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Exabytes per Month 23% CAGR 2012-2017

140 B Web/Data (24.2%, 18.9%)
B Managed IP Video (21.8%, 21.0%)

Highly parallel workloads!
B Internet Video (38.3%, 52.0%)
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Slide left to right S
0 - Lo pichirs [Awaiba+Fraunhofer11]

2012 2013 2014 2015 2016 2017 CV IS the energy bottleneck

Source: Cisco VNI, 2013
The percentages within parenthesis next to the legend denote the relative traffic shares in 2012 and 2017.

In-situ stream processing & fusion + visual intelligence is a must!
- In a few mW power envelope!!
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M File Sharing (15.7%, 8.1%)
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0,003GOPS/mW — 30KW
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From KOPS (10 3) to EOPS (1018)!
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A Short Review on CMOS power
and power minimization




7Where IS Power Dissipated in CMOS?

= Active (Dynamic) power
— (Dis)charging capacitors
— Short-circuit power
» Both pull-up and pull-down on during transition

= Static (leakage) power
— Transistors are imperfect switches

= Static currents
— Blasing currents

Low Power Design Essentials ©2008

3.6
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Active (or Dynamic) Power

Key property of active power:

P, f

yn
with f the switching frequency

Sources:

» Charging and discharging capacitors
= Temporary glitches (dynamic hazards)
= Short-circuit currents

Low Power Design Essentials ©2008
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!Harging Capacitors

Applying a voltage step

E,==CV?

E, ., =CV? R
r 1

5 Ec :ECVZ
\Y C) ——— C

o0 V
dv,
Ey = IVCdet - CVI dVe = CV>
0 0

Value of R does not impact energy!

Low Power Design Essentials ©2008
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Applied to Complementary CMOS Gate

Vdd

=3

PMOS
NETWORK

\
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= One half of the power from the supply is consumed in the

L

t
|
v

1 1.,
CL E~ ==CV
\T C 2 LVYDD

pull-up network and one half is stored on C;
= Charge from C, is dumped during the 1 - O transition

* |ndependent of resistance of charging/discharging network

Low Power Design Essentials ©2008

3.9



me uced Swing

Energy consumed is proportional to output swing

Low Power Design Essentials ©2008 3.10



Charging Capacitors - Revisited
Driving from a constant current source
Er = (—)cv2

Eo.1 =Ec tEr R

@ @

E. ==CV~?

T==2

jl(RI)dt—RI 2T = ( RCev2
0
Energy dissipated in resistor can be reduced
by increasing charging time T (that is, decreasing I)
Low Power Design Essentials ©2008
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Charging Capacitors

Using constant voltage or current driver?

E <E
If

T > 2RC

constant_current constant_voltage

Energy dissipated using constant current charging
can be made arbitrarily small at the expense of delay:
Adiabatic charging

Note: t,(RC) = 0.69 RC
to 00%(RC) = 2.3 RC

Low Power Design Essentials ©2008 3.12



Dynamic Power Consumption

Power = Energy/transition ¢ Transition rate
=C Vpp®*fo_1
=C Vpp?efePy_y

— 2
_ CswitchedVDD ° f

= Power dissipation is data dependent — depends
on the switching probabillity

= Switched capacitance C,icheq = Po_1C,=a C,
(a is called the switching activity)

Low Power Design Essentials ©2008 3.13



m!m! Eurrents

(also called crowbar currents)

Vob

Vin | sc Vout t
O— l +——O Ipeak
— C_ '

PMOS and NMOS simultaneously on during transition

P, ~f

SC

Low Power Design Essentials ©2008
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Short-Circuit Currents

Vb Voo
_G| l 1. 00 _ci l lc = Imax
— Ffv\ e R e
Vin I C, — C_
—I = x 107 —| =
2.5 | | e
Large load = 2l ~—CL=20fF | =  Small load
1517 C_ = 100 fF |
S :
- C_ =500 fF
0.5 -
05 | |
0 20 40 60
time ()

Equalizing rise/fall times of input and output signals limits P, to 10-15%
of the dynamic dissipation

Low Power Design Essentials ©2008 [Ref: H. Veendrick, JSSC'84] 3.15
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Modeling Short-Circuit Power

= Can be modeled as capacitor

Tin

Ce = k(a—1 +Db)

out

a, b: technology parameters
k: function of supply and threshold voltages, and transistor sizes

