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Abstract

Heuristic search is used in many problems and applications, such as the |5 puzzle problem, the travelling salesman problem and web
search engines. In this paper, the A* heuristic search algorithm is reconsidered by proposing a parallel generic approach based on mul-
tithreading for solving the |5 puzzle problem. Using multithreading, sequential computers are provided with virtual parallelization,
yielding faster execution and easy communication. These advantageous features are provided through creating a dynamic number of
concurrent threads at the run time of an application. The proposed approach is evaluated analytically and experimentally and com-
pared with its sequential counterpart in terms of various performance metrics. It is revealed by the experimental results that multi-
threading is a viable approach for parallel A* heuristic search. For instance, it has been found that the parallel multithreaded A*
heuristic search algorithm, in particular, outperforms the sequential approach in terms of time complexity and speedup.
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|. Introduction

A searching algorithm is a description of the process in which an initial state and a goal state are provided as inputs, and
a path sequence in the search space from the initial state to achieve the input goal is returned as output. If the goal is not
found, on the other hand, a failed mark is returned as an output [1].

Searching algorithms are widely applied in the artificial and computational intelligence fields, such as game playing,
robotics, planning, the travelling salesman problem, network management and discrete optimization problems [1—4], as
well as other fields such as information retrieval systems, web search engines and road networks [5—8]. In the artificial
and computational intelligence fields, searching algorithms are categorized as blind or heuristic searches. In blind search
algorithms, all the paths in the search space have the same probability of leading to the goal state [1], while heuristic
search algorithms use information to find the path leading to the goal state [1, 9]. Unless complexity boundaries are
reached, sequential searching is reasonable. On the other hand, if performance problems are encountered, then multi-
threading serves as a solution.

Multithreading is a promising approach owing to its ability to decrease the amount of execution time required by the
search process, where multiple threads perform the search process simultaneously (virtual parallelization), thus increasing
the speedup of the sequential heuristic search algorithms, which is a significant improvement owing to the great role that
speedup plays in performance improvement of heuristic search algorithms [10]. However, some important issues should
be taken into consideration when designing a multithreaded heuristic search algorithm. The first issue deals with the syn-
chronization of concurrent threads, which can be achieved by adding constraints on using the shared resources to save
the shared data consistency. However, if a complicated synchronization strategy is used, the performance of such algo-
rithms might be degraded [10]. The second issue is concerned with load balancing among threads, which measures the
utilization of the concurrent working threads. The significance of such a measurement stems from the negative effect of
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the imbalanced load among threads on the performance of such algorithms, where one thread may work on a large task
while other threads work on smaller tasks.

In this paper, the A* heuristic search algorithm is reconsidered by using a heuristic estimate to distinguish the path that
may lead to the solution through expanding the node with the minimum estimated cost [1, 11]. More specifically, a paral-
lel A* heuristic search algorithm is presented based on multithreading using the POSIX threads (Pthreads) library.

In summary, the following contributions are drawn from this paper:

e A parallel multithreaded A* heuristic search algorithm for solving the 15-puzzle problem is designed and
implemented.

e  The design and structure of the parallel multithread A* heuristic search algorithm is described in detail.

e  The parallel multithreaded A* heuristic search algorithm is evaluated analytically in terms of time complexity,
space complexity, completeness and optimality.

o  The parallel multithreaded A* heuristic search algorithm is evaluated experimentally in terms of the following
performance evaluation metrics: speed up, number of generated nodes, number of expanded nodes, number of
duplicate checks, number of duplicates found and search effectiveness.

e A comparison is made between our parallel multithreaded A* heuristic search algorithm and the sequential A*
heuristic search algorithm for various problem sizes and various numbers of concurrent threads.

The rest of this paper is organized as follows: Section 2 introduces the background and the related work. The proposed
parallel multithreaded A* algorithm is demonstrated in Section 3. The analytical evaluation of the proposed parallel mul-
tithreaded A* algorithm is presented in Section 4. The experimental results are then shown and discussed in Section 5.
Finally, the conclusions of the paper and the intended future work are presented in Section 6.

2. Background and related work

One type of searching algorithm in the artificial and computational intelligence fields is the blind search. Blind search
(uninformed search) algorithms have no information about the states or search space. Searching in such algorithms is per-
formed by generating successors and testing whether each of the generated successors is the goal state or not. Thus, for
all the generated nodes, the expansion priority will be the same.

