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Abstract

A multi search process version of the sequential assignment, distributed Conflict-
based BackJumpig algorithm is presented. Multi-CBJ benefits greatly from shar-
ing of Nogoods among search processes. It also improves when the multi-search
process is dynamic, generating CBJ processes during search with a dynamic heuris-
tic that controls load balancing. The resulting algorithm, Cooperative Dynamic
Multi-CBJ, is much faster and more efficient than asynchronous algorithms like
ABT and AFC.

The multi-search version of asynchronous backtracking (ABT') turns out to
be unsuccessful. Apparently, the existing asynchroniety of ABT prevents it from
benefiting from the use of multi search processes. Its performance actually dete-
riorates with additional search processes. Finally, the hypothesis that multi-search
flourishes when message delays are dominant is checked. Asynchronous multi-
search algorithms do perform better in the presence of message delays. However,
cooperative dynamic Multi-CBJ remains the best performing multi-search algo-
rithm, also in the presence of message delays.

1 Introduction

Distributed constraints satisfaction problems (DisCSPs) are composed of agents,
each holding its local constraints network, that are connected by constraints among
variables of different agents. Agents assign values to variables, attempting to gener-
ate a locally consistent assignment that is also consistent with all constraints between
agents (cf. [YDIK98, SGM96]). To achieve this goal, agents check the value assign-
ments to their variables for local consistency and exchange messages among them, to
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check consistency of their proposed assignments against constraints among variables
that belong to different agents [Yok00, BMBMO5]

Distributed CSPs are an elegant model for many every day combinatorial problems
that are distributed by nature. Take for example a large hospital that is composed of
many wards. Each ward constructs a weekly timetable assigning its nurses to shifts.
The construction of a weekly timetable involves solving a constraint satisfaction prob-
lem for each ward. Some of the nurses in every ward are qualified to work in the
Emergency Room. Hospital regulations require a certain number of qualified nurses
(e.g. for Emergency Room) in each shift. This imposes constraints among the timeta-
bles of different wards and generates a complex Distributed CSP [SGM96].

DisC S Ps are distributed search problems, in which agents compute concurrently
and independently. Consequently, the main objective for the design of search algo-
rithms for DisCSPs is to achieve concurrent computation among the agents and to
generate a solution in the most efficient way. Efficiency is measured by the concurrent
run-time of the algorithm and by the network load that it generates [Lyn97, BMBMOS5,
ZMO06b].

Several backtracking algorithms for DisC'S Ps have been proposed in recent years,
with different degrees of success at achieving concurrent efficiency. Asynchronous
Backtracking (ABT) is an algorithm that achieves concurrency by enabling all agents
to perform assignments asynchronously [ YDIK98, BMBMOS5]. In Asynchronous Forward-
Checking (AFC), agents assign their variables sequentially, but perform forward-
checking asynchronously, achieving a high degree of concurrent computation and the
resulting efficiency [MZ06]. The Concurrent Dynamic Backtracking algorithm (C'oncD B)
achieves concurrent computation by letting agents dynamically split search processes,
searching concurrently non-intersecting parts of the global search space [ZM06a].

The present paper proposes a different form for achieving efficient concurrent com-
putation for distributed search on DisC'S Ps. The proposed search algorithm uses mul-
tiple search processes that scan concurrently the complete search space. Each search
process performs the sequential-assignment Conflict-based BackJumping (C'BJ) algo-
rithm [Pro93, BM04]. In general, Multi-Search executes several processes of sequential-
assignment DisC'S P algorithms in parallel and asynchronously. Each process starts
with a different agent (first agent in its ordering) and can use any dynamic ordering
heuristic. All agents participate in all search processes, assigning their variables and
checking for consistency with constraining agents. Agents keep a separate data struc-
ture for each search process they participate in. In each search process agents perform
assignments sequentially.

