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L INTRODUCTION

The objective of this report is to provide an introduction to and a discussion of what has
come to be known as the Fellegi~Holt approach to data editing. We present the basic
procedures, discuss them, and provide examples to illustrate them. The most salient
feature of the Feliegi-Holt editing method is that all fields are considered simultaniously

when determining values to change on an edit failing record. This report does not cover
all the detafls contained in "A Systematic Approach to Automatic Edit and Imputation®
by I. P. Fellegi and D. Holt [FH] » in particular, it does not contain proofs. We refer
those interested to the Fellegi~Holt paper for additional technical features of the

m ethods presented and for an excellent discussion of autom ated data editing.

In Chapter II we introduce the concept of implied edits and show how implied edits are
derived both for categorical and continuous data. As will become clear, the implied edits
are crucial to determine fields to delete on an edit-failing record. In addition, implied
edits are valuable in their own right as an aid in the evaluation of editing criteria.

-

In Chapter III we show how the implied edits are used to find a set of field values to alter
on an edit-failing record. It is at this stage of the methodalogy that one employs set
covering procedures that are widely used in operations research. In Chapter IV we focus
on the set covering problem in general and then show how it is applied when determining
fields to delete an edit-failing record. In Chapter V we discuss two programs for editing
data which are based on the methods outlined in this report. In an Appendix we include
computer output from a pair of programs that (1) generate implied edits for categorical
data when provided with a family of explicit edits and (2) deletes fields on edit=failing
records so that the remaining fields are mutually consistent. The computer print-out in
the Appendix was generated when these programs were run on examples discussed in the
body of this report.

The focus of this report is on mathematical techniques for error localization. That is,
procedures for detecting a subset of fields to delete on an edit-failing record such the
remaining fields are mutually consistent. The subject of imputation is hardly mentioned
in this report at all. Imputation rules are highly survey-specific and are usually designed
by subject-matter specialists knowledgeable about the special considerations that must
be brought to bear for the particular survey under consideration. The crucial point to
observe, however, is that an overall imputation strategy must take into account edit
constraints to avoid the imputation of edit-failing values. Imputation is discussed
in [ FH] for categorical data and briefly in the last section of this report in terms of the
SPEER System for continuous data under ratio edits.



IL. DEFINING EXPLICIT EDITS, IMPLIED EDITS, AND CONSISTENT FIELDS

A. Introduction

We let a response to a questionnaire having n reponse variables be represented by a

ith

vector a = (a1,...,an). Let Ai denote the range of values for the response variable so

Ai . In addition, we sometimes denote the ith response variable by Fi’ i=1,.00,N.

1

a €

= s

i

Definition: An edit, e, is a non-empty subset of 1?11 Ai , and an edit set, E, is a finite

collection of edits. If e iIsaneditand a ¢ ;1 Ai , \;e say that a faillsediteifa ¢ e .

(We, emphasize that e is a subset ;:gAi o) We say a response vector a =

(a1,...,an) € ) ?11 Ai is consistent if éhser‘e does not exist an edite e E such that
i=

a e €.

If a = (@4,..43,) € € € E, the response vector a is considered invalid or inconsistent.

n
The set of response combinations Y e © I Ai consitutes the totality of prohibited
n eekE i=1

response vectors. The set I Ai- U € constitutes the set of consistent response
: i=1 eckE
vectors.

Definition: An edit set E is said to be consistent if there exists at least a single

n n
ae I A, suchthata ¢ {y e. Thatis, Eis consistentif y e # 1 A, .
- i - i

i=1 eckE eckE i=1

An explicit edit set is a finite collection of edits which will be the starting point of our

edit analysis. These edits are usually furnished by subject-matter specialists
knowledgable about the survey under consideration and able to explicitly provide families
of prohibited response combinations. Each element of an explicit edit set is called an

explicit edit.



Definition: Let E be an explicit edit set and f a subset of ekeJEe . If fis not in the set E,

we say that f is an implied edit.

Definition: If f and g are edits we say that: (1) f contains g if g ©f (recalling again that

f and g are both sets), and that (2) f properly contains gif g €f and g # f. If X is an

arbitrary set of edits and f is an edit in X, we say that the edit f is a maximal edit with

respect to X if f is properly contained in no other edit in X.

In the next two sections we discuss first categorical data and then continuous data, and

show how edits can be represented, manipulated, and derived.
-

B. Categorical Data

In this section, all data will be assumed to be categorical, and each Ai (the range of

responses to field Fi) will be a finite set.

n

Definition: For categorical data a normal edit is an edit of theform e = I Bi where
i=1

Bi < Ai for i=1,...n. If Bi ¢ Ai we say the field Fi enters edit e.

Remark: We will assume throughout that the explicit edit set provided by subject-matter
specialists consists entirely of normal edits. Since an arbitrary explicit edit set can be

converted to a set of normal edits, this assumption is not limiting.



Example 1: The following example is based on Example 1, in [FH] . In this simple
example of edits for categorical data we will have three fields and two explicit edits.

The fields are:

Field Name Possible Codes Recodes
Age 0-14 1
15 + 2
Single 1
Married 2

-

Marital Status Divorced 3
Widowed I
Separated 5
Head 1
Relation to Head Spouse 2
of Household Other 3

The two explicit edits are:

edit e,
Married
{ o-14 } and Divorced
Widowed
Separated
edit e,
Single
Divorced and { Spouse } .

Widowed



Note that edits express prohibited response combinations. Writing these edits in normal

3
form using the recodes and expressing them intheform I B i we have:
i=1
Field F, Field F2 Field F3
ey {1} X { 2,3,4,5 } X As
62: A1 X { 1’3,)'; } X {2} .

Note that F1, F2, and F3 represents, respectively, Age, Marital Status, and Relation to
Head of Household. The presence of A3 (for example) in the representation of edit e4
signifies that field F3 does not enter edit €1 that is, edit €4 only involves fields F1
and F.

Suppose we have the following three records:

r, = (72, widowed, Head) = (2, 4, 1)
r, = (72, Widowed, Spouse) = (2, 4, 2)
ry = (12, widowed, Spouse) = (1, 4, 2) .

