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Positional Encoding In Transformers:
Understanding Word Order In Al

Introduction

Transformers have significantly advanced Natural Language Processing (NLP) and Artificial
Intelligence (Al). Unlike Recurrent Neural Networks (RNNs) and Long Short-Term Memory
(LSTMs), Transformers process words in parallel, rather than sequentially.

This raises an essential question:
How do Transformers recognize the order of words in a sentence?

The solution is Positional Encoding—a mechanism that enables Transformers to incorporate

word order information without relying on recurrence.
This article explores:

* The concept and importance of Positional Encoding.

* The mathematical principles behind positional encoding.

* The use of sine and cosine functions to generate positional values.
» How Transformers integrate positional encodings in NLP models.
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1. The Need for Positional Encoding
The Challenge: Parallel Processing in Transformers

 Traditional RNNs and LSTMs process text sequentially, thereby preserving word order.
e Transformers, however, process all words simultaneously, using self-attention.

Consider these two sentences:

¢ “The cat sat on the mat.”
¢ “The mat sat on the cat.”

Both sentences contain identical words but convey different meanings. Without positional
information, a Transformer would interpret them as the same.

The Solution: Positional Encoding

Positional encoding allows Transformers to distinguish between these sentences by assigning
unique position values to each word.

2. What is Positional Encoding?

Positional Encoding is a technique that assigns numerical representations to words based on
their position in a sentence.
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How It Works

e Each word is assigned a unique positional encoding vector.

* These encodings are generated using sine and cosine functions.

* The Transformer adds positional encodings to word embeddings before processing
them.

As a result, even when words are analyzed in parallel, their order is retained.

3. Mathematical Representation of Positional Encoding
Positional Encoding is computed using the following equations:

Formula for Positional Encoding

PE(pos,2i)=sin(pos/100002i/d)PE(pos, 2i) = \sin(pos / 10000" {2i/d})
PE(pos,2i+1)=cos(pos/100002i/d)PE(pos, 2i+1) = \cos(pos / 10000 {2i/d})

Where:

» pos = Position of the word in the sentence.

e i = Dimension index of the embedding vector.

e d = Total embedding size (e.g., 512 in BERT).

* sin & cos = Generate alternating patterns for positional values.
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Why Use Sine & Cosine?

 Provides smooth transitions between positions.
e Ensures unique encoding for each position.
« Allows for extrapolation to longer sentences.

4. Implementation of Positional Encoding in Transformers

Transformers integrate positional encoding before passing text to the self-attention
mechanism.

Step-by-Step Process

Tokenize Input Text

Convert Tokens to Numerical IDs
Apply Word Embeddings

Add Positional Encodings

ui & Wb

Feed the Result to Transformer Layers

Final Input Representation

extFinalVector=extTokenEmbedding+extPositionalEncoding ext{Final Vector} = ext{Token
Embedding} + ext{Positional Encoding}
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5. Example: Applying Positional Encoding

Consider the sentence:
"The cat sat on the mat."

Step 1: Convert Words to Embeddings

Token Word Embedding
“The” [0.2, 0.8, -0.5, 0.1]
“cat” [0.5, 0.3, 0.9, -0.7]
“sat” [0.1, 0.9, 0.4, -0.3]

Step 2: Compute Positional Encodings

Position Positional Encoding
0 (The) [0.3, 0.9, -0.2, 0.5]
1 (cat) [0.5, 0.7, -0.3, 0.6]
2 (sat) [0.2, 0.8, -0.4, 0.7]
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Step 3: Add Positional Encodings to Word Embeddings

Token Final Transformer Input
“The” [6.5, 1.7, -0.7, 0.6]
“cat” [1.0, 1.0, 0.6, -0.1]
“sat” [0.3, 1.7, 0.0, 0.4]

Now, the Transformer can recognize both word meaning and position.

6. Fixed vs. Learned Positional Encodings

Encoding Type Description Used In

Original Transformer

Fixed Encoding Uses predefined sine/cosine functions. (Vaswani et al., 2017)

Model learns positional embeddings

; . BERT, GPT, T5
during training.

Learned Encoding

Which Approach is Better?

 Fixed encoding is computationally efficient.
* Learned encoding provides adaptability for specific tasks.
e Modern models (BERT, GPT) use learned encodings.
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7. Importance of Positional Encoding

Key Benefits

Enables parallel processing while maintaining word order.

Supports long text sequences without losing context.

Improves model understanding of sentence structure.

Enhances performance in NLP tasks such as machine translation and chatbots.

8. Applications of Positional Encoding
1. Conversational Al

* Used in ChatGPT, Google Bard to maintain context in responses.

2. Machine Translation

* Essential for models like T5, mBERT, and Google Translate.

3. Al-powered Text Summarization

e Implemented in BART, GPT-based summarization models.
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4. Al Coding Assistants

e Used in GitHub Copilot, AlphaCode to process code structure efficiently.

9. Conclusion
Key Takeaways

» Transformers require positional encoding to retain word order.

* Sine & cosine functions generate unique position values.

* Positional encoding is added to embeddings before self-attention.
* Modern models often use learned positional embeddings.

For more insights into Al and NLP, visit EasyExamNotes.com.

Further Reading & References

[] Research Paper: Attention Is All You Need
[ lllustrated Transformer Guide: Jay Alammar’s Guide
[0 Hugging Face Transformer Library: Hugging Face Guide
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