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Conoceréis la verdad; y la verdad os hard libres.

Juan 8.32
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Abstract for Part I

In the first part of this thesis, we build a basic foundation to develop a theory of computability
on topological manifolds. We propose a definition for the abstract term “computable manifold”
(with boundary) by introducing computability as a structure that we impose to a given topo-
logical manifold, just in the same way as differentiability or piecewise linearity are defined for
smooth and PL manifolds respectively. Using the framework of computable topology and Type-2
theory of effectivity, we develop computable versions of all the basic concepts needed to define
manifolds, like computable atlases and (computably) compatible computable atlases. We prove that
given a computable atlas ® defined on a set M, we can construct a computable topological space
(M, o, Bo, Vo), where Tg is the topology on M induced by ® and that the equivalence class of
this computable space characterizes the computable structure determined by ®. The concept of
computable submanifold is also investigated. We show that any compact computable manifold with
boundary which satisfies a computable version of the T,-separation axiom, can be embedded as a
computable submanifold of some euclidean space R7, with a computable embedding, where IR?
is equipped with its usual topology and some canonical computable encoding of all open rational
balls.






Abstract for Part 11

The theory of distributed computing shares a deep and fascinating connection with combinatorial
and algebraic topology. One of the key ideas that facilitates the development of the topological
theory of distributed computing is the use of iterated shared memory models. In such a model
processes communicate through a sequence of shared objects. Processes access the sequence of
objects, one-by-one, in the same order and asynchronously. Each process accesses each shared
object only once. In the most basic form of an iterated model, any number of processes can crash,
and the shared objects are snapshot objects. A process can write a value to such an object, and gets
back a snapshot of its contents. It is known that the consensus task and the (7, k)-set agreement
task cannot be implemented in the iterated model.

In the second part of this thesis, we first introduce the basic iterated shared memory model of
distributed computing and explain how its runs can be described in a topological manner with sim-
plicial complexes. Then we define and describe in detail, what we call an extension of the iterated
model based on the safe-consensus task (Afek, Gafni and Lieber, DISC’09). In a safe-consensus task,
the validity condition of consensus is weakened as follows. If the first process to invoke an object
solving a safe-consensus task returns before any other process invokes it, then the process gets
back its own input; otherwise the value returned by the task can be arbitrary. As with consensus,
the agreement requirement is that always the same value is returned to all processes. In the new
iterated model with safe-consensus, the processes repeatedly: write their information to a (fresh)
shared memory array, invoke safe-consensus boxes and snapshot the contents of the shared ar-
ray. We show with examples that the topology of simplicial complexes representing executions of
protocols in the iterated model with safe-consensus is very different from the case of the basic iter-
ated model. Also, we investigate the solvability of the (1, k)-set agreement task and the consensus
task in the iterated model with safe-consensus. Our main results are (1) The consensus task can
be implemented in the iterated model with safe-consensus, using () safe-consensus invocations;
(2) The (5) upper bound is tight: Any implementation of consensus in the iterated model with
safe-consensus tasks needs at least () safe-consensus invocations. The lower bound proof uses
an intricate bivalency argument and also some combinatorial arguments based on connectivity of

subgraphs of Johnson graphs.






Introduction

In this thesis, we develop new connections between two mathematical fields: the theory of compu-
tation and topology. Our results can be divided into two main parts, the first part deals specifically
with the development of a theory of computability on topological manifolds; while in the second
part we apply results from topology and combinatorics to obtain new results in the theory of dis-
tributed systems. All the results presented in the second part of this thesis were published for the
first time in [CR12, |[CR14].

Part I: Computable manifolds

Computability theory over continuous structures began formally in 1936 with the landmark paper
of Alan Turing [Tur36] where he defined the notion of a single computable real number: x € R
is computable if its decimal expansion can be calculated in the discrete sense, that is, output by a
Turing machine. Since then, other authors have developed definitions and results to try to build
a reasonable theory of computability in the continuous setting. There are two main approaches to
modeling computations with real number inputs. The first approach is given by the framework
of Computable Analysis studied in many papers and some books, e.g., [Lac55, Grz57, PER89, Ko91,
Wei00]. The second approach is the algebraic one, its development goes back to the 1950s and
focuses on the algebraic operations needed to perform tasks [BM75, BCS97]. The most influential
model is the so called BSS model developed by Blum, Shub and Smale [BSS89| BCSS98].

Computable Analysis reflects the fact that computers can only store finite amounts of informa-
tion. Since real numbers and other objects in analysis are “infinite” in nature, a Turing machine can
only use finite objects to approximate them and perform the actual computations on these finite
pieces of information, thus we have that topology plays an important role in computable analy-
sis [Wei00]. The representation approach and the framework of Type-2 Theory of Effectivity (TTE)
[KWS85], a generalization of ordinary computability theory, has provided a solid background to
formalize the theory of computable analysis [Wei00]. TTE has been extensively studied and de-
veloped as a standalone topic in computability theory [Wei08]]. Also, it has been generalized to a
more general model of computability for analysis [TW11]. Computable metric spaces (also known as
recursive metric spaces) [Wei93| Bra03] have been defined in computable analysis and play a most
important role in the subject, as many results of computability over euclidean spaces can be gen-
eralized to the broader world of computable metric spaces. For an overview of basic computable
analysis, see the tutorial given in [BHWOS].

In recent years, as a product of various publications [Wei00, Sch03, GW05, IGSW07] trying
to consider computable topology as a foundation of computable analysis, Weihrauch and Grubba
[WGO09] developed a solid foundation for computability over more general spaces, where the main
objects of study are called computable topological spaces. Roughly speaking, a computable topolog-
ical space is a Ty-space (X, T) in which a base B C T is provided with an encoding with strings
from 2%, such that the set of all valid strings that encode elements of 8 is computable and under
this encoding, intersection of base elements is computable (in a formal sense, see Definition .
This framework has been used to prove many important results in computable topology, like the
following:

* Dini’s Theorem states that if X is a compact topological space and {f,} is a monotonically
increasing sequence (i.e., fu,(x) < fuy1(x) for all #n and x) of continuous functions on X
which converges pointwise to a continuous function f, then the convergence is uniform. In
the paper [GW05], a computable version of Dini’s Theorem is proven.
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¢ A celebrated result in general topology and the theory of metric spaces states that every
second-countable regular topological space (X, T) is metrizable, that is, X is homeomorphic
to a metric space (M, d). In [GSW07], it is proven that every computable topological space
satisfying a “computably regular” condition, has a computable embedding in a computable
metric space (which topologically is its completion). Also, a computable Urysohn Lemma is
proven.

¢ A computable version of the Stone-Weierstrass approximation Theorem is constructed in
[GWXO08]| for computable topological space which satisfy computable versions of the Haus-
dorff and locally compact properties.

The paper [WGQ9] is an effort to put in one place the most general and basic facts about com-
putable topology, because these facts were scattered throughout many papers (e.g., [Wei00, GW05,
GSW07, GWXO08] among others). Computable versions of topological properties and separation
axioms are an important tool to obtain computable versions of important topological theorems
and the paper [Weil0] gives definitions of many computable versions of each separation axiom
and proves the relations between these computable separation axioms. More recent results of
computable topology include [RW13], where Rettinger and Weihrauch study computability as-
pects of finite and infinite products of computable topological spaces and they prove computable
versions of Tychonoff’s Theorem.

With the advent of computable topological spaces and the solid foundation of computability
in euclidean spaces provided by computable analysis, the stage is set to introduce computabil-
ity properties in a very popular class of topological spaces: Topological manifolds. A space M is a
topological manifold (with boundary) if and only if each point x € M has a neighborhood homeo-
morphic to an open set of euclidean half space R’} for fixed n (this integer is called the dimension of
M). Manifolds are one of the most important types of topological spaces, many problems related
to manifolds have been inspiration for some of the most beautiful mathematical constructions,
using very sophisticated and advanced techniques, as it can be seen in the foundational work of
Kirby and Siebenmann [KS77] and more recently, in the paper [Man13], where Manolescu shows
that there exist high-dimensional topological manifolds which cannot be triangulated as simpli-
cial complexes, thus refuting the Triangulation conjecture [GS80]. But despite the fact that there is a
lot of knowledge about topological manifolds, there are still unanswered questions and hard open
problems related to them. As a result of this, manifold theory is always intensively studied by the
mathematicians doing research in topology.

Additional structure can be imposed to a topological manifold, giving rise to special classes of
manifolds, like smooth manifolds [Whi36, BC70], analytic manifolds [Ho6r90] and piecewise linear (PL)
manifolds [Hud69| RS82|]. The relationships between manifolds equipped with any or all of these
structures and standard topological manifolds are revised in many papers [Whi36, Ker60, Sma61,
KS77, [Fre82].

Our contributions. In this thesis, computability enters the world of topological manifolds, we
propose a definition of the abstract term “computable manifold” by introducing computability as
a structure that we impose to a given topological manifold, just in the same way as differentiability
or piecewise linearity are defined for smooth and PL manifolds respectively. Using the framework
of computable topology and TTE, we develop effective versions of the constructs needed to define
manifolds e.g., charts and atlases. Namely, the following concepts are worked out:
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¢ The definition of computable atlas ® on a set M;
¢ the computable topological space induced by ® on M;
¢ the definition of computably compatible computable atlases;

¢ the definition of computable structure, which is only a equivalence class of computably com-
patible computable atlases (characterized by the equivalence class of a computable topolog-

ical space, see Definition [2.2.12).

A computable manifold is just a set M endowed with a computable structure. We present many ex-
amples of computable manifolds and their respectively computable topological spaces. We study
the relationships of computable manifolds and computable functions (with respect to the rep-
resentations induced by computable atlases) and prove that computable homeomorphisms and
computable structures behave nicely when working together. We also prove some simple (but
very useful) basic properties of computable manifolds.

Submanifolds, that is, manifolds which are inside other manifolds are an important tool to inves-
tigate manifolds. We define computable submanifolds and present some properties about them. Fi-
nally, we use all the previous definitions and results about computable manifolds to give an effec-
tive version of the following well known result concerning topological manifolds [Gau74, Mun00]:
Every compact Hausdorff topological manifold embeds in some high dimensional euclidean space. We show
that any compact computable manifold M which is also computably Hausdorff (see Definition
2.3.1) can be embedded in some euclidean space R7, where q depends on M and we equip R?
with its usual topology and some standard computable encoding of all open rational balls. Thus
every compact computable manifold that is computably Hausdorff can be seen as a computable
submanifold of some euclidean space.

Related work. In [CMQ9], Calvert and Miller give another definition for the term “computable
manifold”. Using the BSS model [BCSS98]|, R-computable manifolds are defined in [CMOQ9]. Infor-
mally, a R-computable manifold is a topological manifold M, together with a finite collection of
R-computable functions (e.g. computable in the BSS sense), called the inclusion functions, which
describe the inclusion relations of all the domains of the charts of a specific atlas { ¢;: U; — R4 }ien
on M. This definition is used to prove some results (in the BSS model) about the undecidability of
nullhomotopy and simple connectedness in IR-computable manifolds and also how to determine
a presentation of the fundamental group of such manifolds. However, it is hard to interpret these
undecidability results in terms of practical computing, because in the BSS model, simple subsets
of R? which can be easily “drawn”, such as the Koch snowflake and the graph of y = ¢* are unde-
cidabl in the BSS model[BCSS98], thus it would seem that in general, uncomputability results in
the BSS model do not match real world computations.

In [Ij13], Iljazovi¢ studies the computability (in the sense of TTE and computable analysis)
of compact subsets of computable metric spaces. They use these results to show that each semi-
computable compact manifold with computable boundary is computable, as a subset of a metric
space. In [BI14], the authors prove similar results for 1-manifolds, not necessary compact. In this
thesis, our focus is to develop the basic concepts and results necessary to build an effective theory
of manifolds.

11f a set C C IR" is decidable in the BSS model, then it must be a countable disjoint union of semi-algebraic sets. This
is the reason why simple sets such as the graph of y = e* are not decidable in the BSS model.
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Part II: Distributed systems

A distributed system consists of n processes (computers, small sensors, network nodes, etc.) which
communicate using some sort of communication device (shared memory, message passing, ...)
that satisfies properties about timing and failure. These processes execute a protocol (i.e., an algo-
rithm) to try to solve a specific task. The theory of distributed computing is an actively developed
field of computer science that shares a deep and fascinating connection with combinatorial and
algebraic topology. One of the key ideas that facilitates the development of the topological theory
of distributed computing is the use of iterated shared memory models, introduced in [BG97]. In
such a model, processes communicate through a sequence of shared objects. Processes access the
sequence of objects, one-by-one, in the same order and asynchronously. Each process accesses
each shared object only once.

In the most basic form of an iterated model, any number of processes can crash and the shared
objects are snapshot objects [AADT93]. A process can write a value to such an object, and gets
back a snapshot of its contents. It is known that this model is equivalent to the standard wait-free
read /write shared memory model [BGY7, (GR10a], but its runs are more structured and easier to
analyze than the runs in the standard shared memory model. The recursive nature of the iterated
shared memory model was instrumental for the results in [BG97] and for the proof of the Asyn-
chronous computability theorem of [HS99]. This theorem uncovered the intimate connection that
exists between topology and distributed computing. Extensions of the basic iterated model have
also been studied, where the processes communicate through a sequence of objects more powerful
than snapshot objects [GRHO06] or where the asynchrony of the system is limited to model failure
detectors [RRI08b]. For an overview of the iterated approach, the reader can refer to [Raj10].

Our purpose in this thesis is to enrich the theory of iterated models. Using as a basis the current
knowledge about iterated models and the connections with combinatorial topology, we define a
new extension of the iterated model, by adding to the basic model the ability to invoke shared
objects more powerful than the snapshot objects. Specifically, the new shared objects are based on
the properties of the safe-consensus task of [AGL09], a recently proposed variation of the consensus
task.

In the consensus task, each process receives as input a private value such that all correct pro-
cesses eventually output a value (Termination); all the processes output the same value (Agree-
ment); and the output value must be a value proposed by some process (Validity). The consen-
sus task is of fundamental importance in distributed computing, it is one of the most studied
distributed task. In the paper [Her91] Herlihy examined the power of different synchronization
primitives for wait-free computation, e.g., when computation completes in a finite number of steps
by a process, regardless of how fast or slow other processes run, and even if some of them halt
permanently. He showed that consensus is a universal primitive, in the sense that a solution to
consensus (with read /write registers) can be used to implement any synchronization primitive in
a wait-free manner. Also, consensus cannot be wait-free implemented from read/write registers
alone [FLP85, LAA87]; indeed, all modern shared-memory multiprocessors provide some form of
universal primitive.

The impossibility of solving consensus using a shared memory composed of read /write reg-
isters is one of the most important discoveries in distributed systems. This result holds even in
systems where only one process may crash [FLP85, LAA87]. Given the huge practical importance
of consensus, many situations have been studied to ameliorate the implications of this impossi-
bility result, from stronger models of distributed computing, to weaker versions of consensus. A
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popular example of this is the (1, k)-set agreement task [Cha93], a weakening of consensus. In
this task, n processes receive private input values and they output values such that Termination
and Validity of consensus are satisfied, but the Agreement property is replaced by k-Agreement:
The set of output values of all correct processes must be of size no bigger than k. It was proven in
STOC’93 by three independent teams [BG93a, HS93| 5293 and using topological methods, than
(n,k)-set agreement cannot be solved in the iterated model with snapshot objects. This result
holds even when k = n — 1. Because the iterated model of distributed computing is equivalent to
the standard wait-free shared memory model [BG97,(GR10a], this result is also true in the standard
model. The impossibility of set agreement in shared memory systems was a surprising discovery,
because it is also known that the set agreement task is strictly weaker that the consensus task.

