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Abstract

For an undirected, simple graph G, we write G — (aq,...,a;)" (G —
(a1,...,a;)°%) if for every vertex (edge) k-coloring of G, a monochromatic
K,, is forced in some color i € {1,...,k}. The vertex (edge) Folkman num-
ber is defined as

Fy(ay,...,a;p) =min{|V(G)| : G — (a1, ...,ax;p)", K, £ G}

F.(ai,...,a5;p) = min{|V(G)| : G — (ay,...,ax;p), K, £ G}

for p > max{ay, ..., a;}. Folkman showed in 1970 that these numbers always
exist for valid values of p.

This thesis concerns the computation of a new result in Folkman num-
ber theory, namely that F,(2,2,3;4) = 14. Previously, the bounds stood at
10 < F,(2,2,3;4) < 14, proven by Nenov in 2000. To achieve this new result,
specialized algorithms were executed on the computers of the Computer Sci-
ence network in a distributed processing effort. We discuss the mathematics
and algorithms used in the computation. We also discuss ongoing research
into the computation of the value of F,(3,3;4); the current bounds stand at
16 < F.(3,3;4) < 3 x 10°. The upper bound on this number was once the
subject of an Erdos prize—claimed by Spencer in 1988.



Chapter 1

Introduction

This thesis has four main goals: First, to understand Folkman number the-
ory. Second, to exploit the theory to solve particular problem instances using
computers. Third, to develop efficient algorithms to perform the computa-
tion; this requires understanding the nature of the problems and how to
structure programs so that the complexity of the algorithms is limited. And
finally, to calculate a new Folkman number.

In order to understand Folkman number theory, it helps to have a mental
picture of the problem. Keeping the following story in mind will help put
some of the mathematics in perspective.

1.1 The Mathematician’s Party

Fourteen people are invited to a party where some of these people know each
other and some do not. It just so happens that no four people are mutual
acquaintances. As the guests mingle, they wander between the living room
and the kitchen. The host notices that regardless of who is in either room,
there is always a room in which three people all know each other. Being a
mathematician, the host finds this rather interesting, but doesn’t give it too
much thought until he is invited to a party a few weeks later.

At this party there are, again, fourteen guests where no four people are
mutual acquaintances. He notices that there are three rooms, and that as
the guests move around, at least one of the following is always true: There
are at least two people in the kitchen who know each other; at least two
people in the living room who know each other; or at least three people in



the library who know each other.

Now his interest is piqued further. There must be something to this
other than sheer coincidence. Later that night he discovers that there is a
whole field of mathematics called Folkman number theory which describes
the situations he has observed. It explains why there had to be fourteen
people at both parties. Had there been only thirteen, he never would have
noticed the interesting patterns. The two parties represent perfect examples
of what are called Folkman graphs. To understand what a Folkman graph
is, it is first necessary to discuss the concept of a graph.

In the sense used here, a graph is a mathematical object consisting of a set
of lines, called edges, and a set of points, called vertices. One can represent
many things as graphs. For instance, one may use a graph to represent a
map, where each city is a vertex and the roads connecting different cities are
edges.

To translate the parties into Folkman graphs, represent each person by
a vertex and connect two vertices with an edge if the two people know each
other. Represent which room they are in by coloring each point. For the first
party, there will be at most two colors, while for the second party there will
be at most three colors. All the colors do not have to be used; it is acceptable
for rooms to be empty.

Because the vertices are the objects that are colored, as opposed to the
edges, this particular area of Folkman theory is called vertex Folkman theory.
For the purposes of this story, verter Folkman graphs will be referred to
simply as Folkman graphs.

Returning to the party, it doesn’t matter who gets which color: for the
first party, no matter how the points are colored, there will always be, some-
where, three points that form a triangle and have the same color. For the
second party, there will either be two connected points with the first color,
two connected points with the second color, or three mutually connected
points in the third color. This will be true regardless of how the points are
colored. The conditions are forced because of the properties of the specific
relationships of knowing and not knowing. Graphs where these kinds of
conditions are forced, regardless of the coloring, are called Folkman graphs.

Thinking more abstractly, one can create any graph on any number of
points and connect them in any way. However, it won’t always be the case
that the graph produced is a Folkman graph.

Folkman number theory asks the question: Given the number of rooms,
the number of mutual acquaintances for each room, and the maximum num-



ber of mutual acquaintances allowed at the party, what is the fewest number
of people so that no matter how the people move among the room, the ac-
quaintance requirement is upheld? Also of interest is the question: Given
the same information as the previous question plus a given number of people,
what specific set of relationships (i.e., whether two people know or do not
know each other) upholds the acquaintance requirements. In other words,
what does the Folkman graph look like?

To describe the parties more concisely, all the information about what is
being asked for in the two party examples can be described with the notation
F,(3,3;4) and F,(2,2,3;4), for the first and second parties, respectively.
The party questions are then to what are F,(3,3;4) and F,(2,2,3;4) equal?
Answering that F,(2,2,3;4) = 14-that fourteen people are required—is the
main result of this thesis.

1.2 History

Folkman number theory has its origins in the study of Ramsey theory. In
the classical form, Ramsey theory states that there exists a number R(r,1)
such that if the edges of a complete graph of order > R(r, () are two-colored,
a monochromatic K, will be forced in the first color, or a monochromatic K;
will be forced in the second color. Ideas from Ramsey theory have led to new
insights into the structure of large mathematical objects, often in areas only
indirectly related to graph theory.

Frank Plumpton Ramsey [15] first developed Ramsey theory in the late
1920s, although he based some of the work on theorems developed earlier by
Schur [55] in 1916 and van der Waerden [61] in 1927. At only 26 years old,
Ramsey died in 1930, and it wasn’t under 1935 that Ramsey theory was re-
discovered by Paul Erdos and George Szekeres. Erdos would go on to develop
Ramsey theory into a completely new branch of mathematics. A thorough
listing of known Ramsey numbers and bounds is given in Radziszowski’s [50]
survey on small Ramsey numbers. For more complete history on Ramsey
theory and a survey of its applications, refer to the paper “Ramsey Theory
Applications” by Vera Rosta [52].

Folkman number theory extends Ramsey theory by imposing restrictions
on the maximum clique that a graph is allowed to contain. Jon Folkman [11]
first showed in 1970 that all Folkman graph sets, under certain conditions,
are non-empty. This momentous proof spurred an investigation into the so-



called Folkman critical graphs—the least ordered graphs in each set. These
graphs are interesting because they have the property that dropping any
vertex forces the graphs to lose the Folkman property.

The study of Folkman numbers concerns either verter or edge Folkman
graphs. Vertex Folkman graphs are colored by the vertices and edge Folkman
graphs are colored by the edges. Most of the research in the area has focused
on vertex Folkman graphs. A historical account of the more interesting points
of both vertex and edge Folkman numbers follows, but in order to understand
the theorems some definitions are required.

1.3 Definitions

Throughout this thesis, a graph G is a simple undirected graph with vertex
set V(@) and edge set E(G). The complement of G is denoted by G. The
complement of a graph has all the vertices of the original, while the edges
in the complement exist only if two points are not connected in the original.
More precisely:

E(G) = {{u,v} : u,v € V(G) AMu,v} € E(G)}

Figure 1.1 shows an example of a graph and its complement.

Figure 1.1: A graph and its complement

Two vertices u,v are adjacent in G if {u,v} € E(G). A complete graph
K,, has n mutually adjacent vertices. Examples of K3, K4, and K5 graphs
are shown in Figure 1.2.

A graph with n > 0 vertices such that the edges form a cycle is denoted
C,. The pentagon in Figure 1.1 and the triangle in Figure 1.2 are examples
for C5 and C5 graphs, respectively.

Given a vertex v in G, the neighborhood of v, Ng(v), is the set of vertices
adjacent to v. The minimum number of colors necessary to color the vertices
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Figure 1.2: Examples of K3, K4, and K5 graphs

of G such that no two vertices connected by an edge are colored the same
is called the chromatic number of G and is denoted by x(G). The maximal
clique in G, cl(G), is equal to the largest n such that K, is a subgraph of G.
Notice that it is always true that x(G) > c¢l(G). The maximal independent
set in G, a(G), is equal to the largest n such that K, is a subgraph of G.
The set tri(G) contains all K3 subsets of G. In other words, all the triangles
in G. The join G = G| + G5 of graphs G| and G is the union of G| and G,
such that V(G) = V(G1) UV(G2) and E(G) = E(G1) U E(Ga) U {{u,v} :
u € V(Gy) and v € V(G3)}.

The Ramsey graphs Z(r,l;n) are graphs on n vertices with no clique of
order r and no independent set of order {. The Ramsey number R(r,1) is
the smallest number n such that no graph of order > n is a Ramsey graph.
Another way to think about Ramsey numbers is that the Ramsey number
is the least n such that for all edge 2-colorings of a complete graph on n
vertices a monochromatic K, is forced in the first color, or a monochromatic
K is forced in the second color. Both descriptions are equivalent.

The notation G — (r,1)" (G — (r,1)¢), read G “arrows” (r,l), means
that for every vertex (edge) 2-coloring of G there is a K, in the first color or
a K in the second color. For positive integers aq,...,ar, G — (ai,...,a;)"
(G — (ay,...,a)°) if and only if for every vertex (edge) k-coloring of G
there exists a monochromatic K,,, for some color i € {1,...,k}. In general,
arrowing is IT5-complete [53]. To see that arrowing is at least NP-complete,
consider that G — (2,n) decides if G has a clique on n vertices.

It may be assumed that a; > 2 because if a; = 1 for some i € {1,...,k},
then

G — (CLI, ce ,Clk)v(e) — G — (ala ey Qi1 Qg1 - - - uak)v(e) :

For p > max{ay,...,ax}, the vertex (edge) Folkman graph families are



defined by
Hy(ay,...,a;p) ={G — (a1,...,a;)", K, £ G} .
H.(ay,...,a5;p) ={G — (a1,...,ax)", K, L G} .
In 1970, Folkman [11] showed that these sets are non-empty. Also, let

Hyey(ai, ..., ar;p;n) denote the set of Folkman graphs on n vertices.
A vertex (edge) Folkman number is defined by

F,(ai,...,a;p) = min{|V(G)| : G € Hy(a1,...,a1;p)}
Fe(a‘lv s Jak;p) - mln{|v<G>‘ G € He<a17 s 7akap>}
Some basic properties cited in [42] are stated below.

Definition 1.3.1 Given integers ay,...,a, a; > 2, let
k
m = Z(ai —1)+1 and a = max{ay,...,ax} .
1

Proposition 1.3.1 If m satisfies Definition 1.3.1, then K,, — (a1, ...,ax)"

This is a simple consequence of the pigeon-hole principle: Take K,, and
group the vertices into k parts; one part must contain a K,, in part ¢ for
some ¢ € {1,...,k}.

Proposition 1.3.2 For anyr >2,G — (2,...,2)" < x(G) >r+1.
——

T

If G — (2,...,2)" then for every r-coloring there are always two neighbor-
——

ing vertices with the same color. This obviously implies that the chromatic
number for that graph is > r 4+ 1. More generally, there is Proposition 1.3.3:

Proposition 1.3.3 If G — (ay,...,a;)", then x(G) > m.

Proposition 1.3.4 Let G — (ay,...,ax)" and {by,...,b;} C {a1,...,ax}.
Then G — (by,...,b)".

Proposition 1.3.5 Let A C V(G) be an independent set of G and G, =
G—A. Let G — (ay,...,ar)". Then Gy — (ay,...,a; —1,...,a;)".

Proposition 1.3.6 For any permutation ¢ of the symmetric group S,,

G — (ar,...,a1)" <= G = (ap@y, - pm)" -
The order may not matter, but it is common to write ay,...,a; in in-
creasing order: it is often assumed that max{ay,...,ax} = a.
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1.4 Vertex Folkman Numbers

For this section, many theorems will make reference to m, which is assumed
to satisfy Definition 1.3.1.

The study of vertex Folkman number theory has progressed as have many
mathematical studies: beginning with simple cases and slowly imposing re-
strictions. Let K,, ¢ > 1, be the forbidden graph. The simplest case in
vertex Folkman numbers is where there is no clique restriction; in other
words, ¢ > m. From Proposition 1.3.1, K, is the smallest graph such that
Km — (al, . ,&k)v.

A natural question to ask is what happens when ¢ = m. In 1996 Luczak
et al. [24] showed that for ¢ = m, F,(aq,...,ax;q) = ar + q. They also
showed that the critical graph is K, ym — Cag,+1-

Most recent work has since focused on the cases where ¢ = m—1. There is
much less work that considers the cases for ¢ < m —1. In 1995, with the help
of a computer search, Jensen and Royle [20] showed that F,(2,2,2,2;3) = 22.
This is the only known vertex Folkman number where ¢ = m — 2.

Proving the exact value of a given Folkman number is very challenging.
More often than not, proofs only give general bounds, but leave the exact
value unknown. To prove an upper bound on a Folkman number, it suffices
to find any single Folkman graph. To prove the lower bound, however, can be
much more difficult, as it requires a proof that shows that there does not exist
any Folkman graph with fewer vertices than the lower bound. Functions that
give exact Folkman numbers are rare and difficult to come by. Completing
all the cases for Theorem 1.4.1 spanned more than two decades.

Theorem 1.4.1 For any r > 3,

11 r=3orr=4
Fv(2,...,2,r)—{ ri5 > 5

r

Mycielski [33] first gave an 11-vertex graph G € H,(2,2,2;3), Figure 1.3,
in 1955 which Chvétal [6] later used in 1974 to show that F,(2,2,2;3) = 11.
Nenov [40, 39, 36] showed in the early 1980s that F,(2,2,2,2;4) = 11. Not
until 1997 did Luczak et al. [23] show that F,(2,...,2;r) = r+5,r > 5. This

last result the authors claim to be a “folklore result: people either know it, or

can prove it overnight.” The proof is reproduced here to give an impression
of how manual proofs of Folkman numbers may be presented:
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Figure 1.3: Mycielski graph—the smallest 4-chromatic triangle-free graph

Theorem 1.4.2 [23] For every integer, v > 5,

Fo(2,....,2;7)=7r+5.
——

T

Proof. From [46], G = K,_5 + C5 + C5 has no K, and x(G) > r + 1,
hence F,(2,...,2;7) < r+ 5. For the lower bound, consider the following.
Let G be a K,-free graph on r + 4 vertices. We shall show that x(G) < r.
Let M be a maximal matching in G. Since G A K,, the matching M consists
of at least three edges. If |M| > 4 then it is easy to properly color G with
at most r colors: just assign the same color to the endpoints of each edge in
M.

This takes | M| colors, and the remaining r+4 — 2| M| vertices are colored
each with a different color. Assume thus, that M consists of exactly three
edges {u;,v;}, i = 1,2,3. The remaining r — 2 vertices form an independent
set I in G. If for some i, both u; and v; send an edge into I, then either
there is another matching in G of size 4, or there is a triangle consisting of
u;,v; and a vertex in I, and again x(G) < r. Let S be the subset of V(M)
consisting of the vertices which do not send an edge into I. Since G % K,,
the induced subgraph G[S] must be a clique. Hence, for |S| > 4 we have
X(G) < (6 —|S]) + (r —2) <r. In view of the above remark, the only case
left is when S = {wvy,v9,v3}. Then all uy, us, and uz have the same unique
neighbor w in I. (Otherwise, again, there would be a matching of size 4).
This, in turn, implies, that there is at least one edge in the induced subgraph
Gluy,up,uz). Otherwise, the set I\ {w} U {u1,us, uz} would form a clique
K, in G. Assume that {u;,u,} is an edge of G. Then a proper r-coloring of



G can be obtained by coloring vy, v, v3 by one color, uy,us, w by a second
color, and the remaining vertices by r — 2 different colors. [

Nenov, in a paper from 2000 [42], laid out a general lower bound shown
as Theorem 1.4.3.

Theorem 1.4.3 Let ay,...,a; be positive integers. Let a and m satisfy
(1.3.1) and m > a+ 2. Then F,(ay,...,ag;m—1)>m+a+ 2.

In the same paper, Nenov provided a number of general bounds, a few
of the more interesting ones are presented below. There are very few known
values.

Theorem 1.4.4 Ifp >3, then2p+4 < F,3,p;p+1) <d4dp+2.

F,(3,p;p+ 1) falls into the category of two-colored graphs. Two colored
graphs are especially interesting from a computer perspective. Each vertex
can have only one of two colors, so the colors can be treated as binary num-
bers, combinations of which are very easy to represent in a computer®. Some
exact two-colored results are shown in Table 1.1.

Folkman number References
F(2pp—|—1) = 2p+1p>2 [24]
F,(3,3;4) = 14 (38, 49]
F,(3,4;5) = 13 [44]
F,(4,4,6) = 14 [34]

Table 1.1: Exact known vertex Folkman numbers for two colors

When p > 4 the lower bound from Theorem 1.4.4 pushes the number
of graphs a computer has to analyze beyond current capabilities. Attack-
ing these problems will require clever hand proofs or much more powerful
computer power combined with efficient algorithms.

Theorem 1.4.5 For anyp > 3 andr > 2,

2p+r+2<Fy(2,...,2,pip+r—1) <dp+r
N——

r

I Appendix A discusses details of how graphs can be represented in a computer.
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Let p = 3 and r = 2, the simplest case. Then 10 < F,(2,2,3;4) < 14. In
his paper, where this theorem is stated, Nenov writes, “The exact value of
F,(2,2,3;4) is unknown.” The main result from the current work, discussed
in Chapter 2, is to prove that F,(2,2,3;4) = 14.

When p = 4, the upper bound can be reduced:

Theorem 1.4.6 [42] For any r > 2,

r+10 < Fy(2,...,2,4;r+3) <r+11
——

r

Theorem 1.4.7 [42] Let p > 3 and r > 1. Then
20+ 2r+2< F,(3,...,3,p;2r+p—1) <d4dp+2r
——

As with Theorem 1.4.5, when p = 4, the upper bound can be reduced:

Theorem 1.4.8 [42] Forr > 1

2r +10 < Fy(3,...,3,4;2r +3) < 2r + 11
——

r

Theorem 1.4.9 [42] Let r > 2. Then

F,(3,...,3;2r+2) <2r+10
——

r+1

In a later paper in 2003 [46], Nenov improved upon this and found an
exact value for a general case:

Theorem 1.4.10 Let r > 3. Then

Fy(3,...,3;2r)=2r+7
——
The ability to use computers to solve any of the above problems for
specific values is significantly hampered by the number of graphs that exist

with > 13 vertices. The time required to analyze all the graphs is beyond
the means of present day computers. Also, with three or more colors, the

10



complexity of the algorithm increases, which increases the time to analyze a
single graph, let alone all the graphs with a given number of vertices.
There are, however, a few values that do lie within the capabilities of
computer searches or even human trial and error. The main result of this
thesis is the computation and value of F,(2,2,3;4). Very few vertex Folkman
numbers are known for three colors, and this result adds one more to the list.

Some known values for Folkman numbers with at least three colors are shown
in Table 1.2.

Folkman number References
F,(2,2,4;5) = 13 43]
F,(2,2,2,4;6) = 14 [35]
F,(2,3,4;6) = 14 35]
F,(2,2,3;4) = 14 | [this work]

Table 1.2: Exact known vertex Folkman numbers for at least three colors

1.5 Edge Folkman Numbers

Most of the literature has focused on vertex Folkman numbers. The abun-
dance of generalized bounds shown in the previous section are not common
for edge Folkman numbers. There are, however, some results and open prob-
lems that should be discussed.

Edge Folkman numbers are closely related to Ramsey numbers.

Lemma 1.5.1 [f the forbidden clique has order ¢ > R(r,l) then F.(r,l;q) =
R(r,1).

Proof. Recall the definition of a Ramsey number: The least n such that for
all edge 2-colorings of a K,, a monochromatic K, is forced in the first color, or
a monochromatic K is forced in the second color. The edge Folkman number
is the least n such that there exists a graph not containing a K, subgraph
and for all edge 2-colorings a monochromatic K, is forced in the first color or
a monochromatic K is forced in the second color. Ramsey theory says this
graph is Kg. Hence, Fi(r,l;q) = R(r,l) and Kg(, is the critical graph.
OJ
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When ¢ < R(r,[) the situation becomes more difficult. Lin [22] showed
in 1972 that certain generalizations could be made:

Theorem 1.5.1 Fi(ai,...,ax; R(a1,...,ax)) > R(as, ..., ax)+2 with equal-
ity holding if and only if G* — (ai, ..., ax)°, where G* = Cs 4+ K p(q,.....a5)—3-

Theorem 1.5.2 F.(ay,...,ax; R(ay,...,ax) — 1) > R(ay,...,ax) + 4

There is also a relationship between edge and vertex Folkman numbers.
In a two-color scenario [J:

F.(r,l;n) < Fy(R(r—1,0),R(r,l—1);n—1)+1.

As with vertex Folkman numbers, the difficulty arises when cliques of a
given order are forbidden. Table 1.3 shows a history of triangle edge Folkman
numbers, so called because the corresponding Folkman graphs cannot be split
into two or more triangle-free parts.

Folkman number Critical graph(s) | Reference
F.(3,3;,>7) = 6 K Lemma 1.5.1
F.(3,3,6) = 8 Cs + Ks 14]
F.(3,3;5) = 15 659 graphs [49]
F.(3,3;4) < 3x10° probabilistic 49]
F.(3,3,3;17) = 19 Cs+ K1y [22]
F.(3,3,3,16) > 21 22]

Table 1.3: Edge triangle Folkman numbers

The history of F,.(3,3;4) is particularly interesting. The problem has
existed since the late 1960s. A more detailed history is discussed in chapter
3. Other two-colored Folkman numbers are shown in Table 1.4.

There are still many open problems. Some particular ones are listed in
Table 1.5.

