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Abstract: In this paper, we present a scheduling model based on queuing theory to minimize the network make-span in 
wireless sensor and actor networks. We compute the best rate of distribution of tasks by the network sink to allocated actors 
through a steady state analysis of our proposed model to solve equations and inequalities. It is shown that this distribution 
rate can enhance the total residual energies of the actor nodes, too. Experimental results on a typical scenario have shown 
approximately 40% improvement in reducing the make-span and 20% enlargement in reserving energies of the actors 
compared to the stochastic allocation of tasks to the actors.  
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I. INTRODUCTION 
 
Wireless Sensor Actor Networks (WSANs) consist of 
sensor nodes and actor (actor) nodes that are 
connected and communicate wirelessly [1], [2]. 
Sensor nodes gather environmental information while 
actors perform actions in response to sensory 
information.   WSANs are appropriate for quick 
reactions to environmental events. Since these 
networks are usually used in critical applications, 
delays can lead to disasters [2]. Since these networks 
are typically used in critical applications, actors must 
respond quickly and delays may lead to disaster. 
However, due to common constraints in WSAN such 
as energy limitations and dynamic attributes of 
physical environments, quickly respond to the 
environmental events is very challenging. 
To make efficient use of WSANs capabilities, 
employing appropriate task allocation algorithms is 
indispensable. The proper mapping of tasks to actors 
can be guided by quality of service (QoS) parameters 
of a concerned application that is run on a given 
WSAN.  
In this paper, we assume a typical WSAN (Fig. 1), 
wherein sensors gather environmental information 
and transmit them to the network sink to determine 
the appropriate tasks (actions) that should be 
performed by the actors. To improve the performance 
of the network, the network sink must decide on the 
most apposite set of actors to carry out the tasks using 
quality parameters such as reliability, make-span, and 
network lifetime [3], [4].   

 

 
Fig. 1. A typical wireless sensor and actor network 

Having decided on an efficient allocation pattern, the 
network sink must decide on an appropriate schedule 
(dispatching rate) to dispatch tasks to their allocated 
actors (actors) considering the fact that each actor has 
a limited size queue and that it may not always be 
receptive to accept any further tasks if its queue is 
full. Unfortunately, existing scheduling algorithms 
assume unbounded queues that are quite unrealistic. 
Hence, we consider the constraint on the size of 
queues and try to allocate tasks to the actors in such a 
way that the overall completion time of all tasks in 
the network, i.e. make-span, is minimized. To achieve 
this, the network sink must get an estimation of the 
capability of each actor first in order to figure out a 
proper dispatch rate for that actor accordingly and at 
the same time guarantee that the required quality 
parameters of executing application is satisfied 
overall.  
   We have organized the rest of paper as follows: 
Sect. II presents notable related works. Sect. III 
presents our assumptions and some background 
information. Sect. IV presents our proposed 
approach. Sect. V reports the results of our 
experiments, and Sect. VI concludes the paper.  
 
II. RELATED WORK 
 
M. Sharifi et al. [4] have presented an energy and 
time aware algorithm to allocate tasks to actors 
(actors) in WSANs. They evaluate the ability of each 
actor to perform tasks and use this information to 
allocate tasks to actors in such a way to reduce the 
total completion times of tasks. They show 45% 
improvement in the make-span of tasks compared to 
when they use the opportunistic load balancing 
(OLB) algorithm. Although they have provided a 
suitable tradeoff between completion time of all tasks 
and a balanced load on actors, they have ignored the 
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limitation on the size of queue associated with each 
actor. 
Okhovvat and Kangavari [5] proposed a task 
allocation model to maximize total utilization of 
actors in performing tasks within WSAN. They used 
a Generalized Stochastic Petri Net (GSPN) model to 
show the task allocation policy applied by the 
network sink. Then, to achieve maximum actors' 
utilization, the arrival rate of tasks for each actor 
calculated based on the capability of that actor. 
Steady state analyzing of the GSPN model and with 
the calculation the task dispatching weights at each of 
the actors, task arrival rates is figured out in their 
model.  
 
Kalantari et al. [6] have presented a task-scheduling 
algorithm using the queuing theory for real-time 
applications in distributed systems and have applied 
their approach to Grid systems. They consider the 
workloads of the distributed system as the 
background traffic and schedule the tasks of an 
application by assigning them to resources 
accordingly. The main weakness of the algorithm is 
that it is not scalable while distributed systems like 
Grids and WSANs principally require scalability.  
Given this background on scheduling and task 
allocation in sensor networks, in this paper we 
propose a mathematical scheduling model for WSANs that 
minimizes the network make-span and improves reserving 
energies of the actors. 
 
