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Abstract:



The successful construction of tall buildings requires effective construction management based on various quantitative data. The recent development of ubiquitous sensor networks (USNs) enables massive amounts of data to be collected in real-time. However, the application of USN-based data acquisition systems to repetitive tasks on typical floors of tall buildings can be inefficient, because this may involve the repetitive reinstallation of sensors and the repositioning of data loggers and routers to enable continuous data transfer. To minimize this cumbersome work, a modified data acquisition method using reusable sensor nodes and mobile devices can be a useful solution. This study analyzes the economic aspects of the USN-based systems for concrete temperature monitoring by using the activity-based costing technique. The case study shows that the modified system can reduce the process cost by about 19%. It can also reduce the resource input time of management by about 55%, freeing up time for other management activities. Moreover, the cost benefits should scale up as projects increasingly require more measurement and monitoring. This study should facilitate the application of USN-based information management systems, particularly for tall building construction.
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1. Introduction


Following recent developments in the information and communications technology (ICT) industry, construction management technology utilizing wireless sensor networks is being applied in various fields. For example, ubiquitous sensor network (USN) technology at construction sites is being used for concrete quality management, curing management, and structure monitoring technology [1]. This involves transmitting information collected from various sensors to the site PC in real-time. In particular, real-time control of the concrete temperature is very important, not only to prevent cracking but also to obtain the required strength [2]. Therefore, accurate and continuous temperature control is required. Moreover, as the size and complexity of buildings increase, the importance of using USN technology for concrete temperature control in tall building construction will also increase.



However, the application of USN technology to tall building construction can be inefficient because of the repetitive floor-by-floor repositioning of sensor nodes, repeaters, and routers. This cumbersome work can result in additional workforce requirements and cost. In addition, the numerous sensors and wires embedded in the concrete of every floor cannot be reused, which may negatively impact construction waste management through source reduction and material reuse [3]. Therefore, temperature measurement using existing USN technologies should be modified and supplemented to match the repetitive construction involved in tall buildings.



This study analyzes the economic aspects of the USN-based data acquisition systems for concrete temperature measurement by using an activity-based costing (ABC) technique. In this study, process cost and resource input time are compared targeted at an existing and modified system proposed by Jo et al. [4]. The result of this study will contribute to establishing an efficient and systematic quality control system for tall building construction sites, and facilitate the application of USN-based construction management systems.




2. Preliminary Considerations


2.1. Ubiquitous Sensor Network


A USN is a system that can acquire and manage desired information at any time through sensors. In particular, it detects and recognizes objects and supplies environmental information such as temperature, humidity, pollution, or cracking by using wireless sensors and communicates the information via a network in real time. The USN’s most critical technology is its wireless sensor network. When USN is applied to a construction site, it is possible to measure, manage, and monitor data at a location remote from the construction site by installing wireless sensor nodes at a required site and configuring a wireless network.



A typical USN comprises sensor nodes, sink nodes, and gateways (Figure 1). Each sensor node includes sensors, communication modules, and batteries. It measures and stores information from the sensors and transmits information to sink nodes and gateways. Each sink node is a repeater, which transmits data collected from a number of sensor nodes to a gateway. The gateway transmits information collected from sensor nodes and/or sink nodes to a remote server or Internet Protocol-based network through some type of communication network [5].


Figure 1. Typical data acquisition process in a ubiquitous sensor network (USN).
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2.2. Activity-Based Costing


ABC is a technique developed to solve the problem of overhead allocation [6]. Overhead costs are difficult to track or allocate for cost control because the classification of the input costs is unclear. To address this problem, ABC is a method that identifies activities in an organization and assigns the cost of each activity resource to all products and services according to the actual consumption by the resource and activity [7,8]. Figure 2 shows the cost calculation of the ABC method. First, the cost driver rate is calculated by multiplying the time and the unit cost of the resources required for the activity. Next, the total cost is calculated by multiplying the cost driver rate and the volume of activity required for the cost object. In this way, the ABC method enables the cost management of a detailed cost unit by activity, making it easy to track and manage improvements in overheads because it is based on the relationship between cost and activity [9].


