Aleksandar Joksimović 
email: aleksandar.joksimovic@isae-supaero.fr
  
Frances Brazier 
email: f.m.brazier@tudelft.nl
  
Xavier Carbonneau 
email: xavier.carbonneau@isae-supaero.fr
  
Rob Vingerhoeds 
email: rob.vingerhoeds@isae-supaero.fr
  
Function to Form Mapping and Search for Civil Aeroplane Energy Efficiency

Keywords: Aircraft design, Energy efficiency, Systems architecture, Function-to-form mapping

The contemporary debate on the need for the civil aeronautical industry to reconcile its global warming impact and the continuous air traffic growth is gaining in prominence. While solutions exist to tackle different aspects of this complex problem individually, the core of the response lies in rethinking the conventional aeroplane architecture in order to reach new energy efficiency optima. This paper presents a function-to-form framework used for describing different aspects of architectural design of an aeroplane as technological system. Firstly, a brief overview of different existing ways to improve aeroplane architectures is given. With that background, a preliminary definition of multi-level system composition of an aeroplane is presented. A physics-based framework is then correlated to the Functional, Behavioural, Structural and Experiential requirement framework, in order to characterise the different physical phenomena experienced by an aeroplane for a single operating point. These provide basis for definition of a qualitative figure of merit dubbed Integration Potential of an architecture, which serves as proxy for describing function-to-form mapping of aeroplane system architectures. Using both the historical, contemporary and projected tendencies of aeroplane technology advances, existence of an asymptotic limit of this parameter is inferred. This limit arguably indicates the extent to which it could still be possible to go in search for energy efficiency gains by virtue of system architecture design.

I. INTRODUCTION

The near and the far future of the civil aviation industry will likely be shaped by two conflicting objectives. Firstly, it is increasingly clear that the industry impact on the global warming is considerable, and higher than traditionally thought [START_REF] Lee | The contribution of global aviation to anthropogenic climate forcing for 2000 to 2018[END_REF]. Secondly -and notwithstanding current setbacks due to the global pandemic -there are strong incentives for the industry to continue the historical trend of steady growth [START_REF]Outlook for the global airline industry[END_REF]. The traditional means of addressing the two objectives has been unique, since both the environmental impact and the operating cost optimisation have the same objective function: aircraft fuel burn. However, with increasing awareness that the current fuel-based aeroplane technology cannot be reasonably optimised further [START_REF] Green | Greener by Design -the technology challenge[END_REF][START_REF] Mo | Conceptual Design Study for In-flight Refueling of Passenger Aircraft[END_REF][START_REF] Kellari | Influence of Technology Trends on Future Aircraft Architecture[END_REF], a potential contradiction in requirements emerges for the industry; a detailed elaboration of this state of things is given in [START_REF] Lawson | Aviation lock-in and emissions trading[END_REF]. Two principal scenarios can thus be envisaged: either the industry continues facing the contradiction between traffic growth and need to diminishing the environmental impact, or new solutions are put in place to replace the existing technologies and their operating practices.

A complete -that is, including economic, social and environmental -performance of an industrial system such as the civil aeroplane can arguably be captured by thorough modelling of matter, energy and information flows through the system over its entire life cycle [START_REF] Graedel | Industrial Ecology: Definition and Implementation[END_REF]. As such, different aeroplane concepts simply represent various materialisations of the same underlying phenomena. Since the fleet growth is often a matter of policy and politics in the contemporary global market, the motivation for the work presented in this paper is constrained to the ecological impact problem. It can be summarised as prolonged emissions of molecules whose accumulated effects impact large-scale Earth cycles. A simple (at face value) solution is to replace the jet fuel with a non-polluting energy source/carrier. For example, Airbus has recently declared intention to go this way [START_REF]Airbus reveals new zero-emission concept aircraft[END_REF], in line with EU's long term strategy for aviation and infrastructure at large [START_REF]Hydrogen-powered aviation: A fact-based study of hydrogen technology, economics, and climate impact by 2050[END_REF][START_REF]A hydrogen strategy for a climate-neutral Europe[END_REF], with first demonstrators expected to fly by the mid-2030s. Equivalently, many believe sustainable aviation fuels to be a promising way to go, albeit for now they seem to be out of reach as a wide-reaching solution [START_REF] Dodd | Deadlock in sustainable aviation fuels: A multicase analysis of agency[END_REF]. Question of fully electric aeroplane has been raised time and again, since it literally means aeroplanes with zero in-flight environmental impact [START_REF] Gnadt | Technical and environmental assessment of all-electric 180-passenger commercial aircraft[END_REF]. Yet, constraints imposed by low maturity of electric technologies for airborne applications and the environmental impact of the grid energy mix remain to be resolved for these concepts enter any large scale application [START_REF] Schäfer | Technological, economic and environmental prospects of all-electric aircraft[END_REF]. Despite existence of possibility that new energy sources/carriers can bring about the needed industrylevel sustainable solution, the question of exploring the potential for aeroplane energy need reduction remains relevant. Numerous indicators exist that the way to get there is to fundamentally rethink aeroplane architectures.

