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COMPUTER MODELING FOR OPTIMAL PLACEMENT OF GLOVEBOXES 

Abstract: Reduction of the nuclear weapons stockpile and the general downsizing 
of the nuclear weapons complex has presented challenges for Los Alamos. One is 
to design an optimized fabrication facility to manufacture nuclear weapon primary 
components (pits) in an environment of intense regulation and shrinking budgets. 
Historically, the location of gloveboxes in a processing area has been determined 
without benefit of industrial engineering studies to ascertain the optimal 
arrangement. The opportunity exists for substantial cost savings and increased 
process efficiency through careful study and optimization of the proposed layout 
by constructing a computer model of the fabrication process. This paper presents 
an integrative two-stage approach to modeling the casting operation for pit 
fabrication. The first stage uses a mathematical technique for the formulation of the 
facility layout problem; the solution procedure uses an evolutionary heuristic 
technique. The best solutions to the layout problem are used as input to the second 
stage - a computer simulation model that assesses the impact of competing layouts 
on operational performance. The focus of the simulation model is to determine the 
layout that minimizes personnel radiation exposures and nuclear material 
movement, and maximizes the utilization of capacity for finished units. 

INTRODUCTION 

The end of the Cold War has dramatically changed the role of the nuclear-weapon stockpile 
and the associated research, development, and testing of weapons by the national laboratories. 
Formerly, nuclear deterrence was achieved by large-scale production and a commensurate large- 
scale budget. The Strategic Arms Reduction Treaty (START) and START I1 called for reducing 
the strategic-weapons arsenals of the United States and the former Soviet Union. The existing, 
reassembled, or retrofitted weapons in the enduring stockpile will be stored indefinitely to ensure 
nuclear competency. The streamlined weapons complex of the future will focus on long-term 
storage of nuclear material, weapons dismantlement, and a modest fabrication and rebuild 



capability of weapons components as a hedge against aging or degraded weapons in the 
stockpile. 

The Plutonium Facility (TA-55) at Los Alamos National Laboratory (LANL) is one 
operating facility with established R&D programs that can be implemented on a larger scale to 
provide production capability for the fabrication and recovery of plutonium. Ancillary activities 
such as waste recovery and disposal, non-destructive assay, analytical chemistry, radiography, 
and transportation also currently exist at LANL. Assuming a fixed lifetime in years for the 
nuclear portion of a weapon, a specific number of weapons will have to be requalifiedreused or 
manufactured annually to maintain the weapon stockpile. The challenge for TA-55 is to design 
an optimized manufacturing facility that is capable of producing the needed quantity of nuclear 
weapon primary components (pits) subject to the constraints imposed by oversight organizations 
and funding sources. Reconfiguring the existing pit fabrication area at TA-55 is necessary to 
accomodate the proposed level of production and includes the decontamination and disposal of 
outdated equipment, installation of new gloveboxes and equipment, and upgrade of existing 
gloveboxes. 

Historically, the location of gloveboxes in a processing area has been determined without 
benefit of industrial engineering studies to ascertain the optimal arrangement. The opportunity 
exists for substantial cost savings and increased process efficiency through careful study and 
optimization of the proposed layout by constructing a computer model of the fabrication process. 
This paper presents an integrative approach to modeling pit fabrication using a mathematical 
technique for the formulation of the facility layout problem and a simulation model to evaluate 
the impact that alternative layouts have on performance measures. 

SIMULATION OBJECTIVES 

The existing pit fabrication area is located in one wing of TA-55, and occupies an area on the 
order of 20,000 square feet. Operations located in the area are casting, machining, non- 
destructive assay, assembly, inspection, and testing. The operations are in fixed locations within 
the wing; however, individual processes within the operations can be relocated to minimize 
exposure to technicians and to increase operational efficiency. 

The casting operation is performed in the foundry, and it is the operation considered to 
present the highest radiation exposure hazard to radiation workers. The processes located within 
the foundry have the most flexibility for relocation (at a cost) with respect to the rest of the pit 
fabrication operations. All other factors being equal (complexity of material flows, skill level of 
personnel, working hours, waste generation, and interim storage), the casting operation 
represents the “worst case” of the pit fabrication operations. The analysis techniques developed 
for the casting operation can then be applied to the remainder of the fabrication operations. 

