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1. INTRODUCTION 
Determining an optimum stage allocation requires 
assumptions about the variance of survey esti- 
mators and about the nature of survey costs. 
These assumptions manifest themselves in the form 
of two models, each expressed as a mathematical 
function of certain parameters for which esti- 
mates are required to calculate the optimum re- 
sults. The variance model can be derived expli- 
citly, depending on the type of multi-stage de- 
sign and the population value being estimated 
from the sample. Virtually all standard sampling 
texts present the most commonly assumed variance 
models for the estimator of the population mean 
per element (see especially Hansen, Hurwitz, and 
Madow, 1953). Furthermore, estimates of the 
important parameters of the variance model are 
easily estimable and can be obtained from pub- 
lished reports. For example, Kish, Groves, and 
Kr6tki (1976) present such estimates for several 
national fertility surveys. 

The model reflecting survey costs, on the 
other hand, is largely dependent on how one views 
the survey protocol and the amount of complexity 
one allows in its formulation. We wish for the 
cost model to reflect important components of the 
budget, allocated to such things as sampling, 
travel, interviewing, processing, and analysis. 
Like the variance model, the cost model is ex- 
pressed as a function of sample sizes for each 
stage of selection in the sample. However, un- 
like the variance model which can be mathemati- 
cally derived given the statistical implications 
of the sampling design, identification of the 
functional form of the cost model is a less 
rigorous process. 

In addition to the matter of choosing an 
appropriate functional form for a cost model, one 
is faced with the problem of obtaining good esti- 
mates of unit costs, the parameters of the model 
that is chosen. Even with a clear understanding 
of what is sought, it may be difficult to calcu- 
late, for example, a reasonable measure of the 
average cost per PSU when it must include that 
portion of travel costs which depends on the 
number of PSU~'~s which, will be in the sample. The 
problem here is that the number of sample PSU's 
is unknown at the time when this unit cost is 
needed. 

We believe that the ideal cost model has the 
following three characteristics. First, it must 
realistically represent the way in which costs 
are incurred in an actual survey operation. 
Second, the formulation should be simple enough 
so that the optimum solution is tractable. 
Third, unit costs which constitute the parameters 
of the cost model should be sufficiently straight- 
forward in interpretation so that they can be 
easily understood by operations staff to develop 
useful estimates for calculating optimum alloca- 

tions. 
Our primary intent here is to introduce a new 

cost model which we believe is closer to the 
ideal model than those existing in the literature. 
We focus our attention on the problem of estima- 
ting a population mean per element from an impor- 
tant class of national health surveys using two- 

stage sampling designs. We demonstrate that sub- 
stantially different optimum allocations and 
minimum variances may result when choosing the 
proposed model over existing models. 

There exists several health surveys to which 
the findings of this paper apply. One example is 
the Study of Efficacy of Nonsocomial Infectious 
Control (SENIC) which used hospitals as PSUs, and 
medical records as secondary sampling units or 
elements. The National Survey of Nursing Homes 
(NSNH) used nursing homes as PSUs and patients and 
employees as elements. In the National Longitudinal 
Study (NLS), a sample of schools were selected in 
the first stage, and a sample of students from 
each school in the sample were selected in the 
second stage. 
2. VARIANCE MODEL 
A two-stage variance model, which will be used in 
conjunction with the cost models compared in this 
paper, is now presented. We assume that the 
survey population consists of N PSUs each of size 
M. A simple random sample of n PSUs, selected 
without replacement, is chosen in the first stage. 
Within each selected PSU a simple random sample 
of m elements, selected without replacement, is 
chosen in the second stage. Following the nota- 
tion of Cochran .(1977), the variance of the esti- 
mated population mean per element (y) is simply 

(i i)2 + (1_ 1)2/n 
Var(y) = - S I $2 

"(~m---~] $2{1+ P(m-l)} ' (2.1) 

where p is the intraclass correlation coefficient, 
S 2 is the overall element variance in the popula- 
tion, and S 2 and S 2 are between-PSU and within- 
PSU varianc$ components, respectively. 
3. EXISTING COST MODELS 
3.1 Simple Model 
Assuming that the survey setting is one in which 
two-stage sampling is used and data collection 
requires a visit to each PSU by an interviewer or 
interviewing team, the simplest model for survey 
costs, excluding overhead expenses, takes the 
form ~(S) _(S) . _(S) 

~^ = nu I t nmu 2 (3. i) 
_(S)is where C S) is the total nonoverhead cost, ~. " 

SU to the sample, the ay~age cost of adding a P ± 
and C~ ~" is the average cost of adding an element 
to the sample. The latter two parameters are 
assumed to cover all survey costs, including the 
costs of interviewer travel. 

