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Parallelism and distribution are two distinct conceptsthat are confusingly close.
Parallel Seard refersin this work to the distribution of the seard spaceand Dis-
tributed Asynchronous Seard to the distribution of the constraint predicates.
A certain amount of parallelism existsin any Distributed Asynchronous Seard
and it increaseswith the degreeof asyndironism. Howewer, in comparison to
Parallel Seard [10], the parallel e®ortin Distributed Asynchronous Seard can
be more redundant. Moreover, agens in Asynchronous Seard can have peri-
ods of inactivit y which are lessfrequert in Parallel Seard. Since Distributed
Seart is the only solution for certain classesof naturally distributed problems,
we shawv here how one can integrate the idea of Parallel Seard in Distributed
Asynchronous Seart. A technique for dynamic reallocation of seard spaceis
then presertied. This technique builds on the procedurefor marking concurrent
proposalsfor con’icting resourcesthat we have formalized in [11].



1 Intro duction

Distributed combinatorial problems can be modeled using the general frame-
work of Distributed Constraint Satisfaction (DisCSP). A DisCSP is de ned
in [21] as: a set of agerts, A1;::;;An, whereeat agert A; cortrols exactly one
distinct variable x; and eat agen knows all constraint predicatesrelevant to its
variable. The casewith more variablesin an agert can be obtained quite easily
from here, while the caseof one variable in sewral agens can be adapted as
shawn in [12]. Asynchronous Backtracking (ABT) [20] is the "rst completeand
asynchionous seard algorithm for DisCSPs. A simple modi cation was men-
tioned in [6, 21] to allow for versionswith polynomial spacecomplexity. In [13]
we preser atechnique for maintaining consistencyin asyndironous seard. [11]
describesa generaltechnique that allows the agerts to asyndronously and con-
currently proposechangesto their order. Using a special type of markers, the
completenessof the seard is ensuredwith polynomial spacecomplexity.

Parallelism and distribution are two distinct conceptsthat are confusingly
close. Parallel Seard refersin this work to the distribution of the seart space
and Distributed AsynchronousSeart to the distribution of the constraint predi-
cates. This is somewhatdi®erert from the de nitions in [3]. A certain amount of
parallelism existsin any Distributed Asynchronous Seard and it increaseswith
the degreeof asyncironism. Howewer, in comparisonto Parallel Seard [10],
the parallel e®ortin Distributed Asynchronous Seard can be more redundart.
Moreover, agens in Asynchronous Seart can have periods of inactivit y which
are much lessimportant (lesslong and frequert) in Parallel Seard1. SinceDis-
tributed Seard is the only solution for certain classesof naturally distributed
problems, we shov here how one can integrate the idea of Parallel Seard in
Distributed Asynchronous Seard. A technique for dynamic reallocation of the
seart spaceis then preseried. This technique builds on the procedure for
marking concurrert proposalsfor con’icting resourcesthat we have formalized
in [11].

The main idea of this paper results from considering that before seard,
ead agert agreeson using a number of K distributed processes(slots). A
set of processescontaining one processfrom ead agen, is the equivalent of
a processorin Parallel Seart approaches [10]. The tasks of the slots can be
de ned previous to seard. For dynamic reallocation of the processesthese
slots are consideredhere ascon®ict resouice [11] and the agerts make proposals
about their allocation.

This is the rst asyndironous sear algorithm that allows for parallel pro-
posals which cannot be gathered into one Cartesian product. It is also the
“rst protocol where non-redundart parallelism is explicitly generatedin Asyn-
chronous Seard. This is neither a generalizationt nor an instance of AAS,
sincethe di®eren proposalscan be consideredseparatelyin consistencymain-
tenance. Here we build on ABT sinceit is an algorithm easierto describe
than its subsequeh extensions. The techniques can neverthelessbe integrated

11f not built on AAS.




in a straightforward manner in most extensionsof ABT, such as AAS and R-
MAS [14]. In certain settings, especially in combination with R-MAS, parallel
proposalscan also o®eradditional opportunities for improving privacy besides
improving exciency.

