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structure. For instance, they permit to evaluate the collec-
tive criticality of project deliverables and to re-evaluate the 
priority of the risks associated with these deliverables by 
coupling the traditional features of individual risks with 
the topological indicators of the deliverables. Furthermore, 
some algorithms are applied to extract and visualize the 
propagation path between two elements within the network. 
For example, this allows to provide a vision of potential 
impact propagation between two project deliverables, either 
they are associated with two milestones or are critical. An 
application to automotive industry illustrates the benefits of 
the approach, and some perspectives are drawn for further 
work.

Keywords  Criticality analysis · Propagation analysis · 
Project deliverables · Design structure matrix · Topological 
indicators

1  Introduction

In a world of growing competition between firms, the time 
for the provision of new innovative products and services 
to market is becoming an essential part of the performance 
and success of an organization. The control of project 
delivery time requires expertise in strategy and organiza-
tion, and the adoption of behaviors which permit a greater 
level of anticipation and stakeholder involvement. This 
must go far beyond simple mastery of planning and man-
agement techniques/tools.

The implementation of a management by deliverables 
and deadlines based on detailed planning and strict control 
of deliverables is a strategic decision that reports to the pro-
ject manager. It is a key element of the success of complex 
projects. Management by deliverables is to find the match 

Abstract  The implementation of a management by deliv-
erables and deadlines is based on detailed planning and 
strict control of deliverables. It is a strategic decision that 
reports to the project manager and a key element to the 
success of complex projects. Based on the modeling of 
the project elements and their interactions using weighted 
directed graphs, this article presents some contributions 
to anticipate potential behavior of the project. Topologi-
cal and propagation analyses are made to detect and prior-
itize critical elements and critical interdependencies while 
enlarging the sense of the polysemous word “critical.” We 
recommend a set of topological indicators suitable for pro-
ject elements and interactions, which mainly allow us to 
discuss “How the impact of a project element affects other 
elements within the network? What is the collective influ-
ence of this element?”. These indicators permit to prior-
itize project elements and their interactions by detecting 
the most influential ones taking into account the network 
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between the needs of the project, the correct expression of 
these needs by appropriate specifications that pass through 
attentive listening to the customer, and a realization that 
meets the expressed needs. Describing the deliverables of 
the project in terms of precise specifications and require-
ments is an input to identify more accurately the work 
which will have to be done during the execution. The defi-
nition of reliable and stable requirements is an important 
success factor of projects (Yang et al. 2015).

Explicit descriptions of should-be and to-be activities 
and processes are key elements in implementing indus-
trial projects (Romero et  al. 2008). For instance, in the 
automotive industry, the purpose of project decomposi-
tion into documented deliverables is to provide a vehicle 
that meets the expectations of the customer. To achieve 
this, the company’s actors are encouraged to imagine that 
vehicle, draw it, design it, simulate its production, start to 
offer the services, facilities, and equipment that will allow 
the customer to order it, and the company to manufacture 
and ship it. Project deliverables are then used during and 
after the project to simultaneously build the vehicle and the 
system to manufacture, transport, and sell it. This requires 
huge amount of information sharing between transmitters 
and receivers, across the company and its contractors, and 
across the project phases. This implies the necessity to cor-
rectly anticipate and keep under control the behavior of the 
project and its deliverables through time. The next section 
introduces the related work and the research question that 
will be addressed.

2 � Related work

This section presents the classical project planning tech-
niques to define and organize deliverables, the propagation 
phenomena between these deliverables, and the conceptual 
gaps about criticality analysis of project deliverables that 
implied to conduct this work.

2.1 � Decomposing and organizing work

A complex project involves a myriad of activities which 
depend on each other in varied ways to accomplish project 
results (Browning 2013). Many methodologies do exist 
to define the specifications and requirements of a project. 
As underlined in (Cano and Lidón 2011), such specifica-
tion definition process is the logical continuation of the 
stakeholders’ expectations and constraints’ identification. 
A proper and robust approach to identify requirements is 
all the more needed that the later a change of requirement 
occurs during a project, the more important its impact is, 
in terms of over cost, rework, etc. Some of these method-
ologies can be considered as “internal”, meaning that the 

deliverables of the project and their components are studied 
a priori, so that their specifications are correctly defined. 
Functional needs and solutions analysis is one of these 
methodologies. It permits to define the specifications of a 
system by studying its interactions with its environment in 
all the phases of its lifecycle (Yannou 1998). Other meth-
odologies are, on the other hand, considered as “external”, 
meaning that the requirements are defined without studying 
the deliverables themselves, but asking clients and stake-
holders how they would specify them, such as customer lis-
tening methods (Garver 2003), (Gannon-Leary and Mcca-
rthy 2010). As a whole, the conjoint use of such internal 
and external methods provides the best results in practice.

A project consists of deliverables that meet objectives 
that are realized through activities. These deliverables are 
themselves broken down into sub-deliverables and activi-
ties. Deliverables are the ‘end products of a project or the 
measurable results of intermediate activities within the 
project organizations’ (Association of Project Manage-
ment 2000). The use of the term ‘deliverable’ views the 
main outputs of the project management system as being 
the new products, services or changed state that the project 
was set up to deliver (Bryde and Joby 2007). We consider 
that a deliverable is a term used in project management to 
describe a tangible object produced as a result of the pro-
ject that is intended to be delivered to a customer (either 
internal or external). For example, requirements’ specifica-
tion and feasibility study are deliverables within a project. 
A deliverable could be a report, a document, a permit, or 
any other building block of an overall project. A deliver-
able may be composed of multiple smaller deliverables. It 
may be either an outcome to be achieved or a product to 
be provided (Browning and Ramasesh 2009). These deliv-
erables are updated according to the changes and develop-
ments that occur throughout the project life cycle. They are 
archived at the end of the project and provide a practical 
basis for future projects within the company. For example, 
the final deliverables of product development projects in 
the automotive industry are documents for manufacturing 
vehicles in factories.

The construction of the schedule involves modeling 
graphically the dependency network between tasks. This 
is a structured decomposition of work. We must break the 
project into smaller subsets down (Lamers 2002). Many 
representations exist at the base of any planning construc-
tion. If the project is really a quasi-decomposable tree sys-
tem, there must be a way to describe it as the interaction 
between subsystems is negligible compared to the interac-
tion within each subsystem. Today, it does not exist. The 
decomposition is often done according to deliverables in a 
hierarchical tree called work breakdown structure (WBS), 
and the activity decomposition is finally displayed in a 
schedule called Gantt chart, but there are always numerous 
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interactions between these elements not displayable on con-
ventional regimens (Miller 2009). Project scope and work 
planning includes the process of decomposing and organiz-
ing the entire project work into smaller units and thus more 
manageable packages of work (Tiner 1985). The traditional 
tool which permits to decompose and organize work in a 
project is the WBS. Such an organizational structure per-
mits to manage more efficiently the execution of the project 
and measure its performance, given the fact that smaller 
units of work are in essence more easily accountable. Sev-
eral rules should be kept in mind when the WBS of the pro-
ject is built:

•	 The WBS is a deliverable-oriented grouping of project 
elements (Lister 2015).

