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Abstract— Hardware-based execution capability with resource 

reusing flexibility is one of the new features of Reconfigurable 

Computing (RC) systems. However, due to the reconfiguration 

constraints, it is difficult to fully exploit their advantages. For a 

better design with higher performance, several pivotal objectives 

should be investigated simultaneously such as task execution time, 

communication data between tasks, and required resources for 

implementation. In this paper, a new algorithm for task selection 

in an application graph has been introduced to balance objectives 

in RC system. This algorithm decides based on a selection merit to 

reduce the number of execution clusters and to save 

communication cost as much as possible. To remove forbidden 

solution, a set of free tasks has been constructed to satisfy the 

precedence constraints. The evaluation has been performed with 

different topological features such as parallelism degree and 

critical path. Results showed that the proposed method provides 

acceptable improvement in comparison with previous method for 

application execution time metric.  

Keywords- Reconfigurable Systems; Task Scheduling; Resource 

Allocation; Multi-objective Algorithm  

I.  INTRODUCTION  

Hardware-based application implementation provides a 
significant speedup and in nowadays embedded systems, it is an 
undeniable part to accelerate the computations. Reconfigurable 
computing (RC) systems have been used in a wide range of 
applications such as cryptography [1], computer network 
security [2], multimedia [3], spatial data infrastructure (SDI) [4], 
and sensor networks [5], etc. According to the reconfiguration 
feature, RC systems have categorized in two groups, partially 
and fully RC systems [6, 7]. In partially RC systems, every 
single Configurable Logic Block (CLB) can be re-configured 
during the operation of other parts. But in fully RC systems, the 
whole device should be stopped to load new configuration bit-
stream into it [8, 9]. The architecture of RC systems included 
two main parts. The first part is the reconfigurable hardware in 
which CLBs are gathered with one specific network to 
communicate with each other. One of the known platforms to 
act as a reconfigurable hardware is FPGA [10]. The second part 
is a General Purpose Processor (GPP) to handle the requests and 
to prepare the reconfigurable part for its process, as well. There 
is a local memory in this system to save and load the required 
data. In the memory unit there exists clustering structures to fully 

exploit the available memory resources [11]. As the hardware 
resources are limited and application requests are always more, 
a kind of coordinator is needed to execute tasks of an application 
portion by portion. Therefore, tasks will be executed in several 
cycles which are called Execution Cycles [12]. In each execution 
cycle, the required resources will be reserved for tasks and data 
will be accessed by local memory. After the execution, the 
processed data will be written back to the local memory. 
Accessing data from local memory suffers the system a large 
delay and to reduce it, those communicative tasks should be 
placed in the same cluster of execution cycle [13].      
To demonstrate the communication condition of an application, 
it will be represented with a Task Graph (TG). In TG each node 
is a computational task with a predefined execution time and 
required resource with links showing the communication data 
between tasks. Considering TGs of applications, one scheduling 
algorithm should be developed to determine the start time of task 
clusters for implementation. Scheduling algorithms for partially 
RC systems are kind of online or dynamic algorithms [14] due 
to the non-stopped reconfiguration. Decisions flexibility are 
high in these type of algorithms but they should deal with more 
complexity [15]. On the other hand, in fully RC systems, all 
decisions will be made before executing the whole TG in offline 
mode. This type of scheduling is called offline scheduling. The 
main target in offline scheduling of RC systems is to reduce the 
number of local memory access by executing more tasks in one 
execution cycle [16].  
Applications contain many different features and they will affect 
the performance of scheduling algorithm. One of them is 
communication feature. For example, Digital Signal Processing 
(DSP) applications [17] included several communicative 
functions while Bioinformatics applications [18] need more 
execution time speedup for each implemented task. The other 
one is the topological feature. Applications structure contain 
many different serial or parallel paths and based on them, they 
will be categorized as pipelined and non-pipelined structures. In 
pipelined structures, dependency constraint is more than other 
structures and as a result, scheduling options will be limited to 
some pre-determined states. Non-pipelined structures 
demonstrated more distributed patterns in which more 
independent parallel task can be found [19]. These features 
shows that for obtaining higher performance, it is recommended 
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to use strategies with different aspects based on different 
applications attributes.     

