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Abstract: 3x+1 sequences of numbers are the special cases of px+q sequences of numbers. Px+q sequences of
numbers are the mapping recurrent sequences of numbers. The general term a,in the classical sequences of
numbers is a function of n, while the general term a, of the px+q sequences of numbers is not a function of n.
Usually, the classical sequences of numbers are not circular, while circularity is the most important property of
the px+q sequences of numbers. The classical sequences of numbers only extend from left to right, while the
px+q sequences of numbers can be extended from right to left. The leftward extendedness of the px+q sequences
of numbers results in the infinite trees. Because the properties of the equiratio residual sequences of numbers
are the basis for studying the leftward extendedness of the px+q sequences of numbers, in this paper, both
equiratio residual sequences of numbers and px+q sequences of numbers are studied.
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l. Introduction

The authors change 3x+1 problem into all-odd 3x+1 sequences of humbers (in this paper we call them
3x+1 sequences of numbers) and prove the problem to be truet). We know that, if x; is an odd number then
y1=3x;+1 is an even number. When all of the factors 2 of y; are eliminated then an odd number x, can be
obtained. For example, X;=9, y;=3x;+1=28=7 -« 22, Eliminating all of the factors of 2 from y; we can obtain the
odd number x,=7. We call the process from y; to x, the deeven process of y;. That is, odd number 9 multiplies
3 and adds 1 and deeven then odd number 7 can be obtained. Odd number 7 multiplies 3 adds 1 and deeven then
odd number 11 can be obtained. Odd number 11 multiplies 3 and adds 1 and deeven then odd number 17 can be
obtained. ---. By the above process the 3x+1 sequence of numbers with all the terms are odd numbers can be
obtained:

Sequence of number A: 9,7,11,17, --

From the second term onward, every term of sequence of numbers A are obtained by multiplying 3,
adding 1 and deeven on the previous term. Because the process of multiplying 3, adding 1, and deeven on the
previous term to obtain the new term is a mapping process, from the second term onward, every term of
sequence of numbers A is a mapping of its previous term, e. g., 7 is the image of original image 9, 11 is the
image of original image 7, 17 is the image of original image 11, ....Also because the process of obtaining
sequence of numbers A is a recurrent process, we call sequence of numbers A a (unary) mapping recurrent
sequence of numbers. The 3x+1 sequences of numbers are the special cases of the px+q sequences of numbers,
which are only one kind of the mapping recurrent sequences of humbers.

Obviously, the general term a, of sequence of numbers A is not a function of n, while the general term
a, of the classical sequences of numbers is a function of n. This shows the novelty and uniqueness of the
mapping recurrent sequences of numbers. Moreover, the unary mapping recurrent sequences of numbers have a
very important property: if a unary mapping recurrent sequence of numbers has two equal terms then the
sequence of numbers in question is necessarily a circular sequence. This paves the way for studying the circular
sequences of numbers. For several reasons, people have not studied the circular sequences of numbers. Factually,
the circular sequences of numbers are the mathematical objects extremely valuable for study. This shows the
importance of the mapping recurrent sequences of numbers. The classical sequences of numbers extend from
left to right, while the px+q sequences of numbers can not only extend from left to right but also from right to
left, forming the infinite trees or the complete trees.

Another kind of mapping recurrent sequence of numbers is the equiratio residual sequence of numbers.
Its simplest sequence of numbers is convenient to compute, so it has many applications. More importantly, its
properties lay a foundation for studying the leftward extendedness of the px+q sequences of numbers.

The concept of mapping recurrent sequences of numbers is a new method for constructing sequences of
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numbers. It is our original innovation, no previous work can be referred.
The rest of this paper is organized as follows: In Section 2 the mapping recurrent sequences of numbers, the
parasitic sequences of numbers and their circularity are introduced. If each term in sequence of numbers B is a

function of the corresponding term in sequence of number A, then B is a parasitic sequence of
numbers of A. For example, sequence of numbers of even numbers B: 2, 4, 6, ...isa parasitic sequence of
numbers of natural numbers A: 1, 2, 3, ....and there is b,=2a,. In this section, we discuss the sufficient

conditions for the mapping recurrent sequences of numbers and the parasitic sequences of numbers to be
circular sequences of numbers, based on which we prove that a fraction is necessarily a circular decimal.
In Section 3 the leftward extendedness of the px+q sequences of numbers are introduced. px+q sequence of
numbers is defined as follows: Suppose a, p, q EN,. If the terms in mapping recurrent sequence of numbers
{a,} are a;= a, am=p(pa,+q), then we call {a,} a px+q sequence of numbers, denoted as {a;= a,
an=p(pan+q) } . (B() means to delete all of the factors 2) . Now, we expound what is the leftward extendedness
of the px+q sequences of humbers.
Sequence of numbers 1: {a,=13, a,.=A(5a,+1)} : 13,33,83,13, ...
Sequence of numbers 2:  {a,=1331, a,.,=A(5a,+1) } : 1331,13,33,83,13, ...
Sequence of numbers 3:  {a;=4259, a,.,=p(5a,+1)} : 4259,1331,13,33,83,13, ...
Sequence of numbers 4:  {a;=54515, a,..=B(5a,+1)} : 54515,4259,1331,13,33,83,13, ...
The above are four 5x+1 sequences of numbers. It is not hard to see that, sequence of numbers 2 is formed by
adding one term  “1331” on the left of the first term 13 of sequence of numbers 1; sequence of numbers 3 is
formed by adding two terms “4259,1331” on the left of the first term 13 of the sequence of numbers 1;
sequence of numbers 4 is formed by adding three terms  “54515,4259,1331” on the left of the first term 13 of
sequence of numbers 1. For convenience,, we call sequence of numbers 2, sequence of numbers 3 and sequence
of numbers 4 as the degree 1 leftward extension sequence of numbers, the degree 2 leftward extension sequence
of numbers and the degree 3 leftward extension sequence of numbers respectively.
The main focus of this section is to obtain its degree n leftward extension sequences of numbers from “sequence
of numbers 1”.
Suppose a, b EN,, b = S (pa+q). We call a as the degree 1 predecessor of b. Similarly, we can define the degree
n predecessor. (a being a predecessor of b means a being a left term of b)
Besides, from sequence of numbers 2 we see that, odd number 13 has necessarily predecessor 1331. But, the
first term 54515 of sequence of numbers 4 has no predecessor. That is to say, as a term in sequence of numbers 2
(i.e., 5x+1 sequence of numbers), odd number 13 has a predecessor, we call it a term implying left terms. While
54515 has no predecessor, we call it a term without a left term.
We prove that, as to the px+q sequences of numbers, when (p, (2@ —1)/p)=1, in a residual system of p with
all terms being odd numbers, there are J,(2) terms implying left terms.
In Section 4 the infinite trees and the complete trees formed by the leftward extendedness of the px+q sequences
of numbers are introduced. Suppose r is a term implying left terms in the px+q sequences of numbers. Step 1:
We use lines to connect r with every degree 1 predecessor of r. Step 2: We use lines to connect every
predecessor r’ which is the term implying left terms with every degree 1 predecessor of r'. We repeat Step 2, the
figure we obtain at last is called a ¢ r ) px+q infinite tree, (See Fig. 1). And we call {a;=r, a,.;= 8(pa,+q)} the
root sequence of numbers of the C r ) px+q infinite tree. (The infinite trees are composed from the sequences
of numbers, and the sequences of numbers are composed from the numbers. Therefore, the relationship between
the infinite trees and the sequences of numbers is similar to one between the sequences of numbers and the
numbers. Hence, the infinite trees are a new subject of mathematics.)
Fig. 1 gives the ( 7 ) 3x+1 infinite tree, which is formed as follows: Step 1: Connect 7 with each of its
degree 1 predecessors, i.e., 9,37,149,597,-+-. In 7’s degree 1 predecessors, 37,149,:-- are the terms implying left
terms in the 3x+1 sequence of numbers. Step 2: Connect 37 with each of its degree 1 predecessors, i.e.,
49,197,789,--+, connect 149 with each of its degree 1 predecessors, i.e., 99,397,1589,....Analogously, we obtain
Fig. 1.
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Fig. 1. |7] 3x+1 mnfinite tree

Similarly, we can obtain complete trees.

In Section 5 the relationship between the characteristic solutions of the equations of equal terms and the px+q
circular sequences of numbers and their connection with the complete trees are introduced. The equation of
equal terms of the px+q sequences of humbers is:

X:q(pk71+ pk72_2i1+‘_.+ p_2i1+i2+-.-+ik72+2i1+i2+-.-+ik71) /( 2i1+i2+--.+ik_pk)) (8)
As its special case, the equation of equal terms of 5x+1 sequence of numbers is:
X= (5k71+5k72‘2i1+.”+5_2i1+i2+‘“+ik72+2i1+i2+"'+ik71) /( 2i1+i2+“-+ik_55 (10)

From the perspective of the source of formula (10), when we suppose that 5x+1 sequence of numbers E has an

equal term x we can obtain formula (10). This means that when 5x+1 sequence of numbers E has an equal term

then formula (10) has a characteristic solution. From the perspective of the relationship between the solution of

an equation and the solution of a problem, when formula (10) has a characteristic solution then 5x+1 sequence

of numbers E has equal term X. Since a 5x+1 sequence of numbers is a mapping recurrent sequence of numbers,

having equal terms means it is a circular sequence of numbers.

Through finding the characteristic solution of formula (10) we can obtain all of the circular terms of the 5x+1

sequence of numbers, based on which we can obtain the corresponding complete tree.

Note 1. Suppose mapping recurrent sequence of numbers {a,} : {a;=a, aw1=(a-a)moam) » a<<m, then we

call {a,} an equiratio residual sequences of numbers. In this section, the properties of the equiratio residual

sequences of numbers are introduced, and the computer algorithms for computing order, primitive root, inverse,

higher order congruent equations and exponential congruent equations of the elementary number theory™ are

given, and the definitions for the two types of pseudo prime numbers and the proof of sufficient and

necessary condition for prime numbers and the big number factorization are given.

Note 2 give an important logical principle that must be abode by in mathematical proofs.

The principle of supposition: If the proposition A is necessarily true, then we cannot suppose it is false; if the

proposition A is necessarily false, then we cannot suppose it is true.

Note 3 is a discussion on “list equations to solve application problems”. The application problems in middle

school mathematics textbook have a common feature: for a given problem, one or more equations can always be

listed corresponding to it. When we list an equation corresponding to an application problem, we face two

objects. One is the application problem given (called the original problem), the other is the equation listed. This

note clearly expounds why the effective solution (or characteristic solution of the equation listed is a solution of

the original problem.

We make the following stipulations for the terminologies and symbols occurring in this paper:

1. The word “‘sequences of numbers” in this paper denotes the infinite sequences of numbers, unless otherwise

specified.

2. The lower case italic Latin letters used as variables denote the positive integers, unless otherwise specified.

3. The names of the sequences of numbers in this paper are denoted by the upper case italic Latin letters (with

prime or subscript), their corresponding lower case italic Latin letters denote the general terms of the sequences

of numbers in question. For example, the general terms of the sequences of numbers A, B' are a,, b,. Sometimes,
{a,} isused to denote the sequence of numbers A, {b,} is used to denote the sequence of numbers B.

4. N and N, are two special symbols. N denotes the set of positive integers, N, denotes the set of positive odd

numbers.
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I1.  Mapping recurrent sequences of numbers and their circularity

First, let us define two operators often used in this paper.
Definition 1: Suppose 0<a<<m. Then we denote a=b (mod m) as a=(b)mod m, and we call ()imoq m the minimal
non-negative residue operator modulo m.
From Definition 1 we know that, if a is the non-negative residue of b modulo m, then a=(b)nod m-
For example, (10)mod7=35 (78)mod63=15.
The following are the properties of the minimal non-negative residue which will be used in this paper:
Property 1: if (@)mod m= (0)mod m then a=b (mod m);
Property 2: (@+b)mod m=((&)mod m*0) moam;  ( Transforming “+” into “x”, the property also holds) .
Property 3 (an)mod m= (((a)mod m)n) mod m>
Property 4: When n | m, ((a)mod m) mod n:(a)mod ns
Property 5:.(@)mog m=a (mod m);
Property 6: There necessarily exists integer k>0 such that a=km+(a)meqd m-
Definition 2:  We define b/a"satisfying a" | b, a™* f b as (b). Ci.e., f(b)a=b/a") . We call (), a de-a-factor
operator. (), is abbreviated as (), which is called a deeven operator.
From Definition 2 we know that S(b), is the result of eliminating factor a from b. Obviously, g(b).is an integer
without the factor a.
For example, A(45);=45/3°=5, [(40)=40/2°=5.
Definition 3: Suppose there is a function f such that sequences of numbers {a,}and {b,}satisfying: b,=f(a,),
n=1,2,---. Then, wecall {b,} the parasitic sequence of numbers of {a,}, anddenote {b,} as {b,
=f(a,)} .
For example, sequence of numbers {b,} : 2,4,6,8,10,--- with every term being an even number is a parasitic
sequence of numbers of {a,} : 1,2,3,4,5,--- with every term being a natural number. Because now b,=2a,,
n=1,2,---, i.e, {b,} : {b,=2a,}.
Now, we define circular sequences of numbers.
People usually call sequence of numbers {a,} : 8,10, 1,2,3,1,2,3,1,2,3, --- as a circular sequence of numbers
with the circular length being 3. Because in sequence of numbers {a,} there are a3=azssn=1, ay=asz =2,
as=as+3n—3, *(n=1,2,-+). Or, for every | 3<Il), aj=aj+3,» N=1,2,"--.
However, the authors find out that, up to now, there is no general definition of the circular sequences of numbers.
Therefore, we have:
Definition 4: Suppose that from the ith term on, every term of sequence of numbers {a,} satisfying ai=aj.nn>
Aj+1=8jrp+1s (N=1,2,++), i.e., for every | (i<<l), sequence of numbers {a,}’s term a,=asn,. Then, we call
sequence of numbers {a,} acircular sequence of numbers, call h a circular length of {a,} , call (i<l) a
circular termof {a,} .
From Definition 4 we know that, when i<<k, if a;is a circular term of {a,} then ais a circular term of {a,}.
Whenh | d, ifhisacircular length of {a,} thend is also a circular length of {a,}.we call the minimal length
of the circular lengths of {a,} the minimal circular length.
For example, 3 is the minimal circular length of sequence of numbers {a,} : 8,10, 1,2,3,1,2,3,1,2,3, ---, and
6,9, --- are also the circular length of {a,} . Atthe same time, from the third term on, all of the terms are the
circular terms of {a,} .
Definition 5: Suppose a is the first circular term of circular sequence of numbers {a,} . Ifk=1then {a,} is
called a pure circular sequence of numbers; if k>>1then {a,} is called a mixed circular sequence of
numbers, and ay,...,a.; are called non-circular terms of {a,} .
From Definition 5 we know that, a;,a, in sequence of numbers {a,} : 8,10,1,2,3,1,2,3,1,2,3, --- are the
non-circular terms, ay(3=<:l) are the circular terms, and {a,} isa mixed circular sequence of numbers.
Basic theorem 1: Suppose sequence of numbers {b,} is a parasitic sequence of numbers of the sequence of
numbers {a,}, then, if {a,}is a circular sequence of numbers then {b,} is also a circular sequence of numbers.
Proof: From Definition 3 we know that, when {b,} is a parasitic sequence of numbers of {a,} , then {b,} :

{by=f(a,)} .
Thus, , bi=f(a), brmn=F(@rnn).
Suppose a; is the first circular term of circular sequence of numbers {a,} , and h is the circular length. From
Definition 4 we know that, for every | (i<I) there is aj=aj.n..
If the arguments equal each other then the function values equal each other, from which we know f(a)) =f(ajnn)-
From b,=f(a)) and f(a)) =f(a+nn) we know by="f(a ).
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From b=f(aj+nn) and by =Ff(a+nn) we know by=by,,,. From Definition 4 we know that {b,} is a circular
sequence of numbers. Q.E.D.
For example, parasitic sequence of numbers {b,=2a,} : 16,20, 2,4,6,2,4,6,2,4,6,--+ of circular sequence of
numbers {a,} : 8,10, 1,2,3,1,2,3,1,2,3,-+- is a circular sequence of numbers.
Now, let’s investigate a sequence of numbers.
Fibonacci sequence of numbers is: a;=a,=1, ay,=a,*an:1, =12, ....
That is to say, when a;=1, a,=1 are known, then we have a;=a;+a,, a;=ar*as, ...aAno=ap+an.1. At this
time, we can regard a; as the image of the original images a;, a, ; regard a4 as the image of the original images
ay, as;...; regard a,., as the image of the original images a,, a,.1.
Definition 6: Suppose the first k terms a,...,a, of sequence of numbers A are known. Then if there exists a k-ary
mapping f such that
aw1=f(ay,...,a) ,aw2=f(as...,ak1) ,..., den=F(@n,...,m1)> N=12, ...
then we call A a k-ary mapping recurrent sequence of numbers.
(Note: Please do not confuse the mapping recurrent sequences of numbers with the pseudo-random numbers
generator. Although Definition 6 is similar to the definition of the pseudo-random numbers generator, the
definition of the former is the formation of the sequences of numbers, while that of the latter is the formation of
numbers. Although the numbers generated by the pseudo-random numbers generator can be arranged as a
sequence of numbers, it does not do so.)
It is not hard to discover that, equidifference sequences of numbers and equiratio sequences of numbers are
unary mapping recurrent sequences of numbers, Fibonacci sequence of numbers is a binary mapping recurrent
sequence of numbers.
For example, the equidiffference sequence of numbers with the first term being 1, the common difference being
3, that is: 1,4,7,10,... is unary sequence of numbers A: a;=1, a,n= a,+3, n=12, ....
The equiratio sequence of numbers with the first term being 1, the common ratio being 3, that is: 1,3,9,27,... is
unary sequence of numbers A: a;=1, a,,s,=3a,, n=1,2, ...

