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Abstract: Risk is demonstrated as one of the most crucial drivers of value for money (VFM) in
public–private partnerships (PPP), but in previous studies, the risk cost estimation of the quantitative
evaluation of VFM was still a dilemma that strongly depended on specialist discretion or had low
methodological operability. This paper establishes a prediction model for estimating the risk cost in
the phase of VFM evaluation through a combination of case-based reasoning (CBR) and ontology
technology. PPP information ontology was established to provide the technical basis of knowledge
representation for the CBR cycle. Then, according to whether the information data were quantitative
or qualitative, similarity calculation methods were used for the retrieval of similar cases. The
conceptual semantic similarity algorithm based on the ontology tree structure was well implemented
to compare abstract information. After the most similar cases were extracted, a revision mechanism
was followed when there were deviations in the similar cases. Finally, the risk costs of the target
case were obtained by weighting the extracted similar cases based on the similarity. An empirical
analysis was performed with 18 historical projects from the China Public–Private Partnerships Center.
The results showed that the relative errors between the estimated and actual costs of total risk and
retained risk were 11.05% and 2.41%, respectively. This indicates that the estimation model could
achieve a better risk cost prediction with small errors, which validates the availability of the model.
Based on the proposed model, this research establishes an extensible PPP information ontology model.
It promotes the integration and interoperability of information knowledge in the PPP domain, which
can be further expanded according to the requirements. Coherent accuracy is provided by the whole
CBR-based measurement process, which has offered a systematic and objective method for the risk
costs measurement of PPP projects.

Keywords: public–private partnerships; risk cost; case-based reasoning; ontology

1. Introduction

Public–private partnership (PPP), as a significant institutional innovation in infras-
tructure investment and public service delivery [1], is a long-term cooperation mechanism
that advocates a relationship of “complementary advantages, benefit, and risk-sharing”
between government and private departments [2]. Since 2014, PPP has experienced a new
boom under marked motivation from the central government [3]. After seven years of rapid
development in China, PPP has become an effective approach for stabilizing growth, facili-
tating innovation, regulating strategy, and increasing the welfare of individuals, promoting
the integral expansion of the economy. According to the latest statistics from the China
Public–Private Partnerships Center, as of January 2022, a totally of 10,254 projects, with a
total investment volume of RMB 16.2 trillion, are collected in the management database,
of which 7714 projects with an investment of RMB 12.8 trillion have been contracted and
landed, with an implementation rate of 78.9%. China has become one of the largest markets
of PPP in the world. However, various stakeholders are involved in the PPP projects, as
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well as huge investments and long construction cycles. It is easy to encounter problems
such as the irrational allocation of risks, the creation of explicit shares but real debts, an
emphasis on construction while neglecting operation, and excessive financing leverage.
Thus, a dialectical perspective should be taken in the practical application of PPP to clarify
that it is not an almighty tool that is feasible for all projects.

Value for money (VFM) is defined as “the optimum combination of whole life costs
and quality (or fitness for purpose) to meet the user requirement” [4]. In practice, the
VFM of a PPP project can be expressed as the difference between the net present value
(NPV) of the whole life-cycle cost (LCC) of a project procured by a traditional method
(LCCPSC) and the NPV of the LCC of the same project procured through a PPP approach
(LCCPPP) [5]. Ultimately, VFM is generated when the total net present value of PPP is less
than the NPV of traditional procurement, indicating that the whole life cost of the proposed
project can be reduced [6]. For both NPV of PPP and PSC, risk costs are engaged as the
crucial issue and dilemma in the quantitative evaluation of VFM. At the early stages of
popularization of VFM, there is a complete system, but not yet an established sophisticated
information platform that can accumulate specific data for types of projects, leading to the
assessment and allocation of risk being widely dominated by experts whose subjective
and unilateral nature properly induce some bias in the entire measurement of VFM. In
addition, the topics of risk assessment and allocation have aroused a research fever that
has facilitated the emergence of substantial-excellent studies during the period of rapid
expansion of PPP. Almost of them are based on experts, but further mitigate the influence
of individual subjectivity by employing different techniques that do not fundamentally
improve the independence of specialists, and some methodologies are complex and not
operable in practical projects. Moreover, many characteristics have emerged in China’s
PPP market, such as quantity reduction but quality increase, more sophisticated systems,
stronger supervision, more transparent information, etc. These have provided a stable
environment for PPP development, which considerably enhanced the general quality and
maturity of PPP projects in the official database. Consequently, some items with high
availability are accumulated in municipal engineering, transportation, and other PPP areas,
creating friendly conditions to offer guidance for subsequent new projects. However, the
utility has failed to be effectively utilized by existing accounts, especially in the risk cost
estimation. Based on the current situation, this study seeks to explore a valid way to adopt
useful historical projects to estimate risk costs in VFM evaluation, in parallel, decreasing
the reliance on experts.

In this research, a risk costs estimation model for VFM evaluation was developed
based on previous similar cases. The risk costs include the retained costs undertaken
by governments and the transferable costs incurred by private sectors. An objective of
this research is to improve the efficiency of risk cost assessment, as well as the utilization
of old cases in the VFM evaluation phase, and to propose several suggestions for risk
data accumulation in the process of project management. The accuracy of the VFM value
determines whether the PPP can be successfully applied to an infrastructure project, while
a more sophisticated data system will contribute greatly to industry development. The
research was carried out as follows. A combination of case-based reasoning (CBR) and
ontology is used to set up the estimation model, while the information from the China
Public–Private Partnerships Center is used as an instruction in the process. The model
has been organized into the following four submodules: (1) ontology model development,
(2) attributes weighting, (3) similarity calculation, (4) VFM risk cost measurement. More
specifically, an information ontology model for risk cost calculation was first developed
from previous PPP projects that contained a series of attributes. Second, the ID3 algorithm
of the decision tree was adopted in attributes weighting to identify similarities between
the target and old cases. Third, similarities were calculated by the semantic similarity
algorithm incorporated with principal component analysis (PCA) based on the ontology
tree structure. Additionally, more than three most similar cases for the target case were
retrieved, and the contributions were prioritized according to the degree of similarities. The
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extracted cases were utilized to predict the risk cost of the target case. Deviations of data in
similar cases which induced uncertain predicted values were considered in the process. A
data revision step was taken to improve the accuracy of the estimation of risk costs. Finally,
the retained cost and the transferable cost of risk were predicted from the revised data
of similar historical projects. The outcomes were compared to the actual risk costs of the
target cases documented in the official database for validation. This approach can increase
the computational performance and availability for estimating costs of potential risk for
government and private sectors in the phase of VFM evaluation. Therefore, experts can
be freed from repetitive work and devote their time to better implementing projects to
optimize the application of the PPP model.

