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ABSTRACT
Modern field-programmable gate arrays (FPGAs) contain heterogeneous
resources, including CLB, DSP, BRAM, IO, etc. A configurable logic block
(CLB) slice is further categorized to SLICEL and SLICEM, which can be
configured as specific combinations of instances in {LUT, FF, distributed
RAM, SHIFT, CARRY}. Such kind of heterogeneity challenges the ex-
isting FPGA placement algorithms. Meanwhile, limited clock routing
resources also lead to complicated clock constraints, causing difficulties
in achieving clock feasible placement solutions. In this work, we pro-
pose a heterogeneous FPGA placement framework considering SLICEL-
SLICEM heterogeneity and clock feasibility based on a multi-electrostatic
formulation. We support a comprehensive set of the aforementioned in-
stance types with a uniform algorithm for wirelength, routability, and
clock optimization. Experimental results on both academic and industrial
benchmarks demonstrate that we outperform the state-of-the-art placers
in both quality and efficiency.

1 INTRODUCTION
Modern FPGA placement has two major challenges: 1) the heterogeneity
of FPGA architecture and 2) the strict clock routing constraints. The het-
erogeneity of FPGA architecture comes from a variety of instance types
and asymmetric slice compatibility from SLICEL-SLICEM heterogeneity.
Such heterogeneity results in discrete mathematical problems, challeng-
ing the analytical placement algorithms, usually based on continuous
optimization. Besides, the complicated clock architectures to achieve low
clocking skew impose challenging clock routing constraints on FPGA
placement, lowering the solution quality of placement algorithms.

Modern FPGA placers are usually based on analytical approaches.
Recent studies develop quadratic programming-based algorithms [1–9]
and nonlinear optimization-based algorithms [10–12] for wirelength and
routability optimization. Table 1 summarizes features of the published
state-of-the-art FPGA placers. Among them, the current state-of-the-art
solution quality is achieved by nonlinear placers such as elfPlace [10]
and NTUfplace [12]. They propose to spread instances by minimizing
the potential energy in a multi-electrostatic system [10] or a hand-crafted
mathematical field system [12]. However, most existing FPGA placers only
consider a simplified FPGA architecture with a subset of instance types,
i.e., {LUT, FF, BRAM,DSP}, ignoring the SLICEL-SLICEMheterogeneity [2–
8, 10–12]. Among these placers, only a few consider the widely-adopted
clock routing constraints in real architectures [6–8, 11, 12].

In this paper, we tackle the heterogeneous FPGA placement consider-
ing both SLICEL-SLICEM heterogeneity and clock feasibility based on a
new multi-electrostatic formulation. We handle a comprehensive set of in-
stance types, i.e., {LUT, FF, BRAM, DSP, distributed RAM, SHIFT, CARRY},
which are commonly used in FPGA design [15]. Our major contributions
are summarized as follows.

• We propose a new multi-electrostatic formulation to handle asym-
metric slice compatibility from SLICEL-SLICEM heterogeneity as
well as techniques to handle carry chains.
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Figure 1: (a) A simplified column-based FPGAarchitecture example
like Xilinx UltraScale, with a 2 × 2 clock regions and half columns
(dash line). (b) An illustration of the calculation of clock demand.
Different colors represent different clocks, and the numbers rep-
resent the clock demand of each CR. (c) An example of CLB slices
categorized to SLICEL and SLICEMwith asymmetric compatibility.
LUT blocks in a SLICEL can be configured to LUTs. All LUT blocks
in a SLICEM can only be configured to one mode: LUT, distributed
RAM, or SHIFT. No mixing between LUTs, distributed RAMs, and
SHIFTs in a CLB is allowed.

• We propose a nested Lagrangian relaxation-based technique for
wirelength, routability, and clock optimization with a dynamically-
adjusted preconditioning technique to stabilize the convergence.

• We propose a quadratic penalization technique to eliminate viola-
tions of the discrete clock constraints.

Experiments on ISPD 2017 contest benchmarks [16] demonstrate 14.2%,
11.7%, 9.6%, and 7.9% improvement in routed wirelength, compared to
the recent cutting-edge FPGA placers [6–8, 12], respectively. Further
experiments on industrial benchmarks demonstrate that the proposed
techniques can bring 19.3%, 10.7%, and 6.6% wirelength improvement
with better stability. Our placer also support GPU acceleration and can
achieve 1.5–6× speedup over the baselines.

The rest of the paper is organized as follows. Section 2 introduces
the preliminary knowledge of the FPGA architecture and modern FPGA
placement. Section 3 describes the core placement algorithms. Section 4
shows the experimental results, followed by the conclusion in Section 5.



Table 1: Features of the published state-of-the-art FPGA placers.

Placer RippleFPGA
[13]

GPlace
[4]

UTPlaceF
[2]

elfPlace
[10]

GPlace
3.0 [14]

RippleFPGA
Clock-Aware [8]

UTPlaceF
2.0&2.X [6, 7]

NTUfPlace
[12] Ours

Clock Constraints × × × × × ✓ ✓ ✓ ✓

Resources
Supported

LUT, FF,
BRAM, DSP ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CARRY, SHIFT,
Distributed RAM × × × × × × × × ✓

GPU-Acceleration × × × ✓ × × × × ✓
Algorithm Category Quadratic Quadratic Quadratic Nolinear Quadratic Quadratic Quadratic Nonlinear Nonlinear

2 PRELIMINARIES
In this section, we introduce the FPGA architecture and the background
of multi-electrostatics based FPGA placement.

2.1 Device Architecture
In this work, we target Xilinx UltraScale series [15, 17], e.g., UltraScale
VU095, as a representative architecture (illustrated in Figure 1(a)). A sim-
plified version of this architecture is also used in ISPD 2016&2017 FPGA
placement contests with a subset of instance types, i.e., {LUT, FF, BRAM,
DSP} [16, 18].

2.1.1 SLICEL-SLICEM heterogeneity. Apart from regular LUTs, the ar-
chitecture also has other LUT-like instances: distributed RAM and shift
registers (SHIFT). CLBs have two categories of slices, SLICEL and SLICEM,
the structures of which are shown in Figure 1(c). SLICEL and SLICEM
have slightly different logic resources and thus they support different
configurations. LUTs, FFs, and CARRYs can be placed in both SLICEL
and SLICEM, while distributed RAMs and SHIFTs can only be placed in
SLICEM. Moreover, if a SLICEM is configured as LUTs, then it cannot be
used as distributed RAMs or SHIFTs; vice versa.

We also need to consider carry chain alignment, as CLB slices also
contain resources for CARRY instances. A carry chain consists of CARRY
instances connected by cascading wires from lower to upper bits in se-
quence. CARRY instances in the chain need to be aligned in a column of
CLB slices in proper order according to the cascading wires.

2.1.2 Clock Constraints. The target FPGA device is divided into 5 × 8
rectangular-shaped clock regions (CRs), as shown in Figure 1(a) 1. Each CR
consists of columns of site resources. Each CR can be further subdivided
into pairs of lower and upper half columns (HCs) of half-clock-region
height horizontally. The width of each HC is the same as that of two site
columns except for some corner cases, as shown in Figure 1(a).

The clock architecture imposes two clock constraints on placement,
the clock region constraint, and the half column constraint, as shown in
Figure 1(b). The clock region constraint restricts the clock demand of
each clock region to be at most 24, where the clock demand is defined
as the total number of clock nets whose bounding boxes intersect with
the clock region. The half clock region constraint restricts the number of
clock nets within the half column to be at most 12.

2.2 Multi-Electrostatics based FPGA Placement
Electrostatics-based placement models each instance as an electric par-
ticle in an electrostatic system, as illustrated in Figure 2. It is originally
proposed in ASIC placement [19], leveraging the basic physical insight
that balanced charge distribution in an electrostatic system contributes
to low potential energy, so minimizing the potential energy can resolve
density overflow and help spread instances in the layout. This approach
is then extended to multiple electrostatic fields such that multiple re-
source types in FPGA placement like LUT, FF, DSP, and BRAM can be
handled [10]. Figure 3 illustrates the multi-electrostatic formulation for
LUT and DSP resources. By minimizing the total potential energy of
1Due to the page limit, Figure 1(a) only contains part of the whole 5 × 8 CRs, but is sufficient
for illustration.

multiple fields, we can reduce the density overflow, as low energy means
balanced distribution of instances. The problem can be written as,

min
𝒙,𝒚

𝑊 (𝒙,𝒚) s.t. Φ𝑠 (𝒙,𝒚) = 0,∀𝑠 ∈ 𝑆, (1)

where 𝒙,𝒚 denote instance locations,𝑊 (·) denotes the wirelength objec-
tive, 𝑆 is the field type set, and Φ𝑠 (·) denotes the electric potential energy
of the field for field type 𝑠 ∈ 𝑆 . We formally constrain the target energy
Φ𝑠 (𝒙,𝒚) to 0, as the energy is usually nonnegative. The constraints can
be relaxed to the objective and solved by gradient descent method. In
practice, we stop the optimization when the energy is small enough; or
equivalently, the density overflow is low enough. It needs to mention that
the formulation in Figure 3 assumes one instance occupies the resources
of only one field, which cannot handle the complicated SLICEL-SLICEM
heterogeneity in Section 2.1.1.

