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Conceiving buildings as adaptive architectural systems constitutes a promising strategy for meeting the increasing economic, ecological and programmatic demands placed on the built environment. This approach has so far been primarily investigated in the context of small-scale or uninhabitable structures. The concept of adaptive load-bearing structures, however, presents a strategy that allows tapping the potentials of adaptivity in the context of large-scale architecture. Moreover, it enables -and even requires -the development of genuinely adaptive structural morphologies beyond prevailing typologies. This, in turn, opens up hitherto unknown opportunities for architectural design. Informed by the participation in the design of an adaptive high-rise building, the research presented proposes an integrative design process, on the basis of agent-based computational design tools, that enables architects to interactively explore the architectural design space of adaptive structures within interdisciplinary design teams.

Introduction

The building industry accounts for a significant percentage of global emissions and resource consumption [START_REF]Buildings and Climate Change, Summary for Decision Makers[END_REF] and consequently plays a pivotal role in addressing significant environmental, demographic and hence societal challenges of our time. Increasing urban densification, exacerbated by the annual growth of the world population by approximately 80 million people [START_REF]World Urbanization Prospects: The 2018 Revision, Highlights[END_REF], calls for buildings and cities that are able to meet the needs of ever larger, more dynamic and diverse communities -albeit under increasingly difficult conditions of limited space and resources. This, however, does not pose a mere optimization problem and can thus not be overcome by efficiency measures alone. On the contrary, given the dynamism of these challenges on the one hand, and the emergence of novel technologies on the other, the way in which we conceive, design, construct and operate our built environment requires a profound reconsideration.

A promising strategy for meeting these challenges is to shift towards a conception of buildings as adaptive systems, thereby enabling them to respond autonomously or interactively to changing parameters such as user needs, environmental conditions or unexpected load cases. In doing so, both quantitative (e.g. materialrelated) and qualitative (e.g. use-related) building performances can be subjected to continuous adjustments throughout the entire life cycle. Conceiving buildings as adaptive systems consequently means to transition from the accustomed view of architecture as static, determined and passively inhabited object towards a life-cycle oriented understanding of architecture as an actively operated system, or in other words, as an inhabitable architectural robot [START_REF] Kilian | The Flexing Room Architectural Robot: An Actuated Active Bending Robotic Structure using Human Feedback[END_REF]. This conception thus offers unprecedented architectural possibilities, which, however, require new approaches to architectural design and interdisciplinary collaboration in order to be fully explored. The research presented in this paper is aimed at investigating this very aspect.

Interdisciplinary research on large-scale adaptive architecture

Already more than 60 years ago, stimulated by the advent of cybernetics in the architectural discourse [START_REF] Pask | The Architectural Relevance of Cybernetics[END_REF], protagonists such as Cedric Price or Archigram proposed holistic concepts for intelligent, adaptive, responsive or reconfigurable architectural and urban environments [START_REF] Sadler | Archigram: architecture without architecture[END_REF] -most of which could not be realized at that time and thus remained speculative. Increasing technological advancements in recent decades have not only led to an emergence of concepts for adaptive or responsive architectural systems but have also enabled their implementation. Nevertheless, the majority of projects realized to date constitute small-scale or unhabitable structures [START_REF] Kilian | The Flexing Room Architectural Robot: An Actuated Active Bending Robotic Structure using Human Feedback[END_REF]. The contemporary discourse on adaptive architecture does therefore not yet offer adequate concepts for meeting the increasing demands on the built environment, as outlined earlier.

Research framework: Collaborative Research Center 1244

In response to the urgent need for more sustainable and responsive buildings, ongoing research at the University of Stuttgart is dedicated to exploring holistic approaches to construction, which enable the full potential of adaptivity in large-scale and multi-story architecture to be realized. This research is conducted within the framework of the 'Collaborative Research Center 1244' (CRC 1244), which focuses on adaptive building systems encompassing both adaptive building envelopes as well as adaptive load-bearing structures. The framework comprises an interdisciplinary group of researchers from 14 institutes, with backgrounds in architecture, material science, building physics, computer science and several engineering disciplines including aerospace, mechanical, civil and systems engineers.

The research on adaptive buildings is based on the understanding that merely augmenting known building systems with sensors and actuators will not allow to exploit the full potential of adaptivity in architecture. Consequently, buildings should not be 'made' adaptive, but instead designed to be so inherently. This in turn requires -besides the investigation of appropriate material systems, actuation strategies etc. -novel approaches to design that facilitate the development of genuinely adaptive systems. The authors, whose background lies in architecture and computational design, are therefore concerned with the development of integrative design methods and computational design tools that enable architects to explore the design space of genuinely adaptive buildings within interdisciplinary design teams. The following sections provide an overview of past, ongoing and planned activities in this context, which have to date been focused on the concept of adaptive load-bearing structures.