12



Folkman number Critical graph | Reference
F.(3,4,>10) = 9 Ky Lemma 1.5.1
Fe<3, 4; 9) = 14 K4 + C5 + 05 [41]
F,(3,5;14) = 16 Cs + K11 [22]
F.(4,4;18) = 20 Cs+ K15 22]

Table 1.4: Known two-color edge Folkman numbers

Folkman number Reference
27 < F.(3,7;22) < Unknown [22]
21 < F.(3,3,3;16) < Unknown [22]
14 < F.(3,4;8) < 314 (37, 23]
16 < F.(3,3;4) < 3 x10° [49]

Table 1.5: Open edge Folkman number problems

13




Chapter 2

Fy(2,2,3;4)

2.1 Overview

In 2000, Nenov [42] showed that 10 < F,(2,2,3;4) < 14; he proved the upper
bound using the 14-node graph I's, depicted in Figure 2.1. No graph with
fewer than 14 vertices is known to exist in H,(2,2,3;4). It is shown here
that there are no such graphs and thus, F,(2,2,3;4) = 14.

Proving exact values of Folkman numbers by hand is often very difficult
since deriving the lower bound requires a non-existence proof. Computers
can be of great help, but because showing non-existence often entails large
searches, the algorithms must be carefully designed to work as efficiently as
possible.

When using computers to prove theorems, it is important that one has
high confidence in the results from the algorithms. There are at least two
ways to do this. First, different algorithms can be implemented that achieve
the same result. If the results agree, then it is highly likely that the results
are correct. The second way to achieve confidence in the results, is to have
two different people implement the algorithms. Both methods were used for
this proof.

To find the exact value of F,(2,2,3;4) with the aid of computers, there
are two main approaches. One approach is to check all graphs of order < 14
for inclusion in H,(2,2,3;4), starting with graphs of order 10. If a graph
is found to be Folkman, then the current order is the Folkman number. If
not, the next higher order must be checked. A second approach is to find
all Folkman graphs on 14 vertices and drop a vertex from each one in all

14



Figure 2.1: The Nenov graph I'; taken from [42].

possible ways. If one of the resulting graphs is Folkman, then 13 is the new
upper bound and the process can be repeated on the Folkman graphs with 13
vertices. Once no smaller Folkman graphs are obtained, the Folkman number
has been found.

2.2 Testing for the Folkman Property

Regardless of the approach, we must have an algorithm for testing whether
or not a graph is in H,(2,2,3;4). From the set parameters, any graph that
contains K can be discarded. For the remaining graphs, any colorings of a
graph that don’t have a K5 in the first or second colors must force a K3 in
the third, otherwise the graph is not Folkman. Such colorings occur when
two independent sets are colored with the first and second colors, forcing any
remaining vertices not in the union of the two independent sets to contain a
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Algorithm 2.2.1: INH2234(G)

if K, CG

then return ( false )
M = ALLMAXCLIQUES(G)
T ={{a,b,c} : a,b,c € V(G) and abc is a triangle in G}
for each A, B M

C—V(G)\(AUB)
do < if C doesn’t contain a triangle in T’
then return ( false )

return ( true )

K3 in the third color.

The algorithm for determining if G € H,(2,2,3;4) is fairly straightfor-
ward: Discard G if it contains a K. Otherwise, check that for each pair of
independent sets A, B € G, the induced subgraph on V(G)\ (AU B) contains
a K3. A pseudo-code outline of the algorithm is presented as Algorithm 2.2.1,
INH2234. For this to be efficient, we need Lemma 2.2.1.

Lemma 2.2.1 [t is sufficient to consider only maximal independent sets
when determining whether G € H,(2,2,3;4).

Proof. Let A, B be maximal independent sets in G and let V(G) \ (AU B)
induce a subgraph S in G. In order for G € H,(2,2,3;4), S must contain a
K3. Now let A C A and B’ C B. Since K3 is a subgraph of S, it follows
that the induced subgraph on V(G) \ (A’ U B’) also contains a K3. Thus,
in Algorithm 2.2.1 it is sufficient to consider only the maximal independent
sets A and B. UJ

For graphs of order 14, the number of maximal independent sets is usually
very small (around 40), so the complexity of the algorithm is not a great
obstacle. The algorithm ALLMAXCLIQUES [21] is used to find these sets.
Although ALLMAXCLIQUES returns maximal cliques, if the input is G, the
result will be maximal independent sets in G.

For efficiency, it is also necessary to have a precomputed table of triangles
in GG. This table is used to check if an induced subgraph contains a triangle.
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The table is not very large, with an upper bound of 364 elements for K14. The
algorithm to build the table is a simple triple-nested brute force search over
all vertices. With at most 14 vertices, the O(n®) complexity is insignificant.

2.3 Computing the Solution

To examine a single graph, running INH2234 is virtually instantaneous.
However, the number of graphs that need to be examined explodes as the
order increases. Table 2.1 shows how the number of graphs increases and
predicted processing time using a 1 GHz Pentium III CPU.

V(G)| # of Graphs | Total Time
8 12346 | 0.97 seconds
9 274668 | 17.51 seconds
10 12005168 | ~9 minutes
11 1018997864 | ~14 hours
12 165091172592 | ~96 days
13 50502031367952 | ~80 years
14 29054155657235488 | ~46,000 years

Table 2.1: Estimated processing times for algorithm INH2234

Because of the time requirements it is impractical to check all the graphs
on 12 or more vertices. Although parallelizing the search using many com-
puters is possible, it would not be a practical solution for graphs on even 13
vertices.

There is an alternative, however, that avoids searching all graphs on less
than 14 vertices. If it were possible to generate all the Folkman graphs on
14 vertices, the existence of Folkman graphs on 13 vertices could be decided
by dropping a vertex in all possible ways from each graph and testing for the
Folkman property.

We write G—v to denote a graph with deleted vertex v and edges incident
to v. Let

S =H,(2,2,3;4;14)

and

D={G-v:GeS},
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then there is a Folkman graph on 13 vertices if and only if
DN H,(2,2,3;4,13) #0 .

The difficulty lies in generating S. It is easy to test if a graph is in .S, but
finding all of them could require testing all graphs on 14 vertices, which has
already been shown to be impractical.

Some of the maximal Folkman graphs can be retrieved from the set of
Ramsey graphs #(4,4;14). This set contains graphs on 14 vertices which
have neither K4 nor K4. The complete set can be found on Brendan McKay’s
website [27]. Of the the 130,816 Ramsey graphs, 1,507 are Folkman graphs.

For each Folkman graph, edges can be added in all possible ways, making
sure to exclude Ky. The result is a set of maximal Folkman graphs. More
precisely, let

R=%(4,4:14)NS
T={G:3Ge R EG) CEG)V(G) =V(G)ANK,Z G}

Tz = {G € T : for each e € E(G), K4 € G+ ¢}

Algorithm EXTENDTOMAXIMALS shows the pseudo code for this opera-
tion.

The minimal Folkman graphs, using algorithm REDUCETOMINIMALS !,
are found in a similar way:

R=2%(4,4,14)Nn S
U={G—-e:GeRN(G—e)e S}
Tiin ={G € U : foreach e € E(G),G—e ¢ U}
The process can be performed repeatedly to discover new Folkman graphs;
taking the minimal graphs, extending them to maximal graphs and then
reducing the maximal graphs back to minimal graphs. Eventually the process

will stop when either all Folkman graphs are found, or when an extension
does not yield new maximal graphs.

L An algorithm for efficiently discovering new maximal independent sets when a vertex
is dropped from a graph was needed for the implementation of REDUCETOMINIMALS.
The algorithm can be seen in Appendix A.
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Algorithm 2.3.1: EXTENDTOMAXIMALS(G)

max < true
for all u,v € V(G),u # v
(if {u,v} € E(G)
(let W be a graph
V(W) « Ng(u) U Ng(v) U{u} U {v}
do then < EW) — {{z,y} :x,y e VIW) AN{z,y} € E(G)}
if K, ¢ W
then 4 MaT < false
{ \ EXTENDTOMAXIMALS(G + {u,v})
if mar = true and K, € G
then output (G)

There is no guarantee that this process will yield all the Folkman graphs
on 14 vertices, but it was thought that it would give insight into the distri-
bution of the graphs. Of the graphs generated by the end of the process, I'3
was not amongst the results, ruling out the possibility that the process had
yielded all the Folkman graphs.

2.4 The Solution

There is, however, a better plan of attack to generate all Folkman graphs
than experimenting The Ramsey number R(3,4) = R(4,3) = 9 guarantees
that all graphs of order > 9 have either a K, or a K3. The Folkman graphs in
H,(2,2,3;4;14) clearly do not have a Ky, so they must have a K3. Using this
observation, all graphs without K4 on 11 vertices can be extended to graphs
on 14 vertices by connecting three independent vertices to the triangle-free
subsets of each graph in all possible ways. It is necessary to avoid subsets
with triangles so that a K, is not formed. Figure 2.2 gives an illustration.

The algorithm is called EXTEND:
1. For each Kj-free graph on 11 vertices, do steps 2, 3, 4 below. The

graphs are generated using geng from the nauty software package [27]
and then filtered for those without K. [easy]
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Algorithm 2.3.2: REDUCETOMINIMALS(G)

min < true
for all u,v € V(G),u # v
if {u,v} € E(G)
if INH2234(G — {u,v})
then th {mm «— false
REDUCETOMINIMALS(G — {u,v})

if min = true and INH2234(G)

then output (G)

do

Maximal Triangle-Free Set

é

-
Independent Set

Figure 2.2: Illustration of the extension process.

2. Extend graph to 14 vertices by efficiently adding K3 with incident
edges. Each new vertex is incident with a maximal triangle-free subset
to avoid creating a K4. This is done in all possible ways with obvi-
ous isomorphs skipped. The output will contain all maximal Folkman
graphs in addition to other Folkman and non-Folkman graphs. [hard]

3. Eliminate isomorphs using nauty software tools. [easy]

4. Filter for Folkman property using INH2234. [easy]

In addition to the custom built algorithms INH2234 and EXTEND, the
software packages nauty [27] and Condor [7] were crucial. nauty includes
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highly optimized and efficient tools for handling graphs. Developed by Bren-
dan McKay from the Australian National University, nauty contains pro-
grams to quickly generate all non-isomorphic graphs of a given order as well
as identify and eliminate isomorphic graphs. nauty has been used in nu-
merous research projects for many years. Condor is a distributed processing
package created at the Computer Science Department at the University of
Wisconsin.

The advantage of the procedure EXTEND is that finding all graphs on 11
vertices without K} is feasible: There are 138,892,304 such graphs. The ex-
tension process is computationally challenging, yet easily parallelizable; the
work was divided over 153 machines in the RIT Computer Science Depart-
ment labs using Condor. Various types of machines were used: Sun Blade
150, Sun Blade 1500, and Sun Fire 880. There were 917 different processes
running for a combined processing time of 85 days, 4 hours, and 43 minutes.
Since these processes were running in parallel, the complete extension pro-
cess was completed in just under 3 days. The extension process generated,
in particular, all maximal Folkman graphs.

To find all Folkman graphs on 14 vertices, the maximal graphs were re-
duced using the algorithm REDUCESIZE. This algorithm inputs a graph and
removes edges in all possible ways, outputting only those that are Folkman.
REDUCESIZE was applied to all of the maximal Folkman graphs. The result-
ing set of non-isomorphic graphs combined with the maximal graphs was the
complete set of Folkman graphs on 14 vertices. Isomorphs were eliminated
using nauty. The set included the Nenov graph I's. The processing time for
this stage was small.

To achieve confidence in the results, the approach just described was
slightly modified to provide an alternate path to the same output: All the
Folkman graphs on 14 vertices were generated by extending graphs on 10
vertices instead of 11. The process is as follows: Extend graphs on 10 vertices
by adding an independent set of 4 vertices and connecting them to maximal
triangle-free subsets of the graph in all possible ways. However, by using
an independent set of order 4, the extensions avoid graphs which have no
independent set of order 4. This is not a problem, as the missing graphs
are those Folkman graphs which are in the Ramsey graph set Z(4,4;14),
computed in [31]. This alternate technique is sufficiently different from the
first approach, allowing for a very high confidence in the correctness of the
results.
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Since the extension from 10 to 14 vertices is guaranteed to generate
all maximal Folkman graphs with a(G) > 4, the other maximal Folkman
graphs were extracted from Z(4,4;14). This set was then reduced, using
REDUCESIZE as before. The final set of non-isomorphic graphs was exactly
the same as previously found after extending from 11 vertices and reducing.

To ensure that no graph on 13 vertices is in H,(2,2,3;4), the last algo-
rithm REDUCEORDER drops a vertex in all possible ways from each of the
Folkman graphs on 14 vertices and the algorithm INH2234 then checks for
the Folkman property. No Folkman graphs were found on 13 vertices, thus
proving that F,(2,2,3;4) = 14.

2.5 Results

Table 2.2 illustrates various properties of all Folkman graphs in H,(2, 2, 3;4; 14).
There are 12,227 such graphs in total; interestingly, all of them have chro-
matic number equal to 5.

|E(G)| maxdeg(G) | mindeg(G) | a(G) |Aut(G)]
# # # # i
42 1 7 527 | 4 45113 1507 | 1 11367
43 6 8 11080 |5 5759 | 4 10557 | 2 802
44 511 9 393 | 6 5996 | 5 160 | 4 44
45 453 | 10 2277 2116 21 7 1
46 2279 7 1| 8 10
47 4555 14 2
48 3628 16 1
49 1138
50 114
51 2

Table 2.2: Properties of graphs in H,(2,2, 3;4; 14).

The order of the automorphism group of the Nenov graph I's, pictured
in Figure 2.1, is equal to 14. The graph Fi4, presented in Figure 2.3, has the
largest automorphism group among all 12,227 graphs in H,(2,2,3;4), with
|Aut(Fig)| = 16. Let gy = (0 1), go = (3 4)(6 7)(8 9)(10 11)(12 13), and g3 =
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(2 3)(4 5)(7 8)(11 12) be the permutations of the set {0,...,13}. Then the
full automorphism group of Fig is generated by g1, g2, and g3.

Table 2.3 lists the specific properties of these two graphs in relation to
the properties shown in Table 2.2.

Is ) 42 8 4 14

G | x(G) | |[E(G)| | maxdeg(G) | mindeg(G) | a(G) | |Aut(G)|
7
Fig 5 45 7 ) 4 16

Table 2.3: Properties of I's and Fig.

10 11

12 13

Figure 2.3: The Folkman graph Fi with |Aut(G)| = 16.
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Chapter 3
FQ(B, 3; 4)

3.1 Background

Finding values of F,(3,3; k) is one of the oldest problems in Folkman number
theory. For k > 7 the value is trivially 6, with K¢ as the smallest satisfying
graph. For k = 6 Graham [14] showed in 1968 that F,.(3,3,6) = 8 using
C5 + Kj. Schiuble [54] first showed in 1969 that F.(3,3;5) < 42, but it
wasn’t until 1998 that Piwakowski, Radziszowski, and Urbariski [49] proved,
using a computer-based proof, that F,(3,3;5) = 15. The smallest parameters
of an edge Folkman number whose value is still unknown is Fi(3, 3;4).

In the late 1960s, Erdds proposed finding a solution for F,(3,3;4); later,
in 1970, Folkman showed the existence of such a graph, but the order was
extremely large. Frankl and R&dl [12] proved in 1986 that F,(3,3;4) <
7x 10" and in 1988, Spencer [57] brought the upper bound down to 3 x 108.
An error in Spencer’s proof discovered by Hovey in 1989, unfortunately raised
the bound to 3 x 10° [58]. All attempts to reduce this bound to a more
reasonable value have failed.

3.2 Methods

To reduce the upper bound it suffices to show that a smaller graph is in
H.(3,3;4). The problem, of course, is finding such a graph; the graph will
have the property that it will be a K4-free graph which is not the union of
two triangle-free graphs.

Exoo suggested using a (4, 4,4)- and (4, 12)-Ramsey graph defined in 1968
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by Hill and Irving [18], G127, which has vertices
{a;: 0 <i <127}
and edges
{(a,a;) :j—i=a® (mod 127),0 <i < j < 127,a € N} .

With this construction, G197 has 127 vertices, 2667 edges, 9779 triangles,
and no K,’s.

In dealing with a graph on 127 vertices the test for the Folkman property
is more difficult than with F,(2,2,3;4). A brute force attempt would mean
examining every two coloring of the edges of G197, of which there are 22667,
and then for each of those determining if the coloring has a triangle in the
first color or a triangle in the second color. Such a task is well beyond the
computing power of current workstations. A better technique is to redefine
the problem as a satisfiability (SAT) problem.

SAT problems are expressed in conjunctive normal form (CNF): The con-
junction of clauses where each clause is the disjunction of distinct boolean
literals. A literal is a variable or negated variable. A k-CNF expression has
k literals per clause. An example of a 3-CNF expression using the literals
x,1, z is given below:

(xVyVz)A(TVYVZI).

A satisfying solution to such a problem—one that reduces the expression
to true—might be to assign true to x and false to y. For this example there
are many such solutions. However, when there are more variables and many
more clauses, the difficulty in finding a satisfying assignment becomes much
greater. In fact, SAT is NP-complete for k-CNF expressions, k& > 2 [2].
For randomized algorithms, the expected running time is O(c") for some
constant ¢ and n variables. In the trivial case, ¢ = 2, Dantsin et. al [9]
found a deterministic algorithm for k&-CNF SAT (k-SAT) where ¢ = 2 — kiﬂ
Most recently, in 2004, Iwama and Tamaki showed that for 3-SAT there is
an algorithm with ¢ = 1.324.

Some of the current best solvers include zchaff [13] developed at Prince-
ton, and march_eq, developed at the Delft University of Technology in the
Netherlands [17]. More information about these tool can be found in Ap-
pendix A.
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Since H.(3,3;4) uses only two colors, each edge in Gia7 is one of two
colors, or alternatively, true or false. To define the Folkman property of G127
in terms of a SAT problem, each edge is assigned a variable and every two
clauses represents a triangle in one of the two colors. Let the formula ¢ be

= (a;iVajVar)N(@Va;Vag) A...

where {a;, a;,a;} € tri(Gha7).

There are 2667 variables and 19558 clauses in ¢. The clauses are defined
so that there will be no satisfying solution if the graph cannot be split into
two triangle-free parts. This is precisely the condition needed for G127 to be
in H.(3,3;4). Formally,

G 4 (3,3)° < ¢ is satisfiable .
Logically, this can be rewritten to say
¢ is not satisfiable <= G — (3,3)°.

Thus, showing that Go7 € H.(3,3;4) reduces to proving that ¢ is unsatisfi-
able.

SAT program such as zchaff and march_eq take their input from files
in DIMACS format. The unofficial format for satisfiability problems from
the Center for Discrete Mathematics and Theoretical Computer Science (DI-
MACS) is a text file with the first line describing the number of variables and
the number of clauses n in a SAT formula. The remaining n lines describe the
clauses. Variables are represented as positive integers and negated variables
are represented as negative integers. An example of a DIMACS SAT file is
presented in Figure 3.1.

3.3 Experiments

Even with the powerful solvers mentioned earlier, showing ¢ to be unsatisfi-
able has proven difficult. The SAT problem is so large that current attempts
to attack the problem directly have taken so long as to be deemed impracti-
cal. However, since the goal is showing unsatisfiability, if any smaller subset
of clauses can be shown unsatisfiable, then the whole graph is unsatisfiable.

Because of the regularity of G197, the graph has interesting properties
that can be used to extract very regular subgraphs. Each vertex has exactly
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p cnf 6 6
1230 (131\/1'2\/I3)
-1 -2-30 (7;V7Z2V7T3)
3450 (x3V x4V T5)
-3 -4 -50 (T3V7ZTyVTs)

( )

( )

> > > > >

4560 JZ4\/JZ5\/ZL’6
-4 -5 -6 0 (T4 VT5V T

Figure 3.1: Sample DIMACS file (left) where each line corresponds to a
clause (right)

42 neighbors. Selecting one vertex and removing it and all its neighbors
produces the graph Ggy with 84 vertices. Choosing an independent set of 10
vertices and removing these creates a graph on 74 vertices. The corresponding
formula for this graph is easily shown to be satisfiable. Reducing the number
of vertices in the independent set increases the number of vertices in the
resulting graph. These graphs are named G4, G7s, . . . , Ggz. Several programs
were written to generate these graphs and convert them to input files for the
SAT solvers. All of the graphs were satisfiable, but the time needed to solve
them increased as the number of vertices increased.

Another aspect under consideration is the ratio between the number of
clauses and the number of variables. Papers such as [32, 26, 56] discuss
empirical evidence that there exists a phase transition when the ratio exceeds
some value r, 3.53 < r < 4.596. The probability of finding a satisfying
solution for 3-CNF SAT problems quickly diminishes as r increases. The
exact value of r is unknown, but conjectured to be approximately 4.2. A
graph comparing the probability of satisfiability to the r is shown in Figure
3.2.

The ratio for G127 well exceeds the proposed transition ratio of 4.2, which
strongly suggests that G197 is, in fact, not satisfiable. However, strong evi-
dence is not sufficient for a proof, and the time needed to determine satisfia-
bility increases greatly as the number of vertices chosen from G197 approaches
86 and beyond. There have been other, similar attempts to find subgraphs
that are not satisfiable [51], but they have had difficulty because of the time
required to find a solution.

Other experiments involved generating the input files for the SAT solvers
in different ways. As with any search, the order of the input can greatly

27



1.0 g
0.9
0.8 -
0.7

Probability of being satisfiable $— -
: 50%-—satisfiable point -+ -

Probability 0.5
D

04 -
0.3 -
0.2 -
0.1

2 3 4 5 6

Ratio of clauses—to—variables

-]
o0

Figure 3.2: Phase transition of 3-SAT [32]

affect how the search is conducted, which affects the running time of the
algorithm. Indeed, changing the order of the clauses did yield better search
times, but only in some instances.

One experiment involved writing all the negated clauses at the end, while
another wrote the negated clauses in reverse order from the corresponding
positive clauses. Despite some positive results, in general there was no single
technique that consistently proved better for all input graphs.

The most recent experiments have examined symmetry-breaking clauses.
These clauses are added to the original formula such that they do not affect
the outcome of the solution, but may allow SAT solvers to finish faster.

