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Abstract
The principles of epigenesis are introduced. The examples given mostly relate to building methods but are presented in a suitably general form for application to other disciplines, and some examples are given in electrical design in order to show these principles in use outside of construction. Many of the examples refer back to pre modern construction in Europe, from times when the relationships between skilled artesans and unskilled labour were closer to the reconstruction scenario envisaged.

The key message of this paper is the need to question and challenge current financial orthodoxies in engineering and construction. The aim is to overcome an instinct to replicate present day approaches from developed countries, and to look afresh at the financial equations of engineering and construction projects. The reader is thereby encouraged to look at the costs of different engineering expertise inputs, different technologies and materials, in order to arrive at the optimum balance in for example building a rural school or clinic. To do this will involve balancing costs of experts, local knowledge, local and exotic materials, transport costs and so on. Many of these approaches are made possible by the existence of technology enablers such as the Internet and the low costs of complex electronics for test. 
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Overview

This paper presents a number of techniques and approaches for infrastructure and national redevelopment. This was originally developed in the context of a post-Mugabe Zimbabwe. The techniques described here may also be deployed in other areas of the developing world, particularly in areas where there is rapid economic expansion such as East Africa. 
There are two broad premises: 

1. The need to tap in to expertise which is situated remotely to the development of engineering and building projects, so that design expertise is delivered remotely (for example where there is a skilled Diaspora community or a project remote from the expertise which goes into its design); 

2. A novel approach to remote construction, styled as “epigenetic” engineering, in which some arrangement is put in place which enables the physical design of something to grow naturally from a few basic, repeatable instructions without the need for a blueprint. 

Techniques and ideas explored here include the use of over-engineered and modular engineering solutions, combining epigenetic and conventional design approaches. This is combined with the effective application of test and process in validating outcomes. Some notes are included on the enabling environment and the possible roles of Government and industry in bringing this about. 
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Introduction

A novel approach is explained here, whereby buildings and other engineering artefacts are not built to a blueprint, but instead are "grown" from a set of instructions, in a way which mimics the genetic system in nature. This is known as the "Epigenetic" approach. This is combined with other well-known engineering approaches such as modular design and over-engineering, to provide an approach to design which has the ability to decouple engineering knowledge from the deployment environment of a given project. 

Note that the term “epigenetic” is also used to describe a very different phenomenon in biology. The sense of the word used in this work is from Dawkins, 1991 [ref 2].

The epigenetic approach should not necessarily be applied in every case. Rather, the optimum balance should be sought between the design or blueprint approach and the epigenetic approach, according to the balance of what skills and materials are available locally to the project, and what is available remotely, along with the relative costs of each. Most projects would use a combination of these techniques as appropriate. So for example a rural bridge building project could be entirely epigenetic in nature, while a city office block may combine the two approaches to best effect.

The key to success in each case is a good regime of testing and validation. This needs to be built into formal working processes and overseen (ideally with Government mandate) to ensure that the safety and integrity of each project will be the same as it would be with the conventional approach. All such projects should be driven from a "Requirements Specification", a formal document which is owned entirely by the client or recipient of a project and not by the implementers, and against which any project is tested for success. 

As such this approach can be summed up as the equivalent, in engineering project management, of appropriate technology. The approach encompasses modular engineering, over-engineered solutions, epigenesis, formal processes, formal test and validation, and an appropriate balance, on any given project, of conventional and epigenetic engineering methods. 
Motivation
In many developing countries, people with skills and specialist education are often dispersed around the world, and are likely in many cases to remain so even after a return of stability to their country of origin. 
The result of this dispersal is that there are many from a given country who have skills and knowledge which could be used to redevelop that country, but who will be unlikely to return, or whose return might be a process over a number of years as they follow a career path which returns them at a time suited to their careers. 

The challenge facing a developing country is how to make the most of the skills and knowledge that resides in the non resident portion of the population, and to tap in to the skills of those who remain, in order to build up the infrastructure and economy as effectively as possible. 

To this challenge must be added the challenge of how to make the most of the available knowledge in the host nations. This can be seen both in terms of acquiring state of the art knowledge in particular disciplines, and also learning from the history of host nations in terms of how development was carried out there during periods when the economic and developmental conditions were closer to our own. 

Experience on other projects suggests that a small period of face-to-face time allows for the project to progress at the times in between. Similarly many enterprises are now run on a combination of remote and face to face working

Historical Perspectives

There are a number of engineering principles that need to apply in any engineering or development project. The intention is to challenge an acceptance of a sort of engineering status quo, whereby methods and processes are kept from the colonial era or adopted wholesale from developed western economies. We should be able to identify how to determine the best balance of skills, materials and techniques for a given project.

