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Stored-Program Computer 
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Role of the ISA

● First step in the design process!
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Role of the ISA

● First step in the design process!
● A contract between software and hardware 

○ Abstracting things away!
○ Software and hardware can be developed separately. One doesn’t need 

to care about the internals as long as all components adhere to ISA. 
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RISC-V ISA

● Fixed size, RISC based
● Simple structure

○ Command
○ Operand(s) - source and destination → they can be registers, memory, 

or numbers (immediates)
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Stored-Program Computer 
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ISA to Machine Code

● Using a standard table

8

mailto:nsehat@ee.ucla.edu


ECE 209 - Spring 24
Nader Sehatbakhsh <nsehat@ee.ucla.edu> 9

mailto:nsehat@ee.ucla.edu


ECE 209 - Spring 24
Nader Sehatbakhsh <nsehat@ee.ucla.edu>

Why this table?

● Various things to consider:
○ Size
○ Decoding complexity and speed
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Execution Model
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Microarchitecture
● Specific implementation of ISA.

● One ISA might have many different microarchitecture 
implementations. 

● Things to consider:
○ Performance
○ Power
○ Area
○ Security???? 
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Datapath + Controller
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Design
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Design
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Adding new components 
for new instructions?
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Dataflow
LW
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*Images were taken from Hennessy Patterson Book [1].

mailto:nsehat@ee.ucla.edu


ECE 209 - Spring 24
Nader Sehatbakhsh <nsehat@ee.ucla.edu>

Main Metric?

● What is the most important metric in designing a processor?

17
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Main Metric?

● What is the most important metric in designing a processor?

● Don’t be fooled, it’s not security!

● How to measure performance?
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“Iron Law” of Processor Performance
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“Iron Law” of Processor Performance
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● How to improve each?
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Let’s add overlaps!
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from 18-447, 
James Hoe, CMU
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Pipeline Design
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How many pipeline stages to add?
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How many pipeline stages to add?

● Diminishing returns. 

● Remember: there is always a tradeoff!
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Now what? 

● There is more to it!

● Pipelining causes correctness issues!  

27
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Data Hazard
read after write (RAW)

28

● Writing to a register (rd) and using it (rs1 or rs2) before the 
writing is finished (i.e., rd reaches to the WB stage). 

add x5, x1, x2

  sub x20, x5, x4
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Data Hazard
read after write (RAW)

– For how many cycles we might have RAW hazard?

29

IM Reg

IM Reg

Time (in clock cycles)

  

Program
execution
order
(in instructions)

DM Reg

DMsub x20, x5, x4

add x5, x1, x2  

Reg

IM RegDMRegand x22, x5, x6

IM RegDMRegadd x3, x5, x0

– 2 cycles
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How do we fix RAW hazards?

● Two options:
○ Stalling
○ Forwarding

30
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Option 1: Stall
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Option 1: Stall
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Data Hazard
“bubble” instruction
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IM Reg

Time (in clock cycles)

  

Program
execution
order
(in instructions)

DMadd x5, x1, x2  

IM RegDMsub x20, x5, x4 Reg

Reg

lw x10, 20(x0) IM RegDMReg
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Data Hazard
“bubble” instruction
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IM Reg

IM Reg

Time (in clock cycles)

  

Program
execution
order
(in instructions)

DM

DMNOP

add x5, x1, x2  

Reg

IM RegDMNOP
Reg

IM RegDM
sub x20, x5, x4

Reg

sub

sub

sub

Reg

lw x10, 20(x0)
IM RegDMReg

mailto:nsehat@ee.ucla.edu


ECE 209 - Spring 24
Nader Sehatbakhsh <nsehat@ee.ucla.edu>

How to implement this?
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How do we fix RAW hazards?

● Two options:
○ Stalling
○ Forwarding

39
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Forwarding (Bypassing)
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IM Reg

IM Reg

Time (in clock cycles)

  

Program
execution
order
(in instructions)

DM

DMsub x20, x5, x4

add x5, x1, x2  Reg

Reg
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Forwarding (Bypassing)
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IM Reg

IM Reg

Time (in clock cycles)

  

Program
execution
order
(in instructions)

DM

DMsub x20, x6, x4

add x5, x1, x2  Reg

Reg

IM RegDMRegxor x21, x5, x2
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Datapath with RAW Forwarding
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*Images were taken from Hennessy Patterson Book [1].

