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ABSTRACT

Clock networks represent a major source of power consumption in modern Very-Large-
Scale Integration (VLSI) designs. Multi-Bit Flip-Flops (MBFFs) can reduce clock-network
power by merging groups of Single-Bit Flip-Flops (SBFFs) into shared structures with
common clock drivers. However, determining how to cluster SBFFs while preserving timing
quality remains a challenging optimization problem. Among the state-of-the-art MBFF
clustering techniques, the Scalable Divide-and-Conquer Flop-Tray (SFTray) algorithm
available in the OpenROAD framework performs a Minimum-Cost Flow (MCF)-based
assignment driven exclusively by Manhattan displacement, while timing information is
considered only in later optimization stages. This work investigates the incorporation of
continuous timing-criticality information into the SF'Tray clustering flow. A slack-derived
criticality metric is introduced and combined with normalized displacement to define a
timing-aware assignment cost for the MCF formulation. Additionally, timing criticality
is incorporated into the Linear Programming (LP) tray-refinement stage to further im-
prove timing awareness during clustering. The proposed modifications were implemented
within OpenROAD and evaluated using nine benchmark circuits synthesized and physi-
cally implemented with the ASAP7 7 nm technology enablement. Experimental results
demonstrate that the proposed formulations are able to better explore the optimization
space in designs with high sequential-cell density, achieving improved power and timing
trade-offs while preserving the area and clock-network benefits of MBFF clustering. These
results indicate that timing criticality can be effectively exploited throughout multiple
stages of the clustering process, leading to higher-quality MBFF solutions in open-source
physical-design flows.

Keywords: EDA, VLSI, Physical Design, Power and Timing Optimization of Clock
Network, MBFF Clustering, Open Source.



RESUMO

As redes de distribuicao de clock representam uma das principais fontes de consumo de
poténcia em projetos modernos de circuitos integrados VLSI. Os Flip-Flops Multi-Bit
(MBFFs) reduzem esse consumo ao agrupar multiplos Flip-Flops Single-Bit (SBFFs) em
estruturas compartilhadas com buffers de clock comuns. Entretanto, determinar como
realizar esse agrupamento preservando a qualidade temporal do circuito permanece um
problema de otimizagao desafiador. Entre as técnicas de agrupamento MBFF de estado
da arte, o algoritmo Scalable Divide-and-Conquer Flop-Tray (SFTray), disponivel na
plataforma OpenROAD, realiza a atribuicao de flip-flops por meio de uma formulagao de
Fluxo de Custo Minimo (MCF) baseada exclusivamente no deslocamento Manhattan, in-
corporando informagoes temporais apenas em etapas posteriores do processo de otimizagao.
Este trabalho investiga a incorporagao de informacoes continuas de criticidade temporal
ao fluxo de agrupamento do SFTray. Para isso, é introduzida uma métrica de criticidade
derivada do slack, combinada ao deslocamento normalizado para compor uma funcao de
custo temporalmente consciente na etapa de atribuicao baseada em MCF. Além disso,
a criticidade temporal é incorporada a etapa de refinamento baseada em Programacao
Linear (LP), ampliando a influéncia das informagoes temporais ao longo do processo
de agrupamento. As modificagbes propostas foram implementadas diretamente no Open-
ROAD e avaliadas em nove circuitos benchmark sintetizados e implementados fisicamente
utilizando a tecnologia ASAP7 de 7 nm. Os resultados experimentais demonstram que
as formulagoes propostas exploram de forma mais eficiente o espago de otimizacao em
projetos com elevada densidade de elementos sequenciais, obtendo melhores compromissos
entre poténcia e temporizacao sem comprometer os beneficios de area e reducao da rede
de clock proporcionados pelos MBFFs. Os resultados indicam que a criticidade temporal
pode ser explorada de maneira eficaz em multiplas etapas do processo de agrupamento,
contribuindo para solu¢goes MBFF de maior qualidade em fluxos de projeto fisico de c6digo
aberto.

Palavras-chave: EDA, VLSI, Projeto Fisico de Circuitos Integrados, Otimizacao de
Poténcia e Temporizagao, Rede de Clock, Agrupamento MBFF, OpenROAD.
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1 INTRODUCTION

Clock networks are among the largest contributors to power consumption in modern
Very-Large-Scale Integration (VLSI) circuits, often accounting for up to 30% to 50% of
the total dynamic power budget (Wu et al., 2016). Dynamic power consists mostly of the

switching power, described as
Pswitching = aCVD2Df7 (1)

where « is the switching activity, C' is the switched capacitance, Vpp is the supply voltage,
and f is the clock frequency (Weste; Harris, 2011). Unlike ordinary signal nets, the
clock network switches every clock cycle, making its switching activity a = 1. Also, the
capacitance associated with the clock network is the sum of the capacitances of the clock-
routing wires, the clock input capacitances of all sequential elements (primarily flip-flops),
and the internal capacitances of the clock buffers inserted during clock-tree synthesis. This
capacitive load becomes very large, contributing to a high dynamic power.

To mitigate this issue, contemporary standard-cell libraries provide Multi-Bit Flip-
Flops (MBFFs), which integrate several Single-Bit Flip-Flops (SBFFs) into a shared
physical structure with common clock drivers and routing resources. By reducing the
number of clock sinks and shortening clock-tree wiring, Multi-Bit Flip-Flop (MBFF)
clustering can substantially decrease switching power while also improving routability
and area utilization (Kahng; Li; Wang, 2016; Cai; Zhu; Guo, 2025). Figure 1 illustrates
this effect by comparing the clock-network routing of a design before and after MBFF
clustering.

Despite its widespread adoption in commercial FElectronic Design Automation
(EDA) flows, MBFF clustering remains a challenging optimization problem. The clus-
tering process seeks to reduce power and preserve timing, while minimizing displacement
and satisfying the legalization constraints. Furthermore, questions persist regarding the
optimal stage in the design flow — synthesis or placement — to perform this clustering
for the best Quality of Results (QoR). As a consequence, a significant body of research
has been devoted to developing efficient clustering strategies, including approaches based
on Weighted K-Means (Wu et al., 2016), Mean Shift (Chang et al., 2019), mixed-driving
MBFF generation (Liu et al., 2022), and multi-objective optimization techniques (Li et al.,
2025). This continued academic interest is further evidenced by recent competitions, such
as the ICCAD CAD Contest 2024 (Yang; Hsu; Lee, et al., 2025) and ICCAD CAD Contest
2025 (Yang; Hsu; Cheng, et al., 2025).

Among the state-of-the-art approaches, the FTray technique (Kahng; Li; Wang,
2016) and its scalable divide-and-conquer extension, SFTray (Kahng; Kundu; Thumathy,
2024), stand out due to their integration of capacitated clustering with timing-aware opti-
mization. SFTray formulates the flip-flop assignment problem using a Minimum-Cost Flow

(MCF) model combined with Linear Programming (LP) and Integer Linear Programming
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Figure 1 — Clock-network routing comparison for the ethmac benchmark generated with
OpenROAD framework (Project, 2025). Left: non-clustered implementation
(NC). Right: MBFF-clustered implementation using the proposed timing-aware
approach. The reduction in clock sinks achieved through MBFF clustering leads
to a simpler clock distribution structure and shorter clock routing.

Source: Elaborated by the author with OpenROAD (Project, 2025)

(ILP) refinement stages. Furthermore, its divide-and-conquer strategy enables the efficient
application of MBFF clustering to large-scale designs, leading to its integration into the
open-source RTL-to-GDSII framework OpenROAD (Kahng, 2022).

However, although timing information is considered during the final stages of the
original SFTray optimization flow, its treatment remains relatively limited. The MCF
assignment stage relies exclusively on geometric displacement, measured through Manhat-
tan distance, while timing information is only incorporated later through timing-related
penalties in the ILP formulation. As a result, timing relationships between flip-flops do not
directly influence the early clustering decisions that shape the subsequent optimization
stages.

This work investigates the incorporation of timing criticality information into earlier
stages of the SFTray flow. More specifically, a continuous timing-criticality model derived
from path slack information is introduced and integrated into the MCF assignment for-
mulation through a cost function that combines normalized displacement and normalized
timing criticality. Additionally, an extended version of the approach incorporates timing
criticality information into the LP refinement stage, allowing timing awareness to influence
both assignment and tray-position optimization.

The proposed modifications were implemented directly in the SFTray infrastructure

available in OpenROAD, preserving compatibility with a complete open-source physical
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design flow. Experimental evaluations were conducted using the ASAP7 technology enable-
ment and a set of benchmark circuits synthesized with OpenROAD. The results compare
the original SFTray implementation and the proposed timing-aware formulations in terms
of power consumption, timing quality, area utilization, clock-network characteristics, and
MBFF distribution.

The remainder of this work is organized as follows. Chapter 2 presents the the-
oretical background related to integrated-circuit physical design and MBFF clustering.
Chapter 3 exposes MBFF Clustering different strategies implement to achieve better QoR
using MBFF cells. Chapter 4 describes the original SF'Tray algorithm. Chapter 5 presents
the proposed timing-aware modifications. Chapter 6 details the experimental methodology
and discusses its results. Finally, Chapter 7 presents the conclusions and future research

directions.
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2 BACKGROUND

This chapter presents the necessary theoretical knowledge to understand the current
work. We first detail the modern digital Register Transfer Level (RTL)-to-Graphic Data
System II (GDSII) Flow, outlining the major stages from initial behavioral description
to final physical implementation, including Logic Synthesis and Physical Synthesis. We
then detail the key steps within Physical Synthesis: Floorplanning, Placement (Global
and Detailed), Clock Tree Synthesis (CTS), and Routing (Global and Detailed). Then, we
introduce and define the critical optimization technique at the core of this research, MBFF
Clustering, discussing its goals and its application within the overall design flow. Finally,

we explain two main algorithmic techniques used in Flop-Tray Technique (FTray)/Scalable
Divide-And-Conquer Flop-Tray Technique (SFTray): MCF and LP.

2.1 RTL-TO-GDSII FLOW

The RTL-to-GDSII flow, as briefly mentioned in the introduction, is the process
of inputting a hardware description — via a Hardware Description Language (HDL), such
as VHDL, Verilog or SystemVerilog — and outputting a format that a foundry (as Inte-
grated Circuit (IC)s manufacturers are referred to) can interpret, run tests and begin the
manufacturing process: the GDSII format.

Although the term "RTL-to-GDSII" may give the impression that this process is a
simple "input/output’ process, actually it is a complex step-by-step sequence that often
loops back to previous stages and generally involves several engineers specialized in each

or many phases of the flow. In Figure 2 depicts the whole flow in an academic perspective.

It all starts with an RTL description. Front-end engineers — as the industry calls
them — write VHDL, Verilog or SystemVerilog describing a hardware to be implemented
according to given requirements handled by a client. Those professionals need not only
to write, but run tests and validate the description to make sure it is good enough to be
inputted in the flow. It may loop back, and oftenly does, to the RTL description phase,
but the goal is to have a version the more mature as possible to facilitate the next step,

the Logic Synthesis.

2.1.1 Logic Synthesis

Logic Synthesis is "the process of converting HDL into low-level circuit elements'
(Kahng; Lienig, et al., 2011). Given the written HDL file and a(a couple of) technology
file(s), Front-end engineers (often along with Back-end engineers) run a Logic Synthesis
tool to "map the described functionality to specific elements such as standard cells, and a

list of signal nets, or netlist" (Kahng; Lienig, et al., 2011). But it not only involves this
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Figure 2 — RTL-to-GDSII flow.
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Source: Adapted from Kahng, Lienig, et al. (2011)

technology mapping step, it also tackles Power, Performance, and Area (PPA) constraints
by optimizing the circuit before and after mapping. The final output is a so called Gate
Level Netlist, usually a description language file but with real standard cells instances,

instead of generic blocks.

2.1.2 Physical Synthesis

Given a Gate Level Netlist, next step is to place and route this circuit in a Physical
Layout. This process is named by academia as Physical Synthesis and the industry often
calls it Implementation or Place & Route, as it naturally expresses the task. There are

many stages involved in Physical Synthesis which, for the sake of didactics, could be
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summarized in the following six ones:

1. Floorplanning: As an architect draws a layout of a house — a floor plan — in the
EDA context we are interested in sketching a preliminary layout of a chip. Thus,
Floorplanning determines the positions of the input and output (I/O) pins (Pin
assignment), defines positions and shapes of the blocks (Macro placement) and
routes the power distribution network (Power planning). (Kahng; Lienig, et al.,
2011)

2. Global Placement: Placement in general is the process of placing the standard cells
(i.e., the gates and flip-flops layouts) within each block of the layout. This is the initial
phase of cell positioning that seeks to determine the general locations of all these
instances. Global placement is a multi-objective optimization problem, primarily
focused on minimizing the total length of connections (wirelength) between elements.
(Kahng; Lienig, et al., 2011) In order to cope with the high complexity of the task,
Global Placement disregards cell dimensions, which results in a solution with cell

overlaps and misalignments with respect to the placement grid.

3. Detailed Placement: Following the global stage, Detailed Placement refines the object
locations. This step ensures that all cells are precisely moved to legal cell sites and
strictly enforces nonoverlapping constraints. The resulting accurate locations enable
further crucial analysis, including more reliable estimates of circuit delay for timing

optimization and power estimates. (Kahng; Lienig, et al., 2011)

4. CTS: Clock trees play a vital role in modern synchronous designs and significantly
impact the circuit’s performance and power consumption (Wu et al., 2016; Kahng;
Lienig, et al., 2011). This stage is dedicated to constructing a network that distributes
the clock signal from its source (root) to all sequential elements (sinks) across the chip.
A key requirement is low skew, ensuring the clock signal arrives at every sequential
gate simultaneously. CTS involves an initial tree construction, which is then followed
by clock buffer insertion and subsequent skew optimizations to minimize the timing

differences and maintain signal integrity. (Kahng; Lienig, et al., 2011).

5. Global Routing: Routing, the process of determining the signal paths of the nets
on the layout, is also divided into two steps: Global and Detailed. Global routing
first involves partitioning the chip into routing regions, which are often represented
by geells (global cells) or more general structures like channels and switchboxes.
The process then systematically searches for region-to-region paths for all signal
nets. During this process, pins with the same electric potential are connected using
abstract wire segments, typically aiming to minimize the total routed length or
optimizing other objectives. To meet these optimization objectives, the calculated

route of each net must be short. (Kahng; Lienig, et al., 2011)
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6. Detailed Routing: Following global routing, Detailed Routing assigns specific route
segments of signal nets to precise routing tracks, vias, and metal layers while remain-
ing consistent with the given global routes. The core objective of this stage is to
respect all design rules (Design Rule Check (DRC)). Given that the routing region
of a single geell is orders of magnitude smaller than the entire chip (e.g., 10 x 10 rout-
ing tracks), the detailed routing of one gcell can be performed independently of its
neighbors, provided the connections are properly maintained across the boundaries.
(Kahng; Lienig, et al., 2011)

After all these stages come to an end, it is time to generate a GDSII file, a format
that the foundry can parse and then use to proceed with fabrication. Of course this process
of sending the GDSII to the foundry — also known as the tape out — is only done when the
designers are confident that the layout fully express the design. And to check that, there
are two steps that were not mentioned but are of extreme importance: Logic Fquivalence
Check (LEC) and Layout- Versus-Schematic (LVS) checking.

LEC is a critical formal verification technique used in the flow to ensure that the
functional behavior of a digital design is conserved throughout various transformation
steps (e.g., from RTL to synthesized netlist and from synthesized netlist to physical netlist).
Unlike simulation, which uses input stimuli (test vectors), LEC uses mathematical proof
based on formal methods to provide a higher level of confidence in the design’s consistency.
The core principle of LEC relies on Boolean computational algebra, specifically the concept
of Satisfiability (Boolean Satisfiability Problem (SAT)), which checks if there is any input
pattern that would cause the reference design and the implementation design to produce
different outputs. If such a difference, or logical non-equivalence, is found, the check fails.
(Mishra, 2022)

LVS checking is a crucial step in the integrated circuit (IC) design flow used to
verify the functional integrity of the final physical layout. The process works by reverse
engineering a netlist directly from the finished layout data. This derived netlist is then
formally compared against the original, verified golden netlist (typically produced during
logic synthesis or initial circuit design). LVS ensures that the physical realization of the
circuit exactly matches the intended design schematic, confirming that no errors were
introduced during the placement, routing, or other physical design steps. (Kahng; Lienig,
et al., 2011)

2.2 MBFF CLUSTERING

MBFF clustering is a technique used to reduce power consumption within a circuit’s
clock distribution network. This is achieved by mapping several individual single-bit flip-
flops into a MBFF (for which there is a layout in the standard cell library), where each

flip-flop occupies a dedicated slot as illustrated in Figure 3. The resulting benefit is lower
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power consumption, primarily because the clustering significantly reduces the overall
number of clock sink pins and shortens the routed clock wirelength (Kahng; Kundu;
Thumathy, 2024).

Figure 3 — MBFF Clustering illustration.

Q
SBFF — DO Q0 —

MBFF

SBFF

Source: Adapted from Kahng, Kundu, and Thumathy (2024).

This process can be executed at various points in the design flow, but typically
during synthesis or placement. Despite being a mature feature in modern EDA tools and
a subject of decades of research, there is currently no consensus on the optimal stage for
this conversion to consistently yield the best QoR (Cai; Zhu; Guo, 2025).

MBFF clustering is frequently referred to by several alternate names, including
register clustering or simply flip-flop clustering. However, the latter term should be used
with caution, as some works that use the term "flip-flop clustering" do not actually merge
SBFFs into pre-designed MBFF. Instead, they focus on grouping SBFFs spatially (reloca-
tion), a technique that may be applied when the target standard cell library lacks MBFFs
cells. We can say that MBFF clustering is a flip-flop clustering technique but not the

other way around.

2.3 MIN-COST FLOW AND LINEAR PROGRAMMING

The Minimum-Cost Flow (MCF) problem is a network optimization problem de-
fined on a directed graph whose edges have both capacities and costs (Ahuja; Magnanti;
Orlin, 1993). The objective is to determine how to send flow through the network while
respecting the capacity limits of each edge and minimizing the total transportation cost.
MCF can be viewed as a generalization of other well-known graph optimization problems.
Unlike the shortest path problem, which considers only costs, and the maximum flow prob-
lem, which considers only capacities, the MCF problem takes both aspects into account
simultaneously.

Fig. 4 illustrates a simple MCF network. Flow is routed from the source node
to the sink node through intermediate nodes. Each edge is associated with a pair (u/c),
where u denotes the maximum amount of flow that can traverse the edge (capacity) and
¢ represents the cost incurred per unit of flow. The objective of the optimization is to

determine how much flow should be sent through each path while satisfying all capacity
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constraints and minimizing the total accumulated transportation cost. In this example, a
unit flow can be routed either through the path s =+ A — ¢, which incurs a total cost of
2 4+ 3 =5, or through the path s =+ B — ¢, which incurs a total cost of 1+ 2 = 3. Since
both paths satisfy the capacity constraints for a unit flow, the latter corresponds to the
minimum-cost solution. Because of its flexibility, MCF is widely used in transportation
systems, communication networks, scheduling, assignment problems, and many other

optimization applications (Ahuja; Magnanti; Orlin, 1993).

Figure 4 — Example of a MCF network. Assuming a unit flow must be sent from s to t,
the path s -+ B — t yields the minimum total cost of 3.

capacity/cost

Source: Elaborated by the author

Another important optimization technique frequently employed in EDA is Linear
Programming (LP). LP is a mathematical optimization framework in which a set of decision
variables is chosen to maximize or minimize a linear objective function while satisfying a
collection of linear equality and inequality constraints (Vanderbei, 2020). In its general

form, a LP problem can be expressed as

minimize/maximize ¢’z @)

subject to  Ax < b,

where x is a vector of decision variables, ¢ defines the objective coefficients, and
the matrix A together with vector b specifies the problem constraints. LP formulations
are widely used in engineering and operations research because many resource-allocation,
scheduling, and geometric optimization problems can be naturally represented using linear

relationships.
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One of the major advantages of LP is that it can often be solved efficiently for
practical optimization problems. Over the years, a variety of highly optimized commercial
and open-source solvers have been developed, including Gurobi (Gurobi Optimization,
LLC, 2025) and IBM CPLEX (IBM Corporation, 2025). As a result, LP has become a
widely used optimization technique in many engineering domains, including several stages
of modern EDA flows.

Fig. 5 illustrates a simple LP problem involving two decision variables, x; and .

The problem can be formulated as

maximize 3x1 + 2x9

subject to  x1 + xo < 10,
1+ 3x9 < 18, (3)
Ty > 07
T > 0.

The feasible region, shown as the shaded area, corresponds to the set of points
satisfying all constraints simultaneously. The dashed line represents the objective function
3x142x9 = 30. In a maximization problem, this line is shifted in the direction of increasing
objective value until it reaches the last feasible point. In this example, the optimal solution
is located at the extreme point (10,0), highlighted in the figure.

A closely related formulation is Integer Linear Programming (ILP), in which some
or all decision variables are restricted to integer values. This additional requirement allows
ILP to model discrete decisions such as selection, assignment, and placement problems.

MCF, LP, and ILP can be applied in conjunction in large-scale optimization prob-
lems. The FTray and SFTray techniques employ all three optimization techniques during
the MBFF clustering flow. Initially, an MCF formulation is used to assign flip-flops to can-
didate MBFFs while minimizing a cost function. Subsequently, an LP formulation refines
MBFF positions to improve clustering quality and reduce displacement. Finally, an ILP
formulation selects the final set of MBFFs to be instantiated, ensuring that overlap and
capacity constraints are satisfied before the resulting clusters are mapped into concrete
MBFF cells. Chapter 4 presents a detailed description of the SFTray methodology and

explains how these optimization techniques are integrated throughout its clustering flow.
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Figure 5 — Example of a LP problem with two decision variables. The shaded region
represents the feasible solution space defined by the constraints, while the
dashed line represents the objective function. The highlighted point corresponds
to the optimal solution.
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3 RELATED WORK

The following sections review representative and influential works on flip-flop clus-
tering, ranging from early clustering methodologies to recent state-of-the-art approaches
for Multi-Bit Flip-Flop (MBFF) generation and optimization.

3.1 WEIGHTED K-MEANS

The work presented by Wu et al. (2016) proposes a flip-flop clustering and relocation
technique aimed at reducing the overall chip power consumption. The core idea is to form
clusters of flip-flops that can be placed near a single clock buffer and connected by a
simple routing structure, significantly reducing clock network wirelength and achieving
power savings. The technique operates in two main steps: flip-flop clustering and flip-flop
relocation.

The flip-flop clustering step utilizes a modified K-means algorithm, called weighted
K-means, to assign flip-flops to specific clusters. This proposed modification introduces
a weight to the cost function of each cluster based on its current size. This mechanism
discourages the assignment of flip-flops to already large clusters, thereby ensuring more
balanced clustering results. The objective function is designed to minimize the sum of
Manhattan distance displacements between flip-flops and their cluster centers, as well
as the total number of clusters (K'). Furthermore, the clustering process enforces hard
constraints on the maximum allowable displacement for each flip-flop to prevent timing
degradation, and limits the maximum number of flip-flops per cluster to satisfy the drive
strength requirements of the clock buffer.

In the subsequent flip-flop relocation step, flip-flops are physically moved into legal
locations while accounting for placement blockages. The flip-flops within a specific cluster
are arranged into a configuration that reserves an empty column over the clock buffer.
Clock buffers are then inserted at candidate legal locations, and flip-flops are sequentially
relocated to minimize displacement, with the order of movement prioritizing timing-critical
flip-flops. Finally, the surrounding combinational cells are legalized to accommodate the
changes, while the positions of the newly relocated flip-flops remain fixed.

The technique was evaluated on industrial designs, achieving 9.4% savings in total
switching power compared to a non-clustering flow and 4.8% savings compared to an
industrial window-based clustering flow. Furthermore, the weighted K-means approach
demonstrated 28.3% better total flip-flop displacement compared to the window-based
flow, indicating less disruption to the original placement and easier timing closure. (Wu
et al., 2016)

It is important to note that, despite being a significant contribution to flip-flop
clustering for power optimization, this work does not involve merging SBFFs into physical

MBFF cells. Instead, it focuses exclusively on the clustering and spatial relocation of
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single-bit flip-flops to share clock buffers, making it a technology-agnostic technique that
does not require a specialized MBFF library.