The architectural potential of adaptive structures

Sobek defines adaptive load-bearing structures as 'ultra-lightweight' [START_REF] Sobek | Ultra-Lightweight Construction[END_REF], which describes an alternative approach to the concept of lightweight construction. Instead of form-finding 'optimal' geometries based on determined 'form defining load cases', Sobek argues, structures should be designed and enabled to adapt autonomously to changing or unexpected loads [START_REF] Sobek | Ultra-Lightweight Construction[END_REF]. In this context, adaptivity refers to the active manipulation of stress fields or deformations within a structure, by means of integrated sensors, actuators and control strategies. In the case of truss systems, for example, structures that exhibit a topological configuration that facilitates such performances are considered particularly -or genuinely -adaptable.

The concept of adaptive structures was first articulated some 50 years ago in the context of civil engineering [START_REF] Yao | Structural Control: Past, Present, and Future[END_REF] and has more recently been introduced to the architectural discourse [START_REF] Sobek | Adaptive systems in architecture and structural engineering[END_REF]. In 2014, the 'Stuttgart Smart Shell' (Fig. 1), which constitutes the first architectural ultra-lightweight structure, was realized. At the time built, the hydraulically anchored timer shell was considered the thinnest shell structure of significant scale with a thickness (4 cm) to span (10 m) ratio of 1:250, yielding material savings of 70% [START_REF] Sobek | Ultra-Lightweight Construction[END_REF].

Consequently, compared to conventionally engineered structures, ultra-lightweight construction enables a significant reduction in required material and hence embodied energy. This potential is due to the active manipulation of stress fields and deformations, which allows to overcome the predominant approach of designing and (over)dimensioning structures for extreme, albeit rarely occurring load peaks [START_REF] Senatore | Synthesis of minimum energy adaptive structures[END_REF]. Despite the additional costs for actuation mechanism and their operation, ultra-lightweight systems are also competitive in monetary terms, especially in case of stiffness-governed (e.g. high-rise) structures [START_REF] Senatore | Energy and Cost Assessment of Adaptive Structures: Case Studies[END_REF]. Moreover, the adaptability provided by ultra-lightweight construction enables the realization and safe operation of complex structures beyond prevailing structural typologies. This means a significant expansion of existing design spaces, which in turn allows for the exploration of unprecedented architectural and structural systems. Therefore, adaptive load-bearing structures not only represent an interesting strategy for engineering, but also a particularly promising opportunity for architectural design.

CRC 1244 adaptive high-rise demonstrator

Based on the findings from the Stuttgart Smart Shell, albeit with the aim of applying the concept of ultralightweight construction both to a larger scale and a different building system, the CRC 1244 is currently realizing an experimental high-rise building (Fig. 1) which is to be deployed by the end of 2019 [START_REF] Weidner | The Implementation of Adaptive Elements into an Experimental High-Rise Building[END_REF]. It presents a 36.5 meters high adaptive steel truss structure with an external staircase and comprises 12 floors of 5x5 meters each. Its conception as discretized structural system enables -in contrast to the Stuttgart Smart Shell -the direct integration of actuation modules into the structural elements (Fig 1). This in turn facilitates the strategic distribution of actuators and thus allows both global and local adaptation scenarios. Detailed insights into the actuator placement routines, control strategies, adaptation scenarios and system safety concepts for adverse events were previously given in [START_REF] Wagner | On steady-state disturbance compensability for actuator placement in adaptive structures[END_REF][START_REF] Ostertag | System-Safety in the Application of Adaptive Load-Bearing Structures[END_REF]. However, both ultra-lightweight buildings described above and shown in Figure 1 represent conventional structural typologies that were made adaptive. Although this clearly contradicts the statement made earlier, this aspect was deliberately disregarded in the conception of the high-rise building, in favor of a modular and comprehensible design. This decision was based on the conception of the demonstrator not only as a means for showcasing the developments achieved, but also as an experimental prototype that drives, informs and supports scientific work from the outset. Moreover, the simple and well-known layout facilitates the direct evaluation and comparison of achieved performances against those of conventional structures. A similar approach was pursued in the course of the underlying design process, in which the authors were involved to investigate adaptivity-specific requirements for the integrative design process to be developed; as well as to identify the shortcomings of commercially available, state-of-the-art software tools in this context. The authors consequently employed 'Autodesk Revit', one of the most widely used software applications for parametric architectural design and interdisciplinary collaboration.

