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A Well-Known Problem

Public Domain

We install WLAN
routers in a home.

Adjacent routers
interfere.

The abstract problem
is of course
3-colorability.
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3-Colorability is Hard.

3-Colorability is a classical NP-complete problem.

Assuming P ≠ NP, it cannot be solved efficiently.

However
What happens, when the input has a tree-like decomposition and we
can apply divide and conquer?
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Divide and Conquer, First Attempt

Entzwei und gebiete!
TüchtigWort. –
Verein und leite!
Besserer Hort.

Johann Wolfgang Goethe
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Divide and Conquer, First Attempt

Sometimes divide and conquer can be
applied to 3-colorability.

Pick two appropriate vertices and consider
the 6 possible colorings.

A vertex screens part of the graph

and we can solve the problem recursively
on the independent parts.

It can happen that we have to remember
several vertices during the recursion.

Till Tantau Theorietag in Speyer, September 2015 5 / 48



Divide and Conquer, First Attempt

Sometimes divide and conquer can be
applied to 3-colorability.

Pick two appropriate vertices and consider
the 6 possible colorings.

A vertex screens part of the graph

and we can solve the problem recursively
on the independent parts.

It can happen that we have to remember
several vertices during the recursion.

Till Tantau Theorietag in Speyer, September 2015 5 / 48



Divide and Conquer, First Attempt

Sometimes divide and conquer can be
applied to 3-colorability.

Pick two appropriate vertices and consider
the 6 possible colorings.

A vertex screens part of the graph

and we can solve the problem recursively
on the independent parts.

It can happen that we have to remember
several vertices during the recursion.

Till Tantau Theorietag in Speyer, September 2015 5 / 48



Divide and Conquer, First Attempt

Sometimes divide and conquer can be
applied to 3-colorability.

Pick two appropriate vertices and consider
the 6 possible colorings.

A vertex screens part of the graph

and we can solve the problem recursively
on the independent parts.

It can happen that we have to remember
several vertices during the recursion.

Till Tantau Theorietag in Speyer, September 2015 5 / 48



Divide and Conquer, First Attempt

Sometimes divide and conquer can be
applied to 3-colorability.

Pick two appropriate vertices and consider
the 6 possible colorings.

A vertex screens part of the graph

and we can solve the problem recursively
on the independent parts.

It can happen that we have to remember
several vertices during the recursion.

Till Tantau Theorietag in Speyer, September 2015 5 / 48



Divide and Conquer, First Attempt

Sometimes divide and conquer can be
applied to 3-colorability.

Pick two appropriate vertices and consider
the 6 possible colorings.

A vertex screens part of the graph

and we can solve the problem recursively
on the independent parts.

It can happen that we have to remember
several vertices during the recursion.

Till Tantau Theorietag in Speyer, September 2015 5 / 48



Divide and Conquer, First Attempt

Sometimes divide and conquer can be
applied to 3-colorability.

Pick two appropriate vertices and consider
the 6 possible colorings.

A vertex screens part of the graph

and we can solve the problem recursively
on the independent parts.

It can happen that we have to remember
several vertices during the recursion.

Till Tantau Theorietag in Speyer, September 2015 5 / 48



Divide and Conquer, First Attempt

Sometimes divide and conquer can be
applied to 3-colorability.

Pick two appropriate vertices and consider
the 6 possible colorings.

A vertex screens part of the graph

and we can solve the problem recursively
on the independent parts.

It can happen that we have to remember
several vertices during the recursion.

Till Tantau Theorietag in Speyer, September 2015 5 / 48



Divide and Conquer, First Attempt

A game describes how we can proceed.
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Robbers and Coppers

Game Objective
The k cops try to catch a robber by being on the same vertex as her.

Game Rules

1. First the cops, then the robber pick a start vertex.

2. A cop gets on a helicopter and heads towards some vertex.

3. Meanwhile the robber moves along unoccupied vertices.
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Robbers and Coppers:
Two Cops Do Not Catch the Robber.
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Robbers and Coppers:
Three Cops Always Catch the Robber.
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The Cops’s Strategy = Tree Decomposition

The winning strategy of the cops forms a tree:

The nodes are positions of the cops.

The root is their initial position.

The children of a tree node are the graph components that could
contain the robber.
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Example of a Tree Decomposition of Width 2.
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Divide and Conquer, Second Attempt

Theorem
For a graphG let a tree decomposition of width k with n nodes be given.
Then we can decide in time

O(3k+1n)

whetherG is 3-colorable.

Theorem
For a graphG let a tree decomposition of width k with n nodes be given.
Then we can compute in time

O(2k+1n)

the largest independent set ofG.
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Why We Need Meta theorems.

Figure 4.2 

© 

Proof .  
Let ({X~ I i E I1},T1 -- (I1,FI)) be a tree-decomposition of G with treewidth < k, and 1/11 < n. By 
transforming nodes in T1 as in figure 4.3, one obtains a new tree-decomposition ({Xi  I i e I2}, T2 = (/2, F2)) 
of G with treewidth < k and [/21 _< 2n, and T is a binary tree. Let ( { ~  I i E I3}, T3 = (/3, E3)} be a tree- 
decomposition of T2, with T3 a binary tree with depth ~ 2 ~log~ [/2 [] ~ 2 [log~ (2n)], and treewidth of this 

tree-decomposition < 3, (cf. theorem 4.1.). Then ({Z~ I i E I3},Ta = (I3, E3)) with Z~ = I.J{Xj I J C l~} 
is a tree-decomposition of G, with the required properties. [] 

More-over, the tree-decompositions, indicated in theorem 4.1 and 4.2 can be found in logarithmic parallel 
time. Using the same technique as Miller and Reif [14], one can carry out the construction indicated in 
the proof of theorem 4.1 in O(log n) time on a CRCW PRAM using a linear number of processors. Using 
similar techniques as in [14], one can also obtain a probabilistic algorithm, that  uses O(log n) time and 
O(n/ log  n) processors. One easily sees tha t  the construction, indicated in the proof of theorem 4.2 can 
be carried out within the same time. Thus, we have the following result. 

T h e o r e m  4.3 
Given a graphs G = (V, E)  with treewidth(G) _< k = O(1), we can find a tree-decomposition ({Xi  [ i E 
I},  T = (I ,  F )  of G, with treewidth O(1), and T a binary tree with depth O(log n), with an NCl-algorithm. 

Hence, the sequential algorithms, proposed in [6] can be transformed to NC-algorithms in the following 
way. The TABLE's can be computed level by level: first compute the tables for all i E I with maximum 
distance to the root of T, then for all i E I with distance one sma~er, etc. Each step either takes O(1) 
time, or can be carried out in NC. After O(log n) such steps, we have found the table for the root of T. 
Finding the answer to the query then costs 0(1)  time, or is easily seen to be in NC. 

In a similar way, the (sequential) polynomial and linear time algorithms of Arnborg, Lagergren and 
Seese [3] can be transformed to NC-algorithms, using theorem 4.3 as a first step. We summarize the results 
in the following theorem. We use the terminology of Garey and Johnson [12]. When vertices and/or  edges 
have weights, these are assumed to be given in unary notation. 

T h e o r e m  4.4 
Each of the following problems is in NC, when restricted to graphs with treewidth < K,  for constant K: 
vertex cover [GT1], dominating set [GT2], domatic number [GT3], chromatic number [GT4], monochro- 
matic triangle [GTh], feedback vertex set [GTT], feedback arc set [GT8], partial feedback edge set [GT9], 
minimum mammal matching [GT10], partition into triangles [GTll] ,  partition into isomorphic subgraphs 

=~ 

t 

xi~ xi ~ 

Figure 4.3. 

for fixed H [GT12], partition into Hamiltonian subgraphs [GT13], partition into forests [GT14], parti- 
tion into cliques [GT15], partition into perfect matchings [GT16], clique [GT19], independent set [GT20], 
induced subgraph with property P (for monadic second order properties P) [GT21], induced connected 
subgraph with property P (for monadic second order properties P) [GT22], induced path [GT23], balanced 
complete bipartite subgraph [GT24], bipartite subgraph [GT25], degree bounded connected subgraph for 
fixed d [GT26], planar subgraph [GT27], transitive subgraph [GT29], uniconnected subgraph [GT30], 
minimum k-connected subgraph for fixed k [GT31], cubic subgraph [GT32], minimum equivalent digraph 
[GT33], Hamiltonian completion [GT34], Hamiltonian circuit [GT37], directed Hamiltonian circuit [GT38], 
Hamiltonian path (and directed Hamiltonian path) [GT39], subgraph isomorphism for fixed H, subgraph 
isomorphism for connected H with bounded valence [GT 48], graph contractability for fixed H [GT51], 
graph homomorphism for fixed H [GT52], path with forbidden pairs for fixed n [GT54], multiple choice 
matching for fixed J [GT55], graph grundy numbering for graphs with bounded valence [GT56], kernel 
[GT57], k-closure [GT58], path distinguishers [GT60], degree constrained spanning tree [ND1], maxi- 
mum leaf spanning tree [ND2], bounded diameter spanning tree [ND3], k'th best spanning tree for fixed 
k [NDg], bounded component spanning forest for fixed k [ND10], multiple choice branching for fixed m 
[ND11], Steiner tree in graphs [ND12], max cut [ND16], minimum cut into bounded sets [ND17], rural post- 
man [ND27], longest circuit [ND28], longest path [ND29], shortest weight-constrained path [ND30], k'th 
shortest path for fixed k [ND31], disjoint connecting paths for fixed k [ND40], maximum length-bounded 
disjoint paths for fixed J [ND41], maximum fixed-length disjoint paths for fixed J [ND42], chordal graph 
completion for fixed k, chromatix index, spanning tree parity problem, distance d chromatic number for 
fixed d and k, thickness _< k for fixed k, membership for each class C of graphs, which is dosed unded 
minor taking. 

5 R e m a r k s  and open  p rob lems  

One practical disadvantage of the sequential algorithms on graphs with small treewidth [3,4,7,6,18] is that 
of the large constants involved in the algorithms. For instance, Arnborg and Proskurowski gave a linear 
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All Problems Share one Property.

In 1990, Courcelle noted that all of the problems can be described in
monadic second order logic (MSO logic).
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A Logical Formula Specifying 3-Colorability.

⊧? ∃R ∃G ∃B ∀x∀y⏟⏟⏟⏟⏟⏟⏟
Pattern E1E1E1aa

(E(x, y) →
((R(x) ∧ ¬G(x) ∧ ¬B(x)) ∨
(¬R(x) ∧ G(x) ∧ ¬B(x)) ∨
(¬R(x) ∧ ¬G(x) ∧ B(x))) ∧
¬(R(x) ∧ R(y)) ∧
¬(G(x) ∧ G(y)) ∧
¬(B(x) ∧ B(y)))
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Classical Algorithmic Metatheorems.

Theorem (Courcelle)
Letφ be anMSO formula and k a number. Then

{G ∣ G ⊧ φ andG has tree width at most k}

can be decided in linear time.
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Proof Sketch

Step 1: The original question.

⊧ φ3-colorable ?
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Proof Sketch

Step 2: Compute a tree decomposition in linear time.
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Proof Sketch

Step 3: Adjust the formula so that it applies to the tree.

⊧ φ′
3-colorable ?
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Proof Sketch

Step 4: Transform the formula into a tree automaton.

∈ L(M3-colorable)?
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Proof Sketch

Step 5: Evaluate that automaton in linear time.

q0 q0 q0 q0

q0
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Step 5: Evaluate that automaton in linear time.

q3

q0

q2

q0 q0 q0

q5

q0
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Proof Sketch

Step 5: Evaluate that automaton in linear time.

q5 ∈ Qaccepting?

q3

q0

q2

q0 q0

q8

q0

q5

q0
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Classical Algorithmic Metatheorems.

Theorem (The General Pattern)

If

the problem can be described in a certain logic

and the input can be decomposed in a certain way,

then

there is a certain kind of algorithm for it.
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Classical Algorithmic Metatheorems.

Theorem (Courcelle)

If

the problem can be described inMSO logic

and the input has tree width at most k,

then

there is a linear time of algorithm for it.
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Classical Algorithmic Metatheorems.

Theorem (Bodlaender, Courcelle)

If

the problem can be described inMSO logic

and the input has tree width at most k,

then

there is a parallel algorithm running in timeO(log n).
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Classical Algorithmic Metatheorems.

Theorem (Courcelle, Makowsky, Rotics)

If

the problem can be described inMSO logic

and the input has clique width at most k,

then

there is a polynomial time algorithm for it.
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Classical Algorithmic Metatheorems.

Theorem (Frick, Grohe)

If

the problem can be described in FO logic

and the input is planar,

then

there is a linear time algorithm for it.
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Classical Algorithmic Metatheorems.

Theorem (Flum, Grohe)

If

the problem can be described in FO logic

and the input has a forbiddenminor,

then

there is a polynomial time algorithm for it.
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Beyond Time

While the classical theorems yield tight upper time bounds…

…they yield no completeness results.
The new metatheorems concern

space complexity and
circuit complexity

and yield completeness results.
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A Logspace Turing Machine

Input tape (read only), n symbols

3401234*3143223

Work tape, O(log n) symbols

42
M
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The Logspace Version of Courcelle’s Theorem.

Theorem (Elberfeld, T, Jakoby, 2010)
Letφ be anMSO formula and k a number. Then

{G ∣ G ⊧ φ andG has tree width at most k}

can be decided in logspace.
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The Low-Hanging Fruits.

Corollary
For all k, we can solve in logspace:

{G ∣ G is 3-colorable
andG has tree width at most k}.

{G ∣ G has a perfect matching
andG has tree width at most k}.

{(G, s, t) ∣ t is reachable from s
andG has tree width at most k}.

…

(Each result used to be a paper.)
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The High-Hanging Fruits.

Metatheorems make statements
about decomposable graphs.

For arbitrary graph, this may work:

If the graph is decomposable,
apply the metatheorem.

If the graph is not decomposable,
it must have many edges,
which we may use algorithmically.
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The Formula φ3 Describes the
Existence of Cycles Whose Length is a Multiple of 3.

⊧? ∃R ∃G ∃B ∀x∃y⏟⏟⏟⏟⏟⏟⏟
Pattern E1E1E1ae

(E(x, y)∧
((R(x) ∧ ¬G(x) ∧ ¬B(x)) ∨
(¬R(x) ∧ G(x) ∧ ¬B(x)) ∨
(¬R(x) ∧ ¬G(x) ∧ B(x))) ∧
(R(x) → G(y)) ∧
(G(x) → B(y)) ∧
(B(x) → R(y)))
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(R(x) → G(y)) ∧
(G(x) → B(y)) ∧
(B(x) → R(y)))
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Detecting Cycles Whose Length is a Multiple of 3.

Theorem
There is a logspace algorithm that on input of an undirected graphG
decides whetherG has a cycle whose length is amultiple of 3.

Proof.

1. Check, whether G has small tree width.

2. If yes, subdivide all edges and apply the metatheorem to φ4.

3. If no, output “yes”.

Thomassen has shown that all graphs of sufficiently large tree
width have a cycle whose length is a multiple of 3.

(A similar argument shows EVEN-CYCLE ∈ L.)
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Formulas in Existential Second-Order Logic Describe NP.

Theorem (Fagin, 1974)
A problem is in NP if, and only if,
it can be described by a formula in existential second-order logic.

However, E1E1E1aa suffices to describe NP-complete problems.

What about E1E1E1ae?

What about E1E1aa?

What about E1aa?