Figure 2. Cost calculation of the activity-based costing (ABC) method.
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For tall building frames, the temperature management of the structure is included in the quality management cost and is therefore calculated as an overhead cost. Because the quality management cost is set as a fixed ratio according to the size of the construction, it is difficult to estimate any improvement in the process through the introduction of USN technology. Therefore, in this study, the process of temperature measurement using existing USN technology and temperature measurement with the improved USN technology is compared, with the cost analysis and system application effects being analyzed in terms of ABC. In particular, this study utilizes the time-driven ABC proposed by Kaplan and Anderson [10]. Time-driven ABC is composed of parameters for activity time and cost of resources, making it easy to analyze and change even after time changes or additional resource inputs [10]. In the case of temperature measurement, all activities are undertaken only by managers. It is therefore appropriate to apply time-driven ABC because the resource inputs (i.e., managers) may change with time.





3. USN-Based Systems for Concrete Temperature Measurement


A concrete temperature measurement system using existing USN technology is shown in Figure 3. First, the temperature is measured by the temperature sensors, and data are collected in the data logger. The collected data are transmitted to the router via a local area network (LAN) such as Zigbee. The router transmits data to a server computer in the site office using a wide area network (WAN) such as wideband code-division multiple access. By storing or sharing the transmitted data on the server computer, the site manager can monitor the current construction situation and enable efficient temperature management.


Figure 3. Existing temperature measurement system.
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However, there are two limitations to applying existing USN-based concrete temperature management systems to tall building construction. First, because the construction of a tall building requires a great deal of repeated floor-by-floor work, it is inconvenient to repeatedly install sensors and data loggers, whether using wires or wirelessly. Second, as the construction progresses, the height of the building increases, with the data transmission performance possibly deteriorating. Therefore, Jo et al. [4] proposed a modified system that addresses these limitations.



In the modified system (Figure 4), the temperature sensor, the data logger, and the communication module are integrated into the sensor node to minimize reinstallation work for the sensors and the data logger. By attaching the sensor node to the form and installing the sensor node at the same time as the formwork construction, the repetitive installation and reinstallation work are minimized. In addition, the smartphones of workers and managers can collect measured data from the sensor nodes instead of from existing routers, thereby reducing manpower and cost inputs.


Figure 4. Modified temperature measurement system (modified from [4]).
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This system is optimized for the repetitive construction required for tall buildings, thereby enabling shortening of work time and cost reductions. In addition, managers can obtain real-time information on-site through smartphone applications, making it easy to manage the site. In this way, the modified system is expected to enable more effective management than the existing system.




4. Economic Analysis of USN-Based Data Acquisition Systems


4.1. Process Modeling


The process for the temperature management systems utilizing existing and modified USN technology is shown in Table 1. In the existing system, (1) the “preparation” step checks whether each sensor node and temperature sensor is operational. (2) In the “sensor node installation” step, each temperature sensor is embedded in the concrete and connected to its sensor node by wires. (3) The “temperature measurement” step measures each temperature via a temperature sensor and transmits it to the server through a sensor node and a gateway. (4) The “sensor node separation” step separates the temperature sensors from the sensor nodes, and sensor node installation is repeated for each floor by separating the sensor nodes in the lower floor. (5) The “gateway installation” step uses the next upper floor for effective data transmission, and the gateway is generally installed for two floors while considering the transmission range for data. (6) The “temperature review” step enables managers to check and examine the temperature.



Table 1. This comparison of process in existing and modified system.







	
Activity

	
Order of Activity




	
Existing

	
Modified






	
Preparation

	
1

	
1




	
Sensor node installation

	
2

	
2




	
Temperature measurement

	
3

	
3




	
Sensor node separation

	
4

	
-




	
Gateway installation

	
5

	
-




	
Maintenance

	
-

	
4




	
Temperature review

	
6

	
5




	
Sensor node disassembly

	
-

	
6










In the modified system, (1) “Preparation” is implemented in the same way as for the existing system. (2) “Sensor node installation” involves installing the sensor node in the form and operating the sensor node. (3) “Temperature measurement” is the step for which each sensor node continuously measures and transmits temperatures during a construction period. (4) “Maintenance” checks that each sensor node is undamaged and that its battery is charged. Maintenance is performed every three floors in consideration of the discharge rate of the sensor node. (5) In “temperature review”, the managers review the temperature record. (6) “Sensor node disassembly” separates the sensor nodes from the form after the construction period.




