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Abstract 

As we envisage new space exploration missions and innovative space systems, it is crucial to make the right 

architectural choices. Indeed, it is well-known that the early design decisions are the main drivers for the life cycle 

costs of a system. More generally, architectural choices determine the technical and economic performance of a 

programme, and hence its success. Not only can bad architectural choices require costly design iterations, but they can 

even lead to project failure. On the other hand, good architectural choices will boost the technical and economic 

performance of a system and provide a competitive edge.  

State-of-the-art design methods mainly focus on optimizing concepts and exploring the design space for a few 

candidate architectures. The preceding down-selection of architectures, when not completely overlooked, often 

involves brainstorming alternatives for each functional module and rapidly selecting a few combinations of these 

alternatives among the combinatorial architectural design space. The resulting architecture candidates usually consist 

of a few breakthrough architectures as well as a few derivatives of existing architectures. 

 

In this paper, we identify optimal architectures for a Mars helicopter drone, with a focus on the architectural choices 

regarding the main functions, such as the lift generation function. We implement an innovative methodology, supported 

by Geeglee®, a software tool that explores the architectural design space and enables the user to identify the best 

system architectures. From a set of alternatives for each main functional module, Geeglee® automates the generation 

of the combinatorial architectural design space and the evaluation of the performance for the thousands of architecture 

alternatives. Beforehand, a system engineering approach is used to formalize the Geeglee® input models and to capture 

the disciplinary expertise in order to evaluate the dozens of relevant performance criteria. The resulting architectural 

design space for the Mars helicopter drone is then integrated to the Geeglee® Engineering Intelligence Platform, an 

interactive decision-making environment which enables the user to navigate through the design space, define 

constraints on the various performance criteria, play what-if scenarios, perform trade-offs, and identify the 

architectures that best answer the needs while minimizing the risk for the subsequent design phases. 
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Acronyms/Abbreviations 

CNES Centre National d’Etudes Spatiales 

DTM Digital Terrain Mapping 

EI Engineering Intelligence  

FBS Functional Breakdown Structure 

PBS Product Breakdown Structure 

UAV Unmanned Aerial Vehicle 

VoDD Voice of Design Department 

 

 

1. Introduction 

The exploration of Mars is currently one of the major 

areas of focus for the space industry, and it is seen as “the 

new frontier” [1].  CNES has long been involved in Mars 

exploration activities, and it continues to imagine new 

missions and to contribute to international programmes 

such as the Mars 2020 mission and the Exomars 

programme. Besides those industrial projects, CNES 

runs a programme called PRAGMATIC, which offers 

future engineers the opportunity to work on innovative 

space systems and which motivates them to start their 

careers in the space sector [2]. In the context of 

PRAGMATIC, CNES has been conducting a student 

project, called “Drone for Recognition, Exploration and 

Analysis of Mars samples” (DREAM), which 

investigates the feasibility of an unmanned aerial vehicle 

(UAV, or “drone”) as a companion for a conventional 

Mars rover. Over the years, students have generated and 

evaluated various drone concepts, nicknamed 

“Mosquitos”, ranging from helicopters similar to the 

concept proposed by NASA to multi-copters with fast 

rotating rotors. It became clear that it was necessary to 

use a systematic and structured approach to assess the 

large combinatorial space associated with all the 

architectural options. 
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Indeed, making the right architecture choices is 

crucial for the success of any system, as the early design 

decisions determine the bulk of the life-cycle cost and 

performance of the system.  However, despite the stakes 

associated with system architecting, there are numerous 

examples of industrial programmes which 

underperformed or even failed due to bad architectural 

choices. The large number of architectural possibilities 

and performance criteria to monitor, as well as the high 

levels of uncertainty at the conceptual design stage, make 

it extremely difficult for design teams to make well-

informed architectural decisions. 

In order to identify the optimal drone architectures, 

we implemented an innovative methodology, supported 

by Geeglee®, a software tool that explores the 

architectural design space and enables the user to identify 

the best system architectures. With Geeglee, CNES was 

able to digitise the architecting of the mosquito drones 

and identify the most promising architectures. 

