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Abstract

Efficient on-site data collection is important for ensuring timely information flow and successful project management. Although applying
information technologies and electronic devices to reduce time-consuming manual paperwork has been valued, one previous study has indicated
that asynchronous operations with unnecessary subprocesses still affect information production and transmission. Implementing synchronization-
based processes is a solution to enhancing on-site data collection performance. However, these synchronized processes based on worker
cooperation still have room to improve their efficiency. Continuous improvement is essential to satisfying this objective. This study thus develops
a synchronous system integrated with wireless and speech technologies to enhance the cooperation between construction workers and application
devices. System tests and efficiency evaluation in a material management case study demonstrate that this system increased productivity, reduced
operation time and simplified subprocesses for activity completion. The synchronous system not only represents a novel application for on-site
material management, but also provides a framework for applying wireless and speech technologies for similar on-site information management.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Efficient on-site data collection is critical to proper informa-
tion flow and successful project management. Project managers
require up-to-date statuses of activities reported by construction
workers to control project schedules and prevent possible prob-
lems. This requirement addresses the interdependency between
on-site data collection and information flow [1,2]. Because on-
site data collection is the basic component of composing infor-
mation flow, construction workers possibly spend 30–50% of
their working time recording and analyzing the obtained data
[3].

Construction companies have increasingly valued that man-
ual paperwork is time-consuming and staff-dependent. Apply-
ing automated data identification systems (e.g., bar coding,
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global positioning system (GPS) and radio frequency identifi-
cation (RFID)), electronic devices (e.g., laptop and PDAs) and
the Internet to simplify information generation and share has
become a conventional means of collecting on-site data [4–8].
Computerized management information systems (MISs) offer a
more flexible means for project managers to understand site
statuses than paper-based systems do [9]. Therefore, off-site
data analysis can integrate with on-site data collection.

However, construction workers suffer various problems
during on-site data collection. Common situations include the
following: completing individual data to form records and
reports; requiring different application devices for collecting
data; keeping away from application devices because of another
ongoing process; impossibly executing application devices
while both hands are unavailable, and environmental factors
that interrupt information exchange. These situations not only
affect the following processes, but also break information flow.
Several studies also have demonstrated that inadequate com-
munication and incorrect information influence progress control
and project management [3,10,11].
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A previous study has demonstrated the feasibility of apply-
ing a synchronization-based model to solve the above problems
[12]. When implementing this model in material management,
asynchronous operations (defined as two or more interdepen-
dent processes that are separately executed yet can be simulta-
neously executed) accompanied with unnecessary subprocesses
(defined as executed subprocesses that require resource and
offer no efficiency for activity results) were found to delay the
information production and transfer. Synchronous operations,
i.e., the cooperation between two construction workers, were
adopted to resolve these problems. Based on the efficiency
evaluation, synchronous operations offered enhanced activity
productivity, lower cycle time, fewer executed subprocesses and
clearer flow transparency than asynchronous operations did.

Since new interdependence and variations have emerged,
this study has recognized that the above synchronous on-site
data collection still has room to increase its efficiency. For
instance, an additional construction worker increased the labor
cost for worker cooperation. Besides continuous improvement
for this synchronous on-site data collection, this study devel-
oped a synchronous system integrated with wireless and speech
technologies to enable the cooperation between construction
workers and application devices via direct communicate. After
the system tests, analytical results show that this synchronous
system can efficiently help construction workers to complete
various on-site data collection requirements.

2. Synchronous on-site data collection

If the information obtained at the end of on-site data collec-
tion flow is considered as a final product, then the information
produced in different processes appears to be a works-in-pro-
cess. Because construction workers complete all processes and
subprocesses (defined as lead processes, e.g., filling in and
checking data) of this flow, a works-in-process is transferred to
a product (e.g., site reports) [12–16]. When a process or a
subprocess is blocked, information delivery will be interrupted.
Thus, project managers cannot understand the site statuses or
control ongoing activities. To improve this condition, the syn-
chronization-based model offers sequential stages (process
integration, problem identification, solution generation, perfor-
mance evaluation and goal confirmation) and interactive mea-
surements (operational and bottom line measurements) [12].

This model was applied to a case study on material manage-
ment. Fig. 1 (stage 1) illustrates that interdependent processes
and subprocesses were combined to form a connected flow to
raise the improvement level in the first stage. During the period
of a 120-day maintenance project for a five-story building,
different activities (including floor-repairing, wall-painting,
water-proofing, roof-draining and related activities) required
various materials (e.g., cement, paint, sand and PVC pipes).
Construction Worker 1 (Fig. 2(A)) reported on-site material
details to project managers to perform project schedule.

