Advanced Computer Architecture

Lecture 9
Dynamic Scheduling with Tomasulo’s Algorithm
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How dynamic scheduling works ?

*» To allow out-of-order execution, split the ID stage into two

**|ssue—Decode instructions, check for structural hazards.

**Read operands—Wait until no data hazards, then read

operands.
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*» In a dynamically scheduled pipeline, all instructions pass
through the issue stage in order (in-order issue); however,
they can be stalled or bypass each other in the second stage
(read operands) and thus enter execution out of order.

*» Done by - score boarding technique

¢ Approach used - Tomasulo’s algorithm



Tomasulo’s Algorithm

+» Load and store buffers contain data and addresses.

From instruction unit

*» They also act like RS

Instruction FP registers I
queus
. x . ., Loadistore , i —— I
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¥ Floating-point Operand
| Address unit . operations buses
Store buffers
+ ¥ ¥ Load buffers
¥
I Cperation bus
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aseration 1
1 stations
Drata v Address v
Memory unit FP adders [ FP multipliers .
Common data bus (CDE) 4




Dynamic Scheduling - Tomasulo

 Issue
s Get next instruction from FIFO gueue

 If RS avallable, issue the instruction to the RS with
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operand values if available

*» If operand values not available, stall the instruction



Dynamic Scheduling - Tomasulo

s+ Execute

“* When operand becomes available, store it in any
reservation stations waiting for it
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** When all operands are ready, execute the instruction

+» Loads and store uses buffers

** No instruction will initiate execution until all branches

that precede it in program order have completed



Dynamic Scheduling - Tomasulo

“* Write result
Write result into CDB (there by it reaches the
reservation station, store buffer and registers file) with
NPTEL Onlimamesof executionrunitthatigenerated-thecresult:uwaha

% Stores must wait until address and value are received



Dynamic Scheduling - Tomasulo

Reservation
Station
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Instructions are fetched one by one and decoded to find the
type of operation and the source of operands



Dynamic Scheduling - Tomasulo

Reservation
Station

N
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Register Status Indicator indicates whether the latest value of the
register is in the reg file or currently being computed by some
execution unit and if so, it states the execution unit number



Dynamic Scheduling - Tomasulo

Reservation
Station

N
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If all operands available then operation proceeds in the
allotted execution unit, else, it waits in the reservation
station of the allotted execution unit pinging the CDB



Dynamic Scheduling - Tomasulo

Reservation
Station

N
NPTH

Every Execution unit writes the result along with the unit number on
to the CDB which is forwarded to all reservation stations, Reg-file
and Memory
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Dynamic Scheduling - Tomasulo

1. ADD R1, R2, R3
An Example: 2. STRI, [R4+50]
3. ADDRI1, R5, R6
4. SUBR7,R1,R8

rArchﬁectur§TDRélaah£R}6]sél' I%uwaha
Reqister Status Indicator 6. ADDRI, R9, R10

Reg R1 |[R2 |[R3 |R4 [R5 |R6 |[R7 |R8 |R9 [R10

Number

Status |0 |0 [0 O JO O JOo |0 JO0 10

NPTE




Dynamic Scheduling - Tomasulo

An Example: 2. STRI, [R4+50]

3. ADD R1, R5, R6
4, SUB R7,R1,R8
rﬁrchgbctur§TDRd]ah£F§6]sé|,' I%uwahati

Register Status Indicator 6. ADD R1. R9. R10
Reg R1 |[R2 |R3 |R4 [R5 |R6 |R7 |[R8 |R9 |R10

Number

NPTEL

Staus |1 |0 J]O |0 JO |0 JO 0 JO 10




Dynamic Scheduling - Tomasulo

An Example: .

| 3. ADD R1, R5, R6
4. SUB R7,R1,R8

: r Archit éctureSErng-hr[%eﬁIE’%Lwa nati
Reqister Statys Indicato 6. ADD R1. R9. R10

NPTEL

Reg R1 |[R2 |R3 |R4 |[R5 |[R6 |R7 |R8 [R9 |R10

Number

Status |1 |0 O |0 JO O 0 O JO 10O




Dynamic Scheduling - Tomasulo

An Example: ,

4. SUB R7,R1,R8

er Hrchgbctur§TDRd]ahBF§6]sé|,' Iﬁ%uwahati

NPTEL _
Register Status Indicator 6. ADD RI1, R9, R10

Reg R1 |[R2 |R3 |[R4 [R5 [R6 |[R7 |[R8 |R9 |R10

Number

Staus |3 |0 ]O0 |0 J]O |0 JO 0 JO 10

Note: Reservation Station stores the number of the execution unit that shall yield the latest value of a register.