3.2 EFFECTIVE MEAN SHIFT

The work presented by Chang et al. (2019) addresses the problem of clock power
reduction in modern IC design. The core motivation is that traditional clustering methods
often suffer from scalability issues or sensitivity to initialization and outliers, leading to
significant placement disruption and timing violations. In contrast, the Effective Mean
Shift approach is designed to be robust, efficient, and capable of naturally discovering
clusters based on the density of the register distribution.

The algorithm employs a variable bandwidth selection strategy, where the band-
width is determined by the local density (specifically, the distance to the M-th nearest
neighbor) and the timing criticality of the register. This approach allows critical regis-
ters to have tighter search windows, minimizing their displacement to prevent timing
degradation, while non-critical registers can shift further to form larger clusters.

To enhance computational efficiency and stability, the method only considers "ef-
fective neighbors" (identified via K-Nearest Neighbors) during the shift vector compu-
tation. By ignoring distant registers and those located beyond the maximum allowable
displacement, the algorithm speeds up the process significantly and prevents outliers from
distorting the clustering results.

The core of the clustering process involves shifting registers to local density maxima.
The algorithm iteratively shifts registers "uphill" on the constructed density surface until
they converge to a local peak. Consequently, registers that converge to the same peak are
initially grouped into the same cluster.

Following the initial grouping, a post-processing step is applied to refine the clusters.
This involves merging nearby peaks to correct approximation errors and subsequently
reassigning registers to cluster centers using a stable matching approach. Finally, the
clusters are relocated to the median coordinates of their members to further minimize
total displacement and improve timing.

Experimental results on 2015 CAD Contest (Viswanathan et al., 2015) benchmarks
show that the proposed method outperforms the weighted K-means approach (Wu et al.,
2016). It achieves 75% reduction in clock routed wirelength, 46% decrease in clock buffer
usage, and 26% savings in clock sink power compared to a non-clustered flow. In comparison
to weighted K-means, it offers comparable power savings but with significantly better

timing preservation and massive runtime speedups (up to 215x in parallel execution).
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3.3 MIXED-DRIVING MBFF

Liu et al. (2022) address a specific inefficiency in traditional MBFF generation:
the reliance on uniform-driving strength. In standard approaches, if a single bit within
an MBFF violates timing constraints, the entire cell must be sized up (e.g., from 1x to
2x driving strength) or decomposed, which unnecessarily increases power consumption
for the bits that did not require the higher drive strength. To resolve this, the authors
propose a technique for generating mixed-driving MBFF's, where individual bits within
the same multi-bit cell can possess different driving capabilities (e.g., a 4-bit MBFF where
two bits are 1x and two bits are 2x). The proposed flow operates in two distinct phases
to maximize power reduction.

The algorithm begins with an aggressive merging phase designed to maximize the
merging rate, thereby minimizing the total clock sink count. This process involves calcu-
lating timing-feasible regions for flip-flops under various potential driving strengths and
modeling valid merge candidates using rectangle intersection graphs. To select the optimal
non-conflicting MBFF candidates, the method employs a cost function that evaluates fac-
tors such as merging flexibility, area reduction, and estimated signal wirelength. Notably,
this stage explicitly permits the creation of high-driving MBFF's and the inclusion of empty
bits within the cells to prioritize the overall reduction of the clock network architecture.

Following the initial merging, the design undergoes legalization and timing analysis.
The second phase then refines the design through a timing-driven downsizing process.
The algorithm iterates through the generated MBFFs to identify specific bits that possess
sufficient timing slack. These identified bits are subsequently "downsized" to lower driving
strengths, effectively converting uniform high-driving MBFFs into mixed-driving MBFFs
to maximize power savings without introducing timing violations.

Integrated with a commercial Place & Route tool, the approach was evaluated
against the Mean Shift algorithm. The results demonstrated significant improvements,
including an 11.1% reduction in clock sinks, a 6.1% reduction in flip-flop power, and a
4.9% decrease in normalized total power compared to the uniform-driving baseline. The
study highlights that even a limited library of mixed-driving cells can yield substantial
power benefits. The issue is that not every library has mixed-driving cells, limiting this

technique’s range.

3.4 EARLY-STAGE MBFF

Cai, Zhu, and Guo (2025) propose a MBFF clustering methodology applied at the
pre-placement stage to maximize clustering flexibility while overcoming the traditional lack
of physical and timing awareness. By introducing early-stage estimations, the authors aim
to resolve the trade-off between clustering aggressively for power savings and preserving

the Quality of Results (QoR) in terms of timing and routability.
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The proposed flow introduces three key steps after logic synthesis. First, a flip-flop
Distance Estimation is performed using a fast coarse placement to identify physically
proximate flip-flop pairs, filtering out candidates that would lead to excessive wirelength.
Second, a Signal Path Timing Estimation utilizes a pre-trained Natural Language Pro-
cessing (NLP) based timing predictor to estimate input/output delays for each flip-flop,
providing critical timing context absent in standard pre-placement flows. Finally, an MBFF
Clustering Algorithm constructs a weighted conflict graph where vertices represent poten-
tial mergeable pairs and weights reflect power savings. A greedy selection process then
chooses pairs based on a cost function that balances power reduction with timing impact,
specifically penalizing pairs with large differences in input-output slack to preserve the
efficacy of downstream useful skew optimization.

Cai, Zhu, and Guo (2025) state that experimental evaluations on benchmark circuits
demonstrate this approach achieves superior performance compared to a commercial tool
without and with MBFF clustering after an initial placement and state-of-the-art pre-
placement methods. It delivers an average improvement of 22.5% in Worst Negative Slack
(WNS) and 33.91% in Total Negative Slack (TNS) over commercial tools, while further
reducing total power by approximately 3%. The technique is applicable only to 2-bit

flip-flops and the extension to flip-flops with more than 2 bits is a future work.

3.5 MULTI-OBJECTIVE MBFF

Li et al. (2025) address a critical limitation in existing MBFF clustering method-
ologies: the neglect of pre-placed cells (fixed gates) during the clustering and legalization
phases. Previous approaches often cluster Single-Bit Flip-Flop (SBFF)s based solely on
proximity or simple timing metrics, without accounting for the significant displacement
required to legalize the resulting MBFFs around fixed obstacles. This oversight leads
to excessive displacement, causing wirelength increases and severe timing degradation.
To solve this, the authors propose a comprehensive MBFF placement methodology that
simultaneously optimizes timing, power, area, and bin utilization, specifically designed to
handle the constraints imposed by pre-placed cells.

The proposed technique operates in an iterative loop, progressively clustering
from larger bit-widths down to smaller ones (e.g., from 4-bit to 1-bit). This process
involves three key steps. First, a flip-flop Relocation step employs a timing-driven force
model to pull logically related flip-flops closer together, pre-conditioning their positions
to minimize timing violations before clustering. Second, a Clustering and Legalization
step aggressively groups SBFFs into k-bit MBFFs using a scoring function that penalizes
clustering candidates with high displacement sensitivity or low timing slack, ensuring that
only robust candidates are merged. Crucially, this step integrates legalization awareness
to avoid placing MBFF's in congested regions blocked by pre-placed cells. Finally, an
MBFF Declustering step evaluates the formed MBFF's using a multi-objective function.
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Any MBFF causing excessive negative slack or failing to meet power/area targets is
decomposed back into SBFFs to recover timing.

Experimental results on the 2024 CAD Contest at ICCAD benchmarks (Yang;
Hsu; Lee, et al., 2025) demonstrate that this methodology outperforms the top three
contest winners. By effectively managing the trade-off between clustering for power and
declustering for timing, the approach achieves the best overall score — a composite metric
of TNS, power, area, and bin density violations — improving upon the first-place team
by 1.2% and the third-place team by 8.8%. However, contest-related techniques may not
always translate to a robust QoR when tested against real designs and standard-cell

libraries, since timing models are often inaccurate.

3.6 FLOP-TRAY (FTRAY)

Kahng, Li, and Wang (2016) propose a post-placement optimization technique for
generating MBFFs, referred to as "flop trays', to minimize clock network power while
mitigating the placement and routing congestion often associated with logical clustering.
This work explicitly accounts for the physical dimensions and aspect ratios (AR) of large
flip-flop trays, supporting sizes up to 64-bit.

The core methodology utilizes an iterative algorithm called Capacitated K-Means
Clustering, which alternates between two specific formulations. First, a Minimum-Cost
Flow (MCF) formulation maps SBFFs to specific slots within candidate flip-flop trays,
strictly adhering to capacity constraints. Second, a Linear Programming (LP) formulation
updates the physical location of the flip-flop trays to minimize the total displacement of
the constituent flip-flops.

To finalize the configuration, an Integer Linear Programming (ILP) formulation is
used to select the optimal subset of candidate trays from a library of mixed sizes, such as 4,
8, 16, 32, and 64-bit. The objective function minimizes a weighted sum of total power, total
displacement, and notably, the relative displacement of timing-critical start-end flip-flop
pairs to preserve timing integrity.

Experimental results on 28nm FDSOI benchmarks demonstrate that this approach
achieves up to 32% reduction in total power and 90% reduction in clock power compared
to single-bit implementations. Furthermore, it outperforms commercial logical clustering
flows by up to 16% in total power reduction while incurring significantly lower datapath
power overheads. (Kahng; Li; Wang, 2016)

Although Flop-Tray Technique (FTray) incorporates timing information in its final
ILP-based tray selection stage, timing awareness is introduced only through penalty terms
associated with critical flip-flop pairs. Consequently, timing criticality does not directly
influence the earlier clustering decisions performed by the MCF and LP stages, where
assignments and tray locations are determined primarily according to displacement-related

objectives.
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3.7 SCALABLE DIVIDE-AND-CONQUER FLOP-TRAY (SFTRAY)

Kahng, Kundu, and Thumathy (2024) propose a scalable, divide and conquer
approach to MBFF clustering that builds upon the foundational "FlopTray" capacitated
k-means methodology. The core innovation is a heuristic that addresses the severe runtime
scalability issues of the original FTray algorithm, which relies on solving large MCF
instances. By recursively splitting the set of flip-flops into smaller sub-problems (default
size U = 500) using k-means++ and a Silhouette score-guided merging strategy, the
proposed method reduces the complexity of the MCF instances from O(L?) edges to
O(U?) edges, where L is the total number of flip-flops.

Within each sub-problem, the flow executes the FTray algorithm: an iterative
process alternating between MCF to assign flip-flops to MBFF slots and LP to optimize
MBFF locations, minimizing a weighted sum of total power, displacement, and timing
critical path degradation. This is followed by an ILP step to finalize the selection of
instantiated MBFFs. The authors also recalibrate the ILP weighting parameters (« and /3)
specifically for the ASAP7 7nm research enablement to ensure fair evaluation in modern
technology nodes.

Experimental results on designs ranging from 0.5K to 64K clusterable flip-flops
demonstrate that this divide-and-conquer strategy achieves massive speedups — up to
400x faster than the original FTray on larger designs like VGA — while incurring only a
minor average total power degradation of 1.12%. Furthermore, the method outperforms
Mean Shift algorithm, achieving up to 6.18% reduction in total power consumption and
improved timing metrics.

Scalable Divide-And-Conguer Flop-Tray Technique (SFTray) serves as the baseline
implementation adopted in OpenROAD and can be regarded as one of the current state-
of-the-art approaches for post-placement MBFF clustering. Despite preserving the timing-
aware optimization technique of FTray, SFTray inherits the same limitation regarding the
treatment of timing criticality. Timing information is considered only through discrete
penalties in the final ILP objective, whereas the MCF assignment stage remains entirely
displacement-driven and the LP refinement stage does not explicitly account for the
severity of timing violations. As a result, the clustering process may fail to distinguish
between flip-flops participating in highly critical timing paths and those associated with

less critical violations.

3.8 SUMMARY

Initial approaches focused on the fundamental algorithmic challenge of grouping
spatially correlated instances. Wu et al. (2016) established a baseline using a Weighted
K-means algorithm to cluster flip-flops for shared clock buffering, balancing cluster sizes

to satisfy drive strength limits. However, this technique focuses on "virtual" clustering for
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clock network simplification rather than the physical replacement of cells into MBFFs.

Subsequent works advanced the methodology by incorporating explicit physical
awareness and rigorous mathematical formulations. Chang et al. (2019) introduced Ef-
fective Mean Shift to better handle register distribution density and outliers compared
to K-means, explicitly targeting physical MBFF creation. Kahng, Li, and Wang (2016)
(FTray) pushed the boundaries of cell complexity, handling large aspect ratios and bit-
counts (up to 64-bit) using MCF and ILP, albeit with high runtime costs. This scalability
issue was later addressed by Kahng, Kundu, and Thumathy (2024), who proposed a Divide
and Conquer heuristic to make the rigorous FTray approach computationally viable for
large industrial designs.

Overall, the literature demonstrates significant progress in MBFF clustering, rang-
ing from geometric clustering techniques to sophisticated multi-objective optimization
frameworks that jointly consider power, timing, area, and legalization constraints. Among
these approaches, FTray and, particularly, SF'Tray stand out due to their rigorous opti-
mization technique based on MCF, LP, and ILP formulations. While FTray established
the foundation for optimization-driven MBFF clustering, SFTray introduced a divide-and-
conquer strategy that overcomes the scalability limitations of the original approach and
enabling its integration into OpenROAD. Table 1 summarizes the representative works
reviewed in this chapter.

However, despite the timing-aware nature of the original FTray and SFTray formu-
lations, the treatment of timing criticality remains relatively coarse. Timing information
is introduced primarily through discrete penalties in the final ILP objective function,
while the earlier clustering stages rely predominantly on displacement-based objectives.
In particular, the MCF assignment cost is determined exclusively by Manhattan distance,
without explicitly considering timing criticality, and the LP refinement stage does not
differentiate between highly critical and non-critical flip-flops.

These observations suggest that there is still room to improve the integration of
timing information throughout the clustering process. This work investigates this oppor-
tunity by extending the SF'Tray optimization flow with timing-aware formulations that

incorporate slack-based information directly into the clustering stages.
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Table 1 — Comparison of representative works on flip-flop and MBFF clustering.

‘Work Clust. Flow Stage Benchmark Open Source Main Idea
type / Tech.

Weighted K- FF Post- Industrial No Weighted K-means cluster-

Means placement ing balancing cluster sizes
while limiting displacement.

Effective =~ Mean MBFF  Post- ICCAD’15 Yes Mean-shift clustering with

Shift placement adaptive bandwidths to nat-
urally handle density varia-
tions.

FlopTray (FTray) MBFF  Post- 28nm FDSOI  Yes (OpenROAD)  Optimization-based cluster-

placement ing using MCF, LP and ILP

formulations.

Scalable FTray MBFF  Post- ASAP7 Yes (OpenROAD)  Recursive divide-and-

(SFTray) placement conquer strategy to improve
the scalability of FTray.

Mixed-Driving MBFF  Post- ICCAD’15 No Allows  different drive

MBFF placement strengths within the same
MBFF cell to further reduce
power.

Early-Stage MBFF  Pre- IWLS’05 / No Performs MBFF clustering

MBFF placement OpenCores before placement using esti-
mated timing and physical
information.

Multi-Objective MBFF  Post- ICCAD24 No Jointly optimizes power, tim-

MBFF placement ing, area, congestion and le-

galization.
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4 THE SCALABLE DIVIDE-AND-CONQUER FTRAY APPROACH

SFTray (Kahng; Kundu; Thumathy, 2024) extends the original FTray tech-
nique (Kahng; Li; Wang, 2016) by introducing a scalable divide-and-conquer strategy
for MBFF clustering. Figure 6 illustrates the SF'Tray flow adopted in this work. On the
left, the design is recursively decomposed into localized pointsets, allowing candidate
MBFF sizes to be explored independently within each partition. This decomposition
significantly reduces the computational complexity of the clustering problem and enables
the application of F'Tray to large-scale designs. The right-hand side of the figure illustrates
the corresponding MCF assignment graph used to map flip-flops to candidate tray slots.

Starting from a globally placed design containing only SBFFSs, the method re-
cursively partitions the design into localized subproblems and, within each partition,

iteratively performs two optimization stages:
1. MCF-based assignment of flip-flops to MBFF tray slots;
2. LP-based refinement of tray locations.

A tray is a candidate placement structure representing a potential MBFF instance
and its available bit positions (slots). During optimization, flip-flops are assigned to tray

slots, and selected trays are later mapped to MBFF cells in the final design.

Figure 6 — Overview of the SFTray divide-and-conquer flow and the MCF assignment

graph.
’ Global placement ’
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Source: Adapted from Kahng, Li, and Wang (2016)



Chapter 4. The Scalable Divide-and-Conguer FTray Approach 33

At the core of each iteration, SF'Tray constructs the assignment graph illustrated
on the right-hand side of Fig. 6. The graph consists of a set F' of flip-flop nodes, a set .S
of candidate tray-slot nodes, a supersource s, and a supersink ¢. Edges from s to flip-flops
and from tray slots to t have unit capacity and zero cost. Between the two sides, each
feasible flip-flop-to-slot pair (i,j) € F' x S is connected by an edge with capacity one and
an associated assignment cost.

In the original SFTray formulation, this cost corresponds solely to the Manhattan

distance between the current position of flip-flop ¢ and candidate tray slot j:

C(i,j) = d(i, j) (4)

where d(, j) denotes the Manhattan distance between the two locations. Conse-

quently, the MCF stage determines a capacity-feasible assignment that minimizes the
total displacement required to cluster SBFFs into candidate MBFF trays.

Given the assignment produced by the MCF stage, SF'Tray applies a Linear Pro-
gramming (LP) refinement step to determine improved tray locations. While the MCF
formulation determines which flip-flops are assigned to each tray slot, the tray positions
themselves remain adjustable. The objective of the LP stage is therefore to relocate the
trays so that the total displacement of the assigned flip-flops is minimized.

Following Kahng, Kundu, and Thumathy (2024), the LP formulation can be ex-

pressed as

min » _d, (5)
I

subject to

dy = | X+ xy; — ] + Vi + yi; — wil Vhy (6)

where (Xj,Y;) denotes the center location of tray i, (x7;,y;;) represents the relative
position of slot j within the tray, and (z;,y;) corresponds to the location of flip-flop A;.
Variable d; represents the Manhattan displacement between a flip-flop and its assigned
tray slot, while D denotes the total displacement accumulated over all assigned flip-
flops. Constraint (6) computes the displacement associated with each assigned flip-flop.
Consequently, the LP stage determines tray locations that minimize the total displacement
induced by the current clustering solution.

The MCF assignment and LP refinement stages are executed iteratively. After
the LP solver updates tray positions, a new MCF assignment problem is constructed
using the refined locations, potentially producing improved clustering solutions. The
process continues until no further displacement reduction is achieved between consecutive

iterations.
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After all candidate MBFF sizes have been processed, an Integer Linear Program-

ming (ILP) formulation selects the final set of MBFF instances by minimizing

min (o- W + D + - R) (7)

where W denotes MBFF total power consumption,
> d
1

represents total displacement, and R corresponds to the relative displacement of timing-
critical launch-capture flip-flop pairs. Parameters o and S control the trade-off between
power minimization and timing preservation.

Although timing information enters the flow through the final ILP selection stage,
the MCF-based clustering that precedes it is driven exclusively by geometric displacement.
Consequently, timing relationships between flip-flops are not explicitly considered during
the iterative assignment phase, potentially limiting the influence of timing information
on early clustering decisions. This observation motivates the timing-aware enhancement

proposed in the next chapter.
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5 ENHANCEMENTS TO THE SFTRAY TECHNIQUE

This chapter presents two timing-aware enhancements to the SF'Tray technique. The
first one targets the MCF assignment stage, while the second one modifies the LP-based
tray-refinement stage. Both modifications leverage the same flip-flop criticality metric
derived from static timing analysis. For clarity, hereinafter the version that modifies
only the MCF assignment stage will be referred to as MCF-Crit, whereas the version
that modifies both the MCF and LP-based tray-refinement stage will be referred to as
MCF+LP-Crit.

Figure 7 highlights the location of the proposed modifications within the SFTray
flow. While the overall divide-and-conquer strategy, ILP selection, and MBFF mapping
stages remain unchanged, timing-criticality information is incorporated into both itera-
tive optimization stages of SFTray. In MCF-Crit (in blue) the MCF assignment cost is
augmented with a timing-criticality component. In MCF+LP-Crit (in blue and orange),
the LP-based tray-refinement objective is also modified to prioritize the displacement

reduction of timing-critical flip-flops.

5.1 MCF-CRIT: ADDING NORMALIZED TIMING-CRITICALITY TO THE MCF

The timing criticality assigned to a flip-flop is derived from the set of violating
timing paths in which the flip-flop participates. For a given flip-flop 7, we consider the set

P~(i) of all violating timing paths for which ¢ appears as either the launch or capture

Figure 7 — Overview of the SFTray divide-and-conquer flow and the MCF assignment
graph used in the proposed timing-aware formulation.

’ Global placement ‘

!

| Recursive pointset decomposition |

—-
~
—~
P@.,»
=3
S
+
o)
PN
&)
~
<
3
3
=
+
o)
—~
%)
5
N
=

XJra:

/4

1/0 1/0

capacity/cost

’ Detailed placement ‘

Source: Adapted from Kahng, Li, and Wang (2016)



Chapter 5. Enhancements to the SFTray technique 36

endpoint. The criticality of flip-flop 7 is defined as

: |slack(p)|

0= e, (s ©
where slack(p) denotes the slack of timing path p, WNSgr is the worst negative
slack among all analyzed timing paths from launch to capture flip-flops, and P~ (%) contains
only paths with negative slack. Consequently, the most critical timing violation in which a
flip-flop participates determines its final criticality score. By construction, criticality values
are normalized to the interval [0, 1], where a value of one corresponds to participation in

a path whose slack is equal to the global worst negative slack.

Algorithm 1 summarizes the procedure used to compute flip-flop criticalities. The
algorithm first determines the global WNSgr across all violating timing paths from launch
to capture flip-flops (lines 4-7) and then assigns to each flip-flop the largest normalized
timing violation among all paths in which it participates (lines 8-14). Since criticality values
are propagated to both launch and capture flip-flops, timing information is distributed
throughout the set of sequential elements involved in violating paths.

Figure 8 illustrates the proposed criticality computation with an example. In this
example, flip-flop F'F; participates in three timing paths: two of them violate timing
constraints, with slacks of —54.84ps and —57.65ps, while the third path exhibits positive
slack and is therefore excluded from the criticality calculation. Given a global WNSgp of
—86.88ps, the criticality of F'F; is determined by the most severe violating path, resulting
in a criticality score of 0.664. Thus, only violating paths contribute to the criticality score,

and the largest normalized violation determines the final value assigned to the flip-flop.

Algorithm 1: Flip-Flop Criticality Computation
Input: Set of timing paths P from launch to capture flip-flops and their slacks
Output: Criticality value ¢(i) for each flip-flop
foreach flip-flop i do
| (i) + 0;
end
foreach timing path p € P do
‘ WNSFF — mm(WNSFF, slack(p));
end
foreach timing path p(i,j) € P do
if slack(p) < 0 then
, |slack(p)|
crit <— [WNSer|
11 (i) < max(c(7), crit);
12 c() < max(c(j), crit);
13 end

© 00 N O ok W N =

-
o

14 end
15 return c(i) for all flip-flops;
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Figure 8 — Example of flip-flop criticality computation. The criticality of a flip-flop is
defined as the largest normalized timing violation among all negative-slack
paths in which it participates as either a launch or capture endpoint.

slack(FFO->FFi) = -54.84ps WNS;; (pre-computed) = -86.88ps
slack(FFc—>FFi) = 31.23ps
D Q G D Q
, P
FFi FF2
D> D>

slack
c¢(FFi) = max Islack(p)]
peP~ (FF%) |WNSFF |
where P~ (FFi) = {p : slack(p) <0 A FFi ¢ {src(p),dst(p)}}

57.65
S — —— —0.664

slack(FF1->FFi) = -57.65ps — 86 8 8

Source: Elaborated by the author

As discussed in Chapter 4, the original SFTray formulation assigns a cost equal
to the Manhattan distance d(i, j) between flip-flop ¢ and tray slot j. We replace this cost

with a normalized, criticality-augmented formulation:

C(i, j) = d(i, j) + (i) (9)

where the normalized displacement is defined as

i) = 4

and dp,., is the maximum Manhattan distance observed across all flip-flop-to-slot

(10)

dmax

candidates in the current partition. Normalization maps both terms to the interval [0, 1],
ensuring that displacement and timing criticality contribute at comparable magnitudes.

