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Abstract.  In modern autonomous robotic applications, robots are increasingly expected to
operate in unstructured environments, where both navigation capability and dynamic
interaction directly affect task efficiency. However, although vision-based perception has
been widely studied, many existing approaches still struggle to adapt to complex and
unpredictable scenarios, and their integration into real-world engineering systems is often
limited. In this paper, we examine vision-driven robotic navigation and interaction methods
by focusing on several core aspects, including the coordination between visual SLAM and
navigation, improvements in visual object recognition, and multi-node autonomous
interaction. From the analysis, it can be observed that most SLAM and navigation
cooperation frameworks are mainly validated in controlled environments rather than real
dynamic settings, while visual recognition methods tend to be sensitive to disturbances such
as illumination variation and occlusion. At the same time, the overall integration of
navigation, perception, and interaction modules in practical robotic systems is still not
sufficiently developed. Based on these findings, this study aims to provide a more practical
reference for designing robotic systems in low- to medium-complexity environments, while
also supporting the transition of vision-based perception technologies from laboratory
validation toward real industrial applications and offering directions for further system-level
improvements.
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1. Introduction

With the rapid development of the times and the world, intelligent manufacturing and service
robotics technologies are rapidly iterating, and the demand for autonomous navigation and dynamic
interaction of robots has increased significantly [1,2] (for example, in unstructured scenarios,
cleaning foreign objects in warehouses, and moving objects in workshops). Visual perception
technology can obtain high-dimensional environmental information (such as target color, shape, and
spatial position) through non-contact means, becoming the core link between robots and complex
environments. Its integration with simultaneous localization and mapping (SLAM) and path
planning technologies has become a key path to achieving autonomous robot operations [3,1].
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Although visual perception robot navigation technology has made significant progress, there are
still gaps in the existing results: First, the collaboration between visual SLAM and navigation is
mostly verified in ideal structured environments, and there is a lack of systematic summary of its
adaptability to unstructured scenes (such as work areas with randomly distributed obstacles) [4,5];
second, the "accuracy-efficiency" trade-off mechanism of visual recognition algorithms does not
fully consider actual lighting and perspective interference, and fixed parameters (such as HSV color
thresholds) are prone to failure in complex scenes [6,7]; third, there is insufficient research on the
engineering connection of "navigation-recognition-interaction", and the literature mostly focuses on
the optimization of a single technology, which makes it difficult to directly provide a reference for
the implementation of low-cost robots [3,1].

In this paper, visual perception as applied to robotics is examined, including visual SLAM and
the collaborative nature of navigation; optimizing for visual object recognition; and the use of multi-
node autonomous agents. The intention of this paper is to provide a theoretical reference to robots
that use visual-perception technologies in developing robotic systems in low and moderate
complexity environments and assist in the transition of evolving visual-perception technologies from
an academic to a commercial application.

2. Literature survey

Dynamic obstacle avoidance and intelligent navigation of robots is extremely important for their full
integration into many applications including home services, warehousing and logistics, and outdoor
inspection. Due to the nature of the navigation methods typically used, they are unable to produce
satisfactory results in complicated environments.

2.1. Collaborative design of visual SLAM and autonomous navigation strategies

Visual SLAM (Simultaneous Localization and Mapping) is one of the primary technologies
involved with providing robots the ability to autonomously navigate in previously uncharted
territory. The accuracy-adaptability trade-off is widely studied in the literature. Kim et al. introduced
the PDN (Perception-Driven Navigation) method, which integrates visual saliency clustering with
path planning so as to equalize with SLAM exploration and revisit in structured laboratory
situations. But this methodology presupposes a static environment, is liable to error in the presence
of moving objects and can harm robots with false convergence on moving objects [4]. To overcome
the challenges of dynamic positioning in outdoor gardens, Peng et al. [5] developed a real-time
dynamic SLAM visual odometry found on instance segmentation that separates dynamic objects
from static backgrounds, thereby enhancing the accuracy of positioning, providing a lightweight
approach for dynamic scene adaptation.

