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ABSTRACT

A computerized anatomical man (CAM) model, representing the
most detailed and anatomically correct geometrical model of
the human body yet prepared, has been developed for use in
analyzing radiation dose distribution in man. This model of a
50-percentile standing USAF man, which has been substantially
refined from the original version prepared by Kase of Martin-
Marietta, comprises some 1100 unique geometric surfaces and
some 2450 solid regions, Internal body geometry such as
organs, voids, bones, and bone marrow are explicitly modeled.
A computer program called CAMERA has also been developed
for performing analyses with the model. Such analyses include
tracing rays through the CAM geometry, placing results on
magnetic tape in various forms, collapsing areal density data
from ray tracing information to areal density distributions,
preparing cross section views, etc., Numerous computer drawn
cross sections through the CAM model are presented to illustrate
the complexity and accuracy of the anatomical representations.
A sample problem illustrating the capabilities of the CAMERA

program is also included.






PREFACE

This document is the Summary Final Report describing work
conducted by the McDonnell Douglas Astronautics Com-

pany (MDAC) under NASA Contract NAS 9-13228, '"Development
of the Computerized Anatomical Man Model'. The work was
performed for the NASA Johnson Space Center, Houston, Texas,
and was monitored by Mr. J, V. Bailey, Mail Code DD-63,
Health Services Division, Johnson Space Center, Houston,

Texas 70058,

The contributions of several MDAC personnel are gratefully
acknowledged, particularly Mr. R. W. Langley for guiding and
reviewing the work, Mr. B. R. Heckman for assisting with the
anatomical modeling, and Dr. H. B. Kelly for critiquing the

anatomical representations.






Section 1

Section 2

CONTENTS

LIST OF FIGURES
LIST OF TABLES
INTRODUCTION AND SUMMARY
CAM MODEL DEVELOPMENT
2.1 ORIGINAL VERSION
2.1.1 MEVDP Geometry
System
2.1.2 MEVDP Version of
CAM Model

2.2 CONVERSION TO IMPROVED
GEOMETRY SYSTEM

2.2.1 QUAD Geometry
System

2,2.2 Computer Aided Data
Conversion

2,3 EVALUATION AND

» VERIFICATION
2.3.1 Error Tests
2.3.2 Evaluation of Anatomi-

cal Representations
2,4 REVISION AND IMPROVEMENT

2.4.1 Bone Marrow Modeling
2.4,2 Body Joint Modeling

vii

ix .

xvii

10

13

14
15
15
16

18
18



2.5 FINAL VERIFICATION 19

2.6 DOSE POINT SELECTION 20
2.6.1 Dose Points in Skin 20
2.6.2 Dose Points in Bone Marrow 21
2.6.3 Dose Points in Gastrointestinal
Tract 21
Section 3 CAM MODEL DESCRIPTION 23
3.1 GEOMETRICAL DESCRIPTION 23
3.1, 1 Subsections and Joints 23
3,1, 2 Identifiers 24
3,1,3 Materials 25
3.1. 4 Cross Section Views 31
3,2 MATERIALS AND MASSES 91
3.3 DOSE POINT LOCATIONS 97
Section 4 CAMERA PROGRAM DESCRIPTION 107
4,1 CAPABILITIES 107
4,2 INPUT PREPARATION 108
Section 5 RESULTS AND RECOMMENDATIONS 111

5.1 RECOMMENDATIONS FOR
EXTENDING PRESENT
CAPABILITY 112

5.2 RECOMMENDATIONS FOR
APPLYING PRESENT
CAPABILITY 112

APPENDIX — CAMERA PROGRAM
UTILIZATION 115

REFERENCES 145

viii



10

11

12

13

14

15

16

FIGURES

Cross Section Through the CAM Model
Body Sections and Joint Locations
Cross Sections Through Right Shoulder

Vertical Cross Section Through the Head
at x =0

Vertical Cross Section Through the Head
atx =3

Vertical Cross Section Through the Head
aty =20

Vertical Cross Section Through the Head
aty = 1,245

Horizontal Cross Section Through the Head
at z = 1

Horizontal Cross Section Through the Head
at z = 2

Horizontal Cross Section Through the Head
at z = 3 ‘

Horizontal Cross Section Through the Head
at z = 4

Horizontal Cross Section Through the Head
at z = 5

Horizontal Cross Section Through the Head
at z = 5.99

Horizontal Cross Section Through the Head
at z = 7

Horizontal Cross Section Through the Head
at z = 8

Vertical Cross Section Through the Neck at
x =0

24

25

32

32

33

33

34

34

35

35

36

36

37

37

38



17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Vertical Cross Section Through the Neck at
y=0

