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Abstract
Non-integer multiple cell height (NIMCH) standard-cell libraries

offer promising co-optimization for power, performance and area
in advanced technology nodes. However, such non-uniform design
introduces new layout constraints where any sub-region can only
accommodate gates of the same cell height due to manufacturabil-
ity concerns. The existing physical design flow for NIMCH circuits,
which handles the layout constraint by clustering and relocating
gates according to their cell heights, often leads to substantial gate
displacement that harms circuit performance. To alleviate the above
issue, this paper proposes a row-based logic resynthesis procedure
that explicitly adjusts cell heights after initial placement without
changing cell positions. Experiment results demonstrate that com-
pared with the conventional NIMCH physical design flow, our pro-
posed approach can reduce the maximal delay by 26.1%.

1 Introduction
With advancements in technology nodes, standard cell libraries

are now being designed with varying cell heights to meet diverse
power, performance, and area (PPA) requirements of digital circuits.
Traditionally, multi-row-height cells were sized as integer multiples
of a single-row height. However, this approach often results in un-
necessary area cost and may not align optimally with the shrinking
transistor sizes and minimal wiring pitch [1]. In contrast, standard
cells with non-integer multiple cell heights (NIMCH) offer a more ex-
tensive solution space for circuit design, allowing for highly flexible
and efficient power, performance, and area co-optimization. TSMC,
the latest 3nm manufacturer, has adopted NIMCH in its FinFlex
cell technology to achieve improved PPA through place-and-route
co-optimization [2]. An illustrative example by Dobre et al. demon-
strates that the utilization of non-integer-height standard cells, such
as 8T and 12T, leads to significant area reduction and performance
enhancement compared to using solely 8T/12T standard cells [3].

NIMCH libraries bring new layout constraints in circuit place-
ment: standard cells are constrained to be located in the sub-regions
based on their cell heights, with each sub-region only accommodat-
ing gates of the same cell height. The conventional NIMCH physical
design flow [3, 4] starts with an initial placement, and employs an
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Figure 1: Illustration of the effect of logic resynthesis on the
final NIMCH placement result. 8T/12T node in the circuit
denotes that the node is mapped to a library gate with the
height of 8T/12T.

NIMCH placer to form separate 8T/12T sub-regions, as is shown
in the top part of Figure 1. Since 8T/12T cells are usually spatially
mixed in the initial placement, the conventional flow could cause
huge displacement of cells and significantly degrade the perfor-
mance. One remedy to the conventional NIMCH physical design
flow is the incorporation of placement-aware logic resynthesis,
which resynthesizes cells in each separate sub-region to the same
heights. As is shown in the lower part of Figure 1, the incorpora-
tion of placement-aware logic resynthesis significantly reduces cell
displacement, thereby maintaining the circuit performance.

Although the literature has investigated NIMCH physical design
flow, most of the studies focus on pure NIMCH placement. Based
on the sub-region pattern, NIMCH placement approaches can be
classified into two categories: island-based and row-based, as illus-
trated in Figure 2. For island-based NIMCH placement, a study by
[3] employed Innovus to generate the NIMCH initial placement. An
iterative timing-aware legalization process is then applied to move
cells with the same heights to the same island. Chen et al. [5] for-
mulated the NIMCH placement as a nonlinear optimization problem
by introducing pseudo nets connected among gates with the same
cell heights. For the row-based approach, Lin et al. [4] used Innovus
to get the initial placement, followed by k-means-based row-height
assignment and NIMCH-aware cell legalization to minimize cell dis-
placement and achieve a legalized solution. They also demonstrated
that row-based NIMCH placement outperforms the island-based
approach regarding wirelength and total power consumption. De-
spite the efforts to advance placement algorithms, these approaches
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Figure 2: Illustration of (a) island-based and (b) row-based
NIMCH sub-region patterns.

follow a pure placement flow. Given that cells with different heights
are spatially mixed in the initial placement, these approaches usu-
ally end up with large cell displacement to meet the NIMCH layout
constraints, and eventually degrade circuit performance. This sce-
nario is illustrated in the top part of Figure 1, where the critical path
𝐿 → 𝐾 → 𝐺 → 𝐴 after NIMCH placement becomes considerably
longer, resulting in a larger path delay.

To overcome the concerns above, we propose a new NIMCH phys-
ical design flow, which incorporates an additional step of placement-
aware logic resynthesis. The core idea involves integrating the logic
resynthesis procedure between the initial placement and NIMCH
placement stages. By preserving the cell positions in the initial place-
ment, our proposed procedure resynthesizes cells in the NIMCH
circuit, such that the placement of the resynthesized circuit aligns
with the row-based sub-region pattern. Figure 1 shows one exam-
ple of incorporating our proposed logic resynthesis algorithm into
the physical design flow of an NIMCH circuit. The resynthesized
placement aligns with the row-based sub-region pattern, resulting
in small cell displacement by the NIMCH placer and better timing
performance (reflected by the shorter critical path). We summarize
our major contributions as follows:

• This paper represents the first work proposing a placement-
aware logic resynthesis approach tailored for NIMCH circuits.

• We develop a timing-aware strategy for row height assignment
and a dynamic programming-based algorithm for row-based
logic resynthesis.

• We propose two distinct strategies: (1) conservative logic resyn-
thesis, which is computationally efficient; (2) structural logic
resynthesis, which explores larger solution space.

• Experimental results on the EPFL arithmetic benchmark demon-
strate that Lesyn reduces the displacement during NIMCH place-
ment by 99.1%, and reduces the maximal delay by 26.1%.

2 Preliminaries
2.1 Basics of Logic Synthesis and Resynthesis

In logic synthesis, a Boolean network is a directed acyclic graph
(DAG). Nodes in the Boolean network correspond to library gates,
and edges represent wires. The terms Boolean network and circuit
are used interchangeably. Primary Inputs (PIs) and Primary Outputs
(POs) are nodes without fanins and fanouts, respectively. A cut of
a node 𝑛 is a set of nodes that must be traversed to reach 𝑛 from
PIs. A cut is K-feasible if its size does not exceed K. Each cut 𝑐 of a
node 𝑛 can be associated with a truth table representing the function
at 𝑛 considered from its leaves. A library gate 𝑔 matches a cut 𝑐
if they have the same truth table (function). In a Boolean network,
a cut 𝑐 covers node 𝑛 if 𝑛 is mapped to a library 𝑔 and 𝑔 matches
𝑐 . Given a node 𝑛 and its associated cut set 𝐶𝑢𝑡𝑛 = {𝑐1, 𝑐2, ..., 𝑐𝑛},
assume 𝑛 is originally mapped by a library gate 𝑔𝑖 and 𝑔𝑖 matches a

cut 𝑐𝑖 (𝑐𝑖 ∈ 𝐶𝑢𝑡𝑛), we can remap 𝑛 with another gate 𝑔 𝑗 such that 𝑔 𝑗
matches another cut 𝑐 𝑗 (𝑐 𝑗 ∈ 𝐶𝑢𝑡𝑛 and 𝑖 ≠ 𝑗 ). The remap operation
will modify the circuit connectivity but not the functionality.