Cong et al. extended the application of 3D vision in SLAM and improved the navigation
accuracy of the dynamic scenes. This method, however, depends on dense point cloud obtained from
a depth camera and is constrained by specific hardware [8]. Corresponding to this, Kumar et al.
[9,10] have made a series of research on the 3D SLAM algorithm. They integrated it with a human-
aided movement mechanism to improve the robustness of robot pose estimation in low-texture
environment, proving a low-cost viable way to adapt to complicated scenes without strong hardware
dependence.

There is also an adaptation on the Lightweight SLAM solutions: for instance, Gmapping
algorithm, which is a Rao-Blackwellized particle filter algorithm that uses 2D lidar and a monocular
camera sensor to capitalize on its compatibility with standard mobile platforms, is well-known
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enough now. The entire map building quality in restricted passages and multi-obstacle situations,
however must be strengthened [3]. The reference [11] employs static-dynamic-expansion layer of
hierarchical cost map structure to realize dynamic obstacle priority coverage, which can be
considered as an orthogonal solution of visual dynamic target filtering logic with multi-dimensional
hierarchical processing. The approach to couple TSP path planning with dynamic prediction also
offers a referral path for task level optimization of path replanning for multi-foreign object
elimination in tight channel scenarios, which can further improve the applicability of navigation
tasks [12].

In order to further prove that lightweight SLAM is feasible on the industrial field, given the
narrow processing channel of industrial products in hardware manufacturing, the experiments were
conducted on the TurtleBot3 Waffle Pi simulating an industrial environment with tight passages-
width and scattered static obstacles. Exploiting a well-known algorithm, the Gmapping algorithm,
for combined mapping, localization and path planning, the experiments proved that the method
effectively fenced off passage walls line and static obstacles and reduced the map errors caused by
moving interferences. This confirms the applicability of lightweight SLAM to industrial narrow-
channel navigation, which is of great constructive guidance to practical engineering.

Figure 1 represents the left half of the industrial narrow channel simulated map generated by
employing the Gmapping algorithm. It has channel boundaries, with the location of the blue foreign
object ball, and the static obstacle ice cream cone locations. Left: Real-time navigation window of
the TurtleBot3 robot. It shows the robot as it follows the planned path while avoiding motion
interference with visual dynamic filtering logic. These two figures show that lightweight SLAM can
reconstruct high precision maps and robust navigation in narrow channel environments.

Figure 1. Narrow channel SLAM mapping and navigation results

2.2. Visual feature extraction and target recognition optimization

Visual target recognition is essential for robots to sense the environment and find targets/obstacles.
This is essentially a problem of being sufficiently robust in the presence of complicated
disturbances. Among traditional algorithms, Sun et al. What's more, it is capable of enhancing the
feature-matching stability in low-texture scenes by means of adaptive ORB feature extraction and a
multi-stage matching strategy. Nevertheless, this model applies to a firm HSV color threshold
resulting in a lot of undetected targets in bright or shady regions [6]. Mousavi et al. introduced a
randomized sampling feature selection algorithm for real-time constraints and demonstrated
significantly reduced feature screening time while applicable for mobile robot platforms. But the 
recognition performance is poor when the target is partly occluded [13].

Deep learning technique opens up a new way for this area. Some works apply convolutional
neural networks (CNNs) to perform end-to-end target detection and increase environmental
robustness (by pre-training on large image datasets) [14]; Misir et al. [7] also established the
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effectiveness of CNNs by performing end-to-end detection of blue spherical targets in real-time
dynamic scenes with an obstacle avoidance success rate of more than 90%, signaling towards
practical task integration. Among them, some integrate attention mechanisms to improve CNN
models and mitigate influence of background distraction to recognition results [9].

It should be noted that the above research also studied the breakthrough from the angle of
decoupling of multimodal features and cross-spectral fusion: the dual-branch multi-scale
spatiotemporal network introduced in [15] reinforces the weak texture targets' robustness by
spatiotemporal feature decoupling; the thermal-visible light fusion framework is the optimal way to
reduce the recognition blind spot issue under stable light/shadow by cross-modal complementarity,
it can serve as a reference for the uplifting of the dimensions of visual perception [16].