Insights from the participation in the design process of the demonstrator

As previously discussed in [START_REF] Ernst | Application of Parametric Modeling in the Early Design Phase for an Interdisciplinary Design Approach for Adaptive Buildings[END_REF], the application of state-of-the-art CAD and BIM applications in the design process of the adaptive high-rise building demonstrated the inadequacy of these tools and their underlying design methods in this context. Specifically, they do not allow the representation of dynamic behaviors, such as those of adaptive systems, nor do they support the implementation of integrative and real-time feedback loops across all design phases. Both aspects, however, constitute essential requirements for the development of adaptive buildings. These shortcomings can be attributed to the fact that conventional design tools are conceived with regard to well-established building systems and consequently reflect the linearity and hierarchy in which these are typically developed.

BIM, on the one hand, aims to facilitate interdisciplinary cooperation, and thus to dissolve the linearity and hierarchy of conventional design processes, by means of a shared three-dimensional information model. The definition of these models, on the other hand, represents a time-consuming and laborious task and is hence only practicable once designs are geometrically well defined -however in turn topologically determined and not receptive to changes. This particular limitation became apparent during the early demonstrator design phase, in which the topological layout was iteratively refined (Fig. 2), as the connectivity status of adaptive truss systems significantly determines their degree of adaptability. Although the parametrically defined Building Information Model could easily realize e.g. geometric changes on the basis of previously defined parameter ranges, topological changes required a manual revision of the parametric definition itself at each iteration [START_REF] Ernst | Application of Parametric Modeling in the Early Design Phase for an Interdisciplinary Design Approach for Adaptive Buildings[END_REF]. BIM therefore constitutes a collaborative approach to planning for downstream design phases, rather than an integrative design method that informs early design decisions. 

Beyond typology: Exploring the design space of genuinely adaptive structures

In response to the above observations, the authors are currently implementing a computational design environment that aims to provide an integrative framework for the early design of adaptive structures; and thus, for the exploration of their architectural potential beyond established structural typologies.

Integrative design processes and computational design tools

Even in the context of conventional construction, up 80% of a building's economic and ecological performance are influenced by decisions made in the early design phase, which however only accounts for 20% of the entire planning process [START_REF] Bogenstätter | Prediction and optimisation of life-cylce costs in early design[END_REF]. Close interdisciplinary collaboration right from the outset of architectural design processes is therefore crucial, especially in view of the technological and topological complexity of adaptive structures and the number of disciplines involved in their development. Furthermore, as the development of genuinely adaptive structures by no means represents an intuitive or trivial undertaking, it requires appropriate design tools that support the exchange, interpretation and utilization of data provided by the involved disciplines, in order to ensure adaptability of generated geometries.

Computational design presents an adequate method for meeting this requirement, as it enables the openended generation of highly informed geometries on the basis of extensive sets of information, instructions and objectives. This strongly contrasts the well-established mode of explicitly describing (i.e. drawing and modeling) geometry in a linear and trial-and-error manner. It consequently also means a change in the role of architects, as design computation enables them to transition from merely using predefined -and hence limited -software applications, towards authoring (i.e. coding) bespoke digital processes [START_REF] Terzidis | Algorithmic Architecture[END_REF].

Agents-based modeling and genetic programming

Both agent-based modeling (ABM) and genetic programming (GP) constitute powerful computational strategies that have been extensively -albeit primarily individually -employed for simulation, optimization or exploration purposes. The proposed design environment, however, relies on their strategic combination, which offers a particularly adequate setup the interactive exploration of the n-dimensional design space of adaptive (i.e. dynamic) structures.

Agent-based modeling represents a computational method that has been applied in numerous disciplines, including architectural design. ABM promotes the analysis, design, modelling, simulation or exploration of complex and dynamic systems based on the interaction of its constituents and their respective environment, as opposed to treating them as the mere sum of their parts [START_REF] Bonabeau | Agent-based modeling: Methods and techniques for simulating human systems[END_REF]. In view of architectural design space exploration, this allows for bottom-up and open-ended design processes, in which -potentially novelglobal systems emerge from the local interaction of individual entities (i.e. agents) that exhibit distinct dynamic behaviors. Designing an agent-system requires, above all, the definition of agents, their behaviors as well as their respective environment. Most architectural applications define agents as either virtual builders that deposit material; physical builders; or building elements [START_REF] Groenewolt | An interactive agent-based framework for materialization-informed architectural design[END_REF] -all of which are often conceived as autonomous vehicles that locomote on the basis of steering behaviors [START_REF] Reynolds | Flocks, herds and schools: A distributed behavioral model[END_REF], which in turn are influenced by design objectives, constraints or performance feedback.

Genetic programming, on the other hand, facilitates the embedment of rules for evolution into computational processes [START_REF] Koza | On the programming of computers by means of natural selection[END_REF]. In doing so, numerical operations are enabled to evolve over time. This constitutes a particularly promising strategy with regard to ABM, given that the manual (user-controlled) definition of agent behaviors -whereas behaviors largely determine the success of an agent system -represents a timeconsuming and often not intuitive process. By means of GP, however, agent behaviors can be designed to continuously learn, reason, and self-adjust, which in turn provides designers with interesting and robust behaviors that would be difficult to anticipate and define in advance.