…

Canwe refine Fagin’s Theorem?
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An Very Hard-To-Prove Upper Bound

Theorem (Gottlob, Kolaitis, Schwentick, 2004)
E∗
1ae formulas describe problems in P over undirected loop-free graphs.
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E∗
1ae formulas describe problems in P over undirected loop-free graphs.

Proof.
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and let T ′, W ′
1, . . . , W ′

2l be the respective sets obtained from the second application.
Let

S := C ∪ Good(C) ∪ Bad(C) ∪ T ∪ T ′.

Note that |S| ≤ l + log(c) + c + 22l+1 = c2. For each subset U ⊆ S and each
i ≤ 2l , let Wi (U ) be the set of vertices of Wi that are connected positively with
the vertices in U and negatively with the vertices in S − U . Let W ′

i (U ) be defined
analogously. Then, for each i and U ⊆ S, the vertices in Wi (U ) (as well as those
in W ′

i (U )) are equivalent with respect to V . Therefore, the set A := B�� ∪ S and
the (≤ 2l+12c2 = c3) sets Wi (U ) and W ′

i (U ) partition V and actually witness that
G is (c3, c1 + c2)-special, the desired contradiction.

This completes the proof of the lemma.
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If, for some �-⊕-string s, there is a path p′ of pattern s from v to a vertex u in
Bs , consisting only of vertices in Neu(C), then one can obtain p by adding w j(u)+1
to p′. We call such a path p′ useful for v . Our goal is to show that a useful path for
v exists.

In any of the following situations, the existence of a useful path p′ follows.

—If v has a negative edge to a vertex u from B� or a positive edge to a vertex u
from B⊕, then p′ := v, u.

—If there is a positive edge between vertices u1 ∈ B�� and u2 ∈ B⊕⊕ and v
is connected by positive edges to the vertices in B��, then p′ can be chosen
as v, u1, u2. Analogously, if there is a negative edge between B�� and B⊕⊕.
Hence, in the following we can assume that there is no edge between B�� and
B⊕⊕ which implies that B�� = ∅ or B⊕⊕ = ∅.

—If there is a path q = z0, . . . , zl of pattern ⊕l in B⊕ and v is connected by
negative edges to the vertices in B⊕, then we can construct p as follows. Let
j = j(zl). As C is a mixed cycle, there is a j ′ such that pat(p j ′(w j )) = �⊕ j ′

.
Hence, we can choose p′ as v, zl− j ′, . . . , zl . An analogous construction can be
done if there is a path q of length l of pattern �l in B�.

—If there is a positive edge between two vertices, u1, u2 ∈ B�⊕ and v is connected
by negative edges to the vertices in B�⊕, then we can choose p′ = v, u1, u2.

—Analogously, if there is a negative edge between two vertices in B⊕� and v is
connected by positive edges to the vertices in B�⊕, then we can choose p′ =
v, u1, u2.

Let us therefore assume that none of these situations occur, that is,

—positive(v, B�), negative(v, B⊕),
—without loss of generality B⊕⊕ = ∅,
—there is neither a positive path of length l in B⊕ nor a negative path of length l in

B�, in particular, the positive graph induced by B�� has tree-width at most c1,
and

—B�⊕ is a negative clique and B⊕� is a positive clique.

Now we apply Lemma 6.9 to the bipartite graph G ′ with V1 := B⊕� and V2 :=
B�⊕ and the edges between these two sets induced from G. Hence, there is a path
of pattern (⊕�)l starting from and ending in a vertex from B⊕� or condition (b) of
Lemma 6.9 holds.

Assume first the existence of such a path q = z0, . . . , z2l and let j = j(z2l).
Recall that zi is in = B⊕�, for even i , and in B�⊕, for odd i . As the pattern of C
neither is of the form (�⊕)∗ nor of the form (�⊕)∗ we can assume that there is a
j ′, with 2 j ′ ≤ l, such that pat(p2 j ′+1(w j−1)) = ⊕(⊕�) j ′

or pat(p2 j ′+2(w j−1)) =
��(⊕�) j ′

. In the first case, we can choose p′ = v, z2l−2 j ′−1, . . . , z2l as a useful
path, in the second case p′ = v, z2l−2 j ′−2, . . . , z2l .

By switching V1 and V2 as well as � and ⊕, we get, again from Lemma 6.9, that
there is a path of pattern (�⊕)l starting from and ending in a vertex from B�⊕ or the
analogue of condition (b) holds for B�⊕. If there is such a path, we can construct
p′, analogously.

Hence, it remains to consider the situation where in both cases condition (b) holds.
Let T , W1, . . . , W2l be the sets obtained from the first application of Lemma 6.9
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H corresponds to a path vi0, xi0i1, vi1, xi1i2, . . . , vim with pattern (⊕�)m in G (where
xi j := x ji , for i < j). Note that, by construction, all the vertices xi j i j+1 are distinct.
It is easy to show that, as H is complete and has 2l vertices, it has a directed path
of length l. Hence, condition (a) holds in G.

Now we come back to the saturation problem.

LEMMA 6.10. Let P be a pattern graph and let c, l be integers. Then there
are constants k and t such that the following holds. If G is a �-⊕graph that is not
(k, t)-special and has a mixed self-saturating cycle C of length l of pattern different
from (�⊕)∗ and (�⊕)∗ with |Bad(C)| ≤ c and |Good(C)| ≤ log(|Bad(C)|), then
G ∈ SATU(P) via a coloring that extends the coloring of C.

PROOF. Let c1 be large enough such that a graph of tree-width >c1 always
contains a path of length l (cf. Proposition 5.11). Let c2 = l + log(c) + c + 22l+1

and c3 = 2l+12c2 . We prove by induction on c that a mixed self-saturating coloring
of a cycle C of length l can be extended to a legal coloring of G. If c = 0, then
Bad(C) is empty and there is nothing to prove. Let therefore c > 0. Let k ′ and t ′ be
the constants obtained from the statement of the Lemma for c′ = c − 1 and l ′ = l.
We set k = max(c3, 2lk ′) and t = max(c1 + c2, t ′ + l ′).

Let now G be a graph which is not (k, t)-special and let C = w1, . . . , wl be a
cycle with self-saturating coloring col. If |Bad(C)| < c, we are done by induction.
Hence, we can assume |Bad(C)| = c. We show that col can be extended to a legal
coloring of G. Let therefore v ∈ Bad(C).

By pm(w j ) we denote the path w j−m, w j−m+1, . . . , w j , where indices are modulo
l. We construct a saturating path p = v0, . . . , vm for v , for some m ≤ l, that is, a
path such that, for some j ,

—v0 = v ,
—vm = w j ∈ C ,
—{v0, . . . , vm−1} ∩ C = ∅, and
—pat(p) = pat(pm(w j )).

Given such a path, we can color the vertices vi via col(vi ) = col(w j−m+i ). Hence,
each vertex vi becomes saturated by vi+1. Let G ′ = G − {v0, . . . , vm−1}. Toward a
contradiction, assume that G ′ is (k ′, t ′)-special with partition A, A1 . . . , Ak ′ . Then
it follows that G is (2lk ′, t + l)-special by adding the vertices v0, . . . , vm−1 to A
and partitioning each set Ai , i > 0, into at most 2m ≤ 2l subsets with respect to the
polarity of their edges to v0, . . . , vm−1. By the choice of k and t , G would be (k, t)-
special, a contradiction. Therefore, G ′ is not (k ′, t ′)-special. As |Bad(C)| ≤ c − 1
in G ′, G ′ can be legally colored with a coloring which extends col, by induction.
By adding back {v1, . . . , vm} with their chosen colors, we get a legal coloring of G.

It remains to describe the construction of p. First, we choose a fixed extension
of col to the vertices of Neu(C) such that all of them are saturated and all of them
are colored with colors that also appear in col(C). For each u ∈ Neu(C), let j(u)
be such that u is saturated by w j(u)+1, in particular, col(u) = col(w j(u)).

For a �-⊕-string s let Bs be the set of vertices from Neu(C) which saturate via
paths of pattern s. More formally, Bs is the set of vertices u ∈ Neu(C) such that
pat(pi (w j(u))) = s, where i is the length of s. Note that, by definition, B� ∩ B⊕ = ∅
and that Bs ⊆ Bs ′ if s ′ is a suffix of s.
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first vertex of this part). Let the first vertex of the ⊕-part of pi−1 be denoted z0
(this one is connected negatively with its predecessor in pi−1), the second z1 and
the third z2 (recall that there are at least two positive edges). We replace p′

i by
∗, z2, ∗, z1, z0, ∗∗. We can set x0 = z1 and x1 = z2.

—If there is a subpath of type (1) with j ≥ 4, then we replace p′
i by

∗, v j+1, ∗, v0, . . . , v j−3, ∗∗ and set x0 = v j+1 and x1 = v0.
—If there are no subpaths of type (1) and there is a subpath of type (3) with j ′ = 2,

we replace p′
i by ∗, v2, v1, v0, ∗∗ and set x0 = v2 and x1 = v1.

—Otherwise, there must be a subpath of type (3) with j ′ ≥ 3. In this case, we
replace p′

i by ∗, v−1, v0, ∗, v2, ∗∗, if j ′ = 3 and by ∗, v−1, v0, ∗, v2, . . . , v j ′, ∗∗,
if j ′ > 3. In either case, we can set x0 = v2 and x1 = v0.

This completes the proof of Lemma 6.8.

6.3.2. Dealing with a Constant Number of Bad Vertices. From Lemma 6.8, we
can conclude that, whenever a nonspecial graph G has a self-saturating mixed cycle
of some size l then it has such a cycle C with |Bad(C)| ≤ c for some constant c that
only depends on l. In this section, we show that we can always extend the coloring
of C to a legal coloring of G.

We start with a combinatorial lemma that states a relationship between being
nonspecial and the existence of long paths of pattern (�⊕)∗ or (⊕�)∗ for complete
bipartite �-⊕-graphs. Let G be a complete bipartite graph with vertex partition
(V1, V2) and edge labels from {�, ⊕}. We call two vertices u, u′ ∈ V1 equivalent
with respect to a subset T ⊆ V2, if for each w ∈ T lab(u, w) = lab(u′, w).

LEMMA 6.9. Let l > 0 and let G be a complete bipartite graph with vertex
partition (V1, V2) and edge labels from {�, ⊕}. Then at least one of the following
two conditions holds.

(a) There is a path of pattern (⊕�)l starting from (and ending in) a vertex from
V1.

(b) The vertices in V1 can be partitioned into sets W1, . . . , W2l and there is a set
T ⊆ V2 of size at most 22l such that for all i ≤ l the vertices in the set Wi are
equivalent with respect to V2 − T .

PROOF. Consider the execution of the following algorithm on input G.

(1) T := ∅, choose v1 ∈ V1 arbitrarily
(2) FOR i := 2 TO 2l DO

—IF there exists w ∈ V1 not equivalent to any v j , j < i , with respect to V2 − T
—vi := w
—Pick for each j < i a vertex xi j ∈ V2 − T such that lab(vi , xi j ) �= lab(v j , xi j )
—T := T ∪ {xi j | j < i}

—OTHERWISE Stop

There are two possibilities how this algorithm might terminate. The first is that no
furher vertex w is found. Then every vertex in V1 is equivalent to one of the vi with
respect to V2 − T . As |T | < i2 after the execution of i steps, condition (b) follows.
In the other case, we get 2l vertices v1, . . . , v2l that are pairwise not equivalent with
respect to V2. Let H be the directed graph with vertex set {v1, . . . , v2l } and edges
defined as follows. For j < i there is an edge (v j , vi ) in H if lab(v j , xi j ) = ⊕. If
lab(v j , xi j ) = �, then there is an edge (v j , vi ) in H . A directed path vi0, . . . , vim in
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FIG. 12. Modification of two subpathsp′
1 = v ′

0, v0, z1, . . . , y1, v ′
6, v ′

7 and p′
2 = u′

0, u0, z2, . . . , y2, u′
6.

The new paths are p′′
1 = u′

0, u2, u1, u0, ∗, v2, v3, ∗ and p′′
2 = v ′

0, v0, z2, . . . , y2, u′
6.

—If negative(first(p1), z2) or negative(first(p2), z1), then we can construct paths
p′′

1 and p′′
2 in accordance with our general strategy but by using the prefix of p1

in the construction of p′′
2 and the prefix of p2 in the construction of p′′

1 . Hence,
we can replace p′

1 and p′
2 by p′′

1 and p′′
2 , respectively. Then, at least one of

first(p′′
1 ) and first(p′′

2 ) is connected negatively with its corresponding z. Hence,
one of these paths gives us suitable x0 and x1.

—Otherwise, we can replace the second vertex of p′
2 (that is, first(p2)) by first(p1)

and we can replace p′
1 by ∗, u2, u1, u0, ∗, v2, . . . , vm−4, ∗. We can choose

x0 = u2 and x1 = u1. See Figure 12 for an illustrating example.

This finishes the description of the case where all w0 are �-assistants.

—Now assume that all vertices first(pi ) are ⊕-assistants. This case is less
complicated than the one before. We may have subpaths of type (1) with
m − j ≥ 2 and of type 3 with j = 1 and j ′′ ≥ 2.

We distinguish five subcases.

—If there is a subpath pi = v0, . . . , vm of type (1) with j = 2, then we replace
p′

i by ∗, v0, ∗, v2, ∗∗ and we can set x0 = v2 and x1 = v0.
—If there is a subpath of type (1) with j = 3, we proceed as follows. First it should

be observed that none of the paths p′
i makes use of the ⊕m− j part (including the
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is, Neu(C) ⊆ Neu(D) ∪ Good(D). Therefore, it is sufficient to find a �-assistant
x0 of C and a ⊕-assistant x1 of C that have reversed polarity in D.

There are some easy cases in which such x0 and x1 can be found in C ′. In these
cases, we can simply set D := C ′.

—If in the construction of C ′ case (2) occurs at least once or case (3) occurs with
a pattern (�⊕) j� j ′⊕ j ′′

and j > 1, we can choose x0 = v2 and x1 = v1.
—If case (3) occurs with j = 1 and j ′ = 2, then we can also choose x0 = v2 and

x1 = v1.
—If case (3) occurs with j ′ = 1, j ′ > 2 and v0 is connected by a negative edge

to z, then we can again choose x0 = v2 and x1 = v1.

Otherwise, we have to modify C ′ to obtain D. Hence, in the following, we
can assume that only case (1) and case (3) with j = 1, j ′ > 2 and a positive
edge between v0 and z occur in the construction of C ′. An inspection of the
construction shows that in all these cases the vertex v0 saturates positively with
respect to C but negatively with respect to C ′. Hence, if the set of vertices first(pi )
contains �-assistants as well as ⊕-assistants with respect to C , then we are
done again.

Otherwise, we distinguish the two cases that all vertices first(pi ) are �-assistants
or that all of them are ⊕-assistants.

We write, in the following, Neu�(C) for the vertices of Neu(C) that are saturated
by some �-assistants of C and Neu⊕(C) for those that are saturated by some
⊕-assistants of C .

—First, assume all vertices first(pi ) are �-assistants.
Hence, all vertices in Neu⊕(C) are saturated by each single of these vertices
with respect to C ′.

If, for each vertex v ∈ Bad(C), there is a vertex in Neu�(C) that is connected
negatively to v , then C can be extended to a legal coloring of G. If this is not the
case, then there is a vertex v ∈ Bad(C) such that positive(v, Neu�(C)). Note that
v does not need to be a member of the clique K .