With the model of (3.1) and the variance model 
of (2.1), the optimum value of m will be (see 
Cochran 1977, Section i0.6) 

2 
m (S) = S2 C~ S). 

{ ½ 

S 2 _ S2/M Cp kS) opt 

i 2 

_ c(S) (3.2) 

where n (S) is obtained by solving for n in (3.1). 
o t 

The res°~t of (3.2) has been widely used, yet the 
simple model from which it is derived fails to 
isolate any components of cost due to interviewer 
travel occurring during data collection. Instead, 
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a decision is needed as to how one might(~ason- 
a~ appropriate these travel costs to C1 and 
Ci ~ in (3.i). 
3.2 HHM MODEL 
In the ensuing discussion we consider interviewer 
travel and accompanying costs to be of two types. 
We refer to interviewer movement among PSUs 
during data collection as between-PSU travel. 
Since most interviewers or interviewing teams 
operate from a home base, some amount of travel 
for each data collection trip is required to the 
first PSU from the home base and then back to the 
home base from the last PSU covered in the trip. 
This second type of travel is called positioning 
t rave i. 

The importance of the cost model suggested by 
Hansen, et al., (1953) is that it isolates between 
-PSU travel costs from the rest of the survey's 
total nonoverhead costs. This is done by assuming 
a particular configuration of PSUs in the popula- 

tion. Suppose that n PSUs are uniformly arranged 
in a rectangular survey population whose geographic 
area is of size A (see Figure A). Then the vertical 
or horizontal distance (d) between neighboring 

PSUs is exactly (A/n) ½. Furthermore, if travel 
between PSUs is in a straight line, and if the 
sequence of travel corresponds to the numbering in 
Figure A, then subject to n = n-l, the tota~ 
distance travelled is approximately nd=(An) ~. 
A spatial arrangement of PSUs, like this rectang- 
ular configuration, serves to enable one to ex- 
press the number of PSUs as a function of the 
area of the survey population. 

Associated with each unit of distance travelled 
is a unit cost (U) which is the sum of two compon- 
ents: the mileage allowance for travel (e.g., 
dollars per mile) and the ratio of the hourly 
wages to the average rate of travel (e.g., miles 
per hour). This leads then to a cost model, we 
call the HHM model, which takes the form 

c( H) nC~ H) + nmC (H) + (n)½C~ H) (3 3) 
0 ---- ' " 

where C~ H)= U~A is the cost parameter of the term 

isolating betwe~PSU travel costs. The cost of 
adding a P~ (C~ ~) and the cost of adding an 
element (Ci "in the HHM model include positioning 
travel costs but exclude all remaining between- 
PSU travel costs which are covered by the term, 

(n) ½ C~ H)- . Applying (3.3) to the simple variance 

model, the optimum value of m is (see Hansen, 
, Section 6.11) ½ 

et al. 1953, iVol. IIc~H) + c~H)/2(n) ½ 

(H)" ( ~ )  (3 4) 
mop t c(H) ' " 

which has an iterative ~olution inv@$ving the 
2 k n )  2 

dummy variable q = 2(n) so that n _ = q _/4, 
op o 

where q t is the value of q on the ~inal ~era- 
tion be~gre pre-established convergence criteria 

are met. 
Two comments regarding the HHM model are needed 

here. First, the costs of positioning travel 
(i.e., travel costs to and from the PSUs from the 
interviewer's home base) are not directly accommo- 
dated by the HHM model since these travel distances 
cannot be easily expressed in a simple mathemati- 
cal form. The most reasonable alternative ~ . to 
i~?rporate(~sitioning travel costs into Ci ~[) , 
Ci ~, and C~ "'~. Hansen, et al. (1953) have 
suggested a procedure whereby an adjustment factor 

