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Superscalar Techniques —
Data flow inside processor as result of instructions execution
(Register Data Flow)

Czech Technical University in Prague, Faculty of Electrical Engineering
Slides authors: Michal Stepanovsky, update Pavel Pisa
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Superscalar Technique — see previous lesson

* The goal is to achieve maximum throughput of
Instruction processing

* |nstruction processing can be analyzed as instructions flow
or data flow, more precisely:

* register data flow — data flow between processor registers

* Instruction flow through pipeline

* memory data flow — to/from memory
* It roughly matches to:

* Arithmetic-logic (ALU) and other computational instructions (FP, bit-
field, vector) processing

* Branch instruction processing
* Load/store instruction processing

* maximizing the throughput of these three flows (or
complete flow) correspond to the minimizing penalties and
latencies of above three instructions types

Today'’s lecture
topic




Superscalar pipeline — see previous lesson
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Register data flow

* |oad/store architecture — Iw,sw,... instructions without other data
processing (ALU, FP, ...) or modifications

* We start with register-register instruction type processing
(all instructions performing some operation on source registers and using
a destination register to store result of that operation)

* Register recycling — The reuse of registers. It has two forms:

* static — due to optimization performed by the compiler during register
allocation. In first step, compiler generates single-assignment code,
supposing infinity number of registers. In the second step, due to
limited number of registers in ISA, it attempts to keep as many of the
temporary values in registers as possible. Goal is to minimize moves
of data to/from memory.

e dynamic — at run time next cycle waits for R1 update from
for(i=0; i<10; i++){ previous cycle. Operation cannot be
R1 = R1+R2; dispatched to reservation station if only
} single representation of R1 exists.

Solved by register renaming
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Register Renaming Techniques in HW

* Register Renaming can use

* Two separated register files — rename register file (RRF) as
addition to architected register file (ARF)

* Single larger registers pool — pooled/merged/shared register file —
arbitrary register can be set as architectural (defined by ISA)

* advantage: no copying between non-architectural and architectural register is
needed

* disadvantage: additional HW resources are needed when compared to the
first option. During context switch we have to identify which registers
corresponds to architectural ones...

Op T SI S2 S3 Op T SI S2 S3

* example: IBM RS/6000: (¥AP|3 2|1 e A A B
Y Y Y Y Y Y Y Y Head Free list Tail
<—{3233|34(35|36|37(38|39
Map table
32 X6 Pending target return queue

Head
release
tail
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Register Renaming Techniques in HW

Merged
architectural and
rename register file

Method of
operand fetching

Stand-alone
rename reqgister file

|
Y '

Holding renamed
values in the ROB

|
' '

Merged
rename and
architectural
register file

Method of
updating the
program status

Architectural
register file

Rename
register file

Architectural

s register file

|

Power1 (1990)
Power2 (1993)
ES/9000 (1992)
Nx586 (1994)

PMI (Sparc64, 1995)
R10000 (1996)
R12000 (1999)
Alpha 21264 (1998)
Pentium 4 (FP) (2000)
K7 (FP) (1999)

K8 (FP) (2003)
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PowerPC 603 (1993)
PowerPC 604 (1995)
PowerPC 620 (1996)
Power3 (1998)

PA 8000 (1996)

PA 8200 (1997)

PA 8500 (1999)

v

Am290000 superscalar (1995)
K5 (1995)

M1 (1995)

K6 (1997)

Pentium Pro (1995)

Pentium Il (1997)

Pentium 11l (1999)

Pentium 4 (FX) (2000)
Pentium M (2003)
Core (2006)



Register Renaming Techniques in HW

* Let's look at the second and third approach from previous slide.

* Implementation of the second case with two separated registers files

Architectura RF, ISA defined : :
ARF Map table Renamed registers file

Data Busy Tag RRF
1 Data Valid

—_——

|
Register /

specifier

RRF as a part of

Y Reorder buffer
Disadvantage:
(a) - inefficient since not

ARF Map tabl every instruction
ap table _ ™
Data | Busy| Tag /\/ defm(_es/modlfles
a register

] S—1
/ Advantage:
Register __ | - ROB already
specifier contains pOrtS fo
receive data from
functional units and
to update the ARF

Y

Operand

RRF
Data

v
1

Reorder buffer
(b)
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What we have to do?

