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Advances in technology, causing increasing size and complexity of systems, are constantly urging system 

engineers to develop innovative tools and techniques to better address new challenges. The development of modern 

technologies towards advancing space systems capabilities has been equally met with increasing risk and cost. In 

order to minimize the impact due to the failure of a single launch or to budget cut, space exploration has been mainly 

characterized by a series of monolithic missions, largely independent from one another. Recently, new paths have 

been proposed to deal with new issues in space systems engineering: ESA developed a facility to apply the 

Concurrent Engineering method to the design of future space missions, thus recognizing the importance of integrated 

development, parallelization of tasks, and top-down approach, when dealing with systems having partial 

dependencies to each other. NASA has begun to interface spacecraft on different missions towards a common goal 

(Mars Reconnaissance Orbiter provides mapping of Mars, but also served as communications relay during the 

landing of Curiosity rover), thus adding flexibility and reliability to space exploration. Approaches aimed at 

increasing sustainability of space missions, and reliability and scalability of space systems (modularity, on-orbit 

assembly, network of intermediate exploration missions) have also been undertaken. Based on such considerations, 

this paper introduces new tools and techniques to address architecture and design of future space missions and 

systems. Recognizing the importance of interdependency between components in space systems, and among 

complex systems, we propose techniques to perform and exploit analysis of dependencies, both operational and 

developmental. We identify metrics to assess and measure the system value, with respect to desired features. 

Operational dependency analysis is then used to evaluate and compare different architectures and designs, both in the 

final stage of development, and when only partial development has been achieved. The paper then shows how the 

developmental dependency analysis is used to drive parallel development of component systems in order to increase 

flexibility and partial capability, and to reduce risk. The techniques are scalable and can be applied to a variety of 

scenarios. As an example of application, hypothetical space missions are considered, and analyzed by means of the 

proposed tools. The results show both the important contribution of dependency analysis techniques to future space 

development and the potentiality to further improve these tools. 

 

 

I. INTRODUCTION 

In 1964, NASA changed the standard for the 

description of space activities in official documents: 

while the word flight referred to the spacecraft and 

booster events in the Mercury program, during the 

Gemini and Apollo programs, the term mission was to 

be used instead.
1
 This action was more than a mere 

change in phrasing, as it reflected a brand new concept: 

while in the Mercury program the spacecraft and 

booster were considered to be a single system, in 

Gemini and Apollo programs, the need to have a 

different perspective when dealing with multiple 

spacecraft and complex systems was recognized. 

Nonetheless, the approach to design and architecture 

was still completely independent for each systems 

(usually built by different contractors), with hundreds of 

requirements for integration, but not enough resources 

to address the interest in flexibility and compatibility, 

and no analysis of the effect of disruption of a system 

on the entire mission. Every system was highly critical, 

and any disruption could cause the loss of the entire 

mission, and had to be worked out with great ingenuity 

by the mission control center. Sometimes the 

complexity of the systems involved had positive effects 

on the flexibility of operations: for example the Lunar 

Module was used as lifeboat by the astronauts of the 

Apollo 13.
1,2

 However, most of the times the flexibility 

of interchanging between component systems was 

neglected, with possible devastating consequences. In 

the same Apollo 13 mission, the Lunar Module carbon 

dioxide removal canisters were incompatible with the 

canisters of the Command Module.
2 

Later, as technology grew increasingly complex, and 

the objectives more and more demanding, the approach 

to space systems design changed again, and new 

concepts such as constellations, distributed systems, and 

modularity were introduced. Nonetheless, the rapid 

evolution in the aerospace field, the cuts to the space 
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budget throughout the world, and the presence of 

multiple stakeholders require more thorough 

consideration of various aspects that did not have 

enough weight in architecture and design of space 

systems to date. These aspects must be accounted for, in 

order to achieve better results in terms of operability, 

cost, reliability, flexibility, and robustness. Some of the 

new properties to be considered, especially those related 

to interdependencies of systems, concern concepts of 

the System-of-Systems body of knowledge, applied to 

space architecture (mission, logistics, development). 

Systems-of-Systems are very challenging entities to 

be analyzed and designed, due to their complexity and 

size. Dependencies between component systems are 

what most affect the behavior of the whole structure. 

Maier
3
 defines System-of-Systems as a collection of 

systems that must have one main feature: its 

components operate independently by the whole system, 

being managed at least in part for their own purpose. 

Since the elements are designed and developed 

independently, the aggregate emerges only through 

interaction of components. DeLaurentis and Callaway,
4
 

describing their proposed definition for a complex 

system and a System-of-Systems, underline the 

dependency of functionality on linkages between 

components in a System-of-Systems. Another feature of 

System-of-Systems is emergence,
3,5

 meaning that 

Systems-of-Systems can show qualities that are 

irreducible to the constituent parts, and are dependent 

on how the component systems interact. Emergent 

behaviors are what cannot be predicted through analysis 

at any levels simpler than that of the system as a whole,
6
 

since they arise from the cumulative actions and 

interactions of the constituents of a System-of-Systems.
7
  

Due to these features, systems engineers struggle 

with complex dependencies between systems and 

between capabilities to be achieved, in both 

development and operational relationships. A 

development relationship means that the development of 

a certain system is dependent from the development of 

another, but this relationship does not necessarily affect 

their functioning. Instead, an operational relationship 

means that a certain system needs input (data, material, 

energy) from another system to operate. 

