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Abstract

In semiconductor manufacturing, defect analysis is essential, but
manual inspection cannot scale. However, existing automated in-
spection methods remain insufficient for root-cause analysis and
process optimization. To this end, we present SePArate, a weakly
supervised wafer defect segmentation method. SePArate enables
pixel-level separation of patterns by leveraging only image-level an-
notations. It consists of a three-phase training: encoder pretraining,
knowledge transfer to learn spatial cues, and training on synthetic
mixed-defect data for accurate segmentation. Experiments demon-
strate that SePArate outperforms the baselines. The code is available
at https://github.com/meowrowan/SePArate.
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1 Introduction

Defect analysis is an essential step in semiconductor manufacturing
to minimize faults during production. By inspecting patterns of
failures, engineers can trace underlying causes of defects, leading
to process refinement based on the found issues [2, 4, 23]. Figure 1
illustrates an inspection scenario. During the production, defects
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Figure 1: Automation of the overall visual inspection of de-
fects and continuous improvement by integrating SePArate.

are detected, either at the wafer-level, or at the specific component-
level (e.g., mat-level for a DRAM [8]). These defect maps become
classified images organized into datasets. Then, experts analyze
these to identify issues, trace their causes, and provide feedback.
However, the sheer volume of inspection data makes manual
inspection infeasible. Modern manufacturing processes generate
terabytes of defect data each day [12, 17], containing diverse and
intricate pattern variations that could guide further manufacturing
process optimization. In such conditions, human inspection can-
not scale to the full dataset. Therefore, automated defect pattern
analysis is a natural progression for wafer defect detection.
Despite recent advances, current Al-based defect analysis meth-
ods [5, 16] remain limited in practical utility. Many of them are
classification methods, i.e., they detect whether predefined patterns
exist on wafers. This leads to a significant limitation: They discard
geometric attributes such as shape, area, and orientation. These at-
tributes provide essential information about the root cause of the
defects and clues on how to fix them. Consequently, automated
pixel-level defect pattern annotation is necessary, but Al-based seg-
mentation methods do not support wafer defect analysis and are
hard to train due to the absence of a large, annotated dataset.


https://orcid.org/0000-0003-4010-6611
https://github.com/meowrowan/SePArate
https://doi.org/10.1145/3770743.3804046
https://doi.org/10.1145/3770743.3804046
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.1145/3770743.3804046
https://arxiv.org/abs/2608.30410v1

DAC ’26, July 26-29, 2026, Long Beach, CA, USA

To address this, we propose SePArate: a weakly supervised de-
fect pattern segmentation approach requiring only classification
labels without costly pixel-level annotations. SePArate generates
pixel-level masks that isolate individual patterns from defect im-
ages, enabling finer categorization, new pattern discovery, and
automated database construction that previously required manual
curation. An end-to-end automation of the defect analysis pipeline
can be initiated, as illustrated in Figure 1. Using a combination
of self-generated supervision and a task-specific fine-tuning ap-
proach, SePArate effectively isolates diverse defect patterns. Results
on a production-line DRAM mat-level dataset and a public wafer-
level dataset demonstrate that SePArate significantly outperforms
baselines. The key contributions of our work are as follows.

o We are the first to tackle segmentation for binary mixed-type
defect pattern images with weak supervision.

e We devise SePArate, a framework that trains a defect pattern
segmentation network under image-level supervision, without re-
quiring additional costly instance annotations.

e SePArate greatly surpasses existing baselines, highlighting the
value of its defect-aware design.

2 Background
2.1 Defect Data in Wafer Manufacturing

Defects occur at various granularities in wafer manufacturing, as
shown in the leftmost side of Figure 1. For generalization, we use
two datasets of different granularity: a private, DRAM mat-level de-
fect dataset MATDefects, obtained from an actual DRAM manufac-
turing process, and a public wafer-level defect dataset MixedWM38
[25]. The pixels are binary: 0 for normal, and 1 for defects.