A corresponding tradeoff between robustness, computational burden, and environment 
adaptability arises if these techniques have to be integrated systematically: Conventional feature-
based methods (e.g., KTBER_AORB [6], random sampling [13]) possess lightweight computation
for deployment on resource-limited platforms but the fragile performance against dynamic noise
(e.g., illumination changes, partial occlusions) is mainly due to fixed parameters and handcrafted
features. Deep learning methods (e.g. CNNs [7], attention-augmented networks [9]) exhibit good
generalization and robustness with large-scale pre-training but are computationally intensive and
hence their use in typical robotic systems is limited. Multimodal fusion (e.g., spatiotemporal
decoupling [15], thermal -visible fusion [16]) offers a trade-off: cross-sensor complementarity
improves robustness to extreme conditions (e.g., dark, fully occluded) with a mild computational
cost and also generalizes well to different environments.

Such a trade-off calls for scenario-dependent tuning — an area filled mainly by the experimental
demonstration of dynamic parameter tuning, which reconciles the traditional/speedy efficiency with
the deep/sturdy robustness on the old platforms.

As shown in Figure 2, this study simulated industrial blue sphere recognition and conducted
experimental verification on the TurtleBot3 platform. The visual detection logic was optimized by
dynamically adjusting the color space parameters (such as the HSV range) and contour recognition
threshold corresponding to the blue target. The left-hand interface (such as the RViz visual topic
window) displays the adjusted configuration status. In the real-time camera image, the blue sphere
target is accurately marked. Experimental results further verify that this solution does not require
high-computing power modules and can be adapted to conventional computing platforms.

Figure 2. Visual recognition effect of the sphere

2.3. Multimodal perception fusion and dynamic obstacle avoidance

The perception blind spots of a single sensor can easily lead to the failure of the robot's obstacle
avoidance or deviation in task coordination in complex scenarios. Multimodal perception fusion has
become the core technical direction of dynamic obstacle avoidance and task coordination by
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complementing the performance advantages of different sensors (such as visual target recognition
capabilities and lidar's depth perception capabilities). Existing research focuses on the two core
aspects of "perception accuracy" and "platform adaptability". Misir et al. proposed an improved
MobileNetV2 model to fuse the distance information of the ultrasonic sensor with the visual image.
They assisted the obstacle avoidance decision by superimposing warning signs on the image. This
dual-modal solution performed stably in medium and short-range obstacle detection, but the
ultrasonic reflection angle easily affected the recognition of low obstacles [7]. Yang et al. pointed
out that "vision + LiDAR" fusion can effectively compensate for the shortcomings of vision in depth
judgment and improve the accuracy of obstacle positioning in complex environments through point
cloud data. However, its point cloud processing process requires high computing power and is more
suitable for high-performance robot platforms [17].

In terms of cooperative reasoning and on-line optimization in multimodal fusion, a technical
scheme based on multi-source sensor fusion and trajectory planning for wheeled robots in
unstructured environments is developed in this paper. The key is to realize the construction of an
environmental perception model by fusing visual with lidar data to close the loop of "real-time
perception-dynamic trajectory adjustment". The core insight that the perception quality determines
the trajectory optimality theoretically supports the existence of the relation between the sensor data
quality and the obstacle avoidance efficiency in multimodal schemes. Meanwhile, its lightweight
optimization strategies can also serve as guidelines for adapting classical platforms [18]. Soualhi et
al. [19,17] further generalize this collaborative framework through merging motion perception with
deep reinforcement learning, developing a visual control scheme to reduce response latency in
dynamic scenes - an approach that enhances the connection between real-time environmental
perception and agile decision-making in fast-changing environments. The LQR control based
dynamic allocation framework that follows turns the task priority logic of human machine
interaction into robot scene, giving an engineering decision reference for bridging "the obstacle
avoidance action and the target related tasks" (such as avoiding obstacles first then perform the
target related operation), which is especially suitable for multitask parallel scenarios [20].

