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Abstract
This paper develops an AR-based assembly guid-
ance system, OpenIAI-SNIO, for small-scale, high-
density industrial components (SHIC), which ad-
dresses the challenge of existing AR technology’s
inability to achieve complete, accurate, and stable
visual cognition and assembly operation guidance
for SHIC. OpenIAI-SNIO combines artificial intel-
ligence methods such as computer vision and deep
learning with rule-based reasoning and augmented
reality to achieve adaptive, whole process, and pre-
cise guidance of SHIC assembly in situations where
visual information is insufficient. The application
case shows that OpenIAI-SNIO can effectively im-
prove the efficiency and quality of SHIC assembly,
and reduce the workload of operators, realizing the
systematic and practical application of AR technol-
ogy in SHIC assembly.

1 Introduction
Digital array modules, electrical connectors, and other small-
scale, high-density industrial components (SHIC) can achieve
complex functions within a limited space and are widely
used in high-end electromechanical devices such as aircraft,
satellites, rockets, and ships [Zhao et al., 2024; Zhou et al.,
2024]. SHIC assembly requires connecting small parts to
small and dense assembly positions according to strict cor-
respondence [Hartisch and Haninger, 2024]. The operations
are complicated, time-consuming, prone to errors, and may
even require magnifying glasses, which has become a bottle-
neck in the product assembly process.

Due to the virtual-real fusion characteristics of augmented
reality (AR) [Geng et al., 2024; Geng et al., 2022], which
can significantly improve human operational capabilities, the
use of augmented reality technology for fine assembly assis-
tance and guidance has become one of the most promising
research directions [Wang et al., 2024]. For SHIC, the key to
its AR-based assembly guidance is to accurately identify, lo-
cate, and sequence the assembly targets and effectively guide
the entire assembly process in the case of occlusion [Eswaran
and Bahubalendruni, 2022].In recent years, some researchers

∗Corresponding author.

have combined prior knowledge of SHIC design to com-
pensate for the fuzziness and uncertainty of computer vision
methods. The research focuses mainly on the following three
aspects:

1. SHIC prior knowledge and its application. Vi-
sual cognition of complex product is very difficult and of-
ten requires some prior knowledge for better cognitive out-
comes [Gulivindala et al., 2020]. The prior knowledge of
SHIC mainly includes deep learning image samples, struc-
tural features of SHIC, and the layout, position, and sequence
of SHIC assembly targets. Almost all the researchers [Zhao et
al., 2022a; Wu and Li, 2020; Zhao et al., 2022b] constructed
the data set and annotated images manually and used prior
knowledge by manual construction or hard code writing. This
method is time-consuming and difficult to dynamically adapt
to the new type of SHIC.

2. SHIC visual cognition. The core of AR guidance for
SHIC assembly is to accurately identify, locate, and sequence
the high-density and small assembly targets under occlusion
situations. This is a tough challenge for the current visual
cognition of AR [Wang et al., 2024]. Some methods [Quan
et al., 2023; Pan et al., 2020] have shown success in identi-
fying and positioning simpler SHIC components, but are not
sufficient for more complex SHICs, where higher precision
and target sequencing are required. Additionally, while some
methods [Zhao et al., 2022a] can repair false detections and
extract geometric attributes of components, they do not se-
quence targets or address occlusion. Other sequencing meth-
ods [Li et al., 2021] rely on clustering targets based on certain
features, but these methods are also limited by occlusion.

3. Operation guidance of SHIC assembly. Various visual
guidance techniques have been explored to improve guid-
ance effectiveness, such as highlighting mismatched com-
ponents [Li et al., 2021] or using wearable devices to de-
tect assembly errors [Kucukoglu et al., 2018]. However,
these methods are primarily result-oriented, lacking in con-
tinuous guidance for assembly operations. Some commer-
cial AR systems [Upskill, 2017; Dassault Systèmes, 2024],
project assembly instructions on AR glasses or large screens
but do not offer intelligent recognition, positioning, or se-
quencing. Furthermore, occlusion causes visual recognition
algorithms to fail and prevents the completion of the assem-
bly process [Eswaran et al., 2023], which remains unresolved
in current research, limiting the practical application of AR
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guidance for SHIC assembly.
In conclusion, the existing AR-guided technologies for

SHIC face three significant challenges:

1. Almost all existing research relies on manually generat-
ing prior knowledge, which seriously affects the degree
of automation and usability.

