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Abstract-In order to provide copyright protection for
digital materials, a distributor embeds different wa-
termarks (codewords) into different products before
sending them to customers. The watermark in each
product can be used to identify the customer who
buys that product; thereby, redistributing the product
is equivalent to exposing the customer’s identity.
However, a group of customers can collude and com-
pare their products to detect their watermarks, and
then create a new product with a pirate watermark.
Codes with identifiable parent property (IPP) can
provide means of traceability in the presence of a
collusion attack. Many results have been obtained on
codes with IPP, including those on constructions and
sizes. In particular, an estimation of the maximum
size of IPP codes of length 3 is given in [5]. With
the help from graph theory, we devise an algoriuthm
which determines the maximum size of IPP codes of
length 3. We also use techniques from graph theory
and nonlinear optimization to give a precise formula
for the maximum size of IPP codes of length 3 when
the size of the alphabet can be written as r2 + 2r
for some integer r. Moreover, our arguments allow
us to construct classes of maximum size IPP codes of
length 3, and these codes allow for efficient tracing.
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components, Kuhn-Tuker Conditions.

I. INTRODUCTION

Fingerprinting, first introduced by Wagner [1], is a
technique for identifying users who use digital materials
for unintended purposes, such as redistribution. In order
to control the redistribution of digital materials, a distrib-
utor embeds a watermark (codeword) into each product
through a variety of watermarking techniques before
sending it to customers. Using different watermarks for
different copies makes each copy unique. The watermark
in each product can be used to identify the customer
who buys that product and, thereby, redistributing the
product is equivalent to exposing the customer’s identity.
However, a group of customers can collude and compare
their products to detect their watermarks, and then create
a new product with a pirate watermark. The problem
of designing fingerprints that can withstand collusion
and allow for the identification of colluders has been
extensively studied in recent years. Several schemes for
tracing the customers who use their content for unitended
purposes are designed in [2] and [3]. Additive embedding
technique against collusion and a new class of codes,
called anti-collusion codes, are proposed in [4].

Codes with identifiable parent property (IPP), first
introduced in [5], can provide means of traceability in
the presence of a collusion attack (for example, tracing
the source of an unauthorized distribution). Clearly, an

IPP code with large size can mark more digital products.



Constructions of maximum size IPP codes have been
studied (for example, [5]) and decoding algorithms of
IPP codes have been proposed (for example, [7] and [8]).
Bounds on the maximum size of IPP codes of length n
are obtained in [5]. Such bounds are improved in [6] for
IPP codes of length 4. For IPP codes of length three over
an alphabet with ¢ elements, it is proved in [5] that the
maximum size is bounded above by 3¢ — 1.

In this paper, we design an algorithm which deter-
mines the maximum size of IPP codes of length 3 over
any given alphabet Q. In fact, when |@Q| can be written in
the form 72 +2r, we show that a lower bound given in [5]
in fact gives a precise formula for the maximum size of
IPP codes of length 3. We conjetcure that a similar result
holds when |Q| = r2+2r +k with 1 < k < 2r +2. We
also show how to construct maximum size IPP codes
of length 3. It turns out that such codes have very
low decoding complexity and hence allow for efficient
tracing.

To obtain our results, we associate to a code C an
edge colored graph as in [5], in such a way that the
IPP of C' is equivalent to certain structural conditions
on the graph. We then use IPP graphs to construct a
class of IPP codes of length 3, which improves a lower
bound on the maximum size of IPP codes of length 3.
This is done in Section II. We show in Section III that
there is always a maximum size IPP code of length 3
whose associated graph has a special structure, which is
used in Section IV to reduce the maximum size problem
to a nonlinear programming problem. We then design a
MATLAB program which determines the maximum size
of IPP codes of length 3 over (), and construct maximum
size IPP codes from the outcomes of the program. In
Section V, we show that the strucure of our constructed
codes can be used for efficient tracing. In Section VI,
we solve the nonlinear programming problem when |Q)|
can be written as r? 4 2r for some integer r, thereby,
giving a precise formular for the maximum size of IPP
codes of length 3 when |Q| = 72 + 2r.

Notations and terminology from graph theory and non-
linear programming are given in the Appendix, as well

as detailed proofs of some technical lemmas.

II. CODES AND ASSOCIATED GRAPHS

In this section, we define graphs associated with codes.
We shall see that a code is IPP if and only if its
associated graph satisfies certain structural properties.
We then prove a lower bound on the maximum size of
an IPP code of length 3 by constructing IPP codes from
IPP graphs, which improves the lower boud given in [5].

Throughout the rest of the paper, we fix the alphabet
Q = {a1,02, -+ ,a4}. For any x € Q", we also write
x = (x1,22, -+ ,2,). Let C C Q™ be a code. For any
two words a, be Q", the descendant set of a and b is
defined as

D(a,b) :={x € Q"|z; € {a;,b;},i =1,2,--- ,n}.

If ¢ € D(a,b), then a and b are parents of ¢. For a code

C, we define its descendant code to be

c*:= |J D(ab).
a,beC
For example, if C' = {0000,1111}, then C* = Fy.

We say that a code C has IPP if for every word in
C*, at least one of its parents can be identified. An IPP
code C C Q" is said to be maximum if its size is the
largest among all IPP codes of length n over Q).

The following result from [5] gives a necessary and
sufficient condition for a code to have IPP.

Lemma 2.1: A code C' C Q™ has IPP if and only if
the following two conditions hold:

(IPP1) for any three distinct codewords a, b, ¢ in C,
there exists some 1 < i < n such that a;,b;,c; are all
distinct, and

(IPP2) for any four distinct codewords a, b, ¢, d in C,
there exists some 1 < i < n such that {a;,b; }{c;,d;} =
@.

We shall use graphs to study maximum size IPP codes.
See Appendix A for graph theory terminology. For each
code C C @™, we define a graph G such that the
vertices of G represent the codewords in C, and two
vertices of GG are joined by an edge of color ¢ if their
corresponding codewords have the same ith coordinate.
Clearly |C| = |V(G)|. For each 1 < i < n, let G(7)
denote the spanning subgraph of G whose edges are
those edges of G with color i. We say G is an IPP



graph if C' is an IPP code. With the above definition
and notations, Lemma 2.1 can be stated as follows,

Lemma 2.2: Let C C Q" and G be its associated
graph. Then G is an IPP graph if and only if the
following two conditions hold:

(IPP1) for any three distinct vertices u,v,w of G, there
exists some color 1 < 1 < n such that u,v,w belong to
three different components of G(i), and

(IPP2) for any four distinct vertices w, v, w, x of G, there
exists some color 1 < ¢ < n such that any component of
G (i) containing u or v contains neither w nor .

The following result is a direct consequence of
Lemma 2.2.

Lemma 2.3: Let G be an IPP graph and S be a union
of components of G. Then S is an IPP graph.