2 Related Work

The rst complete asyncronous seard algorithm for DisCSPs is the Asyn-
chronous Backtracking (ABT)[20]. The approad in [20] considersthat ead
agert maintains only onevariable. More complexde nitions weregiven later [22,
18]. Other de nitions of DisCSPs[23, 16, 12] have consideredthe casewhere
the interest on constraints is distributed among agens. [16] proposesversions
that 't the structure of a real problem (the nurse transportation problem).
The Asynchronous Aggregation Seart (AAS) [12] algorithm actually extends
ABT to the casewhere the samevariable can be instantiated by seweral agerts
(e.g. at di®eren levels of abstraction, or (dichotomous) splitting [14]) and an
agert may not know all constraint predicatesrelevant to its variables. AAS of-
fers the possibility to aggregatese\eral branchesof the seart. An aggregation
technique for DisCSPs is then preserted in [8] and allows for simple under-
standing of privacy/ezciency mecdanisms, also discussedin [4]. The strong
impact of the ordering of the variables on distributed seard is sofar addressed
in [19, 16, 1, 11]. [2] shows how add-link messagegan be avoidedin ABT. [5]
studies the usefulnessof Petri-Nets for analyzing asyndronous protocols.

The Parallel Seard hasbeenanalyzedin [10, 7, 9, 3]. It consistsin dynam-
ically splitting the problem and redistributing it to free processors.Important
nogoods discovered by individual processorscan be distributed and reused. [17]
discusseshow one can exchange nogoods between independert solvers running
concurrenrtly .

3 Async hronous Backtrac king (ABT)

In asyndronous backtracking, the agerts run concurrertly and asyndronously.
Each agert owns exactly one distinct variable. The variable of A; is x;. Each
agert instantiates its variable and comnunicates the variable value to the rel-
evant agerts. Since here we don't assumegeneralizedFIF O channels, in our
versiona local counter, C*', is incremerted ead time a new instantiation is
proposed,and its current value tags ead generatedassignmen.

De nition 1 (Assignmen t) An assignmen for a variable x; is a tuple hx;; v; ci
where v is a value from the domain of x; and c is the tag value (current value
of C1).

Among two assignmeits for the samevariable, the one with the higher tag
(attached value of the courter) is the newest. A static order is imposedon
agerts and we assumethat A; hasthe i-th position in this order. If i>j then
A; hasa lower priority than A; and A; hasa higher priority then A;.



when receiv ed (ok?,hx;;d;;cy; i) do
if (old ¢y, ) return;
add(x; ,d; ,cx; ) to agentview;
eliminate invalidated nogoods;

check _agent _view ;
end do.

when receiv ed (nogood,A;j,: N) do
when any hx; d;ci in N isinvalid (old c) then
send (ok?,hx;; current.valug C} i) to Aj;
return;
when hxy; dg; ci, where X is not connected,is cortained in : N
sendadd-link to Ay;
add hxy; dg; ci to agentview;
put : N in nogood-list for x;=d;
add other new assignmelts to agentview;
11 eliminate invalidated nogoods;
old_value A current.value
check _agent _view ;
when old_value= current_value
12 send (ok?,hx;; current.valug C} i) to Aj;
end do.
pro cedure check_agent_view do
when agen view and current _value are not consistent
if no valuein D; is consistent with agern _view then
backtrac k;
else
selectd 2 D; where agentview and d are consisten;
current.valueA d; C}, ++;
send (ok?,hx;; d;Cj(i i) to lower priority agerts in outgoing links;
end
end do.

pro cedure backtrac k do
nogaods A fV jV = inconsistert subsetof agentviewg;
when an empty setis an elemern of nogaods
broadcast to other agerts that there is no solution, terminate this
algorithm;
for every V 2 nogaods,
select(x; ,d; ,c) wherex; hasthe lowest priority in V;
send(nogood,A;,V) to Aj;
eliminate invalidated explicit nogoods;
remove (X;,d; ,c) from agentview;
check _agent _view ;
end do.

Algorithm 1: Procedures of A; for receiving messagesn ABT with nogood removal.



Rule 1 (Constrain t-Ev aluating-Agen t) Each constraint C is evaluatal by
the lowest priority agentwhosevariable is involved in C.

Each agert holds a list of outgoing links represerted by a set of agerts.
Links are assaiated with constraints. ABT assumeghat every link is directed
from the value sendingagert to the constraint-evaluating-agert.

