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= Smartphone/Tablet use cases:

1. Idle most of the time
- low power CPU

2. High-performance requirements
—> high performance CPU

= Difficult to achieve with one CPU



= |[dea: ARM big.LITTLE

Fusing a low-power and a high-performance CPU in
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ARM

Founded: 1990 by Acorn, Apple and VLSI
Origin: Microcontrollers | Embedded Systems
Business model: design and licensing of

Intellectual Property (IP)
Revenue: 1.2 billion USD (Intel: 5.8 billion USD)
Employees: 3,300 (Intel:  106,700)
Market Share: > 90% (2014, smartphone/tablet)

Advanced RISC Machines



= ARM Instruction Set:
= RISC (Reduced Instruction Set Computing)
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ARM Architecture

= ARM Instruction Set:
= RISC (Reduced Instruction Set Computing)
= 16 general purpose registers + 2 status registers
= 32-bit fixed-size instructions
= Condition Codes for (almost) all instructions
= Barrel Shifter for ALU
= 16-bit fixed-size THUMB instructions
= Digital Signal Processing (DSP) instructions
= Cryptography Extension Instructions

Not strictly RISC
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Instruction Set Architecture (ISA) has no

significant impact on performance and power
consumption

Average Power (normalized)

A8 (ARM, 0.6GHz, 65nm, iPhone 4)
B A15 (ARM, 1.66GHz, 32nm, Galaxy Sg)

Atom (x86, 1.66GHz, 45nm, Netbook)

W i7 (x86, 3.4GHz, 32nm, Desktop)

Tech-independet, scaled to 1GHz, 45 nm process, normalized to A8
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= ARM Instruction Set
= Microarchitecture:
= Technology-node and feature size
= Voltage and Frequency Scaling
= Power-domains
= Clock-gating
= Power-modes
= Pipelining
= Caches
= SoC (System-On-A-Chip) design



= ARM Instruction Set
= Microarchitecture:
= Technology-node and feature size Reducing capacitance
= Voltage and Frequency Scaling
= Power-domains
= Clock-gating
= Power-modes
= Pipelining
= Caches
= SoC (System-On-A-Chip) design
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= ARM Instruction Set
Microarchitecture:

Technology-node and feature size
Voltage and Frequency Scaling
Power-domains

Clock-gating

Power-modes

Pipelining

Caches

SoC (System-On-A-Chip) design

Dynamically adjusting
supply voltage and

clock speed according
to need
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= ARM Instruction Set
Microarchitecture:

Technology-node and feature size
Voltage and Frequency Scaling
Power-domains

Clock-gating

Power-modes

Pipelining

Caches

SoC (System-On-A-Chip) design

Power supply for
different sections of

core can be turned
on/off independently
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= ARM Instruction Set
Microarchitecture:

Technology-node and feature size
Voltage and Frequency Scaling

Power-domains Clock for different
. sections of the core

CIOCk-gatmg can be turned on/off

Power-modes independently

Pipelining

Caches

SoC (System-On-A-Chip) design
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= ARM Instruction Set
Microarchitecture:

Technology-node and feature size
Voltage and Frequency Scaling
Power-domains

Clock-gating

Power-modes

Pipelining

Caches

SoC (System-On-A-Chip) design

Predefined low-power
modes utilizing the

above mentioned
features
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= ARM Instruction Set
= Microarchitecture:
= Technology-node and feature size
= Voltage and Frequency Scaling
= Power-domains
= Clock-gating
= Power-modes
= Pipelining
= Caches
= SoC (System-On-A-Chip) design

Reducing idle time of

different parts of core

18



= ARM Instruction Set
Microarchitecture:

Technology-node and feature size
Voltage and Frequency Scaling
Power-domains

Clock-gating

Power-modes

Pipelining

Caches

SoC (System-On-A-Chip) design

Reducing time and
power intensive

accesses to main
memory

19



= ARM Instruction Set

Microarchitecture:

Technology-node and feature size
Voltage and Frequency Scaling
Power-domains

Clock-gating

Power-modes

Pipelining

Caches

SoC (System-On-A-Chip) design

Adjusting all
components of a

processor to one-
another




= ARM Instruction Set
= Microarchitecture:

= Technology-node and feature size
= Voltage and Frequency Scaling

= Power-domains
= Clock-gating

= Power-modes
= Pipelining

= Caches
= SoC (System-On-A-Chip) design
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Cortex-A Processors

SoC



Cortex Ag3

8-stage (integer), in-order

Writeback
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—> —).—
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C o rt ex A 57 Queue Issue nteger Writeback

15-stage (integer), out-of-order :l:l integer :I
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LITTLE big
CPU Cortex As3 Cortex Ag7
64-bit Yes Yes
Cores 1—4 1—4
Frequency* 1.3 GHz 1.9 GHz
L1 Cache 8 — 64 kB 48/32 kB
L2 Cache 128 — 2,048 kB 512 — 2,048 kB
Integer depth 8 15
Pipeline
Out-of-order No Yes
Performance 2.3 DMIPS/MHz 4.1 DMIPS/MHz
Technology node* 20 NM 20 NM
Core Size¥* 0.70 mm?2 2.05 mm?2
Cluster Size* 4.58 mm? 15.10 mm?2

