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Abstract 

This paper presents a framework for smart services of robots in an intelligent environment. 
Within such intelligent environment, the target platform consists of service robots and a 
framework for smart services including task allocation and task scheduling. For task 
allocation, we use an auction-based method and a knapsack problem algorithm. In this paper, 
the characteristics of the algorithm for allocation balancing are to delegate executing task to 
another robot, to reallocate the delayed task to more than one robot, and to withdraw over-
allocated robots from the current task. 
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1. Introduction 

Recently, computer networks have developed by many researchers and have become 
an important part of our daily lives. Intelligent environment is one of such computer 
networks, and it enables to accomplish diverse services, such as visitor guidance and 
indoor surveillance [1]. The environment is able to monitor what is happening in it, to 
communicate with their inhabitants, and to make a decision something important. In [2], 
sensing and reacting context, information sensed to characterize the situation of the 
people, activities, interaction between user and application are prominent characteristic 
of the intelligent environment. In [3], "Intelligent Space" was proposed by Lee et al for 
interaction between human and space based on intelligent environment. In the space, a 
robot is used as a physical agent for offering human-centered services [4], [5]. 
Intelligent Space has a lot of latent abilities and advantages as a good platform to be 
able to offer intelligent services for both human and robots, and it can be applied to 
diverse areas, such as home, factory and building, in which robots can coexist with 
human. In such an intelligent environment, the more people require diverse services, the 
more complex and huge the system becomes, and the role of robots as physical agent 
for offering smart services becomes more and more various and important. In addition, 
it could be happened many events between humans and robots. And there are many 
sensors and robots in the same space, so that we should manage them efficiently and 
effectively. To perceive events occurred in such an environment and to decide tasks of 
robots for proper services according to the context-situation, network based service 
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framework is needed. Thus, we need network based service framework to manage 
service tasks of robots. 
 
2. Architecture for Intelligent Environments 
 
2.1. Concept and structure 

In this paper, we use a Resource Sharing Architecture (RSA) [6] as an architecture 
for an intelligent environment. The main focus of RSA is to share physical resources, 
and to organize them effectively for supporting high quality services. The structure of 
RSA consists of physical resources and service objects as shown in Figure 1. Physical 
resources are devices such as mobile robots, cameras and so on. Some of them obtain 
data from the environment, and transmit the data to service objects via local area 
network. The others provide information to human who wants to know. Whereas service 
objects, such as robot navigation and room cleaning service, create significant 
information using data transmitted from physical resources and inform the information 
to other services, so that an intelligent space can obtain states and abilities of physical 
devices connected with network. According to the relation of each service object, they 
are classified into three categories as follows: 

1. Fundamental service: It’s a service object directly connected with physical devices. Such 
objects obtain data from sensors, or transmit useful information to human using devices. 
And the services inform data to inherited service objects. 

2. Inherited service: It’s organized by more than one fundamental service object and other 
inherited service objects. It uses the results of fundamental services, and creates visual or 
acoustic information for transmitting to iSpace service. 

3. iSpace service: It’s an intelligent service object by combined diverse service objects as 
mentioned above (i.e. fundamental service and inherited service), which is able to carry out 
an intelligent task such as room cleaning or visitor guidance. 

 
2.2. Characteristics and advantages 

We explain properties of RSA briefly, and describe its characteristics and advantages. 
RSA should be satisfied with two properties as follows: 

1. Scalability: RSA is a service-oriented architecture based on distributed sensor network. 
And, each service object doesn’t undergo various influences by others. For the reason, 
although they are getting more and more increasing, the complexity of RSA doesn’t almost 
increase, and the architecture can keep itself in good performance. 

2. Flexibility: Service objects of RSA consist of a lot of software modules. From an 
implementation of view, software developers are easy to modify and to improve the 
organization of RSA. In addition, they can easily replace an existing service object with 
another or new one, which is not only a service object but also a physical device. 

