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Abstract

This paper presents RosettaStone 2.0, an open benchmark transla-
tion and evaluation framework built on OpenROAD-Research [1].
RosettaStone 2.0 provides complete RTL-to-GDS reference flows
for both conventional 2D designs and Pin-3D-style face-to-face
(F2F) hybrid-bonded 3D designs, enabling rigorous apples-to-apples
comparison across planar and three-dimensional implementation
settings. The framework is integrated within OpenROAD-flow-
scripts (ORFS)-Research [2]; it incorporates continuous integration
(CI)-based regression testing and provides a standardized evalua-
tion pipeline based on the METRICS2.1 convention, with structured
logs and reports generated by ORFS-Research. To support transpar-
ent and reproducible research, RosettaStone 2.0 further provides
a community-facing leaderboard, which is governed by verified
pull requests and enforced through Developer Certificate of Origin
(DCO) compliance.
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1 Introduction

The advancement of 2D and 3D VLSI physical design (PD) research
is inherently dependent on rigorous benchmarking frameworks
built upon complete flows, realistic benchmarks, and reproducible
methodologies. Academic contests have historically provided bench-
marks that drive innovation in physical design [3, 4]. However, these
benchmarks usually lack the full set of inputs required by modern
RTL-to-GDS flows; even Liberty, technology LEFs, parasitic models,
and signoff constraints are often missing or only partially specified.
Moreover, different publications may use different libraries, timing
corners, or routing rules under the same testcase name, and scripts
are frequently tied to specific tools or versions. As a result, reported
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quality-of-results (QoR) and runtime improvements are difficult to
compare in an apples-to-apples way, especially across independent
works.

Recent perspectives argue that the next physical design roadmap
inflection is driven by fine-grain heterogeneous 3D integration [5],
where bonding and backside processing make it practical to stack
multiple active tiers and tailor per-tier device and interconnect
choices to the function being implemented [6]. Despite strong in-
terest in fine-grain 3D integration, there is still no widely adopted
open-source RTL-to-GDS reference flow for Pin-3D-style face-to-
face (F2F) hybrid bonding [7, 8], with maintainable 3D enablements
and reproducible stage-wise checkpoints. Hence, the integration,
fair comparison, and reproducibility of emerging 3D physical de-
sign algorithms across different tool versions and Process Design
Kit (PDK) variants remain challenging. Reproducible evaluation
must increasingly encompass both planar and 3D settings, while
enabling more rigorous control not only of algorithmic choices, but
of tool enablements and measurement protocols as well.

Several 3D integration styles have been explored. Through-silicon
via (TSV) based stacking is well-established in commercial prod-
ucts such as high-bandwidth memory, but TSVs with 10 ym-scale
pitch consume area and add large parasitics [9, 10]. Monolithic
3D (M3D) uses nanoscale monolithic inter-tier vias and sequential
low-temperature processing [11] to achieve very high integration
density, but remains costly and less mature [12]. By contrast, face-
to-face hybrid bonding bonds two pre-fabricated dies using hybrid
bonding terminals (HBTs) in the back-end-of-line (BEOL), with
an approximately 1 pm-scale pitch and strong manufacturing sup-
port [13, 14]. Recent products such as AMD’s Zen 4 and Meta’s AR
SoC adopt F2F hybrid bonding [15, 16], which makes F2F-based
3D integration a realistic and attractive target for academic 3D PD
flows.

Recent academic research works have started to address chal-
lenges of reproducibility and standardization for 3D physical design.
Open-3DBench [17] provides an open 3D-IC backend benchmark-
ing framework built on OpenROAD-flow-scripts [18], covering
partitioning, placement, routing, extraction, and thermal analysis
across 3D flows. Meanwhile, the IEEE CEDA DATC Robust Design
Flow (RDF) [19] and the ML EDA Commons [20] seek to advance
shared benchmarks, metrics, and evaluation infrastructures based
on OpenROAD [21] and ORFS, with a strong focus on artifact eval-
uation and sustainable research backplanes. Despite such efforts, a
durable and open-source RTL-to-GDS reference flow for Pin-3D-
style F2F hybrid bonding — with maintainable enablements and
standardized evaluation checkpoints — remains unavailable. To ad-
vance the availability of fair and reproducible assessments for 3D
PD flows, we make the following contributions.
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e Sustainable benchmarking backplane. We establish a main-
tained infrastructure within OpenROAD- and ORFS-Research,
featuring co-versioned artifacts, CI-based regression, METRICS2.1-
compatible reporting, and community-driven governance.

o Pin-3D reference flow. We release an end-to-end F2F 3D RTL-
to-GDS reference flow, complete with 3D enablements (e.g., HBT
modeling, tier libraries) and standardized checkpoints for repro-
ducible evaluation.

e RosettaStone 2.0 roadmap. We outline the extension of this
backplane to support systematic benchmark translation, syn-
thetic netlist generation, and unified 2D and 3D validation under
explicit evaluation contracts.