2. VFM Risk Cost of PPP Project

Risk is demonstrated as one of the most crucial drivers of VFM by numerous aca-
demics [7–10]. One of the most prominent tasks of PPP is to invite the private departments
to share risks. It is necessary to confirm the risks and the risk costs borne by the govern-
ments and social capitals in the evaluation phase of VFM, thereby facilitating more detailed
risk control in the subsequent steps. Compared to traditional procurement, where the
governments take all the risks, PPP plays an effective role in sharing some of the risks
with the private sector, called transferable risks, while the remaining risks taken by the
government itself are called retained risks. Furthermore, the associated costs of both are
directly related to the achievement of value for money which requires accurate risk iden-
tification, assessment, and allocation. Optimization studies surrounding the evaluation
are continuously active in the PPP field. There is extensive research on risk identification
in all areas of PPP. Song et al. investigated ten key risks of PPP waste-to-energy (WTE)
incineration projects in China [11]. Zhang et al. combined the 2-tuple linguistic represen-
tation model and DEMATEL to examine the risk factors and their interrelationships of
EVskCI-PPP projects [12]. Similarly, the identification of other PPP fields, such as water
supply, urban underground pipe gallery, sponge city, and construction projects is well
undertaken by various surveys and academics [13–16]. Additionally, this determination is
often done along with assessing the principal risks and classifying the related risks into
different levels by using a series of methods. The Mann–Whitney U test was adopted to
seek out the most important risk factors for PPP projects in China, including government
intervention, government corruption, and poor public decision-making processes [17]. A
combination of two-dimension linguistic variables and the cloud Choquet integral (CCI)
is used to mitigate the subjectivity of experts [18]. Multi-organization fuzzy rough sets
(MGFRSs) are incorporated with an improved DEMATEL method to deal with the influ-
ence of interrelationships on the ranking of risks [19]. Structural equation modeling (SEM)
has been applied in ranking risks and identifying several risk paths by focusing on risk
interaction and stakeholders’ expectations [20]. Interpretative structural modeling (ISM),
along with MICMAC analysis, were used to prioritize PPP risks [21]. Related research
likewise provides valuable references for risk assessment, but they were all conducted on
the premise of specialists’ opinions. Specifically, the cost assessment is usually calculated by
occurrence and impact, which heavily depend on expert judgments. Risk allocation, as an
extremely significant part of VFM evaluation, affects the effective supervision and control
of risks in the subsequent process of each PPP project. Optimal risk allocation, with its aim
to achieve VFM [22], is perceived as the key to the success of the PPP model [23,24]. Thus,
there are numerous studies on this theme. The Delphi questionnaire survey is conducted
as the most prevalent tool [25,26] used to reduce the subjectivity of individuals; fuzzy
synthetic evaluation, game theory, the artificial neural network, and other multi-attribute
decision-making methods and intelligent technologies are used to obtain more precise
results. Ke et al. found that the public sector preferred to retain most of the political, legal,
and social risks, and share most of the microlevel risks and force majeure risks; the majority
of microlevel risks were preferred to be retained by the private sector [27]. Ameyaw et al.
adopted the fuzzy-set approach to examine the allocation of five key risk factors related
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to PPPs in water supply infrastructure projects [26]. Li et al. proposed a bargaining game
theory to prioritize risk allocation that considers the probability, severity, and impact of
risk factors [28]. Artificial neural network (ANN) models were built up for risk allocation
decision making based on the industry-wide questionnaire survey [29]. A neuro-fuzzy
decision support system (NFDSS) was developed to assist the sharing process [30]. A
genetic algorithm (GA) was applied to enhance efficiency [31]. Valipoura et al. presented
a SWARA-COPRAS approach to utilize qualitative linguistic terms in the allocation of
risks [32]. Parallelly, some relevant studies were carried out from particular perspectives.
A framework with a deeper understanding of risk was afforded by the principal–agent
theory (PAT) to ensure a more complete and optimal risk allocation across the whole life
cycle of PPP projects [33]. Project finance contracts were also considered [34].

As we can conclude, it is no longer a dilemma to identify and reasonably allocate the
risks owing to proven methodologies, in addition to estimating the risk costs borne by
different parties. Deviations always arise due to the irregularity of data and the dependence
of commonly used methods on experts when calculating the occurrence and degree of
risk. In the past, the accumulation of historical data was not mature enough to apply to
risk cost estimation in China. Currently, however, as the database keeps optimizing and
expanding, it has often been overlooked as an important resource to be used in this field.
While historical cases are used to predict total project costs and risk response strategies, the
increasingly available data has the potential to be a valuable asset for risk costs calculation.
This paper employed CBR and ontology to achieve the above purpose, while at the same
time, enhancing the efficiency of using historical cases, supplementing the information on
risk pre-management, and providing more useful support for later regulation.

3. Case-Based Reasoning and Ontology

CBR, or case-based reasoning, is an approach to problem-solving that originated from
cognitive science [35,36] and which emphasizes solving new problems by reusing and if
necessary, adapting the solutions to similar problems that were solved in the past [37]. As a
computerized approach, CBR has a wide range of applications in various areas, such as
fault detection, chemical prediction, disease inference, and rehabilitation practice [38–41].
In particular, it is commonly applied in cost prediction, accident pre-control, and strategic
decision making in construction [24,42–44]. However, it has not been popularly applied
because of the initial poor accumulation of available data. Now that the PPP mode in
China has entered a stable development stage, as the information management of the PPP
official database has been strengthened, historical projects are expected to become powerful
tools for new PPP projects, and applying CBR in this field is conducive to improving the
efficiency of historical knowledge reuse.