 

2. Description of the drone’s architectural design 

space 

Before modelling the drone architectural alternatives 

and its performance criteria in Geeglee, it is fundamental 

to understand the scope of the architectural design space, 

which is delimited by the envisaged concept(s) of 

operations, the functional breakdown structure (FBS), the 

physical breakdown structure (PBS) and the alternatives 

considered in the design space exploration.  

 

2.1 Concept of operations 

The main purpose of the drone is to assist the ground 

station and the rover in: 

- the identification of interesting zones for the 

rover to explore.  

- the most pertinent paths to reach the interesting 

zones to explore.  

To achieve that, the drone will help perform digital 

terrain mapping (DTM). The main function of the drone 

is to provide the rover with raw digital terrain mapping 

data. In this study, we also considered the possibility for 

the drone to provide the optional function to collect a 

Mars sample and fly it to the rover, or even to carry small 

measurement instruments from one spot to another. 

Those two alternative missions are illustrated in Fig. 1 

and Fig. 2. 

 
Fig. 1. Operational view  

(digital terrain mapping use case) 

 

 

 

 
Fig. 2. Operational view  

(Ground sample collection use case) 

 

 

2.2 Functional architecture and physical architecture 

In order to understand the scope of the architectural 

design space, a functional analysis was performed, 

leading to the consolidation of the FBS. One of the main 

functions identified was “Generate thrust”. The 

functional chain for this function is illustrated in Fig. 3. 

 

 
Fig. 3. Simplified functional flow diagram for the 

propulsive function 

 

The battery feeds electrical power to the motors, 

which in turn provides mechanical power to the rotors. 

There is one motor per rotor. Thus, in the case of coaxial 

rotors, there are two motors instead of one motor drive 

two rotor shafts.  

 

2.3 Alternatives 

For each subsystem, alternatives were identified and 

characterized. The combinations of all alternatives 

formed the architecture design space generated and 

explored in Geeglee.   
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2.3.1 Propeller 

The propeller is characterized by the following 

elements: 

- an overall rotor configuration. The alternatives  

for the overall rotor configuration, illustrated in 

Fig. 4, include coaxial rotors and single thrusters. 

- the number of blades per rotor. In this study, the 

rotors are composed of two, three, or four blades.  

- the blade itself. Over the years, students designed 

a large set of blades and evaluated their 

performance (lift, drag, etc.). This study takes 

into account the blades that showcased the best 

performance. Fig. 5 provides an illustration of 

some of the blades included in this study. 

 
Fig. 4. Rotor configuration alternatives 

 

 
Fig. 5. Examples of blade alternatives 

 

2.3.2 Motors 

A catalogue of motors was constructed, based on 

ninety brushless DC motor references that are 

commercially available. In order to reflect the different 

thermal constraints found on Mars, a twenty percent 

penalty was applied to the datasheet performance criteria 

such as no-load speed and nominal torque.  

 
Fig. 6. Brushless DC motor alternative examples  

 

2.3.3 Battery cells 

The battery is composed of battery cells assembled in 

derivative and in series. For this study, the battery cell 

alternatives that were considered were chosen among 

batteries traditionally considered for space applications 

at CNES.  

 

 
Fig. 7. Battery cell alternative examples 

 

2.3.4 Power charging system 

Between flights, the battery is recharged. Two 

alternatives were considered for supplying charging 

power to the battery:  

- integrated solar panels 

- a dedicated rover supplying power to the drone 

through an arm  

2.3.5 Avionics and instruments 

The functional analysis and the PBS defined the need 

for an onboard computer and other avionics modules 

such as power module, radio boards, etc. However, the 

only subsystem for which different alternatives were 

considered in this study is the DTM instruments. For this, 

two alternative implementations were considered:  

- A camera supplemented by a Lidar 

- A camera supplemented by a Leddar 

2.3.6 Structures 

The structures of the drone are composed of a main 

body, which contains the avionics and instruments, and 

four feet. In the course of the various student projects for 

the mars drone, various main body shapes were designed, 

from a simple cube to more complex polygonal shapes. 

