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Register Data Flow

Goal:

To ensure dynamic execution while dealing
effectively with  the dependencies: 

RAW : True
WAW : Output
WAR :  Anti



Register Renaming

R1 ← R2 + R3 
R1 ← R3 * R4 

R5 ← R5 + R6
R6 ← R4 + R7

R1 ← R2 + R3 
RR1 ← R3 * R4 

R5 ← R5 + R6
RR6 ← R4 + R7

How this can done in hardware?



Register Renaming

R1 ← R2 + R3 
R1 ← R3 * R4 

R5 ← R5 + R6
R6 ← R4 + R7

R1 ← R2 + R3 
RR1 ← R3 * R4 

R5 ← R5 + R6
RR6 ← R4 + R7

ARF – Architectural Register File
RRF – Renamed Register File



Register Renaming

R1 ← R2 + R3 
R1 ← R3 * R4 

R5 ← R5 + R6
R6 ← R4 + R7

Updating the value in RRF and ARF 
at finish and complete



True Data Dependency

Read after Write (RAW): one of the challenge for parallel execution

Analyse latency and data flow limit

Let ADD, SUB, LOAD takes 2 cycles
MUL and DIV takes 4 cycles

Data flow graph



True Data Dependency

Read after Write (RAW): one of the challenge for parallel execution

Data Flow Graph (DFG)

12 cycles

12 cycles



True Data Dependency

Read after Write (RAW): one of the challenge for parallel execution

Data Flow Graph (DFG)

12 cycles

12 cycles



How to Ensure Data Flow
Hardware implementation for data-flow techniques:

IBM FP unit
processor 

(without 
tomasulo)



How to Ensure Data Flow
Hardware implementation for data-flow techniques:

With 
Tomasulo
Algorithm

(IBM machine),

Almost all the
cpu uses this



Tomasulo Algorithm
Working of Tomasulo's Algorithm: 

Tag Sink Tag Source

Tag DataBusy

Tag Data

RS

FLR

SDB

(Reservation Station)

(Floating Point Registers)

(Store Data Buffer)



Tomasulo Algorithm
Working of Tomasulo's Algorithm: 