The economic situation in many developing countries is closer to that of developed nations while they were still developing, and so for example the approach taken by Britain in the Victorian era may be a closer match to current requirements. However, by understanding the dynamics of the relationships between skilled engineers and unskilled on site labour, it should be possible to develop this into something more exactly suited to for example a community self-help approach to projects. In addition, Internet and mobile phone applications open up a lot of new ways to transfer information between one part of the project and another, e.g. between the qualified engineer and on-site implementation teams. 

The sort of construction and engineering actives addressed here may take place in the context of growth points in remote rural communities, for example creating small industries such as canning and bottling plants close to the source of produce, as well as rapid building of housing and business centres at growth points. In the context of Zimbabwe, such growth is a key part of the "RESTART" policy programme drafted by the Movement for Democratic Change [reference 1]. Meanwhile in places such as Nairobi and Dar es Salaam there is rapid growth in peri-urban areas, typically driven by the urban middle classes, which may also benefit from a re-thinking of these economic equations. 
What is needed is a set of approaches that enable qualified engineers, architects and so on, to come up with designs which can be implemented remotely using locally available materials and techniques. These approaches can be applied equally to skilled people living abroad and to the use of skills from cities. An important part of the approach is in getting the best mix of skills and locations for a given project's requirements. 

An example which may help to set the tone of the approach is the simple brick arch. Throughout Britain and Europe there are buildings in which each window is topped by an arc of bricks. These arches serve the purpose of supporting the brickwork above them without the need for an expensive (and at that time unavailable) concrete lintel or other support member. In many parts of Africa however the architecture follows a predominantly 1920's approach using concrete lintels. In rural Mozambique for example the few brick built buildings that are being constructed in remote areas (as seen in the mid-2000s) seem to follow an exact template of a Portuguese house from the 1920s. 

By introducing or increasing the use of the simple arch into small scale building projects, it is possible to build higher and stronger without recourse to the more expensive technology of the lintel. 

The aim is to introduce a simple engineering solution which can make the available materials and techniques more effective. This can be scaled up, so that for example where concrete is freely available, modular constructions of Roman style arches in precast concrete can be used to build even taller buildings, and this can be done following a modular approach whereby a simple set of designs can be designed and approved for maximum safety and reusability by a remote, skilled structural engineer.

There are a number of approaches to explore to implement this. These include the use of modular engineering solutions which can be designed once and implemented many times and the use of over-engineering so that each modular solution can be applied to a range of solutions even when the material outlay may be higher than a bespoke design solution would be. 

The aim of this paper is to generalise this approach, and find ways to apply it to the whole range of engineering disciplines. Examples from construction are the simplest to visualise and may prove to be the simplest to implement in the short term. As an example, Zimbabwe already uses a number of "form" designs for houses, schools etc. and this method is designed to dovetail with the current practice. Similarly in Kenya a relatively repeatable set of building techniques is re-applied in many contexts in new peri-urban building developments. 
Seven Principles of Remote Engineering
The challenge outlined above can be met through a combination of the following basic concepts. These concepts are all explored in more detail in the sections which follow. They are:

1. Epigenetic engineering
2. Modular engineering
3. Over-engineering

4. Skills / location balance
5. Appropriate Materials and Techniques

For all combinations of the techniques outlined above, there is the need for formal verification of the solution, including the provision of self-documentation of the built artefact, and the availability of complete, transparent records of how a thing was developed and built, so that both the remote skills holder and any interested party can satisfy themselves as to how the build was carried out. This is the reason for the remaining two principles for remote engineering: 
6. Validation and verification

7. Due process and reporting

Principle 1: An Epigenetic Approach to Engineering

Introduction

Systems which exist in nature grow without any pre-existing blueprint, whereas most human artefacts are expressed twice: once as designs (diagrams, blueprints or circuit schematics) and once as the final artefact itself. These kinds of systems may be referred to as "preformationistic", that is they are "Pre-formed" in the design before someone builds them [Dawkins 1991, reference 2]. Natural objects do not pre-form their designs, so for example a baobab seed-pod does not contain a small model of a baobab tree inside. Instead they use a genetic method to build themselves, in which instructions contained in the seeds are implemented one by one until the final form of the creature appears. The seed does not contain a blueprint but a set of instructions.

Systems of this sort are referred to as epigenetic systems (Dawkins again, [ref 2]). This means that they come out of the expression of genetic material expressed through the implementation of a set of interpretations of those instructions. Epigenetic systems are not expressed twice (through blueprints etc.) but once only. 