Logic resynthesis involves modifying the original circuit by substi-
tuting its sub-circuits or gates with logically equivalent yet different
components. This modification can be categorized as conservative
or structural. For conservative logic resynthesis, only the gate type
is modified while the circuit connectivity remains unchanged. For
structural logic resynthesis, the circuit connectivity is modified.

2.2 Row-Based NIMCH Logic Resynthesis
Problem 1 (Row-Based NIMCH Logic Resynthesis). Given a circuit
𝐶 with 𝑛 gates, a set of library gates 𝐿 and the initial placement of
𝐶 , resynthesize each gate in 𝐶 to minimize the combined cost of
total cell area and maximal delay, and ensure the placement of the
resynthesized circuit aligns with the row-based sub-region pattern.

By aligning the resynthesized placement with the row-based sub-
region pattern, little displacement is introduced by the subsequent
NIMCH placer, implicitly improving the timing performance. There
are two reasons for minimizing total cell area: (1) Large cell area
may cause cell inflation on some placement rows, leading to larger
displacement for NIMCH legalization and worsening timing perfor-
mance. (2) Large cell area increases the utilization rate of the core,
causing congestion in the subsequent routing flow.

3 Conservative Logic Resynthesis
In this section, we introduce the algorithm for NIMCH row-based

conservative logic resynthesis. Assuming a node 𝑛𝑖 in the original
NIMCH circuit is covered by a cut 𝑐𝑖 , for conservative logic resynthe-
sis, we exclusively select library gates matching cut 𝑐𝑖 as candidate
library gates for the resynthesis of 𝑛𝑖 . Conservative logic resyn-
thesis can ensure that the circuit connectivity (topology) remains
unchanged after resynthesis.

Figure 3 shows the overall flow of our proposed algorithm: Start-
ing with the NIMCH circuit and its initial placement, the process
commences with row height assignment, which assigns a distinct cell
height to each gate in the circuit to form the row-based sub-region
pattern. Following this and preserving the cell positions in the initial
placement, dynamic programming (DP) is employed to resynthe-
size the circuit referring to the assigned cell heights, wherein the
resynthesized solution candidates are tabulated. The ultimate logic
resynthesis solution is ascertained by retracing the computed DP
table. During the solution traceback, the problem of path reconver-
gence arises when a node has multiple fanouts, and more than one
candidate library gates are selected for that node. A heuristic strat-
egy is proposed to tackle this issue. The resynthesized placement
is then fed into the SOTA row-based NIMCH placer [4] to obtain a
legalized placement satisfying the NIMCH layout constraints. In the
remainder of this section, we use two non-integer cell heights 8T
and 12T to illustrate our algorithm for convenience. It is notewor-
thy that our algorithm can handle NIMCH circuits with any pair of
non-integer cell heights.

3.1 Row Height Assignment
During row height assignment, a specific cell height is assigned to

each cell such that the row-based sub-region pattern is established on
the initial placement. In the later stage of resynthesis, each cell can be
only resynthesized to the library gate with the assigned cell height.
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Figure 3: The overall flow of Lesyn.

We propose a majority-guided algorithm for row height assignment.
Denote a placement row by 𝑟𝑖 and the set of 8T/12T cells on 𝑟𝑖 by
𝐶8T
𝑖
/𝐶12T

𝑖
. The ratio between |𝐶8T

𝑖
| and |𝐶12T

𝑖
| is then denoted by

ratio𝑖 . The ratio𝑖 is multiplied by a predefined parameter 𝛽 to control
the overall 8T/12T ratio of the circuit, as shown in Equation (1).

ratio𝑖 = 𝛽
|𝐶8T
𝑖

|
|𝐶12T
𝑖

|
. (1)

If ratio𝑖 > 1, the heights of all cells on 𝑟𝑖 are set to 8T, and vice
versa. However, the majority-guided row height assignment may
cause issues such as bad timing performance (assigning the height
of timing-critical gate to 8T) or area waste (assigning the height of
non-timing-critical gate to 12T).

To resolve the issues above, we allow some of the placement rows
to contain both 8T and 12T gates during the process of row height
assignment (the NIMCH layout constraint violations will be resolved
by row-based NIMCH placement in the later stage). We propose a
timing-aware strategy for row height assignment: After applying the
majority-guided algorithm above, we refer to the timing report of
the initial NIMCH placement and sort all gates by their slack values.
For all gates assigned to 8T, we select the top 𝑥 gates exhibiting the
smallest slack values and reassign them to 12T; Similarly, for gates
assigned to 12T, the top 𝑦 gates with the largest slack values are
reassigned to 8T. In this work, 𝑥 and 𝑦 are set to be small values
to reduce the displacement introduced by the row-based NIMCH
placer. After row height assignment, for each node 𝑛𝑖 , its assigned
cell height is denoted by RHA[𝑛𝑖 ].

3.2 DP Based Logic Resynthesis
Referring to the row height assignment 𝑅𝐻𝐴, we employ dynamic

programming to tabulate the resynthesized solution. We formulate
the NIMCH row-based logic resynthesis problem in Equation (2). The
objective is to minimize the total cell area (explained in Section 2.2).
There are two constraints of the problem: (1) The maximal delay
between any primary input and primary output is less than the target
delay 𝛼 ; (2) The cell height of each gate 𝑔𝑖 satisfies the row height
assignment solution RHA.

min
𝑁∑︁
𝑖=1

𝐴𝑖 s.t. Delay ≤ 𝛼, 𝑔𝑖 ∈ 𝐿, ℎ(𝑖) = 𝑅𝐻𝐴[𝑖], (2)
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(b) AD-curve of 𝑛3 and 𝑔13
Figure 4: Illustration of the dynamic programming approach.

where 𝑁 denotes the number of nodes in the circuit, 𝐿 denotes the
set of library gates, 𝑔𝑖 represents the library gate resynthesized for
node 𝑛𝑖 ,𝐴𝑖 and ℎ𝑖 denote the area and height of gate 𝑔𝑖 , and 𝑅𝐻𝐴[𝑖]
denotes the assigned cell height for node 𝑛𝑖 .

While acquiring the cell area for any given node in the circuit
is intuitive, the calculation of the maximum delay from a PI to any
given node,𝑛𝑖 , can be decomposed into sub-problems concerning the
computation of maximal delay for its fanin nodes. We can store the
delay value of each node in a table, which can then be directly used
to calculate the maximal delay(s) from PI (s) to its fanout node(s).
This strategy eliminates the need for delay recalculation. Given
these insights, we can solve the NIMCH row-based logic resynthesis
problem by dynamic programming, and the DP table calculation
follows the topological order (from PI to PO).

Before diving into the dynamic programming formulation, the
definition of fanin mapping is first given in Definition 1.