MATDefects contains data from DRAM products, where each
pixel represents a DRAM cell (i.e., a bit). A DRAM die [8] often
exhibits a regular structure composed of multiple banks, each com-
prising multiple mats. Each mat is a square cell array, typically
512-2,048 in size, depending on the product. MATDefects includes
single and mixed-type defect patterns. The single defect patterns
are classified as: row-wise (wordline or wordline driver issues),
column-wise (bitline or sense amplifier issues), or group (individual
cell issues). As in Figure 2, multiple single-type defects may appear
in an image, forming a mixed-type defect pattern.

MixedWM38 contains images generated from full wafers, where
each pixel corresponds to a die. It contains 38 single and mixed-type
patterns, with 8 single-type patterns, also shown in Figure 2.

2.2 Segmentation without Ground-Truth Data

Defect pattern datasets usually provide only image-level ground-
truths, but we need pixel-level annotation for each pattern to do
segmentation. Two approaches are feasible: zero-shot foundation
models for segmentation [11, 19], or weakly supervised semantic
segmentation (WSSS) methods [1, 9, 26].

Zero-shot models such as CLIPSeg [11] and GroundedSAM [19]
use vision-language pretraining to align visual features with text
semantics. As they enable text-guided segmentation without labeled
examples, defect-pattern text prompts may be used to guide them.

There are also WSSS methods [1, 9, 26], which train segmentation
models with image-level labels. Most methods train a classifier,
generate pixel-level pseudo-labels from intermediate activations
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Figure 2: Single and mixed-type defect pattern examples for
MATDefects and MixedWM38.

(e.g., Class Activation Maps (CAMs) [1, 9] or attention maps [26]),
then train a segmentation model with these synthetic labels.

The main challenge with these alternatives is that they rely on
visual cues—such as color, texture, or shading—-that are largely absent
in our binary data. With no diversity in pixel values to infer about
shape, size, or depth, we are only left with geometric structure to
differentiate between patterns.

Therefore, a new defect-aware approach is required: a weakly
supervised framework that explicitly leverages structural and dis-
tributional cues without depending on visual semantics. SePArate
is explicitly designed for this setting, providing a practical solution
for defect pattern segmentation.

2.3 Existing Works for Binary Defect Data

For binary defect images, existing works have focused on multi-
label classification, detecting the presence of each single-type defect
pattern in mixed-type defects. The classification models evolve from
CNN s [6, 10, 21, 24, 25, 28] to transformers and state space models
[5, 16]. There exist a few segmentation works, [14, 15] but they
assume only a single defect instance per image and thus cannot
separate multiple single-type defect patterns.

One work, SSB-Rec [27], employs defect segmentation-like train-
ing. However, its primary objective remains to enhance classifica-
tion quality. We include it as a baseline to test its applicability to
defect pattern segmentation. To our knowledge, no prior work has
attempted to isolate single-defect patterns from mixed-type defects.

3 Challenges in Defect Pattern Segmentation

The goal is to separate defect pixels into pattern-specific subsets
within a defective region. However, defect pattern segmentation
poses unique challenges that are not present in natural image seg-
mentation. This is because, although both are image representations,
they have basically different characteristics. We list them as below.
(1) Difficulty of obtaining high-quality labels. Obtaining pixel-
level annotations is particularly challenging and expensive. The
pixel-level labels require substantial efforts from experts, com-
pared to labels for image classification. Moreover, common
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Figure 3: A full overview of our proposed method, SePArate. i) Phase 1 trains the encoder for multi-label classification, enabling
the model to learn about defect patterns using image-level labels. ii) Phase 2 transfers classification knowledge to the U-Net
by training with soft supervision maps and pattern-weighted Dice loss. iii) Phase 3 further tunes the model using synthetic
mixed-defect data, improving precision with pattern-weighted Dice loss and absence-penalty scheduling.

crowdsourcing for annotation is often infeasible in the semi-
conductor domain due to strict confidentiality requirements.
Binary-valued pixels. Defect image pixels only have binary
values: normal (0) or defective (1). This implies that there are
limited features to learn from, as the image only comprises a
white foreground region with a lack of visual cues. Without such
cues, models must rely on structural patterns and distributional
statistics, making the task uniquely challenging.

Sparsity of defect patterns. Defect patterns may exhibit pixel-
level sparsity (small defective regions within large backgrounds)
and image-level sparsity (rare occurrence of certain patterns).
As shown in Figure 2, some patterns have extremely sparse
appearances, where background (non-defect regions) dominate
the image. This indicates pixel-level sparsity. Some patterns
may be scarce due to specific causes in manufacturing. This
leads to image-level sparsity where data imbalance may occur.