These complex dependencies are a source of high 

risk and cost in systems at the leading edge in 

technology, as space systems are. Cascading effects can 

cause small failures to have a huge impact on the overall 

behavior. In order to minimize the impact due to the 

failure of a single launch or to budget cut, space 

exploration has been mainly characterized by a series of 

monolithic missions, largely independent from one 

another. Recently, a few steps have been proposed to 

deal with recent issues in space systems engineering, 

such as the European Space Agency (ESA) facility to 

apply the Concurrent Engineering method to the design 

of future space missions,
8
 allowing for integrated 

development, parallelization of tasks, and a top-down 

approach, capable to analyze properties of the System-

of-Systems as a whole. NASA used the Mars 

Reconnaissance Orbiter, whose main mission it to 

provide mapping of Mars, as a communications relay 

during the landing of Curiosity rover, thus adding 

flexibility to space exploration, and reducing risk. 

Approaches aimed at increasing sustainability of space 

missions, and reliability and scalability of space systems 

(modularity, on-orbit assembly, network of intermediate 

exploration missions) have also been undertaken. 

Similarly, when developing a space System-of-

Systems, engineers must account for the presence of 

multiple stakeholders, and external decisions makers, as 

well as for the impact of development interdependencies 

on the propagation of delays. Furthermore, partial 

capabilities that can be achieved during the 

development, is a desirable features that needs to be 

quantified when designing and architecting a space 

System-of-Systems. 

The conclusion of such considerations is the need 

for new tools and techniques to address new issues in 

architecture and design of future space missions and 

systems. These tools and techniques must be able to 

analyze and quantify the effect of interdependencies 

between systems in a complex space System-of-

Systems, and to contribute to decisions in architecture 

and design of space systems. 

Recognizing the importance of interdependency 

between components in space systems, and between 

systems in a complex network of systems, this study 

proposes to apply and test innovative techniques to 

perform and exploit analysis of dependencies, both 

operational and developmental, in space Systems-of-

Systems.  

The paper is organized as follows: in section II, we 

briefly describe the background of this work, and 

review the current practice in space systems 

engineering. Sections III and IV report a description of 

the dependency analysis methods that are combined and 

applied in this study. In section V, we present synthetic 

examples and case scenarios, to show how the outputs 

of the two methods can be used to quantify metrics of 

interest in space systems engineering. In section VI, we 

draw the conclusions of this study, and give 

recommendations for applications and future work. 

 

II. BACKGROUND AND CURRENT PRACTICE 

II.I Current Practice in Space Systems Engineering 

As underlined in the introduction, space systems and 

missions are growing increasingly complex, and 

expected to grow further. However, while designers 

recognize the need for innovative methods in 

architecting and designing space systems and missions, 

currently these tasks are still performed mostly based on 
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classical systems engineering techniques. This classical 

approach leaves many unresolved gaps in the field of 

space systems architecture and design, since many novel 

features of these systems are not exploited, nor even 

accounted for.  

Space systems engineering is adapting much more 

slowly than other disciplines to the new needs in design 

and architecture. Lafleur
9,10

 points out that the space 

industry has recognized the need for novel features, 

such as flexibility, to be included in the design. 

Nonetheless, despite such widespread interest, the state 

of the art in space systems design and architecture 

remained mostly unchanged in the last few years, and 

desirable features of complex space systems and 

missions are accidental, rather than being analyzed and 

accounted for in the design process. 

In the future multiple stakeholders, including 

commercial parties, will enter the space systems market, 

thus adding new variables to the analysis. Techniques 

and methods suitable to address these issues must 

include analysis of the complex systems or System-of-

Systems at different levels, and combine top-down 

viewpoint and requirements, that describe high-level 

whole-system perspective, with bottom-up constraints 

and solutions. Current practice tends to consider the top-

down view only at the beginning of the design process, 

with each system being developed individually, with 

implicit accounting for integration requirements. Thus, 

the impact of the interrelationship between systems is 

not fully analyzed and exploited. Tatnall et al.,
8
 

focusing on the design process, compare the classical 

method, that is sequential design, with centralized 

design, and concurrent design. 

Sequential design guarantees the communication 

between different system developers, and the resolution 

of conflicts, only through a process of iteration between 

a sequence of specialist working in series. In centralized 

design, a core team is assigned to the overall system, 

and specialists designing the various systems and 

subsystems report to the core team. This approach 

combines the top-down approach of the core team with 

the bottom-up viewpoint of the developers of individual 

systems. In concurrent engineering, modern information 

technology favors real-time information exchange, so 

that the design environment becomes a common space 

shared by all the designers involved. However, while 

the concurrent approach is effective in improving the 

design process of complex multi-disciplinary systems, it 

is only aimed at supporting effective communication, 

and helping the integration of individually designed 

systems. The requirements of the overall system are still 

broken down in requirements for the single subsystems, 

without enough consideration for the effect of the 

interactions between these subsystems on the overall 

behavior. 