4.2. ABC Modeling


4.2.1. ABC Calculation Method


ABC is a method of assigning input resources to each activity and then assigning each activity to the cost object to calculate the cost. The activity cost driver rate is calculated by multiplying the unit cost of the resources required by the time required for the activity, and the cost object is calculated by multiplying the cost driver rate of each activity by the volume of activity required for the cost object [6].



As given in Equation (1), the cost driver rate Cj is calculated as the sum of the values for the product of Rij and ci.
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(1)







Here, Cj represents the cost driver rate for activity j, Rij represents the amount of resource i required for activity j, and ci represents the unit cost of resource i.



The total cost of the cost object TCk is calculated as the sum of the values for the product of the cost driver rate of activity Cj and the volume of the cost driver.


[image: there is no content]



(2)







Here, TCk is the overhead allocated to the total cost object, djk is the amount of cost driver required for activity j, and Cj is the cost driver rate of activity j.




4.2.2. Calculation of Activity Cost Driver Rate


For our ABC modeling case study, the resources and unit costs required for the temperature measurements were calculated from interviews with the quality manager and the site manager for an actual project (Table 2).



Table 2. Resources and the unit cost of resources.







	
Resource

	
Unit Cost (US$/hour)






	
Quality manager (QM)

	
28




	
Site manager (SM)

	
33




	
Construction manager (CM)

	
44




	
Site supervisor (SS)

	
44










Next, we calculated the cost drivers and the time spent on the resources in the existing system and the modified system through interviews with the site manager and the quality manager (Table 3 and Table 4). The temperature measurement activity is excluded because these processes are automatic.



Table 3. Cost drivers and required times in the existing system.







	
Activity

	
Resource




	
Cost Driver

	
Required Time (hours)




	
QM

	
SM

	
CM

	
SS






	
Preparation

	
Number of construction starts

	
0.2

	
-

	
-

	
-




	
Sensor node installation

	
Number of concrete pouring

	
-

	
0.3

	
-

	
-




	
Sensor node separation

	
Number of form removals

	
-

	
0.2

	
-

	
-




	
Gateway installation

	
Once every two floors

	
-

	
0.3

	
-

	
-




	
Temperature review

	
Number of form removals

	
0.05

	
-

	
0.05

	
0.05










Table 4. Cost drivers and required times in the modified system.







	
Activity

	
Resource




	
Cost Driver

	
Required Time (hours)




	
QM

	
SM

	
CM

	
SS






	
Preparation

	
Number of construction starts

	
0.2

	
-

	
-

	
-




	
Sensor node installation

	
Number of construction starts

	
-

	
1.5

	
-

	
-




	
Maintenance

	
Once every three floors

	
1.0

	
-

	
-

	
-




	
Temperature review

	
Once every two floors

	
0.05

	
-

	
0.05

	
0.05




	
Sensor node disassembly

	
Number of construction ends

	
-

	
1.5

	
-

	
-










Table 3 refers to the temperature management system utilizing existing USN technology, where the preparation for measurement is performed once in the initial installation. The cost driver is therefore set as the number of construction starts. Because sensor nodes are installed every time concrete is poured, this cost driver is set as the number of installations. The separation of sensor nodes and the temperature review are performed at every form removal. The cost drivers are therefore set as the number of form removals. The gateway installation is performed once every two floors.



Table 4 refers to the modified temperature management system. Because the preparation for measurement, the system installation, and the system disassembly are all performed once during the concrete structural work, the cost drivers are set as the number of start and end times for the construction. Maintenance is performed once every three floors, by considering the discharge rates for sensor-node batteries. The temperature review was set to the number of form removals as in the existing system. Based on Table 3 and Table 4, the cost driver rate (Cj) for each process is calculated according to Equation 1.





