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In modern computer architecture, understanding how memory addresses are mapped to cache is
fundamental for optimizing performance and efficiency. A direct-mapped cache is one of the simplest cache
organization methods, where each memory block maps to exactly one cache line. When dealing with a 64-
bit address space, it becomes essential to understand how the address bits are partitioned into different
fields—tag, index, and block offset—that facilitate quick and efficient data retrieval. This article explores the
detailed breakdown of address bits in a 64-bit address for a direct-mapped cache design, including how these

bits are used, the reasoning behind this partitioning, and the implications for cache performance.

Understanding Cache Architecture and Address Mapping

Before delving into the specifics of address bits, it is important to grasp the basic components of cache

architecture and how addresses are mapped to cache lines.

What Is a Direct-Mapped Cache?

A direct-mapped cache is a type of cache memory where each block of main memory maps to exactly one
cache line. This approach simplifies the hardware design and allows for fast lookup times. However, it can

also lead to cache conflicts if multiple memory blocks map to the same cache line, causing cache misses.
Key Features of a Direct-Mapped Cache:

- Each cache line holds one block of data.

- Memory address bits are divided into three parts: tag, index, and block offset.

- The index determines which cache line to access.

- The tag helps verify if the data in the cache line corresponds to the requested address.
- The block offset specifies the exact byte within the cache block.



Partitioning a 64-bit Address in a Direct-Mapped Cache

In a 64-bit address space, the address is a wide binary number that needs to be segmented into fields to

facilitate cache lookup and management effectively. The typical division involves three main parts:

1. Tag bits
2. Index bits
3. Block offset bits

The exact number of bits assigned to each depends on the cache configuration, specifically cache size, block

size, and associativity.

Determining Cache Parameters

To understand how address bits are used, one must first define cache parameters:

- Cache Size (C): Total size of the cache (e.g., 64 KB, 128 KB).
- Block Size (B): Size of each cache block or line (e.g., 64 bytes).
- Number of Cache Lines (L): Calculated as \( L = \frac{C}{B} \).

Example:
Suppose we have a cache configuration with:

- Cache size: 64 KB (which equals 65,536 bytes)
- Block size: 64 bytes

Calculating the number of cache lines:

\[
L = \frac{65,536\ \text{bytes}}{64\ \text{bytes}} = 1024 \text{ lines}

\]

In binary, 1024 lines require:

\[
\log_2 1024 = 10 \text{ bits}

\]

Thus, the index field will be 10 bits long.



Bit Partitioning in a 64-bit Address

Given the above, the 64-bit address can be partitioned as follows:

- Block offset bits: Determine the byte within a cache block.
- Index bits: Select the cache line.

- Tag bits: The remaining high-order bits used to verify correctness.

Calculating Block Offset Bits

Since each block is 64 bytes:

\[
\text{Block offset bits} = \log_2 64 = 6 \text{ bits}
\]

Determining Index Bits

From our example:

\
\text{Index bits} = \log_2 1024 = 10 \text{ bits}
\

Remaining Bits for Tag

Total bits:

\

64\ \text{bits} - (\text{Tag bits} + \text{Index bits} + \text{Block offset bits})

\

For the given example:

\[
\text{Tag bits} = 64 - (6 + 10) = 48 \text{ bits}

\

Summary of Bit Fields:

| Field | Number of bits | Description |
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| Tag | 48 | Used to verify if the cache line contains the correct data |
| Index | 10 | Used to select the cache line |
| Block Offset | 6 | Byte within the cache block |

This partitioning ensures that each memory address maps to a specific cache line and byte within that line,

with the tag providing validation.

Practical Example of Address Breakdown

Let's illustrate how a 64-bit address would be split:

Suppose the address in binary (simplified to show only relevant bits):
El‘“ag (48 bits)] [Index (10 bits)] [Block Offset (6 bits)]

For example, a 64-bit address:

‘1‘(‘)10... (48 bits) ... 1101... (10 bits) ... 101011 (6 bits)

‘When accessing memory:

- The index bits determine which cache line to look at.
- The block offset pinpoints the specific byte within the cache line.
- The tag bits are compared with the stored tag in the cache to validate if the data is valid.

Implications for Cache Performance and Design

The way address bits are partitioned impacts cache performance significantly.

Cache Hit and Miss Dynamics

- Cache Hit: Occurs when the tag matches, and the data is present in the cache line.

- Cache Miss: Happens when tags do not match or the data is not yet loaded into cache.



In a direct-mapped cache, conflicts happen when multiple addresses map to the same cache line, leading to

cache thrashing.