In the following, Section 2 describes prospects for OpenROAD-
Research and ORFS-Research, and introduces RosettaStone 2.0 as a
sustainable benchmarking backplane supporting reproducible 2D
and Pin-3D physical design evaluation. Section 3 presents our initial
Pin-3D enablement and RTL-to-GDS reference flow for F2F hybrid
bonding. Section 4 reports example validation results and sensitivity
analyses under a consistent evaluation contract. Section 5 outlines
the roadmap toward the complete RosettaStone 2.0 framework, and
we conclude in Section 6.

2 Sustainable Benchmarking Backplane Based
on OpenROAD-Research and ORFS-Research

OpenROAD-Research [1] and ORFS-Research [2] are designed as
open and collaborative platforms to guide future efforts that will
strengthen open EDA infrastructure and community collabora-
tion. They preserve algorithmic diversity by hosting academically
validated but potentially non-production code, thus lowering the
barrier to experimentation in emerging areas such as ML-assisted
optimization and agentic flows; supporting education through re-
producible implementations; and fostering global collaboration via
contrib-style repositories. In contrast to the mainline repositories
[21] [18], which focus on industrial-grade stability, the research
backplanes prioritize transparency, reproducibility, and extensibil-
ity, making them a natural substrate for sustainable benchmarking.

Building on this backplane, we release the Pin-3D RTL-to-GDS
reference flow as a set of versioned sub-tools within ORFS-Research.
The Pin-3D flow provides an open, reproducible instantiation of
fine-grained 3D physical design for face-to-face hybrid bonding,
including curated flow scripts, maintainable 3D enablements, and
METRICS2.1-compatible structured logging. The structured evalua-
tion kernel enables consistent measurement of wirelength, routing
congestion, total negative slack, design-rule violations, and runtime
across all stages, allowing direct end-to-end comparison between
alternative placement engines and the native OpenROAD-Research
flow under identical downstream conditions.

While OpenROAD-Research and ORFS-Research provide the ex-
ecution substrate, systematic benchmarking further requires robust
mechanisms for benchmark translation, normalization, and cover-
age expansion. To this end, RosettaStone 2.0 provides an extended
backplane that enables systematic translation of legacy academic
benchmarks, integration of synthetic benchmark generation, and
unified validation of both 2D and 3D flows under explicit evalua-
tion contracts. These contracts define stage boundaries, exported
artifacts, and measurement semantics, ensuring that results remain
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Figure 1: RosettaStone 2.0 roadmap (vision) to sustain and
expand the open-source benchmarking backplane. Not all
planned components are fully validated in this paper.

comparable and reproducible across tool versions, PDKs, and stack
variants.

We frame RosettaStone 2.0 (Figure 1) as an advance over Rosetta-
Stone 1.0 [22]. Put together, OpenROAD-Research, ORFS-Research,
our end-to-end Pin-3D flow and RosettaStone 2.0 form a concrete
instance of a sustainable benchmarking backplane. Our goal is for
this backplane to enable new algorithms and tool prototypes to
be integrated, evaluated, and compared under shared conditions,
supporting credible and cumulative progress in both 2D and 3D
physical design research.

3 Pin-3D Enablement and Flow

This section presents Pin-3D as an initial, concrete realization of
RosettaStone 2.0 within the IEEE CEDA DATC ORFS-Research repos-
itory. Our goal is not to claim best-possible QoR, but to demon-
strate that RosettaStone 2.0 can deliver a maintained, reproducible
RTL-to-GDS reference flow for F2F hybrid-bonded 3D designs, in-
cluding versioned 3D enablements, stage-wise checkpoints, and
METRICS2.1-compatible reporting. By instantiating Pin-3D on top
of OpenROAD-Research and ORFS-Research, we show how new
3D methodologies can be packaged, validated, and compared under
shared inputs and measurement semantics.

3.1 Overview

Figure 2 presents an overview of our homogeneous and heteroge-

neous Pin-3D flow, implemented on top of OpenROAD-Research

and ORFS-Research. The flow comprises the following key stages:

o Synthesis and 2D abstraction: RTL is synthesized into a flat
gate-level netlist using a common logical library, which is later
mapped to tier-specific physical libraries for heterogeneous de-
signs.

e Partitioning and 3D floorplanning. An initial 2D floorplan
undergoes timing-driven bipartitioning [23] to assign cells to
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Figure 2: Overview of the Pin-3D flow built on OpenROAD-
Research and ORFS-Research.

tiers. The design is then translated into tier-aware 3D views with
independent power delivery networks.

e Iterative alternating-tier 3D placement. Placement refine-
ment begins from a global 2D placement and proceeds by al-
ternating optimization between tiers: one tier is fixed (loaded
as COVER) while the other is optimized for timing/congestion,
followed by tier-aware legalization; the roles are then swapped
and iterated.

o 3D clock tree synthesis (CTS). The clock tree is built on the
bottom tier. Top-tier sinks connect to this tree through inter-
tier vias, leveraging the unified 2D representation for vertical
connectivity.