Besides checking materials, Construction Worker 1 also
filled the inspection results in the Internet-based material docu-
ments (including inventory, use and requirement documents as
shown in Table 1 and Fig. 3(A–C)) by the laptop and wireless
local area networks (WLANs). Construction Worker 1 submit-
ted and stored material records in the remote databases after
confirming the initial completed records (defined as the draft
records before being stored in the databases) and correcting
erroneous data. Since the computerized MIS automatically ar-
ranged these completed records, project managers accessed
timely material reports at site offices.

However, some common causes of discontinuous informa-
tion flow were identified while actual working statuses were
observed. For instance, when busy with other ongoing pro-
cesses, Construction Worker 1 had unavailable hands to record
data. Fig. 1 (stage 2) indicates that the operation for process 1
(including subprocesses 1A and 1B) not only seemed to be
asynchronous, but also contained unnecessary subprocesses
(such as returning to laptops to fill in material data).

Construction Worker 1 spent less time on processes 2 and 3
than on process 1 while using the laptop. Given that they were
executed simultaneously, subprocesses 2A–2B and 3A–3B
(stage 2 of Fig. 1) were synchronous operations. In other words,
asynchronous operations were viewed as the main cause of
delay in information exchange and operation time. Synchro-
nizing the recognized asynchronous subprocesses was the
essential to accelerating the formed process to transfer infor-
mation for the next independent processes. When this improve-
ment decreased operation time and the number of unnecessary
subprocesses, the whole productivity for activity completion
would increase.

To achieve the above objective, a solution was proposed to
form synchronous operations in stage 3 of Fig. 1. According to
the properties of the executed processes and subprocesses, this
model classifies the lead processes into actual lead processes
(defined as the designed processes for completing an activity)
and operational lead processes (defined as the additional exe-
cuted processes for completing an activity). For example, three
processes comprised an activity flow (stage 3 of Fig. 1). When
an error occurred, construction workers modified this error to
deliver a correct material record. Hence, the actual lead pro-
cesses were three and the operational lead process was one.

Since the actual lead processes were not changed in the
examined case study, the applied solution needed to reduce the
number of operational lead processes. Fig. 2(B) shows that two
construction workers synchronously cooperated to complete on-
site data collection via direct communication. Construction
Worker 2 filled the hearing data into material reports while
Construction Worker 1 checked materials and spoke details.
Direct communication enabled subprocesses 1A and 1B to
occur at the same time, and smoothed the interrupted infor-
mation flow. The recognized unnecessary subprocesses (e.g.,
move and wait) were also eliminated.

The obtained efficiency improvement for the above syn-
chronous on-site data collection was evaluated in stage 4
(Fig. 1). The productivity (defined as the rate at which construc-
tion workers generated total material records through total cycle
time), actual lead processes and operational lead processes were
determined as operational measurements. The activity perfor-
mance was obtained by combining these measurements with the
total cycle time (defined as the time for completing all material



Fig. 1. Synchronization-based model and synchronous on-site data collection [12].
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Fig. 2. Improving on-site data collection through various approaches.
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records). Changes in operational measurements were reflected
in bottom line measurements (defined as the measurements for
illustrating the efficiency improvement).

After Construction Workers 1 and 2 completed all tests, mea-
surement results indicate that the applied solution increased
productivity by lowering the cycle time and the number of ope-
rational lead processes. Additionally, the time efficiency and
comparative work efficiency were increased. The construction
workers efficiently completed all required material reports.

This model confirmed that the applied solution reached the
desired objectives (synchronizing asynchronous operations and
reducing unnecessary subprocesses) in stage 5 (Fig. 1). The
improvements of asynchronous operations compared to syn-
chronous operations included: reducing cycle time for activity
Table 1
Various material records including material fields

Record types Fields

Material
inventory record

The seven required fields are: (1) defined material
number; (2) material name; (3) material quantity; (4)
storing location; (5) supplier name; (6) material test, and
(7) testing report number.

Material use record The six required fields are: (1) defined material number;
(2) material name; (3) used quantity; (4) activity name;
(5) activity location, and (6) worker name.

Material
requirement record

The seven required fields are: (1–2) requirement date
(month and day); (3) defined material number; (4)
material name; (5) material quantity; (6) activity name,
and (7) activity location.
completion; increasing process and activity transparency, and
preventing the influence among independent subprocesses. This
synchronous on-site data collection not only benefited most
project participants, but also moved up other relevant infor-
mation flows, such as off-site data analysis and material
preparations.