The classic approach for space mission design is 

followed in some of the major references for space 

design:
11,12

 the overall analysis of the mission is used 

only to define the requirements, that result in baseline 

mission concepts. At this point, the systems are 

individually developed and later integrated, but the 

possibility of increasing the flexibility, the capability, 

the resilience of the entire mission through the analysis 

of the impact of interdependencies is not embedded in 

the design. The same stovepipe approach is applied to 

the development schedule and to the analysis of 

reliability and risk. In complex systems and in System-

of-Systems, the operational and development 

dependencies between subsystems and between systems 

may be only partial. Concurrent engineering addresses 

these partial dependencies, allowing for parallel 

development of partially dependent designs (through 

real-time communication). However, the analytical tool 

used to program the development is often a classic 

PERT/CPM technique, that accounts only for absolute 

dependencies.
11 

The same concept of absolute dependency, and 

“black and white” considerations, can be found in 

reliability analysis. This is based on absolute 

failures,
13,14

 and fault trees that often result in loss of 

detail about the operability and reliability of a system. 

In System-of-Systems, the analysis cannot be performed 

at the level of single components, therefore methods 

that can account for partial failures and model partial 

functional dependencies are required. 

 

II.II System-of-Systems Approaches, and 

Interdependency Analysis 

In various fields of systems engineering, specialists 

are developing new perspectives and methods to deal 

with the aforementioned needs. These approaches 

constitute a recent discipline, that is System-of-Systems 

engineering, based on recognizing the presence of 

multiple stakeholders, the possible operational and 

managerial independence of the systems involved, the 

complex and multidisciplinary nature of the problems, 

the importance of the interdependency between the 

systems.
15 

Sindiy notes that the System-of-Systems engineering 

approach is not meant to generate optimal solutions to 

specific instances of a problem, but rather to identify 

positive and negative aspects of architectures and 

designs, as well as to assess the impact of decisions.
16

  

Keating et al.
17

 describe the fundamental differences 

between systems engineering and System-of-Systems 

engineering, identifying research directions, gaps, and 

implications for design and development of System-of-

Systems. They identify the problems due to the 

limitation of traditional systems engineering focus, and 

to the lack of complete analysis at the higher level. They 

also recognized the need for new strategies and tools to 
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address the complexity, variety, and novel needs of 

System-of-Systems engineering. However, they point 

out that these tools must add to classical systems 

engineering analysis and design techniques, rather than 

completely replace their use. New methods and 

considerations shall still allow the use of classical 

systems engineering development for systems involved 

in the System-of-Systems. 

Nai Fovino and Masera
18

 further underline the 

importance of the interdependencies in System-of-

Systems. They show how, due to the interdependencies, 

degraded operability in a systems could not be critical 

for the system itself, yet cause the emergence of a 

disservice in another system, or at a different level in 

the hierarchy of systems. 

The effect of interdependencies in System-of-

Systems development has been analyzed by Mane and 

DeLaurentis, by means of a Markov network 

approach
19,20,21

 that evaluates delay propagation before 

absorption. Whereas the method can be used to rank the 

systems based on the criticality of their impact on the 

development of the System-of-Systems, it does not 

account for partial degradation, and the disruption can 

propagate only to one of the systems dependent on the 

disrupted system. 

Han, Marais and DeLaurentis
22

 developed a model 

to achieve a more accurate analysis of the effect of the 

interdependencies on the overall behavior of a System-

of-Systems. In their approach, a System-of-Systems is 

represented as a Bayesian network, and the operational 

performance of each system depends on its own status 

and on its interdependencies. This approach has several 

advantages: a failure in a system will affect all its 

dependent nodes; the operability of a system includes 

both its reliability and the effect of the 

interdependencies; the method is dynamic, and models 

the evolution over time of the probability of failure in 

the systems, as well as the resilience of the entire 

System-of-Systems. However, in this and in the 

previously described approaches, the probability of 

failure does not encompass the possibility of 

quantifying a partial failure. The failures, when they 

occur in a system, result in the total loss of the 

operability of the system. This causes a lack of details 

that prevents from thoroughly understanding the impact 

of the interdependencies in a System-of-Systems. 

Other authors characterized a higher level of the 

System-of-Systems perspective. Rhodes, Ross, and 

Nightingale
23

 propose a framework to develop and 

modify a System-of-Systems architecture over time, 

accounting for complexity, policies, stakeholders, and 

above all with the evolution of strategies and 

requirements over time. The evolution of the System-of-

Systems architecture follows a path of changes, with the 

objective to reach performances as close as possible to 

those of a utopia path. Dahmann and Smith
24

 recognize 

the same need, and suggest a wave model, showing the 

evolution of a System-of-Systems architecture as a 

chain of iterations cycling through System-of-Systems 

analysis, development of architectures, and updates 

based on the needs and requirements of the 

stakeholders, and on the properties of the current 

architectures.  

In order to perform the analysis required in the 

System-of-Systems approach, the first step involves 

determining metrics that can quantify the various and 

multidisciplinary features of a System-of-Systems. 

Some authors tried to frame relationships between 

decisions in System-of-Systems updates, and some of 

these metrics of interest, that they call ilities.
25,26

 Their 

conclusion is that, despite the desire to implement these 

ilities in designs, the number and extension of methods 

for identifying “good” designs with respect to preferred 

ilities is still inadequate. Furthermore, there is no 

consensus in the systems engineering community about 

the tradeoff  between such features.  

