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Basic Pipelining

⚫ Today’s topics:

– Pipeline: General Concept

– Pipelineing in Processors

– Pipeline Hazards

⚫ Structural Hazards

⚫ Data Hazards

⚫ Control Hazards
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General Concept
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Critical path = 2T(x) + 

T(+) + T(A) + T(B)



www.vlsi.itu.edu.tr

General Concept
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Critical path Critical path

Assuming T(x) > T(A) + T(+)    and   T(x) > T(B) ,    New critical path is T(x)  

Critical path
Critical path
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General Concept: An Analogy

⚫ Time for handling 

one batch of 

clothes is not 

changed

⚫ But we are doing 

jobs in PARALELL
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⚫ Seq. Laundry = 8 hours for 4 

batches

⚫ Pipelined Laundry = 3.5 hours for

4 batches!
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General Concept: An Analogy

⚫ 8/3.5 = 2.3 times 

speedup

⚫ Potential 4 times 

increase
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⚫ Seq. Laundry = Adds 2 hours for

one batch

⚫ Pipelined Laundry = Adds 0.5 

hours for one batch



www.vlsi.itu.edu.tr

General Concept

⚫ Benefits?

➢ Increase in clock frequency

➢ Data for each stage will be held at the 

stage’s register line, this will allow us to exploit a 

form of paralellism – (increase throughput)
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Pipelineing in Processors: Basic execution loop

⚫ Five stages, one step per stage

1. IF: Instruction fetch from memory

2. ID: Instruction decode & register read

3. EX: Execute operation or calculate address

4. MEM: Access memory operand

5. WB: Write result back to register
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Instruction execution is not a monolithic action. There are 

multiple micro-actions involved…
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How about in RISC-V?
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IF/ID               ID/X                 X/MEM MEM/WB
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Pipelined Control
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Pipelined Control
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Pipelining in Processors

⚫ Pipelining allows us to execute parts of multiple instructions at the same 

time using the same hardware!

– This is known as instruction level parallelism (ILP)

Assume time for stages is;

⚫ 100ps for register read or write

⚫ 200ps for other stages
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Operation 

times?
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CPU time = CPI x CC x IC
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Pipelineing in Processors: Performance

⚫ Pipeline speedup
If all stages are balanced (i.e., all take the same time)

If not balanced, speedup is less

⚫ Speedup due to increased throughput

⚫ Time for each instruction does not decrease (CPI = 1)
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Consider 1,000,000 instructions
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Pipelining in Processors: RISC-V
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Hazards

Situations that prevent starting the next instruction in the next cycle

⚫ Structure hazards

A required resource is busy

⚫ Data hazard

Need to wait for previous instruction to complete its data

read/write

⚫ Control hazard

Deciding on control action depends on previous instruction
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Hazards: Structural Hazards

⚫ Two different instructions need same h/w resource in same

cycle (e.g., loads/stores use the same cache port as fetch
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Hazards: Structural Hazards

3.03.2021

30

⚫ Option#1: Fix 

structural hazard by 

stalling

Advantage: low cost, 

simple

Disadvantage:

decreases CPI
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Hazards: Structural Hazards

⚫ Better solution…
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Hazards: Structural Hazards

⚫ Conflict for use of a resource

In MIPS-style pipeline with a single memory Load/store 

requires data access.

Instruction fetch would have to stall for that cycle. Would 

cause a pipeline “bubble”

⚫ Hence, pipelined datapaths require separate 

instruction/data memories (and/or caches)
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Data Hazards: Register Access
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Data Hazards: Register Access
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Hazards: Structural Hazards

⚫ Avoiding structural hazards

Option #1: Replicate the contended resource

Advantage: good performance

Disadvantage: increased area, slower (interconnect delay)

Use for cheap, divisible, or highly-contended resources

Option #2: pipeline the contended resource

Advantage: good performance, low area

Disadvantage: sometimes complex (e.g., RAM)
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Hazards: Structural Hazards

Option #3: Design ISA/pipeline to reduce structural 

hazards

1: Instructions use a given resource at most once

2: Instructions use a given resource in same pipeline 

stage
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That’s the solution in RISC
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Structural Hazards: Summary & In RISC
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Hazards: R-Type Data Hazards

⚫ Read-after-write (RAW): Two different instructions use the same 

storage location

⚫ Problem: sub reads R1 before add has written it
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“add” result (R1) will be written 

back to the registers in fifth cycle,

But “sub” will require R1 before 

that!



www.vlsi.itu.edu.tr

Hazards: R-Type Data Hazards

⚫ One solution is “stalling”
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Data Hazards: R-Type Data Hazards
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Instruction Reordering
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Hazards: R-Type Data Hazards

DEALING WITH RAW STALLS

⚫ Why wait until WB stage?

Data available at end of EX/MEM stage

Bypass (aka “forward”) data directly to input of EX

Advantage: very effective at reducing/avoiding stalls

in practice, a large fraction of input operands are bypassed

Disadvantage: Adds complexity (extra decision logic)
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Data Hazards: Bypassing

3.03.2021

42

• Take values within pipeline stages, rather than taking from 

registers

• Requires extra connections in datapath

• Also called as “forwarding”
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Data Hazards: Bypassing
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Data Hazards: Bypassing
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Data Hazards: Load-Use Hazards

3.03.2021

45



www.vlsi.itu.edu.tr

Data Hazards: Load-Use Hazards
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Stalling + Bypassing is a solution
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Hazards: Control Hazards

When an instruction affects which instruction executes next

Naive solution: stall until outcome is available (end of EX)

Advantage:  simple

Disadvantage: low performance (2 cycles here, longer in general), e.g. 15% 

branches * 2 cycle stall ⇒ 30% CPI increase!
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Hazards: Control Hazards

⚫ Kill insturctions after branch is taken
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Hazards: Control Hazards

⚫ Branch prediction?
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Hazards: Control Hazards
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Hazards: Control Hazards
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