The foundry consists of two glovebox lines connected by a single trolley system. Each 
glovebox line is divided into two trunklines, each with its own material transport device. There 
are 17 possible locations on the glovebox lines to which 16 casting operations can be assigned. 
The conceptual arrangement of glovebox locations within the foundry is shown in Figure 1. 

The goal of modeling the casting operation is to produce an optimal layout configuration for 
the foundry. A configuration can be defined as a matching of a fixed number of processes to an 
equal number of locations within the foundry. The estimation of personnel radiation exposures 
at a given capacity is of primary importance. An optimal configuration will best utilize the 
resources available to maximize capacity and reduce personnel exposures. An additional 
objective is the determination of an optimal operating strategy for the casting operation. Factors 
influencing an operating policy include the number of radiation workers that are required, the 



FIGURE 1 
ARRANGEMENT OF GLOVEBOXES IN THE FOUNDRY 
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need for additional processing and material transport equipment, and the need for additional 
storage. 

Simulation is the most commonly used method for studying the complex interactions of 
operators, materials, and equipment in a stochastic environment. Simulation allows an 
experimenter to estimate the performance of a system under competing configurations in order to 
determine which combination of parameters results in an optimal operating policy. However, 
using a simulation model alone to simultaneously evaluate the performance of a complex system 
and optimize the operating parameters is not practical because of the number of parameters. 
Optimization of process parameters and analysis of a system operating under those parameters 
are two very different problems, each with their own formulations, data requirements, and 
constraints. A better approach is to employ a methodology that combines an optimization 
technique yielding [intelligent] solutions for input to a simulation model that, subsequently, 
estimates the performance of the system being studied. By iteratively generating a set of 
parameters and then studying the effect on system response, the optimal operating strategy can 
be determined. 

Modeling the fabrication and recovery processes to determine the optimal layout and 
operating strategy can best be accomplished in two stages. The first stage is to model the layout 
of the facility as a quadratic assignment problem and apply an optimization technique. The 
optimization model is well suited to determining alternative layouts that optimize personnel 
radiation exposure. The second stage is to construct a simulation of the casting operation using 
the best layout solutions from the optimization model in the first stage as inputs. The objective 



of the simulation model is to determine the layout that minimizes personnel radiation exposures 
and nuclear material movement, and maximizes capacity. 

The next section is devoted to a discussion of the quadratic assignment problem (QAP) and 
its applicability to facility layout. In the following sections, the solution methodology for the 
QAP, a description of the operations and the resulting process simulation are described. Finally, 
the results and conclusions of the study are presented. 

FACILITY LAYOUT AS A QUADRATIC ASSIGNMENT PROBLEM 

The Facility Layout Problem 

The importance of the physical layout and design of a manufacturing process cannot be 
underestimated. The efficiency of an operation depends on the proper utilization of personnel 
and equipment, and the efficient movement and storage of materials. Traditionally, facility 
layout has been accomplished manually by employing a “cut-and-paste” approach (Urban, 1993) 
where permutations of a layout are explored by rearranging work stations and equipment. This 
approach is effective when the number of locations is small. However, the number of alternative 
arrangements is n!, where n = the number of available sites to locate a facility, department, 
workstation, or piece of equipment, and if n = 17, the number of potential layouts is in excess of 
350 trillion. Clearly, the trial and error approach is not feasible for determining the best solution. 

Lawler (1963) modeled the facility layout problem as a Quadratic Assignment Problem, a 
well-known classical combinatorial optimization problem. The problem involves the assignment 
of n distinct facilities ton fixed locations to minimize the total material handling cost or flow 
between the facilities. Facilities, locations, and material flow are loosely defined to meet the 
context of the particular problem application. This formulation of the problem is 

JkciI + aij 
x k  j !  i f i#kor j # l ,  

if i = k and j = I, 
b, = { 

n 

s.t. Cxg = 1, V i ,  
j=1 

where, 

au = fixed cost of locating facility i at locationj, 
f i k  = flow of material (interaction) between facilities i and k, and 
cjl = cost of transporting materials between locationj and 1. 