4.3. ABC-Based Cost Analysis


For an economic evaluation of each process, a cost analysis should be carried out based on the calculated cost driver rates. The number of cost drivers for the cost analysis is calculated using the temperature measurement records from the construction site of an actual tall building. The project comprised three buildings, with the slabs for each building being divided into three sections. During the construction period, concrete was poured for 58 floors, and there were 174 concrete pouring (Table 5). The number of gateway installations was set as 29 (i.e., one installation every two floors), and maintenance was set as 19 (i.e., a maintenance operation every three floors).



Table 5. Cost driver quantities.







	
Cost driver

	
Quantity

	
Estimated Standard






	
Concrete pouring

	
174

	
58 floors




	
Start/end of construction

	
3

	
Building unit




	
Gateway installation

	
29

	
Every 2 floors




	
Maintenance

	
19

	
Every 3 floors










In the calculation of the cost of the measuring equipment, the selling price is applied to the existing system, and the product cost is applied to the modified system. In the existing system, 486 temperature sensors were installed, with three sensor nodes and one gateway being installed per pouring area. In the modified system, the number of temperature sensors is ignored because sensor node and temperature sensors are integrated. As for the existing system, the number of sensor nodes was set to three per pouring area. The Zigbee USIM was distributed to 10 workers per building. The server cost for receiving and processing information was also included (Table 6).



Table 6. Equipment cost calculations per system.







	
System

	
Equipment

	
Unit Cost (US$)

	
Quantity

	
Total Cost (US$)






	
Existing system

	
Temperature sensor

	
6

	
486

	
2916




	
Sensor node

	
110

	
27

	
2970




	
Gateway

	
330

	
9

	
2970




	
Server

	
1650

	
1

	
1650




	
Total

	
10,506




	
Modified system

	
Sensor node

	
275

	
27

	
7425




	
Zigbee USIM

	
33

	
30

	
990




	
Server

	
1650

	
1

	
1650




	
Total

	
10,065










Table 7 shows the comparative results of the cost analysis in the existing and modified system with reference to the cost driver rate. For the existing system, the cost required for the activity was calculated as $4184, whereas for the modified system the cost was $1855—that is, a reduction of 55.67% compared with the existing system. In addition, the cost of the initial investment (equipment cost) was $10,506 for the existing system and $10,065 for the modified system, meaning a saving of 4.2%. The total costs for the existing system and the modified system were $14,960 and $11,920, respectively, meaning a savings of 18.86%. The difference in costs arises from the repeated installation of the sensor nodes in the existing system.



Table 7. Results of cost analysis per system.







	
System

	
Activity

	
Cost Driver

	
Quantity

	
Cost Driver Rate ($)

	
Costs ($)






	
Existing system

	
Preparation

	
Start of construction

	
3

	
5.6

	
16.8




	
Sensor node installation

	
Concrete pouring

	
174

	
9.9

	
1722.6




	
Sensor node separation

	
Form removal

	
174

	
6.6

	
1148.4




	
Gateway installation

	
Once every two floors

	
29

	
9.9

	
287.1




	
Temperature review

	
Form removal

	
174

	
5.8

	
1009.2




	
Equipment cost

	
10,506.0




	
Total

	
14,690.1




	
Modified system

	
Preparation

	
Start of construction

	
3

	
5.6

	
16.8




	
Sensor node installation

	
Start of construction

	
3

	
49.5

	
148.5




	
Maintenance

	
Once every three floors

	
19

	
28

	
532.0




	
Temperature review

	
Form removal

	
174

	
5.8

	
1009.2




	
Sensor node disassembly

	
End of construction

	
3

	
49.5

	
148.5




	
Equipment cost

	
10,065.0




	
Total

	
11,920.0











4.4. Time Analysis


A time analysis was performed to analyze the improvements in the modified system. Table 8 shows the time required for the temperature measurement by the managers. The quality manager spent more time for the modified system than for the existing system because it took a long time to maintain the sensor nodes. This means that the battery-discharge time for the sensor nodes needs to be improved in the future. On the other hand, the site manager spent much more time for the existing system than for the modified system. This was because repeated installation of the sensor nodes and installation of the gateway were very time-consuming. Because repetitive installation work for the sensor nodes takes more time for the higher floors of the building, this improvement by the modified system would be even more marked for taller buildings. Based on these results, the modified system can save 55.31% of the time required by the existing system, and can improve management efficiency by enabling the reallocation of time spent on temperature measurements to other tasks.