Note that record r4 fails no edits and hence it is consistent. Record rs fails edit €5 and
record 33 fails both edits €4 and €5 hence both of these records are inconsistent and are

considered invalid.

Definition: If E is an explicit edit set, consider all implied edits which are of the
n
form 1 Bi , where Bi c Ai for i=1,...,n. We call this set of edits the im plied (normal)
i=1
edit set for E. The elements of the implied (normal) edits set are called implied (normal)

edits.

Remark: We next show how to derive a family of implied normal edits from a given

family of normal explicit edits.



* *
Definition: Let E* =E, M cE, and k be aninteger i £ k £ n, and for ecE write
n

e = I Bf. The implied edit, f, is said to be derived from edit set M with generating
i=1
field k if
n
f = 1 Bi,
i=1
f m .
where B, = n B, for i # k ,
i i
meM
and B =  B".
Kk K
meM

Let M range over all subsets of E* and k range over all integers between 1 and n, and
after each derived edit is obtained augment o by f, (i.e., let E¥ = ¥ u {f} ), and
continue. This process will terminate, and when it does let the final E* be denoted by M3
and call M3 the derived edit set. Note that E < M3.

Definition: Let E be an explicit edit set and M3 the set of derived edits. Let M2 be
defined to be the subset of M 3 consisting of edits of the following form:

(a) If feE, then feM

2 -
noof
(b) Irf = 1 Bi is a derived edit with contributing edits in the set M and
i=1

with generating field k, and if BE # Ak for all edits m in M, then feM2 if

Bi = Ak . Such an edit f is called an essentially new derived edit.

noo. n
Remark: According to the definition in Section A, if f = 1 Bi andg = 1 B? are

i=1 i=1
normal edits, f contains g if Bf c Bf for all i=1,...,n, and f properly contains g if
5‘13 c Bffor all i=1,...,n and Bf ¥ B’; for some i=1,...,n. Also, if f is a derived edit we

say that f is a maximal derived edit if f is properly contained in no other derived edit.




Definition: If E is an explicit edit set, we define M1 to be the maximal edits of M2. The
set M, is what Fellegi-Holt defines to be the complete set of edits.

Returning to Example 1 above, by using field F2 as the generating field, we can generate
the implied edit, es:

Field F1 Field F2 Field F3
es: {1} X A, x {2} ,

also written as:
edit e3

{o-14} and { spouse } .

This new edit makes explicit a prohibited response combination involving only fields Fq

and F3. For this example, the set { €y, € } forms the complete set of edits for

2" %3
the explicit edit set { e1 ’ e2 }

Example 2: The following is a somewhat more lengthy example and one which we will
return to later., This example is found in [GA] and the fields are considered only as
discrete sets. Let the range of fields Fy for i=1 geeey O D

ay=1{ 1,2} ay={ 1,2,3,4 }

py=1{ 1,2,3 | ag=1{ 1,2,3 |

A3-{1,2} ag=1{ 1,2,3,4 }.
The explicit edits are:

Field 1 By gl .7 E Es

Edit
o Ay x {1,2} x {1} x A x {1,2} x Ag
ey {2} «x Ay x {2} «x {1,2} x Ag x {3,4}
eyt {1} x {2,3} x A3 x {234) x Ag x Ag
e, Ay x {1,3} x Ay x A, x Ag x {1,2}

e5: {2} x Ay x A, x {1} x {2,3} x Ag



The complete set of derived edits consists of those edits listed below augmented by the

explicit edit set { €1r €50 €3y €y, es} .

Fild  Fy Ey Fs B Es Es
Edit
eg: ' Ay x {2,3} x {2} x {2} x Ag x {3,4}
eq: Ay x Ag x {1} x Ay b 4 {1,2] b 4 {1,2}
eg: A x {2} x Ay x {2} x {1,2} x {3,4}
eg: Ay x {3} x {2} x {2} X Ag X Ag
ot {1} «x Ay x {1} «x {2,3,4} x {1,2} x © Ag
e {1} « A, x Ay x {234} «x Ag x {1,2}
€9t = {2} x Ay x {1} x {1} x Ag x {1,2}
eyg: {2} x {1,2} x Ay x {1.2} x {1,2} x {3,4}
€4 {2} x {1,2} x Ag x {1} x Ag x {3,4}
e15: {2} x {1} x Ay x {1} x Ag x Ag
g {2} «x {1} x Ay x {1,2} «x {1,2}  «x Ag
ey {21 x {1,2} x {1} x {1} x Ag x Ag
€5 {2} x {1,3} x {21 X {1,2} x Ag x Ag.

In general, given a derived edit it is difficult to determine which explicit or previously
derived edits were employed in its derivation. We note in passing that edits €, and e3
using generating field F, combined to imply edit eg, and edits eg and e13 using
generating field FS combined to imply edit eqy-

Remark: (F-H) If f is a derived edit, there existsg ¢ M1(1.e.. a maximal derived
edit) such that g containsf.

Remark: If aresponse vector fails an edit in any one of E, M1, M2, or M3, it fails an edit
in eachof E, M,. Mz, and M3. We also observe that M1 CM?_ CM3.

C. Continuous Data

In this section we assume Ai equals the set of non-negative real numbers, A, for all

i=1,..,n. Thatis, a = (a1 ....,an) is an n=tuple of non-negative reals.



Definition: A linear inequality edit, e, is the regionin A" defined by an inequality of the

type:

If f‘k # 0, we say field k enters edit e.

Definition: An edit set having M edits, H, is a collection of edits:

n
Z fijxi>bjlj=1"'°’M }.

Remark: Succumbing to a slight abuse of terminology, we will usually refer to the linear

inequality

as an edit (as opposed solely to the region it determines). Thus, the edit set H isreally a
family of subsets of A" and the region determined by all the edits in H is the union of

these subsets of AD,

Definition: The feasible region determined by an edit set H, denoted by T, is defined to
be:

n
T= | X = (x1,...,xn) e A" | Y f,..x, b, for all j=1,...,M }.

ga1 HOL
Note that the feasible region is the intersection of a family of "half-planes" (really "half-
hyperplanes") and hence is a convex region, and in fact, a convex polyhedron in n-
dimensional space. Conforming to the definitions in Section A, an edit set H is
consistent if T is not empty. Arecordace An is consistent if a € T, otherwise a is said

to be inconsistent or invalid.

n
Anisarecor'dande, ) f.x, >bis an edit, we

Remark: Accordingly, if a €
1 i=1

[ =]

i
say that:
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n
(i) afaflseif: ) f,a, >b,and
alabse 134
i=1
n
(ii) a passeseif: ) f.a, $ b.
- 1= 1

Thus, a record a € An is said to be consistent if it passes all edits; which is equivalent to

failing no edits.

