TABLES OF THE NON-CENTRALITY PARAMETER OF
F-TEST AS A FUNCTION OF POWER

By P. DASGUPTA
Indian Stalistical Institule
SUMMARY, Tho non-contmlity paramotor of the powor function of the analysis of varianco
tost ia tabulutod ns a function of the two dogroos of freodom, tho lovel of significancoe and the powor of the
tost. Applications of thoso tablow in tho plunning of statistical investigation involving one or more vari-
allos nro also <liscuasod.

1. IsTrODUCTION
For given values of M, N, a« and 8; M, N>0,0<a,f<l,let d=
M, N, a, f) bo defined by the equation

P M N, 0) =4 e (1)
where § = E(), N, a) in turn is defined by the equation
N M
I(E. 7.7) =a ()

whero I(z, p, q) is tho incomplete beta function ratio defined as

_ Np+a) F ooy avem .
Iz, p,q) = Woj W (l—u)etdy, 0 <2< 1 p,g>0
and P(z, m, n, 0) is the non-central beta distribution function with degrees of frecdom
I and N and non-centrality parameter 0.
oo N M
=ty - =
P, H,0 = £ (=5 5 +r)- (3
The function (3, N, @, ) plays an important role in the theory of testing lincar
hypothesis (Kolodzicjezyk, 1935, Tung, 1938) and in multivariate analysis (Rao, 1949).
In this paper tho values of oM, ¥, &, ) are presented for M = I{1) 10, ¥ = 10{5)
60{10) 100, & = 0.01, 0.05 and f# = 0.1(0.1)0.0. The computational technique adopted
in tho preparation of tho tables arc deseribed in Section 2. Applications of the tables
in various statistical problems aro discussed in Section 3.

Analogous tables of ¢ = (/). f;, @, f) wero prepared by Lehmer (1044) for

Ji= 1) 10, 12, 15, 20, 24, 30, 40, 60, 80, 120; a = 0.01, .05; # = 0.7, 0.8 whero
2

LH=A f;=Nand ¢t = M.% in our notation. In Lehmer's tables only £ = 0.7

and 0.8 have been considered and the values of ¢ obtained are not all exact, beeause of

somo limiting expreasions used by her.  Valucs of @ as given in tho present set of tables

aro presented to four places of decimals though the values aro computed to more

places.
2. TasLEs

2.1. Algorithms used. Al computations were carricd out on an IBM
1401-8K-4 tapo clectronic duta processing machino system using programmes
written in Fortran II langungo. Becauso of the limited storage enpacity computations
had to be done in soveral phascs,
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In the first phaso equation (2) was solved by repeated polynomial interpolation
using finer intervals, The algorithin used for evaluation of incomplete beta ratio s :

Bz, p, 9) i 1
Bl p,q) i<y
Iz, p.9) =
Bl-zp) 1
- "mi 5 if >
where
B U LR b ) GRSV VRP RN | k) o) JSY SRRV
bepa=== Ay T e gy P T

@=1g=2) ... G=[NF1) 5101y _ gyt @=VI—2)..-(1—[q) ’
et G-y o AT ey (=) SR k)

where [¢] is the greatest integer not exceeding ¢. Writing 1= p+[g] and 1—f=¢—[q],
B(x, u, 1—f) was computed from tho expression
S SN ) (=) 2
u ut1 2l w2'7T r! utr
where r is tho samallest inleger satisfying
{g=1)7—=2) ... (4—[q)) fU+ D ...([4r) auirtt
P+ (g1 r+1)! utr+l
This ensures in B(x, p, 9) an error not exceeding 0.5 10-10,
In the sccond phase, using the value of § obtained from the first phase,

I (E, %N, 7I,~M+r) was computed for r =0, 1, 2, ..., K; where K is the smallest

< 0.5%x 1019,

integer satisfying l( N, %Jl+l\') > 0.0999999. This was done by using the
relation I(E, ;— Jl) = a and the recurrence furmula
E(l[!).\'(l - a)(l’?).\l&'

3 340)B(1, 5 N5 dr) )

1(5.—1\ Mirir)= (E.—;.\',—l.ll+r)+( -

In tho third phase P(E, 3, N, 2) was tabulated as o function of 9, and 9,
the first approximation to 3(), N, a, £) wasinterpolated therefrom for £ = 0.1(0.1)0.9
using Cubic polynominl approximation. An improved valuo of (), N, a, £) wus
next obtained by recomputing P at the points dy— .05, dg—.023, 95,9 4.025 and dy+ .05,
and then using a five-point Lagrango’s interpolation formula.

-8
Yor N = a, P(M, N, a, 9) was computed by i ¢ '10’ (E, i;{+r) whero
-1
Gly, p) = —m j e~ tp=1 dt and £ is the solution of ¢ ( . %1) =a. Tho recurrenco

relation corresponding to (4) in this caso is @ (E, = +r+1) = G(E, ‘l;l +,)+
et EMiter h
N AN
gy
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2,2, Tho accuracy of tho tables was tested by recomputing P at the inter-
polated valuo of &. It was found that in all cnses the computed P agrees with the re-
quired power to at least five places of decimals.

2.3. For single entry interpolation in ¥, we rccommend using 1/N as
argument and linear interpolation for & > 50 and quadratic interpolation for N < 60.
This would result in an crror of at most ono unit in the third place of decimal.