The aim of this paper is to find the best clusters of a TG by 
considering several objectives such as communication cost, 
wasted resources and execution of TG. To achieve this purpose, 
we investigated inter and intra cluster interactions with a 
balanced selector function. A set of free nodes has been 
constructed to create validated solutions with no dependency 
constraint violation. By using a balanced selector function, it is 
possible to make cluster with an appropriate criteria.  
The rest of this paper is organized as follows, in section 2 the 
scheduling problem in RC system has been defined, in section 3 
the proposed scheduling algorithm with a balance-objective task 
selector has been introduced, in section 4 experimental results 
with comparisons and discussions have been presented, and 
finally, conclusion is the final section of this paper. 

II. PROBLEM DEFINITION 

As resources in the RC system are limited, the computational 
nodes of TG should be executed cluster by cluster. TGs are 
represented by 𝐺(𝑉, 𝐸)  which is a Directed Acyclic Graph 
(DAG). 𝑉 is the set of nodes including tasks 𝑇𝑖(1 ≤ 𝑖 ≤ 𝑁) and 
𝐸 is the set of communication links between tasks. 𝑁 is the total 
number of nodes in TG. If two tasks 𝑇𝑖  and 𝑇𝑗 in the TG should 

communicate with each other, then there is one 
communicational link between them denoted by 𝑇𝐶 . With this 
constraint, task 𝑇𝑖  cannot be implemented before task 𝑇𝑗. Other 

attributes of each node of TG are execution time (𝑇𝐸)  and 
required resources (𝑢𝑖) . Total resources of reconfigurable 
hardware is denoted by 𝑈𝐻  and in each execution cycle, the 
reserved resources by a cluster must not exceed of this 
parameter. Considering these parameters, the target is to obtain 
a queue of clusters by satisfying conditions of equations (1) to 
(4). 

 𝑢𝑐𝑖 ≤ 𝑈𝐻 ,   𝑖 = 1,2,3, … , 𝑁𝑐                                                 (1) 
 

𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑐𝑦(𝑖, 𝑗) = 0, 𝑖, 𝑗 ∈ 𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑠, 𝑖 < 𝑗                  (2) 
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)                                          (3) 
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where 𝑇𝑐𝐸  is the total execution time of tasks in the cluster, 𝑇𝑐𝐶  
is the inter-communication data between clusters, 𝑢𝑐𝑖  is the 
required resources in execution cycle i and 𝑁𝑐 is the number of 
TG clusters. Figure (1) shows an example of making clusters of 
nodes in a TG. In this figure tasks 𝑇1, 𝑇3, 𝑇4 are placed in cluster 
1, tasks 𝑇2, 𝑇5 are placed in cluster 2, and task 𝑇6 is placed in  
cluster 3. Each cluster has been implemented in reconfigurable 
hardware in one execution cycle. As can be seen, those 
communication links within the clusters will be saved from 
accessing the local memory. Also, it has been shown that in the 
third execution cycle, there are more resource wasting.  

III. BALANCED-OBJECTIVE TASK SELECTOR 

To make clusters of tasks in an application graph, reducing 
the total counts of clusters is one of the targets for scheduling. It 
causes to prevent frequent access from local memory and 
communication will be performed within the reconfigurable 
hardware part. This will also improve the resource utilization by 
placing more tasks in one cluster. The other target is 
communication data of the remained links between clusters. 
These links will access local memory and based on the amount 
of data, it will produce a considerable delay. For achieving a 
solution by balancing objectives, a task selector must be 
introduced. In this section, a Balanced-Objective Task Selector 
(BOTS) will be introduced. The aim of this task selector is to 
provide a selection metric to be used in each situation that more 
than one choice is available. This task selector has been built 
based on below considerations: 

1- Degree of tasks in an application graph cause more 
dependency and as a result they have higher priority to 
be selected in a cluster comparing to low-degree tasks. 

2- To save more communication cost it is recommended 
to place a task with more communication data within 
the cluster. 
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Figure 1. Scheduling description of a DAG with 3 clusters in RC system 
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3- As reconfigurable resources are limited, they should be 
assigned to more tasks of application graph. As a result, 
small tasks will be assigned as higher priority to be 
selected in a cluster. 

4- Tasks within a cluster should contain similar execution 
time 

5- Time to prevent resource waiting of finished task, so it 
is recommended to select tasks with small execution 
time within a cluster. 

Using these considerations, one equation has been created to 

show the selection metric for each task in application graph. 

Equation (5) demonstrates the relationship between the selection 

metric and attribute of tasks in an application graph. 

