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I. INTRODUCTION

For most survey questionnaire forms (especially those administered by an
interviewer) questions are not asked in a strictly linear fashion. For
example, if the response to some question is "YES", the interview will follow
it with a question different from that were the response “NO". If the
questions on a survey form are numbered sequentially, Ql, Q2,...,QN, then one
fully completed response form might Took Q1-Q5-Q7-Q12-Q50 and another might
Took Tike Q1-Q8-Q12-Q39-Q50 where N=50. The remaining questions in each case
are not missing in the usual sense of missing data, but were not asked and are
“not applicable" based on the responses provided at an earlier stage and on
the underlying structure of the questionnaire. These diverse patterns of
response and interrogation are frequently referred to as skip patterns.

oA natural mathematical structure for the analysis of skip patterns and
underlying structure of questionnaires is the directed graph. In this paper,
we will exploit the graph theoretic structure inherent in questionnaires in
order to adjust for missing data: that is, we attempt to recognize questions
that should have been answered but were left blank and based on the pattern of
responses, differentiate them from non-applicable questions.

In Section II, we introduce basic definitions and terminology of graph
theory, establish results that will be needed in the later sections when
applying graph theoretic analysis to questionnaire forms, and provide
examples. In Section III, we show how a questionnaire can be viewed as a
graph and examine its properties from this perspective. In the remaining
sections, we show how this structure can be employed to impute for missing
data, analyze skip patterns, and edit questionnaires. In Section IV, we
describe two computer programs that implement the techniques developed in the
earlier section, and Section V is a summary. In Appendix I and Appendix II we
provide samples of output from the computer program based on examples
discussed in this report.



I1. DIRECTED GRAPHS

A. Basic Definitions and Examples

A (directed) graph is a pair G = (N,A) where N is a finite set, call the

set of nodes, and A is a set of ordered pairs of nodes whose elements are
.) where n; and n; are

called arcs. A typical arc, a, is written as a = (”i’ n; i

in N. We say that a is an arc from node n; to node nj and that n, and nj are

the endpoints of a.

Example 1:

In this graph, the node set is N = {m,: i=l,...,11} and the arc set

is {Qj: j=1,...,15}. Note that §9= (m5, m9) and also note that (m3, mg) is

an arc but (mg, m3) is not an arc.



A chain (of length r) is a sequence of arcs and nodes;

N, 3 8 s N 5 @8 4 N 566053, 5 N ; such that the endpoints of a are
ki —kl k2 _kZ k3 _kr kr+1 _ki

n, and n for i=l,...,r. In Example 1, the sequence: my, b,,

ki k1.+1 1» 22

m3, 96 s Mg, 910 s Mg is a chain. We will at times refer to this chain as a

set of nodes: { Mys Mgy Me, Mg } or as a set of arcs: {92, 96’ 910}

depending upon the context. The node nkl (resp., arc Ekl ) is called the
initial node (resp., initial arc) of the chain and the node nkr+1 (resp.,
arc 3, ) is called the terminal node (resp., arc). In the chain above, my is
the in?tia] node and mg is the terminal node, and 92 is the initial arc

and 910 is the terminal arc.

. A path is a chain in which all nodes are distinct, and the example of a
chain above is also a path. A graph in which every chain is a path is called
acyclic, (that is, the graph contains no cycles). A path properly contained
in no other path is called a maximal path. That is, m3, mg mg is a path which
is not maximal yet my, m3, mg, mg, my;; s a maximal path. We end with one
crucial assumption: for all graphs to be considered here, there exists a
unique node ng and a unique node ny such that every maximal path has ng as
initial point and ny as terminal point. In terms of Example 1, m; is our
unique initial point, and my; is our unique terminal point. These points will
be called, respectively, a source and a sink, and throughout this report, we
will deal exclusively with acyclic directed graphs with a source and sink, see
[2]. For the purposes of this report, we will call the source our initial

point and the sink our terminal point.

If n; and n; are nodes (resp., a; and a; are arcs) of a graph, and if

1 J J
there exists a path with initial node n; (resp., arc 3;) and terminal node n;

(resp., arc a;), we say we have a path from n; to n; (resp., a; to EJ)‘ If we

J
have a path from n. to n. (resp. to a.) we say that n, preceeds nj (resp.

i i 34 j

3 preceeds Eg) and that nj succeeds nj. If there is an arc from n; to njs we

say that nj is an immediate predecessor to nj and that nj is an immediate

successor to nj.



Definitions: Let G = (N, A) be a graph and let neN, then

(a) the (node) cover of n, denoted by CN (n), is the set of immediate
successors to n,

(b) the lower (node) ideal of n, denoted by LN (n), is the set of

successors to n along with the node n itself,

(c) the upper (node) ideal of n, denoted by Uy (n), is the set of
predecessors of n along with the node n itself,

(d) the (node) ideal of n, denoted by BN (n), is the union of LN (n) and
UN (n).

-

Definition: Let G = (N,A) be a graph and let a ¢ A, then

(a) the (arc) cover of a, denoted by Cp(a) is the set of immediate

successors to a,

(b) the lower (arc) ideal of a, denoted by La(a), is the set of
successors to a along with the arc a itself,

(c) the upper (arc) ideal of a, denoted by UA(E)’ is the set of
predecessors of a along with the arc a itself,

(d) the (arc) ideal of a, denoted by BA(E), is the union of Lj(a) and

Notation: When G = (N,A) is a graph, we will denote the cardinality of N by N
and the cardinality of A by A.

Example 2: Referring to the graph of Example 1, we have
my) = Amygs My

Ly(mg) = {myy myg, My}



m7) = {ml, Mmys m7}

By(my) = {mys mps moy myp, My, )

Calbg) = {byg}

Lallg) = (Bgs By}

Unllg) = {Bys Bps Bys bgs Byl
BplRg) = 1015 Bpa Bys Bgs Bgs Byy)-

B. Representing Graphs by Matrices

If G = (N,A) is a graph, we can represent G by a matrix, cy, often called
the (node) incidence matrix. This matrix is square, the rows and columns are
both indexed by N, and

1 if there is an arc from node ny to node n,
cy(i,3) =§1 if i=j J
0 otherwise.

Thus, for the graph is Example 1, cy is:

m mp M3 My Mg Mg My Mg Mg Mg My



For an arbitrary node, n, the cover of n, CN(n) corresponds to the positive
positions in row n of (cN-I) where I is the MxN identity matrix. We can also

define an (arc) incidence matrix of G, cp, as the square matrix whose rows and

columns are indexed by the arcs of G. We define

1 if the terminal node of arc a,

is the initial node of arc gd1

cpling) =1 =)
0 otherwise.

For the graph in Example 1, we obtain the following arc incidence matrix
below. As with the node incidence matrix the cover of arc a corresponds to
the positive elements in row a of (cA-I) where I is the AxA identity matrix.
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Arc Incidence Matrix for Example 1

S
Py
A
Al
Y
Y
Iy

A

|
al
a1
A1
Sl

y

S I3 88538355

2

fal

by3
D14

bys



If G = (N,A) is a graph, we can also represent G by a matrix, bys often
called the (node) ideal matrix. The matrix is square, both rows and columns

are indexed by N, and

1 if node ni preceeds node nj
by(i,3) = |1 i=j
0 otherwise.

