AnreGpa u anamaus St. Petersburg Math. J.
Tom. 15 (2003), Beim. 6 Vol. 15 (2004), No. 6, Pages 813-835
S 1061-0022(04)00833-7

Article electronically published on November 16, 2004

CIRCULANT GRAPHS:
RECOGNIZING AND ISOMORPHISM TESTING
IN POLYNOMIAL TIME

S. A. EVDOKIMOV AND I. N. PONOMARENKO

ABSTRACT. An algorithm is constructed for recognizing the circulant graphs and
finding a canonical labeling for them in polynomial time. This algorithm also yields
a cycle base of an arbitrary solvable permutation group. The consistency of the
algorithm is based on a new result on the structure of Schur rings over a finite cyclic
group.

§1. INTRODUCTION

A finite grap}E is said to be circulant if its automorphism group contains a full cycle,ﬁ
i.e., a permutation the cycle decomposition of which consists of a unique cycle of full
length. This means that the graph admits a regular cyclic automorphism group, and,
consequently, is isomorphic to a Cayley graph over a cyclic group. In particular, any
circulant graph can be specified in a compact form by a full cycle automorphism and a
neighborhood of some vertex.

One of the main computational problems concerning circulant graphs is that of finding
an efficient algorithm to recognize them. (This problem is a special case of the following
NP-complete problem: test whether or not a given graph has an automorphism without
fixed points [15].) The first attempt to solve this problem was undertaken in [24], where
a polynomial-time algorithm for recognizing circulant tournaments was described. In the
subsequent papers [21], [22] [5] several results on recognizing some special classes of circu-
lant graphs were presented, but the general problem remained open up to now. In the
present paper we solve this problem completely. Another problem about circulant graphs
is to find an efficient isomorphism test for them. In fact, this problem is polynomial-time
reducible to the recognition problem, because two circulant graphs with the same number
of vertices are isomorphic if and only if their disjoint union is a circulant graph. In this
paper we present a solution to a more difficult problem of finding a canonical labeling
for circulant graphsﬁ It should be mentioned that the isomorphism problem for Cayley
graphs over a cyclic group (which is a special case of the isomorphism problem for cir-
culant graphs) has been extensively studied through the last forty years (see [200]). Most
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1By a graph we mean an ordinary graph, a digraph, or even an edge colored graph.

°In what follows, such an automorphism is said to be cycle.

3Suppose that associated with each graph belonging to a class C is a labeling, i.e., a bijection from
the set of vertices to an initial interval of the set of nonnegative integers. This labeling is said to be
canonical provided I'; =2 T'y if and only if F{l = ng for all T';, T2 € C, where f; is the labeling of the

graph I'; and Ff’ is the image of I'; under f;, ¢ = 1,2 (cf. [d]).
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papers were aimed at finding efficient necessary and sufficient conditions for isomorphism
of Cayley graphs over various special classes of cyclic groups.

The key notion of our approach is a cycle base of a finite permutation group G; by
definition, this is any set of full cycles in G with the property that any full cycle of G
is conjugate in G to exactly one element of this set. Cycle bases were studied in [19]
where it was proved that the cardinality of any cycle base of the group G is at most n
(and even ¢(n), where ¢ is the Euler function, modulo the classification of finite simple
groups) where n is the degree of G. A cycle base of a graph T is defined to be a cycle
base of its automorphism group Aut(T"). As will be shown below (see Theorem [[2), the
problems treated in this paper are reduced efficiently to the problem of finding a cycle
base of a graph. In its turn, this problem reduces (see the proof of Theorem [[1]) to
a similar problem for cellular rings, and the solution of the latter occupies most of the
paper (as to the cellular rings, see Subsection [B1)).

Theorem 1.1. A cycle base of a graph on n vertices can be found in time n©™).

Proof. Let I' be a graph on n vertices, and let W be the smallest cellular ring containing
the adjacency matrix of the graph I'. It is easy to show that Aut(I') = Aut(W) (see,
e.g., [27]). From Theorem [T]it follows that a cycle base of the ring W (i.e., of the group
Aut(W)) can be found in time n®("). Since the ring W can be efficiently constructed by
T (see Theorem [R3), we are done. O

The following statement contains the main results of the paper. Though some parts
of the proof are folklore, we present all the details in order to make the exposition self-
contained.

Theorem 1.2. Let G, (respectively, Cy,) be the class of all graphs (respectively, circulant
graphs) on n vertices. Then the following problems can be solved in time nOM:.

(1) given a graph T' € G,,, test whether T’ € Cy,, and (if so) find a cycle automorphism
of it;

(2) given a graph T € C,,, find a canonical labeling of it

(3) given graphs T',T' € C,,, test whether T 2 1", and (if so) find an isomorphism of
them;

(4) given a graph T' € G,,, find a full system of pairwise nonequivalent Cayley repre-
sentationd] of T over a cyclic group of order n.

Proof. Obviously, a graph is circulant if and only if every cycle base of it is nonempty.
Therefore, Problem (1) can be solved in time n®") by Theorem I Furthermore,
Problem (3) is O(n)-reducible to Problem (2). We concentrate on Problems (2) and (4).

Let V' be a set of cardinality n. For any full cycle ¢ on V and any element v € V,
there exists a unique bijection f: V — {0,...,n — 1} taking v° to i (then ¢ goes to the
full cycle (0,...,n—1)). If T"is a graph on V and ¢ € Aut(T"), then, obviously, the image
I'f of T under f does not depend on the choice of v € V; we denote it by T'(©). Tt is easily
seen that for any two cycle automorphisms ¢; and co of I' we have

(1) F(Cl) = F(Cz) <~ (1 ~ Cg,

where ¢; ~ ¢ means that ¢; and ¢y are conjugate in the group Aut(I'). Thus, the
set C(T') = {T'® : ¢ € O} does not depend on the choice of a cycle base C' of T'. By
Theorem [LT] this set together with a set of isomorphisms f : T' — IV, TV € C(T") (one f
for each I') can be found in time n°M),

4By a Cayley representation of a graph I' over a group G we mean a Cayley graph over G isomorphic
to I'; two such representations are said to be equivalent if some isomorphism of the corresponding Cayley
graphs belongs to Aut(G) (see, e.g., [14]).
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Now, let T" € C,,. Then C(T") # @. Moreover, from the previous paragraph it follows
that the element IV of C(I") whose adjacency matrix is the lexicographical leader among
the adjacency matrices of the graphs belonging to C(I'), can be found in time nPW | to-
gether with the corresponding isomorphism f. The labeling f of the graph I' is canonical
(in the class C,,) because, obviously,

I &0y < ' =Tf

for all T'1,T2 € C,, where f; is the labeling of T'; (i = 1,2). Thus, Problem (2) can be
solved in time n®M.

Finally, let T € G,,. We treat the set {0,...,n—1} of the vertices of the graphs in C(T")
as the additive group Z; of the ring Z,, = Z/(n). It is easily seen that each graph in C(T")
is a Cayley representation of I over this group. From () it follows that every Cayley
representation of I over Z is equivalent to at least one element of the set C(T"). On the
other hand, two elements of C(T") are equivalent if and only if there exists an isomorphism
between them induced by multiplication by an element of the multiplicative group of the
ring Z,. Since the set C(I') can be found in time n°(")| this implies that Problem (4)
can be solved within the same time. a

As we saw in the proof of Theorem [[.I} the problem of finding a cycle base of a
graph reduces to the problem of finding a cycle base of a cellular ring, i.e., a cycle
base of its automorphism group. To approach the latter problem, we introduce the
classes of quasinormal and singular cellular rings (see §§B] and H)) and prove that each
Cayley ring over a cyclic group belongs to one of these classes (Theorem [5.1]). We also
show that both classes are efficiently recognizable. Moreover, the automorphism group
of a quasinormal ring has a polynomial-time computable solvable subgroup containing
all cycle automorphisms (Theorem Bfl), whereas a singular ring has a polynomial-time
computable admissible extension (Theorem E4). (An extension of a cellular ring is said
to be admissible if it is proper and each of its cycle bases contains a cycle base of the
ring.) In a sense, a quasinormal ring can be thought of as a ring covered by normal
Cayley rings over cyclic groups (see Definition [B2]). The latter rings were defined and
studied in [I1]; in fact, any such ring is the centralizer ring of a 2-closed subgroup of
the holomorph of a cyclic group. On the other hand, each singular ring has a special
subfactor of rank 2 (Definition ET); every automorphism of this subfactor can be lifted
to an automorphism of the entire ring (Lemma F3). When passing to the corresponding
admissible extension, we regularize the subfactor, thereby resolving the singularity. Now
the algorithm of finding a cycle base of a cellular ring (Main Algorithm) can be outlined
as follows (see {1 for the details).

