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Abstract

A distributed concurrent search algorithm for distributed constraint satisfaction problems (DisCSPs) is presented. Concurrent
search algorithms are composed of multiple search processes (SPs) that operate concurrently and scan non-intersecting parts of
the global search space. Each SP is represented by a unique data structure, containing a current partial assignment (CPA), that is
circulated among the different agents. Search processes are generated dynamically, started by the initializing agent, and by any
number of agents during search.

In the proposed, ConcDB, algorithm, all search processes perform dynamic backtracking. As a consequence of backjumping,
a search space can be found unsolvable by a different search process. This enhances the efficiency of the ConcDB algorithm.
Concurrent Dynamic Backtracking is an asynchronous distributed algorithm and is shown to be faster than former agorithms
for solving DisCSPs. Experimental evaluation of ConcDB, on randomly generated DisCSPs demonstrates that the network load of
ConcDB issimilar to the network load of synchronous backtracking and is much lower than that of asynchronous backtracking. The
advantage of Concurrent Search is more pronounced in the presence of imperfect communication, when messages are randomly
delayed.
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1. Introduction

Distributed constraint satisfaction problems (DisCSPs) are composed of agents, each holding its local constraint
network, that are connected by constraints among variables of different agents. Agents assign values to variables,
attempting to generate a locally consistent assignment that is also consistent with al constraints between agents
(cf.[22]). To achievethisgoal, agents check the value assignmentsto their variablesfor local consistency and exchange
messages with other agents, to check consistency of their proposed assignments against constraints with variables
owned by different agents[1,20].

Distributed CSPs are an elegant model for many every day combinatorial problems that are distributed by nature.
Take for example alarge hospital that is composed of many wards. Each ward constructs aweekly timetable assigning
its nurses to shifts. The construction of aweekly timetable involves solving a constraint satisfaction problem for each
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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
timetables of different wards and generates a complex Distributed CSP [19].

A search procedure for a consistent assignment of all agents in a DisCSP, is a distributed algorithm. An intu-
itive way to make the distributed search process on DisCSPs efficient is to enable agents to compute concurrently.
Concurrent computation by agents can result in a shorter overall time of computation for finding a solution.

One method for achieving concurrency for search on DisCSPs is for agents to perform assignments concurrently.
In order to avoid the waiting time of a single backtrack search, agents compute assignments to their variables asyn-
chronoudly. In asynchronous backtracking algorithms agents assign their variables without waiting for information
about all relevant assignments of higher priority agents[1,16,21]. In order to make asynchronous backtracking correct
and complete, all agents share a static order of variables and the algorithm keeps data structures for Nogoods that are
discovered during search [1,20].

The present paper proposes a different way of achieving concurrency for search. In order to achieve shorter overall
run-time, concurrent search runs multiple search processes on aDisCSP. All agents participate in all search processes,
assigning their variables and checking for consistency with constraining agents. All search processes are performed
asynchronously by all agents, thereby achieving concurrency of computation and shortening the overall time of run
for finding aglobal solution. In each search process agents perform assignments sequentially. Agentsand variables are
ordered randomly on each of the search processes, diversifying the sampling of the search space. Concurrent search
distributes among agents a dynamically changing number of search processes. The degree of concurrency during
search changes dynamically and enables automatic load balancing.

In order to exchange complete information about assignments of all agents, Concurrent Search circulates multiple
Current Partial Assignments (CPAs) among all agents. Each CPA represents one search process (SP) and each search
process scans a different part of the global search space. The search space is split dynamically at different points on
the path of the search process by agents generating additional CPAs. The splitting and re-splitting of the search space
is performed independently by agents and is thus a distributed process. Splits are first attempted by agents residing at
the top of the sub-search tree that is being split. When the agent has no opportunity to split, the splits move down to
agents that are lower in the split sub-tree.

It is well known that search algorithms on CSPs benefit from backjumping [4,6,14]. An elegant form of back-
jumping which stores explanations for the removal of values, is Dynamic Backtracking [7]. This method was later
adapted to distributed CSP agorithms by [2]. The best Concurrent Search agorithm, Concurrent Dynamic Back-
tracking (ConcDB), presented in this paper, performs dynamic backtracking (DB) as in [2] on each of its concurrent
sub-search spaces. Since search processes are dynamically generated by ConcDB, the performance of backjumping
in one search space can indicate that other search spaces are unsolvable. This feature, combined with the random
ordering of agents in each search process, enables early termination of search processes that are discovered to be
unsolvable. The combination of Concurrent Search and Dynamic Backtracking in ConcDB result in afast algorithm,
which outperforms previous complete search algorithms both sequential assigning (synchronous) and Asynchronous
Backtracking by alarge factor (see Section 5).

Concurrent Search, as proposed in the present paper and in [23,25], may seem similar to former approaches of
parallelism. Splitting the search space at the first agent and running several search processes for each of the values of
the first agents' domain is part of interleaved search in [8]. The possibility of dynamic allocation of predefined search
dots for multiple asynchronous backtracking search processes was reported in [17]. The performance of multiple
asynchronous backtracking search shows a small improvement for two asynchronous backtracking search processes
and deteriorates for larger concurrency [8]. On the other hand, Concurrent Search as presented in the present study
improves the performance of single search process, both sequential and asynchronous backtracking, by alarge factor
(see Section 5).

Distributed constraint satisfaction problems (DisCSPs) are presented in Section 2. Section 3 presents the princi-
ples and mechanism of Concurrent Search along with a detailed description of Concurrent Dynamic Backtracking.
The method for terminating SPs which are shown to be unsolvable during backjumps, is presented in Section 3.3.
A correctness and completeness proof for Concurrent Search, and in particular for ConcDB, is presented in Section 4.

Section 5 presents an extensive experimental evaluation, which demonstrates multiple advantages of ConcDB.
First, the features of concurrent search are investigated. Multiple search processes are better than one and dynamic
generation of search processes makes the algorithm perform best (Section 5.1). Next, a comparison of ConcDB to
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existing algorithms for solving DisCSPs, is presented in Section 5.2. The impact of message delay on the perfor-
mance of concurrent search is evaluated in Section 5.3. ConcDB is compared to CBJ, AFC and ABT in the presence
of random message delays. Sequential assigning algorithms are affected the most by message delays. Concurrent dy-
namic backtracking is much more robust to message delay than asynchronous backtracking. The delay of messages
has a strong impact on the run of distributed search algorithms [5,27]. Finally, the heuristic which is used by agents
to determine the level of concurrency is evaluated in Section 5.4. This experiment demonstrates the size of the effect
that the level of concurrency has on the performance of the algorithm in the presence of message delay. Conclusions
on the advantages of using multiple DB search processes in DisCSP search are presented 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 A1, Ao, ..., Ax. Each agent A; contains a set of constrained varisbles X;,, X;,., ..., X;, . Constraints or
relations R are subsets of the Cartesian product of the domains of the constrained variables[4]. For aset of constrained
variables X; , X j,, ..., X;;,, with domains of values for each variable D; , D, ..., D,,,, the constraint is defined as
RC Dj, xDj x---x Dy,. Abinary constraint R;; between any two variables X ; and X; isasubset of the Cartesian
product of their domains, R;; € D; x D;. In a distributed constraint satisfaction problem DisCSP, the agents are
connected by constraints between variables that belong to different agents (cf. [19,21]). In addition, each agent has a
set of constrained variables, i.e. alocal constraint network.

