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Abstract

We discuss Al-based and related approaches to problem-solving for an allocation design problem,
with which fuel managers at nuclear power plants are faced on a peri-annual basis: how to position
fuel-units in the reactor core (whose planar section is a symmetric grid), to achieve better. and
usually better performance during the operation period up to the next EOC point (end of cycle),
when over a new downtime period the allocation problem will have to be solved again. Forecasting
in this domain is not accurate enough to enable the preparation of robust solutions before the
reactor has actually been shut down. and the depletion degree of the fuel-units, let alone their
possibly damaged status, can be ascertained. Various approaches exist. Westinghouse’s LPOP is
based on backcalculation from a target power-distribution. In contrast, the FUELCON expert
system (Galperin and Nissan, 1988) applies hyperrecursion on a heuristic ruleset to generate alter-
native candidate solutions by the hundreds, these being then simulated for parameter prediction.
and visualised as “clouds” of dots in the plane of power peaking and cycle length. Its successor,
FUELGEN (Zhao, 1996 sqq), applies evolutionary computing, again by hyperrecursion. Arguably
anticipation—and thus hyperincursion because of its being joint with hyperrecursion—apply to
both FUELCON and FUELGEN: during the operation cycle (other than at downtime periods),
state observability not obtaining for such variable which require direct inspection, current state
estimates are based on those parameters which are observable, along with the forecast that was
obtained by simulation at downtime, so that current state estimates partly depend on future states.

Keywords: nuclear power plants, refuellings. reload pattern design,
in-core management problem, heuristic problem-solving for allocation problems.

1 Introduction: The Context of the Project

The consecutive waves of methods from computing: linear programming from operations research;
then, expert systems based on heuristic rulesets. and other knowledge-based systems from artificial
intelligence; and then again, artificial neural networks; next, genetic algorithms, and finally, hybrid
methods (Nissan, 1998e) combining the above, have had a major impact in nuclear engineering
over the last two decades, and especially in the domain inside it with which we are concerned in
particular, namely, computational methods for designing refuellings. This is also called: solving
the in-core fuel management problem (as opposed to the management of fuel kept in store). As
energy is produced, fuel becomes depleted; yet, the degree of depletion depends, among the other
things, on whether the fuel units considered were entered as part of a fresh fuel batch, or were
being reused, at the start of the relevant cycle. In fact, most nuclear plants operate by cycles,
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whose length is variable, but which are about one year long. A standard textbook on the nuclear
fuel cycle is Cochran and Tsoulfanidis (1990); see especially Sec. 6 on our present topic.

Bernard and Washio (1989) surveyed ongoing projects applying expert system technology to
nuclear engineering. For refuelling in particular, two kinds of tasks have had expert systems or
prototypes deal with them:

e the repositioning of fuel-units based on the physical constraints of a crane having to take out,
transfer and reinsert the unit in another position in the grid which represents the core,

e and designing such a reload of the fuel while deliberately ignoring such logistics of the material
operation, while focusing on the benefits in terms of effective power peaking in the successive
states of the reactor core, and of legth of the period over which the nuclear fission can be
usefully sustained (for example, one year and a half instead of just one year), as well as (of
course) in terms of safety (the power peaking being sustained, yet not excessive).