If a subpath of pattern (1) was used in the construction of C ′, then, as all first(pi )
are �-assistants, we can conclude that the pattern is of the form � j⊕. Hence, we can
construct D by replacing v ′

m of p′
i by v . As v is in Bad(C), we can be sure that we can

use it also as the first vertex of p′
i+1. All vertices from Neu�(C) are saturated by v .

Hence, we can assume that all subpaths are of the form (3) with j = 1 and j ′′ = 1.
If there is a subpath pi of this kind with j ′ = 2 (hence, pi = v0, . . . , v5), then we

can replace p′
i by ∗, v2, v1, v0, ∗ and we can choose x0 = v2 and x1 = v1 (= w1).

It remains the case where all pi are of type (3) with j ′ ≥ 3.
If all of them have j ′ = 3, then C is symmetric and we can simply choose D

as the reversal of C . In analogy to Lemma 6.7, it follows that G is in SATU(P).
The same can be done if C consists of only one subpath pi at all and this is of

the form (3).
The only remaining case is when there are at least two subpaths of type (3) and

at least one of them has j ′ ≥ 4.
Let, without loss of generality, p1 = v0, . . . , vm be a subpath of C with maximal

j ′ and let p2 = u0, . . . , um ′ . Let z1 and z2 denote the vertices that played the role
of z in the construction of p′

1 and p′
2, respectively.
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(iii) Finally, assume that neither of the above two cases holds. This implies that,
for each pair of vertices x, y of distance 2 on R, either negative(x, Ki )
and positive(y, Ki ) or positive(x, Ki ) and negative(y, Ki ). We conclude
that R can be written as a sequence a0, a1, a2, . . . , ag such that, for
each h, negative(a4h, Ki ), negative(a4h+1, Ki ), positive(a4h+2, Ki ), and
positive(a4h+3, Ki ). In particular, if the distance of two vertices x , y is a
multiple of 4, then they are connected to Ki in the same way.

In this case, we will choose z between x and y on R (in the natural sense).
The choice of x, y, z depends on the modulus of j ′ with respect to 4. If
(a) j ′ = 4s + 3, we choose x and y of distance 8s + 4 with positive(x, Ki )

and positive(y, Ki ) and z of distance 4s + 3 from x and 4s + 1 from y;
(b) j ′ = 4s + 1, we choose x and y of distance 8s with positive(x, Ki ) and

positive(y, Ki ) and z of distance 4s + 1 from x and 4s − 1 from y;
(c) j ′ = 4s + 2, we choose x and y of distance 8s with negative(x, Ki ) and

negative(y, Ki ) and z of distance 4s + 1 from x and 4s − 1 from y;
(d) j ′ = 4s, we choose x and y of distance 8s − 4 with negative(x, Ki ) and

negative(y, Ki ) and z of distance 4s − 1 from x and 4s − 3 from y.

In analogy with the cases (i) and (ii) above it can be seen that p′
i can be constructed

in each of the four cases.
This completes the description of the construction of C ′.

6.3.1.2. FROM C ′ TO D. To summarize, C ′ has the following properties.

—Bad(C) ⊆ Good(C ′) ∪ Neu(C ′), that is, all bad vertices with respect to C are
no longer bad with respect to C ′.

—On the other hand, it might be the case that some vertices from Good(C) and
Neu(C) are in Bad(C ′). We know that there are not many good vertices with
respect to C , as by assumption |Good(C)| ≤ log(|Bad(C)|). We only have to
worry about the vertices from Neu(C). Many of them may be bad with respect
to C ′, in fact it might even be the case that |Bad(C ′)| > |Bad(C)|. It will turn
out in the following that the existence of certain patterns in C guarantees that
no vertices from Neu(C) are in Bad(C ′). If none of these patterns occurs in C ,
we have to modify one or at most two subpaths of C ′.

Below, we show that at least one of the following statements holds.

—The coloring col of C can be extended to a legal coloring of G.
—|Bad(C ′)| < |Bad(C)|.
—There is a self-saturating cycle D with pat(D) = pat(C ′) = pat(C) such that

|Bad(D)| < |Bad(C)|.
We note again that, in the latter case, D will differ from C ′ only in at most two
subpaths.

The main idea to ensure the saturation of the vertices in Neu(C) is as follows.
Assume there are vertices x0 and x1 in C ∩ D, such that x0 is a �-assistant and
x1 is a ⊕-assistant with respect to C and both saturate in D via edges of opposite
polarity than in C (we say, that their polarity is reversed). As each vertex in
Neu(C) is saturated with respect to C by at most one of x0 and x1, it follows that all
vertices in Neu(C) are saturated by at least one of x0 and x1 with respect to D, that
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FIG. 11. Construction of p′
i from pi in case of pattern (3) (with j = 1, j ′ = 4), subcase (i). The

crucial point is here, that p′
i can be found, no matter the value of lab(v0, z).

(k, t)-special, by the choice of t and k, the negative graph G − (C ∪ Ki ∪ Qi ) has
tree-width more than t and therefore it contains a negative cycle R with at least
2l vertices. The path p′

i will start in Ki , traverse an initial part of pi in reverse
direction until v0, pass to a vertex z of R, follow R for a while and finally go back
to Ki . A difficulty lies in the fact that we neither know lab(v0, z) nor the labels of
edges between R and Ki in advance. If lab(v0, z) = ⊕ this edge can match the last
⊕ of the (�⊕) j part of pat(pi ). Otherwise, it can match the second � of the � j ′

part. To deal with this difficulty, we show that we can always find z in R such that

—there exist x, y in R and u, u′ in Ki with d(z, x) = j ′ − 2, d(z, y) = j ′
(distances counted on R) and lab(x, u) = lab(y, u′) = ⊕, or

—there exist x, y in R and u in Ki with d(z, x) = j ′ − 3, d(z, y) = j ′ − 1 and
lab(x, u) = lab(y, u′) = �.

Then we choose p′
i = ∗, v2 j , . . . , v0, z, . . . , x, u, ∗∗ if lab(v0, z) = �

or p′
i = ∗, v2 j−2, . . . , v0, z, . . . , y, u′, ∗∗, otherwise. See Figure 11 for an example

of the second case.
In order to prove the existence of z, we consider three subcases.

(i) If there exist vertices x and y on R with distance 2 on R and neither
positive(x, Ki ) nor positive(y, Ki ) holds, then we choose z on R that has
distance j ′ − 3 from x and distance j ′ − 1 from y.

(ii) If there exist vertices x and y on R with distance 2 on R and neither
negative(x, Ki ) nor negative(y, Ki ) holds, then we choose a vertex z on R
that has distance j ′ − 2 from x and distance j ′ from y.
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FIG. 10. Construction of p′
i from pi . (a) displays case (1) with j = 2, (b) shows case (2) with j = 2

and (c) shows case (3) with j = 1 and j ′ = 2. The path p′
i is indicated by thick lines.

which vertices from Ki are actually chosen we simply write ∗ for an arbitrary vertex
from Ki . Hence, for example, ∗, v0, . . . , v j−1, ∗m− j refers to a path which consists
of a vertex from Ki , followed by the subpath v0, . . . , v j−1 of pi and completed by
m − j vertices from Ki . In all cases, the path ends with an appropriate number of
vertices from Ki . We simply write ∗∗ to denote this terminal part of the path.

We distinguish between three main cases, depending on whether the pattern
of pi conforms to (1), (2) or (3). Case (3) splits into two subcases depending on
whether the second block of (negative) edges has length 2 or more. In the latter case
of more than two negative edges, there will be some further local case distinctions.
In all cases the verification of conditions (a), (c) and (d) is straightforward given
the respective constructions.

If pi conforms to (1) and pat(pi ) = � j⊕m− j , then we choose p′
i = ∗, v0, . . . ,

v j−1, ∗∗ (cf. Figure 10(a)).
If pi conforms to (2) and pat(pi ) = (�⊕) j⊕m−2 j , then we choose p′

i = ∗,
v2 j , . . . , v1, ∗∗ (cf. Figure 10(b)).

If pi conforms to (3), let j, j ′, j ′′ be such that pat(pi ) = (�⊕) j� j ′⊕ j ′′

(where j ′ > 1 and j, j ′′ ≥ 1). If j ′ = 2, we choose p′
i = ∗, v2 j , . . . , v0, ∗∗ (cf.

Figure 10(c)).
The remaining case is when j ′ > 2. This is the only case where we have to

consider other parts of the graph, besides C and Ki . As we assume that G is not
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If pat(C) matches (�⊕)∗ or (⊕�)∗, then we are done by Lemma 6.7. Therefore,
we assume in the following that this is not the case. Because of Lemma 6.6, we can
also assume |Good(C)| ≤ log(|Bad(C)|).

The proof consists basically of two parts. We first describe the construction of
a cycle C ′ which almost has the desired properties. In the second part, it might be
necessary to modify C ′ slightly to obtain D. The construction maintains pat(C) =
pat(C ′) = pat(D).

To be more precise, the cycle C ′ will saturate all vertices in Bad(C) directly,
that is, we get Bad(C) ⊆ Good(C ′) ∪ Neu(C ′). It might happen that some vertices
in Good(C) are no longer saturated by C ′ but this does not hurt too much as
|Good(C)| ≤ log(|Bad(C)|). Nevertheless, there are some cases, depending on
pat(C), in which it can not be guaranteed that the vertices of Neu(C) are saturated
by C ′. These are the cases where we need to modify C ′ to get the desired cycle D.
Otherwise we can simply set D := C ′. The modification will be conservative in the
sense that the vertices from Bad(C) are guaranteed to be in Good(D) ∪ Neu(D).

6.3.1.1. CONSTRUCTION OF C ′. By the choice of c, Bad(C) contains a positive
or negative clique K of size l. As pat(C) is neither of the form (�⊕)∗ nor of the form
(⊕�)∗, a simple induction shows that we can partition C into subpaths p1, . . . , pn
such that each subpath conforms to exactly one of the regular expressions

(1) ��+⊕+,
(2) (�⊕)+⊕+, or
(3) (�⊕)+��+⊕+.

Here, as usual r+ stands for rr∗. Besides the choice of the first subpath, this
partitioning is unique. Note that each subpath starts with � and ends with ⊕. In
particular, all vertices first(pi ) saturate positively.

For each subpath pi , we construct a path p′
i such that the following statements

hold.

(a) ∅ �= p′
i ∩ C ⊆ pi − {last(pi )};

(b) last(p′
i ) = first(p′

i+1)
(c) pat(p′

i ) = pat(pi );
(d) There is a vertex v in pi ∩ p′

i which has reversed polarity in p′
i compared to pi

(i.e., the label between v and its successor is different in p′
i and in pi );

Conditions (a) and (b) guarantee that the p′
i can again be concatenated to a

cycle C ′. Condition (c) ensures that this cycle has the same pattern as C . Let pi
consist of v0, . . . , vm and p′

i of v ′
0, . . . , v ′

m . We color each vertex v ′
i by col(vi ). The

last condition ensures that the vertices of Bad(C) can be directly saturated by this
coloring of C ′. Note, that the latter condition is already guaranteed by each single
subpath p′

i .
We construct the paths p′

i inductively. It should be noted first, that in the con-
strucion of p′

i the first vertex of p′
i can always be chosen arbitrarily from K . In

particular, it can always be chosen in a way that ensures condition (b). Hence, we
only need to care about conditions (a), (c) and (d).

Let i > 0. Let Qi denote the set
⋃i−1

j=1 p′
j , let Ki := K − Qi and let pi =

v0, . . . , vm . We will describe the construction of p′
i = v ′

0, . . . , v ′
m . In most cases, p′

i
will consist of vertices of pi and of vertices from Ki . As it does not make a difference
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The following lemma guarantees that the number of good vertices is small com-
pared to the number of bad vertices unless the coloring of C can be extended to a
saturating coloring.

LEMMA 6.6. If |Good(C)| > log(|Bad(C)|), then the coloring of C can be
extended to a legal coloring of G.

PROOF. We color the vertices of Neu(C) such that they are saturated directly
by C . Then, we ensure that all vertices from Bad(C) are saturated by vertices
from Good(C). We proceed inductively as follows: Initialize A := Good(C) and
B := Bad(C). We repeat the following until A is empty. We pick a vertex v from
A. If at least half of the vertices of B are connected to v by a positive edge, then we
color v such that it saturates positively. Otherwise, we color v such that it saturates
negatively. In either case, v saturates at least half of the vertices in B. We delete v
from A and delete the vertices saturated by v from B. Clearly, the size of B after
each step is at most half the size as before. Hence, after log(|Bad(C)|) < |Good(C)|
steps all vertices are saturated.

In a similar fashion, we can deal with the particular case where �-edges
and ⊕-edges occur alternatingly in C . Before we formally prove this state-
ment, we introduce some more notation that will be used in the subsequent
proofs. Recall that if p = v0, . . . , vm is a path, pat(p) denotes the �-⊕-string
lab(v0, v1) · · · lab(vm−1, vm). For a regular expression e over {�, ⊕}, we say that p
matches e if the string pat(p) matches e in the usual sense. Analogously, if we view
C = v0, . . . , vm as a cycle, we define pat(C) as pat(v0, . . . , vm, v0).

LEMMA 6.7. If pat(C) matches (�⊕)∗ or (⊕�)∗, then G ∈ SATU(P).

PROOF. If |Good(C)| ≥ |Bad(C)|, then the statement follows from Lemma 6.6.
Otherwise, we take the reversal of C as C ′. It is easy to see that Neu(C) ⊆
Neu(C ′) ∪ Good(C ′) and Bad(C) ⊆ Good(C ′), hence |Good(C ′)| ≥ |Bad(C ′)|
and the statement follows, again by Lemma 6.6.

6.3.1. Reducing the Number of Bad Vertices

LEMMA 6.8. For each l > 0, there are c, k, t such that the following holds. If
G is not (k, t)-special, C is a self-saturating mixed cycle of G of size at most l with
a coloring col and |Bad(C)| > c, then either col can be extended to a legal coloring
of G or there is a mixed self-saturating cycle D in G with pat(D) = pat(C) and
|Bad(D)| < |Bad(C)|.

PROOF. Let c be large enough such that each�-⊕-graph with c vertices contains
a negative or a positive clique of size l; such a c is guaranteed to exist by Ramsey’s
classical theorem. Let t be large enough such that each graph of tree-width larger
than t contains a cycle of length at least 2l and let k = 3l.

Let G be a graph which is not (k, t)-special and let C = w1, . . . , wl be a cycle
self-saturated by a coloring col and witness function f (wi ) = wi+1.

Although the vertices in Bad(C) are the troublesome vertices, they will play
an important role in the construction of D. The reason for this is that a lot of
information can be deduced from knowing that a vertex is bad; specifically, if
a vertex v is in Bad(C), then we can derive the labels of all edges between v
and C .
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FIG. 9. Vertex u1 is bad with respect to the cycle C = w0, w1, w2, w3, w4. Vertex u2 is neutral as
it can only be saturated by w3. Vertex u3 is good as it is saturated by the ⊕-assistant w1 and the
�-assistent w0. Only the relevant edges are shown.

a self-saturating mixed cycle C ′ such that all vertices from Bad(C) are directly
saturated by C ′ or the coloring of C can be extended to a saturating coloring of
G. By slightly modifying this construction, we can get a self-saturating cycle D
such that actually |Bad(D)| < |Bad(C)| (Lemma 6.8). By repeatedly applying
Lemma 6.8, we arrive at a self-saturating cycle C for which |Bad(C)| < c.