3. Study problem and objective

Based on the above synchronous on-site data collection, this
study recognizes that the actual lead processes do not directly
benefit the bottom line measurements (stage 4 of Fig. 1). In
other words, synchronous worker cooperation did not com-
pletely satisfy on-site data collection requirements, because
application systems seemed to be asynchronous for data com-
pletion. For instance, these systems required manual operations
to obtain on-site information. Performing continuous improve-
ment for synchronous on-site data collection is the key to
improving activity efficiency.

Besides focusing on actual lead processes for improving
inefficient subprocesses, this study developed a synchronous
system to ensure the cooperation between construction workers
and application devices. Construction workers can communi-
cate directly with the synchronous system during the working
period. Meantime, this system automatically completes speech
recognition and on-site information without manual assistance.
The expected objective is to increase the performance of syn-
chronous on-site data collection.
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4. System implementation

According to the synchronization-based model, five contin-
uous stages were useful for inspecting the emerged interdepen-
dence and variations for synchronous on-site data collection
(Fig. 4). Consequently, worker communications were first
analyzed to understand how they were related to information
production. The main problem caused by an additional con-
struction worker was determined in the next stage. To resolve
this problem, a wireless-supporting and speech-enabled system
was developed in the third stage. After the system tests, the
system performance was evaluated from the identified measure-
ments in the fourth stage to determine the effects among the
operational and bottom line measurements. Finally, the results
were analyzed, indicating that implementing the proposed sys-
tem can increase productivity and efficiency.

4.1. Process analysis and integration

Before a synchronous system was developed, the asynchro-
nous and synchronous operations were first analyzed to classify
the influence for on-site data collection. According to Fig. 1
(stage 2), since Construction Worker 1 asynchronously exe-
cuted the subprocess 1A, interdependent subprocess 1B and
other processes passively waited in a queue, causing a lag in the
connected flow. Hence, asynchronous on-site data collection
was viewed as a “push” information system, releasing infor-
mation based on manual classification. The retrieval methods
were also controlled by human experts [17].
Fig. 3. Required mate
In contrast, synchronous on-site data collection (stage 1 of
Fig. 4) was a “pull” information system automatically releasing
information based on system statuses [17]. Fig. 2(B) indicates
that when Construction Worker 1 said a sentence: “Bill used
five bags of cement to repair a wall in the third floor”, Con-
struction Worker 2 knew the details of the used material from
the dialogues including: worker (Bill), material (cement), quan-
tity (5 bags), activity name (wall repair), and activity location
(third floor). Construction Worker 2 simultaneously filled the
recognized material details into the corresponding fields. There-
fore, synchronous operations allowed the interdependent pro-
cesses and subprocesses to draw actively from the queue and
speed up information delivery.

4.2. Problem identification

Although the two construction workers cooperated well with
each other, this prototype for synchronous on-site data col-
lection still had two problems. One recognized problem was the
labor cost increased by an additional construction worker (stage 2
of Fig. 4). Reducing expense and increasing profit are important
for most project managers. Hence, if applying a synchronous
system for on-site data collection can maintain the same ef-
ficiency as well as worker cooperation, the labor costs can be
economic.

Another problem identified was that Construction Worker 2
still spent time manually entering data in subprocesses 1B and
2B (Fig. 2(B)), since the Internet-based material documents
consisted of numerous material records and individual fields.
rial reports [12].



Fig. 4. Applying synchronization-based model for system implementation.
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Construction Worker 2 had to switch various fields to fill in data
when performing material reports. This data entry was in-
efficient and asynchronous. In summary, the main problem was
that an additional construction worker not only increased labor
cost, but also performed manual data entry. Developing a com-
munication-enabled system that can complete all material fields
once is the key to improving performance of synchronous on-
site data collection.

4.3. Solution generation

The analysis of the previous two stages shows that an ideal
synchronous system should directly receive speech-format
sentences; correctly recognize the material details in sentences;
intelligently complete material records, and automatically con-
firm the completed material records with construction workers.
This study thus applied wireless and speech technologies to
achieve synchronous information delivery and simulate human
communication.

4.3.1. Integrated information technologies

4.3.1.1. Wireless technologies. The Internet is a popular plat-
form, which can overcome barriers and speed up communica-
tion. Many case studies have successfully applied the Internet in
construction domains. For instance, project-specific web sites
give construction personnel new ways of designing and sim-
plifying complex projects [18], and web-based construction
systems assist project managers in exercising project control
[19]. Analytical results clearly reveal that Internet-based ap-
plications can be adopted in most construction projects.