—
S
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w
=

Unlike existing baselines that neglect these factors, SePArate explic-
itly addresses such domain-specific challenges to achieve effective
defect pattern segmentation quality.

4 Methodology

In Figure 3, we illustrate the overall training with SePArate. The
entire process operates without expensive pixel-level annotations.
SePArate uses the image-level labels to first learn basic pattern-level
features, then leverages this knowledge for identifying key spa-
tial features. Specifically, SePArate trains the model through three
phases: 1) Pretraining the encoder for classification (section 4.1), 2)
Adapting it to learn spatial cues of defect patterns (section 4.2), and
3) Final training on synthetic mixed-defect data for precise pattern
segmentation (section 4.3). We use the U-Net [20] architecture, as
it is widely used for segmentation on real-world images.

4.1 Phase 1: Encoder Training

Phase 1 initializes the U-Net encoder with basic knowledge required
to identify each single-type defect pattern. This ability is later ex-
ploited to generate cues that guide the model to spatially localize
each defect pattern. In Phase 1, we use the available image-level

labels to train the encoder for classification task. For this, an MLP-
based classification head is attached after the encoder to predict
the presence of each single-type defect in the image. The model is
trained with the mean of Binary Cross-Entropy Loss for each label,
as defect pattern classification is a multi-label task.

4.2 Phase 2: Spatial Knowledge Transfer

In Phase 2, we train the full U-Net architecture (encoder and de-
coder). The goal at this stage is to learn spatial indicators of defect
patterns. This is done by training the model with soft supervision
maps with a pattern-weighted Dice loss. Given the absence of se-
mantic information in the images, we generate soft supervision maps
to supply pattern-aware hints, stabilizing the model’s early learn-
ing process to differentiate defect patterns. The pattern-weighted
Dice Loss helps this process by assigning loss weights, ensuring
balanced optimization across defect patterns.

4.2.1  Soft Supervision Maps. Soft supervision maps act as inter-
mediate pseudo-labels that guide the model toward defect regions.
They incorporate global and local spatial cues, each extracted from
the image-level classifier, and the defective regions of the image.
To construct these maps, we combine local density maps and class
activation maps (CAM, [3, 22]) from the pretrained classifier.

Dataset for
Phase 2

CAMs per defect pattern

Hadamard
Product

Real Image

Stack

Pseudo-labels

Figure 4: Generation of soft supervision maps. For each im-
age, local density map (bottom left) and CAM (top center) are
computed, combined to generate soft supervision maps.
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On the one hand, we generate a local density map of the defect
images. Local density maps provide global cues of the image by
highlighting regions where defect pixels are concentrated. Defect
patterns typically form clusters, so we compute these maps using a
simple mean filter that amplifies dense defect regions and smooths
out sparse areas. High-value regions in the density map represent
probable defect zones, as illustrated in Figure 4.

On the other hand, we also utilize CAM, which complements the
density maps by identifying regions that influence the classifier’s
decision for each defect type. While density alone offers spatial
importance, it does not differentiate between patterns. Therefore,
CAM introduces type-specific relevance, enabling the supervision
to carry pattern-specific information.

Finally, we generate the final soft supervision maps by multi-
plying each type-specific CAM with the density map, followed by
normalization on pixel values. These score-like pixel values rep-
resent the joint contribution of defect concentration and pattern-
specific signals from the classifier. The U-Net is trained to align
its output with these maps, using the pattern-weighted Dice loss
which balances training across defect patterns.

4.2.2  Pattern-Weighted Dice Loss. Due to their sparse and mono-
tonic regions, defect patterns are difficult for the model to separate
in the early stages of training. This often leads the model to default
to predicting mostly absent masks for some patterns. To mitigate
this issue and encourage the model to first detect coarse regions
of patterns, thereby improving early-stage recall, we introduce the
pattern-weighted Dice Loss. We use the loss to ensure the model to
primarily capture the existing defects and further enable balanced
training for all defect patterns, regardless of the available samples
of each defect pattern.