In this work, we focus on wirelength and routability optimization,
considering SLICEL-SLICEM heterogeneity and clock constraints. We
define the FPGA placement problem as follows.

Problem 1 (FPGA Placement). Given a netlist consisting of instances in
{LUT, FF, DSP, BRAM, distributed RAM, SHIFT, CARRY}, produce a feasi-
ble FPGA placement solution with optimized wirelength and routability,
satisfying the clock constraints.

Instances Electric Particles

Instance Density Charge Density

Density Penalty Electric Potential Energy

Density Gradient Electric Force

Layout Electrostatics System
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Figure 2: Analogy between placement of a single resource type and
an electrostatic system [20].

3 ALGORITHMS
In this section, we describe the details of our placement algorithm.

3.1 Overview of the Proposed Algorithm
Our framework consists of two major phases: (1) clock-driven global
placement, (2) clock-aware legalization and detailed placement, as shown
in Figure 4.

We define the field type set as 𝑆 = {LUTL, LUTM-AL, FF, CARRY,
DSP, BRAM} with special field setup to handle SLICEL-SLICEM hetero-
geneity (Section 3.2). With clock constraints and carry chain alignment
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�LUT + �DSP

<latexit sha1_base64="8cBFbAtDLM3J22+uScbu4eq76NQ=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKglCSIuqyoAsXLiI2baENYTKdtEMnkzAzEUoIbvwVNy4UcetXuPNvnD4W2nrgwplz7mXuPUHCqFSW9W0UlpZXVteK66WNza3tHXN3rynjVGDi4pjFoh0gSRjlxFVUMdJOBEFRwEgrGF6N/dYDEZLGvKFGCfEi1Oc0pBgpLfnmQaXrDKif3bqNHJ7C6eP63skrvlm2qtYEcJHYM1IGMzi++dXtxTiNCFeYISk7tpUoL0NCUcxIXuqmkiQID1GfdDTlKCLSyyYn5PBYKz0YxkIXV3Ci/p7IUCTlKAp0Z4TUQM57Y/E/r5Oq8NLLKE9SRTiefhSmDKoYjvOAPSoIVmykCcKC6l0hHiCBsNKplXQI9vzJi6RZq9rn1bO7WrlemcVRBIfgCJwAG1yAOrgBDnABBo/gGbyCN+PJeDHejY9pa8GYzeyDPzA+fwDww5XF</latexit>

�LUT + �DSP

<latexit sha1_base64="XDh2ZKn1oBPUn1gyJ2yOgwmY9Hg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LLaCp5IUUY8FPXiMaD+gCWWz3bRLN5uwuxFK6N/w4kERr/4Zb/4bN20O2vpg4PHeDDPzgoQzpW372yqtrW9sbpW3Kzu7e/sH1cOjjopTSWibxDyWvQArypmgbc00p71EUhwFnHaDyU3ud5+oVCwWj3qaUD/CI8FCRrA2klf33DEbZLcP7qw+qNbshj0HWiVOQWpQwB1Uv7xhTNKICk04Vqrv2In2Myw1I5zOKl6qaILJBI9o31CBI6r8bH7zDJ0ZZYjCWJoSGs3V3xMZjpSaRoHpjLAeq2UvF//z+qkOr/2MiSTVVJDFojDlSMcoDwANmaRE86khmEhmbkVkjCUm2sRUMSE4yy+vkk6z4Vw2Lu6btVa9iKMMJ3AK5+DAFbTgDlxoA4EEnuEV3qzUerHerY9Fa8kqZo7hD6zPH+qqkN4=</latexit>

�DSP
<latexit sha1_base64="Nv5GK5+vHumcx/IxwafQjwK8f+g=">AAAB83icbVBNSwMxEJ2tX7V+VT16CbaCp7JbRD0W9OCxov2A7lKyabYNzSZLkhXK0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wfDPzO09UaSbFo5kkNIjxULCIEWys5Fd9NZL97PahOa32yxW35s6BVomXkwrkaPbLX/5AkjSmwhCOte55bmKCDCvDCKfTkp9qmmAyxkPas1TgmOogm988RWdWGaBIKlvCoLn6eyLDsdaTOLSdMTYjvezNxP+8Xmqi6yBjIkkNFWSxKEo5MhLNAkADpigxfGIJJorZWxEZYYWJsTGVbAje8surpF2veZe1i/t6pVHN4yjCCZzCOXhwBQ24gya0gEACz/AKb07qvDjvzseiteDkM8fwB87nDyi1kQY=</latexit>⇢DSP

<latexit sha1_base64="rpQ2X4IJUW2wV/VO+gZTmm4e0XE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEcSLx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1FjpvvxU7hVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNasW7rFzcVUu1chZHHk7gFM7BgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AlzqNQQ==</latexit>x

<latexit sha1_base64="Tfc/kVJNoX1tgc0u/IgEANUnPd0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5AUUY8FLx4rmLbQhrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH1eOTtk4yRWhAEp6oboQ15UzSwDDDaTdVFIuI0040uZv7nSeqNEvko5mmNBR4JFnMCDZWCuq+69UH1ZrnegugdeIXpAYFWoPqV3+YkExQaQjHWvd8LzVhjpVhhNNZpZ9pmmIywSPas1RiQXWYL46doQurDFGcKFvSoIX6eyLHQuupiGynwGasV725+J/Xy0x8G+ZMppmhkiwXxRlHJkHzz9GQKUoMn1qCiWL2VkTGWGFibD4VG4K/+vI6aTdc/9q9emjUmvUijjKcwTlcgg830IR7aEEABBg8wyu8OdJ5cd6dj2VrySlmTuEPnM8fBOaNbA==</latexit>

1.0

<latexit sha1_base64="GxcDBZ5+rv5gwOYSMK/CL4iqDLs=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY8kXjxi4gIJbEi3dKGh2920syaE8Bu8eNAYr/4gb/4bC+xBwZc0fXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2O7+Z++4lrIxL1iJOUBzEdKhEJRtFKftWtudV+uWK/Bcg68XJSgRzNfvmrN0hYFnOFTFJjup6bYjClGgWTfFbqZYanlI3pkHctVTTmJpgulp2RC6sMSJRo+xSShfq7Y0pjYyZxaCtjiiOz6s3F/7xuhtFtMBUqzZArthwUZZJgQuaXk4HQnKGcWEKZFnZXwkZUU4Y2n5INwVs9eZ206jXvunb1UK80qnkcRTiDc7gED26gAffQBB8YCHiGV3hzlPPivDsfy9KCk/ecwh84nz8DX41r</latexit>

0.0 <latexit sha1_base64="rpQ2X4IJUW2wV/VO+gZTmm4e0XE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEcSLx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1FjpvvxU7hVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNasW7rFzcVUu1chZHHk7gFM7BgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AlzqNQQ==</latexit>x

<latexit sha1_base64="Tfc/kVJNoX1tgc0u/IgEANUnPd0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5AUUY8FLx4rmLbQhrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH1eOTtk4yRWhAEp6oboQ15UzSwDDDaTdVFIuI0040uZv7nSeqNEvko5mmNBR4JFnMCDZWCuq+69UH1ZrnegugdeIXpAYFWoPqV3+YkExQaQjHWvd8LzVhjpVhhNNZpZ9pmmIywSPas1RiQXWYL46doQurDFGcKFvSoIX6eyLHQuupiGynwGasV725+J/Xy0x8G+ZMppmhkiwXxRlHJkHzz9GQKUoMn1qCiWL2VkTGWGFibD4VG4K/+vI6aTdc/9q9emjUmvUijjKcwTlcgg830IR7aEEABBg8wyu8OdJ5cd6dj2VrySlmTuEPnM8fBOaNbA==</latexit>