A project in the former category was NUCLEXPERT, described by Jardon and Dubois (1986).
Quite possibly, an incentive for such a focus on the first version of the task, instead of the second
option, may have been grounded in an approach to (or culture of) nuclear power as known from
the French national context: the state has a monopoly, and moreover the provision of fuel and the
management of nuclear power plants is integrated vertically, so that the national strategy is to have
reactors refuelled on a strictly annual basis, with no attempt to achieve longer operation periods
between successive shutdowns of the reactor. Whereas vertical integration also obtains in the United
States, managers of the individual plants there (as opposed to the company-level decision-making
typical of the United Kingdom) have the interest of increasing the temporal distance between
shutdowns, apart from the generalized requirement that downtime periods be kept short (they
usually take a few weeks). This is not to say that in the United Staes there has been no attempt
to devise expert systems that would approach refuelling from the perspective of planning crane
movements. “Expert systems have also been developed to assist with scheduling the movements
of fuel assemblies. One such system is CLEO, which was developed at Hanford for use in the Fast
Flux Test Facility [(Smith, 1988; Smith et al., 1985)]. Also, EPRI, in conjunction with Intellicorp
and the Virginia Electric Power Company, has developed a prototype expert system [(Naser et
al., 1987; Colley et al., 1988)] that plans crane movements for the fuel insert shuffle of a PWR”
(Bernard and Washio, 1989, p. 41). Samary Baranov, a formerly Soviet researcher, at one time
“developed—for application at Soviet nuclear plants—a method by which a solution algorithm is
converted into an optimized logic circuit design for incorporation into the hardware. (Baranov’s
conversion procedure is independent of the application domain, and was exemplified in several
ways, in a recent book (Baranov, 1994), which however does not include the by now old, but as yet
unpublished application to nuclear power plants)” (Nissan, 1998a). Arguably the earliest project
in the second category—the one which tries to achieve good solutions in the plane whose two
dimensions are power peaking and cycle length—were FUELCON (Galperin and Nissan, 1988), as
well as a prototype whose ongoing development had been reported in Rothleder et al. (1988) and
previously in Poetschhat et al. (1986), and Faught (1987). Tahara (1991) reported about an expert
system for reshuffling, i.e., like the previous project but unlike FUELCON, emulating the way a
human expert would try to generate an admissible and hopefully good fuel allocation into the
positions of the grid representing the reactor core; FUELCON, instead, generates many candidate
fuel-configurations at once and, which is what matters in the above respect, ex nihilo. Another tool
for reload design is AUTOLOAD, described by Li and Levine (1994); in AUTOLOAD, an expert
system with heuristic rules is integrated with search by means of the SCAM-W algorithm.

Other publications on FUELCON include Shuky Kimhi’s thesis (1992), as well as the papers:
Galperin et al. (1989, 1993), Galperin and Kimhi (1991), Galperin (1995), Nissan and Galperin
(1998), Nissan (1998d), Galperin and Nissan (1998). whereas an attempt to incorporate automated,
neural revision of the ruleset was announced in Galperin and Nissan (1989), and then reported
in: Galperin et al. (1995, 1998), Siegelmann et al. (1997), Nissan et al. (1994a, 1994b, 1997).
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FUELGEN, which adopts a genetic-algorithm based approach to refuellings, was the subject of
Jun Zhao’s thesis (1996); it has been described in the papers: Zhao et al. (1997, 1998a, 1998b),
Nissan et al. (1998), Soper (1998). Other attempts to apply genetic algorithms to refuelling include
the ones reported in: DeChaine and Feltus (1995, 1996), Poon (1992), Parks (1995, 1996). Nissan
(1998a) is an overview of expert system and neural network applications to nuclear power systems.
Nissan (1998b) is a journal special issue on the same subject (with also a paper on electrical power
systems, and another paper on a neuro-fuzzy tool for nuclear power plants). Nissan (1998c) is
a journal thematic section comprising five papers on FUELCON and FUELGEN — an accolade
which bears witness to the visibility of this suite of projects, on which see also Nissan et al. (2000).
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Figure 1: A schema of hyperrecursion.

2 Recursion, Multiple States, and Anticipation

Hyper-recursion takes place when, generally speaking, multiple states are generated at an iteration
of a recursive procedure, instead of merely one state obtaining. See Figure 1. As we are going to
see, both FUELCON and FUELGEN are hyper-recursive indeed. Their unifying feature is that they
generate several alternative candidate fuel-configurations, which are then simulated, visualized, and
thus ostensibly contrasted as to their respective benefits. Multiple state generation at each recursive
state is, in that sense, one of the things which set FUELCON apart, as soon as it appeared, from
extant tools for computer-assisted refuelling.

Anticipation permeates several tasks and functions in many a domain. In particular, in a com-
putational anticipatory system, the current state estimate depends (also, or even: only) on future
states. When anticipation co-occurs with hyper-recursion, we have hyper-incursion, as shown in
Figure 2. Refuellings being designed with future performance of the nuclear reactor in view, has
much to do with forecasting, for all of this not being robust, as we are going to see. Parameter predic-
tion by means of simulation comes downstream of the generation of candidate fuel-configurations—
this being the case in both FUELCON and FUELGEN. Moreover, state observability being much
diminished (notwithstanding the monitoring of some parameters) while the fuel is burning, direct
inspection is possible only at downtime periods. Unless the reactor is shut down, there are as-
pects of current state estimation which depends on the previous simulations of the operation cycle,
and therefore (in part) on states which are still future. Arguably, FUELCON and FUELGEN are
hyper-incursive. We are going to take a closer view of why this is the case indeed.
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Figure 2: Hyperincursion versus hyperrecursion.
3 Fuel Reload Pattern Design, for Refuelling a Nuclear Reactor

Nuclear power plants include reactors. We are going to be mainly concerned with pressurized
water reactors (PWR) in this paper: the FUELCON and FUELGEN projects cater to this kind of
reactors. Viewed from the outside, the vessel of a reactor is not much unlike that of a water boiler.
In the same building as the reactor, other. more slender boiler-like containers are found, towering
around the vessel. and housing are the steam generators, acting as heat exchangers. (Yet, in the
European Pressurized Water Reactor, or EPR, heat exchangers are horizontal.)