Caffall and Michael
27

 advocate the use of System-

of-Systems Engineering approach in space design and 

architecture. They define architecture as the collection 

of logical and physical views, constraints, and decisions 

that define the external properties of a system and 

provide a shared understanding of the system design to 

the development team and the intended user of the 

system, and design as the lower level details of planned 

implementation which are defined, structured, and 

constrained by the architecture. They also define some 

ilities to be achieved in space systems. 

Recently, some authors proposed approaches to 

include some of these features in space systems design. 

Lafleur
10

 proposes an approach to include flexibility in 

design, dealing with the evolution over time of the 

architecture and the need to change the architecture to 

satisfy the requirements, with budget constraints. 

However, while the approach is closer to the System-of-

Systems perspective, involving external decision makers 

for the requirements, and constraints on the 

development and evolution of the System-of-Systems, 

the desired feature does not originate from the 

complexity and the interdependencies between systems, 

but rather from the number and capabilities of 

individual systems. 

Some authors identify current and future space 

System-of-Systems, like the International Space Station, 

the (now canceled) Constellation Program, Mars 

Sample Return System, missions for Human 

Exploration of Mars.
27 

Most authors dealing with space System-of-Systems 

discuss availability and reliability. While they account 

for the presence of multiple systems, and their 

interaction, the approach does not consider partial 

malfunctions and partial dependencies, that instead play 
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a fundamental role in the overall behavior of a System-

of-Systems. 

 

III. FUNCTIONAL DEPENDENCY NETWORK 

ANALYSIS (FDNA) 

Functional Dependency Network Analysis (FDNA) 

is the tool used in this paper to study the effect of 

functional interdependencies between systems on the 

overall operability, when failures occur. The method 

was originally formulated by Garvey and Pinto,
28,29

 who 

applied it to capability portfolio analysis and risk 

assessment. FDNA has been modified to be suitable to 

analyze interdependencies in System-of-Systems, and 

successfully applied to simple aerospace System-of-

Systems.
30

  

In FDNA, the architecture of a System-of-Systems is 

modeled as a directed network. The nodes represent 

either the component systems or the capability to be 

acquired. Accordingly, the links represent the 

operational dependencies between the systems or 

between the capabilities (Fig. 1).  

 

 
 

Fig. 1: Functional dependency of node Nj from node Ni. 

 

 

Each dependency is characterized by strength and 

criticality, that affect the behavior of the whole System-

of-Systems in different ways: strength of dependency 

accounts for how much the behavior of a system is 

affected by the behavior of a predecessor system, while 

criticality of dependency quantifies how the 

functionality of a system is degraded when a 

predecessor system is experiencing a major failure. 

This method is used to evaluate the effect of 

topology, and of possible degraded functioning of one 

or more systems on the operability of each system in the 

network. To adapt the technique to System-of-Systems 

analysis, a term has been added to account for possible 

degraded functioning of a component system due to its 

own malfunctions. Also, a stochastic version of FDNA, 

involving a probability distribution for the operability of 

the systems, has been previously developed and tested.
30

 

FDNA identifies the most critical nodes in the network, 

as well as the most important dependencies. 

Comparison of different architectures can be performed, 

by assessing the operability of the systems. The 

resilience of a System-of-Systems can be evaluated in 

terms of capability to reduce the loss of operability 

when single systems are affected by partial failures. 

Further analysis can be executed to assess the benefits 

of adding or removing systems.  

 

 

 

 

 

 

 

 

 

Fig. 2: Functional dependency of node Nj from node Ni. 

 

The operability of a node is defined as the 

“percentage” of effectiveness, that is the level at which 

the system is currently operating, or the level at which 

the desired capability is being currently achieved. 

Operability, ranging between 0 and 100, can be related 

to performance by means of an input function. In the 

example in Fig. 2, a planetary probe communication 

system is evaluated based on the number of valid data 

downlinks per week (performance), with its operability 

(effectiveness) being 100 when the system performs 

1000 valid data downlinks per week, and the degraded 

operability being 25 when the system performs 380 

valid data downlinks per week. In this paper, only 

operability will be used as output from the analysis. 

The required inputs for FDNA analysis are as 

follows: for each node Ni, a self-effectiveness level SEi 

is needed, ranging between 0 and 100. For root nodes, 

this is just the operability; for nodes that have at least 

one predecessor, the self-effectiveness is the level of 

operability that the node would have, if it were a root 

node: therefore, the self-effectiveness assess the current 

status of a node, not accounting for its dependencies. 

Depending on the specific application, the self-

effectiveness of each constituent system may be a 

probability distribution evolving over time. For each 

link, two values are needed. The Strength of 

Dependency (SOD) between node Ni and node Nj, 

SODij, and the Criticality of Dependency (COD) 

between node Ni and node Nj, CODij. The SOD ranges 

between 0 and 1, and can be evaluated as the fraction of 

the operability level of node Nj due to the dependency 

by node Ni. The COD must be comprised of values 

between 0 and 100, and it can be evaluated as the 

maximum level of operability reachable by node Nj, 

when the operability of node Ni is 0. A lower value of 

COD corresponds to a higher criticality of the 

interdependency. 