The following sequence of numbers A is a 4-ary mapping recurrent sequence of numbers.
It is known that the first 4 terms of sequence of numbers A being a;,=2, a,=3, az;=5, a;=7, and a,.s=an.
Letn=1,2, -+, we can obtain 4-ary mapping recurrent sequence of numbers A: 2,3,5,7,2,3,5,7,*-. Obviously, A
is a pure circular sequence of numbers.
To sum up, the mapping recurrent sequences of numbers have many types. Px+q sequences of numbers we
highlight later are the standard mapping recurrent sequences of numbers. As some basic properties of the px+q
sequences of numbers come from the mapping recurrent sequences of numbers, we need to discuss the basic
properties of the mapping recurrent sequences of numbers before we discuss the px+q sequences of humbers.
Now, we give a simple representation method of the mapping recurrent sequences of numbers.
K-ary mapping recurrent sequences of numbers recur from the k+1th term. When we give the two conditions:
(Day,*a¢ (Qan=f(an,...,ank1) the sequences of numbers in question are defined, no more conditions are
needed.
When defining unary mapping recurrent sequences of numbers, we only need to give a;=a and a,.; =f(a,). Thus,
we abbreviate the unary mapping recurrent sequences of numbersas {a;=a, a,+=f(a,)} .
In this paper, the relevant properties of the unary mapping recurrent sequences of numbers are mainly discussed.
The words “mapping recurrent sequences of numbers” in the rest of this paper all refer to the unary recurrent
sequences of numbers.
Basic theorem 2: Suppose A: {a;=a, an1=f(an)} . If a=a;, 1<j-i=h. Then, Ais a circular sequence of
numbers with the circular length being h.
Proof: From ap.;=f(a,) we know, aj.;=1(a;) ,8i+n+1 =TF(j+n)-
From a;=a; and j—i=h we know, &=a;.n.
Because a; and a;., are the original images of f (a;) and f(a;.,) respectively. From if the original images equaling
each other then the images equaling each other, we know,
f (ai) =f(aisn).
From a;.;=f(a;) and f (a;))=f(aj«n) we know, aj.;=f(aj). From aj.; =f(ai.n) and ajmes =F(ajwn) we know, aj.q
= Qjsh+1-
The above process shows that, from a;=a;., we can obtain aj.; =ajwns+1. Likewise, from aj.; =ajh+1 We can
obtain aj;2=Aaishs2, "+, from ajin_1 = ajon_1 We can obtain aj., = ajon.
Thus, from aj=a;., and aj.n=a;+n We can obtain a;=a;.,n. Similarly, we can obtain a;=aj.n.
Similar to the above proof, we can prove that, a;.1 =a;+m+1. Similarly, we know that for every | (i<<l), aj=ajsm.
According to Definition 4, A is a circular sequence of numbers with the circular length being h. Q.E.D.
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Property 7: 1. If h is the minimal circular length of mapping recurrent sequence of numbers A then the h

consecutive terms of A pairwise non-equal. II. Suppose a, is the first circular term of mapping recurrent

sequence of numbers A and ay=ay.p. If a7 a; (k<<i<<k+h) then h is the minimal circular length of A.

Proof: Prove I. Suppose in A’s h consecutive terms ay, ay1,***,ak+h there is ai=a;, k<si<<j<<k+h.

Let j-i=n.Then, n<h, a=aj,=a

From a;j+,=a; and the Basic theorem 2 we know that, n (<<h) is the circular length of A. This contradicts with

the fact that h is the minimal circular length of A. Therefore | holds.

Prove II. From a,#a; (k<<i<<k+h) we know that, in A’s h+1 consecutive terms ay, ax+1,***,ax+h, ONly ax:, equals

ax. This means that, when h'<<h, a,#ay.,. From Definition 4 we know that, h’is not a circular length of A. That

is, the circular length of A can not be less thanh.  Q.E.D.

Now, we use the the two Basic theorems to prove that any fraction is a circular decimal.

First, we discuss why fraction 3/14 is a circular decimal. For this reason, we treat the process from fraction 3/14

to decimal ¢=0.2142857142857... as two sequences of numbers.

Suppose mapping recurrent sequence of numbers A is, a;=3 (3 is the numerator of fraction 3/14) , a,; =

(10a,))med 14- BY calculation we can obtain,

A: 3,2,6,4,12,8,10, 2,6,4,12,8,10,-*-

The calculation process of sequence of numbers A is as follows. a;=3 i.e., the first term of A is 3.

From a; =3 and a,=(10a3)moq 14 We obtain a,=(30) 00 14=2 (Note: a, is the remainder of 30 divided by 14) .

From a,=2 and a;=(10ay,)mq 14 We obtain a;=(20)m.q14=6 (Note: a; is the remainder of 20 divided by 14) .

For every term a, of sequence of numbers A there is 0<<a,<<14, and A is an infinite sequence of numbers,

therefore, according to the pigeonhole principle there necessarily is a;=a;, 1<j-i=h.

From sequence of numbers A we can see that a,=ag=2 (i.e., the second term equals the 8" term) , 8-2=6.

From Basic Theorem 2 we know that, A is a circular sequence of humbers with the minimal circular length

being 6.

Suppose A’s parasitic sequence of numbers B is: b,= [10a,/14] (Note: [x] is the integer part of x) . Thus,

there is

B: 2,1,4,2,8,5,7,1,4,2,8,5,7,...

Now we expound that the process of obtaining every term of sequence of numbers B is the process of obtaining

every digit on the right of the decimal point of decimal c.

The obtaining of the first term b, of sequence of numbers B is: from b;= [10a,/14] and a;=3 we obtain b,=
[10a,/14]=2(i.e., the quotient of 10x3=30 divided by 14 is2), while this is the obtaining of the first digit

2 on the right of decimal point of ¢. The obtaining of the second term b, of sequence of numbers B is: from b,=
[10a,/14] and a,=2 we obtain b,= [10a,/14] =1 (i.e., the quotient of 10x2=20 divided by 14 is 1), while

this is the obtaining of the second digit 1 on the right of decimal point of c.... (Please perform the process of 3

divided by 14 yourself)

Because A is a circular sequence of numbers, and B is a parasitic sequence of numbers of A, from Basic

Theorem 1 we know that B is a circular sequence of numbers. Also because each digits on the right of the

decimal point of decimal ¢ equal to their corresponding terms of B, c is a circular decimal.

We call sequence of numbers A the sequence of numbers of the remainders of fraction 3/14, call sequence of

numbers B the sequence of numbers of the quotients of fraction 3/14.

Now, we prove that any fraction is a circular decimal.

Proof: We only prove that decimals transformed from proper fraction g/p(i.e., q<<p) are circular decimals. Based

on the above discussion we can suppose that, the sequence of numbers of remainders A of fraction g/p is: a,=q,

an1=(10a,)mod p: the sequence of numbers of quotients B is: b,= (10 a,/p] .

Since every term of the sequence of numbers of remainders A is less than p, there necessarily exist two terms in

the sequence of numbers in question equal to each other. From A being a mapping recurrent sequence of

numbers and Basic Theorem 2 we know that, A is a circular sequence of numbers. While B is a parasitic

sequence of numbers of A. From A being a circular sequence of numbers and Basic Theorem 1 we know that, B

is a circular sequence of numbers. Because various digits on the right of the decimal point of the decimal

obtained from fraction g/p correspond to various terms of the sequence of numbers of B, the decimal obtained

from fraction g/p is a circular decimal. Q.E.D.

The above proof fully shows the importance of the two Basic Theorems.
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I11.  The leftward extendedness of px+q sequences of numbers
We suggest you to read Note 1 before you read this section.
Now, we define px+q sequences of numbers.
Definition 7. Suppose a, p, g EN,. If the terms of mapping recurrent sequence in numbers {a,} are a;= a,
an=p(pan+q), thenwe call {a,} apx+q sequence of numbers, denoted as {a;= a, a,=A(pa,+q) } . (B() see
Definition 2)
When p=3, g=1, a;=11, {a;=11, a,n=p(3a,+1)} : 11, 17, 13, 5, 1, 1, ...
The following is the calculation process of the sequence of numbers in question. a;=11 is the first term of
{a;=11, a,.1=p(3a,+1) } .
a, =f(3a;+1)=p(3x11+1)=p(2x17)=17
a3 =p(3a,+1)=4(3x17+1)=(2°x13)=13
a, =f(3as+1)=p(3x13+1)=p(2°x5)=5
as =f}(3a,+1)=p(3x5+1)=4(2"x1)=1
ag=p(3as+1)=A(3x1+1)=4(2°x1)=1
From the above process we see that the px+q sequences of numbers are the special sequences of numbers
formed by the recurrent processes with odd number a as the starting point and with p and q as the parameters.
We know that, when p=3, gq=1, then the px+q sequences of numbers are called the 3x+1 sequences of numbers
(The famous 3x+1 problem can be transformed to the 3x+1 sequences of numbers to handle ). When p=5, q=3,
then the px+q sequences of numbers are called the 5x+3 sequences of numbers. This is to say, only both p and g
are definite odd numbers can  “px+q sequences of numbers” be a kind of definite sequences of numbers.
As {a;=11, a,.,= A (3a,+1)} is a mapping recurrent sequence of numbers and it has equal terms as=ag=1, from
Basic Theorem 2 we know that, the sequence of numbers in question is a circular sequence of numbers with the
circular length being 1.
Other examples are: {a;=3, a,+1=B(5a,+1) } : 3,1,3,... is a circular sequence of numbers with the circular length
being 2;
{a;=1, ans=p(5a,+11) } : 1,1,1,... is a circular sequence of numbers with the circular length being 1.
From Definition 7 we know that, {a;=11, a,.;=f(3a,+1)} is a 3x+1 sequence of numbers with the first term
being 11. But for the readers who read this paper for the first time, it is difficult to know directly that “ {a;=11,
an=p(3a,+1)} 7 refer to “the 3x+1 sequence of numbers with the first term being 11”. Here we give a tip. The
first term 11 is given by ay, this is obvious. And change “a,” in “3a,+1” to “x”, obtainingthe “3x+1”
sequence of numbers we want to know.
From the tip we know that, {a;=3, a,.;=f(5a,+1)} is a 5x+1 sequence of numbers with the first term being 3;
{a;=1, an:1=p(5a,+11) } is a 5x+11 sequence of numbers with the first term being 1.
Once {a;=3, a,.1=B(5a,+1)} is given, we should know that, sequence of numbers {a;=3, a,+;=p(5a,+1)}
is sequence of numbers: 3, 1, 3, .... (Thisshould be a tacit agreement between the authors and the readers. )
Now, we expound what is the leftward extendedness of the px+q sequences of numbers.
Sequence of numbers 1:  {a;=13, a,.1=f(5a,+1)} : 13,33,83,13, ...
Sequence of numbers 2:  {a,=1331, a,.,=A(5a,+1) } : 1331,13,33,83,13, ...
Sequence of numbers 3:  {a,=4259, a,.,=p(5a,+1) } : 4259,1331,13,33,83,13, ...
Sequence of numbers 4:  {a,=54515, a,.,=A(5a,+1) } : 54515,4259,1331,13,33,83,13, ...
The above are four 5x+1 sequences of numbers. It is not hard to see that, sequence of numbers 2 is formed by
adding one term  “1331” on the left of the first term 13 of sequence of numbers 1; sequence of numbers 3 is
formed by adding two terms “4259,1331” on the left of the first term 13 of the sequence of numbers 1;
sequence of numbers 4 is formed by adding three terms  “54515,4259,1331” on the left of the first term 13 of
sequence of numbers 1. For convenience,, we call sequence of numbers 2, sequence of numbers 3 and sequence
of numbers 4 as the degree 1 leftward extension sequence of numbers, the degree 2 leftward extension sequence
of numbers and the degree 3 leftward extension sequence of numbers respectively.
The main focus of this section is to obtain its degree n leftward extension sequences of numbers from “sequence
of numbers 1.
Since a in Definition 7 can be any odd number, and odd number a is necessarily a term in {a;=a, a,u= 8
(pas+q)} , any odd number is a term of the px+q sequences of numbers. Thus, we have
Definition 8: Suppose a, b €N,, b = B(pa+q). When a, b are the terms of px+q sequences of numbers, then we
call a as a degree 1 predecessor of b, call b as a degree 1 successor of a. If a; is a degree 1 predecessor of a, and
a, is a degree 1 predecessor of as, then we call a; as a degree 2 predecessor of as. If a; is an n—1 degree
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predecessor of a,(n>1) and a, is a degree 1 predecessor of a,.;, then we call a; as a degree n predecessor of
an+1. If @y is a degree n predecessor of an.;  then a,.; is a degree n successor of a;.

Definition 9: If a is a degree n predecessor of b then {a;= a, a...= B(pa,+q)} is a degree n leftward
extension sequence of numbers of {by=b, b= B (pbat+q) } .

Besides, from sequence of numbers 2 we see that, odd number 13 has necessarily predecessor 1331. But, the
first term 54515 of sequence of numbers 4 has no predecessor. (\We will discuss the reason later). That is to say,
as a term in sequence of numbers 2 (i.e., 5x+1 sequence of numbers), odd number 13 has a predecessor, we call
it a term implying left terms (we will give its definition later); While 54515 has no predecessor, we call it a term
without a left term.

From Definition 7 we know that, in px+q sequence of numbers {a,} terma.i:= B(pac+q), and B (pac+q)
=(pa,+q)/ 2', in which i is the number of factor 2 in pa,+q. Thus, ay=(2'ax.; —q)/ p. Let s=a;, r=a,; we
obtain

s=(2'r —q)/p.

We call “s=(2'r —q)/p” the leftward extension relationship formula of the px+q sequences of numbers. “s
=a, r=aw:” » therefore, in the leftward extension relationship formula, “s” is the predecessor of “r” .
From 13 to obtain 1331 (see sequences of numbers 2,3,4) or from 4259 to obtain 54515 (see sequence of
numbers 4) can all be accomplished by the leftward extension relationship formula.

In the leftward extension relationship formula p, g, rare known, the only parameter need to be determined is
i. For example, when finding degree 1 predecessor 1331 of term 13 in sequence of numbers 2, we know that, p
=5, g=1, r=13. Let i=5 we can obtain the predecessor

s=(2° + 13 —1)/5=1331.

Now, we discuss how i is assigned or what values can i be assigned.

Definition 10: Suppose r EN,, s=(2'r —q)/p. If there exists i such that s EN,, then we call r a term implying
left terms of the px+q sequences of numbers; otherwise, we call r a term without a left term of the px+q
sequences of numbers.

First, we discuss the relevant properties of the predecessors of the class of x+q sequences of numbers (i.e., the
class of px+q sequences of numbers with p=1) .

(Note: Generally, “px+q sequence of numbers” in this paper refer to one with both p and g being definite odd
numbers. Because only both p and q are determined can the “px+q sequence of numbers” be a kind of definite
sequence of numbers. For example, 3x+1 sequence of numbers, 5x+3 sequence of numbers is a kind of definite
px+q sequence of numbers respectively. In order to denote certain class of px+q sequences of numbers, we add
prefix “class” in front of the sequences of numbers in question. For example, the class of px+1 sequences of
numbers, the class of x+q sequences of numbers, etc.)

The leftward extension relationship formula of the class of x+q sequences of numbers is s=2'r —q. Because r,

g €EN,, there necessarily exists i such that s EN,. This means that, in this class of x+q sequences of numbers,
any odd number r is a term implying left terms. That is, the class of x+q sequences of numbers have no term
without a left term.

For example, {a;=27, a,..= B8 (@,+29)} : 27,7, 9,19, 3,1,15,11, 5,---. In this sequence of numbers, the
predecessor of the second term 7 is 27.  “27” is obtained by 2°X7—29 (Here, i=3, r=7, q=29, s=27) .
Besides, when i=3,4,5,6,7,---, by 2'X7—29 we can obtain : 27,83,195, ---. This means that, 27,83,195, ---
are all the predecessors of 7. That is, £(27+29) = £(83+29) = 8(195+29) =---=7.

But, it is a pity that any kind of px+q sequences of numbers with p>1 have a lot of terms without a left term.
For convenience, in the following discussion, we stipulate “p>1" .

Through the above discussion we know that, if r is a term of certain px+q (Remember p>1) sequences of
numbers, but not the first term, then r is a term implying left terms of these kinds of px+q sequences of numbers.
For on the left of r there is a term which is the predecessor of r. Therefore, only r is the first term of certain kind
of px+q sequence of numbers can r be the term without a left term of this kind of px+q sequence of numbers.
Please see,

Sequence of numbers 5: 7,25,11,39,137,15,-+- i.e., {a;=7, ayu= B (7a,+1) } .

Sequence of numbers 6: 5,7,35,17,133,119,--- i.e., {a;=5, 1= £(7a,+21)} .

Sequence of numbers 7: 7,35,17,133,119,--- i.e.,, {a;=7, ani= B(7a,+21)} .

First, let us investigate the first term 7 of sequence of numbers 5. From r=7, p=7, q=1 and s=(2'r —q)/p we
know that, s=(2' X 7 —1)/ 7 £N,. (Because 2' X 7 —1 can not be divided by 7 evenly) Thus, 7 is a term without
a left term of the 7x+1 sequence of numbers.

Then, let us investigate the first term 5 of the sequence of numbers 6. From r=5, p=7, gq=21 we know that, s

“©
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=(2'X5—21)/ 7€& N,. Thus, 5 is a term without a left term of the 7x+21 sequence of numbers.
Then, let us investigate the first term 7 of the sequence of numbers 7. From r=7, p=7, q=21and s=(2'X7
—21)/ 7=(2' —3) we know that, there exists i such that s=(2' —3) €N,. Thus, 7 is a term implying left terms of
the 7x+21 sequence of numbers.
Leti=2,3,4,~-- we obtain 7’s predecessors s=1,5,13,--.
Besides, when we know that 1,5,13,-++ are the predecessors of the first term 7 of the sequence of numbers 7, we
also know that, the following sequences of numbers

{a;=1, ap.i= B(7Ta,+21)} :  1,7,35, 133,119, -

{a;=5, an.1= B(7a,+21)} :  5,7,35, 133,119, -

{a;=13, ay.;= BA(7a,+21)} : 13,7,35, 133,119,

are all degree 1 leftward extension sequences of numbers of sequence of numbers 7.

Theorem 1. Suppose r EN,, (p,g)=c. Then,

(1) When c=1, if p | rthen r is a term without a left term of the px+q sequences of numbers;

(2) Whenc>1, ifc /[ rthenr isaterm without a left term of the px+q sequences of numbers.

Proof: Prove (1). From p | r we can suppose r=pr’. From s=(2'r —q)/p we know that, s=(2'pr’ —q)/p.

From (p,q)=c=1 we know that, p [ 2'pr'—q. Then, s=(2'pr’'—q)/p £ N.,.

That is to say, there is no i such that s €N,. From Definition 10 we know that, r is a term without a left term of
the px+q sequences of numbers.

Prove (2). Suppose p=cp’s q=cq’. From s=(2'r —q)/p we obtain, s=(2'r —cq’)/cp’. From Definition 7 we
know that, p,q € No. Therefore, (p,g)=cEN,.c | r, therefore, ¢/ 2'r, ¢} 2'r—cq’s cp'f 2'r —cq’.

Thus, we know that, s=(2'r —cg')/cp’ € N,. That is, r is a term without a left term of the px+q sequences of
numbers. Q.E.D.

From (1) of Theorem 1 we know that, the first term 7 in the sequence of numbers 5: {a;=7, a,..= 8(7a,+1)} s
a term without a left term of the 7x+1 sequence of numbers, for at this time (p,q)=(7,1)=c=1and p=7|r
=T.

From (2) of Theorem 1 we know that, the first term 5 in the sequence of numbers 6: {a,=5, a,..= £ (7a,+21) }
is a term without a left term of the 7x+21 sequence of numbers, for at this time c=(p,q)=(7,21)=3>1 and ¢
=3/ r=5.

Definition 11. If the first term of the px+q sequences of numbers is a term implying left terms, then the
sequences of numbers in question are the leftward extendable sequences of numbers of the px+q sequences of
numbers, otherwise, the sequences of numbers in question are the non-leftward extendable sequences of
numbers of the px+q sequences of numbers.

From Definition 11 we know that, sequence of numbers 5 is a non-leftward extendable sequence of numbers of
the 7x+1 sequences of numbers. Sequence of numbers 6 is a non-leftward extendable sequence of numbers of
the 7x+21 sequences of numbers. Sequence of numbers 7 is a leftward extendable sequence of numbers of the
7x+21 sequences of numbers.

Now, we discuss the sufficient and necessary condition for odd number r to be a term implying left terms in the
px+q sequences of numbers.

