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Abstract: The performances of construction supervisors are essential for the monitoring, control, and
coordination of the construction process of a project in order to adhere to a predefined schedule, cost,
quality and other factors. However, it is challenging to evaluate their performance due to limitations
such as data deficiency, human error, etc. Thus, this paper proposes an approach to data-driven
quantitative performance evaluation of construction supervisors by integrating an analytic hierarchy
process (AHP) and activity tracking. The proposed approach contains three parts, namely, index
extraction, weighting, data-driven index calculation, and then validation by case study. Firstly,
performance indexes were developed based on a literature review as well as surveys and function
analysis of the information system for construction supervision (CSI system). Then, the weights of
and relationships among of the indexes are determined by AHP. After that, with daily workflow
and inspection activities tracked in the CSI system, a method and a software module for automatic
calculation of indexes were developed. Lastly, the proposed approach was validated by a real-world
case. The result showed that the proposed approach can quantify the performance of a construction
supervisor systematically and automatically, which shed lights on how to evaluate the performance
of a worker based on the tracking of daily activities. The data-driven process enhanced our strong
interpretation of member actions and evaluation indexes, and can boost the performance of every
member in an organization.

Keywords: performance evaluation; construction supervisor; quantitative analysis; AHP; status
tracking; intelligent construction; digital twin

1. Introduction

As the essential phase of a building or infrastructure project, construction accounts
for the most cost, time, and resources planning due to the safeguarding, fabrication, and
quality control during this period. The construction supervisor, a key component of a
project management system, is important for a successful construction process [1]. The
construction supervisors have duties related to process management, quality management,
safety management, and other various tasks during a construction period, and should
accept the commission organized by either the supervisor or enterprise [2]. These duties of
construction supervisors contain several typical categories [3], such as activity monitoring,
safeguarding, planning the establishment, coordination, reviewing of plans, and assisting.
In addition, the construction supervisors must be qualified for education, certification, and
experience. Since the staff of the project supervision department are actively involved
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in site construction, accurate evaluation of the performance and dynamic assessment of
individuals becomes a follow-up task.

In the early 1980s, researchers started to develop a better understanding of how to
construct impressions and judgments about the performances of subordinates [4]. For the
next fifteen years, the research on performance evaluation shifted in the direction of infor-
mation processing [1]. After this period, researchers around the world started to rethink
the relationships (among owners, construction managers, and architects), links (between
construction craft workers and superintendents), and interfaces (between conventional
means and digital platform) existing in performance evaluation [2–4]. With the growing
trend of studying performance evaluation, the evaluation system has been used to predict
behaviors based on the past data and to attach multiple values upon data acquisition, such
as position track and rate of progress [5]. The performance result is feedback to clear the
current employee performance levels [6]. In addition, evaluation methodology and evolv-
ing computer science have been integrated with smart concepts in recent decades to make
them more feasible and reliable [7]. Thus, the degree of automation for the performance
evaluation system should represents smart characteristics such as relevance, intelligence,
synergy, and predictivity [8].

For a long time, the performance evaluation of construction supervisors has been
paper-based, which is always tedious, time-consuming, and error-prone [7]. Despite the
fact that the efficiency of evaluation has been improved due to the upgrades to computer
technology, commonly collected data for performance evaluation are still limited. The
lack of details on daily activities and the approaches adopted for performance evaluation
still suffer from problems such as subjectivity, unfairness, half-heartedness, and even mis-
takes [1,6–8]. Thus, a performance evaluation system based on the conventional methods
may lead to potential negative effects and impact the success of a construction project [5,7].

In order to tackle the above problems, this study introduces a new approach to data-
driven quantitative performance evaluation of construction supervisors by integrating
AHP and automatic processing of daily activity tracking data. This has both practical
and theoretical implications. The practical implications include the collection of workers’
performance data for evaluation, data that are calculated using a data-driven process for
automation purposes. The theoretical proposed approach, like the evaluation indexes, ap-
plies a more interpretative model to improve the conventional evaluation system. Section 2
discusses previous studies, introduces the empirical study to be applied to construction,
and then introduces the modern methods. At the end of this section, a summary of the
above discussion is given which introduces the aspects of our proposed method. Section 3
illustrates the data-driven quantitative performance evaluation method, including index
extraction, weighting, index calculation, and case analysis and verification. Section 4 shows
a case that applies this approach. Section 5 concludes this study and offers suggestions for
future work.

2. Literature Review

In the 1960s, only a few performance evaluation methods were available, and the
utilized indexes were quite few [9]. From the 1970s to 1980s, the study of performance
evaluation methods went deeper and wider to develop core indexes, especially for the per-
formance evaluation system formed by the financial industry [9,10]. In the 1990s, scholars
began to try to address the shortcomings of the independence, subjectivity, and enforce-
ability of performance evaluation methods. This stage was the reflective revaluation phase
of performance evaluation [9]. In the following fifteen years, scholars supplemented the
previous studies while improving on information processing with computer techniques,
developed as shown below in Figure 1. The performance evaluation method began to inte-
grate with computer science developments such as smart sensor systems, digital platform
application, data science, and artificial intelligence [7–9]. Figure 1 shows a brief timeline of
the progress of performance evaluation methods since the 1980s.
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Historically, performance evaluation has used to describe the periodic assessment
of duties and to report on the performance of an individual, as well as the presumed
requirements of a job [7]. A typical performance evaluation method includes three parts:
index determination, weighting, and evaluation. Firstly, the evaluation method needs to
express the job performance based on the related indexes in order to evaluate the strengths
and weaknesses of a job. These related indexes are conventionally determined by peers,
supervisors, and workers themselves. Secondly, the weighting processes has used both
traditional methods, such as in-depth interviews and questionnaires, and modern methods,
such as AHP and fuzzy comprehensive evaluation. Lastly, the evaluation portion typically
involves subjectivity from peers, supervisors, and human resource management (HRM).
A common way of evaluation pattern is to use a checklist table that is offered by a company,
to then be scored by HRM. In addition, the newly scoring way is performed by a digital
platform as an automated process [39].