Afek, Gafni and Lieber introduced the safe-consensus task in [AGL09], which seemed to be a
synchronization primitive much weaker than consensus. In the safe-consensus task, the processes
agree on an unique output value that must satisfy the Termination and Agreement properties of
consensus, but the validity requirement becomes the following: if the first process to invoke the
task returns before any other process invokes it, then it outputs its input; otherwise, when there
is concurrency, the consensus output can be arbitrary, not even the input of any process. In any
case, all processes must agree on the same output value. Trivially, consensus can implement safe-
consensus. Surprisingly, Afek et all [AGL09] showed that the converse is also true, by presenting
a wait-free implementation of consensus using safe-consensus black-boxes and read /write regis-
ters. Thus, consensus and safe-consensus are wait-free equivalent, because one can use one task
as a black box to implement the other. Why is it then, that safe-consensus seems a much weaker
synchronization primitive?

Our contributions. We use the iterated model of [BG97] and the safe-consensus task of [AGL09]
to define a new model of distributed computing and we investigate some of the topological prop-
erties of this new model and the solvability of the consensus and set agreement tasks. The iterated
model defined in this thesis, is an extension of the iterated model of [BG97] with the power of
safe-consensus objects. A safe-consensus object is a shared object that receives input values from the
processes and returns to the processes output values consistent with the safe-consensus task spec-
ification. The new model allows the processes to communicate by using a sequence of snapshot
objects and safe-consensus objects. As with any iterated model, computation proceeds in rounds,
accessing copies of the objects, asynchronously, and in the same order. In each iteration, each pro-
cess first writes to the shared memory, then it invokes a safe-consensus object and finally it takes
a snapshot of the shared memory.

First, we define in detail the new iterated model of distributed computing, enriched with the
safe-consensus shared objects, we call it the iterated model with safe-consensus objects. Once we have
introduced to the reader the new model, we begin to investigate some of its properties. In general,
it is difficult to work with shared objects more powerful than shared memory, because even if
our protocols are specified in an iterated form, the model can lose its recursive nature because
of the invocations made to the shared objects, thus it can be very difficult to prove something
useful about the new model, all because of the power added by the new shared objects. Thus, our
strategy to begin our work with the iterated model with safe-consensus objects is the following.
We will put a (temporally) additional restriction in the iterated model with safe-consensus:

RSC Each safe-consensus object in the sequence must be invoked by all the processes.
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(In the general iterated model with safe-consensus, the processes can invoke different safe-
consensus objects in each round of a protocol). We call this model of computation the iterated
shared memory with full safe-consensus objects (IFSC) model. It has good advantages to begin our re-
search of the iterated model with safe-consensus objects with the addition of the restriction RSC,
it will allow us to introduce basic techniques in an easy way and also it will be easier to study the
topological properties of the new model, so that we will be able to obtain a good deal of informa-
tion on the new model, even with the restriction RSC. Indeed, we obtain our first contributions in
the IFSC model, by analyzing the topology of this model and the solvability of the (n,n — 1)-set
agreement and the consensus tasks. Specifically, the first results we present are:

e The (n,n — 1)-set agreement task can be implemented in the IFSC model using only one
safe-consensus object (with a simple one-round protocol, Theorem [6.3.2);

¢ Itis impossible to solve the consensus task for n processes in the IFSC model (Theorem|6.3.6).

These results say that the IFSC model is indeed more powerful than the basic iterated model, be-
cause (1n,n — 1)-set agreement cannot be solved using only shared memory [BG93a), [HS93, ISZ93].
But the IFSC model still has limitations as it cannot solve consensus (while consensus is solvable
using safe-consensus objects [AGL09] without restrictions). We will see that this impossibility
does not come from the fact that we are working in an iterated model, rather, it is caused by the
restriction RSC of the IFSC model.

Also, in connection with the topological theory of distributed computing to represent execu-
tions of protocols in the iterated model (and in the extended IFSC model), we will have something
to say about Theorem|[6.3.6] It is known that the protocol complexes in the iterated shared memory
model are connected and because of this, it is impossible to solve consensus [BMZ90, [HS99]. In
this thesis, we argue that the protocol complexes in the IFSC model are disconnected, yet, these
protocols cannot solve consensus. In summary, our aims with the IFSC model, include explaining;:

1. How to analyze protocol complex connectivity in an iterated model;

2. how does the power of the communication objects affect the connectivity of a protocol com-
plex;

3. and what are the consequences of connectivity for task solvability.

After we have completed our work with the IFSC model, we are ready to remove the restriction
RSC and turn back to the iterated model with safe-consensus objects without restrictions. In this
model, we focus entirely our attention at the solvability of the consensus task. Our results with
the iterated model with safe-consensus objects are the following;:

¢ We present a simple protocol to solve the consensus task in the iterated model with safe-
consensus objects, using (5) safe-consensus shared objects. This protocol is based on the
new g-2coalitions-consensus task, a new distributed task that we propose, which may be of
independent interest.

* We prove that any wait-free implementation of consensus for n processes in the iterated
model with safe-consensus requires (;) safe-consensus black-boxes (Theorem and

Corollary[9.3.7).

xviii



Thus, we show that while consensus and safe-consensus are wait-free equivalent, safe-consensus
is a weaker communication primitive than consensus, as long as complexity is concerned. These
results also say that the impossibility to solve the consensus task in the [IFSC model comes precisely
because of restriction RSC and not from the fact that we are working in an iterated model.

Our main result is the lower bound on the number of safe-consensus objects needed to solve
consensus. It uses connectivity arguments based on subgraphs of Johnson graphs [DL98], and an
intricate combinatorial and bivalency argument, that yields a detailed bound on how many safe-
consensus objects of each type (fan-in) are used by the implementation protocol. To our knowl-
edge, this is the first time in which an attempt is made to study an iterated model by adding
objects as powerful as the consensus task and also it is the first time that Johnson graphs are used
in distributed computing.

Related work. Researchers in distributed computing theory have been concerned from early on
with understanding the relative power of synchronization primitives. The wait-free context is
the basis to study other failure models e.g. [BGLRO1], and there is a characterization of the wait-
free, read /write solvable tasks [HS99]. As we have said before, the weakening of consensus, set
agreement, where n processes may agree on at most n — 1 different input values, is still not wait-free
solvable [BG93al [HS99, SZ00] with read / write registers only. The renaming task where n processes
have to agree on at most 2n — 1 names has also been studied in detail e.g. [ABND™90, [CRR11],
CnHR12, ICnR12b].

Iterated models e.g. [BG97, HR10b, HR13, Raj10, RRT08a, RRT08b]| are an important and useful
tool in distributed systems, they facilitate impossibility results, and (although more restrictive)
facilitate the analysis of protocols [GR10b]. We follow in this thesis the approach of [GRHO6] that
used an iterated model to prove the separation result that set agreement can implement renaming
but not vice-versa, and expect our result can be extended to a general model using simulations , as
was done in [GR10a] for the separation result of [GRHO06]. For an overview of the use of topology
to study computability, including the use of iterated models and simulations see [HKR13].

Afek, Gafni and Lieber [AGL0O9] presented a wait-free protocol that implements consensus
using (;) safe-consensus black-boxes (and read /write registers). Since our implementation uses
the weaker, iterated form of shared-memory, it is easier to prove correct. The safe-consensus task
was used in [AGL09] to show that the g-tight-group-renaming task [AGL™08] is as powerful as
consensus for g processes.

The idea of the classical consensus impossibility result [FLP85, [LAA87] is (roughly speaking)
that the executions of a protocol in such a system can be represented by a graph which is always
connected. The connectivity invariance has been proved in many papers using the critical state
argument introduced in [FLP85], or sometimes using a layered analysis as in [MR02]. Connectivity
can be used also to prove time lower bounds e.g. [ADLS94, DM90, MR02]. We extend here the
layered analysis to prove a lower bound on the number of objects needed to implement consensus.

Outline of the thesis

This thesis is organized as follows. Part I is devoted to the study of computable manifolds and is
divided into four chapters. Chapter|l|gives a brief introduction to the basic definitions and results
on topology and standard computability theory. Extended material on these topics can be found
on any standard textbook about each subject [Arm83, KW85| Eng89, Sip96, Koz97, Mun00, (Coo04].
It is in this chapter where we introduce to the reader the world of Type-2 theory of effectivity (TTE)
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[Wei00, BHWO08, Wei08], an extension of basic theory of computability. TTE will allow us to build
programs which can manipulate objects represented by an infinite amount of information. In
Chapter 2| we give a short overview of the field of Computable topology. The essential definition of
computable topological space is constructed and many definitions and results related to this concept
are presented. The framework of TTE is used to build ways to represent points, open, closed and
compact subsets of a computable space. The concept of computable function between computable
topological spaces is defined, together with other useful constructs, like computable subspaces,
computable homeomorphisms and embeddings. Many technical results are proven in this chapter.
In Chapter 3| we put at work all the definitions and results of previous chapters to build our
definition of computable manifold. We do this by first introducing computable charts and computable
atlases and with these concepts at hand, we can formulate the definition of computable structure
(an equivalence class of computable atlases on a given set). We show that a computable structure
on a set X is characterized by a computable topology on X (just in the same way a manifold
structure on X is characterized by a corresponding topology on X). A computable manifold will
be defined as a set M together with a computable structure. We also prove many basic results
about computable manifolds, which are computable versions of well known results of standard
manifold theory. In Chapter[d]we introduce computable submanifolds and we present the main result
of the first part of this thesis, which is an embedding theorem for compact computable manifolds:
Any compact n-dimensional computable manifold (satisfying a computable Hausdorff axiom) can
be embedded in R7 with a computable embedding, where g is sufficiently large and depends on
n. Our conclusions for the first part can be found in Section of Chapter

Part II is concerned with the iterated shared memory model of distributed computing ex-
tended with the power of safe-consensus tasks and contains five chapters. In Chapter 5| we begin
our study of distributed system, first we introduce the most basic definitions needed to work
with distributed systems, (i.e. processes, registers, protocols, events, executions, distributed tasks
[BG93a, HS99, 5200, BGLRO1, [AR02, |Gaf09, Raj10]) and after that, we define the basic iterated
shared memory model of distributed computing (called simply the iterated model). The remainder of the
chapter deals with the properties of the iterated model. We show how the recursive nature of the
protocols written in the iterated model allow us to interpret the executions of a protocol (evolving
in time) as simplicial complexes (protocol complexes). At the end of the chapter, it is argued that
the connectivity of complexes representing executions of a protocol, is a fundamental property to
determine if a protocol in the iterated model (or any other model) will be able to solve a given
task. The last result of the chapter is a short proof of the impossibility to solve the consensus task
[FLP85, LAAS87] with a protocol in the iterated model. In Chapter || we give extended versions of
many definitions of Chapter 5] so that we are able to define a new model of distributed comput-
ing, which we call the iterated model with safe-consensus shared objects, this new model extends the
operations of reading and writing to the shared memory of the system, with the ability to invoke
shared objects that satisfy the properties of the safe-consensus task. We show how the topology
of the protocol complex of a protocol in the iterated model with safe-consensus, is very different
from the topology of the protocol complex of a protocol in the basic iterated model, being the
connectivity of the complexes the big difference. We end this chapter with two interesting results:
(1) We prove the existence of a correct protocol in the iterated model with safe-consensus objects,
which can solve the (1, n — 1)-set agreement task (in one round !!); (2) The last result is the impos-
sibility to solve the consensus task in the iterated model with safe-consensus objects, if we restrict
the use of the safe-consensus tasks in the extended iterated model in the following way: In each
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iteration of a protocol, all processes must invoke the same safe-consensus object. in Chapter [7
we show that in the general iterated model with safe-consensus (without the previous restriction),
we can solve the consensus task with an iterated protocol that uses () safe-consensus objects.
Although the given protocol is a bit complicated in its formal specification, the intuitive ideas be-
hind its execution are easy to understand and we explain them in detail. The correctness proof of
the protocol is well structured, thanks to the recursive nature of the iterated model. It is in this
chapter where we introduce the g-2coalitions-consensus task, an intermediate task that we use in
the formal specification of the protocol that solves consensus. In Chapter (8, we begin our road to
prove the main result of the second part of this thesis: A (matching) lower bound on the num-
ber of safe-consensus objects needed to solve the consensus task with a protocol in the iterated
model with safe-consensus. This lower bound shows that although consensus and safe-consensus
are wait-free equivalent, complexity-wise they are very different, being safe-consensus a weaker
communication primitive than consensus. Our lower bound result will be obtained by counting
in how many different ways the processes must be able to invoke safe-consensus shared objects in
the executions of a protocol. Chapter [8|contains many technical results that describe the structure
of the iterated protocols with safe-consensus objects. This results give us information about the
1-dimensional connectivity of the protocol complexes of iterated protocols with safe-consensus.
Thus we do not use the framework of topology and simplicial complexes explicitly, instead we
rely on simple combinatorics and graph theory. In Chapter [0 we obtain the lower bound result, by
combining the results from Chapter [§| with some results regarding the connectivity of subgraphs
of Johnson graphs [DL98]. Our conclusions for the second part can be found in Section of

Chapter
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Computable manifolds






The “computable” numbers may be described briefly as the real numbers whose expressions as a decimal
are calculable by finite means. Although the subject of this paper is ostensibly the computable numbers.
it is almost equally easy to define and investigate computable functions of an integral variable or a real or
computable variable, computable predicates, and so forth. The fundamental problems involved are, however,
the same in each case, and I have chosen the computable numbers for explicit treatment as involving the
least cumbrous technique. I hope shortly to give an account of the relations of the computable numbers,
functions, and so forth to one another. This will include a development of the theory of functions of a real
variable expressed in terms of computable numbers. According to my definition, a number is computable if
its decimal can be written down by a machine.

Alan M. Turing.






Basic topology and computability theory

We begin our study of computable manifolds. In this chapter, we summarize many basic defini-
tions, facts and technical details about topological manifolds and computability theory that will
be used throughout this thesis. The reader can check the references for more complete information
on these topics.

The chapter is organized as follows. Section [1.1| contains many basic definitions and results
concerning topological manifolds (with boundary). In Section we present basic definitions of
standard computability theory. In Section we give a short introduction to the Type-2 theory of
effectivity (TTE for short). We first define Type-2 machines as a natural extension of standard Turing
machines and define computable string functions in TTE. The next step will be to define standard
topologies on X* and X, the sets of finite and infinite strings respectively and prove some basic
results concerning the relationship between computability in TTE and topology. Finally, Multi-
representations are defined and many useful basic results are proven.

1.1 Topology

We assume that the reader has a basic knowledge about general topology. Our references are
[Arm83| Eng89, Mun00], but any standard textbook can be used as a reference.

Definitions 1.1.1. The power set of any set A will be denoted by P(A). A function f: A — B
between the sets A, B, which is defined on a subset of A, is called a partial function and is denoted
by f: € A — B. When f is defined on the entire set A, f is called a total function and we omit the
“C” symbol. The identity function on Ais14: A — A. For a topological space (X, T), we denote
by A the set of closed subsets of X and K will denote the set of compact subsets of X. Aset Z C X
is a Gs-set if Z is a countable intersection of open sets in X. The symbols N, Z, Q and R are used to
represent the set of natural numbers; the set of integers; the set of rational numbers and the set of real
numbers respectively. Let R" = {(x1,...,x,) | x; € R} denote euclidean space of dimension n > 0.
If (M, d) is a metric space with metricd: M x M — R, then forany x € Mand 0 < r € R, let

B(x,r) ={y e M |d(x,y) <r}and B(x,r) = {y € M | d(x,y) <r}
denote the open and closed ball with center x and radius r.

We endow the euclidean space R” with its standard topology, which is induced by the metric
d(x,y) = ||x —y||; D" = B(0,1) is the n-disk (or unit ball), its topological boundary is known as
the (n — 1)-sphere S"~1, R" = {x € R" | x, > 0} is called the upper half space and OR" = {x €
R" | x, = 0} is the boundary of R’,. All the previous subsets of R” are equipped with subspace
topology.
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1.1.1 Topological manifolds

Our main objects of study are topological manifolds [KS77, Gau74, BC70, Fre82]. We first present
one of the most common approaches to define them.

Definition 1.1.2. By a topological n-manifold (or just manifold) we mean a space M such that every
point in M has an open neighborhood which is homeomorphic to an open subset of euclidean
space IR". The integer 7 is called the dimension of the manifold and is denoted by dim M.