Thus, for the graph in Example 1, by is:

m m m3 mg m5 Mg My mg Mg Mg M]

my 1 1 1 1 1 1 1 1 1 1 1
my 1 1 1 1
my " 1 11 1 1
My 1 1 1 1 1
mg 1 1 1
Mg 1 1 1
my 1 1 1
mg 1 1 1
mg 1 1
M1 1 1
myq 1

For an arbitrary node, n, the lower ideal, Ly(n) corresponds to the positive
positions in row n and the upper ideal, UN(n) corresponds to the positive
entries in column n.

We can also define an (arc) ideal matrix, by, which is also an upper
triangular square matrix whose rows and columns are indexed by the arcs of
G. We define

1 if arc a, proceeds arc gj
bA(i,j) = {1 if i=j
0 otherwise.



For the graph in Example 1, we obtain the arc ideal matrix below. As with the
node matrix for an arc a, the lower arc ideal corresponds to the positive
entries in row a, and the upper arc ideal corresponds to the positive entries

in column a.
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Arc Ideal Matrix for Example 1

i Lo I | Lo I ] |
) L | L I | i
veud L) —t
L] i L)
L] vt L)
- -
- vt )
i i
) i
=i
=it
|
)

-t

A &8 8 S & &8 & bm. S bﬂ bM bM bm



Remark: Starting with the cover matrix, Cy» One can easily derive the ideal
matrix, by. If we let C be the NxN matrix:

o {1 if éxzi,j) > 1
C(i,3) = 0 otherwise ,

(N)

it is not hard to show that by = C, where N is the number of nodes and c N
is the Nth power of cy.
One can, however, introduce a number of programming simplifications. If

we let D(l) = Cp» and

1 if (c‘ND(k))(i,j) > 1

D (i,3) =
(k+1) 0 otherwise,

for k=1,...,N-1, one observes that by = D(y). Thus, we reduce the problem of
finding by to one of multiplying two zero-one matrices. Note further that if
we had let k above range from 1 to M where M N, then D(") = D("+1).
Accordingly, we could have defined E(k) to be a family of NxN zero-one
matrices where E(l) = ¢y and

1 if (E(k)E(k))(i,j) > 1

E(k+1)(1’J) 0 otherwise.

If k > 1092N, then bN = E(k)' Thus we need only form E(k+1) for k between 1
and K where K is the smallest integer greater than or equal to logy N. For
example, if there were 1000 questions on a questionnaire, we would only have
to perform 10 multiplications. More typically, if a questionnaire has only 64
questions, we would have to perform only 6 multiplications. Of course, since
we are only dealing with zero-one matrices considerable reductions can be
realized through bit minipulation and other simplifications. The point is
that by merely entering the cover matrix, one very easily can obtain the node
ideal matrix, by. Similar observations apply to the arc cover and ideal
matrices.
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Remark: It can be conceptually convenient to think of the (node) bi-
ideal matrix, JN, of a graph G. The matrix, JN, is a square matrix, both rows

and columns are indexed by N, and

1 if bN(i,j) =1 or bN(j,i) =1
Jy(is3) =
0 otherwise.

Note that JN is a symmetric matrix and that node i is in the ideal of node j
if and only if, JN(i,j) # 0.

If {!i} is a finite set of zero-one vectors (that is, each component
iel
is a zero or one) and v5 = (V41sV42s-++sViN)s we can define the

product 1 Vs to be the zero-one vector u = (“1"°"“N) where uj= n Vij for
iegl iel
all j=1,...,N. If r; denotes the jth row of the node bi-ideal matrix, Jy,

then the non-zero elements in the vector rs correspond to nodes in the ideal

of node ni. If {ni}isl is a set of nodes, then the non-zero coordinates

of T rn corresponds to nodes in all of the ideals BN("i) for iel . That
iel i
is, if {ni} is an arbitrary set of nodes, then f\BN (ni) corresponds to
jel iel
coordinates equal to one in each of the rows r, . Identical considerations
— i

apply in finding the intersection of a set of arc ideals as well as upper and

Tower ideals.

C. Further Definitions Needed for Skip Patterns

Definition: Let G = (N,A) be a graph, M N, and S A, we say that S is a

consistent set of arcs if a e Ba(b) for all a,b ¢ S. We say that M is a

consistent set of nodes if m ¢ BN(n) for all m, n € M. A set of arcs or nodes

that is not consistent is called inconsistent.
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Example 3: Referring to the graph of Example 1, the set of arcs

b

5= B30 Byyr Byed

11°

is not consistent, but the set

S = {92 ’ 95 3 99’ 914}

is consistent.

If S is a consistent subset of arcs, one can order the elements of
S = {s,| =i=1,...,n} such that s; proceeds S;,) for i=1,...,n-1. For any
k=1,...,n-1, if the terminal point of Sy is different from the initial point
of Skl there exists a chain of arcs 54,...,£nk such that the initial point of
Yy equals the terminal point of s,, and the terminal point of E“k equals the
initial point of S,.q. Thus, every consistent set of arcs can be embedded in
a chain C. If either the source or sink of G is not in C, we can form a chain
from the source to s, and a chain from Sq to the sink thus embedding the
original consistent set of arcs in a maximal chain. Thus we have shown the

following.

Proposition 1: Let G = (N,A) be a graph and S C A. The set S is consistent
if and only if there exists at least one maximal chain containing S.

Definition: If G = (N,A) is a graph and SC A, define

B(S) = N BA(§).
seS

Example 4: Referring to Example 1, let

b

S = {b _14}. .

=2

b., b, b, b b

Then B(S) b1y}

{92’ _5) _6’ _9’ _10’

and B(B(S)) = {b

b2* 21a}-



Remark:
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The set B(S) need not be consistent even if S is consistent as can be

seen from Example 4.

Proposition 2: Let G = (N,A) be a graph and S C A.

(1)

(i1)

(iii)

(iv)

Proof:

B(S) consists of all arcs a € A such that {a, s} is consistent for
all s € S.

If S is consistent, the B(S) consists of all arcs a ¢ A such
that {a} U S is consistent.

If S is consistent, then for a e B(S) there exists a maximal chain
containing {a} U S.

The set S is consistent if and only if S CB(S). Accordingly, every
maximal chain containing S is contained in B(S).

If a ¢ B(S), then a ¢ BA(§) for all s ¢ S, so {a, s} is
consistent. If {a, s} is consistent for all s ¢ S, then a € By(s)
for all s € S so a e B(S).

Follows from (i).
Follows from (ii) and Proposition 1.

If S is consistent, and t ¢ S, then {t, s} is consistent for all
seS,soteB(S)by (i). If SCB(S) and s, t € S, then {s, t} is
consistent since t e B( ) 5 hence t ¢ BA(§) . The Tlast assertion

follows from (i).

