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Abstract Analysis of large dimensional contingency tables is rather difficult. Fien-
berg and Kim (1999, Journal of American Statistical Association, 94, 229-239) stud-
ied the problem of combining conditional (on single variable) log-linear structures
for graphical models to obtain partial information about the full graphical log-linear
model. In this paper, we consider the general log-linear models and obtain explicit rep-
resentation for the log-linear parameters of the full model based on that of conditional
structures. As a consequence, we give conditions under which a particular log-linear
parameter is present or not in the full model. Some of the main results of Fienberg
and Kim follow from our results. The explicit relationships between full model and
the conditional structures are also presented. The connections between conditional
structures and the layer structures are pointed out. We investigate also the hierarchical
nature of the full model, based on conditional structures. Kim (2006, Computational
Statistics and Data Analysis, 50, 2044-2064) analyzed graphical log-linear models
based on conditional log-linear structures, when a set of variables is conditioned. For
this case, we employ the Mdobius inversion technique to obtain the interaction param-
eters of the full log-linear model, and discuss their properties. The hierarchical nature
of the full model is also studied based on conditional structures. This result could be
effectively used for the model selection also. As applications of our results, we have
discussed several typical examples, including a real-life example.

Keywords Categorical data - Conditional log-linear model - Graphical model -
Hierarchical model - Interaction factor - Log-linear model - Mobius inversion -
Model combining

P. Vellaisamy (<) - V. Vijay
Department of Mathematics, Indian Institute of Technology, Bombay, Powai, Mumbai 400 076, India
e-mail: pv@math.iitb.ac.in

@ Springer



310 P. Vellaisamy, V. Vijay

1 Introduction

A contingency table can be analyzed by a log-linear model which involves interac-
tion factors, also called log-linear parameters. These interaction factors identify the
underlying structure of the data given in the contingency table. Even in the case of
moderately large dimensional contingency tables, the associated log-linear models
involve a large number of interaction factors and hence the analysis becomes difficult.
Considering the levels of a categorical variable, say X, the full contingency table can
also be viewed as a collection of contingency tables (called layers) of dimension less
than by unity. Thus, an n-dimensional table, with the data collected on all the n-vari-
ables, can also be analyzed based on layer tables of dimension (n — 1). Sometimes,
the data is collected when one or more variables are fixed. This results in conditional
tables of dimension less than n. Observe that the analysis of conditional (say, when
a variable is fixed) log-linear structures (models) is rather easier compared to that of
the full model. As clearly demonstrated in Fienberg and Kim (1999) and Kim (2006),
conditional models play an important role in artificial intelligence and especially in
Bayesian networks. Also, Gilula and Haberman (1994) used conditional log-linear
models for analyzing panel studies which arise commonly in medical sciences and in
the behavioral sciences.

In case of graphical models, Fienberg and Kim (1999) showed that, using these
conditional log-linear structures, some amount of partial information about the under-
lying full log-linear model can be derived. They combined the conditional log-linear
structures (conditioned over one variable) to get a class of generators, which contains
the generating class of the underlying graphical log-linear model. They showed that if
a generator 0 is present in all the conditional (when X, is conditioned) structures, then
either 6 or 6 U{n} will be present in the full log-linear model. However, if 6 is present in
some, but not in all, conditional structures, then 8 U{n} will be present in the full model.
It is important to note that the class of graphical log-linear models, where all the gen-
erators are cliques of the graph (see, Whittaker 1990; Lauritzen 1996), is a subclass of
hierarchical log-linear models which is again a subclass of general log-linear models.

Observe that log-linear models are widely used in several disciplines, including in
survival analysis as accelerated life-time models (Christensen 2000). In this paper, we
consider the problem of general log-linear modeling (Agresti 2002; Christensen 1997),
based on conditional log-linear structures. Though our focus is combining conditional
log-linear structures, the approach can be used for combining log-linear structures
for the layer tables as well. We point out the close connections between them as and
when necessary. As mentioned earlier, the layer tables and the conditional tables arise
mainly from the way the data are collected or modeled. From the log-linear modeling
point of view, there is not much difference except the constant term. We first establish
an explicit representation for the interaction factors of the full log-linear model, based
on that of the conditional log-linear structures, when one variable is conditioned. It
is shown that some of the main results of Fienberg and Kim (1999) for the graphical
log-linear models follow from our results. We obtain necessary and sufficient condi-
tions, based on conditional interaction parameters, for the full model to be hierarchical.
We bring out the relationships between the full log-linear model and the conditional
log-linear structures.
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Kim (2006) extended the works of Fienberg and Kim (1999), and explored the rela-
tionship between the graphical log-linear model for the full table and the conditional
tables, when a set of variables is conditioned. In the same spirit, we obtain, using the
Mobius inversion technique (Lauritzen 1996), explicit representation for the interac-
tion parameters of the full model, based on the conditional interaction parameters,
when a set of variables is conditioned. Using these results, the properties of the full
model are analyzed in detail. Also, the hierarchical nature of the full model, using
conditional structures, is investigated. Several typical examples, including a real-life
example, are discussed as applications of our results. The proofs of the results in this
paper are given in the Appendix.

