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The Application of Analysis of Variance (ANOVA)
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Abstract : Analysis of variance (ANOVA) is a method to analyze the data from the experimental designs comparing
two or more groups or treatments at the same time, and is the most effective tool of analyzing more complex data
sets with different source of variations. This article describes the logic of ANOVA, the application of the method
to the analysis of a simple data set, and the methods available for performing planned or post hoc multiple comparisons
between the treatments means. In addition, the common misuse of the techniques is also discussed to emphasize that
an inappropriate statistical analysis is potentially far more harmful than poorly conducted research. Lastly, an example

is given for illustration purposes.
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SST = SSB + SSE
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Table 1. Partition of sum of squares in a one-way ANOVA in a completely randomized design with k treatment groups

Subject Control(t,) Group 1(#)) Group 2(t,) Group k(#,) Total
1 X10 X1 Xik
2 X0 X21 Xok
3 X350 X3 X3g
Totals Sxo=To Sx,; =T, Sx,=T> Sxor=Ty T
Means X1 X5 X 3 X i x
k n;
T. ijlzl:jlxl/
k n; Y )= k ni 2 T2/
SST Zj: lzl:jl(xl/ x) ZJ: lzlzjle TZ N
SSB D i‘ (& X ..)2:2j flya_j/nj_ﬁ_/N
_ =5 Kk v v 3 V=vy k5 "% )5 k (TVm
SSE SST— SSTr Zj - 121' :/](xU x;) Zj - 121' :/](x,j) Zj - 1(Tj) n

* SST, total sum of square; SSB, between sum of square; SSE, error sum of square; k, number of treatment groups; 7., grand total; x _, grand
mean; n, number of observation in each treatment group; N, total number of observation.

Table 2. ANOVA table for a one-way completely randomized design

Source of variation SS MS F
Treatments SSB k-1 MSB =SSB/(k- 1) MSB/MSE
Error SSE N-k MSE = SSE/(N - k)
Total SST N-1

* SS, sum of aquare; df, degree of freedom; MS, mean square, F, test statistic.
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Table 3. Examples of orthogonal or non-orthogonal contrast of planned comparison with different treatment groups

. . Sum of Contrast coefficient
Comparison Experiment Contrast - _ - -
square (SS) X X X3 X4
Q1 SS1 -1 0 0
A Q2 SS2 0 0 1 -1
Orthogonal Q3 SS3 1 1 -1 -1
B Q1 SS1 2 1 1
Q2 SS2 0 -1 1
Q1 SS1 0 -1
Non-orthogonal C
Q2 SS2 1 -1 0
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Table 4. Comparison of orthogonal and non-orthogonal contrast
Situation  Contrast FB BB RB SB VB LC SW CR CcC
1 Ql | O
Q2 | O
Ql L] | [ | L] Ll
2 Q2 A |
Q3 O A
3 Ql Ol | | Ol ]
Q2 A O
4 Q1 L] Ll Ll Ll Ul L] | | |
Q2 O A A O O

*FB = football, BB = basket ball, RB = Rugby, SB = Softball, VB = Volleyball, LC = Lacrosse, SW = Swimming, CR = crew, CC = cross-
country. Symbols represent comparisons between different symbols in each contrast.

Table 5. Statistical methods of making post-hoc multiple comparisons

ANOVA assumption

Method Comparison Error control Equal size* - -
Equal variance Normality
Fisher’s LSD All pairwise CER Yes Yes Yes
Duncan’s MRT All pairwise CER No Yes Yes
SNK MRT All pairwise EER Yes Yes Yes
Tukey HSD All pairwise EER No Yes Yes
Scheffe All pairwise EER No No No
Games-Howell All pairwise EER No No No
Dunnett Compare treatments with EER No No Yes
control

Bonferroni (Dunn) All pairwise and treatments EER Yes Yes Yes

with control

*Equal size=equal number of observations in each treatment group.

Abbreviations: LSD=protected least square difference, MRT=multiple range test, SNK=student-Newman-Keuls, HSD=honestly significant
difference, CER=comparison-wise error rate control, EER=experiment-wise error rate control
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Table 6. Data summary (weight in kg)

Subjects  Group 1 Group 2 Group 3  Group 4
1 62.3 78.2 79.3 78.8
2 542 69.1 67.5 63.5
3 48.7 77.0 55.8 86.3
4 69.4 68.1 69.0 74.9
5 77.8 69.4 73.6 86.7
6 69.3 88.3 55.8 80.3
S;’Ege 63.6 75.0 66.8 79.3
Sample SD 10.8 7.8 9.5 6.9

*SD, standard deviation.
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Fig 1. Box plots of the weight (kg) in pigs for each type of diet.