De nition 2 (Agen t_View) The agert_view of an agent, A;, is a set con-
taining the newest assignmentsreceived by A; for distinct variables.

Basedon their constraints, the agerts perform inferencesconcerningthe as-
signmerts in their agentview. By inferencethe agerts generatenew constraints
called nogaods.

De nition 3 (Nogo od) A nogood hasthe form : N wher N is a set of as-
signmentsfor distinct variables.

The following typesof messagesre exchangedin ABT: ok?, nogood, and
add-link . An ok? messagédransports an assignmen and is sert to a constraint-
evaluating-agernt to ask whether a chosenvalue is acceptable. Each nogo od
messageéransports a hogaod. It is sert from the agen that infersanogood : N,
to the constraint-evaluating-agert for : N. An add-link messageannouncesA,;
that the senderA; owns constraints involving x;. A; inserts A; in its outgoing
links and answers with an ok?.

The agens start by instantiating their variables concurrertly and send ok?
messages$o announcetheir assignmem to all ageris with lower priority in their
outgoing links. The agerts answer to received messagesccording to the Algo-
rithm 1 [17].

De nition 4 (Valid assignment) An assignmenthx; vy;c;i knownbyan agent
A, is valid for A, aslong as no assignmenthx; vy; Ci; C;>Cq, is received.

A nogood is invalid if it contains invalid assignmers. The next property
is a consequencef the fact that ABT is an instance of AAS [12].

Prop erty 1 If only one nogood is stored for a value then ABT has polynomial
space complexity in each agent, O(dn), while maintaining its completenessand
termination properties. d is the domain size and n is the number of agents.

4 Parallel Prop osals

In this section we describe the concept of slots. The slots are at the heart of
parallel proposalsin asyndironousseart. The dynamic reallocation of the slots
is discussedin subsequeh sections.
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Figure 1: A slot is a set of abstract agens, one for ead initial agert.

4.1 Slots as abstract distributed pro cessors

For simplicity, we assumethat prior to seart ead agert allocatesK processes
for solving the current DiSCSP. This assumption can be slightly relaxed, as
mertioned later. For an agert A, theseprocessesare orderedand are identi ed
using an additional index: Ay ;k 2 1,K.

De nition 5 The slot j is de ned as the set of processesA;; ;i 2 1;N (Fig-
ure 1).

The agerts own private predicates,but every processA;; knowsall the pred-
icatesof A;j. Therefore a slot can be usedto perform a distributed computation
independertly from other slots. Any asyndronous protocol can be usedin any
slot, with the simple modi cation that the index of the current slot hasto tag
any messagdor identifying the target process.Obviously, di®erert distributed
computations launched in sud slots could exdhange somenogoods to improve
seart similarly ascomputations on real processorsdo in [17]. This version will
be referred to as Parallel Asynchronous Seard | (PAS1).

When the order of the agerts is di®erert in distinct slots, the computational
load of di®erert agerts can becomemore balanced.

Further in this paper we rather discusstechniquesthat distribute the seard
spaceamong di®eren slots. A family of nogood sharing techniquesis naturally
obtained when the nogoods involve common segmeits of the seard tree.

4.2 Slots Statically Allo cated (SSA)

The simplest way to distribute a seard spaceamong existing slots, is to stati-
cally split the domain of a variable prior to seard and to distribute it among
the slots. Imagine that the agerts in Figure 1 work on a DisCSP P. Assume
that in P, the domain of x;, D; has at least K values (here K = 3). Let P;
be the problem P where the domain of x; is restricted to Dy;j. D can then
be split in K nonempty disjoint partitions, hereD1.1;D1.2;D1.3. Any sloti can
work independertly on the problem P;, evertually exchanging somenogoods as
in PASL1. This technique can always be usedfor contin uous domains.

When D; haslessthan K values,the splitting of the problem can cortinue
with domains of subsequen variables. We want to equilibrate the e®ort in
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Figure 2: Weak performanceof the greedy-split algorithm.

distinct slots. The split hasto ensurethat the number of tuples (volume) of the

seart spacein slots is not very di®erent. A greedyapproximate technique is to

choosethe allocation by a breadth “rst technique, calling greedy-split(1,K ,P).