Horizontal Cross Section Through the Neck
at z = 9,01

Horizontal Cross Section Through the Neck
at z = 10

Horizontal Cross Section Through the Neck
at z = 11

Horizontal Cross Section Through the Neck
at z = 11,99

Vertical Cross Section Through the Upper
Torso at x = 0

Vertical Cross Section Through the Upper
Torso at y =0

Horizontal Cross Section Through the
Upper Torso at z = 12,01

Horizontal Cross Section Through the
Upper Torso at z = 12,99

Horizontal Cross Section Through the
Upper Torso at z = 13,01

Horizontal Cross Section Through the
Upper Torso at z = 14

Horizontal Cross Section Through the
Upper Torso at z = 15,01

Vertical Cross Section Through the Mid
Torso at x = 0

Vertical Cross Section Through the Mid
Torsoaty =20

Horizontal Cross Section Through the Mid
Torso at z = 16

Horizontal Cross Section Through the Mid
Torso at z = 17 ‘

Horizontal Cross Section Through the Mid
Torso at z = 18

38

39

39

40

40

41

41

42

42

43

43

44

44

45

45

46

46



34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

Horizontal
Torso at z

Horizontal
Torso at z

Horizontal
Torso at =z

Horizontal
Torso at z

Horizontal
Torso at z

Horizontal
Torso at z

Horizontal
Torso at z

Horizontal
Torso at z

Horizontal
Torso at z

Horizontal
Torso at z

Horizontal
Torso at z

Cross Section Through the Mid
=19.01

Cross Section Through the Mid
= 20

Cross Section Through the Mid
= 21

Cross Section Through the Mid
= 22,01

Cross Section Through the Mid
= 23,01

Cross Section Through the Mid
= 24

Cross Section Through the Mid
= 25,01

Cross Section Through the Mid
= 26,01

Cross Section Through the Mid
= 27

Cross Section Through the Mid
= 28,01

Cross Section Through the Mid
= 28.99

Vertical Cross Section Through the Lower

Torso at x

=0

Vertical Cross Section Through the Lower

Torso at y

Horizontal
Torso at z

Horizontal
Torso at z

Horizontal
Torso at z

Horizontal
Torso at z

=0

Cross Section Through the Lower
= 30.1

Cross Section Through the Lower
= 31

Cross Section Through the Lower
= 32

Cross Section Through the Lower
=32,9

xi

47

47

48

48

49

49

50

50

51

51

52

52

53

53

54

54

55



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

Horizontal Cross Section Through the Lower
Torso at z = 34

Horizontal Cross Section Through the Lower
Torso at z = 35

Horizontal Cross Section Through the Lower
Torso at z = 36

Horizontal Cross Section Through the Lower
Torso at z = 37

Vertical Cross Section Through the Upper
Armatx =20

Vertical Cross Section Through the Upper
Arm aty=7,5

Horizontal Cross Section Through the Upper
Arm at z = 14

Horizontal Cross Section Through the Upper
Arm at z = 16

Horizontal Cross Section Through the Upper
Arm at z = 18

Horizontal Cross Section Through the Upper
Arm at z = 20

Horizontal Cross Section Through the Upper
Arm at z = 22

Horizontal Cross Section Through the Upper
Arm at z = 24

Horizontal Cross Section Through the Upper
Arm at z = 25.9

Vertical Cross Section Through the Forearm
atx = -0.5

Vertical Cross Section Through the Forearm
aty =7

Vertical Cross Section Through the Forearm
aty = 8

Horizontal Cross Section Through the
Forearm at z = 26

Horizontal Cross Section Through the
Forearm at z = 28,1

xii

55

56

56

57

57

58

58

59

59

60

60

61

61

62

62

62

63

64



69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

Horizontal Cross Section Through the
Forearm at z = 30

Horizontal Cross Section Through the
Forearm at z = 32

Horizontal Cross Section Through the
Forearm at z = 34

Horizontal Cross Section Through the
Forearm at z = 36

Vertical Cross Section Through the Hand
