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Abstract: In order to more effectively assess the health status of a
project, the monitoring indices in a project’s life cycle are
divided into quality index, cost index, time index, satisfaction
index, and sustainable development index. Based on the feature
of qualitative and quantitative indices combining, the PCA-PR
(principal component analysis and pattern recognition) model is
constructed. The model first analyzes the principal components of
the life-cycle indices system constructed above, and picks up
those principal component indices that can reflect the health status
of a project at any time. Then the pattern recognition model is
used to study these principal components, which means that the
real time health status of the project can be divided into five
lamps from a green lamp to a red one and the health status lamp
of the project can be recognized by using the PR model and those
principal components. Finally, the process is shown with a real
example and a conclusion consistent with the actual situation is
drawn. So the validity of the index system and the PCA-PR
model can be confirmed.
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he health monitoring of projects is a complex project
T information management question. Monitoring goals
may vary with different standards. Formerly established
analysis models were mostly based on sole goal decision-
making in individual project stages'" , such as quality control
in the designing stage, quality control in the constructing
stage, and cost control in the constructing stage. Although it
may make the index structure processing more reasonable, it
actually creates confusion of index transitions at different
project stage interfaces and makes it unknowable whether the
results of the formerly established analysis models are the
most optimal solutions or not in a project’s life-cycle. It also
makes it difficult to form a unified analysis model of the
health monitoring of a project in its life cycle. So the life-cy-
cle theory becomes the inevitable choice of project health
monitoring researches'” .

However, a project’s construction and operation are dy-
namic processes, which leads to an instantaneous combina-
tion of different monitoring indices at any stage. And it may
create a significant influence on the choice of project health
monitoring. Thus how to integrate the index structure and
how to choose a suitable model to screen the evaluation in-
dices on the project health become the focal points.
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1 Selection of Project Health Monitoring Indices
Based on Life-Cycle Theory”™

In the life-cycle theory, the choice of indices of project
health monitoring is to take a project as a coherent process
of the organization’s life cycle from the planning stages to
the final abolition, which means that we should not fragmen-
tally examine the series of indices during the whole process.
Then the status of a project’s quality of health can be inspec-
ted at any moment; also the project’s historical and social
responsibilities are brought into the scope of inspection.
Thus, the concept of health is no longer confined to the tech-
nical scope but spreads to the rational scope in the project’s
life cycle. According to traditional theories as well as certain
expansions, the indices that may come about in a project’s
life cycle can be divided into: 1) quality index; 2) cost index;
3)time index; 4) satisfaction index; 5) sustainable develop-
ment index.

1.1 Quality index system

The quality index system is the series of indices which are
to pursue the unity of the quality of work, the quality of the
project and the overall functions of the end products or serv-
ices and the indices, which focus on operations and bring
out the value of the project’s functions(see Tab. 1).

Tab.1 The structure of the quality index system

The second level decomposition The third level decomposition

Designing standard GQDO1

Quality of Designing quality GQDO02
design GQD Technical standard GQDO03
Possibility of construction GQD04
Quality of material GQCO1
ality of equipment GQCO02
Quality of Quality qutp Q

Project quality system GQCO03
Quality of all subsections GQC04
Quality of the entire project GQC05
Overall function GQOO01
Product or service quality GQO02
Safety of operation GQOO03
Reliability of operation and service GQO04
Maintainability GQO05
Notes: 1) Related indices also need to be further decomposed into various sub-
systems and various subsections; 2) The following tables are the same.

construction GQC

Quality of operation GQO

1.2 Cost index system

The cost index system includes not only the construction
costs on the background of the traditional theoretical sys-
tem, but also the operating costs in a project’s entire life
time'; the social costs of these problems such as staff
health, project bidding, etc; and the environmental protection
costs of the harmonious coexistence between the project and
the environment(see Tab.2).
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Tab.2 The structure of the cost index system

The second level decomposition The third level decomposition

Total investment in construction GCCO1
Operating costs GCC02

Maintenance costs GCCO03
Cost in the life-cycle

. Investment in unit production
time GCC P

capacity GCC04
Social costs GCCO5
Environmental costs GCCO06

1.3 Time index system

The time index system includes not only designing and
service life time indices, but product market cycle time indi-
ces as well(see Tab. 3).