An assignment (or alabel) isapair (var, val), where var is avariable of some agent and val is avalue from var’s
domain that is assigned to it. A partial assignment (or a compound label) is a set of assignments of values to a set of
variables. A solution to a DisCSP is a partial assignment that includes all variables of all agents, that satisfies all the
congtraints. Following al former work on DisCSPs, agents check assignments of values against non-local constraints
by communicating with other agents through sending and receiving messages. An agent can send messagesto any one
of the other agents.

One simple protocol for checking constraints, that appears in many distributed search agorithms, is to send a
proposed assignment (var, val), of one agent to another agent. The receiving agent checks the compatibility of the
proposed assignment 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 [2,20].

All agents hold exactly one variable.

The amount of time that passes between the sending of a messageto its reception isfinite.

Messages sent by agent A; to agent A; arereceived by A in the order they were sent.

Every agent can access the constraintsin which it isinvolved and check consistency against assignments of other
agents.

AW PR

3. Concurrent search

Concurrent Search is afamily of algorithms which perform multiple concurrent backtrack search processes asyn-
chronously on digjoint parts of the DisCSP search-space. Each search process includes all variables and therefore
involves all agents. Each agent holds a set of data structures, one for each search process. These data structures, which
we term Search Processes (SPs), include all the relevant datafor the state of the agent on each of the search processes.
Agentsin concurrent search algorithms passtheir assignmentsto other agents on a special type of message—a Current
Partial Assignment (CPA). Each CPA represents one search process, and holds the agents' current assignments in the
corresponding search process. An agent that receives a CPA tries to assign its local variables with values that are not
conflicting with the assignments already on the CPA, using only the current domains in the SP that is related to the
received CPA. The uniqueness of the CPA for every search space ensures that assignments are not done concurrently
(and conflictingly) in a single sub-search-space [ 25,26].

An agent can generate a set of SPs and corresponding CPAs that split the search space of a single SP whose CPA
has passed through that agent, by splitting the domain of one of its variables. Agents can perform splitsindependently
and keep the resulting data structures (SPs) privately. All other agents need not be aware of the split, they process
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Fig. 1. Simple Concurrent Search with two CPAs.
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all CPAs in exactly the same manner (see Section 3.2). CPAs are created either by the Initializing Agent (1A) at the
beginning of the algorithm run, or dynamically by any agent that splits an active search-space during the algorithm
run. A simple heuristic of counting the number of times agents pass a given CPA (without finding a solution), is used
to determine the need for re-splitting of the search-space traversed by that CPA. This generates a mechanism of load
balancing, creating more search processes on heavily backtracked search spaces.

Fig. 1 presents an example of a DisCSP, searched concurrently by two search processes represented by two CPAS,
CPA; and CPA;. Each of the four agents A1 to A4, holds two Search Processes (SPs). The domains of all four agents
are the same—{1..4}. The current domains of the SPs are shown in Fig. 1. The domains on the left represent the
state after 3 assignments to CPA;. The domains on the right hand side of Fig. 1 represent the state after the second
assignment to CPA,.

Agent A1 has assigned the value 1 on CPA; and the value 3 on CPA,. The valuesthat are left in each of itsdomains
are 2in SP1 and 4 in SP,. Agent A3 has assigned the value 2 to CPA1, having failed to assign the value 1. This
leaves its current domain, for SP1, with the values [3,4]. The two CPASs are traversing non-intersecting sub-search
spaces in which CPA; is exploring al tuples beginning with 1 or 2 for agent A1, and CPA; al tuples beginning with
3 or 4. CPA; is depicted on the LHS of Fig. 1 and CPA; is on the RHS. CPA; moves among the agents in the order
A1 — A — A3. CPA> movesintheorder A1 — Az — - -.

A backtrack operation is performed by an agent which fails to find a consistent assignment with the partial assign-
ment on the CPA that it is currently holding. A backtrack operation sends a CPA backwards, requesting the receiving
agent to revise its assignment on the CPA. Agents that have performed dynamic splitting, have to collect all of the
returning CPAs, of the relevant SP, before declaring that a sub-search-space does not contain a solution. In this case
all consistent values of the split domain have been sent forward on some CPA and failed, which means the agent must
perform a backtrack operation.

The search ends unsuccessfully, when all CPAs return for backtrack to the I A and the domain of the first variable of
each CPA isempty. In this case all the search processes are stopped. The search ends successfully if one CPA contains
a complete assignment, a value for every variable in the DisCSP.

There is no synchronization between the assignments performed in different SPs and the splitting of different
CPAs. Due to the random choice of the next agent and the dynamic asynchronous splitting of search spaces, the
steps of agents in different search process are interleaved in a non-predefined order. This makes Concurrent Search
algorithms asynchronous [11].

The following subsections present a detailed description of Concurrent Search.

3.1. Main objects of concurrent search
The main data structure that is used and passed between the agentsis a current partial assignment (CPA). A CPA

containsan ordered list of triplets (A;, X ;, val) where A; isthe agent that ownsthe variable X ; and val isavalue, from
the domain of X ;, assigned to X ;. This list of triplets starts empty, with the agent that initializes the search process,
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Fig. 2. Initial state and the state after the CPA travels 5 steps without returning to its initializing agent.

and includes more assignments asiit is passed among the agents. Each agent adds to a CPA that passes through it, a set
of assignmentsto itslocal variables that is consistent with all former assignments on the CPA. If successful, it passes
the CPA to the next agent. If not, it backtracks, by sending the CPA to the agent from which it was received.

Splitting the search space on some variable divides the values in the domain of this variable into several groups.
Each sub-domain defines a unique sub-search-space and a unique CPA traverses this search space. Dynamic splitting
istriggered by the number of assignment steps performed on a CPA, without returning back to itsinitiator. Thisisan
intuitive meaning of thrashing and can be based on a simple threshold for the number of unsuccessful assignments—
steps limit.

Consider the constraint network that is described in Fig. 2. The three agents own one variable each, and the initia
domainsof all variablescontain four values {1..4}. The constraints connecting thethree agentsare: X1 < X, X1 > X3,
and X» < X3. Theinitia state of the network is described on the LHS of Fig. 2. In order to keep the example small,
no initial split is performed, only dynamic splitting. The value of steps _limit in this exampleis 4. The first 5 steps of
the algorithm run produce the state that is depicted on the RHS of Fig. 2. The circled values in the current domains of
agents X1 and X, are the assigned values on the CPA. The current domain of X, had only two values l€eft, [3, 4]. X3
is now holding the CPA and has no assignment that is consistent with it.