_ 2
ESC - CSCVDD

Easily included in timing and power models

Low Power Design Essentials ©2008 3.16
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Transistors Leak

» Drain leakage
— Diffusion currents
— Drain-induced barrier lowering (DIBL)

= Junction leakages
— Gate-induced drain leakage (GIDL)

» Gate leakage
— Tunneling currents through thin oxide

Low Power Design Essentials ©2008 3.17



!ug-threshold Leakage

10%
1073
107

Vps=1V
Ip

—
o
©o
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Low Power Design Essentials ©2008 3.18
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Sub-Threshold Leakage

Leakage current increases with drain voltage
(mostly due to DIBL)

W —Vn +44Vbs
| leak = | 0 — 10 S (for Vps > 3 kT/Qq)
0
Hence
W V14 A4Vbp
Reak = (I OW]-O > )(Vppl0 ° )
0

Leakage Power strong function of supply voltage

Low Power Design Essentials ©2008 3.19



*ac! Effect

Assume that body effect in short
channel transistor is small

NAND gate: o Vv ~Van 44 (Vop V)
TVDD lieakom1 = 1o 10 >
A »B —q_] . Vi AV
_IM] — leakmz = 1010 °
B
<| Vi y
> Vi = ——Vpp
= 1+ 244
4 —4 v
M2 _/]dVDD( 1+Aq )
\ 4 Istack ~10 S '1+24,° (instead of the

| expected factor of 2)
inv

Low Power Design Essentials ©2008 3.20
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2.5 90 nm NMOS i

factor 9

1.5‘ IM2
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05/ | Leakage Reduction
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Low Power Design Essentials ©2008 3.21



T ———
Gate Tunneling

VDD

Exponential function of supply voltage

" |y~ €TXVED, |~ e ToxgVGS J [ l%

* |ndependent of the sub-threshold
leakage Yoo | o
x 10 | | | | | | | | | /
16, 90 nm CMOS | R I: i“ﬁk
L4 ]

Modeled in BSIM4
Also in BSIM3v3 (but not
always included in foundry
models)

NMOS gate leakage usually
— 1 worse than PMOS
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Low Power Design Essentials ©2008 Voo (V) 3.22




- EtHer sources of static power dissipation

* Diode (drain-substrate) reverse bias currents

N .

n+ n+ n+
- n well -
L[A

p substrate

* Electron-hole pair generation in depletion region of reverse-

biased diodes

« Diffusion of minority carriers through junction

» For sub-50nm technologies with highly-doped pn junctions,
tunneling through narrow depletion region becomes an issue

Strong function of temperature
Much smaller than other leakage components in general

Low Power Design Essentials ©2008 3.23



-BtHer sources of static power dissipation

= Circuit with dc bias currents:

Vop .
sense amplifiers, . , _4
voltage converters > e ou
and regulators, _L ! }
sensors, mixed-signal —| |, M, | bt
components, etc — — —

SE —| | Ms

Should be turned off if not used, or standby current should
be minimized

Low Power Design Essentials ©2008 3.24



*ummary of Power Dissipation Sources

= - switching activity

= C, —load capacitance

= C,g— short-circuit
capacitance

" Vguing — VOltage swing

= f—frequency

P~al(C, +Cus) My (Vo L +(1 5+

swing

|pc — Static current
l.ax — l€8kage current

P = energy

B operation

Xrate+ static power

Low Power Design Essentials ©2008
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7The Traditional Design Philosophy

» Maximum performance is primary goal
— Minimum delay at circuit level

= Architecture implements the required function
with target throughput, latency

» Performance achieved through optimum sizing,
logic mapping, architectural transformations.

= Supplies, thresholds set to achieve maximum
performance, subject to reliability constraints

Low Power Design Essentials ©2008 3.26



The New Design Philosophy

= Maximum performance (in terms of
propagation delay) Is too power-hungry,
and/or not even practically achievable

= Many (if not most) applications either can
tolerate larger latency, or can live with lower
than maximum clock-speeds

» Excess performance (as offered by
technology) to be used for energy/power
reduction

Trading off speed for power

Low Power Design Essentials ©2008 3.27
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EXxploring the Energy-Delay Space

Ener 4
gy @ Unoptimized

design

EmaX .............. E Pareto_optimal
: designs

: : >
D, D..« Delay

In energy-constrained world, design is trade-off pr ocess
¢ Minimize energy for a given performance requirement

¢ Maximize performance for given energy budget

Low Power Design Essentials ©2008 [Ref: D. Markovic, JSSC’04] 3.28
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Summary

= Power and energy are now primary design
constraints
= Active power still dominating for most

applications
— Supply voltage, activity and capacitance the key
parameters

» Leakage becomes major factor in sub-100nm

technology nodes
— Mostly impacted by supply and threshold voltages

* Design has become energy-delay trade-off
exercise!