Example 3: The following is a simple example of a continuous editing scenario. Suppose
we have only three fields, A1 = Ay = A3 = A, and we have the following explicit linear
ineqyality edits:

€q: =Xq *+2Xp >0
ey Xq-lUx, >0
e3: -2x2+x3 >0
ey: Xp = X3 >0,

Suppose also that we have the following three records:
ry = (800,300,400)
rp = (800,300,200)

r = (400,300,900) .

Note that record ry fails no edits and hence is consistent. Record rs fails edit ey and
record rs fails edits ey and e3; hence both of these records are inconsistent and are

considered invalid, (neither lies in the feasible region defined by edits €4 through eu).

Remark: According to the definition in Section A, if

are two linear inequality edits, then f contains (respectively, properly contains) g if the
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region determined by f contains (respectively, properly contains) the region determined
by g. If the domain of each field were R, all reals, rather than all non-negative reals, the
region determined by

contains the region determined by

if and only if there exists an k > 0 such that:
g = kf‘i for all i=1,...,n and
c >kb.

In many applications, the domain for each field is the non-negative reals. In such cases
there are the implied constraints xi 2 Ofor al i=t,...,n, and more care must be
exercised in determining whether one edit dominates another.

Definition: Let

n
e.: 3y f..x.>b
1 e ij i 1
n
. >
PP P TR
i=1
be two edits, let k be an integer 1 § k £ n, and suppose f‘k1 and fk2 are non-zero
and have opposite signs. Letting gk1 and gk > be the absolute values
of fk1 and sz respectively,

b b

>
( 1 8k2P%1 t B0

1

f + f

oty 128k1)%

e3:

ne~—3s

i

is an edit. Note that the coefficient of Xy in e3 is zero, and we define e3 as the
essentially new edit derived from €4 and es with generating field k.
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Remark: As in the categorical case, we can define the set of derived edits based on a

*
family of explicit edits E. Let E = E be an explicit edit set. Consider all pairs of

elements in E* such that the coefficients of X have opposite sign and let k range over

the integers { 1,¢0.,Nn } Form an essentially new derived edit, h, as indicated

*

above, augment o by h, (i.e.; let EX = E* U {h}), and continue this process. The set

of implied edits that can be derived in this fashion is referred to as the essentially new

derived edit set ( as in the categorical case). In fact, all one really cares about are the

maximal essentially new derived edits.

Example 4: In this example we will use edits having only two fields, and the explicit edit

set will contain three edits. The explicit edit set consists of:
eq: =Xq +2x5 >10
eyt Xq + X5 210
et 2xy =%, 210,

The derived edits are:

ey: X, >20/3
eg: X5 >10
e6: X1 >1O

er: Xy >20/3.

We obtained: ey from ey and e, with generating field 1,
es from e4 and e3 with generating field 1,
eg from e4 and €3 with generating field 2,
ey from e, and e with generating field 2.

Note that edit es is contained in edit ey and that eg is contained in edit er. The set of
maximal essentially new derived edits is { e.l » €5, e3 » €y e7} .
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In general, if f and g are two edits and field k enters both edits with the opposite sign,
then the derived edit using generating field k will form a hyperplane parallel to the
k-axis. This is illustrated in Figure 1 for Example 4. The edit-failing region for each of
the explicit edits, { e1 ’ e2, e3 }, lies in the direction of the arrow away from the
corresponding line. That is, the line labeled e4 is the line

-x1 + 2x2= 10.

The arrow directed above that line is the region

“X,o* 2x2 >10.
Similar considerations hold for each of the implied edits. In this figure, the shaded area
is the feasible region (i.e., the region T discussed above). The derived edit ey
cor'r';sponds to the area above the broken line through (10/3, 20/3) parallel to the Xy -
axis, and the edit eg corresponds to the area above the line through (10,10) parallel to the
x1-axis. Clearly, the edit failing region determined by es is contained in that determined
by = and we can see that eg isnot a maximal edit. Similar considerations apply to edits
eg and eq {not drawn) and one can see that €g is not maximal by considering the

inequalities above.
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(10,10)

(i e A e

—

(10/3,20/3)

(W4

xz—axis
Figure 1.
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II. CHARACTERIZING MINIMAL DELETION SETS

In Chapter I we discussed detecting the presence of an inconsistent record (with respect
to an explicit edit set) by observing whether any explicit edits are failed by the record
under consideration. In general, determining that a record is not consistent does not
suffice for most applications of editing. One would like to know which fields can be
changed on an inconsistent record so that the record can be made consistent. The
obverse question is to ask which fields on a record are themselves mutually consistent.
Of course, if one could determine which fields it suffices to change on an edit-failing
record to create a valid record, the remaining fields must be mutually consistent; and

conversely.

In order to answer these related questions one must employ edits derived from the (user
supplied) explicit edit set. In the previous chapter, we showed how to derive implied
edits from an explicit edit set and gave examples, both for categorical and continuous
data.. In this chapter we formalize the relation between (1) fields to delete (on an edit-
failing record) (2) a mutually consistent subset of fields, and (3) the complete set of
edits.

Definition: Let S € { 1,00 ,n} and a = (a,,...,an). If there exists a consistent record
b= (b1,...,bn) such that a; = b; for all ie S we say that the set of response
variables {ai }ieS
of variables on arecord a, we say that the set {a

is a consistent set of variables for a. If {ai }i €S is a consistent set

is a deletion set for a.

i}itS

Remark: Note that in this definition we relate a consistent set of variables on a record
and those variables to be changed so that the entire record can be made consistent. A
deletion set consists of exactly those variables on the record that it suffices to change so
that the entire record can be made consistent. The remaining variables on a record are

viewed as (mutually) consistent.