Accordingly to this definition, a topological manifold is just a locally euclidean space in which
all the points have the same local dimension. A manifold M of dimension # is also denoted by
M". Most authors require their manifolds to satisfy further topological properties. At the least,
manifolds are usually paracompact and Hausdorff. We will not assume any of these properties
until we explicitly require them. It is easy to prove that the next result holds.

Proposition 1.1.3. The following are equivalent for a space M.
i) M is a topological manifold.

ii) Every point of M has a neighborhood homeomorphic to an open ball in R".
iii) Every point of M has a neighborhood homeomorphic to R" itself.

A neighborhood in M homeomorphic to an open ball in R" is called an euclidean ball. The set
of all euclidean balls in M form a basis for the topology of M. Being a topological manifold is a
topological property. If M is a manifold and f: M — X is a homeomorphism, then X is also a
topological manifold. We now present some examples.

Example 1.1.4. Euclidean space R" is the prototypical n-manifold. Each point x € R" has the
open neighborhood U, = IR", which is clearly homeomorphic to R".

Example 1.1.5. Any discrete space X is a 0-manifold. For i € X, the open set U; = {i} is homeo-
morphic to 0-dimensional euclidean space.

Example 1.1.6. Any open subset U C M of a n-manifold M is a n-manifold with the subspace
topology. For let x € U, then as M is a manifold, there exists an open neighborhood V, C M with
x € Vy and V, is homeomorphic to an open set of R”. Then U N Vy is an open set in U (and M)
and clearly U N V, is homeomorphic to an open set in R”, so that U is an (open) n-manifold.

Example 1.1.7. Let I be an index set and for each « € I, suppose that M, is a manifold with
dim M, = n. Then the disjoint union M = J,c; M, is a n-manifold.

Lemma 1.1.8. If M is a m-manifold and N is a n-manifold, the topological product M x N is a manifold
such that dim(M x N) = m + n.

Proof. Let (x,y) € M x N. We need to show that (x, ) has an open neighborhood on M x N which
is homeomorphic to an open set of R” x R" = R"". Because M and N are manifolds, there exist
open neighborhoods U C M,V C N of x and y respectively, such that f: U — R™,g: V — R" are
homeomorphisms of U and V' onto open subsets of R" and IR" respectively. Then the product

fxg:UxV—=R"xR"

is an homeomorphism of U x V onto an open subset of R x R". As U x V is an open neighbor-
hood of (x,y) in M x N and (x, y) is any point, Definition holds for M x N, so that M x N is
a topological manifold of dimension m + n. O
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We will see more examples later.

1.1.2 Charts and atlases

We can also define topological manifolds without any explicit reference to some topology. This is
done via the concepts of chart and atlas.

Definition 1.1.9. Let X be a set. A coordinated chart (or just chart) on X is a pair (¢, U) where U C X
and ¢ is a bijective function of U onto an open subset of R”. An n-dimensional (topological) atlas
on X is a collection {(¢;, U;) }ic; of coordinated charts on X such that

a) the sets U;’s cover X;
b) foreachi,j € I, ¢; [Ui N Uj] and ¢; [Ui N Uj] are open subsets of X;

c) Each map (called a transition function) @;p; '+ ¢;[U; N U;] — ¢;[U; N Uj] is a homeomor-
phism between open subsets of R".

Suppose that ® = {(¢;, U;) }ic; is a topological atlas on X. Define the set 7o C 2% as follows:
V € 1p if and only if ¢; [V N U;] is open in R” for each i € I.

Proposition 1.1.10. For any topological atlas ® on X, e is a topology in X.
Proof. We first check that @, X € 7¢. As it holds for any i € I that
Qi [@] = and Qi [X N Ui] = @; [Uﬂ,

then clearly @, X € 7¢. To check that arbitrary unions and finite intersections of elements of 7
are also members of T, notice that as ¢; is bijective for any i, then

ei[(U Vi) nU;] = U @i [VinUi);

ei[(M Vi) NU;| =N i [VinUi);

so that T is closed under arbitrary unions and finite intersections. Therefore 7o is a topology in
X. O

Thus, an atlas ® induces a topology Te in X. This topology has two very important properties:

¢ Each set U; is open in X.

¢ Eachmap ¢;: U; — ¢; [Ui] is a homeomorphism.

This says that the set X, equipped with the topology ¢ becomes a topological manifold as in
Definition However, a set X may have several different atlases defined on it and two such
atlases need not induce the same topology on X. We need to be able to say when two distinct
atlases induce the same topology on X. This can be achieved with the following concept.

Definition 1.1.11. Two n-dimensional atlases {(¢;, U;)}, {(¢;, V;)} on X are compatible if their
union is an atlas on X.
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This means that all the extra maps 1/1]'4)1.’1 must be homeomorphisms on their respective do-
mains.

Lemma 1.1.12. Let X be a set and 1, @, two n-dimensional atlases on X. Then 1 and P, are compatible
if and only if they induce the same topology on X.

Proof. (=) Suppose that ®; = {(¢;, U;)}, P> = {(¢j,V;)} are compatible atlases on X and let
U € 1¢,. By hypothesis, ®; and ¥, are compatible and that means, by Definition that
®; U P, is an atlas on X. Using property b) of Deﬁnition we can prove that V; € 1, for each
jand as U € Tg,, UN V; is open in the topology T, and that implies that ¢; [U N V; N U;] is open
in R” for all i. By c) of Definition [1.1.9) the function

Yo e [ViN W] — [V N U]

is an homeomorphism, thus an open map, so that it sends the open set ¢;[U N V; N U;] onto
the open set ; (U N V; N U;]. Now we know that ¢;[UNV;] = ¢;[(UNX)NV;] = ¢;[(UN
(Ui W) nVi] =y [(U;(UNU) N V] =g [U;(UNU; N V)] = U; ¢ [UNU; N V). In conclusion,
P [UNV;] = U;9;[UNU; N Vj]| and this says that i;[U N V] is open in R" for each j, so that
U € 19,. We have proven that 7, C Te, and to prove the other inclusion, the argument is
symmetric. Hence, ¢, = T, and the two atlases induce the same topology on X.

(<) Since Te, = Ta,, it is straightforward to prove that ®; U ®; is a n-dimensional atlas on X,
so that ®; and ®; are compatible atlases, according to Definition [T.1.11} O

Thus, two atlases induce the same topological properties on a set X precisely when they are
compatible. The compatibility of atlases is clearly an equivalence relation on the seiﬂ of all atlases
of dimension 7 on X.

Definition 1.1.13. Let M be a set. An equivalence class [®] of atlases on M is called a TOP structure
on M.

If M has a topology T and an atlas defined on it, then the topology induced by the atlas is
the same as 7 if and only if each chart ¢: U — R" is a homeomorphism in the topology 7. In
summary, a TOP structure [®] on X is characterized by the topology induced by every atlas that
belongs to [®].

Lemma 1.1.14. A set M is a topological n-manifold if and only if it has a TOP structure of dimension n.

Proof. (=) Assume that M is a n-manifold, according to Definition For each point x € M,
let U, be an open neighborhood of x in M, homeomorphic to an open set of R", via the homeo-
morphism f,. Then the set

@ = {(fx,Ux) | x € M},

is a topological atlas for M, with dimension n. Therefore M has a TOP structure induced by ®.
(«=) If M has an atlas ®, then this atlas induces a topology 7o on M, and by the properties of ®,
M becomes a topological manifold with dim M = n. O

I The collection of all n-dimensional atlases on X can be seen as a subset of P((R")X x P (X)), by identifying a chart
with a pair (f: € X — R",U), where U C X is the domain of f.
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Notice that by the comment at the end of Definition|1.1.13, The topology T of M as a topological
manifold and the topology e induced by the atlas @ (and every atlas compatible with it) are the
same.

Example 1.1.15. We construct an atlas for the 1-sphere S! C R?. Let U, U_ be defined as

U, ={(x,y) €S' |y >0} and U_={(xy) €S |y<0},
andlet fy: Uy — R, f_: U_- — Rbegivenby fi(x,y) = f-(x,y) = x, these two functions are
injections of Uy, U_ onto (—1,1) C R, thus the pairs (f}, U, ), (f—, U-) can be seen to be charts
on 8!, but still U, UU_ # S'. Now let

Vi ={(x,y) €S'|x>0} and V_={(x,y)ecS'|x<0},
and defineg,: Vy - R,g_: V- - Ras g (x,y) = g-(x,y) = y. We claim that the set

@ = {(fr,Us), (f- U-),(8+, Vi), (8-, V-)}

is an 1-dimensional atlas on S!. We need to show that conditions a)-c) of Definition are
satisfied by ®. Part a) is clearly true; to show part b), notice that the sets p[UN V] (¢ €

U fo8+,8-1U Ve {Us, U, Vy,V_})are
frlurnu_] =f_[UnU-] = o;
frUprnVy] =gy (U NVL] = (0,1);
f+[UsNV_] =(-1,0);
g-[UynV-]=(0,1);
UV =(0,1);
g+ U-NVy] =(-1,0);
FIU V] =g [U-NV-] = (~1,0)
grVinV ] =g [VinV_ ] =g;
and the sets @, (0,1), (—1,0) are open sets of R, thus b) is true for ®. Finally, to prove part ), we

only show that one of the transition maps is an homeomorphism, the other cases are similar. Take
the composition f,g~': g [Uy NV_] — f; [U4 N V_], a small computation shows that

187 (y) = —/1—% y<(01),

and with the given parameters, it is easy to check that f,g~" is an homeomorphism of g_ [U; N
V_] =(0,1) onto f; [U; NV_] = (—1,0).  fulfills Definition so that it is an atlas for S'.
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Manifolds with boundary

The concept of manifold (Definition does not include some simple sets like the n-disk D"
and R’} among others. We now extend the definition of topological manifold to encompass a
broader range of topological spaces. Basically, we extend the concepts of charts and atlases given
in Definition [[.1.9]

Definition 1.1.16. A coordinated chart on set X is a pair (¢, U) where U C X and ¢ is a bijective
function of U onto an open subset of R". An n-dimensional atlas on X is a collection { (¢;, U;) }icr
of coordinated charts on X such that

a) X =U; U

b) foreachi,j € I, ¢; [Ui N Uj] is openin R ;

c) Each transition function ¢;@;': ¢:[U;NU;] — ¢;[U; N U;] is a homeomorphism between
open subsets of R} .
Everything that we said previously about atlases applies to the new atlases on a set X. Defini-
tion|1.1.11] of compatibility of atlases is also valid. A n-dimension manifold with boundary is a set M
together with a equivalence class [®] of topological atlases (in the new sense).

Definition 1.1.17. Let (M, [®]) be a n-manifold with boundary. We define the boundary oM and
the interior Int M of M as follows.

IM={xeM|(3(pU) € P)(x c UNg@(x) € dRY)};
IntM =M — oM.

By the Invariance of domain theorem, 0M is well defined, i.e., it does not depend on the chart.
It is easy to see that M is a manifold of dimension n — 1 and Int M is a n-manifold, such that
00M = @ and 9 (Int M) = @. A manifold N with ON = & is called a manifold without boundary (or
with empty boundary). Thus, Definition correspond to manifolds with empty boundary. Here
are some examples of manifolds with boundary.

* The half space R’} is a n-manifold with boundary dR"} ;

e The unit ball D" is a manifold and its boundary is the (1 — 1)-sphere §"~1;

¢ The Mobius band is a 2-dimension manifold with boundary the 1-sphere;

e The cylinder I x S! is a 2-manifold with boundary the union of two disjoint circles.

The last example is a special case of a known result, which generalizes Lemma(I.1.8|

Lemma 1.1.18. Let M, N be manifolds such that dim M = m, dim N = n. Then M x N is a (m + n)-
manifold, such that
(M x N) = (dM x N)U (M x oN).

More examples will come in the next chapters and there are even more in the references [BC70,
Gau74, Mun00]. The most common way to define topological manifolds is using locally euclidean
spaces. The definitions of charts and atlases are very handy in the context of differentiable and PL
manifolds [BC70, Hud69], where the transition maps are required to have the additional properties
of being C¥ (k € N U {o0}) and/or piecewise linear (PL) functions respectively. Atlases will be
very useful in Chapter 3| for our work too, when we define computable manifolds using charts
and atlases.

10
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1.1.3 Submanifolds and embeddings

Manifolds which are subsets of other manifolds are an important tool to study topological man-
ifolds and their properties. A topological manifold N is a submanifold of the manifold M if and
only if N C M and N is a subspace of M (that is, the topology of N is subspace topology). An
easy example of a submanifold is any open set U C M of any given manifold. The n-disk D" is a
compact submanifold of R"*!.

There are many facts [KS77] in the theory of manifolds (topological, differentiable and/or PL)
which can be shown to be true using the well known result that every Hausdorff n-manifold
M (of any kind) embeds in some high dimensional euclidean space RY, where g depends on n.
Numerous versions of this embedding theorem exist, the big difference between them being the
dimension of the space R7. It was proven by Whitney [Whi36|] that if M is smooth (C*), then it
embeds in IR?" and this is the best result possible. The same is true for the piecewise linear case
using similar constructs to those used in the smooth case. If M has no additional structure, it can
be embedded in R?**! and again, this is the lowest possible dimension for the euclidean space.
This last result can be proven by means of dimension theory [HW48)|, [Eng95, Mun00].

We will study submanifold and embeddings from the computational point of view in chapter
where we will prove an effective (i.e. computable) version of the next Theorem.

Theorem 1.1.19. Let M" be a compact Hausdorff manifold. Then for some q, there is an embedding
e: M — Y.

A simple proof of Theorem [1.1.19| can be found in [Gau74]. We remark that this result is the
“easy version” of the embedding theorem for topological manifolds.

1.2 Computability theory

In this section, we give a brief summary of definitions and terminology that we will be using. The
reader that wishes to check a full introduction to basic computability theory and Type-2 theory of
effectivity (TTE) can see the references [KW85, Koz97, Sip96, Coo04, Wei00, Wei08].

1.2.1 Basic notions of computability theory

To define a computable theory for continuous structures, our first step is to introduce the concept
of multi-function [Wei00, Wei08]. This notion generalizes the definition of function and although
multi-functions are very similar to set relations, they are not the same. The idea of multi-functions
is fundamental in TTE, many computational problems themselves are more naturally expressed
as multi-functions (i.e., multiple values assigned to a single element) rather than as standard func-
tions.

Definition 1.2.1. Let A, B be sets. A multi-function from A to B is a triple f = (A, B, Rf) such
that Ry C A x B (this is the graph of f). We will denote it by f: A = B. The inverse of f is the
multi-function f~! def (B, A, Rp1), where Ry aef {(b,a) | (a,b) € R} € Bx A. For X C A, let
fX] =3 {b € B|(3a € X)(ab) € R¢}, dom(f) et f~1[B] and range(f) d:eff[A]. Fora € A, let

F(a) & f[{a}].

11
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If it happens that for every a € A, f(a) contains at most one element, f can be treated as a
usual partial function denoted by f: C A — B. In contrast to relational composition, for multi-
functions f: A = B and g: B =% C, we define the composition go f: A = B by [Weil8, Section
3]

a€dom(gof) < f(a) Cdom(g) and go f(a) d:efg[f(a)].
def

Definition 1.2.2. For a multi-function f: X = Y and Z C Y, define f|*: X = Z by f|?(x) =
f(x)NZforall x € X.

The multi-function f|# of the previous definition is given in terms of the sets f|#(x), if we
want to define it in terms of Definition then we have that f|* = (X, Z,R f|z), where Rpz =

{(x,z) € Xx Z | z € f(x)}. Notice that when f is a function, then the multi-funcion f|# from
Definition[1.2.2]is simply the usual restriction of f to the set f~![Z].