2.1. Typical Weighting Determination Methods in Construction
2.1.1. Conventional Weighting Determination Methods

The conventional methods mainly establish empirical links between individuals and
contributions. These methods, as shown in Table 1 below, indicate the relationship, evalu-
ation, and weighting based on the perspectives of people. The accuracy of evaluation is
strongly referring to the capability of assessors.

Table 1. The comparison of the conventional weighting determination methods [18,21,34].

Methods Advantages Disadvantages Scenarios

Subjective experience method High efficiency and low cost Low credibility due to
over-subjectivity

Assessors set weights for indexes based
on their experience if assessors are
familiar with and understand the object.

Questionnaire Uniformity and generalization,
easy to quantify Non-guarantee of quality

A questionnaire is designed for the
assessment and determines the index
system and weighting analysis.

In-depth interview Strong flexibility, deep Difficulty for the host

The in-depth interview is described as a
face-to-face conversation with related
individuals to understand their working
modes, natures, and other aspects, such
as the corresponding evaluation index
system and weighting, for reference.

Expert investigation method
Strong representativeness
and scientific with reliability
and authority

High cost,
difficult to organize

Experts are invited to conduct research
on the index system. Each expert sets
the weight of the index independently,
and then takes the average value of the
weight of each index as the final weight.



Buildings 2023, 13, 1264 4 of 27

2.1.2. Modern Weighting Determination Methods

1. The Analytic Hierarchy Process

AHP takes a complex multi-objective decision-making problem as a system. The
hierarchical structure is drawn by dividing the goal of the decision, the considered factors,
and the object of decision into the highest level, the middle level, and the lowest level
according to their mutual relations [40]. Hierarchical targets establish single or multi-level
analysis structure models. By sorting out the nature of the problem, different factors can be
obtained by decomposing the target. According to the relative influence, the correlation,
subordination, and importance can be analyzed. The clustering can model the internal
relationship of the problem. Finally, the weight relationships among the index factors at
the bottom of the model and the top level, namely, the target, are systematically analyzed,
and the ranking method is used to sort them according to their importance. The process
of sorting calculation requires the 9-point scale method (5-point or 7-point scale method)
to evaluate each factor. Then, a judgement matrix should be formed to obtain data that
can be compared and quantified. According to the quantified values of these evaluations,
the maximum eigenroots and corresponding eigenvectors can be calculated, and then the
weights can be given [41,42].

2. Fuzzy Comprehensive Evaluation

Fuzzy mathematics uses mathematical tools to solve the problems of fuzzy things [43].
Therefore, the fuzzy comprehensive evaluation method based on fuzzy mathematics ad-
dresses complex problems, which are difficult to describe with precise mathematics, as
a clever bridge between formal thinking and complex systems. This evaluation method
provides a general assessment of a subject with multiple constraints [44].

3. Data Envelopment Analysis

Data envelopment analysis is a systematic analysis method to evaluate the relative
effectiveness or benefit of the same type of unit based on multi-index inputs and multi-index
outputs. It is a marvelous way to deal with multi-objective decision-making problems. The
relative effectiveness of a decision-making unit (DMU) is called DEA efficiency [45].

2.2. Typical Methods for Performance Evaluation of Construction Workers

1. Critical Incident Method

In 1954, Ferraligen and Bayless proposed an objective evaluation system [46]. This
evaluation system analyzed the tasks during a construction period, recorded the best or
worst critical events in detail, and collected relevant information to identify the behaviors
and performances.

2. Graphic Rating Scale

The schematic diagram is used to display the factors of the performance evaluation
and the evaluation information, such as the scoring standard, evaluation grade, and
comments [47]. Meanwhile, it is easier to determine the factors in line with the performance
status of construction when analyzing the evaluation scores.

3. Behavior Checklist

This approach uses behavioral comparison tables to score or evaluate the objects
one by one. The behavior checklist can play an accurate, fast, and easy role in describing
the standardization of employee performance [48]. Meanwhile, the objectivity of the super-
visors is corrected by the evaluation metrics in the comparison tables. Thus, the fairness is
strong. It is easier to trace the source and correct disputes in the performance evaluation.

4. Management by Objectives

Management by objectives (MBO) includes three main processes: object formulation,
the execution process, and performance feedback [49,50]. MBO pays attention to the
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consistency of higher and lower goals, and regularly evaluates the performance of the
construction task completion of the goals to clarify the indexes [49,50].

5. 360-degree Evaluation Method

The 360-degree evaluation method includes evaluation inputs from a number of
stakeholders, such as immediate supervisors, team members, customers, peers, and one-
self [51]. This method provides information about the influences of actions on construction
workers [51].

6. Key Performance Indicator

Key performance indicators (KPI) focus on the input and output of the workflow,
identifies the key points according to the process design, and then evaluates them [52].
On the basis of the consistency formed by the target, the KPI method can sort out the
execution process effectively and pertinently, establish key points to achieve the target
or optimization results, and then fully evaluate whether the construction workers have
completed these established points [52].

7. Balanced Score Card

The balanced score card, developed by Kaplan and Norton in the early 1990s [53].
The balanced score card (BSC) is a conceptual framework for translating an organiza-
tion’s strategic objectives into a set of performance indexes according to four perspectives:
(1) financial, (2) customer, (3) internal business process, and (4) learning and growing.

In summary, the typical performance evaluation methods indicate the relationship
between construction workers and the evaluated indexes [46–53]. The relationship reveals
the link between degree of automation and data size, which shows a positive correlation
property [6]. As the performance evaluation methods become more comprehensive and
systematic, the relationships and dimensions that need to be sorted out become more
complex, resulting in an increasing demand for data, as Table 2 shown.

Table 2. The comparison of the typical performance evaluation methods [6,46–53].