Inside the reactor vessel, the core barrel contains the reactor core proper. Nuclear fuel comes in
the form of assemblies of 200 to 250 parallel rods, whose typical length is 350 cm. Fuel assemblies
(for our purposes. fuel units) are inserted vertically into the core. which for the purposes of designing
the refuelling can be viewed as a planar horizontal section, as shown in Figure 3. It is practically
sufficient to reason on a slice of the grid, in one-eighth (or, less often. one-quarter) symmetry;
hence. posl11 labels the core position at the center, but the rest of the labelling in the same figure
is in one-eight symmetry, for the purposes of just one slice. The upper tip of the slice is the center
of the core. In the core geometry, important regions include the border of the core, the main axis,
the diagonal, as well as the core periphery. All of these are indicated in Figure 3.

One fuel-unit is inserted by being lowered vertically into a given square position in the grid;
all core positions are to contain one fuel unit. By “square”. such a position is intended that
it has four and only four contiguous positions in the same grid, unless the position is on the
periphery of the core. (Actually, a different kind of core geometry obtains in former-Soviet reactors,
where contiguity is between hexagonal positions in the grid. Moreover, in the Canadian deuterium
uranium (CANDU) reactors, fuel is inserted horizontally; but for that matter, the kind of fuel
reload design under discussion in this paper is not relevant for CANDU reactors, because for one
thing, there is no need to shut down the reactor in order to load there the fuel units: natural
uranium is used as fuel, and there is no need for downtime periods (at least, for the purposes of
refuelling), as replacement is on-line, i.e., continuous.

Let us go back to a conventional, PWR context. A few of the positions in the core are to house
not only a fuel unit, but a control rod as well, which in turn is to be lowered into the position in
order to stop the nuclear fission reaction and shut down the reactor. A reactor is to be stopped
either for its regular shut-down period (as intended for refueling and maintenance), or because of
an emergency. To avoid overheating, liquid coolant (such as pressurized water in the PWR kind
of reactor) is necessary. among the fuel rods. In pressurized water reactors, pressure is intended to
prevent the water from boiling; there also exist boiling water reactors, or BWR. “In a conventional
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pressurized-water reactor (PWR), like the ones at Three Mile Island, water flows through the core,
where it is heated under pressure of 2200 pounds per square inch. The water flows through a steam
generator, where it turns a second closed loop of water to steam. The steam powers turbines that
drive the electric generators. A boiling-water reactor (BWR) operates in a similar way, except that
water in the primary loop is only at 1000 pounds per square inch, and so itself turns to steam that
is piped directly to the turbines” (Fischetti, 1987, p. 31).

The nuclear fuel cycle includes not only the positioning and depletion of the fuel inside the
reactor, but, as well, those stages that take place upstream and downstream of the fuel burning
inside the reactor core, from the extraction of the natural uranium ore, through enrichment and
fuel assembly manufacturing, down to the disposal of the spent fuel once it is discharged from the
reactor (unless it is recycled, where this is permitted: in 1977, the U.S. government banned fuel
reprocessing and recycling).
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Importantly, this back end of the process is not coincident with periodical shutdown and re-
fueling: along with the three batches of fuel units (fresh, one-burnt, and twice-burnt) that are
available for use in the design of the refuelling, there is just one batch (thrice-burnt fuel) that is to
be discarded, apart from such fuel units that upon being inspected, are found to be damaged. The
fuel units from the two other batches are simply to be repositioned, according to the suitability of
their respective degree of depletion. For example, fresh fuel is not to be positioned at the centre of
the grid, to avoid too high a localized power density, which could damage the fuel units (or, worse,
result in hazard in respect of safety). Figure 4(a) introduces a notation for the various batches
of fuel, along with the operation which is respectively relevant. In order of recency of inclusion
into the pool, it’s the two batches at the extremes that are concerned by, respectively, addition
into the pool, and removal from further use: see Figure 4(b). At each given regular shut-down
out of a sequence, the batches are more depleted, and move down in the sequence as shown in
Figure 4(b). Some fresh fuel is added, and some of the older fuel is discarded: see Figure 5.