2 Log-linear modeling based on conditional (one variable) structures
2.1 Log-linear models

Consider an n-dimensional contingency table corresponding to n-categorical vari-
ables X1,..., X,. Let the support of X; be I_j =1{l,....,[;},1 < j < n,and
V = {1,2,...,n} denotes the set of indices of the variables. Let us denote the
n-dimensional contingency table by J, = I} x --- x I,. Also, let p(iy,...,iy) =
P(X1 =i1,...,X, = iy), where i; € I_, denote the probability that an observa-
tion (X1, ..., X,) falls into the cell (i, ..., i,), thatis, p(i,...,i,) denotes the
cell probability. For a subset, say, Z = {1,...,k} € V,letiz = (i1,..., i), and
tz(iz) = 17(i1,...,i;) denote the interaction factor between X1, ..., Xi, when
(X1,...,Xx) = (1,...,ik). Now let the saturated log-linear model for the full
(n-dimensional) table be (see, Whittemore 1978 or Vellaisamy and Vijay 2007)

11, .ig) =InpGin, ...y = > 12(iz), e
Z<(1,2,...,n}
where Z is any subset (including null set) of {1, ..., n}. For instance, the log-linear

model for a 3-dimensional table is

1(i1, 12, i3) = 19 + 11(01) + ©2(2) + 13(i3) + T12(i1, 12)
+ 113(i1, 13) + 123(i2, i3) + 11231, 2, 13), (2)

where 74 denotes the overall mean, 7;(i;) denotes the main effect of X; at level i},
and t12(i1, i2) denotes an interaction effect between X and X5.

Letnow J,,_1 (i) = (I} x- - -xI,_1)(i,) denote the (n — 1)-dimensional conditional
contingency table, when X, is conditioned at i, € I,,. Also, let pQ1,...,in—1lin) be
the cell probabilities (conditional probabilities) for the conditional table. Then, the
(saturated) log-linear model for the conditional table is

L1, oinalin) =InpGn, el = D uwlwlia), )
Wc{l,2,....n—1}
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where uw (iwli,) denotes, for example, a s-factor interaction of the conditional log-
linear model if |W| = s. For the case n = 3, we have

1(i1, 120i3) = ug(pliz) + u1(@1liz) + ua(izliz) + u12(i1, i2liz),

where, for example, u12(i1, i2|i3) denotes an interaction effect between X and X»,
when X3 is conditioned at the level i3.

Let, for example, iz = (i1, ..., ix). The T-terms and u-terms satisfy (see, Bishop
et al. 1975)

Dtz i) =0, and D uz(ir.....iklin) =0, forevery j, 1 <j <k.
ij ij

“

Based on conditional log-linear structures, Fienberg and Kim (1999) identified a class
of possible graphical models for the full table. We obtain the following result which
gives relationships between the t-terms of the full model and the u-terms of the con-
ditional structures.

Theorem 1 Consider the log-linear models defined in (1) and (3). Let p(in) =
P (X, = i,) denote the marginal distribution of X,,. Then, for every i, € I,

1) 1= % Z {In p(in) +ug(iplin)} (5
in€ly
(1) 7y (in) = In p(in) + ug(iplin) — T¢. (6)

Also, foreach W € {1,2,...,n — 1}, W # ¢ and iy, € I,

(1) wliw) = % Z uw (iwlin), and @)
inel,
V) twunlw, in) = uw (wlin) — Twliw). ®

Remark 1 Itis clear, from (7) and (8), that all the interaction factors 7z, where Z # ¢
and Z # {n}, can be obtained from the conditional interaction factors. However, the
terms 74 and 7, given respectively in (5) and (6), can not be obtained from conditional
interaction factors alone, as they require the knowledge of In(p(i,)) also. Note also
that, from (7) and (8), if uw (iw|i,,) does not depend on i, then Ty, = 0. Also, con-
versely, if Ty, = 0, then from (8), uw (iw|i,) = tw(iw) foralli,, and so uw (iw|i,)
does not depend on i,,.

Thus, we have the following important corollary which shows that the zeroness of
t-terms in the full model can be inferred using the u-terms in the conditional models.

Corollary 1 Consider the log-linear Models (1) and (3). Let W be any nonempty
subset of {1, --- ,n—1}. Then twy, = 0ifand only ifuw (iw i) is independent of i,,.
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Suppose, for example, u (i1, i3]i4) is independent of i4 in 3-dimensional conditional
models. Then, it follows from Corollary 1 that 7134 (i1, i3, i4) = 01in the 4-dimensional
full model.

Observe that an n-dimensional table can also be viewed as a collection of (n — 1)-
dimensional tables (layers) corresponding to the levels of X,,. We state here that the
interaction factors corresponding to a particular layer, say X, = k, are the same as
that of the (n — 1)-dimensional conditional table, conditioned on X, = k, except for
the constant term. Consider, for example, a 3-dimensional table corresponding to the
variables X1, X, and X3. When X3 = 1, we get a 2-dimensional table (layer) and let
the log-linear model for the layer table be given by

In p(ir, iz; 1) = ne (1) + n1 (s 1) + ma(ia; 1) + ni2i, i3 . )

On the other hand, the log-linear model for the conditional table, when X3 is con-
ditioned at level 1, is

1G1,1211) = upGpll) +ur(@r|1) + ua(i2l1) + ui2(iy, i2|1), (10
Then, it can be easily seen that
(1) = ugp(ipll) +Inp(-, -, 1); niG; D) =u(ig|l);
m2(i2; 1) = ua(2|1);  n12(n, izs 1) = ui2(iy, iz|1),

where p(-,-, 1) = Zil,iz p(i1, i2; 1). Thus, the interaction parameters are the same
for both the layer table and the conditional table, except for the constant term. Indeed,
one can prove the following general result.