Tab.3 The structure of the time index system

The second level decomposition The third level decomposition

Construction period GTGO1
Payback period GTG02
Maintenance or upgrading cycle time GTGO03
Designing life time GTEOI
Physical service life time GTE02

Project base time GTG

Project life time GTE
Economic service life time GTEO3
Market development period GTMO1
Peak period GTM02
Decline period GTMO03

Product market cycle
time GTM

1.4 Satisfaction index system

The satisfaction index system means how the ones sur-
rounding the project appraise on the interests of their owns,
such as users, investors, owners, contractors and suppliers,
governors, producers ( employees) and organizations ( see
Tab.4).

Tab.4 The structure of the satisfaction index system

The second level decomposition

The third level decomposition

Prices of products or services GPUOI
Project safety GPUO2
Humanity of products or services GPUO3
Investments GPIO1
Rate of return on the investment GPI02

Project users GPU

Project investors GPI
Possibility of reducing investment risk GPI03
Overall objectives of the project GPOO1
Project prices GPCO1
Construction time GPC02
Corporate image GPC03
Corporate relationships(or credibility) GPC04

Project owners GPO

Project contractors GPC

Prosperity and development in regional economy GPGO1

Increase of local financial GPG02
Improvement in local images GPG03
Prominent political achievements GPG04
Employment and other social problems GPG05
Working environment( safety, comfort, humanity) GPPO1
Treatment GPP02
Stability of the work GPP03
Protection of the environment GPAO1

Governors of
project GPG

Project producers
GPP

Protection of landscape and heritage GPA02
Job placement GPAO3
Demolition resettlement or compensation GPA04
Building modeling, spatial harmony
with the environment GPAOS

Organizations surrounding
the project GPA

1.5 Sustainable development index system

The sustainable development indices mainly focus on the
project’s influences on the ecological environment and re-
sources and inspect the extents of their sustainable develop-
ment( see Tab.5).

2 Construction of the Evaluation Model

2.1 Model methods selection and the extent of its appli-
cation

The model constructed in this paper is made up of two
methods which are principal component analysis( PCA) and
pattern recognition( PR) (called the PCA-PR model). In the
entire project life cycle, there will be a great number of indi-
ces and data. Some of these data are quantitative indices but
the others are qualitative ones. These two methods have their
own attributes and functions. The PCA can pick up the key
indices from all the monitoring ones and the PR can evaluate
the quantitative and qualitative indices at the same time.
Thus, these two methods are chosen to construct the aimed-
at model.

Because of the evaluation indices for constructing the
model, admittedly it is necessary to gather statistics and ana-
lyze the project’s massive data, and this mission will cost
many resources. So when the project’s data are massive, the
model can do its job. Thus it is evident that the model con-
structed here is suitable for large-scale projects.

2.2 Construction of the PCA-PR model

2.2.1 Principal component analysis"”’
1) Standardize ( format) indices
Suppose that there are m indices, and the number of each
index’s observation values is n. Then we can create a matrix

of observation values as follows:

Fo=a,x +a,x, +...+a,x,
F,=a,x +a,x, +... +a,x, )
Fm = almxl + a2mx2 +...F anmxn
Standardize the data of matrix F =[x, x,, ..., x,], and
obtain a standard matrix F' =[x}, x}, ...,x ]:
X. —X.
R — (2)

y
VS;

where X, = {xlj, Xojs Xy oo x,:/.},j is the j-th index, i e [1,

nj.

1<
X; =7;xi]’ (3)

1 < _
5 =n—121(x'7_xj)2 4)

2) Then we can obtain the correlation coefficient equation
R(r;) of those standard indices by

mxn

n

rij = ! Z(Xai _Xi)(xaj _Xj) (5)

n-1%
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Tab.5 The structure of sustainable development index system

The second level decomposition The third level decomposition

The fourth level decomposition

Status of the influences
on the environment
GSEO1

Ecological environment GSE

Emission amount and change rate of the exhaust gas GSEO11
Per capita emission GSE012
Total emissions GSE013
Three wastes treatment rate GSE014
Influence of city noise GSEO15
Concentrations of atmospheric suspended particles GSE016
Effluent waste of GNP unit GSE017
Waste gas emission of GNP unit GSE018
Emissions and sewage treatment rate GSE019

Ecological indices
GSE02

Water quality of major rivers GSE021
Forest or green coverage area and per capita coverage area GSE022
Area of soil erosion and rate of change GSE023
Changes of the nature reserve areas GSE024
Eligible degree of the drinking water GSE025

Investments in
environmental protection GSE03

Investment in environmental management GSE031

Environmental protection investment and its proportion in GNP GSE032

Resource reservation
GSRO1

Natural resource reserves and its changing rate GSR011
Extent of the development and utilization of resources GSR012