However, construction workers may have difficulty in ex-
changing information through wired links when performing
activities at outside environments. Wireless technologies offer
solutions to resolving information interruptions, and permit
information to flow quickly [20]. Various studies have con-
cluded that wireless environments can be used to transfer
information between construction sites and offices [21,22].
Recently, two wireless techniques (WLAN and Bluetooth tech-
nologies) are much popular [23].

WLAN is a wireless protocol based on Institute of Electrical
and Electronics Engineers (IEEE) 802.11 standards, and enables
project participants to obtain Internet access conveniently.
Many construction companies thus integrate the Internet and
WLANs in project and information management. For instance,
a mobile site level data collection system has been implemented
for piling works [21], and an integrated system using standard
wireless and portable devices enhances the evaluation processes
during on-site bridge inspection [22].

Moreover, construction workers can also exchange data syn-
chronously among different devices through Bluetooth technol-
ogy. Telephony companies use this technology in walkie-talkie
applications (e.g., Bluetooth headsets and cell phones), because
the wireless link can reach 30 ft [24]. Unfortunately, although
walkie-talkie applications are synonymous with the construction
industry [20], Bluetooth technology has seldom been applied in
project management.
Thus, integrating the above wireless technologies with the
synchronous system for on-site data collection benefits infor-
mation production and transmission. Construction workers can
report material details with application devices using direct
communication and Bluetooth technology, when they had un-
available hands to record data (Fig. 2(C)). Meantime, the com-
pleted material records can be immediately submitted for
project participants within WLAN environments.

4.3.1.2. Speech technology. Fig. 2(C) shows the necessary
components for successful communication between construc-
tion workers and the synchronous system. When construction
workers speak commands, the system executes speech recog-
nition to confirm the received commands. This procedure is
“automatic speech recognition (ASR)” [25]. After completing
ASR, the system responds the results to construction workers
through speech synthesis. This procedure is “text to speech
(TTS)” [25]. While hearing the speech-format responses, con-
struction workers understand whether the commands have been
executed correctly. This procedure is “auditory recognition
(AR)” [26]. Importantly, these communication procedures are
much closer to human conversations (Fig. 2(B)). Hence, Wash-
burn used speech recognition for on-site collection of license
plate data, and described the good potential to apply speech
technology for processing jobs [27].

Research on speech applications indicates that most people
can speak over 160 words per minute, but type less than 40 words
a minute [28]. Speech entry other than manual data entry appears
to complete material records quickly. Fig. 2(C) illustrates that the
speech-enabled system can automatically recognize and transfer
material data into material records through ASR, while receiving
the spoken sentences. Meanwhile, this system immediately
informs the completed records to construction workers through
TTS. If the recognized data are incorrect, construction workers
can then reprocess speech recognition to modify the erroneous
data. Because speech technology proves more flexibilities and
benefits, this study applies this technology as the main com-
munication tool for the synchronous system.

4.3.2. System development
This study adopted the XHTML+Voice standard [29] and

other programming languages (e.g., ASP.Net [30] and JSP [31])
to combine speech functions with existing Internet-based mate-
rial documents. Fig. 5 shows the system flowchart in the de-
veloped synchronous system. The key processes were detailed
as follows:

• Steps 1A and 1B—checking materials and filling in records:
When checking materials at the construction site, construc-
tion workers spoke the details through the Bluetooth headset.
Meanwhile, the synchronous system analyzed the contained
material data to fill the recognized results and the homolo-
gous material number into records based on the grammar
rules (defined as a set of utterances including words and
phrases [29]).
For instance, in Fig. 6, Construction Worker 1 spoke “the
manden company delivers 15 units PVC pipes in 1 floor and



Fig. 5. Flowchart for synchronous system.
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no test” when performing a material inventory record. The
synchronous system automatically completed the record
including material number (pi0022), supplier name (manden
company), quantity (15 units), material name (PVC pipes),
stored location (1 floor) and material test (no test).

• Steps 2A and 2B—correcting and confirming records:
To connect the processes 1 with 2 (stage 3 of Fig. 4), the
synchronous system informed the initial completed data
through speech synthesis to construction workers to confirm
the recorded data while finishing speech recognition. After
hearing the speech responses, construction workers under-
stood whether these records were correct. If the recorded data
were correct, then construction workers switched to the next
step; otherwise, the erroneous data of initial completed
records needed to be modified.
When a spoken sentence did not contain all material details or
the recognized data were incomplete, the synchronous system
asked construction workers to reply the missing data.
Similarly, while discovering erroneous data, construction
workers applied speech commands to correct data or cancel
the record. For example, Fig. 7 shows that while the system
recognized “1 floor” to “2 floor”, ConstructionWorker 1 spoke
“location” to reprocess speech recognition to correct data.