Methods Points of Focus Degree of Automation Data Size

Critical Incident Method Critical events Manual Low
Graphic Rating Scale Factors Manual Low
Behavior Checklist Objects Manual Low
Management by Objectives Goals Manual or Semi-automatic Low
Key Performance Indicator Key points Manual or Semi-automatic Low
360-degree Evaluation Method Multiple dimensions Manual or Semi-automatic Middle
Balanced Score Card Internal process Manual or Semi-automatic Middle

2.3. Summary
2.3.1. Advantages of Emerging Information Technologies

The construction supervision industry tends to integrate big data technology and
blockchain technology, which continuously and deeply penetrate various fields, bridging
previously discrete areas [54–56]. Construction supervision makes progress due to its
integration with intelligence, improving the accuracy and strengthening the safety of the
work that originally required manual intervention. For example, artificial intelligence
technology can be used to fully identify, remind, and record safe clothing or standard
actions in construction [55]. This technique greatly improves the safety performance of
the project, and this process is dynamic and continuous [55]. The new, intelligent system
undertakes and upgrades intelligent equipment to be more efficient, uses data information
accurately, and completely changes the method of operation in construction [57]. The
current supervision mode tends to form a systematic, digital and intelligent management
system, and finally achieves the goal of high standards, requirements, and quality of
engineering construction projects [58,59]. For example, combining BIM technology and AI
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technology can improve the efficiency of supervision work and, thus, promote the reform
of the supervision industry and accurately control projects [55,59,60].

2.3.2. Performance Quantification

Quantification replaces the subjective method of evaluation with mathematical mod-
eling [50]. The quantitative performance is intuitively reflective of the results. Therefore,
the evaluation plan must be responsible for the outcome of the evaluation. Meanwhile,
the evaluation indexes must be correct and feasible. By quantification of the indexes, con-
struction supervisors are able to respond and track all critical activities and information
by logging and recording throughout the life of an engineering project. For the determi-
nation of the evaluation indexes, the preliminary conclusions were summarized based on
expert interviews and questionnaires. For weighting, a growing number of enterprises,
institutions, and other relevant parties have adopted modern evaluation methods to make
performance evaluation more scientific, humane, safe, and fair [7,50,58].

2.3.3. Necessity and Significance

Most of the aforementioned performance evaluation methods inherited characteristics
from the financial and business field [11,50,52]. These manual evaluation methods still
commonly involve subjective-based factors. However, this greatly hinders the progress
and manpower of the construction project while potential problems such as the cost of
time and human resources, as well as fairness, apply [61]. With IT technologies, it will be
possible to track the daily activities of construction workers in an accurate and way, in real
time. Thus, a new approach to performance evaluation of construction supervisors, which
could quantify a worker’s performance while considering both his/her daily activities and
feedbacks from his/her partners automatically, is needed and will boost the performance
of every member in an organization.

3. Methodology

To address the aforementioned problems, an overall framework and methodology, as
shown in Figure 2, was adopted. In this study, we selected an evaluation team composed
of researchers, engineers, supervisors, and superintendents in the field of construction
engineering. These members were qualified to be consultants in engineering construction
and project management, and have certain knowledge and understanding of the evaluation
of construction supervisors. First of all, this study combined a literature review, an expert
interview, a site survey, and a function analysis of construction supervision information
(CSI) systems to identify potential indexes for performance evaluation. Specifically, poten-
tial indexes were extracted from the literature and categorized into different groups. The
creation of an optimal index system, expert interview, site survey, and function analysis of
CSI systems were considered to eliminate the unsuitable indexes and adjust the extracted in-
dexes. Once the index system was optimal, a weight analysis based on AHP was conducted
with data collected via questionnaires to determine the weight of each index. Thirdly, an
automatic data extraction and index calculation tool was designed and implemented to
analyze the daily workflow and inspection activities of each worker, and then to calculate
his/her performance index automatically. Lastly, the developed approach was deployed
in an updated version of the CSI system and validated through user feedback and beta
tests of a case study. The application includes functional development based on evaluating
indexes, embedding an algorithm based on the weighting of indexes, and automatically
generating a digital document based on the automatic calculation module. A more detailed
explanation of each step is provided below.
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3.1. Index Extraction

On one hand, the review from 1980 to 2020 provided results for evaluation indexes
after filtering with keywords such as intelligence, smart, performance evaluation, and smart
construction supervision. After the expert interview and questionnaire, the evaluation
indexes could be determined as a basic conclusion. As a result, the influence path was
sketched, as in Figure 3 below, to clarify the workability. Firstly, the index dimension
was divided by two aspects: objectivity and subjectivity. The objectivity aspect contained
two evaluation sub-items, namely, work quantity and work quality. Similarly, the subjec-
tivity indicated evaluation by other significant factors. These divided dimensions both
had responsibilities regarding work satisfaction and eventual performance evaluation.
Furthermore, the work satisfaction was related to performance evaluation as well; the
proposed method proved that there are features of relevance and synergy.

On the other hand, the evaluation indexes were extracted from the CSI system. The
CSI system is comprised of several modules, such as Coordination Office, Integrated
Management, Document Approval, and Data Center. Therefore, it was necessary to analyze
the functions of modules before the extraction of indexes. For example, Coordination
Office includes sub-items such as Notice, Message, and Personnel. These sub-items contain
four parts, such as title, content, date, and status of read. Next, the valuable indexes
were extracted based on the function analysis. The evaluation indexes were categorized
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and supplemented through clustering. Figure 4, below, shows the procedure of index
extraction. As a result, these indexes, chosen based on the influence path and the CSI
system, were considered according to properties such as fairness, objectivity, subjectivity,
and effectiveness.
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3.2. Weighting
3.2.1. Weighting Based on AHP Approach

The weighting procedure started with the collection of information from the ques-
tionnaire. The targets of investigation were practitioners, engineers, and scientists with
professional knowledge. By a literature review, the architecture of questionnaire was de-
signed with fill-in-the-blank questions to collect non-sensitive data and choice questions to
compute and weigh using AHP. The questionnaire required a well-designed scale value for
all copies that were given to experts. This questionnaire used 7 scales for each comparison
question, and the scale value indicated the weighting procedure. The definitions of the
scale values were stated within each copy of the questionnaire, as shown in Table 3 below.
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Table 3. Scale value for questionnaire.

