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Abstract. This survey article provides an overview of the fundamen-
tal principles used to simplify multi-sums into indefinite nested sums
over hypergeometric products in the setting of difference rings. We place
special emphasis on the algorithmic translation between hypergeometric
sums and the formal difference ring setting. Furthermore, we detail the
core summation paradigms of telescoping, creative telescoping, and re-
currence solving within difference rings, illustrating these techniques and
their underlying algorithms with concrete examples.

Keywords: Difference ring - telescoping - creative telescoping - param-
eterized telescoping - recurrence solving.

1 Introduction

Symbolic summation aims at proving identities or simplifying complex sums into
alternative forms more suitable for practical applications. To achieve this, several
core techniques are employed.

e Telescoping: Given an expression F'(k) that evaluates to a sequence for k € N,
the goal of telescoping is to determine an “appropriate” expression G(k) such that

F(k) = G(k +1) — G(k) (1)

holds for all k£ within a specified integer range [ < k < b. Summing the telescoping
equation over k yields

b
S F(k)=Gb+1) - G(0).
k=1
In this context, a “suitable” G(k) is defined by its utility: the resulting right-hand
side must provide a more concise or computationally efficient representation than
the original sum. Typically, such a solution is sought either within the same
functional domain as F'(k) or within a targeted extension of that domain.

e Creative telescoping: Suppose we are given a sum of the form

S(n) = F(nk) (2)

k=l
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with [ € N and F(n, k) is an expression that evaluates to a multivariate sequence.
Then fixing d € N, find an expression G(n, k) (which is simpler than the input
sum S(n)) together with coeflicients ¢1(n), ..., cqtr1(n) of the recurrence (not all
0), which may depend on n but which are free of k, such that

C1 (n)F(nv k) +CQ(’I7,)F(71+ 1, k) +ee +Cd+1(n)F(n+d7 k) = G(TL, k+ 1) - G(TL, k)

(3)
holds for all [ < k < n and n € N. Then summing the found creative telescoping
equation over k one obtains a linear recurrence of order d of the form

n

cl(n)ZF(n,kz) + -+ car1(n) ZF(n+d, k) =G(n,n+1)—G(n,l). (4)
k=l k=l

One can now proceed to turn this equation to a linear recurrence for the input
sum by adjusting the summation bounds in the arising sums of and com-
pensating the right-hand side through the subtraction of the newly introduced
terms. This yields

ap(n)Sm) + a1 (n)Sm+1)+---+aq(n)S(n+d) = H(n) (5)

with a;(n) = ¢;+1(n) and some updated expression H(n).

e Recurrence solving: Given a recurrence of the form , find all solutions that
can be given in the same domain as the coefficients a;(n) and the inhomogeneous
part H(n) or an appropriate extension of that domain.

A major breakthrough was achieved with Gosper’s telescoping algorithm [25]
for hypergeometric productsEI and its extension to creative telescoping by Zeil-
berger [67/42], where F(n, k) is hypergeometric with respect to both k and n.
The ability to compute all d’Alembertian solutions [8/4] using Petkovsek’s Hyper
algorithm [43] (for an improved version see [28]) established a robust toolbox for
hypergeometric summation [44]. This framework allows for the systematic dis-
covery and verification of identities by representing solutions as indefinite nested
sums over hypergeometric products.

More generally, this machinery has been extended to ¢-hypergeometric and
multibasic products [38], as well as to their mixed variants [I1]. For modern
approaches utilizing faster linear algebra or reduction based methods, we re-
fer to [20/17] and references therein. Further generalizations [2132], building on
Zeilberger’s holonomic systems approach [66], make it possible to apply (cre-
ative) telescoping to sequences modeled by systems of partial linear difference
or differential equations; for complete reduction-based treatments, see [I§].

In addition, initial progress has been made in handling non-holonomic se-
quences [22], such as Stirling or Bernoulli numbers. For multi-summation, one
may either apply the holonomic systems approach (see, e.g., the recent develop-
ments in [4I]) or use WZ-summation techniques [44], leading to algorithms and
software packages described, for instance, in [47U65/9].

. Hf:l H (7) is called hypergeometric w.r.t. k if H(z) is a rational function in z
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In this survey we elaborate on the difference ring approach initiated by
Karr’s telescoping algorithm [29] which can be considered as the discrete ver-
sion of Risch’s indefinite integration algorithm [48]. This framework elaborated
in [A9T5I5TI50053I5 7U58343I59J60)7I216335] enables the fully automatic treat-
ment of (creative) telescoping and recurrence solving in terms of indefinite nested
sums over hypergeometric products, g-hypergeometric products, and, more gen-
erally, nested products, as implemented in the summation package Sigma [52/62].

To demonstrate the key ideas of the difference ring approach we start with
the following example.

Ezample 1. Given F(k) = Hy where Hy, = Zle 1 denotes the harmonic num-
bers, Sigma computes G(k) = k(Hy — 1) in the “polynomial ring” Q(k)[Hj] such
that holds for all £ > 0. We remark that the correctness can be easily checked
by treating Hj, as a variable and using the shift relation Hyy1 = Hy, + ﬁ Fi-
nally summing the telescoping equation over k from 1 to n yields

> Hy=Gn+1)-G(1) = (n+1)(Huy — 1). (6)
k=1

Strictly speaking, we avoid working in rings such as Q(k)[Hy] where Hy
is treated simultaneously as a formal variable and a sequence Hp : N — Q.
Instead, we decouple these concepts. We employ a formal ring A to represent
the summation objects and a difference ring automorphism o: A — A to model
the shift behavior through its action on the ring elements. Subsequently, we
introduce an evaluation function, such as ev(h,n) = H,,, which maps the formal
variable h to the sequence value H, at the point n € N

Following this methodology, the article proceeds by first formalizing these
definitions and then applying them to the problem of symbolic summation.
Specifically, Section [2] introduces the foundational concepts, while Section [3] fo-
cuses on the automatic modeling of indefinite nested sums and products within
formal difference rings constructed via RITX*-extensions [G8/59] over Karr’s
II¥*-fields [29030]. Leveraging this framework, Section [4] explores the under-
lying algorithms for telescoping, parameterized telescoping (including creative
telescoping), and recurrence solving. Section demonstrates applications that
integrate these paradigms, and Section [5] concludes with further results and an
outlook on future developments in the field.

2 The difference ring machinery for telescoping

We start with basic notions of difference rings in the next subsection and present
the basic construction that enables one to rephrase the telescoping problem in
the setting of difference rings in Section [2.2]

2.1 Basic notions

We focus on a formal ring (field) A equipped with a shift operator o: A — A
defined mathematically as ring (field) automorphism. The pair (A, o) is referred
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to as a difference ring (or field). Within this framework, we adopt the following
conventions and definitions. Z and N denote the set of integers and non-negative
integers, respectively. All rings are commutative rings with 1. In addition, the
rings (resp. fields) contain the rational numbers as a subring (resp. subfield). A*
is the set of units (i.e., the invertible elements w.r.t. multiplication) which forms
a multiplicative group. When it turns to algorithms, we assume that all rings
and fields are computable.

Ezample 2. Take the rational function field F = K(x) over a field K. Further
take the field automorphism o: F — F defined by o(f) = f(z+1). The obtained
difference field (I, o) is called the rational difference field (over K).

For the construction of difference rings (resp. fields) we need the following
concept. A difference ring (resp. field) (E,o’) is a difference ring (resp. field)
extension of (A, o) if A is a subring (resp. subfield) of E and o’'|y = o, ie.,
o'(f) = o(f) for all f € A. In short we will write A <, E. Since o and o’ agree
on A, we do not distinguish between them anymore.

First, we will introduce S-extensions and P-extensions that enable one to
represent iterated sums and products in a naive way; cf. [59]

Ezample 3. Take the polynomial ring F[h] over the field F given in Example
Then there is the unique difference ring extension (F[h], o) of (F, o) with o(h) =

h+ T%H Namely, it is defined by

d

d .
(Y _fih') =) filz+1)(h+ 25)" € Fln].
=0

=0

Note that the variable h scopes the shift behavior of the harmonic numbers:
Hip1 = Hi + 715

The derived extension belongs to the class of S-extensions.

Definition 1. Let (A, o) be a difference ring, b € A and take the ring of polyno-
mials Alt]. Then the difference ring extension (A[t], o) of (A, o) with o(t) =t+b
is called an S-extension and t is called an S-monomial.

Example 4. Take the ring of Laurent polynomials F[p, p~!] over the field F given
in Example Then there is the unique the difference ring extension (F[p, p~1], o)
of (F, o) with o(p) = (z + 1)p. Note that the variable p scopes the shift behavior
(k+1)! = (k+1)k!. E.g., one can model the shift behavior of k! + 2 by p+ %.

Definition 2. Let (A, o) be a difference ring, a € A* and take the ring of Lau-
rent polynomials Alt,t=1]. Then the difference ring estension (A[t,t71],0) of

(A, o) with o(t) = at is called a P-extension and t is called a P-monomial.

One can easily extend the construction of difference rings to field versions.
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Definition 3. Let (F,0) be a difference field and F(t) be a rational function
field. Take the difference field extension (F(t),o) of (F,o) given by o(t) = at+b
where a € F* and b € F.