Every agent runs multiple search processes and has multiple agent views, one for
each search process. Consequently, much information about different search processes
is availible to each agent. Multi-Search can benefit from sharing this information. The
shared information can be used to select the next variable or to decide that the current
assignment of another search process is inconsistent and cannot lead to a solution. This
enables an agent that is currently active in a given search process to prune the search
tree before receiving an explicit Nogood for its current search process (see section 3).
Another important method for improving the efficiency of the proposed Multi — C B.J
algorithm, is to enable a dynamic number of search processes. It is clear that the
number of concurrent SPs must somehow help in balancing the computational load



among all agents. This can actually be achieved for the Multi — C'BJ algorithm. It
starts with a single search process and uses a simple heuristic to determine a measure
of the load that is incurred by an SP that is currently being processed. An agent
that decides that the load is too high, generates an additional search process. The
dynamic number of search processes turns out to be beneficial for the efficiency of
Mutli — C'BJ, as will be seen in its experimental evaluation in section 4.

Running multiple instances of asynchronous backtracking (ABT') was proposed
in [Ham02, RHOS]. The findings of [HamO02] for Multi-ABT shows a small improve-
ment for two asynchronous backtracking search processes and a deterioration of effi-
ciency for larger concurrency [Ham02]. To check further the usefulness of Multi-ABT,
its performance was investigated on systems with message-delays and some improve-
ment was found [RHOS]. In contrast, Multi — C'BJ as presented in the present study
improves the performance of single search process, both sequential and asynchronous
backtracking, by a large factor. Similar results occur for systems with random message-
delays (Section 4).

Distributed constraint satisfaction problems (DisC'S Ps) are presented in section 2.
Section 3 presents the principles and mechanism of the proposed multi-search algo-
rithm, along with a detailed description of sharing, assignment timestamps and dy-
namic process creation. Section 4 presents an extensive experimental evaluation of
Multi — C'BJ. First, the sharing of zero-size Nogoods and of dynamic process gen-
eration is found to improve the run-time of Multi — C BJ by a large factor. Second,
it is compared to ABT and to AF'C and outperforms both ABT and AF'C'. A similar
behavior is found also for systems with message delays. The discussion in section 5
presents a comparison of the proposed Multi — C'BJ with Multi — ABT that runs
multiple ABT search processes. Multi — ABT is slower than the cooperative and
dynamic Mult: — CB.J, both in the presence of of message-delays and without it. Our
conclusions are in section 6.

2 Distributed Constraint Satisfaction

A distributed constraint network (or a distributed constraint satisfaction problem -
DisCSP) is composed of a set of k agents A;,As, ...,A;. Each agent A; contains a
set of constrained variables X;, ,X;, , ...,Xim . Constraints or relations R are subsets
of the Cartesian product of the domains of the constrained variables [Dec03]. For a set
of constrained variables X;_ ,Xj, , ...,X,,, with domains of values for each variable
D;, ,Dj, , ...Dpn,, the constraint is defined as R C D;_ x Dj, X ... X Dy,, . A binary
constraint R;; between any two variables X; and Xj; is a subset of the Cartesian prod-
uct of their domains; Rij C D; X D;. In a distributed constraint satisfaction problem
DisCSP, the agents are connected by constraints between variables that belong to
different agents [SGM96, YDIKO9S8]. In addition, each agent has a set of constrained
variables, i.e. a local constraint network.

An assignment (or a label) is a pair < var, val >, where var is a variable of some
agent and val is a value from var’s domain that is assigned to it. A partialassignment
(or a compound label) is a set of assignments of values to a set of variables. A solu-
tion to a DisCSP is a partial assignment that includes all variables of all agents, that



satisfies all the constraints. Following all former work on DisC'S Ps, agents check as-
signments of values against non-local constraints by communicating with other agents
through sending and receiving messages. An agent can send messages to any one of
the other agents.

One simple protocol for checking constraints, that appears in many distributed
search algorithms, is to send a proposed assignment < var,val >, of one agent to
another agent. The receiving agent checks the compatibility of the proposed assign-
ment with its own assignments and with the domains of its variables and returns a
message that either acknowledges or rejects the proposed assignment. The following
assumptions are routinely made in studies of DisCSPs and are assumed to hold in the
present study [BMMO1, Yok00].