Theorem 2. Suppose (p, q)=1, r EN,. Then, I. The sufficient and necessary condition for r being a term
implying left terms in the px+q sequences of numbers is rq'=2(mod p). At the same time, s, the predecessor
of r, is given by:

s=(2"P@*r —q)/p. (1)

II. Suppose p'=cp, q=cq, r'=cr, ¢ EN,. Then, r’is aterm implying left terms in the p’x+ q’ sequences of
numbers if and only if r is a term implying left terms in the px+q sequences of numbers, and s’, the predecessor
of ', is s'=s=(2""@*r —q)/p.

Proof: prove 1. First, we prove the necessary condition, i.e., we prove if s=(2'r —q)/p €N, then rq=2"(mod
p)-

From (2'r —q)/p €N, we know that, 2'r —q=0(mod p), 2'r=q (mod p).

From (g, p)=1 and 2'r=q(mod p) we know that, ,2'rq=1 (mod p).

From 2'rg™=1 (mod p) and (2', p)=1 we know that, rq™=(2")"* (mod p). ( (2")is the inverse of 2" modulo p)
From Corollary 8 (See Note 1) we know that, there necessarily exists positive integer k such that (2')*=2* (mod
p). From rq?=(2)™* (mod p) and (2")*=2* (mod p) we obtain, rq?*=2*(mod p).

Then we prove sufficient condition, i.e., we prove that, if rq=2"(mod p) then s=(2'r —q)/p EN,.

Because there necessarily exists positive integer i, k such that i=ndy(2) —k, i+k=nd,(2).
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Thus, 2™"=22"=2""@=1 (mod p).
From 2'2'=1 (mod p) and condition 2“=rq* (mod p) we know that, 2' (rq™)=1(mod p), 2'r=q(mod p).
From 2'r=q(mod p) we know that, 2'r —q=0(mod p). From 2'r —q=0(mod p) and g, p EN, we know that, (2'r —
9)/p ENo.. _ _
Let s=(2'r —q)/p. Then, s=(2'r —q)/p €N,. From Definition 10 and s=(2'r —q)/p €N, we know that, r is a
term implying left terms of the px+q sequences of numbers.
From s=(2'r —q)/p and i=nd,(2) —k we know that, s=(2""@*r —q)/p.
Prove 1I.
First, we prove that, if r’ is a term implying left terms in the p’x+ g’ sequences of numbers then r is a term
implying left terms in the px+ g sequences of numbers, and s'=s.
From r'is a term implying left terms in the px+ g’ sequences of numbers we know that, the predecessor of r’ is
s'=(2'r'—q)/p’ EN,. So,
s'=(2'cr —cq)/cp=(2'r —q)/p=s EN.,.

From Definition 10 we know that, r is a term implying left terms in the px+ g sequences of numbers. From [
we know that, s=(2"P@*r —q)/p.
Likewise, we can prove that, if r is a term implying left terms in the px+ ¢ sequences of numbers then r’ a term
implying left terms in the p’x+ g’ sequences of numbers, and s =s". Q.E.D.
We call formula (1) the predecessor calculation formula of r--the term implying left terms--in the px+q
sequences of numbers.
From Theorem 2 we can obtain:
Corollary 1. ris a term implying left terms in the px+q sequences of numbers if and only if cr(c €N,) is a term
implying left terms in the cpx+cq sequences of numbers. At the same time, the predecessors of cr--the term
implying left terms--in the cpx+cq sequences of numbers are the same as those of r--the term implying left
terms--in the px+q sequences of numbers.
Theorem 2 is complex. Now, we show an example to expound the meaning of II in Theorem 2.
Now; in the leftward extension relationship formula s=(2'r —q)/p, we let i=1, r=143, g=1, p=3. (143x2'—
1)/3=95=s. Thus, 143 is a term implying left terms in the 3x+1 sequence of numbers (For p=3,q=1) and one of
its predecessor is 95.
Besides, 5p=15, 5q=5, 5r=715.
What II in Theorem 2 refers to is that, when 143 is a term implying left terms in the 3x+1 sequence of
numbers and one of its predecessor is 95, then 715 is a term implying left terms in the 15x+5 sequence of
numbers and one of its predecessor is also 95. Please see the following 15x+5 sequence of numbers:

{a;=3, an.1= £(15a,+5)} : 3,25,95, 715,
In this sequence of numbers, 95 is a predecessor of 715.
Now, we show an example to expound the meaning of I in Theorem 2.
Example 1. Decide which of 15,17,119 are the terms implying left terms in the 9x+1 sequence of numbers and
the 63x+7 sequence of numbers, and calculate the predecessors of each term implying left terms.
Solution: First, we decide which of 15,17,119 are the terms implying left terms in the 9x+1 sequence of numbers,
and calculate the predecessors of the terms in question.
At this time, we know that, p=9, g=1, q'lzl (mod 9), dg(2)=6.
When r=15, rq?=15X 1=6 (mod 9). Because there exists no k such that 6=2* (mod 9), 15 is a term without a
left term in the 9x+1 sequence of numbers.
When r=17, rq*=17 X 1=23 (mod 9), k=3. Therefore, 17 is a term implying left terms in the 9x+1 sequence of
numbers Now, we calculate the predecessors of 17:
At this time, the predecessor calculation formula of 17 is: s=(2°"317 —1)/9. When n=1,2,3, ---, we obtain that,
the  predecessors of 17--the term implying left terms--in the  9x+1 sequence of numbers are
15,967, 61895,---.
When r=119, rq?=119X1=2" (mod 9) , k=1. Therefore, 119 is a term implying left terms in the 9x+1
sequence of numbers. Now, we calculate the predecessors of 119.
At this time, the predecessor calculation formula of 119 is: s=(2°"*119 —1)/9. When n=1,2,3, -, we obtain
that, the predecessors of 119--the term implying left terms--in the 9x+1 sequence of numbers are
423,27079, 1733063,---.
Then, we decide which of 15,17,119 are the terms implying left terms in the 63x+7 sequence of numbers, and
calculate the predecessors of the terms in question.
At this time, c=(63, 7)=7, p=63/7=9, q=7/7=1, q'lzl (mod 9), Jy(2)=6.
Since 15,17 cannot be divided evenly by 7, from (2) in Theorem 1, we know that, 15,17 are terms without a left
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term in the 63x+7 sequence of numbers.

From cr=119 and c=7 we know that, r=217. From 17 being a term implying left terms in the 9x+1 sequence of
numbers we know that, 119 is a term implying left terms in the 63x+7 sequence of numbers, and the predecessor
calculation formula of 119: s=(2°"317 —1)/9 is the same as that of 17.

Thus, the predecessors of 119--a term implying left terms--in the 63x+7 sequence of numbers are
15,967, 61895,-+-.

Corollary 1 tells us that, so long as we know all r--the terms implying left terms--in the class of px+q sequences
of numbers with (p, g)=1 then we know all cr--the terms implying left terms--in the class of cpx+cq sequences
of numbers. Therefore, in the following discussion we stipulate that “(p, g)=1" .

Because n in formula (1) can be n=1,2,---, r--the term implying left terms--in the px+q sequences of numbers
has necessarily infinitely many predecessors s. Now, let us discuss the properties of the infinitely many
predecessors s.

In Example 1 we have found the predecessors of 17--term implying left terms--in the 9x+1 sequence of humbers
are 15,967, 61895,---. We should notice that these infinitely many predecessors form a (infinite) sequence of
numbers {a,} : 15,967, 61895,---.

It is interesting that, 967=2°X 15+7, 61895=2° X 967+7,-- i.e., thereis {a,}:{a;=15, a,1=2%,+7 }. Obviously,
sequence of numbers {a,} is a mapping recurrent sequence of numbers.

Please see the following theorem:

Theorem 3. Suppose the terms in the sequence of numbers {a,} obtained by letting n=1,2,-:- respectively of
formula (1) of Theorem 2. That is,

{a)) : =% r—q)lp, 8= r—q)lp, -, a,=@2""*r —q)/p.
Then, sequence of numbers {a,} is the following mapping recurrent sequence of numbers:
{a;= a, 3y =2"@a,+b} 2)

Where, a=(2"@*r —q)/p, b =q(2°*®@ —1)/p.

Proof: From the supposition we know that, a;=(2"®*r —q)/p, a,=(2""® *r —q)/p,

A= (2(n+1) &p(z)-kr _q)/p

— (2n op(2) +z5p(2)-kr _q)/p

— (ZJP(Z)Z nop(2) -kr _q)/p

— (ZJP(Z)ZnJP(Z)-kr _25P(2)q+25P(2)q _q)/p

=27y —q)/p+q(27@—1))/p

=2"@,+q(2"—1))/p.

These prove that sequence of numbers {a,} is a mapping recurrent sequence of numbers: {a;=(2°*®*r —q)/p,
a1 =2"@a +q(2*® —1)/p} .

Let a=(2°@*r —q)/p, b=q(2”? —1)/p, we obtain that, {a;=(a, a=2"?a,+b} . Q.E.D.

Theorem 3 shows that, sequence of numbers a; = (2@*r —q)/p, a,=(2**@*r —q)/p,-*-,a,=(2"P@*r —q)/p is
just sequence of numbers  {a;= a, a,.;=2"@a,+b} , where a,=(2"®*r —q)/p, b =q(2°*® —1)/p.

The former gives all of the predecessors of r--the term implying left terms--in the px+q sequences of numbers,
therefore, the latter also gives those of the px+q sequences of numbers. We call formula (2) the sequences of
numbers of the predecessors of of r--the term implying left terms-- in the px+q sequences of numbers.

When using formula (2) to obtain the predecessors of r, the term implying left terms, we need to calculate
a;=(2"@*r —q)/pand  b=q(27"® —1)/p.

At this time, p,q,r are known, but we need to calculate d,(2), which involves the calculation of order. And at the
same time, we need to find k according to rq*=2“(mod p), which is just a process of solving exponential
congruent equation 2*=a (mod p) (Here x=k, a= rq™) . The calculation of the predecessors of r, the term
implying left terms, is a difficult task, But it is solved in Note 1. Now, we give a general method for deciding
r--the term implying left terms--in the px+q sequences of numbers and calculating its sequences of numbers of
predecessors.

Decision and calculation method for the term implying left terms or the term without a left term:

(1. Find g, If g=1 then g™'=1; if 1<<q then we calculate the simplest {a;=0, an1=(0an) modp) » 4" =the second
term from the right in the sequence of numbers in question.(See Conclusion 19)

(2). Find d,(2). We calculate the simplest {a;,=2, an+1=(2an) modp } - Ip(2)=the number of terms in the sequence of
numbers in question.(See Conclusion 18)

(3). Find k. If (rg™) mod pisatermin the simplest {a;=2, an1=(2an) moap} then we know that r is a term implying
left terms, and k is the position value of  (rq™)moa patsimplest {a;=2, an+1=(2an) moap} (Note: When (rq™) mod
=1, k=0) . If (rq™) modp IS NOt & term in the simplest {a;=2, a,.1=(2an) moap} then we know that r is a term
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without a left term. (See Conclusion 20)
(4).Find the sequences of numbers of the predecessors. Calculate a=(2”®*r —q)/p, b =q(2°*® —1)/p, obtaining:

{a;=a, an=2"Pa,+b} .

An example. Find the sequence of numbers of the predecessors of 7--the term implying left terms--in the
31x+25 sequence of numbers.

Solution: Because 1<<q=25, according to (1) of the decision and calculation method for the term implying left
terms or the term without a left term, we need to find g™ (i.e., 25%) . Because the second term from the right of
Simplest {a;=25, a,+1=(25a)mog 31} : 25,5,1

is 5, q=25"= 5.

According to (2) of the decision and calculation method for the term implying left terms or the term without a
left term, we find

Simplest {a;=2, ay+1=(2a)mog 22} : 2,4,8,16,1.

The number of terms of the sequence of numbers in question is 5, we obtain, d3;(2)=5.

From r=7 and 25™= 5 we obtain, (rq™) med p=(7%25™) moa 21=4-

“4” is the second term of simplest {a;=2, a,+1=(2an)mod 31} : 2,4,8,16,1, according to (3) of the decision and
calculation method for the term implying left terms or the term without a left term we know that, 7 is a term
implying left terms, and k=2.

Then, according to (4) of the decision and calculation method for the term implying left terms or the term
without a left term, we calculate a and b.

Fromr=7, p=31, q=25, 05(2)=5, k=2 and a=(2°"®*r —q)/p, b =q(2”® —1)/p we obtain,

a=(2%27 —25)/31=1, b=25(2° —1)/31=25.

Thus, we obtain that, the sequence of numbers of the predecessors of 7--the term implying left terms--in the
31x+25 sequence of numbers is:

{a;=1, a,y=2%a,+25} : 1,57,1849,--.

(It is not hard to calculate that, B (1X31+25)= 8 (57 X 31+25)= B (1849 X 31+25)=7, which verify that
1,57,1849 are the predecessors of 7).

(3) of the decision and calculation method for the term implying left terms or the term without a left term also
tells us that, the r satisfying (rx25™) mes :1=2,4,8,16,1 are all the terms implying left terms in the 31x+25
sequence of numbers. And the r satisfying (rx1™) me:=2,4,8,16,1 are all the terms implying left terms in the
31x+1 sequence of numbers.

From (rx25™) o 31=2,4,8,16,1 we know that, r « 25"=2,4,8,16,1 (mod 31), r=19,7,14,28,25(mod 31). That is to
say, r is a term implying left terms in the 31x+25 sequence of numbers if and only if r=19,7,14,28,25(mod 31).
And ris a term implying left terms in the 31x+1 sequence of numbers if and only if r=2,4,8,16,1 (mod 31).

The authors found out earlier that , the terms without a left term in the 3x+1 sequence of numbers can only be
the odd numbers divided evenly by 3, the terms without a left term in the 5x+1 sequence of numbers can only be
the odd numbers divided evenly by 5. Therefore, for a long time the authors have considered that “the number of
the terms implying left terms is more than that of the terms without a left term” . Yet, the number of terms
implying left terms in the 31x+25 sequence of numbers and the 31x+1 sequence of humbers are far less than that
of the terms without a left term. Obviously, for both 31x+25 sequence of numbers and 31x+1 sequence of
numbers, in the successive 31 odd numbers there are only d3;(2)=5 terms implying left terms.

The successive p odd numbers are a residual system of p, which means that in the successive p odd numbers
only 6,(2) odd numbers are the terms implying left terms in the px+q sequences of numbers. Therefore, the ratio
of the number of the terms implying left terms in the px+q sequences of numbers to that of the total odd
numbers is J,(2)/p. Any odd number can be the first term of the px+q sequences of numbers, and the first term
of the leftward extendable sequences of numbers is the term implying left terms, therefore, the ratio of the
number of the leftward extendable sequences of humbers to the total number of the kind of px+q sequences of
numbers is d,(2)/p.

For example, in the successive 7 odd numbers 1,3,5,7,9,11,13, only 3(=5-(2) odd numbers 1,9,11 are the terms
implying left terms in the 7x+1 sequence of numbers (The readers please verify yourselves using the decision
and calculation method for the term implying left terms or the term without a left term) . Therefore, in the
following 7 sequences of numbers,

1. {a=1, a=B(Ta,t1)} : 1,1,1,--; 2. {a;=3, ayu=~8(7Ta,*1)} : 3,11,39,--;

3. {a;=5, awm=6Ta,*1)} : 51,1, 4. {a;=7, aw=8(Ta,+1)} : 7,2511,-;

5. {a;=9, au=8(Ta,*1)} : 9,1,1,---; 6. {a=11, a,=A(7a,*1)} : 11,39, 137,---;

7. {a;=13, a=F(Ta,t1)} : 13,23, 81,

only the first, fifth and sixth sequences of numbers (Their first terms are 1, 9, 11 respectively) are the leftward
extendable sequences of numbers of the 7x+1 sequences of numbers.
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However, whether the ratio of the terms implying left terms to all the terms in the sequences of numbers of the
predecessors of r--the term implying left terms--in the px+q sequences of numbers is also d,(2)/p? The answer is
No.
Please see the sequence of numbers of the predecessors of 65--the term implying left terms--in the 21x+1
sequence of numbers: {a;=99, a,.;=2%a,+3} : 99,6339,405699,--- (From £(99X21+1)= £(6339X 21+1)
= £(405699 X 21+1)=+--=65 we know that, 99,6339,405699,-:- are the predecessors of 65). The readers can use
Theorem 1 or the decision and calculation method for the term implying left terms or the term without a left
term to prove that 99,6339,405699,-- are all the terms implying left terms in the 21x+1 sequence of numbers.
Subsequently, we discuss the ratio of the terms implying left terms to all the terms in the sequences of numbers
of the predecessors of r--the term implying left terms--in the px+q sequences of numbers. To this end, we need
to investigate the residue modulo p of the various terms in the sequences of numbers of the predecessors of
r--the term implying left terms--in the px+q sequences of numbers.
Theorem 4. Suppose  {a,} : {a&;=a, aw=2"Pa,+b} , {by} : {b.=(ay)moap) . Then,

{by} : {b=(a)mod pr Pnsa=((Dn+ b) mod p} .
Proof: From a;=a and by =( a;)medp We obtain by =(a)med p. From bps1=(an+1)mod p and a,41=2"Pa, +b we know
that,
bn+1:(2(5’)(2)"31n'|'b)mod p:((z(jp(Z))mod p(an)mod p +b)mod p- (See Property 2)
From  (2%@) 04 ,=1 we know that, b1 =((@n)mod p +b) mod p-
From the supposition by, =(an)mod p We know that,bn.1=(0n+0) mod p. Q.E.D.
From Definition 1 we know that, by,=(an)med p iS just by=a, (mod p). From Theorem 4 we obtain:
Corollary 2. If {a,} : {&=a, a,,;=2"Pa,+b} and {b,} : {b1=(@)mod ps brs1=((bn+ b) moup) » then
a,=b, (mod p), n=1,2,---.
Because {b; =(&)mod p, Br1=((bn+tb) moap} is @ mapping recurrent sequence of numbers and all of its terms are
less than p, by pigeonhole principle and Basic Theorem 2 we know that the sequence of numbers in question is
a circular sequence of numbers.
It is not hard to see that, when a=(2"®*r —q)/p, b=q(2"*® —1)/p, {a,}: {a;=a, a.1=2"?a,+b} in Theorem
4 is the sequence of numbers of the predecessors of r--the term implying left terms--in the px+q sequences of
numbers given by formula (2). Performing the minimal non-negative residue modulo p to each term of it we
obtain {b,} : {br=(a)moap} i.€., {b1=(2)modps Pne1=((br+b) moap} . That is to say, the minimal non-negative
residue modulo p of the various terms in the sequence of numbers of the predecessors of r--the term implying
left terms--in the px+q sequences of numbers is given by  {b1=(a)mod p, Pr+1=((Dn+0) modp? -
For this reason, we call {0:=(@)mod p Prr=((0n*b) mos p}  With a=(27@*r —q)/p, b=q(2™? —1)/p as a
sequence of numbers of the residue of the predecessors of r--the term implying left terms--in the px+q
sequences of numbers.
It worth mentioning that, a, b in  {a;=a, aw=2"Pa,+b} s just a, b in  {b;=(Q)mod pr Br+1=((On+0) mod p) -
Therefore, if we have the former then we can obtain the latter.
For example, the sequence of numbers of the predecessors of 17--the term implying left terms--in the 9x+1
sequence of numbers is:

{a,=15, a,,=2%,+7} : 15,967, 61895, .
Thus, the sequence of numbers of the residue of the predecessors of 17--the term implying left terms--in the
9x+1 sequence of numbers is:

{b1=(15)mog 9, Prs1=((0n+7) mog o} : 6,4,2,%-.
Obviously, 15=6 (mod 9), 967=4 (mod 9), 61895=2 (mod 9), ---.
Now, we investigate the sufficient condition for the predecessors of the terms implying left terms to be the terms
implying left terms. This is a complicated problem, it need to prove the following lemmas first.
In proving the lemmas we will use the following properties of the non-congruent equations a=£b (mod m):
When a=£b (mod m), I .a+csEb+c (mod m); II.If (c, m)=1 then ac=£bc (mod m).