Proposition 3: Let G = (N,A) be a graph and S A be a consistent set of

arcs. The set B(S) is consistent if and only if B(S) is a maximal chain. In
this case, B(S) is the unique maximal chain containing S.



-13-

Proof: Assume B(S) is consistent and let C be a maximal chain containing
B(S). Since S is consistent, S CB(S) and so S Z C. Hence, C C B(S) by N
Proposition 2 (iv), thus C = B(S). Going the other direction, we need only
note that every chain is consistent.

Lemma 1: Let G = (N,A) be a graph and E CF C A.

(i) B(F)C B(E).
(ii) If F is consistent, then E is consistent and F C B(E).

(1) B(F) = M BA(f) cnNn BA(e) = B(E) .
feF eck

The containment holds since the index of the second intersection is a
subset of the index of the first

(ii) It is clear that E is consistent. Thus E C B(E) (Proposition 2,
(iv)) and F CB(F) by (i) above.

Proposition 4: Let G = (N,A) be a graph and S C A. Then

(1) S CB(B(S)),

(i) B(S) = B(B(B(S))) ,

(iii) if S is consistent, then B(B(S)) C B(S).
Proof:

(i) q e B(B(S)) if {t, g} is consistent for all t ¢ B(S) . But,
if s e S, then {s, t} is consistent for all t € B(S) . Thus
s € B(B(S)) and so S C B(B(S)).

(ii) By (i) and the Lemma, B(B(B(
subsets T C A, letting T = B
The result follows.

)) ©B(S). Since T< B(B(T)) for all

S)
(S), we have by (i) B(S) < B(B(B(S))).
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(iii) Since S is consistent, S € B(S), so B (B(S)) <€ B(S) by the Lemma.

Proposition 5: Let G = (N,A) be a graph and S € A, The set S is consistent

if and only if B(B(S)) is consistent.

Proof: If B(B(S)) is consistent, then according to Lemma 1 and Proposition 4,
S is consistent since S CB(B(S)). If S is consistent, then B(B(S)) < B(S)
by Proposition 4. Let 91’ 92 e B(B(S)). Since gle B(S) and

925 B(B(S)), {gl, 92} is consistent. That is, B(B(S)) is consistent.

Proposition 6: Let G = (N,A) be a graph, S CA a consistent set of arcs, and

c* the family of all maximail chains containing S. Then

h CeC
(i) N, C = B(B(S)) .
CeC
Proof

(i) Follows from Proposition 2, parts (iii) and (iv).

(ii) Let C ¢ c*. By repeated applications of Lemma 1, we have B(B(S))C
B(B(C)). Since C is a maximal chain, by Proposition 2, we have C =
B(C) = B (B(C)); that is,

B(B(S))S n,C.
CeC

Let ¢ ¢ N ,C, and let b e B(S) be arbitrary. There exists a chain containing

T CeC *
b and S, so {b} US is consistent. Thus, there exists a chain C; ¢ C such

that {g} Uus CZC1. But Ce C1 and hence {b, c} is consistent. Since
b ¢ B(S) was arbitrary, ¢ ¢ B(B(S));, hence

N .C CB(B(S)) .
CeC
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Corollary: Let G = (N,A) be a graph and let S CA be a consistent set of
arcs. Then B(B(S)) consists of those arcs that must be in every maximal chain
containing S.

Definition: Let G = (N,A) be a graph and SC A. Define P(S) to be the set of
nodes occuring either as an initial or terminal point of some arc in S.

Proposition 7: Let G = (N,A) be a graph and SC A a consistent set of arcs.

Then P(S) is a consistent set of nodes and every node in P(B(S)) is consistent
with every node in P(S).

Proof: Clear.

Example 5: Referring to Example 1, let

S {b,, b.,}.

220 214
and P(B(S)) = {mys Mgy Mg, Mey Mg, Myg} o

Definition: Let G = (N,A) be a graph and SC A be a consistent set of arcs.
We say that weN is a waist point of G if every maximal chain in G contains

w. We say that wseN is a waist point of S if every maximal chain containing S
also contains Wg. We denote the waist points of G by W(G) and the waist

points of S by W(S).

Remark: Looking ahead to the graph drawn in Figure 2 (page 26), the only
waist nodes (other than the source and sink) are node m1 and my3e

Lemma 2: Let G = (N,A) be a graph and let C be a maximal chain in G.
Denoting the points of C by P(C), then

A P1,(s)) = P(C) .
seC
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Proof: Let peP(C) and let t = (p,q) € C. Then {s,t} is consistent for
all s eC,s0tely(s) forall seC,sote N P(I(s)) , hence
seC

N P(IA(§)) DP(C).
seC

To go the other way, assume p € N, p£P(C). After relabeling, represent the
chain C by the sequence of nodes and arcs: N> 21 Nos Boseeesdy 15 Nis where
a; = (nj, nj4) for i=1,..,k-1. Note that both CNUy(p) and CNLy(p) are non-

empty. Let
a = Max{‘i|ni€CﬂUN(p)}
8 = Min {'i|n1.sCr|LN(p)}-

Since G is an acyclic directed graph, o < B8 and we consider the arc

a = (na, n Yo We will show that p £ P(IA(ga)) by writing

a+l

P(IA(a )) = UN(nG)ULN(na+1).

-0

If p were in UN(na), then n, e LN(p), which is impossible since
a<B = Min{ilnisC(ﬁ LN(p)}.

If p were in LN(na+1), then N+ € UN(p), which is impossible since

+

atl>a = Max{ilnieC F\UN(p)} .
Thus, p # P(I,(@a ), sop g N P(I,(s)). Hence N P(I,(s)c P(C).
A'za A= A=
seC seC

Theorem 1: Let G = (N,A) be a graph and let C* be the family of maximal
chains in G. Then

M(G) = N, P(C) = N P(I(s)).
CeC seA

Proof: The first equality is the aetinition of W(G), so we need only show the
second.
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let pe N, P(C), and let s ¢ A be arbitrary. Since Ij(s) contains at
least one maxTH1 chain, Cy, p e P(Cy) C?P(IA(§)), and since s was arbitrary,

n ., P(CYC n P(IA(§)).
CeC SeA

Let pe N P(IA(§)) and let C1 be an arbitrary maximal chain. Then
seh

N P(I,(s))C N p(I,(s)) = P(C,)
SeA A*= §eC1 At= 1

by Lemma 2. Since C1 was arbitrary.
n P(I(s)C N, P(C)
Seh CeC

and Ehe resuit is proven,

Lemma 3: Let G = (N,A) be a graph, SC A a consistent subset of arcs, and C a
maximal chain containing S. Then

N [P(IA(s) N P(B(S))] =

seC seC

1\
©
—
—
3>
—
wm
e
S
.

Proof: Note first that

N [P(I,(s)) N P(B(S))] = P(B(S))n N P(I14(s)) .
§eC seC

But

since

by Proposition 2(iv).

