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The Problem

= What do these problems all have in common?

—

A small store owner with
many employees — are
they in the storeroom,

breakroom, or out back?

A working adult with an ageing

parent at home — did she get

out of bed today, is she
moving around?
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Marines wishing to outfit a
building to detect whether
someone is inside or when

A homeowner who sometimes someone was inside
forgets to close the garage at night
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The Problem

= What do these problems all have in common?

———

G > Put motion and sound

sensors throughout,
small LEDs (lights)
near cash register

Put motion sensors around
the house, monitor from the
web or cell phone — or even

be notified if no motion by
certain time in the morning
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Place motion, heat,
and sound sensors in
rooms, halls,
doorways

Install contact sensor and light
sensor, and indicator next to the 2/32
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Why Can’t We Just Do This?

= Widely usable
“Lego”-like
sensors don’t
exist today

= Costly, hard to
use, plugged into

wall...
transmit >))) - BUt new
AND NV technology makes

? ? (((_ receive —*| LED LegO'“ke Sensor

=1L el o m blocks possible...
WI
I et 4 f
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Shrinking Processor Size/Cost Enables New
Solution
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= Make sensors smarter

= By adding processor+ba
= Today, tiny and cheap

= Becomes a "block" easily
connected to other blocks

tery
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Shrinking Processor Size/Cost Enables New
Solution — eBlocks

New "eBlock" view

—

Button— yes/no

— yes/no

Magnetic
Contact —> Yes/no

Switch

> .

Electric
Relay

) 200 Ohm 130 Ohm 130 Ohm
6V Power Source Resistor  Resistor  Resistor

Each LED receives its necessary voltage and
the circuit treats each LED equall
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eBlocks - .

YES/No O Beeper

= Just connect blocks, and
they work
= MNo programming knowledge, —

no electronics knowledge Light
Sensor

7/32
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eBlocks

= Add intermediate blocks that compute and

maintain state

= Spatial programming — more intuitive to non-CS people

than temporal programming

L
— T/ ==
Button[™>—— Toggle Beeper
e
Light <y
Sensor _\_ e e
» LED

Tripper

/
Button
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When A is myes mAND Bis m yes

then the output is yes/@

Combine

/

/

123456789

Prolong
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What's Hard

= (1) Finding right set of building blocks

Too many — Overwhelming (too Too few — Overwhelming (too
much choice) much configuration)
—~D_bo|_, _’—1_/_1—_> _,Splitter::
- D Toggle

2-Input —

Logic —[Tr>1 —,| Splitter — 123456789 —_—
— — Tripper ~ |1 = —
- . — — Splitter :: When A is [g] yes [g]AND B is

123456789 e
e —— — m m H

Logic Prolong (short) then the output is yes
:: .‘» —> 123456789 3 s 4 J_/-l_
= 4-Input o i -

Logic Prolong (long) 5: Splitter - ...

—_ 123456789
When A is ] yes [g]AND B is[g] yes —([D Do R . Do —
ﬂ Hor H -~ D e | = '
then the output is yes O 2Yes S Block
Corbi detector detector uperbloc
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What's Hard

= (2) Making the blocks understandable———

= People NOT likely to read directions
=« Those that do are unlikely to understand

Performed
extensive user
testing (over 500
students, kids,
and adults) over
two years

Example: Combine block

Frank Vahid, UC Riverside
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A is yes, B is yes

Aisyes,Bisno

Aisno, Bis yes
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Phrased truth table O

o) 0
A B Output A B yes no
b Alis yes, B is yes I
no no no |m ]| yes When the A js yes B isno the output ]
inputis A jsno, Bisyes Shouldbe @]
no yes no |m_Ji yes Aisno, Bisno =]
yes no no ([ m]| yes _ out b
yes yes no |[@_]| yes SAHIne
configurable Phrased truth table embedded in sentence
Logic Block [ DIP switch
00
A B yes no
(]
When theﬁ E The output =1
inputis A B should be E
A B
out o
Combine
Colored truth table embedded in sentence
Most success o a