The most important characteristic of RSA is that it makes a robot overcome something 
physical. Although a robot doesn’t have any display device, it can show people visual 
information using some display devices attached on wall in the space. In other words, 
RSA brings about a good effect which is increase of efficiency of using physical 
resources. In addition, one of the characteristics is that such external resources are 
regarded as local components on a robot itself. As the result, a robot can perceive 
broadly circumstances what is happening in the space. 
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Figure 1. Resource sharing architecture 
 
3. Framework for smart services based on RSA 

In this paper, we design a multi agents based framework using a RSA. The 
framework consists of some robot groups and a task management group as shown in 
Figure 2. In a robot group, each robot agent uses some services to control each robot. In 
a task management group, each task management agent can know what the space should 
do using information obtained from the diverse services. 
 
3.1. Robot agent 

A robot agent monitors the state of a robot, and creates services to execute the 
assigned tasks. When a task is assigned to a robot agent, a robot starts carrying out the 
task using created services. If the executing task is stopped by some event, the agent 
informs the state of the interrupted task to a task management agent so as to be 
continued the task by other robot agents. 
 
3.2. Robot group 

According to the ability of each robot, they can be divided into more than one group. 
In case of a cooperative work, a task management agent makes a robot group, and add 
robots for carrying out the assigned task to the group. 
 
3.3. Task management agent 

A task management agent plans the schedule of the robot's task. To manage the tasks, 
the agent acquires information from some services and robot agents, and creates the 
task list of robots to manage assigned tasks, and allocates the tasks to best candidates. If 
interrupted tasks remain in the task list, the agent can reallocate the tasks to other 
robots. All processes related to task scheduling and task allocation are decided by the 
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task management algorithm which is included in the agent. We will deal with the 
algorithm for task management in the following section. 
 
3.4. Task management group 

A task management group is a set of task management agents. If the group 
coordinates the needed service to an appropriate task management agent, then each task 
management agent executes smart services. 
 

Figure 2. Overview of framework for smart services 
 
4. Smart Service Management Algorithm for Multi-robot 

In Intelligent environment, people can be provided physical service by robots and 
other devices. Thus, a task management agent should manage the tasks of both robots 
and devices. In this paper, we only focus on the task of robots, and the assumptions of 
tasks that we consider are described as follows: 

1. Tasks can be occurred simultaneously, periodically, randomly or by human according to 
the state of an environment. 

2. A task can be decomposed into more than one independent sub-task. 
3. A task can be interrupted by an event, and the task can be continued by other robots. 

Figure 3 depicts a flow of an algorithm for task management. A task management agent 
selects robots to carry out the assigned tasks, and informs to a robot agent. The 
characteristics of the proposed task management algorithm are to delegate executing 
task to another robot, to reallocate a delayed task to more than one robot and to 
withdraw over-allocated robots from the current task. In this paper, we implement two 
algorithms for task management of service robot as followed subsections. 
4.1. How to select the best robot 

To solve the problem for selecting the best robot, we consider single-robot of tasks 
and single-task of robots. In case of single-robot of tasks, the tasks are just inserted into 
the task list using an auction-based method [7]. However, in case of single-task of 
robots, when the decomposed tasks are inserted into the task list, we should consider 
effective decomposition of the task so as to distribute equally the workload of robots. In 



International JournalInternational JournalInternational JournalInternational Journal    of of of of Control and AutomationControl and AutomationControl and AutomationControl and Automation    
Vol. Vol. Vol. Vol. 2222, No. , No. , No. , No. 4444, , , , DecemberDecemberDecemberDecember, 200, 200, 200, 2009999    

    
    

5 

the case of a cooperation work, this approach can reduce the waiting time (i.e., idle 
time) to start the assigned tasks with other robots. In order to solve the problem, we 
apply a knapsack problem. Specially, we wish to calculate the workload [ , ]W n w using 
equation (1), so as to distribute equally the task time of all robots. 
 

Figure 3. Flow of task management 
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where w  is the average time of tasks, iw is the expected time of ith task, and n is the number 
of robots. Here, we calculate all the values of the array [ , ]W n w  using the recursive 
expressions above to calculate subsequent values. 
 