3. APPLIOATIONS
3.1.  Determination of size of sample in one-way analysia of variance. Consider
tho problem of testing, on the basis of samples of size n drawn from cach of & normal
populations with a common variance, the hypothesis that the mean values are equal.
The power function of the standard one-way analysis of variance test procedure at level

of significance a is P(JI, ¥, a, 8) where 3/=k—1, N=k{n—1), and 0 = nk¢ where
3 is tho ratio of tho variance between the means of tho population to lha common

E
variance, that is ¢ = % Z (yn—p)3o?, where ot is tho common variance s; the mean
(=1

X
of the i-th population nndﬁ:% X s Forgiven values of k and v, the sizo of sample
(=1

n required to ensuro a prenssigned power # is then obtained from the cquation n = 29
(M, N, a, kY. The following table gives the approximato values of » to ensuro
B = 0.50 when @ = 0.05 for k = 2(1) 10, and 3 = .003, 01, .02, .04, .10 and .25.

TADLE 1

I
@

Kiy  .005 .01 .02 .04 .10

ComIBRALL
"
@
<
=3
o
3
w
w
C T pryseey

Wo may note in passing that when 3 is unknown, an unbinsed estimato for it is pro-
vided by

[(n—1)k— 01[1+ e 1)1, 1']_"1+3
nk

whero F is tho usual varianco ratio statistic with £—1, &(n—1) degrees of freedom.
3.2. Delermination of size of sample for comparison of the means of fwo
mullivariale normal populations. Consider two samples, cach of sizo », from two
p-variate normal populations with samo dispersion matrix . Let
m = differenco in mean vectors of the two populations,
« = differenco in mean vectors of tho two samples,

I
5 {8+ .8;) where S, and §; aro tho correeted sum of products matrices

8=
Zn—2

for the two samples and € = ; An appropriato method for testing 1y : (m1 = 0)

%
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% > Xo; aceept 11,
Yoz
otherwise; whero DY = 's~'dl is tho Mahalanobis distance statistio, and X, is such
that Prob (X & XNy|m = 0) = a, tho level of significanco. The power function of the
above test procedure is given by (M, N, a, 3), whero M = p, N = 2n—p—1 and
p o
0—"(”':”lewrey,="'p“+'l'"
a preassigned power £ is oblained from tho equation n = 43{M, N, a, S)(p+1)y.

3.3. Use af additional variables in the problem of discrimination belweeen tio
multivariate normal population. The power function of the 1Totelling proceduro for teat-
ing equality of the mean vectors of two multivariate normal populations with & common

nyn,y .
2(ny+n,)
where p is the number of variables, n,, n, the two sample sizes and A? the Mahalanobis
distance based on the p-varinbles, @ being the level of significance.  If ¢ extra variables
are included, whilo the sample sizes remain fixed, the power is changed to P()*, N°®,
a, 3°) where M* =M +4q, N* =N—qand 9" = 32}, JAE  Ttis known that A%, > A}
80 that 9° > 2, and of courso M* > M, N* < N. Tho power function P(Jf, N, «, )
increases with A and 9, but decreases with Jf. Thus the addition of 7 extra characters
might even decrease the power if tho increment in @ is not sufficient to offset the loss
causcd by tho changes in 3/ and N. This was first noted by Rao (1049),

From the tables presented in this paper, it is possible to pute thenaini in-
crement required in the distance, so that the power of the test is not reduced duo to the
inclusion of g extra varinbles. The following short table gives tho values of @ to ensure
o power of 0.50 when @ = 0.05 and the total samplo size n =n;4n, = 30, 50 and 70,

is provided by tho Jlotelling procedure : reject [, if X =

. Forgiven valueof ¥ tho sample size n required toensure

dispersion matrix is (3!, N, a, 3) whero M = p, N = ny+ny—p—1,3 =

TADLE 2
3 4 5 L] 7 8 ? 10
3.343 3.861 4.360 4.R54 5.352 5.803 6.401 8.960
3.134 3.501 3.052 4.321 4.077 5.02 5.303 5.709
3.053 3.430 3.806 4.136 4.440 4.749 5.040 5.324

Consider a test procedure with sizo = .05 and power = 0.50, based on a total samplo
of sizo 560, involving four characters. Tho above tablo shows that it will have its
power undiminished if with tho inclusion of one extra character 2 is increased at least
by 3.952—23.5061 = 0.391.
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NON-CENTRALITY PARAMETER OF F TEST AS A FUNCTION OF LEVEL OF SIGNIFICANCE,
TOWER AND TJHE TWO DEGREES OF FREEDOM