•	 The WBS should be a bijection of the project scope: 
what is inside the WBS must be done during the pro-
ject and what should be done during the project must be 
inside the WBS (Marle and Vidal 2016).

•	 Each parent unit of work, when decomposed into 
smaller units, should be preferably decomposed into 
3–7 children. By doing so, the decomposition is useful 
and still easily understandable and manageable, the chil-
dren units of work being sufficient enough to completely 
describe the parent unit of work (bijection) (Marle 
2002).

•	 Each parent unit of work, when decomposed into 
smaller units, should be decomposed into homogeneous 
children units of work (for instance, according to time, 
geography, stakeholders, product components, etc). The 
mix of several natures of children for a same parent 
work is not desirable, for the confusion in scope delimi-
tation and interaction management.

•	 Each elementary unit of work should be possibly meas-
ured in terms of cost, time, and performance (quality, 
project values, etc).

The WBS includes theoretically the project delivera-
bles and its tangible results. Some mistakes come from 
approximations in the formulation and individual percep-
tions of the same formulation; thus, “design a car engine” 
can be interpreted by people as a goal: “the engine must 
be designed”, as an activity “design a car engine”, or as a 
deliverable “plans for the car engine”. The formulation is 
not only interpretable for several actors, but also can change 
through time. The ideal WBS diagram recommended by 
PMI (PMI 2013) should only contain deliverables, objec-
tives being apart in a separate tree, and even for activities.

2.2 � Propagation phenomena between deliverables

Management by deliverables or control by results is a 
recent method of project management. This is an alternative 

to traditional project management techniques, historically 
resource-oriented or activity-oriented. For instance, the 
purpose of EVM methodology (Earned Value Manage-
ment) is to compare the planned budget to the actual work 
performed (the earned value) and the actual cost to the 
planned budget. Fernandez stresses that “we cannot pilot 
the project by only following the schedule and budget. 
These are two fundamental concerns, but we should ensure 
the compliance of delivered features such as quality of 
technical implementation. Management by deliverables 
focuses on operational monitoring of the project; it focuses 
on results and allows the anticipation” (Fernandez 2011).

The managerial issues potentially associated with the 
mastering of impact propagation in a complex project are 
mainly related to its inability to be broken down into inde-
pendent parts. This is true for all types of systems, whether 
natural, technical, or human. The consequence is that, 
whatever the way the system is broken down into, there 
will always be interdependencies between the parts. In a 
schedule, tasks are interconnected by dependency relation-
ships. Each interaction can suddenly and strongly act on the 
impacted element, meaning that project behavior is subject 
to potential large and fast changes, sometimes called turbu-
lent or chaotic phenomena. Therefore, it is not globally easy 
to understand and anticipate long-term behavior, mostly 
because of the number, diversity and uncertainty of interac-
tions between project elements, including deliverables.

This implies risk of bad communication, bad coordina-
tion, or locally optimal decisions. Due to the number of 
interactions outside the official project structures, the dan-
ger is that the communication and coordination between 
actors may not be correctly done. Despite the events which 
disrupt the progress through the project, the propaga-
tion of impacts should be managed to ensure the contin-
ued achievement of targets in terms of quality, costs, lead 
time, product’ technical performance, its industrialization 
and production volume, the image of the brand, and the 
associated partnership. The problems of impact propaga-
tion encountered in projects are usually due to inadequate 
anticipation. The aim is to master and anticipate potential 
cascading effects and their dynamics.

Some propagation of deliverable non-completeness 
errors can have significant consequences for the company, 
involving vehicles retouching: For example, door panels of 
a different color, or different shades of the shell under the 
steering wheel.

2.3 � Gaps in criticality analysis of project elements

The estimation of task duration, and thus, the theoretical 
scheduling is uncertain. Some tools permit to cope with 
such uncertainty. For instance, advanced methodologies 
permit to determine the most likely critical path within a 
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probabilistic project network (Soroush 1994). Other mod-
els have been developed to propose solutions to the pro-
ject scheduling problems with uncertain durations: based 
on sensitivity analyses (Samikoglu et  al. 1998), Markov 
chain-based models (Hao et al. 2014), fuzzy logic (Shi and 
Blomquist 2012); (Masmoudi and Haït 2013), stochastic 
models, and associated heuristics (Bruni et al. 2011). The 
Critical Path Method is a mathematical analysis which 
identifies the sequence of activities that add up to the long-
est overall duration. In other words, this is the quickest way 
that the project can be done. Any delay affecting a task on 
the critical path is fully reflected in the project duration 
and, therefore, the end date. However, this analysis does not 
take into consideration the criticality of the deliverables. It 
only identifies the longest (duration) sequence of activities, 
regardless of their importance. We should not focus only on 
the critical path when we are evaluating which deliverables 
to monitor closely. In addition, we should focus on critical 
deliverables. A critical deliverable is a deliverable with a 
lot of risk, either because of its impact, its likelihood, or a 
combination of both. Some of these may or may not be on 
the critical path, yet they may be more important for stay-
ing on schedule.

Managing risk is not an isolated activity. It is a part of 
many project activities, including schedule management. 
There are other factors to consider when identifying items 
for which a timely delivery is critical. Existing modeling 
approaches have limitations when it comes to modeling the 
complexity of project deliverables. Hence, some propaga-
tion phenomena, such as chain reactions and loops, are not 
properly taken into account.

This article aims at analyzing and anticipating potential 
behavior of the network considering its structure and pos-
sible propagations, to help project managers making more 
reliable decisions. This is done by re-estimating project 
deliverable priority in terms of two complementary char-
acteristics, their individual, and collective importance. 
The originality of this work is to combine both analyses 
and to propose a tailored set of indicators for collective 
importance assessment, based on numerous existing works 
applied on several types of systems and networks. These 
indicators have already been proven to be useful for such 
analysis in complex product development networks, like in 
(Braha and Bar-Yam 2007), since they permit to focus on 
specific nodes or edges of the network. Those may have a 
stronger influence on the global network behavior, since 
they are highly central in the network (acting like hubs). 
Moreover, other nodes or edges may have indirect conse-
quences which are far higher than direct consequences, due 
to reaction chains or propagation phenomena.

Finally, we underline the following research question: 
How can one monitor and control the impact propagation 

within complex project deliverable network and make deci-
sions to keep this network under control?