The QAP is a difficult combinatorial optimization problem belonging to the class of NP- 
complete problems (Garey and Johnson, 1963) which means that no deterministic algorithm has 
been found to yield an optimal solution in a reasonable amount of time. Primary disadvantages 
of optimal algorithms are their computational complexity and computer memory requirements 
(Burkard and Bonniger, 1983); optimal algorithms have proven to be practical for only QAP 
problems on the order of 15 to 20 (Muther, 1961) . The intractability of many problems led to 
the investigation of heuristic algorithms for the solution of the QAP. Heuristic approaches vary 
widely according to the application and author; the most successful heuristics are those that yield 
near-optimal solutions and avoid getting stuck in local optima. 

combinatorial problems is termed genetic algorithms (GAS). These algorithms iterate to a sub- 
optimal solution given an initial, randomly chosen solution or population of solutions. These 
heuristics use a limited amount of computing time and memory relative to other traditional 
techniques and have been used to solve larger problems. 

One class of algorithms experimentally proven to be effective at solving difficult 

A Quadratic Assignment Formulation for the Foundry 

The purpose of modeling the foundry as a QAP is to assign processes to glovebox locations 
with the objective of minimizing exposures to radiation workers. By separating high-radiation 
and/or high attention time processes, the background contribution to the overall radiation 
exposure is reduced. The quadratic assignment formulation for the foundry is represented by Eq. 
(2). The coefficient, b , ,  is modified to reflect radiation dose as the flow of material or 
interaction between processes. The “cost” associated with locating a process at a particular 
location in the foundry is computed as the summation of radiation exposures from each process i 
and the contribution of background exposure from each process k adjacent to process i. 
Traditionally distance is an attenuating factor in the cost calculation; here, it is a reducing factor 
in that the cost term is inversely proportional to the square of the distance. The omission of the 
integer variables, xu and xu, in the formulation are a result of location assignments provided by 
the GA solution. The solution accounts for the cross products xiyu that have a value of 1. The 
cross products that equal 0 do not enter into the calculation. In the objective function, the fixed 
cost of assigning a process to a location is not considered. A cost value based on the process-to- 
location assignment is computed separately and reported. 

di at, c nprocs nnprocs 

min 5 [dist2(al,a,) 

where, 

nprocs = number of processes in the casting operation, 
di = radiation dose rate from process i received by worker at process k (mRem/hr), 
at, = worker attended service time for process k (hours), 
c = constant capacity of foundry, 
(ai, ak) = assigned location of processes i and k and 
dist (ah ak) = the distance (squared) between locations (ft?. 

The following assumptions are used in the foundry QAP: (1) all gloveboxes are fully loaded with 
nuclear material at all times, (2) radiation dose rates and attention times are specific to each 
process, and (3) distances between glovebox locations are fixed and are process independent. 



OPTIMIZATION USING A GENETIC ALGORITHM METHODOLOGY 

Genetic Algorithms and Optimization 

The term genetic algorithm suggests a family of parallel, randomized-search optimization 
heuristics that employ the mechanics of natural selection and natural genetics to evolve an 
optimal solution from a population of initial feasible solutions (Holland, 1975). The QAP is a 
difficult combinatorial problem that is known to be NP-complete (Garey and Johnson, 1979). 
Many heuristic and enumerative schemes have been applied to the QAP with limited success. 
Enumerative algorithms investigate the search space by evaluating an objective function at every 
point in space; however, these search techniques are unsuitable for large problems due to 
dimensionality concerns. Intuitively, random search procedures that search the solution space 
and save the best solutions are an improvement over enumerative schemes, but in practice, they 
too suffer from lack of efficiency. Genetic algorithms produce more diverse solutions because 
multiple points in the solution space are simultaneously explored. The purpose of the 
optimization model is to produce a set of diverse solutions that can be examined by the 
simulation model. 