Theorem 2 Let In p(iy, ..., in—1;1n) = ng{l ,,,, n—1} nw(iw; in) denote the log-
linear model for the (n — 1)-dimensional layer table corresponding to level i, of X,,.
Also, let the conditional log-linear model for X1, ..., X,,—1 be given by (3). Then,

nw (iw; in) = uw (iwlin) (11
for each nonempty subset W of {1, ...,n — 1}, and
N (in) = ug(iplin) +In p(in). (12)

Itis now clear from Theorems 1 and 2 that the interaction terms 7z can also be obtained
from the terms ny’s. That is,

1
Twiw) = - 2 mwliviin); and (13)
inel,
twun(iw, in) = nw (w; in) — Tw(iw) (14)
foreach W C {1, ..., n — 1}. We remark here that the formulas (13) and (14) remain

valid when W = ¢ also; thus the terms 74 and 7, can also be obtained from 7-terms.
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Table 1 Data corresponding to the conditional levels of C

B B
Al 2 1 2 1 2
C=l~7T7 o] =2 90 0] ¢=3 60 10
2 | 20 10 30 10 40 10

Next we discuss hierarchical and graphical log-linear models.

The log-linear model, defined in (1), is said to be hierarchical if 74 = 0 implies
g = Oforall B D A.Itis known that many log-linear models, such as an unsaturated
model with all nonzero two-factor interactions, do not have direct MLE’s and in that
case one mustresort to iterative procedure. However, for hierarchical log-linear models
the MLE’s are relatively easy to compute, since the estimates satisfy certain intuitive
marginal constraints. If the model structure of a hierarchical log-linear model is deter-
mined by the maximal domain subsets of the interaction factors, then these subsets are
called generators and the collection of all the generators is called the generating class
of the model. Also, if all the generators are cliques (maximal complete subgraph) of the
interaction graph then the model is graphical. For a detailed discussion on hierarchical
and graphical models, one may refer to Darroch et al. (1980).

Example 1 Consider the following conditional tables (Table 1)

For each conditional level of C, there are three 2 x 2 conditional tables. The odds
ratios can be seen to be OR(1) = 1.5, OR(2) = 1.5 and OR(3) = 1.5, where OR(i)
denotes the odds ratio of the ith conditional table. Also, the interaction factors are
given by (see, Bishop et al. 1975, p. 27),

upp(1,111) = 1/4In(OR(1)).
Thus,
up(1, 111 = ui2(1, 112) = u1n(1, 1|3) = 0.1014.

From Corollary 1, 7123(1, 1, k) = 0. Also, using (4), we have indeed t123(i, j, k) =0
for all (i, j, k). Therefore, the full model does not contain any three factor interaction
term. Similarly, it can be checked that all the other u-terms do not satisfy the condition
of Corollary 1. Hence, all other t-terms are present in the full model. Thus, the full
model {{A, B}, {A, C}, {B, C}} is hierarchical but not graphical.

We next show that Theorems 3 and 4 of Fienberg and Kim (1999), for graphical
models, follow from our results. We adopt their notations, for convenience.

(i) Consider the case when a generator 6 is common to all the conditional log-lin-
ear structures, that is, ug(ig|in) # 0 for all i, € I,,. Note, in this case, either
ug(iglin,) = ugigliny) # O, for all iy, in, € Iy OF ug(iglin) # e (ieliny).
for some iy, in, € I.

In the first case, when ug (iglin,) = ug(iglin,), for all iy, iy, € I, then by
Corollary 1, tpy, = 0. Since ug(ig|i,) # 0, for all i,, we have from Eq. (7),
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Table 2 Conditional data for each level of C

B B
Al 2 Al 2
C=l7717 0] =% 10 20
2 | 40 20 2 | 30 40

79 # 0 and therefore 6 is a generator for the full model. Note however 6 U n
is not a generator.

In the second case where ug(iglin,) 7# ug(iglin,), for some iy, iy, € I,, we
have by Corollary 1, 7oy, # 0. Hence, 6 U n is a generator for the full model.
Therefore, if 6 is present in all conditional log-linear structures, then either 6
or O U n is a generator for the full model. This is essentially Theorem 3 of
Fienberg and Kim (1999).

(i) Consider next the case when a generator 8 is not common to all conditional
log-linear structures, but is present in at least one of structures. This implies
that ug(i9|i,,j) = 0, for some in/. e I,, and ug(igliy,;) # 0, for some i,, € I,.
Again by Corollary 1, tyu, # 0, and so 6 U n is a generator for the full model.
This is essentially Theorem 4 of Fienberg and Kim (1999).

2.2 Hierarchical nature of the full model

We discuss here the hierarchical nature of the full and the conditional models. It is pos-
sible sometimes that the conditional log-linear models are hierarchical, while the full
log-linear models are non-hierarchical. We first discuss an example in this direction.