An alphabet is any non-empty finite set X = {ay,...,a,}. We assume that any alphabet that we
use contains at least the symbols 0, 1. We denote the set of finite words over X by ~*, the empty
string by A € £* and with X the set of infinite sequences p: IN — X over X. It is customary (and
convenient) to treat an element p of £ as an “infinite word”

p(0)p(1)p(2) - --

Forw,y € 2* and p € X%, we say that y starts with w if y = wz for some z € X* (the notation “wz”
means concatenation, that is, write the word z after w). Similarly, p starts with w if p = wq, where
g €xv.

Definition 1.2.3. Let X be an alphabet. The wrapping function 1: ¥* — X%, is defined by
(m1az - ar) B 110410050 - - - 0a,011.

The wrapping function is used for coding words in such a way that ¢(#) and ¢(v) cannot over-
lap. We will be using standard functions for finite or countable tupling on £* and X%, all of them
are denoted by (-). The precise definitions of these functions are

(a1, tt) S a(u1) - o(ay);
(u, p) & 1(u)p

(p,9) < p(0)g(0)p(1)g(1) -+ ;
(po, P, )i ) < pi);

for all u,uy,...,u, € ¥*and p,q,p; € £ (i = 0,1,...). Each of the above functions is injective
and even bijective, if the arguments are in X¢. For u € X* and w € £* UX®, u < w if and only if
t(u) is a subword of w.

1.2.2 Turing machines

We now define Turing machines, one of the most popular formal models of computation in stan-
dard computability theory [Wei87, [HU90, [Sip96, Koz97, [Coo04]. Turing machines are used to
define Type-2 machines in Section (1.3} which are a special type of Turing machines, with addition
rules and some extensions.

12
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Multi-tape Turing machines

There are many ways to define Turing machines, we will use one of the most useful definitions:
The multi-tape Turing machine. We first give an informal description of what is a multi-tape Turing
machine 9t and the way it works (Figure . Intuitively, 9t has k > 1 tapes, each tape is semi-
infinite to the right and is divided into cells. The k tapes is the work space of the machine. Each
head controls one tape of 9t and each head can perform the following actions on the tape:

® Scan the contents of the current cell in the tape;
¢ modify the symbol of the current cell in the tape;

¢ move to the left or right of the tape to scan another cell. Also, the head can stay in the current
cell without moving.

In one or more tapes, I receives input strings, which represent the input data which 9t uses to
perform its work. When the machine starts the execution of its program, it is in a “start” state
s, with the heads of the input tapes scanning the first symbol of each of the input strings. In
each step of M, depending on the current state of the machine and the symbols scanned by the k
read /write heads, 9t changes the current state, writes a symbol on the current cell of each tape,
and finally 9t determines for each read/write head if it must be moved to scan the contents of
another cell or if the head must stay in the same cell. The full program of 9t is specified by means
of a transition function. When the machine enters into a special state t, called the “accept” state,
it stops all actions and the computation is successful. On the other hand, if 9t enters into another
special state r, called the “reject” state, it stops but with failure. It can also happen that 9t never
enters one of the states ¢, 7, in this case, we say that 91 is in a infinite loop.

EHEEEEEEEE

Figure 1.1: A Turing machine with three tapes.
The formal definition of multi-tapes Turing machines is as follows.
Definition 1.2.4. A deterministic multi-tape Turing machine is a tuple
M= (Q%T,4s,tr),
where
¢ (Qisa finite non-empty set; elements of Q are called states;

¢ 3 is the input alphabet;

13
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e T is the work alphabet, where XU {U} C T;

5:QxTF—QxTFx{L,R,S }k, is the transition function (the program);

s € Q, is the start state;

t € Q, is the accept state;
e 1 € Q,is the reject state, r # .
The symbols L, R and S stand for left, right and stay, respectively.

Intuitively, a transition of the form 6(q, a;1,ap, ..., a;x) = (p,bia, biz, ..., bix, D1, D2, ..., Dg) has
the following meaning: If the machine 91 is in the state ¢, scanning the symbol a;; on the first tape,
the symbol a;, on the second tape, . .., the symbol a;; on the k tape, then the machine must switch
the current state to p, write on the first tape the symbol b;; (replacing a;1), on the second tape the
symbol by, ..., on the k tape the symbol b (replacing a;) and finally, move the head of the first
tape in direction D;, move the head of the second tape in direction D, ..., move the head of tape
k in direction Dy. When the machine enters in one of the two special states t or r, it is not allowed
to do any more transitions or state changes, we say that 9t halts. The alphabet I" always contains a
special symbol “LI”, called the blank symbol, which is used to indicate that the corresponding tape
cell is empty.

Two way infinite tapes

We have given the definition of Turing machine using one way infinite tapes. If we modify Defini-
tion[1.2.4]to allow the use of two way infinite tapes, it can be proved that we do not add any extra
power to the model [Sip96| Koz97]. Thus, we can build Turing machines with one way infinite
tapes, two way infinite tapes, and machines with both types of tapes, all these variations of the
Turing machine model have the same computational power. In Section we use this fact to
specify Type-2 machines as multi-tape Turing machines with both types of tapes.

1.2.3 Tarsky’s decision method for the elementary algebra of the reals

In order to prove some results in the next chapters, we will be using a celebrated result from A.
Tarsky [Tar48]. We first give the definition of elementary expression.

Definition 1.2.5. An elementary expression in the algebra of the real numbers, is an expression build
with the following objects:

e Variables over the real numbers.
e Constants ¢ € IN.

* The symbols +, —, -, = which denote sum, subtraction, multiplication and division of real
numbers respectively.

¢ The symbols >, = that denote the relations “greater than” and “equal to” respectively, of
real numbers.

¢ The logic connectives V (disjunction), A (conjunction), = (negation) and = (implication).

14



1.3. TYPE-2 THEORY OF EFFECTIVITY
¢ The universal (V) and existential () quantifiers.

Notice that in general, it is impossible to say something about sets of real numbers with ele-
mentary expressions. Although we can give expressions for sets like {5,7,10000} (with the ele-
mentary expression x =5V x =7V x = 10000), it is impossible to write down with an elementary
expression the statement “x is an integer”, that is, the expression x € Z is not elementary, neither
is the following expression about integer equations

(Ix,y,z € Z)(°+y° =2%).

If such expressions were to be elementary, that would imply that all sentences of elementary num-
ber theory, are elementary expressions, and that would mean that Theorem below is false
[Tar48], thus the previous expressions about elements of Z are not elementary. However, all basic
properties of order, sum and multiplication of the field R can be expressed as elementary expres-
sions. Also, many useful properties of the ring R [x1, ..., x,] (n > 1) can be given with elementary
expressions. We are now ready to introduce Tarsky’s result.

Theorem 1.2.6. There exists an algorithm to decide, given an elementary expression in the algebra of the
real numbers, whether it is true or false.

More details on Tarsky’s method can be found in [Tar48]. From now on, in this thesis, when-
ever we need to apply the Tarski’s decision method, we assume that we have an appropriate
encoding of polynomial functions with rational coefficients as strings of >*.

1.3 Type-2 theory of effectivity

It is time to begin our short introduction to the computability theory of Type-2 Theory of Effectivity
(TTE for short). The main tool is the Type-2 machines, which are some sort of generalized Turing
machines, which can operate on infinite strings. This will be our first definition of TTE. Later, we
define computability with Type-2 machines for finite and infinite strings, multi-functions defined
on strings and sets, generalizing the same notions presented in ordinary computability theory.
Another important tool of TTE is the idea of representations and notations, which are (roughly
speaking) codifications of abstract objects with strings of some alphabet, these encodings are used
to transfer computability notions of TTE to arbitrary sets. We give some of the most useful results
regarding representations of computable functions.

1.3.1 Type-2 machines and computable string functions

Fork > 0and Yp,..., Yy € {E*, X}, let Y = [],_; Y;. We define the computable functions f: C
Y — Yy by means of Turing machines with k one-way input tapes, finitely many work tapes and a
single one-way output tape. Figure [1.2|shows such a Turing machine.

Definition 1.3.1. A Type-2 machine is a multi-tape Turing machine M = (Q,%,T,J,s,t,r) with
N -+ 1 tapes, which satisfies the following additional rules:

* The tapes1,...,k are the input tapes of M (k < N);

¢ thetapesk+1,...,N are the work tapes of 9n;
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¢ the tape 0 is the output tape of M

e the tuple (Y3,..., Y%, Yo) (Vi € {¥*,X“}) is called the type specification of 9. For each i =
1,...,k Y; denotes the type of input strings for input tape i and Yy specifies the type of
strings for the output tape.

_— input tapes 1,...,k

> ‘ - : work tapes k+1,...,N

ol [ LTI

Figure 1.2: A Type-2 machine computing vo = fon(vy1, ..., Vk)-

The machine 9t must satisfy the following restrictions:

¢ The head of an input tape cannot be moved to the left, neither can modify a symbol of the
input string.

¢ The head of the output tape can move only to the right, writing a new symbol in each move.
¢ Any symbol written to the output tape must be an element of X.

The restrictions of Type-2 machines guarantee that the input tapes are one-way read-only tapes
and that on the output tape, only symbols from X can be written and no written symbol can be
erased (one-way output). For the rest of the section, set Y = []¥Y;. We now define the string
function f: CY — Y, computed by a Type-2 machine 9.

Definition 1.3.2. The initial tape configuration for input (y1,...,yx) € Y is as follows: for each
input tape i, the (finite or infinite) sequence y; € Y; is placed on the tape immediately to the right
of the head, all other tape cells contain the symbol U; on all the other tapes, all cells contain the
symbol Ui For all yo € Yo, (y1,...,¥x) € Y, we define the function for: C Y — Yy computed by
as:

Case Yy = X*:
for(y1, - -, k) = yo € ¥, if and only if M halts (on its accept state) on input (y1, . .., yx) with
Yo on the output tape.
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1.3. TYPE-2 THEORY OF EFFECTIVITY

Case Yy = X%
fam(y1, ..., yx) = yo € ¢ if and only if 9 computes forever on input (y1, ..., yx) and writes y
on the output tape, i.e., the machine 9t never halts and keeps computing the infinite string
Yo symbol by symbol.

We call a string function f: C Y — Yy computable, if it is computed by some Type-2 machine 1.

In case that 9t halts on the reject state or 9 never halts, but writes only finitely many symbols
on the output tape, then we say that fon(y1, ..., yx) is undefined, thatis, (y1,...,yx) ¢ dom fon. We
do not use the “partial” results of such computations in our definition of semantics. Since Type-2
machines are essentially Turing machines, they are as realistic and powerful as Turing machines.
Clearly, infinite inputs or outputs do not exist and infinite computations cannot be finished in
reality. But finite computations on finite initial parts of inputs producing finite initial parts of the
outputs can be realized on physical devices as long as enough time and memory are available.

Of course, Type-2 machines can be simulated by digital computers. Therefore, infinite com-
putations of Type-2 machines can be approximated by finite physical computations with arbitrary
precision. The restriction to one-way output guarantees that any partial output of a finite initial
part of a computation cannot be erased in the future and, therefore, is final. For this reason, models
of computation with two-way output would not be very useful.

Definition includes the standard definition of computable string functions (choose Yy =
... =Y} = X*). We define computable elements of >* and X as follows:

Definition 1.3.3. Letw € X*, p e X¥and y = (y1,¥2,.--,¥x) € Y.
1. The finite string w is computable.

2. The sequence p is computable, if and only if p = f(A) for some computable function
frXr =2

3. The tuple y is computable, if and only if each component y; is computable.

We illustrate the definitions by several examples.

Example 1.3.4. A constant function f: Y — Yj is computable, if and only if its value ¢ € Yj is
computable. Also, every projection pr;: Y — Y; is computable.

Example 1.3.5. Define f: C X — X* by,
1 if p £ 09,
flp) = {

undef otherwise.

There is a Type-2 machine 9t which reads the infinite input string apa; ... € £ and writes 1 and
halts, as soon as some i with a; # 0 has been found. Therefore 9t computes f.

Example 1.3.6. The function f: ¢ — X* defined by,

- {1 12

0 otherwise.

is not computable. To see this, assume that some Type-2 machine 9t computes f. On input 0¢ =

00..., 9 halts with result 0 within ¢ steps for some t. Then 9t halts with result 0 also on input

q L0t € 2@, But f(g) =1, a contradiction. Thus f is not computed by any Type-2 machine.
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We will be using throughout this thesis the tupling functions defined earlier in Section [1.2.1}
As in ordinary recursion theory, these functions are used to represent functions with several argu-
ments by functions with a single argument. The next result will be applied in an implicit way in
many proofs and arguments.

Theorem 1.3.7 ([WeiOO]). Let ¥ be an alphabet. The following statements are true:

* Each of the tupling functions defined in Equations , and is computable, and every

projection of its inverse is computable.

e For the infinite tupling function of , the function (0°,q) — pr; o () =1 (uniform projection of the
inverse) is computable.

More examples and preliminary results concerning TTE can be found in [Wei87, Wei00]. Com-
putability on £* and ¢ can be reduced to computability on {0,1}* and {0,1}%, respectively, by
encoding the symbols of the alphabet &* = {ay,...,a,} as follows: a; — 1710 for i < n and
a, +— 1". The computable functions on £* and X are closed under composition and even under
programming [Wei00, Wei08|, TW11]. The composition of computable functions has a computable
extension. With the following definition, the notions of computable enumerable and computable from
ordinary computability theory [Koz97,/Coo04] is generalized to TTE.

Definition 1.3.8. Let W,Z C Y, the set W is called computable enumerable (c.e.) in Z if W =
Z Ndom f for some computable function f: C Y — X*. W is called computable if W and Z — W
are both c.e. When Z = Y, we omit “in Z”.

Fork = 1and Z = Y; = ¥*, we obtain the ordinary definition of c.e. and computable sets
[Koz97, ICoo04]. The following characterization of c.e. subsets of 2* will be used later in Chapter
its proof can be found in standard textbooks, e.g., [Coo04].

Lemma 1.3.9. Let A C X*. Then A is a c.e. set if and only if A = @ or there exists a total computable
function h: ¥* — X* such that rangeh = A. Moreover, if A is infinite, then h can be chosen to be
injective.

Finally, Definition [1.3.10| resembles Oracle Turing machines from the standard theory [Sip96,
Ko0z97, [Coo04].

Definition 1.3.10. Let 91 be a Type-2 machine with k + 1 input tapes and let fonr (y) &f fon(p,y),
where p is fixed and (p,y) € Y1 X Yo X - -+ X Y} X Yi, 1. We say that 9 is an oracle Type-2 machine
and fopr is the function computed by the machine 9t with the oracle p.

Remark. In some proofs or arguments, we will need to show that some multi-functions are com-
puted by Type-2 machines and prove some sets to be computably enumerable. Giving the full
specification of such machines can be a rather long and tedious task. To avoid this, we will only
write these Type-2 machines using a simple description or with pseudocode, which will contain
the main steps to compute the function we are proving to be computable and of course, we justify
the computability of each one of these steps. In this way, our proofs will not become needlessly
long and boring. We can content ourselves with a overall description or pseudocode because,
as we have said before, the multi-functions computed by Type-2 machines are closed under pro-
gramming, this is stated by the main results of [Wei08| TW11].
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1.3. TYPE-2 THEORY OF EFFECTIVITY

1.3.2 Topologies for >* and X%

In order to define computability on topological spaces, it is convenient to define topologies for the
sets X* and X¢.

Definition 1.3.11. We equip X* with its discrete topology 7. For each z € ¥*, we define the set
22 = {p € ¥ | p starts with z} C X¢.
Lemma 1.3.12. The set fc = {zX% | z € X*} is a basis of a topology on X.
Proof. We will show that ¢ satisfies the two properties:
1. X% is covered by the elements of B¢.

2. For 2129, 22 € Be and y € z1X% N 22, there exists z3X“ € B¢ such that y € z32¥ C
lew N ZQZW.

Property 1 is clearly true, as for any p € X¢, p = Ap, so that p € AX® and this implies that
XY C AXY and AXY € Bc. For property 2, let z1,zo € £, given the sets 212, 2,2 € B¢, we have
that

71 2% if z, starts with z;,

212 N 22 = K zp2  if z; starts with zp,

& otherwise.