A good example of an epigenetic system is a recipe for a cake. It is not possible to look at the recipe and see the cake, you either have to follow the instructions and cook it or, if you are a very skilled chef, simulate those instructions in your mind and imagine the outcome. There is no representation of the cake, from which the cake is built. 
Natural Genetic Systems

The instructions for the growth of a plant or animal are encoded as sequences of

DNA (de-oxy ribonucleic acid), the long, double helix molecule that contains all the instructions for living creatures encoded as combinations of four separate components in different orders. The instructions for the creature are contained in the DNA, and the creature itself implements those instructions when it is growing.

DNA works by two related mechanisms: the encoding of the actions with which the final body (the "phenotype") is to be built, and the interpretive activities in the system which does the decoding. That is, some piece of information exists in the seed and some piece of activity turns that information into a physical expression. 

There is no mediating language in which the genotype is expressed as a blueprint or other explanation of what it will do. For this reason genotypes are of necessity inscrutable to inspection. The only way to see how the DNA for a flower is expressed is to grow the flower. 

Another important factor in living systems is that development takes place in the context of the developing embryo itself, so that conditions in the embryo contribute to the results of the instructions. Each instruction in the genetic material does not contribute a simple piece of construction about one component, but a further activity towards the overall construction in the context of what is already built. 

Historical Perspectives

There is historical evidence to suggest that human endeavours have not always been completely preformationistic. In an age before diagrammatic formats were developed, and before the majority of people were literate, it was common to have construction teams produce buildings without sight of formal plans or other preformationistic material. 
The tradition of Gothic construction is one in which individual people and groups of people were able to carry out their own activities following a set of simple instructions which enables the end result to attain a coherent (but not always blueprinted) form. 

Creation today takes place twice: once in the evolution of designs and blueprints, and a second time in the expression of these as buildings. In the Gothic period buildings were often created from a sort of geometric DNA. This underlying DNA was sometimes reflected at least in part in the "Rose window", a large circular window at one end of the structure. During construction, the required geometry may have been given in floor markings and other cues which are no longer available for inspection. These geometric constructions encapsulated in some way the symmetries required in the cathedral itself. 

In applying epigenesist in a modern setting, the term "Rose" has used in this paper in a very general sense to mean any artefact which is used to represent instructions genetically, i.e. the equivalent of a seed. The rose may be a window, a list of instructions or some other item and may be built into the final building or simply made available on paper or some other medium. Floor or wall tiles may be used, and may remain in the completed building. 
The Language of Epigenetic Systems

In the context of using the Internet to transfer skills and information to remote projects, there are effectively two types of information transfer: systems where a set of genetic instructions is executed by to produce a physical artefact directly, and systems where instructions are first stored in a reusable and communicable format as a design or blueprint. 

Where a preformationistic system has languages such as formal circuit diagrams, blueprints etc., an epigenetic system will have distinct genetic and interpretive dialects i.e. dialects for coding the instructions, and dialects for interpreting them so they are "spoken" or expressed in the built artefact or phenotype.

There are two possible languages for expressing instructions to site in an epigenetic approach: 

1. Geometry 

2. Instructions in the language of the implementation techniques

The Internet makes possible the communication of vast and complex sets of information such as blueprints. However wherever information is communicated or interpreted, there is scope for error. Language, including diagrams, require interpretation whereas instructions simply require carrying out. Where appropriate, the use of an epigenetic approach may reduce the number and impact of errors in interpretation.

Embryology

In natural DNA based construction the interpretive systems are themselves built from interpretations of the seed DNA. Each distinct species arises from the final differentiation between the interpretive activities of what has already been built and the last details to be interpreted during embryonic development. The embryo is at once both the built artefact and the interpretive system. 

There is therefore a choice when growing buildings or other artefacts out of a genetic type seed. The growth can be either purely rose-based (where the information is all contained in the rose) or it can be partially embryonic. In the latter case, after the first few steps instructions can make reference both to the seed and to the part of the item already built. So for example rather than simply taking a sighting from a point on the rose, the builder may also take a sighting on an existing wall or column, with reference to the rose. This reduces the amount of material that has to be held in the seed but increases the impact of errors, which will be expressed as mutations in the final built artefact. 

The Medium

What medium can be used for the genetic code itself? A rose window is big and obvious, the idea being that anyone anywhere on the site can see it. It also makes a nice centre-piece for a place of worship. It will not always be appreciated, or even possible, on a house or a bridge or a hospital. Nor will it easily carry information on plumbing, wiring or drainage. 

Possible methods for communicating epigenetic instructions on site include work instructions, paper drawings of key constructions and methods, models, projections, sun sightings, laser beams and parts of the final product itself (this latter effectively being an embryonic approach). 