ASSUMPTIONS 
 
We assume a wireless sensor and actor network with 
m actors jA (j = 1, . . ., m) that should execute n 

tasks iT (i = 1, . . . , n). In such a network, allocation 
of one or more time slots to one or more actors is 
known as the task-scheduling problem [9]. This 
scheduling problem is known to be an NP-complete 
problem [10], [11]. Given this fact, instead of trying 
to find an optimized solution to an NP-complete 
problem, we have constrained the objective of our 
scheduling algorithm only to reduce the number of 
tasks waiting in the queue of each actor for execution 
by the actor in order to shorten the make-span and 
increase the throughput. This is achieved by using 
information on the capability of each actor such as its 
speed and its current task load, in performing tasks at 
the time of allocation of tasks. We further have 
assumed that: 
 

 Tasks are independent and sensor nodes send 
their collected information from environment 
to the sink, which determines the proper tasks 
(actions) to be performed and dispatches tasks 
to allocated actors.  

 The pattern of tasks generated by the sink in 
response to sensory information received from 
sensors follows a Poisson distribution. 

Figure 2.   A typical topology of our assumed WSAN 
 
Tasks are non-preemptive and the generation rate of 
tasks by the sink based on the environmental 
information received from sensors is exponential. Fig. 
2 shows a typical topology of our assumed network. 
 
PROPOSED APPROACH 
  
We calculate the number of tasks waiting to be 
performed by actors as the sum of the number of 
allocated tasks to each actor. Each of the actors is 
modeled by a M/M/1/K queuing system [12], [13] in 
which tasks are arrived to actor iA  with i  rate and 

are performed with i  rate. Fig. 3 shows the queuing 
model of such a network. To minimize the number of 
waiting tasks, the allocation rate of tasks to each actor 
should be adjusted appropriately. Since each of the 
queues have limited capacity K, system always 
reaches to a steady state. Therefore, there is no need 
to consider the relation   that should have been 
considered if the size of queues had been assumed 
boundless. 
In the assumed model, tasks are generated by the sink 
according to the received information from sensors 
and the sink allocates these tasks to proper actors. 
The generation rate  

 
Figure 3.  A queuing network model of WSAN 

 
of tasks follows a Poisson distribution and the service 
times of the actors in the WSAN follow an 
exponential distribution.  Hence, such WSAN can be 
modeled as a M/M/1/K queue. We assumed that the 
generation of tasks by the sink is Poisson process 
with rate λ. Since the sink is very faster than actors 
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and with fewer faults (or ideally with no faults at all), 
it can be considered as a gate whose output rate is the 
same as its input rate λ [14]. According to the 
splitting Poisson process [15], tasks are assigned to 
selected actors by the sink with i   rate as it is 
defined by (1) for n actors. 
 

 


n

i i1
                                                  (1) 

Since the main goal of our proposed solution is to 
minimize the number of tasks waiting in the queue of 
the actors, the allocation rate of each of the actors 
should be approximated properly. In fact, finding the 
allocation rate i  (i=1 to n) which is a nonnegative 
real number (Fig. 3), to minimize the number of 
waiting tasks in the queue of each actor, is the 
explicit aim of our proposed approach. Therefore, 
each of the actors can be assumed as an M/M/1/k 
queue since the interval time between the 
assignments of two sequential tasks in actor iA and 
the service time of these actors follow an exponential 
distribution. As mentioned before, there is no need to 
assume the relation   and two different cases may 
occur, which are:    OR  . Considering these 

conditions for each actor iA , the queuing system 
matching to each of the actors is stable making the 
steady state analysis possible for each actor. Fig.  4 
shows the CTMC corresponding to the actor iA  as a 
M/M/1/K queue. 
   As shown in the Fig. 4, each of the circles stands 
for a status of the actor iA   and the related number 
inside of each circle shows the number of existence 
tasks in the actor iA .  

 
Figure 4. CTMC for an actor iA  

To have steady state analysis on the continuous time 
Markov chain (CTMC) as shown in the Fig. 4, we 
have used the equation (2). 
         0i = 1i  

         0i + 2i = 1i + 1i     

         1i + 1i  = 1i + 3i                            (2) 

          4233  iiii   

        . 
        . 

     1ki ki  

where i is the steady state probability of existing 
tasks in state i. As shown in (3), the total probability 
is always equal to 1 and hence, 0 can be calculated 
by (4). 
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Since all n  are functions of 0 , each n is greater 

than zero if and only if 0 is greater than zero. 

According to (5), 0 and then all n would be greater 
than zero. 
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Considering (2) and (3), for each state of the actor iA , 

the probability of steady state n is calculated by (6). 
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Equations (4) and (6) yield (7). 
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Since we have assumed that each actor can process 
and perform the tasks sequentially, when T tasks are 
in the queue of actor iA , T-1 tasks are waiting. Also 
considering the assumption in which the queue of 
each actor has limited capacity K that causes the 
system to reach to a steady state, we can evaluate the 
number of waiting tasks in the queue of the actor iA  

by equation (8) in which iL is the number of tasks in 

the actor iA , and QiL is the number of waited tasks in 
the queue of that actor. 
 