For graphs associated with some IPP codes of length
3, the following useful result proved in [5] gives structure
information.

Lemma 2.4: Let C C Q> be an IPP code and G be
its associated graph. Then
(i) if |C| > q, no two vertices of G are joined by more
than one edge,

(ii) G contains no triangle whose edges use three differ-
ent colors, and

(iii) G contains no path vivev3vy whose edges v1vo,
V93, V3v4 Use three different colors.

By applying Lemma 2.2 and Lemma 2.3, we can
establishe the converse of Lemma 2.3, its proof can be
found in Appendix B.

Lemma 2.5: Let C C Q3 and G be its associated
graph, and let S,’T" be unions of components of G such
that SNT =0 and SUT = G. If S and T are IPP
graphs, then so is G.

Let S be a component of an edge colored graph G.
If edges of S use only one color, then S is called a
uni-color component; if edges of S use only two colors,
then S is called a bi-color component; if edges of S
use exactly three colors, then S is called a tri-color
component.

Lemma 2.6: Let C C Q3 and G be its associated
graph, and let S be a component of G.

(i) If S is a uni-color component or a bi-color com-

ponent in G then S is an IPP graph.

(ii) If there are a vertex z of S and complete subgraphs
S1,S52, 53 of S such that S1U Sy U S3 = S, all edges of
S; are colored with color i, 1 <1i < 3, and V(S;NS;) =
{z} forall 1 <i# j <3, then S is an IPP graph.
The proof of Lemma 2.6 is presented in Appendix C.

Notice that for each integer ¢ > 24 there exist integers
rand k such that » > 4, 0 < k < 2r+ 2, and ¢ =
r2+2r + k.

In the following theorem, we use IPP graphs to give
a lower bound on the size of a maximum IPP code of
length 3 over Q). In our proof, we actually give an explicit
construction of several classes of IPP codes, including
one class constructed in [5]. Such codes provide means
for efficient tracing, as will be shown in Section V.

Theorem 2.7: Let q = r2 4+ 2r + k where r > 4 and
0 <k < 2r+2 Let G be the graph associated with
a maximum IPP code C C Q3. Then |V (G)| > h(q),

where

3q — 6r, if k=0
3g—6r—2, if k=1

hg) =< 3¢—6r—3, if 2<k<r+1
3g—6r—5, if k=r+42
3¢g—6r—6, if r+3<k<2r+2.

(1
Proof. 1t suffices to construct an IPP graph G with
|[V(G)| = h(q). We distingush five cases according to
k.
Case 1.k =0and g =12+ 2r
First, we construct an edge colored graph B,, for
each 1 < m < 3, as follows. Take r disjoint complete
graphs R with |V(R,)| =r, 1 < s < r, and label the
vertices of each Rs by vf%, vy, -+ g Let {4,j} =
{1,2,3} — {m}. Color all edges of each R with color
i. For each 1 < t < r, join every pair of vertices from
{vr, vgy, -
the resulting edge colored graph, 1 < m < 3. Note
that |V (B,)| =
color m. The components of B,,(i) are the graphs Rq,

,v{{’,@} by edges of color j. Let B,, denote
r2 and the edges of B,, do not use

1 < s < r, the components of B,,(j) are the complete
st A<t <),
and the components of B,,(m) are the isolated vertices
vgy (1< s, 0 <)

Now let GG denote the edge colored graph which is the

1 m m
graphs with vertex set {v{, vy}, -



(Oél, a1, O[l),

(ala a9, a2)7

(011,047«, aT)v

(aT’+17 a?”-i—la a?“2+1)7

(QT+27 Qpi1, 017«24.2),
Cy =

(ar+7’7 Qry1, ar2+r)7

(Qr2yri1, Q2r 11, Qr2rg1),
(ar2+r+27 Q2 42, ar2+r+1)7

(017«2 421y O2p 4y Op2 4] ) 5

disjoint union of B;, By and Bs. That is, By, B2 and Bs
are the three bi-color components of G. By Lemma 2.6,
By, By and B3 are IPP graphs. In view of Lemma 2.5,
G is an IPP graph. Note that |V (G)| = 3r% = 3¢ —6r =
h(q).

We will show that GG is associated with the code C' C
Q3 given in array (2). For each 1 < s,¢ <, let

(Oés, A, a(s—l)r—l—t)

be the codeword in C' corresponding to the vertex fug”t
of B3, let

(Qtptts Qtpgsy Qp24t)

1

be the codeword in C' corresponding to the vertex v,

of By, and let

(2 gyt Q(s41)r+t Qr2gris)

be the codeword in C' corresponding to the vertex vit of
Bs. Then C' = Cj. It is easy to verify that G is associated
with C.

For the other cases when k > 1, we can construct IPP
graphs similar to Case 1.

Case 2. k=1and g=71>+2r +1

Construct By, By, B3 as exactly in Case 1. Add one
more vertex Uif,r+1 to B3, for each 1 < t < r, join
vir 41 and vit by an edge of color 1, now we obtain

a new component Bj. Let G denote the disjoint union

(Oég, ar, a?‘+1)7

(a27 a27 a?“+2)7

(Oég, Qp, a27‘)7

(a2r+17 Qry2, ar2+1)7

(0427«+2, Qp2, 017«24.2),

(a2r+r7 Qry2, ar2+r)7

(Qr2qri1, Q3r11, Qr21rg2),
(ar2+r+27 Q3r42, ar2+r+2)7

(2 frtrs Qg Qp2 4 42),

(067«, ar, CJZ7«2_7«+1),

(ara a2, Q2 —T+2)7

(Oéra OZT,OZT2),

(ar2+17 Qor, ar2+1)7

(Oér2+2, Q2p, 04r2+2),

2)

(047’24-7’7 Qor, ar2+7’) 5

(Qr2 411, Q2 41, Q24 2r),
(047’2 4742, Op2 4 r4 2, Qp2 +27”) ’

(ar2+2r y Op24 295 Olp24 9 ) .

of these three bi-color components By, By, B, then G
is an IPP graph by Lemma 2.5 and Lemma 2.6. Notice
that |V (G)| = 3r2 +1 =3¢ — 6r — 2.

Let

(0, 024 9r 41, Q24274 1)

be the codeword in C' corresponding to the added vertex

vi”,rﬂ, and let

C= CO U {(ah Q21 204 ks ar2+2r+k)}- (3)

Then G is associated with the code C' in (3).

Case 3.2<k<r+landgq=r>+2r+k

Construct By, Bs, B3 as exactly in Case 1. For each
1 <m <3, add k — 1 vertices v, 4 (1<s<k-1)
to Bp,. Let {i,7} ={1,2,3} — {m}. Foreach 1 < s <
k—1, join v 4 and vy (1 <t < r) by an edge of color
7vlrcn—1,r+1 by
edges of color j. Let B], be the resulting bi-color graph,
1 < m < 3. Then B], is an IPP graph by Lemma 2.6.
Let G denote the disjoint union of these three bi-color

i. Join every pair of {v{"  , v -

components B{, B}, B}, then G is an IPP graph by
Lemma 2.5. Note that [V(G)| = 372 + 3(k — 1) =
3q — 6r — 3.

