











































































































o STATISTICAL ANALYSIS OF VARIOQUS PARAMETERS
AFFECTING THE BURNING CHARACTERISTICS OF FLARE SYSTEMS

Bossie Jackson
Pyrotecnnics Chemica: Research Section
Fyrotezhnics Laboratory
Picatinny Arsenal

The deveiopment of pyrotechnic flare compositions invoives the
investigation of a number of different variables, From the many inves-
tigations conducted previously numerous hypotheses were formed con-
cerning the relationship of such variables as candlepower and burning
rate with flare case coating, loading pressure, and the particle size
of the fuel employed in the system., A better knowledge of the basic
factors governing the burning characteristics of solid mixtures was
desired, ¢t was expected that the results of this investigation would
tend to substantiate the various hypotheses.

Previous data tends to show that candlepower and burning rate are
depended upcn particie size, loading pressure, and are not affected by
flare case coating, The analysis of these relationships was based on
data obtained {rom this study using two stacistical methods, the test
for least significant differences, and in particular the analysis cof
variance, The experimental design for these studies is given in Figure 1.
(See next page.) This configuration was used for four (4) levels of mag-
nesium, M;, MZ’ M3, and MAO The flare case coatings are shown by Cl’ C29

C,s and o Seven {7) levels of loading pressure were studied ranging

ao
from P1 to P,. Five samples were utilized for each combination of pres-

sure, case coating, and magnesium rticlie size,
1

A standard flare composition (Table E)H:Tabies can be found at the
end of this articlej was used for this experiment, This composition
contains 48% magnesium, 42% sodium nitrate, 2% polyvinyl chloride, and
8% Laminac resin, Flare compositions are consolidated in a variety of
cylindricei cases under a specified pressurs to cobiain a cigarette-type
propogating composition rather than one which flashes or explodes. The
use of self-hardening poiyester resins in flare compositions eliminated
the need for consclidating them at very high pressures., Most flare com-
positions are presently loaded at pressures ranging from 4000 pounds per
square inch {psi) to 10,000 psi.

Standard flare compositions each containing diZferent mesh sizes of
magnesium were evaluated in this study, These magriesium granulations
together with their average particle diemeter are given in Tabie II, The
mesh sizes of magnesium are 20/50, 30/50, 3C/100, and 100/200 with par-
ticle sizes varying fvom 437 microns to 110 microrns, The compositions
were consoiidated at 2000, 4C0CG, 7000, 10,000, 15,000, 20,000 and 25,000
pounds per square Inch,

The effect of loading pressure on candliepower can be observed in
Figure II, The mean candlepower values vary from 201,000 to 223,000
which approximates an eieven {11) percent change. It is apparent from
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this graph that a definite trend exists with candlepower increasing with
inareased loading pressure, Table III summarizes the luminous intensity
values observed at each pressure level, The least significant difference
value at the ninety-five (95) percent confidence level is also given for
these values., Despite the apparent trend of candlepower values, it will
be observed that the difference in light output from 4,000 psi to 25,000
psi are not large enough to be significant based on the least significant
difference value, This conclusion also holds for the candlepower at 2,000
and 4,000 pounds per square inch. However, the differences between the
values at 2,000 psi and those at 7,000 psi and above are large enough to
be termed significant, The appearance of this trend may be attributed to
the relationship between porosity and heat conduction., A more porous
coiumn will conduct heat at a slower rate as a result of the air pocket
acting as insulators giving slow burning rates and low candlepower.
Conversely, the less porous column will conduct hez: at a faster rate
giving higher candlepower and burning rates,

Higher candlepower values are obtained from smaller parcicle diameters
of magnesium as shown in Figure III, Candlepower plotted as a function
of average particle diameter decreased with increasing particle size. The
higher candlepower value obtained for the 168 micron magnesium compared to
the finer 110 micron magnesium may be attributed to the distributional
effect of particle size, As evidenced by the low average particle diameter,
the 50/100 mesh magnesium contained a large percentage of fines which
placed the material in the upper range of the finer 100/200 mesh magnesium
which may account for the higher iight output., The candlepower values for
each mesh size magnesium are tabulated in Table IV, It is immediately
apparent that these intensity values are significantly different from
each other on application of the least significant difference value, It
is also observed that the 50/100 mesh.magnesium gave significantly higher
candlepower than the 100/200 mesh fuel., This result reflects the necessity
Zor reducing the tolerance limits of particle size for the different mesh
sizes of magnesium, It is believed that data can be accumulated from
studies conducted previously to show that candlepower definitely decreases
with increasing particle size,

It was previously mentioned that any of the investigators in the
f:eld of pyrotechnics believed that candlepower was unaffected by case
coatings. This was verified by the results obtained from this experi-
ment as shown in Table V, The flare case coatings studied were Amberlac
292, Laminac resin 4116, Polyethyiene 617, and paraffin wax. The candle-
power values vary from 210 to 218 and are essentially the same based on
the least significant difference value of 8.8, Flare case coatings are
especially necessitated with compositions containing self-hardening
resins. Since these resins undergo considerable shrinkage on curing,
voide and air pockets are created as a result of the composition separa-
ting from the flare case wall., Such a condition gives rise to possible
detonations or increased burning rates.

Just as candlepower shows an insignificant trend resulting from
-ncreased loading pressure, burning rate values show a parallel trend.
Figure IV illustrates this trend as the loading pressure is increased
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from 2,000 psi to 25,000 psi. The burning rate values show a trend towards
reduction with increasing loading pressure, Table VI tabulates the mean
burning rate values obtained at each pressure level, It also summarizes
that the differences in burning rates are not large enough to be signifi=
cant, Based on this method of analysis, it can be concluded that burning
rate is not affected by increasing loading pressure. As a result of the
oppositely parallel trends shown by candlepower and burning rate, it can
be hypothesized that these two variables are interrelated. This hypo-
thesis is corroborated and borne out when considering the effect of par-
ticle size of magnesium on burning rate,

Figure V shows burning rate plotted as a function of average particle
diameter, It can be seen that burning rate decreases with increasing
average particle size, As shown on Table VIII the differences between
these values were found to be significant based on the least significant
difference value of C.05. It was previously observed that a corresponding
effect was obtained with candlepower values, except in the result for
50.100 mesh magnesium, To further complicate the picture it was observed
that significart differences in burning rates existed for the various
flare case coatings. The results are given in Table VIII., The burning
rates vary from a slow 3.6l inches per minute for the polyethylene to a
fast 4,52 inches per minute for paraffin wax with Amberlac and Laminac
resins yielding values in the middle., These differences based on the
test for least significant difference indicate that the minimum and max-
imum values here are significantly different from the intermediate ones
which are essentially the same. The significant effects of flare case
coatings are undoubtedly due to their variation in binding strength, rate
of thermal degradation, and end-products produced on combustion.

Burning rates of pyrotechnic compositions are also derived from the
weight composition undergoing combustién per unit time, Figure VI illus-
trates the effect of loading pressure on the grams of composition per
second from 2,000 pounds per square inch to 25,000 pounds per square inch,
It is shown that grams of composition per second tends to increase with
increasing loading pressure, The change in pressed density from 2,000
psi to 25,000 psi approximated twenty (20) percent. As shown in Table IX
the differences in grams of composition per second are not significant
based on the least significant difference value of 0.60, It was pre-
viously observed that the linear burning rate was not significantly
affected by loading pressure,

In direct contrast to the above result, it was determined that the
average particle diameter of magnesium had a significant effect on the
weight of composition consumed per unit time. Based on the previous
effects of particle size on both candlepower and burning rate this result
could be anticipated, Figure VII shows grams of composition per second
as a function of average particle diameter, It is observed that the
number of grams burned per unit time varies inversely as the average
particle diameter, The mean burning rate values tabulated in Table X
are shown to be significantly different from each other as a result of
the test for least significant difference,
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By observing Table XI, it can be seen that flare case coatings do
not significantly affect the grams of composition per second, This con-
clusion results in the fact that the average particle diameter of mag-
nesium is the only parameter that significantly affects candlepower,
burning rate (inches per minute), and burning rate (gram per second).
The only other parameter contributing a significant effect was flare
case coating on the linear burning rate.

Summarizing the results previously discussed, the analysis of
variance table for candlepower is observed (Table XIII). This table
gives the main effects, first and second order interactionms of the
parameters under consideration. Where the calculated F-ratio .exceeds
the critical F-ratio the effect of the parameter is considered signi-
ficant, The main effects of magnesium particle size and case coatings
are in accord with the results based on the test for least significant
difference. The main effect from loading pressure observed here is
significant as opposed to its insignificant effect based on the least
significant difference value, Considering that such large changes in
loading pressure (92%) results in very small changes in light output,
it may indicate that the increasing trend of candlepower is insignifi-
cant. The first order interactions of magnesium loading pressure and
case coating-loading pressure show a significant effect on candlepower,
while magnesuim-case coating is insigificant, Evidently, the flare
case coating cancels out the effect of the magnesium particle size.
The second order interactions of these parameters are shown to be
insignificant.

