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DiffPattern-Flex: Efficient Layout Pattern
Generation via Discrete Diffusion
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Abstract—Recent advancements in layout pattern generation
have been dominated by deep generative models. However,
relying solely on neural networks for legality guarantees raises
concerns in many practical applications. In this article, we
present DiffPattern-Flex, a novel approach designed to generate
reliable layout patterns efficiently. DiffPattern-Flex incorporates
a new method for generating diverse topologies using a discrete
diffusion model while maintaining a lossless and compute-
efficient layout representation. To ensure legal pattern generation,
we employ an optimization-based, glass-box pattern assessment
process based on specific design rules. Furthermore, fast sampling
and efficient legalization technologies are employed to accelerate
the generation process. Experimental results across various
benchmarks demonstrate that DiffPattern-Flex significantly out-
performs existing methods and excels at producing reliable layout
patterns.

Index Terms—Design for manufacturability (DFM), diffusion
models, legalization, pattern generation.

I. INTRODUCTION

ELIABLE very-large-scale integration (VLSI) lay-

out pattern libraries form the backbone of various
design for manufacturability (DFM) research, such as
refining design rules [1], [2], [3], optimizing optical prox-
imity correction (OPC) techniques [4], [5], [6], performing
lithography simulations [7], [8], [9], and detecting layout
hotspots [10], [11], [12]. With the increasing demand for
layout patterns in machine-learning-based lithography design,
building a comprehensive and practical large-scale pattern
library has become highly resource-intensive due to the
extended logic-to-chip design cycle.

To address this challenge, a variety of rule-based and
learning-based layout pattern generation methods have been
introduced. Early rule-based methods [13], [14] augmented
predefined sets of basic units through simple techniques
like flipping and rotation. These units were then randomly
selected and combined. However, this approach results in
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limited diversity and quantity of generated patterns. More
recently, learning-based generative methods [15], [16], [17],
[18], [19] have demonstrated the ability to produce diverse
layout patterns at a larger scale. Among these, pixel-based
methods [15], [16] treat pattern generation as a binary image
synthesis task. While layout patterns can be expansive, the
distribution of critical information within them is often sparse.
To mitigate computational inefficiency, a lossless pattern
representation called Squish Pattern was introduced by [20],
which compresses large layout patterns into smaller binary
topology matrices and geometric vectors.

In pixel-based methods, a topology matrix with continuous
values is synthesized and later thresholded to produce a
binary matrix. This approach introduces inefficiencies and
hampers model performance. Alternatively, sequential-based
methods [17] model layout patterns as polygon sequences,
which are decomposed into vertices and directed edges. These
methods generate new layout patterns by creating polygon
sequences that are then transformed into layouts. Both pixel-
based and sequential approaches rely on the generative model
to learn latent regularizations from the training data to prevent
generating illegal patterns that violate design rules. However,
we argue that these implicit constraints learned from the data
are neither flexible nor reliable. When design rules change,
these models often require retraining on large-scale datasets,
and even then, a significant proportion of the generated
patterns may violate the rules.

In this article, we introduce DiffPattern-Flex, a practical
and efficient pixel-based layout pattern generation framework
composed of three key components:

Topology Generation: Inspired by the success of diffusion
models [21], [22], we frame the topology generation task as
a denoising problem. Using a discrete diffusion model, we
predict the noise that should be removed at each step. Unlike
prior work that applies thresholds on continuous outputs, our
method uses discrete states (e.g., {0, 1}) to represent the image
tensor, naturally aligning with the discrete nature of layout
patterns. This discrete output reduces overfitting and avoids
the need for manual thresholding.

Efficient Representation: Building on the Squish Pattern
concept, we propose a more advanced lossless representation
called Deep Squish Pattern. This method compresses the
topology matrix into a topology tensor, significantly reducing
input size while expanding the channel dimension. Since
diffusion models are more sensitive to input size than to
the number of input channels [23], this technique offers a
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Fig. 1. Tllustration of denoising diffusion process.

computationally efficient solution applicable to other pixel-
based generation methods.

Legalization Process: After generating topology matrices,
we assign geometric vectors to them and restore legal layout
patterns. To achieve this, we designed a nonlinear system
that provides a legal solution for each topology matrix and is
adaptable to various design rules. Our glass-box legalization
strategy ensures a 100% legality rate for the generated patterns.

To further enhance diversity while maintaining pattern
validity, we apply robust pattern augmentation techniques,
with legality ensured via the glass-box legalization process.
Given the high demand for large-scale pattern libraries in
downstream applications, we emphasize efficiency. To accel-
erate our framework, we introduce fast sampling techniques to
speed up the discrete diffusion model’s sampling process and
employ data-guided initialization for optimal legalization.

Our main contributions are as follows.

1) We present a novel layout pattern generation method
based on discrete denoising, capable of synthesizing
layout topologies.

2) We propose a lossless layout pattern representation,
Deep Squish Pattern, which improves the efficiency of
pixel-based layout generation schemes.

3) We develop a glass-box legalization system that ensures
all generated patterns comply with design rules.

4) We integrate several optimization techniques that signif-
icantly speed up the generation process, achieving an
8.37x improvement in sampling and a 2.48x improve-
ment in legalization.