Aamodt [45] stated that a case-based reasoning process can be represented by the
three tasks of retrieval, reuse, and learning, which collapse several steps compared to
the subsequent definition by the author. The full process is shown in Figure 1; the CBR
consists of four primary processes: retrieval, reuse, revision, and retention. Case retrieval is
responsible for looking for the most similar cases in the established case base that indicate
corresponding data or solutions for the target case to reuse. If the proposed solutions are
not well matched, it is necessary to make some revisions to obtain more credible results
based on the initial solution generated from old similar cases. The revised solutions are
then retained as useful old cases in the case base. Among the whole cycle, retrieval, as
well as revision, are the critical steps to ensure the successful application of CBR [46,47]; an
accurate retrieval method guarantees the availability of extracted historical cases with high
similarity, while an effective revision process improves the accuracy of the final results.
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Before implementing CBR, the most crucial task is the representation of case knowl-
edge. The ontology technology, as one of the case knowledge representation approaches, is
an explicit formal specification of a shared conceptual model with the goal to capture the
knowledge of related domains, forming a consensus in a field, and improving the efficiency
of information interchange [48]. While the ontology uses a hierarchical tree structure to
represent the concept sets, as well as the semantic relationships, of the concepts [49]. The
nodes of the tree are called classes, with edges between the nodes representing semantic
relationships between concepts. From the top-down, concepts are classified from large
to small, and the lower-level concepts are a subdivision of the upper-level concepts. It
supports the definition of new concepts based on the existing vocabulary in a way that
does not require the revision of the existing definitions [50].

Ontology has structured some mature knowledge models for biomedical science that
contain substantial complex information and which are constantly being expanded. A
comprehensive resource of computable knowledge about genes and their products, Gene
Ontology (GO), has been established and developed by the Gene Ontology Consortium and
is widely used in the biomedical community [51,52], while a human phenotype ontology
(HPO) was introduced to bring together a standardized vocabulary of phenotypic abnormal-
ities associated with more than 7000 diseases that were presented [53]. The Cell Ontology
(CL) is an OBO Foundry candidate ontology covering the domain of canonical, natural
biological cell types [54]. Given the better inherent capability of knowledge representation,
ontology has been broadly used in other areas, such as multilingual interoperability, doc-
ument management, and industrial resource forecasting [55–57], as well as construction
engineering [49,58,59], where there are many stakeholders, complex situations, and con-
siderable information. Previous studies reflect that ontology technology is competent to
support more sophisticated information expressions in various domains. Furthermore, as
a kind of knowledge integrator, it contributes to achieving a consensus of knowledge in
different industries and effectively realizes easy interoperability of information, offering
excellent backup for CBR.
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Simultaneously, an excellent similarity estimation method, conceptual semantic simi-
larity, is provided by the structure of the ontology model. Based on this structure, the ID3
algorithm is allowed to be well applied in attribute weighting that directly influences the
overall similarity between target and old cases. With these conveniences, the objectivity
of the entire CBR cycle can be substantially improved, and the reliance on experts can be
effectively minimized, to some extent.

4. VFM Risk Cost Measurement of a PPP Project Based on CBR and Ontology
4.1. Ontology Development

In this paper, we used Protégé, an ontology development tool, to create the PPP infor-
mation ontology model using a seven-step approach, whose detailed steps are illustrated
in Figure 2.
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1. The domain and scope of the ontology created in this paper was PPP project infor-
mation, which was derived from the PPP project management database of the China
Public–Private Partnerships Center.

2. There are few existing ontologies in the PPP field and no available ontology models
that could be used in the VFM evaluation. Thus, we reconstructed an ontology model
based on the information from the PPP project management database. According
to the information listed in the database, eight major classes were defined, namely
“district,” “invest count,” “demonstration levels and batches,” “return mode,” “co-
operation term,” “procurement mode,” “operation mode,” and “risk factors.” The
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above classes were applicable for all PPP industries and were allowed to be further
expanded or subtracted according to the actual industries studied.

3. Define classes and the hierarchy structure. The classes “district,” “return mode,”
“demonstration levels and batches,” “operation mode,” and “procurement mode”
were commonly perceived attributes in the PPP project management database, and
their hierarchies (subclass and individuals) were created based on the different prop-
erty values they contained. For example, the “procurement mode” consists of open
tendering, selective tendering, competitive consultation, competitive negotiation, and
single-source procurement, which cannot be further subdivided; therefore, they are
regarded as individuals of the “procurement mode.” For the distinctive classes such
as “invest count” and “cooperation term,” whose values were different in different
PPP projects, hierarchies were created according to every practical case. For “risk
factors,” since there was no unified risk factor index system for each industry, this
part of the ontology model would be established based on a complete index system
that was created according to the actual industry studied; it will be introduced in the
validation section.

4. Define the properties of classes. The role of properties in ontology models is to
connect “class to class,” “class to individual,” or “individual to individual.” There is
no obvious correlation between the major classes, which were considered mutually
exclusive. Each major class and the subclasses (or individuals) are related to each other
as “Has” and “Part of.” For “individual to individual,” it must be created according
to the actual situation. For example, if the procurement mode of project A is B, then A
and B can be connected with the property “has procurement mode.” On this basis,
this paper created the hierarchical structure of PPP project information ontology and
its relationships. Due to the massive amount of information, only the foundational
structure is exemplified, as shown in Figure 3.
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4.2. Similar Case Retrieval
4.2.1. Attribute Weighting

It is necessary to assign weights to each major class, while every class in a PPP project
information ontology has a different influence on VFM risk cost, which definitely shows
the relative importance of each class. Given the tree structure of the ontology model, we
applied the ID3 algorithm of decision tree [60] to determine class weights, whose core
ideology is to measure feature weights by information gain. The larger the information
gain is, the more information it contains, and the more important the attribute is.