Various types of “Rose” may be made available to site in the form of wooden shapes, jigs, cut-outs and the like. Alternatively the construction of such jigs may itself be specified using the universal language of geometry. The precise balance between these two methods will vary from one type of epigenetic engineering approach, and another. 
Examples

A truly epigenetic artefact will be of a form not precisely determined in any drawing beforehand, but emerging from a set of instructions carried out on site. 

A simple example of this is the catenary arch. Catenary comes from the Latin or chain, and shape of a catenary arch can be determined by hanging up a chain. This hangs in a shape which, if built as a brick arch, will hold up an even loading because of the even weight along the chain. Uneven loadings can be designed for by hanging weights from the chain in proportion to the loadings. This method was pioneered by the Catalan architect Gaudí [reference 4], who used the method to determine the shape of complex arches with varied loadings, simulating the weights to produce models from which the final buildings were built. 

The method used by Gaudí to produce his (non epigenetic) models can be adapted by finding a way to determine arch shapes in actual size. A possible approach (though not tested yet) would be to take a strip of material, such as sacking, soak this in cement and hang it from the place where the arch is to be. When set, this can be turned upside down and used as the template for a brick or stone arch of the same shape. It can also be used as a former to bake bricks in the exact shape required to make the arch, or example for a bridge. 

To implement this as an epigenetic project, a structural engineer first needs to determine the necessary sizes of the pillars between arches, the rough heights of the arch etc. that can be supported by the material that are going to be used, and build in a large margin to over-engineer the solution. This conventional design component would include a repeatable section design which will hold up the required roadway regardless of what is underneath that. 

Then the exact arch shape is worked out on site by hanging the cement-soaked material or chain or whatever, at the widths and to the height determined by that engineer. The outcome of this will be an epigenetically built system which meets the original engineer's specifications. They would then verify the outcome via digital photograph or on site tests to show that the instructions were carried out correctly and that the outcome was successful. The original chain may even be appended to the completed span as a self-documenting design. 
A practical example of this would be building bridges from stone in remote areas. Every bridge will require different numbers and sizes of spans, but a common architecture can determine the appropriate heights and widths for pillars, with individual arches being calculated epigenetically on each site. 

In effect one dimension of the bridge will be determined via conventional engineering, giving the cross section along with a repeated (modular) design which remains constant along the length of the construction, while the lengthwise design is determined epigenetically. 

Other applications of the epigenetic approach might use simple geometrical constructions. It is of interest that recent research in the USA [ref not found] indicates that people have an innate understanding of geometrical principles regardless of their education. This means that it is realistic to communicate a wide range of epigenetic constructions to a remote site using the universal language of geometry. 
Proof of Concept

To demonstrate the concept it should be possible to produce something which, given a suitable set of simple instructions, forms a set of genetic instructions for a building. 

At one level this is almost trivial. It is possible to take a building and map out the angles subtended by various parts of it to a central point, and model these as a window or other shape. Various possible technologies can be used, the most simple being angular sightings from a lantern or a set of lines such as an actual rose window. In trying this on paper, it immediately became clear that the more the building embodies symmetries or harmonies of form, the less information needs to be encoded in the rose, as parts of the rose are referred to in different parts of the building, just as in a Gothic cathedral. 

Some proofs of concept have been developed, including a modular neo-classical building approach. From these it is clear that the code for such a building can be expressed as a small number of instructions, invoking a number of standard techniques which need only be taught or explained once, or which may be carried out off-site by conventional methods such as casting concrete blocks to a standard design to build arches. 

Looking at other engineering requirements, an example has been developed in which domestic house wiring can be de-skilled by the use of a few standard components and rules. A standard set of components can be manufactured locally which will constrain the individual home-owner to only be able to build a small but safely repeatable sub-set of the available configurations that a professional electrician would carry out. This would be combined with built-in testing arrangements so that all circuits can be certified remotely as being correct and safe. 
Use of XML

One by-product of the proof-of-concept example mentioned above is that if the instruction set for a highly modular neo-classical building can be expressed as a few hundred lines of textual code, then it will also be possible to express it using a standard communication format called eXtensible Markup Language (XML) [reference 5]. The information would be communicated in an XML file called an instance document. This can then be interpreted to create the instructions for the people working on the project itself. 

The use of XML has the benefit that the messages contained in the instance document can be validated against another XML file called a schema, in such a way that it can be determined in advance that the message contains complete and coherent instructions. 

