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Agenda for Today & Next Few Lectures

" Single-cycle Microarchitectures
" Multi-cycle and Microprogrammed Microarchitectures
" Pipelining

" Issues in Pipelining: Control & Data Dependence
Handling, State Maintenance and Recovery, ...

Out-of-Order Execution

Issues in 00O Execution: Load-Store Handling, ...

“ Alternative Approaches to Instruction Level Parallelism



Readings Specifically for Today

“ Smith and Sohi, “The Microarchitecture of Superscalar
Processors,” Proceedings of the IEEE, 1995

- More advanced pipelining
< Interrupt and exception handling
4 Qut-of-order and superscalar execution concepts

“ Kessler, “The Alpha 21264 Microprocessor,” IEEE Micro
1999.




Recap of Last Lecture

Exceptions vs. Interrupts

Precise Exceptions/Interrupts

Why Do We Want Precise Exceptions?
How Do We Ensure Precise Exceptions?
< Reorder buffer

< History buffer

< Future regqister file (best of both worlds)
4 Checkpointing

Register renaming with a reorder buffer
How to Handle Exceptions

How to Handle Branch Mispredictions
Speed of State Recovery: Recovery and Interrupt Latency
0 Checkpointi



Important: Register Renaming with a Reorder Buffer

Output and anti dependencies are not true
dependencies

4 WHY? The same register refers to values that have nothing
to do with each other

4 They exist due to lack of register ID’s (i.e. names) in the
ISA

The register ID is renamed to the reorder buffer entry
that will hold the register’s value

< Register ID - ROB entry ID
< Architectural register ID - Physical register ID
- After renaming, ROB entry ID used to refer to the register

This eliminates anti- and output- dependencies
4 Gives the illusion that there are a large number of registers;



Review: Register Renaming Examples

Pentium III ;.5 NetBurst RF ROB

7Y RAT-n Data Status Data Status
QR Ll Future file

RF-1 DTIj7 1NYW
Frontend RAT
i y [ CAX |
__EBX |
FECX
AT

- 4

EDX
: ES|
EDI
e ESP
—ECX_ | L
EDX ....... o
ESl .
= Retirement RAT S
ESP
EBP _E%_ |

T R T S N
ES| _‘,..,
_ o

pointers

Architectural register file

Boggs et al., “The Microarchitecture of the Pentium 4
Processor,” Intel Technology Journal, 2001. 6



Review: Checkpointing Idea

Goal: Restore the frontend state (future file) such that the
correct next instruction after the branch can execute right
away after the branch misprediction is resolved

T2 YNINNT 721N ,NIDYN0N 7V 'MW TN 7W DN{7N2 NN ,ARNINNY 1D FF-Nn TNy

Idea: Checkpoint the frontend register state/map at the
time a branch is decoded and keep the checkpointed state
updated with results of instructions older than the branch

<4 Upon branch misprediction, restore the checkpoint
associated with the branch

N 'Y IO NIBYN0NN NNV N FF -n 7w (checkpoint) 127 :nowin
NT'NY 2NN NTNA AN ITNY NIYNNXND ,N7YNT7 QND1Y '9) ,0W'7 1ITNYT

MY N NIBYN0NN
Hwu and Patt, “Checkpoint Repair for Out-of-order

Execution Machines,” ISCA 1987. 5



Review: Checkpointing

When a branch is decoded

< Make a copy of the future file/map and associate it with the
branch

When an instruction produces a register value

< All future file/map checkpoints that are younger than the
instruction are updated with the value

When a branch misprediction is detected

< Restore the checkpointed future file/map for the
mispredicted branch when the branch misprediction is
resolved

< Flush instructions in pipeline younger than the branch
< Deallocate checkpoints younger than the branch
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IEEE TRANSACTIONS ON COMPUTERS, VOL. C-36. NO. 12, DECEMBER 1987

Checkpoint Repair for High-Performance
Out-of-Order Execution Machines

WEN-MEI W. HWU, memBER, 1EEE, AND YALE N. PATT, MEMBER, IEEE

Abstract—OQut-or-order execution and branch prediction are
two mechanisms that can be used profitably in the design of
supercomputers to increase performance. Proper exception han-
dling and branch prediction miss handling in an out-of-order
execution machine do require some kind of repair mechanism
which can restore the machine to a known previous state. In this
paper we present a class of repair mechanisms using the concept
of checkpointing. We derive several properties of checkpoint
repair mechanisms. In addition, we provide algorithms for
performing checkpoint repair that incur little overhead in time
and modest cost in hardware. We also note that our algorithms
require no additional complexity or time for use with write-back
cache memory systems than they do with write-through cache
memory systems, contrary to statements made by previous
researchers.

Index Terms—Branch prediction repair, checkpoint repair,
high-performance computer architecture, high-performance exe-
cution, out-of-order exception handling, out-of-order execution.

machine can repair to any instruction boundary in response to
an exception or incorrectly predicted conditional branch.
Unfortunately, the cost of doing so is grossly prohibitive.
There is a fundamental dilemma regarding checkpointing. On
the one hand, since checkpointing is an overhead function, its
cost in time and additional hardware should be kept as small as
possible. This means no more checkpoints than absolutely
necessary. On the other hand, repair to the last checkpoint
involves discarding useful work. The further apart the
checkpoints, the more useful work gets thrown away.

In this paper, we derive properties of general checkpoint
repair mechanisms in which the checkpoints are not necessar-
ily established at every instruction boundary. We specify
algorithms for performing checkpoint repair that can be
implemented with modest cost in hardware and with little cost
in overhead time. Finally, it is important to note that our

alonrithme are effertive with memnrv eveteme that ~antain



Review: In-Order Pipeline with Reorder Buffer

Decode (D): Access register file/ROB, allocate entry in ROB, check if
instruction can execute, if so dispatch instruction (send to functional

unit)
Execute (E): Instructions can complete out-of-order
Completion (R): Write result to reorder buffer

Retirement/Commit (W): Check for exceptions; if none, write result to
architectural register file or memory; else, flush pipeline and start from
exception handler

In-order dispatch/execution, out-of-order completion, in-order

retirement —>{ g | Integer add >
Integer mul
—>E |E |E | E >
F ID FP mul IR W
R —>E |E|E|E|E|E |E|E >
—>E |E |E |E |[E|E|E |E |« >

Load/store

ROB is implemented as a circular queue in hardware 12



Remember:
Static vs. Dynamic
Scheduling




Remember: Questions to Ponder

" What is the role of the hardware vs. the software in the
order in which instructions are executed in the pipeline?

< Software based instruction scheduling = static scheduling

- Hardware based instruction scheduling - dynamic
scheduling

® What information does the compiler not know that
makes static scheduling difficult?

<4 Answer: Anything that is determined at run time

" Variable-length operation latency, memory addr, branch
direction

14



Dynamic Instruction Scheduling

Hardware has knowledge of dynamic events on a per-
instruction basis (i.e., at a very fine granularity)

9 Cache misses
< Branch mispredictions
9 Load/store addresses

Wouldn't it be nice if hardware did the scheduling of
instructions?

15



Out-of-Order Execution
(Dynamic Instruction
Scheduling)




An In-order Pipeline

Integer add
Integer mul
—>E |E |E |E > Ny J
FID FP mul R W
—> E |E|E|E|E |E||E|E >
—>E|E|E|E|E|E|E|E =

Cache miss

Dispatch: Act of sending an instruction to a functional
unit

Renaming with ROB eliminates stalls due to false
dependences

Problem: A true data dependency stalls dispatch of
younger instructions into functional (execution) units

Dispatch-n 7w ,stall ,n'xy nrnnw 0'xIn N7 11NN
17



Can We Do Better?

What do the following two pieces of code have in common
(with respect to execution in the previous design)?

IMUL R3 € R1, R2 LD R3 < R1(0)
ADD R3 € R3,R1 ADD R3 € R3,R1
ADD R1 € R6, R7 ADD R1 € R6, R7
IMUL R5 € R6, R8 IMUL R5 € R6, R8
ADD R7 € R9,R9 ADD R7 € R9,R9

Answer: First ADD stalls the whole pipeline!
<4 ADD cannot dispatch because its source registers unavailable
4 Later independent instructions cannot get executed

How are the above code portions different?
J Answer: Load latency is variable (unknown until runtime)
© What does this affect? Think compiler vs. microarchitecture



Preventing Dispatch Stalls

Problem: in-order dispatch (scheduling, or execution)
Solution: out-of-order dispatch (scheduling, or execution)

Actually, we have seen the basic idea before:
- Dataflow: “fire” an instruction only when its inputs are ready
<4 We will use similar principles, but not expose it in the ISA

Aside: Any other way to prevent dispatch stalls?
1. Compile-time instruction scheduling/reordering -N7132 72210

3. Fine-grained multi-threading - D'N'0N O'X1N1 110 T1AY7 7107

19



Out-of-order Execution (Dynamic Scheduling)

Idea: Move the dependent instructions out of the way of
independent ones (such that independent ones can
execute)

- Rest areas for dependent instructions: “Reservation stations

Monitor the source “values” of each instruction in the
resting area

When all source “values” of an instruction are available,
“fire” (i.e. dispatch) the instruction

< Instructions dispatched in dataflow (not control-flow) order
Tl|7‘J]'7 NODIN NYATI e e e

Benefit: NINUN DX 1IN2107 D730 N

< Latency tolerance: Allows independent instructions to execute
and complete in the presence of a long latency operation 20



In-order vs. Out-of-order Dispatch

In order dispatch + precise exceptions:

FID|E|E|E|E
F |D STALL
F STALL

Out-of-order dispatch + precise exceptions:

R |W
E R |W
D|E|R|W
F |D |EJ|E|E]|E W
F |D STALL R |W

F|D

E

E

E

E

F

D

15vs. 12 cycles

WAIT

R

W

F

D

E

R

F

D

E

F

D

A

Py

IMUL R3 € R1, R2
ADD R3 € R3,R1
ADD R1 € R6, R7
IMUL R5 < R6, R8
ADD R7 € R3,R5

Y11'9 71ND vaX
N117N '"N'72 NIXIIN
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Enabling 00O Execution

1. Need to link the consumer of a value to the producer :371xn

- Register renaming: Associate a “tag” with each data value
naynn

2. Need to buffer instructions until they are ready to execute :q0Ixn

< Insert instruction into reservation stations after renaming
nIynn

3. Instructions need to keep track of readiness of source values
1IN

- Broadcast the “tag” when the value is produced naynn

< Instructions compare their “source tags” to the broadcast tag
- if match, source value becomes ready

4. When all source values of an instruction are ready, need to
dispatch the instruction to its functional unit (FU) :q01xn

< Instruction wakes up if all sources are ready naynn
< If multiple instructions are awake, need to select one per FU>




Tomasulo’s Algorithm

000 with register renaming invented by Robert Tomasulo
< Used in IBM 360/91 Floating Point Units

-4 Read: Tomasulo, “An Efficient Algorithm for Exploiting Multiple
Arithmetic Units,” IBM Journal of R&D, Jan. 1967. - Xan qj7wn IX)

111N 11X N1V 1IDXDiN
What is the major difference today?
< Precise exceptions: IBM 360/91 did NOT have this

2 Patt, Hwu, Shebanow, “HPS, a new microarchitecture: rationale and
introduction,” MICRO 1985.

J Patt et al., “Critical issues regarding HPS, a high performance
microarchitecture,” MICRO 1985.

Variants are used in most high-performance processors

< Initially in Intel Pentium Pro, AMD K5
2 Alpha 21264, MIPS R10000, IBM POWERS, IBM 2196, Oracle UltraSPARC T4, ARM Cortex 15



IBM 360/91




IBM 360/91 in Real World

25

http://www.columbia.edu/cu/computinghistory/36091.html



http://www.columbia.edu/cu/computinghistory/36091.html

Robert (Bob) Tomasulo %

Robert (Bob) Tomasulo joined IBM research in 1956 after graduating from Manhattan College. After nearly a
decade gaining broad experience in a variety of technical and leadership roles, he transitioned to mainframe
development, including the IBM System/360 Model 91 and its successors. Following his 25 year career with
IBM, Tomasulo worked on an incubator project at Storage Technology Corporation to develop the first CMOS-
based mainframe system; co-founded, a startup to develop one of the earliest microprocessor-based server
systems; and worked as a consultant on processor architecture and for Amdahl Consulting.

On 30 January 2008, Tomasulo spoke at the University of Michigan College of Engineering about his career
and the history and development of out-of-order execution. View the seminar. believed to be his last bublic
appearance. (source: https://www.computer.org/profiles/robert-tomasulo) R M- Tomonl

] . An Efficient Algorithm for Exploiting
His last public lecture from 2008: Multiple Arithmetic Units

Aunm'n. poper describes the methods ensployed n the ﬂiugpﬂ area of the System /360 Model 91 o exploit

eistence of multiple execation units. Basic o uu ese techn 4 simple common datn basing and register tagging scheme wnm\
miLs execution of i rving inherent in the inser

The common data bus improves performance by efficie g the execution units without requiring specially optimized code.

Instend, the hardware, by “looking ahead’ about cight insiructions, automatically optimizes the program execution on & local bass.
“The application of these techniques is not limited 1o Aoating-point arithmetic or System, 360 architecture. It may be used in almost

yuw computer having multiple exscution units and one or more “accumulators,” Both of the execution units, as wcll a3 the associated
torage buffers, multiple accumulators and input /output buses, are extensively checked.

