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ABSTRACT

A primary goal of the Department of Energy and its  contractor 
organizations is to l im it  the amount of radiation any one employee can 
obtain. Recently, the administration at Rocky Flats designed a new 
l im it  stating that an employee could attain no more than 2 REM during 
any one year. As a resu lt, DOE o f f ic ia ls  and Rocky Flats administrators 
organized an incentive plan in which Rocky Flats would receive payment 
for those REM reductions which were the result of increased safety 
measures. At f i r s t  i t  was thought that a simple vertical scale, much 
l ik e  that on a thermometer, would su ff ic ien tly  model this program. This 
model, however, is very lim iting  in that i t  does not consider the 
production level of the plant at given times. For example, for clean up 
purposes last winter, production in one of the buildings at R.F. was 
halted. Correspondingly, the attained REM count for a ll  employees at 
R.F. was s ign ificantly  lower during this period. Should DOE be forced 
to pay for this type of reduction as a vertical scale model would state? 
Obviously not, as the apparent REM reduction was not the result of 
increased safety measures but from a decrease in production. With this  
in mind, a proposal has been put forward to use regression to predict 
exposures for a given time period as a function of the level of 
production during the period. This thesis w ill  explore the use of 
regression toward the Dosimetry Award Program at three d is tinc t levels, 
the micro, the macro, and the plant. A major result of this thesis w ill 
be the recommendation of one of these levels.
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Introduction

Limiting radiation exposures to the lowest possible levels has long 

been an important part of the Heath Physics and radiation protection 

programs of the United States Department of Energy (DOE), its  predecessor 

agencies and contractor organizations. The philosophy backing this  

concept is incorporated throughout DOE fa c i l i t ie s  by the ALARA program, an 

acronym which stands for lim iting radiation dose levels to those that are: 

As Low As Reasonably Achievable.

Central to the ALARA philosophy is the be lie f  that, "lim iting  

personnel and environment radiation exposures to the lowest levels 

corresponds with sound economic and social considerations."^ This idea 

presupposes that no radiation exposure should occur without a positive net 

benefit whether i t  be of a technological, economic or social nature. In 

addition, assumed in this philosophy is that any radiation, however small, 

carries with i t  some sort of r isk or a certain probability of r isk which 

should be countered with benefits of equal or greater measure. This, 

unmistakably, is the essence of the ALARA philosophy and implies, "that 

one should not stop looking for ways to incur less dose for a given output 

of work, as long as the cost does not exceed the possible equivalent cost 

of potential dose saving.

Structurally, ALARA is based on the linear nonthreshold hypothesis, 

which is the assumption that damage from radiation is d irectly  

proportional to the dose incurred. Further, no threshold or dose exists
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below which there is no detriment. As stated in the Health Physics Manual 

for Reducing Radiation Exposure Levels to those that are As Low As 

Reasonably Achievable. " [at present] . . .  there is considerable 

controversy about the uncertainty of detriment, i f  any, from low levels of 

radiation dose and about which the dose-response curve is correct. The 

l inear nonthreshold hypothesis appears to best satisfy the need for a 

practical yet conservative approach to this controversy.

Although the ALARA program is re la tive ly  new, its  roots date back to 

the beginning of the Atomic Age. As early as 1946, the ALARA philosophy 

was introduced into the radiation safety manual for the laboratory that 

would la te r  become known as Oak Ridge National Laboratory. During the 

1950's, the Nuclear Age became an increasing and alarming re a l i ty  in the 

United States and other f i r s t  world nations. Consequently, the necessity 

for radiation safety for individuals as well as for the environment was 

stronger than ever. By 1960, the recently created Atomic Energy 

Commission (AEC) formally adopted the ALARA philosophy by stating in its  

orders "...human exposure to ionizing radiation shall be kept as low as 

p r a c t i c a b l e . I n  1975, requirements for keeping radiation as low as 

practicable were introduced in the manual of the Energy Research and 

Development Administration (ERDA). F inally, in 1981, these requirements 

were included into the most recent DOE order to its  contractor 

organizations. These requirements represent the formulation of the ALARA 

philosophy by the Department of Energy and its  many contractors.

As stated above, the most recent DOE order (5480.11) t i t le d .
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"Radiation Protection for Occupational Workers," was in it ia te d  in 1981 and 

updated in 1988. The overall purpose of this order is to establish 

radiation protection standards and program requirements for the Department 

of Energy and DOE contractor operations with respect to the protection of 

the individual worker from ionizing radiation.

The Policies lis ted  in this order include:

a .)  I t  is the policy of DOE to implement radiation  
protection standards that are consistent with the Presidential 
approved guidance to Federal Agencies promulgated by the 
Environmental Protection Agency (EPA) and based on the 
recommendations by authoritative organizations, e .g . ,  the 
National Council on Radiation Protection and Measurements 
(NCRP), and the International Commission on Radiological 
Protection (ICRP).

b.) I t  is the policy of DOE to operate its  f a c i l i t ie s  and 
conduct its  a c tiv it ie s  so that radiation exposures are 
maintained within the lim its  promulgated by this order and as 
fa r  below this order as reasonably achievable. This policy 
applies to annual, committed, and cumulative dose 
equivalents.^

Figure 1 summarizes the radiation exposure lim its  as posted by the 
Department of Energy.

Stochastic Effects

Non-Stochastic Effects 
Lens of eye 
Extremity
Skin of whole body 
Organ or tissue

Unborn Child
Entire gestation period

5 rem (annual e ffective  dose 
equivalent)

15 rem (annual dose equivalent) 
50 rem (annual dose equivalent) 
50 rem (annual dose equivalent) 
50 rem (annual dose equivalent)

0.5 rem (annual dose equivalent)

Figure 1 Radiation Protection Standards
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Stochastic Effects can be defined as the lim iting value of annual 

effective  dose equivalent from both internal and external sources received 

in any year by an occupational worker. As seen in Figure 1, the 

Department of Energy has set this l im it  at 5 rem per year. Through 

concern over these stochastic effects. Rocky Flats administration began, 

in 1978, a policy of cutting the posted DOE annual rem equivalent l im it  in 

ha lf.  In other words, the exposure to radiation a Rocky Flats worker can 

atta in is lim ited to 2.5 rem in any one year. Within the last year, Rocky 

Flats administrators decided to obtain an even more stringent policy 

concerning stochastic e ffects. Consequently, the l im it  was 

reduced to 2.0 rem that any one Rocky Flats worker may acquire in a single 

year.

In a coordinated e f fo r t .  Department of Energy o f f ic ia ls  and Rocky 

Flats administrators organized incentive programs in an attempt to achieve 

this new l im it  at Rocky Flats. One such program, and one which this 

thesis is concerned with, is the Dosimetry Award Program (GAO-89-1). This 

program was designed to encompass six six-month periods (Figure 2), with 

the attained rem count for a given period being the target for the next 

six-month period. The incentive for this program is as follows: Rocky 

Flats would receive from DOE payment for each rem under 95% of the target 

for the f i r s t  six-month period. For example, the in i t ia l  target for the 

f i r s t  six-month period was 208 rem total plant exposure, f ive  percent 

below this  is 198 rem, and anything below this would result in Rocky Flats 

receiving payment per rem.
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TIMELINE FOR THE DOSIMETRY AWARD PROGRAM

Historical data was taken from 
these periods and used to 
formulate the regression models

Rocky Flats will receive payment for 
dose reductions in these periods

Base Period Period 1 Period 2 Period 3 Period 4 Period 5

Apr. 1988 Sep. 1988 Mar. 1989 Sep. 1989 Mar. 1990 Sep. 1990 Mar. 1991

Figure 2 Timeline For The Dosimetry Award Program
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One of the requirements DOE had concerning this program is that only 

rem reductions from the result of new efforts to reduce exposure by Rocky 

Flats personnel would be reimbursed. For example, a building manager who 

organizes safer and more e ff ic ie n t  methods for his employees to handle 

radioactive wastes in his building would be a legitimate rem reduction for 

which the Department of Energy would pay. I t  is because of this reason 

that only 95% of the rem reduction was compensated for in the f i r s t  six- 

month period with the b e lie f  that reductions would occur simply from 

knowledge of this program by Rocky Flats employees.

O rig ina lly , i t  was thought that a simple vertical scale would 

s u ff ic ie n tly  model this program as shown in Figure 3. This model is , 

however, limited as i t  does not consider the production level of the plant 

at given times. For example, for clean up purposes during the winter 

of 1989, production in one of the buildings at R.F. was halted. 

Correspondingly, the attained rem count for this period was sign ificantly  

lower. Should DOE be forced to pay R.F. for this huge rem reduction? 

Obviously not as the apparent reduction was not the result of increased 

safety measures but from a decrease in production. With this in mind, a 

proposal has been put forward to use regression to predict expected 

exposures for a given time period as a function of the level of production 

during the period. These predicted exposures would provide the adjusted 

baseline targets for the respective time periods which compose the Dose 

Reduction Program. This procedure w ill be much more beneficial in that i t  

w ill  allow the Dosimetry Award Program to serve its  designed purpose; to
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Initial Model fo r  the Dos im etry  Award P ro g ram

Oct. 8 8  — Mar. 89

Apr. 89  — Sep. 89

Oct. 89  — Mar. 90

Apr. 9 0  — Sep. 90

Initial Ceiling: 208 REM

198 REM

Rocky Flats 
will receive  
p a y m e n t /R E M  
reduction

Figure 3 In i t ia l  Model for the Dosimetry Award Program
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promote increases in safety so that R.F. w il l  become a better environment 

for i ts  employees and the surrounding communities.