Scale Value Comparative Meaning of Relative Importance of Factor i and Factor j

1 Factor i is strongly unimportant to factor j
3 Factor i is unimportant than factor j
4 Factor i is equally important to factor j
5 Factor i is more important than factor j
7 Factor i is far more important than factor j

2, 6 Factor i is between the two adjacent scales above compared with factor j

Weighting was computed by Formula (1) below:

Wi = Wi/∑n
i=1 Wi, W =


W1
W2

...
Wn

 (1)

CI was computed as Formula (2):

CI =
λmax − n

n − 1
(2)

where

CI is the consistency index;
λmax is the principal Eigen value;
n is the Matrix size.

CR was computed as Formula (3):

CR =
CI
RI

(3)

where

CI is the consistency index as a deviation or degree of consistency;
RI is the random index;
CR is the consistency ratio.

The random consistency index (RI) is shown in Table 4 below [62]:

Table 4. Random consistency index.

Matrix size 3 4 5 6 7 8 9 10 11 12 13 14 15 16

RI 0.52 0.89 1.12 1.26 1.36 1.41 1.46 1.49 1.52 1.54 1.56 1.58 1.59 1.5943

Matrix size 17 18 19 20 21 22 23 24 25 26 27 28 29 30

RI 1.6064 1.6133 1.6207 1.6292 1.6358 1.6403 1.6462 1.6497 1.6556 1.6587 1.6631 1.6670 1.6693 1.6724

According to the feedback on the questionnaire and the result of the consistency index
(CI), a logical method of constructing a judgment matrix for weighting could be determined.
This result required that the CR be less than 0.1. If the value of CR was equal to or less
than 0.1, the inconsistency was acceptable. Otherwise, the subjective judgment was revised.
Furthermore, the purpose of the reliability analysis, as shown in Table 5, was to study the
reliability and accuracy of the answers for use as quantitative data. If alpha was higher
than 0.8, the reliability was high. If alpha was between 0.7 and 0.8, the reliability was good.
If alpha was between 0.6 and 0.7, the reliability was acceptable. However, if alpha was less
than 0.6, the reliability was poor. CITC told the items whether they should be deleted. If
the value was less than 0.3, it was considered as inappropriate. Similarly, if the value of
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“Alpha if Item Deleted” was significantly higher than alpha, then the item could be deleted
and re-analyzed.

Table 5. Reliability analysis.

Item Correction Item Total
Correlation (CITC) Alpha If Item Deleted Cronbach’s Alpha

Quantity 0.677 0.837
0.845Quality 0.767 0.747

Evaluation 0.719 0.777
Standardized Cronbach’s α coefficient: 0.854

By using the data from the collected questionnaire, in this case, as Table 5 shows,
Cronbach’s alpha was 0.845, greater than 0.8, indicating a high reliability of the research
data. For the “Alpha if Item Deleted”, the values did not increase significantly, indicating
that the item should not be deleted. The CITC values of the analysis items were all
greater than 0.4, indicating a good correlation between the analysis items and a good level
of reliability.

In summary, the questions of the questionnaire had high internal consistency. The
reliability coefficient of the research data was higher than 0.8 (Table 6), which indicated that
the data’s reliability was of high quality and could be used for further analysis.

Table 6. Cronbach reliability analysis.

Item Correction Item Total
Correlation (CITC) Alpha If Item Deleted Cronbach Alpha

Certification/Quantity 0.791 0.969

0.971

Certification/Quality 0.827 0.969
Certification/Evaluation 0.575 0.971

The level of certification/Quantity 0.863 0.968
The level of certification/Quality 0.885 0.968

The level of certification/Evaluation 0.517 0.971
Professional Engineering Competence/Quantity 0.901 0.968
Professional Engineering Competence/Quality 0.790 0.969

Professional Engineering Competence/Evaluation 0.546 0.971
Attitude/Quantity 0.749 0.969
Attitude/Quality 0.637 0.970

Attitude/Evaluation 0.876 0.969
Creativity/Quantity 0.797 0.969
Creativity/Quality 0.833 0.969

Creativity/Evaluation 0.831 0.969
Practiced time/Quantity 0.737 0.970
Practiced time/Quality 0.690 0.970

Practiced time/Evaluation 0.706 0.970
Skills Proficiency/Quantity 0.810 0.969
Skills Proficiency/Quality 0.624 0.970

Skills Proficiency/Evaluation 0.621 0.970
Examination/Quantity 0.847 0.969
Examination/Quality 0.878 0.968

Examination/Evaluation 0.815 0.969
Standardized Cronbach’s α: 0.972

While Cronbach’s alpha refers to the operation of reliability analysis, sensitivity analy-
sis refers to the stability of the result. Figure 5, below, can be seen as the sensitivity analysis
of the evaluation indexes. In general, the confidence interval is an estimation interval which
is structured by the population parameter based on the sample statistics. The lines located
at the values of 5.96 and 6.24 demonstrate the 95% confidence interval of the effect size. The
middle line, at the value of 6.10, is the combined effect size. The small circle is the effect
size if the item is deleted. If there is an outlier which drops out of the confidence interval, it
means that the item has a strong influence on the analysis as an unstable factor. In summary,
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the effect size of the evaluation indexes in this study was located in the confidence interval.
The evaluation indexes showed a stable performance using the model, and they were able
to be used for the following computation.
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3.2.2. Comparison of Other Approaches

As shown in Table 7 below, the DEA method is different from AHP and fuzzy com-
prehensive evaluation in a number of respects, such as the trend of application and the
amount of required data. Despite the fact that fuzzy comprehensive evaluation and AHP
share key features, such as the trend of application, the quantity of required data, and the
method of calculation, fuzzy comprehensive evaluation was unsuitable for this study due
to its high complexity. Compared with the fuzzy comprehensive evaluation method, AHP
uses a simple operation to achieve goals, such as hierarchicalization and weighting.

Table 7. A comparison between AHP, fuzzy comprehensive evaluation, and the DEA method.

AHP Fuzzy Comprehensive Evaluation DEA

Advantages
(1) Systematic method of analysis;
(2) Simple and useful;
(3) Less required quantitative data.

(1) Membership involved;
(2) Precise digital processing;
(3) Vectorized evaluation results.

Appliable to complex
decision-making problems;

Disadvantages

(1) Unable to offer a new option;
(2) Less quantitative data but more

qualitative data;
(3) Complex calculation.