Table VIII outlines the analysis of variance table for burning
rate (inches)per minute). It is observed that main effects resulting
from magnesium and case coating are significant and loading pressure
insignificant, This corroborates the results based on the test for
least significant difference, The first order interactions of magnesium-’
case coating and magnesium-loading pressure are shown to be significant,
while case coating-loading pressure is insignificant. The second order
interactions are significant,

The results of the analysis of variance for burning rate (grams
per second) is given in Table XIV, Except for the fact that flare case
coating is shown to be insignificant here, the results parallel exactly
those obtained for the analysis of variance on the linear burning rate,
This table also substantiates the results from the test for least
significant difference,




°
A TABLE 1
* COMPOSITIONS EVALUATED
Ingredients Percent by Weight
Magnesium, Atomized, 20/50, 437 microns 48
Magnesium, Atomized, 30/50, 322 microns 48
Magnesium, Atomized, 50/100,.168 microns 48
. Magnesium, Atomized, 100/200, 110 microns 48
) Sodium Nitrate, 34 microns ' 42 42 42 42
Polyvinyl Chloride, 27 microns 2 2 2 2
Laminac Resin 4116%* 8 8 8 8

, * Laminac Resin 4116 - 98,5%
} Lupersol ddm - 1,0%

Nuodex - 0.5%
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TABLE III

TESTS FOR LEAST SIGNIFICANT DIFFERENCE
OF LOADING PRESSURE VS. AVERAGE CANDLEPOWER

Least Significant Difference - 13,8

Level of Confidence, % - 95.0

Loading Pressure Average

. Psi Candlepower
. 2,000 201.0
! 4,000 213,0
7,000 215.0
10,000 217.0
15,000 218.0
* 20,000 222.0
25,000 223,0

219
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TABLE V

TESTS FOR LEAST SIGNIFICANT DIFFERENCE
OF FLARE CASE COATING VS. AVERAGE CANDLEPOWER

Least Significant Difference - 8.8

Level of Confidence, % - 95.0

Flare Case Coating

Amberlac Resin 292
Laminac Resin 4116
Polyethylene 617

Paraffin Wax

sverage Candlepower

218.0
215,0
218.0

210.0
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TABLE VI

TESTS FOR LEAST SIGNIFICANT DIFFERENCE

Least Significant Difference - 0.61
Level of Confidence, % - 95.00

Average Burning

Loading Pressure, Rate, Inches
Psi Per Minute
2,000 4.41
4,000 4,54
7,000 4,29
10,000 4,23
15,000 4,03
20,000 4,17

25,000 4,06




TABLE VII

TESTS FOR LEAST SIGNIFICANT DIFFERENCE

Least Significant Difference - 0.05
Level of Confidence, % - 95.00

Average Burning

Magnesium Rate, Inches
Mesh Size Per Minute
. 20/50 2,62
30/50 3.01
' 50/100 5,66
100/200 5.84

e

223
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.TABLE VIII

TESTS FOR LEAST SIGNIFICANT DIFFERENCE
Least Significant Difference - 0,14
Level of Confidence, %Z - 95.00

Average Burning

Flare Case Rate, Inches
Coating Per Minute
Amberlac 4,13
Resin 292
Laminac 4,15 .
Resin 4116
Polyethylene 617 3.61

Paraffin Wax 4,52
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TABLE IX
TESTS FOR LEAST SIGNIFICANT DIFFERENCE
Least Significant Difference - 0.60

Level of €onfidence, % - 95,00

Loading Burning Rate
Pressure Grams Composi-
Psi’ tion/second

2,000 5,06
‘. 4,000 5.37
: 7,000 5.38
10,000 5.49
15,000 5.48
20,000 5,58
25,000 5.57
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TABLE X \ -
TESTS FOR LEAST SIGNIFICANT DIFFERENCE
Least Significant Difference - 0.06
Level of Confidence, % - 95.00

Burning Rate

Magnesium Grams Composi-

Mesh Size tion per second
20/50 2.41
30/50 2,82
50/100 6.11

100/200 . 6.33
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TABLE XI

TESTS FOR LEAST SIGNIFICANT DIFFERENCE

Least Significant Difference - 0,23

Level of Confidence, % - 95,00

Flare Case
Coating

Amberlac Resin 292
Laminac Resin 4116
Polyethylene 617

Paraffin Wax

Burning Rate
Grams Composi-
tion/second

4.36
4,32
4,50

4,50

227
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Source

Main Effects

Magnesium (M)
Pressure (P)
Coating (C)

Interactions
First Order

M+C
M+P
c+P

Interactions
Second Order

M+P +C

Residual Error

Total Sum of
Saquares

Pooled Variance

Standard Deviation

TABLE XIIT

Sum of Squares

12,718,235
160,662
61,301

12,163
248,338
30,731

70,522

97,992

13,399,945

0.0219

,~ 0.0219

Degrees of

Freedom

18

18

54
L18

559

= 0,15

ANALYSIS OF VARIANCE TABLE FOR BURNING RATE (INCHES PER MINUTE) VAIUES

BURNING RATE, INCHES PER HMINUTE

Critical F - Ratios

F - Ratios 95¢,Level of
Mean Square Calculated Confidence
4,272,745 19,600 2.60
26,777 1.94 2.66
20,651 15.3 3.86
1,351 6.2 1.88
13,797 63.1 1.57
1,707 1.3 1.66
1,306 6.0 1.32
219
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Figure VII
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A STATISTICAL EVALUATION OF THE
FYROTECHNICS ELECTROSTATIC‘SENSITIVITY TESTER*

Everett Crane, Chester Smith, and Alonzo Bulfinch

OBJECT.

(a) To establish optimum operating conditions for the electrostatic
sensitivity tester by determining statistically which design factors
contribute most significantly to its performance,

(b) To determine whether electric spark sensitivity results obtained
through use of this instrument on samples of fine (29 micron) magnesium
powder are reproducible,

SUMMARY. An electrostatic sensitivity tester developed at Picatinny
Arsenal was evaluated statistically, The factors found to contribute
most significantly to optimum instrument operating conditions were resis-
tance, humidity, energy, and the relationship of energy to resistance,
The electrostatic sensitivity results obtained with fine magnesium powder
specimens were found to be reproducible, It was concluded that further
work- should be conducted on a variety of samples to determine the effect
of various characteristics of the circuit and the maximum energy input
which will produce no burning in a specified number of trials., A method
for measuring this can be developed by studying the lower tails of the’
spark sensitivity curves, Deviations in the lower tails of the curves,
which -are unique for each material, are the best indicators of the
materials? sensitivity characteristics,

INTRODUCTION. Previously constructed electrostatic sensitivity
testers were found to haveone major shortcoming. The energy delivered
to the sample was inconsistent because of losses within the system, and
reproducibility of results was therefore erratic. An investigation of
electrostatic sensitivity testers in use by the Bureau of Mines, the
Naval Ordnance Laboratory, and the British armed forces was undertaken
(Refs 1, 2, 3, and 4), and a modified apparatus was constructed in an
attempt to ellminate th1s deficiency.

The action of the pyrotechnics electrostatic sensitivity tester
developed at Picatinny (Fig 1)** is extremely simple. A sample is
placed in the sample holder and a movable probe having a sharp point

* This paper appeared July 1959 as Dept, of the Army Project 504-01-027
report issued at Picatinny Arsenal,

** The figures have been placed at the end of this article,
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is raised above it., The apparatus is then set at the desired voltage and
R-C resistance, A chosen capacitor (charged to the desired voltage) is
connected between the probe and the sample holder base. The capacitor is
discharged by allowing the probe to fall to a fixed distance above the
sample., The operator then observes and records the resulting action.

This is a classical experiment, as many such devices have been used
in the past, However, despite its apparent simplicity, it has not, in
past work, consistently produced satisfactory results, Because it has
a built-in resistance, capacitance, and probe-down-time mechanism (Fig 2),
the new device offers better opportunity for consistent results, One
“unfortunate difficulty, however, is that the probe (Fig 3) tends to
become loosened by vibration, causing the operator to lose time in re-
setting it, After preliminary tests have been conducted, improvements
to eliminate this fault will be made,

Because a large volume of data has been collected in determining
optimum instrument operating conditions, it was considered desirable to
issue a report on this phase of the investigation, Electric spark sensi-
tivity data on various pyrotechnic, propellant, and explosive materials
will be included in subsequent reports.

Difficulties inherent in the study of this instrument are:

1. Only attribute (Go, No go) type data can be obtained. This
type of data yields only a small amount of information per observation.

2, The property of the materials to be tested is sensitivity
to electric spark, This property requires a test of increased severity
which is a type of test that yields little information per observation,

, 3, The effects of a large number of variables are determined
simultaneously, '

4, The spark sensitivity of a large number of materials must
be "evaluated., The input energy and the effect of instrument variables
for any given material are of little value in the study of spark sen-
sitivity of other materials, '

5. Because of the nature of the data, non-parametric methods
of analysis must be used., These methods are less efficient than para-
metric methods of analysis,

To reduce these difficulties to a minimum and extract the maximum
amount of information possible, statistically designed experiments
called factorial experiments were used, This type of designed exper-
iment is the most efficient known. It is possible in factorial exper-
iments to study more than one variable at a time., In general, the
efficiency of the experiment is increased when a greater number of
variables are studied simultaneously (Refs 5 and 8).
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EXPERIMENTAL DESIGN AND ANALYSIS. Since the equipment used in this
experiment was new, little was known at the outset concerning either the
magnitude. of the 'input energy required to cause burning or the effects
of such other variables as might be present in the system. Therefore,

a sequential approach to the problem was adopted. In this manner, some-
thing was learned about the magnitude of the input required,-and it was
possible to examine the results of small experiments before doing further
work, The results of these exploratory experiments were not included in
this report because their contribut1on was mainly to e11minate "rough
spots™ in the apparatus. : :

The data was analyzed by the Kruskal-Wallis rank-sum test, sometimes
called the H-Test, In determining the significance of the main effects,
this test was used in the usual way (Ref 5), to determine differences
among means, In determining the significance of the first-order inter-
actions, the appropriate main effects were subtracted from each total
interaction effect, :

In these exploratory studies, fine (29 micron average particle size)
magnesium powder~ was used, since it was a convenient homogeneous material,

Experiment 1 (Energy Changes)

To obtain a first estimte of the input energy required, tests of
increased severity were conducted using the ruri-down method (Refs 6 and 7).
In these tests, all variables were held constant at convenient levels,
except energy (in joules), which was varied by varying the capacitance,
When the results were plotted on probability paper (Figs 4 through 9),
they yielded essentijally straight lines, which indicated that the data
could be considered, for all practical purposes, to be normally distribe
uted.. This was an important finding since it simplified interpretation
of the results, The average vdlues from these graphs (the 50% points in
terms of energy) were helpful in establishing the input energy level used
as a standard in subsequent expériments,

Experiment 2 (Gap Length, Humidity, Voltage, and Resistance)
The results of Experiment 1 were as follows:
1. The effects of sample ‘size were insignificant,

2, Only 1nconclu51ve data was obtained on the effects of gap
length and humidity,

3, The data obtained indicated that more should be known about
the effects of voltage and resistance,

On the basis of thé above findings, Experiment 2 was designed as a
4-factor complete factorial experiment to determine the effects of
humidity, gap length, voltage, and resistance, The energy level was
adjusted to 0.100 joule, to provide a usable distribution of successes
and failures. The experiment was repeated 5 times (Tables 1, 2, and 3).