The proposed formulation increases the influence of timing-critical flip-flops on the
global MCF optimization objective. Consequently, assignments involving highly critical
flip-flops become more significant during the capacity-constrained optimization process,
allowing timing information to affect clustering decisions at an earlier stage of the SFTray
flow.

Having computed flip-flop criticalities, algorithm 2 summarizes the modified MCF
assignment procedure. First, the maximum displacement observed among all feasible flip-
flop—slot pairs is computed (line 1) to be used to normalize Manhattan distances (lines
5-6). Subsequently, the criticality associated with each flip-flop is incorporated into the
assignment costs of all candidate slots belonging to that flip-flop (line 7). The resulting
cost matrix is then provided to the MCF solver (line 10), which determines the final
flip-flop-to-slot assignments (line 11).

The MCF-Crit version corresponds to adding the timing-criticality solely to the
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Algorithm 2: Timing-Aware Edge-Cost Computation for MCF Assignment
Input: Flip-flops F', candidate tray slots S

Output: Cost matrix C' used by the MCF solver

Compute

[

= max d(i,])

dmax L
(i,J)eFxS

foreach flip-flop f; € F do
Compute criticality ¢(7) using Alg. 1;
foreach candidate slot s; € S do
d(i,j) < Manhattan distance between f; and s;;

(i, §) < d(i, )/ dumas;
C(i, ) <= dli, J) + e(i);
end

© ® g o ok W N

end
10 Solve the resulting MCF problem using costs C(i, j);
11 Extract flip-flop-to-slot assignments from the flow solution;

(=}

MCEF assignment stage. LP refinement, ILP selection, legalization, and MBFF mapping re-
main unchanged with respect to the original SF'Tray flow. A second timing-aware enhance-
ment (MCF+LP-Crit), targeting the LP refinement stage, is described in the following

section.

5.2 MCF+LP-CRIT: ADDING TIMING-CRITICALITY TO LP

The second enhancement proposed in this work targets the LP-based tray-placement
refinement stage described in Chapter 4. As previously stated in Equations 5 and 6, the
LP stage determines tray locations by minimizing the total displacement of the flip-flops
assigned during the MCF stage.

Although this formulation effectively reduces the overall displacement, it treats all
flip-flops equally regardless their timing significance. Consequently, displacement reduc-
tions achieved for non-critical flip-flops contribute to the objective in the same manner as
reductions achieved for timing-critical flip-flops.

To address this limitation, the criticality metric defined in Equation 8 is incor-
porated directly into the LP objective function. The proposed formulation minimizes a

criticality-weighted displacement:

min D¢ (11)

with

Dt = Y (1+ ¢(i)) (d} + di)) (12)

(2

where ¢(i) denotes the criticality associated with flip-flop i.
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The factor (1+¢(7)) assigns larger weights to highly critical flip-flops while preserv-
ing a non-zero contribution from non-critical ones. Since criticality values are normalized
to the interval [0, 1], each displacement term receives a weight between 1 and 2.

As a consequence, the LP solver prioritizes reducing the displacement of flip-flops
involved in severe timing violations, potentially preserving timing quality during tray
relocation. The remaining LP constraints remain identical to those of the original SF'Tray
formulation, ensuring that tray locations continue to satisfy the same geometric feasibility
requirements.

Together, the proposed MCF and LP enhancements propagate timing information
throughout the entire iterative optimization loop of SFTray. The MCF stage influences
how flip-flops are assigned to candidate tray slots, whereas the LP stage favors tray
placements that reduce the displacement of timing-critical flip-flops. Consequently, timing
information affects both clustering and tray-location refinement before the final ILP-based
tray-selection stage. This contrasts with the original SF'Tray formulation, in which timing

awareness is introduced only during the final tray-selection process.
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6 EXPERIMENTAL RESULTS

6.1 METHODOLOGY

This chapter presents the experimental methodology adopted to evaluate the pro-
posed timing-aware MBFF clustering approach (MCF-Crit and MCF+LP-Crit), as well
as the corresponding results obtained using a complete physical-design flow. The imple-
mentation was developed within the OpenROAD framework and evaluated using a set
of open-source benchmark circuits synthesized with the ASAP7 technology library. The
objective of the experiments is to compare the original SF'Tray implementation with the
proposed enhancements in terms of timing quality, power consumption, area, and MBFF
clustering effectiveness.

The proposed enhancements were implemented in C++ within the SFTray cluster-
ing engine available in OpenROAD (Kahng, 2022). Following the methodology adopted
by the original SFTray work (Kahng; Kundu; Thumathy, 2024), the experiments employ
the ASAPT predictive FinFET standard-cell library with MBFF cells. The MBFF library,
clustering infrastructure, and implementation flow provided by SFTray were preserved to
ensure a direct comparison between the original SF'Tray and the proposed implementation.

All experiments were executed on a workstation equipped with an AMD Ryzen 9
9950X processor operating at up to 5.75 GHz, 32 GB of RAM, running Ubuntu 24.04.4
LTS.

To ensure realistic timing evaluation, all reported metrics were collected after
detailed routing, except timing metrics that were also evaluated after global placement.
Since timing closure results from the interaction among placement, clock-tree synthesis,
routing, and post-route optimization stages, evaluating the designs mainly after detailed
routing provides a more representative assessment of the overall impact of MBFF clustering
on final design quality.

The benchmark circuits used in this work are summarized in Table 2. They cover
a diverse set of digital designs, ranging from small arithmetic and control circuits, such as
gcd and wart, to larger communication and processor-oriented designs, including ethmac,
cva6, and ibex. The selected benchmarks also exhibit significant variation in sequential-cell
density, with flip-flops representing between 3.3% and 17.3% of the total number of cell
instances. Since MBFF clustering directly targets sequential elements, this characteristic
strongly influences the number of clustering opportunities available within each design.

Designs such as ethmac and mock-alu contain a relatively large proportion of flip-
flops and therefore offer greater opportunities for MBFF clustering. In contrast, designs
such as aes contain a smaller fraction of sequential elements and consequently provide

more limited clustering potential. Four design configurations were evaluated:

o NC: original non-clustered OpenROAD implementation;
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Table 2 — Benchmark circuits used in the experimental evaluation and their sequential-cell
composition before MBFF clustering.

Design #cells #FFs FF %

ethmac 60948 10546 17.3%
mock-alu 13454 1413 10.5%
riscv32i 10879 1056  9.7%

uart 854 79 9.3%
ibex 21734 1939 8.9%
jpeg 57382 4383  7.6%
ocd 468 35 7.5%
cvab 117754 8465  7.2%
aes 17106 562  3.3%

e SFTray: SFTray implementation available in OpenROAD;
o« MCF-Crit: SFTray enhanced with the timing-aware formulation proposed in MCF.

« MCF+LP-Crit: SFTray enhanced with the timing-aware formulation proposed in
MCF and LP.

Following the exploration methodology proposed by Kahng, Kundu, and Thumathy
(2024), multiple values of the parameter a were experimentally evaluated in the range
[2,256]. The complete exploration results are reported in Appendix B. Although larger
values occasionally achieved superior results for individual metrics on specific benchmarks,
they also tended to increase timing degradation and result variability. In contrast, a = 8
consistently provided significant power reductions while maintaining stable timing behavior
and competitive area improvements across the benchmark suite. Consequently, o = 8 was
selected as the best overall trade-off between clustering effectiveness, power reduction, and
timing preservation. The parameter J was fixed at 0.1, following the recommendation as
adopted in the original SFTray formulation (Kahng; Kundu; Thumathy, 2024).

6.2 RESULTS AND DISCUSSION

Table 3 depicts the results for WNS and TNS after Global Placement (GP) and
Detailed Routing (DR) in picoseconds and also shows the difference A(DR— G P) between
WNS or TNS within the same version. It is important to note that for the MBFF clustering
techniques, WNS and TNS are in absolute terms along with their percentage relative to
NC. If baseline’s WNS or TNS is negative, a smaller (more negative) percentage means
improvement. Otherwise, if baseline’s WNS or TNS is positive — the case for riscv32i
and jpeg — a bigger (more positive) percentage means improvement and every negative
percentage that does not exceed —100% is not harmful for WNS, since preserves a positive
slack. Values in bold indicate that MCF-Crit or MCF+LP-Crit achieved a better WNS or
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Table 3 — Worst Negative Slack (WNS) and Total Negative Slack (TNS) comparison after
Global Placement (GP) and Detailed Routing (DR) for o = 8 and § = 0.1. All
values are in picoseconds (ps). NC represents the non-clustered baseline. For
the MBFF clustering techniques, WNS and TNS are in absolute terms along
with their percentage relative to NC. If baseline’s WNS/TNS is negative, a
smaller (more negative) percentage means improvement. Otherwise, if baseline’s
WNS/TNS is positive a bigger (more positive) percentage means improvement
(and every negative percentage that does not exceed —100% is not harmful
for WNS, since preserves a positive slack). Bold values indicate that MCF-Crit
or MCF+LP-Crit achieved a better WNS or TNS timing value than SFTray.
A(DR — GP) is simply the difference between WNS/TNS within the same

version.
. . WNS (ps) TNS (ps)
e Vers
Design  Version Gp DR A(DR - GP) GP DR A(DR - GP)
NC -86.88 -86.27 +0.62 -1492.25 -1464.06 +28.19
wthae | SFTRaY -86.88 (+0.00%) 82,04 (-1.90%) +4.84 -1492.25 (+0.00%) 139742 (-4.55%) +94.83
HAC N CF-Crit -86.88 (-+0.00%) -81.38 (-5.66%) +5.50 -1492.25 (-+0.00%) -1369.36 (-6.47%) +122.89
MCF4LP-Crit | -86.88 (+0.00%)  -81.38 (-5.66%) +5.50 -1492.25 (+0.00%) -1369.36 (-6.47%)  +122.89
NC 31557 283,77 3181 21899.50 “12087.00 +8912.50
oty SFTray 34318 (48.75%)  -302.11 (+6.46%) +41.07 -35900.10 (+63.93%) -16891.60 (+30.07%)  +19008.50
healt \jop-ait -315.58 (+0.00%)  -281.32 (-0.86%) 43426 | -35672.40 (+62.89%)  -15439.70 (+18.89%)  +20232.70
MCF+LP-Crit | -342.13 (+8.41%)  -300.12 (+5.76%)  +42.01 -35997.10 (+64.37%) -16783.30 (+29.23%)  +19213.80
NC -64.65 2818 +36.47 160170 636.38 +965.32
. SFTray -65.08 (+0.66%) 22,87 (-18.84%) +42.21 1796.85 (+12.18%) 624.99 (-1.79%) 1117186
MCF-Crit 6516 (+0.79%)  -19.69 (-30.13%)  +45.47 -1722.20 (+7.52%) -525.07 (-17.49%)  +1197.13
MCF+LP-Crit | -65.16 (+0.79%) -19.69 (-30.13%) +45.47 1722.20 (+7.52%) -525.07 (-17.49%) +1197.13
NC 2978 22,04 v -10320.60 166,71 +10153.89
by SFTray 4244 (+378.30%)  -43.83 (+98.86%) +9861 | -114973.00 (+1014.01%)  -1005.98 (+503.42%)  +113967.02
MCF-Crit | -142.33 (+377.94%) -35.90 (+62.88%)  +106.43 |-114834.00 (+1012.67%) -432.02 (+159.14%) +114401.98
MCF+LP-Crit | -142.33 (+377.94%) -35.79 (+62.38%)  +106.54 | -114806.00 (+1012.40%) -400.23 (+140.07%) +114405.77
NC 5.91 16,70 22,64 0.00 79.20 79.20
v SFTray 461 (345.98%)  -20.24 (+75.05%) -14.63 88,69 215,44 (+172.03%) 126,75
8e MCF-Crit -17.74 (-398.70%) “30.51 (+82.64%) 1277 52.27 -226.54 (+186.04%) 17428
MCF+LP-Crit | -17.74 (-308.70%)  -28.32 (+69.57%)  -10.58 -139.97 7145 (+116.49%)  -31.48
NC -38.08 -21.31 +16.76 -105.85 -146.32 -40.47
g SFTmay -38.08 (+0.00%) 222,99 (+7.86%) +15.09 -105.85 (+0.00%) -253.49 (+73.24%) -147.64
v MCF-Crit -38.08 (+0.00%) -15.31 (-28.15%) +22.76 -105.85 (+0.00%) -101.33 (-30.75%) +4.52
MCF+LP-Crit | 6480 (+70.20%) 475 (-122.30%)  +69.56 -154.34 (+45.81%) 0.00 (-100.00%) +154.34
NC 2710 11026 1654 63750 -103.07 +534.73
. SFTray 4056 (+49.63%) 3398 (+23119%) 4658 364814 (+47199%)  -2052.00 (+1890.90%)  +1596.14
s MCF-Crit 4034 (148.84%) 3624 (+253.24%)  +4.10 3793.26 (+49474%)  -2017.41 (+1857.34%)  +1775.85
MCF+LP-Crit | -42.08 (+55.27%)  -32.88 (+220.56%)  +9.20 4009.93 (+528.71%)  -2041.88 (+1881.08%)  +1968.05
NC -135.54 21.09 +156.63 -66001.90 0.00 +66001.90
ey SFTray -133.13 (-1.77%) 18.42 (-12.66%) +151.55 6693580 (+1.41%) 0.00 +66935.80
sev: MCF-Crit -131.54 (-2.95%) 17.89 (-15.16%) 1149.44 -66921.30 (+1.39%) 0.00 +66921.30
MCF+LP-Crit | -131.54 (-2.95%)  17.89 (-15.16%) +149.44 | -66921.30 (+1.39%) 0.00 +66921.30
NC 2388 16.63 1052 210.56 0.00 21086
. SFTmy 3035 (420.07%)  20.99 (+26.18%) +51.34 -361.36 (+71.37%) 0.00 +361.36
e \OF-Crit -28.45 (+19.13%) 1027 (38.24%) +38.73 -341.76 (+62.08%) 0.00 +341.76
MCF+LP-Crit | -27.60 (+15.57%) 17.11 (+2.87%) 4472 -339.80 (+61.15%) 0.00 +339.80

TNS value compared to SFTray. The design order follows the FF % ordering from Table 2,
except for riscv32i and jpeg that are separated because of their positive WNS after DR —
one of the reasons in which they’ll be discussed separately.

For the three designs with the highest flip-flop densities (ethmac, mock-alu, and
uart), all clustering techniques produced similar WNS values immediately after GP. After
DR, however, ethmac and uart achieved better final WNS than the NC baseline for all
clustering approaches. In contrast, mock-alu showed only a modest improvement, with
MCF-Crit being the only version to slightly outperform NC, while SFTray and MCF+LP-
Crit remained close to, but below, the baseline. TNS exhibited a similar trend. Although

mock-alu experienced a substantial degradation immediately after GP, much of this loss
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was recovered during DR, but without surpassing the NC implementation. Conversely,
both ethmac and uart achieved better final TNS than the baseline.

The cvab benchmark exhibited a similar behavior. WNS remained comparable
after GP for SF'Tray and MCF-Crit, whereas MCF+LP-Crit introduced a larger initial
degradation. Nevertheless, both enhancements recovered a significant amount of slack
during DR, with MCF+LP-Crit ultimately achieving positive WNS. SF'Tray also recovered
timing but remained slightly below the NC implementation. Regarding TNS, all techniques
exhibited similar values after GP, but only the proposed formulations achieved substantial
improvements after routing. MCF+LP-Crit completely eliminated negative slack (TNS
= 0), while MCF-Crit improved TNS by 30.75% relative to NC. In contrast, SFTray was
unable to improve upon the baseline.

Different behavior was observed for ibex, gcd, and aes. For these designs, the clus-
tering techniques produced worse WNS immediately after GP and were unable to recover
sufficient slack during DR to outperform the NC implementation. In particular, gcd expe-
rienced additional WNS degradation between GP and DR. Similar trends were observed
for TNS. The ibex and aes benchmarks exhibited substantially larger negative TNS val-
ues after GP, and although DR reduced these violations, the clustered implementations
remained worse than NC. The ged design also developed negative TNS after GP, which
further deteriorated during routing. Among all benchmarks, aes exhibited the largest TNS
degradation.

Comparing MCF-Crit with the original SFTray implementation, the proposed
enhancement consistently outperforms it for five designs (ethmac, mock-alu, uart, ibez,
and cva6) when considering the final WNS and TNS after DR. For aes, MCF-Crit also
achieves a slight improvement in final TNS, although both implementations still exhibit
significant timing violations.

MCF+LP-Crit also improves upon SFTray in terms of final WNS and TNS for
all seven benchmark circuits whose NC implementation exhibits negative WNS after DR.
The most significant improvement is observed for cva6, where the proposed formulation
completely eliminates timing violations, achieving a positive final WNS and a TNS of
zero. Overall, these results indicate that the proposed enhancements preserve the timing
behavior of the original SFTray flow while providing additional opportunities for timing
improvement, particularly in designs with higher sequential-cell densities.

For the riscv32i and jpeg benchmarks, although the overall design exhibited a
negative WNS after GP, the criticality computation did not identify any timing-violating
paths whose launch and capture endpoints were both flip-flops. Consequently, all flip-flops
received zero criticality scores, and the timing-aware term in the proposed cost function
had no influence on the clustering process.

Nevertheless, MCF-Crit and MCF+LP-Crit still achieved slightly better WNS and
TNS than the original SFTray implementation after GP. Since the only difference in
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the MCF formulation under these conditions is the normalization of the flip-flop-to-slot
distance within each partition, these results suggest that distance normalization itself
may have a positive effect on the assignment process. Furthermore, after DR, all three
clustering techniques achieved positive WNS, resulting in a final TNS of zero for both
benchmarks.

Although these observations indicate that the normalization of the distance term
may contribute to improved clustering decisions independently of timing criticality, the
individual contributions of distance normalization and criticality weighting cannot be
isolated from the current experiments. A more detailed investigation of their respective
impacts remains an interesting direction for future work.

Table 4 summarizes the results for MBFF distribution, Clock Power, Switching
Power, Total Power, and Area. The NC rows present absolute values, whereas SFTray,
MCF-Crit, and MCF+LP-Crit report the corresponding percentage variation relative to
NC. Columns #1b, #2b, and #4b indicate the final number of 1-bit, 2-bit, and 4-bit
flip-flops, respectively.

As expected, the benefits of MBFF clustering strongly depend on the sequential con-
tent of the design. Circuits with higher flip-flop densities consistently exhibit larger power
reductions after clustering. For example, ethmac, whose flip-flops account for 17.3% of all
instances (Table 2), achieves approximately 39% reduction in total power, whereas aes,
with only 3.3% flip-flops, shows negligible power improvement regardless of the clustering
strategy.

Compared with SFTray, MCF-Crit improved both switching and total power in
five of the nine evaluated benchmarks (ethmac, mock-alu, riscv32i, uart, and jpeg), all
of which correspond to designs with relatively high flip-flop densities. Clock power was
also reduced in seven benchmarks, while area was improved in five (ethmac, mock-alu,
uart, ibex, and cva6). These results suggest that incorporating the proposed enhancement
during the MCF assignment stage can improve clustering decisions without affecting
MBFF conversion effectiveness.

The LP enhancement produced identical results to MCF-Crit for ethmac, uart,
and riscv32i, indicating that, for these designs, the LP refinement converged to the same
solution obtained after the MCF stage. For the remaining benchmarks, however, the
additional optimization modified the clustering solution to varying degrees.

Among these cases, mock-alu and jpeg benefited the most consistently from the LP
enhancement. In both circuits, MCF+LP-Crit achieved lower switching and total power
than MCF-Crit while also maintaining or improving area. The most noticeable changes
were observed for cva6. Although MCF-Crit slightly increased switching and total power
relative to NC, MCF+LP-Crit reversed this behavior, reducing switching power by 3.32%
and total power by 1.93%. It also further reduced clock power and the number of clock

buffers, indicating that the additional LP optimization can substantially influence the
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Table 4 — Comparison of MBFF distribution, Clock Power, Switching Power, Total Power
and Area for a = 8 and 8 = 0.1. NC rows present absolute values, while SE'Tray,
MCF-Crit, and MCF+LP-Crit show absolute values and percentage variation
relative to NC (except for #1b, #2b and #4b, which are the number of 1-bit
flip-flops, 2-bit flip-flops and 4-bit flip-flops, respectively). A negative percentage
is always better. Bold values indicate that MCF-Crit or MCF+LP-Crit achieved
a better result than SFTray. All metrics were extracted after detailed routing.

Design Version ‘ #1b  #2b #4b FF % ‘ Clk. P (mW) Swit. P (mW) Total P (mW) ‘ Area (um?)
NC (abs.) 10546 0 0 17.3% 51.000 24.878 111.321 7935.720
e SFTray 1396 31 2272 6.9% | 201500 (-57.84%)  13.523 (-45.64%)  67.949 (-38.96%) 7748.320 (-2.36%)
CHIAC N [CF-Crit 1380 35 2274 6.9% |21.300 (-58.24%) 13.437 (-45.99%) 67.652 (-39.23%) | 7745.510 (-2.40%)
MCF+LP-Crit | 1380 35 2274 6.9% | 21.300 (-58.24%) 13.437 (-45.99%) 67.652 (-39.23%) | 7745.510 (-2.40%)
NC (abs.) 1413 0 0 10.5% 6.680 27.989 58.655 1632.380
nockeany SETray 59 9 334 3.2% | 2.430 (-63.62%) 26.323 (-5.95%) 52.034 (-11.29%) 1613.040 (-1.18%)
OCK-AM NCF-Crit 63 11 332 3.3% | 2.410 (-63.92%)  26.201 (-6.39%) 51.808 (-11.67%) | 1602.060 (-1.86%)
MCF+LP-Crit | 49 8 337 3.2% | 2.410 (-63.92%) 26.146 (-6.58%) 51.728 (-11.81%) | 1601.260 (-1.91%)
NC (abs.) 79 0 0 93% 0.257 0.806 2.330 95.207
. SFTray 0 0 20 26% | 0052 (-79.77%) 0.706 (-12.46%) 2.082 (-10.67%) 92.977 (-2.34%)
nar MCF-Crit 1 119 27% | 0071 (-72.26%)  0.703 (-12.79%)  2.079 (-10.78%) | 92.058 (-3.31%)
MCF+LP-Crit | 1 119 27% | 0071 (-7226%)  0.703 (-12.79%)  2.079 (-10.78%) | 92.058 (-3.31%)
NC (abs.) 1939 0 0 89% 2.920 12.254 25.188 2541.780
" SFTray 1691 2 61 82% | 2.720 (-6.85%) 12.087 (-1.36%) 24.613 (-2.28%) 2529.090 (-0.50%)
1hex MCF-Crit 1693 1 61 81% | 2.710 (-7.19%) 12.313 (40.48%) 25.255 (+0.27%) 2555.220 (+0.53%)
MCF+LP-Crit | 1697 1 60  82% | 2730 (-6.51%)  12.086 (-1.38%)  24.621 (-2.25%) 2531.020 (-0.42%)
NC (abs.) 3% 0 0 T5% 0.099 0.323 0.918 48.347
ved SFTray 5 36 31% | 0.043 (-56.98%) 0.287 (-11.15%) 0.818 (-10.89%) 48.172 (-0.36%)
¢ MCF-Crit 11 2 5 40% | 0.050 (-48.99%) 0.295 (-8.86%) 0.836 (-8.94%) 48.129 (-0.45%)
MCF+LP-Crit | 3 0 8 24% | 0.057 (-42.11%) 0.293 (-9.44%) 0.852 (-7.27%) 19.251 (+1.87%)
NC (abs.) 8465 0 0 72% 17.500 46.961 132.122 17586.400
. SFTray 6686 668 374 6.6% | 17.200 (-1.71%)  AT.191 (+0.49%)  131.893 (-0.17%) | 17886.800 (+1.71%)
v MCF-Crit 6681 706 380 6.6% | 17.100 (-2.29%)  AT.846 (+1.88%)  132.515 (+0.30%) | 17915.700 (+1.87%)
MCF+LP-Crit | 6683 687 378 6.6% | 16.700 (-4.57%)  45.403 (-3.32%)  129.574 (-1.93%) | 17888.500 (+1.72%)
NC (abs.) 562 0 0 3.3% 2,500 98.881 166.145 1838.640
SFTray 106 12 108 1.3% | 1.280 (-48.80%)  99.148 (+0.27%)  166.447 (+0.18%) | 1853.060 (+0.78%)
acs MCF-Crit 102 12 109  1.3% | 1.160 (-53.60%)  99.244 (+0.37%)  166.735 (+0.36%) | 1854.810 (+0.88%)
MCF+LP-Crit | 94 12 111 1.3% | 1.130 (-54.80%)  99.147 (+0.27%)  166.340 (+0.12%) | 1852.560 (+0.76%)
NC (abs.) 1056 0 0  97% 2,560 8.428 34.073 2691.150
—— SFTray 56 4 248  3.1% 0.958 (-62.58%) 7.738 (-8.19%) 31.411 (-7.81%) 2659.700 (-1.17%)
HSEVSS MCF-Crit 56 4 248 3.1% | 0.936 (-63.44%)  7.657 (-9.14%)  31.210 (-8.40%) | 2657.030 (-1.27%)
MCF+LP-Crit | 56 4 248 3.1% | 0.936 (-63.44%)  7.657 (-9.14%)  31.210 (-8.40%) | 2657.030 (-1.27%)
NC (abs.) 438 0 0 T6% 9.800 56.825 119.187 6436.980
‘ SFTray 365 49 980  2.6% | 4.000 (-59.18%) 54.254 (-4.53%) 109.118 (-8.45%) 6357.010 (-1.24%)
pee MCF-Crit 301 41 1000 2.5% | 3.980 (-59.39%)  54.200 (-4.62%)  109.032 (-8.52%) | 6358.380 (-1.22%)
MCF+LP-Crit | 307 38 1000 2.5% | 3.960 (-59.59%) 54.166 (-4.68%) 108.804 (-8.71%) | 6354.260 (-1.29%)

final clustering solution in large sequential designs.