The variables are ordered according to the descendingsize of their domains.
Procedure greedy-split(i,K,P)

2 If jDij, K, split D; in K partitions, as equally as possible. Return.

2 If jD;j < K, split P by splitting D; in domainsof onevalue. p = K %jD;j.
For ead obtained subproblem Py -1, call greedy-split(i + 1,K5D;j +
(k- p).Px).

In the example of Figure 2, K = 6, D; = fa;b;c;dgand D, = fa;b;cg. The
problems obtained for slots are: P; = fD; = fagED, = fa;bgg, P, = fD; =
fagED, = fcgg, P3 = fD, = fbgED, = fa;bgg, P, = fD, = fbgED, = fcgg,
P,=fD; = fcgED, = fa;b;cgg, Ps = fD; = fdgED, = fa;b;cgg. Their size
varies between1 and 3.

In order to obtain a better equilibrium between the size of seart spaces
for slots, we introduce another heuristic. This is obtained by calling prime-
split(K ,P).

Procedure prime-split(K,P)

2 Let a decomposition of K in prime numbers be pi1pz;:::; pn. Choose(i; j)
sudh that jD;j is divided by p;. If this is not possible, choose (i; j) =
argmax(jDij=p ]. [f ] denotesthe truncated integerof f . Among remaining

1)
competitor pairs, choosethe one with highestp; .

2 If jDij, pj, split D; in g partitions, asequally sizedas possible. For eat

obtained subproblem Py, call prime-split( K =p ,Py).

2 If jDij<pj, split P by splitting D; in domains of one value. p = p; %jD;j
For eat obtained subproblemPy.x 1, call prime-split(K 5§D;j+ (k- p),P«).

As shown in Figure 3, the algorithm prime-split can obtain better partitions.
The protocol wherethe slots solve independertly problemspartitioned according
to algorithms similar to those preseried in this subsection are referred to as
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Figure 3: Results of the prime-split algorithm.

PAS2. As for PAS], it is recommendedto order the agerts very di®ererly in
distinct slots in order to balancetheir load.

4.3 Slots Statically Allo cated to Agents (SSAA)

The main drawback in PAS2 is that the partitioning of the problem does not
take into accourt the constraint predicates. One searth spacemay be much
harder than another and someslots can end their activity immediately. Now we
proposeto give certain agerts power to split the seard spaceamong groups of
slots. A hierarchy of agerts can have a hierarchical control on the distribution
in slots.
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Figure 4: Agent-based static allocation.

The examplein Figure 4 shows a casewhere the “rst processof agert Aq,
A1, takesthe rst position in all asyndronous seard protocols for the slots
1to 3. The secondprocessof agert A,, A,.,, takesthe secondposition in the
asyndironous seardt protocols for the slots 2 and 3.

For this case,the initial domain D of the variable x; of agernt A; is statically
split in two partitions: Dj.; for the slots 1 to 3, respectively D 1.4 for the slot 4.
The slot 4 behaveslike in PAS2. A;.; starts by making two di®erert proposals
in parallel, by sendinga set of ok? messagesn the slot 1 and another set of
ok? messagesvith the secondinstantiation of x; to the slots 2 and 3. A»., also
sendstwo setsof ok? messagespneto slot 2 and the other to slot 3. Whenewer
a proposal of one of these two agerts is refused (eg. by a nogood message)
in a slot, that agert sendsa new proposal for that slot. Any nogood message
(or propagate messagdn R-MAS) that hasto be sert to A, by lower priority



processedn slots 2 and 3, are sert to A,.». Those from slots 2 and 3 towards
A,, are sen to the processA;.1. This can be implemented very exciently by
de ning the addressesof processesA;.1, A1, and A;.3 (respectively A,., and
A,.3), assynoryms.

The processesA1:; and A,., are a bottleneck, but in generalthis drawback
is reducedwhen the branching factor is low and the agens that are sourcesof
branching have high priority. Instead, the computational load can be dynami-
cally adjusted to di®erert slots. The domain of x; is incremertally distributed
to the slots 2 and 3 on request. Only when A,., has exactly one valid proposal
available, a possiblevalue for x5, then one of the slots 2 and 3 remains unused.
The generalization of these rules for general trees of accessto slots is obvious
and the obtained protocol is called PAS3.