no OR

When Ais | |Yes | |AND Biis| | yes

then the output is yes P

no

Combine

Logic Sentence




What's Hard

= (3) Batteries must last years, yet performance
should appear continuous

= Blocks are off 99.9% of the time

]
@ .
Developed theory to map eBlock events e
to continuous time @ ® .
interpreted as
© _ = | e
Developed custom CAD tool to o] ] ]
automatically find the best block @ 1] -
parameter settings out of the
billions of possibilities Connect Disconnect
RE]lahllltj" L atEIll:‘_V RES]] ONSIVENRSS RESP OISIVEIIES S
1 5] //H,.,Hﬂ+w*“‘ 1 JJ_F,,J-J' 1 B e
i g
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han-.........'..'.‘ ...... bt Ljn:f. hﬁ 0. F-Hal].-
e e Bl aterey (sconds) e i Comat morcn
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eBlocks Example

"Garage Open at Night" detector

[
= <10 minutes to build
=y
Light L, _....... e - S o Plug pieces together
Sensor " Whe”AiSDyes DASD B is|:|yes Need to indicate garage and the system is done!
— R e "1....~| LED | open at night — use LED
D_eteCt nlght'tlme - us_,e """" then the output is yes O block
Light Sensor block Combine
'\gag"etic Use Combine block to
ontact ™ . .
Switch combine light sensor __
and contact switch into ————

Detect garage door open  gne

— use Contact Switch
block

e
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Graphical Simulator

User specifies and tests Available eBlocks
bIOCk deS|gn @ |: SLight o WCompute/Communications
Java-based simulator -

User chooses Button (O @ [Becpen

between pallets

BIOCkS_ added by When A is = yes [g] AND Biso yes Gr:zzl;ed

dragglng |I|n0 E|OR @no 9 Light

User is able to then the output is yes (O | Beeper

configure various Combine

blocks by clicking on

switches

Connections created

by drawing lines

between blocks

Hide this panel | | Advanced Mode

Welcome to the eBlocks Simulator! In this area, you'll find helpful hints on creating your own designs.

Click and drag an eBlock off of the “Available eBlocks” panel to add it to your design.

To connect two blocks, click and drag from an output port (colored circle) to an input port (gray circle).
A connection can be destroyed by clicking on a connected port.

To move a block around the workspace, click and drag its area.

Blocks can be moved into the trash can to delete them.

Green circles indicate that the port is sending a yes, red circles indicate that the port is sending a no,
Circles indicate that the port is sending an error signal, and gray circles denote an input port.
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Graphical Simulator

User specifies and tests Available eBlocks
bIOCk deS|gn @ |: SLight > WCompute/Communications
Java-based simulator - el

User chooses Button O | Beeper

between pallets /

BIOCkS, added by When A is = yes [g]AND B is[g] yes vy G;;F?ed

dragging |I|no OR |E|no N e 9 Light

User is able to then the output is yes O_Beeper

configure various Combine

blocks by clicking on

switches

Connections created
by drawing lines
between blocks

User can create,

. Hide this panel | | Advanced Mode
experiment, test and

configure design

Welcome to the eBlocks Simulator! In this area, you'll find helpful hints on creating your own designs.

Click and drag an eBlock off of the “Available eBlocks” panel to add it to your design.

To connect two blocks, click and drag from an output port (colored circle) to an input port (gray circle).
A connection can be destroyed by clicking on a connected port.

To move a block around the workspace, click and drag its area.

Blocks can be moved into the trash can to delete them.

Green circles indicate that the port is sending a yes, red circles indicate that the port is sending a no,
Circles indicate that the port is sending an error signal, and gray circles denote an input port.
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eBlocks and Embedded Microprocessors

= Can greatly simplify

coding =
Button[— yes/no F
1/0

——
Light
Sensor _\_ =
I___I_/‘ Tripper Jesino Fllo

Button
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And now for something completely different...