Let X,,, 1 < m < 3, denote the codeword set



corresponding to the £ — 1 vertices added to B,,,, where

X3 = {(as, 242011, 02y 2r15), 1 <5 < b — 1},
Xl = {(aT2+2T+87aT+87a7‘2+27‘+k)7 1<s<k—- 1}7

Xo = {(r2 1204k Or242r 1148, Q2 gpys), L <s <k — 1}

Let

C=CyUX3UX;UXs. @

Then G is associated with the code C' in (4).

Case 4. k=r+2and ¢q=1>+2r +k

Construct B, B), B} exactly as in Case 3. Add one
more vertex v‘ir+2 to Bé, for each 1 <t < r 4+ 1, join
v},,5 and v}, by an edge of color 1, now we obtain
a new component Bj. Let G denote the disjoint union
of these three bi-color components B}, BS, BY, then G
is an IPP graph by Lemma 2.5 and Lemma 2.6. Notice
that |V (G)| = 3r? +3r + 1 = 3¢ — 61 — 5.

Let

(041, Q24 3742, Oér2+3r+2)

be the codeword in C' corresponding to the added vertex

3
V7 49, and let

C=ChUX3UX1UXoU{(a1,ar243042,0r243742)}
®)
Then G is associated with the code C' in (3).
Case 5. r+3<k<2r+2and g=7r>+2r+k
Construct Bf, B}, B} exactly as in Case 3. For each
1 <m < 3, add k — r — 2 vertices v, (1 <
s < k—1)to B,. Let {i,j} = {1,2,3} — {m}.
For each 1 < s < k — 17 — 2, join vg’}” and vgft
(1 <t<r+1) by an edge of color i. Join every pair
of {UTM—% vg?r—&—Q? T
Let B/ be the resulting bi-color graph, 1 < m < 3.
Then B/ is an IPP graph by Lemma 2.6. Let G denote
the disjoint union of these three bi-color components
{, By, BY, then G is an IPP graph by Lemma 2.5. Note
that |V (G)| = 3r? +3r + 3(k —r — 2) = 3¢ — 61 — 6.
Let YV,,, 1 < m < 3, denote the codeword set
corresponding to the k — r — 2 vertices added to Bj,,

L URY 9 pig DY edges of color j.

where

Y3 = {(amar2+3r+2a ar2+3r+1+s), 1<s<k—-—r— 2}7

Let

C=CiUX3UXjUXoUYsUY UY5. (6)

Then G is associated with the code C in (6). [

III. MAXIMUM IPP GRAPHS

The main result of this section gives structural condi-
tions on a graph associated with a maximum IPP code of
length 3. This is crucial for constructing maximum IPP
codes which allow for efficient tracing. First, we need
some notation.

An edge colored graph G is a proper if it consists of
exactly three bi-color components S7,.S2,S3 such that
S; does not use color 7, for all 1 < ¢ < 3. For an
IPP code C C @3, let Q;(C) (1 < i < 3) denote the
set of elements of (), each of which occurs as the ith
coordinate of some codeword in C. For a subgraph H
of G associated with C' C Q3, Q;(H) denotes the set of
elements of (), each of which occurs as the ith coordinate
of some codeword corresponding to a vertex of H. The
following result is proved in [5].

Lemma 3.1: Let C C Q3 be an IPP code, let G be
its associated graph, and let S be a component of G.
Then one of the following holds.

(i) S is a uni-color component, and if all edges of S
use color i for some 1 < i < 3 then |Q;(S)| = 1 and
Q5(S)] = V()] for all j & {1,2,3} —{i}.

(ii) S is a bi-color component, and if the edges of S use
colors i and j for some 1 < i # j < 3 then |Qk(5)| =
[V (S)| for k € {1,2,3} — {i,j}.

(iii) S is a tri-color component, there exist a vertex v of
G and three complete subgraphs S1,S2,53 of G such
that all edges of S; use color i for 1 < i <3, V(S; N
S;) =A{v} forall 1 <i+# j <3, and

Using the above lemma, we can prove the following

result.
Theorem 3.2: Let C C Q® be an IPP code and

G be its associated graph. Ig): G contains no bi-color
q

components, then |V (G)| <

Y1 = {(o2g3r414ss riss Ar2iop4k), 1 < s < k—r —2}Proof. Let S1,S,,---,S,, be the components of G,
Yo = {(02p2r4hs r2q3r 4245, 02 4pps), 1 < s <k —r —ilfich are either uni-color or tri-color. Then by (i) and



(>iii) of Lemma 3.1, we have

|Q1(5:)] + 1Q2(S:)| + |Q3(5;)| — 1
5 .
Since Y ", [Q;(Si)| < g forall 1 < j <3, we have
V(G)| 212211 [V (Sl
=% 3 (Q1(S)] +1Q2(Si)] +1Q3(Si) — 1)
<(3¢g—m)/2. O

Theorem 3.2 tells us that if the associated edge graph

[V (Si)| =

of an IPP code of length 3 contains no bi-color compo-
nents, then this code is not maximum.

Next, we prove a series of lemmas concernning the
structure of IPP graphs.

Lemma 3.3: Let C C Q3 be a maximum IPP code

and let G be its associated graph. Then G has at
least three components and one of these is a bi-color
component.
Proof. Suppose G has at most two components. If G
has exactly one component, then by (i) of Lemma 2.4,
[V(G)| < ¢. If G has exactly two components, then
again by (i) of Lemma 2.4 we have |V (G)| < 2¢ — 2.
In both cases, we see that |V(G)| < h(g). (Recall the
function h(g) in (1)). Hence, by Theroem 2.7, |C is not
maximum, a contradiction.

Now assume G has no bi-color components. Then
by Theorem 3.2, |V(G)| < 3¢/2 < h(g). In view of
Theorem 2.7, |C| is not maximum, a contradiction. [J

The following three Lemmas are proved in Appendix
D,E F

Lemma 3.4: Suppose C' is a maximum IPP code
which is chosen so that its associated graph G has the
minimum number of components. Then no two compo-
nents of G use exactly the same colors.

Lemma 3.5: Suppose C' is a maximum IPP code
which is chosen so that its associated graph G has the
minimum number of components. Then G has no uni-
color components.

Lemma 3.6: Suppose C' is a maximum IPP code
which is chosen so that its associated graph G has the
minimum number of components. Then G has no tri-
color components.

Now we can prove the main result of this section.

Theorem 3.7: There exists a maximum IPP code C' C
Q3 such that its associated graph is a proper graph.

