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ABSTRACT: Autonomous robots operating in unstructured environments must navigate unpredictable conditions, 

dynamic obstacles, and novel tasks that cannot be fully anticipated during training. Traditional deep learning models rely 

heavily on large, labeled datasets and struggle when faced with unseen scenarios, limiting their adaptability and real-

world deployment. This paper proposes a comprehensive framework for Zero-Shot and Few-Shot Learning 

Algorithms tailored for autonomous robotics, enabling robots to generalize from minimal or no prior examples. The 

framework integrates semantic embedding models, task-conditioned policy networks, meta-learning strategies, and 

multimodal perception modules to support rapid adaptation in unstructured and continuously evolving environments. 

Zero-shot learning is achieved through semantic-to-action mapping using knowledge graphs, language models, and 

attribute-based embeddings, while few-shot learning relies on gradient-based meta-learning, metric learning, and 

prototype adaptation for new robotic tasks. A unified training pipeline leverages multimodal sensory inputs—vision, 

LiDAR, proprioception, and natural language instructions—to build robust representations for manipulation, locomotion, 

and navigation. Experimental evaluations on simulated and real-world robotic platforms demonstrate that the proposed 

algorithms significantly outperform conventional deep RL and supervised models in task generalization, sample 

efficiency, and resilience to environmental variability. The results highlight the potential of zero-shot and few-shot 

learning to accelerate the development of scalable, adaptable, and intelligent autonomous robotic systems capable of 

reasoning, learning, and performing reliably in complex, unstructured scenarios. 

 

KEYWORDS: Zero-Shot Learning; Few-Shot Learning; Autonomous Robotics; Meta-Learning; Robotic 

Generalization; Semantic Embeddings; Task Adaptation; Reinforcement Learning; Embodied AI; Unstructured 

Environments. 

 

I. INTRODUCTION 

 

Autonomous robotic systems are increasingly deployed in real-world environments that are unstructured, dynamic, and 

highly unpredictable. These domains—ranging from search and rescue operations and disaster response to agricultural 

fields, underwater exploration, and planetary missions—present challenges that traditional supervised learning and 

reinforcement learning techniques struggle to overcome. Most deep learning–based robotic models rely on large labeled 

datasets or extensive trial-and-error training, making them unsuitable for situations where new tasks, objects, or 

conditions arise unexpectedly. As a result, enabling robots to generalize from limited prior experience, or even perform 

entirely new tasks without explicit examples, has become a central research challenge in the pursuit of truly intelligent 

and autonomous robotic systems. 

 

Zero-shot learning (ZSL) and few-shot learning (FSL) offer promising pathways to address this gap. Zero-shot learning 

empowers robots to perform unseen tasks or recognize novel objects by leveraging semantic information, attribute-based 

descriptions, or pre-trained language and vision models. Few-shot learning, on the other hand, focuses on adapting robot 

control and perception models using only a handful of examples, significantly reducing the amount of data and time 

needed for learning new skills. These learning paradigms draw inspiration from human cognitive abilities, enabling rapid 

generalization and flexible problem solving in unfamiliar situations. 
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II. LITERATURE REVIEW 

 

Zero-shot and few-shot learning have rapidly emerged as transformative approaches for enabling robotic systems to 

generalize beyond predefined training data. This literature review synthesizes prior work across four major domains: (1) 

generalization challenges in autonomous robotics, (2) zero-shot learning for perception and control, (3) few-shot and 

meta-learning approaches for rapid robotic adaptation, and (4) multimodal and semantic integration for task 

understanding in unstructured environments. Collectively, these areas highlight the limitations of traditional robotic 

learning and underscore the need for advanced generalization algorithms. 

 

A. Generalization Challenges in Autonomous Robotics 

Traditional deep learning methods in robotics require large annotated datasets or prolonged reinforcement learning (RL) 

cycles, making them unsuitable for unpredictable and unstructured environments. Robots operating in domains such as 

disaster response, agriculture, forestry, underwater exploration, and planetary missions regularly encounter: 

• unseen objects and terrains, 

• significant sensory noise and environmental variability, 

• partial observability and dynamic obstacles, 

• rapidly changing task goals. 