4 Forecasting, its Limitations, and Target Power Distribution

A typical PWR core generates, by 157 assemblies, about 3000 MW (megawatt)—these being
thermal—from which about 1000 MW (electric) are produced. A single fuel rod generates about
80 KW (kilowatt) of thermal energy. One fuel assembly, consisting of 200 to 250 rods, generates
about 20 MW (megawatt). Dontime periods, when the reactor does not produce power, are costly,
and plant managers would prefer to keep them short. One would think it to be desirable for the
design of the next refuelling to be ready for the refuelling itself to be carried out immediately as
the reactor is shut down; yet, this is not possible. There is an unavoidable bottleneck. Inspection
is necessary, and then the design of a suitable fuel reload may take a few days to accomplish,
because not just the design proper, but simulations as well must be carried out. In fact, once the
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new downtime period arrives, i.e., at end-of-cycle (EOC), the fuel manager could not possibly have
a ready-made design for reload, i.e., a tailored, reasonably good configuration that assigns one
fuel-assembly (of a given kind) to each single position in the core geometry.

“To account for that, it is not enough to point out that each power production cycle is unique;
it is. indeed, because of specific power demands, availability of fresh fuel, past cycle length as
yielding certain cumulative burnup values for each fuel-assembly, and expected length of the next
cycle. The impossibility to prepare the reload design beforehand, stems from the fact the actual
situation at each EQOC is not predictable to any useful degree of exactitude. During the cycle,
the fuel becomes depleted, and tentative forecasts of future states are possible —and simulations
are indeed performed—but the final state of the fuel (and of the resulting power densities) is
known accurately enough only at EOC, or a few weeks ahead. Uncertainties are such that they
invalidate predictions of over two or three months ahead. Were a design prepared for the next
cycle of the particular reactor, as based on forecasts for the end of the current cycle, that solution
would not be robust enough in front of unforeseen variations, to fit the actual situation at EOC”
(Nissan and Galperin, 1998). “It is necessary to reach EOC (or, often, to be about to reach it),
as an enablement for assessing EOC state and, thus, producing the design for the new cycle. This
depends on sensitivity to variations such as irregularities in power supply (stops, or increases that
had to be enacted hastily to satisfy sudden demand)” (ibid.).

Factors and their dependency as involved in the “noise” affecting predictions are described in
Figure 6. Such factors “may cause forecasts for the state of the reactor core at the next EOC, not to
correspond to its actual state at EOC. Uncertainties include (but are not limited to) the following;:
(a) network requirements, depending on the availability of other functioning reactors (“units”)
in the same plant; (b) the availability of other plants (in face of possible technical problems);
(c) climatic conditions that influence power consumption; and (d) the availability of reload-
maintenance teams at EOC. The latter is a factor that may shift the reactor shut-down by some
weeks” (ibid.). “Downtime periods at plants typically take a few weeks per years, and are costly, in
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terms of energy not supplied (and the need, for a company, to provide an alternative supply). Good
fuel-allocation design strives for efficient peaking during the fuel cycle, and for as long a cycle as
possible, but shortening downtime periods is also a goal. Cutting down inactivity periods by just
planning ahead before reaching EOC is tentatively possible, and experienced engineers actually do,
but notwithstanding a flexibility window, such forecasting is not robust enough for a ready-made
design to be applied to the problem at hand the way it results to be at EOC. Indeed, the length
of the cycle may result to have been longer or shorter than expected, e.g., because of climatic
conditions intervening in place or elsewhere having determined levels of supply different for those
planned, because another reactor or plant having been shut down required the plant at hand to
provide alternative supply, because of faults, etc. Also, at EOC' it may be the pool of available fuel
will be different than expected, because some fuel-assembly was found to be damaged and needs
replacement” (Nissan, 1998a). “Whereas in the published literature of in-core fuel management,
real case studies are discussed, the situation for which the given solutions are suitable is not the
same as the unicum constituted by your own plant at the end of a particular cycle” (ibid.). In such
countries where state monopoly makes it affordable to renounce the achievement of as long cycles
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as possible and to seek uniformity, instead—namely, such being the case of France—it has been
possible to maintain a database of thousands of past solutions, with the expectation that enhanced
interchangeability among reactors may make it possibly to match an allocation problem currently
at hand against the experience of the past. Such pattern matching, or even case-based reasoning, is
not as feasible in the industrial and institutional realities which are relevant elsewhere. Tools such as
FUELCON and FUELGEN have been devised in order to cope with such heterogeneous contexts,
where the limitations of forecasting and of available pools of real-case studies make it preferable
to embody the expert’s heuristic rules (as in FUELCON) or suitable finetuned parameters for
evolutionary computing (as in FUELGEN) in a tool which generates a multitude of alternative
solutions, to be contrasted by predicting the parameters of how they would perform if adopted.