1. All agents hold exactly one variable.

2. The amount of time that passes between the sending of a message to its reception
is finite.

3. Messages sent by agent A; to agent A; are received by A; in the order they were
sent.

4. Every agent can access the constraints in which it is involved and check consis-
tency against assignments of other agents.

3 Multi-CBJ Search

Multi-Search performs several backtrack search processes (SPs) asynchronously on
the same DisCSP search-space, where each SP is started by a different agent and
runs in a different ordering of agents. Each search process includes all variables and
values and therefore involves all agents and processes the whole DisC'SP search-
space. Agents in multi-search hold a set of data structures, one for each search process.
These data structures, which we term Search Processes (S Ps), include all the relevant
data for the state of the agent in each of the search processes. The number of the search
processes is limited and results in a linear space, in the number of processes for an
agent.

Agents pass their assignments to other agents by sending messages stamped by the
ID of the search process. Agents hold the current assignments received from other
agents in the corresponding search process agent view. An agent that receives an as-
signment message tries to assign its local variables with values that are consistent with
the assignments already on the agent view, using only the current domains in the S'P
that is related to the received search process message. Cooperation between processes
is based on sharing of local information within a single agent. Information that can be
shared can be Nogoods of other search processes, values used by other SPs, or the
current domain of other SPs.

The simplest Nogood is of size 0, for example ¢ — X; = a. This zero-length
Nogood means that when X; = a there is no solution. This type of Nogood can be
easily shared with all search processes. No additional computation effort is needed, be-
cause a zero-length Nogood matches all agent view states. Nogoods with length > 1



can also be shared among different S Ps, but first one needs to check that the LHS of
the Nogood matches the current agent view of the S P. This operation requests a com-
putational effort that must be taken into consideration when evaluating the performance
of the algorithm.

A sharing of a Nogood can lead to the ability to decide that the current partial as-
signment is inconsistent. This can happen even before receiving the explicit Nogood
(e.g. a Backtracking message) for the current SP. The SP can generate a new partial
assignment (e.g. a new C'PA) and send it to the next unassigned agent. This causes
several C' P A and Nogood/Backtracking messages to circulate among agents simul-
taneously. However, there is only one C'P A message which may potentially lead to a
solution, the most updated one. The other C P A messages will continue to propagate
and create the assignment chains down the search tree, until the Nogood (Backtrack-
ing) or newer messages arrive. To determine which message is the most updated and
to discard obsolate messages a time stamp is used (cf. [NSHF04, MZ06]. Initially, all
time stamp counters are set to zero. Each agent A; that proposes a new assignment
updates the counters as follows:

1. The counters of agents assigned before A; are not changed.
2. The counter of A;’s assignment is incremented by one.
3. The counters of assignment of agents located after A; are set to zero.

An agent which receives a time stamped message must determine whether the re-
ceived time stamp is more updated than its own time stamp. It decides by comparing the
time stamps lexicographically. Since time stamps are changed according to the above
rules, every two time stamps must have a common prefix of the assignments of agents
that are before the current agent.

The Multi-CBJ algorithm is presented in figure 1. Each agent runs several, pre-
configured, number of processes of C'BJ search [ZMO03]. A subset of the agents ini-
tializes the search by each assigning a value to its variable and sending a C' P A message
with the corresponding I D and Time_Stamp to the next agent.

Messages exchanged by agents running Multi — C' BJ search are the following:

1. CPA - amessage carrying a Current Partial Assignment - list of assigned agent
variables. I D - indicates which search process is relevant and its Tvme_Stamp.

2. Nogood - a C' P A sent in a backtrack operation, also includes I D and T'ime_Stamp.
3. stop - a message indicating the end of the search.

Figure 1 presents the functions which are performed in any type of multi-search
algorithm.

e The main function Multi-CBJ is run by all agents. If it is run by the agents
that initialize a search process. It initializes the search by creating a new SP
and a corresponding C'PA. The initializing agents are configured and the ini-
tial_agent(id) function returns true if the I D of the agent appears in the ininitial
agent list. After initialization, it loops forever waiting for messages to arrive.