Low Power Design Essentials ©2008 3.29



Reducing power @ all design levels

€ Algoritmic level

¢ Compiler level

€ Architecture level
€ Organization level
¢ Circuit level

¢ Silicon level

€ Important concepts:

m Lower Vdd and freq. (even if errors occur) /
dynamically adapt Vdd and freq.

m Reduce circuit
m Exploit locality
m Reduce switching activity, glitches, etc.

ASCI Springschool 2012 Henk Corporaal  (30)




Algoritmic level

€ The best indicator for energy is .....
.... the number of cycles

& Try alternative algorithms with lower complexity
m E.g. quick-sort, O(n log n) = bubble-sort, O (n?)
m ... but be aware of the 'constant’' : O(n log n) = c*(n log n)

€ Heuristic approach
m Go for a good solution, not the best !

Biggest gainsat thislevel !!

ASCI Springschool 2012 Henk Corporaal  (31)



Compiler level

€ Source-to-Source transformations
m |oop trafo's to improve locality

€ Strength reduction
m E.g. replace Const * A with Add's and Shift's
m Replace Floating point with Fixed point

€ Reduce register pressure / number of accesses to register file
m Use software bypassing

€ Scenarios: current workloads are highly dynamic
m Determine and predict execution modes
m Group execution modes into scenarios
m Perform special optimizations per scenario

e DFVS: Dynamic Voltage and Frequency Scaling
e More advanced loop optimizations

€ Reorder instructions to reduce bit-transistions

ASCI Springschool 2012 Henk Corporaal  (32)



Architecture level

¢ Going parallel

€ Going heterogeneous

m tune your architecture, exploit SFUs (special function
units)

m trade-off between flexibility / programmability / genericity
and efficiency

€ Add local memories
m prefer scratchpad i.s.0. cache

@ Cluster FUs and register files (see next slide)

€ Reduce bit-width
m sub-word parallelism (SIMD)

ASCI Springschool 2012 Henk Corporaal  (33)



Organization (micro -arch.) level

4 Enabling Vdd reduction
m Pipelining
e cheap way of parallelism
m Enabling lower freq. = lower V

m Note 1: don't pipeline if you don't need the performance
m Note 2: don't exaggerate (like the 31-stage Pentium 4)

€ Reduce register traffic
m avoid unnecessary reads and write
m make bypass registers visible

ASCI Springschool 2012 Henk Corporaal  (34)



Circult level

¢ Clock gating

€ Power gating

€ Multiple Vdd modes

€ Reduce glitches: balancing digital path's
€ Exploit Zeros

€ Special SRAM cells
m normal SRAM can not scale below Vdd = 0.7 - 0.8 Volt

€ Razor method; replay

€ Allow errors and add redundancy to architectural invisible
structures

m branch predictor
m caches

4 .. and many more ..

ASCI Springschool 2012 Henk Corporaal  (35)



Silicon level

¢ Higher V, (V_threshold) —

€ Back Biasing control
m see thesis Maurice Meijer (2011)

€ SOl (Silicon on Insulator)

= silicon junction is above an electr. insulator
(silicon dioxide)
m |lowers parasitic device capacitance

nt
!-!c.. !.-n‘!-

€ Better transistors: Finfet
m multi-gate
m reduce leakage (off-state curent) drin “fn’

€ .. and many more

ASCI Springschool 2012 Henk Corporaal  (36)
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Two ldeas to Remember
.with their caveats
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13mm, 100W, 48MB Cache, 4B Transistors, in 22nm

ORUM
OGNA

12 Cores 48 Cores 144 Cores

EEEEEEEEEE
H Large [S. Borkar, Intel, 2006]

Single Core
Performance
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[V. De, Intel, 2013]

