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Abstract 
The Radiological Environment Modeling 

System (REMS) quantifies dose to humans in 
radiation environments using the IGRIP 
(Interactive Graphical Robot Instruction 
Program) and Deneb/ERGO (Ergonomics) 
simulation software products. These 
commercially available products are 
augmented with custom C code to provide the 
radiation exposure information to and collect 
the radiation dose information from the 
workcell simulations. The emphasis of this 
paper is on the IGRIP and Deneb/ERGO parts 
of REMS, since that represents the extension 
to existing capabilities developed by the 
authors. 

Through the use of any radiation transport 
code or measured data, a radiation exposure 
input database may be formulated. 
User-specified IGRIP simulations utilize these 
database files to compute and accumulate dose 
to human devices (Deneb's ERGO human) 
during simulated operations around radiation 



sources. Timing, distances, shielding, and 
human activity may be modeled accurately in 
the simulations. The accumulated dose is 
recorded in output files, and the user is able to 
process and view this output. 

REMS was developed because the 
proposed reduction in the yearly radiation 
exposure limit will preclude or require 
changes in many of the manual operations 
currently being utilized in the Weapons 
Complex. This is particularly relevant in the 
area of dismantlement activities at the Pantex 
Plant in Amarillo, TX. Therefore, a capability 
was needed to be able to quantify the dose 
associated with certain manual processes so 
that the benefits of automation could be 
identified and understood. 

1.0 Introduction 
Many automation projects require 

quantification of benefit or justification before 
they are built. The primary reasons used for 
justification include faster, cheaper, safer, and 
better. Increased speed and reduced costs can 
be quantified with fairly accurate time and 
dollar amounts when compared to other 
alternatives such as performing the operations 
manually. Improved safety and quality can be 
quantified through comparisons of the 
numbers of accidents and defects. Many of 
the robotic projects being designed at Sandia 
National Laboratories' Intelligent Systems and 
Robotics Center will be used in hazardous 
radiation environments. Therefore, another 
justification for these systems is the reduction 
of radiation dose to humans. 

The term "radiation dose" is generically 
defined as the amount of energy per unit mass 
deposited in a volume of tissue; the units are 
rad (radiation absorbed dose). The rad unit 
does not take into account the differences in 
"quality" among the dosimetric entities (e.g., 
x- and gamma-rays, and alpha, beta, and 
neutron particles). "Dose equivalent" 
accounts for the differences in quality factors 
and is expressed in units of rem (roentgen 

equivalent man). Therefore, while the 
absorbed dose for equal amounts of 
gamma-ray and alpha particle energy might be 
1 rad each, the gamma-ray dose equivalent 
would be 1 rem, whereas the alpha particle 
dose equivalent would be 20 rem. Finally, 
"effective dose equivalent" (often referred to 
as whole body dose) is defined as the 
summation of the products of the dose 
equivalent received by specified tissues of the 
body and the appropriate weighting factors. 
REMS outputs dose equivalents at numerous 
tissue and organ locations within the body in 
addition to effective dose equivalents [1]. 

Since dose is important in making 
comparisons of manual and robotic workcells, 
it was desired to be able to quantify dose 
accurately. Prior to the development of 
REMS, dose estimates for humans working in 
radiation environments were made using 
coarse estimates for the amount of time spent 
around the sources and approximate distances 
from the sources. With the development of 
REMS, realistic times and distances are 
automatically generated for the numerous 
sensor locations on the simulated human as he 
performs simulated operations. This is 
particularly important when technicians are 
working in the highly non-uniform radiation 
fields near concentrated sources. 

Another reason for the REMS capability is 
to do "what i f type studies with varying 
sources, containers, and shielding. Measured 
radiation data does not exist for many of the 
scenarios needing to be assessed. Therefore, a 
radiation transport code option of data input 
was added to REMS to be able to model a 
radiation source with or without shielding and 
compute one-dimensional radiation data. The 
present version of REMS uses a particular 
transport code, but can be modified to include 
other transport codes to generate the radiation 
exposure input database for the simulations. 

To date, the primary application of the 
REMS capability has been the modeling of 
dismantlement activities at Pantex. The types 



of weapons being dismantled and the activities 
at Pantex are described in [2] and [3], The pit 
of the weapon (weapon's core) emits ionizing 
radiation and needs to be handled safely. 
After the weapons are dismantled, pits 
undergo certain operations such as weighing, 
leak-checking, radiography, and packaging 
into containers. Many of these operations are 
currently performed manually, but robotic 
systems are being designed to perform these 
operations. 