Dynamic Scheduling - Tomasulo
An Example: >

4.

: r P.rchitéﬂtures:-[Erng-hn[%eT"lI5é]_1wa nati
Register Status Indicator 6. ADD R1. R9. R10
Reg R1 [R2 |R3 |[R4 [R5 |R6 |R7 |[R8 |R9 |R10

Number

Staws |3 |0 |0 |0 ]O O 4 |0 JOo |0

NPTEL




Dynamic Scheduling - Tomasulo

An Example: .

: Archit&{ure TDr. John Jose, lIT Guwahati
Register Status Indicator 6. ADD R1. R9. R10
Reg R1 [R2 |R3 |[R4 [R5 |R6 |R7 [R8 |R9 |R10

Number

Staus |3 |0 ]O0 |0 JO |0 4 |0 JO 10

NPTEL




Dynamic Scheduling - Tomasulo

1. ADDRIL, R2, R3
An Example: 2. ST UL, [R4+50]

3. ADD R1, R5, R6
4. SUB R7, U3, R8

: uter P.réwitec@l @Sd&%ﬁ'ééfﬁ Guwahati
Register Status Indicator 6. ADD R1. R9. R10
Reg R1 ([R2 |R3 |[R4 [R5 |R6 |R7 |[R8 |R9 |R10

Number

Staus |6 [0 [0 [0 |0 |0 14 0 10 |0

— — — — — — — S—

Effectively three Instructions are executing and others waiting for the
appropriate results. The whole program is converted as shown above.

NPT




Dynamic Scheduling - Tomasulo

1. ADDRIL, R2, R3
An Example: 2. ST UL, [R4+50]

3. ADD R1, R5, R6
4. SUB R7, U3, R8

: uter P.réwitec@l @Sd&%ﬁ'ééfﬁ Guwahati
Register Status Indicator 6. ADD R1. R9. R10
Reg R1 ([R2 |R3 |[R4 |[R5 |R6 |R7 |[R8 |R9 |R10

Number

Staus |6 |0 [0 |O O O 14 |0 0 |0

Operand Forwarding and Register Renaming is done
automatically

NPT




Dynamic Scheduling - Tomasulo

1. ADDRIL, R2, R3
An Example: 2. ST UL, [R4+50]

3. ADD R1, R5, R6
4. SUB R7, U3, R8

: uter P.rémemﬁ'l @Sd&%ﬁ'ééfﬁ Guwahati
Register Status Indicator 6. ADD R1. R9. R10
Reg Rl |R2 |[R3 [R4 |R5 |R6 |[R7 |R8 |R9 [R10

Number

Staus |6 [0 [0 [0 |0 |0 14 0 10 |0

— — — — — — — S—

Execution unit 6, on completion will make R1 entry in Register
Status Indicator 0. Similarly unit 4 will make R7 entry O.

NPT




Tomasulo’s Algorithm

From instruction unit

l

Inﬁtr';jgﬁg FF registers l,
Load/store
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b Floating-jproint Operand

| Address unit . operations buses

Store buffers
[ ] ¥ ¥ Load buffers

Cperation bus
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Reservation Stations

¢ Each reservation station has seven fields.
 {Op, Qj, Qk, Vj, Vk, A, Busy}
1. Op —The operation to perform on source operands S1 and S2.

23rQloRKIhe r%%?W?ﬂo{‘rﬁ@JﬂQ%rtﬁ%E‘{Y.'LJ produce the |+ ¢ yyanal

corresponding source operand; a value of zero indicates that the
source operand is already avallable In Vj or VK.

4,5. V], Vk —The value of the source operands.

Only one of the V field or the Q field is valid for each operand.
For loads, the VK field is used to hold the offset field.



Reservation Stations

«* Each reservation station has seven fields.
* {Op, Qj, Qk, Vi, Vk, A, Busy}

6. A —Used to hold information for the memory address

- ?E‘E%ﬂtéon fggg load or srtrgrﬁmlnrlpqtll mtehe |mmed|ate| p Idﬁ g)hfrit
the instruction is‘stored ere’. aft F'the address caiculatio on, -
the effective address is stored here.