ALUSrc

mailto:nsehat@ee.ucla.edu


ECE 209 - Spring 24
Nader Sehatbakhsh <nsehat@ee.ucla.edu>

Datapath with RAW Forwarding
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*Images were taken from Hennessy Patterson Book [1].

ALUSrc

● Forward either from 
MEM or WB

● Forward to RS1 or 
RS2 or both!
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How to detect when to forward?
RAW
● Data hazards when:

1a. EX/MEM. Rd = ID/EX. Rs1 
1b. EX/MEM. Rd = ID/EX. Rs2
AND EX/MEM.RegWrite = 1

2a. MEM/WB. Rd = ID/EX. Rs1
2b. MEM/WB. Rd = ID/EX. Rs2
AND MEM/WB.RegWrite = 1

44

Forward from 
EX/MEM pipeline reg

Forward from 
MEM/WB pipeline reg

- Watch out for x0!
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How do we fix RAW hazards?

● Two options:
○ Stalling
○ Forwarding

➔ Forwarding helps to prevent stalls!

45
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How do we fix RAW hazards?

● Two options:
○ Stalling
○ Forwarding

➔ Forwarding helps to prevent stalls!
but is this always true?

46
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Forwarding for LW instructions?

● Forwarding alone won’t help for LW!

47
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Load-Use Data Hazard

48

IM Reg

IM Reg

Time (in clock cycles)

  

Program
execution
order
(in instructions)

DM

DMsub x20, x5, x4

lw x5, 40(x2)  Reg

Reg

● Unlike in reg-to-reg forwarding, in this case data is not yet ready in Mem 
stage to be forwarded to EX stage.

● Half cycle vs. full cycle!
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Load-Use Data Hazard
Forwarding AND Stalling
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IM Reg

IM Reg

Time (in clock cycles)

  

Program
execution
order
(in instructions)

DM

DMsub x20, x5, x4

lw x5, 40(x2)  Reg

Reg

IM RegDMRegnop

Note that, we still do the forwarding, but we have to stall for one cycle. 
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Forwarding AND Stalling

50
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Forwarding AND Stalling

51

1a. ID/EX. Rd = IF/ID. Rs1 
2b. ID/EX. Rd = IF/ID.Rs2
AND ID/EX.MemRead = 1

mailto:nsehat@ee.ucla.edu


ECE 209 - Spring 24
Nader Sehatbakhsh <nsehat@ee.ucla.edu>

Forwarding AND Stalling
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1a. ID/EX. Rd = IF/ID. Rs1 
2b. ID/EX. Rd = IF/ID.Rs2
AND ID/EX.MemRead = 1
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Forwarding AND Stalling
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Forwarding AND Stalling
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What else?

55
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Control Hazard

● Do we always know what is the next instruction? 
○ Yes for straight line code
○ No for jumps/branches! Correctness issue!

56
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What about branches? 

● What instruction should be fetched after a branch? 

57

// Code A
…
if(x==y)
{
  // B
}
else {
 // C
}
// Code D
… 

- We need to “skip” in some 
cases! 

- (but we don’t know when!)

mailto:nsehat@ee.ucla.edu


ECE 209 - Spring 24
Nader Sehatbakhsh <nsehat@ee.ucla.edu>

How to fix this?

● Again two options:
○ Stalling
○ Speculation (not forwarding!)

58
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Option 1: Stalling

● How long should we stall?

59
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Stall: 3 cycles!

●When: 
○ End of ID stage

●Where: 
○ End of EX or Beg. Mem stage

●Whether: 
○ End of Mem stage

60
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Option 2: Speculation/Prediction

● What to predict?
○ Two options: we either predict always taken or always not taken!
○ Which one is easier?

■ Not taken!
■ Why?

● Because:
a. We don’t need branch addresses, not taken means that next address is PC+4
b. Most instructions are not branch so they are not taken too!

61
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Option 2: Speculation/Prediction

● What to predict?
○ Two options: we either predict always taken or always not taken!
○ Which one is easier?

■ Not taken!
■ Why?

● Because:
a. We don’t need branch addresses, not taken means that next address is PC+4
b. Most instructions are not branch so they are not taken too!