The only modi cation to the messagesn ABT (and its extensions)is that
ead messagehasto be taggedwith the name of its slot, sothat the target pro-
cesscan be discriminated by the receiving agert. The proceduresfor receiving
nogoods and the procedurecheck_agent _view have to be modi ed asshown in
Algorithm 2.

Assumption 1 We assumein the following that all the processesof an agent
can share data.

Giventhe previousassumption,A;.; heedsto sendok? message®nly to the
processesn the slot 2, instead of sendingthem to the slots2 and 3. This reduces
the number of exchangedmessageshut special careis required in implemerting
the agerts such that they do not becomebottlenecks.

5 Histories

Now we recall [11] a marking techniquethat allows for the de nition of a total
order among the proposals made concurrertly and asyncronously by a set of
ordered agerts on a shared resource (e.g. a label-AAS, an order-ABTR, an
allocation of a slot).

De nition 6 A prop osal source for a resource R is an entity (e.g. an ab-
stract agent) that can make speci ¢ proposals concerning the allocation (or val-
uation) of R.

We considerthat an order A is de'ned on proposal sources The proposal
sourceswith lower position accordingto A have a higher priority. The proposal
source for R with position k is noted PR, k , x§. x§ is the rst position.

De nition 7 A con®ict resource is a resoure for which severl agentscan
make proposalsin a concurrent and asynchionous manner.

Each proposal source PR maintains a counter CR for the con®ict resource
R. The markersinvolved in our marking technique for ordered proposal sources
are called histories .
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when receiv ed (nogood,Aj;siot,: N) do
when any hx; d;ci in N isinvalid (old c) then
send (ok?,hx;; current_valugslot]; C>i<. i) to Ajsiot;
return;
when hxy;dg; cci, where X, is not connected,is contained in : N
sendadd-link to Ag;
add hxy; dg; ci to agentview;
put : N in nogood-list for x;=d;
add other new assignmets to agentview;,
eliminate invalidated nogoods;
old_value A current.valugslot];
check _agent _view ;
when old_value = current_valugslot] (= d)
send (ok?,hx;; current_valugslot]; C>i<. i) to Ajsiot;
end do.
pro cedure check_agent view do
when agert_view and any current_value are not consistent
if no valuein Dy is consistent with agert_view then
if no current_value is consistent with agen view then
backtrac k
else
setinconsistert current.values to -1

end
else

selectd p Dix where agentview and d are consisten;
inconsistert current_values A elemers of d;
for every madi ed slot, s, do

Cy, (9)++;

send(ok?,hxi;d;C)‘(i i) to lower priority processeof slot s

for agerts in outgoing links

end do
end
end do.

Algorithm 2: Procedures of Ajx for receiving nogoods in PAS3.

De nition 8 A history is a chain h of pairs, ja:bj, that can be assiated to
a proposal for R. A pair p=ja:bj in h signalsthat a proposal for R was made
by PR whenits CR had the value b, and it knewthe pre’x of p in h.

An order/ (read \precedes") is de ned on pairs such that jii:l1j/ jiz:lyj if
either iy < ip, orip =i, and 1y > I,.

De nition 9 A history h; is newer than a history h, if a lexicographic com-
parison on them, using the order / on pairs, decidesthat h; precedeshs.

PR builds a history for a new proposal on R by prexing to the pair
jk:value(CR)j, the newest history that it knows for a proposal on R made by



any PR, a<k. The CR in PR isresetead time an incoming messageannounces
a proposalwith a newer history, made by higher priorit y proposal sourceson R.
CR isincremerted ead time PR makesa proposalfor R.

D D@ )

maix={. }|2:kop| @ m2x B B LT o
(7))
e

Figure 5. Simple scenarioswith messagedor proposalson a resource,x.

De nition 10 A history h; built by PR for a proposalis valid for an agentA
if no other history h, (eventually known only as pre x of a history h3) is known
by A suchthat h;, is newerthan h; and was geneated by PjR, j -

For example, in Figure 5 the agert P may get messagesoncerning the
sameresourcex from Py and PJ. In Figure 5a, if the agert P has already
received my, it will always discard m3 sincethe proposal source index has pri-
ority. Howevwer, in the caseof Figure 5b the messagem; is the newest only if
kit < ky and is valid only if kit - ky. In ead messagethe length of the
history for a resourceis upper bounded by the number of proposal sources for
the con®ict resource.

