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Foreword

This tutorial aims on the one hand side to provide an introduction into distributed
constraint reasoning and on the other side to highlight the current research trends
in the area. The tutorial draws from earlier tutorials by Makoto Yokoo (CP98), Jörg
Denzinger (IJCAI01) and Yokoo, Denzinger and Marius Silaghi (IJCAI03, AAMAS04,
IJCAI05) and from the PhD dissertations of Silaghi and Adrian Petcu. The previous
tutorials were created as half-day tutorials and this was also the planned time frame
for this tutorial. Consequently, we had the hard decisions to make which of the
concepts to present and where to put foci. We decided to focus the introduction
part on asynchronous methods and to highlight new approaches to constraint
optimization and the whole topic of semi-cooperative agents with its connections to
issues like privacy and reigning in the competitiveness of agents. To make up for
this rather subjective selection, we include a structured bibliography of works on
distributed knowledge-based search and distributed constraint reasoning with some
notations of where to place the particular works.

Calgary, Lausanne, Melbourne (FL), Kyoto, September 2007

Jörg Denzinger, Adrian Petcu, Marius C. Silaghi, Makoto Yokoo
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1. Introduction:
Constraint Reasoning (I)

Given:

� X = {x1,…,xm} set of variables

� D = {D1,…,Dm} set of domains for the variables, i.e.
xi � Di

If Di is finite, let Di = {vi,1,…,vi,d(i)}

� C = {c1,…,ck} set of constraints over X;
the constraint ci is represented as a predicate
pi(y1,…,yj), {y1,…,yj} � X, that checks the possible

value assignment combinations for y1,…,yj if they
fulfill the particular constraint
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Constraint Reasoning (II)

Possible Goals:

� Find a value assignment for the variables that fulfills

all constraints

� constraint satisfaction

� Find a value assignment for the variables that

optimizes a function goal: D1� … � Dm � R

� constraint optimization

� Generate new constraints ck+1,… that are

consequences of C (and fulfill additional conditions)

� constraint deduction
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Why Constraint Reasoning?

� A lot of problems can be transformed in either
constraint satisfaction or constraint optimization
problems:

� Planning problems

� Scheduling problems

� …

� Many negotiation approaches can be seen as a
constraint reasoning process
� important for Multi-Agent Systems
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Distributed Constraint Reasoning (I)

Given:

� Ag = {A1,…,An} set of agents

� Each agent has a set of (private, intra-agent)
constraints (although this set can be empty for a
particular agent)

� For some type of problems, there is an additional set
of (public, inter-agent) constraints. Restrictions can
also be placed on the variables for which each agent
may propose assignments (modifiers).

� The combination of variables of all agents and all
their intra- (and eventual inter-) agent constraints
form a constraint reasoning problem

Agents can exchange messages
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Distributed Constraint Reasoning (II)

Possible goals:

Similar to goals for constraint reasoning (of combined
problem)

Plus fulfilling/conforming to

� Additional individual goals of agents

� Privacy

� Individual interests, etc

�Semi-cooperative agents

� Additional priorities for (dominance of) certain agents

� Additional limits/restrictions on communication
between agents
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What are Agents in this Context?

� Entities that act in a shared environment and have
their own

� goals,

� desires and

� beliefs

� But: in Distributed Constraint Reasoning we also have

� at least one common goal: find a solution to the
given problem instance
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Why Distributed Constraint
Reasoning?

� Often problem instances come already distributed
without a way to bring all the information together
into one place (� naturally distributed problems)

� Multi-agent conflict resolution can be modeled as
distributed constraint reasoning problems

� Distribution can increase efficiency:

� Each agent solves smaller problems

� Each agent can be on its own processor

� But: there can be a large communication and
cooperation overhead!
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Examples:

� Many graph problems � artificial distribution
(mostly), both constr. satisfaction and optimization

� N-queens problem � artificial distribution, constr.
satisfaction

� Meeting scheduling � naturally distributed, either
constr. satisfaction or optimization

� Job-shop scheduling � naturally distributed (mostly),
constr. optimization

� Resource assignments to agents � naturally
distributed, either constr. satisfaction or optimization
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An example in more detail:
meeting scheduling

Problem: a group of managers (agents) have to
conduct several meetings as a whole group or as
subgroups. They are situated in different cities and
where a meeting takes place is part of the decision
making. And these managers have busy schedules.

