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Intro
@000

Coordination

Coordination is the process of building programs by gluing
together active pieces.

“Coordination Languages and their Significance”
Carriero and Gelernter

Coordination is constrained interaction: it constrains
interaction protocols among communicating software
components.

“Coordination as Constrained Interaction” Peter Wegner
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Outline

Reo™" = Constraints + State + Interaction + Locality |
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Intro
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Coordination Model Reo
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Channel Encoding

Synchronisation constraints (SC) and Data flow constraints (DFC)

Channel || SC | DFC
a——D a—b a=>b
a»——Dh a—>b tt
a----- » b b— a b—>(5:b)
L > [(c(avb)a-(arb)| a— (@=a)Ab— (€=Db)
b ~ . A A
—b)A(a« b=anc=
a—<c (a )A(a+< ) anc=a
b — (p(a) Aa=b)A

p
a —M\— b

b— a

Composition = Conjunction + Abstraction: 3X, X. (11 A 12)
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Constraints
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Constraint-approach

Reo"" = Constraints + State + Interaction + Locality |

@ Synchronisation and data flow constraints.
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Coordination via Constraint Satisfaction

x € X —ports in a connector — synchronization variables (Boolean)
X € X — data flow variables (Data, = Data U {NO-FLOW})
s € ¥ —term variables (over Data)

X—X linked by frame axiom
foreachx €e X : —x &< X = NO-FLOW

Constraints: formulee over X, X, and ¥

t == X|s|d (terms) o: X —{ff,tt} U
v o= x|ttt | pt) | vAY | @ X — Data,
(formulze) such that
o ZFE¢
(t==t,..., th)

| CWL
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Constraints
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Satisfaction relation

0,7 Ett always

0,7 E=x iff o(x)=rtt
U,I’ZIZJ-]/\'ng iff U,Ij:ib-] and O’,I':wg
0, = iff o, I}

0. T pty,... 1) iff (Valy(t),..., Val,(t) € pr

Val,(t) performs substitution.

Assuming for each predicate symbol p an interpretation p; C Data’]
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Constraints
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Example

Exclusive router connector

o] Vge = (aeb)r(a—=c)h(a—d)A(e— b)A
"/T (c=fHNn(g—d)A(e—=j)A..
ao—<§»—«+{ Vpro = (a— (b=@né=2a)A(e—Db=8)n
A.\L (g—>8:§)A7:e/\E:EA
Vo= 3X,X.(Vse AVpre AFrame(X U{a,j, k})

where X = {b,c,d, e, f, g, h,i}

Solutions to W:
/=23 A k=No-FLOW
@ k=3 A = NO-FLOW
@ 3=NO-FLOW A Jj = NO-FLOW A kK = NO-FLOW
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State
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Stateful connectors

Reo™" = Constraints + State + Interaction + Locality ]

e Evolution in time.
@ To capture the next state in the constraints.
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State
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Stateful primitives

@ Encode (parameterised) state machine as constraints over current
and future states.

@ Plus a constraint representing current state

@ stateq and statey in ¥
— term variables for the current and next state of primitive q

Add n-ary uninterpreted function symbols

t o= .o | f(t,..., 1) (terms)

Can encode structured states, e.g., stateg = full(10).
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State
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Example: FIFO1 channel

With Constraint Automata

{a},d=2a
—
a —{ > b ﬂ\/ Fu11(d)
{b},b=d

With constraints

-b A
state = empty — { a— state= full(a) A A
—-a — state’ = state
-a A
state = full(d) — { b— b=dAstate’ = empty A N\
-b — state’ = state
state = empty — ephemeral
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State
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A constraint satisfaction-based engine for Reo

— Update —

Configuration Solution
Z; (p,e) o, Q
T~ Solve —

solve update
(p,e") == (") —— (p,e"")

)

Configuration
p — persistent constraints where:
h | traint o\ T E pAe"
Ephemeral constraints correspond to the state vector. W
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Interaction
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Interaction

Reo™" = Constraints + State + Interaction + Locality |

@ Interaction with the external world.
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Interaction
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External symbols

Constraints are formulae in the following grammar:

s | k| f(t) | (1) (terms)

to= X |
x|t | p@® | p®) | wAv |~ | @D (formulee)

P =

@ Various external symbols (f,p,c) — interpreted via interaction.

@ k — variables whose solution is communicated to an external
primitive.

@ Interactive constraint satisfaction “fills-in” Z.

| CWL
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Interaction
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Interactive World

Engine
e

&S

—internal, stateless

SEI

— internal, stateful
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Intro Constraints

Interactive World

Interaction
[e]e] lee]ele]

Engine

— internal, stateless

SEI

— internal, stateful

Update

— external

[ f2,p?,¢c? )
3 f,p, 4 }

T preempt(v) L

- delayed (v) ¢

S l ! J

(| update(o(k) | )
l new ¢ 3

N l !