Although REMS was developed with the 
Pantex applications in mind, it has other 
potential applications as well. These include 
manual operations around nuclear reactors 
such as maintenance, cleaning up spills, and 
handling nuclear fuel, and any other radiation 
scenario involving humans and sources for 
which dose rate data exists or can be 
calculated. 

2.0 REMS Overview and Graphical User 
Interface 

REMS is designed to be used by IGRIP 
users capable of modeling human activity in a 
workcell. The programming interface of the 
Deneb/ERGO human simplifies this greatly by 

defining the posture for the entire body 
(approximately 50 joints) with commands like 
"Walk from here to there" and "Teach Arm: 
Reach for Surface". A motion sequence 
consists of an ordered collection of postures. 
The timing in moving between postures is set 
by the user. 

The IGRIP workcell simulations use the 
radiation data in a distance versus dose rate 
form. Although REMS was configured for a 
particular transport code, this type of data can 
be supplied by any transport code calculations 
or measured data that the user may possess. 

The dose computations and output 
reporting for the simulations in REMS is 
performed by custom C language routines. 
Because these are written in C, much of the 
infrastructure was in place prior to integrating 
IGRIP and the Deneb/ERGO products into 
REMS. Through the use of Deneb's shared 
library, it was possible to use these external C 
routines within IGRIP. 

Use of REMS has been simplified recently 
through the development of a top-level 
graphical user interface (GUI). A copy of this 
screen is shown in Fig. 1. This GUI allows 
the user to select any of the functions found in 
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Figure 1: Top-Level REMS GUI 



the system from a single interface screen. The 
portions or modules of REMS, shown as buttons 
on the user interface, can be interchanged with 
other products. Examples might be a different 
editor or a different device simulator than IGRIP. 
The collection of capabilities in REMS is 
appropriate for our needs at this time. 

The suboptions (pull-down menu) to the 
IGRIP/ERGO button on the GUI are the different 
radiation exposure database files available for use 
as input to the simulations. The format of these 
files is discussed in Section 3. The chosen 
database file is used by the IGRIP simulation to 
compute the dose to the employees in the 
simulation. Section 4 discusses the use of IGRIP 
including the external C programs for dose 
computations, the GSL (Graphic Simulation 
Language) naming conventions, and the state 
changes (use of different packaging) of the 
sources in the simulations. 

The user is given a great deal of flexibility in 
how the output can be processed. The suboptions 
to the Process Output button include Sum Tables, 
Multiply by Stockpile, and Edit Stockpile Data. 
These allow the user to sum doses from a number 
of different simulated operations or to multiply 
them by the number of sources to be processed. 
Processing ofoutput is covered in Section 5. Any 
of the files created in the processing of the output 
can be viewed through the View Output button on 
the GUI. 

3.0 Database Files Used As Input 
The radiation exposure input databases used 

by REMS must be formatted a certain way. These 
files contain data for each type of source and the 
different configurations of each source. Examples 
of these configurations, also referred to as states, 
include a bare source, a source in a container, a 
source in a bell jar being leak-checked, or a 
source behind some type of shielding. Each file 
must contain distance versus dose rate data for 
each of the source's states. Any of these states 
can be utilized during the IGRIP simulations. 

The format of this file is rather simple. A 
section of data exists for each state of each source. 

This section of data has a heading row describing 
the source and the state of the source. Below this 
heading row are three columns of data. The first 
is a column of distances. The other two columns 
contain gamma and neutron dose rate data for 
each specified distance. Distance versus dose rate 
data for each source/state combination must exist 
in the file prior to using it in the IGRIP workcell 
simulation. 

4.0 IGRIP and Deneb/ERGO 
REMS uses the IGRIP commercial simulation 

software package with the additional Ergonomics 
option to do the realistic three-dimensional 
modeling of employees and sources in workcells. 
In REMS, the user develops his/her own 
simulation of a manual workcell using IGRIP, and 
REMS computes and accumulates dose to the 
workers in the simulation. 

This section describes the steps necessary to 
set up a workcell in IGRIP to use the capabilities 
in REMS. From an empty IGRIP workcell, the 
user brings in humans/employees and radiation 
sources. Next, a generic meterbox is brought in, 
and its program is used to call external C routines 
that perform the dose computations and 
accumulate the dose to the employees in the 
simulation. Programs are then assigned only to 
the employee devices and the meterbox device. 
Descriptions of the external C routines, and the 
IGRIP shared library which is used to call these C 
routines, are given later in this section. 

