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Introduction to Pipelining in Modern Processors

In the realm of computer architecture, pipelining stands as a fundamental technique to enhance the
throughput and efficiency of processors. By breaking down instruction execution into multiple
stages—such as fetch, decode, execute, memory access, and write-back—pipelines allow overlapping
of instruction processing, thereby increasing instruction throughput. However, this overlapping
introduces complexities, notably data hazards, control hazards, and structural hazards, which can
compromise the correctness and performance of a pipelined processor.

Understanding the hazards caused by specific assembly instructions is crucial for compiler writers,
hardware designers, and software developers aiming to optimize performance and avoid subtle bugs.

Among these hazards, data hazards—particularly those arising from instructions that depend on the
results of preceding instructions—are the most common and insidious.

What Are Data Hazards?

Data hazards occur when instructions that are close together in a program's sequence attempt to use
the same data, and the data is not yet available at the time of execution. These hazards can be
categorized into:

* Read After Write (RAW): An instruction tries to read a register before it has been written by a
previous instruction.

e Write After Read (WAR): An instruction writes to a register before it has been read by a
previous instruction.

e Write After Write (WAW): Multiple instructions write to the same register out of order.

In pipelined architectures, RAW hazards are the most common, especially when instructions are



closely packed.

The Two Lines That Cause Hazards

Let’s consider two specific assembly language lines that, when pipelined, can lead to a data hazard:

Trassembly
ADD R1, R2, R3
SUB R4, R1, R5

Scenario Explanation:
- The first instruction adds the contents of R2 and R3, storing the result in R1.
- The second instruction subtracts the contents of R5 from R1, storing the result in R4.

Potential Hazard:
- When these instructions are pipelined, the second instruction may attempt to read R1 before the
first instruction has completed writing its result. This creates a RAW hazard.

Understanding the Hazard in Detail

Pipeline Stages and Timing

In a typical five-stage pipeline:

1. Instruction Fetch (IF)
2. Instruction Decode (ID)
3. Execute (EX)

4. Memory Access (MEM)
5. Write Back (WB)

For the two instructions:

| Cycle | ADD R1, R2, R3 | SUB R4, R1, R5 |
| | | |

| 1| Fetch | |

| 2 | Decode | Fetch |

| 3 | Execute | Decode |

| 4 | Memory | Execute |

| 5| Write-back | Memory |

| 6| | Write-back |




Issue:

- The ADD instruction writes R1 during cycle 5.

- The SUB instruction needs R1 during its decode stage in cycle 3 or 4, but R1 is not yet updated until
cycle 5.

Therefore, if the pipeline does not have hazard detection or forwarding mechanisms, the second
instruction will read an incorrect or stale value of R1, leading to incorrect computation.

Types of Hazards and Their Impact

Data Hazard Types in the Example

- Read After Write (RAW): As outlined, the SUB needs R1 before ADD has written the correct value.
- Structural Hazards: Less relevant here unless hardware resources are limited.
- Control Hazards: Not directly involved unless branch instructions are involved.

Impact:

- Incorrect data being used causes erroneous results.
- Pipeline stalls or flushes are needed to resolve the hazard, degrading performance.

Techniques to Mitigate Hazards

To prevent or resolve hazards like the one caused by the two lines above, several strategies are
employed:

1. Pipeline Stalling (Hazard Detection and Stall Cycles)

- The processor detects the hazard and inserts "stall" cycles, pausing instruction execution until the
data is available.
- Drawback: Reduced throughput and increased latency.

2. Data Forwarding (Bypassing)

- Hardware mechanisms that allow the output of one pipeline stage to be directly fed into a
subsequent stage without waiting for it to be written and read from the register file.
- Example: Forward the result of the ADD directly to the decode stage of the SUB instruction.



3. Reordering Instructions (Instruction Scheduling)

- Reordering instructions at compile time or runtime to avoid hazards.
- Example: Insert unrelated instructions between the ADD and SUB.

4. Register Renaming

- Assign new physical registers to avoid WAW and WAR hazards.
- Less relevant for simple hazards like the one discussed but critical in complex pipelines.

Hardware Support for Hazard Resolution

Modern processors incorporate sophisticated hazard detection and resolution mechanisms:

e Hazard Detection Units: Detect RAW, WAR, WAW hazards during instruction decode.

* Forwarding Paths: Enable data to be passed directly from the execution or memory stages to
earlier stages.

* Pipeline Bubbles: Insert no-operation (NOP) instructions to delay subsequent instructions.

These features greatly mitigate hazards but can still introduce performance penalties if not managed
carefully.

Example: Assembly Code That Causes a Hazard

Consider this sequence:

T assembly
MOV R1, R2
ADD R3, R1, R4
SUB R5, R3, R6

Analysis:
- The ADD depends on R1, which is written by MOV.
- The SUB depends on R3, which is produced by ADD.



In a pipelined processor, unless forwarding or stalls are used, the following issues may arise:

- The ADD may attempt to read R1 before MOV has completed writing it.
- The SUB may attempt to read R3 before ADD writes it.