When receiving the mesage it first checks the consistency of the message by
comparing the Time_Stamp of the message and the current Time_Stamp of
the corresponding search process, by using the Search ID in the received mes-
sage. Only if the message is consistent the current T'ime_Stamp of the SP is
updated and the message is taken care of by calling to the corresponding func-
tion, assign_CPA() or receive_Nogood().

e assign_CPA first checks if the agent holds a S P with the I D of the current CP A
and if not, creates a new SP. Then it tries to find an assignment for the local
variables of the agent, which is consistent with the assignments on the C P A.
If it succeeds, it checks whether a solution needs to be reported (e.g. the CPA
is full). Otherwise, the agent sends the C'PA to the selected next agent. If no
consistent assignment is found, the backtrack method is called.

o receive_Nogood removes the current assigned value and then calls the assign_CPA
fuction to try to find a new consistent assignment. In addition, the new received
Nogood is shared with other processes by calling the share_nogood() function.

e The backtrack method is called when a consistent assignment cannot be found in
a SP. If backtrack is called by its generator (e.g. Search ID is equal to the agent
ID), the search is ended unsuccessfully. If the current agent is not the generator,
a Nogood message is sent to the agent whose assignment is the latest of the
assignments included in the inconsistent C' P A.

e share_Nogood is called when a new Nogood message is received. The purpose
of the function is to share the new Nogood with other processes. It checks
whether the Nogood matches the current state of the search process. If the states
match, the nogood store is updated with the new Nogood. This ensures that
the number of Nogoods in the SP will be limited by the number of agents
times the number of values. If after the update, the current assignment is not
consistent, a new assignment is generated and a new C'PA message with an
updated Time_Stamp is sent to the next agent. Clearly, the use of this function
must be limited to short Nogood messages.

The distributed C' BJ algorithm ends successfully if the last agent finds a consistent
assignment for its variables. The search fails if the first agent cannot find a consistent
assignment for its variable. All Multi-CBJ algorithms end successfully when one of
the search processes (the first one) ends successfully. The search fails if in some S'P
the leader of the search, the first agent in the assignment list, fails to find any consistent
assignment.

3.1 Dynamic process creation

The Mwulti — C'BJ algorithm has a constant number of search processes and the cor-
responding C' P As are created at the start of the algorithm’s run. Search processes can
be dynamically created at different points of the search by an agent generating an addi-
tional C'PA message with a new I D. The need for an additional search process arises
from a bad balance of load among the participating agents. This need can be detected
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procedure MULTI-CBJ 1:
done « false 2:
if initial_agent(id) then 3:
initialize_SPs 4:
end if
while not done do 1.
msg «— receive_msg 5.
CPA «— msg.CPA 3.
if CPA.time_stamp < search current timQ:
stamp then 5.
return
end if
update_time_stamp(CPA.SearchID, I
CPA .time_stamp) 2
switch(msg.type) 3
stop: done « true 4
Nogood: receive_Nogood() >
CPA: assign_.CPA() 6
end while 7
report solution
8:
end procedure o
10:
procedure ASSIGN_CPA 11
if first_received(CPA.SearchID) then
create_SP(CPA.SearchID) "
end if 2:
CPA « assign_local 3:
if is_consistent(CPA) then 4:
if is_full(CPA) then 5:
report_solution() '
done « true
6:
else .
increment_time_stamp(CPS, id) 8:
send(CPA, next) 9:
end if :
10:
else .
backtrack() ’
end if

end procedure

procedure INITIALIZA_SPS
CPA « create_CPA(id)
assign_CPA()

end procedure

procedure RECEIVE_NOGOOD
remove_last_assignment()
assign_CPA()
share_nogood()

: end procedure

procedure BACKTRACK
if id = CPA.SearchID then
CPA «— no_solution
send(stop, all_other_agents)
done « true
else
CPA « shortest inconsistent partual as-
signment
backTo « last(CPA)
send(Nogood, CPA, backTo)
end if