— If b= 0, it is called a P-field extension and t is called a P-field monomial.
— Ifa =1, it is called an S-field extension and t is called an S-field monomial.

Ezample 5. The rational difference field (K(z),0) is an S-field extension of
(K,id) with o(z) =« + 1.

Finally, we will introduce A-extensions to model algebraic objects like p* for
a Ath root of unity p. (i.e., p* = 1). Here the following relations hold:

P = p ok and () = 1.
In particular, this object introduces relations such as
A=A +p" -+ (M) =0.

In the formal setting, such objects can be handled as follows. Let A € N with
A > 1, let (A, o) be a difference ring and let p € A* be a Ath root of unity, i.e.,
p* = 1. We carry out the following construction given below.

1. Take the difference ring extension (A[t],o) of (A, o) with ¢ being transcen-
dental over A and o(t) = pt.
2. Next, take the ideal I := (t* — 1) and consider the ring E = A[t]/I. Here we
have
t+D =t +T=1+1

Le. the element ¢t + I € E (e.g., for the special case o(p) = p) scopes the
relation (pF)* = 1.

3. Note that [ is a reflexive difference ideal, i.e., it is an ideal which is closed
under o and o~ !: for all 7 € Z and f € I we have o"(f) € I. Now fix
f € Aft]. Then for any a,b € f + I and for any r € Z we get 0" (a) + I =
o"(b) + I. As a consequence, we can define the function 6: Aft]/I — A[t]/I
with 6(f + I) = o(f) + I which is a ring automorphism. Thus (A[t]/I,5)
establishes a difference ring extension of (A/I, 7).

4. Finally, observe that i: A — A/I with i(a) = a + I forms a difference
ring isomorphism. In particular, identifying these objects, it follows that
(A[t]/1,5) is a difference ring extension of (A, o).

We give some further details how one computes with the elements in Aft]/I.
Since t* — 1 is monic, it follows that any f € A[t] can be written in the form
f=q@*—=1)+r with ¢,r € A[t] and deg(r) < A. In particular, if A is computable,
this can be accomplished with the polynomial division algorithm (without the
need to invert elements in A). As a consequence, we get f + I = r + I and the
set of representants of the equivalence classes of A[t]/I can be given by

R{SﬁtﬂﬁeA}.
=0
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Then the addition and multiplication using the elements of R work as follows:

A—1 A—1 A—1
(Do st n) 4 (Y gt +1) = S (fit gt +1 (7)
=0 1=0 =0
€ER €R €R
and
A—1 . A—1 ) 22—2 ) [
(X st +d) - (Xt +1) = S 6N Y gy 1. (8)
=0 1=0 i=0 =0
€ER €ER €R

In the following we drop the ideal I and work only with f € R (instead
of f+ I), i.e., we consider the ring A[t] subject to the relations +* = 1 and
o(t) = pt with the operations given in and . In particular, we do not
distinguish anymore between ¢ and o. This is precisely the construction that
has been implemented within the summation package Sigma.m [52].

Definition 4. Let (A, o) be a difference ring and p € A* be a Ath root of unity.
Then the difference ring extension (Alt],o) of (A, o) subject to the relations
o(t) = pt and t* = 1 is called an A-extension of order . t is called an A-
monomial.

Summarizing, we can introduce the following definition.
Definition 5. (E, o) is an APS-extension of (A, o) if one of the following holds:

1. it is an S-extension with E = Aft] and o(t) —t € A;

2. it is a P-extension with E = At,t™1] and o(t)/t € A*;

3. it is an A-extension of order \ with E = A[t] subject to the relations t* = 1
for some A > 1 and o(t)/t = p € A* with p* = 1.

We also write

A[t] (a polynomial ring) if ¢ is an S—monomial
E = A(t) = ¢ Aft,t™!] (a ring of Laurent polynomials) if ¢ is a P-monomial
Alt] (a ring subject to t* = 1) if ¢ is an A-monomial.

Finally, we introduce a tower of such extensions.

Definition 6. A difference ring (E, o) is called a (nested) A-/P-/S-/AP-/AS-
/PS/APS-extension of a difference ring (A,o) if E = A(t1)...(te) and for
1<i<e (Alty)...{t;),0) is an A-/P-/S-/AP-/AS-/PS/APS-extension of
(A<t1> cee <ti,1>70').

More specifically, we will focus on the special case of basic AP S-extensions [59].
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Definition 7. An APS-extension (E, o) of a difference field (F, o) is called ba-
sic if it has the following form:

E=TFlyllp,pr ] lpepy Hlsa] - [se] (9)
where
— y is an A-monomial with y» = 1 and p = # 18 a Ath root of unity with

o(p) =p (i.e., p is a constant w.r.t. c);

— t; with1 <1 <7 is a P-monomial with % € fipi"' ... p;o " where f; € F*
and z; ; € Z.

— s; with 1 < i <e is an S-monomial.

Similarly, we will use a tower of PS-field extensions introduced in Definition

Definition 8. A difference field (E, o)
tension of a difference field (F,o) if E
function field extensions and for 1 < 1
field extension of (F(t1)...(ti—1),0).

is called a (nested) P-/S-/PS-field ex-
= F(t1)...(te) is a tower of rational
<e, (F(t1)...(t;),0) is a P-/S-/PS-

Ezample 6. Take the rational function field K = K(g) and consider the P-field
extension (K(z),0) of (K,id) with o(z) = ¢z. (K(2),0) is also called the ¢-
rational difference field.

Ezample 7. Take the rational function field K = K(¢;...,q,) and the the P-
field extension (K(z1,...,24),0) of (K,id) with o(z;) = ¢i z;. (K(z1...,24),0)
is also called the multibasic difference field over K; cf. [I1].

Ezample 8. Take the rational function field K = K(q¢; ..., ¢,) and consider the
PS-field extension (K(z1,...,2,)(z),0) of (K,id) with o(z;) = ¢; 2z; and o(z) =
x+1. (K(z1...,24)(x),0) is called the mized difference field over K; cf. [11].

2.2 Telescoping in difference rings

A fundamental step in the difference ring approach to symbolic summation con-
sists of translating sequence representations, expressed via indefinite nested sums
and products, into a formal difference ring framework. The following example
demonstrates this translation process.

Ezxample 9. We rephrase the telescoping problem from Example [I| by using the
difference ring (A, o) introduced in Example 3| which is defined by A = K(x)[h]
with the shift-relations o(z) = x + 1 and o(h) = h + #19 here we may set
K = Q. This translation mechanism can be illustrated by Fig. [T} In essence, we
can rephrase the problem from the sequence/expression level (see the right hand
side of Fig. [1) to the difference ring setting (see the left hand side of Fig. [1)) and
to solve the underlying problem there by means of computer algebra methods

(the underlying algorithms will be presented in Section |4| below).
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DR setting Example []
Given f =h € A; Given F(k) = Hy;
find g € A s.t. find G(k) s.t.
olg)—g=1/f< o Gk +1) — G(k) = F(k)
computer
algebra
g=z(h—1)€A i >G(k) =k(Hr — 1)

Fig. 1. The translation from the sequence representation to a formal difference ring

To formalize the transition from the sequence representation to the algebraic
setting, we introduce a crucial bridge: the evaluation function ev : A x N — K;
cf. [4954)59]. For the rational difference ring we establish this function as follow.

Ezample 10. Take the rational difference field (K(x), o) from Example [2| Then
for any element f = % € K(x) with p,q € K|[z] where ¢ # 0 and p,q being
coprime we define
0 if g(n) =0
) = n . 10
ev(f.n) @UIMW#O (10)

q(n)
Note that there is a § € N with ¢(n) # 0 for all n € N with n > §; in particular,
such a § can be extracted if one can factorize polynomials over K.
Ezample 11. We extend ev for (K(z), o) to ev': K(z)[h] xN — K for (K(z)[h], o)
given in Example [3] by
d

d
ev' (3 fihiyn) = 3 ev(fi,n)H

i=0 i=0
again we do not distinguish anymore between ev and ev’.
We note that ev satisfies the properties of an evaluation which we define next.

Definition 9. For a difference ring (A, o) and a subfield K of A with o|g = id
we introduce the following functions.

1. A function ev: A x N = K is called evaluation function for (A, o) if for all
f,9 € A and c € K there exists a A € N with the following properties:

VYn > X:ev(e,n) =c, (11)
Yn > X:ev(f 4+ g,n) =ev(f,n) +ev(g,n), (12)
Vn > X:ev(fg,n) =ev(f,n)ev(g,n). (13)
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In addition, we require that for all f € A and [ € Z there exists a A with

Vo > X :ev(al(f),n) = ev(f,n +1). (14)

2. A function L: A — N is called an operation-function (in short o-function)
for (A o) and an evaluation function ev if for any f,g € A with A\ =

max(L(f),L(g)) the properties and (13)) hold and for any f € A and
l € Z with A = L(f) + max(0, =) property (14) holds.

Ezample 12. An o-function L: K(z) — N for the evaluation function ev: K(z) x
N — K given in Example [10] can be defined by

L(f) =min{é € N| g(n) # 0 for all n € N with n > §}.