Meanwhile, the "vision + infrared" fusion method has also gained public attention. The solution
employs infrared sensors to detect low obstacles that are visually hard to recognize, thus adding one
more dimension to perception. However, the triggering mechanism of multi-sensing cooperation
(when to turn on infrared and when to rely on vision) is still mainly tailor-made in current study
without general process for conventional robots. It can be further optimized according to the specific
scenario requirements [21]. From the perspective of current research, in the area of robot obstacle
avoidance, multimodal perception fusion currently has the following kind of exploration: dual-
modal fusion (such as vision + ultrasound, vision + LiDAR) has been tested to work in some
practical scenarios, and can also provide theoretical and engineering references for multi-modal
collaborative logic and light-weight multi-modal adaptation in the related literatures. These
attempts involve technical characteristics of various sensor pairs and provide preliminary
optimization strategies based on the requirements of adoption for a generic robotic platform and
hence, form a foundation to achieving practical multi-modal technology.

3. Future directions

Combined with the current research status of visual perception-driven robot navigation and obstacle
avoidance technology, future research can focus on breakthroughs in the four core directions of
"unstructured scene adaptation, complex interference robustness, multimodal standardization, and
system-level integration." To address the limited positioning accuracy of visual SLAM in
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unstructured environments, lightweight fusion of vision with low-cost lidar and infrared sensors can
be promoted to supplement depth and low-obstacle information. Simultaneously, lightweight motion
prediction modules can be integrated to minimize the interference of dynamic objects on map
construction. Regarding visual target recognition, it is necessary to focus on developing lightweight
deep learning models suitable for conventional platforms and to deepen the cross-spectral feature
fusion and cross-scene parameter adaptation mechanisms to solve the problem of recognition failure
caused by light fluctuations and occlusion. In ​​multimodal fusion, a standardized framework for
sensor priority decision-making should be established, shifting to feature-level fusion to reduce
computing power and adapt to low-cost robots. Furthermore, an end-to-end integrated framework
for "navigation-recognition-interaction" should be developed and validated with low-cost hardware
solutions to advance the technology from module optimization to engineering implementation.

4. Conclusion

Visual perception technology is a key aspect for robot interaction with complex environments. Its
fusion with SLAM navigation, target recognition and multi-modal fusion has become a key
approach for robots to realize autonomous navigation and dynamic obstacle avoidance. This article
systematically reviews the research progress, focusing on three core technology modules to
summarize the current status: As far as visual SLAM and autonomous navigation cooperation is
concerned, a mature framework consists of "high precision 3D solution" and " lightweight 2D
solution" has already build up in the existing research. The high precision scheme can significantly
improve the positioning accuracy of the dynamic scenes, and the lightweight solution can be fully
adapted to the traditional robot platforms. This study further confirmed the feasibility of lightweight
SLAM in the simulation of industrial narrow channel scenes based on experiments with low-cost
robots, which serves as a practical reference for applications in low-medium complexity scenes. In
visual object recognition optimization, classic algorithms provide recognition stability for low-
texture scenes through feature matching techniques and deep-learning based techniques significantly
improved adaptability to environment and robustness. Investigations such as cross-spectral fusion
and dynamic parameter modulation offer a variety of viable avenues to enhance or customize the
recognition logic of conventional platforms. In the field of multimodal perception fusion, the dual-
modal solution has been verified to be effective in many specific scenarios. Related research on
multi-source fusion framework and task priority decision logic provides a solid theoretical support
for multimodal collaboration, "vision + infrared" Solutions such as these have further enriched the
robot's perception dimension, accumulating a sufficient technical foundation for obstacle avoidance
and task collaboration in complex scenarios. In summary, current robot navigation and obstacle
avoidance technologies based on visual perception have achieved outstanding results in structured
scene adaptation, single-function optimization, and engineering exploration. By sorting out the
technical context and practical value, this review provides a clear direction for subsequent research,
helping this technology steadily transition from laboratory verification to low-cost industrial
applications, and laying a solid theoretical and practical foundation for designing robot systems in
low- and medium-complexity scenarios.
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