Intraduction

After storage ccess Uime has been satisfactorily reduced execution of foating-point instructions in the 1BM Sys-

through the use of bufering and overlap techniques, even tem /360 Model 91. Obviously, one begins with multiple

after the instruction unit has been pipelined to operate execution unils, in this cose an adder and a multi-

at @ rate approaching onc instruction per cycle,’ there plier,/divider,"

remains the need to optimize the actual performance of It might appear that achieving the concurtent operation
Two of these two units does not differ substantially from the

. H H% — arithmetic  operations, especially floating-point,
https://www.cs.virginia.edu/~evans/ P o conont o Gt 18 N Ao 1o aoent f i g evtp. Howere e ik
balance execution with issuing. First, indi cuse the limits each of the instruction classes
gl’eatWOI'kS/tomaSUb. pdf are not fast enough* to allow simple serial execution, to its own set of accumulators and this guarantees inde-
Second, it is difficult to achieve the fastest execution pendence. In the former case there is only one set of
times in @ universal execution unit. In other words, cir- accumulators, which implies programespecified sequences

cultry designed to do both muliply and add will do of dependent operations. Now it is no longer simply a
neither as fast as two units each limited 1o one kind of mme of cl hsnlyu:g each instruction as fixed-point or

instruction, - a wluch is i of
The first step toward surmoun ting these obstacles has previous mmw:mn: Rather, it is o question of deter-
been presented,” i.e., the division of the execution func- ml ing each l nstruction’s relmlwnslup with all previows,
tion into two i lent parts, a fived-point execu- i Simply stated, the objective
tion area and a floating-point execution aren, While this must be to preserve essential precedences while allowing
relieves the physical constraint and makes concurrent the greatest possible overlap of independent operations,
execution possible, there is another consideration. In order This objective i achieved in the Model 91 through a
10 secure A performance increase lhe nwwum st wn scheme called the common data bus (CDE). It makes
tain an intimate mixture of fved i and foat possible i with mmimul effort
inst n,mm Obwiously, it is not always feasible for the (usually none) by the programmer impertantly,
programmer to arrange this and, indeed, many of the by the cormpiler. Al the same time, thc erdwurt required
programs of greatest interest to the user consist almest  |s smal iall and logically simple, The CDB can lfunction with
wholly of flonting-point instructions. The subject of this any number of accumulators and any number of execution

paper, then, s the method wsed to achieve concurn ent mits. In short, it provides a hardware algorithm for the
uuwmnxic. efficient exploiiation of multiple execution



http://leccap.engin.umich.edu/leccap/viewer/r/pvSbKs
http://leccap.engin.umich.edu/leccap/viewer/r/pvSbKs

Tomasulo’s Algorithm N1TIX NO901 NX™7

H&P CAQA 7™ edition, 3.5-3.6



Two Humps in a Modern Pipeline

TAG and VALUE Broadcast Bus

l
S
C _r> E Integer add S R
H E
Integer mul 0O
E —>E |E |E | E >
F|D|— - —
D rpmu || R [V
U —>E|E|E|E|E|E|E|E > |D
L E
E tselE|E|E|E|E|E|E]| .3 |R
Load/store
in order out of order In order

Hump 1: Reservation stations (scheduling window)
NM7Nnn NIXINN (7YY DTH7 "TNNIY NNN Nliva ,|NI)'7 NID1D1 NIXRYINN 7D
Hump 2: Reordering (reorder buffer, aka instruction

window or active window) 98



Two Humps in a Modern Pipeline
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Photo credit: http://true-wildlife.blogspot.ch/2010/10/bactrian-camel.html



http://true-wildlife.blogspot.ch/2010/10/bactrian-camel.html

General Organization of an O0OO Processor

pre-
decode

Instr.
cache

i

NN NINN

reorder -n NINTT

y
floating pt.|_
register ¢¢
file
—>] floating pt. . _
instruction functional units
p—— buffers
. 24
nstr. decode,
buffer |>] rename:
&dispatch - o
_| integer/address functional units
"l instruction and _
= buffers data cache N
integer M
register
file
— .
= re-order and commit

memory

interface

=

Smith and Sohi, “The Microarchitecture of Superscalar Processors,” Proc. IEEE, Dec.

1995.
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Tomasulo’s Machine: IBM 360/91

(floating point-2 j71 701V 1710010 7V 111210N)

FP registers

from memory from instruction unit
load l NIXIIN l
buffers Q]lﬂlg) store buffers
eco

operation bus

reservation l
stations

to memory

FP FU FP FU

790 N TWNT

1N M
112N "Nt 7wUnT Common data bus

FP=Floating Point, FU=Functional Unit, CDB = Common Data Bus :niam '&x" 21



Recall Once More: Register Renaming

“ QOutput and anti dependences are not true dependences

9 WHY? The same register refers to values that have nothing to
do with each other

J They exist due to lack of register ID’s (i.e. names) in ISA

“ The register ID is renamed to the reorder buffer entry (or

reservation station entry) that will hold the register’s value
J Y Reqister ID - ROB or RS entry ID

< Architectural register ID - Physical register ID

Atter renaming, ROB or RS entry 1D used to reter to the reqister

“ This eliminates anti and output dependences
J Gives the illusion that there are a large number of registers

4 Approximates the performance benefit of having more
registers

32



Tomasulo’s Algorithm

If reservation station available before renaming anix x7n - nampt nainnn ox

d Instruction + renamed operands (source value/tag) inserted into the
reservation station

J Only rename if reservation station is available
Else stall nxy ,x7 ox

While in reservation station, each instruction: nanna axa anw iy 7>

J Watches common data bus (CDB) for tag of its sources

J When tag seen, grab value for the source and keep it in the reservation station
J When both operands available, instruction ready to be dispatched

Dispatch instruction to the Functional Unit when instruction is ready

After instruction finishes in the Functional Unit
J Put tagged value onto CDB (tag broadcast)
J Register file is connected to the CDB
Register contains a tag indicating the latest writer to the register

If the tag in the register file matches the broadcast tag, write broadcast value
into register (and set valid bit)

J Reclaim rename tag
no valid copy of tag in system!

33



add S$Ff7, SfF2, SF1
mult $F4, SF7, SF3
sub S$F5, S0, SF4

...DIDMT7 NIIUNRY NONT

Tomasulo Organization

From Mem FP Op FP Registers
Queue ]
Load Buffers ]
]
Load1
Load2] |
Load3| |
Load4] |
Load5|f |
Load6| | Store
Buffers
]
Add1 ]

Add2
Add3

Mult1
Mult2

Reservation
Stations

To Mem

Common Data Bus (CDB)



= add Sf7,5F2,SF1 . .
nulcsraser s Tomasulo Organization

sub $f5,5F0,5F4

From Mem FP Op FP Registers
Queue e
Load Buffers ]
]
Load1
Load2| |
Load3| |
Load4] |
Load5| |
Load6| | Store
Buffers
[
Add1 ]

Mult1
Mult2

Add2
Add3

Reservation
Stations

To Mem

Common Data Bus (CDB)



add $f7,5F2,5F1 . .
~mutcsraserers  Tomasulo Organization

sub $f5,5F0,5F4

From Mem FP Op FP Registers
Queue ]
Load Buffers ]
]
Load1
Load2] |
Load3| |
Load4] |
Load5|f |
Load6| | Store
Buffers
]
Add1 ]

Mult1
Mult2

Add2
Add3

Reservation
Stations

To Mem

Common Data Bus (CDB)



add Sf7,5F2,SF1 . .
nulcsraser s Tomasulo Organization

— sub $f5,5f0,5F4

From Mem FP Op FP Registers
Queue e
Load Buffers ]
]
Load1
Load2| |
Load3| |
Load4] |
Load5| |
Load6| | Store
Buffers
[
Add1 ]

Mult1
Mult2

Add2
Add3

Reservation
Stations

To Mem

Common Data Bus (CDB)




| woax

Reservation Station Components

Operation to perform in the unit (e.g., add or sub)

Value of Source operands
— Store buffers has one V field, =result to be stored

Specifies the Reservation Stations that supposed
to produce the source registers (= the values to be
written into )

— Note: Qj,Qk=0 means ready (Values in are valid)
— Store buffers only have for RS producing result

Indicates reservation station or FU is busy

Register Status - Qi: Indicates which Reservation station
is supposed to write to the register.

the Value of the register. The value is correct
when means that there are no pending instructions
that will write to that register.



C myoax ]
Three Stages of Tomasulo Algorithm

1. Issue—get instruction from FP Op Queue

If reservation station free (no structural hazard), .
control issues instruction & sends operands (=renames the registers).

2. Execute—operate on operands (EX)

When both operands ready then execute;
if not ready, watch Common Data Bus for result

3. Write result—Finish execution (WB)

Write on Common Data Bus to all awaiting units;
mark reservation station available

« Normal data bus: data + destination (“go to” bus)

« Common data bus: data + source (“come from” bus)
— 64 bits of data + 4 bits of Functional Unit source address
— Write if matches expected Functional Unit (produces result)
— Does the broadcast

* The units speed in the fFollowing example is:
3 clocks for FP add/sub; 10 For mult; 40 clks for divide



Details of Tomasulo Algorithm

[nstruction state

Wait until

Action or bookkeeping

lssue _
FP Operation

Load or Store

Load only

Store anly

Station T empty

if (Register Stat [rs] .Q1 =0}

{RS [r] .Qj+« RegisterBtat [r=] .Qi}
elee {RS[r].Vj« Regs([re]l; RS[r].Qj« 0};
if (RegisterStat [rt] .Qi=0)

{RS [r] .Qke RegisterStat [rt]Q.i}
else {RSI[r].Vk« Regs[rt]; RS[x] .0k« 0};
RS [r] .Busy+ yes; RegisterStat [rd].Qi=r;

Buffer r empty

if (Register Stat [rs] .Q1 =0}

{RS [r] .Qj+ RegisterStat [rs] .Qi}
else {RS[r].Vij« Regs[re]l; RS[r].Qj« 0};
RS [r] . A« imm; RS [r].Busy«— yes;

RegisterStat [rt] .Qi=1;

if (Register Stat [rt] .Q1 =0}
[RS [r] . Qke RegisterStat [rs] .Qi}
elese {RS[r].Vk« Regs[rt]; RS[r].Qke 0};

Execute
FP Operation

Load/Store
step |

Load step 2

(RS[r].()=0) and
{RS[r].Qk=0)

Compute result: operands are in Vy and Vk

RS[r].0y=0 & r1s
head of load/store
queue

RS [r] .A«RS[r].V] + R5[r] .A;

RS[r].A==0

Read from Mem|[RS[r].A]

Write result
FP Operation
or
Load

Store

Execution complete

at r_é-'.' CDB
available

Tx(if (RegisterStat[x] .Qi=r] {Regs [x]+ result;
RegisterStat [x] .Qi«— 0});

Txlif (RS [x].Q7=1) [[E'.S [x] . Vi« result;RS [x].Q] « 0O

Txiif (RS[x] .Qk=r) {RES [x].Vki result;R2[x] .Qk« 0

RS [r] .Busy+ no;

]]J;
)

Execution complete

atr & RS[r].Qk=0

Mem [RS [r] .A] RS [r] .Vk;
RS [r] .Busy+ no;




Details of Tomasulo Algorithm

FIGURE 3.5 Steps in the algorithm and what is required for each step. For the issuing
instruction, rd is the destination,rs and rt are the source register numbers, imm is the sign-
extended immediate field, and r is the reservation station or buffer that the instruction is
assigned to. RS is the reservation-station data structure. The value returned by a FP unit or by
the load unit is called result. RegisterStat is the register status data structure (not the register
file, which is Regs[ ] ). When an instruction is issued, the destination register has its Qi field
set to the number of the buffer or reservation station to which the instruction is issued. If the
operands are available in the registers, they are stored in the V fields. Otherwise,the Q fields
are set to indicate the reservation station that will produce the values needed as source
operands. The instruction waits at the reservation station until both its operands are available,
indicated by zero in the Q fields. The Q fields are set to zero either when this instruction is
issued, or when an instruction on which this instruction depends completes and does its write
back. When an instruction has finished execution and the CDB is available, it can do its write
back. All the buffers, registers, and reservation stations whose value of Qj or Qk is the same
as the completing reservation station update their values from the CDB and mark the Q fields
to indicate that values have been received. Thus, the CDB can broadcast its result to many
destinations in a single clock cycle, and if the waiting instructions have their operands, they
can all begin execution on the next clock cycle. Loads go through two steps in Execute, and
stores perform slightly differently during Write Result, where they may have to wait for the
value to store. Remember that to preserve exception behavior, instructions should not be
allowed to execute if a branch that is earlier in program order has not yet completed. Because
any concept of program order is not maintained after the Issue stage, this restriction is usually
implemented by preventing any instruction from leaving the Issue step, if there is a pending
branch already in the pipeline. Later, we will see how speculation support removes this
restriction
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Tomasulo’s algorithm

Example #1
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Instruction stream
Shown for ease -

(not a part of the system)
nstruction status:

Instruction
LD

LD
MULTD
SUBD

ADDD

F6
F2
FO
F8

F6

J
34+
45+

F2

F6

F8

NXPNINX .’

Tomasulo Example

The “system”:
Everything below
the black line

Exec Write

Reservation Stations:

FU count
down

Register result status:

Clock

Addil
Add2
Add3
Mult1l
Mult2

k  Issue Comp Result Busy Address
R2 Loadl | No
R3 Load2 | No
F4 Load3 | No
F2 \
o 3 Load/Buffers
S1 S2 RS RS
Time Name Busy Op Vj Vk Qj Qk
No
No
N 3 FP Adder R.S.
() <
No 2 FP Mult R.S.
No
FO F2 F4 F6 F8 F10 Fi12 ... F30
FU

/O

Clock cycle

counter




Tomasulo Example Cycle 1

issue LD1
Instruction status: Exec Write
Instruction j k 2. Comp Result = Addre
LD F6 34+ R2 Loadl}| Yes 34,R2
LD F2 45+ R3 Load2| No
MULTD FO F2 F4 Load3 | No
SUBD F8 F6  F2
DIVD F10 FO F6
ADDD F6 F8 F2
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj Vk Qj Qk
Addl | No
Add2 | No
Add3 | No
Multl | No
Mult2 | No

Register result status:

1 FU

Clock FO F2 F4 F8 F10 F12 .. FE30
L.oad



Tomasulo Example Cycle 2 [Essax

issue LD2 (+calc adr of LD1)

Instruction status:

Instruction

LD F6
LD F2
MULTD FO

SUBD F8

DIVD F10

ADDD F6

Reservation Stations:

J
34+
45+

F2

F6

FO

F8

k
R2
R3
F4
F2
F6
F2

Exec Write
Issue Comp Result Busy Address

Loadl | Yes 34+R2
LoadQ| Yes 45 R3 |
Load3 No

S1

Time Name Busy Op Vj

Add1l
Add2
Add3
Multl
Mult2

S2 RS RS
Vk  Qj Qk

Register result status:

Clock
2

No
No
No
No
No
FOy F2 Y F4 F6 F8 FI0 F12 ... F30
FU Load2 Loadl

Note: Can have multiple loads outstanding




Tomasulo Example Cycle 2
issue LD2 (+calc adr of LD1)
Exec Write

Instruction status:

Instruction j k  Issue Comp Result Busy Address
LD F6 34+ R2 Loadl | Yes 34+R2
LD F2 45+ R3 LoadZ| Yes 4S R3 |
MULTD FO F2 F4 Load3 | No
SUBD '8 16 12 \
ADDD  F6  F8 k2 We see that for
Reservation Stations: SI S2 RS RS the next instr., F4
Time Name Busy Op Vi Vk Qf Qk is ready (Q=0),
Addl | No but F2 is waiting
ﬁgj; EO for the Load unit
(0]
Multl | No (Q=Load?)
Mult2 | No L~ o
Register result status:
Clock FOy F2 Y\ F4 F6 F8 FI10 Fi12 ./ F30
2 FU 0 Load2

(Qoadl 0 0 o / 0




Tomasulo Example Cycle 3 [EEsax

issue Mult, complete LD1 (Memory rd)

Instruction status: Exec Write
Instruction j k Issue Comp Result Busy Address
LD F6 34+ R2 1 a Loadl | Yes 34+R2
LD F2 45+ R3 2 Load2 | Yes 45+R3
MULTD FO  F2 Load3 | No

F4
SUBD F8 F6 F2
F6

3
DIVD F10 FO :
ADDD  F6  F8 | now someone
. . writes into F4, we still
Reservation Stations: S1 S2 RS RS have its value in the
Time Name Busy O Vj Vk Qj Qk Mult1 VK register =>

Addl | No
no WAR hazard can

Add2 | N

(0]

Add3 . - occur !