Theorem 2: If G = (N,A) is an acyclic directed graph with a source and sink
and S C A is a consistent set of arcs, then P(S) C P(B(S)) and
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GS = (P(B(S)), B(S)) is an acyclic directed graph with source and sink which
is a subgraph of G = (N,A). Furthermore, G and GS have the same source and
sink. The node incidence matrix of Gg 1s the node matrix of G with rows and
columns deleted corresponding to nodes not in P(B(S)). The same applies to
the arc incidence matrix. The waist points of Gg correspond to the waist
points of S.

Theorem 3: Let G = (N,A) be a graph, S C A a consistent subset of arcs, and
c* the family of maximal chains containing S. Then

M(S) = N, P(C) = N P(I(s)).
CeC seB(S) -

*
Proof: By observing that CC B(S) for all CeC , this theorem then can be
proved in a manner similar to the proof of Theorem 2. An alternate approach

is to appeal to Theorem 2 and view this result as a corollary.

Remark: It is Theorem 3 that provides a computationally efficient procedure
to find all the waist points of a consistent set of arcs, S. Instead of
considering all maximal chains containing S, one needs only consider rows and
columns of the ideal matrix b, of G corresponding to elements of S.

Remark: The results in Theorems 1 and 3 and some of the preceeding discussion
might suggest that if S is a consistent set of arcs then

O p(I,(s)
seB(S)
is equal to
PLN IA(§)] .
seB(S)

This is not the case however as has been seen from the following example. Let

G be represented by the graph:



&

&

Let the consistent set S = {gl}, so B(S) = A, the full arc set. Then

N P(I,(s)) = {ny, n,, n;}
and

P( N I,(s)) = {n;, n,} .

§sB(S) A'- 1 2

Remark: Let G = (N,A) be a graph and let SC A be a consistent set of arcs.
We can think of B(S) as the saturation of S and

65 = (P(B(S)), B(S))

as the localization of G at S. There is a one-one, onto correspondence

between the maximal chains of G containing S (hence contained in B(S)) and the
maximal chains in GS. In particular, if S is a maximal consistent set of
arcs, then Gg consists of a single (maximal) chain.

Remark: If G = (N,A) is an acyclic directed graph with source and sink, we
can induce a partial ordering on the arcs of G. We say that for a, b ¢ A,



-20-

Viewed this way, a set of arcs S C A is consistent if and only if all elements
of S are comparable under the partial ordering. Furthermore, each element of
B(S) is comparable with every element of S and every subset of A all of whose
elements are comparable with S are contained in B(S).

Remark: It is quite easy to determine if SC B(S) by examing zero-one
vectors; and hence, whether a set of arcs is consistent. In addition, given a
set of arcs, S, one can easily find P(S), P(B(S)), B(B(S)) as well as all
other constructs needed for the skip pattern analysis by using the rows and

columns of the ideal matrix manipulating zero-one vectors.

IIT. GRAPHS AND QUESTIONNAIRES

A. Deriving a Graph from a Questionnaire

In most survey questionnaire forms, questions are not answered in a strictly
linear fashion. That is, based on the response to a question, if the
respondent answered one way he/she would be asked one subsequent question yet
if he/she responded differently the respondent would be asked a different
following question.

Example 6: (Taken from Wave I Questionnaire from the Survey of Income and
Program Participation):

Question 3a. Responses
Were there any weeks in the - Yes (Skip to 3c)
4-month period when ... wanted a job? - No (Skip to 9a)

The rules guiding the sequence of questions asked based on responses furnished
is often referred to as a skip pattern. In the analysis of a questionnaire

both for purposes of design and subsequent data analysis, the underlying skip
pattern plays a major role. In this report, we will show how the analysis of

a questionnaire skip pattern can be used in the area of edit and imputation.

1
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Our first objective is to show how a questionnaire can be represented as
an acyclic (directed) graph with source and sink. For each question on a
questionnaire we associate a node in an associated graph, that is,
if {Qi} i=l,...,n is the set of questions, we have a set of nodes,
{Ni} i=l,...,n Where question 01 corresponds to node Ni' If some response to
question Qt allows a set of questions {Qs}SES to be asked next, we set up the
arc from node Nt to each node {NS}SeS'
question Q. with an arc from node N.. In order to make this correspondence

We identify each possible response to

complete, we must introduce one "dummy question" on the questionnaire. This
dummy question will require no response, and it is viewed as following all
otherwise final questions on the questionnaire. That is, if any question has,
in fact, no follow-up on the questionnaire itself and would terminate an
interview, we act as if after asking a terminal question we "skip" to the
dumgy question. By adding this dummy question, we have a map from the set of
questionnaires to the set of acyclic directed graphs having a source and sink,
where for each questionnaire, questions correspond to nodes and response
choices correspond to arcs. The first and last questions correspond to the
source and sink (initial and terminal node) of the graph. We will have
exactly one more node on the graph than questions on the questionnaire (due to
the dummy question corresponding to the terminal node).

For each question there may be several responses that require the same
"next" question to be asked. When this occurs, we treat each of these
responses as being equivalent and recode them to so indicate. Thus, in the
map from questionnaires to graphs as described above each equivalence class of

responses corresponds to a single arc and questions correspond to nodes.

Example 7: (Taken from Wave I Questionnaire from the Survey of Income and
Program Participation)

Question R11 Responses
What is ...'s martial status? -- Married (Skip to 17)
-- Widowed (Skip to 19a)
-- Never Married (Skip to R12)
-- Divorced (Skip to 18)
-- Separated (Skip to 18)
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Note that responses "divorced" or “separated" both direct next asking question
Question 18, and are treated as equivalent for skip pattern analysis. They
both correspond to the arc from Question R1l to Question 18.

Example 8: The following is a slightly modified extract from the 1979
Research Panel, Income Survey Development Program (ISDP) questionnaire.

Questions Responses
2a. During the period outlined on -- Yes (Skip to 3a)
this calendar, did... do any -- No (Skip to 2c)

work at a job or a business?

2c.”Did...do any temporary, part- -- Yes (Skip to 3a)
time, or seasonal work even -- No (Skip to 2e)
for a few days during this
period?
2e. What were the main reasons... -- Taking care of home )
did not work at a job during and family
this 3-month period? -- Going to school
-- Could not find work
-- Didn't want to work \ (Skip to 2f)
-- Retired
-- Too old to work
-- 111, injured, or disabled
-- Other - Specify J
2f. During the 3-month period -- Yes (Skip to 2q)
did...spend any time looking -- No (Skip to 2h)
for work?
2g. How many weeks did...spend -~ Number of weeks
looking for work? -- Al (Skip to 3d)

-- DK



2h.

2i.

3a.

3b.

3c.

3d.

Did... want a regular job,
either full or part time, at
any time during this period?

What were the reasons... did
not look for work during this
period?

Were there any full weeks
during this 3-month period in
which...did not have a job or
business (exclude temporary
layoff)?

During the weeks when...did
not have a job or business,
did...spend any time looking
for work?

How many weeks did..spend
looking for work?

During the 3-month period
did...receive any unemploy-
ment or other compensation
because of layoff, slack work,

or strike?