Proof. Choose a maximum IPP code C such that its
associated graph G has the minimum number of compo-
nents. By Lemma 3.5 and Lemma 3.6, all components
of G are bi-color. Therefore, by Lemma 3.4, G has at
most three components. It follows from Lemma 3.3 that
G has exactly three bi-color components. Hence, G is
proper. [l

Theorem 3.7 tells us the explicit structure of a class
of maximum IPP codes of length 3. We can use this
theorem to construct maximum IPP codes which allow

for efficient tracing.

IV. A NONLINEAR PROGRAMMING AND
MAXIMUM IPP CODES CONSTRUCTION

In this section, we reduce the problem of determining
the size of maximum IPP codes of length 3 to a non-
linear programming problem. Based on this nonlinear
programming, we design an algorithm which determine
the size of a maximum IPP code. From the outcome of
the algorithm, we show how to construct maximum size
IPP codes of length 3.

A. Nonlinear Programming Formulation

First, we need a result on IPP graphs to derive
constraints for the nonlinear programming.

Lemma 4.1: Let C C Q® be an IPP code and G be
its associated graph. Let S be a component of G whose
edges use colors i and j for some 1 < i # j < 3, and
let {k} ={1,2,3} — {i,j}. Then

Qi(S) +1Q;(9)] =1 < |Qr(5)] < |Q:(9)Q;(S)]-
Proof. Let Ry,--- , R, denote the components of S(i),
and let T, -
those codewords in C' corresponding to vertices of Ry

-, T,, be the components of S(j). Then

(respectively, T;) have the same ith (respectively, jth)
coordinate, and R (respectively, 13) is a complete graph.
Moreover, by (i) of Lemma 2.4, |V(R,) NV (13)| < 1.

Define an auxiliery graph H as follows. The vertices
of H are Ry,--- ,R,, and T3, - ,T,,. For any 1 <
s <njpand 1 <t < ng, Rs;and T; are joined with an
edge in H when |V(Rs) NV (T;)| = 1. Let m denote
the number of edges in H. Since S is connected, H

is connected, and hence, m > ny + ny — 1. Note that



Moreover, it follows from Lemma 4.1 that

|Q2(B1)] + |Q3(B1)| — 1 < |Q1(B1)] < |Q2(B1)[|Q3(B1)],
|Q1(B2)] +|Q3(B2)| — 1 < |Q2(B2)] < |Q1(B2)[|Q3(B2)],
|Q1(Bs3)| +|Q2(Bs3)| — 1 < |Q3(B3)| < [Q1(B3)]|Q2(B3)].

m represents the number of pairs Rg and 7} such that
[V(Rs) N V(Th)| # 0.
We now count |Qx(S)| for 1 < k < 3. Since there

is no edge of color k, and because U* Ry and U}?, T}

have m vertices in common, we have

1Qi(S)] = n1 + Q212 [V(Th)]) —m,
1Q;(S)] =2 + (3251, [V(Rs)]) —m, and
1Qr(S)| = 5L V(RS + 2, [V(TH)]) — m.

Hence

Qi(S)] +1Q;(9) = |Qk(S)| + 11 + ngy —m.

Since m > ni + ny — 1, we have

Qk(S)] = Qi(S)] +1Q;(S)| — 1.

Next, we show |Qx(S)| < |Qi(S5)]|Q;(S)|. Suppose
on the contrary |Qx(S)| > |Qi(5)]|Q;(S)| + 1. Then
there must exist some symbol a € Q;(S) such that a
occurs as the first coordinate of at least |Q;(S)| + 1
codewords. By pigeonhole principle, there exist two
vertices of S joined by two edges, contradicting (i) of
Lemma 2.4. 0

Remark. Let C C Q3 be an IPP code, let G be its
associated graph, and let S be a bi-color component of
G whose edges use color ¢ and color j. Then |Q(S)| =
|Qi(59)||Q;(S)| only if for any a € Q;(S) (respectively,
a € Q;(S)), a occurs as the ith (respectively, jth)
coordinate in exactly |Q;(S)| (respectively, |Q;(S)|)
codewords. Therefore, each component of S(i) (respec-
tively, S(j)) is a complete graph on exactly |Q;(S5)]
(respectively, |Q;(S)|) vertices. It is easy to see that
this necessary condition is also sufficient for |Q(S)| =
|Qi(9)]1Q;(S)]-

Let C C Q3 be a maximum IPP code and G be its
associated graph. By Theorem 3.7, we may choose C' so
that G has exactly three components Bi, Bs, Bs which
are all bi-color components and color ¢ doesn’t occur in
B; for 1 <3 < 3. Then

ICl=[V(G)| = |Q1(B1)| + |Q2(B2)| + |Q3(Bs)| (7)
and

3
Y 1Qi(B) <q, j=1,2,3. ®)
i=1

)]
Next, we translate the problem of finding the size of
a maximum IPP code of length 3 over () to a non-linear
programming problem. Since Bj, B, Bs are three bi-
color components, |Q;(B;)| > 2, 1 <4, j, < 3. Combine
this with (8), we obtain 2 < |Q;(B;)| < ¢—4,1 < 14,5, <
3. For 1 < i,j < 3, let |Q;(B3)| = z;,|Q;(B1)] =
Yj,|Q;(B2)| = z;. Let N = {2,3,--- ,q — 4}. Then
Finding the maximum |V (G)| in (7) subject to (8)
and (9) is equivalent to solving the following nonlinear
optimization problem:

maximize the function
f(x) =23 +y1 + 2 (10)

subject to

9
$1,$2,$3,y1,y2,y3,251,22,23) eEN )
D) g1(x) =23 — 7122 <0,

(
(x)
(i)  ga(x) =y1 —y2y3 <0,
(i)  g3(x) = 22 — 2123 <0,
(iv) ga(x)=21+y1+21—q=<0,
V) g5(x) =22+ Y2 +22—q=<0,
(Vi) geo(x) =z3+ys+23—q=<0,
(vii) g7(x) =21+ 22 —1—23 <0,
(viii) gs(x) =y2+y3—1—y1 <0,
(ix) go(x)=21+23—1—29<0.

(In

B. An Algorithm

By analyzing the the constraints in (11), we can obtain
a smaller interval for each coordinate of x. For example,
from the constraint g7(x), we get 21 + x2 < z3 + 1, so

r1 <zz3—1<g—5and g < x3—1 < ¢g—>5. Again by
SE1—|—332)2 < (l‘3+1)2

. Simi-

g7(x), we have x1x9 < (
larly, we can get a smaller interval for other coordinates
of x.