¢ 3D routing and optimization. Routing utilizes the full metal
stack, modeling hybrid bonding terminals as special vias. Para-
sitics are then extracted to drive post-route timing and power
closure.

e Metrics collection: The flow records runtime, memory, timing,
power, wirelength, congestion, and violations (DRVs/FEPs) in a
structured format for both open-source and commercial reference
flows.

We highlight three key features of our Pin-3D-style framework:

e Unified 2D technology abstraction for F2F 3D. We model

HBTs as special vias in an extended 2D metal stack, enabling

unmodified 2D routers to realize cross-tier connections.

Iterative tier-by-tier optimization and legalization with

2D placers. We alternate placement optimization between tiers

using COVER views, with tier-aware legalization to enforce tier-
specific sites and masters for homogeneous and heterogeneous
stacks.

o End-to-end 3D reference flow with hybrid toolchain sup-
port. A unified scripting interface runs the RTL-to-GDS flow
using OpenROAD, commercial tools, or mixed toolchains. Stage-
wise checkpoints and METRICS2.1-compatible reports are ex-
ported to enable consistent, reproducible measurement.
Throughout the flow, constraints and 3D enablements are aligned

under an explicit evaluation contract. All metrics are reported using

a consistent schema to eliminate ambiguity in metric definitions

and measurement points.
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Figure 3: Metal stack, PDN strategy, and tier strategy in the
3D ASAP7 PDK.

Figure 4: Rebuilding of rows for heterogeneous legalization.

3.2 PDK Preparation

Process Design Kit (PDK) preparation is a foundational compo-
nent of a robust 3D physical design flow. A 3D PDK must support
stable and automated execution, while still capturing the essen-
tial integration effects needed for meaningful tool and algorithm
evaluation.

Figure 3 summarizes our 3D ASAP7 enablement, which is derived
from the standard ASAP7 PDK [24, 25]. We construct a face-to-face
stack by replicating the 2D metal stack per tier and introducing a
dedicated cut layer to model hybrid bonding terminals (HBTs) as
vertical vias. M2_add and M3_add are compatibility layers required
by the legacy ORFS-Research router’s pin-access limitations (i.e.,
upper-only pin access); this will be removed once the router is up-
dated to support lower-metal pin access, consistent with the COMM
TechLEF. Since the two dies in an F2F configuration are fabricated
independently prior to bonding [13], we implement isolated power
delivery networks (PDNs) on the two tiers. This design enables
independent supplies and voltage domains, which is important for
supporting heterogeneous stacks.

To support 3D physical implementation, we construct 3D standard-
cell libraries by deriving tier-specific physical views from a base 2D
library. For each logical cell, we generate distinct LEF masters for
the bottom and top tiers (denoted by _bottom and _upper suffixes)
by reassigning the cell’s metal layers to the appropriate tier. We
additionally provide COVER LEF views for both tiers, which serve
as physical abstractions to exclude the inactive tier from overlap
and density calculations while preserving connectivity [8].

For homogeneous stacks, logic synthesis targets the standard 2D
library; the resulting netlist is later remapped to tier-specific mas-
ters following the partitioning stage. For heterogeneous stacks, we
synthesize against a unified library that represents the intersection
of available cells across the two technologies. To ensure compati-
bility, any physical pins not shared between the tiers are hidden as
internal pins in this logical view, allowing the synthesized netlist to
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be flexibly mapped to either tier. Although this intersection method
keeps the flow simple, hiding of pins that are not shared requires
careful checking that circuit function is preserved. It might also
limit optimization scope, compared to natively utilizing multiple
libraries. During the physical design stage, logical cells are assigned
to specific tiers, and legality is ensured by reconstructing the rows
with tier-specific sites (Figure 4).

3.3 Physical Design Flow Details

This subsection details the script-based implementation of each
stage in Figure 2. Two design choices enable a standard 2D toolchain
to operate on 3D designs: (i) a unified technology representation
that models inter-tier connections as vias on an HBT cut layer,
and (ii) a tier strategy that alternates optimization between tiers
by loading COVER views for the inactive tier and restricting cell
usage to the active tier.

Stage 1: Synthesis and technology-neutral netlist. We synthe-
size (using Yosys or a commercial tool) a flat gate-level netlist that
is input to timing-driven bipartitioning. Homogeneous designs use
the native 2D library, while heterogeneous designs use the unified
logical library described in Section 3.2, producing a single netlist
that is later mapped to tier-specific physical masters.

Stage 2: Floorplan, partitioning, and tier view generation.
We first generate an initial 2D floorplan based on target utiliza-
tion and aspect ratio. The floorplan and netlist are then passed
to TritonPart for timing-driven bipartitioning. For heterogeneous
stacks (ASAP7+NanGate45_3D in this paper), we additionally en-
able a capacity-aware baseline split to reflect technology-dependent
standard-cell area differences. More precisely: we invoke TritonPart
with a partition balance constraint, denoted as UBfactor (unbal-
ance factor). After sweeping this constraint from PAR_BAL_LO to
PAR_BAL_HI, we adopt the minimum cutsize solution found. This
cutsize serves as an early estimate for HBTs.!