1.0

<latexit sha1_base64="GxcDBZ5+rv5gwOYSMK/CL4iqDLs=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY8kXjxi4gIJbEi3dKGh2920syaE8Bu8eNAYr/4gb/4bC+xBwZc0fXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2O7+Z++4lrIxL1iJOUBzEdKhEJRtFKftWtudV+uWK/Bcg68XJSgRzNfvmrN0hYFnOFTFJjup6bYjClGgWTfFbqZYanlI3pkHctVTTmJpgulp2RC6sMSJRo+xSShfq7Y0pjYyZxaCtjiiOz6s3F/7xuhtFtMBUqzZArthwUZZJgQuaXk4HQnKGcWEKZFnZXwkZUU4Y2n5INwVs9eZ206jXvunb1UK80qnkcRTiDc7gED26gAffQBB8YCHiGV3hzlPPivDsfy9KCk/ecwh84nz8DX41r</latexit>

0.0

<latexit sha1_base64="rpQ2X4IJUW2wV/VO+gZTmm4e0XE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEcSLx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1FjpvvxU7hVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNasW7rFzcVUu1chZHHk7gFM7BgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AlzqNQQ==</latexit>x

<latexit sha1_base64="Tfc/kVJNoX1tgc0u/IgEANUnPd0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5AUUY8FLx4rmLbQhrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH1eOTtk4yRWhAEp6oboQ15UzSwDDDaTdVFIuI0040uZv7nSeqNEvko5mmNBR4JFnMCDZWCuq+69UH1ZrnegugdeIXpAYFWoPqV3+YkExQaQjHWvd8LzVhjpVhhNNZpZ9pmmIywSPas1RiQXWYL46doQurDFGcKFvSoIX6eyLHQuupiGynwGasV725+J/Xy0x8G+ZMppmhkiwXxRlHJkHzz9GQKUoMn1qCiWL2VkTGWGFibD4VG4K/+vI6aTdc/9q9emjUmvUijjKcwTlcgg830IR7aEEABBg8wyu8OdJ5cd6dj2VrySlmTuEPnM8fBOaNbA==</latexit>

1.0

<latexit sha1_base64="GxcDBZ5+rv5gwOYSMK/CL4iqDLs=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY8kXjxi4gIJbEi3dKGh2920syaE8Bu8eNAYr/4gb/4bC+xBwZc0fXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2O7+Z++4lrIxL1iJOUBzEdKhEJRtFKftWtudV+uWK/Bcg68XJSgRzNfvmrN0hYFnOFTFJjup6bYjClGgWTfFbqZYanlI3pkHctVTTmJpgulp2RC6sMSJRo+xSShfq7Y0pjYyZxaCtjiiOz6s3F/7xuhtFtMBUqzZArthwUZZJgQuaXk4HQnKGcWEKZFnZXwkZUU4Y2n5INwVs9eZ206jXvunb1UK80qnkcRTiDc7gED26gAffQBB8YCHiGV3hzlPPivDsfy9KCk/ecwh84nz8DX41r</latexit>

0.0 <latexit sha1_base64="rpQ2X4IJUW2wV/VO+gZTmm4e0XE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEcSLx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1FjpvvxU7hVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNasW7rFzcVUu1chZHHk7gFM7BgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AlzqNQQ==</latexit>x

<latexit sha1_base64="Tfc/kVJNoX1tgc0u/IgEANUnPd0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5AUUY8FLx4rmLbQhrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH1eOTtk4yRWhAEp6oboQ15UzSwDDDaTdVFIuI0040uZv7nSeqNEvko5mmNBR4JFnMCDZWCuq+69UH1ZrnegugdeIXpAYFWoPqV3+YkExQaQjHWvd8LzVhjpVhhNNZpZ9pmmIywSPas1RiQXWYL46doQurDFGcKFvSoIX6eyLHQuupiGynwGasV725+J/Xy0x8G+ZMppmhkiwXxRlHJkHzz9GQKUoMn1qCiWL2VkTGWGFibD4VG4K/+vI6aTdc/9q9emjUmvUijjKcwTlcgg830IR7aEEABBg8wyu8OdJ5cd6dj2VrySlmTuEPnM8fBOaNbA==</latexit>

1.0

<latexit sha1_base64="GxcDBZ5+rv5gwOYSMK/CL4iqDLs=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY8kXjxi4gIJbEi3dKGh2920syaE8Bu8eNAYr/4gb/4bC+xBwZc0fXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2O7+Z++4lrIxL1iJOUBzEdKhEJRtFKftWtudV+uWK/Bcg68XJSgRzNfvmrN0hYFnOFTFJjup6bYjClGgWTfFbqZYanlI3pkHctVTTmJpgulp2RC6sMSJRo+xSShfq7Y0pjYyZxaCtjiiOz6s3F/7xuhtFtMBUqzZArthwUZZJgQuaXk4HQnKGcWEKZFnZXwkZUU4Y2n5INwVs9eZ206jXvunb1UK80qnkcRTiDc7gED26gAffQBB8YCHiGV3hzlPPivDsfy9KCk/ecwh84nz8DX41r</latexit>

0.0

<latexit sha1_base64="rpQ2X4IJUW2wV/VO+gZTmm4e0XE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEcSLx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1FjpvvxU7hVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNasW7rFzcVUu1chZHHk7gFM7BgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AlzqNQQ==</latexit>x

<latexit sha1_base64="Tfc/kVJNoX1tgc0u/IgEANUnPd0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5AUUY8FLx4rmLbQhrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH1eOTtk4yRWhAEp6oboQ15UzSwDDDaTdVFIuI0040uZv7nSeqNEvko5mmNBR4JFnMCDZWCuq+69UH1ZrnegugdeIXpAYFWoPqV3+YkExQaQjHWvd8LzVhjpVhhNNZpZ9pmmIywSPas1RiQXWYL46doQurDFGcKFvSoIX6eyLHQuupiGynwGasV725+J/Xy0x8G+ZMppmhkiwXxRlHJkHzz9GQKUoMn1qCiWL2VkTGWGFibD4VG4K/+vI6aTdc/9q9emjUmvUijjKcwTlcgg830IR7aEEABBg8wyu8OdJ5cd6dj2VrySlmTuEPnM8fBOaNbA==</latexit>

1.0

<latexit sha1_base64="GxcDBZ5+rv5gwOYSMK/CL4iqDLs=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY8kXjxi4gIJbEi3dKGh2920syaE8Bu8eNAYr/4gb/4bC+xBwZc0fXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2O7+Z++4lrIxL1iJOUBzEdKhEJRtFKftWtudV+uWK/Bcg68XJSgRzNfvmrN0hYFnOFTFJjup6bYjClGgWTfFbqZYanlI3pkHctVTTmJpgulp2RC6sMSJRo+xSShfq7Y0pjYyZxaCtjiiOz6s3F/7xuhtFtMBUqzZArthwUZZJgQuaXk4HQnKGcWEKZFnZXwkZUU4Y2n5INwVs9eZ206jXvunb1UK80qnkcRTiDc7gED26gAffQBB8YCHiGV3hzlPPivDsfy9KCk/ecwh84nz8DX41r</latexit>

0.0

<latexit sha1_base64="rpQ2X4IJUW2wV/VO+gZTmm4e0XE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEcSLx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1FjpvvxU7hVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNasW7rFzcVUu1chZHHk7gFM7BgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AlzqNQQ==</latexit>x

<latexit sha1_base64="Tfc/kVJNoX1tgc0u/IgEANUnPd0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5AUUY8FLx4rmLbQhrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH1eOTtk4yRWhAEp6oboQ15UzSwDDDaTdVFIuI0040uZv7nSeqNEvko5mmNBR4JFnMCDZWCuq+69UH1ZrnegugdeIXpAYFWoPqV3+YkExQaQjHWvd8LzVhjpVhhNNZpZ9pmmIywSPas1RiQXWYL46doQurDFGcKFvSoIX6eyLHQuupiGynwGasV725+J/Xy0x8G+ZMppmhkiwXxRlHJkHzz9GQKUoMn1qCiWL2VkTGWGFibD4VG4K/+vI6aTdc/9q9emjUmvUijjKcwTlcgg830IR7aEEABBg8wyu8OdJ5cd6dj2VrySlmTuEPnM8fBOaNbA==</latexit>

1.0

<latexit sha1_base64="GxcDBZ5+rv5gwOYSMK/CL4iqDLs=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY8kXjxi4gIJbEi3dKGh2920syaE8Bu8eNAYr/4gb/4bC+xBwZc0fXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2O7+Z++4lrIxL1iJOUBzEdKhEJRtFKftWtudV+uWK/Bcg68XJSgRzNfvmrN0hYFnOFTFJjup6bYjClGgWTfFbqZYanlI3pkHctVTTmJpgulp2RC6sMSJRo+xSShfq7Y0pjYyZxaCtjiiOz6s3F/7xuhtFtMBUqzZArthwUZZJgQuaXk4HQnKGcWEKZFnZXwkZUU4Y2n5INwVs9eZ206jXvunb1UK80qnkcRTiDc7gED26gAffQBB8YCHiGV3hzlPPivDsfy9KCk/ecwh84nz8DX41r</latexit>

0.0
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Initial Charge Density

Figure 3: Example of the multi-electrostatic formulation for LUT and DSP resources, corresponding to two electric fields, respectively.
For each field, unavailable columns are considered as occupied when computing the initial charge density. Take LUT as an example. If a
LUT instance is not placed at a SLICEL column or there are overlaps between LUT instances, it can cause density overflow and lead to
imbalanced density distribution of the field, eventually resulting in high electric potential energy. Thus, minimizing the energy can help
resolve density overflow and spread instances in the layout. Note that if we encounter density underflow (< 1.0), we can insert fillers with
positive charges for each field to fill the empty spaces to avoid imbalanced density distribution [10, 19]. As a result, only density overflow
will cause high potential energy. FF and BRAM can be handled in the same way by adding two more fields.