1. While a current ring remains singular, replace it by an admissible extension.

2. If the current ring is not quasinormal, then the cycle base of the input ring is
empty.

3. Find a solvable subgroup G of the automorphism group of the current ring that
contains all full cycle automorphisms.

4. Find a cycle base of G and reduce it to a cycle base of the input ring.

Step 1 is performed by Algorithm A2 (§4l), which involves, in particular, the Weisfeiler—
Leman algorithm (Subsection B3)). Steps 2 and 3 are performed by Algorithm A1 (§3]).
At the first stage of that algorithm we test whether or not the current ring is quasinormal,
and if it is, we find a solvable group containing all cycle automorphisms of the current
ring. At the second stage we apply the Babai—Luks algorithm to find the group G in
question as the intersection of the group mentioned in the preceding sentence and the
automorphism group of the current ring. Finally, Step 4 is performed by Algorithm A3
(§8). This algorithm allows us to efficiently find a cycle base of an arbitrary solvable
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816 S. A. EVDOKIMOV AND I. N. PONOMARENKO

permutation group. The consistency of the Main Algorithm follows from Theorem Bl
based on deep results on the structure of Schur rings over a cyclic group [11], 13].

All undefined terms and all results concerning permutation groups to be used in the
sequel can be found in [28] 291 [4]. To make the paper self-contained, we collect the
background material on cellular rings and Schur rings in §8 That section also contains
some remarks on algorithms for such rings and for permutation groups.

Notation. As usual, we denote by Z the ring of integers.
Throughout the paper, V' denotes a finite set. For a (binary) relation R on V' we set

RT = {(u,v) € V?: (v,u) € R} and R(u)={veV: (u,v) € R},

where u € V.

By an equivalence on V' we always mean a usual equivalence relation on V'; the set of all
such equivalences is denoted by £(V'). If E € £(V'), then the set of classes of E is denoted
by V/E, and for X C V weset X/E = X/(ENX?). If E equals A(V) = {(v,v) : v € V},
then the set X/F is identified with X.

If Ris arelationon V, X C V, and FE € £(V), then we put

Rxp={(Y,Z) € (X/E)*: (Y x Z)N R + &}

and treat this set as a relation on X/FE.

The ring of all integral matrices with rows and columns indexed by the elements of V'
is denoted by Maty , the identity matrix in Maty is Iy, and the all-one matrix is Jy .

The adjacency matrix of a relation R on V is denoted by A(R); this is a {0,1}-matrix
in Maty such that its (u,v)-entry equals 1 if and only if (u,v) € R.

The group of all permutations of V is denoted by Sym(V). For S C Sym(V), we
denote by Cyc(S) the set of all full cycles on V belonging to S, and we set Cyc(V) =
Cyc(Sym(V)).

Each bijection f : V — V' (v + v/) naturally determines a bijection R — R/ from
the relations on V onto the relations on V”, a ring isomorphism A — A7 from Maty onto
Maty, and a group isomorphism g — g/ from Sym(V) onto Sym(V’). For X C V and
E € £(V), the bijection f induces a bijection fy,p : X/E — X'/E’, where X' = X7
and E' = Ef.

For a group G, the permutation group on the set G defined by the left (respectively,
right) multiplications is denoted by Giefy (respectively, Gright)-

For integers I, m, the set {I,l+1,...,m} is denoted by [I, m]. We write [m] instead of
[1,m].

§2. EQUIVALENCES IN HOMOGENEOUS CELLULAR RINGS

This section is of preliminary nature. The material presented here will be used
throughout the paper. The relations R on V to be dealt with are assumed to have
full support (i.e., R(v) U RT(v) # @ for all v € V). Below we fix a homogeneous cellular
ring W < Maty, and we set R = R(W), R* = R*(W), £ = E(W), and B = B(W) (see
Subsection B]).

2.1. Let R be a relation on V. We denote by (R) the smallest equivalence on V' con-
taining R and call it the equivalence closure of R:

(R)= (] E
Ec&(V),EDR

It is easily seen that the classes of (R) are precisely the connected components of the
graph on V with the edge set R U RT, so that (R) can be constructed efficiently. If
Eq, Ey € E(V), then, obviously, (Eq U E») is the smallest equivalence on V' the classes of
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which are unions of classes of E; and E5. A routine check shows that if R € R*, then
(R) € £. This implies that every E € £\ {A(V)} is of the form E = (F; U R), where F;
is a maximal element of the set {E' € £: E' C E, E' # E} and R € R. Therefore, the
elements of £ can be listed in polynomial time in |V| and |£].

Let R be a relation on V. It is easily seen that the set of all equivalences E € £(V)
such that

(2) R= U XxY
(X,Y)ERy,

is closed with respect to taking the equivalence closure of a union. Therefore, this set
has the largest element. We call it the radical of R and denote by rad(R). Obviously,
rad(R) C (R). Furthermore,

3) rad(R) = Eq(R) N Eq(R"),

where for a relation S on V we set Eq(S) = {(u,v) € V?: S(u) = S(v)}. Indeed, from
the definition it follows that rad(R) C Eq(R) NEq(RT). On the other hand, it is easy to
show that the equivalence E = Eq(R) N Eq(RT) satisfies (2)). Formula (3]) implies that
rad(R) can be found in polynomial time in |V|. Now, if R € R*, then Eq(R),Eq(RT) € £
(see [6, p. 94]), so that rad(R) € & by ().

2.2. Let Fy, By € £(V) be such that

(4) EiNEy,=A(V), (FyUE)=V?
The first condition enables us to define the mapping

(5) f:V—oV/Ey xV/Esy, v~ (X1,X2),
and, for X; € V/Ej, the mapping

(6) tx, : X1 = V/Ey, v Xo,

where X is the class of the equivalence E; containing v (i = 1,2 for (Bl) and i = 2 for (@)).

Lemma 2.1. The mappings f and tx, are bijections whenever the matrices A(E1) and
A(E2) commute.

Proof. Tt suffices to prove the bijectivity of f. For this, we observe that the injectivity
follows from the first relation in (#). On the other hand, the second relation implies that
any two vertices of the graph on V' with the edge set Fy U Ey are connected by a path. If
A(E1)A(E2) = A(E3)A(E,), then, obviously, such a path can be chosen to be of length
not exceeding 2. This means that X7 N Xy # & for all X; € V/E; and X5 € V/E, i.e.,
the mapping f is surjective. O

The following theorem describes the properties of the mappings f and tx, in the case
where E1, Es € £.

Theorem 2.2. Suppose the ring W is commutative, and let E1, E5 € £ be equivalences
satisfying (). Then the mappings | and tx, are bijections, and the following statements
are true:
1) W= Wyyp, @ Wyp,;
2) if X1 € V/E, then tx, € Iso(Wx,,Wy,g,) and (Rx,)**1 = Ry/p, for all R € R,
R C Eq;
3) tx,, vy € Iso(Wx,, Wy,, ¢x, vi) for all X1,Y1 € V/Eq, where tx, vy, =tx, ot{,l1 and
©x,,v; is the weak isomorphism described in Lemmal81l
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Proof. The bijectivity of f and tx, follows from Lemma[21l We prove statement 1). A
straightforward check shows that A(E1)! = Iy g, ® Jy g, and

f
< Z A(R)> =1Iy/p, ® A(R2)
RER,Ry,) g, =Rz
for all Ry € R(Wy,g,). This implies that W/ > {Iy/g,} ® Wy,p,. Similarly, W/ >
Wv/p, ® {Iv/g,}. Thus, statement 1) follows from these inclusions. Next, let R € R,
R C E). Then, obviously, (Rx,)"** C Ry,g,. Therefore, it suffices to prove the first
part of statement 2) only. Since the matrices A(E;) and A(F2) commute, we have

Rm(XQXYQ):Elm(XQXYé)

for all X5,Y2 € V/E5 such that RN (X3 x Y2) # @. Thus, for each X; € V/E; the
bijection tx, induces a bijection R(Wx, ) — R(Wy,g,), whence tx, € Iso(Wx,, Wy, g,).
Finally, statement 3) follows from statement 2) and the definition of ¢x, y;. O

Corollary 2.3. Under the conditions of Theorem 22 suppose that G < Aut(W) is a
reqular Abelian group. Then the equivalences E1 and Es are G-invariant, and

G/ =Gy/p, x Gy/g,, (Gx,)™ =Gy/p,
for all X1 € V/E;.

Proof. From statement 1) of Theorem it follows that g/ = (gv/k,,9v/E,) for all
g € Aut(W). Therefore, G/ < Gv,g, X Gy g, On the other hand, since G is regular
and Abelian, so are the groups G7, Gv/g,,» and Gy, g,. This implies that

G| = V| = |V/E\|- |V/Es| = \Gv/e.| - |Gy, = |Gv/E, X Gyv/E,l,s

and the first relation follows. Since, obviously, (X1, v**1) = vf for all v € X;, the second
relation is a consequence of the first. a

2.3. Suppose Ey, E7 € £ and Ey C F;. We intend to compute the group Aut(WW) in the
case where W satisfies the E;/Ep-condition in the sense of the following definition (see
also [3]).