is computed for the cost parameter of each of the 
three components in the model. The adjustment 
factor for each component requires an estimate 
of the portion of total costs due to positioning 
travel. A form of this adjustment procedure is 
used in the comparison study of cost models dis- 
cussed later. Second, data collection requiring 
one or more follow-up visits to PSUs can be in- 
corporated into the HHM model by assuming that 
work is completed in several phases. All n PSUs 
are visited in the first phase before beginning 
the second phase, wherein only a subset of the 
PSUs are visited. Continually smaller subsets 
are included in subsequent phases until all work 
is completed in the final p~a~e. For present 
purposes, we assume that np (where 0<p<l) PSUs 
will be visited in the h-th phase. Given these 
assumptions, the effect of PSU followup can be 
determined for the HHM model by summing between- 
PSU travel costs over all phases, whereupon we 

have C~ H) = U(A)½(I-p H/2)/(I-p½). 

4. PROPOSED MODEL 
4.1 SPATIAL CONFIGURATION OF PSUs 
We now describe in greater detail the proposed 
spatial configuration of PSUs as illustrated in 
Figure B. Suppose that we have a survey popula- 
tion with land area of geographical size A and 
that the population is divided into t nonover- 
lapping subareas, each of size A/t and contain- 
ing v = n/t PSUs. One interviewer is assigned 
to do the data collection work in each subarea, 
which is shaped as a square with a number of 
evenly spaced concentric circles contained there- 
in. The interviewer's home base, assumed to be 
one of the PSUs in the sample, lies in the center 
of the subarea in order to assure adequate access- 
ibility to PSUs during data collection. The 
distance from the home base to the outermost 
circle in each subarea is r. Thus, since the 
size of each subarea is 4r 2, we have r = (A/t)½/2. 
Moving from the home base outward in a subarea, 
the k-th circle contains 6k PSUs. Assuming a 
multiple of six PSUs on each concentric circle 
allows PSUs to be almost uniformly spaced in 
the subarea, except for the square corners. 
4.2 DATA COLLECTION PROTOCOL 
Using the spatial configuration of PSUs just de- 
scribed, we now discuss a protocol for data col- 
lection which one might expect to observe in the 
two-stage national surveys mentioned in Section i. 
Comparison of results from existing cost models 
is later made within the context of this protocol. 

Data collection in a subarea is assumed to 
require multiple phases of activity since work in 
most PSUs usually involves several visits, some 
to make arrangements for data collection in the 
PSU and others to actually collect the data. We 
let H denote the number of phases required to 
complete data collection in a subarea. This 
parameter can also be interpreted as the maximum 
number of required visits to individual PSUs. In 
the h-th phase Ofhd~ta collection (h=l,2 ..... H), 
we assume that vp - PSUs (where 0<p<l) are visited 
in a series of trips before proceeding with the 
next phase. Each trip involves a visit to 
neighboring PSUs not previously visited during 
that phase of data collection. The PSU located 
in the home base is included in all phases of 
data collection. 

Several assumptions are now made regarding 
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movement of the interviewers among PSUs. First, 
the travel route followed in each trip proceeds 
from the interview's home base, to each of the 
PSUs (without backtracking), and then back again 
to the home base. Second, interviewer travel is 
assumed to proceed in a straight line except be- 
tween neighboring PSUs on a circle where travel 
follows the arc of the circle. We believe that 
the choice of the arc distance over the straight- 
line distance is feasible since the formula for 
the former is simpler and since travel in surveys 
seldom follows a straight line. Third, movement 
between two neighboring circles follows the short- 
est possible straight-line distance. This means 
that the PSU of departure from one circle and the 
PSU of destination on a neighboring circle are in 
line with the home base. The alignment of PSUs 
7 and 8 in Figure C illustrates this assumption. 
Fourth, travel within PSUs and between interviewer 
subareas is assumed to be negligible and is there- 
fore not specifically isolated in the proposed 
model. 