With the above formulation, the following MATLAB
program can be used to determine the maximum size



of IPP codes of length 3. This program searches for an
optimal solution to maximize (10) under (11).

function [maximum, x]=f(q)

maximum=0; x=zeros(1,9);

forz1 =2:(¢—5)

for x9 = 2:min(floor((q — 3)?/4x1), ¢ — 3 — x1)

for yo =2: (¢ —5)

for y3 = 2:min(floor((q — 3)* /4y2), ¢ — 3 — y2)

for z1 =2:(¢—5)

for z3 = 2:min(floor((q — 3)%/421), ¢ — 3 — 21)

for x3 = (z1 4+ x2 — 1):min(min(zz2,q —4),q —ys —
23)

for y1 = (y2+y3—1):min(min(yoys, g—4),q—x1—21)

for z9 = (21+23—1):min(min(z1 23, ¢—4), g—x2 —Y2)

Temp=x3 + y1 + 22;

if Temp>maximum

maximum=Temp;

X = [T1,72,73,Y1, Y2, Y3, 21, 22, 235

end;

end; end; end; end; end; end; end; end; end;

return;

C. Maximum IPP Code Construction

In this subsection, we describe the construction of a
maximum IPP code C' C Q3 based on IPP graphs. Let

9
X = ($17w27x37ylay27y37217227z3) S N

be the output of the above algorithm.
Recall that Q = {aq, g, - -

an edge colored IPP graph which contains three bi-color

, aq}. First, we construct

components By, By, Bs, where the edges of B;, 1 <1 <
3, do not use color 3.

We construct By as follows. Take x; disjoint complete
graphs R, 1 < s < z; such that

maxi<s<a |V (Rs)| = x2

and

> V(R = 3.
s=1

Label the vertices of each R, by v, 1,052, s Vs |V (R.)|-
Color all edges of each R; with color 1. For each
1 <t < o, let Jy = {s||[V(Rs)| > t}. Join every

pair of vertices from {vs,s € J;} by edges of color 2.

Let Bs denote the resulting edge colored graph. Note
that |V (B3)| =
color 3. The components of Bs(1) are the graphs Rq,

x3 and the edges of B3 do not use

1 < s < x4, the components of Bs(2) are the complete
graphs with vertex set {vss,s € Ji}, 1 < t < xo,
and the components of Bs(3) are the isolated vertices
{vs1,052," " Vs V(R 1 <8 < x1}.

We construct B; and By similar to Bs.

Take yo disjoint complete graphs Rs, 1 < s < y9 such
that

maxi<s<y, |V (Rs)| = y3

and

Y2

Z |V(Rs)| = Y1

s=1
Label the vertices of each R by v, 1,052, - s Vs |V(R,)|-
Color all edges of each R; with color 2. For each
1 <t <y let J = {s||V(Rs)] > t}. Join every
pair of vertices from {vs;,s € J;} by edges of color
3. Let By denote the resulting edge colored graph. Note
that |V(B;1)| = w1 and the edges of B; do not use
color 1. The components of B;(2) are the graphs Rq,
1 < s < ys, the components of B(3) are the complete
graphs with vertex set {Us,t,s € i}, 1 <t < ys,
and the components of Bj(1) are the isolated vertices
{1,052, Vs v (R L < 5 < )

Take 73 disjoint complete graphs R, 1 < s < 29 such

that

maxi<s<z|V(Rs)| = 21

and

Z3

Z ’V(Rs)‘ = Z2.

s=1
Label the vertices of each R by v, 1,vs 2, - s Us |V (R.)|-
Color all edges of each R; with color 3. For each
1 <t <z, let J = {s||V(Rs)| > t}. Join every
pair of vertices from {vs;,s € J;} by edges of color
1. Let By denote the resulting edge colored graph. Note
that |V(B2)| = 22 and the edges of By do not use
color 2. The components of By(3) are the graphs Rq,
1 < s < z3, the components of By(1) are the complete
graphs with vertex set {vs;,s € Ji}, 1 < t < 2z,
and the components of Bj(1) are the isolated vertices

{vs,1,v52, Vg jv(mys L < 8 < 23}



Now let G denote the edge colored graph which is
the disjoint union of B, By and Bs. That is, Bi, Bs
and Bgs are the components of G. Hence, G is an IPP
graph in view of Lemma 2.6 and Lemma 2.5. Note that
[V(G) = x5+ y1 + 20.

Based on the IPP graph G, we can construct an IPP
code C' as follows.

Let the codeword in C corresponding to the vertex
vij (1 <i<a,1 <5 <[V(Ry)]) in By be

VR (12)

(e, gy i
let the codeword in C' corresponding to the vertex v; ;
(1<i<yy1<j<|V(R;)])in By be

(O (St V(R 4> Vot Qb)) (13)
and let the codeword in C corresponding to the vertex
'Ui,j (1 S ) S Z3, 1 S ] S ’V(RZ)D in 32 be
(14)

(O 4y Oy o (5723 V(R )40 Vbt

It is easy to verify that GG is the the associated graph
of the code C.

V. CODE EFFICIENT TRACING

In this section, we will show the maximum IPP code
C constructed in Section IV.C allows efficient tracing.
Notice that any codeword of C are one of these three
versions from (12), (13), (14),

M (i, @, it (R, 1)
I

(HI) (a$1 +y1+jr O, +y2+(Zi;11

(O 4 (=1 V(R )42 Qwatis Qg tg)
V(R4 Qs +i):

Hence, any two coordinates of a codeword uniquely
determine the third coordinate of this codeword. For
any descendant x = (z1,22,2z3) € C*, then at least
two coordinates z,z; (1 < k < [ < 3) are from the
same codeword, and x, x; uniquely determine the third
coordinate by our encoding method. Hence, the parent
of x that contributes two coordinates to the descendant

x can be identified quickly.

VI. A PRECISE FORMULA

In this section, we shall use method from non-linear
programming to determine the maximum size of an IPP
code C' C Q3 when g = r2 4 2r for some integer 7 > 4.

First, we ignore the set constraint x € N 9 as is
common with solving non-linear programming problems,
hoping that an optimum solution will be in N?. Second,
since we aim to maximize f(x), the inequality con-
straints g7(x) < 0, gs(x) < 0, and gg(x) < 0 seem
to be less likely to be active for an optimal solution. Let
Q = [2,q —4]° C R%. Hence, we proceed to solve the

following nonlinear programming problem.

Maximize
f(x) =23 +y1+ 2 (15)
subject to
x € Q,
() ()—mg—m1$2<0
(i) g2(x) =y1 — y2ys <0,
(i) g3(x) =29 — 2123 <0, (16)
(iv) ga(x) =21 +y1 +21 —q=<0,
(V) g5(x) =z 4+ Y2+ 20 —q <0,
(vi) ge(x)=z3+ys+23—¢q=<0.

Note that f(x) is a continuous function, and the
domain of x is bounded. Thus, the maximum of f(x)
does exist.