For the extended evaluation function ev’: K(z)[h] x N — K given in Example
an o-function L': K(z)[h] — N can be given by

d
(Y fih') = max(L(fo), - ., L(fa), 0).
=0

Remark 1. (1) For the definition of an evaluation function of the g-rational,
multibasic and mixed difference field (F, o) given in Examples @, and [8) we
refer to [59].

(2) Given a basic APS-extension over such a difference field (F, o), one can
follow the construction exemplified above to construct an evaluation function
together with an o-function; for the details of this construction we refer to [59]
Lemma 5.4]. We emphasize that the construction is not unique. Suppose that
we are given an evaluation function ev for A and can extend it to A(t) with
ev(t,n) = T(n). Then taking ¢ € K*, one may also extend it to ev(¢,n) = c¢T'(n)
if t is a IT-monomial or to ev(t,n) = T'(n) + ¢ if ¢ is a X-monomial.

Ezample 13. Given ev: K(z)[h] x N — K we can now elaborate how the trans-
lation process indicated in Example [9] works. By construction, we have that
ev(h,k) = Hy, for all k > 0. Thus we set up the telescoping problem

olg)—g=nh (15)

and compute the solution g = z(h — 1) in the formal difference ring (K(x)[h], 0);
the underlying procedure will be illustrated in Example [19| below. Now set A =
max(L(g), L(c(g)), L(h)) = 0. Then by the properties of the evaluation function
it follows for all k > A =0,

Hi =ev(h, k) =ev(o(g) — g, k) =ev(o(g), k) —ev(g, k)
=ev(g,k+1) —ev(g, k) =Gk +1)— G(k)

with G(k) := ev(g, k) Using this information, we can proceed to obtain the
simplification given in
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For convenience, we will introduce the following notion [40].

Definition 10. Let F(k) be an expression that evaluates to elements in a field
K and let (A, o) be a difference ring with K C A with o|g = id. Then we say that
we can model F(k) in (A, o) if there is an evaluation function ev: A x N — K,
an f € A and \ € N such that

VE > X:ev(f, k) = F(k).

We say that we can model F'(k) algorithmically in (A, o) if such an ev, f and A
can be computed explicitly.

Suppose that we are given a sum

n

S(n) =Y F(k) (16)

k=0

with £ € N and an expression F(k) in terms of indefinite nested sums and
products that can be evaluated (without entering poles) for all integers i with
i > (to F(i) € Kin a field K. Then following the construction elaborated above,
telescoping can be carried out in the difference ring setting as follows.

1. Construct an appropriate difference ring (A, o) in which we can model F (k)
algorithmically. That is to say, it is built by a tower of APS-extensions
containing the subfield K with o|x = id together with an evaluation function
ev: A — K and o-function L in which we find f € A and v € N such that
ev(f,k) = F(k) holds for all k£ > v. Here we choose v big enough such that
v > max(L(f), ).

2. Use difference ring algorithms to compute a g € A (or in an appropriate
APS-extension of it) such that

o(g)—g=1 (17)
3. Given g extract an expression G(k) in terms of sums and products such that
Vk>L(g): ev(g,k)=G(k).

Further, set | = max(v, L(g)). Note that [ > L(o(g)) since L(g) < L(o(g)).
Following the steps as carried out in Example [0 we get for all k > [ that

F(k) = ev(f,k) =ev(o(g) —g,k) = ev(a(g), k) —ev(g, k)
=ev(g,k+1)—ev(g, k) =Gk +1) — G(k).

4. Summing the telescoping equation over k from [ to n (note that no poles
occur for k > 1) produces

iF(k) = Gn+1)—G(). (18)
k=l
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In particular, computing the finite sum ¢ = Zi;; F(i) € K (again no poles
occur due to the assumption that the input sum is properly defined for
k> 1) with ¢,] € N we get

S(n)=Gn+1)-G()+c
which holds for all n > A with A =1 — 1.

In the following we will discuss how the underlying summation machinery
can be carried out fully automatically. A key step for this construction is that
the design of the formal difference rings have to fulfill certain crucial properties.

P1 The existence of a solution g € A of the telescoping equation must be
algorithmically decidable in A.

P2 The solution ¢ (in A or in an appropriate extension of it) of (or equiv-
alently of ) should be as simple as possible.

P3 The representation of sequences in A using the evaluation function should
be unique: for all fi, fo € A with ev(fi,n) = ev(fa,n) with n > X for
some A € N it should follow that f; = f5. In particular, if we define a map
7: A — KN from A into the set of sequences with 7(f) = (ev(f,n))n>o0, it
should be injective.

While Properties P1 and P2 seem obvious if one wants to tackle the telescoping
problem, the necessity of Property P3 stems from the zero-recognition prob-
lem. If distinct ring elements map to the same sequence, the representation is
non-canonical, preventing the system from reliably identifying terms that are
effectively zero.

In Section [3] we provide further definitions and properties to rigorously an-
alyze Property P3 and its implications. Specifically, Section [3.1] introduces a
refined class of APS-extensions and PS-field extensions that facilitate the con-
struction of difference rings and fields where Property P3 is guaranteed to hold.
Building upon this foundation, Sections [3.2] and [3-3] demonstrate how products
and sums can be automatically represented within these algebraic structures.
Finally, Section [4] details the underlying summation algorithms designed to re-
solve the telescoping problems P1 and P2. Beyond telescoping, we explore the
more general algorithms of parameterized telescoping and recurrence solving.

3 Proper modeling of indefinite nested sums over
indefinite nested products in RII 3 *-extensions

As motivated in the previous section (see property P3 above), we aim to model
indefinite nested sums over indefinite nested products without redundancy —
ensuring that two different elements in the formal ring cannot represent the
same sequence. To formalize this construction, we will establish a connection
between these formal objects and the elements of the sequence ring using the
evaluation function.
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Suppose we are given a difference ring (A, ¢), K a subfield of A with o|x = id,
together with an evaluation function ev: A x N — K and o-function L: A — N.
Further, take the function 7: A — KV which links the elements f € A to the
sequences

7(f) = (ev(f;n))nz0 = (ev(f,0), ev(f, 1), ev(f,2),...). (19)

Together with component-wise addition and multiplication K¥ forms a commu-
tative ring with 1 = (1,1,1,...).

Due to and the map 7 can be turned to a ring homomorphism by
defining the equivalence relation

(fi)n>0 = (gn)n>0 <= IANENVR>A: f, =gy

It is easily seen that the set of equivalence classes [a] = {f € KY | a = f} with
a € KN forms with [a] + [b] := [a + b] and [a][b] := [ab] again a commutative
ring with the identity element [1] which we will denote by S(K). In the following
we will simply write f instead of [f]. In this setting, 7: A — S(K) forms a ring
homomorphism. In addition the shift operator S : S(K) — S(K) defined by

S((ao,al,ag, N )) = (al,ag,ag, .. )

turns to a ring automorphism. In the literature [44J45l27] the difference ring
(S(K),S) is called the ring of germs of sequences. In the following we call it
simply the (difference) ring of sequences over K.

Furthermore, we observe that property implies that

m(o(f) = S(7(f)) (20)

holds for all f € A. A ring homomorphism 7 with this property is also called a
difference ring homomorphism.

Finally, property implies that
7(c) = (¢,c,c,...) =i cC (21)

for all ¢ € K. In the following we call a ring homomorphism 7 : A — S(K)
with and also a K-homomorphism.
Note that

T(A) ={7(f) | f € A} € 5(K)
is a subring of S(K) which is closed under S. In other words, (S(K),S) is a

difference ring extension of (7(A), S), or equivalently, (7(A), S) is a sub-difference
ring of (S(K), S).

Ezample 14. Take the rational difference field (K(z), o) with its evaluation func-
tion ev: K(z) x N — K given in (10). Then (R(K),S) with R(K) := 7(K(z)) is
a difference field and is called the difference field of rational sequences.



A Survey on Symbolic Summation in Difference Rings 13

Ezample 15. Take the S-extension (K(z)[h],0) of (K(z), o) from Example [3] to-
gether with ev: K(z)[h] x N — K given in Example [L1} Then (#,S) with

H = 7(K(z)[h]) = 7(K(z))[(ev(h, n))nz0] = RIK)(Hn)nxo] € S(K)  (22)

forms the difference ring of rational sequences adjoined with the sequence of
harmonic numbers.

Going back to the desired property P3 on page one of our goals is to
represent the summation objects in (A, o) together with an evaluation function
ev such that the induced difference ring homomorphism 7: A — S(K) given by
the evaluation function ev is injective. Such a 7 is also called a K-embedding (or
K-monomorphism).

If we succeed in such a construction, the difference rings (A, o) and (7(A),S)
are isomorphic:

(A, 0) = (r(A),8),

i.e., the elements in the formal ring (A, o) are the same as in (7(A), S) up to the
renaming given by the ring isomorphism (bijective ring homomorphism) 7.

Ezample 16. Tt is an easy exercise to see that the K-homomorphism 7: K(z) —
S(K) is injective, i.e., forms a K-embedding. Later we will see that the K-
homomorphism 7: K(x)[h] — S(K) from Example [15]is also injective and thus
the formal difference ring (K(z)[h], o) and the subring (#,S) with of the
ring of sequences are isomorphic.