w: R4 ← R0 + R8

x: R2 ← R0 * R4

y: R4 ← R4 + R8

z: R8 ← R4 * R2



Tomasulo Algorithm

6.0

yes 4 3.5

yes 1 10.0

7.8

Sink TagTag Source

SourceSinkTag Tag

TagBusy Data

Mult/Div

Adder

RS

RS

FLR1

2

3

4

5

0

2

4

8

w

x

Cycle 1: Dispatched instructions: w, x (in order)
w: R4 ← R0 + R8

x: R2 ← R0 * R4

y: R4 ← R4 + R8

z: R8 ← R4 * R2

w

0 6.0 0 7.8

0 6.0 1 ---



Tomasulo Algorithm

6.0

yes 4 3.5

yes 2 10.0

yes 5 7.8

Sink TagTag Source

SourceSinkTag Tag

TagBusy Data

Mult/Div

Adder

RS

RS

FLR1

2

3

4

5

0

2

4

8

w

x

Cycle 2: Dispatched instructions: y, z (in order)
w: R4 ← R0 + R8

x: R2 ← R0 * R4

y: R4 ← R4 + R8

z: R8 ← R4 * R2

y

z

w

0 6.0 0 7.8

1 --- 0 7.8

0 6.0 1 ---

2 --- 4 ---



Tomasulo Algorithm

0 13.8 0 7.8

0 6.0 0 13.8

2 --- 4 ---

6.0

yes 4 3.5

yes 2 10.0

yes 5 7.8

Sink TagTag Source

SourceSinkTag Tag

TagBusy Data

Mult/Div

Adder

RS

RS

FLR1

2

3

4

5

0

2

4

8
x

Cycle 3: Dispatched instructions: ____________
w: R4 ← R0 + R8

x: R2 ← R0 * R4

y: R4 ← R4 + R8

z: R8 ← R4 * R2

y

z

y

x



Tomasulo Algorithm

6.0

yes 4 3.5

yes 2 10.0

yes 5 7.8

Sink TagTag Source

SourceSinkTag Tag

TagBusy Data

Mult/Div

Adder

RS

RS

FLR1

2

3

4

5

0

2

4

8

y

x

Cycle 4: Dispatched instructions:___________
w: R4 ← R0 + R8

x: R2 ← R0 * R4

y: R4 ← R4 + R8

z: R8 ← R4 * R2

y

x

0 13.8 0 7.8

0 6.0 0 13.8

2 --- 4 ---



Tomasulo Algorithm

6.0

yes 4 3.5

21.6

yes 5 7.8

Sink TagTag Source

SourceSinkTag Tag

TagBusy Data

Mult/Div

Adder

RS

RS

FLR1

2

3

4

5

0

2

4

8

z

Cycle 5: Dispatched instructions:___________
w: R4 ← R0 + R8

x: R2 ← R0 * R4

y: R4 ← R4 + R8

z: R8 ← R4 * R2

0 6.0 0 13.8

0 21.6 4 ---

x



Tomasulo Algorithm

6.0

82.8

21.6

yes 5 7.8

Sink TagTag Source

SourceSinkTag Tag

TagBusy Data

(z)   Mult/Div

Adder

RS

RS

FLR1

2

3

4

5

0

2

4

8

Cycle 6: Dispatched instructions:___________
w: R4 ← R0 + R8

x: R2 ← R0 * R4

y: R4 ← R4 + R8

z: R8 ← R4 * R2

0 21.6 0 82.8z



Tomasulo Algorithm

6.0

82.8

21.6

yes 5 7.8

Sink TagTag Source

SourceSinkTag Tag

TagBusy Data

  Mult/Div

Adder

RS

RS

FLR1

2

3

4

5

0

2

4

8

Cycle 7: Dispatched instructions:___________
w: R4 ← R0 + R8

x: R2 ← R0 * R4

y: R4 ← R4 + R8

z: R8 ← R4 * R2

0 21.6 0 82.8z



Tomasulo Algorithm

6.0

82.8

21.6

yes 5 7.8

Sink TagTag Source

SourceSinkTag Tag

TagBusy Data

  Mult/Div

Adder

RS

RS

FLR1

2

3

4

5

0

2

4

8

Cycle 8: Dispatched instructions:___________
w: R4 ← R0 + R8

x: R2 ← R0 * R4

y: R4 ← R4 + R8

z: R8 ← R4 * R2

0 21.6 0 82.8z



Tomasulo Algorithm

6.0

82.8

21.6

1788.
48

Sink TagTag Source

SourceSinkTag Tag

TagBusy Data

  Mult/Div

Adder

RS

RS

FLR1

2

3

4

5

0

2

4

8

Cycle 9: Dispatched instructions:___________
w: R4 ← R0 + R8

x: R2 ← R0 * R4

y: R4 ← R4 + R8

z: R8 ← R4 * R2

0

After retirement of w, x, y, z



Dynamic Execution Core

Incorporating the Tomasulo's Algorithm in modern out-of-order core. 

Reorder buffer 
gets entry 
when ins are
issued in-order.



Reservation Station and ROB

Function of 
Reservation Station:

- Dispatching
- Waiting 
- Issuing

Busy: The entry is allocated
Ready: RS got all the source opnd 
Valid: 0 for TAG in Operand 
          1 or actual value in Operand



ROB

Functionality: to ensure the in-order completion of instructions

ROB Entry

ROB Organisation

Entry updated: when the instructions are issued.

ROB contains all the
Instructions which are in 
Reservation station and 
Execution.



Dynamic Instruction Scheduler

WHICH instruction to be issued WHEN to Execution unit and HOW?

Read RF first and Schedule
(Data capture)

Schedule first using TAG
And then read RF
(Without Data Capture )



Memory Data Flow

– Limited number of registers!
– Memory is required to stored vector data structure (array, list, etc.)
– Two functions: Write (Store) and Read (Load)
                        – Three steps: 
                                               Address generation 
                                               Address translation
                                               Memory Access 

How to deal with the depedencies 
among LOADs and STOREs?



Memory Data Flow

Where is the 
Load/Store in 
Execution Core?



Memory Access Ordering

The main problem is LOAD instruction!

Dependency analysis using Dependency graph



Memory Access Ordering

How to get the destination value of LOAD in smarter way?

ST R3, base(index) 

LD base(index)  R1

ST R3, PC(index) 

ST R4, DIRECT

LD base(index)  R1

Situation 1 Situation 2



Load Bypassing

Execute the LOAD a bit early!



Load Forwarding

Let the dependence value be directly forwarded to destination of LOAD!



References

References to Dyamic super-scalar architecture

1) Chapter 4 and 5, Modern Super-scalar Processor Design, Shen and Lipasti
2) Chapter 3, Computer Architecture: Quantitative Approach
3) TAGGED Branch predictor paper

Exercises: 

Exercise 4 and 5 of Shen and Lipasti
Examples from Chapter 3 of Quantitative Approach



Next Lecture

Multi-threading 
Multi-core
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