Therun of the algorithm during these 5 stepsis as follows:

1. X, assignsitsvariable the value 1, and sendsto X2 a CPA with a step counter CPA_steps= 1.

X assigns its variable the value 2, and sends the CPA with both assignments, and with CPA_steps= 2, to X3.

3. X3 cannot find any gnment consistent with the assignments on the CPA. It passes the CPA back to X» to
reassign its variable, with CPA_steps = 3.

4. X, reassignsits variable with the value 3, and sends the CPA again to X3 after raising the step counter to 4.

5. X3 receives the CPA with X2’s new assignment.

N

In the current step of the algorithm, agent X 3 receives a CPA which has reached the step_limit. It hasto generate a
split operation. Before trying to find an assignment for its variable, X3 sends asplit messageto X; whichisthe CPAs
generator and changes the value of the CPA_steps counter to 0. Next, it sends the CPA to X2 in a backtrack message.
The algorithm run proceeds as follows:

e When X receives the split message it performs the following operations:
— Creates anew (empty domain) SP data structure.
— Deletesvalues 3 and 4 from its original domain and inserts them into the domain of the new split SP.
— Createsanew CPA and assignsit with 3 (avalue from the new domain).
— Sends the new CPA to arandomly selected agent.
e Other agents that receive the new CPA create new SPswith a copy of theinitial domain.
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Fig. 3. The new non-intersecting search spaces now searched using two different CPAs.

The resulting split search-spaces are depicted in Fig. 3. Circled values represent those that are currently assigned
on the corresponding CPA; or CPA,. After the split, two CPAs are passed among the agents. The two CPAs perform
search on two non-intersecting search-spaces. In the original SP after the split, X1 can assign only values 1 or 2 (see
LHS of Fig. 3). The search on the original SP is continued from the same state it was in before the split. Agents X2
and X3 continue the search using their current domains to assign the original CPA. Therefore, the current domain of
X> (on SP1) does not contain values 1 and 2 which were eliminated in earlier steps. In the newly generated search
space, X1 hasthevalues 3, 4 in its domain. Agent X1 assigns 3 to its variable and the other agents that receive CPA;
check the new assignment against their full domains (RHS of Fig. 3).

Every agent that receives a CPA for thefirst time, createsalocal data structure which we call a search process (SP).
Thisistrue aso for the initializing agent (1A), for each created CPA. The SP holds all data on current domains for the
variables of the agent, such as the remaining and removed val ues during the path of the CPA.

The structure of the ID of a CPA and its corresponding SP is a pair (A, j), where A is the ID of the agent that
created the CPA and j isthe number of CPAs this agent created so far. This enables all agents to create CPAs with a
unique ID. When a split is performed during search, the generated CPA has a unique ID and carries the ID of the CPA
from which it was split.

Although any agent can split its domain, the current version of the algorithm splits search spaces as high as possible
in the search tree. This generates split sub-search-spaces that are as large as possible and a larger number of agents
participate in the divided search procedure. When agents have no further opportunity to split an SP because of lack of
valuesin their current domain, split messages are transferred down the search tree to agents lower in the current order
of the search (see Fig. 5, procedure perform_split, lines 2, 8 and 9). Note that different concurrent search processes
are ordered differently. Therefore, the splitting of the search space occurs at different agents in different concurrent
SPs.

3.2. General concurrent search
The following terminology is used in the description of concurrent search algorithms:

e CPA generator: Every CPA carriesthe ID of the agent that created it.

e origin_SP: an agent that performs adynamic split, holdsin each of the new SPsthe ID of the SP it was split from
(i.e. of origin_SP). An analogous definition holds for origin_ CPA. The origin_SP of an SP that was not created
in adynamic split operation isits own ID.

e split_set: the set of SP IDs, stored in an origin_SP. Every origin_ SP holds in its split_set the IDs of all the SPs
for which it istheir origin (i.e. all SPswhich were split from it by the agent holding it). For every active SP, the
only split_set relevant isthe split_set of itsorigin_SP.

e steps limit: the number of steps (from one agent to the next) that will trigger a split, if the CPA does not find a
solution, or does not return to its generator.

The messages exchanged by agents in concurrent search are the following:
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Concurrent_Search: assign_CPA:
1. done < fase 1. CPA <« assign local
2. if(lA) then initialize_SPs 2. if(is_consistent(CPA))
3. while(not done) 3 if(is_full(CPA))
4. switch msg.type 4 report_solution
5. split: perform_split 5 stop
6. stop: done < true 6. else
7. CPA: receive_CPA 7 send(CPA, next_agent)
8. backtrack: receive CPA 8 else
9 backtrack

receive_CPA:
1. CPA <« msg.CPA initialize_SPs:
2. if(first_received(CPA.ID)) 1. fori <« 1ltodomain_size
3. create SP(CPA.ID) 2. CPA < create_CPA(i)
4. if(CPA.generator = ID) 3. SP[i].domain « first_var[value i]
5. CPA.steps < 0 4 create SP(CPA.ID)
6. ese 5 assign_CPA
7. CPA .steps ++
8. if(CPA.steps = steps_limit)
9. splitter <— select_assigned_agent
10. CPA _steps <0
11. send(split_msg splitter)
12. if(msg.type = backtrack)
13. remove_last_assignment
14. assign_CPA

Fig. 4. Main and assign parts of concurrent search.
backtrack: perform_split:
1. delete(CPA.ID from origin_SP.split_set) 1. if(not_backtracked(CPA))
2. if(origin_SP.split_set is_empty) 2. var < select_split_var
3. if(1A) 3. if(var £ null)
4, CPA < no_solution 4, create_split_SP(var)
5. if(no_active_CPAS) 5. create_split. CPA(SPID)
6. report_no_solution 6. add(CPA.ID to origin_SP.split_set)
7. stop 7. assign_CPA
8. else 8. else
9. send(backtrack, last_assignee) 9. send(split, next_agent)
10. else
11.  mark_fail(CPA) stop:

1. send(stop, all_other_agents)
2. done <« true

Fig. 5. Backtrack and split for concurrent search.

CPA—the message carrying a Current Partial Assignment.

backtrack_msg—a CPA sent in a backtrack operation.

stop—a message indicating the end of the search.

split—a message that is sent in order to trigger a split operation. Contains the ID of the SP to be split.