We then generate tier-specific DEF/Verilog views through a con-
version step: (i) remapping logical masters to tier-specific physical
masters (_bottom/_upper), (ii) applying pin remapping for hetero-
geneous designs, and (iii) tying off pins that are not present in the
logical abstraction.

For homogeneous stacks (7+7 and 45+45), we assign IO pins
on the bottom tier. For the heterogeneous stack (7+45), we assign
IO pins on the top tier, since it hosts more cells and this choice
empirically reduces cross-tier connections.

Finally, we build electrically isolated PDNs for each tier using
symmetric grid topologies (Figure 6).

Stage 3: Iterative 3D placement with adaptive strategy. In ad-
dition to loading COVER views, we evaluate two tier strategies

'We implement two independent sweep modes, each evaluated over multiple
PAR_BAL_ITERATION points (11 by default), and select the minimum-cut solution
in timing-driven mode. (A) UBfactor sweep. We sweep the imbalance constraint
(UBfactor) uniformly from PAR_BAL_LO to PAR_BAL _HI, run timing-driven bipartition-
ing at each point, and select the solution with the minimum cutsize. (B) Base-balance
sweep. To account for unequal effective placement capacities across tiers, we sweep a
technology-aware base_balance while keeping timing-driven partitioning enabled.
For ASAP7+NanGate45, we start from base_balance=(0.06,0.94) (reflecting ~16Xx
standard-cell area ratio) and linearly reduce the imbalance over 11 points toward a less
skewed split; at each point, we run TritonPart and pick the minimum-cut solution. In
both modes, the selected cutsize provides an early estimate of cross-tier connectivity
(hybrid bonding terminals).
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Cutsize (bootstrapped, N = 15), representing the typical best
result achievable.

for placement and legalization in both homogeneous and hetero-
geneous stacks: (i) a Restricted strategy, which limits available
masters to the active tier and keeps the inactive tier fixed; and (ii)
a Flexible strategy, which does not enforce tier constraints and
allows the placer to choose between tier-specific masters during
optimization.

Our reference flow uses the Flexible strategy, while we also
study the Restricted strategy and report WNS and total power.
The subsequent resizing and legalization stage is always Restricted,
to prevent buffers from being inserted onto the inactive tier and
creating tier-illegal solutions.

Stage 4: 3D clock tree synthesis. We perform CTS on a specific
active tier (bottom for homogeneous stacks, top for the 7+45 stack)
while holding the other tier fixed and utilize the Restricted strategy
according to the selected tier. Clock sinks on the other tier are
connected through inter-tier vias, leveraging the unified cut-layer
abstraction. For the ORD flow, we run an additional legalization
step after buffer insertion. Figure 7a shows the resulting clock tree
and routed clock net.

Stage 5: 3D routing and parasitic extraction. Global and de-
tailed routing are executed with standard 2D routers. Cross-tier
connections are realized by inserting HBT vias defined in the uni-
fied tech LEF. After routing, we run parasitic extraction using the
same unified tech LEF, producing SPEF that includes inter-tier RC
for final timing and verification (Figure 7).

Stage 6: Metrics collection and reporting. We collect QoR met-
rics at multiple checkpoints. For the OpenROAD tool, ORFS-Research
reporting commands emit runtime, memory, wirelength, timing,
and violations in METRICS2.1-style structured JSON. For COMM,
we run an equivalent set of built-in reports and parse them into CSV
with consistent metric definitions. All scripts, inputs, and outputs
are version-controlled to ensure reproducible evaluation.

4 Pin-3D Validations

This section reports experimental studies that showcase how the
Pin-3D flow and ORFS-Research can enable fair and reproducible
physical-design (PD) comparisons across tools and algorithms. We
report a range of results from both the open-source flow (ORD) and
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a commercial reference flow (COMM) to demonstrate portability,
flexibility, and end-to-end execution; absolute quality-of-results
(QoR) measurement is not a primary objective of this work. All
experiments are run on a Linux server with an Intel Xeon Gold
6230N CPU and 503 GB RAM.

We conduct the following experiments:

e 3D/2D baseline studies: three designs across multiple enable-

ments (Tables 2 and 3).

Tier strategy comparison: Restricted vs. Flexible (Table 4).

e Mixed-toolchain ablations: swapping synthesis and backend
components to localize QoR gaps (Table 5).

o Runtime studies: stage-wise breakdowns (Figure 8).

o Sensitivity studies: (i) HBT pitch (Figures 9 and 10); and (ii)

clock period (Figure 11).

We use OpenROAD-Research (v2025.11) as the open-source im-
plementation flow (ORD), and a commercial RTL-to-GDS imple-
mentation flow as an external reference baseline (COMM). To mini-
mize evaluator-induced discrepancies in reported outcomes, we use
a leading commercial P&R tool, Cadence Innovus (v21.39), as a
common evaluator to report timing, power, and physical violations
(DRC/DRV/FEP) for all experiments at matched checkpoints. By
contrast, the commercial synthesis engine and the commercial P&R
engine used to produce COMM solutions are left unnamed. Aside
from this tool anonymity, we emphasize that COMM is used strictly
as a reference to contextualize trends observed with the open in-
frastructure, rather than for any head-to-head tool comparison.