SLICEL-SLICEM Heterogeneity-aware Global Placement

<latexit sha1_base64="Un1PbJXhD9Nc+nDbIqg0ZajP+rQ=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M9gKrkpSRV0W3LhwUcE+oA1hMp20QyeTMDMRauiXuHGhiFs/xZ1/46TNQlsPDBzOuZd75vgxZ0rb9rdVWFvf2Nwqbpd2dvf2y5WDw46KEklom0Q8kj0fK8qZoG3NNKe9WFIc+px2/clN5ncfqVQsEg96GlM3xCPBAkawNpJXKdcGIdZjgnl6N/POa16latftOdAqcXJShRwtr/I1GEYkCanQhGOl+o4dazfFUjPC6aw0SBSNMZngEe0bKnBIlZvOg8/QqVGGKIikeUKjufp7I8WhUtPQN5NZSrXsZeJ/Xj/RwbWbMhEnmgqyOBQkHOkIZS2gIZOUaD41BBPJTFZExlhiok1XJVOCs/zlVdJp1J3L+sV9o9p08jqKcAwncAYOXEETbqEFbSCQwDO8wpv1ZL1Y79bHYrRg5TtH8AfW5w/ktJKL</latexit>L3

<latexit sha1_base64="O/I9Z0HSJli6OzePtKx7hQ6LMMk=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M9gKrkpSirosuHHhooJ9QBvCZDpth04mYWYi1NAvceNCEbd+ijv/xkmbhbYeGDiccy/3zAlizpR2nG+rsLG5tb1T3C3t7R8clu2j446KEklom0Q8kr0AK8qZoG3NNKe9WFIcBpx2g+lN5ncfqVQsEg96FlMvxGPBRoxgbSTfLlcHIdYTgnl6N/cbVd+uODVnAbRO3JxUIEfLt78Gw4gkIRWacKxU33Vi7aVYakY4nZcGiaIxJlM8pn1DBQ6p8tJF8Dk6N8oQjSJpntBoof7eSHGo1CwMzGSWUq16mfif10/06NpLmYgTTQVZHholHOkIZS2gIZOUaD4zBBPJTFZEJlhiok1XJVOCu/rlddKp19zLWuO+Xmm6eR1FOIUzuAAXrqAJt9CCNhBI4Ble4c16sl6sd+tjOVqw8p0T+APr8wfmOZKM</latexit>L4

<latexit sha1_base64="kFhvfv81dtIqc0c/W+n/gDS9ogM=">AAAB+HicbVBNS8NAFHypX7V+NOrRy2IreCpJEfVY8OLBQwVbC20Im+2mXbrZhN2NUEN/iRcPinj1p3jz37hpc9DWgYVh5j3e7AQJZ0o7zrdVWlvf2Nwqb1d2dvf2q/bBYVfFqSS0Q2Iey16AFeVM0I5mmtNeIimOAk4fgsl17j88UqlYLO71NKFehEeChYxgbSTfrtYHEdZjgnl2O/Obdd+uOQ1nDrRK3ILUoEDbt78Gw5ikERWacKxU33US7WVYakY4nVUGqaIJJhM8on1DBY6o8rJ58Bk6NcoQhbE0T2g0V39vZDhSahoFZjJPqZa9XPzP66c6vPIyJpJUU0EWh8KUIx2jvAU0ZJISzaeGYCKZyYrIGEtMtOmqYkpwl7+8SrrNhnvROL9r1lpuUUcZjuEEzsCFS2jBDbShAwRSeIZXeLOerBfr3fpYjJasYucI/sD6/AHjL5KK</latexit>L2

<latexit sha1_base64="rOIbO3/52UAnffQGGhiB6T0UHCs=">AAAB+HicbVBNS8NAFHypX7V+NOrRy2IreCpJEfVY8OLBQwVbC20Im+2mXbrZhN2NUEN/iRcPinj1p3jz37hpc9DWgYVh5j3e7AQJZ0o7zrdVWlvf2Nwqb1d2dvf2q/bBYVfFqSS0Q2Iey16AFeVM0I5mmtNeIimOAk4fgsl17j88UqlYLO71NKFehEeChYxgbSTfrtYHEdZjgnl2O/Pdum/XnIYzB1olbkFqUKDt21+DYUzSiApNOFaq7zqJ9jIsNSOcziqDVNEEkwke0b6hAkdUedk8+AydGmWIwliaJzSaq783MhwpNY0CM5mnVMteLv7n9VMdXnkZE0mqqSCLQ2HKkY5R3gIaMkmJ5lNDMJHMZEVkjCUm2nRVMSW4y19eJd1mw71onN81ay23qKMMx3ACZ+DCJbTgBtrQAQIpPMMrvFlP1ov1bn0sRktWsXMEf2B9/gDhqpKJ</latexit>L1

Circuit Netlist Architecture 
Constraints

Multiplier Initlization

Density Multipliers 
Updating

Clock Penalty 
Updating

Instance Area 
Adjustment

Satisfy clock 
constraints?

Any routing 
Congestion?

Diverge-aware 
Nesterov Optimization
Carry Chain Alignment 

Correction

Is overflow 
small enough?

Clock-Aware Legalization
& Detailed Placement

CR-wise Direct 
Legalization

Placement 
Result

Clock-aware
Multi-stage ISM

Detailed Placement
N

Y

YN

Y

N

Figure 4: The proposed Overall Flow.

constraints, we formulate the problem as Formulation (2):

min
𝒙,𝒚

𝑊 (𝒙,𝒚), (2a)

s.t. Φ𝑠 (𝒙,𝒚;A𝑠 ) = 0, ∀𝑠 ∈ 𝑆, (2b)
𝛤 (𝒙,𝒚) = 0, (2c)
Carry chain alignment constraint, (2d)

where A𝑠 denotes all the instance areas in the field 𝑠 , and 𝛤 (·) denotes
the clock penalty term (defined in Section 3.5). For brevity, we simplify
Φ𝑠 (𝒙,𝒚;A𝑠 ) to Φ𝑠 for all 𝑠 ∈ 𝑆 , and the potential energy vector whose
elements are Φ𝑠 (∀𝑠 ∈ 𝑆) is denoted by 𝚽 in later discussions.

We leverage the augmented Lagrangianmethod (ALM) [21] to formulate
a better unconstrained subproblem,

min
𝒙,𝒚

L(𝒙,𝒚;𝝀,A, 𝜂) =𝑊 (𝒙,𝒚) +
∑︁
𝑠∈𝑆

𝜆𝑠D𝑠 + 𝜂𝛤 (𝒙,𝒚), (3a)

D𝑠 = Φ𝑠 +
1
2
C𝑠Φ

2
𝑠 , ∀𝑠 ∈ 𝑆, (3b)

where 𝝀 ∈ R |𝑆 | is the density multiplier vector, and 𝜂 ∈ R is the clock
penalty multiplier. The weighting coefficient vector C ∈ R |𝑆 | balances
between first-order and second-order density penalty terms for each field
type 𝑠 ∈ 𝑆 . Both 𝝀 and C follow the settings in [10]. As we have multiple
constraints, we leverage Lagrangian relaxation and break the problem
into nested optimization problems,

Clock Opt.: L1 = max
𝜂

L2 (𝜂), (4a)

Routability Opt.: L2 (𝜂) = max
A

L3 (A, 𝜂), (4b)

Wirelength Opt.: L3 (A, 𝜂) = max
𝝀

L4 (𝝀,A, 𝜂), (4c)

Subproblem: L4 (𝝀,A, 𝜂) = min
𝒙,𝒚

L(𝒙,𝒚;𝝀,A, 𝜂), (4d)

where L4 denotes Eq. (3). Each problem passes its variables to the sub-
problem as fixed hyperparameters. Take the process of solving L3 as an
example. Every time L4 converges to its minimum solution given a fixed
𝝀,A and 𝜂, the L3 optimizer will increase 𝝀 to emphasize more on the
density term, forcing the density constraints to be gradually satisfied.
Similar strategies apply to the L1 and L2 optimizers. Figure 4 plots the
nested loops for solving the problem.