Thus, for any y € 21X N 22, y € 2129 = 21X NzpXY or y € zo2% = 2129 N 22, In any case,

Bc fulfills property 2. Therefore, B¢ is a base of a topology on X O
0 1
0 1 0 1
0 0
0 1 1 0 1 1
0 1 0 10 1 0 10 10 10 1 0 1

Figure 1.3: The topological space ({0,1}%“, 7c).

The topology generated on X by the base ¢ is called the Cantor topology on ¢ and is denoted
by 7c. It can be checked that 7¢ is defined as

T = {Az | ACEY,
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where AXY = {p € ¥ | (Jy € A)(p starts with y)} = U,c4 z2“. The set ¢ of infinite sequences
over X can be visualized by a tree where every p € X is represented by an infinite descending
path from the root. Figure shows this tree for the alphabet ¥ = {0,1} with two elements. A
basis element z2“ € B¢ is represented by a full subtree and an open subset of X% is represented
by a set of full subtrees. Figure[1.4]shows four subtrees representing the open set 001X U 011X U
102« U112,

0 1
0 1 0 1
1 1 ) 1 \ 1
0 1 0 10 1 0 10 1 0 1
001>* 011>¥ 10X% 11%%

Figure 1.4: The subtrees representing the open set 001X U 011X¢ U 10X U 11X¢.

Definition 1.3.13. For the product Y = Hff Y; with Y; € {¥*, 2%} foreachi = 1,...,k, we equip
Y with the product topology 7y generated by the topologies of Yj, ..., Y. Also, consider the set
By ={yoY|y= (y1,...,yx) and y; € £*}, where (y1,...,yx) oY = Uy x - - - x Uy with

U — {yz} if Yi = Z*,
: yZY  ifY; = X

It is not hard to see that By is a basis for 7y. With the topologies defined on ~* and £, we can
prove a result which gives a nice connection between topology and computability in TTE theory.

Theorem 1.3.14. Let f: C Y — Yy be a computable function. Then f is continuous.

Proof. Let M be a Type-2 machine computing f. Assume thaty = (y1,...,yx) € domf C Y =
Y] X - -+ X Y. We have two cases.

Case Yy = Z*. It suffices to show that f~![{w}] is open for every baseelement {w} of .
Assume f(y1,...,Yx) = w. Since the machine 91 halts on this input, during its computation
from every input tape i with ¥; = X, it can read only a prefix u; € X* of y; € X¢. If
Y; = X*, then define u; = y;. Theny € (uy,...,ux) oY and f[(m,...,uk) o Y} C {w}.
The set (u1, ..., ux) oY is an open neighborhood of ¥ = (1, ..., yx) contained in f ' [{w}].
Therefore, f ! [{w}] is open.

Case Yo = X¥. It is enough to show that f~! [wZ“] is open for every base element wXx*
of 7c. Assume f(y1,...,yx) € wX®. Since on this input the machine 9 needs only finitely
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1.3. TYPE-2 THEORY OF EFFECTIVITY
many computaton steps for producing the prefix w of the result, during this computation,
from every input tape i with ¥; = X%, it can read only a prefix u; € £* of y; € Z“. If Y; = L%,
then define u; = y;. Theny € (uy,...,u ) oY and f[(m,...,uk) o Y] C wX¥. The set
(u1,...,ug) oY is an open neighborhood of (1, ..., yx) contained in f~! [wE“]. Therefore,
fHwE] is open.

We have proven all the required cases, thus f is a continuous function from Y to Yj. O

The domains of computable functions have nice topological properties, this is stated in the
following

Lemma 1.3.15. The following statements are satisfied:
1. If f: CY — X" is computable, then dom f is an open set.
2. If f: CY — X% is computable, then dom f is a Gs-set.

Proof. 1. In the proof of Theorem we have shown that every element (y1,...,y;) € dom f
has an open neighborhood (1, ...,u;) oY C dom f.Therefore, dom f is open. 2. Let 9 be a Type-
2 machine which computes f. Then, for each n € IN, there is a machine 91, which on inputy € Y
halts, if 9t on input y writes at least n symbols on the output tape, and does not halt otherwise.
By Property 1, dom fon, is open for each n, therefore,

dom f = ﬂ dom fop,
i=0

is a Gs-set. O

It can also be proven [Wei00] that a function f: C Y — Y{ is continuous if and only if for some
Type-2 machine 9 and some oracle p € X, fopr extends f. Finally, W C Y is open if and only if
for some Type-2 machine 2 with output set £* and some oracle p, W = dom(fonr). Regarding
Definition [1.3.8] there is a striking similarity to topological concepts, where “c.e.” corresponds to
“open”: By definition,

1. Xisopenin Z,if and only if X = U N Z for some open set U C Y;

2. Xis open and closed in Z, if and only if X and Z — X are open in Z.

1.3.3 Multi-representations and representations

In TTE, computability on finite or infinite sequences of symbols is transferred to other sets by
means of notations and representations, where elements of ©* or X are used as “concrete name”
of abstract objects. We will need the more general concept of realization via multi-representations
(see [Weil8), Section 6] for a detailed discussion, and also [Sch03, WG09]).

Definition 1.3.16. A multi-representation of a set M is a surjective multi-function v: C Z = M
where Z € {¥*, X}, If v is single-valued, it is called a representation and if in addition, Z = X*,
then v: C X£* — M is called a notation of the set M. Given m € M, an element z € Z such that
m € y(z) is called a name of m.
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Example 1.3.17. For any alphabet X, we define vs- et 15+, the trivial notation for X*.

Example 1.3.18. Let ¥ = {0,1} and vn: C X* — IN be the usual binary notation of natural
numbers. Using the standard bijection?] (-, -): N? — IN defined by

(x, ) % (x+y)(>;+y+1) +y

and the derived bijections (- --): N**1 — IN defined by (xi, ..., X, Xxi1) def ((x1, .+, Xk), Xga1)

for k > 2, we define notations vn» : £* — IN” for the set IN” (n > 1) by

vnn (W) = (x1,..., %) <= UN(w) = (X1,..., Xn).

Example 1.3.19. By the previous example with k = 3, the bijection (- - - ) : N®> — IN can be used to
build a surjection go: IN — Q defined by

def k+1
=i

ga((i,j, k)

We define a notation vg: C X* — Q of the set Q such that dom(vg) = dom(v) and vg makes
the following diagram

g
N2,

A

Z*

Q

commute, i.e., Vg(w) = g <= q = go(vn(w)). In words, vg(w) = ¢ if and only if w represents a

natural number 1, = (i, j, k) such that g = Ij%]l

Example 1.3.20. Let ¢{,: N" — Q" be defined by g, (m1, ..., mn) = (gq(m1),...,gq(my)). Gener-

alizing Example1.3.19} we define notations vgi: C £* — Q" for n > 1 (Q! = Q) by the following
rules: dom(vgr) = dom(vnr) and the diagram

Y Vor n
- Q

VN”l /
80

INI’!
is commutative, or equivalently,

vor(w) = (q1,---,qn) <= vne(w) = (my,...,my) and (Vi € {1,...,n})(q; = go(m;)).

In words, vgn(w) = (41, . ..,qx) if and only if w represents a tuple (m;, ..., m,) € N" such that the
number m; encodes the rational g;, in the way described in Example|1.3.19

2Notice how we use the same notation (-,-) to denote the bijections between IN¥ and IN and the tupling functions

between strings from £* and % (see Equations ,, and ). This is customary in computability theory

and one can deduce from the context the precise meaning of the notation (-, -).
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Example 1.3.21. The usual decimal representation of IR can be defined precisely so that it is a re-
presentation p1p: C £“ — Rin the sense of Deﬁnition Letx ={-,.0,1,2,3,4,5,6,7,8,9}.
The set dom p1g contains all infinite strings from ¢ which represent real numbers in decimal form.
For example, some elements of dom pjg are

p10(1.414...) = V/2;
plo(l.OOO .. ) = 1;

p10(3.141516...) = 71;
010(0.5000...) = 3;
p10(—0.999...) = —1;

whereas the following examples are not valid elements of dom pyg
—00..00111..;
2.000.001.22.. ;

etc. Similarly, one can define representations to any other base b € IN with b > 2.

Example 1.3.22. We define the Cauchy representation p: C X — R of the real numbers [Wei00] as
follows: Let X = {0, 1,#}, the domain of p contains all infinite strings in X such that

#w #wtws# - - - (w; € domug),

that is, a string #w#w,# - - - € dom p encodes an infinite sequence (vg(w;));?, of rational numbers
(the # symbol is just a delimiter) and this sequence must converge to a real number x € R, in
symbols

p(HwiHwat - -+ ) = x <= d(x,vg(w;)) <27, foralli € N.

For example, if vg(zy) = 5 for all m > 1, then p(#zi#zo# - -+ ) = 0. If vo(yk) = Zle 1% with
k > 1, then p(#y1#y,#- - - ) = 0.333 - - -. The Cauchy representation can be easily generalized to a
representation p": C X¢ — R" of n-dimensional euclidean space for all n > 0.

Mathematical examples of multi-representations will be given later. If v: C X* — X isa
notation and §: C X =2 Y is a multi-representation for X and Y respectively, sometimes we will
denote v(w) € X and é(p) C Y by 15, and J, (see Section 1.3.4).

Definition 1.3.23. For multi-representations ;: Y; = M; (0 < i < n),letY = [, Y;, M =
[Ty Miand v: Y = M, v(y1,.-.,¥n) = I1;7i(yi). A partial function h: C Y — Y| realizes the
multi-function f: M = M if

f(x)Nyooh(y) # @ whenever x € y(y) and f(x) # @.

Equation means that /(y) is a name of some z € f(x) if y is a name of x € dom f. This
situation is depicted in Figure If f: €M — M issingle-valued, then (y) is a name of f(x)
if y is a name of x € dom f. If only the representations are single-valued, then vy o h(y) € f(x)
when (y) = x. For the case when f and the representations are all functions, the situation is the
usual equation given by the following commutative diagram
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M —L s M,

’YT 'YOT fov(y) =7r0h(y).
y "y,

With realizations, we can induce computability and continuity concepts on the represented

sets M, M.
M ﬂ My

Figure 1.5: The function h: C Y — Y realizes the multi-function f: C M = M.

Definition 1.3.24. Let f, o, ..., yn be as above.
1. The multi-function f is called (1, ..., ¥n, Y0)-computable if it has a computable realization.
2. fiscalled (7v1,...,vn, Y0)-continuous if it has a continuous realization.

If the multi-representations are fixed, we occasionally say that f is relatively continuous (rela-
tively computable). The relatively continuous (computable) functions are closed under composition
, even more, they are closed under GOTO-programming with indirect addressing [Wei08| TW11].

Computable enumerable sets and reducibility

Now we extend the definition of computable elements of X*, %%, and c.e. sets [Wei00] to arbitrary
sets via multi-representations.

Definition 1.3.25. With ; and 7 from Definition a point x € M is y;-computable if and
only if x € 1 (p) for some computable p € domy;. AsetS C Mis (v1,...,7n)-ce. if thereis a
c.e. set W C Y such that

xeSeyeW

for all x, y with x € y(y).
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Therefore, S C Mis (71,...,7n)-c.e. if and only if there is a Type-2 machine that halts on input
y € dom v if and only if y is a name of some x € S.

Definition 1.3.26. Let 7y, 1 be as in Definition|1.3.23| We say that y; is reducible to 7y (denoted by
71 < 70) if M1 € My and the inclusion iy, : My — My is (71, yo)-computable.

This means that some computable function / translates y;-names to yp-names, that is, y1(p) C
Yoo h(p). When 7 and 7 are singled-valued, the situation is the usual equation y; (p) = yo o h(p).
Reducibility can be used to define computable equivalences between multi-representations.

Definition 1.3.27. The multi-representations o, y1 are called computably equivalent if 1 < o A
Yo < 71. When such an equivalence exists, we denote it by y; ~ 7.

Two multi-representations induce the same computability on a set if and only if they are com-
putably equivalent. For X C My, if X is yp-c.e. and 1 < 7o, then X is y;-c.e.

Open sets and continuous reducibility

As each one of the sets ©*, 2 has a topology, we can take the open sets in this topological spaces
and give similar definitions to those given previously for c.e. sets.

Definition 1.3.28. Let 7; and -y be as in Definition [1.3.23] A set S C M is (v1,...,¥x)-open if there
is an open set W C Y such that
xeSeyeW

for all x,y with x € y(y).

Thus, S is (771, ..., 7n)-open if and only if there is a Type-2 machine with oracle that halts on
input w € dom v if and only if w is a name of some z € S. Notice that yy~'[S] = Sif S is y-open.

Definition 1.3.29. Let 7o, y1 be as in Definition[1.3.23] We say that <y is continuously reducible to 7y
(denoted by 1 <; 7o) if M1 € My and the inclusion iyg, : M1 < My is (1, o)-continuous.

This means that some continuous function / translates 7y-names to yp-names, that is, y1(p) C
Yoo h(p). As we have done for the case of computable reducibility, continuous reducibility can be
used to define continuous equivalences between multi-representations.

Definition 1.3.30. The multi-representations <y, y1 are called continuously equivalent if 1 <y y9 A
Yo <t 71. When such an equivalence exists, we denote it by 1 ~; 7.

Two multi-representations induce the same continuity on a set if and only if they are continu-
ously equivalent. For X C M, if X is yp-open and 1 <; o, then X is y;-open.

Some useful notations and multirepresentations

Definition 1.3.31. Let ;: ¥; = M; (Y; € {¥*,2¥},i = 1,2) be multi-representations. The multi-
representation [y1, 2] of the product My x M, is defined by

[, 72] (1, y2) & () X 12(v2).
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Since the function (x1,x2) — (x1,x2) is (71,72, [71,72])-computable and the projection
(x1,x2) — x5 is ([y1,72],7i)-computable (i = 1,2), a multi-function g: M; x M, = M is
(71, 72, 70)-computable if and only if g is ([y1,72], 70)-computable. A setis (71,72)-open if and
only if it is [y, 72]-open, etc.

In this thesis, we will be using the canonical notations given in [WG09] of finite and of count-
able subsets of a given set.

Definition 1.3.32. For the notation y: C X* — M and representation ¢y: C X“ — Y, define the
notation " and representations ys, 4!, 7 of finite or countable subsets of M and Y as follows.
Considerw € X*,q,p; € XY anda; € £,i =0,1,..., then

(Vo < w)(v € dom(p)),
W= {u) | v<w}

=
©

yﬁn(w) = W — {

(Vo < q)(v € dom(p)),
W= {p() [v<q}

a

o) =W = { 10

| (In)(3pr, ..., pu € dom(7))
Y9) =Z = qq=(1"p1,...,pu), =
Z={v(p1),--,v(pn)};

(Vl) (IZZ' =0= pi € dom('y))

Z =A{v(pi) | ai = 0}. w2

Y (aopo, a1p1, ) = Z <= {

If a; # 0 for all i, then v (appo, a1p1,- -+ ) = .
The next lemma is easy to prove and it will be applied in proofs without further mentioning.
Lemma 1.3.33 ([WGQ9]). For the notation y and notations or representations p, <y,

1. The set dom (/™) is computable if dom (y) is computable,
2. The function (x,y) — {x,y} is (7,7, ¥")-computable,
3. 9 < A" <, where v/ (w) = {y(w)},

4. B < o and e < 4 ifp <.
Remark. In some cases, the notation i will be used to give abstract names to finite unions or
intersections of a collection C of subsets of a set X, where y: 2* — C. To avoid confusion about
which set operation we refer to with the notation u™, we will denote u™ as [Ug, # when we
want to encode the finite union of elements of C and when we want to use uf" to describe finite
intersections of the members of C, we write N, # instead of uf.
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1.3.4 The smn and utm properties

To obtain a powerful and elegant theory, in [Wei00], representations 7%: ¥« — F% of sets of
continuous functions f: C X — X! are introduced for a,b € {*,w}. The definitions of the
represented sets F*’ are given as follows.