One final important assumption in the proposed 
model concerns the problem of the spatial config- 

uration of PSUs when h>l; i.e., when the number 
of PSUs visited during a phase of data collection 
is a subset of the v PSUs originally selected in 
the subarea. To retain the simplicity of the 
concentric circle arrangement through all phases 
of data collection, we allow the number of con- 
centric circles (~) at thehhith phase to vary 
according to the slze ol vp while fixing the 
size of the interviewer subarea atIA/t ~ iThus~ we 

L L - -  - , -  2 have ~ = (%-1)/2, where 0~ = {14~(vp -i)} . 
AssHming~he above data~ollect~on protocol, 

the total distance travelled over all phases, 
expressed as a function of v will be 

(P) 
(n) ~ (4 i) D (P) = 6 3 • . 

where 

63(P)=(A/v)½13H {v(l-pH)n/(l-p)-H}+{l+(~-l)~/2} 

{la h + H}J/2e . 
i 

This leads to a cost model which has the same 
general form. . as the HHM mo~el~ of (3.3). (~t where 
the coefflclent of the (n) term is U6~ and the 
optimum value can be obtained from (3.~). 
5. COMPARISON OF PROPOSED MODEL WITH EXISTING 

MODELS 
In this section, we compare results obtained from 
the proposed cost model (expressed as a function 
of v) with results from the simple and HHM cost 
models. Two general types of two-stage sample 
surveys are considered: "small" surveys of local 
areas like cities or counties and "large" surveys 
of states or small countries. The case where the 
land area (A) of the survey population is the 
size of the United States is also considered. In 
all comparisons, the variance model of (2.1) is 
assumed. Measures used as the basis for compari- 
sons among models are as follows: (I) optimum 
value of n, (2) optimum value of m, and (3) 
expected variance of the survey estimate given 
the optimum allocation. 

Optimum values of n and m for the simple and 
HHM models are obtained from (3.2) and (3.4), 
respectively. To make comparisons with these 
models more realistic, adjustment factors are 
calculated to account for those travel costs not 

specifically isolated by the models. The adjust- 
ment procedure is similar to the approach dis- 
cussed earlier and suggested by Hansen, et al. 
(1953, Vol. i, Section 6.13). To account for 
positioning tr~l co~ in th~HM m? ~i we 
specify that CI "~" = ^ CI; C--- = ~-~-C ; and 

c~H) = x(H) (A~½ U(I-pH/2)/(I-2½), where 2~ (H) = 

C Irn (P) C + n (P) m (P) C + (P) A ~½ ...... / ~  n ) u j" k : )  • ± )  
0 opt 1 opt opt 2 .p. Opt 

is the adjustment factor, n i ) is the correspond- 
o t 

ing o~mum value for n unde~ the proposed model, 
and m'-" is the corresponding optimum value for m 
under°~e proposed model. Using % IN) in this way 
has the effect of assuming that positioning travel 
costs contribute to each cost parameter of the HHM 
model by the same relative amount. In similar 
fashion, we account for all interviewe~s~ravel~ J 
costs in the simple model by setting C 1 = 

_(S) = %(S)c2 where the adjustment (S)cI and ~2 
factor is 

~(S) = C0/(n~p) t CI + n(P~ m(P~ C2). (5.2) 
op op 

We must acknowledge a certain degre~H~f arti- 
ficiality in the adjustment factors, %" " and 
%'-', used for our comparisons. In each case the 
adjustment factor is a function of the optimum 
values of n and m obtained from the corresponding 
proposed model. In reality, these factors would 
be calculated for the HHM and simple models by 
estimating the proportion of the survey's budget 
not spent on those travel costs left unaccounted 
for by the model. One might suspect that this 
estimated proportion would, at best, amount to 
a rough approximation which would probably differ 
from the adjustments produced from (5.1) and (5.2). 

Calculating the results of the comparison study 
requires several numerical values for the various 
statistical and cost parameters of the models. 
The assumed parameter values are shown in Table i. 
Values of A and the total nonoverhead survey cost 
(C N) are considered together since it seems 
reasonable to assume that the total nonoverhead 
cost and the geographic area will be directly 
related. The assumed values of the different 
parameters are based on previous experience with 
surveys and published survey reports. 

The results of the comparisons are presented in 
Tables 2 and 3. In relatively low-budget surveys 
conducted in areas of relatively small geographic 
size, the results from the proposed cost model are 
quite similar to results obtained from existing 
models, In particular, the proposed model yields 
variances which are within 1% of comparable vari- 
ances from the HHM and simple models. On the other 
hand, substantial relative differences, approaching 
20 to 30 percent, in the optimum allocations of n 
and m may occur in large surveys. Substantially 
greater differences (i.e., approaching i0 percent 
for variances, 50 percent for n, and 115 percent 
for m) may occur in large-budget surveys of the 
entire United States. 