5) We validate our approach through
experiments, demonstrating state-of-the-art
performance on benchmark datasets.

The remainder of this article is organized as follows.
Section II introduces the prior knowledge and background.
Section III provides detailed explanations of our frame-
work. Section IV gives the details on how to enhance the
diversity of generated patterns and how to accelerate both
the sampling phase and the legalization phase. Section V
presents the experimental results, followed by a conclusion in
Section VI.

extensive
(SOTA)

II. PRELIMINARIES
A. Diffusion Models

Diffusion models, also known as denoising diffusion proba-
bilistic models (DDPMs) [21], [22], have shown great promise
in generating high-quality images. These models employ a
Markov chain [24] to describe both the forward and reverse
diffusion processes, as depicted in Fig. 1. In the forward
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Fig. 2. Squish pattern representation.

process, a sequence of noisy samples T, ..., Tk is generated
by progressively adding Gaussian noise to an original sample
Ty over K steps. The noise level is governed by a variance
schedule {8 € (0, D},

q(Ti|Ty—y) = N<Tk§ V1= BTy, ﬂ;J). (1)

When K becomes large, the final noisy sample Tx approxi-
mates a Gaussian distribution, leading to the reverse diffusion
process, which aims to generate new data samples from
randomly drawn Gaussian noise. The reverse process aims to
learn the inversion of the forward diffusion process, allowing
the generation of fresh data. Since inverting this process
requires an expressive model, we utilize a deep neural network
with learnable parameters 6 to approximate the reverse distri-
bution

Po(Ti—11Tx) == N(Tx—1; po(Tx, k), T (T, k) 2)

where, ug and X represent the mean vector and covariance
matrix of the distribution, respectively. The subscript 6 indi-
cates that these quantities are obtained using a neural network
with trainable parameters 6.

Similar to variational autoencoders (VAEs) [25], the training
objective of diffusion models is to maximize the log-likelihood
function by optimizing the variational lower bound (VLB)

Lvis = Dk1(¢(Tk|T0)Ipy(Tk))
K
+ ) L —logpy(To|T1) 3)
k=2
where Ly = DkL(q(Ti—-1|Tk. To)|lpe(Ti—11Tx)) and Dgr
denotes the KL divergence. The term q(Tx—1|Tx, To) can be
computed as a Gaussian distribution derived from (1) using
Bayes’ theorem.

Once the diffusion model has been trained, new samples
can be generated by sampling from a standard Gaussian
distribution and iteratively removing noise using the reverse
process, as described by (2).

B. Squish Pattern Representation

A typical layout pattern consists of a collection of polygons,
which often results in information sparsity, leading to unnec-
essary computational complexity and potential overfitting
in neural network methods. The Squish Pattern representa-
tion [20] is an efficient, lossless encoding that compresses a
layout into a topology matrix and two geometric vectors, A
and Ay, as illustrated in Fig. 2. The layout is divided into grids
based on scan lines that follow the polygon edges. The interval
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Fig. 3. Tllustration of design rules.

between adjacent scan lines is recorded in the A vectors. Each
entry of the topology matrix is binary, where one indicates
the presence of a shape, and zero denotes empty space. To
maintain a consistent format, the squish pattern is padded into
a square shape as outlined in [26].

C. Problem Formulation

A crucial metric for evaluating layout pattern generation is
the diversity of the generated patterns. As defined in [15], the
complexity of a layout pattern is represented as (cy, ¢y), where
¢x and c¢y are the numbers of scan lines minus one along the
x-axis and y-axis, respectively. Using this definition, we can
express pattern diversity as follows.

Definition 1: The diversity of a pattern library, denoted as
H, is defined by the Shannon Entropy of the distribution of
pattern complexities

H=— Z Z P(Cx,', Cyj) IOg P(Cxi, CW') (4)
i
where P(cyi, cyj) represents the probability of a pattern with
complexity (cyi, ¢yj) being sampled from the library.

Higher values of H indicate greater diversity within the
pattern library, signifying a broader distribution of patterns.

In addition to diversity, layout patterns must adhere to
certain design rules, as outlined in [16] and [17]. As shown
in Fig. 3, these design rules include “Space” (the distance
between adjacent polygons), “Width” (the size of a shape in
one direction), and “Area” (the area of a polygon). Based on
these metrics, we define the following.

Definition 2 (Pattern Legality): A layout pattern is consid-
ered legal if it is design rule check (DRC)-clean according to
the specified design rules.

With these evaluation metrics in mind, the pattern genera-
tion problem can be formally defined as follows.

Problem 1 (Pattern Generation): Given a set of design
rules and a collection of existing patterns, the objective of
pattern generation is to synthesize a legal pattern library such
that the diversity of the layout patterns in the library is
maximized.

III. RELIABLE DISCRETE PATTERN GENERATION
A. Overview of DiffPattern-Flex

As illustrated in Fig. 4, our framework consists of three
phases.

Deep Squish Pattern Encoding: For a given collection of
layout patterns, we begin by deriving their deep squish pattern
encoding. Each layout pattern is broken down into a topology
tensor T' along with two geometric vectors, A, and A,.
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Generation of Topology Tensors: The topology tensors
Ty obtained from the extraction process are subsequently
processed by a discrete diffusion model. In this model, noise
is incrementally added to T with predetermined probabilities
q(Ty|Tx—1), allowing the model to learn the inverse of this
K-step noise application. To generate a new topology tensor
T, a noise-infused tensor Tx is sampled, after which each
component of T transitions among a set of finite states
according to a predicted probability py(Tx—1|Tk), eventually
resulting in a plausible topology tensor TY.