XML can be used in conjunction with standardised design components and approaches, by referring to these in the instance document. If a set of techniques such as designs of arches in a neoclassical building language are registered as standard material in some formal repository, then these can be referred to in the XML document. The recipient can detect automatically that all the techniques and components referenced in the message all exist and have been subject to some prior engineering approval and process. They can also generate purchase orders for the materials by following the instructions. The easiest way to achieve this is with a simple software program that interprets the XML document and produces the instructions, work orders, purchase orders and so on. 

The system for doing this would involve a set of standardised XML schemas representing a number of different, standardised design components for each of the building and engineering arrangements for which such epigenetic engineering is carried out. 
XML documents used in this way would also make reference to international standard XML schemas where appropriate. 
Summary

Epigenetic techniques can be used in two separate ways: by creating original artefacts such as the catenary arch, and by combining modular designed solutions with an epigenetic instruction set for deploying those solutions as built artefacts. 

The latter case is similar to the approach taken to furniture design by the IKEA furniture company, whose products are designed in Sweden, parts built in China and elsewhere, and the final assembly carried out by the purchaser. Many of these products are highly modular so that individuals can make original but modular solutions to fit their own homes and requirements. 

Epigenetic solutions can be applied not only to buildings and fixtures but to electrical wiring and in principle almost any engineering discipline. Examples from building and construction may be the best way to illustrate these to engineers who would then be able to apply the principles in their own disciplines. 
Principle 2: Modularity
The idea of modular engineering has become very popular in most engineering disciplines in the last couple of decades. An engineer creates a piece of engineering such as a circuit design, a software module or an electronic module, and this is reused several times in the same product, or several times in future products. 

This approach is widely used in process control and fire detection, where for example bespoke systems for fire detection uses different combinations of standard electronic modules, built around a standard architecture. 

Modular engineering enables a piece of engineering, with all the relevant calculations, safety considerations, tolerances and so on, to be designed once and used many times. This allows the development cost to be amortised over several products or projects.

The key to optimum re-use is to determine an overall architecture of the engineered system such that suitable standardised modules can be fitted together in different ways. For example a communications system will have a standard "Rack" with space for standard modules, and a standard "Backplane" into which these modules are slotted. The key to this is standardisation of the architecture. 

This idea has been developed extensively in recent years in software engineering, where standard software modules are developed from generalised "Classes" of modules to create reusable "Objects" which are supported by the architecture of the system. This is known as Object Orientation. This has developed to the point where principles used in software engineering may be redeveloped for other engineering disciplines, though in electronics for example there is already a high degree of reusability. 

The modular approach can also be extended into unfamiliar areas such as building design (with for example the use of a standard arch design in different buildings) and also into business processes, where process development and supporting software development should go hand in hand. For examples, a standardised supply chain management process would enable companies to integrate their activities with one another as well as making the activities themselves easier to automate and easier to carry out remotely. 

Common engineering modules form a key building block for the epigenetic approach outlined later in this paper, as they enable an optimum cost balance between the cost of skills and the deployment of engineering artefacts. 

The Zimbabwean state has used standardised designs for common types of building for some time, to good effect. The modular approach adds to this by not only having standard designs for complete items, but for parts of a greater whole.
Principle 3: Over-engineering

The most obvious difference between artefacts produced by modern engineering methods and those produced during early industrial or other expansion, is that modern engineering involves designing the artefact to use as few materials or components as possible while still meeting the remit of the design. The cost of the engineer's time in achieving this is not generally factored into the design equation. 

Examples of over-engineering include Roman and other ancient constructions, and Victorian British building and civil engineering such as the large brick built arches which still make up the major part of the United Kingdom's railway infrastructure.

The economic equation in Victorian times was not that different to our own, with a few qualified engineers and a large unskilled workforce. Many of the things they built were not optimised for minimum materials or cost, but were built simply to stand up. They are notably still standing where more highly optimised designs are not. 

Over-engineering can be combined with modular engineering solutions by re-using solutions that are well within their engineering tolerances - for example an arch or steel span which holds less weight than it needs to, an electrical power supply which supplies only a fraction of its power. This is more expensive in material terms than a design which is optimised for the exact context in which it is used, but this expense can be set against the cost of having to design the thing at all. 

Many Victorian buildings used a limited and standardised set of engineering or building techniques, and there are often small differences between for example adjacent buildings, such as to suggest that building was not always carried out to blueprints of the same level of detail as would be the case today. Looking at the Georgian era in London or Dublin, one can see entire streets of houses in which a single, over-engineered design is used over and over again. 