Task: find appropriate places and meeting times to
have all meetings!
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Meeting scheduling (II)

Constraint satisfaction:

Goal: find just one assignment of meetings to
(time,place) pairs that works

Formulation as constraint satisfaction problem:

Each meeting represented by a variable with domain
being all (time,place) pairs

Constraints: manager schedules, meetings overlapping
in attending persons cannot be scheduled at the
same time, travel to a meeting must be possible for
attendees

DisCSP variant: assign a manager to each meeting with
the task of scheduling it
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Meeting scheduling (III)

Constraint optimization:

For each combination of (time,place) pairs and
meetings there is a cost of holding the particular
meeting at that time and place (� function goal).

Goal: find an assignment of meetings to (time,place)
pairs with minimal combined cost that fulfills all
constraints
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Meeting scheduling (IV)

1st extension: privacy:

Some managers have (time,place) pairs that they
should be available for, but that they do not want to
use � additional constraints

But: they do not want their bosses to know that!

Goal: find assignment of meetings to (time,place) pairs
fulfilling all the constraints without revealing at least
the additional constraints
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Meeting scheduling (V)

2nd extension: semi-cooperative agents

The managers have individual utility functions
measuring the meetings they have to attend and the
(time,place) pairs assigned to it.

Goal: minimize the costs of the assignment, while
fulfilling all constraints and achieve good values of
the managers’ utility functions
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Solving Constraint Reasoning
Problems

� Every type of search-based solution technique has
been applied to solving constraint reasoning
problems:

� Set-based methods:
evolutionary alg., simulated annealing, tabu-
search, etc.

� Tree- and graph-based decision sequences

� Simplex method

� and so on

� Either with global views or local views
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Structure of the rest of the tutorial

1. Introduction

2. Classifying DisCR approaches

3. Top-Down Approaches

4. Bottom-Up approaches

5. Including privacy reasoning
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2. Classifying DisCR approaches

There are many dimensions that can be used to classify
the existing approaches for solving distributed
constraint reasoning problems:

� Based on the cooperation paradigm used:

� Dividing problem instance into subproblems

� Working on a common search state

� Improving on the competition approach

�Naturally distributed problems favor dividing
problem instance into subproblems
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Classification dimensions (II)

� Agent communication:

� Synchronous: agents can make assumptions about
the view of all other agents when composing
messages

� Asynchronous: at no moment an agent knows the
stability of the views of other agents
� often increases robustness of system

� In the middle: concepts of epochs [ArmDur97],
more on the synchronous side
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Classification dimensions (III)

� Rank ordering of agents or not

� With or without central control

� Consensus building:

� Top-down: higher rank agents decide first, lower
rank agents have to find ways to comply

� Bottom-up: agents build solutions starting with
small pieces that get bigger and bigger
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Classification dimensions (IV)

Dimensions inherited from sequential constraint
reasoning:

� Complete vs. incomplete methods

� Basic search technique used

� Type of reasoning:

� Satisfaction

� Optimization

� Deduction
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3. Top-Down Approaches

Selected examples:

� Asynchronous, complete, without central control but
ordering on agents, naturally distributed,
agent=variable, doing satisfaction (with a little
deduction): Asynchronous Backtracking

� Asynchronous, complete, without central control but
dynamic ordering, naturally distributed,
agent=variable, doing satisfaction (with a little
deduction): Asynchronous weak commitment
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Selected examples (II)

� Asynchronous, complete, control via ordering of
agents, agent can be responsible for one or several
variables, but still based on dividing problem instance
into subproblems, doing optimization: ADOPT
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3.1 Asynchronous Backtracking
[YokDurIshKuw 92]

Characteristics:
� Each agent acts asynchronously and concurrently

without any global control.
� Each agent communicates its tentative value

assignment to related agents, then negotiates
if constraint violations exist.