 
4.2. Allocation balancing 

In general, insufficient allocation of physical resources may bring about the task 
delay. On the other side, over-allocation for completing an assigned task quickly is not 
good. A good allocation is to complete an assigned task almost at a prearranged time 
and to carry out tasks as many as possible using given robots. In this paper, we consider 
not the number of assigned task but the deadline of assigned task for dynamic task 
reallocation. The objective of allocation balancing is to reallocate a delayed task to 
other robots and to withdraw over-allocated robot from the current task. The algorithm 
predicts the reallocation point x according to the progress of the assigned task. The 
equation for predicting is expressed as follows: 
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where l  is the number of total task, ni is ith task, '

it is the measured time of ith task, c is 
the number of allocated robots, p is the number of predicted robot for additional 
allocation, and x is prediction step. T includes the number of total task and the time of 
total task. 
 

In case of task delay In case of early completion 
p = 0; 
 
do { 

p++; 
( )T c a nc

x
a

+ −=  

} while (x < 1); 
 
if (x < n && x ≈ p) { 
    Add robot; 
} 

p = 0; 
 
do { 

p++; 
( )nc T c a

x
a

− +=  

} while (x < 1); 
 
if (x < n && x ≈ p) { 
    if (c + p < 1) { 

    Withdraw robot; 
} 

} 
Figure 4. Task management for task reallocation 

 
As described in Figure 4., either delayed task or early completed task, the task 
management algorithm calculates reallocation step and the number of predicted robot. 
Finally, task management agent updates the task list of robots. Next, the robot agent 
creates needed services to carry out an assigned task. If a robot agent gets a new task 
from task management agent in the middle of task executing, the robot agent stops the 
current task, and reports its state to task management agent. Then, the agent manages 
interrupted tasks, and reallocates other robot agents. 
 
 
5. Case Study : Simulation for Smart Services of Multi-robot 

In this paper, we evaluate the proposed algorithm through two simulation scenarios. 
In the simulations, there are three mobile robots. And, we set up cleaning scenario to 
evaluate the algorithm, and assume that the robots have same ability. In the first 
scenario, we compare an auction-based method with a knapsack problem to evaluate 
task allocation algorithm. In second scenario, we evaluate the proposed algorithm for 
allocation balancing according to a change of the task time. 
 
5.1. Evaluation for selecting the most appropriate robots 

The objective of this simulation is to evaluate the proposed task management 
algorithm using a knapsack problem whether the algorithm distributes equally the 
workload of robots. The scenario for evaluating is as follows: 
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Scenario 1 
Step 1: There are three robots. And 30 tasks will be allocated to robots. The task time is 10 or 
50. Task time is generated randomly every step. 
Step 2: By an auction-based method, a task management agent allocates 30 tasks to robots. 
Step 3: By a knapsack problem, a task management agent allocates the same tasks to robots. 
 

Figure 5 represents the results of task allocation using an auction-based method and 
using a knapsack problem. The lines in the figure show the cumulative time of tasks 
assigned to robots every step. In the experimental result, our method for the balance of 
robot's workload shows more effective than an auction-based method. 
 

Figure 5. Comparing auction-based method with knapsack problem 
 
5.2. Evaluation for allocation balancing 

In this scenario, we evaluate the proposed algorithm which allocates robots 
dynamically to complete the assigned task by deadline. The scenario is as follows: 
 
Scenario 2 
Step 1: Robot 1 and Robot 2 have to carry out Task B. However, the executing time of Task B 
is reduced because of the delay of Task A. 
Step 2: According to the task schedule, a task management agent allocates Task B to Robot 1 
and Robot 2. 
Step 3: A task management agent monitors the state of Task B, and allocates the task to Robot 
3 so as to complete the task within deadline. 
Step 4: In opposition, when Task A is completed earlier than the schedule, a task 
management agent withdraws over-allocated robots from task B. 
 
