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A sampling plan was investigated from the point of view of the counter-
strategies to the diversion of an amount of nuclear material. Assuming
that an inspection would be carried out based on such a plan, a methed

for evaluating inspection data obtained during and/or after the inspection
was developed on the same basis as the plan, and was materialized as

a computer code which is an element of the safeguards information treatment
system of Japan. The code was successfuily applied to the inventory
verification of a fast critical assembly.
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1. INTRODUCTION

One of the safeguards objectives is to verify that all source or special
fissionable material in all peaceful nuclear activities is not diverted %o
nuclear weapons or other nuclear explosive devices or for purposes unknown.

Such verification activities should be planned, performed and evaluated on
a logical and technological basis. Logically or mathematically speaking,
the verification should be done by rejecting the alternative hypothesis
that the diversion of nuclear material has occurred.

The diversion hypothesis requires studies of the diversion strategies,
according to which the diversion might be performed, and their counter-
strategies, by which the diversion could be detected. This is one of the
main themes of the inspection planning.

According to the inspection planning, the inspection is carried out on site
of a facility under the peaceful nuclear activities. Then, an inspection
report is produced during and/or after the inspectors' visit to the facility.

This inspection report should be carefully analyzed in consistency with
the philosophy applied to the inspection planning. The purpose of this
paper is to try to give a practical and convenient solution to such

a problem with the mathematical description and with the scope, functions
and handling of the computer code which has been developed reflecting

the results of the study.

The following sections of this paper discuss the inspection planning and
the analysis method of paired comparison by critically reconstructing

the works1’2’3) on a same theoretical basis, give the input form to and
sample output from the code, and analyze the output from a viewpoint of
“how to use the code. The code is a revised version of the one previously

reported4’5).
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2. INSPECTION PLANNING

2.1 Material Balance

There are three kinds of material balances in an MBA on a material balance
period, i.e. the true material balance, the operator's material balance
which might be falsified, and the material balance estimated by inspector.
These material balances are expressed as follows:

MUFT = BIT + RT - ST - NT - EIT )
MUFO = BIO + RO - SO - NO - EI0 s
MUFI = BII + RI - SI - NI - EII ,

where BI is the beginning inventory, R is all receipts, S is all shipments,
W is all waste disposals, EI is the ending inventory and MUF is the mate-
rial unaccounted for. Suffixes T, 0 and I denote True, Operator and Ins-
pector, respectively. Suppose that these variables are all defined exactly
without any measurement errors and that any values estimated by inspector
are not biased, then the following relations are obtained:

BL, = BI; ,

Ry = Rspp * Rp * Ry s
St =51 - Sp - Sspp,
Wp = Wy - Wp - Wigppy o
£l = €I ,

where RSRD is RT-RO, RF is RO_RI’ SF is SI-SO, SSRD is SO—ST, NF is WI'WO’
and w(SRD) is wo-wT. If the shipper to and the receiver from the MBA are
all honest, RSRD and SSRD mean the real shipper-receiver differences even
if the operator falsifies his values RO and SO. W(SRD)’ however, does not
have any so-called receivers. On the other hand, RF’ SF and NF represent
the differences between the operator's and the inspector's values, and
these values are not zero if the operator falsifies his values RO’ S0 and

NO. Hence, MUFT is related with MUFI as follow:
MUFT = MUFI + RSRD + RF + SF ¥ SSRD + wF + N(SRD)
If the relations: RT=RI, ST=SI and NT=WI are attained, however, MUFT is

represented 1ike this:

MUFT = MUFI .
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Requirements needed to attain these relationships are:

1) the seals should be detached from the received material under the
inspector's observation so as to preserve RT'
2} measurements should be done just after the seals are detached.

The inspector should observe these measurements so as to reduce RSRD to
zero.

3) just after the operator's measurements, the inspector should pick
up a suitable number of samples and measure them not so as to permit the
existence of non-zero RF.

4) the inspector should observe the operator's measurements for ship-
ments and/or waste disposals in order not to permit the falsification of
an amount of SF and/or NF by the operator.

5) just after the measurements, the inspector should define SI and/or
NI by his measurements and attach a seal to prevent the existence of §
and/or N(SRD)'

These requirements are based on the fact that the inspector could not mea-

SRD

sure all the items so that he must rely on the operator's measurements to
estimate his values. It should be noted that in the courses of 3} and 5)
above a temporary seal might be used.

If these requirements could be attained, then MUFI (or MUFO—b)'or b and
MUFO evaluation approach is useful, where D represents the following rela-
tion:

L
1]

MUF, - MUF

0 I”
= (BIO-BII) + RF + SF + WF - (EIO-EII)

On the contrary, if these requirements could not be attained, a severer
procedure of evaluation should be applied as follows:
1) the hypothesis: (BIO-BII)—(EIO-EII)=O should not be rejected.
2} the hypothesis: D=0 should not be rejected so as to guarantee the
relation: RF+SF+NF=O.
3) the hypotheses: RSRDzo’ SSRD=O and W(SRD)=O should not be rejected
by analyzing the shipper-receiver differences or by using seals.
4) the hypothesis: MUF =0 (and/or MUFO-ﬁ=O) should not be rejected.
It is desirable that the hypotheses: BIO=BII, EIO=EII, RF=0, SF=0 and

WF=0 are not rejected at the same time.

_3_
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2.2 Diversion of Nuclear Material

As to how to divert a quantity of nuclear material, there are two diversion
strategies; one is to divert it by relatively large guantity within a rela-
tively short time interval {abrupt diversion) and the other is to divert

it by relatively small quantity within a relatively long time interval {
protracted diversion}.

Counter-strategies to such diversion possibilities should be based on a
philosophy of timely detection of diversion of significant amounts of
niclear material, i.e. the threshold amount, TA, of nuclear material needed
to fabricate a nuclear explosive device should be detected within the
critical time, CT, needed to convert the material to a weapon with the
detection probability 1-8 and misjudgement probability a.

Against the abrupt diversion, an attribute testing is effective if it is
done timely, i.e. periodically in the critical time interval or randomly
with a mean time interval and a variance. On the other hand, a variable
testing is useful against the protracted diversion if it is performed in a
suitabie time interval.

Then the inspection would be carried out Tike this:

1) A11 receipts, shipments and waste disposals should be verified by
the variable testing so as to make it possible to verify the mate-
rial balance or MUF at the end of the material balance period.

At the same time the attribute testing for the purpose of 2) below
might be used in parallel to make maximum use of inspection man-
power by cutting the fnspectors' travelling time.

2) Running inventory should be verified by the attribute testing in
order to prove the running book inventory against the abrupt diver-
sion in an appropriate time span.

3) At the end of the period, physical inventory should be verified by
the variable testing. The data obtained by the inspector's measure-
ment on the beginning inventory, all the receipts and shipments,
and the ending inventory, and their corresponding source data
recorded on book or measured by the operator make it possible to
verify the over-all material balance against the protracted diver-
sion.
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The attribute measurement is able to detect with nearly 100 percent proba-
bility the defection of the nominal item quantity ranging from 100 percent
to a smaller one depending on the relative standard deviation of the mea-
surement error (for example: 100 - 4¢). If the measurement has high accu-
racy and precision, the detectable defection range is widened to a much
smaller percentage. As the result the range covered by the variable test-
ing is narrowed and, hence, the material balance period could be extended
fonger because it requires much more time to accumulate the quantity TA by
smaller removals. On the contrary, if the measurement accuracy and pre-
cision are poor, the material balance period must be shortened because of
the possibility of easy accumulation of the guantity.

2.3 Attribute Testing
For- the attribute testing, number of samples to be measured during inspec-

tion is calculated for each stratum of nuclear material using the formula:

M
n=N(1- B]/r )o r = —— (1)

X

where n is the sampling size, N is the total number of items contained in
the stratum, M is a goal quantity such as the threshold amount or less
quantity than that, x is the average content of the item, and Hence ris
the number of defects needed to accomplish the diversion of an amount M.
This formula is derived from the following exact equation based on the
hypergeometric probability density function with some modifications which
give a little greater sampling size than the rigorous one;

N-
() (")

g= 0N (2)
()
Such modifications make it possible to analyze the data obtained during
the inspection by giving a sampling size of more than two even though the
stratum contains a small content of nuclear material and/or a small number
of items.

On site inspection it s important to judge the discrepancies between the
operator's and inspector's measured data based on the reject limit (for
example: 4s). In the evaluation stage, it should be tested whether the

#54.
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assigned measurement accuracy (3) has been attained during inspection.
Reflecting the results of such analysis the discrepancies should be re-eva-
luated.