(1) Complex calculation;
(2) Strong subjectivity on index

weight vector;
(3) Superfuzzy phenomenon.

(1) A mass of data required;
(2) Strong subjectivity.
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3.3. Index Calculation

After the AHP procedure, the function development was scheduled, including data
extraction, index calculation, and comparative analysis. For example, the work quantity of
the senior construction supervisor was calculated by the statistic of the quantity of tasks
that launched in the CSI system. The work quantity comprised Notice and File Handling,
which are the monthly number of notifications read and the monthly number of tasks
processed, respectively. The work’s quantity was computed by Formula (4):

MQuantity =
(

MNi − ∑ DN,i
)
+
(

MFHj − ∑ DFH,j

)
(4)

where

MQuantity is the mark of the work quantity of senior construction supervisor;
MNi is the default mark of “Notice”;
MFHj is the default mark of “File Handling”;
DN,i is the mark of deduction item i of “Notice”;
DFH,j is the mark of deduction item j of “File Handling”.

Similarly, the work quality included five indexes, including Response Time, Check,
Inspection, and Attendance. The indexes of Response Time and Check were based on the
contract terms and the company regulations. The Inspection contained the location, track,
and log. The Attendance depended on Clocking-in and Person–Environment Fit (P-E Fit).
The work’s quality was computed by Formula (5):

MQuality = ∑ M − ∑ D, M =


MRT
MChe
MIns
MAtt

, D =


DRT
DChe
DIns
DAtt

 (5)

where

MQuality is the mark of the work quality of the senior construction supervisor;
MRT is the default mark of Response Time;
MChe is the default mark of Check;
MIns is the default mark of Inspection;
MAtt is the default mark of Attendance;
DRT is the mark of the deduction item of Response Time;
DChe is the mark of the deduction item of Check;
DIns is the mark of the deduction item of Inspection;
DAtt is the mark of the deduction item of Attendance.

Overall, data acquisition was realized by Internet of Things front-end devices, the
input of an intelligent mobile terminal, and association indexes, and then the generation
of electronic quality assurance data was synchronized. Data extraction based on the
generation and record then pushed the data stream towards the procedure of weighted
calculation of the indexes. The method and software module for automatic calculation
of the indexes were developed to achieve complete automated evaluation and visualized
analysis. For example, if a senior construction supervisor were to re-work due to a failure
in the Check process or an out-of-track assignment, the work quality mark would be
deducted automatically in the CSI system. Construction, design, supervision, testing, and
participating parties conducted collaborative management of the inspection and evaluation
online, and achieved traceability throughout the construction process (Figure 6). The visual
comparison ended with this step, and produced a visual result on the system for the users.
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3.4. Case Analysis and Verification

A survey with the co-operative construction supervision company was conducted
to determine the requirements and insufficiency of the current CSI system. According to
the survey, the method and software module for automatic calculation were developed
to perfect the current management of performance evaluations. After a beta test and
improvement based on users’ feedback, the application was deployed on the CSI system
for the performance evaluation of construction supervision.

Once the function was initially deployed, the beta version of the application was
ready to be released for the beta test. The beta test collected data such as statistics on user
operations, actions, reports, errors, and suggestions. Firstly, the beta test was required to
check whether the functions were running properly or not. This check protocol referred to
the requirements of the survey. The content of the check protocol included logic, interface,
function, and typos. For example, a group of volunteers operated the CSI system on both
PC and mobile terminals. Volunteers were chosen from among construction craft work-
ers, construction supervisors, and superintendents. They clicked the buttons, submitted
commands to the system, and checked whether the feedback was correct or whether bugs
were present. Finally, the application was updated by analyzing the feedback and the
debugging process.

4. Case Study
4.1. Background

Zhejiang Supervision on Highway and Water Transportation Construction Engineer-
ing Co., Ltd., Hangzhou, China has conducted the supervision business since 1993. The
current business scope of the company includes construction supervision, test and inspec-
tion services for the highway and water transportation, and engineering procurement
construction.

4.2. Index Extraction on Case Study

A new approach to data-driven quantitative performance evaluation of construction
supervisors by integrating AHP and automatic processing of daily activity tracking data
was applied to Zhejiang Supervision on Highway and Water Transportation Construction
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Engineering Co., Ltd., Hangzhou, China. In this case, as Figure 7 shown, 110 questionnaires
were collected in total. The job title distribution of the questionnaire included construction
craft workers, at 10.87%; senior engineers, at 4.35%; intermediate engineers, at 21.74%;
junior engineers, at 56.52%; and others, at 6.52%.
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Figure 7. The job title distribution of the questionnaire’s respondents.

First of all, this study invited 15 experts as a consultant group. These experts comprised
professors, professor-level senior engineers, and senior engineers. The evaluation plan
was responsible for the outcome of the evaluation. Meanwhile, the evaluation indexes
were required to be correct and feasible. Therefore, for the determination of the evaluation
indexes, most of the preliminary conclusions were reached through expert interviews
and questionnaires.

Next, the series indexes are summarized in Table 8 below based on the literature
review, expert interviews, and questionnaires.

Table 8. The preliminary evaluation indexes.

Indexes

1© Certification 6© The level of the holding certificate
2© Professional engineering competence 7© Attitude
3© Creativity 8© Motivation
4© Practiced time 9© Qualification
5© Skills proficiency 10© Examination

Lastly, with several discussions and meetings with experts, as well as a site survey,
a second round questionnaire was released to adjust and supplement the preliminary
evaluation indexes, as shown in Table 9 below. During this procedure, experts firstly gave
suggestions for the classification and leveling of indexes based on the feedback analysis.
The updated indexes have been modified according to name and clustered according to
the national engineering guidelines and standards. Secondly, the inclusion relation of
the indexes was investigated during the site survey with superintendents, supervisors,
and construction craft workers. The result of a periodical discussion with experts is
shown in Table 10 below. According to the suggestions, there were intersecting indexes
that should have been merged or deleted, and valuable indexes that were lacking in the
system that should have been added. For example, Attitude, Motivation, Practice Time,
Skills Proficiency, etc., are all summaries of personal comprehensive quality, which can
be recombined into Personal Ability and summarized in Superior Evaluation or Peer
Evaluation. This would not only increase the feasibility of the assessment method, but
also eliminate repetition of the content. By mapping the indexes to the CSI system using
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our literature review, questionnaire, site survey, and expert interview, the hierarchy of the
performance evaluation index system was formed, resulting in Figure 8. A performance
evaluation method and rating table with three roles were proposed to evaluate the work
effectiveness of technicians, junior supervisors, and senior supervisors.