F*={f|f: CX*—=X*};

F@={f|f: CX*¥—2x¥};

Fo* = {f| f: CX¥ — X*is continuous and dom f is open};
Fo“ = {f | f: CX¥ — X¥ is continuous and dom f is a Gs-set }.

Notice that the sets F**, F*“ contain all continuous partial functions of each kind, because as every
subset of X* is open, every function f: C X* — >! is continuous. Also, each set F*! (b € {x,w})
has the same cardinality as X¢ or R. Therefore these sets can be represented.

For the case of continuous functions of the form f: £¢ — X!, things are a bit complicated.
Let ¢: =% — X! be a constant function. Clearly, g and its restrictions are all continuous functions
and the set of all these restrictions has the cardinality of the power set of X“. Thus, the set of
all partial continuous functions from ¢ to £¥ cannot be represented. The problem is solved by
considering only continuous functions with natural domains, which in some sense represent all
partial continuous functions.

Remember that by Lemma the domain of every computable function from F“* is open
and the domain of every computable function from F““ is a Gs-set. The following theorem may
serve as further justification for the definitions of F** and F““. Roughly, it says that the sets F**
and F““ represent essentially all partial continuous functions f: C 2 — ¥*and f: C X¥ — X%,
respectively. The second part of the theorem is a special case of a well known extension theorem
for continuous functions on metric spaces [Kur66|].

Theorem 1.3.34 ([WeiO0]). The following statements hold.
1. Every continuous partial function f: C X% — 3* has an extension in F**.
2. Every continuous partial function f: C X% — X% has an extension in F¥¢.

This is why the set F*’* contains only partial continuous functions with open domains and F*““
contains only partial continuous functions with domains equal to G;-sets.

The representations 7"’ have two important and useful properties. First of all, computable
string functions have computable names’| [Wei00].

Lemma 1.3.35. For a,b € { w}, a partial function f: C X — X is computable if and only if
n"(p) = ;7;17 = f for some computable p € dom (7).

Also, each representation 7 satisfies the following [Wei00, Theorem 2.3.13]
Theorem 1.3.36. For each a,b € {*,w}, the next statements are satisfied:

utm There is a computable (universal) function U: C X% x £ — X with U(p, x) = Ugb(x).

3Remember that we denote 7% (p) as 17?,1’ .
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smn For every computable function f: C L% x X — X there is a total computable function
r: X9 — ¥ such that f(p,x) = qf(bp)(x).

The representations 7 can be used to build multi-representations of multi-functions of rep-
resented sets. For multi-representations y;: C X% =% Mj and 72: C ¥ = My, a,b € {x,w},
a multi-representation denoted by [y1 = 2] of the (71, 72)-continuous multi-functions f: M; —
M, is defined by:

femn=smrlp = q?,b realizes f with respect to 71 and 7».

See [Wei08]. The restriction of [y; =2 2] to the single-valued functions is called ['yl —p 'yz} in
[Weil08] or [y1 — 72l in [Wei0O0]. The restriction of [y =2 2] to the total (1, Y2)-continuous
functions is denoted by [y1 — 2] ([Sch02, Wei08, KW85| Wei00, Sch02]).

The generalization of Theorem to represented sets is known as the type conversion the-
orem, [Wei00, Theorem 3.3.15] for single-valued representations and total functions and [Wei08,
Theorem 33] as the most general version.

The reader that wishes to learn or review in more depth the concepts and results about com-
putability and Type-2 theory of effectivity, is encouraged to consult the references [Koz97, Sip96,
Coo04, Wei00, Wei08]. In the next chapter, we will use TTE to develop a theory of computability
for general Ty topological spaces with countable bases.
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Computable topology

In this chapter, we introduce the basic concepts of computable topology that we need in order to
define computable manifolds. We use the framework of Type-2 theory of effectivity to introduce
computability in Ty topological spaces with countable bases. We will define Computable topolog-
ical spaces and study many basic constructions that we will be using in later chapters to define
computable manifolds. Also, we will study computability of continuous functions between com-
putable topological spaces and a constructive version of the Hausdorff property.

The chapter is organized as follows. In Section we introduce the definition of Computable
topological space [WG09] and present many of their important properties. We also define com-
putable subspaces and products of computable topological spaces. In Section Computable
functions are defined by using representations of continuous functions between topological spaces.
Also, computable homeomorphisms and embeddings are studied. In Section we present a com-
putable version of the Hausdorff (T;) property. This property will be used in Chapter 4] to prove
our last result. Our main references for this chapter are [Wei00, WG09, Weil0].

2.1 Computability inside topological spaces

With the study of computable real numbers and functions, came Computable Analysis, which
provided a solid theory of computability for basic continuous structures, like euclidean spaces,
metric and normed vector spaces [Wei00, Bra98, PER89]. All these developments were the start-
ing point of what is called Computable Topology, where computability is introduced in more gen-
eral topological spaces. In this section, we give the concept of computable topological space and
workout many examples. After that, we present some simple (but very useful) ways to construct
computable topological spaces from simple computable assumptions and we give the computable
versions of the concepts of subspaces and products of computable topological spaces.

2.1.1 Computable Tj spaces

Roughly speaking, a computable topological space is a Ty-space (X, T) in which a base g C 7 is
provided with an encoding with strings from X*, such that the set of all valid strings that encode
elements of B is computable and under the given encoding, the intersection of base elements is
computable. The formal way to say this is as follows.

Definition 2.1.1 ([GWXO08, WG09]). An effective topological space is a 4-tuple X = (X, 7, B,v) such
that (X, 1) is a Tp-space and v: C X* — P is a notation of a base p C 7. X is a computable

29
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topological space if dom v is computable and there exists a c.e. set S C (domv)? such that

v(u) Nv(v) = J{v(w) | (n,0,w) € S} forall u,v,w € domv,

Since the base § has a notation, it must be countable. Topological spaces with countable bases
are called second countable [Eng89, Mun00]. Equation says that in a computable topological
space the intersection of base elements is computabl For every effective topological space there
is some (not necessarily c.e.) set S such that is true.

Example 2.1.2 (Computable euclidean space). Let . = {0,1}. Define R" of (R", 7", B", u") such that

7" is the usual topology on R" and y": £* — p" is a notation of the set " of all open balls in IR"
with rational radii and center, defined as follows: dom (") = dom (vgu+1) and

p'(w) = B(q,r) <= vgu1(w) = (q1,-- -, qn,7), 9= (q1,---,qn),

(See Example [1.3.20). The inclusion of a rational ball B(qy,r1) in the intersection of two rational
balls B(q2,72) N B(q3, r3) can be decided by a Turing machine (uniformly on the input parameters),
because it can be expressed as

(Vx)(d(x,q1) <11 =d(x,q2) <raANd(x,q3) <r3),

and this predicate can be reformulated as an elementary expression, so that we can apply Theorem
and we can use this fact to prove that of Definition is satisfied. Thus, R" is a
computable topological space. Since this computable space is very important throughout all the
thesis, we fix once and for all the notation used in this example to denote the elements of R".
When n = 1, R! = R is the computable real line.

Example 2.1.3. Let A be a notation of a set A. Define an effective topological space A = (A, T, B, V)
by v(w) def {AMw)}, B &f range(v) and T is the discrete topology on A. If the set

{(u,v) | u,v € domA, A(u) = A(v)}

is c.e., then we can easily show that the set S = {(u,v,w) | A(u) = A(v) = A(w)} C (domv)3 is
c.e. and S fulfills for A. By Definition A is a computable topological space.

Example 2.1.4. Let X = {0,1} and vg: C X* — Q be the notation for the set Q from Example

1.3.19] Define the effective space R def (R, T<,B<,v<) as follows: domv. = domvg, v<(w) def

(vo(w),00), B< def range(v<) and T« &f {(x,00) | x € R}U{g,R}. Since we have that the

expression

ve(w) Cve(ug) Nve(up)
is equivalent to the elementary expression
(Vx)(vg(w) < x = vg(u1) < x Avg(uz) < x),

then we can use Theorem to find a c.e. set S C (domv.)? which satisfies Definition m
Therefore R is a computable topological space.

1Using the representation @ of open sets given in Definition the function which maps two base elements to
their intersection is (v, v, 6)-computable (see Definition|1.3.24).
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Example 2.1.5. Let E = (X%, 1¢, Bc, vc), where e = {wX® | w € £*} and v¢: £* — B is defined
by ve(w) = wX®. The topology 1¢ is the Cantor topology generated by the base B¢ (Section
[1.3.2). Now, wx® C uX¥ NovX® < w is a prefix of both strings u and v and this can be checked
algorithmically, thus we can enumerate a set S C (dom UC)3 which satisfies Equation , so that
the effective space E is a computable topological space.

More examples of computable topological spaces can be found in [Wei00] and [WG09]]. The
definition of computable topological space allows us to define several multi-representations of
the points of X and many classes of subsets (open, closed, compact, etc) [WG09]. All these rep-
resentations are an important piece to define computability inside computable spaces. We will
use the notations Jg, v and (g, v of the finite unions and finite intersections respectively, of the
base sets of a computable topological space X = (X, T, B, v), see Definition [1.3.32]for details on the
definition of the notations g, v and (g, v. As usual, we assume that @ = X and J o = @.

Definition 2.1.6 (Positive information representations). Let X = (X, 7,B,v) be an effective topo-
logical space. Define a representation 6: C X“ — X of X, a representation 0: C X“ — T of the
set of open sets, a representation : C X — A of the set of closed sets, a multi-representation
P: C 2@ = P(X) of the power set and a multi-representation k: C X¢ = K of the set of compact
subsets of X as follows:

x=06(p) = VweXl')(w<pewedomvand x € v(w)), 2.2

w <L p=wedomv,

2.3
W= Uw<<p1/<w)r

W=9(P)<:>{

A=y(p) <= Vw el (w<<pewedomvand ANv(w) # 2), 2.4

Be ¢(p) &= (Vw e Z*)(w < p & w € domv and BNv(w) # 2), 2.5

Kex(p) <= (VzeZ)(z< pezedom(|J, v)andK C | ], v(z)), 2.6

The previous representations give us information about the represented object, that is, about
its contents. We now define representations that complement the previous ones, in the sense
that these representations can say something about the “complements” of the objects that the
representations ¢, 0 and i are encoding.

Definition 2.1.7 (Negative information representations). Let X = (X,7,B,v) be an effective
topological space. Define a representation 6~: C X — X of the points, a representation
6~: C X¥ — 1 of the set of open sets, a representation ¢~ : C X“ — A of the set of closed
sets by

57 (p) =x = 0(p) = X — {x},
0~ (p) X —y(p),
P (p) E X —0(p).
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A J-name of a point x € X is a list of all names of all of its basic neighborhoods, while a 6~ -
name is a list of base elements exhausting the complement of the singleton {x}. Therefore, ¢ is
the “inner representation” supplying positive information and J~ is the “outer representation”
supplying negative information. A 6-name of an open set W is a list of base elements exhausting
W, while a 6~ -name is a list of all names of all basic sets intersecting its complement (which is
closed in X). Thus, 0 is the “inner representation” supplying positive information and 6~ is the
“outer representation” supplying negative information. For the closed sets, i (the complement
of 67) is the “inner representation” and i~ (the complement of 0) is the “outer representation”.
Finally, for the multi-representation x, K € x(q) if and only if ¢ is a list of all names of all finite
unions of base elements that cover K. « is the “cover representation” of the compact sets. Also,
it can be proven [WG09, Lemma 6] that all the inner and outer representations are well defined
and that in general, the positive information cannot be obtained from the negative information
and vice-versa, thatis, 6 ¢; 6~ A0~ £ 5,0 4 0~ N0~ % 0and ¢ £ ¢~ Ay~ % ¢ [WGQ9,
Theorem 7]. Notice that the names in Definitions and 2.1.7must not be “polluted” by words
w ¢ domv since implicitly w € domv if w < p € dom(é), w € domv if w < p € dom(y) and
w € dom(Ug,v) = dom(vi") if w < p € dom(x). If domv is computable, these conditions can
be checked easily.

Example 2.1.8. Let R” be computable euclidean space from Example[2.1.2} For any point x € R”,
d(p) = x if and only if p represents a sequence of all open rational balls (¢ (w))«w«p such that x €
p"(w) forall w < p. P(q) = "1 if and only if for all w < g, u"*(w) NS"~! # @, that is, g encodes
a sequence of all open rational balls that intersect $"~!. As in example we fix the following
convention for all the representations induced by the space R": Each representation 4,6, , §, k
and 67,07, ¢~ from Definitions and respective, will be denoted as 6", 6", ¢", lp”, k" and

(07)" (07)" ()"
Remember from Definition |1.3.25|that given a multi-representation yv: C X“ — M of a set M
and x € M, x is y-computable if and only if x € y(p) for some computable p € dom 1.

Lemma 2.1.9. For any n > 1, the closed set R". is ¢",(1~ )"-computable in R".

Proof. To see that R" is p"-computable, a Type-2 machine needs to output all strings w € dom (")
such that
W(w) NRY # 2. 2.10

For each w, this can be checked by a Turing machine in finite time using Theorem therefore
the set R, is "-computable. By definition, R" is (3~ )"-computable if anf only if the open set
R" — R" is 6"-computable, which happens if and only if for all w € dom ("), the expression
1" (w) C R" — R’ can be proven algorithmically. This last expression is the negation of , SO
that the complement of R’ is 8”-computable, thus R”; is (1~ )"-computable. O

Using similar techniques, we can show that dR'} is also ",(¢~)"-computable and IntRR", is
6", (0~ )"-computable in R".
Remark. It is not hard to prove that the inner representation 6" of R” is equivalent to the Cauchy
representation p” of R" (the generalization of the representation defined in equation ). How-

ever, if n = 1, 6! is not equivalent to the inner representation d. [BHWO0S8] induced by the com-
putable topological space R« of Example
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Lemma 2.1.10. In the computable real line R, the irrational numbers 7t,e € R are 5'-computable points.

Proof. We show that e is 5'-computable, the case of 7 is very similar. We know that we can write
the number e as
=1
Z — 2.11
=l

we claim that using this infinite series, we can find for each m > 4, a rational ¢,, € Q, such that
e € B(ew,27™) (i.e., d(e, e,n) < 2™, this is called a 2~ "-approximation of e). To do this, it is enough
to sum up to m + 1 terms of the series in Equation . Indeed, assuming that m > 4, we have
that

a1 1 m+1 1 ) 1 ) 1 ) 1 (1) .
d(e/Zn:o;):\e—Z;!J D ;|< )3 o s X ol = 2 <2
: n=0 ""° n=m+1 """ n=m+1 """ n=m+1

m+1 1

So that we can take e, as e;; = 3,7

. Let 9, be a Type-2 machine with the following program:
1. For each pair (w, m) € dom(u') x IN, execute the following steps:

1.1 Compute ey,.
1.2 1f B(ey,2™™) C u'(w), then write :(w) on the output tape.

1.3 Continue with the next pair.

Intuitively, for each pair (w,m), MM, computes a 2~ "-approximation of ¢ and then it checks if
B(en,27™) is inside the open interval represented by the string w € dom(p?), if so, M, prints the
string ((w) on its output tape, thus 9, computes a infinite string p, € X¢.

We now show that 6'(p,) = e. First notice that p, € dom ('), because for every w < pe, w
was output by 91, in Line 1.2, and every string output by 91, is the first element of a pair from the
set dom (u!) x N (Line 1 of M,). Thus w € dom (u'). Second, every w < p, satisfies the property
e € u!(w), this is true because in Line 1.2, w is written on the output tape only if

B(enm,27™™) C ul(w). 2.12

But we know that d(e,,e) < 27", thus e € B(e;,27™), so that e € u'(w). Notice also that p,
contains all w € dom(u') such that e € u'(w), because for every such string w, there exists an

m € IN which satisfies Equation (2.12)]. We have proven that
(Vw € Z*)(w < pe < w € dom(p') and e € u*(w)).
By Definition 5 (pe) =e. O

Definition 2.1.11 ([KW85, Wei00, [Sch02, ISch03]]). A representation y: £“ — X of a topological
space (X, T) is called admissible (with respect to 7) if it is continuous and 9" <; v for every conti-
nuous function y': ¢ — X.