Mulc]| Yes MULTD 7 W4 Loaz 0 ||

Mult2 T"No (notin final Reg F4 or

Register result status: in Vk of Mult1)
Clock 5 F2 F4 F6\ F8 F10 Fi2 ... F30
3 FU Load2 0 Loadl \Q 0 0 0
* Note: registers names are removed med”) in

Reservation Stations; MULT issued

* Load1 completing; what waits for Load1? F6 +Sub



Tomasulo Example Cycle 4 EsEaN

Issu Sub, Complete Ld2, WB LD1

Instruction status: Exec Write
Instruction j k  Issue Comp Result Busy Address
LD F6 34+ R2 1 Loadl | No
LD F2 45+ R3 2 Load2 | Yes 45+R3
MULTD FO F2 F4 Load3 | No
SUBD P8 Fo T3
brvo o ro e Writing from the
ADDD F6 F8 F2

CDB to F6 and
Add1 means

Reservation Stations: S1 S2 RS

Time Name B (0 4] : (2 (L Write Back to F6
Add and Formarding
Add2 | No 7
Add3 | No to .the FP Add
Multl | Yes MULTD ?  R(F4) Load2 unit
Mult2 | No i
Register result status: /
Clock FO F2 F4 H6 F Fi10 Fi12 ... F30
4 FU [ Multl Load2 o M{AD Adi1t o 0 0
* Load2 completing; what is aitinb fo Load2?

F2 + Mult1+Add1



Tomasulo Example Cycle 5 [EsEan

Issu Div, start Execute Sub & Mult, WB LD2

Instruction status: Exec Write
Instruction j k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl | No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 Load3 | No
SUBD F8 F6 F2 4
DIVD F10 FO F6 5
ADDD F6 F8 F2
Reservation Stations: S1 S2 RS RS
Time JName Busy Op Vj Z Qj Qk
ofAddl [ Yes SUBD M(A1 0 0
Add2 | No
Add3 | No
10fMultl | Yes MULTR(F4) 0 0
Mult2 | Yes DIVD M(A1) Multl 0
Register result status:
Clock FO F2 F4 F6 F8 F10 Fi12 ... F30
5 FU | Multl M(A2) 0 M(A1) Addl Muli2 0 0

0 0

 Timer starts down for Add1, Mult1



Tomasulo Example Cycle 6 =GN

Issu Add, cont. Execute Sub & Mult

Instruction status: Exec Write
Instruction j k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 No
MULTD FO F2 F4 3 Load3 No
SUBD F8 F6 F2 4
DIVD F10 FO F6
ADDD F6 F8 F2 @

Reservation Stations: S1 S2 RS RS
Time Name Busy Op V] Vk Qj Qk
1 Add1
Add2 II
Add3
9 Mult1l Yes MULTD M(A2) R(F4) 0 0
Mult2 | Yes DIVD M(A1) Multl 0

Register result status:
Clock FO F2 F4 F6 F8 F10 Fi12

F30

6 FU | Multl M(A2) 0 Add2 Addl Muli2 0

0
* Issue ADDD here despite name dependency on F6?

No problem! Since old value of Fé6 as already in Vk of Mult2



Tomasulo Example Cycle 7 [Essax

Complete Sub, cont. Execute the Mult

Instruction status: Exec Write
Instruction j k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl | No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 Load3 | No
SUBD F8 F6 F2 4
DIVD F10 FO F6 5
ADDD F6 F8 F2 6
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj Vk Qj Qk
0 Addl | Yes SUBD M(A1) M(A2) O 0
Add2 | Yes ADDD M(A2) Addl 0
Add3 | No
8 Multl | Yes MULTD M(A2) R(F4) 0 0
Mult2 | Yes DIVD M(A1) Multl 0
Register result status:
Clock FO F2 F4 F6 F8 F10 Fi12 ... F30
7 FU | Multl M(A2) 0 Add2 Addl Mult2 0 0

0

 Add1 (SUBD) completing; what is waiting for it?



Tomasulo Example Cycle 8
WB the Sub, cont. the Mult, start the Add

Instruction status: Exec Write
Instruction j k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl | No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 Load3 | No
SUBD F8 F6 F2 4 7 8
DIVD F10 FO F6 5
ADDD F6 F8 F2 6
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj Vk Qj Qk
Addl | No
2 Add2 | Yes ADDD (A2) 0 0
Add3 | No
7 Multl | Yes MULTD M(A2) R(F4) 0 0
Mult2 | Yes DIVD M(A1) Multl 0
Register result status:
Clock FO F? F4 F6 F8 FI10 F12 ... F30
8 FU | Multl M(A2) 0 Add2 Mult2 0 0

0 0



Tomasulo Example Cycle 9

cont. the Mult & the Add
Instruction status: Exec Write
Instruction j k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl | No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 Load3 | No
SUBD F8 F6  F2 4 7 8
DIVD F10 FO F6 5
ADDD F6 F8 F2 6
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj Vk Qj Qk
Addl | No
1 Add2 | Yes ADDD (M-M) M(A2) 0 0
Add3 | No
6 Multl | Yes MULTD M(A2) R(F4) 0 0
Mult2 | Yes DIVD M(A1) Multl 0
Register result status:
Clock FO F2? F4 F6 F8 F10 F12 ... F30
9 FU | Multl M(A2) 0 Add2 (M-M) Mult? 0 0

0 0



Tomasulo Example Cycle 10 [EEsEx

cont. the Mult, complete the Add

Instruction status: Exec Write
Instruction j k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl | No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 Load3 | No
SUBD F8 F6 F2 4 7 8
DIVD F10 FO F6 5
ADDD F6 F8 F2 6 10
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj Vk Qj Qk
Addl | No
0 Add2 | Yes ADDD (M-M) M(A2) 0 0
Add3 | No
5 Multl | Yes MULTD M(A2) R(F4) 0 0
Mult2 | Yes DIVD M(A1) Multl 0
Register result status:
Clock FO F2 F4 F6 F8 F10 Fi12 ... F30
10 FU | Multl M(A2) 0 Add2 (M-M) Mult2 0 0
0 0

 Add2 (ADDD) completing; what is waiting For it?



Tomasulo Example Cycle 11 [Essax

cont. the Mult, WB the Add

Instruction status:

Exec Write

Instruction j k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 No
MULTD FO F2 F4 3 Load3 No
SUBD F8 F6 F2 4 7 8
DIVD F10 FO F6 5
ADDD F6 F8 F2 6 10 11
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj Vk Qj Qk
Addl | No
Add2 | No
Add3 | No
4 Multl | Yes MULTD M(A2) R(F4) 0 0
Mult2 | Yes DIVD M(A1) Multl
Register result status:
Clock FO F2 F4 F6 F8 F10 Fi12 ... F30
11 FU | Multl M(A2) o (M-M+NEM-M) Mult2 0 0
0 0

 Write result of ADDD here?0

* All quick instructions complete in this cycle! (=000 completion)



Tomasulo Example Cycle 12

Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6
DIVD F10 FO
ADDD F6 F8

Reservation Stations:

cont. the Mult (Div still waiting)
Exec Write

k  Issue Comp Result Busy Address
R2 1 3 4 Loadl | No
R3 2 4 ) Load2 | No
F4 3 Load3 | No
F2 4 7 8
F6 )
F2 6 10 11

S1 S2 RS RS

Time Name Busy Op Vj Vk Qj Qk

Addl | No
Add2 | No
Add3 | No

3 Multl | Yes MULTD M(A2) R(F4) 0 0
Mult2 | Yes  DIVD M(A1) Multl 0

Register result status:
Clock FO F2 F4 F6 F8 F10 Fi12 F30
12 FU | Multl M(A2) 0 (M-M+N (M-M) Mult2 0 0

0 0 0



Tomasulo Example Cycle 13

Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6
DIVD F10 FO
ADDD F6 F8

Reservation Stations:

cont. the Mult
Exec Write

k  Issue Comp Result Busy Address
R2 1 3 4 Loadl | No
R3 2 4 ) Load2 | No
F4 3 Load3 | No
F2 4 7 8
F6 )
F2 6 10 11

S1 S2 RS RS

Time Name Busy Op Vj Vk Qj Qk

Addl | No
Add2 | No
Add3 | No

2 Multl | Yes MULTD M(A2) R(F4) 0 0
Mult2 | Yes  DIVD M(A1) Multl 0

Register result status:
Clock FO F2 F4 F6 F8 F10 Fi12 F30
13 FU | Multl M(A2) 0 (M-M+N (M-M) Mult2 0 0

0 0 0



Tomasulo Example Cycle 14

Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6
DIVD F10 FO
ADDD F6 F8

Reservation Stations:

cont. the Mult
Exec Write

k  Issue Comp Result Busy Address
R2 1 3 4 Loadl | No
R3 2 4 ) Load2 | No
F4 3 Load3 | No
F2 4 7 8
F6 )
F2 6 10 11

S1 S2 RS RS

Time Name Busy Op Vj Vk Qj Qk

Addl | No

Add2 | No

Add3 | No
1 Multl | Yes MULTD M(A2) R(F4) 0 0

Mult2 | Yes  DIVD M(A1) Multl 0

Register result status:
Clock FO F2 F4 F6 F8 F10 Fi12 F30
14 FU | Multl M(A2) 0 (M-M+N (M-M) Mult2 0 0

0 0 0



Tomasulo Example Cycle 15 [EEsax

complete the Mult
Exec Write

Instruction status:

Instruction j k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 No
MULTD FO F2 F4 3 15 Load3 No
SUBD F8 F6 F2 4 7 8
DIVD F10 FO F6 5
ADDD F6 F8 F2 6 10 11
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj Vk Qj Qk
Addl | No
Add2 | No
Add3 | No
0 Multl | Yes MULTD M(A2) R(F4) 0 0
Mult2 | Yes DIVD M(A1) Multl
Register result status:
Clock FO F2 F4 6 F8 FI0 F12 ... F30
15 FU | Multl M(A2) o (Mfvien (M-M) Muli2 0 0

 Mult1 (MULTD) comple

\

0

FO + Mult1

0

- whpt is waiting for it?



Tomasulo Example Cycle 16 [EEsax

WB the Mult & start the Div

Instruction status:

Instruction

LD F6
LD F2
MULTD FO
SUBD F8

DIVD F10

ADDD F6

Reservation Stations:
Time Name Busy Op

J
34+
45+

F2

F6

FO

F8

Add1
Add2
Add3
Multl

40 Mult2

Exec Write
k  Issue Comp Result

Busy Address

Register result status:

Clock
16

R2 1 3 4 Loadl | No
R3 2 4 5 Load2 | No
F4 3 15 16 Load3 | No
F2 4 7 8
F6 5
F2 6 10 11
S1 S2 RS RS
Vi Vk Qi  Qk
No
No
No
No
Yes DIVD (A1) 0 0
F2? F4 F6 F8 F10 F12 F30
FU M(AZ) 0 (M-M+N (M-M) Mult2 0 0

0 0 0
* Just waiting For Mult2 (DIVD) to complete



Tomasulo Example Cycle 55

Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6
DIVD F10 FO
ADDD F6 F8

Reservation Stations:

k
R2
R3
F4
F2
F6
F2

cont. the Div
Exec Write

Issue Comp Result Busy Address
1 3 4 Loadl | No
2 4 5 Load2 | No
3 15 16 Load3 | No
4 7 8
)
6 10 11

S1 S2 RS RS

Time Name Busy Op Vj Vk Qj Qk

Addl | No
Add2 | No
Add3 | No
Multl | No
1 Mult2 | Yes DIVD M*F4 M(A1) 0 0
Register result status:
Clock FO F2 F4 F6 F8 F10 Fi12 F30
55 FU | M*F4 M(A2) 0 (M-M+N (M-M) Mult2 0 0

NN \

0 0 0 0



Tomasulo Example Cycle 56 [EEsaxm

complete the Div

Instruction status: Exec Write
Instruction j k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl | No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 15 16 Load3 | No
SUBD F8 F6 F2 4 7 8
DIVD F10 FO F6 5 56
ADDD F6 F8 F2 6 10 11
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj Vk Qj Qk
Addl | No
Add2 | No
Add3 | No
Multl | No
0 Mult2 | Yes DIVD M*F4 M(A1) 0 0
Register result status:
Clock FO F2 F4 F6 F8 F10 Fi12 ... F30
56 FU Mﬂ;{:4 M(Qz) 0 (M—l\\/IHV (M-M) Mult2 0 0
0 0 0 0

 Mult2 (DIVD) is completing; what is waiting for it?



Tomasulo Example Cycle 57 Essax

Instruction status:

Instruction

LD F6
LD F2
MULTD FO
SUBD F8

DIVD F10

ADDD F6

Reservation Stations:

J
34+
45+

F2

F6

FO

F8

Add1l
Add2
Add3
Multl
Mult2

WB the Div

Exec Write

Register result status:

Clock

k Busy Address
R2 Loadl | No
R3 Load2 | No
F4 Load3 | No
F2
F6
F2
RS
Time Name Busy Op Vj Vk Qj Qk
No
No
No
No
Yes DIVD M*F4 M(A1l) 0 0
FO F2 F4 F6 F8 FI0 F12 ... F30
FU | M*F4 M(A2) 0 (M-M+N (M-M) Result 0 0

56

NN \

0 0 0 0

* Once again: In-order issue, out-of-order execution and
out-of-order completion.



RAW hazard prevention

 RAW is prevented by setting the Qj & Qk of each
Reservation Station (FU) to the value of the unit
supposed to write into these registers when
issuing instruction |j to Reservation Stationr.