Merit:
� no communication/processing bottleneck,

parallelism, privacy/security
Problems to solve:

� guaranteeing the completeness of the algorithm
� avoiding infinite processing loops
� escaping from dead-ends
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Avoiding Infinite Processing Loops

Cause of infinite processing loops:

� cycle in the constraint network

� If there exists no cycle, an infinite processing loop
never occurs.

Remedy:

� directing links without creating cycles

� use priority ordering among agents
x

1 x
2

x
3

x
1

x
2

x
3
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Escaping from Dead-Ends (I)

When there exists no value that satisfies
constraints:

Sequential backtracking: change the most recent
decision
� simple control is inadequate under asynchronous

changes
Asynchronous backtracking: derive/communicate a

new constraint (nogood)
� other agents try to satisfy the new constraint;

thus the nogood sending agent can escape from
the dead-end

� can be done concurrently and asynchronously
�Constitutes constraint deduction component
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Escaping from Dead-Ends (II)

{1, 2}

{1, 2}

{2}
new constraint x2x1

x3
(nogood,

{(x1,1), (x2,2)})
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Completeness of Asynchronous BT

� An agent never stops its processing (changing value

assignments/sending messages) unless it satisfies all

constraints among higher priority agents or an empty

set becomes a nogood.

� There exists no infinite processing loop (by induction)

� The highest priority agent x1 will not be in an

infinite processing loop.

� If x1 to xk-1 are stable, then xk cannot be in an

infinite processing loop.
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Space Complexity of ABT

� An agent might need to record an exponential number of
nogoods, however,

� An agent can throw away obsolete nogoods (that
does not match the current states of other agents)

� If an agent creates a new, smaller nogood based on
communicated nogoods, communicated nogoods can
be throw away (subsumption).

� We can guarantee the completeness using only
polynomial space for each agent.
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Phenomenal/Operational
Analysis of ABT

� Operationally, each agent performs
only: backtracking.

� Phenomenological, each assignment is
followed by immediate adjustment of
connected future domains: forward
checking.

x1

x2

x3

x4
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3.2 Weak-commitment Search
[Yokoo 94]

� Each variable has a tentative initial value.

� A consistent partial solution is constructed.

� When no consistent value exists for a variable with
the partial solution, the whole partial solution is
abandoned.

� The search process is restarted using the current
assignment of variable values as new tentative initial
values.

� The abandoned partial solution is recorded as a
new nogood.

�� complete, can be efficient
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Example of Algorithm Execution
(weak-commitment)

: in the partial solution

: not part of the partial solution, satisfies all constraints

: not part of the partial solution, violates some constraint

x1

x2

x3

x4
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Asynchronous Weak-commitment
Search [Yokoo 95]

Main cause of inefficiency of asynchronous
backtracking:
� Convergence to a solution becomes slow when the

decisions of higher priority agents are poor; the
decisions cannot be revised without an exhaustive
search.

Remedy:
� introduce dynamic change of the priority order, so

that  agents can revise poor decisions without an
exhaustive search:
�If an agent becomes a dead-end situation, the

priority of the dead-end agent becomes higher.
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Dynamically Changing Priority Order

� Define a non-negative integer value (priority value)
representing the priority order of a variable/agent.

� A variable/agent with a larger priority value has
higher priority.

� Ties are broken using alphabetical order.

� Initial priority values are 0.

� The priority value of a dead-end agent is changed
to max+1, where max is the largest priority value of
related agents.
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Completeness of AWC

� The priority order is changed if and only if a new
nogood is found.

� The priority order cannot be changed infinitely.

� If the priority order is stable, this algorithm is
equivalent to the asynchronous backtracking.

� The worst-case space complexity is exponential in n.