● One minor issue: what to do if we mispredict?
➔ We have to flush!

62
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Flushing Instructions

63

IM Reg

IM Reg

Time (in clock cycles)

  

Program
execution
order
(in instructions)

IM DM Reg

DM Reg

DMReg

Reg

i1

beq x12, x0, label

i2

i3 IM DM RegReg

IM DM RegReg
i4

- We need to flush i1-i3 in 
this example. 
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How to flush?

64
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How to flush?
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How to flush?
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How to flush?

67
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Option 2: Speculation/Prediction

● What to predict?
○ Two options: we either predict always taken or always not taken!
○ Which one is easier?

■ Not taken!
■ Why?

● Because:
a. We don’t need branch addresses, not taken means that next address is PC+4
b. Most instructions are not branch so they are not taken too!

● One minor issue: what to do if we mispredict?
➔ We have to flush! → three cycles penalty

68

mailto:nsehat@ee.ucla.edu


ECE 209 - Spring 24
Nader Sehatbakhsh <nsehat@ee.ucla.edu>

Option 2: Speculation/Prediction

● What to predict?
○ Two options: we either predict always taken or always not taken!
○ Which one is easier?

■ Not taken!
■ Why?

● Because:
a. We don’t need branch addresses, not taken means that next address is PC+4
b. Most instructions are not branch so they are not taken too!

● One minor issue: what to do if we mispredict?
➔ We have to flush! → three cycles penalty
★ Can we predict sooner? → DE

69
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Resolving the Branch Sooner

●How soon?
○ Decode stage!

● What needs to be changed?  
○ When 
○ Where
○ Whether   

70
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Resolving the Branch Sooner
“Where”

● Offset is available in DE stage. 
○ Move nextPC calculation to DE
○ Use ALU for PC+offset in DE stage

71
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Resolving the Branch Sooner
“Whether”

● Offset is available in DE stage. 
○ Move nextPC calculation to DE
○ Use ALU for PC+offset in DE stage

● rs1 and rs2 are also available in DE stage (for Zero). 
○ Move the comparison between rs1 and rs2 after reading from the 

register file. 

72
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Forwarding, Stalling, and Branch Prediction 
(Not Taken at DE)

73
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Resolve at MEM vs. Resolve at DE

74
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Baseline (no forwarding or branching)

75
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How to improve the prediction?

● We use branch predictors? 

● How? → we will talk about it next week

76
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An Example
36:  sub  x10, x4, x8
40:  beq  x1,  x3, 16  // PC-relative branch
                   // to 40+16*2=72
44:  and  x12, x2, x5
48:  orr  x13, x2, x6
52:  add  x14, x4, x2
56:  sub  x15, x6, x7
 ...
72:  ld   x4, 50(x7)

77
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Example: Branch Taken
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Example: Branch Taken



RAW Hazards for Branch Comparison?

EXAMPLE:
add x5, x2, x1
beq x4, x5, label
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Role of the Compiler
● Reordering the instruction

○ Delay slot: moving an independent instruction between the branch and 
the next instruction. 

● Increasing the chance of not-taken

● Loop unrolling

● …

81
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Anything else?

● Memory hierarchy → we will get to this later!

● Multi-core? 

● Advanced design choices? 

82
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Key Ideas

● How to make CPUs faster? 

83
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Key Ideas

● How to make CPUs faster?
○ Parallelization → doing more things at the same time 

■ Pipelining was one but we will talk about more things

 

84
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Key Ideas

● How to make CPUs faster?
○ Prediction/Speculation → Remove the need for stalling 

85
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Key Ideas

● How to make CPUs faster?
○ Improving Prediction/Speculation → remove the need for flushing 

86

mailto:nsehat@ee.ucla.edu


ECE 209 - Spring 24
Nader Sehatbakhsh <nsehat@ee.ucla.edu>

Key Ideas

● How to make CPUs faster?
○ Out-of-order execution → not waiting for unnecessary things!

87

mailto:nsehat@ee.ucla.edu


ECE 209 - Spring 24
Nader Sehatbakhsh <nsehat@ee.ucla.edu>

Key Ideas

● How to make CPUs faster?
○ Faster read/write from/to memory 

■ Cache
■ Prefetch
■ Prediction

88
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BOOM Core

● Out-of-order execution

89
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End of Presentation
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