It might appear that we could have defined a consistent subset of fields on a record to be
those fields mutually failing no explicit edit. But this is not quite right as the fallowing
examples show.

Example 5: Returning to Example 1, consider the record

ry = (12, widowed, Spouse).
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If we delete the response "Widowed" (namily field F,) from this record, we observe that
the remaining fields F1 and F3 fail neither of the explicit edits ey or e,. However, there
is no possible response to the field "Marital Status" that can consistently complete this

record if at least one of the fields Fq and F3 is not changed. The difficulty is that the
responses "12 years old" and "Spouse" are not (mutually) consistent. By generating edit
€3 We see that the combination "12 years 0ld" and "Spouse" fails this new edit. This
constraint was implied by edits e, and es but did not surface until edit e3 was generated.

Example 6: Returning to Example 2, consider the record
r= (2,1,1,1,2,1) .

This record fails the explicit edits €qr €y, and €g. Suppose we were to delete fields F2
and .E‘S. Note that the remaining four fields fail none of the five explicit edits. Even so,
the responses 2,1,1,1 on fields Fqs F3, Fy and Fg respectively are not mutually
consistent. In fact, they fail implied edits: €120 €151 €16 and eq7- We note in passing
that the field values 1,2,1 on fields Fy, F5 and F6 are mutually consistent according to
the definition above. In fact if we let Fy =1 F, = 2 and F3 =2, and allow F, F5, and Fg

toremain as 1,2, and 1, respectively, then we have the following consistent record
1,2,2,1,2,1) .

Remark: In the two preceeding examples we used phraseology stating that a set of fields
on some record fails no edit or does fail some edit. In Chapter II, we defined what it
means for a record to fail an edit, but made no cor'r;esponding definition for a subset of
the field values on a record. We hoped a reader could sense the meaning in the context

above and we now provide a precise defintion.

n
Definition: Let a = (a1,...,an) = 1 Ai be a record and let {ai }ies be a set of field
i=1
values on a. We say that the set {ai 1eS fails edit, e, if:
(1) (for categorical data)
n

aie Bif‘orallieSandAisBif‘orallitSwher'ee = 1 B,,
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(i) (for continuous data)

n n
! f.,a, >candf;=0foralli ¢S wheree: ) f,x, >c.
i=1 i i i i=1 i 1

Remark: Let a = (a1,...,an) be a record, H a subset of the complete set of edits and

QC{ 1,¢e00,N },then

@ if {a;] fails anedit, e ¢ H, then a also fails e,

i£Q
(ii) if Q is a deletion set for a, then {ai }  fails no editsin H.
1€Q
Proof: (i) Observing that the only entering fields of e are contained

* in{E‘i i ¢ Q}, theresult follows.

(ii) Since Q is a deletion set there exists a consistent record,
E_=(b1,...,bn), such that by = a for 1€Q. If an

edit,eeH,f‘aiJs{a } ,thenealsof‘aﬂs{b } s 30 e also fails b
i i -
i¢Q 1£Q
by (i). This is a contradiction since b was assumed consistent.

n

Definition: Let a = (a1,...,an) e T Ai be a response vector and let H be an arbitrary
i=1

subset of the complete set of edits. Let Ha be the set consisting of all edits in H failed

by a, and denote a typical element of Ha by ep. Let Q be a subset of {1 s o0 0y n} with

the property that for each e eHa there exists a teQ such that field Ft enters edit ep-

h
We say that the set of fields, Q, is a cover of the failed edit set Hy.

Example 7: Wereturn (once again) to Example 1 and record
rs = (12, widowed, Spouse) = (1,4,2).
When considering the complete set of derived edits, H = {e1 » €5 e3} y We note that

record rs fails each of these edits, so Hr' = H, Edit ey has entering fields F1 and F2,
edit €5 has entering fields F2 and F3 an?i edit es3 has entering fields F1 and F3. If we
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let Q = {1 ’ 2} we see that Q is a cover for H,, since for each edit either field F1 or F,

enters (or both).
Example 8: Returning to Example 6, let
r =(2,1,1,1,2,1).

If welet H = {ei | i=1,...,18 } be the complete set of edits, we can observe that
the edit set that fails record r is the set:

H£={e1, eu, e5, e7, e12, e15, 616' e17} .

Note that edit:
ey has entering fields: F2 F3 FS’

e) has entering fields: F2 F6,

eg has entering fields: Fy Fy F5,

eq has entering fields: F3 F5 F6,

€42 has entering fields: F1 F3 Fy F6,
e15 has entering fields: F1 F2 Fy
e,¢ has entering fields: Fy F, F) Fg,
€47 has entering fields: E‘1 F2 F3 Fy.

If welet Q = {1 22, 3} we see that each failed edit has at least one of F,, F, or F3 as

an entering field. Thus, Q is a cover of Hr"

Instead of letting H in this example consist of the complete set of derived edits, let us
see what happens if welet H = {e1 ’ e2 ’ e3 » €y e5} be the set of explicit edits.
In this case, the edits failed by r form the set Hr' = {e1 . eu. e5} . We observe that

Q= {1 ’ 2} is a cover of Hr" However, the fields F1 and F, are certainly not a deletion
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set forr. For, if we let F3, Fy, F5, and F6 remain as 1,1,2 and 1, respectively; no values

of F1 and F, could complete this record to form a complete consistent record.

The contrast between letting H be the set of explicit edits rather than the complete set

of derived edits is crucial. As noted above, when we considered only the explicit edits,

the set of fields { F,, F

formed a cover of Hr but they were not a deletion set for

1° 2}

r= (2,1,1,1,2,1)

because the field values r 3? r B’ r 5 r 6 are not mutually consistent. In contrast, the
cover Q = { 1,2,3 } of Hr' where H is complete set of edits does yield a deletion set
for r. That is, the values r*—u, r5, r6 are mutually consistent.. The result we one
leading to is as follows: if ris arecord and H is the complete set of edits, then a cover
of Hgis a deletion set forr.

Remark: Given a record a and a subset, H, of the complete set of edits, the task of
finding a cover for Ha can be simplified considerably by viewing the problem in terms of

a zero—-one matrix. FTar‘ the record a2 we will define the fajled edit matrix, M The rows

. a
will be indexed by the edits failed by a and the columns will be indexed by all
fields { Fy | 1=1,...,n | . We define the entries of M by:

1 1if Fienters edit e

Ma(e,i) =
< 0 otherwise.