0.9 -
132nm CMQOS, 25°C
08 1 @ T T
0.7 -
=) :
E 06
Q ]
9 051 4.7X
Y ]
Q 0.4 1
3 f ® Total Energy
E 0.3 ] % ¢ | eakage Energy
LLJ 0_2-; A Dynamic Energy
E —
0.1 E - ‘_‘.7
0.0-lllllllllllllllllllIllllIllllllllllllllllllllllll
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Logic Vcc/ Memory Vee (V)

...but be careful with Leakage and its variability!
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Introducing PULP
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2010 - With EPFL (Atienza, Burg) ORIVERAT ST HEIBERR

90nm LP-CMOS
- —eSingle-core | High vdd
=== MuUlfi-core 167 MOps/s ‘
1L 15.8 mW __
: @ o
= 101 = 2=
“Id: o 3,8
E 1.7 MOps/s o5Fe
2 0.03 mW =5 -
(@) 101— ,l’, %
ol : 1.7 Ops/§/’
| Juiad
Leakage! 104 10X @10MOPS
33 e 1GOPS/mW
10 -

T """1'(9 d @16
Workload, MOps/s
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= pJ/OP is traditionally* the target of ASIC + uCntr
= Scalable: [KOPS,TOPS], 32bit architecture
= Flexible: OpenMP, OpenVX
= Open: Software & HW

*1.57TOPS/W: Kim et al., “A 1.22TOPS and 1.52mW/MHz Augmented Reality Multi-core Processor
with Neural Network NoC for HMD Applications”, ISSCC 2014

Departement Informationstechnologie und Elektrotechnik 42
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OpenRISC
Core #1

Instruction
Memory

Start with an simple+efficient processor (~11PC)

Integrated Systems Laboratory 43
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OpenRISC OpenRISC OpenRISC OpenRISC
Core #1 Core #2 Core #3 Core #N

Instruction Instruction Instruction Instruction
Memory Memory Memory Memory

Parallel processors for performance @ NT

Integrated Systems Laboratory 44
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Bank B Bank

TCDM Logarithmic Interconnect
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OpenRISC OpenRISC OpenRISC OpenRISC
Core #1 Core #2 Core #3 Core #N

Instruction Instruction Instruction Instruction
Memory Memory Memory Memory

Parallel access to shared memory—>Flexibility

Integrated Systems Laboratory 45
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EXU #1 @ EXU #2 EXU #K

EXU Logarithmic Interconnect TCDM Logarithmic Interconnect

OpenRISC OpenRISC OpenRISC OpenRISC
Core #1 Core #2 Core #3 Core #N

Instruction Instruction Instruction Instruction
Memory Memory Memory Memory

Optional Instruction Extension—>Acceleration

Integrated Systems Laboratory 46
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Cluster
Interface

Cluster Bus

Bus
Adapter

| |
Making PULP

Mem g Mem § Mem g Mem § Mem | Mem
Bank § Bank Bank

TCDM Logarithmic Interconnect

OpenRISC OpenRISC OpenRISC
Core #1 Core #2 Core #3

Instruction Instruction Instruction
Cache Cache Cache

f H

Instruction Bus

ALMA MATER STU

DIORUM
UNIVERSITA DI BOI

OGNA

OpenRISC
Core #N

Instruction
Cache

Add infrastructure to access off-cluster memory

Integrated Systems Laboratory

47
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Cluster 1 Cluster 2 Cluster M

External

High Speed Local Interconnect Bus

!

Interface

Multiple clusters (f,vdd,Vbb) form a PULP system

Integrated Systems Laboratory 48
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I:I I(?\ILTUESR-’FCESNNECT - BUS Caal B
ULP CLUSTER
MCHAN Tcom | | Tcom Tcom
BANK BANK LA BANK
TCDOM #0 #1 #M-1

<«———— EXT [""cvD
IF | QUEUEs

IF

1 f

TCDM INTERCONNECT

|—',_l

2
s, % .Q—r/ e e
HW SYNC B %Ezl-'x ?eEg 4 I EE' &
T
Design choices
1S -> high code locality & simple architecture
No D$ - low locality & high complexity: Bpbmm  2,¢/Bpmm 25;cpu<0,4