2.4 Variable Testing

The variable testing should cover the defection range below the Tower limit
of that of the attribute testing. Since it is considered that the accuracy
of the variable testing is higher than that of the attribute testing, the
range could be devided into two parts: one is the attribute mode detection

range and the other is the bfas detection range.

For the attribute mode detection, number of samples to be measured during
or after the inspection is calculated for each stratum of nuclear material
just lTike the attribute testing with an exception of introduction of vy as
follows:

M
s = (3)

X

nv]=N(1—B]/r)

where_nV] is the sampling size, N is the total number of items contained in
the stratum, M is the goal quantity, x is the average content of the item,
v is the lower limit of the defection rate detected in the attribute test-
ing, and r is the number of defects needed to accomplish the diversion of
the amount M. It should be noted that v is set to 1 if the attribute mea-
surements work for the variable testing at the same time.

At the course of evaluation it should be judged whether the discrepancies
between the operator's and inspector's measured data are significant or not

based on the reject 1imit (for example: 40d).

For the bias detection, number of samples to be measured by the audit team
is calculated using the following equation:

where
2 2 2
o R =g taon s (%)
D|Hg Ds Dr{H,
2. . 2, .
° DIH, _UDS+°Dr|H] ’ (6)
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and Z is the cumulative normal distribution function, suffixes s and r
denote systematic and random error components, respectively, and suffixes
H0 and H1 denote the null hypothesis: D=0 and the alternative hypothesis:

A

D=M, respectively.

The amount of UﬁrlH is related to the sample size n for the whole material
balance using the animum variance propagation method:
2

g =

Br|H, n
where Ni is the number of items of the i-th stratum and Tgpi is the random
component of the standard deviation of the difference between the operator's
and inspector's measured values for an individual item in the i-th stratum.
And the sample size for the i-th stratum is as foliows:

N.o

= n(ﬂ)' (8)

n .

Therefore if of|y. 1s obtained by solving Eq. (4), the sample size is fixed.
In order to solveOEq. (4), the following relation is assumed:
OR = 2oj . “(9)
Dr|H, Dr|Hg

As to the propagation of measurement errors for each stratum, the following
relations are assumed:

2 _ -2( 2 2 2 2 2

2
Cqp T X GOrw+61rw+50re+51re+60rf+51rf) (10)
2 _ =2,.7 2 2 ¢ 2 2
Ids = X (605w+51sw+5Ose+5Ise+605f+GIsf) (11)

where I s is the systematic error standard deviation of the difference
between the operator's and inspector's measured values for an individual
item, § denotes the relative standard deviation, and suffixes 0, I, r, s,
w, e, and f denote operator, inspector, random error, systematic error,
weighing, element factor, and fissile factor, respectively. In this model
the sampling error and the effect of the number of measurements to give an
average value to each item are contained in each error component.

The systematic and random error variances of D are described as follows:

_7_
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) (12)

2 _

ops - E(Nicdsi
2 _ 2

%Dr|H, "§(Nicdri) m; (13)

In Eq.(13}, if ns js fixed so as to minimize the variance, Eq.s (7) and
(8) are easily concluded. Eq.(12) means that the systematic error for an
individual item is constant over items in the same stratum and that it has
a different value for a different stratum and it has the expected mean
value of zero in the case of the same measurement technigue (method and
instrument) being used without the so-called long term systematic error.

In order to deal with the Tong term systematic error correctiy, the mea-
surement techniques should be identified and allocated to each stratum.
In our computer code system, this procedure can be applied but the real
function has not yet been built in.

After the preparation mentioned above, Eq.(4) can be solved. Sometimes,
however, Eq.(5) does not give a suitable value for op because of a
large. quantity of TP - In such a case, in principle, thg material balance
period should be shortened so as to reduce the value of Gﬁs' The alterna-
tive methods contain re-evaluating the systematic errors and their propa-
gation formula, deviding the material balance area into two or more small
material balance areas, fully utilizing the containment/surveillance devices
and drastically improving the measurement techniques.

At the stage of verification, the attained goal quantity is expressed as
follows:

M' = Z + 1y 5§ (14)

on
1-a D‘H0
where S5 is the observed error standard deviation. If M > M', it is
concluded that the sampling size is adequate. On the contrary if M'>M, it
should be concluded that the sampling plan is unreascnable.

In order to check the design value of the random error standard deviation,
the following hypothesis testing should be performed:
The null hypothesis HO: Spp = UBrlH , against the alternative
hypothesis H: S = 207 0
yP 1° “Dr Dr|H0‘

78_
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where Sﬁr is the observed random error standard deviation.

For this testing, sample size (nV3) of more than 12 is required for the
whole strata. If it is necessary to check the hypothesis stratum-wise,
this number Ny3 shouTd be adopted for each stratum as its sample size.

Whether or not the hypothesis HO is rejected, the hypothesis D=0 should be
verified by using the value of 06 H based on the design information as
the standard deviation of D becauseothe actual standard deviation could be
contaminated by the diversion. In the case of S: <on ,» however, c:
Dr™"Dr|H D|H
should be replaced by 56 because the high accuracy of megsurements and/og
concentrated inspection efforts make it possible to evaluate more severely

the hypothesis D=0 resulting in the attained goal quantity as foTllows:

M= 21,55+ 21-356 . (15)
For the variable testing the sample size finally results in the maximum
value of My and Nyos and Ny3 if the variance test is applied to each
stratum.
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3. PAIRED COMPARISON METHOD
3.1 Single Stratum
Under the situation of no diversion, the operator's and 1nspector S measu-

red values of item i in a stratum are expressed as follows:

Xoi T My T Sp t o (16)

Xpg = wg ¥ Sp ¥ Ty (17)
where X0 is the operator's value of the item, X1 is the inspector's
value, M3 is the true value, 59 and sp are the systematic errors for the

operator and inspector, respectively, and oi

3 and rp are the corresponding

random errors.

Since the sample variance and covariance are given by:
| 2

s IXj - (in)z/n
S (18)
n-1
¢ - IX:Ys - (inzyi)/n (19)
XY n-1 ’ :

the following relations are obtained from Eqs.(16) and (17} if the covari-

ance terms between u. and roi’ Mi and riso and o1

3 and rps» are equal to

i

Zerps:
55 = sﬁ v 5% | (20)
s - sﬁ v st (21)
Sop 55 (22)

. 2 2 pa . 2 2 2 .
Since the values of Su’ SrO and SrI estimate O» Trg and Tyl respectively,

the following hypothesis testings can be made:

1} The null hypothesis HOT: UEO = GiI against the alternative hypothe-
. .2 2
sis H]]. 900 # oL
2 2.4 _ 2 . .
2) The null hypothes1s HOE ZGFI) =g - against the alternative

hypothesis Hy,: (o rO ) # 5,
3) The null hypothesis H03 S = GSO and 031 = OEI against the



JAFRI-M 9146

. . .2 2 2 2
alternative hypothesis H13. 90 # o OF 9 # a_1s O both.

EO = ogo) against the

: . 2, 2 2, 2
alternative hypothesis Higt app # 9 ) (or oyg # 080),

4) The null hypothesis Hog : UEI = GSI {or o

where Gim’ cgo and GSI are the given (or design) values for the correspond-
ing valiances.

According to the reference 1), the following calculations are made:
1} For the Hgy testing,
2 55 - 51
)3 r‘ = 2 2 2 2 3 (23)
(SO+SI) -4SOI
Hgy is rejected if (t| > t1_(u/2)(n-2), where t]_(a/z)(n—Z) is the critical
value of Student's t distribution with {n-2) degrees of freedom at the

significance level of a.

t = r/(n-1)/{1-r

2) For the Hgp testing,

- 2,.2 Z2
R = (n'1)(SO+SI'ZSOI)/Grm (24)
Hn, is rejected if R < 2 (n-1), resulting in 02 +02 < 02 or if
02 J Xaf2 ’ 9 r0 %1 < Tpm?
R > X?-(Q/Z)(n-])’ resulting in G$O+UEI > Gim’ where xs/z(n-l) and

X%-(Q/Z)(”'1) are the Tower and upper critical values of chi-square

distribution with (n-7) degrees of freedom at the o significance level.
3) For the Hys testing,
Ay = 2[an L(2) - n L(wg)] (25)

- where
Sy - 2.2 2
en L{9) = -n-0.5n Q,n(SOSI - SOI) (26)

~

- ~2 2 ~2 2 2 2
n L(w3) = 0.5n Rn(ouceo + Oudgl + GEOGEI)

2 .2 22
0—2UUSOI+(GU+GEO)S

22 22,2 2
Z(GUGEO+GUOEI+GEOGSI)

2,2 2
+
“n[(ou GEI)S I
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and
2 4 2 2 .24 2 2
22 3 %e1"01%0%1°1%0 _ “e0%] (28)
u (0_2 + U2 )2 0'2 +02
e0 el g0 “el
Hyz 1s rejected if ag > x?_a(Z).