Table 9. The adjustment operation.

The Preliminary Evaluation Index Adjustment Supplement Item

1© Certification 1©
Deleted

Notice
File Handling
Messages
News
Log
Aside supervision

2© Professional engineering competence 6©

3© Creativity 3©
Merge into index Evaluation by significant
others, and then divided into Attitude
and Ability

4© Practiced time 4©
5© Skills proficiency 5©
6© The level of the holding certificate 7©
7© Attitude 8©

8© Motivation 2© Merge into index Quality, and then divide into
Inspection, Attendance, and Check.9© Qualification 9©

10© Examination 10© Categorize into index Evaluation

Table 10. The evaluation indexes with fine-up adjustment.

Lv 1 Index Lv2 Index Lv3 Index

Quantity

Notice Messages News

File Handling The content is based on the different
responsibilities of construction supervisors.

Quality

Inspection Log Aside supervision

Attendance Clocking-in PE-fit

Response Time The content is based on the different
responsibilities of construction supervisors.Check

Evaluation

Superior
Attitude AbilityCompany Senior Construction Supervisor

Examination Based on the firm regulations
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4.3. Weighting on Case Study

Using the statistics based on the two-time questionnaires (110 copies in total) and the
summary based on several discussions with experts, in addition to the site survey, this
approach used Quantity, Quality, and Evaluation as the first-level metrics. In addition,
the quantity and quality of the work were shown to correlate with objectivity, and the
evaluation was associated with subjectivity. Then, by constructing a judgment matrix, the
scoring of each expert on the weight of the index in the system was determined first, and
then the final weight of the index was determined according to the weighted geometric
average method of the ranking vector of each expert. All the judgement matrices passed
the consistency test. In this case, the index dimension was separated into subjectivity and
objectivity, and the weight of each index is shown in Figure 8 above and Table 11 below.

Table 11. Weight analysis of the construction supervisor of each criterion.

Lv 1 Index Weight Lv 2 Index Weight

Quantity 0.298
Notice 0.134
File Handing 0.164

Quality 0.375

Attendance 0.086
Response Time 0.1015
Inspection 0.086
Check 0.1015

Evaluation 0.327

Superior 0.109
Company/Senior
Construction Supervisor 0.109

Examination 0.109

For example, a judgement matrix was structured by Attendance, Response Time,
Inspection, and Check, as in Table 12 below. Using the AHP method allowed us to obtain
the results of key values such as eigenvector, weights, max-eigen, and CI, shown in Table 13
below. The result passed the consistency test, as shown in Table 14 below. This result
proves that the items work in coordination, without inner conflict.

Table 12. An example of the AHP method.

AHP Data Attendance Response Time Inspection Check

Attendance 1.000 0.833 1.000 0.833

Response Time 1.200 1.000 1.200 1.000

Inspection 1.000 0.833 1.000 0.833

Check 1.200 1.000 1.200 1.000

Table 13. The result of the AHP method.

Items Eigenvector Weights Max-Eigen CI

Attendance 0.909 22.727%

4.000 0.000
Response Time 1.091 27.273%

Inspection 0.909 22.727%

Check 1.091 27.273%

Table 14. The result of the consistency test.

Max-Eigen CI RI CR Test

4.000 0.000 0.890 0.000 Pass
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Using the fuzzy comprehensive evaluation method validated the result obtained
using the AHP method in Table 15. The result shows the same trend of distribution for
the indexes.

Table 15. The result of the fuzzy comprehensive evaluation method.

Response Time Inspection Check Attendance

Membership 0.258 0.236 0.263 0.242

Weights 0.258 0.236 0.263 0.242

After a practitioner lost marks, the index affected the total score statistics within a
certain period until the score loss ceased to occur within the influence range (period).
Then, it was regarded as credit repair, that is, the statistical total score was no longer
affected. According to the proposal, the influence of scope (period) to the relevant index
was confirmed after discussions with senior practitioners in expert meetings, as shown in
Table 16.

Table 16. Definition table of the evaluation index.

Lv 1 Index Lv 2 Index Scope (Month) Lv 3 Index

A Quantity
A1 Notice 1 Receive notices
A2 File Handling 6 The quantity of processing files

B Quality

B1 Response Time 6 The processing speed of the pending portion of the workflow
B2 Check 6 Identify problems
B3 Inspection 6 Inspection log and aside supervision
B4 Attendance 6 Clocking-in and P-E fit

C Evaluation

C1 Superior 6 Evaluate the attitude and ability based on superior
C2 Company 6 Evaluate the attitude and ability based on company
C3 Senior Construction Supervisor 12 Evaluate the attitude and ability based on senior supervisor

C4 Examination 12 Examine professional knowledge and award outstanding
behavior (bonus), or warnings (deduction)

Weight analysis of the first-level indexes ranked them from high to low in terms of
Quality (0.375), Evaluation (0.327), and Quantity (0.298). It can be seen that the weights
of the first-level indicators were relatively average, which reflects that the above indexes
did impact the work effectiveness evaluations of supervisors. Among them, the quality
of work, which had quality as its first consideration, was more important than the other
two first-level indexes.

There were 11 s-level indexes, and the top 3 weights were Attendance (0.086), File
Handling (0.164) and Response Time (0.1015), indicating that the quality priority and the
quantity priority were the most important in the evaluation of the work effectiveness of
construction supervisors, reminding the superior management to pay more attention to it.
In terms of Certification, Evaluation (including Superior Evaluation, Company Evaluation,
and Senior Evaluation) was more important, suggesting that supervisors need to pay
attention to improving their work attitudes, professional quality, and professional abilities.