* Register Renaming involves:
1. Source read (typically during decoding or dispatching phase)
Possibllities:
* The value is in architectural register — we can use it

* The value is NOT in ARF (Busy flag is set)

. In RRF the Valid bit is set (instruction finished execution, but still waiting for the
completion) — we can use the value

. In RRF the Valid bit is NOT set — we can NOT use the value, receiving Tag is
used instead instead of data in place reservation station input operand

2. Destination allocate (typically during decoding or dispatching phase) —
It requires:
* set Busy bit in ARF and in RRF (choose free register in RRF: Busy==0)
* Assign the Tag
* Update the Map table
This task is performed only for instructions writing into the register.

3. Register update (next slide)
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What we have to do?

3. Register update
- when instruction finishes execution, the result is written into the RRF according
to its tag. The ARF is updated by copy from RRF later when instruction is
completed. Corresponding RRF slot/register is deallocated.

Update at instruction completion

Update at instruction finish

l ARF Map table
Data Busy Tag vy RRF
i | Data Valid | Busy
Regilstt:r / .__,,,/
specifier
y From
Y Y functional
\ /[4 units
Y k

>
Operand read
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Who I1s Tomasulo?

* Robert Tomasulo: Lecture: Out-of-order processing-History of the IBM

System/360 Model 91, University of Michigan College of Engineering,
1/30/2008.

was the recipient of the 1997 Eckert—Mauchly Award for the Tomasulo's
algorithm (invented in 1967)

Key paper: An Efficient Algorithm for Exploiting Multiple Arithmetic Units, IBM
Journal of Research and Development, 11(1):25-33, January 1967.
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Original IBM System/360 — year 1964

clear distinction between architecture and implementation — cheaper
(and slower) models, or faster (and expensive) models

Speed from 0.0018 to 0.034 MIPS, Model 91 up to 16.6 MIPS (500x
faster)

successful in the market

one of the most successful computers in history — great impact on
following computers design

The chief architect was Gene Amdabhl
16 32-bit general purpose registers, 24-bits for addressation
iIntroduced a number of standards :

* Why the byte has fixed size of 8 bits?

* Why every byte in the memory has their own address? (versus bit, word)
* From where the EBCDIC is coming from? (extended Binary Coded Decimal

Interchange Code)

* What was before IEEE 754-1985 and what influenced this standard?
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Original design of the IBM System/360 Floating Point Unit

Storage bus

|

Iy

istruction unit

Stack (in-order)

FLOS = Floating Point Operation

6 Floating-
5 point 1 'I'
Floating-point 4 operand 8 .
v : gb!:i]; 3 Control op ” =g vy Architectural
uffers 5) 2 stac oating-point .
{ Confiol: ——— registers
2 (FLOS) registers (FLRs)2
1 0
7 [] £] [] Y
: ., : A : I A I : A : A :
Y
ol Decoder e
Floating-point *|_Decoder [« Floati ) ¥ Y
buffer DAt "ri'ﬁ":::; Store 3
(FLB) bus [FLRE] bus Control data 2
buffers (SDBs) 1
¥ ¥ *
+ Y Y L | + Y To storage
Sink | Source | Cirl. I Cirl. Sink Sourccl
Multiply/
Adder divide
Result Resuli
v ¥
I_Jk_l I_"_I Result bus
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FP instructions:
- internally as
register-register
machine thanks
FLB and SDB

Functional units:
- nonpipelined

- Adder: 2 cycles
- Mult/Div: 3 or 12
cycles

Result bus:

- used for
architectural
registers update

X=X+A;
Y =Y/X;
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Be a IBM designer !!!