At Rocky Flats, i t  has been determined that there are presently 19 

separate groups (Table 1) which are significant contributors to the plant 

exposure to ta l .  These groups include organizations which are involved 

with the handling of incoming material, hands-on production, and the 

treatment of wastes generated by production.

The purpose of this thesis is to explore the regression approach to 

the Dosimetry Award Program. This approach is investigated at three 

d is tin c t levels; the group level (micro)in which a ll 19 trend groups w ill  

be separately analyzed, the building level (macro) where the trend groups 

are combined into three d is tinct building compounds, and f in a l ly  the d 1 ant 

level where a ll  groups are combined together. The micro level is 

discussed in depth in chapters 1 and 2 of this thesis. The macro and 

plant levels are analyzed in chapter 3. The major result of this thesis 

w ill  be the recommendation of which one of the levels to be implemented.
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Table 1

The Groups Involved With The 

Dosimetry Award Program

Grouo Name Buildina Number Organization

Special Assembly 777 18310

Maintenance 771 29100

Mass Spec 559 32210

Pu Chemistry 559 32220

Pu Spec 559 32230

Pu Ops Supp Lab 771 32420

Quality Acceptance 707 33130

NDT 707 33220

Prod Control 707 53200

Foundry 707 56310

Assembly 707 56321

Machining 707 56330

Process Ops 776 61120

Hydride Ops 779 61130

NDA & MC 371 61310

NDA & MC 771 61310

Process Ops 771 61520

Liquid Waste Ops 774 64200

Solid Waste Trtmnt 776 64300



T-3902 10

Chapter 1 

The Micro Approach

Earlie r this year, an Individual Group Goals Worksheet was 

distributed to the respective supervisors of each of the 19 groups listed  

in Table 1. This worksheet consists of various sections, a ll of which 

were to be completed by the supervisors. The f i r s t  section deals with the 

goals the supervisors wanted th e ir  group to f u l f i l l  over the life tim e of 

the Dosimetry Award Program. In the next section of the worksheet, the 

supervisors were to document the methods they and the ir  employees would 

use to achieve the ir  predetermined goals. The third section is t i t le d ,  

"Workload that Corresponds to Groups' Exposure." Here, the supervisors 

were asked to document the a c tiv it ie s  during which the ir  employees were 

exposed to radiation. The information provided in this area corresponds 

with the production index (indices) for the group. As w ill be la te r  be 

explained, this index (indices) w il l  be the independent or random 

variables in the various regression equations. In the final section of 

this worksheet, the supervisors were to obtain as much historical data 

from previous fiscal years associated to the ir  production index(s) as was 

possible.

Figure 4 is an example of the Individual Group Goals Worksheet from 

the supervisor of NDA & MC (Non-Destructible Assay & Material Control) in 

building 371. As seen in this figure, the goal desired by this supervisor 

are to reduce accumulative exposure attained by his group by 11%.
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GAO 8 8 -1____________ __
INDIVIDUAL GROUP GOALS WORK SHEET

PACE I  OF 2

BUILDING 371   GROUP NANE >«0̂  i  i X ------------------------------- --------  ----------

ORGANIZATION. CODE j n i O ----------

SUPERVISOR 9ruce Sorinosteen EXT. PAGE

REPRESENTATIVE '.H-mv   EXT. -- PAGE -------------

EVALUATION PERIOD ^/39 _THRU_îü3---------

GOALS

1 .  RED UCE A C C U M U L A T IV E  EXPOSURE FOR THE GROUP 3Y 11  % OF THE B A S E L IN E .

2 . Saûuce inoiviaual exoosure tnraucn aetier u tiliza tio n  of personnel, tnorougn 
joa preoarat:on ana planning ana increasaa use of raciation snielaing.

4.
y c T u n o S  - 0  PEACH GOALS ANQ = EPSON R E S P O N S IB L E

1 .  taiorowe c o o r a in a t io n  between in te r - a c t :v e  saoport grsuos to  m im a iz e  de lays  
f o r  p e rs o n n e l o p e ra t in g  in  r a d ia t io n  a reas.

2 ,  [m orove com m un ica tions  between s n i f t  su o e rv iso rs  to  more eve n ly  d is t r ib u te  .
tn e  g rouo w o rt lo a d  and ic o ro v e  e f f ic ie n c y ,

3 ,  R equest su rve ys  w i t n in  s to ra g e  v a u lts  to  p in  p o in t n ig n  r a d ia t io n  a re as .
T ra n s fe r  sou rces  o f  h ig n  r a d ia t io n  to low t r a f f i c  a re as .

4 . Z x o id i te  c o m o le tio n  o f  new repack gioveaox wnicn was designed to  io a ro ve  e f f ic ie n c y
o f  re p a c k  o o e ra t io n s  tn a t  w i l l  m in im ize o p e ra to r n a n d lin g  tim e o f  s p e c ia l n u c le a r  
m a t e r i a l .

uroue iânaÿglr

Use a o o i t i o h a l  s h e e t s  a s  n e c e s s a r y .

GAOPORMS.CLT
(continued)

Figure 4 Individual Group Goals Work Sheet
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GAO as-I
INOIVIOUAL GROUP GOALS WORK SHEET

PACE 2 OP 2

WORKLOAD THAT CORRESPONDS TO GROUP'S EXPOSURE
w o rk lo a d : Average ounnours spen t h a n d lin g  /  c o u n t in g  SPECIAL MUCLÂAA MATERIAL

oased on s ta f f in g  and o p e ra t io n a l eq u ipm en t.

PREVIOUS WORKLOAD SY MONTH, QUARTER, OR 5 MONTH PERIOD FOR THE PAST THREi 
YEARS

FY -39

OC
NOV
DEC
JAN
FEE
MAR
APR
MAY
JUN
JUL
AUG
SEP

T 220<

,735

; 5 3 Q

FY-33

OCT 2205 
NOV
OEC :;as 
JAN 2 1 0 G  

FE3 Z2QS  
MAR 
APR 
MAY 
JUN 
JUL 
AUG 
SEP

Z 2 1 Ü

Î 2 I C

:ica
24’i
:205

soon

5720

5720

FY -37

OCT
NOV
DEC
JAN
FEE
MAR
APR
MAY
JUN
JUL
AUG
SEP

FY-36

OCT _  
NOV 
DEC 
JAN _  
FEE 
MAR 
APR I  
MAY _  
JUN 
JUL I  
AUG 
SEP I

C A O F O A M S .C L l

Figure 4 (continued)
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Further; this supervisor states that this goal w il l  be reached by better 

u t i l iz a t io n  of his employees through job preparation, planning, and 

increased use of radiation shielding. On the second page of Figure 4, the 

supervisor detailed that his employees became exposed to radiation by the 

number of hours they handled and counted special nuclear materials.

Upon receiving a ll  of the 19 trend group supervisors' completed 

worksheets, regression models using the provided historical production 

indices were f i t te d  for each group. The results of this in i t ia l  model 

f i t t in g  are shown in table 2. With this information, i t  was possible to 

begin to examine how, when and where Rocky Flats personnel were receiving 

ionizing radiation.

As an example, consider the trend group. Solid Waste Treatment 

(organization code » 64300) at the bottom of Table 2. The production 

index provided by the the supervisor of this group is the number of drums 

processed through a Size Reduction Vault per month. In other words, the 

supervisor of Solid Waste Treatment believed that his employees became 

exposed to radiation through the number of drums of radioactive waste they 

processed each month. A scatter plot with this data is contained in 

Figure 5. Once again, on Table 2, under the intercept column for Solid 

Waste Treatment is the number 467.8. This number represents that i f  there 

were no drums processed during a given month, one would expect this  

groups' exposure tota l to be equal to 467.8 person-mill irem. The slope for 

th is  group indicates that for each drum processed, an additional .926 

person-millirem is expected.