GAS and their implementation to the optimization of a facility layout problem. Traditional 
solution procedures seek optimization through convergence to an optimal point. Calculus-based 
procedures generate local optima in often noisy search spaces. Enumerative schemes seek 
optimal solutions, but are hampered by the complexity of a problem. Complex systems often 
require “satisficing” or compromising optimality for improvement. The facility layout problem 
lends itself to performance improvement where the solution obtained may be be competitive but 
sub-optimal. 

Clarification is needed on the goals of optimization before examining the fundamentals of 

Implementation of a Genetic Algorithm 

The terminology used to describe GA structure and operators is borrowed from the 
biological paradigm of natural selection first specified by Holland (1975). GAS share common 
features in generating solutions (Tate and Smith, 1995): 

1. A set of feasible solutions, orpopulation. 
2. A process where parents are chosen from a population to breed and produce ofSspring 

(reproduction). 
3. A method where new solutions are obtained by recombining features from multiple 

previous solutions (crossover). 
4. A method where new solutions are obtained by randomly permuting previous solutions 

(mutation). 
Selection of individuals from the population with the best objective function values 
fitness evaluation). 

5 .  Removal of individuals from the population (culling). 
The solution procedure for the objective function in the quadratic assignment formulation of Eq. 
(2), which assigns processes to locations within the foundry, is based on a random keys approach 
(Bean, 1994) for encoding solutions. The software implementation of Bean’s approach used for 
this study was developed by Djang and Finch (1995). 

PRODUCTION CAPABILITY - A SIMULATION MODEL 

A detailed analysis of the complex interactions of material, personnel, material handling, and 



equipment in the casting operation cannot be represented in the formulation of a facility layout 
problem alone. Without additional evaluation of the interrelationships between a proposed 
layout under certain operating conditions such as production commitments, time constraints, 
personnel and equipment availability, and ionizing radiation, it is impossible to determine the 
production capability of the system. Simulation is a means of evaluating alternative layouts 
within the framework of an operating process. 

The casting operation consists of 11 processes located in sixteen gloveboxes as shown in 
Table 1. 

TABLE 1 
PROCESSES WITHIN THE CASTING OPERATION 

PROCESSES 
Material Preparation 
Feed Casting 
Part Casting 
Packaging 
Heat Treat A 
Heat Treat B 
Heat Treat C 
Oxide Roast 
Density 
Non-destructive Assay 

EQUIPMENT 
Hydraulic Press 
Feed Casting Furnace 
Part Casting Furnace 
Work Box 
Heat Treat Furnace 
Heat Treat Furnace 
Heat Treat Furnace 
Oxide Roast Furnace 
Pycnometer 
Neutron Assay Instrument 

# BOXES 
1 
2 
3 
2 
2 
1 
1 
2 
1 
1 

There are a total of 17 gloveboxes in the foundry, including one unused box that is not dedicated 
to a process. An overhead trolley system connects the two glovebox lines and the storage vault, 
and is used to convey material bi-directionally. The trolley system is connected to the glovebox 
lines through two dropboxes. Dropboxes are used exclusively for passing material from one 
material transport device to another; no nuclear material processing or storage occurs in either 
dropbox. Each of the four trunklines contains its own material transport device that is capable of 
delivering material to each of the gloveboxes as well as the three interim storage wells located on 
each trunkline. All material is contained within the glovebox line and is never handled 
externally to the gloveboxes or trunklines. 

casting. Auxiliary activities include interim and long-term storage of in-process and completed 
parts, roasting of casting residues to oxides, non-destructive assay of oxides, packaging of 
oxides, and preparation of samples for analytical chemistry. 

Two primary concurrent material flows occur in the casting operation - feed casting and part 

Model Design Considerations 

The intent of modeling the foundry at TA-55 is to determine (1) if the capacity of the 
existing process area is sufficient to satisfy the requirements of the Stockpile Stewardship and 
Management Program (United States Department of Energy, 1996), and (2) that the baseline 
personnel radiation exposures at a given production capacity is within DOE guidelines. 