In the light of the presented context, the goal of the present work is to focus on aeroplane architecture energy efficiency, and argue that function-to-form mapping could hold the key for complete and coherent posing of the architecture optimisation problem. The paper firstly defines a rough breakdown of global aeroplane energy consumption (Section II), accompanied by a brief overview of major tendencies in aeroplane system architecture developments (Section III). The necessary principles from systems engineering and physics are then laid out and a multi-level system architecture composition is defined (Section IV). Finally, the defined framework is employed to argue for existence of a link between function-to-form mapping and the potential for designing more energy-efficient aeroplane architectures (Section V).

II. AEROPLANE ENERGY

A. Global Aeroplane Energy Needs

In the following, discussion on aeroplane energy need optimisation focuses on the operation phase of the system life cycle. A number of complementary aeroplane categories a can be assumed; these are commonly defined by a performance envelope and/or mission requirements (e.g. see [START_REF] Roskam | Airplane Design Part 1: Preliminary Sizing of Airplanes[END_REF] for one possible type of aeroplane categorisation). The average net polluting effect of the global fleet operation can be directly correlated to the average net expended energy 𝐸 ̅ 𝑔𝑙𝑜𝑏𝑎𝑙 . In this paper, the parameter is approximated as a simple sum of all the fleet-average contributions of different aeroplane categories a. (1)

𝐸 ̅ 𝑔𝑙𝑜𝑏𝑎𝑙 ≈ ∑(𝑁 ̅ * 𝐸 ̅ 𝑜𝑝.𝑐𝑦𝑐𝑙𝑒,𝐷𝑃 * 𝜂̅ 𝑜𝑝. ) 𝑎 𝑎 (1)
For simplicity sake, in this first approach it will be assumed that the factors of (1) are uncorrelated 1 . For a given aeroplane type a, 𝑁 ̅ is defined to represent the mean total number of gate-to-gate aeroplane operating cycles, 𝐸 ̅ 𝑜𝑝.𝑐𝑦𝑐𝑙𝑒,𝐷𝑃 is the mean operating energy expended for a single design cycle, and 𝜂̅ 𝑜𝑝. is a measure of how (in)efficient the average operation can be 2 . Assuming that all aeroplane categories a lend themselves to the same improvement strategies -three different ways to address global aeroplane energy use reduction can be discerned from [START_REF] Lee | The contribution of global aviation to anthropogenic climate forcing for 2000 to 2018[END_REF]. Firstly, the number of cycles 𝑁 ̅ (number of routes and/or flight frequencies along these routes) can be reduced; this widely discussed scenario starts being implemented in certain places [START_REF]France moves to ban short-haul domestic flights[END_REF]. This solution is trivial in the context of technological optimisation and it will not be further discussed in this paper. Making aircraft operations (𝜂̅ 𝑜𝑝. ) less inefficient is also extensively discussed. Apart from claims that in certain places the industry has been experiencing an epistemological and infrastructural lock-in in the domain of the airline operations [START_REF] Spinardi | Up in the air: Barriers to greener air traffic control and infrastructure lock-in in a complex socio-technical system[END_REF], improvements in this domain will likely not bring a significant efficiency improvement on the whole [START_REF] Lawson | Aviation lock-in and emissions trading[END_REF]. Therefore, the focus of this work is narrowed down to the design operating cycle energy 𝐸 ̅ 𝑜𝑝.𝑐𝑦𝑐𝑙𝑒,𝐷𝑃 reduction.

B. Individual Operating Cycle Energy Breakdown

This paper treats the aeroplane as a closed system in that there is no assumption of active contribution of external systems to its operation (e.g. no external electrically powered towing during taxiing phases of aeroplane operation). Under the hypothesis that a theoretical limit to physical performance of an aeroplane exists (e.g. McMasters and Cummings postulated existence of such limit in [START_REF] Mcmasters | Airplane Design as a Social Activity: Emerging Trends in the Aerospace Industry[END_REF]), it is assumed here that the amount of energy necessary for a single aeroplane design cycle is proportional to this assumed theoretical energy and the system-level energy efficiency [START_REF]Outlook for the global airline industry[END_REF]. 𝐸 𝑜𝑝.𝑐𝑦𝑐𝑙𝑒,𝐷𝑃 ∝ (𝐸 𝑜𝑝.𝑐𝑦𝑐𝑙𝑒,𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 , 𝜂 𝑠𝑦𝑠𝑡𝑒𝑚 )

(2)

The energy required to carry out an operating cycle of a system is a direct function of the mission requirements, i.e. payload, range, and/or speed and altitude profiles for an aeroplane [START_REF] Green | Greener by Design -the technology challenge[END_REF]. As such, this energy is implicitly specified in the top level requirement provided by the client.