As noted in the section on cost balance, any engineer designing something remotely in the context of redevelopment in Zimbabwe should consider working well within the tolerances of the materials and techniques, exchanging a cost-centred approach for a system which will be unlikely to fail if the standard of workmanship is not as high as would be liked, and which can be applied in a wider range of problem contexts by being prepared to work within tolerances. 

Similarly, by engineering using standardised, overenginereed modules, it should be possible to come up with wide range of designs and configurations which are safe and adequate to the purposes for which they are intended. The multiplicity of ways in which these standard design modules can be deployed leads to the possibility of generating completed engineering systems using simple instructions sets and references to standardised, pre-designed engineering components from a library of such. 

Principle 4: Skills / Location Economic Balance

The conventional approach to any engineering or construction project can be characterised as having a combination, in one place, of engineering skills, artesan skills and labour. The engineer or architect works out the detailed engineering design, carrying out specialist calculations to ensure the integrity of the design. These may include calculation of physical forces, electric currents and voltages, safety considerations and so on. The design is then implemented by the use of a combination of skills in the organisation, from skilled artesans to unskilled labourers. Typically in a large scale engineering project labourers would be overseen by a foreman who has the appropriate skills to interpret the design and ensure the integrity of the built result. 

Modern engineering combines an understanding of materials, techniques and costs, to arrive at a final design which delivers exactly what is required and no more, and which does this for the lowest possible cost in materials and labour. The engineer does not factor in the costs of his or her own involvement in this equation. 

The epigenetic approach outlined above gives one alternative to this, however it must be thought of as being at one end of a continuum of approaches. In the epigenetic approach local, less skilled teams are able to create engineering or built artefacts from a set of simple instructions put together by a remote, skilled engineer. However, it should not be assumed that the complete separation of the two is always the optimum approach in terms of financial efficiency. There will be cases where local techniques or materials which cost more in material terms, can be balanced against the cost of having a skilled engineer on site, and there will be times when the additional costs of materials will be greater than the cost saving of more detailed engineering involvement. As the economy changes, so this balance will change also.

Similarly it may be possible to spend more on sophisticated electronics equipment. For example a housing development might make use of a self-testing electrical distribution board. The costs of the equipment may be lower than having an electrician visit each house. The cost of the test equipment would then be balanced against the saving in the electrician's time. 

Every project is different, and the important thing is to revisit the costs of each part of the engineering value chain, and determine the optimum cost balance. A simple example would be a modular building design using standardised concrete arch components to create a robust and repeatable building component. The arch would be over-engineered, and the result would be a building which costs more in materials and delivers less in available floor space. Set against this would be the saving of a considerable part of the costs of the engineer or architect, who would design the module while a range of other participants can specify separate building constructions epigenetically. 

Costs of distribution should also be factored into this equation. When building a hospital in a remote rural area, the cost of transporting concrete lintels for doors and windows may be considerably higher than the cost of making brick arches using locally manufactured brick. The engineer carrying out the initial modular or epigenetic design should consider these cost balances as well as the safety parameters of the intended materials and techniques. 

Principle 5: Appropriate Materials and Technology

A balance also needs to be struck between the cost and availability of materials or components, and the transport of these to the required locations. Locally sourced materials such as compacted earth, compacted straw, kiln-baked bricks and so on will often be preferable to something which has to be transported over long distances or imported in exchange for foreign currency. 

The meta-design for a project may for example use materials of a lower specification while over-engineering the way they are used, and still come out ahead in terms of the ratio of costs overall. Calculations of this sort need to be carried out as part of the meta-design for a remote project. Sometimes the optimum result will be a mixture of local and exotic materials and techniques – for example local stone used in catenary arch development supporting more conventional load-bearing components. 

This equation will also vary depending on whether the development is to be carried out in an urban or peri-urban environment (such as a mass rapid transportation system), or a very remote rural area (such as for a bridge over a river). 

Verification and Validation

The last two principles involve verification and validation of the completed artefact. These two words have very specific meanings in engineering, as follows: 

· Verification is determining whether something has been built according to its design, 
· Validation is determining whether that design was itself a true reflection of the original business requirements. It should also be possible for the remote engineer to validate an epigenetically produced artefact against the original requirements and safety parameters intended for it.

In systems which are built epigenetically, there is no design to validate against the business requirements, or against which the built artefact can be verified. To retain engineering integrity, these principles still need to be applied in some other way. 

Verification may be applied to a whole engineering artefact if this has been built according to a blueprint i.e. preformationistically, or to modules and components which are built to a plan and then combined epigenetically. The alternatives for the engineer are to verify completion in person (possibly under the incentivisation scheme noted earlier), or to find some way of verifying completion remotely. 