Additional issues to be addressed are the utilization of the personnel assigned to the area, the 
utilization of the trolley system and the trunkline material handling devices, the necessity for in- 
line interim storage areas, and the utilization of key equipment. These model objectives were 
determined after many discussions with users and process experts. The model traces the 
movement of each entity through each location or process in the foundry. This approach is 
necessary to calculate personnel exposures from handling and storage of material and to ensure 
that criticality limits are not violated during the simulated operations. The simulation model 
tracks the progress of the casting processes every minute, since the process times for some 
operations and material transport times are on the order of minutes, not hours. 

The casting operation is considered to be a terminating, non-steady-state system. A full 
shut-down of all processes occurs every six months when an inventory of all nuclear material is 
conducted. The inventory process lasts for one month after which operations commence from an 
“empty-and-idle” state. For this reason, there is no initial transient or warmup period associated 
with the simulation of the foundry. 

Process 

Location 

Simulation Model Structure 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

8 16 15 11 10 17 1 14 6 5 13 4 12 9 2 3 7 

The simulation was developed using the PC-based version of SIMAN Vo, a simulation 
language by Systems Modeling Corporation. The model is constructed to accept a solution from 
the output of the optimization model similar to the following: 

Here, process 1 or Material Preparation (from Table 1) is assigned to location 8, process 2 or 
Feed Casting 1 to location 16, etc. Solutions are presented to the model at run-time, and an input 
file is created that is specific for that solution. Each of the top 10 solutions from the 
optimization model was executed to obtain the output statistics necessary for the analysis of the 
competing layouts. The simulation model is divided into four functional components: (1) casting 
processes, (2) transportation of material, (3) interim storage of in-process materials and retrieval 
from storage locations, and (4) personnel exposure calculations. 

Casting Processes 

Two of the 11 processes in the casting operation, Material Preparation and Packaging, are 
completely manual and, although, processing can occur on overtime if necessary, all processing 
is assumed to occur on a single shift. The remainder of the processes can proceed unattended 
overnight and on the weekends when the facility is closed once a technician completes the initial 
attended portion of the process. The workers assigned to the foundry are cross-trained to operate 
any glovebox equipment and are not assigned to a specific process. When a technician is not 
being utilized in the foundry, he is assigned to duties away from the processing area; however 
these job functions are not included in the simulation model. Each of the 16 gloveboxes is 
represented as a unit where a variety of processing steps can occur. Figure 2 illustrates the the 
representation of a casting unit process. 



FIGURE 2 
REPRESENTATION OF A CASTING UNIT PROCESS 
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Transportation of Material 

Five material transport devices are located in the foundry, the semi-automatic trolley system 
and four manual trunkline systems. Each device can only transport one container of material at a 
time due to criticality concerns. Thirty-two transporter delivery points consisting of 17 glovebox 
locations, 2 dropboxes, 12 storage wells, and a storage vault. Connecting these delivery points 
are 1 18 bi-directional paths that material can follow. Before material can be moved from one 
location to the next, a series of system status conditions must be true: 

1. Is a radiation worker available? 
2. Is every transporter device that will be required available? 
3. Is the receiving location empty? 
4. Does the pass-thru dropbox have capacity for the item? 
5 .  Is the receiving location equipment unallocated? 

An item can be scheduled to move to a new location only if each condition is true. This process 
results in long transportation delays between seemingly short distances. 

Once a process is completed, material is sent to a transporter queue where the conditions for 
transportation are checked. If all conditions are true, the a worker is assigned and the destination 
glovebox equipment is allocated. An item may require as many as three transporters to reach its 
final destination; each transporter is requested individually and the material is incrementally 
moved to drop points until the item arrives at the receiving station. 



Interim Storage 

Each trunkline contains three wells that are used as interim storage for in-process material 
from the density glovebox and the three heat treat furnaces. The three wells adjacent to the 
material preparation glovebox are dedicated to that process, and cannot be used as storage for 
other in-process material. This processing strategy accommodates criticality limits in the 
material preparation glovebox, but often results in long transportation times for material that 
must travel from a glovebox in one trunkline to a well location in another. 