Before calculating the information gain, it is first necessary to understand the concept
of information entropy. In 1948, Shannon [61] defined information entropy as the probability
of the occurrence of discrete random events; the more orderly a system is, the lower the
information entropy, while the more chaotic the system is, the higher the information
entropy. Its calculation formula is:

H(v) = −
n

∑
i=1

P(ui)log2P(ui) (1)

P(ui) =
|ui|
|v| (2)

where v = a set of cases; the P(ui) represents probability of the occurrence of symbol i;
|ui| = number of cases in symbol i; and |v| = a number of cases in the set v.

The information gain is specific from different attributes; for an attribute, the difference
of information between the system with it and without it is the information gain, so the
formula for calculating information gain is:

Gain(v, a) = H(v)− ∑
s∈value(a)

|vs|
|v| H(vs) (3)

where a represents an attribute of a case; value(a) = a set of values taken by attribute a; v is
a value of attribute a; vs = a set of cases with value s in v; and |vs| indicates the number of
cases contained in vs.

4.2.2. Conceptual Semantic Similarity

The PPP project information ontology contained both quantitative and qualitative
information, which dictated that different methods should be applied for calculating
similarities. For quantitative information, a concrete calculation mathematical formula
was used. For qualitative information, it is difficult to compare two abstract concepts
using a typical formula; therefore, this paper adopted the conceptual semantic similarity
which is based on the tree structure of the ontology model to achieve the comparison of
abstract concepts.

(1) For quantitative information, the similarity calculation formula is shown below:

sim
(
wN , wj

)
= 1−

∣∣wN − wj
∣∣

wmax − wmin
(4)

where wN = value of an attribute for the target case; wj = value of an attribute for the
j-th old case u; and wmax, wmin represent the maximum and minimum values for all
the old cases included in the database.

(2) For qualitative information, we used an improved domain ontology similarity algo-
rithm, which integrated a total of four dimensions of semantic similarity: semantic
distance, node depth, node density, and semantic coincidence [62]. This algorithm
ensured that the calculated value of each influencing factor was between [0, 1] and
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the combined semantic similarity was always in the range of [0, 1], while the result
was always 1 for the similarity calculation of the same node.

1© The formula for calculating similarity based on semantic distance is:

distance_sim(A, B) =
2× (H − 1)− L

2× (H − 1)
(5)

where H = maximum depth of the ontology tree, while the depth of root node is defined
as 1, and which increases by one unit for each additional level; and L = semantic distance
between concepts A and B.

2© Similarity based on node depth incorporates the nearest common ancestor, which
is calculated as:

depth_sim(A, B) =
2× NLCS

NA + NB + 2× NLCS
(6)

where NA, NB = number of edges passed by concept A and B to the nearest common
ancestor node, respectively. NLCS = a number of edges passed by the nearest common
ancestor node to the root node.

3© Similarity based on node density takes into account the effect of node density in
the ontology tree structure, and its similarity is calculated by the formula:

density_sim(A, B) = 1− |2× wid(LCS)− wid(A)− wid(B)|
max(wid(Tree))

(7)

where wid(LCS) = number of sibling nodes of the nearest common ancestor of concept
A and B; wid(A), wid(B) = number of sibling nodes of concept A and B (including them-
selves); and max(wid(Tree)) = a maximum number of children nodes owned by each node
in the concept tree.

4© Similarity based on semantic coincidence considers the effect of the number of
common ancestor nodes possessed by the two concepts, which is calculated as follows:

coincidence_sim(A, B) =
∑C∈TA∩TB

FA,B(C)
∑C∈TA∩TB

FA,B(C) + ∑CA∈TA−TB
FA(CA) + ∑CB∈TB−TA

FB(CB)
(8)

FA,B(C) =
2× Dep(C)

Dep(A) + Dep(B)
(9)

FA(CA) =
Dep(CA)

Dep(A)
(10)

FB(CB) =
Dep(CB)

Dep(B)
(11)

where TA, TB = set of nodes passed by concept A or B to the root node; Dep(A), Dep(B),
Dep(C) = depth of concepts A, B, C, while C is the common ancestor of A and B; and CA,
CB represent the ancestor nodes of A, the ancestor nodes of B, but excluding the common
ancestor nodes of A, B, respectively.

5© Integrating the similarity of the above dimensions to find the combined similarity
of each attribute is then calculated by the formula:

semantic_sim(A, B) = α · distance_sim(A, B) + β · depth_sim(A, B)+
γ · density_sim(A, B) + φ · coincidence_sim(A, B)

(12)

where α, β, γ and φ are the impact weights of semantic distance, node depth, node density,
and semantic coincidence on the semantic similarity of the concepts, respectively, satisfying
the condition α+ β+ γ+ φ = 1. Generally, these four parameters are set manually; in order
to overcome individual subjectivity and to allow flexible adjustment depending on the
practical situation of different domains, principal component analysis (PCA) is introduced.
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It takes the contribution of principal components as the parameter value for weighting the
semantic similarity in aggregate, which removes the artificial influence.

(3) Since the similarity between concept sets in qualitative information, it can be calcu-
lated based on the above four dimensions of similarity. Since a PPP project always
contains multiple and variable numbers of “risk factors,” the calculation of this at-
tribute’s similarity between two cases is actually a comparison between two sets of
concepts of different sizes. In this paper, we use the “mean-maximum” algorithm to
calculate the semantic similarity between concept sets, as proposed by Wang et al. [63]
in Gene Ontology. It defines the semantic similarity between a concept t and a concept
set T as the maximum semantic similarity between a concept t and any concept in the
set T. That is

Sim(t, T) = max semantic_sim
(
t, t′
)

t′ ∈ T (13)

Therefore, given two concept sets S and T annotated by S = {s1, s2, . . . , sm} and
T = {t1, t2, . . . , tn}, respectively, the similarity between the concept sets is defined as:

Sim(S, T) =
1

m + n

(
∑

1≤i≤m
Sim(si, T) + ∑

1≤j≤n
Sim

(
tj, S

))
(14)