at x = 0.5

Horizontal Cross Section Through the Hand
at z = 36,3

Horizontal Cross Section Through the Hand
at z = 38

Horizontal Cross Section Through the Hand
at z = 40

Horizontal Cross Section Through the Hand
at z = 42

Vertical Cross Section Through the Upper
Legatx = 1.0

Vertical Cross Section Through the Upper
Leg aty = 4

Horizontal Cross Section Through the Upper
Leg at z = 34

Horizontal Cross Section Through the Upper
Leg at z = 35

Horizontal Cross Section Through the Upper
Leg at z = 36

Horizontal Cross Section Through the Upper
Leg at z = 37

Horizontal Cross Section Through the Upper
Leg at z = 38

Horizontal Cross Section Through the Upper
Leg at z = 39

Horizontal Cross Section Through the Upper
Leg at z = 40.1

Xiii

64

65

65

66

66

67

67

68

69

69

69

70

70

71

71

72

72

73



87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

Horizontal Cross Section
Leg at z = 41

Horizontal Cross Section
Leg at z = 42

Horizontal Cross Section
Leg at z = 43

Horizontal Cross Section
Leg at z = 44

Horizontal Cross Section
Leg at z = 45

Horizontal Cross Section
Leg at z = 46

Horizontal Cross Section
Leg at z = 47. 1

Horizontal Cross Section
Leg at z = 48

Horizontal Cross Section
Leg at z = 49

Horizontal Cross Section
Leg at z = 50

Horizontal Cross Section
Leg at z = 50. 9

Through the Upper

Through the Upper

Through the Upper

Through the Upper

Through the Upper

Through the Upper

Through the Upper

Through the Upper

Through the Upper

Through the Upper

Through the Upper

Vertical Cross Section Through the Lower

Leg at x = 0.6

Vertical Cross Section Through the Lower

Leg at y = 2

Horizontal Cross Section
Leg at z = 51,1

Horizontal Cross Section
Leg at z = 52

Horizontal Cross Section
Leg at z = 53,1

Horizontal Cross Section
Leg at z = 54

Horizontal Cross Section
Leg at z = 55

Xiv

Through the Lower

Through the Lower

Through the Lower

Through the Lower

Through the Lower

73

74

74

75

75

76

76

77

77

78

78

79

79

80

80

81

81

82



105 Horizontal Cross Section Through the Lower

Leg at z = 56 82
106 Horizontal Cross Section Through the Lower

Leg at z = 57 83
107 Horizontal Cross Section Through the Lower

Leg at z = 58 83
108 Horizontal Cross Section Through the Lower

Leg at z = 59 84
109 Horizontal Cross Section Through the Lower

Leg at z = 60 84
110 Horizontal Cross Section Through the Lower

Leg at z = 61. 1 85
111 Horizontal Cross Section Through the Lower

Leg at z = 62 85
112 Horizontal Cross Section Through the Lower

Leg at z = 63,1 86
113 Horizontal Cross Section Through the Lower

Leg at z = 64 86
114 Horizontal Cross Section Through the Lower

Leg at z = 65 87
115 Horizontal Cross Section Through the Lower

Leg at z = 66 87
116 Horizontal Cross Section Through the Lower

Leg at z = 67 88
117 Horizontal Cross Section Through the Lower

Leg at z = 68 88
118 Horizontal Cross Section Through the Lower

Leg at z = 69 89
Al Listing of Input Cards for Sample Problem 24

1

A-2 Printed Output from RGEOM Task 126
A-3 Printed Output from Plotting Tasks 128
A-4 Plotted Output from PLOTB* Task 129

A-5 Plotted Output from PLOTB Task 129

XV



A-6
A-7
A-8
A-9
A-10
A-11
A-12
A-13
A-14
A-15
A-16

A-17

Plotted Output from PLOTM#* Task

Plotted Output from PLOTM Task

Printed Output from TRACES Task

Printed Output from TRACAS Task

Printed Output from TRACER Task

Printed Output from TRACAR Task

Printed Output from DUMPRT Task

Printed Output from EDITM and EDITS Tasks
Listing of Data Written on Tape-3 by EDITM Task
Listing of Data Written on Tape-3 by EDITS Task
Listing of Data Written on Tape-3 by EDITS Task