Symmetry-breaking clauses are derived from special propositional-formula
bipartite graphs constructed from the clauses of a formula. Every clause is
assigned a vertex and every variable is assigned two vertices, one for each
possible state. A clause vertex is connected by an edge to each vertex that
corresponds to a variable in the clause. An edge also connects each pair of
variable vertices. The resulting graph is then analyzed to find symmetries.
Those symmetries are exploited to generate additional clauses that reduce
the search space of the original formula. Extensive research into this field
has been conducted by Aloul et al. [3, 4, 5], Darga [10], and Crawford et al.
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[8] to name a few.

In addition, a new tool saucy [10] extends nauty and provides opti-
mized graph symmetry detection in cases where a graph has “inherent struc-
ture.”. Specifically, saucy exploits the sparsity in many propositional-formula
graphs. Doing so results in considerable performance and efficiency gains over
nauty. This program is used in the process of generating symmetry-breaking
clauses.

Work on symmetry-breaking clauses and saucy by researchers at the Uni-
versity of Michigan has produced a program called Shatter [10], which accepts
a propositional formula and outputs a new formula in DIMACS format con-
taining the original formula plus symmetry-breaking clauses. Because of the
optimization in saucy, this process takes only a few moments to complete.

Shatter was used in several attempts to simplify ¢. Since the output of
Shatter is another DIMACS file, any SAT solver may be used to process it.
Attempts at using march_eq and zchaff still yielded the same difficulties as
before: The search space is still too large and the programs never showed
any signs of real progress. Even with simpler graphs on fewer vertices did
not yield to symmetry-breaking.

3.4 Future Work

There is a rich area for further research into the phase transition from easily
solvable to virtually impossible. Better SAT solvers will undoubtedly be
of use because they will allow much larger problems to be solved in less
time. The real key to determining the satisfiability of G197 will be finding an
appropriate subgraph that can be shown unsatisfiable. Such a result would
improve the current upper bound 23,622,047-fold.
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Chapter 4

Final Thoughts

This thesis has provided a new result in Folkman number theory by showing
F,(2,2,3;4) = 14. It has also explored new areas of attack in lowering the
upper bound of F,(3,3;4). Folkman number theory and Ramsey theory are
rich areas of interest that manage to encompass both the pure mathematical
world and the computing world.

Results that are mathematically challenging to obtain are beginning to fall
to the ever increasing power of computers. This trend will only continue into
the future. There are still many problems left to solve, however. One must
be extremely careful with enumeration algorithms similar to those used in
this thesis. To guarantee the complete enumeration of a set is often not only
difficult but error prone. The future of mathematical computing will depend
on solid algorithmic design and the provability of correctness. These problems
have existed since the advent of computing, leaving many to harbor doubt
over the usefulness of computers in the field of mathematics. To overcome
these doubts will be an fascinating challenge to tackle.

4.1 Technical Improvements

Many other theses could be written using similar techniques described here,
but there are a number of things that should be done differently in the future.

The nauty package contains a wealth of functionality that can be better
utilized by integrating the custom software with the nauty libraries. Instead
of only using the individual programs, many of the graph manipulation func-
tions have already been written. The macros to create graphs, add and
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remove vertices, and complement graphs—to name a few—are already avail-
able. In hindsight, it was wasteful and error-prone to rewrite these. In
addition, perhaps the isomorph testing functions can be used directly from
within an algorithm, rather than outputting the graphs from one program
and then running shortg to eliminate the isomorphs. This may improve the
running time of the algorithm.

There are also further refinements to the extension algorithm that would
reduce the number of graphs that need extending. By considering for exten-
sion only those graphs that have the property that adding an edge creates
a K3, the extension process would be significantly faster. Another enhance-
ment, from 1.3.3, would be to eliminate graphs with chromatic number less
than 4. These additional constraints were not applied in the original work
because initially it was debated how much improvement they would yield. A
more brute force approach was possible and conducting the extension in par-
allel using Condor was another point of research interest. These constraints
would, in fact, have been the source of huge performance gains but the results
had already been calculated and the improvements were no longer needed.
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Appendix A
Tools

A.1 Aflib

flib and the associated utilities such as filter, extend, and in_h225_j represent
the core software written by the author for the purpose of this thesis. The
source code is available online and in Appendix B. The following highlights
some of the implementation details, while the main algorithms are discussed
in pseudo-code form in previous chapters.

The graphs used for F,(2,2,3;4) had no more than 14 vertices, which
meant that any information about sets of vertices could be stored in a single
32-bit integer. If an element was in the set, then the corresponding bit was
turned on. Macros provided easy access to and modification of the bit values.

Graphs are represented as an adjacency matrix with each row of the
matrix stored in one 32-bit integer. The matrix is combined with other
information about the graph, such as order, number of edges, maximum and
minimum degree. The struct also contains three important tables: a table
of triangles, a table for caching the presence of a triangle, and a table of
maximum independent sets.

The table of triangles is built by three nested loops iterating over all
vertex triplets and testing if they form a triangle. It is not always necessary
for this table to exist, so it is only built if the entire list of triangles is needed.

The triangle caching table is indexed by a set and contains 1 if the set
contains a triangle, and 0 if it does not. When the presence of a triangle is to
be tested the cache is consulted first before searching the set for a triangle.
If one is found, the cache is updated accordingly.
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The table of maximum independent sets is crucial to testing if a graph is
in H,(2,2,3;4) and so its implementation had to be efficient. The algorithm
used is derived from ALLMAXCLIQUES by Kreher and Stinson [21].

As noted in Chapter 2, the algorithm for REDUCETOMINIMALS used an
optimization that allowed the table of maximum independent sets to grow
for a given graph without having to search the graph as edges were dropped.
The present maximum independent sets can be extended. The algorithm is
presented as Algorithm A.1.1.

Algorithm A.1.1: EXTENDMISTABLE(G, z,y)

comment: {z,y} is a dropped edge in G

global M, (¢ =0,...,k)
comment: M, is a mis in G such that {z,y} € E(M,)

let M]S<—{}
for v —1tok
(if 2 € M; ANy & M,;

then MIS «— MISU{M;}
ifeeM;Ny ¢ M,
(if N(y) N M; = {z}

then MIS «— MISU{M;,U{y}}

else if |[N(y) N M;| > 2
| then MIS «— MIS U {M;}
(if N(2) 0 M; = {y)
then MI1S «— MISU{M;U{z}}
else if |[N(z) N M;| > 2
| then MIS «— MISU{M;}
ifeeMyANy ¢ M,

S'= M\ (N(y) \ 2)

then ¢ if N(SUy)=V(G)\S
{ then MIS — MISU{SU{y}}
UNIQUESORT(MIS)
return (MIS)

then

do

then

33



A.2 nauty

The nauty (no automorphisms, yes?) package [27] proved essential to this
thesis. Developed by Brendan McKay at the Australian National Univer-
sity, nauty includes tools for working with graphs. The program geng can
efficiently generate all non-isomorphic graphs of a given order. Historically,
it was the first program to produce all graphs on 11 vertices. Also critical
to this thesis was the shortg program, which eliminates isomorphic graphs
from the input. Without these two programs this work would have been
impossible.

Graphs are represented in an efficient printable-ASCII format. The upper
triangle of a graphs adjacency matrix is compacted into a bit array. Only
the six bits of each byte are used so that the output can be easily read by a
text editor. This also allows for simple visual comparison of two graphs. The
graphs are output using a canonical labelling that ensures that isomorphic
graphs produce the same output. The specific details of the output can be
found on the nauty website [27]. A sample of the output of generating all
graphs on 3 vertices is shown in Figure A.1.

$ geng 3

>A geng -dOD2 n=3 e=0-3

B?

BO

BW

Bw

>Z 4 graphs generated in 0.00 sec

Figure A.1: All graphs of order 3 output from running geng 3

A.3 Condor

Condor is a distributed processing package created at the Computer Sci-
ence department at the University of Wisconsin. Condor was designed with
high-throughput, as opposed to high-performance, computing as its goal.
High-throughput refers to systems “that can deliver large amounts of pro-
cessing capacity over long periods of time [7].” High-performance systems
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universe = standard

getenv = True

executable = extend

input = input/in.$(Process)

output = output/11tol4.$(Process) .gb
error = output/11tol14.$(Process) .report
log = output/11tol4.$(Process).log
arguments = -e 11 14 -r 60 ——noX
Notification = Error

queue 917

Figure A.2: Sample Condor job submission file

are designed to perform many calculations over seconds or minutes instead
of months or years. Condor is used to distribute the processing of many
programs across a network of machines.

The software was installed on the RIT Computer Science lab computers
and allowed up to 153 machines to be in use at one time. Each computer ran
the EXTEND algorithm with a different subset of graphs. The computers were
connected using the Network File System (NFS), which made the collection
of the output trivial.

The properties for a Condor job are described in a file which is submitted
to the Condor system. Figure A.2 shows the file used for the extension from
11 vertices to 14 vertices. Each process of the job has a unique number from
0 to n, where n is one less than the number of jobs. That number can be
used to select different input, output, and log files.

A.4 SAT Solvers

The two SAT solvers used in the experiments for F,(3,3;4) were zchaff [13],
developed at Princeton, and march_eq [17] developed at the Delft University
of Technology. Both programs have been winners of different categories at
the international SAT 2004 competition. zchaff specializes in general SAT
problems, while march_eq has added heuristics for problems which have less
random structure and are expected to be unsatisfiable. Such a solver was
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ideal for tackling G157. Both of these programs accept input in DIMACS
format [1], which is a standard format for describing CNF problems. An
example can be found in Figure 3.1.
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Appendix B

Source Code

The essential source code to the programs developed by the author for this
thesis can be downloaded from http://www.jpcoles.com/uni/rit/thesis.
The source code is free software, licensed under the GNU General Public
License, Version 2, a copy of which can be found on http://www.fsf.org.
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Folkman Graph Property Library Header

Copyright 2003, 2004 Jonathan Coles

*
*

*

*

*

* This program is free software; you can redistribute it and/or modify
* it under the terms of the GNU General Public License as published by
* the Free Software Foundation; either version 2 of the License, or

* (at your option) any later version.
*

*

*

*

*

*

*

*

*

This program is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with this program; if not, write to the Free Software

Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA
*/
#ifndef FLIB_H
#define FLIB_H
#include <stdlib.h>
#include <istream>
#include <assert.h>
using namespace std;
1/
// Graph struct
1/

typedef struct

uint *data;
uint length;
} bool_array;

//
// struct to hold the order and adjacency matrix of a graph
//
typedef struct
{
uint order;

uint edge_count;

uint max_degree,
min_degree;

uint max_mis;
uint chi;

//
//
//

uint adj_size;

uint *N;
uint *adj;
uint *deg;

uint num_triangles;
uint *triangles;
char *tri_cache;

uint mis_table_size;
uint *mis_table;
} Graph;

typedef struct
{

uint list_len;
uint alloc_len;
int **IS;
uint **Bucket;

} mis_builder_cache;

typedef bool (#f_hX_4)(Graph *g, bool print);

//
// Prototypes

/7

void print_bits(uint m, uint n, const char *end="\n");

void print_set(uint m, uint s, const char *end="\n");

void print_set(FILE *fp, uint m, uint s, const char *end="\n");

void print_array(FILE *fp, uint size, uint *a, const char *end="\n");

uint bit_count(uint n);

Graph *make_graph(const uint order, const int adj_size=-1, Graph *g=NULL);
void free_graph(Graph *g);

void free_tri_table(Graph *g);

void free_mis_table(Graph *g);

void print_graph(const Graph *g);

void add_edge(Graph *g, const uint v0, const uint vi);
void add_edges(Graph *g, const uint v0, const uint vs);
void remove_edge(Graph *g, const uint v0O, const uint v1);
int add_vertex(Graph *g);

void remove_vertex(Graph *g, const uint vO0);

void update_min_degree(Graph *g);

void update_max_degree(Graph *g);

Graph *copy_graph(const Graph *gO, Graph *g=NULL);

void complement(Graph *g);

void init_tri_table(Graph *g);
bool has_k_n_helper(Graph *g,
uint n, uint k, uint s,
uint *vertices, uint subgraph);

bool has_k_n(Graph *g, uint n, uint subgraph);

//
//
//
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bool has_k_4(const Graph *g, const uint subgraph); inline bool subset(const uint m, const uint s)

bool has_triangle_cached(Graph *g, uint subgraph); { return m && ((s & m) == m); }

bool has_triangle(const Graph *g, const uint subgraph);

void build_mis_table(Graph *g); /* Return true if sO intersect sl */

void build_tri_table(Graph *g); inline bool intersects(const uint sO, const uint si1)
bool h223_4(Graph *g, const bool print=false); { return (s0 & s1) '= 0; }

bool h23_4(Graph *g, bool print=false);

bool h22_4(Graph *g, bool print=false); /* Add x to the set set */

bool in_hX_4(f_hX_4 f, Graph *g, uint f_repeat, double *t, bool check_k4, bool print=falSmDine void add_elem(const uint x, uint &set)
Graph *read_graph(FILE *in, Graph *g=NULL); { set |= set_elem(x); }

Graph #*read_graph(char #*bytes, Graph *g=NULL);

void write_graph(const Graph *g, FILE *fp); /* Remove x from the set set */

void write_graph_file(const Graph *g, char *filename, char *mode); inline void remove_elem(const uint x, uint &set)
Graph *make_gamma3_graph(); { set &= “set_elem(x); }

void reduce(Graph *g, FILE *out);

void find_maximals(Graph *g); inline uint V(const Graph *g)

bool maximal(Graph *g, uint n); { return (1 << g->order)-1; }

bool minimal(Graph *g);

void extend_to_maximals(Graph *g, uint n); /* Return the set of all vertices in a graph */
uint reduce_to_minimals(Graph *g, bool all=false, FILE *out=stdout) ; inline uint all_vertices(const Graph *g)

void build_set_neighbours(Graph *g); { return V(g); }

void update_set_neighbours(Graph *g, uint vs, uint *tmp_gN);
uint N(Graph *g, const uint set);

uint chromatic(const Graph *g); /* Return true if vO is connected to vl in graph g */
void build_max_tri_table(Graph *g, uint *table, uint *num_entries) ; inline bool connected_to(const Graph *g, const uint vO, const uint v1)
void print_graph_info(FILE *fp, Graph *g, char *show_info, char *eol="\n"); {
uint chi(Graph *g); assert(v0 < g->order);
assert(vl < g->order);
// //
// Macros and inline functions // return elem_of (vO, g->adjlvil);
1/ // }
#define foreach_pair(x,y,n) \ inline bool connected(const uint v0, const uint adj)
for (uint x=0; x < n-1; x++) \ { return elem_of (v0, adj); }

for (uint y=x+1; y < n; y++)
/* Return the degree of vertex v in graph g */
#define foreach_vertex(g,i) for (uint i=0; i < g->order; i++) inline uint deg(const Graph *g, const uint v)
{ return g->deglvl; }
#define foreach_vertex_pair(g,i,j) foreach_pair(i,j,g->order)
inline uint adj(const Graph *g, const uint v)

#define foreach_subset(i,s) for (uint i=0; i <= s; i++) { return g->adjlvl; }
#define foreach_elem(g,u,i) \ /* Return true if subgraph does not contain K_4 (non-caching) */
if (i) for (uint __i__ = i, u=0; u < g->order; u++) if (elem_of(u, __i__)) inline bool is_k_n_free(Graph *g, uint n, uint subgraph)

{ return 'has_k_n(g, n, subgraph); }
#define for_if(c) if (c) for
/* * Return true if subgraph does not contain a triangle (mon-caching) */

inline uint set_elem(const uint x) inline bool triangle_free(const Graph *g, const uint subgraph)
{ return 1 << x; } { return 'has_triangle(g, subgraph); }

/* Return true if x is an element of set */ /* Return true if subgraph does not contain K_3 (caching) */
inline bool elem_of (const uint x, const uint set) inline bool triangle_free_cached(Graph *g, uint subgraph)

{ return set & set_elem(x); } { return 'has_triangle_cached(g, subgraph); }

/* Return true if m is a subset of s */ /* Return true if subgraph does not contain a K_4 (non-caching) */



0¥

inline bool k_4_free(const Graph *g, const uint subgraph)
{ return 'has_k_4(g, subgraph); }

inline bool in_h223_4(Graph *g,uint f_repeat,double *t,bool check_k4,bool print)
{ return in_hX_4(h223_4, g, f_repeat, t, check_k4, print); }

inline bool in_h22_4(Graph *g,uint f_repeat,double *t,bool check_k4,bool print)
{ return in_hX_4(h22_4, g, f_repeat, t, check_k4, print); }

inline bool in_h23_4(Graph *g,uint f_repeat,double *t,bool check_k4,bool print)
{ return in_hX_4(h23_4, g, f_repeat, t, check_k4, print); }

#endif // FLIB_H

Folkman Graph Property Library

Copyright 2003, 2004 Jonathan Coles

*
*

*

*

*

* This program is free software; you can redistribute it and/or modify
* it under the terms of the GNU General Public License as published by
* the Free Software Foundation; either version 2 of the License, or

* (at your option) any later version.
*

*

*

*

*

*

*

*

*

This program is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with this program; if not, write to the Free Software
Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA

#include <stdio.h>

#include <stdlib.h>
#include <memory.h>
#include <assert.h>

#include "timing.h"
#include "flib.h"

void unique_sort(uint *list, uint *len);
void buildheap(uint *list, uint len);
void heapify(uint *list, uint i, uint j);
using namespace std;

#define TESTS 0

#define _free(ptr) \
{ free(ptr); ptr = NULL; }

//fprintf (stderr, "free() on line %i\n", __LINE__);
CPUDEFS

/7

// Program output verbosity level
// 0 is normal

/7

extern int verbosity;

#if 0
bool_array *make_bool_array(uint length)
{

bool_array *a = (bool_array *)calloc(length, sizeof (bool_array));

a->data = (uint *)calloc((length >> (sizeof (uint) << 3)) + 1, sizeof(uint));

}
bool bool_array_index(bool_array *a, uint index)

assert(index < a->length);
return (bool) (alindex >> 3] & (index & ((sizeof(uint) << 3) - 1)));
s

void set_bool_array_index(bool_array *a, uint index)
{
assert(index < a->length);
alindex >> (sizeof(uint) << 3)] |= (index & ((sizeof(uint) << 3) - 1));
s
#endif

// //
// connect //
// //

/*

* Although connect is inline it is not made available in the header because
* it must only be used as a helper and/or optimization. By itself, it does

* not preserve the consistency of the graph. Be careful of how it is used.

*/

inline void connect(Graph *g, uint vO, uint v1)

{

assert(v0 < g->order);

assert(vl < g->order);

add_elem(v0, g->adjlvil);

add_elem(vl, g->adj[v0]);

g->deg[v0]++;

g->deglvi]++;
}
/7 //
// disconnect //
// //
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/*
* Although disconnect is inline it is not made available in the header because
* it must only be used as a helper and/or optimization. By itself, it does
* not preserve the consistency of the graph. Be careful of how it is used.
*/

inline void disconnect(Graph *g, uint vO, uint v1)

{

assert(v0 < g->order);

assert (vl < g->order);

remove_elem(v0, g->adjlvi]);

remove_elem(vl, g->adjl[v0]);

g->deg[v0]--;

g->deglvi]--;
}
7/ //
// bit_count //
// //
#if 1
#if 0
#define bit_count(n) __builtin_popcount(n)
#else
uint bit_count(uint n)
{

char table[16] = {0, 1, 1, 2, 1, 2, 2, 3, 1, 2, 2, 3, 2, 3, 3, 4};

uint sum = O;

for (uint i = 0; i < (sizeof(n) << 3); i +=4)

sum += table[(n >> i) & 0xf];

return sum;
}
#endif
#else

#define m1 ((uint) 0x55555555)
#define m2 ((uint) 0x33333333)

uint bit_count(const uint b) {
uint n;
const uint a = b - ((b >> 1) & ml);
const uint ¢ = (a & m2) + ((a >> 2) & m2);
n = ((uint) c) + ((uint) (c >> 32));
n = (n & OxOFOFOFOF) + ((n >> 4) & 0xOFOFOFOF) ;
n = (n & OxFFFF) + (n >> 16);
n = (n & OxFF) + (n >> 8);

return n;
}
#endif
1/ //
// print_bits //
1/ //

void print_bits(FILE *fp, uint m, uint n, const char *end="\n");

/* print at most m bits in n */
void print_bits(uint m, uint n, const char *end)

{
print_bits(stdout, m, n, end);
s
void print_bits(FILE *fp, uint m, uint n, const char *end)
{
uint mask = (1 << (m-1));
while (mask != 0)
{
if (n & mask)
fprintf (fp, "1");
else
fprintf (fp, "0");
mask >>= 1;
if (end !'= NULL) fprintf(fp, end);
s
// //
// print_set //
// //

void print_set(uint m, uint s, const char *end)
{

print_set(stdout, m, s, end);

void print_set(FILE *fp, uint m, uint s, const char *end)

fprintf (fp, "{");
bool comma=false;

if (m & (s & 1))
fprintf(fp, "O%s", comma ? "," : ""), comma=true;

for (uint mask=1; mask < m; mask++)
{
if (s & (1 << mask))
fprintf(fp, "%s%i", comma ? "," : "", mask), comma=true;

}
fprintf (fp, "}");
if (end !'= NULL) fprintf(fp, end);

// //
// print_array //
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1/
void print_array(FILE *fp, uint size, uint *a, const char *end)
{
fprintf (fp, "{");
if (size == 0) return;
fprintf (fp, "%i", al0l);
for (uint i=1; i < size; i++)
fprintf (fp, ",%i", alil);
fprintf (fp, "}");
if (end != NULL) fprintf(fp, end);
}
1/
// make_graph
//
Graph #*make_graph(const uint order, const int adj_size, Graph *g)
{
if (g == NULL)
{
g = (Graph *)calloc(l, sizeof(Graph));
assert(g !'= NULL);
#if 0
g->edge_count = 0;
g->max_degree =
g->min_degree = 0;
g->max_mis = 0;
g->mis_table_size = 0;
g->N = NULL;
g->triangles = NULL;
g->num_triangles = 0;
g->tri_cache = NULL;
g->mis_table = NULL;
#endif

else

g->order = order;
g->adj_size = adj_size == -1
? g->order
: adj_size;

g->adj = (uint *)calloc(g->adj_size, sizeof (uint));
g->deg = (uint *)calloc(g->adj_size, sizeof(uint));

assert(g->adj !'= NULL);
assert(g->deg !'= NULL);