4.3. Risk Cost Measurement
4.3.1. Preliminary VFM Risk Cost Calculation

After obtaining the weights of each attribute and the similarities between the target
with each historical case in all attributes, the general similarity can be figured out based on
the following equation:

Sim
(
VN , VSj

)
=

n

∑
i=1

ωi
(
simi

(
VNi, VSji

))
(15)

where ωi = weight of the i-th attribute; Sim
(
VN , VSj

)
= similarity between the target case

and the j-th historical case; and simi
(
VNi, VSji

)
= similarity between the target case and the

j-th historical case in the i-th attribute. According to the general similarity between the
target case and the historical cases, the nearest historical cases can finally be selected as the
candidates using these principles:

1© The general similarity between selected historical cases and the target case should
not be less than 70%;

2© The number of selected historical cases should not be less than three;
3© The higher the similarity between historical cases and the target cases, the higher

their contribution to the target case.
When selecting the moderate historical cases, the retained cost of risk and the total

cost of risk for the target case can be estimated from Equations (16) and (17); the difference
between R and R0 is the transferable cost of risk.

R0 = ∑
j≥3

Rj0Sim(VN , VSj) Sim(VN , VSj) ≥ 70% (16)

R = ∑
j≥3

RjSim(VN , VSj) Sim(VN , VSj) ≥ 70% (17)

4.3.2. Case Revision

Considering that China’s PPP project management database is still in the process of
perfection, and there is no normative constraint on the measurement of risk cost, the data
in some cases may deviate from reality. Therefore, after retrieving several cases with high
similarity, some formula revisions were required for those historical cases that have highly
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similar characteristics of each attribute, but large variations with other extracted cases
in risk costs, and the corrected risk costs were used to calculate the final risk cost of the
target project.

The revision was based on the PPP value after deducting the retained cost of risk, the
PSC value after deducting the total cost of risk, as well as the contribution of each case to
improve the accuracy of the result; the formula is shown as follows:

Ri0r = ∑
j

PPPi − Ri0
PPPj − Rj0

Rj0 ∗
ωj

∑j ωj
(18)

Rir = ∑
j

PSCi − Ri
PSCj − Rj

Rj ∗
ωj

∑j ωj
(19)

where Ri0, Ri, PPPi, PSCi are retained cost, total cost, PPP value and PSC value of the
i-th historical case that need to be revised; Ri0r, Rir = revised value of retained cost and
total cost; Rj0, Rj, PPPj, PSCj are retained cost, total cost, PPP value, and PSC value of the
j-th historical case that stand still, while ωj = weight of the j-th historical case. After the
revisions for the selected historical cases are completed, the risk costs with higher degrees
of acceptance for the target case can be measured by the following formulas

R0 = ∑ Ri0rSim(VN , Vi) + ∑ Rj0Sim(VN , Vj) i + j ≥ 3 (20)

R = ∑ RirSim(VN , Vi) + ∑ RjSim(VN , Vj) i + j ≥ 3 (21)

5. Validation
5.1. Data Collection

To verify the effectiveness of the model for predicting the risk cost of PPP projects in
the VFM evaluation stage, the urban rail transit PPP project was taken as an example. We
screened out a total of 18 projects from the official management database that was in the
implementation stage and had completed a quantitative VFM evaluation, which included
comprehensive risk identification and an allocation framework. Simultaneously, according
to the profile of urban rail transit projects, a total of 11 major classes were ultimately defined;
3 unique attributes of “route length,” “unit investment,” and “station quantity” were added
as new classes to the original ontology model in Section 4.1, while the individuals of
each class were added, respectively. Then, details of the 18 projects under the 11 classes
were summarized.

Specifically, for the class of “risk factors,” a standardized description or a normative
index system that was applicable for multiple practical projects was absent in urban rail
transit PPP projects. Consequently, it was not conducive to the establishment of an ontology
model. To solve this problem, we formed a risk index system that was available for these
18 projects by aggregating the risks of 18 cases, and finally divided all risks into two groups
by type and by occurrence stage. The whole system contained a total of 10 primary risks
and 101 secondary risks, some of which may also have tertiary and quaternary risks. The
more the layers of risk indexes could be subdivided, the more integrated the corresponding
ontology model was, and the more significant the differences between risks would be,
which was more efficient to improve the accuracy of the whole process. Since the entire risk
index system is relatively huge, only primary risks, some secondary risks, and subdivided
risks in the ontology model are shown in Figure 4.
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After all the information from the 18 cases was completely collected, we chose the
project of Dalian Metro Line 5 to be the target case to be tested, and the rest were used as
historical cases for empirical analysis. As there were huge amounts of data for the 18 cases,
we only listing the details for Dalian Metro Line 5 in Figures 5 and 6; they reflect how to
build the information of a project into the ontology structure. Eventually, the individual
data under each property of each case would correspond to the unique node in the PPP
information ontology model.

5.2. Similarity Calculation between Cases
5.2.1. Attribute Weighting

Before measuring the similarity between the target and historical cases, the weights of
classes should first be evaluated. According to the information of 18 projects whose “return
modes” are total “viability gap funding,” the “return mode” is temporarily removed from
this validation and will be considered when more projects are available in the future. Thus,
the contributions of the remaining 10 classes could follow the rules of the ID3 algorithm
where each class was assigned a distinct weight according to the definition that the greater
the information gain, the greater the impact on the ontology system. Results are shown in
Table 1.

Table 1. Class weights calculation.

Class Information Gain Weight

District 0.3494 0.0230
Invest count 0.2404 0.0158

Unit investment 0.2404 0.0158
Station quantity 0.2404 0.0158

Route length 0.2404 0.0158
Demonstration levels and batches 0.3767 0.0248

Cooperation term 0.4747 0.0312
Procurement mode 0.1833 0.0121

Operation mode 0.1689 0.0111
Risk factors 12.6859 0.8346

Note: Self-organized by the authors.
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As we could easily conclude from the results, the “risk factors” class brought the
highest information gain, which meant that its weight was also the highest. Given that
“risk factors” had the most subdivision levels which directly determined the depth of
the ontology tree, and further indicated that with the expansion of the “risk factors,” its
contribution to the whole ontology would be increasing and the risk cost prediction of
VFM evaluation would be more reliable.