3.1 RIIX*-extensions and ITX*-field extensions

In order to accomplish the desired properties P1-P3 stated on page we will
refine the definition of APS-extensions (and PS-field extensions). As it turns
out, the class of RITX*-extensions [58] and ITX*-field extensions [29/30] will do
precisely this job. For this refinement the following definition is crucial.

Definition 11. For a difference ring (A, o) we define the set of constants by
const,A ={ce€ A|o(c) =c}.
We note that the following properties hold for the set of constants K := const, A.

1. Qis a subfield of K (note that Q is a subfield of A by assumption).
2. K is a subring of A.
3. If A is a field, K is a field.

In this article we will consider only difference rings (A, o) such that K =
const, A is a field, also called the field of constants or constant field. To be
more precise, we will start with the trivial difference field (K, o) with ¢ = id
(i.e., const,K = K) and will adjoin APS-monomials or PS-field monomials
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such that the set of constants remain unchanged. Precisely this careful construc-
tion leads to the so-called RITX*-extensions/ Il X*-field extensions. Notably, this
construction is related to the concepts of elementary functions (cf. [48/16]) and
Picard—Vessiot extensions [46] from differential field theory. Frameworks for the
latter have since been carried over to difference fields [45126137].

We start with the field versions introduced in [29130].

Definition 12. A (nested) P-/S-/PS-field extension (E, o) of a difference field
(F,0) is called a IT-/X*-/II X*-field -extension if const,E = const,F. The gen-
erators are called I1-/X*-I1 ¥*-field monomials, respectively.

(E, o) is called a IIX*-field over K if it is a II X*-field extension of (K, o) with
K = const,K.

Ezample 17. The rational difference field (K(x), o) with o(z) = x+ 1 is a [T X*-
field over K i.e., const,K(z) = K.

As it turns out, also the g-rational, multibasic and mixed difference field given
in the Examples |§|, and |8| are actually ITX*-fields over K; cf. [34] Cor. 5.1].
The ring-version [58/59] reads as follows.

Definition 13. A (nested) A-/P-/S-/AP-/AS-/PS-/APS-extension (E,o) of a
difference ring (A, o) is called an R-/II-/X*-/RII-/RX*-/II X*- | RIT *-exten-
sion if const,E = const,A. The generators are called R-/II-/X*-/RII-/RX*-
JITX*-/ RIT X*-monomials, respectively.

Ezample 18. The S-extension (K(x)[h|,0) of (K(x),o) with o(h) = h + %4—1
introduced in Example [3]is a X*-extension, i.e., const,K(z)[h] = K; note that
this follows by a simple application of Theorem [2| given below.

In the following we will mainly focus on RIT X*-extensions which are basic; cf.
Definition [7} For this class of extensions we emphasize the following alternative
characterization [54J59]. This result is inspired by ideas from the Galois theory
of difference equations elaborated in [45].

Theorem 1. Let (E,o0) be a basic APS-extension of a difference field (F,o)
with K = const,F. Suppose that (F, o) can be embedded into the ring of sequences
(S(K),S). Then the following statements are equivalent.

1. const,E = const,F =K (i.e., (E, o) is an RIIX*-extension of (F, o).
2. (E,o) can be embedded into (S(K),S) where the elements of K are mapped
to constant sequences.

The main consequence of Theorem [I]is that only those basic AP S-extensions
can be embedded into the ring of sequences that are basic RIIX*-extensions.
The theorem also implies the following result.

Corollary 1. Let (E,0) be a basic APS-extension of a difference field (F, o)
with K = const,F and take angﬂ K-homomorphism 7 : E — S(K). Then 7 is
injective iff const,E = K.

2 As indicated in Remark [1] an evaluation function for E is not uniquely determined
and thus, e.g., 7 defined by may lead to different K-homomorphisms.
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Thus any K-homomorphism 7: E — S(K) for a basic RIT X*-extension (E, o)
of (F, o) with K = const,F is automatically injective. In particular, any construc-
tion of an evaluation function ev: E x N — K yields immediately a K-embedding
with 7(f) = (ev(f,n))nz0.

In this article, we start with the rational difference field”| (K(z), o) and adjoin
stepwise RIIX*-monomials that lead to a basic RITX™*-extension. Suppose, e.g.,
that we arrive at the difference ring (E, ) with (9)) together with an evaluation
function ev. By construction ev links the generators to indefinite nested sums
over hypergeometric products, i.e., to a root of unity product

p" =ev(y,n),

iterative products
Pi(n):ev(pian)7 1§ZST

with P;(1) # 0 for I € N, and iterative sums
Si(n) =ev(s;,n), 1<i<e.

Given this ev, we obtain the K-homomorphism 7: E — S(K) defined by 7(f) =
(ev(f,n))n>0 which is injective by Corollary [I} As a consequence, we get the
subring of sequences (7(E),S) with
7(E) = 7(K(@)[r )] [r(p1), 7(;0)] - [7(2r), TGO [T (s1)] - [7(se)]
—_——

p1

nested products nested sums

In particular,
(E,0) ~ (7(E),S)

and it follows that the (Laurent) polynomial structure is carried over to 7(E):
the sequences (P;(n))n>0, (%)nzo for 1 <i <rand (S;(n))p>o for 1 <i<e
produced by the products and sums are, up to the relations

(Pi(n))nso - (Pi(n) Mpso=1, 1<i<nm,
algebraically independent among each other over the ring R(K)[(p")n>0]-
The next two subsections turn this construction to an algorithmic version.

3.2 Modeling of hypergeometric products in RII-extensions

To model hypergeometric products formally, the following problem is solved.
Given a finite number of hypergeometric products

k k
Fy(k) =[] H:G), ..., Fo(k) = [] H. (i) (23)
=l =4

3 More flexible, one may take also with the g-rational, multibasic or mixed difference
field (F, o) with the corresponding evaluation function ev; see Remark
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with H;(x) € K(z)* and ¢; € N where the numerator and denominator of the
H;(z) do not evaluate to zero for all integers greater than or equal to ¢;.
Compute a basic RII-extension (E, o) of (K(z),o) in which we can model the
products algorithmically (see Deﬁnition. More precisely, using (algorithmic)
properties from [29/58/59], one can compute

— such a difference ring (E, o) with an evaluation function ev: E x N — K and
an o-function L: E -+ N
— together with f1,...,fs € Eand Aq,...,A\s e Nwith \; > /¢; — 1

such that ev(f;,n) = F;(n) holds for all n > A;.

Static approach: In [60], an RII-extension (E,o) of (K(x),0) can be con-
structed for a given finite set of products such that the number of
IT-monomials (the transcendence degree) is minimized. Furthermore, if an
R-extension is required, its order is also minimal. While this difference ring
is optimal for the fixed products , it may lose optimality if a product
Fri1(k) = Hf:erﬂ H,;1() must be added. More critically, it is possible that
no RII-extension (E,o) of the existing ring (E, o) exists that can accom-
modate the new product F,.11. In such instances, a complete redesign of the
ring is necessary to model the expanded set of products simultaneously.

Dynamic approach: This limitation is addressed in [50J62] through the design
of “extension-stable” RII-extensions (E, o) of (K(x), o). This approach allows
for the products F;(n) to be processed step-wise —~without requiring prior
knowledge of F; 1, Fi1o,...— by extending the existing difference ring (E, o)
into a larger RIT-extension of (K(x), o). Consequently, the extension process
is guaranteed never to fail. The trade-off for this flexibility is that the number
of RII-monomials is not necessarily minimal and can be significantly larger
than in the static approach. Furthermore, this method is applicable only if
the constant field is the quotient field of a UFD, such as the rational numbers
Q or a rational function field Q(qy, ..., ¢,) over the rational numbers.

More generally, algorithms are provided in [34] to model multibasic and mixed
products (cf. Examples [6] [7] and [8) in RII-extensions. For a toolbox treating
nested products we refer to [35].

3.3 Modeling of nested sums in ¥X*-extensions

As described in the previous subsection, one can model all hypergeometric
products (or nested hypergeometric products of mixed products) in an RII-
extensions. In the following we elaborate on the task to model all nested sums
over such products. In summary, combining both constructions will lead to a full
algorithmic machinery to model nested sums over (nested) products.

We suppose that we are given F(n) = >.7_, H(k) where H(k) is modelled
in an RITX*-extension (E, o) of (K(z), o). This means, we are given explicitly

— an evaluation function ev: ExN — K together with a computable o-function
L:E—N;
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—an h € E and v € N with v > max(¢ — 1, L(h)) such that ev(h,n) = H(n)
holds for all n > v.

Note that by setting 8 := o(h) € E we have
ev(B,n) =ev(o(h),n) =ev(h,n+1)=H(n+1)

for all n > v. Then we can model the sum F(n) in (E,o) or in a X*-extension
of it by utilizing the following crucial result; for the field version see [29].

Theorem 2 (|58]). Let (Aft],0) be an S-extension of (A, o) with o(t) =t+ B
where B € A such that const,A is a field. Then this is a X*-extension (i.e.,
const, At] = const,A) if and only if there is no g € A such that o(g) = g + B.