� can be restricted in practice: forgetting older
nogoods

� If the number of recorded nogoods is sufficiently
large, an infinite processing loop rarely occurs.
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3.3 ADOPT
[ModTamShYok02]

Constraint optimization requires comparisons of the
quality of different solutions.

How can we achieve these comparisons, if the
information about the solution is distributed over the
agents and if the whole system represents at each
moment at best one solution candidate?

� Adopting ABT to deal with quality of subsolutions
information
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ADOPT (II)

� Order agents in a tree hierarchy

� Higher level agents assume values, propagate them
to lower level agents that propagate back lower
bound on solutions achievable with values of higher-
level agents

� Backtrack (via nogood) when lower bounds get too
high (not when quality of best solution of subproblem
is determined
� requires threshold value that an agent gets from

higher level agent
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ADOPT: Problems and solutions

� How to order agents?

�between levels: there is a constraint between the
two agents

�within level: no constraints between agents
allowed

� Backtracking may lead to flip-floping which leads to
need for storing/recomputing previous solutions!

�Thresholds limit this: only flip-flop if over
threshold (only then store a nogood representing
previous subsolution and its cost)
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4. Privacy for DCR

Why are Distributed Constraint Problems distributed?

Because of the size of the problem?

Because of dynamic changes and openness?

Because of privacy?
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Motivation for distribution (strength)

Why are Distributed Constraint Problems distributed?

Because of the size of the problem?

If the problem is too large, communication in 
solvers may also be too expensive.

Because of dynamic changes and openness?

Announcing dynamic changes to a centralizing 
server may be faster than propagating changes 
through many agents.

Because of privacy?

It is agreed as the main reason for DCR
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Object of privacy in DCR

The existence of a variable (internal to an agent)

The existence of a constraint (between known var.)

The value of a tuple in a constraint (finite, )

The lack of solutions in an area of the search space
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Object of privacy in DCR (approaches)

The existence of a variable (internal to an agent)

communicate only about inter-agent constraints

The existence of a constraint (between known var.)

declare that all constraints are present (costly)

shuffle variables (identity of variables is hidden)

The feasibility of a tuple in a constraint (finite, )

Scarce communication, aggregation with other 
values, shared encryption

The lack of solutions in an area of the search space
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Privacy Properties

Distributed Constraint-based Algorithms allow problems to be 
solved without necessarily revealing all the details of the 
constraints [FreMinWal 01,SilFal 02,WalSil 04]

The alternative is:

Using a trusted server where the problem is centralized and 
solved (often more efficient, but less acceptable security)

Newer approaches are based on cryptographic techniques

Using a set of untrusted/semi-trusted servers that together 
simulate the server (less efficient but more secure)
[YokSuzHir 02]

Using threshold cryptographic schemes. Even less efficient. 
No server needed [Silaghi 03a, Silaghi04]
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Privacy in constructive search

Reveal only a bit of information at the time, by 
choosing the assignments/nogoods that reveal the 
least sensitive data.

Exchanged information is aggregated with other data 
known by the agent, further precluding leaks

Each communication is only between 2 agents

Asynchronous schemes allow agents to:

Delay answering a sensitive question hoping for 
new information that precludes the need for 
answering.
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Spying on other’s constraints

Statistic learning

Agents can infer bounds on tuple values from the 
constraints of others, using so called “shadow 
CSPs”

Exact learning

If the data in messages of an agent are not result 
of aggregation (e.g. nogood/cost messages from a 
terminal agent), then secrets are harvested easily

Solution: The terminal agent can be an abstract 
cryptographic computation

The solution can reveal secrets. Solution: shuffling
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Solution and orderings [AAMAS’04]

You know:

the algorithm: backtracking

the variables order: place, time

the order on values

the result: Melbourne, August

What can Alice infer about the 
constraints of Bob?

What if values are reordered?

A B

backtracking
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Absence of Solution (Silaghi 05b)

If there is no solution to the problem then everybody 
learns that all sets of assignments are unsatisfiable (a 
large leak of secret information that may be useless).

