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Abstract

We give a detailed definition of BSS RAM’s for the sequential com-
putation over first-order structures. These random access machines
are abstract machines with an input procedure and an output proce-
dure. For describing algorithms, all operations and relations of the
underlying structure are available at unit cost. Each program of a
machine is an element of a formal language whose syntax is defined
by syntactic rules. The semantics of any program is dependent on a
transition system that results from the interpretation of the symbols in
the program by means of the underlying structure. Since any machine
has its own program, it is not necessary to have universal machines in
this framework, but it can be useful to have them. Therefore, we also
discuss the possibility to define universal programs for a large number
of mathematical structures and some consequences.

1 Introduction

For modelling the computation over algebraic structures supplemented with
some relations, there are a lot of machine-oriented models such as the uni-
form models presented in [20, 17, 13] and the machine-independent models of
abstract computation studied in generalised recursion theory (see e.g. [19]).
For structures over the real numbers, we know machine-oriented models such
as the real RAM’s introduced on the basis of the concept presented in [23, 1],
the modified real RAM model considered in [7], and the uniform Blum-Shub-
Smale (BSS) machines introduced in [3]. A common feature of these machines
is that each real number can be stored as a single unit during the computa-
tion. They are suitable for describing algorithms and analysing their com-
plexity under the assumption that some operations and relations can be used
as primitive operations and relations at unit cost. However, the compara-
bility of the results is difficult since, for many models, the possibilities of
modelling and computation are not sufficiently investigated. [5, 4, 17, 7, 6]
can help to get an overview of the great variety of models.
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For example, there are a lot of different real-RAM models. The first
real RAM’s were considered by Preparata and Shamos in [21]. The authors
adopted the definition of the random access machine that was introduced for
processing integers in [1]. In analogy with this model, many real RAM’s work
with an instruction for reading one input value and copying the real number
to a register and an instruction for writing the content of one register on an
output tape. Consequently, the evaluation of the complexity of algorithms
on the basis of real RAM’s refers often to an arbitrary fixed number of input
values since the uniform treatment of all sequences of input values by one
machine or one program is neither required nor expected. In contrast to that,
the BSS machines use an input procedure that allows an exact mathematical
description of the single steps of a uniform computational process for all
possible finite sequences of real numbers without any restriction of the input
space. It has been confirmed that the BSS model is suitable for developing
a theory of computation and complexity over the real numbers. That is one
reason why we continue this approach.

We present a random-access-machine model of abstract computation over
a first-order structure including the uniform machines. These machines, the
so-called BSS RAM’s, can use every operation of the underlying structure
as a primitive operation and the relations of the structure for changing their
state. Our model of computation has been developed on the basis of the
concept presented by Scott in [22] and the transition systems defined in [5].
It is a generalisation of the BSS model of computation over a ring and it
was used, for instance, in [15, 16]. More precisely, we extended the model
considered by Borger [5] in order to get a uniform model in the sense of the
BSS model. This means that several types of instructions are now available
for accessing memory and for using the indirect addressing techniques. How-
ever, the capabilities with respect to indirect addressing are so limited that
the BSS RAM’s over a finite structure (containing only a finite number of
elements) have a power that is comparable to the power of the Turing ma-
chine. Over the ordered ring (IR;IR;+, —,-; <), where all real numbers can
be used as constants, the BSS RAM’s have the same computational power
as the BSS machines over this ring.

Here, we continue the investigation in [14] and discuss the concept of
universal programs and machines for several structures. We present a model
of abstract computation without taking questions about a possible digitisa-
tion into consideration and we formalise the concept of algorithm as precisely
and extensively as possible in our framework. This means that we provide a
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general framework for describing sequential computations by a uniform tran-
sition model and investigating the power of machines that can perform each
operation and use each relation of the underlying structures, by assumption,
in the same time unit. We hope this model helps to better understand the
different approaches to solve or analyse algorithmic problems, the meaning
of different models of sequential computation, and the common properties
and the differences of these models.

In Section 2 we give a detailed definition and description of A-machines
and BSS RAM’s over any first-order structure A of signature o. The dis-
cussion includes o-programs, the use of pseudo instructions, and multi-tape
machines. Section 3 presents the concept of universal o-programs and univer-
sal BSS RAM’s and deals with questions concerning the meaning of universal
BSS RAM’s for the completeness of decision problems.

We use the usual mathematical notations. IN, IN, ; and IR are the sets of
non-negative integers, positive integers, and real numbers, respectively. =g¢
means “is equal by definition”. In defining sets we use the usual symbols
such as V, 3, &, €, max, <,.... {z | ¢(z)} is the set of all objects z satisfying
the property described by ¢(z). The strings (0, W @ are indices
and placeholders for indices, respectively. For arithmetic expressions ¢ such
as ¢ + 1, 4 is usually the integer index resulting from the evaluation of ¢.
i € {l,...,n} and ¢ < n means that i is an integer with 1 < i < n and
t > 1 means ¢ € IN,, and so on. f:C M — N means that f is a partially
defined function from M into N. We write f : M — N only if f is a
totally defined function. For f : M — N, let f; = f(i) for all i € M
and, for M = IN and n > 1, let fi,..., f, be the list of values assigned to
the integers 1 to n by f in this order. Let M* = U, M™ be the set of
all tuples & =4¢ (21,...,2,) with z; € M (i < n) and n > 1 and let M*
be the set of all infinite sequences u =q¢ (u1,us,...) with u; € M for all
1> 1. Forn =0, let zq,...,2, and ¥ be the empty list, and so on. For
all £ € M, j € N™ and u € N¥ let (Z.9) = (z1,.--,Zn, Y1, -, Ym) €
(M U N)™™ and (Z.a) = (x1,..., T, U1, Us,...) € (M UN)¥. We use,
for d Z 1, (f(j))jzl._d —df (f(l), Ce ,f(d)) and (’a(j))jzlud —=df (ﬂ(l), e ,ﬂ(d))
and, for all j > 1, 70 € M", and @) € N, let ) = (2;1,...,7;,) and
a9 = (uj1,uj,...). Forany f:C M> — N, let f(z1,...,7,) = f(&). For
g:CM—=>Nand f:CN—=O, fog:C M — O is given by (f og)(z) =
f(g(x)) for all z € M and, thus, defined for those 2 € M for which both g(x)
and f(g(x)) are defined. Let f,, = f(g(x)). {a1,...,am}* (m > 1) consists

of the empty string A and all strings o, - - -y, with [ > 1 and 7y,...,% < m.
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2 The BSS-RAM model

2.1 The idea and the background

For any algebraic structure A, every A-machine has its own program. It can
perform each operation of the underlying structure A in a single step of com-
putation. The BSS RAM’s over a structure A are A-machines that get as
inputs arbitrary finite sequences of elements of A. Figure 1 shows the essen-
tial processing steps for the computation of a function. The inputted values
are assigned to registers by an input procedure. Afterwards, the machine ex-
ecutes its program defined by a finite sequence of labelled instructions until
a stop criterion is satisfied. If the stop criterion is reached, then the machine
halts and the computed values can be outputted by means of an output pro-
cedure. If A is a structure with the universe Uy, we will say that a partially
defined function f from U into UY is computable by a BSS RAM over A
if there is a BSS RAM over A that halts on input (zy,...,z,) € UL if and

only if the value of f is defined for (xy, ..., z,), and then it outputs the value
flay, ... xp).
7= Input A program Output = f(2)
procedure procedure
executed until stop criterion

Figure 1: The BSS-RAM model

In general, we use infinite dimensional machines M over A that are
equipped with an infinite number of registers Z;, Z,, ... for storing elements
of Uy, a finite number of registers Iy, I, ..., I,, for storing indices in IN,
and an auxiliary register B for storing an instruction counter, the label of
the current instruction (see Figure 2). We will call Z;, Zs, . .. the Z-registers.
But sometime we use finite dimensional machines M over A that are only
equipped with a finite number of Z-registers 71, Zs, ..., Z,,, for storing the
elements of U4 and a register B for the instruction counter. Such machines
M can compute functions from U’} into U} for some fixed n,m < ny.