 

These challenges expose the brittleness of conventional supervised learning and deep RL models, which suffer from 

distribution shift and catastrophic forgetting when faced with novel scenarios. Research in sim-to-real transfer and 

domain randomization partially addresses these gaps, but still relies heavily on dense training data. The inability of robots 

to generalize with minimal supervision motivates the shift toward zero-shot and few-shot paradigms inspired by human-

like learning. 

 

III. METHODOLOGY 

 

The proposed framework integrates Zero-Shot Learning (ZSL), Few-Shot Learning (FSL), Meta-Learning, and 

Multimodal Robotic Perception to enable robots to operate autonomously in unstructured environments. The system 

consists of four main components: 

1. Multimodal Perception and Embedding Extraction 

2. Zero-Shot Semantic-to-Policy Mapping 

3. Few-Shot Meta-Learning for Rapid Adaptation 

4. Multimodal Policy Execution with Embodied Constraints 

Mathematical formulations for each component are described below. 

 

A. Multimodal Perception and Embedding Extraction 

Robotic sensory inputs at time 𝑡include: 

 

𝐼𝑡 = {𝑋𝑡
𝑖𝑚𝑔

, 𝑋𝑡
𝑙𝑖𝑑𝑎𝑟 , 𝑋𝑡

𝑙𝑎𝑛𝑔
, 𝑋𝑡

𝑠𝑡𝑎𝑡𝑒} 
where 

• 𝑋𝑡
𝑖𝑚𝑔

= RGB image 

• 𝑋𝑡
𝑙𝑖𝑑𝑎𝑟= LiDAR depth/point cloud 

• 𝑋𝑡
𝑙𝑎𝑛𝑔

= natural language task instruction 

• 𝑋𝑡
𝑠𝑡𝑎𝑡𝑒= proprioceptive/tactile robot states 

 

Each modality is encoded: 

 

1. Visual Encoder 

 

𝑍𝑡
𝑖𝑚𝑔

= 𝑓𝑣𝑖𝑠(𝑋𝑡
𝑖𝑚𝑔

) = ViT(𝑋𝑡
𝑖𝑚𝑔

) 
 

 

2. LiDAR/Depth Encoder 

𝑍𝑡
𝑙𝑖𝑑𝑎𝑟 = 𝑓𝑙𝑖𝑑𝑎𝑟(𝑋𝑡

𝑙𝑖𝑑𝑎𝑟) = PointNet(𝑋𝑡
𝑙𝑖𝑑𝑎𝑟) 
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3. Language/Semantic Encoder 

 

𝑍𝑡
𝑙𝑎𝑛𝑔

= 𝑓𝑙𝑎𝑛𝑔(𝑋𝑡
𝑙𝑎𝑛𝑔

) = LLM(𝑋𝑡
𝑙𝑎𝑛𝑔

) 

 

 

4. Robot State Encoder 

 

𝑍𝑡
𝑠𝑡𝑎𝑡𝑒 = 𝑓𝑠𝑡𝑎𝑡𝑒(𝑋𝑡

𝑠𝑡𝑎𝑡𝑒) 
 

All embeddings are projected into a shared latent space: 

 

𝑍𝑡 = 𝑊𝑝𝑟𝑜𝑗[𝑍𝑡
𝑖𝑚𝑔

  ∣∣  𝑍𝑡
𝑙𝑖𝑑𝑎𝑟   ∣∣  𝑍𝑡

𝑙𝑎𝑛𝑔
  ∣∣  𝑍𝑡

𝑠𝑡𝑎𝑡𝑒] 

 

where ∣∣denotes concatenation. 

 

B. Zero-Shot Semantic-to-Policy Mapping 

ZSL enables robots to perform unseen tasks using semantic descriptions or task attributes. 