ARTHUB LAKES LIBRARY 
C()LC#W&DC) :&CBK)OL cd 
GOLDBN. COLORADO
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4

3

2

1

0

100  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  3 0 0  9 0 0  1 0 0 0  1 1 0 0  1 2 0 0  1 3 0 0  1 4 0 0  1 5 0 0

P R O D U C T  I ON L E V E L

Month Y • O f 1 n O •  K 1 E X0 O •  u r •
1 0 88 1 2 86 1 . 5 5 0 0 0
1 1 88 1 206 1 . 57000
1 2 88 1423 O . 5 9 0 0 0

1 87 10 65 O . 03000
2 87 1112 O . 22000
3 87 1186 3 . 05000
•4 87 1 1 64 1 . 6 5 0 0 0
5 87 90 1 1 . 3 7 0 0 0
6 87 1 098 2 . 56000
7 87 12 3 1 1 . 9 0 0 0 0
8 87 12 12 1 . 92000
9 87 8 67 2 . 8 9 0 0 0

1 O 87 10 63 1 . 74000
1 1 87 9 7 1 1 . 07000
1 2 87 6 97 1 . 19000

1 88 836 O . 9 5 0 0 0
2 88 1 4 2 O . 63000
3 88 523 o . 87000
4 88 4 96 o . 72000
5 88 4  1 1 2 . 05000
6 88 899 o . 9 5 0 0 0
7 88 567 o . 88000
8 88 2 69 o . 73000
9 88 604 o . 6 8 0 0 0

1 O 88 428 o . 72000
1 1 88 322 o . 5  1000
1 2 88 279 o . 5 4 0 0 0

1 89 2 89 o . 52000
2 80 286 o . 5 1 OOO
3 89 2 09 0 . 6 0 0 0 0

Figure 5 Scatterplot for Solid Waste Treatment
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Table 2

Regression Results for Models Containing 
Production Data Only

Name Intercept Slooe R-souare D-value

771 Special Assembly 115.6 0.293 .69 .0005

771 Maintenance -740.5 0.258 .36 .0031

559 Mass Spec 745.8 0.0* .00 .9044

559 Pu Chemistry 691.7 0.0* .03 .1896

559 Pu Spec 600.8 0.0* .19 .1318

771 Pu Ops Supp Lab 1134.7 -0.157
-3.684
0.0013

.62 .0001

707 Qual Acceptance 648.3 0.0* .08 .7656

707 NDT 571.7 0.0* .08 .2566

707 Prod Control 1351.7 0.0** ------- —

707 Foundry * * * * * * .57 .0001

707 Assembly -326.8 18.501 .79 .0198
25.850

707 Machining 450.7 0.433 .30 .0348

776 Process Ops * * * * * * .34 .0022

779 Hydride Ops 124.0 0.012 .50 .0001

371 NDA & MC -3762.2 2.756 .42 .0035

771 NDA & MC -1478.7 2.145 .68 .0001

771 Process Ops 7663.2 24.11 .45 .0001

(cont inued)
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Table 2 (continued)

________ Name__________  Intercept Slope R-souare p-value

Liquid Waste Ops 11.0 5.858 .66 .0013

Solid Waste Trtmnt 467.8 0.926 .21 .0099

*  Flat regression line used due to lack of correlation.

* *  Flat regression line assumed and used due to 
unavailable data.

* * *  Omitted for classification reasons.

For this particular group, the regression equation takes the form:

Y = fa + (production index)

where Y is the exposure in millirems and and are estimated to be 

467.8 and 0.926, respectively.

Thus,

Exposure = 467.8 + .926(Number of Barrels Processed)

This equation corresponds to the regression line  and is the solid line on 

Figure S.

With the regression models found on Table 2, predictions using the 

models were computed for the two subsequent six-month periods, April '88 - 

September '88 and October '88 - March '89. These predictions can be
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found in Table 3. The index column on this table corresponds to the 

production index for that specific group. Continuing with the Solid Waste 

Treatment example, the index for this group is 3246. This number 

represents that there were a total of 3246 barrels of radioactive waste 

processed by Solid Waste Treatment employees during the six-month period, 

Apr. '88 - Sept. '88. A monthly rate of one sixth this number was used in 

the regression model to predict a monthly exposure. That exposure was 

m ultiplied by six for the six month period resulting in a prediction for 

that production level of 5.8 rem. Note that the actual exposure for this  

group during this six month period was 6.0 rem.

The total exposure for the entire plant during the months April '88 

through September '88 was 208 rem. For the same period, the regression 

models predicted a total of 196.8 rem. Similarly, the actual attained 

exposure for the entire plant for the following period, October '88 - 

March '89, was 129.2 rem. Predictions from the regression models for this 

same period reveal a total of 168.2 rem.

Why do there exist such discrepancies between the totals  of the

actual attained dosage and the regression predictions? The answer lies  

with the regression models themselves, as many of these models are quite 

poor, showing l i t t l e  or no correlation between the attained dosage and the

given production index. This signifies that further study of the

regression models is in order. One method which this thesis incorporates, 

to study the regression models in more detail is through use of Anaysis of 

Variance (ANOVA) tables.
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Table 3

Observed vs Predicted Six-Month 
Exposure Levels (in person-rem)

Organization 

771 Spec Assm 

771 Maint 

559 Mass Spec

Aor88 to SeoBB 
Index Pred Observed

1730 1.2 1.4

53866 9.5

*  4.5

9.5

4.4

559 Pu Chem * 4.2 4.3

559 Pu Spec * 3.6 4.1

771 Pu Ops 35173
1369

8.1 6.4

707 Qua! Accpt * 3.9 4.5

707 NOT * 3.4 3.4

707 Prod Cont * 8.1 8.6

707 Foundry * * 25.5 27.9

707 Assembly 419
112

8.7 10.6

707 Mach 12982 8.3 8.4

776 Proc Ops * * 10.2 14.6

779 Hydr Ops 90544 1.8 1.4

371 NDA & MC 13440 14.5 12.9

771 NDA & MC 8599 9.6 8.6

771 Proc Ops 707 63.0 68.1

Oct
Index

1390

37576

'88 to Mar89

11085
1120

* *

443
184

12387

* *

68677

11760

6623

276

Pred Obser

1.1 1.3

5.3 3.4

4.5 4.6

4.2 4.0

3.6 3.1

3.6 4.1

3.9 3.2

3.4 3.4

8.1 7.6

22.2 19.0

11.0 11.3

7.4 7.5

14.2 11.6

1.6 1.3

9.8 9.1

5.3 5.2

52.6 24.8

(cont inued)
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Table 3 (continued)

Aor88 to Sep88 Oct '88 to Mar89
Organization Index Pred Observed Index Pred Observed

Liq Wast Ops 491 2.9 2.9 200 1.2 1.3

Solid WstTrt 3246 5.8 6.0 1813 4.5 3.4

Totals 196.8 208.0 168.2 129.2

*  Production information not used due to f la t  regression 
1ines.

* *  Omitted for c lass ification  reasons.

An ANOVA table contains a vast amount of valuable information for  

analyzing regression models. An ANOVA table for the trend group, Sol id 

Waste Treatment is contained in Figure 6. As stated in Neter, Wasserman, 

and Kunter (NWK), "the analysis of variance approach is based on the 

partition ing of sums of squares and degrees of freedom associated with the 

response variable Y."* In the case of this thesis, the response variable  

is the radiation dose incurred. By examining the upper portion of Figure 

6, in the sum of squares column, one can see the numbers:

3.77809090 
13.80732577 
17.58541667 .

The f i r s t  number corresponds to the regression sum of squares which is 

denoted as SSR. The following number represents the error sum of squares 

(SSE). The sum of these two numbers is the total sum of squares (SSTO) 

which is the th ird  number lis te d .
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Organization Code # 64300: Building 776 Solid Waste Treatment

Analysis o f Variance

Sum of
Source df Souares

Model 1 3.77809090
Error 28 13.80732577
Total 29 17.58541667

Mean
Souare

3.77809090
0.49311878

F-value 

7.662

Probabil i ty  of 
a greater F

0.0099

R-square : 0.2148
Adjusted R-square : 0.1868

Root MSE : 0.7022242

Parameter Estimates

Variable df

Intercep
Indexl

Parameter
Estimate

0.46783033
0.000925857

Standard 
Error

0.28692507
0.000334490

T for HO: 
Parameter=0

1.630 
2.768

Probability of 
a greater T

0.1142
0.0099

Indexl = the production indexl for Solid Waste Treatment which is 
the number of drums processed each month.

Figure 6 Analysis of the historical data for Solid Waste Treatment
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The variation of the observation is conventionally measured in 

terms of the deviations:

Y, - Ÿ

[As shown in Figure 7a.]

The SSTO is the sum of these deviations squared ( ie . ,  SSTO = (zY, - Y)^). 

The greater the SSTO, the greater is the variation among the Y 

observations.

When using regression, the variation reflecting the uncertainty in 

the data is that of the Y observations around the regression line:

Y, - Ÿ,

where Ŷ  is the f i t te d  value for the î ** observation.

These types of deviations correspond to the SSE and are shown in Figure

7b. The larger the SSE, the greater is the variation of the Y

observations around the regression lin e . The SSE is also known as the

unexplained variation.

The SSR, l ik e  the SSE, is a sum of squared deviations. However, the

deviations for this measure resemble: . _Y, - Y
where Y is the mean of the f i t te d  values.

This type of deviation is shown in Figure 7c. Each deviation is simply 

the difference between the f i t te d  value on the regression line and the 

mean of the f i t te d  values Y. The SSR can be considered to be a measure of 

the variation of the Y observation associated with the regression line .



T-3902 22

P artition ing  of D eviations

A.)

Y
Yi

Y i -  Y

0 10 20 30 40

B

Y

Yi -  Y

Regression Line (Y)

20 30 40

C.) Y

^Yi -  Yi

Yi -  Y -

Y

Regression Line (Y)

----------------------------X
20 30 40

Yi

Figure 7 Partitioning of Deviations
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The larger the SSR in relation to the SSTO, the greater the effect of the 

regression relation in accounting for the total variation in the Y 

observations. The SSR can also be defined as the explained variation.

