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Distributed intelligence or a simple coherent mental model?
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Abstract

Understanding in design involves producing a simple, coherent mental model or framework to which new pieces of information can be appended. Computers can help or hinder this process.

Introduction

The word intelligence comes from the Latin to understand and whatever other interpretation we may put upon the word intelligence, understanding must be the starting point. Understanding is at many levels, one might speak of a superficial or a deep understanding. The deeper the understanding, the more that irrelevant details are stripped away. Understanding involves producing a simple, coherent mental model or framework to which new pieces of information can be appended, including design decisions. If a new piece of information does not fit in the frame, either the new piece of information or the frame have to be modified or abandoned.
Understanding is passed from person to person and from generation to generation in many ways: speech and writing, drawings, mathematics and objects. In engineering each generation learns from the past by looking at objects, carts, pumps, mills, bicycles, bridges, dams, cars, aeroplanes, The Volkswagen Beetle (figure 1) differs from the Fiat 128 (figure 2) in thousands of ways, yet the application of intelligence will rank those differences, probably starting with the fact that one has the engine in the rear. The Fiat itself was inspired by Issigonis’ Mini. Volkswagen engineers chose the Fiat as the starting point for their design of the Golf and the Beetle design became extinct, at least for popular cars. The Citroën GS (figure 5) grew from the DS (figure 3) and 2CV (figure 4). But modern small Citroëns are descended from the Fiat, mainly because improvements in roads mean that ride quality is now less important.

Models

An individual or group can represent their understanding as a model. Models are abstractions of reality and can be used to represent things that exist or to capture an idea. A map is a simple example of a model used to capture an existing situation. Only the detail that is required to convey particular information is used and this is represented in an abstract form. For example a road map and a terrain map show significantly different detail. Roads can be expressed as lines connecting points which define locations whereas landforms can be described with shading or contours.

In the design process models are used to represent ideas that do not yet exist in a material form. This provides a means for testing an idea before it is realised. In this sense drawings serve the same role as physical models and computer models in the design process.

The objects described above that capture engineering knowledge can also be considered models. Their current configuration has emerged from a series of tests and modifications that have occurred incrementally. They represent intelligent input distributed over time. This kind of development can be seen in vernacular buildings each new version is improved slightly as a result of observing flaws in the previous one. Eventually a coherent model emerges that represents the object, its function and its environment. The Scottish croft (figure 6) is an example of this. Its massive construction, small rooms that are easy to heat and a low surface area to volume ratio reflect the need to retain heat in a cold climate.  
Innovation

The Wright Brothers were bicycle manufacturers, a mature technology at the turn of the last century (figure 7). Wilbur Wright explains countersteering:

‘I have asked dozens of bicycle riders how they turn to the left. I have never found a single person who stated all the facts correctly when first asked. They almost invariably said that to turn to the left, they turned the handlebar to the left and as a result made a turn to the left. But on further questioning them, some would agree that they first turned the handlebar a little to the right, and then as the machine inclined to the left, they turned the handlebar to the left and as a result made the circle, inclining inward.’
This type of understanding was crucial for their design of a powered aircraft (figure 8) for which there are three problems to solve, power, lift and control. Over the next 50 years thousands of engineers, scientists and mathematicians improved the design of aircraft to produce aeroplanes like the Boeing 707 (figure 9) by 1957. Even though we now think that a computer is indispensable in the design process, the 707 would have been designed largely without computers, although Boeing had begun to use analogue computers in the mid 1940’s and took delivery of an IBM 701 digital computer in 1953. IBM produced the first FORTRAN compiler in 1957, and FORTRAN is still used, primarily for science and engineering.

Each area of technology goes through periods of rapid advance and relative stagnation. The shift from a purely craft-based approach to construction to one where objects were drawn before they were built is an example of this. The rapid advances correspond to the role of designer becoming distinct from builder. The drawing provided the designer a level of abstraction that escaped physical laws, material difficulties and the constraints of labour. New ideas could be developed on paper and tested theoretically without fear of wasting time and money. The draughtsman still required a coherent understanding of construction but was in a position to experiment.

Specialisation of labour later formalised and separated the roles of engineer and architect which corresponded roughly with the development of structural design theory. By the time that Arthur Vierendeel published Tome VII of Cours de stabilité des constructions in 1908, pretty much all there is to know about the theory of structural design in iron, steel, concrete, timber and masonry was known. Vierendeel himself built many bridges, and there is no doubt that Alexandre Sarrasin must have had copies of Tome V Pièces Courbes et Polygonales, Ponts suspendus rigides, Poutres rigides (figure 10) and Tome VI Maçonneries, Fondations, Béton armé when he designed the Pont de Naou-Hounts, which was completed in 1931 (figure 11).
Like Vierendeel and Sarrasin, Ferninand Arnodin had a clear understanding of the relationship between design and structural behaviour. One can look at the reinforcement in Sarrasin’s Pont de Naou-Hounts, or the arrangement of cables and struts in Arnodin’s Marseilles Transporter Bridge (figure 12) and immediately see how the structure works. Further than that, the calculations to establish these forces would be very simple, based mainly on a thorough understanding of the principles of static equilibrium.
Theory

Mathematically the theory of shell structures (figure 13) and the General Theory of Relativity are very similar. The General Theory of Relativity is quite brief – Dirac (figure 14) is only 70 pages long and much of the material has been presented by page 30. The General Theory is about curved space-time and uses the same mathematics that is used in shell theory to describe curved surface structures. In the General Theory force is dimensionless because mass, length and time share the same units. The relationship between structural theory and mathematics has always been close and mathematicians and scientists from Galileo to Maxwell were involved in the development of structural theory (Timoshenko, figure 15).