1 Sample 142, barrel No. 30, Golwynne Chemical Company
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Experiment 3 (Energy, Capacitance, and Voltage)

It was clear from the 4-factor experiment that the greatest number
of ignitions were being obtained by eliminating the resistance (which is
connected in series between the capacitor and the probe). It now
appeared desirable to determine the effect of voltage at different energy
levels. For this purpose, a 3-factor factorial experiment was designed
(Tables 4 and 5) involving 3 levels of voltage, 6 levels of energy, and
2 levels of resistance, Resistance was included to confirm the conclusions
reached in the 4-factor experiment regarding the effect of resistance.

RESULTS .

Experiment No. 1

The test s of increased severity showed averages (50% ignitions)
and standard deviations (slopes), in joules, as follows:

Average Std Dev
Figure 5, 0.100 0,075
Figure 7 0.134 0.055
Figure 9 0.1l44 0.064

Experiment No, 2

The results of the 4-factorial statistical analysis detailed in
Tavles 1, 2, and 3 were!

Main Effects® Effect
Voltage (V) Not Significant
Resistance (R) Significantb
Gap Length (G) Not Significant
Humidity (H) Significantb

Taken from the Analysis of Variance in Table 3
bgignificant at the 95% confidence level

Interactions® Effect

VxG Not Significant

RxG Not Significant

V xH Not Significant
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(contd,)
Interactions® Effect
’ R x H v Not Significant
G xH Not Significant
VxR : Significant

CVery highly significant, beyond the 99,9% level
Experiment No, 3

Figure 10 represents percentage of hits (burnings) versus volts
versus joules and Figure 11 shows percentage of hits versus joules for
3000, 4000, and 5000 volts. The curve in Figure 12 is a composite of
the 3 curves in Figure 11, Tables 4 and 5 show that, while resistance
(R) and energy (E) are both very highly significant, voltage (V) is not
significant. Figure 12 shows the average to be 0,062 joule and the stan-
dard deviation to be 0,019 joule over the three voltage levels used.

DISCUSSION OF RESULTS. Elimination of the danger of accidental
electrostatic initiation is a major reason for measuring the electric
spark sensitivity of pyrotechnics, explosives, propellants, and other
materials, For this purpose, instrument operating conditions that will
produce the maximum burning rate at all energy levels can be considered
optimum,

From Tables 1 and 4, it is clear that removing all resistance from
the system oroduces a significantly greater burning rate at all energy
levels, Zero resistance can therefore be considered the optimum resist-
ance condition for magnesium powder..

The data in Tables 4 and 5 and Figure 11 shows that, for zero
resistance, the effect of changing the voltage from 3000 to 5000 volts
is not significant, The effective sample size for evaluating the effect
of voltage is 30 trials at each voltage level, Hence, the conclusion
that the effect of voltage at zero resistance is insignificant at all
energy levels is based on a sample size sufficient to give very good
precision,

The data (Tables 4 and 5 and Figure 12) also makes evident a
correlation between increasing percentages of burnings and increasing
energy (joules).

Information on gap length and humidity is given in Table 1, This
table shows that, over the 5 resistance levels, the effect of changing
the gap length from 0.0l to 0.02 inch is nil and the effect of changing
the humidity from 30% to 80% is significant, The results shown in this
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table are considered to be reliable because they meet the effective
sample size requirement for gap length and humidity, which is 250 trials
at each level,

Additional work should be done to define the electric spark semsitivity
of pyrotechnics, explosives, propellants, and other materials in terms of
the characteristics of the electric circuit used and the maximum energy
input which produces no burning in a specified number of trials, Once this
definition has been developed through experience with representative mate-
rials, a method for measuring this property can be developed. This can be
done by studying the lower tail of each sensitivity curve shown as a bro-
ken line in Figure 12. Since errors in this portion of the curve are .
rather large, it is dangerous to extrapolate from present data, In addi-
tion, significant deviations from normality can be expected., These devia-
tions cannot be predicted by anv known means, However, past experience
with the impact sensitivity of explésives has shown: that these 'deviations
in the lower tail of the sensitivity curve are unique for each material
and are the best indicators of sensitivity characteristics,

Work should also be carried out to determine optimum instrument
conditions for pyrotechnics, explosives, propellants, and other materials.
It may be possible to classify most materials into a few general types
for this purpose, so that only a few instrument settings will be required.
If this is not possible, then a rapid method should be developed for de-
termining optimum conditions for new materials,

CONCLUSIONS.

1. The maximum burning rate of magnesium powder cannot be obtained
over the range of energy levels surveyed if resistance is added in series
between the capacitor and the probe. Varying the voltage between 3000
and 5000 volts has no effect on the number of ignitions of magnesium
powder at any energy level when the resistance level is held constant,

2, Ignition is dependent on the energy released by the electrostatic
sensitivity apparatus, For magnesium powder, the percentage of burnings

increases with increasing energy (joules).

3. ‘There is highly significant interaction between resistance and
voltage, that is, the effect of voltage is dependent upon the level of
resistance employed, Thus, any statement concerning the effect of
voltage on burnings must specify the level of resistance,

4., The electrostatic sensitivity results obtained for 29-micron-
average-particle-size magnesium powder are reproducible,

5. Additional work will be needed to evaluate the effect of gap
length and humidity at zero resistance and to determine the electric
spark sensitivity of a wide range of pyrotechnics, explosives, and
propellants,
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TABLE 2

Summary of Table 1 Data

Trials Hits Misses
. Capacitance and Voltage*

E, ' 100 . 75. 25
E, 100 : 71 29 .
E, 100 63 . 37
E, 100 69 ‘ 31
E, 100 69 31

Resistance, ohms

l 0 100 99 1

90,000 100 60 40
170,000 100 61 39
200,000 100 63 37
350,000 ’ 100 64 36

Gap Length, inches
.021 250 ‘ 175 75
010 250 172 . o 78

Humidity, %
25 to 40 250 162 88
75 to 95 : 250 185 65

E, E, &, E, E, .
*Capacitance, mfd 0222 .0163 0125 0099 -0080
Voltage 3000 3500 4000 4500 5000

Energy was in all cases .100 joule. : . -
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TABLE 3

Non-Parametric Analysis of Variance of Table 1 Data

Calculated H-vcluca Degrees of Freedom Critical Chi-Square
MAIN EFFECTS
Voltage (V) , 3.3 4 9,49
Resistance (R) 11,7b 4 9.49
Gap Length (G) 0.0, 1 3.84
INTERACTIONS
-V xG 2.3 9 16092
RxG 12,5 .9 16.92
VxH - 0.0 9 16,92
G xH 2.0": 3 7.81
s 12 ¥Ry ' '
H=__-2 __ X 37 ~3(N+1). This Hetest is the Kruskal-Wallis rank-sum non-parametric
N(N+1) 1 n, :

l N
teat for the difference among means of counted data where H has a Chi-square distribution and
N = Total number of determinations in all groups c o, = Ny

k = Number of groups
n, = Number of determinations in aa individual group

Ri = Sum of the ranks in aa individual group.

bSignificut st the 98% level

Very highly significant
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Energy, joules

.10
.10
.10
.08

.08
.08

.05
.05

.05
.04
.04

.04

TABLE 5
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Summary of Table 4 Data (See also Figs 8 and 9)

Voltage

3000

4000
5000
3000
4000
5000

3000
4000
5000

3000
4000
5000
3000
4000
5000
3000
4000

5000

% Hits

‘Zato Resistance
100
100
90
90

80
80

80
70
70
50
50

40

40

30

10

30

10,000 ohms Resistance

20

o o o © o

o O O O o o©

o
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- casing and Timing Mechonism
™ {,}' 7
¥

anis

- Fig 2 Pyrotechnic Electrostatic Sensitivity Tester




Fig 3  Sparking Mechanism, Probe, and Adjustments
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ABSTRACT

EXPERIMENTAL DETERMINATION OF “BEST"
COMPONENT LEVELS IN THERMAL POWER SUPPLIES

Sheldon G, Levin
Diamond Ordnance Fuze Laboratories

The paper presented the results 6f a study - corducted by the Power
Supply Branch of the Diamond Ordnance Fuze Laboratories, The primary
purpose of the experiment was to find the combination of component weights
(levels) which would give optimum performance of a particular battery
under any use (test) condition, Three factors A, B, C, were considered
at four levels eachsand the details leading up to the selection of a
3/4 replicate were given, There were four responses: life, activation
time, noise level, and peak volts, each examined at four test conditions.
It was necessary to establish criteria of goodness and state the objec-
tives in mathematical form,

There was no exact solution to this multivariate problem and the
fact that the two different approaches to the analysis gave very similar
results was very encouraging., The first explored each of the response
surfaces and selected the "best™ region by ordering the standardized
form of the responses. The second method obtained a linear function of
the factors which gave a single continuous ‘variable f(x,u,z) = f, The
responses of life, activation time, peak volts and noise level were then
fitted as quadratic functions of f, The set of values of f which cor-
responded to the satisfactory (with regard to end-use requirements)
values of each response variate was obtained. The intersection of these
sets constituted the satisfactory, and in this case best region,
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STATISTICS IN MEDICAL RESEARCH

W. J, Dixon’
University of California, Los Angeles

I shall not attempt an introduction to the statistical methods used
in the medical field, I shall attempt to discuss some of the special
conditions which the nature of the field imposes on the design situation,
As in any experiment we need to know something about the observer, I
started out in mathematics, specialized in mathematical stétistics, then
worked with applications in engineering and social science, and now work
in the biomedical and health sciences,

What is the professional environment of medical research? Who are
the people conducting this research? They are:

1. Ph.D.'s from physical sciences working in biophysics in
instrumentation and simulation research

2, Fh,D,'s from chemistry and physiology doing experimentation
in pharmacology, psychiatry and chemotherapy.

3. M.D.'s of all specialties carrying out animal and plant work
as well as clinical trials on humans

What problems are investigated? Problems studied in the medical
research environment range from the most basic kinds of research of the
type carried out in physics, chemistry and physiology and as carried
out in psychology and sociology to mere collections of observations--
perhaps, somewhat objective--on standard treatments in standard medi--
cal practice. Some form of what we call "statistics™ is present in all
of these types of research,

What are examples of differences in medical applications? First,
consider survey research., Surveys involving records only may present
only the usual difficulties in probability sampling, stratification,
etc.,* But a serious difference may arise if direct interviews or
questionnaires concerning health or previous medical history are under-
taken, Here, additional problems of non-response and language aries
(the National Health Survey is developing techniques in this area),
I1f we seek mental health status, we find problems which at present
seem insurmountable, (Nothing but plans that I know of). However,
some of the most important differences and differences which force
some adjustment arise from the fact that people are involved,

How are people involved?