* That way, the r Reservation Station, will always
wait For the results of the 2 units calculating Vj
and Vk

* l.e., we always start calculation when Vj & Vk are
ready => No RAW hazards



WAR hazard prevention

Since when a result of any unit is ready, we copy it
into the appropriate Reservation Station registers,
(and to the Register file) we actually “renamed” the
I'eg iSte rs. (use other registers instead of the orig ones)

The data in these “renamed” registers stays there,
even if someone writes to the Register File. => No
WAR hazards

No one writes into the Reservation Station registers
Vj and Vk while it is still busy

So, once a calculated result is ready, it is
immediately read and renamed and any subsequent
write to the register File, has no influence on the
execution of that instruction

The renaming during the issue stage ensures that an
issued instruction is always performed OK



WAW hazard prevention

WAW happens only when we do not use the result of
the First write. If we use it, there is a WAR

In the Issue stage we set RegisterStat[Rd].Qi=r

Issue is “in order”. This means that the last
instruction that is supposed to write to that
register, lj, determines its Qi Field

Therefore, when that instruction Finishes, it will
update the register. (and will set Qi to 0)

If that Qi field had a different r value, coming from
an earlier instruction, Ik, it is overwritten when lj is
issued, so even if that early instruction completes
operation later than the lj instruction, Qi is already
0, and no WAW occurs, since the Register File is not
updated



WAW hazard prevention (cont.)

* Furthermore, the Register File value is available
for future (later) instructions

« WAW and WAR: Say that an instruction, Ip, that is
between Ik and Ij needs the result of Ik. When
that instruction is issued, the Qi field still holds
the FU specified by Ik, so that instruction waits
For “the result of Ik”, and the later issued
instruction lj has no influence. (This is actually a
WAR hazard prevention for the instruction Ip)

* As mentioned before,the renaming during the
issue stage makes sure that an instruction is
always performed correctly — eliminating the
WAR



Tomasulo’s scheme

* Performs an instruction as early as possible using multiple FUs (having many
input regs pairs)

* Prevents RAW hazards by waiting for the input registers to be ready before
starting execution in a FU

* Prevents WAR hazards by copying registers (or FU's results) into the FUs input
registers = Renaming

* During issue the appropriate reg in the Register Ffile is flagged to wait for the
appropriate FU result. Since Issue of instructions is in order, the last instruction
determines which FU writes to the Reg File — Thus, no WAW can ever occur

NITNN 122-7VY 1NIY DT{710 2N NN YXAN 1710010 7¢W DNTMNTNRN

171N 71190

7'NNN T8I 020 'Y Ty 0'077'7 nannn '7-7y RAW N120 V1IN DNM17XN -
.FU-2 yiIx2

nw) FU -7 0'7{70 DN00DA0N 7w DIN NN -7y WAR D70 D2 Y110 DNIATXN -
(Dw

WAW 2100 NI'7N DA 'X [2'71 YAIi70 XIN 00N 7w [INNXD V-



Tomasulo Drawbacks

Complexity
— delays of 360/91, MIPS 10000, Alpha 21264

Many associative stores (CDB) at high speed

Performance limited by Common Data Bus

— Each CDB must go to multiple Functional units
=high capacitance, high wiring density

— Number of Functional units that can complete per cycle limited to one!
» Multiple CDBs = more FU logic for parallel assoc stores

Non-precise interrupts!
— We will address this later



About Loads and Stores

Say we Load from a memory location and then
Store to the same memory location.The order
must be kept to prevent WAR hazard

Say we Store to a memory location and then Load
from the same memory location. The order must
be kept in order to prevent RAW hazard

In a similar manner, WAW hazards should be
prevented.

In order to do this, we must compare the
effective memory address (i.e., after the address
calculation)

A simple way to ensure correctness is to
calculate all the effective addresses “in-order”
(order of Loads before Store doesn’t matter)



End of Example #1
on Tomasulo’s algorithm
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Tomasulo’s Algorithm: Renaming

Register rename table (register alias table)

RO
R1
R2
R3
R4
R5
R6
R7
R8
R9

tag

value

valid?

nYvonN 0N 7V 11N

=

111Y DYPD N'X1111)7 OV

J1901] AT X1 DIl

eI S S S| PN IS B SN

72



Tomasulo’s Algorithm - na1>™

If reservation station available before renamingx7n - namr7 nannin DX
NNIN

< Instruction + renamed operands (source value/taq) inserted into the

reservation station CDB=Common Data Bus
<4 Only rename if reservation station is available

Else stall Nixy ,x7 DX

While in reservation station, each instruction:
<4 Watches common data bus (CDB) for tag of its sources

<4 When tag seen, grab value for the source and keep it in the reservation
station

4 When both operands available, instruction ready to be dispatched
Dispatch instruction to the Functional Unit when instruction is ready
After instruction finishes in the Functional Unit

- Arbitrate- B 7-fer €BB

< Put tagged value onto CDB (tag broadcast)

< Register file is connected to the CDB

Register contains a tag indicating the latest writer to the register

If the tag in the register file matches the broadcast tag, write broadcast value
into reqgister (and set valid bit)

< Reclaim rename tag
no valid copy of tag in system!
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An

MUL
ADD
ADD
ADD
MUL
ADD

Exercise

R3 € R1,R2 Pipeline |F |D |E |W

R5 ¢ R3, R4

R7 € R2, R6

R10 € R8. R9 ADD |F |D |E |E |E |E |W

R11 < R7, R10 MUL |F |D |E |E |E |E |E |E |E |E |W
R5 ¢ R5, R11

Assume ADD (4 cycle execute), MUL (6 cycle execute)
Assume one adder and one multiplier
How many cycles

Q

Q

in a non-pipelined machine: 50 cycles (4*7 + 2*11)

in an in-order-dispatch pipelined machine with imprecise
exceptions (no forwarding and forwarding)

in an out-of-order dispatch pipelined machine imprecise
exceptions (forwarding)
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Register alias table (v=valid bit, tag, value)
N1 ,NTN 10017 21ND7 TNV 1NWD V=0

179197 Reservation station

1 NNNX 1IN alid 100 D) NN A

tag [/

AN 17 W NINX 1Y 17 W 710 10070 DX




CDB=Common Data Bus




791207 D1 7WNT7 buses TV DIV

Value bus

| ,'-
I!.'rl--

{1

Al ]l 1 T ll?r’:‘r

I

-N 7v ID -Nn N1N 2NN
reservation station




Exercise Continued

pipeline structure

MUl R),_R2,— R3 .

ADD R3,RL— RS , s IE‘: .
o R2ARE — R ; . .

AOD  RY,RG — RAQ B
mul. R3 RI0 - R14 . Cycles

Can take multiple cycles

AP  AS, RN 3 RS

MUL tnces & oydles
AP tees & oyoles
How many cycles total without data forwarding?
Fraw mnony ciyotes fobnl wjo oldbn ferwetins P
"y - L ” wi ” ot ?

78



Exercise Contmued

FD123454 W

By == = 5. TR e q w in-order-dispatch pipelined machine
Pe~o== = a D123 4 W w/o forwarding: 31 cycles
-. . FDI123 4L W -
ED=-- = D}1231 56 W
Ent .t L D1z34 W
| 7 | |
Eveatin tmvvlme. w| Scarcbeedng Execution timeline with scoreboarding
3) oycles
FDt1234L € 6 w
FD E R3IL W in-order-dispatch pipelined machlne
F D4 23 6 w/ forwarding: 25 cycles
~F 0123 L,\’
F D 1 23 L, W é. Wl
= D i 5 VRERY
Execution timeline with forwarding
: . 2
S—aydc._g

79



Exercise Continued

MUL R3 € R1, R2
ADD R5 ¢ R3, R4
ADD R7 € R2,R6
ADD R10 € R8, R9
MUL R11 ¢ R7,R10
ADD RS5 € R5,R11

FD123 4SS & w
F D ¥4 23 ¢ w Ooutoforder dispatch pipelined machine
FD1234 W w/ forwarding: 20 cycles
F0123 (W
F D 1234886 W
o 1234w

20 oyeles

Taﬂa§do's olgotnen 5 L f?W'V'l"':S

Tomasulo’s algorithm + full forwarding

31 cycles - 25 cycles - 20 cycles. 11/31=0.35, 35% improvement! go



How It Works

Registo- s Table.  Register alias table
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Our First OoO Machine Simulation

Program We Will Simulate

MUL
ADD
ADD
ADD
MUL
ADD

Rl1, R2 >
R4 >
R6 -
RO >
R10 >
R11 >

R3,
R2,
R8,
R7,
R5,

R3
R5
R7
R10
R11
R5

Register

Valid

Tag

Value

R1

1

Initially:
1. Reservation Stations (RS’s) are all Invalid (Empty)
2. All Registers are Valid

RS for ADD Unit RS for MUL Unit

Source 1 Source 2 Source 1 Source 2

R2

\'%

Tag Value| V Tag Value V Tag Value| V Tag Value

R3

R4

R5

R6

R7

R8

R9

VW |[([N|[ojfun|pd]JWIN

R10

—_
o

R11

Register Alias Table

R N B = T T I U B N B N N N B N B

11

Tag Value Tag Value

ADD and MUL Execution Units

have separate Tag & Value buses 82



Cycle O

Cycle
MUL R1, R2 -> R3
ADD R3, R4 > R5
ADD R2, R6 —-> R7Y
ADD R8, R9 —-> R10

MUL R7, R10 > R1l
ADD R5, R11-> R5

Register | Valid | Tag | Value

Source 1 Source 2 Source 1 Source 2

R1

—

R2 V Tag Value| V Tag Value V Tag Value| V Tag Value

R3

QU
x

R4

lon

R5

R6

~+ |N |

R7

R8

VW |[([N|[ojfun|pd]JWIN

R9

L
t

R10

(RN D= N [ N N BT YO NS\ DR U R W R N T N Y

R11

—
—

83



Cycle 1

Cycle 1
MUL R1, R2 -> R3 F
ADD R3, R4 > R5
ADD R2, R6 —-> R7Y
ADD R8, R9 —-> R10

MUL R7, R10 > R1l
ADD R5, R11-> R5

Register | Valid | Tag | Value

Source 1 Source 2 Source 1 Source 2

R1

—

R2 V Tag Value| V Tag Value V Tag Value| V Tag Value

R3

QU
x

R4

lon

R5

R6

~+ |N |

R7

R8

VW |[([N|[ojfun|pd]JWIN

R9

L
t

R10

(RN D= N [ N N BT YO NS\ DR U R W R N T N Y

R11

—
—

384



Cycle 2

Cycle
MUL R1, R2 - ,R3
ADD K3, R4 >/ R5
ADD R2,/R6 /> R7
ADD R8/ R9/-> R10
MUL [R7/, R0 - R11
ADD/Rb, R11-> R5
Register [/alid | Tag | Value
B 1
RZ_ 1 2
R3 0 X
R4 1 4
R5 1 5
R6 1 6
R7 1 7
R8 1 8
R9 1 9
R10 1 10
1

R11

11

1

F

2

D

MUL gets decoded and allocated into RS x

Step 1: Check if reservation station available. Yes: x

Step 2: Access the Register Alias Table
Step 3: Put source registers into reservation station x

Step 4: Rename destination register R3 -2 X

R3 is now renamed to Xx.
Its new value will produced by the reservation station
that is identified by tag x.

Source 1 Source 2 Source 1 Source 2

V Tag Value| V Tag Value V Tag Value| V Tag Value

QU

o
~+ [N < | X

MUL in RS x is ready to execute in the next cycle!
85



1. MUL in RS x starts executing

2. ADD gets decoded and allocated into RS a

2 3 Check readiness (Both sources ready?) - Wakeup

Ready - Dispatch the instruction to the MUL unit

Same Steps 1-4 for ADD... Rename R5 - a

o [

- =

Cycle

MUL R1, R2 - R3
ADD R3, R4 > R5
ADD R2, R6 >/ R7
ADD R8, R9 R10
MUL R7, R10 R11
ADD R5, R1L1-> R5
Register Va}é Tag | Value

R | /1 1

R2 1 2

R3 0 X

R4 / 1

RS o | a*f

R6 1 6

R7 1 7

R8 1 8

RO 1 9

R10 1 10

R11 1 11

» »

Source 1 Source 2

Source 1

Source 2

V  Tag Value| V Tag Value

V  Tag Value

Tag Value

p 1 ~

1

T |L

o
SRS AL =

gd

S 6

Cycles

ADD in RS a cannot execute in the next cycle: one source is not valid

86




Cycle 4

Cycle 1 2

MUL R1, R2 -> R3 F D
ADD R3, R4 > R5
ADD R2, R6 —-> R7
ADD R8, R9 —-> R10
MUL R7, R10 > R1ll1
ADD R5, R11-> R5
Register | Valid | Tag | Value

R1 1 1

R2 1 2

R3 0 X

R4 1 4

R5 0 a

R6 1 6

R7 0 b

R8 1 8

R9 1 9

R10 1 10

R11 1 11

3 4 ADD in RS a waits because one source is not valid.
E. B Rename R7 =2 b
D -
F
Source 1 Source 2 Source 1 Source 2
V Tag Value| V Tag Value V Tag Value| V Tag Value
al O X 1 ~ 4 x| 1 ~ 1 1 ~ 2
b y
C z
d t
\;r/ W

ADD in RS b is ready to execute in the next cycle!

It will be executed out of order in the next cycle. 87



Cycle 5

Cycle
MUL R1, R2 -> R3
ADD R3, R4 > R5
ADD R2, R6 —-> R7Y
ADD R8, R9 —-> R10
MUL R7, R10 > R1ll1
ADD R5, R11-> R5
Register | Valid | Tag | Value
R1 1 1
R2 1 2
R3 0 X
R4 1 4
R5 0 a
R6 1 6
R7 0 b
R8 1 8
R9 1 9
R10 0 C
R11 1 11

3 4 5
E, E E
F E,
D
F
Source 1 Source 2 Source 1 Source 2
V Tag Value| V Tag Value V Tag Value| V Tag Value
al O X 1 ~ 4 x| 1 ~ 1 1 ~ 2

plyf-lglot-lél

C z

q t

N\ + /04 N x /
Cycles

ADD in RS cis ready to execute in the next cycle!
38



Cycle 6

3 4 5 6
E, E, E, E,
F E, E
D E
F D
F

Source 1

Source 2

V  Tag Value

Tag Value

Source 1 Source 2
V Tag Value| V Tag Value
I ALzt

al O X ~
b 1 ~ ~
cl| 1 ~ ~
d

Cycle
MUL R1, R2 -> R3
ADD R3, R4 > R5
ADD R2, R6 —-> R7Y
ADD R8, R9 —-> RI10
MUL R7, R10 > R1ll1l
ADD R5, R11-> R5
Register | Valid | Tag | Value
R1 1 1
R2 1 2
R3 0 X
R4 1 4
R5 0 a
R6 1 6
R7 0 b
R8 1 8
R9 1 9
R10 0 C
R11 0 y

~+ |N |

N

89



All six instructions are now decoded and renamed

Note what happened to R5: Renamed twice!