(The two properties above can be proved using proof by contradiction )
Lemma 1. Suppose {a,} : {a;=a<<m, ans1=(an+h) mogm’ . Then, I.a,=(@+(n —1)b) noam: 1. {a,} isa
pure circular sequence of numbers with the minimal circular length being m/(b, m); III. If m; | m and (m,,
b)=1, then, every successive m; terms in {a,} are a residual system of m;. When (b, m)=1, then every
successive mterms in  {a,} are a residual system of m.
Proof: Similar to the proof of Theorem 9 (in Note 1) we can prove that 1 holds.
Prove II. Suppose (b, m)=c, b'=b/c, m’=m/c. Then, (b’, m)=1, m’=m/(b, m), b=b’c, m=m'c.
From I we know that, ap+=(@+(m+1—1)b) mogm» i.€.,
am+1=(a+mMD) mog n=(a+m™DC) mog m=(a+m'ch’) mog m=(a+mb’) mos n=a =ay.
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From Basic Theorem 2 we know that, {a,} is a pure circular sequence of numbers with the circular length

being m’=m/(b, m).

Then, we prove that m’ is the minimal circular length of {a,} . Since {a,} is a pure circular sequence of

numbers, a, is a circular term. Thus, we prove that none of the terms a,, as,***, an—in  {a,} equals a;.

When 1<k<m’, m'/[(k—1).

From (b’, m")=1 we know that, m" /(k —1)b’, m’c f{(k —1)b’c, m [(k—1)b.

Thus, (k —1)b=£0 (mod m), a+(k —1)b=Fa (mod m).

From [ we know that ,a,.=(a+(k —1)b) megm- Thus, a,=*a (mod m). Then, a,*a, i.e., a7Fa;.

This proves a,, as,**, am—17a;. From II of Property 7 we know that, m’ is the minimal circular length of
{a,} .

Prove III.

When m,=1, III holds. Now, we discuss the case of m;>1.

Suppose 1<xi —k<<mj. From m;>1 we obtain, i —k=£0 (mod my), ik (mod my), i—1k —1 (mod m,).

From (b, m;)=1 we know that, (i —1)b=£(k —1)b (mod m,),

a+(i —1)b==a+(k —1)b (mod m;). (3)

From Property 6 we know that, there exist integers k; =0 and k,=0 respectively such that

a+(i —1)b=kym+(a+( i —1) b) megm and a+(k —1)b=k,m+(a+( k —1) b) mod m, i-€.,

a+(i —1)b=k;m+a; and a+(k —1)b=k,m+a. (4)

From (3) and (4) we obtain that, k;m+a;=k,m+a, (mod m;).

From m; | m we know that, kym=k,m=0 (mod m;). Therefore, a;=a, (mod m;).

When 1<<i —k<<my, a;¥a, (mod m,), this means that the successive m, terms of {a,} pairwise non-congruent

modulo m;. Therefore, every successive m; terms of {a,} are aresidual system of m;. Especially, when (b,

m)=1, Let m;=m, at this time, there is m; | m and (m,, b)=1.Therefore, at this time, every successive m;=m

terms of {a,} are aresidual system of m;=m.

Q.E.D.

Let us investigate the following 3 sequences of numbers:

Sequence of numbers 8:  {a;=1, ahs1=(an+3) mog 12} 1,4,7,10,1,--

Sequence of numbers 9:  {a;=1, a,+1=(a,+5) mog 12} 1,6,11,4,9,2,7,0,5,10,3,8,1,*-.

Sequence of numbers 10:  {a;=1, a,+1=(an+3) mog 36} 1,4,7,10,13,16,19,22,25,28,31,34,1,-

As to sequence of numbers 8, at this time, b=3, m=12, (m, b)=(12, 3)=3, m/(b, m)=12/3=4. The minimal circular

length of the  sequence of numbers 1,4,7,10,1,-+- is just 4. This verifies II in Lemma 1.

Besides, Let my=4. We have 4 | 12 Ci.e.,, “my | m” ) and (my, b)=(4,3) =1. It is not hard to see that, the

successive 4 terms of the sequence of numbers 1,4,7,10,1,--- is a residual system of 4. This verifies III of

Lemma 1.

As to sequence of numbers 9, we have (m, b)=(12,5)=1. It is not hard to see that, the minimal circular length of

the sequence of numbers 1,6,11,4,9,2,7,0,5,10,3,8,1, -- is 12. Also because 2,3,4,6,12 | 12 and

(2,5)=(3,5)=(4,5)=(6,5)=(12,5)=1. Every 2, 3, 4, 6, 12 successive terms of the sequence of numbers 9 are the

residual systems of 2, 3, 4, 6, 12.

As to sequence of numbers 10, we have (m, b)=(36,3)=3, m/(b, m)=36/3=12. It is not hard to see that, the

minimal circular length of the sequence of numbers 10 is 12. Also because 2, 4 | 36 and (2,3)=(4,3)=1. Every

successive 2 or 4 terms of the sequence of numbers 10 are the residual systems of 2 or 4.

Please note that, although 6,9 | 36, the successive 6 or 9 terms of the sequence of numbers 10 are not the

residual systems of 6 or 9. This will be investigated later in Lemma 3.

First, let us prove Lemma 2.

Lemma 2. If every successive m terms of the sequence of numbers {b,} are a residual system of m then b;=

bam+i(mod m), 0<sn.

Proof: First, we prove that in the m+1 terms by,bys1,**, Beem—1, Bem in- {by} , we have by =hby (mod m).

We use proof by contradiction. Suppose byby., (mod m).

Because by,bys1,***, brem—1 are the successive m terms of {b,}, by, be1,**, bem—1 is a residual system of m. Thus,

by+m 1 necessarily congruent modulo m with one of by, bys1,***, Brem-1-

When by, 5Fby (mod m), by, is necessarily congruent modulo m with one of by, ,***, bgem-1.

Thus, the successive m terms by.; ,**, bgem-1, brem @re not pairwise non-congruent modulo m, which contradicts

with the fact that every successive m termsin  {b,} are a residual system of m. Therefore the supposition does

not hold.
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Therefore, by.m=by (mod m).

The rest can be inferred by analogy. Thus, Lemma 2 holds. Q.E.D.

Lemma 3. Every successive m; termsin  {a,} : {a;=a, an=(an+b)meam) are a residual system of m, if and
only if m; | mand (m,, b)=1.

Proof: In Lemma 1 we have proved that, m; | m and (my, b)=1 is a sufficient condition of every successive m;
termsin {a,} being a residual system of m;. Here we only prove that, m; | mand (m;, b)=1 is a necessary
condition of every successive m; terms in {a,} being a residual system of m;. For this reason, we need to prove
the following two cases.

Case 1. If m; | mand (my, b) >1 then it does not hold that every successive m; terms in  {a,} is a residual
system of m,.

Case 2. If m; / m then it does not hold that every successive m; termsin {a,} is a residual system of m;.
Prove Case 1.

Suppose (my, b) =k>1, b'=b/k, m,=my/k. Thus, b=bk, m=km,, km, | m.

From 1 in Lemma 1 we know that, the first m;=km, terms of {a,} are:

a, (a+b'k) modm? *ty (a+( mz _1)b,k) mod m?
(a+(2 m _mz)b 'k) mod m? (a+( 2m, _m2+1)b 'k) modm? "% (a+(2m2 _1)b 'k) mod m?
(@+(k my —my)b k) moam»  (@+(kmy —Mp+1)0°K) mog > *++»  (@+( kmy —1)b'K) mog m-

The above km, terms form a matrix with k rows and m, columns. Now, we investigate the second column (The
other columns can be treated similarly) .
We prove (a+bK)meg m=(a+(nmy —my+1)b’K)meq m (Mod km,), 1<<n<ck (i.e., each term in the second column are
congruent modulo m;=km,) .
From km, | m and Property 4 we know that,
((a+(nm2 _m2+1)b 'k) mod m) mod kmy =(a+(nm2 _m2+1)b 'k)mod kmg
=(a+(n —1) mab’k +bK)mod km,
=(a+(n —1)k mab+bK)med kmy
=(a+b’k) mod kmy.,
From Property 1 we know that, (a+(nm; —m,+1)bK)mea m=a+b’k (mod kmy).
Likewise, (a+bk)moam=a+b’k (mod km,).
Therefore, (a+(nmy; —My+1)bK)meg m=(a+bK)moa m (Mod km,).
This proves thatin  {a,} there are successive m;=km, terms which are not pairwise non-congruent modulo m;.
Or it does not hold that every successive m; termsin {a,} are a residual system modulo m;.
Prove Case 2. m; / m, therefore, either m;<<m, or m;>m.
First, we prove the case of my / m and my<<m.
From my;<<m and m; / m (This means m;>1) we know that, there necessarily exists 1<<k such that 1<<km,—m
<m.
Let km;—m=c. Thus, 1<<c<<m; and m=km,—c, m+1=(k—1)m;+m,—c+1.
From c<<m; we know that, 1<m,—c<<m;, 2<<m,—c+l<m..
Suppose every successive my termsin  {a,} are a residual system of m,. Then, the first myterms of {a,} isa
residual system of m;. Thus we know that, a;=£a;(mod m;) , 2<t<<m..
Because 2<m,—c+1l<m, lett=m,—c+1. Thus, ay c5a;(mod my).
Besides, from the supposition and Lemma 2 we know that, an, —c+1=a(-1ym+m;c+1 (MOd My).
Thus, a-1ym;+m; - c+1Fa1(mod my). From m+1=(k—1)m,+m,—c+1 we know that,
am+1Fas(mod my).
Besides, from II in Lemma 1 we know that, m/(b, m) is the minimal circular length of {a,} .Then, mis a
circular length of {a,} . Thus, aps1=a;, ams=az(mod m;).
Obviously, an+=as(mod m;) and ay.;Fa;(mod m;) are contradictory to each other, by which we know that, it
does not hold that every successive m; termsin {a,} is a residual system of m;.
Likewise we can prove the case of m; / mand m;>m, where it does not hold that every successive m, terms
in {a,} isaresidual system of m,. Q.E.D.
(It worth mentioning that {a;=a, a,+1=(a,+b) meam} in Lemma 3 should be called a equidifference residual
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sequence of numbers, which is a sequence of numbers similar to the equiratio residual sequence of numbers)
Now, we prove Theorem 5.
Theorem 5. Suppose (p, (2@ —1)/p)=1. Then, the successive p terms in the sequence of numbers of the
predecessors of r--the term implying left terms--in the px+q sequences of numbers are a residual system of p.
Proof: From Theorem 3 we know that, the sequence of numbers of the predecessors of r--the term implying
left terms--in the px+q sequences of numbers is

{a,} : {a;=a, a,=2"Pa,+b} , where a=2"@*r —q)/p, b =q(2°*® —1)/p.
According to Corollary 2, we prove that, the successive p termsin  {by} :  {b1=(8)modps Brs1=((bntb) moap} is
a residual system of p.
From (p, g)=1 and (p, (2°°® —1)/p)=1 we know that, (p, q(2°*® —1)/p)=1. From b=q(2*® —1)/p) we know that,
(p, b)=1. From Lemma 3 we know that, the successive p termsin {b,} isa residual system of p. Q.E.D.
The situation of the sequences of numbers of the predecessors of the terms implying left terms in the px+q
sequences of numbers with (p, (2°°® —1)/p)>1 is complicated, the authors do not investigate further. The
interested readers can investigate themselves.
We stipulate that p in what follows satisfy (p, (2°°® —1)/p)=1.
Theorem 5 tells us that, the successive p terms in the sequences of numbers of the predecessors of r--the term
implying left terms--in the px+q sequences of numbers is a residual system of p. From (3) of the decision and
calculation method for the term implying left terms or the term without a left term we know that, in the
successive p terms in the sequences of numbers of the predecessors of r--the term implying left terms--in the
px+( sequences of numbers there are  J,(2) terms implying left terms.  That is,
Corollary 3. The ratio of the terms implying left terms to all terms in the sequences of numbers of the
predecessors of r--the term implying left terms--in the px+q sequences of numbers is d,(2)/ p.
Various terms in the sequences of numbers of the predecessors of r--the term implying left terms--are degree 1
predecessors of r. According to Corollary 3, the ratio of the terms implying left terms to all the terms of the
degree 1 predecessors of r is d,(2)/p. The degree 1 predecessors of  r also have degree 1 predecessors (They
are degree 2 predecessors of r). And the ratio of the terms implying left terms to all terms of the degree 2
predecessors of r is also J,(2)/p. And the degree 2 predecessors of r also have degree 1 predecessors (They are
degree 3 predecessors of r). Thus,
Corollary 4. If sequence of numbers A: {a;= a, a..1= 5 (pa,+q) } is a leftward extendable sequence of numbers,
then A has necessarily n degree (n=1,2, ---) leftward extension sequences of numbers B. And B and A are the
same kind of px+q sequences of numbers.
Definition 12. If B:  {b;=b, b,.,= B(pb,+q)} isan n degree (n=1) leftward extension sequence of numbers of
A: {a;=a, an=B(pa,+q)} , then we call A as an n degree (n=1) sub-sequence of numbers of B.
Fact 1. Suppose A is a sub-sequence of numbers of B. Then, A is a circular sequence of numbers if and only if B
is a circular sequence of numbers. And, a is a circular term in A if and only if a is a circular term in B.
For example, sequence of numbers {a;=33, an.1= #(5a,+1)} : 33,83,13,-- is a sub-sequence of numbers of

{a;=1331, a,.= B#(5a,+1) } : 1331,13,33,83,13,---. The former is a circular sequence of numbers, the latter is
also a circular sequence of numbers. “33,83,13” are the circular terms in the former, they are also the circular
terms in the latter.
Theorem 6. Suppose r is a term implying left terms in the px+q sequences of numbers, its 1,:--,n degree
predecessors are : ry,-*-, I, respectively. If r is a non-circular term in the px+q sequence of numbers R: rp,*-, Iy,
re, thenrZr (1<<i<n, 1<<k=<in, i#k), i.e., ry, **, ry are pairwise non-equal.
Proof: Suppose ri=r. Since px+q sequence of numbers R is a mapping recurrent sequence of numbers, by Basic
Theorem 2 we know that R is a circular sequence of numbers. Thus, r;, 1 are the circular terms in R. Besides,
ri, e in R are the predecessors of r, Thus, from Definition 4 we know that, r is a circular term in R. This
contradicts with the condition that r is a non-circular term in px+q sequence of numbers R: rp,**, ry, 1,*+*. Thus,
r7ry. QED
For example, 5 is a non-circular term in sequence of numbers {a;=7, a,..= 8(3a,+1)} 7,11,17,13,5,1,1,-+, its
4 predecessors  “7,11,17,13” are pairwise non-equal.
4 Infinite trees and complete trees
Definition 13. Suppose r is a term implying left terms in the px+q sequences of numbers. Step 1.  We use lines
to connect r with every degree 1 predecessor of r. Step 2. We use lines to connect every predecessor r' which
is the term implying left terms with every degree 1 predecessor of r’. We repeat Step 2, the figure we obtain at
last is called a C r ) px+q infinite tree, (See Fig. 1). And we call {a;=r, a,.s= (pa,+q)} the root sequence
of numbers of the C r ) px+q infinite tree.
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65 (261) 1045-- 131 (525) 2101--- 529 2117 (8469) --- (1059) 4237 16949 -

49 197 (789) - (99) 397 1589 -
(9) 37 149 (597)
7
Fig. 1. |7] 3x+1 mnfinite tree

Fig. 1 gives the ( 7 ) 3x+1 infinite tree, which is formed as follows: Step 1: Connect 7 with each of its
degree 1 predecessors, i.e., 9,37,149,597,-+-. In 7’s degree 1 predecessors, 37,149,:-- are the terms implying left
terms of the 3x+1 sequence of numbers. Step 2: Connect 37 with each of its degree 1 predecessors, i.e.,
49,197,789,--+, connect 149 with each of its degree 1 predecessors, i.e., 99,397,1589,-:-. Analogously, we
obtain Fig. 1.

The root sequence of numbers of the ¢ 7 ) 3x+1 infinite tree is  {a;=7, ap..= #(3a,+1)} : 7,11,17,13,--

The numbers parenthesized in Fig. 1 are the terms without a left term in the 3x+1 sequence of numbers. For
example, 9 and 99 in Fig. 1 are parenthesized, they are the terms without a left term in the 3x+1 sequence of
numbers.

From the formation of Fig. 1 we know that, the level above 7 (the first level) contains all of the degree 1
predecessors of 7, the second level contains all of the degree 2 predecessors of 7,, -:-. Fig. 1 has infinitely many
levels, and each level has infinitely many odd numbers.

Fig. 1 not only gives all of the predecessors of 7--the term implying left terms--in the 3x+1 sequence of numbers
but also the arrangement of these predecessors.

Definition 14. Suppose a(a#r) isanumber ina ( r ) px+q infinite tree. We call {a;=a, a,..= 8 (pa,+q)} asa
sequence of numbers of the C r ) px+q infinite tree, call the set composed of the sequences of numbers of
the € r ) px+q infinite tree as a set of the sequences of numbers of the C r ) px+q infinite tree.

In Definition 14, a is a predecessor of r, therefore we have:

Conclusion 1. Any sequence of numbers of the (r ) px+q infinite tree is a leftward extension sequence of
numbers of the root sequence of numbers {a;=r, a,..= £ (pa,+q) } .

Example 2. 65 is a number on the third level of Fig. 1. 65 connects 49 downward, 49 connects 37 downward, 37
connects 7 downward. The sequence of numbers obtained: 65,49,37, 7,-- is {a;=65, a,.= 6(3a,+1)} .
Obviously, {a;=65, a,+1= 8(3a,+1)} is a degree 3 leftward extension sequence of numbers of the root sequence
of numbers {a;=7, ap= 6(3a,+1)} : 7,11,17,13,---.

From Fig. 1 it is not hard to see that {a;=7, a,«= £(3a,+1) has infinitely many degree 1 leftward extension
sequences of numbers, infinitely many degree 2 leftward extension sequences of numbers, -:-, infinitely many
degree n leftward extension sequences of numbers.

According to Definition 13, when r is a term implying left terms in the px+q sequence of numbers, {a;=r, ay.1=
B(pa,+q)} has infinitely many degree n leftward extension sequences of numbers. Thus, we have

Definition 15. Suppose A: a,,**, as, r,*** is the degree n leftward extension sequence of numbers of the root
sequence of numbers {a;=r, a,.;= 8 (pa,+q) } . We call A with n approaching infinity as a ¢ r ) px+q extremely
leftward extension sequence of numbers.

C r ) px+q extremely leftward extension sequence of numbers A is a sequence of numbers of the C r ) px+q
infinite tree, therefore, from Definition 14 we know that,

Conclusion 2. In the set of the sequences of numbers of the ( r ) px+q infinite tree there necessarily exist a
C r ) px+q extremely leftward extension sequence of humbers.

It should be pointed out that in Definition 15, “n approaching infinity”” means that A is a sequence of numbers
extending leftward constantly. The a, satisfying this requirement can only be the terms implying left terms of the
px+q sequences of numbers.