4) For the H04 testing,

g = 200 L(2) - in L{ag)] (29)

where &n L(&q) is calculated using Eq.(27) with the value of 850 from
Eq.(31) replacing UEO. cﬁ and GSO are obtained by solving the following

equations with the iteration method:

2 4 2 2 24 2 2
o Sg%1 * 2501%0%1 T 31%0 %0l
N Y R (30)
; (054 + 05¢) g ~ t 0
el el el el
2~ 4 2.2 s 2,2 2 \2 2 "2
52 - SIUu - 2SOIou(Gu * OEI) * SO(cu * USI) _ 1% (31)
=0 (o2 + 05)2 ol + Gi

fog 15 redected if 2, > (1.

In our computer program, these hypotheses are automatically tested if the
values of Sem® %e0 and/or g_1 are given by the input. If one of these

values is not given, the relevant hypothesis is not tested. If the
relative standard deviation & is given instead of the standard deviation o,
o is replaced by ioa in the calculation formulas mentioned above. However,

the output given by the program is converted to & in such a case.

The best estimated random error standard deviations for the operator's and
inspector's measurements are given as follows:

A) If HOT is rejected and if the other hypotheses are not tested, then
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2 2
Ie1 = ST 7 o1

yd d
If 6,9 <0 (or opp < 0),

2
Tv0
2

UrI,= S

_ 2 _
=0 (or Opp = 0)

2 2 2 _ .2 2
ot SI - ZSOI {or Sy = S0 + SI - ZSOI)

If S < 0,

0l

2
0

2
Tl

B}
w
— M O™

In the case of negative SOI’ this term is set to zeroc in the H01 testing,

i.e. in Eq.(23).

B) If Hpy 1s not rejected and if the other hypotheses are not tested, then

2 2

22 2
g = Opp = (Sg * ST - 25p1)/2
If Sy; < 0,
2 2 2 2
S = Oy = (Sp + 57172

C)y If HO] and H02 are both rejected and if H03 and H04 are not tested, the
result is the same as A). In the H02 testing, SOI is set to 0 if it is

negative.

D) If HO] is rejected and H02 is not rejected and if H03 and H04 are not
tested,

2
o o IS
S0 * 51 - 2501
2
CREAF o 1
SRR O
If S5 < S S - Sop 1S replaced by 0 and % - 5. is replaced
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2 2 . . 2 2 2
+ S p Just like A). If ST < Sgr° then Sy - Sy; and Sy - Sgp are

0 I 0
2 2 , .
replaced by 0 and S0 + SI - 2501, respectively. If SOI < 0, SOI is set to

by S -25

0 in these equations and in the Hj, testing, i.e. in Eq.(24).

E) If H 1s‘not rejected and Hy, 15 rejected and 1f Hyq and Hy, are not

01
tested, the result is the same as B).

F) If Ho1 and H02 are not rejected and if Hy, and Hy, are not tested, then

2 _ 2 _ 2
0 T %yl -
G) If H04 is rejected and if H03 is not tested, the result is one of the
estimations from A) to F) reflecting the results of the hypothesis testings.
In the H04 testing, cﬁ is set to 0 if it is negative and GEO is re-calcu-
lated from Eq.(31), and OEO is set to 0 if it is negative and o, is re-

calculated from Eqg.(30).

H) If Hoa is not rejected and if Ho3 is not tested, then

2 2 2 2
oy = ogp (0F gy = o)
2 .2

rQ e

where 850 is from Eq.(31). If_this value is zero, again the results of
the hypothesis testings are taken into account for this term.

1} 1f Hy, is rejected,

03
ya
S~ =S
- 0 01
9.0
2
S; - 8§
_ I 01l
and Ry = n(——s—)
g
el

2 . .
are calculated. If Sy < Sqp or if IRy | < [R0|, the testing of Hy,:

2 2
= . p . .
1 ~ %I is performed. If ST.<Sqy or if [Ri| > [Ryl, the testing of Hyy:
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020=0§0 is performed. Therefore the result is G) or H).

Y -
In the H03 testing, ci is set to zero if it is negative.

J} If H03 is not rejected,

2 _ 2
QT %0
2 _ 2
Tpl Oel

After the evaluation of the random error variances, a hypothesis testing
of the difference between the operator's and inspector's mean values can
be made by using these random error variances and the systematic error
variances given by the input:

The nuil hypothesis HOS: Eg = My against the alternative hypothesis H15:

UO#MI

In order to test this hypothesis, the statistic z is calculated as follows:

z(io“xl)

z (32)
%
where 02 + d2
2 _ 2 2 rQ rl
O T 90ty t T — (33)

and n is the number of items with paired measurements.
Hog 1s rejected if [z] > 2y _(a/2) where Zy_(4/2) 13 the critical value of
the cumulative normal distribution at the o level of significance.

The estimate of the true mean is

o WhXpa t WeX
- fo¥o F MM (3a)

Wo * W
where 02
_ 2 “rQ -1
WO = ( O'SO + T ) (35)
and 02
_ 2 rI ,-1
WI = ( GSI + —n—‘ ) (36)
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The variance of u is (wo+w1)_1.

Estimation of the systematic error variances based on the paired measure-
ments is poor if there is only one stratum on the material and if the same
measurement technique is applied to the stratum. However, a hypothesis
testing can be made:

. 2 2 2 . . .
The null hypothesis HOG: SIS o = 9 against the alternative hypothesis

H]6: 050 + 91 # Tem? where Tem is a variance given by input or by the sum

of design values of the operator's and inspector's systematic error variances.

Assuming that the mean value of d 1s zero,

2 _
Sd = d

An estimate of the combined systematic error variance is

2 2

_ 2 “ro ¥ Iyl

n

It is expected that the ratio

¢ * 051
R = __—-------—S 2 (39)
a
sm

has the chi-square distribution with 1 degree of freedom, so that H06 is

rejected if R < x§/2(1) or if R > X%—(u/Z)(])°

3.2 Several Strata
If the same measurement technique is used over several strata, it is

expected that the random error standard deviation is constant over the
entire strata and that the value of the systematic error is distributed
as the normal distribution with a suitable standard deviation around

a mean value of zero. Here, it is assumed that the long term systematic
error does not exist. The mathematical model of measured values is again
expressed by Egs. (16) and (17}. The hypothesis testings can be made
except for the H03 testing and, if it is convenient, a hypothesis testing

is broken down into two parts.
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1) The null hypothesis HOI ] 20 < GiI against the one-sided alternative
2

hypothesis H]] 1° %qg > GrI
For this testing, a statistic P is calculated as follows:
m

P=-27% n oF ' (40)
i=1

where m is the number of strata, and P; is calculated from

j ]_pi(ni'z) (41)

Here ti is from Eq.(23) for each stratum. H01 1 is rejected if P>X$_a(2m),
where x?_u(Zm) is the critical value of chi-square distribution with 2m
degrees of freedom at the o level of significance.

, 2 2
2) The null hypothes152H01,2 90 2 Op

hypothesis HH ' Tpg < Tp
For this test1ng p; is replaced by (I—pi) in 1) above and Hop .2 is rejected
if P> x] (2m). The combined conclusion from 1) and 2) is that

2 _ 2
°r0 " Orl > .
rejected, and S0 > Op1 if HO1,1 is rejected,

against the one-sided alternative

. 2 2 . .
if both null hypotheses are not rejected, 9eg < Op1 if HO],Z is

. o2 2 2 . .
3) The null hypothesis HOZ,]' org ¥ O % S gga1nst the one-sided
alternative hypothesis H12,]: S0t 91 > Y

A statistic s calculated as follows:
R. ' (42}

where R is from Eq.(24) for each stratum. H02 1 is rejected if
R > x] (df), where df is the degrees of freedom which is obtained by

_ summing (n1-1) over strata.