For ibex and aes, the LP enhancement largely restored the power and area character-
istics originally achieved by SFTray while preserving most of the improvements introduced
by MCF-Crit. The behavior of ged, however, illustrates the multi-objective nature of the
problem. Although MCF+LP-Crit produced a denser MBFF distribution, it traded part
of the timing improvement achieved by MCF-Crit for modest degradations in power and
area.

Overall, MCF+LP-Crit outperformed SFTray in switching and total power for six
benchmarks, one more than MCF-Crit, while producing comparable clock-power reduc-
tions. These results suggest that extending the proposed enhancement to the LP refinement
stage can provide additional opportunities for improving power, area, and clock-network

characteristics when tray locations remain sufficiently flexible after the MCF assignment
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stage. The magnitude of these gains, however, remains benchmark dependent.

6.3 RUNTIME ANALYSIS

Table 5 presents the runtime comparison between the non-clustered baseline (NC),
the original SFTray implementation, and the two timing-aware formulations proposed in
this work. The reported runtimes correspond to the global placement stage (GP) and to
the complete RTL-to-GDSII flow. Each configuration was executed five times, and the
table reports the mean runtime together with the corresponding standard deviation.

As expected, enabling MBFF clustering generally increases the runtime of the
global placement stage relative to the non-clustered flow, since additional optimization
procedures must be performed during placement. However, the results indicate that the
proposed timing-aware enhancements do not introduce a substantial computational over-
head compared to the original SFTray implementation. For most benchmarks, the GP
runtimes of MCF-Crit and MCF+LP-Crit remain close to those of SFTray, with differences
typically limited to a few percentage points.

The reported standard deviations further support this observation. In most bench-
marks, the runtime differences among SFTray, MCF-Crit, and MCF+LP-Crit are compa-
rable to the natural run-to-run variability of the flow. For example, the GP runtime of
cvab differs by less than 2% among the three clustered configurations, while the standard
deviations range from approximately 7 to 11 seconds. Similar behavior can be observed
for ibex, jpeg, and aes, indicating that the proposed modifications do not significantly alter
the computational complexity of the clustering stage.

Some benchmarks exhibit seemingly unusual runtime behavior. In particular,
riscv32i presents lower average GP runtimes for all clustered configurations relative to
the NC flow. However, the NC configuration also exhibits an exceptionally large standard
deviation of 29.3 seconds, exceeding its mean runtime. This variability suggests that the
observed reduction is primarily attributable to execution-time fluctuations rather than to
a systematic speedup introduced by clustering. Since the clustering procedure is executed
after global placement optimization, there is no algorithmic reason to expect a consistent
reduction in GP runtime.

Likewise, the benchmark ged exhibits relatively large percentage increases in GP
runtime. Nevertheless, its absolute execution times remain extremely small, ranging from
approximately 1.6 to 1.8 seconds. Therefore, differences of only a few tenths of a second
translate into seemingly large percentage variations. Consequently, the reported overhead
for gcd is not practically significant.

A similar trend can be observed for the total runtime of the complete flow. Although
some variability exists across designs, the overall runtime of the proposed methods remains
within the same range as that of SF'Tray. For several benchmarks, including aes, ethmac,

and mock-alu, the timing-aware formulations achieve total runtimes comparable to or
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Table 5 — Runtime comparison between NC, SFTray, MCF-Crit, and MCF+LP-Crit. NC
rows show mean runtime in seconds with standard deviation, while the remaining
rows show percentage variation relative to NC together with the corresponding

runtime standard deviation in seconds.

Design Version | GP Runtime (s)  Total Runtime (s)
NC 10.51 + 0.47 238.62 + 2.89
aes SFTray +24.73% + 0.22 +42.07% + 1.12
MCF-Crit +28.37% =+ 0.40 +29.84% =+ 2.38
MCF+LP-Crit | +30.10% + 0.45 +29.30% =+ 3.03
NC 205.77 &+ 7.46 2210.45 £ 225.71
cvab SFTray +0.28% =+ 6.83 +13.84% =+ 680.55
MCF-Crit -0.47% + 6.77 +11.88% + 12.58
MCF+LP-Crit | +0.06% + 11.39 +12.63% =+ 56.16
NC 53.22 £+ 5.59 695.88 + 47.84
othmac SFTray +55.83% £ 37.67  +20.11% =+ 84.44
MCF-Crit +16.81% + 4.43 +16.03% =+ 4.61
MCF+LP-Crit | +21.53% =+ 2.78 +17.39% + 8.47
NC 1.61 £ 0.57 36.38 £ 2.00
od SFTray +2.85% =+ 0.38 +25.03% + 0.47
& MCF-Crit +6.82% =+ 0.55 +32.15% =+ 0.90
MCF+LP-Crit | +10.30% £ 0.75 +32.51% + 1.02
NC 18.81 + 0.96 561.89 + 25.87
ibex SFTray +11.35% =+ 0.99 +2.68% =+ 3.52
MCF-Crit +14.56% =+ 1.31 +17.26% =+ 3.42
MCF+LP-Crit +10.52% + 0.54 +17.17% + 0.82
NC 51.69 £ 2.02 672.56 + 59.62
. SFTray +4.70% + 6.14 +8.45% =+ 9.40
pee MCF-Crit +5.23% + 1.31 +9.52% + 7.04
MCF+LP-Crit | +10.27% =+ 4.09 +9.59% + 2.76
NC 9.30 + 0.63 308.13 + 98.78
mock-alu SFTray +40.91% + 0.12 +1.92% + 22.08
MCF-Crit +42.52% + 0.55 -5.74% + 2.84
MCF+LP-Crit | +47.42% + 0.69 -6.09% =+ 1.98
NC 24.43 £ 29.29 331.93 £ 107.56
risev32i SFTray -34.84% + 1.57 +8.44% + 69.62
MCF-Crit -43.03% + 1.12 -2.33% + 1.73
MCF+LP-Crit -36.74% =+ 0.55 -1.27% £ 3.70
NC 1.44 £ 0.30 41.72 + 2.04
uart SFTray +93.74% + 0.74 +33.90% + 1.09
MCF-Crit +68.98% =+ 0.46 +47.08% + 1.04

MCF+LP-Crit

+94.44% + 0.61

+46.90% + 1.22

slightly lower than those of the original implementation. These results suggest that the

modified optimization objectives do not substantially increase the computational effort

required by subsequent physical-design stages.

Overall, the results demonstrate that incorporating timing-criticality information
into the MCF assignment stage and the LP refinement stage has a negligible impact
on runtime. Therefore, the improvements in power, timing, and physical-design metrics

discussed in the previous section are achieved without introducing a meaningful computa-

tional penalty relative to the original SFTray flow.
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7 CONCLUSION

The increasing importance of power optimization in modern VLSI systems has
motivated the widespread adoption of MBFF clustering techniques, particularly due to
their ability to reduce clock-network power consumption. Although several MBFF clus-
tering approaches have been proposed in the literature, many existing solutions either
rely on partial design flows or consider timing information only during the final stages of
optimization.

This work investigated the incorporation of timing-awareness into the SFTray
MBFF clustering technique available in OpenROAD. Initially, a comprehensive review
of the state of the art was conducted, covering existing clustering techniques and the
optimization methodologies employed by FTray and SFTray. Based on the identified
limitations, two timing-aware enhancements were proposed. The first modification, referred
to as MCF-Crit, incorporates flip-flop timing criticality into the MCF assignment stage.
The second modification, referred to as MCF+LP-Crit, extends timing awareness to the
LP-based tray-refinement stage.

The proposed approaches were implemented directly within the OpenROAD frame-
work and evaluated using a complete RTL-to-GDSII flow with the ASAP7 technology
library. Experimental results demonstrated that timing information can be incorporated
into the iterative clustering process without compromising the primary benefits of MBFF
clustering. The MCF-Crit formulation improved power, timing, area, or clock-network
metrics in several benchmark circuits, particularly in designs with higher flip-flop densi-
ties. Furthermore, the MCF+LP-Crit formulation provided additional improvements in
selected benchmarks, indicating that timing information can be effectively exploited not
only during flip-flop assignment but also during tray-placement refinement.

Overall, the results indicate that timing-awareness is beneficial when introduced
earlier in the SF'Tray optimization flow rather than being restricted to the final ILP-based
tray-selection stage. The proposed modifications preserve clustering effectiveness while
improving the balance between power optimization and timing preservation, demonstrating
the potential of timing-aware clustering strategies within open-source physical-design flows.

As future work, several research directions can be explored. One possibility is the
development of adaptive mechanisms capable of automatically selecting suitable values
for the SFTray parameters a and  based on design characteristics, such as flip-flop
density, timing slack distribution, and circuit size. Another promising direction is the
investigation of alternative criticality models that consider complete path information,
fanout structure, or path sensitivity metrics instead of relying solely on WNS normalization.
In addition, the individual contributions of the proposed distance normalization and
criticality weighting mechanisms could be investigated independently to better understand

their respective impacts on the clustering process. Another interesting direction would be
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to analyze the impact of the proposed enhancements on power immediately after Global
Placement, allowing the benefits introduced by clustering itself to be distinguished from
those resulting from subsequent optimization stages. A more detailed investigation of
the benchmark circuits exhibiting significant timing degradation after clustering would
also be valuable. In particular, analyzing the critical paths responsible for large WNS
degradations, such as those observed in the aes benchmark, could provide insights into
the limitations of the current formulations and guide the development of more robust
clustering strategies. Finally, applying the proposed methodology to additional technology
libraries and larger industrial-scale designs would provide further insight into its scalability

and general applicability.
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APPENDIX A - COMPARISON OF MBFF CLUSTERING STRATEGIES FOR
VARYING o VALUES WITH 5 =0.1. TIMING-RELATED ANALYSIS.
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Table 6 — Worst Negative Slack (WNS) and Total Negative Slack (TNS) comparison
after Global Placement (GP) and Detailed Routing (DR) for varying a values
(Part 1). All values are in picoseconds (ps). NC rows present
absolute values, while SF'Tray, MCF-Crit, and MCF+LP-Crit show absolute
values followed by percentage variation relative to NC in parentheses. Bold
values indicate that MCF-Crit or MCF+4LP-Crit achieved a better WNS or
TNS timing value than SFTray.

with

. . WNS (ps) TNS (ps)
v
Design  Version ap DR A(DR - GP) aP DR A(DR - GP)
NC (abs.) \ 86.88 86.27 062 | 149225 146106 12819
SFTray (a=2) 86.88 (+0.00%)  -8241 (-4.47%) 447 -1492.25 (+0.00%) 141263 (-3.51%) +79.62
MCF-Crit (a=2) 86.88 (40.00%)  -86.45 (+0.21%) 4043 149225 (+o 00%) -1469.30 (1+0.36%) 422,05
MCF+LP-Crit (a=2) | -86.88 (£0.00%)  -86.45 (+0.21%) +0.43 -1492.25 (+0.00%) -1460.30 (+0.36%) 422,05
SFTray (a=1) -86.88 (40.00%)  -83.62 (-3.06%) 4326 -1492.25 (+0.00%) -1390.76 (-5.01%) 410149
MCF-Crit (a=4) -86.88 (40.00%) -79.83 (-7.45%) +7.05 -1492.25 (+0.00%) -1345.03 (-8.13%) +147.22
MCFALP-Crit (a=1) | -86.88 (+0.00%)  -79.83 (-7.45%) 17.05 1492.25 (+0.00%)  -1345.03 (-8.13%)  +147.22
SFTray (a=8) L86.88 (40.00%)  -82.04 (-4.90%) 4484 -1492.25 (+0.00%) -1307.42 (-4.55%) 49483
MCF-Crit (a=8) -86.88 (+0.00%)  -81.38 (-5.66%) 15.50 1492.25 (+0.00%)  -1369.36 (-6.47%)  +122.89
MCF+LP-Crit (a=8) -86.88 (+U.U()%) -81.38 (—5.66%) +5.50 -1492.25 (+0. ()UL/) -1369.36 (—6.47%) —+122.89
st SFTray (a=16) 86.88 (+0.00%)  -84.55 (-1.99%) 4231 -1492.25 (+0.00%) -1430.47 (-2.20%) 46178
MCF-Crit (a=16) 86.88 (+0.00%)  -83.72 (-2.95%) +3.16 -1492.25 (+0.00%) -1421.33 (-2.92%) +70.92
MCF+LP-Crit (a=16) | -86.88 (+0.00%)  -83.72 (-2.95%) 13.16 149225 (+0.00%)  -1421.33 (-2.92%) +70.92
SFTray (a=67) 86.88 (40.00%)  -83.30 (-3.34%) 4349 -1492.25 (+0.00%) -1408.02 (-3.83%) 48123
MCF-Crit (a=67) -86.88 (40.00%)  -86.36 (+0.12%) +0.52 -1492.25 (+0.00%)  -1407.76 (-3.85%) +84.49
MCFALP-Crit (a=67) | -86.88 (+0.00%)  -86.36 (+0.12%) 4052 149225 (+0.00%)  -1407.76 (-3.85%) +84.49
SFTray (a=130) -86.88 (H0.00%)  -83.39 (-3.31%) +3.49 -1492.25 (+0.00%) -1408.02 (-3.83%) 48123
MCF-Crit (a=130) -86.88 (40.00%)  -86.36 (+0.12%) 4052 142,25 (+0.00%)  -1407.76 (-3.85%) +84.49
MCF+LP-Crit (a=130) | -86.88 (+0.00%)  -86.36 (+-0.12%) +0.52 -1492.25 (+0.00%) -1407.76 (-3.85%) +84.49
SFTray (a=193) 86.88 (10.00%)  -83.30 (-3.31%) 4349 -1492.25 (+0.00%) -1408.02 (-3.83%) 48123
MCF-Crit (a=193) 86.88 (+0.00%)  -82.61 (-4.24%) +4.27 -1492.25 (+0.00%) -1358.10 (-7.24%) +134.15
MCF+LP-Crit (a=103) | -86.88 (+0.00%)  -82.61 (-4.24%) t4.27 149225 (+0.00%)  -1358.10 (-7.24%)  +134.15
SFTray (a=256) 86.88 (40.00%)  -83.30 (-3.34%) 4349 -1492.25 (+0.00%) -1408.02 (-3.83%) 48123
MCF-Crit (a=256) -86.88 (+0.00%)  -82.61 (-4.24%) t4.27 149225 (40.00%)  -1358.10 (-7.24%)  +134.15
MCF4LP-Crit (a=256) | -86.88 (+0.00%)  -82.61 (-4.24%) t4.27 149225 (+0.00%)  -1358.10 (-7.24%)  +134.15
NC (abs.) \ 315,57 28377 13181 ~21899.50 Z12087.00 18012.50
SFTray (a=2) 315,58 (+0.00%)  -286.84 (1L.08%)  +28.73 2857040 (+30.46%)  -13865.00 (46.76%)  +14705.40
MCF-Crit (a=2) -315.57 (4+0.00%) -285.84 (+0.73%)  +20.73 | -27191.90 (+24.17%) -13841.00 (+6.58%) 11335090
MCF+LP-Crit (a=2) -315.57 (+0. 00%) -277.19 (-2.32%) +38.38 -27400.10 (+25.12%) -13777.10 (+6‘08%) +13623.00
SFTray (a=4) 33728 (+6.88%)  -311.20 (+9.67%) +26.08 -33036.80 (+54.97%)  -15466.40 (+19.00%)  +18470.40
MCF-Crit (a=4) -320.44 (+4.39%) -303.24 (+6.86%)  +26.20 | -33124.90 (+51.26%)  -15768.10 (+21.41%)  +17356.80
MCF+LP-Crit (a=4) | -333.42 (+5.66%) -301.09 (+6.42%)  +31.43 | -32641.40 (+49.05%) -16673.40 (+28.39%)  +15968.00
SFTray (a=8) 34318 (+8.75%)  -302.11 (+6.46%) +41.07 -35000.10 (+63.93%) 1689160 (+30.07%)  +19008.50
MCF-Crit (a=8) -315.58 (+0.00%) -281.32 (-0.86%)  +3426 | -35672.40 (+62.89%) -15430.70 (+18.89%) +20232.70
MCF+LP-Crit (a=8) | -342.13 (+8.41%) -300.12 (+5.76%)  +42.01 -35997.10 (+64.37%)  -16783.30 (+29.23%)  +19213.80
modaly SETry (0=16) 31318 (18.75%)  -300.00 (+8.89%) 43418 -35771.20 (+63.34%)  -15575.60 (119.93%)  +20195.60
Al N CP-Crit (a=16) -315.70 (+0.04%) -282.20 (-0.52%)  +33.41 -36510.10 (+66.80%)  -16326.60 (+25.71%)  +20222.50
MCFALP-Crit (a=16) | -342.25 (+8.45%) -320.35 (+12.80%)  +21.90 -35045.00 (+64.14%)  -17224.90 (+32.63%)  +18721.00
SFTray (a=67) 34318 (+8.75%)  -304.46 (+7.20%) 13872 -35702.20 (+63.44%)  -17303.30 (133.93%) 11830800
MCF-Crit (a=67) -338.28 (+7.20%) -298.40 (+5.16%)  +39.88 -36502.20 (+66.68%)  -15416.70 (+18.71%)  +21085.50
MCF+LP-Crit (a=67) | -342.25 (+8.45%) -315.96 (+11.34%)  +26.20 -35040.60 (+64.16%)  -17340.40 (+33.52%) +18609.20
SFTray (a=130) 34318 (+8.75%)  -304.46 (+7.20%) 43872 -35702.20 (+63.44%)  -17393.30 (+33.93%)  +18308.90
MCF-Crit (a=130) -315.70 (+0.04%) -202.39 (+3.04%)  +23.31 -36552.80 (+66.91%)  -17619.10 (+35.67%)  +18933.70
MCF+LP-Crit (a=130) | -342.25 (+8.45%) -315.96 (+11.34%) +26.20 -35949.60 (+64.16%)  -17340.40 (+33.52%) +18609.20
SFTray (a=193) 34318 (48.75%)  -30446 (+7.20%)  +38.72 -35702.20 (+63.44%)  -17393.30 (133.93%) 11839890
MCF-Crit (a=193) -315.70 (+0.04%) -281.00 (-0.97%)  +31.60 -36080.80 (+64.76%)  -16077.00 (+23.79%) +20003.80
MCF4LP-Crit (0=103) | -342.25 (£8.45%) -315.06 (111.34%)  +26.20 -35049.60 (+64.16%)  -17340.40 (+33.52%) +18609.20
SFTray (a=256) 34318 (+8.75%)  -304.46 (+7.20%) 13872 -35702.20 (+63.44%)  -17303.30 (133.93%) 11830890
MCF-Crit (a=256) -338.28 (+7. 20%) -298.40 (+5.16%) +39.88 -36502.20 (+(i(5.68%) -15416.70 (+18.71%) +21085.50
MCF+LP-Crit (a=256) | -342.25 (+8.45%) -315.96 (+11.34%)  +26.20 -35010.60 (+64.16%)  -17340.40 (+33.52%) +18609.20




APPENDIX A. Comparison of MBFF clustering strategies for varying o values with § = 0.1.

Timing-related analysis.

55

Table 7 — Worst Negative Slack (WNS) and Total Negative Slack (TNS) comparison
after Global Placement (GP) and Detailed Routing (DR) for varying a values
with § = 0.1 (Part 2). All values are in picoseconds (ps). NC rows present
absolute values, while SF'Tray, MCF-Crit, and MCF+LP-Crit show absolute
values followed by percentage variation relative to NC in parentheses. Bold
values indicate that MCF-Crit or MCF+4LP-Crit achieved a better WNS or
TNS timing value than SFTray.