One may prefer to have an answer “don’t know”
rather that “unsatisfiable.”

An answer “don’t know” implies that solutions may 
exist but are lost.

This can be achieved if the solver can forget the 
solution with some probability p (before revealing 
the answer).



Distributed Constraint Reasoning                                Denzinger, Petcu, Silaghi, Yokoo

The effect of policies [AAMAS’04]

You know:
• the algorithm: backtracking
• the variables order: place, time
• P(Mel, Aug)>P(Lau,Aug)
Can Alice infer something?

A B

Bob: #(Melbourne)<#(Lausanne)

What if variables are reordered?
(Lau,Sep) -> probably not (Mel,Sep)

What if all tuples are shuffled? 

reordering

Can obtain requested t-privacy!
Call it:
Non-uniform requested t-privacy!
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Multi-party Computation of a sum of 
three secret numbers

A has s1, B has s2, C has s3
Each of A,B,C computes two random numbers: (r1A, r2A), (r1B, 
r2B), (r1C, r2C)
The computed random numbers of an agent are sent to the 
other two participants

A:(s1,r2B,r1C) B:(s2,r1A,r2C) 
C:(s3,r2A,r1B)

A: kA=r2B+r1C+(s1-r1A-r2A)
B: kB=r1A+r2C+(s2-r1B-r2B)
C: kC=r2A+r1B+(s3-r1C-r2C)

kA+kB+kC=s1+s2+s3

r1A,r2A

CB

A

r1A

r1B

r1C

s1

s2 s3
r1B,r2B r1C,r2C

r2A

r2B
r2C

Distributed Constraint Reasoning                                Denzinger, Petcu, Silaghi, Yokoo

Secure evaluation of arithmetic 
circuits

Arithmetic Circuit: Any function whose definition 
consists only of a fix set of additions and 
multiplications.

It was shown that efficient computations of 
comparison, max, are possible this way.

The output of any arithmetic circuit with secret inputs 
can be computed securely by running for each of 
these operations a corresponding protocol.
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Distributed Constraint Optimization
--- Application with Privacy [AiMath06] ---

Auctions (e.g., Generalized Vickrey Auctions)

Allocation is computed with the formula:

Prices are computed with (if Ai, ak
i stand for solution without 

bidder Ai)

for all i:

Therefore, N+1 optimizations are needed, as intermediary steps

argmaxA( kuk(ak)), maxAi kuk(a
i
k)

The results of these intermediary computations should be 
secret, and only final results, pi, ai, should be known to Ai.

Still everybody should be convinced that the computation was 
correct given bidder's inputs.

Distributed Meeting Scheduling [Wallace, Tambe,…]
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Arithmetic Circuit 
for Upward DPOP

Sx – children of x
Gx – induced parents of x
Px – neighbor ancestor of x
Fx – parent of x
Wx

y – constraint of x coming from y
– search space
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Secure DPOP

The three mentioned problems are fixed by:

Shuffling and un-shuffling domains prior to solving

(to guarantee that each optimal solution has a chance)

Design an arithmetic circuit doing the decoding but avoiding 
to reveal the assignments.

Select values by assigning secret variables (one per 
value)

2 alternative formulas select the cheapest in each node!

Have this values under form of unary constraints to allow 
un-shuffling

Therefore, an independent secret value is introduced for 
each element of the extensive representation in these 
constraints.
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x
[v] – is x=v?; V

x
– weight of subtree with root x;

x
[ ] – is selected?

(COP, W, V
root=

W
0

root ) do

formula 1 or 2

// remove 2nd and later solutions

// set d
xi
[v]=1 for the first right v

// computing with the basic formula

// computing with a recurrence formula
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Distributed CSP with Privacy

Definition: “A Distributed CSP is defined by a 
set of participants willing to reach a solution to 
the CSP (X,D,C), defined by their private 
problems. The distribution of constraints and 
the rights to assign variables are defined by 
the privacy requirements.”