The index registers are important if a machine uses an infinite number of
Z-registers. They are used for storing the length of the input, for determining
the length of the output, and in copy instructions. The infinite dimensional
machines can copy the content of one Z-register to another Z-register by
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’ A ‘ Zo ‘ Z3 ‘ Zy ‘ Zs, ‘ Z-registers (for elements in U 4)
’ I ‘ I ‘ I3 ‘ I ‘ ‘ I, ‘ Index registers (for indices in IN ;)
A register for the instruction counter (for a label)

Figure 2: The registers of an A-machine

means of indirect addressing where each address that may be used in the copy
process must be stored in an index register. The content of an index register
can only be changed with the help of several types of index instructions.

The underlying structure A can be an arbitrary first-order structure as
defined e.g. in [2, p.22]. Let A = (U;(¢i)ieny; (fi)ieny; (Ti)iens) where U
is a non-empty set of individuals and, for suitable sets Ni, Ny, and N3,
(¢i)ien, is a family of constants ¢; € U, (fi)ien, is a family of operations f;
of arity my;, and (r;)ien, is a family of relations r; C U* of arity k;. Let
Uyq = U. The signature of A is (|Ni|; (mi)ieny; (ki)iens). In general, any
operation f; is an everywhere defined function from U’}" into Uus. But it
is also possible to permit partial functions f; : C U4* — Uy4. This could
be interesting if we wanted to use certain computable functions as primi-
tive operations. Any structure B = (Ux; (¢;)iern,; (fi)iery; (Ti)icrs) with Ly =
{i17...,in1} Q Nl, L2 = {jla"')jng} Q NQ, and L3 = {l17...,ln3} Q Ng
(for some nji,ng,ng > 0) is a reduct of A and a structure of signature
o =ar (n1;mj,, ... s M Ky e klns)- For such a structure, we use also the
notation (Ugy;c;,, ... s Ciny 5 Jins ooy Finyi Ths - o ,rlng). o is a finite signature
and a subsignature of the signature of A.

Since each program is a finite string that contains only a finite number
of symbols, we define a set of programs for every finite signature. Now, let
o= (ny;my,...,Mp,; k1, ..., kny) and ny,ng,n3 > 0. Let P, be the set of all
o-programs defined as follows. Every o-program P has the following form.

1 :instructiony; 2 @ instructiony;...; ¢p — 1 :instructiong,_1; {p : stop.

It is a string that consists of a finite number of substrings, each of which
starts with a label i € {1,...,¢p} followed by the symbol : and a string
denoted by instruction; and called o-instruction. Here and in the following,
each arithmetic expression before the symbol : such as ¢» — 1 stands for the
integer resulting from the evaluation of this expression. For each P, there is
some [ > 1 such that P results from the application of a syntactic rule to
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each of the placeholders (instruction) in a string of the form
1: (instruction); 2 : (instruction); ...; l—1: (instruction); [ : stop. (¥*)

Let ¢p = I. We distinguish 8 types of o-instructions. (instruction) can be
replaced by an instruction of one of the types (1),. .., (7) given after the labels
in Overview 1 where all j, k, j1, Jo, . . . are placeholders for positive integers,
each ¢ is a placeholder for a label in {1,...,l—1}, ¢; and ¢, are placeholders
for labels in {1,...,1}, and every i stands for a positive integer that is less
than or equal to ny, ns, and ns, respectively. The names of the types are
given in parentheses at the end of the lines.

Overview 1 (o-instructions)
Computation instructions:

(1) €: Zj= "2, 7)) (F-instructions)
2) ¢:Z;:=¢ (Fo-instructions)
Copy instructions:

(3) €: Zy =12, (C-instructions)

Branching instructions:
4) € ifrfi(Z,,,. .., Zj,.) then goto (; else goto £, (T-instructions)
Indez instructions:

(5)  £: if I; = I then goto /; else goto ¢, (Hp-instructions)
6) ¢:1;:=1 (H;-instructions)
(1) (:IL:=1I1+1 (H, ;-instructions)
Stop instruction:

(8) [:stop (S-instruction)

Purely formally, the instructions are only strings and we must distinguish
between the symbols in a program as presented in Overview 1 and their
interpretation determined by a structure of signature . This means that
one symbol for a binary operation, f?, can stand for the addition or for the
multiplication, and so on. Strictly speaking, we always distinguish between
each symbol f/™ for an m;-ary operation in a program and its interpretation,
between the symbols rf and the used k;-ary relations, and between ¢ and
the constants themselves.

If a function can be computed by means of a finite number of Z-registers,
then few copy instructions of the form Z; := Z), with fixed addresses j and
k could be sufficient. The o-programs for finite dimensional machines are
restricted to instructions of the form Z; = f"(Z; Zi ), Zij =,

1 i,

Z; = Zy, and if rfi(Zjl, o iji) then goto /; else goto /5.
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2.2 The formal definition of A-machines

For any structure A, a machine over A should be able to execute a o-program
P if A includes a reduct for interpreting all symbols of constants, operations,
and relations occurring in P and if there is a £ < kpq such that any index
after a substring “/” in P is a number less than or equal to k. Let kp be
the smallest such k. Consequently, we can formally define an A-machine as
follows.

Definition 1 (Infinite dimensional A-machine [14]) Let a structure A,
any sets | and O, and a signature o = (ny;my, ..., Mpy3 k1, ..., kny) be given.
A tuple (U*, (N, )k, L, P,B,In,Out) consisting of

e a space of memory states, U,

e a space of addresses (or indices), (IN.)*, with k > 1,
a set of labels, L ={1,...,1}, with[ > 1,
a program P € P, with {p =1 and kp < k,

a structure B = (U;c1y ...y Cuys f1y- oy fra; Ty -+ Tng) Of Signature o,
an input function In : | — {(7.4) | (7, u) € (N, )*¥ x U},
e an output function Out : {(7.4) | (7, 4) € (N, )k x U} — O

is an infinite dimensional machine over A (or A-machine) with the machine
constants ¢y, ..., Cy,, the input space |, and the output space O if B is a reduct

of A.

Let IM_4 be the class of all infinite dimensional .A-machines. For any machine
M = (U* (N)* L,P,B,In,Out) with £ = {1,...,lp}, let kay =k, Lr =
L, Py =P, By = B, Inyg = In, and Outy, = Out. Moreover, let the spaces
o and O be the domain of Iny, and the codomain of Out,, respectively,
and M) be the tuple (cy, ..., c,, ) of the constants of By.

The overall state of M € IMy4 results from the values assigned to the
registers as presented in Figure 3. It is given by a configuration and can be
changed by executing the program P.

Definition 2 (Configuration) Any possible configuration of an A-machine
M is given by a sequence ({.7V.u) where ¢ is a label in Ly and UV =
(V1. Uiy ) € (INL)EM and w € UY hold. If € =1, then we call (¢.V. %) an
initial configuration. If ¢ = {p, then we call (¢.7V.u) a stop configuration.
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v U
¢ vy U9 Vk g up U2 U3 U4 Us
! Ly ! Lol
(B [L]B] . . [Ly] [4] %] %] 2] %]

Figure 3: The assignment of values to the registers of an A-machine M

For any M € IMy, let Sy = {(¢.7.2) | L € Ly & 7 € (N} )M & w € U4}
be the space of all possible configurations of M. For any register R, let the
content of R be the value stored in R and let it be denoted by ¢(R). Let
M € IM4. In case that, for any Z-register Z; of M (with ¢ > 1), the current
content ¢(Z;) of Z; is u; and, for any register I; of M (with j < kpy), the
current content ¢(1;) of I; is v;, and the current content ¢(B) of the register
B of M is {, the configuration (¢.7.u) € Sy describes the current state
of M. M should work similarly as a usual finite machine equipped with
a finite number of Z-registers, however there are a few things one needs to
make clear if one wants to know the complete current state at any given
time ¢t > 1. That is the reason why we now define a transition system Sy,
for transforming one configuration in Sy, into the next configuration. For
any M € IMy, let Ly = »CM,F @) »CM,FO U »CM,C U EM,T U »CM,HT U »CM,Hl U
Lmu,, U Lms be the union of the pairwise disjoint sets Laqr, La,rgs - - -
consisting of the labels of all F-instructions in Py, the labels of all Fy-
instructions in Py, and so on, respectively, and let Ly = {lp,,}. For
determining the semantics of Py, the following family F, of totally defined
functions for changing the labels and the values in the registers of an A-
machine M € IM4 are introduced. The functions are determined by kg,
Pum, and Byg = (Uascry oo oCngs frse ooy fagsT1y ooy Tng). For € € Ly, let
d 0 be a description such that the £ instruction of Py has exactly the form
(including the indices) presented for this type of instructions in Overview 1
if ¢pq, holds. For instance, for the instruction Z; := f3(Z3, Zy, Z,) labelled
by 2, let ¢rq2 be the expression i =2 & j=1& j1 =3& jo=1& j3 =2.