1, Directly as experimental subjects

* There is an excellent article discussing these applications in
Am, J. Ph H, 44 (1954) pp. 719-740, On the Use of Sampling: in the
Field of Public Health.
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Or we may be involved

2, Only slightly less directly if the research outcome has an ¢
immediate effect on our own disease or on the diseases of those
close to us or on a disease we might expect to contract.

3. We feel involved as a member of the human community seeking a
cure or being concerned about experimentation on humans.

4, Even if there were no personal concern about ultimate results
there are laws governing the treatment of human beings. Roughly
stated the law defines the correct treatment as the treatment -
in general use,

1, Each individual is concerned about his a and B risks (even though
they may be poorly formed in his mind) when he thinks about being
included in a study. How can one obtain a random sample of objects
when they can choose to be unsampled?

2, If an individuai’s own life is to be greatly affected in a different
way depending on what a study shows, how can he be objective?

How can one do careful and well planned research when so much
pressure for time is brought to bear on- laboratories connected with
medical research? Even though work is still at the stage where it is
being carried out on animals, or biological systems other then man,
this research is often considered only an early step to later research
of direct relevance to people--thus the pressure is on at all stages, .
Conclusions must be obtained quickly before assumed knowledge is prev-
alent--there may be no possibility for slow efficient sequential exper-
imentation, particularly on man, because in the medical profession
information moves rapidly from mouth to mouth, and if a treatment
becomes generally accepted, whether rightly or wrongly, research cannot
continue, In the urge for speed we may find the use of a control resisted
due to the feeling: "If the drug works we can try it on twice as many
people during the same period." As an exmple, radiation is regularly
used as a supporting treatment to surgery for certain cancers, This is
not experimental, but accepted. It was not given large scale scientif-
ically designed trials before becoming accepted. This would now be very
difficult to do. Since chemotherapy in addition to surgery was not -
accepted previously, experimentation is possibie. Such research is in !

progress,

Another point which needs careful statement concerns the clinical
result versus scientific or statistical result., A¢ least at first, the
clinician shows little interest in separation of two groups in mean
even though the separation may be precise and realj in clinical work
the immediate concern is with each single person, The question is
usually asked: Is this result of clinical significance? This may mean
can you classify individuals into one of several categories with minimum

error?
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In a very similar way difficulties arise in the choice and definition
of measurement to be used in an investigation, In the basic sciences
there is early attention to refinement of criteria, measurement such as
refined weighing scales,; an accurate radiation counter or some accurate
electrical measurement., In the behavioral sciences there is often exten-
sive development of test or questionnaire or interview procedure to gain
adequate reproducibility of measurement., In medical research the same
care must be taken, You may find that a technique for measuring blood
pressure as carried out in office practice (which is entirely adequate
for deciding whether a patient’s blood pressure is closer to 250 than it
is to 120) may immediately be used without refinement in a research study
to investigate changes over short periods of time caused by small doses
of tranquilizers., Of course, the measurement will almost surely fail to
detect these differences., There is a common rationalization supporting
the use of unrefined measures in medicinewhich arises from the confusion
of the discovery of a new result and the later developmental problem of
making a result of practical importance. The clinician may state: "If
the result is not observable with the usual techniques, it will not be
of practical value.,"

In addition to errors in the measuring instrument itself, which are
often large, it may be necessary to refine the measurement to some basal
state for the individual. One may be able to design a study with suf-
ficient replication of measurement on enough individuals so that one
need not hold fixed some of the greatest contributions to variation, but
this is usually not the case., In the case of blood pressure for the
basal state the recommended technique requires twelve hours of the
patient’s time and two or three hours of the clinician's time, On the
other hand, rapid reading may have tremendous variation, Research is
needed in developing for many measurements compromises which wiil result
in more accuracy without too much cost, For the example of blood pres-
sure, some workers are investigating the use of a reading taken a short
time after giving a tranquilizer, Development in this direction, of
course, introduces a new problem, For example, ths use of a tranquilizer
may change blood pressure differentially for the ‘type of patient you wish
to discriminate so that he is not separated from others,

It must be generally recognized that the type of measurement used
should be chosen on the basis of the research goals. However, some
research workers with a clinical background may understand that research
will require different measurements than are used in ctlinical practice,
but may seek more and more accuracy, when they may need only precision,
In some cases precision may be available by a presently known or easily
developed technique., If they are investigating changes only, precision
may suffice. For example; they may need to observe only an upward or
downward shift and be little concerned with absolute level,

Present Medical Record System Creates Problems for Research:
The collection and storage of certain measurements and observations on
patients is required for various legal and accreditation requirements,
In many places the clinician knows that these records are never used
in more than a superficial way. Even though certain data must be coded
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accurately, much data need not be. Much of his experience in recording
data is with these medical records, Now, suppose you organize a study

and require from a certain physician measurements on a patient, His

first inclination will be to supply information in the form which appears
in the medical records. This information may bé of very'little value for
the research study either because of the use of very gross categories or
because the desired information may be included for only certain types

of cases., In some cases it can be important to note the presence or
absence of the information rather than the size of the measurement if
actually recorded. There are many record systems in hospitals and clinics.,
Records are kept by admissions, departments, by nurses, operating room
staff, clinical laboratories, individual physicians. They are kept for
medication, infections, special procedures, etc, When a research problem
is instituted and a new form is introduced it may receive the easy cavalier
verbal fluency of some present records rather than the persevering scrupu-
lous accuracy necessary for good research,

Difficulty of Measuring One Component or Holding Other Variables
Fixed: Much of medical research is done on living organisms of a
complex nature, man, for example. Any measurement may affect the indi-
vidual so that immediate replication is often impossible, The body
has many compensating systems so that measurement of only one character-
istic is of little value., The component cannot usually be measured
except when coupled to all other components of the body, Selective
assembly of components is usually not possible., Progress may be made
for large or specific types of response with few measurements, but
frequently the only approach is through a multivariate analysis.

To what question does the medical research worker seek answers?
He asks what to measure, The answers should not only give consider-
ation to the accuracy of each particular measurement but the choice
of which to use, It is recognized that many measurements will be
required, but one cannot measure everything for reasons of time and
and money alone, Therefore; studies or redundancy of observations
may be required., A component analysis of basic measurements may be
helpful, A component analysis may also be helpful in the reduction
of the number of variables which must be considered in solving the
diagnosis problem.* Regression analyses on basic variates or on com-
ponents may allow a reduction in the number of variates of importance
for certain types of reseéarch problem. In other words, we may be able-
to help in determining which independent variables are of importance
for different dependent variables,

There is the question: How to measure? For measurements on a
continuous scale the effectiveness of a particular measurement in
the analysis of an experiment may be increased by the use of a

* Discussions of these techniques are given bys
M, G, Kendall, A Course in Multivariate Analysis, Hafner, New York, 1957
S, S, Wilks, Mathematical Statistics, Princeton, N, J,; 1943
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transformation.* Many observations made in medical research are ordered
but without a-natural scale. For example, severity of response, answers
to history questions, symptoms, laboratory findings, response to treate-
ment. The effective use of such variables will usually require the
assignment of a numerical scale, Decision will be required as to cri-
teria underlying the scale to be chosen, One may choose a scale which
will optimize a certain regression relationship or one may choose a
scale to minimize interaction with another observation being made in

the analysis.* The literature dealing with problems of scaling is
certainly not complete, but see Torgerson,***

In contrast with this discussion consider clinical trials, Here
one may attempt to control many variables not by multivariate analysis
but by randomization, For example, one can accept cases as they arise
and randonly assign them to treatment or control categoriés and trust
the randomization to effect a balance on the many other related con-
ditions, If knowledge of the status can be kept from the patient and
from the doctor these studies are called "double blind.," Since the
treatment often involves a specific act by the doctor a placebo or
dummy treatment is often used, ' '

Examples: Heart surgery, chemotherapy, cold treatment; etc.,

What does medical research need (from statisticians):
1. Improvements in basic measurements including scaling methods,
2. Computer programs to ease the pain of multivariate analysis,

3, Further developments in analysis of multivariate measurements
including those made continuously in time; e, 8.5 spectral
analysis, ' :

How to Use Statistical Methods in Medical Research?

As can easily be seen from reading many current periodicals in the
medical field, a great many papers use statistical findings. One can
also note that the words probability, confidence and significance are
used, but what has been attempted by the statistical analysis often
could be called resurrection or sanctification. Since there is a ten-
dency for statistical aid to be requested for the poorer study at the
wrong time, it is important to show good research workers how modern
statistical methods can be a part of their entire “grand strategy" of
the use of the scientific method.

*For éxample, see John W. Tukey, On the Comparative Anatomy of
Transformations, Annals of Math, Stat., Vol. 28 (1957), p. 602

**An interesting application of this criterion for scéling severity
of response appeared in a paper by P, J. Claringbold and W. R, Sobey,
Studies on Anaphylaxis, Australian J, of Biological Sciences, 10 (1957,
360-364.

#i*jarren S, Torgerson, Theory and Methods of Scaling, John Wiley & Sons,

New York, 1958,
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If we think of the outline

Observation

Formulation on working ﬁypothesis

Deduction from working hypothesis .

Feedback

Test of deductions

Conclusions

we can perhaps show the research worker that the use of statisitcal
methods can make more efficient at least one stage in the above
diagram enabling the experimenter to more to the next stage of his
“"grand strategy" wtih some guideposts which will assist him in
deciding with what certainty the last point has been established.