For each shape, different materials (e.g. composite, 

Kevlar) were tested. Alternatives were also considered 

for insulation (against radiation and temperature): 

aerogel, CO2 gas gap, and silicon wool.  
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3. Methodology: modelling in Geeglee  

3.1 Geeglee methodology overview 

Geeglee is a software which enables the design teams 

to explore large combinatorial design spaces in order to 

identify optimal architectures. Geeglee uses capitalised 

expert rules to aggregate local performance and evaluate 

system-level performance criteria.  

Geeglee builds on the Multi-Domain Design 

Scorecards method described in Jankovic et al.[4] and in 

Holley [5]. An overview of the methodology is depicted 

in Fig. 8. It is composed of three main steps:  

- Step 1: Model the design space 

In this step, the design team identifies and model 

the alternatives which will be assembled into the 

many possible architectures. An alternative will 

be characterised by a “local” performance, which 

is the performance that is typically documented 

in a technical datasheet. In this step, Geeglee also 

capitalizes a set of expert rules which enable the 

derivation of the system-level performance 

criteria which are used to evaluate the merits of 

an architecture.  

- Step 2: Generate and evaluate the design space 

In this step, Geeglee makes intensive use of its 

algorithmic and computing capabilities to 

generate the combinatorial design space, which 

may consist of thousands or millions of concepts. 

For each concept, Geeglee evaluates their 

system-level performance thanks to the expert 

rules modelled in the previous step. 

- Step 3: Explore the design space 

In this step, the design team explores the design 

space in Geeglee’s Engineering Intelligence (EI) 

Platform, which provides the user with an 

interactive decision-making tool. In the EI 

platform, the user can define the performance 

target and identify the winning architectures.  

 

 
Fig. 8. Geeglee overall methodology 

 

3.2 Alternative modelling 

In Geeglee, the alternatives are captured in the Voice 

of Design Department (VoDD). The VoDD is a QFD-like 

matrix in which the design team documents their 

technical assessment of the alternatives [5]. An extract of 

the VoDD is shown in Fig. 9.  Each column group 

corresponds to a subsystem (e.g. the rotor in Fig. 9). 

Within a subsystem group, each column corresponds to 

an alternative. The lines correspond to characteristics or 

performance criteria (e.g. blade thrust), which can be 

assessed by the design team or provided by a supplier in 

the case of purchased components.  

 

 
Fig. 9. Extract of the VoDD for the rotor subsystem 

 

3.3 Performance modelling 

After defining in Geeglee the alternatives that 

compose the architecture design space, the other main 

modelling activity consists in capturing the expert rules 

that will enable Geeglee to evaluate the performance of 

the design concepts which result from assembling the 

alternatives into architectures. 

   

3.3.1 Top-level performance criteria 

The drone architectures were evaluated and compared 

against a set of top-level performance criteria. The main 

quantitative performance criteria are: 

- Maximum payload mass (kg): the payload is 

either the instruments or the mars sample that the 

drone will collect and carry. The instruments are 

considered in the drone empty mass. 

- Drone empty mass (kg): in effect, this 

corresponds to the mass of the drone when not in 

flight. It includes the mass of the rotors, the 

motors, the battery, the power charging system, 

the structures, the avionics and instruments.  

- Autonomy at maximum payload (min) 

- Autonomy at empty mass (min) 

- Development cost (million €) 

- Cost of bringing the drone to Mars (million €) 

- Total cost (million €) 

3.3.2 Sizing model description 

Each architecture of the design space is defined by a 

combination of the alternatives described in the VoDD 

(rotor configuration, motor, battery cell, power charging 

system, structures, insulation strategy, instruments). In 

order to evaluate the performance of each architecture, 

the power system needs to be sized, which consists of 

calculating the number of battery cells in the battery, their 

arrangement (number of cells in series and in derivative), 
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the operating points of the motor, and the size of the solar 

panel.  