6 Dynamic Allo cation in Parallel Async hronous
Search

Here we shav how the marking technique presered in the previous section can
be usedby agerts to make parallel proposalswhile dynamically allocating slots.
In [11], an order on agerns is modeled as a resourcewhile eac proposal de nes
guidelinesfor reordering and a recommendedorder. The guidelinesfrom high
priority agers have priority, and are followed by the recommendedorders of
lower priorit y agens that respect the valid guidelines.

To asyndironously and dynamically allocate slots to parallel proposals, we
consider eadh slots as a con®ict resource. The proposal sourcesfor ead slot
consistsof an ordered set of N j 1 abstract agerts. The delegations of these
abstract agerts to processesf initial ageris can be modi ed identically as for
reordering. Each proposal consistsin:

2 a working slot, and
2 a setof free slots.

The free slots are the onesthat can theoretically receive the cortrol of this slot,
but the working slot is the recommendedone.

10



The next corvention helpsto aggregate messagescortaining proposalson
the allocations of seweral slots into messagesalled slots .

Convention 1 By convention, when a proposal source for a slot s, proposes
s as working slot, the proposal set of free slots is empty. The receiving slots
interpr ete the proposalsin this way, evenif the set of free slots that they receive
is not empty.

Convention 2 By convention, the proposal sources for a slot, s, are delegated
to the processesin the current working slot for s, and are ordered according to
the current order of the processesin the asynchionous protocol.

When a processis proposal source for seweral slots and the proposals for
those slots are identical, those proposalsneedto be sert only once.
By PAS4 we refer the protocol where:

2 Proposalsare made according to the previous corvertions.

2 When a reallocation is proposed, all the proposal sourcesfor the corre-
sponding slots, placed on higher positions, are announced. On the receipt
of newer allocations, data tagged with invalidated histories of slot alloca-
tion is removed.

2 Each messagds tagged with the newest allocation for the receiving slot,
asknown at sender. For propagate messagesh DMA C and R-MAS, this
corresponds to the tag of their level.

2 A proposal sourceonly makesa nite number of proposalson slot alloca-
tions after a proposalof variable instantiation wasrefusedfor the delegated
process.

2 In ABTR, the order of successoragerts can only be modi ed when a
reallocation of their slot is made. (In order to reorder the agerts, a new
proposal for reallocation hasto be de ned and it hasto tag the proposal
on order)

The pair added in the history of a proposal on slots reallocations has the
formj(i : cS) : ¢j, where cS is the slot of the processdelegatedas the proposal
sourcewhich builds this pair. i is its position. c is the value of the courter of
proposalsfor this proposal source. Termination detection can be run indepen-
dertly in distinct slots.

Prop osition 1 When the protocols usel in slots are complete extensions of
polynomial space ABT (e.g. AAS, R-MAS), PAS algorithms are complete, cor-
rect and terminate, and require only polynomial space.

Pro of. The proof is obvious for PAS1-PAS3 and results from the corresponding
properties of the usedasyndronous algorithms, and on the completenessof the
problem partitioning.

11



In PAS4, the working slots electedby the rst agerts cannot be cortin uously
disturbed and interrupted until a solution is found or the proposallaunched on
them is refused. Whenever a reallocation is proposed,all involved processesre
announcedand they will update their proposals. When any complete extension
of ABT (AAS, R-MAS) is usedin slots, the termination of PAS4 results by
induction. Namely, once a processand its predecesorsare no longer refused,
the reasoningapplies to the processon the next position in the working slots.
The completenessis a consequenceof using only logic inference. The use of
histories for slot reallocations leadsto coherent viewsin processegor eat given
allocation. The soundnessis ensured by the fact that coheren views lead to
generation of nogood messagesat any cortradiction. Actually, the complete
extensionsof ABT ensurethat processingof such valid nogo od messageseads
to soundnesswvhen they are tagged with valid histories.

The required spacecomplexity is K times the highest spacecomplexity re-
quired by the asyndronous protocols usedin slots. o

Figure 6: A graph coloring problem with 3 colors, fa,b,og.