2-D Legal Pattern Evaluation: For the generated topology
tensors 7', we employ an interpretable nonlinear system to
allocate geometric vectors to each tensor, ensuring that the
resulting layout complies with the specified Design Rules.

B. Deep Squish Pattern Representation

As discussed in Section II-B, the squish pattern provides a
lossless representation of layout patterns, where the topology
matrix is treated as a single-channel 2-D binary mask, as
depicted in Fig. 5 (left). However, the per-pixel information
density remains suboptimal, given that the efficiency of diffu-
sion models is more sensitive to image size than the number
of pixel states. To address this issue, we propose a new
representation method, the Deep Squish Pattern, which aims
to provide a more compact encoding.

Consider the example shown in Fig. 5, where a topology
matrix contains four adjacent pixels (2x2), each assigned a
value of either zero or one, indicating shape or space. A
straightforward way to increase information density would be
to encode multiple pixel bits into one. However, concatenating
bits from different pixels into a single state, such as assigning
values from O to 15 to represent all possible states for a
(2x2) pixel block, introduces unbalanced power to each bit.
This imbalance can lead to numerical instability as the bit
count increases. For instance, in a 4x4 pixel case, the first
bit carries a power of 213, while the last bit holds a power
of 1. Furthermore, the state space grows exponentially with
the number of bits.

To resolve this, we observe that a state space of 16 24
discrete states can be decomposed into permutations of four
subspaces with two states each. Rather than assigning unequal
powers to different bit positions, we assign equal weight
to each bit by folding the squish topology matrix into a
topology tensor 7' with multiple channels. In this process,
a +/C x +/C patch from the topology matrix is transformed
into a single point with C channels in the tensor T. The
hyper-parameter C is chosen to balance local information
density and input size. This Deep Squish Pattern representation
expands the model’s effective receptive field and integrates
naturally with pixel-based machine learning approaches. After
the generation process is completed, the original topology
matrix can be restored by unfolding the topology tensor back
into its matrix form. We should note that the folded topology
tensor is still treated as a single sample rather than multiple
separate samples during the generation process. Therefore,
the deep squish pattern representation will not affect the
logical resolution of the original topology matrix, preserving
all information. When the topology generation is completed,
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state transition probability for each x at the kth diffusion step

qxi | xi-1) = Cat(xis p = xe-10y) ®)
where xj is the one-hot encoded version of the entry x,
Cat(x|p) represents a categorical distribution over the row
vector x with probabilities given by the row vector p, and
xx—10; is the row vector-matrix product. The matrix @y is
applied independently to each entry in the topology tensor, and

Fig. 4. Tllustration of the Diffpattern-Flex framework for reliable layout pattern generation.
Naive C tenati
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o
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Fig. 5. Illustration of the deep squish pattern encoding. The topology tensor

provides a compact and lossless representation of the topology matrix. Simple
bit concatenation leads to unequal power distribution across bits and causes
exponential growth in the state space.

the generated deep squish pattern will be flattened into a 2-
D topology matrix and further legalized in the subsequent
steps.

C. Topology Tensor Generation

Once we have efficiently encoded the existing layout pat-
tern using the Deep Squish Pattern representation, the next
step is to learn the distribution of existing topology tensors
and generate new ones with valid topology attributes. Let
To € {0, 1}*M*M represent a topology tensor extracted
from existing patterns. A naive approach would treat the
binary tensor as a grayscale image, learn the distribution
through a diffusion model (as introduced in Section II-A), and
convert the generated topology to a binary one by setting a
threshold, as done in previous pixel-based pattern generation
methods [15], [16]. However, forcing the network to learn
discrete outputs (zero and one in our case) in a continuous
state space from the training set is an inefficient use of the
model’s representational capacity. A more elegant approach is
to generate discrete outputs naturally.

Discrete Diffusion Model: Unlike traditional diffusion mod-
els used in computer vision, we aim to synthesize the topology
of layout patterns, where each entry in the topology belongs to
a discrete state. We make several key modifications to enhance
the diffusion model and directly synthesize discrete topology
patterns. To achieve this, we first reformulate the problem.

At the kth of K diffusion steps, x; € {0, 1} is an entry in the
topology tensor T. In the discrete diffusion model, a transition
probability matrix [Q;]; = g(xx = jlxk—1 = i) describes the

q factorizes over higher dimensions as well. The Deep Squish
Pattern representation is well-suited for this discrete diffusion
process, as the size of the transition matrix @ increases with
the number of states for each pixel. Since every entry x in
the topology tensor has only two states, we can efficiently
model the transitions. During the reverse diffusion process, the
neural network predicts the categorical distribution probability
Po(xx—1lxx) for each entry to recover the original tensor.