Destruction or degradation of natural resources GSR013

Resource index GSR

Resource consumption
indices GSR02

Per capita resource amount of possession and consumption GSR021
Rate of energy consumption growth GSR022
Energy consumption per 10 000 yuan of output GSR023
GNP units consumption of energy and water GSR024
Amount of resources input GSR025

Long-term adaption
to the demands GSSO1

Stability of project function GSS011
Sustainability of project GSS012
Maintainability of project GSS013
Low-cost operation GSS014

Project update and further
development GSS02

Sustainable development
capacity of project
their own GSS

Functional update GSS021
Structural update GSS022
Material update GSS023

Ability of disaster
prevention GSS03

Monitor and prediction GSS031
Disaster defence GSS032
Disaster loss size GSS033

Emergency response GSS034

Recovery and reconstruction GSS035

3) Seek the eigenvalues of the correlation coefficient
equation R:

By the characteristic equation |R —AI| =0, we can ob-
tain the eigenvalues of R: 0 A, <A, <A;...<A,_, <A,.
Their corresponding eigenvectors are v,, v,, Vs, ..., V, .

And we call the «, as the k-th contribution rate if «, can
be expressed as

o, = (6)

where A,(i=1,2, ..., m) reflect the contribution rates of the
principal components F,(i=1,2, ..., m) to the information
in the measured indices. Thus, the eigenvectors v, = (v,,
Vs - v,) (i =1,2, ..., m) reflect the contribution rates of
the measured indices x; to the principal components F,. The
rates are also equal to a; = {a,, a,, ..., a,,} in the PCA
model. It means that we should pick up those indices whose
contribution rates to the principal components are small.

A, =min(A)) (7

Then we can determine the principal component F, which
these indices correspond to.

Because we suppose that A, <A, <...<\,, we should
aim at F,. When we inspect the eigenvector v,; that F, cor-
responds to, we can pick out index x; that the eigenvector
v,; corresponds to.

s v D) (8)

‘vlj ‘ = max( ‘V“ ‘, ‘Vu

This step is to screen out those indices whose contribu-
tions to F, are small. Suppose that the index screened out is
x.- Then we use n —1 indices of y, to make up of a new ma-
trix A, and repeat Eqs. (1) to (8) until A, is not so small.
Thus, we finish screening out the indices. The process
shown above is the so-called “principal component analy-
sis”.

2.2.2 Pattern recognition mode!

The following steps show how we build the pattern rec-
ognition model:

1) Establishing the subsets of samples. The ideal stand-
ards of the indices are called as the fuzzy mode B in the
life-cycle theory of a project’s quality health. And all the

1[9]
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divisions of the entire project monitored are called as fuzzy
objects A,. Every subset of A,, which is made up of the divi-
sion projects’ real-time data A, is defined as the factor set.

2) Determining the factor set. The factor set referred to
here is the quality healthy index sets which are classified ar-
tificially through the PMIS’s inputting interface and then
identified by the PCA model.

3) Quantifying the fuzzy subset. There are several meth-
ods available to quantify the fuzzy subset and to assure its
membership values. Here we obtain some of the fuzzy sub-
set membership functions and values by analyzing the sta-
tistical values'® and determine the others by expert assess-
ment and valuation ( The methods of expert assessment and
valuation mainly aim to deal with the indices that cannot be
quantified) .

4) Pattern recognition process. We suppose that the fuzzy
set is Be I'(n) and the given factors sets are A,(i =1, 2,
...,n). If(B, A,)) =max{(B,A,), (B, A,), ..., (B,A)},
then B is considered as the closest to A, and it is the so-
called “the nearest principle”.

There are several solutions to the nearest degree problem
on the basis of different definitions, such as the hamming

osculating method, the Euclidian approach degree, the meas-
ure close degree, the maximum-minimum closeness method.
For example, the Euclidian approach degree is

L
n

[Z(Af(ﬂf) —B(Mi))z] (9)

i=1

N(B,A) =1 -

Jn

where N, is the nearest degree of the fuzzy mode B to the

fuzzy object A,, which shows the extent of closeness be-
tween every index set and the standard set.

3 Application Example

Here we use the data from a large palaestra project in a
certain city, and show particularly how to use the PCA-PR
model to analyze the project’s quality health. The data pres-
ented here come from documents such as feasibility study
reports, design reports, and completion inspection reports.
For the convenience of research, we make some weighted
processing on the second level decomposition indices
through the consultations and investigations on all parties
such as investors, owners, contractors, users, governors, and
suppliers. The detailed data are shown in Tab. 6.