Thus, if H equals the complete set of edits from Example 8, and r = (2,1,1,1,2,1), the
failed edit matrix Mr" is:

Fy Fy Fy Fy Fy Fg
(eq) 0 1 1 0 1 ?
(ey) 0 1 0 0 0 1
(eg) 1 0 0 1 1 0
(eq) 0 0 1 0 1 1
(e12) 1 0 1 1 0 1
(eq5) 1 1 0 1 0 0
(eq¢) 1 1 0 1 1 0
(eq) 1 1 1 1 0 0.

y—
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We seek a family of columns, Q, of this matrix such that each row has at least one non=-
zero entry in one of the columns in Q. If welet Q = { 1, 2, 3 } we see that each
row has at least one "1" in the first three columns. If we hadlet Q = { 4,5,6 } the
same would be true. The columns in Q correspond to fields forming a cover for the set of

failed edits Ha‘

Remark: It should be clear by now, that it does not suffice to use only the explicit set of
edits to determine fields to delete on a record and to find a consistent subset of field
values. On the other hand, it does suffice to use the complete set of derived edits. We

will now elaborate on this theme.

Definition: We say a subset H of the general derived edit set (denoted in Chapter II by

n
M3) is sufficient if for every a = (a1,...,an) e I Ai , every cover of H, is a deletion
- i x=1 —

set.

“emark: It is clear that if H is a sufficient edit set and H © L, then L is also sufficient.

Remark: The crowning result of the Felliegi~Holt paper [ FH] is that the complete set of
derived edits (denoted by M, in Chapter II) is a sufficient set of edits. Thus, if a =
(a1,...,an) is a record and H is the complete set of edits, a cover for Ha will be a deletion
set for a. For a proof of this result we refer the interested reader to—[ FH] . Thus, if Q

is a cover for Ha, then the field values { form a deletion set and so the field

ai}ieQ

values { a are consistent.

i}iéQ

Theorem: L FH J The com plete set of edits is a sufficient set of edits.

Proposition: Let a = (a,,...,an) be a record, H an arbitrary subset of the complete set of

edits, and Q € {1 s 0 e ,n} . If Q is a deletion set for a, then Q is a cover of Ha.

Proof: Since Q is a deletion set for a, the set of values, {ai } 1¢Q° is consistent and

hence every edit failed by a must have a least one entering field in { Fi | ieQ } .

Thus, Q is a cover of Ha.



-21-

Corollary: Let a = (a1,...,an) be a record, H be the complete set of edits, and

Q < { 1,c..,0 } . The following are equivalent:

W {a { } is a consistent set of field values,

i€Q
(i) {ai}ieQ is a deletion set for a,
(fii) {ai}itof‘aﬂsnoeditsin H,

(iv) Qisacoverof H,.

Definition: For each field on a questionnaire response record, Fi for i=1,...,n, we can
~ define a field weight, Wi for i=1,...,n, to be a positive real number. If Sis a set of fields,
we can define the weight of S to be:

WS= z wi .
ieS ’

In particular, if a = (a1,...,an) is an edit failing record, and if Q is a deletion set for a, we

define the weight of Q to be

w=2w.
Qie:Qi

Remark: If Q is a cover of Ha, we say Q is a minimum cover if Q properly contains no
other cover of Ha. Since aJl—weights are assumed positive, every cover of minimum
weight is also a minimum cover. If we select the weight of each field to be equal to 1,
the weight of a set of fields is equal to the number of elements in that set.

A common and useful way to assign weights is to let them play the role of preference
factors. In so doing, one gives higher weights to the more reliable fields. Thus, given an
edit-failing record for which more than one set of fields could serve as a deletion set,

one selects the set of fields to delete having the minimal total weight.
In Example 8, we considered the record:
r= (2,1,1,1,2,1),

and observed that either Q = { 1,2, 3} or Q'= {2 » 3, 4 } are deletion sets forr. That is,
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deletion sets are certainly not unique. By computing the weights WQ and W Q' one would
usually select the deletion set of minimal weight to delete fields on an edit-failing

record.
Example 9: If we consider the record
r, = (72, widowed, Spouse)

in Example 1, we see that either Q = {2} or Q'= {3} can serve as a deletion set for this
edit-failing record. If it were felt that "marital status" were (in general) a more reliable
field than "relation to head," one might have assigned weights to be: Wo = 3 and wg = 2.
Thus the weight of set Q' is less than that of Q so one would delete "Spouse'" from the
) response record. A new value (either "head" or "other") would then be imputed at a later
stage of processing.
- .

Example 10: The purpose of this example is to show how this process plays out for a

sim ple case of continuous edits., Let us return to the explicit edits of Example 3:

e, Tx, * 2 X, >0
eyt X, - X, >0
e3: -2 X, * x3>0
ey: X, - x3>0.

When we add the following two derived edits we obtain the sufficient set of edits:

e.: = X + X >0

1 3
e6: x.I - llx3>0.

If we consider the record:

r = (800, 500, 300)

we obtain the failed edit matrix
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The field F2 is a cover for the failed edits e4 and ey hence field F2 is a deletion set for
(800, 500, 300). When we leave the values xq = 800 and X3 = 300, we find the feasible

region for Xo is determined by the constraints:

-800~~2x2 £ 0
800-’4x2 £ 0
-2x2+300 s 0

- <
X, 300 s O .

Thus, the record (800, x,, 300) will be consistent if and only if

200 g X, £ 300.

A somewhat more complex example follows from the record:

(500, 300, 1000).

The failed edit matrix is:

F1 F‘2 F
e1 1 1 0]
0 1 1
3
es 1 0 11].

We must choose two fields to change, and choosing x, and X3 and leaving xy = 500 we
have that (500, X5, x3) is consistent if and only if x, and X3 satisfy all constraints:

X, £ 250
X, 2 125
- 2x2 + x3 £ 0
X, = x3 £ 0
x3 < 500
x3 2 125 .