Example 2 Consider the following conditional data sets (Table 2)

From Table 2, we have u5(1, 1|1) = 0.1014 and u2(1, 1|2) = —0.1014. Also, it
can be easily checked that all other u-terms for both the tables are non-zero and so
the conditional models are hierarchical. Also, using (7) and (8), we get 712(1, 1) =0,
but 7123(1, 1, 1) # 0, which implies 712 = 0, but 7123 # 0. Hence, the full model is
non-hierarchical.

The above example motivates the following result.

Theorem 3 Consider the full and conditional models specified in (1) and (3), and
assume 1, # 0. Then the full model is hierarchical if and only if for each W C
{1,...,n — 1}, the u-terms satisfy either of the following two conditions:

(C0): uw(iwlin) # uw (wliny) forsomein, in, € =D uwliwlin) #
0.
(C2): (@ uw(wlin) = uw(iw), independent of i, € I, = uw (iw|in) =
uw (iw) is independent of iy, for all W > W.
(b) Also, uw(iw) =0in Cr(a) = uw/(iy) =0, forall W D W.

Remark 2 Tt is not necessary to check the Conditions (C1) and (C») for each W C
{1, ..., n — 1}. Indeed, the following procedure simplifies the task.
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Table 3 Number of accidents corresponding to the categories A, B, C and D

B 1 2
C 1 2 1 2

D D D D
A 1 2 1 2 1 2 1 2
1 8314 263 4188 50 42476 3440 19495 552
2 313 37 291 6 1841 383 1678 98
3 189 30 155 8 1214 290 1058 80
4 24 30 14 10 146 51 91 15

(i) Check first if the Condition (C») holds for sets W of cardinality unity. If (C>)
holds for some Wi, then it holds for all sets in D = {W/|W' D> W}.
(i) Repeat Step (i) for sets W ¢ Dy, with |[W>| = 2, and so on.

(iii)  Finally, for those W’s for which (C») is not satisfied, check for Condition (Cy).
If all those W’s satisfy (C), then the full model is hierarchical. If (Cy) is not
satisfied for some W, then stop the procedure and the model is non-hierarchical.

(iv) If, during the Steps (i)—(ii), the Condition (C3) is not satisfied for some W*,
then immediately check if W* satisfies (Cy). If W* does not satisfy (Cy), then
stop the procedure and the model is non-hierarchical.

We remark that, if the conditional Models (3) are hierarchical for each i,, € I,,, then
the Condition C7(b) is automatically satisfied. Therefore, there is no need to check
Condition C7(b).

We now apply Theorems 1-3, and the above procedure to analyze a real-life
example.

Example 3 The 4-dimensional contingency table (Table 3) is from Jobson (1992). The
accidents were classified according to the following characteristics:

A: Injury Level (None(1), Minimal(2), Minor(3), Major/Fatal(4)); B: Seatbelt Usage
(Yes (1), No(2)); C: Sex of the Driver (Male(1), Female(2)); and D: Drivers Condition
(Normal(1), Drinking(2)).

Table 4 gives the estimated values of u-terms for each level of A. These values are
calculated using layer tables. Also, the associated values of test statistic ( >-statistic)
and the corresponding p-values are also calculated using SAS.

Note that a small value of x? (or large p-value) indicates the corresponding interac-
tion parameter is zero. It is clear from the tables that u»3 and 134 can be taken to be zero
and hence are equal for each level of A. Therefore, from Corollary 1, 7123 = 71234 = 0.
Also, using (7), we get 703 = 1234 = 0. Thus, the highest non-zero interaction factors
for the full model are 7124 and 7134. It can be seen that W = {2, 3} satisfies Condition
(C»2) of Theorem 3. Also, the remaining sets {2}, {3}, {4}, {2, 4}, {3, 4} satisfy Condi-
tion (C1) of Theorem 3. Therefore, the full model is hierarchical with the generating
class G = {{A, B, D}, {A, C, D}}.
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Table 4 Estimated values of the

parameters using SAS Parameter(u) Levels Estimate Chi-square Pr > ChiSq

A=1

B 1 —1.0177 2517.82 < 0.0001
C 1 0.6193 932.35 < 0.0001
BxC 1,1 —0.0328 2.62 0.1055
D 1 1.7449 7401.87 < 0.0001
BxD 1,1 0.2255 123.57 < 0.0001
CxD 1,1 —0.2532 155.81 < 0.0001
BxCxD 1,1,1 0.00956 0.22 0.6374
A=2

B 1 —1.0818 349.74 < 0.0001
C 1 0.4185 52.34 < 0.0001
BxC 1,1 0.0545 0.89 0.3458
D 1 1.3034 507.73 < 0.0001
BxD 1,1 0.2008 12.05 0.0005
CxD 1,1 —0.3771 42.49 < 0.0001
BxCxD 1,1,1 —0.0595 1.06 0.3037
A=3

B 1 —1.0440 372.10 < 0.0001
C 1 0.3682 46.28 < 0.0001
BxC 1,1 0.0118 0.05 0.8269
D 1 1.1023 414.83 < 0.0001
BxD 1,1 0.0988 3.33 0.0678
CxD 1,1 —0.2842 27.58 < 0.0001
BxCxD 1, 1,1 0.00336 0.00 0.9505
A=4