lovel of significance = 0.01

A
N\ 1 2 3 N 5 [ 7 8 9 10
(power = 0.10)
10 11748 1,R028  2.3518 2.R072  3.304%  3.8513 43105  4.8042  5.2T43  5.T4I2
18 1.0479  1.6352  1.0833 2.3788 2.7510 3.1128  3.4602  3.BI34 4.1300 4.4930
20 0.0901 1.4433 1.8170 2.1553 2.4733  2.7984 3.0742 3.3634 3.0473 3.0272
23 0.0572  1.3707 1.7220 2.0203 2.3150 2.G8Rl  £.8309 3.1005 3.3360 3.0024
30 0.0030 1.3387 1.0017 1.D4R¢  2.2138  2.4032  2.7060 2.9105 3.1683 3.3020
35 0.0710 1.3100 1.0102 1.R018 2.1428  2.3704 2.6058 2.8244 3.0370 3.240
40 0.0101 1.2889 1.5870 1.8301 2.0904 2.3161 2.5314 27387 2,097 3.1337
43 0.00i0 1.2727 1.5G30 1.8180 2.0302 2.2670 2.4742 26728 2.804% 3.0518
50 0.8040 1.2500 1.5449 1.7027 2.0183 2.2200 2.4289 2.6205 2.8055 2.0814
60  0.8850 1.2400 1.6167 1.7331 1.0711 2.1710  2.3010 2.5420 2.71T4 2.RA0S
70 0.8780 1.2274 1.4068 1.7983 1.0377 2.1313 2.3141 2.4%%0 2.A351 2.8100
80 0.8728 1.2174 1.4320 1.7088 1.D120 2.1005  2.2787  2.4472  2.6087
00 0.8087 1.,2007 1.4703 1.093C 1.8937 2.0783 2.251¢ 2.4136 2.5728
100 0.8635 1.2030 1.4614 1.0814 1.8785 2.0508 2.2206 2.3003 2.5412
inf 0.8372 1.1405 1.3814 1.5747 1.7442 1.8071 2.0377 2.1088 2.2017
(powor = 0.20)
10 21246  3.1230  3.0905 4.8020 5.5820 8.3510 7.1041 7.8487 8.8872
15 1.8877 2.6788 3.3§02 3.0463 4.5216 5.0774 5.0108 6.1520 6.6730
20 1.7813  2.4808 3.0510 3.05670 4.0503 4.5132 4.0017 5.3998 5.6209
25 1.7210 2.3601 2.8800 3.3535 3.7830 4.1054 4.5008 §.0732 .33l
30 1.6822 2.7855 3.2107 3.6150 3.0017 4.3320  4.7028  5.0430
35 1.6351 2.7132  3.1718  3.4960 3.8300 {.1875 4.5131 4,803
40 1.0332 2.6600 3.0518 3.4100 3.7450 4.0058 4.3736 4.67)0
45 1.0109 2.6192 2.0982 3.343% 3.6001
50 1.0078 2.1007 2.5870 2.0550 3.2008 3.0020 3.
60 1.6808 ©2.1278 2.5303 2.8932 3.2120 3.6005 3.7893 4.0504 4.3134
70 1,5771  2.0040 25058 2.8491 3,1570 3.4436 3.7123  3.0079 4.2133
80 1.0677 2.0873 2.4808 2.8103 3.1172 3.3046 3.0350 3.0022 4.13%9
00 1.5003 2.0740 2.4015 2.7010 3.0857 3.3360 3.0107 3.8514 4.0814
100 1.5546 2.0004 2.4102 2.7700 9.0607 3.3208 3.5756 3.8110 4.0357
inf 1.3037  1.0700 2.3119 2.5944 2.8412 3.0632 3.2000 3.4561 3.6337 3.801%
(powor = 0.30)
10 2.0878 4.2007 G5.4100 G.4738 T.4043 8.4%04 D.4088 10.4371 11.3975 12.35M
153 2.6473  3.0040 4.6117 5.2878 6.0241 6.7332  T.43BL  B.1105 B.7R0  D.4TE
20 2.4957 3.3882  4.1044  4.7083 65.3819 5.0601 6.5350 7.0036 7.63%0 8.1762
25 24101 3.2334 3.8020 4.4782 5.0230 5.5408 0.0307 6.5246 0.0938 7.4041
30 2.3552  3.1343  3.7500 4.2070 4.7040 5.2070 5.7218  6.1012  0.5304 7.0080
35 2.3170 3.0058 3.0315 4.1045 4.0352 5.0781 5.00It  §5.0091 6.3034 6.6924
40 2.2880 3.0154 3.5702 4.0702 4.5188 4.0301 5.3302 5.7280 6.0008 0.400l
43 2,207 2.0767 3.5230  3.0082 4.8327  5.2152  5.5823 5.9371  6.2821
§0  2.2502  2.0462 3.4802 3.0412 4.7487  5.1174  5.4703 5.8100 0.1415
60 2.2050  2.0011 3.4156 3.8571 4 4.6243  4,0726  3.3047  5.0624L  5.0333
70 2.2072 2.8603 3.3702 3.7078 4.1821 4.5370 4.8708 5.1881 5.4920 5.7366
80 2.1930 2.8437 3.3304 3.7630 4.1 4.47122 47051 5.1016  5.3940 5.6770
00 2.1837 2.8275  3.3104 3.7200 4.0 4.4220  4.7307  5.03i8  5.3100 5.5033
100 2.160  2.8130 3.2807 3.0031 4. 4.3823  4.0004  4.0817  5.2507  5.5207
inl  2.1042  2.0862 3.1088 3.4576 3.7614 4.044 4.2844 4.5100 4.7313  4.0100
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NON-CENTRALITY PARAMETER OF F TEST AS A FUNCTION OF LEVEL OF S8IGNIFICANCE,
POWER AND TIE TWO DEGREFS OF FREEDOM

lovol of signiflcanco = 0.0

\u 1 2 3 4 5 ] 7 8 ° 10
N

(powor = 0.40)
10 3.8458 5.4320 6.8007 8.0934 0.3337 10.5434 11.7382 12,0175 14.0872 15.2401
15 3.3002 d. 0.5741  7.4387 9.3130  0.1467 9.005¢ 10,7728 11.5715
20 3.2020 4.2003  5.1304  5.0170 6.6480 7.3403 B8.0280 8.0907 0.3411 9.9820
25 3.0011 4.0720 4.8530 6.6516 0.1087 6.8138 7.4002 T.081D 8.5447 0.007¢
30 3.0201 3.0401 4.0750 5.3102 5.9126 6.4733  7.0108 7.5311 B.0370 6.5341
35 2.0707 3.8089 4.6320 5.I584 G.7M47  6.2378  6.7374  7.2102 7.887F  8.1441
40 2.0348  3.7049  4.4011 5,000 5.6697 6.0633 0.8370 06.0000 7.4301 7.8381
43 2.00086 3.7400 4.3916 4.9500 5.4580 6.033 6.3839 6.8160 7.2334  7.6304
50  2.8840 3.70T4 4.3368 4.8706 6.3716 5.8206 (.2631 6.0780 7.0783  7.4000
00 2.8521 3.0503 4.2550 4.7748  56.2420  5.6760 O0.0R40 6.4743 6.8450 7.2117
70 2.8202  3.6101 4.1000 4.7001 5.1519 B5.50R1 5.9502 6.3311 6.0878 7.0371
80 2.8122 3.5803 4.1608 4.6405 5.0840 G.4880 5.8001 0.2248 6.5081 6.8980
00 2.7000 3.5573 4.1242 4.6044 5.0328 5.4203 5.7044 0.1420 6.4750 06.7002
100 2.7886  3.5300 4.008 4.3700 4.0016 5.3773 5.7374 0.0778 6.4028 0.7143
inf  2.0070 3.3702 3.8726 4.2788 4.6323  4.0493 5.2300 ©5.5003 5.7018 §.000!