𝐸 𝑜𝑝.𝑐𝑦𝑐𝑙𝑒,𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 = 𝑓(𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡𝑠) (3) 
Description of the system-level efficiency factor 𝜂 𝑠𝑦𝑠𝑡𝑒𝑚 would require producing likely excessively complex complete expression containing all the efficiency metrics that can be defined for whole aeroplane, which is beyond the scope of this paper. It is postulated here that the systemlevel energy efficiency 𝜂 𝑠𝑦𝑠𝑡𝑒𝑚 is correlated to the system architecture details and individual component properties [START_REF] Mo | Conceptual Design Study for In-flight Refueling of Passenger Aircraft[END_REF]. While the behaviour of this parameter depends on the system architecture details, its final value is determined by the component-level characteristics such as material densities, heat capacities, geometrical shapes and other individual properties.

𝜂 𝑠𝑦𝑠𝑡𝑒𝑚 = 𝑓(𝑎𝑟𝑐ℎ𝑖𝑡𝑒𝑐𝑡𝑢𝑟𝑒, 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑖𝑒𝑠) (4) 
This paper focuses only on the architecture design, and the exact numerical evaluation the system energy efficiency will not be undertaken at this time.

System architecture is a reflection of how the system functions are mapped to a physical form. Both function and form can be represented both as physical phenomena exhibited by the system and as a consistent set of requirements and constraints. To provide some necessary groundwork for such representation and for further discussion, the next section provides an overview of historical and contemporary tendencies in civil aeroplane design and optimisation.

III. AEROPLANE TECHNOLOGY DEVELOPMENT

One possible formulation of the common wisdom3 in aeroplane optimisation is that performance (efficiency and performance level increase alike) of a given aeroplane type can be improved in the following ways:

1. Using lighter materials; 2. Changing enabling technologies on a given concept; 3. Changing the complete system architecture.

The first method is theoretically independent of the architecture. The second and the third methods respectively are indicative of "incremental" and "disruptive" approaches in architecture optimisation. One contemporary summary of different approaches (not constrained to the architectural changes only) is given in [START_REF]Aircraft Technology Roadmap to 2050[END_REF], encompassing various incremental and disruptive aeroplane concepts. A brief overview will be given in the following to serve as a base for the further discussion in this paper. A more exhaustive summary goes beyond the scope of this paper.

A. Incremental Architecture Improvements

The concept of "incremental" improvement is characterised by all the different system innovations deriving from (and thus being constrained by) previous architectures. For contemporary aeroplane, it means conforming to the "Tube and Wing" (T&W) architecture that has been in use since the earliest days of powered human flight. The successive performance advances have been enabled by progressive improvements in individual components and subsystems. Classic examples are transition from turbojet to turbofan engine architectures, introduction of winglets to reduce wing induced drag, or "Fly by Wire" flight control system, to name a few.

In recent decades, as part of the pursuit of lower fuel consumption, a wide variety of different components for the existing system architectures have been proposed and studied. A few notable examples include various variable geometry components for gas turbine engines [START_REF] Joksimović | Local and global analysis of a variable pitch turbofan[END_REF], innovative gas turbine engine architectures [START_REF] Boggia | Intercooled Recuperated Gas Turbine Engine Concept[END_REF] and laminar flow wings [START_REF]Airbus "BLADE" laminar flow wing demonstrator makes first flight[END_REF]. Some recent solutions that have entered commercial operations are the new engine options of Airbus and Boeing legacy aeroplanes [START_REF] Hensey | A320 NEO vs. CEO comparison study[END_REF], a somewhat unconventional air-conditioning subsystem of the Boeing 787 [START_REF] Sinnett | 787 No-Bleed Systems: Saving Fuel and Enhancing Operational Efficiencies[END_REF], and Boeing 777X foldable wingtips that enable more aerodynamically efficient wings compatible with airport constraints [START_REF] Dussart | Method to assess lateral handling qualities of aircraft with wingtip morphing[END_REF]. One of the latest Boeing announcements presents a very high aspect ratio wing with podded propulsive systems [START_REF]Spreading our wings: Boeing unveils new Transonic Truss-Braced Wing[END_REF], and two of the three newly announced concepts by Airbus rely on replacing the propulsive system (and the energy carrier) within the same T&W architecture [START_REF]Airbus reveals new zero-emission concept aircraft[END_REF].

B. Disruptive Architectural Changes

"Disruptive" aeroplane concepts are defined here as the ones that enable significant increase in efficiency and/or performance levels by differently mapping the system-level functions on the constituent subsystems (forms). Classic examples can be found e.g. in the early aviation history, where disruptive changes were easily conceivable given that the large scale technological lock-in that we know today [START_REF] Kellari | Influence of Technology Trends on Future Aircraft Architecture[END_REF] had not yet taken place. For instance, load carrying airframe skin enabled a wing (form) which efficiently carries both the structural and aerodynamic loads (functions), as opposed to the bi-plane wire-reinforced wings where two distinct forms had been employed to carry out the two functions.