Definition 1. (fanin mapping) For a node 𝑛 in a circuit, denote its
fanin nodes by Fanins(𝑛) and for each fanin node 𝑘 (𝑘 ∈ Fanins(𝑛)),
Gates(𝑘) denotes a set of library gates that can be mapped to 𝑘 . A
fanin mapping for node 𝑛, denoted by 𝑝𝑛 , refers to a library gate
mapping assignment for all fanin nodes of 𝑛 (𝑝𝑛 = {𝑘 → 𝑔𝑘 ,∀𝑘 ∈
Fanins(𝑛), 𝑔𝑘 ∈ Gates(𝑘)}).

There are three nodes {𝑛1, 𝑛2, 𝑛3} in the circuit of Figure 4(a): 𝑛1
and 𝑛2 are fanin nodes of 𝑛3, there are two candidate library gates
for 𝑛1 (𝑔11 and 𝑔

2
1) and two candidates for 𝑛2 (𝑔

1
2 and 𝑔

2
2). According to

definition 1, there are four fanin mappings of node 𝑛3: 𝑝1 = {𝑛1 →
𝑔11, 𝑛2 → 𝑔12}, 𝑝2 = {𝑛1 → 𝑔11, 𝑛2 → 𝑔22}, 𝑝3 = {𝑛1 → 𝑔21, 𝑛2 → 𝑔12}
and 𝑝4 = {𝑛1 → 𝑔21, 𝑛2 → 𝑔22}.

A 3-D table𝑑𝑝 is introduced to describe the dynamic programming
state. Given a node 𝑛𝑖 , its candidate library gate 𝑔𝑖 and its fanin
mapping 𝑝𝑖 , the dp entry 𝑑𝑝𝑛𝑖 ,𝑔𝑖 ,𝑝𝑖 stores two attributes, namely,
𝑎𝑟𝑒𝑎 and𝑑𝑒𝑙𝑎𝑦. The attribute𝑎𝑟𝑒𝑎 represents the average area of gate
𝑔𝑖 and its all fanin gates in 𝑝𝑖 , and 𝑑𝑒𝑙𝑎𝑦 denotes the maximal delay
from PI to the output pin of 𝑛𝑖 (given that 𝑛𝑖 is mapped to the library
gate 𝑔𝑖 , and its fanin mapping is 𝑝𝑖 ). Integrating all fanin mapping
entries of 𝑑𝑝𝑛𝑖 ,𝑔𝑖 , we derive an area-delay-curve (AD-curve), and
each point on the AD-curve represents the area-delay characteristic
of one fanin mapping of 𝑛𝑖 . Note that the AD-curve is a Pareto
curve, which means any point on the curve is not dominated by any
other point (Definition 2 gives the definition of point dominance).
Figure 4(b) gives one example of AD-curve of node 𝑛3 and library
gate 𝑔13 (𝑑𝑝𝑛3,𝑔

1
3
). 𝑝3 is dominated by 𝑝2 and is excluded.

Definition 2. (Point Dominance) In an AD-curve, a point 𝑖 domi-
nates another point 𝑗 is 𝑖 .𝑎𝑟𝑒𝑎 < 𝑗 .𝑎𝑟𝑒𝑎 and 𝑖 .𝑑𝑒𝑙𝑎𝑦 < 𝑗 .𝑑𝑒𝑙𝑎𝑦.
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Figure 5: Illustration of delay notations mentioned in the sub-
section DP Entry Calculation.

To apply the dynamic programming approach on a circuit, we
need to go through all nodes in the circuit in topological order
(from PI to PO): For each node 𝑛𝑖 and each candidate library 𝑔𝑖 , if
𝑔𝑖 matches the cut of 𝑛𝑖 in the original circuit and the cell height
of 𝑔𝑖 satisfies the row height assignment 𝑅𝐻𝐴, we calculate the dp
entries of 𝑑𝑝𝑛𝑖 ,𝑔𝑖 for each possible fanin mapping 𝑝𝑖 . Then, all fanin
mapping entries of 𝑑𝑝𝑛𝑖 ,𝑔𝑖 are integrated and pruned to construct
the AD-curve. This process is propagated until the AD-curves of
all nodes and their candidate library gates are constructed. Next,
we delve into further elaboration on dp entry calculation and
AD-curve construction.

DP Entry Calculation. For any node 𝑛𝑖 in the circuit with library
gate𝑔𝑖 and fanin mapping 𝑝𝑖 , to determine the 𝑑𝑒𝑙𝑎𝑦 and 𝑎𝑟𝑒𝑎 values
of 𝑑𝑝𝑛𝑖 ,𝑔𝑖 ,𝑝𝑖 , we first determine the minimal 𝑑𝑒𝑙𝑎𝑦 value for each
fanin of 𝑛𝑖 : For each (𝑛𝑓 , 𝑔𝑓 ) ∈ Fanins(𝑛𝑖 ), where 𝑛𝑓 denotes one
fanin node of 𝑛𝑖 and 𝑔𝑓 represents the library gate selected for 𝑛𝑓 ,
we select the fanin mapping point 𝑝 𝑓 with the minimal 𝑑𝑒𝑙𝑎𝑦 value

from the AD-curve of 𝑑𝑝𝑛𝑓 ,𝑔𝑓 , and store the value of 𝑑𝑝
(delay)
𝑛𝑓 ,𝑔𝑓 ,𝑝𝑓

plus

the wire delay from 𝑛𝑓 to 𝑛𝑖 (𝑑 (𝑛𝑓 , 𝑛𝑖 )) in a table 𝑑 (𝑖 )min, as shown in
Equation (3).

𝑑
(𝑖 )
min [(𝑛𝑓 , 𝑔𝑓 )] = min

𝑝𝑓 ∈𝑑𝑝𝑛𝑓 ,𝑔𝑓
𝑑𝑝

(delay)
𝑛𝑓 ,𝑔𝑓 ,𝑝𝑓

+ 𝑑 (𝑛𝑓 , 𝑛𝑖 ) (3)

Then, we set the 𝑑𝑒𝑙𝑎𝑦 value of 𝑑𝑝𝑛𝑖 ,𝑔𝑖 ,𝑝𝑖 to be the maximal delay
among 𝑑𝑖min plus the gate delay of 𝑔𝑖 (𝐷 (𝑔𝑖 )). The attribute 𝑎𝑟𝑒𝑎
stores the average area of gate 𝑔𝑖 and all its fanin gates in 𝑝𝑖 .

We use a state transition function to depict the process of dp entry
calculation, as formulated in Equation (4).