2 z 02 against the one-sided
rl 5 rm,
+ o'rI < g

: o2
4) The null hypothesis H02,2' Gag ¥ O

alternative hypothesis H]2 9t @

rQ rm

For this testing, the same statistic as 3) is used. In this case, however,

Hgo o s rejected if R < xi(df)- The combined conclusion from 3) and 4)
i 2 2 _ 2 . .
is that %0t 9% T em if both null hypotheses are not rejected,
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o2y * ooy < oo 1f Hyy o 15 rejected, and o2y ¥ ohy > ooy 1FHgy s
rejected.
5) The null hypothesis H04’]: 030 = OEO against the one-sided alternative
. 2 2 2 2
hypothesis H]4’]. Te0 > %0 O %pg < %ep
A statistic is calculated as follows:
m
Ay =ii1 Ags (43)

where A is from Eq.(29) for each stratum. H04 i is rejected if

2
A4 7 X -u(m) :

6) The null hypothesis H04 o' OEI = 621 against the one-sided alternative
. ) =2 2

hypothesis H14’2. Cpep > 9.1 OF Op1 < 9.1
For this testing, the same statistic as 5) is used. In this case, however,
the roles of 630 and OEI are reversed in the calculations for Eg.(29).

HO4,2 is rejected if Ag > X%_a(m).

In our computer code system for analysis of paired data, these hypotheses
are tested automatically if the values of 9 %e0 and/or o1 are given

by input. If one of these values is not given, the relevant hypothesis

is not tested. If the relative standard deviation § is given instead of
the standard deviation o, o is replaced by ioé in the calculation formulas
mentioned above. However, the output from the system is converted to ¢

in this case.

The best estimated random error standard deviations for the operator's

and inspector's measurements are given for each stratum just 1ike the case
of single stratum. After that estimation, an average variance is calculated
over all strata as foilows: '

4 2?2 2?2 2 2
20+ { c0s, F oo, + o a0 )
Vo = rQ g rQ url rorl (44)

n-1
where 90 and 0,1 @re the values estimated above, and o is from Eq.(30)

X : : . . 2 2
if H04’1 is not rejected, from the equation with the roles of o 5 and o

reversed in Eq.(30} if H04 9 is not rejected, from the mean value of these
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if both hypotheses are not rejected, or from SOI with a negative fix-up to
zero if these hypotheses are not tested. In the case of S = Tyl in the
Hgy testing, Eq.(44) is simply reduced as follows:

C
Vo = — | (a4)"

0 n-1

where C is a constant {set to 1).
Over the m strata,

m
-1 2
2 Voi 9pi
6o = ! (45)
rQ mo4
iy Yo
If the relative standard deviation is the case,
? 1 222
’ sop O X01°r0i
6o = (46)
r0 mo 1
> Voi Xoi

i=1
Estimation of diI is carried out like UEO reversing the roles of GEO and
of; in Eas.(44), (45) and (46).

At the same time, another estimation of random error variances is carried
out as follows assuming that the prior knowledge about these variances is
not available or is poor even if available:
Instead of VO in Eq.(44),
2 2 2 2
Sn ( 255 - 45.. + ST ) + S

n -1 :

. 2 . . 2

in Eq.(45) { or Spoi 1D Eg.(46) ) is replaced by Sg - Sor { or

=S I)/ig ) if H01’] or HO],Z is rejected, and by (SS+S§-ZSOI)/2 { or
—2501)/(2§%) ) if HO],] and H01,2 are not rejected. For estimation
of o1 the roles of 050 and Gil are reversed in Eq.(47) and so forth.

If the value of oio or GEI is negative, it is set to zero.

As for the estimation of systematic error variances, Eq.(37) is replaced
by Eq.(48) under the same assumption that the mean of d is zero:
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, Mo
Sd = 7
i=1 m
- Y-
m (Xns = Xraz)
- 5 Qi Ii - (48)
i=1 m

Eq.{38) is replaced by:

02 + 02 m
2y + olp = S5 - 11
m i=1 i

(49)

where I and 0.y are given for each estimation of random error variances,
i e. two kinds of evaluation of systematic error variances are carried out.

The hypothesis testing H06 is divided into two hypotheses:

1) The null hypothesis HO6,1: 020 + 021 < Uim against the one-sided

. . .2 2 2
alternative hypothesis H16,1' 90 * 91 ” Yem

Vv

For this testing, the ratio R is calculated instead of Eq.(39):
m ( ogp * g1 )
R = 5 (50)

Tsm

It is expected that the ratio has the chi-square distribution with
m degrees of freedom, so that H06 1 is rejected if R » x%_a(m).

. 2 2 2 . .
2) The null hypothesis H06,2' g9 ¥ 91 2 Tep against the one-sided
. . 2 2
alternative hypothesis H16,2' 90 T 91 < Tsm
For this testing, the same statistic as 1) above is used. Hye os however,

is rejected if R < xg(m). The combined conclusion from 1} and 2} is that

2 2 _ 2 . . 2 , 2 2
90 t o T 9 if both null hypotheses are not rejected, UsO+GsI<Usm
' 2 2

. . . 2 ) .
if HO6,2 is rejected, and e + 51 > Yem if HOG,I is rejected.

In the case of multi-strata, the hypothesis testing of the mean differences
is carried out for each stratum, too. The procedure of testing is the same
as the case of single stratum, i.e. £Eq.{32) is calculated for each stratum
under the condition of Eq.(33) and the hypothesis H05 is judged stratum-
wise so as to be rejected if [z] > 24 (af2)"



JAERI-M 9146

In Eq.(33), however, two possibilities to the variances are taken into
account: one is that the systematic and random error variances are all from
the estimated values and the other is that they are all from the design
values given by input. For each case, the hypothesis testing is carried
out. It should be noted that in our system these testings are repeated

for the alternative estimation of random and systematic error variances.

3.3 Special cases: Falsification, Average value

Falsification

Falsification of data might be attempted by the potential divertor in order
to conceal the diversion of an amount M of nuclear material. Hence, it
should be kept in mind that the data given by the operator might be con-
taminated by falsification. In such a case the paired data are expressed

in general as follows:

Xgi = My Fsptrgp t At (51)

XI.

jT RSt (52)

where X0 is the operator's value of the item i, X1 is the inspector’s

value, by is the true value, Sp and s; are the systematic errors for the
operator and inspector, respectively, o and ry; are the corresponding

random errors, and A and n; are the constant bias and the variable bias

due to falsification, respectively. a4 + n; is either an amount of

diversion or only a falsified value, or a mixed value of these.

If any covariances between the terms at the right hand side of Egs.(51)
and (52) are negligibly small, the following eguations are derived easily:

2 _ 2 2 2
2 _ 2 2
SI = Su + SrI (54)
_ 2

Eq.(53) shows in comparison with Eq.{20) that the operator's random error
variance is inflated by the variable bias variance SE when the paired data
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analysis is carried out.

The situation, however, would be changed if the potential divertor uses

a sophisticated technique, or only if Atn, is the case of diversion. It is
possible to correlate n; with M strongly, because the variance of My is

in general greater than that of roi’ °OF only because wtotn; is the true
value which the operator has measured before the diversion of Atng.

In the extreme case of the former or in the latter case, K can be replaced
by Yio which is the sum of ugs 8 and nis resulting in no correlation
occurring between the terms. In this case, Egs.(51) and (52) are replaced

by:

=Y; syt rgy (56)

X04 01

Xpg =Yy syt oA (57)

Eqs.(53), (54) and (55) are replaced by:

2 2. o2
S5 = Sy * Sy (58)
2 2. 2 ?
S] =Syt Syt S, (59)
2
So1” Sy (60)

Eq.(59) shows that the estimation of the inspector's random error variance
is heavily contaminated by the variable bias variance if the paired data
are analyzed under the usual procedure. Since the variance of M is not

a suitable parameter for safeguards in general, it is meaningless to
analyze Sﬁ and/or 52 relying on them. So the effect of the varfable bias

variance should be analyzed.

It is considered that the real situation is between the state expressed by
Eqs.(53), (54} and (55), and the state expressed by Eqs.(58), (59) and (60).
Therefore, the analysis of the combined random error variance is most
important, i.e. the results of the hypothesis testing of H02 in the case

of single stratum or H02 1 and H02,2 in the case of multi-strata should be

carefully analyzed.
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In this respect, our computer code provides a factor p2 and a critical
value R] as follows:

5 030 + GEI’ actual
UEO + Uil’ design
2
_ X]_a(df)
B (df) (61)
XOL
_ 2 2
Ry = 0" xj_,(df) (62)

where df is the degrees of freedom. The factor 02 gives a real target
value to the hypothesis testing of the combined random error variance.