B 1 —0.5767 60.72 < 0.0001
C 1 0.4168 31.71 < 0.0001
BxC L1 —0.00736 0.01 0.9207
D 1 0.3710 25.13 < 0.0001
BxD 1,1 —0.3427 21.44 < 0.0001
CxD 1,1 —0.1638 4.90 0.0269
BxCxD 1, 1,1 0.0239 0.10 0.7465

Observe that Theorem 3 is of rather practical importance. Based on the given condi-
tional data sets, we can first estimate the conditional interaction parameters, and then
using Theorem 3, we can check if the full log-linear model is hierarchical or not. Thus,
Theorem 3 is useful from the point of view of model selection for the full model.

2.3 Relationships between the conditional and the full model

In this subsection, we obtain the explicit relationships between the full log-linear
models and log-linear structures for the conditional/layer tables.
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Define, forany Z C V ={1,...,n},Vz =V \ Z and

1 (i7) = it o).

ev, 1 ijjevz

where the superscript #n denotes the dimension of the table.
Similarly, forany W € D = {1, ...,n — 1}, let Dy = D\W, and

=), | 1 . . .
by Vwlin) = = > 11 lin).
HjEDW J ij:jeDw

Obviously, the log-linear model for the full table, from (1), is

I Gy) =10, ... i) = D 2(iz)

zcv

and log-linear model for the conditional table, from (3), is

*n—1),. . . . . . .
Iy~ Vplin) =11, . intlin) = > uwiwlin).
WD

Observe that, if Y C V, it follows from (17),

[ Gy) =D tz(iz).

Vs g

15)

(16)

a7

(18)

19)

The following result gives the general relationships between the log-linear models
for the full table and the conditional tables. In particular, when A = D, the result (iii)

of Theorem 4 gives the explicit representation for the full log-linear model.

Theorem 4 Consider the log-linear models defined in (17) and (18). Let

D={l,....n—1},and A C D. Then

| e
() Iy" == D tnpln) +1 ™ Gglin)).
n —
inel,

Qi) 0" in) = In pGin) + Iy~ Giglin),

(i) 150, G in) = IV () = 1D Galin) = 19 iglin). and

O R I
() 1)~ = 5 > @ Gialin) =1 D Giglin),

in€ly,
where Ty ™ igin) = g iglin).

The proof of the above theorem is omitted in view of Theorem 8.
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Remark 3 The n-dimensional full model can be obtained from the conditional models,
if we also know the marginal distribution (i.e., In p(i,;)) of the conditioned variable.
Note also that the results in (iii) and (iv) hold for the layer tables also, when the
] A(ialin) is replaced by the corresponding quantity [ A(ia; iy). Thus, the above results
are also useful for analyzing full model in terms of the layer models. For example, these
results can be used to interpret various hierarchical log-linear models (see, Santner
and Dufty 1989, p. 154).

3 Log-linear modeling based on conditional (set of variables) structures

In the earlier sections, we analyzed log-linear models for conditional tables where
only one variable (X,,) is conditioned. However, there are many practical situations
where the data is obtained, when a set of variables is conditioned. For this case of
multiple conditional variables, Kim (2006) explored the relationship between condi-
tional graphical models and the full graphical model. In the same spirit, we analyze,
in this section, the full (general) log-linear model based on conditional structures
(models), when a set of variables is conditioned.

Consider an n-dimensional contingency table corresponding to the variables
Xi,...,X,,and V = {1,2, ..., n}. Also, let C be the set of indices of the conditional
variables. Let tz(iz) and uw (iw|ic) henceforth respectively denote the |Z|-factor
and |W|-factor interactions for the full and the conditional models. As seen earlier,
the log-linear model for full (n-dimensional) table can be represented as

Gy, in) = D T2(i7). (20)
zZcv
Assume hereafter, f_or sin}plicity, C = {d + 1,...,n} so that the support of

Xdg+1,.--, Xp)is Ic = Ij41 X --- x I, where I, = {1,..., It}. The_:n, the log-
linear model for the conditional table, for fixed level of X¢ = ic € Ic, is given
by

Wit - daliar, - in) = D uw(iwlic), 1)
wcD
where, here and henceforth, W is any subset of D = {I, ..., d}. Let the log-linear

model for the marginal |C|-dimensional table of the conditional variables be
Inpic) = D 8z(iz). (22)
zcC

We now introduce the following notation. Let C4 = C\ A, for A € C, and define
IZW| A as

1
> uwliwlic). (23)
H 1 ijjeCy

JECq

iwaliwlia) =
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When A = C, we get

aw|c(wlic) = uw(iwlic). (24)
Also, define TW‘ A as
TwiatGwlia) = D (=D iy Gwliv), (25)
YCA

where | B| denotes the cardinality of the set B. Note that iy 4 and TW| A are defined
for any subset W (including the null set) of D.

We now need the following result, known as M&bius inversion formula. For more
details, see, (Lauritzen, 1996, p. 239).