Definition 3 (Operations and functions in Fy) For any M € IM 4, let
the functions in Fq be defined as follows.

e Elementary operations Fy : U4 — U4

Fg(ﬂ) = (ul, . ,uj_l,fi(ujl, e ,Ujml_)7uj‘+17 .. ) fO?”é - £M,F Zf ¢M,€
Fy(u) = (u, ..., uj_1, Gy Ujya, - - -) Jor £ € Lapry if O
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e Copy functions Cy : (IN; )" x U4 — U4
U7, ) = (...

7U'Vj—17 Uy, ul/j+17 e )

forl e Lyc if oy

e Test functions Ty : U4 — L and Ty : (INL)FM — Ly

B O af (ujy, ... ug, ) €1y
T(a) =4 0 L 7
E( ) { ly Zf(uju'-wujki) Zr;
— €1 ZfV = VL
T,(V) = o
Z(V) { 62 Zf Vj 7é Vg
o Auxiliary functions Hy : (IN; )" — (IN, )km
Hg(ﬁ) = (l/l,...’yj7171’yj+17...7VkM>
Hg(ﬁ) = (1/1, e, Vi1, V5 + ]-77/j+17 .. .,l/kM)

forl e Lyt if Gy

fort € Logur if o

forl € Lyn, if dme
for b € Lyn,, if iy

In order to complete the concept of computation with respect to our
model, we define a computational system by means of F for any machine

M e IMy.

Definition 4 (Computational system) For any M € IMy, the compu-

tational system R =

e the transition system Sy =

—m= {((l.7.a),((+1.7. F(u)))
u{((¢.7.a),(t+1.7.
u{((¢.v.a),(Ty(a).v.
u{((¢.v.a),(T,(7).V.ua)
u{((é.ﬁ.a),(ul Hy(V) . )
u{((¢.7.a),(¢.7.a))

e the input procedure Input,, :
for alli € I,

(Sm, Input ., Output 4, Stop ) is given by

(Sam, =) defined by

€ S?\/{ ’ le ﬁ./\/l,F U ‘CM,FO}

Co(7, 7)) € S2 | £ € Lano)

)) 653\4 |€€£M,T}

) S.%\/l |€€£M7HT}

Sk | L€ LU Lo}
’6267’/\4}’

: Iy — Sy with Input ), (i) =

(1. Inp(i))

e the output procedure Output v, : Sy — O with Output (€. 7. u) =

Outpm (V. @) for all (¢.V.u) € Sy,

e the stop criterion Stop(¢.7V.u) =0 satisfied if { = lp,,.

The relation —,, determines the transition rules conf; — confy that are
permitted for all (confy,confy) € S%, if (confy,confy) € — . Each instruc-
tion causes the change of a configuration by applying a transition rule.
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<£0 +1. v. (ul, Ce ,uj,l,fi(ujl, Ce ’ujmi)7uj+17 .. )) if go S ,CM,F
Féo(a)

(éo +1. (V17 ceey Vi, 1,Vj+1, .. .,I/kM) U) if EO S ACM’Hl

HZO (’7)

Figure 4: Examples for a possible successor of the configuration (¢y.7.u)

For instance, the instruction Z;, := Zj, labelled by fy implies the trans-
formation of (¢o.7.u) into (fo + 1.7. (u1,..., Up—1, U, Uy, 41,-..)) for all
= (uy,ug,...) €U (for further examples of transformations see Figure 4).

For any M € IM4 and each input i € |y, the system (Spq, — ) can be
used to generate finite sequences (£, . 7® . @), , of configurations or an infi-
nite sequence of configurations (¢, . 7® . @) where we have (¢, .71 . a®M) =
Input (i) and (¢;. 7O . a®) — g (bpyy . 7D @) and ¢, # €p,, hold for
all t < s and t > 1, respectively. We call the longest such sequences com-
putation paths. Informally, we say that M goes through a computation path
that is given by the sequence of instructions executed in this order by M
and that M does it in exactly ty steps if this path is a sequence of £y + 1
instructions. We say that M halts on i € |y, if the corresponding maximal
sequence contains the S-instruction labelled by ¢p,,. Only in this case, the
machine outputs an element of O .

Since — ¢ is a unique mapping, it is possible to write (—¢)(conf;) =
confy and (—q)!(conf;) = confy instead of conf; — 4 confy and to use the
composition (— )™ defined by (— ) ™ (conf) = (—a¢)((—a1)¥(conf)) for
all conf € Sy and ¢ > 1. Moreover, let (= aq)stop,, : S Sm — Sa be a
function where (= q)stop,, (conf) = (—aq)"(conf) holds if the set heons =
{t | Stop((—m)f(conf)) = 0} is not empty and ty = min heons holds and
otherwise (— a()stop,,(conf) is not defined. Thus, for any finite computation
path (6.7 . a®); ,, we get (—a)stop,, (1. 70 aM) = (6,7 . al¥).

Definition 5 (Result function) For any A-machine M, the partial func-
tion Resy : Clag — Oy, defined by

Respq(i) = Output yq o (— A1) stop,, © Input yq(i)
for all i € Iy, is called the result function of R4 and computable over A.

We say that M computes Resy, and M executes the program Prq on input
i in order to compute Resp,(i). For any .A-machine M, the input function
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Inn, and the output function Out, can be defined in several ways where the
input space and the output space can, for instance, be U} for some n > 1,
Uy (U3")on =at {(ur,ua,.) € US| (3 € Ny )(u = 4 = 01 = ---)} for
some u € Uy, and U4, respectively, or the result of a combination of these or
other sets. The following machine with the input space IR™ is a variant of
the BSS machine over R=" =4 (R;IR; +, —, -, /; {r | 7 > 0}) that essentially
corresponds to the real Turing machines described in [11, pp. 455-456].

Example 1 (BSS IR="-machine) Let P be an (ny;2,2,2,2;1)-program
each of whose instructions can be an F-instruction, an Fg-instruction, an
index instruction of the type (6) or (7) for the two index register Iy and I,
the C-instruction Zr, := Zy,, or a T-instruction with the condition ri(Z;)
for evaluating c¢(Z,) > 0. Then, the following tuple is a BSS IR="-machine.

MBSS = (R¥, (N)2, £, P,IR>°, In, Out), (z1,...,7,) € R™

R0
In(zq,...,2,) = (1,1, 21,n,29,0,23,...,0,2,,0,0,...)
Out(Vl,I/Q,Ul,UQ,U3, .. ) = (ul,u2,U3, .. )

By [3], every BSS machine is a graph such that, for any input, the computa-
tional process of this machine can be represented by a computation path as
usual in flow charts where the nodes correspond to the labelled instructions
of some BSS IR=%-machine.