Next, we show that every points x € (2 satisfies (16)
is a regular point. To do this, we need to find gradient
(x1,...,29

vectors of g¢;(x) at x = ). By a simple

calculation, we see that

Vg (x) = (—z2,—21,1,0,0,0,0,0,0),
Vga(x) = (0,0,0,1, —y3, —y2,0,0,0),
Vgs(x) = (0,0,0,0,0,0,—23,1, —21), (17
Vgu(x) = (1,0,0,1,0,0,1,0,0),
Vgs(x) = (0,1,0,0,1,0,0,1,0),
Vgs(x) = (0,0,1,0,0,1,0,0,1).

It is an easy excercise to show thatif >0, ¢;Vg;(x) = 0

then ¢; = 0 for all 1 < ¢ < 6. Hence these six vectors
Vgi(x) are linearly independent. Therefore, we have the
following.

Lemma 6.1: Every point x € ) satisfying (16) is a

regular point.



The Khun-Tuker conditions (in Appendix) are neces-
sary for f(x) to achieve local maximum at regular points.
For the nonlinear programming in (15) and (16), it can
be stated as follows.

Lemma 6.2: Suppose f and g;, i = 1,2,--- ,6, are
given as in (15) and (16), and let x € Q. If f has local
maximum at X then there is a vector (1,2, - , )
with p; > 0 for all 1 <1i < 6 such that

of(x) -~ 99i(x)
81‘] iz:;'uz Ox;
wigi(x) =0,0=1,2,--- ,6.
Note that the conditions p;g;(x) = 0 and p; > 0

=0,

imply that if g; is not active at x then p; = 0. This
shows that only active constraints will be used when we
determining potential maximum points.

Next, we show that

Theorem 6.3: Let ¢ = r? + 2r for some v > 4. If
C C Q3 is a maximum IPP code, then |C| = 3q — 6r.
Proof. By the above analysis, our objective is to find
a solution x = (x1,72,23,Y1,Y2,Y3, 21, 22,23) € N
to maximize (15) subject to (16) when ¢ = r2 + 2r.
It is hoped that our optimal solution also satisfies the

constraints (vii)-(ix) in (11).

Let L(x) = f(x) = >0-; tigi(x), pi > 0 for 1 < i <
6. By Lemma 6.2, we have

OL oL

—— =T —ps =0, —— =pw1 — ps5 =0,
ox 0

oL )

s =1—-m—pe=0, 3—=1—p2—pa=0,
0x3 oy

oL oL

a— =Hays — 5 =0,  5— = poy2 — pe =0,
0y 0ys3

oL 0

8—=M3Z3—M4=07 a—zl—us—%:O,
oL 2

8—:N321_M6:07 i = 0,9, = 0,0 =1,2,---

23

For any feasible point x, if g;(x) is inactive for some
1 < <6, then p; = 0, and it is easy to show f(x) <
29 — 2 < 3q — 6r.

Therefore, we only need to consider those feasible
points such that all functional constraints g;(x), 1 < i <

6, are active, which implies all p; ’s are positive. Hence,

pa=1—po, ps=1—p3, pe=1—p1,
_l-ps 1= o l=m

T T T T T
_l-ps _l=m o l=pe

Y3 = y A1 = y A3 .
K2 M3 M3
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Since all g;(x), 1 <1 < 6, are active, we have

r2+2r_1—ﬂ3_1—u2_(1—N2)(21—M3):0’
H2 H3

r2+2r_1—u3_1—u1_ (1—p3) il 1) _o
H1 H3

7‘2—1—27“—1_#2—1_#1— 1—M1 31 142) _o
M1 M2

By running the computation on Maple 9, we obtain a

positive solution

M1 = p2 = (3 =

It follows that

(18)

_ 2 .2 2
x = (ryr,re,rrrrror)

is the unique solution that satisfies Lemma 6.2, and
this solution also satisfies constraints (vii)-(ix) as well.
Hence, (18) is a local maximum point, and it is the
globle maximum point by the uniqueness. Therefore,
|C| = maxxeno f(x) =3r2 =3¢ —6r. O

VII. CONCLUSION

In this paper, we design IPP codes for digital fin-
gerprinting. Using techniques from graph theory and
nonlinear optimization, we derive the maximum size of
IPP codes of length 3. Based on the stuctural information
from IPP graphs, we design maximum IPP codes. Com-
pared to some previous tracability codes, the advantage

is that of our IPP codes allow for very efficient tracing.
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APPENDIX
A. Some Concepts from Graph Theory

A graph G consists of a vertex set V(G) and an edge
set E£(G), and each edge joins two vertices of G. A
graph H is a subgraph of G if V(H) C V(G) and
E(H) C E(G). Let H be a subgraph of G, G — H is
the subgraph of GG obtained by deleting the vertices of H
and all edges of G incident with the vertices in V(H).
We say a graph is a complete graph if there is exactly one

edge between every pair of distinct vertices. A complete



graph with 3 vertices is also called a triangle. A path
in a graph is a sequence of distinct vertices v1vs - - - Uy,
such that there is an edge joining v; and wv;4; for all
1 < i < m — 1; in this case, we say that the path is
between v; and v,,. A graph is connected if there is a
path between every pair of distinct vertices. A component
of a graph is a maximal connected subgraph. We assume

an isolated vertex of a graph is also a component.

B. Proof of Lemma 2.5

It suffices to prove that G satisfies (IPP1) and (IPP2)
of Lemma 2.2.

To prove that GG satisfies (IPP1) of Lemma 2.2, let
u, v, w be three distinct vertices of G. We need to show
that there exists some 1 < ¢ < 3 such that u,v,w
belong to three different components of G(i). First,
assume {u,v,w} C V(S). Since S is an IPP graph,
there exists some 1 < ¢ < 3 such that u,v,w belong
to three different components of S(i). Since S is a
union of components of G, any component of S(7) is
also a component of G(i). Hence, u,v,w belong to
three different components of G(z). So we may assume
that {u,v,w} ¢ V(S). Similarly, we may assume that
{u,v,w} € V(T). Then by symmetry, we may assume
that w,v € V(S) and w € V(T). Since S is an IPP
graph, there exists some color 1 < ¢ < 3 such that
u and v belong to two different components of S(i).
Since SNT = (), the component of 7'(i) containing
w is disjoint from S(7). Since S and T are unions of
components of G, each component of S(i) or T'(i) is
also a component of G(i). Hence, u, v, w belong to three
different components of G(i). So G satisfies (IPP1) of
Lemma 2.2.

To prove that GG satisfies (IPP2) of Lemma 2.2, let
u, v, w, x be four distinct vertices of G. We need to show
that no component of G(i) containing u or v contains w
or .

First, assume {u,v,w,z} C V(S). Since S is an
IPP graph, there exists some 1 < 7 < 3 such that
no component of S(i) containing w or v contains w
or xz. Since S is a union of components of G, the
components of G(i) containing one of {u,v,w,x} is

also a component of S(7). Hence, no compoent of G(7)
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containing u or v contains w or x.