Printed Output from UPDATE Task

xvi

130
130
132
133
134
135
137
138
139
140
141

143



10

11

12

13

TABLES

Summary of Recommended Improvements
Region Identifiers

Materials Code

Material Compositions

Volume, Mass,and Skin Area of Body
Sections

Mass Distribution by Material and Body
Section

Comparison of Marrow Distribution in CAM
with Experimental Data

Dose Point Locations for Various Organs
Dose Point Locations for Bone Marrow

Dose Point Locations for Gastrointestinal
Tract

Dose Point Locations for Skin

Dose Point Weights

Geometrical Quantities for Body Sections
CAMERA Task List

Special Surface Forms

xvii

17
26
30

92

94

95

96
98
99

101
103
104
109
116

121






Section 1

INTRODUCTION AND SUMMARY

An extremely detailed geometrical model of the human anatomy, the most
detailed yet prepared, has been developed for use in investigations dealing
with exposure of astronauts to the natural space radiation environment. The
model is equally applicable to investigations dealing with exposure of humans
to radiation associated with nuclear weapon and nuclear power system
environments and with medical applications, i.e., radiotherapy and radio-~
graphy. Computer-drawn cross sections through this model are shown in

Figure 1.

With this model, called the Computerized Anatomical Man (CAM) model,
data on the amount and type of materials traversed by radiations penetrating
the body can be provided in a form compatible with radiation transport
computations. Usually these delineate the lengths and material compositions
of each path element associated with tracing a ray through the geometrical
system comprising the model. In this context the ''ray'' represents some
portion of the track of a nuclear particle within the body. The actual radia-
tion transport analyses are independent of the CAM model, the function of
the model being only to provide problem definition data in the form of input
geometric information for the radiation transport analyses. This generality
stems from the revised geometry framework, which is compatible with
Monte Carlo tracking as well as with point kernel ray tracking. Thus, there
is no real restriction on the type of transport code with which the CAM model
can be used. The CAM model data format is compatible with a number of
existing Monte Carlo and point kernel codes for nuclear and space radiation

transport.

The CAM model was originally developed in 1969 by Kase, et al., of the
Martin-Marietta Corporation under contract to the Air Force Weapons

Laboratory (AFWL), and with funds provided by the NASA Manned Spacecraft
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F igure 1. Cross Section Through the CAM Model




Center (Reference 1), The CAM geometrical data were extensively reviewed
and modified by personnel at the AFWL in the 1970-71 period. The version
of the model existing in January 1971 was acquired by McDonnell Douglas
Astronautics Company (MDAC) and applied in Company-funded studies of
space radiation problems in the 1971-72 period. In parallel with research
based on application of the original model, MDAC converted the geometrical
data comprising the model from the geometry framework in which it was
prepared to one more effective for routine use in shielding analyses. This
converted form of the CAM model has been further refined in the study
reported here, the major refinements being to evaluate and improve the
initial representations of anatomy, especially of bone geometry, and to
explicitly model bone marrow sites, which were not incorporated in the

original version,

Another item that was prepared is a computer program, called CAMERA,
specifically designed to perform geometrical operations with the data of the
CAM model. This program performs ray tracing computations, the results
of which can be used in point kernel shielding analyses. It also outputs the
ray tracing results in various forms, and it plots cross section views
through the model, The CAMERA program has been designed to facilitate
future addition of a capability to scale the CAM data to represent body
postures and physiques other than the standing 50-percentile USAF man on
which it was based. In anticipation of this extension, the model has been
subdivided into 15 body sections, and interfaces between them have been

modified to resemble body joints,

This report describes the activities conducted to develop the present version
of the CAM model from the original version; this effort is described in
Section 2. A description of the revised model, including numerous computer -
drawn cross-section views through ths model, is presented in Section 3,

The CAMERA program is described in Section 4, and recommendations for
application and extension of the CAM/CAMERA capability are presented in

Section 5,






Section 2

CAM MODEL DEVELOPMENT

A number of activities were conducted to complete the development of the
computerized anatomical man model, working forward from the data base
prepared by Kase, et al., of the Martin-Marietta Corporation and aug-
mented by personnel at the Air Force Weapons Laboratory. These activities
included (1) familiarization with, and use of, the model in its original form,
(2) conversion of the model from data requirements of the MEVDP geometry
system to those of the QUAD geometry system, (3) debugging the converted
model, (4) evaluation of the anatomical correctness of the model, (5) improv-
ing on anatomical representations, and (6) verifying the refined and extended
model. The rationale for executing this work, and the techniques employed,

are presented in the following sections.

2.1 ORIGINAL VERSION

The original CAM model was designed to operate with the MEVDP program
developed by North American for modeling complex spacecraft configura-
tions (Reference 2). The MEVDP program optionally uses a built-in man
model, which is much simpler than the CAM model, in conjunction with a
spacecraft geometric system defined by input. This geometric data is used
to determine the mass distribution of the vehicle and the body and hence to
calculate the extent to which radiation-sensitive body organs are protected
against space radiations. In view of the complexity of the CAM model, the
portion of the MEVDP program usually used to describe the spacecraft

geometry was also used to describe the astronaut geometry.