Source 1 Source 2
V Tag Value| V Tag Value
1 ~ 1 1 ~ 2
0 b 0 C

4 5 6 7
E, E, E; E, E
D - - - -
E1 Ez E3
E, E
F D -
F D
Source 1 Source 2
V Tag Value| V Tag Value
al O X 1 ~
b 1 ~ 1 ~
c| 1 ~ 1 ~
d| O a 0

Cycle
MUL R1, R2 -> R3
ADD R3, R4 > R5
ADD R2, R6 —-> R7Y
ADD R8, R9 —-> R10
MUL R7, R10 > R1ll1
ADD R5, R11-> R5
Register | Valid | Tag | Value
R1 1 1
R2 1 2
R3 0 X
R4 1 4
R5 0 d
R6 1 6
R7 0 b
R8 1 8
R9 1 9
R10 0 C
R11 0 y

N
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Cycle 8 (First Slide

Cycle 12 3 4 5 6 7 8 MUL in RS x is done
MUL Rl, R2 - R3 F D E1 EZ E3 E4 ES E6 Broadcast MUL’s tag (X)
ADD R3, R4 > R5 - Y
ADD R2, R6 > R7 F E B E o Checktag
ADD R8, RO - R10 D E, E, Check for invalidity
MUL R7, R10-> RI1l F D Broadcast MUL'’s result (2)
ADD R5, R11-> R5 F D
Register | Valid | Tag | Value
SoJ’ce 1 Source 2 Solrce 1 Source 2
R1 1 1
R2 1 2| V  Tagl Value| V Tag Value Vi Tag Value| V  Tag Value
o 2
R3 ! 2 al v 1| ~ Al 11 ] -
R4 1 4 b| 1 1| ~ Wl o | b 0| c
R5 0 d cl 1 1 ~ z
R6 1 6
d| O a L 0 :y b N
LA L ] 1
RS 1 \ =
RO 1 N\ 1t / *
R10 0 d
R11 0 | vy x || 2

| ADD in RS a is ready to execute in the next cycle!
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Cycle 8 (Second Slide)

Cycle 1 2 3 4 5 6 7 8 ADD in RS b is also done

MUL Rl, R2 - R3 F D E1 EZ E3 E4 ES E6 Broadcast ADD’s tag (b)
ADD R3, R4 > R5 F D - - - - - Y
ADD R2, R6 > R7 F D E, E, E, E, y Checktag. N
ADD R8, RO - R10 F D E E, Check for invalidity
MUL R7, R10-> RI11 FDo- Broadcast ADD’s result (8)
ADD R5, R11-> R5 F D
Register | Valid | Tag Value |

RT 1 ] SoJ‘cJ 1 Source 2 SOLIrce 1 Source 2

R2 1 V  Tag| Value| V Tag Value V Tag Value| V Tag Value

R3 1 : al 1 2 [ 1]~ 4 x| e L1~ ]2

R4 1 4 bl 1 y 1| ~ 5 vyl v | b 0| c

R5 0 d 1 8 1 ~ ) z

R6 ! % d] 0 | 2 0|y t ‘ : _

R7 1 8 ] - :

v E 1 L1

R9 1 9 \ + / \ X /

R10 0

R11 0 b 8

I

92

MUL in RS y is still NOT ready to execute in the next cycle!




Cycle 8 (Third Slide)

Source 1

Source 2

\

Tag Value

\

Tag Value

1

1

1

~ 2

1

~

8

0

C

Cycle 1 2 3 4 5 6 7

MUL R1, R2 - R3 F D E E E E E E
ADD R3, R4 -> R5 F D - - - - -
ADD R2, R6 -> R7 F E, B B E
ADD R8, R9 -> R10 E, E B
MUL R7, R10-> R11 F D - -
ADD R5, R11-> R5 F D -
Register | Valid | Tag | Value

R ] 1 Source 1 Source 2

R2 1 2 V Tag Value| V Tag Value

R3 1 2 al 1 - 1 -

R4 1 4 bl 1 - 1 -

R5 0 d cl 1 ~ 1 ~

R6 1 6 d| 0 | a 0|y

R7 1 8

R8 1 8 | | |

R9 1 9 \ + /

R10 0 C

R11 0 y

—+ N <

N
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Cycle 9

Cycle
MUL R1, R2 -> R3
ADD R3, R4 > R5
ADD R2, R6 —-> R7Y
ADD R8, R9 —-> R10
MUL R7, R10 > R1ll1
ADD R5, R11-> R5
Register | Valid | Tag | Value
R1 1 1
R2 1 2
R3 1 2
R4 1 4
R5 0 d
R6 1 6
R7 1 8
R8 1 8
R9 1 9
R10 1 17
R11 0 y

E, E, E, E, E. E, W
. - - - g
F E, E, E5 E, W
b & B E K Broadcast and Update
F D - - -
F D - -
Source 1 Source 2 Source 1 Source 2
V Tag Value| V Tag Value V Tag Value| V Tag Value
al| 1 ~ 1 ~ 4 x| 1 ~ 1 1 _ 17
b| 1 ~ 1 ~ y| 1 ~ 8 0 C
cl| 1 ~ 1 ~ z
d{ O a 0 y t
\;r/ W
C 17

MUL in RS y is ready to execute in the next cycle!
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Cycle 10

Cyce 1 2 3 4 5 6 7 8 9

MUL R1, R2 - R3 F D E E E E E E W
ADD R3, R4 -> R5 - - - - - K
ADD R2, R6 -> R7 F E, E, B3 E W
ADD R8, R9 -> R10 b E E E E
MUL R7, R10-> R11 F D - - -
ADD R5, R11-> R5 F D - -
Register | Valid | Tag | Value

R ] 1 Source 1 Source 2

R2 1 2 V Tag Value| V Tag Value

R3 1 2 al 1 - 1 -

R4 1 4 bl 1 - 1 -

R5 0 d cl 1 ~ 1 ~

R6 1 6 d| 0 | a 0|y

R7 1 8

R8 1 8 | |

R9 1 9 \ + /

R10 1 17

R11 0 y

10

Source 1

Source 2

\

Tag Value

\

Tag Value

1

1

1

1

1

~ 17

—+ N <
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Cycle 11

Cycle 1 2 3 4 5 6 7 8 9 10 N

MUL R1, R2 - R3 F D E E E E E E W
ADD R3, R4 -> R5 - - - - - B B K
ADD R2, R6 -> R7 F E, E, B3 E W
ADD R8, R9 -> R10 b E E E E W
MUL R7, R10-> R11 F D - - - E K
ADD R5, R11-> R5 F D - - - -
Register | Valid | Tag | Value

R ] 1 Source 1 Source 2

R2 1 2 V Tag Value| V Tag Value

R3 1 2 al 1 - 1 -

R4 1 4 bl 1 - 1 -

R5 0 d cl 1 ~ 1 ~

R6 1 6 d| 0 | a 0|y

R7 1 8

R8 1 8 | |

RO 1 9 +

R10 1 17

R11 0 y

Source 1

Source 2

\

Tag Value

\

Tag Value

1

~ 1

1

1

~ 8

1

~ 17

96



Cycle 12

Cycle
MUL R1, R2 -> R3
ADD R3, R4 > R5
ADD R2, R6 —-> R7Y
ADD R8, R9 —-> R10
MUL R7, R10 > R1ll1
ADD R5, R11-> R5
Register | Valid | Tag | Value
R1 1 1
R2 1 2
R3 1 2
R4 1 4
R5 0 d
R6 1 6
R7 1 8
R8 1 8
R9 1 9
R10 1 17
R11 0 y

1

4 5 6 7 8 9 10 M
E, E, E, E, E. E, W
D - - - - - E E E
E, E, E; E, W
D E, E, E, E, W
F D - - - E K
F D - -
Source 1 Source 2
V Tag Value| V Tag Value
al| 1 ~ 2 1 ~
b| 1 ~ 2 1 ~
c| ° 1 ~
— 1 ~ 6
d{ v a 0 y

12

Broadcast and Update

Source 1

Source 2

\

Tag Value

\

Tag Value

1

~ 1

1

1

~ 8

1

~ 17
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Cycle 13

Cycle 1 2 3 4 5 6 7 8 9 10 11 12 13

MUL R1, R2 -> R3 F D E E E E E E W
ADD R3, R4 > R5 F D - - - - - K E E E W
ADD R2, R6 > R7 F D & E E E W
ADD R8, R9 > R10 F b B EEE W
MUL R7, R10 > R11 F D - - - K E KK
ADD R5, R11-> R5 F D - - - - - -
Register | Valid | Tag | Value
R1 1 1 Source 1 Source 2 Source 1 Source 2
R2 1 2 V  Tag Value| V Tag Value V Tag Value| V Tag Value
R3 1 2 al 1| ~| 2 |1]~]| 4 x| 1]~ 1 1]~
R4 1 4 bl 1|~ 2 |1]~] 6 vyl 1|~ 8 |1 |~1|17
R5 0 d cl| 1 ~ 8 1 ~ 9 z
R6 1 6 dl 1| ~] 6 | 0]y t
R7 1 8
— 1 5 I I
RY 1 9 + X
R10 1 17
R11 0 y

98



Cycle 14

Cycle 1 2 3 4 5 7 8 9

MUL R1, R2 - R3 F D E E K Es Eo W
ADD R3, R4 -> R5 - - - K
ADD R2, R6 -> R7 F E, E; E, W
ADD R8, R9 -> R10 D E, B E
MUL R7, R10-> R11 F -
ADD R5, R11-> R5 b - -
Register | Valid | Tag | Value

R ] 1 Source 1 Source 2

R2 1 2 V Tag Value| V Tag Value

R3 1 2 al 1|~ 21 -

R4 1 4 bl 1| ~| 2 |1]-~

R5 0 d c| 1 ~ 8 1 ~

R6 1 6 dl 1|~ 6 | 0|y

R7 1 8

R8 1 8 | |

R9 1 9

R10 1 17

R11 0 y

10 11 12 13 14
E, E, E, W
E, E, E; E, E
Source 1 Source 2
V Tag Value| V Tag Value
x| 1 ~ 1 1 ~
vyl 1 ~ 8 1 ~ 17
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Cycle 15

Cycle
MUL R1, R2 -> R3
ADD R3, R4 > R5
ADD R2, R6 —-> R7Y
ADD R8, R9 —-> R10
MUL R7, R10 > R1ll1
ADD R5, R11-> R5
Register | Valid | Tag | Value
R1 1 1
R2 1 2
R3 1 2
R4 1 4
R5 0 d
R6 1 6
R7 1 8
R8 1 8
R9 1 9
R10 1 17
R11 1 136

1

3 4 5 6 7 8 9 10 11 12 13 14 15

= M =
= m
WI'I'I
_bl'l'l
=

F E, E, E, E,
D E, E, E, E,
Broadcast and
F D - - - - - - - -
Source 1 Source 2 Source 1 Source 2
V Tag Value| V Tag Value V Tag Value| V Tag Value
al 1 ~ 2 1 ~ 4 x| 1 ~ 1 1 ~
b 1 ~ 2 1 ~ 6 vyl 1 ~ 8 1 ~ 17
c| 1 ~ 8 5 ~ z
1 ~ 13
d| 1 ~ 6 u |y 6 t
+ b S

y 136

ADD in RS d is ready to execute in the next cycle!
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Cycle 16

Cycle
MUL R1, R2 -> R3
ADD R3, R4 > R5
ADD R2, R6 —-> R7Y
ADD R8, R9 —-> R10
MUL R7, R10 > R1ll1
ADD R5, R11-> R5
Register | Valid | Tag | Value
R1 1 1
R2 1 2
R3 1 2
R4 1 4
R5 0 d
R6 1 6
R7 1 8
R8 1 8
R9 1 9
R10 1 17
R11 1 136

1

4 5 7 8 9 10 M
E, E, E E. E, W
D - - - - E E, E
E, E, E, W
D E, E; E, W
F - - - E E
D - - - -
Source 1 Source 2
V Tag Value| V Tag Value
al 1 ~ 2 1 ~ 4
b| 1 ~ 2 1 ~ 6
c| 1 ~ 8 1 ~ 9
d| 1 ~ 6 1 ~ 136

12

13

14 15

Source 1

16

Source 2

\

Tag Value

\

Tag Value

1

1

1

8

~ 17
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Cycle 17

Cycle
MUL R1, R2 -> R3
ADD R3, R4 > R5
ADD R2, R6 —-> R7Y
ADD R8, R9 —-> R10
MUL R7, R10 > R1ll1
ADD R5, R11-> R5
Register | Valid | Tag | Value
R1 1 1
R2 1 2
R3 1 2
R4 1 4
R5 0 d
R6 1 6
R7 1 8
R8 1 8
R9 1 9
R10 1 17
R11 1 136

1

4 5 7 8 9 10 M
E, E, E E. E, W
D - - - - E E, E
E, E, E, W
D E, E; E, W
F - - - E E
D - - - -
Source 1 Source 2
V Tag Value| V Tag Value
al 1 ~ 2 1 ~ 4
b| 1 ~ 2 1 ~ 6
c| 1 ~ 8 1 ~ 9
d| 1 ~ 6 1 ~ 136

12

13

14 15

Source 1

16

E,

17

E,

Source 2

\

Tag Value

\

Tag Value

1

1

1

1

8

1

~ 17
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Cycle 18

Cycle
MUL R1, R2 -> R3
ADD R3, R4 > R5
ADD R2, R6 —-> R7Y
ADD R8, R9 —-> R10
MUL R7, R10 > R1ll1
ADD R5, R11-> R5
Register | Valid | Tag | Value
R1 1 1
R2 1 2
R3 1 2
R4 1 4
R5 0 d
R6 1 6
R7 1 8
R8 1 8
R9 1 9
R10 1 17
R11 1 136

1

4 5 7 8 9 10 M
E, E, E E. E, W
D - - - - E E, E
E, E, E, W
D E, E; E, W
F - - - E E
D - - - -
Source 1 Source 2
V Tag Value| V Tag Value
al 1 ~ 2 1 ~ 4
b| 1 ~ 2 1 ~ 6
c| 1 ~ 8 1 ~ 9
d| 1 ~ 6 1 ~ 136

12

13

14 15

Source 1

16

17 18

Source 2

\

Tag Value

\

Tag Value

1

1

1

8

~ 17
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Cycle 19

Cycle
MUL R1, R2 -> R3
ADD R3, R4 > R5
ADD R2, R6 —-> R7Y
ADD R8, R9 —-> R10
MUL R7, R10 > R1ll1
ADD R5, R11-> R5
Register | Valid | Tag | Value
R1 1 1
R2 1 2
R3 1 2
R4 1 4
R5 1 142
R6 1 6
R7 1 8
R8 1 8
R9 1 9
R10 1 17
R11 1 136

1

3 4 5 6 7 8 9
E, E, E, E, E. E, W
D - - - - - E
F E, E, E; E, W
D E, E, E, E,
F D - - -
F D - -
Source 1 Source 2
V Tag Value| V Tag Value
al 1 ~ 2 1 ~ 4
b 1 ~ 2 1 ~ 6
c| 1 ~ 8 1 ~ 9
d| 1 ~ 6 1 ~ 136
I |
+
d 142

10 11 12 13 14 15 16 17 18 19
E, E;, E, W
E, E, E, E, E; E, W
- - - - - - E, E; E5 E
Broadcast and Update
Source 1 Source 2
V Tag Value| V Tag Value
x| 1 ~ 1 1 ~
y| 1 ~ 8 1 ~ 17
z
t
I I
%
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Cycle 20

Cycle 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

MUL R1, R2 -> R3 F D E E E E E E W
ADD R3, R4 > R5 F D - - - - - K E E E W
ADD R2, R6 - R7 F D B E E E W
ADD R8, R9 > R10 b B B B E W
MUL R7, R10> RI1 F D - - - K B EEEE
ADD R5, R11-> R5 F D - - - - - - - - &KEKEEW
Register | Valid | Tag | Value

R1 1 1 Source 1 Source 2 Source 1 Source 2

R2 1 2 V Tag Value| V Tag Value V Tag Value| V  Tag Value
R3 1 2 al 1 |~ 21|~ 4 x| 1]~ 1 1]~

R4 1 4 bl 1| ~| 2|1 |~] 6 vl 1|~ 8 | 1]~ |17
R5 1 142 cl 11 ~ 8 1| ~ 9 z

R6 1 6 dl 1 | ~ 6 11 ~ | 136 t

R7 1 8

— 1 5 I L[ |

R9 1 9 + X

R10 1 17

R11 1 136
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Some Questions

® What is needed in hardware to perform tag broadcast
and value capture?