On the other hand, the critical value R1 can be used for judging whether
the alternative hypothesis is true or not when the null hypothesis is
rejected, i.e. it is considered that the alternative hypothesis is not true
if R >R, , where R is from Fq.(24) or Eqg.(42).

The constant bias, which is assumed to be constant in a stratum and may
have a different value in a different stratum with a non-zero mean value,
gives a great deal of effect to the estimation of the combined systematic
error variance. The variance is heavily infiated by the variance of the
constant biases and their non-zero mean value itself. Again it is
important to analyze the results of the hypothesis H06 or HOS,] and H06,2'

For this purpose, the parameters p2 and RI are provided by the code.
This time, however, p2 means that:

2 050 + UEI’ actual

P =7

> (63)
S + Oy design

It should be noted that the discussion in this section can be applied to
the case of sampling errors, too. Hence, a big value of the combined
random error variance or the combined systematic error variance may occur
due to an unanticipated bigger value of sampling error,

Average value

The operator sometimes gives an average value or a nominal value to the
parameter of an item. In such a case, Xgi in Eq.(16) is a constant value,
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and Sg and SOI
of Il contains the sample variance. As for the hypothesis testings, H01
can not be tested because r2 gives 1 in Eq.(23), H02 testing has a possi-

bility for us to lead to a wrong conclusion because of S? in Eq.(24)

in Eqs.(20) and (22) are both zero. Apparently the estimate

containing the sample variance, H03 and H04 can not be tested because the
argument of n in Eq.(26) becomes zero, and the results of H05 and H06
testings are not guaranteed because of incorrect estimation of the random

error variance.

Considering these points, the strata in which the average value is given

are neglected during the course of estimation of random error variances.
Since it is considered that there is a case having a really small sample
variance, however, the hypothesis testings of HOZ’ H05 and Hog are carried
out in such strata as the second case. The results of these testings should
he carefully analyzed because the estimated random error variance may
contain the variance of variable biases if the average value is falsified

at the same time.

3.4 D statistics
The statistic D which has been introduced in Section 2.1 is the algebraic
sum of the differences between the operator's and inspector's values on

the beginning inventory, all the receipts, shipments and waste disposals,
and the ending inventory. A component of D, for example the ending
inventory, is expressed as follows:
. _
EI. - EI, = N; d: (64)
where m is the number of the strata which belong to the ending inventory,
Ni is the number of items in the i-th stratum, and di is the mean differ-

ence between the operator's and inspector's values of the items.
d; has the following form, '

n
5 U xgig t X145 )
4. = i (65)

! n
i

(S

where n is the number of paired measurements in this stratum, and X014
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and inj are the operator's and inspector's values of the j-th item in the
i-th stratum, respectively. These values are expressed as follows:

Xg f (66)

Xp = wp e fI (67)

where w, e and f are weight, element factor and fissile isotope factor,

respectively, and these parameters are separately analyzed for the esti-
mation of their error variances. The expression of Egs.(66) and (67) to
the quantities of nuclear material is one of possibilities which we call
Method 1. Other possibilities including Method 1 are:

Method T : x = wef

Method 2 : x = wef

Method 3 : x = wef

Method 4 : x = ﬁ?f (68)
Method 5 : x = wef

Method 6 : x = wef

Method 7 : x = wef

Method 8 : x = wef

where w, € and ¥ mean the average values of w, e and f, respectively.

If no datum is given on a parameter in Eq.{68), such a parameter is
automatically set to one. In the sampling plan described before in this
paper, it was assumed that the method 1 was applied to the inspection.
Here, however, more general description is given in order to correspond
with any inspection situations.

The variance of D is expressed as follows:

%5 = o s + oy (69)
where

0265 ) ? NE i§ (Ggswi+6§swi Ssei+6%sei+agsf1+6§sfi) (70)
and
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2. _ 2 -2 2 2
“or ” ? Ni A (8 0rw1/n0rw1 Irw1/nIrwi+60rei/n0rei+6Irei/nIrei

2

2
*80r£i/ Morei O Trfi Mirsi) ()

In the above expressions, N means the number of items, n means the number
of paired data, x means the mean value of nuclear material of the items,

s means the relative standard deviation, and fuffixes i, 0, I, s, r, w, &
and f denote stratum, operator, inspector, systematic error, random error,
weight, element factor and fissile isotope factor, respectively. If the
standard deviation is given instead of the relative standard deviation,

it is replaced by Xs.

Fach of the relative standard deviations is given as the design value or
as the estimated value. Therefore, there are two kinds of 026, i.e.

2 . :
However, the paired data cannot give an accurate

9 D,design and 02D actual”
value to the systematic error variance because of a small number of data
sets. On top of that, it is assumed in the inspection planning that the
variances are not infiated due to diversion. Then, the systematic error
variances are always from the design values. Noting this point and using
the smaller value of these two, the following hypothesis testing is carried
out:

The qu11 hypothesis HO: 6 = 0 against the two-sided alternative hypothesis
HT: D#O

A statistic D* is calculated:

D]
D = (72)
°D
- - - * - .
Hg s rejected if D > 21 -(a/2)’ where z, 1-(a/2) '8 the cumulative normal

distribution at the o level of significance.

Our computer code is still under development so that at present the D
statistics can be applied only to the component of D e.g. receipts,
shipments or the ending inventory. In the stage of the real D statistics,
however, the following hypothesis should be tested rather than the
hypothesis H0 which is more suitable for applying to the component of D
because it is important to detect the amount M under the design accuracy
of the measurements and its actual one and under the given significance
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levels of o and B:
The null hypothesis Hé : =D ¢ 0 against the one-sided alternative hypothesis

H{ : -0 > 0.

For this testing, Fq.{72) is replaced by:
« - -D
o
*
And HO is rejected if D > 2 o

At the same time, Eq.(14) or (15) should be calculated in order to check
whether the goal quantity M is attained or not. At present, our code can
not give this value M' to D but to the component of D with a critical value
MT for the alternative hypothesis:

M (74}

SA

=M + z D

1 1-8

where Sﬁ is the actual standard deviation of ﬁ. If 5 > MI’ it should be
concluded that statistically D > M'.
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4, INPUT FORM

The inspection gives us many kinds of information, such as the results of
examination of records, comparison between records and reports, verification
of inventory changes, updating of book inventory, verification of inventory,
installation and servicing of containment and surveillance (C/S) devices
and/or verification of C/S measures, verification of quality and functioning
of operator's measurement system on site, and activities and observations

in respect of MUF, SRDs and accidental losses on site. The treament of

all these data is out of this report. It is restricted only to the data
needed to analyze the paired measurements in this report.

The input forms should be completed according to the following instructions
whereby P.xx (1<xx<80) refers to the position of the information within
the 80 character record.

The input cards begin with the program request card followed by the special
information required by each program and the inspection information if the
INS program is called, and again followed by the program request card and
so on until the end card appears. The programs called by the input should
be INS, INFR and INVR in this order.

Program Request Card
p 1 -P.60 : Title of the job, character type input (A60)
P 6] - P.64 : Selection of the program, (A4)
='INS' for the inspection information treatment

"INFR' for the evaluation of measurement error variances

"INVR' for the flow/inventory verification
'‘blank' for the end of job
P 65 - P.80 : not used, blank (16X)

Special information required by the INS program
p 1 - P. 6 : Number of inspection reports, integer number input (16}

Special information required by the INFR program

First card

P.1 -P. 4 : Control of data plotting, character type input (A4)
='PLOT' for the plotting only
='PASS' for the evaluation only



P. 5 - P.80 :

Second card

P. 1 - P.12 :
P.13 - P.18 :
P.19 - P.80 :
Third card

P. 1 - P.60 :
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='FULL' for the evaluation after the plotting
not used, blank (76X)

not used, blank (12X)

Plotting option, integer type input (I6)

= 0 for the direct difference expression

= 1 for the relative percent difference expression
not used, blank (62X)

Significance levels of o for each hypothesis testing, real
type input (5E12.5), given as follows:
P.25 - P.36 : for H

03
P.37 - P.48 : for H04

Special information required by the INVR program

First card
P. 1 -P. 6 :
P. 7 - P.80

Second card

P. 1 -P.12
P.13 -~ P.24 ;
Third card
P. 1 - P.80 :

Selection of subroutines, integer type input (I6).
Only one option is available at present.
=3

: not used, blank (74X)

: Significance level of o, real type input (E12.5)

Significance Tevel of g, (E12.5).
If no datum is given, then 8 is set to a.