Parks and Lewins (1992) outlined three categories of computerized tools for in-core fuel man-
agement: manual design packages (the engineer’s own expertise is applied. and software only assists
with calculations for analyzing the reactor core physics. and for visualizing the data): expert sys-
tems (which, like FUELCON. have a ruleset prune the search space, seeking good configurations):
and optimization packages. One such packages is Westinghouse’s LPOP, described by Alsop et
al. (1991), and whose conceptual structure we illustrate in Figure 7. LPOP adopts an integer
programming (near-)optimization procedure that starts from a target power distribution and cal-
culates backwards how to obtain it, by matching the available fuel inventory. The next section
describes the structure of FUELCON and FUELGEN.

5 FUELCON versus FUELGEN

A set of predefined heuristic rules is executed recursively by FUELCON's control component: see
Figure 8. The ruleset comprises a few rules, “elimination rules”. which constitute mandatory
avoidance constraints (to prevent too high local power densities in the reactor core), and a few
more rules, “preference rules”, which vary according to the performance-seeking strategy to be
adopted. Moreover, the loading sequence of the fuel assemblies is also heuristically predefined, and
is a given, in the same way the rules are. Such heuristic knowledge is applied to the data in the
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stable database of the problem at hand (the geometric structure of the core’s symmetric slice, the
positions at which the control rods are located, the pool of available fuel assemblies). The ruleset
is executed, determining which nodes to generate (or, instead, avoid generating) as, level by level,
a tree is being built: see Figure 9. The tree levels correspond to a given fuel-unit out of the
given loading sequence. The terminal nodes will be alternative fuel configurations (i.e., fuel reload
patterns). Nonterminals are partial configurations. At any given level in the tree, the sibling nodes
display the grid of the reactor core; those fuel-units corresponding to tree-levels which are upper
than the current level, appear to be positioned as inherited, i.e., in the way selected for the relevant
ancestor-nonterminal of the given node (i.e., each node inherits the partial configuration having
been constructed along the path leading to the node itself). Moreover, the fuel-unit corresponding to
the given tree-level is positioned differently in those nodes (of the same given level) whose immediate
ancestor is the same. The solution-space generator is based on the beam-search algorithm, thus,
we have there a'combination of the best-first and breadth-first methods. Solution space expansion
is performed in the tree, and, at each level, several best branches are developed; the rest of the
branches are discarded, which makes backtracking impossible.

Typically, the user is an experienced fuel manager, who will further want to improve upon
the solutions yielded by the first round of ruleset execution, once they are simulated. The user
can do that by modifying the ruleset: to steer the strategy he or she would refine the “preference
rules”, for example to achieve a zooming effect on a region in the space of solutions) This forms a
loop of automated computation and manual intervention, and each round of executing the ruleset,
recursively generates hundreds of terminal nodes in the tree constructed in the working memory

Figure 8: How FUELCON executes.
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Figure 9: FUELCON’s tree of partial configurations.

of the expert system. These hundreds of candidate solutions are projected in the plane of power
peaking and cycle length, and are visualized as dots in the admissible or forbidden regions of the
plane; see Figure 10. The simulation predicts the dynamics of the reactor physics while the fuel
{arranged as per the given configuration) will be burning up to the next EOC.

In contrast to the transparency of FUELCON’s ruleset, its functional replacement, FUELGEN,
works like a black box, and is more suitable for such fuel managers who are not necessary as ex-
perienced as FUELCON’s users. FUELCON is like a sports car, which does not suits everybody
who wants to drive a car. FUELGEN adopts MacroGA, the “macro genetic algorithm” we devel-
oped, within the framework of what is known as macroevolution, in genetic algorithms research.
In macroevolution, a number of species co-evolve. In FUELGEN, we choose not to have dominant
species among these. Migration is controlled by a migration rate (or probability) determining when
migration occurs, the number of migrants per migration (normally two), and a migration topology,
such as the so-called ring or line topology. Migrants are the best individuals in the source species,
and they will compete with all the individuals within the destination species for survival; the same
number of least fit individuals will then be removed. Each species has a different crossover and
mutation rate, which are generated from a mutation rate range and a crossover rate range. The
ranking selection method is applied to all species. It is only as a particular case, that all species may
happen to use the same crossover and mutation operators. Once in the macro genetic algorithm the
parameters and a set of species are initialized, the probability of migration is set, and each species
is initialized in terms of selection operator, crossover operator, mutation operator, population size,
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Figure 10: Improved output sets of candidate refuellings.