L1 (Section 3.5) aims at eliminating the clock violations in a analytical
manner. The stopping criteria of L1 is whether the clock constraints are
satisfied (Section 2.1.2). L2 aims at optimizing the routability by the area
inflation-based technique from [10], and the stopping criteria of L2 is
determined by routing congestion estimation and pin density. L3 solves
the core wirelength-driven placement problem. The stopping criteria for
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0.0

<latexit sha1_base64="rpQ2X4IJUW2wV/VO+gZTmm4e0XE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEcSLx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1FjpvvxU7hVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNasW7rFzcVUu1chZHHk7gFM7BgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AlzqNQQ==</latexit>x

<latexit sha1_base64="Tfc/kVJNoX1tgc0u/IgEANUnPd0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5AUUY8FLx4rmLbQhrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH1eOTtk4yRWhAEp6oboQ15UzSwDDDaTdVFIuI0040uZv7nSeqNEvko5mmNBR4JFnMCDZWCuq+69UH1ZrnegugdeIXpAYFWoPqV3+YkExQaQjHWvd8LzVhjpVhhNNZpZ9pmmIywSPas1RiQXWYL46doQurDFGcKFvSoIX6eyLHQuupiGynwGasV725+J/Xy0x8G+ZMppmhkiwXxRlHJkHzz9GQKUoMn1qCiWL2VkTGWGFibD4VG4K/+vI6aTdc/9q9emjUmvUijjKcwTlcgg830IR7aEEABBg8wyu8OdJ5cd6dj2VrySlmTuEPnM8fBOaNbA==</latexit>

1.0

<latexit sha1_base64="GxcDBZ5+rv5gwOYSMK/CL4iqDLs=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY8kXjxi4gIJbEi3dKGh2920syaE8Bu8eNAYr/4gb/4bC+xBwZc0fXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2O7+Z++4lrIxL1iJOUBzEdKhEJRtFKftWtudV+uWK/Bcg68XJSgRzNfvmrN0hYFnOFTFJjup6bYjClGgWTfFbqZYanlI3pkHctVTTmJpgulp2RC6sMSJRo+xSShfq7Y0pjYyZxaCtjiiOz6s3F/7xuhtFtMBUqzZArthwUZZJgQuaXk4HQnKGcWEKZFnZXwkZUU4Y2n5INwVs9eZ206jXvunb1UK80qnkcRTiDc7gED26gAffQBB8YCHiGV3hzlPPivDsfy9KCk/ecwh84nz8DX41r</latexit>

0.0

<latexit sha1_base64="rpQ2X4IJUW2wV/VO+gZTmm4e0XE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEcSLx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1FjpvvxU7hVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNasW7rFzcVUu1chZHHk7gFM7BgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AlzqNQQ==</latexit>x

<latexit sha1_base64="Tfc/kVJNoX1tgc0u/IgEANUnPd0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5AUUY8FLx4rmLbQhrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH1eOTtk4yRWhAEp6oboQ15UzSwDDDaTdVFIuI0040uZv7nSeqNEvko5mmNBR4JFnMCDZWCuq+69UH1ZrnegugdeIXpAYFWoPqV3+YkExQaQjHWvd8LzVhjpVhhNNZpZ9pmmIywSPas1RiQXWYL46doQurDFGcKFvSoIX6eyLHQuupiGynwGasV725+J/Xy0x8G+ZMppmhkiwXxRlHJkHzz9GQKUoMn1qCiWL2VkTGWGFibD4VG4K/+vI6aTdc/9q9emjUmvUijjKcwTlcgg830IR7aEEABBg8wyu8OdJ5cd6dj2VrySlmTuEPnM8fBOaNbA==</latexit>

1.0

<latexit sha1_base64="GxcDBZ5+rv5gwOYSMK/CL4iqDLs=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY8kXjxi4gIJbEi3dKGh2920syaE8Bu8eNAYr/4gb/4bC+xBwZc0fXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2O7+Z++4lrIxL1iJOUBzEdKhEJRtFKftWtudV+uWK/Bcg68XJSgRzNfvmrN0hYFnOFTFJjup6bYjClGgWTfFbqZYanlI3pkHctVTTmJpgulp2RC6sMSJRo+xSShfq7Y0pjYyZxaCtjiiOz6s3F/7xuhtFtMBUqzZArthwUZZJgQuaXk4HQnKGcWEKZFnZXwkZUU4Y2n5INwVs9eZ206jXvunb1UK80qnkcRTiDc7gED26gAffQBB8YCHiGV3hzlPPivDsfy9KCk/ecwh84nz8DX41r</latexit>

0.0 <latexit sha1_base64="rpQ2X4IJUW2wV/VO+gZTmm4e0XE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEcSLx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1FjpvvxU7hVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNasW7rFzcVUu1chZHHk7gFM7BgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AlzqNQQ==</latexit>x

<latexit sha1_base64="Tfc/kVJNoX1tgc0u/IgEANUnPd0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5AUUY8FLx4rmLbQhrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH1eOTtk4yRWhAEp6oboQ15UzSwDDDaTdVFIuI0040uZv7nSeqNEvko5mmNBR4JFnMCDZWCuq+69UH1ZrnegugdeIXpAYFWoPqV3+YkExQaQjHWvd8LzVhjpVhhNNZpZ9pmmIywSPas1RiQXWYL46doQurDFGcKFvSoIX6eyLHQuupiGynwGasV725+J/Xy0x8G+ZMppmhkiwXxRlHJkHzz9GQKUoMn1qCiWL2VkTGWGFibD4VG4K/+vI6aTdc/9q9emjUmvUijjKcwTlcgg830IR7aEEABBg8wyu8OdJ5cd6dj2VrySlmTuEPnM8fBOaNbA==</latexit>

1.0

<latexit sha1_base64="GxcDBZ5+rv5gwOYSMK/CL4iqDLs=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY8kXjxi4gIJbEi3dKGh2920syaE8Bu8eNAYr/4gb/4bC+xBwZc0fXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2O7+Z++4lrIxL1iJOUBzEdKhEJRtFKftWtudV+uWK/Bcg68XJSgRzNfvmrN0hYFnOFTFJjup6bYjClGgWTfFbqZYanlI3pkHctVTTmJpgulp2RC6sMSJRo+xSShfq7Y0pjYyZxaCtjiiOz6s3F/7xuhtFtMBUqzZArthwUZZJgQuaXk4HQnKGcWEKZFnZXwkZUU4Y2n5INwVs9eZ206jXvunb1UK80qnkcRTiDc7gED26gAffQBB8YCHiGV3hzlPPivDsfy9KCk/ecwh84nz8DX41r</latexit>

0.0

<latexit sha1_base64="rpQ2X4IJUW2wV/VO+gZTmm4e0XE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEcSLx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1FjpvvxU7hVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNasW7rFzcVUu1chZHHk7gFM7BgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AlzqNQQ==</latexit>x

<latexit sha1_base64="Tfc/kVJNoX1tgc0u/IgEANUnPd0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5AUUY8FLx4rmLbQhrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH1eOTtk4yRWhAEp6oboQ15UzSwDDDaTdVFIuI0040uZv7nSeqNEvko5mmNBR4JFnMCDZWCuq+69UH1ZrnegugdeIXpAYFWoPqV3+YkExQaQjHWvd8LzVhjpVhhNNZpZ9pmmIywSPas1RiQXWYL46doQurDFGcKFvSoIX6eyLHQuupiGynwGasV725+J/Xy0x8G+ZMppmhkiwXxRlHJkHzz9GQKUoMn1qCiWL2VkTGWGFibD4VG4K/+vI6aTdc/9q9emjUmvUijjKcwTlcgg830IR7aEEABBg8wyu8OdJ5cd6dj2VrySlmTuEPnM8fBOaNbA==</latexit>

1.0

<latexit sha1_base64="GxcDBZ5+rv5gwOYSMK/CL4iqDLs=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY8kXjxi4gIJbEi3dKGh2920syaE8Bu8eNAYr/4gb/4bC+xBwZc0fXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2O7+Z++4lrIxL1iJOUBzEdKhEJRtFKftWtudV+uWK/Bcg68XJSgRzNfvmrN0hYFnOFTFJjup6bYjClGgWTfFbqZYanlI3pkHctVTTmJpgulp2RC6sMSJRo+xSShfq7Y0pjYyZxaCtjiiOz6s3F/7xuhtFtMBUqzZArthwUZZJgQuaXk4HQnKGcWEKZFnZXwkZUU4Y2n5INwVs9eZ206jXvunb1UK80qnkcRTiDc7gED26gAffQBB8YCHiGV3hzlPPivDsfy9KCk/ecwh84nz8DX41r</latexit>