2.3 Subprograms and pseudo instructions

Here, any o-subprogram is a substring of a o-program (a macro) that has
the form instruction,,; ¢;+1 : instructiony, +1; . ..; {2 : instructiony, where every
instruction, (¢; < ¢ < ¢5) denotes a o-instruction. Thus, any P € P, can be
represented by certain strings of the form

1 : subprogram,; ¢5 : subprogram,;...; ¢, : subprogram; ¢p : stop.

with strings subprogram,, (1 < m < s) denoting o-subprograms and resulting
from replacing the placeholder (subprogram) with the help of syntactic rules
given in Table 1 (for suitable ¢ > 1). Any pair (A;, A2) given in one row
of Table 1 means that the placeholder A; given in the first column can be
replaced by the string A, given in the second column by the application
of the rule A; — A,. In the replacing process, all placeholders marked
by angle brackets ( and ) must be replaced step-by-step. Accordingly, all
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Al AQ

(condition) I =1

(condition) i (Z, ... Zj,)

(condition) (condition) & (condition)

(condition) (condition) or {condition)
(instructions) (instruction)
(instructions) (pseudo_instr)
(instructions) (instructions); €: (instructions)
(pseudo_instr) goto ¢
(pseudo_instr) if (condition) then (subprogram)
(pseudo_instr) | if (condition) then (subprogram) else (subprogram)
(subprogram,) (instruction)
(subprogram;) {(instructions)}

Table 1: Syntactic rules A; — A,

placeholders (pseudo_instr) and (condition) may also be replaced by new
pseudo instructions and new conditions condition;, respectively, introduced
later. In this way we get new strings for denoting subprograms. For example,
any resulting string “¢; : if condition; then subprogram,,,; {5 :” corresponds to
“f : if condition; then goto /141 else goto fy; ¢1+1 : subprogram,,; {5 :” where
subprogram,,, can stand, e.g., for “instruction;, ;1; ¢1+2 : instructiony, 19; .. .;
01+ s : instructiony, 45" if, for the arithmetic expressions, ¢ = ¢1+s+1 holds.
In the following, some of the labels before an instruction that are not used
in branching instructions (and the symbol : after these labels) are omitted.
Summarizing, we can say that an application of a syntactic rule is only
permitted if the resulting string does not contain two (pseudo) instructions
with the same label and the result of all applications is — after a possible
renumbering of all instructions and the corresponding renaming of the labels
— a o-program. The braces can be omitted if no ambiguity is possible.
Therefore, the braces in {(instructions)} are omitted if (instructions) is
replaced by a simple pseudo instruction without an if part (such as some of
the pseudo instructions given e.g. in Overview 2).

2.4 Meaning of the space of indices and properties

The BSS machines introduced in [3] work with only two index registers and
they have been defined for a large class of commutative rings that includes
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the ring over the real numbers and integers, respectively. Our generalisation
of this kind of machines leads to the concept of A-machines. Accordingly, all
Z-registers have an address such that their contents can definitely be read by
means of index registers. But, we clearly distinguish between the values used
as addresses of storage locations and the elements of the underlying struc-
ture A. We want to have the possibility to store some additional information
such as the length of the input regardless of whether the encoding of the
information by the inputted individuals or other elements of the structure
is possible. Therefore, the space of addresses contains, in general, tuples of
more than two components. The addresses belong to a second structure, to
the Peano structure An = (IN,;1; succ; =) where suce(n) = n + 1 for all
n > 1. Consequently, any A-machine is able to use the functions and the
relations of both structures A and An and to compute several arithmetic
functions f : IN. — IN, by manipulating indices. With respect to pro-
cessing indices, we allow only the interpretation of the symbols as usual in
arithmetic. Therefore, we do not distinguish between the arithmetic func-
tions and relations and their symbols in arithmetic expressions occurring in
pseudo instructions and comparisons if they refer to indices or index reg-
isters. Hence, the semantics is easy to understand without explaining all
details and the meaning of each single pseudo instruction. Accordingly, we
use the following pseudo instructions and the like and further conditions A,
in syntactic rules of the form (condition) — A,. In Overview 2, let v, u > 1
or, in the third line, let 4 — v > 0 and p > v > 0, respectively, and, in the
fourth line, let v + pu > 1. Any expression t + 0 may be replaced by t.

Overview 2 (Pseudo instructions)

Ij =V, I] Z:Ij+V, if[j>l/then IJ I:Ij—V
Li=0+v, Lj:=I~L+In Z;, =241, Zij+1 = 2141,
[J =gy, (ZIjJrIM R ZI]'Jr,u) = (Zlk7 R ZIkJrus)

(ij+V7 SR ka+1/> = (ij-H“ SRR ka-hu)

(permitted if ¢(1;) < ¢(I) is ensured)
(Zl> Z;H-la t ZV'M-H) = (Zb Ly, oy ZV+1)7 (ij? ij-i-l) = (Cin Ci2)
Further pseudo conditions: (Z;, Z1,+1) = (Ciy; Ciy)
Ij:l/, I] >V, I] Zl/, [] S[L—l/, []211,3, Ij:[k—‘—l/, I] >Ik—|—l/

For v = 1, the third pseudo instruction can be realised as follows where K;
and K are new index registers. if I; > 1 then goto /; else goto l4; ¢; : K :=1;
Ky :=1; 4y : Ky :== K; +1; if K = I; then goto /3 else Ky := K, + 1; goto
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ly; €3 1 I := Ky; €y : ... The fourth last pseudo instruction corresponds to
L, = Ij+v; if I, > I, then{Z; = Z,; K, :=1; goto {,} else { K} := p—v;
goto lo}; 4y 1 if Ky < pu—vthen {Z, 1k, = Z5 +k,; K1 := K +1; goto (1}
else goto l3; ly: if Ky > 1then {Z; ik, := Z5,+k,; K1 := K, —1; goto {3};

Z5, =4 ls .
In any program, every Z; is a variable to which values can be assigned.
However, informally we can associate Zi, Zs, ... with places for storing ob-

jects. These places are boxes, cells or so-called registers. Since each of the
Z-registers has a number (an address), this corresponds to the idea that the
Z-registers form a tape infinite to the right and that any value on the tape
can be read by a head whose position is stored in one index register.

Let Ay = ({0,1};0,1;;=). Then, any simple 1-tape Turing machine
M (for the definition see, e.g., [8, p.159 in the German version|) comput-
ing a function f:C {0,1}* — {0,1}* corresponds to the following Turing
Ag-machine MT(M) with the input space Iy = {0,1}*. Since every
positive integer has a unique binary representation, it is also possible that
M computes a function f:C IN, — IN,. For this purpose, we define a
Turing Ap-machine My (M) with | wmz ary = IN; and new input and output
functions, Inr (ar) and OUtMHT\I(M), derived from Inyrysy and Out yer(ap.

Example 2 (Turing Aj-machines) Let M work with the symbols 0,1,
and a finite number of states in Q = {q,...,q,} for someig > 1. Here, the
symbols 0 and 1 are encoded by (0,0) and (0,1), respectively, and the symbol
O by (1,1). The content of the relevant cells T_,, ..., Ts, of M (that do not
contain the symbol U ) is stored in the Z-registers Zy, . .., Za(s, +s,41), the head
position s is given by the index register Iy such that c(Iy) = 2(s; +s+1) — 1.
c(Iy) = 2(s1 + s9 + 1) is the address of the last relevant Z-register whereas
the first relevant cell T7_s, corresponds to Zy and Zs. Any state ¢; € Q 1is
represented by one label £; € Lyqrnyy. The program P = Pygr(ary contains,
for any label ¢; (i < ig), a pseudo instruction of the following form with

(Ci1vci2) S {(O’ 1)7 (07 1)7 (17 1)} and] S 'iO-

U2 if (Z1,, Z1,41) = (¢iy, ¢i,) then {subprogram; ;, ;,; goto ¢;}

The Turing machine M can only change the content of a cell T, or make
a move to a neighbour cell Ts_1 or Ts11 n dependence on the current state
and the content of T7,. Hence, any subprogram subprogram, ;, ;, s one of the
following pseudo instructions. (a) means to write the symbol encoded by
(¢iys Ciy). (b) means to go to the right. (c¢) means to go to the left.
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(CL) (ZI27212+1) = (Cilaciz)
(b) if]1:]2+1then11::]14—2;[2::]2—1—2
(¢) ifIp>2then I,:=1,—2else {I, := 1, +2;
(Z12+27 ) Zl1+2) = (Zfza ) Zh); (Z127 Z12+1) = (17 1)}

Without loss of generality, let () contain only one final state. Therefore,
let the final state be represented by {p € Lygrnyy. Formally, we describe
MT(M) as follows. L contains all {; for i < ig and the labels used in the
subprograms. k > 2 is also dependent on the subprograms. The integers
Ao =min{v | 2v -1 2> vy & (ugp—1,u2,) # (1,1)) or v = %} and A\ =
min{v | v > Ao & (ugyi1,u12) = (1,1)} give, if possible, the positions for
an output without the symbol 1.