In terms of the quantity priority, the weight of File Handling (0.164) was the highest
under the Quantity index, indicating that the amount of online file processing based on
the platform was significant and effective in expressing the amount of work carried out by
supervisors. In terms of the quality priority, the weight of Attendance (0.086) under the
index of quality was the highest, and compared with the weight of the overall secondary
index, it was in the highest position, demonstrating the importance of the attendance
system to the supervision work. At the same time, the same results were shown after expert
selection and the questionnaire survey. Finally, under the Evaluation index, the sub-items
related to evaluation work attitude, business ability, and collaboration office were classified
and aggregated into Superior Evaluation and Company/Senior Supervisor Evaluation,
according to the previous research.
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As described in the previous overall process, this study initially established an evalu-
ation index system for the work effectiveness of supervisors and calculated the weights.
After the index system and scoring standards were sent to industry experts and senior
practitioners for review and consultation, multiple rounds of adjustment and detail sup-
plementation were carried out according to the suggestions of the participants, and the
evaluation index system and weight interpretation table (Table 16 and Figure 9 below)
were formed.
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The indexes inside the dotted lines in Figure 9 were adjusted according to different
evaluation objects (roles). For example, in the evaluation of the technicians, the rele-
vant indexes in the Evaluation module were Junior Supervisor Evaluation and Company
Evaluation and Examination, while Superior Evaluation was applicable to the Superior
Evaluation of the assessment object below the senior supervisor engineers. In addition, the
corresponding index weights were also adjusted according to the results of expert scores
and inquiries.
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4.4. Index Calculation on Case Study

The automatic calculation module applied the evaluation index system and weights
to generate the performance evaluation report. This system was deployed in the server
and also released as a mobile app. The data acquisition mainly used the mobile app to
process information such as time, location, user authentication, site inspection with defect
classification, reporting upload, etc. The CSI system received the information and data
along with their weights, and then the calculation module automatically ran the logical
algorithm based on the extracted data. Furthermore, the subjective evaluation indexes were
supplemented by a professional exam, senior supervisor, superintendent, and the company,
depending on the job title of the evaluation object.

The CSI system has constantly generated performance evaluation reports since the beta
test was released in 2020. The beta test of the CSI system was initially released to the con-
struction craft workers, construction supervisors, and superintendents. From 2021 to 2022,
the functions of performance evaluation improved gradually. Through the aforementioned
research and the proposed approach to data-driven quantitative performance evaluation
indexes for construction supervisors, improvement to the performance evaluation system
have been promoted and the process of job evaluation has been pushed in the direction
of intelligentization.

According to the supervision performance evaluation index system and the corre-
sponding proposed checklist, the function of performance evaluation was developed to
be deployed in the CSI system, as shown in Figures 10–13, so as to give the quantitative
indexes a stronger interpretation. These included:

1. Considering the fields and key values in the database, combined with the characteris-
tics of the project, through literature research, site survey, and expert discussion, the
indexes suitable for the performance evaluation of supervisors were supplemented
and sorted out, and, finally, the evaluation system was formed. The performance-
evaluating baseline was based on the national engineering guidelines and standards
as well as local government policy. For the evaluating indexes, we considered sug-
gestions from construction craft workers, construction supervisors, superintendents,
and experts.

2. The objective evaluation index (work quantity and work quality) and the subjective
evaluation index (work evaluation) modules were used to further divide the logical
relationships in the data. After the evaluating procedure was performed during the
discussion and meetings with experts, the automatic calculation module began to
develop based on the indexes, weighting, daily work flow, and the data extracted
from digital files.

3. Finally, the module was applied to the CSI system for scoring and grading. The
verification of the project showed that the module was properly operational. The
statistic of workload could be calculated automatically, and the statistical time range
was selectable.
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Figure 10. Simplified process diagram of the evaluation process.

Figure 11 shows the interactions of the CSI intelligent performance evaluation system
of construction supervisors. The red box in the upper left selected the module of login.
This module had two functions: (1) ID authentication and (2) data preparation. The CSI
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system returned the content according to the ID authentication. For example, the junior
supervisors had less of a right to operate the system compared to the superintendents. The
red box in the upper right shows the other modules. The arrow pointing to the bottom
right corner shows the interface of project management. The main functions are the menu
bar, navigation bar, and notice. The last interface, in the bottom right corner, shows data
visualization according to the selected button in the navigation bar.
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Figure 11. The interactions of an intelligent CSI performance evaluation system of construction supervisors.

The Personnel interface visualized the statistics of Attendance, Workload, and Work
Briefing. As Figure 12 shows below, the menu bar was applied to select details such as a
particular person, a specific time, or a work area. The CSI system automatic calculated the
data, and then generated results as data-driven graphs.

The Issue interface visualized the statistics of construction management, work stats,
workload, and trend risk. As Figure 13 shows below, the menu bar was applied to select
details such as data stats, creator, table name, and date. The construction management on
the left shows the statistics of launched tasks, such as Inspection and Check. The work stats
in the middle provide information on the location and work area. The colored points on
this map represent workers with different ID authentications. The closed ring on the right
indicates the progress of a task. The statistics of monthly and daily workload are shown at
the bottom. At the bottom right corner, a trend risk graph changes with the data statistic of
the construction management module.

4.5. Application and Feedback

According to interviews with users, the positive experience of using this CSI system
can be summarized. Firstly, the generation speed of the digital performance evaluation
report from the CSI system was fast due to the data processing being close to a real-time
state. The CSI system generated a large amount of data in the form of a continuous stream
of events and stored it in a monitored state. Secondly, the operations were simple and
straightforward, according to the feedback from construction craft workers and engineers.
Current real-time streaming of data is conducted according to the “at least once” processing
paradigm. In this paradigm, the last received event location is saved after the event is
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processed. Thirdly, the CSI system was made stable by meetings with experts. It can
be seen that the objectivity and authenticity of the data sources have an impact on the
evaluation results, but this is strongly related to the data generated by the continuous event
flow and filtered by the evaluation index system and evaluation table, shown in Table A1
in Appendix A. Moreover, superintendents highly praised the system’s convenience and
traceability. It was convenient to pull the original data that needed to be traced through
the labels, marks, and form of index, and, finally, to locate the responsible party according
to the data. In the CSI intelligent monitoring system, the evaluation system algorithm
was formed for recording and settlement purposes. The validity, timeliness, security, and
traceability of the data were well guaranteed.
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5. Conclusions