The original Dice loss [13] is widely used for segmentation tasks:
2%y Gip) +e

LYip+t Llipte
where §; , denotes the predicted mask and y;, denotes the ground
truth mask for image i and single-type pattern p. We observed
that directly using the Dice loss led to a drastic degradation of
less frequent and scarce defect patterns. This behavior stems from
the loss, pushing the model toward absent-mask predictions for
rarely occurring patterns. Therefore, we assign loss weights to every
image-pattern pair to help the model focus more on the presence of
each pattern, rather than being biased by the absence of patterns.
For each image i and pattern p, we define the indicator:

Let 51"1, = {
Let the dataset-level occurrence count of pattern p be K, = Zfil Sip

where N is the total number of images in the train set.
The Pattern-Weighted Dice Loss is then defined as

P N .
B 1 2(X Yip - yi,p) te€
LpwpL = Z — Z Sip (1 TSy Yip + Z—ﬁi,p " e) , (3

Equivalently,

)

-Edice,i,p =1

1, if pattern p exists in the image i, @)

0, otherwise.
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The Pattern-Weighted Dice Loss stabilizes learning across pat-
terns of different prevalence and improves segmentation on scarce
defect patterns.

4.3 Phase 3: Synthetic Defect Training

Phase 3 further refines the performance of SePArate with fine-
tuning using a synthetic dataset with accurate segmentation masks.

4.3.1 Synthetic Dataset Generation. As discussed in the previous
section, because the datasets are binary-valued images, any 1-
valued pixels correspond to one of the target patterns. Therefore, for
single-type defects, all 1-valued pixels can directly serve as the seg-
mentation masks for those patterns. The remaining problem is that
this only applies to the single-type defects, and not to the mixed-
type defects. To tackle this problem, we synthesize multi-type defect
masks by merging single-type defect masks. For example, in the
MATDefects dataset, a row-defect map and a column-defect map
can simply be added together with slight shifts for augmentation.
This creates a synthetic, but realistic mixed-type defect maps, which
are shown in Figure 5. Thus, for the training, we use the synthetic
dataset’s segmentation masks as the ground truth.

4.3.2  Absence Penalty Loss & Scheduling. When training the model
in Phase 3, we train the model with the aforementioned Pattern-
Weighted Dice Loss and the Absence Penalty (AP) Loss. Here, the
Absence Penalty Loss is introduced to reduce the false-positive
pixels. Since the absent sample pairs are ignored in Phase 2 by
design Equation (3), the trained model has a tendency to include
irrelevant pixels, or sometimes show defect patterns that are not
present. To address this, we add a loss term that penalizes such a
prediction with Binary Cross-Entropy (BCE) Loss.

ip(x), ifgip(x) 271
0, otherwise.

Lﬂm¢m={ (5)
where x indexes the location of pixels in §; 5, and 7 is the confi-
dence threshold. If the confidence is greater than or equal to 7, it is
included in the loss. We gradually reduce the value of 7 from 0.5
to 0.0, depending on loss convergence. Define the pixel-wise BCE
against an all-zero target as

N 1 A
LBCE(y/i,paO) = —@ ZQIOg(l - y’i’p(x) + 6), (6)
X€

(Real) (Synthetic)
Single-Type Defect Mixed-Type Defect

Group Row (R) Col (C) Group +R +C

EdgeRing (ER) D+ER+S

Donut (D)

Scratch (S)

Ground truth segmentation masks Synthetic images

Figure 5: Generation of synthetic mixed-type defect images.
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Table 1: Comparison of Mean IoU (mIoU) for Defect Pattern Segmentation (%)

\ MATDefects \ MixedWM38
Method

‘ Column Row Group Mean ‘ Center Donut EdgeLoc EdgeRing Loc NearFull Scratch Random Mean
CLIPSeg [11] 4.20 4.32 4.12 4.21 5.16 5.06 4.94 4.82 4.87 4.87 5.17 5.28 5.02
MCT [26] 42.53 50.60 31.66  41.60 5.60 16.89 15.34 33.73 5.74 21.43 4.36 82.86 23.24
ReCAM [1] 37.23 0.00 23.71 20.31 10.52 37.51 9.63 11.56 8.69 63.92 8.33 93.55 30.46
S2C [9] 60.57 40.13 3249 4440 1.43 0.20 13.20 10.75 18.18 0.00 8.90 0.00 6.58
SSB-Rec [27] 55.59 50.89  44.81 50.43 5.44 18.71 0.84 26.57 56.32 32.94 16.43 67.53 28.10
Ours, SePArate ‘ 70.91 66.66 64.68 67.42 94.10 60.56 32.20 69.23 75.35 83.33 39.21 98.31 69.04