-> make a value valid
-> wake up an instruction

Wires, Comparators & Logic
N11 NIPIN NYWAT]

“ Does the tag have to be the ID of the Reservation

Station Entry? No, could be any unique name that enables linking
of producer to consumer

® What can potentially become the critical path?
4 Tag broadcast -> value capture -> instruction wake up

® How can you reduce the potential critical paths?
<4 More pipelining
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Dynamic Scheduling Using Tomasulo's Algorithm

SELECT THE SET OF INSTRUCTIONS TO EXECUTE

Exec. time per Funct.

A s Y

sarsons RN o FEONE o CCNNIES
Results of the Execution : Commit Credits
INSTRUCTION STATION LOAD/STORE UNIT el
Issue Exec comp Write Result MName Busy Address Funct Unit
Ldl MNO
Ldz MO
Ld3 MO
Sdl MNO
Sd2 MNO
S5dz MO
RESERVATION STATION =
MName Busy op Wi Wk Qj Qk Time
Addl [R1e]
Add2 [R1e]
Add3 [R1e]
Multl MO
Mult2 MO
REGISTER FILE STATION
Clock FO F2 F4 F& Fa F10 F12 Fl4 —
0 Funct Unit >

https://www.ecs.umass.edu/ece/koren/architecture/Tomasulo/AppletTomasulo.html
https://www.ecs.umass.edu/ece/koren/architecture/Tomasulo/AppletTomasulo.html


https://www.ecs.umass.edu/ece/koren/architecture/Tomasulo/AppletTomasulo.html

Load@
Loadl
Adde
Add1l
Add2
Multo
Multl
Store®
Storel

Busy

false
false
false
false
false
false
false
false
false

op

vj

2 - 1MV71IN'0

https://nathantypanski.github.io/tomasulo-simulator/

Tomasulo algorithm simulator (protoype)

This simulates Tomasulo's algorithm for a floating-point MIPS-like instruction pipeline, demonstrating out-of-order execution. The source is on

GitHub.

Click instructions on the right to issue and execute them. Instructions will only execute if all of their data dependencies have been resolved, but
they may issue in any order (though at least issuing them in order is recommended). Currently, loads have two-step execution and still require a

writeback cycle. Regs[x] is the value at location x from the register file.

Color codes are as follows: destination source occupied source eccupied destination.

Reservation stations

vk 0j ok

Instruction Status
Instruction Issue Execute

L.D F6,32(R2)

L.D F2,44(R3)

MUL.D F®,F2,F4
ADD.D F16,F12,F8
SUB.D F8,F2,F6
DIV.D F10,F8,F6
ADD.D F6,F8,F2
S.D F6,32(R2)

Write result



Dataflow Graph for Our Example

MUL R3 € R1, R2
ADD R5 € R3,R4
ADD R7 € R2,R6
ADD R10 € RS8, R9
MUL R11 € R7, R10
ADD RS5 € R5,R11

Easy task for you: Draw the dataflow graph for the above code
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State of RAT and RS in Cycle 7

Cycle
MUL R1, R2 -> R3
ADD R3, R4 > R5
ADD R2, R6 —-> R7Y
ADD R8, R9 —-> R10
MUL R7, R10 > R1ll1
ADD R5, R11-> R5
Register | Valid | Tag | Value
R1 1 1
R2 1 2
R3 0 X
R4 1 4
R5 0 d
R6 1 6
R7 0 b
R8 1 8
R9 1 9
R10 0 C
R11 0 y

1

Register Alias Table

2

3 4 5 6 7 All 6 instructions are decoded and renamed
Bk B R B Note what happened to R5: Renamed twice!
F D El E2 3
E, E
F D
F D
RS for ADD Unit RS for MUL Unit
Source 1 Source 2 Source 1 Source 2
V  Tag Value| V Tag Value V. Tag Value| V Tag Value
1 | ~ 1 11 ~1 2
al O X 1 ~
bl 1 ~ 1 ~ 0 b 0 C
1 | ~ 1 | ~
dl O a 0 y

N
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State of RAT and RS in Cycle 7

Register

Valid

Tag

Slightly harder tasks for you:

1. Draw the dataflow graph for the executing code
2. Provide the executing code in sequential order

Value

R1

R2

R3

R4

RS for ADD Unit

Source 1

Source 2

RS for MUL Unit

Source 1 Source 2

R5

V Tag Value| V Tag Value
1 ~ 1 1 ~ 2
0 b 0 C

R6

R7

V Tag Value| V Tag Value
al O X 1 ~
b| 1 ~ 1 ~
cl| 1 ~ 1 ~
d|{ 0 | a 0 |y

R8

R9

R10

C

R11

Register Alias Table

olo|l=|—~lOo|=]lO|l=lO|—=]|-

y
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7_ All 6 instructions are now decoded and renamed

Note what happened to R5!

Cycle

MUL R1, R2 R3Cycle 1 2 3 4 5 6 7
v - RS 7V 01V 027V V11D OININ 12X
F D E E E E E
DRI RS RS R NINNIA NINNNA NN 4 VI
AR R2 RO R . NINN2 NINKN2 NIXIN 2-1 712NN
1 2 3
ADD RS, RS~ - RIO D E E NINIIN 6 2”N0 .790n
MUL R7, R10 _ RI11 = D i
ADD R5, R11 _ 5 F D
-~ Register Valid Tag Value
R1 1 1
Source 1 Source 2 — Sourcel . Source2
R2 1 2 V  Tag Value| V Tag Value V. Tag value VvV Tag Value
x| 1 ~ 1 1 ~ 2
R3 0 X al 0 X 1 _ 4
y| O b 0 C
R4 1 4 bl 1 ~ 2 1 ~ 6
- c| 1 ~ 8 1 ~ 9 ,
R6 1 6 | t
I ——
R7 0 b
+ *
R8 1 8 | | | |
R9 1 9
R10 0 C

R5 was a and in cycle 7 it became d
R11 0 y 112



Corresponding Dataflow Graph (Reverse Engineered)

[Datanfiont o
Nedea - Wﬁs P e fored o e

MuL. R, R2—= R (X)
Ao RED Ry— rG (o)

A DD R RE — AT (b) msirudbsen
A0D R8,RG — R0 () AES s Foss i Temesolo’s algefbing
moL. R RIC = RI1 [Y) -

(4]

APD R5,RA| — RS (d)

A3 )
(x) 6 110
DLV .NIXIN
o711y 6
data D"wN7

flow

N7NNN7 Q10NN D'WANN NX DLV
NNIIN2 R5 7w N17nnn 77NN 1271
TIi7N N'7YN2 N7V NIINNXN



Some More Questions (Design Choices)

When is a reservation station entry deallocated?

Should the reservation stations be dedicated to each
functional unit or global across functional units?

2 Centralized vs. Distributed: What are the tradeoffs?

Should reservation stations and ROB store data values or
should there be a centralized physical register file where
all data values are stored?

9 What are the tradeoffs?

Many other design choices for OoO engines
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Tomasulo’s algorithm

with reorder buffer
(11 slides)
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What about Precise Interrupts?
* Tomasulo had:

In-order issue, out-of-order execution, and
out-of-order completion

* Need to “Fix"” the out-of-order completion

aspect so that we can find precise breakpoint
in instruction stream.

(We prefer to address this later —in speculative H/W)

« A similar problem in branch. Instruction
following the branch may update the GPR
before branch is resolved.This was solved by
not issuing an instruction until all branch
instructions preceding it are resolved!



H/W speculation:

H/w speculation means:

We assume that we predict the branch correctly
and therefore continue execution.

If it turns out that our guess was wrong, we should
be able to reverse the calculation.

To do that, we won’t update the GPR or the
Memory until all previous branches are resolved

177V "W NN WINTNW 112ND OX .N19YN0NN 7Y 1121 17N 0NN 12X
TV [ND'TN NN IN GPR -N NX 12TV1 X7 NINT NIWY7 T2 .21WNIN NX 7017
.NN91 NNXINT MT 7Y NNSYNONN TWN



Speculative Tomasulo Algorithm

In the original scheme we issued instructions
although earlier instructions were stalled. That was
the main idea.The instructions were issued in-order,
executed out-of-order and completed (& wrote to
the GPR) also in out-of-order fashion

To prevent control hazards (due to branch
instructions), we stalled the issue process when we
had an unresolved branch prior to the instruction
trying to be issued

This means that we did not issue instructions from
different Basic Blocks and had stalls in loops

[N N7 .NI9YNON TN A7 ,nD-TY 12100 ' ,000 11N 1'2 01"y T w°
...TN'2 DNIY NN D77

In the speculative scheme we avoid this by avoiding
out of order completion. We want in-order
completion!



Speculative Tomasulo Algorithm

So, in the speculative scheme we in-order issue, out-of-order
execution and in-order completion (writing to the GPR or
Memory)

To do that, we need to have another buffer, replacing the GPR
for keel:ing the calculated results (that are already calculated
but still waiting to their turn to be written back to the GPR).
We also need a mechanism that keeps track of the order of
completion (Here completion is called Commit )

A simple solution is a cyclic buffer (FIFO like) to which we write
down the instruction when it is issued. That buffer, called the
Reorder Buffer (ROB) has therefore, the correct order of the
instructions. We use this buffer also for storing the result that
is supposed to be written into the GPR when the instruction
commits

The head of the ROB has the instruction that commits
(completes). If this is a regular instruction, we update the GPR
or the Memory with the result kept in the ROB, and delete the
instruction from the ROB. The next instruction is now
committing. If this a correctly predicted branch, we just delete
it. If this is a mispredicted branch, we clear the ROB and start
executing the correct instructions
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72N 12P1N N2DW NIXRXIN YINYY 12 GPR -N N97NN7 Q011 19X1 110X NNT NYWY7 11D
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Four Steps of Speculative Tomasulo
Algorithm

1. Issue—get instruction from FP Op Queue

If reservation station and reorder buffer slot free, issue instr & send
operands & reorder buffer no. For destination (this stage sometimes
called “dispatch”)

2. Execution—operate on operands (EX)

When both ogerands ready then execute; if not ready, watch CDB for
result; when both in reservation station, execute; checks RAW
(sometimes called “issue”)

3. Write result—fFfinish execution (WB)

Write on Common Data Bus to all awaiting FUs
& reorder buffer; mark reservation station available.

4. Commit—update register with reorder result

When instr. at head of reorder buffer & result present, update register
with result (or store to memory) and remove instr from reorder buffer.
Mispredicted branch flushes reorder buffer (sometimes called
“graduation”)



Differences between the Speculative
Tomasulo Algorithm & the previous one

The main difference: Results are not written to the Register
File, but to the Reorder Buffer (ROB).

In the original algorithm, the FUs results are written back
(via the CDB) to all Reservation Station waiting for that
data and to the appropriate register in the Register File — In
the speculative algorithm, the FUs results are written back
(also via the CDB) to all Reservation Station waiting for that
data and to the appropriate entry in the ROB. So the
Register File is updated only during the Commit phase

In the speculative scheme, the ROB data is written to the
appropriate register in the GPR only when the instruction
commits

Instead of marking Qj & Qk with the FU calculating them,
they are marked with the ROB entry number of the
instruction that produces them. So the FU (Reservation
Station) needs to have a tag with this number and transmit
the tag on the CDB when result is ready (and the CDB
available)
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o [ wpax
HW support for precise interrupts

e Need HW buffer for results of - N'O10 X7 NIXXIN 112V 19X [7{7T1]
uncommitted instructions: ROB-IT
reorder buffer

— 3 fields: instr, destination, value

— Use reorder buffer number instead
of reservation station when FP
execution completes Op {

- Supplie:s the operands betwgen Queue FP Regs
execution complete & commit T

— (Reorder buffer can be operand | . :
source => more registers like RS) l l

— Instructions commit Res Stations Res Stations

— Once instruction commits, EP Adder EP Mult.
result is put into register 1 1

— As aresult, easy to undo speculated
instructions
on mispredicted branches
or exceptions




The program

nmn
nioynon
nni771v

11N
X77 qJwnin
NIOYNON

11'WO1

Graphic representation

The instructions sent to
the execution units

~

Here we had a good

Branch prediction

v

Here we had a

missprediction

} —— These instructions should
be flushed the minute we
identify the missprediction!



Relationship between precise
interrupts and specultation:

Speculation is a form of guessing.

Important for branch prediction:
— Need to “take our best shot” at predicting branch direction.

If we speculate and are wrong, need to back up and
restart execution to point at which we predicted
incorrectly:

— This is exactly same as precise exceptions!