2.1.1 MEVDP Geometry System

The MEVDP geometry description uses simple shapes called ""elemental
shield volumes" (EV) as the basic unit of geometry. Several of these EVs
may be specified to be contained in a more complex unit, called a ''composite

shield volume'' (CV). The CV concept is necessary to allow void EVs to



overlap a non-void or material EV, which has the effect of cancelling the
material inside the overlapping region. The CVs are considered to be
independent, disconnected building blocks without identification of contiguous
volumes. Hence, ray tracing calculations cannot be performed by progres-
sing continuously along a ray through successive regions. Instead, each

CV must be tested to determine whether it is traversed by a given ray.

In order to reduce the number of CVs that must be tested, MEVDP defines
for each CV the octant of space that it occupies. This introduces the need
to translate the geometry data from the input absolute coordinate sSys-

tem (ABCS) to a coordinate system centered at the origin of the ray (DSCS).
Then the direction cosines of the ray can be examined to determine which
CVs lie in the same octant, However, the octant concept is not always
effective since a shield may occupy more than one octant, depending on the
detector location, All such CVs are grouped into the ''ninth octant', and
hence must all be inspected for each ray, For example, in the sample case
obtained with the CAM data, the octant test failed to reduce the testing in
this way for about 90 percent of the CVs., Also, since all rays must pass
through the origin, this treatment is extremely inefficient if used for follow-
ing particle tracks in a Monte Carlo calculation or for handling calculations

for a detector that is not fixed with respect to the geometry.

The ray tracing involves simultaneous solution of the equation of the ray and
that of each surface bounding each EV in a CV. This task is reduced some-
what by using simplified tests to determine if the EV is not traversed by the
ray. Since the surface equations are simplified by expressing them in
special coordinate systems (RDCS), (e.g., the principal axes of an ellipsoid)
a rotation matrix is generated for each EV, transforming from the DSCS,
The first step in tracing each ray is thus to transform the equation of the
ray to the RDCS for the EV. The simultaneous equations are then solved for
all points of intersection of the ray with all bounding surfaces of the EV,
Further tests are required to eliminate spurious solutions and identify the
true entrance and exit points, Because the volume of geometrical data is too
large to store in core, it is used from a disk file. As each CV is read in,

all rays are traced in that volume,



The results of this ray tracing procedure are presented in two ways. First,
the path lengths for equivalent thicknesses of a standard material are accu-
mulated over all volumes for each ray, These total areal density values
are then sorted and used to construct the cumulative distribution func-

tion (CDF) of areal density for use in proton and heavy particle dose cal-
culations, For electron transport calculations, MEVDP saves the data on
path increment, material, and distance from the detector on magnetic tape
for each volume and each ray. This data is sorted first by ray number and
secondly by position along the ray, giving for each ray the order and
thickness of each material. This sorting operation, which turns out to be
rather costly, is made necessary by the lack of spatial continuity in the

geometry description,

2.1,2 MEVDP Version of CAM Model
The original version of the CAM model, as prepared for use with the MEVDP

program, was designed to the exterior conformation and dimensions corre-
sponding to the 50th percentile Air Force man. Two configurations were

prepared, standing and seated, comprised of some 11,000 data cards each,

In the MEVDP geometrical system, the standing CAM model was described
by approximately 2500 elemental volumes constituting some 560 composite
shields. This number of elemental volumes involves many duplicated shapes
because of the absence of continuity in the geometrical description. That is,
contiguous solid shapes required specifications of the common surface of

each solid. The number of unduplicated shapes was more nearly 1200.

The chemical composition of this model was expressed by assigning each
region a material index corresponding to one of five standard material

compositions: lung, organ, intestine, muscle, and skeleton.

Two modes of operation of the model with MEVDP were possible. One mode
involved tracing rays from an internal point to the model exterior, writing
the details of the ray tracing results on magnetic tape in a form in which the

ray origin and angular orientation were preserved; such data could later be



combined with similar results for locations within a spacecraft model to
provide data on the combined shielding effect of vehicle and body. Experi-
ence with this mode of operation on the MDAC CDC 6500 computer indicated
computer times to be of the order of 1100 seconds per point for 512 rays,

of which approximately 100 seconds were for initialization (i.e., octant
sorting of CVs) and the remainder for ray tracing through the CVs and
sorting path length data for each ray into the order in which they would be

traversed,

The second mode, introduced by MDAC to help reduce computer time, was
to construct only the areal density distributions, which did not require
ordering the path data. This change reduced computer time to approximately

700 seconds per point for 512 rays.