Given a new task 𝑇𝑢with semantic embedding: 

𝑆(𝑇𝑢) = 𝑓𝑙𝑎𝑛𝑔(𝑇𝑢) 

 

The goal is to infer a policy 𝜋𝑢(𝑎 ∣ 𝑠)without prior examples. 

 

1. Semantic-Action Mapping 

We learn a mapping function: 

𝜋𝑢 = ℱ(𝑆(𝑇𝑢), 𝑍𝑡) 
 

where ℱis a transformer-based policy generator. 

 

2. Attribute-Based ZSL 

Let tasks have attribute vectors 𝐴(𝑇). 
Zero-shot inference uses compatibility scoring: 

 

𝑇̂ = arg⁡max⁡
𝑇∈𝒯

 𝐹(𝑍𝑡 , 𝐴(𝑇)) 

 

with: 

𝐹(𝑍𝑡 , 𝐴(𝑇)) = 𝑍𝑡
𝑇𝑊𝐴(𝑇) 

 

3. Knowledge Graph Propagation 

We integrate semantic priors through graph embeddings: 

 

𝑆′(𝑇𝑢) = 𝐺𝑁𝑁(𝑆(𝑇𝑢), 𝐺) 
 

where 𝐺is a task–object–action knowledge graph. 

This enables: 

 

𝜋𝑢(𝑎 ∣ 𝑠) = 𝜋(𝑎 ∣ 𝑠, 𝑆′(𝑇𝑢)) 
 

allowing zero-shot generalization. 

 

C. Few-Shot Adaptation via Meta-Learning 

For tasks with a few demonstrations, we apply gradient-based meta-learning (MAML). 

Let each task 𝑇𝑖have a support set 𝐷𝑖
𝑡𝑟𝑎𝑖𝑛and query set 𝐷𝑖

𝑡𝑒𝑠𝑡. 

 

1. Inner Loop — Fast Adaptation 

𝜃𝑖
′ = 𝜃 − 𝛼∇𝜃ℒ𝑇𝑖

(𝑓𝜃 , 𝐷𝑖
𝑡𝑟𝑎𝑖𝑛) 
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2. Outer Loop — Meta-Optimization 

𝜃 ← 𝜃 − 𝛽∑

𝑖

∇𝜃ℒ𝑇𝑖
(𝑓𝜃𝑖

′ , 𝐷𝑖
𝑡𝑒𝑠𝑡) 

 

This produces a model initialization 𝜃that can quickly adapt to new tasks using only a few examples. 

3. Prototype-Based Few-Shot Policy Learning 

For metric learning: 

 

𝑐𝑘 =
1

∣ 𝐷𝑘 ∣
∑

(𝑥𝑗,𝑦𝑗)∈𝐷𝑘

𝑓𝜃(𝑥𝑗) 

 

where 𝑐𝑘is the class/task prototype. 

 

Policy inference: 

𝑃(𝑦 = 𝑘 ∣ 𝑥) =
𝑒−∥𝑓𝜃(𝑥)−𝑐𝑘∥

2

∑𝑗 𝑒−∥𝑓𝜃(𝑥)−𝑐𝑗∥
2  

 

D. Multimodal Policy Execution with Embodied Constraints 

Robotic control policy: 

 

𝜋(𝑎𝑡 ∣ 𝑠𝑡) = softmax(𝑊𝜋𝑍𝑡) 
 

To ensure safe execution, we incorporate: 

1. Embodied Kinematic Constraints 

 

𝑎𝑡
𝑠𝑎𝑓𝑒

= arg⁡min⁡
𝑎

∥ 𝑎 − 𝑎𝑡 ∥ s.t.𝑔(𝑎, 𝑠𝑡) ≤ 0 

2. Reinforcement Learning Update 

 

For FSL refinement: 

 

𝜃 ← 𝜃 + 𝜂(𝑟𝑡 + 𝛾𝑉(𝑠𝑡+1) − 𝑉(𝑠𝑡))∇𝜃log⁡ 𝜋(𝑎𝑡 ∣ 𝑠𝑡) 
 