Blank data for returning from the INVR program to the main
program

Inspection Information

There are four kinds of data which are treated in our code, i.e.{1) MBA
data for the identification of a set of data -Form MI- which are punched
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in one card, {2) measurement error data given as the design values -Form
EI- which may need several cards repeatedly for each of the measurements,
(3) stratum data which specify the number of samples, measurement methods,
quantities of nuclear material, etc. in the stratum -Form SI- for which

a set of three cards is repeated for each stratum, and {4} paired data for
the analysis described in the previous sections -Form PI- which may need
several cards for each of the measurements.

Completion of Form MI

P. 1 -P. 4 : Organization code, character type (A4)

P.5-P. 8 : Facility code, (A4)

P. § - P.12 : MBA code, (A4)

P.13 - P.18 : Date of the report, integer number (I6), e.g. 781127 is
the input for November 27, 1978.

.19 - P.22 : Report No., {I4)

.23 - P.25 : Number of strata, (I3)

.26 : Type of the paired data, (A1)
='l' for inventory

v
¢

~

='R' for receipt
='S' for shipment
="W' for waste disposal
27 : Stratification, (A1), for future use
.28 - P.57 : Numbers of measurement techniques (instruments and/or methods)
for the following kinds of measurements (10I3)

v B v )

P.28 - P.30 : weighing by operator

P.31 - P.33 : weighing by inspector

P.34 - P.36 : volume measurement by operator

P.37 - P.39 : volume measurement by inspector

P.40 - P.42 : density measurement by operator

P.43 - P.45 : density measurement by inspector

P.46 - P.48 : element factor by operator

P.49 - P51 : element factor by inspector

P.52 - P.54 : fissile isotope factor by operator

P.55 - P.57 : fissile isotope factor by inspector
P.58 : Type of the measurement errors given in the form EI, (I1)

= 1 for standard deviation
= 2 for coefficient of variation {relative standard deviation)
P.59 - P.63 : not used, blank.(5X)



P.64
P.79

Completion of

- P.78 :
- P.80 ;
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Name of the reporter, (A15)
Type of the input form, (A2)

=1M[!

Form EI

P. 1
P. 5
P. 9
P.12
P.16
P.18

P.78

-P. 4
- P. 8
- P.T1
- P.15 :
- P.7 :
- P.77

Report No., integer number (I4)

Entry No.
: not used,

, (I4), in sequential
blank (3X)

MBA code, character type (A4)

not used,
: Standard

(2X)
deviations, or coefficients of variation, of

measurement errors for the measurement techniques used for
each kind of measurements, real numbers {6E10.0), given as

and repeated in the same format if more than three

measurement techniques are used:

follows,
P.18 - P.
P.28 - P.
P.38 - P.
P.48 - P.
P.58 - P.
P.68 - P

27 : random error component of the first measurement
technique

37 : systematic error component of the first
measurement technigue

47 : random error component of the second measurement
technique '

57 : systematic error component of the second
measurement technigue

67 : random error component of the third measurement

technique

.77 : systematic error component of the third

measurement technique

: Type of the measurement, (Al)

='1"' for
='2' for
='3' for
='4' for
='5' for
='6' for
='7' for
='8' for
='g' for
='0' for

weighing by operator

weighing by inspector

volume measurement by operator
volume measurement by inspector
density measurement by operator
density measurement by inspector
element factor by operator

element factor by inspector

fissile isotope factor by operator
fissile isotope factor by inspector



P.79 - P.80 :

Completion of
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Type of the input form, (A2)

='ET!

Form SI-1

P. 1 -P. 4:
P.5-P. 7 :
P. 8 - P.11
P.12

P.13 - P.16
P.17 - P.24 :
p.25 - P.30 :
P.31 - P.32 :
P.33 - P.72 :
P.78

Report No., integer number {I4)
Stratum No., (I3)
MBA code, character type (A4)

: KMP code, (A1)
: Material description, (A4)

Name of stratum, (A8)

Number of items in the stratum, (I6)

Method for defining the quantities of nuclear material, (I2).
If no datum is given on a parameter such as weighing, element
factor or fissile isotope factor, that parameter is auto-

matically set to one,
= 1 for wef, where w, e and f denote weight, element factor

and fissile isotope factor, respectively.

=2 for wef, where T means the mean value of f.

[t}

5 for
6 for
7 for
8 for
Numbers

3 for wef
4 for wef

wef
wef

wef

wef

of samples taken for the measurements by operator and

inspector, {1014), given for each measurement as follows:

.33
.37
A
.45
.49
.53
.57
.61
.65
.69
.73

©w v v U | WU W WU TWmm W T

P.

T U U v v v 9 w W

36
.40

.52

: weighing by operator
: weighing by inspector
.44
.48

yvolume measurement by operator
volume measurement by inspector

: density measurement by operator
.56
.60 :
.64
.68
72
A7
: Stratum data No., (A1}

density measurement by inspector
element factor by operator

element factor by inspector

fissile isotope factor by operator
fissile isotope factor by inspector
not used, blank (5X)



P.79 - P.80 :

Compietion of
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=171
Type of the input form, (A2)

='S7°

Form SI-2

P, 1-P. 4 :
P. 5 -P, 7"
P. 8 - P.11
P.12 - P.4T
P 4z - P.76
P.77

P.78

P.79 - P.80 :

Report No., integer number (I4)
Stratum No., (I3)

: MBA code, charactor type (A4)

Number of the measurement technique used in the stratum,

(10I3), given for each measurement as follows. If the value
is given, the corresponding measurement errors are taken into
account in the D statistics whether the paired data are given

or not.

P.12 - P.14 : weighing by operator

P.15 - P.17 : weighing by inspector

P.18 - P.20 : volume measurement by operator
P.21 - P.23 : volume measurement by inspector
P.24 - P.26 : density measurement by operator
P.27 - P.29 : density measurement by inspector
P.30 - P.32 : element factor by operator

P.33 - P.35 : element factor by inspector

P.36 - P.38 : fissile isotope factor by operator
P.39 - P.47 : fissile isotope factor by inspector

Combined random error variances of the measurements by the
operator and inspector, real number (5E7.0), given for the
following measurements:

P.42 - P.48 : weighing

P.49 - P.55 : volume measurement

P.56 - P.62 : density measurement

P.63 - P.69 : element factor

P.70 - P.76 : fissile isotope factor

: not used, blank (1X)
: Stratum data No., (A1)

=191
Type of the input form, {A2)
=15
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Completion of Form SI-3

P. 1
P. 5
P. 8
P.12
P.13

vl

.25
.37
.49

o "o

o

.73
.78

vl

Completion of

P. 4 :
P, 7 :
P.11

Report No., integer number (I4)
Stratum No., (I3}

: MBA code, character type (A4)

: not used, blank (1X)

P.24 :

P.36 :
P.48 :
P.60

p.72 :

P.77 :

‘Total weight of nuclear material in the stratum. If no datum

is given on the weighing as the paired data, the value given
here is used for the D statistics.

Total volume of nuclear material in the stratum

Average density over the stratum

: Average element factor over the stratum. If no datum is

given on the element factor as the paired data, the value
given here is used for the D statistics.

Average fissile isotope factor over the stratum. If no datum
is given on the fissile isotope factor, the value given here
is used for the D statistics.

not used, blank {5X)

: Stratum data No., (Al1)

P.80 :

='3!
Type of the input form, (A2)
='ST!

Form PI

Report No., integer number {I4)
Entry No., (I4)

: Stratum No., (I3)

: MBAcode, character type (A4)

: Continuation code, (A1}, for future use
: Flement code, (A1}

P. 1 -P. 4 :
P.5-P.8:
P. 9 - P.11
P.12 - P.15
P.16

p.17

P.18 - P77 :

='D' for depleted uranium

='N' for natural uranium

='E* for enriched uranijum

='P' for plutonium

='T" for thorium

Paired data for each of the measurements, real number
(6E10.0), given as follows, and repeated in the same format
if more than six items are measured: '
P.18 - P.27 : amount of weight, volume, density, element
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factor or fissile isotope factor by operator
or by inspector for the first item
P.28 - P.37 : amount for the second item
P.38 - P.47 : amount for the third item
P.48 - P.57 : amount for the fourth item
P.58 - P.67 : amount for the fifth item
P.68 - P.77 : amount for the sixth item
P.78 : Type of the measurement, (A7)
='1' for weighing by operator
='2' for weighing by inspector
='3" for volume measurement by operator
='4' for volume measurement by inspector
='5' for density measurement by operator
='6' for density measurement by inspector
='7’ for element factor by operator
='8' for element factor by inspector
'9' for fissile isotope factor by operator
‘0! for fissile isotope factor by inspector
P.79 - P.80 : Type of the input form, (A2)
='PI’
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5. SAMPLE INPUT AND OUTPUT

Table 1 shows the sample data which were obtained in the course of the
verification activities on the physical inventory at the Fast Critical
Assembly (FCA) of JAERI. The measurements on the side of the audit team
consist of the weighing of nuclear material by a scale and the non-destruc-
tive measurement by a high resolution gamma ray spectrometry for the deter-
mination of fissile isotope content. The element factor was not measured,
but it is assumed that the factor is one without any measurement errors.
The variable measurement data in Table 1 are analyzed here.