5.2.2. Cases Similarity

When the index weights calculation has been completed, the similarity between the
Dalian Metro Line 5 and the historical cases in terms of each attribute can be completed
based on the information ontology model.

(1) For quantitative information, take the “invest count” as an example. The max-
imum value of total project investment in the historical database was RMB
31,300 million and the minimum was RMB 1457.30 million, while the total project
investment of Dalian Metro Line 5 was RMB 17,670.5 million and that of Tianjin
Metro Line 4 was RMB 18,274.61 million, then the similarity between the two was
sim = 1− |17670.50−18274.61|

31300.00−1457.30 = 0.98.
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(2) For qualitative information, all the calculations were based on the conceptual semantic
similarity of the ontology.

1© First, clarify the weights of the four dimensions of semantic distance, node depth,
node density, and semantic coincidence. In this paper, we employed a computer program
to derive the similarity values of the four dimensions between Dalian Metro Line 5 and
each historical case under all classes, with a total of 14,287 datasets, which were imported
into SPSS version 23.0 for principal component analysis, and the contribution rate of the
four principal components was taken as the final weight of the four dimensions. Ultimately,
α = 0.7215, β = 0.2410, γ = 0.02925, and φ = 0.00825.

2© Measure the combined similarity under each class. For example, the “procure-
ment mode” of Dalian Metro Line 5 was “public bidding,” while Qingdao Metro Line 4
adopted “competitive negotiation” as the “procurement mode.” The similarities of the four
dimensions under the class were 0.875, 0.5, 0.929, and 0.333, respectively, so the combined
similarity of the two projects was 0.875× 0.7125 + 0.5× 0.2410 + 0.929× 0.02925 + 0.333×
0.00825 = 0.7817.

3© Evaluate the similarity of the risk sets. The target and historical cases contained
multiple risk factors, so the calculation of their similarity was a comparison between
two sets of concepts, which required calculating the combined similarity of each risk factor
in one case against another case in sequence, and then exchanging the positions of two cases
to make the second round of calculation. After that, extract every maximum value in every
comparison to acquire a string of values whose quantity was equal to the number of risk
factors in the two projects, and their average was the semantic similarity of the two cases
under the class of “risk factors.” Because of the workload and complexity, the whole process
was implemented with the support of a computer program. Table 2 shows an example of
the semantic similarity of “risk factors” between Dalian Metro Line 5, which owned 28 risk
factors, and Qingdao Metro Line 4, which owned 25 risk factors.
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Table 2. Similarity calculation of “risk factors” between two projects.

No. Dalian-Qingdao Qingdao-Dalian Similarity of “Risk Factor”

1 0.8728 0.7299

(23.4045 + 20.8964)/(28 + 25) = 0.8359

2 0.8728 0.7299
3 0.9134 0.7746
4 0.9134 0.8714
5 0.8714 1.0000
6 0.8120 0.8120
7 0.7767 0.7735
8 1.0000 0.7143
9 0.6657 1.0000
10 0.7819 0.7850
11 0.7819 0.7299
12 0.7102 0.7850
13 0.6557 0.7850
14 0.7102 0.7850
15 1.0000 1.0000
16 1.0000 0.7102
17 0.7752 0.9336
18 0.7756 1.0000
19 0.9336 0.8120
20 1.0000 0.8120
21 0.8120 0.7819
22 0.8120 0.9134
23 0.6657 0.8728
24 0.7819 1.0000
25 0.8392 0.7850
26 0.8571 -
27 1.0000 -
28 0.8141 -

Total 23.4045 20.8964
Note: Self-organized by the authors.

If all the above measurements were completed, then the general similarity between
Dalian Metro Line 5 and each historical case could be obtained by weighting the semantic
similarities under all classes using the contribution rates which was calculated by the ID3
algorithm. Finally, all the general similarities were greater than 80%. However, under
the principle restriction of identifying no less than 3 cases, similar historical cases with an
overall similarity above 85% were selected, while five items actually met the requirement.
The detailed similarity values are shown in Table 3; moreover, the contribution degree of
each item was determined by the general similarity, which is listed in Table 4.

As presented in Table 4, the risk costs of Tianjin Metro Line 8 Phase I and Tianjin Metro
Line 4 were extremely different from those of Tianjin Metro Line 7 and Tianjin Metro Line
11 Phase I, which were all located at Tianjin and were highly similar to the two projects for
every class. Additionally, no extra efforts to reduce the risk costs were detected after further
studying the complete information and report of the VFM evaluation of these two cases.
This demonstrated that there was likely some bias in the forecasting process. Therefore,
the calculated preliminary total risk cost and retained cost of Dalian Metro Line 5 deviated
drastically from the actual amount of RMB 45,70 hundred million and RMB 19.28 hundred
million. To obviate this situation, some revisions were required.
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Table 3. Calculation of the similarity of each class.

Project District Invest Count Unit
Investment

Station
Quantity Route Length Demonstration

Levels and Batches
Cooperation

Term
Procurement

Mode
Operation

Mode Risk Factors General
Similarity

Urumqi Urban Rail
Transit Line 2 Phase I 0.6417 0.9325 0.8899 0.619 0.8742 0.6699 0 1 1 0.8323 0.8016

Kunming Urban Rail
Transit Line 4 0.6428 0.7196 0.6136 0.5714 0.8415 0.6699 0.5 1 1 0.8362 0.8115

Mile Urban Rail
Transit Phase I 0.6428 0.4365 0.6854 0.5238 0.2972 1 0.5 1 1 0.8425 0.8122

Urumqi Urban Rail
Transit Line 3 Phase I 0.6417 0.9703 0.9267 0.9524 0.8974 0.6699 0 1 1 0.84 0.8148

Dalian Urban 202
track line extension 1 0.5409 0.6749 0.8095 0.241 1 1 0.7817 0.8248 0.8189 0.8168