3 � Acting on deliverables proactively considering 
their influence in the project network behavior

This section describes the process used to prioritize actions 
to mitigate complexity-induced risks throughout the deliv-
erable network. This requires identifying possible depend-
encies between deliverables (paragraph 3.1); using network 
theory-based indicators to assess collective importance 
of deliverables within the network (paragraph 3.2); using 
propagation analysis as a complementary approach to iden-
tify deliverables that may have important indirect conse-
quences (paragraph 3.3); establishing priorities using two 
types of indicators, the individual, and the collective criti-
cality (paragraph 3.4); and defining actions to secure criti-
cal deliverables (paragraph 3.5), within and through pro-
ject phases (Fig. 1). Figure 1 represents the monitoring of 
project deliverables at each milestone: controlling cost and 
quality and creating an effective action plan for the follow-
ing milestone.

3.1 � Modeling the project deliverable network

Because overt failure requires multiple faults, there is no 
isolated ‘cause’ of an accident (Cook 1998). Project com-
plexity has three main drivers: size, variety, and inter-
dependence (Vidal and Marle 2008). To deal with finer 
modeling of project complexity, we need a mathemati-
cal structure which can deal with a huge number of ele-
ments, of interdependencies, and also various types of 
project elements and interactions. As seen in the previous 
section, links between project elements can have a direc-
tion: a change in the direction can inverse the meaning and 
the interpretation of the link. Consequently, an additional 
requirement to the mathematical structure which should 
be used for modeling is that it should take into account 
the direction of links and their weights. The existing and 
emergent theories of system modeling like hierarchical 
representation of complex systems are based on weighted 
directed graph (Gunawan 2009). Therefore, the most adapt-
able structure to respect these requirements is the weighted 
directed graph. This structure can be presented in a matrix 
format. Complexity management by matrix-based mod-
eling has come a long way. Matrix has become a widely 
used modeling framework across many areas of research 
and practice. A whole community was developed around 
the research on the Design Structure Matrix (DSM) origi-
nated by (Browning 2001; Eppinger et al. 1994a, b; Stew-
ard 1981).
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The dependency structure modeling (DSM) approach 
has proven to be a practical tool for representing and ana-
lyzing relations and dependencies among system compo-
nents. The DSM approach has several advantages, such 
as the calculations inherent to the matrix format to get the 
benefits of different types of analyses. It avoids issues asso-
ciated with the visual display of complex networks, espe-
cially in the case of structures including lots of interactions 
and even loops (Steward 1981), (Eppinger et al. 1994a, b), 
(Eppinger and Browning 2012). It is a highly compact, eas-
ily scalable, and intuitively readable representation to navi-
gate across dependencies between elements.

A DSM is a square matrix, representing interactions 
between its elements, with the rows and columns identi-
cally labeled and ordered, and where the off-diagonal ele-
ments indicate relationships between the elements. In this 
article, we use the following convention for DSM orienta-
tion: an element’s inputs appear in its matrix row and its 
outputs appear in its column. A Domain Mapping Matrix 
(DMM) is rectangular matrix mapping elements of a cer-
tain domain to elements of another domain (Akao 1990; 
Danilovic and Browning 2007).

DSM was applied by many researchers to study the 
propagation of failures between physical product compo-
nents (Tumer and Stone 2003), (Stone et al. 2005), (Clark-
son et al. 2004), between decisions (Jaber et al. 2015), and 
between activities (Eppinger and Browning 2012; Yassine 
2004). The main originality of this article that it deals with 
managing the deliverables shared between activities of a 
product development (PD) project. In particular, we are 
interested in understanding the impact of incomplete deliv-
erables (e.g., missing or poor quality) from one activity on 

subsequent activities, and how do these impacts propagate 
throughout the entire project. For instance, if we have bad 
quality of input data for a simulation model, these will 
trigger errors in the output results of the simulation, these 
results will trouble the receiver, and so on. To capture the 
complexity of exchanged and shared deliverables within a 
PD project, we propose a modeling framework based on the 
Design Structure Matrix (DSM). Then, several analyses are 
applied to act on deliverables proactively considering their 
influence in the project network behavior.

Project actors should not focus solely on the critical path 
at the expense of non-critical activities. Some non-critical 
activities became critical, which are almost always a sign 
of poor management. For these reasons, we work on pro-
ject deliverables which are different from project activities/
tasks. A project activity may produce one or more project 
deliverables. We define two types of criticality to detect the 
real critical deliverable and enhance the management by 
deliverable in PD. This permits to detect some deliverable-
related risks that disrupt in achievement of project objec-
tives and not detected by the classical techniques.

Our DSM in this research work is the deliverable–deliv‑
erable matrix, called DD. It represents the relationships 
between deliverables, on which several improvements 
and analyses will be applied to understand and control the 
project behavior, more precisely the impacts’ propagation 
analysis between its deliverables.

Moreover, we define two matrices as DMMs: the first 
one is the ActivityTransmitter–Deliverable matrix, which is 
built by modeling affiliation relationships between activi-
ties (transmitters) and deliverables. The second one is 
the Deliverable–ActivityReceiver matrix, which is built by 

Fig. 1   Project deliverable monitoring: at each milestone, a quality check is made
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modeling affiliation relationships between deliverables and 
activities (receivers). Both matrices can be obtained using 
an algorithm applied on project plans to extract global 
interactions data from local interactions data. DD can be 
obtained thanks to the following formula when we have the 
same list of activity receivers and activity transmitters in 
both matrices:

How to obtain DD and associated analysis and interpre-
tations is detailed in the case study of vehicle development 
projects (Sect. 4).

3.2 � Using topological network theory‑based indicators 
to highlight elements due to their position 
in the network

This paragraph presents a literature review on topologi-
cal indicators, their applications, and interpretations. For 
instance, (Clarkson et  al. 2004; Giffin et  al. 2009; Maier 
et  al. 2014; Pasqual and de Weck 2012) have provided a 
good number of metrics applicable for analyzing network 
properties. More specifically, Braha and Bar-Yam have 
introduced such concepts in the context of large-scale com-
plex product development networks (Braha and Bar-Yam 
2004). These indicators permit to prioritize project ele-
ments and their connections according to their importance 

(1)
�� = ����������� ����������������∗ ������������������������������.

within the network (the most influential elements and inter-
actions taking into account the entire pattern of the net-
work). In this article, we propose a set of the most adapt-
able to project elements that mainly allow us to discuss 
“What is the impact of an element to other elements within 
the network? What is the collective influence of this ele-
ment?” These indicators permit to prioritize project ele-
ments and their connections according to their importance 
within the network (the most influential elements and inter-
actions taking into account the entire pattern of the net-
work). Figure  2 shows an example of a small network of 
project element with illustration of topological indicators. 
The size of the node (and its color) is proportional to the 
centrality indicators detailed in the following paragraphs, 
and the darkest and the biggest node corresponding to the 
element has the highest value of centrality.