Conclusion 3. The first term of the extremely leftward extension sequence of numbers is a term implying left
terms of the px+q sequences of numbers.

Besides, Suppose r’ and r are the terms in the px+q sequence of numbers, when r’ is a successor of r, r’ is
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necessarily a term implying left terms of the px+q sequence of numbers. From Definition 13 we know that,
there necessarily exists a px+q infinite tree with r’ as its root and r is in the infinite tree in question.

For example, 7 and 9 are the terms of the 3x+1 sequence of numbers, and 7 is the successor of 9. Thus we see
that, 9 isin ( 7 ) 3x+1 infinite tree.

Conclusion 4. Any odd number r is necessarily in certain px+q infinite tree.

Conclusion 5. If there is a circular sequence of numbers in the set of sequences of numbers of the ( r ) px+q
infinite tree, then all of the sequences of numbers in the set in question are circular sequences of numbers.

Proof: Suppose B is a circular sequence of numbers in the set of sequences of numbers of the C r ) px+q infinite
tree.

From Definition 14 and Conclusion 1 we know that, B is a leftward extension sequence of numbers of {a,=r,
ann= B (pa,+q)} .

From Definition 12 we know that, {a;=r, a..;= £(pa,+q)} is a sub-sequence of numbers of B.

From B being a circular sequence of numbers and Fact 1 we know that, {a;=r, a,.,= 58 (pa,+q)} is a circular
sequence of numbers.

Since {a;=r, a,.1= A(pa,+q)} is the sub-sequence of numbers of all of the sequences of numbers in the set of
sequences of numbers of the € r > px+q infinite tree, from Fact 1 again we know that, all of the sequences of
numbers in the set of sequences of numbers of the C r ) px+q infinite tree are circular sequences of numbers.
Q.ED.

Conclusion 5 reveals an important fact that, if there exists a circular sequence of numbers in the px+q
sequences of numbers then there exist infinitely many circular sequences of numbers in the kind of px+q
sequences of numbers.

Based on Conclusion 5 we have,

Conclusion 6. If there exists a circular sequence of numbers in any set of sequences of humbers of the C r )

px+q infinite tree, then the kind of px+q sequences of numbers are circular sequences of numbers (i.e., all
sequences of numbers in the kind of px+q sequences of numbers are circular sequences of numbers).

Conclusion 7. Suppose A: an,***, a;, r,*** isa (r ) px+q extremely leftward extension sequence of numbers. If
r is a non-circular term of A, then a,, is infinitely great (and it is an odd number).

Proof: Because r is a non-circular term of A, From Theorem 6 we know that, a,**, a; are pairwise non-equal
(odd numbers). From m approaches infinity we know that, a,, is infinitely great (and it is an odd number).
Q.E.D.

Definition 16. Suppose A: an,***, as, I, by, =+, b, is a sequence of numbers of the C r ) px+q infinite tree. We call
A with both m and n approaching infinity as a € r ) px+q double extension sequence of numbers.

Because any px+q sequence of numbers can extend rightward infinitely, “n approaching infinity” in Definition
16 is a tacit consent. That is to say, the sequences of numbers defined by Definitions 15 and 16 are the same.
And the C r ) px+q extremely leftward extension sequence of numbers is just the ( r ) px+q double extension
sequence of numbers.

From Conclusion 2 we know,

Conclusion 8. In any set of the sequences of nhumbers of the ( r ) px+q infinite tree there necessarily exists a
( r ) px+q double extension sequence of numbers.

With Conclusion 8, let us discuss two valuable reference results. For this reason, we make such supposition first,
Supposition 1. Suppose a and b are two infinitely great terms implying left terms in the px+q sequences of
numbers. Then a=h.

Reference result 1. Any (r ) px+q double extension sequence of numbers A: ap,***, a;, r, by,***, by is a
circular sequence of numbers.

Proof: (1) If ris a circular term of A, then A is a circular sequence of numbers. (2) If r is a non-circular term of A,
then from Conclusions 3 and 7 we know that, a,, is infinitely great and is a term implying left terms in the px+q
sequences of numbers. Now, there exist two cases for b,. I .b, is less that certain odd number. Then, from n
approaching infinity we know that, there necessarily exist equal terms among by,-*«, b,. Since A is a mapping
recurrent sequence of numbers, from Basic Theorem 2 we know that A is a circular sequence of numbers. 1I.b,
is infinitely great. Because b, is a term implying left terms of the px+q sequences of numbers. From Supposition
1 we know that, a,=b,. Thus, A is a circular sequence of numbers. Q.E.D.

From Conclusion 8 and Reference result 1 we know that, there exist a circular sequence of numbers in the set of
the sequences of numbers of the ( r ) px+q infinite tree. Thus, from Conclusion 6 we can obtain:

Reference result 2. Any sequence of numbers of the px+q sequences of numbers is a circular sequence of
numbers.

References 1 and 2 are based on Supposition 1. They are probable results, only for your reference.
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(Note: In the proof of Reference result 1 some interesting mathematical problems are embraced, interested
readers can study further.)
Now, let us investigate the relationship among infinite trees.
Definition 17. Suppose a--the term implying left terms--in the px+q sequences of numbers is a degree n
predecessor of the odd number r. Then we call the ( a ) px+q infinite tree as the degree n child tree of the the
C r ) px+q infinite tree, call the C r ) px+q infinite tree as the degree n parent tree of the ( a ) px+q infinite

tree.

For example, 37 and 149 are the terms implying left terms in the 3x+1 sequence of numbers and are the degree 1
predecessors of 7, therefore, the (37) 3x+1 infinite tree and the (149) 3x+1 infinite tree are the degree 1 child
trees of the (7) 3x+1 infinite tree (See Fig. 1).

From Fig. 1 we can also see that, the (37) 3x+1 infinite tree also has degree 1 child trees the (49) 3x+1 infinite
tree and the (197) 3x+1 infinite tree, etc. They are the degree 2 child trees of the (7) 3x+1 infinite tree.
Conversely, the (7) 3x+1 infinite tree is their degree 2 parent tree.

Besides, 7 has degree 1 successor 11, and 11 has degree 1 successor 17, ---. Thus, the (7) 3x+1 infinite tree has
degree 1 parent tree the (11) 3x+1 infinite tree, degree 2 parent tree the (17) 3x+1 infinite tree, --*

From Definition 17 we know that, “infinite trees” are full of “infinity”. 1. An infinite tree has infinitely many
levels and each level has infinitely many odd numbers. 2. Each infinite tree has infinitely many child trees and
each child tree is a infinite tree. 3. Each infinite tree has parent trees, etc.

Yet, what follows is more interesting.

Fig. 2 isthe (43) 5x+1 infinite tree, which can be obtained similar to the obtaining of Fig. 1.

43 691 (2785) 445863 5635 90163 22543 160691 90177 1442835 11542691 184683059

275) 4403 70451

It should be noted that “43” occurred at the third level of Fig. 2. According to Definition 17, the (43) 5x+1
infinite tree given by this “43” is a child tree of the (43) 5x+1 infinite tree given by Fig. 2. This means that, a
(43) 5x+1 infinite tree is the child tree of a (43) 5x+1 infinite tree, a (43) 5x+1 infinite tree is the parent tree
of a (43)5x+1 infinite tree. And a (43)5x+1 infinite tree has infinitely many child trees and parent trees which
are (43) 5x+1 infinite trees.
The phenomena is amazing that one “embodies” oneself, and one “gives birth” to oneself. But they really exist.
What do these phenomena means? We can not answer now. What we want to do now is to prevent the
phenomena from happening.
Please see the degree 1 predecessors of 43: 17,275,4403,--+ and various terms of {a;=43, a,.;= £(5a,+1)} :
43,27,17,43,+--.
In all of the degree 1 predecessors of 43, only 17 is a circular term of {a,=43, a,.1= #(5a,+1) }. Looking at Fig.
2 carefully we can find out that, 17 is the reason of “a (43) 5x+1 infinite tree is the child tree of a  (43) 5x+1
infinite tree”.
For this reason, we delete 17 from the degree 1 predecessors of 43: 17, 275, 4403, -+ and take the remaining
degree 1 predecessors: 275, 4403, -+ as “the whole” degree 1 predecessors of 43. According to the method
given by Definition 13, we regenerate the infinite tree with 43 as the root (See Fig. 3). We call Fig. 3, the newly
generated infinite tree, as the (43) 5x+1 pure infinite tree. In fact, Fig. 3 is one obtained by deleting the (17)
5x+1 infinite tree from Fig. 2.
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5635 90163+ 22543 360891+ 90177 (1442835) ... 11542691 184683059
1761 28179 « 225443 3807091
deleted (275) 4403 70451
43
| ] 41| S5x pure mbnie treg

Likewise, we can generate the (27) 5x+1 pure infinite tree and the (17) 5x+1 pure infinite tree.

For convenience, we call the figure by deleting 43 from the (43)5x+1 pure infinite tree as the pure predecessors
figure of 43. Likewise, we call the figure by deleting 27 from the (27) 5x+1 pure infinite tree as the pure
predecessors figure of 27, call the figure by deleting 17 from the (17) 5x+1 pure infinite tree as the pure
predecessors figure of 17. (Similarly, the pure predecessors figure of r can be defined).

Definition 18. Suppose aj.;= £ (pa;j+q), i=1,-=*n, and a,.=a;. We abbreviate the following figure formed by
ay, -,

ad,~=Qy~>ree=(q,
% )

as {ag,*-,a,» .And we call ay,---,a,) asa px+q directed ring. Usually we use the terminology “px+q ring
€a;,**+,a,) 7 todenote <{a;--+,a,) as thethe px+q directed ring.

For example, the first four terms of the sequence of numbers {a,=43, a,.,= #(5a,+1) } : 43,27,17,43--+ satisfy

the condition of Definition 18. At this time, 43,27,17 form the 5x+1 ring €43,27,17) ,i.e.,

27

43 — 17
Besides, we view (43,27,17) , €27,17,43) and (17,43,27) as the same ring, for various numbers in these
rings meet the requirement of Definition 18. But “43,17,27” is not a ring.
Now, we define the 5x+1 complete tree formed by 5x+1 ring (43,27,17) first, then we give the general
definition of px+q complete tree.
We connect 43, 27, 17 in the 5x+1 ring  €43,27,17) with their pure predecessors figures respectively. We call
the figure formed (See Fig. 4) as the 5x+1 complete tree with 43, 27, 17 as its ring vertexes, or as the {43,27,17)
5x+1 complete tree, or as the 5x+1 complete tree.

1761 28179 - 225443 - (2785) 44563 - (356515) - 2211 35379 - 8847

(275) 4403 70451 - (435) 6963 111411 - 691 11059
27
43 - 17
Fig. 4. €43, 27, 17¥5x+] complete tree

The (43,27,17) 5x+1 complete tree has 3 degree 1 child trees, which are the (43) 5x+1 pure infinite tree, the
(27) 5x+1 pure infinite tree and the (17) 5x+1 pure infinite tree respectively. It is not hard to imagine that the
€27,17,43) 5x+1 complete tree and the  {43,27,17) 5x+1 complete tree are the same complete tree.

(Please note that, the (43) 5x+1 pure infinite tree in Fig. 4 and that in Fig. 3 looks different, but actually they
are the same one)
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Definition 19. We connect a;,-**,a, in the px+q ring{ay,-**,a,» with their pure predecessors figures respectively,
and call the figure obtained as the px+g complete tree with a,,**-,a, as its ring vertexes, also as the €ay,***,a,)
px+q complete tree or the px+q complete tree.
Conclusion 9. The px+q sequence of numbers obtained by taking any number in the {ay,**,a,) px+q complete
tree as the first term is a circular sequence of numbers.
For example, 225443 in Fig. 4 connects downward with 70451, which connects downward with
43—27—17—43---. That is, we obtain a circular sequence of numbers: 225443,70451,43,27,17,43,-+-, which is
5x+1 sequence of numbers {a;=225443, a,.;= 8(5a,+1)}.
Another example is that, from 17—43—27—17--+ in Fig. 4 we can obtain the circular sequence of numbers:
17,43, 27,17,---, which is 5x+1 sequence of numbers {a;=17, a,.,= 6 (5a,+1)} .
Conclusion 10. A px+qg complete tree do not has a parent tree and none of its child trees is a complete tree. And
a complete tree does not have two numbers equaling to each other.
From 43—27—17—43--+ in Fig. 4 we can see that, 17 is the degree 1 predecessor of 43. Thus, we can obtain
the degree 1 leftward extension sequence of numbers of {a,=43, a,,=8(5a,+1)} ie, {a;=17, a,,=8
(5a,+1)} 17,43, 27,17,---. 27 is the degree 1 predecessor of 17. Thus, we can obtain the degree 2 leftward
extension sequence of numbers of {a;=43, a..= 6(5a,+1)},i.e., {a;=27, a,= B (5a,+1)} 27,17, 43, 27,---.
This is to say that, by “rotating anti-clockwise” the 5x+1 ring €43,27,17)» we can obtain a extremely leftward
extension sequence of numbers of {a;=43, a,..= £(5a,+1)} . The extremely leftward extension sequence of
numbers in question is one with all terms are ring vertexes, and it is a “leftward circular sequence of numbers”
extending leftward constantly. We call it an extremely leftward sequence of numbers with ring vertexes.
Besides, 4403, 70451,--- are the degree 1 predecessors of 43,

{a;=4403, an.;= B (5a,+1)} 4403,43, 27,17, -

{a;=70451, an.= A (5a,+1)} 70451,43, 27,17, -,

From Definition 15 we know that, any leftward extendable sequence of numbers B has degree n leftward
extension sequence of numbers, and when n approaches infinity the degree n leftward extension sequence of
numbers is the extremely leftward extension sequence of numbers of B. Therefore, all of the above sequences of
numbers have corresponding extremely leftward extension sequences of numbers, which are also the extremely
leftward extension sequences of numbers of {a,=43, a,.;= £ (5a,+1) }. The common feature of these extremely
leftward extension sequences of numbers is that their first terms are infinity. In the extremely leftward extension
sequences of numbers of {a;=43, a,.= B (5a,+1)} only the first term of the extremely leftward extension
sequences of numbers with ring vertexes is not infinity.

It is not hard to discover that, the (27,17,43) 5x+1 complete tree has the same amount of distinct numbers as
that of the (43) 5x+1 infinite tree( or that of the (27) 5x+1 infinite tree). Therefore, a complete tree is an
infinite tree with a stable structure.

Similar to the obtaining of the (43,27,17)5x+1 complete tree, we can also obtain the ¢3,1)5x+1 complete tree
(See Fig. 5), the  {83,13,33) 5x+1 complete tree (See Fig. 6), and the 1) 3x+1 complete tree (See Fig. 7).

(15) 243 3891 - 491 7859 - 163 2611 - (655) 10483 -~

19 307 51 819

3_ 1

U

Fig. 5. 43, 1)5x+1 complete tree
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1699 27187 -~ 6799 -~ 4259 68147 17039 - (675) 10803 2703 43251+

531 8499 1331 21299+ 211 3379
13
83 - 33
Fig. 6 83,13, 330 8x+1 \.m'.p‘n;‘ly Iree
17 (69) - 35 (141) - (75) 301 - 2417 (9669)
(3) 13 53" o 113 (453) 1813
5 (21) 85

Jd,

Fig. 7 133x+1 complete tree

Conclusion 11. Every px+q directed ring has its corresponding px+q complete tree.
5.The function of the equation of equal terms
Definition 20. Suppose ay,***, aw1 ENo, and a,=(pas+q) /2", a;=(pa,+q)/2'%,-+*, a1 =(pa,+q)/2*. Then, we
call iy, i5,++, iy @s the k successive exponents of the p-q iteration of a;, the k successive exponent of a; for
short.
Definition 20 is not intuitive, we give the following explanation.
We can view ai, -+, . in Definition 20 as the first k+1 terms of the px+q sequence of numbers: {a;=a,,
an1=f(pa,+q) }. At this time, a, and a, satisfy the relation a,= A (pa;+q)=(pas+q) /2", where i; is the number
of factor 2 in pa;+q. The rest can be inferred by analogy.
Example 3. Find the 3 successive exponents of the 3-1 iteration of 11 and the k successive exponent of the 5-3
iteration of 1.
First, let us find the 3 successive exponents of the 3-1 iteration of 11.
At this time, a,=11,p=3,q=1. Please see the sequence of numbers: {a;=11, a,+;=(3a,+1)} : 11,17,13,5,--
a,=(11X3+1) /2" =(17 X 2")/2'=17, we obtain i;=1.
a;=(17 X 3+1) /22=(13X 2%)/2°=13, we obtain i,=2.
a,=(13X 3+1) /22=(5X2%)/2°=5, we obtain i;=3.
Thus, the 3 successive exponents of the 3-1 iteration of 11 are: i;=1, i,=2,i3=3.
Then, let us find the k successive exponents of the 5-3 iteration of 1. At this time, a;=1,p=5,9=3. Please see
the sequence of numbers {a;=1, a,,;=f(5a,+3)} : 1,1,---
a,=(1X5+3) /2" =(2°)/2°=1, we obtain i;=3. Likewise, i;=i,=+--=i,=3.
Thus, the k successive exponents of the 5-3 iteration of 1 are: iy=i,=+--=i,=3.
From Example 3 and Definition 20 we know that, when p and q are given, for any odd number a; there
necessarily exist unique k successive exponents corresponding to it.
Lemma 4. Suppose the k successive exponents of the ith term g; in px+q sequence of numbers E are: iy, ip, **,
ik, if €i ==Lj+k» then
ei:(q(pk—l+ pk—2_2i1+"_+ p.2i1+i2+"'+ik,2+2i1+i2+"'+ik71) )/( 2il+i2+"‘+ink)) ) (5)
Proof: From the definition of k successive exponents we know that,
e = (pei +0) / 21 (6)

ei2=(peint q) / 22 )
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€isk= (Peis 1+ 0) / 2

Substituting (6) into (7) we obtain:
eiv2=(p’e; +pa+ 21/ 217

Likewise, _ S
3= (p3ei +p2q+pq_2ll+q_2ll+lz)/ 2I1+|2+I3

Ci=(pYe; + P lg+ PG 2ae ek g 2112 24 IHZE T L) it i
From e;=e;.« and the above expression we know that,

&= (phei+ plg + pF2 Qe 2t p 212 ik 2 g QITHZH T K LY ittt
oiptigte**+ig eizpkei+pk’lq +pk—2 q-2i1+---+ P q_2i1+i2+-.-+ik72+ q_2i1+i2+-..+ik71.
DIt ik g phei= (T + P22 2N Hik 24 ittt i ),

ei:q(pk71+ pk72_2i1+“_+ p-2i1+i2+".+ik,2+2i1+i2+."+ik71) /( 2i1+i2+--.+ik_pk). QED
We denote expression (5) as:
X:q(pk71+ pk72_2i1+‘_.+ p_2i1+i2+-.-+ik72+2i1+i2+-.-+ik71) /( 2i1+i2+--.+ik_pk)) (8)

Since formula (8) is an equality, we can view it as an equation with x and iy, i, ***, ix as its variables. And we
call (8) as the equation of equal terms of the px+q sequences of numbers. And we call the solution with xEN,,
and iy, ip, ***, iy being the k successive exponents of x as the characteristic solution of expression (8).