Trade-offs in Cache Design

- Larger cache sizes increase the number of index bits, reducing conflicts.
- Larger block sizes reduce the number of index bits but increase the block offset.

- Tag size affects the cache's ability to uniquely identify data but also consumes more address bits.

Optimizing Cache Design Based on Address Bits

Designers can optimize cache parameters based on application needs:

- Adjust cache size and block size to balance between hit rate and latency.
- Use different mapping strategies (e.g., set-associative, fully associative) to mitigate conflicts inherent in
direct mapping.

- Employ techniques like prefetching and replacement policies to enhance cache performance.

Conclusion

In a 64-bit address system with a direct-mapped cache, the address bits are meticulously partitioned into tag,
index, and block offset fields. This partitioning is driven by cache size, block size, and the number of cache
lines. Understanding how these bits are used enables system architects and developers to design efficient
cache hierarchies that optimize memory access times and overall system performance. By carefully
selecting parameters and understanding the role each address field plays, one can tailor cache behavior to

meet the specific demands of modern computing workloads.

Key Takeaways:

- A 64-bit address is divided into tag, index, and block offset fields.
- The number of bits allocated to each depends on cache size and block size.
- Proper partitioning minimizes cache conflicts and maximizes hit rate.

- Designers must balance cache parameters to optimize overall system performance.

For anyone involved in computer architecture, mastering how address bits are used in cache design is

fundamental for developing high-performance computing systems and understanding how hardware



impacts software efficiency.

Frequently Asked Questions

What are the typical bits used in a 64-bit address for a direct-mapped
cache design?

In a 64-bit address, the bits are usually divided into tag bits, index bits, and block offset bits to determine

cache placement and data retrieval.

How many bits are allocated for the index in a direct-mapped cache with
a 64-bit address?

The number of index bits depends on the cache size and block size; for example, a 4KB cache with 64-byte

blocks uses 6 bits for the index.

Which bits of the address are used as the tag in a direct-mapped cache?

The tag bits are the most significant bits remaining after allocating bits for the index and block offset, used

to identify if the cache line matches the requested address.

What is the purpose of the block offset bits in the address for cache
design?

Block offset bits specify the exact byte within a cache line or block, allowing the cache to access the correct

data segment within the block.

How does the number of index bits affect cache performance in a 64-bit
direct-mapped cache?

More index bits increase the number of cache lines, reducing conflict misses but may increase complexity;

fewer bits can lead to higher conflict misses.

In a 64-bit address, which bits are most critical for reducing cache misses
in a direct-mapped cache?

The tag bits are critical for identifying whether a cache line contains the desired data, directly impacting

cache hit rates.



Can the bits used for the address in a direct-mapped cache be adjusted for

different cache sizes?

Yes, the number of index, tag, and block offset bits are determined by cache size and block size; adjusting

cache parameters changes the bit allocation.

How does the address bit division in a 64-bit direct-mapped cache

influence cache design decisions?

The division influences the cache's capacity, access speed, and conflict rate, guiding choices like block size

and total cache size for optimal performance.

What are the typical considerations when selecting bits of the address for
a direct-mapped cache with a 64-bit address?

Considerations include cache size, block size, access speed, conflict likelihood, and how to balance between

tag and index bits to optimize performance.

Additional Resources
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Introduction

As computing systems continue to evolve, efficient memory hierarchy design remains a cornerstone of
performance optimization. Among various cache architectures, the direct-mapped cache is renowned for its
simplicity and speed, making it a popular choice in systems where low latency and straightforward
implementation are desired. When designing a direct-mapped cache with a 64-bit address space,

understanding how the address bits are partitioned to serve different functions is critical.

In this comprehensive review, we delve into the architecture of a 64-bit address-based direct-mapped
cache system, analyzing the role of each set of bits in the address. We will explore how these bits are used
to determine cache indexing, tag storage, and block offset, and how their configuration influences overall

performance, hit/miss ratios, and design trade-offs.

Overview of Cache Address Partitioning



A cache system functions by mapping portions of memory addresses to specific cache lines. In a direct-

mapped cache, each memory address is divided into three fundamental parts:

1. Tag bits: Used to identify if the data stored in a cache line corresponds to the requested memory location.
2. Index bits: Determine which cache line (or set) the address maps to.

3. Block (or offset) bits: Specify the exact byte or word within a cache block.

The partitioning of a 64-bit address into these segments depends on cache size, block size, and associativity.