//

1/
//
//

assert(g->adj_size >= order);

g->order = order;

memset(g->adj, 0, g->adj_size * sizeof(uint));
memset(g->deg, 0, g->adj_size * sizeof(uint));

// don’t worry about other members, they are realloc’d

¥
return g;
}
/7
// copy_graph
/7

Graph *copy_graph(const Graph *g0O, Graph *g)
{

if (g == NULL)

{
g = (Graph *)malloc(sizeof (Graph));
assert(g !'= NULL);

g->adj_size = gO->order;
g->adj = (uint *)malloc(g->adj_size * sizeof (uint));
g->deg = (uint *)malloc(g->adj_size * sizeof (uint));

assert(g->adj != NULL);
assert(g->deg != NULL);

#define ALLOC(var,num,type) \

if (g0->var != NULL) \

{ g->var = (type *)malloc(num * sizeof (type)); assert(g->var !
else \

{ g->var = NULL; }

ALLOC(N, g->adj_size, uint);

ALLOC(triangles, (1<<g0O->order), uint);

ALLOC(tri_cache, (1<<gO->order), char);

ALLOC(mis_table, gO->mis_table_size, uint);
#undef SETUP

¥
else
{

assert(g->adj_size >= g0->order);
}
g->order = gO->order;
g->edge_count = g0->edge_count;
g->max_degree = g0->max_degree;
g->min_degree = g0->min_degree;
g->max_mis = gO->max_mis;
g->mis_table_size = gO->mis_table_size;
g->num_triangles = gO->num_triangles;

= NULL); } \

//
//
//
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assert(g->adj !'= NULL);
assert(g->deg != NULL);
assert(g0->adj

NULL) ;
assert(g0->deg != NULL);

memcpy (g->adj, g0->adj, gO->order * sizeof (uint));
memcpy (g->deg, g0->deg, gO->order * sizeof (uint));

#define COPY(var,num,type) \

if (g->var != NULL && gO->var != NULL) \
{ memcpy(g->var, gO->var, num * sizeof(type)); }

COPY(N, gO->order, uint);

COPY (triangles, (1<<g0->order), uint);
COPY (tri_cache, (1<<g0->order), char);
COPY (mis_table, gO->mis_table_size, uint);

#undef COPY

return g;
}
// //
// free_graph //
// //
void free_graph(Graph *g)
{
if (g != NULL)
{
free_tri_table(g);
free_mis_table(g);
_free(g->N);
_free(g->adj);
_free(g->deg);
_free(g);
}
s
7/ //
// print_graph /7
7/ //

void print_graph(const Graph *g)

{

uint i, j;

for (i=0; i < g->order; i++)

printf ("%4i:\t", i);

for (j=0; j < g->order; j++)
printf("%i", elem_of(j, adj(g, i)) ? 1 : 0);

printf("\n");

}
/1 /!
// add_edge //
/1 /!
void add_edge(Graph *g, const uint vO, const uint v1)
{

assert(v0 < g->order);

assert(vl < g->order);

assert(v0 != v1);

connect(g, v0, vi);

g->max_degree = max(g->max_degree, max(deg(g, v0), deg(g, v1)));

update_min_degree(g) ;

g->edge_count++;
s
/1 /!
// add_edges //
/1 /!
/* Connect vO to the vertices in vs */
void add_edges(Graph *g, const uint vO, const uint vs)
{

for (uint u=0; u < g->order; u++)

if (elem_of (u, vs))
connect(g, v0, u);

update_min_degree(g) ;

update_max_degree(g) ;
// //
// remove_edge //
// //

/* Remove the edge between vO and v1 */
void remove_edge(Graph *g, const uint vO, const uint v1)
{

assert(v0 < g->order);

assert(vl < g->order);

disconnect(g, v0, vl);

g->min_degree = min(g->min_degree, min(deg(g, v0), deg(g, v1)));

update_max_degree(g) ;

g->edge_count--;
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// //
// update_min_degree //
// //

/* (helper) Recalculate minimum degree in the graph */
void update_min_degree(Graph *g)

{
g->min_degree = g->order-1;
register uint *degs = g->deg;
register uint *end_deg = degs + g->order;
while (degs != end_deg)
{
register uint deg = *degs++;
if (deg < g->min_degree)
g->min_degree = deg;
}
¥
// //
// update_max_degree //
// //

/* (helper) Recalculate maximum degree in the graph */
void update_max_degree(Graph *g)

{
g->max_degree = 0;
register uint *degs = g->deg;
register uint *end_deg = degs + g->order;
while (degs != end_deg)
{
uint deg = *degs++;
if (deg > g->max_degree)
g->max_degree = deg;
}
}
// //
// add_vertex //
// //

int add_vertex(Graph *g)
assert(g !'= NULL);

if (g->order+1l > g->adj_size)

{
g->adj = (uint *)realloc(g->adj, (g->order + 1) * sizeof(uint));
assert(g->adj != NULL);
g->adj_size = g->order + 1;

}

g->adj [g->order] =
g->deg[g->order] = 0;

o

g->order++;

return g->order-1;

s
1/ //
// remove_vertex //
1/ //
void remove_vertex(Graph *g, const uint vO0)
{
assert(v0 < g->order);
//memmove (g->adj + vO, g->adj + vO + 1, (g->order - 1 - v0) * sizeof(uint));
#if 1
for (uint i=v0; i < g->order-1; i++)
g->adjli] = g->adjli+1];
#endif
g->order--;
//
// This is tricky so let’s take an example. Let g be a graph of order 10,
// v0=4, and one row in the adjacency table be 1001111010.
/7
// s = 1001111010 ~ (1 << 4) = 1001111010 "~ 0000010000 = 1001101010
// m = (1 << (4+1))-1 = (1 << B)-1 = 0000011111
// adjll = ((s & m) > 1) | (s &m)
// = ((1001101010 & 1111100000) >> 1) | (1001101010 & 0000011111)
// = (1001100000 >> 1 ) | 0000001010
// = 100110000 | 0000001010
// = 100111010
/7
// The result is 9 bits with vO dropped.
//
for (uint i=0; i < g->order; i++)
{
uint s = adj(g, i) & “set_elem(v0);
uint m = (1 << (v0+1)) - 1;
g->adjli]l = ((s & "m) >> 1) | (s & m);
s
s
1/ //
// complement //
/7 //

void complement (Graph *g)
{
for (uint i=0; i < g->order; i++)
{
g—>adjl[i]l = "(adj(g,i) | set_elem(i));
g->deglil = bit_count(adj(g, i)); //g->order - deg(g, i);
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}

update_min_degree(g) ;
update_max_degree(g) ;

s
// //
// init_tri_table //
// //
/*
* Initialize the tri_table. To reduce memory thrashing,
* this function will only allocate new memory if the order
* of g changes between calls. If g is NULL the memory
* will be freed.
*/
void init_tri_table(Graph *g)
{
g->num_triangles = 0;
g->triangles = (uint *)realloc(g->triangles, (1<<g->order) * sizeof(uint));
g->tri_cache = (char *)realloc(g->tri_cache, (1<<g->order) * sizeof(char));
memset (g->tri_cache, 2, (1<<g->order) * sizeof(char));
s
void free_tri_table(Graph *g)
{
if (g !'= NULL)
{
_free(g->triangles);
g->num_triangles = 0;
_free(g->tri_cache);
}
}
// //
// build_tri_table //
// //

void build_tri_table(Graph *g)

{

register uint j, k, 1;
if (g->order < 3) return;

for (j=0; j <= g->order - 3; j++)
{
register uint rj = adj(g, j);
for (k=j+1; k <= g->order - 2; k++)
{
register uint rk = adj(g, k);
for (1=k+1; 1 <= g->order - 1; 1++)
{
if ( connected(k, rj)

}

//
//
//

&% connected(l, rj)
&& connected(l, rk))

{
uint tri = set_elem(j) | set_elem(k) | set_elem(1l)
g->triangles[g->num_triangles++] = tri;
g->tri_cache[tri] = 1;

}

uint N(Graph *g, const uint set)

{

}

//
//
//

if (g->N[set] == OxFFFFFFFF)
{

uint n = 0;
foreach_elem(g, v, set) n |= adj(g, v);
g->N[set] = n & “set;

s

return g->N[set];

build_set_neighbours

void build_set_neighbours(Graph *g)
{

//

g—>N = (uint *)realloc(g->N, (1 << g->order) * sizeof (uint));
memset (g->N, OxFF, (1 << g->order) * sizeof (uint));

//

has_triangle

1/

bool has_triangle(const Graph *g, const uint subgraph)

{

//

// Subgraph must have at least 3 vertices
//

uint w = subgraph;

w&=w-1;

w&=w-1;

if (!w) return false;

uint 1ist[50];
uint list_len=0;

//

//
//

//
//
//

//
//
//
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// Rather than check these bits every time through each
// loop in the main algorithm, just extract the ones

// we need now.

if (w && elem_of (i, subgraph)) list[list_len++] = i;

g:r (uint i=0; i < g->order; i++)

¢ w = adj(g, i) & subgraph;
w&=w-1;

¥

//

// If we don’t have three points, we don’t have a triangle

//

if (list_len < 3) return false;

//

// Check triples of points

/7

register uint j, k, 1;

for (j=0; j <= list_len - 3; j++)
{

register uint rj = adj(g, list[jl);
for (k=j+1; k <= list_len - 2; k++)

{
register uint 1k = list[k];
register uint rk = adj(g, 1k);
for (1=k+1; 1 <= list_len - 1; 1++)
{
if (  connected(lk, rj)
&& connected(list[1], rj)
&& connected(list[1], rk))
return true;
}
}
}
return false;
s
//
// has_k_4
//
bool has_k_4(const Graph *g, const uint subgraph)
{
//
// Subgraph must have at least 4 vertices
uint w = subgraph;
w&=w-1;
w&=w-1;
w&=w-1;

if (!'w) return false;

//
//
//

uint 1ist[50];
uint list_len=0;

for (uint i=0; i < g->order; i++)

{

w = adj(g, i) & subgraph;

w&=w-1;

w&=w-1;

if (w && elem_of (i, subgraph)) list[list_len++] = i;
s

if (list_len < 4) return false;

for (uint j=0; j <= list_len - 4; j++)
{
register uint rj = adj(g, list[jl);
for (uint k=j+1; k <= list_len - 3; k++)
{
uint 1k = list[k];
register uint rk = adj(g, 1k);
for (uint 1=k+1; 1 <= list_len - 2; 1++)
{
uint 11 = 1list[1];
register uint rl = adj(g, 11);
for (uint m=1+1; m <= list_len - 1; m++)
{
if (  connected(lk, rj)
&& connected(1ll, rj)
&% connected(1l, rk)
&& connected(list[m], rj)
&& connected(list[m], rk)
&% connected(list[m], rl))

return true;

}

return false;

}

//
// has_k_n_helper

1/

bool has_k_n_helper(Graph *g,
uint n, uint k, uint s,
uint *vertices, uint subgraph)

if (k == 0)

{
//fprintf (stdout, "HERE\n");
foreach_pair(i,j,n)

//
//
//
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{ if (g->max_degree < n-1) return false;

//  fprintf(stdout, "[%i %il ", i, 3); //fprintf (stdout, "HERE 1\n");
if (!connected_to(g, vertices[il, vertices[jl))
return false; if (n == 3) return has_triangle(g, subgraph)
} if (n == 4) return has_k_4(g, subgraph);
//fprintf (stdout, "\n");
return true; //fprintf(stdout, "HERE 1\n");
¥
else uint vertices[n];
{ return has_k_n_helper(g, n, n, 0, vertices, subgraph)
//fprintf (stdout, "HERE 2\n"); }
for (uint i=s; i <= g->order - k; i++)
{ // //
// // has_triangle_cached //
// only consider vertices in the subgraph // //
//
if (elem_of (i, subgraph)) /*
{ * Return true if subgraph contains a K_4
// *
// only consider a vertex if it is connected to * (This caches the results and assumes that init_tri_table()
// at least one other vertex in the subgraph * has been called sometime in the past with the same graph g)
// and connects to at least n-1 other vertices */
// bool has_triangle_cached(Graph *g, uint subgraph)
{
uint w = 1; //g->adj[i] & subgraph; if (g->tri_cache[subgraph] != 2)
return (bool)g->tri_cache[subgraph];
//for (uint j=0; j < n-2; j++)
//w &= w - 1; for (uint i=0; i < g->num_triangles; i++)
if (subset(g->triangles[i], subgraph))
if (w) return (bool) (g->tri_cache[subgraph] = 1);
{
vertices[n-k] = i; return (bool) (g->tri_cache[subgraph] = 0);
if (has_k_n_helper(g, n, k-1, i+1, vertices, subgraph))
return true;
} /*
¥ * Recursively try to add vertex v and then its successor (v+1)
} * to the set provided it doesn’t connect to any vertex already
b * in the set. Once all vertices are exhausted, add the set to
* the table.
return false; */
} static void build_max_tri_table_helper(Graph *g, uint set, uint v, uint *table, uint *num_entries)
{
// // if (v == g->order)
// has_k_n // {
// // if (set && triangle_free_cached(g, set))
table[(*num_entries)++] = set;
/* ¥
* Return true if subgraph contains a K_n else
*/ {
bool has_k_n(Graph *g, uint n, uint subgraph) build_max_tri_table_helper(g, set | set_elem(v), v+1, table, num_entries);
{ build_max_tri_table_helper(g, set, v+l, table, num_entries);
if (n < 1) return false;
if (n == 1) return true; // 7?7 ¥
if (g—>order < n) return false;

if (g->order == 0) return false; void build_max_tri_table(Graph *g, uint *table, uint *num_entries)
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{ //

*num_entries = 0; void build_mis_table(Graph *g)
build_max_tri_table_helper(g, 0, O, table, num_entries); {
} init_mis_table(g);
// // uint c=0;
// build_mis_table_helper //
// // foreach_subset(u, V(g))
{
// // foreach_vertex(g, v)
// build_mis_table // {
// // cHt;
if (elem_of (v, w))
void init_mis_table(Graph *g) {
{ if ( intersects(adj(g, v), u)) goto next_subset;
g->mis_table = (uint *)realloc(g->mis_table, (1<<g->order) * sizeof (uint)); }
g->mis_table_size = 0; else
g->max_mis = 0; {
} if (!intersects(adj(g, v), u)) goto next_subset;
}
#if 1 ¥
void all_cliques(Graph *g, uint 1, uint x, uint X, uint N_1, uint C_1)
{ // u is a maximum independent set
if (1 == 0) N_1 = V(g);
else N_1 = adj(g, x) & N_1; g->mis_table[g->mis_table_size++] = u;
if (N_1 == 0) next_subset:;
{
g->mis_table[g->mis_table_size++] = X; }
uint count = bit_count(X);
if (count &% count > g->max_mis) g->max_mis = count; fprintf (stderr, "%i\n", c);
} #if 0
for (uint i=0; i < g->mis_table_size; i++)
if (1 ==0) C_.1 = V(g); {
else C_1 = adj(g, x) & ("((1 << (x+1)) - 1)) & C_1; print_set(stderr, g->order, g->mis_table[il);
fprintf (stderr, "\n");
foreach_elem(g, e, C_1) X
all_cliques(g, 1+1, e, X | set_elem(e), N_1, C_1); #endif
s s
void build_mis_table(Graph *g) #else
{ static bool find_cached_call(mis_builder_cache *mbc, Graph *g, uint i, int *IS, uint *Bucket)
init_mis_table(g); {
//fprintf (stdout, "%i\n", mbc[il.list_len);
for (uint i=0; i < g->order; i++) g->adjl[i] = ~“(adj(g,i) | set_elem(i)); for (uint j=0; j < mbc[i].list_len; j++)
{
all_cliques(g, 0, 0, 0, 0, 0); for (uint jO=0; jO < g->order; jO++)
if (IS[jo] != mbc[i].IS[j]1[jO]) goto next;
for (uint i=0; i < g->order; i++) g->adjli] = “(adj(g,i) | set_elem(i));
b for (uint jO=0; jO < g->order; jO++)
if (Bucket[jO] !'= mbc[i].Bucket[j][jO]) goto next;
#else
#if O return true;
//

// brute force is MUCH slower next:;
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}

return false;

static void cache_call(mis_builder_cache *mbc, Graph *g, uint i, int #IS, uint *Bucket)

{
if (mbc[i].list_len == mbc[i].alloc_len)
{
mbc[i].alloc_len += 30;
uint alen = mbc[i].alloc_len;
mbc[i].IS = (int **)realloc(mbc[i].IS, alen * sizeof(int *));
mbc[i] .Bucket = (uint **)realloc(mbc[i].Bucket, alen * sizeof (uint *));
for (uint j=mbc[i].list_len; j < alen; j++)
{
mbc[1].IS[j] = (int *)malloc(g->order * sizeof (int));
mbc[i] .Bucket[j] = (uint *)malloc(g->order * sizeof(uint));
¥
¥
mbc[i].list_len++;
uint len = mbc[i].list_len;
//for (uint j=0; j < g->order; j++) mbc[i].IS[len-1][j] = IS[jl;
//for (uint j=0; j < g->order; j++) mbc[i].Bucket[len-1][j] = Bucket[jl;
memcpy (mbc [i] .IS[len-1], Is, g->order * sizeof(int));
memcpy (mbc [1] .Bucket [1len-1], Bucket, g->order * sizeof (uint));
}
/*

* Based on code from maxclique.c by Tim Carr, Kevin 0’Neill, and Mark Simmons
* which was based on the algorithm of Tsukiyama, Ide, Ariyoshi, and Shirakawa

*/

static void build_mis_table_helper(Graph *g, uint i, int *IS, uint *Bucket,

mis_builder_cache #*mbc, uint adj_list[][33])

{
static uint recur_count = 0;
if (g == NULL)
{
recur_count = 0;
return;
}
#if 0
if (find_cached_call(mbc, g, i, IS, Bucket)) return;
#endif

//recur_count++;

#if 0
fprintf (stderr, "%i\t", i);
print_array(stderr, g->order, IS); fprintf(stderr, " ");

print_array(stderr, g->order, Bucket); fprintf(stderr, "\n");
#endif

#if O
cache_call(mbc, g, i, IS, Bucket);
#endif

if (i >= g->order-1) {

uint *mis = &g->mis_table[g->mis_table_size++];
*mis = 0;

uint count=0
for (uint i=0; i < g->order; i++)

{
if (IS[i] == 0)
{
add_elem(i, *mis);
count++;
}
}

if (count && count > g->max_mis) g->max_mis = count;
//print_set(g->order, *mis); printf("\n");

¥
else

{

static double total_time = 0;
static double last_total_time = 0;
double start_time = 0;

double end_time = O;

uint *adj_x = &adj_list[il[1];
uint adj_x_len = adj_list[i][0];

uint x = 1 + 1;

//
// precalculated in build_mis_table
//
//foreach_vertex(g, y)
//if (y <= i && elem_of(y, adj(g, x))) adj_x[adj_x_len++] = y;

uint ¢ = 0;

for (uint y=0; y < adj_x_len; y++)
if (IS[adj_x[yl]l == 0) c++;
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if (¢ == 0)

{
uint cc[32];
memcpy (cc, IS, g->order * sizeof (uint));
for (uint y=0; y < adj_x_len; y++)
IS[adj_x[yll++;
build_mis_table_helper(g, x, IS, Bucket, mbc, adj_list);
memcpy (IS, cc, g->order * sizeof (uint));
}
else
{
Is[x] = c;
build_mis_table_helper(g, x, IS, Bucket, mbc, adj_list);
IS[x] = 0;

bool f = true;

uint cc[32];
memcpy (cc, IS, g->order * sizeof(uint));

uint bb = Bucket[x];
start_time = CPUTIME;
for (uint y=0; y < adj_x_len; y++)
{ if (IS[adj_x[yl]l == 0)
! add_elem(y, Bucket[x]);

uint adj_adj_x_y = adj(g, adj_x[yl);
foreach_vertex(g, z)

{
if (z > i) break;
if (elem_of(z, adj_adj_x_y))
{
IS[z]--;
if (IS[z] == 0) f = false;
¥
}

}
IS[adj_x[yl]++;

end_time = CPUTIME;
if (f) build_mis_table_helper(g, x, IS, Bucket, mbc, adj_list);

memcpy (IS, cc, g->order * sizeof (uint));
Bucket [x] = bb;

#if 0
if (end_time && start_time)
{

total_time += (end_time - start_time);

if (total_time - last_total_time > 2)

{
fprintf (stderr, "%f %f\n", total_time, (end_time - start_time));
last_total_time = total_time;
}
}
#endif
¥
#if 0
if (i == 0)
fprintf (stderr, "recur_count: %i\n", recur_count);
#endif
/*

* Build a table of maximum independent sets in graph g.
* To reduce memory thrashing, new memory is allocated
* only when the order of g changes between calls.
*/
void build_mis_table(Graph *g)
{
init_mis_table(g);

//g->mis_table_size = 0;

int *IS = (int *)calloc(g->order, sizeof(int));
uint *Bucket = (uint *)calloc(g->order, sizeof (uint));

static mis_builder_cache *mbc
= (mis_builder_cache *)calloc(g->order, sizeof (mis_builder_cache));

#if 1
for (uint i=0; i < g->order; i++)
{
mbc[i].list_len = 0;
#if O
mbc[i].alloc_len = 0;
mbc[i].IS = NULL;
mbc[i] .Bucket = NULL;
#endif

#endif
uint adj_list[g->order][33];

for (uint i=0; i < g->order-1; i++)
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uint x = i + 1;
adj_list[i]1[0] = 0;

uint adj_x = adj(g, x);
foreach_vertex(g, y)

{
if (y > i) break;
if (elem_of(y, adj_x))
{
uint len = ++adj_list[i][0];
adj_list[i][len] = y;
}
}

}

build_mis_table_helper(g, 0, IS, Bucket, mbc, adj_list);
//build_mis_table_helper (NULL, O, NULL, NULL, NULL);

#if 0
for (uint i=0; i < g->order; i++)
{
for (uint j=0; j < mbc[il.alloc_len; j++)
{
free(mbc[il.IS[j1);
free(mbc[i] .Bucket[jl);
}
free(mbc[i].IS);
free(mbc[i] .Bucket);
#endif
_free(mbc) ;
_free(Bucket) ;
_free(IS);
s
#endif
#endif

void free_mis_table(Graph *g)

{
if (g != NULL)
{
_free(g->mis_table);
g->mis_table = NULL;
}
}
1/
// h223_4
1/
/*

//
//

#define foreach_mis_pair(x,y) foreach_pair(x,y, g->mis_table_size)

boo

{

#if

#en

}

Return true if graph g is a member of H(2,2,3;4).

