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Abstract. Concurrent design facilities are used by space agencies and private organizations 
to conduct preliminary design activities in the development of space systems. Concurrent 
conceptual design is characterized by dynamic exchanges between a limited team of experts, 
defining the operational requirements, the systems architecture, the baseline design, and 
budgets for different resources. The results are a preliminary system baseline and product re-
quirements that are used as inputs to the subsequent product development phases. 

A study of the input and output of this early phase of product development has con-
firmed that data generated in concurrent design studies essentially describes behavior with a 
limited set of information about the geometry. The geometry at this stage is mainly com-
posed of functional configurations with geometric envelopes. 

Based on this behavioral information content, the authors have looked at the SAPPhIRE 
model of causality, initially developed by Chakrabarti, as a potential data structure to support 
this early phase of system development and possibly all phases of the product lifecycle.  

In this current work, we present two concrete examples of concurrent conceptual design 
data structures for space applications and show how such data structures could be represent-
ed within the extended SAPPhIRE model.  

When compared to current PLM data structures, the use of the extended SAPPhIRE 
model represents an alternative means of structuring information and communicating this in-
formation between stakeholders, providing better understanding of the relation between a 
system’s structure, function and behavior. It also explicitly represents the links between sub-
systems and the iterative nature of the design process. 

Keywords: Conceptual design · Functional system model · Behavioral system model · 
Concurrent engineering · Space systems · Product lifecycle management · Product data 
management · Concurrent data exchange 

1 Introduction 

For most systems and products, the conceptual design phase is generally carried out by a small 
group of individuals working closely together with computer-based models of their subsystem of 
competence. In recent years for space systems, this phase is being carried-out in concurrent design 



facilities, which have been developed by space agencies and private organizations. The concurrent 
conceptual design is characterized by dynamic exchanges between a limited team of experts that 
study the operational requirements, evaluate different options of systems architecture, a baseline 
design, and budgets for the system-level spacecraft resources (e.g. mass, power, and link budgets). 
The typical result of a concurrent design study is made of a preliminary system baseline and prod-
uct requirements, which are used as inputs to subsequent phases of the product development 
process. 

To appropriately support this effort and to better integrate its results with the subsequent phases 
of the system and product development, it is important to analyze the types of information that are 
required at the conceptual phase. The aim of this work is to present such an analysis for satellite 
systems and the preliminary results. Based on these results, we propose a data model that is well 
suited to support this early phase of the system design and the subsequent phases through to the 
system delivery and operation phases. 

The paper is structured as follows: In section 2 we set the context of our work on concurrent 
conceptual design of complex space systems. Section 3 contains the analysis of information used 
in the conceptual design of two satellite case studies: CubseSat and LaserNaut. We explain the 
extended SAPPhIRE model in Section 4, and the application of this model to the concurrent data 
exchange tool CEDESK in Section 5. This application is demonstrated through modelling of the 
thermal subsystem of the CubeSat analysed in section 2. Finally we sum up our work and give an 
outlook on future work. 

2 Concurrent design and engineering 

The conceptual or preliminary design of complex engineering products (such as space missions) 
requires contributions from multiple disciplines, including engineers focused on specific subsys-
tems as well as programmatic, manufacturers and operation experts. In the space field, concurrent 
design is defined as an engineering design methodology that brings people with expertise in dif-
ferent fields together in a collaborative physical workspace to design in parallel and closely coor-
dinated to effectively achieve cohesive and feasible product or system designs [1]. Space agencies 
adopting the concurrent engineering approach have been able to reduce the duration of a prelimi-
nary design analysis to between 3 and 6 weeks against 6–9 months [2].  

Among other things, the tool for enabling collaboration and exchange of data among experts of 
different disciplines on a common system model plays an important role. Such a data exchange 
tool acts as a data repository for the shared system model and allows engineers participating in the 
design study to connect their domain specific models. Figure 1 shows the architecture of the data 
exchange and its linkages to domain specific models. 

The European space community has published a technical memorandum [3] for standardizing 
the data exchange in order to foster interoperability among different tools.  An instance of such a 
data exchange tool is CEDESK [4]. This tool is able to store parametric system models in accord-
ance to [3]. In CEDESK, model entities represent the system structure, its parameters, units of 
measures, links between parameters, users, and roles. 

A system is represented as a product breakdown structure in the form of a hierarchical tree of 
model nodes. Each model node contains a list of parameters and a list of external models. External 
models represent models made by third-party engineering tools. Parameters can be of different 
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nature: input, internal or output. Parameters can get their value from other parameters, external 
models or it is set manually by the user. Parameters can be associated to a unit of measure. 