0.0

<latexit sha1_base64="rpQ2X4IJUW2wV/VO+gZTmm4e0XE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEcSLx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1FjpvvxU7hVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNasW7rFzcVUu1chZHHk7gFM7BgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AlzqNQQ==</latexit>x

<latexit sha1_base64="Tfc/kVJNoX1tgc0u/IgEANUnPd0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5AUUY8FLx4rmLbQhrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH1eOTtk4yRWhAEp6oboQ15UzSwDDDaTdVFIuI0040uZv7nSeqNEvko5mmNBR4JFnMCDZWCuq+69UH1ZrnegugdeIXpAYFWoPqV3+YkExQaQjHWvd8LzVhjpVhhNNZpZ9pmmIywSPas1RiQXWYL46doQurDFGcKFvSoIX6eyLHQuupiGynwGasV725+J/Xy0x8G+ZMppmhkiwXxRlHJkHzz9GQKUoMn1qCiWL2VkTGWGFibD4VG4K/+vI6aTdc/9q9emjUmvUijjKcwTlcgg830IR7aEEABBg8wyu8OdJ5cd6dj2VrySlmTuEPnM8fBOaNbA==</latexit>

1.0

<latexit sha1_base64="GxcDBZ5+rv5gwOYSMK/CL4iqDLs=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY8kXjxi4gIJbEi3dKGh2920syaE8Bu8eNAYr/4gb/4bC+xBwZc0fXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2O7+Z++4lrIxL1iJOUBzEdKhEJRtFKftWtudV+uWK/Bcg68XJSgRzNfvmrN0hYFnOFTFJjup6bYjClGgWTfFbqZYanlI3pkHctVTTmJpgulp2RC6sMSJRo+xSShfq7Y0pjYyZxaCtjiiOz6s3F/7xuhtFtMBUqzZArthwUZZJgQuaXk4HQnKGcWEKZFnZXwkZUU4Y2n5INwVs9eZ206jXvunb1UK80qnkcRTiDc7gED26gAffQBB8YCHiGV3hzlPPivDsfy9KCk/ecwh84nz8DX41r</latexit>

0.0

<latexit sha1_base64="rpQ2X4IJUW2wV/VO+gZTmm4e0XE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEcSLx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1FjpvvxU7hVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNasW7rFzcVUu1chZHHk7gFM7BgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AlzqNQQ==</latexit>x

<latexit sha1_base64="Tfc/kVJNoX1tgc0u/IgEANUnPd0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5AUUY8FLx4rmLbQhrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH1eOTtk4yRWhAEp6oboQ15UzSwDDDaTdVFIuI0040uZv7nSeqNEvko5mmNBR4JFnMCDZWCuq+69UH1ZrnegugdeIXpAYFWoPqV3+YkExQaQjHWvd8LzVhjpVhhNNZpZ9pmmIywSPas1RiQXWYL46doQurDFGcKFvSoIX6eyLHQuupiGynwGasV725+J/Xy0x8G+ZMppmhkiwXxRlHJkHzz9GQKUoMn1qCiWL2VkTGWGFibD4VG4K/+vI6aTdc/9q9emjUmvUijjKcwTlcgg830IR7aEEABBg8wyu8OdJ5cd6dj2VrySlmTuEPnM8fBOaNbA==</latexit>

1.0

<latexit sha1_base64="GxcDBZ5+rv5gwOYSMK/CL4iqDLs=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY8kXjxi4gIJbEi3dKGh2920syaE8Bu8eNAYr/4gb/4bC+xBwZc0fXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2O7+Z++4lrIxL1iJOUBzEdKhEJRtFKftWtudV+uWK/Bcg68XJSgRzNfvmrN0hYFnOFTFJjup6bYjClGgWTfFbqZYanlI3pkHctVTTmJpgulp2RC6sMSJRo+xSShfq7Y0pjYyZxaCtjiiOz6s3F/7xuhtFtMBUqzZArthwUZZJgQuaXk4HQnKGcWEKZFnZXwkZUU4Y2n5INwVs9eZ206jXvunb1UK80qnkcRTiDc7gED26gAffQBB8YCHiGV3hzlPPivDsfy9KCk/ecwh84nz8DX41r</latexit>

0.0

<latexit sha1_base64="B9yw7wS8D62JkcKBsl+/6P4AOXY=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFhPBKtwFUcuAjYVFhFwSyB1hb7NJluztHrt7QjjyN2wsFLH1z9j5b9wkV2jig4HHezPMzIsSzrRx3W+nsLG5tb1T3C3t7R8cHpWPT9papopQn0guVTfCmnImqG+Y4bSbKIrjiNNONLmb+50nqjSTomWmCQ1jPBJsyAg2VgqqgRrLfvbgt2bVfrni1twF0DrxclKBHM1++SsYSJLGVBjCsdY9z01MmGFlGOF0VgpSTRNMJnhEe5YKHFMdZoubZ+jCKgM0lMqWMGih/p7IcKz1NI5sZ4zNWK96c/E/r5ea4W2YMZGkhgqyXDRMOTISzQNAA6YoMXxqCSaK2VsRGWOFibExlWwI3urL66Rdr3nXtavHeqVRzeMowhmcwyV4cAMNuIcm+EAggWd4hTcndV6cd+dj2Vpw8plT+APn8wc+G5EU</latexit>⇢LUT
<latexit sha1_base64="KB/pLMHmyI93QM+eAU7nvB9s39c=">AAAB+nicbVBNT8JAEN3iF+JX0aOXjWDiibTEqEeMFw+YYEKBhDbNdtnChm232d1qSOWnePGgMV79Jd78Ny7Qg4IvmeTlvZnMzAsSRqWyrG+jsLa+sblV3C7t7O7tH5jlw47kqcDEwZxx0QuQJIzGxFFUMdJLBEFRwEg3GN/M/O4DEZLyuK0mCfEiNIxpSDFSWvLNctUVI+5nTad95/rXzWnVNytWzZoDrhI7JxWQo+WbX+6A4zQiscIMSdm3rUR5GRKKYkamJTeVJEF4jIakr2mMIiK9bH76FJ5qZQBDLnTFCs7V3xMZiqScRIHujJAayWVvJv7n9VMVXnkZjZNUkRgvFoUpg4rDWQ5wQAXBik00QVhQfSvEIyQQVjqtkg7BXn55lXTqNfuidn5frzSqeRxFcAxOwBmwwSVogFvQAg7A4BE8g1fwZjwZL8a78bFoLRj5zBH4A+PzB+1ukww=</latexit>⇢LUTM AL
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<latexit sha1_base64="SFpdzVM6SS/DtK1x5rHwIPXmuVM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LLaCp5IUUY8FLx48RGjaQhPKZrtpl242YXcjlNC/4cWDIl79M978N27bHLT1wcDjvRlm5oUpZ0rb9rdV2tjc2t4p71b29g8Oj6rHJx2VZJJQjyQ8kb0QK8qZoJ5mmtNeKimOQ0674eRu7nefqFQsEW09TWkQ45FgESNYG8mv++6YDfIHrz2rD6o1u2EvgNaJU5AaFHAH1S9/mJAspkITjpXqO3aqgxxLzQins4qfKZpiMsEj2jdU4JiqIF/cPEMXRhmiKJGmhEYL9fdEjmOlpnFoOmOsx2rVm4v/ef1MR7dBzkSaaSrIclGUcaQTNA8ADZmkRPOpIZhIZm5FZIwlJtrEVDEhOKsvr5NOs+FcN64em7VWvYijDGdwDpfgwA204B5c8IBACs/wCm9WZr1Y79bHsrVkFTOn8AfW5w8AH5Ds</latexit>
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Figure 5: An example of special electrostatic field setup to handle
asymmetric slice compatibility from SLICEL-SLICEM heterogene-
ity. Solutions III and IV are illegal because the SHIFT instance is
placed on the SLICEL column, which can cause density overflow in
the LUTM-AL field, eventually resulting in high potential energy.

L3 is determined by the density overflow of all. 2 For L4, we always solve
with a fixed number of iterations, e.g., 1 iteration in the experiments.

The carry chain alignment constraint is resolved through iterative
carry chain alignment correction in each iteration (Section 3.4). After the
placement phase, we develop clock-aware direct legalization and detailed
placement algorithms based on [5] to honor the aforementioned clock
feasibility and SLICEL-SLICEM heterogeneity. Due to page limit, we
omit the details on routability optimization, clock-aware legalization and
detailed placement.