At first, we measured the average time (i.e., about 43,000 seconds) of Task B, and considered 
two cases which are the increase of the task executing time and the decrease of the time. 
Table 1 and Table 2 depict the result of the measured task time and the predicted point for 
additional allocation according to the change of the task time. In the tables, the value of 49th / 
50th means that the 49th task is allocated to Robot 3 in 50 independent tasks. And, we 
calculated the ratio of task delay from the result of the tables using equation (3).  
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Table 1. Case 1: Decrease of the executing time of the task 

Task time 42,000 41,000 40,000 39,000 38,000 
Measured time 42,182 41,588 40,994 39,504 37,857 
Predicted point 49th / 50th 46th / 50th 43th / 50th 37th / 50th 36th / 50th 

 

Table 2. Case 2: Increase of the executing time of the task 

Task time 44,000 45,000 46,000 47,000 48,000 
Measured time 43,897 44,038 45,859 47,143 48,229 
Predicted point 47th / 50th 46th / 50th 44th / 50th 42th / 50th 41th / 50th 

 

( )Ratio of delay % task time measured time
task time
−=  (3) 

 

In Figure 6, the blue-colored line represents the ratio of task delay without the 
prediction (i.e., the reallocation point calculated by the proposed algorithm), and the 
red-colored line represents the ratio of task delay with the prediction. The value of 0% 
means that there is no ratio of the task delay, the positive value means the task is 
delayed, and the negative value means the task is completed early. In the experiment 
result, the ratio of task delay is about 1.054% in the case 1, and it is about -0.379% in 
the case 2. In case that the prediction is not considered, the ratio of task delay is 
changed almost linearly, but the proposed algorithm shows that try to reduce the ratio 
of task delay in the opposite case. 
 

 (a) Decrease of the task time (b) Increase of the task time 
Figure 6. Ratio of task delay 

 

Figure 7 depicts the difference of the time which is to subtract each measured time of 
the task about two cases from the average time of cleaning task, and shows the variance 
which represents the reliability of the task completion about deadline. In case 1, the 
task is delayed in an average of 425.12 seconds with a standard deviation of 486.9 
seconds, and the reliability is about 81.94%. In case 2, the task is completed early in an 
average of 166.74 seconds with a standard deviation of 458.4 seconds, and the 
reliability is about 87.02%. All two cases completed the task that the ratio of task delay 
is within about ±5%, as shown Figure 7. 
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Figure 7. Reliability of task deadline 
 
5.3. Application 

We apply the proposed algorithm for task management of multi-robots to home automation. 
Scenario 3 shows guidance service and cleaning server. 
 
 

 
Figure 8. Scenario results for guidance service and cleaning service 

 

 
Scenario 3 
Step 1: Three robots are on standby at random position. 
Step 2: Cleaning task is allocated to three robots by someone. 
Step 3: All robots are cleaning in Room 1, 2, 3. After a few minutes, a visitor is coming. 
Step 4: A Space detects the visitor, and informs the event to task management agent, which 
decides the most appropriate robot to carry out the guidance service. 
Step 5: The selected robot stops the cleaning task, and move to the visitor. 
Step 6: The selected robot is guiding the visitor. 
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Step 7: Another robot has completed the cleaning task in Room 1, and moves to complete the 
cleaning task in Room 3. 

The result of this simulation is represented in Figure 8, which is the captured image 
in accordance with the scenario order. In Sequence #1 and Sequence #2, three red-
colored circles are robots which are executing the assigned cleaning task, and a dashed 
line and blue-colored circle is a selected robot for visitor guidance in Sequence #3. 
Finally, a robot in Room 1 completes its task, and moves to Room 3 to carry out the 
cleaning task interrupted by a dashed line and blue-colored robot. 
 
6. Conclusions and Future Works 

In this paper, we proposed a framework for smart services of robots in an intelligent 
environment. The important characteristics of the proposed framework are to delegate 
executing task to a robot, to reallocate the delayed task to more than one robot and to 
withdraw over-allocated robots from the current task. In near future, we improve the 
proposed framework for carrying out complex services using both robots and physical 
devices. 
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