In conclusion, while the proposed cost model is 
not a complete remedy for the problem of optimum 
stage allocation, we do suggest that it possesses 
several advantages over existing models, as 
follows : 
I. Results can be obtained with relatively simple 
input specifications. The model directly accounts 
for all interviewer travel costs, thus simplifying 
unit cost computations for survey operations staff. 
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2. In relatively small scale surveys, results 
from the proposed model are comparable to results 
from existing models in which cost parameters 
have been adjusted to accommodate interviewer 
travel costs. Variances of estimates from opti- 
mum allocations obtained from the proposed model 
differ only slightly from variances obtained 
from the HHM and simple models. 
3. The concentric home-base orientation of the 
spatial configuration in the proposed model 
enhances the realism of results. For example, 
in many present-day surveys data collection is 
decentralized by hiring local interviewers to 
complete data collection in an assigned area 
surrounding the location of their individual 
residences. This data collection protocol is 
realistically represented by any of the proposed 
travel models. 
4. Other parameters of different realistic data 
collection protocols can be directly accommodated 
by the proposed model. For example, the number 
of PSU's visited per day can be specified and, 
as with the HHM model, follow-up can be considered. 
The simple and HHM models, on the other hand, 
have limited flexibility and require often complex 
and abstractly defined cost parameters. 
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Figure A. Spatial Arrangement of PSUs 
in HHM Model 
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Figure B. Illustration of Survey Population 
With t = 13 Interviewer Areas 

Figure C. Spatial Arrangement of PSUs 
in Each Interviewer Area 
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Table i. Assumed Parameter Values 

Small Survey Large Survey 

Parameter Low High Low High 

(A~ CO) (40, $5,000) (400, $50,000) 

C I $25 $75 

C 2 $5 $15 

U I "  $0.42 

p J ~ O . 0 2  

v 5 20 

t 2 i0 

(p,H) (.5, 4) (.7, 8) 

I 
0.i0 

( 2 0 , 0 0 0 ,  $ 5 0 , 0 0 0 )  

$50 

$1o 

(.5, 4) 

$0.35 

0 . 4 0  

(120,000 b , $500,000) 

$250 

$25 

I 

2 5  

5 0  

( . 7 ,  8 )  

ain square miles 

bThis figure is increased to 3,042,265 sq. mi., the land area of 
continental United States in a special comparison. 

Table 2. Comparison of Proposed Model With HHM and Simple Models 

Cost i n  D o l l a r s  

Rrea b T o t a l  c PSU ~ lemon t  
(A) ( ~ )  ( ~ )  (,~) 

F'ol tow-u[~_._.. Percent Relative Oiffere.ce d PSU I nt rac lass PS|! ' .q 
Work lo, ,d C,,! r e l , l t  |~,r! I'(:r 'l't i f, I ' r , , l ,or I ] l , i  I'h.l~;,.,; 

. ,  

Sma l l  Two-S tago  Sample S u r v e y :  

Versus ~ M o d e l t  

0 . 4 0  50 25 15 20 .02 1 .70 8 - 3 . 0  3 .6  0 .07  
0 . 4 0  50 25 5 20 .02 1 .70 8 - 2 . 2  2 9 0 .07  
0 . 4 0  50 25 15 20 .10 1 .70 8 - 1 . 8  2 .6  0 .06  
) . 0 4  5 25 5 20 . 1 0  1 .50 4 - 0 . 8  1 .4  0 .04 
0 . 0 4  5 25 5 20 . l O  2 . 5 0  4 - 0 . 5  0 . 8  0 . 0 4  

V e r s u s  S i m p l e  Node1:  

3 .40  50 25 15 20 .02 1 .70 8 - 4 . 9  6 . 0  0 .11 
0.40 50 25 5 20 .02 1 .70 R -3.6 4.8 0.10 
3,40 50 25 15 20 .I0 1 .70 8 -3.0 4.3 0.09 
0,40 50 25 15 20 .02 2 .70 8 -3.7 4.5 0.07 
0.40 50 25 5 20 .10 1 .70 8 - 2 . 1  3 .6  0 .06  

L a r g e  T w o - S t a g e  Sample  S u r v e y :  