(Please note that, Lemma 4 is the process of “the listing of the equation” in the process of “the listing of the
equation to solve the application problem”. Usually, the listing of the equation to solve the application problem
is to set the objects we want to find as X,y etc., then we obtain an equation. The setting of the objects we want to
find as x,y itself presupposes the existence of the objects. If we know that, the objects we want to find do not
exist, then we neither set “ the objects” that do not exist as x,y, nor do the useless thing as “the listing of the
equation”. As to whether the objects we want to find really exist or not, it should be decided by the solution of
the equation at last. In Lemma 4, there is condition “if e;=e;,” . In fact, here we presuppose that any px+q
sequence of numbers E has the equal terms  (x=g¢;=ej«) . While, whether can we make this presupposition or
not is an important logical matter. For this reason, the readers must refer to Note 2 at the bottom of this paper.)
We stress again that, formula (8) is meaningful only in the case that both p and q are given. Each px+q sequence
of numbers only corresponds its own equation of equal terms. For example, the equation of equal terms to which
the 3x+1 sequence of numbers corresponds is:

X:(3k71+3k72_2i1+_“+3_2i1+i2+"'+ik72+2i1+i2+"'+ik71) /( 2i1+i2+"'+iL3k) (9)
The equation of equal terms to which the 5x+1 sequence of numbers corresponds is:
X= (5k71+5k72.2i1+.“+5_2i1+i2+'“+ik72+2i1+i2+"'+ik71) /( 2i1+i2+'“+ik_5|3 (10)

In order to draw the readers attention to the correspondence between the equations of equal terms and the px+q
sequences of numbers, we discuss the relationship between characteristic solution of formula (10) and the 5x+1
sequence of numbers.

From the perspective of the source of formula (10), when we suppose that 5x+1 sequence of numbers E has an
equal term x and the k successive exponents of x are iy, i5, **+, i, We can obtain formula (10). This means that
when 5x+1 sequence of numbers E has an equal term then formula (10) has a characteristic solution. From the
perspective of the relationship between the solution of an equation and the solution of a problem, when formula
(10) has a characteristic solution then 5x+1 sequence of numbers E has equal term x. Since a 5x+1 sequence of
numbers is a mapping recurrent sequence of numbers, having equal terms means it is a circular sequence of
numbers. Thus, we have,

Result 1. 5x+1 sequence of numbers E is a circular sequence of numbers, if and only if, formula (10) has a
characteristic solution x, iy, i, ***, i, where x is the circular term of E, k is the circular length.

Besides, taking any sequence of numbers in the 5x+1 sequences of numbers as “sequence of numbers E” we can
all obtain formula (10). That is to say, “sequence of numbers E” in Result 1 generally refers to any
sequence of numbers in the 5x+1 sequences of numbers. Thus, we have,

Result 2. Any sequence of numbers of the 5x+1 sequences of humbers is a circular sequence of numbers, if and
only if, formula (10) has a characteristic solution, and x in the characteristic solution is a circular term of the
5x+1 sequences of numbers.
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According to Result 1 we have,

Conclusion 12. px+q sequence of numbers E is a circular sequence of numbers, if and only if, the equation of
equal terms the px+q sequence of humbers corresponds has a characteristic solution and x in the characteristic
solution is a circular term in the px+q sequence of numbers E.

According to Result 2 we have,

Conclusion 13. Any sequence of numbers of the px+q sequences of numbers is a circular sequence of numbers,
if and only if, the equation of equal terms the px+q sequence of numbers corresponds has a characteristic
solution and x in the characteristic solution is a circular term of the px+q sequence of numbers.

We have to say that, the above feature of the equation of equal terms is very similar to the ratio of the
circumference of a circle to its diameter m =c/d (c is the circumference of the circle, d is the diameter of the
circle). We know that the most important factor for describing a circle is its radius r. But = is irrelevant to r.
Thus. The ratio of circumference to circle n that would have been one for a circle becomes one for all circles.
Similarly, the most important factor for describing a sequence of numbers is its terms. But the equation of equal
terms is irrelevant to the terms in any sequence of numbers of the kind of px+q sequences of numbers. Thus, the
equation of equal terms having the characteristic solution which would have been the sufficient and necessary
condition of certain sequence of numbers E of the kind of px+q sequences of numbers being a circular sequence
of numbers become one of any sequence of numbers of the kind of px+q sequences of numbers being circular
sequence of numbers.

Now, let us find the characteristic solution of formula (9).

Let k=1. From formula (9) we can obtain characteristic solution: x =1, i;=2. From Conclusion 13 we know that,
any 3x+1 sequence of numbers is a circular sequence of numbers and x=1 is the circular term in the 3x+1
sequence of numbers in question. From these we can obtain 3x+1 ring (1) , from the ring we can obtain the
complete tree given by Fig. 7.

Besides, we can use mathematical induction to prove that formula (9) has a unique characteristic solution: x=1,
i,=Ii,=-+-=i,=2. Therefore, not only any 3x+1 sequence of numbers is a circular sequence of numbers, but
also any number is inthe (1) 3x+1 complete tree.

Then, let us find the characteristic solution of formula (10).

Let k=2. From formula (10) we can obtain, characteristic solution 1: x =3, i;=4, i,=1; characteristic solution 2: x
=1, i1=1, i,=4.

From Conclusion 13 we know that, any 5x+1 sequence of numbers is a circular sequence of numbers, and x=3
and x=1 are the circular terms in the 5x+1 sequence of numbers. From this we can obtain 5x+1 ring {3, 1) .
From the ring we can obtain the complete tree given by Fig. 5.

Let k=3. From formula (10) we can obtain, characteristic solution 3: x =43, i,=3, i,=3, i;=1; characteristic
solution 4: x =27, i1=3, i,=1, i3=3; and characteristic solution 5: x =17, i;=1, i,=3, i3=3.

From Conclusion 13 we know that, x =43, 27, 17 are the circular terms in the 5x+1 sequence of humbers. From
this we can obtain 5x+1ring €43, 27, 17} . From the ring we can obtain the complete tree given by Fig. 4.
When k=3, formula (10) also has, characteristic solution 6: x =83, i,=5, i,=1, i;=1; characteristic solution 7: x
=13, i1=1, i,=1, i3=5; characteristic solution 8: x =33, i;=1, i,=5, i;=1.

From Conclusion 13 we know that, x =83, 13, 33 are the circular terms in the 5x+1 sequence of numbers.
From this we can obtain 5x+1 ring {83, 13, 33). From the ring we can obtain the complete tree given by Fig. 6.
Since we are unable to prove that formula (10) only has the above 8 characteristic solutions, we can not say that,
any odd number is necessarily in one of the 3,1) 5x+1 complete tree, the (43,27,17) 5x+1 complete tree, and
the (83,13,33) 5x+1 complete tree.

Through the above discussion we know that, from (10) we can find all of the circular terms in the 5x+1
sequences of numbers. But we don’t know that x in each characteristic solution is a circular term of which 5x+1
sequence of numbers. There are two reasons for this: One is that when x is a circular term of a 5x+1 sequence of
numbers, X is a term implying left terms in the 5x+1 sequence of numbers, and there necessarily existsa ( x )
px+q infinite tree, therefore, x is necessarily in infinitely many 5x+1 sequences of numbers. The other is that,
“don’t know x is a circular term of which 5x+1 sequence of numbers” and “don’t know = is the ratio of the
circumference of which circle to its diameter” has the same logical meaning, the difference is that, all circles has
the unique ratio of circumference to diameter =, while formula (10) has many characteristic solutions. Thus,
some one may ask: whether Result 2 still holds or not? To this question, we give an affirmative answer in Note
3.

Besides, Conclusion 13 also tells us that, if a kind of px+q sequences of numbers has (one) circular sequence of
numbers then the equation of equal terms the px+q sequences of numbers correspond has a characteristic
solution, and when the equation of equal terms the kind of px+q sequences correspond has the characteristic
solution then any sequence of numbers of the kind of px+q sequences of numbers is a circular sequence of
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numbers. Thus, we have,

Conclusion 14 If a kind of px+q sequences of numbers have (one) circular sequence of numbers, then any
sequence of numbers of the kind of px+q sequences of numbers is a circular sequence of numbers.

Conclusion 14 is a little similar to Conclusion 5. The former is “one” vs. “all”, the latter is “one” vs. “infinity”.
However, their difference is fundamental. The obtaining of Conclusion 5 only depends on the leftward
extendedness the px+q sequences of humbers possess. While the obtaining of Conclusion 14 depends on “the
listing of the equations to solve application problems”, which is a mathematical tool with profound logical
meaning. It is not hard to see that, the equation of equal terms contributes a lot to the obtaining of Conclusion 14.
Thus, we can see the importance of the equation of equal terms.

Conclusion 14 is very important, now let us see some important conclusions based on it.

For convenience, we call “all sequences of numbers of this kind of px+q sequences of numbers are circular
sequences of numbers” as “this kind of px+q sequences of numbers are circular sequences of numbers”.
Theorem 7. (1) The class of x+q sequences of numbers  (i.e., the class of px+q sequences of numbers with p
=1) are circular sequences of numbers. (11) The class of px+q sequences of numbers with p+q=2" are circular
sequences of numbers.

Proof: Prove (1).

Because in the x+1 sequences of numbers there is {a;=1, a,+= #(a,+1)}: 1,1,---. From Conclusion 14 we know
that, the x+1 sequences of numbers are circular sequences of numbers.

Because in the x+3 sequences of numbers there is {a,=3, a,+1= #(a,+3) }: 3,3,-*-. From Conclusion 14 we know
that, the x+3 sequences of numbers are circular sequences of numbers.

Because in the x+q sequences of numbers there is  {a;=q, a,u=A(a,+q)} : q, g,---. From Conclusion 14 we
know that, the x+q sequences of numbers are circular sequences of numbers. Thus, (1) holds.
Prove (I1). When p+q=2", in {a;=1, a,.,=B(pa,+q) } , there are: a,= B (pa;+q) = B(p+q) = £(2") =1,
ag= A (pas+q) = A(p+a) = 4(2") =1, -~
Thatis, {a;=1, au=6(pa,+q)} A: 1,1,---. Thus, (I1) holds. Q.E.D.
In addition to the above method to prove (I) in Theorem 7, there are other methods to prove the circularity of the
class of x+qg sequences of numbers. However, it is very hard to find other method to prove (1l), i.e., it is very
hard to prove the kind of 3x+1 sequences of numbers, the kind of 7x+1 sequences of numbers, the kind of
3x+5 sequences of numbers, etc. are circular sequences of numbers.
Another problem worth thinking is that, although from Theorem 7 we know that, infinitely many kind of px+q
sequences of numbers are circular sequences of numbers, it is difficult or even impossible to verify any kind of
px+q sequences of numbers are circular sequences of numbers.
For example, it is very difficult to verify {a;=7, a,u= 6 (7a, +1)} in the 7x+1 sequences of numbers is a
circular sequence of numbers. But, we can not doubt the correctness of the conclusion in spite of the difficulty in
verification.
Lemma 5. Suppose ¢ EN,,  {a;=a, an1=f(pan+q)} » {b;=ca, bn=A(pba+cq)} . Then, b,=ca,.
Proof: From a;=a Fl b,=ca we know that, b,=ca;.
From by=ca; and b,=p(pb,+cq) we obtain that, b,=4(pca;+cq)=cf(pa;+q). From b,=cf(pa;+q) and a,=(pa;+q)
we obtain that, b,=ca,.
The rest can be inferred by analogy. We know that the Lemma holds. Q.E.D.
Please see the following sequences of numbers.
Sequence of numbers 11:  {a;=5, a,..=A(5a,+1) } 5,13,33,83,13,--.

Sequence of numbers 12:  {a;=15, a,,1=A(5a,+3) } 15,39,99,249,39,--.
Sequence of numbers 13:  {a;=45, a,,1=p(5a,+9) } 45,117,297,747,117,---.
Each term in sequence of numbers 12 is 3 times the corresponding term in sequence of numbers 11. Each term
in sequence of numbers 13 is 9 times the corresponding term in sequence of numbers 11. This is to say that,
sequence of numbers 12 and sequence of numbers 13 are all the parasitic sequences of numbers of sequence of
numbers 11.
Sequence of numbers 11 is a 5x+1 sequence of numbers. Sequence of numbers 12 is a 5x+3 sequence of
numbers. Sequence of numbers 13 is a 5x+9 sequence of numbers. Every sequence of numbers of the 5x+1
sequences of numbers corresponds to a parasitic sequence of numbers of the 5x+3 sequences of numbers and
5x+9 sequences of numbers. Thus we know that, when the 5x+1 sequences of numbers have circular sequence of
numbers, the 5x+q sequences of numbers are circular sequences of numbers.
Because from Basic Theorem 1 we know that, when the 5x+1 sequences of numbers has circular sequence of
numbers {a;=a, a,1=p(5a,+1) }, the 5x+q sequences of numbers have necessarily circular sequence of numbers

{b:1=qa, by1=p(Bb,+q)} . From Conclusion 14 we know that, the class of 5x+q sequences of numbers are
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circular sequences of numbers. Thus, we have,

Conclusion 15. If the px+1 sequences of numbers are circular sequences of numbers, then the px+q sequences
of numbers are circular sequences of numbers.

Since the class of px+1 sequences of numbers with p=2"-1 are circular sequences of numbers, thus

Conclusion 16. The class of px+q sequences of numbers with p=2"-1 are circular sequences of numbers.

For example, 63=2°-1. Therefore, the class of 63x+q sequences of numbers are circular sequences of numbers.
(Note: For the doubters of Conclusion 13, Conclusion 16 (including (I1) in Theorem 7) provides infinitely many
“material” for them. So long as they can prove that there exist non-circular sequences of numbers in the classes
of 7x+q, 15x+q sequences of numbers and so on, they can disprove Conclusion 13. However, were to
Conclusion 13 not holds it is hard for the doubters to achieve their goal. For Reference Result 1 makes it
difficult for the doubters to disprove that a px+q sequence of numbersisa circular sequence of numbers.)

In the previous section we have seen 3 5x+1 rings, i.e., 5x+1ring €13,33,83) , 5x+1ring €43,27,17) , 5x+1
ring «3,1) .

From Lemma 5 we know that, there necessarily exist three 5x+3 rings, i.e., the 5x+3 ring  €39,99,249) (See
sequence of numbers 12) the, 5x+3ring €129,81,51) , the 5x+3ring (9, 3) .

Likewise, we can obtain three 5x+7 rings, three 5x+9 rings,---, three 5x+q rings (1<<qE€AN,).

Besides, 5+3=2%. From (1) in Theorem 7 we know that, {a;=1, a..= £(5a,+3)} N: 1,1,---. Therefore, there
isa5x+3ring (1) .

To sum up, there are infinitely many px+q rings. There being one px+q ring means there being one px+q
complete tree. Therefore,

Conclusion 17. There are infinitely many px+q complete trees.

Note 1. Equiratio residual sequences of numbers and their applications

The aim of this note is to provide the necessary preliminary knowledge for the study of the px+q sequences of
numbers. But, since equiratio residual sequences of numbers are new sequences of numbers, and they are
practical, in this note we fully introduce the properties of equiratio residual sequences of numbers.

Weuse “ (xy,Xy) ” todenote the greatest common divisor of x; and x,. And we call a satisfying a<<m and (a,
m)=1 as the order-existing residue modulo m.

Definition 21. Suppose mapping recurrent sequence of numbers {a,}: {a;=a, a1 =(a-an)mogmJ » a<<m. Then
we call {a,} as the residual sequence of numbers of equiratio a modulo m, equiratio residual sequence of
numbers for short. And we call {a;=a, api=(a-a)meam) With (@, m)=1 as the order-existing residual
sequence of numbers of equiratio a modulo m,order-existing residual sequence of numbers for short.

From Definition 21 we know that, {a,} : {a;=a, a,n=0(a-a))meam} IS @ UNary mapping recurrent sequence
of numbers. Besides, all of the terms in  {a,} are less than modulo m. From the pigeon hole principle we
know that, there are equal termsin  {a,} . From Basic Theorem 2 we know that, {a,} isa circular sequence
of numbers.

For example, {a;=6, ay+1=(6a,)mogss) : 6,36,48,8,48,8,-+- is a mixed circular sequence of numbers with each
term being less than modulo 56.

The sequence of numbers is obtained as follows:

a;=~6 is the first term,

A= (621)mod 56 = (6 X 6)mod 56 =36 »

3= (622)mod 56 = (6 X 36)moa 56 =48

Once “ {a; =6, an+1 (6an)mog 56+ 7 is given, we should know that, the sequence of numbers is
“6,36,48,8,48,8,"

Theorem 9. The nthtermin  {a;=a, a1 =(a-a)modm) 1S 8= (@) mod m N=1,2,

Proof: We use mathematical induction.

Step 1: The case of n=1. From Definition 21 we know that, a,=a, a<<m. From Definition 1 we know that, a;
=(@")moa m- FOr this case the theorem holds.

Step 2: Suppose when n=k, a,=(a" )modm

Step 3: Prove when n=k+1, ak+1—(a ) mod m-

From induction supposition and Property 5 we know that, a,=(a")mesm=2" (mod m).

From a,=a“ (mod m) we obtain that, a-a,=a“** (mod m).

From condition a,.1 = (a-an)mod m We know that, ay.1=(a-ay)mod n=a-a=a" (mod m).

From ay.; = (a-ax)mod m @nd Definition 1 we know that, a,.;<<m.

From ay,, =a*" (mod m) and ay.;<<m, (a )modm<m we know that, ak+1—(a )modm. Q.E.D.
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For example, the A" termin {a;=2, an1=(2a)mods} : 24,875, 1,2, isas=2)meas=7.
From Theorem 9 we know that, various terms in {a;=a, a1 =(a'an)meam) are the minimal non-negative
residues modulo m of the corresponding terms in equiratio sequence of numbers : a, a%---,a" respectively. This
justifies the name “equiratio residual sequence of numbers”.
Now, let us discuss the relationship between order-existing residual sequence of numbers {a;=a, a,n=
(a-an)moam) and order 6,(m) of a modulo m.
The 6™ term in sequence of numbers {a;=2, a,+1=(2ay)mogo} IS a6:(26)mod 9=1. Besides, the order of 2
modulo 9 is d¢(2) =6. From the definition of the order we know that, when (a, m)=1 there necessarily exists h
such that (a")meg m=1. If h is the minimal positive number for (a")megm=1 to hold, then h=5,,(a).
Because when (a, m)=1, there necessarily exists h such that a"=1(mod m). Thus, from Theorem 9 we can
obtain,
Corollary 5. Suppose {a;=a, a,1=(a-a)meamJ IS an order-existing residual sequence of numbers. Then, there
necessarily exists h&N such that the hth term in the sequence of numbers in question is a,=1. When a;, is the
first term in the sequence of numbers in question equaling to 1, then h=6,(a).
When h=d,(a), the term a.; in order-existing sequence of numbers {a;=a, an1=(@-a)mod m) IS Aps1=
(a-an)med m—a=a,. Therefore, from Basic Theorem 2 and Definition 5 we can obtain,
Corollary 6. Order-existing sequence of numbers {a;=a, a,s=(@-an)moam) IS Necessarily a pure circular
sequence of numbers, and its minimal circular length is 6,(a).
Corollaries 5 and 6 tell us that, the set formed by the first §,,(a) terms in order-existing sequence of numbers {a;

=a, a1 =(@-a)meam) is one formed by all of the terms in the sequence of numbers in question.
For this reason, we call the sequence of numbers formed by the first 6,,(a) terms in order-existing sequence of
numbers {a;=a, apu=(@-a)moam) the simplest sequence of numbers of {a;=a, ans=(@ A )medm}
“simplest {a;=a, ay1=(a-an)moam} > for short.