* MCT: MCTFormer, SSB-Rec: Semantic Segmentation-Based Wafer Map Mixed-Type Defect Pattern Recognition

where Q denotes the set of all pixels above the threshold in the
image for v’ i,p- Then the Absence Penalty loss is

P N

1 N

Lap = Z e Z aip LBCE (y’i,p, 0) , (7)
=1 TET

where a;, =1-6;pand  Kj = N1- Oip-

Consequently, the total loss is

Liotal = Adice LpwpL + Aap Lap, (®)

where Agice, Aap = 0 are weighting hyperparameters.

5 Experimental Results

5.1 Experimental Settings

We use two datasets for evaluation: MATDefects and Mixed WM38.
Each dataset was randomly split into 80% training, 10% validation,
and from the remaining 10%, we manually annotated 1,000 samples
and used them as test sets. Model prediction was performed for
defective regions in each image. In MixedWM38, all non-defective
pixels are unified to 0, resulting in binary images. While class
labels were provided, test-set masks were manually annotated at
the pixel level. Our framework was implemented with PyTorch [18].
Experiments were run on NVIDIA RTX 4090 GPUs.

We chose baselines compatible with our scenario: Segmenta-
tion methods that do not require pixel-level annotations (See 2.2):
CLIPSeg [11], MCT [26], ReCAM [1], S2C [9] and SSB-Rec [27].
CLIPSeg [11] is a widely used zero-shot segmentation model. S2C
[9] generates pixel-level masks refined by SAM [7]. MCT [26] uses
class-specific tokens in the transformer to obtain discriminative
attention maps. ReCAM [1] introduces a loss function to improve
object boundaries in CAM-based pseudo-labels. Lastly, SSB-Rec
[27] also leverages the idea of generating a pseudo dataset with
single-type defect images, but uses it to train classification models.
We modify the method to do a segmentation task, which is trivially
done as it already uses U-Net with a segmentation-based loss.

5.2 Comparison of Defect Segmentation Results

5.2.1 Performance Comparison. Table 1 shows the performance
comparison by evaluating mean Intersection-over-Union (mloU)
results. As shown in table 1, SePArate outperforms baselines in both
datasets by a great margin. For the MATDefects dataset, the average
mloU is 67.42%, which shows a superior value to be used in prac-
tice. For the MixedWM38 dataset, the average mloU is 69.04%, also

Table 2: Ablation Study of SePArate with MATDefects

‘ mloU (%)
Phase1 Phase2 Phase3
‘ Column Row Group Mean
4 X X 0.00 0.00 0.61 0.20
v v X 42.18 42.32 33.98 39.49
4 X 4 62.30 56.54  0.14 39.66
4 4 4 ‘ 70.91 66.66 64.68 67.42

showing a reliable performance, considering the larger number of
classes. On the other hand, the baselines do not show practical per-
formance, or even fail to work on some patterns. This degradation
occurs because baselines rely on rich visual features that are not
present in binary defect images. Therefore, its general knowledge
does not help the segmentation of the defect patterns when using
only weak visual cues from the binary pixels. Unlike the baselines,
only SePArate successfully performs defect pattern segmentation,
validating the design and its suitability for practical use.

5.2.2 Visualizations. We visualize defect segmentation results for
the test images of MATDefects and MixedWM38 in Figure 7. Each
example shows the original defect image where multiple pattern
types overlap. SePArate successfully disentangles these mixed pat-
terns. Pixels of the same pattern share identical colors. The seg-
mented regions exhibit clear morphological distinctions that accu-
rately represent each defect pattern. This shows the practical value
of leveraging SePArate for automated defect analysis, preserving
critical pattern and shape information.