In recent decades, with the community incentives to devise high-performance low fuel-consumption aeroplanes, studies of various disruptive concepts have been proliferating. Prominent examples of such concepts focus on the functions enabled by different airframe elements, often combining them with the propulsive function. For instance, Blended Wing-Body (BWB) concepts combine storage space provision and structural integrity functions of the conventional fuselage and the aerodynamic lift function of the conventional wing. A noteworthy contemporary example is the Flying V concept, with its unusual hybrid airframe and conventional gas turbine engine architectures [START_REF] Faggiano | Aerodynamic Design of a Flying V Aircraft[END_REF]. Another prominent family of disruptive concepts is the broad spectrum of Boundary Layer Ingestion (BLI) propulsion concepts, which combine the functions of thrust, lift, and an emergent function enabled by such concepts -active drag reduction [START_REF] Kim | A Review of Distributed Electric Propulsion Concepts for Air Vehicle Technology[END_REF]. Another interesting concept is that of structural batteries, where the same components used for ensuring structural integrity could enable the on-board energy provision function [START_REF] Misra | Summary of 2017 NASA Workshop on Assessment of Advanced Battery Technologies for Aerospace Applications[END_REF]. The overarching motivation behind many (if not all) of these ideas, commonly not enunciated as such, is merging the traditionally segregated aeroplane subsystems into new forms that contribute to more than one aeroplane-level function. The contemporary designs tend to search for functional synergies or synergistic interactions of existing systems enabled by subsystem integration, thus implying that the conventional aeroplane system composition is the only feasible starting point for architecture design.

C. Compatibility

Many solutions listed in Subsections A and B are mutually compatible. For instance, certain enabling subsystems or component technologies can be employed on different system architectures. Theoretically, structural batteries can power a BWB concept with BLI just as much as a conventional T&W concept with podded engines. A simple linear approach has been assumed here in order to convey the main ideas, but it should be underlined that many of the optimisation/integration decisions could provoke feedback effects which could in turn render the concept unfeasible on the whole. For example, changing the weight of certain structures or subsystems on an aeroplane can have important repercussions on configuration of wing and tail surfaces. Comprehensive vision of the whole architecture when making bottom-up changes to the constituent systems or components is therefore indispensable.

IV. FUNCTION, FORM AND OPERATING ENERGY

A. Definitions

This work discusses system architecture, function and form using definitions provided by Crawley et al. in [START_REF] Crawley | System Architecture: Strategy and Product Development for Complex Systems[END_REF]. In summary, they state that:

 Form is the physical or informational embodiment of a system;  Function of a designed system is the actions for which the system exists;  System architecture is the embodiment of concept, the allocation of physical/informational function to the elements of form, and the definition of relationships among the elements and with the surrounding context.

The framework for describing requirements and constraints is based on the Function-Behaviour-Structure (FBS) ontology formulated by Gero and Kannengiesser [START_REF] Gero | The situated function-behaviourstructure framework[END_REF]. This formalism has subsequently been extended by Brazier et al. [START_REF] Brazier | Design, Engineering and Governance of Complex Systems[END_REF] with the Experiential (E) category, and the resulting FBSE framework is employed in this paper. The definitions are the following: F -required function, Bbehaviour measure, S -how the given requirements are materialised, E -required user experience. The architecture design (i.e. mapping of function to form) then represents a progressive conversion of the entire initial set of FBSE requirements and constraints into a set of purely structural (S) requirements, representing a solution.

Additionally, function and form are presented in this paper from the point of view of the physical phenomena exhibited and experienced by aeroplanes in operation. Arguably F, B, and S requirements/constraints can be represented as the underlying enabling physical phenomena. E is left out from the current analysis without loss of genericity of the approach. This work employs a basic enumeration of the phenomena which could arise in system components, the magnitudes thereof are not considered. Therefore, the B requirements/constraints which prescribe performance levels of a component/system, or in this case the magnitude of a physical phenomenon of interest, are also dismissed from the current discussion. The focus remains on the F and S requirements/constraints.

Employing the terminology used in [START_REF] Crawley | System Architecture: Strategy and Product Development for Complex Systems[END_REF][START_REF] Crawley | The influence of Architecture in Engineering Systems[END_REF] in context of emergent system behaviour, the following distinction is made in this work:

 Desirable physical phenomena 𝑝 + : phenomena in line with the functions required from the system in a given operating scenario (e.g. at whole aeroplane level at cruise conditions, these are lift and thrust forces),  Undesirable physical phenomena 𝑝 -: phenomena working in opposition to the system functions in the same operating scenario (e.g. the weight and atmospheric drag forces experienced by the aeroplane in cruise).

Note that a phenomenon could assume any of the two "desirability" qualities depending on the operating scenario of the component/system at hand. In this paper the aeroplane operation is narrowed down to a single operating condition. The desirable phenomena are then associated to the system functions, and the undesirable phenomena to the system forms. Equivalently, desirable phenomena are associated to the functional and the undesirable phenomena to the structural requirements/constraints in the FBSE framework.