Definition 2.4. We say that the ring W satisfies the E4/Ey-condition if Ey C rad(R)
for all R € R such that RN Ey = @.

Suppose we are given a permutation go € Sym(V/Ep) that respects the equivalence
E; and, for each X € V/E;, a bijection gx : X — Y, where Y € V/E;. The pair
({9x}txev/E,>90) is said to be Ey/Ey-admissible if (9x)x/E, = (90)x/8, for all X €
V/E;. In this case there exists a unique permutation of V' equal to go on V/Ey and to gx
onany X € V/E;. We say that this permutation is induced by the pair ({gx } xev/E,, 90)-

We say that an F4 /Ep-admissible pair is compatible with W if the following conditions
are satisfied:

(P1) gx € Iso(Wx,Wy,pxy) for all X € V/Ey;
(P2) 9o € Aut(WV/EO).

Let P(W, E1/Ep) denote the set of all permutations induced by E;/Ep-admissible pairs
compatible with W.

Theorem 2.5. Suppose the ring W satisfies the Ey/Ey-condition for some Ey, Fy € €
such that Ey C E1. Then Aut(W) = P(W, E1/Ejp).
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Proof. The inclusion Aut(W) C P(W, E1/Ey) is clear because any g € Aut(W) is induced
by the pair ({9x}xev/E,,9v/B,), Which is obviously compatible with . Conversely,
suppose that g is induced by an FE;/Ey-admissible pair ({gx}xev/E,,90) compatible
with W. Then RY = R for all R € R. Indeed, if R C Ej, then, by condition (P1),

R= |J RBo)**= |J Rx)™ = |J Rv=R,
XeV/E, XeV/E, XeV/E

where Y = X9. Otherwise, we have RN E; = &, whence Ey C rad(R) by the conditions
of the theorem (see Definition 2:4]). Consequently, relation (@) and condition (P2) imply

that
R=( |J Xox¥)0= ) X))
(Xo,Yo)ERo (Xo,Yo)ERO
= U &xorxr= | XoxYo= | XoxY
(X0,Y0)ERo (Xo0,Y0)€ERS® (X0,Y0)ERo
where Ry = Ry g, . g

§3. QUASINORMAL CELLULAR RINGS

3.1. Let W be a Cayley ring over a group G (see Subsection[8:2)). In accordance with [I1],
the ring W is said to be normal if Gyignt is a normal subgroup of Aut(W). We denote
by Whorm the class of all cellular rings strongly isomorphic to a normal Cayley ring over
a cyclic group. It is easily seen that a cellular ring belongs to Wyorm if and only if its
automorphism group contains a normal regular cyclic subgroup. Any element of Wy orm
is called a normal ring (over a cyclic group). It can be proved that the automorphism
group of a normal ring is isomorphic to a subgroup of the holomorph of a cyclic group
(see [I1] Theorem 4.5]). In particular, this automorphism group is solvable. Furthermore,
from [I1], Theorem 6.6] it follows that every weak isomorphism of normal rings is induced
by a strong isomorphism. The following result allows us to handle normal rings efficiently
(see also [A]).

Theorem 3.1. The following problems for cellular rings on n points can be solved in
time nO):
(1) given a cellular ring W, test whether W € Whorm, and (if so) list all elements of
the group Aut(W);
(2) given cellular rings W, W' € Whorm and a weak isomorphism ¢ : W — W', list all
elements of the set Iso(W, W', ).

Proof. First we recall that a cellular ring W < Maty is said to be 1-regular if there exists
a regular point, i.e., an element v of V such that |R(v)| <1 for all R € R(W) (see [11]
§9]). Next, obviously, if ¢ : W — W' is a weak isomorphism of cellular rings, then

R?(v) = R(v), felso(W, W' ),

for every point v of W. It follows that if v is a fixed regular point of this ring, then any
such isomorphism f is uniquely determined (and can be constructed efficiently) by v/. In
particular, |Iso(W, W', ¢)| < n, and the elements of this set can be listed in time n°).

Suppose W < Maty is a cellular ring and v € V. We set W, = [W,1,], where
I, = A({(v,v)}) (see Subsection BIl). If ¢ : W — W' is a weak isomorphism and
v’ € V', where V' is the point set of W', then, obviously, there exists at most one weak
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isomorphism ¢,, . : W, — W/, that coincides with ¢ on W and takes I, to I,,. Moreover,
it is easy to show that

Iso(W, W', ) = U Iso(Wy, W, 0p ),
v'es’
where S’ is the set of all v' € V’/ such that the isomorphism ¢, ,» does exist. Now,
if W,W’ € Wiorm, then from [I1 Theorem 6.1] it follows that the cellular rings W,
and W/, are l-regular for all v € V and v' € V’. So, by the previous paragraph and
Theorem[83, Problem (2) can be solved in time n®(). Since Aut(W) = Iso(W, W, idw),
the same argument shows that the elements of this group can be listed efficiently whenever
the ring W, is l-regular for all v € V. Since the latter condition is satisfied for any
W € Whorm, we see that Problem (1) is n©()-reducible to the recognition problem for
1-regular rings. O

3.2. Let W < Maty be a homogeneous cellular ring. Set
f(W) = {F = (Eo,El) By, B € 8(W), Ey C El}.

Any element F of the set F(W) is called a flag of W and will be denoted by E;/Ep.
From Lemma[B.1]it follows that the cellular rings Wx/g,, X € V/E;, are pairwise weakly
isomorphic. Therefore, the numbers | X/Ep| and rk(Wx/g,) do not depend on the choice
of X € V/E;; we denote them by |F| and rk(Wp), respectively. Moreover, all the rings
Wx /g, are primitive or not simultaneously. In the former case we say that the flag F' is
primitive. The flag I' is said to be normal if W, g, is a normal ring for all X € V/Ej.
We say that F is a subflag of a flag F' = E{/E{ if E1 C E}, Ey D E{. In this case,
obviously,

(7) Auwt(W)x g, < Aut(Wx/g;) x/E,

for X € V/Ey and X' € V/E] with X C X' (we identify X/Ey with (X/Ep)/(Eo)x/k;)-

Now suppose that the ring W is commutative. Let F' = E1/FEy and F’ = E5/E> be
flags of W. We say that F’ is a multiple of F if Ey = E1 N Ey and E3 = (E1 U E»).
In this case, if G < Aut(W) is a regular cyclic group and X € V/Ej5, then, obviously,
Gx/g, is a regular cyclic subgroup of Aut(Wx,g,). Applying Corollary 23] to the ring
Wx/E, and the equivalences (E1)x/g, and (E2)x,g,, we see that

(8) (G(Xl/Eo)txl/E0 - GX/E27 X1 € X/E17

where ¢y, /g, is the bijection (B). Denote by ~ the equivalence closure of the relation “to
be a multiple” on the set F(W). It can be checked that the set £(W) forms a modular
lattice with respect to the operations of intersection and the equivalence closure of a
union. Thus, the ~-equivalence corresponds to the projectivity in a modular lattice [2].

Definition 3.2. A flag of a commutative cellular ring W is said to be subnormal if it is
a subflag of a normal flag of W; a flag is quasinormal if it is ~-equivalent to a subnormal
one. We say that the ring W is quasinormal if every primitive flag of it is quasinormal.

Obviously, each normal cellular ring is quasinormal. The converse is not true. Indeed,
let W be the centralizer ring of the wreath product of two groups of prime order p.
Obviously, the ring W is not normal for p > 3. On the other hand, W is quasinormal,
because any primitive subfactor of it is strongly isomorphic to the centralizer ring of a
regular group of order p, and, consequently, is normal. It can be proved that there exists
a quasinormal ring such that not every primitive flag of it is subnormal.

Before stating the main result of the subsection, we need the following technical notion.
Let W < Maty be a homogeneous cellular ring. By a majorant of a group G < Aut(W)
with respect to a flag E1/Ey € F(W) we mean a permutation group G’ on a set V'
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together with a family of bijections fx : X/Ey — V' (X € V/E1) such that (Gx,p, )/ <
G'. If Eg = A(V) and E; = V2, then we call G’ simply a majorant of G.

Theorem 3.3. If W is a quasinormal cellular ring, then there exists a solvable majorant
of the group Autcy.(W) generated by all cycle automorphisms of W. In particular, the
group Autcyc(W) is solvable.

Proof. We deduce the theorem from the following two lemmas. Below for permutation
groups G, ...,Gs, s > 0, we define a permutation group wr(Gy,...,Gs) as follows: this
group is {1} if s = 0; it coincides with G; if s = 1; with the wreath product of G; and
G (in imprimitive action) if s = 2; and with wr(wr(Gy,...,Gs_1),Gs) if s > 3.
Lemma 3.4. Suppose W < Maty is a homogeneous cellular ring and G < Sym(V'). Let
Ey,...,Es € E(W) be equivalences satisfying the following conditions:

1) A(V):Eo Cc Fy C "'CE5:V2;

2) for each i € [s] we are given a majorant (G, Vi, {fx}xev/E,) of the group G with

respect to the flag E;/E;_1.