3.2.1 � Degree centrality

Centrality is the relative importance of a node within a 
graph. There are various measures to determine this rank-
ing, such as “betweenness”, “closeness”, and “degree” 
are all measures of centrality. This measure gives a rough 
indication of the social power of a node based on how well 
they “connect” the network. Centrality is the degree func-
tions that allow determining nodes with a large number of 
connections. It is also defined as the relative importance of 
a node within a graph. A node’s degree centrality can be 

Fig. 2   Illustration of a network of project elements with topological indicators
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defined as the number of nodes that are connected to that 
node in a graph. Freeman imposed categorized central-
ity measures into three basic categories degree, closeness, 
and betweenness along with the eigenvector-based measure 
proposed by Bonacich (1972) and Freeman (1977).

3.2.2 � Betweenness centrality

Betweenness centrality denotes the number of pairs of 
nodes they lie between, or the number of paths that contain 
them (Freeman 1977; Guimera and Amaral 2004). It serves 
as an assistance to identify hubs in the network, particular 
nodes or interactions, which play the role of key passages 
for potential propagation. It is defined as the fraction of all 
the shortest paths in the network that contains a given node. 
In other words, is the sum of the fraction of all-pairs short-
est paths that pass through a given node? Nodes with high 
values of betweenness centrality participate in a large num-
ber of the shortest paths. Betweenness centrality measures 
were applied in high-power grid selection and demonstrate 
very useful results in biological networks, road networks, 
web crawler, etc.

3.2.3 � Closeness centrality

Closeness is based on the length of the average shortest 
path from one node to another. It focuses on how close a 
node is to all the other nodes in a network. It also describes 
the extent of influence of a node on the network. The 
degree a node is near all other nodes in a network (directly 
or indirectly). It reflects the ability to access information 
through the “grapevine” of network members. Thus, close-
ness is the inverse of the sum of the shortest distances 
between each individual and every other person in the net-
work. The shortest path may also be known as the “geo-
desic distance”.

3.2.4 � Eigenvector centrality

According to eigenstructure analysis, the importance of 
a node is proportional to the importance of its connected 
nodes. Once again, such indicators permit to confirm pre-
vious results or to highlight surprising elements, elements 
that had not been seen as important, either by individual 
importance or by other topological indicators. Eigenvec-
tor centrality is a measure of the importance of a node in 
a network (Katz 1953; Bonacich 1972; Page et  al. 1999). 
The idea is that even if a node influences directly only one 
other node, which subsequently influences many other 
nodes, then the first node in that chain is highly influential 
(Borgatti 2005). It assigns scores to the nodes based on the 
three following principles: (1) connections to more nodes 
contribute to the score; (2) connections to important nodes 

contribute to the score; and (3) strong connections contrib-
ute to the score (Fang and Marle 2012), (Spizzirri 2011). 
This measure is used by sociologists to measure connection 
between players in social groups, and is implemented in 
Google’s page rank (the system by which the search engine 
ranks the pages in its search results).

3.2.5 � Core/periphery centrality

The centrality concept permits to examine the core/periph-
ery structure of a network. The mixture of these concepts 
is the notion of a core/periphery structure, which is simul-
taneously a model of graph structure and a generalized 
measure of centrality. Here, all nodes can be regarded as 
belonging to a single group, either as core members or 
peripheral members. A common characteristic of core/
periphery structures is that they have fairly short trail dis-
tances between pairs of nodes, which enable information to 
flow rapidly (Borgatti et al. 2013).

3.2.6 � Direct and indirect reachability indicators (Marle 
and Vidal 2016)

Properties of a network can be highlighted by reachabil-
ity indicators. The degree of nodes provides information 
on the local potential connectivity of a node X (Kreimeyer 
2009). The number of outgoing/incoming edges is called 
the activity/passivity degree of a node.

The formulation of the calculation of the number of out-
going/incoming edges will be performed with the generic 
element X. This structure will enable easier transposition 
to other contexts, with X possibly being Actors, Product 
Components, Product Functions, or Project Deliverable in 
our study. However, X will be equal to Deliverable D in our 
study. NX is the number of elements {Xj}. XX is an NX × 
NX matrix with its elements XXj1,j2 (1 ≤ j1, j2 ≤ NX) repre-
senting the interaction between elements Xj1 and Xj2.

The activity degree (number of outgoing edges) of a 
node i is calculated using the following equation:

The passivity degree (number of incoming edges) of a 
node i is calculated using the following equation:

The reachability matrix (RM) is built using the Floyd’s 
sequential shortest path iterative algorithm, with RMij = 1 
if there exists at least one path from Xi to Xj (Floyd 1962). 
This reachability parameter has been used in several studies 
in the field of product development and project organization 
analysis (Feng et  al. 2010; Braha and Bar-Yam 2004). The 

(2)��i =
∑

j

XXij.

(3)��i =
∑

j

XXji.
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powers of the adjacency matrix give information about poten-
tial paths of different lengths and about potential loops in the 
network (Warfield 1973; West 2001). The number of reach-
able nodes for a given Xi, called NRNi, indicates the number 
of other nodes that Xi can impact directly and indirectly:

Similarly, the number of possible sources for Xi, called 
NPSi, counts the other nodes that are connected or potentially 
connected to Xi:

These indicators on direct and indirect reachabil-
ity degrees help to understand the global potential causes 
and effects of a node. The gap between the local potential 
impact and the global potential impact of a node expresses 
the potential events that might not be detected with classi-
cal direct cause–effect analysis. The existence of a potential 
path between nodes is useful for potential undesired reaction 
chain detection, even without any information about either 
the likelihood of the occurrence of the path, or its impact. 
Reachability degree helps us to understand the global conse-
quences and sources of a risk of propagation, and enables us 
to classify them into different categories. Finally, the degree 
of nodes provides an indication of the local connectivity char-
acteristics of the risk (Fang 2011). The number of reachable 
nodes indicates the number of other risks that a given risk can 
impact indirectly or directly. For arcs, the number of outgoing 
arcs signifies the activity degree of a risk and the incoming 
arcs give the passivity degree of the risk (Fang 2011).

We define the reachability index R of a node i as the sum-
mation of the number of potential successors (direct and indi-
rect) and the number of potential predecessors (direct and 
indirect):

The normalized reachability index will be used in the cal-
culation of collective criticality of project deliverables.

Moreover, the reachability matrix reports the number of 
existing path.

3.2.7 � Definition of collective criticality index of a project 
deliverable

Let CCPD (n) be the collective criticality of a project deliver-
able “n”. We define this collective criticality as the influence 
and importance of this deliverable in the network of project 
deliverables:

(4)���i =
∑

j

RMij.

(5)���i =
∑

j

RMji.

(6)R(i) = ���i + ���i.

If the centrality indicators cannot rank the project 
deliverables in some special cases of project networks, 
it is recommended to use only the reachability index to 
measure the collective criticality of project deliverables.