Storage bus msmion unit Task 1: Parallel execution in both units
Task 2: Throughput 1 instruction/cycle
+_
6 Floating-
5 point 1 *
Floating-point 4 operand 8
- Control e :
buffers (FLBs) 3 stack Floating-point 4
Control -
2 (FLOS) registers (FLRs)2
1 0
L Y I Y | ! Y l I Y ] Y ]
! A ! A ! A ' A ! A i
Y
- = . I_‘-
Floating-point *|_Decoder [« . ) ¥ y
buffer Flc}aung-po:m S 3
register
(FLB) bus (FLR) bus Control data 2
buffers (SDBs) 1
¥ ] l
+ ¥ ¥ ¥ + ¥ To storage
Sink | Source | Cirl. I Ctrl. Sink Sourccl
Multiply/
Adder divide
Result Resuli
_1|r ‘_NI‘
r— i Result bus
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Solution...

Storage bus Instruction unit

'

§] Floating-
5 point * #
Floating-point 4 rand 8
Ep Control operan : .
buffers (FLBs) 3 stack Busy Tags Floating-point 4
2. (FLOS) bits g registers (FLRs)2
| 0
| hJ 1 hJ 1 1 Y 1 Y 1 Y 1
! A 1 A ! ! A L L AT A )
Y y
1 Y ] ﬁ Y
» Decoder [
I A : Store 3
Control |Tags data 2
buffers (SDBs) |
FLB bus
y FLR bus Y
Y y CDB Y y
Y Y Y i Y A Y 4 Y L
Tag Sink Tag | Source | Ctrl. Tag Sink Tag | Source | Cirl.
Tag Sink Tag | Source | Ctrl. Tag Sink Tag | Source | Cirl.
Tag | Sink | Tag |Source | Ctrl.
Multiply/divide
Adder
Result Result
Y )
1 Common data bus (CDB) I—J[—I
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The Classic Tomasulo Algorithm

* Instruction has two operands. The first one is source and destination

simultaneously. Nevertheless, let’'s consider following
program with two sources and separate destination:

/IRO==6.0, R5==7.8

Initial state of ﬁ

W.

X
Y.
Y4

Cycle 1.:
RS# Tag Sink  Tag Source
w1 0 6.0 0 7.8
2
3
w-start Adder

R4 = RO + R5
R2 = RO*R4
R4 =R4 + R5
R5 = R4*R2

Instructions are dispatched in order!

First, instruction w: Read RO, Read R5 (data are valid); in R4 Set Busy and Tag (Tag=Reservation Station Number)
Second, instruction x: Read RO (success), Read R4 (bit Busy is set, so Tag is used instead); in R2 set Busy and Tag

B4M35PAP Advanced Computer Architectures

X

RS# Tag Sink  Tag Source
4 0 6.0 1 --
5

Mult / Div

architectural registers

FLR - architectural reg.

aua h WON - O

Busy Tag

Data

6.0

7.8

FLR - architectural reg.

N W N R, O

5

Busy Tag Data
6.0
yes 4
yes 1
7.8




The Classic Tomasulo Algorithm

w: R4=RO+R5 Cyclez
- instruction y: Read R4 (Tag==L1 is read instead of data), Read R5 (data are valid); in R4
X: R2 = R0O*R4 set Busy and Tag (Tag=Reservation Station Num of this instruction == 2)
y: R4 =R4 + R5 - instruction z: Read R4 (Tag==2), Read R2 (Tag==4); in R5 sgt Busy and T'ag'
... on the end of cycle, Adder produces result and propagates it (together with its Tag) on
Z: R5 = R4*R2 the Common Data bus. Reservation Stations updates their Data (Tag match)
Cycle 2.: FLR - architectural reg.
RS# Tag Sink  Tag Source RS# Tag Sink  Tag Source Busy Tag Data
w 1 0 6.0 0 7.8 X 4 0 6.0 1 --- 0 6.0
y 2 1 --- 0 7.8 z 5 2 --- 4 --- 1
3 Mult / Div X 2 |yes 4
w-finishin Adder 3
instruction w finishes execution and broadcasts w 4 | vyes 2
its ID (Tag =reservation station 1) and its result into CDB 6.0+7.8=13.8 z 5 |yes 5 7.8
Cycle 3.: FLR - architectural reg.
RS# Tag Sink Tag Source RS# Tag Sink  Tag Source Busy Tag Data
w 1 X 4 0 6.0 0 6.0
y 2 0 7.8 zZ S 2 --- 4 --- 1
3 Mult / Div X 2 |yes| 4
Adder 3
Deallocation of reservation station #1 w 4 |yes| 2
How it will continue? Try at home... z > |yes| ° 7.8
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The Classic Tomasulo Algorithm

* The Classic Tomasulo Algorithm in this form do not
support the precise exception

* Why?