On the algorithmic level, we apply our computer algebra toolbox (see Sec. |4.1))
to decide constructively, if there is a g € E such that the telescoping equation

o(g) —g=1, (24)

holds. Based on that the second step splits into two cases.
Case 1: First suppose that we find a ¢ € E with . Then we define [ :=
max(v, L(g)) and ¢ := F(I) —ev(g,1) € K* and set

fi=g+cekE".
Then observe that

ev(fyn+1)=ev(g+ce,n+1)=ev(g,n+1)+c=-ev(o(g),n)+c
=ev(g+ B,n) +c=-ev(g,n) +ev(B,n)+c
=ev(g,n)+c+H(n+1) =ev(f,n)+ Hn+1)

and F(n+ 1) = F(n) + H(n + 1) holds for all n > [. Summarizing, ev(f,n)
and F'(n) satisfy both the same telescoping equation for n > [ and have the
same initial value at I: ev(f,l) = ev(g,l) + ¢ = F(I). Thus we conclude that
ev(f,n) = F(n) holds for all n > X\ with A\ = [ which completes the first case.
Case 2: Suppose there does not exist a g € E such that holds. Then by
Theorem [2] we can construct the X*-extension (E[t], o) of (E, o) with o(t) = t+3
and extend the evaluation function to ev: E[t] x N — K with

ev(t,n) = Zev(h, k)+c
k=1

where | = max(v, ¢) and ¢ = fc_:lt, H(k). Then by construction,
n n -1
ev(t,n) = Zev(h,n) +c= ZH(k) +ZH(I€) = F(n)
k=l k=l k=¢

for all n > A with A := [ — 1. This completes the second case.
What remains to consider is the task to solve the telescoping problem in such
a tower of RII>*-extensions which will be treated in the next section.
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4 Symbolic summation algorithms and the package Sigma

As established in the previous section, expressions involving indefinite nested
sums over products can be modeled fully automatically in an RIT X *-extension.
Within this framework, we now address the key summation paradigms intro-
duced in Section [

Throughout this section we let (E, o) be a basic RIT X*-extension of a ITX*-
field (F, o) over K satisfying (9). In particular, we assume that the constant field
K = A(y1 ...,y) is built by a rational function field over an algebraic number
field A; as a special case we may choose K = Q.

4.1 Telescoping

With the algorithms from [29J59] one can solve the telescoping problem: Given
f € E, decide constructively if there is a g € E with .

Ezample 19. Take the X*-extension (Q(z)[h],o) of (Q(x), o) with the constant
field K = Q and o(h) = h + % and take f = h. Then we want to find, if

possible, a g € Q(x)[h] with .

At this point we utilize the following result from [59, Lemma 7.2| (for the
specialized field version we refer to [29]).

Lemma 1. Let (A[t],0) be a X*-extension of (A, o) where K = const,A is a
field. Let f,g € Alt] such that o(g) — g = f. Then deg(g) < deg(f) + 1.

Ezample 20 (cont.). By Lemma [l it follows that for any such solution we have
deg(g) < deg(h)+ 1 = 2. This motivates the ansatz g = go h> + g1 h + go and we
try to determine go, g1, g2 € Q(z) such that , ie.,

h= [0'(92 h? + gih + go)} — [92 h? + gih + go]
1 2
= [0(92)(h+m) +o(g1h+ g0)] — [92h* + g1h + go] (25)
holds. Performing coefficient comparison w.r.t. h% gives the constraint
o(g2) — 92 =0,
i.e., go € Q is a constant to be determined. To indicate this, we replace g by

the unknown constant ¢ € Q. Plugging this information into gives

1
[e(h+ —)" +olguh + g0)] = [eh* + guh + go] = h

and bringing the c-contributions to the right-hand side leads to

(g1 h+ g0) — (g1 h+ go) = s — 2R (26)



A Survey on Symbolic Summation in Difference Rings 19

with unknown g1, go € Q(z) and ¢ € Q. Coefficient comparison w.r.t. h! yields

olg) —gn=1-c5
for unknown g¢; and the constant parameter ¢ € Q. Later we will call such
an equation also a parameterized telescoping equation. At this level, we solve
this equation (what this means we will explain soon) and find out that the only
possible solution is ¢ = 0 and g; = z+d for an unknown constant d € Q. Plugging
this solution into yields the parameterized linear difference equation
o(g0) —go = —1 —d 5.
Solving this equation gives the solution go = —z and d = 0. Combining all the

determined components produces the final solution ¢ = z h — z. Following the
translation mechanism elaborated in Example [13| (cf. Fig. [1)) we get identity @

As illustrated in the example above, we perform a degree reduction of the
top most X-monomial (in our example h) and reduce the problem recursively to
solve parameterized telescoping equations in the ring below. For further details
we refer to [29/57] for the II X*-field case and to [58] for the RITX™*-case.

The full engine can be carried out with the summation package Sigma [52]
as follows. After loading it into Mathematica and inserting our sum

n[l]:= << Sigma.m

I Sigma - A summation package by Carsten Schneider (©) RISC-JKU ‘

Inf2l:= hSum = SigmaSum[SigmaHNumber[k], {k, 0, n}]
ou= > Hy
k=0
we execute

@)= SigmaReduce[hSum)]
out3]= —n + (n + 1)H,

In Sigma refined telescoping algorithms have been incorporated to address
Problem P2 on page [11] By default the algorithms from [63I57] are executed to
model all sums in an appropriate RII X *-extension such that the nesting depth
is minimized [55]. For instance, inserting the double sum

L
o 223
In[4:= doubleSum = Z = H

i=1 1

one obtains an expression in terms of sums having nesting depth 1:

ins]:= SigmaReduce[doubleSum)]

n

oufsl= — > 11;1 >

ip=1 ii=1 11

Special emphasis has been put on finding sum representations such that the
degree of the arising denominators are minimized. Here the improved telescoping



20 Carsten Schneider

algorithms from [63] generalizing ideas from [5] are automatically activated. For
instance, consider the sum

n
_ _ —24k (1—4k—2k2) (1—4k—2k?2) 3.
ng):= badDen = Z (10(1+k2) + 10(1+k2)(2+2k+k2)Hk + 5(1+k2)(2+2k+k2)Hk )’
k=1

in terms of the harmonic numbers H} and the generalized version H, ,23) = Zle %3
of third order. Then this sum built by the irreducible polynomials 1 + k? and
2 + 2k + k* € Q[k] in the denominator can be simplified to

In[7):= SigmaReduce[badDen]
(n? 4 4n + 5) o (n— 1)(n+1)H<3) B gi 1
10(n? + 2n + 2) 5(n2+2n+2) " 5

Out[7]= —
" i2
i=1

by using in addition the harmonic numbers of second order.

4.2 Parameterized telescoping and creative telescoping

As illustrated in Example and in details elaborated in [29/53/57/59], the
sketched reduction procedure for telescoping requires to solve the following more

general problem to solve parameterized telescoping equations:
Given f = (fi1,..., f4) € E4; find all solutions of

V(f,E)={(c1,....ca,9) €K' xE | o(g) —g =1 fr + - + ca fa}-

Note that V(f,E) forms a K-vector space and the dimension is at most d + 1.
Thus the solving task reduces to compute a basis of V(f,E).

Solving parameterized telescoping equations opens up various general appli-
cations, such as proving algebraic independence of sequences [26/54] or finding
contiguous relations (shift relations in the arising parameters) of special func-
tions [4I]. Here we emphasize the application of Zeilberger’s creative telescoping
paradigm [67] introduced with in the introduction.

Ezample 21. We consider the sum

S(n) = ;Hk (Z) (27)

with the summand F(n, k) = Hy (Z) We employ our techniques from Section
and construct the RITX*-extension (A, o) of (K(z),o) with the constant field
K = Q(n) and A = K(x)[b,b~"]|[h] where o(b) = 2% and o(h) = h + %H
Concisely, with the corresponding evaluation and o-function (which we ignore
here) one can model F(n,k) with f; = bh. In this setting, one loops over d =
0,1,2,... and looks for a solution ¢1,...,cq+1 € K = Q(n), not all zero, and
G(n, k) represented in A, such that the creative telescoping holds. For d = 0,
the creative telescoping problem reduces to telescoping. Since our algorithms fail
to find a g € A with by choosing f = f; = bh, we proceed with d = 1. Using
k

the property that ( = n_’fjik (}) holds, we can model F(n + 1,k) by fo =
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n_’f{imhb. Thus the task is to find a non-trivial solution of the parameterized

telescoping equation

o(g) —g=-c1f1+c2 fo

Unfortunately, there exists only the trivial solution: our algorithm from above
produces the basis {(0,0,1)} of V/((f1, f2),A). So we repeat this procedure with

one extra shift in n. Namely we model F(n+ 2, k) with f3 = %h b

and look for a non-trivial solution of
o(g)—g=cifit+cafatesfs
This time we find the basis {(0,0,0,1), (¢1,¢2,c3,9)} with

c1=4(1+n), c2:=-2(034+2n), c3=2+n (28)

1—z+n (—2+z—n)(—14+z—n)
. —1— k(14n)(—242k—n)H n
d = 2 the solution (28) and G(n, k) = (lfkﬁl - ((72++k)(7n)?;1+k2n§)(k)‘ Sum-
ming ([3) over k from 0 to n we obtain (4) with [ = 0. Finally, using >_;_, F(n+

z',k):S(nJri)fZ;:lF(nJri,nJrj) for i = 1,2 we get

and g := ( —l-n _ 2(+n)(=24+2c-n)h )b. In other words, we find for with

4(14+n)S(n) —23+2n)S(n+1)—(24+n)S(n+2)=1. (29)

Within Sigma this mechanism can be carried out by inserting our sum

ing:= binHSum = SigmaSum[SigmaHNumber[k]SigmaBinomial[n, k], {k, 0, n}]
- n
oufgl= > Hy (k)
k=0

and computing a linear recurrence with the function call

In9):= rec = GenerateRecurrence[binHSum, n][[1]]

out9]= 4(1 +mn)S(n) —2(3+2n)S(n+1) — (2+n)S(n+2) =1

In general, the Sigma package computes creative telescoping solutions for

definite sums
n

S(n) = ZF(n,k:)

k=l

involving indefinite nested sums and products. It solves for G(n,k) and n-
dependent constants ¢;(n) using the difference ring machinery of RITX*-exten-
sions. Users can manually augment these extensions or utilize built-in tools to
minimize nesting depth and find optimal sum representations for G(n,k) by
using the refined developed in [G3/5763]. Application examples are provided
in [39136/33110].
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4.3 Solving linear difference equations

Solving linear difference equations in a given difference ring With the
algorithms given in [6II5I5TI7I2] one can solve the following problem.