*Values for SoC Samsung Exynos 5433 (Galaxy Note 4)
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Power Consumption (W)

N W P U (0 ) IR N| oo

Cortex-A Power Consumption

A3 (2 Core)
—=—Ar3 (4 Cores)
A7 (1 Core)
——A57 (4 Cores)
._.——l—i"‘;——h‘/;,:/_
8 8383383838388 388 38 3
TR oo o3I
Frequency (MHz)

SoC: Samsung Exynos 5433 (Galaxy Note 4)
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Heterogenous multi-processing

ARM big.LITTLE



Connecting two heterogeneous clusters...

Big CortexAsgy

= Binary compatible
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Big CortexAsy

L2 Cache L2 Cache

AXI = Advanced eXtensible Interface
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L2 Cache

Read Adress Read_Data Write_Adress  Write_Data Write_Ack
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L2 Cache

Write_Ack C_Address C_Data C_Response

Read_Adress Read_Data Write_Adress Write_Data
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ACE = AXI Coherency Extension

C_Address

C_Data

C_Response
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LSy xap0) big

L2 Cache

L2 Cache
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Memory Controller




Coherency States

Valid Invalid
Unique | Shared
: Unique | Shared
B Dty | Dirty
Invalid
Unique | Shared
Clean Clean | Clean

Analogical to MOESI-protocol: Modified, Owned, Exclusive, Shared, Invalid
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9
load(A)
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- load(A)
—> snoop(A)

Big CortexAsgy
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1.
2.

3.

- load(A)
—> snoop(A)
big = resp(miss)

Big CortexAsgy
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~W NP

- load(A)
—> snoop(A)
big = resp(miss)
- load_mem(A)

Big CortexAsgy

to main memory
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W

- load(A)
—> snoop(A)
big = resp(miss)
- load_mem(A)
-2 return(A)
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W

- load(A)
—> snoop(A)
big = resp(miss)
- load_mem(A)
-2 return(A)

Big CortexAsgy
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W

- load(A)
—> snoop(A)
big = resp(miss)
- load_mem(A)
-2 return(A)

big = load(A)

Big CortexAsgy
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W

6.

- load(A)
—> snoop(A)
big = resp(miss)
- load_mem(A)
-2 return(A)

big = load(A)
—> snoop(A)
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W

0 N

- load(A)
—> snoop(A)
big = resp(miss)
- load_mem(A)
-2 return(A)

big = load(A)
—> snoop(A)
- resp(hit) = return(A)

Big CortexAsgy

A
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- load(A)
—> snoop(A)
big = resp(miss)
- load_mem(A)
-2 return(A)

big = load(A)
—> snoop(A)
= resp(hit) = return(A)
-2 return(A)
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- load(A)
—> snoop(A)
big = resp(miss)
- load_mem(A)
-2 return(A)

big = load(A)
—> snoop(A)
= resp(hit) = return(A)
-2 return(A)

Big CortexAsgy

I

Cache A,
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- load(A)
—> snoop(A)
big = resp(miss)
- load_mem(A)
-2 return(A)

big = load(A)
—> snoop(A)
= resp(hit) = return(A)
-2 return(A)

Big CortexAsgy

Cache A,
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- load(A)
—> snoop(A)
big = resp(miss)
- load_mem(A)
-2 return(A)

W

Big CortexAsgy

big = load(A)
—> snoop(A) Cache Aq
= resp(hit) = return(A) —

-2 return(A)
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10.
11.

- load(A)
—> snoop(A)
big = resp(miss)
- load_mem(A)
-2 return(A)

big = load(A)
—> snoop(A)
= resp(hit) = return(A)
-2 return(A)

- makeUnique(A)
- invalidate(A)

49



1. - load(A)

2. —> snoop(A) 5

3. big = resp(miss) x

4. - load_mem(A) t

5. - return(A) U
=)

6. big > load(A) oM

7. —> snoop(A) Cache ---

8. = resp(hit) = return(A) —

9. - return(A)

10. - makeUnique(A)

11. - invalidate(A)
12. big = invalidated = resp(ack)
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10.
11.
12.

13.

- load(A)

—> snoop(A) :('?\

big = resp(miss) x

- load_mem(A) *g

-2 return(A) U

=)

big = load(A) o0
—> snoop(A) Cache ---

= resp(hit) = return(A)
-2 return(A)

- makeUnique(A)
- invalidate(A)
big = invalidated = resp(ack)

- resp(isUnique)

by
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11.

12

13.
14.