In the above outline we may insert a step where statistical
models can be of assistance,

Working hypothesis (or deduction from)

Statistical hypothesis
Statistical conclusion

Conclusion

This new portion may be carried out by a mathematical model which
may approximate reality sufficiently closely to be very useful, partic-
ularly if the mathematical model allows for individual variation, i.e.,
a statistical model, Differential equations have often been used if v
individuals show little variation so that a representation by mean values
is sufficient,

When the statistical model is used to assist the research there are : -
additional feedbacks to the future working hypotheses both from estimates
obtained incidental to the main study and from side investigations
designed to aid in constructing the statistical model itself,

For a statistical model to be of real assistance it should fit as
closely as possibly to the known characteristics of the experimental
situation, The research worker will gain confidence in the statis-
tician if the statistician is interested in knowing what type of obser-
vations he has because the type of observations available will affect
the kinds of hypotheses and certainly the kinds of analyses (or models)
which are appropriate, Classifications often used are:
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Name Typé Example

Nominal scale Identification White or black

Ordinal scale Order Test tubes ordered on
color intensity

Interval scale | Intervals are equated (Most common measurements)

Ratio scale Zero defihed Distance

27

Is a Statistical Model (Including Design) Specified?
Type of.pOpulation (whether individual or measurements)
Sémpling method

Definition of measurement

Hypothesis

What is “"different™

What is known from previous experiments (may specify some
parameters for this experiment)

Form of distribution of observations (or at least kind)

What next step is anticipated in line of research (estimate
additional parameters for future design)

Statemeﬁt of risks

a risk of rejecting hypothesis when true

B risk of accepting hypothesis when difference = d
Estimate of sample size (or sequential plan)

Expected troubles and controls or safeguards

It is well for the research worker to know what kind of problems
a statistician considers simple and what kind are more difficult,

A, Examples of simple problems

One variable

Does a change occur in one measurement when a treatment

is given?
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Do two treatments differ in their effect on one
characteristic of a patient?

Do several treatments differ in their effect on one
characteristic of a patient?

Two variables

Are two measurements associated in the same way for two
types of material?

B, Examples of problems less simple
Which one of 7 treatments is really different from the rest?

Does a change occur when a treatment is given when change may
be reflected in any of several variables or combindtions of
them?

Which group of 4 or 5 measurements out of 28 measurements is
best for assigning an individual to Group & and Group B?

Example: from amino acid measurements assign to group with
or without hepatitis

Example: from physical and social variables assign mentally
defective children to groups according to ability
to profit from training

If a variable y is affected by changes in any of four x
variables what is a good strategy for selecting the partic-
ular x values to optimize y?

The man developing the statistical theory will seek answers for the
above questions, answers which will specify the appropriate model,

What Sort of Models Will the Statisitcian Give the Research Worker?

Most problems may be attacked by certain general statistical
models. Or, a new model may be developed which follows more precisely
the assumptions of the particular experiment under investigation,

The situation is somewhat like the tailor who has a shop with a
number of ready-made suits. They can be used with little delay and
sometimes slight alteration may be made, A tailor-made suit may
require a great deal of time to construct, perhaps by many tailors
and will certainly cost more, The ready-made suit will not fit
everyone, but may fit a great many fairly well-some, very well,
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What are some of the ready-made suits?

Scale Statistics

Nominal Binomial, multinomial, Xz

Ordinal Order statistics, non-parametric statistics, median
percentiles

Interval Mean, standard deviation, standard test, t-tests,
correlation, regression, analysis of variance

Ratio Little different from interval scale except some parameters
may be specified and not estimated

For analysis of observations on the interval scale most ready-made
suits assume normality, How does one think about satisfying the
assumption of normality?

a) Is it known?
b) 1Is it to be verified?

¢) Will it be produced? (transformation--including averaging)
(here we change shape of the man to fit the suit; he may
have to wear a transformation before the suit will fit)

d)° Will we show special caution in conclusions?

e) Will the assumption be avoided, e.g., by use of non-parametric
methods? (this may be like using a suit that is too big--it may
not pinch, but it may not fit closely anywhere)

£) Will a theory be developed for the appropriate distribution?

Another assumption which is made by many tailor made suits for analyzing
observations on the interval scale is homoscedasticity (the assumption
of equal variances). The same considerations can be listed for satis-
fying this assumption that were mentioned in the discussion of normality.

The research worker may be interested to know the criteria statis-
ticians use in constructing models,

There is the goal of efficiency, Minimization of the number of
observations for fixed risks @ and B or minimization of one risk when
the other risk and the sample size is fixed.

There is the goal of unbiasedness or accuracy. A statistical
measure should be correct on the average.

There is the goal of minimum variance or precision. A statisitcal
measure should have minimum variability as an estimate,
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There is the goal of maximum power in the test of a statistical
hypothesis, If the hypothesis is not true we should have a good chance
of discovering this fact, .

We must also tell the research worker that the particular statistic
which will satisfy these goals depends on the type of observations which

he makes, There is no universal answer.

It may be news to the person contacting the statistician for purposes
of sanctification that the field of statistics also concerns itself with
the construction of designs for the experimental attack itself., There
are some answers to the questions:

Which cases should I select?

Which dose should be given next?

Which variables should I measure?

What combinations of treatments should be investigated together?

Do we make more measurements with no change in conditions or
observe under more different conditions?

Some of these questions may come under the heading of the strategy of
replication,

A chemist is quoted as follows, "I don't believe in replication,
If you measure it once you know what you've got. If you measure it
again and don’t get the same answer, you don't know where you are."

Replication is often considered to occur only when several obser-
vations are made under identical conditions, The use of appropriately
balanced designs can yield the advantages of replication at the same
time one does experimentation over a wider range of other variables,

If we consider the example of investigating the effect of three
varjables at each of three levels, we make 27 observations all under
different conditions if an observation is made for each combination of
levels, But, since the experiment is performed in a balanced way we
investigate the effects of changes in several variables simultaneously
and can investigate the individual effects of each variable alone, the
interaction of one variable with another and estimate the replication or
measurement error., The randomized blocks and factorial designs can be
used to advantage in medical research, However, we can also ask:

Is it essential to measure all possible combinations?
If not all are required we can perhaps suggest a carefully balanced

subset which will still provide answers to the important questions,
Such designs are latin squares or other fractional factorials,
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My comments this evening are not intended to be comprehensive but
only to indicate by examples the importance of both the statistician and
the research worker continually educating each other and to list a few
of the important points about which education should take place.

I wish to close with two comments which may be classified as
philosophical, :

First, there is a great concern in medicine for arriving at
conclusions which will state a cause and effect relationship rather
than an association, I have found it necessary to offer the informatiom
that statistical analyses in general only demonstrate association,

Second, the comparatively recent attention to Type II error in
statistics may be at fault for its neglect in many scientific reports
at the present time, Its continued neglect, however, may be tied to
the notion of conservatism since the Type 1 or -error is controlled.
In diagnostic situations this is often the risk of challenge to
authority. There seems to be less interest in the risk of continued
acceptance of authority which is not correct.




SAMPLING IN BIOLOGICAL POPULATIONS

D. B, DeLury
University of Toronto

It is not my wish to burden you with the practical details of methods
that are used to estimate the vital statistics of biological populations.
I propose only to skim lightly over some of the more interesting methods
and to take advantage of the occasion to preach a sermon on the sin of
non-randomness,

We have today an elaborate, weil-developed Theory of Sampling, aimed
chiefly at human populations and the things they do. The place where we
geta grip on these problems is the fact that these populations are fixed
geographically or in some other way that provides a basis for effective
stratification, Furthermore, these populations have the property that we
can, in principle at least, get at all the individuals in them and there-
fore we have a basis for,a positive randomization procedure to select
samples within strata,

We have also today a well filled-out discipline called the Design of
Experiments, and this too has meaning only in circumstances in which
effective randomization is possible,

Not everybody today is as convinced of the importance of randomization
as he should be and consequently some of our investigations fall short on
the score of randomness., Perhaps a look at the antics that people engage
in when randomness is not possible will point up the essential role that
randomness plays.

Some biological problems, of course, fall nicely within the scope of
standard sampling procedures, e,g., a study of a population of nesting
birds, or a beaver population, even though it might be difficult enough to
carry them out, These things have, in fact, been done a few times, but the
job of carrying out the dictates of randomness is formidable indeed,

It is not questions of this kind that I want to talk about; but those
in which random selection of samples is truly impossible, I shall speak
particularly of sampling populations of fish as, perhaps, the most striking
instance of this. The impossibility of doing anything positive to ensure
randomness in samples of fish is obvious enough, and those negative steps
we might take to avoid the most unpleasant consequences of non-randomess
are unknown or are known only in a qualitive way. Furthermore, those
features of the populations which can upset our procedures are known only
qualijtatively.

Fish are generally, though not always, highly mobile. They tend to
stratify according to age or size and in other ways as well, Every method
of capture we have devised is biased with respect to size and doubtless
other features too, Indeed, the conviction is growing that the probability
that a fish will be caught by any particular device varies widely from one
individual fish to another,
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In any event, let us look at some of the things people do, to try to
estimate the size of a population of fishes, keeping in mind the diffi-
culties I have been talking about, Nothing here is at all new; this is
simply an account of things that have been done.

TAGGING, One of the older tricks is to catch a sample of fish, put
tags on them or otherwise mutilate them so they can be recognized, release
them and watch for their reappearance in subsequent catches. Then, if we
can assume that the proportion of marked fish in the catch is equal to the
proportion in the population, apart from sampling error, we get at once an
estimate 6f the size of the population, This device goes back to Laplace,
I believe, but he did not use it on fish,

To put this into symbols, using t to denote the time since the tagged
specimens were released:

Tagged Total
Population Xt Nt
Sample X, n,
R v e %o
n, B N, - N, ’ o X, ’

valid as long as any depletion affects tagged and untagged equally,

While there are many things one can think of which would upset this
estimate, the weakest spot is surely the supposition that the proportions
in the sample and in the population are equal -- i.e.,

ﬁ e _ Tt
= ’
Ny N

or to put it otherwise, tagged and untagged are equally catchable. This

is the kind of thing we look to randomness to ensure, the kind of thing we
expect to be met a priori through the way we select our samples, If we
were dealing with beads in a box, instead of fish, we would mix them
thoroughly after introducing the marked beads and then draw out our samples.,
With fishes, what can we do? Perhaps not very much, but we are ¢oming to
know some of the pitfalls, Toc illustrate cne of the common ones, I can tell
you about a tagging experiment carried out some years ago to ascertain the
number of black bass in a rather large lake., The bass were captured in
traps, put here and there around the shore and left there the whole summer.
Many bass were tagged and recaptures were numerous but the estimate of

the total number of bass, based on these recaptures, was something

1ike 500, a completely fatuous figure., Now it happened that good records
had been obtained from the anglers in the lake, both numbers caught and
numbers tagged., An estimate based on these records was around 30,000,