Figs. 4 and 5 present the functions which are performed in any type of concurrent search algorithm. The main
function of the algorithm and functions that perform assignments on the CPA when it moves forward are presented in
Fig. 4.
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e Themain function Concurrent_Search isrun by all agents. If itisrun by theinitializing agent (1A), it initializes
the search by creating multiple SPs, assigning each SP with one of the first variable's values. After initialization,
it loops forever, waiting for messages to arrive.

e receive CPA first checks if the agent holds a SP with the ID of the current_ CPA and if not, creates a new
SP. If the CPA is received by its generator, it changes the value of the steps counter (CPA_steps) to zero. This
prevents unnecessary splitting. Otherwise, it checks whether the CPA has reached the steps_limit and a split must
be initialized (lines 7-9). The splitting agent, which we term splitter, is selected to be any one of the assigned
agents (line 9). A specific heuristic for splitting is to send the split message to the CPA_generator (as mentioned
above the CPA _generator is the first part of any CPA ID). Thisis equivalent to splitting the search tree as high
as possible. This specific policy isimplemented in the ConcDB version of the present paper. Before assigning the
CPA a check is made whether the CPA was received in a backtrack msg. If so, the previous assignment of the
agent which isthe last assignment made on the CPA is removed, before assign CPA is called (lines 12-13).

e assign_CPA triesto find an assignment for the local variables of the agent, which is consistent with the assign-
ments on the CPA. If it succeeds, the agent sends the CPA to the selected next_agent (line 7). If not, it calls the
backtrack method (line 9).

Therest of the functions of Concurrent Search are presented in Fig. 5.

e Thebacktrack method is called when a consistent assignment cannot be found in a SP. Since a split might have

been performed by the current agent, a check is made, whether all the CPAs in the split_set of the origin_CPA of
the backtracking CPA have also failed (line 2). If not then only the current CPA ismarked (line 11) and no further
action need take place. When al split CPAs have returned unsuccessfully, the search space of the SP isunsolvable
and a backtrack operation isinitialized.
In case of an |A, the SP and the corresponding origin_ CPA are marked as afailure (lines 3-4). If al other CPAs
are marked as failures, the search is ended unsuccessfully (line 6). If the current agent is not the | A, a backtrack
message is sent to the agent whose assignment is the latest of the assignments included in the inconsistent CPA
(line 9).

e The perform_split method tries to find in the SP specified in the split_message, a variable with a non-empty
current_domain. It first checks that the CPA to be split has not been sent back already, in a backtrack message
(line 1). If it does not find a variable for splitting, it sends a split_message to next_agent (lines 8-9). If it finds a
variable to split, it creates a new SP and CPA, and calls assign_ CPA to initiaize the new search (lines 3-5). The
ID of the generated CPA is added to the split set of the divided SPs origin_SP (line 6).

Fig. 6 extends the example presented in Fig. 1. For each SP (except for the ones holding the corresponding CPA),
the content of the origin and the split-set are displayed. The origin of all SPs except for the SPs of agent A, are their
own IDs since they were not created in a dynamic split operation. Their split-set includes only their own ID, since
they are not yet an origin of any SP created by a dynamic split operation. In this example the SP (1, 2) held by agents
Ao and A3z will only be created when they will first receive the corresponding CPA.

The origin of SP (1, 2) isthe SP it was split from which is (1, 1). The split set of SP (1, 2) is empty since the
relevant split-set isonly its origin_SP's split-set. The split-set of SP (1, 1), includesits own ID and the ID of the SP
that was split from it whichis (1, 2).

3.3. Concurrent dynamic backtracking

The method of backjumping that is used in the ConcDB agorithm is based on Dynamic Backtracking [7]. Each
agent that removes a value from its current domain stores the partial assignment that caused the removal of the
value. This stored partial assignment is called an eliminating explanation by [7]. When the current domain of an
agent empties, the agent constructs a backtrack message from the union of all assignments in its stored removal
explanations. The union of al removal explanations is an inconsistent partial assignment, or a Nogood [7,20]. The
backtrack message is sent to the agent which is the owner of the most recently assigned variable in the inconsistent
partial assignment.
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Fig. 6. Simple Concurrent Search with two CPAs.

In concurrent dynamic backtracking, a short Nogood can rule out multiple sub-search-spaces, all of which contain
no solution and are thus unsolvable. In order to terminate the corresponding search processes, an agent that receives a
backtrack message performs the following procedure:

Detect the SP to which the received (backtrack) CPA either belongs or was split from.

e Check if the CPA corresponding to the detected SP was split down its path.

o Ifitwas

— Send an unsolvable message to the next_agent of the related SP, thus generating a series of messages along the
former path of the CPA.

— choose anew unique ID for the CPA received and its related SP.

— continue the search using the SP and CPA with the new ID.

Check if there are other SPs which contain the inconsistent partial assignment received (by calling function

check_SPs), send corresponding unsolvable messages and resume the search on them with new generated

CPAs.

The change of ID makes the resumed search process independent of the process of terminating unsolvable search
spaces. If the agents would have resumed the search using the I D of the original SP or of the received CPA, arace con-
dition would arise since there is no synchronization between the process of terminating unsolvable search procedures
to that of the resumed valid search procedure. In such a case, an agent that received an unsolvable message might have
marked an active search space as unsolvable.

The unsolvable message used by the ConcDB algorithm, is a message not used in general Concurrent Search,
which indicates an unsolvabl e sub-search-space. An agent that receives an unsolvable message performs the following
operations for the unsolvable SP and each of the SPs split from it:

e mark the SP as unsolvable.
e send an unsolvable message which carries the ID of the SP to the agent to whom the related CPA was last sent.

Fig. 7 presents the methods ConcDB, receive CPA and backtrack, that were changed from the general description
of Concurrent Search in Figs. 4 and 5. Fig. 7 contains also two additional methods needed for adding Dynamic
Backtracking to concurrent search.

In method receive_CPA a check is made in lines 2, 3 whether the SP related to the received CPA is marked un-
solvable. In such a case the CPA is not assigned and the related SP is terminated. If the split_limit is reached the split
message is sent to the generator of the CPA to create the split as high as possible in the search tree (lines 11-13). This
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ConcDB: backtrack:
1. done < fase 1. delete(current_CPA from origin_split_set)
2. if(lA) then initialize_SPs 2. if(origin_split_setis_empty)
3. while(not done) 3. if(1A)
4. switch msg.type 4. CPA <« no_solution
5. split: perform_split 5. if(no_active_CPAS)
6. stop: done <« true 6. report_no_solution
7. CPA: receive_CPA 7. stop
8. backtrack: receive CPA 8. dse
9. unsolvable: mark_unsolvable(msg.SP) 9. backtrack_msg <«

inconsistent_assignment

receive_CPA: 10.  send(backtrack_msg,

1. CPA < msg.CPA lowest_priority_assignee)

2. if(unsolvable SP) 11. else

3. terminate CPA 12. mark_fail(current_CPA)

4. dse

5. if(first_received(CPA_ID)) mar k_unsolvable(SP)

6. create SP(CPA_ID) 1. mark SPunsolvable

7. if(CPA_generator = ID) 2. send(unsolvable, SP.next_agent)