Then the mapping

S
(9) f:v—=I[vi, o= (o i (Xica),. ),
i=1
is a bijection, where X; is the class of E; containing v, and G' < wr(G,...,Gs).

Proof. Tt is easily seen that f is a surjection. Thus, statement 1) follows from the relation

\V| = |Es/Eo| = II;_, |Ei/E;-1|. To prove the second statement, we assume (without

loss of generality) that s > 0. Let X € V/E,_1. Then for every i € [s — 1] the triple

(Gi,ViAfy}yev/e, x) With B; x = E; N X2 is a majorant of the group Gx < Aut(Wx)

with respect to the flag F; x/E;—1,x € F(Wx). By induction, for the bijection fx :

X — [I:Z] Vi we have

(10) (GX)fX < Wr(le"'szfl)'

On the other hand,

(11) (GV/ES,l)fV < Gs

(we have used the fact that V/Es = {V'}). Moreover, it is easy to check that (G')y
(

(Gx)™x for all X € V/E,_1, and (GNvi s, ) = (Gy/p,_,)7V (we identify V1/(E,
with V5). Thus, from (0) and () we deduce that G' < wr(wr(Gy,...,Gs-1),G

fx —
)
s) -
Wl"(Gl,...,GS). O

Lemma 3.5. If W is a quasinormal ring, then the group Autcyc(W) admits a solvable
magjorant with respect to any given primitive flag of W.

Proof. Let F be a primitive flag of W. Then the quasinormality of W implies that there
exist flags F; = E;1/E; 0, i € [0,s], such that Fy, = F, the flag F is subnormal, and
for every i € [s] one of the flags F;_, F; is a multiple of the other. From (8) it follows
that if (G', V', {fx}xev/E,,) is a majorant of the group Autcy.(W) with respect to I,
then (G',V’, {t~X o fx}xev/E,_,,) is a majorant of the same group with respect to F;_1,
where tx = tx/E;, if Fi—1 is a multiple of F; and tx = t;(}Ei.O otherwise. Thus, there

is no loss of generality in assuming that the flag F = E;/Ey is subnormal, i.e., it is a
subflag of a normal flag F' = E|/E{ of W. For X,Y € V/E;, we denote by X', Y’ the

classes of the equivalence Ej containing X and Y (respectively) and put X =X /E},
Y = Y'/Ey. Since W, Wyt € Who, there exists f € Iso(Wx, Wy, o5 3) that takes
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X/E{ to Y/E; (see Subsection B.I), where ¢ 3 is the weak isomorphism described in
Lemma [8Tl Consequently,

(Aut(W)5%)™% = Aut(Ws )y,

where X = X/Ey, Y = Y/Ey, and f: X — Y is the bijection induced by f. Then, by
(@), for a fixed Y the triple (G,Y, {fx}xev/e,) is a majorant of Aut(W) (and, hence,
of Autcye(W)) with respect to F, where G = Aut(Ws~ )y Since the group G is solvable
(see Subsection B), we are done. O

Returning to the proof of the theorem, we choose equivalences Fy, ..., Fs of W such
that condition (1) of Lemma [34] is satisfied and the flag F; = E;/E;_; is primitive for
all i € [s]. By LemmaB.H] for all ¢ there exists a solvable majorant (Gi, Vi, {fx}xev/E;)
of the group Autcyc(W) with respect to the flag F;. Set G’ = wr(G1,...,Gy), V' =
[1;_, Vi. Then Lemma[34shows that the triple (G, V', {f}), where f is the bijection (@),
is a majorant of the group Autcyc(W). Since the wreath product of solvable groups is
solvable, we are done. O

3.3. In this subsection we describe an algorithm for recognizing quasinormal cellular
rings. Before doing this, we make some remarks concerning computations with flags.

Let W be a commutative cellular ring on n points. We denote by I' the graph con-
structed on the set of all primitive flags of W and such that two vertices of I' are adjacent
if and only if one of the corresponding flags is a multiple of the other. Since the intersec-
tion of equivalences and the equivalence closure of their union can be found efficiently, it
is not hard to test in time n®() whether or not two given vertices of I' are adjacent. Since
the set £(W) can be found in time (mn)®™M) where m = |£(W)| (see Subsection 22T,
the graph I' can be constructed within the same time. Moreover, two primitive flags are
~-equivalent if and only if the corresponding vertices of I' are joined by a path. It is well
known that the connected components of a graph and a path joining any two vertices of
a connected graph can be found efficiently. Thus, given two primitive flags of W, we can
test whether or not they are ~-equivalent and (if they are) find an appropriate sequence
of flags in time (mn)®™M). Next, from statement 1) of Theorem Bl it follows that the
normality of any flag of W can be tested in time n®(). Therefore, given a primitive flag
of W, we can test in time m?n°(®) whether it is subnormal by the exhaustive search over
the set of all normal flags of W. This enables us to efficiently recognize the primitive
quasinormal flags. Finally, from the proof of Lemma and Theorem B.]] it follows
that a solvable majorant of the group Autcyc(W') with respect to any given primitive
quasinormal flag of W can be found in time (mn)°™).

Algorithm A1l.

Input: a cellular ring W < Maty, .

Output: a solvable group G such that Autcy.(W) < G < Aut(W) if W is a quasinormal
ring, or G = @ otherwise.

Step 1. If W is not commutative, then the output G is empty. Otherwise
construct the graph I" on the set of all primitive flags of W (see above) and the
set F of all subnormal flags of W.

Step 2. If none of the vertices of some connected component of I belongs to F,
then the output G is empty. Otherwise choose a maximal path A(V) = Ey C
E, C---C E, =V? of equivalences of W.

Step 3. Find a solvable majorant (G, Vi, {fx} xev/E,) of the group Aut,.(W)
relative to the flag E;/FE;_1, i € [s] (see above), the group G’ = wr(Gy,...,Gs),
and the bijection f defined by ().
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Step 4. The output group G = Aut(W) N (G’)r1 is found by the Babai-Luks
algorithm (see Theorem [B4)).

Theorem 3.6. Algorithm Al tests the quasinormality of the ring W in time (mn)°®),
where m = |E(W)| and n = |V|. Moreover, if W is quasinormal, then it finds a solvable
group G such that Autcy.(W) < G < Aut(W) within the same time.

Proof. From the definitions of a quasinormal ring and the graph I" it follows that W is not
a quasinormal ring if and only if the algorithm terminates before Step 3. This implies that
the flags E;/E;_1 (i € [s]) (which, obviously, are primitive) are quasinormal. Moreover,
the group G’ defined at Step 3 is solvable because it is a wreath product of solvable
groups. Thus, the consistency of the algorithm follows from Lemma B (which implies
that Autcye(W)F < G’), and from the consistency of the Babai-Luks algorithm. The
required time bound follows from Theorem[84] and the remarks before the algorithm. O

§4. SINGULAR RINGS

4.1. As will be shown below (see Theorem B.1l), every cellular ring admitting a cycle
automorphism is quasinormal or has a singularity in the following sense.

Let W < Maty be a commutative cellular ring, and let F' = E;/Ey and F' = E5/E,
be flags of W. Suppose that F’ is a multiple of F' and the following conditions are
satisfied (see Subsection 2.3):

(S1) W satisfies both the E5/FEy-condition and the Es5/E;-condition;

(82) WX/EO = VV)(/E1 & WX/E2 for all X € V/E3
(The set X/Ey is identified with X/F; x X/Fy with the help of the bijection (E) in
Lemma 2] applied to V = X/FE,.) We observe that rk(Wg) = rk(Wr/) by statement 2)
of Theorem 2.2

Definition 4.1. We say that the ring W has singularity in the pair (F, F') if tk(Wg) = 2.
In this case the number d = |F| = |F”| is called the singularity degree. The ring W is
said to be singular if it has singularity of degree d > 3 in some pair (F, F").

We shall resolve the singularity by replacing W with the smallest cellular ring W/ =
[W, A] that contains W, A being the adjacency matrix of a relation of the form

(12) RE®= U U vxvk,

XeV/EsYEX/E,
where § = {fx}xev/p, With fx € Cyc(X/Ez). The next theorem shows that in this
case we can control the cycle bases of the rings W and W’. As in [19], we say that a
subgroup G’ of a permutation group G is well embedded if every cycle base of G’ contains
a cycle base of G, or, equivalently, if every full cycle of G is conjugate in G to some full
cycle of G'.

Theorem 4.2. In the above notation, for any family § the group Aut(W') is a well-
embedded subgroup of Aut(W).