 
Fig. 1. A central data exchange connecting all domain models, adapted from [1]

 
Fig. 2. The user interface of CEDESK data exchange client for each discipline expert 
 



CEDESK allows multiple users to work concurrently on the design of a system, while distrib-
uting design authority over subsystems among discipline experts. Figure 2 shows the user inter-
face used by discipline experts to collaborate on a system model, here a satellite with its subsys-
tems and disciplines, such as ‘Orbit’ with its design parameters. 

3 Classification of information types in conceptual design studies 

In order to properly define the most appropriate data structure for the concurrent conceptual de-
sign of complex systems, it is important to study the types of data that are needed at this early 
stage of the product development. To reach this goal, we analyzed data generated during two 
feasibility studies of projects supported by the CEDESK application described above: CubeSat 
and LaserNaut. This representative data of a concurrent conceptual design study, was generated 
by students and researchers from Skoltech participating in Satellite Engineering projects. The 
satellite design included the following conventional subsystems: Attitude Determination and 
Control System (ADCS), Communication, Power, Orbit, Thermal, and Structure as well as an 
Optical payload. Input and output data of each subsystem were extracted from the CEDESK 
database for the analysis. The data for each subsystem was divided into three general categories: 
behavioral, geometrical and state data. Geometric data is data, which can be measured in physical 
units and directly refers to the physical dimensions of a system. State data represents important 
design variables of the system that generally correspond to requirements or other important pa-
rameters. Behavioral data is data that correspond to a physical phenomena and its constitutive 
equations. The results of the analysis are presented in tables 1 and 2 below. 

Table 1. Detailed Analysis of CubeSat conceptual phase data 

  

Table 2. Classification of Conceptual Phase Data from Cubesat and LaserNaut Studies 

 
Table 1 presents the detailed results obtained from the analysis of the results of the CubeSat 

feasibility study. The results show that the amount of behavioral data, for both inputs and outputs, 
is greater than or equal to the amount of geometric data in 6 out of  8 system models. Table 2 
presents a summary of the CubeSat analysis as well that of the LaserNaut system. In each case, 
the overall amount of behavioral data is greater than the amount of geometric data. The results 
confirm our hypothesis, which means that we need to predominantly operate with non-geometric 
data during the initial phases of product development.  It should be noted that there are significant 
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differences in the proportion of state data between the two studies. The reasons for this discrepan-
cy will be a topic of future work. 

4 Extended SAPPhIRE model for supporting concurrent conceptual 
design 

The SAPPhIRE (State-Action-Parts-physical Phenomenon-Inputs-oRgan-physical Effect) causal-
ity model developed by Chakrabarti et al. [5], shown in figure 3a, provides a visual representation 
of how the behavior and function of the system are brought about through one or multiple chang-
es of state which occur due to the physical laws acting upon the system. This model provides a 
richer representation, at various levels of granularity, of the relationships between the function, 
behavior and structure of a system, than previous function-behavior-structure models, such as 
those of [6], [7], and [8]. 

The significant proportion of behavioral information found to be present during the conceptual 
design of satellite systems suggests that such a system representation using causal chains would be 
particularly useful at this stage of the design process. Indeed, the original application of the SAP-
PhIRE model [5] was to support the synthesis of innovative solutions at the conceptual design 
stage. A structured database was created containing representations of both natural and artificial 
systems using the SAPPhIRE model, allowing designers to browse or search based on the model 
constructs. In further work, it was demonstrated how the model could also be used for the analysis 
of design problems [9]. In both cases, the objective was to aid designers in exploring the design 
space. Subsequently, the SAPPhIRE model has been modified for the representation of in-service 
[10], test [11] and conceptual design data [12], and proposed as a framework for product lifecycle 
management [11]. 