• Steps 3A and 3B—submitting and storing records: When
these records were correct or the data modifications were
completed, construction workers submitted and saved the
records into the databases via speech. Although the database
server (the Microsoft SQL Server) was another important
component, this study did not change the original database
framework and tables, because the synchronous system is the
combination of speech functions and Internet-based material
documents.

After completing one material record, construction workers
could perform other material records, switch to another material
report or exit the system to finish on-site data collection.



Fig. 6. Completing a material inventory record via speech.
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Grammar rules are crucial to improving the accuracy of
speech recognition and simplifying the individual subprocesses
for entering data. If these rules are clearly defined, then the
synchronous system can recognize and identify the spoken data
easily. Consequently, this study integrated activity details (in-
cluding the activity date, activity names, activity locations,
activity workers and necessary materials) stored in the project
databases with grammar rules. For instance, the activity loca-
tions of this case study were defined as five floors. When
construction workers performed material records, the synchro-
nous system automatically connected to project databases to
receive the necessary data regarding activity locations, and to
form grammar rules. Fig. 7 shows that the synchronous system
successfully analyzed the floor name contained in a spoken
sentence.

Speech application results indicate that the accuracy rate of
speech recognition over 200,000 vocabularies reached 99%
[29]. By contrast, since this case study required only a small
vocabulary (50 words), the synchronous system could offer
good accuracy for construction workers during the system tests.
Fig. 7. Modifying an
However, some words sound similar, such as “sand” and
“send”, affecting the accuracy of speech recognition. This study
first tested the developed grammar rules to determine the
accuracy of this system and to classify confused words.

The initial accuracy rate of speech recognition was 88% (6
errors of 50 vocabularies) for Construction Worker 1. This study
thus modifies the grammar rules according to pronunciation and
speaking behavior. For example, Taiwanese construction work-
ers said “asphalt” as “li chin” in Chinese. Namely, the names
used for the same materials in the grammar rules had to be
edited to enhance speech recognition. The accuracy rate was
increased to 98% (1 error in 50 words) after Construction
Worker 1 tested the updated grammar rules. Other system
components were also programmed while confirming the
grammar rules.

Before applying the synchronous system at the construction
site, the Opera web browser supporting the XHTML+Voice
standard was applied to check all system components [32].
System errors were corrected as soon as they occurred. Con-
sequently, this study ensured that the system components were
error via speech.
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executed correctly. Fig. 8 (the material requirement report)
shows that the delivered records were saved into the databases
successfully. The construction managers immediately accessed
the completed material reports through the Internet at the site
office.

4.3.3. System operation
Construction Worker 1 applied the synchronous system at

the construction site using the following client environment: a
laptop fitted with an internal soundcard, a WLAN card, a
Bluetooth adaptor, a Bluetooth headset integrated with a micro-
phone and the Microsoft Windows XP operating system.
Construction Worker 1 completed and delivered material re-
ports via speech with the Bluetooth headset and WLANs. This
study confirmed that the wireless devices and environments
employed herein were in good condition.

However, background noise affected the accuracy of speech
recognition. Construction workers not only felt uncomfortable
but also had difficulty in performing auditory recognition while
the noise level was over 90 dB [26]. For successful auditory and
speech recognition, this study applied a high quality headset, and
maintained the noise level of the system tests below 80 dB.
Additionally, ConstructionWorker 1 had no experience in speech-
enabled applications and, thus, was trained to understand the
operation methods and human–machine communication before
formal tests.

Based on operational methods, this study divided the appli-
cation systems for on-site data collection into the asynchronous
and synchronous systems. In the asynchronous system, Con-
struction Worker 1 finished material reports through inputting
data by hand and the keyboard (Fig. 2(A)). By contrast, in the
synchronous system, ConstructionWorker 1 completed material
reports via speech (Fig. 2(C)). During the system tests, besides
communicating with the synchronous system, Construction
Worker 1 also completed the required material reports using the
asynchronous system in order to understand how these two
systems differ.

The numbers of lead processes for the asynchronous and
synchronous systems were different. The asynchronous system
Fig. 8. Material requ
involved 9, 8 and 9 actual lead processes, while the synchronous
system involved 3, 3 and 3 actual lead processes for material
inventory, use and requirement records, respectively. For in-
stance, in the asynchronous system, Table 1 and Fig. 3(A)
indicate that construction workers executed 9 actual lead pro-
cesses to complete a material inventory record, because 7 sub-
processes of process 1 (excluding the switching subprocesses
among different fields in a material record) and processes 2 and
3. Conversely, the number of actual lead processes in the syn-
chronous system was 3, since the speech entry combined the
individual subprocesses of manual data entry into one
subprocess. If any erroneous data were found, then the opera-
tional lead processes and cycle time were changed.