Thus it could be argued that one should study Dirac before designing a shell structure. On the other hand it is true that if one can produce a 3D computer model of a structure, then it is easy to put it into a commercial finite element program to see whether the stresses exceed certain values. So it could be argued that you don’t need to know anything about shell structures before designing one, in the same way that one can safely drive a car without having any knowledge of car mechanics, or even Newton’s laws of motion. There is no logical way out of the dilemma, although common sense says that there must be some middle way. Computers, like any technology, have a great impact on people, new skills are needed while others wither.

The middle way indicates that we need to develop some new sensibilities for working with new modelling methods. Common sense tells us every time we want to drink something we do not make a new drinking vessel. Instead we pick one from the shelf which is suited to our level of thirst, the temperature of the drink and the quantity. If an appropriate vessel is not on the shelf we have several options; we might try to use an inappropriate one, we might buy a new one, we may make one or we may chose to drink something else. This suggests we need to develop skills in determining when to use existing methods, software and models, when to question them, when to adapt them, when to start from scratch and when to question what it is we are trying to do.

Calculations and safety

Engineers traditionally (up until about 1980) did calculations on a slide rule (figure 16), invented by William Oughtred in 1622. The slide rule has two logarithmic scales. Adding these two lengths multiplies two numbers. The relatively laborious nature of these calculations meant that engineers thought about what they were doing before embarking on too much arithmetic.

The simulation of the workings of a nuclear power station (figure 17) involves the same sort of calculation as the simulation of the world in animated films (figure 18). They both make use of disciplines like CFD (Computational Fluid Dynamics – figure 19). 

The connection between the real world and calculation is always tenuous, it is not possible to prove that a structure will not fail. All that one can do is to postulate all the possible ways in which it can fail and try and convince oneself that each failure mode is sufficiently unlikely. That is why engineers are pessimists.

Convincing oneself that the structure will not fail requires a coherent mental model. The structural simulation model is based on some abstraction of reality which is informed by assumptions. The coherent mental model consists of a combination of understanding the assumptions made in the simulation and careful examination of both the input and results. One way of developing knowledge of fundamental principles is to create physical models that provide a tactile way of understanding how a structure performs and how it is likely to fail.

Physical models

Physical models were used to design the Mannheim gridshells (Carlfried Mutschler + Partners, Frei Otto and Ted Happold, Ian Liddell and Chris Williams, then at Arup). Figure 20 shows the hanging model used to define the shape (based on Gaudi’s techniques) and figure 21 shows the load test of the finished structure. This was in 1974 and in fact Büro Linkwitz did a computer formfinding based on the hanging model and it was Linkwitz’s model that was used for erection. There were also load tests done on small models and a computer analysis done on a CDC computer (figure 22). Gridshell of the Mannheim type are extremely non-linear and even today there would be aspects of structural behaviour which can only be fully understood by feeling a model on the point of collapse.

The program written for the structural analysis of the British Museum Great Court roof (figure 23) which now runs in a minute or so on a laptop could not have run on the CDC, it would have required too much computer time and storage. This program was written specially for the project, but usually one has to use off the shelf software, even if it is not really suitable.

Other worlds

Thus far we have discussed the use of computers in ways that mimic earlier, non-computerised methods, doing drawings, performing calculations etc. The computer is simply a labour saving device that is not directly involved in the creative process. It may help ‘optimisation’, but only by making more information available. The computer is kept under strict control, only doing exactly what it is told.

If computer programs are less rigidly structured, unexpected results can emerge. Emergence is the production of complex behaviour from simple rules, involving the production of order from disorder. These rules can be ‘real’ in that they are based on the real world, or they can be purely imaginary and only exist in a computer calculation. The form in figure 24 emerged or ‘evolved’ out of a calculation in which nodes were given a fictitious tensor mass associated with structural stiffness. Thus this form could not have been produced in the real world.

Iannis Xenakis (1922 – 2001) was an architect, composer and theorist. As an architect he worked with Le Corbusier on the Philips Pavilion at Expo 58 in Brussels (figure 25) and the Sainte Marie de La Tourette (1960). The geometry of the Phillips Pavilion was based upon Xenakis’ musical composition, Metastaseis (1954, figure 26). Xenakis was a pioneer of electronic and computer music and the application of mathematics and physics to music. Thus he was able to attempt the integration of sound and architecture. It is perhaps only through such avenues that computers can have a truly creative influence.
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