Second, Lemma 6.10 shows that this constant number of remaining vertices can
be saturated along suitable paths in G.

Let, in the following, P be a fixed pattern graph, let k and t be chosen large
enough, let G be a �-⊕-graph that is not (k, t)-special and let C = w1, . . . , wl be
a mixed cycle that is self-saturated with respect to P for some coloring col.

We continue by defining a few additional notions and establishing some notation
that will be used in the sequel. If, for some i ≤ l, lab(wi−1, wi ) = ⊕ (respectively,
�), we say that wi saturates positively (respectively, negatively). We say that wi is
a ⊕-assistant (�-assistant) if lab(wi−1, wi−2) is ⊕ (respectively, �).

For a vertex v that is not bad with respect to C , there might exist several vertices wi
that can saturate v . If v can be saturated directly by a 0-assistant and a 1-assistant,
then we can choose whether v itself can saturate other vertices via positive or
negative edges. As this gives us some additional flexibility, we call such vertices
good with respect to C .

Vertices that are neither good nor bad are called neutral with respect to C .
We write Good(C) and Neu(C) for the sets of vertices that are good and neutral,
respectively. Figure 9 exemplifies the definition of Good(C), Bad(C), and Neu(C).

As stated above, good vertices give us an additional flexibility in extending
colorings. On the other hand, if we know that a vertex v is not good and can
saturate only via, say, positive edges, we know it is not directly saturated by
any �-assistant. Hence, for each �-assistant wi , we can infer the polarity of the
edge between v and wi . This knowledge will be useful in the construction of a
better cycle.
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To this end, let s ∈ {1, . . . , km} be chosen such that lab(vi1+s−1, vi1+s) �=
lab(vi1+km−1, vi1+km). Such an s exists because, by the assumption of Case 2,
no m consecutive edges in C carry the same label. As lab(vi1+km−1, vi1+km) =
lab(vi j ′+km−1, vi j ′+km), for each j ′ ≤ lm, we can conclude from (b) that, for each
j ′ < lm, lab(vi1+s−1, vi1+s) = lab(vi1, vi j ′+km−1).

To simplify notation, we set wi := vi1+i , for each i ∈ {0, . . . , km}. Our goal is
to construct C ′ = v ′

0, . . . , v ′
km−1 such that the following holds.

(i) pat(v ′
0, . . . , v ′

km−1−s) = pat(ws, . . . , wkm−1);
(ii) lab(v ′

km−1−s, v ′
km−s) = lab(wkm−1, wkm);

(iii) pat(v ′
km−s, . . . , v ′

km−1) = pat(w0, . . . , ws−1);
(iv) lab(v ′

km−1, v ′
0) = lab(ws−1, ws)

If we color the nodes v ′
i in accordance with this correspondence, we get a self-

saturating coloring of the cycle C ′, as, for each j < km, w j is saturated by w j+1.
Note that the coloring of v ′

km−s is unambigous as we have col(w0) = col(wkm).
The vertices v ′

i , i = 0, . . . , km − 1 − s, are inductively chosen as follows:
Each v ′

i will be a vertex vi j + i , for some j . Let v ′
0 = vi1 . Now assume that

v ′
i = vi j +i is already selected and i < km − 1. Recall that lab(vi j +i , vi j +i+1) �=

lab(vi j +i , vi j+1+i+1). Hence, we can ensure lab(v ′
i , v ′

i+1) = lab(ws+i , ws+i+1) by
either choosing v ′

i+1 as vi j +i+1 or as vi j+1+i+1.
In an analogous fashion, we choose the vertices v ′

km−s, . . . , v ′
km−1, such that

(i)–(iii) hold. As stated above, the choice of s guarantees lab(vi1+s−1, vi1+s) =
lab(vi1, vi j +km−1), for each j , hence we can also conclude (iv).

The construction is exemplified in Figure 8(c). This concludes the proof of the
second case.

6.3. EXTENDING A LEGAL COLORING OF A CYCLE. This section is devoted to
the proof that, for each pattern graph P there exist k and t , such that, for each
�-⊕-graph G which is not (k, t)-special but has a self-saturating cycle it holds
that G ∈ SATU(P). This is actually the most complicated part of the proof of
Theorem 6.2.

If C = w1, . . . , wl is a self-saturating mixed cycle of a graph G with a fixed col-
oring, we say that C saturates a vertex v �∈ C directly, if lab(v, wi ) = lab(wi−1, wi ),
for some i , that is, v is saturated by some wi . Here, as always in the following,
arithmetic within the subscript of the vertices wi is modulo l; hence, all indices are
from {0, . . . , l − 1}.

In principle, a graph might be saturated by using several self-saturating (mixed
and pure) cycles and extending their colorings via paths of various lengths. However,
we show in the following that if there is a saturating coloring involving a mixed
cycle at all then there exists a coloring with one self-saturating cycle C which
saturates almost all other vertices directly. Only for a constant number of vertices,
depending on the pattern graph, there might be the need for a saturating path. But
the lengths of these paths are bounded by a constant, too.

We call a vertex v �∈ C bad with respect to C if it is not directly saturated by C .
The set of all such vertices is denoted Bad(C).

We proceed in two main steps.
First, we show that there is a constant c depending on P , k and t such that for

each self-saturating mixed cycle C that has more than c bad vertices there exists
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FIG. 8. Construction of C ′ (right hand side) from C (left hand side). km = 5. Colors are 1, 2, 3, 4, 5.
Thick lines indicate the self-saturating cycle. Solid lines carry ⊕, dashed lines �, dotted lines represent
subpaths. Some vertex names are omitted to improve readability.

two such vertices at the same relative positions. By taking the subpaths between
(and including) these two vertices, we get paths pi with the properties stated in the
claim. Recall that each pi contains �-edges and ⊕-edges.

Without loss of generality, i1 < i2 < · · · < ilm .
If for some j < lm and some s < km it holds lab(vi j +s, vi j+1+s+1) = lab(vi j +s,

vi j +s+1), then we get a smaller self-saturating cycle C ′ by eliminating the vertices
vi j +s+1, . . . , vi j+1+s from C (cf. Figure 8(a)).

On the other hand, if for some j ≤ j ′ ≤ l it holds lab(vi j , vi j ′+km−1) =
lab(vi j ′+km−1, vi j ′+km), then vi j , . . . , vi j ′+km−1 defines a smaller self-saturating cycle
(cf. Figure 8(b)).

Hence, we can assume that

(a) for each j < lm and for all i < km,

lab(vi j +i , vi j+1+i+1) �= lab(vi j +i , vi j +i+1),

and
(b) for each j ≤ j ′ ≤ lm,

lab(vi j , vi j ′+km−1) �= lab(vi j ′+km−1, vi j ′+km).

We show next how this can be used to construct a self-saturating mixed cycle
C ′ = v ′

0, . . . , v ′
km−1 consisting only of vertices from {vi1, . . . , vitm+km}.
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and δi := j ′ − j . There are at least l2 subpaths Pi with the same value of δi . Let δ
denote this value.

If there exists a path Q from v0 to vm such that

(1) the length of Q is m − jδ, for some j ≤ l2,
(2) all intermediate vertices of Q are from {v1, . . . , vm−1}, and
(3) all edges of Q carry the label ⊕
then we can construct a self-saturating mixed cycle of length n − jδ by simply
replacing the path v0, . . . , vm in C by Q and coloring the vertices of Q according
to v0, . . . , vm but skipping all vertices of sets Ji , i < j .

A first immediate consequence is that we are done if there exists an edge with
label ⊕ between vertices vi and vi+δ+1, for some i < m − δ −1. Hence, we assume
in the following that all such edges have label �.

As C is a mixed cycle there is a closed mixed (directed) path in P . A straightfor-
ward argument shows that there must be such a path w0, . . . , wt−1 of some length
t ≤ l + 1. Let c1 be the number of �-edges on this path and c2 the number of
⊕-edges. Of course, c1 + c2 = t . Without loss of generality, we may assume that
the wi are numbered such that the edge in P from wt−1 and w0 has label �. Let
c′ := (c1 − 1)(δ − 1) + c2. Note that c′ ≤ l2. Consider the edges between vic′ and
vic′+c′ , for i = 0, . . . , δ − 1. If all these edges have label ⊕, there is a path Q of
length m − (c′ − 1)δ from v0 to vm with the above properties (1)–(3).

Hence, we may assume that there is a i ≤ δ − 1 such that the label between
vic′ and vic′+c′ is �. We can construct a mixed self-saturating cycle v ′

0, . . . , v ′
m−1 as

follows.
Let v ′

0 := vic′ . Now let v ′
j be already chosen, for a j < t − 1, as some vi ′ . We

set v j+1 := vi ′+1 if the label between w j and w j+1 has label ⊕, v ′
j+1 := vi ′+δ+1,

otherwise. By the definition of c1, c2 and c′, we get v ′
t−1 = vic′+c′ . As the label

between vic′ and vic′+c′ is �, the cycle C ′ = v ′
0, . . . , v ′

t−1 is self-saturating according
to w0, . . . , wt−1.

This completes the proof of Case 1.

Case 2. Every subpath of C of length m contains �-edges and ⊕-edges.

Claim. There exist k ≤ l and lm edge-disjoint subpaths p j = vi j , . . . , vi j +km ,
j ∈ {1, . . . , lm}, such that

—all subpaths are colored identically, that is, for all j, j ′ ≤ lm and s ≤ km,
col(vi j +s) = col(vi j ′+s),

—all subpaths have the same pattern, that is, for all j, j ′ ≤ lm, pat(vi j , . . . ,
vi j +km) = pat(vi j ′ , . . . , vi j ′+km), and

—for each j ≤ lm, col(vi j ) = col(vi j +km).

To prove this claim, consider the p := lm(2l)lm+1 paths q j = v jlm, . . . , v jlm+lm ,
j = 0, . . . , p − 1 of length lm of C . As each vertex vi carries one of l colors
and each edge is positive or negative, there are only (2l)lm+1 different possibilities
of vertex colorings or patterns of a path of length lm. Hence, there exist lm paths
q j1, . . . , q jlm with the same coloring and pattern. Again, as there are only l colors, at
least two of the l +1 vertices v ji lm, v ji lm+m, . . . , v ji lm+lm must have the same color,
for each i ≤ lm. As the paths are colored identically, we can select in each path
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the statement of the Lemma. Let A, A1, . . . , Ak ′ be the partition of G as computed
by the algorithm of Lemma 6.3. Let l be the number of vertices in P . For each
i ∈ {1, . . . , k ′}, let A′

i := Ai , if |Ai | ≤ 2l, or let A′
i consist of arbitrarily chosen 2l

vertices from Ai , otherwise. The computation of the A′
i clearly works in polynomial

time. Let G ′ be the subgraph of G which is induced by A and A′
1, . . . , A′

k ′ . As each
set A′

i has at most 2l elements, the tree-width of the positive graph of G ′ or the
negative graph of G ′ is at most t ′ = t + 2k ′l.

It remains to show that G ′ ∈ SATU(P) if and only if G ∈ SATU(P).
Assume G ′ ∈ SATU(P). Then, by definition, there is a legal coloring of G ′ with

respect to P . Let i ≥ 1, let vi be some node in A′
i and let p be the color of vi in the

coloring of G ′. Then all vertices v from Ai − A′
i can be colored by p as they are

related to all vertices of G ′ exactly as vi . In particular, we can set wit(v) = wit(vi ).
For the opposite direction, assume that G ∈ SATU(P). Then there is a legal

coloring of G with respect to P . Let, for each i ≥ 1, Fi be the set of colors which
occur in Ai . The vertices of A′

i are colored as in G, if A′
i = Ai or such that each

color from Fi is used at least twice. Assume v ∈ G ′ and v is saturated in G by a
vertex u ∈ Ai , for some i . If v �∈ Ai , then v can be saturated in G ′ by a vertex of A′

i
with the same color as u. Now assume v ∈ Ai . If A′

i = Ai then v can be saturated
in G ′ by u. Otherwise, there exists at least one vertex different from v in A′

i that has
the same color as u and saturates v . This completes the proof of the lemma.

Remark 6.1. By a similar proof it can be shown that, for each k and t , model-
checking of MSO-formulas for (k, t)-special graphs is in PTIME.

6.2. EXISTENCE OF SMALL SELF-SATURATING CYCLES. The next lemma shows
that whenever a graph G has a self-saturating mixed cycle with respect to a pattern
graph P then it also has a constant-bounded self-saturating mixed cycle.

LEMMA 6.5. Let P be a pattern graph. There is a constant d such that whenever
a �-⊕-graph G has a self-saturating mixed cycle with respect to P then it has such
a cycle with at most d vertices.

PROOF. Let l be the number of vertices of P . Let m := l4 and d :=
(lm)2(2l)lm+1 + 2. Let C = v0, . . . , vn−1 be a self-saturating mixed cycle of G
with respect to P of length n > d and let col be a corresponding coloring function.
Without loss of generality, we can assume that the edges between vn−2 and vn−1 on
one hand and between vn−1 and v0 on the other hand have different labels.

We will show that there is a smaller self-saturating mixed cycle C ′ which actually
only consists of vertices of C . We construct C ′ either by skipping one subpath of
v1, . . . , vn−1 in C or by combining some vertices of C in an entirely new way,
resulting in a small mixed cycle. In the former case, the edges between vn−2 and
vn−1 and between vn−1 and v0, respectively, guarantee that C ′ is mixed.

We distinguish two cases.

Case 1. C has a subpath vk, . . . , vk+m of length m in which all edges have the
same label.

Without loss of generality, we may assume this label is ⊕. For notational conve-
nience, we also assume k = 0. The general case is completely analogous.

We consider the l3 paths Pi = vil, . . . , v(i+1)l , for all i ∈ {0, . . . , l3 −1}. As there
are only l colors for each Pi , there are j < j ′ ≤ l such that vil+ j and vil+ j ′ have the
same color. For each i , we choose such j and j ′ and let Ji := {vil+ j+1, . . . , vil+ j ′ }
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—In Section 6.2, it is shown that for each pattern graph P there is a constant c such
that whenever a graph G has a self-saturating mixed cycle with respect to P it
already has one of size at most c. Therefore, if Step 3(a) of the algorithm does not
find a self-saturating cycle (for suitable choice of c) there is no self-saturating
cycle at all in G.

—Finally, in Section 6.3, we show that if a graph that is not (k, t)-special has a
self-saturating mixed cycle with respect to P then it is already in SATU(P). This
justifies acceptance in Step 3(b) of the algorithm. On the other hand, if 3(a) fails
then G can not be saturated impurely, hence the correctness of Step 3(c) follows
from Theorem 5.17.

6.1. THE SATURATION PROBLEM FOR SPECIAL GRAPHS. We show first, that,
for each fixed choice of P , c, k and t , the first two steps of Algorithm 6.1 can be
performed in polynomial time. We call two vertices v and v ′ of a �-⊕-graph G =
(V, E�, E⊕) equivalent if, for all vertices w in V −{v, v ′}, lab(v, w) = lab(v ′, w).

LEMMA 6.3. For each k and t it can be checked in polynomial time whether
a �-⊕-graph G is (k, t)-special. Furthermore, a corresponding partition can be
constructed in polynomial time.