8. CPA_steps <0 3. for each split_SPin SPorigin.split_set
9. else 4.  mark split_SP unsolvable

10. CPA.steps + + 5. send(unsolvable, split_SPnext_agent)
11.  if(CPA_steps = steps _limit)

12. splitter < CPA_generator check_SPs(inconsi stent_assignment)

13. send(split_msg, splitter) 1. for each spin{SPs\ current_SP}

14.  if(msg.type = backtrack) 2. if(sp.contains(inconsistent_assignment))
15. check_SPs(CPA..inconsi stent_assignment) 3. send(unsolvable, sp.next_agent)

16. last_sent CPA.remove_last_assignment 4, last_sent_ CPA.remove last_assignment
17. CPA « last_sent_CPA 5 CPA « last_sent_CPA

18.  if(sp.split_ahead) 6 sp.rename_SP

19. send(unsolvable, sp.next_agent) 7 assign CPA

20. sp.rename_SP

21. assign_CPA

Fig. 7. Methods for dynamic backtracking of ConcDB.

isaspecific heuristic for select_assigned_agent of the general receive_CPA in Fig. 4 (line 9 there). For a backtracking
CPA (lines 14-20) a check is made whether there are other SPs which can be declared unsolvable. This can happen
when the head (or prefix) of their partial assignment (their common head i.e. CH) contains the received inconsi stent
partial assignment. Procedure check SPs for every such SP found, initiates the termination of the search process on
the unsolvabl e sub-search-space and resumes the search with a newly generated CPA. Next, a check is made whether
the SP was split by agents who received the CPA after this agent (line 18) (this fact can be recorded on the CPA when
its holder initiates the split). If so, the termination of the unsolvable SP isinitiated by sending an unsolvable message.
A new ID is assigned to the received CPA and to its related SP (line 20).

The inconsistent partial assignment received in the backtrack message may rule out more than one active search
process. The check performed by the function check SPs triggers the termination of these inconsistent search
processes. For each of the terminated SPs a new CPA is created and the search process is resumed after the culprit
assignment is revised.

In method backtrack, the agent inserts the cul prit inconsistent partial assignment into the backtrack message (line 9)
before sending it back in line 10. Thisis the only difference from the standard backtrack method in Fig. 5.

As described above, method mark_unsolvable is part of the mechanism for terminating SPs on unsolvable search
spaces. The agent marks the SP related to the message received, and any SP split from it, as unsolvable and sends
unsolvable messages to the agents to whom the corresponding CPAs were sent.
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4, Correctness of concurrent search

To prove correctness of a search agorithm for DisCSPs one needs to prove that it is sound, complete and that
it terminates. A central fact that can be established immediately is that agents send forward only consistent partial
assignments. This fact can be seen at lines 1, 2 and 7 of procedure assign_CPA (Fig. 4). This implies that agents
process, in procedure assign_CPA, only consistent CPAs. Since the processing of CPAs in this procedure is the only
means for extending partial assignments, the following lemma holds:

Lemma 1. Concurrent Search extends only consistent partial assignments. The partial assignments are received via
a CPA, extended and sent forward by the receiving agent.

The following theorem derivesimmediately from Lemma 1.
Theorem 1. Concurrent Search is sound.

The only lines of the algorithm that report a solution are lines 3, 4 of procedure assign CPA. These lines follow
a consistent extension of the partial assignment on a received CPA. It follows that a solution is reported iff a CPA
includes a complete and consistent assignment. 0O

To prove completeness for Concurrent Search, one needs first to eliminate the stopping condition for the first
solution (lines 3-5 of function assign_CPA in Fig. 4). Another important point is the exact manner in which domains
of values of variables are scanned, for the next consistent assignment. Values for assignment are selected only inline 1
of the function assign_CPA. For the completeness proof one naturally assumes that the function assign_local, that is
run by every agent, scans all values of the current domain exactly once. Thisis equivalent to the common assumption
in all exhaustive backtracking algorithmsthat all values are tried until a consistent assignment is found (cf. [9]).

With the above assumptions, the completeness of Concurrent Search is established in three steps. First, for the case
of asingle CPA. Then, for several CPAs generated by the IA. Finaly, for dynamic generation of CPAs during search.
The following lemma establishes the compl eteness of the 1-CPA case.

Lemma 2. Concurrent Search sends forward in a CPA every consistent partial assignment.

To prove Lemma 2, one proceeds in analogy to the proof of completeness for centralized backtrack by Kondrak
and van Beek [9]. With no loss of generality assume that every agent holds one variable. Assume that there is some
consistent assignment (X1, X», ..., X) of length k, that is not received by any agent. Take the highest j < k, such
that assignment (X1, X»,..., X;_1) is sent forward (by agent j — 1) on a CPA that is received by agent j. There
is at least one, sent by the initializing agent. Agent j, has a consistent assignment (X3, X», ..., X;) that extends
(X1,X2,...,X;_1), being asub-tuple of (X1, Xo, ..., X). When agent j extends the received CPA, it succeedsina
consistent partial assignment (X1, X», ..., X ;) and sendsit forward. Thiscan beseen clearly inlines1, 2, 7 of function
assign_CPAinFig. 4. This contradicts the above assumption on the maximality of theassignment (X1, X», ..., X;_1),
that issent forward. O

To complete the correctness proof one needs also to show that Concurrent Search terminates. The messages of
Concurrent Search carry CPAs and move either forward or backward. The number of backward moves isfinite, since
each backward move deletes a value from the domain of the receiving agent (lines 10-11 of function receive CPAin
Fig. 4). To prove termination one needs to show that there can only be a finite number of forward moves (i.e. carrying
CPAs). Every agent keepsiits current domain in the SP structure and scans its values exactly once, for every different
partial assignment received on a CPA. Every move forward carries a consistent partial assignment (by Lemma 2).
There is a finite number of different consistent partial assignments, hence a finite number of forward movesin Con-
current Search.

Theorem 2 follows immediately.

Theorem 2. The 1-CPA version of Concurrent Search is complete and terminates.
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Having shown the correctness of Concurrent Search for a single CPA, one needs to show correctness for the more
general case of multiple CPAs generated at the algorithm start.

Theorem 3. A version of Concurrent Search which includes a single split into £ search processes at the beginning of
the search is complete and terminates.

Consider a CPA, C;, that corresponds to a partial domain of one variable of the initializing agent and is passed
through the network of all agents. Each agent A ; it passes through generates a data structure SP; with all domains of
itslocal variables(lines 2, 3 of procedurereceive_CPA). Theonly difference between the data structures corresponding
to C; and those that are generated for a 1-CPA version of Concurrent Search isin the structure SP; of theinitializing
agent. In every other agent, the data structure SP; and the code it runs are exactly equal to those run for Concurrent
Search with one CPA. For agents different than the I A, the search procedure of C; scans exactly the same subspace
that is scanned for the one-CPA version of Concurrent Search. Consequently, the search procedure corresponding to
C; iscorrect.