= Warp processing

= 2001-present, supported by SRC, Intel,
IBM, Freescale, Xilinx

= Ph.D. students
= Roman Lysecky — Ph.D., June 2005, now Asst.
Prof. at Univ. of Arizona
= Greg Stitt — Ph.D. June 2007, now Asst. Prof.
at Univ. of Florida, Gainseville

= Ann Gordon-Ross — Ph.D. June 2007, now
Asst. Prof. at Univ. of Florida, Gainseville
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Circuits on FPGAs Can Sometimes Give Big Speedups

C Code for FIR Filter Circuit for FIR Filter
for(|:O’|<128’|++) E * * * * * K* Kk X X X *
y += c[i] * X[i] \+/ / \+/ \+/ \+/ \+/
' : \ / \ / \ /
\\//\\//
\ /

7
= DHHHHHHHD
E O j FPGA |5
=h g . . ]

N O: @ . ]
: allapaguizas
a 1000 s of mstructlons = ~7cycles
= Several thousand cycles = Speedup > 100x

= Pipelined -- >500x
Circuit parallelism/pipelining can vield big speedups
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Dynamic Translation

= Motivated by commercial dynamic binary translation of early 2000s

Adooonononononooooonnn Performance
[ |
= VLIW -
e.g-, [ IJ.P 1
Transmeta E -
gl xs6 Bi =
Crusoe = inary =)
. o | Binary > Translation =) X86 VLIW
code - =|
morphing” (HjE R R EEpupEpEpEpEpEpEpEpE]

0000000000000 00000T70

FPG

MP

- Binary
Binary M“Translation”

oo oood

goonononnon

opooooooo

x86 VLIW FPGA

s Warp processing (Lysecky/stitt/vahid 2003-2007): dynamically
translate binary to circuits on FPGAs
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Warp Processing Background

1 snitian , Software binary loaded
/nto Instruction memory

OO000O0nOnnnonnnnnnnnnonnn

OO0OonNOoonoonononnon

[ Profiler ]

A

)

o—| Mem

FPGA

D$

v

A

On-chip CAD

oo ouoryg

oo dooo
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Software Binary

Mov reg3, 0
Mov reg4, 0
loop:

Shlregl, reg3, 1

Add reg5, reg2, regl

Ld reg6, O(reg5)

Add reg4, reg4, regb

Add reg3, reg3, 1
Beq reg3, 10, -5
Ret reg4

y
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Warp Processing Background

2 Microprocessor executes
instructions in software binary

OO000O0nOnnnonnnnnnnnnonnn

OO0OonNOoonoonononnon

A

Profiler
Cremer ) oy
o—| Mem
P
M L D%
FPGA On-chip CAD

oo oouod

oo dooo
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Software Binary

Mov reg3, 0

Mov reg4, 0

loop:

Shlregl, reg3, 1
Add reg5, reg2, regl
Ld reg6, O(reg5)
Add reg4, reg4, regb
Add reg3, reg3, 1
Beq reg3, 10, -5

Ret reg4

Time Energy
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Warp Processing Background

OO0OonNOoonoonononnon

3 Profiler monitors instructions and
detects critical regions in binary

OO000O0nOnnnonnnnnnnnnonnn

[ Profiler ]

gﬁl‘l‘l‘l‘/‘/‘l‘/‘/- Mem

P
M L D%
FPGA On-chip CAD

A

oo oouod

oo dooo
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Software Binary

Mov reg3, 0

Mov reg4, 0
loop;....--.....

.8hi regl, reg3, T-..

‘1 Add reg5, reg2, reg’1
Ld reg6, O(reg5)

=\ Add reg3, reg3, 1 .
’%Beq reg3, 10 5
Ret 'r'eg4~

Critical Loop
Detected

Add reg4, reg4, reg6.-E

Time Energy
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Warp Processing Background

4 On-chip CAD reads in critical region

OO000O0nOnnnonnnnnnnnnonnn

OO0OonNOoonoonononnon

[ Profiler ]

A

)

o—| Mem

FPGA

D$

v

A

On-chip CAD

B

oo oouod

oo dooo
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Software Binary

Mov reg3, 0

Mov reg4, 0

loop:

Shlregl, reg3, 1
Add reg5, reg2, regl
Ld reg6, O(reg5)
Add reg4, reg4, regb
Add reg3, reg3, 1
Beq reg3, 10, -5