: end procedure

procedure SHARE_NOGOOD
for i — 1 to agents_count and i # id do
if contains(i, CPA) then
update_SP(i,CPA)
if current assignment is not consistent

then
CPA «— get_CPA(1)
assign_CPA()
end if
end if
end for

end procedure

Figure 1: The Multi — C'B.J algorithm



1: procedure CREATENEWSP

2 if has_not_SP(id) and step_number > step_limit then
3: initialize_SP()

4 end if

5. end procedure

Figure 2: Dynamic process creation

by a simple heuristic that counts the average number of times that a given CPA was
passed among the agents (without finding a solution). An alternative is to count the
number of non-concurrent constraints-checks (N CC'C) performed by the agent.

In [GSO1] Gomes and Selman propose the use of random restarts during search
in order to diminish the heavy tail. Their proposed method is supposed to interrupt
thrashing and restart search once the effort does not seem promising anymore. In a
distributed, multi-agent environment there is no need to restart the search. Dynamic
search process creation exploits the distributed, multi-agent, environment to generate
a new search process with a different initializing agent. Unlike centralized search, the
new S P operates in parallel to the running search processes.

To change the code of Figure 1, so that it supports the creation of search processes
dynamically during search is very simple. At the end of the Multi-CBJ function, the
main function of the algorithm, just before end while, one needs to insert a call to
a new function CreateNewSP(). The pseudo code for this function is presented in
figure 2. CreateNewSP() first checks that there is not already a search process where
the agent is a leader and whether the number of steps performed by agent has exceeded
step_limit. 1f these two conditions are met, a new process is created by calling the
initialize_SP() function.

4 Evaluating Multi — CBJ

The common approach in evaluating the performance of distributed algorithms is to
compare two independent measures of performance - time, in the form of steps of
computation [Lyn97, MRKZ02, ZM06b], and communication load, in the form of the
total number of messages sent [Lyn97]. Non-concurrent computation effort, in systems
with no message delays, are counted by a method similar to that of Lamports logical
clocks [Lam78, MRKZ02, ZMO06b]. Every agent holds a counter of constraint checks
performed. Every message carries the value of the sending agents counter. When an
agent receives a message it updates its counter to the largest value between its own
counter and the counter value carried by the message. By reporting the cost of the
search as the largest counter held by some agent at the end of the search, a measure
of concurrent search effort is achieved that is close to Lamport’s logical time [Lam78].
This measure can be used to count the number of non-concurrent constraint checks
performed (INCCC's), thus incorporate the local computational effort of agents in each
step [MRKZ02, ZMO06b].

The experimental evaluation includes two sets of experiments. The first set in-
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Figure 3: (a) Number of NC'CC's performed and (b) Total number of message sent by
Multi — C'BJ with and without Nogood Sharing and Dynamic process creation on
medium density DisCSPs (p; = 0.4)

vestigates the effect of cooperation/sharing of information between search processes
and of dynamic process creation on the performance of Multi-CBJ. The second set of
experiments compares the cooperative dynamic Multi-CBJ algorithm to the four best
performing DisC'S P search algorithms. These include Synchronous Conflict Back-
jumping (SynchCBJ) [ZMO03], Asynchronous Forward-Checking (AFC') [MZ06],
Asynchronous Backtracking (ABT') [Yok00, BMBMO5], and Concurrent Dynamic
Backtracking (ConcD B) [ZM06a].

All experiments were conducted on an asynchronous simulator. To simulate asyn-
chronous agents, the simulator implements agents as Java Threads. Threads (agents)
run asynchronously, exchanging messages. After the algorithm is initiated, agents
block on incoming message queues and become active when messages are received.
Experiments were conducted on random networks of constraints. The network of con-
straints, in each of the experiments, is generated randomly by selecting the probability
p1 of a constraint among any pair of variables and the probability po, for the occur-
rence of a violation among two assignments of values to a constrained pair of vari-
ables [Pro96, SD96]. All sets of experiments, were conducted on networks with 15
agents (n = 15) and 10 values for each agents variable (X = 10). For each pair of den-
sity and tightness values (pi, p2), 50 different random problems were generated and
solved by each algorithm and the results presented are the average of these 50 runs.