3.2 Multi-Electrostatic Model for SLICEL-SLICEM
Heterogeneity

As discussed in Section 2.1.1, SLICEMs can be configured in one of the
three modes: LUT, distributed RAM, and SHIFT. Only instances corre-
sponding to the mode can be placed in the LUT slots of that SLICEM.
To deal with this constraint, we introduce two electrostatic fields LUTL
and LUTM-AL in the multi-electrostatic placement model. The field setup
should avoid a distributed RAM or SHIFT instance to be placed in SLICEL
sites, but allow a LUT instance to be placed in both SLICEL and SLICEM
sites.

The setup of these two fields is illustrated in Figure 5. LUTL models
the LUT resources supplied in SLICEL and SLICEM, while LUTM-AL
models the additional logic resources supplied in SLICEM, but not in
SLICEL. A LUT instance only occupies resources in the LUTL field, while
a distributed RAM or SHIFT instance occupies resources in both the LUTL
and LUTM-AL fields.

The figure analyzes four scenarios taking the combinations of a LUT
instance and a SHIFT instance as an example. Distributed RAM instances
work in the same way as SHIFT instances do. As a SLICEL does not
contain resources for LUTM-AL, we set its initial density to 1, indicating
it is occupied; the initial density for LUTL is set to 0. As a SLICEM contains
both resources for LUTL and LUTM-AL, we set its initial density to 0. In
2In our experiments, the target is empirically set to 10% overflow for LUTs and FFs.
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Figure 6: Illustration of preconditioning at iteration 𝑡 . The precon-
ditioning technique equivalently transforms the objection surfaces
into a more isotropic shape, and thus helps reduce the iterations
and stablize the optimization process.

Solution I, where the LUT instance is placed on a SLICEL and the SHIFT
instance is placed on a SLICEM, there is no density overflow for both
fields (balanced density distribution can be achieved by inserting fillers
[19]), which means the potential energy is at the minimum. The scenario
in Solution II is similar. However, in Solution III and IV, where the SHIFT
instance is placed on a SLICEL, the density overflow in the LUTM-AL field
occurs, indicating high potential energy for this field. These solutions will
be avoided when the optimizer minimizes the potential energy. In this
way, these two elaborate fields can accommodate LUT and distributed
RAM/SHIFT to their compatible sites naturally.

3.3 Divergence-aware Preconditioning
The gradient ∇L(𝑡 ) at iteration 𝑡 will be preconditioned before it is fed
to the optimizer, where L is the Lagrangian problem defined in Eq. (3).
We only discuss the gradient on 𝑥 direction and that on 𝑦 direction is the
same. For the sake of efficiency, we adapt the Jacobi preconditioner P by
approximating the second-order derivatives of wirelength and density as
follows,

P𝑊𝑖 =
𝜕2𝑊 (𝒙,𝒚)

𝜕𝑥2
𝑖

∼
∑︁
𝑒∈𝐸𝑖

𝑤𝑒

|𝑒 | − 1
, ∀𝑖 ∈ V, (5a)

P
(𝑡 )
𝑖

∼ max ©­«1,
[
P𝑊𝑖 +

∑︁
𝑠∈𝑆

𝛼
(𝑡 )
𝑠 𝜆

(𝑡 )
𝑠 A𝑠

𝑖

]−1ª®¬ , (5b)

where V denotes the instance set, 𝐸𝑖 denotes the nets incident to instance
𝑖 ∈ V, 𝑤𝑒 is the weight of net 𝑒 , and P𝑊 denotes the second-order
derivative of the wirelength term. We give the preconditioned gradient
∇̂L(𝑡 ) = ∇L(𝑡 ) ⊙ P(𝑡 ) to the optimizer. As illustrated in Figure 6, after
preconditioning the loss surfaces are thus being more isotropic and can
speed up optimization. The intuition from the partial derivative itself
is, for P𝑊

𝑖
that instances with more pins and pins incident to larger

net weights should move slower, and for
∑
𝑠∈𝑆 𝛼

(𝑡 )
𝑠 𝜆

(𝑡 )
𝑠 A𝑠

𝑖
that larger

instances should move slower.
Different from [10, 22], we introduce an additional weighting vector

𝜶 ∈ R |𝑆 | to dynamically control the ratio of the gradient norms from the
density term and the wirelength term, because we observe that the opti-
mization can easily diverge if the ratio goes too large. Figure 6 illustrates
the situation when some instances are dominated by the density gradient,
resulting in these instances moving too fast and cause divergence. This
usually happens at the second half of the placement iteration when the
density term starts competing with the wirelength term by increasing
𝜆. Thus, we need the preconditioner to stabilize the optimization. For
convenience, we define two auxiliary variables 𝝑 (𝑡 ) and 𝑷

𝑊 . With some
4



approximation, we can derive 𝜶 as following by assuming that the gradi-
ent norms from the density term and the wirelength term are in the same
scale.

𝜗
(𝑡 )
𝑠 = max

(
1,

∇D𝑠∑
𝑖∈V𝑟

𝑠
|𝜕𝑊 /𝜕𝑥𝑖 |

)
, ∀𝑠 ∈ 𝑆, (6a)

P
𝑊

𝑠 =

∑
𝑖∈V𝑟

𝑠
P𝑊
𝑖

|V𝑟
𝑠 |

, ∀𝑠 ∈ 𝑆, (6b)

𝜶 (𝑡 ) = 𝝑 (𝑡 ) ⊙ P
𝑊
, (6c)

where V𝑟
𝑠 denotes the set of instances that have demands in field 𝑠 .∑

𝑖∈V𝑟
𝑠
|𝜕𝑊 /𝜕𝑥𝑖 | is the wirelength gradient norm summation of V𝑟

𝑠 . The
weighting vector 𝝑 (𝑡 ) ∈ R |𝑆 | measures the gradient norm ratio between
the density term and the wirelength term, and P

𝑊
denotes the average

wirelength preconditioner for each field type. Due to the page limit, we
omit the detailed derivations. We will further validate its effectiveness in
the experiments.

3.4 Iterative Carry Chain Alignment Correction
To better align the carry chains without ruining the effectiveness of the
analytical global placement algorithm,we propose a carry chain alignment
technique. At the end of each global placement iteration, we move the
sequential CARRYs together and align them into a column shape based
on the horizontal coordinates of their center gravity. This means that
the CARRY instances in a chain will move together during the global
placement iterations, which eases the legalization step, as chains are
almost aligned after global placement.

3.5 Clock Network Planning Algorithm
The clock constraints in Section 2.1.2 are highly unsmooth. Minor move-
ments across the clock region boundaries can cause illegal clock config-
uration, which is unfriendly to placement optimization. Therefore, we
decompose clock planning into two stages.

In the first stage, we find an instance-to-clock-region mapping. The
mapping ensures the satisfaction of all clock region constraints, as long
as all instances are located inside their target clock regions. In the second
stage, we move all instances to their target clock regions by adding a
penalty term 𝛤 (·) to the placement objective. After global placement, the
half-column constraints are then being handled in the developed clock-
aware direct legalization and detailed placement [5]. Next, we explain
these two stages.

3.5.1 Instance-to-Clock-Region Mapping Generation. The target of this
step is to generate mappings such that clock constraints can be satisfied
with minimum perturbation to the placement. We develop the branch-
and-bound method in [7] to search through the solution space of different
instance-to-clock-region mappings and find a feasible solution with high
quality. We take the assignment with the smallest cost and use it for the
second stage.

3.5.2 The Clock Penalty for Placement. Unlike [6, 8] that force the in-
stances to directly move to their clock regions, we introduce a bowl-like,
smooth, and differentiable “gravitational” attraction term, drawing the
instances to their mapped clock regions. For instance 𝑖 , let 𝑙𝑜𝑥

𝑖
, ℎ𝑖𝑥

𝑖
, 𝑙𝑜𝑦

𝑖

and ℎ𝑖
𝑦

𝑖
be the left, right, bottom and top boundary coordinates of its

generated mapping result. We define the penalty term for instance 𝑖 as
𝛤𝑖 (𝒙𝑖 ,𝒚𝑖 ) = 𝛤𝑖 (𝒙𝑖 ,𝒚𝑖 )𝑥 + 𝛤𝑖 (𝒙𝑖 ,𝒚𝑖 )𝑦 , where 𝛤𝑖 (𝒙𝑖 ,𝒚𝑖 )𝑥 is defined as,

𝛤 (𝒙𝑖 ,𝒚𝑖 )𝑥 =


(𝒙𝑖 − 𝑙𝑜𝑥𝑖 )

2, 𝒙𝑖 < 𝑙𝑜𝑥𝑖 ,

0, 𝑙𝑜𝑥𝑖 ≤ 𝒙𝑖 ≤ ℎ𝑖𝑥𝑖 ,

(𝒙𝑖 − ℎ𝑖𝑥𝑖 )
2, ℎ𝑖𝑥𝑖 < 𝒙𝑖 .