Sharing L1 -> less copies, easy work-balancing, low T, overhead in NT
Multibank - smaller energy per access, “almost” multiported
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= Superpipelining harmful for energy efficiency
Focused speed optimization on the critical path dominated by MEM

= Low pipeline depth = high IPC with simple microarchitecture

700 T T I ;R
: : B c7xP70
Ins ? ? B oRorig. | =DM

------ [_Joropt. | tﬂ—
B CortexMd | su :

8

&
&
wn
3
T
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; 100+ 2 B
I 0 1 1

- MatrixMul ___ Sudokus

8
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# kilocydes

3

8
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50% less energy per operation on average, 5% more a rea
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Processors

Routing
Tree

Arbitration
Tree

Memory
Banks

World-level bank interleaving «emulates» multiported me m
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programming Interface RIS STYBISARY

« Each command queue is dedicated to
a core of the cluster: arbitration is
made in hardware

- No need to reserve (lock/unlock)
the programming channel

« COREs program DMA through register
mapped on the DEMUX
- The registers belongs to aliases,

no need for the processors to Tcom | [Tcom oM
BANK | | BANK | ... | BANK
calculate (per-core) offsets w || m M1

. A programming sequence requires 1'» o T

-
= DMA CH
.

1. check a free command queue )

2. write address of buffer in TCDM =

3. write address of buffer in L2 memory I |

4. Trigger data transfer @7 Emu A o
5. Synchronization PE | .

Programming Latency: ~10 CLOCK CYCLES!!
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DMA Architecture Overview
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CTRL UNIT:
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Arbitration — forwarding EXTUNIT TRANSFER UNIT TCDM UNIT
and synchonization of | = *| B BUTPER INTERFACE
Incoming requests J- TX BUFFER . MR
TRANSFER UNIT: — %
FIFO Buffers tor TX and onenc — (o il
RX channnels T GE“];{”““ %
TCDM UNIT: || [ e’
Bridge to TCDM protocol — = B
4 channels (2 RD and 2
WR) 32 bit each = = L = ==
EXT UNIT: %ﬁv = == m,{t,,s.:

Bridge to AXI, 64 bit

Key idea: only channel packets buffered internally — no DMA transfers!

5

3
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3%

DMA

EXT ™ cmD
UNIT .

W CORES + 15 (64K)

B CLUSTER INTERCONNECT

B CLUSTER BUS
1%
2%

B TCDM (256K)

u DMA

BF =2
I Typical config

0,95
) -&-PROPOSED DMA

= 0,9 30 -#-STHORM DMA
a
= ~+-CELL DMA
= 0,85
=) 25
Z
@
a 08
] -8-BANKING FACTOR =0,5 20
N
E 0,75
E ' -4-BANKING FACTOR=1 15
e

0,7 —~-BANKING FACTOR =2 Maximum BW

10

COST PER BYTE [CLOCK CYCLES)

065  -m-BANKING FACTOR =4 for rgallstlc
applications 5
0,6 e =
0% 5% 10% 15% 25% 50% 0

8 16 32 64 128 256 512 1024 2048 4096 8192 16384
NORMALIZED PER CORE INJECTED BANDWIDTH
TRANSFER SIZE [BYTES]
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(instruction set extensions) SRS TR STUBIBY
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F | queess | F | | t t t
A
pr—— | TCDM INTERCONNECT SHARED FU
e— —t )
ENC2EXT §
I EXT2PER : 8
| : 3
= Open Open <.« | Open
# #1 #N-1
® Performance/Power m Performance/Area
3.5
3 Results normalized to

RINQ;" FPUS Results normalized to

private FPU cfg
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Private FPU
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Scaling up
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= 32 bit architecture
= 4 GB of memory Memory Map:
= Clustersin Vdd, CLK .
domains
L3
= L2 (2D & 3D) ready
= Host VM IF for 60000000 v
Heterogeneous oeso00 oo 0x41F0_0000
Com ut|n 0x4000_0000 0x4020_0000
p g Clustl 0x4010_0000
ClustO
0x4000_0000
0x3000_0000 0x2000_0000
Cluster Clustl5  ox1r80 0000
0x2000_oooo = Peripherals
Cluster
0x1000_0000 Memory Clustl
0x1080_0000
0x0000_0000 Clust0 0x1000_0000
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while(1)
{ A powerful abstraction for specifying