MT(M) = ({0,1}*, (N, )* L, P, Ay, In,, Out,), 1 x, €40, 1}
In, (21 2,) = ((2n,1,...,1).(0,21,0,29,...,0,2,,1,1,1,1,...))

Outy (v, ..., Vg, ug, ug, s, ...) = A if ugrg—1 =1
Outy (v, - oy Vg, Ug, U, Us, - . ) = UgrgUarg12 " * * U, otherwise

Let bin : N, — {0,1}* be defined by bin(X1 x; - 27 = @, -+ -2y for all
7 € {0,1}*® with x, = 1 and let bin™" be the partial inverse of bin.

ME (M) = ({0,1}%, (N ¥, L, P, Ay, In, Outy), m € IN,
Inn(m) = In, o bin(m)
Outw (v1, . . ., Uk, Uy, U, Us, . ..) = bin ™ o Out, (1, ..., Vg, Uy, ug, us, . ..)

2.5 BSS RAM’s over A

One of the main characteristics of the infinite dimensional A-machines is that
any M € IM 4 has its own program. This means that the code of the program
P does not need to be part of the input of M and it is not necessary to have
a universal algorithm for executing a program whose code is only given as
input. Moreover, A-machines have features suitable for modelling the object-
oriented programming where provided data structures, the so-called classes,
including the operations for processing the data, the so-called methods, can
be used without knowing the implementation of the methods. Besides these
properties, a further key feature of BSS RAM’s over A should be the ability
to process all tuples of elements of U4 uniformly.
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xy e Tp (the input)
{ I B I
 Zi ] Zn ]| Zna | Znga |- o || | B I3[ 1] .. [Ty
T T
Tn Tn
Bl L L | L L| ... L ||| 2] 1202041 Zusa] -
Tt T + +
1 n 1 1 1 1 21 Zy (the output)

Figure 5: The input procedure and the output procedure for M € M4

Definition 6 (BSS RAM) For any structure A, any M € IMy with the
spaces Iy = Opg = U is called BSS RAM over A if Inyg and Outpy are
defined for all (z1,...,x,) € UL and (1, ..., Vk,,), (U1, us,...)) € NMXUY
as follows (see also Figure 5).

Inp(xq, .. oyzn) =, 1,00, 1,2y, oo Ty Ty Ty - )
———
kaq indices
Out p (V15 -y Uiy U, U, Us, - ) = (U, oo, Uyy)

Let M 4 be the class of all BSS RAM’s over A. Consequently, for any M € M4

and each input (xq,...,x,) € UL, the input procedure Input,, of R pro-
vides the initial configuration (1. (n,1,...,1).(2,...,Zp, Tp, Ty, ...)). Here,
to simplify matters, the registers Z,,1, Zn12, ... get the value x,,. Therefore,

for the input (x1,...,2,), M uses only the subspace (U ), of the space
U4. Note that the concept could also be changed such that the initialisation
of Z; for j > n would be done during the computation before Z; should be
used. Moreover, a constant ¢; could be assigned to Z,.1, Z,40,... if Ais a
structure with a constant and ¢; is one of the constants of A. If the machine
halts, then the values ¢(Z1), ..., c(Zyy,)) are outputted. The following exam-
ple helps to understand that there are differences between the BSS RAM’s
and the real RAM’s working with a read instruction and a write instruction.
It remains unclear how the following functions could be computed by means
of real RAM’s of the latter form.

Example 3 (Functions computable over IR=") Since the register I, of
any BSS RAM contains the length of any input at the beginning, for i €
{1,2,3}, there are BSS RAM’s M; over IR=" computing the functions f; :
IR — IR™ everywhere defined by fi(x1,...,x,) = S0 @i, falxy, ..., 2,) =
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T, and f3(x1,...,x,) = n, respectively, for any n > 1 and all (xy,...,x,) €
IR*. More precisely, we have Resyy, = fi for each i € {1,2,3}.

2.6 Multi-tape machines and the multi-tape mode

Now, we consider machines that work with a finite number of tapes. For any
d > 1, a d-tape A-machine is a tuple ((U%)?, N x - - - x IN*, £, P, B, In, Out)
that can be defined analogously to the usual A-machines in IM4. It is
equipped, for all j < d, with the Z-registers Z; 1, Z;o, ... forming the j tape
and a finite number of index registers Iy, ..., [j.;. For £ € L, (79))j=1.4 €
IN%! x - x IN%4and (@9D);1. 4 € (U4)Y, the tuple (¢, (79 . 4D),_; 4) is a
configuration of this machine. The overall state of such a machine M is de-
scribed by (¢, (7). aW),_;_4) if £ is the label ¢(B) stored in the register B of
M, every component v, of I/ () is the content c(1 k) of the index register I;
of M, and the component u;j, of 4\ is the content ¢(Z;) of the Z-register
Zj of M. Let IMEZZ) be the class of all d-tape A-machines. For signature
o= (ny;my,...,mp,k1,. .., kn,), any d-tape o-program results from replac-
ing each placeholder (instruction) in a string of the form (*) by one of the
d-tape o-instructions whose form is given in Overview 3 where 7 is a positive
integer less than or equal to ny, ny, and ng, respectively, dy, dy, ds, . .. stand
for positive integers < d, and all j, k, j1, j2, ... are placeholders for positive
integers. Let PY be the set of all d-tape o-programs.

Overview 3 (d-tape o-instructions)

e fmy . 0 .
Zdo,j T fz (Zdhju R dei,jmi>7 Zdo:j =Cy, Zdl,fdl,j = Zdz,IdQ,k

if 75 (Zay gy - - - Zay, .jx,) then goto ¢, else goto (5,
if Iq,; = 14,1 then goto ¢, else goto /5, Iy, =1, Iy, j =14, +1

Each execution of an instruction in Py € PW@ by an M € |M%) can cause

the change of the current configuration. For instance, fy : Zi 1, = Za1,,
means ({o, (79 . 49) ;21 4) —m (b + 1, (70 wD),_; 4) where 0¥ = @)
for j € {2,...,d} and W) = (uyq,... ULy 1 U s Wl > Ul jags - - -)-

Accordingly, let the result function be defined.

Any machine M € IMEZD is a d-tape BSS RAM if, for any input &
(21, 2), Iny () = (P9 .a9));_; 4 is determined by v = (n,1,...,
and @V = (z1,..., 2, Ty, ...) and by 70 = (1,...,1) and a¥) = (z,,, 2, . ..
for all j € {2,...,d} and Outy, is defined by Outpy (7 .u"9),-; 4)

(U110, 1,2, -5 ULy, ). Let Mff) be the class of all d-tape BSS RAM’s.

|
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Since the Z-registers of the first tape of a machine in Mff) get the input
values and provide the output in the same way as the registers of a machine
in M4, we have I\/lfi) = My4. On the other hand, any program of a machine
M € ||\/|EZZ) can be simulated by a machine Ny, € ||\/|S). Let M be any
machine in IMEfll) and, for all j < d, let I;i,..., [, be the index registers
of M allowing the access to the j™ tape Z;1,Z;s,... of M. Then, let Ny,
be a machine in IMEi) with knr,, = K1 + -+ + kg working in d-tape mode
with d tracks by using the j* track Z;, Zayj, Zoarj, ... instead of the jh
tape Z;1, Zja, ... of M. If Input (i) = (1, @Y .aW);_; 4) holds, then let

Iny,, (i) = (FW . ... 7D)  a) with (uj, uayj, usasj, - -.) = a¥) for all j < d.
However, if M and N, should be BSS RAM’s, then, after the input, let Ny
arrange its input & € UY on the first track 2, Zii1, Zaa+1, - . . and execute

I, := (I; —1)-d+1 before the simulation starts with a suitable configuration.

