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Research progress on the robustness of multimodal surface defect detection sys-
tems

Yang Yang, Wu Yiquan®

College of Electronic and Information Engineering , Nanjing University of Aeronautics and Astronautics , Nanjing 211106, China

Abstract: With the continuous advancement of industrial automation and intelligent manufacturing, multimodal surface
defect detection systems have shown significant advantages in overcoming the information limitations of single-modality
inspection by-integrating heterogeneous data sources such as visible images, three-dimensional point clouds, depth data,
infrared data, and textual information. Such integration enables substantial improvements in detection accuracy and gener-
alization capability. However, while multimodal systems benefit from complementary information across modalities, they
also introduce robustness-related disturbances, including multimodal data noise, modality quality degradation, modality
missingness, and cross-modal alignment and fusion biases. These factors impose higher requirements on the stability and

reliability of multimodal perception, interaction, and decision-making processes. Focusing on the robustness of multimodal
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surface defect detection systems, this paper systematically reviews recent domestic and international research progress over
the past three years in terms of robustness definition and evaluation, key influencing factors, typical robustness challenges,
and corresponding optimization strategies in surface defect detection scenarios. This paper first analyzes the overall architec-
ture of multimodal surface defect detection systems, summarizes their key technical components and core challenges, and
further clarifies the connotation of robustness in such systems. Particular emphasis is placed on the ability of multimodal
surface defect detection systems to maintain stable performance and reliable decisions under dynamic environments , uncer-
tain inputs, and complex industrial conditions. On this basis, the key factors affecting system robustness are summarized
from two perspectives: external operating conditions and hardware devices, and internal system interaction and data pro-
cessing. External factors mainly include device calibration errors, sensor jitter, variations in UAV posture, changes in
imaging angles, weather disturbances such as rain, snow, wind, and fog, production-line vibration, oil stains, water
marks, surface reflection, lens contamination, and complex background interference. Internal factors are mainly related to
the algorithmic mechanisms of multimodal models, including data training and adaptation mechanisms, cross-modal align-
ment methods, multimodal fusion mechanisms, and potential information conflicts among modalities. Based on the above
analysis, this paper further investigates typical robustness problems such as multimodal data noise, modality missingness,
and cross-modal interaction bias from three dimensions: perception-layer robustness, interaction-layer robustness, and
robustness of large-model-driven multimodal surface defect detection systems. The technical routes and optimization direc-
tions of relevant studies are reviewed to provide a systematic reference for future research on robustness enhancement, per-
formance evaluation, and engineering deployment of multimodal surface defect detection systems. For perception-layer
robustness, this paper focuses on the system perception degradation caused by multimodal data noise and modality missing-
ness. Data noise handling mainly concerns stable perception under data quality degradation, whereas modality missingness
handling emphasizes reliable inference under incomplete modality inputs. Together, they constitute the core concerns of
perception-layer robustness in multimodal surface defect detection systems. Regarding multimodal data noise, existing
studies are categorized into two technical routes: denoising and noise-resistant learning. The denoising route focuses on
suppressing or filtering noise at the data acquisition and preprocessing stages , thereby reducing the negative impact of noise
on subsequent feature extraction, cross-modal alignment, and fusion decision-making. Representative methods include col-
laborative quality control of multisource acquisition, modality-specific denoising preprocessing, and coordinated normaliza-
tion of multimodal data. The noise-resistant learning route aims to enhance the feature representation and task adaptation
capability of models under noise perturbations, enabling models to capture defect features stably even when data quality
deteriorates. Related strategies include joint noise-resistant learning based on multimodal complementarity, noise-aware
data augmentation, modality feature enhancement, and noise disentanglement. For modality missingness, this paper fur-
ther summarizes strategies such as modality-independent branch decoupling, missing-modality simulation training, multi-
modal knowledge distillation, and adaptive missing-modality adaptation, which improve inference stability and detection
reliability under incomplete modality conditions. For interaction-layer robustness, this paper analyzes robustness chal-
lenges caused by cross-modal alignment instability and fusion bias from the perspectives of cross-modal alignment and
cross-modal fusion. For cross-modal alignment instability, two major categories of strategies are discussed: feature align-
ment and spatial alignment. On the one hand, to address semantic shifts and detailed misalignments that may occur during
feature alignment, deep networks can be used to extract and integrate high-level semantic information, thereby constructing
interaction mechanisms based on feature content consistency. This helps alleviate the influence of shallow-level detail mis-
alignment on multimodal collaborative representation in deep feature spaces. On the other hand, spatial alignment prob-
lems usually have more explicit physical causes. Sensor calibration errors, device vibration, and non-rigid deformation of
measured surfaces may lead to spatial offsets or local misalignments among multimodal data, thereby disrupting the estab-
lishment of corresponding relationships in defect regions. To address this problem, existing studies mainly improve pixel-
level or region-level cross-modal spatial alignment robustness through fault-tolerant alignment mechanisms, adaptive align-
ment, hierarchical cascaded alignment, and geometric constraints. For cross-modal fusion bias, this paper summarizes
fusion-layer robustness enhancement mechanisms from the perspectives of adaptive fusion, bidirectional mapping con-

