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Abstract of manifesto: Exploding growth and complexity in hardware, software and networks forces us to rethink the 
traditional ways in which engineering and computing systems are created. This challenge is also an opportunity to 
usher in a new generation of cutting-edge technologies based on an entirely novel kind of unconventional “organic” 
architectures—whether artificial or hybrid-living ones. Toward this goal, we need to operate a bold shift from classical 
top-down design to bottom-up “meta-design”, i.e. mechanisms that enable these architectures to self-assemble, self-
regulate and evolve—not directly specify them. Looking around us, we observe that decentralised collective 
phenomena are pervasive in nature (physical and biological) and commonly refer to them as “complex systems”. Yet, 
these systems seem to be more efficient and, paradoxically, simpler than our centralised devices. This is why they 
should constitute a major source of inspiration. In return, our efforts to imitate them should also benefit their scientific 
domains of study and, in a feedback loop, produce hybrid implementations as in synthetic biology (a form of “bio-
inspired bioware”). In this context, I attempt to promote a form of computing inspired by biological self-organisation 
based on computational models of morphogenesis. In particular, I launched the field of Morphogenetic Engineering, 
which studies how sophisticated functional architectures can reliably emerge from a large number of heterogeneous 
agents via dynamical, developmental, and evolutionary processes, and strive to apply it to swarm robots, synthetic 
organisms, and socio-technical networks. 

 
Introduction 
 
Engineering and control are traditionally not associated with natural phenomena. By definition, the latter happen 
spontaneously (climate, evolution) outside any planning or intervention, whereas the former is the human practice 
of intentionally creating new devices and reshaping the environment. Yet, the study of natural systems and the 
production of artificial systems could share much more than they currently do. On the one hand, biology can provide 
an exceptional source of inspiration for future and emerging technologies: understanding cells and organisms by 
theoretical reconstruction, including “unrealistic computer models”1, can give rise to a new generation of artificial 
systems endowed with an autonomy and adaptivity unmatched in classical engineering. On the other hand, closing 
the loop, these new algorithmic principles can be reimplemented in biological matter to create a novel type of 
physical-informational hybrid systems—such as synthetic biology. 

In this context, I explore the recent move toward a “computationalisation” and “physicalisation” of theoretical 
biology, fast becoming reality under the aegis of bio-inspiration and biomimetics. Within this general trend, I focus 
on the notion of architecture and the arduous double undertaking that it entails: instil more self-organisation into 
computing artefacts (swarm robotics, techno-social networks) and, conversely, instil more information technology 
into self-organising natural objects (synthetic biology). My foundational thesis is that we can find a solution to the 
apparent paradox of “programming self-organisation” by identifying morphogenetically architected complex 
systems (MACS)2 to be those systems composed of a large set of elements that reliably give rise to functional 
architectures from local interactions only (multicellular organisms, insect constructions), which then allows us to 
conceptually take emergent properties seriously while operationally not give up on designing such systems. 
 
The Inexorable March to Emergent Engineering 
 
Engineering disciplines are torn between an attitude of strong design and dreams of autonomous devices. They want 
full mastery of their artefacts, but also wish these artefacts were much more adaptive or “intelligent”. Still today, 
our most sophisticated computer and robotic systems must be spoon-fed at every stage of their existence—
completely programmed, repaired, and upgraded. Meanwhile, insatiable demand for functional innovation has 
created an escalation in system size and complexity. The trend toward segmentation and distribution over a 
multitude of smaller and relatively simpler components has become inevitable in many domains of computer science 
& engineering, artificial intelligence, and robotics. At all levels of organisation, there are more integrated parts 
(hardware), more program modules (software), more applications and users (networks). In this context, the tradition 
of rigid top-down planning and control in every detail is becoming unsustainable. Instead, computer scientists and 
engineers will need to step back and only “meta-design” these systems (Fig. 1), i.e., focus on the generic conditions 
allowing their endogenous growth, function, and evolution.3 It constitutes an attempt to lay out the foundations for 
a new way of thinking about systems design, which can also be referred to as emergent engineering.4  
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The Paradigm of Complex Systems 
 
On the other end of the spectrum, complex systems (CS) are characterised by the self-organisation of small, repeated 
elements interacting locally and giving rise to nontrivial collective behaviour. Looking around, we can observe an 
abundance of them in the environment, whether in nature (cells, organisms, societies of organisms) or spontaneously 
arising human superstructures (societies, economy, Internet). In fact, decentralised, unplanned, or “emergent” 
systems are probably the most pervasive and efficient. It is centrally planned systems that are fragile and costly, as 
they require another intelligent system (us) to be built and operate. In the end, “complex” might well turn out to be 
a misnomer for what truly are simpler systems than our familiar contraptions with their unique hierarchical 
arrangement.3 There, natural adaptive systems, in 
particular biological (developmental, neural, 
collective, evolutionary) and social (network 
topologies), have an important role to play in 
providing a powerful source of inspiration for 
innovative computing technologies. Understanding 
these phenomena by modelling and simulation can 
help create a new generation of truly autonomous 
and adaptive computing systems based on 
paradigms still largely absent from classical 
engineering, such as decentralisation, autonomy 
and adaptation.  
 