The input data to the system run by a FACOM 230-75 computer are given in
Table 2.

Table 3 shows the sample output from the system after the input has been
processed.

The first line of the output is the input title to the INS program.
Following the line, input data are printed out without any modifications to
the data, so that this output is convenient to the user to check his input
data.

Following the output from the INS program, the output from the INFR

program is given. The first line is also the input title to the program.

In the next line, PROBLEM NO. corresponds to the material chategory number,
so that the analysis on each material begins from this line. The analysis
js carried out on the measurement of weight, measurement of element factor
and measurement of isotope factor in this order, so that the next line is
MEASUREMENT OF WEIGHT. Following the line, MBA code and KMP code are given
for identification of the job. TOTAL NUMBER OF PAIRED DATA SETS corresponds
to that of the stratum.

" INFERENCE ABQOUT MEAN DIFFERENCE is now indifferent option.

LEVEL OF SIGNIFICANCE (ALPHA) APPLIED FOR HYPOTHESIS TEST HO1, HOZ, HO3,
HO4 AND HO5 are given by input. For the HOG test, o for H02 is used.
RANDOM AND SYSTEMATIC ERROR VARIANCES ASSIGNED BY SHIPPER (or Operator)

AND RECEIVER (or Inspector) are given by input for each group which corres-
pods to each stratum. Here, SUM is a given value or the sum of the ship-
per's and receiver's error variances unless a special value for SUM is

given in input.



JAERI-M 9146

LIST OF MEASUREMENT INSTRUMENT NUMBERS is given by input for each stratum.
SHIPPER AND RECEIVER DATA are the paired data given by input. Here, DIFFE-
RENCE is a simple difference (S-R) or a % difference ((S-R)/S*100) according
to the input option.

The message of INPUT DATA SHOULD BE ANALYZED WITHOUT THEIR RE-ARRANGEMENT
is now indifferent because such test as judging the order of the paired
data is not performed in this system and because always this statement
appears.

NUMBER OF GROUPS means the number of strata in the material.

BOUNDARY NUMBER means the upper boundary number of each groups or strata.
In the NUMBER OF DATA INCLUDED IN EACH GROUP, the first line is the group
number and the second one is the number of paired data included in each
group.

In the SHIPPER AND RECEIVER DATA AFTER RE-ARRANGEMENT, the paired data are
re-arranged in increasing order of the receiver's values.

The PLOTTING OF SHIPPER-RECEIVER DIFFERENCES gives a bird's eye view over
the differences between paired data.

The first diagram gives the shipper-receiver differences (S-R or {S-R)/S*
100 according to the input option) versus each paired datum in the order of
input data by dividing the differences into 20 groups from the maximum
positive difference to the maximum negative difference. The figures on

the left side show the group number in which the group of zero-differences
is adjusted te 0. The figures on the right side column show the center
value of each group. In the second diagram, the receiver's values are
divided into 100 groups from the maximum value to the minimum value.

The shipper-receiver differences are plotted versus these groups. In the
diagram, * denotes one point, 2, 3 and 4 denote two-, three-, and four-fold
multiple points, respectively, and x denotes more than four-fold multiple
points. From these two diagrams, it is easily found out how big the diff-
erences are, how the distribution of these differences is and how about

the distribution of the receiver's values.

According to the number of strata which belong to the same material
chategory, statistical inferences of random and systematic error variances
are made as a single group or multi-groups. Both treatments are similar,
so that we give some explanations to the case of muiti-groups according to
the sample output.

STATISTICAL INFERENCES ON PAIRED DATA SETS WITH MULTI-GROUP is the begin-
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ning statement on the inferences. The paired data are printed out for each
stratum, and sample averages, variances and covariances are calculated and
printed out for each stratum. Here, AVS and AVR are the shipper's and the
receiver's samb]e average, respectively, and SS2 and SRZ are the shipper's
and the receiver's variances, respectively,

On hypothesis testings, descriptions are given in Section 3. However, it
should be noted that VRSE, VRRE, VRXE, VSSE and VSRE correspond to 020, UEI’
02, 650 and c SI? respectively, and VRS, VRR, VRM and VSM correspond to 020,

2 ? 2
“<1* %em and “sm

In the H05 testing, SIG-D, AL, NOTR and RJCT denote Tqs s NOT REJECTED
and REJECTED, respectively.
Finally, estimates of the random error variances for each measurement method

, respectively.

are printed out. Here, WEI is given 1, 2 or 3 according to whether the
measurement is for weight, element factor or fissile jsotope factor,

respectively.

The similar output described above is obtained for the measurement of
element factor and for the measurement of fissile isotope factor. If the
measurement is not performed, only the title is printed out.

These outputs are repeatedly printed out for each material chategory.

The output from the program INVR is started from the input title to this
program. VARIABLES PAIRED COMPARISONS is one of the titles of the sub-
functions of the program, but it always appears in this system because

the other sub-functions are not used. ALPHA and BETA are given by input.
CASE NO. corresponds to the number of the material chategory. ORG. CODE,
FAC. CODE, MBA CODE, DATE OF INS. REPORT and INS. REPORT NO. are all given
by input. INVENTORY VERIFICATION DATA is a title always printed out.
STRATA, SCALES, ANAL.S and NDAS refer to numbers of strata, scales, analysis
methods and NDAs, respectively. MEASUREMENT-ERROR COEFFICIENTS OF VERIFI-
CATION denotes whether the kind of measurement error is coefficients of
variation or standard deviations depending on input data. SYSTEMATIC means
the systematic errors which are given by input. RANDOM,DESIGN and RANDOM,
ESTIMATE mean the random errors given by input and the random errors
estimated in the INFR program, respectively. MATERIAL CODE is given by
input. In SAMPLE SIZE, numbers of samples to be measured in each stratum
are given for weight, element factor and fissile isotope factor for operator
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and for inspector. In MEASUREMENT, scale numbers, analysis method numbers
and NDA numbers to be used in each stratum are given for operator and for
inspector. In this column, STRATUM refers to the stratum number, MATERIAL
refers to the MBA code, KMP code and material description in this order,
ITEM refers to the number of items, and METHOD refers to the method number.
In the next column, OP. WEIGHT and INS. WEIGHT refer to the weights measured
by operator and by inspector, respectiveiy. OP. E FACTOR and INS. E FACTOR
refer to the element factors measured by operator and by inspector, respec-
tively. OP. I FACTOR and INS. I FACTOR refer to the fissile isotope factors
of operator and of inspector, respectively. These values are average values
over each stratum and give the DIFFERENCE according to the method number.
RESULTS OF CALCULATIONS gives values to the parameters described in Section

3.4.

Finally the decision whether D is equal to zero or not is statistically
given and the attained goal quantity is printed out with the critical value
which gives a rejection criterion of the D being the quantity when D is not

equal to zero,

The output is repeated for each material chategory.
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6. ANALYSIS OF SAMPLE OUTPUT

Sample input was prepared from the data obtained in the course of the
physical inventory taking at the Fast Critical Assembly of JAERI. The
operator's data are based on the shipper's values. On the other hand,

the inspector's data are based on measurements made by inspectors during
the inspection. A1l nuclear materials have plate type fixed shapes with
several types of quantities which were manufactured under a high quality
control. Number of samples was decided based on the sampling plan in which
a stratification was made for each type'of plates, the goal quantity was set
to 8 Kg Pu,a and B were both set to 5 %, the maximum defection rate for
variable testing was set to 30 %, and the design values were used to the
random and systematic errors. The samples were rondomly picked up and

were measured by scales for deciding sample weights and by a high resolu-
tion gamma ray spectrometry for deciding quantities of their fissile

isotopes.

On the measurement of sample weights, the plotting of operator-inspector
differences given in Table 3 shows a good result of consistency except for
one point in which 0.3 % discrepancy is found. This discrepancy, however,
is not significant because it does not exceed the critical value of 40d
(4x0.2 %) which was obtained based on the design value. '

The result of the hypothesis testings shows that the random and systematic
error variances observed are less than those given as design values. This
means that the measurement on weighing was satisfactorily made by both
operator and inspector independently, and that any falsification on measure-

ment errors is not found out.