The union of all domain values of the selected variable for asplit (in the |A) is exactly equal to the original domain
of values of that variable. As shown above, the search sub-trees spanned by all agents that are not the A, are equa
to those spanned for the 1-CPA a gorithm. Each of those equal search subspaces is scanned completely and correctly
and all these scans terminate and are performed for every value of the variable of the | A that was selected for the split
operation. Consequently, the union of the sub-trees that corresponds to each of the CPAs is exactly equal to the search
tree that is spanned by the one-CPA version of Concurrent Search. O

The final step in the correctness proof of Concurrent Search is to show that a dynamic split operation does not
interfere with the correctness of the algorithm.

Theorem 4. Concurrent Search with dynamic splitting is complete and terminates.

Consider agent A; whichisnot theinitializing agent, that receivesasplit_msg and runsthe procedure perform_split.
It sends forward one or more consi stent CPAs that represent non-intersecting sub-search-spaces. The completeness and
termination of the search on each of these sub-search-spaces follows from the completeness of the search initialized
by any CPA of an initializing agent. Agent A; will declare no solution by sending a backtrack message, only after all
of its split-SPsfailed (lines 1, 2 of procedure backtrack). In other words, backtracking from multiple CPAs preserves
completeness at the splitting agent. The condition to receive failure messages for al values for which a CPA was
generated ensures that backtrack corresponds exactly to the case where there is no solution in the scanned search
space. The sum of the number of tuples explored in the split search space is equa to the number of tuples in the
original search space and therefore the algorithm termination is not affected by the split. O

For the completeness of ConcDB one needs to show also that the additional mechanism for terminating unsolvable
search processes on unsolvable sub-search-spaces does not terminate a search-process which explores a sub-search-
space that includes a solution. To do so we continue as follows. In every sub-search-space, all tuples of assignments
share the head (or prefix) of the assignment. Thus for every sub-search-space we define:

Definition 1. A Common Head (CH) isthe maximal prefix of assignmentswhichisincludedin all partial assignments
in a sub-search-space.

Lemma 3. A sub-search-space whose CH includes an inconsistent subset of assignments does not include a solution
to the DisCSP.

The proof of Lemma 3 derives from the method of constructing an inconsistent assignment in dynamic back-
track [7]. A partia assignment is declared inconsistent only if it causes an empty domain in one of the variables. This
implies that this partial assignment cannot be part of a solution. From Definition 1 we derive that if a CH includes an
inconsistent partial assignment it must beincluded in all the assignmentsin its related sub-search-space which means
that none of these assignmentsis asolution to the DisCSP. O
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Theorem 5. ConcDB does not terminate search-processes which lead to a solution.

ConcDB terminates a search process by sending forward unsolvable messages (line 19 in function receive_CPA,
line 5 in function mark_unsolvable, line 3 in function check _SPs). Only SPs that have a CH that is an extension of
the CH that was found inconsistent are marked unsolvable. The search on these SPs is terminated when the agent
receives the CPA corresponding to the unsolvable SP (lines 2,3 of function assign_CPA). Lemma 3 implies the proof
for Theorem 5. It is immediately clear from Theorem 5 that al partial assignments that lead to a solution will be
extended, which implies the completeness of ConcDB. O

5. Experimental evaluation

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 [11,20], and communication load, in the form
of the total number of messages sent [11]. Comparing the number of non-concurrent steps of computation of several
search algorithms on DisCSPs, measures the concurrency of the algorithms.

Non-concurrent computation effort, in systems with no message delay, are counted by a method similar to that of
Lamport’slogical clocks[10,12]. Every agent holds a counter of constraint checks performed. Every message carries
the value of the sending agent’s 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 asthe largest
counter held by some agent at the end of the search, we achieve a measure of concurrent search effort that is close to
Lamport’s logical time [10]. This measure can be upgraded to count the number of non-concurrent constraint checks
performed (NCCCs), thus incorporate the local computational effort of agentsin each step [12].

The measure of non-concurrent number of constraints checks (NCCCs) isimplementation independent. This makes
it more representative than run-time, which can only be measured on multi-machine implementation and is dependent
on many implementational details in particular on communication among machines. The present paper evaluates the
proposed agorithm in the presence of message delays. In order to control message delays, an asynchronous simulator
must be used. Controlling the delay of messages is another reason to avoid multi-machine implementation. Again,
leading to the implementation independent choice of the NCCCs measure over run-time.

The experimental evaluation includesfour sets of experiments. In thefirst set the effect of concurrent computationis
evaluated by comparing different versions of concurrent search, that have different levels of concurrency. In the second
set of experimentsthe run of ConcDB iscompared to the three best performing search algorithms, synchronous conflict
backjumping (CBJ) [3,24], asynchronous forward-checking (AFC) [13] and asynchronous backtracking (ABT) [1,20].
The third set of experiments checks the behavior of Concurrent Search and the other algorithmsin real world systems
with random message delays. The last set of experiments investigates the heuristic used to determine the level of
concurrency of the ConcDB algorithm. The algorithm isrun using various steps_limit valueswith and without message
delays.

All experiments were conducted using an asynchronous simulator. To simulate asynchronous agents, the simulator
implements agents as Java Threads. Threads (agents) run asynchronously, exchanging messages. After the algorithm
isinitiated, agents block on incoming message queues and become active when messages are received. Experiments
were conducted on random networks of constraints. The network of constraints, in each of the experiments, is gener-
ated randomly by selecting the probability p; of aconstraint among any pair of variables and the probability p», for
the occurrence of aviolation among two assignments of values to a constrained pair of variables[15,18]. All four sets
of experiments, were conducted on networks with 15 agents (» = 15) and 10 values for each agent’svariable (k = 10).
The only exception are the experiments in Section 5.2 which compare the run of the algorithms on problems of dif-
ferent sizes, where problem sizes reach n = 20. For each pair of density and tightness values (p1, p2) 50 different
random problems were solved by each algorithm and the results presented are the average of these 50 runs.

5.1. Evaluation of concurrency within ConcBT
To investigate the effect of concurrency, one needs to compare the performance of Concurrent Search with and

without splitting and dynamic splitting. To this end, the simplest concurrent search algorithm, ConcBT, was run in
a 1-CPA version, 5-CPA version and a version which performs dynamic re-splitting (using a step_limit of 35). The
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Fig. 8. Number of non-concurrent constraint checks in different versions of ConcBT.
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ConcBT agorithmisused in this set instead of ConcDB to eliminate the effect of Dynamic Backtracking on the resullts.
The 1-CPA version is completely sequential and serves as the baseline for comparison to the concurrent versions.

In the first set of experiments the density of the constraint networksis (p1 = 0.7). The value of tightness, p, was
varied between 0.1 and 0.9, to cover al range of problem difficulty. Results show averages over 50 runs.