4.1 Impact of information sharing & dynamic process creation

Figure 3 presents the number of non-concurrent constraint checks (INCCC's) per-
formed and total messages sent by the Multi — C'BJ algorithm in four different
forms. Without Nogood sharing, with sharing of zero-length Nogoods, with sharing
of Nogoods of length 1 and with zero-length Nogood sharing and dynamic process
creation. For the dynamic process creation, the initial number of search processes is
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5 and the value of the split_count parameter is 50. split_count counts the average
number of constraints checks performed by each process.

It is clear that sharing zero-length Nogoods between the SPs improves the run-
time of Multi — C'BJ by a large factor. In contrast, the sharing of Nogoods of length
> 1 produces additional computational effort and the number of NCCC's grows. Dy-
namic process creation also improves the performance of Multi — C'BJ, in both
NCCC's and number of messages sent. An important improvement that is the re-
sult of dynamic process creation is that improves the performance for easy problems
(e.g. for small values of p2). The resulting performance equals that of SynchC BJ and
is a bit hard to see on Figure 3.

4.2 Comparing to other DiscCS P algorithms

In order to evaluate the performance of Multi — C'B.J it is compared to the four best
known DisC'S P search algorithms. Synchronous Conflict Backjumping (SynchC BJ)
is a distributed version of the well known C'BJ algorithm [Pro93, BM04]. Asyn-
chronous Forward-checking (AFC) [MZ06] is an algorithm which performs sequen-
tial assignments like CBJ, but distributes the computation of forward-checking asyn-
chronously among all agents. As a result, AF'C' was found to have a very good con-
current performance and to outperform ABT by a large margin [MZ06].
Asynchronous Backtracking (ABT') [BMBMOS5, Yok00] is the classical distributed
search algorithm on DisC'SPs. In ABT agents assign their variables asynchronously,
and send their assignments in ok? messages to other agents to check against constraints.
A fixed priority order among agents is used to break conflicts. Agents inform higher
priority agents of their inconsistent assignment by sending them the inconsistent partial
assignment in a Nogood message. In the present implementation of ABT, Nogoods
are resolved and stored according to the method presented in [BMBMO05]. Based on

10
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Yokoos suggestions [Yok00], agents read in every step all messages received before
performing the computation. This forms the best performing version of ABT. Con-
current Dynamic Backtracking (ConcDB) [ZM06a] is another asynchronous back-
tracking algorithm that utilizes multiple concurrent search processes on disjoint parts
of the DisCS P search-space.

All four algorithms are compared to the best version of the Multi — CBJ al-
gorithm (see section 4.1), which uses both sharing of zero-size Nogoods and dy-
namic process creation. Figure 4 presents the number of non-concurrent constraint
checks performed and the total number of messages sent by Multi — CB.J, ConcDB,
SynchCBJ, AFC and ABT on problems with medium constraint density (p; = 0.4).
Multi — CBJ outperforms ABT and SynchC BJ by a large factor and even sends
less messages then (the single sequential process) SynchC BJ. In order to observe
better the advantage of Multi — C' BJ over its competitors one can take off the two
worst performing algorithms from each of the figures in 4. Figure 5 presents a closeup
view of each of the performance measures. Each figure includes just the three best per-
forming algorithms in that measure. Multi — C'BJ is the best performing algorithm
in both measures. It performs less NCCC's than the two fastest DisC'S P search algo-
rithms - AFC and ConcDB. It sends less messages than SynchC BJ and ConcDB.
The improvement in the number of messages sent of the Multi — CBJ over AFC'is
significant and can even be seen in figure 4. Multi — C'B.J improves the best known
algorithms by about 30%.