PROOF. The algorithm works as follows.

for each k ′ ≤ k, each tuple (v1, . . . , vk′ ) of pairwise distinct vertices of G
and each j ∈ {0, . . . , k ′}

B := V − {v1, . . . , vk′ }
for i = 1 to j do

Ai := {vi }∪ all vertices from B that are equivalent to vi and
connected to vi via a positive edge

B := B − Ai

end
for i = j + 1 to k ′ do

Ai := {vi }∪ all vertices from B that are equivalent to vi and
connected to vi via a negative edge

B := B − Ai

end
if the negative graph on B or the positive graph on B has tree-width ≤ t ,

then accept
end
Reject

For fixed k, this algorithm runs in polynomial time. It is straightforward to verify
that it recognizes (k, t)-special graphs correctly. In particular, if u �= u′ are in
Ai , distinct from vi then the edge between u and u′ has the same polarity as the
edges between u and vi and between u′ and vi , respectively. Therefore, each Ai is
a (positive or negative) clique.

LEMMA 6.4. There is an algorithm which tests, for each fixed choice of k, t and
a pattern graph P, in polynomial time whether a (k, t)-special input graph G is in
SATU(P).

PROOF. We describe how a (k, t)-special graph G can be transformed in poly-
nomial time into a graph G ′ of tree-width t ′ (only depending on k, t and P but
not on G) that is equivalent to G with respect to SATU(P). As G ′ ∈ SATU(P)
can be tested in polynomial time in accordance with Corollary 5.5, this implies
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are used with negative in place of positive. We write uni(A, B) to indicate that all
edges between a set A and a set B have the same label, no matter which.

A sequence v1, . . . , vl of (pairwise different) vertices of G determines a path p of
G which consists of all edges {vi , vi+1}, i < l. We write pat(p) for the �-⊕-string
lab(v0, v1) · · · lab(vl−1, vl). By adding the edge {vl, v1}, the path p also determines
a cycle C of G. To simplify notation we refer to paths and cycles by only listing their
constituting vertices. We write first(p) and last(p) to refer to v1 and vl , respectively.
We call a cycle C = v1, . . . , vl self-saturating with respect to a pattern graph P ,
if there is a coloring col of the vertices of C , that has the function f , defined by
f (vi ) = vi+1 as a witness function. Here, as in the following, arithmetic on indices
is modulo l, hence vl+1 = v1. A cycle is called mixed if it contains positive and
negative edges.

Now we turn to the definition of the generalization of constant-bounded tree-
width. For integers k and t , we call a �-⊕-graph G (k, t)-special if its set of vertices
can be partitioned into sets A and A1, . . . , Ak such that the following conditions
hold.

—The positive graph of A or the negative graph of A has tree-width at most t .
—For each i ≤ k, Ai is either a negative clique or a positive clique (or might be

empty).
—For each i and each vertex v , uni(v, Ai ).

The Algorithm. Next, we give a high-level description of the algorithm for the
general SATU(P) problem. Its input consists of a pattern graph P , a �-⊕-graph
G and constants c, k and t . The algorithm only decides SATU(P) correctly, if c, k
and t are chosen appropriately with respect to P . For the complexity analysis, P ,
c, k and t will be considered as fixed.

Algorithm 6.1

(1) Test whether G is (k, t)-special using the algorithm of Lemma 6.3 below.

(2) If G is (k, t)-special, then test whether G ∈ SATU(P) using the algorithm of Lemma 6.4 below.

(3) If G is not (k, t)-special
(a) Test whether G has a mixed cycle C of size ≤c that has a legal coloring with respect to P .
(b) If this is the case, accept.
(c) Otherwise, call the algorithm that was given in the proof of Theorem 5.17 above.

Now we can state the main result of this section which immediately implies
Theorem 4.8.

THEOREM 6.2. For each pattern graph P, there are constants k, c and t such
that Algorithm 6.1 decides SATU(P) correctly. Furthermore, for each choice of P,
k, c and t, Algorithm 6.1 runs in polynomial time.

Theorem 6.2 will be proven in the remainder of the section. The proof consists
of a series of lemmas and is spread over three subsections.

—In Section 6.1, we show that, for fixed k and t , whether a graph G is (k, t)-special
can be checked in polynomial time, and, for fixed k, t and P , whether a (k, t)-
special graph is in SATU(P) is also decidable in polynomial time. Therefore,
for each fixed choice of P , k and t , the first two steps of the algorithm can be
performed in polynomial time.

Existential Second-Order Logic Over Graphs 343

By Lemma 5.3, G ∈ SATU(P) iff Gc ∈ SATU(P•). Note that all pure cycles of
P• are positive. Checking whether Gc ∈ SATU(P•) can thus be done in accordance
with Case 2.

The three cases exhaustively cover all possibilities; thus the algorithm effectively
decides whether G ∈ SATU(P). Moreover, determining whether G ∈ SATU(P) is
feasible in quadratic time (in the size of the input G).

6. The Saturation Problem for General Pattern Graphs

In this section, we show that SATU(P) is in PTIME, for each pattern graph P .
The proof is similar in spirit to the proof for pure pattern graphs but the details
are a bit more complicated. Similar to Section 5, cycles in the graph G will play
an important role. But in this section we have to focus on the existence of mixed
cycles, that is, closed “paths” consisting of edges and nonedges. Again, we give an
algorithm which distinguishes between two main cases. In the first case, the input
graph G has a special structure which is a slight generalization of constant-bounded
tree-width. We show that on such graphs the SATU(P) test can be easily reduced
to the case of graphs of constant-bounded tree-width. On the other hand, we show
that if a graph does not have this special structure, then (1) a legal coloring of a
mixed cycle can always be extended to a legal coloring of the whole graph and (2)
a graph with a legally colorable mixed cycle always contains a legally colorable
mixed cycle of constant-bounded size that depends only on P . Hence, in the second
case the SATU(P) test essentially boils down to checking for the existence of a
legally colorable mixed cycle of constant-bounded size and, if no such cycle exists,
calling the procedure of Section 5.

Notation. Before we define the notion of special graphs that is needed for our
purposes, we introduce some more notation. Let P be a pattern graph. Edges of P
that are labelled with � are called �-edges and edges labelled with ⊕ are called
⊕-edges. It will be convenient to view an input graph G = (V, E) as a complete,
undirected, self-loop free graph where the edges carry labels � or ⊕. The ⊕-labelled
edges are those from E and the �-labelled edges are those that are not in E . In
this view, we call G �-⊕-labelled and refer to the set of �-labelled edges and the
set of ⊕-labelled edges as E� and E⊕, respectively. To emphasize the symmetry
of the two kinds of labels and to support intuition, we will often call �-labelled
edges negative edges and ⊕-labelled edges positive edges. In figures, ⊕-edges will
be depicted by solid lines, �-edges by dashed lines. To summarize, we use the
following equivalent notations.

edge in E ≡ label ⊕ ≡ —— ≡ positive
edge not in E ≡ label � ≡ – – – ≡ negative

We write lab(v, w) to refer to the label of the edge between v and w . Hence
lab(v, w) ∈ {�, ⊕}, for each pair of vertices v �= w . To indicate that lab(v, w) = ⊕
we sometimes also write positive(v, w). If positive(v, w) for all vertices w of some
set A, we also write positive(v, A). If all vertices from a set A are connected by a
positive edge with all vertices from B, then we write positive(A, B). If all edges be-
tween vertices of A are positive, we call A a positive clique. For a set A of vertices,
we call the graph (in the standard sense) which consists of all vertices of A and the
edges of E⊕ between vertices of A the positive graph of A. Analogous notations
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Definition 5.16. Let P = (Colors, Arcs) be a pattern graph and G = (V, E)
an undirected graph. We say that G is impurely saturated by P if G ∈ SATU(P)
and there exists a legal coloring col : V −→ Colors of G with respect to P with
associated witness function wit such that G[wit] contains at least one mixed cycle.

The set of all self-loop free undirected graphs G which are impurely saturated
by a pattern graph P is denoted by ISATU(P).

Obviously, if P is a pure pattern graph, then ISATU(P) = ∅. We now establish
the following result.

THEOREM 5.17. For each pattern graph P, the following problem is decidable
in polynomial time. Given a self-loop free undirected graph G such that G �∈
ISATU(P), decide whether G ∈ SATU(P).

PROOF. Let P be a fixed pattern graph. If P is acyclic, then, by analogy to the
proof of Corollary 5.8, SATU(P) is the empty graph. If P is cyclic but contains only
mixed cycles, then, in analogy to Corollary 5.8, it is easy to see that SATU(P) −
ISATU(P) is again the empty graph. Thus, if P is acyclic or contains only mixed
cycles, our problem is trivially decidable in polynomial time. For the rest of the
proof, we thus assume that P contains at least one pure cycle.

A vertex (= color) C of P such that there is no directed path from C to any pure cy-
cle in P is called a superfluous color. Assume that for some graph G ∈ SATU(P)
there is a legal coloring col that uses a superfluous color C , that is, there is a
vertex v of G such that col(v) = C and C is superfluous in P . Let wit be a
witness function for this coloring. Then the subgraph of G[wit] induced by the ver-
tices {v, wit(v), wit(wit(v)), . . . , witi (v), . . . } must contain a cycle Z , given that it
is finite. If Z was a pure cycle, then col(Z ) would induce a pure cycle in P which
is reachable by a directed path from C ; contradiction. Thus Z is a mixed cycle and
hence G ∈ ISATU(P). It follows that whenever G ∈ SATU(P) − ISATU(P), then
no legal coloring of G with respect to P uses a superfluous color. Thus, for the
purpose of our theorem we can assume without loss of generality that P does not
contain any superfluous color (otherwise, such a color could be deleted without
harm from P).

Again, we distinguish three cases.

Case 1. P has positive and negative cycles.

This case is solved in exactly the same way as Case 1 in the proof of Theorem 5.14.

Case 2. All pure cycles of P are positive.

We consider two subcases:

(a) P is positive. By Lemma 5.2, G ∈ SATU(P) iff K ∈ SATU(P) for each
connected component K of G. Again, as in the proof of Theorem 5.14, this check
is done for each K in accordance with Case 1(a) (of Theorem 5.14).

(b) P has some edges labeled �. Let e = (Di , D j ) be such an edge. Given that
P contains no superfluous vertices, there exists a simple path σ (of possible length
zero) from D j to a positive cycle T in P . Continue as in Case 2(b) in the proof of
Theorem 5.14.

Case 3. All pure cycles of P are negative.
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it holds by Lemma 5.13 that there is a legal coloring col of K with respect to
P and a vertex w0 of K such that col(w0) = D p. Let wit be a witness func-
tion for col. We extend col to a coloring col∗ for the entire graph G by defining:
∀v ∈ G − K , col∗(v) = D−. We extend wit to a function wit∗ on G by defining:
∀v ∈ G − K , wit∗(v) = w0. It is obvious that col∗ is a legal coloring for G with
respect to P via the witness function wit∗. Thus, G ∈ SATU(P).

Case 3. All cycles of P are negative.

By Lemma 5.3, G ∈ SATU(P) iff Gc ∈ SATU(P•). Note that P• contains only
positive cycles. Checking whether Gc ∈ SATU(P•) can thus be done in accordance
with Case 2.

The three cases exhaustively cover all possibilities; thus the algorithm effec-
tively decides whether G ∈ SATU(P). Moreover, whether G ∈ SATU(P) can be
determined in quadratic time. In fact, the computationally relevant actions of the
algorithm described in this proof are:

—Computing the complement Gc of G (this may require quadratic time).
—Determining the connected components of G or Gc (this can be done in linear

time by Tarjan’s algorithm [Tarjan 1972]).
—Checking for each component, whether its treewidth is smaller than a constant

(this is solvable in linear time by Proposition 5.6).
—Performing a constant number of further linear time actions on single compo-

nents, such as the procedure calls satucheckP (G) or satucheck′
P (G).

In summary, all this requires no more than quadratic time (in the size of the input
G).

We conclude this section with a remark.

Remark 5.1. We currently do not know whether the quadratic upper bound
stated in the proof of Theorem 5.14 can be improved. Note also that for each P ,
SATU(P) is probably not a PTIME-complete set. The set SATU(P) can be seen to
be in the complexity class LOGCFL, the class of all languages that are logspace-
reducible to a context-free language. This class is contained in NC2, and consists of
highly parallelizable problems. LOGCFL is currently the best known upper bound
for SATU(P). This is due to the check for bounded treewidth, which is in LOGCFL
(cf. Wanke [1994]) but not known to be in NL.

5.2. A SLIGHT GENERALIZATION: WHEN MIXED CYCLES DO NOT MATTER. In
this section, we slightly generalize Theorem 5.14. We deal with the case in which
a pattern graph P may have mixed cycles, but a graph G cannot use mixed cycles
of P for saturation.

Definition 5.15. Let P = (Colors, Arcs) be a pattern graph and G = (V, E) a
self-loop free undirected graph. Let col : V −→ Colors be a legal coloring of G with
respect to P with associated witness function wit. Then the witness graph G[wit] is
the directed edge-labeled graph (V, Ewit, �), where Ewit = {(x, wit(x)) | x ∈ V } and
where � is an edge labeling function such that �(x, wit(x)) = ⊕ if {x, wit(x)} ∈ E
and �(x, wit(x)) = � otherwise.

A mixed cycle of G[wit] is a cycle having mixed edge labels. Pure, positive, and
negative cycles of G[wit] are defined in the obvious way.
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We consider two subcases.

(a) G is connected. Let c be the length of an arbitrary positive cycle R in P . Let r (c)
be as in Proposition 5.11. By Corollary 5.5, there is a linear-time procedure
satucheckP (H ), which for each self-loop free undirected input graph H of
treewidth ≤r (c) determines whether H ∈ SATU(P).

To check that G ∈ SATU(P), perform the following steps:

—Check whether G has treewidth ≤r (c).
—If G has treewidth ≤r (c), THEN RETURN(satucheckP (G)).
—IF G has treewidth r (c), THEN RETURN(true).

The last step is justified as follows. IF G has treewidth >r (c), then G contains
by Lemma 5.11 a cycle of length 0 (mod c), that is, a (c′, 0)-racket, where c′
is a multiple of c. Given that R is a positive (c, 0)-racket, by Lemma 5.13,
G ∈ SATU(P).

(b) G is disconnected. Then Gc is connected and P• has a positive and a nega-
tive cycle. Proceed by checking Gc ∈ SATU(P•) according to (a) and using
Lemma 5.3.

Case 2. All cycles of P are positive.

We consider two subcases:

(a) P is positive. By Lemma 5.2, G ∈ SATU(P) iff K ∈ SATU(P) for each
connected component K of G. This check is done for each K according to Case 1(a).
It should be noted that the proof of Case 1(a) only made use of the existence of one
positive cycle.

(b) P has some edges labeled �. Let e = (Di , D j ) be such an edge. Given that P
contains only useful vertices, D j is useful and there is a simple path σ (of possible
length zero) from D j to a positive cycle T in P . If σ does not contain any negative
edge after e, then let D p := D j ; otherwise, let D p be the first vertex of σ reachable
from D j such that there is no negative arc on σ after D p. Let D− be the predecessor
of D p on σ and retain that the arc (D−, D p) is negative.

Denote by ω the subpath of σ starting at D p and ending at the first vertex C1 of
the cycle T . (Note that it may happen that ω is of length zero, that is, D p = C1.)
Let R be the union of ω and T , let p be the length of ω, and let c be the length of
T . Note that R is a positive (c, p)-racket of P .

Let f (c, p) be as in Lemma 5.12. By Corollary 5.5 there is a linear-time procedure
satucheck′

P (H ) which for each self-loop free undirected input graph H of treewidth
≤ f (c, p) determines whether H ∈ SATU(P).

To check whether G ∈ SATU(P), proceed as follows.