(powor = 0.50)
10 4.7493  0.6231 B.2452  9.7650 11,2302 12.0619 14.0714 15.4651 16.8475 18.2208
15 4.1885 5.6107 6.8030 7.8038 8.0262 9.0233 10.8963 11.8520 12.7945 13.7269
20 3.0424 6.1812 6.1808 7.0920 7.0407 B.7530 0.5400 10.3083 11.0028 11.8061
25  3.8045 4.0390 5.8438 0.0483 7.3038 8.1001 B.7003 9.4352 10.1051 10.743¢
30 3.7004 4.7850 5.0260 6.3670 7.0504 7.6902 8.3152 8.0143 9.4070 10.0603
95 3.6553 4.0784 6.4750 0.1727 6.8121 7.0133 7.0874 B.5110 9.0787 9.0037
40 3.0104 4.0003 5.3654 6.0307 6.0378 7.2005 7.7476 8.2070 8.7720 9.2030
46 3.5760 4.5406 5.2813 5.0272 6.5048 7.0436 7.5043 B.0504 B.537T  0.0028
50 3.G488  4.4033 5.2160 5.8307 0.4000 6.0242 7.4203 7.8031 8.3631 8.7977
00 3.5087 4.4210 5.1172  5.7100 6.2453 6.7400 7.2076 7.0326 8.08086 5.4%48
70 3.4804 4.3761 ©5.0485 5.0220 6.1367 0.6117 7.0380 7.4823 7.8802 8.2820
80 8.4504 4.3380 4.0075 G.6504 6.0502 6.5102 6.0472 7.3301 7T.7473 g8
00 3.4432  4.3100 4.0382 5.5039 5.0042 0.4427 0.8019 7.2388 7.6350 6.0020
100 3.4300 4.2887 4.0271 5.4067 6.0400 G6.3843 C.7042  7.1816 7.5512  7.0000
inf  3.3178 4.0048 4.0653 G5.1i50 G6.5104 5.8765 6.2040 6.5085 6.7039 7.0602

(powor = 0.00)
10 5.7621  7.0334 0.8227 11.0035 13.3013 14.0703 10.6137 18.2389 19.8510 21.4528
16 5.0005 6.7057 8.0740 9.3277 10.5168 11.0050 12.7807 13.8878 14.0740 10.0438
20 4.7605 0.1786 7.3205 8.3053 0.3300 10,2008 11.1678 12.0477 12.0014 13.7623
26 4.5025 65.8866 6.0181 7.835§ B.6870 0.4976 10.2777 11.0338 11.7770 12.5050
30 4.4853 £.7014 6.0378 7.5003 B8.2774 0.0116 9.7164 10.3967 11.0603 11.7100
33 4.4110 65.5733  0.4782 7.2604 7.0040 B8.0770 0.3284 9.0303 10.5066 11.1624
40 4.3005  5.4707 0.3400 7.1007 7.7880 B.4327 9.0457 9.0331 10.2081 10,7623
45 4.3148  5.4082 0.2408 0,073 7.6313 8.2460 8.8302 0.3901 0.9212 10.4372
60 4.2810 5.3518 60,1670 0.8708 7.5076 8.0000 B.0606 9.1971 9.710 10.7170
00 4.2332 5.2086 0.0610 0.7215 7.3240 8.4105  8.9127  0.3053
70 4.1900  5.2100 5.0700 6.6107 7.1960 8.2352  R.TIL 0.1716
80 4.1730  5.1008 5.9004 6.6302  7.1021 8.1053  R.5654  9.0057
90 4.1040 5.1334  5.8020 0.4705  7.0201 8.0033  8.4317  8.8760
100 4.1384 G.1000 5.8250 6.4320 0.0712 7.0200 B.3018  8.7707
inf  4.0021  4.8768  5.6040 0.0108 6.4077 0.B002 7.2001 7.5703  7.8i8
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NON-CENTRALITY PARAMETER OF F TEST A3 A FUNCTION OF LEVEL OF SIGNIFICANCE,
POWER AND TIE TWO DEGREES OF FREEDOM
lovol of significanco = 0.01