The motor operating points mainly depend on the 

mechanical power needs, which depend on the required 

thrust and therefore on the rotor speed. Therefore, each 

architecture was sized for various values of rotor speed at 

maximum payload: from 50% to 100% of the maximum 

allowable rotor speed, which is a function of the motor 

maximum speed and the blade tip maximum speed.  

Battery sizing depends on the electrical power need 

(and therefore on the motor mechanical power 

requirement) and a desired autonomy. Therefore, each 

architecture was sized for various values of required 

minimum autonomy at maximum payload:  

- three and five minutes, which correspond to 

possible minimum autonomy values required 

for DTM operations,  

- twenty, twenty-five, and thirty minutes, which 

correspond to possible minimum autonomy 

values required for ground sample collection 

and instrument freight operations. 

In a nutshell, each architecture concept was sized for 

different values of minimum required autonomy at 

maximum payload and rotor speed at maximum payload, 

thus generating several design points, or design concepts. 

The overall sizing process for one architecture is 

illustrated in Fig. 10.  

 

 
Fig. 10. Drone sizing process (simplified) 

 

First, the lift and the drone gross mass at maximum 

payload is calculated. Then the sizing tool uses 

momentum theory to compute the mechanical power and 

the torque @max payload that the motor is required to 

provide to the rotor [6]. Together with the motor speed, 

which is by design the rotor speed @max payload, this 

defines the maximum operating point at maximum 

payload, depicted as the blue point in Fig. 11, which 

represents the evolution of speed vs. torque for different 

voltages.  The line in blue corresponds to the motor 

characteristics at nominal voltage. The lines in green and 

orange correspond to the speed vs. torque curves for the 

voltage at maximum payload and the voltage at empty 

weight respectively.  

 

 
Fig. 11. Motor speed vs. torque curves, including 

operating points at max payload and at empty weight 

 

All through the sizing process, tests are performed so 

as to verify the feasibility of the concepts. First, the 

mechanical power requirement is compared with the 

maximum mechanical power which the motor can 

supply. Then, after the operating point of the motor is 

derived, a test verifies that the required torque does not 

exceed the nominal torque and that the voltage does not 

exceed the nominal voltage by more than 20%. If the test 

fails, it means that the operating point lies outside the 

continuous operation region, and the design concept is 

“killed”. At the end of the sizing process, the maximum 

payload mass is calculated. If this mass is negative, this 

means that drone cannot lift its proper weight, and the 

design concept is “killed”.   

After the drone is sized, the performance at empty 

mass is calculated. Fig. 12 illustrates the process for 

calculating the autonomy at empty mass.  
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Fig. 12. Calculation of autonomy at empty mass 

 

3.3.3 Rule modelling in Geeglee 

For each design case, in order to compute all the 

performance criteria from the local performance values 

listed in the VoDD, Geeglee used the sizing logics 

described in the previous paragraph as well as a set of 

rules, defined by the user. These rules can either be 

physics-based (e.g. the mass is the sum of all component 

masses) or based on historical data. The rules can often 

be entered as algebraic equations. For the more complex 

rules, which for instance involve local optimisation 

feedback loops and convergence criteria, scripts are used.  

 

 
Fig. 13. Screenshot of the Geeglee rule definition 

module (truncated) 

 

3.4 Design space evaluation 

After the alternatives, the sizing logics and the 

performance rules were modelled and defined in 

Geeglee, Geeglee’s calculation engine (Geeglee Core®) 

used its advanced algorithmic and computing capabilities 

to generate the corresponding combinatorial design 

space, evaluate the performance of every design point, 

and verify their feasibility regarding the predefined 

constraints described in a previous paragraph (e.g. the 

payload mass should be positive).  

 

4. Results 

The design space generated and evaluated in the 

Geeglee Core was imported in the Geeglee EI Platform, 

where the design team can explore the design space and 

identify optimal solutions.   