 
Fig. 3. a) Original SAPPhIRE Model (based on [9])     b) Extended SAPPhIRE Model [11] 



The current work proposes a data model appropriate for not only the conceptual design phase, 
but for subsequent lifecycle phases as well, and as such, the extended SAPPhIRE model (figure 
3b), proposed by two of the co-authors in [11], will be adopted. This adaptation of the SAPPhIRE 
model more closely reflects the evolution of a product throughout its lifecycle than the original 
SAPPhIRE model, and reframes certain elements of the model to be more directly applicable to 
the typical product lifecycle stages. Table 3 presents the elements of the extended SAPPhIRE 
model and a more detailed comparison with the original SAPPhIRE model is presented in [11].  
As indicated by the arrows linking the model elements in figure 3, both models provide a logical 
process for understanding a causal chain within a system. Of particular importance in figure 3b are 
the connections from the change of state to the current subset of parts and the external inputs, and 
from corrective action to the modified model.  These arrows indicate that the results from the 
change of state or corrective action can modify the configuration of a system, giving rise to physi-
cal, behavioral and functional changes over time. The concept of linked models is also made 
explicit in the extended model, indicating that the result of a state change can act as a part or input 
to a linked system.  

Table 3. Constructs of the extended SAPPhIRE model – Based on [9] and [11] 

 
In order to effectively collaborate during the conceptual design phase, engineers require the 

means to share information regarding partially developed systems in a structured fashion. It is 
proposed that the extended SAPPhIRE model can be used to not only allow the querying of pre-
viously documented systems, but if combined with a collaborative design tool such as CEDESK, 
can enable the efficient communication and sharing of conceptual design data as it is created. By 
associating the appropriate elements of the CEDESK system models with the appropriate SAP-
PhIRE constructs, this conceptual design data can be stored and reused in future projects. It is 
believed that this combination of a generic model of causality with domain specific system mod-
els will allow for efficient reuse of the data created, increasing its value to the organization. In the 

Construct Definition 

Change of State A change in a property of a system (and environment) over a given duration of time, 
which is involved in an interaction. 

Observation The interpretation of the change of state which precedes potential corrective action. 

Corrective  
Action 

Action taken based on observation of change of state which may modify the current 
system. 

Parts  A set of physical components and interfaces that constitute the system and its 
environment. Includes assemblies and sub-assemblies.  

Phenomenon An interaction between a system and its environment. 

External Input A physical variable that crosses the system boundary, and is essential for an 
interaction between a system and its environment. 

Organ A set of properties and conditions of a system and its environment required for an 
interaction between them. Typically consisting of the geometric features, key 
characteristics and physical properties of the parts. 

Physical Effect A principle of nature that underlies / governs an interaction, usually in the form of a 
constitutive or physical law. 
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following section, a case study will be presented for an initial integration of CEDESK and the 
extended SAPPhIRE model.  

5 Mapping of CEDESK Data Structure to the SAPPhIRE Model 

As previously stated, the primary model entities in CEDESK represent the system structure, its 
parameters, units of measures, links between parameters, users, and roles [4]. The parameters can 
be of type input, output or state. In order to explore the behavior and evaluate the functionality of 
the system model (represented by output parameters), the input and state parameters are used to 
resolve the parametric models composing the system. Viewed in this way, these elements of the 
CEDESK data structure can be mapped to the extended SAPPhIRE model as shown in figure 4.  
In examining the use of CEDESK for a design study, three additional observations were made 
regarding system requirements, the product structure, and iterations of the system model.   

System Requirements. Requirements are defined before beginning the conceptual design study, 
and are not considered explicit inputs unless used to resolve a system model. However, it was 
found that designers did record requirements within CEDESK, for example in spreadsheets used 
for calculating system model results. It is suggested that a new requirements parameter be defined 
to reflect this. This parameter would be directly related to requirements for evaluating whether the 
outputs of a model iteration are acceptable. 

Product Structure. While the product structure remains high level at the conceptual design stage, 
certain decisions are made and recorded within CEDESK in terms of component type, shape and 
material, which are not treated as inputs to system models. It is suggested that this type of data be 
classified as part or organ parameters. 

Modelling Iterations. The extended SAPPhIRE model also explicitly represents the evolution of 
the system through iteration. This is part of the generic concurrent design process developed by 
[4], and covered in CEDESK data structure by keeping track of  the change history of the parame-
ters. This allows to reconstruct the evolution of design parameters over design iterations.  Since at 
the conceptual design phase the emphasis is on exploration, there is no approval enforced. The 
appropriate balance of control and design freedom is an area for future work.  

From figure 4, it can be seen that the individual CEDESK elements are mapped to multiple 
SAPPhIRE elements.  In order to resolve this and facilitate the integration of the models, an exten-
sion of the CEDESK data structure is proposed where these parameters are further refined as part, 
organ, external input, change of state, physical effect, and requirement. An example of the appli-
cation of this extended data structure is presented next. 