So we may assume that {u,v,w,z} € V(S). Simi-
larly, we may assume that {u,v,w,z} Z V(T).

Next, assume that one of S and 7T contain three of
{u,v,w,x}, and the other contains one of {u,v,w,x}.
By symmetry, we may assume that u,v,w € V(S5)
and w € V(7). Since S is an IPP graph, there exists
some 1 < ¢ < 3 such that u,v,w belong to three
different components of S(¢). Since SN T = (), the
component of 7°(:) containing x is disjoint from S(z).
Also since S and 7" are unions of components of GG, each
component of G(7) containing one of {u,v,w,z} is also
a component of S(7) or T'(). Therefore, no component

of G(i) containing u or v contains w or .

So we may assume that each of S and 7" contains ex-
actly two vertices from {u, v, w, x}. We need to consider

two more cases.

First, suppose one of S and 7' contains {u,v} and
the other contains {w,x}. By symmetry, assume that
{u,v} € V(S) and {w,z} C V(T). Since S is an
IPP graph, there exists some 1 < 7 < 3 such that
u,v belong to different components of S(i). Note that
any component of 7'(7) containing w or z is contained
in T and, hence, is disjoint from S(i). As before, any
component of G(i) containing one of {u,v,w,z} is a
component of S(7) or T'(z). Hence no component of G(7)

containing u or v contains w or x.

Therefore, the remaining case to be considered is
when neither S nor 7' contains {u,v} or {w,z}. By
symmetry, we may assume that {u,w} C V(S) and
{v,z} C V(T). Again, since S is an IPP graph, there
exists some 1 <7 < 3 such that u, w belong to different
components of S(7). Similarly, since 7" is an IPP graph,
there exists some 1 < j < 3 such trhat v,z belong to
different components of 7'(j). Note that any component
of G(i) containing one of {u, v, w, z} is a component of
S(i) or T(j). If v,z belong to different components of
T'(7), then we see that u, v, w, z belong to four different
components of G(7). So we may assume that v, z belong
to the same component of 7°(z). Then ¢ # j and by (i) of
Lemma 2.4, v, z belong to different components of 7'(k),
where {k} = {1,2,3} — {4, ;}. Similarly, if u,w belong
to different components of S(j), then w,v,w,z belong



to four different components of G(j). So we may assume
u, w belong to the same component of S(j). Hence, by
(i) of Lemma 2.4, u, w belong to different components of
S(k). Again, since S and 7' are unions of components,
any component of G(k) containing one of {u,v,w,z}
is a component of S(k) or T'(k). Therefore, u,v,w,x
belong to four different components of G(k). O

C. Proof of Lemma 2.6

It suffices to show that (i) and (ii) of Lemma 2.2 hold
for S.

To prove (i), we let 7 be the color not used by edges of
S. Then every component of S(7) is an isolated vertex.
Hence, (IPP1) and (IPP2) of Lemma 2.2 hold. Since G
is associated with C, S is also associated with a code
(whose codewords are the codewords in C' corresponding
to the vertices of 5).

Next, we prove (ii). Let u, v, w be distinct vertices of
S, If {u,v,w} C V(S;) UV(S;) for some 1 < i #
7 < 3, then we see that u, v, w belong to three different
components of S(k) for k € {1,2,3} — {7,j}. If no S,
contains two of {u,v,w}, then clearly, u,v,w belong
to different components of S(1). So (i) of Lemma 2.2
holds.

Now let u,v,w,x be four distinct vertices of S. If
{u,v,w,x} CV(S;US;) for some 1 <i# j <3, then
we see that u,v,w,x belong to four different compo-
nents of S(k), where k € {1,2,3} — {4,j}. So assume
that we may assume by symmetry that S; contains two
of {u,v,w,z} and each of Sy — {z} contains exactly
one of {u,v,w,x}. First, assume {u,v} C V(S7). Then
Sy is a component of S(1), and so, no component of
S(1) containing u or v contains w or z. Similarly, if
{w,z} C V(S1), then no component of S(1) containing
u or v contains w or z. So by symmetry, assume that
{u,w} CV(Sy),v € V(Sa)—{z},and z € V(S3)—{z}.
If w = z then {u,v} C V(S2) and, as in the previous
case, no component of S(1) containing u or v contains
w or z. So assume uw # z. Then we see that the
component of S(2) containing u is an isolated vertex,
and the component of S(2) containing v is S2. Hence,
no component of S(1) containing u or v contains w or
z. O
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D. Proof of Lemma 3.4

First, assume that there are two uni-color components
S and T of G whose edges use the same color ¢ for
some 1 <7 < 3. Let G’ be the graph obtained from G
by adding edges uv for all w € V'(S) and v € V(T'). Let
H denote the component of G’ containing S and T'. Note
that all other components of G’ are components of G. It
is easy to see that G’ is the edge colored associated with
a code C’, where C’ is obtained from C by changing
the ith coordinate of each codeword in C' corresponding
to a vertex of 7' to the ith coordinate of the codewords
corresponding to the vertices of S. Since H is a uni-color
component, H is an IPP graph (by (i) of Lemma 2.6).
Since G — V(S UT) is a union of components of G,
G-V (SUT) is an IPP graph. Therefore, by Lemma 2.5,
G' = (G—V(SUT))UH is also an IPP graph. However,
|[V(G")| = |V(G) and the number of the components of
G’ is less than that of G, contradicting the choice of C
and G.

Now assume that there are two bi-color components
S and T of G whose edges use the same colors ¢ and j
for some 1 < i # j < 3. Let S’ be a component of S(7)
and T’ be a component of T'(i). Let G’ be the graph
obtained from G by adding edges uv of color 4 for all
u e V(S") and v € V(T"). Let H denote the component
of G’ containing S and T'. Note that all other components
of G’ are components of G. It is easy to see that G’ is
the edge colored graph associated with a code C’, where
('’ is obtained from C' by changing the ith coordinate of
each codeword in C corresponding to a vertex of T’ to
the ¢th coordinate of the codewords corresponding to the
vertices of S’. Since H is a bi-color component, H is an
IPP graph by (ii) of Lemma 2.6. Since G—V (SUT) is a
union of components of G, G—V (SUT) is an IPP graph.
Therefore, by Lemma 2.5, G' = (G—V(SUT))UH is
also an IPP graph. However, |V (G")| = |V(G) and the
number of the components of G’ is less than that of G,
contradicting the choice of C and G.