ω𝑖 =
𝑇𝐶𝑖

+ 𝑛𝑖

𝑇𝐸𝑖
+ 𝑢𝑖

          (5) 

where, 𝑇𝐶𝑖
 is the communication cost between the task and its 

children,  𝑇𝐸𝑖
 is the execution time of the task, 𝑛𝑖 is the number 

of a task's children and 𝑢𝑖 corresponds the required resources for 

each task. For producing validated solutions without any 

dependency constraint violation, the proposed algorithm will be 

performed in several updating phases. In each updating phase, a 

set of free nodes will be created and among them, the task with 

higher selection criteria will be selected. If the size of each 

cluster exceeds the size of reconfigurable resources (𝑈𝐻), a new 

cluster will be created. Algorithm 1 shows the procedure of 

BOTS of making clusters in an application graph. Figure (2) 

shows an example of application graph on which BOTS has been 

performed. As mentioned before, ω criteria will be computed 

for each node of TG which is equal to ω =

{0.75, 0.54, 1.28, 0, 0}. Members of set F demonstrate nodes 

with no precedence dependency and for the first step of this TG, 

it has only included node 𝑇1. After assigning this node to cluster 

1 and removing it from F, the set of free nodes will be updated 

with nodes 𝑇2  and 𝑇3 . As node 𝑇3  has a higher ω, it will be 

selected in the first cluster. This procedure will continue until 

there is no resources for additional nodes in the cluster and 

therefore, the new cluster should be constructed for remained 

nodes. It can be seen from this example that, BOTS will provide 

better resource utilization while saving more communication 

and execution cost as they have been considered in equation (5). 

  

Algorithm 1: Balanced-Objective Task Selector (BOTS) for making 

clusters     

Input: TG attributes {𝑇𝐸 , 𝑇𝐶 , 𝑢}, Number of nodes (𝑁𝑇), Hardware resource 
(𝑈𝐻) 

Output: Number of clusters (𝑁𝑐), Cluster members (𝐶(𝑁𝑐))   

For 𝑛 = 1;𝑛 = 𝑁𝑇;𝑛 + + 

       ω𝑛 = {𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛(2)(𝑇𝐸 , 𝑇𝐶 , 𝑢)} 

       End For 

𝑁𝑐 = 1 

For 𝑖 = 1;𝑖 = 𝑁𝑇;𝑖 + + 

       𝐹 = 𝑓𝑟𝑒𝑒 𝑛𝑜𝑑𝑒𝑠 (𝑇𝐺) 

       𝑠𝑒𝑙𝑒𝑐𝑡𝑖 = 𝐹(max(ω𝑖)) 

       𝑢(𝑁𝑐) ← 𝑢(𝑁𝑐) + 𝑢𝑠𝑒𝑙𝑒𝑐𝑡𝑖
 

       If  𝑢(𝑁𝑐) > 𝑈𝐻 

            𝑁𝑐 = 𝑁𝑐 + 1 

            𝑢(𝑁𝑐) = 𝑢𝑠𝑒𝑙𝑒𝑐𝑡𝑖
 

            𝐶(𝑁𝑐) = 𝑠𝑒𝑙𝑒𝑐𝑡𝑖 
            End if 

       If  𝑢(𝑁𝑐) < 𝑈𝐻 

            𝐶(𝑁𝑐) ← 𝐶(𝑁𝑐) + 𝑠𝑒𝑙𝑒𝑐𝑡𝑖 
            End if  

       End For 

Return 𝑁𝑐 , 𝐶(𝑁𝑐) 

  

 

 

 
Figure 2. Description of BOTS steps for selecting tasks in TG 
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IV. SIMULATION RESULTS AND DISCUSSION 

          In this section, the performance of the proposed selector 

function is evaluated and compared with three greedy algorithm 

based on the execution time, communication cost and resource 

utilization. The performance of BOTS has been compared with 

the heuristic method represented in [20], as well. We started our 

evaluations on a set of TGs generated with a random graph 

generator. A discrete time simulation framework in Matlab 

software has been constructed with an existed hardware model 

Xilinx Virtex II pro XC2VP30. The aim is to reduce the 

makespan of TGs, so we compared solutions derived from 

clustering methods based on the makespan metric. Beginning by 

TGs with sizes from 10 to 70 nodes, Figure (3) illustrates the 

effect of TG size on the proposed method in comparison with 

other methods. 