The choice of transition probability matrix Q, is critical, as
it should ensure that the forward process g (xx|xg) converges to
a known stationary distribution as k becomes large. A uniform
stationary distribution is a natural choice for topology tensor
generation, meaning that given any x, the distribution of each
entry x; should follow:

q(xklxo) — [0.5,0.5], as k — K. (6)

Thus, we design a doubly stochastic matrix @, with strictly
positive entries for the topology denoising diffusion process

=8 B
Qk‘[ B 1—ﬁk}

where B; € (0, 1) is a hyperparameter controlling the noise
level. To ensure that the model can accurately learn the original
sample distribution and reach a stable distribution quickly,
we adopt the classical setting from previous works [21], [27],
using smaller noise in the early diffusion steps and larger noise
in the later steps. Specifically, we use a linearly increasing
schedule for B
B = (k=1 (Bk — B1)
S gu

where 81 and Bk are hyperparameters.

Training the Diffusion Model: To train the discrete diffusion
model for topology tensor generation, the objective at each
step k is to minimize the following loss function:

@)

+p1, k=1,....K ®)

L = Dy (q(x—11xx, x0) [Pg (k—11x1)) — A logpg (xolxr) (9)
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where A is a hyperparameter balancing the loss terms.

Given a topology tensor Ty, we randomly sample a target
step k from 1 to K and generate a noisy sample T. Fortunately,
we can explicitly derive that x; follows the categorical distri-
bution

g(xbeo) = Cat(xi; p = %00y (10)
where @, = 0,0, ...0Q,. Instead of adding noise at every
step, we directly sample from this distribution to obtain T%.

After sampling T, we feed it into the neural network along
with the time step embedding k. The network predicts the
logits of the posterior distribution pg(xolxx), and pg(xx—1|xx)
can be computed as follows:

Po(xi— 1) = ) i1 |xx, Fo)py Folxr) (11)
X0

where X( iterates over all possible states of xg. Using

Bayes’ theorem and (5), we derive the closed form for

q(xk—1|xk, X0) as
xQ Ox0Q_, (12)
x00;x;

where © is the element-wise (Hadamard) product.

At this point, all components of the loss function have been
determined, allowing the diffusion model to be trained using
gradient descent.

Generating Deep Squish Patterns: Once the training process
is complete, we can synthesize new topology patterns by
sampling a noise topology Tx from a uniform stationary
distribution and iteratively removing the predicted noise using
the reverse procedure. The sampling process is expressed as

q(xr—1lxg, x0) = Cat<xk—1;l7 =

po(TolTx) = po(TolT: ) [remr a3

where T represents the estimated pattern topology at step k,
and Ty is the newly generated topology tensor. The denoising
procedure is illustrated in Fig. 6. The generated topology
tensor T is inherently binary, with each entry being either
zero or one. After sampling is complete, we flatten T for
legal pattern assessment.

Topology Prefilter: We apply a rule-based prefiltering pro-
cess to eliminate invalid topologies, such as Bow-tie shapes,
based on domain knowledge. Thanks to the high quality of
the topologies generated by our discrete diffusion model, less
than 0.1% of the generated topologies are filtered out in our
settings.
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D. 2-D Legal Pattern Assessment

Once the squish pattern generation is completed, the next
step is to determine the legal A, and A, values for the
generated topologies to create DRC-clean layout patterns.
This decomposition of topology generation and legal pattern
assessment gives DiffPattern-Flex the flexibility to adapt to
changing design rules, as discussed in Section V-C. Instead of
relying on closed-box deep-learning methods as in previous
works [16], [17], we employ a glass-box approach to solve
the problem. First, we list all constraints for each generated
topology based on the design rules shown in Fig. 3, and then
we formulate a nonlinear system that incorporates all these
constraints, as represented in

Sxia (Syj >0

b= VCM, Y 8 =CM
Zi:a (Si = Spacemin

S0 8 > Widthyg

Y 8:iby; € [Areamin, Areamax]

where Space,;, and Widthy;, are the lower bounds for
“Space” and “Width”. «/CM x +/CM defines the dimensions
of the topology matrix, and Areapj, and Areap.x define the
permissible area range for each polygon in the pattern. All
constants are pattern-independent and are provided by the
design rules. Both Setg and Sety are pattern-dependent and
indicate which pairs of scan lines are constrained by design
rules on ‘Space’ and “Width,” respectively.

The nonlinear system in (14) can be efficiently solved using
nonlinear programming algorithms or numerical methods,
and typically, there are multiple possible solutions. Each
solution for A, and A,, together with the corresponding
topology, constitutes a complete squish pattern representation.
As discussed in Section V-C, DiffPattern-Flex can easily
generate a large number of legal layout patterns from a single
topology under given design rules. In rare cases, it may
not be possible to find a legal solution in a limited time.
Although this never occurred in our experiments (more than
1.0 x 10% attempts), we can simply discard these unsolvable
cases from the generated topology set to avoid producing
illegal patterns. In most cases, the choice of initial values for
the nonlinear programming algorithms has minimal impact on
pattern diversity and legality.

stl ’ By j

VY(a, b) € Setg
Y(a, b) € Sety
VPolygon

(14)

IV. DIVERSITY AND ACCELERATION
A. Reliable Topology Enhancement

Modern generative models are renowned for their scalability
and the necessity of high-quality data. The proposed learning-
based algorithm is expected to exhibit improved performance
in pattern generation tasks when provided with more high-
quality and diverse data. While extensive data augmentation
techniques [28], [29] have been introduced in recent literature,
directly applying methods from general image domains to
the pattern domain is not advisable. Inappropriate pattern
augmentation can compromise the validity of the augmented
data and potentially degrade model performance.