A 1 2 3 4 5 L] 7 B 2 10
N

(powor = 0.70)
10 6.036F 9.4700 11.0003 13.7205 13.7J38 17.0300 10,5698 21.4022 23.3393 23,2047
13 0.0880 9.5402 10.9892 12.3562 13.6770 14.0003 16.2320 17.4823 18.7185
20 5.7222 8.6543  0.4371 10.0400 12.0087 13.0381 14.0431 15.0304 10,0020
25 5.8181 8.1623 0.2053 10.1748 11.00G0 11.0835 12.8461 13.6804 14.5177
30 5.3%83 0.767¢ 7.8520 B.8074 0.06880 10.5204 11.3100 12.0924 12,8432 13.5822
35 5.2084 6.6144 7.6333 8.5330 9.3540 10.)268 10.8637 11.5748 )2.2 12,0303
40 5.2320  6.5602¢ 7.4823 8.3330 0.1110 9.8387 10.5312 11.1071 11.8423 12,4707
45 5.1822 6.4170 7.3034 8.1818 8.9255 0.06107 10.2781 10.0098 11.5203 12,1133
50 5.1424  8.3407 7.2000 8.0021 B.770T D.4473 10.0701 10.6837 11.2070 11.8331
60 5.0833 0.25053 7.1320 7.8830 B.0048 0,193 90,7861 10.3510 10.8941 11.4100
70 5.0423 6.1808 T7.0333 7.7024 8.4143 0.0158 0.5809 10.1178 10.0328 11.1208
80 5.0119 6.1203 0.0637 7.0710 8.3030 9.884% 0.4280 0.0434 10.4304 10,9153
00 4.9883 0.0806 ©0.0086 7.6007 8.2173 8.7832 9.3121 0.8126 10.2007 10 3
100 4.00603 0.0580 6.8049 7.5448 B8.1403 8.7030 0.2106 0.7074 10.1727 10.6104
inf 4.8057 5.7834 0.4851 7.0000 7.8397 8.0060 B.4135 B.7040 0.1483 0.4820

(powur = 0,80)

10 8.4003 11.4477 14.0327 16.4589 18.8005 21.0904 23.3430 23.56772 27.7011 20.0910
15 7.4144  0.6040 11.4205 13.1023 14.6910 106.2205 17.7238 10.1089 20.6322 22,0004
20 0.0013 8.8255 10.3303 11.7034 12,0832 14.2088 15.3907 10.06573 17.0067 18.8107
25  6.7102 8.3980 0.7435 10.0400 12.0533 13.1111 14.1303 15.1213 16.0002 17.0420
30 6.5508 8.1261 0.3084 10.4013 11.4000 13.3363 14.2210 15.0820 13.0260
35 0.4400  7.0423 0.1108 10.1323 11,0695 12,7924 13.6041 14.3027 15.1028
40 6.3600 7.8088 0.8930 10.7783 11.06074 12,3905 13.1553 13.8908 14.0009
45 6.2084 7.7033 8.7800 0.7109 10.5569 11.3405 12.0036 12,8142 13.5083 14.1842
60 6.2498 7.6222 8.6676 0.5677 10.3829 11.1414 11.8302 12,5402 13.2080 13.8522
60 06.1781 7.5024 . 9.3571 10.1270 10.83v0 11.5117 12.1322 12,7080 13.3639
70 6.1278 T7.4184 8.3804 9.2097 90.0470 11.2086 11.8765 12.43%¢ 13.0221
80 0.0005 7.3563 8.3000 0.1007 9.8133 11.08388 11.6728 12.2314 12,7095
90 6.0017 7.3084 8.2347 0.0)169 9.7137 10.3532 10.0307 11.6161 12.0501 12.5733
100 6.0388 7.2704 B.1823  8.0504 0.6330 10.2381 10.8412 11.3010 11.0170 12.421¢
inf 5.8303 06.0403 7.7288 8.3740 8.0347 0.4350 0.8937 10.317C 10.7143 11.0883

(powor = 0.00)
10 10.8025 14.6100 17.0031 20.0782 23.56012 20.3517 20.1409 31.0103 34.0398 37.3510
13 9.4730 12,1123 14.3166 10.3368 18.2570 20.1152 21.0207 23.7130 23.4728 27,2147
20 8.8834 11.1080 12.018) 14.5498 16.0818 17.5490 18.0730 20.3030 21.7208
26 8.5578 10.5008 12.1300 13.5820 14.0055 16.1043 17.3770 18.5574 10.71N4
30 8.3310 10.2163 11.0832 12.0760 4. 15.2004 10.3320 17.4305 22
35 8.2008 0.0708 11.35%4 12.6020 13.0633 14.7056 15.7024 106.0012 17.5027
40 8.1061 0.8076 1I1.1203 12,2617 13.3037 15.2001 16.1029 16.9390
45  8.0200 0.0764 10.9402 12.0333 13.0200 14.8348 13,0704 10.4930 17.2590
60  7.0643 0.5734 10.7088 11.8540 J2.8098 14.5413 15.3472 16.1248 10.8796
00 7.8725 0.4217 10.6008 11.6000 12.4900 13.347 )4.J100 14.8308 13.5803 10.2774
70 7.8080 0.3155 10.4433 J1.4005 12.2081 13.0830 13.8007 14.5194 13.1090 13.8508
80 7.7002 0.2370 10.3330 11.2705 12.1037 12.8700 13.5870 14.2032 14.9103 15.503
00 7.7203  0.1706 10.25654 11.1601 11.9773 12.721¢ 13.4171 14.0753 14.7038 13.3051
100 7.0941 0.1287 10.1800 11.0833 11.8772 12.06041 13.2821 13.9225 14.5331 13.1103
inf  7.4307 8.7133 0.0237 10,3685 11.0138 11.5000 12,1177 12.0053 13.0613 13.4919
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NON.CENTRALITY PARAMETER OF F TEST AS A FUNCTION OF LEVEL OF SIGNIFICANCE,
POWER AND THE TWO DRGREES OF FREEDOM
Jovol of significanco = 0.03

M 1 2 3 4 5 a 7 8 i 10

{power = 0.10)
10 0.2385 0.4103  0.56580 0.0910 0.8213 0.0480 1.0728 1.)082 J.3186 1.4403
15 0.2422  0.3792  0.4081 ©.60R1 ©.7130 0.8144 0.013% 1.0000 1.1000 1.2019
20 0.2344  0.3615 0.4005 0.5681 0.06)0 0.7500 0.8361 0.0208 1.0037 1.0833
25 0.22990 0.3512 0.0304 0.7121  0.7000 0.8056 0.0125 1.0160
30 0.2200 0.3444 0.6103 0.6872  0.7609 0.832¢ 0.0020 0.0701

