen. Additionally, for both benchmarks,
the placer with the best HPWL (Capo) is not the placer
with the best StWL (SimPL).

As shown in Section VIII-D, the significant improvement
in StWL also corresponds to vastly improved congestion
metrics. There has been prior work in directly optimizing
StWL [21] with the Rooster placer. As reported in [21], StWL
has much better correlation to the routed wirelength (rWL) as
compared to HPWL. However, as results show in Table VII for
Rooster, optimizing StWL alone does not effectively address
the alignment requirements of datapath circuits. Additionally,
HPWL is easy to compute, and is a reasonable first-order
estimate of timing and power on the vast number of random-
logic designs. This makes it a popular objective to optimize
during placement. Therefore, instead of completely changing
the placement objective, this paper presents techniques to
improve the placement quality of datapath logic under the
hood of existing HPWL-driven placement frameworks.

C. Implicit StWL Optimization Through Bit-Stack Alignment

In Fig. 1(a), a partial logic netlist with one NAND gate,
shown as hashed, drives net netl with a fanout of 10. All the
input and output pins are fixed objects placed on top of the
gate. Fig. 1(b) shows a manually placed solution for this partial
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TABLE I
LEGALIZED HPWL AND STWL COMPARISON ON THE ISPD 2011 DATAPATH BENCHMARK SUITE [12] BETWEEN
MANUALLY PLACED AND AUTOMATED PLACEMENT SOLUTIONS

ISPD Datapath Benchmark A ISPD Datapath Benchmark B
Total HPWL Total StWL Total HPWL Total StWL
Manually placed 11000365 1.00 11066683 1.00 | Manually Placed 8642097 1.00 9823680 1.00
CAPO v10.2 [12] 11535525  1.05 21516128 1.94 | CAPO v10.2 10338805 1.20 23881606 243
SimPL [13] 11837307 1.08 20180311 1.82 | NTUPlace3 v7.10.19 10433894 121 26110039  2.66
mPL6 v6 [14] 12919955  1.17 23950663  2.16 | SimPL 10631304 123 22319594  2.27
NTUPlace3 v7.10.19 [15] 13447753 122 24673151  2.23 | Dragon v3.01 12229019 142 28577316 291
FastPlace v3.0 [16] 15672727 142 27115750 245 | FastPlace v3.0 14537026  1.68 36642434  3.73
Dragon v3.01 [17] 16424739 149 26182449 237 | mPL6 v6 16263018 1.88 28846387 2.94

Placement results are sorted by increasing HPWL value. Note that: 1) best HPWL solution does not indicate the best StWL solution, and 2)

bold numbers are the best automated placement wirelength.

circuit and Fig. 1(c) shows a solution from an existing placer.
The dark-shaded cells match the same dark-shaded NAND
gates in Fig. 1(a). The light-shaded gray cells represent other
logic placed within the design.

For both solutions, the total HPWL and StWL numbers are
shown in Fig. 1. As indicated in Section II-B, even though
the HPWL of the manual solution (1442) is greater than the
HPWL of the automated placement (1415), the StWL shows
the reverse trend. While it is impractical to list HPWL and
StWL of every single net, clearly for net netl, the StWL in
Fig. 1(b) is better than the StWL in Fig. 1(c). This is due to
the better alignment of the structured cells in one horizontal
row, which produces much better StWL. Also the solution of
Fig. 1(c) shows the existing placer compacting the placement
of the net in both the x- and y-directions to lower HPWL, but
degrading StWL. This example shows that if a HPWL-driven
placer can obtain better alignment for regular structures, it
can implicitly have better StWL, without having to optimize
for it directly.

Motivated by the above examples, new techniques are devel-
oped to guide an existing HPWL-driven random-logic placer
to generate a placement similar to Fig. 1(b), with better StWL
than the one in Fig. 1(c). Additionally, by providing alignment
constraints to small portions of the datapath, it is observed that
during the iterative placement process, other surrounding cells
become aligned as well. This can be observed visually in the
placement results in Fig. 11 where only some of the cells have
been manually defined.

The alignment constraints presented in this paper provide
hints to placers, directing them toward more globally op-
timized solution. As the results will show, with relatively
few manually defined bit stacks, our framework significantly
reduces overall wirelength and congestion.

III. PRELIMINARIES
Given a netlist N (V, E) with nodes V and nets E,
placement obtains locations (x;, y;) for all the movable nodes,
such that the area of nodes within any rectangular region does
not exceed the area of cell sites in that region.
With X, ¥ = {x;, y;}, the HPWL is defined as

HPWL(%, y) = HPWL(X) + HPWL()

ey

HPWL(%) = Z[MAX,-eex,- — MINic,x;].
ecE

@)
Typically, force-directed placers optimize a quadratic ap-
proximation of the HPWL

(%, ) = Y wi [0 — xp) + (v — y))°].
ij

3

From (3), (x;, ;) represents the coordinates of cell i, and w; ;
represents the net weight of the connection between cells i
and j.

In this paper, a force-directed global placer in the spirit of
SimPL [13], where w;; is calculated by the Bound2Bound
net model [22], is used along with a detailed placer derived
from FastPlace-DP [23]. SimPL is a flat force-directed global
placer. It maintains a lower bound and an upper bound place-
ment and progressively narrows the displacement between the
two to yield a final placement solution. The upper bound
placement is generated by applying lookahead legalization
(LAL), which is based on top-down geometric partitioning
and nonlinear scaling. The coordinates obtained from the
upper bound placement are used as fixed points, which are
connected to their corresponding cells via pseudo nets to
provide spreading forces. The lower bound placement is then
generated by minimizing the quadratic objective in (3).

A. Alignment Groups

Definition 1: An alignment group g € G where 1 < k <
|G|, is an unordered subset of cells from V. An alignment
glirection dy is a preferred placement direction of g, where 0 <
dr < 90, with O representing horizontal and 90 representing
the vertical direction.

Essentially, an alignment group is a set of cells that need
to be aligned in a certain direction (e.g., horizontally or
vertically) during placement to optimize the datapath. In this
paper, it is assumed that the set of alignment groups G,
and their alignment directions are given. Additionally, the
collection of g; with the same d; value is pairwise disjoint.

Generally, g; may correspond to bit stacks in the datapath,
but can be other elements such as cells connected to a single
high-fanout net that improves through alignment, buffers that
need careful placement to facilitate routing of large buses,
or pipelining latches. For alignment directions, in this paper,
only hogizontal and vertical directions are considered, which
means d; € {0,90}. The above assumptions that alignment
groups and directions can be given are valid and practical.
One may use datapath extractors such as [24]-[26] to extract
the alignment groups based on circuit properties. Alternatively,
this information may come directly from logical descriptions
of the netlist, or could be provided by designers. As an
example, if designers are trying to structure the placement
of latches, it is trivial for them to provide sets of latch names
and their preferred placement directions.

B. Pseudo Nets

Fixed-point generation followed by pseudo net insertion is
a common method to apply spreading forces during iterative
force-directed placement.