Table 8. Results of time analysis per system.







	
System

	
Activity

	
Quantity

	
QM

	
SM

	
CM

	
SS

	
Time (h)






	
Existing system

	
Preparation

	
3

	
0.2

	
-

	
-

	
-

	
0.6




	
Sensor node installation

	
174

	
-

	
0.3

	
-

	
-

	
52.2




	
Sensor node separation

	
174

	
-

	
0.2

	
-

	
-

	
34.8




	
Gateway installation

	
29

	
-

	
0.3

	
-

	
-

	
8.7




	
Temperature review

	
174

	
0.05

	
-

	
0.05

	
0.05

	
26.1




	
Total

	
9.3

	
95.7

	
8.7

	
8.7

	
122.4




	
Modified system

	
Preparation

	
3

	
0.2

	
-

	
-

	
-

	
0.6




	
Sensor node installation

	
3

	
-

	
1.5

	
-

	
-

	
4.5




	
Maintenance

	
19

	
1

	
-

	
-

	
-

	
19




	
Temperature review

	
174

	
0.05

	
-

	
0.05

	
0.05

	
26.1




	
Sensor node disassembly

	
3

	
-

	
1.5

	
-

	
-

	
4.5




	
Total

	
28.3

	
9

	
8.7

	
8.7

	
57.7












5. Discussion


The cost and time analysis results show that the modified system can reduce the cost by reducing the process time. In particular, the difference in the amount of cost driver to install and dismantle the sensor is the major cause of cost reduction. The amount of cost driver in the existing system increases as the number of floors increases by repeating floor-by-floor work. In contrast, the cost savings in the modified system can scale up as the number of floors increases because the amount of cost driver for the installing and dismantling activity is fixed regardless of the number of floors. For this reason, the cost increase rate per number of pouring operations is $40.43 in the existing system and $8.83 in the modified system. The modified system is therefore more economical than the existing system if the number of pouring operations exceeds 88. Since tall buildings have more than 50 floors, the number of pouring operations is generally over 100 considering the construction zoning. Therefore, the modified system is suitable for tall building construction, and the higher the building, the more cost-efficient is the modified system.



The modified system is also expected to reduce the environmental load by waste minimization. Sensors and wires in the existing system are embedded in concrete and cannot be reused regardless of sensor life. In contrast, the modified system can reuse sensors until they are exhausted, thus preventing unnecessary waste of resources. Thus, the modified system is expected to contribute to reducing the environmental load by source reduction and material reuse.




6. Conclusions


The quality of concrete used to secure structural performance has become crucial as buildings have become higher and more irregular. Although temperature management using USNs is already being utilized in current construction activity, the application of a USN-based temperature management system in a tall building has some limitations. Because tall building construction requires the repeated construction of a typical floor design, the application of USN technology leads to unnecessary work such as repeatedly installing temperature sensors and data loggers. To address such issues, a modified system proposed in a previous research uses a type of sensor node that incorporates a temperature sensor, a data logger, and a communication module, and can be embedded in a form. In addition, smart phones are used to enable the managers to monitor temperatures in real time.



In this study, an economic evaluation of each system was conducted through an ABC method to analyze the effectiveness of the modified system. For an actual case study, the modified system saved 18.86% of the cost and 55.31% of the time required by the existing system. These savings mainly arise from the minimization of the management cost for quality control by the installation of sensor nodes in every floor. These savings in resource also reduce environmental load in construction sites. The modified USN-based temperature measurement system should help managers to perform management activities more efficiently in terms of cost, time, and safety and improved sustainability of structure throughout quality management. In addition, managers’ decision-making during tall building construction will be better informed by obtaining data in real-time.
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