Proposition 2.1.12 ([WeiO0]). If X = (X, T, B, v) is an effective topological space, then the representation
6 is admissible with respect to the topology T.

33



CHAPTER 2. COMPUTABLE TOPOLOGY

It can be proven that all the other (single-valued) representations of Definitions and
are admissible with respect to appropriated topologies [Sch03]. We now present a result which
gives some nice properties of the representations of a computable topological space X and the
union and intersection operation between subsets of X, the proof can be found in [WG09].

Theorem 2.1.13 ((WGQ9], Theorem 11). Let X = (X, T, B, v) be a computable topological space.
1. Finite intersection on open sets is (v, 8)-computable and (6, 0)-computable.
2. Union on open sets is (0, 0)-computable.

3. On closed sets, finite union is ((~ Y, v~)-computable and intersection is ((p~)%,p~)-
computable.

4. On the at most countable collection B of closed sets, the function B s |J B is (¢, )-computable.
5. On the compact sets, finite union is (1", x)-computable.
6. The function (K, A) — KN A for compact K and closed A is (x,~, x)-computable.

The following result tell us something about the computability of some basic decision prob-
lems in a computable topological space and the representations given in Definition The
result is also proven in [WG09] and will be useful in this thesis.

Lemma 2.1.14 ([WGQ9], Corollary 14). Let X = (X, T, B, v) be a computable topological space. Then for
all points x € X, open sets W, closed sets A and compact sets K of X,

1. “x e W”is (9,0)-c.e.
2. "KCW"is (x,0)-ce.
3. "ANW # @"is (,0)-ce.

4. "KNA=0"is (k9 )-ce.

2.1.2 Predicate spaces

Predicate spaces are used to build an important class of computable topological spaces from very
simple assumptions. In particular, we will show in Chapter (3, how to construct the concept of
computable manifold using predicate spaces.

Let X be any set and o C P(X). We may say “x has property U” if x € U. For each x € X, let

P(X)={Ueo|xelU},
Definition 2.1.15. Let X be any set.

1. An effective predicate space is a triple Z = (X,0,A) such that ¢ C P(X) is countable and
X =Uyes U, A: C X% — 0is anotation of ¢ and the following assertion holds

(Vx,y € X)(x =y <= Pxr(X) = Py(X)). 2.13

Z is a computable predicate space if dom A is computable.
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2. Define the representation dz: C X — X of X by

dz(p) =x <= VweX)(w<Kpe wedomAand x € A(w)).

3. Let T(Z) = (X, 1), Br,va) where B, is the set of all finite intersections of sets from ¢, v, def
NenA: € ZF — By and 1, is the set of all unions of subsets from f,.

Each element U € ¢ is called an atomic predicate. By definition, B, is the base generated by o
and T is the topology in the base ,. The notation v (¢(u1) - - - t(ux)) = A(ug) N--- N A(ug) can be
called the notation by formal finite intersection.

Lemma 2.1.16 ([WGO09]). Let Z = (X, o, A) be an effective predicate space.

1. T(Z) is an effective topological space, which is computable if Z is computable (that is, if dom(A) is
computable).

2. Let &) be the inner representation of points for T(Z). Then 5, ~ Jz.

3. For every representation 7y of a subset Y C X, the set {(x,U) € Y x ¢ | x € U} is (y0,A)-ce. if
and only if {(x, V) € Y x By | x € V}is (y0,v)p)-ce.

Proof. 1. Clearly, B, is a base of the topology T) on X and v, is a notation of B, that has com-

putable domain if A has computable domain. If x # y, then by there is some U € o
suchthat (x e UANy ¢ U)or (x ¢ UAy € U). Since 0 C 1y, (X, 7)) is a Ty-space. Condition

[ZT) holds for S 2ef {(u,v,uv) | u,v € domwv, }.
2. By Definition to prove that 7 ~ J,, we need to show that é7 < 6, and 6, < dz. We

begin with the first case. There is a machine 9t that on input p € X does the following
1. For all k € IN and all subsets {v, ..., v} such that v; < p forall i < k:
1.1 write ((¢(v1) - - - 1(vg)) on the output tape

In words, 9t computes an infinite string g such that every z < g has the form
z=1(v1) - i(vg) (k=1landv; < p).

When p € domdz, dz(p) = x for some x € X and each v; < p has the property v; €
dom A and x € A(v;). Using these facts, we can see that for the string g computed by 91,
each z < g represents a base element A(v1) N--- N A(v) € By of (X, 7)) (k > 1) and because
for each i, x € A(v;), x € A(v1) N--- N A(vy). Because of the format in which 9t writes the
string g, it is immediate that z € domv,. All these facts together imply that for the string g,

(VzeX")(z< g zedomvy and x € 1,(2)).

By Definition 5r(q) = x. Therefore, the function fyy computed by 9 translates dz-
names into J)-names. We conclude that 67 < §,.

To see that §, < dz, we first construct a Type-2 machine 9t with the following program. On
the input g € X¢:
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1. Forallv < g¢:

1.1 Foreachu < v
1.1.1 Write ¢(u) on the output tape.

Basically, 91 takes the string g and extracts each string v < 4. Then 91 extracts all string
u < v and outputs all strings of the form ¢(u). If the input string g lies in the domain of J,,
then 6, (q) = y for y € X and 9 will take all the strings u € X* such that

u<Lv<<qg (vedomvy,),

and by the definition of v, we have that each # < v is such that u € domA and y € A(u). In
summary, the output string of 0, say p, satisfies the condition

u<LpeuecdomiAandy € A(u).

Therefore p € domdz and dz(p) = y, so that the function fy computed by 91 translates
d)-names into dz-names, that is, 6, < dz. We have proven that 6z < 6, and J, < Iz, by

Definition[1.3.27] 6z ~ J,.

. Letyo: CX¥ — Y, whereY C X, E, = {(x,U) € Yxo|x € U}and Eg, = {(x,V) €

Y x Bp | x € V}. (=) Suppose that the set E; is (0, A)-c.e., by Definition [1.3.25] (and the
comment after this definition), there is a machine 9t which halts on input (p, 1) if and only
if y0(p) € A(u). Using the machine 91, we build a machine 9 which halts on input (g, v)
if and only if (y0(q),vA(v)) € Eg, and this will imply that the set Eg, is (o, v1)-c.e. On the
input (g, v), the machine 9 executes the following code:

1. Foreachu < v,
1.1 Execute 9 with the input (g, u).
2. Halt.

We now show that 0 halts on input (g, ) if and only if (v0(q),vA(v)) € Eg,. Assume that
I halts on (g,v). Then, in Line 1.1, for each string u < v, M halted on the input (g, u), by
hypothesis, this happens if and only if (y0(q),A(#)) € E,. This means that g € dom o and
that u € dom A. Also, this implies that

v0(7) € (1) Alu),

uLo

so that v € domv, and 70(g) € v)(v). Therefore we have that (v0(q),vA(v)) € Eg,.

Now suppose that (v0(q),vA(v)) € Eg,. Thenv = 1(uy) - - - 1(us), where u; € dom A for some
s=>1. Asy(q) € va(v) = A(ur) N ---NA(ug), itholds foralli = 1,...,s, that yo(q) € A(u;),
so that the machine 9t will halt on all the input tuples (g, u;). This says that if the machine
M is given the input (g,v), it will reach Line 2 in finite time, thus 9 will halt on (g, v). This
proves that the machine 91 is correct and that Eg, is (7o, va)-c.e.

(<) The argument to show that E; is (o, A)-c.e. if Eg, is (7o, va)-c.e. is very similar to the
previous case, thus we omit it.
O
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Roughly speaking, a dz-name of a point is a list of all of its atomic predicates, while a )-name
is a list of all finite intersections of such sets. Clearly, the two representations are equivalent.

Example 2.1.17. Define Z def (R,0, A) such that dom A = domvg, A(w) o (vo(w),vo(w) +1) C

R and ¢ & range(A). For each w € domA, A(w) is the open interval in R with the endpoints
vo(w) and vg(w) + 1. We claim that Z is a computable predicate space. By definition, the set
dom A is a computable subset of £*, because dom vq is computable. Now we need to show that
property is satisfied by Z, to do this, we will prove that for x,y € R,

x # y = Px(R) # Py(R).

So, assume that we have x,y € R such that x # y. Without loss of generality, suppose that x < y.
Then we can find g € Q such that x < g < y and d(q,y) < 1. This implies that y € Q, where
Q = (9,9 +1),s0 that Q € Py(RR). Also, as x < g, we have that x ¢ Q, thus Q ¢ Py(R), therefore
Pr(R) # Py(R). So that Z fulfills Definition By Lemma T(Z) = (R,T!, By, vy) is
a computable topological space. The computable space T(Z) and the computable space R from
Example are equivalent as we shall see in Definition [2.2.12] This example can be generalized
to show that for any n € IN, R" has the structure of a computable predicate space Z" such that
T(Z") is equivalent to R".

Subspaces of computable topological spaces

We need to consider restrictions and products of effective topological spaces [WG09]. Let X =

(X, 7,B,v) be an effective topological space. For a subspace B C X, define the restriction Bx =

(B, 18, Bg,vg) of X to B by dom (v3) f domv, vg(w) def v(w) N B, Bg def range (vp) and T35 def

{WNB|W € 1}. Letdg,0p,...,1; be the representations for By from Definitions and
Remember from Definition that for a multi-function f: X = Y and Z C Y, the multi-function
fl#: X = Z is defined by f|#(x) &of f(x)NZ for all x € X. The next result is proven in [WGQ9,
Lemma 26].

Lemma 2.1.18. By is an effective topological space, which is computable if X is computable. Also, the
following properties are satisfied:

1. 85 = 0|,
2. 0g(p) = 0(p) N B forall p € dom(fp) = dom¥,

3. y5(p) =y (p)NBforall p € dom(y) = domy~,
4. yp|¢ = ¢|¢ for C = {C C B | C closed in X},
5. kg|* = x|~ for L = {K C B | K compact in X}.

Example 2.1.19. In the same spirit of Example We define the Computable half space R’} =
(R%, T}, B, u") as the computable subspace (R.)r:. Each one of the induced representations

(5]’11{1, 9]%1 , 1[)%,1 , 171/]1’%1, K]’ﬁﬁ and (4 *)jﬁ,i , ((9*)%,i , (qf)’fR,l from Definitions and [2.1.7| respectively,
will be denoted by &', 6%, 'L, ', k't and (67)%, (67)%, (¢~ )"t respectively. Another good ex-
ample is the computable subspace (dR".)r:, induced by the boundary of R”.. We denote this
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space by R = (9R",97",08",0u") and the induced representations by 95", 96", 9y", 9y", ox"
and 9(67)",9(67)",0(yp~)". As R", the computable subspaces R, and dR”. will be very useful
throughout the rest of the thesis.

The product of computable topological spaces

Fori =1,2let X; = (X, T, Bi, vi) be effective topological spaces with representations 9;,6;, . . ., (/2
from Definitions and To convert the space X; x X, with the product topology into an
effective topological space define the product

X = (X1 x X2,T,B,7)

of X; and X, where domv = {{uy,uz) | (u1,u2) € domuvy x dgva}, U((uy,up)) = vl(Lﬂ) X

v2(u2), B = range (V) and T is the product topology generated by B. The basic properties of X are
proven in [WGO09] and are given by the following

Lemma 2.1.20. X is an effective topological space, which is computable if Xy and X, are computable. Let

6,0,...,9 be the representations for X from Definitions and Then
1. 8 ~ 61,0

2. The function (x1,x2) +— (x1,x2) is (61,062,0)-computable and each projection (x1,x2) +— x; is
(6, 8;)-computable.

3. For open sets, the product (W1, Wa) +— Wy X Wy is (61, 02, 0)-computable. Furthermore, the product
is (0;,6,,0 )-computable if the set Z; = {w € L* | v;(w) # @} is c.e. foreachi =1,2.

4. For open sets, the projection Wy x Wa +— Wy is (0, 01)-computable if the set Z; is c.e. The analogue
is true if we replace Wy and Zy by Wy and Z respectively.

5. For closed sets, the product (A1, A2) — Ay X Az is (Y1, o, )-computable and (Y, , P )-
computable.

6. For compact sets, the operation (K1, Ka) +— Ky x Ky is (x1, k2, K)-computable and the projection
Ky x Ky — K;is (K, k;)-computable (i = 1,2).

The generalization to finite productf] is straightforward. Some examples of computable topo-
logical spaces which are subspaces or products of other computable topological spaces will be
given later.

2.2 Computable functions between computable topological spaces

In order to have a complete and solid theory of computable topology, it is necessary to work with
functions between computable topological spaces which preserve computability. These functions
are precisely computable functions. To define when a function f: X — Y of the topological spaces
X and Y is computable, representations and realizations via computable functions f: X¢ — X¢

2For the explicit definition of the representation [0y, 6], see Definition|1.3.31
3In this thesis, we do not need to consider computability for infinite products of computable topological spaces
[RW13].

38



2.2. COMPUTABLE FUNCTIONS

will be very important. In this section we introduce several ways to define computable functions
among computable topological spaces. An important property of computability of functions is
that it implies continuity. This is reminiscent of the basic facts which state that differentiability
and piecewise-linearity imply continuity too. We also introduce two types of equivalences of
computable topological spaces by using computable homeomorphisms and at the end of the section,
we study computable embeddings.

2.2.1 Multi-representations for continuous functions

In the work of Weihrauch and Grubba [WG09], a number of multi-representation for the set
CP(X,Y) of partial continuous functions between the effective topological spaces X = (X, 7, B, V)
andY = (Y, 7, B/,v') are introduced. In fact, up to eight different multi-representations for con-
tinuous functions are defined and their various equivalences are proven in [WG09]. As we will be
dealing with computable functions between computable topological spaces, we need to use some
of these multi-representations.

A partial function f: C X — Y is continuous if and only if for every W & v, f -1 [W] is open
in dom f, thatis, f ! [W] = V Ndom f for some V € 7. The following conditions are equivalent:

C1 f is continuous,

C2 (Vx edomf,We T)(f(x) e W= (3V e1)(x € VA f[VNdomf] CW)),

C3 fclsgom f(C)] € f[C] for every C C dom f,

The equivalences of C1, C2 and C3 are well-known [Eng89, Mun00]. Type-2 theory gives us a sur-
prising connection between topology and computability, this is another equivalence for continuity
in terms of continuous functions from X% to itself [Wei00, Theorem 3.2.11].

Theorem 2.2.1. Let X = (X, t,B,v) and Y = (Y, 7T/, B/, V") be effective topological spaces. Then a map
f: C X — Y is continuous if and only if f has a continuous (5, 6")-realization.

This is the “main theorem” for admissible representations, since for an effective topological
space X = (X, 7,B,v), by Proposition the representation of points ¢ is admissible with
respect to the topology 7. We use these and other characterizations to define a number of multi-
representations of the set of partial continuous functions CP (X, Y).

Definition 2.2.2. For the effective topological spaces X = (X, 7,B,v) and Y = (Y, 7,8/, 1/)_>with

inner representations 6,0, ¢, k and &', 0', ¢’, k' respectively, define the multi-representations &; : C
2¢ = CP(X,Y) (i = 1,2,3,4,5) as follows}

1. fe 5_1>(p) = fod(q) =0 ony(q) forallg € dom(f o4),
2. fe 5_2>(p) — f'0'(q)] = 00ny(q) Ndom f forall g € dom ('),
3. fe (5_3>(p) — [V (w)] =60y« (w) Ndom f forallw € dom(v'),

4 f €8 (p) < F[C] = ¢ on¥(q) if C C dom f and C = (q),

4The representations 7" (a,b € {#,w}) are introduced in Section
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5. f€bs(p) = fIK] € k" oy (q) if K C dom f and K € x(q).