* Notes (Classic Tomasulo Algorithm):

* FLR holds the Tag (ID) of that reservation station, which is
responsible for producing the result.

* Whenever any functional unit finishes execution (result is known),
the result have to be propagated together with Tag on CDB
(Common Data Bus). All remaining reservation stations and FLR
have to snoop for Tag match and eventually update their data.
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Precise exception/interrupts — general view

What is an exception? What is an interrupt?

Interrupt is an event emitted by hardware or software indicating
the needs of immediate attention of CPU. The processor interrupts
the sequential execution semantics, stores at least part of its
state, invokes interrupt service routine and then returns to
continue interrupted instruction sequence if cause Is resolved.

Hardware interrupt — asynchronous from an external device

Exception (Software interrupt) — caused by unexpected
exceptional condition during instruction processing (div by 0), or

by undefined, special (syscall, ...) instruction, failed memory
access, etc. => internal interrupt, synchronous

Precise Exception

* Exception in classic von Neuman computer (sequential uniprocessor) is
always precise => well-defined state before calling an interrupt handler, in
case of exception corresponds to sequential state before causing instruction
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Exceptions/interrupts examples

I/0O Device Request caused by need of external event
processing (character, packed, ... arrival, sending buffer released,
...) — asynchronous state fully restored

Supervisor Call SVC — request service from OS kernel — initial
CPU state is used as arguments and returned one is modified to
deliver results and success/fail/error code indication

Breakpoint — usually invokes debugger which can modify state

ALUIFP exceptions (arithmetic overflow/underflow FP,

division by zero, ...) — usually invoke signal handler in program
context or aborts program

Page Fault — is resolved by OS (full state restore) or signal/abort
Misalighed Memory Access — OS resolved or signal/abort
Undefined Opcode — emulated by OS or signal/abort

Error in HW (parity, ECC, low voltage,...)
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Exceptions/interrupts classification examples

Internal vs. external — sometimes distinguished as
Interrupt vs. exception, sometimes (by some ISA or

manufacturer) interrupt or exception used for both cases

Hardware vs. software

Synchronous vs. asynchronous

User invoked (predictable) vs. coerced
User maskable vs. user nonmaskable
Within vs. between instructions
Resume vs. terminate
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Exceptions/interrupts classification table

Exception type Synchr | User Mask  Within Resu
onous requested  able |instructions me
I/O device request No No OS No Yes
Invoke operating system yes Yes No No Yes
Tracing instruction execution | yes Yes No No Yes
Breakpoint yes Yes OS No Yes
Integer arithmetic overflow yes No User | Yes Yes
Floating-point arithmetic yes No User | Yes Yes
overflow or underflow
Page fault yes No No Yes Yes
Misaligned memory yes No No/ Yes Yes
accesses oS
Memory protection violation | yes No No Yes Yes
Using undefined instruction | yes No No Yes No
Hardware malfunction No No No Yes No
Power failure No No No Yes No

B4M35PAP Advanced Computer Architectures
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Exceptions processing in pipelined processor

4

* Can arise in every cycle, |

b

* More exceptions at once (different sources),

|}
* QOrdering of exceptions according to the time | | s | ' in order
may not correspond to program order of [ out-of-order
Instructions, [RAUN| (EE| | (]
ImMem2 | | FP2 |

* Processor state may not to be consistent
with sequential semantic of program

¥ ¥
[

FP3

out-of-order

execution in every cycle.

<

[

| [ ] in order

&

SN LWL LI LI LI LI LT Two exceptions

LW R1, (R2)13 IF D EX w2

MULTF FO,F1,F2 EX | MEM | WO

Missaligned memory access

Unsupported instruction

ADD R5, R6, R4 | F | 0 | Arithmetic overflow
Wi page boundary

2277 Page fault / TLB miss

B4M35PAP Advanced Computer Architectures

arise in same cycle.
Up to four can
appear
simultaneously for
this example!