Material is sent to interim storage from material preparation and heat treatment. The 
simulation locates the closest empty well and schedules the material for transport. Items are 
retrieved for processing from the well locations by material preparation and density. The model 
finds a well that contains the material it needs, removes the item from the particular well queue, 
and schedules the material for transport to the station. 

Personnel Radiation Exposures 

There are two components of the dosage calculations, direct exposure from material in the 
immediate working area and background radiation from material residing in adjacent processing 
and storage locations. All dose calculations are based on a weighted average of gamma and 
neutron doses for a particular matrix of nuclear material (metal, cast parts, oxides, residues, etc.). 
Dose rates are taken from measurements of gamma and neutron radiation made at the existing 
gloveboxes in the foundry. All measurements were conducted at an operating distance of 30 
centimeters from each glovebox. Differences in the dose rates can be attributed to the shielding 
on the individual gloveboxes and storage well locations and the amount (and matrix) of nuclear 
material present in the various locations. Background radiation exposure from nuclear material 
situated in adjacent locations varies as the inverse square of the distance from the source. . 

The exposure calculation in the simulation model takes a different form than that of the 
optimization model objective function of Eq. (2). Each entity that flows through a process in the 
simulation model contributes an amount of radiation dose as expressed in Eq. (3) 

nenrities nprocs c c AT(i ,  j ) S N M ( i ,  j )  DR(i,  j )  + 

where, 

nentities = number of entities generated during a simulation run, 
nprocs = number of processes performed per entity, 
uj = location assigned to processj, 
ek = entity in location k, 
Pk = process to which location k is assigned, 
S(aj) = set of locations within 15 feet of processj wherej+k, 
AT = worker attended service time (minutes), 
SNM= amount of nuclear material (grams), 

(3) 



DR = radiation dose rate (mRem/gram-hr), and 
disf = distance (squared) between locations (ft’). 

The first term in the equation obtains the direct exposure from each process ( i  =k in Eq. (2). The 
second term, summed over locations k, adds the background radiation exposure from material 
located in adjacent gloveboxes and storage locations ( i  4 in Eq. (2). 

Input and Output Data for the Simulation Model 

Input data for the casting operation was obtained from processing information at the Rocky 
Flats Plant, subject matter experts at Los Alamos, and desired operating parameters defined by 
the DOE. Input parameters for the simulation are : (1) number of technicians, (2) number of 
gloveboxes, (3) rework, (4) process times, ( 5 )  transport times, ( 5 )  shift schedules, (6) nuclear 
material amounts, (7) radiation dose, (8) failures, (9) routing, and (IO) simulation run length. 

estimate the true characteristics of the system. Recording time-persistent and observational 
variables is the mechanism for obtaining output data that is used in the estimation of population 
parameters from sample data. Time-persistent variables are those for which values are defined 
over time. For example, determining the utilization of technicians requires both the knowledge 
of the random variable “busy technicians,” which may take on different values over time and the 
time periods for which each value persisted. Statistics based on observational variables are 
concerned only with the value of each observation, and not the time it occurred. An example of 
an observational variable is the time an item waits for a material transporter. 

SIMAN V” provides the user with the ability to obtain output statistics for any performance 
measure of interest. The drawback to this capability is that the analyst is faced with a daunting 
amount of data, and must decide between what is pertinent and what is superfluous. The foundry 
model generated statistics on everything from queue sizes for the trolley system to the utilization 
of the trunkline transporters. In a practical sense, many of the utilization statistics produced 
were used for determining processing bottlenecks. Successive generations of the model 
incorporated this information to produce a simulation that more accurately reflects the casting 
operation. The output statistics that were used to distinguish differences in processing strategies 
are casting capacity (measured by the total number of completed feed and part castings), total 
personnel radiation exposures, total material transport times, technician utilizations, equipment 
utilizations, transporter utilizations, times in the system for the feed and part castings. 