5.1 Cubesat Design Study 

We use data generated during a design study of an integrated satellite model, where the mission 
requirements were to obtain an earth observation satellite with optical payload, and using Excel-



based sizing models founded on FireSAT from SMAD [13]. The systems breakdown structure 
was defined a-priori and the design dependencies among parts of the system preliminarily identi-
fied. [4]. Being a preliminary design each physical subsystem or logical element of the mission is 
described in basic parametric models. 

 
Fig. 4. Mapping of CEDESK elements to extended SAPPhIRE model  

A thermal control model of the satellite was used to calculate the surface heating due to the ra-
diation from the sun. In order to calculate equilibrium temperatures, the CEDESK model for 
thermal control required inputs regarding the CubeSat mission as well as its configuration and 
thermal properties. These inputs and outputs are presented in table 4. These elements are further 
defined based on the proposed extension to the CEDESK data structure. It can be seen that from 
the temperature requirements equipment list it is possible to derive information regarding the 
initial structure of the system, as it relates to the thermal subsystem model (e.g. avionics 
baseplates, batteries, solar arrays, etc…). Furthermore, the material of the CubeSat shell, consid-
ered an organ, as well as the parametric model of the satellite’s thermal behavior, considered the 
physical effect, were extracted from data within the thermal control model. 

Once the elements from CEDESK are mapped to the SAPPhIRE model elements, a graphical 
representation can be created describing the thermal behavior of the satellite (figure 5). While the 
elements included in the model are high-level summaries of the data presented in table 4, it none-
theless provides a clear representation of the thermal behavior of the overall CubeSat. In future 
work, the graphical representation will be developed into an interactive model which can be used 
to retrieve the data to which the elements are linked. It is important that this related data be as 
specific and detailed as possible as it will allow reviewing the design rationale for the system. It 
also facilitates verification that all relevant information is considered when analyzing a particular 
module. Moreover, access to detailed data would increase the effectiveness of keyword searches 
completed on  a behavioral database. 
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Table 4. Corresponding CEDESK and SAPPhIRE model elements from CubeSat study (sample) 

 
 

 
Fig. 5. Extended SAPPhIRE model applied to CubeSat thermal model 

6 Conclusion  

In this project, we analyzed typical concurrent design data structures based on the CEDESK data 
exchange tool, which has been developed to support conceptual design activity for space systems. 
The results of this analysis indicate that the extended SAPPhIRE model is a viable representation 
of the essential elements in a concurrent design study and that it can facilitate the representation, 
data exchange and reuse of information generated in such studies. This approach can also poten-
tially contribute to the creation of a library of concurrent design models.  

SAPPhIRE Element
Equipment Operational Survival
Avionics baseplates -20-60 -40-75 Requirement
Batteries 10 - 30 0-40 Requirement
Orbit altitude 620 km External Input
Orbit inclination 21.5 deg External Input
Internal power dissipation 126 W Organ
Power dissipation spike 139 W Organ

Bus geometry Organ
Main Diameter 0.6 m Organ
Height 0.7 m Organ
Absorbing area 1.5 m2 Organ
Radiating area 1.5 m2 Organ
Equilibrium Temperature Hot conditions -8.173 deg C Change of State
Equilibrium Temperature Cold conditions -23.763 deg C Change of State

Part
Part
Physical Effect
Organ

CEDESK Element

Thermal 
Inputs

Temperature 
requirements 
(deg Celsius)

Mission

Satellite 
configuration 
and thermal 
properties

Octogonal

Thermal Outputs

Extracted Elements

Avionics baseplates
Batteries
Parmetric model of thermal behavior
AL7075-T6



The extended SAPPhIRE model represents an alternative means of structuring system infor-
mation and communicating this information between various stakeholders and provides a better 
understanding of the relation between structure, function and behavior of a system. It also explicit-
ly represents the linking of input and output parameters to other subsystems, the decision making 
process necessary for evaluating the current design, and the iterative nature of the design process. 

The extended SAPPhIRE model could also be used as a support data structure for the com-
plete product lifecycle where the product structure, the system behavior and process information 
are all important. The integration of concurrent design studies to further phases of system and 
product development, which is an ongoing challenge in product lifecycle management, could then 
be greatly simplified. 

Although it is too early to say that our results can be generalized to all space system develop-
ment studies as well as those of other fields of design, this preliminary research clearly demon-
strates the potential of this approach. We certainly consider our results as preliminary observations 
based on two pilot studies, but intend to extend this approach to multiple mission studies in our 
future work. 
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