Proof. Let § = {fx}xev/p,, where fx € Cyc(X/E3). Since W' > W, without loss of
generality we may assume that Cyc(Aut(W)) # &. Let g be a cycle automorphism of
W. Then (E3)9 = E3, so that X9 =X forall X € V/E3, where k = |V/Ej3|. It is easily
seen that gx = (gk)X/E2 is a full cycle on X/FEs. Therefore, we can find a permutation
hx € Sym(X/Es) such that fx = h}l'gvxhx. Suppose for a while that there exists
h* € Aut(W) such that

(13) (h")x/B, = hx, X €V/Ej3.
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Then, obviously, the permutation ¢’ = (h*)~'gh* belongs to Cyc(Aut(W)). Conse-
quently, for X € V/E5 and Y € X/Es,, we have

(fo)g' — (yfx)(h*)‘lgh* — (yth}l)gh* — (yh}lﬁx)gh*
= ((Yhx)9)dxohxs — ((yhx")9)hxofxo — (y (W) gh™yfxo

- (yg’)fxs'7
whence
RY — U U v « (fo)g’ — U U Y9 x (Y9)xs =R,
X€V/Bs YEX/E> X€V/Es YEX/E»
where R = R(F). Thus, ¢’ € Cyc(Aut(W’)). Since g is conjugate in Aut(W) to ¢’, we
are done.

Now we prove the existence of h* € Aut(W) satistying (I3)). For this, we observe that
the permutation ¢! with [ = |V/E;| induces the identical permutation of X/E; and a
full cycle of X/E5. This implies that for each Y € X/FE, there exists a power of this
permutation that takes Y to Y’ = Y"X. Obviously, the induced bijection hy : Y — Y’
satisfies the following conditions:

(14) hy € Iso(Wy , Wy, @y,y),  (hy)y B, = ty/Eo,y"/Eos
where @y y/ is the weak isomorphism described in Lemma Bl and ly By v /E, 18 the

bijection defined in statement 3) of Theorem Thus, the required statement follows
from the next lemma.

Lemma 4.3. In the notation of the theorem, suppose that for every X € V/E3 we are
given a permutation hx € Sym(X/FEs) and for everyY € X/Es, a bijection hy : Y — Y’
satisfying ([[4), where Y' = Y"x. Then there exists a unique h* € Aut(W) such that
(h*)x/B, = hx, (h*)x/E, =idx/E,, and (h*)y = hy for all X and Y.

Proof. The uniqueness of h* follows from the third condition imposed on it. To prove
the existence, we take X € V/FEs5 and denote by hy the permutation of the set X/Fy =
X/E; x X/E, taking (X1, X3) to (X1, X2X). Then the pair ({hy}, hx) is (Ey/Eo)x-
admissible, where (Ey/Eo)x = (F2)x/(Eo)x (see Subsection [2.3), because (hy)y,/g, =
ty/Boy' /By = (EX)y/EO for all Y € X/FE3. Moreover, it is compatible with the ring
Wx. Indeed, condition (P1) is satisfied by assumption. Next, since tk(Wx/g,) = 2,
condition (S2) implies that hx € Aut(Wx/g,). Thus, condition (P2) is also satisfied.
Now, we set hy to be the permutation of X induced by the pair ({hy},ﬁx). Then
Wy € P(Wx, (E2/Eo)x). On the other hand, condition (S1) implies that the ring Wx
satisfies the (E3/Ey)x-condition. Then h'y € Aut(Wx) by Theorem .5 Moreover,
since (hx)x/m, = EX, we have (h'x)x/p, = idx/p,. Thus, the pair ({h'x},idy/g,) is
FEs5/Eq-admissible and, therefore, compatible with W. Moreover, the ring W satisfies the
FE3/Ei-condition (see (S1)). By Theorem [ZH the permutation A* of V' induced by this
pair belongs to Aut(W). Since (h*)x = by for all X € V/E3, we are done. O

4.2. Below we present an efficient algorithm for recognizing singular rings and for re-
solving their singularities. We start with some preliminary remarks. Let F' = E;/FEy
and F' = E3/FE5 be flags of a commutative cellular ring W < Maty. First, since the
equivalences Eq N Ey and (Ey U E3) can easily be constructed (see Subsection 2ZTI), we
can test efficiently whether or not F’ is a multiple of F. Next, since the radical of any
relation can easily be found, the F3/Fy-condition and the E3/FE;-condition for W can be
tested efficiently. Finally, for a given X € V/Ej5, the identity in (S2) can also be tested
efficiently (e.g., by comparing the basis relations). Thus, the presence of singularity for
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W in the pair (F, F’) can be tested in time n®™1)| where n = |V|. We say that an ex-
tension W’ of W is admissible if Aut(W’) is a well-embedded subgroup of Aut(W) and
W' £ W.

Algorithm A2.
Input: a cellular ring W < Maty, .
Output: an admissible extension W’ of W if W is singular or W’ = & otherwise.

Step 1. If W is not commutative, then the output W’ is empty. Otherwise
construct the set £(WW) (see Subsection 21]) and then the set F(W).

Step 2. Find the set P of all pairs (F, F') € F(W)? such that W has singularity
of degree at least 3 in (F, F’) (see above).

Step 3. If P = &, then the output W’ is empty. Otherwise choose (F, F') € P.
Step 4. Take W' = [W, A] as the output, where A is the adjacency matrix of
relation ([2)) with a family § chosen arbitrarily. O

Theorem 4.4. Algorithm A2 tests the singularity of the ring W in time (mn)°®),

where m = |E(W)| and n = |V|. Moreover, if W is singular, then it finds an admissible
extension W' of W within the same time.

Proof. The consistency of the algorithm is a consequence of Theorem [4.2] the definition
of a singular ring, and the fact that at Step 4 we have W’ # W because W has singularity
of degree at least 3 in (F, F'). Since the set £(W) can be constructed in time (mn)°M)
(see Subsection 2.T]), the required time bound follows from Theorem[83] and the remarks
before the algorithm. O

In this paper, Algorithm A2 will be applied only in the case where m < n, so that in
this case its complexity is bounded by n®™). In the general case, this algorithm can be
modified so as to achieve the same time upper bound. Indeed, it can be proved that if W
has singularity in (F, F’), then E; \ Ey € R(W) and E; coincides with the equivalence
closure of the union of all R € R(W) such that (R) N Ey C Ey.

§5. QUASINORMAL AND SINGULAR CAYLEY RINGS OVER A CYCLIC GROUP

In this section we deal with quasinormal and singular rings (see §§3] and [)) that are
Cayley rings over a cyclic group. The main result can be formulated as follows.

Theorem 5.1. Every cellular ring admitting a full cycle automorphism is either quasi-
normal or singular.

Proof. Let W be a cellular ring such that Cyc(Aut(W)) # @. Without loss of generality
we may assume that W is a Cayley ring over a cyclic group G (see Subsection B2). We
observe that, by Theorem [R2] the lattice £ = £(W) of equivalences of W is isomorphic
to a sublattice of the lattice of subgroups of the group G, which, by the cyclicity of G,
is isomorphic to the lattice of divisors of the integer n = |G |E In accordance with [2],
the latter lattice is distributive; consequently, so is the lattice £. Let C be a class of
~-equivalence on the set of all flags of the ring W. We say that an element of C is a
smallest (respectively, a greatest) one if every element of this class is a multiple of it
(respectively, it is a multiple of every element of this class).

Lemma 5.2. Each class of the ~-equivalence on the set F(W) of all flags of W contains
a smallest element and a greatest element.

5Tn what follows, for E1, Ea € £ we write Fq E> instead of (F1 U Ea).
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Proof. Since the notion of ~-equivalence is self-dual, we only verify the existence of a
smallest element. The transitivity of the relation “to be a multiple” and the definition
of the ~-equivalence show that it suffices to prove that if F5 is a multiple of both F; and
Fy, then there exists Fy such that both Fy and Fy are multiples of Fy (here F; € F(W)
for all Z) Let F’z = Eil/EiO (Z = 1,2,3). We set F() = EOI/E007 where on = Elj n Egj
(j =1,2). Then

Eoo = Eo1 N Eoo = Eo1 N Eig N Eoir = (Eo1 N Eio) N (Eirn N E30) = Eo1 N Eig
and, by the distributivity of the lattice &,
By = E31 N By = (Ey1E30) N By = (Eyy N Eq ) (E3o N Ei) = EoyEi,
where i/ =3 — 4 (1 = 1,2). Thus, both F; and F; are multiples of Fp. O

Suppose that the ring W is not quasinormal. There exists a class C of the ~-equivalence
on the set of all primitive flags of W such that C contains no subnormal flags. Let
F =FE,/Ey and F' = E5/FE, be a smallest and a greatest elements of C. Theorem 5.1 is
a consequence of the proposition below.

Proposition 5.3. The ring W has singularity of degree d > 4 in the pair (F, F').

Proof. First, we observe that d = |F| = |F’| > 4, because otherwise the flags F' and
F’" must be normal. Next, it is easily seen that for all X € G/E; the ring Wx/p, is
strongly isomorphic to a Cayley ring over a cyclic group. Since this ring is primitive,
Theorem 2.10.5 in [3] implies that either its rank equals 2, or its degree is a prime. In
the latter case the rank also equals 2, because otherwise the ring Wx g, is normal by [3}
Theorem 12.7.5]. Thus, it suffices to verify conditions (S1) and (S2).