Breadth First Search (BFS) [1, 12] is a well-known blind search algorithm, in which all successors of a node are
expanded at one step. The root node is expanded first, followed by its successors. Next, the resulted successors, which
are at the same level of the tree, are expanded consecutively. BES is an optimal algorithm, in which the optimal solution
is guaranteed, if a solution exists. Using BFS, all the nodes in one level are expanded before any node in the next level.
Therefore, the optimal solution will always be reached. BFS is also a complete algorithm since all the reached nodes are
expanded during the search process. This result in an average time of O(Bk), where B is the branching factor, which
defines the average number of successors generated from one node during the search process [9], and k is the depth of
the shallowest solution. On the other hand, BFS requires large memory space to handle the large number of generated
nodes, which is O(Bk) on average.

The Limited-Depth BFS algorithm [1] is a variation of BFS, in which a threshold value is specified on the maximum
depth to which the search tree can be constructed. This value must be estimated carefully, such that it is large enough to
cover the area of the tree that contains the solution. In addition, the threshold value should be small enough to avoid
exhausting a large memory space, as is the case in the BFS algorithm. Conversely, if the threshold value is estimated
appropriately, the Limited-Depth BFS algorithm is considered as an optimal algorithm since it finds the optimal solution
with less cost because no node is expanded in one level before expanding all the nodes in the predecessor level. It is clear
from the above discussion that the Limited-Depth BFS is similar to BFS in being an optimal and complete algorithm.
Given the fact that the Limited-Depth BFS algorithm is controlled by the threshold value, the execution time required by
this algorithm is O(B%), where B is the branching factor and d is the threshold value. Using this algorithm, the required
memory space will also be O(8).

The depth first search (DFS) [1, 12] is another well-known blind search algorithm. At each step of the DFS algorithm,
one successor of the most recently expanded node is generated. When the last recently expanded node has no successors
to be generated, or all of its successors are expanded, its predecessor generates the next successor. Unless the tree is
exhausted, or the solution is found, the algorithm proceeds with similar next steps. Furthermore, a variation of DFS algo-
rithm is the Limited-Depth DFS search [1], which specifies a threshold value on the maximum depth, to which the tree
can be traversed. When a node at a depth equal to a given bound is reached, this node is treated as a leaf in the tree.
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A combination of breadth-first and depth-first search that allows a single search algorithm to have the advantages of
both is presented by Zhou and Hansen [13]. They showed the benefits of this combination using the treewidth problem.

Another type of search algorithms is the heuristic search (informed search) [1, 11, 12], which has further information
about the cost of the path between any state in the search space and the goal state. The objective of heuristic search algo-
rithms is to minimize the total expansion cost. Therefore, information about the cost of the path is obtained during the
search process, and used to estimate which node in the search space has the highest probability of leading to the goal
node. Consequently, expansion priorities of generated nodes will be varied.

Adaptive random search technique is an example of a heuristic search algorithm, which was proposed by Hamzagebi
and Kutay [14]. This new random search technique facilitates the determination of the global minimum. In addition, the
applicability of the algorithm on artificial neural network training is tested with the XOR problem.

A-Star (A*) [1, 11, 12, 15] is a well-known heuristic search algorithm that selects the next node to be expanded using
an evaluation function f{(n). For a node n, f{n) is the sum of two functions, g(n) and /(n), where g(n) is the cost of reach-
ing n from the initial state, and 4(n) is the estimated cost to reach the goal node from n. The node that is selected to be
expanded is the one with the lowest f(n), since the lowest f{n) value is more promising to lead to the solution. For a
search process, the A* algorithm uses two lists, open and closed [15]; the nodes that are generated within the search pro-
cess, but not expanded, are managed in the open list, while the closed list manages the expanded nodes during the search
process. Because the A* algorithm expands the nodes with smaller f{n) values before expanding the nodes with larger
f(n) values, it always finds the goal with the cheapest cost. This is why the A* algorithm is considered as an optimal
algorithm. One drawback of this algorithm is the large required memory space, which grows exponentially with larger
search spaces. This refers to the fact that all of the nodes, whose f{n) values are smaller or sometimes equal to the f{n)
value of the goal node, are expanded using the A* algorithm, requiring more memory space to save all of the generated
nodes. Moreover, some of the goal node’s neighbours may be expanded before selecting the goal node [1]; this occurs
when there are some nodes in the open list whose expansion priority is equal to that of the goal node. Therefore, some
of these nodes may be expanded before the goal node itself, thus consuming more memory space to be saved, and more
time for these nodes to be expanded and for their successors to be added to the open list.