The set of points (x,, x3) for which (500, x5, x3) satisfies all edits ey through eg lies in
the shaded region of Figure 2, ”
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Remark: Note that implied edits do not provide any new inform ation as to which records
are consistent or inconsistent for completely reported records. That is, a completely
reported record which passes all explicit edits will also pass all implied edits. If
however, a record contains some nonresponse, the derived edits may be crucial in
determining if the reported fields are mutually consistent. If we consider the edits in
Example 1, and the record:
Age =8
Marital Status = Missing

Relation to Head = Spouse,

we observe that neither explicit edit, e, or e, is failed. The record does fail implied
edit €3, and it is clear that one of thereported fields must be changed.

What this all says is the following. Given arecord a which fails some edits (explicit or
derived), we would like to locate a subset of fields and change only those fields so that
the revised record becomes consistent. The set of fields that are changed is called the
deletion set and the fields not changed are (mutually) consistent. As arule the objective
is to find a minimum deletion set {(and hence, a maximum consistent set). But more
generally, one assigns weights to each field and attempts to locate a weighted minimal
deletion set; that is, subset of variables whose sum of weights is minimal. This problem

is oftenreferred to as the minimum (weighted) fields to delete problem.

Given a record a and the set of failed edits Ha, where H is the complete set derived
edits, one finds a (minimal weighted) deletion set for a by finding a (minimal weighted)
cover for H The problem of finding a minimal weighted cover for H is a fairly
standard integer' program ming problem in operations research called the set covering
problem. We will discuss the set covering problem in the next section and show how it is
used in finding a minimal weighted set of fields to delete on an edit failingrecord. For
a detailed discussion of the minimal weighted fields to delete problem from an operations
research perspective we refer the reader to [GKL] and [LGK]. An alternative to the
set covering procedures to locate a minimal weighted set of fields to delete on edit-
failing records is discussed in [S] . The methods developed there are based on

mathematical program ming procedures.
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IV. USING A SET COVERING PROCEDURE TO FIND A MINIMAL DELETION SET

In the proceeding sections, given a sufficient set of edits, H, and an edit failing record, a,
we saw that it suffices to find a cover Q of Ha in order to identify a set of fields to alter
on a in order to create a consistent r'ecor'd.—In order to find the cover of Ha, one in

effect, must solve a set covering problem. In Section A, we give a precise form u_lation of

the set covering problem and in Section B we relate it to editing.

A. The Set Covering Problem

Definition: Let G ={gi | is1,...,m}be an arbitrary finite set and let
P= {Pj | §=10een } be afamily of subsets of G. Wesay C € P is a cover for G if
G= vy P..
© P.e C J
J

If we associate a weight wj > 0 with each P‘j € P, we can define the weight of a cover C

to be

One says that a cover is a minimum cover if it properly contains no other cover. Note

that since all weights are positive, a cover of minimum weight is also a minimum cover.

The Set Covering Problem: Given aset G = {gi | i=1,.0e,m }, a family of subsets of G,

P = {Pj | 3=1,ee00n }, and a set of positive weight, W = {wi | i=1,.e0n }, one seeks to
find a cover of G by P of minimum weight. This is known as the set covering problem.

Example 11: Let G be the set
G""{ 1,2,3,“,5,6,7,8,9,10 }9

and consider the set of subsets of G, P = { Pj b j=1,...,6 }



-27-

where
Pr=11,2,3,4,56,7 }

P,={ 5,6,7,8,9,10 }
P;=1{1,3,5,7,9 }
Py=12,4,6,8,10 }
Ps=1{ 3,8 }

Pe=1{ 1,2,4 } .

Using the elements of P, we can find the covers of G; some are:

Cy={ P,s P, }
Cyp = { Pas Py }
c3={ Pos Pgy Py }
Cy = { Poys Pas Py ]

c5={ Pis Pay Py } .

In each case, the union of the sets in a cover equal the entire set G ={ gi | 1=1,...,10 } .
In this example, C5 is not a minimum cover since it contains 02, however all other

covers listed are minimum.

Remark: We can form the matrix M whose rows are indexed by the elements of G and

whose columns are indexed by P, and

1 if g, P
M(iij)‘{ 1 J

0 otherwise.
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In the case of Examle 11, the matrix M is
P1 P2 P3 P’J P5 P6
B -1
84 1 0 1 0 0] 1
g5 1 0 0 1 0 1
g3 1 0 1 0 1 1
gy 1 0 0 1 0 1
gs 1 1 1 0 0 0
g6 1 1 0 1 0 0
g7 1 1 1 0 0 0
g8 0 1 0 1 1 0
89 0 1 1 0 0 0
819 | O 1 0 1 0 Jd

In general, the rows in M correspond to elements in G, and column j is thought of as
corresponding to set P.j where gy € PJ. if the element in the 1™ row and jth column of
M is equalto 1.

By selecting a family of columns such that eachrow contains at least one non-zero entry
in one of the specified columns, the set corresponding to the selected columns forms a
cover for G. For example, by choosing columns P3 and P)J we see that eachrow hasa ™"

in either column P3or Py, Thus, {P3, Pu} = C, is a cover for G.

Reformulating the Set Covering Problem: The Set Covering Problem can be formulated

as follows. Given:

(a) aset G = {gi | 1=1,00,m }
(b) afamily of subsets of G, P = {P_. | j=1,...,n }

J
(¢) aset of positive weights W = {wj | 321,000 },
n
Minimize W= ) w,x
3=1 373
n
Subject to )) a; %5 2 1 i=1,...,m ,
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where x\j € {0,1} jJ=1l,e¢e,n ,
1 if g.e P

and aij={ . J
0 otherwise.

A cover of minimum weight is:

C = { le xy= 1 for j=1,..,n }.

B. Applying the Set Covering Problem to Find a Minimal Deletion Set: When we apply

the set covering problem in the context of data editing, we let H be the complete set of

edits, G = { m,..”hm} = H, be the edits failing record a, P, the set of edits which

field Fj enters for j=1,...,n, and w‘j the weight of field F‘j for j=1,...,n. Thus, the

corresponding m atrix, Ma, has rows indexed by the edits in Ha, columns indexed by the

fields, and
-

1 if field jJ enter failed edit i

0O otherwise.