A simulation model mimics the complex dynamic behavior of a system over time in order to 

RESULTS 

The Optimization Model 

The GA implementation for the solution of the foundry QAP was executed on a PC with a 
PentiumTM processor. A population size of 17 was used for 20 generations. The GA converged 
to a set of solutions after 16 generations after approximately five seconds of execution time. The 
input parameters to the GA are (1) distance (in feet) between locations in the foundry, (2) 
radiation dose rate from each of the 16 processes, (3) attended service time for each process, and 
(4) the constant expected production capacity for the foundry. The fitness evaluation of Eq. (2) 
produces an exposure index for each configuration which is used to rank the top solutions from 
the optimization model. This index represents an upper bound on actual personnel exposures, 
because the value is calculated using a full material loading in each glovebox in the foundry. In 



addition to the exposure index calculation, a cost is computed for each layout configuration. 
Some gloveboxes in the current configuration of the foundry are prohibitively expensive to 
relocate due to size or contamination concerns. Other gloveboxes are scheduled for 
decomissioning and decontamination, and the cost to replace them is zero. The solution 
procedure considers these relocation costs and assigns a cost term for each solution. No attempt 
is made to minimize the costs; they are simply reported. The input parameters for the calculation 
of relocation costs are original location assignments for each foundry process and the cost to 
relocate (if any) each process. From the set of solutions, ten were chosen based on the fitness of 
the objective function in Eq. (2). 

The Simulation Model 

Each of the ten top layout solutions generated by the optimization model was presented to 
the simulation model. The simulation model is constructed to accept any configuration solution 
at run-time. This feature eliminates the need to develop an individual simulation for each 
configuration; however, solution-specific input files are generated for each configuration. Set-up 
time for running each solution is on the order of one hour; execution time for each replication of 
the simulation model is 11 seconds on a PC with a Pentiumm processor. 

The time frame for the simulated system is 6 months: 5% months for production and '/z 
month for inventory. The two primary measures of effectiveness are the number of castings 
produced and the background radiation exposure per radiation worker. The number of castings 
produced is indicative of the capacity of the foundry for a 6 month time period. Background 
radiation exposure is a component of total radiation exposure, and is a function of the assignment 
of gloveboxes to locations in the foundry. Radiation worker exposures increase if high-dose-rate 
gloveboxes are located adjacent to each other. 

The primary performance measures from each of the ten simulation models were evaluated 
using a statistical technique developed by Law and Kelton (1991) where treatments are ranked 
according to performance measures to select the m best out of k alternatives. Three alternative 
configuration were chosen from the initial set of ten. The primary and secondary performance 
measures are summarized in Table 2. The performance measure summarized are: (1) capacity 
for part castings, (2) background exposure per worker, (3) average exposure, (4) average material 
transport time, (5) average time in system for feed and part castings, (6) utilization of glovebox 
workers, and (7) utilization of two processes that were considered to be bottlenecks in the casting 
operation - material preparation (press) and density (pycnometer). 

Glovebox worker utilization was much higher than expected. For planning purposes, 
personnel are generally assumed to be 50% utilized on the operating floor. This allows time for 
related activities such as paperwork, training, meetings, vacation, and employee development. 
The density utilization was much lower than anticipated; however, all part castings are routed 
through density, and a pycnometer failure could cause extensive delays. The same is true of the 
press in material preparation. 

Selection of a layout configuration 

The analysis of the performance measures for the simulation produced many surprises. 
There were no discernable differences between the layout configurations for capacity, total 
personnel exposure, process/equipment utilization, or radiation worker utilization. A statistic 
that varied between solutions was transportation time. Although the utilization of the 
transporters was very low (less than 2%), the simulation model demonstrated that transporter 
grid-lock was a common occurrence. Therefore, the layout configuration that minimizes 



TABLE 2 
SUMMARY OF PERFORMANCE MEASURES 

Statistic 

Castings produced 

Background exposure/worker (mR) 

Total exposure/worker (Rem) 

Material transport time (minutes) 