The MEVDP version of the CAM model was partially corrected and modified
and used by MDAC in a number of studies of space radiation dose to body

organs as reported in References 3-6, These studies used the second mode
of operation of the CAM/MEVDP combination, constructing CDF data on the
body mass distribution about several points in the spatially distributed BFO
and GIT as well as a point in the testes. In these computations 100 rays per

point were traced, requiring approximately 200 seconds each,

2.2 CONVERSION TO IMPROVED GEOMETRY SYSTEM

The studies that were conducted with the CAM model, using the MEVDP
program, indicated a number of further potentially fruitful applications of
the model to assessment of radiobiological dose quantities and procedures.
However, it appeared that the computer-time requirements for such produc-
tion applications would be substantial, and that some effort to further reduce
computer time without sacrificing results was desirable. It also appeared
that some work on the data of the model was also required prior to large
scale production use, to eliminate ""bugs' and to rework some portions of

the anatomical representations,

The most attractive prospect was to convert the model to another geometry

system, one that was substantially more efficient in ray-tracing computations



as well as one that would facilitate detecting and correcting errors in the

model to an extent not feasible within the MEVDP geometry framework.

Consequently, a comparison was made between MEVDP and the geometry

analysis techniques used in several computer programs, including the

MDAC SIGMA code (Reference 7), the MAGI SAM-C code (Reference 8), and

the ORNL MORSE program (Reference 9). Three significant conclusions

were reached:

A,

The geometrical techniques incorporated in the MEVDP program
were inefficient in ray tracing computations, relative to other
geometrical techniques which were developed and available. Exper-
jence with these other techniques had been gained with considerably
less complex geometrical models, but nonetheless indicated that a
factor of 40 or so improvement in ray tracing efficiency was
possible.

Whatever geometry system was chosen, the conversion effort would
be an appreciable task because of the quantity of data (11, 000 data
cards), the absence of information in the MEVDP geometry approach
on spatial continuity of the geometry, and errors in the model data,
(The latter are probably due to the absence of information on spatial
continuity, since overlapping regions and undefined regions are not
detected by MEVDP, as they are by the other codes.) Automation
of the conversion effort would necessarily be limited because any
alternative geometry system required data on spatial continuity that
were not available in the MEVDP system and would have to be pro-
vided manually.

Working with the model, once it had been converted, to remove
geometrical ''bugs' and to remodel portions of the anatomy, would
be considerably easier because automatic plotting of cross sections
through the model would be feasible. With the MEVDP scheme such

cross section plots were extremely time-consuming and prohibitive.

The geometry system finally selected for the conversion process was the

MDAC QUAD system (Reference 10). The reasons for its selection were

(1) an intimate knowledge of its capabilities, (2) experience with use of the



system in performing error tests on complex geometric models, and (3) the
fact that numerous operational codes used the system. For example, QUAD
is used by the SIGMA code, the MDAC PATCH neutron and gamma ray point
kernel code (Reference 11), the MDAC SWORD space radiation dose analysis
and shield optimization code (Reference 12) and the FASTER/BETA (Refer-
ences 13-15) series of neutron/gamma/electron/x—ray Monte Carlo trans-
port codes. Hence selection of the QUAD system meant that a variety of
potentially interesting radiation transport calculations and dose analyses

involving the model would be feasible,

2.2, 1 QUAD Geometry System

In the QUAD system, a geometric system is assumed to be described by a
series of homogeneous material regions, FEach region is defined by specify-
ing the surface which form its boundaries, where each surface is defined by

a general quadratic equation:

2 2 2
Gi(x, v, z) = AO+A1x+A2y +A3Z+A4X +A5y +Aéz +A7xy,

+ A8yz + Agzx = 0

A list of all the surfaces needed to subdivide the system is provided to the
code by specifying for each surface the values of each of the 10 possible
cartesian quadratic surface coefficients. These coefficients can be calcula-
ted by the code from simplified inputs for several simple shapes which are

commonly used, as identified in Table A-2 of the Appendix.