0(1 )Qi iL L                                                                  
(8) 

    To calculate QiL , iL  can be determined by (9). 

L i =
0

.k
i nin

n 
                                                                

(9) 
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Calculating the spent time of tasks by the Little 
theorem [16], we get: 

L= λW   → W =L ⁄ λ                                                              
(10) 

Relations (8) and (9) result in relation (10): 

0(1 )Qi iW W                                       (11) 
To calculate WQi, Wi should be determined. Finally, 

we can finally use (12) to formulate the main goal of 
this paper, which is to minimize the make-span of the 
network where k, i , i  are constants, i0  , 

i0  and mii  0:  where  m is the total 
number of actors. 
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EXPERIIMENTAL RESULTS 
 
To evaluate the proposed approach, the MINLP 
problem is modeled in GAMS software using 
DICOPT solver, which is based on the extensions of 
the external estimation algorithm for the equality 
relaxation policy [17]. Resolving the equality and 
inequality through an example scenario, the arrival 
(allocation) rates at each of the actors are determined. 
Hence, using the arrival rates of tasks to each actor, 
the network make-span is minimized. Although 
minimizing the make-span of wireless sensor and 
actor network is the explicit result of the proposed 
approach as a quality of service parameter, it 
implicitly affects other parameters like the remaining 
energy, too. Therefore, to have better evaluation of 
the proposed approach, we focus on the effectiveness 
of our approach on this parameter.  
As the network sink is usually faster than the actors 
with fewer faults (or ideally with no faults at all), we 
have assumed that the queue of the sink will never 
overloads.  
We assumed a 2D space, 100m 100m, containing 
1000 sensor nodes with 10 meter transmission range, 
and 4 actors. We have assumed that the tasks to be 
executed by actors were independent and the primary 
energy of each actor was assumed to be the same as 
others and equal to 45 Joules. 
As shown in the Fig. 5 and 6, our approach reduced 
the make-span in the assumed wireless sensor and 
actor network by approximately 40%. Fig. 5 shows 
the total make-span of the network and Fig. 6 shows 
the make-span based on the number of tasks. As it is 
expected, by increasing the number of tasks, the 
make-span is also increased which is showed in Fig. 
6. However, both Fig. 5 and Fig. 6 show the 
superiority of the proposed approach in compare with 
stochastic allocation in terms of make-span. 

Since energy is a critical parameter in wireless sensor 
and actor networks, we also compare our approach 
with stochastic allocation in terms of remaining 
energies of actors. Although our approach does not 
consider the energy explicitly, experimental results 
reveal approximately 20% improvements in 
remaining energies of actors. Fig. 7 shows the 
remaining energies of the actors based on the number 
of performed tasks. And Fig. 8 shows the total 
remaining energies of the actors. As well as we 
expect, by increasing the number of performed tasks, 
the remaining energies of the actors decrease. 
However, our approach has better operation in 
enhancing the remaining energies of the actors which 
illustrate the efficiency of our approach in compare 
with stochastic allocation.   

 

 
Fig. 5. Total make-span of the network 

 

 
Fig. 6. Make-span of the network 

 

 
Fig. 7. Remaining Energy 
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Fig. 8. Total Remaining Energy 

 
CONCLUSION 
 
To get high performance within wireless sensor and 
actor networks, the total make-span of the network 
could be minimized. The minimum make-span can be 
reached by fine-tuning tasks arrival rates at each of the 
actors. The tasks arrival rates depend on the speed of 
the actors in both flying and performing tasks. The 
arrival rates could be formulated through steady state 
analysis of the proposed model for the wireless sensor 
and actor network. The result of the analysis will be 
an equality and inequality system showing the relation 
between the tasks arrival rates and the speed of actors 
in performing tasks and in fly to the place of tasks. 
Applying the Simplex method, the most proper tasks 
dispatching rates at each of the actors could be 
obtained. We calculated the best rate of dispatching of 
tasks by the network sink to allocated actors through a 
steady state analysis of our proposed model to solve 
equations and inequalities. Experimental results on 
typical scenarios showed approximately 40% 
improvement in reducing the make-span and 20% 
enlargement in enhancing the remaining energies of 
the actors in case of applying proposed approach 
compared to the use of stochastic allocation which 
show the suitable operation of the proposed approach. 
Consideration of various priorities to the different 
tasks, fault-tolerance of actors and communications 
links, and other performance metrics such as system 
reliability, network lifetime and so forth can be of 
interest for the future works. 
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