Design environment

The proposed design environment (Fig 3 .) features four reciprocal and iteratively updated constituents that include: (1) the definition of design parameters (e.g. architectural requirements) that translate into agentsystem's properties (environment, agents, behaviors, etc.); (2) the agent-based exploration of the defined design space; (3) the continuous evaluation of explored geometries (e.g. adaptability analysis); as well as (4) the real-time interaction with the agent-system. The latter constituent provides designers with two modes of interaction: An explicit one, which offers the direct interaction with the three-dimensional model; and an implicit one, which is based on the user-operated weighting of behaviors through sliders. 

Implementation

The technical implementation of the design environment builds upon previous research conducted at the ICD. Specifically, the authors, on the one hand, appropriate and extend a recently implemented computational framework for interactive agent-based architectural design [START_REF] Groenewolt | An interactive agent-based framework for materialization-informed architectural design[END_REF]; and on the other hand, they incorporate ongoing research on genetic programming [START_REF] Nguyen | Evolutionary Processes as Models for Exploratory Design[END_REF]. The framework, which is based on the concept of agents as building elements, constitutes a modular structure of C# libraries that are made accessible to users in form of plugins for the parametric modeling software 'Grasshopper 3D' (Fig. 4). This setup has to date been primarily employed in the context of segmented timber shells. The realization of the proposed application therefore requires the adjustment of existing libraries, as well as the implementation of additional functionalities.

The extension of the agent-framework involves two main aspects (Fig 4): The development of an application-specific library for the agent-based generation of truss systems, in which agents represent nodes in 3D-space, whereby the connection of two nodes constitutes one truss element; as well as the implementation of a matrix-based adaptability analysis method (developed within the CRC 1244) in form of an expert-library, which drives the generation of genuinely adaptive topologies in real-time. Moreover, in contrast to previous applications, the number of agents (i.e. truss nodes) involved is not limited to a predefined number and can hence be dynamically updated throughout the design and feedback process (Fig 4).

Required functionalities for both modes of user interaction described above are so far adopted from the previous application. However, in order to foster user-based reasoning and decision making, current developments focus on the implementation of more interactive visualization strategies of feedback data. 

Conclusion and outlook

This paper outlined the concept of adaptive load-bearing (i.e. ultra-lightweight) structures and discussed its necessity and architectural relevance. The identified architectural potentials could, however, not be tapped by means of state-of-the-art software applications, which were examined in the course of the design process of an adaptive high-rise building. Consequently, the authors introduced an alternative design method that is, to date, primarily targeted at the early design phase. It involves the combination of several computational design strategies including agent-based modeling and genetic programming. Moreover, it fosters humancomputer interaction as well as interdisciplinary collaboration and thus allows for truly interactive and integrative design exploration processes. Despite the early stage of research, initial experiences have shown the potential of current developments over conventional or comparable computational design approaches. This applies in particular to the design space exploration of adaptive (i.e. dynamic) structures. Ongoing and planned research is focused on the integration of additional evaluation routines; the investigation of alternative strategies for the visualization of feedback data; as well as the implementation of additional features for user interaction. A potential direction of future research could be the extension to subsequent design phases or the integration into existing information modeling approaches.
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 1 Figure 1: Comparison of two adaptive (ultra-lightweight) architectural structures -actuators are marked red. Left: Hydraulically anchored timber shell (Stuttgart Smart Shell) [Source: Bosch Rexroth]; Right: Steel truss high-rise building with distributed actuators (CRC 1244 Demonstrator) [Source: CRC 1244, IKTD]

Figure 2 :

 2 Figure 2: Evolution of the adaptive CRC 1244 high-rise demonstrator: Topological (and geometric) changes required manual revisions of parametric Building Information Model (developed in Autodesk Revit) at each iteration.

Figure 3 :

 3 Figure 3: Overview of the four main constituents of the proposed agent-based design environment

Figure 4 :

 4 Figure 4: Extension of the agent-based design framework. Left: Schematic overview; Right: Comparison of the agent-systems of segmented timber shells (previous application) and adaptive truss structures

Proceedings of the International Conference on Emerging Technologies in Architectural Design (ICETAD2019)

Acknowledgements

The work described in this paper was developed as part of the Collaborative Research Centre 1244 (CRC 1244) 'Adaptive Skins and Structures for the Built Environment of Tomorrow / Project A02' funded by the German Research Foundation (DFG -Deutsche Forschungsgemeinschaft). The authors are grateful for the generous financial support and wish to express their gratitude.