Several parallel heuristic search algorithms were developed in the last few decades to solve the 15 puzzle problem,
among which is the A* algorithm and its variations [9, 16-22]. One popular parallelization technique for the A* algo-
rithm is called the distributed tree search approach [9, 21], which is based on dividing the A* search tree into equal-sized
partitions which are distributed among processors using a specific tree partitioning technique. Then, each processor per-
forms searching on its partition using the same threshold value.

Szer et al. [23] presented multi-agent A* (MAA*), which is a complete and optimal heuristic search algorithm for sol-
ving decentralized partially observable Markov decision problems with finite horizon. The MAA* algorithm can be used
for computing optimal plans, such as multirobot coordination, network traffic control or distributed resource allocation,
that operate in a stochastic environment.

Various parallel heuristic search algorithms have been developed over the years [9, 1622, 24], but little work has
been done on parallelizing heuristic search algorithms using multithreading [22, 24, 25]. Good performance is achieved
by parallel heuristic search algorithms for very large problem sizes, but they are inefficient for small problem sizes,
owing to communications overheads and poor processor utilization. The performance of such algorithms is also degraded
by the difficulty of achieving balanced load among processors and the need for load balancing techniques within a search
process.

The multithreaded approach makes communication between concurrent threads easier since a multithreaded algo-
rithm can be designed and implemented on a machine, with one or more processors, and a shared memory between con-
current threads. A variable number of concurrent threads can be created at execution time since, in some applications,
the number of required threads may be determined at the application’s run time. Moreover, load balancing is not highly
required unless the concurrent threads’ loads are highly imbalanced. Such problems may occur in multithreaded heuristic
search algorithms, where each thread receives a subtree of the search space, and trees may be of different sizes, hence
producing an imbalanced load state between threads. A typical solution here comes from thread scheduler using, for
example, a work-stealing policy [26, 27], whereby a thread that finished a subtree in a short time picks up some work
from the list of another busy thread at the meantime. Another approach is over-decomposition [28], in which the number
of used threads is larger than the number of existing processors (or cores). Other useful approaches, such as dynamic
scheduling [29] can also be used. An example of this strategy is the self-scheduling of processors, which has been pro-
ven to achieve good load balancing. Another useful feature of multithreading is that, if threads are created once and then
recycled to execute new work, the overhead would be reasonable and the utilization would be improved.

Mahafzah [22] presents a parallel multithreaded IDA* (PMIDA*) heuristic search algorithm using POSIX threads
(Pthreads) and message-passing interface libraries running on 16 dual-core processors. The PMIDA* algorithm has been
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evaluated analytically in terms of various performance metrics, including time complexity, space complexity, complete-
ness and optimality. Moreover, the PMIDA* algorithm has been evaluated experimentally and compared with other par-
allel heuristic search algorithms, in terms of various performance metrics, including efficiency, number of generated
nodes, search effectiveness, etc., on various applications, such as the asymmetric travelling salesman problem and vertex
cover problem on a cluster of 16 dual-core processors.

Zhang and Hansen [24] proposed a parallel breadth-first heuristic search on a shared-memory architecture, where the
parallelization is achieved using a multithreaded approach, in which layer synchronization has been used where threads
expand all nodes in one layer of the breadth-first search graph before they are expanded in the next layer. However, nodes
in any layer of the search graph are not prioritized; thus simplifying dynamic load balancing.

Zabatta [25] presented the Multithreaded Best First With Backtracking Search (MT-BFWBS) algorithm. In Zabatta’s
algorithm, a priority queue is shared among concurrent threads to save the nodes to be expanded. Nodes with maximum
probability of leading to the solution are given higher priority. Using this algorithm, the root node is positioned in the
priority queue before creating any thread. One thread is then created to pick the root node from the queue, and using a
branching strategy, it expands the root node’s successors, each of which is appended to the queue based on its priority,
which is estimated through the heuristic function. Whenever the queue contains more than one node, the active thread
creates another equivalent thread, which is assigned half the number of creator thread’s nodes in the queue. The created
thread executes the same instructions and can create other threads, taking into account that the number of concurrent
threads should not exceed a predetermined limit. Since multiple threads work simultaneously, the number of expanded
nodes increases and the queue becomes full quickly. Therefore, a backtracking strategy is used to remove the nodes with
lower priorities from the queue. One advantage of this algorithm is the dynamic thread creation ability to create more
threads as the problem size increases. Dynamic thread creation provides a control on the number of concurrently work-
ing threads. That is, it creates a large number of concurrent threads when the search process requires a large number of
workers. Otherwise, a smaller number is created. Another advantage of this algorithm is that the allocated memory space
is controlled using a backtracking strategy which removes the least priority nodes from the queue. The drawback of this
algorithm, on the other hand, is the time wasted by the backtracking strategy, which is used many times during search-
ing. In addition, the longer execution time is exhausted while expanding and generating more useless nodes during the
search process [25].