Lemma 1 Let f and g be functions defined on the set of all subsets of a finite set V.
Then

fA) =2 8@, foral ACV = g(A) =D (-D"7f(2),
ZCA ZCA
forall A C V. (26)

The next result is a generalization of Theorem 1, when a set of variables is conditioned.

Theorem 5 Consider the log-linear Models (20), (21) and (22), and let TW| A be
defined as in (25). Then,

() Taia) = 84Gia) + Tyaliplia), 27
for any subset A C C, and
(i) TwuaGiw, ia) = Twialiwlia), (28)
forw C{l,...,d}, W #¢,and A C C.
When A = ¢, Egs. (27) and (28) reduce to

Ty (ig) = 8p(ip) + Tpipiplip)
1
=T 7 Z {In p(ic) +ug(iplic)}, (29)

jec s ijjeC
and
1

twiin) = TwigGiwlip) = =——— Z uw(wlic). (30)
HjeC IJ ijjeC
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It is clear now that the t4-terms, A C C, can not be obtained based on conditional
u-terms only. Indeed, we need the knowledge of the marginal distribution of X¢ (or
the marginal interaction parameters) also. This is precisely reflected in (27). Observe
also that Eqs. (27) and (28) specify all the t-terms of the full model.

The following result, which is a direct consequence of Theorem 5, gives the con-
ditions under which a t-term is zero in the full model.

Corollary 2 Let A C C. Then, twua(iw,ia) = 0 if and only iffW|A(iW|iA) =0,
where W C {1,...,d}and W # ¢.

The following result, which is an analogue of Theorem 2 and easy to prove, gives
connections between the interaction parameters of the layer model and that of the
conditional model.

Theorem 6 Let In p(iy,...,iq;ic) = ZWg{l,...‘d} nw(iw; ic) denote log-linear
model for the d-dimensional layer table corresponding to level ic of Xc. Also, let the
conditional log-linear model for X1, ..., X4 be given by (21). Then,

nw(iw;ic) =uw(wlic) 3D

for each nonempty subset W of {1, ...,d}, and

ne(ic) = ug(iglic) +1np(ic). (32)

Next, we present a necessary and sufficient condition for the full Model (20) to be
hierarchical.

Theorem 7 Consider the full and the conditional models specified in (20) and (21).
Assume t4 # 0, forall A C C = {d + 1, ...,n}. Then the full log-linear model is
hierarchical if and only if for each nonempty W C {1,...,d}and ¢ # A C C, the
u-terms satisfy one of the following two conditions:

(C1): Twialiwlia) #0 = >~ uw(iwlic) # 0.
icele
(C2): (@) Twialiwlia) = 0 = Tyyaiwlia) = 0 forall W 2 W and
AC A’ C C; and 3
(b) Twialiwlia) =0 andziceic uw(iwlic) =0 = Tyna(iwlia) =
0 and Ziceic uw (iwlic) =0 forall W 2> Wand A C A’ C C.

Note that, if Condition (C») of Theorem 7 holds for some W C {1,...,d} and for
some A C C, then it is also true for all W D W and for all A’ D A.

Finally, we present the relationships between the log-linear model of n-dimensional
table and the conditional d-dimensional table, where d = n — |C|. Let, for A C C,

1
D st i) (33)
H 1 ij:jeCy

JeCy

I =
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and, for W € D ={1,...,d},

1 .
d d . .
IaGwlia) = > Iyetiwlic). (34)
1_[ J ij:jeCa
J€Ca
where,
+(d) 1 . L .
lyiclwlic) = > Inplii....daliati, ... i), (35)
H 1 ij:jeDw

J€Dw

and Dy = D\ W, as used earlier.

The next result is an extension of Theorem 4, for the case when a set of variables is
conditioned. As mentioned earlier, this result is useful to interpret various hierarchical
log-linear models also.

Theorem 8 Consider the log-linear Models (20) and (21). Then, for each A C C =
{d+1,...,n}

@ G =17 Ga) + 1D glia); and
Q) Ty Gw.in) — 1 Ga) = By Gwlia) — 0 Gglia),

where l¢>\A (iplia) = ugaiglia) and W is any nonempty subset of D = {1, ..., d}.

Observe that when W = D and A = C, we obtain the log-linear model for the full
table from Part (ii) of Theorem 8.

Appendix
Proof of Theorem 1. Note that, for each level of X,, = i,
l(ils ey in) = l(i], ey in—1|in) + lnp(in)-

Using (1) and (3), we get

> = DL uwliwlin) +1n plin). (36)
Z<(1,2,...,n) WC{1,2,..,n—1}
Summing over i}, for every j € {1,...,n — 1} and using (4), we obtain
T + Tn(in) = ug(iglin) +1n p(in), (37)

which proves Part (ii).
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Summing now over i, € I,,in (37) and using (4) again, Part (i) follows.
Substituting (37) in (36), we get

> ozl = DL uwliwlia)

Z<A{1,-,n} Wc{l,- ,n—1}
Z#¢p,Z#n W#¢

which is equivalent to

> {mwlw) +rwonliw. iy = D uwlwli). (38

WC(l, - ,n—1} WC(l, - ,n—1}
W#¢ W#¢
Summing now over i; in (38), forevery j € {1, ..., n}, except j = r # n, and using
(4), we get
(ir) = - > urGirlin) (39)
T (iy) = — uy(irlin)-
r\‘r In y r\¢tritn
inely
Similarly, summing over i in (38), for every j € {I,...,n — 1}, except j = r, and

using (4) gives,

Trun (s in) = Uy (ir|in) — 70 (). (40)