—Compute the connected components of G.
—Check, whether each connected component has treewith ≤ f (c, p). (If so, then

the graph G itself is of treewidth ≤ f (c, p)).
—IF all components have treewidth ≤ f (c, p) THEN RETURN(satuckeck′

P (G)).
—IF there exists a component K having treewidth > f (c, p) THEN RE-

TURN(true).

The last step is justified as follows: If K has treewidth > f (c, p), then K contains
by Lemma 5.12 (a) (c′, p)-racket where c′ is a multiple of c. Given that R is a pos-
itive (c, p)-racket, by Lemma 5.13, K ∈ SATU(P). Moreover, since either D p =
endpt(R) (in case length(ω) �= 0) or D p is a vertex of T (in case length(ω) = 0),
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K and that for each vertex v of K − {v}, the pair (v, wit(v)) is legally colored,
that is, is an edge of R.

(3) We assign colors and witnesses to the vertices of π − {u}. Let � := length(π ).
We can write π as: u = t1, t2, . . . , t�−1, t� = v1

1 = junct(Sc). We define for
all 1 < i ≤ �: col(ti ) := Ci (mod c. Thus, for example, t2 is colored C2, and
tc+1 is colored C1, and so on. Moreover, for all 1 < i < �, let wit(ti ) = ti+1.
Finally, for t� = v1

1 we define: wit(v1
1) = succ(v1

1). Note that for each vertex v
of π − {v1

1}, the pair (v, wit(v)) is legally colored.

(4) We assign colors and witnesses to the vertices of Sc − {v1
1}. Recall that

v1
1 was already colored in Step (3). Let col(succ(v1

1)) := succ(col(v1
1)),

col(succ(succ(v1
1))) := succ(col(succ(v1

1))) = succ(succ(col(v1
1))), and so on.

More formally, for each 1 ≤ i < c, let col(succi (v1
1)) := succi (col(v1

1)). More-
over, for each v ∈ Sc − {v1

1}, let wit(v) := succ(v). Thus, each vertex v in Sc
has a well-defined color and a well-defined witness, and the pair (v, wit(v)) is
legally colored.

(5) We assign colors and witnesses to all remaining vertices. It is crucial at this
point to observe that each still uncolored vertex v of G is connected to a
(already colored) vertex of (π ∪ Sc) − {u} via a path that does not cross K .
In fact, since the connected component K of [G − (Sc ∪ π )] ∪ {u} was
completely colored in step 1, v must belong to some other connected component
K ′ of [G − (Sc ∪ π )] ∪ {u}. Since G is connected, K ′ must be adjacent to
(Sc ∪ π ) − {u}. Thus, there is a path from v to some vertex v ′ ∈ (Sc ∪ π ) −
{u} such that all vertices of this path except v ′ belong to K ′ and are so far
uncolored.

We can thus apply a similar saturation procedure as in Case 1 and will eventually
reach all remaining vertices. In particular:

(a) Let Settled be initially the set (π ∪ Sc) − {u}. Notice that all vertices in Settled are colored by
some color from {C1, . . . , Cc}, that is, from Rc.

(b) WHILE Settled �= V DO
—Choose a vertex v �∈ Settled such that v is a neighbor of a vertex w in Settled.
—Let col(v) := pred(col(w)) and wit(v) = w .
—Settled := Settled ∪ {v}.

This concludes Step (5).
At the end of Step (5), col and wit are total functions and col is a legal coloring

of G with respect to P . It follows that G ∈ SATU(P). Moreover, each vertex of
the cycle of R appears in col(V ) and also endpt(R) ∈ col(V ).

We are now ready for the main result of this section.

THEOREM 5.14. If P is a pure pattern graph, then SATU(P) ∈ PTIME.

PROOF. By Corollary 5.8, for acyclic P , SATU(P) consists of the empty graph,
thus SATU(P) ∈ PTIME. Assume P is cyclic. If P contains some useless vertices,
we can eliminate them by Lemma 5.7, that is, we can replace P by P∗. We thus
assume all vertices of P are useful.

We distinguish three cases.

Case 1. P has both positive and negative cycles.
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FIG. 7. An example of a graph G with a (9,3)-racket.

that endpt(S) is colored D p = endpt(R). However, endpt(S) may have a neighbor
b of degree 1 (i.e., a neighbor which is otherwise isolated in G). In case D p has
no incoming edge in P , b is not colorable. We thus need a more astute coloring
method. Figure 7 illustrates the proof.

Let G∗ := (G − Sc) ∪ {v1
1}, that is, G∗ is the subgraph induced by v1

1 together
with all vertices outside Sc.

Let σ be a longest simple path in G∗ starting at v1
1. Note that length(σ ) ≥ p must

hold, given that already the path Sp is of length p. Denote by e the end of σ . Let u
be the (unique) vertex of σ such that the segment [u, e] of σ has length p. Denote
by π the segment [v1

1, u] of σ . π is a simple path, possibly of length zero (in case
u = v1

1).

CLAIM 1. The length of any longest simple path in the subgraph [G − (Sc ∪
π )] ∪ {u} starting at u is exactly p.

To prove the claim, observe that the segment [u, e] which lies entirely in [G −
(Sc ∪ π )] ∪ {u} has precisely length p. Now assume that there exists a path γ in
[G − (Sc ∪ π )] ∪ {u} having length p + k where k > 0. Then the concatena-
tion of π with γ is a simple path of length length(σ ) + k lying in G∗ and starting at
v1

1. This contradicts the assumption that σ is a longest simple path in G∗ starting
at v1

1. The claim is proved.
We are now ready to color G.
We define a coloring function col : V −→ Colors and a witness function

wit : V −→ V through the following five steps:

(1) Let K denote the component of [G − (Sc ∪ π )] ∪ {u} which contains u. We
color K as follows: First, u is colored C1, that is, col(u) := C1. Then, for each
vertex v �= u in K , let d(v) denote the distance between u and v in K and color
v with color Dd(v), that is, let col(v) := Dd(v). Note that by Claim 1, for each
v ∈ K it holds that d(v) ≤ p. Thus, the described coloring is well defined and
covers all vertices of K . Observe that there exists at least one vertex v such that
col(v) = D p = endpt(R).

(2) We assign a witness wit(v) to each vertex v ∈ K as follows: First, if u �= v1
1,

then let wit(u) = w , where w is u’s unique neighbor in π . If u = v1
1, then

wit(u) := succ(v1
1). For each other vertex v of K , let wit(v) = v ′, where v ′ is

any neighbor of v such that d(v ′) = d(v)−1. Note that wit is totally defined on
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PROOF. Let r = c′/c.
Let Rc be the cycle of R. Rc can be written as: C1, C2, . . . , Cc, C1. Denote by

Rp the path of R. If p �= 0, assume without loss of generality that junct(R) = C1.
In case Rp is nonempty, it can be written

Rp : D p, D p−1, D p−2, . . . , D2, D1, C1.

Here, in case p > 0, we have endpt(R) = D p.
Let Sc be the cycle of racket S. Impose an arbitrary orientation S′ on the cycle

Sc. S′ can then be written as:

S′ : v1
1, v1

2, . . . , v1
c , v2

1, v2
2, . . . , v2

c , . . . , vr
1, vr

2, . . . , vr
c , v1

1 .

Denote by Sp the path of S. If p �= 0, assume without loss of generality that
junct(S) = v1

1. In case Sp is nonempty, it can be written

Sp : w p, w p−1, w p−2, . . . , w2, w1, v1
1 .

Here, in case p > 0, we have endpt(S) = w p.
The successor of a vertex α in a cycle (Rc or Sc) is denoted by succ(α); the

predecessor of α by pred(α).
We distinguish two cases according to the structure of R.

Case 1. R is a cycle (i.e., p = 0).

We define a coloring function col : V −→ Colors and a witness function
V −→ V by the following “saturation” procedure.

(1) For 1 ≤ i ≤ c and 1 ≤ j ≤ r , let col(v j
i ) := Ci .

(2) For all vertices v of Sc, let wit(v) = succ(v).
(3) Let Settled be initially the set of all vertices of the cycle S = Sc.
(4) WHILE Settled �= V DO

—Choose a vertex v �∈ Settled such that v is a neighbor of a vertex w in Settled.
—Let col(v) := pred(col(w)) and let wit(v) := w .
—Settled := Settled ∪ {v}.

Given that G is connected, at the end of this process, col and wit are total
functions and col is a legal coloring of G with respect to P . In fact, for each x ∈ V ,
(x, wit(x)) ∈ E and (col(x), col(wit(x))) is an arc of P labeled ⊕. It follows that
G ∈ SATU(P). Note also that each vertex of the cycle of R appears in col(V ).

Case 2. R is not a cycle (i.e., p > 0).

In this case, we could color G in the same way as in Case 1, by starting to
color the cycle Sc according to Rc, and then coloring the rest of the graph by
applying the saturation procedure as described in Case 1. Although this shows that
G ∈ SATU(P), the coloring obtained this way does not fulfill the requirement that
endpt(R) ∈ col(V ).

A naive approach for achieving endpt(R) ∈ col(V ) would be to color Sc in
accordance with to Rc as in Case 1, and to color Sp in accordance with Rp. This
is possible, but it may then not be possible to correctly color the rest of the graph.
In fact, problems may already arise with the neighbors of endpt(S) in G. Recall
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THEOREM 5.10 (THOMASSEN 1988). For all natural numbers k and m, there
exists a natural number h(k, m) such that every subdivision of Hh(k,m) contains as
subgraph a subdivision H∗

k of Hk, where H∗
k is obtained from Hk by replacing each

edge of Hk by a path of length 0(mod m).

A (directed or undirected) graph consisting of a single (directed or undirected)
cycle and a (directed or undirected) path such that one of the endpoints of the path
is also a vertex of the cycle and the path and the cycle have no other vertices in
common is called a racket (the form is akin to a tennis racket). A racket whose
cycle has length c and whose path has length p is called a (c, p)-racket. Cycles are
special cases of rackets with path length 0.

If a racket R is not a cycle, then it has a unique vertex of (total) degree 1 (i.e.,
the outdegree and the indegree add up to 1). This vertex is called the endpoint of
R and is denoted by endpt(R). Moreover, the unique vertex belonging both to the
path and to the cycle is called the junction of R and is denoted by junct(R).

The following proposition was shown (in more general form) by
Thomassen [1988]:

THEOREM 5.11 (THOMASSEN 1988). For every integer m there exists an inte-
ger r (m) such that every self-loop free undirected graph having treewidth ≥r(m)
contains a cycle whose length is a positive multiple of m.

The following lemma slightly generalizes Proposition 5.11.

LEMMA 5.12. For every pair (c, p) of integers there exists an integer f (c, p)
such that every self-loop free undirected graph having treewidth ≥ f (c, p) has a
(c′, p)-racket such that c′ is a multiple of c.

PROOF. If c is odd, let c1 = 2c, otherwise, let c1 := c. Let k = max(c1, p) + 1.
Observe that Hk contains a (c1, p)-racket R as subgraph and that c1 is a multiple of
c. By Proposition 5.10 (by taking m = c), there exists a natural number h(k, c) such
that every subdivision of Hh(k,c) contains as subgraph a subdivision H∗

k of Hk where
H∗

k is obtained from Hk by replacing each edge e of Hk by a path ρ(e) of length
0(mod c). Let f (c, p) = g(h(k, c)), where g is as specified by Proposition 5.9.
By Proposition 5.9, every self-loop free undirected graph G of treewidth ≥ f (c, p)
contains a subdivision of Hh(k,c). Thus G contains a subgraph H∗ as specified above.
This H∗ contains the image of R by the edge-replacement ρ where every edge e of
R is replaced by a path ρ(e) of length 0(mod c). Observe that ρ(R) is a racket. Let
c′ be the length of the cycle of ρ(R) and let p′ be the length of the path of ρ(R).
Clearly, c′ is a multiple of c and p′ ≥ p. By shortening the path of ρ(R) to length
p, we obtain the desired racket.

A subgraph Q of a pattern graph P is positive (negative) if all edges in Q are
labeled ⊕ (�).

LEMMA 5.13. Let P = (Colors, Arcs) be a pattern graph having as subgraph
a positive (c, p)-racket R. Let G = (V, E) be a connected self-loop free undirected
graph having as subgraph a (c′, p)-racket S, where c′ is a multiple of c. Then
G ∈ SATU(P). Moreover, there exists a legal coloring col of G with respect to P
such that each vertex of the cycle of R is an element of col(V ) and, if p �= 0, then
also endpt(R) ∈ col(V ).
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FIG. 6. The grid H7.

graphs all of whose vertices are useful. If P is a pattern graph, then P∗ denotes the
pattern graph obtained from P by dropping all useless vertices.

LEMMA 5.7. For each pattern graph P, it holds that SATU(P) = SATU(P∗).

PROOF. The inclusion SATU(P∗) ⊆ SATU(P) follows trivially from the def-
inition of the saturation problem. Let us prove SATU(P) ⊆ SATU(P∗). Let
G = (V, E) ∈ SATU(P), where P = (Colors, Arcs). Let P∗ = (Colors∗, Arcs∗).
Then there exists a legal coloring col of G with respect to P and an associated
witness function w . Assume for some vertex v ∈ V , col(v) is a useless color. Then
wit(v), wit(wit(v)), etc. must all be colored by useless colors, and at some point
we arrive at a vertex w = witi (v) such that col(w) is a vertex having out-degree
zero in the pattern graph P . Clearly, wit(w) cannot be colored correctly. Contradic-
tion. Thus, col(V ) ⊆ Colors∗ and thus the function col∗ : V −→ Colors∗ where
∀x ∈ V, col∗(x) = col(x) is a legal coloring of G with respect to P∗, whence
G ∈ SATU(P∗).

COROLLARY 5.8. If P is acyclic, then the only element of SATU(P) is the empty
graph.

To deal with cyclic pattern graphs and input graphs of large tree-width, we need
a number of auxiliary results. We start with some known results on grids and
treewidth.

As in Thomassen [1988], we define the grid Hk (where k is a natural number)
as follows: Take k disjoint paths π1, . . . , πk where πi : x1,i , x2,i , . . . , xk,i and
add all edges {xi, j , xi, j+1} where i + j is even. Also add the edges of the paths
π ′

1 = x1,1, x1,2, . . . , x1,k and π ′
2 = xk,1, xk,2, . . . , xk,k . The grid H7 is depicted

in Figure 6.
A subdivision of an undirected graph G is a graph obtained from G by replac-

ing some edges of G with simple paths (i.e., by “subdividing” edges of G). The
following fundamental result is well known.

THEOREM 5.9 (ROBERTSON AND SEYMOUR 1984). For every natural number
k, there exists a natural number g(k) such that every graph of treewidth at least
g(k) contains a subdivision of Hk.

The next result is due to Carsten Thomassen [1988].
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Note that the class of monotone pattern graphs and the class of acyclic pattern
graphs are both properly contained in the class of pure pattern graphs.

The following two simple lemmas follow easily from Definitions 4.4 and 4.5.

LEMMA 5.2. If P is a positive pattern graph, and G is a loop free undi-
rected graph, then G ∈ SATU(P) iff for each connected component K of G,
K ∈ SATU(P).

If G = (V, E) is a graph, then Gc denotes its complement, that is, Gc = (V, V 2−
(E ∪ {(v, v) : v ∈ V })) is the self-loop free undirected graph obtained from G by
turning edges to nonedges, and vice-versa, between pairs of distinct nodes. If P is
a pattern graph, we write P• for the pattern graph obtained from P by replacing
every �-labeled edge by a ⊕-labeled edge and vice-versa.