3. Parallel multithreaded A* algorithm

The proposed parallel multithreaded A* heuristic search algorithm applies the sequential A* algorithm using multiple
threads. A graphical representation of the proposed parallel multithreaded A* algorithm is shown in Fig. 1, in which two
phases are developed. During the first phase, the tree is expanded to reach a specific level by executing the Limited-
Depth BFS algorithm. The level’s depth may be determined before starting the algorithm or dynamically at run time. A
number of threads are created based on the number of generated nodes within each level and the number of required
threads. This number should be large enough to ensure good parallelization and small enough to achieve efficient CPU
utilization.

The target of the first phase is to create the SubRoots queue, which contains the generated nodes that are located in a
predefined depth, determined by the Limited-Depth BFS algorithm. Two global lists, OpenPhasel and ClosedPhasel,
are used in this phase, where OpenPhasel holds the nodes in the tree that are generated but has not been expanded, while
ClosedPhasel holds the generated and expanded nodes in the tree. ClosedPhasel represents a table structure, which
keeps the reversed path from each node in the SubRoots queue to the initial state. The main output of the first phase is
the SubRoots queue which will be used as an input to the second phase.

The objective of the second phase is to divide the tree, built in phase one, into equal partitions. To achieve this pur-
pose, multiple equivalent threads are created. For each node in the SubRoots queue, one thread is used to execute the
sequential A* algorithm on its partition concurrently with other threads. Each thread has its own Open and Closed lists.
Once any thread reaches the goal node, it instructs other threads to terminate by using the global flag StopAll, which is
set to true if the goal is found. Otherwise, the search process ends when the tree is exhausted without achieving the goal
by any of the working threads, in which case, the value of StopAll will be set to false.

The second phase of the proposed parallel multithreaded A* algorithm is shown in Fig. 2, in which, the loop in lines
1 and 2 represents the process of concurrent working threads’ dynamic creation. For each node n, in the SubRoots queue,
a thread is created dynamically, at run time. Each created thread x is assigned a thread handler ¢4, which represents the
identifier of thread number x. Each thread executes the sequential A* algorithm concurrently with other threads and ter-
minates when it completes its work. In other words, a thread completes its work when its subtree is exhausted, or when
it finds the goal.
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Figure |. A graphical representation of the parallel multithreaded A* algorithm.
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Figure 2. Phase two of the parallel multithreaded A* algorithm.

4. Analytical evaluation

In this section, an analytical evaluation of the proposed parallel multithreaded A* heuristic search algorithm is presented
using various evaluation metrics, including time complexity, space complexity, completeness and optimality, as shown
in Theorems 1-4.

Theorem 1. Given that 8 is the branching factor, & is the depth of the shallowest solution and 7 is the number of threads, the time
complexity of the parallel multithreaded A* algorithm is O(8"/7).

Proof 1. The time complexity of the proposed parallel multithreaded A* algorithm can be computed as the total time
required by both the first and second phases. The first phase of the parallel multithreaded A* algorithm requires g,
which is the time consumed by the Limited-Depth BFS algorithm performed during this phase, where d is the threshold
value of the Limited-Depth BFS algorithm [1]. In the second phase, the sequential A* algorithm is executed by indepen-
dent threads. Thus, the execution time required by phase two is the sequential A* algorithm’s execution time divided by
the number of concurrent threads. Given that the time required by the sequential A* algorithm is * [1], then the time of
the second phase is (8" — B)/f). Therefore, the total time required by the proposed parallel multithreaded A* algorithm
is equal to g7 + (B — B)/r). However, since d is very small, 8¢ is considered as a constant and thus ignored. As a
result, the time complexity of the parallel multithreaded A* algorithm becomes O(B"/7). This is better than the time com-
plexity of the sequential A* algorithm, which is O(8%).

Theorem 2. Given that § is the branching factor, & is the depth of the shallowest solution, and 7 is the number of threads, the space
complexity of the parallel multithreaded A* algorithm is O(z8%).