Since r is arbitrary, Eqs. (39) and (40) prove Parts (iii) and (iv) respectively for the
subset W with |[W| = 1.
Assume now

1
mwiw) = - Z uw (iwlin); and (41)
inel,
Twun(w, in) = uw (wlin) — Tw(iw) (42)

are true for any subset W with [W| < ¢, where | <t <n — 2.
Let B C {1,...,n — 1} be such that |[B| = ¢ + 1. Summing over i; in (38), for
every j € {1,...,n}\ B, and using (4), we get

> twliv) = Ii >0 > uwliwlin),

WCB inel, WCB
W W

which, using the assumption (41), gives

1
wp(in) = 7 > u(inlin).

n = -
inely
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Also, summing now over i; in (38), forevery j € {1,...,n — 1} \ B, and using (4),
we get

D {ewliw) + twonliw, i)y = D uw(iwlin)
WCB WCB
W#¢ W#¢

which, using (42), leads to
T8(ig) + TBUN(iB, in) = up(ipliy).

Thus, (41) and (42), are true for W = B also. By induction, Parts (iii) and (iv)
follow. O

Proof of Theorem 3. First suppose that the Model (1) is hierarchical. We need to show
that either (C1) or (C7) holds. Consider now uw (iw|i,), where W is any subset of
{1, ...,n — 1}. Then either

uw (iwlin,) 7 uw(iwlin,) for atleast one pair (i, in,) 43)

or

uw (wlin) = uw (wliny) forall (in,in,). (44)

Suppose now (43) holds. In this case, we show (C1) holds. Suppose now

> uwliwlin) =0. (45)

in€ly,

Then, using Corollary 1, the Eq. (43) implies twu, # 0. Also, (45) and (7) imply that
tw = 0, which contradicts the assumption that the full model is hierarchical. Thus,
(C1) holds.

Suppose, instead of (43), (44) holds. Suppose there exists a set W' D W for which

ww(iwling) # uw @wlin,) for someiy,,,i,, € I,.

Using Corollary 1, the above equations imply that Ty, = 0 and Ty, 7# 0, contra-
dicts the assumption. Therefore, (Cz(a)) holds.

Finally, let uw (iw) = 0. Suppose there exists a set W > W for which uy (i) #
0. Then, from (7), tw = 0 and 7y # 0. Again a contradiction arises. Hence, (C2 (b))
holds.

Conversely, let Condition (Cy) or (C3) holds for each W C {1,...,n — 1}. Sup-
pose the model is non hierarchical. Then, for W € W/ C {1, ..., n — 1}, one of the
following three conditions must be true.

(a) w = 0, but Tw’ # 0.
(b) Tw =0, but Ty, # 0. (46)
(C) TWun = 0, but TW'Un 75 0.
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Suppose (a) holds. Then, from (7), we have

> uw(iwlin) =0, and (47)
inel_;1
D uwliwlin) #0. (48)
in€ly

Note that (47) is true under one of the following two cases.

6) uw (iwlin,) # uw (iwlin,), for some iy, i, € I,; or (i) uw@iwli,) = 0 for
eachi, € I,.

If (i) holds then, using Condition (Cy), Zin e,
(47). Note also that uw (iwlin,) # uw(iwlin,), for some iy, ,i,, € I_n, shows that
Condition (C3) can’t be satisfied.

If (ii) holds, then using Condition (C3 (b)), uw(iw|in) = 0, for each i, € I, and
W’ > W. This contradicts (48). Since uw (iw |in,) = uw (iwlin,), foralliy,, iy, € I,
Condition (C) can not be satisfied. Hence, (a) does not hold.

Similarly, if (b) is true, then, from (7), Ty = 0 implies Zi,, cl, uw (Awlin) = 0.

uw (iwlin) # 0, which contradicts

Also, using Corollary 1, Twy, 7 0implies that there exist at least one pair iy, iy, € I,
for which uw (iwlin,) # uw (iwlin,) which contradicts Condition (Cy). Therefore,
(b) can not hold. Also, since uw (iwlin,) # uw (iwlin,), Condition (C2) can not hold.

Assume now Condition (c) of (46) is true. Then, from Corollary 1, we have
uw (iwlin)) = uw(iwlin,), for all in iy, € Iy but uw (@wlin) # uw @wlin,)
for at least one pair iy, , i, € I,,. This contradicts Condition (C>). Since uw (iw|i,) =
uw (iwlin), Condition (C7) can not be satisfied. Therefore, (¢) does not hold. Thus,
we have shown that none of the Conditions (a)—(c) holds. This is equivalent to saying
that the full model is hierarchical. This completes the proof. O

Proof of Theorem 5. First note that,
LG, ... ip) =1, ...y dglic) +1n p(ic). (49)

Substituting (20) and (21) in (49), we get

> i = Y. uwlwlic) +1nplc). (50)
Z<(1,2,...,n) WC(l,2,....d)
Summing over i}, for every j € {1, ..., d} and using (4), we obtain
> tz(iz) = ugliglic) +In plic). (51)
zce

(i): Now from (22) and (51), we get

> rzliz) = 82(i2)) = ug(iglic).

zce
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Summing overi; : j € C4 = C \ A and using (4), we get
: : 1 - S .
Z{Tz(lz) —0z(iz7)} = =—— Z ug(iplic) = ugja(iplia), (using (23))
e, 1 ; 4
ZCA J1€Ca ) i jeCy

for every A C C. Using now Mobius inversion given in (26), we get

Talin) = 8aGa) + D (=D iy 7 (igliz)
ZCA

=8a@in) + Tpialiglia).