 

 

 

 

 

 

 

Fig. 3: A small network, showing the required input for 

FDNA. 
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III.I Dependency Analysis 

The operability of root nodes is simply their self-

effectiveness:  

Oi = SEi    [1] 

 

The operability of nodes that have at least one 

predecessor is computed as the minimum of two terms, 

one depending on the SODs, one depending on the 

CODs: 

Oj = min(SOD_Oj, COD_Oj)  [2] 

 

For a node Nj having n predecessors, the two terms 

are computed according to equations 3-6: 

 

SOD_Oj = avg (SOD_Oj1, SOD_Oj2,…, SOD_Ojn) [3] 

SOD_Oji = SODijOi + (1-SODij)SEj  [4] 

COD_Oj = min (COD_Oj1, COD_Oj2,…, COD_Ojn) [5] 

COD_Oji = Oi + SODij    [6] 

 

The term accounting for SOD is the average 

operability values of node Nj, computed for each 

dependency from a predecessor node Ni, thus reflecting 

the relationships between the n predecessors and the 

node Nj. The term accounting for COD is the minimum 

of the values of the operability of node Nj computed for 

each dependency from a predecessor node Ni, thus 

reflecting the importance of the most critical 

dependency.  

Using equations [1]-[6], the operability of each node 

can be sequentially computed, starting from the root 

nodes, in a breadth-first way: after the roots, nodes 

directly depending from the root are analyzed, and so 

on. 

FDNA can be either deterministic, i.e. the 

operability of each node is computed based on a given 

instance of the self-effectiveness of each node, or 

stochastic, given a probability distribution for the self-

effectiveness of each node. The stochastic analysis give 

more general insight into the properties of the entire 

network, as we will show in section V. 

 

IV. DEVELOPMENT DEPENDENCY NETWORK 

ANALYSIS (DDNA) 

A Development Dependency Network Analysis 

(DDNA) method, borrowing the concepts of SOD and 

COD from FDNA, has been proposed, but only 

preliminary suggestions for its application have been 

presented.
30

 The method is meant to be applied to 

development System-of-Systems networks, where the 

links, like in PERT networks, represent development 

dependencies between systems. Differently from PERT, 

however, the dependencies are not absolute and account 

for partial independency of development of each 

system. The outcome of DDNA analysis is the 

beginning time and the completion time of the 

development of each system, as well as an assessment 

of the combined effect of multiple dependencies and 

possible delays in the development of predecessors. As 

in FDNA, this method evaluates the most critical nodes 

and dependencies with respect to development time and 

propagation of delays. Results from the analysis are 

used to compare different architectures in terms of 

development time, capability to absorb delays, and 

flexibility. 

Since the method assesses the time (or the expected 

time, in probabilistic analysis) by which each node is 

available, we can assess partial capabilities attained 

during the development of a System-of-Systems, 

through the combined use of DDNA and FDNA. 

 

Compared to existing methods, such as PERT/CPM, 

DDNA provides more specific insight into the effects of 

multiple and diverse dependencies on the development 

of System-of-Systems. These include: 

 The strength of dependency affects both the 

beginning time and the completion time of 

development of a system. Differently from 

PERT, development of a system can begin 

before a predecessor is complete, if the 

dependency has not reached its criticality level. 

Therefore, a more realistic analysis of 

development time is achieved. This feature is 

fundamental to assess partial capabilities 

during the development of a System-of-

Systems. 

 The criticality of dependency affects the 

beginning time in the same way as in 

PERT/CPM: a successor must wait until a 

critical predecessor is fully developed, before 

being able to begin development. Instead, the 

strength of dependency quantifies the level of 

partial development dependency, when 

criticality is not reached. 

 in DDNA, the level of operability is related to 

time, and it constitutes an assessment of the 

timeliness of the development (for example, 

three weeks could be the best time for a 

system, ten weeks could be the worst, but eight 

weeks could correspond to a satisfaction of 

50%). 

In DDNA, each node requires three pieces of input 

data: the minimum independent time (MINIT), that is 

the minimum duration of development of the system, 

not accounting for the dependencies; the maximum 

independent time (MAXIT), that is the maximum 

duration of development of the system, not accounting 

for the dependencies; the self-effectiveness (SE), that 

linearly evaluates how much the system is close to 

being developed in its minimum duration time, not 

accounting for dependencies. If SE = 0, the independent 

duration of development is equal to MAXIT. If SE = 

100, the independent duration of development is equal 
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to MINIT. Due to the dependencies, the actual time to 

develop a system can be longer than MAXIT (but in this 

case the system has begun its development before the 

completion of a predecessor, thus resulting in earlier 

achievement of partial capabilities), whereas it can 

never be shorter than MINIT.  

Each link requires two pieces of input data: the 

strength of dependency (SOD) and the criticality of 

dependency (COD). The SOD evaluates how much a 

system can begin its development before the completion 

of the predecessor, it constitutes a parameter for the 

parabolas shown in Fig. 4. 

Fig. 4: The dependency between node Ni and node Nj. If 

SEi is lower than CODij, then the beginning time of 

Nj coincides with the completion time of Ni. 

Otherwise, the development of Nj can begin earlier: 

the straight line (PERT) relates SEi to the 

completion time of Ni. The parabolas correspond to 

different values of the COD, showing an anticipated 

beginning time of Nj. 

 

This shape results in anticipated development for 

systems depending from a node with medium-high SE, 

while no early development is allowed when the 

predecessor is being developed either in its best time, or 

with a SE under the critical threshold. 