A single component is thus represented as a set C comprising subsets D and U which respectively contain elements representing 𝑝 + and 𝑝 -exhibited by the component (Fig. 1). In a single component like that, all the desirable phenomena are equivalent to the system functions, and the undesirable phenomena arise solely from interactions with the external environment.

B. Architecture Composition

A basic multi-level system composition (Fig. 2), akin to hierarchical decomposition concept presented in [START_REF] Crawley | System Architecture: Strategy and Product Development for Complex Systems[END_REF], is now developed using the previously defined framework. Composition level is defined along a discrete coordinate axis labelled 𝑛. Firstly, a primitive system consisting of a single component is presented. Its composition level 𝑛 = 𝑁, is defined as a fictitious single-component system which carries out all the system-level functions. Its 𝐷 𝑛 subset (𝐷 𝑁 ) contains 𝑖 𝑁 number of 𝑝 + elements, and the associated 𝑈 𝑛 subset (𝑈 𝑁 ) contains 𝑗 𝑁 number of 𝑝 -elements.

The next level, labelled N-1, is defined by decomposing the primitive N level component-system into constituent components. There are many ways to do this, depending on how many functions one would map to individual components. For this discussion, each N-1 level component is chosen such that each carries out a single N level function. This hypothesis will be maintained for any further composition level definition. Such composed system can now be described in terms of its own (𝐷 𝑛 , 𝑈 𝑛 ) set. Before proceeding with enumerating of the elements of the two subsets as done previously for the N level system, it is instructive to have a look at possible constituent components of a system composed this way. (Fig. 1, N-1 level set drawing). In a system composed of multiple components, the environment of any of its components can consist either of the external environment, the other system components, or both. The physical phenomena exhibited by the whole system can thus also arise from interactions between individual components. For simplicity sake, it will be assumed that all the physical phenomena exhibited by the components of composed systems are strictly linearly additive among themselves, i.e. that there are no nonlinear (emergent) phenomena arising from component interactions. For a real aeroplane this is a very hard hypothesis since very few phenomena have such property (e.g. weight, volume), but it will be maintained for the remainder of this paper. Moreover, while any component can exhibit different physical phenomena, not all of these need to take effect in practice. For example, any isolated aeroplane component could experience both weight and drag, but the drag would not act if the component were enclosed inside another component.

The (𝐷 𝑛 , 𝑈 𝑛 ) N-1 sets are thus summarised in [START_REF] Kellari | Influence of Technology Trends on Future Aircraft Architecture[END_REF].

𝐷 𝑁-1 = (𝑝 + 𝑖 𝑁-1 ) = (𝑝 + 𝑖 𝑁 ) 𝑈 𝑁-1 = (𝑝 - 𝑗 𝑁 , 𝑖𝑁 ) (5) 
It is instructive to take the system composition one step further, to N-2 level. While the overall logic remains the same, what is now defined in addition to the previous case is that each N-1 function can itself be composed by subfunctions whose aggregate N-2 level effects yield the N-1 level function. Thus, each succeeding 𝑛 < 𝑁 -1 level can be characterised by its own local distinct 𝑝 + elements, possibly different from higher-level 𝑝 + . This development implies that with more elaborate system compositions more different types of physical phenomena elements can be involved in the system operation, which should all be added to the catalogue of the whole system 𝑝 + and 𝑝 -elements (including the potential nonlinear/emergent effects not considered here). Given that this work is preliminary and as such focuses on framework definition and qualitative analysis, it will be assumed for the sake of simplicity that at any composition level the 𝑈 𝑛 set of each component exhibits only the 𝑝 -element visible on the whole-system (N) level.

In simple terms, if a conventional T&W aeroplane in cruise flight is considered, N level desirable phenomena 𝑝 + (analogous to the system functions) are e.g. thrust and lift forces. Undesirable phenomena 𝑝 -are the ones that oppose these, in this case drag and weight. If more elaborate (N-1) composition of the aeroplane is considered for the same operating condition, each of these constituent N-1 components carries out a unique function while exhibiting individual 𝑝 -contributions. Wing produces lift at a unique expense of its drag and weight, engine produces the thrust at its own drag and weight expense, fuselage provides useful volume, and so forth. Further, at N-2 level, e.g. for the aeroplane engine, each component exhibits individual 𝑝 + | 𝑁-2 elements (air compression, heat exchange, expansion, etc.) which together yield the thrust force (𝑝 + | 𝑁-1 ). Simultaneously, each component contributes its share of 𝑝 -| 𝑁-2 , that is weight penalty and drag if exposed to the exterior.

With the above composition rules in hand, a fundamentally simple recursive way to define any wanted composition level of any functional component emerges, thus yielding subsystems, assemblies, described all the way to the underlying atomic level. For an arbitrary N-x system composition level, with each component always defined to carry out a unique function, the (𝐷 𝑛 , 𝑈 𝑛 ) 𝑁-𝑥 sets are summarised in [START_REF] Lawson | Aviation lock-in and emissions trading[END_REF].