Technique for both precise interrupts/exceptions and
speculation: in-order completion or commit



End of 11 slides
on Tomasulo’s algorithm
with reorder buffer
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An Exercise, with Precise Exceptions

MUL R3 € R1, R2
ADD R5 ¢ R3, R4
ADD R7 € R2,R6 FID|E |R|W
ADD R10 € R8, R9

MUL R11 ¢ R7,R10

ADD R5 € R5,R11

Assume ADD (4 cycle execute), MUL (6 cycle execute)
Assume one adder and one multiplier

How many cycles
< in a non-pipelined machine

< in anin-order-dispatch pipelined machine with reorder
buffer (and full forwarding)

< in an out-of-order dispatch pipelined machine with reorder

buffer (full forwarding) 128



Out-of-Order Execution with Precise Exceptions

Idea: Use a reorder buffer to reorder instructions before
committing them to architectural state

An instruction updates the RAT when it completes
execution

<4 Also called frontend regqister file

An instruction updates a separate architectural reqgister
file when it retires

4 j.e., whenitis the oldest in the machine and has completed
execution

< In other words, the architectural register file is always
updated in program order

On an exception: flush pipeline, copy architectural register
file into frontend register file
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Out-of-Order Execution with Precise Exceptions

TAG and VALUE Broadcast Bus

l
S
c e Integer add S E
H Integer mul

S E|E|E|E >/| | ©

F|D|—> E > R

D FP mul

—>E |E |E |E |E |E |E | E > | D
U E
L b el|e|e|e|eE|E|E|E SR
E Load/store

in order out of order in order

“ Hump 1: Reservation stations (scheduling window)

“ Hump 2: Reordering (reorder buffer, aka instruction
window or active window)
132



Modern 000 Execution w/ Precise Exceptions

Most modern processors use
- Reorder buffer to support in-order retirement of instructions

< A single register file to store registers (speculative and
architectural) - INT and FP are still separate

< Future register map - used for renaming
< Architectural register map - used for state recovery

133



An Example from Modern

Pentium III ;5 NetBurst RF ROB

Data Status Data Status

Frontend RAT

ECX
EDX
RAT ol
Enl
LA ESP
EBX EBP
EDX '
R ' S
EDI Retirement RAT N7 D
ESP B
EBP "E%%"“” [
ECX R
EDY ..-.--|------|-...----l|'|'._“-li:.----||-ll1- m (LT
Esl ---...-.-.-..:_.‘,.._-.n.v."._..:.-.-. ST
EDI e

IRRF AT

Boggs et al., “The Microarchitecture of the Pentium 4
Processor,” Intel Technology Journal, 2001. 135



Enabling 00O Execution, Revisited

1. Link the consumer of a value to the producer
- Register renaming: Associate a “tag” with each data value

2. Buffer instructions until they are ready
< Insertinstruction into reservation stations after renaming

3. Keep track of readiness of source values of an instruction
- Broadcast the “tag” when the value is produced

< Instructions compare their “source tags” to the broadcast
tag - if match, source value becomes ready

4. When all source values of an instruction are ready,
dispatch the instruction to functional unit (FU)

-4 Wakeup and select/schedule the instruction

136



Summary of 000 Execution Concepts

"“Register renaming eliminates false dependencies, enables”
linking of producer to consumers

27 7 NXN W77 AZWOXRNI NIMIETA NN 0'7Yn D00 7w DY Y
"I>xn

= Buffering enables the pipeline to move for independent ops
|"'79191 NIMT7N M7 NINIIN DT77 "WONN 1ON1 VIN'Y

® Tag broadcast enables communication (of readiness of
produced value) between instructions

NIRAINA "2 12AYINY DDAV NI NITIR INMIY 7N YOS XN DN ITY

" Wakeup and select enables out-of-order dispatch
1TON MOV XR7W DI'D TWOXNN NXRINN NY'NALNNIYNNN | HizA N



000 Execution: Restricted Dataflow

An out-of-order engine dynamically builds the dataflow
graph of a piece of the program

9 which piece? %ﬂ mej

The dataflow graph is limited to the instruction
window

< Instruction window: all decoded but not yet retired
instructions

Can we do it for the whole program?
Why would we like to?

In other words, how can we have a large instruction
window?

Can we do it efficiently with Tomasulo’s algorithm? 138



How we do that in MIPS
(next 6 slides)
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Simple integer MIPS

int.
LU
IR »| INL. : S ‘_» : Data : _J\
GPR R Mem
Inst. |~
Mem [T 7
> —>u

Integer instruction only that are issued in-order
Execute in-order and completed in-order (5 CKs for all inst.)



PC

MIPS with FP pipeline

Inst.
Mem

v

int.
GPR

v

v

FP
GPR

v

int.
LU
\k Data ”
> |_. S i) S EN
:/ _
> —>U
FP Adder
> — — .ﬂ
EP Mutltiplier
> —> —> —> —>U

Integer & FP instruction are issued in-order

Dif. In length causes Out-Of-Order completion




NXNTIRX2 1

MIPS with Tomasulo style ILP

int.
AL
PC IR »| InL. , > , Data , _»”
GPR . Mem
Inst. 1V
- Mem - - >

Here we have
Several Functional i r
Units (adders, 1
Multipliers, etc.)
that are fed whenever | FPinst.

anew FPinstructionis |i queue
fetched. '

The units work in -
parallel and handle '
data dependence on
their own.

v
m 2
cwn
w w
+

FP path is separated from Integer path and uses
OO0O execution and completion



[ ¥nux x4 |

MIPS with speculative Tomasulo ILP

PC IR

Inst.
Mem

We connected the
integer path & the FP
path to the ROB.

In red we see the
issue of int & FP
instructions. In black,
we see their
execution. In

We see the write
result. In blue we see
the commit, i.e., copy
to GPRs or to Data
Mem

\ A 4

inkt.

ROB

GPR

A 4

Inkt.

\ 4
/2
c

address

J

v

Data
Mem

v
v

" wrdata

a

|-> GPR

»”
o

FP+int+lw+sw

inst. queue |

RS1 + FU1

Here we have in-order issue of FP & Int instructions,
OO0 execution and write result, but in-order completion

v
v

Dotted lines
stand for
FWD paths

Note: we use the int
ALU for address
calculations

(i.e., no special Load
or Store units)



Questions to Ponder

Why is Oo0 execution beneficial?
-4 What if all operations take a single cycle?

< Latency tolerance: Oo0 execution tolerates the latency of
multi-cycle operations by executing independent
operations concurrently

What if an instruction takes 1000 cycles?

<4 How large of an instruction window do we need to
continue decoding?

4 How many cycles of latency can OoO tolerate?

4 What limits the latency tolerance scalability of Tomasulo’s
algorithm?
Instruction window size: how many decoded but not yet
retired instructions you can keep in the machine.
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General Organization of an 00O Processor

A single FP
register file

floating pt.
register .l.
file
floating pt. . )
~ instruction functional units
—=
buffers I
, decod - [ | memory
. 4 Rnstr. 1 decode. N .
pre- st Lot e —-\ interface
decode cache J=q buffer |= &di [‘1 =——
- L &dispatch " . - "
|| Lo integer/address functional units
instruction and
buffers data cache [
A le INT integer M
single register
€ file
M —
= : ||
—= re-order and commit

—l
 ROB

Smith and Sohi, “The Microarchitecture of Superscalar Processors,” Proc. IEEE, Dec.
1995.
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A Modern 000 Design: Intel

Front-End BTB Instruction T | A
(4K Entries) TLB/Prefetcher '
— ¥ Reservation stations
Instruction Decoder Microc
¥ ROM - —
Trace Cach$ BTB Trace Cache SN Quad
(512 Entries) (12K pops) - Pumped
- % /
| Allocator / Register Renanier / 3.2 GBI/s
| Memory uop Queue | | __—Integer/Floating Point uop Queue /
5 v Functional units
[ Memory Scheduler | | Fast : | | SIow!Genereil FP Scheduler | Simp
| Integer Register File /| Bypass Networ FP Reaister | By? E
* & ¥ * . s ~Z &
qt\ ﬁr m ﬁr 1] \'L\
AGU AGU 2x ALU ||| 2xALu || | stow ALu Ep L2 Cache
MMX FP (256K Byte
Load Store Simple Simple Complex , SSE Move 8-wa )
Address | | Address Instr. Instr. Instr. J/¥5|52 y
|
| | — L J . ¢ 48GBIs
L1 Data Cache (8Kbyte 4-way) SIMD
Extensions

- 1. : b1 . - ) N
Boggs et al., “The Microarchi't'é%qcﬁr%' gf '%Hlé"be%%m?ﬁ% ’5?‘6%@?58@,” frtei Technology Journal, 2001.



Intel Pentium 4 Simpli

Mutlu+, “Runahead Execution,”
HPCA 2003.

FP Uop Queue
TRACE Frontend -
CACHE RAT Int Uop Quee = m{lma 't % |INT
FETCH HED {INT +EXEC
UNIT PHYSICAL UNITS
RENAMER e REG.FILE

I T "ﬁLDDR

b em Uop Queu MEM Pos GEN - !

! SCHEDULER UNITS D';;_A

! o B

o CACHE R]:EE-EM N

A e | S A IO | sm:uoi.

: l Stream—based ! === —- Logi

Instructi : b T ! : : B
nsimuciion 1 1
Decoder l Prefeicher I I ! || STORE -
| l l . BUFFER
| 1 | | :
| N

A l ! ! l

I -—-= L2 Access Queue e e e e b !

| :

| 5 SR I —

: ¥ ! RUNAHEAD

[ ] CACHE
From memory
L2 CACHE S T et TPl
Front Side Bus To memory
_______________ . Access Queue [T




Alpha 21264

Hename Issue Register read Execute Memory.
2 3 4 5 6
Integer
Integer |/ | Integer execution
Branch Integer | issue j re?lster  Addr
i S . : ile :
predictor register = queue 2 et DL Integer | -
rename | : {20 : (80) execution | -
entries)
Level-
Data |
Integer SR two
: f : Integer gxecé:ion : [ﬁ: ?I?;EE - cache |
: ' register : d B :
RS * e?"e Integer ;Addlr two-way) a?rﬁes;:toim
I (80) execution |
Line/set | | \
prediction [~ i =
Instruction } Floating- | | Flgzmg-  [Fioating- Floating-point
point | issue | point multiply execution
' register | : queue register
rename (15) file Floating-point
(72) add execution

Figure 2. Stages of the Alpha 21264 instruction pipefin

Kessler, “The Alpha 21264 Microprocessor,” IEEE Micro, March-April 1999.
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Alpha 21264
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MIPS R10000 RS RF

External interface Data cache refill and wr'rte-bacl l
Syslem | B-bit physiczal register numbers ' 6-bit data paths
interface - A N A -
(64 bits) ity
e " Ep SR :"-'---=.~“ ?“Jvrr T
: L —— FP adde i
Secondary Fp [ rogister i Alan | Aaﬂ;p::r Sack [
i cache ctlr. e file | 9 ack [+
| (128bis) ‘ e st T R
IS 16 (B4x64) ey 517
. = bl Ao
Register renaming entries) —=| 5 read ot FP multiplior 2
5 write Mult | SumN F'ack
Aui::*tii.re Free - Eiuc,y-blt_
{'?2 | - registrjr lables .
| entries) lists Load
| EMres) ™ Store
L | _\\.L | Address |*| ™| Load
[ | . i .
Instr. | cggge —e NSty Registor| 4 g dUEUE Store
pre- - (30 || decode | ml mgp e {t-iﬁ } Irltﬂgter
, & i " entrigs) = register
000048 | Koytes) | | Branch | | tables fe
N I
ér;ilr:ucticf-_rl‘ll : : : (64x64)
® T Instruction fetch Instruction decode | Integer 7reag |
. : ) | dueue 3 write
. Y _ (16 '
5-bit logical register numbers entrics) | g
(@) ; Instruction issue . 5 pipelined execution units

Yeager, “The MIPS R10000 Superscalar Microprocessor,” IEEE Micro, April 1996 15V
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IBM POWER 4 - 17 stages pipeline

Tendler et al., “POWER4 system microarchitecture,” IBM ] R&D, 2002.

Branch redirects Out-of-order processing

Instruction fetch

=

Instruction crack and
group formation — MP [ ISS | RF —‘% FP
Fé WB [ Xfer[—

I

I

: L _| — MP [ 1SS ~ RF H EX WB [~ Xfer 4
“| IF H IC H{BP LDIST

- — MP | ISS = RF H EA [ DC [~ Fmt H{ WB [ Xfer CP -
|

' FX

| DO 4 D1 (H D2 H D3 HXferH GD H- MP | ISS — RF — EX WB [~ Xfer [
1

|

|

1

|

I

I

|

I

Interrupts and flushes

POWERA4 instruction execution pipeline.

F = instruction fetch, IC = instruction cache, BP = branch predict, DO = decode stage

0, Xfer = transfer, GD = group dispatch, MP = mapping, ISS = instruction issue, RF = register file read, EX =
execute, EA = compute address, DC = data caches, F6 = six-cycle floating-point execution pipe, Fmt = data
format, WB = write back, and CP = group commit



IBM POWER4

2 cores, out-of-order execution

100-entry instruction window in each core
8-wide instruction fetch, issue, execute
Large, local+global hybrid branch predictor
1.5MB, 8-way L2 cache




IBM POWERS - 12 pipeline stages

= Kalla et al., “IBM Power5 Chip: A Dual-Core Multithreaded Processor,” IEEE

Micro 2004.
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Figure 4. Power5 instruction data flow (BXU = branch execution unit and CRL = condition register logical execution unit).
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Abstract

FREESS is a free, interactive simulator that illustrates instruction-
level parallelism in a RISC-V-inspired superscalar processor. Based
on an extended version of Tomasulo's algorithm, FREESS is in-
tended as a hands-on educational tool for Advanced Computer
Architecture courses. It enables students to explore dynamic, out-
of-order instruction execution, emphasizing how instructions are
issued as spon as their operands become available.

The simulator models key microarchitectural components, in-
cluding the Instruction Window {IW), Recrder Buffer (ROB), Reg-
ister Map (RM), Free Pool (FP). and Load/Store Queues. FREESS
allows wsers to dynamically configure runtime parameters, such
as the superscalar issue width, functional unit types and latencies,
and the sizes of architectural buffers and queues.

To simplity learning, the simulator uses a minimal instruction
set inspired by RISC-V (ADD, ADDI, BEQ, BNE, LW, MUL. 5W),
which is sufficient to demonstrate key pipeline stages: fetch, register
renaming. out-of-order dispatch, execution, completion, comumit,
speculative branching, and memory access. FREESS includes three
step-by-step, llustrated examples that visually demonstrate how
multiple instructions can be issued and executed in parallel within
a single cycle. Being open source, FREESS encourages students and
educators to experiment freely by writing and analyzing their own
instruction-level programs and superscalar architectures.

CCS Concepts

paper:https://arxiv.org/abs/2506.07665

code:

https://github.com/robgiorgi/freess

note to self:
on my laptop:

/home/telzur/science/Teaching/CPU/SW/freess
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Figure 1: Structure of an Out-Of-Order Processor in FREESS.