To ensure the reliability of enhanced topology matrices,
we propose a prechecking process using the legalization
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d) (e) ®

Fig. 7. Illustration of reliable pattern enhancement. In practice, multiple
augmentation methods will be applied to the same pattern to enhance the data
diversity. (f) denotes the random patch within the red box and is cropped from
(e). (a) Source. (b) Random flip. (¢) Random rotate. (d) Symmetric mirror.
(e) Concatenate. (f) Crop.

method introduced in Section III-D. The reliable topology
enhancement procedure is formulated as follows:

T = {T =T(D)|&(T) = Success} (15)

where T and T represent the topology matrices before and
after enhancement, respectively. The enhanced dataset T is
the collection of T. Here, I'(-) denotes a data augmentation
function, which consists of various existing enhancement tech-
niques, and E(-) refers to the legalization method proposed in
Section III-D. Although various augmentation methods may
be employed, only topologies successfully legalized by the
function E(-) are used during the training of diffusion models.

In our implementation, the data augmentation function
I'(-) consists of: 1) Random Flip; 2) Random Rotation;
3) Symmetric Mirror; and 4) Concatenate and Crop. Several
examples of these augmentation techniques are provided in
Fig. 7. These methods were chosen because they do not
introduce excessive perturbations, such as meaningless random
noise, into the topology matrices. Overly noisy data is rare
in practical scenarios and can negatively impact downstream
tasks [30], [31].

Prechecking with the legalization function E(-) is crucial
due to the inevitable noise introduced by augmentation meth-
ods. A potential concern is the increased time required for
optimizing (14), which scales with the size of the topology
matrix 7. This issue will be further discussed in the next
section.

B. Acceleration

Given the large demands of pattern libraries, the efficiency
of the pattern generation framework is crucial. In DiffPattern-
Flex, both the topology-generation phase and the legalization
phase can be further accelerated as detailed below.

Fast-Sampling: When generating new topologies from well-
trained models, a straightforward approach is to gradually
reduce the noise in the topology Ty and reduce the step k by
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Ax Axl Ax2 Ax3 Ax4
11T [
Initialize A I:]:l B | ED
VN 1
| muna
A ——— 1
y Ayl 1]
~—~ 84[] N
Decompose [ ]
Original Topology Sub-Topology
Constraints (Hard) Constraints (Easy)
Fig. 8. Illustration of legalization acceleration. Each diagonal block denotes

an independent subproblem, and all subproblems can be solved in parallel.

one during inference, as explained in (11) and (13). However,
considering the large step number used in practice (K = 1000
in our implementation), the generation process can be time-
consuming. To accelerate the inference procedure, we observe
that it is possible to perform inference with m steps at a time
by modifying (11) into

Pokmlxi) = ) q(x_mlxi, Fo)pg Rolxr)  (16)

X0

where q(xx—_m|xk, Xo) has a closed form by extending (12) into

510y @ %00k
x0Qyx;

By performing inference with m steps at a time, the topology
generation can be roughly accelerated by a factor of m.
However, the choice of m is a tradeoff between the quality
of topologies and speed. A higher m accelerates inference at
the cost of reduced quality, while a lower m provides better
quality at the expense of slower inference.

Efficient Implementation of Legalization: The time required
for the legalization phase increases significantly with the size
of the topology matrix [32]. Several works [2], [33], [34] have
explored acceleration methods for this process in optimization
literature. Considering the special form of constraints in our
case, some customized techniques can be applied to accelerate
the optimization process.

Empirically, we found that a good initialization improves the
convergence of the optimization process. In practice, when the
generated patterns follow the same design rules as the source
patterns, we randomly select a pair of existing geometric
vectors from the dataset as the starting point. This empirically
accelerates the convergence of the nonlinear programming
algorithm. A potential explanation is that existing geometric
vectors are more likely to partially satisfy the constraints of
the optimization problem. However, when design rules change
or suitable geometric vector pairs are unavailable, a general
initialization method becomes critical.

To address this issue, we extend the idea of “partially
satisfying constraints” and initialize the optimization problem
using solutions from several independent subproblems, as
illustrated in Fig. 8. Specifically, we solve several independent
subproblems, each constrained by one diagonal block in the
original topology matrix. The solving processes of subprob-
lems are independent and can be efficiently optimized in a

q(Xk—mlxr, x0) = Cat| Xg—p; p = (17)
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TABLE I
NUMERICAL RESULTS ON PATTERN DIVERSITY AND LEGALITY. “REAL PATTERNS” ARE FROM THE ICCAD 2014 CONTEST. “-” DENOTES AN
INAPPLICABLE RESULT. RESULTS OF LEARNING-BASED BASELINE ARE FROM PREVIOUS WORKS [18]

Generated Patterns Legal Patterns

Set/Method Generated Topology Patterns  Diversity (1) | Legality (1) Diversity (1)
Real Patterns - - - 13869 10.777
CAE [15] 100000 100000 4.5875 19 3.7871
VCAE [16] 100000 100000 10.9311 2126 9.9775
CAE+Legal GAN [16] 100000 100000 5.8465 3740 5.8142
Rule-based [14] - 100000 10.256 24474 10.066
VCAE+LegalGAN [16] 100000 100000 9.8692 84510 9.8669
LayouTransformer [17] - 100000 10.532 89726 10.527
DiffPattern [18] 100000 100000 10.815 100000 10.815
Ours 100000 100000 11.713 100000 11.713

parallel fashion. The solution of each subproblem satisfies the
constraints within its block and is concatenated with others to
initialize the original optimization problem, thus accelerating
the process.