LEMMA 5.3. G ∈ SATU(P) iff Gc ∈ SATU(P•).

As already mentioned, we consider in this section cases of the saturation problem
in which only pure cycles of the pattern graphs matter. In Section 5.1, we prove
that the saturation problem for pure pattern graphs is in PTIME. In Section 5.2, we
generalize this result to a setting where the pattern graph may contain some mixed
cycles, but these mixed cycles cannot be used for saturation.

5.1. THE SATURATION PROBLEM FOR PURE PATTERN GRAPHS. We prove that
the saturation problem SATU(P) for a pure pattern graph P is tractable.

First of all, we will see that SATU(P) can be efficiently decided for input graphs of
bounded tree-width. We assume the reader to be familiar with the notion of treewidth
of undirected graphs [Robertson and Seymour 1986; Downey and Fellows 1999].

We denote by LINTIME the class of all problems solvable in linear time on a
random access machine. As usual, MSO denotes monadic second-order logic. The
next proposition is a restricted version of a well-known theorem of Courcelle.

THEOREM 5.4 (COURCELLE 1990). Model checking for MSO-formulas over
graphs of constant-bounded treewidth is in LINTIME.

Since SATU(P) is definable by a MSO-formula, by Theorem 4.7, we derive the
following corollary.

COROLLARY 5.5. For each fixed constant k and pattern graph P, the problem
of deciding whether a graph of treewidth ≤k belongs to SATU(P) is in LINTIME.

Recognizing whether a graph has bounded treewidth is an easy problem.

THEOREM 5.6 (BODLAENDER 1996). For each fixed constant k, the problem of
checking whether a graph has treewidth ≤k is in LINTIME.

Hence, for fixed k, an algorithm can check whether the input graph has tree-
width ≤k and if this the case decide whether it is in SATU(P) in linear time. It only
remains to show that the graph saturation problem can be solved efficiently also for
input graphs of large tree-width. Before we start with this case, we state some easy
observations.

A vertex v of a pattern graph P is useful if it lies on a directed cycle or there is a
directed path from that node to a node lying on a cycle. A vertex that is not useful is
termed useless. The following lemma shows that it is sufficient to consider pattern
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PROOF. Let Colors = {Q1, . . . , Qn} and let P = (Colors, Arcs) be a pattern
graph. For 1 ≤ i ≤ n and ξ ∈ {x, y}, identify Qi with a monadic predicate symbol
and define

Ci (ξ ) = Qi (ξ ) ∧
∧

j �=i,1≤ j≤n

¬Q j (ξ ).

For each edge e = (Qi , Q j ) of P , define δ(e) as:

δ(e) =
{

Ci (x) ∧ C j (y) ∧ E(x, y) ∧ x �= y if e is labeled ⊕
Ci (x) ∧ C j (y) ∧ ¬E(x, y) ∧ x �= y if e is labeled �

Define the formula �P by:

�P = ∃Q1, . . . , Qn ∀x ∃y
∨

e∈EP

δ(e).

Observe that (up to renaming of vertices) it holds that P(�P ) = P . Thus, by
Theorem 4.6, G ∈ SATU(P) iff G |= �P .

Consequently, the model checking problem for E∗ae-formulas over self-loop free
undirected graphs coincides with the pattern graph saturation problem. In Sections
5 and 6, we will show the following result.

THEOREM 4.8. The pattern graph saturation problem is solvable in polynomial
time.

Combining Theorems 4.1, 4.6 and 4.8, we get the following result which com-
pletes the proof of Theorem 1.1.

THEOREM 4.9. Eae is in PTIME over self-loop free undirected graphs.

5. Saturation using Pure Cycles

This section and the following one are devoted to the proof of Theorem 4.8. This
section treats the case of so-called pure pattern graphs, a notion that will be defined
shortly. The case of general pattern graphs is investigated in Section 6.

Proviso 5.1. In this section, the term, graph, always refers to self-loop free
undirected graphs whereas pattern graph refers to a directed graph with edge-labels
from {�, ⊕}.

The following structural properties of pattern graphs are relevant for our study. A
positive (negative) cycle of the pattern graph is a directed cycle all of whose edges
are labeled ⊕ (�). A mixed cycle of the pattern graph is a directed cycle containing
at least one edge labeled � and at least one edge labeled ⊕.

A pattern graph is:

—positive if all its edges are labeled ⊕.
—negative if all its edges are labeled �.
—monotone if it is positive or negative;
—acyclic if P does not contain a directed cycle (loops do count as cycles).
—mixed if P contains a mixed cycle;
—pure if it is not mixed.
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FIG. 5. A yes and a no instance of SATU.

(1) (v, wit(v)) ∈ E . Then (col(v), col(wit(v))) is an arc labeled ⊕ in P(�). There-
fore, by definition of P(�), there exists a disjunct δ(v) of � such that δ(v)
contains as conjuncts the qualifications col(v)(x) and col(wit(v))(y) and the
edge literal E(x, y). It then holds that (G, P̄1, . . . , P̄k) |= δ(v)[x/v, y/wit(v)].
Note that col(v) represents a unary relation symbol Ci .

(2) (v, wit(v)) �∈ E . Then (col(v), col(wit(v))) is an arc labeled � in P(�). There-
fore, by definition of P(�), there exists a disjunct δ(v) of � such that δ(v) con-
tains as conjuncts the qualifications col(v)(x) and col(wit(v))(y) and the edge
literal ¬E(x, y). It then holds that (G, P̄1, . . . , P̄k) |= δ(v)[x/v, y/wit(v)].

In summary, for every v ∈ V there exists a w = wit(v) ∈ V and a disjunct δ(v) of
� such that (G, P̄1, . . . , P̄k) |= δ(v)[x/v, y/w]. This just means that G |= �.

Conversely, each saturation problem SATU(P) can be expressed by an E∗
1 ae-

formula in normal form.

THEOREM 4.7. For each pattern graph P, there exists an E∗
1 ae formula �P

in normal form such that for each undirected self-loop free graph G we have that
G ∈ SATU(P) iff G |= �P .
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variables) occurring in the disjuncts of �. There is an edge (Ci , C j ) labeled ⊕ in
P(�) iff there exists a disjunct δ in � such that δ contains as conjuncts Ci (x) and
C j (y) and E(x, y). There is an edge (Ci , C j ) labeled � in P(�) iff there exists a
disjunct δ in � such that δ contains as conjuncts Ci (x) and C j (y) and ¬E(x, y).

Definition 4.4. If P = (Colors, Arcs) is a pattern graph and G = (V, E) is an
undirected graph, then a coloring of G with respect to P is a function col : V −→
Colors. A witness function for a given coloring col is a function wit : V −→ V
such that the following hold for each x ∈ V :

—x �= w(x);
—if (x, wit(x)) ∈ E , then (col(x), col(wit(x))) is an arc labeled ⊕ in P; and
—if (x, wit(x)) �∈ E , then (col(x), col(wit(x))) is an arc labeled � in P .

A coloring is legal if there exists a witness function for it.

Definition 4.5. Given a pattern graph P = (Colors, Arcs), the pattern graph
saturation problem SATUP for P is defined as follows:

Instance: A self-loop free undirected graph G.
Question: Is there a legal coloring of G with respect to P?

We denote by SATU(P) the set of all self-loop free undirected graphs that are
yes-instances of SATUP .

Figure 5 shows two pattern graphs P1 and P2 and a graph G which is a yes
instance of SATUP1 via the exhibited coloring and via a witness function w defined
as follows: w maps each of the five green-colored nodes to the unique yellow node,
the unique red node to the blue one, the yellow node to the blue one as well, and
the blue node to one of its green neighbours. On the other hand, G is a negative
instance of SATUP2 ; in other terms, G ∈ SATU(P1) and G �∈ SATU(P2).

THEOREM 4.6. For each E∗
1 ae-formula � in normal form and each self-loop

free undirected graph G, we have that G |= � iff G ∈ SATU(P(�)).

PROOF. Although the proof is quite straightforward, we include it here for mere
completeness reasons.

Let G = (V, E). If G |= �, then there exists an interpretation I : P̄1, . . . , P̄k of
the set variables, such that for each v ∈ V , there exists a disjunct δ(v) of � and a
vertex f (v) ∈ V such that (G, P̄1, . . . , P̄k) |= δ(v)[x/v, y/ f (v)]. If ξ ∈ {x, y} and
if δ is a disjunct of �, then let qual(ξ, δ) denote the color qualification of ξ in δ. We
define the coloring col as follows: ∀v ∈ V col(v) = qual(x, δ(v)). If (v, f (v)) ∈ E ,
then, given that the disjunct δ(v)[x/v, y/ f (v)] is satisfied, it must contain the literal
E(x, y), hence, by definition of P(�), (col(v), col( f (v))) is an arc labeled ⊕ in
P(�). Similarly, if (v, f (v)) �∈ E , then, given that the disjunct δ(v)[x/v, y/ f (v)]
is satisfied, it must contain the literal ¬E(x, y), hence (col(v), col( f (v))) is an
arc labeled � in P(�). It follows that f is a witness function for col and thus
G ∈ SATU(P).

Conversely, assume that G ∈ SATU(P). Let col be a legal coloring of G with
respect to P(�) and let wit be a witness function for col. Let I : P̄1, . . . , P̄k be the
interpretation of the set variables P1, . . . , Pk corresponding to col. Let v ∈ V be a
vertex of G. We distinguish between two cases.
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4.2. E∗
1 ae MODEL-CHECKING AND GRAPH COLORING. In this section, we con-

sider E∗
1 ae-formulas over self-loop free undirected graphs G = (V, E). We show

that in this case the model-checking problem for such formulas is equivalent to a
certain graph coloring problem, which we call the graph saturation problem.

Let � be an E∗
1 ae-formula of the form ∃P1, . . . , Pk∀x∃yϕ, where ϕ is a

quantifier-free formula. As in the proof of Theorem 4.1, we may assume, with-
out loss of generality, that ∀x∀y(ϕ(x, y) → x �= y) holds. Every satisfiable
quantifier-free formula is logically equivalent to a disjunction of complete con-
sistent types, that is to say, conjunctions of atomic or negated atomic formulas
involving the variables x , y and the symbols E , =, P1, . . . , Pk and such that for
each atomic formula in these symbols and variables either the atomic formula
itself or its negation occurs as a conjunct. In particular, this holds true for the
quantifier-free formula ϕ(x, y). Moreover, since ∀x∀y(ϕ(x, y) → x �= y) holds
and since we are focusing on self-loop free undirected graphs, we may assume
that no disjunct contains one of the atomic formulas x = y, E(x, x), E(y, y) as
a conjunct. We may also simplify each disjunct by eliminating occurrences of the
atomic formula E(y, x) or of the atomic formula ¬E(y, x) (depending on which
of the two occurs), while keeping occurrences of the atomic formula E(x, y) and
the negated atomic formula ¬E(x, y). These considerations motivate the follow-
ing definition.

Definition 4.2. An E∗
1 ae-formula � is in normal form if it is of the form

∃P1, . . . , Pk∀x∃yϕ(x, y),

where ϕ is a disjunction of conjunctions of atomic and negated atomic formulas
such that each disjunct δ of ϕ has the following conjuncts:

—For each relation symbol Pi , 1 ≤ i ≤ k, and each variable ξ ∈ {x, y}, either the
atomic formula Pi (ξ ) or the negated atomic formula ¬Pi (ξ ) is a conjunct of δ.

—Either the atomic formula E(x, y) or the negated atomic formula ¬E(x, y) is a
conjunct of δ.

—The negated atomic formula x �= y is a conjunct of δ.

The remarks preceding Definition 4.2 show that over self-loop free undirected
graphs every E∗

1 ae-formula is logically equivalent to one in normal form. For this
reason, from now on, we will work with E∗

1 ae-formulas in normal form.
If ξ is a variable, then there are 2k different complete specifications (¬)P1(ξ ) ∧

(¬)P2(ξ ) ∧ · · · ∧ (¬)Pk(ξ ) that may occur in a disjunct δ of an E∗
1 ae-formula in

normal form. Each such specification can be identified with a “coloring” by a color
C1, . . . , Cr from a set of colors Colors = {C1, . . . , Cr }, where r = 2k . We write
Ci (ξ ) to indicate the “coloring” of the variable ξ by the complete specification
corresponding to color Ci . Thus, each disjunct δ of an E∗

1 ae-formula in normal
form consists of a coloring Ci (x), a coloring C j (y), the atomic formula E(x, y) or
the negated atomic formula ¬E(x, y), and the inequality x �= y.

Definition 4.3. A pattern graph is a directed graph with no isolated nodes and
such that each arc is labeled ⊕ or � (note that a pattern graph may have two arcs
with different labels from a vertex C to a vertex D).

With each E∗
1 ae-formula � in normal form, we associate a pattern graph P(�)

as follows. The vertices of P(�) consist of the colors (complete types for the set
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TABLE I. HOW THE COLORS

OF v AND f (v) ARE RELATED

v f (v)
1 2
2 3
3 4 or 1
4 5 or 1
5 6 or 1
6 6

and � be

∃ �R1, . . . , �Rk, Q1, . . . , Q6∀x ∃y ψ ∧ ϕ′.

We show that � and � are equivalent on all graphs G.
Assume first that � holds for G. Let P̄1, . . . , P̄k and f be such that, for each vertex

v , (G, P̄1, . . . , P̄k) |= ϕ[x/v, y/ f (v)]. We define the sets R̄ p
i as before. This implies

that, for each v , ϕ′[x/v, y/ f (v)] holds in G ′, the extension of G by the sets R p
i . We

show next that sets Q̄1, . . . , Q̄6 can be found such that, for each v , ψ[x/v, y/ f (v)]
holds in G ′′, the extension of G ′ by the sets Q̄ j . We define the sets Q̄ j , by inspecting
the (weakly) connected components of the graph of f . If the set of vertices is finite,
then each such component consists of a directed cycle C of length at least two
(recall that always f (v) �= v), and zero or more directed trees that are rooted at
vertices of C . In these trees, the edges are directed from the leaves to the root. If
the set of vertices is infinite, then the components of f may also include infinite
chains. Components with a cycle C with more than two vertices can be colored
with Q1, . . . , Q5 such that each vertex fulfils χ . If C contains 3m vertices, for
some m, they can be colored by Q1, Q2, Q3 in a round robin manner. If it contains
3m +1 vertices, then color Q4 is used for the last vertex. Analogously, if it contains
3m + 2 vertices, the colors Q4 and Q5 are used for the last two vertices. Finally, if
the component is an infinite chain, then it can be colored with just three colors.

The components with a cycle of size two can be colored such that the vertices of
the cycle are colored with Q6 and the remaining vertices with Q1, . . . , Q5 in a way
that assures that χ holds for all vertices. If a vertex v gets the color Q6, then f (v) �= v
but f ( f (v)) = v and therefore p[x/v, y/ f (v)] ∈ P̄ i⇐⇒ p̃[x/ f (v), y/v] ∈ P̄ i ,
for all i and p. Hence, G ′′ |= ((ψ ∧ ϕ′) ∨ (x = y ∧ ϕ′′))[x/v, y/ f (v)] for all v and
therefore G |= �.

For the converse direction, assume that G |= �. Let f be a corresponding
function, and let Q̄1, . . . , Q̄6 and, for each i and p, R̄ p

i be corresponding sets. We
define relations P̄1, . . . , P̄k as follows:

P̄ i = {
p[x/v, y/ f (v)] | v ∈ R̄ p

i for some p
} ∪ {

(v, . . . , v) | v ∈ R̄(x,...,x)
i

}
.