A constraint c in C is formulated as a function on 
assignments to variables in X, returning 1 for 
accepted tuples and 0 for rejected tuples. 

c: D {0,1}
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Finding all solutions of a DisCSP

For each possible tuple t of assignment of values to 
variables, compute securely the acceptability of t.

acceptability(t)= c C c(t)

The secret value of c in each point is shared by the 
participant knowing it. 

The product is computed using the BGW computation 
in section 4.
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Example finding all meeting possibilities
Alice, Bob, and Carol want to find all possible meetings, 

either Monday or Tuesday, 
either in Melbourne, Orlando, or Tampa

Distributed CSP A={Alice, Bob, Carol}:
X={day,location}
D={{M,T},{M,O,T}}
C={Alice: cA={(M,O),(T,M)},

Bob:   cB={(M,M),(M,O),(T,M),(T,T)},
Carol: cC={(M,O),(M,T),(T,M)}}

001010cA

101011cB

001110cC

001010acceptability(t)=cA*cB*cC

(T,T)(T,O)(T,M)(M,T)(M,O)(M,M)Possible tuples t are
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Uniformly Random (MPC-DisCSP4)
10987654321

0110011101

1101001110

0001000000

0000000100

0101111100

Choice ID:

Satisfaction:

Shuffling by participant 1:

Shuffling by participants…i:
…………………………

…………………………………………………………………..

……………………………………………………………………….

Result vector after shuffling by participant n:

Selection of first solution (2)

10987654321

……………………………………………………………………….Un-shuffling by each participant:

……………………………………………………………………….

Result: 7 0001000000

encrypted
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Uniformly Random one-Solution finding

1. As in the All-Solutions algorithm, compute the vector “S” with the 
value of acceptable(t) for each candidate t.

2. Shuffle S[1..K] using the mix-net algorithm (or some equivalent 
arithmetic circuit [Silaghi’04,’05]).

3. Select one solution in S with:

h[1]=1;

for k=2 to K

1. h[k]=h[k-1]*(1-S[k-1])

2. S[k]=h[k]*S[k]

4. Un-shuffle S, with the mix-net performing the reverse 
permutations.

5. Reveal S (or an extraction of the remaining tuple of S)
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t-privacy

The following algorithms present t-privacy, if (t+1,n)-
sharing schemes are use:

t-privacy. For any group of t participants:

P(Secrets | Answer, Public-Knowledge, Computation)

=P(Secrets | Answer, Public-Knowledge)

For MPC-DisCSP4 [Silaghi’04’05]

P(Secrets | Solution, Public-Knowledge, Algorithm, Computation)

=P(Secrets | Solution, Public-Knowledge)
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t-privacy

t-privacy for a computation process [BGW’88]. For any group of t 
participants:

P( | , , ) = P( | , )

– secret constraints

– answer

– prior knowledge

– computation process

requested t-privacy of an algorithm [Sil DCR05]

P( | , , ,A) = P( | *, )

A – algorithm

* – requested data [ *=argmaxA( kuk(ak)),
=maxAi kuk(a

i
k)]

Distributed Constraint Reasoning                                Denzinger, Petcu, Silaghi, Yokoo

Non-uniform requested t-privacy

non-uniform requested t-privacy of an algorithm

t-privacy

P( | *, )<1 P( | , , ,A)<1

A – algorithm

* – requested data 

– secret constraints

– an element of 

– answer

– prior knowledge

– computation process

Distributed Constraint Reasoning                                Denzinger, Petcu, Silaghi, Yokoo

Secure DisCSP Solvers

Principles [SilRaj’04][Sil’05b]

Finding all solutions [Herlea.et.al’01]

Secure algorithms guaranteeing t-privacy

Minimizing information leaked by solution [Sil’05b]

Polynomial space algorithm [Silaghi’02’03]

Optimization [SilMit’04]

Stochastic search [Sil.et.al’05]

Secure algorithms with cryptography

Complete algorithm [Yokoo.et.al’02’05]

Stochastic optimization (Simulated Annealing) [Sil.et.al’05]

Solvers
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DEMO: System for secure solving of 
DisCSPs
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MPC-DisCSP1
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8. Bibliography

In the following, we provide references to papers that either were referenced on the previous slides or that 

were a source for us when putting together this or previous tutorials. Please note that therefore this 

bibliography is in no way a complete overview of distributed knowledge-based search and distributed 

constraint reasoning. We first present the references (in a short form) clustered by general topics within 

constraint reasoning and then provide an alphabetical list.