V. EXPERIMENTAL RESULTS
A. Experimental Setup

Datasets: In line with prior research [16], [17], we uti-
lize a dataset comprising small layout pattern images sized
2048 x 2048 nm?, derived by segmenting a 400 x 160 wm?
layout map from the ICCAD 2014 contest. The extracted
topology tensor is maintained at a fixed size of 16x32x32
with C 16, as used in the Deep Squish Pattern
Representation framework.

Diffusion Model Configuration: In line with previous
research [21], [27], we adopt a U-Net architecture [35] as
the foundation of our discrete diffusion model to approximate
the posterior distribution during the reverse diffusion process.
The model operates at four different feature map resolutions:
[32x32, 16 x 16, 8 x 8, 4 x4]. Each resolution stage consists of
two convolutional residual blocks, with the number of convo-
lutional channels set to [128, 256, 256, 256], respectively. At
the 16x 16 resolution stage, a self-attention block is inserted
between the two convolutional blocks. Moreover, the time
step k is embedded into each residual block using sinusoidal
positional encodings [36]. To guarantee convergence of the
forward diffusion process to a uniform stationary distribution,
we set the number of diffusion steps K to 1000. The noise
schedule By increases linearly from 0.01 to 0.5. During
inference, we found that reversing the process in m 10
steps offers an effective tradeoff between pattern quality and
computational efficiency, as discussed in Section I'V-B.

Training Details: The diffusion model is trained for 0.5M
iterations with a batch size of 128, using a learning rate of 2e-4
and the Adam optimizer. The following hyperparameters are
used: a dropout rate of 0.1, gradient clipping set to 1, and a loss
coefficient A of 0.001. As described in Section IV-A, data aug-
mentation is applied randomly during training using reliable
augmentation techniques. The probabilities for the augmen-
tation methods—Random Flip, Random Rotation, Symmetric

Mirror, and Concatenate and Crop—are [0.5,1.0, 0.5, 0.5].
The training process spans approximately 20 h on 8 NVIDIA
RTX 3090 GPUs.

B. Pattern Diversity and Legality

To evaluate the models [37], [38], we calculate the diversity
of the generated patterns using (4), while the legality of
the patterns is verified with the tool Klayout, which checks
compliance with the design rules as outlined in Section II-C.

For a fair comparison with previous methods, we ran-
domly synthesize 100 000 topologies, assigning each generated
topology a pair of geometric vectors during the legality
assessment phase. In this evaluation, we refer to our method as
DiffPattern-Flex. It is worth noting that DiffPattern-Flex can
generate a large number of legal patterns for each topology, as
the solution to the optimization problem in (14) is not unique.

We compare DiffPattern-Flex with several learning-based
layout pattern generation approaches. Specifically, CAE [15]
represents a standard convolutional autoencoder model, while
VCAE [16] utilizes a variational convolutional autoencoder.
Both of these methods are pixel-based. LegalGAN [16]
is a post-processing approach that legalizes generated
topologies by making necessary modifications. In contrast,
LayouTransformer [17] employs a sequence-based transformer
model to synthesize new sequential representations of lay-
out patterns, bypassing direct topology generation. Lastly,
DiffPattern [18], our primary competitor, uses a discrete
diffusion model to generate topology matrices. We also imple-
mented the rule-based pattern generation method in [14]. An
original pattern is split into four subpatterns. The subpatterns
are further randomly flipped and rotated and form an enhanced
subpattern library. A new pattern consists of four randomly
picked subpatterns from the library. We also generate 100000
patterns in this way and test the diversity and legality of the
generated patterns.

As presented in Table I, DiffPattern-Flex outperforms other
methods in terms of legality, achieving a perfect performance
(i.e.,, 100%) under standard conditions. This is due to the
topology prefiltering and rule-based 2-D legal pattern assess-
ment. Furthermore, DiffPattern-Flex demonstrates a marked
improvement in diversity (from 10.815 to 11.713) over
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Fig. 9. Some randomly selected examples generated by our method.

DiffPattern, thanks to its pattern augmentation techniques. The
robustness of the generation and assessment methods ensures
the reasonableness of the augmented patterns.

lustrative examples generated by DiffPattern-Flex are
shown in Fig. 9, highlighting the diversity of the patterns
produced. These examples underscore the capability of our
method to generate detailed, reasonable patterns that maintain
a high degree of diversity across the dataset.

Moreover, the legality of patterns produced by DiffPattern-
Flex is consistently ensured through its rule-based legal pattern
assessment and topology prefiltering process. When design
rules are modified, our method allows users to quickly generate
a new batch of diverse, compliant patterns without retraining
the topology generation model. This flexibility is explored
further in the next section.