We set A = WP ' and H, = Ef_l, 1 = 0,1,2,3, where p = pg is the monomor-
phism (24]). Then A is an S-ring over the group G, H; € H(A) for all i, and Hy = H1NHa,
Hs = HyH, (here and below we freely use the notation and the facts of Subsection B2]).
Since, obviously, rad(R) = rad(X)? for all R € R*(W), where X = R the cellular
ring W satisfies the F;;o/F;-condition if and only if the S-ring A satisfies the H;;2/H;-
condition (¢ = 0,1). Furthermore, the correspondence between the Cayley rings and the
S-rings respects the tensor product. Thus it suffices to check the following:

(S1") A satisfies both the Hy/Hp-condition and the Hs/H;-condition;

(S2) Any/n, = Any i, ® Amy/Ho-

For this, let X € S(A). Then it suffices to verify that rad(X) > H; whenever X C
G\ H;;2, i = 0,1 (condition (S1')), and that XHy = X;Hy - XoH, for some X; €
S(Ag,), i = 1,2, whenever X C Hj (condition (S2')). We shall check both conditions
simultaneously. First, suppose that X C Hy or rad(X) > H;. Then in condition (S1’)
there is nothing to check. Next, condition (S2') is satisfied trivially for X C Ha. If
rad(X) > Hy, then X ¢ Hs, for otherwise the image of the basic set X under the
natural epimorphism Hs — H;/Hy would be equal to Hy/Hy, which is not a basic set of
the ring Ap, /5,- So, in this case condition (S2') is also satisfied. Thus, without loss of
generality we may assume that

(15) X §Z HQ, rad(X) Z Hl.
Then the required conditions are satisfied by the following lemma.

Lemma 5.4. In the above notation and under the above assumptions, we have Hy <
rad(X) and (X) C Hs. Moreover, X = X1Xs, where X1 = Hy \ Hy and X2 € S*(Ap,)
with X2H0 = XQ,
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Proof. Using the results of Subsection B2 we transfer the notions of a flag, subflag,
multiple, and ~-equivalence, and also of normality, subnormality, and quasinormality
of a flag, from the Cayley rings to the S-rings. We observe that a flag U/L of the S-
ring A is normal if and only if the S-ring Ay, is normal in the sense of [I1] (i.e., the
cellular ring (Ay,r)?v/% is normal). Moreover, from the definition of H; (i = 0,1,2,3)
it follows that the flag Hs/Hs is a multiple of Hy/Hp, and that no flag in the class of
the ~-equivalence containing both of them is subnormal. Moreover, the flags Hy/Hy
and Hsz/H, are the smallest and the greatest element of this class, respectively. Putting
U =(X) and L =rad(X), we show that

(16) Hy/Hy ~ H\L/HoL, Hs/Hy~ (H3NU)/(HyNU).

Since the proofs of both equivalences are similar, we prove the second for instance.
We start with the observation that the flag H3U/H2U is not a multiple of Hs/Hs.
(Otherwise, U < Hj because the latter flag is maximal. Since also Hs N HoU = Ho,
we have HoU = Hj, which contradicts the first relation in ([{5).) Therefore, Hy <
H3 N (HyU), whence Hz N (HoU) = Hs because tk(Ap, /m,) = 2. Thus, Hy < HyU, and
we obtain

Ho(HiNU)=(HiNH)(HiNU)=H;N(HU)=H;

by the distributivity of the lattice H(A). This implies that H;/Hj is a multiple of
(HiNU)/(HoNU), so that Hy < U by the minimality of the flag Hy/Hy. It follows that
Hs > (H3NU)Hy > HyHy = Hj, and, consequently, (Hs NU)H; = Hs. Obviously, since
(HsNU)N Hy = HyNU, this implies that Hs/Hy is a multiple of (Hs NU)/(H: NU).

From (I6) and the fact that Hy/Hy and Hs/Hs are the smallest and the greatest
element, respectively, it follows that the flags H1L/HoL and (H3 NU)/(Ha N U) are
subflags of U/L. We prove that there exist groups H, H' € H(A) such that L < H, H' <
U and

(17) HlL/HOLNH/L, (HgﬁU)/(HQﬁU)NU/HI, -AU/L:-AH/L®-AH’/L-

For this, we observe that the radical of the image of X in U/L is trivial. Then from [I7]
Theorem 3.1] and the definition of U it follows that this image contains a generator of
the group U/L. So, the S-ring Ay, has a trivial radical in the sense of [I1]. By [IT}
Corollary 6.4], this implies the existence of groups U; € H(A), L<U; <U (i =0,...,s),
such that

(18) Avyp = @) Av, /L,
i=0

where Ay, /1 is a normal S-ring and rk(Ay,,) = 2 for all i > 0. It is easily seen
that every group belonging to H(Ay,) is of the form [[;_, U//L, where Uj € H(A),
L < U} < Uy, and U] € {U;, L} for i > 0. Therefore, every subflag F' of U/L with
rk(Ap) = 2 is ~-equivalent either to a subflag of Uy/L or to both flags U;/L and U/U]
for some ¢ > 0, where U is the product of the U; with j # i. On the other hand, the
flags H1L/HyL and (Hz NU)/(Hy NU) are not quasinormal because the flags Hy/Hy
and H3/Hj are not quasinormal (see (I6)). Thus, by the normality of the ring Ay, /1,
the first case is impossible for the former two flags. We conclude that there exists ¢ > 0
such that HyL/HoL ~ U;/L and (HsNU)/(HyNU) ~ U/U!. Therefore, ([7) is true for
H =U,; and H' = U] (see (IX)).

To complete the proof of the lemma, we observe that the first part of it follows from
the equivalences ([I6]) and (I), because the flags Hy/Hy and Hs/Hs are (respectively)
the smallest and the greatest element of the ~-equivalence class containing both of them.
Next, (I7) implies that X = X X5 for some X; € $*(Ag) and X3 € S*(Ag) such that
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X; = X;L (i = 1,2). Thus, the second part of the lemma is a consequence of the first
part and the relation Xy = (H; \ Hp)L. O

§6. CYCLE BASE OF A SOLVABLE GROUP

6.1. In this section we construct a polynomial-time algorithm for finding a cycle base of
an arbitrary solvable permutation group. First, we treat a slightly different problem.
Let G < Sym(V) be a permutation group, and let ¢ € Sym(V') normalize G. Suppose

that Vp, ..., V,,—1 are pairwise disjoint subsets of V' such that

m—1
(19) V=[] Vi, where (V;)¢ =V, (Vi)° = Vi for all i

i=0
(here and below, addition of indices is meant modulo m). We denote by G; the permuta-
tion group induced by the action of G' on V;. Then, since G¢ = ¢~ 'Ge = G, from (M) it
follows that (G;)¢ = G4 for all i (for brevity, we write ¢ instead of ¢y;). Given X C G
and S C [0,m — 1], we set Xg = ¢g(X), where

QOS:G_)HG% g'_)("'vg’i7"')7
€S
is the homomorphism induced by the natural epimorphisms G — G; (i € S). If S = {i},
we write X; and ¢; instead of Xg and g, respectively. Obviously, ¢g is a monomorphism

for S = [0,m — 1]. Concerning computation with permutation groups in the algorithm
below, see Subsection B3

Algorithm A3'.

Input: a group G < Sym(V) and a permutation ¢ € Sym(V') as above.

Output: aset X C Ge (given as a list of elements) such that Ge = J,co XY
Step 1. If G = {1}, then the output X is equal to {c}. Otherwise, use the
normal closure algorithm to find a maximal ¢™-invariant normal subgroup Ky
of GQ.
Step 2. Set G = G. Fori=0,...,m — 1 successively, use the sift procedure
to find the group GU*+Y = G N (K;), where K; = (Ko)°'.
Step 3. By the sift procedure, find the maximum number [ € [0, m — 1] for which
[G: G = H;:o [G; : K;], and then a transversal T of the group G™ in the
group GO,
Step 4. For each t € T, recursively find the set X; =A3/(H, tc), where H = G(™).
The output X equals (J,cp Xt

Theorem 6.1. Algorithm A3’ finds a set X C Ge such that Ge = |J, .o X7 in time

(nr)°M) | where n = |V| and r = |Go|. Moreover, | X| < |G|

geG

Proof. We prove this theorem by induction on r. If r = 1, then G = {1}, and we are
done (see Step 1). Suppose that r > 1.