o] TAFOE YePth AR A=
T B, A 7P HE 2 AR EHGo RN E
T2 WE 5 A7 Adie] FoR o] FofXint, AREA
M= AR, LA ME )= Hetol 00]3L FFHAP)
191 BHEEE WS AR A5td) 24, 2 A
W2 a4k BE Ao LT A(TE
2y AA, ZF AEEE 4 59 A UA, Y9 7+
(term)y> 7P (additive) & FJHTAL 7P gt o] g
7P SRkshd frelareat 7HAAE ] Wtedl] d3ds v
ABR 78S S5 X w AsRSeY v R4
T Bk o]AAE 7P Welch 4 58 arEsliof s
TH(1). FxH(residualys #2219} W3R A FHE oS5
2|o] Zpo]= zhatel] gk A+EHE = E (normal probability
plot of residual)® 233l AEZ 4 Auh A 7+ &
slo] YA Ape A=A FEsPH, k] Aol
S BgEEFA A9 JEHE FHoi olHe F
Ao tiel EA1Z] AR S EE Levene’s test, Bartlett’s
test 5= ARE-giTt

O

of Al

A= (piglet)d] AIREZ AlH F9 457 ALE7T =X A
o] xpo]E HoleXo| that AFS ST F 24579

- QEiE

(-] L & 6 &7 -] -] ?:] ?II I:? T3 T4 ™ ™ m” w w &0
yhat
Fig 2. Plot of residuals versus fits for the data in Table 6. Fitted
values (yhat) represent treatment means by diet and response is
weight in kg.

Rank for Variable resid
+

Fig 3. Normal probability plot for the data in Table 6. Resid
represent residual and response is weight in kg.
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Table 7. ANOVA table for the data in Table 6

A 77

Source of variation SS df MS F p-value
Treatment (diet) 935.7 3 311.9 3.96 0.023
Error (within diet) 1575.5 20 78.8
Total 2511.2 23
* SS, sum of aquare; df, degree of freedom; MS, mean square, F, test statistic.
Homogeneity of variance test (Levene’s test): p=0.5092
Table 8. ANOVA table for the data in Table 6 using the three planned comparisons
Source of variation SS df MS F p-value
Treatment (diet) 935.7 3 311.9 3.96 0.023
Q1 457.6 1 457.6 5.81 0.026
Q2 462.5 1 462.5 5.87 0.025
Q3 15.6 1 15.6 0.20 0.661
Error (within diet) 1575.5 20 78.8
Total 2511.2 23

* SS, sum of aquare; df, degree of freedom; MS, mean square, F, test statistic.
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233 UMR] T FGEH 470)2] Ht 7F vl F ]
of IS = uf Auhe] Ale AaiE] 29 S 0, 0,
1, -1, Ay 32 0, -2, 1, 10] A}
ASTHE] 2: = Oy - Opy+ s - 1y =0

+
A5hE] 3 p, = (”’2—“4) S Opy+ 24, - - 1y =0

ol el thH|E Apgsle] EXF A= Table 83 72Th.

Table 7914 A 2)AFTS 935,701 o= 370 Zarhn]
2 B3k A3 Fuiu] 1(457.6)% 2(462.5)= Frolskie
v ZSiE] 3(15.6) FolekA] 942 Ao A Eth(Table
8). T kol AAFes HAuhrE Edeke e W
Hog AwrhEAS Ausidetd £ 259 79 A
o] BEFOR FAHYGe] E7Fss] wjiEel o] 42

Y 5 gk,
o OF
e =

AR t RS g O] oA SRS o ol
o] FEE Zhe AEE S Ao T uEha dYEAHE
Tt A4L] 7Po] R ALEH, ¥l Peko] 2
$ B3 7k #A F=22] Al &) Fdg 4
=t AFMES 2R FHit 7 o7t gtk A
3, g7HEe Ao shue] Wi thErhal A
AEEA ol ti-g-sl= HIR2 AP OE Kruskal-Wallis
ARE AR AkRe] HEr Aojm FfPolofof gt
(§). SHHF7E T o]l o|dRAREA ] - HYREE,
AFe] A E, A Ul BAke] 524, 9453 A8
et S 2sit) o] gRAEA o U8k BlRsE
AR S E Friedman 7780] ARSEH 250 ALV} Holw
T Polofeof gt ¢ HAe t RS e A7t vt
SITHTY). dlE o Aol 2l ool FUd A
of 27 ool XelE AU A7kE skl g%t
=Y Ao e FUd MAE o] 7K A2 Z2 Al
Zrl tiste] WHEH o2 ZA3197] wlwe] BE 7 594
o] AojxlE=g olg WHESA E4HEA(2-way repeated
NAOVA)S & HA3it},
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