Only graphs that do not contain K_4 must be considered.
Call is_k_4_free() first to check.

build_mis_table() and init_tri_table() must be called before
this function.

1 h223_4(Graph *g, const bool print)
if (g->num_triangles == 0) return false;

7/
// loop over pairs of mis’s
1/

foreach_mis_pair(i, j)

//
// union the two mis’s and check the remaining vertices

//

const uint k = V(g) & ~(g->mis_table[i] | g->mis_table[jl);

if (triangle_free_cached(g, k)) return false;

0
if (print)
print_set(g->order, mis_table[i]); printf("\t");
print_set(g->order, mis_table[j]); printf("\t");
print_set(g->order, k); printf("\n");
}
dif
}

return true;

1/
//

maximal

1/

/*

* Given a graph g which is known not to contain K_n, add an edge

*
*/
boo

{

and return if the result causes g to contain K_n
1 maximal(Graph *g, uint n)

for (uint v0=0; vO < g->order-1; vO++)
{
uint row = adj(g, v0);
for (uint vi=vO+1; vl < g->order; vi++)

//

//
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if (!connected(vi, row))

{
connect(g, v0, vi);
bool free = is_k_n_free(g,
n,
set_elem(v0)
| set_elem(v1)
| row
| adj(g, v1));
disconnect(g, v0, vi);
if (free) return false;
}
}
}
return is_k_n_free(g, n, all_vertices(g));
s
//
// extend_to_maximals
//

void extend_to_maximals(craph *g, uint n)
{

bool max = true;

for (uint v0=0; vO < g->order-1; vO++)
{
uint row = adj(g, v0);
for (uint v1=v0+1l; vl < g->order; vi++)
{
if (!connected(vl, row))
{

connect(g, v0, vi);

bool free = is_k_n_free(g,
n,
set_elem(v0)
| set_elem(v1)
| adj(g,v0)
| adj(g,v1));

if (free)

{
max = false;
extend_to_maximals(g, n);

if (verbosity >= 3)

{
write_graph(g, stdout);
max = true;

//

//

}
}
disconnect(g, v0, v1);
s
s
s
if (max &% is_k_n_free(g, n, all_vertices(g))) write_graph(g, stdout);
s
//
// minimal
/7
/*

* must call init_tri_table(), build_tri_table(), and build_mis_table() first

*/
bool minimal(Graph *g)
{

char *tmp_tri_table = NULL;
uint *tmp_triangles = NULL;
uint tmp_num_triangles = 0;
uint *tmp_mis_table = NULL;
uint tmp_mis_table_size = 0;

swap(g->tri_cache, tmp_tri_table);

swap(g->triangles, tmp_triangles);
swap(g->num_triangles, tmp_num_triangles);

swap(g->mis_table, tmp_mis_table);
swap(g->mis_table_size, tmp_mis_table_size);

for (uint v0=0; vO < g->order-1; vO++)
{
uint row = adj(g, v0);
for (uint vi=vO+1l; vl < g->order; vi++)
{
if (connected(vl, row))
{

disconnect(g, v0, v1);
init_tri_table(g);
build_tri_table(g);
build_mis_table(g);

bool folkman = h223_4(g, false);
connect(g, v0, vi);

if (folkman)

{
free_tri_table(g);

//
//
//
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}

1/
//
1/

free_mis_table(g);

swap(g->tri_cache, tmp_tri_table);
swap(g->triangles, tmp_triangles);

swap(g->num_triangles, tmp_num_triangles);

swap(g->mis_table, tmp_mis_table);

swap(g->mis_table_size, tmp_mis_table_size);

return false;

}

free_tri_table(g);
free_mis_table(g);

swap(g->tri_cache, tmp_tri_table);
swap(g->triangles, tmp_triangles);
swap(g->num_triangles, tmp_num_triangles);
swap(g->mis_table, tmp_mis_table);
swap(g->mis_table_size, tmp_mis_table_size);

return h223_4(g, false);

extend_mis_table

static void extend_mis_table(Graph *g, uint x, uint y,

{

uint *tmp_mis_table, uint tmp_mis_table_size)

#define ADD_MIS(x) g->mis_table[g->mis_table_size++] = (x)

uint ex = set_elem(x),
ey = set_elem(y);

for (uint k=0; k < tmp_mis_table_size; k++)
{

uint mis = tmp_mis_table[k];

/71
if (lelem_of (x,mis) && 'elem_of (y,mis))
ADD_MIS(mis);

// 2.1
if (elem_of(x, mis) && 'elem_of(y, mis))

uint s = N(g,ey) & mis;

if (s == ex) ADD_MIS(mis | ey);

else if (bit_count(s) >= 2) ADD_MIS(mis);
}

// 2.2

//
//
//

Y

//
//
1/

if (lelem_of(x, mis) && elem_of(y, mis))

uint s = N(g,ex) & mis;

if (s == ey) ADD_MIS(mis | ex);

else if (bit_count(s) >= 2) ADD_MIS(mis);
s

// 3.1
if (elem_of(x, mis) && '!elem_of(y, mis))
{
uint S = (mis & ~(N(g,ey) & “ex)) | ey;
if (N(g,S) == (V(g) & "S)) ADD_MIS(S | ey);

}

unique_sort(g->mis_table, &g->mis_table_size);

reduce_to_minimals

uint reduce_to_minimals(Graph *g, bool all, FILE *out)

{

bool min = true;
uint count = 0;

char *tmp_tri_table = NULL;
uint *tmp_triangles = NULL;
uint tmp_num_triangles = 0;
uint *tmp_mis_table = NULL;
uint tmp_mis_table_size = 0;

swap(g->tri_cache, tmp_tri_table);
swap(g->triangles, tmp_triangles);
swap(g->num_triangles, tmp_num_triangles);
swap(g->mis_table, tmp_mis_table);
swap(g->mis_table_size, tmp_mis_table_size);

for (uint v0=0; vO < g->order-1; vO++)
{
uint row = adj(g, v0);
for (uint v1=v0+1; vl < g->order; vi++)
{
if (connected(vl, row))
{

uint vs = set_elem(v0) | set_elem(vi);
init_tri_table(g);
for (uint i=0; i < tmp_num_triangles; i++)

if (!subset(vs, tmp_triangles[il))
g->triangles[g->num_triangles++] =

tmp_triangles[il;

//
//
//
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init_mis_table(g);
g->mis_table_size = 0;
extend_mis_table(g, vO, vl, tmp_mis_table, tmp_mis_table_size);

// with the caching scheme for N()
// THIS MUST COME SOMETIME AFTER extend_mis_table()
disconnect(g, v0, vi);

if (h223_4(g, false))
{

min = false;

uint *tmp_gN = NULL;

swap(g->N, tmp_gN);
build_set_neighbours(g);

count += reduce_to_minimals(g, all);
_free(g->N);

swap(g->N, tmp_gN);

if (all)

{
write_graph(g, out);
min = true;

}

connect (g, v0, v1);

}

free_tri_table(g);
free_mis_table(g);

swap (g->tri_cache, tmp_tri_table);
swap(g->triangles, tmp_triangles);
swap(g->num_triangles, tmp_num_triangles);
swap(g->mis_table, tmp_mis_table);
swap(g->mis_table_size, tmp_mis_table_size);

if (min &% h223_4(g, false)) write_graph(g, out), count++;

return count;

}
// //
// read_graph //
// //
/*

* Construct a graph by reading from in assuming graph6 format without
* a header.

*/

Graph *read_graph(FILE *in, Graph *g)

char bytes[518];

if (feof(in)) return NULL;
fgets(bytes, 517, in);

if (feof(in)) return NULL;

if (bytes == NULL) return NULL;
//fprintf (stderr, "[%il", bytes);

return read_graph(bytes, g);
}

//

// read_graph
//

Graph *read_graph(char *bytes, Graph *g)
;define GET_BYTE bytes[byte_index++]

int byte_index=0;

if (bytes == NULL) return NULL;

uint order = GET_BYTE;

if (order == 126)

{
order = (GET_BYTE << 12) - 63;
order |= (GET_BYTE << 6) - 63;
order |= (GET_BYTE << 0) - 63;
else
{
order -= 63;
s

g = make_graph(order, -1, g);
uint i=0, j=0;

while (true)
{
char ¢ = GET_BYTE;
if (c == ’\n’) break;

c -= 63;
for (char n=(1 << 5); n != 0; n >>= 1)
{

if (i == j)

//
//



qq

JH+;
if (j == order) break;
¥

if (c & n) add_edge(g, i, j);

i+
}

}

return g;
}
1/
// write_graph
/7
/*

* Write a graph to out using graph6 format without a header
*/

#define PUT_BYTE(x) *bytes_ptr++ = x

void write_graph(const Graph *g, FILE *fp)

{
char bytes[40];
char *bytes_ptr = bytes;
if (g->order < 63)
PUT_BYTE((char) (g->order + 63));
else
{
PUT_BYTE((char)126);
PUT_BYTE((char) ((g->order >> 12)&0xFF + 63));
PUT_BYTE((char) ((g->order >> 6)&0xFF + 63));
PUT_BYTE((char) ((g->order >> 0)&O0xFF + 63));
}
uint n=6;
char c=0;
for (uint j=1; j < g->order; j++)
{
#if 1

uint row = adj(g, j);
for (uint i=0; i < j; i++)

{
n--;
//c |= (int)connected_to(g, i, j) << n;
¢ |= (int)connected(i, row);
if (n == 0)
{

PUT_BYTE(c + 63);

//
//

c <K= 1;

#endif
¥

if (n != 6) PUT_BYTE((c << (n-1)) + 63);

PUT_BYTE(’\n’) ;

//PUT_BYTE(’\0’);

//out << bytes;

//fprintf(fp, bytes);

furite(bytes, 1, bytes_ptr - bytes, fp);
}

1/

// write_graph_file
//

/*
* Write a graph to file filename using graph6 format without a header
*/
void write_graph_file(const Graph *g, char *filename, char *mode="w")
{
FILE *fp = fopen(filename, mode);
if (fp != NULL)

{
write_graph(g, fp);
fclose(fp);
}
}
//
/7 in_hX_4
//
bool in_hX_4(f_hX_4 f, Graph *g, uint f_repeat, double *t, bool check_k4, bool print)
{
if (g->order < 4)
{
fprintf (stderr, "Order of graph < 4.\n");
return false;
s
if (check_k4 && has_k_4(g, all_vertices(g)))
{
return false;
}
if (g->max_degree == 0) return false;

//
//
//

//
//
//
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bool ret=false;
double tO = CPUTIME;
init_tri_table(g);
build_tri_table(g);
build_mis_table(g);

for (uint i=0; i < f_repeat; i++)
ret = (g, print);
double t1 = CPUTIME;

*t = t1-t0;

return ret;

}
//
// h23_4
//
bool h23_4(Graph *g, bool print)
{
//
// loop over mis’s
//
for (uint i=0; i < g->mis_table_size-1; i++)
{
//
// remove the current mis from the set of vertices
// and check the remaining vertices for triangles.
//
uint k = all_vertices(g) ~ g->mis_table[il;
if (triangle_free_cached(g, k)) return false;
}
return true;
}
//
// h22_4
//
bool h22_4(Graph *g, bool print)
{
//
// loop over mis’s
//

for (uint i=0; i < g->mis_table_size-1; i++)
uint k = all_vertices(g) ~ g->mis_table[il;
for (uint j=0; j < g->order; j++)

if (elem_of(j, k) && (k & adj(g, j)))
return false;

//
//

//
//

return true;

s
//
// make_gamma3_graph
1/
Graph *make_gamma3_graph ()
{
Graph *g = make_graph(14);
for (int i=0; i < 7; i++)
{
add_edge(g, i, (i+2)%7);
add_edge(g, i, (i+3)%7);
add_edge(g, i, (i+4)%7);
add_edge(g, i, (i+5)%7);
}
for (int i=0; i < 7; i++)
{
add_edge (g, i+7, (i+1)%7);
add_edge(g, i+7, (i+2)%7);
add_edge(g, i+7, (i+5)%7);
add_edge(g, i+7, (i+6)%7);
s
return g;
¥
//
// reduce
//

void reduce(Graph *g, FILE *out)
assert(g->order >= 2);
Graph *g0 = make_graph(g->order);

foreach_vertex(g, v)

{
copy_graph(g, g0);
remove_vertex (g0, v);
write_graph(g0, out);
}
free_graph(g0);
}
//
// extend
//

//
//
//

//
//
//

//
//
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void extend(Graph *g, FILE *out)

{
Graph *g0 = make_graph(g->order);
foreach_vertex(g, v)
{
copy_graph(g, g0);
add_vertex(g);
write_graph(g0, out);
}
}
1/ //
// sort //
1/ //

int compar(const void *x, const void *y)

//fprintf (stderr, "%i %i\n", *((uint *)x), *((uint *)y));
return *((uint *)x) - *((uint *)y);

s
void unique_sort(uint *1list, uint *len)
{
if (*#len == 0) return;
//fprintf(stdout, "%x %i\n", list, *len);
gsort(list, *len, sizeof(uint), &compar);
uint cur = 1list[0];
uint j=1;
for (uint i=1; i < *len; i++)
{
if (list[i] > cur)
{
cur = list[il;
list[j++] = cur;
¥
¥
*len = j;
}
#if O
void sort(uint *list, uint len)
{
//int j;

buildheap(list, len);
for (uint i=len; i >= 1; i--)

swap(list[1], list[il);
if (i > 1) heapify(list, 1, i-1);

#if 0
bcount = 0;
for (i=1;i<=ind;)
{
=i
bcount++;
if (bcount>=BSIZE)
{
printf("block number %d too small\n",BSIZE);
exit(1);
}
while (j<=ind && (!'less(j,i))) j++;
bsize[bcount] = j-i;
bstart [bcount] = i;
i=j;
}
#endif
}
void buildheap(uint *list, uint len)
{
for (uint i=len/2; i; i--)
heapify(list, i, len);
s
void heapify(uint *1ist, uint i, uint j)
{
uint p =1 << 13
uint q = p + 1;
if (p > j) return;
uint k = i;
if (list[p] < 1list[il) k = p;
if (q <= j && listlql < list[k]) k = q;
if (k == i) return;
swap(list[i], list[k]);
heapify(list, k, j);
#endif
//
// chromatic
1/

uint chromatic(const Graph *g)

{

//uint *color = (uint *)calloc(g->order, sizeof(uint));
//

// this is faster

static uint color[32 * sizeof (uint)];

//

//
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static uint color_class[32 * sizeof(uint)]; for (; i < strlen(show_info); i++)

{
memset (color, 0, 32 * sizeof(uint)); switch (show_info[i])
memset (color_class, 0, 32 * sizeof(uint)); {
case ’0’:
uint k=1; if (label) fprintf(fp, "%c:", show_infol[il);
foreach_vertex(g, v) good = true;
{ fprintf (fp, "%i ", g->order);
uint h=1; break;
uint adj_v = adj(g, v); case ’e’:
while (h < k &% intersects(adj_v, color_class[h])) if (label) fprintf(fp, "lc:", show_infol[il);
{ good = true;
h++; fprintf (fp, "%i ", g->edge_count);
#if O break;
bool done = true; case ’t’:
foreach_elem(g, a, adj(g,v)) if (label) fprintf(fp, "/c:", show_infol[il);
{ good = true;
if (color[a] == h) if (g->num_triangles == 0)
{ {
h++; init_tri_table(g);
done = false; build_tri_table(g);
break; ¥
T fprintf (fp, "%i ", g->num_triangles);
} break;
case ’m’:
if (done) break; if (label) fprintf(fp, "lc:", show_info[il);
#endif good = true;
b if (g->mis_table_size == 0)
build_mis_table(g);
if (h == k) fprintf(fp, "/%i ", g->mis_table_size);
{ break;
k++; case 'M’:
color_class[h] = 0; if (label) fprintf(fp, "lc:", show_infolil);
¥ good = true;
if (g->mis_table_size == 0)
add_elem(v, color_class[h]); build_mis_table(g);
color[v] = h; fprintf(fp, "%i ", g->max_mis);
b break;
case ’D’:
//free(color); if (label) fprintf(fp, "lc:", show_infol[il);
good = true;
return k-1; fprintf (fp, "%i ", g->max_degree);
b break;
case ’d’:
void print_graph_info(FILE *fp, Graph *g, char *show_info, char *eol) if (label) fprintf(fp, "/c:", show_infol[il);
{ good = true;
uint i=0; fprintf(fp, "%i ", g->min_degree);
bool good = false; break;
bool label = false; case ’X’:
if (strlen(show_info) '= 0 && show_info[0] == ’:’) if (label) fprintf(fp, "lc:", show_infolil);
{ good = true;
label = true; if (g->chi == 0)
it++; {
} if (g->mis_table_size == 0)

build_mis_table(g);
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g->chi = chi(g);
}

fprintf (fp, "/%i ", g->chi);
break;

}

if (good) fprintf(fp, eol);
}

static uint cover(Graph *g, uint pat, uint mis, uint m, uint size)

uint i, j, locpat, mlow;

size--;
mlow = m;
for (i = 0; i < m; i++)

j = g->mis_table[mis];
mis = mis + 1;
mlow--;

//fprintf (stderr, "$$ %i %i %i\n", g->mis_table_size, mis, mlow);

locpat = pat & 7j;
if (!locpat)

return 1;
if (!size || !'mlow)
continue;
if (cover (g, locpat, mis, mlow, size))
return 1;
}
return O;
}
uint chi(Graph *g)
{
uint j = 1;
uint i=0;
while (!cover(g, V(g), i, g->mis_table_size, j)) j++;
return j;
}
1/
// TESTS
1/
#if TESTS

static bool independent_set(Graph *g, uint subset)

//
//

¥

register int j, k;
static char *table = NULL;

if (table == NULL)

{
table = (char *)malloc((1 << g->order) * sizeof(char));
assert(table != NULL);
memset (table, 2, (1 << g->order) * sizeof(char));
s
else
{
if (table[subset] != 2)
return (bool)table[subset];
}

for (j=g->order-1; j >= 1; j--)
{

if (elem_of(j, subset))
{
for (k=j-1; k >= 0; k--)
{
if (elem_of (k, subset) && connected_to(g, j, k))
{
//print_bits(32, subset);
//fprintf(stdout, ".%i\n", subset);
table[subset] = 0;
return false;

}

table[subset] = 1;
return true;

static bool check_indep_sets(Graph *g)

{

}

build_mis_table(g);
for (uint i=0; i < g->mis_table_size; i++)
if (!independent_set(g, g->mis_table[i])) return false;

return true;

int verbosity = 0;

int main(int argc, char **argv)

{

Graph *g0, *gl, *g2;

#if 0

g0 = make_gamma3_graph() ;



write_graph(g0, stdout);
build_mis_table(g0);
return O;

#else
#if 0

g0 = make_graph(3);
connect (g0, 0, 1);

init_tri_table(g2);
assert(g->tri_cache != NULL);

free_graph(g0);
free_graph(gl);
free_graph(g2);

connect (g0, 0, 2); //
connect (g0, 1, 2); // is_k_n_free()
build_mis_table(g0); // has_k_n(Q)
return 0; //
#endif g0 = make_graph(1);
#endif assert(is_k_n_free(g0, 2, all_vertices(g0)));
free_graph(g0);
#if 1

09

g0 = make_graph(2);
print_graph(g0);
remove_vertex (g0, 0);
print_graph(g0) ;

g0 = make_graph(2);
connect (g0, 0, 1);
print_graph(g0) ;
remove_vertex(g0, 0);
print_graph(g0) ;

g0 = make_graph(3);
connect (g0, 0, 1);
connect (g0, 0, 2);
connect (g0, 1, 2);
print_graph(g0) ;
remove_vertex(g0, 0);
print_graph(g0);

#endif

#if 0

g0 = make_graph(10);

//

// init_k3_table()

//

assert(g0->tri_cache == NULL);
init_tri_table(g0);
assert(g0->tri_cache != NULL);

gl = make_graph(g0->order);
char *ptr = tri_table;
init_tri_table(gl);
assert(g->tri_cache != NULL);

assert(ptr == g->tri_cache);

g2 = make_graph(5);

g0 = make_graph(2);

assert(is_k_n_free(g0, 2, all_vertices(g0)));
add_edge (g0, 0, 1);

assert(has_k_n(g0, 2, all_vertices(g0)));
free_graph(g0);

g0 = make_graph(4);

assert(is_k_n_free(g0, 2, all_vertices(g0)));
assert(is_k_n_free(g0, 3, all_vertices(g0)));
assert(is_k_n_free(g0, 4, all_vertices(g0)));
add_edge (g0, 0, 1);

add_edge(g0, 1, 2);

add_edge (g0, 2, 3);

add_edge (g0, 3, 0);

assert (has_k_n(g0, 2, all_vertices(g0)));
assert(is_k_n_free(g0, 3, all_vertices(g0)));
assert(is_k_n_free(g0, 4, all_vertices(g0)));
assert (check_indep_sets(g0));

add_edge (g0, 0, 2);

assert(has_k_n(g0, 2, all_vertices(g0)));
assert(has_k_n(g0, 3, all_vertices(g0)));
assert(is_k_n_free(g0, 4, all_vertices(g0)));
assert(check_indep_sets(g0));

add_edge (g0, 3, 1);

assert (has_k_n(g0, 2, all_vertices(g0)));
assert (has_k_n(g0, 3, all_vertices(g0)));
assert(has_k_n(g0, 4, all_vertices(g0)));
assert (check_indep_sets(g0));

{
uint 1list[10] = {0,1,2,3,4,5,6,7,8,9};

uint len = 10;

unique_sort(list, &len);

for (uint i=0; i < len; i++) printf("%i ", list[il);

printf("\n");

o~
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}
{
uint 1ist[10] = {0,0,0,1,1,1,1,2,2,2};
uint len = 10;
unique_sort(list, &len);
for (uint i=0; i < len; i++) printf( ", list[il);
printf("\n");
}
{
uint list[10] = {0,9,0,1,2,1,1,4,2,4};
uint len = 10;
unique_sort(list, &len);
for (uint i=0; i < len; i++) printf("%i ", list[il);
printf("\n");
}
#endif
}
#endif
/*
* Argument Parsing Library Header
*
*
* Copyright 2003, 2004 Jonathan Coles
*
* This program is free software; you can redistribute it and/or modify
* it under the terms of the GNU General Public License as published by
* the Free Software Foundation; either version 2 of the License, or
* (at your option) any later version.
*
* This program is distributed in the hope that it will be useful,
* but WITHOUT ANY WARRANTY; without even the implied warranty of
* MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
* GNU General Public License for more details.
*
* You should have received a copy of the GNU General Public License
* along with this program; if not, write to the Free Software
* Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA
*/

uint 1ist[10];
uint len = 0;

unique_sort(list, &len);
for (uint i=0; i < len; i++) printf("%i ", list[il);
printf("\n");

#ifndef ARGS_H
#define ARGS_H

void begin_args(int *argc, char ***argv, int *opt_argc, char *xxopt_argv);

void end_args(char ***optv);
bool next_arg(int *argc, char x*xargv, int *optc, char **0ptv) ;

#endif

/*

* Argument Parsing Library

*

*

* Copyright 2003, 2004 Jonathan Coles

*

* This program is free software; you can redistribute it and/or modify
* it under the terms of the GNU General Public License as published by
* the Free Software Foundation; either version 2 of the License, or

* (at your option) any later version.