/. Busy —Indicates that this reservation station and its
accompanying functional unit are occupied.



Register Status Indicator

** The reqister file has a field, Qi: (RSI)

s QiI—The number of the reservation station that contains the
operation whose result should be stored into this register.

» If the value of Qi = 0 no currently active instruction is computing a
\Presultdestined-forthiscregisteryimeaning!that the waluesis 'simplyahal
the register contents.



Tomasulo’s Algorithm-Illustration

T G O ) O N

Load-1 Load 32+Reg[R2]
Load-2 No
Add-1 No
Add-2 No
NRdd=3 Onling Course : Advanced Computer Architecture : Dr. John Jose, lIT Guwahati
Mult-1 No
Mult-2 No
L.D Fo,32(R2)
12 eR) ------
MUL.D FO,F2,F4 g—
SUB.D F8,F2,F6
DIV.D F10,FO,F6
ADD.D F6,F8,F2



Tomasulo’s Algorithm-Illustration

T O ) O G

Load-1 Load 32+Reg[R2]
Load-2 Yes Load 44+Reg[R3]
Add-1 No
Add-2 No

NRdd=3 Onling Course : Advanced Computer Architecture : Dr. John Jose, lIT Guwahati
Mult-1 No

Mult:2  No
L.D F6,32(R2)

co ey | S S G S
MUL.D FO,F2,F4 gr— —

SUB.D F8,F2,F6

DIV.D F10,FO0,F6

ADD.D F6,F8,F2



Tomasulo’s Algorithm-Illustration

N G O ) O G

Load-1 Load 32+Reg[R2]
Load-2 Yes Load 44+Reg[R3]
Add-1 No
Add-2 No
NRdd=3 Onling Course : Advanced Computer Architecture : Dr. John Jose, lIT Guwahati
Mult-1 Yes MUL Reg[F4] Load-2
Mult-2 No
L.D Fo,32(R2)
At ------
MUL.D FO,F2,F4 Mult-1 Load-2 Load-1
SUB.D FE,F2.F6
DIV.D F10,FO,F6
ADD.D F6,F8.F2



Tomasulo’s Algorithm-Illustration

T O ) O G

Load-1 Load 32+Reg[R2]
Load-2 Yes Load 44+Reg[R3]
Add-1 Yes SUB Load-1 Load-2
Add-2 No
NRdd=3 Onling Course : Advanced Computer Architecture : Dr. John Jose, lIT Guwahati
Mult-1 Yes MUL Reg[F4] Load-2
Mult-2 No
L.D Fe,32(R2)
12 eR) ------
MUL.D FO,F2,F4 Mult-1  Load-2 Load-1  Add-1
SUB.D F8,.FZ2.F6
DIV.D F10,FO,F6
ADD.D F6,F8,F2



Tomasulo’s Algorithm-Illustration

N G O ) O G

Load-1 Load 32+Reg[R2]

Load-2 Yes Load 44+Reg[R3]

Add-1 Yes SUB Load-1 Load-2

Add-2 No

NRdd=3 Onling Course : Advanced Computer Architecture : Dr. John Jose, lIT Guwahati

Mult-1 Yes MUL Reg[F4] Load-2

Mult-2 Yes DIV Mult-1 Load-1
L.D Fe,32(R2)
12 eR) ------
MUL.D FO,F2,F4 Mult-1  Load-2 Load-1  Add-1  Mult-2
SUB.D F8,.FZ2.F6
DIV.D F10,FO,F6
ADD.D F6,F8,F2



Tomasulo’s Algorithm-Illustration

N G O ) O G

Load-1 Load 32+Reg[R2]

Load-2 Yes Load 44+Reg[R3]

Add-1 Yes SUB Load-1 Load-2

Add-2 Yes ADD Add-1 Load-2

NRdd=3 Onling Course : Advanced Computer Architecture : Dr. John Jose, lIT Guwahati

Mult-1 Yes MUL Reg[F4] Load-2

Mult-2 Yes DIV Mult-1 Load-1
L.D Fe,32(R2)
o aama) ------
MUL.D FO,F2,F4 Mult-1  Load-2 Add-2  Add-1  Mult-2
SUB.D F8,.FZ2.F6
DIV.D F10,FO,F6
ADD.D F6,F8,F2
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