For our example, Solid Waste Treatment (Figure 6):

SSR = SSTO - SSE -  17.58541667 - 13.80732577 = 3.77809090 

This indicates that a very small amount of the total v a r ia b ili ty  in the 

attained exposure tota l for Solid Waste Treatment employees is accounted 

for by the relation between the number of barrels processed and the 

group's exposure to ta l .  In other words, the measure of the number of 

waste barrels processed, alone, does not account for most of the exposure 

this group's employees received.

Also lis ted  on an ANOVA table are measures which test a regression 

relationship. Tests which can state whether or not a relationship exists 

between a response variable and an independent variable(s). More 

spec ifica lly , in the ANOVA table in Figure 6, these tests w ill reveal i f  

there is a relation between the total amount of radiation obtained by 

Solid Waste Treatment employees and the number of radioactive waste 

barrels they process each month.

Under the column Mean Square, two numbers are listed:

3.77809090 
0.49311878 .

These two numbers correspond to the regression mean square (MSR) and the 

mean square error (MSE). I t  is important to consider these two numbers 

when analyzing a regression model because through observation of these 

two numbers alone, one can state whether or not there is a s ta tis tica l
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relationship between the response and the independent variables. As NWK

states, " . . .F o r  testing whether or not /J, -  0 (whether or not a

relationship exists between the response variable and the independent 

v a r ia b le (s ) ) , a comparison of the MSR and the MSE suggests i ts e l f .  I f  the 

MSE and the MSR are of the same order of magnitude, this would suggest

that = 0. On the other hand, i f  the MSR is substantially greater than

the MSE, this would suggest that does not equal 0 (a relation does 

e x is t) .  This, indeed, is the basic idea underlying the Analysis of 

Variance test."^ In accordance with this rule, there obviously does exist 

a relationship between the exposure received by Solid Waste Treatment 

employees and the number of barrels of waste they process as the MSR = 

3.77 while the MSE * 0.49.

Another test which verifies  regression relations is also provided in 

an ANOVA table is the F-test and is defined:

F* = MSR 
MSE

For our example, F* = 3.77809090 = 7.662
0.49311870

The decision rule for the F-Test as stated by NWK is as follows:

I f  F* < F( 1 - ot; 1, n - 2) then conclude H*

I f  F* > F( 1 - a; 1, n - 2) then conclude H,

where = 0
Hg : does not = 0
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For our.exampTe,

F* > F(1 - a ; 1, n - 2)

7.662 > F( .95; 1, n - 2)

7.662 > 4.26

This test again verif ies  that there is de fin ite ly  a relationship present 

between the attained radiation Solid Waste Treatment employees attained 

and the number of barrels of radioactive waste they process each month.

The probability of obtaining a greater F-value than the one already 

found in the F-test is called the p-value. Large p-values support while 

small p-values support Ĥ . A test can be carried out by comparing the p- 

value with a specified risk  a .

I f  p > a , then is concluded

I f  p < a , then H, is concluded 

For th is  thesis and most industrial applications, the specified r isk , a, 

is equal to 0.05. As seen in Figure 6,

.0099 < 0.05

and therefore, Hg is concluded.

Not only does an ANOVA table te l l  an analyst that there are 

regression relations present, but i t  also contains information concerning 

the significance of these regression relations. The principal s ta tis tics  

used in th is  thesis to determine the worth of a regression model, were the 

and adjusted R̂  s ta t is t ic s .
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Listed Dn the ANOVA table in Figure 6:

R* -  0.2148 
Adjusted R' -  0.1868

In any industrial application as well as the Dosimetry Award Program,

these are small s ta tis tics . An R̂  = 0.2148 states that only 21% of the

variation in the radiation exposure observations was attributable to the

number of barrels of radioactive waste Solid Waste Treatment employees

processed.

The Root Mean Square Error (Root MSE) is another v ita l s ta t is t ic  

which can be used to reveal the significance of a regression model. Again 

on Figure 6:

Root Mean Square Error = .7022242

This states that for the regression model comparing the attained exposure 

of Solid Waste Treatment employees and the number of barrels of 

radioactive waste processed, approximately 70% of the variation in the 

historical exposure observations is le f t  unexplained by the use of this 

model. In other words, by the use of the Root MSE, one can see that the 

regression model is quite poor because only a small fraction of the 

variation among the exposure observations is explained.
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Chapter 2

Improving The Micro Level Regression Models

Fortunately, there are many techniques which are incorporated into 

this thesis which remedy the situation encountered in the previous 

chapter: poor f i t t in g  regression models for the majority of the 19 trend 

groups. The primary reason for these poor f i t t in g  regression models is 

that many of the trend group managers submitted production indicators 

which were poorly correlated to the ir  groups' exposure to ta ls . For 

example, in i t i a l l y ,  the supervisor of Solid Waste Treatment thought that 

his employees obtained most of the ir  radiation through the processing of 

barrels of radioactive waste. However, a fter analyzing the ANOVA table 

for this group, i t  was concluded that this was not the case as the 

regression model only had an R̂  = 0.2148.

The f i r s t  measure which was taken in order to improve the regression 

models for the 19 trend groups involved residual analysis. Analysis of 

the residuals proves to be extremely useful in the detection of outlying 

observations. Once these "outliers" are discovered and determined to be 

in f lu e n t ia l ,  they can be deleted leaving an improved regression model. To 

begin with, studentized residuals for each of the 19 trend groups were 

found. Studentized residuals were used rather than ordinary residuals 

because they have constant variance which allows for a more comparative 

analysis. Figure 8 is an example of a studentized residual plot for the 

trend group. Special Assembly in building 771. As can be seen on this  

plot, two of the observations, marked by pluses (+), appear to be
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STUDENTIZED RESIDUAL PLOT
F OR  7 7 1  s p e c i a l  A S S E M B L Y

4 ■

- 1  -
I  I I I I  I I I    I I I I I I I  I I I I I I I I ' I '  '

S E P 8 5 A P R 8 6  0 C T 8 6  M A Y 8 7  D E C 8 7  J U N 8 8  J A N 8 9

D A T E

J U L 8 9  F E B 9 0

Figure 8 Studentized Residual Plot
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outlying. However, observations such as these are not deleted on the 

basis of studentized residuals alone. Although the studentized residuals 

are good at "pointing out" or indicating that outlying observations might 

be present, there are other rigorous tests which show that speculative 

observations are indeed outlying and therefore affecting the regression 

model.

One such test was completed on the residuals for the trend group, 771 

Special Assembly in Figure 9. This is a simple plot of the response 

variable (dose) vs. the independent variable (the production index). 

Specifica lly , the production index for this group corresponds to the time 

these employees performed s ite  and surveillance a c tiv it ie s . The solid line  

on Figure 9 is the f i t te d  regression line  and the dashed lines constitute 

a 95% prediction interval for the predicted values. Observations which are 

inside this perdiction band are shown as stars. Points outside the 95% 

prediction band are shown as pluses (+ ) 's .  This plot backs the assumption 

signaled by the studentized residuals; that the two observations can be 

considered as ou tlie rs .

As stated in NWK, "After identifying outlying observations, . . . the 

next step is to ascertain whether or not they are influentia l in affecting  

the f i t  of the regression function, leading to serious distortion  

effects."® The Cook's Distance measure is an overall measurement of the 

impact of the î *̂  observation on the estimated regression coefficients. 

Figure 10 is a plot of the Cook's Distances for the same trend group, 771 

Special Assembly. Again, the two observations, which were signaled in
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D OS E

PLOT OF DOSE BY INDEX 1
W I T H  A 9 5 *  P R E D I C T I O N  I N T E R V A L  

F OR 7 7 1  s p e c i a l  A S S E M B L Y
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Figure 9 Plot of Dose by the Production Index
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Figures 8 & 9, are also being flagged in the Cook's Distance plot.

Even though these observations are clearly being signaled as outliers  

from the above tests, one last test is performed to determine i f  they 

should be deleted or not. This test simply involves judgement by the 

analyst ( i e . ,  does i t  or does i t  not make sense to delete the 

observation(s)). In most cases, the points are deleted because they 

denoted observations which were on the high side. In other words, the 

recorded dose level is abnormally high during a month in which the 

production was low. For example, during a low production month, a group 

of production workers might be asked to complete a task which is out of 

the ordinary for production personnel, such as taking out an old glovebox 

and insta lling  a new one. Even though they are not working on ac tiv it ies  

that are d irec tly  associated with production, more specifica lly , with 

th e ir  production index, they have received exposure to radiation, thus 

causing an outlying observation. Occurrences as these, when things happen 

out of the ordinary, cause points to be outliers and greatly affect 

regression relations. This was probably the case for the two observations 

signaled as outliers on Figures 8, 9 & 10. Consequently, these two 

observations were deleted.