Proposition 1 (Simulation of d-tape .A-machines) For any structure
A and all t > 1, the work of any M € ||\/|Ef) can be done by a machine
Ny € ||\/|Ei) where t steps of M can be realised by N within dt steps.

Proof. Let Paq contain only instructions given in Overview 3. To get the
corresponding program Py, ,, we replace every variable Z;; (j < d,i > 1)
in Py by the variable Z;_1)44; so that we have to consider the register
blocks Zi_1yay1, -, Zia of N instead of the registers Zy;,..., Zq;. The
variables for index registers Iy, ..., I, 1.4, are substituted for Iy 1, ..., 1 x,,
... dg1,..., 14y, in this order. Consequently, in all copy instructions in Py,
the indices of Z-registers including the index register variables must be re-
placed as follows. Z]Kl P must be substituted for Z; .. Moreover,
we replace any index instruction I;; := 1 in Py by L 1oqs; i := J and
Iji = L;+1by L+ qn;_4i = Luytotn;_+i+d. Then, the execution of each
of these pseudo instructions in Py, , can be realised within d transformation
steps defined by —,r,,. Any other instruction of Py can be simulated in one
step. o

3 Universal machines and consequences

3.1 Universal programs and machines: the definitions

We want to transfer the classical theorems about the existence of a universal
partial recursive function (see e.g. the Enumeration Theorem in [24, p.18])
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and the existence of a universal Turing machine (see e.g. [9, Theorem IV,
p.22]) and generalise a result about the existence of a universal BSS machine
presented by a flow chart in Figure 15 in [3, p.35]. The following definition
also includes the case considered for a similar model in [17, p.39]. Let a and
b be two arbitrary objects and let k& be an integer such that it is possible to
encode the characters in any string P € P, (including all symbols such as
r3, after their replacement, e.g., by r-21.3) by tuples in {a,b}*. Then, for
any o-program P, let code(qp)(P) € {a,b}* result from the concatenation
of an a and the sequence of the codes of all characters in P in this order.
Let code®(P) be the string sy --- s, € {0,1}* if codeq 0)(P) = (51,.--,5m)
holds and let coden(P) = bin~*(code*(P)). Let A be a structure. For any
M € IM4 with the constants in ¢ = (c;,, ... ; Cjny )5 Lot codeqqp) (M) =
(code(ap)(Ppm) - @MD) where @M = (ay, ... saep, ) is defined as follows.
For any ¢ < {p,,, let a; be the i'" component ¢;, in & (M) if the ¢** instruction
of P is the instruction Z; := ¢ for some j and otherwise let a, = a.

Definition 7 (Universal machines of type 1 for BSS RAM’s) Leta
and b be two constants of A. We say that My € M 4 is a universal BSS RAM
over A if Respq, (code(qp) (M) . &) = Resa(Z) holds for all ¥ € UY and any
M e My.

The following definition includes also the definition of a further variant
of a universal BSS RAM for several structures. It is in particular suitable
for structures of finite signature without constants. For this purpose, let
D1, D2, - - - be the sequence of all prime numbers with p; < p;; for all 4,5 > 1.
For any A-machine My, let ireg : IN® — (]NiMO N(INy x {1} x --- x {1}))
be any bijective function such that this function as well as its partial inverse
can be computed by BSS RAM’s over An. Moreover, for any k£ > 1, let
the function endug s : Sm, — {(7.a) | (7,2) € IN® x U4} be defined, for
all (¢.fl.u) € Sp,, by endpg, x(¢.fi. 1) = (V.u) where UV = (p1, 14, ..., 1)
holds if iy = 2% -+ - p;* and otherwise 7 = (u1,1,...,1) € IN¥ holds.

Definition 8 (Universal programs and machines of type 2) Let M,
be an A-machine. We say that Ppq, is IMy-universal (or universal) if, for

all M € IMy4 and i € 1y,
Resp (i) = Outag 0 end gy oy © (—>MO)St0pMO(initM0 (M,))
holds for the initial configuration inity, (M, i) € Spy, that is given by
initg, (M, 1) = (1.ireg(7. coden(Pay)) . @M @)
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Type |e1 €2 e3 ey e5 eg er -+ e.. Hp e
) |1 I e me | 2531D13ATR
2 j 92.119
3 ik 93.117.13F

il Uy 1 o I, 24.31'.5&.742.13]'1.17]'2...p§22+5

NN N N N S S
\_/\_/\_/\_/\5\_/\_/
0 3 O U = W N

5 0 by § ok 25.50.7%2.117.13F
6 j 26.117

7 j 27.117

8 1

Table 2: The codes pp, for the instruction with label £ in P

and (V. u) = Inp(i). My is called (M 4-)Juniversal BSS RAM if M, € My.

If lyg = {(M,i) | M € IMg&i € Iy}, then let Inputy,,, = inityg. If
we consider only BSS RAM’s, then the function ireg is determined by a
binary function. This means that there is some idx : ]N%r — IN, such that
ireg(v. ) = (idx(vy, ), 1,...,1) holds for all 7 = (v1,..., 1) € INT.

In the following, we want to consider universal A-machines that are able
to simulate the execution of every M € M instruction-by-instruction. Let
o= (ny;my,...,mp,;k1,..., kny) and Py € P,. Since we want to make the
important information about the instructions of Py, available for easy ac-
cess, we use strings a,, - - ey iy g g} {ag, - .. Qg }* for some
hp,, > 1 and Godel numberings (for the definition see e.g. [18, p.183]) for
storing the information about a single instruction labelled by ¢ in a Godel
number g, ,. These numbers are dependent on the type of instructions and
O =ar Omye (used also in Definition 3) for ¢ < ¢p,,. Table 2 shows the
details. Let e, = 0 if there is no other information. Moreover, let a be any
element of A. For any P € P,, let the program information be given by
e = ppy for £ < fp and

code,(P) = (a,...,a) € {a}” C {a}*> with vp = 2M13H2 .. -p;f’__llpzp e IN,.

For any M € IMy, let {yq = ¢p,, and vy = vp,,. Consequently, ev-
ery machine M € IM4 could be encoded by @™ and a tuple (a,...,a)
whose length is dependent on the Gédel number vy = |code,(Pa)| and the
length of the input. However, in order to complement any possible input
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(x1,...,2,) € UL of an M € My with a code of M that is computable
from the input by some machine in M4, we take @ *1) and a suitable tuple
in {x,}>. For computing the total length of this tuple we use the Cantor
pairing function cantor : IN> — IN defined by cantor(p1, po) = 1((p1 +p2)*+
3u1+pz). Now, let code, o(Pa) = (a,. .., a) € {a}eamtermva)=—tu—n for n > 1
and any possible a € U4. In this way, for all ¥ € U} and M € M4, we get
an input

(@M= # codey ., (Pu)) € Uffmor(n"j/”) (**)
for a universe BSS RAM M, of type 2 such that we have
inity, (M, Z) = (1. (cantor(n,vam), 1,...,1) (@) 2 (2, 2,,...)). (FF%)

3.2 Simulation of BSS RAM’s by universal machines

Here, we will describe the work of a universal BSS RAM M, € M4 that can
simulate any machine M € M4 by means of three tracks after assigning its
own input to the first track in case that the input has the form (**). For
explaining the algorithm we only construct a BSS RAM /\/l(()g) € l\/lfi’) that
is able to simulate any M € M4 by a program that is also useful for other
investigations. To simplify matters, we use further pseudo instructions. The
strings in square brackets are optional.