Solution?
22



IS It a precise exception? Yes, iff

* 1. Processor handles exceptions in program order
* Not in the order as they arise in the pipeline

* 2. Processor state is sequentially consistent before calling
exception handler

* All instructions before the source of exception are completed (or
retired) and no instruction after the source of exception changed
the processor state or the state of the memory
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Simple way how to resolve precise exception — Commit

 Commit stage - Is the last stage in the pipeline in which
the exception can arise

* After Commit — the instruction will not generate exception

Conditions for precise exception:
* All instructions arrive into the Commit in program order

* No instruction is allowed to change processor state or
memory before Commit
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Implementation of precise exception handling

* Requests (exceptions) are accumulated in hardware and
propagated (with instruction corresponding Program
Counter) into the Commit stage

* Processor tests every instruction in Commit whether the
exception was introduced, exceptions within instruction

are serviced Iin order of their arise. For recoverable
exceptions, saved architectural state correspond to state before
causing instruction and after OS resolve cause, instruction is issued
again (restored PC points to the causing instruction)

* Allinstructions in the pipeline before Commit stage are
discarded and all instruction already passing

Commitstage stage are finished/retired

B4M35PAP Advanced Computer Architectures
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What is the Commit stage in the pipeline example?

S LU rLrorerrLroer

LW FE1.|FLE:|-13| IF | ID | EX - Mizsaligned memory access
MULTF FO.F4.F3 - £x | VEM | WE | Unsupported instruction
ADDR5, R6 R4 | F | D -ME'-,1| WEB I Arithmetic overflow

W page boundary
2977 . | MEM Page fault / TLE miss

If MEM stage is choosen as Commit stage for this processor then ...
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What is the Commit stage in this pipeline?

4 4 4 b 0 4 4 b . 1 L1 L

owr, jrgaF 110 [ Ex [ we
wLtEroFiFz |7 [N EX s

ADD RS, R6. R4 IF IC NOP
VM page boundary

29772 [ F ] noe

Save WB_PC and map IF O
10 SefVice routines

=X |MEM | WB

* Yes, itis MEM. This processor supports precise exceptions
because:

* Allinstructions arrive into the MEM in program order (all instructions need 4 cycles to
reach the MEM and instructions are fetched and processed in program order)

* Processor state (register files) are written in WB, memory in MEM, there is no state
change before MEM stage

* (exception hander in commit)
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Problem solved?

* No, there are more complicated CPU implementations

* Different latencies of parallel pipelines and out-of-

order instructions processing ... (superscalar CPU)
* Return to Tomasulo algorithm...

V.

EX | |MEM _
/ \
IF = B 1 Mx1b mx2l| mx3
AX1| AX2 | Ax3l. Ax4
DIV
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Recall the Classic Tomasulo Algorithm — reached final state
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w: R4=RO0+R5 //R0=6.0,R5=7.8
X: R2=RO0*R4
y: R4=R4+R5
z: R5=R4*R2
Cycle 2.: FLR - architectural reg.
RS# Tag Sink  Tag Source RS# Tag Sink  Tag Source Busy Tag Data
w1 0 6.0 0 7.8 X 4 0 6.0 1 0 6.0
y 2 [ 1 0 7.8 z 5 | 2 4 1
3 Mult / Div X 2 |yes 4
w-finishin Adder 3
instruction w finishes execution and broadcasts w 4 | vyes 2
its ID (Tag =reservation station 1) and its result into CDB 6.0+7.8=13.8 z 5 |yes 5 7.8
Cycle 3.: FLR - architectural reg.
RS# Tag Sink Tag Source RS# Tag Sink  Tag Source Busy Tag Data
w 1 X 4 0 6.0 0 6.0
y 2 0 7.8 z 5 2 4 1
3 Mult / Div X 2 |yes| 4
Adder 3
Deallocation of reservation station #1 w 4 |yes| 2
. . . z 5 es 5 7.8
How it will continue? Try at home... Y
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Improved Tomasulo Algorithm