𝐷 𝑁-𝑥 = (𝑝 + 𝑖 𝑁, (… ), 𝑖𝑁-𝑥 ) 𝑈 𝑁-𝑥 = (𝑝 - 𝑗 𝑁 , 𝑖 𝑁 , (… ), 𝑖𝑁-𝑥 )

From this point of view, the architecture design process is seen as an elaboration of the number and types of individual system components at the different levels along the n-axis. The functions of the system, prescribed by the functional requirements, are defined as associated to all the 𝑝 + elements. Equivalently, the enabling forms, expressed by the structural requirements, are characterised by the 𝑝 - elements.

C. Architecture Integration Potential

In physics, the 2 nd law of thermodynamics provides useful insight about the phenomena previously labelled intuitively as "desirable" and "undesirable". It shows how the fundamentally chaotic nature of thermodynamic systems allows energy exchanges to occur spontaneously only in a single direction in a closed system (e.g. heat flow only from a hot to a cold body). Therefore, for a given amount of energy invested in a system, it is possible to exploit only a certain fraction of it for useful (here analogous to "desired") work. The rest of that energy will be dissipated through irreversible processes such as ("undesirable") heat loss [START_REF] Moran | Fundamentals of Engineering Thermodynamics[END_REF]. For more complicated systems, and depending on their operating context, such losses can have various origins. For example, sophisticated and energy-efficient combined power cycle (function) gas turbines can be designed and built for ground-based applications with little to no constraints in volume and weight (form). Yet, such high thermal efficiency architecture quickly becomes wasteful if implemented on an aeroplane, due to its excessive weight and volume (see e.g. [START_REF] Boggia | Intercooled Recuperated Gas Turbine Engine Concept[END_REF]).

In accordance with this, a qualitative system-level figure of merit is defined in this paper as means of describing function-to-form mapping in the energy-based design framework. Analogously to the type of efficiency figures defined as ratio of the useful effort to the wasted effort (e.g. the aerodynamic efficiency/lift-to-drag ratio of a lifting object [START_REF] Roskam | Airplane Design Part 1: Preliminary Sizing of Airplanes[END_REF]), function-to-form metric dubbed integration potential I is defined. For an n level system composition, I is defined as the ratio of the cardinalities of the two subsets of physical phenomena (𝐷 𝑛 , 𝑈 𝑛 ) exhibited by the system components at that level. In other words, it represents the ratio of the overall number of the system 𝑝 + and 𝑝 -elements [START_REF] Graedel | Industrial Ecology: Definition and Implementation[END_REF].

𝛪 = |𝐷 𝑛 | |𝑈 𝑛 | (7) 
The parameter qualifies the potential for how much system-level energy (at an n composition level) could be expected to be wasted to the net undesirable phenomena (contained in 𝑈 𝑛 ) in order to enable all the required functions (contained in 𝐷 𝑛 ). A variety of analogous historically defined efficiency figures exist for different aeroplane system levels. Lift-to-drag ratio is an example at whole aeroplane (𝑁) or wing (N-1) level. Thrust-to-weight ratio of a propulsive system is the same type of metric at N-1 level, and power density of an electrical assembly can be such property at N-2 level. The parameter can be employed at any composition level from N to N-x, but in practice the situation is often more complicated than single level composition, as will be elaborated in the next section.

V. DISCUSSION

A. Integration Potential in Context

In reality, breaking down different aeroplane system architectures across possible n levels is very delicate. Given that both design and governance of aeroplane system components and the associated engineering skills are distributed among various stakeholders through different phases of the system life cycle [START_REF] Brazier | Design, Engineering and Governance of Complex Systems[END_REF], the boundaries between various subsystems are not as transparent in practice as the purely physics-based analysis would have it (e.g. as illustrated in Fig. 2). Therefore, one might be tempted to postulate that aeroplane function-to-form mapping is carried out 1:1 at the N-1 level (e.g. lift-wings, thrust-engines, payload-fuselage), but in reality certain lower level N-2 functions are shared between systems. A prominent example on a typical civil airliner is the engine compressor. Dedicated compressor stages carry out air compression both for thrust production and for the cabin air conditioning system, thus avoiding a potential double penalty in weight, drag and volume. The integration potential as defined in [START_REF] Graedel | Industrial Ecology: Definition and Implementation[END_REF] does not capture such inter-level function sharing, so in this discussion the parameter is only used to provide high-level insight into function-to-form mapping in aeroplane architectural design.