We evaluate three benchmark designs (aes, ibex and jpeg) un-
der five technology enablements: two 2D baselines (ASAP7 and
NanGate45) and three 3D stacks (ASAP7_3D, NanGate45_3D, and
a heterogeneous stack denoted as ASAP7+NanGate45_3D) [25, 26].
In our naming convention, the first technology corresponds to the

top tier and the second corresponds to the bottom tier; for brevity,
we also denote the three 3D stacks as 7+7, 45+45, and 7+45.

Table 1: Hybrid Bonding Terminal (HBT) geometry settings.

Parameter Value

Width 0.5 ym Side length of the square cut
Spacing 0.5pm Minimum edge-to-edge distance
Pitch 1.0ym  Effective center-to-center pitch
Resistance  0.02Q Parasitic resistance per HBT

Description

Table 1 lists the nominal geometry for Hybrid Bonding Terminals
(HBTs) used in our main experiments. We model HBTs as square
inter-tier vias with a 1.0 ym pitch. Since this size is fixed, its impact
varies across technology nodes. In 45+45, the blockage caused by
HBTs is manageable. In 7+7, however, an HBT spans more routing
tracks, which increases congestion and makes pin access more
difficult. To illuminate sensitivities to scaling, Figure 9 shows results
from varying HBT pitch while maintaining WIDTH = SPACING
and PITCH = WIDTH + SPACING.

In all experiments, we target a fixed 60% core utilization and
derive the die outline from the synthesized design size.? Both
toolchains are evaluated at the typical-typical (TT) corner. Par-
asitics are extracted using a unified 3D technology LEF that cap-
tures the 3D stack definition. Power is estimated in vectorless mode
with a default switching activity, so the reported differences pri-
marily reflect physical implementation effects rather than stimulus

%In Table 2, Core is the footprint area of a single tier. We assume symmetric floorplans,
so both tiers share the same outline. StdCell is the total standard-cell area summed
over the top and bottom tiers, including logic, buffers, and physical-only cells. For the
2D results in Table 3, Core and StdCell follow standard single-die definitions.
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variations. For routing, we limit the detailed-routing engine to 20
iterations to generate the final routed DEF.

We collect consistent metrics, including runtime, memory, routed
wirelength (rWL), timing (WNS/TNS), and physical/timing viola-
tions (Design Rule Violations (DRVs) and Failing Endpoints (FEPs)).
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consistent across all settings, we cap detailed routing to only 20
iterations in all flows, which can leave residual violations.

Table 3: 2D implementation results using the default 2D ORFS
flow and an unnamed 2D commercial flow.

Table 2: 3D implementation results across stacks, designs, and Ensblement Design  Flow  CIO%K __ Atea(u)  Power WL Timing(ny) Violations
flows. Results are obtained using the Flexible tier strategy. (ns)  Core StdCell (mW) (mm) WNS TNS DRVs FEPs
aes COMM 0820 288708 16,1571 216 2493 -0.013 -0.074 Y
ORFS 0820 283769 20,1426 489 2129 -0.037 -0.681 0 47
Enablement Design Flow Clock _ Area(un®) — Power (WL Timing(ns) ~_Violations —HBT NanGateds  ibex  COMM 2200 368429 220940 1212290 0019 0000 o0
(ns)  Core StdCell (mW) (mm) WNS INS DRVs FEPs Cnt ORFS 2200 473320 29,5295 206 2577 -0.094  -5.401 0 7
aes  COMM 0820 133426 164465 2034 2322 -0016  -0.043 3 6 904 jpeg  COMM 1200 114,557.4 68,179.0 784 3974 0011 0.000 0 0
ORD 0820 152620 18,1008 4634 1934 -0064  -1.092 8 55 650 ORFS 1200 1477359 93,869.5 1436 5525 -0.189 -45.772 0 702
45+45 ibex COMM 2.200 18,2953 22,244.2 11.35 228.8  0.147 0.000 8 0 1,072 aes COMM 0.380 1,691.7 1,229.6 6.6 52.6 -0.005 -0.020 0 9
ORD 2.200 24,0225 30,307.2 2580 2916 -0.508 -255.542 1 1,175 2,041 ORFS 0.380 2,786.2 1,950.5 30.9 62.3  -0.041 -2.498 161 148
jpeg  COMM  1.200 60,0495 68321.0 7505 38.0 0.086 0.000 13 0 1,492 ASAP7 ibex COMM  1.000 25157 15792 52 656 -0016 -0.891 0 152
ORD 1200 86059.5 981575 122.10 6143 0008  0.000 2 0 2880 ORFS  1.000 35123 24453 109 787 -0078 -38599 564 977
aes COMM 0.380 892.8 1,260.2 7.20 57.6 -0.020 -0.305 5415 64 1,111 jpeg COMM 0.680 6,505.7 4,016.0 247 99.6 0.001 0.000 3 0
ORD 0.380 1,410.5 1,866.8 25.53 70.8 -0.087 -4.957 16,779 156 2,261 ORFS 0.680 10,207.9 64103 46.4 158.0 0.008 0.000 1,249 0