What was happening here? A run through the records disclosed that, with

[
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practically no exceptions, every bass recaptured was taken in the same trap
in which he was first caught. We can see, then, what happened. As far as
the traps were concerned certain individuals were highly exposed to recap-
ture, over and OVer, while others had little chance of capture at all, The
same effect has been seen in other populations, for perhaps different rea-
sons. :One thing to be feared, then, is that fish captured:inianyiparticular
manner are more likely than the others to be captured again in the same man-
ner -- i.e., tagged and untagged are not equally catchable, This is partice
ularly dangerous when repeated recapturesare used, It seems prudent, then,
to recapture by a method that is different from the one used in placing the
tags or, better still, use several methods for both and keep such records

as are needed to keep-track of the methods by which each fish is captured.,

Whatever we may do, however, the tagging procedure provides no real'
check on the crucial assumption that tagged and untagged are equally likely
to be caught, Information of another kind is needed if we are to do so,

Tagging procedures have been extended far beyond the simple one
described here, We can, for example, tag and sample simultaneously in
various ways., Such procedures, in which we can no longer treat as con-
stant the proportion tagged in the population, will be distorted by the
operation of an appreciable mortality during the sampling period, which
adds another source of uncertainty. The fact that they'are so distorted
means, of course, that they contain information about mortality and a
few schemes for extracting estimatés of the mortality rate from them have
been proposed. For most part, they depend on repeated recaptures and, for
this reason, our inability to sample randomly strikes them particularly
hard, We can side-step this dependence on repeated recaptures, but the
methods we must then use are very weak,

Perhaps you will permit me to take off here on another tack to speak
of a question that has vexed me for some time, because I see no good way
of gettinga grip on it. It is a point, though, that may have some impor-
tance outside the immediate context. One of these tagging plans furnishes
a good vehicle for the discussion,

Let us suppose that we tag and sample simultaneously, perhaps by

tagging and releasing all untagged members of each sample and releasing

also those already bearing tags. To keep the discussion free form diffi-
culties that are here irrelevent, let us say that the size of the population
15 constant throughout the sampling period,'i.e., no mortality, immigration
and so on, Let N stand for the size. Then, using the notation written

down earlier, and making the reasonable assumption that each sample is small
compared to the size of the population; i.e., the sampling is effectively
binomial, we can write the probability of getting X tags in a sample of n :

n\ (% Xe X, e~ X
—_ 1 o — = £(t), say, and the likelihood
X, N _ N

is
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A direct maximum~-likelihood calculation yields, after some algebraic
rearrangement, the estimating equation

X, - nX /N ‘
Z t t7t = 0.
1.xt/N

This equation can be solved for N by numerical methods,; but this does not
concern us here,

_ X
N

. . . X
We can take another view of this question, Since jér t
’
n

t
we might think of plotting f& against Xt and fitting by least squares
n, .
a line passing through the origin., The slope of this line estimates T e
Now, granting randomness

X in the sampling, the only

— error is the binomial error
. and the proper weights are
. x given by the standard

- binomial formula

=
(nd
.

e S n
’ " t

% X, (1-%x)

X, N N

Using these weights, the least squares equation can be rearranged into
precisely the M.L, Equation, as might, perhaps, be expected., The point
here is, then, that the M.L, estimate uses as weights functions of the
population proportions Xt . Now if the sampling is, in fact, random,

N
this is presumably the most effective weighting, However, in these cir-
cumstances, it seems reasonable to question this weighting, because, when
any sample is taken, the proportion available to it may be grossly different
from Xt » It seems to me, therefore, safer to weight by sample size, N,

N
which incidentally leads to a simple estimating equation, The general
question, then, is: when our sampling may fall short with respect to
randomness, are our so-called efficient statistics even as good as other,
less efficient ones? I do not think any general answer is possible here.
The question itself if not precise and cannot be accurately formulated.,
I have, however, compared the two approaches outlined above on artificial
data in which randomness is assured and can perceive no persistent differ-
ence between them.

One could spend several hours on ramifications of the tagging method,
but I must pass on to a procedure of a different kind,
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CATCH-EFFORT, This method rests on a common observation that; as a
population becomes depleted, the return from a given amount of sampling
effort declines, In order to make quantitative use of this fact, some
assumptions are necessary and data of a specific kind must be collected.
Let us say, then, that for each of a number of consecutive intervals,
we have a record of the catch - c(t) and the effort expended - e(t).

e(t) might be measured in net-nights, boat-hours, etc. Then, we can
calculate for each interval the catch per unit of effort, C(t) = c(t)/e(t)
(t refers to the tth interval), We can calculate also the accumulated
catch and the total effort expended up to the tth interval,

K(t)
E(t)

c(1) + e(2) + ... + c(t-1),
e(1) + e(2) + ... + e(t-1),

Now, let us make the simplest assumptions we can think of, say that the
population is closed and that a unit of effort takes always the same
fraction k of the population., k has been called by some the "rate of
fishing" and by others the “catchability" -- in any event, k is measured
in (units of effort)-l,

We have, now, from the definitions and assumptions:
c(t) = k e(t)N(t) , N(t) being the size of the population at time t, or,
dividing by e(t):
c(t) = kN(t) .

Also, because fish can leave the population only through being caught,

N(t)

N(1) - K(t) .

Hence c(t) = kN(1) - kK(t)

Now C and K are observable quantities. We can plot them, and if
reasonable straightness results we can fit the line and so estimate
kN(1) and k, hence N(1),

From the same assumptions, we can derive another relation,
log €(t) = log [KN(1) - KECD).

While these two relations are equivalent in a mathematical way,
as soon as they are embedded in a statistical setting, they show up quite
different. The first has only to do with the conditional behavior of
C(t) given K(t), which depends only on K(t), whereas the second depends on
the whole stochastic process up to the tth jnterval, As far as I know,
this has never been elucidated and we know less about how to fit it than
we do for the first,

We may properly be concerned about the rather restricted assumptions
under which these relations have been derived and indeed we may be sure
that frequentiy they will be violated, On the other hand, there is a
certain amount that can be done to ensure that they will hold reasonably
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well, The one assumption that is largely outside our control is the one
which asserts that a unit of effort always takes the same fraction of the
population -~ i.e,, that the catchability is constant throughout the sam-
pling period, Here again is an assumption that we would look to randomness
to take care of, Everyone knows that this parameter is bound to fluctuate,
perhaps widely, from day to day, but this is not as serious as the possi-
bility of persistent trends, We may expect trends in the catchability to
distort our graphs out of straightness, but it must be granted that day-to-
day fluctuations are usually large enough to make decisions on this question
rather difficult, Furthermore, other failures in our assumptions can pro-
duce curvature,

On the whole, then, we find ourselves with two methods, each dependent
on a crucial assumption which cannot be tested with the kind of data usually
collected in applying this method, Each of them is the kind of thing that
we usually look to random sampling to take care of, In this case, the best
we can hope for is to try to find independent checks on the critical
assumptions,

A little reflection will show that each of these methods contains
information that can be used to test the assumption on which the other
depends, provided that the two methods, tagging and catch-effort, are
applied to the population simultaneously,

The catch-effort method requires that catchability remain constant
and the tagged portion of the population provides a population of known
size, for which direct estimates of the catchability can be made from the
sequence of returns, These estimates can then be inspected for trends,
The tagging method, on the other hand, requires that tagged and untagged
be equally catchable. A catch-effort analysis, conducted separately on
the tagged and untagged parts of the population, puts these two catcha-
bilities directly in evidence, so that a comparison can be made,

Investigations of this kind are necessarily elaborate and expensive
and, as far as I know, this combined tagging and catch-effort study has not
often been attempted, Tagging alone has been used many times, but it is
likely that most of the population estimates so reached are seriously wrong,
The catch-effort method is newer and has been used much less, We need more
experience with it, but we can say that, in some instances at least, it
works pretty well. When the sampling is extensive enough and intense
enough to bring about heavy depletion in a rather short time, we may expect
the catch-effort method to function fairiy weli. This does happen not in-
frequently in commercial fisheries and some sports fisheries,

I have not spoken of the elegant and theoretically powerful methods
developed during the past few years by a number of people, P, H, Leslie
and D, G, Chapman, to mention two, These methods depend on tagging and in
some instances, on catch-effort as well, and they purport to yield estimates
of all the vital statistics of a population, birth and death rates and so
on, as well as population size, Not only do these methods rest heavily on
random selection of samples, depending as they do on repeated recaptures,
but they also involve actuarial notions such as mortality rate, presumably
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constant and stable, Now these notions work well enough in human
populations, because we have pretty well eliminated the catastrophe
from our system of causes, Likewise, actuarial methods, i.e., miethods
based on mortality tables, may well be applicable in some controlled
populations, e.g., laboratory populations. In natural populations,
however, the most prominent effects are environmental, fluctuations are
wide and capricious, masking entirely the built-in cause-and-effect
mechanisms without which no population can survive, Only when the popu-
lations are extraordinarily dense or sparse do these mechanisms play a
predominant role, For these reasons, I think we have to keep our sights
fairly low in dealing with natural populations; in particular, we should

not use methods which depend on the kind of stability we have become used
to in human populations,




. THE APPLICATION OF FRACTIONAL FACTORIALS IN MISSILE TEST PROGRAMS

Paul C, Cox
Ordnance Mission, White Sands Missile Range

I wish to begin by acknowledging the assistance I have recéived from
Dr, Boyd Harshbarger in developing and applying the specific fractional
factorial which I plan to discuss, I understand he had an entire class at
VPI work with this design, and the fact that it is a design which is pre-
sently being used for a specific missile test program proved to be both
stimulating and motivating to the class,

The statistical designing of a missile test plan is usually plagued
with numerous serious problems. These include: (1) There are usually a
large number of different types of treatments and at several levels which
must be evaluated; (2) the sample size is almost always quite smallj;
(3) there are quite often, physical limitations which will place severe
restrictions on the design; (4) the test must be designed with the reali-
zation that the statistical evaluation is but one of many requirements to
be satistied by the test; (5) most missile test ‘plans require several
changes after testing has started; and (6) there will invariably be a few
test failures which will either require substitute firings or will result
in a loss of data,

I will restrict my discussion to the first two of these problems the
. large number of treatments required and the restricted sample size, Because
of these characteristics, fractional factorials can sometimes be a useful
tool in designing missile test plans, Fractional factorials are valuable
. because they provide for a reduction in sample size, This reduction is
’ bought at a price and the price should be carefully studied before using
a particular fractional factorial for a specific missile test plan,
Actually, we at White Sands Missile Range consider fractional factorials
frequently, but because of the limitations, use them rarely,

I will illustrate these points by discussing a problem we were
recently faced with and how a fractional factorial appeared to be the

best solution of the design problem,

It was required that a2 missile system be flight tested to determine
its effectiveness under the following combinations of test conditions:

- Type of Warhead wl WZ W
Propellent Temp, T, T2 T
Launcher-Target Range R R2 R

Launcher Emplacement E, E, E

1 2 3
Launcher L1 L2
. (Two identical launchers).,
. It was decided that the missiles should be fired from the two launchers

in pairs. In this way, the error mean square will contain only the
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variability due to the missile system and no variability due to changes
in weather, firing personnel, etc,

Ideally one should use a factorial design with a minimum of four
rounds tested under every set of conditions. (One pair at one time and the
second pair at some other time). This would require a total of 3x3x3x3x4 = 324
rounds; a figure which is entirely unrealistic.