This new approach to data-driven quantitative performance evaluation of construction
supervisors by integrating AHP and automatic processing of daily activity tracking data
was applied to the CSI system. The analytic hierarchy process (AHP) was used to calculate
the weight of the evaluation indexes, and the reliability of the index, at all levels, was
analyzed. The objective evaluation modules and the subjective evaluation module provided
an overall measure of a supervisor’s power of action. In terms of ensuring the authenticity
and objectivity of data sources, data confirmation and hierarchical authorization were
necessarily based on the job title. With the support of the CSI system, the work achieved
traceability of the data and strengthened its abilities of safe construction and problem
traceability. The data tracking used key tags in the database as indexes to quickly locate
and pull data that needed to be validated. Therefore, the data processing procedure in this
study was able to be recorded throughout the process, tracked throughout the period, and
monitored throughout the path. Since the data were generated as a continuous stream of
events, they were less susceptible to independent negative data.

This approach can systematically, automatically, and scientifically reflect the perfor-
mance of supervisors. It covers the lack of data feedback and the subjective and emotional
evaluation seen in previous performance evaluation efforts. The evaluation portion com-
bines professional knowledge assessment, examination, and manual scoring, which not only
retains the advantages of subjective evaluation, but also achieves scientific coordination
in terms of weighting. However, data acquisition suffers from the complex surroundings
of the construction site. Therefore, data acquisition and the data communication environ-
ment are at risk of interference. As a result, the result from the CSI system is affected by
this interference.

In the future, the capture and recognition of various actions will be improved in terms
of recognition rate and accuracy. These upgrades are helpful for intelligent intervention
in the review of drawings, logs, and other links involving manual operations. It is worth
expecting that new intelligent systems based on intelligent supervision technology will
undertake and upgrade intelligent equipment in order to use data information more effi-
ciently and accurately, and will completely change the operation mode of site construction.
Since the intelligence of engineering supervision technology is based on the overall data
of the engineering field process, it will also bring great challenges to the data itself. This
includes data storage security, authority management, and other aspects.
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Appendix A

Table A1. Performance rating sheet for supervision: technician.

No. Weighting Lv.1 Weighting Lv.2 Content Period (Month) Weighting Lv.3 Evaluation Item Label Technician (Object)

1 20% Quantity

8% Notice
The number of notifications read:

Monthly (Read/Total)
1

4.00% News Read pushed news from CSI
system by APP or PC non-daily

>90%
4.00% Messages Read pushed messages from

the CSI system by APP or PC non-daily

12% File Handling Number of tasks
processed and launched 6 12.00%

Management Acceptance records, etc. day-to-day

>1

Environment Inspection records, etc. day-to-day

Audit and Payment day-to-day

Contract non-daily

Measurement Approval form, etc. day-to-day

Test day-to-day

QC data Review signature, etc. day-to-day

Scheme Approval non-daily

Startup non-daily

2 50% Quality

5% Response Time The time of processing and handling tasks shall
be in accordance with the contract

6 5.00%

Management Acceptance records, etc. day-to-day

1. Tasks with the label of day-to-day:
processing time < 24 working hours
(one point is deducted if over than 12 h)

2. Tasks with the label of non-daily:
in accordance with the contract

Environment Inspection records, etc. day-to-day

Audit and Payment day-to-day

Contract non-daily

Measurement Approval form, etc. day-to-day

Test day-to-day

QC data Review signature, etc. day-to-day

Scheme Approval non-daily

Startup non-daily

5% Check

Number of unfinished tasks:
(0, full mark; <10 cases,

one point is deducted for every
10 cases; >30 cases, 0)

6 5.00%

Management Acceptance records, etc. day-to-day

Up until now, the special supervision
inspection was qualified and had no
accidents, full marks

The task was completed and qualified
without accident, full marks

Number of unfinished cases:
(=0, full mark; <10 cases,
one point is deducted for every
10 cases; >30 cases, 0)

Environment Inspection records, etc. day-to-day

Audit and Payment day-to-day

Contract non-daily

Measurement Approval form, etc. day-to-day

Test day-to-day

QC data Review signature, etc. day-to-day

Scheme Approval non-daily

Startup non-daily

30% Inspection
Patrol times and logging

* Side station
6

10.00% Log Number of task flows that
participate in patrol initiation

day-to-day
Inspect the construction site regularly or irregularly

Not less than once a day for major projects under construction20.00% Aside supervision The number of side stations is
subject to actual occurrence
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Table A1. Cont.

10% Attendance Online clocking
of attendance statistics

6

5.00% Clocking-in

Perform duties according to the
regulations, and the monthly
on-site time shall meet the
contract requirements

day-to-day

In accordance with the contract

5.00% PE-fit
The clocking time should match the
clocking place, and the reason should
be explained if outside the e-fence

Upload attendance location, if outside the e-fence,
or in case of absence, mark 0 on the day

The reasons should be explained outside the fence. If the
reasons do not meet the company’s management regulations,
this item will be marked as 0 on the day

3 30% Evaluation

5% Firm

Work attitude and professional
ability are scored by the company

Default full mark if no feedback

6

2.50% Attitude Energic and responsible

non-daily

According to the score
2.50% Ability Refer to the assessment system

issued by the company

15% Superior

The resident principal of the project will score the
work attitude and business cooperation

Default full mark if no feedback

6

7.50% Attitude Energic and responsible

According to the score
7.50% Ability Refer to the assessment system

issued by the company

10% Examination
Professional investigation

and reward and punishment

12 10.00% Professional Knowledge Professional knowledge assessment Percentage system, 10 points first gear,
less than 60 points does not qualify

According to the
scoring standard

Honors and Awards Awarded by project
owner or superior Bonus (5 points/honors)

Education Organize special meetings,
education and training

If one does not attend, they will be penalized
(score = day attendance score).

Warning
Be criticized by the owner/superior,
including behaviors, performance
of the contract, etc.

Deduction (5 points/report criticism; 0 if illegal act)

* Side station according to the actual work needs.
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