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The design of high performance fuel-additives in an industrial design setting where data is sparse and noisy and fundamental knowledge often limited, is a difficult and challenging problem. A fuel-additive is a substance added to gasoline in small quantities to provide improved performance or to correct deficiencies. As automobiles have grown in sophistication over the years in their design and have to meet several different performance criteria, the fuels also have to meet varied criteria for their performance in the automobile. As a result additives that impart different functional characteristics to the fuel continue to be used. Among deposit controlling additives, the two primary ones are: - (i) intake-valve deposit (IVD) controllers and (ii) combustion chamber deposit controllers. We are specifically interested in the design of fuel-additives that control the deposit formation on the intake-valves of the automobile. The figure in the right side shows the schematic of the intake-valve and its surrounding components in an automobile.

When the valve opens, it draws in a mixture of fuel and air into the combustion chamber where it is burned to supply power to the automobile. Over a period of time both during and shortly after engine operation, deposits tend to form on the surface of the intake valve. The Environmental Protection Agency has instituted a stringent test that every fuel-package (gasoline + additives) now needs to clear before approving commercialization This is the BMW-IVD test, which involves driving a 4-cylinder 1985 BMW vehicle over the road for a total cumulative distance of 10,000 miles. At the end of the test, the intake-valves are removed and weighed. In order for the fuel-package to successfully pass this test, it must produce an average deposit of less than 100 mg/valve. This is the property of primary concern to the fuel-additive industry.  Therefore the design problem is “Given the characteristics of a particular grade of gasoline, what is the best structure of the fuel-additive molecule that will ensure that the overall fuel-package (gasoline + additive) not produce intake-valve deposit more than a specified amount.”
Foward model - Hybrid modeling strategy
 In order to address the design problem at hand, it is instructive to consider the mechanism of deposit formation on the intake-valve. However the actual governing reactions that lead to the formation of these deposits are quite complex and a detailed description is not currently available. A variety of factors affect the IVD mechanism such as the nature of the fuel and operating conditions, valve and injector design, automobile make, temperature gradients in the valve, engine oil chemistry and so on. However the quantities that are usually measured during engine tests are only the operating conditions, fuel-grade and in some cases the chemical nature of the deposits. Hence, one usually does not have all the fundamental information required to develop a purely first-principles model that would predict the IVD formation given the initial chemistry of the gasoline package (fuel + additives) and the operating conditions. Moreover, the engine tests are expensive and cost about $8,000 a test. Hence, the data from engine tests is rather limited and due to the nature of the tests itself, quite noisy. These factors overrule a completely data-driven/statistical model for IVD prediction since such a model will be prone to the noise in the data and might not capture, even qualitatively, the important phenomenological aspects of the underlying mechanism. Under such a scenario, a first-principles model in synergy with a data-driven/statistical model for performance prediction seems most promising. The following figure shows the framework for such a forward modeling approach to property prediction from structure. 
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General hybrid framework for performance prediction from structure

Under this framework, if one were to predict performance instead of property, the structural descriptors need to be augmented with phenomenological knowledge. This implies that functional descriptors that capture the underlying physics maximally need to be used instead of the so-called structural descriptors. With this mind, a hybrid (first-principles + statistical) model was developed to provide the right medium between computationally realizable physical relevance and predictive accuracy. The first-principles model in this case is a solubility-based model for the fuel-additive and it attempts to capture in as much detail as possible the various phenomena that are hypothesized to be at play in determining the performance of the additive. This model determines, in the form of descriptors, the relative effects of the structural components of the additive on its performance. A statistical/NN model then correlates these different descriptors to the measured IVD data. 

 Inverse model with GA
The development of the complete hybrid forward model sets the stage for the inverse i.e. the actual design problem, which involves construction of fuel-additives to meet desired IVD performance constraints. Though several techniques could be potentially applied towards the inverse problem, most of them rely strongly on the functional nature of the predictor method. In our particular case, the presence of the neural-network (NN) in the hybrid model precludes the use of mathematical-programming methods because the accompanying solution strategies do not work well with NN objective functions. Evolutionary methods offer a powerful alternative, due to their robustness to discontinuity and non-linearity in the objective function. Therefore, it was the ideal method for the design of fuel-additives using hybrid forward model for performance prediction. Genetic algorithms (GAs) usually offer ease of development and are much more powerful when customized using knowledge specific to the application. The important aspects of this algorithm are the representation, and the operators used to reflect the special nature of the product design problem. For the problem at hand, the vital components of the additive that formed a conduit between its structure and performance were the head, linker and tail. This was in fact also the level of detail at which design decisions were made during formulation. Therefore the representation of every additive structure consisted of a head, tails and linker. These components were drawn from an alphabet-set or a basic palette. Additional information in terms of satisfying the basic chemical and formulation constraints in the combination of head, linkers and tails was also incorporated. All these constraints were explicitly enforced during genetic operations. An example of a genetic operation is shown in the figure below. The success of this algorithm was demonstrated with two different objectives and different scenarios. The GA was able to identify not only a whole spectrum of structures including known good performers but, perhaps more importantly, some novel ones. The synthesis potential of the identified structures was ensured to be at least fair, with the use of the feasibility-aware genetic operators.
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The branch crossover operator depicting the crossover of two parent fuel-additive molecules to 

give two new molecules
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