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Calibration
¥ This is the smallest font size used on the slides

¥If you cannot read 
the line above, 
consider moving 
closer to the screen
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Self Timing

¥ Self Timing offers outstanding performance
> speed: local timing with short wires
> power: act only when thereÕs something to do

¥ Self-timed design is considered too hard Ð it lacks
> tools, designers, examples

¥ However, increasing value exceeds the difficulty
> physics: slow wires and variable transistors

¥ There are several small companies
> Handshake Solutions
> Myricom, Fulcrum, Achronix
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About the ARC at Portland State

¥ People
> Marly Roncken (ex Philips & Intel) now PSU Ð CS Dept
> Ivan Sutherland (ex Sun) now PSU Ð ECE Dept

¥ Sponsorship
> College of Engineering, Portland State University
> Sun Microsystems
> Seeking additional sponsors

¥ What we do
> Collect tools
> Teach
> Design Driver Ð the subject of this talk
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Data movement is expensive

¥ Energy
¥ Delay
¥ Area

SO
¥ Put the programmer (via a compiler & virtual machine)
    in charge of data movement

This is the core idea behind FLEET
5
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FLEET Ð 10,000 foot view

SWITCH
FABRIC

Functional
units
AKA
Ships

issue
multiple
issuers
allowed
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Fleet is entirely concurrent

¥ There are precisely zero program counters
¥ Program is divided into code bags

> bag = set with possible multiple occurrences
> all instructions in a bag issue concurrently
> instruction pool has no sequence

¥ Concurrent execution is the default
> no implicit sequential execution
> instructions execute only when data are available
> an instruction may fetch additional code bags
> zero, one or many successor bags
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Face to Face with Concurrency

¥ Default is concurrent
¥ Must program sequence where needed

¥ Contrast with “multi-core” where

¥ Default is sequential
¥ Must program concurrency explicitly
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Can one program the beast?

¥ A challenge for UC Berkeley students
¥ Sequential behavior was VERY difficult
¥ Architecture improved:

> we added three sequentiality guarantees:
¥ multiple data stay in sequence from same source to same destination
¥ instructions from same bag issue in lexical order
¥ instructions, like data, stay in sequence to same destination, 

   but before executing, instructions wait for data

> and Ð we added tokens for flow control

¥ And – we added the “Dock”
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The configurable ÒDockÓ

is a standard interface between Ship and switch fabric, which:
¥ Is agnostic about meaning of data
¥ Stores and repeats a small loop of instructions

> move, wait
> conditional skip on flags or count
> literals

¥ Has just enough Òcompute powerÓ for
> flow control
> multiple data items, e.g. vectors, streams
> duplicating data for multiple destinations

¥ Greatly simplifies the design of Ships
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DOCK = a standard port interface

DATA

INSTRUCTION RING

Source

Destination

Destination

buffer

Switch
Fabric

INSTRUCTION RING

Source

Destination

Destination

buffer

OUTPUT

INPUT

SHIP

DATA

COUNTER

COUNTER
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DOCK: Programmable flow control 
Program: Pipeline from A to B with 3 items in flight

DockA:
  set ilc=*;
  recv token, collect, send word to DockB;

DockB:
  set ilc=3;
  send token to DockA;   // prime the pump!
  set ilc=*;
  recv word, deliver, send token to DockA;

DockA DockB

3 tokens Ð Òprime the pumpÓ

from
ship

to
ship
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The Docks in Fleet provide

¥ Programmability
> flow control is routine
> pipelines built and killed dynamically

¥ Simplicity
> unified Dock design with identical instructions
> maybe thousands of Docks

¥ Modularity - Ship designs are
> independent of the switch fabric
> independent of the Docks
> independent of each other
> free from program execution hardware
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First Prototype chip - ÒInfinityÓ

¥ Infinity taped out September 2007
> by Sun Microsystems
> tested early 2008
> validates switch fabric components

¥ Asynchronous: uses 6/4 GasP
> 10 gate delay cycle
> 6 gate delay latency per stage

¥ Semi-automatic layout of custom modules 
¥ Achieves ~4 GHz throughput

> in 90 nm TSMC Ð a process like IntelÕs from 2004 

¥ Switch fabric has potential on its own
14
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6-4 GasP

Predecessor

HI = empty

Successor

LO = full

keeper

keeper

data latches

address latches
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Ring test and crosser test

Sin out
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Fifo stage Data-directed crosser
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FIFO

FIFO

X
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Ring: Throughput vs Occupancy
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Crosser: Throughput vs Occupancy
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Infinity test
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Infinity: Throughput vs Occupancy
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Measured results