In Figure 7 is given a simple exampleof a trace of PAS4 with ABT in 3 slots,
for the coloring problem shown in Figure 6. When a messagds sert to seeral
agerts, a single messages shavn and the list of target agerts is showvn on the
right-hand side. The proposal on the slots relevant for ead messages shown
in parenthesesafter the other parameters. It is followed by the history for that
proposal. All the processestart having by default available asfree slots all the
slots, and having the slot 1 as current working slot. The proposal sourcesin
agert A; proposeto split the free slots in two. These proposalsare attached
to the ok? messageshat have to be sert to processef agerts As; A4. They
are sert by slots messageso the agert A, sinceno other messagds scheduled
toward A,. Meanwhile, the agert A, also made proposalsin message3, but
their tag is recognizedas invalid by the receiving processeswvhich know tags
from messaged and 2. The slots messaget is delivered by the processA»; to
its both proposal sourcesfor slots 1 and 2.

The exampleis shown only up to a point wherea solution is found, but most
slots are still working. The history of the slot proposalsin nogoods are trimmed
as for the history of proposalson ordersin ABTR [11]. The target slot for a
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DA ok?hxg;a;1;(1;714,29)(1 1) 0ji —L Az Aga

tAs — ok?hxq b1 (3F30)j(1:1) 1 0fi L AszaiAga

DAz1 ok?hXga; 1 (1:f1,2,39)j(2: 1) 1 0i 1 Az Ay
4 — slotsh1;f1;29)j(1:1):0ji — 1 Asg

A1z slotsh3;f3g)j(1:1):0ji— 1 Azs

A1 _0k?hXyra;1;(1;f1g)j(1: 1) : 0j(2: 1) : OjiL A3;1;A4;1
DAz {OK?MX2;bi1;(2;f20)j(1: 1)1 0j(2: 1)1 Qiy  Asz2iAsz
i Az _ok?hxs; b1 (1;f19)j(1: 1) : 0j(2: 1) : QjiL Aga

ONOOU A WNRE
>
s
=

Figure 7: Example of a trace with PASA4.

nogood is computed as the slot in the last pair in the trimmed history of the
nogood. If nogoods would have to be sert from the processof Az in slot 2to Ay,
they would be sert to the processin slot 1 of A;, asreadin the pair j(1: 1) : Oj
found in valid histories.

6.1 Nogood reuse across reallo cation (PAS5)

Similarly with the nogood reuse acrossreordering [15], nogoods can be saved
when new proposalsfor reallocations are received. For example,in Figure 7, the
inferencesresulting from assignmeis in message3 can be temporarily stored
as redundant constraints by all the working processesof agerts Az, and A4.
When new assignmets arrive in messagess and 7, if nothing changes, the
corresponding receiving processe®only needto update the tags and recover the
corresponding nogoods (e.g. this happensin the slot 1). Otherwise, the stored
invalidated nogoods can be discarded (slot 2). The corresponding protocol is
called PASS.

6.2 Dynamic recon guration in PAS5

During seart, a proposal of A; might be refusedand A; may want to o®er
to other existing working slots the set of freed slots. A; can do it by simply
broadcasting the new proposal on the modi ed slots using slots messagesvith
tags with incremerted counters.

If the current proposal sourcewants to make a slot available to predecessor
proposal sources, dedicated heuristic messagesan be de ned easily without
modifying the properties of PAS5. Let uslook again at the examplein Figure 7.
If a nogood would be received by the processAj.3, this could either proposec
in slot 3, or allocate the slot 3 to the proposalin A;.;. In the last case,the
current computation in the slots already allocated to the current instantiations
proposedby Aj.; will not be disturbed by reallocation.

The proposal sourcesin the processin slot 1 for agert A,, can detect after
receiving nogoods for two proposalsthat A, can make only one more proposal
and that they have two available slotsin the current allocation. In this situation
heuristic messagesan be sert to proposal sourcesin A; such that the slot 2
can be reallocated (e.g. to the proposalin message?).
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7 Conclusions

We have preseried a family of techniques for intro ducing parallelism in Asyn-
chronousSeart (extensionsof ABT). This family is called Parallel Asynchronous
Seard, and 5 menbers of its members are detailed. The techniques PAS1 and
PAS2 are expected to work well especially for problems where the agens use
distinct network connectionsand processordor their processesPAS3 to PAS5
are reasonablemostly in combination with techniques such as R-MAS which
allow for a better balance in computation and communication load, and give
agerts additional °exibilit y.
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