V e r s g I H N N M o d e l t  
20 50 50 25 25 0 .02  1 0 . 7  8 ~ 1 .7  16.2  0 .30  
20 50 50 10 25 0 .02  l 0 . 7  8 - 9 . 3  t 3 . 9  0 .28  
20 50 50 25 25 0 . 1 0  1 0 .7  8 - 7 . 5  12 .3  0 . 2 6  
120 500 50 I0 25 0.02 I 0.7 8 -7.5 10.8 0.26 

20 50 50 10 25 0 . 1 0  1 0 . 7  8 - 5 . 7  10 .9  0 .23  

V e r s u s  S imp le  q o d e l t  

20 50 50 25 25 0 .02  1 0 . 7  8 - 1 8 . 5  27 .3  0 .82  
20 50 50 10 25 0 . 0 2  1 0 .7  n - 1 4 . 9  21.1 0 .81  
20 50 50 25 25 0 . 1 0  ! 0 . 7  8 - 1 2 . 1  2 0 . 3  0 . 7 6  
20 50 50 10 25 0. I0 I 0.7 i! -9.3 17'8 0.70 
20 30 50 25 25 0.40 l 0.7 H -7.0 16.1 0.5G 

aThe five largest absolute relative differences of variance are presented for each comparison and type of survey, 

bin thousands of square miles, 

CIn thousands of dollars 

[ P r o p o s e d -  Comparison 7 
~Pcrcent Relative Difference - L ..... Comparison --j X I00, 
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Table 3. Supplementary Comparison of Proposed Models With HKM and Simple Models for National Samples of the United States (A = 3,042,265) a 

COSt i n  Do l l a r s  PSU In t r sc l a~s  PSU's .... Fo l l ow -up  Po r t en t  Re la t i v~  DL f~e rence  c 

YOtSl PSU E l e m e n t  Workload  Correlatlon Per Trip P r o l ~ r t l o n  Phases 
(~0} b { ~ )  {C_2) (V) (p) (~) (p) ( , )  nov t mop t V a r i a n c e  

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ve r sus  HHM Modelt 

500 50 | 0  25 0 .02  1 0 .7  8 - 23 .8  45 .3  2 .8  
500 50 25 25 O.10 1 0 .7  8 - 20 .3  42 .1  2 .8  
500 50 25 25 0 .02  1 0 .7  8 - 27 .7  49 .7  2 .7  
500 50 10 25 0 .10  1 0 .7  8 - 16 .3  39 .0  2 .6  
500 50 25 25 0 .40  1 0 .7  8 - 12 .7  36.7  2 .2  
500 50 10 25 0 .40  1 0 .7  8 - 9 . 4  35 .0  1 .8  
500 50 25 25 0 .02  1 0 .5  4 - 22 .3  35 .8  1 .5  
500 50 lO 25 0 .02  1 0 .5  4 - J8 .6  3 | . 6  1 .4  
500 50 25 25 0 .10  l 0 .5  4 -15 .6  28 .8  1.4 
500 50 10 25 0 .10  l 0 .5  4 - 12 .2  26.1  1 .3  

Versus  S imple  Model,  

500 50 25 25 O.10 I 0 . 7  n - 3 8 . 4  9 1 . 5  9 .E  
500 50 10 25 O. 10 1 O. 7 R -32 .4  R3.6 9 .3  
500 50 10 25 0 .02  1 0 .7  8 - 43 .3  100 .5  9 .3  
500 50 25 25 O. 02 1 O. 7 S -4 S. 7 114.2  8 .6  
500 50 25 25 O. 40 1 O. 7 8 - 26 .6  78 .1  8 .5  
500 50 10 25 O. 40 t O. 7 8 -20.8 74.0 7.2 
500 50 25 25 0.10 2 O. 7 q - 30.7 65 . 2 5. r, 
500 50 10 25 0.02 2 0.7 R -35.4 72.3 5.6 
500 50 25 25 O. 02 2 O. 7 S -40.9 83.2 5.4 
500 50 10 25 O. 10 2 O. 7 8 -25 . 2 58.8 5 . ] 

aThe ten largest absolute relative differences of variance are presented for each comparison. 

bin thousands of dollars. 

~Proposed - Comparison] 
Cpercent Relative Difference - Compa'riso'n jx i00 
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