Where historically early great victories in fight for performance (e.g. flight speed) of the fixed-wing aeroplanes were achieved, increasingly smaller efficiency gains have been possible in recent decades. For example, architectural design leap from Wright brothers' Flyer (1903) to DeHavilland Comet first flown 46 years later is significant. While the fundamental N level functions of both remain the same, the form enabling these functions is somewhat different between the two 4 . The Flyer started off with the following N-1 level components to enable the N level functions: wings that generate lift, propeller engine which generates thrust, canards for pitch control moment generation, with struts and wires to ensure structural integrity, without a fuselage-like structure to house the useful payload (i.e. the pilot). In rough terms, each function was mapped to a single form, each contributing 𝑝 -elements (a weight and a drag element) to the overall performance count. Despite maintaining the same overall philosophy of 1:1 function-to-form mapping, the Comet reached incomparably higher performance levels than the Flyer by employing different architectural solutions which mapped certain functions to single forms 5 . By this time, stronger materials enabled the wing to carry the aerodynamic loads without compromising its structural integrity. This removed the dedicated biplane wire-and strut-supported structures, thus taking away their notorious drag penalties. Landing gear retraction into the airframe enabled avoiding the inflight drag penalty of deployed landing gears which carry out its distinct function only on the ground. And the list goes on. Further 46 years later, the Airbus A319 takes off for the first time. The technological advances went even further, enabled by even more performant materials or structural and aerodynamic component design. However, the most prominent architectural differences with respect to Comet in terms of function-to-form mapping could be summarised in local N-2 level function sharing between e.g. engine and the interior air systems as mentioned earlier, and similar multi-function component designs. Significance of such developments is indisputable, but the aeroplane energy performance optimisation limit is likely to be found elsewhere, away from the current state of the art.

In search for breakthroughs, the contemporary intuition keeps pointing in the direction of "more integration of subsystems" when seeking new forms. It is to be noted that the term "integrated" is most commonly used in the aeroplane design literature to denote structural integration of existing systems, often of the propulsive system into the airframe. Fundamentally, the term means much more, as this paper aims to present. The more advanced concepts presented by the community (cf. Subsection III.B) seem to be venturing away from the traditional 1:1 function-to-form mapping territory (Fig. 3). For example, the BLI propulsion aeroplanes take two distinct N-1 level forms, propulsive system and airframe, and map their respective functions onto practically speaking single form -a BLI wing or a propulsive fuselage. These forms then deliver the same N level functions (thrust and lift forces) at potentially higher energy efficiencies. The BWB airframes merge the conventional N-1 forms of wing and fuselage, and map their respective lift force and payload storage functions onto a single form for potential increase in overall system energy efficiency. When the common thread is drawn through all the different contemporary and historical developments, big or small, cautious or more daring, an asymptotical tendency can be inferred. The energy-efficient aeroplane technology evolution points towards a purely theoretical integral system architecture whose I parameter is given as the ratio of the N level 𝑝 + elements to the N level 𝑝 -elements [START_REF]Airbus reveals new zero-emission concept aircraft[END_REF].

𝛪 𝑎𝑠𝑦𝑚𝑝𝑡𝑜𝑡𝑒 = 𝐼 𝑁 = |𝐷 𝑁 | |𝑈 𝑁 | (8) 
The architecture energy efficiency optimisation problem could therefore be posed as maximising of the objective function I. Architecture composition in line with the limit given in [START_REF]Airbus reveals new zero-emission concept aircraft[END_REF] supposes mapping of all the system level functions onto a single form, which is quite far away from the current 1:1 function-to-form mapping paradigm. It is therefore plausible that the true scope of optimisation possibilities is yet to be fully revealed.

B. Closing the Circle -Performance Magnitude

The simple enumeration of the phenomena as presented in this paper only provides information on the functional integration of the system. In turn, this provides insight into how much energy efficiency could be gained with different function-to-form mapping solutions. Whether energy efficiency will be improved or not will be determined once magnitudes of the involved phenomena are taken into account. These are direct function of the inherent component physical properties, e.g. material or energy densities, geometrical shapes or heat capacities. For a composed system, the collective effect of componentspecific properties will quantitatively determine the system energy performance and thus have the final verdict on whether any given function-to-form mapping is meaningful in practice or not. Even though many indicators point towards more functionally integrated concepts which map more than one function onto one form as the way to go, any such architecture will be of no interest to any involved stakeholder if the constituent components to make it work need to be made from unobtainable materials. This is why the defined function-to-form mapping metric is referred to as "integration potential" -the functions can be "integrated" in as few distinct forms as possible, but a full quantitative scrutiny is necessary to conclude whether a given highly integrated architecture is truly more efficient than any other more intricately composed architecture. The exact performance quantification based on the component properties is left for the further work.

C. System Boundaries

Historically, the aeroplane architecture has never been conceived from the high (N) level, here illustrated as the integral form which carries out all the system functions. Development would ordinarily start off at the N-1 composition level, by looking for a distinct form to provide the lifting function, distinct form to provide the thrust, and so forth. In the long run, this resulted in the civil aeroplane architecture getting fundamentally locked in the initial architectural paradigm. Therefore, subsequent developments have long been oriented towards finding solutions that aim to smooth out the "energy wasted" to the potentially avoidable undesired physical phenomena.