Principle 6: Remote Verification

If an engineer or architect is to specify something remotely, then they must also verify that what was built meets their specification. This implies a need for detailed formal testing. There are several aspects of doing this remotely:

· Digital photography

· Build for test

· Self-testing systems

· Remotely monitored electrical test circuits

· Instrumentation

· Astronomical Alignment

Digital photography

An obvious way to communicate the completion of physical artefacts such as buildings, civil engineering projects and so on would be through taking digital photographs and uploading these to an Internet site or sending them via email. The technology to do this is now cheap and ubiquitous. 

Additional information such as length measurements can be communicated by putting a ruler or meter rule in the photograph as required. 

Build for Test

Wherever possible, engineering artefacts should be designed to simplify remote verification. This means building for testability. This is a standard approach in software and electronic hardware design, where for example a printed circuit board will have built-in connections for test equipment. Techniques exist in most disciplines, and these should be considered wherever possible. 

Self-testing Systems

Where it is justified by cost or safety considerations, equipment often has complete circuits built in specifically for self test. Conventional economic considerations mean that it is usually only high-end safety critical equipment that has such self-test designed into it, however the different economic equation considered here suggests that it may be possible to put more cost into design of self test arrangements for less critical systems, in place of human testing. 

Remotely Monitored Electrical Test Circuits

Electrical test circuits can be designed which give a predictable signal for various good or bad conditions for the item under test. This can be applied to electrical engineering artefacts, or (by applying instrumentation to other items such as mechanical or civil engineering artefacts), a number of types of item can be verified remotely using suitable circuitry. 

These may also make sounds which can be monitored locally to show a good or bad outcome, and can be heard over the phone or Internet, or be broadcast publicly in the community. 

Instrumentation

Almost any system can have electrical instrumentation applied to it, including existing factory production lines which will have a degree of instrumentation already. A range of different variables can be detected such as temperature, pressure, movement, flow and so on. 

Modern standardised instruments are available for all these variables and more, so that rather than having to design a circuit for each instrument circuit, these can be interfaced using one of a small number of standard instrument circuits. These may then be interfaced to standard off-the-shelf Programmable Logical Controllers (PLCs) rather than requiring bespoke engineering systems in the way that older production and monitoring equipment would have done. In most cases, the engineer simply needs to design the instrumentation circuit according to the available standards. 

This principle can be used by designing more extensive instrumentation to an engineering product than there would be in a conventional setting. This may also be used in reclaiming production facilities which cannot presently be monitored remotely and are therefore difficult to manage. 

Astronomical Alignment

Taking the example context where a building is being built using epigenetic techniques, there has to come a point where the architect or other responsible person can verify that it is complete and correct, or that some important build stage has been completed correctly. 

There are some intriguing clues from antiquity about one possible approach to this. First though, I would like to give an illustration from Zimbabwe's history. 

A commercial farmer was getting some labourers to build a wall. At first, things were not going well, and the farmer could see that the wall was not straight. So he devised a test technique. The wall was positioned in such a way that at a particular time the sun would shine exactly parallel to the surface of it. So the farmer promised to return at that time with a nail, and bang that nail into the top corner of the wall, in the direction nearest the sun. If the shadow of the nail was visible all the way to the opposite corner of the wall, then he would know the wall was straight and would accept the work as being completed correctly. 

This technique did not necessarily help in finding a way to make the wall straighter, but it provided a simple test point, which could be carried out using only the sun and a nail. In the old-fashioned culture of its day, the existence of this test probably helped focus the minds of the workers in doing a better job, but the main point of interest for this paper is that it provided a test facility. 

This technique can be adopted more or less as it stands, or can be adapted to the use of mirrors and lenses such that any surface or direction can be surveyed using the sun, without necessarily waiting for a given time. Laser beam tools can also be used in this way.

This technique also suggests another possibility. A number of ancient buildings, from the Pyramids in Egypt, to Stonehenge in England and many others, are aligned to some astronomical event or place, such as the stars around the North Pole, the rising sun in midwinter and so on. These are usually attributed to some religious or ceremonial reason, and it is probable that these requirements would have been explained in religious terms to people carrying out the work. However it can be seen from a pragmatic viewpoint that aligning a part of a building to an astronomical event provides for a rigorous inspection that can be carried out at the time of that event. Just as the farmer promised to return with a nail at a given time of day, so the alignment of a building could be verified at the exact time of a given astronomical event. 

This technique may be more useful than it first appears, when one considers that at the present day there is a detailed knowledge of the movements of the stars and planets, such that an astronomical event can be identified for almost any date and direction, and an inspection of alignment or other feature can be predicted as required. This would require some involvement of an astronomer in Zimbabwe. 