Mé(i,j) = {

If we set up the matrix Ma for the record and edits in Example 8, we get the exact

matrix on Page 19.

Since the sets P correspond to the set of failed edits which field j enters, if C is a cover

J
in the sense above, then

Ha=PUC P
- €
J

Of course, this was our objective all along. To be more explicit, the set of fields,

-

Q= FJI Py € C for g=1,...,n }

is a cover of Ha in the sense of Chapter IL Thus, the set of fields,

Q={ F, Il P, e C for j=1,...,n }
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is a deletionset for a = (a1 ,...,an), and the set of field values
{ a, | P, ¢ C for j=1,...,n |
is consistent.
Summary: If a = (a1,...,an) is an edit-failing record and H is the complete set of edits

(for an explicit edit set) to find a minimal (weighted) deletion set for a, we solve the

following zero-one integer program ming problem.

n
Minimize ) w,X,
yoq 373

- subject to Ma 2 1

where X = (x1,...,xn) is a vector of zeros and ones,

Hé = hy li=1,...,m },

1 if field Fj enters edit hi
Ma(i'j) =

0 otherwise, and

W = (Wq,ue,W,) is @ vector of positive field weights.

A minimal weighted deletion set for a corresponds to the fields F\j such that xj = 1, The

field values aj such that xj = 0 are mutually consistent and need not be altered. That is,

we need only change the field values aj for xJ = 1 to obtain a consistent record.

Remark: To solve the problem above, one, in essence, solves a set covering problem. In
addition to exact procedures, efficient heuristic techniques that approximate optimal
solutions can yield acceptable results. In the next two sections we discuss two programs

that implement the methods discussed in this report.

V. PROGRAMS IMPLEMENTING THE METHODOLOGY DISCUSSED ABOVE

Several programs are in place at the Census Bureau to implement edit generation

procedures for explicit edit sets and set covering techniques for edit-failing records.
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One set of programs handles categorical data and a second set handles continuous data

under ratio edits. They are both discussed below.

A. Implementing the Set Covering Procedures for Categorical Data

We have several programs at the Census Bureau to implement the set covering
procedures discussed earlier for categorical data. These programs are based on software
developed at Oak Ridge National Laboratory, and this software is discussed in [L] . The
first program, call it GENED, generates a sufficient set of implied edits from a user-
supplied explicit edit set,

In the Appendix we include the output of GENED when this program was run on Example
1 and Example 3 above. This program itself is divided into two segments. In the first
segment, the system prompts the user for the number of fields, field names, number of
r‘esp?mses for each field, and the possible response options. The program then "feeds
back" to the user this information to be verified or changed. This segment of the
program is illustrated on page A1 of the Appendix for Example 1. Next the user is
requested to supply the explicit edit set. For the edits in Example 1, the user supplied
edits are shown on page A2 of the Appendix. The program then generates the implied
edits, and these are shown on page A3 of the Appendix.

The program GENED terminates and the implied edits are stored in a file. These implied
edits can now be read into a second program to edit individual data records. If the
purpose of running GENED at this stage was not toimmediately edit records but rather
to analyze the user-supplied explicit edits, the derived edits are available to do so.
Through an examination of the logical implications of the explicit edit set (conveyed by
the implied edits), a user may wish to modify the original explicit edits. Even if a user
does not wish to edit records using the set covering approach, the inform ation provided
by the implied edits can be quite valuable in evaluating an explicit edit set and itslogical
implications.

The GENED program was also run on the explicit edit set from Example 2, and the output
is contained in pages A6 through A9 of the Appendix. The implied edits are listed on
pages A8 and A9 and they can be easily compared to the implied edits listed in Example 3
on page 8; in fact, this program was the source of these edits.

The second program we have available, called EDRECS, edits records using the implied
edits generated earlier. The program first prompts the user to furnish a weight for each
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field so that the program can select a minimal weighted set of fields to delete for each
edit-failing record. On page AH4 of the Appendix we include the output of running records
Ty o 53 from Example 1. The weights were selected to be equal to 1. One sees the
input record (in coded form), the list of fields to change, and the weight (or cost) of the
minimal deletion set. Since all the weights were selected to be 1, the cost of the
solution is the number of elements in the deletion set. On pages A10 and A11 of the
Appendix, we show the output from running several records based on Example 2. After a
complete "batch" of records is processed through this system, the program displays the
frequency with which each edit failed. On page A5 we display this frequency count for
the records from Example 1 and on page A12 we show the results for the records from
Example 2. This information is potentially quite useful in an analysis of the impact of
the edits on the data processed. In addition, this information may indicate edits that

neeg revision.

B, Implementing the Fellegi-Holt Procedures for Linear Inequality Edits from Ratio

Constraints

Linear inequality edits as discussed in Chapter II, Section C can arise from ratio edits,

namily the requirement that the ratio of two fields lie between two specified bounds.

That is, a ratio edit bet ween fields Fh and Fk is the requirement that

X
<
Lhk pS h/xk s Uhk

where Lhk and Uhk are constants. Each ratio edit gives rise to two linear inequality
edits

Given tworatio edits:
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we can derive the implied edit:

< <
LhkLkp < xh/xp < UhkUkp'

Given a family of connected explicit ratio edits:

Lhk s xh/xk < Uhk ’
we can easily obtain all maximal essentially new implied edits and their number is quite
manageable, namily n(n=1) where n is the number of fields. We then have a sufficient
edit set and can proceed to edit records using the set covering approach. The set
covering problem that arises has a particularily simple structure since each edit has
exagtly two entering fields. Special set covering procedures can be used in this setting
and they are discussed in [GR] . In fact, the SPEER System (Structured Program for
Economic Editing and Referrals) developed at the Census Bureau has a set covering

procedure as its foundation.

The primary purpose of SPEER is to provide an edit and imputation system for economic
data under ratio edits. The system is divided into three major segments: (1) edit
generation, (2) error localization (determining a weighted minimal set of fields to delete
on edit-failing records), and (3) imputation subroutines. The first two segments proceed
as discussed in earlier sections. The imputation subroutines consist of a family of
structured modules in which subject=m atter specialists insert survey=-specific imputation
rules. Within the imputation segment of this system, we sequentially impute one field at
a time. As we do this, the system explicitly generates the one-dimensional feasible
region for each field being imputed to ensure that each imputation is consistent with all
other fields on the record. Thus, the imputation subroutines sequentially generate a

family of mutually consistent field values.