In this study, linear functions and other curves have 

been tested, to model different development 

dependencies. Inputs from experts will suggest the 

appropriate function to use to model the development 

dependency between the systems. 

The COD is the minimum level of SE of the 

predecessor that allows an early development of the 

successor. If the SE of the predecessor is lower than the 

COD, then the successor must wait until the predecessor 

is fully developed. Higher COD corresponds to higher 

criticality.  

 

IV.II Dependency Analysis 

For root nodes Ni, the beginning time (BTi) is 0, and 

the actual completion time (CTi) is computed as  

CTi = MINITi + (100 - SEi)(MAXITi - MINITi)/100  [7] 

That is, depending on its SE. For nodes having a 

single predecessor, the beginning time is computed 

according to the function representing the development 

dependency.  

For the case shown in Fig. 4, if SEi < CODij, then 

BTj = CTi (critical dependency). Otherwise, BTj is 

computed as 

 

BTj = aSEi
2
 + (-a (100 + CODij) + (B - D) / (100 - 

CODij)) SEi + (100D - CODijB) / (100 - CODij) + 

100aCODij        [8] 

 

Where B is the minimum actual completion time for 

node Ni, D is the completion time of node Ni 

corresponding to CODij, and a is equal to (1 - SODij)(D 

- B) / (100 - CODij)
2
. Given a development time (DT) of 

node Nj equal to 

DTj = MINITj + (100-SEj) (MAXITj - MINITj)/100   [9] 

 

that is a linear relationship between the SE of a node 

and its development time, the completion time is 

 

CTj = max (BTj + DTj, CTi + SODijDTj)               [10] 

 

The first term is the completion time that node Nj 

would have starting at BTj and having no dependency 

from Ni. The second term accounts for the partial 

dependency, stating that node Nj cannot complete its 

development before a certain amount of time after the 

completion of node Ni elapses. Eqs. [9] and [10] are also 

used to compute minimum and maximum completion 

time for node Nj. For nodes with multiple predecessors, 

the beginning time is computed as the average of the 

beginning times given by each dependency. Using the 

average, rather than the minimum, prevents a single 

predecessor from critically influence the beginning 

time. The completion time is the maximum of the 

completion times given by each dependency. 

Computation of the beginning and completion time 

for each node, results in a complete schedule for the 

development of the System-of-Systems, showing the 

effect of partial development dependency on the 

development time. Fig. 5 shows a Gantt chart for a 

simple dependency of a system from two other systems., 

with development time computed with DDNA. 

 

 

 

 

 

 

 

Fig. 5: Multiple dependency of N3 from N1 and N2 in a 

Gantt diagram. Light lines = BT, thick lines = CT. 

Dotted = due to single dependency, continuous = 

actual times due to multiple dependency). 

CODij 

N1 

N2 

N3 

time 

CTi 

BTj 
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V. METRICS 

In this section, we present some of the possible 

metrics that can be quantified through the application of 

FDNA and DDNA. The methods are open-ended and 

generally applicable to any complex network of 

systems. They can be tailored to deal with specific 

problems, and to assess the preferred metrics. 

 

V.I Operability and Robustness 

Direct application of FDNA results in a measure of 

the operability of each node, as a function of the 

topology, the dependencies, and the SE of each node. 

Consider the simple System-of-Systems depicted in Fig. 

6, and composed by two control centers, one 

communication satellite, a constellation of three 

observation satellites, and the sensing capabilities that 

we want to achieve. The values of SOD and COD are 

listed in the figure. 

Fig. 6: Functional Dependency Network of a synthetic 

seven-node SoS, with two control centers, one 

communication satellite, three sensing satellites, and 

a node representing sensing capability. 

 

Table 1 shows the operability level of the sensing 

satellites and of the overall capability of the SoS, given 

instances of degraded operability of various nodes. 

 

SE decrease Op(S1) Op(S2) Op(S3) Overall 

CC1 -30% 94.6 93.1 95.5 94.4 

CC1 -75% 65 65 65 65 

CC2 -30% 100 100 89.5 96.5 

CC2 -75% 100 100 65 88.33 

ComSat -75% 

S1 -75% 

S2 -75% 

S3 -75% 

47.5 

70 

100 

100 

57.5 

100 

47.5 

100 

77.5 

100 

100 

62.5 

78.33 

90 

82.5 

87.5 

Table 1: Operability of the sensing satellites and of the 

overall capability of the SoS through FDNA. 

 

More insight into the properties of the entire 

architecture can be achieved by means of a stochastic 

analysis, where probability distributions for the self- 

effectiveness of the nodes is fed into FDNA, rather than  

nominal values. The results are probability distributions 

Fig. 7: Distribution of the operability of the sensing 

capabilities, following degradation in three nodes. 

 

for the operability of the nodes in the SoS, and the 

expected value of the desired capabilities constitutes a 

measure of the robustness of the architecture, i.e. its 

capability to maintain a high level of operability in spite 

of disruptions and partial failures.  

Fig. 7 shows the results of stochastic FDNA analysis 

on the seven-node space SoS. The SE of the operability 

of the control centers and the communication satellite 

follows a beta distribution, while the other nodes have 

maximum SE. The overall capability of the SoS is 

quantified by Monte Carlo. 200000 instances have been 

simulated, with values for the probabilistic SE randomly 

generated according to the beta distribution in Fig. 7. 