. . WNS (ps) TNS (ps)
s e
Design - Version ‘ GP DR A(DR - GP) GP DR A(DR - GP)
NC (abs.) \ -64.65 -28.18 +3647 | -1601.70 -636.38 1965.32
SFTray (a=2) -64.65 (+0.00%) -22.50 (-20.13%) +42.14 -1622.63 (+1.31%) -598.38 (-5.97%) +1024.25
MCF-Crit (a=2) -64.65 (+0.00%) -28.99 (+2.90%) +35.65 -1701.69 (+6.24%) -762.91 (+19.88%) +938.78
MCF+LP-Crit (a=2) -64.65 (+0.00%) -28.99 (+2.90%) +35.65 -1701.69 (+6.24%) -762.91 (+19.88%) +938.78
SFTray (a=4) -65.08 (+0.66%) -25.92 (-7.99%) +39.15 -1639.30 (+2.35%) -681.38 (+7.07%) +957.92
MCF-Crit (a=4) -65.16 (+0.79%) -21.49 (-23.74%)  +43.67 -1711.21 (+6.84%) -698.30 (+9.73%) +1012.91
MCF+LP-Crit (a=4) -65.16 (+0.79%) -21.49 (-23.74%)  +43.67 171121 (+6.84%) -698.30 (+9.73%) +1012.91
SFTray (a=8) -65.08 (+0.66%) -22.87 (-18.84%) +42.21 -1796.85 (+12.18%) -624.99 (-1.79%) +1171.86
MCF-Crit (a=8) -65.16 (+0.79%) -19.69 (-30.13%)  +45.47 -1722.20 (+7.52%) -525.07 (-17.49%)  +1197.13
MCF+LP-Crit (a=8) -65.16 (+0.79%) -19.69 (-30.13%)  +45.47 -1722.20 (+7.52%) -525.07 (-17.49%)  +1197.13
wart | SFTray (a=16) -65.08 (+0.66%) -22.87 (-18.84%) +42.21 -1796.85 (+12.18%) -624.99 (-1.79%) +1171.86
" MCF-Crit (a=16) -65.16 (+0.79%) -19.69 (-30.13%)  +45.47 -1722.20 (+7.52%) -525.07 (-17.49%)  +1197.13
MCF+LP-Crit (a=16) -65.16 (+0.79%) -19.69 (-30.13%)  +45.47 -1722.20 (+7.52%) -525.07 (-17.49%)  +1197.13
SFTray (a=67) -65.08 (+0.66%) -22.87 (-18.84%) +42.21 -1796.85 (+12.18%) -624.99 (-1.79%) +1171.86
MCF-Crit (a=67) -65.16 (+0.79%) -21.02 (-25.39%)  +44.14 -1720.57 (+7.42%) -665.15 (+4.52%) +1055.42
MCF+LP-Crit (a=67) -65.16 (+0.79%) -21.02 (-25.39%)  +44.14 -1720.57 (+7.42%) -665.15 (+4.52%) +1055.42
SFTray (a=130) -65.08 (+0.66%) -22.87 (-18.84%) +42.21 -1796.85 (+12.18%) -624.99 (-1.79%) +1171.86
MCF-Crit (a=130) -65.16 (+0.79%) -21.02 (-25.39%)  +44.14 -1720.57 (+7.42%) -665.15 (+4.52%) +1055.42
MCF+LP-Crit (@=130) |  -65.16 (+0.79%) -21.02 (-25.39%)  +44.14 -1720.57 (+7.42%) -665.15 (+4.52%) +1055.42
SFTray (a=193) -65.08 (+0.66%) -22.87 (-18.84%) +42.21 -1796.85 (+12.18%) -624.99 (-1.79%) +1171.86
MCF-Crit (a=193) -65.16 (++0.79%) -21.02 (-25.39%)  +44.14 -1720.57 (+7.42%) -665.15 (+4.52%) +1055.42
MCF+LP-Crit (a=193) |  -65.16 (-+0.79%) -21.02 (-25.39%)  +44.14 -1720.57 (+7.42%) -665.15 (+4.52%) +1055.42
SFTray (a=256) -65.08 (+0.66%) -22.87 (-18.84%) +42.21 -1796.85 (+12.18%) -624.99 (-1.79%) +1171.86
MCF-Crit (a=256) -65.16 (+0.79%) -21.02 (-25.39%)  +44.14 -1720.57 (+7.42%) -665.15 (+4.52%) +1055.42
MCF+LP-Crit (a=256) |  -65.16 (-+0.79%) -21.02 (-25.39%)  +44.14 -1720.57 (+7.42%) -665.15 (+4.52%) +1055.42
NC (abs.) | -29.78 22,04 +7.74 -10320.60 -166.71 +10153.89
SFTray (a=2) -29.78 (+0.00%) -19.90 (-9.73%) +9.88 -10567.70 (+2.39%) -166.11 (-0.36%) +10401.59
MCF-Crit (a=2) -29.78 (+0.00%) -38.10 (+72.86%) -8.32 -10564.70 (+2.37%) -124.14 (-25.54%)  +10440.56
MCF+LP-Crit (a=2) -50.92 (+70.99%) 2341 (+6.21%) +27.51 -24528.50 (+137.67%) -125.30 (-24.84%)  +24403.20
SFTray (a=4) -143.35 (+381.38%)  -35.30 (+60.17%) +108.05 -115846.00 (+1022.47%)  -614.55 (+268.63%)  +115231.45
MCF-Crit (a=4) -142.33 (+377.94%)  -50.20 (+128.20%) 40204 | -114583.00 (+1010.24%) -3120.06 (+1771.52%)  +111462.94
MCF+LP-Crit (a=4) | -142.33 (+377.94%)  -43.61 (+97.88%) 40872 | -114595.00 (+1010.35%) -2207.23 (+1223.97%)  +112387.77
SFTray (a=8) -142.44 (+378.30%)  -43.83 (+98.86%) +98.61 -114973.00 (+1014.01%)  -1005.98 (+503.42%)  +113967.02
MCF-Crit (a=8) -142.33 (+377.94%) -35.90 (+62.88%)  +106.43 | -114834.00 (+1012.67%) -432.02 (+159.14%) +114401.98
MCF+LP-Crit (a=8) | -142.33 (+377.94%) -35.79 (+62.38%)  +106.54 | -114806.00 (+1012.40%) -400.23 (+140.07%) -+114405.77
hex SFTray (a=16) 14244 (+378.30%)  -48.53 (+120.21%) +93.90 -115043.00 (+1014.69%)  -552.70 (+231.53%)  +114490.30
* MCF-Crit (a=16) -142.33 (+377.94%) -40.86 (+85.38%)  +101.47 |-114889.00 (+1013.20%)  -831.35 (+398.67%)  +114057.65
MCF+LP-Crit (a=16) |-142.33 (+377.94%) -40.86 (+85.38%)  +101.47 |-114909.00 (+1013.39%) -831.35 (+398.67%)  +114077.65
SFTray (a=67) -142.44 (+378.30%)  -44.32 (+101.07%) +98.12 -115066.00 (+1014.92%)  -092.79 (+495.51%)  +114073.21
MCF-Crit (a=67) -142.33 (+377.94%) -37.44 (+69.88%)  +104.89 |-114907.00 (+1013.38%) -711.06 (+326.52%) +114195.94
MCF+LP-Crit (a=67) | -142.33 (+377.94%) -46.58 (+111.36%) 49575 | -114932.00 (+1013.62%) -1673.22 (+903.65%)  +113258.78
SFTray (a=130) 14244 (+378.30%)  -44.32 (+101.07%) +98.12 -115066.00 (+1014.92%)  -992.79 (+495.51%)  +114073.21
MCF-Crit (a=130) -142.33 (+377.94%) -37.44 (+69.88%)  +104.89 | -114907.00 (+1013.38%) -711.06 (+326.52%) ~+114195.94
MCF+LP-Crit (a=130) | -142.33 (+377.94%) -46.58 (+111.36%) +95.75 | -114932.00 (+1013.62%) -1673.22 (+903.65%)  +113258.78
SFTray (a=193) -142.44 (+378.30%)  -44.32 (+101.07%) +98.12 -115066.00 (+1014.92%)  -992.79 (+495.51%)  +114073.21
MCF-Crit (a=193) -142.33 (+377.94%) -37.44 (+69.88%)  +104.89 |-114907.00 (+1013.38%) -711.06 (+326.52%) +114195.94
MCF+LP-Crit (a=193) | -142.33 (+377.94%) -46.58 (+111.36%) 49575 | -114932.00 (+1013.62%) -1673.22 (+903.65%)  +113258.78
SFTray (a=256) 14244 (+378.30%)  -44.32 (+101.07%) +98.12 -115066.00 (+1014.92%)  -992.79 (+495.51%)  +114073.21
MCF-Crit (a=256) -142.33 (+377.94%) -37.44 (+69.88%)  +104.89 | -114907.00 (+1013.38%) -711.06 (+326.52%) ~+114195.94
MCF+LP-Crit (a=256) | -142.33 (+377.94%) -46.58 (+111.36%) +95.75 | -114932.00 (+1013.62%) -1673.22 (+903.65%)  +113258.78
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Table 8 — Worst Negative Slack (WNS) and Total Negative Slack (TNS) comparison
after Global Placement (GP) and Detailed Routing (DR) for varying a values
(Part 3). All values are in picoseconds (ps). NC rows present
absolute values, while SF'Tray, MCF-Crit, and MCF+LP-Crit show absolute
values followed by percentage variation relative to NC in parentheses. Bold
values indicate that MCF-Crit or MCF+4LP-Crit achieved a better WNS or
TNS timing value than SFTray.

with

. - WNS (ps) TNS (ps)

Design. - Version GP DR A(DR - GP) GP DR A(DR - GP)
NC (abs.) | 5.94 -16.70 2264 | 0.00 -79.20 -79.20
SFTray (a=2) -14.61 (-345.93%)  -25.59 (+53.19%) -10.98 -34.57 -154.41 (+94.96%) -119.84
MCF-Crit (a=2) -14.61 ( 345.93%) -22.93 (+37.29%) -8.33 -34.57 -122.62 (+54.83%) -88.05
MCF+LP-Crit (a=2) | -14.61 (-345.93%)  -25.59 (+53.19%) -10.98 -34.57 -154.41 (+94.96%) -119.84
SFTray (a=4) -14.61 (-345.93%)  -30.94 (+85.20%) -16.33 -34.57 -242.93 (+206.73%) -208.36
MCF-Crit (a=4) -14.61 (-345.93%)  -34.88 (+108.79%) -20.27 -34.57 -247.70 (+212.76%) -213.13
MCF+LP-Crit (a=4) | -14.61 (-345.93%)  -31.88 (+90.83%) -17.27 -47.60 -218.59 (+176.01%) -171.00
SFTray (a=8) -14.61 (-345.93%)  -29.24 (+75.05%) -14.63 -88.69 -215.44 (+172.03%) -126.75
MCF-Crit (a=8) -17.74 (-398.70%)  -30.51 (+82.64%) -12.77 -52.27 -226.54 (+186.04%) -174.28
MCF+LP-Crit (a=8) | -17.74 (-398.70%) -28.32 (+69.57%) -10.58 -139.97 -171.45 (+116.49%) -31.48

d SFTray (a=16) -15.88 (-367.40%)  -26.98 (+61.52%) -11.10 -140.28 -188.90 (+138.52%) -48.62

8¢ MCF-Crit (a=16) -17.74 (-398.70%)  -31.10 (+86.20%) -13.36 -52.27 -256.17 (+223.46%) -203.90
MCF+LP-Crit (a=16) |-17.74 (-398.70%)  -28.32 (+69.57%) -10.58 -139.97 -171.45 (+116.49%) -31.48
SFTray (a=67) -15.88 (-367.40%)  -26.98 (+61.52%) -11.10 -140.28 -188.90 (+138.52%) -48.62
MCF-Crit (a=67) -17.74 (-398.70%)  -31.10 (+86.20%) -13.36 -52.27 -256.17 (+223.46%) -203.90
MCF+LP-Crit (a=67) |-17.74 (-398.70%)  -28.32 (+69.57%) -10.58 -139.97 -171.45 (+116.49%) -31.48
SFTray (a=130) -15.88 (-367.40%)  -26.98 (+61.52%) -11.10 -140.28 -188.90 (+138.52%) -48.62
MCF-Crit (a=130) -17.74 (-398.70%)  -31.10 (+86.20%) -13.36 -52.27 -256.17 (+223.46%) -203.90
MCF+LP-Crit (a=130) | -17.74 (-398.70%)  -28.32 (+69.57%) -10.58 -139.97 -171.45 (+116.49%) -31.48
SFTray (a=193) -15.88 (-367.40%)  -26.98 (+61.52%) -11.10 -140.28 -188.90 (+138.52%) -48.62
MCF-Crit (a=193) -17.74 (-398.70%)  -31.10 (+86.20%) -13.36 -52.27 -256.17 (+223.46%) -203.90
MCF+LP-Crit (a=193) | -17.74 (-398.70%)  -28.32 (+69.57%) -10.58 -139.97 -171.45 (+116.49%) -31.48
SFTray (a=256) -15.88 (-367.40%)  -26.98 (+61.52%) -11.10 -140.28 -188.90 (+138.52%) -48.62
MCF-Crit (a=256) -17.74 (-398.70%)  -31.10 (+86.20%) -13.36 -52.27 -256.17 (+223.46%) -203.90
MCF+LP-Crit (a=256) | -17.74 (-398.70%)  -28.32 (+69.57%) -10.58 -139.97 -171.45 (+116.49%) -31.48
NC (abs.) | -38.08 -21.31 +16.76 | -105.85 -146.32 -40.47
SFTray (a=2) -38.08 (+0.00%)  -21.99 (+3.19%) +16.08 -105.85 (+0.00%)  -166.39 (+13.72%) -60.54
MCF-Crit (a=2) -38.08 (+0.00%)  -20.15 (-5.44%) +17.92 -105.85 (+0.00%)  -211.30 (+44.41%) -105.45
MCF+LP-Crit (a=2) | -64.80 (+70.20%)  4.74 (-122.25%) +69.55 | -154.34 (+45.81%)  0.00 (-100.00%) +154.34
SFTray (a=4) -38.08 (+0.00%)  -17.22 (-19.21%) +20.86 -105.85 (+0.00%) -113.92 (-22.15%) -8.06
MCF-Crit (a=4) -38.08 (+0.00%)  -28.40 (+33.24%) +9.68 -105.85 (+0.00%)  -434.40 (+196.88%) -328.55
MCF+LP-Crit (a=4) | -64.80 (+70.20%) -1.18 (-94.49%) +63.63 | -154.34 (+45.81%)  -1.18 (-99.20%) +153.17
SFTray (a=8) -38.08 (+0.00%)  -22.99 (+7.86%) +15.09 -105.85 (+0.00%)  -253.49 (+73.24%) -147.64
MCF-Crit (a=8) -38.08 (+0.00%) -15.31 (-28.15%) +22.76 -105.85 (+0.00%)  -101.33 (-30.75%) +4.52
MCF+LP-Crit (a=8) | -64.80 (+70.20%) 4.75 (-122.30%) +69.56 | -154.34 (+45.81%)  0.00 (-100.00%) +154.34

cvag  SETray (a=16) -38.08 (+0.00%)  -27.07 (+27.03%) +11.00 -105.85 (+0.00%)  -242.44 (+65.69%) -136.59

’ MCF-Crit (a=16) -38.08 (+0.00%) -11.06 (-48.12%) +27.02 -105.85 (+0.00%)  -55.91 (-61.79%) +49.95
MCF+LP-Crit (a=16) | -64.80 (+70.20%) -0.20 (-99.05%) +64.60 | -154.34 (+45.81%)  -0.20 (-99.86%) +154.14
SFTray (a=67) -38.08 (+0.00%)  -17.05 (-20.02%) +21.03 -105.85 (+0.00%)  -221.44 (+51.33%) -115.58
MCF-Crit (a=67) -38.08 (+0.00%)  -32.15 (+50.83%) +5.93 -105.85 (+0.00%)  -537.15 (+267.10%) -431.30
MCF+LP-Crit (a=67) | -64.80 (+70.20%) -2.60 (-87.79%) +62.20 | -154.34 (+45.81%)  -2.60 (-98.22%) +151.74
SFTray (a=130) -38.08 (+0.00%)  -24.69 (+15.86%) +13.38 -105.85 (+0.00%)  -259.55 (+77.38%) -153.70
MCF-Crit (a=130) -38.08 (+0.00%) -23.59 (4+10.70%) +14.48 -105.85 (+0.00%)  -134.09 (-8.36%) -28.24
MCF+LP-Crit (a=130) | -64.80 (+70.20%)  -5.39 (-74.72%) +59.42 | -154.34 (+45.81%)  -5.39 (-96.32%) +148.96
SFTray (a=193) -38.08 (+0.00%)  -21.43 (+0.57%) +16.64 -105.85 (+0.00%) -131.02 (-10.46%) -25.17
MCF-Crit (a=193) -38.08 (+0.00%)  -24.82 (+16.45%) +13.26 -105.85 (+0.00%) -141.20 (-3.50%) -35.35
MCF+LP-Crit (a=193) | -64.80 (+70.20%)  -3.42 (-83.94%) +61.38 | -154.34 (+45.81%)  -4.00 (-97.27%) +150.34
SFTray (a=256) -38.08 (+0.00%)  -15.40 (-27.76%) +22.68 -105.85 (+0.00%) -114.46 (-21.78%) -8.61
MCF-Crit (a=256) -38.08 (+0.00%)  -15.86 (-25.58%) +22.22 -105.85 (+0.00%)  -93.88 (-35.84%) +11.97
MCF+LP-Crit (a=256) | -64.80 (+70.20%)  -17.28 (-18.90%) +47.52 | -154.34 (+45.81%)  -31.86 (-78.22%) +122.48
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Table 9 — Worst Negative Slack (WNS) and Total Negative Slack (TNS) comparison
after Global Placement (GP) and Detailed Routing (DR) for varying a values
with § = 0.1 (Part 4). All values are in picoseconds (ps). NC rows present
absolute values, while SF'Tray, MCF-Crit, and MCF+LP-Crit show absolute
values followed by percentage variation relative to NC in parentheses. Bold
values indicate that MCF-Crit or MCF+4LP-Crit achieved a better WNS or
TNS timing value than SFTray.

Design  Version WNS (ps) TNS (ps)

e GP DR A(DR—GP) GP DR A(DR—GP)
NC (abs.) ‘ -27.10 -10.26 +16.84 ‘ -637.80 -103.07 +534.73
SFTray (a=2) -33.30 (+22.85%) -23.19 (+126.02%) +10.11 -1415.89 (+122.00%) -699.81 (+578.98%) +716.08
MCF-Crit (a=2) -31.48 (+16.13%)  -14.96 (+45.85%) +16.51 -1463.77 (+129.50%) -367.06 (+256.13%) +1096.71
MCF+LP-Crit (a=2) -37.28 (+37.54%) -31.61 (+208.09%) +5.67 -1830.63 (+187.02%) -973.04 (+844.06%) +857.59
SFTray (a=4) -41.07 (+51.52%) -31.94 (+211.34%) +9.13 -2902.79 (+355.13%) -1835.35 (+1680.70%) +1067.44
MCF-Crit (a=4) -38.64 (+42.57%)  -36.51 (+255.91%) +2.13 -3235.11 (+407.23%)  -1884.14 (+1728.04%) +1350.97
MCF+LP-Crit (a=4) | -38.76 (+43.00%) -26.32 (+156.60%)  +12.43 -3198.21 (+401.44%)  -1753.60 (+1601.38%)  +1444.61
SFTray (a=8) -40.56 (+49.63%) -33.98 (+231.19%) +6.58 -3648.14 (+471.99%)  -2052.00 (+1890.90%) +1596.14
MCF-Crit (a=8) -40.34 (+48.84%)  -36.24 (+253.24%) +4.10 -3793.26 (+494.74%)  -2017.41 (4+1857.34%)  +1775.85
MCF+LP-Crit (a=8) -42.08 (+55.27%)  -32.88 (+220.56%) +9.20 -4009.93 (+528.71%)  -2041.88 (+1881.08%)  +1968.05

acs SFTray (a=16) -64.14 (+136.65%) -35.32 (+244.29%) +28.82 -4513.05 (+607.60%) -2639.89 (+2461.28%) +1873.16

" MCF-Crit (a=16) -44.33 (+63.58%) -32.89 (+220.58%) +11.45 -4330.04 (+578.90%) -2117.12 (+1954.08%)  +2212.92
MCF+LP-Crit (a=16) | -60.94 (+124.82%)  -39.85 (+288.41%) +21.09 -4539.18 (+611.69%)  -2723.15 (+2542.07%) +1816.03
SFTray (a=67) -64.14 (+136.65%) -39.26 (+282.66%) +24.88 -5310.03 (+732.56%) -2472.98 (+2299.34%) +2837.05
MCF-Crit (a=67) -44.57 (+64.44%) -51.57 (+402.67%) -7.00 -4357.79 (+583.25%)  -2726.21 (+2545.03%) +1631.58
MCF+LP-Crit (4=67) | -60.94 (+124.82%)  -43.83 (+327.26%) +17.10 -4640.11 (+627.52%)  -2570.11 (+2393.58%) +2070.00
SFTray (a=130) -64.14 (+136.65%) -39.26 (+282.66%) +24.88 -5310.03 (+732.56%) -2472.98 (+2299.34%) +2837.05
MCF-Crit (a=130) -44.57 (+64.44%) -51.57 (+402.67%) -7.00 -4357.79 (+583.25%)  -2726.21 (+2545.03%) +1631.58
MCF+LP-Crit (a=130) | -60.94 (4+124.82%)  -43.83 (+327.26%) +17.10 -4640.11 (4+627.52%)  -2570.11 (+2393.58%) +2070.00
SFTray (a=193) -64.14 (+136.65%) -39.26 (+282.66%) +24.88 -5310.03 (+732.56%) -2472.98 (+2299.34%) +2837.05
MCF-Crit (a=193) -44.57 (+64.44%) -51.57 (+402.67%) -7.00 -4357.79 (+583.25%)  -2726.21 (+2545.03%) +1631.58
MCF+LP-Crit (a=193) | -60.94 (4124.82%)  -43.83 (+327.26%) +17.10 -4640.11 (+627.52%)  -2570.11 (+2393.58%) +2070.00
SFTray (a=256) -64.14 (+136.65%)  -39.26 (+282.66%) +24.88 -5310.03 (+732.56%)  -2472.98 (+2299.34%) +2837.05
MCF-Crit (a=256) -44.57 (+64.44%)  -51.57 (+402.67%) -7.00 -4357.79 (+583.25%)  -2726.21 (+2545.03%) +1631.58
MCF+LP-Crit (a=256) | -60.94 (+124.82%)  -43.83 (+327.26%) +17.10 -4640.11 (+627.52%)  -2570.11 (+2393.58%) +2070.00
NC (abs.) ‘ -135.54 21.09 +156.63 -66001.90 0.00 -+66001.90
SFTray (a=2) -135.54 (+0.00%) 15.57 (-26.17%) +151.11 -66176.80 (+0.26%) 0.00 +66176.80
MCF-Crit (a=2) -135.03 (-0.37%) 2.87 (-86.40%) +137.90 -66167.50 (40.25%) 0.00 +66167.50
MCF+LP-Crit (a=2) -135.03 (-0.37%) 2.87 (-86.40%) +137.90 -66167.50 (40.25%) 0.00 +66167.50
SFTray (a=4) -135.03 (-0.37%) -10.97 (-152.01%) +124.07 -66546.30 (++0.82%) -957.34 +65588.96
MCF-Crit (a=4) -135.03 (-0.37%) 5.30 (-74.85%) +140.34 | -66514.20 (40.78%) 0.00 +66514.20
MCF+LP-Crit (a=4) -135.03 (-0.37%) 5.30 (-74.85%) +140.34 | -66514.20 (40.78%) 0.00 +66514.20
SFTray (a=8) -133.13 (-1.77%) 18.42 (-12.66%) +151.55 -66935.80 (++1.41%) 0.00 +66935.80
MCF-Crit (a=8) -131.54 (-2.95%) 17.89 (-15.16%) +149.44 -66921.30 (+1.39%) 0.00 +66921.30
MCF+LP-Crit (a=8) -131.54 (-2.95%) 17.89 (-15.16%) +149.44 -66921.30 (+1.39%) 0.00 +66921.30

risev32i SFTray (a=16) -133.13 (-1.77%) 18.83 (-10.71%) +151.96 -66937.50 (+1.42%) 0.00 +66937.50
MCF-Crit (a=16) -131.54 (-2.95%) 27.31 (+29.49%) +158.85 -66940.00 (++1.42%) 0.00 +66940.00
MCF+LP-Crit (a=16) -131.54 (-2.95%) 27.31 (+29.49%) +158.85 -66940.00 (++1.42%) 0.00 +66940.00
SFTray (a=67) -133.13 (-1.77%) 13.34 (-36.75%) +146.47 -66942.90 (+1.43%) 0.00 +66942.90
MCF-Crit (a=67) -131.54 (-2.95%)  13.88 (-34.18%) +145.42 -66939.70 (+1.42%) 0.00 +66939.70
MCF+LP-Crit (a=67) -131.54 (-2.95%) 13.88 (-34.18%) +145.42 -66939.70 (+1.42%) 0.00 +66939.70
SFTray (a=130) -133.13 (-1.77%) 13.34 (-36.75%) +146.47 -66942.90 (4-1.43%) 0.00 +66942.90
MCF-Crit (a=130) -131.54 (-2.95%)  13.88 (-34.18%) +145.42 -66939.70 (+1.42%) 0.00 +66939.70
MCF+LP-Crit (a=130) | -131.54 (-2.95%)  13.88 (-34.18%) +145.42 -66939.70 (+1.42%) 0.00 +66939.70
SFTray (a=193) -133.13 (-1.77%) 13.34 (-36.75%) +146.47 -66942.90 (+1.43%) 0.00 +66942.90
MCF-Crit (a=193) -131.54 (-2.95%)  13.88 (-34.18%) +145.42 -66939.70 (+1.42%) 0.00 +66939.70
MCF+LP-Crit (a=193) | -131.54 (-2.95%)  13.88 (-34.18%) +145.42 -66939.70 (+1.42%) 0.00 +66939.70
SFTray (a=256) -133.13 (-1.77%) 13.34 (-36.75%) +146.47 -66942.90 (++1.43%) 0.00 +66942.90
MCF-Crit (a=256) -131.54 (-2.95%)  13.88 (-34.18%) +145.42 -66939.70 (+1.42%) 0.00 +66939.70
MCF+LP-Crit (a=256) | -131.54 (-2.95%)  13.88 (-34.18%) +145.42 -66939.70 (+1.42%) 0.00 +66939.70
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Table 10 — Worst Negative Slack (WNS) and Total Negative Slack (TNS) comparison
after Global Placement (GP) and Detailed Routing (DR) for varying a values
with f = 0.1 (Part 5). All values are in picoseconds (ps). NC rows present
absolute values, while SFTray, MCF-Crit, and MCF+LP-Crit show absolute
values followed by percentage variation relative to NC in parentheses. Bold
values indicate that MCF-Crit or MCF+LP-Crit achieved a better WNS or
TNS timing value than SFTray.