Table 2 summarizes all measured results during the period of
14 working days for system tests. The obtained data included:
completed records (records), actual lead processes (a-proc),
returns (defined as that Construction Worker 1 returned to the
laptop to fill in records), erroneous data (errs), operational lead
processes (o-proc), total lead processes (t-proc) and total cycle
time (TCT). Productivity (prod), time efficiency (TE) and com-
parative work efficiency (CWE) were then calculated to deter-
mine the extent of efficiency improvement.

4.4. Performance evaluation

4.4.1. Operational measurements
Table 2 indicates that Construction Worker 1 spent 27,051 s

and 23,596 s on completing 134 material records in the asyn-
chronous and synchronous systems, respectively. Eq. (1) was
used to determine productivity:

productivity ¼ records
TCT

� �
� 100% ð1Þ

where records= the number of completed records, and TCT=the
total cycle time. Thus, the productivity values of asynchronous
and synchronous systems were 0.004954 and 0.005679. Clearly,
the productivity was increased when Construction Worker 1
spent less total cycle time for the same material records.
irement report.



Table 2
Test results in asynchronous and synchronous systems

Record types Asynchronous system Synchronous system TE
(%)

CWE
(%)

Day inva useb reqc Total a-
proc

returns errs o-
proc

t-
proc

TCT
(s)

prod a-
proc

returns errs o-
proc

t-
proc

TCT
(s)

prod

1 5 7 0 12 101 3 0 3 104 2137 0.005615 36 0 1 1 37 1792 0.006696 16.14 64.42
2 2 5 2 9 76 2 0 2 78 1808 0.004978 27 0 0 0 27 1578 0.006696 16.14 65.38
3 0 5 1 6 49 2 0 2 51 1219 0.004922 18 0 0 0 18 1097 0.005469 10.01 64.71
4 3 6 5 14 120 3 0 3 123 2523 0.005549 42 0 1 1 43 2179 0.006425 13.63 65.04
5 8 5 2 15 130 4 1 5 135 3202 0.004683 45 0 2 2 47 2738 0.005478 14.52 65.19
6 0 6 1 7 57 1 0 1 58 1375 0.005091 21 0 0 0 21 1227 0.005705 10.76 63.79
7 0 7 3 10 83 1 0 1 84 1978 0.005056 30 0 0 0 30 1792 0.005580 9.40 64.29
8 4 3 0 7 60 3 0 3 63 1956 0.003579 21 0 1 1 22 1679 0.004169 14.16 65.08
9 6 6 0 12 102 4 1 5 107 2219 0.005408 36 0 3 3 39 1944 0.006173 12.39 63.55
10 2 4 2 8 68 2 0 2 70 1475 0.005424 24 0 1 1 25 1241 0.006446 15.86 64.29
11 4 6 1 11 93 1 0 1 94 2310 0.004762 33 0 1 1 34 2169 0.005071 6.10 63.83
12 5 4 0 9 77 3 1 4 81 2188 0.004113 27 0 1 1 28 1829 0.004921 16.41 65.43
13 0 7 0 7 56 1 0 1 57 1523 0.004596 21 0 0 0 21 1310 0.005344 13.99 63.16
14 0 6 1 7 57 1 0 1 58 1137 0.006157 21 0 0 0 21 1021 0.006856 10.20 63.79
Total 134 1129 31 3 34 1163 27,051 0.004954d 402 0 11 11 413 23,596 0.005679e 12.77f 64.49g

aMaterial inventory record; bmaterial use record; cmaterial requirement record; d 134
27;051;

e 134
23;596;

f ð27;051−23;596Þ
27;051

h i
� 100%, and g ð1163−413Þ

1163

h i
� 100%.
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The total numbers of lead processes in the asynchronous and
synchronous systems were 1163 (including 1129 actual lead
processes, 3 erroneous data and 31 returns) and 413 (including
402 actual lead processes, 11 erroneous data and no returns).
Various improvements were computed by Eqs. (2)–(4):

improved productivity ¼ ½ðprodÞS−ðprodÞAS�
prodS

( )
�100% ð2Þ

improved actual lead processes

¼ ½ða−procÞAS−ða−procÞS�
ða−procÞAS

( )
� 100% ð3Þ

improved operational lead processes

¼ ½ðo−procÞAS−ðo−procÞS�
ðo−prodÞAS

( )
� 100% ð4Þ

where (prod)S= the productivity in the synchronous system;
(prod)AS= the productivity in the asynchronous system; (a-
proc)AS= the number of actual lead processes in the asynchro-
nous system; (a-proc)S= the number of actual lead processes in
the synchronous system; (o-proc)AS= the number of operational
lead processes in the asynchronous system, and (o-proc)S= the
number of operational lead processes in the synchronous
system.