3.2.8 � Group centrality

It generalizes the different centrality concepts from a sin-
gle node to that of a group of nodes within the network. 
In addition, it is possible to evaluate the relative central-
ity of different teams or departments within an organiza-
tion. Group centrality measure is a measure of the cen-
trality of the whole group with respect to the individuals 
in the rest of the network, rather than to other groups. 
In group, centrality normalization is important, because 
different groups will have different sizes in the same net-
work as compared to individual centrality, where normal-
ization will be negligible (Everett and Borgatti 2012).

In new vehicle development projects, some activities 
are modeled to produce more than one deliverable at dif-
ferent dates. If we want to calculate the criticality of this 
activity, it is important to use the group centrality index 
of the produced deliverables.

3.3 � Propagation behavior within the project deliverable 
network

In this paragraph, we propose an application of some 
algorithms to extract and visualize the propagation path 
between two elements within the network of project 
deliverables. For example, this allows to provide a vision 
of impact propagation between the project deliverables, 
with an option to focus on the chain that connects two 
deliverables associated with two milestones or on the 
chain that connects two critical deliverables.

In graph theory, a directed graph (or digraph) is a 
graph (that is a set of vertices connected by edges), where 
the edges have a direction associated with them. In for-
mal terms, a directed graph is an ordered pair G = (V, 
A), where V is a set whose elements are called vertices 
or nodes, A is a set of ordered pairs of vertices, called 
arrows, directed edges (sometimes simply edges with the 

(7)

𝐂𝐂𝐏𝐃 (n) =
1

5
∗
[

𝐍𝐨𝐫𝐦𝐚𝐥𝐢𝐳𝐞𝐝 𝐑𝐞𝐚𝐜𝐡𝐚𝐛𝐢𝐥𝐢𝐭𝐲 𝐈𝐧𝐝𝐞𝐱 (n)

+𝐍𝐨𝐫𝐦𝐚𝐥𝐢𝐳𝐞𝐝 𝐃𝐞𝐠𝐫𝐞𝐞 𝐂𝐞𝐧𝐭𝐫𝐚𝐥𝐢𝐭𝐲 (n)

+𝐍𝐨𝐫𝐦𝐚𝐥𝐢𝐳𝐞𝐝 𝐁𝐞𝐭𝐰𝐞𝐞𝐧𝐧𝐞𝐬𝐬 𝐂𝐞𝐧𝐭𝐫𝐚𝐥𝐢𝐭𝐲 (n)

+ 𝐍𝐨𝐫𝐦𝐚𝐥𝐢𝐳𝐞𝐝 𝐂𝐥𝐨𝐬𝐞𝐧𝐞𝐬𝐬 𝐂𝐞𝐧𝐭𝐫𝐚𝐥𝐢𝐭𝐲 (n)

+ 𝐍𝐨𝐫𝐦𝐚𝐥𝐢𝐳𝐞𝐝 𝐄𝐢𝐠𝐞𝐧𝐯𝐞𝐜𝐭𝐨𝐫 𝐂𝐞𝐧𝐭𝐫𝐚𝐥𝐢𝐭𝐲 (n)
]

.



Res Eng Design	

1 3

corresponding set named E instead of A), directed arcs, 
or directed lines.

We propose three types of propagation-based analyses:

•	 a local, step-by-step web-like navigation without 
specific tools, but with a complete description of the 
direct environment of each element;

•	 an identification of the existence of potential paths 
between nodes and associated lengths;

•	 display the chains that relate two nodes.

3.3.1 � Step‑by‑step propagation analysis

The first way to deal with potential propagation is to focus 
on a single element, showing all its interdependencies, but 
at a local level only. The idea is to give to the actor who 
will own or contribute to this central element the informa-
tion about all its direct relationships. It is then possible to 
focus on one of these directly connected elements, which 
becomes the center of the diagram, and so on. This is simi-
lar to website navigation and enables direct and indirect 
relationships to be displayed on a user-friendly, complete 
(locally), and standard vision (Marle 2002).

For instance, Fig. 3 illustrates the case of complete rep-
resentation of deliverables connected to X. One can see 
the classical interdependency of composition, its inputs, 
and its outputs. It is then possible to focus on Y. The right 
part of Fig. 3 shows that the sequential link between X and 
X is still displayed, but now, the rest of the information is 
about direct interdependencies with Y. Behind the delivera-
bles, there are actors. This means that this navigation from 
deliverable to deliverable permits simultaneously to build 
communication paths between actors. This is illustrated in 
Fig. 3 for direct connections, but the principle is the same 
for longer chains.

3.3.2 � An algorithm to identify the existence and the length 
of a potential path between two elements

We propose the use of a known algorithm in graph theory 
presented in Fig. 4 and which allows:

•	 the identification of indirect consequences of an initial 
(un)desired event;

Fig. 3   Navigation from deliver-
able X-centered to Y-centered 
interdependency diagram

Fig. 4   Finding the direct and indirect neighbors for each deliverable in the project network
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•	 the identification of indirect causes of a final (un)desired 
event;

•	 the detection of loops, which are characterized by the 
identification of a path which has the same initial and 
final nodes.

Figure 4 represents a depth-first search to find all nodes 
reachable from v. Given a digraph and source s, is there a 
directed path from s to v? If so, the following algorithm is 
designed to find such a path. Moreover, we can see in Fig. 4 
an example of reporting these results for a source deliver-
able ‘D1’.

This algorithm is implemented in Matlab, and the 
user interface is implemented in java. The developed tool 

permits to give in an ergonomic way, for each node, the 
connected neighbors with associated length of paths.

Display the chain that connects two deliverables:
In this analysis, we propose the use of the known Dijk-

stra algorithm (Dijkstra 1971) with an additional option 
that allows to remember the path which relates two nodes 
within the network, after that we report and visualize 
this propagation path between two elements (see Fig. 5). 
Extracting and reporting chains which relate deliverable 
sources and deliverable targets permit to create decision 
aid diagrams for project actors and thus reduce ambigu-
ity and propagation of negative impacts between team 
members.

The input of the algorithm in Fig. 6 is the matrix of the 
interactions between elements (the adjacency matrix of 

Fig. 5   Displaying the path between source and target

Fig. 6   Dijkstra algorithm which also returns the shortest paths (Dijkstra 1959)
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weighted directed graph) and the source node. The out-
put contains all distances and shortest paths from the node 
source. As a result, we can obtain the explicit shortest path 
between two nodes (source and target) in the network. For 
instance, applying Dijkstra algorithm to extract the shortest 
path between two deliverables improves the management 
by deliverables, by creating decision aid diagrams (see 
Fig. 5) for project actors, so they can anticipate the impacts 
propagation between these two deliverables.

In brief, we proposed a methodology of propagation 
analysis between elements strongly inter-linked and treat 
several cases and scenarios with an ergonomic and efficient 
way.

3.4 � Prioritization using two types of criticality

As shown in Sect. 2.3, there is actually a lack of consen-
sus on what deliverable criticality is. In this section, we 
propose a measure of deliverables criticality that take into 
account the individual and the collective criticality. Then, 
treatment strategies are provided to build a plan to act on 
deliverables considered as critical but for different reasons.