#pragma omp parallel num_threads(4) structured parallelism
{

#pragma sections

; : void ColorScaleConv()
{

#pragma section

> : #pragma omp for

I
I
------- I
---------------- for(i = 0; i < FRAME_SIZE; i++) |
------ { 1
[ALGORITH] :
} I
I
. I
And very suitable for NUMA el
(cluster-based) systems
#pragma section arenntt - -‘-""""":.: """""" s
{ [ ] [ ] [ ] L ]
C- #pragma omp parallel num_threads(16) . . . .
cvMoments(); A B C D
} | Er |
#pragma section HEE(EFE RG] | FHE
{ tntalflea cafjlza Califlze ca
D' #pragma omp parallel num_threads(16) :"---....:'.':..,. ;E ,....--“:
cvAdd(); Thegmet
}
} - - -
} +OpenVX ->domain specific language

}
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e (C-based standard API for vision kernel
Defines a set of standard kernels

pplication :
O Enables hardware vendors to implement
. /\ accelerated imaging and vision algorithms
OpencV Other higher- « Focus on enabling real-time vision
level :

e [ OV libraries On mobile and embedded systems

'“”a“’\/ « Graph execution model

Each node can be implemented in software or
OperVX. KHRONOS accelerated hardware

Data transfer between nodes may be optimized

Open source Hardware vendor B
~ sample implementations :
implementation? : )penvx OpenVX
I " Node
I
: | OpenVX OpenVX
| Node OpenvX Node
I
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Leverages OpenCL runtime with OVX nodes treated as O  CL kernels

HOST DEVICE L3 MEM

Kernel 1

Kernel 2 \
Intermediate results stored in L3 mem -

each kernel boundary implies two
accesses to all image data (write + read)

Host synchronization between
successive kernels is imposed
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Smaller image sub-regions (tiles) totally reside in TCDM

All kernels are computed at tile level, no more at image level —
iIntermediate results are also allocated in TCDM

160x120 BO
BO B1 B1 B2
Color » ;
162x122 162x122 160x120 B2 160x120 160x120

v TCDM is partitioned into 3 buffers (B0, B1, B2)
v Output tile size is 160x120

v Sobel3x3 requires image overlapping (1 pixel for each direction), and so the tile size

IS 162x122

v ColorConvert does not require tile overlapping, but must provide a 162x122 result tile

for the next stage — tile size propagation
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Smaller image sub-regions (tiles) totally reside in TCDM

All kernels are computed at tile level, no more at image level —
iIntermediate results are also allocated in TCDM

PEs Linear Schedule k1 k2 ||k3 | k4 kKl k2 kK3 k4 kl
(3):‘ \5) \"‘:_(7) {9 \ |\
| A | \ A | \ .
CC a b c d e CC Orchestration

(0 @f @f © ® \ \

Y / I Y ‘ / Y ‘

DMAIn il 12 13 14

Double bufferin Y Y

DMAout E o 02

; >
time
v TCDM is partitioned into 3 buffers (B0, B1, B2)
v Output tile size is 160x120

v Sobel3x3 requires image overlapping (1 pixel for each direction), and so the tile size
is 162x122

v ColorConvert does not require tile overlapping, but must provide a 162x122 result tile
for the next stage — tile size propagation
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* Framework prototype
= OpenVX support
= A limited subset of kernel has been implemented
= Polynomial time (i.e. fast) heuristics suitable for just-in-time execution

Efficiency is very high

100% R

90%

80%
e ' 70%
60%
50%
40%
30%
20%
10%
®m OpenCL vs seq C 0%

® Localized OpenVX vs seq C Cluster PE Efficiency

AR

2% DMA wait time
W Executing Time

Speed-up
(¥ )

Speed-up (single cluster)
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And what about Technology?
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High Performance mode Low power mode

Top Gate voltage Top Gate voltage r

life.augmented
= e .
Source Drain

Ultra-Thin Buried oxide

Buried
gate

High Performance mode h Low power mode
Back biasing Back biasing

Vr

Nominal Vyy

>Vgs

RBB

Nominal V+p

> Vs

Body bias: Highly effective knob for leakage control!
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10000
FBB 3V
1 FBB 2V
100

-
o

Leakage (nA)

0.01

0.001 T T T I T T ]
0 100 200 300 400 500 600 700

Frequency (MHz)