7+7 ibex COMM 1.000 13404 1,650.1 5.71 724 -0.009 -0.064 3,119 27 1,027
ORD 1.000 1,965.5 2,655.7 1099 1284 -0.449 -260.812 39311 1,371 4,466

jpeg COMM 0.680  3,532.6  4,064.9 26.20 103.6 -0.002 -0.002 2,632 1 1,445

ORD 0.680  5,445.1 6,788.3 47.68 1582  0.061 0.000 14,270 0 3328

aes COMM 0.820 1,958.5 2,311.8 5.96 80.4 -0.607  -60.910 19 227 122

ORD 0.820 1,946.4 2,443.6 7.84 64.7  0.052 0.000 217 0 88

7+45 ibex COMM 2200 26117 3,147.0 7.69 78.8 -1.264 -438.321 124 539 257
ORD 2200 4,501.7 4,823.4 523 1106 -0.043 -0.043 1,351 1 671

jpeg COMM 1.200 79763 9,342.2 203 1339 0.006 0.000 11 0 491

ORD 1.200 11,927.9 13,820.0 29.92 2364  0.241 0.000 3,686 0 1,946

Table 2 and Table 3 respectively summarize representative 3D
and 2D results under a common evaluation contract.?> The pur-
pose of these tables is to demonstrate the flexibility of the ORFS-
and RosettaStone 2.0-based implementation and the Pin-3D enable-
ments: the infrastructure enables controlled studies across stacks,
benchmarks, and toolchains with consistent checkpoints and met-
ric semantics. Notably, the 3D results (Table 2) are produced using
ORFS-Research to exercise the Pin-3D enablements, whereas the
2D baselines (Table 3) use the default 2D ORFS flow [18]. This split
is intentional: it highlights that RosettaStone 2.0 can accommo-
date both stable mainline flows and research-enablements within a
unified benchmarking and reporting framework.

Table 2 reports relatively high HBT counts, especially for the
7+7 stack. A primary contributor to this is cross-tier buffer inser-
tion, which can typically add up to two extra HBTs (and increase
routing complexity) when both incident nets become cross-tier.
Prior work [8] shows that strictly forbidding cross-tier buffering
can reduce HBT usage, but may also degrade overall QoR. In our
reference flow, we keep this optimization enabled for robustness
and report the resulting HBT counts for transparency.?

We also clarify the main DRC contributors in the 7+7 stack.
Because our HBT geometry is large relative to the 7+7 routing
pitch, the DRCs of COMM flow are dominated by HBT-induced
SHORT/CUTSPACING violations originating from the relatively over-
sized HBT features under 7+7 rules. To keep the evaluation contract
3For the 7+45 case, COMM is evaluated by importing a saved design database at the
reporting checkpoint (instead of direct DEF readback) to avoid import-related errors.
For ORD, metrics are extracted by reading DEF, Verilog, and SDC at the matched
checkpoint. Numbers are shown only to demonstrate end-to-end flow completeness
and are not intended for any direct comparison.
4We have separately examined ORD flow outcomes when the 0.380 ns target clock
period for aes in Table 2 is relaxed to 5ns. TritonPart reports a cutsize of 147 (IO
excluded). With the 5ns clock period, the final layout contains 784 HBTs (reduced
from 2,261) and 651 cross-tier nets (229 IO, 422 internal); the final DRC count is 96
(reduced from 16,779). The remaining cross-tier connectivity and the gap between HBT

count and physical cross-tier net count mainly come from cross-tier buffer insertion,
CTS clock buffering, and subsequent optimization.

Impact of tier strategy. Table 4 gives example comparisons be-
tween the Restricted and Flexible tier strategies across stacks
and designs. The observed effects vary by design and stack, and
changes in timing, area/power, and HBT usage do not always move
in the same direction.

Table 4: Effect of tier strategy on flow outcomes.

Enablement Design Strategy StdCell Area Power rWL WNS TNS HBT

(um?) (mW) (mm) (ns) (ns) Count

s Restricted  18109.5 464 1977 —0.132  -2110 749

Flexible 18100.8 463 1934 —0.064  -1092 650

P bey | Restricted 304232 264 3113 1175 -755.922 2432

© Flexible 30307.2 258 2916 —0.508 —255.542 2041

N Restricted  98168.6 1226 6295 —-0.159  —1.106 3055

JPE Plexible 98157.5 1221 6143  0.008 0.000 2880

e Restricted 1420.2 76 584 —-0014  —0.669 1097

Flexible 1260.2 72 57.6 -0020  —0305 1111

pacd ) Restricted 1659.8 57 712 0022  -4206 993
MM ibex .

Flexible 1650.1 57 724 0009  —0.064 1027

. Restricted 4084.9 265 1029  0.003 0.000 1364

P& Plexible 4064.9 262 1036 -0.002  —0.002 1445

e Restricted 2295.5 44 804 -0004 0005 43

Flexible 2311.8 60 804 —0.607 —60.910 122

e ) Restricted 3107.6 26 776 0110 0000 260
ibex .