Design  Version WNS (ps) NS (ps)
& i GP DR A(DR —GP) GP DR A(DR-GP)

NC (abs.) -23.88 16.63 +40.52 ‘ -210.86 0.00 +210.86
SFTray (a=2) -23.88 (4+0.00%) 19.84 (+19.28%) +43.73 -269.14 (+27.64%)  0.00 +269.14
MCF-Crit (a=2) -23.88 (4+0.00%) 19.19 (+15.38%) +43.08 -215.95 (+2.41%) 0.00 +215.95
MCF+LP-Crit (a=2) -23.88 (+O 00%) 16.34 (-1.78%) +40.22 -218.54 (+3.64%) 0.00 +218.54
SFTray (a=4) -25.88 (+8.34%) 14.47 (-13.00%) +40.35 -326.86 (+55.01%)  0.00 +326.86
MCF-Crit (a=4) -25.92 (+8.51%) 18.31 (+10.11%) +44.23 -317.46 (+50.56%) 0.00 +317.46
MCF+LP-Crit (a=4) -27.60 (+15.57%) 17.67 (+6.21%) +45.27 -315.28 (4+49.52%) 0.00 +315.28
SFTray (a=8) -30.35 (+27.07%) 20.99 (+26.18%) +51.34 -361.36 (+71.37%)  0.00 +361.36
MCF-Crit (a=8) -28.45 (4+19.13%)  10.27 (-38.24%) +38.73 -341.76 (4+62.08%) 0.00 +341.76
MCF+LP-Crit (a=8) -27.60 (+15.57%) 17.11 (+2.87%) +44.72 -339.80 (4+61.15%) 0.00 +339.80

e SFTray (a=16) -30.35 (+27.07%) 14.00 (-15.84%) +44.35 -387.06 (+83.57%)  0.00 +387.06

pes MCF-Crit (a=16) -28.45 (+19.13%) 19.36 (+16.39%) +47.81 -354.02 (+67.89%) 0.00 +354.02
MCF+LP-Crit (a=16) -30.62 (4+28.20%) 16.70 (+0.38%) +47.32 -358.52 (4+70.03%) 0.00 +358.52
SFTray (a=67) -30.35 (+27.07%) 16.32 (-1.86%) +46.67 -391.47 (+85.66%)  0.00 +391.47
MCF-Crit (a=67) -30.98 (4+29.69%) 10.32 (-37.98%) +41.29 -366.38 (4+73.76%) 0.00 +366.38
MCF+LP-Crit (a=67) -30.62 (+28.20%)  17.23 (4+3.60%) +47.85 -363.23 (4+72.26%) 0.00 +363.23
SFTray (a=130) -30.35 (4+27.07%) 16.32 (-1.86%) +46.67 -391.47 (+85.66%)  0.00 +391.47
MCF-Crit (a=130) -30.98 (4+29.69%) 10.32 (-37.98%) +41.29 -366.38 (+73.76%) 0.00 +366.38
MCF+LP-Crit (a=130) | -30.62 (+28.20%) 17.23 (43.60%) +47.85 -363.23 (4+72.26%) 0.00 +363.23
SFTray (a=193) -30.35 (+27.07%) 16.32 (-1.86%) +46.67 -391.47 (+85.66%)  0.00 +391.47
MCF-Crit (a=193) -30.98 (429.69%) 10.32 (-37.98%) +41.29 -366.38 (+73.76%) 0.00 +366.38
MCF+LP-Crit (a=193) | -30.62 (+28.20%) 17.23 (+3.60%) +47.85 -363.23 (4+72.26%) 0.00 +363.23
SFTray (a=256) -30.35 (+27.07%) 16.32 (-1.86%) +46.67 -391.47 (+85.66%)  0.00 +391.47
MCF-Crit (a=256) -30.98 (429.69%) 10.32 (-37.98%) +41.29 -366.38 (+73.76%) 0.00 +366.38
MCF+LP-Crit (a=256) | -30.62 (+28.20%) 17.23 (+3.60%) +47.85 -363.23 (+72.26%) 0.00 +363.23
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Table 11 — Comparison of MBFF clustering strategies for varying a values with [

0.1 (Part 1). NC rows present absolute values, while SFTray, MCF-Crit, and
MCF+LP-Crit show absolute values followed by percentage variation relative
to NC in parentheses (except for #1b, #2b and #4b, which are the number of
1-bit, 2-bit and 4-bit flip-flops, respectively). All metrics were extracted after
detailed routing.

Design  Version ‘ #1b  #2b #4b FF % ‘ Clk. P (mW) Swit. P (mW) Total P (mW) ‘ Area (um?)
NC (abs.) [ 562 0 0 33% | 2.500 98.881 166.145 | 1838.640
SFTray (a=2) 464 23 13 2.9% | 2.310 (-7.60%) 98.737 (-0.15%) 165.802 (-0.21%) 1834 240 (-0.24%)
MCF-Crit (a=2) 480 21 10 3.0% | 2.230 (-10.80%)  99.512 (+0.64%)  167.757 (+0.97%) 1855.730 (+0.93%)
MCF+LP-Crit (a=2) | 436 27 18 2.8% |2.100 (-16.00%)  99.256 (+0.38%)  167.117 (+0.59%) 1852.490 (+0.75%)
SFTray (a=4) 222 20 75 1.9% | 1590 (-36.40%)  99.201 (+0.32%)  166.621 (+0.29%) 1852.870 (++0.77%)
MCF-Crit (a=4) 214 14 80 1.8% | 1.520 (-39.20%)  99.355 (+0.48%)  167.045 (+0.54%) 1855.890 (+0.94%)
MCF+LP-Crit (a=4) | 226 28 70 19% | 1.690 (-32.40%)  99.501 (+0.63%)  167.495 (+0.81%) 1858.470 (+1.08%)
SFTray (a=8) 106 12 108 1.3% | 1.280 (-48.80%)  99.148 (+0.27%)  166.447 (+0.18%) 1853.060 (+0.78%)
MCF-Crit (a=8) 94 12 111 1.3% | 1.130 (-54.80%)  99.147 (+0.27%)  166.340 (4+0.12%) | 1852.560 (+0.76%)
MCF+LP-Crit (a=8) 94 12 111 1.3% | 1.130 (-54.80%)  99.147 (+0.27%)  166.340 (+0.12%) | 1852.560 (+0.76%)

aes SFTray (a=16) 36 5 120 1.0% | 1.040 (-58.40%)  99.142 (+0.26%)  166.106 (-0.02%) 1850.170 (+0.63%)

‘ MCF-Crit (a=16) 38 10 126 1.0% | 1.100 (-56.00%)  99.499 (+0.63%)  167.131 (+0.59%) 1862.000 (+1.27%)
MCF+LP-Crit (a=16) | 32 1 132 1.0% | 1.060 (-57.60%) 99.059 (+0.18%)  166.515 (+0.22%) 1856.620 (+0.98%)
SFTray (a=67) 10 2 137 0.9% | 1.160 (-53.60%)  99.372 (+0.50%)  167.002 (+0.52%) 1867.570 (+1.57%)
MCF-Crit (a=67) 30 6 130 1.0% | 1.040 (-58.40%) 99.260 (+0.38%) 166.570 (+0.26%) | 1857.450 (+1.02%)
MCF+LP-Crit (a=67) | 10 0 138 0.9% | 1.100 (-56.00%)  99.440 (+0.57%)  167.370 (+0.74%) | 1862.350 (+1.29%)
SFTray (a=130) 10 2 137 0.9% | 1.160 (-53.60%)  99.372 (+0.50%)  167.002 (+0.52%) 1867.570 (+1.57%)
MCF-Crit (a=130) 30 6 130 1.0% | 1.040 (-58.40%) 99.260 (+0.38%) 166.570 (+0.26%) | 1857.450 (+1.02%)
MCF+LP-Crit (a=130) | 10 0 138 0.9% | 1.100 (-56.00%)  99.440 (+0.57%)  167.370 (+0.74%) | 1862.350 (+1.29%)
SFTray (a=193) 10 2 137 0.9% | 1.160 (-53.60%)  99.372 (+0.50%)  167.002 (+0.52%) 1867.570 (+1.57%)
MCF-Crit (a=193) 30 6 130 1.0% | 1.040 (-58.40%) 99.260 (+0.38%) 166.570 (+0.26%) | 1857.450 (+1.02%)
MCF+LP-Crit (a=193) | 10 0 138 0.9% | 1.100 (-56.00%)  99.440 (+0.57%)  167.370 (+0.74%) | 1862.350 (+1.29%)
SFTray (a=256) 10 2 137 0.9% | 1160 (-53.60%)  99.372 (+0.50%)  167.002 (+0.52%) 1867.570 (+1.57%)
MCF-Crit (a=256) 30 6 130 1.0% | 1.040 (-58.40%) 99.260 (+0.38%) 166.570 (+0.26%) | 1857.450 (+1.02%)
MCF+LP-Crit (a=256) | 10 0 138 0.9% | 1.100 (-56.00%)  99.440 (+0.57%)  167.370 (+0.74%) | 1862.350 (+1.29%)
NC (abs.) [8465 0 0 72% | 17.500 46.961 132.122 | 17586.400
SFTray (a=2) 6715 740 385 6.7% | 17.300 (-1.14%)  48.095 (+241%)  133.153 (+0.78%) | 17953.200 (+2.09%)
MCF-Crit (a=2) 6713 768 396 6.7% | 17.200 (-1.71%)  48.760 (+3.83%)  133.763 (+1.24%) | 17977.400 (+2.22%)
MCF+LP-Crit (a=2) | 6719 761 392 6.7% | 16.800 (-4.00%) 45.721 (-2.64%) 130.309 (-1.37%) | 17958.100 (+2.11%)
SFTray (a=4) 6694 723 382 6.7% | 17.100 (-2.29%)  47.782 (+1.75%)  132.504 (+0.29%) | 17928.700 (+1.95%)
MCF-Crit (a=4) 6690 749 385 6.7% | 17.300 (-1.14%) = 48.614 (+3.52%)  133.640 (+1.15%) | 17949.300 (+2.06%)
MCF+LP-Crit (a=4) | 6691 733 385 6.7% | 16.800 (-4.00%) 45.584 (-2.93%) 130.000 (-1.61%) | 17925.600 (+1.93%)
SFTray (a=8) 6686 668 374 6.6% | 17.200 (-1.71%)  47.191 (+0.49%)  131.893 (-0.17%) 17886.800 (+1.71%)
MCF-Crit (a=8) 6681 706 380 6.6% |17.100 (-2.29%)  47.846 (+1.88%)  132.515 (+0.30%) | 17915.700 (+1.87%)
MCF+LP-Crit (a=8) | 6683 687 378 6.6% |16.700 (-4.57%) 45.403 (-3.32%) 129.574 (-1.93%) | 17888.500 (+1.72%)

cvag  SFTray (a=16) 6680 604 364 6.5% | 17.000 (-2.86%)  46.729 (-0.50%) 131.079 (-0.79%) 17832.700 (+1.40%)

: MCF-Crit (a=16) 6679 634 359 6.6% | 17.000 (-2.86%)  46.963 (+0.00%)  131.346 (-0.59%) 17845.900 (+1.48%)
MCF+LP-Crit (a=16) | 6682 595 367 6.5% | 16.700 (-4.57%) 45.109 (-3.94%) 129.086 (-2.30%) | 17820.300 (+1.33%)
SFTray (a=67) 6678 309 365 6.3% | 16.400 (-6.29%)  46.316 (-1.37%) 129.453 (-2.02%) 17654.600 (+0.39%)
MCF-Crit (a=67) 6678 348 352 6.3% | 16.500 (-5.71%)  46.312 (-1.38%)  129.618 (-1.90%) 17664.200 (+0.44%)
MCF+LP-Crit (a=67) | 6678 334 362 6.3% | 16.600 (-5.14%)  44.840 (-4.52%) 128.189 (-2.98%) | 17663.600 (+0.44%)
SFTray (a=130) 6678 119 415 6.2% | 16.000 (-8.57%)  46.133 (-1.76%) 128.630 (-2.64%) 17594.800 (+0.05%)
MCF-Crit (a=130) 6678 99 421 6.2% | 15.800 (-9.71%)  46.210 (-1.60%)  128.614 (-2.66%) | 17587.600 (+0.01%)
MCF+LP-Crit (a=130) | 6678 129 410 6.2% | 16.500 (-5.71%)  44.752 (-4.70%) 127.739 (-3.32%) | 17598.700 (+0.07%)
SFTray (a=193) 6678 68 427 6.2% | 15.900 (-9.14%)  46.113 (-1.81%) 128.471 (-2.76%) 17577.700 (-0.05%)
MCF-Crit (a=193) 6678 52 433 6.2% | 15.800 (-9.71%)  46.190 (-1.64%) 128.614 (-2.66%) | 17574.900 (-0.07%)
MCF+LP-Crit (a=193) | 6678 62 427 6.2% | 16.500 (-5.71%)  44.613 (-5.00%) 127.466 (-3.52%) | 17577.900 (-0.05%)
SFTray (a=256) 6678 49 433  6.2% | 15.700 (-10.29%)  46.052 (-1.94%) 128.284 (-2.90%) 17570.900 (-0.09%)
MCF-Crit (a=256) 6678 40 437 6.2% | 15.700 (-10.29%)  46.129 (-1.77%) 128.409 (-2.81%) | 17568.300 (-0.10%)
MCF+LP-Crit (a=256) | 6678 39 435 6.2% | 16.400 (-6.20%)  44.575 (-5.08%) 127.346 (-3.61%) | 17572.100 (-0.08%)
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Table 12 — Comparison of MBFF clustering strategies for varying a values with § =

0.1 (Part 2). NC rows present absolute values, while SFTray, MCF-Crit, and
MCF+LP-Crit show absolute values followed by percentage variation relative
to NC in parentheses (except for #1b, #2b and #4b, which are the number of
1-bit, 2-bit and 4-bit flip-flops, respectively). All metrics were extracted after

detailed routing.

Design ~ Version ‘ #1b  #2b  #4b FF % ‘ Clk. P (mW) Swit. P (mW) Total P (mW) ‘ Area (um?)
NC (abs.) 10546 0 0 17.3%| 51.000 24.878 111.321 | 7935.720
SFTray (a=2) 8106 364 428 15.0% | 44.400 (-12.94%)  22.357 (-10.13%)  101.096 (-9.19%) | 7894.810 (-0.52%)
MCF-Crit (a=2) 8064 371 435 15.0% | 44.900 (-11.96%)  22.404 (-9.94%)  101.514 (-8.81%) | 7899.090 (-0.46%)
MCF+LP-Crit (a=2) | 8064 371 435 15.0% | 44.900 (-11.96%) 22404 (-9.94%)  101.514 (-8.81%) | 7899.090 (-0.46%)
SFTray (a=4) 2970 214 1787 9.1% | 26.700 (-47.65%)  15.776 (-36.59%)  75.562 (-32.12%) | 7781.430 (-1.94%)
MCF-Crit (a=4) 3030 246 1756 9.2% | 26.800 (-47.45%)  15.932 (-35.96%)  75.711 (-31.99%) | 7781.050 (-1.95%)
MCF+LP-Crit (a=4) | 3030 246 1756 9.2% | 26.800 (-47.45%)  15.932 (-35.96%)  75.711 (-31.99%) | 7781.050 (-1.95%)
SFTray (a=8) 1396 31 2272 6.9% | 21.500 (-57.84%)  13.523 (-45.64%)  67.949 (-38.96%) | 7748.320 (-2.36%)
MCF-Crit (a=8) 1380 35 2274 6.9% | 21.300 (-58.24%) 13.437 (-45.99%) 67.652 (-39.23%) | 7745.510 (-2.40%)
MCF+LP-Crit (a=8) | 1380 35 2274 6.9% |21.300 (-58.24%) 13.437 (-45.99%) 67.652 (-39.23%) | 7745.510 (-2.40%)
ethmae  SETray (a=16) 1340 19 2292 6.8% | 21.400 (-58.04%)  13.422 (-46.05%)  67.718 (-39.17%) | 7747.510 (-2.37%)

T MCF-Crit (a=16) 1330 26 2291 6.8% | 20.900 (-59.02%) 13.376 (-46.23%) 67.239 (-39.60%) | 7743.930 (-2.42%)
MCF+LP-Crit (a=16) | 1330 26 2291 6.8% | 20.900 (-59.02%) 13.376 (-46.23%) 67.239 (-39.60%) | 7743.930 (-2.42%)
SFTray (a=67) 1312 11 2303 6.8% | 20.900 (-59.02%)  13.321 (-46.46%)  67.198 (-39.64%) | 7743.500 (-2.42%)
MCF-Crit (a=67) 1300 19 2302 6.8% | 21.100 (-58.63%) 13.311 (-46.49%)  67.354 (-39.50%) | 7745.520 (-2.40%)
MCF+LP-Crit (a=67) | 1300 19 2302 6.8% | 21.100 (-58.63%) 13.311 (-46.49%)  67.354 (-39.50%) | 7745.520 (-2.40%)
SFTray (a=130) 1312 11 2303 6.8% | 20.900 (-59.02%)  13.321 (-46.46%)  67.198 (-39.64%) | 7743.500 (-2.42%)
MCF-Crit (a=130) 1300 19 2302 6.8% | 21.100 (-58.63%) 13.311 (-46.49%)  67.354 (-39.50%) | 7745.520 (-2.40%)
MCF+LP-Crit (a=130) | 1300 19 2302 6.8% | 21.100 (-58.63%) 13.311 (-46.49%)  67.354 (-39.50%) | 7745.520 (-2.40%)
SFTray (a=193) 1312 11 2303 6.8% | 20.900 (-59.02%)  13.321 (-46.46%)  67.198 (-39.64%) | 7743.500 (-2.42%)
MCF-Crit (a=193) 1208 20 2302 6.8% | 21.000 (-58.82%)  13.364 (-46.28%)  67.223 (-39.61%) | 7744.850 (-2.41%)
MCF+LP-Crit (a=193) | 1208 20 2302 6.8% | 21.000 (-58.82%)  13.364 (-46.28%)  67.223 (-39.61%) | 7744.850 (-2.41%)
SFTray (a=256) 1312 11 2303 6.8% | 20.900 (-59.02%)  13.321 (-46.46%)  67.198 (-39.64%) | 7743.500 (-2.42%)
MCF-Crit (a=256) 1208 20 2302 6.8% | 21.000 (-58.82%)  13.364 (-46.28%)  67.223 (-39.61%) | 7744.850 (-2.41%)
MCF+LP-Crit (a=256) | 1208 20 2302 6.8% | 21.000 (-58.82%)  13.364 (-46.28%)  67.223 (-39.61%) | 7744.850 (-2.41%)
NC (abs.) | 33 0 0 75% | 0.099 0.323 0.918 | 48.347
SFTray (a=2) 31 2 0 7.0% | 0115 (+16.40%)  0.325 (+0.53%) 0.941 (+2.48%) 49.149 (+1.66%)
MCF-Crit (a=2) 3 1 0 73% | 0.084 (-14.57%)  0.315 (-2.46%)  0.885 (-3.67%) | 47.852 (-1.03%)
MCF+LP-Crit (a=2) 3. 2 0 7.0% | 0115 (+16.40%)  0.325 (+0.53%) 0.941 (+2.48%) 49.149 (+1.66%)
SFTray (a=4) 1303 4 44% | 0.049 (-50.10%) 0.293 (-9.29%) 0.831 (-9.51%) 47.822 (-1.09%)
MCF-Crit (a=4) 21 3 2 5.8% 0.057 (-42.11%) 0.298 (-7.66%) 0.835 (-9.13%) 47.239 (-2.29%)
MCF+LP-Crit (a=4) 13 3 4 44% | 0.051 (-48.28%) 0.295 (-8.86%) 0.831 (-9.57%) 47.954 (-0.81%)
SFTray (a=8) 5 3 6 31% | 0.043 (-56.98%) 0.287 (-11.15%) 0.818 (-10.89%) 48.172 (-0.36%)
MCF-Crit (a=8) 2 5 40% | 0.050 (-48.99%) 0.295 (-8.86%) 0.836 (-8.94%) 48.129 (-0.45%)
MCF+LP-Crit (a=8) 3 0 8 24% | 0057 (-42.11%) 0.293 (-9.44%) 0.852 (-7.27%) 49.251 (+1.87%)

od SFTray (a=16) 3 0 8 25% | 0057 (-42.11%) 0.285 (-11.97%) 0.825 (-10.22%) 48.158 (-0.39%)

& MCF-Crit (a=16) 9 3 5 38% | 0.064(-34.92%) 0.297 (-8.25%) 0.850 (-7.44%) 48.245 (-0.21%)
MCF+LP-Crit (a=16) 3 0 8 24% | 0.057 (-42.11%) 0.293 (-9.44%) 0.852 (-7.27%) 49.251 (+1.87%)
SFTray (a=67) 3 0 8 25% | 0057 (-42.11%) 0.285 (-11.97%) 0.825 (-10.22%) 48.158 (-0.39%)
MCF-Crit (a=67) 9 3 5 38% | 0.064(-34.92%) 0.297 (-8.25%) 0.850 (-7.44%) 48.245 (-0.21%)
MCF+LP-Crit (a=67) 3 0 8 24% | 0.057 (-42.11%) 0.293 (-9.44%) 0.852 (-7.27%) 49.251 (+1.87%)
SFTray (a=130) 3 0 8 25% | 0057 (-42.11%) 0.285 (-11.97%) 0.825 (-10.22%) 48.158 (-0.39%)
MCF-Crit (a=130) 9 3 5 38% | 0.064(-34.92%) 0.297 (-8.25%) 0.850 (-7.44%) 48.245 (-0.21%)
MCF+LP-Crit (a=130) | 3 0 8 24% | 0057 (-42.11%) 0.293 (-9.44%) 0.852 (-7.27%) 49.251 (+1.87%)
SFTray (a=193) 3 0 8 25% | 0057 (-42.11%) 0.285 (-11.97%) 0.825 (-10.22%) 48.158 (-0.39%)
MCF-Crit (a=193) 9 3 5 38% | 0.064(-34.92%) 0.297 (-8.25%) 0.850 (-7.44%) 48.245 (-0.21%)
MCF+LP-Crit (a=193) | 3 0 8 24% | 0057 (-42.11%) 0.293 (-9.44%) 0.852 (-7.27%) 49.251 (+1.87%)
SFTray (a=256) 3 0 8 25% | 0057 (-42.11%) 0.285 (-11.97%) 0.825 (-10.22%) 48.158 (-0.39%)
MCF-Crit (a=256) 9 3 5 38% | 0.064(-34.92%) 0.297 (-8.25%) 0.850 (-7.44%) 48.245 (-0.21%)
MCF+LP-Crit (a=256) | 3 0 8 24% | 0057 (-42.11%) 0.293 (-9.44%) 0.852 (-7.27%) 49.251 (+1.87%)
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Table 13 — Comparison of MBFF clustering strategies for varying a values with § =
0.1 (Part 3). NC rows present absolute values, while SFTray, MCF-Crit, and
MCF+LP-Crit show absolute values followed by percentage variation relative
to NC in parentheses (except for #1b, #2b and #4b, which are the number of
1-bit, 2-bit and 4-bit flip-flops, respectively). All metrics were extracted after
detailed routing.