Solution:

- Use forwarding paths so that the output of MOV and ADD can be directly supplied to subsequent
instructions.

- Insert stalls if forwarding is not available.

Conclusion: The Importance of Recognizing Hazards in
Assembly Programming

The example of two assembly language lines illustrates a common and critical hazard in pipelined
processor architectures. Understanding how instructions interact in the pipeline and how data
dependencies can cause hazards is vital for optimizing performance and ensuring correctness.

Programmers and compiler writers must be aware of these hazards to write efficient code and
leverage hardware features like forwarding. Hardware architects, on the other hand, design hazard
detection and mitigation mechanisms to minimize stalls and maximize throughput.

In summary, the two lines discussed above serve as a textbook example of how data hazards can
occur and the importance of implementing robust hazard resolution techniques in pipelined
processors to maintain correct execution flow and high performance.

Remember: Always analyze instruction dependencies in pipelined architectures to prevent hazards
that can compromise system correctness and efficiency.

Frequently Asked Questions

What is a hazard in the context of pipelined assembly
language programs?

A hazard is a situation that causes incorrect execution or delays in a pipelined processor, often due to
data dependencies, resource conflicts, or control flow changes.

Which types of hazards are most common when two assembly
instructions are pipelined?

The most common hazards are data hazards, control hazards, and structural hazards.



How do two assembly instructions cause a data hazard when
pipelined?

A data hazard occurs if the second instruction depends on the result of the first instruction before it
has been computed or written back, leading to potential incorrect data being used.

What specific assembly language lines are known to cause
hazards during pipelining?

Lines that involve a read-after-write (RAW) dependency, such as a load followed immediately by an
instruction that uses the loaded data, are common sources of hazards.

How can pipeline hazards caused by two assembly lines be
mitigated?

Hazards can be mitigated through techniques like pipeline stalls (inserting NOPs), operand forwarding,
or instruction reordering to eliminate or reduce dependencies.

What role does instruction reordering play in avoiding
hazards in pipelined assembly programs?

Instruction reordering rearranges instructions to break data dependencies, allowing the pipeline to
run smoothly without stalls caused by hazards.

Can hardware solutions like forwarding completely eliminate
hazards caused by two assembly lines?

Hardware forwarding can significantly reduce data hazards by passing data directly between pipeline
stages, but some hazards still require stalls or other mitigation techniques.

What is an example of two assembly lines that cause a hazard
when pipelined?

For example, 'LOAD R1, 0(R2)' followed immediately by 'ADD R3, R1, R4' can cause a data hazard if
R1's value isn't ready before the ADD instruction executes.

Why are hazards a critical consideration in designing
pipelined assembly language programs?

Hazards can cause delays, incorrect results, or pipeline stalls, reducing overall performance and
correctness, making their management essential for efficient pipelined processing.

What are some best practices programmers can follow to



avoid hazards in assembly language programs?

Programmers can insert NOPs, reorder instructions, or use hardware features like forwarding to
prevent hazards and ensure smooth pipeline execution.

Additional Resources

The Following Two Lines From An Assembly Language Program Will Cause A Hazard When They Are
Pipelined — understanding this statement requires a deep dive into how pipelining works in modern
processors and how certain assembly instructions can introduce hazards that impair performance or
correctness. In this article, we will explore the concept of hazards in pipelined architectures, analyze
specific assembly instructions that can cause such hazards, and discuss strategies to mitigate or
avoid them.

Introduction to Pipelining and Hazards
What is Pipelining?

Pipelining is a technique used in modern processors to improve instruction throughput. Instead of
executing instructions sequentially, pipelining breaks down instruction execution into discrete stages
(such as fetch, decode, execute, memory access, and write-back) and processes multiple instructions
simultaneously at different stages.

Types of Hazards in Pipelining

While pipelining boosts performance, it introduces several types of hazards, which are situations that
prevent the next instruction in the pipeline from executing in its designated cycle. The main types
include:

- Structural Hazards: When hardware resources are insufficient to support all concurrent operations.
- Data Hazards: When an instruction depends on the result of a previous instruction that has not yet
completed.

- Control Hazards: Arising from branch instructions that change the flow of execution.

This guide focuses on data hazards, especially those caused by instruction sequences that involve
dependencies, which are most relevant to the example lines under discussion.

Understanding the Assembly Lines That Cause Hazards
Suppose you have two assembly instructions:
T assembly

LOAD R1, 0(R2)
ADD R3, R1, R4



In a pipelined processor, these two lines can cause a data hazard because the second instruction
("ADD") depends on the value loaded into "R1" by the first instruction ("LOAD"). If the pipeline does
not account for this dependency, the "ADD" operation might execute before the "LOAD" has
completed, leading to incorrect results.

The Nature of the Hazard

This is a classic Read After Write (RAW) hazard or data dependency hazard. It occurs when an
instruction needs to read a register that a previous instruction is writing to, but the write has not yet
been completed.