B 0.3330 0.6001 0.6604 0.7300 0.8074 0.8732 0.037¢
40 0.3301 0.6835 0.63562  0.7237  0.78R7 0.8316 0.0130
435 0.3333 0.5773  0.6460 0.7114 0.7742 0.8340 0.8940
50 0.3312  0.4204 0.4900 0.5707 0.6370 0.7010 0.7626 0.8215 0.8788
o0 0.3270  0.4152  0.4915 0.G010 0.6257 0.0800 0.7453 0.8010 0.8360
70 0.3236  0.4114  0.48062  0.5341 0.6170 0.070¢ 0.7330 0.7873  0,8308
80 0.3230  0.4086 0.4823 0.5480 0.6106 0.0080 0.7238 0.7706 0.8276
90 0.3320  0.4063 0.4702 0.5440 ©0.6035 0.0023 0.7166 0.7683 0.8181
100 0.3215  0.4047 0.4708 0.5410 0.00153 0.0577 0.7109 0.7617 0.8100
inf 0.3121  0.3804 0.4550 0.5130 0.5057 0.6142 0.6305 0.7022 0.7425

(powor = 0.20)
10 0.75067  1.1615  1.5ML  1.8440  2.1012  2.4707 27149  3.0754
15 0.7077  1.0342  1.3457  L.6I21  1.8043 2.1074 2.3442  2.5704
20 0.0847 11,0040 1.2006 1.0020 1.7241 1.0353  2.1397  2.3330
26 0.0713 0.0748 1.2206 1.4303 1.0423 1.6350 2.0201 2.1998 2.3751 2.5472

3.3731  3.0087
2
2.5
2.3
30 0.0026 0.0558 1.1907 1.308¢ 1.5801 693 1.9417  2.1084 2.2700 2.4291
2.1
2.1
2.0
2

8052 3.0314
341 2.7264

1

1

35 0.6565 0.0424  1.1090 1.3688 1.5514 1.9229 1.8804 2.0438 005 2.3453
40 0.65)0 0.0325  1.1539  1.471  1.5234  1.0884  1.8471  1.9937

43 0.6481 0.0248 1.1418 1.3304 1.5018 1.6017

..
H
-
is
g

8133 1.9585

i>
3
=
3

1

50 0.6450 0.0187 1.1322 1.3170 1.4840 1.G403 1.7870 1.0288

60 0.0418 0.0008 1.1170 1.2072 1.4590 1.6088 1.7500 1.8843 2.0137
70 0.6383 0.0032 1.1078 1.2831 1.4408 1.5804 1.7231 1.8330 1.9773
80 0.0363 0.8034 1.1002 1.2 1.4272  1.5696 1.7030 1.8293 1.0304
00 0.6340 0.8047 1.0043 1.2645 1.4167 1.5560 1.0874 1.8112 1.0204
100 0.6332  0.8017 1.0807 1 1.0748  1.7060 1.012¢
inf  0.0211 0.8635 1.0482 1 1.5

380 1.4083  1.5402
004 1.3336  1.4337

=R B P
o
2
s
a

L5630 1.6604 1.7020

{powor = 0.30)

10 1.2562 1,86Y8 2.308¢ 2.8913 4.2784  4.7236  5.1080 8.G033
15 11738 1.6035  2.1231  2.6180 .3941 3.9330  4.2706  §.6023
20 1.1340  1.0114  1.90R0 2.3442 3.2733  3.5033 3.8478  4.1270
23 1.1125  1.6041 1.943  2.2437 3.0871  3.3473  3.6018  3.8307
30 1.0980 1.5332 1.8707 2.1782 2.0635 3.2063 3.4404 3.6603
33 1.0877 1.5116 1.8432 2.1322 .8708  3.1007 3.3207 3.5411
40  1.0801 1.40%G 1.R183 2.0081 L8101 3.0327  3.2420 3.4437
43 1.0743  1.4832 1.7991 2.0718 B

60  1.0000 1.4734 1.7830  2.0300 27279

60 1.0627 1.4587 1.7012  2.0100

70 1.4484 1.7431  1.0078

80 1.4407  1.7332  1.0814 .

%0 14347 1.7220  1.0087 .

100 1.4200  1.7165  1.0383

inf 1.3878 1.0510 1.8080 . .21 2.




TABLES OF TilE NON-CENTRALITY PARAMETER OF F.TEST

NON-CENTRALITY PARAMETER OF ¥ TEST AS A FUNCTION OF LRVEL OF SIGNIFICANCE,
POWER AND TIE TWO DEGREES OF FREEDOM
tovol of significnnce = 0.05

&ll 2 3 4 ] [ 7 ] ] 10

(powor = 0.40)
10 1.7804 2.5007 3.2852 3.9312  4.5312  6.1651 6.7483 6.3330 6.0130 7.4807
15 1.0018 2.3i18 2.0030 3.4126  3.8931  4.3561 5.6819  6.1111
20 1.0002 2.2200 2.7267 3.1731 3.6894 3.0301 5.1082  5.4079
25 L.6T43  2.1808 2.0253 3.0334 3.4143 3.7728 4.7701  5.0951
30 1.5536 21170 2.5393 2.0450 3.3003 3.0340 4.6308  4.8510
35 1.5300 2.0877 2.5133 2.8831 3.2205 3.5365 3.8373 4.1205 4.4000 4.030L
40 1,6282  2,0055 2.4791 2.8367 3.1014 3.4643 3,756 4.0072 4.2030 4.§520
45 15109  2.0483 2.4528 2.8009 3.1158 3.4086 3.0850 3.0300 4.2062 4.4542
50 1.5133  2,0347 2.4319 2.7724 3.0796 3.3044 3.6331 3.8807 4.1367 3.3130
60 1.5035 2.0144 2.4009 2.7302 B3.0257 3.208¢ 38.5550 3.7990 4.0331 d4.2592
70 1.4005  2.0000 2.3783  2.7003 2.0876 3.2520 3.4007 3.7347 3.0596 4.1763
80 1.4913  1.989¢ 2.3025 2.0780 2.0592 3.2172  3.4584 3.0867 3.9047 4.1144
90 1.4873 1.0811 2.3498 2.6607 2.0372 3.1903 3,420 3.6495 3.8022 4.0603