This definition ensures that, for each i and p,

R̄ p
i = {v | p[x/v, y/ f (v)] ∈ P̄i },

as, for every vertex v ,

—either v ∈ Q̄6 and therefore v ∈ R̄ p
i if and only if f (v) ∈ R̄ p̃

i ,
—or f ( f (v)) has a different color than v and therefore v �= f ( f (v)).

It is straightforward to see that G |= �.
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PROOF. Let � be a formula of the form

∃P1, . . . , Pk∀x∃yϕ,

where, without loss of generality, all relation symbols Pi have the same arity l.
Without loss of generality, we may assume that ∀x∀y(ϕ(x, y) → x �= y) holds,
since on graphs with at least two nodes

∀x∃yϕ(x, y) ⇐⇒ ∀x∃y[(x �= y) ∧ (ϕ(x, y) ∨ ϕ(x, x))].

We call a tuple p of length l with entries from {x, y} an xy-tuple. For each xy-
tuple p, we define the opposite xy-tuple p̃ by interchanging x and y in p. As an
example, (x, y, x, x, y) is an xy-tuple of length 5 and (y, x, y, y, x) is its opposite
tuple. We call an xy-tuple proper if it contains both x and y.

We are going to construct a formula � which is equivalent to � and has the
following form:

∃ �R1, . . . , �Rk, Q1, . . . , Q6 ∀x ∃y (ψ ∧ ϕ′).

Here, each �Ri is a vector of unary relation symbols R p
i , one for each possible

xy-tuple p of length l. The formulas ψ and ϕ′ are quantifier-free.
If � holds in a graph G, then there exist relations P̄1, . . . , P̄k and a function

f : V →V such that, for each vertex v , it holds (G, P̄1, . . . , P̄k) |= ϕ[x/v, y/ f (v)].
The principal idea of the proof is to make � true by choosing relations R̄ p

i , for
each i and p, defined as

R̄ p
i = {v | p[x/v, y/ f (v)] ∈ P̄i }.

To this end, let ϕ′ be the formula which results from ϕ by replacing

—each atomic formula Pi (p), for i ≤ k and proper xy-tuples p by R p
i (x),

—each atomic formula Pi (x, . . . , x) by R(x,...,x)
i (x), and

—each atomic formula Pi (y, . . . , y) by R(x,...,x)
i (y).

It is easy to see that if � holds in G and f and the R̄ p
i are defined as above then,

for each v , we get G ′ |= ϕ′[x/v, y/ f (v)], where G ′ denotes the extension of G by
all the sets R̄ p

i .
Our goal is now to assure that � holds in G only if � holds in G. It might

be possible to make ∃ �R1, . . . , �Rk ∀x ∃y ϕ′ true by chosing sets R̄ p
i that do not

correspond to any choice of l-ary relations P̄i . This can happen, if, for some vertices
v , w , it holds f (v) = w and f (w) = v , but there is an i and a proper xy-tuple p
such that v ∈ P p

i but w �∈ P p̃
i .

To deal with this problem we make use of the following observation, which will
be verified below. The vertices of G can be colored by 6 colors 1, . . . , 6 in such
a way that, for each vertex v , the colors of v and f (v) are related as indicated in
Table I, for example, if v is colored by 3, then f (v) has to be colored by 4 or 1.
Note that v and f ( f (v)) have different colors, unless the color of v is 6.

The six colors are represented by the set variables Q1, . . . , Q6. Let ϑ be a
formula stating that Qi (x) holds for exactly one i ∈ {1, . . . , 6} and let χ be a
formula expressing the conditions of Table I. Finally, let ψ be the formula

ϑ ∧ χ ∧
(

Q6(x)→
∧

i,p proper

(
R p

i (x)←→R p̃
i (y)

))
.
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is equivalent to the E1aa-sentence

∃P∀x∀y

(
k∨

i=1

ϑ ′
i (x, y)

)
.

To establish this claim, assume first that G = (V, E) is a graph and RG is an
m-ary relation on V witnessing that G |= ∃R∀x∀y(

∨k
i=1 ϑi (x, y)). Let PG be

the diagonal of RG , that is, PG = {a ∈ V : RG(a, . . . , a)}. Then PG witnesses
that G |= ∃P∀x∀y(

∨k
i=1 ϑ ′

i (x, y)). In the other direction, assume that PG is a
unary relation on V witnessing that G |= ∃P∀x∀y(

∨k
i=1 ϑ ′

i (x, y)). We define the
following m-ary relation RG on V :

—For every node a of G such that a ∈ PG , we put the m-tuple (a, . . . , a) in RG .
Since (V, E, PG) |= ∨k

i=1 ϑ ′
i (x/a, y/a), this guarantees that (V, E, RG) |=∨k

i=1 ϑi (x/a, y/a).
—Let a1, . . . , an be an exhaustive list of all nodes of G without repetitions. For

every pair (ar , as) of nodes with r < s, let i0 ≤ k be such that (V, E, PG) |=
ϑ ′

i0
(x/ar , y/as). For every positive occurrence R(· · · ) of R in ϑi0 (x, y) that in-

volves both x and y, we put in RG the m-tuple that has ar or as in each coordinate,
depending on whether the variable in the corresponding coordinate of R(· · · ) is
x or y. For instance, if R is ternary and the atomic formula R(y, x, y) is one of
the conjuncts of ϑi0 , then we put the triple (as, ar , as) in RG . This guarantees
that (V, E, RG) |= ϑi0 (x/ar , y/as) and, hence, (V, E, RG) |= ϕ(x/ar , y/as).
By the aforementioned symmetric property of ϕ(x, y), it follows that also
(V, E, RG) |= ϕ(x/as, y/ar )

Consequently, the relation RG witnesses that G |= ∃R∀x∀y(
∨k

i=1 ϑi (x, y)).

By combining Theorem 3.2 and Lemma 3.3, we obtain the following result.

THEOREM 3.4. Eaa is in NL over general graphs and, hence, it is in PTIME.

4. E∗∀∃ over Self-Loop Free Undirected Graphs

In order to deal with E∗ae over self-loop free undirected graphs, we first show (in
Section 4.1) that this fragment is semantically contained in the monadic fragment
E∗

1 ae, that is, that for every E∗ae formula � there exists an equivalent formula
�′ in E∗

1 ae; as a matter of fact, this equivalence holds over arbitrary graphs, that
is, the graphs may be infinite and may also contain directed edges and self-loops.
Then in Section 4.2 we further analyze E∗

1 ae and show that on finite self-loop free
undirected graphs the model checking problem for each formula of this fragment is
equivalent to a specific graph coloring problem referred to as the graph saturation
problem. The graph saturation problem is then proven to be in PTIME in Sections 5
and 6.

4.1. E∗
1 ae EXPRESSES ALL OF E∗ae.

THEOREM 4.1. For each E∗ae formula �, there exists an E∗
1 ae formula � that

is equivalent to � over all graphs.
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An Very Hard-To-Prove Upper Bound

Theorem (Gottlob, Kolaitis, Schwentick, 2004)
E∗
1ae formulas describe problems in P over undirected loop-free graphs.

Proof.
Original question:

⊧? ∃R∃G∃B∀x∃y (φ)
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An Very Hard-To-Prove Upper Bound

Theorem (Gottlob, Kolaitis, Schwentick, 2004)
E∗
1ae formulas describe problems in P over undirected loop-free graphs.

Proof.
New question:

Is there a special

homomorphism?

⊕

⊕

⊕
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An Very Hard-To-Prove Upper Bound

Theorem (Gottlob, Kolaitis, Schwentick, 2004)
E∗
1ae formulas describe problems in P over undirected loop-free graphs.

Proof.

1. Preprocess the input graph.

2. Check whether the tree width is small.

3. If so, we get a polynomial time algorithm by Courcelle’s Theorem.
4. If not, depending on the target graph,

4.1 we can either just say “yes” or
4.2 test whether a special cycle of constant length exists.
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An Very Hard-To-Prove Upper Bound

Theorem (Gottlob, Kolaitis, Schwentick, 2004)
E∗
1ae formulas describe problems in P over undirected loop-free graphs.

Proof.

1. Preprocess the input graph.

2. Check whether the tree width is small.

3. If so, we get a polynomial time algorithm by Courcelle’s Theorem.
4. If not, depending on the target graph,

4.1 we can either just say “yes” or
4.2 test whether a special cycle of constant length exists.

Key Insight
All steps can also be done in logspace, in particular also applying
Courcelle’s Theorem because of its logspace version.
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An Very Hard-To-Prove Upper Bound

Theorem (Gottlob, Kolaitis, Schwentick, 2004)
E∗
1ae formulas describe problems in P over undirected loop-free graphs.

Theorem (T., 2015)
E∗
1ae formulas describe problems in L over undirected loop-free graphs.

Corollary
EVEN-CYCLE ∈ L.
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All Pattern Classes Over Undirected Self-Loop Free Graphs

Theorem
The patterns below yield the classes over undirected self-loop free
graphs:

(ae)∗ E∗
anye

∗a

E1aa

Eanyaa

E1e
∗aa

E1eaa

E1ae

E1E1ae E2ae

E∗
anyae

E∗
any(ae)

∗

E1E1aa E1aaa E2eaa E1eae E1aee E1aea E1aae

AC0

L

NL

NP
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Outline

Algorithmic Metatheorems
Classic Variants …
…and New Variants

New Variants 1: Space Complexity
New Theorems
Applications: Cycle Lengths in Graphs
Applications: Quantifier Prefix Classes
Applications: Integer Optimization

New Variants 2: Circuit Complexity
New Theorems
Applications: Visible Pushdown Languages
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The Subset Sum Problem

98237534
3245
1095345
13435
39087539
759
98798754910

246301534
2336245
6245
202934435
10237
59
91111074234

The Subset Sum Problem
Circle some numbers so that they add up exactly to 1000000000.

This is a well-known NP-complete problem.

Till Tantau Theorietag in Speyer, September 2015 35 / 48



The Subset Sum Problem

98237534
3245
1095345
13435
39087539
759
98798754910

246301534
2336245
6245
202934435
10237
59
91111074234

The Subset Sum Problem
Circle some numbers so that they add up exactly to 1000000000.

This is a well-known NP-complete problem.

Till Tantau Theorietag in Speyer, September 2015 35 / 48



The Subset Sum Problem

The Unary Subset Sum Problem
Cirlce some numbers so that they add up exactly to

.
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The Unary Version Is In Logspace.

Theorem
UNARY-SUBSET-SUM ∈ L.

Proof.
For an input like , , , consider the forest

1. The size of a set S that is closed under reachability corresponds to
a subset sum.

2. The formula φclosed(X ) = ∀u∀v[(X (u) ∧ E(u, v)) → X (v)] describes
“being closed under reachability.”

3. New goal: Find out whether φ has a solution of a certain size.
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A Stronger Algorithmic Metatheorem

Theorem (Elberfeld, T, Jakoby, 2010)
Letφ(X ) be anMSO formula with a free variable and let k be a number.
Then there is logspace Turingmachine that on input of

1. a graphG of tree width at most k and

2. a number s

computes the number of subsets Swith

1. |S| = s and

2. G ⊧ φ(S).
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What We Are Really Interested In:
The Original Subset Sum Problem.

Let a1, …, an be the inputs and s the target sum.

Theorem
Dynamic programming solves the subset sum problem in

timeO(ns) and

spaceO(s).

For larger s, space is the bottleneck: 4GB
of memory are filled in one second for
s = 1,000,000,000.

Unknown author, Creative Commons Attribution Sharealike License

Till Tantau Theorietag in Speyer, September 2015 38 / 48



What We Are Really Interested In:
The Original Subset Sum Problem.

Let a1, …, an be the inputs and s the target sum.

Theorem
Dynamic programming solves the subset sum problem in

timeO(ns) and

spaceO(s).

Theorem (Lokshtanov, Nederlof, 2010)
The subset sum problem can be solved in

time nO(1)sO(1) and

space nO(1).

Proof.
Complex analysis of approximation circuits for Fourier
transformations.
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A Magic Trick.

Real input
2;9;5;20

Virtual input (read only)
11;111111111;11111;11111111111111111111

Work tape

42
Virtual logspace machineM

Real machine
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A Magic Trick.

A similar argument shows that there are space efficient
pseudo-polynomial time algorithms for:

knapsack problems,

bin packing problems,

scheduling problems, and

integer programming for a fixed number of inequalities.
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Algorithmic Metatheorems
Classic Variants …
…and New Variants

New Variants 1: Space Complexity
New Theorems
Applications: Cycle Lengths in Graphs
Applications: Quantifier Prefix Classes
Applications: Integer Optimization

New Variants 2: Circuit Complexity
New Theorems
Applications: Visible Pushdown Languages
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The Class NC1

NC1

y1

∧

fan in 2∧

∨ ∨

∧

∨

∨ ∧

∨

∧ ∨

x1 x2 x3 x4 x5 x6 x7 x8

n input gates

log n layers

REG ⊆ NC1 ⊆ L.

Addition, multiplication, and division all lie in NC1.

Tree decompositions cannot be computed in NC1 unless NC1 = L.
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The NC1 Version of Courcelle’s Theorem.

Theorem (Elberfeld, T, Jakoby, 2012)
Letφ be anMSO formula and k a number. Then there is an NC1 circuit
family that on input of

1. a graphG

2. together with a tree decomposition ofG of width k

decides whetherG ⊧ φ.

(As for logspace, there is also a “counting version”.)

Till Tantau Theorietag in Speyer, September 2015 42 / 48



Outline

Algorithmic Metatheorems
Classic Variants …
…and New Variants

New Variants 1: Space Complexity
New Theorems
Applications: Cycle Lengths in Graphs
Applications: Quantifier Prefix Classes
Applications: Integer Optimization

New Variants 2: Circuit Complexity
New Theorems
Applications: Visible Pushdown Languages

Till Tantau Theorietag in Speyer, September 2015 43 / 48



Visible Pushdown Languages

1. The input is processed by a pushdown automaton.

2. Whether the automaton does a push or a pop may depend only
on the read symbol and not on the state.

Input tape ( [ 1 + 1 ] + ( 2 + [ 2 + 2 ] ) )

Stack (
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We Can Precompute the Stack Outline

1. The input is processed by a pushdown automaton.

2. Whether the automaton does a push or a pop may depend only
on the read symbol and not on the state.

Input tape ↑ ↑ ↓ ↑ ↑ ↓ ↓ ↓

Stack
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The Complexity of Visible Pushdown Languages

Theorem
All visible pushdown languages lie in NC1.

Proof.
For an input like ([1 + 1] + (2 + [2 + 2]))we can construct the
following graph using “simple counting”:

Apply the metatheorem for NC1 to a formula stating “there exist states
and symbols for the nodes that are locally consistent”.
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Summary

Algorithmicmetatheorems have the form

If a problem can be described in a certain logic and the input
graphs can be decomposed in a certain fashion, then there is a
certain kind of algorithm.

There are algorithmic metatheorems for logarithmic space.

There are algorithmic metatheorems for NC1.

Algorithmic metatheorems have applications
even when the inputs are not decomposable graphs.
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Outlook

Further Results

There are algorithmic metatheorems for constant depth circuits
(AC0 and TC0).

There are algorithmic metatheorems for pure logic.

Some Open Problems

Is there an logspace metatheorem for bounded clique width?

Can we construct solutions of a certain size?

How difficult is detecting cycles whose lengthmodulo 3 is 1?
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