As it is clear, since greedy algorithms focus only on one 

parameter at a time, they can't beneficially establish the required 

trade-off in the process of scheduling. Moreover, the [20] 

heuristic method also neglects one of the main parameters, 

communication cost. As the size grows, due to the consistency 

of the link distribution, there would be more communication 

cost. So, neglecting this factor would force great amount of 

communicatio cost which would affect the makespan of the TG. 

On the other hand, the proposed method can satisfy the problem 

requirements by considering several factors at the same time. 

The balanced solution, creates a trade-off between hardware 

utilization, execution time, communication time and number of 

children. As it was expected, the higher sizes of TGs will have 

more communication cost, logically leading to higher makespan 

but due to the savings in communication data in BOTS, the 

makespan would be less in comparison with other methods. 

With the increase in size, the greedy communication method 

would perform better due to the savings in the communication 

rather than the other greedy algorithms and heuristic method in 

[20]. 

We carry on our experiments to evaluate the effect of 

connectivity distribution on the performance of the proposed 

method. Figure (4), shows the simulation result for TGs with 30 

nodes and Connectivity Distribution (CD) ranging from 0.1 to 

1. With the rise of connectivity, the TGs would become tighter, 

limiting the algorithms to specific solutions and forcing more 

cost. BOTS perform better on less connected graphs, since more 

options are available and the decisions can be made with more 

freeness. In each task selection phase, BOTS tends to select a 

task with more children so there would be more free nodes in 

the next selection phase. In lower CDs, greedy communication 

and greedy utilization algorithms are not beneficial since 

application graph links are limited and the number of links in TG 

is less. On the other hand, the greedy execution and [20] method 

perform better since they prefer less communication. But with 

the increse in CD, it can be seen that greedy communication and 

greedy utilization outperform the other greedy algorithm and 

[20] since TG gets tightly connected and the communication 

cost gets higher, the parameter that the two approaches neglect 

completely. Since BOTS establishes a trade-off  between the 

costs, it perform the best among other algorithms both in lower 

and higher CDs, but lower CDs are preferable due to the degree 

of freeness which the algorithm may have. 
The last evaluation on random graphs was conducted on the 

effect of Execution to Communication ratio (ECR). ECR clarify 
the type of TG as being executive or communicative. Executive 
TGs needs more processing time while communicative TGs 
require more communication data. Figure (5) illustrates the 
comparison of BOTS performance versus other methods. As it 
can be seen, in lower ECR values, communication greedy 

algorithm performs better than other greedy algorithms. In 
higher ECR values, the greedy execution algorithm and heruistic 
method in [20] achieved better solutions due to the lack of 
communicaiton cost. But BOTS, achieve the best solution 
among all the mentioned methods considering different factors 
simultaneously and balancing all the parameters. So, the 
established trade-off will provide less makespan and better 
performance rather than the greedy algorithms and the heuristic 
method in [20]. 

 

Figure 3. The performance evaluation of the proposed method 

versus graph size 

 

Figure 4. The performance evaluation of the proposed method 

versus connectivity degree 
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Figure 5. The performance evaluation of the proposed method 

versus ECR 

In our experiments, evaluation of performance versus CD 
manifests another aspect of the problem. As it is clear, changing 
the CD will affect the structure of TGs, as well. TGs with higher 
CDs, have less degree of freeness. While in lower CDs, the 
proposed algorithm can decide on the clusters freely due to the 
less precedence constraints. So, as it was said, TG structures 
have effect on the performance of the scheduling algorithm. The 
proposed algorithm performs the best in executive TGs with 
lower number of nodes and less connectivity. We can infere that 
the topology of the graph plays an important role on the 
performance of the proposed task selector. 

V. CONCLUSION 

In this work, we represented a heuristic balanced-objective 
task selector in order to schedule task graphs. The proposed task 
selector decides based on execution time, communication cost, 
resource utilization and number of children which indicates the 
degree of freeness. Since the proposed method acts as a 
combination of greedy algorithms with various considerations, 
the experiments have been conducted on randomly genreated 
graphs and compared with three greedy algorithm and the 
heuristic approach presented in [20]. The results show that the 
proposed method provides an average 11% improvement in 
comparison with other methods. As future works, we aim to 
consider structural task graph features and extend the algorithm 
based on these topological features. 
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