Two ANOVA tables (Table 4 and Table 5) were computed for our example, 

771 Special Assembly. Table 4 is the complete analysis with the two 

outliers included in the model. Table 5 is the same analysis with the 

exception that the two outliers were deleted. Through comparing these two 

tables, the intercept of the model decreased from .13589 to .11567 along



T-3902 33

Table 4
771 Special Assembly 

outliers included

Analysis of Variance

Sum of Mean Probability of
Source DF Souares Souare F-value Greater F
Model 1 0.02488 0.02488 4.008 0.0666
Error 13 0.08070 0.00621
Total 14 0.10557

R- square = 0.2356 Root MSE = 0.07879
Adjusted R-square = 0.1768

Parameter Estimates

Parameter Standard 
Variable DF Estimate Error

Intercept 1 0.13589 0.04459
Indexl 1 0.00032 0.00016

T for H,: 
Parameter=0

3.047
2.002

Probability  
of greater t

0.0093
0.0666
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Table 5
771 Special Assembly 

outliers deleted

Analysis of Variance

Sum of Mean Probability of
Source DF Squares Souare F-value Greater F
Model 1 0.01963 0.01963 23.974 0.0005
Error 11 0.00901 0.00082
Total 12 0.02863

R- square = 0.6855 Root MSE = 0.02861
Adjusted R- square = 0.6569

Parameter Estimates

Parameter Standard T for H.: Probability
Variable DF Estimate Error Parameter=0 of Greater t

Intercept 1 0.11568 0.01671 6.922 0.0001
Indexl 1 0.00029 0.00006 4.896 0.0005
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with the slope of the model which went from .0032 to .0029. This causes 

the f i t te d  regression line to be a f la t t e r  l ine  with a lower intercept. 

Other s ta tis tics  on the ANOVA table in Table 5 which back up the deletion 

of the outlying observations are the and the p-value. The R̂  went up 

drastica lly  to .6855 while a p-value of .0005 states that this new model 

is s ta t is t ic a l ly  s ignificant.

Analysis of the residuals was completed for each of the 19 trend 

groups encompassed by this study. As a result, an indicator variable, 

stating whether or not the observation was an o u tlie r  was added to the 

database. Regression models stated in this thesis from this point forward 

have had outlying observations deleted.

Another technique which can be used to improve regression models is, 

simply, to obtain more data. Due to the number of poor regression models 

discussed in the f i r s t  chapter, an extensive e ffo rt  was in it ia ted  to 

gather more information. The information sought was generally that which 

would better quantify the production index in i t i a l l y  given by the 

respective supervisors. With this type of information, hopefully, added 

insights would be discovered, resulting in greatly improved regression 

models.

For various accountability reasons, each employee at Rocky Flats must 

complete a timecard each week detailing the specific types of work he/she 

performed during that week. While this type of information is generally 

used by the accounting department, i t  has proved to be invaluable for the 

Dosimetry Award Program since the number of hours employees performed
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various production indices is also available. Upon receiving this data 

from the accounting department, i t  was broken down into three sections for  

each of the 19 trend groups. These sections are:

Hourly hours Represents the total amount of time hourly 
employees were associated with the production 
index for a given group. For example, in 771 
Process Ops, this corresponds to the total 
amount of time hourly employees worked on the 
Hydrofluorination process for a given month.

Salary hours Represents the total amount of time salaried  
employees were involved with a production index 
for a specific group during a given month.

Sum hours Represents the total number of hours salaried and 
hourly employees were involved with a production 
index for a specific month during a given month.

Once this data was incorporated into the database, stepwise 

regression was used to find new regression models, stepwise regression is 

an automatic search procedure that develops sequentially the subset of 

dependant X variables to be included in the regression model. As NWK 

state, "Essentially, this search method develops a sequence of regression 

models, at each step adding or deleting an X variable. The criterion for 

adding or deleting an X variable can be stated in terms of . . . the F* 

s ta t is t ic .

F = M$R(.X,I,
MSE(X,)
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The stepwise regression procedure f i r s t  f i t s  a simple regression 

model for each potential X variable. Then, for each simple regression 

model the F* s ta t is t ic  is computed for testing whether or not the slope is 

equal to zero. The X variable with the largest F* s ta t is t ic  is the f i r s t  

variable to be considered. I f  the F* for this variable is greater than a 

predetermined value ( 0.1500 for the stepwise procedure in SAS), then the 

variable w il l  be added to the regression model. Table 6 is an example of 

how stepwise regression was used to improve the regression model for one 

of the 19 trend groups. This group, building 707 Assembly, has five  

potential dependent variables which can be in the regression model. These 

are:

Indexl - F irs t production index.
Index2 - Second production index.
Hourly hours - Number of hours 707 Assembly hourly

employees performed above indices.
Salary hours - Number of hours 707 Assembly salaried 

employees performed above indices.
Sum hours - Salary hours + hourly hours.

In order for any of these variables to enter the regression model, i t  must 

f i r s t  have an F* > 0.1500. Hourly hours has the largest F* s ta t is t ic  and 

is therefore is the f i r s t  variable to be submitted into the model. This 

is what occurs in Step 1 of the regression procedure shown on Table 6. 

Index2 is the variable with the next largest s ta t is t ic .  Because the F* 

s ta t is t ic  is greater than 0.1500, the stepwise regression procedure 

admitted Index2 into the model in Step 2, also in Table 6. The result of 

th is  step is significant as the value for the model went from 0.7452 in
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Step 1 to 0.9607 in Step 2. I t  is important to notice that the resulting  

model in Step 2 has a very low p-value (.0078) revealing that the model is 

s ta t is t ic a l ly  s ign ificant. The other remaining variables (Indexl,

Salary hours, and Sum hours) did not have an F* s ta t is t ic  > 0.1500 and 

could not be considered to enter the model. At this point the stepwise 

procedure stopped.

Table 6

Example of the SAS Stepwise Regression Procedure

Note: For a dependant variable to enter and stay in the model, i t  must
have an F* > .15

Step 1:
Variable Hourly Hours entered into the model

pf .  0 .74524337

Sum of Mean Probability of
Source df Souares Souare F-value a Greater F

Model 1 1.60133 1.60133 11.70 0.0268
Error 4 0.54740 0.13685
Total 5 2.14873

Standard Type I I  Sum Probability of
Variable B Value Error of Souares F-value a Greater F

Intercept 0.65881
Hourly Hours 0.00119 0.00035 1.60133 11.70 0.0268

(cont inued)
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Table 6 (continued) 

Step 2:
Variable Index2 entered into the model

R̂  = 0.96071343

Sum of
Source df Squares

Model 2 2.06432
Error 4 0.08442
Total 5 2.14873

Mean
Square

1.03216
0.02814

F-value 

36.68

Probability of 
a greater F

0.0078

Variable

Intercept
Index2
Hourly Hours

Standard 
B Value Error

1.10108
-0.02209
0.00119

Type I I  Sum 
of Squares

0.00545
0.00016

0.46299
1.93894

Probability of 
F-value a greater F

16.45
68.91

0.0270
0.0037

NO OTHER VARIABLES MET THE 0.1500 SIGNIFICANCE LEVEL FOR ENTRY INTO THE 
MODEL
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Listed in Table 7 are the groups which the addition of productive 

hours ( i e . ,  hourly hours, salary hours, and sum hours) proved beneficial 

to th e ir  regression models. As can be seen by this table, the regression 

models are greatly improved over those models which just used production 

index data. For example, in Table 2 in Chapter 1, the trend group. Liquid 

Waste Ops. had the regression model:

Dose = 11.0 + 5.858(Indexl)

The value for this model is 0.66 and the p-value is 0.0013. When 

productive hour information is added, the regression model for the same 

group resembles:

Dose = 1068.5 + 11.4(Indexl) + .461(Salary hours)

The corresponding R̂  value for this group is equal to 0.87 while 

significance is maintained with a p-value = 0.0163.

The use of productive hour information did not help the regression 

models of those groups which were not listed in Table 7. This is due to 

the lack of correlation between the productive hour variables and the 

attained radiation dose for that group. As a result, the stepwise 

regression procedure did not admit these variables into the regression 

model.

To re la te  the significance of incorporating the productive hours data 

into the regression models. Table 8 was assembled. This table l is ts  the
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Table 7

Alternative Models Obtained Using Productive Hours 

(in person-millirem per month)

Name Intercept

707 Prod Control -1003.1 

707 Foundry 984.5

707 Assembly 1101.1

707 Machining 238.3

776 Process Ops -708.8

371 NDA & MC 

771 NDA & MC

771 Process Ops 1709.6

Liquid Waste Ops 1068.5

Solid Waste Trtmnt 96.4

Variables

in Model

Hlyhrs

Salhrs

Index2 
Hlyhrs

Sumhrs

Indexl 
Sumhrs

1520.4 Hlyhrs

Slope R-SQuare P-value

Indexl
Hlyhrs

Indexl
Salhrs

Hlyhrs

1.01

2.44

-22.09
1.35

0.933

.00398
0.631

3.41

.0209

.604

11.4
.461

.099

.69

.63

.96

.89

.95

.85

.96

.87

.79

.0198

.0324

.0078

.0168

.0026

.0034

.0015

.0163

.0074
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actual attained dosage for a ll  of the 19 trend groups during the six-month 

period, April 89 - September 89. Also lis ted  in this table are the 

predictions of the two regression models for the same six-month period. 