Given f € Eand 0 # a = (ag . ..,aq) € F4*1 find all solutions of
agg+aro(g) +--- +aac’(g) = f.

This task can be split into two subtasks: (1) Find a particular solution p € E of
the difference equation itself, and (2) find all homogeneous solutions

H={heE|ayg+ao(g)+-+aqoi(g) =0}
Then the set of all solutions is given by
p+H={p+h|hecH}

Note that H is K vector space over K and by difference field theory [23] Thm. XTII]
it follows that the dimension is at most d. Thus computing a basis of H together
with a particular solution delivers all solutions of the full difference equation.
As for the telescoping problem, it turns out that one has to solve the more
general problem to find all solutions of parameterized linear difference equations.

Given f = (f1,...,fs) €K% and 0 # a = (ag...,aq) € F4*1, find all solutions

V(a7f7E):{(cl7"'7C§)g) EK(S ><]E|
apg+aio(g)+-+ago?(g)=ci fr +- +csfs}

which forms a vector space over K with dimension < d + §. Thus the prob-
lem can be reduced to compute a basis of V(a, f,E). Note that such a basis
characterizes the full solution space, comprising the general solution H to the
homogeneous equation and the set of all particular solutions attainable through
linear combinations of the form ¢; fi + -+ -+ ¢s fs.

If E = F, this problem can be solved for a general ITX-fields; cf. [7]. In our
more general setting that (I, o) is built by a basic RIT X*-monomials, a solution
is provided in [2] by using idempotent representations [4559]. We remark that
in applications it suffices to restrict the I7X*-field to the cases given in the

Examples [0} [7] or [§|

Hypergeometric solutions of linear difference equations So far, we have
focused on solving linear recurrences within a fixed, predefined difference field.
A more general challenge involves seeking solutions that exist in an extension
beyond the initial difference ring or field. In [7] the algorithmic ideas of [43] has
been generalized to find all hypergeometric solutions over a IIX*-field (E, o).
This objective is achieved by addressing the following problem:

Given a = (aq, ..., aq) € B! with agag # 0;
Find a P-extension (E[p,p~!],0) of (E, o) such that

aop + a1 o(p) + -+ +aqo’(p) = 0.
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The underlying algorithm works recursively by solving such subproblems in
sub-difference fields, i.e., by eliminating stepwise the top I7X*-field monomial
of the given tower of ITX*-field extensions and generalizing the ideas of [43] and
using the available algorithms to solve parameterized linear difference equations.

d’Alembertian solutions of linear difference equations More generally,
one can search for all solutions that are expressible by indefinite nested sums
over hypergeometric products that are defined over the base field (F, o). We start
with a homogeneous recurrence of the form

ag(n)A(n+d) + ag1(n)A(n+d—1)+---+ap(n)A(n) =0.  (30)

For simplicity, we assume that the coefficients of the recurrence are rational
functions a;(n) € F = K(n); more generally, they may be elements of a ITX*-
field. Given our sketched algorithm from Section [£.3]we look for a hypergeometric
product solution of . Suppose that we succeed in this task and get Ly (n) =
H?:A b1(j — 1) for some rational function by(n) € H C K(n)* and A € N which
is nonzero for all n > 0 and which is a solution of the above recurrence

In the following we will switch to the operator notation, i.e., we take the shift
operator

R =ag(n)S* + aq_1(n)S¥ ' + -+ ap(n)S° € K(n)[5] (31)

with order ord(R) = d and the shift SA(n) = A(n+1). Then the solution L;(n)
yields R = Ry (S — b1(n)) for some operator Ry € K(n)[S] with ord(R;) =d—1.
By polynomial division this operator can be calculated and we can repeat this
procedure yielding the linear right-hand factorization

R=R.(S—bo(n))...(S—by(n))(S —bi(n)) (32)

with an operator R, € K(n)[S] of order ord(R,) = d—r which cannot be reduced
further. Then given this factorization we can extract r linearly independent
solutions of the operator R (or equivalently of the recurrence (30)) which are
also called d’Alembertian solutions [S/4/49].

Theorem 3. Let R € K(n)[S] with where a;(n) € K[n]. Suppose that R
can be split into linear right-hand factors of the form with b;(n) € K(n)
and define the following v expressions in terms of indefinite nested sums over
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hypergeometric products

L) = [ a6~ 1)
J=A
kG )
La(n) = bi(j—1 _
m=TInG-0 3 2t

" UL b - 1) et T b -1
Lr(n)=Hb1(j—1)Zw.. SRR
J=X

r—1 1 ’
=X 1=\ bi(j —1) ir_1=A Hz " br—1(j — 1)
Then (L1(n))n>0, - - -, (Lr(n))n>0 are K-linearly independent solutions of (30).

Similarly, one gets a particular solution of inhomogeneous recurrence pro-
vided that one can find a solution P(n) with R, - P(n) = H(n).

Theorem 4. Let R € K(n)[S] with where a;(n) € K[n]. Suppose that R
can be split into linear right-hand factors of the form with b;(n) € K(n).
Let Q(n) and H(n) be expressions such that R, -Q(n) = H(n) for all n > \ with
XA €N. Then R- P(n) = H(n) with

Hil bs(j — 1)
sz Jj—1) le:/\ Wx
ip—2—1 1—[7«7«—1 b, ( . 1) Gp—1—1 Q(ZT)

fp—1= )\HZT 1+1 7’ 1(‘7‘*]—) ZZ:)\ HZT+1 r(.*].).

- X

The above construction produces all solutions to the recurrence when
H(n) = 0or H(n) is an expression in terms of indefinite nested sum over hyperge-
ometric products; this is justified by [27, Thm. 5.1] and [49, Cor. 4.5.2]. Notably,
if r =d, i.e., R factors fully into linear factors, Theorem [3] provides a full basis
of homogeneous solutions. Moreover, a particular solution becomes trivial: with
R4 € K(n), the equation R, - Q(n) = H(n) is satisfied by Q(n) = H(n)/Ra(n),
ensuring that Theorem [ is always applicable.

We note that the produced solutions can be modeled in basic RIIX*-exten-
sions of (F,o). One can then use the aforementioned telescoping techniques
to simplify these expressions within suitable difference ring extensions, specifi-
cally to minimize the nesting depth and simplifying sums with bad denomina-
tors [B35TI63]. E.g., during calculations coming from particle physics [12/13|/T4]
we have obtained sum solutions up to nesting depth 40 that could be reduced
to sums up to nesting depth 4.
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4.4 The summation spiral and applications

We conclude this section by showing how the previous algorithms can be ap-
plied within the Sigma package to simplify definite sums. The core summation
paradigms are summarized below:

1. recurrence finding (a special case of parameterized telescoping) with the
function command GenerateRecurrence (see Section ;

2. recurrence solving with the command SolveRecurrence (see below);

3. simplification of the solutions by the available telescoping methods (see Sec-
tion and, as a by-product to ensure that the sequences of the arising
sums and products are algebraically independent among each (see Section;

4. and combining the solutions (in case that sufficiently many solutions are
found) with the function command FindLinearCombination.

In summary, the “Summation Spiral” illustrated in Fig. 2] provides a recursive

workflow to simplify definite sums into representations involving indefinite nested
sums and products.

definite sum

combination of solutions creative telescoping
simplified solutions recurrence
indefini i solving
indefinite su@atlon 5

(highly) nested
product-sum solutions

Fig. 2. The summation spiral of Sigma [52]

Ezxample 22. Starting with the definite sum we proceed as follows.