Overviews of Distributed Constraint Reasoning:

[Hamadi 99a] PhD thesis (in French)

[Yokoo 01] book

[Silaghi 02a] PhD thesis

[Petcu 07c] PhD thesis

[Silaghi&Yokoo 07] Encyclopaedia of AI. Chapter on Distributed Constraint Reasoning

Frameworks for Distributed Constraint Satisfaction

[ZhaMac 91]  Each agent is responsible for enforcing a part of the constraints

[Yokoo 98] Each variable’s domain is the secret of one agent

[SilHaFal 00b] Each constraint’s relation is the secret of one agent

[MesJim 00] Agents stand for variables and each constraint’s relation is the secret of one of the 

agents standing for a variable involved in it

[Hannebauer 00] Separate agents knowing each constraint and each variable’s domain

[Silaghi 04] constraints not known to anybody, defined as functions on agents’ secret  inputs each 

agent gets the result of a function on inputs and a solution to the constraints

Overviews of Distributed Search:

[Denzinger 00]
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Distribution vs. Parallelization:

[Avenhaus et al. 02] 

Distributed Search concepts based on a common search state:

[YokKit96] Central common state, or-graph-based search

[Bonacina 97] distributed common state, set-based search, specific application: theorem 

proving

[Schaeffer 89] distributed common state, and-or-tree-based search

[KumKan 84] central and distributed common state, and-tree-based and or-tree-based search

[Talukdar et al. 93] heterogeneous agents with central common states

Distributed search concepts based on dividing the problem into subproblems:

[Sycara et al. 91] homogeneous agents, static problem division, and-or-graph-based search

[Smith 79] homogeneous agents, dynamic problem division, and-tree-based search

[LanLes 92] heterogeneous agents, static problem division

[Fischer et al. 95] heterogeneous agents, dynamic problem division

Distributed search concepts based on improving on the competition approach:

[Bäck 94] homogeneous agents, no central control, set-based search

[Denzinger 95] homogeneous agents, central control, set-based search

[DenFuc 99] heterogeneous agents, no central control, application area: theorem proving
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Synchronous Techniques 

[ColDecKat 91/00] exploiting DFS trees, maintaining consistency in search

[YokDurIshKuw 92] synchronous backtracking

[SolGudMei 96] sync FC-CBJ, CFPA/CAPF modeling guidelines

[Tel 99] consistency maintenance improved

[MeiRaz 01] reordering heuristic in sync FC with parallel pruning

[PetFal 05] DPOP: dynamic programming in DCOP using a DFS tree ordering

Asynchronous Systematic Techniques for CSPs

[YokDurIshKuw 92] ABT (asynchronous search)

[Yokoo 93/95] AWC (reordering heuristic based on nogood generation in ABT)

[ArmDur 97] reordering heuristics in search with epoch-based synchronization

[YokHir 98] ABT for complex local problems

[SilHaFal 00b] AAS (ABT where several agents may modify the same variable)

[BesMaeMes 01] DisDB (i.e. ABT without add-link messages)

[Silaghi 02] AAS’ (alternative to AAS)

[SilHaFal 01b] consistency maintenance in ABT

[SilHaFal 00a/01/01e] consistency maintenance in AAS

[SilHaFal 01/01c/01d] reordering and reordering heuristics for ABT and AAS
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Consistency achievement (preprocessing)