Issue / Dispatch: Load instruction (in program order) from instructions
gueue (prefetch buffer)

« If areservation station (RS) is free and Reorder Buffer (ROB) is not full
(structural hazard detection), dispatch instruction into RS and allocate entry in
ROB

e Actions: 1. instruction decode, 2. RS and ROB entries are allocated, 3.
destination register rename read values/tags from RF, 4. dispatch decoded
instruction to RS and ROB

Issue:

* |ssue to functional unit when all source operands are available, if not snoop on

common data bus for missing operands and wait in RS
Execute (EX): functional unit processes operands and compute result

Write result: finish execution
« Write result &Tag on common data bus to RS and ROB, deallocate RS
Commit: Architectural register (or memory) updated from ROB

 If the oldest instruction (at the head) in ROB has a result (is executed), complete
(or retire) the instruction = update register with result in reorder buffer or do a
store; remove instruction from reorder buffer (free ROB slot)
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Reservation station. How it looks?

Dispatich Forwarding Dispatich Forwarding
slots busses slots busses . .
* * VL ,} * 4 ¢ Reservation station entry
with required match logic
Y Y monitoring tag buses (can
Busy Operand | Valid Operand 2 valid | Ready | be CDB, ROB, ...) for input
Y Y operand matching tags
Tag I-). Tag when valid=0. In match
match match .
peee § oo ) case operand value is
Tag busses Tag busses stored and set valid=1,
@) when both operands valid
set ready=1
Allocate Dispatching Issuing
unit - unit
Entry 4 l 1 Entry
1o be to be
allocated issued Notes:
* Busy — allocation
* Valid — operands update
Busy l’ Ready * Ready - instruction wake up
* Issue — instruction select
[ssuing
(b)

B4M35PAP Advanced Computer Architectures




Reorder buffer. How It looks?

o Instruction | Rename . :
Busy Issued Finished . = Speculative| Valid
address register

(a)

Next entry to Next instruction

be allocated to complete
(tail pointer) (head pointer)

l l

BlOlOoO|JOJOJO| L)L |1 fLTL )11
|
F
IA
RR
S
V —_—
Reorder buffer
(b)

Contain all in flight instructions.. (dispatched, not completed)
* Circular queue..

* Rename regqister file (slide 7)
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The Improved Tomasulo Algorithm

Register writeback

Dispatch buffer

1l |
v
|  Dispatch |—> Archite/cite|d RF > R/e\name| RFE |
Reservation stations | | ] | v [ v
I 4 | [ 4 | 4 | | 4 | Y |
sl v ] ] ]
B | | | |
@]
w | Execute ‘ ‘
S v v v v v
© | Finish J
4 | | Reorder buffer — sequential
U ordering of instructions
| Complete | according to original program

Three approaches (register renaming support):

* Merged register file (any register may be an architectural one)

* Architected register file + Rename register file (RRF), where RRF:
* standalone
* part of ROB (see slides 4 - 8)

B4M35PAP Advanced Computer Architectures
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PowerPC 604... Year 1994

INSTRUCTION UNIT 1288\
y 64 Bit
i
Fetcher S - Branch Processing Unit | KMIMU
- BTAC CR CTR
Féenrrame | ' CR SRs IBAT
uffers Aray
Time Base q Instrugt'mn o e - (8) LR ITLE
Counter/Decrementer ueue{—wur ) b i
Clock JTAGICOP _ _F
Multiplier Interface E' 128 Bit Dispatch Unit
- BHT
128 Bit
Reservation Reservation ' - Reservation - Reservation
 Station (2 Entry) [ Station (2 Entry) GPR File Station (2 Entry) FPR File Station (2 Entry)
+ Rename J' Rename +
Buffers (12) Buffers (8)
Multiple- single- 32 Bit| Load/Store | 54 Bit 64 Bit | Floating-
Cycle Integer Cycle Integer E —t Unit - - E == Point Unit
Unit Units N EA ‘ T+
T Calculation
] 32 Bit = | . FPSCR
t 32 Bit 32 Bit . | 64 Bit ;
\\
1 Py '
COMPLETION Tags 156*;{;?;
UNIT
G4 Bit
16-Entry
Reorder Buffer D MMU
Finish Load
; ki
: Queue 33 Bit Iﬁ‘ DBAT 5 KOV BUS INTERFACE
- arra o T “Rbyle - - UNIT
DTLB Y 395 | b cache
A L
_ 32-BIT ADDRESS BUS 1 -
__ 64-BIT DATA BUS
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Intel Core microarchitecture... Year 2006