2. Existing research cannot simultaneously complete and
sequence SHIC assembly targets using prior knowledge
for better visual cognition.

3. There is still no effective method for continuously guid-
ing the whole assembly process with different strategies
in the case of occlusion.

To address these challenges, this research develops a sys-
tematic AR-based assembly guidance system OpenIAI-SNIO
(Open Industrial Augmented Intelligence - Smart Navigator
of Industrial Operations) for SHIC based on computer vision,
deep learning, rule-based reasoning, 3D tracking, virtual real-
ity matching, and other technologies. In this work, we make
the following contributions:

1. Systematic technical framework of AR-based assem-
bly guidance for SHIC. This framework combines prior
knowledge reasoning and computer vision cognition in
a simple and interpretable way. The theoretical innova-
tion and effectiveness of this technical framework have
been verified [Geng et al., 2025]. It provides a practica-
ble technology architecture for the intelligent assistance
of small-scale assembly and expands the research of AR
technology to the fine operation field.

2. OpenIAI-SNIO system. This system combines a uni-
versal AR-based assistance software and a portable inte-
grated desktop AR hardware. Our system integrates au-
tomatic generation of prior knowledge and visual recog-
nition of physical assembly targets, and has achieved
demonstration applications and commercial promotion
in aviation field.

2 Overview
2.1 Technical Framework
The proposed technical framework, shown in Figure 1. The
first part of the framework is the offline automatic generation
of prior knowledge using computer vision, deep learning and
rule reasoning. The prior knowledge comes from the SHIC
3D model, which includes three aspects: the deep learning
recognition model used to recognize the virtual and physical
assembly targets of SHIC; the design information of assembly
target (including assembly position and sequence) automati-
cally obtained from the SHIC 3D model using the recognition
model; and the sparse view model for real-time tracking of
physical SHIC.

The second part involves online visual recognition of phys-
ical assembly targets using 3D tracking, deep learning, image
processing and point set registration, which has three main
steps.

1. The sparse viewpoint model is used to track the physical
SHIC, and the real-time pose of the SHIC is obtained,
and then the ROI of the SHIC is obtained.

3D model 
Computer 

OOn-site 

vision

Deep 
learning

3D
tracking

Virtual-real 
matching

Augmented 
reality

reasoning
Rule 

guidance
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Figure 1: Framework of AR-based assembly guidance for SHIC.

2. By applying the deep learning recognition model to ROI,
the positions of some assembly targets are obtained, and
then the accuracy of positions is optimized by combin-
ing image processing.

3. The positions of some recognized assembly targets are
matched with prior knowledge, and all unrecognized as-
sembly targets are completed and sequenced by reason-
ing.

The third part is online AR guidance for all assembly tar-
gets based on their positions and sequence. Different guid-
ance strategies are automatically adopted to cover the entire
assembly process depending on the occlusion severity.

2.2 Software-Hardware System
This research develops a universal AR-based assistance sys-
tem OpenIAI-SNIO using OpenCV, Unity, and Visual Studio,
shown in Figure 2.

The hardware layer forms the hardware foundation of the
entire system. The system’s visual module consists of a
binocular vision camera and a depth camera, with resolutions
of 4032×3040 and 1280×800 respectively. The system’s cal-
culation module consists of Intel(R) Core(TM) i7-12700 CPU
@ 2.40GHz and NVIDIA GeForce RTX 3050. The system’s
also has a touch screen.

The data layer encompasses all the data necessary for the
system’s operation, including data base, algorithm base, and
knowledge base. The data base includes AR instruction, 3D
model, process specification, etc. The algorithm base in-
cludes various algorithms such as deep learning, 3D tracking,
and industrial vision. The knowledge base includes sparse
viewpoint model, deep learning recognition model, prior as-
sembly target information, etc.

The offline function layer involves preliminary prepara-
tions for using this system for assembly operations, including
prior knowledge generation, 3D model management, and AR
instruction design.

The online function layer involves various links in the im-
plementation of intelligent assembly operations, including
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Figure 2: Structures of OpenIAI-SNIO.

based Precise Guidance-(a)  Position based Heuristic Guidance-(b) Region

Figure 3: Visual change of guidance modes in OpenIAI-SNIO.

AR instruction loading, AR assembly guidance, and assem-
bly execution recording.