𝑑𝑝
(delay)
𝑛𝑖 ,𝑔𝑖 ,𝑝𝑖

= 𝐷 (𝑔𝑖 ) + max
𝑛𝑓 ,𝑔𝑓

𝑑
(𝑖 )
min [(𝑛𝑓 , 𝑔𝑓 )],

𝑑𝑝
(area)
𝑛𝑖 ,𝑔𝑖 ,𝑝𝑖

=
𝐴(𝑔𝑖 ) +

∑
𝑔𝑓 ∈𝑝𝑖 𝐴(𝑔𝑓 )

1 + |Fanins(𝑛𝑖 ) |
,

(4)

where 𝐷 (𝑔𝑖 ) and the 𝐴(𝑔𝑖 ) denote the gate delay and area of library
gate𝑔𝑖 ,𝑑 (𝑛𝑓 , 𝑛𝑖 ) denotes the wire delay from node𝑛𝑓 to node𝑛𝑖 . Fig-

ure 5 illustrates the meaning of 𝑑𝑝 (delay)𝑛𝑓 ,𝑔𝑓 ,𝑝𝑓
, 𝑑 (𝑛𝑓 , 𝑛𝑖 ) and 𝐷 (𝑔𝑖 ), and

Figure 6 gives one example of dp entry calculation: Assume𝑛 𝑗 and𝑛𝑘
are two fanin nodes of 𝑛𝑖 , to calculate 𝑑𝑝𝑛𝑖 ,𝑔𝑖 ,{𝑛 𝑗→𝑔𝑗 ,𝑛𝑘→𝑔𝑘 } (library
gates 𝑔 𝑗 and 𝑔𝑘 are mapped to 𝑛 𝑗 and 𝑛𝑘 , respectively), we first de-
termine the minimal delay 𝑑 𝑗 /𝑑𝑘 in the AD-curve of 𝑑𝑝𝑛 𝑗 ,𝑔𝑖 /𝑑𝑝𝑛𝑘 ,𝑔𝑘 .
Then, 𝑑𝑝 (delay)

𝑛𝑖 ,𝑔𝑖 ,{𝑛 𝑗→𝑔𝑗 ,𝑛𝑘→𝑔𝑘 }
can be calculated as the maximal delay

between 𝑑 𝑗 and 𝑑𝑘 plus the gate delay of 𝑔𝑖 .

AD-curve Construction. For any node 𝑛𝑖 and its candidate library
gate 𝑔𝑖 , after calculating the dp entry of each fanin mapping, we
need to construct the AD-curve of 𝑑𝑝𝑛𝑖 ,𝑔𝑖 : Treating the dp entry of
each fanin mapping as a 2D point with the corresponding 𝑑𝑒𝑙𝑎𝑦 and
𝑎𝑟𝑒𝑎 value as the point coordinate, we prune the dominated points,
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p3
k(6.2, 4.3)

<latexit sha1_base64="ldc9CLYy4Kn+5LaDOZduPRLIYvw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCRSlJKepGKLpxWcE+oA1hMpm0004mYWYi1FD8FTcuFHHrf7jzb5y2WWjrgQuHc+7l3nu8mFGpLOvbyC0tr6yu5dcLG5tb2zvm7l5TRonApIEjFom2hyRhlJOGooqRdiwICj1GWt7wZuK3HoiQNOL3ahQTJ0Q9TgOKkdKSax747gBeQbtcOfVL3B2ccZeeuGbRKltTwEViZ6QIMtRd86vrRzgJCVeYISk7thUrJ0VCUczIuNBNJIkRHqIe6WjKUUikk06vH8NjrfgwiIQuruBU/T2RolDKUejpzhCpvpz3JuJ/XidRwaWTUh4ninA8WxQkDKoITqKAPhUEKzbSBGFB9a0Q95FAWOnACjoEe/7lRdKslO3zcvWuWqxdZ3HkwSE4AiVggwtQA7egDhoAg0fwDF7Bm/FkvBjvxsesNWdkM/vgD4zPH0OAkzA=</latexit>

dj = 1.2 + d(nj , ni)

<latexit sha1_base64="QFKr8TMQDZnZb4kOKkQlVckQMAQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCRSmJFnUjFN24rGAf0IYwmUzaIZNJmJkINRR/xY0LRdz6H+78G6dtFtp64MLhnHu59x4vYVQqy/o2CguLS8srxdXS2vrG5pa5vdOScSowaeKYxaLjIUkY5aSpqGKkkwiCIo+RthfejP32AxGSxvxeDRPiRKjPaUAxUlpyzT3fDeEVrFXPjv0Kd8MT7tIj1yxbVWsCOE/snJRBjoZrfvX8GKcR4QozJGXXthLlZEgoihkZlXqpJAnCIeqTrqYcRUQ62eT6ETzUig+DWOjiCk7U3xMZiqQcRp7ujJAayFlvLP7ndVMVXDoZ5UmqCMfTRUHKoIrhOAroU0GwYkNNEBZU3wrxAAmElQ6spEOwZ1+eJ63Tqn1erd3VyvXrPI4i2AcHoAJscAHq4BY0QBNg8AiewSt4M56MF+Pd+Ji2Fox8Zhf8gfH5A0zgkzY=</latexit>

dk = 4.3 + d(nk, ni)

<latexit sha1_base64="T96AddmjNnOlBMKV7CTre7D3hJM="></latexit>

dp(delay)
ni,gi,pi

= D(gi) + max(dj , dk)

<latexit sha1_base64="0+j+frPqt1tz6FMxbpjc0pXetkk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBg5RdKeqx6MVjBfsB7bJks2mbNpsNSVYoS/+GFw+KePXPePPfmLZ70NYHA4/3ZpiZF0rOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpJFaFNkvBEdUKsKWeCNg0znHakojgOOW2H47uZ336iSrNEPJqJpH6MB4L1GcHGSr1IBpkIRheDYDQNyhW36s6BVomXkwrkaATlr16UkDSmwhCOte56rjR+hpVhhNNpqZdqKjEZ4wHtWipwTLWfzW+eojOrRKifKFvCoLn6eyLDsdaTOLSdMTZDvezNxP+8bmr6N37GhEwNFWSxqJ9yZBI0CwBFTFFi+MQSTBSztyIyxAoTY2Mq2RC85ZdXSeuy6l1Vaw+1Sv02j6MIJ3AK5+DBNdThHhrQBAISnuEV3pzUeXHenY9Fa8HJZ47hD5zPHxQ2kbk=</latexit>

dpnj ,gj

<latexit sha1_base64="thl8WPNUfpfJjmhWFmllENrw7Gc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBg5REinosevFYwX5AG8Jms2mXbjbL7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMCyVn2rjut1NaW9/Y3CpvV3Z29/YPqodHHZ1mitA2SXmqeiHWlDNB24YZTntSUZyEnHbD8d3M7z5RpVkqHs1EUj/BQ8FiRrCx0iCSQS6C8cUwGE+Das2tu3OgVeIVpAYFWkH1axClJEuoMIRjrfueK42fY2UY4XRaGWSaSkzGeEj7lgqcUO3n85un6MwqEYpTZUsYNFd/T+Q40XqShLYzwWakl72Z+J/Xz0x84+dMyMxQQRaL4owjk6JZAChiihLDJ5Zgopi9FZERVpgYG1PFhuAtv7xKOpd176reeGjUmrdFHGU4gVM4Bw+uoQn30II2EJDwDK/w5mTOi/PufCxaS04xcwx/4Hz+ABdEkbs=</latexit>