Overview 4 (Pseudo instructions for d tapes)

. f£my
Zl,h,k T fz l(Zl,h,kH? R ZlJl,keri)
(Zdl,[fdl,jﬂl, cee Zdl,[fdl,jﬂh,m) = (Zl,[117k+]1, sy Zl,[ll,,ﬁ]h,m)

Further pseudo conditions: v;* (211, 15+ -+ 20,15 g4n,)

In Overview 5, J;, Ji, J;, and J,, stand for I ;, I1 , I, and I; ,,,. The operator
div denotes the integer division, and v|u means that v is a divisor of u.
Moreover, let cantory () = py and cantors(p) = pg if = cantor(py, p12).

Overview 5 (Pseudo instructions for decoding numbers)

J; == cantory(Jy), J; == cantory(Jy), Ji = plx, Ji = Jx-pg,
Ji=max{s | p:,|Jr} (permitted if p,,|c(Jk) is ensured)
Ji = [Ji+] max{s | pj |Ji} (permitted if pe(s,.)|c(Jx) is ensured)
Ji = max{m | pm|Ji} (permitted if ¢(J;) > 1 is ensured)
J; = J; div p ! (permitted if ¢(J;) > pigz;c(‘]k)fl is ensured)
Further pseudo conditions: py|Ji, p5 |Jk
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If d; < 3, then the instructions in Overview 4 can be executed by a 3-tape
machine. All values that are necessary for executing the first pseudo instruc-
tion and checking the new condition are firstly copied on a second tape where
the new values are computed and the tests are performed. For this purpose,

a finite number of instructions of the form Iy 1= 1,15 :=2,..., Zy1,, =
D00y jns Doy 2= L1 ggns -+ os Zo1 = [ (2o ooy Zomy)s Ziny = Doy
and if rf"(ZQJ, ..., Zay,) then goto ¢ else goto {5, respectively, can be used.

As known from the classical recursion theory, the pseudo instructions listed
in Overview 5 can be used for evaluating Godel numbers, and they can be re-
placed by subprograms consisting only of index instructions of the types (5) to
(7). For example, since J|J; holds if and only if .J; > Ji, & (J; div Ji)-J, = J;
holds, the pseudo instruction if Ji|.J; then goto ¢; else goto {5 can be performed
as follows. One goes to ¢y if ¢(J;) < ¢(Jg). Otherwise one takes a new index
register J;, executes J; := Jy, repeats the loop where .J, := J; 4+ 1 is executed
c(Jy) times while ¢(J;) < ¢(J;), but stops immediately if ¢(.J;) = ¢(J;). If
c(J)) = ¢(Jg) or J, := J, + 1 can be executed ¢(Jy) times in the last loop,
then the execution can be continued with the instruction labelled by ¢; and,
otherwise, with the instruction labelled by ¢5. The number of the loops where
the addition ¢(J;)+c¢(Jg) is completely executed is (¢(.J;) div ¢(J;))—1. Thus,
we can also use the pseudo instruction J; := J; div J;, that allows to compute
c(J;) = max{s € IN; | (3sp € IN)(0 < 59 < s & s-¢c(Ji) + so = ¢(J;))} if
c(J;) = c(Jx). ¢(Jx) = pm can be computed by a program as follows where
the index register K is used for storing the index of the next searched prime
number after pox,)-1 (if ¢(K1) —1 > 1), the index register K, is used for
storing the integers greater than p.x,)—1 and checking whether the stored
number ¢(K3) is the next prime number, and the index register K3 is used
for storing a possible non-trivial factor of ¢(K3). ¢ : K; = 1; Ky := 2;
ly:if K1 = m then goto 07; l3: K1 = K1+ 1; {y: Ky := Ky + 1; K3 :=1;
U5: K3 := K3+ 1; if Ky = K3 then goto ls; (s: if K3|K5 then goto ¢, else
gOtO 65, €7Z Jk = KQ.

Now, we assume that corresponding to (**) the registers Z; 1, Z; 9, ... of
the first tape Még) contain the values ai,...,ap,,Z1,...,Zn, Tn, Ty, ... for
(ar,...,ap,,) = aM=1) before ./\/l(()g) executes the program 73(53) given in Fig-
ure 6. Let PMés) = Pég). In Pég), the index registers Iy 1,. .., I1 2my+15 With
mo = max{my,...,My,, ki,...,k,,} are denoted by Ny, N,C,L,Lp,V,S,
Ei, ... Engis,Jo, -y Iy, Hi, and Hy. ¢(Ng) is firstly the length ng of
the input of Mé?’) and later the length of the output MéS). ¢(N) is firstly
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/1 :
ly :

N := cantor1(Ny); C := cantora(Ny);
Lp :=max{m | pn|C}; (Z3,1,.--,Z310p) = (Z1,1,---» Z1,Lp);
(ZLN(H-l? ey ZLN(H-N) = (Zl,LP+17 ceey ZLLP"FN); V = p{v; L= 1;

if L = Lp then goto ¢~ else goto {o;

S :=max{s | p}|C};

if p1|S then E; := max{e | p{|S}; .. .;

if Pmg+5]S then Epyois := max{e | py, 5/S};

if 1 =1 or £y =2 then Jy := Ny + E5;

if 1 =1 or B4 = 4 then {Jl = No+ Es; ... Jmo = Ny + Em0+5};
if B1 =3 or By =5 then {H; := compg,; Ha := compg,};

if By =6 or E1 =7 then Hy := compg,;

if E4 = 1 then goto fq; ...; if By = 7 then goto /7;

if E2 =1 then ZLJO = f{nl(Zl’Jl,...,ZLJml); ce
. Mn
if E5 = ns then ZLJO = an 2 (ZLJI, e ZLJan ); goto 54;

24,5, = Z3,1; goto ly;

Zy 1y = Z1,Hy; 80to Ly;

if B =1& T]fl(Zl’Jl, ce ZLJkl) then goto /5 else goto fg; ... ;
if B =n3 & r,’iﬁ;?’(zm, ol Z17Jkn3) then goto /5 else goto (g;
if Hi = Ho then goto /5 else goto fg;

if Hy > Ng+ 1 then V :=V div pgsl_NO_l; goto £4;

V=V pgs;

L:=L+1; goto /1

L := Ej3; goto /1;

L := Ey; goto /q;

N :=max{j | p}|V}; H; := 1;

if N> Hy then {Z1 1, '= Z1 Ny+H,; H1:= H1 +1; goto lg}; Ny := N,

stop.

Subprogram H, := comp E,
if pg, |V then H, := No + max{s | p; [V} else {V :=V - pp,; H, := No+ 1}

Figure 6: The program 7783) of the universal machine ./\/l(()g)



Christine Gafiner: BSS RAM'’s 24

the length n of the input of M. (' is used for storing the Godel number
vpm, and we use ¢(Lp) = €. Since any machine can contain only a finite
number of index registers, Még) cannot store all values (1), ..., c(Iy,,) for
every possible ky¢ > 1 in different index registers. Thus, we use the possibil-
ity to store all values of the registers I, ..., I, of M in one index register

of /\/lég). V' contains the product piﬁl‘”) o -pgffs“) for the registers I, ..., T