The expected value for the sensing capability is 82.04, 

while the expected value of the self-effectiveness of the 

three nodes subject to failures is 60. 

FDNA can be used to evaluate the evolution of the 

operability (and consequently, of the robustness) over 

time. Using a failure model to evaluate the evolution of 

the operability distribution of the individual systems, the 

evolution of the overall distribution can be quantified. 

This computation relates the reliability of individual 

systems to that of the whole SoS.  

Figs. 8, 9, and 10 show the histograms for the 

evolution over time of self-effectiveness of control 

center 1, self-effectiveness of the communication 

satellite, and operability of the sensing capabilities. The 

evolution model for the self-effectiveness includes 

aging, minor failures, and catastrophic events. The 

resulting self-effectiveness is used as input to FDNA. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Histogram of the self-effectiveness of CC1. 
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Fig. 9: Histogram of the self-effectiveness of ComSat. 

Fig. 10: Histogram of the operability of the overall 

sensing capability. 

 

V.II Critical Nodes and Links 

Results from either the deterministic or the 

stochastic version of FDNA can be used to assess the 

critical impact of each system in a given architecture, 

with respect to disruption and delay propagation, as well 

as to identify architecture with lower criticality. For 

example, the results reported in Table 1 show that the 

first control center is highly critical. Also, the overall 

capability is more sensitive to a partial failure in sensing 

satellite 2 than in the other two sensing satellites. Even 

for what concers critical impacts, a global insight into 

the entire architecture can be achieved through 

stochastic analysis. Information about the criticality can 

be used both when deciding actions to be taken against 

the criticality of an individual systems (assuring that the 

critical system maintains high reliability), and when 

architecting the entire System-of-Systems. Architectures 

can be compared to search for patterns that allow to 

decrease the critical impact of the systems on the overall 

behavior. 

 

V.III Flexibility and Resilience 

Flexibility is another metric that can be assessed by 

applying some small modifications to FDNA technique. 

This is related to resilience, that has many different 

definitions in literature, but it is mainly defined as the 

capability to react to failures and degradation in order to 

recover capability. One possible space application for 

this metric is an on-orbit servicing System-of-Systems.
31

 

Further applications require to modify FDNA, so 

that the architecture can change overtime, to redistribute 

excess capabilities, and re-task systems, following the 

loss of the desired capabilities. 

For example, consider again the System-of-Systems 

in Fig. 6. If we suppose that the control centers can 

perform part of each other’s tasks, in case of 

degradation of the overall behavior. This means that the 

topology of the network, as well as the values of SOD 

and COD, can change over time. 

Fig. 11 shows the profile of the frequency of sensing 

capability after 100 months. The expected value of the 

operability of this capability increases from 60.27 to 

64.15, when flexibility is added to the behavior of the 

control centers, thus increasing resilience. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11: Effect of flexibility on the overall behavior. 

 

V.IV Delay Absorption 

DDNA can be used to quantify the delay absorption, 

throughout the development of a System-of-Systems. 

Differently from PERT/CPM, delays can be absorbed 

even along the critical path, due to the fact that the 

development dependencies can be only partial, so that a 

system can begin its development ahead of time, in 

order to absorb part of the delay. 

Consider the Development Dependency Network in 

Fig. 12, that shows a simplified model of the modules 

and systems in a satellite, with their development 

dependency. The values of SOD and COD are listed in 

Table 2. Table 3 reports the description of the eight 

nodes, and their minimum and maximum independent 

time (MINIT and MAXIT). 

 

 

 

 

 

 

 

 

 

Fig. 12: Development Dependency Network of a 

synthetic model of modules and systems in a 

satellite. Description of the nodes, and dependency 

properties, are listed in Tables 2 and 3. 

N4 

N1 

N2 

N3 
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N8 
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Link SOD COD Link SOD COD 

N1-N3 0.7 20 N3-N6 0.6 50 

N1-N4 0.6 30 N3-N7 0.4 30 

N1-N5 0.4 40 N4-N5 0.5 30 

N2-N4 

N2-N8 

N3-N4 

0.3 

0.5 

0.4 

40 

60 

30 

N4-N6 

N6-N8 

0.2 

0.5 

10 

60 

Table 2: SOD and COD of the links in the 

Development Dependency Network. 

 

Node Description MINIT MAXIT 

1 Payload 15 25 

2 GNC 6 14 

3 Solar Panels 12 15 

4 

5 

6 

7 

8 

Structure 

Propulsion 

Batteries 

Power Controller 

Software 

13 

9 

7 

6 

4 

20 

18 

10 

8 

10 

Table 3: Description of the nodes in the 

Development Dependency Network, with their 

maximum and minimum development time. 

 

The effect of partial development dependency is to 

enable early and partly parallel development of systems 

in the network. Fig. 13 compares the Gantt chart 

deriving from the use of PERT to that obtained through 

DDNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13: Gantt chart from DDNA, and from PERT 

methods, for the development network in Fig. 12. 

 

Fig. 13 shows how the development can be 

completed in 38.6 weeks, when no delays arise, while 

PERT computation resulted in 51 weeks expected, due 

to the absolute dependency between systems. Early 

development, however, cause systems N4, N5, and N8 

to be developed over a longer time span. While this can 

result in the achievement of partial capabilities, it also 

causes an increase in cost. Decision makers must trade-

off between these aspects. 