Infinity
Worst case data
Constant data
No data

Ring

Crosser
Worst case data
Constant data
No data

Worst case data
Constant data
No data

Maximum
Throughput
(Billions of
Items/sec)

Dynamic
Current @ 
Max Throughput
(milliAmps)

Power per
Item in
Flight
(milliWatts)

Energy per
Item Stage
Advance
(picoJoules)

4.3
4.3
4.3
4.2
4.2
4.2
3.8
3.8
3.9

122
40
29

1600
330
230

31.0
6.3
4.3

2.6
0.8
0.6
4.0
0.9
0.6
3.9
0.8
0.6

Type of dataExperiment

20.3
6.6
4.8

235
51
36

29.3
6.4
4.5

30 watts buys about 1000 items in flight
21



October 2009              Slide  

Asynchronous Research CenterFleet, InÞnity & Marina

Beyond Infinity

¥ Design and simulation of the Dock
> objective: many data moves with few instructions
> details of function
> circuits and layout

¥ Test programs for the Dock
¥ Design of a merge-sort Ship
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Second Prototype chip - ÒMarinaÓ

¥ Marina taped out June 2009
> Sun Microsystems sponsorship
> now under test
> validate the Dock design (and a merge-sort Ship)

¥ Test programs all run
> 37 functional tests previously debugged via simulation
> same 37 functional tests work on the real Marina chip

¥ Dock is self-timed with 6/4 GasP circuits
> all actions self-timed including move and conditional skip
> runs at just less than 4GHz - like Infinity
> will measure more speed and power details
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Dock: Throughput vs Occupancy
1.0 volts (green), 0.4 volts (blue) and 2.95 volts (red & died)
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Scans

¥ Suppose we want to compute the additive scan of a 
vector.
¥         x  = [  1  2  3  4  5  6  7  8 ]
¥ addScan(x) = [  0  1  3  6 10 15 21 28 ]

25

Each element of the 
output vector is the sum 
of all previous elements 

of the input vector.

1+2+3+4=10



One Implementation of addScan
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+

+

+

+

+

+

[  0  1  3  6 10 15 21 28 ]

n elements
0[  1  2  3  4  5  6  7  8 ]

O(n) depth
(delay)



Parallel Prefix addScan
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[  0  1  3  6 10 15 21 28 ]

n elements

O(log n) depth
(delay)

[  1  2  3  4  5  6  7  8 ]

+

+ + +

+++

+

+ +

+

+

0

Dotted functional 
units may be elided 
due to Òedge effectsÓ 
-- they are included 

here to help illustrate 
the tree structure.



Huge Vectors
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[  0  1  3  6 10 15 21 28 ]

Let p denote 
number of 
functional

units

[  1  2  3  4  5  6  7  8 ]

+

+ + +

+++

+

+ +

+

+

0



Pipelined Parallel Prefix addScan

¥ If there is O(p log p) 
buffering capacity 
available, the network 
will operate in a fully 
pipelined fashion

¥ Accepts new inputs 
and produce new 
outputs as quickly as 
an individual 
functional unit can 
accept inputs and 
produce outputs.

¥ Result is produced 
incrementally.
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+

+

[  0  1  3  6 10 15 21 28 ]

+ +

+++

+

+ +

+

+

[  1  2  3  4  5  6  7  8 ]0



Huge Vectors
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[  1  2  3  4  5  6  7  8   9 10 11 12 ...

[  0  1  3  6 10 15 21 28 ]

n elements

Suppose the size of our 
vector vastly exceeds the 

available computing 
resources:

n >> p

+

+ + +

+++

+

+ +

+

+

0



Huge Vectors: “Sliced” layout (CM-2)
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[  1 11 21 31 41 51 61 71
   2 12 22 32 42 52 62 72
   3 13 23 33 43 53 63 73
   4 14 24 34 44 54 64 74
   �Ù �Ù �Ù �Ù �Ù �Ù �Ù �Ù ]

Cannot produce output 
incrementally; first 
output in second 

column depends on 
every input in first 

column --even the very 
last one!

Reading in the entire 
first column would 

require O(n/p)storage -- 
not constant.  Also not 

incremental.

+

+ + +

+++

+

+ +

+

+

[  0 45 
   �Ù �Ù �Ù �Ù �Ù �Ù �Ù �Ù ]



Huge Vectors: “Striped” layout (Fleet)
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[  1  2  3  4  5  6  7  8
   9 10 11 12 13 14 15 16
  17 18 19 20 21 22 23 24
  25 26 27 28 29 30 31 32
   �Ù �Ù �Ù �Ù �Ù �Ù �Ù �Ù]

Can produce output 
incrementally.  Can be 

pipelined (full throughput).

Only constant O(1) storage 
required.