In order to prove the consistency of the algorithm, we first verify that if H and T
are found at Steps 2 and 3, then each pair (H,tc) with ¢ € T is an admissible input
of the algorithm. Indeed, since H < G, relations ([d) imply that (V;)7 = V; and
(V;)t¢ = Vi34 for all i. Furthermore, K; is a normal subgroup of G;, and (K;)¢ = K;11
(see Steps 1 and 2), whence H'® = H. Next, in accordance with Steps 1 and 3, we have
Hy < Ky < Go, where Hy = @o(H). Therefore, by the induction hypothesis,

(20) Hte= | J (X)", teT,
heH
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where X} is the set found at Step 4. To complete the proof of consistency we let fc € Ge.
Then for every g € G we have

(67 g )i=g7  filgir)* . 0<i<m-—2
On the other hand, from the definition of [ at Step 3 it follows that the natural ho-
momorphism G — H;zO(Gj /K;) is in fact an epimorphism. This allows us to choose
g in such a way that the right-hand side of the above identity belongs to K; for all
i € [0,1 —1]. Then g lfge e GO (see Step 2), which shows that the element (fc)?
(equal to g~ fcg = (g_lfgcfl)c) belongs to G¢. Thus, we have
Ge= J(GVe) = | (HTC).
Se 9eG
By (20), this implies that
Ge=J Jwtey = U U™ = x)" =] x7,
geEGLET geG €T heH geG teT geqd

completing the consistency proof.
For the rest of the proof we need the following lemma.

Lemma 6.2. In the notation of the algorithm, we have [GY : H] < [Go : Hyl, where
H() = QO()(H)
Proof. Since
(G U] =[G K] =[Gy : Ko] < [Go : Hol,
it suffices to check that H = G+, For this, we observe that the kernel of the natural
epimorphism G — H;zO(Gj/Kj) equals Gt and contains H. Thus, we only need to
show that the induced epimorphism
1
(21) G/H — [[(G;/K;)
§=0
is in fact an isomorphism. By the definition of H, it suffices to verify that (G()); < K;
for all ¢ € [l+1, m—1]. Without loss of generality, we may assume that [ < m—1. Since,
obviously, (G(?); is a normal ¢™-invariant subgroup of G; and K; = (Ky)¢ for all 4, the
claim for ¢ = [ + 1 follows from the choice of Ky at Step 1 and [ at Step 3. Suppose that
the claim is true for some ¢ € [l +1,m — 2]. Then

(GUHD)Y, = (90[?),11‘](1_[ K;))iy1 < (80[_111](1_[ K;))it1

j=

and we are done. O

To estimate |X|, observe that |X;| < |Hp| for all ¢ € T by the induction hypothesis.
On the other hand, from Lemma[G.2 it follows that |T'| = [G") : H] < [G¢ : Ho]. Thus,

X[ =Y |1X:| < |T||Ho| < [Go : Hol|Ho| = |G-
teT

To estimate complexity, we denote by ¢(G, ¢) the running time of the algorithm applied
to the pair (G,c¢). From the inequality [GU~1 : G®] < r, i € [m], and Lemma B2 it
follows that Steps 1-3 can be done in time (nr)?™) (see SubsectionB83)). The same lemma
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implies that the number of recursion calls at Step 4 is at most 7 = [Gy : Ko] < [Go : Ho].
So, by the induction hypothesis we have

t(G,c) < (nr)°® +7(nr /7)),

which completes the proof of the theorem. O
6.2. We describe the main algorithm of this section. Let ¢ = (v1,...,v,) and ¢/ =
(vi,...,v}) be full cycles on V. It is easily seen that

(22) {g e Sym(V): g7 eg = '} = (c)go,

where go is the permutation of V' taking v; to v} for all 4. Thus, if G < Sym(V) is an
nPW_recognizable permutation group,ﬁ then, by checking whether or not c'gy € G for
some i € [n], we can test in time n®) whether or not ¢ and ¢ are G-conjugate. In
particular, if Y C Cyc(V), then the family F¢(Y) of all G-conjugacy classes of Y (and
then a transversal of that family) can be found in time (n|Y|)°().

Algorithm A3.

Input: a permutation group G < Sym(V).

Output: a cycle base C of G.
Step 1. If G is not transitive, then C' = @.
Step 2. If |V| = 1, then C = G. Otherwise, find a minimal element E in the
set of all G-invariant equivalences on V' other than A(V).
Step 3. Construct the groups Gy/g and Gg = {g € G : gy/g = idy/g}.
Recursively find the set C =A3(Gy,g).
Step 4. For each ¢ € C, find ¢ € G such that cy/p = ¢ and then the set
X, =A3(Gg,c) (the decomposition (IJ) is given by the classes of E).
Step 5. As the output C, take a transversal of the family F¢(Cyc(X)), where
X = UEE? Xe.

Theorem 6.3. Algorithm A3 finds a cycle base of the group G. If G is solvable, then
this algorithm runs in time n°®Y) | where n is the degree of G.

Proof. For the proof of consistency it suffices to verify that, if the group G is transitive,
then every full cycle of G is conjugate in G to some element of C. Let ¢’ € Cyc(G).
Then cQ,/E € Cyc(Gy,g), whence it follows by induction that cQ,/E is conjugate in Gy, p
to some element ¢ € C. This implies that ¢’ is conjugate in G to some element of Ggc
and, consequently, to some element of X, by Theorem[6.T] Thus, ¢’ is conjugate in G to
some element of C' by the choice of C' at Step 5.

We estimate the running time ¢(G) of the algorithm applied to a solvable group G.
First, we observe that Steps 1 and 2 can easily be done in time n©("). The running
time of Step 3 is t{(Gy/g) + nP® . By Theorem the running time of Step 4 is
|IC|(nPM) 4 (n|Go|)°M), where Gy = (Gg)v, and Vp is a fixed class of E. Finally,
Step 5 can be done in time (n|X[)®™") (see the remark before the algorithm). From
the minimality of E it follows that the group Gy, is primitive. Therefore, we have
|Gv,| < |Vo]*, by the upper bound for the order of a primitive solvable group proved
in [23]. Next, |X.| < |G| for each ¢ € C' by Theorem G Thus, |X| < |C||Vo|* < n?
because Gy < Gy, and |C| < |V/E| (see §I). Summarizing, we obtain

t(G) <n°Y + t(Gv/p),
which completes the proof. O

6Here the group G is not assumed to be given by generators.
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§7. CYCLE BASE OF A CELLULAR RING

Let W be a homogeneous cellular ring on V. We set
Eo(W) ={(R): R e R(W)}.

Then E (W) C E(W) (see Subsection 2]). If W is a Cayley ring over a cyclic group G,
then & (W) = E(W). Indeed, let E € E(W). Then E = HS for some H € H(A),
where A is the S-ring over G corresponding to W (see Theorem R.2). Therefore, E = (R)
with R = X?¢, where X is the basic set of A containing a generator of H. However,
Eo(W) # E(W) in general. But then we can find two different relations R, S € R(W) such
that the equivalence (RUS) does not belong to & (W). Thus, the identity Eg(W) = E(W)
can be tested in time n®M) | where n = |V].

Main Algorithm.
Input: a cellular ring W on V.
Output: a cycle base C of W.

Step 1. Set Wy =W and W' = W.

Step 2. While W’ # &, repeat the following: if W’ is not homogeneous or
Eo(W') # E(W'), then the output C is empty, else set W = W' and find
W' =A2(W).

Step 3. Find G =A1(W). If G = &, then the output C' is emply.

Step 4. Find ¢’ =A3(G). As the output C, take a transversal of the family
T aut(we)(C") (see Subsection 6.2)).

Theorem 7.1. Given a cellular ring W on n points, the Main Algorithm finds a cycle
base of W in time n®™)

Proof. For the proof of consistency, first we suppose that Cyc(Aut(W)) = &. Then
we may assume that the algorithm terminates at Step 4. Since the cellular ring at
Step 3 contains the input ring, we have Cyc(G) = &, where G is the group found at
Step 3. Thus, the consistency of the Main Algorithm follows from that of Algorithm
A3 (Theorem [6.3). Now, let Cyc(Aut(W)) # &. Then, at each iteration of Step 2,
Aut(W’) is a well-embedded subgroup of Aut(W) by Theorem 4} consequently, W' is
a homogeneous ring with & (W') = E(W’) (see the beginning of the section). Therefore,
at Step 3, Aut(W) is a well-embedded subgroup of the automorphism group of the input
ring (which is equal to Aut(Wp)). On the other hand, the ring W at the same step is not
singular. By Theorem 1] it follows that this ring W is quasinormal. By Theorem B.6]
this implies that the group G found at Step 3 is a well-embedded subgroup of Aut(W)
and, hence, of Aut(Wp). This means that every cycle base of G contains a cycle base
of the input ring. Therefore, again, the consistency of the algorithm in question follows
from that of Algorithm A3 (see Theorem [63).