Departement Informationstechnologie und Elektrotechnik
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(with RBB)

Area Breakdown ~ Power Breakdown
10% 3%
25%

38%

23% 39%

29% 32%
[ Cores ] TCOM [ Instruction Caches [ Interconnect

More than 50% of power into memories... this is the next foc us areal!
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Introducing PULP V2
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Board/Application -ready chip sumessse

= Implementation of a master

and a slave peripheral B S I e

SoC

64-bit

32-bit

Standard peripheral (e.g. SPI) CLENIER
Integration with FPGASs or N B ey | B
standard low power external e i |
memories e N —
= PULP as multi-core “M N _j:‘lr/lﬁ—/ Lr/
accelerator for micro- R § A ELERER - | EE
controller host —|_emanee - ‘—H

STM32 host core
PULP muti-core accelerator

= Daisy chain of PULP chips

Pipeline of parallel processing 5;2" PULP -—>| pu | - .. | puLp \
units

Each core perfrorms a stage of
computation and forword
temporary data to another stage

Standalone mode is also supported!
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= All-digital clock generation based on a Frequency Lock Loop (FLL)
= From 2GHz down to 15KHz (through clock division)

= Frequency step 10MHz (at lowest division factor)

= Small area 3300um?2 (50 times smaller than classic PLL)
= Suited to fine-grain GALS architectures

= Frequency reprograming in less than 180ns

= No frequency overshoot

= 15ps jitter

N PeO 2 ( Clk_out
ou

Target Controller Clock divider
frequency DAC ] VCO L

)

A

Clk_ref Frequency counter <! Division factor
J

S. Lesecq, D. Puschini, E. Beigne, P. Vivet, and Y. Akgul, “Low-Cost and Robust Control of a DFLL for Multi-Processor System-on-Chip,”
IFAC Proceedings Volumes, vol. 18, pp. 1940-1945, 2011
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10000
FBB 3V
1 FBB 2V
100

-
o

Leakage (nA)

0.01

0.001 ‘ T T T T )
0 100 200 300 400 500 600 700

Frequency (MHz)

Low-leakage vs. Low voltage (0.3V) - reactive or proactive?
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CLUSTER

64 words x 64 bit RO (S [ - =

162 x 85 =
13.7kum?

= Based exclusively on standard cells

= Voltage range identical to the core
Only static logic

= Layout based on guided P&R -
Close to 100% density SCMs

s Storage

‘ Macro Size: Array +

128 x 32 (4 kb)  output mux

86um x 160um
b @

Input/Output Delay:
0.3ns/0.7ns @ss0.9V125°
2ns/3.3ns @tt0.3V25° (FBB)

]

Decoders

T IL
.( I)fl. Telecommunlcatlons

ECOLE POLYTECHNIQUE
FbtraLE i LAUsani Circuits Laboratory
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16000

14000

12000

— 10000

8000

AREA [um?

6000

4000

2000

ENERGY [pJ]

C B N W A U O N 0 O

AREA
I 2X 3.1x 2.5x
B SCM ®SPLICACHE m®mSPHD ®SPREG
READ ENERGY
a» SCM
— SPL1CACHE
= SPHD
— SPREG /
0.6 0.7 0.8 0.9 1
VDD [V]

ENERGY [pJ]
£~ wv [=)] ~
(R |

w

350.00

300.00

250.00

200.00

LEAKAGE POWER [pW]
&
S
(=]
o

100.00

50.00

0.00

| |
Comparison to 64x64 SRAM

0.6

ALMA MATER STUDIORUM
WRITE ENERGY

SCM
SPL1CACHE
SPHD
SPREG

0.7 0.8 0.9 1
VDD [V]

LEAKAGE POWER @125°C
SCM
SPL1CACHE
SPHD
SPREG

0.6 0.7 0.8 0.9

7

2
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. L | 16 banks of
1l |||||||||||||||!|||||||| L 128x32 bit SCM

R VRN

(8 kbyte)

S A
A

e

R TP
2
I////f//}‘//f////

-

7l ittt t
R
e
O S Y D

(R V& & ara
S R

VR
RN e
T A ¢ A BT 50 A S A it

)
I
I
i

8 banks of
512x32 bit SRAM
(16 kbyte)

"aoos oo

N RN
N NN
SNAN SN
NS N
SAAN NN
SANAN AN
AN s
N
SEERS S8 N N
AAREUKSROA |\ NSRS
SANANNNNNNNNNNNY
L ity R

R R N R . 2 banks of

<%

nunn : 128x32 bit SCM
waa : (2 kbyte)
Instruction

cache per core

S Ll bl f P L P LSS IS EL LSOOI LI L LI IL L0
PP PLI IS

PALPILILIIL LI EL I PP LS Ir

PULP V2 is taping out this Week, PULP V3 is on the rawing board...