For a direct-mapped cache, the key parameters are:
- Cache size (total data capacity)

- Block size (size of each cache block or line)

- Number of cache lines (or blocks)

Fundamental Parameters in Address Partitioning
Cache Size and Block Size
Suppose we have a cache with the following parameters:

- Cache capacity: 16 MB (megabytes)

- Block size: 64 bytes (common block size for modern caches)

The total number of cache lines \( N \) is:

\[

N = \frac{\text{Cache size}}{\text{Block size}} = \frac{16 \times 2"{20} \text{ bytes}}{64 \text{ bytes}} =
2824}

\]

Thus, there are 16 million lines in the cache.

Address Bits Needed

Given a 64-bit address, the bits are divided into:

- Tag bits
- Index bits
- Block offset bits

The number of bits allocated to each depends on the cache configuration.



Determining the Number of Bits in Each Segment
Block Offset Bits

The block size determines the number of offset bits:

\[
\text{Block offset bits} = \log_2(\text{Block size})
\]

For a 64-byte block:

\

\log_2(64) = 6

\]

Hence, 6 bits are used for the block offset, indicating the position within a block.

Index Bits

The number of cache lines \( N \) determines the index bits:

\
\text{Index bits} = \log_2(N)

\

Given \( N = 224} \):

\[

\text{Index bits} = 24

\]

Thus, 24 bits are used for the cache line index.
Tag Bits

The remaining bits are used for the tag:

\
\text{Tag bits} = 64 - (\text{Index bits} + \text{Offset bits}) = 64 - (24 + 6) = 34

\]



Therefore, 34 bits are reserved for the tag.

Address Partitioning Summary

| Segment | Number of Bits | Purpose |
S—— S S —

| Tag | 34 | Identifies if data in cache line matches memory |
| Index | 24 | Selects specific cache line |
| Block Offset | 6 | Specifies byte within cache block |

Practical Implications of Address Partitioning

Cache Hit/Miss Determination

When the CPU issues a memory request:

- The index bits select a specific cache line.

- The tag bits stored in that line are compared to the tag bits of the address.

- If tags match and the valid bit is set, a cache hit occurs; otherwise, a cache miss is registered.

Block Offset Usage

- During cache line fetch, the block offset bits specify the exact byte within the block.

- For word-addressable systems, the block offset could be used to select specific words or bytes.

Design Trade-offs and Variations

Trade-offs in Bit Allocation

- Larger cache size: Requires more index bits, reducing tag bits, potentially increasing conflict misses.

- Smaller block size: Reduces block offset bits, increasing the number of offset bits, which can influence
spatial locality benefits.

- Higher associativity: Alters the simple division, moving from direct-mapped to set-associative caches,

complicating address partitioning.

Variations in Cache Architecture



‘While the above calculations assume a 16 MB, 64-byte block, direct-mapped cache, other configurations
might alter the bit allocation:

- Smaller cache: Fewer index bits.

- Larger block size: More offset bits.

- Different cache sizes: Adjust the number of lines and thus the index bits.

Challenges in 64-bit Address Management

Address Tag Size & Storage

- The 34-bit tag for a 16 MB cache is manageable but becomes significant in systems with multiple caches or
multi-level hierarchies.

- Ensuring efficient storage of tags affects cache cost and complexity.

Address Tag Comparison Overhead

- High tag bits necessitate more comparison logic during cache access.

- Optimizations are often employed to compare only relevant bits or to use tags stored alongside data

efficiently.

Influence on Performance and Efficiency

Hit Rate Considerations

- The size of the index bits influences the collision rate.

- More index bits (more lines) reduce conflicts but increase tag storage requirements and complexity.
- The block offset impacts spatial locality benefits; too small or too large blocks have trade-offs.

Latency and Speed

- Simpler address division leads to faster cache access.

- Larger tags and more bits to compare may slightly increase latency but improve accuracy.

Conclusion

Designing a direct-mapped cache with a 64-bit address involves a careful partitioning of the address into



tag, index, and block offset bits. In the typical scenario with a 16 MB cache and 64-byte blocks, the address

bits are allocated as follows:

- 34 bits for the tag
- 24 bits for the index
- 6 bits for the block offset

This configuration balances cache size, access speed, and hit rate efficiency. Understanding how each
segment of the address contributes to cache operation is fundamental for system architects aiming to

optimize memory hierarchies for high-performance computing.

Future advancements may explore dynamic cache configurations, adaptive block sizes, or multi-level
hierarchies to further leverage the vast 64-bit address space, ensuring that cache design continues to meet

the demands of modern computing workloads.
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