4.1 The Deneb/ERGO Human and Radiation 
Source Devices 

The 50th percentile male Deneb/ERGO 
human model has been customized for REMS. A 
number of sensors have been attached to certain 
parts of the body [1,4]. Examples of these sensors 
are "eyer", which is attached to the ERGO 
worker's head, and "kidney_l", which is attached 
to the abdomen. This male model with the 
sensors must be used in REMS because the dose 
calculation routines use the names of the sensors 
(attached parts) to do the distance measuring from 
the sources in the workcell. The male model with 



sensors has been saved with the name 
P50_sensors. 

Upon the first retrieval of this device by the 
user, IGRIP will name it P50_sensors. 
Subsequent retrievals will be named 
P50_sensors#2, P50_sensors#3, etc. in order to 
allow multiple copies of the same human device 
(employee) in the workcell for which doses will 
be summed. For radiation sources, a sphere of the 
user's desired size is needed. Again, a similar 
naming scheme is employed, where the base name 
is ball. The names of all sources in the workcell 
might be named ball, ball#2, ball#3, etc. The 
coorsys of all sources must be at the center of the 
source, since the IGRIP distpos function measures 
from coorsys to coorsys between parts. 

4.2 Programming of Employee Devices 
Once employees and sources have been 

brought into a workcell, the user is required to 
program the employees as in a normal IGRIP 
simulation. Each object that moves in the 
workcell needs a GSL program associated with it. 
The exception to this is the meterbox, which 
doesn't move but requires the meterbox.gsl 
program described in Section 4.3. GSL programs 
associated with employees need to be edited so 
that the employees will move along user-defined 
sequences of postures and change the states of 
sources when they are packed/unpacked or moved 
to certain locations. Also, each employee's 
program must set a variable, named "done", in the 
global array to 1 when its GSL program is 
finished. The meterbox program will continue to 
run until all employees have set their values in the 
global done array to 1. 

Most of the editing needed by the employees' 
GSL programs has been automated. When a user 
selects Ergo -> Analyze -> Playback, IGRIP can 
create a GSL program for a sequence of postures 
for that worker. This newly created GSL program 
will only have statements like "MOVE ALONG 
seq". In the editing session of the GSL program, 
a macro is used to insert additional REMS 
interface code, including setting the done[n] 
variable. Additionally, the initial states and 

changes of states must be added to the GSL 
program through editing. 

4.3 The Meterbox.gsl Program 
In REMS, many value-added extensions to 

IGRIP have been made. The meterbox.gsl 
program contains a majority of these generic 
features. This program should not need to be 
edited because it contains only generic features 
independent of the workcell being simulated. 

The meterbox.gsl program is associated with 
an invisible cube (meterbox) that needs to be 
included in every workcell being simulated with 
REMS. The first feature found in this program is 
the ability to count the number of employees and 
sources in the workcell as long as the 
PERSON_NAME and SOURCE_NAME 
constants are set properly in the meterbox.gsl 
program. For employees, the user is required to 
use the device file P50_sensors. P50_sensors is 
both the base name for all employees collecting 
dose and the definition of the PERSON_NAME 
constant in meterbox.gsl. There is nothing special 
about the source devices; the user can use any 
type of device, but they must all be named with 
the same base name as defined by the 
SOURCE_NAME constant. 

In addition to the simulation summing dose to 
the correct number of employees from the correct 
number of sources in the workcell, the numbers of 
employees and sources are used later in the output 
reporting (Section 5). The user is prompted for 
the base name of all output files by the 
meterbox.gsl program. Six different output files 
are created. These output files contain simulation 
results with gamma dose only, neutron dose only, 
and combined gamma and neutron dose in an 
abbreviated table form and in a more complete 
sensor report. 

4.4 External C Files and Routines 
After counting the numbers of employees and 

sources in the workcell and setting up the output 
arrays, the meterbox.gsl program calls the 
accumulatedose routine every second to sum the 
dose to all employees' sensors. The IGRIP LLTI 



(Low-Level Telerobotics Interface) option is 
needed to make these external C function calls. 
The measurements from the distpos function are 
passed to the accumulate_dose routine every 
second where a lookup is made into the chosen 
distance versus dose rate database file. 
Interpolations are made when distances lie 
between data points in the database file, and 
extrapolations are made when distances lie 
beyond the last data point. 

Accumulate_dose is one of the C routines 
visible from GSL (through the cexec function). 
This routine takes six arguments: the employee ID 
number, the source ID number, the weapon 
system number, the state of the source, an array of 
distances between the source and each sensor, and 
the number of seconds the exposure lasted. In the 
current version of REMS, meterbox.gsl calls 
accumulate_dose once every second for every 
possible employee/source/weapon system 
combination. 