Ret reg4

Time Energy
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Warp Processing Background

5 On-chip CAD decompiles critical region
into control data flow graph (CDFG)

OO000O0nOnnnonnnnnnnnnonnn

[ Profiler ]

. 0

o—| Mem

D$

v

On-chip CAD

-“‘

OO0 0000000000 000D OO0 O e

.
.
R
I“‘
)
R

FPGA

A

OO0OonNOoonoonononnon
OooOooooooooood

*
‘e

Decompilation surprisingly effective at .

recovering high-level program structures
Stitt et al ICCAD’02, DAC'03, CODES/I1SSS'05,
|GSADDE, JcRGA9%, TODAES'06, TODAES'07

Software Binary

Mov reg3, 0

Mov reg4, 0

loop:

Shlregl, reg3, 1
Add reg5, reg2, regl
Ld reg6, O(reg5)
Add reg4, reg4, regb

Add reg3, reg3, 1 Time  Energy
Beq reg3, 10, -5
Ret regd Recover
loops,
....... reg3 =0 arrays,
....... regd := 0 subroutines,
loop: etc. —
......... regd :=regd+mem[  Hoeded to
reg_Z + (reg3 << 1)] synthesize
reg3 :=reg3 +1 '
_ good circuits

ret reg4
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Warp Processing Background

6 On-chip CAD synthesizes decompiled
CDFG to a custom (parallel) circuit

OO000O0nOnnnonnnnnnnnnonnn
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[ Profiler ]

A

)

o—| Mem

e

FPGA

D$

A

On-chip CAD

B

oo oouod

oo dooo
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Software Binary

Mov reg3, 0

Mov reg4, 0

loop:

Shlregl, reg3, 1
Add reg5, reg2, regl
Ld reg6, O(reg5)
Add reg4, reg4, regb
Add reg3, reg3, 1
Beq reg3, 10, -5

Time Energy

\VARVARV]
VAW
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Warp Processing Background

Software Binary

V4 On-chip CAD maps circuit onto FPGA Mov reg3, 0
Mov reg4, 0 B
OO nnn Ioop: ]
: m Shl regl, reg3, 1 B
[ Profiler ] ! D H Add reg5, reg2, regl N
‘ Mem g Ld reg6, O(reg5) ]
*— - Add reg4, reg4, regb
HP L D% =] Add reg3, reg3, 1 Time Energy
= Beq reg3, 10, -5
m] Ret reg4
m
1 m
: m
FPGA On-chip CAD o
< ]
B
]

OO0OonNOoonoonononnon

oo dooo

Lean place&route/FPGA - 10x faster CAD
(Lysecky et al DAC'03, ISSS/CODES'03, DATE'04, DAC'04,
DATE’'05, FCCM'05, TODAES'06)

Multi-core chips — use 1 powerful core for CAD
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Warp Processing Background

>10x speedups

for some apps

On-chip CAD replaces instructions in Software Binary

binary to use haraware, causing ¥ \\

performance and energy to “warp” by Mov reg3, 0 /]

an order of magnitude or more Mov reg4, 0 s \
OO nnnnnnnn |OOpZ \ ]
: // instructions that ]
[ Profiler ] interact with FPGA -
. 18 §

P SN

Time  Energy

) o—| Mem
= . EL D3
B

On-chip CAD
C-)

oo dooo

N\ | Software-only
AN
| ‘Warped”

Ret reg4

A

OO0OonNOoonoonononnon
oo oouod
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Challenge: Decompilation

= Requires aggressive
decompilation to recover

loops, arrays, ..., from

binaries

= Results: Competitive with
synthesis from C

151 _
14- @ High-level [T
B | O Binary-level
111 { P
a 101 |
S 9- | ——
B 8 |
E A | -
a6 — | —
s I || ||
palloy WU . || e
S I || AN
S | - ] AN
T Hoe N HE N
0 7 7 :
@ & QO &N OS> @
R A
< é{\ %{\ \0(’ Qé\ v