Proof 2. The space complexity of the proposed parallel multithreaded A* algorithm can be expressed as the sum of the
space complexities of both the first and second phases. The first phase of the parallel multithreaded A* algorithm, in
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which the Limited-Depth BFS algorithm is executed, requires 7 memory space which is the required memory space for
the Limited-Depth BFS algorithm, where d is the threshold value of the Limited-Depth BFS algorithm [1]. Moreover, the
memory space required by phase two is that required by the sequential A* algorithm multiplied by the number of concur-
rent threads. This is because the sequential A* algorithm is executed independently by the created threads. Therefore,
given that the memory space required by the sequential A* algorithm equals B [1], then the memory space for the second
phase is equal to #(8* — B%). Thus, a total of 87 + #(8* — B“) of memory space is required by the proposed parallel mul-
tithreaded A* algorithm. However, since d is very small, 8 is considered as a constant and thus ignored. As a result, the
space complexity of the parallel multithreaded A* algorithm becomes O(#8"). This is not as good as the space complexity
of the sequential A* algorithm, which equals O(8*). However, both algorithms, the sequential and parallel multithreaded
A*, keep all generated nodes in memory, but the parallel multithreaded A* algorithm generates more nodes than the
sequential A* algorithm.

Theorem 3. The parallel multithreaded A* algorithm is a complete algorithm.

Proof 3. A search algorithm is complete if it always finds a solution, if the solution exists. The Limited-Depth BFS and
the sequential A* algorithms are executed, respectively, during the first and second phases of the parallel multithreaded
A* algorithm. Therefore, since the Limited-Depth BFS and the sequential A* algorithms are complete [1], then the pro-
posed parallel multithreaded A* algorithm is also a complete algorithm.

Theorem 4. The parallel multithreaded A* algorithm is an optimal algorithm for admissible heuristics.

Proof 4. A search algorithm is optimal if it always finds the best solution, if the solution exists. In the first and second
phases of the parallel multithreaded A* algorithm, the Limited-Depth BFS algorithm and the sequential A* algorithm
are performed, respectively. Given that the Limited-Depth BFS algorithm is optimal and the sequential A* algorithm is
optimal for admissible heuristics [1], then the proposed parallel multithreaded A* algorithm is also an optimal algorithm
for admissible heuristics because all concurrent threads work under the same threshold value, which means that, if there
exist more than one solution under a specific threshold value, then all these solutions are optimal since the solution was
not found under the predecessor threshold value.

5. Experimental results and performance evaluation

The proposed parallel multithreaded A* algorithm uses the 15 puzzle problem [30] as a search domain, which is used by
many heuristic search algorithms [9, 1622, 24]. The 15 puzzle problem has a board consisting of 16 squares. Fifteen
squares, numbered from 1 to 15, are scattered randomly, while the remainder square is a blank one. The goal of this prob-
lem is to place each numbered square in its correct position. In order to achieve this goal, the blank square is exchanged
with one of its neighbouring squares — upper, lower, left or right squares — provided that only one movement is allowed
per each step. The objective of heuristic search algorithms is to achieve this goal with the minimum number of steps.

The proposed parallel multithreaded A* algorithm is implemented using the multithreading library, POSIX threads
(Pthreads). The Pthreads standard, specified by IEEE, is called 1003.1c — 1995 POSIX API [10]. It has become a popular
standard for writing parallel programs owing to some attractive features, including inexpensive thread creation and ter-
mination, a large number of created threads for parallel programs and the ability to run a program written using Pthreads
on both sequential and multiprocessor computers without changing the code. However, some issues should be taken into
account when using Pthreads, such as Pthreads scheduling and synchronization to ensure the consistency of shared data
[10, 31, 32].

The experimental runs were conducted on a Dual-Core Intel Processor (CPU 2.26 GHz), with 14 pipeline stages sup-
ported with Hyper-Threading Technology based on Simultaneous Multi-Threading (SMT), in which each core has dual
SMT hardware threads. Therefore, the experimental runs were performed on a total of four SMT hardware threads. The
experimental system is supported with 2 GB RAM, and 3 MB L2 Cache. Both algorithms, the sequential and parallel
multithreaded A*, are implemented using C programming language, GNU C library version 2.3.x (glibc 2.3.x), running
under SUSE® Linux operating system version 10.

The number of concurrent software-defined threads created during the execution of the proposed algorithm varies
from seven to 120 sharing the four SMT hardware threads. Using the multithreaded approach, the number of instructions
issued by independent software-defined threads, which can be executed simultaneously in a pipelined processor, is lim-
ited by the number of that processor’s pipeline stages, denoted as p_stages. If the number of simultaneous instructions
issued by the software-defined threads is not greater than p_stages [31, 33, 34], then all of the concurrent instructions
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Figure 4. Run cases of the parallel multithreaded A* algorithm.

can be simultaneously executed in distinct stages of the pipelined processor. Otherwise, the p_stages instructions can be
concurrently executed. Thus, all the concurrent instructions are scheduled to use the pipeline stages, such that, at a cer-
tain point of execution time, p_stages instructions may be executed, while the rest of instructions will be waiting to use
the pipelined processor. A multithreaded architecture provides an optimized throughput of multiprogramming workloads
rather than a single-thread performance [32, 35]; that is, the multithreaded architecture enhances instruction throughput
by allowing instructions to be issued by several independent threads to multiple functional units in a single cycle [36].