Measurement of element factors was not performed and it was only assumed

that the factors would be unit. However, it is considered that the quantity
of Pu would be deduced from the measurement of fissile isotopes which was
‘made by comparing the intensity of gamma ray emitted by fissile isotopes of
the sample to that of a standard sample, if the sample thickness is within

a suitable range. Therefore, the measurement of fissile isotope factors

is important.

On the measurement of fissile isotope factors, the maximum difference
between operator's and inspector's values is 2 %. This discrepancy is not
significant because it is within the critical value of 4od {4x1 %) which
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was obtained based on the design value.

The result of the hypothesis testings shows that the average random error
variance of inspector is siightly greater than that designated. This
happens because nominal or average values appear in the operator's data

and then because the variance of the true fissile isotope factors of the
samples is added to the inspector's random error variance. However, since
the combined random error variance is smaller, it is concluded that the
measurement on fissile isotope factors was satisfactorily made by both side
and that any falsification on measurement errors does not exist.

The difference between operator's and inspector's inventories estimated

is about 0.5 Kg fissile Pu. This value is statistically judged as being
zero, that is the operator's inventory record has been verified. The
attained goal quantity is 4.9 Kg fissile Pu. The value obtained by convert-
ing this value to Kg Pu unit is less than the target goal quantity of 8 Kg
Pu, so that the inspection intensity was sufficient to verify the physical
inventory of the FCA.
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7. CONCLUSION

A comprehensive subsystem for safeguards information treatment has been
developed. In this system, inventory/flow data of an operator can be
verified based on the paired comparison method by testing measurement errors

and by analyzing the statistic D.

Implementation of safeguards requires special procedures to the safeguards
information system reflecting the actual situation on the site of a facility.
Qur system described in the preceding sections has a few special features.
For example, nominal values or average values are acceptable as the paired
data as well as measured data. One or two kinds of measurements, e.g.
weighing only, is also acceptable to the D statistics analysis. The system,
however, should be improved on & run by run basis in order to correspond
with the actual situation,

Another feature of our system is that the consistency between the inspection
planning and the inspection verification is maintained from the point of
view of the safeguards concept. That is, a procedure for inspection
planning is beforehand defined and the verification is carried out on that
thoughts on which the inspection planning is based.

We have established a total system of safeguards information treatment
named NPT-JAPAN4’5). This system, however, cooperates with an ideal
situation, so that it is often difficult to treat with actual cases. We
are now improving the system on a subsystem by subsystem basis. After
these works, we will re-construct the system with more efficiency and

with more perfectness.
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Table 2
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Sample Input for FACOM 230-75 except for $NO, $GJOB and $JEND cards

llil*ovtlloiil*.oll2|ltl*'llujqkun*ncllq'l'OC*Ilotsl'lv*'vllel"v*l-lt-(oill*tllts

¥DLIEDRUN
¥DISK F
¥DISK F
¥D[SK F
¥DATA

FCA PIT EVALUATION»

1
JAERFCA FCA 780925 1 71

RFNAME=J241T7 NPT J2

25
26
30

1 1 FCA G,001

1 2 FCA 0.001

1 3 FCA 0,005

1 4 FCA 0,005

1 1FCA VPU922-4~1/16
i 1FCA T 1

1 1FCA

1 1 1FCA P92,129

1 2 1FCA P92,452

1 3 1FCA P3%2,341

1 10 1iFCA P92,131

1 11 1FCA P92,453

1 12 1FCA P92,362

1 19 1FCA P,91968

1 20 1FCA P,91790

1 21 1FCA P,91847

1 28 1FCA P,913476Q
1 29 1FCA P,9160187
1 30 L1FCA P,9241209
1  2FCA VPU922-2-1/16
1 2FCaA 11

1 2FCaA

1 1 2FCA P46,l4

1 2 2FCA P4b,22

1 8 2FCA P4b,136

1 9 2FCA Pu46,217

1 15 2FCA P,9193

1 16 2FCA P.9192

1 22 2FCA P,9127403
1 23 2FCA P,9261045
1 3FCA VPU922-1~1/16
1 3FCA 1 1

1 3FCA

1 1 3FCA P22,365

1 2 3FCA P22.371

1 3 3FCA P.91788

1 4 3FCA P,91844865

11
0,001
0,001
0,005
0,005

1 15

31,879
92,467
91,350
91,882
92,431
91,353
v91790
' 91768
vy 92000
19204053
y3243826
9176248
1 11

45,89
46,28
45,890
46,285
15193
19200
V9152388
' 9178689
1 3

22,351
221354
91760
19129824

1978-09-28 H,N|SHIMURA

15
i1

91,959
92,146
91,547
91,962
32,164
91,548
191886
131834
+91887
+9234643
»3211609
+ 9129363
i1

1 1

46,30

46,17

46,299

46,172

$ 9193

12193

+ 9055415

+ 9136857
3

1 1

22.396
22,401
191834
19227683

92,393
91,690
91,130
921397
914,694
91,131
191889
» 92000
192000
19201966
19192842
v 90044

46,26
45,96
46,258
45,953
19200
, 9193
, 9243034
,9133125

12

T.2/TIME
C.2/CORE
W,2/PAGE
P.0/PCH

INS
HeNISHIMURA
15 15
0.919065
91,360 92,400
91,510 92,062
92,235 92,106
91,363 §2.401
91,516 92,064
92,233 92,108
y 92000 T a91706
v 92000 191855
131887 191875
19222490  ,9174424
19220565 ,9258536
93159 92268
i1 11
0.919276
46,14 46,01
45.93 46,01
46,004 . 46,015
45,929 46,011
19193 19193
¢ 9153 13200
» 9092007 ,9137022
v 9119421  ,BT357
3 3
0,918180

1M
128
160
0

M1
1E!
2E1
9E!
GE]
151
251
351
1P
1P
1Pl
2P|
2P 1
2P1
GPI
9P |
9P|
oP!
OP1
oP1
151
ésl
351
1P
1P1
2P1
2P 1
SP1
9P|
OP1
OR1
151
2sl
351
1P1
2P1
9P 1
oP1
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FCA PIT EVALUATION,

FuLL
0.05

FCA P1T EVALUATION

0,05

3

JAERI-M 9146

Sample Input for FACOM 230-75 (continued)

Ill.i'|.OllIUI*Q'I.Q2;lll*lnlt3‘Ql|*.‘ll4|l"*ll.I5ll|l*!lll6l|'D*UIQITOIII*;."B

4FCA VPU92EX221/16
4FCA 1 1

4FCA

1 4FCA P39,381

2 4FCA P39,395

3 4FCA P,91996

4 4FCA P,9240254
5FCA VPU812-2=1/16
5FCA 1 1
SFCA

1 5FCA P51,69

3 SFCA P51,693

5 5FCA P,8130

7 5FCA P,8080739
6FCA VPUBL2=1-1/16
6FCA 1 1
6FCA

1 6FCA P26,34

2 6FCA P26,339

3 &FCA P,8130

4 6FCA P,8232547
TFCA VPUT52=-2-1/16
TFCA 1 1
TFCA

1 TFCA P54 ,47

3 TFCA P354,471

5 TFCA P,7569

7 TFCA P,7530507

1

39,254
39,566
91822
193210650
1 3

51453

51.530

18130

+ 8207983
1 3

26,47

26,465

v 8130

y 8070166
1 3

54,56
54,570
v 7569
v 1484269

0,05 0.05

1

1 1

39,379

39,391

191996

19166867
3

1 1

51,36
51,361
8130
8019171

3 :
1 1

26,35

26,354

«8130

W T9THEE2
3

1 1

56,77
34,774
17569
11706416

1978~09=-28 H,N[SHIMURA

Q.05

1978-09-28 H,NISHIMURA

51,42
51,421
L8133
81292

54,32
54,321
1 1569
15675

303
0,918585
3 3
0,813052
51,76 51,61
51,760 51,613
, 8130 8130
, 82755 ,80251
a3
0.813117
303
0.756924
54,50 54,54
54,507 54,540
.7569 7569
T6462 . 75970
INFR
INVR

151
251
381
irl
2P 1
9e |
OP1

151
251
351
1P
2P}
9P |
orPl
151
251
351
1Pl
2P1
9P |
0PI
151
251
381
1pPi
2P
gpr!
oP I
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