5 Discussion

The Multi — C'BJ algorithm was shown to be the best performing DisC'SP algo-
rithm. When multiple sequential assignment search processes (e.g. C'B.J) are com-
bined, share Nogoods, and search processes are dynamically generated, the resulting
search algorithm runs faster than the best algorithms and sends less messages. An im-
mediate question comes into mind. What would happen if a multi-search algorithm

11
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would use as its building block an asynchronous assignment search algorithm, such
as ABT. This was attempted in the past by Hamadi et. al [Ham02]. The results
of [Ham02] were not very encouraging for number of processes larger than 2.

Figure 6 presents the performance of Multi — CBJ and Multi — ABT against
the number of search processes used. The two standard measures of performance are
depicted - number of NC'CC's performed and the total number of messages sent. Both
Multi — CBJ and Multi — ABT were run on the hardest instances of DisCSPs
(p1 = 0.4;p2 = 0.5). Multi — CBJ improves its performance when the number
of the concurent search processes grows. In contrast, Multi — ABT performs more
NCCC's and sends more messages, as the number of search processes grows. One can
say that the performance of ABT deteriorates with the multi-search approach, which
was already observed by [Ham02].

Recently, Ringwelski and Hamadi have proposed the use of Multi — ABT for sys-
tems with message delays [RHOS]. Figure 7 presents the performance of Multi—C B.J
and Multi — ABT against the number of search processes used for systems with ran-
dom message delays. Both Multi — CB.J and Multi — ABT were run on the hardest
instances of DisC'SPs (p1 = 0.4;p2 = 0.5), as in the case of no delays in figure 6.
The interesting result is that M ulti — C'B.J improves its run-time (NCCC's) when the
number of concurent search processes grows but sends a little more messages. How-
ever, Multi—C B.J performs better than Multi — ABT when the number of concurent
processes is larger than 8 (for our experimental set-up with 15 agents). For the network
load performance measure, Multi — ABT is extremely worse than Multi — CBJ.
Note that the version of Mwulti — C'BJ that is used in these experiments has a fixed
number of search processes and therefore is not the best version of the algorithm. It
also does not share Nogoods.

The advantage of Multi-Search for both sequential-assignment and asynchronous-
assignment algorithms (Multi — CBJ and Multi — ABT') is more pronounced in the
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Figure 7: (a) Number of NC'CC's performed and (b) Total number of message sent by
Multi — CBJ and Multi — ABT on hard instances DisCSPs problems (pl = 0.4,
p2 = 0.5) on the systems with message delays

presence of message delay. This may be related to some general properties of search
by concurrent processes. Message delays tend to influence only some of the running
search processes. Therefore, the probability to delay the global search process becomes
smaller as the number of search processes grows [ZMO06b]. This agrees in general with
the results for message delays in [RHOS]. This makes the last result even more striking.
Even in systems with message delays, the Multi — C'BJ algorithm is more efficient
(in both performance measures), than Multi — ABT.

6 Conclusion

A cooperative Dynamic Multi Search algorithm for distributed CSPs has been pre-
sented. The algorithm runs multiple instances of the sequential-assignment, disributed,
Conflict-based BackJumping (C B.J) algorithm. Nogood sharing among all search pro-
cesses enables an early termination of search processes which do not lead to a solution.
Search processes are dynamically generated by agents in an asynchronous distributed
process. Cooperative Dynamic Mwulti — C BJ provides an efficient method for multi-
ple search processes to search concurrently a DisC'S P. Dynamic process generation
establishes a method for load balancing among all participating agents. For the more
difficult problems more search processes are dynamically generated.

An extensive experimental evaluation of Mwulti — C'B.J has also been presented.
Its experimental behavior on randomly generated DisC'S Ps clearly indicates its effi-
ciency, compared to concurent algorithms of a single search process like ABT, AFC
and multi search algorithms like ConcD B and M ulti — ABT. Finally, a major advan-
tage of the proposed Multi — C'B.J algorithm is its simplicity. Unlike asynchronous-
assignment algorithms it does not need idle detection to find a solution [BMBMOS5]. Its
basic search process is the well-known C'B.J algorithm and it can easily be enhanced
to use ordering heuristics [BMO04].
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