and crossover and mutation rates. Afterwards, all species evolve in parallel, and migrations take
place at each generation. As each generation is created, the fitness for each individual in the pop-
ulation is evaluated, and the best individual is recorded and checked; next, the genetic operators
are applied, in order to create a next generation. Yet, if the current best individual is acceptable
in terms of fitness, (i.e., if a fuel-loading pattern has been found that is as good as we want it
to be), then a termination message, “Stop”, is distributed to all species, and the macroevolution
process comes to an end. See Figure 11. One of the advantages is that we have a set of weakly
interacting species, allowing each species to concentrate on a separate area of the search space.
The species can search their own regions aggressively (under high selection pressure) and hence
quickly, without the risk of a premature loss of diversity. Moreover, as we allow the use of different
crossover and mutation rates in the various species, we avoid the problem of having to determine
effective values for these parameters.

FUELCON, and FUELGEN as well (because of its checks on populations), exhibit the advan-
tage that when parameter-predicting simulation is carried out, it reckons with, and plots, hundreds
of solutions instead of just one. Moreover, a major feature of both FUELCON and FUELGEN (a
feature which sets them apart from other projects reported in the specialized literature) consists
of the fact that the fuel reload pattern design is integrated with the inclusion of the so-called
“burnable poisons” (BP), instead of only incorporating these (and recalculating) downstream, at a
later phase of the problem-solving process. This is a definite advantage, in that the fuel-allocation
problem is solved similarly (and at the same go) when the design specifications for solving the
in-core fuel management problem for pressurized water reactors is with or without BPs. The latter
are rods of neutron absorbers inserted in part of the fuel assemblies, to better control reactivity.
What makes the two tools hyperincursive? Let us notate as Op the set of observable states

267




&S ER INTERFA CE] Evaluation Module:

\L the NOXER simulator

Initializing MacroGA

Current Generation

Genetic Operators:

New Generation Selection,
Crossover,

Mutation

Figure 11: The structure of control in FUELGEN.

of reactor p, and as ITp the set of parameters of the same reactor p. Let such parameters be
indicated as z(t) € ITp. (Only parameters that can be at least sometimes observed are included
in ITp, by our definition. And then, let S5 be the set of (practically) possible observations (i.e.,
of observable states) of the parameters at the jth occurrence of a downtime period:

Sa = {‘E(tDowntimeJ-) I z(t) € HP} where: 54 C Op.

Next, let as notate as Sp the set of observable states while the fuel is burning. that is to say,
between two successive downtime periods:

Ss = {m(t) l tDowntimej <t< tDowntimej +1° z(t) € Zp(t) . Tp(t) C HP}

where: SaU S = Op.
The subset of reactor parameters that are observable even between two successive downtime
periods is considerably smaller that the set of all parameters that can be observed at least

sometimes:
| Zo(t)] < [ITo(t)]
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Now, fuel reload pattern design is carried out and simulated at t , for t such that

Downtime py
tDowntimeN R tDowntimeN +1 :

Sc is that subset of the states of that simulation that are future with respect to any time tr
such that tn < tx < tDowntimeN i when the team at the plant is estimating the current

state, (tk ), of the reactor p, based on S4, Sp, and Sc. This makes for anticipation, and
inasmuch as the design is carried out by using either FUELCON or FUELGEN, the process of
making use of the tool is anticipatory. As we have already seen, FUELCON and FUELGEN are
hyperrecursive, so hyperincursion obtains.

6 Conclusion

FUELCON and FUELGEN, two expert systems for the design of fuel reload configurations in
nuclear power systems, constitute the outcome of two different phases in a suite of projects.
FUELCON is rather obviously hyperrecursive, because of how, during a session, the tree of par-
tial alternative configurations is generated. FUELGEN is driven by a genetic algorithm, and the
generation of successive generations is somewhat trivially amenable to hyperrecursion. Moreover,
anticipation makes these tools hyperincursive.
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