dpnk,gk

Figure 6: Illustration of dp entry calculation of𝑑𝑝𝑛𝑖 ,𝑔𝑖 ,𝑝𝑖 , where
𝑝𝑖 = {𝑛 𝑗 → 𝑔 𝑗 , 𝑛𝑘 → 𝑔𝑘 }.
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traceback
<latexit sha1_base64="GLfW7MWr2jGMIAuhgw5cYQcyUhc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTFtoY5lsN+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMUebTRCSqHaJmgkvmG24Ea6eKYRwK1gpHtzO/9cSU5ol8MOOUBTEOJI84RWMlP+3ho9crV9yqOwdZJV5OKpCj0St/dfsJzWImDRWodcdzUxNMUBlOBZuWuplmKdIRDljHUokx08FkfuyUnFmlT6JE2ZKGzNXfExOMtR7Hoe2M0Qz1sjcT//M6mYmugwmXaWaYpItFUSaIScjsc9LnilEjxpYgVdzeSugQFVJj8ynZELzll1dJ86LqXVZr97VK/SaPowgncArn4MEV1OEOGuADBQ7P8ApvjnRenHfnY9FacPKZY/gD5/MHcImOdA==</latexit>

p1
a

<latexit sha1_base64="ZihMLRW/qFJzO2kvK5JdOVOoSX4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHoxWMF0xbaWCbbTbt0swm7G6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmKPNpIhLVDlEzwSXzDTeCtVPFMA4Fa4Wj25nfemJK80Q+mHHKghgHkkecorGSn/bwsdorld2KOwdZJV5OypCj0St9dfsJzWImDRWodcdzUxNMUBlOBZsWu5lmKdIRDljHUokx08FkfuyUnFulT6JE2ZKGzNXfExOMtR7Hoe2M0Qz1sjcT//M6mYmugwmXaWaYpItFUSaIScjsc9LnilEjxpYgVdzeSugQFVJj8ynaELzll1dJs1rxLiu1+1q5fpPHUYBTOIML8OAK6nAHDfCBAodneIU3RzovzrvzsWhdc/KZE/gD5/MHcg2OdQ==</latexit>

p2
a

<latexit sha1_base64="Th8eOdPTl4uliVHCypl3V5W2Qvk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokW9Vj04rGCaQttLJPtpl262YTdjVBKf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfzsrq2vrGZmGruL2zu7dfOjhs6CRTlPk0EYlqhaiZ4JL5hhvBWqliGIeCNcPh7dRvPjGleSIfzChlQYx9ySNO0VjJT7v4eNEtld2KOwNZJl5OypCj3i19dXoJzWImDRWoddtzUxOMURlOBZsUO5lmKdIh9lnbUokx08F4duyEnFqlR6JE2ZKGzNTfE2OMtR7Foe2M0Qz0ojcV//PamYmugzGXaWaYpPNFUSaIScj0c9LjilEjRpYgVdzeSugAFVJj8ynaELzFl5dJ47ziXVaq99Vy7SaPowDHcAJn4MEV1OAO6uADBQ7P8ApvjnRenHfnY9664uQzR/AHzucPc5GOdg==</latexit>

p3
a

<latexit sha1_base64="RaADbXqQ01RnqDuwE/0GfZ36P8I=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTFtoY9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0O/NbT6g0T+SDGacYxHQgecQZNVby01746PXKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzslZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2OelzhcyIsSWUKW5vJWxIFWXG5lOyIXjLL6+S5kXVu6zW7muV+k0eRxFO4BTOwYMrqMMdNMAHBhye4RXeHOm8OO/Ox6K14OQzx/AHzucPcg+OdQ==</latexit>

p1
b

<latexit sha1_base64="tu1g44LM+kuHv9pMb1g2qfz0C10=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHoxWMF0xbaWDbbSbt0swm7G6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6nfmtJ1SaJ/LBjFMMYjqQPOKMGiv5aS98rPZKZbfizkFWiZeTMuRo9Epf3X7CshilYYJq3fHc1AQTqgxnAqfFbqYxpWxEB9ixVNIYdTCZHzsl51bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2OelzhcyIsSWUKW5vJWxIFWXG5lO0IXjLL6+SZrXiXVZq97Vy/SaPowCncAYX4MEV1OEOGuADAw7P8ApvjnRenHfnY9G65uQzJ/AHzucPc5OOdg==</latexit>

p2
b

<latexit sha1_base64="0R2onBiY4mMw4O4nk4GBNvmEHcs=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokW9Vj04rGCaQttLJvtpl262YTdiVBKf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2TJJpxn2WyES3Qmq4FIr7KFDyVqo5jUPJm+Hwduo3n7g2IlEPOEp5ENO+EpFgFK3kp93w8aJbKrsVdwayTLyclCFHvVv66vQSlsVcIZPUmLbnphiMqUbBJJ8UO5nhKWVD2udtSxWNuQnGs2Mn5NQqPRIl2pZCMlN/T4xpbMwoDm1nTHFgFr2p+J/XzjC6DsZCpRlyxeaLokwSTMj0c9ITmjOUI0so08LeStiAasrQ5lO0IXiLLy+TxnnFu6xU76vl2k0eRwGO4QTOwIMrqMEd1MEHBgKe4RXeHOW8OO/Ox7x1xclnjuAPnM8fdReOdw==</latexit>

p3
b

<latexit sha1_base64="08yCO9S3MZ1k/IEjkCdMEUhHNx4=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoiRT1WvXis0i9oQ9lsN+3SzSbsTsQa+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8w8PxZcg+N8Wyura+sbm7mt/PbO7l7B3j9o6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJHN1O/9cCU5pGswzhmXkgGkgecEjBSzy50gT1Cen9Vn5Rkj5z27KJTdmbAy8TNSBFlqPXsr24/oknIJFBBtO64TgxeShRwKtgk3000iwkdkQHrGCpJyLSXzg6f4BOj9HEQKVMS8Ez9PZGSUOtx6JvOkMBQL3pT8T+vk0Bw6aVcxgkwSeeLgkRgiPA0BdznilEQY0MIVdzciumQKELBZJU3IbiLLy+T5lnZPS9X7irF6nUWRw4doWNUQi66QFV0i2qogShK0DN6RW/Wk/VivVsf89YVK5s5RH9gff4ALr+SyQ==</latexit>

RAT(na)

<latexit sha1_base64="ojoOFRoNNS/+rCQfo/Xbz65mge8=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoiRT1WvXis0i9oQ9lsN+3SzSbsTsQa+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8w8PxZcg+N8Wyura+sbm7mt/PbO7l7B3j9o6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJHN1O/9cCU5pGswzhmXkgGkgecEjBSzy50gT1Cen9Vn5Rkzz/t2UWn7MyAl4mbkSLKUOvZX91+RJOQSaCCaN1xnRi8lCjgVLBJvptoFhM6IgPWMVSSkGkvnR0+wSdG6eMgUqYk4Jn6eyIlodbj0DedIYGhXvSm4n9eJ4Hg0ku5jBNgks4XBYnAEOFpCrjPFaMgxoYQqri5FdMhUYSCySpvQnAXX14mzbOye16u3FWK1essjhw6QseohFx0garoFtVQA1GUoGf0it6sJ+vFerc+5q0rVjZziP7A+vwBMESSyg==</latexit>