This program has been sucessfully used to process six portions of the 1982 Economic
Censuses. For a further discussion of SPEER, we refer the reader to [GS] .
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APPENDIX

Here we include sample output produced by the programs discussed in the text for the
implementation of the set covering procedures for automated editing of categorical

data. The contents of this Appendix are discussed in Section A of Chapter V.



field 8

1

field name

. warital status

rel to head

1]
]
Q.
[ ]

W IO W

code value

0-14
15+

sinale
married
divorced
widowed
separated

head

spouse
other

Al



edit number entering fields

edit &8 1 aqe warital status
0-14 married
divorced
widowed
separated
edit ® 2 marital status rel to head
single spouse
divorced
widowed

the execution has been completed

A2



edit number entering fields
edit 81 aae marital status
0-14 married
divorced
widowed
separated
edit & 2 warital status rel to head
single spouse
divorced
widowed
edit & 3 age rel to head
0-14 spouse

the execution has been completed

A3



#x% THE WEIGHTS IN FIELD ORDER ARE #xx
1.0000 1.0000 1.0000

enter response codes as a vector of inteaers

after last record enter a vector of integers
with first entry = -10

for record & 1
THE INPUT RECORD 18:
2 4 1

THE INPUT RECORD IS PASSING

for record & 2
THE INPUT RECORD IS:
2 4 2
THE FIELDS TO BE CHANGED ARE:

THE WEIGHT OF THE SOLUTION IS: 1.0000

for record & 3
THE INPUT RECORD IS:
1 6 2
THE FIELDS TO BE CHANGED ARE:
3 1
THE WEIGHT OF THE SOLUTION IS: 2.0000

A4




8 of times involved in failure

T

A5




field &

1

field name

field a

field b

field ¢

field d

field @

field §

code

SUNE LN DU NP GNK N

code value

res
res

res
res
res

res
res

res
res
res
res

res
res
res

res
res
res
res

al
a2

bl
b2
b3

cl
c2

A6




edit number

edit 8 1 tield b
res bl
‘res b2

edit & 2 field a
res a2

edit 8 3 field a
res al

edit & & field b
res bl
res b3

edit 8 5 field a
res a2

the execution has been completed

entering fields

field c
res

field ¢
res

field b
res
res

field f
res

res

field d
res

cl

c2

b2
b3

fl
f2

dl

field e
res
res

field d
res
res

field d
res
res
res

field e
res
res

el
e2

dl
d2

d2
da

e2
el

¢ field
res 3
res f4

A7



edit

edit

edit

edit

edit

edit

edit

edit

umber

s1

82

3

84

%6

®7

%9

#10

*11

812

13

814

#15

/16

817

field b
res
res

field a
res

field a
res

field b
res
res

field a
res

field b
res
res

field ¢
res

field b
res

field b
res

field a
res

field a
res

field a
res

field a
res

field a
res

field »
res

field a
res

field a
res

bl
b2
a2

al

bl

b3

a2

b2

b3

cl

b2

b3

al

al

a2

a2

a2

a2

a2

entering fields

tield ¢
res

tfield ¢
res

field b
res
res

field
res
res

field d
res

field ¢
res

field e
res
res

field d
res

field ¢
res

field c
res

field d
res
res
res

field ¢
res

field b
res
res

field b
res
res

field b
res

field b
res

field b

cl

c2

b2
b3

f1
f2

dl

c2

el
e2

d2

c2

cl

d2

d3
d4

cl

bl
b2

bl
b2

bl

bl

res bl

field @
res
res

field d
res
res

field d
res
res
res

field @
res
res

field d
res

field
res
res

field e
res
res

field d
res

field d
res
res
res

field f
res
res

field d
res

field d
res
res

field d
res

field d
res

field d
res
res

field ¢
res

el
e2

dl
d2

d2
d4

e2
el

d2

fl
f2

el
e2

d2

d2
d3
d4

fl
f2
d1
dl
d2
dl

dl
dz

cl

]

field ¥
res
res

field §
res
res

field
res
res

field @
res
res

field ¥
res
res

field e
res
res

field ¢
res
res

field e
res
res

field d
res

3
a4

3
fa

3
f4

el
e2

el
e2

f3
t4

el
e2

dl

field ¢
res f3
res t4




edit 818 field a
res a2

the execution has been completed

res b2

field b
res bl
res b3

field ¢ field d
res c2 res dl
res d2
[}

A9



s THE WEIGHTS IN FIELD ORDER ARE

1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 )
Al0

enter response codes as a vector of inteaers
after last record enter a vector of integers
with first entry = =10
for record & 1
THE INPUT RECORD IS:

211121
THE FIELDS TO BE CHANGED ARE:

5 6 2

THE WEIGHT OF THE SOLUTION IS: 3.0000

for record % 2
THE INPUT RECORD IS:
1 2 2 21 2
THE FIELDS TO BE CHANGED ARE:

THE WEIGHT OF THE SOLUTION IS: 1.0000

for record # 3
THE INPUT RECORD IS:
1 3 2 4 11
THE FIELDS TO BE CHANGED ARE:
6 2
THE WEIGHT OF THE SOLUTION IS: 2.0000

for record & 4
THE INPUT RECORD ISt
2 31 3 3 4
THE INPUT RECORD IS PASSING

for record & 5

THE INPUT RECORD IS:
122111

THE INPUT RECORD IS PASSING

for record 8§ 6



THE

-t

THE

INPUT RECORD IS?

- * 1 * b |
i - - - -

FIELDS TO BE CHANGED ARE:
2
NEIGHT OF THE SOLUTION IS:

record & 7

INPUT RECORD IS:

record & 8

INPUT RECORD 18:

3 2 4 3 4§

FIELDS TO BE CHANGED ARE:

WEIGHT OF THE SOLUTION IS:

2.0000

1.0000

All



edit 8 % of times involved in failure

1 2 .
: 3 Al2
3 3
H 3
: 0
7 2 '

8 0
9 0

10 0

1 2

12 1

13 0

14 0

15 1

16 1

17 1

18 0