Below are all of the simplest sequences of numbers of the order-existing sequences of numbers module 11.

Simplest {a;=1, ap1=(@n)mod12} : L.
Simplest {a;=2, ap1=(2a)med 12} : 2,4, 8,5,10,9,7, 3,6, 1. (The second sequence of numbers)
Simplest {a;=3, ap1=(3an)mod 12} : 3,9,5,4, 1.
Simplest {b;=4, bps1=(@4b)mod 12} : 4,5,9,3, 1. (The fourth sequence of numbers)
Simplest {a;=5, a1 =(5an)mod 12} : 5,3, 4,9, 1.
Simplest {a;=6, a1 =(6an)med 12} : 6,3,7,9,10,5,8,4,2, 1.
Simplest {a;=7, ap1=(7a)mod 12} : 7,5, 2,3,10,4,6,9,8, 1.
Simplest {a;=8, an1=(8a)med 12} : 8,9, 6,4,10,3,2,5,7, 1.
Simplest {a;=9, a1=(9a)med 12} : 9,4, 3,5, 1.
Simplest {a;=10, a1 =(10a,)mog 12} : 10, 1.
From the above simplest sequences of numbers we can observe the following results.
(1). Every order-existing residue a modulo m necessarily corresponds to a simplest {a;=a, a,+1=(a-an)modm7 -
(2). Every simplest {a;=a, ahs1=(a-a8)moam) €eNdswith “1” .
Conclusion 18. The number of terms in simplest {a;=a, ay1=(@-a)moam} IS Im(a).
This is convenient for a computer to find order.
Theorem 10. The relationship between {a;=a, a,u=(a-a)meam} and {b;=ay, bns1=(ak'b)moam} IS :
bn Akn-
Proof: from Theorem 9 and the supposition we know that, a,= (a Ynodms  Bn= (A" mod m-
Substituting a,= (a Ymod m 1Nt B = (A" )mod m, We obtain,
b= (((@)mod m)mog m= (@ mod m))mod m= (@ mog m=2akn. (The transformation of this formula please refer to
Property 3) Q.E.D.
Please see the second and the fourth sequences of numbers above.
It is not hard to see that, 1%, 2", 3 4™ 5" terms in the fourth sequence of numbers are 2", 4" 6™ 8" 10"
terms in the second sequence of numbers respectively. The reason is that, the first term b, in the fourth sequence
of numbers is “b;=a,”. Here, “2” is k in Theorem 10. Thus, the number of terms §;,(4) in the fourth sequence
of numbers is only half the number of terms ¢3;(2) in the second sequence of numbers. That is, d1;(4)=
011(2)/2=10/2=5.
We know that, 5m(a) om(@)/(om(a) , k) From Theorem 9 we know that, in{a;=a, an+1=(a-8n)meam) there is ay
=a*(mod m). Therefore, dm(a) =0dm(a"). Thus, we have,
Corollary 7. The order d,,(ay) of the term a, modulo m in order-existing sequence of numbers {a;=a, a., =
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(a-an)mod m } satisty 1. dn(aw) = m(@)/( 6m(@), K). 11. dm(@l)|om(@); 1. In simplest {a;=a, a1 =(a-a)moam) there
are ¢ (dm(ay)) terms whose orders modulo m equal dn(ay); 1V. If k=d(a)/d(1<<d<<dn(a)) then dy(ay) =d.
From Theorem 10 we can also prove Corollary 7.
Of Sm(a) =6m(a)/( m(a), k) and dn(@")=0m(@)/( m(a) , K), although they are similar and equivalent, their
functions are quite different.
Now, we use {a;=7, ans1=(7a,)meg 15} s an example to show the difference between §,(a,) and 6m(ak).
Because simplest {a:=7, ans1=(7a)moa 15} : 7.4, 13,1 has 4 terms, d15(7) =4 Ci.e., “Spn(a)=4" ) .
From d.(a) = dm(a)/( dm(a), k) we know that,
d15(a1) =015(7)/( 015(7)» 1) =4. (o15(ay) i.€., d15(7))
015(82) =015(7)/( 915(7), 2) =2. (15(ay) i.€., d15(4))
015(83) =015(7)/( 915(7), 3) =4. (15(as) i.e., d15(13))
015(a4) =015(7)/( 015(7)» 4) =1. (d15(as) i.e., d15(1)) .
That is to say, Corollary 7 tells us that, once we find simplest {a;=a, a1 =(a-ay)meam} » We can obtain the
order modulo m of any term in the sequence of numbers in question. Obviously, d,(a%) =dm(a)/( Im(@) , k) does
not have the function.
This fact tells us that, even if the result obtained from the perspective of the equiratio residual sequence of
numbers is equivalent to one obtained from number theory, their functions are different. The examples of
solving higher order congruent equations and exponential congruent equations given later can expound this
point further.
Besides, from dn(ay) =om(@)/( om(a), k) we also know that, the orders modulo m of various terms in
order-existing residual sequence of numbers {a;=a, a,mn=(a-a))moam) are all less than or equal to Jy(a),
which lay a foundation for the computer algorithm of finding the primitive root.
Now, we discus the computer algorithm for finding the primitive root. (Those readers who do not care the
primitive root can skip the following part confined by “ [(J ” )

[(Please see sequence of numbers Q: 1,2, 3,4,5,6,0,8,9, 10, 11, 12, 13, 0,15,16, 17, 18, 19, 20, 0, 22, 23,
24, 25, 26,27,0,29, 30, 31, 32, 33,34, 0, 36, 37, 38, 39, 40, 41, 0, 43, 44, 45, 46, 47, 48, 0.
Sequence of numbers Q has 49 terms, in which the term values of the non-zero terms are the same as their
position values, i.e., g,=n. For example, q;=1, q;0=10 etc.. At the same time, these non-zero terms are just all
order-existing residues of 49.
It is impossible for 1 to be a primitive root of 49, therefore, 2 is the minimal number that is possibly a primitive
root of 49.
Find the simplest sequence of numbers of 2, i.e., find simplest {a;=2, ahs1=(2a)mog 40} :
2,4,8,16,32,15,30,11,22,44,39,29,9,18,36,23,46,43,37,25,1.
Because the number of terms in the sequence of numbers in question is d,9(2)=21<< ¢(49), 2 is not a primitive
root of 49. meanwhile, from Corollary 7 we know that, none of the 21 numbers:
2,4,8,16,32,15,30,11,22,44,39,29,9,18,36,23,46,43,37,25,1 is a primitive root of 49.
We set the terms in  sequence of numbers Q  whose  position  values are:
2,4,8,16,32,15,30,11,22,44,39,29,9,18,36,23,46,43,37,25,1 to 0, obtaining sequence of numbers T:
0,0,30,5,6,0,0,0, 10,0, 12, 13,0,0,0, 17, 0, 19, 20, 0, 0, 0, 24, 0, 26,
27,0,0,0,31,0,33,34,0,0,0, 38,0, 40,41, 0,0, 0, 45, 0, 47, 48, 0.
Then, we find the simplest sequence of numbers of the first non-zero term (That is 3) in sequence of numbers T,
i.e., simplest {a;=3, a1 =(3an)mog4g) :

3,9,27,32,47,43,31,44,34,4,12,36,10,30,41,25,26,29,38,16,48,

46,40,22,17,2,6,18,5,15,45,37,13,39,19,8,24,23,20,11,33,1.
The number of terms in the sequence of numbers in question is dsg(3)=42= &(49). Therefore, 3 is a primitive
root of 49, i.e., we have found a primitive root of 49. Termination.
We know that, k satisfying (k, #(49) )=1 are k=1,5,11,13,17,19,23,25,29,31,41. Thus, from Corollary 7 we know
that, the first, the 5, the 11", the 13", the 17", the 19", the 23" | the 25" , the 29" , the 31" , the 37", the
41" termsin simplest {a;=3, an1=(B3an)moae} areall primitive roots of 49. The first, the 5", the 11",
the 13", the 17™ , the 19", the 23th , the 25", the 29™ , the 31" , the 37", the 41™ terms in the sequence
of numbers in question are 3,47,12,10,26,38,40,17,5,45,24,33. Therefore, the 12 numbers:
3,47,12,10,26,38,40,17,5,45,24,33 are all primitive roots of 49 (The readers can verify themselves).
Thus we see that, if we have found simplest {a;=3, a,.1=(3a,)meg 49} then we have found all of the primitive
roots of 49.
When we view sequence of numbers Q as an one dimensional array, the process of changing sequence of
numbers Q to sequence of numbers T is one that set array Q’s terms gq,=0 (k adopts the term values of
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simplest {a;=2, a,+1=(2a,)med 29} SUccessively.) This process is one that deletes part of non-primitive roots in
array Q. We call it the process of deleting the non-primitive roots.

If 3 was not a primitive root of 49 then we would perform the process of deleting the non-primitive root again,
i.e., we would set array Q 5 terms =0 again (At this time, k would adopt the term values of simplest {a,=3,
ans1=(3an)moqag ) Successively). Obviously, the non-zero non-primitive root terms in array Q will be reduced
further, i.e., the probability of the first non-zero term in array Q being a primitive root will be increased.
According to this method, we can necessarily find a primitive root modulo m that has primitive roots. (Note: “if
3 was not a primitive root of 49” is counterfactual, we only use it as an “explanation”, we can not use it to make
inference further)

Besides, we know that, 3 is the minimal primitive root of 49. That is to say, the primitive root directly obtained
by the above method is the minimal primitive root of 49. Now, we give the general algorithm of finding
primitive roots modulo m (Here, we tacitly consent that m has primitive roots).

Algorithm for finding the minimal primitive root:

Step 1. Initialization. If m is an odd number, then let a=2, otherwise let a=3. And let the one dimensional array
Q(m) satisfy : If (k, m)=1 (1<k<<m) thenletq=k, otherwise let g,=0.

Step 2. Finding simplest {a;=a, ay+1=(aay)meam ) . If @ is a primitive root modulo m then terminate, otherwise
go to Step 3.

Step 3. Performing the process of deleting the non-primitive roots. Let a equals the first non-zero term in Q(m),
and go to Step 2.

Now, we use the algorithm for finding the minimal primitive root to find the primitive roots of 22.

Because 22 is an odd number, according to Step 1, let a=3. And let the 22 terms in the one dimensional array
Q(22) be : 1,0,3,0,5,0,7,0,9,0,11,0,13,0,15,0,17,0,19,0,21,0, respectively.

According to Step 2,we find simplest {a;=a, an1=(a8)moamJ) - Now, it is {a;=3, an1=(3an)moq 177 :
3,9,5,15,1. 0,(3)=5< #(22)=10, thus we know that 3 is not a primitive root of 22.

According to the algorithm, go to Step 3. We perform the process of deleting the non-primitive roots, change the
34 g 5" 15"™ 1% terms in array Q to 0. Thus, the terms in Q are
0,0,0,0,0,0,7,0,0,0,11,0,13,0,0,0,17,0,19,0,21,0 respectively. The first non-zero term is the 7" term 7. Let a=7.
According to the algorithm, go to Step 2. We find simplest {a;=a, a1 =(aan)moam} . NOW, it is {a;=7, apu
=(Ta)mod 227 : 7,5,13,3,21,15,17,9,19,1. 55(7) =10= ¢(22), thus, we know that 7 is the minimal primitive root
of 22, terminate.

Besides, 1,3,7,9 are mutually prime with #(22) =10, therefore, 1%, 3", 7", 9" terms in simplest {a,=7, an.1 =
(Tan)mod 22} , thatis, 7,13,17,19 are all primitive roots of 22.

Since the computational complexity of the algorithm for finding minimal primitive roots is extremely low and
its convergence is better than the sift method for finding the prime numbers, it is an extremely practical
computer algorithm. At the same time, if we make proper improvements to it, then it can become a decision
algorithm deciding whether m has a primitive root or not, and become an algorithm for computing the
primitive roots of m. )

Now, we discuss the relationship of the positions between ay and its inverse a,t modulo m in simplest {a;=a,
a1 =(a-a,)mod m} .

Simplest {a;=2, an.1=(2a)mog 11} : 2,4, 8,5,10,9,7, 3,6, 1 has 10 terms. Its 1% term 2 and the 9" (9=10
-1) term 6 has the relationship 2x6=1(mod 11); its 2" term 4 and the 8" (8=10-2) 3 has the
relationship4x3=1(mod 11); ---; its 5" term 10 and the 5" (5=10-5) term 10 has the relationship
10x10=1(mod 11). Thus, we can obtain the following result.:

When any order-existing residue of modulo m occurs in order-existing residual sequence of numbers {a;=a,
apn=(a-an)modm) , the inverse of the order-existing residue in question necessarily occurs in the sequence of
numbers in question.

Any term in order-existing residual sequence of numbers {a;=a, a1 =(a-an)moam) 1S Mutually prime with
modulo m, therefore, any term in the sequence of numbers in question has an inverse. And, we have,

Theorem 11. Suppose a,* (<m) is the inverse of terms a in order- existing residual sequence of numbers {a;
=a, apu=(a-a)mam} to modulo m. Then, a'=a;, i= ndn(a)—k. Or, (@) *=a""@*(mod m).

Proof: For k given by the Theorem, there necessarily exist positive integers i, n such that i=ndn(a) - k. Thus,
k+i=ndn(a).

From a=(a")mod m=a* (Mod m) and a;=(a")mes m=a' (Mod m) we can obtain, a,a=a“"'=a""@=1 (mod m).

From a@a=1 (mod m) we know, ak'lza, (mod m). From a, ' <<m and a;<<m we know that, a,’=a;.

Or, from a“"'=1 (mod m) we obtain, (a“) *=a'=a""® *(mod m). ~ Q.E.D.
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From the proof of Theorem 11 we know that,

Corollary 8. Suppose the inverse of a“ to modulo m is (a) . Then, there necessarily exists positive integer i
such that (a¥) '=a’ (mod m).

As a special case of Theorem 11: Letk=1, n=1, from a,"=a;, i= nd,(a)—k we obtain, a'lza(;m(a),l. Since a;,,()
_1 is the second from the right term in simplest {a;=a, a,+1=(a'an)moam) , We have,

Conclusion 19. a™ is the second from the right term in simplest {a,=a, a1 =(a-an)modm

Conclusion 19 is convenient for finding a™ by a computer.

Both finding a™ and finding dn(a) need to find simplest {a;=a, an:1=(a-a)meam ) . The difference is that, the
former needs to find the second from the right term in the sequence of numbers in question, while the latter
needs to find the number of terms in the sequence of numbers in question.

Now, we use equiratio residual sequence of numbers to solve the higher order congruent equations.

Please see the following 6 X6 matrix.

2 48 7 51
4 71 4 7 1
8 1 8181
7 4 17 41
5 7 8 4 2 1
111111

The first to the 6" rows of the matrix are the first 6 terms of : {a;=2, ans1=(2a)mod 9} » {@1=4, an+1=(4an)mod
9} 4 {al 8 Ane1 = (8an)mod9} 4 {al 7 Ane1 = (7an)mod9} ’ {al 5 an+1— (San)modg} 4 {al 1 An1— (an)mod
o) respectively. The first column gives a mutually prime residual system modulo 9, i.e., the first column is a
degree 1 order-existing residue of x modulo 9; the second column is a degree 2 order-existing residue of x
modulo 9; ---; the 6™ column is a degree 6 order-existing residue of x modulo 9. We call the above matrix as a
matrix of order-existing residue modulo 9.

Using the matrix of order-existing residue modulo 9 we can find mutually prime solutions (i.e., solutions of (x,9)
=1) of the following congruent equation:

X +2xB+3xP+4x%8 —xB+xP+x+6=0 (mod 9) (11)

#(9) =6, x*"=1(mod 9), therefore, x*=x (mod 9), x*=x* (mod 9), -+, x*=1 (mod 9).
That is, the congruent equation (5) is equivalent to

X +2x%+3x°+4x*+7=0  (mod 9) (12)

X=(X)mod o(Mod 9):X25(X2)mod o(mod 9):X35(X3)mod o(mod 9),x*=(x")moao(mod 9),  therefore,
X +2X 43X+ AX + T=(X)mod 5+ 2(¢ I mod 9+ 3(X)mog 9 +4(X Ymoa 7 (Mo 9)
Also because the first row of the matrix is the first 6 terms of {a;=2, an1=(2a)mego) , the 1%, 2" 3™ 4"
terms of the first row are : (2)mod 8:(2%)mod 9:(2>)mod 9, (22)mod o, 1.€., 2,4,8,7. At this time, when we let x=2 (i.e., the
first term of the firstrow) »  (Nmod9=2, (Amods=2, ()mods=8, X moas=7. Thus,
(X) mod 9+2(X2) mod 9+3(X3) mod 9+4(X4) mod 9t 7=2 +2 X 443 X 8+4 X 7+7=69.
From this we know that, when x=2, x +2x*+3x*+4x*+7=69(mod 9).
From 69#0 (mod 9) we know that, x=2 (mod 9) is not a solution of congruent equation (12).
From the 1%, 2", 3 4™ terms of the second row of the matrix we can obtain,
4 +2 X 7+3 X 1+4 X 4+7=54=0 (mod 9)
From this we know that, x=4 (mod 9) is a solution of congruent equation (12).
From the 1%, 2", 3" *"terms of the third row of the matrix we can obtain,
8+2X 1+3X8+4X 1+7=45=0 (mod 9)
From this we know that, x=8 (mod 9) is a solution of congruent equation (12).
Similar to the above method, we know that, x=1,5,7 (mod 9) are not solutions of congruent equation (6).
Therefore, the mutually prime solutions of congruent equation (12) are : x=4,8 (mod 9).
Because the mutually prime solutions of congruent equation (5) are the same as those of (6), the mutually prime
solutions of congruent equation (5) are: x=4,8 (mod 9).
Now, we find the non-mutually prime solutions of congruent equation (11). Please see the following equiratio
residual sequences of numbers:

{al_o an+1_(0an)mod9} 0,0, 0,--

{a;=3, = (3an)mod9} 30,0,

{al 6, Ap+1— (Gan)modg} : 60,0,
Since in the minimal non-negative residual system modulo 9, the x satisfying (x, 9)>1 can only be 0, 3, 6. From
the above 3 sequences of numbers we know that, when n>1, x"=0(mod 9). Thus, congruent equation (11) has
the same solution as x+6=0 (mod 9).
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Obviously, only x=3 (mod 9) is the solution of x+6=0 (mod 9), i.e., the non-mutually prime solution of
congruent equation (11). Adding the above mutually prime solutions, we obtain that , the solutions of congruent
equation (11) are x=3,4,8 (mod 9).
It is not hard to prove that, when m=p¥(p is a prime number) and (m, a)>1, terma,in {a;=a, an=(aan)mod
n) Ba,=0(n=k).
According to the above method, we can find the solution of higher order congruent equation f(x)=0 (mod p").
Furthermore, we can find the general solution of f(x)=0 (mod m) (m is any positive integer) . Since the
computation of equiratio residual sequences of numbers can be performed entirely by computers, the solving of
the higher order congruent equations can be performed entirely by computers.
Then, we use equiratio residual sequences of numbers to solve the class of exponential congruent equations a*
=b (mod m).
Find the solutions of (1)4*=10 (mod 13), (2)6"=48 (mod 56) ,(3)6"=8 (mod 56),(4)6*=28(mod 56).
Solving ():  Find {a;=4, apmi=(4a)mod 13} : 4,3,12,9,10,1,4,---. The circular length of the sequence of
numbers in question is 6.
It is not hard to discover that, a5+6n=(45+6”)mod 13=10(0<n). Therefore, the solutions of 4‘=10 (mod 13): x=5+6n
or x=5(mod 6).