(7)

A visualization of the clock penalty term is shown in Figure 7. The
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Figure 7: The Visualization of clock penalty function 𝛤𝑖 (·) for a
single instance.

𝛤 (𝒙,𝒚) in Eq. (2) is the summation of the clock penalty of all instances,
i.e., 𝛤 (𝒙,𝒚) = ∑

𝑖∈V 𝛤𝑖 (𝑥𝑖 , 𝑦𝑖 ).
The clock penalty multiplier 𝜂 is initialized to 0. Each time we reset the

clock penalty function 𝛤 (·), we update 𝜂 with the relative ratio between
the gradient norms of the wirelength and the clock penalty to maintain
stability,

𝜂 =
𝜄∥∇𝑊 ∥1
∥∇𝛤 ∥1 + 𝜀

. (8)

We observe that only 1% of instances are out of their available clock
regions right after the clock region assignment, so most instances have
zero penalties. To balance the gradient norm ratio, 𝜄 is empirically set to
10−4, and 𝜀 is set to 10−2 to avoid numerical explosion.

4 EXPERIMENTAL RESULTS
We implemented our algorithm in C++ and Python with PyTorch for GPU-
accelerated gradient computation like [23]. We conducted experiments
on a Linux machine with an Intel Xeon Silver 4214 CPU (2.20 GHz and
24 cores), 251 GB RAM, and one NVIDIA TITAN RTX GPU. We tested
our work on both the ISPD 2017 clock-aware FPGA placement contest
benchmarks [16] and industrial benchmarks.

Table 2 summarizes the statistics of ISPD 2017 benchmarks as well
as the comparison with the state-of-the-art placers, UTPlaceF 2.0
[6], RippleFPGA [8], UTPlaceF 2.X [7], and NTUfplace [12]. All
results of the other placers are from their original publications. It needs
to be mentioned that we do not compare with elfPlace because its
algorithm cannot handle clock constraints (see Table 1). We compare the
routed wirelength by the patched Xilinx Vivado v2016.4 for ISPD 2017
and the runtime of different placers.

We can see that our placer consistently achieves better routed wire-
length than other placers, i.e., 14.2% smaller than UTPlaceF 2.0, 11.7%
smaller than RippleFPGA, 9.6% smaller than UTPlaceF 2.X, and
7.9% smaller than NTUfplace on average, respectively. Meanwhile, our
placer is the fastest one with GPU acceleration, specifically, 4.94× faster
than UTPlaceF 2.0, 2.38× faster than RippleFPGA, 1.45× faster
than UTPlaceF 2.X, and 6.58× faster than NTUfplace.

We further validate our placer on industrial benchmarks, which contain
a full set of heterogeneous instances including distributed RAM, SHIFT,
and CARRY (see Table 3). We cannot evaluate the routed wirelength
either due to the incompatibility with the Vivado patch for ISPD 2017
benchmarks. Thus, we evaluate half-perimeter wirelength (HPWL) and
validate the effectiveness of our placer by disabling specific optimization
techniques as following.

• Disable the iterative carry chain alignment correction in global
placement and only align chains once in legalization.

• Disable the dynamic preconditioner and use the default precondi-
tioner in [10, 22].

• Disable both techniques as the baseline.
5



Table 2: Routed Wirelength (×103) and Runtime (Seconds) Comparison on ISPD 2017 Benchmarks.

Design #LUT/#FF/#BRAM/#DSP #Clock UTPlaceF 2.0 [6] RippleFPGA [8] UTPlaceF 2.X [7] NTUfplace [12] Ours (GPU)
WL RT WL RT WL RT WL RT WL RT

CLK-FGPA01 211K/324K/164/75 32 2208 532 2011 288 2092 180 2039 698 1868 136
CLK-FGPA02 230K/280K/236/112 35 2279 513 2168 266 2194 179 2149 710 2011 130
CLK-FGPA03 410K/481K/850/395 57 5353 1039 5265 583 5109 343 4901 1704 4755 215
CLK-FGPA04 309K/372K/467/224 44 3698 711 3607 380 3600 242 3614 1148 3338 162
CLK-FGPA05 393K/469K/798/150 56 4692 939 4660 569 4556 323 4417 1540 4154 208
CLK-FGPA06 425K/511K/872/420 58 5589 1066 5737 591 5432 346 5122 2210 4918 229
CLK-FGPA07 254K/309K/313/149 38 2444 845 2326 304 2324 201 2320 795 2145 141
CLK-FGPA08 212K/257K/161/75 32 1886 529 1778 247 1807 169 1803 588 1648 120
CLK-FGPA09 231K/358K/236/112 35 2601 842 2530 327 2507 197 2436 717 2248 144
CLK-FGPA10 327K/506K/542/255 47 4464 974 4496 512 4229 286 4339 1597 3839 200
CLK-FGPA11 300K/468K/454/224 44 4183 1068 4190 455 3936 265 3964 1618 3626 183
CLK-FGPA12 277K/430K/389/187 41 3369 774 3388 409 3236 247 3179 849 2938 168
CLK-FGPA13 339K/405K/570/262 47 3816 1172 3833 441 3723 270 3680 985 3404 181

Ratio 1.142 4.943 1.117 2.379 1.096 1.453 1.079 6.575 1.000 1.000

Table 3: HPWL (×103) and Runtime (Seconds) Comparison with Different Techniques on Industry Benchmarks.

Design #LUT/#FF/#BRAM/#DSP #Distributed RAM+#SHIFT #CARRY

w/o precond
or chain align

(GPU)

w/o precond
(GPU)

w/o chain align
(GPU)

Ours
(GPU)

WL RT WL RT WL RT WL RT
IND01 17K/11K/0/13 9 2K 87 123 76 131 76 44 65 45
IND02 11K/10K/0/24 6 335 86 75 78 80 83 54 77 54
IND03 109K/12K/0/0 0 0 611 55 600 56 602 58 597 59
IND04 29K/17K/0/16 218 1K 200 181 186 156 174 84 165 83
IND05 64K/191K/64/928 29K 4K 1228 173 1152 187 1040 100 998 97
IND06 112K/65K/21/0 0 4K 967 166 926 203 861 82 792 84
IND07 40K/156K/89/768 26K 3K diverge diverge diverge diverge 761 81 745 83
Ratio 1.193 1.841 1.107 1.935 1.066 0.996 1.000 1.000
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Figure 8: Runtime breakdown on CLK-FPGA13. Similar distribu-
tions are observed on other benchmarks.

We can see from Table 3 that the dynamically-adjusted preconditioner
(Section 3.3) stabilizes the global placement iterations and enables better
solution quality at convergence, while the default preconditioner [10,
22] diverges on one design. The proposed preconditioner also enables
faster convergence, reducing the runtime by more than 80%. Moreover,
the iterative carry chain alignment correction helps achieve 6.6% better
wirelength with minor runtime overhead. This experiment validates the
efficiency and effectiveness of the proposed preconditioning and carry
chain alignment techniques.

We further report the runtime breakdown of our algorithm in Fig-
ure 8. With GPU acceleration, unlike most placers, global placement is
no longer the runtime bottleneck. The core steps of global placement, i.e.,
the calculation of wirelength and electrostatic density, as well as their
gradients, take only 43% of the global placement runtime. Legalization is
the most time consuming part, taking 53% of the total runtime. The clock
constraint related parts are relatively fast. Miscellaneous parts, such as
disk IO, parsing, and data initialization, take up almost the same time as
global placement, which need further optimization in the future.

5 CONCLUSION
In this paper, we propose a heterogeneous FPGA placement algorithm
considering SLICEL-SLICEM heterogeneity and clock feasibility. Based
on a new electrostatic formulation, we design a uniform optimization par-
adigm for wirelength, routability, and clock feasibility supporting hetero-
geneous instance types, including LUT, FF, BRAM, DSP, distributed RAM,
SHIFT, and CARRY. We further propose a dynamically-adjusted precondi-
tioner and a smooth clock penalization technique to ensure the placement
converging to high-quality solutions. Experiments on ISPD 2017 contest
benchmarks demonstrate that our placer can achieve 14.2%, 11.7%, 9.6%,
and 7.9% better routed wirelength than the state-of-the-art placers like
UTPlaceF 2.0, RippleFPGA, UTPlaceF 2.X, and NTUfplace,
respectively, with 1.5-6× speedup leveraging GPU acceleration. Exper-
iments on industrial benchmarks demonstrate that our techniques can
improve the wirelength by 19.3%, 10.7%, and 6.6%.
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