128 Entry 32 KB Instruction Cache
ITLB L ED Shared Bus
\
T+ 128 Bit Interface
! Unit
Y 32 Byte Pre-Decode,
Fetch Buffer i
Instructlo_n 6 Instructions
Fetch Unit 18 Entry
) Instruction Queue
y A y Y
Micro- Complex | | Simple Simple Simple v
code Decoder | | Decoder | [Decoder | | Decoder
l—b‘;;‘ri pops 1 pop ‘; lpop “t~1pop
Y
‘ 7+ Entry pop Buffer Shared
;L 4 10ps » L2 Cache
- - 16 wa
Register Alias Table ( Y)
and Allocator
# 4 pops 4 pops
Retirement Register File 256 Entry
96 Entry Reorder Buffer (ROB) (Program Visible State) L2 DTLB
"“ 4 pops .
-—| 32 Entry Reservation Station ‘
Port 0 Port 1 Port 5 Port 3 Port 4 Port 2
¥ L ¥ L ¥ ¥ Ld Y
SSE SSE
ALU SSE Store Store Load
G Sxfﬂe ALU SMhL:JTe Branch ALU Address Data Address
v y ' ' '
:LFZSLT 128 Bit Memory Ordering Buffer
FDIV FADD (MOB)
Y ¥ v v v y ) soe |  Load
Internal Results Bus + 128Bit | | 256
T~ 128 Bit 1 ] Bit
32 KB Dual Ported Data Cache | 16 Entry | |
(8 way) DTLB

Intel Core 2 Architecture
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Intel Nehalem (Core i7) - 2008

quadruple associative Instruction Cache 32 KByte,
128-entry TLB-4K, 7 TLB-2/4M per thread

1128

Branch
Prefetch Buffer (16 Bytes) Prediction
1 globallbimodal,
Predecode & loop, indirect
Instruction Length Decoder jmp

Instruction Queue
18 x86 Instructions

B SN E Y N S—

Alignment, MacroOp Fusion
I I L i
Complex Simple Simple Simple
Decoder Decoder Decoder| Decoder
loop | 3338 I I - L

Stream —|Deccded Instruction Queue (28 pOP entries) |<— Micro

Instruction

Sequencer

Decoder l l l l
| MicroOp Fusion
o 4+ 3 1 1

Retirement | [y Register Allocation Table (RAT)

Register | —
File H iiacrder Bu'l'ffer (128-e1t|y)msedl
| Reservation Station (128-entry) fused |
Port 4 Port 3
Integer/
Result Bus
octuple associative Data Cache 32 KByle,
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AMD Bulldozer 15h (FX, Opteron) - 2011
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2048kE (shared Max)

L2 Data Cache
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What is important...

* “All” modern processors implement some form of register
renaming (based on Tomasulo algorithm) to remove
antidependencies and output dependencies (WAR, WAW)

* Register renaming is typically realized during decoding
phase and may require the renaming of registers in all

Instructions in the fetch group (dependencies may arise not
only in relation to dispatched, issued and executed instructions, but

also between instructions in the fetch group)

* Register renaming removes WAW and WAR
dependencies, what is the key difference between
scoreboarding, which only monitors data dependencies
and allows to schedule instructions out-of-order only
when all dependencies have been resolved (otherwise: stall)
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Additional notes

* Slots has to be allocated in reservation station and reorder buffer for each
dispatched instruction

* |dea to combine reservation stations and reorder buffer together.

- instruction window
* Future file — fast access to last values
* Architectural file — precise exception

* Instructions are dispatched into instruction window in this case, its entries
monitor for matching input operands (denoted by tag) on result buses

* Sjze of instruction window determines number of instructions which can be
executed in parallel — maximal degree of parallelism (DOP)

B4M35PAP Advanced Computer Architectures
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“Another” solution?