Nanchang Rail Transit
Line 3 (Part B) 0.6417 0.6265 0.9179 0.8095 0.4051 1 0.7 1 1 0.8304 0.8212

Urumqi Urban Rail
Transit Line 4 Phase I 0.6417 0.9321 0.9226 0.9048 0.9537 1 0 1 1 0.84 0.8225

Qingdao Metro
Line 4 0.6417 0.9665 0.8872 0.8571 0.7956 0.6699 1 0.7817 1 0.8359 0.8225

Kunming Urban Rail
Transit Line 5 0.6428 0.9643 0.9976 0.8571 0.9523 0.6699 0.5 1 1 0.8362 0.8277

Xi’an Metro Line 9
Phase I 0.6417 0.853 0.9854 0.8571 0.7659 0.6699 0.5 1 1 0.8524 0.8362

Dongguan Urban
Rail Transit Line 1

Phase I
0.6417 0.7305 0.3146 0.8571 0.6492 1 0.9 1 0.7097 0.8489 0.8364

Guiyang Urban Rail
Transit Line 3 Phase I 0.6428 0.5635 0.6209 0.4762 0.9774 1 0.5 1 1 0.8637 0.8409

Shaoxing urban rail
transit line 1 0.6417 0.9521 0.8504 0.7619 0.848 1 0.5 1 1 0.8741 0.8618 *

Tianjin Metro Line 8
Phase I 0.7128 0.9781 0.8797 0.9524 0.759 1 0.9 1 1 0.8574 0.8645 *

Tianjin Metro Line 7 0.7128 0.9669 0.9582 0.8571 0.9577 1 0.9 1 1 0.8543 0.8645 *

Tianjin Metro Line 4 0.7128 0.9798 0.9492 0.9524 0.9319 1 0.9 1 1 0.8574 0.8683 *

Tianjin Metro Line 11
Phase I 0.7128 0.9964 0.9615 0.8571 0.931 1 0.9 1 1 0.8864 0.8915 *

Note: Self-organized by the authors. “*” is the overall similarity value of the final selected cases.
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Table 4. Weight calculation of similar cases.

Project
Risk Cost Similarity to

Target Case Weight
Preliminary Risk Cost

of Target Case

Retained Total Retained Total

Shaoxing Urban Rail Transit Line 1 27.41 58.78 0.8618 0.1981
Tianjin Metro Line 8 Phase I 0.98 9.82 0.8645 0.1987

Tianjin Metro Line 7 13.10 26.35 0.8645 0.1987 11.21 32.29
Tianjin Metro Line 4 1.07 10.62 0.8683 0.1996

Tianjin Metro Line 11 Phase I 13.51 55.35 0.8915 0.2049

Notes: Self-organized by the authors. The currency unit is RMB 100 million.

5.3. Cases Revision and Result

By adopting Equations (16) and (17) to adjust the retained risk cost and total risk cost
of Tianjin Metro Line 8 Phase I Project and Tianjin Metro Line 4, the correction process is
listed in Table 5.

Table 5. Revision of historical cases.

Project
Original

Risk Cost PPP PSC *PPP *PSC

Revised
Risk Cost Weight

Risk Cost of
Target Case

RetainedTotal Retained Total Retained Total

Tianjin Metro Line 8 Phase I 0.98 9.82 198.48 218.73 197.50 208.91 14.98 44.08 0.1987

17.15 46.80

Tianjin Metro Line 4 1.07 10.62 223.86 243.82 222.79 233.20 16.90 49.20 0.1996
Shaoxing Urban Rail

Transit Line 1 27.41 58.78 271.31 281.18 243.90 222.40 - - 0.1981

Tianjin Metro Line 7 13.10 26.35 219.33 222.36 206.23 196.01 - - 0.1987
Tianjin Metro Line 11 Phase I 13.51 55.35 271.12 292.22 257.61 236.87 - - 0.2049

Notes: Self-organized by the authors. The currency unit is RMB 100 million.

As the final results presented in Table 5, four of the five selected similar cases of Dalian
Metro Line 5 were also urban rail transit PPP projects located in Tianjin, while the remaining
one was Shaoxing Urban Rail Transit Line 1. Moreover, the contribution weights of Tianjin
Metro Line 11 Phase I, Tianjin Metro Line 4, Tianjin Metro Line 8 Phase I, Tianjin Metro
Line 4, and Shaoxing Urban Rail Transit Line 1 were 0.2049, 0.1996, 0.1987, 0.1987, and
0.1981, respectively. This showed that the contributions of the four similar cases belonging
to Tianjin were the most similar. According to conventional cognition, the projects located
in the same district, implementing the same urban management and planning policies,
owning virtually the same construction technology and investment, etc., are relatively
similar to each other. The retrieval mechanism based on the ontology model has achieved
the objective of identifying the similar projects in the same district with high priority. It
indicated that the ontology model has realized the structured representation and completed
the sharing and interoperability of project information. Meanwhile, the conceptual semantic
similarity algorithm was feasible to guarantee the usability of the extracted similar cases.
These advantages have been validated in previous accounts. Im et al. [64] enhanced the cost
management efficiency of construction projects by developing an ontological knowledge
structure. Xiao et al. [65] used the ontological knowledge representation to improve access
to information for construction noise control. In addition, a conceptual similarity based
on ontology has been proven to be more accurate to support the retrieval measure [66].
Ontology provided a good boost to the whole process of CBR.

After case revision, the risk costs of Tianjin Metro Line 8 Phase I and Tianjin Metro
Line 4 were more reasonable compared with the original cases, and their deviations from
the other two projects of Tianjin were further reduced. Ultimately, the retained risk cost of
Dalian Metro Line 5 was calculated to be RMB 17.15 hundred million, and the total risk cost
was RMB 46.80 hundred million, while the actual cost measured in the VFM evaluation was
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RMB 19.28 hundred million and 45.70 hundred million, with relative errors of 11.05% and
2.41%, respectively. The accuracy was greatly improved in comparison with the preliminary
risk costs calculation. Furthermore, the results were more acceptable where the risk costs of
the target case were basically at the same level as all projects in Tianjin. Ji et al. [46] likewise
established a more sophisticated revision mechanism to improve the accuracy of estimating
housing costs by using CBR. They verified that an effective revision could make a great
difference by comparing the results before and after the revision. Fan et al. [42] used CBR
to generate the desirable risk response strategies, and further, through the analysis of the
strategy-risk response relationships, to revise the inapplicable strategies. These all revealed
that positive revision improved the utilization and validity of the case data.