A region is defined by providing data on the material contained, a list of the
surfaces which bound the region, and the coordinates of any point inside the
region, These coordinates are used by the code to calculate ‘"ambiguity
indices' for each bounding surface, which indicate on which side of the
surface the region is found. The code evaluates the surface quadratic
expression at the specified point, the sign of the result giving the ambiguity
index. This feature relieves the user of the task of providing the ambiguity
index for every boundary, which is required by other codes which use

quadratic surfaces, e.g., MORSE and COHORT-II {Reference lo),

10



Ray tracing proceeds continuously from one region into the adjacent region,
providing three pieces of information about each path segment: identifica-
tion of region, path length in the region, and identification of the boundary
crossed in leaving the region. This series of calculations is repeated for
the neighboring regions along the ray until either the maximum distance of
interest to the user is reached, or until the exterior of the system is

encountered,

The ambiguity indices are used in identifying the region in which a point is
located. For use in ray tracing, the point used is either the origin of the
ray, or the point where the ray exits the previous region, The coordinates
of the point are used to evaluate the equations of all boundaries of a candi-
date region., The region is successfully identified if the ambiguity indices
for all boundaries with respect to the point in question are identical to those
generated by the code from the region description. A cross reference list
of all regions which are bounded by a given surface is used to reduce sig-
nificantly the number of candidate regions to be tested as the ray crosses
that surface from an adjacent region, The testing is further reduced by the
knowledge that the indices associated with the surface must be of opposite
sign (%) for regions on opposite sides. This technique can be extremely
effective in reducing ray tracing computer time, as evidenced by the fact
that in the converted CAM model, the number of regions that had to be tested
averaged 8 out of the 2450 candidates.

The calculation of the path length across a region involves solving simultane-
ously the equations of the ray with those of each bounding surface, except

the entry surface., A list of possible lengths is assembled containing up to
two roots of a quadratic equation for each surface. The actual path length

is taken to be the minimum of the positive roots. This selection identifies
the exit surface for the region and completes the calculation for the current
path length segment. Since the same intermediate quantities, dependent on
bounding surface, ray origin and ray direction, are used for calculating
ambiguity indices for a surface and path lengths to the surface, they are

computed and saved for only those surfaces needed.

1"



Since the ray tracing technique operates on continuously defined regions, the
normal sequence of operations cannot be followed if geometry definition
errors are present. The major geometry errors are usually undefined
volumes (or holes) and multiply-defined volumes (or overlaps). Two tests
are provided in the geometry routines to aid the user in locating these
errors. The first test involves calculations of ambiguity indices for each
point in the region definition data with respect to all other regions. A diag-
nostic message is printed if any point satisfies the conditions to be located
in more than one region. This simple test partially locates overlapping

regions.

The second test, which is more complicated, locates all errors. It is per-
formed optionally while tracing rays. In order to use this capability, addi-
tional regions must be defined to fill the space from the outer boundaries of
the system to a single ellipsoidal surface which entirely encloses the system.
Any ray which ends on a surface other than this outer surface has detected an
error. An error message is printed which includes information about each

region traversed by the ray up to the point of the error.

The printed error messages from this second test enable the user to correct
these errors in geometry description following the run. However, it is also
possible to continue the run, producing data without gross distortions as
might be introduced by the errors encountered, by means of an error
recovery procedure, In this procedure, the program automatically extrap-
olates the ray to the outer surface and traces a ray in the opposite direction,
back to the end of the first ray. If a hole is detected before the reversed ray
reaches this point, the undefined space is assumed to contain the same
material as the last region crossed by the reversed ray. The data from both
rays is then combined to produce a set of ray trace data, approximating the

data that would have been obtained if no error had been encountered.

The features described above make the QUAD geometry analysis routines
particularily well suited for application to the CAM model. The possible
shapes are restricted only by the limitations of quadratic surfaces. Pro-

grams which use only pre-defined shapes, such as MEVDP and SAM-C are
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much more restricted. The QUAD input data is simplified for the user, and
redundant data is neither required nor in fact allowed. The MEVDP data, on
the other hand, requires input of identical EV data many times. While
MEVDP is performing rotations for each CV on every ray and solving sur-
face equations for each of the repeated references to a surface, the QUAD
subprogram performs only the minimum number of operations required.

The great complexity of the CAM model makes these comparisons very
significant. Finally, unlike MEVDP which ignores any errors in geometry
description, the QUAD error tests detect and describe all errors present in

the data.