-23-

Yes
No }
DK

Believes no work avai]ab]e\
in line of work or area
Couldn't find any work
Lacks necessary schooling,
training experience
Employers think

too old or too young
Can't arrange child care
Family responsibilities

Going to school

/

Other
Yes (Skip
No } (5Ki

i
DK P
Yes (Skip
No (Skip
Number of weeks
Al }' (Skip
DK
Yes (Skip
No (Skip

to

to

to
to

to

to
to

(Skip to 2i)

(Skip to 3d)

\(Skip to 3d)

3b)

3d)

3d)
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3e. What was the source of this -- Unemployment from
compensation? the State or local
unemployment office
-- Supplemental Unemploy-
ments Benefits E (Skip to 3f)
-- Union strike benefits
-- Other - Specify

/
3f. Did...receive any income -- Yes (Skip to 3g)
during these 3 months to make -- No (Skip to END)
up for pay lost because of -- DK }
illness or injury?
3g. What was the source of this -- Worker's compensation )
“income? -- State temporary sick-
ness or disability
-- Own accident, dis- L (Skip to END)
ability, sickness
insurance policy
-- Other source or don't )
know
End (Dummy Question) - Final node for this segment

(no response required)

When we draw the graph associated with this questionnaire, we get Figure 1.
By renumbering the nodes and arcs we have the graph in Figure 2. Note, for
example, that node mgq in Figure 2 corresponds to question 3.b in the
questionnaire, and arc a;3 in Figure 2 corresponds to a "Yes" response to
question 3.b. Note also that there are fourteen genuine questions on the
questionnaire but fifteen nodes on the graph. The fifteenth node corresponds
to the dummy question. Following these figures we include the node and the
arc incidence matrices for this graph and the arc and ideal matrices.



-25-

2
%
c
no
es
2% es
all
3a
W/
2f yes
no
ye no,DK 3b
2
no
es
all .
no,DK 2i
all 711
3d
yes
no
3e
all

END

Figure 1
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Figure 2
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a3
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as
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810

an

a2

a3

814
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819
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Arc Ideal Matrix For Example 8 -26b-

ay a3 a3 84 a5 ag 87 ug &g A 8y a2 a3 814 835 85 817 fj3 819 89 82 89y

a; 1 1 1 1 1 1 1 1 1 1 1 1
8y 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
ag 1 Lo 1 1 1 1 1 1 1 1 1 1 1
a, Yo 1 1 1 1 1 1 1 1 1 1 1 1 1 1
8 1 1 1 1 1 1 1 1 1 1 1 1 1
ag 1 1 1 1 1 1 1 1
a 1 1 1 1 1 1 1 1 1 1
ag 1 1 1 1 1 1 1
g 1 1 1 1 1 1 1 1
a9 ‘1 1 1 1 1 1 1
a 1 1 1 1 1 1 1
LT 1 1 1 1 1 1 1 1 1 1
a3 1 1 1 1 1 1 1
a4 1 1 1 1 1 1 1 !
a5 1 1 1 1 1 1 1
a5 1 1 1 1 1 1 1
817 1 1 1 1 1
a9 . 1 1 1 1
%19 . : 1 1 1 1
820 1 1
821 - 1

a2 1



my
mo
mg
my
mg
mg

Mmq

Mg

Mo
mi1
myg

mys

Mmis

Node Incidence Matrix for Example 8

my mp m3 my mg mg my; mg mg myy my; My Mgy

Mmyg

myg
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mi3
Mg

mys

my

mg

mg

my

mg

Node Ideal Matrix For Example 8 ~26d-

mg mg mg Mg My  myy; M3y Myy My My

1 1 1 1 X 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1

1 1 1 1 1 1 1
1 1 1 1 1 1

1 1 1 1 1 1 1 1

1 1 1 1 1 1 1

1 1 1 1 1 1

1 1 1 1 1

1 1 1 1

1 1 1

1 1

1
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B. Analysis of Response Forms: Missing Items and Consistent Responses

Given an unanswered data item on a questionnaire, either it is missing
and needs to be imputed, or the question is not applicable by virtue of other

responses and the underlying skip pattern for the questionnaire.

For example, to use an extreme case, suppose on the ISDP segment in
Example 8, a respondent answered question 2a with the response "N0O", 3a with
the response “YES", and that's all. What could be said about this
questionnaire? One notes that questions 2e, 2f, 29, 2h, and 2i are not
applicable. Questions 2c, 3b, 3d, and 3f are missing and must be imputed.
Questions 3c, 3e and 3g have an undetermined status which depends on the

responses, respectively of 3b, 3d, and 3f which are missing and must be
imputed. Furthermore, the response to question 2c must be imputed as a “YES".

As a second example, suppose a questionnaire was filled in as follows:
Question 2a with response "YES", Question 3a with responsel “NO", Question 3d
with response "NO", and Question 3f with response "NO". It is then clear that
this questionnaire is complete, and all missing responses are not applicable.

Through a analysis of the underlying skip pattern of a questionnaire, one
can determine, for many questions, which response variables are missing and
must be imputed and which are not applicable. For some of the variables that

are missing and must be imputed, a unique valid imputation can be recognized
based solely on the structure of the skip pattern. Of course, such an
analysis will not resolve all missing values. The deterministic information
uncovered by the skip pattern analysis must be followed by survey-specific
imputation procedures. That is, given that Question 3b is missing and must be
imputed in the first example above, we cannot determine a value to be imputed
solely by an analysis of the skip pattern. In some sense, this skip pattern
analysis can be thought of as a preprocessor for response forms with blanks,
the output of which is a questionnaire having fewer indeterminate blanks and
some deterministic imputations.
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Example 9:

Let us consider another example where the responses to the ISPD

questionnaire extract are:

Question 2a ---- response "NQO"
Question 2¢ ---- response “YES"
Question 2e ---- response “(any)"
Question 2f ---- response "NO"
Question 2h ---- response "YES"
Question 3f ---- response “YES"

Note the response of "YES" to question 2c is inconsistent with the fact that
Questions 2e, 2f and 2h were also responded to. There is an inconsistency in
the recorded response form and it is easily detected by looking at the
questionnaire graph Figure 1. Clearly, if we delete the response of "YES" to
Qué;tion 2c and impute the response "NO", the revised questionnaire will be

consistent.

We could also have observed this by shifting our focus to the graph in

Figure 2. We consider the response arcs

{355 335 355 375 3gs 250}

and observe the following inconsistent pairs:

ag)
»37)
(23-39).

23
23

—~ o~

By "deleting" arc aj and "imputing" arc a, we obtain a consistent arc set,

namely:

13723422542871395850} -

Remark: The term "inconsistent™ when used to discuss the questionnaire is
used in its usual sense, but when applied to the arc sets it is used as in the
definition of Section II. The terminology in Section Il for graphs was chosen

to mirror common usage in discussing questionnaires and response forms.
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The essence of the methods in this report revolves about the following

observation: given that question K is responded to, in order for question L
to also be responded to, L must either follow K or preceed K based on a

questionnaire skip pattern. Thus, in the graph derived from the
questionnaire, node L must either follow node K or preceed node K where the
words "preceed" and "follow" are applied as graph terminology introduced in
Section II. That is, ny must be in the ideal generated by s (and hence nL
must be in the ideal generated by nK) in order that question L and question K
are simultaneously present on some questionnaire response form. Accordingly,
if {ni}iel is a set of consistent responses, then a node, Ngs that is not in
the intersection of the ideals BN("i) must be non-applicable.