Decision making in aeroplane design is almost never constrained uniquely by the energy performance since safety, cost, manufacturability, and reliability need to be factored in over the system life cycle. However, correctly correlating the system-level energy metrics with the other life cycle factors could open up a comprehensive trade space in the earliest design phases, potentially revealing previously unseen solutions or maybe casting new light on the ones already known. As opposed to the idealised picture given in this work, system architecture composition is in practice directly correlated with the governance (stakeholder) structure of the system. Traditionally defined 𝑛 < 𝑁 level system boundaries have been stipulated historically and maintained today by different stakeholders. As such, knowledge and information exchange across the boundaries of different subsystems is quite restricted during the design process. This is something to be taken into account later on in development of this framework. If truly energy-optimal architectures are to be found, a plausible starting point for the design would be a single form with highest functional integration potential. Else, the entire existing composition ought to be rendered transparent to all parties involved in system design in order to reveal the complete functional optimisation potential and assess the practical feasibility thereof.

VI. CONCLUSION AND PERSPECTIVES

Energy-efficiency oriented optimisation of civil aeroplane architectures is likely the key to ensuring long term sustainability of the airline industry. This paper argues that function-to-form mapping can be seen as the guiding principle in the continuous search for more energy efficient concepts. The introduced figure of merit of integration potential I is defined as the ratio of the number of desirable and the undesirable physical phenomena exhibited by the system for a given composition level. It is a direct representation of how the architecture maps its functions to its constituent forms. Arguably, this metric captures the first-order tendencies of both the historical and the contemporary technological advances. The limit to strive for in quest for maximum energy efficiency, inferred from the existing concepts, is given as the ratio of whole-system level number of functions to the number of system-level undesirable physical phenomena. Such mapping all the system functions onto a theoretical single form is beyond limits of what is practically achievable, but it indicates potentially numerous possibilities for conceiving concepts that can radically reduce the aircraft operating energy need. This, in combination with other solutions, could enable satisfying the conflicting constraints the industry could be facing for years to come. These findings pave the way for future work which will focus on generalising the framework to take into account the operating scenario variations inherent to aeroplanes. Furthermore, the approach will be extended to take into account the nonlinear effects and physical phenomena arising at various 𝑛 < 𝑁 -1 composition levels. In the long run, the entire typical life cycle of an aeroplane should be described, and matter and information flows should be included in this energy-based analysis. Such complete accounting could enable consistent concept design and trade-off studies in designing civil aeroplanes as innately socio-economic-natural systems that they are.
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 1 Fig.1. System component set C represented, for a unique operating scenario, as a union of subsets D and U, consisting respectively of elements of desirable (p + ) and undesirable (p -) physical phenomena.

Fig. 2 .

 2 Fig.2. Schematic overview of system architecture multi-level composition possibilities, ranging between a primitive N level single-component system and the atomic component composition at an underlying N-x level. The sets represent the associated desirable (triangles) and undesirable (squares) phenomena.

Fig. 3 .

 3 Fig.3. Example illustration of notable contemporary architectural solutions for more energy-efficient aeroplanes, contextualised through varying N-1 level function-to-form mapping scenarios (for a unique operating condition).

In reality, the three parameters of (1) could be correlated. Notably, 𝐸 ̅ 𝑜𝑝.𝑐𝑦𝑐𝑙𝑒,𝐷𝑃 has reduced significantly in the past decades, but the resulting polluting impact thereof has consistently been offset by the increasing global fleet ( 𝑁 ̅ )[START_REF] Lawson | Aviation lock-in and emissions trading[END_REF][START_REF] Gnadt | Technical and environmental assessment of all-electric 180-passenger commercial aircraft[END_REF], which in turn is often reinforced by the improvements in 𝐸 ̅ 𝑜𝑝.𝑐𝑦𝑐𝑙𝑒,𝐷𝑃 .

Design cycle means a unique flight profile (defined in terms of e.g. range, flight speeds) for which the aeroplane energy use is optimised in design. Any deviations from such profile, which occur almost without exception in real aeroplane operations, represent digressions from this optimal behaviour. This motivates the introduction of the 𝜂̅ 𝑜𝑝. efficiency parameter in[START_REF] Lee | The contribution of global aviation to anthropogenic climate forcing for 2000 to 2018[END_REF].

For example, Anderson[START_REF] Anderson | The Grand Designers -The Evolution of the Airplane in the 20 th Century[END_REF] has recently provided one such compelling perspective when discussing prominent 20 th century aeroplane designers and design methods.

As a historical side note, it can be argued that there has ever been only one form of the fixed-wing (civil) aeroplane dating back to its inception by Sir George Cayley over 200 years ago. Cayley was the first to elaborate the forces exhibited and experienced in sustained flight of a human-made artefact (thus defining the functions). He also went on to lay out a form which maps each function to an individual enabling subsystem, to yield the concept which to some extent influenced the Wright brothers, and in turn all the future designs[START_REF] Anderson | The Grand Designers -The Evolution of the Airplane in the 20 th Century[END_REF][START_REF] Ackroyd | Sir George Cayley: The Invention of the Aeroplane near Scarborough at the Time of Trafalgar[END_REF].

It goes without saying that equivalently incomparably higher material strength, propulsive system energy density and other superior component and subsystem properties played the crucial role in this performance leap.