In this work, about 1000 data samples with different data sizes (i.e. path length) were used for executing the experi-
mental runs, as shown in Fig. 3. The number of concurrent threads for each run in the parallel multithreaded A* algo-
rithm was specified by executing the Limited-Depth BFS algorithm in the first phase of the parallel multithreaded A*
algorithm, as discussed in Section 3. In this work, for each sample, one run of the sequential A* algorithm was compared
with five runs (PL-L2, PL-L3, PL-L4, PL-L5 and PL-L6) of the parallel multithreaded A* algorithm, where each run of
the parallel algorithm was performed with five different levels (2-6), respectively, and each level had an average number
of threads, as shown in Fig. 4. For example, the run case PL-L6, where PL stands for parallel multithreaded A* heuristic
search algorithm and L6 stands for level six of the Limited-Depth BFS algorithm, had an average of 120 concurrently
working threads, as shown in Fig. 4.

The experimental results of the sequential and parallel multithreaded A* algorithms on the 15 puzzle problem were
evaluated using the following performance metrics: speedup, number of generated nodes, number of computed heuristic
distances, number of expanded nodes, number of duplicate checks, number of duplicates found and search effectiveness
for small and large problem sizes.

The speedup is defined as the ratio of the required execution time to solve a problem using the sequential A* algo-
rithm to the execution time that is required to solve the same problem through the parallel multithreaded A* algorithm,

Journal of Information Science, 40(3) 2014, pp. 363—375 © The Author(s), DOI: 10.1177/0165551513519212

Downloaded from jis.sagepub.com at PENNSYLVANIA STATE UNIV on March 4, 2016


http://jis.sagepub.com/

Mahafzah 370

—x—PL-L2 --@--PL-L3 ---&-- PL-L4 — 0~ - PL-L5 —3—PL-L6

20

15
o
=]

? 10
o
=3
(7]

5

0

Problem Size (Path Length)

Figure 5. Speedup of the parallel multithreaded A* algorithm for all run cases.

as shown in equation (1). The execution time, in general, is the amount of time required by an algorithm to solve a prob-
lem. The sequential A* algorithm’s execution time is the time consumed from the start of the search process until a solu-
tion is found. This metric is expressed in the parallel multithreaded A* algorithm as the amount of time required by the
search process since the beginning of the first phase until the second phase of the algorithm is completed. Thus, the exe-
cution time includes the time that is required for creating and terminating concurrent threads in addition to the time of
serializing the algorithm and synchronizing shared data.

speedup = sequential time /parallel multithreaded time (1)

The speedup provides an evaluation of the performance improvement of the parallel multithreaded A* algorithm over
the sequential A* algorithm [33]. Figure 5 presents the speedup results of the parallel multithreaded A* algorithm. It is
clear from Fig. 5 that most run cases of the parallel algorithm achieve better performance than the sequential algorithm
for most problem sizes and most run cases. For example, the speedup of the parallel multithreaded A* algorithm, for
problem size 40, is more than the sequential A* algorithm by about 16 times for the run case PL-L5. The reason behind
this increased speedup is that the sequential A* algorithm requires a lot of time because of not taking advantage of the
multithreaded architecture, which enhances instruction throughput by issuing multiple instructions from multiple threads
within one clock cycle. Moreover, the speedup of the parallel multithreaded A* algorithm is enhanced by an increased
number of concurrent threads until reaching a problem of size 37, where the speedup of the case PL-L6 becomes larger
than the speedup of all other run cases. Consequently, for large problem sizes, increasing the number of concurrent
threads to more than 60 does not improve the performance of the search process. Thus, such an increase adds an over-
head for threads management. However, for PL-L4 and PL-L5 run cases, the speedup increases for large problem sizes
such as 40 since the number of threads between 30 and 60 does not add an overhead compared with that suffered by a
number of threads over 60.

Generated nodes are those that are generated through the search process, including both generated and ignored nodes.
A node is ignored if it is a duplicate. The number of nodes generated by a search algorithm is a measurement of the
searching throughput, which is defined as the number of nodes generated during a period of time [34]. The number of
generated nodes depends on the branching factor, given that the branching factor of the 15 puzzle problem is 2.13 for
both the sequential A* and the parallel multithreaded A* algorithms. The number of generated nodes is also affected by
the problem’s execution time, where the number of generated nodes increases for an increasing execution time.