RAT(nb)

<latexit sha1_base64="3nH5A2wIEXiQ+Wo6JRfAfz+OQ0c=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTFtoY9lsN+3SzW7Y3Qgl9Dd48aCIV3+QN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8tUEeoTyaXqhlhTzgT1DTOcdhNFcRxy2gknt3O/80SVZlI8mGlCgxiPBIsYwcZKfjKQj96gWnPrbg60SryC1KBAa1D96g8lSWMqDOFY657nJibIsDKMcDqr9FNNE0wmeER7lgocUx1k+bEzdGaVIYqksiUMytXfExmOtZ7Goe2MsRnrZW8u/uf1UhNdBxkTSWqoIItFUcqRkWj+ORoyRYnhU0swUczeisgYK0yMzadiQ/CWX14l7Yu6d1lv3DdqzZsijjKcwCmcgwdX0IQ7aIEPBBg8wyu8OcJ5cd6dj0VrySlmjuEPnM8fhd2Ogg==</latexit>

p1
o

<latexit sha1_base64="ao0W/UARkPKYiLu911rL8NS5iFM=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewqQY9ELx4xcYEEVtItXWjotpu2a0I2/AYvHjTGqz/Im//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HtzO//USVZlI8mElCgxgPBYsYwcZKftKXj5f9csWtunOgVeLlpAI5mv3yV28gSRpTYQjHWnc9NzFBhpVhhNNpqZdqmmAyxkPatVTgmOogmx87RWdWGaBIKlvCoLn6eyLDsdaTOLSdMTYjvezNxP+8bmqi6yBjIkkNFWSxKEo5MhLNPkcDpigxfGIJJorZWxEZYYWJsfmUbAje8surpHVR9erV2n2t0rjJ4yjCCZzCOXhwBQ24gyb4QIDBM7zCmyOcF+fd+Vi0Fpx85hj+wPn8AYjljoQ=</latexit>

p3
o

<latexit sha1_base64="PmJ5dOcQFF7I1mg8krzch63RjB0=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBg5REi3osevFYwX5Am4bNZtMu3WzC7kYpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zM8xPOlLbtb6uwsrq2vlHcLG1t7+zulfcPWipOJaFNEvNYdnysKGeCNjXTnHYSSXHkc9r2R7dTv/1IpWKxeNDjhLoRHggWMoK1kfpB4mXCw2cDD/cvJl65YlftGdAycXJSgRwNr/zVC2KSRlRowrFSXcdOtJthqRnhdFLqpYommIzwgHYNFTiiys1mV0/QiVECFMbSlNBopv6eyHCk1DjyTWeE9VAtelPxP6+b6vDazZhIUk0FmS8KU450jKYRoIBJSjQfG4KJZOZWRIZYYqJNUCUTgrP48jJpnVedy2rtvlap3+RxFOEIjuEUHLiCOtxBA5pAQMIzvMKb9WS9WO/Wx7y1YOUzh/AH1ucPJ86STA==</latexit>

dpna,g3
a

<latexit sha1_base64="Gu3JpGFoz5MCbA1cTacNkEdY4Eo=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBg5RESvVY9OKxgv2ANg2bzaZdutmE3Y1SQv+HFw+KePW/ePPfuG1z0NYHA4/3ZpiZ5yecKW3b31ZhbX1jc6u4XdrZ3ds/KB8etVWcSkJbJOax7PpYUc4EbWmmOe0mkuLI57Tjj29nfueRSsVi8aAnCXUjPBQsZARrIw2CxMuE518MPX/gTL1yxa7ac6BV4uSkAjmaXvmrH8QkjajQhGOleo6daDfDUjPC6bTUTxVNMBnjIe0ZKnBElZvNr56iM6MEKIylKaHRXP09keFIqUnkm84I65Fa9mbif14v1eG1mzGRpJoKslgUphzpGM0iQAGTlGg+MQQTycytiIywxESboEomBGf55VXSvqw69WrtvlZp3ORxFOEETuEcHLiCBtxBE1pAQMIzvMKb9WS9WO/Wx6K1YOUzx/AH1ucPJ9aSTA==</latexit>

dpnb,g1
b

<latexit sha1_base64="BU9GHUIxA9NcBJQk9UgG/5usInU=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4kLIrRT0WvXisYD+g3S7ZbNqGZpMlySpl6f/w4kERr/4Xb/4b03YP2vpg4PHeDDPzwoQzbVz321lZXVvf2CxsFbd3dvf2SweHTS1TRWiDSC5VO8SaciZowzDDaTtRFMchp61wdDv1W49UaSbFgxkn1I/xQLA+I9hYqRclQSYCeT4IZM+bBKWyW3FnQMvEy0kZctSD0lc3kiSNqTCEY607npsYP8PKMMLppNhNNU0wGeEB7VgqcEy1n82unqBTq0SoL5UtYdBM/T2R4VjrcRzazhiboV70puJ/Xic1/Ws/YyJJDRVkvqifcmQkmkaAIqYoMXxsCSaK2VsRGWKFibFBFW0I3uLLy6R5UfEuK9X7arl2k8dRgGM4gTPw4ApqcAd1aAABBc/wCm/Ok/PivDsf89YVJ585gj9wPn8AT8CSZg==</latexit>

dpno,g1
o

<latexit sha1_base64="AV6Ec7iCzJHXP2a44rSj3/wSVzw=">AAACIHicbVBNS8NAEN34bf2KevSyWAQPUpIq6kUQvXisYFVo0jDZbtqlm92wu1FK6E/x4l/x4kERvemvcftx0OqDgcd7M8zMizPOtPG8T2dqemZ2bn5hsbS0vLK65q5vXGuZK0LrRHKpbmPQlDNB64YZTm8zRSGNOb2Ju+cD/+aOKs2kuDK9jIYptAVLGAFjpcg9yiLZrJ4EhYgAB4q1OwaUkve4HUFzfy8IRBRP6HHTD/qRW/Yq3hD4L/HHpIzGqEXuR9CSJE+pMISD1g3fy0xYgDKMcNovBbmmGZAutGnDUgEp1WExfLCPd6zSwolUtoTBQ/XnRAGp1r00tp0pmI6e9Abif14jN8lxWDCR5YYKMlqU5BwbiQdp4RZTlBjeswSIYvZWTDqggBibacmG4E++/JdcVyv+YeXg8qB8ejaOYwFtoW20i3x0hE7RBaqhOiLoAT2hF/TqPDrPzpvzPmqdcsYzm+gXnK9vRoSjDw==</latexit>

p2
o = {na ! g3

a,

nb ! g1
b}

Figure 7: Illustration of solution traceback for fanin nodes (𝑛𝑎
and 𝑛𝑏 ) of 𝑛𝑜 : Assume library gate 𝑔1𝑜 is mapped to 𝑛𝑜 and the
corresponding fanin mapping selected is {𝑛𝑎 → 𝑔3𝑎, 𝑛𝑏 → 𝑔1

𝑏
},

we trace back to theAD-curves of𝑑𝑝𝑛𝑎,𝑔3𝑎 and𝑑𝑝𝑛𝑏 ,𝑔1𝑏 , and select
the fanin mapping which satisfies the required arrival time
constraint and has the minimal area (𝑝2𝑎 and 𝑝2

𝑏
).

and the pareto frontier constituted by the remaining points is the
AD-curve of 𝑑𝑝𝑛𝑖 ,𝑔𝑖 .