3.4.1 � Individual criticality

The risk assessment of each deliverable should be made 
during the initial planning. It determines the probability 
that the deliverable of a task can be produced. There are 
three levels of risk to the project deliverables:

•	 The first level means that no high risk is linked to this 
task, similar deliverables were previously produced 
without particular problems.

•	 The second level means that unexpected difficulties may 
delay the delivery of the result. The exact result that the 
task is supposed to deliver has not been developed by 
the project team. It corresponds to the current state of 
knowledge, and the risk that the problem will not be 
solved is low.

•	 The third level means that it is not sure that the neces-
sary knowledge will be produced with the resources 
allocated to the project. It is even possible that there are 
scientific or technical boundaries’ conditions that pre-
vent a positive response to the question about the task.

The allocation to these levels of risks can identify criti-
cal deliverables, the preparation of which is recommended 
as early as possible in the project. The temporal involve-
ment may be less important if the deliverable can be repro-
duced in case of confirmed risk. In any case, the objective 
of risk levels is to anticipate optimally the possible dys-
functions to detect them as they emerge, communicate, and 
treat them spontaneously.

The quality of project deliverables encompasses four 
areas: correctness; timeliness; completeness; and flex-
ibility of providing (Yang 2009). We define the concept 
of individual criticality of a deliverable as the assessment 
of its risk of bad quality (for example, non-completeness, 
see Fig.  7 that represent some causes of deliverables’ 
non-completeness).

Figure 8 shows some consequences of non-completeness 
of project deliverables. The criticality level is normally 
divided into three degrees: simple, moderate, and com-
plex (or respectively: green, orange, and red). We used a 
brainstorming to identify the individual critical features. 
Such features can be, for instance, the major deliverables 
to meet customer satisfaction; the deliverables associated 
with the critical path; and the identified late/non-complete 
deliverables from the return on experience of previous pro-
jects. Finally, the individual criticality is assessed using the 
following formula associated with the risk of deliverable 
non-completeness:

Fig. 7   Some causes of non-completeness of deliverables

Fig. 8   Some consequences of non-completeness of project delivera-
bles
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The feedback of past projects revealed some examples 
of impacts’ propagation about some purchasing choices of 
mono-sourcing, and some choices about the technical pro-
cess of some pieces, that generate an impact propagation 
chain that amplify the charges and increase the logistics 
costs due to accumulated events. For instance, an error in 
input data of a simulation model will trigger bad quality 
of output results, which will bother the receiver of these 
results and so on. Then, we need to assess the collective 
criticality of project deliverables to decrease ambiguity, 
assist interface management and subsequently reduce risks 
of propagation.

3.4.2 � Collective criticality of a deliverable

Many engineers interviewed within the automotive manu-
facturer Renault, cited several factors of collective critical-
ity of project deliverables, such as: the deliverable is the 
result of many other deliverables and the deliverable is 
consumed by many receivers. Collective criticality analy-
sis helps understanding the global importance of a deliv-
erable, the global sources of impacts, and the global hubs 
influenced by many other deliverables that might not be 
detected with the classical direct cause–effect analysis 
(Marle and Vidal 2016). This analysis will show how one 
can deal with the difficulty to anticipate and control the 
consequences of complexity by proposing complementary 
complex-oriented mitigation actions. These actions may 
suggest to act on deliverables (e.g., to modify X to get X′), 
but sometimes on other elements or on other attributes than 
classical analysis output. Moreover, complementary indica-
tors may involve different strategies like acting on an inter-
action (e.g., to get I′(X1, X2) less influent on the system 
behavior) or on an actor who manages an element (e.g., to 
assign a more appropriate A′ to X).

(8)Criticality = Probability * Gravity * Detectability. Figure 9 illustrates the additional information brought by 
the collective criticality analysis. The topological indicators 
represented in Sect.  3.2 permit to evaluate the collective 
criticality of project deliverables and to re-evaluate the pri-
ority of the project risks by coupling the traditional features 
of individual risks with the highest topological indicators 
of the risk network.

Once this two-axis information is available, some 
actions can be imagined and selected, and this is the object 
of the next paragraph.

3.5 � Individual and collective criticality‑based action 
plan

Basically in a network, it is possible to plan actions on 
nodes, on edges, or on chains (combination of several 
nodes and edges). It is to be reminded that here, nodes are 
deliverables, but of course, there are actors behind those 
deliverables, even if the latter are not directly modeled as 
the main focus object.

3.5.1 � Acting on nodes

Over the course of a project (from its definition to its plan-
ning and execution), risks can occur and induce changes 
in the planning and, therefore, on the project time and cost 
(Marmier et  al. 2014). To reduce the risk level in a pro-
ject, it is necessary to define and apply a treatment strat-
egy of the risk. The main idea is to combine several types 
of actions on specific nodes, these nodes being highlighted 
by classical or non-classical indicators (previous sections). 
Acting on project elements and their maturity consists in 
improving maturity to reduce the main internal weak-
nesses of the project (Gonzalez Ramirez 2009), but the 
basic short-term actions are to implement correctly what is 

Fig. 9   Illustration of the addi-
tional information brought by 
the collective criticality analysis 
[adapted from (Marle and Vidal 
2016)]
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provided by the project office, or to simultaneously develop 
and implement something which was missing or immature. 
This gap between current and required maturity levels will 
have more or less consequences depending on the level of 
exposure to potential dangers. The more dangers there are, 
the higher the required maturity is.

3.5.2 � Acting on edges and chains in the network

In classical methods, actions are decided on elements, such 
as, for instance, risks having the highest criticality or grav-
ity. These actions correspond to the classical categories, 
which are avoidance, acceptance, mitigation, prevention, 
protection, etc. Based on refined evaluations and priorities, 
an updated response plan is developed, combining classical 
and innovative actions (Fig. 9).

Innovative actions include: (1) mitigation actions based 
on classical strategies but applied to new elements, depend-
ing on their refined values and rankings and (2) non-clas-
sical mitigation actions, which mitigate propagation occur-
rence instead of mitigating local problem occurrence. A 
complementary preventive action for accumulation or tran-
sition elements is to cutoff their input links or at least to 
reduce the transition probability values. Instead of acting 
on an element, the action focuses on its sources. Blocking 
the output links can be regarded as the action of confining 
the further propagation in the network. This is well adapted 
to source and transition elements. Instead of acting on the 
element, the action focuses on its consequences. This does 

not avoid the local problem, but its propagation and ampli-
fication to the rest of the project.

4 � Application to vehicle development projects

Modeling, prototyping, and validating a new vehicle 
design entails dozens of subassemblies and hundreds 
of unique parts, all of which have complex engineering 
cross dependencies. Some design and engineering work 
can proceed in parallel; other tasks must be executed in 
sequence. These complexities must be modeled and fac-
tored into monthly, weekly, and daily planning buckets. 
At each milestone, a quality check is made. Between the 
milestones, the cost control monitoring is well organized 
at Renault, but the deliverable monitoring is partially 
made and not unified from one project to another.