Design  Version | #1b #2b #4b FF % | Clk P (mW) Swit. P (mW) Total P (mW) | Area (um?)
NC (abs.) [1939 0 0 8.9% | 2.920 12.254 25.188 | 2541.780
SFTray (a=2) 1929 1 2 89% | 2940 (+0.68%)  12.300 (+0.37%)  25.400 (+0.84%) | 2555.950 (+0.56%)
MCF-Crit (a=2) 1931 0 2 89% | 2950 (+1.03%)  12.301 (+0.38%)  25.280 (+0.37%) | 2553.370 (+0.46%)
MCF+LP-Crit (a=2) | 1929 1 2 89% | 2940 (+0.68%) 12.269 (40.12%) 25.241 (+0.21%) | 2550.300 (+0.34%)
SFTray (a=4) 1799 8 31 85% | 2.850 (-2.40%) 12.168 (-0.71%) 24.907 (-1.11%) 2534.600 (-0.28%)
MCF-Crit (a=4) 1801 5 32 85% | 2.840 (-2.74%) 12.126 (-1.04%) 24.712 (-1.89%) | 2527.150 (-0.58%)
MCF+LP-Crit (a=4) | 1799 4 33 85% | 23850 (-2.40%) 12.184 (-0.57%) 24.951 (-0.94%) | 2532.940 (-0.35%)
SFTray (a=8) 1691 2 61 82% | 2.720 (-6.85%) 12.087 (-1.36%) 24.613 (-2.28%) 2529.090 (-0.50%)
MCF-Crit (a=8) 1693 1 61  81% | 2.710 (-7.19%) 12313 (+0.48%)  25.255 (+0.27%) | 2555.220 (+0.53%)
MCF+LP-Crit (a=8) | 1697 1 60 82% | 2730 (-6.51%)  12.086 (-1.38%)  24.621 (-2.25%) 2531.020 (-0.42%)
ey SFTray (a=16) 1675 2 65 81% | 2.720 (-6.85%) 12.116 (-1.13%) 24.693 (-1.96%) 2532.180 (-0.38%)
MCF-Crit (a=16) 1677 1 65 81% | 2.710 (-7.19%) 12.073 (-1.48%) 24.494 (-2.76%) | 2528.900 (-0.51%)
MCF+LP-Crit (a=16) |1673 3 65 81% | 2.710 (-7.19%) 12.073 (-1.48%) 24.494 (-2.76%) | 2528.900 (-0.51%)
SFTray (a=67) 1673 1 66 8.0% | 2.720 (-6.85%) 12.249 (-0.04%) 25.109 (-0.31%) | 2560.040 (+0.72%)
MCF-Crit (a=67) 1673 1 66 81% | 2730 (-6.51%)  12.174 (-0.66%) 24.976 (-0.84%) | 2546.350 (+0.18%)
MCF+LP-Crit (a=67) | 1671 2 66 8.1% | 2.710 (-7.19%)  12.125 (-1.05%) 24.638 (-2.18%) | 2537.180 (-0.18%)
SFTray (a=130) 1673 1 66 80% | 2.720 (-6.85%) 12.249 (-0.04%) 25.109 (-0.31%) | 2560.040 (+0.72%)
MCF-Crit (a=130) 1673 1 66 81% | 2730 (-6.51%)  12.174 (-0.66%) 24.976 (-0.84%) | 2546.350 (+0.18%)
MCF+LP-Crit (a=130) | 1671 2 66  8.1% | 2.710 (-7.19%) 12.125 (-1.05%)  24.638 (-2.18%) | 2537.180 (-0.18%)
SFTray (a=193) 1673 1 66 8.0% | 2.720 (-6.85%) 12.249 (-0.04%) 25.109 (-0.31%) | 2560.040 (+0.72%)
MCF-Crit (a=193) 1673 1 66 8.1% | 2730 (-6.51%)  12.174 (-0.66%) 24.976 (-0.84%) | 2546.350 (+0.18%)
MCF+LP-Crit (a=193) | 1671 2 66  8.1% | 2.710 (-7.19%) 12.125 (-1.05%) 24.638 (-2.18%) | 2537.180 (-0.18%)
SFTray (a=256) 1673 1 66 80% | 2.720 (-6.85%) 12.249 (-0.04%) 25.109 (-0.31%) | 2560.040 (+0.72%)
MCF-Crit (a=256) 1673 1 66 81% | 2730 (-6.51%)  12.174 (-0.66%) 24.976 (-0.84%) | 2546.350 (+0.18%)
MCF+LP-Crit (a=256) | 1671 2 66  8.1% | 2.710 (-7.19%) 12.125 (-1.05%) 24.638 (-2.18%) | 2537.180 (-0.18%)
NC (abs.) |4383 0 0  7.6% | 9.800 56.825 119.187 | 6436.980
SFTray (a=2) 3505 111 164 6.7% | 9.120 (-6.94%) 56.378 (-0.79%)  117.528 (-1.39%) | 6432.130 (-0.08%)
MCF-Crit (a=2) 3457 129 167 6.6% | 9.140 (-6.73%)  56.365 (-0.81%)  117.757 (-1.20%) | 6435.380 (-0.02%)
MCF+LP-Crit (a=2) | 3425 127 176 6.6% | 8.950 (-8.67%) 56.330 (-0.87%)  117.541 (-1.38%) | 6429.950 (-0.11%)
SFTray (a=4) 1229 113 732 3.8% | 5.340 (-45.51%)  54.832(-3.51%)  111.367 (-6.56%) | 6377.800 (-0.92%)
MCF-Crit (a=4) 1215 114 735 3.8% | 5.360 (-45.31%)  54.804 (-3.56%)  111.486 (-6.46%) | 6379.390 (-0.89%)
MCF+LP-Crit (a=4) | 1279 112 720 3.8% |5.280 (-46.12%) 54.825 (-3.52%) 111.339 (-6.58%) | 6375.000 (-0.96%)
SFTray (a=8) 365 49 980 2.6% | 4.000 (-59.18%)  54.254 (-4.53%)  109.118 (-8.45%) | 6357.010 (-1.24%)
MCF-Crit (a=8) 301 41 1000 2.5% | 3.980 (-59.39%) 54.200 (-4.62%) 109.032 (-8.52%) | 6358.380 (-1.22%)
MCF+LP-Crit (@=8) | 307 38 1000 25% | 3.960 (-59.59%) 54.166 (-4.68%) 108.804 (-8.71%) | 6354.260 (-1.29%)
feg  SFTray (a=16) 135 16 1054 2.2% | 3.680 (-62.45%)  54.116 (-4.77%) 108452 (-9.01%) | 6351.030 (-1.34%)
P8 MCF-Crit (a=16) 109 11 1063 2.2% | 3.750 (-61.73%)  54.032 (-4.92%) 108.387 (-9.06%) | 6351.790 (-1.32%)
MCF+LP-Crit (a=16) | 117 7 1063 22% | 3.700 (-62.24%)  54.009 (-4.96%) 108.340 (-9.10%) | 6351.750 (-1.32%)
SFTray (a=67) 85 7 1071 22% | 3.540 (-63.88%)  54.136 (-4.73%)  108.443 (-9.01%) | 6350.860 (-1.34%)
MCF-Crit (a=67) 87 6 1071 22% | 3.760 (-61.63%)  54.082 (-4.83%)  108.556 (-8.92%) | 6355.570 (-1.26%)
MCF+LP-Crit (a=67) | 87 4 1072 22% | 3.560 (-63.67%)  54.019 (-4.94%) 108.244 (-9.18%) | 6349.150 (-1.36%)
SFTray (a=130) 85 7 1071 22% | 3.540 (-63.88%) = 54.136 (-4.73%)  108.443 (-9.01%) | 6350.860 (-1.34%)
MCF-Crit (a=130) 87 6 1071 22% | 3.760 (-61.63%)  54.082 (-4.83%)  108.556 (-8.92%) | 6355.570 (-1.26%)
MCF+LP-Crit (e=130) | 87 4 1072 22% | 3.560 (-63.67%)  54.019 (-4.94%) 108.244 (-9.18%) | 6349.150 (-1.36%)
SFTray (a=193) 85 7 1071 22% | 3.540 (-63.88%)  54.136 (-4.73%)  108.443 (-9.01%) | 6350.860 (-1.34%)
MCF-Crit (a=193) 87 6 1071 2.2% | 3.760 (-61.63%)  54.082 (-4.83%)  108.556 (-8.92%) | 6355.570 (-1.26%)
MCF+LP-Crit (a=193) | 87 4 1072 22% | 3.560 (-63.67%)  54.019 (-4.94%) 108.244 (-9.18%) | 6349.150 (-1.36%)
SFTray (a=256) 85 7 1071 22% | 3.540 (-63.88%)  54.136 (-4.73%)  108.443 (-9.01%) | 6350.860 (-1.34%)
MCF-Crit (a=256) 87 6 1071 22% | 3.760 (-61.63%)  54.082 (-4.83%)  108.556 (-8.92%) | 6355.570 (-1.26%)
MCF+LP-Crit (a=256) | 87 4 1072 22% | 3.560 (-63.67%)  54.019 (-4.94%) 108.244 (-9.18%) | 6349.150 (-1.36%)
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Table 14 — Comparison of MBFF clustering strategies for varying a values with § =

0.1 (Part 4). NC rows present absolute values, while SFTray, MCF-Crit, and
MCF+LP-Crit show absolute values followed by percentage variation relative
to NC in parentheses (except for #1b, #2b and #4b, which are the number of
1-bit, 2-bit and 4-bit flip-flops, respectively). All metrics were extracted after

detailed routing.

Design Version | #1b #2b #4b FF % | Clk. P (mW) Swit. P (mW) Total P (mW) | Area (um?)
NC (abs.) |1413 0 0 10.5% | 6.680 27.989 58.655 | 1632.380
SFTray (a=2) 1143 69 33 9.4% | 6.020 (-9.88%) 27.723 (-0.95%) 57.520 (-1.94%) 1627.860 (-0.28%)
MCF-Crit (a=2) 1107 73 40  9.2% | 5.700 (-14.67%) 27.636 (-1.26%) 57.069 (-2.70%) | 1628.370 (-0.25%)
MCF+LP-Crit (a=2) | 1109 72 40  9.2% | 6.000 (-10.18%)  27.738 (-0.90%)  57.465 (-2.03%) | 1632.680 (+0.02%)
SFTray (a=4) 403 51 227  54% | 3.700 (-44.61%)  26.804 (-4.24%) 53.798 (-8.28%) 1618.410 (-0.86%)
MCF-Crit (a=4) 387 43 235 5.3% | 3.580 (-46.41%) 26.688 (-4.65%) 53.586 (-8.64%) | 1606.380 (-1.59%)
MCF+LP-Crit (a=4) 397 40 234  53% | 3.600 (-46.11%) 26.678 (-4.68%) 53.628 (-8.57%) | 1613.540 (-1.15%)
SFTray (a=8) 59 9 334 3.2% | 2430 (-63.62%)  26.323 (-5.95%)  52.034 (-11.29%) 1613.040 (-1.18%)
MCF-Crit (a=8) 63 11 332 3.3% | 2.410 (-63.92%) 26.201 (-6.39%) 51.808 (-11.67%) | 1602.060 (-1.86%)
MCF+LP-Crit (a=8) 49 8 337 32% | 2.410 (-63.92%) 26.146 (-6.58%) 51.728 (-11.81%) | 1601.260 (-1.91%)

mockealy SFTray (a=16) 21 4 346 3.0% | 2.270 (-66.02%)  26.240 (-6.25%)  51.772 (-11.73%) 1613.040 (-1.18%)

T MCF-Crit (a=16) 31 5 343 3.1% | 2.390 (-64.22%) 26.154 (-6.56%) 51.758 (-11.76%) | 1600.050 (-1.98%)

MCF+LP-Crit (a=16) | 19 3 347 3.0% | 2.240 (-66.47%) 26.116 (-6.69%) 51.532 (-12.14%) | 1598.260 (-2.09%)
SFTray (a=67) 13 0 350 29% | 2.320 (-65.27%)  26.224 (-6.31%)  51.751 (-11.77%) 1602.590 (-1.82%)
MCF-Crit (a=67) 17 4 347 3.0% |2.240 (-66.47%) 26.171 (-6.50%) 51.542 (-12.13%) | 1598.320 (-2.09%)
MCF+LP-Crit (a=67) | 11 3 349 2.9% |2.250 (-66.32%) 26.165 (-6.52%) 51.608 (-12.01%) | 1609.120 (-1.42%)
SFTray (a=130) 13 0 350 29% | 2.320 (-65.27%)  26.224 (-6.31%)  5L.751 (-11.77%) 1602.590 (-1.82%)
MCF-Crit (a=130) 23 5 345 3.0% | 2.360 (-64.67%) 26.154 (-6.56%) 51.646 (-11.95%) | 1598.380 (-2.08%)
MCF+LP-Crit (a=130) | 11 3 349 2.9% | 2.250 (-66.32%) 26.165 (-6.52%) 51.608 (-12.01%) | 1609.120 (-1.42%)
SFTray (a=193) 13 0 350 29% | 2.320 (-65.27%)  26.224 (-6.31%)  51.751 (-11.77%) 1602.590 (-1.82%)
MCF-Crit (a=193) 23 1 347 3.0% | 2.290 (-65.72%) 26.216 (-6.33%) 51.687 (-11.88%) | 1607.500 (-1.52%)
MCF+LP-Crit (a=193) | 11 3 349 2.9% | 2.250 (-66.32%) 26.165 (-6.52%) 51.608 (-12.01%) | 1609.120 (-1.42%)
SFTray (a=256) 13 0 350 29% | 2.320 (-65.27%)  26.224 (-6.31%)  51.751 (-11.77%) 1602.590 (-1.82%)
MCF-Crit (=256) 17 4 347 3.0% | 2.240 (-66.47%) 26.171 (-6.50%) 51.542 (-12.13%) | 1598.320 (-2.09%)
MCF+LP-Crit (a=256) | 11 3 349 2.9% | 2.250 (-66.32%) 26.165 (-6.52%) 51.608 (-12.01%) | 1609.120 (-1.42%)
NC (abs.) [1056 0 0 9.7% | 2.560 8.428 34.073 | 2691.150
SFTray (a=2) 920 8 30 89% | 2410 (-5.86%) 8.319 (-1.29%) 33.764 (-0.91%) 2693.700 (+0.09%)
MCF-Crit (a=2) 896 16 32 87% | 2.410 (-5.86%) 8.375 (-0.62%) 33.878 (-0.57%) 2693.690 (+0.09%)
MCF+LP-Crit (a=2) 896 16 32  8.7% | 2.410 (-5.86%) 8.375 (-0.62%) 33.878 (-0.57%) 2693.690 (+0.09%)
SFTray (a=4) 324 18 174 5.0% | 1.430 (-44.14%) 7.952 (-5.65%) 32.259 (-5.32%) 2671.860 (-0.72%)
MCF-Crit (a=4) 312 26 173 4.9% | 1.420 (-44.53%) 7.945 (-5.73%)  32.191 (-5.52%) | 2671.390 (-0.73%)
MCF+LP-Crit (a=4) 312 26 173 4.9% | 1.420 (-44.53%) 7.945 (-5.73%)  32.191 (-5.52%) | 2671.390 (-0.73%)
SFTray (a=8) 56 4 248 3.1% | 0.958 (-62.58%) 7.738 (-8.19%) 31.411 (-7.81%) 2659.700 (-1.17%)
MCF-Crit (a=8) 56 4 248 3.1% | 0.936 (-63.44%) 7.657 (-9.14%)  31.210 (-8.40%) | 2657.030 (-1.27%)
MCF+LP-Crit (a=8) 56 4 248 3.1% | 0.936 (-63.44%) 7.657 (-9.14%)  31.210 (-8.40%) | 2657.030 (-1.27%)

risevgai  OF Tray (a=16) 42 1 253 3.0% | 0.871(-65.98%) 7.643 (-9.31%) 31.113 (-8.69%) 2652.760 (-1.43%)
MCF-Crit (a=16) 44 2 252 3.0% | 0.920 (-64.06%) 7.581 (-10.04%) 30.994 (-9.04%) | 2653.080 (-1.41%)
MCF+LP-Crit (a=16) | 44 2 252 3.0% | 0.920 (-64.06%) 7.581 (-10.04%) 30.994 (-9.04%) | 2653.080 (-1.41%)
SFTray (a=67) 40 2 253 29% | 0.878 (-65.70%) 7.660 (-9.11%) 31.149 (-8.58%) 2652.320 (-1.44%)
MCF-Crit (a=67) 38 3 253 29% | 0.878(-65.70%)  7.634 (-9.42%)  31.130 (-8.64%) | 2656.410 (-1.29%)
MCF+LP-Crit (a=67) 38 3 253 29% | 0.878 (-65.70%)  7.634 (-9.42%)  31.130 (-8.64%) | 2656.410 (-1.29%)
SFTray (a=130) 40 2 253 29% | 0.878 (-65.70%) 7.660 (-9.11%) 31.149 (-8.58%) 2652.320 (-1.44%)
MCF-Crit (a=130) 38 3 253 29% | 0878 (-65.70%)  7.634 (-9.42%)  31.130 (-8.64%) | 2656.410 (-1.29%)
MCF+LP-Crit (a=130) | 38 3 253 2.9% | 0.878 (-65.70%)  7.634 (-9.42%) 31.130 (-8.64%) | 2656.410 (-1.29%)
SFTray (a=193) 40 2 253 29% | 0.878 (-65.70%) 7.660 (-9.11%) 31.149 (-8.58%) 2652.320 (-1.44%)
MCF-Crit (=193) 38 3 253 29% | 0.878(-65.70%)  7.634 (-9.42%)  31.130 (-8.64%) | 2656.410 (-1.29%)
MCF+LP-Crit (a=193) | 38 3 253 29% | 0.878 (-65.70%)  7.634 (-9.42%)  31.130 (-8.64%) | 2656.410 (-1.29%)
SFTray (a=256) 40 2 253 29% | 0.878 (-65.70%) 7.660 (-9.11%) 31.149 (-8.58%) 2652.320 (-1.44%)
MCF-Crit (a=256) 38 3 253 29% | 0878 (-65.70%)  7.634 (-9.42%)  31.130 (-8.64%) | 2656.410 (-1.29%)
MCF+LP-Crit (a=256) | 38 3 253 2.9% | 0.878 (-65.70%)  7.634 (-9.42%) 31.130 (-8.64%) | 2656.410 (-1.29%)
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Table 15 — Comparison of MBFF clustering strategies for varying a values with § =
0.1 (Part 5). NC rows present absolute values, while SFTray, MCF-Crit, and
MCF+LP-Crit show absolute values followed by percentage variation relative
to NC in parentheses (except for #1b, #2b and #4b, which are the number of
1-bit, 2-bit and 4-bit flip-flops, respectively). All metrics were extracted after
detailed routing.

Design  Version ‘ #1b  #2b #4b FF % ‘ Clk. P (mW) Swit. P (mW) Total P (mW) ‘ Area (um?)
NC (abs.) | 9 0 0 93% | 0.257 0.806 2.330 | 95.207
SFTray (a=2) 417 8 49% | 0.093 (-63.81%) 0.718 (-10.90%)  2.136 (-8.34%) | 93.123 (-2.19%)
MCF-Crit (a=2) 1323 5 51% | 0120 (-53.31%)  0.734 (-8.95%)  2.146 (-7.90%) | 92.933 (-2.39%)
MCF-+LP-Crit (a=2) | 13 23 5  51% |0.120 (-53.31%)  0.734 (-8.95%)  2.146 (-7.90%) | 92.933 (-2.39%)
SFTray (a=4) 512 13 3.8% | 0.092 (-64.01%)  0.706 (-12.45%)  2.098 (-9.98%) | 93.735 (-1.55%)
MCF-Crit (a=4) 4 8 15 3.5% | 0.102 (-60.31%) 0.701 (-13.12%) 2.095 (-10.11%) | 92.466 (-2.88%)
MCF+LP-Crit (a=4) 4 8 15 3.5% |0.102 (-60.31%) 0.701 (-13.12%) 2.095 (-10.11%) | 92.466 (-2.88%)
SFTray (a=8) 0 0 2 2.6%|0.052(-79.77%) 0.706 (-12.46%)  2.082 (-10.67%) | 92.977 (-2.34%)
MCF-Crit (a=8) 11 19 27% | 0.071 (-72.26%) 0.703 (-12.79%) 2.079 (-10.78%) | 92.058 (-3.31%)
MCF-+LP-Crit (a=8) 11 19 27% | 0.071 (-72.26%) 0.703 (-12.79%) 2.079 (-10.78%) | 92.058 (-3.31%)

e SFTray (a=16) 0 0 2 2.6%|0.052(-79.77%) 0.706 (-12.46%)  2.082 (-10.67%) | 92.977 (-2.34%)

" MCF-Crit (a=16) 11 19 27% | 0.071 (-72.26%) 0.703 (-12.79%) 2.079 (-10.78%) | 92.058 (-3.31%)
MCF+LP-Crit (a=16) | 1 1 19 27% | 0.071 (-72.26%) 0.703 (-12.79%) 2.079 (-10.78%) | 92.058 (-3.31%)
SFTray (a=67) 0 0 2 2.6%|0.052(-79.77%) 0.706 (-12.46%)  2.082 (-10.67%) | 92.977 (-2.34%)
MCF-Crit (a=67) 0 0 2 2.6% |0.061 (-76.38%) 0.706 (-12.40%)  2.095 (-10.11%) | 93.210 (-2.10%)
MCF+LP-Crit (a=67) | 0 0 20 2.6% |0.061 (-76.38%) 0.706 (-12.40%)  2.095 (-10.11%) | 93.210 (-2.10%)
SFTray (a=130) 0 0 2 2.6%|0.052(-79.77%) 0.706 (-12.46%)  2.082 (-10.67%) | 92.977 (-2.34%)
MCF-Crit (a=130) 0 0 2 2.6% |0.061 (-76.38%) 0.706 (-12.40%)  2.095 (-10.11%) | 93.210 (-2.10%)
MCF+LP-Crit (a=130) | 0 0 20  2.6% |0.061 (-76.38%) 0.706 (-12.40%)  2.095 (-10.11%) | 93.210 (-2.10%)
SFTray (a=193) 0 0 2 26% |0052(-79.77%) 0.706 (-12.46%)  2.082 (-10.67%) | 92.977 (-2.34%)
MCF-Crit (a=193) 0 0 20 26%|0.061(-76.38%) 0.706 (-12.40%)  2.095 (-10.11%) | 93.210 (-2.10%)
MCF+LP-Crit (a=193) | 0 0 20 2.6% |0.061 (-76.38%) 0.706 (-12.40%)  2.095 (-10.11%) | 93.210 (-2.10%)
SFTray (a=256) 0 0 2 26%]|0.052(-79.77%) 0.706 (-12.46%)  2.082 (-10.67%) | 92.977 (-2.34%)
MCF-Crit (a=256) 0 0 2 26% | 0061 (-76.38%) 0.706 (-12.40%)  2.095 (-10.11%) | 93.210 (-2.10%)
MCF+LP-Crit (a=256) | 0 0 20 2.6% | 0.061 (-76.38%) 0.706 (-12.40%)  2.095 (-10.11%) | 93.210 (-2.10%)
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APPENDIX C - SOURCE CODE

The proposed code enhancements implemented are available in the following open
repository: https://github.com/lucasltinoco/ OR-TCC. More specifically, branches tcc-mcf
and tcc-mcf-Ip, contain MCF-Crit and MCF-+LP-Crit changes, respectively. In addition,

the repository containing the flow scripts used is https://github.com/lucasltinoco/OR-
flow-TCC.
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APPENDIX D - WORK PAPER IN SBC FORMAT

The following pages contain a version of this work formatted as an SBC (Brazilian

Computer Society) paper.



Timing-Aware Enhancements to MBFF Clustering in
OpenROAD

Lucas de Lacerda Tinoco', José Luis Almada Giintzel'

''Universidade Federal de Santa Catarina (UFSC)
Florianopolis — SC — Brazil

lucas.tinoco@grad.ufsc.br, guntzel@Rinf.ufsc.br

Abstract. Clock networks represent a major source of power consumption in
modern Very-Large-Scale Integration (VLSI) designs. Multi-Bit Flip-Flops (MBFFs)
can reduce clock-network power by merging groups of Single-Bit Flip-Flops
(SBFFs) into shared structures with common clock drivers. However, determin-
ing how to cluster SBFFs while preserving timing quality remains a challenging
optimization problem. Among the state-of-the-art MBFF clustering techniques,
the Scalable Divide-and-Conquer Flop-Tray (SFTray) algorithm available in
the OpenROAD framework performs a Minimum-Cost Flow (MCF)-based as-
signment driven exclusively by Manhattan displacement, while timing informa-
tion is considered only in later optimization stages. This work investigates the
incorporation of continuous timing-criticality information into the SFTray clus-
tering flow. A slack-derived criticality metric is introduced and combined with
normalized displacement to define a timing-aware assignment cost for the MCF
formulation. Additionally, timing criticality is incorporated into the Linear
Programming (LP) tray-refinement stage to further improve timing awareness
during clustering. The proposed modifications were implemented within Open-
ROAD and evaluated using nine benchmark circuits synthesized and physically
implemented with the ASAP7 7 nm technology enablement. Experimental results
demonstrate that the proposed formulations are able to better explore the opti-
mization space in designs with high sequential-cell density, achieving improved
power and timing trade-offs while preserving the area and clock-network ben-
efits of MBFF clustering. These results indicate that timing criticality can be
effectively exploited throughout multiple stages of the clustering process, lead-
ing to higher-quality MBFF solutions in open-source physical-design flows.