The application layer involves the main processes of the
system’s operation and the participants involved. The calcu-
lation module automatically extracts prior information from
the 3D model, and designers generate instruction information
through AR instruction design. Then the prior information
and the instruction information are combined and utilized by
workers for on-site assembly operations. Figure 3 shows the
application modes of this system at different stages.

3 Application Experiment
The complex electrical connectors [U.S. Department of De-
fense, 2023; U.S. Department of Defense, 2021] is a repre-
sentative object of SHIC, characterized by extremely high
density, small scale, and complicated assembly. This research
conducted multiple experiments on the connector insertion
process using OpenIAI-SNIO to test the system. This re-
search used the repetitions and the cognition duration of in-
sertion to evaluate the study’s effectiveness. The repetitions
refer to the times of repetitive insertion operation after the
assembly personnel found the insertion error, reflecting the

Model Metric
Conventional

Means
Proposed

Means

D38999/
26FG41SN

Avg. Repetitions 3.40 0.20

Avg. Cognition
Duration (min) 20.85 2.72

D38999/
26FG35SN

Avg. Repetitions 7.40 0.40

Avg. Cognition
Duration (min) 40.57 5.26

D38999/
20FJ35PN

Avg. Repetitions 14.20 1.40

Avg. Cognition
Duration (min) 66.92 8.58

Table 1: Comparison of average repetitions and cognition duration
between conventional and proposed means

Sc
or

e

Dimension

Mental 
Demand

Physical 
Demand

Temporal 
Demand Effort Frustration Performance

Figure 4: Comparison of workload of operators using NASA-TLX
method.

change in robustness. The cognition duration of insertion
refers to the time spent reviewing process documents and ob-
serving assembly targets, reflecting the change in efficiency.
The test results in Table 1 shows that robustness and effi-
ciency of the SHIC assembly operation have been improved
by 92.95% and 87.06%, respectively. Figure 4 shows that
OpenIAI-SNIO can effectively reduce the workload of work-
ers. OpenIAI-SNIO can meet the industrial requirements of
performance, availability and effectiveness.

4 Conclusion and Future Works
This research develops a systematic AR-based assembly
guidance system OpenIAI-SNIO that can meet the perfor-
mance, availability, and effectiveness requirements of the in-
dustry. OpenIAI-SNIO has been successfully deployed and
applied to a certain company in the aviation field. The follow-
up research of this research involves fully using prior knowl-
edge to carry out real-time error correction and quality in-
spection in the assembly process and then forming a more
systematic SHIC AR assistance operation system.
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augmented experience, 2024. https://www.3ds.com/
products/delmia/augmented-experience, Last accessed on
2024-10-23.

[Eswaran and Bahubalendruni, 2022] M Eswaran and M V
A Raju Bahubalendruni. Challenges and opportunities
on AR/VR technologies for manufacturing systems in the
context of industry 4.0: A state of the art review. Journal
of Manufacturing Systems, 65:260–278, October 2022.

[Eswaran et al., 2023] M. Eswaran, Anil Kumar Gulivin-
dala, Anil Kumar Inkulu, and M.V.A. Raju Bahubalen-
druni. Augmented reality-based guidance in product as-
sembly and maintenance/repair perspective: A state of the
art review on challenges and opportunities. Expert Systems
with Applications, 213:118983, March 2023.

[Geng et al., 2022] Junhao Geng, Xinyang Zhao, Zhenxin
Guo, Shangan Zhang, Jianjun Tang, Yiming Rong, and
Yongsheng Ma. A marker-less monocular vision point
positioning method for industrial manual operation en-
vironments. INTERNATIONAL JOURNAL OF AD-
VANCED MANUFACTURING TECHNOLOGY, 120(9-
10):6011–6027, JUNE 2022.

[Geng et al., 2024] Junhao Geng, Mengbo Chen, Xinyang
Zhao, Yu Liu, and Yongsheng Ma. A markerless AR guid-
ance method for large-scale wire and cable laying of elec-
tromechanical products. IEEE Transactions on Industrial
Informatics, 20(3):4007–4020, March 2024.

[Geng et al., 2025] Junhao Geng, Yuntao Wang, Yu Cheng,
Xin Zhang, Yingpeng Xu, and Wenjie Lv. Systematic ar-
based assembly guidance for small-scale, high-density in-
dustrial components. Journal of Manufacturing Systems,
79:86–100, 2025.