Figure 6 shows the number of generated nodes for both the sequential and parallel multithreaded A* algorithms. The
figure reveals that the parallel multithreaded A* algorithm generates larger numbers of nodes than the sequential A*
algorithm for most problem sizes. For example, for a problem of size 37, the parallel algorithm generates about 1.3 mil-
lion nodes for the PL-L6 run case, whereas the sequential algorithm generates about 0.25 million nodes for the same
problem size. It is also shown that, for the parallel multithreaded A* algorithm, the number of generated nodes increases
for a larger number of concurrent threads. The reason for that is that each thread works independently, so each thread
generates its own nodes. Therefore, more nodes are generated for an increasing number of concurrent threads. However,
the search space partition is not completely disjoint. Therefore, generating more nodes does not always mean that more
of the state space was searched; it could mean that the same nodes were visited by different threads.
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Figure 6. Number of generated nodes for sequential and parallel multithreaded A* algorithms.
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Figure 7. Number of expanded nodes for sequential and parallel multithreaded A* algorithms.

The number of computed heuristics is defined as the number of times a heuristic distance is computed. For each new
generated node, the heuristic distance between the new generated node and the goal node is computed. Also, for each
generated node, the value of the evaluation function f{n) is computed before the duplicate check process is performed. As
discussed in Section 2, the heuristic distance 4(n) from a node to the goal node is one of the evaluation function f{n) para-
meters. Thus, the heuristic distance 4(n) is required to be computed for each new generated node. This means that, for
each problem, the number of heuristic distances that are computed is equal to the number of generated nodes. Therefore,
the experimental results for the number of heuristic distances computed are equivalent to the experimental results for the
number of generated nodes, which is depicted in Fig. 6.

Figure 6 also shows that the parallel multithreaded A* algorithm computes a larger number of heuristic distances than
the sequential A* algorithm because a large number of nodes are generated in the case of the parallel multithreaded A*
algorithm. For instance, for a problem of size 37, the number of computed heuristic distances for the parallel algorithm,
PL-L6 run case, is about 1.3 million, whereas for the sequential algorithm it is about 0.25 million.

Expanded nodes are those that are generated and expanded during the search process. Thus, the number of expanded
nodes is closely related to the number of generated nodes, where the number of expanded nodes increases as more nodes
are generated.

Figure 7 shows the number of expanded nodes for both sequential and parallel multithreaded A* algorithms. It is
shown by this figure that the parallel multithreaded A* algorithm expands a larger number of nodes than the sequential
A* algorithm for most problem sizes. For example, for problem size 37, the parallel algorithm expands about 0.7 million
nodes for the PL-L6 run case, whereas the sequential algorithm expands about 0.1 million nodes for the same problem
size. It is also shown by the figure that, for the parallel multithreaded A* algorithm, an increasing number of concurrent
threads causes an incremented number of expanded nodes. This is clarified by the independent threads’ work, so each

thread generates and expands its own nodes.
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Figure 8. Number of duplicate checks for sequential and parallel multithreaded A* algorithms.
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A duplicated node is a node that is regenerated by the search process. Thus, a duplicate check process is required for
each generated node. In this process, the new generated node is compared with all the nodes in the Open list, in which
the nodes that are located in the search path are saved with their neighbour nodes. If a similar node is found, the new gen-
erated node is considered as a duplicated node. The duplicate check process, in general, is not complete in the algorithms
that use the DFS strategy since a duplicated node may be generated, but not found in the Open list because the equivalent
node is located in another path in the tree, which either has been pruned or has not been generated yet.

In the parallel multithreaded A* algorithm, each thread performs the duplicate check process only on its own Open
list, while the Open lists of other threads are not searched to avoid the overhead of the concurrent lists access synchroni-
zation. The number of performed duplicate checks is affected by two factors, one of which is the number of generated
nodes, where more duplicate checks are performed for an increasing number of generated nodes. The other affecting fac-
tor is the length of the search path, such that, as the search path becomes longer, more duplicate checks are required.

Figure 8 shows the number of duplicate checks for the sequential and the parallel multithreaded A* algorithms. As
shown in the figure, the parallel multithreaded A* algorithm computes a fewer number of duplicate checks than the
sequential A* algorithm for most problem sizes. For example, the number of duplicate checks in the sequential algo-
rithm for a problem of size 40 is about 1.7 x 10'!, whereas for the parallel algorithm, PL-L6 run case, it is about 5 x
10'°. Also, for the parallel multithreaded A* algorithm, the number of duplicate checks is inversely related to the num-
ber of concurrent threads, where for an increasing number of concurrent threads, the subtree which is generated by a
thread becomes smaller, and thus the number of duplicate checks is decreased within each subtree.