Since a factorial design could not be used, the obvious procedure was to
study the physical characteristics of the test and try to develop a frac-
tional factorial which would be suitable. It was determined from the study
of the physical characteristics of both the system and the test that em- .
placements would probably not interact with any of the other test conditions.,
Consequently a fractional factorial was designed by setting up R, Wand T
as a factorial design; then for R., E was introduced in the form of a Latin
Square and similarly for R, and R, except the rows were permuted. (1) The
same design is used for both L, and L, since the rounds are fired in pairs
from the two launchers. The design is given in table 1. This is referred
to as a 3% confounded fractional factorial in blocks of 27 units for which
1/3 of a replicate is given, and it requires a total of 54 rounds plus
spares, a figure which is realistic in this particular case. A design
similar to this one is plan No. 6A.18, P 290, Cochran and Cox. (2)

L1 and L2
W, W v ’

R, T, E, E, 2

T, E E, .

T, E 3

T E, 1 3
Ry T, E 3 2 )

T, Eq E, )

1 E, 1 .
Rq T, E, E, E,

T3 El E3 E2

Table 1, A 34, 1/3 replicate, confounded Fractional Factorial in
Blocks of 27 units,

(1) It would have been possible to use Graeco-Latin Squares, and thus test
some other treatment at 3 levels, providing certain assumptions could be

made about this new treatment,

(2) "Experimental Designs," Second Edition, W, G, Cochran and G. M, Cox,
1957, John Wiley and Sons; Inc., New York
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The precautions to be observed in this design are: (1) The RT, TW,
and RW interactions are aliased with the E interactions; (2) The RWT
interaction is aliased with the E Main Effect; and (3) It is doubtful if
a suitable comparison can be made between the variability in performance due
to the missile and the variability due to the missile plus metric conditions,

These difficulties were all studied carefully and it was agreed that
the design in figure one was appropriate as far as our problem is concerned,
It was felt that the likelihood of E interacting with R, W or T is negli-
gible, and that the RWT interaction is probably negligible, also., The
remainder of the discussion is based upon the hypothesis that the above
assumptions are all correct,

Table 2 shows two analysis of variance tables. One is for the
fractional factorial design described in table one and the other is for
a 3% factorial with 2 replications,

Sources of Fractional - Factorial degrees
Variance Factorial of Freedom
W 2 2
T 2 2
R 2 2
E (WRT) 2 2
WR 4 4
WT 4 4
RT 4 ) 4
WE 4
RE 4
TE 4
WRT 8
WRE 8
TRE 8
WIE 8
WRTE 16
Interactions
associated
with E 6
Error 27 81
~ Total 53 161
Sample Size 54 162

Table 2. Degrees of freedom associated with a 34 factorial with 2 repli-
cations and a 3% fractional factorial showing 1/3 of a replicate (repeated).

From tabie 2 it is clear that, if the assumption that the E inter-
actions and the WRT interactions are negligible, we are buying almost as
much from the fractional factorial with 54 rounds as from the complete
factorial with 162 rounds., It is true the degrees of freedom for error
are 27 as compared to 81 for the complete factorial, but the increase in
power which results from using 81 rather than 27 degrees of freedom is
usually unimportant,
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The computation of sums of squares is extremely simple for this design.
The procedure is the same as for a complete factorial design except the
error term must be computed by taking one half the sum of squares of the
difference between pairs., Then the term which we describe as interactions
associated with E is obtained by subtraction.

This design will be illustrated by the data given in table 3 and the
analysis of variance is given in table 4, The data of table 3 is ficti-
tious, such data was chosen for two reasons: (1) to keep this presentation
unclassified; and (2) the actual study is not far enough along to provide
actual data, The data listed in table 3 is radial miss distance which has
been transformed in order that an analysis of variance would be appropriate,
The important thing to note is that the smaller the value the better the
weapon has performed,

! | .
W, W, W, % W, wg, W,

T, |36k, |38y | 31k, | 36E [aE | 15E,

Rl T2 14 E3 15 E2 20 El 20 E3 24 EZ 35 El
T, | 328, | 33E | 258, | 298, |26 E | 24 E,

| 2B, [29E | 32E, | 206, |26 | 22 E,

R, T, | 8B | 6k, |16, | 4k |13E | 11K,
3 | 28E5 [ 16E, | 138 | 2, |12E, | 22 E

T, 4sE; | 33E, | 32E | 428, |37E, | 27E

R, T, |16E, | 33E | 328 | I15E, |34E | 32E,
T, | 33E) | 45Ey |25E, | 40E |42 E | 35E,

Table 3, Results of a firing test using a 34 fractional factorial and
two launchers,

Sources of Variation S.S,. D of F M.S. F Ratio
W 100 2 50 2,17
T 1409 2 704 30.61 **
R 2223 2 1111 48,30 **
E (WRT) L66 2 233 10,13 **
WT 695 4 174 7.56 **
WR 167 4 42 1,83
TR 109 4 27 1,17
Due to E Interaction 156 6 26 1,13
Error 626 7 23
Total 5951 53

Table 4, analysis of Variance for data in Table 3. (** Indicates
significance at the 1 percent level),
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Table & indicates that all main effects except for warhead type,
have a significant influence upon missile accuracy, with range having
the greatest influence of any, WT is the only significant second order
interaction. At this time, it is desirable to investigate the mean square
which is attributed to the various E interactions. If this were not small,
one might have some doubt about whether the assumption concerning the E
interactions being negligible was really sound. 1f we were absolutely cer-
tain that E interactions are not pdssible, -this méan square term could be
used for another purpose. If there had only been one replication (27 rounds)
it would have been necessary to use this term as the error term, But since
the rounds were fired in palrs we may now consider that the mean square
attributed to E interactions is an estimate of the variability which is due
both to the missile and to the day to day variation, while the mean square
for error term is an estimate of the missile variability after stripping
out the day by day variation. By comparison it is seen that the difference
between the two estimates is negligible from whence it might be jmplied
that day by day variation appears to be well under control,

Returning to the results of table 4, the overall mean is found to be
26,22 and the mean values for the various levels for the main effects are
given by table 5 below.

Levels
Treatments 1 2 3
25,61 | 28,11} 24,94
31.,55119,33127.78
27.72 117.72 | 33.22
27.05 | 22,28 29,33

o3

Table 5. Mean Values for Each Level of W, T, R and E.

From table 5, it appears that warhead No. 3 results in the smallest
while warhead No. 2 causes the greatest miss distance. However, the effects
of warheads are not significant and there is no reason to believe that one
warhead will cause a larger miss distance than another. Ambient temperature
results in the smallest while low temperatures cause the greatest mean miss
distance. Medium ranges have the smallest, while long ranges have the
greatest mean miss distance, Finally it may be seen that launchers emplaced
on level ground will resultiin the smallest mean miss distance while an
emplacement on the fore side of a hill will result in the greatest mean miss
distance. It would be very much in order to study the WT interactioms, but
this will be omitted, largely because the main effect W is not significant,

Conclusions: When testing missile systems it is usually the case that
many levels of treatments must be studied from the data obtained from a
limited sample size. Fractional factorials are frequently a very useful
tool for designing such tests, There are many pitfalls to watch for when
using fractional factorials, but many times this technique appears to give
results nearly as good as those obtained from a complete factorial and by
using a much smaller sample size.




THE DESIGN & REDESIGN OF AN EXPERIMENT

C. W, Mullis
Integrated Range Mission, White Sands Missile Range

INTRODUCTION. In May 1958, White Sands Missile Range undertook an
evaluation which was particularly amenable to optimization of the experiment,
An experiment was designed and data collection began. Unanticipated field
problems required approximately four times the effort predicted in order to
£i11 enough points in the design matrix to permit reasonable analyses, The
end result was that an experiment expected to take six months, extended over
a period of sixteen months and is just now nearing completion, In view of
these circumstances, this paper might better be titled by using the often
quoted expression "The best laid plans of mice and men often go astray."

THE PROBLEM, White Sands has been employing cinetheodolites manu-
factured by Askania-Werke A, G, since the range was established in 1945,
Today there are approximately sixty instruments in regular use, In recent
years a new instrument has appeared on the market which is purported to
represent the state-of-the-art in cinetheodolite type instruments, This
instrument, manufactured by Contraves A, G,; Zurich, Switzerland is known
as the Contraves EOTS, During 1958, the J, W. Fecker Division of the Amer-
ican Optical Company became the United States distributor and was desirous
of obtaining information on the comparable performance of their new product
and existing equipment in the field, They also wished to demonstrate that
the Contraves was dynamically accurate to better than 5 sec of arc (one
part in 250,000). Due to the potential market, the varied nature of the
missile firing workload (approximately ten missiles of varying types fired
each work day) and a unique capability to install instruments in dual
installations side by side, Fecker proposed to White Sands that evaluation
of comparison of the Contraves instrument to the existing Askania instru-
ments be performed. Previously the only available comparison was Contraves
at Eglin to Askania at White Sands or similar cases which left much room
to challenge validity, White Sands welcomed the opportunity to settle the
argument, and obtain first hand information on the new instrument.