1. As carried out in Example we obtain the recurrence by using the
creative telescoping paradigm.

2. Next we solve this recurrence by the following function call of Sigma:

In[10:= recSol = SolveRecurrence[rec[[1]], SUM[n], IndefiniteSummation — False]
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n n

owiig= {{0,2°}, {0, ~2" 3 iil}, 2y 1

Internally, the operator of the underlying recurrence could be fully factored into
two linear factors. Thus Theorem [3]| delivers two linearly independent solutions
of the homogeneous recurrence and Theorem [] provides the particular solution.
In the output, the homogeneous solutions are the second entries preceded by a
0, while the particular solution is the second entry preceded by a 1.

oy
> 5

ip=1

3. Without the option IndefiniteSummation—False also the telescoping algo-
rithms from Section [4.1] are applied. In particular the double sum is reduced a
single nested sums (cf. Out[f]):

In[11):= recSol = SolveRecurrence[rec[[1]], SUM|[n]]
n n - 1 "y & 1
o= {{0,2"},{0,2" > ohin-2 > o)

ig=1 ig=1

4. Finally, we combine all these solutions (by considering the first 2 initial values
of the input sum) and obtain a closed-form representation:

in12}:= sol = FindLinearCombination[recSol, binHSum, n, 2]
1 - 1
outf12]= 2" — 2" —
' 112::1 11 112:1 1,21
In total, we obtain the simplification
n n n
n 1 , 1
E Hk = 2” E - — 2” —
k e e 20
k=0 i=1 =1

where the sequences of the summation objects given on the right hand side are
algebraically independent among each other.

This summation spiral with all its possibilities has been fully automatized
within the package EvaluateMultiSums [56] by using the functionality of Sigma.
For instance, after inserting the package into Mathematica

n[13}= << EvaluateMultiSums.m

EvaluateMultiSums by Carsten Schneider (©) RISC-JKU

we can carry out this calculation with the function call

In[14]:= EvaluateMultiSum[Z Hy (Ll) ,{} {n}, {1}]
k=0

n oy n
oufial= 2% Y T 2y
1

ip=1 ig=1
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We emphasize that the Sigma approach has been successfully applied to vari-
ous summation problems coming, e.g., from enumerative combinatorics [64/33/61]
or number theory [39J36]. To determine for instance the error term of the asymp-
totic expansion of the reciprocal of the partition function [I0] we relied on a
simplification of 9 sums where one of them reads as
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In[15]:= partitionSum7 =
e (= SR GO (s wu(G s - w

—r—s+t—u

—1+2b
;; 2 (s + u)(s + 2u)!

where (a)y, is the shifted factorial (or Pochhammer symbol) defined by (a); =
ala+1)---(a+k—1)if k>1and (a)g = 1.
With a single click one gets in about 10 minutes the desired result:

1+s+u

in16]:= EvaluateMultiSum|[partitionSum/[partitionSum?7], {}, {u, t}, {1, 2}, {t — 1, co}]

(—n (8- (3-1) (=
Out[16]= (_1+2t)%)(—1+2b)u— Sl _“)W
4u 2tu(t +u)(—1+t+u)
- - (_1>u(§_t) —142t —t
(71)t+ub 1+2t(71+2b)1 t (71+2t) 2 t _ (71)t+ub + (71+2b)
+( 4u + 4u . )(_1+2b) “+( 4u
N ((_1)t+ub2t(_1+2b)—t—u N (_1)t+ub2t(_1 +2b)—t+u) i (—l)jlbfzil(—1+2b)“(% — 11)11
4u 4u oy iq!
(=) (—1420) 711 (—t);
—1+4+b+ 2t —2bt)(—1)"(—1 4 2b)" (>} 1) (2 -+t
+( +b+ )(=1)*(—1+2p) (211:1 (Cirera) (“2tetig)! )3 )t
2tu . )
_ _ oy —1-u u (=DM (—1420)M (—t), 3 _
+( 1+b)(—=1+42t)(—1)"(—1 + 2b) (328,24 (71““1)(7””11)!)(2 t),

2tu
Beyond these challenges, this machinery proved essential for evaluating hun-
dreds of thousands of sums involved in the computation of Feynman integrals
for QCD; see, e.g., [I2II3I14]. In particular, the work in [I] addressed definite
quadruple sums with summands requiring up to 1GB of memory.

5 Conclusion

This article surveyed key symbolic summation technologies in difference rings,
emphasizing tools capable of solving complex problems in science and engi-
neering. In particular, we detailed the summation spiral, which reduces definite
multi-sums to indefinite nested sums over hypergeometric products — a process
that extends to nested ¢g-hypergeometric, multibasic, and mixed products. While
omitted here, the machinery also supports other types of summation objects such
as unspecified sequences [31I40].

For further reading, I recommend to consider [62] that gives further insight
on the translation process between the formal difference rings and the sequence
representation using term algebras. This survey article neglects the details on
the underlying difference ring algorithms. A detailed description of them can be
found, e.g., in [577].

Looking forward, the field is moving toward reduction-based methods that
decouple summands into summable and non-summable components, significantly
increasing computational speed [I7JI8]. Building on recent work in the differen-
tial domain [24], new telescoping algorithms for X*-extensions have emerged [19].
Current research is expanding these techniques to RII X *-extensions and ITX*-
fields. These developments promise to provide a significant performance boost
for the next generation of summation algorithms.



28 Carsten Schneider

Acknowledgments. This work was supported by the Austrian Science Fund
(FWF) Grant-DOI 10.55776,/P33530 and Grant-DOI 10.55776/PAT1332123.

References

1. Ablinger, J., Bliimlein, J., De Freitas, A., Saragnese, M., Schneider, C., Schon-
wald, K.: The three-loop polarized pure singlet operator matrix element with two
different masses. Nuclear Physics B 952(114916), 1-18 (2020)

2. Ablinger, J., Schneider, C.: Solving linear difference equations with coefficients in
rings with idempotent representations. In: Mezzarobba, M. (ed.) Proc. ISSAC’21.
pp. 27-34 (2021)

3. Abramov, S.A., Petkovsek, M.: Polynomial ring automorphisms, rational (w,o)-
canonical forms, and the assignment problem. J. Symbolic Comput. 45(6), 684-708
(2010)

4. Abramov, S.A., Zima, E.V.: D’Alembertian solutions of inhomogeneous linear
equations (differential, difference, and some other). In: Proc. ISSAC’96. pp. 232—
240. ACM (1996)

5. Abramov, S.: The rational component of the solution of a first-order linear re-
currence relation with a rational right-hand side. U.S.S.R. Comput. Maths. Math.
Phys. 15, 216-221 (1975), transl. from Zh. vychisl. mat. mat. fiz. 15, pp. 1035-1039,
1975

6. Abramov, S.: Rational solutions of linear differential and difference equations with
polynomial coefficients. U.S.S.R. Comput. Math. Math. Phys. 29(6), 7-12 (1989)

7. Abramov, S., Bronstein, M., Petkovsek, M., Schneider, C.: On Rational and Hy-
pergeometric Solutions of Linear Ordinary Difference Equations in I7X*-field ex-
tensions. J. Symb. Comput. 107, 23-66 (2021)

8. Abramov, S., Petkovsek, M.: D’Alembertian solutions of linear differential and
difference equations. In: von zur Gathen, J. (ed.) Proc. ISSAC’94. pp. 169-174.
ACM Press (1994)

9. Apagodu, M., Zeilberger, D.: Multi-variable Zeilberger and Almkvist-Zeilberger
algorithms and the sharpening of Wilf-Zeilberger theory. Adv. Appl. Math. 37,
139-152 (2006)

10. Banerjee, K., Paule, P., Radu, C., Schneider, C.: Asymptotics for the reciprocal
and shifted quotient of the partition function. Research in Number Theory 11(101),
1-46 (2025)

11. Bauer, A., Petkovsek, M.: Multibasic and mixed hypergeometric Gosper-type al-
gorithms. J. Symbolic Comput. 28(4-5), 711-736 (1999)

12. Bliimlein, J., Kauers, M., Klein, S., Schneider, C.: Determining the closed forms
of the O(a?) anomalous dimensions and Wilson coefficients from Mellin moments
by means of computer algebra. Comput. Phys. Commun. 180, 2143-2165 (2009)

13. Bliimlein, J., Marquard, P., Schneider, C., Schonwald, K.: The massless three-loop
Wilson coefficients for the deep-inelastic structure functions Fs, Fr,xF3 and g;1.
Journal of High Energy Physics 156, 1-83 (2022)

14. Bliimlein, J., Marquard, P., Schneider, C., Schonwald, K.: The three-loop polarized
singlet anomalous dimensions from off-shell operator matrix elements. Journal of
High Energy Physics 2022(193), 0-32 (2022)

15. Bronstein, M.: On solutions of linear ordinary difference equations in their coeffi-
cient field. J. Symbolic Comput. 29(6), 841-877 (2000)



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

A Survey on Symbolic Summation in Difference Rings 29

Bronstein, M.: Symbolic integration. I, Algorithms and Computation in Mathemat-
ics, vol. 1. Springer-Verlag, Berlin, second edn. (2005), transcendental functions,
With a foreword by B. F. Caviness

Chen, S., Du, H., Gao, Y., Huang, H., Li, Z.: A unified reduction for hypergeometric
and ¢-hypergeometric creative telescoping. The Ramanujan J. 68(14), 1-39 (2025)
Chen, S., Du, L., Kauers, M., Wang, R.: Reduction-based creative telescoping for
P-recursive sequences via integral bases. Journal of Symbolic Computation 126,
102341 (2025)

Chen, S., Gao, Y., Huang, H., Schneider, C.: Telescoping algorithms for X*-
extensions via complete reductions. In: Salvy, B., Bostan, A., Din, M.S.E., Villard,
G. (eds.) To appear in Recent Trends in Computer Algebra. Texts & Monographs
in Symbolic Computation, Springer Nature (2026)