3.3 Resynthesis Solution Traceback
This sub-section details the process of solution traceback in the

calculated DP table, and proposes a heuristic strategy to solve the
issue of path reconvergence encountered during the traceback.

Solution Traceback. The solution traceback of the calculated DP
table follows the reverse-topological order, and starts with the nodes
whose fanouts are POs (output nodes for short). To determine the
resynthesized gate selection of an output node 𝑛𝑜 from a list of
candidate library gates (𝐺𝑜 = {𝑔1𝑜 , 𝑔2𝑜 , ..., 𝑔𝑘𝑜 }), we merge all AD-
curves of 𝑑𝑝𝑛𝑜 ,𝑔𝑖𝑜 (𝑔𝑖𝑜 ∈ 𝐺0) into a single AD-curve, and among the
points whose delays are smaller than the required arrival time of
𝑛𝑜 (RAT(𝑛𝑜 )), the point with the minimal 𝑎𝑟𝑒𝑎, say, 𝑑𝑝𝑛𝑜 ,𝑔𝑜 ,𝑝𝑜 , is
selected as the resynthesized solution of 𝑛𝑜 (that is, library gate 𝑔𝑜
is selected as the resynthesis solution of 𝑛𝑜 ).

Referring to the fanin mapping 𝑝𝑜 , we can further determine the
library gate selection of the fanin nodes of 𝑛𝑜 . Assume node 𝑛𝑓 is
one fanin node of 𝑛𝑜 , and the library gate 𝑔𝑓 is selected for 𝑛𝑓 , a
fanin mapping point 𝑝 𝑓 on the AD-curve of 𝑑𝑝𝑛𝑓 ,𝑔𝑓 is required to
be determined to trace back the resynthesis solutions for fanins of
𝑛𝑓 : We first calculate the required arrival time RAT(𝑛𝑓 ) of 𝑛𝑓 . Then,
the points on the AD-curve of 𝑑𝑝𝑛𝑓 ,𝑔𝑓 whose 𝑑𝑒𝑙𝑎𝑦𝑠 are larger than
RAT(𝑛𝑓 ) are pruned, and the fanin mapping among the remaining
points with the minimal 𝑎𝑟𝑒𝑎 is selected. This traceback procedure is
recursively leveraged until the gate-selection is completed for each
node in the circuit. Figure 7 illustrates solution traceback.
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Figure 8: Illustration of path reconvergence: Assume
𝑑𝑝𝑛𝑖 ,𝑔2𝑖 ,{𝑛𝑘→𝑔1

𝑘
} and 𝑑𝑝𝑛 𝑗 ,𝑔

1
𝑗
,{𝑛𝑘→𝑔2

𝑘
} represent the resynthesis

result for 𝑛𝑖 and 𝑛 𝑗 , with faninmappings 𝑛𝑘 → 𝑔1
𝑘
and 𝑛𝑘 → 𝑔2

𝑘

respectively. Two library gates (𝑔1
𝑘
and 𝑔2

𝑘
) are selected for 𝑛𝑘 .

Path Reconvergence. Since the underlying topology of the gate-
level netlist is a DAG instead of a tree, path reconvergence occurs in
the process of solution traceback when two nodes (𝑛𝑖 and 𝑛 𝑗 ) share
the same fanin node (𝑛𝑘 ), and the dp table entry determination of
𝑛𝑖 and 𝑛 𝑗 leads to gate-type-selection conflict of 𝑛𝑘 , as illustrated
in Figure 8. The issue of path reconvergence is discussed in several
works involving DP-like systematic solution tracing [6–8]. We pro-
pose a heuristic strategy to handle the path reconvergence issue.
During the process of solution traceback, if the gate-selection con-
flict occurs for node 𝑛𝑘 (that is, there are two candidate gates for 𝑛𝑘 ),
we calculate the required arrival time of 𝑛𝑘 (RAT(𝑛𝑘 )), and between
the two candidate library gates, we choose the candidate with the
minimal area whose 𝑑𝑒𝑙𝑎𝑦 is smaller than RAT(𝑛𝑘 ) as the resynthesis
solution of 𝑛𝑘 .

By the timing-aware solution traceback and the heuristic strategy
for path reconvergence fix, the total area is minimized and the timing
constraint is satisfied for the resynthesis result.

4 Structural Logic Resynthesis
In this section, we extend the conservative logic resynthesis by

allowing circuit topological modification, for larger solution space
and potentially better resynthesis result. We propose structural logic
resynthesis by only modifying the step of DP table calculation (Sec-
tion 3.2): For library gate selection of any node 𝑛𝑖 , instead of sticking
to library gates which match the original cut of 𝑛𝑖 , any library gate
𝑔𝑖 which matches any cut in 𝐶𝑢𝑡𝑖 (𝐶𝑢𝑡𝑖 denotes all cuts of node 𝑖)
is expected to be selected as the candidate gate (as long as the cell
height of𝑔𝑖 satisfies the row height assignment 𝑅𝐻𝐴). The dp entries
and AD-curve are calculated and constructed for each 𝑔𝑖 .

However, exhausting all library gates of all cuts may be computa-
tionally prohibitive for DP table calculation and resynthesis solution
traceback. Moreover, for any node 𝑛𝑖 and its cut 𝑐 𝑗 (𝑐 𝑗 ∈ 𝐶𝑢𝑡𝑖 ), if
the nodes in 𝑐 𝑗 are spatially distant from 𝑛𝑖 in the initial placement,
resynthesizing 𝑛𝑖 to the library gate matching 𝑐 𝑗 may cause a large
wire delay and thus bad timing.

To overcome the two concerns above, we constrain the maximal
size of the cut to be 4 (4-feasible cut), and prune the spatially-distant
cut(s) for each node in the step of DP table calculation. Figure 9
illustrates the process of structural resynthesis. Compared with con-
servative logic resynthesis, the structural approach explores the
variants of the circuit connectivity and topological structure, enlarg-
ing the resynthesis solution space at the cost of a larger runtime.