Fig. 8 shows the computational effort, the number of non-concurrent constraint checks, for all three versions. Itis
easy to see that concurrency improves the search efficiency and that dynamic re-splitting improves it further. For the
harder problem instances the improvement is by afactor of 6 over the 1-CPA version and afactor of 3 over the 5-CPA
version. Fig. 9 shows the results in total number of messages sent. Clearly, the concurrent versions, either the 5-CPA
version or the re-split one, circulate more CPAs in the network. However, the interesting result is that even though
ConcBT with dynamic splitting increases the number of traversing CPAs during search, the effect on the total number
of messagesis negligible. The dynamic splitting ConcBT does send more messages concurrently but does so during a
shorter period of time, resulting in alow amount of total communication.

5.2. Comparing to other DisCSP algorithms

In order to evaluate the performance of concurrent dynamic backtracking (ConcDB) it is compared to representa-
tives of the two families of algorithms in the literature. For sequential assignment (synchronous) DisCSP a gorithms



454 R. Zivan, A. Meisels/ Artificial Intelligence 170 (2006) 440461

35000 -

n
30000 S —e— ART
i
: _ PR
26000 Xf \',\' — - —ConcDB
| | b
w 20000 - At
[&] - fo 5 ". ---m-- CRA
[&] : // K 3 \
15000 A J,,*," \K
B A N T\
10000 4 N
: ,-"}J \\"'. i\
5000 - o RN
4 e
D i T e T _“_J“Td T T T I'.:: h_-t:l_:\:;:‘ 1
01 02 02 04 085 0 07 08 03
p2

Fig. 10. Number of non-concurrent constraint checks performed by ConcDB, ABT and CBJ on low density DisCSPs.

Conflict-based Backjumping is selected [3,24]. CBJ is an improved version of synchronous backtracking [20], in
which agents process conflict setsin order to backtrack directly to the culprit agent.

Asynchronous Forward-checking (AFC) [13] is an agorithm which performs sequential assignments like CBJ.
A special message which carries the current partial assignment (CPA) is passed among agents and serves as a token
to synchronize agent’s assignments. An agent which successfully assigned its variable and added its assignment to
the CPA, beside sending the CPA forward for the next agent to assign it, sends copies of the CPA to al unassigned
agents which perform forward checking concurrently and asynchronously. As a result, the agents detect early a need
to backtrack. Agents initiate a backtrack procedure by sending Not_ OK messages to all agents which may hold the
CPA. An agent that receives a Not_ OK message and then the inconsistent CPA, backtracks asin CBJ by sending the
CPA back to the culprit agent.

Asynchronous Backtracking (ABT) [1,20] is the best performing asynchronous backtracking algorithm. 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 [1]. Based
on Yokoo's suggestions [20], agents read in every step, all messages received before performing computation. This
forms the best performing version of ABT.

In[20], Yokoo reports that the Asynchronous Weak Commitment algorithm (AWC) isfaster than ABT. However, in
order to be complete ANC requires agents to hold exponentia space (for Nogoods). This makes AWC unfeasible for
hard instances of large DisCSPs. According to Yokoo, this problem can be solved by limiting the size of the Nogood
storage, making. a non-complete algorithm.

Fig. 10 presents the number of non-concurrent constraint checks performed by ConcDB, CBJ, AFC and ABT on
problems with low constraint density (p1 = 0.4). For the harder problem instances, ConcDB outperforms AFC by a
factor of 1.5, ABT by afactor of 2.5 and CBJ by afactor of 3. Fig. 11 presents the total number of messages sent by
the algorithms in the same run. When it comes to network |oad the advantage of ConcDB over ABT and AFC is larger
(afactor of 4). As expected, the total network load of the synchronous algorithm, which maintains a single message
throughout the search, isthe smallest. Still, the total number of messages sent by CBJ and ConcDB are very close.

Figs. 12 and 13 show similar results on DisCSPs with higher density (p1 = 0.7). The advantage of ConcDB over
ABT and CBJ in NCCCsis more pronounced on higher density DisCSPs. On the hardest instances, ConcDB performs
6 times less non-concurrent constraint checks than ABT and 4 times less than CBJ. AFC also performs better on dense
DisCSPs. On the hardest instances it performs dlightly better than ConcDB. The total number of messages sent by
ConcDB and CBJ are very close. However, AFC sends 4 times more messages and ABT sends 6 times more messages
than both CBJ and ConcDB.

Figs. 14 and 15 present the number of non-concurrent constraint checks performed by the different algorithms on
problems with increasing sizes (number of agents). For every size, the result of the most hardest instances DisCSPs
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Fig. 11. Total number of messages sent by ConcDB, ABT and CBJ on low density DisCSPs.
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are presented. Clearly the performance of ABT and CBJ deteriorates faster than that of AFC and ConcDB when the
number of agentsincrements.

5.3. Performance in the presence of message delays

An important part of the experimental evaluation is to measure the impact of imperfect communication on the
performance of distributed search on DisCSPs. M essage delay hasthe potential of changing the behavior of distributed
search algorithms[5]. For the simplest possible algorithm, synchronous backtracking (SBT) [20], the effect of message
delay is very clear. The number of computation steps is not affected by message delay and the delay in every step
of computation is the delay on the message that triggered it. Therefore, the total time of the algorithm run can be
calculated as the total computation time, plus the total delay time of messages. This is true also for versions of
synchronous backtracking that perform backjumping [3,24].

In the presence of concurrent computation, the time of message delays must be added to the total algorithm time
only if no computation was performed concurrently. To achieve this goal a simulator is used, which counts message
delays in terms of computation steps and adds them to the accumulated run-time when no computation is performed
concurrently [27].

The asynchronous simulation of message delaysis essential for controlling the experimental evaluations. The eval-
uated algorithms must be run in a controllable environment that can correctly measure non-concurrent computational
effort. In that respect the evaluation of different DisCSP algorithms under message delay performed in NCCCs are



R. Zivan, A. Meisels/ Artificial Intelligence 170 (2006) 440461 457

truly implementation independent and concurrent. Thisisin strong contrast to run-time measures on multimachines,
that depend strongly on the system.

In order to simulate message delays, all messages are delivered by a dedicated Mailer thread. The mailer holds a
counter of non-concurrent constraint checks performed by agents in the system. This counter represents the logical
time of the system [10] and is called the Logical Time Counter (LTC). Every message delivered by the mailer to
an agent, carries the LTC value of its delivery to the receiving agent. An agent that receives a message updates its
counter to the maximum value between the received LTC and its own value. Next, it performs the computation step,
and sends its outgoing messages with the value of its counter, incremented by the number of CCs performed during
the step.

The mailer simulates message delays in terms of non-concurrent constraint checks. When the mailer receives a
message, it first checksif the LTC value that is carried by the message is larger than its own value. If so, it increments
the value of the LTC. Then a delay for the message (in number of NCCCs) is selected. Each message is assigned a
delivery time which is the sum of the current value of the LTC and the selected delay (in CCs), and placed in the
outgoing_queue. The Mailer delivers messages, with delivery timeless or equal to the mailer’s current LTC value, to
their destination agents.