[Gulivindala et al., 2020] Anil Kumar Gulivindala,
M.V.A. Raju Bahubalendruni, S.S. Vara Prasad Varupala,
and Sankaranarayanasamy K. A heuristic method with
a novel stability concept to perform parallel assembly
sequence planning by subassembly detection. Assembly
Automation, 40(5):779–787, August 2020.

[Hartisch and Haninger, 2024] Richard Matthias Hartisch
and Kevin Haninger. High-speed electrical connector as-
sembly by structured compliance in a finray-effect gripper.
IEEE/ASME Transactions on Mechatronics, 29(2):810–
819, April 2024.

[Kucukoglu et al., 2018] Ilker Kucukoglu, Hilal Atici-
Ulusu, Tulin Gunduz, and Onder Tokcalar. Application
of the artificial neural network method to detect defective
assembling processes by using a wearable technology.
Journal of Manufacturing Systems, 49:163–171, October
2018.

[Li et al., 2021] Shufei Li, Pai Zheng, and Lianyu Zheng. An
AR-assisted deep learning-based approach for automatic

inspection of aviation connectors. IEEE Transactions on
Industrial Informatics, 17(3):1721–1731, March 2021.

[Pan et al., 2020] Mingqiang Pan, Cheng Sun, Jizhu Liu, and
Yangjun Wang. Automatic recognition and location sys-
tem for electric vehicle charging port in complex environ-
ment. IET Image Processing, 14(10):2263–2272, August
2020.

[Quan et al., 2023] Pengkun Quan, Ya’nan Lou, Haoyu Lin,
Zhuo Liang, Dongbo Wei, and Shichun Di. Research
on identification and location of charging ports of multi-
ple electric vehicles based on SFLDLC-CBAM-YOLOV7-
tinp-CTMA. Electronics, 12(8):1855, April 2023.

[Upskill, 2017] Upskill. Upskill and boeing use skylight
to reinvent wire harness assembly, 2017. https://www.
youtube.com/watch?v=qTblKJjTadQ, Last accessed on
2024-10-27.

[U.S. Department of Defense, 2021] U.S. Department of
Defense. INSERT ARRANGEMENTS FOR MIL-DTL-
38999, MIL-DTL-27599, AND SAE-AS29600 SERIES a
ELECTRICAL CIRCULAR CONNECTORS, February
2021.

[U.S. Department of Defense, 2023] U.S. Department of
Defense. MIL-DTL-38999 specifications, September
2023.

[Wang et al., 2024] Binbin Wang, Lianyu Zheng, Yiwei
Wang, Wei Fang, and Lihui Wang. Towards the industry
5.0 frontier: Review and prospect of XR in product assem-
bly. Journal of Manufacturing Systems, 74:777–811, June
2024.

[Wu and Li, 2020] Weihao Wu and Qing Li. Machine vision
inspection of electrical connectors based on improved yolo
v3. IEEE Access, 8:166184–166196, October 2020.

[Zhao et al., 2022a] Delong Zhao, Dun Xue, Xiaoyao Wang,
and Fuzhou Du. Adaptive vision inspection for multi-type
electronic products based on prior knowledge. Journal of
Industrial Information Integration, 27:100283, May 2022.

[Zhao et al., 2022b] Yuliang Zhao, Jian Li, Qingyu Zhang,
Chao Lian, Peng Shan, Chengzhong Yu, Zhishuai Jiang,
and Zengshuai Qiu. Simultaneous detection of defects
in electrical connectors based on improved convolutional
neural network. IEEE Transactions on Instrumentation
and Measurement, 71:1–10, 2022.

[Zhao et al., 2024] Shiwen Zhao, Junfeng Wang, Ting Shi,
and Kai Huang. Contrastive and transfer learning-based
visual small component inspection in assembly. Advanced
Engineering Informatics, 59:102308, January 2024.

[Zhou et al., 2024] Hao Zhou, Xin Zhang, Jinguo Liu, and
Zhaojie Ju. An active-passive compliance strategy for
robotic plugging and unplugging of rocket electrical con-
nectors. IEEE/ASME Transactions on Mechatronics,
pages 1–12, October 2024.

Preprint – IJCAI 2025: This is the accepted version made available for conference attendees.
Do not cite. The final version will appear in the IJCAI 2025 proceedings.