In those cases where the productive hour data proved to be insignificant 

to the groups' attained radiation dose, the regression model which 

incorporates only the production index data was used.

From Table 8, the actual attained dosage for a ll  of the 19 trend 

groups is 124.1 rem for the above mentioned six-month period. The 

predictions resulting from the regression models which only incorporated 

production index data sum to 186.6 rem for the same six-month period. 

S trik ing ly , predictions resulting from regression models which incorporate 

both production index data and productive hours data sum to only 132.0 

rem.

At this point i t  is important to note that Rocky Flats would receive 

s ign ifican tly  more money from the Department of Energy for reducing 

radiation exposure, i f  the regression models using production index data 

alone were used ( ie . ,  Rocky Flats would receive payment corresponding to 

a 186.6 - 124.1 = 62.5 rem reduction). However, i t  is the goal of this  

thesis to present the model, regardless of the monetary consequences, 

which best represents attained radiation dosage of personnel at Rocky 

Flats. Using regression models with both production index data and 

productive hours data included. Rocky Flats would only receive payment for 

a 132.0 - 124.1 = 7.9 rem reduction.
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Table 8
Comparison of the Two Regresion Models 

vs. Actual Results (in person-rem)

Organization
Predicted  

(prod, data onlvl

777 Special Assembly 
771 Maintenance 
559 Mass Spec 
559 Pu Chemistry 
559 Pu Spec 
771 Pu Ops Supp Lab 
707 Qual Acceptance 
707 NOT
707 Prod Control 
707 Foundry 
707 Assembly 
707 Machining 
776 Process Ops 
779 Hydride Ops 
371 NDA & MC

771 NDA & MC 
771 Process Ops 
Liquid Waste Ops 
Solid Waste Trtmnt

1.1
6.5
4.5
3.6 
1.1
4.3 
3.9
3.4  
8.1

21.6
18.0
8.2

15.0 
2.0

11.5

12.1 
56.8

1.7 
3.2

186.6

Actual

0.1
3.7
3.2
3.3
3.0
4.3
3.6
3.1
6.9

19.8 
13.4
7.3

11.8
1.7
8.1

4.9 
23.2

0.8
1.9

Predicted  
(hourly data in c .l

124.1

8.0
17.1
10.4
7.5
9.9

13.1

30.7
1.5
3.4

132.0

- indicates no change from prod, data only predictions 

371 and 771 NDA & MC were combined in the hourly data



T-3902 44

Analysis o f the 559 Labs

In Chapter 1, i t  was shown that many of the regression models for the 

19 trend groups were quite poor. Six of these groups had such poor 

relations between th e ir  production index and th e ir  exposure to ta l ,  that a 

f la t  regression line  was used to model the groups production leve l. These 

six trend groups are:

559 Mass Spec 
559 Pu Chemistry 
559 Pu Spec
707 Quality Acceptance 
707 NOT
707 Product Control

A plot of the production induce observations for the trend group, 559 

Mass Spec along with the corresponding f la t  regression line  is in Figure

11. A predicted exposure total for this group and any group with a f la t  

regression l in e , would be the average monthly exposure rate multiplied by 

six for a given six month period. Moreover, this exposure total w ill be 

the same for a ll  six month periods unless a useful production index can be 

found. Finding a useful production index is proving to be quite d i f f ic u l t  

for f ive  of the above groups as only the trend group, 707 Product Control, 

produced a significant regression model when the productive hours data was 

made available (th is  was outlined in Chapter 2 of this thesis).

In the attempt to improve the regression models for the three trend 

groups in the 559 Labs (Mass Spec, Pu Chemistry, and Pu Spec), data 

concerning the total number of analyses run in a ll three groups was 

obtained. Twelve observations were used in this analysis with the total
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1 . 2  H

t . 0 -

E
X 
p 
0 
s
U 0 . 8R
E

0 . S ■
I
N

0  . 4
R
E
M 0 . 2 -  
S

0 . 0 -
1--------1------------   1--------  1--------- '--1-------------- '-1-------------- '-1-------------- '-1-------------- 1-1--------------'-1--------' r

5 0 0  6 0 0  7 0 0  8 0 0  9 0 0  1 0 0 0  1 1 0 0  1 2 0 0  1 3 0 0  1 4 0 0  1 5 0 0

PRODUCT I ON level

M o n t h Y •  o r t m d a * 1 E x p o m u f #
3 a s 1 O 1 1 O . 2 8 0 0 0
4 a s 118  1 O . 2 2 0 0 0
5 a s 1 4 5 7 O . 9 0 0 0 0
a a s 1 1 0 8 O . 8 1 0 0 0
7 a s 1 1 7 9 O . 6 3 0 0 0
a s s 12 93 1 . 2 0 0 0 0
9 a s 10 89 o  . 6 2 0 0 0

1 o s s 7 2 5 1 . O 1 OOO
1 1 s s 7 92 0  . 7 3 0 0 0
1 2 a s 5 2 9 o  . 7 3 0 0 0

1 89 1 3 8 4 0  . 6 9 0 0 0
2 89 9 10 o  . 7 4 0 0 0
3 89 8 9 3 o  . 8 7 0 0 0

Figure 11 F la t  Regression Line Example
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number of analyses run in the 559 area for each month from April '88 - 

March '89 being recorded.

After running regression analysis between the attained dose level in 

each of these three groups and the total number of analyses run, only the 

group Pu Chemistry produced a significant regression model. As seen by 

Table 9 (the ANOVA table for Pu Chemistry), the is equal to 0.4636 and 

the p-vaTue = 0.0148. While this is not a great regression model when 

compared to the models of the other 19 trend groups, at least i t  is a 

significant model which formulates a starting point.

The two other trend groups in the 559 area. Mass Spec and Pu Spec, 

produced very weak models with extremely small R̂  values. The ANOVA tables

for these two trend groups can be seen in Tables 10 and 11 r e s p e c t i v e l y .

Table 9 ANOVA Table for Pu Chemistry

Analysis of Variance

Sum of Mean Probability of
Source df Squares Scuare F-value a G r e a t e r  F

Model 1 0.13191620 0.13191620 8.642 0.0148
Error 10 0.15265046 0.01526505
Total 11 0.28456667

R-square : 0 .4636 Root MSE : 0. 1235518
Adjusted R-square : 0. 4099

Parameter Estimates

Parameter Standard T for Probability of
Variable df Estimate Error Parameter=0 a Greater T

Intercept 1 0.34050049 0.12466809 2.731 0.0211
Numanal 1 0.000093486 0.000031802 2.940 0.0148
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Table 10 ANOVA Table for Mass Spec

Analysis o f Variance

Sum of Mean
Source df Souares Scuare F-value

Model 1 0.05251674 0.05251674 1.816
Error 10 0.28917493 0.02891749
Total 11 0.34169167

R-square : 0.1537 Root MSE
Adjusted R-square : 0.0691

Probability o f  
a greater F

0.2075

Parameter Estimates

Variable df

Intercept
Numanal

Parameter
Estimate

0.37926256
0.000058986

Standard 
Error

0.17158786
0.000043770

T for Hq.* 
Parameter=0

2.210
1.348

Probability o f  
a greater T

0.0515
0.2075

Numanal = total number of analyses run in the 559 Labs

G O LD m , COLORADO 8040
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Table 11 ANOVA Table for Pu Spec

Analysis o f Variance

Sum of Mean Probability
Source df Sauares Souare F-value a greater F

Model 1 0.000474812 0.000474812 0.008 0.9319
Error 10 0.61861686 0.06186169
Total 11 0.61909167

R-square : 0.0008 Root MSE : 0.2487201
Adjusted R-square : -.0992

Parameter Estimates

Variable df

Intercept
Numanal

Parameter
Estimate

0.72476529
.00000560867

Standard 
Error

0.25096729
0.000064019

T for H,: 
Parameter=0

2.888 
0.088

Probability of 
a greater T

0.0162
0.9319

Numanal = Total number of analyses run in the 559 Labs
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Chapter 3 

The Macro and Plant Approaches

Chapters 1 and 2 detailed the Micro approach to the Dosimetry Award 

Program. This chapter w il l  discuss the Macro (building) and Plant levels. 

In the Macro approach, the 19 trend groups are combined into three large 

groups. This level d iffe rs  from that of the micro in that every trend 

group is not required to submit a production index corresponding to the ir  

groups' exposure total for every six month period. The groupings that are 

found to be the most useful are for buildings 707, 771, and 776. The 

following table (Table 12), shows the exact combinations.

Table 12

Groupings for the Macro Approach

Name Trend Groups Included

707 Group Quality Acceptance
NDT
Production Control
Foundry
Assembly
Machining
Pu Specification
Mass Specification
Pu Chemistry

771 Group Maintenance
NDA & MC (771 and 371)
Plutonium Operations Support Lab 
Process Operations

776 Group Hydride Operations
Special Assembly 
Solid Waste Treatment 
Liquid Waste Operations
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The related production indices for the three groups are building 707 

Foundry throughput, building 771 throughput, and the molten salt process 

throughput for building 776. The ANOVA tables for the three groups had to 

be omitted due to fact that the production indices and regression 

coefficients of these models are considered to be classified information.