DDNA analysis can also be used to quantify the 

delay absorption throughout the development of a 

System-of-Systems. When the development of a 

systems slows down, the delay affects the development 

of other systems in the network. In PERT diagrams, the 

delay in a systems reverberates entirely on the 

development of the dependent systems. Delays on the 

critical path cannot be recovered. If the dependencies 

are not absolute, a system can be partially developed 

even when it is lacking inputs from the systems from 

which it depends. This results in the property of partial 

delay absorption. 

Table 4 reports the results of the application of 

DDNA to the analysis of development of the eight-

nodes System-of-Systems depicted in Fig. 12, when 

delays in development occur. 

 

Node 

with 

delay 

Initial 

delay 

Final 

time 

PERT 

Delay 

recover 

(%) 

PERT 

Final 

time 

DDNA 

Delay 

recover 

(%) 

DDNA 

1 5 56 0% 43.04 11.25% 

2 4 51 100% 38.6 100% 

3 1.5 52.5 0% 40.1 0% 

4 

5 

6 

7 

8 

3.5 

4.5 

1.5 

1 

3 

54.5 

51 

52.5 

51 

54 

0% 

100% 

0% 

100% 

0% 

39.21 

38.6 

40.1 

38.6 

40.1 

82.5% 

100% 

0% 

100% 

50% 

Table 4: Comparison of development time and delay 

recover in PERT and DDNA networks, when a 

single system experience a delay. 

 

Results show that not only partial dependencies 

result in a shorter development time than when the 

dependencies are absolute, but also that delays can be 

partially recovered even along the critical path (when 

PERT does not recover any delay). 

 

V.V Partial Capabilities 

The combined use of FDNA and DDNA allows to 

quantify the partial capabilities that can be achieved 

during the development of the System-of-Systems. 

When other considerations are added, such as delays 

and critical impact of nodes, architectures can be 

compared based on the trade-off between the evolution 

of their features over time and partial capabilities. 

Consider the combined FDNA-DDNA space 

System-of-Systems network in Fig. 14. The light edges 

are functional dependencies, while the bold edges are 

development dependencies. 



 64th International Astronautical Congress, Beijing, China. Copyright ©2013 by Cesare Guariniello and Daniel DeLaurentis. Published by the IAF, 

with permission and released to the IAF to publish in all forms. 

 
 

IAC-13-D3.1.5         Page 11 of 13 

We are interested into three capabilities: Mars 

exploration, observation, and colonization. In this 

simplified model, the number of systems is small, but 

the problem can be easily scoped up. Considerations 

about the independent development by different 

stakeholders, affecting DDNA values, and about failures 

and flexibility, affecting FDNA, can be added according 

to the user’s need. 

Fig. 15 shows the evolution over time of the 

operability of the three required capabilities, due to the 

development of the systems in the SoS. In this case, 

there are neither failures, nor delays. As expected, the 

observation, that requires fewer systems and less 

complexity, reaches its full operability in a short amount 

of time. Colonization gradually reaches level of partial 

operability, following the development of the required 

systems. 

Fig. 15: Time evolution of the operability of the desired 

capabilities for the space System-of-Systems in Fig. 14. 

VII. CONCLUSIONS, APPLICATIONS, AND 

FUTURE WORK 

Space systems engineering is a multifaceted and 

difficult discipline, due to multiple factors, including 

technology, risk, cost, size and complexity of the 

systems involved. The future of space systems design 

and architecture requires new perspectives and 

innovative methods, to deal with the increasingly 

demanding challenges to be addressed when making 

decisions and trading-off between requirements in space 

System-of-Systems engineering. Part of the new tasks 

involves a new discipline, that is System-of-Systems 

engineering. Classical systems engineering and current 

practice need to be supported by novel methods, tools, 

and techniques belonging to the field of System-of-

Systems. 

We propose two methods to analyze functional and 

developmental interdependencies between systems in a 

complex System-of-Systems. By assessing the impact of 

interdependencies on the operability of the systems, 

when degradation and partial failures occur, and on the 

development of the systems, when delays occur, we 

identify and quantify several metrics of interest.  

These metrics can be used to analyze complex 

System-of-Systems, to evaluate and compare 

architectures, and to drive decisions in System-of-

Systems design, architecture, and update. 

We have reported the results of the analysis of 

various synthetic space problems, to illustrate the use of 

the proposed methods and metrics. 

Possible applications include analysis and design of 

satellite constellations, evaluation and comparison of 

Fig. 14: A space mission combined FDNA-DDNA network. Light edges represent 

functional dependencies, bold edges represent development dependencies. 
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architectures for complex space missions, trade-off of 

metrics of interest, such as flexibility, robustness, 

resilience, development time, partial capabilities, cost. 

The preliminary results show the power and 

potentiality of the proposed methods, that can be easily 

modified and scoped up as needed, and can be used 

along with classical systems engineering evaluation. 

Future work includes:  

 extension of the problem size; 

 integration of more complex System-of-Systems 

models from other disciplines, that will include 

more accurate description of modules and systems 

involved, as well as the presence of multiple 

stakeholders and external factors that influence the 

behavior of the System-of-Systems; 

 for specific problems, use the proposed methods as 

decision tools, to identify the best architectures in 

terms of the preferred metrics, and the best path of 

development and update of the architectures. 
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