Resumo. As redes de distribuicdo de clock representam uma das principais fon-
tes de consumo de poténcia em projetos modernos de circuitos integrados VLSI.
Os Flip-Flops Multi-Bit (MBFFs) reduzem esse consumo ao agrupar miiltiplos
Flip-Flops Single-Bit (SBFFs) em estruturas compartilhadas com buffers de
clock comuns. Entretanto, determinar como realizar esse agrupamento preser-
vando a qualidade temporal do circuito permanece um problema de otimizagcdo
desafiador. Entre as técnicas de agrupamento MBFF de estado da arte, o al-
goritmo Scalable Divide-and-Conquer Flop-Tray (SFTray), disponivel na plata-
forma OpenROAD, realiza a atribuicdo de flip-flops por meio de uma formulagdo
de Fluxo de Custo Minimo (MCF) baseada exclusivamente no deslocamento



Manhattan, incorporando informagoes temporais apenas em etapas posteri-
ores do processo de otimizacdo. Este trabalho investiga a incorporagdo de
informagodes continuas de criticidade temporal ao fluxo de agrupamento do SF-
Tray. Para isso, é introduzida uma métrica de criticidade derivada do slack,
combinada ao deslocamento normalizado para compor uma fung¢do de custo
temporalmente consciente na etapa de atribuicdo baseada em MCF. Além disso,
a criticidade temporal é incorporada a etapa de refinamento baseada em Programagdo
Linear (LP), ampliando a influéncia das informacées temporais ao longo do
processo de agrupamento. As modificacoes propostas foram implementadas di-
retamente no OpenROAD e avaliadas em nove circuitos benchmark sintetizados
e implementados fisicamente utilizando a tecnologia ASAP7 de 7 nm. Os re-
sultados experimentais demonstram que as formulagoes propostas exploram de
forma mais eficiente o espaco de otimizacdo em projetos com elevada densi-
dade de elementos sequenciais, obtendo melhores compromissos entre poténcia
e temporizacdo sem comprometer os beneficios de drea e reducdo da rede de
clock proporcionados pelos MBFFs. Os resultados indicam que a criticidade
temporal pode ser explorada de maneira eficaz em miiltiplas etapas do processo
de agrupamento, contribuindo para solucoes MBFF de maior qualidade em flu-
xos de projeto fisico de codigo aberto.

1. Introduction

Clock networks are among the largest contributors to power consumption in modern
VLSI circuits, often accounting for up to 30% to 50% of the total dynamic power budget
[Wu et al. 2016]. Dynamic power consists mostly of the switching power, described as

Pswitching = aOVj%Df’ (1)

where « is the net switching activity, C' is the switched capacitance, Vpp is the supply
voltage, and f is the clock frequency [Weste and Harris 2011]. Unlike ordinary signal
nets, the clock network switches every clock cycle, making its switching activity o = 1
(or 2 depending on whether single or double edge triggering is considered). Also, its
capacitive load is large, contributing to a high dynamic power.

To mitigate this issue, contemporary standard-cell libraries provide Multi-Bit Flip-
Flops (MBFFs), which integrate several Single-Bit Flip-Flops (SBFFs) into a shared
physical structure with common clock drivers and routing resources. By reducing the
number of clock sinks and shortening clock-tree wiring, MBFF clustering can substan-
tially decrease switching power while also improving routability and area utilization
[Kahng et al. 2016, Cai et al. 2025].

Despite its widespread adoption in commercial Electronic Design Automation
(EDA) flows, MBFF clustering remains a challenging optimization problem. The cluster-
ing process seeks to reduce power and preserve timing, while minimizing displacement
and satisfying the legalization constraints. Furthermore, questions persist regarding the
optimal stage in the design flow — synthesis or placement — to perform this clustering for
the best Quality of Results (QoR). As a consequence, a significant body of research has
been devoted to developing efficient clustering strategies, including K-Means-based ap-
proaches [Wu et al. 2016], Mean Shift [Chang et al. 2019], mixed-driving MBFF gener-
ation [Liu et al. 2022], and multi-objective optimization techniques [Li et al. 2025]. This



continued academic interest is further evidenced by recent competitions, such as the IC-
CAD CAD Contest 2024 [Yang et al. 2025b] and ICCAD CAD Contest 2025 [Yang et al. 2025a].

Among the state-of-the-art approaches, the FTray technique [Kahng et al. 2016]
and its scalable divide-and-conquer extension, SFTray [Kahng et al. 2024], stand out due
to their integration of capacitated clustering with timing-aware optimization. SFTray
formulates the flip-flop assignment problem using a Minimum-Cost Flow (MCF) model
combined with Linear Programming (LP) and Integer Linear Programming (ILP) refine-
ment stages. Furthermore, its divide-and-conquer strategy enables the efficient applica-
tion of MBFF clustering to large-scale designs, leading to its integration into the open-
source physical design framework OpenROAD [Kahng 2022].

However, although timing information is considered during the final stages of the
original SFTray optimization flow, its treatment remains relatively limited. The MCF
assignment stage relies exclusively on geometric displacement, measured through Man-
hattan distance, while timing information is only incorporated later through timing-related
penalties in the ILP formulation. As a result, timing relationships between flip-flops do
not directly influence the early clustering decisions that shape the subsequent optimization
stages.

This work investigates the incorporation of timing criticality information into ear-
lier stages of the SFTray flow. More specifically, a continuous timing-criticality model
derived from path slack information is introduced and integrated into the MCF assignment
formulation through a cost function that combines normalized displacement and normal-
ized timing criticality. Additionally, an extended version of the approach incorporates
timing criticality information into the LP refinement stage, allowing timing awareness to
influence both assignment and tray-position optimization.

The proposed modifications were implemented directly in the SFTray infrastruc-
ture available in OpenROAD, preserving compatibility with a complete open-source phys-
ical design flow. Experimental evaluations were conducted using the ASAP7 technology
enablement and a set of benchmark circuits. The results compare the original SFTray
implementation and the proposed timing-aware formulations in terms of power consump-
tion, timing quality, area utilization, and clock-network characteristics.

2. The Scalable Divide-and-Conquer FTray Approach

SFTray [Kahng et al. 2024] extends the original FTray technique [Kahng et al. 2016] by
introducing a scalable divide-and-conquer strategy for MBFF clustering. Starting from
a globally placed design containing only SBFFs, the method recursively partitions the
design into localized subproblems and, within each partition, iteratively performs two
optimization stages:

1. MCF-based assignment of flip-flops to MBFF tray slots;

2. LP-based refinement of tray locations.

A tray is a candidate placement structure representing a potential MBFF instance and its
available bit positions (slots). During optimization, flip-flops are assigned to tray slots,
and selected trays are later mapped to MBFF cells in the final design.

At the core of each iteration, SFTray constructs an assignment graph. The graph
consists of a set F' of flip-flop nodes, a set S of candidate tray-slot nodes, a supersource



s, and a supersink ¢. Edges from s to flip-flops and from tray slots to ¢ have unit capacity
and zero cost. Between the two sides, each feasible flip-flop-to-slot pair (i, j) € F' X S is
connected by an edge with capacity one and an associated assignment cost. In the original
SFTray formulation, this cost corresponds solely to the Manhattan distance between the
current position of flip-flop ¢ and candidate tray slot j:

C(i,5) = d(i,5) 2

where d(i, j) denotes the Manhattan distance between the two locations. Consequently,
the MCF stage determines a capacity-feasible assignment that minimizes the total dis-
placement required to cluster SBFFs into candidate MBFF trays.

Given the assignment produced by the MCF stage, SFTray applies an LP re-
finement step to determine improved tray locations. While the MCF formulation de-
termines which flip-flops are assigned to each tray slot, the tray positions themselves
remain adjustable. The objective of the LP stage is therefore to relocate the trays so that
the total displacement of the assigned flip-flops is minimized. Following Kahng et al.
[Kahng et al. 2024], the LP formulation can be expressed as:

min Z d, (3)
!

subject to:
dy=|Xi+al; —w| + Yy, —wl Vi 4)

where (X;,Y;) denotes the center location of tray i, (7;,y;;) represents the relative po-
sition of slot j within the tray, and (x;,y;) corresponds to the location of flip-flop h;.
Variable d; represents the Manhattan displacement between a flip-flop and its assigned
tray slot.

The MCEF assignment and LP refinement stages are executed iteratively. After the

LP solver updates tray positions, a new MCF assignment problem is constructed using

the refined locations, potentially producing improved clustering solutions. The process

continues until no further displacement reduction is achieved. After all candidate MBFF

sizes have been processed, an ILP formulation selects the final set of MBFF instances by
minimizing:

min (a- W+ D+ - R) 3)

where 1V denotes MBFF total power consumption, D = ), d; represents total displace-
ment, and R corresponds to the relative displacement of timing-critical launch-capture
flip-flop pairs. Parameters « and (3 control the trade-off between power minimization and
timing preservation.

3. Proposed Timing-Aware Enhancements

We propose two timing-aware enhancements to the SFTray technique. The first targets
the MCF assignment stage (MCF-Crit), while the second modifies the LP-based tray-
refinement stage (MCF+LP-Crit). Both modifications leverage a flip-flop criticality met-
ric derived from static timing analysis.



3.1. Flip-Flop Criticality Metric

The timing criticality assigned to a flip-flop is derived from the set of violating timing
paths in which the flip-flop participates. For a given flip-flop i, we consider the set P~ (1)
of all violating timing paths for which ¢ appears as either the launch or capture endpoint.
The criticality of flip-flop ¢ is defined as:

N |slack(p)|

where slack(p) denotes the slack of timing path p, and WNSgg is the worst negative slack
among all analyzed timing paths from launch to capture flip-flops. By construction, crit-
icality values are normalized to the interval [0, 1], where a value of one corresponds to
participation in a path whose slack is equal to the global worst negative slack.

3.2. MCF-Crit: Adding Normalized Timing-Criticality to MCF

In the original SFTray formulation, the MCF assignment cost is equal to the Manhattan
distance d(i, j) between flip-flop 7 and tray slot j. We replace this cost with a normalized,
criticality-augmented formulation:

~

C(i,5) = d(i,j) + c(i) @)
where the normalized displacement is defined as:
A d(i,j
iti, ) = 4 ®

and d,,, is the maximum Manhattan distance observed across all flip-flop-to-slot can-
didates in the current partition. Normalization maps both terms to the interval [0, 1],
ensuring that displacement and timing criticality contribute at comparable magnitudes.

The proposed formulation increases the influence of timing-critical flip-flops on
the global MCF optimization objective. Consequently, assignments involving highly crit-
ical flip-flops become more significant during the capacity-constrained optimization pro-
cess.

3.3. MCF+LP-Crit: Adding Timing-Criticality to LP Refinement

The second enhancement targets the LP-based tray-placement refinement stage. Instead
of treating all flip-flops equally, the criticality metric defined in Eq. (6) is incorporated
directly into the LP objective function. The proposed formulation minimizes a criticality-
weighted displacement:

min Dcrit (9)

with:

Do = Y _ (1+c(i)) (di + di)) (10)
where (i) denotes the criticality associated with flip-flop i. The factor (1 + ¢(i)) as-
signs larger weights to highly critical flip-flops while preserving a non-zero contribution
from non-critical ones. Since criticality values are normalized to the interval [0, 1], each
displacement term receives a weight between 1 and 2.

As a consequence, the LP solver prioritizes reducing the displacement of flip-flops
involved in severe timing violations, preserving timing quality during tray relocation.



4. Experimental Results

The proposed timing-aware enhancements were implemented in C++ within the SFTray
clustering engine in the OpenROAD framework. The experiments employ the ASAP7
7 nm predictive FinFET standard-cell library. The evaluation is conducted after detailed
routing.

Four configurations were evaluated:

NC: original non-clustered OpenROAD implementation;

SFTray: baseline SFTray implementation available in OpenROAD;

MCEF-Crit: SFTray enhanced with the timing-aware MCF assignment cost;
MCF+LP-Crit: SFTray enhanced with both the timing-aware MCF assignment
cost and the timing-aware LP refinement.

The parameter o was set to 8 and [ to 0.1, representing the best trade-off between power
minimization and timing preservation.

The benchmark circuits used in this work are summarized in Table 1. They cover
a diverse set of digital designs with sequential-cell density (FF %) ranging from 3.3% to
17.3%.

Table 1. Benchmark circuits used in the experimental evaluation and their
sequential-cell composition before MBFF clustering.

Design #cells #FFs FF %

ethmac 60948 10546 17.3%
mock-alu 13454 1413  10.5%
riscv32i 10879 1056  9.7%

uart 854 79 9.3%
ibex 21734 1939 8.9%
jpeg 57382 4383  7.6%
gcd 468 35 7.5%
cvab 117754 8465 7.2%
aes 17106 562 3.3%

Table 2 shows the Worst Negative Slack (WNS) and Total Negative Slack (TNS)
results obtained after Global Placement (GP) and Detailed Routing (DR).

Comparing MCF-Crit with SFTray, the proposed enhancement consistently out-
performs it for five designs (ethmac, mock-alu, uart, ibex, and cva6) after Detailed Rout-
ing (DR). For the cva6 benchmark, MCF+LP-Crit completely eliminated negative slack
(TNS = 0) and recovered timing to achieve a positive final WNS.

Table 3 shows the MBFF distribution, Clock Power, Switching Power, Total Power,
and Area comparison. The MCF-Crit and MCF+LP-Crit formulations consistently re-
duced clock and switching power without incurring area penalties compared to the origi-
nal SFTray baseline.

5. Conclusion

This work investigated the incorporation of timing-awareness into the SFTray MBFF clus-
tering technique in OpenROAD. We proposed two timing-aware enhancements: MCF-



Crit, which incorporates timing criticality into the MCF assignment cost, and MCF+LP-
Crit, which extends it to the LP refinement stage.

Experimental evaluations demonstrate that timing information can be success-
fully exploited to guide early clustering decisions without degrading the primary power
and area benefits of MBFF clustering. MCF-Crit and MCF+LP-Crit consistently outper-
formed the original SFTray in terms of final post-routing timing (WNS and TNS) for
several designs with high sequential-cell densities. These findings suggest that timing-
aware clustering is a viable strategy to enhance physical-design Quality of Results in
open-source EDA flows.
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Table 2. Worst Negative Slack (WNS) and Total Negative Slack (TNS) comparison
after Global Placement (GP) and Detailed Routing (DR) for o« = 8 and 3 =
0.1. All values are in picoseconds (ps). Bold values indicate that MCF-Crit
or MCF+LP-Crit achieved a better WNS or TNS timing value than SFTray.

. . WNS (ps) TNS (ps)
Design  Version GP DR  A(DR-GP) GP DR  A(DR-GP)
NC -86.88  -86.27 +0.62 149225  -1464.06 +28.19
i SFTray -86.88  -82.04 +4.84 149225  -1397.42 +94.83
CHmAC N fCR-Crit -86.88  -81.38 +5.50 149225  -1369.36 +122.89
MCF+LP-Crit | -86.88 -81.38 +5.50 149225  -1369.36 +122.89
NC 315.57 -283.77 +31.81 221899.50 -12987.00  +8912.50
ockaly SFTTay 34318 -302.11 +41.07 -35900.10 -16891.60  +19008.50
MCF-Crit .315.58 -281.32 +34.26 -35672.40  -15439.70  +20232.70
MCF+LP-Crit | -342.13  -300.12 +42.01 35997.10  -16783.30  +19213.80
NC 64.65 -28.18 +36.47 2160170 -636.38 +965.32
N SFTray 65.08 -22.87 +42.21 -1796.85  -624.99 +1171.86
ua MCE-Crit 6516 -19.69 +45.47 172220 -525.07 +1197.13
MCF+LP-Crit | -65.16  -19.69 +45.47 172220 -525.07 +1197.13
NC 2978 -22.04 +7.74 -10320.60  -166.71 +10153.89
o SFTray 14244 -43.83 +98.61 -114973.00 -1005.98  +113967.02
1bex MCF-Crit -142.33  -35.90 +106.43 | -114834.00 -432.02  +114401.98
MCF+LP-Crit | -142.33  -35.79 +106.54 | -114806.00 -400.23  +114405.77
NC 594 -16.70 22,64 0.00 -79.20 -79.20
4 SFTray 1461 -29.24 -14.63 -88.69 215.44 -126.75
&¢ MCE-Crit 1774 3051 12.77 -52.27 226.54 -174.28
MCF+LP-Crit | -17.74  -28.32 -10.58 13997 -171.45 -31.48
NC 3808 -21.31 +16.76 105.85  -146.32 -40.47
‘ SFTray 3808 -22.99 +15.09 -105.85  -253.49 -147.64
ova MCEF-Crit 3808 -15.31 +22.76 10585  -101.33 +4.52
MCF+LP-Crit | -64.80  4.75 +69.56 -154.34 0.00 +154.34
NC 2710 -10.26 +16.84 637.80  -103.07 +534.73
o SFTray 4056  -33.98 +6.58 3648.14 205200  +1596.14
MCF-Crit 4034 -36.24 +4.10 379326 -2017.41  +1775.85
MCF+LP-Crit | -42.08 -32.88 +9.20 -4009.93  -2041.88  +1968.05
NC -135.54  21.09 +156.63 46600190  0.00 +66001.90
deevzy  SFTray 13313 1842 +151.55 66935.80  0.00 +66935.80
MCF-Crit 13154 17.89 +149 .44 46692130 0.00 +66921.30
MCF+LP-Crit | -131.54  17.89 +149 44 46692130 0.00 +66921.30
NC 2388  16.63 +40.52 210.86 0.00 +210.86
- SFTray 33035 20.99 +51.34 -361.36 0.00 +361.36
Jpeg MCF-Crit 2845 1027 +38.73 -341.76 0.00 +341.76
MCF+LP-Crit | -27.60  17.11 +44.72 -339.80 0.00 +339.80




Table 3. Comparison of MBFF distribution, Clock Power, Switching Power, Total
Power and Area for « = 8 and 8 = 0.1. Bold values indicate that MCF-Crit
or MCF+LP-Crit achieved a better result than SFTray.

Design Version ‘ #lb  #2b #4b FF % ‘ CIk. P (mW) Swit. P (mW) Total P (mW) Area (um?)
NC 10546 0 0 17.3% 51.000 24.878 111.321 7935.720
ethmac SFTray 1396 31 2272 6.9% | 21.500 (-57.84%) 13.523 (-45.64%) 67.949 (-38.96%) | 7748.320 (-2.36%)
MCF-Crit 1380 35 2274 6.9% | 21.300 (-58.24%) 13.437 (-45.99%) 67.652 (-39.23%) | 7745.510 (-2.40%)
MCF+LP-Crit | 1380 35 2274 6.9% | 21.300 (-58.24%) 13.437 (-45.99%) 67.652 (-39.23%) | 7745.510 (-2.40%)
NC 1413 0 0 10.5% 6.680 27.989 58.655 1632.380
mock-alu SFTray 59 9 334 32% | 2.430(-63.62%)  26.323 (-5.95%)  52.034 (-11.29%) | 1613.040 (-1.18%)
MCF-Crit 63 11 332 33% | 2.410(-63.92%) 26.201 (-6.39%) 51.808 (-11.67%) | 1602.060 (-1.86%)
MCF+LP-Crit | 49 8 337 32% | 2.410(-63.92%) 26.146 (-6.58%) 51.728 (-11.81%) | 1601.260 (-1.91%)
NC 79 0 0 9.3% 0.257 0.806 2.330 95.207
uart SFTray 0 0 20 2.6% | 0.052(-79.77%)  0.706 (-12.46%) 2.082 (-10.67%) 92.977 (-2.34%)
MCEF-Crit 1 1 19  27% | 0.071(-72.26%)  0.703 (-12.79%)  2.079 (-10.78 %) 92.058 (-3.31%)
MCF+LP-Crit 1 1 19  27% | 0.071(-72.26%)  0.703 (-12.79%)  2.079 (-10.78 %) 92.058 (-3.31%)
NC 1939 0 0 8.9% 2.920 12.254 25.188 2541.780
ibex SFTray 1691 2 61 8.2% 2.720 (-6.85%) 12.087 (-1.36%) 24.613 (-2.28%) 2529.090 (-0.50%)
MCEF-Crit 1693 1 61 8.1% 2.710 (-7.19%) 12.313 (+0.48%)  25.255 (+0.27%) | 2555.220 (+0.53%)
MCF+LP-Crit | 1697 1 60 82% 2.730 (-6.51%) 12.086 (-1.38%)  24.621 (-2.25%) 2531.020 (-0.42%)
NC 35 0 0 7.5% 0.099 0.323 0918 48.347
od SFTray 5 3 6 3.1% | 0.043 (-56.98%)  0.287 (-11.15%)  0.818 (-10.89%) 48.172 (-0.36%)
& MCF-Crit 11 2 5 4.0% | 0.050 (-48.99%) 0.295 (-8.86%) 0.836 (-8.94%) 48.129 (-0.45%)
MCF+LP-Crit 3 0 8 24% | 0.057 (-42.11%) 0.293 (-9.44%) 0.852 (-7.27%) 49.251 (+1.87%)
NC 8465 0 0 7.2% 17.500 46.961 132.122 17586.400
cvab SFTray 6686 668 374 6.6% | 17.200 (-1.71%)  47.191 (+0.49%) 131.893 (-0.17%) | 17886.800 (+1.71%)
MCEF-Crit 6681 706 380 6.6% | 17.100 (-2.29%) 47.846 (+1.88%) 132.515 (+0.30%) | 17915.700 (+1.87%)
MCF+LP-Crit | 6683 687 378 6.6% | 16.700 (-4.57%) 45.403 (-3.32%) 129.574 (-1.93%) | 17888.500 (+1.72%)
NC 562 0 0 33% 2.500 98.881 166.145 1838.640
acs SFTray 106 12 108 1.3% | 1.280(-48.80%) 99.148 (+0.27%) 166.447 (+0.18%) | 1853.060 (+0.78%)
” MCEF-Crit 102 12 109 1.3% | 1.160 (-53.60%) 99.244 (+0.37%) 166.735 (+0.36%) | 1854.810 (+0.88%)
MCF+LP-Crit | 94 12 111 1.3% | 1.130(-54.80%) 99.147 (+0.27%) 166.340 (+0.12%) | 1852.560 (+0.76 %)
NC 1056 0 0 9.7% 2.560 8.428 34.073 2691.150
risev32i SFTray 56 4 248  3.1% | 0.958 (-62.58%) 7.738 (-8.19%) 31.411 (-7.81%) 2659.700 (-1.17%)
MCEF-Crit 56 4 248 3.1% | 0.936 (-63.44%)  7.657 (-9.14%) 31.210 (-8.40%) | 2657.030 (-1.27%)
MCF+LP-Crit | 56 4 248  3.1% | 0.936 (-63.44%)  7.657 (-9.14%) 31.210 (-8.40%) | 2657.030 (-1.27%)
NC 4383 0 0 7.6% 9.800 56.825 119.187 6436.980
e SFTray 365 49 980 2.6% | 4.000 (-59.18%)  54.254 (-4.53%)  109.118 (-8.45%) | 6357.010 (-1.24%)
Jpeg MCEF-Crit 301 41 1000 2.5% | 3.980 (-59.39%) 54.200 (-4.62%) 109.032 (-8.52%) | 6358.380 (-1.22%)
MCF+LP-Crit | 307 38 1000 2.5% | 3.960 (-59.59%) 54.166 (-4.68%) 108.804 (-8.71%) | 6354.260 (-1.29%)
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