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This Talk

¥ This is a somewhat Galois-optimized talk
¥ Our approach to programming Fleet is based on sheets

¥ Huge overlap with synthesizable CryptolÕs calculus of infinite sequences
¥ (Parallel sequence comprehension notation is really great, wish I had seen 

that a long time ago)
¥ Talk will focus on the differences rather than the similarities

¥ ...just a talk-compression technique.  Similarities > differences.

¥ Two ÒsubtalksÓ
¥ Variable-rate streams without unbounded buffering
¥ Parallel prefix operations on streams
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The Case for Fleet
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Criteria

¥ A compiler ought always to be able to explain its 
error messages to the user
¥ Preferably by making reference to the static semantics
¥ Preferably in a constructive fashion 

¥ ÒX because Y because ZÓ rather than ÒCanÕt find X for your YÓ.
¥ Much less frustrating for users who arenÕt compiler writers.

¥ Example of what not to do: FPGA tools
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Part 1: Bounded Buffering

¥ This talk is about bounded buffering
¥ Sufficient condition for stream programs to execute with bounded amount of 

buffering.
¥ Much weaker condition than previous work (Cryptol, Simulink, 

synchronous dataflow, etc)
¥ Still not a necessary condition.

¥ An algorithm for determining if those conditions are met.
¥ If not, an explanation of why.
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What is a Process Network?

¥ Directed graph

¥ Each arc has a finite, bounded amount of buffering

¥ Each node has a firing rule
¥ When certain input arcs have data and certain output arcs have space
¥ Consume (or merely peek at) input data, produce output data
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What is a Scheduling?

¥ A firing order for process network nodes.
¥ Must be fair: if a node is enabled, it eventually fires.
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Deadlock vs Bufferlock

¥ Deadlock
¥ Useful work remains to be done, but system never proceeds
¥ Bufferlock is a special case of deadlock

¥ Refers to a situation where progress has come to a halt, but would 
proceed if buffers were larger

¥ This talk deals with bufferlock, not general 
deadlock.

¥ Also: work in progress, so no proofs yet
¥ Paper sketch proofs worked out.
¥ Coq proofs are taking a lot of time, but it is worth it.
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Notation for Streams
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Locked Streams
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Locked Streams
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Locked Streams
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Locked Streams
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Locked Streams
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Locked Streams

¥ We say that Òa is locked to bÓ and write a! b
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Locked Streams

¥ We say that Òa is locked to bÓ and write a! b
¥ Also, b! c
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Locked Streams

¥ We say that Òa is locked to bÓ and write a! b
¥ Also, b! c
¥ Also, a! c

¥ In fact, !  is an equivalence relation:

14

a

b
c

+

>3,5>

>1,2>

>4,7>



Locked Streams

¥ We say that Òa is locked to bÓ and write a! b
¥ Also, b! c
¥ Also, a! c

¥ In fact, !  is an equivalence relation:
¥ reflexive: x! x
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Locked Streams

¥ We say that Òa is locked to bÓ and write a! b
¥ Also, b! c
¥ Also, a! c

¥ In fact, !  is an equivalence relation:
¥ reflexive: x! x
¥ symmetric: x! y ⇒ y! x
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Locked Streams

¥ We say that Òa is locked to bÓ and write a! b
¥ Also, b! c
¥ Also, a! c

¥ In fact, !  is an equivalence relation:
¥ reflexive: x! x
¥ symmetric: x! y ⇒ y! x
¥ transitive: x! y "  y! z ⇒ x! z
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Locked Streams: More Formal
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Locked Streams: More Formal

¥ Spelling it out, a! b means:
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Locked Streams: More Formal

¥ Spelling it out, a! b means:
¥ (#) there exists some finite n such that,
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Locked Streams: More Formal

¥ Spelling it out, a! b means:
¥ (#) there exists some finite n such that,
¥ ($) for any input stream values
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Locked Streams: More Formal

¥ Spelling it out, a! b means:
¥ (#) there exists some finite n such that,
¥ ($) for any input stream values
¥ ($) and for any scheduling,
¥ ($) at every point in time,
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Locked Streams: More Formal

¥ Spelling it out, a! b means:
¥ (#) there exists some finite n such that,
¥ ($) for any input stream values
¥ ($) and for any scheduling,
¥ ($) at every point in time,
¥ the number of elements which have passed a will differ 

from the number of elements which have passed b by at 
most n. 15
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Locked Streams: More Formal
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A Word About Fanout
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So What About ¬(a! b)?

¥ Consider this process network

¥ Clearly Â(a! b)
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So What About ¬(a! b)?

¥ How about now?

¥ Clearly a! b! c
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So What About ¬(a! b)?

¥ Another case where Â(a! b):
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So What About ¬(a! b)?

¥ Another case where Â(a! b):
¥ But adding another node (which tries to force c! d) risks bufferlock!
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So What About ¬(a! b)?

¥ Another case where Â(a! b):
¥ Adding another node which tries to force c! d risks bufferlock.
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So What About ¬(a! b)?