- load(A)
—> snoop(A)
big = resp(miss)
- load_mem(A)
-2 return(A)

big = load(A)
—> snoop(A)
= resp(hit) = return(A)
-2 return(A)

- makeUnique(A)
- invalidate(A)
. big = invalidated - resp(ack)
- resp(isUnique)

- store(A)

Big CortexAsgy

Cache ---
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Distributed Virtual Memory
(DVM):

Threads on different cores A
share the same virtual memory . |

Core A causes change in page '
table = core Bs TLB entry out- L2 Cache

of-date

Big CortexAsgy
w:“

Core A issues invalidation
message > broadcasts TLB
entry invalidation = Core B
invalidates TLB entry

=>» TLBs are read-only =» DVM messages can only invalidate entries (can't fetch entries)
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= ACE clock can be integer fractions of CPU clock (including
1:1)

= 16 simultaneous write commands per cluster

= 8 simultaneous read commands per core

Snoop Performance:

= SCUis clocked with CPU clock
= 8 simultaneous snoops per cluster
= Snoop response after: 13 cycles (L2 hit)
16 cycles (L1 hit)
6 cycles (Cache miss)
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= ACE clock can be integer fractions of CPU clock (including
1:1)

= 16 simultaneous write commands per cluster

= 8 simultaneous read commands per core

Snoop Performance:

= SCU is clocked with CPU clock
= 8 simultaneous snoops per cluster
= Snoop response after: 13 cycles (L2 hit)
cycles (L1 hit)
6 cycles (Cache miss)
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= Queue of & transaction, 16 cycle wait
= Each transaction returns one cache line
= 64 byte cache line width

I
= 128-bit data channel width (26 bytes) b EYEIES
=» 32 kB L1 transfer: S2KBYIeS | 16 = 2,013
16 Bytes
= > MB L2 transfer: 22" | 13 = 131,088

16 Bytes
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= Queue of & transaction, 16 cycle wait
= Each transaction returns one cache line
= 64 byte cache line width

I
= 128-bit data channel width (26 bytes)  EYEIES

=> 32 kB: ~ 1.5 S ~ 6.5 S
=> 2 MB: ~ 100 US ~ 30 US

A53 @ 1.3 GHz Eg520 @ 2.26 GHz
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Samsung Exynos 5433 (Galaxy Note 4)
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Samsung Exynos 5433 (Galaxy Note 4)
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Samsung Exynos 5433 (Galaxy Note 4)
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Samsung Exynos 5433 (Galaxy Note 4)
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Samsung Exynos 5433 (Galaxy Note 4)
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= smaller performance advantage (up to 25%) for
high performance applications
=» TDP usually too high for 8 cores at
maximum frequency

= significant advantages (up to 70%) for
high efficiency applications
=»  better performance/power for entire
system

= low Idle (and background apps) not
available to high performance CPUs
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= Heterogeneous CPUs are possible
= big.medIUM.LITTLE:  Helio X20 SoC

2.5GHz 2.0GHz 1.4GHz

eXtreme Performance Best Perf/Power Balance Best Power Efficiency

L2 Cache L2 Cache |

A72 | P

L2 Cache

64
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Status

31 30 29 28

27

N|zZz|C|V]|Q
Y
{ -
A \ Instruction
31 | 30 | 29 | 28 0
Condition Code
e.g. 0000 :=Zero flag (Z) is set

ooo1 :=Zero flag (2) is clear

CMP ,
ADDEQ ,
ADDNE ,

; (r4 - r5)
; 1f equal:
; else:

Bit

Bit

0 ?
rl
rl

r2 + r3
r2 + r4
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MOV
ADD

Registersro—rag

| A
Operand B l,
Operand A Barrel Shifter
Result
N
, H2 ; binary: 0010
, M, r4, LSL #1  ; r5 := r4 + (r4 << 1)
5 r5 = 0010 + 0100
; PS5 =2 + 4
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Time to context switch (ns)

Clock:
Cores:
Cache:
TDP:
Node:
Year:

90000

Cost of context switching on a dual Intel E5520

80000 r

“Contextswitth —— |

Write a page ——«—

70000 +

60000 F

50000 +

40000 +

30000 +

20000 +

10000 |

2,26 GHz

4
8 MB
8o W

45nm
2009

10

(Turbo: 2,53 GHz)
(capable of hyperthreading)

(L1 64 kB per core, L2 256kB per core, 8 MB shared)

100
Working set size (KB)

1000

900

800

700

600

500

400

300

Time to write a apge (ns)
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from CCl-400 Cache Coherent Interconnect Reference Manual

Mali-T604 Coherent 1/O
|‘ GIC-400 _| graphics unit device DMA-330 LCD
Cortex-A15 Cortex-A7 ADB-400 ADB-400 NIC-400
ADB-400 ADB-400 MMU-400 MMU-400 MMU-400
ACE ACE ACE-Lite plus DVM ACE-Lite plus DVM ACE-Lite plus DVM
interface, S4 interface, S3 interface, S2 interface, S1 interface, SO
CoreLink CCI-400 Cache
Coherent Interconnect
ACE-Lite ACE-Lite ACE-Lite
interface, M2 interface, M1 interface, MO
DMC-400 Other DMC NIC-400
DDR3/ Wide 1/O Other Other
LPDDR2 DRAM slaves slaves