CONSIDERATIONS. By utilizing the dual instaliations; operating on
the same missions from the same timing distribution and control networ
reading and reducing the data in the same plant, and comparing data taken
at the same instant in time, it was felt that a valid comparison of the
instruments in question would be forth-coming. The design of the exper-
iment then centered around the features of the instruments and their
deployment,

The first question was "How many to use. Fecker proposed to furnish
two Contraves, It is a well known fact that although two station trian-
gulation meets the mathematical requirement for a solution, the accuracy
of the final computed data increases as the number of stations is increased,
Consequently use of three instruments for each system was agreed upon,

The next question was "where to put them.,” Figure 1 shows the
deployment of the existing Askanias., The nature of the missions can be
summarized as follows: Ballistic type missiles are fired from the Small
Missile Range near "N" Station, and from the launching strip extending
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eastward from the Army Missile Test Center, Those missiles may impact in
the 30, 50, 70 or 90 mile impact areas. Air to air missions are ccnducted
above the four major impact areas. Surface to air missiles are launched
from the launching strip and may intercept anywhere from a few miles north
of the iaunch point to the northern boundary of the range, It was desired
to locate the instruments such that as many of the various types of missions
as possible could be included in the experiment,

Another factor influencing the placement of the instruments was inter-
section geometry. Needless to say, the accuracy of final data is quite
sensitive to the angle of intersection of the lines of sight from the
instruments to the target, Tracking capabilities should be taxed to the
maximum but the capability of the instruments was not to be exceeded. An
arbitration of these factors resulted in the deployment shown in Figure 2,
This deployment had good geometry for at least two of the instruments on
missiles launched from any launch area, Data could be obtained on all
but air to air missions, The instruments experience varying modes of
tracking severity depending on the launch point. All have wire lines for
communication and timing distribution and they are all "close in,"

The next consideration was the physical installation of the instru-
ments, Figure 3 shows an actual installation with the Askania on the left
and the Contraves on the right, The Askania is mounted on a hydraulic
hoist which elevates it through a hole in the roof of the monolithic con-.
crete building. The kinematic platform on top of the hoist is then rotated,
locked into the building roof, and the hoist lowered leaving the instrument
"sitting” on the building., Obviously, the Contraves would not pass through
the hole. Therefore, a one inch thick steel plate was fabricated to cover
the hole and the Contraves mounted to the plate. In essence then both
instruments were using the same pedestal, namely the building,

Since all film was to be automatically processed by the high speed
continuous processing machines, it was felt that no special consideration
should be given this phase of the test,

When the film reached the data reduction portion of the system, other
questcions arose, For instance, what about human error in film measurement?
In order to minimize this it was decided to read each target board frame
five times and each data from three times and use the averages thus obtained
as the reading,

Registration in the reader was another questionable area. Since the
Contraves mechanism is pin registered and the Askania mechanism is not,
it was decided to check the registration for both by resetting on each
freme, In the Contraves; the frame is rotated through the elevation
argle. The center of the recorded frame then moves according to the
eccentricity of the elevation axis., Therefore the center of the frame
was rechecked for each frame. For the Askania, the fiducials were
checked as usual, each frame,

CALIBRATIONS., Calibrations are the measurements made on the instrument
“o determine the bias errors which exist in its various parts, A correction
thus obtained is applied in the data reduction process so that biases do not
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appear as errors in the end result data, These measurements may occur at
very infrequent intervals or may be made each time the instrument is
operated. jgure & shows the calibrations performed on the two types of
instruments for this test, Lens sag does not exist for the Contraves
and circle eccentricities are eliminated by diametrically opposed scale
readings, However, these were measured and accounted for in the Askania,
Although lens distortion was messured for both instruments and for the
projection lenses of the film readers, it was not necessary to use it
since the tracking was good, That is to say the target was always near
enough the center of the frame that distortion could be neglected. To
insure that no appreciable error was contributed by the film reading
machines, the measuring cross hair digitizers were calibrated, The
measurements thus obtained were used to correct the final data which
were used for computation,

HYPOTHESES, 4s previously stated, Fecker desired to prove that the
Contraves was accurate to 5 sec of arc or better, ' The Government wished
to compare the performance of the two systems. An attempt was therefore
made to design an experiment which would achieve both goals, The null

hypotheses were stated as follows:
TEST 1
Null Hypothesis

The Contraves EOTS cinetheodolite does not exhibit smaller random
errors than the Askania Kth 53 cinetheodolite.

Alternate Hypothesis 1
The Contraves EOTS cinetheodolite exhibits random errors less than
1/2 the value of the random errors of the Askania Kth 53 cinetheodo-
lite,

Aiternate Hypothesis 2
The Contraves EOTS cinetheodolite exhibits random errors less than
1/4 the value of the random errors of the Askania Kth 53 cinetheodo-
lite,

TEST 2

Null Hypothesis
The Contraves EOTS cinetheodolite system {three stations) does not
exhibit smaller random errors than the 4skania Kth 33 cinetheodolite
system (three stations).

Alternate Hypothesis 1
The Contraves EOTS cinetheodolite system exhibits random errors less

than 1/2 the value of the random errors of the Askania Kth 53 cine-
theodolite system.,
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Alternate Hypothesis 2

The Contraves EOTS cinetheodolite system exhitits random errors less
than 1/4 the value of the random errors of the Askania Kth 53 cine-
theodolite system,

These hypotheses are based on the Askania as a standard., By testing the
Askania random errors against, the 5 second figure, it was felt than an
absolute value for the accuracy of the two systems would be obtained.

To test these hypotheses, two methods were to be employed. For
Test 1 the Variate Differences 1 techniques was to be used. For
Test 2 a statistical analysis of the residuals from a standard Davis
solution 2, 3 was to be used, Test 1 would give a comparison of in-
strument precision, where Test 2 would give system accuracy including
biases. Since, by the nature of the techniques Test 2 required consider-
ably more data than Test 1, Test 2 governed the determination of the data
to be collected, The experiment then resolved itself into a study of two
variables, ore containing six parameters, the other two parameters to be
investigated on three levels. A further division occurs when it is con-
sidered that each system containing three instruments is treated as a
single variable, The design matrix is shown in Figure 3,

DATA COLLECTION. From the design matrix, it was planned to collect
data on eighteen missions, This was to be accomplished in one month to six
weeks., In actuality data were collected over a period of three months on
eighty seven missions. From this we were able to select ten missions on
which all six instruments (three Askanias and three Contraves) functioned
properly and collected sufficient data for analysis, This is not to say
that the instruments are that unreliable. For proper application of the
variate differences analysis it is necessary to have 100 consecutive points,
Loss of a single point due to a condition of mistrack eliminated numerous
records from consideration. Loss of points due to the missile passing
behind clouds had the same effect. Another difficulty was the fact that
although 100 consecutive points may have existed for the various instru-
ments, they did not overlap enough in time to allow a valid comparison,

FIELD PROBLEMS. As data collection progressed operational observations
lead to questioning of the assumptions. Primary among these was the rigidity
of the building., A rather long term effect was observed in the tilting of
the building due to differential heating., On one particular day this amounted
to approximately 40 seconds of arc over a period of 6 hours, This was not
considered to be significant in terms of the effect during a particular
mission since the mislevel of the instrument is read before and after each
mission, However, one observer noted that there was a sudden shift of
approximately 10 seconds of arc which occurred in a period of a few minutes.
Tre reason for this shift could not be explained,

Ag a result of the uncertainty in the stability of the support struc-
ture, a method was devised whereby the movement of the building could be
mezsured during a mission, This consisted of checking the movement of the
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instrument base against a pendulum mirror which was referenced to earth“s
gravity.‘:aj Only a few measurements were made but the results showed that
no significant movement of the building occurred during the mission,

Another assumption which is made in the usual operation of the system
is that the target boards which are used to determine the orientation and
mislevel of the instrument are stable, The azimuth stability of the target
boards was noted in several spot checks using the Contraves film informa-
tion, In most cases, the correspondence was within 3.6 seconds of arc.
The ‘elevation position of the target boards was not checked as accurately
as this since turbulence research at White Sands has indicated that there
is much less vertical deterioration than horizontal deterioration due to
turbulence., However, refraction in the vertical direction may be significant,

Of the three stations used in the field, one station, "N", did not
"£ir in" with the other two for either the Contraves or the Askania, This
means that the line of sight from that station did not pass through the
intersection of the lines of sight from the other two statiohs within the
prescribed limits of the data reduction procedure, Thus far, no explana-
tion has been found for the large discrepancy observed. Surveys have been
rechecked, Timing distribution delays were measured to be less than 100
micro-seconds; All known possibilities have been exhausitvely checked with
no answer being found,

ANALYSIS. Due to their simplicity, the variate differences calculations
were started first, Although they have not yet been completed, a sample
tabulation of some of the data from three missions is given in Figure 6.
From this tabulation one can see the nature of the information which is
being obtained, For instance one can make instrument to instrument com-
parisons in azimuth and/or elevation; compare the azimuth or elevation per-
formance of like instrumencs; compare azimuth to elevation performance of
a single instrument, etc. By performing a statistical analysis of the data
for several missions, generalized statements relative to the characteristics
of the instruments can be made, Once the data have been calculated for all
the missions these analyses will be completed,

The analysis for Test 2 does not present so bright a picture, With
the exception of one mission, it has been impossible to get the data from
UN" gtation to work in a three station trajectory computation. Forced
solutions have had residuals far beyond the rejection limits, On one
mission the data would work in a two station solution with either of the
other stations but three stations would not run. To date, this problem
js still under consideratiom,

CONCLUSIONS, Time does not permit an excursion into the details of
systeﬁ—improvements which have been effected as a result of the deficiencies
discovered during this evaluation, One significant course of action as far
as the experiment is concerned has been decided upon. Fecker is planning
to take the raw data from some of the missions, read the data on their own
equipment and perform an independent analysis. All the procedures will be
similar except for the computer program, which will account for an assump-
tion made in the Davis solution to linearize the equations.
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White Sands Missile Range has proceeded with two station solutions
using "C" and "T" stations and is preparing a statistical analysis of
these data.for Test II,

In summary, it may seem strange that this discussion has been
presented to this group, The intent was to emphasize the physical prob-
lems encountered and the requirement for fléxibility in the statistical
design of experiments of this nature,
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