¥ These two cases differ in an important way
¥ We must distinguish between them.
¥ We will say c%d, or Òc is askew from dÓ

23

sorted
m

erge

>...9,8,3,1>

>...7,2,2,0>

>...9,8,7,3,2,2,1,0>

c

d

a
>...3,2,1,0>

b
>...3,2,1,0>

Â(a! b)

Â(c! d)
c%d

count
up

count
up



A More Obvious Case of a%b
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Definition of a%b:

¥ Start from our definition of a! b:

¥ (#) there exists some finite n such that,
¥ ($) for any input stream values
¥ ($) for every scheduling,
¥ ($) at every point in time,
¥ the number of elements which have passed a will differ 

from the number of elements which have passed b by at 
most n.
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¥ Now negate it to get Â(a! b):

¥ it is not the case that (#) there is some n such that,
¥ ($) for any input stream values
¥ ($) and for any scheduling,
¥ ($) at every point in time,
¥ the number of elements which have passed a will differ 

from the number of elements which have passed b by at 
most n.
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So What About ¬(a! b)?

¥ Now negate it to get Â(a! b):

¥ ($) for every finite number n,
¥ it is not the case that ($) for any input stream values
¥ ($) and for any scheduling,
¥ ($) at every point in time,
¥ the number of elements which have passed a will differ 

from the number of elements which have passed b by at 
most n.
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So What About ¬(a! b)?

¥ Now negate it to get Â(a! b):

¥ ($) for every finite number n,
¥ (#) there is a choice of input stream values such that
¥ it is not the case that ($) for every scheduling,
¥ ($) at every point in time,
¥ the number of elements which have passed a will differ 

from the number of elements which have passed b by at 
most n.
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So What About ¬(a! b)?

¥ Now negate it to get Â(a! b):

¥ ($) for every finite number n,
¥ (#) there is a choice of input stream values such that
¥ (#) there is some scheduling such that
¥ it is not the case that ($) at every point in time,
¥ the number of elements which have passed a will differ 

from the number of elements which have passed b by at 
most n.
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So What About ¬(a! b)?

¥ Now negate it to get Â(a! b):

¥ ($) for every finite number n,
¥ (#) there is a choice of input stream values such that
¥ (#) there is some scheduling such that
¥ (#) there is some point in time at which,
¥ it is not the case that the number of elements which have 

passed a will differ from the number of elements which 
have passed b by at most n.
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So What About ¬(a! b)?

¥ Now negate it to get Â(a! b):

¥ ($) for every finite number n,
¥ (#) there is a choice of input stream values such that
¥ (#) there is some scheduling such that
¥ (#) there is some point in time at which,
¥ the number of elements which have passed a will differ 

from the number of elements which have passed b by 
more than n.
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So What About ¬(a! b)?

¥ Now negate it to get Â(a! b):

¥ ($) for every finite number n,
¥ (#) there is a choice of input stream values such that
¥ (#) there is some scheduling such that
¥ (#) there is some point in time at which,
¥ the number of elements which have passed a will differ 

from the number of elements which have passed b by 
more than n.
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So What About ¬(a! b)?

¥ Now, sharpen Â(a! b) to form a%b:

¥ ($) for every finite number n,
¥ (#) there is a choice of input stream values such that
¥ ($) for every scheduling
¥ (#) there is some point in time at which,
¥ the number of elements which have passed a will differ 

from the number of elements which have passed b by 
more than n.
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Facts about %

¥ Anti-reflexive: Â(a%a)

¥ Symmetric: a%b ⇒ b%a

¥ Not transitive! (a%b)" (b%c) !  (a%c)

¥ Big surprise (from an algebraic perspective)
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Facts about % and !

¥ Mutually exclusive:
¥ a! b ⇒ Â(a%b)

¥ a%b ⇒ Â(a! b)

¥ % ÒdistributesÓ over ! :
¥ (a%b)" (b! c) ⇒ (a%c)

¥ % is transitive unless !
¥ (a%b)" (b%c)" Â(a! c) ⇒ (a%c)

¥ (a%b)" (b%c)               ⇒ (a%c) & (a! c)
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Sufficient Condition

¥ General idea:
¥ It is okay for two streams to be locked to each other
¥ It is okay for two streams to be askew from each other
¥ It is not okay for two streams to be askew and locked to each other
¥ It is not okay for two streams to be askew for disparate reasons.
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Sufficient Condition

¥ General idea:
¥ It is okay for two streams to be locked to each other
¥ It is okay for two streams to be askew from each other
¥ It is not okay for two streams to be askew and locked to each other
¥ It is not okay for two streams to be askew for disparate reasons.
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Sufficient Condition

¥ Precise statement
¥ Each primitive PN node comes with a set of conditions
¥ Collect all such conditions
¥ Calculate closure under the laws in previous slides
¥ If a%b and a! b both derivable, reject

¥ If a%b is derivable in two disparate ways [*], reject

¥ [*] Òderivable two disparate waysÓ has a fairly complicated formalization.  
Work in progress on a simple way of stating it.

¥ Coq proof of this is a cornerstone of my thesis.
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Questions?

¥ Extra slides follow

¥ Thanks to:
¥ Ivan
¥ Sun
¥ David Crawshaw (UNSW)
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Thanks

¥ Ivan

¥ Sun

¥ David Crawshaw (UNSW)
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