)y Lsy,

(81,...,8, < kam) of M having already been considered during the simula-
tion of M by ./\/l(()g) until that time. L and S contain the label and the code,
respectively, of the current instruction of Py, F1, Es, ... contain the current
values ey, es,.... Jy, Ji,... contain the values ng + e5,ng + €, . ... Since the
Z-registers Zy ny41, Z1ng+2 - - - are used for storing all values ¢(Z1), ¢(Z,), . ..
of the Z-registers of M during the simulation, the universal machine ./\/l(()3) as-
signs the start values xy, ..., z, to its registers Z; ,,,+1, ..., Z1 ny+n+1 and the
start values ay, ..., as,, to the registers Zs,,..., Z3,,, by the subprogram of
Pé3) that is labelled by 1 at the beginning. Z1 ,,,1n+1, Z1ng+n+2, - - - have got
the value x,, by the input procedure of /\/lé3). For any e; < 7, Pés) contains
a subprogram labelled by lll for simulating the instructions of type (e1). In
addition to the pseudo instructions listed in Overview 5, the subprograms
contain 3-tape pseudo instructions that can be introduced in analogy with
the pseudo instructions given in Overview 2 and the like. Since 7353) can also
contain only a finite number of strings denoting indices of Z-registers, the

F-instructions Z; = f"(Zj,,...,Zj,,) cannot in general be simulated by
executing F-instructions of the form Zy ,,,+; := f"" (Z1ing+jrs - - » Zl,no+jmi)-
The parameters ng + j,n0 + j1, - - ., Ro + Jm, may vary depending on the ma-

chines that should be simulated. Therefore, the index registers Jy, Ji, ... get
these values before, for k = my + 13, the first pseudo instruction given in
Overview 4 or a branching instruction with a pseudo condition will be exe-
cuted. Moreover, further pseudo instructions given in Overview 5 are used
before some registers of the second tape Zs1, Zs9,... can be used by /\/l(()?’)
for the simulation of an F-instruction or a T-instruction by M. To search an
information in ¢(C') = |code,(Paq)| necessary for the simulation of the con-
sidered instruction of M, the machine ./\/lég) uses L for storing the current
label. The instruction labelled by ¢, in Figure 6 means to search the code
of the instruction with label ¢(L). During computing the code ¢(S) of the
instruction with the current label ¢(L) from ¢(C'), per) is the corresponding
prime number. The subprogram labelled by /5 in Figure 6 also allows to
compute the values ¢(F;) = ey, c(E2) = e,... (as given in Table 2) for the
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current instruction with label ¢(L). The index register F; stands for the type
of the current instruction and Fj, ..., E, for the used indices ¢ and the labels
(1 and /5, respectively, in the current instruction of Prs. Then, depending
on the type of the instruction, further values es, eq,... can be made avail-
able before simulating the current instruction. The subprograms labelled by
ly, U5, and (g in Figure 6 are intended for determining the label of the next
relevant instruction in Py,. The subprograms labelled by ¢; and /g are used
for preparing the output of ./\/l(()?’). The subprogram H, := compp allows to
compute the values c(I.(g,)) and c(Iygg)) of the relevant index registers of
M from ¢(V).

Consequently, by Proposition 1, we have shown the following theorem.

Theorem 1 For any structure A with a finite number of operations and
relations, there exists an M g-universal machine of type 2.

3.3 Complete problems

The here considered decision problems are algorithmic problems completely
defined by a decision question for which we want to get the answer yes or the
answer no only. For instance, for any structure A and | = M 4 x UY, the halt-
ing problem HPY, = {(M,Z) € | | M(Z) '} where M(Z) |! stands for the
fact that M halts (stops) on input Z after the execution of ¢ transformation
steps is a decision problem.

Let A be a structure of signature (|Ny|;mq, ..., My, k1, ..., kny). Then,
HP!, is decidable by a machine M, € IM4 with I, = I, Opq, = {yes,no},
Input , = inity, (as defined by (***)), and the function Out x,, defined, for
all (7,1) € IN**o x U4, by Out, (7. %) = yes if 11 = 1 and otherwise by
Out g, (7. 1) = no. Starting from a configuration given by (***), the execu-
tion of M on & can be simulated by M, with the help of an IM 4-universal
program derived from 77(53) where the simulated steps are simultaneously
counted by means of an additional index register. After simulating ¢ steps,
My can output yes if the S-instruction of M is reached and otherwise no.
Thus, the corresponding result function Resyy, is totally defined on Ix4,.

With respect to BSS RAM’s over A, any decision problem is a subset
P C U connected with the question whether ¥ € UY is in P. If A has at
least two constants, denoted here by a and b, we want to assume that a stands
for the answer yes and the second constant b stands for the answer no. Under
this condition, an M € M 4 decides the problem P if the computed function is
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the characteristic function xp : U¥ — {a, b} such that Resy (%) = xp(Z) = a
holds for all # € P and Resy(Z) = xp(Z) = b holds for all z € U \ P. In
more general terms, we can define the notion decidable by a BSS RAM as
follows. A set P C UY is a halting set (over A) if it is the domain of definition
of the result function Resp for some M € M4. A problem P C UY is semi-
decidable (over A) if it is the halting set of a BSS RAM. Consequently, a
semi-decidable set P C U% does not have to be recursively enumerable by
a function f : UY — UZ with the properties that f is computable over A,
P is the image of f, and f(Z) = f(¢) holds for all ¥ € U} and y € U} if
n=m. P CUY is decidable (over A) if P and its complement U \ P are
semi-decidable over A and, thus, halting sets of BSS RAM’s.

In [16], two hierarchies of decision problems over algebraic structures are
defined such that both definitions coincide with the usual descriptions of the
arithmetical hierarchy over (IN;IN;+;=) and the definitions given in [10].
For any () C UY, let Mﬁ be the class of all oracle BSS RAM’s over A that
are able to execute, additionally to the instructions of the types (1),...,(8),
all oracle instructions of the form if (Zy,..., Zy) € O then goto ¢; else goto /s
by evaluating the query (c¢(Z1),...,c(Zy1,)) € Q7. Then, the first hierarchy
consists of the class A-X) = DEC 4 of all problems decidable by a machine in
M4 and the classes A-39 = Uqe ASO SDECY of all problems semi-decidable

by a machine in M% for some Q € A-X% . Whereas in [16], the halting
problems are considered only for structures with two constants a and b that
are effectively distinguishable, we can now define further halting problems as
follows, where the oracle instructions are encoded by 2°-5-7 and M(Z) |
means M(Z) J! for some ¢t > 1.

HG =4 {(@™M*) 7. code,q, (Pum)) |IMeMY & 7 e U & M(T) |}

If (|N1]sma, ... Mpy; k1, ..., kny) is the signature of A, then let /\/182 € Ma
be the universal oracle machine defined analogously to the universal BSS
RAM considered in Section 3.2. If the set of constants of A is decidable,
then | =g {(@M*) . Z.code, ., (Pr)) | (M, Z) € M4 x UF} is decidable
and ]Hg C UZ is semi-decidable by a machine in I\/la that uses P M for all
inputs in | and does not halt for all inputs in U\ I. By generalising Theorem
1 we get the following result.

Theorem 2 For any structure A with a decidable set of constants and a
finite number of operations and relations, the Halting problem ]Hg 1S Semi-
decidable by a universal oracle machine in M.
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(n—1)
The decision problems ]Hff) =4f ]Hf*‘ (for n > 0) form a sequence of

halting problems resulting from the so-called jumps where ]HEL?) =4t 0 and

(n—1)
each ]HEZ) is semi-decidable by a machine in Mf““ . Let P C U} and

Q) C UZ be given. Then, by analogy with the classical case (cf. [24], p. 50
and p.19), we say that P is Turing reducible to () (denoted by P <41 Q) if
P is decidable by a machine in Mg and P is one-one reducible to @) (denoted
by P <41 Q) if there is an M € M4 computing a total and injective function
Resp such that, for all ¥ € UP, Resp(Z) € @ holds if and only if ¥ € P
holds. ]HEZf) is called complete in A-X? since any problem of this class is
one-one-reducible to it. This means that A-X0 = {P CU¥ | P <41 ]Hff)}
and (A-X0) N{UF\P|Pe A} ={PCUL|P =47 HY "} hold.
The described universal oracle A-machines allow to extend the results
from [16]. Note that the discussion about the existence of universal BSS

RAM’s is also very helpful for characterising complexity classes by complete
problems, in particular, for structures without constants and for groups (see

e.g. [12]).
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