1 Introduction

Most modern microprocessors in medium- and high-end systems
adopt superscalar architectures, building upon dynamic scheduling
mechanisms such as Thornton's scoreboard [10] and Tomasulo's
algorithm [11]. In this paper, we focus on Tomasulo's to illustrate
how machine instrections can be executed (n parallel, transparently
to the user. These techniques are commonly known as dynamiic
scheduling, oul-of-order execution, or restricted datafiow [4].

This topic is therefore a cornerstone for Advanced Compufer
Architecture courses, where Instruction-Level Parallelism (ILP} plays
a key role in achieving High-Performance Compufing and in accel-
erating single-threaded execution.

Superscalar architectures provide an elegant hardware-based
solution to the problem of tracking control and data dependencies
among instructions, While thread— and data-level parallelism are
useful, executing multiple instructions per cycle can also signifi-
cantly boost performance. Normally, one instruction takes several
cyeles to complete. A first performance improvement comes from
pipelining, but a single pipeline can still issue al most one instruction
per cycle, also known as Flyan's bottleneck. This limitation is over-
come by lssulng multiple instructions to independent functional
units. This geal is achieved in superscalar processors (via hardware
scheduling) or VLIW architectures (via software scheduling).

The superscalar approach based on Tomasulo’s extended al-
gorithm augments the pipeline with several hardware structures
that dynamically track data dependencies and execule instructions
according to the dataflow principle: firing them as soon as their
operands are ready. The most relevant structures involved in the
tracking dependencies include: Physical Registers (Fxc). the Free Poal
(FF), the Register Map (KM, the Instruction Window (W), the Reorder
Buffer (ROB), and the LoadStore Queues (L50s) {see Fig. 1).
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processor written in Verilog HDL. RIDECORE implements RISC-V & 3 @ [ Ex Branch |—>
and its microarchitecture is based on "Modern Processor Design:
Fundamentals of Superscalar Processors". RIDECORE can also be }
implemented on an FPGA. MissPrediction
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RIDECORE's microarchitecture is based on "Modern Processor Design: Fundamentals of Superscalar Processors"
https://github.com/ridecore/ridecore/tree/master
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The Berkeley Out-of-Order Machine (BOOM)
https://docs.boom-core.orgl/enl/latest/sections/intro-overview/boom.html
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* NaxRiscv https://github.com/SpinalHDL/NaxRiscv
Out of order execution with register renaming
Superscalar (ex : 2 decode, 3 execution units, 2 retire)

 RIDECORE (RISC-V Dynamic Execution CORE) — already mentioned

an Out-of-Order processor written in Verilog HDL,
https://github.com/ridecore/ridecore/tree/master

* RSD is a 32-bit RISC-V out-of-order superscalar processor core,
https://github.com/rsd-devel/rsd/tree/master

Front-end Pipeline Back-end Pipeline
2-way 6 stages 6-issue 5-9 stages
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NaxRiscv

An open-source 000 superscalar softcore 3 EU configuration
PC, ietch BTB | GShare
Fetch Prediction
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Handling Out-of-Order
Execution
of Loads and Stores

IND TV




Registers versus Memory

So far, we considered mainly registers as part of state
What about memory?

What are the fundamental differences between
registers and memory?

< Register dependences known statically - memory
dependences determined dynamically

- Register state is small - memory state is large

< Register state is not visible to other threads/processors -
memory state is shared between threads/processors (in a
shared memory multiprocessor)

162



Memory Dependence Handling (I)

Need to obey memory dependences in an out-of-order
machine

< and need to do so while providing high performance

Observation and Problem: Memory address is not known
until a load/store executes

Corollary 1: Renaming memory addresses is difficult

Corollary 2: Determining dependence or independence of
loads/stores has to be handled after their (partial)
execution

Corollary 3: When a load/store has its address ready, there
may be older/younger stores/loads with unknown
addresses in the machine 163



Memory Dependence Handling (II)

When do you schedule a load instruction in an OOO
engine?

< Problem: A younger load can have its address ready before
an older store’s address is known

<4 Known as the memory disambiguation problem or the
unknown address problem

Approaches

< Conservative: Stall the load until all previous stores have
computed their addresses (or even retired from the
machine)

<4 Aggressive: Assume load is independent of unknown-
address stores and schedule the load right away

< Intelligent: Predict (with a more sophisticated predictor) if
the load is dependent on any unknown address store 164



Handling of Store-Load Dependences

A load’s dependence status is not known until all previous store
addresses are available.

How does the OOO engine detect dependence of a load instruction
on a previous store?

< Option 1: Wait until all previous stores committed (no need to
check for address match)

4 Option 2: Keep a list of pending stores in a store buffer and
check whether load address matches a previous store address

How does the OOO engine treat the scheduling of a load
instruction wrt previous stores?

<4 Option 1: Assume load dependent on all previous stores
< Option 2: Assume load independent of all previous stores

< Option 3: Predict the dependence of a load on an outstanding

store
165



Memory Disambiguation (I)

Option 1: Assume load is dependent on all previous
stores

+ No need for recovery
-- Too conservative: delays independent loads unnecessarily

Option 2: Assume load is independent of all previous
stores

+ Simple and can be common case: no delay for independent loads

-- Requires recovery and re-execution of load and dependents on
misprediction

Option 3: Predict the dependence of a load on an
outstanding store

+ More accurate. Load store dependencies persist over time

-- Still requires recovery/re-execution on misprediction
O Alpha 21264 :Initially assume load independent, delay loads found to be 166
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Memory Disambiguation (II)

Chrysos and Emer, “Memory Dependence Prediction Using
Store Sets,” ISCA 1002

Naive No
Speculation Speculation
Spec95 hfcmury Mclm;ry ~ Talse
Program Order Trap Dep.
Viols Per Penalty Per 1K
1K Instrs (Cycles) Instrs
g0 6 13 157
m38ksim 20 12 168
gce J 15 187
COmMpress 11 15 129
xlisp 11 14 179
ijpeg 23 15 150
perl prim 20 15 215
perl scrab 10 15 185
vortex 7 19 215
tomcaty 4 22 264
swim 2 36 224
mgrid 0 18 262
applu 18 22 212
apsi 7 35 247
_fpppp 10 17 275
waveS 24 21 188
turb3d 6 16 213 167




Memory Disambiguation (II)

IPC

O = N Wh O oD

Chrysos and Emer, “Memory Dependence Prediction Using
Store Sets,” ISCA 1998.
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Predicting store-load dependencies important for
performance

Simple predictors (based on past history) can achieve most of

the potential performance
168



Data Forwarding Between Stores and Loads

We cannot update memory out of program order

- Need to buffer all store and load instructions in instruction
window

Even if we know all addresses of past stores when we
generate the address of a load, two questions still remain:

1. How do we check whether or not it is dependent on a store

2. How do we forward data to the load if it is dependent on a
store

Modern processors use a LQ (load queue) and a SQ for
this

<4 Can be combined or separate between loads and stores

< Aload searches the SQ after it computes its address. Whyl?69

O A <ctnare cearchec the | O after it comniitec ite addrece Why?



Out-of-Order Completion of Memory Ops

When a store instruction finishes execution, it writes its
address and data in its reorder buffer entry (or SQ entry)

When a later load instruction generates its address, it:
2 searches the SQ with its address
- accesses memory with its address

J receives the value from the youngest older instruction that
wrote to that address (either from ROB or memory)

This is a complicated “search logic” implemented as a
Content Addressable Memory
<4 Content is “memory address” (but also need size and age)

J Called store-to-load forwarding logic
170



Store-Load Forwarding Complexity

Content Addressable Search (based on Load Address)

Range Search (based on Address and Size of both the
Load and earlier Stores)

Age-Based Search (for last written values)

Load data can come from a combination of multiple
places

2 One or more stores in the Store Buffer (SQ)
-4 Memory/cache

171



Step by step for

Dynamic Scheduling by reorder
buffer

(13 slides)

Copyright by
John Kubiatowicz (http.cs.berkeley.edu/~kubitron)
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Four Steps of Speculative Tomasulo Afgorithm

11D

1. Issue—qget instruction from FP Op Queue
— If reservation station and reorder buffer slot free, issue instr & send operands
& reorder buffer no. for destination (this stage sometimes called “dispatch”)
2. Execution—operate on operands (EX)
— When both operands ready then execute; if not ready, watch CDB for result;
when Ic))oth in reservation station, execute; checks RAW (sometimes called
“issue”
3. Write result—finish execution (WB)
— Write on Common Data Bus to all awaiting FUs & reorder buffer; mark
reservation station available.
4. Commit—update register with reorder result

— When instr. at head of reorder buffer & result present, update register with
result (or store to memory) and remove instr from reorder buffer.

— Mispredicted branch or interrupt flushes reorder buffer (sometimes called
“graduation”)



Tomasulo With Reorder buffer:

Done?

ROB7  Newest
ROB6

ROB5
ROB4
ROB3
ROB2

FP Op
Queue

Reorder Buffer

Oldest

FO LD FO,10(R2 ROB1
Registers To
Memory
Dest Dest from
Memory
Dest*
1 [10+R2

- Reservation
Stations



Tomasulo With Reorder buffer:

FP Op
Queue

Reorder Buffer

Dest

Done?

ROB7  Newest

ROB6

ROB5

RQOB4

ROB3

F16 ADDD F10,F4,FO | N

ROBZ2 § Oldest

Registers I

Dest

FO LD FO,10(R2

- Reservation
Stations

ROB1

To

Memory

from

Memory

¥

Des
1

10+R2




Tomasulo With Reorder buffer:

Done?

FP Op

ROB7

Newest

Queue

ROB6

ROB5

RQOB4

Reorder Buffer —

DIVD F2,F10,F6

ROB3

F16

ADDD F10,F4,F0O

ROBZ2 § Oldest

FO

LD FO,10(R2

Registers

Dest

Dest

_I

Reservation
Stations

=

:A:o: ~TROE

ROB1

To
Memory

from
Memory

Dest *

10+R2




Tomasulo With Reorder buffer:

Done?

ROB7  Newest

ADDD FO,F4,F6

ROB6

LD F4,0(R3)

ROB5

BNE F2,<.>

RQOB4

DIVD F2,F10,F6

ROB3

ADDD F10,F4,F0O

ROBZ2 § Oldest

FP Op
Queue FO
F4
Reorder Buffer -
F10
FO

LD FO,10(R2

Registers I

Dest

ROB1

To
Memory

from

Reservation
Stations

FP adders

Dest

P multipliers

Memory

11 10+R2
q ")+ R



Tomasulo With Reorder buffer:

Done?
FP Op --| ROB5 |ST O0(R3),F4 N | ROB7  Newest
Queue FO ADDD FO,F4,F6 | N |RrROBé6
F4 LD F4,0(R3) N | ROB5
- - BNE F2,<..> N | rRoB4
Reorder BUffer F2 DIVD F2,F10,F6 | N | rOB3
Fid ADDD F10,F4,FO0 [ N Jroe2 | gidest
FO LD FO,10(R2 N | RoB1
Registers I To
Memory
Dest from
' Memory
Dest
Reservation |1 [10+R2|
Stations R

FP adders

P multipliers




Tomasulo With Reorder buffer:

Done?
FP Op --[ m[10] [ST o(R3),F4 Y IF9%7 Newest
Queue FO ADDD FO,F4,F6 | N |ROB6
F4| M[10] |LD F4,0(R3) Y JROBS
- BNE F2,<..> N | RoB4
Reorder Buffer F2 DIVD F2,F10,F6 | N ||roe3
Fid ADDD F10,F4,F0 | N [roe2 | oldest
FO LD F@,l@ R2 N ROB1
Registers To
Memory
Dest from
50 Memory
Dest*
Reservation 1 10+R2

Stations

FP adders

P multipliers




Tomasulo With Reorder buffer:

FP Op
Queue

Reorder Buffer

Registers

Dest

FP adders

Reservation
Stations

P multipliers

Done?

--| m[10] |ST 0(R3),F4 Y J*°°7  Newest
FO| --- |ADDD FO,F4,F6 |Ex|ROB6

F4| M[10] [LD F4,0(R3) Y | ROB5

- - BNE F2,<..> N | RoB4

F2 DIVD F2,F10,F6 | N | roB3

F16 ADDD F10,F4,FO0 [ N [ros2 | oldest
FO LD FO,10(R2 N

ROB1

To

Memory

from

Memory

¥

Des
1

10+R2




Tomasulo With Reorder buffel._

Done?
FP Op --| m[10] ST 0(R3),F4  [Y JI®9® Newest
Queue Fo| --- |ADDD Fo,F4,F6 |Ex|ROB6
4| ™ LD F4,0(R3) Y
7 |-- NE F2,<.> N
Reorder Buffer F2 DIVR F2,F10,F6 [ N
F16 ADDD ¥10,F4,F0 | N Oldest
What about memory |[Fo LD FO,18(R2 N
hazards???
Registers

Dest

_Z_IAD_D_D_ 4) . ROE

]

Dest

Reservation

Stations




Memory Disambiguation: Handling RAW Hazards in memory
L mypux

Question: Given a load that follows a store in program order, are the two
related?

— (Alternatively: is there a RAW hazard between the store and the load)?
Eqg: st O(R2),R5
1d R6,0(R3)

Can we go ahead and start the load early?

— Store address could be delayed for a long time by some calculation
that leads to R2 (divide?).

— We might want to issue/begin execution of both operations in same
cycle.

Two techiques:

* No Speculation: we are not allowed to start load until we know for sure
that address O(R2) # O(R3)

* Speculation: We might guess at whether or not they are dependent
(called “"dependence speculation”) and use reorder buffer to fixup if
we are wrong.



. [ ypux |
Hardware Support for Memory Disambiguation

Need buffer to keep track of all outstanding stores to
memory, in program order.

— Keep track of address (when becomes available) and value
(when becomes available)

— FIFO ordering: will retire stores from this buffer in program
order

When issuing a load, record current head of store queue
(know which stores are ahead of you).

When have address for load, check store queue:
— If any store prior to load is waiting for its address, stall load.

— If load address matches earlier store address (associative
lookup), then we have a memory-induced RAW hazard:

* store value available = return value
* store value not available = return ROB number of source



Memory Disambiguation:

Done?

FP Op
Queue

Reorder Buffer

Registers

Dest

- Reservation
Stations

ROB7

ROB6

ROB5

LD F4, 10(R3)

RQOB4

F2

ST 10(R3), F5

ROB3

FO

LD FO,32(R2)

ROB2

<|2Z2|2]|2

<val 1>| ST 0(R3 F4

—

Dest

ROB1

To
Memory

from
Memory

Dest *
2

32+R2
4 |ROB3

Newest

Oldest



Manne et al., “Pipeline Gating: Speculation Control for Energy Reduction,” ISCA 1998.
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Figure 1: Power consumption for PentiumPro chip, broken down
by individual processor components.
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