Consequently, the productivity was increased by 12.77%
(Eq. (2)). The actual and operational (the sums of erroneous data
and returns) lead processes decreased 64.39% (Eq. (3)) and
67.65% (Eq. (4)), respectively. The synchronous system re-
quired less cycle time and fewer total lead processes to complete
material reports than the asynchronous system did. Although
the synchronous system had more erroneous data, this study
first focused on whether this system increased productivity and
decreased total lead processes. Future research will attempt to
improve the accuracy of speech recognition. The impacts (Fig. 9
(A)) of operational measurements on the bottom line measure-
ments (time efficiency, comparative working efficiency and
completed reports) are explained below.

4.4.2. Time efficiency
The cycle time and time efficiency were the main indicators

of improving on-site data collection procedures, because the
information gained and the time saved on future work more than
repaid the effort [33]. Time efficiency was identified by Eq. (5):

time efficiency ðTEÞ ¼ ½ðTCTÞAS−ðTCTÞS�
TCTAS

( )
� 100% ð5Þ

where (TCT)AS= the total cycle time in the asynchronous
system, and (TCT)S= the total cycle time in the synchronous
system. Additionally, decomposition of the combined impacts
of operational measurements (Fig. 9(A)) shows that both
productivity (Fig. 9(B)) and operational lead processes (Fig. 9
(E)) directly affect time efficiency, excluding actual load pro-
cesses (Fig. 9(C).

Fig. 9(B) illustrates that Construction Worker 1 completed
the same reports more efficiently, and was more productive, in
the synchronous system than in the asynchronous system. In
other words, the synchronous system required less operation
time than the asynchronous system. The proc, TCT and TE
columns of Table 2 show that all test results satisfied this
condition. For instance, the productivities of asynchronous and
synchronous systems were 0.005615 and 0.006696 in Day 1,
accompanied by an increase in time efficiency of 16.14%.
Moreover, the time efficiency was increased owing to the de-
creased operational lead processes (Fig. 9(E)). For example,
the synchronous system had three fewer operational lead
processes than the asynchronous system did on Day 12



Fig. 9. Direct and indirect impacts in synchronous system (a modification from [12]).
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(Table 2)). The time efficiency was 16.41% in the synchronous
system.

Fig. 9(D) shows that the actual lead processes had an indirect
impact, instead of a direct impact (Fig. 9(C)), on the time
efficiency through the operational lead processes. Incorrect data
entry and faulty speech recognition might have occurred when
Construction Worker 1 produced the initial completed records
in Process 1 (stage 3 of Fig. 4), and confirmed the errors in
Process 2. The initial erroneous data thus affected the time
efficiency. For example, the synchronous system in Days 6 and
8 had 0 and 1 errors, respectively. Construction Worker 1 spent
more time on correcting erroneous data on Day 8 than on Day 6.

In summary, Table 2 reveals that the time efficiency ranged
from 6.1% to 16.41%. After the system tests, the total time
efficiency based on both the direct and indirect impacts in-
creased 12.77% in the synchronous system. Fig. 10 depicts that
the cumulative cycle time of the synchronous system was
shorter than that of the asynchronous system when the number



Fig. 10. Cumulative cycle time for 14 working days.

Fig. 11. Cumulative total lead processes for 14 working days.
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of working days was increased. The total cycle time saved
through the synchronous system was 3455 s.

4.4.3. Comparative work efficiency
Automated data collection was accepted to be more efficient

than manual data collection, because little work had been done
in quantifying the efficiency increase [34]. Eq. (6) was used for
calculating the comparative work efficiency:

comparative work efficiency ðCWEÞ

¼ ½ðt−procÞAS−ðt−procÞS�
ðt−procÞAS

( )
� 100% ð6Þ

where (t-proc)AS=the total number of lead processes in the
asynchronous system, and (t-proc)S= the total number of lead
processes in the synchronous system. Based on the impacted re-
lationships, Fig. 9(B) shows that the comparative work efficiency
also increased, while the productivity for activity completion
increased. For instance, because ConstructionWorker 1 increased
productivity in Day 2, the comparative work efficiency increased
65.38%.