C. Flexibility

A key advantage of DiffPattern-Flex is the flexibility
provided by its glass-box 2-D legal pattern assessment phase.
Below, we illustrate two applications that leverage this
flexibility.

Generating Multiple Patterns From a Single Topology:
Given a set of design rules and a specific topology, the
nonlinear system in (14) often admits numerous legal solu-
tions, i.e., different geometric vector pairs. Each legal solution
corresponds to a valid layout pattern, and these patterns, while
differing in geometric vectors, share the same underlying
topology. Such variations can be valuable for certain down-
stream tasks. Fig. 10 demonstrates examples where multiple
layout patterns are generated from a single topology by using
different geometric vectors.

Generating Legal Patterns Under Varying Design Rules:
The decoupling of legalization and topology generation in
DiffPattern-Flex enables the flexibility of design rule mod-
ification. Since changes in design rules do not affect the

MLt LR ALk

HRRL e AL

B

Fig. 10. Different layout patterns that are generated from a single topology
with the same design rule. (a)-(c) and (d)—(f) are generated from two
individual squish patterns using different random seeds.

distribution of topology matrices, the trained topology gener-
ation model remains applicable across varying design rules.
Fig. 11 presents examples where multiple layout patterns are
generated from a single topology, each adhering to a distinct
set of design rules.

In this article, most cases can be resolved within a reason-
able time budget using the design rules defined in Section II-C.
The experimental results demonstrate that the proposed legal-
ization method can handle changes in the constants of the
design rules. However, it is important to note that in scenarios
where the design rules are extremely strict and complex, the
generated topology matrices may fail to find a legal solution
within a limited time using the proposed legalization methods.
In such cases, advanced legalization techniques should be
developed to reduce computational costs, which we leave for
future work.
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TABLE III
MoDEL EFFICIENCY OF DiffPattern-FLEX. INTEL XEON GOLD 6326 CPU
@ 2.90 GHZ Is USED TO FIGURE OUT THE NONLINEAR
SYSTEM IN THIS TABLE

448 4 o

Fig. 11. Layout patterns that are generated from the same topology with
different design rules. (a) Normal rule. (b) Larger Spacemin. (c) Smaller
Areamax. (d) Normal rule. (e) Larger Widthyin. (f) Smaller Areapax.

TABLE 11
MODEL EFFICIENCY OF DiffPattern-FLEX UNDER DIFFERENT
ACCELERATOR FACTOR m. NVIDIA RTX 3090 GPU Is
USED FOR TOPOLOGY SAMPLING IN THIS TABLE

Method m  Cost Time (s) Acceleration Diversity
Sampling 1 0.544 1.00x 11.724
Fast-Sampling | 5 0.118 4.61x 11.715
Fast-Sampling | 10 0.065 8.37x 11.713
Fast-Sampling | 20 0.039 13.95x 10.573

D. Distribution of Complexity

Diversity is a vital metric for assessing the quality of the
generated pattern library. As outlined in Section II-C, diversity
is quantified using the Shannon entropy of the distribution of
pattern complexity, i.e., the number of scan lines that intersect
a pattern along both the x-axis and y-axis. The distribution of
complexity is visualized in Fig. 12.

The patterns generated by DiffPattern exhibit a complex-
ity distribution comparable to that of real-world patterns.
However, due to the robust pattern augmentation techniques,
the patterns generated by DiffPattern-Flex show increased
diversity. The heatmap generated by DiffPattern-Flex covers
regions that are missing from the heatmap of real patterns,
suggesting that DiffPattern-Flex is capable of discovering
novel combinations of existing patterns.

This visualization underscores our capability to produce
high-quality, diverse layout patterns.

E. Model Efficiency

Efficiency is a critical measure when evaluating methods
for layout generation. In our approach, since the processes
of topology generation and layout pattern validation are
decoupled, we separately record the average time taken to
sample a new topology and to solve for a legal solution of (14).
The corresponding results are provided in Tables II and III.

As outlined in Section I'V-B, the sampling procedure can be
accelerated by approximately a factor of m, where m represents
the number of backward steps executed during each model

Method \ Extra Information Cost Time (s) Acceleration
Solving-R Not required 0.269 1.00x
Solving-E Required 0.117 2.30x
Solving-D Not required 0.108 2.48%

inference. In our implementation, we set m = 10, and the

findings show that the sampling process can be sped up by
8.37x with only a slight reduction in the diversity of the
generated patterns.

In scenarios where both the target and source patterns
adhere to the same design rules, as mentioned in Section III-D,
an existing pair of geometric vectors can be randomly chosen
to initialize the nonlinear system, which significantly speeds
up the process. This method is referred to as Solving-E. When
compared to the version using random initialization, termed
Solving-R, Solving-E offers an average acceleration of 2.30x.
Several examples illustrating the outcomes of Solving-E are
shown in Fig. 13.

In scenarios where the target pattern and source pattern
follow different design rules or when suitable geometric
vectors are unavailable, we can accelerate the solving process
by providing a better initialization using the divide method
described in Section IV-B. This version is denoted as Solving-
D. Our experimental results show that Solving-D achieves an
average acceleration of 2.48x in our cases. The total time
for Solving-D includes both the solution of subproblems and
the main problem. The divide size in our implementation is
fixed as 4, which means we divide the hard main problem into
four subproblems for each tensor matrix. We also show some
cases in Fig. 13. In the major cases, the final solution has
a mirror difference compared with the initialization obtained
from subproblems.