strained fusion, shared intermediate-space-driven cross-modal fusion, and other methods for suppressing fusion bias.

© hE KR K AR



Bi¥, R—=
SEERARBRNAZEHEEHARER

0

FLAE R AR B b 5 Ak 557 b g 22 4, JCAGHIN
RGBT 5 ] AR B A B R I 7 T
LR G . U 2RSS B L R

Regarding the robustness of large-model-driven multimodal surface defect detection systems, this paper first analyzes the
basic architecture, technical characteristics, and potential advantages of large-model-driven detection systems. It high-
lights their value in cross-modal semantic understanding, defect semantic description, interactive analysis, and system
generalization. Subsequently, the robustness constraints faced by large-model-driven systems are summarized, including
insufficient modality compatibility, generative hallucination, sensitivity to prompt inputs, implicit dependence on general
pretrained knowledge, and imbalance in fine-tuning. On this basis, this paper further summarizes major optimization
routes for enhancing the robustness of large-model-driven systems, including modality adaptation optimization, reasoning
enhancement and knowledge integration, cross-modal interaction balance optimization, multi-expert collaborative decision
optimization, and structured generation constraint mechanisms. By incorporating representative application cases such as
photovoltaic inspection, wafer defect detection, and power equipment inspection, this paper further analyzes the robust-
ness enhancement effects and application value of these optimization routes in complex industrial scenarios. In addition,
this paper systematically examines datasets and evaluation systems for multimodal robusiness research in surface defect
detection. It analyzes the modality composition, scenario characteristics, and robustness evaluation value of relevant pub-
lic datasets, and further discusses core indicators and quantitative methods for robustness assessment. Finally, considering
current research progress and practical engineering requirements, this paper provides an outlook on future development
trends of multimodal robustness technologies for surface defect detection from the perspectives of noise-adaptive perception
and robustness learning, robust detection mechanisms under the normalization of modality missingness, lightweight collab-
orative development driven by system robustness, and robust collaborative detection enabled by multimodal large models.

Key words: surface defect detection; multimodal system robustness; robustness influencing factors; system perception

layer robustness; system interaction layer robustness; large model robustness
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Fig. 1 Review framework of robustness in multimodal surface defect detection systems
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Fig. 2 Architecture of multimodal surface defect detection systems
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Table 2 Influencing factors of robustness in multimodal surface defect detection systems
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Table 3 Methods for enhancing perception—level robustness against data noise perturbations
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Fig. 3 A reasoning framework for multimodal training and

modality missing response based on knowledge distillation
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Table 4 Comparison of robustness enhancement methods for missing—modality scenarios
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Table 5 Comparative summary of strategies for addressing multimodal spatial alignment interaction robustness challenges
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Fig. 4 Schematic diagram of multimodal representation net-

work and point-level fusion
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Table 6 Comparison of strategies for addressing multimodal fusion robustness challenges on the MVTec 3D-AD dataset
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Table 7 Comparative summary of strategies for addressing multimodal fusion interaction robustness challenges
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Table 8 Typical application cases of robustness optimization in large model-driven multimodal surface defect detection sys-

tems
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Table 9 Perturbation and missing-modality extensions based on the MVTec 3D-AD dataset
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Fig. 6 Robustness testing and evaluation workflow for multi-
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modal surface defect detection
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