Synthesis from C Code

Synthesis after Decompiling Binary

Example Cycles ClkFrg Time Area |Cycles ClkFrg [Time Area |%Timegwehead |Y0Ar€A0emead
bit_correlator 258 118 219 15 258 118 2.186 15 0% 0%
fir 129 125/ 1.03 359 129 125 1.032 371 0% 3%
udiv8 281 190 1.48 398 281 190 1.479 398 0% 0%
prewitt 64516 123| 525 2690 64516 123 5245 4250 0% 58%
mf9 258 57 45| 1048 258 57 4503 1048 0% 0%
moravec 195072 66 2951 680| 195072 70 2791 676 -6% -1%

Avg: -1% 10%

Frank Vahid, UC Riverside
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Challenge: JIT Compile to FPGA

= Developed ultra-lean CAD heuristics for synthesis, placement, routing, and
technology mapping; simultaneously developed CAD-oriented FPGA

= e.g., Our router (ROCR) 10x faster and 20x less memory, at cost of 30% longer critical

path. Similar results for synth & placement
= (EDAA Outstanding Dissertation Award 2006)

)(ilim(| |SE

91s

l 60 MB

'verside JIT FPGA tools
ww A\
0.2 s/ 3:6M8

'dr;lI%FPGA tools on a 75MHz ARM7
/

\

.
1.45
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Experiments

= Benchmarks: Image processing, DSP, scientific computing
= Highly parallel examples to illustrate thread warping potential

=  We created multithreaded versions

s Base architecture — 4 ARM cores

= Focus on recurring applications (embedded)
= TW: FPGA running at whatever frequency determined by synthesis

Multi-core

4 ARM11 400 MHz

OOo0O0nnonn

MP

MP

MP

goooonon

MP

ogooooood

] gooooood
Frank Vahid, UC Riverside

Compared to

Thread Warping

4 ARM11 400 MHz + FPGA (synth freq)

00000000000 0000000I70

goooononn

MP

MP

FPGA

MP

MP

On-chip CAD

ooooood

oo oooooooood
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Speedup from Thread Warping

50

30
10

308

130

502

63

40 -

20 -

=

Fir

Prewitt Linear Moravec Wavelet Maxfilter 3DTrans N-body  Awg. Geo.

Mean

@ 4-uP
mTwW
08-uP
0 16-uP
B 32-uP
@ 64-uP

= Average 130x speedup

11x faster than 64-core system
Simulation pessimistic, actual results likely better

Frank Vahid, UC Riverside

But, FPGA uses additional area

So we also compare to systems
with 8 to 64 ARM11 uPs — FPGA

size = ~36 ARM11s
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Dynamic Enables Expandable Logic Concept

——— s :  Expandable Logic — Warp tools detect
S iiiieissiiirissssireesssssersssssssrrsssssscesssssd ; amount of FPGA, invisibly adapt
RAM application to use less/more hardware.
i DMA
rlr”-”—l rlrlrlrlrll_ll—ll—lrlrl E .................................... EE .................................... E
\ : FPGA Pl FPGA :
- Cache - \ e P e
O ] N : :
C ‘ i ] l : : E
- Profiler AR RH AN AR NS RN
C u S\ =i :
- = - FPGA = FPGA
O . Warp | £ = = A
le—>) — - :Il H
O] 9 Tools = N ARARSRERSRERERERERERE .| ..................................
C \_ T X y
HOOOOOOOOOO OO EH
45122 O Softw are
Expandable Logic 2 o B 2 oS
8 0O 3 FPGAs
Expandable RAM & o B 4FRGAS
uP 0 ;-::-J ‘ ;—I ‘
N-Body 3DTrans Prew itt Wavelet
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Virtual Immersion

= eBlocks: Enables customized
sensor-based system design by
non-experts

= May lead to ...? “Wood and nails of
the sensor world”

= Currently working with hearing-
Impaired, aging
= \Warp processing (featured in this month's IEEE

Computer)

= Enables large speedups on certain
applications (e.g., image processing),
user can expand hardware without
changing software

W Prncessmg
'i Mamic Translation of
Binaries to FPGA Circuits

||||||||||||||
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