Write_results, another routine visible from 
GSL, creates the six output files associated with 
the simulation. For input, it needs the base name 
for the output files and the name of the 
tissue-to-dose conversion database file. The 
meterbox.gsl program calls write_results after a 
simulation has finished. Similarly, the meterbox 
program calls routines to allocate and free 
memory for the arrays of output data. Since 
meterbox counts the numbers of employees and 
sources, it knows how much memory to allocate. 

4.5 IGRIP Shared Library 
The shared library has been built and included 

with REMS. Before a user can call external C 
routines with the IGRIP GSL cexec function, the 
C routines must be compiled into the shared 
library. The shared library is called libdnbusr.so 
and is located in a specified directory. There are 
three sub-directories of this directory: Make, 
User, and cust. The Make sub-directory contains 
a makefile and configuration files provided by 
Deneb. The User directory contains default 
library routines used by IGRIP. The cust 
directory contains the REMS C code. If one of 

the C files is modified, the shared library must be 
rebuilt. To do this, one would change to the Make 
directory and type "make". This, in turn, would 
re-create the libdnbusr.so file. 

Shared libraries are a UNIX System V facility 
to provide libraries of code to applications at 
run-time rather than at link-time. When IGRIP is 
started, this library of code is run as part of the 
IGRIP session. IGRIP looks for the shared library 
in the directory contained in the environment 
variable LDLIBRARYPATH. Users must 
make sure that this environment variable is set 
properly before using custom C code as is found 
in REMS. The current version of IGRIP (version 
2.411) was built using IRIX 5.2 for SGI 
platforms. Users must build their shared libraries 
using nothing newer than IRIX 5.2 to assure 
compatibility. 

5.0 Output Viewing and Processing 
Each IGRIP/ERGO workcell simulation 

produces two types of output files: detailed IGRIP 
dose output files and more compact table files. 
For each simulation, it produces six total output 
files: gamma-only detailed and compact files, 
neutron-only detailed and compact files, and total 
(gamma plus neutron) detailed and compact files. 
Each file gives data for each 
employee/source/weapon system combination 
from the simulation. 

Individual dose values are computed for each 
of the organ/tissue locations and dosimeter 
locations on the simulated human and given in the 
detailed output reports. If the dose reading at an 
individual whole body sensor exceeds the dose 
reading at the whole body dosimeter by over fifty 
percent, then that sensor's dose reading is flagged 
with an asterisk in the report. Similarly, if the 
dose reading at an individual extremity sensor 
exceeds the minimum dose reading of the 
extremity dosimeters by over fifty percent, then 
that sensor's dose reading is flagged with an 
asterisk in the report. The compact output files 
give data for dosimeter locations only. 

Under the REMS Process Output pull-down 
menu, there are three options: Sum Tables, 



Multiply by Stockpile, and Edit Stockpile Data. 
These options only work on table (compact) files. 

The Sum Tables function allows users to sum 
several compact files together to get a total dose 
for a process that has been modeled in multiple 
IGRIP simulations. Long processes may be 
broken up in order to help identify those 
operations that are dose-intensive to the operators. 
When the Sum Tables option is selected, it opens 
a pop-up window listing all of the compact files in 
the output directory. The user merely defines the 
file name for the summed data, highlights the 
desired files to be summed, and presses the sum 
button. 

The Multiply by Stockpile option is used to 
multiply dose values by the total number of each 
pit type in the stockpile. To do this, select 
Multiply by Stockpile from the Process Output 
pull -down menu. A pop -up window will appear 
as described above. Prior to multiplying by 
stockpile, the user may wish to use the Edit 
Stockpile Data option to verify that the correct 
pits and numbers of pits are used in the 
multiplication operation. The Multiply by 
Stockpile and Edit Stockpile Data options access a 
file that holds the number of each pit type. 

6.0 Conclusions 
In the REMS project, it was desired to 

produce a capability in which humans could be 
simulated in radiation environments so that dose 
could be quantified. Other inherent requirements 
existed, such as ease of use and accuracy of 
human activity modeling. The IGRIP and 
Deneb/ERGO products help achieve these two 
main requirements of accuracy and ease of use. 

The REMS capability may be enhanced with 
some possible future additions. These include 
sensing shielding in the workcell automatically 
using IGRIP/TELEGRIP functions, automating 
state changes of the sources, and being able to 
model 2-D and 3 -D sources (line sources, spills, 
etc.). 
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