Morphogenetic Engineering: A New Avenue of Bio-inspired Computing 

 
My main goal is to better understand and harness the properties of complex, self-organised biological systems and 
import them more decisively into the informatics arena. The field of Artificial Life (ALife), according to its principal 
founder Chris Langton, “can contribute to theoretical biology by locating life-as-we-know-it within the larger 
picture of life-as-it-could-be”. Therefore, in a way analogous to imaginary numbers, which embed the 1D set of real 
numbers into a 2D complex plane to solve real integrals and differential equations, imaginary forays around real-
world life should also prove immensely beneficial to both biology and engineering. Historically, along these lines, 
principles of collective computation have already been derived from the observation of natural, mostly biological 
agents: neurons (neural networks), genes (genetic algorithms), or ants (ant colony optimisation). However, these 
established disciplines have also significantly shifted their focus toward optimisation and search problems, away 
from distributed and emergent computation. I want to show new avenues of bio-inspired design stressing the 
importance and benefits of a genuine self-organisation in architectured systems, as exemplified by multicellular 
organisms and social insect constructions. 
 
In sum, while certain natural CS exhibit all the attributes of architectured systems (without architects), certain 
human-made systems have also become full-fledged objects of research on spontaneous self-organisation. These 
cross-boundary cases open two opposite avenues converging toward Morphogenetic Engineering (ME) (Fig. 2), 
defined as follows5: ME explores the design, implementation, and control (directly, by programming, and/or 
indirectly, by learning or evolution) of the agents of CS capable of giving rise autonomously and reproducibly to 
large heterogeneous architectures that will support a set of desired functionalities, without relying on any central 
planning or external lead. Said otherwise, while existing phenomena testify to the possibility of programmable self-
organisation, the challenge of ME is to tap into this vast potential by inventing new “programmable complex 
systems” or, symmetrically, “self-organised engineered systems”. This can be achieved in two complementary, and 
ultimately equivalent, ways: endowing physical systems with information (Fig. 2ab) or embedding informational 
systems in physics (Fig. 2dc). 
 
Engineering and Control of Self-Organisation 

 
ME is also one instance of a broader trend, which can be globally termed Engineering 
and Control of Self-Organisation (ECSO). Under this name, I launched and chaired in 
2015 one of the 10 “e-tracks” (http://cs-dc-15.org/ecso) of the Complex Systems Digital 
Campus “e-conference”. A growing generation of innovative researchers and projects are 
straddling two different cultures, and don’t feel at home in either one of them: on the one 

hand, the natural sciences focused on the observation and modelling of natural complex systems (in which they 
appear too “artificial” or disconnected from “real data”); on the other hand, engineering disciplines more interested 
in top-down design and optimisation of reliable “complicated systems” than complexity per se (in which they appear 
too “soft” or “bio-inspired” and not sufficiently “proven”). Therefore, the ECSO family purports to be a unifying 
pole between adaptive complex systems and engineering, which are traditionally not communicating, yet have 

Fig. 1:  A view of systems design vs. “meta-design” (from3). 
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witnessed the rise of a new, unofficial intersection populated with a number of community-grown initiatives, among 
others: Artificial Chemistries, Autonomic Computing, Collective Construction, Decentralised Sensor Networks, 
Evolutionary Collective Robotics, Guided Self-Organisation, Organic Computing, Pervasive Adaptation, 
Programmable Matter, Soft Robotics, Spatial/Amorphous Computing, and Swarm Chemistry. 
 
Three Morphogenetic Engineering Studies 
 
This last part is a brief overview of projects illustrating ME (Fig. 3): (1) Embryomorphic Engineering: 2D modelling 
and simulation of the fundamental principles of self-patterning and self-assembly during embryogenesis (from3); 
MapDevo3D: animated developmental organisms immersed in a 3D virtual environment (from6). (2) SynBioTIC: 
redesign of natural bacterial aggregation toward a new kind of “developmental 3D printing” (from7). (3) Program-
Limited Aggregation (ProgLim): self-assembly of complex but precise network topologies (from4). All cases 
explore artificial systems consisting of a multitude of micro-programmed elements interacting locally. The goal is 
to obtain new architectures and powerful functionalities bottom-up, ones that cannot be directly designed top-down. 
 

    
 

Fig. 3: ME Projects. Left to right: Embryomorphic Engineering (adapted from3). MapDevo3D (from5). SynBioTIC (from7). ProgLim (from4). 
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Fig. 2: Morphogenetic Engineering (ME). Right to left: (a) Most natural complex systems are characterised by stochasticity, repetition 
and statistical uniformity. (b) On the one hand, ME attempts to understand how certain natural self-organised systems exhibit a specific 
architecture, i.e. how physical systems can be endowed with more information and sophisticated computational abilities. (c) Conversely, 
ME also looks at architectured systems [(d)] that have reached unplanned levels of distribution and self-organisation, i.e. how informational 
and computational artefacts can be embedded in the physical constraints of space and “in materio” granularity (adapted from5). 

 