F. Ablation Study

In this section, we conduct some ablation studies on how
each part in DiffPattern-Flex affects the results.

Comparison With Continual Diffusion Model. In the main
part of this article, we utilize a discrete diffusion model to
directly generate a discrete topology matrix, fully leverag-
ing the capacity of the neural network. Here, we compare
our method with a continuous diffusion baseline [21] to
demonstrate the effectiveness of discrete modeling. For a
fair comparison, we adopted the same training protocols as
in our article, including the dataset, augmentation methods,
batch size, learning rate, optimization methods, and other
hyperparameters. We also employed a U-Net [35] with a
similar architecture to ensure comparable model capacity to
our method. The primary difference is that the continuous
diffusion model predicts a continuous tensor at each iteration,
and the output of the final iteration is binarized using a fixed
threshold of 0.5. After training, we evaluated the performance.
Since the legality of the generated patterns is guaranteed by
the proposed deep squish tensor and legalization method, we
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Fig. 13. TIllustration of initialization and final solution in the legalization
phase. (a) Topology 1. (b) Topology 2. (c) Topology 3. (d) Initial w/ Solving-E.
(e) Initial w/ Solving-E. (f) Initial w/ Solving-E. (g) Initial w/ Solving-D.
(h) Initial w/ Solving-D. (i) Initial w/ Solving-D. (j) Final Result 1. (k) Final
Result 2. (1) Final Result 3.

focused on comparing the diversity of the generated patterns.
As shown in Table 1V, discrete modeling improves diversity
by a reasonable margin (11.294 — 11.713). The results
support our claim in the main text and indicate that discrete
modeling of the topology tensor benefits the layout pattern
generation task.

Probability of Concatenate and Crop Augmentation: We
conduct an ablation study to investigate the impact of the
probability of concatenate and crop augmentation on the final

DiffPattern

128
-4 112
-6 96
-8 = 80
-10 64 -10
-12 ) 48
-14 3
-16 16 -16 o
-18 0

16 32 48 64 80 96 112 128

IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 44, NO. 12, DECEMBER 2025

DiffPattern-Flex

a

0 16 32 48 64 80 96 112 128

b

cn

1) Alisuap A1|||qquJd

|
-
S IS

|
(60|) Ausuap Mu!qeqmd

Tlustration of complexity distribution. Reliable pattern augmentation enriches the pattern distribution while maintaining the reasonability of the

TABLE IV
COMPARISON BETWEEN DISCRETE MODELING AND CONTINUAL
MODELING IN TOPOLOGY TENSOR GENERATION

Modeling | Generated Topology Diversity

100000 11.294
100000 11.713

Continual
Discrete
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Fig. 14. Effect of different probabilities of concatenate and crop augmenta-
tion.

results. By gradually increasing the augmentation probability
from 0.0 to 1.0 during training, we retrain the model on the
augmented data and evaluate the diversity of the generated
samples. The results, presented in Fig. 14, indicate that the
optimal probability range lies within [0.5, 0.9]. Based on these
findings, we set the probability to 0.5 in our implementation.
Fast-Sampling Factor m: In our method, the fast-sampling
factor m can be adjusted to balance efficiency and model
performance. We extend the discussion in the main text by test-
ing various values of m. The results are presented in Table II.
We observe that m = 10 provides a good tradeoff between
efficiency and model performance. For cases where m > 10,
the diversity of generated samples decreases significantly.

G. Discussion on Validity

A metric referred to as pattern validity was introduced in
previous work [16]. This metric is evaluated using an encoder-
decoder model pretrained on the training data. The underlying
assumption is that generated patterns that resemble those in the
training set will achieve higher scores in this validity metric.
However, we contend that this interpretation of validity is
somewhat narrow. One of the key objectives in layout pattern
generation is to produce a diverse array of legal patterns
for various downstream tasks, such as hotspot detection or
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lithography simulation. In these cases, legal patterns that
diverge from the training set are often more desirable, yet they
tend to receive lower scores under the current validity metric.

What further undermines the usefulness of this metric is
that it promotes overfitting to the training set. For example,
as noted in [16] and [17], the generated patterns can obtain
significantly higher validity scores (from 65% to 84%) com-
pared to patterns in the test set, which should share the same
distribution as the training data. It is unrealistic to assume
that a higher validity score necessarily correlates with better-
quality patterns.

For these reasons, we have opted not to assess DiffPattern-
Flex using this metric.

VI. CONCLUSION

In this article, we proposed DiffPattern-Flex, a novel
framework for efficient and legal layout pattern generation.
By decoupling topology generation and pattern legalization,
our method provides flexibility in handling changing design
rules without retraining the model, making it highly adaptable
for various downstream tasks in design automation. Our
approach demonstrates significant improvements in both the
diversity and legality of generated patterns, achieving SOTA
performance. The ability to generate diverse legal patterns
enhances the robustness of machine-learning workflows and
supports a wide range of applications, such as lithography
simulation and hotspot detection. Future work will focus on
expanding DiffPattern-Flex to more complex tasks, such as
multisource pattern generation and integration of additional
design constraints.
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