This proves Part (i).
(i1): Substituting (51) in (50), we get

> win= D, uwlwlic)

Zc(l,...,n} Wc(l,....d}
zgc W#d

which can be written as

> D wowliviw) = D uwliwlic). (52)

Wc{l,....d} YCC Wc{l,...,d}
W#p W#p

Let A be an arbitrary subset of C. Summing over i}, for every j € C \ A in (52), and
using (23), we get

> D wuwliv.iw) = D Gwaliwlia). (53)

WCHl,...d) YCA zc(l,....d)
W ¢ Z#¢

Using the arguments similar to the proof of Theorem 1, we get

> wowliy,iw) =dwialiwlia), YW CS{l,....d}, W#¢.  (54)
YCA

Since (54) is true for all A € C, we get by Mobius inversion formula (26),

Taow (iasiw) = D (=D iy Gwliy).
YCA

The proof of Part (ii) now follows from (25). O

Proof of Theorem 7. First suppose the Model (20) is hierarchical. We need to show
that either (C1) or (C2) holds. Consider now w4 (iwlia), where W € D and A C
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C, A # ¢. Then either
() Twialiwlia) #0 or (i) Twjaliwlia) = 0.

If (i) holds, we need to show that Ziceic uw (iwlic) # 0. Suppose now

D uwliwlic) =0. (55)

icel_c

Using Corollary 2, we get, from (i), twua 7# 0. Also, (30) and (55) imply that tyy = 0.
This contradicts that the full model is hierarchical. Hence, Condition (C) holds.

Assume next (ii) holds, which implies, using Corollary 2, T4 = 0. Suppose now
(Cz(a)) does not hold. Then TW/‘A/ # 0, for some W 2> W and A" O A, which,
using again Corollary 2, implies that tyy4 # 0, which shows that the full model is
non-hierarchical. Hence, (Cz(a)) holds.

The proof of (C» (b)) follows similarly.

Conversely, let foreach W C {1, ..., d} and for each nonempty subset A C C, the
Conditions (Cp) or (C2) hold. Suppose that the full model is not hierarchical. Then
there must exist at least one W for which one of the following conditions must be
satisfied.

(a1) tw =0, and Ty # O,
(a2) Tw =0, and twua # 0,
(a3) twua =0, and tyruar # 0,
forACBCCandW C W C{1,...,d)}.
Suppose (ay) is true, which, using (30), is equivalent to

> uwliwlic) =0, (56)
iceic

> uwliwlic) # 0. (57)
iceic

Suppose now W satisfies (C). Then Ziceic uw (iwlic) # 0, which contradicts (56).
Therefore, Condition (C;) can not hold. Similarly, if W satisfies (C2), then (C2 (b))
and (56) imply that > ; ceie uw wlic) = 0, which contradicts (57). Therefore, W
does not satisfy (C») also. Hence, Condition (a;) cannot hold.

Next suppose (a2) is true. Then, from (30), we have uw (iwlic) = 0. Also,

icelc
twua # 0 and Corollary 2 imply TW‘A(iwliA) # 0. This shows Condition (Cy)
cannot hold. It is clear that Condition (C») is not applicable for this case. Hence, (a2)
does not hold.

Finally, suppose (a3) holds. Then, from Corollary 2, TW| Aliwlia) = 0. Also,
twua’ 7 0 and Corollary 2 imply that TW/‘A/ (iwlia’) # 0. Hence, (C2) cannot hold.
Obviously (Cp) also does not hold if (a3) holds.

Thus, none of the Conditions (a;)—(a3) holds. Therefore, the full model is hierar-
chical. This completes the proof. O
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Proof of Theorem 8. Recall from (51),

> taliz) = ugicliglic) + I~ i)
Z<{d+1,...,n}

Summing overi; : j € Cy4, we get

1 T(n— .
Zrz(iz)zﬁ > lugicliglic) +1¢ ()]

ZCA JECA T j:jeCy

= digialiglia) + 15 Vi) = l;fi) (iglia) +15 (),

using (34). This proves Part (i).
Next, it follows from (19),

lN(an_)A(iWsiA): Z 72(i7)

ZCWUA

Z Z tyuz(iy,iz)

YCW ZCA

Z Z tyuz(iy,iz) + Z 17(i7).

YCW ZCA ZCA
Y#$

Using (54) and (19), the above equation becomes

E uy|a(iylia) + ZXI)(I'A)
Yow
Y#¢

d) . . d),. . 7 .
it Gwlia) = 19 Gglia) + 137 (a)

[(W")UA(I'W, i)

which proves Part (ii). m]
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