(Note: x=5+6n means that, x equals to the position value of 10 in {a;=4, aps1=(4a)mod 13}
Solving (2)(3)4): Find {a;="6, ay+1=(6a,)modss) : 6,36,48,8,48,8,---. The sequence of numbers in question
is a mixed circular sequence of numbers with the circular length being 2.
From asson=(6*""")moa s5s=48 (0=<<n) we know that, the solution of 6*=48 (mod 56) is x=3+2n.
From asson=(6""""moa s6=28 (0=<n) we know that, the solution of 6"=8 (mod 56) is x=4+2n.
Since 28 does not occur in {a;="6, an+1=(6a,)mod 56}, Which means that, the minimal non-negative residue of 6*
to modulo 56 can not be 28. Therefore, 6 =28(mod 56) has no solution. From this we can obtain,
Conclusion 20. a*=b (mod m) has solutions if and only if (D)o m is atermin {a;=a, a1 =(a-an)medm ) and X
equals to the position value of (0)neamin {a:=a, ans1=(a-an)modm -
This Conclusion is an important foundation in Section 3 in the discussion of the leftward extendeness of the
px+q sequences of numbers.
Now, we discuss the relationship between Corollary 7 and the pseudo prime numbers.
People usually call composite number m with a"=a (mod m) or §,(a) | m - 1(1<<a<<m - 1) as a pseudo prime
number with base a , a-pseudo prime number for short.
We know that 341 is the minimal 2-pseuso prime number. But there are many a such that 341 is the a-pseudo
prime number.
For example, simplest {a;=2, a,+1=(28y)moq 341 } : 2,4 ,8,16,32, 64,128,256,171,1. The sequence of numbers in
question has 10 terms. Thus, dz4; (2) =10.
Letae{(2,4,8,16,32,64,128,256,171} , 1<<a<<341 - 1. From Il in Corollary 7 we know that, 341 (2) | 5341(2).
From 41 (2) =10 we know that, d34; (a) | 10 | 341 - 1.
Therefore, 341 is a pseudo prime number with a€{2,4 ,8,16,32,64,128,256,171} as the bases.
Another example: simplest {a;=31, a,:1=(31a:)moqa9} : 31,30 ,48, 18,19,1 has 6 terms.Thus, d4(31) =6.
Leta€{31,30,18,19} .1<<a<<49-1.6,(a) | 6 | 49 - 1.
Therefore, 49=7%is a pseudo prime number with a€f31,30,18,19} as the bases. That is, there are 7-3 a such that
7% is a a-pseudo prime number.
In order to differentiate another kind of pseudo prime number we will introduce later, we call compose number
m with a(1<<a<<m - 1) such that é(a) | m - 1 holds as type | pseudo prime number. Obviously, when m is a
a-pseudo prime number, m is a type | pseudo prime numbers.
Surprisingly, almost all odd composite numbers are type | pseudo prime numbers.
615(4)=615(11)=2 | 15-1, therefore, 15 is a pseudo prime number with 4 and 11 as its bases. 15 is the minimal
type | pseudo prime number.
Lemma 6. Suppose g is a primitive root of odd number m. Then, in simplest {a;=¢, a,1=(g-a)modm ) . .
There exists and only exists aym=1. Il. If m>3 then there exists and only exists term aymy,=m - 1.
Proof: From g being a primitive root of m we know that, the ¢(m)=4,(g) terms of simplest {a;=g, a1 =
(9-an)moam) are a minimal non-negative mutually prime residual system of m, therefore, they are pairwise
non-equal. And, if a,m=1 then aym,=1 uniquely;  if aymy.=1 then a,my,=1 uniquely.
Prove I. Simplest {a;=g, a1=(g-an)moam) has #(m) terms, therefore, a,m is the last term of the sequence of
numbers in question.
a4m=(9"™) mos m=1. Therefore, I holds.
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Prove Il. From m being an odd number we know that, 2 | ¢(m). From ¢(m)=24,(g) we know that, 2 | 5.,(g).
From odd number m>3 we know that, ¢(m)>2, J,(g)>2.

Let c=0n(g)/2. From 2 | 5,(g) and dm(g) >2 we know that, 1<c=6,(g)/2<Jm(q).

From c=0n(9)/2(1<<c<<dn(9)) and 1V in Corollary 7 we know that, dn(a;) =2.

From the definition of order we know that, (a;)’=1 (mod m).

When m has a primitive root, congruent equation x’=1 (mod m) only has solution x=+1(mod m).

From (a;)’=1 (mod m) we know that, a;=t1(mod m).

From a:=+1(mod m) and a. being a term in simplest {a;=g, an+1=(9-an)mod m JWe know that, a,=1 or a,=m-1.
However, if a,=1 then d,(a.)=1. Therefore, from J,,(a;)) =2 we know that, a,.=m - 1.

From ¢(m)=0n(g) and c=dn(g)/2 we know that, a,m=m - 1. Q.E.D.

Theorem 12. Suppose m=pX(p is a prime number,1<<k). Then , I. If 6x(a) | p - 1 then Jn(a)<<m™2. 1. There
necessarily exists d,(b) | m - 1. I11. If 3<<p then there necessarily exists a such that m is a a-pseudo prime
number (i.e., m is a type | pseudo prime number).

Proof: Prove I. From d,,(a) | p - 1 we know that, dpn(a)<<p. From m=p“(1<<k) we know that, p<m*?.
From d,,(a)<<p and p<m"? we know that, J,,(a) <m“2 Hence I holds.

Prove Il. Suppose g is a primitive root of m. Thus, dnm(g)=¢(m)=¢(P")=(p - 1)p**. 1<p**<5n(q).
Let c=p - 1. From 6,(g)=(p - 1)p** we know that, c=dn(g)/ p“*.

From c=0dn(g)/ p*(1<p“'<d,(q)) and 1V in Corollary 7 we know that, 5,,(ac)=p*™.

Let b=a,, d,(b)=p*". From 1<k we know that, p“* | p“- 1=m - 1, i.e., ,(b) | m - 1. Hence Il holds.

Prove I11. From d,(g)=(p - 1)p** we know that, there necessarily exists s=dm(9)/(p - 1), 1<5<dn(g).
From s=d,(9)/(p - 1) (1<<s<<dn(g)) and IV in Corollary 7 we know that, dn(as)=p - 1.

Fromm - 1=p“ - 1=(p - 1) (p*"+p"?++--+1) we know that,

Om(@s) I m-1 (13)

From on(9)=¢(m) and s=d(g)/ (p - 1) we know that, s#*¢(m). From | in Lemma 6 we know that, a;#1.

From 3<<p and s=0n,(9)/ (p - 1) we know that, s7=#(m)/2. From Il in Lemma 6 we know that, a;7=m - 1.
Because 1 and m - 1 are the minimal term and the maximal terms of the minimal non-negative mutually prime
residual system of m (Simplest {a;=g, an:1=(g-an)meam ) ) respectively, from a;#1 and a;#m - 1 we know
that,

1<a,<m-1 (14)
Let a=a,. From formulae (13) and (14) we know that, m is a a-pseudo prime number. That is, 11l holds.
Q.E.D.

From the proof of Theorem 12 we know that,

Corollary 9. If m=p*(3<{p is a prime number, 1<<k) then there are p—3 a  such that d,(a) | m-1(1<a<m-1).
Theorem 13. Suppose m =mym,, (m;,m,)=1. Then when m;y=—2 (mod m,), x’=1 (mod m) has solution x
=+(m,y+1) (mod m). Or, when m;y=2 (mod m,), x’=1 (mod m) has solution x=+(m,y-1) (mod m).

Proof: First, we prove that when x=+(m,y+1) (mod m) and myy=-2 (mod m,), then x’=1 (mod m).

From x =+(m;y+1) (mod m) we know that, x’=(m;y+1)? (mod m).

X*—1=(myy+1)*~1 (mod m) (15)

From m;y=-2 (mod m;) we know that, m;yy+1=-1 (mod m,). And there necessarily exists integer q such that
myy+1 = gm,—1.

Thus, (myy+1)*~1=( qm,—1)*~1= gm, (qm,—2), from which we know that, m, | (m;y+1)*1.

Besides, ( m;y+1)>~1= myy ( myy +2), from which we know that, m; | ( myy+1)>-1.

Fromm, | (my+1)>~1 and m, | ( my+1)*~1 we know that, [my, m,] | ( my+1)>-1.

From (my,m,)=1 we know that, [m;, my]J=m;m,=m. Thus, m | ( my+1)*~1,

( myy+1)*-1=0 (mod m) (16)

From formulae (15) and (16) we know that,x’~1=0 (mod m), x*=1 (mod m).

Likewise, we can prove that, when x=t(m;y-1) (mod m) and myy=2 (mod m,), x’=1 (mod m). Q.E.D.

Now, we solve x’=1 (mod m).

I. Decompose modulo m into m; and m,, such that (my, m,)=1.

IL Solve degree 1 congruent equation m;y=-2 (mod m,) Cor myy=2 (mod m,) ) regarding y.

. Lety =(Y)mod m, Finding myy+1 Cor myy-1) , we obtain x==(myy+1) (mod m) Cor x==(myy-1) (mod m)).
Example 4. Solve x’=1 (mod 105).

Solution. At this time m=105, which can be decomposed into : 3X35, 5X21, 7X15 (satisfying “(my,
my)=1" ) .
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Let m;=35, m,=3. From “m;y=2 (mod m,)” we obtain,
35y=2 (mod 3)
y =1 (mod 3)
Lety=1. From “myy-1" we obtain, 35X 1-1=34. Thus, x*=1 (mod 105) has solution x= 34 (mod 105).
(Note: If we let m;=3, m,=35, the result is the same.)
Let m;=21, m,=5. From “myy=2 (mod m,)” we obtain,
21y =2 (mod 5)
y =2 (mod 4)
Lety=2. From “myy-1" we obtain, 21X 2-1=41. Thus, xX*=1 (mod 105) has solution x= 41 (mod 105).
Likewise, let m;=15, m,=7 we can obtain, x= 429 (mod 105).
x’=1 (mod 105) has 2°=8 solutions in total, i.e., x=+1, #34, #41, +29 (mod 105).
Obviously, when we let x=+34, +41, +29 (mod 105), d105(x)=2 | 105 - 1.
Therefore, 105 is a pseudo prime number with 34,71,41,64,29,76 as its bases. (Note: 71=105-34. 64 and 76 are
the same) .
It is not hard to discover that, when m=p*++p", py-+*,pn(n>>1) are distinct odd prime numbers, there are 2"*
distinct ()mod m (2<(X)moa m<<mM—1) such that x’=1 (mod m) holds. (Note: Here, m>3. Therefore, (X)modm=2
can not be a solution of xX’=1 (mod m))
Conclusion 21. Suppose m=p*++-p", py--*,pa(n>1) are distinct odd prime numbers. Then,there exist at least
2"-2 distinct a such that m is an a-pseudo prime number (i.e., m is a type | pseudo prime number).
From Theorem 12 and Il in Conclusion 21 we can obtain,
The sufficient condition for type | pseudo prime numbers: Suppose odd number m>p(p is a prime number
greater than 3). If p | m then m is a type | pseudo prime number. That is to say, all odd composite numbers are
type | pseudo prime numbers except for 3(1<<k).
Now, we give the sufficient and necessary condition for prime numbers.
Because, when odd number m=p*(p is a prime number, 1<k), from Il in Theorem 12 we know that, there
necessarily exists d(a) f m-1.
Besides, when m=p*++-p", py,-++,pa(n>1) are distinct odd prime numbers, there necessarily exists |<<a<<m-1
such that d,(a)=2.
For odd composite numbers only the above tow cases hold. Thus, we have,
Sufficient and necessary condition for prime numbers. The sufficient and necessary condition for odd
number m being a prime number is, for any 6,,(a) we have 6n(a) | m-1, and, if I<a<<m-1 then 6,(a)#2.
Definition for type Il pseudo prime numbers.
Suppose 2 | dn(p) (p is a prime number) . We call the odd composite number m with 5,(p) | m-1, p™"®"2=-1
(mod m) as type Il pseudo prime number with p as the base, p-I1 type pseudo prime number for short.
Through verification, almost no 2-pseudo prime number the authors encounter is a 2-11 type pseudo prime

number except 225+1. But facts show that there are probably infinitely many p—II type pseudo prime numbers.
Definition 22. Suppose there are 2k terms in simplest {a;=a, a,+1=(a'an)moam ) , We call the kth term a, as the
middle term of the sequence of numbers in question.

Now, we show some examples to expound the function of the middle terms to the factorization of the big
numbers.

For example, the middle term agin simplest {a;=2, an:1=(2a1)moq 45} : 2,4 ,8,16,32, 19,38,31,17,34,23,1 is ag
=19.

(19-1, 45) = (18,45) =9, there is 9 | 45. At the same time, (19+1, 45) = (20, 45) =5 | 45.

Obviously, there is 45 =9 X5.

Another example, the middle term ay, in simplest { a; =2, awi = (Qa)mod 645 + : 2,4 ,8,16,32,
64,128,256,512,379,113,226,452,259,

518,391,137,274,548,451,257,514,383,121,242,484,323,1 is a;,=259.

(259-1,645) = (258,645) =3X43=129 | 645. (259+1,645) = (260,645) =5 | 645.

Obviously, there is 645=129 X 5.

When simplest {a;=a, a1 =(a-ap)moam) has middle term a,, from Definition 22 we know that, J,(a)=2k.
From I in Corollary 7 we know that, d,,(a,)=2. Therefore, a’=1(mod m). From Theorem 13 and Example 4 we
know that,

Conclusion 22. Suppose a,(1<<a,<<m-1) is the middle term of simplest {a;=a, a.+;=(a-ay)moam . Then there
necessarily
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1<m;=(ax—1, m) and 1<<m,=(a,+1, m) such that m=mym,, (m¢,m,)=1.

Note 2. The principle of Supposition
Here we give an important logical principle that must be abode by in mathematical proofs.
The principle of supposition: If the proposition A is necessarily true, then we cannot suppose it is false; if the
proposition A is necessarily false, then we cannot suppose it is true.
When the proposition A being true (false) is proved logically (or by a fact), then we say that A is necessarily true
(false), we also say that A is a conclusion or a theorem. The difference between a proposition and a conclusion
lies in that, the former is a judgement whose truth value is unknown, while the latter is a judgement whose truth
value is known. Therefore, to the former we can suppose it being true, we can also suppose it being false, while
to the latter we cannot make the opposite supposition. (In fact, this is an alternative expression of the principle
of supposition)
(Note: Because there is a fundamental difference between a proposition and a conclusion, their expressions
should be different. For example, proposition I “6 can be divided by 3 exactly” corresponds to conclusion I “that
6 can be divided by 3 exactly is true”; proposition II “5 can be divided by 3 exactly” corresponds to conclusion
I “that 5 can be divided by 3 exactly is false”. But people are accustomed to omit “is true” and “is false”. They
usually express conclusion | as “6 can be divided by 3 exactly”, express conclusion II as “5 cannot be divided by
3 exactly”. Although these omissions usually do not result in misunderstanding, but we must not confuse the
propositions with the conclusions.)
The correctness of the principle of suppositions is self-evident. For example, in the axiomatic system of number
theory, we cannot suppose “3+2—5=1" or “3+2-5#0”. If we made such suppositions, we would obtain 0=1, 0=n
F1 00, n#n etc., so as to cause an unbearable chaos in the axiomatic system of number theory. Likewise, in the
axiomatic system of Euclidean geometry we cannot suppose the sum of the three internal angles of a triangle not
to equal to 180°, while in the axiomatic system of non-Euclidean geometry we cannot suppose the sum of the
three internal angles of a triangle to equal to 180° etc.

Because there is no evidence showing that any px+q sequence of numbers has no equal terms, the condition
“if a;=a;+” in Lemma 4 does not violate the principle of supposition.

Note 3 Discussion on “list equation to solve application problems”
To answer the question that formula (10) has many characteristic solutions while Result 2 still holds, we need to
answer the question why we can solve application problems by listing equations.
Let us investigate the contents of “ list equations to solve the application problems” in middle school
mathematics textbook. The application problems in middle school mathematics textbook have a common feature:
for a given problem, one or more equations can always be listed corresponding to it. Therefore, the problem is
called the listable equation problem.
When we list an equation corresponding to an application problem (or a listable equation problem), we face two
objects. One is the application problem given (called the original problem), the other is the equation listed. Thus,
two questions arise: 1. Why can the solution of the original problem be obtained by solving the equation listed?
2. Which solutions of the equation listed are the solutions of the original problem? In order to answer these
questions, let us look at an example first.

Problem 1: The sum of the square of an integer and a positive integer equals 3, find out the two numbers.
Solution: Suppose the integer is X, the positive integer is y. According to the problem we can list

X*+y=3 (17)

Here, Problem 1 is the original problem, equation (17) is the equation listed. At first glance, they are quite
different. Yet, they refer to the same thing. Because x is supposed to be the integer, x* can be read as “the square
of the integer”. Likewise, y can be read as “the positive integer”. Thus, equation (17) can be read as “the sum of
the square of the integer and the positive integer equals 3”. Hence we see that the original problem and the
equation listed refer to the same thing, i.e., the equation listed is a re-description of the original problem. Thus
we say that, the original problem and the equation listed are “identical” and call this fact “the principle of
identity”. The principle of identity tells us that, the finding of the solution of the original problem can be
realized by finding the solution of the equation listed. This is the fundamental reason for “list equation to solve
the application problems” being a classical mathematical method. .
Besides, from the angle of the equation listed, x and y in (17) can be any real number or complex number. But,
in order for equation (17) and Problem 1 to refer to the same thing, X must be an integer, y must be a positive
integer. Here, x and y are variables. The conditions set to variables x and y are called constraints. Precisely
speaking, only all of the variables satisfy the constraints can the equation listed and the original problem refer to
the same thing. Since in this case the two refer to the same thing, the solutions of the two are necessarily the
same. The remaining thing for us to do is that we should make sure what kind of solutions are the solutions of
the equations listed.
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The so-called solution of an equation, formally speaking, is an assignment to its relevant variables. As to the
equation listed, if the assignment to each variable satisfies the constraints of the variable in question, then the
solution (called the effective solution or characteristic solution) is one whose variables of the equation listed
satisfy the constraints. Thus, we know that all of the effective solutions of the equation listed are the solutions of
the original problem.
Solving equation (17), we can obtain 3 effective solutions of the equation:

x=1 x=0 x=-1

y=2, y=3, y=2.
It is not hard to verify that these effective solutions are all the solutions of Problem 1. And we have,
Result 2'. Problem 1 has solutions if and only if formula (17) has effective solutions.
Formula (17) has many effective solutions, while Result 2' obviously holds. This proves that Result 2 holds. In
fact, as to Result 2’ there is the problem of “which of the above 3 effective solutions is the one needed”. Yet, this
problem is irrelevant to whether Result 2’ holds or not. That is to say, which circular term in the 5x+1 sequences
of numbers does x of the characteristic solutions of formula (10) belongs to is irrelevant to whether Result 2
holds or not.
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