[Kasif 90] intrinsic inefficiency of distribution of consistency achievement

[ZhaMac 91] simple iteration and exploiting graphs

[BauDev 97]/[NguDev 98] distributed AC4 and AC6 with message passing

[Hamadi 99] optimal distribution and corresponding optimal consistency

[MonRet 99] formalization for numeric domains

Consistency Maintenance in search

[SilHaFal 00a/01/01e] schemes for consistency maintenance in AAS

[ArbMon 00] distributed splitting with chaotic iteration

[SilHaFal 01b] consistency maintenance in ABT

[Silaghi 02a/03] consistency maintenance in Adopt and Asynch. PFC-MRDAC

[SilLanLarr 04] consistency maintenance with WAC for DisWCSPs with B & B and A*

Reordering in search

[Yokoo 93/95] AWC (reordering heuristic based on nogood generation in ABT)

[ArmDur 97] reordering heuristics in search with epoch-based synchronization

[MeiRaz 01] reordering heuristic in sync FC with parallel pruning

[SilHaFal 01/01c/01d] polynomial space reordering heuristics for ABT and AAS

[ZivMei 05]: AWC-like heuristic without self-reordering

[Silaghi 06b] Reordering frameworks
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Forward Checking

[YokDurIshKuw 92] ABT (asynchronous search, FC pruning is done immediately after inst)

[LuoHenBuc 93] FC done hierarchically by receiving agents

[SolGudMei 96] sync FC-CBJ, CFPA/CAPF modeling guidelines

[MesJim 00] FC done locally by sending agent

[MeiRaz 01] reordering heuristic in sync FC with parallel pruning

Numeric problems

[MonRet 99] formalization of consistency achievement for numeric domains

[ArbMon 00] mixed consistency and splitting

[SilHaFal 01]/[SilSteHaFal 01] polynomial space solving for numeric CSPs

Add-link messages

[YokDurIshKuw 92] ABT (introduction of add link messages)

[BesMaeMes 01] DisDB (i.e. ABT without add-link messages)

[SilHaFal 01] One-Shot-Links (i.e. ABT with (temporary) single usage links)

[BesMaeMes 02] experimental comparison of ABT, One-Shot-Links, DisDB

Privacy

[YokDurIshKuw 98] privacy of domains mentioned as motivation for ABT

[SilHaFal 00c] privacy of constraints for distributed CSPs

[MesJim 00] mixed privacy of domains and partial privacy of constraints

[FreMinWal 01] privacy measure based on number of revealed constraint tuples
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[SilFal 02] comparison of ABT, AWC, AAS, DMAC, DMAC-ABT,… with respect to privacy

[YokSuzHir 02] cryptographic technique based on external servers

[Silaghi 03a/04] cryptographic technique without external servers

[WalSil 04] search strategies to reduce privacy loss

[SilRaj 04] DisCSP formulation for reducing privacy loss

Openness

[JunTamZhaSh 00] openness support in AWC

[ModJunTamShKul 01] framework with openness

[SilFal 02a] openness in ABT, AAS, DMAC, …

[FalMac 02] open CSPs

[Mod 03] message exchange

[PetFal 06c] open DPOP

Optimization

[Yokoo 93] incremental relaxation

[YokKit96] [cooperative A*]

[YokHir 98]  synchronous B&B

[SilHaCalFal 01]   branch and bound for AAS and SAS
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Self-interested agents

[PetFal 05]: a limited distributed implementation of the VCG mechanism

[PetFalPar 06]: M-DPOP: the first faithful mechanism for social choice problems

[FalParPetShn 06]: an application of M-DPOP to overlay networks

[SilFalPet 06]: secure optimization with guarantees of privacy

[PetFalParXue 07]: BB-M-DPOP: structural techniques for budget balance in VCG

Dynamic DCOP:

[ColDecKat 99]: a self stabilizing search algorithm for DisCSP

[PetFal 05b]: S-DPOP: a self-stabilizing extension of DPOP for dynamic problems

[PetFal 07]: R-DPOP: self-stabilizing extension of DPOP that provides solution stability

[PetFalDec 07]: an overview of DFS based algorithms, includes dynamic algorithms
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