Flexible 3147.0 77 788 -1264 —438321 257

N Restricted 9343.8 203 1375 0.010 0000 501

JPE Plexible 9342.2 203 1339 0.006 0.000 491

Analysis of QoR gap contributors. To explore differences be-
tween ORD and COMM flow outcomes, we run aes in the 45+45
enablement under six mixed toolchain configurations: (1) COMM:
commercial synthesis + commercial backend; (2) Mixed1: commer-
cial synthesis + OpenROAD placement + commercial CTS/rout-
ing; (3) Mixed2: commercial synthesis + OpenROAD backend; (4)
Mixed3: Yosys synthesis + commercial backend; (5) Mixed4: Yosys
synthesis + commercial placement + OpenROAD CTS/routing; (6)
ORD: Yosys synthesis + OpenROAD backend.

As shown in Table 5, Mixed1 achieves outcomes similar to those
of COMM, suggesting that OpenROAD placement is not a primary
bottleneck. In contrast, replacing commercial synthesis with Yosys
(Mixed3) noticeably increases power; this points to synthesis as
an area for improvement. Degradation also occurs in the back-
end: switching to OpenROAD CTS/routing (Mixed1—Mixed2,
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Mixed3—Mixed4) leads to a modest increase in dynamic power
and implementation violations.

Table 5: QoR comparison across mixed toolchain configura-
tions (aes, 45+45).

Config StdCell Area Power rWL WNS DRVs FEPs HBT

(um?®) (mW)  (mm)  (ns)
COMM 16 446.5 20.3358 232.2 -0.016 3 6 904
Mixed1 16510.1 22.5075  237.5 -0.040 0 54 1031
Mixed2 16193.3 24.5887  209.8 -0.135 153 144 522
Mixed3 17604.7 38.7790  195.2  0.012 0 0 982
Mixed4 17664.3 45.2540  189.7 -0.094 0 87 915
ORD 18100.8 46.3385 1934  -0.064 8 55 650

Runtime analysis. We also examine stage-wise runtimes of the
Pin-3D flow under OpenROAD-Research and the commercial ref-
erence flow, across toolchains and technologies. Figure 8 shows
the runtime breakdown for the jpeg design across three 3D config-
urations. Routing dominates the total runtime in all cases. While
OpenROAD-Research shows efficiency in pre-routing steps such as
PDN, placement, and legalization, its routing is much slower, lead-
ing to longer overall runtimes. This appears to be mainly driven by
the high number of metal layers and persistent DRVs, and presents
a clear opportunity for tool improvement.

747 7+45 45+45

12000 800001 2000
1.1k 72.8k 1.8k

70000 { 750
10000
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Figure 8: Runtime breakdowns for jpeg. Numbers above the
bars indicate total runtime in seconds.

Hybrid Bonding Terminal pitch sweep. Figure 9 sweeps the
hybrid bonding terminal (HBT) pitch for the testcase aes, 7+7. (As
noted earlier, the HBT geometry is defined such that WIDTH =
SPACING and the pitch equals WIDTH + SPACING.) As HBT pitch
shrinks beyond a certain point, the total DRV count drops in both
ORD and COMM. Notably, when HBT feature size is reduced to
be comparable to a typical upper-metal via (V6_m-level pitch size),
the DRV count for aes, 7+7 drops to a near-zero level (51 and 88,
respectively) in the ORD and COMM flows.

Figure 10 breaks down DRVs by layer. At larger HBT pitch, vio-
lations concentrate on the HBT layer and its adjacent metal layers
M6_m and M7. As HBT pitch decreases, the HBT layer-related portion
shrinks and the HBT-related SHORT and CUTSPACING types largely
vanish, consistent with the drop in total DRVs.

Clock-period sweep. Figure 11 studies the impact of clock con-
straints on implementation closure for aes, 45+45. We sweep the
target clock period in 0.05 ns steps. For each target clock period, we
re-run logic synthesis and then keep a fixed 60% target utilization
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DRC Violations vs HBT pitch (aes 7+7)
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Figure 9: Impact of HBT pitch scaling on routing closure:
DRV count (left) and HBT via count (right) versus HBT pitch.
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Figure 10: Impact of HBT pitch on DRVs. As the HBT pitch
decreases, HBT-related errors (colored) vanish.
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Figure 11: Impact of clock constraint on QoR (aes, 45+45).

for floorplanning, so that the observed QoR trends primarily reflect
timing pressure induced by the constraint.

To reduce run-to-run noise, we apply a simple local denoising
procedure. For each target clock period T, we also run the two
neighboring settings at T — 0.01 ns and T + 0.01 ns, and report each
metric as the average over {T — 0.01ns, T, T + 0.01 ns} outcomes.

Higher target frequency typically increases both timing and
routability pressure. As the clock period decreases, meeting timing
requires more aggressive optimization, typically increasing buffer-
ing and total cell count and raising routing demand. Accordingly,
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rWL and total power tend to increase under tighter clocks, and
endpoint repair becomes more difficult.