Pipelined operation 
requires minor changes 

(not shown) to the network.  
Must accumulate sum of 

each input row and carry it 
forward.  Changes make 
use of elided functional 

units.

+

+ + +

+++

+

+ +

+

+

[  0  1  3  6 10 15 21 28
   �Ù �Ù �Ù �Ù �Ù �Ù �Ù �Ù ]



Good Enough?

¥ Is it enough that 
individual 
operations can be 
performed in 
pipelined, 
incremental 
fashion?
¥ No!
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Potentially unbounded 
buffering required here.

Depends on mixture of 
evens/odds in input.  

No worst case bound.
[  1  2  3  4 
   5  6  7  8
   �Ù �Ù �Ù �Ù]

[  1  2  3  4 
   5  6  7  8
   �Ù �Ù �Ù �Ù]

[  1  2  3  4 
   5  6  7  8
   �Ù �Ù �Ù �Ù]

+

filter out
evens

duplicate

[  1  3  5  7 
   9 11 13 15
   �Ù �Ù �Ù �Ù]

[  2  5  8 11 
  14 17 20 23
   �Ù �Ù �Ù �Ù]



It Gets Worse

¥ Boundedness of 
buffering 
requirements is 
undecidable, even 
when all operators 
are finite state 
machines.

¥ Since we cannot 
decide, let us 
instead ask the 
user (or compiler) 
to prove.
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[  1  2  3  4 
   5  6  7  8
   �Ù �Ù �Ù �Ù]

[  1  2  3  4 
   5  6  7  8
   �Ù �Ù �Ù �Ù]

[  1  2  3  4 
   5  6  7  8
   �Ù �Ù �Ù �Ù]

+

filter out
evens

duplicate

[  1  3  5  7 
   9 11 13 15
   �Ù �Ù �Ù �Ù]

[  2  5  8 11 
  14 17 20 23
   �Ù �Ù �Ù �Ù]



Names for Streams
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da

c

We say Òa is 
locked to bÓ 

and write a! b 
because they 
flow Òin lock 

stepÓ

We say Òc is askew 
from dÓ and write 
c" d because they 
can be out of lock 

step by an 
arbitrarily large 

number of 
elements.

[  1  2  3  4 
   5  6  7  8
   �Ù �Ù �Ù �Ù]

[  1  2  3  4 
   5  6  7  8
   �Ù �Ù �Ù �Ù]

[  1  2  3  4 
   5  6  7  8
   �Ù �Ù �Ù �Ù]

+

filter out
evens

duplicate

[  1  3  5  7 
   9 11 13 15
   �Ù �Ù �Ù �Ù]

[  2  5  8 11 
  14 17 20 23
   �Ù �Ù �Ù �Ù]



Reasoning About Streams

¥ The locked and askew relations give rise to a 
propositional algebra of streams.
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a !" a

a !" b

b !" a

a !" b b!" c

a !" c

a ! a

!

a ! b

b ! a

a ! b b! c

a !" c " a ! c

a !" b a ! b

!

a ! b b!" c

a ! c

1



Programming Fleet

¥ Modulate Scan Vector Machine  primitives to support incremental processing
¥ General permute eliminated

¥ Limited permutation forms are retained (shift , filter , etc)
¥ General permutations achieved by writing a stream to memory and 

reading it back. This Òbreaks pipelinesÓ.
¥ Bounded buffering must be guaranteed.

¥ Propositional algebra of locked and askew streams.
¥ Code must carry proof of boundedness.

¥ Collection-oriented programming style
¥ Performance-critical code (80/20 rule) must be written in side-effect free, 

strongly typed style.  Remainder can use any language.

37
1. Siddhartha Chatterjee, Guy E. Blelloch, Marco Zagha. Scan primitives for vector computers.
    Supercomputing 1990. November 1990.

1

http://www.cs.cmu.edu/~blelloch/papers/sc90.pdf
http://www.cs.cmu.edu/~blelloch/papers/sc90.pdf
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Current work
¥ What should our first Ships do ?

> what functions: limited number of Ship types
> ship design standards and specifications

¥ Control bits ?
> do Docks need private communication bits?
> non-data signals between Dock and Ship?

¥ Memory model - whatÕs appropriate?
> many high-throughput small concurrent blocks
> what does protection mean in a concurrent environment?
> how to implement protection
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Why attempt something this crazy?

¥ FLEET is an attention focuser
¥ FLEET explores modular architecture

> separates function from communication
> modularity may reduce chip design cost

¥ FLEET avoids sequential code
> forces one to think about concurrency
> concurrency may give speed

“FLEET sure is interesting; I wonder if it’s useful.”
          Ð David Patterson
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Questions?

40