Considering only nodes does not suffice, and we must also consider arcs
that preceed and follow a reported arc. For example, in the ISDP

questionnaire above (Example 9), if question 2c was responded to with a
response of “YES", i.e., arc 2aj was answered, then arc 3 cannot be answered,
nor could arc az. Both of these arcs fail to be in the arc ideal of aj,
BA(Ea)' Accordingly, arcs a and 2 do not constitute viable responses when
a3 is treated as a valid response (and conversely). Thus, we must examine the
structure of arc relations as well as node relations, and this will be treated
in the following sections.
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IV. GRAPH THEORETIC ANALYSIS OF QUESTIONNAIRE STRUCTURE

In this section, we will describe methodologies and programs to implement
graph theoretic procedures for analysis of skip patterns in questionnaires.
The first program to be described will start with a questionnaire and will
form the graph theoretic constructions needed to examine skip patterns. The
second program is used to edit response forms using the skip pattern structure
of the questionnaire.

A. GRAPH 1 -- Questionnaire Structure

In the first program, call it GRAPH 1, we read in the questionnaire and
set up the basic graph theoretic constructs. Before using this program, a
user will number each question on the questionnaire, and the only restriction
is that if Question K follows Question L, then K is greater than L.

-

A user first enters into the program the number of questions in the
questionnaire, N. The program forms the set of nodes, one for each question
and the program then prompts the user, one node at a time, to specify the
nodes that are the immediate successors. The program then sets up a node
incidence matrix cy and arc incidence matrix c, based on the information

provided.

After creating the ideal matrix, by, from the incidence matrix cy, and
the ideal matrix by, from the incidence matrix cp, the program supplies
diagnostic information about the questionnaire. Recall that since each
question is numbered, when we speak of question 7 and node 7 we mean the same
thing. The program provides the following information.

It prints out the input information as a check.

For each question it lists the questions immediately following.

For each arc, it tells which nodes the arc goes between.

For each node, (respectively, arc) it lists all questions

(respectively, response) that follow (not necessarily immediately).

(e) For each node, (respectively, arc) it lists all questions
(respectively, responses) that preceed it.

(f) It lists all possible response patterns. That is, it lists all

possible complete questionnaires if the user requests.

~ e~~~
a 0O T o
L I
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We entered the ISDP questionnaire extract into this program and in Appendix I
we have the computer generated diagnostics for this graph.

B. GRAPH 2 -- Analysis of Response Forms

The arc ideal matrix and the node ideal matrix created in GRAPH 1 are passed
to a second program, call it GRAPH 2, which will analyze survey response
forms. Survey response forms are entered into this program, one response

record at a time.

The program will first determine if all responses on a record are
consistent (with respect to the skip pattern structure), and if not, the
program will select a set of responses to delete so that the remaining
responses are mutually consistent. The criterion built into the system is to
delete as few responses as possible so that the remaining are mutually
coné?stent. In fact, one can assign preferance factors (weights) to each
field so that the system will locate a weighted minimal set of fields to
delete. These weights are to be provided by the user before the system is
executed. After responses causing inconsistencies (if any) have been deleted
they are treated as not reported. The remaining responses on the record are

mutually consistent.

After a record has been processed through the program GRAPH 2, each field
will be assigned one of four status flags:

a) valid response,
b) not applicable,
c) missing and must be imputed,
d) status cannot be determined.

Below we present the procedures embedded in GRAPH 2. In this discussion we

will use the following notation:

"

set of all nodes,

set of reported nodes,

set of mutually consistent reported nodes,
set of nodes which must be imputed,

<X 0 X =2
n
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y = set of nodes whose status cannot be determined,
= set of all arcs,
= set of reported arcs (i.e., arcs corresponding to a
reported response),
Q = set of valid reported arcs (i.e., arcs corresponding to a
set of mutually consistent reported responses).

When we read in a questionnaire, the program records the questions responded
to and the responses provided. That is, we have a list of reported nodes, R*,
and a set of reported arcs, Q*. If Q*C: B(Q*) the questionnaire is consistent
(Proposition 2) so we set R=R* and Q=Q* and proceed to examine the non-
reported nodes.

If Q*¢:B(Q*), we compile a listing of all pairs of mutually inconsistent
responses. As noted in Section II, two responses, a and b, are inconsistent
if a g BA(Q) . We delete a (weighted) minimal set of response arcs so that
the remaining will be mutually consistent. The consistent arcs form the set
Q, and R consists of initial points of arcs in Q. The remaining nodes, N-R,
are considered not reported.

At this stage, we have a consistent set of reported arcs, Q, and a set of
consistent nodes, R. The set of arcs containing all possible valid responses
is B(Q) (Proposition 2), and the set consisting of all nodes that can possibly
be applicable is P(B(Q)) (Proposition 7). Hence, the nodes which are not
applicable are N-P(B(Q)), and we denote this set by L.

To determine the nodes that are missing and must be imputed, we find the
set of waist nodes of Q (Theorem 3). Note that each maximal chain corresponds
to a completed response form. The set of waist nodes are those nodes that
must 1ine on every maximal chain containing Q and, hence, correspond to
questions that must be answered given that questions corresponding to Q were
answered. Thus the set of nodes that are missing and must be imputed, M, are

those nodes in
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other than the valid reported nodes. Hence M = N P(BA(g))—R.
qeB(Q)

The status of the remaining nodes cannot be determined. Whether they are
missing and must be imputed or are not applicable depends on responses to the
nodes currently missing and yet to be imputed. Denoting these undeterminable
nodes by U, we have

U=N-R-M-L,
Example 10: Returning to Example 9,
Q" =
= {229 23, 259 27’ 29’ 920}9 SO
RY =
. = {my, mp, M3, My, Mgy My3le

The arc set Q 1is inconsistent with inconsistent pairs

(23.25)
(23,37)
(a3,39)-

By deleting response a5, all inconsistencies are removed, and we have:

o]
H

RO = Amps Mg, My, Mo My 3)

BIQ) = {255 24 350 37> 2390 3110 2170 2180 2190 2200 222

B~
—~
v o]
—
f =)
~—
~—
|

= mps Mps Mgy Mgy Mgy Mys Myps Myps M3s Mygs Mgl
N‘P(B(Q)) = {mss m8’ m99 mlo} .

Thus the non-applicable questions are:

L = {ms, m8, mg, mlO} .
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By directly computing

N P(B
qeB(Q)

one finds that the missing nodes are:

a(@)-R

The set of nodes with status undetermined is

N-R-M-L

<
"

whigh, in this example is:
U= {mlz} .

One observes further that the responses to the following questions can be

inferred:
Question Response
2c (node mz) NO (arc 34)
2i (node mq) (ANY)  (arc a;34)
3g (node m14) (ANY) (arc‘321).