We estimate the running time of the algorithm. First, we observe that the number
of iterations at Step 2 is at most n by Theorem EE4l Therefore, this step can be done
in time n®® by the same theorem and the remark at the beginning of the section.
Thus, the required time bound follows from Theorems and [6.3] the remark at the
beginning of Subsection 6.2 and the fact that, obviously, the group Aut(Wj) at Step 4
is n©(M_recognizable. O

§8. CELLULAR RINGS, CAYLEY RINGS, SCHUR RINGS, AND PERMUTATION GROUPS

In this section we cite the background on cellular rings, Schur rings, and related
algorithms. The notions of a cellular ring and a Schur ring go back to [12}26] and [25] 28],
respectively. We follow [L1].
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8.1. Cellular rings. A subring W of Maty is called a cellular ring on V if it has a
(uniquely determined) Z-base consisting of {0,1}-matrices A(R), where R runs over a
family R = R(W) of pairwise disjoint nonempty relations on V' such that

AWV)eR*, |JR=V®> and ReR = R'eR.
ReER
Here R* = R*(W) is the set of all unions of elements of R. The elements of V' and R
are called the points and the basis relations of W, respectively; the numbers deg(W) =
|[V| and rk(W) = |R| are called the degree and the rank. The ring W is said to be
homogeneous if A(V) € R; in this case each basis relation can be treated as the set of
arcs of a regular digraph on V. Every commutative cellular ring is homogeneous. The
set of all equivalences on V belonging to R* is denoted by & = E(W); the set of all
classes of all of them is denoted by B = B(W). Obviously, A(V) and V2 belong to £. A
homogeneous ring W is primitive if deg(W) > 1 and € = {A(V), V2}.
We say that cellular rings W on V and W’ on V' are strongly isomorphic if W/ = W’
for some bijection f: V — V' (called a strong isomorphism from W to W'). U W = W',
then the group of all strong isomorphisms contains the normal subgroup

Aut(W) ={f € Sym(V): Al = A, Ac W},

called the automorphism group of W. The rings W and W’ are said to be weakly isomor-
phic if there exists a Z-module isomorphism ¢ : W — W’ preserving both the matrix
and the Hadamard (componentwise) multiplications. Any such isomorphism is called
a weak isomorphism from W to W’. From [9, Lemma 2.2] it follows that ¢ induces a
bijection from R*(W) onto R*(W'), R — R?, such that ¢(A(R)) = A(R¥). Moreover,
this bijection maps R(W) onto R(W') and £(W) onto £(W') with (R?)T = (RT)¥ and
|R| = |R?| for all R € R*(W). Each strong isomorphism from W to W’ induces a weak
isomorphism between these rings. For a weak isomorphism ¢ : W — W', we set

Tso(W, W', ) = {f € Iso(W, W) : o = ¢},

where Iso(W, W) is the set of all strong isomorphisms from W to W’ and ¢y is the weak
isomorphism induced by f. In particular, Iso(W, W’ idw ) = Aut(W).

Let W be a homogeneous ring on V', and let X € B, E € £. Then the submodule Wx
of Matx spanned by the matrices A(Rx), R € R, is a cellular ring on X (see [11]) and
the submodule W/E of Maty, spanned by the matrices A(Ry/g), R € R, is a cellular
ring on V/E (see [[[} Subsection 2.2]). We observe that Ex € E(Wx), X/E € B(W/E),
and Wx /Ex = (W/E)x/g. The latter cellular ring on X/FE is denoted by Wx . It can
be shown that

(23) R(Wx/p)={Rx/p: RER, RNX*+ &}.

It is easily seen that the ring W, is homogeneous, and it is commutative whenever so
is W. The following statement is a special case of [8, Lemma 2.6].

Lemma 8.1. Let W be a homogeneous cellular ring on V, and let E € E(W). For any
X,Y € V/E there exists a unique weak isomorphism pxy : Wx — Wy taking A(Rx)
to A(Ry) for all R € R(W). In particular, | X| = |Y|.

If W1 and Wy are cellular rings on V5 and Vs, respectively, then the subring Wi @ W
of the ring Maty, ® Maty, = Maty, «v, is a cellular ring on V; x Vs, and

R(W1 @ Wa) ={R1 ® Ry : R1 € R(W1), Ry € R(W2)}

where Ry ® Ro = {((u1,u2), (v1,v2)) : (u1,v1) € Ry, (u2,v2) € Ra}. The ring Wi @ Wa is
called the tensor product of W1 and Wy. Obviously, Aut(W1@Ws) = Aut(W;) x Aut(Ws).
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The set of all cellular rings on V is partially ordered by inclusion and is closed under
intersection. The largest and the smallest elements of this set are, respectively, the full
matrix ring Maty and the ring with Z-base {Iy,Jy}. We write W < W’ and call
W' an extension of W if W c W'. If My,..., M, are subsets of Maty, then their
cellular closure, i.e., the smallest cellular ring on V' containing all of them, is denoted by
My, ..., M. It M; = {A;}, we omit the braces.

8.2. S-rings and Cayley rings. Let G be a finite group. A subring A of the group
ring Z[G] is called a Schur ring (briefly, an S-ring) over G if it has a (uniquely de-
termined) Z-base consisting of elements £(X) = »_ .y @, where X runs over a family
S = S(A) of pairwise disjoint nonempty subsets of G such that

{11es, Jx=G¢ and Xe8 = X'es.
XeS

We call the elements of S basic sets of A and denote by §*(A) the set of all unions of
basic sets and by H(.A) the set of all subgroups of G belonging to S*(A). The number
rk(A) = dimg(A) is called the rank of A.

Let H K € H(A), let K be a normal subgroup of H, and let i : H — G and
7 : H — H/K be natural homomorphisms. Then the ring Ay x = 7(i"*(A)) is an
S-ring over the group H/K, and

S(Ap/x) = {n(X): X € S(A), X C H}

(we keep the notation ¢ and 7 also for the induced homomorphisms of the corresponding
group rings).

If Ay and Aj are S-rings over groups GG; and G, respectively, then the subring A; ® Az
of the ring Z[G1] x Z|G2] = Z|G1 x Go] is an S-ring over the group G1 x Go, and

S(A1 ®A2) = {Xl x Xo: X7 € S(A1), X5 € S(.AQ)}

The ring A; ® As is called the tensor product of A; and As.
For g € G, we denote by Py, the permutation matrix corresponding to the left multi-
plication by g. Then the mapping

(24) pc : Z|G) — Matg, g Py,

is a ring monomorphism the image of which is the enveloping ring of the group Gjeg. This
monomorphism induces a bijection X — X*¢ between the subsets of G and the Giign¢-
invariant relations on G, and A(X?¢) = pg(¢(X)) for all X. If A is an S-ring over G,
then W = AP¢ is a cellular ring on G such that Giighy < Aut(WW). Any such cellular
ring is called a Cayley ring over G. It is always homogeneous, and it is commutative
whenever G is. The following statement can be found in [IT].

Theorem 8.2. The mapping [4) determines a bijection A — W between the S-rings
over G and the Cayley rings over G. Moreover, S(A)P¢ = R(W), S*(A)’¢ = R*(W),
H(A)yre = EW), and for H K € H(A) with K normal in H, we have G/E = {Hg :
g€ G} and pr/x(Ar k) = Wayp, where E = HPS and E' = KPS,

Let X C G; the group rad(X) = {g € G : gX = Xg = X} is called the radical of X.
It is the largest subgroup of G such that X is a union of left as well as right cosets by
this subgroup. If this subgroup is normal in G, then the image of X under the natural
epimorphism from G to G/rad(X) has a trivial radical. If X € §*(A), where A is an
S-ring over G, then rad(X) € H(A). If H, K € H(A) and K < H, then we say that A
satisfies the H/K -condition if K <rad(X) for all X € S(A) with X C G\ H.
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8.3. Algorithms. A cellular ring W on n points will always be determined by a set
of basis relations (or their adjacency matrices). In this representation, its homogeneity,
commutativity, and primitivity can be tested in time n®M. Also, given X € B(W) and
E € &(W), we can construct the cellular ring Wx /g within the same time. As to the
cellular closure of a set of matrices, we note that, historically, the first method of finding
it was described in [26] and, in more detail, in [27], where in fact the following statement
was proved.

Theorem 8.3. For a finite set M C Maty, the basis relations of the cellular closure of
M can be found in time mn°M) | where m = |M| and n = |V|. Moreover, if ¢ : M — M’
is a bijection, where M’ C Maty, then within the same time we can test whether there
exists a weak isomorphism from this ring onto the cellular closure of M’ that coincides
with ¢ on M, and find it if it does exist.

The permutation group algorithms used in this paper are standard; mostly, they are
based on the sift procedure (for the details, see [16]). Here we only make some remarks.
A permutation group G on n points will always be determined by a strong generating set
(of at most n? generators). In this representation, the membership in G' can be tested
and the order of G can be found in time n®™M). Moreover, within the same time we
can find any n©(M-recognizable subgroup of G of index at most n¢, where ¢ > 0, and,
consequently, any permutation group Gx/g = {g9x/r : g € G, X9 = X} and the setwise
stabilizer of X in G, where F is a G-invariant equivalence and X is a block of G. If K
is a permutation group on the same set as GG, then the normal closure of G with respect
to K can also be found in time n°™). Finally, the following statement (to be used in §3))
is a special case of [} Corollary 3.6].

Theorem 8.4. Let G < Sym(V) be a solvable group. For a cellular ring W < Maty,
the group Aut(W) NG can be found in time n®Y) | where n = |V|.
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