Detailed Breakdown of the Hazard
The Two Instructions in Detail
Let's analyze these lines:

Tt rassembly
LOAD R1, 0(R2)
ADD R3, R1, R4

- LOAD R1, 0(R2): This instruction loads a value from memory address "[R2 + 0] into register 'R1".
- ADD R3, R1, R4: This instruction adds the contents of 'R1" and "R4°, storing the result in "R3".

Why Do They Cause a Hazard?

In a pipelined architecture, these instructions are fetched, decoded, and executed in overlapping
cycles. The problem arises because:

- The "LOAD" instruction takes multiple cycles to fetch data from memory and write it back into "R1".
- The "ADD" instruction, if scheduled immediately after, will attempt to read "R1" during its decode or
execute phase.

- If the load has not completed and "R1" has not been updated yet, the "ADD" will read an incorrect
or stale value, leading to a hazard.

Visualizing the Pipeline

| Cycle | Instruction 1 (LOAD) | Instruction 2 (ADD) |
| | | |

| 1| Fetch ||

| 2 | Decode | Fetch |

| 3 | Execute | Decode |

| 4 | Memory access | Execute |

| 5| Write-back | Memory access |

If the pipeline does not insert stalls or use forwarding, the "ADD" instruction might attempt to read
"R1" before it has been updated by the "LOAD". This leads to incorrect data being used in the
addition.



Why These Lines Specifically Cause a Hazard

The key reason these two lines cause a hazard when pipelined is the data dependency between them.
Specifically:

- The "ADD" instruction reads the register "R1" before the "LOAD" instruction writes to it.
- In a pipelined environment, the "LOAD" may still be fetching data from memory when the "ADD" is

trying to read "R1".
- Without proper handling, this results in incorrect computation or pipeline stalls.

Types of Hazards Caused by These Lines
Data Hazards

This is a classic RAW (Read After Write) hazard where the second instruction depends on data
produced by the first.

Structural Hazards

Less relevant here unless the hardware does not support concurrent memory access or register file
access, but generally, this is not the primary concern in this case.

Control Hazards

Not directly relevant unless these instructions are part of a branch or jump, which they are not in this
example.

Mitigation Strategies
Understanding the hazard is the first step to mitigating it. Here are common strategies:
1. Pipeline Stalls (Inserting Nops)

The simplest method is to insert no-operation (nop) instructions or stalls after the load to allow time
for data to become available:

Tt assembly
LOAD R1, 0(R2)
nop

ADD R3, R1, R4

This approach is straightforward but reduces pipeline efficiency.

2. Forwarding (Data Bypassing)



Modern processors often implement forwarding (also called bypassing), which allows data to be
transferred directly from one pipeline stage to another without writing and then reading from
registers:

- When the load completes its memory access, it can forward the data directly to the execute stage of
the "ADD".

- This minimizes stalls and maintains high throughput.

3. Reordering Instructions

Compilers or assemblers can reorder instructions to avoid hazards:

“Trassembly

LOAD R1, 0(R2)

OTHER_INSTR ; instruction that does not depend on R1

ADD R3, R1, R4

By inserting unrelated instructions, the load has time to finish before "ADD" uses "R1".

4. Using a Hardware Hazard Detection Unit

Most modern CPUs include hazard detection units that automatically detect dependencies and insert
stalls as needed, abstracting complexity away from programmer or compiler.

Practical Example and Analysis
Let's take a real-world snippet and analyze the hazard:
“Tassembly

LOAD R1, 100(R2)
ADD R3, R1, R4

Suppose the "LOAD" takes 5 cycles to complete, and no forwarding or stalls are implemented.
Without mitigation, the "ADD" could execute before "R1" is updated, resulting in:

- Using an outdated value or an undefined value in "R1".
- Producing incorrect results.

In contrast, with forwarding, the processor can transfer the loaded data directly from the memory
stage to the execution stage of "ADD", avoiding stalls.

Summary of Key Points

- The two assembly lines cause a hazard when pipelined because of data dependency.
- This hazard is a Read After Write (RAW) hazard, where the dependent instruction reads a register



before the previous instruction has written to it.

- Proper handling involves understanding pipelining stages and implementing mitigation strategies
such as stall insertion, forwarding, or instruction reordering.

- Hardware features like hazard detection units automate hazard management, improving
performance without sacrificing correctness.

- Recognizing such hazards is crucial for both assembly programmers and compiler designers to
optimize code for pipelined architectures.

Final Thoughts

Understanding the hazards caused by instruction sequences like the ones discussed is vital for
efficient assembly programming and processor design. As pipelining becomes more sophisticated,
hardware and compiler techniques continue to evolve to mitigate these hazards, enabling higher
performance without compromising correctness. Recognizing the specific lines that cause hazards
allows developers to write code that is both correct and optimized, leveraging hardware features
effectively.

Remember, in pipelined architectures, awareness of instruction dependencies and hazards is key to
writing efficient, correct code.
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