For the plant approach, the production indices for the three macro 

level buildings are summed and used sim ilarly to predict the total 

exposure for a ll  employees in the 19 trend groups. Again, the ANOVA table 

for the plant approach was deleted because i t  also contains classified  

information.

The results of the model f i t t in g  for the three groups in the macro 

approach along with the model for the plant approach are on the following 

table.

Table 13

Macro and Plant Approach 
Regression Results

Name  R-souare p-value
707 Group .53 .0001

771 Group .21 .0037

776 Group .17 .0083

Plant .21 .0034

Table 14 expresses the performances of the regression models from 

Table 13 on actual exposure data from two of the six month periods.
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Because of the weak regression models for the macro and plant approaches, 

sens itiv ity  toward changing production rates is minimal. For example, the 

six month period from April '88 to Sept '88 was considered to be a high 

production period with total of 208.0 rem being recorded. The macro and 

plant regression models performed adequately with prediction totals of

199.1 rem and 204.8 rem respectively. In the following six month period 

(Oct '88 to Mar '89 ), which is considered to be a low production period, 

only 129.2 rem was recorded. Because the regression models for the macro 

and plant approaches are weak, predictions from them are not as low as 

they should be as 180.3 rem and 189.6 rem were predicted for this period.

Table 14

Name

Macro and Plant Predictions 
vs. Observed Exposures

Aoril '88 to Sect '88 Oct '88 to March '89
Dose Predicted Dose Predicted

707 Group 77.6 79.9 65.1 70.5

771 Group 109.8 97.3 49.1 88.2

776 Group 20.6 21.9 15.0 21.6

Macro Total 208.0 199.1 129.2 180.3

Plant 208.0 204.8 129.2 189.6
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Conclusions

One of the goals of this thesis is to determine the best way to model 

the Dosimetry Award Program at Rocky Flats. Three separate approaches: 

the micro, the macro, and the plant were studied to determine which one 

modelled the program the best. Table 15 is a comparison of these three 

approaches on actual data from two of the six month periods.

Table 15
Comparing the Three Approaches

Aoril '88 to Sect '88 
Approach Observed Predicted

Oct '88 to March '89 
Observed Predicted

Micro 

Macro 

PI ant

208.0 194.3

208.0 199.1

208.0 204.8

129.2 162.8

129.2 180.3

129.2 189.6

As observed by this table, as the methods move from the micro to the 

plant approach, the regression models are less able to associate the dose 

levels with the changing production rates. In addition, the one-sigma 

error estimates for the predictions for each of the three approaches are:

20.6 for the plant

16.9 for the micro

10.2 for the micro

These numbers correspond to the uncertainty associated with each of the
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three levels. The uncertainty for the plant level was found by squaring 

the root mean square error associated with this regression model,

multiplying by six because the prediction is that for a six-month period,

and then taking the square root of this product.

RMSE » 8.42

/(8 .42 )^  X  6 = Uncertainty = 20.6

For the macro level:

707 group 771 group 776 group 

(RMSE)^ + (RMSE)^ + (RMSE)^

Uncertainty = V [ (2 .6 3 ) '  + (6 .33 )' + (.92)^] x 6 -  16.9

The uncertainty for the micro level was found in a way similar to that of

the macro level with the exception that the RMSE's for a ll of the 19 trend 

groups were used.

The smaller the uncertainty associated with an approach, the tighter the 

prediction bands w ill  be for that approach. Thus, the micro approach w ill  

have the t ightest prediction band.

Once comparisons between the three approaches to the Dosimetry Award 

Program were completed, one of the approaches was chosen. Because the 

micro approach could associate with changing production rates better than 

the other approaches and because i t  had a lower uncertainty than the 

others, i t  was chosen to be the method of modelling for the Dosimetry 

Award Program.

Chapter 1 of this thesis detailed how data was obtained for each of
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the 19 trend groups as is required in the micro approach. Also included 

in this chapter, the strength of the 19 regression models was determined 

through the use of ANOVA tables. As is shown by Table 2, the majority of 

these 19 regression models are quite poor. Fortunately, there are many 

methods available to this study which greatly improve poor f i t t in g  

regression models. These methods of improvement are outlined in Chapter 

2 of th is  thesis.

Identifying and deleting outlying observations which were present in 

the data for many of the 19 trend groups were the f i r s t  measures taken to 

improve the regression models. The addition of data concerning productive 

hours greatly improved 10 of the 19 regression models as was shown in 

Table 7. When improvements such as these were completed on the 19 

regression models, the sensitiv ity  which the micro approach had toward 

changing production rates increased greatly as seen by Table 8.

At this point, i t  is necessary to discuss the economic implications 

of this thesis. The management of Rocky Flats would obviously wish to 

receive as much money as possible from the Department of Energy for 

lowering the exposure levels of i t ' s  employees. Therefore, i t  would 

benefit Rocky Flats management to have regression models that were not 

sensitive to changing production rates. For example, from Table 8, during 

the six month period from April '89 to Sept '89, Rocky Flats employees 

obtained 124.1 rem of exposure to radiation. The regression models which 

only used the provided production indices predicted a total exposure of 

186.6. I f  this model was used. Rocky Flats would receive payment
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corresponding to a 62.5 rem reduction. I t  is , however, the goal of this 

thesis to obtain regression models which most accurately model exposures 

at Rocky Flats. Consequently, data concerning productive hours was added 

to the regression models. Predictions resulting from models containing 

this productive hours data predicted a total exposure of 132.0 rem for the 

same above mentioned six-month period. In this case. Rocky Flats would 

only receive payment for a 7.9 rem reduction.
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Recommendations

- -  As has been previously mentioned, the micro approach should be the 

model used for the Dose Reduction Program. Because of th is , a great 

amount of administrative e ffo rt  is going to be required to obtain 

production indices for a ll of the trend groups as is required in the 

micro approach.

- -  Some of the trend groups s t i l l  do not have significant regression 

models. Supervisors for these groups as well as the supervisors of 

those groups with poor f i t t in g  regression models, need to analyze 

th e ir  processes further and submit more production indices which 

correspond to th e ir  groups attained dosage.

- -  As many production indices as possible should be found for each trend 

group as this type of information w ill  provide added insights on how 

particu lar groups at Rocky Flats come into contact with radiation.

- -  A task team should be assembled containing both management and 

production personnel with the responsibility of overseeing the 

procurement of new production indices and the associating historical 

data.
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Suggestions For Further Research

I t  is recommended to anyone seeking further research concerning this 

topic to remember that most of the group supervisors have l i t t l e  or no 

previous s ta t is t ic a l knowledge. Because of th is , the researcher needs to 

explain him/herself and th e ir  purpose in a clear and concise manner as 

this w il l  greatly improve the working relationships the researcher has 

with these group supervisors. With these improved relationships, the 

researcher w il l  find that the supervisors w ill be more w ill ing  to work 

with them in obtaining production indices concerning th e ir  group. As a 

resu lt, more production indices for each group w ill  be obtained, leading 

to improved regression models which w ill be extremely sensitive to 

changing production rates at Rocky Flats.
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Footnotes

1. Munson, L . , H ., et a i . ,  Health Physics Manual of Good Practices 
for Reducing Radiation Exposures to Levels that are As Low As Reasonably 
Achievable (ALARA) (Pacific Bell Laboratories Operated for the U.S. 
Department of Energy by the Batelle Memorial Ins titu te , 1988), 1.2.

2. Munson, L.H. "ALARA", 1.2.

3. Munson, L.H. "ALARA", 1.3.

4. Munson, L.H. "ALARA", i i i .

5. Department of Energy, Radiation Protection for Occupational 
Workers. ([Washington, D.C.]: U.S. Department of Energy Order 5480.11, 
1988), 1.

6. Neter, J . , W. Wasserman, and M. Kutner. Applied Linear 
S ta tis t ica l Models. (Homewood, I l l in o is :  Irwin, 1985), 288.

7. (Neter, Wasserman, and Kutner 1985, 91)

8. (Neter, Wasserman, and Kutner 1985, 407)

9. (Neter, Wasserman, and Kutner 1985, 430)
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Appendix 

D efin itions and Terms

D-value: The p-value for a sample outcome is the probability that the
sample outcome could have been more extreme than the one observed assuming 

is true. Large p-values support while small p-values support Ĥ . A 
test can be carried out by comparing the p-value with a specified a 
(alpha) r isk , a is the level of significance ( ie . ,  the probability of 
rejecting a true when is assumed to be true). I f  the p-value equals 
or is greater than the specified a, is not rejected. I f ,  however, the 
p-value is less than a, is concluded.

In reference to this study, is the condition in which the slope of 
the regression line equals 0.00 ( ie . ,  there exists no relationship between 
the attained Radiation exposure and the given production indicator). The 
risk  factor, a, is equal to .05.

Coefficient of Multiple Determination: Denoted by R̂ , i t  is defined as:

= SSR = 1 - SSE 
SSTO SSTO

where:

SSE = 2 ê j (see Residual for defin ition of eJ

SSE stands for the error sum of squares or residual sum of squares. I f  
the SSE = 0, a ll observations fa l l  on the f i t te d  regression lin e . The 
greater the SSE, the greater is the variation of the Y observations around 
the regression line .

