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Review: Memory Disambiguation

TABLE 6.1: ?»-‘Iem(}r}' disambiguatimn schemes.

SPECULATIVE DESCRIPTION
Total Ordering No All memory accesses are processed in order.
Partial Ordering No All stores are processed in order, but loads execute out

of order as long as all previous stores have computed

their address.
Load Ordering No Execution between loads and stores 1s out of order, but
Store Ordering all loads execute in order among them, and all stores

execute in order among them.

Store Ordering Yes Stores execute in order, but loads execute completely

out of order.
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Review: HFZ &GS RMEE LA

Common Issue Hazard Distinguishing

name structure  detection Scheduling characteristic Examples

Superscalar Dynamic  Hardware  Static In-order execution Mostly in the embedded

(static) space: MIPS and ARM,
including the Cortex-AS53

Superscalar Dynamic  Hardware  Dynamic Some out-of-order None at the present

(dynamic)

execution, but no
speculation

Superscalar  Dynamic  Hardware

Dynamic with

Out-of-order execution

Intel Core i3, i5,17; AMD

(speculatve) specu lation with speculation Phenom; IBM Power 7
VLIW/LIW Static Primarily Static All hazards determimed Most examples are in signal
software and indicated by compiler  processing, such as the TI1
(often implicitly) Cox
EPIC Prmarly  Prnmarily Mosdy static All hazards determined ltanium
static software and indicated explicitly

by the compiler

Figure 3.19 The five primary approaches in use for multiple-issue processors and the primary characteristics
that distinguish them. This chapter has focused on the hardware-intensive techniques, which are all some form of
superscalar. Appendix H focuses on compiler-based approaches. The EPIC approach, as embodied in the I1A-64
architecture, extends many of the concepts of the early VLIW approaches, providing a blend of static and dynamic

approaches,
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Example

Consider the execution of the following loop, which increments
each element of an integer array, on a two-issue processor, once
without speculation and once with speculation:

Loop: LD R2,0(R1) ; R2=array element
DADDIU R2,R2,#1 ; increment R2
SD R2,0(R1) ;store result

DADDIU R1,R1,#8 ;increment pointer
BNE R2,R3,LOOP ;branch if not last element

Assume that there are separate integer functional units for
effective address calculation, for ALU operations, and for branch
condition evaluation. Create a table for the first three iterations of
this loop for both processors. Assume that up to two instructions
of any type can commit per clock.
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Memory

Issuesat Executesat  accessat Write COB at
Iteration clock cycle  clockcycle  cdock cycle clock cyde
number Instructions number number number number Comment
1 LD RZ,0(R1] 1 pi ! 4 First izsne
1 DADDIU RZ,RZ.,#1 1 L f Wail for LW
1 =D RZ,0(R1] i 3 T Wait for DADDIL
1 DADDIU R1,R1.#8 7 3 4 Execute directly
1 EME RZ,R3,LO0P 3 7 Wait for DADD IU
2 LD RZ,0(R1) 4 LE] = g 10 Wait for ENE
i DADDIU RZ,RZ.#1 4 11 17 Wait for LW
i a0 Rz,0(R1) 5 9 13 Wait for DADDIL
z DADDIU R1,E1.#8 7 3] 9 Wait for ENE
Z ENE RZ B3, L0OF B 13 Wait for DADDIL
3 LD R2,0(R1] 7 s = 15 16 Wait for BNE
3 DADDIU RZ,R2,4#1 7 17 13 Wait for LW
3 5D RZ,0(R1) g 5 19 Wait for DADD IU
3 DADDIU R1,R1.48 g 14 15 Wait for ENE
3 EME RZ B3, L0OP 9 19 Wait for DADDIL

Figure 2.20 The time of issue, execution, and writing result for a dual-issue version of our pipeline without
speculation, Mote that the LD following the ENE cannot start execution earlier because it must wait until the branch
outcome is determined. This type of program, with data-dependent branches that cannot be resolved earlier, shows
the strength of speculation, Separate functional units for address calculation, ALL operations, and branch-condition
evaluation allow multiple instructions to execute in the same crcle. Figure 2,21 shows this example with speculation,
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Write
Issues Executes Readaccess COB at Commits

Iteration atclock  at clock at clock clock at clock

number Instructions number number number number  number Comment

1 LD RZ,0(R1) 1 2 3 4 5 Firat isane

1 DADDIU RZ,RZ,#1 1 5 & 7 Wait for LM

1 5D R2,0(R1) 2 3 7 Wait for DADDIL

1 DADDIU R1,R1,#8 2 3 4 8 Commit in order
1 ENE RZ2,R3,L00P 3 7 = 8 Wait for DADDIU

z LD RZ,0(R1) 4 5 A 7 9 No execute delay
2 DADDIU RZ,RZ,#1 4 8 4 10 Wait for LM

i a0 R2,0(R1) =, f 10 Wait for DADDIU

2 DADDIL R1,R1,#8 5 f 7 11 Commit in order
2 ENE R2,R3,L00P 6 10 - 11 Wait for DADDIU

3 LD R2,0(R1) 7 2 9 10 12 Earliast possible
3 DADDIL RZ,RZ,#1 i7 11 12 13 Wait for LW

3 5D RZ,0(R1) 8 13 Wait for DADDIU

3 DADDIL R1,R1,+#8 7 9 10 14 Executes earlier

3 ENE RZ2,R3,L0O0P 9 12 14 Wait for DADDIU

Figure 2.21 The time of issue execution, and writing result for a dual-issue version of our pipeline with specula-
tion. Mote that the LD following the BME can start execution early because it is speculative,
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For most apps, most execution units lie idle In

an OoO0 superscalar

For an 8-way superscalar.