 

4.1 Geeglee Engineering Intelligence Platform 

The Geeglee EI Platform is an interactive software 

tool for architecture decision making, in which the design 

team can explore the design space. The interface is highly 

customizable, as the information can be structured so as 

to suit the design team analysis habits or needs. The 

performance criteria are grouped into “datapages”, as 

shown in Fig. 15, where one can see the datapages in the 

left column (“Home”, “Drone Architecture”, “Top Level 

Performance”, etc.). Within a datapage, the data is 

visualized in dedicated graphs (“widgets”), which can be 

histograms, pie charts, or simply lists of value as shown 

in the screenshot in Fig. 15. 

The Geeglee EI Platform is dynamic: if the user 

applies a filter on a value (which can be a performance 

criterion or an architectural characteristic), all the other 

widgets in all the datapages are instantly updated, as 

illustrated in Fig. 16.  In this example, the user has chosen 

to select concepts with an autonomy at empty mass 

greater than 19.93 min. This action has been propagated 

to the other widgets: one can see that it has eliminated all 

concepts with a payload mass greater than approximately 

2 kilograms, and that around 15,000 design concepts now 

remain out of the initial 121,000 concepts.  

By applying successive filters on the performance 

criteria, the user can isolate the architectures which 

comply with their design requirements and constraints. 

For instance, in Fig. 17, the user can see the impact of the 

filter defined in Fig. 15 on the rotor architecture. One can 

see that the constraint on the autonomy at empty weight 

has eliminated all the “single 4” rotor configuration and 

all blade alternatives but the “Florine” one.  

In this case, a constraint or requirement is applied on 

the performance, and resulting architectures are 

identified. Geeglee can be used the other way around: the 

user can select a set of architectural alternatives and 

visualize the resulting performance. Typically, 

architecture selection is performed using a combination 

of both approaches: a bottom-up approach, where the 

design team pre-selects certain alternatives or 

technologies that they want to exclude, coupled with a 

top-down approach, where the design team enters the 

performance objectives and visualises the compliant 

architectures (cf. Fig. 14).  

 

 
Fig. 14. Architecture selection process in Geeglee's 

Engineering Intelligence Platform 

 



69th International Astronautical Congress (IAC), Bremen, Germany, 1-5 October 2018.  

Copyright ©2018 by the International Astronautical Federation (IAF). All rights reserved. 

IAC-18-D1.2.6                           Page 7 of 9 

 

 
Fig. 15. Screenshot of Geeglee Engineering Intelligence Platform (truncated) 

 

 

 

 

 
Fig. 16. Filtering in Geeglee (here, a constraint is applied on autonomy at maximum payload) 
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Fig. 17. Filtering in Geeglee: Architecture identification (here, impact on the Rotor System Configuration) 

 

 

 

 

 

 

 

 

4.2 Discussion 

It is worth noting that out of the millions of potential 

design concepts generated and evaluated in Geeglee, only 

121,000 concepts “survived” and were brought forward 

to the Geeglee EI Platform. For instance, only 9 out of 

the 90 motor references produced viable concepts. The 

other motors were either not powerful enough, or their 

power density was too low, or their efficiencies at the 

computed operating points were too low, thus inducing 

battery sizes that made the drone too heavy to take off.  

As hinted at in a previous paragraph, the drone 

architectures can be classified into two families, 

depending the payload mass that they can carry: the cargo 

drone family, which is composed of the concepts that 

can, in addition to performing DTM operations, carry a 

payload heavier than 500g for more than 20 minutes, and 

the observation drone family, which is composed of the 

drone concepts that have a maximum payload lighter than 

500g. This is depicted in Fig. 18, where the hatched area 

can be seen as undersized cargo concepts or oversized 

observation concepts. 