Since we cannot determine the response to question 3d (node mll) the response

status of question 3e (node my,) is undetermined.

Remark: Examples 9 and 10 as well as the two examples on page 27 were run
through the GRAPH 2 program, and the output is in Appendix II.

Remark: It is interesting to observe how one can obtain some of these results
by drawing upon the localization graph GQ and the information in Theorem 2 and
the Remarks following. For GQ = (P(B(Q)), B(Q)), we have the following graph

in Figure 3. It is clear that all nodes in GQ are waist nodes except mj2-
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Thus, the waist nodes are; {m2, Moy Mygs Mygs mls}, so each of these nodes
(with the exception of node m15) corresponds to a question that is missing and
must be imputed. The node my, is not a waist node and thus has the status

undetermined, and it cannot be determined without knowing the response to node
my1s Which is missing and must be imputed. Note that there is only a single
arc leading from node m,, and that corresponds to a "NO" response to question

2c, hence we have an implied imputation.
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C. Method for Determining Responses to Delete on an Inconsistent

Questionnaire

Given an inconsistent response form, our objective is to identify a subset of
responses and change only them so that all remaining responses are mutually
consistent. We denote those responses targeted for change as a deletion

set. As a rule, the goal is to change as few responses as possible (and hence
retain as many reported values as possible). By assigning weights (preference
factors) one can delete a weighted minimal set of responses.

In the setting of skip pattern analysis one determines a deletion set, D,
in the following manner. Consider all inconsistent pairs of responses and let
D be a subset of responses such that at least one response from each failed
pair is in D. For Example 9, the pairs of inconsistent responses are:

-

o~~~

-

23

The singleton set {a,}

in each failing pair) so that {93} = D is a deletion set. Thus, by "deleting"
the response 23 (i.e., the response to question 2c) all remaining responses

= D has the required property (i.e., 23 is an element

are consistent with respect to the underlying skip pattern. Of course, for
more complex patterns of inconsistencies, the choice of deletion set is not

quite so obvious.

In the program GRAPH 2, in order to determine the responses to delete on
an inconsistent questionnaire, we construct the failed edit graph. The failed

edit graph is an undirected graph used to represent inconsistencies on a
questionnaire. The nodes on the failed edit graph correspond to responses on
the questionnaire involved in an inconsistency, (i.e., to inconsistent
response arcs on the questionnaire graph). Arcs on the failed edit graph
correspond to inconsistent pairs of arcs on the original questionnaire. That
is, if a and b are reported arcs on the questionnaire, and a ¢ BA(Q), then
there are nodes on the failed edit graph for a and for b, and there is an arc
between the nodes a and b.



38

Using the Example 9, the failed edit graph is:

(o—(—
(&)

By removing node.g3 in the failed edit graph above (corresponding to response
2z on the original graph) all other responses are mutually consistent.

The failed edit graph is disconnected by removing a set of nodes and by
removing all arcs incident with a deleted node. When no arcs are left, the
graph is said to be totally disconnected, and the nodes removed correspond to
responses to be deleted. All other remaining responses will be mutually
consistent.

® There are a variety of ways to determine a minimal disconnecting set for
a graph; one can employ a set covering procedure, devise reasonable heuristic
algorithms, or rely on strictly graph-theoretic methods. For the program
GRAPH 2 , we have taken the last option, and the procedure embedded into this
program can be thought of as a clique generating approach. We briefly
describe below the approach taken in GRAPH 2,

Let G = (V,H) be an arbitrary graph (not necessarily connected) and
let G = (V,A) be the complementary graph. That is, the nodes of G are the
same as those of G, but (vq,vp) is an arc in A if and only if (vysvp) is not
an arc in H. If G = (V,H) is an arbitrary graph, a clique is a set of nodes,
W, of V such that if wj,wy, ¢ W then (wl,wz) is an arc in H. A maximal clique

is a clique properly contained in no other clique. If we attach weights to
each vertex of a graph and define the weight of a clique to be the sum of the
weights of the elements in the clique, we can define a maximal weighted

clique. Clearly all maximal weighted cliques are maximal cliques (assuming
all weights are positive).

A minimal (weighted) disconnecting set of a graph G corresponds to the
complement of a maximal (weighted) clique in the complement graph, & . Thus,
given an edit failing record, r, to find the minimal deletion set, form the
failed edit graph, G, and find a maximal (weighted) clique, C, in G . The
minimal (weighted) deletion set then corresponds to V-C.
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Cliques have been extensively studied, and exact algorithms exist to find
all maximal ciiques for an arbitrary graph. We have programmed into GRAPH 2
an algorithm to find all maximal cliques of a graph as described in [3].
Having all maximal cliques of a graph, one can easily determine all maximal
weighted cliques and hence all weighted minimal deletion sets. By having all
minimal weighted deletion sets for an edit failing record, a user of the edit
methodology has the option of selecting from among all alternative sets of
fields to delete on edit failing records.

Remark: It is likely that a "reasonable heuristic" may be preferable in this
program to the clique generation procedure referred to above. The process of
disconnecting the failed edit graph is carried out in an external subroutine
of GRAPH 2. It would be quite easy to swap the currently residing graph
disconnecting routine in favor of any other. Such a replacement would not
alter the flow or the underlying Togic of GRAPH 2 nor alter the program
performance. An example of a heuristic technique to disconnect the failed
edit graph is given in [1]. This procedure was developed to disconnect the
failed edit graph when editing economic data under ratio edits.

V. SUMMARY

The objective of this report has been to describe a methodology and
programs to implement it for the analysis of skip patterns in
questionnaires. The methods and programs can be employed to analyze the
underlying skip pattern structure for questionnaires during the design process
and to analyze the skip patterns on individual questionnaire response forms.

The underlying skip pattern structure of questionnaires is often very
complex, and current techniques to deal with them are often quite complicated,
ad hoc, and accordingly, error prone. Typically, for each survey instrument
having a complex skip pattern, special purpose specifications for the analysis
of response forms are written and computer code is developed from these
specifications. We have described in this report two structured, parameter
driven programs that can be employed to (1) provide users with a better
understanding of the basic questionnaire and (2) to use in editing

questionnaire forms.
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In the early sections of this report we present the appropriate
mathematical model, namely, the directed graph, and establish relationships
within a graph that will be needed in later sections. We next show how these
graph theoretic constructs have a simple representation in terms of zero-one
matrices. In the next two sections we showed how a questionnaire and its skip
pattern structure can be modeled as a directed graph and we showed how the
graph theoretic relationships developed earlier apply. Finally, two computer
programs that implement the procedures discussed earlier are described, and
samples of computer generated analysis from these programs are included in
Appendixes I and II.

The program, GRAPH II, described above for editing skip patterns in
questionnaire forms is not meant to be a comprehensive edit and imputation
package. Its primary goal is to recognize non-applicable questions on a
regponse form and differentiate them from responses that are missing and must
be imputed. In the process of doing this, one frequently can discover
deterministic imputations for selected missing items. In addition, if any
inconsistencies (with respect to the skip pattern) appear on a response form
they will be detected by this program and a minimal set of responses will be
deleted so that the remaining are consistent. After all inconsistencies on a
record have been resolved and missing fields have been flagged as non-
applicable or needing imputation, survey specific imputation routines can be
brought to bear in the creation of a complete and consistent record.