2.2.2 Computer-Aided Data Conversion

The GETRAN (GEometry TRansformation ANalysis) (Reference 17) program

was developed by MDAC to perform automatically, to the extent possible,
the conversion and checking of CAM data. This activity had been completed
prior to initiation of the present contractual effort. However many of the
capabilities originally incorporated in the GETRAN code have been included
in the CAMERA code prepared under the contract.

After the original data tape was scanned for format errors, and corrections
were made to ensure that all EVs defined for a CV were being read in the
proper group, the conversion process was begun. The GETRAN code
evolved as the conversion proceeded and the requirements for computer aids
to conversion were identified. An important part of these aids were several
optional plotting techniques which were added to the basic GETRAN code.
Later, as the emphasis shifted from conversion to evaluation, automatic
error-seeking features were added to GETRAN; these error-detection tech-
niques are identified in the discussions of the evaluation phase, during which

they were employed.

GETRAN read the original MEVDP data cards for a CV and provided a
printed description of each of the EVs. Quadratic surface coefficients were
calculated for every surface defined. By their nature, the EVs defined for a
CV can and do overlap on each other, making the automatic definition of
regions a difficult task. The simplifying assumption was made that each EV

formed one region, bounded by the surfaces defined for that EV. The
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surface equations were scanned for duplicated surfaces, which were then
discarded. The surface and region data were punched on cards, and plots
were produced of the intersection of all surfaces with several planes perpen-

dicular to the coordinate axes.

This output from GETRAN was then inspected, with many superfluous sur-
faces being discarded and with the region data being corrected to conform to
the restrictions imposed by the QUAD ray tracing routines. The corrected
CV was then checked using GETRAN to produce additional plots of surface
intersections at more appropriate planes and to punch a final geometric sub-
system deck. In the event that the plots did not make obvious the corrections
required, corresponding plots of the CV were made using a GETRAN plotting
feature in which MEVDP transformation and ray tracing routines were used
to prepare the plotting data. Comparison of these two types of plots greatly
simplified the correction of the region data, but because of the inefficiency
of the MEVDP ray tracing technique (by a factor of 40 relative to QUAD),

these plots were used for only the most difficult CVs.

The next step in the conversion procedure was the automatic assembly by
the code of all the CVs contained in a body section (e. g., the head) into a
single geometry system. The surface and region data were assigned new
identification numbers sequentially in the new section model. The surface
data were examined and all repeated surfaces (i.e., boundaries common to
two or more CVs) were discarded. When a surface was discarded, the list
of boundaries in the region definitions was scanned to allow replacement of
the discarded surface and to decrement by one the number of all larger sur-
face numbers. The surface data were then collapsed to delete the repeated
data. Finally the condensed body section data were punched on cards by

GETRAN to facilitate their use in subsequent operations.

2.3 EVALUATION AND VERIFICATION

Following the conversion from MEVDP to QUAD geometry systems, the
model was intensively reviewed and tested to determine its validity. A
number of tests were performed to enhance detection of '""bugs'' in the geo-

metrical data, with the bugs that were recognized being corrected. Also,
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the model was reviewed by a physiologist, both to assess the accuracy with

which anatomy had been modeled and to suggest desirable improvements.

2.3.1 Error Tests

The GETRAN program was used to perform a number of tests designed to

detect inconsistencies and errors in the model. The error tests were per-
formed separately for each geometric subsystem assembled from the CV
data and were applied in three steps. The first test, called the point-in-
region test, was applied to detect gross overlaps between regions. The
other test, the outer boundary test, was optionally applied while tracing
rays through the system. The three steps in which the error tests were
performed are as follows:

1. The first step of the checkout process consisted of tracing rays in
planes perpendicular to the coordinate axes, to produce plane
section plots of the system. The plotting planes were moved
through the system at approximately one inch intervals. These
plots were examined, along with the printed description of any
errors which were identified, and with the CV plots generated
during the conversion. The errors were corrected and the plots
regenerated until no more errors were located by this procedure.

2. In the second step of the evaluation, rays were traced in random
directions from each of several points in each of the body sections.
The mass of each body section was computed during this step. The
degree of convergence of the mass was used as an indication of how
well the system had been examined by the error testing procedure.

3., The third step was similar to the second, except that the origin of
the rays was systematically moved from region to region of the body

section, until all regions had been explicitly tested.

2.3.2 Evaluation of Anatomical Representations

The process of evaluating the degree to which the converted and debugged
CAM model actually represented human anatomy had several facets. Some
of the recommended changes were of sufficient magnitude that their incor-

poration was not feasible under the present contract. Others were deferred
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