Fig. 9(C–D) illustrate that the actual lead processes affected
the comparative work efficiency directly and indirectly. For
transferring the initial completed records quickly into the
following processes, directly simplifying the executed sub-
processes (e.g., avoiding separately filling in data) of the actual
lead processes was a significant means of increasing the com-
parative work efficiency. For example, Construction Worker 1
had the same number of operational lead processes in the
asynchronous and synchronous systems in Day 11. The re-
spective numbers of actual lead processes in the asynchronous
and synchronous systems were 93 and 33, leading to a dif-
ference in comparative work efficiency of 63.83%.

Although the initial completed records associated with erro-
neous data indirectly influenced the comparative work efficien-
cy (Fig. 9(D)), unnecessary return was the other component of
operational lead processes. Therefore, Fig. 9(E) shows that the
comparative work efficiency for activity completion increased
when the number of operational lead processes was reduced.
For instance, besides eliminating 85 actual lead processes, the
synchronous system also eliminated 3 operational lead pro-
cesses in Day 5. The comparative work efficiency increased
65.19%.
Table 2 indicates that the comparative work efficiency
ranged from 63.16% to 65.43%. When the proposed system
synchronized the data entry for various fields and reduced
unnecessary returns between working locations and application
devices, the total improvement in comparative work efficiency
reached 64.49%. Fig. 11 shows that the synchronous system
required fewer total lead processes than the asynchronous
system as the number of cumulative working days increased.

4.4.4. Completed reports
A computerized approach for collecting and processing site

information can generate fast feedbacks on project statuses and
problems [9]. Hence, whether Construction Worker 1 applied
the synchronous system to complete material reports on sched-
ule had to be determined. If Construction Worker 1 failed to
complete the required reports by this system, then the improve-
ment for on-site data collection would be useless; otherwise,
this improvement would be useful.

Based on the above discussions, Fig. 9(B–E) show that such
improvements were helpful for completing reports due to the
increased productivity and decreased actual and operational
lead processes. Furthermore, the total completed material re-
cords of asynchronous and synchronous systems were the same
in the system tests period. Therefore, Construction Worker 1
successfully completed on-site data collection through the syn-
chronous system.

4.5. Goal confirmation

This study integrated wireless and speech technologies to
develop a synchronous system, which successfully achieved the
cooperation between construction workers and application de-
vices via direct communication. The improvements provided by
a synchronous system over an asynchronous system are listed
below.

• Data entry and confirmation: Although the required pro-
cesses were the same for asynchronous and synchronous
systems, the separated data entry still included various inter-
dependent subprocesses. Construction workers could speak
one sentence to report material details when speech tech-
nology was integrated with the synchronous system. More-
over, the proposed system automatically confirmed the
recognized material data with construction workers.
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Therefore, the above improvement not only simplified the
data completion, but also speeded up other information flow
processes.

• Information delivery and production: In contrast with the
asynchronous system, construction workers communicated
directly with the synchronous system via speech and Blue-
tooth technology. Construction workers did not have to
return to the application device to deliver the obtained in-
formation. Meanwhile, the synchronous system analyzed the
received information to complete material reports. Obvious-
ly, the synchronous system actively assisted construction
workers to complete information production.

• Productivity: The reflected productivity of on-site data col-
lection depended on the processes, subprocesses and cycle
time. The system tests demonstrate that the synchronous
system other than the asynchronous system required less cycle
time and fewer actual and operational lead processes for
completing on-site data collection. Consequently, the working
productivity was clearly enhanced in this case study.

5. Conclusion

Based on a synchronization-based model proposed by a
previous study, this study developed a synchronous system
integrated with wireless and speech technologies for on-site
data collection. This system was applied in a material manage-
ment case study, in which construction workers communicated
directly with application devices to achieve synchronous opera-
tions and simplify manual data entry. After the system tests,
analytical results relating to efficiency improvement indicate
that the proposed synchronous system increased productivity,
time efficiency and comparative work efficiency due to the
decreased lead processes and operation time.

The test procedures and results show that speech recognition is a
significant factor for the cycle time and operational lead processes.
Improving the accuracy of speech recognition raises the system
performance. Additionally, construction workers still have various
working requirements, such as progress control, equipment man-
agement and off-site data analysis. The framework of the proposed
synchronous system would be a helpful reference for solving
similar on-site information management problems. Consequently,
future research plans include developing proper speech grammar
rules to decrease erroneous speech recognition, and integrating the
interdependent information flows through the synchronous system
to increase improvement and activity productivity levels.
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