Tab.6 The second level decomposition weighted indices on the quality health of project 1072

Part name ~ GQD GQC GQO GCC GTG GTE GITM GPU GPI GPO GPC GPG GPP GPA GSE GSR GSS

Central 0.73 6.55 0.82 825 525 1.78 1.83 1.13 1.25 1.30 0.55 1.21 1.37 1.29 5.11 2.67 2.49
palaestra
Central

; 0.57 5.45 0.78 4.75 4.35 1.22 1.17 0.50 0.75 0.81 0.30 0.42 0.71 0.72 2.63 1.41 1.63
gymnasium

{Zgg{: 0.35 2.80 0.46 3.8 1.31 0.74 0.99 0.13 0.17 0.12 0.06 0.11 0.17 0.11 1.08 0.30 0.31

Indoor 0.35 3.20 0.44 3.2 2.09 0.76 1.01 0.24 0.33 0.27 0.09 0.26 0.25 0.31 1.18 0.62 0.57
natatorrum

3.1 Principal components analysis

1) Matrix A is made up of the indices from the data of
Tab. 6. We can obtain the eigenvalue A, of the correlation
coefficient matrix R by Egs. (4) and (5): A, =( —=9.435 x
107", 4.3352, —3.109 4 x 107"°, 5.726 5, 4.685 7,
0.2432,0.289 9, 1.389 0, 1.623 7, 0.993 4, 0.764 8,
3.6394,0.0013,1.1343,3.1121,0.3975,1.003 4).

2) Using Eqgs. (7) and (8), we can obtain a new index
system including nine indices, which are: 1) Quality of con-
struction( GQC) ; 2) Cost in the life-cycle time( GCC); 3)
Project base time ( GTG); 4) Project users’ satisfaction
(GPU);5) Project investors’ satisfaction( GPI); 6) Project
governors’ satisfaction ( GPG); 7) Organizations surround-
ing the project( GPA); 8) Ecological environment( GSE);
9) Sustainable development capacity ( GSS). It means that
we can use these nine indices to monitor the quality health
of the project at the time of completion.

3.2 Pattern recognition

According to the model of the PCA in section 3.1 and
the expert assessment law and the F statistics law, we can i-
dentify five corresponding states represented by standard
objects B, 5. The green lamp represents that the project is
currently in a healthy state and does not need any concern.
The blue lamp represents that the project is in a relatively
healthy state; that is to say, small parts of the project can
be accepted after some rectifications. The yellow lamp re-

presents that the project is in a state of sub-health, which
needs some concern; it means that the project can be accept-
ed after a certain proportion of rectification work has been
performed. The orange lamp represents that the project is in
a relatively unhealthy state, which requires much attention,
namely, a large proportion of the project needs rectifica-
tions. And the red lamp represents that the project is cur-
rently in a seriously unhealthy state and needs surveillance
and intensive concern from all parties, and many parts of
the project need to be redone; even further operation of the
project may have already become meaningless.

Here we use the example of the central palaestra to show
the process of the pattern recognition:

1) Build up the table of membership values on project
quality health, and obtain the domain of the factor set
screened by the PCA model.

2) Use the fuzzy pattern B set-up in Tab. 7 and the indi-
ces data to assure the membership values of the correspond-
ing factor set.

= {0. 820, 1. 000, 1. 000, 1. 000, 1. 000,
1.000, 1. 000, 0. 822, 1. 000}

central palaestra
3) Obtain the nearest degree of the domain U on the cen-
tral palaestra by Eq. (10).
N(B, 1) =0.916, N(B, II) =0. 809
N(B, I) =0.729, N(B, V) =0.534, N(B, V) =0.336



512

Chen Yan, Cheng Hu, Liu Jing, and Dai Hongjun

Tab.7 Membership values of project quality health

Index name I Green I Blue Il Yellow IV Orange V Red
GQC 0.070, 1.0 0.065, 0.8 0.055, 0.7 0.050, 0.5 0.045, 0.3
GCC 0.080, 1.0 0.075, 0.8 0.070, 0.7 0.060, 0.5 0.050, 0.3
GTG 0.050, 1.0 0.045, 0.8 0.040, 0.7 0.035, 0.5 0.030, 0.3
GPU 0.010, 1.0 0.008, 0.8 0. 006, 0.7 0.004, 0.5 0.002, 0.3
GPI 0.012, 1.0 0.010, 0.8 0.008, 0.7 0.006, 0.5 0.004, 0.3
GPG 0.012, 1.0 0.010, 0.8 0.008, 0.7 0.006, 0.5 0.004, 0.3
GPA 0.012, 1.0 0.010, 0.8 0.008, 0.7 0.006, 0.5 0.004, 0.3
GSE 0.060, 1.0 0.050, 0.8 0.045, 0.7 0.040, 0.5 0.035, 0.3
GSS 0.020, 1.0 0.018, 0.8 0.015, 0.7 0.010, 0.5 0.080, 0.3