Using the program GRAPH 1 by itself to analyze skip pattern structure, or
using it in conjunction with GRAPH 2 to analyze response forms can enhance
operations for processing surveys whose questionnaires have a complex
underlying skip pattern.
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APPENDIX I

On the following pages, we show the output generated by GRAPH 1 when the
questionnaire in Example 8 was entered and run. The diagnostic information is
potentially valuable for examining the questionnaire structure for design and
subsequent analysis.



the number of nodes is 15

number of questions
question node different imnediately
number: responses foé}owing:
2a. did vou work 1 2 8
2c. part-time work 2 2 3 8
2e. why no work 3 1 4
2f. look for work 4 2 5 6
2a. weeks looKinag 5 1 11
2h. want a job [ 2 71
21. whv no look 7 1 11
3a. weeks no job 8 2 %11
3b. weeks looKina 9 2 10 11
3c. how many weeks 10 1 11
d. unemplovment 11 2 12 13
3e. source 12 1 13
3f. income for iniur 13 2 14 15
3g. source 14 1 15
(dummv auestion) 15 none none
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from
from
from
from
from
from
from
from
from
from
from
from
from
from
from
from

arcs

node
node
node
node
node
node
node
node
node
node
node
node
node
node
node
node
node
node
node
node
node
node
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O OOME® N U LD GIN RIs t
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node
node
node
node
node
nade
node
node
node
node
node
node
node
node
node
node
node
node
node
node
node
node
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question
number

1

10
11

12
13

14
15

question name

2a. did you work
2c. part-time work

2e. why no work
2f. look for work

2a. weeks lookina

2h. want a iob

2i. why no look

3a. weeks no job
3b. weeks lookina

3c. how many weeks

3d. unemployment

3e. source

3f. income for injur

3g. source

(dummy question)

response
res 1: ves
res 2: no
res 1: yes
res 2: no
res 1: anv
res 1: ves
.res 2 no
res 1: any
res 1: yes
res 2: no-dk
res 1: any
res 1: ves
res 2: no-dk
res 1: yes
res 2% no
res 1: anv
res 1: ves
res 2: no
res 1! any
res 1: yes
res 2: no-dk
res 1: any
none

ski
pat

skKip
skip

skip
skip

skip

skip
skip

skip

skip
skib

sKip

skip
skip

ski
skig

skip

skip
skip

skip

skip
skip

sKip
none

to
to

to
to

to

to
to

to

to
to

to

to
to

to
to

to

to
to

to

to
to

to

on & W P

11

7
11
11

11

10
11

11

12
13

13

14
15

15



question potential subsequent questions

1: 1 2 3 4 5 6 7 8 91011 12 13 14
2 2 3 4 5 6 7 8 91011 12 13 14
3: 3 4 5 6 711121314

42 4 5 6 7111213 14

5: 5 11 12 13 14

6: 6 711121314

7: 711 12 13 14

8: 8 91011 12 13 14

9: 9 10 11 12 13 14

10: 10 11 12 13 14
11: 11 12 13 14
12: 12 13 14
13: 13 14

-
£
-
&



question

1:
2:
3:

potential preceeding questions

1
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N D N PPN N M DN NP P DR

W W o W 0 O W W W

S & e

S &+ 0 0

10

LS B B

(- T - R - -

N N NN

® ® o ©

910 11

910 11 12

910 11 12 13
910 11 12 13 14
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potential subsequent arcs

1

- T B - A B T

L R I I R R R B |
N MO VPN NS WD O

12
3
12

17
11
17
17
14
17
16
17
17
19
20
20
22

13
4
13

17
10
18
17
18
18
15
18
17
18
18
20
21
21

14
5
14

18
1
19
18
19
19
16
19
18
19
19
21
22
22

15
6
15

19
17
20
19
20
20
17
20
19
20
20
22

16

7
16

9
10
20
18
21
20
2l
21
18
21
20
21
21

17

17
10
11
21
19
22
21
22
22
19
22
2l
22
22

18
18
11
17
22

20

22

20

22

19
10
19
17
18

21

2l

20
11
20
18
19

22

22

2l
12
21
19
20

22
13
22
20
21

14 15 16 17 18 19 20 21 22

21 22
22
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potential preceeding arcs

1

= e e e e NN NN NN NN MDDAOMWN

et

o e

[ J0 T B B TN SR TP P P SR R I T

~n

N M DN

(T I T RV T R N BN B BB B

[T

W oW

NN Ny

12
13
12
12
12

H S

O S S N

10

14
15
14

m W

i B »1non

11

16

L -

[ - T - B -

~

~

N N NN

o

o

® & O O

0

0 v v 9

19
18
18
18

19 20
19 21
19 20 22

I.7



APPENDIX II

On the following three pages, we display three possible response records run
through GRAPH 2, The first two response forms corresponds to the examples on
page 27, and the last response form corresponds to Example 9 on page 28 and
continued as Example 10 on pages 33 through 34.



respondent & 1

--responses on form--

response

arc

question name node
number
2a. did you work 1
2c. part-time work 2
2e. why no work 3
2%. look for work )
2h. want a job 6
3f. income Yor iniur 13
the followina pairs of response arcs are inconsistent:

3 4

3 7

3 9

co~NntwN

response § response

provided
no

ves

any

no

yes

ves

the fo%louing pairs of points have inconsistent arcs eminating from them:

2 4
2 6
the deleted response arcs are: 3

responses have been deleted for aqoestions: 2

the edited aquestionaire is below. a * indicates possible imputation values

the inapplicable questions are:

response status

valid response
missing, to be imputed
valid response

valid response

valid response
missinag, to be imputed
missing, to be imputed
status undeterminable
valid response
missina, to be imputed

valid response

5 8 910

codes
2

2

1

2

1

1

1 2
1

1

code

[T Y XYSFST XY
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respondent 8 2

-~responses on form--

question name node response response  ,response
number arc provided code

2a. did you work 1 2 no 2

3a. weeks no iob 8 12 ves 1

the edited questionaire is below. a * indicates possible imputation values

node response status valid response
number codes
1 valid response 2
2 missing, to be imputed * 1
8 valid response 1
9 missina, to be imputed * 1 2
10 status undeterminable
11 missina, to be imputed * 1 2
12 status undeterminable
13 missing, to be imputed ® 1 2
14 status undeterminable

the inapplicable cuestions are: 3 4 5 6 7

I1.2



respondent # 3

~-responses on form--

question name

did you work

. weeks no job

unemployment
income tor iniur

response response dresponse
arc provided code
1 yes 1
13 no-dk 2
18 no 2
21 no-dk 2

the edited auestionaire is below. a ¥ indicates possible imputation values

node
number

1
8
11
13

the inapplicable aquestions are:

response status

valid response
valid response
valid response
valid response

valid response

codes

1

PN N

2 3 4 5 6 7 91012 14,
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