*

* This program is distributed in the hope that it will be useful,

* but WITHOUT ANY WARRANTY; without even the implied warranty of

* MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the

* GNU General Public License for more details.

*

* You should have received a copy of the GNU General Public License

* along with this program; if not, write to the Free Software

* Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307

#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include "args.h"

void begin_args(int *argc, char ***argv, int *opt_argc, char *xxopt_argv)

}

*opt_argc = 0;
*opt_argv = new char*[10] ;

(*argc)--;
(kargv)++;

void end_args(char **koptv)

{

}

delete *optv;
*optv = NULL;

bool next_arg(int *argc, char ***argv, int *optc, char **optv)

{

bool need_opt = true;

*optc = 0;

UsA
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if (*argc == 0) return false;

while (*argc > 0)

{
if (stremp("--", **argv) && strcmp("-", **argv))
for (int i=2; i >= 1; i--)
{
if (!stroncmp("--", **argv, i))
{
if (!'need_opt) return true;
need_opt = false;
*optv = (x*xargv) + ij;
goto not_arg;
}
}
*optv = ¥*argv;
not_arg:
(*optc)++;
optv++;
(*argc)--;
(*argv) ++;
if (need_opt) break;
}

return true;

#ifndef __TIMING_H__
#define __TIMING_H__
#include <sys/time.h>
#include <sys/resource.h>

extern int getrusage();

#define CPUDEFS static struct rusage ruse;

#define CPUTIME (getrusage(RUSAGE_SELF,&ruse),\
ruse.ru_utime.tv_sec + ruse.ru_stime.tv_sec + \

le-6 * (ruse.ru_utime.tv_usec + ruse.ru_stime.tv_usec))

#endif

/*
* Folkman Graph Property Library Header for Large Graphs

Copyright 2004 Jonathan Coles

This program is free software; you can redistribute it and/or modify
it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 2 of the License, or
(at your option) any later version.

This program is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with this program; if not, write to the Free Software
Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA

L Ik T N O T

*/

#ifndef FLIBLG_H
#define FLIBLG_H

#include <stdlib.h>
#include <istream>
#include <assert.h>

using namespace std;
/7

// Graph struct
//

typedef struct

uint *data;
uint length;
} bool_array;

typedef struct
uint *block;
uint nblocks;
uint len;

} flset;

typedef struct

uint order;
uint adj_size;

uint max_degree;
uint min_degree;

uint edge_count;

flset **adj;

//

//
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uint *deg;

uint **edge_numbering;
uint edge_numbering_count;

flset **mis_table;
uint mis_table_size;
uint max_mis;

flset *xtriangles;
uint num_triangles;

} Graph;

1/ /15
// Prototypes //
1/ //

flset *new_flset(uint size);

void copy_flset(flset *A, flset *B);

void invert_set(flset *fls);

void delete_elem_flset(uint v, flset *A);
bool equal_set(flset *A, flset *B);

void free_flset(flset *fls);

void print_graph_info(FILE *fp, Graph *g, char *show_info, char *eol="\n");
void print_bits(uint m, uint n, const char *end="\n");

void print_set(flset *s, const char *end="\n");

void print_set(FILE *fp, flset *s, const char *end="\n");

void print_array(FILE *fp, uint size, uint *a, const char *end="\n");

uint bit_count(uint n);

Graph *make_graph(const uint order, const int adj_size=-1, Graph *g=NULL);
Graph *make_random_graph(const uint order, const double p);
Graph *read_graph(char *bytes, Graph *g);

void write_graph(const Graph *g, FILE *fp);

void write_graph_file(const Graph *g, char *filename, char *mode="w");
void init_tri_table(Graph *g);

void build_tri_table(Graph *g);

void free_graph(Graph *g);

void free_tri_table(Graph *g);

void free_mis_table(Graph *g);

void print_graph(const Graph *g);

void add_edge(Graph *g, const uint vO, const uint vi1);

void add_edges(Graph *g, const uint vO, const uint vs);
void remove_edge(Graph *g, const uint vO, const uint v1);
int add_vertex(Graph *g);

void remove_vertex(Graph *g, const uint v0);

void update_min_degree(Graph *g);

void update_max_degree(Graph *g);

Graph *copy_graph(const Graph *g0O, Graph *g=NULL);

//void complement (Graph *g);

Graph *make_g127();

Graph *make_g84_2();

Graph *make_g84(uint svertex=0);

Graph *make_g74(int svertex=-1, uint *x=NULL);
Graph *make_gX(flset *x, int svertex=0);

void number_edges(Graph *g);

uint **map_edge_numbers(Graph *g);
bool in_array(uint X, uint *a, uint 1);
uint bit_count(uint n);

uint set_count(flset *A);

void init_mis_table(Graph *g, uint size=0);
void build_mis_table(Graph *g);

/7

// Macros and inline functions

/7

#define _free(ptr) \

{ free(ptr); ptr = NULL; }

#define foreach_pair(x,y,n) \

for (uint x=0; x < n-1; x++) \

for (uint y=x+1; y < n; y++)

#define foreach_vertex(g,i) for (uint i=0; i < g->order; i++)

#define foreach_vertex_r(g,i) for (uint =g->order, i=__i__-1; __i > 0;

#define
#define

#define foreach_elem(g,u,i) \
for (uint u=0; u < g->order; u++) if (elem_of(u, 1))

#define foreach_flselem(u,i) \
for (uint u=0; u < (i)->len; u++) if (elem_of (u, i))

#define for_if(c) if (c) for
of set */

const flset *set)
(31-(x&31))); }

/* Return true if x is an element
inline bool elem_of(const uint x,
{ return set->block[x>>5] & (1 <<

inline bool empty_set(const flset *fls)
{
for (uint i=0; i < fls->nblocks; i++)
if (fls->block[i] != 0) return false;
return true;
}

/* Return true if m is a subset of s */
inline bool subset(const uint m, const uint s)

foreach_subset(i,s) for (uint i=0; i <= s; i++)

foreach_vertex_pair(g,i,j) foreach_pair(i,j,g->order)

//
//
//
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{ return m && ((s & m) == m); } #endif

/* Add x to the set set */ return C;
inline void add_elem(const uint x, flset *set) b
{ set->block[x>>5] |= (1 << (31-(x&31))); }
inline flset *intersection3(flset *A, flset *B, flset *C)

/* Remove x from the set set */ {
inline void remove_elem(const uint x, flset *set) #if O
{ set->block[x>>5] &= ~(1 << (31-(x&31))); } flset *D = new_flset(A->len);
for (uint i=0; i < D->nblocks; i++)

/* Return true if vO is connected to vl in graph g */ D->block[i] = A->block[i] & B->block[i] & C->blockl[il;
inline bool connected_to(const Graph *g, const uint vO, const uint v1) #else
{ flset *D = new_flset(A->len);

assert (v0 < g->order); for (uint i=0; i < D->len; i++)

assert(vl < g->order); if (elem_of(i,A) && elem_of(i,B) && elem_of(i,C))

add_elem(i, D);

return elem_of (v0, g->adjlvi]); #endif

} return D;
}

inline bool connected(const uint vO, const flset *adj) #endif // FLIBLG_H

{ return elem_of(v0, adj); }

/* Return the degree of vertex v in graph g */ #include "f1ibLG.h"
inline uint deg(const Graph *g, const uint v) #include <stdio.h>
{ return g->deglvl; }
void print_bits(FILE *fp, uint m, uint n, const char *end)

inline flset *adj(const Graph *g, const uint v) {
{ return g->adjlvl; } uint mask = (1 << (m-1));
while (mask != 0)
inline flset *V(const Graph *g) {
{ if (n & mask)
flset *fls = new_flset(g->order); fprintf (fp, "1");
for (uint i=0; i < g->order; i++) else
add_elem(i, fls); fprintf (fp, "0");
#if 0
for (uint i=0; i < fls->nblocks-1; i++) mask >>= 1;
fls->block[i] = OxFFFFFFFF; ¥
fls->block [fls->nblocks-1] = if (end != NULL) fprintf(fp, end);
#endif ¥
return fls; void print_set(flset *s, const char *end)
¥ {
print_set(stdout, s, end);
inline flset *intersection2(flset *A, flset *B) }
{
#if O void print_set(FILE *fp, flset *s, const char *end)
flset *C = new_flset(A->len); {
for (uint i=0; i < C->nblocks; i++) fprintf (fp, "{");
C->block[i] = A->block[i] & B->block[i]; bool comma=false;
#else
flset *C = new_flset(A->len); if (s->len && elem_of (0, s))
for (uint i=0; i < C->len; i++) fprintf(fp, "O%s", comma ? "," : ""), comma=true;

if (elem_of(i,A) && elem_of(i,B))
add_elem(i, C); for (uint mask=1; mask < s->len; mask++)
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}

void print_graph_info(FILE *fp, Graph *g, char *show_info, char *eol)

{

if (elem_of (mask, s))

fprintf (fp, "%s%i", comma ? "," : "', mask), comma=true;

}
fprintf (fp, "}");

if (end != NULL) fprintf(fp, end);

uint i=0;

bool good = false;

bool label = false;

if (strlen(show_info) != 0 && show_info[0] == ’:’)

label = true;
i++;

}

for (; i < strlen(show_info); i++)
{
switch (show_infol[il)
{
case ’0’:
if (label) fprintf(fp, "/
good = true;
fprintf (fp, "%i ", g->order);
break;
case ’e’:
if (label) fprintf(fp,
good = true;
fprintf (fp, "%i ", g->edge_count);
break;
case ’t’:
if (label) fprintf(fp, "/c:", show_infol[il);
good = true;
if (g->num_triangles == 0)

{

:", show_info[i]);

:", show_infol[il);

init_tri_table(g);
build_tri_table(g);
}
fprintf (fp,
break;
case 'm’:
if (label) fprintf(fp, "lc:", show_infol[il);
good = true;
if (g->mis_table_size == 0)
build_mis_table(g);
fprintf(fp, "%i ", g->mis_table_size);
break;
case ’D’:
if (label) fprintf(fp, "
good = true;

", g->num_triangles);

:", show_infol[i]);

fprintf (fp, "%i ", g->max_degree);
break;
case ’d’:
if (label) fprintf(fp, "%c:", show_infol[il);
good = true;
fprintf (fp, "%i ", g->min_degree);
break;

¥

if (good) fprintf(fp, eol);

s
flset *new_flset(uint size)
{
assert(size > 0);
flset *fls = (flset *)malloc(sizeof (flset));
assert(fls != NULL);
fls->nblocks = (uint)ceil(size/32.);
fls->block = (uint *)calloc(fls->nblocks, sizeof(uint));
assert (f1s->block != NULL);
fls->len = size;
return fls;
s
void invert_set(flset *fls)
{
for (uint i=0; i < fls->len; i++)
{
if (elem_of(i, fls))
remove_elem(i, fls);
else
add_elem(i, fls);
}
#if 0
//printf ("-----mm——————— - \n");
for (uint i=0; i < fls->nblocks-1; i++)
{
//printf ("Mxxxxkkkkkkkkkkkk kK \n") 5
//print_bits(stderr, 32, fls->block[i], "\n");
fls->block[i] = "fls->block[il;
//print_bits(stderr, 32, fls->block[i]l, "\n");
s

uint x = fls->block[fls->nblocks-1];
uint y = 1 << (31-((fls->len-1)&31));
//print_bits(stderr, 32, x, "\n");
//print_bits(stderr, 32, “x, "\n");
//print_bits(stderr, 32, y, "\n");
//print_bits(stderr, 32, ~(y-1), "\n");

fls->block[fls->nblocks-1] = “x & “(y-1);



D
D

#endif

¥

bool equal_set(flset *A, flset *B)

{

}

//if (A->nblocks != B->nblocks) return false;
//if (A->len != B->len) return false;

if (A->len < B->len)
{
uint i;
for (i=0; i < A->nblocks; i++)
if (A->block[i] !'= B->block[i]) return false;

for (; i < B->nblocks; i++)
if (B->block[i] != 0) return false;
}
else
{
uint i;
for (i=0; i < B->nblocks; i++)
if (B->block[i] != A->block[i]) return false;

for (; i < A->nblocks; i++)
if (A->block[i] != 0) return false;
}

return true;

void delete_elem_flset(uint v, flset *A)

{

assert(0 <= v && v <= A->len);

//

// This is tricky so let’s take an example. Let g be a graph of order 10,
// v0=4, and one row in the adjacency table be 1001111010.

//

// s = 1001111010 ~ (1 << 4) = 1001111010 ~ 0000010000 = 1001101010

// m= (1 << (4+1))-1 = (1 << B)-1 = 0000011111

// adjll = ((s & "m) >> 1) | (s & m)

// = ((1001101010 & 1111100000) >> 1) | (1001101010 & 0000011111)
// = (1001100000 >> 1 ) | 0000001010

// = 100110000 | 0000001010

// = 100111010

//

// The result is 9 bits with vO dropped.

1/

uint blck = v >> 5;
uint index = (1 << (31-(v&31)));

uint s = A->block[blck] & ~index;
uint m = index - 1;
A->block[blck] = (s & "m) | ((s & m) << 1);

for (uint j=blck; j < A->nblocks-1; j++)

{
A->block[j] |= (A->block[j+1] & (1 << 31)) >> 31;
A->block[j+1] <<= 1;

s

A->len--;

s

void copy_flset(flset *A, flset *B)
assert (B->nblocks <= A->nblocks);
for (uint i=0; i < B->nblocks; i++)

B->block[i] = A->blockl[i];

B->len = A->len;

}
void free_flset(flset *fls)

if (f1s != NULL)

{
if (fls->block != NULL)
_free(fls->block);
_free(fls);
}
}
#if O

void copy_flset(flset f1sO, flset flsl)
{

fls1 = new_flset(flsi.len, flsi);
memcpy (f1s1.blocks, f1s0.blocks, flsO.nblocks * sizeof (uint));

#endif

/*

* Although connect is inline it is not made available in the header because

* it must only be used as a helper and/or optimization. By itself, it does
* not preserve the consistency of the graph. Be careful of how it is used.
*/

inline void connect(Graph *g, uint vO, uint v1)

{
assert(v0 < g->order);
assert(vl < g->order);
add_elem(v0, g->adjlvil);
add_elem(vl, g->adjl[v0]l);
g->deg[v0]++;
g->deglvi]++;

}

//

// disconnect

//
//
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1/ //

/%
* Although disconnect is inline it is not made available in the header because
* it must only be used as a helper and/or optimization. By itself, it does
* not preserve the consistency of the graph. Be careful of how it is used.
*/

inline void disconnect(Graph *g, uint vO, uint v1)

{

assert(v0 < g->order);

assert(vl < g->order);

remove_elem(v0, g->adjlvil);

remove_elem(vl, g->adj[v0]);

g->deg[v0]--;

g->deglvi]l--;
}
1/ 1/
// make_graph //
// //

Graph #*make_graph(const uint order, const int adj_size, Graph *g)
{

assert(order != 0);

if (g == NULL)

{
g = (Graph *)calloc(1, sizeof(Graph));
assert(g != NULL);
g->order = order;
g->adj_size = adj_size == -1
? g->order
: adj_size;
g->adj = (flset **)malloc(g->adj_size * sizeof(flset **));
assert(g->adj !'= NULL);
for (uint i=0; i < g->adj_size; i++)
{
g->adj[i] = new_flset(g->adj_size);
assert(g->adj[i] != NULL);
}
g->deg = (uint *)calloc(g->adj_size, sizeof (uint));
assert(g->deg != NULL);
¥
else
{

assert(g->adj_size >= order);
g->order = order;
for (uint i=0; i < g->adj_size; i++)
memset (g->adj[i], 0, g->adjl[i]l->nblocks * sizeof (uint));

memset (g->deg, 0, g->adj_size * sizeof(uint));
// don’t worry about other members, they are realloc’d

s
return g;
s
1/
// free_graph
1/
void free_graph(Graph *g)
{
if (g !'= NULL)
{
free_tri_table(g);
for (uint i=0; i < g->adj_size; i++)
free_flset(g->adj[il);
_free(g->adj);
_free(g->deg);
_free(g);
s
s
//
// make_random_graph
1/

Graph *make_random_graph(const uint order, const double p)
{
Graph *g = make_graph(order);

foreach_vertex_pair(g,x,y)

if (((float) (1.0*rand())/(RAND_MAX+1.0)) >= 1.0-p)
add_edge(g, x,y);

¥
return g;
¥
/7
// print_graph
/7

void print_graph(const Graph *g)
{

uint i, j;

for (i=0; i < g->order; i++)
{
printf ("%i:\t", i);

//
//
//

//
//
//

//

//
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for (j=0; j < g->order; j++)

printf("%i", elem_of(j, adj(g, 1)) ? 1 : 0);
printf("\n");
s
s
void add_edge(Graph *g, const uint vO, const uint v1)
{
assert(v0 < g->order);
assert (vl < g->order);
assert(v0 != v1);
assert (!connected_to(g, vO, v1));
connect(g, v0, vi);
g->max_degree = max(g->max_degree, max(deg(g, v0), deg(g, v1)));
update_min_degree(g) ;
g->edge_count++;
s
//
// read_graph
//

Graph *read_graph(char *bytes, Graph *g)

{

#define GET_BYTE bytes[byte_index++]

int byte_inde
if (bytes ==
uint order =

if (order ==
{
order =
order |=
order |=
}
else
{
order -=

}

x=0;

NULL) return
GET_BYTE;
126)
(GET_BYTE <<

(GET_BYTE <<
(GET_BYTE <<

63;

NULL;

12) - 63;
6) - 63;
0) - 63;

g = make_graph(order, -1, g);

uint i=0, j=0

while (true)

H

//
//
//

}

char ¢ = GET_BYTE;
if (¢ == ’\n’) break;

c -= 63;

for (char n=(1 << 5); n != 0; n >>= 1)

{
if (i == j)
{
i=0;
Mad]
if (j == order) break;
}
if (¢ & n) add_edge(g, i, j);
it
}
}
return g;

1/
//
/7

write_graph

/*

* Write a graph to out using graph6 format without a header

*/

#define PUT_BYTEs(x) *bytes_ptr++ = (char) ((x)&O0xFF)
#define PUT_BYTE(x) *bytes_ptr++ = (char) (((x)&0x3F)+63)
void write_graph(const Graph *g, FILE *fp)

{

//char bytes[g->order*(g->order-1)/2 / 6 + 10];
char *bytes = (char *)malloc(g->orderx(g->order-1)/2 / 6 + 10);

assert(bytes != NULL);
char *bytes_ptr = bytes;

if (g->order < 63)
PUT_BYTE(g->order) ;

else

{
PUT_BYTEs (126) ;
PUT_BYTE(g->order >> 12);
PUT_BYTE(g->order >> 6);
PUT_BYTE(g->order >> 0);

}

uint n=6;
char c=0;

for (uint j=1; j < g->order; j++)

//
//
//
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#if 1
flset *row = adj(g, j);
for (uint i=0; i < j; i++)

{
n--;
//c |= (int)connected_to(g, i, j) << n;
c |= (int)connected(i, row);
if (n == 0)
{
PUT_BYTE(c) ;
c =0;
n = 6;
}
c <K= 1;
}

#endif

if (n != 6) PUT_BYTE(c << (n-1));

PUT_BYTEs(’\n’);

//PUT_BYTE(’\0’) ;

//out << bytes;

furite(bytes, 1, bytes_ptr - bytes, fp);

free(bytes);
}

1/

// write_graph_file
1/

//

/*
* Write a graph to file filename using graph6 format without a header
*/
void write_graph_file(const Graph *g, char *filename, char *mode)
{
FILE *fp = fopen(filename, mode);
if (fp != NULL)