Clarke & Proengca (KULeuven/CWI) Coordination via Interaction Constraints CIC 2009 16/28



Interaction
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Opening up the solver

CSP described abstractly as a (labelled) transition system:

I, 5T

Internal “solve” steps

Z,4 = I,¢' requiring [¢]z = [z, where [¢]z = {0 | 0, T = ¢}

External Interaction Step — 6 updates Z

7,4 L 7/, requiring [¢]z C [/]z
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Interaction
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Show temperature using Externals

b

Other possible configuration

e = (a— a= currentmp) A
(b — Acceptable;,,, (b)) A (b — Kspow = print(b))

(pz(a<—>b)/\(ézB)/\Frame(a,b)/\g

@ Can model user interaction within a synchronous step.
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Show temperature using Externals

A trace of the solve stage

e = (a— a= currentmp) A
(b — Acceptable,,, (b)) A (b — Kshow = print(b))

@z(aHb)A@:B)/\Frame(a,b)Ae

) * 1 AQ=currentemp
current;e;np=20°C =
= Y Ad=20°C

* ¢ Ab=20°CA Acceptable,,,(20°C)
Acceptable 20°C)=tt ~

Piablesroy (29°¢) dAD=20°CAtL
* anbAra=20°CAb=20°CA

kshow — print(ZOOC)
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Interaction
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On-the-fly Constraint Generation

c(s, 1)

@ Abstract constraint over formulae and terms.

@ Models on-the-fly constraint generation.

@ Can model a stream of possibilities, given one page at a time:

primes; (x, X)
primes (x,X)=(—x V X=2 V X=3 V primess(x,X))

-X V X=2V X=3 V primesz(x,X)
primess(x,X)=(X=5 V X=7 V primesz(x,X))

X VX=2VX=3VX=5V X=7V primesz(x,X)

Future: pass constraint (‘query’) on X to the owner of primes;(x, x) to
pre-filter the answers. W
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Locality
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Locality

Reo™ = Constraints + State + Interaction + Locality J

e Evolution of sub-connectors;
e Partial solutions and interpretations.
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Locality
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Problems with Existing Approach

@ Solving constraints requires a global solution.
© Unscalable as all parties are necessarily involved.
© Limited concurrency.

© Behaviour must be apriori fully specified.
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Locality
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Partial (and Local) Solutions

@ Need a partial logic (with partial solutions).
@ All primitives admit “no flow” solutions.

© Aim for local solutions:

NOFLOW NOFLOW
(for free)
NOFLOW Loc.:crl NOFLOW
solution

NOFLOW NOFLOW

© Independent local solutions can be discovered concurrently. W
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Locality
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Partial logic

Partial solutions

o(x) € {tt,ff,1}  (we candrop NO-FLOW)
Iy e {tt,ff,1}

Partial satisfaction

[0,7 Ett] = tt
LIExX] = o(x)
[U7I }: (U8 /\w2] = min([U7I ): 77/}1]7[071. ':¢])
[0,7 =] = neg([o,T |=4])

[0,7 E p(ty, .. tn)] = p(Val,z(ty),..., Val,z(tn)) € Z
[U A ): (t1, 50 )] = p( Va/mz(ﬁ ), 500 Va/g,z(t,,)) €7z
tt < L < ff W
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Locality
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Reduction Rules: Join

Blocks of constraints

P Each primitive: a block of constraints
=| Each block: No-FL.OW solution.

Union of blocks: NO-FLOW solution.

QHQ’

Q> /_>I 1/’/\¢ QuQy
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Locality
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Reduction Rules: Update

When local solution is found, relevant part of constraints are updated.

E = Externals q : o(kg) # L isSolution(o, Q)
I = Internals q : o(statey) # L Vq € 1: ¢q = stateq = o(statey)

T <0'\/’l,Z}>Q VqecE:update(o(kq))=cq (7); <safe(q) /\€q>360

isSolution(o, Q) is a purely syntactic test for local solutions, based on
connectivity blocks of formulee.
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Wrap up
[ Je]

Conclusion

@ Instead of channels as an implementation concept, use meta-level
interaction with external entities.

write(v) / take ®(4, state - ,state’ )
C . Vs. c _ "\, Coord 5
ok / ok(d) state'- = s(8)
@ Use of external states, functions and predicates to deal with
arbitrary external entities.
@ Interactive (aka Open) Constraint Satisfaction.

© Partial (local) constraints/solutions.
© CSP solver performs coordination.

Clarke & Proengca (KULeuven/CWI) Coordination via Interaction Constraints CIC 2009 27/28



Wrap up
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Future

There are many small indications that the tidy examples of
simple coordination protocols are only the tip of the iceberg of
a much larger and less tidy space of real-world coordination
protocols that we have not begun to explore. The extension of
models of coordination from toy examples (...) to real-world
coordination of distributed systems and software engineering
is a challenging problem.

“Coordination as Constrained Interaction” Peter Wegner

Practical coordination models must express (...) also the
dynamic constraints of air traffic controllers and complex
organisations.

“Coordination as Constrained Interaction” Peter We%
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