When there are no incoming messages, and all agents are idle, if the outgoing_queue is not empty (otherwise the
systemisidle and asolution has been found) the mailer increases the value of the LTC to the value of the delivery_time
of the first message in the outgoing queue and delivers the first message.

The non-concurrent run time reported by the algorithm, isthelargest LTC valuethat is held by some agent at theend
of the algorithm run. By incrementing the LTC only when messages carry LTCs with values larger than the mailer’s
LTC value, constraint checks that were performed concurrently are not counted twice. The actual computational cost
during any step isin principle different for different DisCSP a gorithms. Measuring non-concurrent constraint checks
also enables to evaluate algorithms in which agents perform computation which is not triggered or followed by a
message.

Figs. 16 and 17 present the results of the third set of experiments in which the four algorithms were run on sys-
tems with random message delays. Each message was delayed between 10 to 50 non-concurrent constraint checks
and the results are presented for low and high density constraint networks. As expected, CBJ is affected most when
messages are delayed. In a sequential assignments (synchronous) algorithm there is no concurrent computation by
agents. Therefore, each message delay is added to the final run-time result. Message delays have also a strong effect
on AFC since, athough it performs concurrent computation, its assignments are performed sequentially. The perfor-
mance of asynchronous backtracking also deteriorates in the presence of random message delays, while the effect
on concurrent search is minor. The advantage of concurrent search over both synchronous and asynchronous back-
tracking in the presence of message delay is connected to the properties of these algorithms. Previous studies report
that ABT performs best when it reads multiple messages before performing computation [1,24]. When messages are
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Fig. 16. Number of NCCCs performed by ConcDB, ABT, CBJ and AFC on low density DisCSPs with random message delay(p1 = 0.4).
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Fig. 17. Number of NCCCs performed by ConcDB, ABT, CBJ and AFC on low density DisCSPs with random message delay(p1 = 0.7).
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Fig. 18. Number of non-concurrent constraint checks performed by ABT, AFC and ConcDB on systems with increasing message delays.

randomly delayed, agentsin ABT are more likely to perform computation triggered by a single message. Thisexplains
the deterioration in performance of ABT in the presence of random message delays.

To understand the robustness of Concurrent Search to message delay imagine the following example. Consider
the case where ConcDB splits the search space multiple times and the number of CPAs is larger than the number of
agents. In systems with no message delays this would mean that some of the CPAs are waiting in incoming queues, to
be processed by the agents. This delays the search on the sub-search-spaces they represent. In systems with message
delays, this potential waiting is caused by the system. By choosing the right steps_limit, agents can be kept busy at al
times, performing computation against consistent partial assignments.

To further investigate the different behavior of the four algorithmsin the presence of imperfect communication, it
isinteresting to examine the algorithms reaction to message delays of different sizes.

The effect on synchronous CBJ islinear (as expected) and its slope is as steep as the size of the delay. This makes
it impossible to display synchronous search together with ABT, AFC and ConcDB. Fig. 18 presents the impact, in
number of non-concurrent constraint checks, of different sizes of random message delays, on Asynchronous Back-
tracking, Asynchronous Forward-checking and on Concurrent Dynamic Backtracking. As expected, AFC is affected
most when the average size of delays increases. The difference in robustness between ABT and ConcDB is striking.
While ABT performs a linearly growing number of NCCCs, ConcDB remains relatively constant. Over a range of
average random delay of 200 CCs, ABT’s performance deteriorates by a factor of 4.5, while for ConcDB the increase
isvery slow and the overall factor is about 1.5.
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5.4. Theimpact of the steps limit

The level of concurrency of the ConcDB algorithm is determined by the heuristic upon which the agents decide
when to send a split message. Using the heuristic suggested in Section 3, the concurrency of the algorithm can be
controlled by selecting agood valueto the steps _limit. Figs. 19 and 20 present the number of non-concurrent constraint
checks performed by ConcDB using various steps _limits. The algorithm was tested with and without message delay.
It is clear from the above figures that the choice of alarge steps_limit deteriorates the performance of ConcDB when
run on systems with message delays. The effect on ConcDB running with optimal communication isquite small. These
results are not surprising considering the results for CBJ and ConcDB presented in Section 5.2. When the value of the
steps limit increases, the level of concurrency decreases and the behavior of the algorithm is closer to the behavior
of asingle sequentia search procedure—CBJ. As for CBJ, it performs well when there are no message delays but
performs poorly in the presence of message delay. Figs. 21 and 22 present the performance of the algorithm for smaller
steps_limits. The stronger effect of the growing steps_limit in the presence of message delay is clear in these figures.
An interesting observation is that with no message delays, the highest level of concurrency does not produce the best
performance.
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Fig. 19. Number of non-concurrent constraint checks performed by ConcDB for increasing steps_limits (p1 = 0.4).
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Fig. 20. Number of non-concurrent constraint checks performed by ConcDB for increasing steps_limits (p1 = 0.7).
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Fig. 21. Number of non-concurrent constraint checks performed by ConcDB for a smaller range of steps_limits (p1 = 0.4).
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Fig. 22. Number of non-concurrent constraint checks performed by ConcDB for a smaller range of steps_limits (p1 = 0.7).

6. Conclusions

Search algorithms on DiSCSPs can be categorized into two families. Single search process algorithms (SPAs) and
multiple (concurrent) search process algorithms (MPAS). MPAs are also called concurrent search algorithms (CSAS).
The state of single process algorithms is defined by a single tuple of assignments, one for each agent. When this set
of assignments is complete (containing assignments to all variables of al agents) and consistent, the SPA stops and
reports a solution. Single search process algorithms can be asynchronous, like ABT [1,20] or synchronous (SBT [20],
CBJ [3,24]). In concurrent search, multiple concurrent processes search non-intersecting parts of the global search
space of a DisCSP [8,17,23]. All agents in a MPA participate in every search process, since each agent holds some
variables of the search space. Asaresult, concurrent search is an asynchronous distributed process.

The Concurrent Dynamic Backtracking search algorithm (ConcDB) provides an efficient method for several search
processes to search concurrently for a solution to a DisCSP. The independent random ordering of search on multiple
search processes generates an efficient randomization that improves the overall performance. Through a mechanism
of dynamic splitting, the number of search processes can be enhanced in some sub-search spaces, thus achieving load
balancing in a natural way. The addition of Dynamic Backtracking to concurrent search, enables early termination
of search processes on sub-spaces which do not lead to a solution. An inconsistent subset can be found in one sub-
space that rules out other sub-spaces as unsolvable. Dynamic backtracking was found to account for ~10% of search
processes termination in the experiments of Section 5.2.
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The experimental behavior of ConcDB on random DisCSPs clearly indicatesits efficiency, compared to algorithms
of a single search process like CBJ, AFC and ABT. This advantage is more pronounced on realistic systems with
random message delays where the performance of single process algorithms deteriorates while ConcDB is robust.
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