Finally, assume that there are two tri-color components
S and T of G. By (iii) of Lemma 3.1, there exist a
vertex v of S (respectively, w of T') and three complete
subgraphs S1, 52, .53 of .S (respectively, 17,715,135 of T)
such that all edges of each .S; (respectively, T;) use color



ifor 1 < i < 3and V(S;NS;) = {v} (respectively,
V(T; NTy) = {w}) for all 1 < i # j < 3. Let
be the graph obtained from G by adding edges xy of
color 1 for all z € V(S1) and y € V(T1), adding edges
xy of color 2 for all x € V(S3) and y € V(1r) —
{w}, adding edges zy of color 3 for all z € V(Ss3)
and y € V(T3) — {w}, and deleting edges between w
and V (T, U T3) — {w}. Let H denote the component
of G’ obtained from S and T'. Note that there are three
complete subgraphs Hy, Ho and Hs of H such that all
edges of each H; are colored by ¢ for 1 < ¢ < 3 and
V(H; N Hj) = {v} for all 1 < i # j < 3. Hence, it
follows from (iii) of Lemma 2.6 that H is an IPP graph.
Note that all other components of G’ are components of
G. Tt is easy to see that G’ is the edge colored graph
associated with a code C’, where C’ is obtained from C
by changing the ith coordinate of each codeword in C
corresponding to a vertex of T; —w to the ith coordinate
of the codewords in C' corresponding to the vertices of
S; (I < ¢ < 3), and changing the 1st coordinate of
the codeword corresponding to w to the 1st coordinate
of the codewords corresponding to the vertices in 5.
Since G — V(S UT) is a union of components of G,
G-V (SUT) is an IPP graph. Therefore, by Lemma 2.5,
G' = (G-V(SUT))UH is also an IPP graph. However,
[V(G")| = |V(G) and the number of the components of
G’ is less than that of G, contradicting the choice of C
and G. O

E. Proof of Lemma 3.5

Suppose on the contrary that G contains a uni-color
component .S, whose edges are colored with ¢ for some
1< <3

First, we show that we may choose .S so that the color
used in S is also used in another component 1" of G.
Suppose this is not true. Then all other components of
G are uni-color or bi-color components. By Lemma 3.3,
let T' be a bi-color component. Then the edges of T’
use colors from {1,2,3} — {i}. By Lemma 3.3, G has
a component U other than S and 7. If U is a uni-color
component, then we see from Lemma 3.4 that the edges
of U use a color from {1,2,3}—{i}, and therefore, U, T’
would give the desired choice. So we may assume that
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U is also a bi-color component. Then by Lemma 3.4
again, U and T cannot use the same two colors. Hence,
color 7 is used in U. Therefore, S and U give the desired
choice.

Let 77 be a component of T'(7). Let G’ be the graph
obtained from G by adding edges uv of color 4 for all
u € V(S) and v € V(T"). Clearly, G’ is the graph
associated with a code ¢’ C Q> obtained from C' by
changing the ith coordinate of those codewords in C'
corresponding to vertices of 7" to the ith coordinate of
the codewords in C' corresponding to vertices of S. Let
H be the component of G’ containing S U T'. Note that
G — V(H) consists of components of GG, and hence, is
an IPP graph.

When T is a bi-color component, we see from (iii) of
Lemma 2.6 that H is an IPP graph. Now assume 7" is a
tri-color component. Then there exist a vertex v of 1" and
complete subgraphs 77,75,7T5 of T such that all edges
of T use color s for 1 < s < 3and V(TsNT};) = {v} for
all 1 < s #t < 3. In this case, T" = T}, and we see that
H has three complete subgraphs H;, Ho, Hs such that
HyUH>UHs3 = H, all edges of each H use color s for
1<s<3,and V(H,NH;) = {v} foralll < s#t<3.
(In fact, V(H;) = V(S)UV(T;).) By (iii) of Lemma 2.6,
H is an IPP graph.

Since both H and G—V (H) are IPP graphs, it follows
from Lemma 2.5 that G’ is an IPP graph. However,
[V(G")] = |V(G)| and G’ has fewer components than
G, contradicting the choice of C' and G. [

FE. Proof of Lemma 3.6

Suppose G contains a tri-color component S. Then
there exist a vertex v of S and complete subgraphs
S1,52,53 of S such that S; U S, US3 =5, all edges of
each .S; use color ¢ for 1 <4 < 3, and V(5;NS;) = {v}
for 1 < i # j < 3. By Lemma 34, S is the only
tri-component of (G. By Lemma 3.5, all components of
G other than S are bi-color components. Therefore, it
follows from Lemma 3.3 that there are two bi-color
components in G, say 1" and U. By Lemma 3.4, we may
assume that 7" uses colors 1 and 2, and U uses colors 2
and 3.



Next, we construct new graph G’. Let T” be a com-
ponent of 7'(1), let 7" be a component of 7'(2), and let
U’ be a component of U(3). Let G’ be obtained from
G by adding edges xy of color 1 for all x € V(T”) and
y € V(S1), adding edges xy of color 2 for all z € V(T")
and y € V(S2) — {v}, adding all edges of color 3 for
all z € V(U’') and y € V(S3) — {v}, and deleting all
edges of Sy and S5 incident to v. Let Hy denote the
component of G’ containing S,y and T, and let Ho
denote the component of G’ containing S3 — {v} and U.
Note that both H; and Hy are bi-color components of
G

Clearly, G’ is the graph associated with a code C’ C
Q3, where C' is obtained from C by changing the
first coordinate of the codewords in C' corresponding
to vertices of S to the fisrt coordinate of codewords in
C' corresponding to vertices of T”, changing the second
coordinate of the codewords in C' corresponding to ver-
tices of So — {v} to the second coordinate of codewords
in C corresponding to vertices of 7", changing the
third coordinate of the codewords in C' corresponding to
vertices of S3— {v} to the third coordinate of codewords
in C corresponding to vertices of U’.

Since H; and H, are bi-color components, H; and H»
are IPP graphs by (i) and (ii) of Lemma 2.6. Since G is
an IPP graph, G—V (SUTUU) (if non-empty) is also an
IPP graph. So by Lemma 2.5, G’ is an IPP graph. Clearly,
[V(G")| = |V(G)|. However, G’ has fewer components
than G, contradicting the choice of C' and G. 0O

G. Some Results from Nonlinear Programing

Let 2 C R"™ and g;(x) < 0 be funtional constraints.
A point x € () that satisfies all functional constraints is
said to be feasible. An constraint g;(x) < 0 is said to be
active at a feasible point x if g;(x) = 0, and inactive if
gi(x) < 0.

Suppose x is a feasible point, and let J be the set of
indices j for which g;(x) = 0. Then x is said to be a
regular point of the constraints if the gradient vectors
{Vyg;(x),j € J} are linearly independent .

Khun-Tuker Conditions: Suppose f and g;, 1 =
1,2,

ond partial derivates. Let x € () be a local regular

,m, are continuous and possess continuous sec-
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maximum point for the problem

Then there is a vector (fu1,pa,- -

fx)

subject to  ¢;i(x) < 0,1 =1,2,---

maximize

, M.

s Hm) With p; > 0

such that

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

f(x) < _
81‘j ZZ:;MZ 81‘j _07

:ulgl(x) :Ovl: 1>27"' , M.
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