E memory conflict

E long fp

short fp

long integer

E short integer

load delays

[ control hazards
branch misprediction
E deache muss

- .
gi AT Sources of all unused issue
TR

B it miss cycles in an 8-issue
superscalar processor.
Processor busy represents the
utilized issue slots; all others
represent wasted issue slots.
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Multithreading
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LW rl, 0(r2)
LW 5, 12(rl)
ADDI 15, 15, #12
SW 12(rl), 15

F

RIS SR —RIEOTRIERAWIER
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Multithreading
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Interleave 4 threads, T1-T4, on non-bypassed 5-stage pipe

L0 1 £2 3 4 45 6 7 .8, t9

T1: LW rl, 0(12) FlplxIm % k Prior instruction in

: ;¢ i i athread always
T2: ADD 17, rl, r4 _F D|X| M| W . completes write-
T3: XORI15,r4, #12 ¢+ ¢ |F{DIXIM . back before next
rswoer) 5| [EIDIXIMNL_ o
T1: LW r5, 12(rl) F X MW register file
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{a) Conventional Processor (b) Multithreaded Processor

A conventional processor compared with a multithreaded processor.
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PERIPHERAL SUB-SYSTEM

PPU: Peripheral Processor Unit
J. E. Thornton, Design of a Computer The Control Data 6600 (1970, Scott, Foresman and Company)

1ZfitizE(storage) €#E: . A
PPU Priv r 12
u ate Storage e =—a| PERIPHERAL [ PERIPHERAL cIENTRAL.
— = 12bits CHANNELS PROCESSORS
- BE: 4096=F FIGURE 1
Central Storage
— K 60bits
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— BE: 128Kwords, 32 banks(60bits) .
i
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Multithreading Costs
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Thread Scheduling Policies
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Chip Multiprocessing (CMP)
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IF RD ALU Mem WB

a
! F LT :
ALL
— T
’ Maeglstor
File
Ime
Inst Lacha Lalavache

L

Figure 3.1: The MIPS R3000 Pipeline. This pipeline does not support multithreading.

IF RD ALU Mem WB

ALU

Inst Cache DataCache

Figure 3.2: The MIPS R3000 Pipeline with support for Coarse-Grain Multithreading.



Context swap

co C1 Cc2 C3 C4 Cc5 Cé C7

TO: add IF RD ALU MEM WB

TO: load (cache miss) IF RD ALU MEM (buffered)

TO: sub IF RD ALU (squashed)

TO: add IF RD (squashed)

TO: or IF (squashed)

Cxt swap ave TO PC

T1: sub into active P IF RD

MTS =1
T1: beq e

Figure 3.3: The operation of a CGMT context swap in our reference design.



Fine-Grain Multithreading
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IF RD | ALU Mem WB

ALU

inst Cache Eﬁ:mm DataCache

Figure 4.1: The MIPS R3000 Pipeline with support for Fine-Grain Multithreading. Although our
target design would support 8 threads to maximize throughput, we show a 4-thread implementation for

simplicity.
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|deal Superscalar Multithreading

Tullsen, Eggers, Levy, UW, 1995
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Simultaneous Multithreading (SMT) for
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O-0-0 Simultaneous Multithreading

[Tullsen, Eggers, Emer, Levy, Stamm, Lo, DEC/UW, 1996]
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Fetch Dec/Map Issue/RF EX Mem WB
¢ Free List
W
l } ) nt Queue
Active llSt\ l ALU
> / DTLB

FP Queue

Reg Map
LB Register
Inst Cache File DataCache
Addr Queue

Figure 5.1: The pipeline of the MIPS R10000 processor, as seen by a load instruction.



Fetch Dec/Map Issue/RF EX Mem WB

¢ Free List
—{ ] (L
Int Queue .
= o |
| B (I
FP Queus

Active Lists
Inst Cache
Reg Map :l] Register Data Cache

Addr Queue File

Figure 5.2: The MIPS R10000 pipeline with support added for simultaneous multithreading.



For regions with high thread level For regions with low thread level
parallelism (TLP) entire machine width ~ parallelism (TLP) entire machine width is
1s shared by all threads available for instruction level parallelism
(ILP)
Issue width Issue width

Time Time
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Performance
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Single-threaded Superscalar
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Figure 2.7: The performance of fine-grain and simultaneous multithreading models on a wide superscalar

processor, as the number of threads increases. Reprinted from Tullsen et al. [1995].
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John Paul Shen, Mikko H. Lipasti; Modern Processor Design: Fundamentals of Superscalar Processors ; 2013,
Waveland Press
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Static partitioning of execution resources Dynamic partitioning of execution resources
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