In the 3D setting, tighter clocks can also increase cross-tier con-
nectivity. More cross-tier connections imply more HBTs, which
add blockage and routing constraints in the unified-technology
abstraction. As a result, DRVs can rise from near-zero levels as the
clock period shrinks, indicating increased routing difficulty around
HBT features under higher timing pressure.

5 Roadmap to RosettaStone 2.0

RosettaStone 2.0 is designed as a maintained component of the
OpenROAD-Research project, enabling seamless integration be-
tween legacy academic benchmarks, modern physical design data
models, and end-to-end evaluation flows. In contrast to RosettaS-
tone 1.0 [22], which relied on external and loosely coupled conver-
sion utilities, RosettaStone 2.0 is tightly coupled with OpenROAD-
Research and ORFS-Research to ensure long-term sustainability.

Beyond simple format conversion, RosettaStone 2.0 introduces
benchmark normalization and repair mechanisms to sanitize legacy
inputs. Notably, it automatically filters or fixes common inconsis-
tencies found in academic benchmarks. Examples of this include
removing ill-formed nets (nets with all input or output pin) and split-
ting overly-large standard-cell instances into multiple smaller ones.
Such repairs preserve the original design’s intent while making the
benchmarks valid for modern physical design tools, thereby ensur-
ing physical realizability and fair evaluation of results. The frame-
work also supports a wide range of benchmark formats, including
traditional Bookshelf contest benchmarks from past academic com-
petitions, as well as simplified or incomplete “fake” LEF/DEF design
representations used in placement research. This broad compatibil-
ity means that RosettaStone 2.0 can ingest legacy benchmarks and
bring them into a consistent, up-to-date RTL-to-GDS flow.

To address the limited availability of real-world designs for stress-
testing algorithms, RosettaStone 2.0 also integrates with ArtNet,
a hierarchical clustering-based synthetic netlist generator. ArtNet
can produce scalable artificial circuits that mimic realistic design
characteristics under user-controlled parameters (size, hierarchy,
etc.). This allows researchers to generate new testcases on demand,
complementing the fixed set of public benchmarks with structurally
representative synthetic designs. All such cases are handled through
the same unified RosettaStone interface and benefit from the frame-
work’s normalization and logging features. Together, these enhance-
ments make RosettaStone 2.0 a robust and extensible benchmarking
platform that lowers entry barriers and enables fair comparisons
across both 2D and emerging 3D physical design flows, including
the Pin-3D flow.

We now summarize the supported input classes, translation
paths, and evaluation methodology that together instantiate the
RosettaStone 2.0 flow.

A. Input classes. RosettaStone 2.0 supports multiple classes of
academic benchmarks: traditional Bookshelf-based contest bench-
marks, simplified or “fake” LEF/DEF representations common in
placement research, and synthetic designs. To scale the number of
evaluation instances beyond finite public benchmarks, ArtNet [27,
28] can be used to generate structurally representative, configurable,
and reproducible netlists. Each synthetic design is packaged with
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standardized enablements, ensuring that synthetic and real designs
share the same flow stages and measurement methodology.

B. Translation paths. For Bookshelf benchmarks, RosettaStone 2.0
directly translates the input into the OpenROAD internal database
format (.odb) via OpenDB [29] APIs, preserving placement and
netlist data while resolving mismatches in scale, grid alignment,
and technology abstraction. For benchmarks provided in incomplete
or “fake” LEF/DEF formats, which often lack sufficient PDK infor-
mation, RosettaStone 2.0 follows a complementary path: it first re-
constructs an equivalent Bookshelf representation, then remaps this
form to target PDKs to generate technology-consistent LEF/DEF
files compliant with modern design rules. This ensures that even
academic benchmarks can be evaluated in realistic, technology-
aware settings.

C.Evaluation and metrics. Once the .odb is generated, OpenROAD-
Research executes an end-to-end RTL-to-GDS-style backend flow,
while ORFS-Research provides structured flow control. RosettaS-
tone 2.0 aligns with the METRICS2.1 convention and ORFS-Research’s
structured logging infrastructure, enabling transparent reporting
of runtime, quality-of-results (QoR), and intermediate-stage met-
rics. By embedding this framework into the OpenROAD-Research
continuous integration (CI) pipeline, we ensure that results remain
reproducible and that the evaluation backplane evolves consistently
with the underlying tools.

6 Conclusion

We contribute toward the goal of sustainable and transparent bench-
marking for academic physical design research, by establishing
RosettaStone 2.0 as a maintained backplane within the OpenROAD-
Research, ORFS-Research ecosystem. The backplane co-versions ar-
tifacts with the toolchain, continuously validates regressions via CI,
and standardizes evaluation through METRICS2.1-style structured
reporting with community-facing governance. As an end-to-end
example, we release and validate a Pin-3D-style F2F hybrid-bonded
3D RTL-to-GDS reference flow with 3D enablements and stage-
wise checkpoints. Finally, we outline a roadmap toward a complete
RosettaStone 2.0 framework that systematically supports bench-
mark generation/expansion and unified 2D/3D flow validation.
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