SSR -  S ( Y j  -  Ÿ ) *

SSR represents the regression sum of squares. Note that SSR is the sum of 
squared deviations, the deviations being: . _

Y,  -  Y

is the f i t te d  value for the ith  observation.
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SSTO = z(Y, - yy
SSTO stands for the total sum of squares. SSTO is the measure of total 
variation . The greater the SSTO, the greater the variation among the Y 
observations.

represents the proportion of the sum of squares of deviations of the 
y values about the ir  mean that can be attributed to a linear relationship  
between y and x (or, in the case of this study, the relationship between 
exposure and the trend group's production indicator).

Note: is always between 0 and 1, because R is between -1 and +1. Thus,
an R̂  = .60 means that 60% of the sum of squares of deviations of the y 
values about th e ir  mean is attributable to the linear relationship between 
y and x.

Coefficient of Correlation: Denoted by R, i t  is defined as:

R = SQRT R̂

R is a measure of the strength of the linear relationship between two 
random variables, x and y. A value of R near zero implies that there is 
l i t t l e ,  i f  any, relationship between the x and y variables. Conversely, 
an R value near 1 s ignifies a strong relation between the two random 
variables. Positive values of R imply that the variables are positively  
correlated ( ie . ,  as x increases, y also increases). Negative R values 
signify a negative correlation between the two variables ( . . .a s  x 
increases, y decreases).

Examples of these are on the following page in Figure 1 on the folowing 
page.

Adjusted R : Denoted by R \,  is a related s ta t is t ic  to R and is defined
as:

R \  = n j .  SSE = 1-MSE 
n-p SSTO SSTO 

n-1

where n is the total number of observations and p is the number of 
parameters in the regression equation.
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Figure 1

• •  •

#  #

#  #

Positively correlated Negatively correlated
( as X increases, so does y ) ( as x increases, y decreases )

•  •  •

R—square near zero R—square near 1

Figure 2

Y
Fitted Regression Line, Y

Fitted Value

Residual

Observed Value
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R̂ 3 takes into account the number of parameters in the model through the 
degrees of freedom.

Residual ; the î *' residual is the difference between the observed value 
and the corresponding f i t te d  value . The ith residual is denoted by e,- 
and is defined:

®i = - Ÿ;

A residual example is on the previous page in Figure 2.

Student!zed Residual: A measure of the ratio  of the residuals(e,) to the
unbiased estimator of the standard deviation [s fe ,)]  and is denoted by e",.

The advantage studentized residuals have over residuals is that 
studentized residuals have constant variance.

Mean Square Error: Denoted by MSE, is a measure of the variation within 
samples.

MSE « Z
n-1

where ê  is the i *̂' residual and n is the total number of observations.

Root Mean Souare Error fRMSEl: The root mean square error is an estimate
of the unexplained v a r ia b i l i ty .  For a given predicted response, 
approximately 2/3 of the response values would be expected to fa l l  within 
one RMSE value in each direction, approximately 95% within two RMSE 
values, and 99% within three RMSE values. RMSE is defined:

RMSE = SQRT(MSE)

Cook Distance Measure: 0-, is an overall measure of the impact of the i*^ 
observation on the estimated regression coefficients.
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D; = ( b_^ b(i) ) 'X'X_( b - ,
p(MSE)

where X is an n x p matrix, b is the usual least squares estimator with 
a ll  observations included, and b̂ ,.. is the least squares estimator after  
the i ĥ data point has been omitted.

While does not follow the F distribution, i t  has been found useful to 
re la te  the value, D̂ , to the corresponding F-distribution and ascertain the 
percent value. I f  the percent value is less than 20 percent, the i'^ 
observation has l i t t l e  apparent influence on the f i t te d  regression 
function. I f ,  on the other hand, the percent value is greater than or 
equal to 50 percent, the i*^ observation is considered to have substantial 
influence of the regression function.

Leverage: Denoted by h,,, is another s ta t is t ic  which proves useful in the 
detection of ou tliers . The s ta t is t ic ,  h;,, is a measure of the distance 
between the x values for the i'^ observation and the means of the x values 
for a ll  n observations. A large leverage indicates that the i^̂  observation 
is distant from the center of a ll  the x observations.

A leverage value is usually considered to be large i f  i t  is more than 
twice as large as the mean leverage value h, which is:

h = r  _h^_ = Bt 
n n

Hence, leverage values greater than 2p/n are considered by this rule to be 
outlying observations.

Autocorrelation: In business and economics, many regression applications 
involve time series data. For such data, the assumption of uncorrelated 
or independent error terms is often not appropriate;rather, the error 
terms are frequently correlated positively over time. Error terms that 
are correlated over time are said to be autocorrelated or seria lly  
correlated. A major cause of autocorrelation in business applications, 
and one that confronted this project at Rocky Flats, is the omission of 
one or more key variables from the model.
When autocorrelation exists, many problems arise and these are listed  
below.

1. Regression coefficients w ill s t i l l  be unbiased, but w ill lack the
minimum variance property and thus may be quite in e ffic ie n t.

2. MSE may seriously underestimate the variance of the error terms.
3. The true standard deviation of the estimated regression coefficient
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may also be seriously underestimated.
4. Confidence intervals using the t  and F distributions w ill  no longer 

be s t r ic t ly  applicable.

Durbin Watson Test: From above, one can see why i t  is necessary to test 
for autocorrelation. The Durbin-Watson is such a test for determining 
Autocorrelation in error terms. Structurally , this test answers whether 
or not an autocorrelation parameter, p (rho), is zero, p is a parameter 
such that I p I < 1.

p = 0 
p > 0

The test s ta t is t ic  is obtained by f i r s t  f i t t in g  the ordinary Jeast squares 
regression function and calculating the residuals, e% = Y* - . The next
step requires calculating the s ta t is t ic :

Small values of D lead to the conclusion that p > 0 because the adjacent 
error terms ê  and ê  . tend to be of the same magnitude when they are 
positively autocorrelated. Hence, the differences in the residuals ê  - 
e .̂-,, would tend to be small when p > 0, leading to a small numerator in 
D and thus, a small test s ta t is t ic  D.

Stepwise Regression: This is a method of selecting the best set of
regressor variables for a regression equation. I t  precedes by introducing 
the variables one at a time (stepwise forward) or by beginning with the 
whole set and rejecting them one at a time (stepwise backwards). The 
crite r io n  for accepting or deleting a variable usually depends on the 
extent to which i t  affects the multiple correlation coeffic ient, or 
equivalently, the residual variance.

Radiation Exposure Definitions

Absorbed Dose fO l: The energy imparted to matter by ionizing radiation
per unit mass of irradiated material at the place of interest in that 
material. The absorbed dose is expressed in units of rad (or gray) (1 rad 
» 0.01 gray).
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Dose Equivalent (H ): The product of absorbed dose (D) in rad (or gray) in 
tissue, a quality factor (Q), and other modifying factors (N). Dose 
equivalent (H) is expressed in units of rem (or s ievert).

Annual Dose Equivalent: The dose equivalent received in a year. Annual
dose equivalent is expressed in unit of rem (or s ievert).

Effective Dose Equivalent (Mg): The sum over specified tissues of the
products of the dose equivalent in a tissue (H )̂ and the weighting factor
(W() for that tissue, i .e .  Hg = 2 H.. The effective dose equivalent is
expressed in units of rem (or s ievert;.

Annual Effective Dose Equivalent: The effective dose equivalent received 
in a year. The annual dose eqiuvalent is expressed in units of rem.

Committed Dose Equivalent: The calculated dose equivalent projected to be 
received by a tissue or organ over a 50-year period a fter  an intake of 
radionuclide into the body. I t  does not include contributions from 
external dose. Committed dose is expressed in units of rem (or s ievert).

Committed Effective Dose Equivalent (H- jq) : The sum of the committed dose 
equivalents to various tissues in the body, each multiplied by its  
weighting factor. I t  does not include contributions from external dose. 
Committed e ffective  dose equivalent is expressed in units of rem (or 
s ie v e r t ) .

Collective Dose Equivalent: The sum of the dose equivalents of a ll
individuals in an exposed population. Collective dose equivalent is 
expressed in units of person-rem (or person-sievert).

Collective Effective Dose Equivalent: The sum of the e ffective  dose
equivalents of a ll  individuals in an exposed population. Collective dose 
equivalent is expressed in units of person-rem (or person-sievert).

Cumulative Annual Effective Dose Equivalent: The sum of the annual
effec tive  dose equivalents recorded for an individual for each year of 
employment at a DOE or DOE contractor fa c i l i t y .

Extremitv: Extremity includes hands and arms below the elbow or feet and 
legs below the knee.

Non-Stochastic Effects: Effects such as the opacity of the lens of the
eye for which the severity of the effect varies with the dose, and for 
which a threshold may exist.

Stochastic Effects: Malignant and hereditary disease for which the
probability  of an effect rather than its  severity, is regarded as a 
function of dose without a threshold for radiation protection purposes.