 

 
Fig. 18. Maximum payload mass vs. autonomy for 

drone families 

 

In Geeglee, the maximum payload mass vs. autonomy 

graph is visualized on the heatmap shown in Fig. 19. The 

regions with higher densities of design concepts appear 

darker. One can see on the figure that the feasible cargo 

drones only represent a small portion of the explored 

design space. When selecting this region, the Geeglee EI 

indicates that the only blade alternative that enables the 

cargo mission is the Florine blade. Also, as one can see 

in Fig. 20, the lower values for the mars landing cost have 

become inaccessible. This confirms the expected result 

that there is a trade-off between the capability to perform 

cargo operations (ground sample collection, instrument 
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freight) and cost. Moreover, the cost of the cargo 

capability requirement can be assessed with Geeglee. The 

trend continues within the cargo drone region: the lower 

cost concepts correspond to the lower end of the 

autonomy and payload spectrum.   

 

 
Fig. 19. Maximum payload mass vs. autonomy at 

maximum payload in Geeglee 

 

 

 
Fig. 20. Mars landing cost for cargo drones (in blue) 

 

If we optimise the cargo drone family for high 

payload and high autonomy rather than cost, which 

corresponds to selecting the green region in Fig. 19, the 

Geeglee EI informs us that the remaining architectures all 

have 8 rotors, whether oarganised in 8 single thrusters or 

4 coaxial double rotors. Only one motor is selected, Axi’s 

2217/12 Gold Line equivalent. The battery is composed 

of Sony’s SE US 1865o VTC4 cells: to carry enough 

energy for 20 to 30 min flights, it is composed of up to 

34 cells in derivative.  

 

5. Conclusions 

By digitalizing the engineering with Geeglee, CNES 

now has a centralized repository of the knowledge 

accumulated over the years on the subject and of the 

hypotheses which were made. Geegle enabled the design 

team to explore the architectural combinatorial design 

space for a mars drone, to investigate several trade-offs, 

to play what-if scenarios on the design assumptions and 

performance requirements, and to identify the 

architectures which should be selected and tested through 

prototyping. By exploring the entire design space, the 

design team can grow confidence that optimal designs 

will be considered.  

In the next steps of our work, the expert rules could 

be refined, for example by integrating finer models for 

the evaluation of flight stability and thermal 

performance. More subsystem alternatives may be 

integrated: once the Geeglee model structures is set up 

and is running, the integration of new alternatives or new 

rules is very efficient.  

 

Acknowledgements 

 The authors wish to thank Florine Lachèvre, Enzo 

Ramage and Sylvain Biehler for their valuable 

contributions to this study. 

 

References 

[1] J-Y Le Gall, Mars : the New Frontier, July-August 

2016, https://cnes.fr/en/cnesmag-69-mars-new-

frontier-0, (accessed 20.09.2018)  

[2] J.  Balaram, T. Canham, C. Duncan, M. Golombek, 

H. Fjær Grip, W. Johnson, J. Maki, A. Quon, R. 

Stern, and D. Zhu, Mars Helicopter Technology 

Demonstrator, AIAA SciTech Forum, 2018 AIAA 

Atmospheric Flight Mechanics Conference, 

Kissimmee, Florida, 2018. 

[3] J. Garcia, H. Diez, Mosquito, Mars Original System 

for Qualitative Imaging and Tactical Operations: 

System and Architecture Analysis, IAC-15-

A3.3B.10, 66th International Astronautical 

Congress, Jerusalem, Israel, 2015, 12 – 16 October  

[4] M. Jankovic, V. Holley, B. Yannou, Multiple-

Domain Design Scorecards: A method for 

architecture generation and evaluation through 

interface characterization, Journal of Engineering 

Design, vol. 23 (2012), p.743-763. 

[5] V. Holley, A method to envision highly constrained 

architectural zones in the design of multi-physics 

systems for severe operating conditions, Doctoral 

thesis, Ecole Centrale Paris, 2011 

[6] W. Johnson, Helicopter Theory, Dover Publications 

Inc., 1994 

 

 

 

 

 

 

 

 

https://cnes.fr/en/cnesmag-69-mars-new-frontier-0
https://cnes.fr/en/cnesmag-69-mars-new-frontier-0