100 1.4841 10745 2.3307 2.0470 2.0190 3.1088 3.4000 3.0198 3.8983  4.0282

inf  1.4367 1.0162  2,2504 2.6253 2.7043 2.0787 31747 3.3564 3.5207 3.0874

(powor = 0.50)
10 2.8529 3.3616 4.2235 5.0249 5.7937 0.5420 7.2781 8.0043 8.723C 0.4376
15 2.103¢  3.0332  3.7231 4.3489 4.9391 5.6070 6.0394 0.G007 7.1337  7.6003
24 2,1199 2.8826 3.4939 4.0303 4.0474 5.031¢  5.4922 5.0343  0.4000 0.8304
25 2.0775 2.7002 3.3026 3.80190 4.3228 4.7588 5.1773 5.5823 5.9783  0.JG60
30 2.0500 2.7402 3.2775 3.7408 4.1772 4.GS18 4.0083 65.3113 §5.7038  0.057
35 2.030T 2.7010 3.2180 3.0604 4.0732 4.4378 4.8217 5.1717 5.5109 &5.81ld
40 2.0164 2.0720 3.1739 3.00069 3.0907 4.3630 4.7132 5.040L 8.3670 5.0807
435  2.0053 2.0497 3.1400 3.5011 3.9410 4.2953 4.6206 4.0493 6.20677 §.5308
50 1.0966 2,0319 3.1132 3.5248 3.8955 4,2302 4.5632 {.8725 G.17001 G.4381
60 1.0838 2.6038 3.0732 3.4708 3.8271 4.1538 4.4045 4,7381 5.0398 5.3118
70  1.9744 2.5870 3.0450 3.4326 3.7780 4.0067 4.394¢ 4.0771 4.0174  5.2078
80 1.0075 2,5731 3.0239 3.4041 3.7425 4.0327 4.3425 4.6167 4.8785 5.1303
00 1.0622 2.5024 3.0077 3.3821 3.7140 £.0187 4.3022 4.5700 4.8257 5.0702
100 1.9380 2.5539 2.0047 3.3040 3.0023 3.091C 4.2701 4.5327 4.7820 §.0222
inf 1.0205  2.4784 2.8802 3.2007 3.4956 3.7617 3.0850 4.2023 4.4052 4.5960

(powoe = 0.60)
10 3.0000 4.2208 ©5.2080 0.2370 7.1602 8.0713 B8.0004 0.6382 10.7077 11.5709
15 2.7996 3.8072 4.0332 5.3820 0.0883 O0.7676 7.4280 8.0763 8.71d1 0.3441
20 2.7047 3.6160 4.3442 4.0034 5.5081 0.1742 0.7306 7.2724  7.8031 8.3252
28 2.6502 3.6085 4.1792 4.7710 5.3182 §.8352 0.3313 4.8121 7.2810 7.7406
30 2.0140 3.4368 4.0725 4.0282 5.1373  6.6160 0.0720 0.5140 6.9420 7.3014
35 2.5001 38.3863 3.0080 4.5270 5.0107 65.4024 5.8020 6.3051 6.7053 7.0033
40 2.5718  3.3407 3.0420 4.4330 4.0172 5.3490 ©5.7583 G.1608 0.5298 6.898¢
45  2.6377 3.3210 3.0000 4.3970 4.8453 5.20618 6.06553 0.0317 0.30i6 6.7407
60 2.5463 3.2003 3.8670 4.3519 4.7883 §.1026 5.5737 5.0374 4.2873 G.6202
00 2.5208 3.20062 3.8172 4.2819 4.7037 ©5.0808 §.4524 5.7072  06.1278  6.4170
70 2.5181 3.2427 8.7820 4.2378 4.6439 5.0172 8.3667 5.0979 0.0149 6.3201
80 2.5003 8.2253 3.7558 4.2023 4.5003 4.0031 5.3028 £.0210 5.9307 0.2255
00 2.5025 3.2118 3.7335 4.1750 4.5040 4.0213 ©5.2533 B.5008 5.5035 0.1523
100 2.4071  3$.2011 3.7I104 4.1633 4.5374 4.8870 G6.2130 8.5212 §.8130 8.0039
fnf 2.4403  3.1004 8.5770 3.0010 4.2054 4.5037 4.5000 ©5.1181 B5.3510 B.5704
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NON-CENTRALITY PARAMETER OF F TEST AS A FUNCTION OF LEVEL OF SIGNIFICANCE,
POWER AND THE TWO DEGREES OF FRELEDOM
\\1 1
N
(puwor = 0.70)