3. Zero-Shot + Few-Shot Hybrid Policy 

 

𝜋ℎ𝑦𝑏𝑟𝑖𝑑(𝑎 ∣ 𝑠) = 𝜆𝜋𝑍𝑆𝐿(𝑎 ∣ 𝑠) + (1 − 𝜆)𝜋𝐹𝑆𝐿(𝑎 ∣ 𝑠) 

 

E. Full Training Objective 

The final optimization combines: 

 

ℒ𝑡𝑜𝑡𝑎𝑙 = ℒ𝑍𝑆𝐿 + 𝜆1ℒ𝐹𝑆𝐿 + 𝜆2ℒ𝑚𝑒𝑡𝑎 + 𝜆3ℒ𝑅𝐿 
 

where each loss term corresponds to: 

• semantic zero-shot mapping 

• few-shot learning 

• meta-learning adaptation 

• reinforcement learning for control 

 

IV. RESULTS 

 

The performance of the proposed framework was evaluated on both simulated environments (Habitat, Isaac Gym, 

iGibson) and real-world robotic platforms (Fetch, Spot, TurtleBot). The evaluation focused on: 

• Zero-Shot Task Generalization 

• Few-Shot Policy Adaptation 

• Sample Efficiency 
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• Robustness to Environmental Variability 

 

We compared four systems: 

1. Baseline Supervised Policy (SP) 

2. Deep Reinforcement Learning (DRL) 

3. Standard Meta-Learning Model (MAML / ProtoNet) 

4. Proposed ZSL+FSL Framework 

 

Table 1 — Zero-Shot Generalization Performance 

 

Model Task Success Rate 

(%) 

Semantic Alignment Score 

(%) 

Zero-Shot Transfer Accuracy 

(%) 

Supervised Policy (SP) 41.2 52 33.5 

Deep RL 47.8 57 38.1 

Standard Meta-Learning 63.4 72 55.3 

Proposed ZSL+FSL 

Model 

82.9 89 76.4 

 

 
 

Table 2 — Few-Shot Adaptation and Robustness Metrics 

 

Model 1-Shot Adaptation 

Accuracy (%) 

5-Shot Adaptation 

Accuracy (%) 

Robustness in Unstructured 

Environments (%) 

Supervised Policy 

(SP) 

48.6 57.9 39 

Deep RL 53.3 61.4 46 

Standard Meta-

Learning 

68.1 79.2 62 

Proposed ZSL+FSL 

Model 

86.7 93.5 78 
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V. CONCLUSION 

 

This paper presented a unified framework that integrates Zero-Shot Learning (ZSL), Few-Shot Learning (FSL), Meta-

Learning, and Multimodal Perception to enable autonomous robots to operate efficiently in unstructured and 

dynamically changing environments. Traditional robotic learning systems rely heavily on large, labeled datasets or 

extensive reinforcement learning, making them brittle and impractical for real-world deployment where robots must adapt 

to unseen tasks, novel objects, and unpredictable environmental conditions. The proposed ZSL+FSL architecture 

addresses these limitations by combining semantic task understanding with rapid adaptation from minimal examples, 

enabling robots to generalize far beyond the scope of their training data. 

 

Experimental results clearly demonstrate the advantages of the proposed approach. The system significantly outperforms 

supervised models, deep reinforcement learning baselines, and standard meta-learning methods across key performance 

metrics including zero-shot success rate, semantic alignment, few-shot adaptation accuracy, and robustness in 

natural environments. Achieving 82.9% zero-shot task success, 93.5% few-shot accuracy, and 78% environmental 

robustness, the system establishes a new benchmark for generalization and adaptability in embodied robotic intelligence. 

These improvements are driven by the synergistic integration of semantic-to-policy mapping, prototype-based adaptation, 

meta-learned initialization, and multimodal sensory grounding. 
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