According to the nearest principle: (B, A;) = max {( B,
A),(B,A)),....(B,A)) },it is easy to know that the qual-
ity health state of the central palaestra is the closest to the
green lamp standard. That is to say, the state of the central
palaestra is healthy at the time of completion.

We can also monitor the health of the central gymnasi-
um, the tennis centre and the indoor natatorium by the
PCA-PR method, which has been used to monitor the health
of the central palaestra. The conclusion is that the states of
the central gymnasium and the tennis centre are all closest
to the green lamp standard, while the indoor natatorium is
closest to the blue lamp standard. This conclusion is fully
consistent with the actual results. Because of some construc-
tion problems as well as the sewage treatment problems, the
indoor natatorium does not fully meet the green lamp stand-
ard. After some rectifications, it can be accepted.

4 Conclusion

Based on the life-cycle theory, the concept of project
health becomes broader, which is not confined to the tradi-
tional concept used in former times. Therefore, a more sci-
entific criterion or method is needed. Using the PCA-PR
model, we can pick out the main indices that can truly indi-
cate the health state of a project and quantify many experi-
ential judgment criteria in order to accurately identify the
health state of the project at any time point. So the model
can help us avoid some embarrassing situations when we

ETe&%aBRERNIER
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take a part as a whole in project monitoring, and, thus, it
has strong practical value.

References

[1] ISO/TR 14177 Classification of information in the construc-
tion industry [ S]. Geneva: International Organization for
Standardization, 1994.

[2] Wang S Q, Dulaimi M F. Risk management framework for
construction projects in developing countries [J]. Construc-
tion Management and Economics,2004,9(22):237 —252.

[3] Cheng Hu. Project management| M] . Beijing: Higher Educa-
tion Press, 2004: 60 —81. (in Chinese)

[4] Kirchmeyer C. Change and stability in manager’s gender roles
[J1. Journal of Applied Psychology,2002,87(5):929 —939.

[5] Jaafari Ali. Life-cycle project management: a proposed theoreti-
cal model for development and implementation of capital pro-
ject [J]. Project Management Journal,2000,8(3):41 —

[6] Jolliffe I T. Principal component analysis [ M]. New York:
Spring-Verlag Inc. , 1986: 85.

[7] Zhang Tienan, Li Jinglei. Application of multi-step fuzzy
comprehensive evaluation[J]. Journal of Harbin Engineer-
ing University, 2002,23(3): 132 —135. (in Chinese)

[8] Wang Peizhuang. Fuzzy set theory and its application [ M] .
Shanghai: Shanghai Scientific and Technical Publishers,
1983:93. (in Chinese)

[9] Venkatesh V, Davis F D. A theoretical extension of the tech-
nology acceptance model: four longitudinal field study [J].
Management Science,2000,45(2):186 —204.

1B RBRENE R E
Hn g

(" FhRFERIRESE, HF 210096)
CHRLRFBA I, AL 066004)

WE: A T LA TRR B G RREME &0 RG4S, e FFT TR 8 ITAENEFERE

ia#ﬁ\ﬁ'm*a7h< BFE) F5 AR & @it E AT HY % K Fe AT = v X 4

B TR AEARMR A TS T E AR

FALE A MR, M T PCA-PR A48 AL i AL AL b o F - B35 47K R 34T 2247 (PCA) , AZ AT M 1 69
S A B IS AT P B B — T AE A TAZOR B AR BRAA N AT 80 2 B AEIEATIR R BAT AT 2 £ B4R SRR ARAR

ZATHEXRA 247 (PR) Bpi@ it 242
B BRI ARIR A BT A RS
SHTEER B0 T 35 ARIK A Fo A 09 A 2O

KEIR : 2o B IR R 54T %'Ei\n,\fﬂ ;1 R

HESES:Q212

R Bp BT ARAK
RS RS

A X \/JQJ’UT 4rd7 S ﬁJk,\,,ﬁ'J}ﬂﬁ’iiR%‘]#ﬁﬁﬁﬂ
Lo KERATI LM, 5B 5 RIRE LA 609