lovol of mignitivanco = 0.05
10 3.7M3  56.2577 6.5057 7.0002 8.7708  0.8040 10.0300 11.0830 13.0204 14.0018
16 3.6302  4.7209  5.7063  0.6047  7.4324  8.2383 0.0224 9.7010 10.5178 11.2054
20 3.4004 4.4804 5.3450 O.1114 0.8240 7.504t B.1603  B.7004 0.4235 10.0414
26 3.3400  4.3493  5.1404 5.83G0C 0.4700 7.0805 7.000 6.23435 8.7850 9.3257
30 3.2033  4.2009 £5.0080 §5.0505 0.:303 GC.8I1T2 7.3529 7.8098 8.3721 B.8020
35 3.2039  £.109F  4.0130  5.6350 6.1007 0.0201 7.1310 7.6148 8.0820 8.5320
40 3.2407 4,153 48474 5.4447 5.0859  0.4903 6.0082 7.4261 7.8092 8.2008
43 3.2220  €.1184 4.7951 G.3746  5.8978 0.3830 0.8427 7.2817 7.7040 8.1153
50 3.2087 £.0900 4.7330 B5.3192 5.8230 6.2091 0.7433 7.1009 7.574C 7.9004
00 3.1877 4.040¢ 4.6021 5.2369 5.7214  0.1738  0.5056 0.9%08 7.3811 7.7524
70 3.1728  4.0202 4.0486 5.1787 B8.0512 0.0852 0.49)13 6.8701 7.2443 7.5098
80 3.10t7 3.093¢ 4.6163 65.1333 8.5068 0.0193 0.413¢  6.7803 7.142¢ T.4844
00 3.1531 3.0818 4.5913 5.1021  5.G54T  5.0083  6.3530 6.7172  7.0630 7.3900
100 3.1463  3.0085 4.6714 B.0755  5.6212  45.9278 6.3038 0.0010 7.0008 7.3253
inf  3.0800 3.8500 4.3002 4.8412 .2263  5.6703 5.8842 6.1747  6.4402 6.7022

w
w

+ 13 [} 7 8 9 10

(powor = 0.80)
10 4.8360 6.0032 &.1111 0.5I41 10.80I1 J2.1740 13.4043 14.7386 16.0012 17.2549
15 4.4930  5.023¢ 7.0038 8.1351 9.1504 10.1199 11.0577 11.9770 12.8823 13.77¢8
b 4.3379  B.G170 6.0381 7.5473 8.3%42 0.2014 0.9309 10.7403 11.4813 12,2103
25 4.2490 5.4413  0.3800 7.2033 7.0031 8.0816 9.3712 10.0390 10.6916 11.3307
30 4.19186 5.3320 0.2140 0.0823 7.0859 B.3474 8.0701 9.5887 10.1812 10.7601
35 4.1514  65.2540 6.0983 0.8232 7.4928 8.1143 8.7057 0.2743 9.8251 10.3010
40  4£.1217  5,1971  0.0130 6.7I148 7.3500 7.0429 8.6043 0.0425  0.5625 10.0681
43 4.0082 65.1630 6.9470  6.6277 7.2414 7.8113  8.3407 8.8G45 9.3009 9.842¢
50 4.0%08 5.1180 65.5058 6.6588 7.1351 7.7071 8.2273 8.723C 9.2012 0.6036
60 4.0539 5.0002 6.8101 6.4567 7.0271 7.6520 8.0450 8.5147 8.9042 0.3983
70  4.0349 5.0706 5.7030 0.3847 6.0308 7.4436 7.0178 8.3672 §.7069 9.2108
80 4.0208 .0224  B,7247  6.3312  6.860¢ 7.3020 7.8220 8.2374 8.6724 0.0713
00 4.0099 4.9814 ©5.0936 6.2898 6.8178 7.7490  8.1726  B8.5762  8.903%
100 4.0012  4.96i¢ 5.0689 6.2300 G6.7703 7.6904 8.1052  8.4990 8.8770
inf 3.9244  4.B173  5.4513 5.9076 0.4]118 7.1752  7.65111  7.82{9 8.1205

(powor =
10 0.4035  8.7104 10.0217 12.3937 14.0965 16.7670 17.3800 19.0026 20.601F 22.1887
15 0.0235 7.7088  9.2626 10.6721 11.8170 13.0176 14.1855 15.3308 10.4300 16.5741
20 5.8114 7.3885 8.0404 9.7062 10.8100 11.8000 12.7092 13.7008 14.6257 15.6300
26 5.0908 7.1667 8.3035 0.3120 10.2447 11.1263 11.0727 12.7932 13.6037 14.3787
30 5.0131 7.0070 8.0843 0.0220 0.8822 10.0005 11.4020 12.2070 12.9324 13.6404
35 5.5588 6.0043 7.0310 8.8200 0.0304 10.3877 11.1082 11.8010 12.4724 13.1207
40 5.5188 G6.8781 7.8100 8.0720 0.4453 10.1052 10.8(76 11.5018 12,1341 12.7488
45 6.4850 6.7000 7.7340 B.5600 ©0.3035 0.0047 10.6470 11,2726 11.8748 13.4501
50 5.4030  0.7233 7.0001 8.4002 0.1914 0.8500 10.4001 11.0012 11.0057 13.2200
00 5.4275 ©.0548 7.5060 8.3303 0.0255 0.0005 10.2504 10.8228 11,3000 11.8904
70 5.4020 0.0005 7.4047 8.2427 8.0080 0.5109 10.0918 10.0337 11.1510 11.0509
80 5.3830 6.5700 7.4421 8.1731 8.8210 0.4166 D.0603 10.4031 10.09°8 11.4730
90 6.3083 0.5428 7.4015 8.1104 B.7540 0.3350 0.8751 10.3347 10.8700 11.3350
100 5.3506 ©0.6208 7.3002 8.0707 8.7016 9.2710 0.800f 10.2084 10.7723 11.2203
inf  6.2637 0.3270 7.0857 7.7020 8.2347 8.7004 0.1418 0.5413 9.0140 10.2060
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