6. Discussion

Risk is demonstrated as one of the most important drivers of VFM in the PPP
field [7–10]. Research on its identification and allocation is well advanced, but the cost
assessment was still difficult to address. It was usually conducted based on specialists’
opinions whose subjective bias cannot be completely eliminated. The CBR-based measure-
ment model developed in this paper compensated for this deficiency by employing the
expert problem-solving ideology, but removing its subjective influence [35–37]. In addition,
the knowledge representation capability and hierarchical structure of ontology provided
useful support for the promotion of CBR performance [49].

In this paper, a foundational ontology structure containing eight major classes was
initially established, which was applicable to all industries in the PPP area. In the validation
section, three extra classes of “route length,” “station quantity,” and “unit investment”
were expanded independently according to the features of the urban rail transit PPP
industry under study, and the individuals were created based on practical cases. The
results showed that the expanded ontology model performed well in the whole process,
which verified that the scalability of the ontology [50]. Other classes or individuals can be
extended on the basis of this ontology with characteristics of many other PPP industries. A
comprehensive knowledge system can be further improved by the development of PPP
information ontology in the future.

Ultimately, the entire validation process demonstrated accurate results that are in line
with reality. In the creation of the risk index system, 10 primary risks and 101 secondary
risks were included, with some of them further subdivided, as shown in Figure 5. In the
future, the risk index system can be continuously refined to provide clearer knowledge
for the ontology model. Thus, it became the most detailed class of the ontology model,
serving as the basis for risk costs estimation. While using the ID3 algorithm to weight
the major classes, “risk factors” as the key to risk costs received the highest weight, as
shown in Table 1. This not only conformed to practical perception, but also showed that
the ID3 algorithm could intuitively reflect the amount of information carried by each node
of the tree structure [60]. The algorithm is suitable for the ontology model. Moreover, the
ontology-based conceptual semantic similarity provided an excellent comparison method
for abstract qualitative information, especially the concept set of “risk factors” [62,63].
Based on the series of complementary calculations, the final extracted cases are the most
similar to the target case, as shown in Tables 4 and 5. The cases located in the same district
as the target were retrieved with priority, which indicated that the established model has
complied with the computational requirements. The retrieval mechanism has delivered an
effective and efficient extraction of similar cases. After revision, the total risk cost and the
retained risk cost of the target case were better estimated, with reasonable relative errors;
therefore, we believed that the effectiveness of the whole measurement cycle was well
tested. Nevertheless, there is still room for improvement in the revision method of this
research. The formula approach may be rigid for some cases with fortuities. Other methods
are welcomed to assist in the elimination of the contingency of cases and to promote the
extensive application of the measurement model.
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7. Conclusions

When the PPP mode stepped into a steady development period in China, the VFM
evaluation system similarly entered into a mature era, acting as a solid foundation for the
construction of PPP projects. However, it is still slightly inadequate in risk assessment,
which relies heavily on domain specialists, and the corresponding academic research
has poor practicality, leading to an unbalanced development between academics and
practitioners. Considering to promote the accuracy and feasibility of the risk cost estimation
of VFM evaluation and to increase the probability of reusing PPP historical cases, we
combine the CBR and ontology technology to facilitate the overall efficiency of the process.
Using the ontology model to structure and integrate the PPP information knowledge
for the CBR cycle, based on the ontology tree structure, the overall efficiency of CBR is
improved by using the conceptual semantic similarity algorithm. The revision mechanism
was established to ensure the accuracy of the results of the entire measurement process.
Simultaneously, more objective weighting algorithms are adapted in the entire process to
alleviate the reliance on experts. Ultimately, the proposed estimation model was tested
using a total of 18 urban rail transit PPP projects in the official database. Results show that
the five most similar cases of the target case were efficiently extracted. The total risk cost
and retained risk cost are successfully estimated, with the relative errors of 11.05% and
2.41%, respectively. Therefore, it can be concluded that the VFM risk costs measurement
which involved ontology and CBR is feasible and reliable. Based on the historical cases,
it has great accuracy, which increases the independence from experts in the quantitative
evaluation of VFM. It further demonstrates that the sources involved in the PPP information
ontology model established in this paper can accommodate the computational requirements
of the whole process, strengthening the information integration and interoperability of PPP
information, particularly the abstract qualitative information. The combination of CBR
with ontology has maximized the usage and efficiency of valuable information concerning
past projects from the perspective of problem-solving by human beings. We believe that
the cooperation of both is going to be more satisfactory as the database is expanded and
updated to be more comprehensive in the future.

However, this study has several limitations that are expected to be improved in future
work. First, for an ontology to have application capabilities, it must build a consensus
among users on how the world is codified [67]. For better cognition, more valid historical
cases are required to be used as an information source for a more complete ontology.
Additionally, a comprehensive model that integrates more categories of projects, such as
wastewater treatment, elderly care facilities, ecological construction, the environment, etc.,
is expected to be developed in order to achieve holistic knowledge management without
redundancy. Third, the risk index system in the ontology model is expected to be perfected
in the future. We suggest that every PPP industry ought to affiliate with its own specific
and normalized risk index system that unifies the description of risk factors. Finally, CBR
requires valid retrieval and revision [46,47]. The revision method established in this paper
may be too absolute for the target cases. The fact that the revised results still deviate from
the practical situation is still not well explained. Other methodologies are expected to be
explored for assistance in the revision process. Therefore, we continue to seek a better
combination to improve the accuracy of results and avoid contingency in the process.
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and Sewerage Public–Private Partnership Projects in Malaysia. Int. J. Strat. Prop. Manag. 2019, 23, 269–283. [CrossRef]
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