Idea 1: Perform architectural register file update when an instruction finishes
execution, but in the case of exception be able to take changes back. We
need some storage to do this > History Buffer (HB)

History Buffer:
* During decoding, an entry in History Buffer is reserved
* When instruction finishes execution, the value from architectural register is stored in HB

* When the instruction is oldest one and no exception was generated, an entry in HB can be
discarded

* When the instruction is oldest one and exception was generated, values from HB are copied
into architectural registers

Idea 2: Perform architectural register file update in program order.
Nevertheless, use another “invisible” registers instead. These “invisible”
registers are immediately updated when instruction finishes execution (they
hold the most current results) - Future File (FF)

Future File:
* Future file — fast access to last values
) ) ) ) And what is a difference between Future File
* Architectural file — precise exception and Rename Register File ? (slides 6 and 7

of this lecture) FF entries match ARF
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Recall the first lecture: General view

Considering: F = (A*B + C*D) / (E+2)

Control Flow approach: Data Flow approach:
Ay B W C «D 2
v
Regl = A*B Reg2 = E+2 ° \@ a
v v
Reg2 = C*D F = a
v Regl/Reg?2
Regl =
Regl+Reg2 End
e
The computer activity is determined
The computer activity is by demands for results (demand
determined by the sequence of driven computer) or by the presence
Instructions... of operands (data driven)...
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Recall the first lecture: Control Flow vs. Data Flow

Instructions are processed in
the order as they are written
(according to Program
Counter: PC’' = PC+1).

Special control flow
Instructions (jumps, branch)
are used to alleviate this rule

-> Imperative programming

Out-of-order execution have
to produce the same results
as the program in their
original form -> amount of
HW resources to satisfy this

Instruction in DF computer is
represented as the
{operation; source(s);
destination}

Instruction I1s executed when
It has valid source(s)

DF computer do not have
a program counter

Ordering of instructions
during program execution is
given by the instruction
Interdependencies and by the
presence of inputs

B4M35PAP Advanced Computer Architectures
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Data flow limit

* Qut-of-order execution in combination with register
renaming realizes “Data flow computer” inside CPU

* In this case, only small part of whole program is
parallelized (tens ... hundred of instructions)

* But, if we imagine unlimited number of hardware resources
(functional units, data paths, etc.), we can get maximal
degree of parallelism (all WAW and WAR dependencies
will be removed, only RAW dependencies remain )

* What is the Data flow limit?
* Suppose any technique for getting faster CPU!!!
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Speculation?

(Next lecture)

[ Speculative execution }

Control speculation

- program direction
(binary — branch taken or
not taken)

- branch target
(various addresses)

______________________________________________________

Data speculation

- value
(integer)

- memory address
(where to store the data)

. What IS the Data flow limit?

* |f we want the higher speed-up, we can try to
“remove “ RAW dependencies... But How?

B4M35PAP Advanced Computer Architectures
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Data speculation — value prediction

* Last-value predictor.

PC (instruction address)

Tag

Index Tag Value
>
Predicted
hit / miss v v Vvalue

B4M35PAP Advanced Computer Architectures

Motivation: n=scanf(,%d",&x), etc.

PC
Tag | Index Tag Value
‘ |*>
BHR
Branch Hist.
Reg.
Predicted
hit / miss v v value
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Data speculation — value prediction

e Stride predictor. Motivation: for(i=0;i<100;i++), p=malloc(16), etc.

PC PC
Tag | Index Tag Value  Stride Tag | Index Tag Value  Stride
> ‘ |7>
BHR
Branch Hist.
Reg.
hit / miss v v Predicted hit / miss v Vi
value
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Data speculation — value prediction

* Register-file predictor

Destination register

Reg. num. Value  Stride
>
v Predicted
value
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What I1s next?

* |s there another way how to resolve WAW and
WAR dependences?

* |s there another way how to resolve RAW
dependences?

* Yes... ,we can remove not only edges, but even
vertices”

B4M35PAP Advanced Computer Architectures
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