A duplicated node that is generated and found in the search path by the duplicate check process is more likely to be
found as the length of the search path increases since for long paths more nodes will be in the Open list. The number of
duplicated nodes found by the sequential and the parallel multithreaded A* algorithms is presented in Fig. 9. As can be
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seen from this figure, the parallel multithreaded A* algorithm finds larger numbers of duplicated nodes than the sequen-
tial A* algorithm for most problem sizes. For instance, the number of duplicate nodes found for a problem of size 37
using the parallel algorithm PL-L6 run case is about 40,000, whereas for the sequential algorithm it is about 11,000.
Regarding the parallel multithreaded A* algorithm, the number of duplicated nodes found is augmented for an increas-
ing number of concurrent threads, which raises the possibility of generating duplicated nodes among concurrent threads.

The search effectiveness evaluation metric measures the closeness of the search effort of a searching algorithm
towards the goal node. For a given problem x, with branching factor g, the search effectiveness Effectiveness(x) is
defined in equation (2) [34], where / is the length of the path obtained by the search process, and 7 is the number of gen-
erated nodes.

effectiveness(x) = 8*1/n (2)

The search effectiveness of both the sequential and the parallel multithreaded A* algorithms, for small problem sizes
is shown in Fig. 10, whereas Fig. 11 shows the search effectiveness of both algorithms for large problem sizes. Both fig-
ures show that the search effectiveness of the parallel multithreaded A* algorithm is less than the search effectiveness of
the sequential A* algorithm, since more nodes are generated using the parallel multithreaded A* algorithm. Also, the
search effectiveness of the parallel multithreaded A* algorithm becomes lower for a larger number of concurrent threads,
since more nodes are generated as the number of concurrent threads increases.

6. Conclusions and future work

Several research efforts have been dedicated to the design and development of efficient heuristic search algorithms, and
have produced various algorithms applied on both sequential and parallel computers. However, the limited throughput
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produced by sequential computers and the expensive processor communication cost in parallel computers have motivated
the use of the multithreaded approach combining the low cost of sequential computers and the high throughput of paral-
lel computers.

Multithreading improves the CPU throughput by creating a variable number of concurrent threads at the application’s
run time. In addition, a variable number of threads can be executed simultaneously on one shared memory, thus improv-
ing the execution speed and making the communication between concurrent threads easier.

In this paper, the parallel multithreaded A* heuristic search algorithm has been presented and implemented using the
POSIX threads (Pthreads) library. An analytical evaluation of the proposed algorithm has been shown in terms of time
complexity, space complexity, completeness and optimality. The experimental results have been demonstrated and dis-
cussed. The parallel multithreaded A* heuristic search algorithm has been evaluated and compared against its sequential
counterpart on the 15 puzzle problem as a search domain for a number of performance metrics, including speedup, num-
ber of generated nodes, number of computed heuristic distances, number of expanded nodes, number of duplicate checks,
number of duplicates found and search effectiveness. The results proved the better performance of the parallel multi-
threaded A* heuristic search algorithm over the sequential A* heuristic search algorithm in terms of different performance
metrics. For example, it has been shown analytically that the time complexity of the proposed parallel multithreaded A*
algorithm is better than that of the sequential A* algorithm. In particular, the time complexity of the parallel multithreaded
A* algorithm is O(8"/f), whereas the time complexity of the sequential A* algorithm is O(B"), where $ is the branching
factor, k is the depth of the shallowest solution and ¢ is the number of threads. Another experimental example shows that,
for a problem of size 40, the parallel multithreaded A* algorithm for PL-L5 run case achieved about 16 times better
speedup of the sequential A* algorithm. Moreover, for a problem of size 37, the parallel multithreaded A* algorithm for
PL-L6 run case generated about 1.3 million nodes and expanded to nearly 0.7 million nodes, whereas the sequential A*
algorithm generated about 0.25 million nodes and expanded to nearly 0.1 million nodes, which means that the parallel
multithreaded A* algorithm produces better searching throughput than the sequential A* algorithm.

In future work, the parallel multithreaded A* algorithm can be implemented using other multithreading libraries, such
as Java threads. However, the algorithm’s performance may differ with different thread libraries. Furthermore, it would
be interesting to apply the proposed parallel multithreaded A* algorithm on different search problems and applications,
such as the travelling salesman problem and web search engines.
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