This idea can be used to specify or to test, or both. It can be applied to the alignment and integrity of buildings, bridges, dams and so forth, but is less amenable to adaptation to other disciplines such as electrical engineering. One context in which this approach might deliver good value would be in laying out pipelines or roads. A remote surveyor would determine a route to be followed from the map, and an engineer would define a set of repeatable techniques to complete a section of the work. On completion of each section the surveyor would specify a fresh alignment for the next section using an astronomical event. 

The design of a building, bridge or dam can be adapted to allow for such alignment. The most useful application would be in applying this to something safety critical such as a dam, by for example aligning the pitch of a wall to the sun's elevation at a given time. 

While this idea may not have a wide range of applications, remote engineers should keep in mind there is a freely available set of exact bearings available at different times, which can be unambiguously predicted remotely and implemented on site, either for sightings for work to be carried out, or for inspection. With inspections, a simple digital photograph can provide unambiguous evidence of completion of works. 

The simpler nail-and-sun idea can be applied to any surface (and with the use of mirrors, at any time). Laser sighting tools already exist for this function but may not always be affordable. 

Principle 7: Validation

Just as a design is validated by review against the original business requirements, so something which is generated epigenetically takes the place of the design itself, and must be validated. However, if it does not meet the requirements it is too late. 

Synthesis of Models

In areas where there is doubt about valid implementation, some synthesis of a model is required. This requires developing a model or simulation by following the instructions, in order to see what will result. Doing this will also debug many (though not all) of the possible errors that may arise in actual construction. 

Peer Review

In many cases it may be sufficient for a suitable qualified specialist to peer review the instructions in order to determine whether the expression of these as a final artefact will be adequate. This would be like showing a chef a recipe. 

For use of remote skills in non-epigenetic systems, a peer review of the design should be mandated, in order to reduce the risks of the remoteness of the responsible engineer. This needs to be built into a rigorous and enforced process for such development, and attached to payments for those services. 

Continuous Assessment

For epigenetic systems, some of the methods developed in software development may be used, to provide for stages of assessment during the development of the built artefact. The processes set up for epigenetic development should include for the engineer to define frequent test and development stages in which assumptions made in setting up the epigenetic materials are tested. 

Due process and reporting

The emphasis with all of these techniques has been to replace the presence of skilled personnel on site, with getting them to remotely design and then remotely verify the required artefacts, while using modular engineering components and (where cost justified) epigenetic techniques. 

There are obvious safety implications to this, and any culture of impunity or (where rewards exist for completion) corruption, mean that not only the engineer but also society as a whole needs to be confident that the engineering that was remotely specified has been carried out correctly, and was also correctly specified in the first place. 

This can be achieved through the rigorous implementation of formal processes. These need to be mandated through Government, such that no building or engineering project can be undertaken remotely or epigenetically without the relevant checks and tests being in place. 

It is beyond the scope of this paper to define such a process in full, but as a minimum a standard process should be defined which would include:

· Requirements specifications, owned exclusively by the client or recipient community and defining what is needed

· Peer review of the original engineering. This would verify that if someone says a given approach is (a) safe and correct and (b) able to be reproduced accurately in the specified remote context, then someone else unknown to them agrees with this;

· Peer review and public execution of the required verification tests

· Public access to the details of the remote engineers and other specialists doing the design and engineering

· Complete transparency of every part of the process, and the outcome of every activity and test

· A cultural of participation, particularly among the recipient community in the case of engineering development and building projects. 

Another, culturally effective technique which would complement this will be to mandate that for any building or other work, a responsible engineer or architect should have their name clearly and indelibly included in the final work, ideally visible at a point early in the process. This would ensure that those who specify design and engineering remotely take their responsibilities just as seriously as if they were on site in person, since their name will be permanently on site. 

In addition, some specific epigenetic techniques which may be developed, may incorporate mechanisms for providing an ongoing, validatable record of the steps which went into its construction. For example, in a catenary arch the original chain element may be attached to the side of the finished arch. Phone records may also be retained at some central, publicly available repository, and may be added to during the life of the object for continuing public assessment and validation.

Policy Recommendations

In order to make the most of these opportunities, there are a number of steps in which Government can be involved. These include

· State investment in the enabling technology;

· Define reward systems such as locally redeemable currency notes, tax incentives and so on for remote participants in the economy;

· Mandating processes to support some of the non-conventional approaches outlined in this paper;
· Creating a standardised reporting regime for companies reporting, financial markets etc. 

There is a role for Government (whether central or local) in underwriting the core communications and collaborative work system, and defining the processes to ensure that the integrity and safety of solutions.
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