{
write_graph(g, fp);
fclose(fp);
}
}
1/
// remove_edge
1/

/* Remove the edge between vO and vl */
void remove_edge(Graph *g, const uint vO, const uint v1)

//

//
//
//

assert(v0 < g->order);

assert(vl < g->order);

assert (connected_to(g, v0, v1));

//if (!connected_to(g, vO, v1)) return;

disconnect(g, v0, vi);

g->min_degree = min(g->min_degree, min(deg(g, v0), deg(g, v1)));

update_max_degree(g) ;

g->edge_count--;

}

/7 //
// update_min_degree //
// //

/* (helper) Recalculate minimum degree in the graph */
void update_min_degree(Graph *g)

{
g->min_degree = g->order-1;
register uint *degs = g->deg;
register uint *end_deg = degs + g->order;
while (degs != end_deg)
{
register uint deg = *degs++;
if (deg < g->min_degree)
g->min_degree = deg;
¥
¥
/7 //
// update_max_degree //
1/ //

/* (helper) Recalculate maximum degree in the graph */
void update_max_degree(Graph *g)

{
g->max_degree = 0;
register uint *degs = g->deg;
register uint *end_deg = degs + g->order;
while (degs != end_deg)
{
uint deg = *degs++;
if (deg > g->max_degree)
g->max_degree = deg;
¥
i
/7 //
// remove_vertex //

// //
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void remove_vertex(Graph *g, const uint vO0)

assert(v0 < g->order);

//memmove (g->adj + v0, g->adj + vO + 1, (g->order - 1 - v0) * sizeof(uint));

g->edge_count -= deg(g, v0);

free_flset(g->adj[v0]);
for (uint i=v0; i < g->order-1; i++)

g->adj[i]
g->deglil

g->deglg->order
g->adj [g->order

g->order--;

g->min_degree
g->max_degree

g->adj[i+1];
g->degl[i+1];

-1] = 0;
-1] = new_flset(g->adj_size);

g->order;
0;

foreach_vertex(g, v)

delete_elem_flset(v0, g->adjlv]);

g->deglv]

if (g->deglv] < g->min_degree) g->min_degree
if (g->deglv] > g->max_degree) g->max_degree

set_count (g->adj[v]);

//update_min_degree(g) ;
//update_max_degree(g) ;

{
{
{
}
}

void number_edges(Graph *g)
{

if (g->edge_numbering == NULL)
{

}

g->edge_numbering

for (uint i=0; i < g->order; i++)

g->edge_numbering[i] = (uint #*)calloc(g->order, sizeof(uint));

uint ¢ = 1;
foreach_vertex_pair(g,x,y)

{

if (connected_to(g, x, y))

g->edge_numbering[x] [y] = c;
g->edge_numbering[y]l [x] = c;

cHt;

g->deglvl;
g->deg[v];

= (uint **)malloc(g->order * sizeof (uint));

g->edge_numbering_count = c-1;

¥

uint **map_edge_numbers(Graph *g)
uint **map = (uint **)malloc((g->edge_count + 1) * sizeof(uint *));
for (uint i=0; i < g->edge_count+1; i++)

map[i] = (uint #*)calloc(2, sizeof(uint));

foreach_vertex_pair(g,x,y)

{
if (connected_to(g, x, y))
map [g->edge_numbering[x] [y11[0] = x;
map [g->edge_numbering[x] [y]1[1] = y;
}

return map;

s
// //
// remove_vertex //
1/ //
#if O
void remove_vertex(Graph *g, const uint v0)
{
assert(v0 < g->order);
//memmove (g->adj + vO, g->adj + vO + 1, (g->order - 1 - v0) * sizeof(uint));
#if 1
for (uint i=v0; i < g->order-1; i++)
memcpy (g->adj[il, g->adjli+1], g->adj_size * sizeof (uint));
//g->adjli] = g->adjli+1];
#endif
g->order--;
//

// This is tricky so let’s take an example. Let g be a graph of order 10,
// v0=4, and one row in the adjacency table be 1001111010.

// s = 1001111010 ~ (1 << 4) = 1001111010 ~ 0000010000 = 1001101010
// m= (1 << (4+1))-1 = (1 << B)-1 = 0000011111
// adjll = ((s & "m) > 1) | (s &m)

// = ((1001101010 & 1111100000) >> 1) | (1001101010 & 0000011111)
// = (1001100000 >> 1 ) | 0000001010

// = 100110000 | 0000001010

// = 100111010

//

// The result is 9 bits with vO dropped.



//

for (uint i=0; i < g->order; i++)

{
uint s = adj(g, i) & “set_elem(v0);
uint m = (1 << (v0+1)) - 1;
g->adjli]l = ((s & ™m) >> 1) | (s & m);
}
}
#endif
1/
// build_mis_table
1/

void init_mis_table(Graph *g, uint size)

if (size == 0)
size = 1 << (uint)min((int)g->order, 24);

//printf("init_mis_table: %i\n", size);

g->mis_table = (flset **)realloc((void *)g->mis_table, size * sizeof(flset *));

assert(g->mis_table != NULL);
g->mis_table_size = 0;
g->max_mis = 0;

¥
~
= void all_cliques(Graph *g, uint 1, uint x, flset *X, flset *N_1, flset *C_1l, flset **B)
{
flset *N_12;
if (1 ==0) N_12 = V(g);
else N_12 = intersection2(adj(g, x), N_1);

//print_set (N_12);
if (empty_set(N_12))

//print_set(X);

uint i=g->mis_table_size;
g->mis_table[i] = new_flset(X->len);
copy_flset(X, g->mis_table[il);

g->mis_table_size++;
//g->mis_table[g->mis_table_size++] = X;

//uint count = bit_count(X);

//if (count && count > g->max_mis) g->max_mis = count;

}

flset *C_12;

if (1 == 0) C_12 = V(g);

else C_12 = intersection3(adj(g, x), Blx], C_1);
//printf("%i: ", 1);

//print_set(C_12);

//
//

}

foreach_elem(g, e, C_12)

{
add_elem(e, X);
all_cliques(g, 1+1, e, X, N_12, C_12, B);
remove_elem(e, X);

s

free_flset(N_12);
free_flset(C_12);

void build_mis_table(Graph *g)

{

//
1/

init_mis_table(g);

for (uint i=0; i < g->order; i++)
{
invert_set(g->adj[il);
remove_elem(i, g->adjl[il);

}

flset *N_1 = new_flset(g->order);
flset *C_1 = new_flset(g->order);
flset *X = new_flset(g->order);

flset #*B = (flset **)malloc(g->order * sizeof(flset *));
for (uint i=0; i < g->order; i++)

{
B[i] = new_flset(g->order);
for (uint j=i+l; j < g->order; j++)
add_elem(j, B[il);
}

all_cliques(g, 0, 0, X, N_1, C_1, B);

for (uint i=0; i < g->order; i++)
free_flset(B[il);
free(B);

free_flset(N_1);
free_flset(C_1);
free_flset(X);

for (uint i=0; i < g->order; i++)
{
invert_set(g->adj[il);
remove_elem(i, g->adjl[il);

init_tri_table

//
//



* Initialize the tri_table. To reduce memory thrashing,
* this function will only allocate new memory if the order

flset *tri = new_flset(g->adj_size);
add_elem(j, tri);
add_elem(k, tri);

GL

* of g changes between calls. If g is NULL the memory
* will be freed.
*/ }
void init_tri_table(Graph *g) i
{ }
g->num_triangles = 0; s
//g->triangles = (flset *)realloc(g->triangles, (1<<g->order) * sizeof(uint)); ¥

add_elem(1, tri);
g->triangles[g->num_triangles++] = tri;

uint i = min((int)g->order, 24); bool in_array(uint x, uint *a, uint 1)
g->triangles = (flset **)realloc((void *)g->triangles, (1<<i) * sizeof(flset *)); {
assert(g->triangles != NULL); for (uint k=0; k < 1; k++)

if (x == alk]) return true;
//g->tri_cache = (char *)realloc(g->tri_cache, (1<<g->order) * sizeof (char));

//memset (g->tri_cache, 2, (1<<g->order) * sizeof(char)); return false;

} }
void free_tri_table(Graph *g) uint bit_count(uint n)
{ {
if (g != NULL) char table[i6] = {0, 1, 1, 2, 1, 2, 2, 3, 1, 2, 2, 3, 2, 3, 3, 4};
{ uint sum = 0;
for (uint i=0; i < g->num_triangles; i++)
free_flset(g->triangles[il]); for (uint i = 0; i < (sizeof(n) << 3); i += 4)

sum += table[(n >> i) & 0xf];
_free(g->triangles);

g->num_triangles = 0; return sum;
¥
//_free(g->tri_cache);
} uint set_count(flset *A)
} {
uint count=0;

// //
// build_tri_table // for (uint i=0; i < A->nblocks; i++)
// // count += bit_count(A->block[i]);

void build_tri_table(Graph *g)
{ 3

register uint j, k, 1;

return count;

Graph *make_g127()
if (g->order < 3) return; {

Graph *g = make_graph(127);
for (j=0; j <= g->order - 3; j++)
{ uint cubes[g->order];
register flset *rj = adj(g, j); uint ncubes = 0;
for (k=j+1; k <= g->order - 2; k++)

{ for (uint i=0; i < g->order; i++)
register flset *rk = adj(g, k);
for (1=k+1; 1 <= g->order - 1; 1++) cubes[i] = (i*ixi) % g->order;
{ ncubes++;
if ( connected(k, rj)
&% connected(l, rj)

&& connected(l, rk)) foreach_vertex_pair(g, i, j)
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}

uint v = (j - 1);
if (in_array(v, cubes, ncubes))
add_edge(g, i, j);
}

return g;

int dec_order(const void *A, const void *B)

{
}

return *(uint *)B - *(uint *)A;

Graph *make_g84(uint svertex)

{

}

Graph *g = make_g127();

uint alg->order];
uint count=0;

a[count++] = svertex;
foreach_flselem(i, adj(g, svertex))
alcount++] = i;

gsort(a, count, sizeof(uint), dec_order);

for (uint i=0; i < count; i++)
remove_vertex(g, alil);

return g;

Graph *make_g74(int svertex, uint *x)

{

Graph *g = make_g127();

uint alg->order];
uint count=0;

a[count++] = svertex;
foreach_flselem(i, adj(g, svertex))
alcount++] = i;

uint mis_table_10[10] = {13,22,34,39,41,42,47,59,68,83};

for (uint i=0; i < 10; i++)
alcount++] = mis_table_10[il;

gsort(a, count, sizeof(uint), dec_order);

for (uint i=0; i < count; i++)
remove_vertex(g, alil);

return g;

}

Graph *make_gX(flset *x, int svertex)

{

Graph *g = make_g127();

uint al[g->order];
memset(a, 0, g->order * sizeof(uint));

uint count=0;
a[svertex] = svertex+l, count++;
foreach_flselem(i, adj(g, svertex))

if (ali] == 0) {ali] = i+1; count++;}

foreach_flselem(i, x)
if (a[il == 0) {alil = i+1; count++;}

gsort(a, g->order, sizeof(uint), dec_order);

for (uint i=0; i < count; i++)
remove_vertex(g, alil-1);

return g;

Graph *make_g84_2()

{

Graph *g = make_graph(84);

uint cubes[127];
uint ncubes = 0;

for (uint i=0; i < 127; i++)

cubes[i] = (ixi*i) % 127;
ncubes++;

¥

uint gi=0;
for (uint i=0; i < 127-1; i++)
{

if (in_array(i, cubes, ncubes)) continue;

uint gj=gi+1;
for (uint j=i+l; j < 127; j++)
{

if (in_array(j, cubes, ncubes)) continue;

uint v = (j - 1);

if (in_array(v, cubes, ncubes))
add_edge(g, gi,gj);
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gitt;
git+;
¥
#if O
foreach_vertex_pair(g, i, j)
{
uint v = (j - 1);
if (in_array(v, cubes, ncubes))
add_edge(g, i, j);
}
#endif
return g;
}
/*

Extend input graphs by one vertex without forming a K_4 subgraph.
Input graphs are expected not to have K_4 subgraphs.

Copyright 2003, 2004 Jonathan Coles

*
*

*

*

*

*

* This program is free software; you can redistribute it and/or modify
* it under the terms of the GNU General Public License as published by
* the Free Software Foundation; either version 2 of the License, or

* (at your option) any later version.
*

*

*

*

*

*

*

*

*

This program is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with this program; if not, write to the Free Software
Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307

#include <iostream>
#include <istream>
#include <fstream>
#include <assert.h>
#include <unistd.h>
#include <signal.h>
#include <time.h>
#include "flib.h"
#include "timing.h"
#include "args.h"

#define MAKE_FOR_TESTS 0O

UsA

#define USE_ALARM O
void report(uint state = 0);

uint in_count =
uint out_count = 0;

double start_time = 0;
uint report_time = 0;

typedef struct

uint a[32];
uint b[32];
uint len;

} Edgeset;

inline void connect(Graph *g, uint vO, uint v1)
{

assert(v0 < g->order);

assert (vl < g->order);

add_elem(v0, g->adjlvil);
add_elem(vl, g->adjl[v0]);
//g->deg[v0]++;
//g->deg[vi]++;

s

inline void disconnect(Graph *g, uint vO, uint v1)
{

assert(v0 < g->order);

assert(vl < g->order);

remove_elem(v0, g->adjlvi]);
remove_elem(vl, g->adj[v0]);
//g->deg[v0]l--;
//g->deg[v1]

CPUDEFS

#define HELP \
"
Extend input graphs (graph6 format) without forming K_4 subgraphs\n\
\n\
Usage: extend [-e # #] [--help]\n\
\n\
-e # # Extend graphs of order # to order #\n\
--help This help text\n\

FILE *in = stdin;
FILE *out = stdout;
FILE *err = stderr;
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uint smart_output = 0;
int verbosity=0;

void sighandler(int sig)

{
signal(2, sighandler);

#if USE_ALARM
signal (SIGALRM, sighandler);
alarm(report_time) ;

if (sig == SIGALRM)

{
report();
else
#endif
{
fprintf (err, "Caught signal, quitting.\n");
exit(0);
s
s
void report(uint state)
{
double end_time = CPUTIME;
time_t now = time((time_t *)NULL);
char *s = ctime(&now);
s[strlen(s)-1] = 0;
switch (state)
case 0:
fprintf(err, "extend: [%s] %i %i %.2fs %.2fg/s %.2fg/s\n", s,
in_count, out_count, (end_time-start_time),
(double)in_count / (end_time-start_time),
(double)out_count / (end_time-start_time));
break;
case 1:
fprintf(err, "extend: [Date] in out time in_rate out_rate\n");
break;
case 2:
fprintf(err, "extend: [%s] finished.\n", s);
break;
}
}
//
// extend(Graph *g)
//

// Create new K4-free graphs by connecting a new vertex to every

// triangle-free subset in g. g is assumed to be K4-free. New graphs are

// written to global ’out’.

/7
// Returns the number of new graphs generated.

//

//

uint extend_helper(Graph *g,
uint *sets, Edgeset *edges,
uint s, uint k, uint extension,

uint *triangle_free_subsets, uint num_triangle_free_subsets)

{
uint count = 0;
if (k == extension)
{
#if 0
Graph *g0 = make_graph(g->order + extension);
copy_graph(g, g0);
g0->order = g->order + extension;
for (uint i=0; i < extension; i++)
{
uint cur_set = triangle_free_subsets[sets[i]];
foreach_elem(g0, u, cur_set) connect(g0, g->order+i, u);
s
write_graph(g0, out);
count = 1;
free_graph(g0);
#else
uint t = g->order;
g->order += extension;
uint old_num_triangles = g->num_triangles;
#if 1

init_tri_table(g);
g->num_triangles = old_num_triangles;

//
// extend the graph by ’extension’ vertices, but also
// add new triangles to the graph’s list of triangles.

// this is better than having to call init_tri_table()/build_tri_table()

// on the entire graph.
//
for (uint i=0; i < extension; i++)
{
g->adj[t+i] = 0;

uint cur_set = triangle_free_subsets[sets[il];
foreach_elem(g, u, cur_set) connect(g, t+i, u);

Edgeset *e = &edges[sets[ill;
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#else

#endif

#endif
}

else

{

for (uint j=0; j < e->len; j++)

{
uint tri
= set_elem(e->a[j]) | set_elem(e->b[jl) | set_elem(t+i);
g->triangles[g->num_triangles++] = tri;
g->tri_cache[tri] = 1;
}

}
for (uint i=0; i < extension; i++)
g->adj[t+i] = 0;
uint cur_set = triangle_free_subsets[sets[il];
foreach_elem(g, u, cur_set) connect(g, t+i, u);
}
//init_tri_table(g);
//build_tri_table(g);
// g —> (2,2,3;4) => X(g) >= 5
//if (chromatic(g) >= 5)
build_mis_table(g);
if (h223_4(g, false))
{
write_graph(g, out);
count = 1;
for (uint i=0; i < extension; i++)
uint cur_set = triangle_free_subsets[sets[i]];
foreach_elem(g, u, cur_set) disconnect(g, t+i, u);
¥

g->num_triangles = old_num_triangles;

g->order -= extension;

for (uint i=s; i < num_triangle_free_subsets; i++)
sets[k] = i;
count +=

extend_helper(g, sets, edges, i, k+1, extension,
triangle_free_subsets, num_triangle_free_subsets);

int

}

return count;

main(int argc, char **argv)

int optc;
char *xoptv;

int verbosity = 0;
uint skip_n_lines=0;
bool seperate = false;
bool check_K4 = true;
bool check_chi = true;

double cur_time;
double last_time;

cur_time = last_time = CPUTIME;

uint m = 0;
uint n = 0;

fprintf (stderr, "extend:");
for (int i=1; i < argc; i++)

fprintf (stderr, " Y%s", argv[il);
fprintf (stderr, "\n");

begin_args(&argc, &argv, &optc, &optv);

while (next_arg(&argc, &argv, &optc, optv))

if (!stremp("q", optv[0]))
{
verbosity--;
}
else if (!strcmp("sep", optv[0]))
{
seperate = true;
s
else if (!strcmp("e", optv[01))
{
if (optc == 3)

{
m = atoi(optv[1]);
n = atoi(optv[2]);
}
}
else if (!strcmp("r", optv[0]))
{

if (optc == 2)
{

report_time = atoi(optv([1]);
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} #endif
else if (!strcmp("f", optv[0]))

{ uint extension = n - m;
if (optc > 1 && strncmp("-",optv[1],1)) in = fopen(optv[il, "r"); uint *triangle_free_subsets = (uint *)malloc((1<<m) * sizeof (uint));
if (optc > 2 && strncmp("-",optv[2],1)) out = fopen(optv[2], "w");
if (optc > 3 && strncmp("-",optv[3],1)) err = fopen(optv[3], "w"); Edgeset *edges = (Edgeset *)malloc((1<<m) * sizeof (Edgeset));
if ('in) { fprintf(stderr, "Bad input source.\n"); return 1;} Graph *g = make_graph(m, m + extension)
if (lout) { fprintf(stderr, "Bad output destination.\n"); return 1;} uint *sets = (uint *)malloc(extension * sizeof (uint));
if (lerr) { fprintf(stderr, "Bad error destination.\n"); return 1;}
¥ start_time = CPUTIME;
else if (!strcmp("noK4", optv([0]))
{ if (verbosity >= 0)
check_K4 = false; report(1);
else if (!strcmp("noX", optv[0])) while (!feof(in))
{ {
check_chi = false; //
} // Read a graph
else //if (!strcmp("help", optv[0])) //
{ if ((g = read_graph(in, g)) == NULL) break;
fprintf(err, HELP "\n"); in_count++;
return 0;
¥ if (g->order != m)
¥ {
end_args (%optv) ; fprintf(err, "|V(G)| != m. skipping.\n");
continue;
if (m==0 || n==0 || m>=n) }
{
fprintf (err, HELP "\n"); if (check_K4 && has_k_4(g, V(g))) continue;
return 0;
} //
// g > (2,2,3;4) => X(g) >= 5
// #if !'MAKE_FOR_TESTS
// Skip n input lines if (check_chi && chromatic(g) <= 3) continue;
// #endif
while (!feof(in) && skip_n_lines)
{ init_tri_table(g);
skip_n_lines--; //fprintf (err, "sdn\n");
build_tri_table(g);
char s[518];
fgets(s, 517, in); uint num_triangle_free_subsets = 0;
}
foreach_subset (i0, V(g))
#define BUFSIZE 20 * 1024 * 1024 {
//char *buf = (char *)malloc(BUFSIZE); // skip nothing, or single vertices
//setbuffer(out, buf, BUFSIZE); #if !MAKE_FOR_TESTS
//if (1i0 || (((i0 - 1) & i0) == 0)) continue;
//signal(2, sighandler); #endif
//signal (SIGUSR1, sighandler);
//
signal(2, sighandler); // if the set is initially triangle free, the set will be maximal
#if USE_ALARM // iff the addition of any vertex creates a triangle. conversly,
signal (SIGALRM, sighandler); // the set is not maximal if adding a vertex does not create

alarm(report_time) ; // a triangle.
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//
if (triangle_free_cached(g, i0))
{
bool max_set = true;
#if 'MAKE_FOR_TESTS
foreach_vertex(g, v)

{
if (lelem_of (v, i0))
{
if (triangle_free_cached(g, i0 | set_elem(v)))
{
max_set = false;
break;
}
}

#endif

if (max_set)
triangle_free_subsets[num_triangle_free_subsets++] = i0;

for (uint i=0; i < num_triangle_free_subsets; i++)

{
uint index=0;
foreach_vertex_pair(g, u,v)
{
if (subset(set_elem(u) | set_elem(v), triangle_free_subsets[i])
&& connected_to(g,u,v))
{
edges[i].alindex] = u;
edges[i] .b[index] = v;
index++;
}
}
edges[i].len = index;
s

uint count =
extend_helper(g, sets, edges, 0, 0O, extension,
triangle_free_subsets, num_triangle_free_subsets);

//

// After all the new graphs write a seperator for some other
// tools that need to know which graphs belong to the

// input graph

//

if (seperate) fprintf(out, "--\n");

out_count += count;

#if 'USE_ALARM
if (report_time)

{
cur_time = CPUTIME;
if (cur_time - last_time >= report_time)
{
last_time = cur_time;
report();
}
}
#endif
fflush(out) ;
fflush(err);
¥
/7
// Clean up
1/

L 2 B T N T T T

free_graph(g);

free(sets);
free(triangle_free_subsets);
free(edges);

if (verbosity >= 0)
{
report();
report(2);
}

if (in != stdin) fclose(in);
if (out != stdout) fclose(out);
if (err != stderr) fclose(err);

Filter graphs with K_n subgraphs or Filter graphs without K_n subgraphs.