Chen, S., Kauers, M.: Trading order for degree in creative telescoping. J. Symbolic
Comput. 47(8), 968-995 (2012)

Chyzak, F.: An extension of Zeilberger’s fast algorithm to general holonomic func-
tions. Discrete Math. 217, 115-134 (2000)

Chyzak, F., Kauers, M., Salvy, B.: A non-holonomic systems approach to special
function identities. In: May, J. (ed.) Proc. ISSAC’09. pp. 111-118 (2009)

Cohn, R.: Difference Algebra. Interscience Publishers, John Wiley & Sons (1965)
Du, H., Gao, Y., Li, W., Li, Z.: Complete reduction for derivatives in a primitive
tower. In: D’Andrea, C., Pérez-Diaz, S., Laplagne, S. (eds.) Proc. ISSAC’25. pp.
42-51. ACM (2025)

Gosper, R.W.: Decision procedures for indefinite hypergeometric summation. Proc.
Nat. Acad. Sci. U.S. A. 75, 40-42 (1978)

Hardouin, C., Singer, M.: Differential Galois theory of linear difference equations.
Math. Ann. 342(2), 333-377 (2008)

Hendriks, P., Singer, M.: Solving difference equations in finite terms. J. Symbolic
Comput. 27(3), 239-259 (1999)

M. van Hoeij: Finite singularities and hypergeometric solutions of linear recurrence
equations. J. Pure Appl. Algebra 139(1-3), 109-131 (1999)

Karr, M.: Summation in finite terms. J. ACM 28, 305-350 (1981)

Karr, M.: Theory of summation in finite terms. J. Symbolic Comput. 1(3), 303-315
(1985)

Kauers, M., Schneider, C.: Indefinite summation with unspecified summands. Dis-
crete Math. 306(17), 2021-2140 (2006)

Koutschan, C.: Creative telescoping for holonomic functions. In: Schneider, C.,
Bliimlein, J. (eds.) Computer Algebra in Quantum Field Theory: Integration, Sum-
mation and Special Functions, pp. 171-194. Texts and Monographs in Symbolic
Computation, Springer (2013)

Krattenthaler, C., Schneider, C.: Evaluation of binomial double sums involving
absolute values. In: Pillwein, V., Schneider, C. (eds.) Algorithmic Combinatorics:
Enumerative Combinatorics, Special Functions and Computer Algebra, in Hon-
our of Peter Paule on his 60th Birthday, pp. 249-295. Texts and Monographs in
Symbolic Computuation, Springer (2020)

Ocansey, E., Schneider, C.: Representing (g-)hypergeometric products and mixed
versions in difference rings. In: Schneider, C., Zima, E. (eds.) Advances in Com-
puter Algebra. WWCA 2016., Springer Proceedings in Mathematics & Statistics,
vol. 226, pp. 175-213. Springer (2018)

Ocansey, E., Schneider, C.: Representation of hypergeometric products of higher
nesting depths in difference rings. J. Symb. Comput. 120, 1-50 (2024)



30

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Carsten Schneider

Osburn, R., Schneider, C.: Gaussian hypergeometric series and extensions of su-
percongruences. Math. Comp. 78(265), 275-292 (2009)

Ovchinnikov, A., Wibmer, M.: o-Galois theory of linear difference equations. Int.
Math. Res. Not. 2015(12), 3962-4018 (2015)

Paule, P., Riese, A.: A Mathematica g-analogue of Zeilberger’s algorithm based on
an algebraically motivated approach to g-hypergeometric telescoping. In: Ismail,
M., Rahman, M. (eds.) Special Functions, g-Series and Related Topics, vol. 14, pp.
179-210. AMS (1997)

Paule, P., Schneider, C.: Computer proofs of a new family of harmonic number
identities. Adv. in Appl. Math. 31(2), 359-378 (2003)

Paule, P., Schneider, C.: Towards a symbolic summation theory for unspecified
sequences. In: Bliimlein, J., Paule, P., Schneider, C. (eds.) Elliptic Integrals, Elliptic
Functions and Modular Forms in Quantum Field Theory, pp. 351-390. Texts and
Monographs in Symbolic Computation, Springer (2019)

Paule, P., Schneider, C.: Creative telescoping for hypergeometric double sums. J.
Symb. Comput. 128(102394), 1-30 (2025)

Paule, P., Schorn, M.: A Mathematica version of Zeilberger’s algorithm for proving
binomial coefficient identities. J. Symbolic Comput. 20(5-6), 673-698 (1995)
Petkovsek, M.: Hypergeometric solutions of linear recurrences with polynomial
coefficients. J. Symbolic Comput. 14(2-3), 243-264 (1992)

Petkovsek, M., Wilf, H.S., Zeilberger, D..: A = B. A. K. Peters, Wellesley, MA
(1996)

van der Put, M., Singer, M.: Galois Theory of Difference Equations, Lecture Notes
in Mathematics, vol. 1666. Springer-Verlag, Berlin (1997)

van der Put, M., Singer, M.F.: Galois Theory of Linear Differential Equa-
tions, Grundlehren der mathematischen Wissenschaften, vol. 328. Springer-Verlag,
Berlin, Heidelberg (2003)

Riese, A.: gMultisum - A package for proving g-hypergeometric multiple summa-
tion identities. J. Symbolic Comput. 35, 349-377 (2003)

Risch, R.: The problem of integration in finite terms. Trans. Amer. Math. Soc.
139, 167-189 (1969)

Schneider, C.: Symbolic summation in difference fields. Tech. Rep. 01-17, RISC-
Linz, J. Kepler University (November 2001), PhD Thesis

Schneider, C.: Product representations in I7X-fields. Ann. Comb. 9(1), 75-99
(2005)

Schneider, C.: Solving parameterized linear difference equations in terms of indef-
inite nested sums and products. J. Differ. Equations Appl. 11(9), 799-821 (2005)
Schneider, C.: Symbolic summation assists combinatorics. Sem. Lothar. Combin.
56, 1-36 (2007), article B56b

Schneider, C.: A refined difference field theory for symbolic summation. J. Symbolic
Comput. 43(9), 611-644 (2008)

Schneider, C.: Parameterized telescoping proves algebraic independence of sums.
Ann. Comb. 14, 533-552 (2010), arXiv:0808.2596; for a preliminary version see
FPSAC 2007

Schneider, C.: A symbolic summation approach to find optimal nested sum repre-
sentations. In: Carey, A., Ellwood, D., Paycha, S., Rosenberg, S. (eds.) Motives,
Quantum Field Theory, and Pseudodifferential Operators. Clay Mathematics Pro-
ceedings, vol. 12, pp. 285-308. Amer. Math. Soc (2010), arXiv:0904.2323
Schneider, C.: Simplifying multiple sums in difference fields. In: Schneider, C.,
Bliimlein, J. (eds.) Computer Algebra in Quantum Field Theory: Integration, Sum-



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

A Survey on Symbolic Summation in Difference Rings 31

mation and Special Functions, pp. 325-360. Texts and Monographs in Symbolic
Computation, Springer (2013)

Schneider, C.: Fast algorithms for refined parameterized telescoping in difference
fields. In: Gutierrez, J., Schicho, J., Weimann, M. (eds.) Computer Algebra and
Polynomials, Applications of Algebra and Number Theory, Lecture Notes in Com-
puter Science (LNCS), vol. 8942, pp. 157-191. Springer (2015)

Schneider, C.: A difference ring theory for symbolic summation. J. Symb. Comput.
72, 82-127 (2016)

Schneider, C.: Summation Theory II: Characterizations of RITX-extensions and
algorithmic aspects. J. Symb. Comput. 80(3), 616-664 (2017)

Schneider, C.: Minimal representations and algebraic relations for single nested
products. Programming and Computer Software 46(2), 133-161 (2020)
Schneider, C.: The absent-minded passengers problem: A motivating challenge
solved by computer algebra. Mathematics in Computer Science 15(4), 577-588
(2021)

Schneider, C.: Term algebras, canonical representations and difference ring theory
for symbolic summation. In: Bliimlein, J., Schneider, C. (eds.) Anti-Differentiation
and the Calculation of Feynman Amplitudes, pp. 423—-485. Texts and Monographs
in Symbolic Computuation, Springer (2021)

Schneider, C.: Refined telescoping algorithms in RIIY-extensions to reduce the
degrees of the denominators. In: Jeronimo, G. (ed.) Proc. ISSAC ’23. pp. 498-507.
ACM (July 2023)

Schneider, C., Sulzgruber, R.: Asymptotic and exact results on the complexity of
the Novelli-Pak—Stoyanovskii algorithm. Electron. J. Combin. 24(2), 1-33 (2017),
#P2.28, arXiv:1606.07597

Wegschaider, K.: Computer generated proofs of binomial multi-sum identities.
Master’s thesis, RISC, J. Kepler University (May 1997)

Zeilberger, D.: A holonomic systems approach to special functions identities.
J. Comput. Appl. Math. 32, 321-368 (1990)

Zeilberger, D.: The method of creative telescoping. J. Symbolic Comput. 11, 195—
204 (1991)



	A Survey on Symbolic Summation in Difference Rings

