
High Speed Design:          
Pipelining
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Pipelining
n Pipelining is an implementation technique whereby 

multiple instructions are overlapped in execution.                                                               
Pipelining is the key implementation technique that is 
currently used to make high-performance systems.
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Pipelining in real life
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Sequential processing
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Pipelined processing
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Unbalanced Pipeline
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Pipelining Principles

n Pipelining does not help the latency of a single task, it helps the 
throughput of the entire workload.

n The pipeline rate is limited by the slowest pipeline stage.

n Multiple tasks operating simultaneously.

n Potential speedup = number of pipe stages

n Unbalanced lengths of pipe stages reduces speedup.

n Time to “fill” pipeline and time to “drain” it reduces speedup.
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Hardware Pipelining

n Pipelining is an implementation technique that exploits 
parallelism among instructions in a sequential instruction 
stream.

n A major advantage of pipelining over “parallel processing” is 
that it is not visible to the programmer.

n In a computer system, each pipeline stage completes a part of 
the instruction being executed.

n The time required between moving an instruction one step down 
the pipeline is a machine (clock) cycle.

n The length of a clock cycle is determined by the time required 
for the slowest stage to proceed.
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Hardware Pipelining

n The hardware architect should try to balance the length of each 
pipeline stage.

n In a perfect pipeline, the time per instruction on the pipeline 
computer is:

Time per instruction on unpipelined computer                                     
Number of pipe stages

n If we have n stages, we could speedup the execution n times —
speedup = n.

n In practice, the pipeline stages will not be perfectly balanced -
and there are additional over-heads. But we can get close to the 
ideal case.
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Unpipelined System



Presented by Abramov B. 11

3 Stage Pipelined System
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3 Stage Unbalanced Pipelined System
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Deep Pipelined System
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Pipeline in real system- CPU 

CPU Life Cycle:
At most one of the following can occur within one clock cycle:
§ One ALU operation
§ One register file access (1 write and 2 reads)
§ One memory access (Actually will take multiple clock cycles 

before we get a cache)
Our execution stages will be separated into 5 cycles
§ Instruction fetch

• Fetch new instruction from memory, compute next PC 
value

• Performed for all instructions
§ Decode

• Fetch register values from register file, compute branch 
address

• Performed for all instructions
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§ Execute
• Perform A/L/S operation for A/L/S R and I-type instructions
• Compute address for load and store instructions
• Determine if branch is taken for branch instructions
• Jump for jump instructions
• Link for branch-and-link and jump-and-link instructions

§ Memory
• Access memory for load and store instructions (skip for all 

others)
§ Write back

• Write register result back to register file for A/L/S/load 
instructions (skip for all others)

Pipeline in real system- CPU 
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Pipeline in real system – MIPS  CPU 

n Instructions in a MIPS processor are executed in at most five 
clock cycles as follows:

1. Instruction fetch cycle (IF)
IR = Memory[PC]
PC = PC + 4

2. Instruction decode & register fetch cycle (ID)
A = Reg[IR[25-21]]
B = Reg[IR[20-16]]
Target = PC + (sign-extend(
IR[15-0]) << 2)
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Pipeline in real system – MIPS  CPU 
3. Execution, memory address computation, or branch completion (EX)
n Memory reference

ALUoutput = A + sign-
extend(IR[15-0]

n Arithmetic-logical instruction (R-type)
ALUoutput = A op B                                                                                                  
Branch If (A == B) PC = Target

4. Memory access or R-type instruction completion cycle (MEM)
n Memory reference 

memory-data = 
Memory[ALUoutput] 

or
Memory[ALUoutput] = B

n Arithmetic-logical instruction (R-type)
Reg[IR[15-11]] = ALUoutput
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Pipelining firs step: Splitting to phases
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Pipelining second step: Adding registers
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Hardware adaptation for pipelining
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Hardware adaptation for pipelining
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Hardware adaptation for pipelining
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Hardware adaptation for pipelining
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Hardware adaptation for pipelining
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Hardware adaptation for pipelining

With right data read correction
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Pipeline time sequence
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Pipeline Control
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Pipeline Hazards

n There are three types of hazards in a pipeline, they 
are as follows:
§ Structural Hazards: are created when the data 

path hardware in the pipeline cannot support all 
of the overlapped instructions in the pipeline.
§ Data Hazards: When there is an instruction in 

the pipeline that affects the result of another 
instruction in the pipeline.
§ Control Hazards: The PC causes these due to 

the pipelining of branches and other 
instructions that change the PC.
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Dealing With Structural Hazards

n Structural hazards result from the CPU data path not 
having resources to service all the required 
overlapping resources.

n Suppose a processor can only read and write from 
the registers in one clock cycle. This would cause a 
problem during the ID and WB stages.

n Assume that there are not separate instruction and 
data caches, and only one memory access can occur 
during one clock cycle. A hazard would be caused 
during the IF and MEM cycles.
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Dealing With Data Hazards
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Dealing With Data Hazards
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Dealing With Data Hazards
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Dealing With Data Hazards- NOP (delay)
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Dealing With Data Hazards- NOP (delay)
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Data Hazards- Hardware Bottleneck
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Data Hazards- Hardware Adaptation
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Data Hazards- Hardware Adaptation
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Data Hazards- Hardware Adaptation
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Data Hazards- Hardware Forwarding
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Data Hazards- Hardware Forwarding
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Dealing With Control Hazards

Killing an instruction also called “flushing” the pipeline, is easily done by clearing the 
IF/ID register of the instruction following the branch (if the branch is successful)
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Dealing With Control Hazards
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Dealing With Control Hazards
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Dealing With Control Hazards
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Pipeline Speedup

n We can look at pipeline performance in terms of a faster clock cycle time as 
well:

Speedup = 
Clock cycle time unpipelined

Clock cycle time pipelined

Clock cycle pipelined = 
Clock cycle time unpipelined

Pipeline Depth

Speedup = 
1

1 + Pipeline stalls per Ins
Pipeline Depthx

n Some performance expressions involving a realistic pipeline in terms of CPI. It 
is a assumed that the clock period is the same for pipelined and unpipelined 
implementations.
Speedup = CPI Unpipelined / CPI pipelined
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Summary