5 Experimental Results
We implement the logic resynthesis algorithm in C++, with the

logic synthesis library mockturtle [9] used for cut enumeration and
technology mapping. OpenTimer [10], a static timing analysis (STA)
tool, is used for timing evaluation. All experiments were performed
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Figure 9: Illustration of structural logic resynthesis: in circuit
(a), the node𝐴 has two cuts, namely, {𝐵,𝐶} and {𝐶,𝐷 , 𝐸}, and𝐴 is
covered by the cut {𝐵,𝐶}. (b) is the placement before structural
resynthesis. After structural resynthesis, in the circuit of (c),
𝐴 is remapped to cut {𝐶, 𝐷 , 𝐸}, and 𝐵 is dangling and thus
removed. The corresponding placement of (c) is shown in (d).

on a 64-bit Linux machine with Intel Core i7 2.5GHz CPU and 64GB
memory. By modifying the 15nm FinFET-based Open Cell Library
(OCL) [11], we made our technology library contain the information
of 8T and 12T cells. Figure 10 demonstrates the delay-area trade-off
between 8T and 12T cells in our technology library.

To evaluate the effectiveness and efficiency of our method, we
conduct our experiments on the EPFL combinational arithmetic
benchmark suite [12]. Firstly, these designs are synthesized (technol-
ogy mapped) by mockturtle. Then, we modify the standard-cell LEF
files such that all cells share the same height (8T) with area unaltered
(the reason for LEF modification is that existing commercial place-
ment tools can only handle designs with the same cell heights). The
circuits are then placed by Innovus in timing-driven mode to obtain
the initial placement. Next, our proposed row-based logic resynthe-
sis methods are leveraged on the initial placement to generate the
resynthesized placement. Finally, we apply the row-based NIMCH
placement [4] on both the initial placement (for conventional flow)
and the resynthesized placement to eliminate potential cell overlaps
and satisfy the NIMCH layout constraints. Note that during the row-
based NIMCH placement, each gate reverts to its original height,
with a corresponding update to the floorplan (height of each row).

In the implementation of the dynamic programming-based logic
resynthesis, we apply Cadence Innovus to generate the wire para-
sitics (SPEF) of the initial placement, and feed the generated SPEF to
Opentimer for delay calculation. For wire delay calculation of the
structural resynthesis, whenever the resynthesis updates the circuit
connectivity, we apply flute [13] to generate Steiner trees for the
affected nets. Based on the Steiner trees, we construct corresponding
RC trees and feed them back toOpentimer for wire delay calculation.

Since no clocks are defined for the combinational circuits, it is im-
possible to evaluate common timing metrics (such as WNS and TNS)
and dynamic power consumption. Therefore, we follow the con-
vention of logic synthesis to report experimental results in Table 1:
‘area’ denotes the total area of all gates in the circuit, ‘power’ reports
the leakage power consumption, and ‘delay’ reports the maximal
path delay in the placed circuit. Besides, ‘disp’ reports the displace-
ment between the initial placement (generated by Innovus) and the
layout-constraint-satisfied placement. The runtime of ‘conventional
flow’ consists of the runtime of Innovus for initial placement and the
runtime of row-based NIMCH placement [4] for layout-constraint-
satisfied placement, while the runtime of ‘conventional flow + Lesyn’
sums up the runtime of initial placement generation, structural logic
resynthesis and row-based NIMCH placement.



Table 1: Post-Place PPA results on the EPFL combinational arithmetic benchmark suite. ‘Conventional flow’ involves directly
applying the row-based NIMCH placer [4] on the initial placement. For ‘conventional flow +Lesyn’, our proposed resynthesis
approach is incorporated between the stage of initial placement generation and row-based NIMCH placement.

Circuit
Metrics conventional flow [4] conventional flow + Lesyn (Ours)

# # area power delay disp time area power delay disp time
Cells Nets (𝑢𝑚2) (mW) (ns) (𝑢𝑚) (s) (𝑢𝑚2) (mW) (ns) (𝑢𝑚) (s)

adder 891 1147 197.198 0.012 1.865 2410.82 47 197.231 0.011 1.715 923.65 59
bar 2188 2323 744.096 0.043 1.525 4281.73 54 727.213 0.039 0.485 311.30 77
div 48343 48471 9930.834 0.549 245.849 185512.02 1248 9850.830 0.525 208.065 6223.10 2182
hyp 168035 168291 38847.320 2.181 1154.000 4623408.61 3943 38923.400 2.082 795.058 30046.210 6505
log2 21148 21180 5638.914 0.334 21.330 102082.70 704 5546.227 0.324 12.821 5296.64 1307
max 2287 2799 493.994 0.025 2.839 2267.18 83 490.160 0.024 2.652 515.07 103
multi 21832 21960 4415.000 0.248 9.996 395585.00 493 4443.712 0.246 5.646 2186.75 836
sin 4203 4227 1212.678 0.072 3.710 13039.92 165 1219.117 0.072 3.269 540.42 252
sqrt 21832 21960 5962.334 0.355 147.273 168311.07 870 5942.411 0.361 142.552 2803.20 1377

square 12985 13050 2705.146 0.135 6.155 35430.74 240 2704.163 0.134 5.748 1944.83 361
Normalize - - 1.000 1.000 1.000 1.000 1.000 0.999 0.965 0.739 0.009 1.538
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Figure 10: The delay-area trade-off between 8T and 12T cells
in our technology library.
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Figure 11: Comparison of normalized maximal delay and run-
time, with and without structural logic resynthesis.

As is shown in Table 1, by adjusting the parameter 𝛽 in row height
assignment and the target delay 𝛼 in Equation (2), the total cell area
of the initial circuit and resynthesized circuit remain almost the same.
Compared with directly applying row-based NIMCH placer on the
initial placement by Innovus, Lesyn reduces the maximal delay by
26.1%, at the cost of 55.1% additional runtime. Moreover, since our
proposed resynthesis algorithm preserves the cell locations of the
initial placement, the displacement of Lesyn is reduced by 99.1%,
compared with the conventional NIMCH physical design flow. Little
displacement introduced by our proposed approach guarantees that
the timing-optimization by the initial placement is well preserved,
leading to a smaller delay.

Figure 11 showcases a comparison between conservative and
structural logic resynthesis on the EPFL arithmetic benchmark suite.
Since the variance in total cell area, leakage power and displacement
for the conservative and structural approaches are within 2%, we
only compare the normalized maximal delay and runtime. Compared
with the conservative logic resynthesis, the structural approach

explores larger solution space and achieves 15.7% extra maximal
delay reduction (exemplified by the case hyp, multi and sqrt), at the
cost of 8.8% additional runtime.

6 Conclusion
In this paper, we introduce a new flow for NIMCH physical design,

with the incorporation of placement-aware logic resynthesis. Our
proposed row-based logic resynthesis algorithm starts with a timing-
aware row height assignment strategy, which assigns specific cell
heights to each row of the initial placement. Then, we develop a
dynamic-programming-based algorithm for logic resynthesis, and a
heuristic method is proposed to solve the path reconvergence issue
of the solution traceback. Experimental results demonstrate that by
keeping the total cell area unchanged, our algorithm can reduce the
maximal delay by 26.1%.
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