Copyright 2003, 2004 Jonathan Coles

This program is free software; you can redistribute it and/or modify
it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 2 of the License, or
(at your option) any later version.

This program is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with this program; if not, write to the Free Software
Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307

UsA
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*/

#include <iostream>
#include <istream>
#include "flib.h"
#include "args.h"

int verbosity=0;

FILE *in = stdin;
FILE *out = stdout;
FILE *err = stderr;

void usage()

fprintf (err,
n\
Only print graphs WITHOUT the given properties. \n\
\n\
[-K # | -Kb #] [--with]\n\
")
exit(1);
s

int main(int argc, char *xargv)

int verbosity = 0;

bool print_inverse = false;
bool do_K_bar = false;

uint K = 0;

int optc;
char **optv;
begin_args(&argc, &argv, &optc, &optv);

while (next_arg(&argc, &argv, &optc, optv))
{
if (!strcmp("q", optv[0]))

{
verbosity--;
¥
else if (!strcmp("with", optv[0]))
{
print_inverse = true;
}
else if (!strcmp("K", optv[0]))
{
if (optc > 1)
K = atoi(optv[1]);
else
usage();
}
else if (!strcmp("Kb", optv[0]))
{

if (optc > 1)

K = atoi(optv[1l);
do_K_bar = true;

s
else
usage();

s

else if (!strcmp("f", optv[0]))

{
if (optc > 1 && strncmp("-",optv[i],1)) in = fopen(optv[1i], "r");
if (optc > 2 && strncmp("-",optv[2],1)) out = fopen(optv[2], "w");
if (optc > 3 && strncmp("-",optv[3],1)) err = fopen(optv[3], "w");
if ('in) { fprintf(stderr, "Bad input source.\n"); return 1;}
if (lout) { fprintf(stderr, "Bad output destination.\n"); return 1;}
if (lerr) { fprintf(stderr, "Bad error destination.\n"); return 1;}

}

else

{

usage() ;

}
end_args (&optv) ;

if ('K) usageQ);
uint in_count = 0;
uint out_count = 0;
while (!feof(in))
{
Graph *g;
if ((g = read_graph(in)) == NULL) break;
in_count++;
//print_graph(g) ;

uint result = 0;

if (do_K_bar)

{
complement (g) ;
//print_graph(g);
result = is_k_n_free(g, K, V(g));
complement (g) ;
}
else
{
result = is_k_n_free(g, K, V(g));
}

//fprintf(out, "result: %i %i\n", result, print_inverse);

if ((result && !print_inverse) || (!result &% print_inverse))
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//if (!print_inverse)

write_graph(g, out);
out_count++;

¥
}
/*
else
{
if (print_inverse)
{
write_graph(g, out);
out_count++;
}
}
*/

free_graph(g);

if (verbosity >= 0)
{

fprintf (err,
"filter: Read %i and generated %i graphs.\n",
in_count, out_count);

}

if (in != stdin) fclose(in);
if (out != stdout) fclose(out);
if (err != stderr) fclose(err);

Check graphs for inclusion in the Folkman graph set H(2,2,3;4)

Copyright 2003 Jonathan Coles

This program is free software; you can redistribute it and/or modify
it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 2 of the License, or
(at your option) any later version.

This program is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with this program; if not, write to the Free Software

* Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA
*/

#include <stdio.h>
#include <stdlib.h>
#include <memory.h>
#include <assert.h>
#include <iostream>
#include <istream>
#include <fstream>
#include "timing.h"
#include "flib.h"

#include "args.h"

using namespace std;
#define TESTS 0O
CPUDEFS

/7

// Program output verbosity level
// 0 is normal

/7

int verbosity = 0;

int main(int argc, char *xargv)
{
Graph *g;
uint i;
int f_repeat = 1;
bool print_on_found = false;
bool check_k4 = true;
bool print_extra = false;
bool print_sets = false;
bool print_inverse = false;

FILE *in = stdin;

char *name = "H(2,2,3;4)";

bool (*f)(Graph *g, uint f_repeat, double *t, bool check_k4, bool print);
f = in_h223_4;

int optc;

char **optv;

begin_args(&argc, &argv, &optc, &optv);
while (next_arg(&argc, &argv, &optc, optv))
{

if (loptc) continue;

if (!stremp("r", optv[0]) && optc == 2)
{
f_repeat = atoi(optv[1]);
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}

else if (!strcmp("f", optv[0]) && optc == 2)

{
if (stremp("-", optv[1]) != 0)
in = fopen(optv[1], "rb");
}
else if (!strcmp("v", optv[0]))
{
verbosity++;
}
else if (!stremp("q", optv[0]))
{

verbosity--;

else if (!strcmp("print", optv[0]))
{

print_on_found = true;
else if (!strcmp("nok4check", optv[0]))
{

check_k4 = false;
¥
else if (!strcmp("h223", optv[0]1))
{
name = "H(2,2,3;4)";
f = in_h223_4;
}
else if (!strcmp("h22", optv[0]))
{
name = "H(2,2;4)";
f = in_h22 4;
}
else if (!strcmp("h23", optv[0]))
{
name = "H(2,3;4)";
f = in_h23_4;
}
else if (!strcmp("extra", optv[0]))
{
print_extra = true;
}
else if (!strcmp("show-sets", optv[0]))
{
print_sets = true;
}
else if (!strcmp("inverse", optv[0]))
{

print_inverse = true;

else if (!strcmp("gamma3", optv[0]))
{
Graph *g = make_gamma3_graph();
write_graph(g, stdout);
free_graph(g);
exit (0);

}
}
end_args (&optv) ;

double start_time = CPUTIME;
uint index=0;

uint in_set = 0;

while (!feof(in))
{
if ((g = read_graph(in)) == NULL) break;

index++;

double t;
bool ret = f(g, f_repeat, &t, check_k4, print_sets);

if (print_inverse)

if (lret) { in_set++; }
s
else
{

if (ret) { in_set++; }

}

if (verbosity >= 0)
{
fprintf (stderr, "%i. G(%i) is %sin %s %f second(s).\n",
index, g->order, (ret ? "" : "not "), name, (t/f_repeat));

if (print_extra)
{
fprintf (stderr, " mindeg=Yi maxdeg=Yi Imis|=Yi |E|=%i\n",
g->min_degree, g->max_degree, g->max_mis, g->edge_count);
fprintf (stderr, " ")
write_graph(g, stderr);

}

if (ret &% print_on_found)
write_graph(g, stdout);

else if (!ret && print_on_found && print_inverse)
write_graph(g, stdout);

free_graph(g);

¥
double end_time = CPUTIME;

if (in != stdin)

{
//((fstream *)in)->close();
//delete in;
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fclose(in); void usage()

}
fprintf (err,
fprintf (stderr, "Checked %i graph(s) in %f second(s).\n" "\
"%i graph(s) in %s.\n", rmv [-f] [-v] [-q] cmd\n\
index, (end_time-start_time), in_set, name); \n\
s where cmd is one of:\n\
\n\
--reduce\n\
--maximals\n\
/x --minimals\n\
* Drop one vertex from input graphs and output new graphs on n-1 vertices. --bicritical\n\
* --extend-to-maximals\n\
* --reduce-to-minimals\n\
* Copyright 2003 Jonathan Coles --reduce-to-all\n\
* --dropKb3\n\
* This program is free software; you can redistribute it and/or modify --dropKb4\n\
* it under the terms of the GNU General Public License as published by --gnuplot\n\
* the Free Software Foundation; either version 2 of the License, or --info (order edges triangles #mis max-mis min-deg max-deg chromatic)\n\
* (at your option) any later version. --X3\n\
* \n\
* This program is distributed in the hope that it will be useful, ")
* but WITHOUT ANY WARRANTY; without even the implied warranty of exit(0);
* MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the 3
* GNU General Public License for more details.
* void _droprS(uint *in_count, uint *out_count)
* You should have received a copy of the GNU General Public License {
* along with this program; if not, write to the Free Software *in_count = 0;
* Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA *out_count = 0;
*/
while (!feof(in))
#include <stdio.h> {
#include <stdlib.h> Graph *g;
#include "timing.h"
#include "flib.h" if ((g = read_graph(in)) == NULL) break;

#include "args.h"

(*in_count)++;
using namespace std;

Graph *g0 = NULL;
#define TESTS 0

if (g->order > 3)

CPUDEFS {

g0 = make_graph(g->order, -1, g0);
//
// Program output verbosity level register uint j, k, 1;
// 0 is normal for (j=0; j <= g->order - 3; j++)
// {
int verbosity = 0; register uint rj = adj(g, j);

for (k=j+1; k <= g->order - 2; k++)
FILE *in = stdin; {
FILE *out = stdout; register uint rk = adj(g, k)
FILE *err = stderr; for (1=k+1; 1 <= g->order - 1; 1++)
{

typedef void (#f)(uint *in_count, uint *out_count); if ( !connected(k, rj)

&& !connected(l, rj)



&& !connected(l, rk)) {

{ register uint rl = adj(g, 1);
#if 1 for (m=1+1; m <= g->order - 1; m++)
copy_graph(g, g0); {
remove_vertex(g0, 1);
remove_vertex (g0, k); if ( !connected(m, rl)
remove_vertex(g0, j); && 'connected(m, rk)
#endif && !connected(m, rj)
&& !connected(l, rj)
write_graph(g0, out); && !connected(l, rk)
(*out_count)++; && !connected(k, rj))
{
¥ #if 1
} copy_graph(g, g0);
} remove_vertex(g0, m);
} remove_vertex(g0, 1);
remove_vertex (g0, k);
X remove_vertex(g0, j);
#endif

free_graph(g0);
write_graph(g0, out);

// reduce(g, out); (*out_count)++;
}
free_graph(g); }
} }
o } }
w 3}
void _dropKb4(uint *in_count, uint *out_count) }
*in_count = 0; free_graph(g0);
*out_count = 0;
// reduce(g, out);
while (!feof(in))
{
Graph *g; free_graph(g);
}
if ((g = read_graph(in)) == NULL) break; s
(*in_count)++; void _reduce(uint *in_count, uint *out_count)
{
Graph *gO = NULL; *in_count = 0;
*out_count = 0;
if (g->order > 4) while (!feof(in))
{ {
g0 = make_graph(g->order, -1, g0); Graph *g;
register uint j, k, 1, m; if ((g = read_graph(in)) == NULL) break;
for (j=0; j <= g->order - 4; j++)
{ (*in_count)++;
register uint rj = adj(g, j);
for (k=j+1; k <= g->order - 3; k++) reduce(g, out);
{
register uint rk = adj(g, k); *out_count += g->order;

for (1=k+1; 1 <= g->order - 2; 1++)
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free_graph(g);
s

void _maximals(uint *in_count, uint *out_count)
{

*in_count = 0;

*out_count = 0;

while (!feof (in))

{
Graph *g;
if ((g = read_graph(in)) == NULL) break;
(*in_count)++;
if (maximal(g, 4))
{
write_graph(g, out);
(*out_count)++;
s
free_graph(g);
¥

}

void _minimals(uint #*in_count, uint *out_count)
{
*in_count = 0;
*out_count = 0;
while (!feof(in))
{
Graph *g;

if ((g = read_graph(in)) == NULL) break;
(*in_count)++;

init_tri_table(g);
build_tri_table(g);
build_mis_table(g);

if (minimal(g))

{
write_graph(g, out);
(*out_count)++;

}
free_graph(g);
}
void _bicritical(uint *in_count, uint *out_count)

{

*in_count = 0;

*out_count = 0
while (!feof(in))
{

Graph *g;

if ((g = read_graph(in)) == NULL) break;
(*in_count)++;
init_tri_table(g);
build_tri_table(g);
build_mis_table(g);
if (maximal(g, 4) && minimal(g))
{
write_graph(g, out);

(*out_count)++;

}
free_graph(g) ;

}

void _extend_to_maximals(uint *in_count, uint *out_count)

{
*in_count = 0;
*out_count = 0;
while (!feof(in))
{
Graph *g;

if ((g = read_graph(in)) == NULL) break;
(*in_count)++;

extend_to_maximals(g, 4);
// (*out_count)++;
//
if (verbosity >= 1) fprintf(err, ".");

free_graph(g) ;
¥

if (verbosity >= 1 && in_count != 0)
fprintf (err, "\n");
}

void _reduce_to_minimals(uint *in_count, uint *out_count)

*in_count = 0;
*out_count = 0;
while (!feof(in))
{

Graph *g;
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if ((g = read_graph(in)) == NULL) break;
(*in_count)++;

init_tri_table(g);

build_tri_table(g);

build_mis_table(g);
build_set_neighbours(g);

*out_count += reduce_to_minimals(g);

if (verbosity >= 1) fprintf(err, ".");

free_graph(g);

void _reduce_to_all(uint *in_count, uint *out_count)

*in_count = 0;
*out_count = 0;
while (!feof(in))

}
}
{

{

}
}

Graph *g;

if ((g = read_graph(in)) == NULL) break;
(*in_count)++;

init_tri_table(g);

build_tri_table(g);

build_mis_table(g);

build_set_neighbours(g);

*out_count += reduce_to_minimals(g, true, out);

if (verbosity >= 1) fprintf(err, ".");

free_graph(g);

void _gnuplot(uint *in_count, uint *out_count)

*in_count = 0;
*out_count = 0;
while (!feof (in))

{

Graph *g;
if ((g = read_graph(in)) == NULL) break;
fprintf (out, "%i\t%i\t%i\n", g->max_degree, g->min_degree, g->edge_count);

//fprintf (out, "%i\t%i\n", g->order, g->edge_count);
//fprintf (out, "%i\t%i\n", *in_count, g->edge_count);

//fprintf (out, "%i\t%i\n", g->edge_count, *in_count);
//fprintf (out, "%i\t%i\n", g->order, g->edge_count);

(*in_count)++;

free_graph(g) ;
}

*out_count = *in_count;

}

void _chromatic3(uint *in_count, uint *out_count)

{

*in_count =
*out_count = 0;
while (!feof(in))
{
Graph *g;
if ((g = read_graph(in)) == NULL) break;

init_tri_table(g);
build_mis_table(g);

if (chi(g) > 3)
//if (chromatic(g) > 3)

{
write_graph(g, out);
(xout_count)++;
}
free_graph(g);
}
}
void _info(uint *in_count, uint *out_count)
{
*in_count = 0;
*out_count = 0;
while (!feof(in))
{
Graph *g;
if ((g = read_graph(in)) == NULL) break;
print_graph_info(out, g, "oetmMdDX");
free_graph(g);
}
}

void _new_edge_makes_K3(uint *in_count, uint *out_count)

*in_count = 0;
*out_count = 0;
while (!feof(in))
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Graph *g;
if ((g = read_graph(in)) == NULL) break;

foreach_vertex_pair(g, i,j)

{
if (!connected_to(g, i,j))
{
if (lintersects(adj(g,i), adj(g,j)))
{
goto next_graph;
}
}
}

write_graph(g, out);
(xout_count)++;

next_graph:

}

free_graph(g);
}

int main(int argc, char *xargv)

{

int optc;
char **optv;

£ _f = NULL;

begin_args(&argc, &argv, &optc, &optv);
while (next_arg(&argc, &argv, &optc, optv))
{

if (loptc) continue;

if (!strcmp("reduce", optv[0]))

_f = _reduce;
else if (!strcmp("maximals", optv[0]))
_f = _maximals;
else if (!strcmp("extend-to-maximals", optv[0]))
_f = _extend_to_maximals;
else if (!strcmp("minimals", optv[0]))
_f = _minimals;
else if (!strcmp("reduce-to-minimals", optv[0]))
_f = _reduce_to_minimals;
else if (!strcmp("reduce-to-all", optv[0]))
_f = _reduce_to_all;
else if (!strcmp("dropKb3", optv[0]))
_f = _dropKb3;
else if (!strcmp("dropKb4", optv[0]))
_f = _dropKb4;
else if (!strcmp("gnuplot", optv[0]))
_f = _gnuplot;

else if (!strcmp("info", optv[0]))

*OK X K X ¥

_f = _info;
else if (!strcmp("X3", optv[0]))
_f = _chromatic3;

else if (!strcmp("noNewK3", optv[0]))
_f = _new_edge_makes_K3;
else if (!strcmp("bicritical", optv[0]))

_f = _bicritical;

else if (!strcmp("v", optv[0]))
verbosity++;

else if (!stremp("q", optv[0]))
verbosity--;

else if (!strcmp("f", optv[0]))

{
if (optc > 1 && strncmp("-",optv[1],1)) in = fopen(optv[1], "r");
if (optc > 2 && strncmp("-",optv[2],1)) out = fopen(optv[2], "w");
if (optc > 3 && strncmp("-",optv[3],1)) err = fopen(optv[3], "w");
if ('in) { fprintf(stderr, "Bad input source.\n"); exit(1);}
if (lout) { fprintf(stderr, "Bad output destination.\n"); exit(1);}
if (lerr) { fprintf(stderr, "Bad error destination.\n"); exit(1);}

s

else

{

usage();

}
end_args (&optv) ;

if (_f == NULL) usage();

uint in_count=0;
uint out_count=0;

double start_time = CPUTIME;
_f(&in_count, &out_count);
double end_time = CPUTIME;

fprintf(err, "Input %i graph(s), ouput %i graphs in %f second(s).\n",
in_count, out_count, (end_time-start_time));

if (in != stdin) fclose(in);
if (out stdout) fclose(out);
if (err != stderr) fclose(err);

Reads graphs in Graph6 format and files them into non-isomorphic groups.

Copyright 2003, 2004 Jonathan Coles

This program is free software; you can redistribute it and/or modify
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* it under the terms of the GNU General Public License as published by {
* the Free Software Foundation; either version 2 of the License, or char s[50];
* (at your option) any later version. sprintf(s, "splitg.%i.%i.%i.g6é", g->order,
* g->min_degree,
* This program is distributed in the hope that it will be useful, g->max_degree) ;
* but WITHOUT ANY WARRANTY; without even the implied warranty of file_cache[n] = fopen(s, "w");
* MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the if (file_cache[n] == NULL)
* GNU General Public License for more details. {
* fprintf (stderr, "Couldn’t open %s\n", s);
* You should have received a copy of the GNU General Public License }
* along with this program; if not, write to the Free Software s
* Foundation, Inc., 59 Temple Place, Suite 330, Boston, MA 02111-1307 USA
*/ return file_cache[n];
¥
#include <stdio.h>
#include <iostream> FILE *get_out_edge(Graph *g)
#include <fstream>
#include "args.h" if (file_cache == NULL)
#include "flib.h" {

cache_size = (g->order * (g->order-1)) / 2 + 1;
FILE *xfile_cache = NULL; file_cache = new FILEx[cache_size];
uint cache_size = 0; memset (file_cache, 0, sizeof (FILE *) * cache_size);

¥
int verbosity=0;

uint n = g->edge_count;
void free_cache()

{ if (file_cache[n] == NULL)
if (file_cache != NULL) {
{ char s[50];
for (uint i=0; i < cache_size; i++) sprintf(s, "splitg.%i.%i.g6", g->order, g->edge_count);
if (file_cache[i] != NULL) file_cache[n] = fopen(s, "w");
fclose(file_cachel[il); }
delete file_cache; return file_cache[n];
file_cache = NULL; }
}
} FILE *get_out_both(Graph *g)
{
FILE *get_out_stdout(Graph *g) if (file_cache == NULL)
{ {
return stdout; cache_size = g->order * g->order * ((g->order * (g->order-1)) / 2);
3} file_cache = new FILE*[cache_size];
memset (file_cache, 0, sizeof (FILE #*) * cache_size);
FILE *get_out_degree(Graph *g) }
{
if (file_cache == NULL) uint n = g->edge_count;
{
cache_size = g->order * g->order; if (file_cache[n] == NULL)
file_cache = new FILE*[cache_size]; {
memset(file_cache, 0, sizeof (FILE *) * cache_size); char s[50];
} sprintf(s, "splitg.% %i.%i.g6", g->order,

g->min_degree,
uint n = g->max_degree * g->order + g->min_degree; g->max_degree,

g->edge_count) ;
if (file_cache[n] == NULL) file_cache[n] = fopen(s, "w");



}

return file_cache[n];

int main(int argc, char *xargv)
uint smart_output = 0;

int optc;
char **optv;

Graph *g;
FILE *in = stdin;
begin_args(&argc, &argv, &optc, &optv);
while (next_arg(&argc, &argv, &optc, optv))
if (loptc) continue;
if (!stremp("q", optv[01))
}

else if (!strcmp("so", optv[0]))
{

88

smart_output = 1;

if (optc == 2)

{
if (!strcmp("degree", optv[1]))
smart_output = 1;
else if (!strcmp("edge", optv[i]))
smart_output = 2;
else if (!strcmp("both", optv[1]))
smart_output = 3;
else
{
cerr << "Unknown smart output option. Using ’degree’."
<< endl;
}
}

¥

FILE *(xout_func) (Graph *g) = NULL;

switch (smart_output)

{
case 1:
out_func =
break;
case 2:
out_func =
break;
case 3:
out_func =
break;
default:
out_func =
break;
}

while (!feof(in))
{

get_out_degree;

get_out_edge;

get_out_both;

get_out_stdout;

char bytes[518];

fgets(bytes, 517, in);
if (feof(in)) break;

if ((g = read_graph(bytes)) == NULL) break;

FILE *out = out_func(g);

if (out == NULL) break;

fprintf (out, bytes);

fflush(out);
free_graph(g);
}

free_cache();
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