Fig. 10   Local data of interactions between elements of the develop-
ment logic of new vehicles

Fig. 11   Presumption of interactions between project deliverables
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Our aim is to develop action strategies to prevent 
critical deliverable-associated risks by providing deci-
sion support to improve the anticipation of shifting mile-
stones. Even so, provide decision support for Quality-
Assurance Engineers (who are responsible for milestones 
crossing agreements). The industrial need is to prioritize 
the most critical project deliverables.

4.1 � Modeling the project deliverable network

The Renault Design System includes the development 
logic of new vehicles and associated processes, unifying 
processes, tools, and methods of vehicle engineering and 
mechanical engineering. Since 2010, the project steering 
within Renault follows a new development logic named 
V3P (Value up Product, Process, and Program). It includes 
activities to be undertaken by stakeholders and actors in 
the project to develop the mechanical parts and new vehi-
cles. This new logic reduced the costs in projects around 
30%, and improved the “Time To Market”, between 4 and 
6 months depending on the type of projects. Finally, it opti-
mized the balance cost/value.

The entire company is organized around this logic. The 
timing and synchronization of the activities of all stake-
holders must be respected for each phase. Each phase 
incorporates successive loops of convergence. Each loop 
aims a good result at the first attempt. The common refer-
ences are shared before the loop start. Problems are treated 

within each loop. The final milestone is a ratchet with-
out turning back. We will employ the proposed modeling 
framework to analyze and improve the development logic 
of new vehicles, which its initial data are formalized locally 
as explained in Fig.  10. This is the input data to create 
networks of project elements. The first step of our analy-
sis is the data collection about dependencies between pro-
ject deliverables. Based on analysis of the processes’ flow 
charts within the development logic of new vehicles (see 
Fig.  10), we made a presumption of interactions between 
deliverables by studying the paths of connections between 
deliverables via the activities’ emitters and receivers (see 
Figs. 11, 12). We took into account during this assumption 
the time shift between emitting and receiving to delete fake 
links.

In addition, we have identified potential interactions 
between deliverables through the paths of connections via 
activities, as presented in Fig.  13. In addition, we detect 
and delete the false links related to temporal shift. This will 
be a basis to study the impact propagation between project 
deliverables.

For instance, the ActivityTransmitter–Deliverable matrix 
is built by modeling affiliation relationships between 
activities (transmitters) and deliverables. The Deliver‑
able–ActivityReceiver matrix is built by modeling affiliation 
relationships between deliverables and activities (receiv-
ers). These matrices are defined as DMMs. Both matrices 
are obtained using the algorithm of global interactions data 
from local interactions data. The Deliverable–Deliverable 
Matrix, called DD, represents the relationships between 
deliverables, on which several improvements and analy-
ses will be applied to understand and control the project 
behavior, more precisely the impact propagation analysis 
between its deliverables.

After presumption, we enriched our model of spread-
ing impacts between deliverables by interviews with 
deliverables’ owners and their emitting responsible. Then, 
we obtain a validate network of project deliverables. Fig-
ure 14 presents a zoom on small zone of this network, and 
shows the matrix of interactions between 254 deliverables. 
The total size of the verified matrix is about 2200*2200 
deliverables.

4.2 � Prioritizing the risks of non‑completeness 
of deliverables with respect to their importance 
in terms of influence in the network

We defined a notion of deliverable individual critical-
ity which is consistent and compatible with the different 
exploitations that are already made within Renault, for 
example: the frequency (percentage) of “green” validation 
of deliverables posterior to analyzing the feedbacks of 57 
previous projects.

Fig. 12   Updated interdependency diagram centralized on deliverable 
X

Fig. 13   Presumption of dependencies between deliverables
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The assessments of this criticality were made by the risk 
assessment of deliverables’ non-completeness. The collec-
tive criticality analysis is done through the identification 
and analysis of impact propagation channels in the network 
of deliverables as soon as possible in the project life cycle, 
in conjunction with the centrality indicators represented in 
Sect.  3.2. An example of the obtained results is given in 
Fig. 15.

Our assessment of a deliverable collective criticality is 
built from five indicators: degree centrality, betweenness 
centrality, closeness centrality, eigenvector centrality, and 
reachability index. Figure 15 shows these indicators and the 
aggregated collective importance. We combine four ways 
to detect different types of centrality. This means that there 
are more chances to detect central nodes. However, as men-
tioned in (Braha and Bar-Yam 2007), Fig. 15 illustrates that 
there are a few number of deliverables which dominate the 

network in terms of centrality. Moreover, our assessment 
of collective criticality takes simultaneously into account 
centrality and reachability, meaning that in the case where 
large-scale projects would not include central elements, our 
assessment would still find some collective critical deliv-
erables based upon the reachability index.

After assessing individual and collective criticality, we 
classify project deliverables in four main categories (see 
Fig.  16). The first one is for deliverables with a signifi-
cant role in the network and important individual critical-
ity value. This category includes, for instance, “Perceiving 
quality convergence” and “Product General Safety status”. 
The second one is for deliverables with an important role 
in the network even if their value is low, this includes, 
for example: “PFE’s checklist inputs”. The third one is 
for deliverable with minor individual criticality value and 
without a significant role within the network. The fourth 

Fig. 14   Zoom on the interac-
tions between 254 deliverables 
(verified dependencies)
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Fig. 15   Prioritizing the project critical deliverables

Fig. 16   Deliverables classifica-
tion
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one is for deliverables with an important individual critical-
ity value but a low influence within the network, such as 
“Project Team Training status”.

Braha and Bar-Yam (2007) confirmed using both theo-
retical techniques and large-scale simulations that focusing 
engineering and management efforts on central elements 
of a network is likely to improve the performance of the 
overall network. Moreover, the failure of critical delivera-
bles (individual or collective) is likely to affect the vulner-
ability of the overall product development process, which is 
the reason why this study has been done. This is illustrated 
in Fig. 16 where new deliverables are considered as impor-
tant, for collective reasons, meaning that they are influent 
on the global network behavior. It is then important to take 
actions to change positively such deliverables, or to avoid 
actions which could be perturbations for these deliverables, 
as underlined by (Braha and Bar-Yam 2007).

The most significant improvement brought by our com-
plementary analysis is the detection of deliverables in zone 
2. This zone comprises potential deliverables that disrupt in 
achievement of project objectives but not detected by clas-
sical techniques. For instance, classical techniques consider 
many deliverables in zone 2 as non-critical, but in reality, a 
non-completeness of one of these deliverables can trigger 
a chain of impacts’ propagation, and consequently, project 
delay, over cost, and sometimes, product bad quality. After 
detection of these deliverables, we can implement special 
controlling and monitoring of critical elements and making 
decisions to avoid the complexity-related risks. This means 
that we can reduce project complexity by acting either on 
nodes, edges, and chains within the network of project 
deliverables.