Departement Informationstechnologie und Elektrotechnik
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= Support for different address
mappings:

Interleaved: horizontal shutdown and
reduces conflicts in shared segments

Mapping between logical-
physical addresses

E 1 Bank 0 Bank 1 Bank x
Non-interleaved mapping: private S
memory avoids conflicts o)
S ] 1
= Basic MMU
Coexistence of both shared and CLUSTER with TCDM MMU

private memory segments with
different address mappings

Adapt address mapping is adapted
to accommodate partial memory
shut-down

A

MMU L
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Gassedabdipars

POV CCET T

*
&
+*
*
*
+
&
&
-
*
i
*
£ 3
L ]

R i it e

Orl10n 180nm Sirl10us 180nm
Processor

| |
PULP Family Development

<@

Cerebrov4 130nm
SAR ADC

Processor+ Accelerator

Pulp v1 28nm FDSOI

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

Cerebro + Pulp
130nm
ADC + Multicore cluster

TBD 65nm
Processor+FPU

o

Pulp v2 28nm FDSOI  Pulp v3 28nm FDSO Big-Pulp 180nm

Body biasing options Standalone system High-speed 1/O ?I/Icl;lg-gléj)ster
0.3 Gops/mW 0.5 Gops/mW RISC, DMA V2
1.0 Gops @ 256MHz, 0.8V 0.5 Gops @ 120MHz, 0.3V
2.8 Gops @ 706MHz, 1.0V
I ; i >

Jan 2014

Jun 2014 Jan 2015
Integrated Systems Laboratory 75
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HARDWARE IPs SOFTWARE
PROCESSOR -~ PILER/TOOLCHAIN
INTERCONNECT (LOCA SRAMMING MODELS
MEMORY HIERARCHY IME
MEMC™ == . .

HARDW, Building an open -
‘o source ecosystem for ]

exploring (with silicon !)
next-generation parallel
computing platforms

SILICO vf' """ 5@!\1!}!@ 2 _ " /ALIDATION

p. Ve

OPTIMIZATION g‘-}"\‘ FEDERALE DE LAUSANNE . Ougmen’red\L PLATFORM
IMPLEMENTATION | A% BUT ., "= EMULATION PLATFORM

VERIFICATION ELOW - = SUPPORT FOR DEBUG (FPGA)

FULL CUSTOM IPS * SUPPORT FOR PROFILING = BENCHMARKS
= DESIGN FOR TESTABILITY " REGRESSION TESTS
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ARDUEYE
SH BREAKOLT

a >
a
G =

— X ] ]
DODOO00!

ARDUEYE
SH BREAKOUT

-
7 a > T ZT W
Beuac 2 a2aco

(N [

112x112pixel (300uW)

component mass (100mg total) and power (102.5mW total)

. power electronics: * sensing and control actuation:
control electronics: 4mg (4%)  20mg (20%) computation:  9.5mW (9%)
wings: 1mg (1%) 5mW (5%)

battery:

27.5mg (28%)

1
I

1

. 1
aeromechanical: |
15mg (15%) I
I

1

power and control actuation: 32.5mg (33%) power actuation: 88mW (86%)

[Wo0d13]

@60fps 0.76MPx/s -> with 1IKOPS/pixel we need 0.75Gops!
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3,200MOPS/W — 30KW

PULP1-2 32b, Kops-Tops @ pJ/IW |

70
60 B

50
28nm 20

28nm FDSOI 0 |

214nm FDSOI 20 B
/ 10 L

o/ (%)

Vg ()

Load

w <\ v uw

+ Liquid cooling '
’/ . g oMg
log(GOPS) + Managing extreme variability

.

Goal: reduce «bending up>; of
energy curve at low & high perf!
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Thank you!

«« Multithermand AdG
Multiscale Thermal Management of Computing Systems

¥

European Research Council

/



