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Background: Centralized computation

Application Supervisory/Trajectory  Servo Control
(non-real-time) Control (~100 Hz) (~1000 Hz)

Compute Goal Interpolate
on Trajectory Setpoint
Compute Joint Compute

Goals Control l_
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Background

Centralized /0 Distributed 1/0

& JOHNSHOPKINS V Cmwaina T ERC | CISST April 14, 2014 TePRA 2014

HHHHHHHHHHHH

+
EEEEEEEEEEE Sensing + Rohotics

uuuuuuuuuuuuuuuuuuuuuuuuu



06

Background: Controller

IEEE 1394 FPGA Controller

Quad Linear Amplifier with heat sink
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Background: da Vinci Research Kit

Credit;: Simon DiMaio
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Background: DVRK users (16 Groups)

United States
Golorado y
’ Kansas I

Credit: Simon DiMaio
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Background: Firewire

o 1394a (Firewire) 400 Mbps

PC
o Peer-to-Peer
Board 1 e Daisy-chain connection
[ e Multicast (broadcast)
Board 2 e Isochronous +

Sensing + Robotics
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Protocol
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Naive Protocol

[ = J e 1 read + 1 write / per board

T T e T(Read)~30us
e T(Write) ~30 us
Board 1| |Board 2 e T(I/O)~ 60 us x N(Boards)

Read Compute
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Issues

Case 1:

da Vinci Classic
8 boards

T(l1/O) ~ 480 us
Servo Loop
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Issues

Case 2:

da Vinci Si

16 boards
T(l/O) ~ 960 us
Freq ~ 1 kHz

Image from Intuitive Surgical
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Issues
Case 3 [ PC ]—I BoardO1
|
e Hypothetical Board02
e 64 boards (Firewire max) |
e T(I/O)~ 3840 us Board03
o Freq~ j
Boardtc4
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How to make it
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1 Reduce number of transactions

2 Make transactions faster
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2 Make transactions faster
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Write Transaction

One-to-Many by Nature
( )
PC
L emda Board 1 Board 2 Board 3
omd2: o freman s [Temai| | emas:
emd3: | TR R Y
ikt y
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Write Transaction

10 Time? GOOD but NOT enough

e Number of transaction = N + 1
o T(/IO)~(N+1)x30us
e Cut I/O time by half when N is large
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1 Reduce number of transactions
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Read time vs Block size

e <100 Quadlets
e Overhead is large
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Slope: 360 Mbps
Latency: 33.2 us

100 200 300 400 200
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Asynchronous Firewire transaction

Start read—a. , Requester Responder
PC FPGA

OS latency

Transmitting Read re _ On-the-fly
Request - Processing

Transmitting
Response

RRRRRRRRRRRRR

]OHNS HOPKINS s.r Computational %’- ER{: I CISST Apnl 14’ 201 4 TePRA 2014

WHITING SCHOOL ing + i
A NCI RN Sensing + Robotics
uuuuuuuuuuuuuuuuuuuuuuuuu



Timing Analysis

Start read—s ; Requester Responder
FPGA

OS latency

Transmitting { Read re _ On-the-fly

Request Processing

Transmitting
Response

OS5 latency
<+— End read

LABORATORY FOR
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Strategy
PC initiated Firewire transactions
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Control Period

[E] Read Write Compute Sleep @ Query

CEOEEOHE|EE-

Cycle N Cycle N+1
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Read Option 1
[ pc ) Option 1: Each board write to

‘Board 1:| PC Directly (async or isochronous)

: Board 3 -
e R, ) Board 1 Board 2 Board 3

B R T I

Issue: dropped packets (Relies on OS + Driver)

Gromsrionns (Y mies, | T ERC | CISST April 14, 2014 TePRA 2014

nnnnnnnnnnnnnnnnnnnnnnnnn



22

Read Option 1

Option 2: Write to Hub &
PC reads from Hub T

[ PC ] Board 1| |Board 2| |Board 3 Board3
@) Hub Hub Hub
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Read Option 1

- from PC Hub
- Each Board to Hub PR
- PC fromHub e
- Board 2 -
[ PC ] Board 1| |Board 2| |Board 3 Board 3

Q Hub Hub Hub
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Broadcast Protocol

( pc ) | Board1 | | Board2 | | Board3
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Broadcast Protocol

( pc ) | Board1 | | Board2 | | Board3
Compute
- Cmd 1 L e
omdo sl [ .Cmd1 s | Cmd2 s f | Cmd3
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Control Scheme

ctl: 2 bits control pins (LLC-Phy Interface)
Clock counts (49.125 Mhz) data: 8 bits data pins (LLC-Phy Interface)
state: state number of FPGA state machine

320 a0 OR) 1280 1600 1020 2240 2560 2880 3200 3520 3840 4160 4480 4800 5120 5440 5760 6080 600 6720 7040

Bus/Signal
| : i | e i |Ea : | B ek | e : | . . 15 . 3 . : i e e e
ctl 1| | R Y o Y LY i :u!:?:'! ool

= data

PC Query Node 0 Node 1 .. Node 7 Async Hub PC Command
packet packet packet packet packet packet

(@
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Other minor improvement

e Fixed FireWire root
e Disable cycle start clock

e Change broadcast default to 400 Mbps
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Results
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Results

8 FPGA Boards System Times Hub 8 FPGA Boards System Times

500

Avg 495.98 us Avg =115.77 us

51 US
I\/Iax =573.00 us
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Results

f § I/O_bc = TQ + 5 LS X Nioards +1 0+ 1w

Broadcast vs. Asynchronous Protocol
e Scales well
e 6 kHz (8 boards)
e T(I/O)=395us (64
boards)

w
2
)
£
l_
o
=
C
®
0
=

Number of Boards
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Results: EtherCAT

e EtherCAT
o Sufficient performance
o Ubiquitous hardware
o Easier cabling

e Firewire
o Easier to reconfigure
o Completely open
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Future work
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m—— ire\Wire

Future work il :
| . .
- N : FireWire Subnet :
|
Bridge ' l
PC Board | Board 1 Board 6 :
|
. ) ! I :
: Board 2 Board 5 !
|
|
|
|
Ethernet : Board 3 Board 4 :
|
|
|
|
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Summary
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Summary

e Broadcast protocol

e All boards hub capable

e Scales well for large systems
e 4x Faster for 8 boards system

e 6 kHz control for 8 boards system
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Thank You

zlhanchen.com/tepra14
zihan.chen@jhu.edu

RRRRRRRRRRRRR

& Jorns Horis V topaions L ERC | CISST April 14, 2014 TePRA 2014

nnnnnnnnnnnnnnnnnnnnnnnnn