The proposed analysis gives additional information for 
the decision making in monitoring and controlling the 
impact propagation, since risks or deliverables may be con-
sidered influential for criticality and/or topological reasons. 

That is to say, a deliverable taken individually may be non-
critical, but through interactions could become the source 
of impact propagation to some critical ones. In the indus-
trial application, after analyzing four thousand delivera-
bles, we have detected many deliverable sources of impacts 
propagation within vehicle development project but indi-
vidually considered as not critical. Renault implemented a 
rigorous monitoring process of these deliverables.

4.3 � Results: monitoring of project critical deliverables

Finally, we provided an anticipatory vision of impact prop-
agation between the deliverables, with an option to zoom 
in on the “chain” that connects two deliverables associated 
with different milestones (see Fig. 17) or the path between 
two critical deliverables. To do this, we used the proposed 
propagation analysis techniques in Sect. 3.3.

Fig. 17   Impact propagation 
between project deliverables 
through milestones and organi-
zational units

Fig. 18   Implementation of monitoring of project critical deliverables
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This helps on daily proactive management by deliv-
erables. After the identification of critical deliverables and 
implementation of monitoring plans (see Fig. 18), we can 
get the right information to build the steering dashboard. 
To conclude, mastering the critical deliverables is based 
on:

•	 estimation of the remainder to make, and analysis of the 
deviations from the project target path (see Fig. 18);

•	 make the right decisions and manage corrective actions;
•	 ensure the quality of deliverables.

Risk management applied by the company integrates 
the anticipation of foreseeable risks and planning for pos-
sible solutions. However, the company does not control the 
management of unpredictable risks. Only the active plan-
ning with its decentralized and bilateral control system can 
compensate for this failure. Late deliverables continue to be 
a major impediment to project success (Barry et al. 2015). 
We should apply the prevention recommendations for the 
most common late deliverables (Top 100 selected) and les-
sons learned in managing late deliverables and mitigating 
their impacts. The implemented monitoring (see Fig.  18) 
improves cost, schedule, safety, quality, and organizational 
performance through a greater understanding of risks asso-
ciated with late deliverables.

5 � Conclusions

This paper contributes to engineering design research 
by introducing a methodology to monitor and control the 
impact propagation between project deliverables within 
complex projects and make decisions to keep propaga-
tion phenomena under control. This is done by modeling 
and analysis of project deliverable network to anticipate 
potential behavior of the project. Topological and propaga-
tion analyses have been proposed to detect and prioritize 
critical elements and interdependencies within the network. 
Individual and collective criticality indicators are proposed 
to enable an assessment of each project deliverable. It is 
thus possible to prioritize project deliverables and depend-
ent deliverable chains. This allows a good highlighting of 
the critical deliverables and repercussion on the following 
deliverables that depend on them.

The main originality of this work is to combine two 
types of values in the criticality analysis, respectively, 
individual (based on classical criticality analysis using 
likelihood and impact), and collective (using the network 
analysis indicators). Priorities and actions are now based 
on a two-axis diagram instead of two separated analyses. 
The importance of these complementary analyses is huge, 
for two reasons. First, it is complementary and sometimes 

contradictory with classical individual analyses. Second, 
it allows to detect potential disturbances that may be ini-
tially acceptable, but may propagate because of the num-
ber of elements they indirectly reach (topological analy-
sis), or because of the amplifying behavior of the reaction 
chain they occur (propagation analysis) and, therefore, 
may these disturbances, and specific perturbations not be 
properly considered, then the consequences for the product 
development project are potentially huge, in terms of prod-
uct performance but, moreover, on project performance 
(time to market, project cost, relationships with contrac-
tors etc). Second, the modeled element is specific, know-
ing that deliverables may be product- and project-related. 
A deliverable is modeled through its emitting and receiv-
ing activities and actors. The milestones determine time 
intervals, with the possibility to analyse propagation within 
these intervals, but also through different intervals. Indeed, 
milestones are more or less impervious, meaning that some 
undesired propagations can continue in the next develop-
ment phases. Once again, a difference is made for decision-
makers between one-phase and multi-phase propagations.

The industrial application on vehicle development pro-
jects is performed to build up and analyze the interactions-
based project network. We are focusing on indirect risk 
analysis in vehicle projects via the analysis of propagation 
risks between deliverables, either on milestones or between 
two milestones. The obtained results demonstrate that the 
topological network analysis adds value to the classical 
project risk analysis, in identifying both the influential ele-
ments and the important interactions with respect to their 
role in the network behavior. Furthermore, the proposed 
propagation analysis gives additional information for the 
decision making in monitoring and controlling the impact 
propagation, since risks or deliverables may be considered 
influential for criticality and/or topological reasons. That 
is to say, a deliverable taken individually may be non-crit-
ical, but through interactions could become the source of 
impact propagation to some critical ones. The same analy-
sis was done on the relationships between deliverables to 
evaluate the most crucial edges in the network structure. 
Overall, this reduces project complexity by mastering bet-
ter the phenomenon of propagation. Based on the analysis 
outcomes, we demonstrate the effectiveness of using net-
work theory for project element topological analysis. The 
proposed method is generic and could be applicable to a 
wide set of engineering projects for decision support.

The perspectives are: (1) to integrate the different com-
plex network-based analyses that can be made on delivera-
bles, but also on risks, actors, tasks, or product component 
architecture for instance; (2) to develop a more precise way 
to quantitatively assess the propagation of impacts through 
deliverable chains. Indeed, for the moment, the existence 
of such chains can be detected, the likelihood of triggering 
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of the event chain can be more or less precisely estimated, 
but it is very hard to estimate final impacts. This is mostly 
due to the fact that impacts are of diverse natures, and a 
consequence of an delay of a deliverable may be an over 
cost for another one, and then a requirement change for the 
latter one; (3) to combine such indicators with clustering 
techniques, to treat deliverable groups and not only indi-
viduals. This could give the opportunity to assess topologi-
cal indicators at a group level, like in (Puzis et  al. 2009). 
This could be done either by analyzing consequences of 
clustering on network structure and behavior, or using this 
structure analysis as targets for the clustering operation; 
(4) to visualize simultaneously the individual and the col-
lective criticality on a single graph- or matrix-based repre-
sentation; and (5) to consider the evolution of the network 
through time. For the moment, we chose two complemen-
tary ways to analyze complex networks: an analysis of the 
static snapshot, using network theory-based indicators, and 
an analysis anticipating the potential dynamical behavior 
of the network, using propagation tools. The network itself 
is dynamical, meaning that its nodes, edges, and values 
evolve through times (increasing/decreasing values, new/
obsolete nodes/edges, etc). It is thus a perspective to simu-
late the evolution through time of the network, to update 
and re-anticipate dynamically its potential behavior.
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