Time in system (minutes): 

feed castings 

part castings 

Utilization (percent): 

glovebox worker 

material preparation 

density 

10 

54 

17.9 

1.15 

2290 

3406 

19822 

75 

74 

15 

Solution 

5 

55 

19.5 

1.15 

1954 

3415 

19525 

74 

74 

15 

8 

55 

20.4 

1.15 

1890 

3423 

19821 

75 

74 

15 

material movements is one that minimizes transporter grid-lock. Additionally, material flowing 
through the foundry is a small fraction of the material that utilizes the trolley system. Material 
also flows from machining and assembly to the storage vault via the trolley. 

of the system being studied in addition to the performance measures. Layout 5 was the most 
feasible layout from an operational standpoint. The primary casting furnaces are located in close 
proximity to the material preparation glovebox. The three highest radiation processes are located 
in the back of the room. Lastly, seldom used backup gloveboxes are located in high-traffic 
trunklines, which frees up more interim storage for highly utilized processes. The configuration 
of the foundry using solution 5 is illustrated in Figure 3. 

An additional finding from the simulation model was the need for additional in-process 
storage. The first simulation models were constructed without in-line storage wells, and the 
results were similar to the transporter grid-lock experienced. One of the operating parameters 
for the model was the elimination of bagouts for in-process material. Bagouts are the process of 
removing nuclear material from a glovebox line resulting in additional processing time, waste 
generation, and exposure. In-line storage mitigates the need for bagouts by providing a location 
to place material (within criticality limits) until the next process is available. The current 
simulation model incorporates twelve storage wells; however, the simulation model proved more 
interim storage locations are needed to accommodate the quantities of nuclear material present in 
the system at a given time. 

The determination of the best layout configuration must take into account expert knowledge 



FIGURE 2 
CONFIGURATION OF THE FOUNDRY USING SOLUTION 5 
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CONCLUSIONS 

In this paper we have investigated the effectiveness of a dual-model approach to simulating a 
casting operation at a nuclear facility. No attempt was made to evaluate if a GA methodology is 
the best solution search paradigm for the QAP; however, the GA produced a set of good, 
practical layout solutions in less than five seconds of execution time. The representation of the 
foundry involved developing two models: (1) an optimization model that produces a set of 
optimal layout configurations, and (2) a simulation model that determines the effect that the 
physical layout of the processing area has on system response. The complexity of the casting 
operation necessitates the use of an integrative approach. The two models have very different 
objectives, formulations, and data requirements. 

The attractiveness (and necessity) of using an optimization model to generate solutions for 
presentation to the simulation model is three-fold. First, producing feasible solutions manually 
based on expert knowledge is a tedious process and subject to biased judgement that may result 
in duplicating previous layout inefficiencies. This was demonstrated through multiple attempts 
at optimization of a foundry layout by process experts at TA-55. Optimization of facility layout 
by computer simulation requires time-consuming iterations as processing inefficiencies and 
violation of constraints are discovered. It is impractical to perform a search of the solution space 
using a simulation model given the amount of time that is required to run even one configuration. 
Second an optimization model alone cannot adequately account for the interactions that produce 
radiation exposure. 

Third, simulation models are useful in performing “what-if” analyses where operation and 
transportation times, resource allocations, and failure rates are modified to study the effects on 
system response. However, if the basic premise behind an optimal layout of a facility is altered, 
a complete rewrite of a simulation model is often required. For example, the layout of the 
foundry was optimized on personnel radiation exposures. If a subsequent decision was made to 
optimize the layout for process efficiency, the operating assumptions would change, and the 



resulting layout could be very different. An optimization routine is easily modified by changing 
the objective function and/or the constraints. The simulation model remains intact. 

Analysis of competing facility layout configurations based on different optimizing 
assumptions is facilitated using an integrative approach to modeling The methodology 
investigated in this paper can be applied to any complex operation where communication 
between processes or facilities is important. Whether the degree of interaction between 
operations directly affects costs or often non-quantifiable concerns such as safety, an optimal 
facility layout results in the most efficient use of the resources available. 
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