Precision per defect pattern Recall per defect pattern

100 100
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90 I Phase 14243 B Phase [+2+3
S —
< 80 S
8 =
g =
3 70 2
=1 -4
A
60

Row

Column
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Column
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Figure 6: Precision and Recall comparison with and without
Phase 2 in SePArate, with MATDefects. It shows improved
metrics when trained using all 3 phases.



DAC ’26, July 26-29, 2026, Long Beach, CA, USA

Dain Kwon et al.

Defect Pattern Segmentation in MATDefects

Figure 7: Examples of segmented defect pattern in test images, using our proposed method, SePArate. For proprietary reasons, the
examples of MATDefects were slightly modified from the original data. Key patterns were preserved regardless of modification.

5.3 Further Analyses of SePArate

5.3.1 Ablation Study of Phases. Table 2 shows the ablation study of
SePArate where we evaluate models trained with selective phases.

The first row shows that Phase 1 yields almost no segmentation
capability, with a mIoU of 0.20%. When adding Phase 2, the mean
score increases to 39.49%, indicating that soft supervision helps the
model learn spatial cues but remains insufficient. Similarly, using
only Phase 3 with Phase 1 increases the mean mloU further to
39.66%, showing that refinement is effective but still incomplete, as
the model fails on "group” patterns. The final setting with all phases
corresponds to SePArate, achieving the highest performance with
a mean mloU of 67.42%, validating the overall design.

A notable observation is the substantial mIoU gap in "group”
pattern segmentation when comparing the third and final rows.
Without soft supervision maps (third row), the model fails to iso-
late group defects. This confirms the crucial role of Phase 2. As
group defects typically co-occur with line-defects (Figure 7), Phase
2 proves essential for disentangling such overlapping patterns.

We further analyze the synergistic effects of phases in SePArate,
shown in Figure 6 with MATDefects. The results for the model
trained with all phases of SePArate are shown in green. The results
in red are obtained only with Phase 1 and Phase 3. Notably, the 0.1%
recall for the "group"” pattern when Phase 2 is excluded suggests that

EPWDL e EPWDL + ACAP — EPWDL + [,Ap + T—scheduling

mloU Precision

Figure 8: Loss term ablation for Phase 3 with MixedWM38.
The left figure compares mIoU across single-type defect pat-
terns, and the right depicts the difference in Precision.

the model only captures a very small portion of true defect pixels.
The model collapses without an early-stage understanding of spatial
context about defect patterns, highlighting Phase 2’s primary role
in supplying knowledge of defect regions. By comparing the two,
we can see that the overall segmentation is better with Phase 2.

5.3.2  Loss Term Analysis. Figure 8 illustrates the improvement in
segmentation as additional loss terms and scheduling strategies
are added to Phase 3. From left to right, each setting introduces a
new component: Pattern-Weighted Dice Loss (Lpwpr) only, Lpwpr,
+ Absence Penalty (Lap), and finally Lpwpr + Lap + r-Scheduling.
This results in a gradual increase in IoU across all defect patterns.
Pattern-Weighted Dice Loss Only serves as the baseline. While it
handles class imbalance, it shows limited performance on sparse
patterns (e.g., Scratch, EdgeRing), which remain underrepresented.
Adding the Absence Penalty term provides negative supervision
for pattern-absent regions, reducing false positives. This yields
noticeable IoU gains on previously over-predicted patterns (e.g.,
EdgeRing). Finally, r-Scheduling further improves the model by
suppressing all false-positive pixels during training. As training
progresses, decreasing  makes the model more conservative, re-
ducing false positives and improving IoU for nearly all patterns.
Overall, the figure demonstrates the cumulative benefit of the three
phases, showing the best performance when used altogether.

6 Conclusion

In this work, we present SePArate, a pioneering weakly supervised
framework that advances automatic semiconductor defect inspec-
tion from image-level classification to pattern-level segmentation.
Unlike conventional approaches requiring costly pixel-level anno-
tations, our method uses only image-level labels to separate defect
instances, while remaining scalable and cost-effective. Experiments
on defect datasets show that SePArate consistently outperforms
baselines. By providing a single type of pattern-level feedback for
defects, our framework can enhance optical inspection, long-term
monitoring, and continuous manufacturing improvement.
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