We remark that in [Wei00, Wei0§], (5_1> is denoted by [(5 —p o } but in this thesis, we will not use
this notation. If we call the infinite string p a “program” to compute the function 73 b on any input,
then in part 1. of Deﬁmtlonu aname p of f is a program to compute f with respect to the inner
representations 6 and &’; in 2. a name p is a program for computing the function W +— f~1[W]
with respect to 6 and ¢’, etc. It is shown in [WG09] that if X, Y are computable, then

"
61 ~ Oy ~ O3 ~ b4 ~ Js, 2.14

and that each class (5 is closed under restriction. Also, if we restrict each multi-representation
(5 to a class of continuous functions with fixed domain, they become singled-valued. This is true
because of the following result, which is proven in [WGQ9].

Theorem 2_>2 3. Let X1, Xz be computable topological spaces. Then for every i with 1 < i < 5 and every
p € dom(d;), f(x) = ()szge&()andxedomfﬂdomg.

Definition 2.2.4. Let X and Y be as in Definition 2.2.2] A (partial) continuous function f: C
X —=Yis computuble if there exists a Type-2 machine M, such that 9 can compute an element
pE dom(5 ) for some i € {1,2,3,4,5}.

_>
Notice that if p € dom(4; ) is computable, then by Lemma [1.3.35 the function ;7;1,1’ is com-

putable (a,b € {*,w}), so that combining this fact with Definition [2.2.2|and Equation , we
deduce that f is a computable function between the spaces X and Y if and only if one of the
following equivalent conditions hold:

e fis(4,6')-computable.

The function W — f~1[W] is (¢/,6)-computable.

The function B — f~![B] is (v, §)-computable.

The function C — f[C] is (¢, ¥")-computable.

The function K — f[K] is (k, ")-computable.

We present the following results as examples of computable functions. LetR = (R X R, T, B, 7),
where the computable topology of R is induced by the computable real line R.

Lemma 2.2.5. In the computable topological spaces R and R, the following statements hold.
(a) The sum (x,y) — x + vy and multiplication (x,y) — xy are computable.

(b) The square root function ,/~: € R — R is computable.

Proof. (a) We show that sum is a computable function from R to R, the case of multiplication
follows from a similar argument. We first prove that there exists a Type-2 machine 91 such that
given any p € dom(é') and m € IN, 90 can output a rational g € Q that satisfies the equation

sY(p) € B(g,27™). 2.15
Let 91 be the machine with the following program. On input (p, m):
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1. Foreachu < p,

1.1 Let u!(u) be the ball B, = B(q,r). If B, C B(g,27™) then write g on the output tape and
halt.

1.2 Otherwise, continue with the next iteration.

Notice that each step of 9t can be computed in finite time, as the if’s test can be done using
Theorem|[1.2.6, Now we need to show that if the input pair lies in the set dom (6') x IN, 9t always
halts and the output value satisfies Equation (ZI5). Suppose that (p,m) € dom(8') x IN. Then p
is a list of all the intervals in R which contain the real number x = 6!(p). Thus there must exists
u < psuch that u'(u) = B(g,7) C B(g,27™). Therefore 9 will halt in finite time with the rational
q written on its output tape. As x € B(g,r), it follows that 6!(p) = x € B(g,27™), so that M is
correct and always halts if the input lies in the set dom(6') x IN.

We are ready to show that the sum function +: R x R — R is computable. Let 9, be a
machine which on input s € domé (6(s) = (x,y)) does the following:

1. Forall (v,m) € dom(u') x IN, execute the following steps

1.1 Compute g+ € Q such thatd(q,x+y) <27™.
1.2 If B(g4+,2™™) C u!(v), then write t(v) on the output tape.

1.3 Continue with the next pair.

The argument to show that 9, is correct is almost the same argument that we used in Lemma
except for Step 1.1 of M ;.. To prove that this step can be carried on in finite time by 9t , we
only need to show that from the input string s € dom 6, we can compute the rational g, which is
a 2 M-approximation of x + y. as 6(s) = (x,¥) € R x R and R is a computable product space, we
can use the string s and apply part 2 of Lemmato compute strings py, py € dom é' such that
61 (px) = xand 6'(y) = y. We can then use the machine 9t on the input pairs (py, m + 1), (py, m +
1) to obtain two rationals q,,q, € Q such that g, and g, are 2~ (m+1)_approximations of x and y
respectively. We claim that g, + g, is a 27" -approximation of x + y. Indeed,

dx+y,qc+ay) = |(x+y) — @ +q)| < |x —aqx| + [y —qy| <2-270FD =27,

thus g = q. + g, is a 27"-approximation of x + y. Therefore, step 1.1 of 91, can be executed in
finite time and it depends only on the input string s € dom é. So that the function Fy: C £¢ — ¢
computed by M, is a computable realization of the sum function. We conclude that sum is (5, 5')-
computable, by Definition[2.2.4} sum is computable.

(b) The argument to show that the square root is computable, is very similar to the previ-
ous case. Using the machine 9 to compute 2~ "-approximations of x € R, we can find 27"-
approximations of 1/x by using the expression

We omit the details. O
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More examples of computable functions exist. Almost all known real functions are com-
putable, like the trigonometric functions and their inverses, the exponential and logarithm func-
tions (with computable bases) [Wei00, Bra05]. We will present many more examples in Chapter

Bl

Lemma 2.2.6. Let X,Y and Z be computable topological spaces. If f: C X = Yandg: CY — Z are
computable maps such that range(f) Ndom(g) # @, then go f: C X — Z is a computable map from
Xto Z.

Proof. Let 6,6" and 0" be the inner representations for X,Y and Z respectively. If f, g are com-
putable maps, then by Definition[2.2.4} f is (6,6')-computable and g is (&', 6”)-computable. This
means that there exist F, G: C X — X“ such that F is a computable realization of f and G is a
computable realization of g, that is,

fob=060oF and god =6"0G.

The composition Go F C X¢ — X% is computable [Wei00, Wei08, TW11], thus for any p € dom (5)
such that f(é6(p)) € dompg,

(gof)od(p) =go(fod)(p) =go(8'oF)(p)=(g08)oF(p) = (8"0G)oF(p) =8"o(GoF)(p),

and we conclude that (go f) 06 = 8" o (G o F), so that G o F is a computable realization of g o f,
that is, it is (6, " )-computable, by Definition g o f is a computable function between X and
Z. This concludes the proof. O

2.2.2 Equivalences between computable topological spaces

We will be using two types of equivalences between computable topological spaces. The first one
is that of computable homeomorphism.

Definition 2.2.7. Let X = (X, 7, B,v) and X' = (X', 7/, B/, V') be computable topological spaces . A
computable homeomorphism is a map h: X — X' such that & is a homeomorphism and also / and
h~1 are computable functions . When such a map & exists, we say that X and X’ are computably
homeomorphic . This fact is denoted by X = X'.

Sometimes, if there is no confusion about which (computable) topologies we are considering
in the sets X, X', we will just say that X and X’ themselves are computably homeomorphic.

Example 2.2.8. Let X = (X, 7, 8, v) be any computable topological space. Then X = X because
the identity map 1x: X — X is clearly a computable homeomorphism.

Example 2.2.9. Let B = B(0,1) C R” be the open unit ball with the (computable) subspace topolo-
gy (see Lemma(2.1.18). The function /: B — R" defined by h(x) = ﬁ isa (Jp, 0" )-computable

map and its inverse is the function h~!: R" — B, given by
_ 2y
14+ /T + 4y’

which is (6", 6p)-computable. According to Definition h is a computable homeomorphism
between Bgr» and R”.

h~(y)
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Example 2.2.10. Let S" = 5, ., denote the n-sphere 5" equipped with the computable subspace
topology induced by R"*1. An important example of a computable homeomorphism is the stere-
ographic projection s: Sp — R" (Sp = S" — {P},P = (0,...,0,1)) onto euclidean space R" given
by the equation

s(x, t) = % with x = (xq,...,x,).

Because s is computable, we have that (Sp)g» = R". The homeomorphism s has been fundamen-
tal for the work in [Zho96].

The following result about half spaces will be needed later.

Lemma 2.2.11. Let n,m > 1, X = R’} x RY and X = (X,7, BLV) be the computable topological space
induced by the product X. Then the computable topological spaces X and R are computably homeomor-
phic.

Proof. Throughout this proof, all the topological product spaces have the obvious computable
topologies. First notice that for any 7 > 1, R” and R""! x R, are computably homeomorphic by
means of the map (xy,...,x,) — ((x1,...,%,-1),%,). Second, for any n,m > 1,

R? x R” 24 R" T x Ry x R x Ry 24 R 2 x Ry x Ry

Therefore, to complete the proof, we only need to show that Ry x R is computably homeomor-
phicto R x R;. Let Q =Ry xRy and H =R x R;.. Define f: Q -+ Hand g: H — Qas

f(a,b) = (a® — b?,2ab);

g(C,d) _ (\/c+\/§2+7dz/\/fc+\écz+7dz)‘

It is routine to check that f, g are continuous and they are inverse to each other, thus f is a homeo-
morphism of Q onto H. Now we need to prove that f and g are computable, to see that this is true,
first notice that the coordinate functions of f and g are given in terms of compositions of sums,
multiplications and square roots. So that in order to see that f and g are computable, it is enough to
show that the respective coordinate functions are computable. This can be done by using Lemma
which tell us that the functions sum, multiplication and square root are computable and
these facts can be combined with Lemma which shows that function composition is com-
putable, thus the machines that compute f and g are made up of various subprograms which are
build by using Lemmas and giving the full specification of these machines and proving
their correctness is very similar to previous results, thus we omit the details. Therefore Q =, H
and finally

IRn+m—2 % IR+ % IRJr = Rn+m—2 x R x ]R+ = IR?H—m—l % IR+ = IRﬁ_—i_m
and the proof is completed. O

Our second equivalence between computable topological spaces is as follows.

Definition 2.2.12 ([WGQ9]). The computable topological spaces X = (X, 7,B,v) and X' = (X, 7, B/,
V') are equivalent if and only if v < 6’ and v/ < 6.
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The equivalence given in the previous definition identifies when the two notations v, v’ of the
bases B and B’ respectively, induce the same computability on the space (X, 7). Example
shows two equivalent computable topological spaces. The computability concepts introduced in
Definitions 2.1.6| and 2.1.7) can be called “computationally robust”, since they are the same for
equivalent computable topological spaces. Usually, non-robust concepts [Wei00, BW99, BP03]
have only few applications. The next result, which can be found in [WG09, Theorem 22.2] is very
useful in practice.

Theorem 2.2.13. Let X = (X, 7,B,v) and X' = (X, t,B,V') be computable topological spaces. The
following statements are equivalent:

e Xand X' are equivalent;
[ ] 5 ~ 5/,
e 0~ ¢

Moreover, if X and X' are equivalent, then v ~ o' for every representation <y from Definitions and
where ' is the representation for X' corresponding to .

Corollary 2.2.14. Let X = (X, 7,B,v) and X' = (X, 7, B', V') be computable topological spaces. Then X
and X' are equivalent if and only if 1x: X — X is a computable homeomorphism.

Proof. Let d, 6’ denote the inner representation of points of X in X and X' respectively. The identity
1x is a computable homeomorphism if and only if, by Definition 1x is (4,0")-computable
and also (&', 8)-computable. This happens if and only if § < ¢’ and ¢’ < 4, i.e., § ~ ¢’ (Definition
[1.3.27), which is equivalent, by Theorem to X and X’ being equivalent spaces. O

The induced effective topological space

Let X = (X, 7, B,v) be an effective topological space and Y a set and suppose that there exists a
bijective function f: X — Y. Because (X, 7) is a topological space, f induces a topology 77 on Y
given by the base

Br=A{fIV]IVep}

We define a notation vs: C X* — By of the base B as vf(w) = f[v(w)] (domvs = domv). The
4-tuple (Y, 5, Bf,v¢) will be denoted by Y. It is easy to see that f becomes a homeomorphism
between the two spaces (X, T) and (Y, 7¢). The following results tell us that this fact still holds in
a computable way.

Lemma 2.2.15. Let X = (X, T, B, v) be an effective topological space and Y a set. If f: X — Y is a bijective
function, then

a) Yy is an effective topological space, which is computable if X is computable. Also, for any w €
dom vy, vs(w) = f[v(w)].

b) f becomes a computable homeomorphism between X and Y.

c) Let 7y be any of the representations given in Definitions and induced by X and let 7y be
the respective representation induced by Y. Then
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1. domyy = dom.

2. Ify€{6,6 }, then Yr=for.

3. Ify € {0,079}, then v¢(p) = flv(p)].

4. Ify € {§,x}, then v¢(p) = {f[D] | D € 7(p)}.

Proof. a) It is clear that Y¢ is an effective topological space. If X is computable, then domv is
computable and there exists a c.e. set S C domv x domv x domv such that equation of
Definition is satisfied. As domvy = domv, dom vy is computable and the same c.e. set S
can be used to fulfill for the effective space Yy in Definition m Thus Yy is a computable
topological space.

b) We can show that f is a computable homeomorphism between X and Y by proving that
the functions

B f'[B] and Aw (f1)7'[A], (BEB AEBy),
are (vg, 0)-computable and (v, ff)-computable respectively. The proof is straightforward, thus we
omit it.
c) We argue by cases on the induced representations y and -y

Casey = 6. Letp € £¢,if 6(p) = x € X, then f(x) € Y and

ip)=x & MveX)(w<pewedomvAxecv(w))
& (VweX)(w<peswedomysAf(x) € flv(w)])
& (Vwe)l)(w<<p<:>wedomvaf( ) € ve(w))
& O(p) = f(x).

Thus domé = domds and also d¢(p) = f(x) = f(6(p)) = fod(p) for any p € dom .
Therefore, 6y = f o 6.

Case v = 0. This case is similar to the previous one.

Case v = 6. Given p € £, we have that

MPI=W S W= Utvw) o < pl,

{w<<p:>w€domvf,
fFIW] = U{flv(w)] [ w < p},
{w<<p:>w€dom1/f,
fIW] = U{v(w) | w < p},
s 0(p) = f[W],

so that dom 6 = dom 6y and 64(p) = f[W] = f[0(p)] for any p € dom 6.

{w<<p:>w€domv,
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Case vy = ¢. For p € 2,

P(p)=A & MweXl)(w<spewedomvAANv(w) # )
& (VweX)(w<pewedomvsAf[A] N flv(w)] # 2)
& (VweZ)(w<<p(:>w€domvf/\f[ | Nve(w) # @)
fl

& Al.

And we conclude this case with the same arguments we use in all previous cases.

Cases v = 0,19~ . These cases follow immediately from the definitions of the representations
6~ and ¢~ and the two previous cases.

Case v = k. Let p € X%, notice first that if x(p) is defined, then x(p) is in general a set of
compact subsets of X and accordingly to ,

Kex(p) <= (VzeX)z<peKC |, v(2),

and Ugnv(z) = v(wy) U -~ Uv(ws) with w; € domv Aw; < zforalli = 1,...,s (see
Definition [1.3.32| and the remark after Lemma [1.3.33). As each w; € dom vy, we have

that f[Ugnv(2)] = flv(w1) U - Uv(ws)] = flv(wi)] U--- U flv(ws)] = ve(w)U---U
vs(ws) = Ugn Vf(2). Thus for a compact set K € «(p),

Kex(p) & (VzeZ)(z«p@KCUf
& (zex)<pe fK] _f[Uﬁn v@)),
& (Vzer)z<pe fK] €U, vi2)
& f[K] e xs(p).

This shows that dom ¥ = dom x¢ and also that x¢(p) = {f[K] | K € x(p)}.

Case v = ¢. This is similar to the case y = «.

This concludes all the cases for the induced representations on X and Y and finishes the proof. [J

This result tell us that the only essential difference between X and Y/ is the “abstract symbol”

f. But more can be said if Y already possesses a computable topology.

Corollary 2.2.16. Let X = (X, tx,Bx,vx), Y = (Y, Ty, By, vy) be computable topological spaces. If
f: X — Y is a computable homeomorphism, then Y and Yy are equivalent.

Proof. Let 6x, 6y be the inner representations induced by X and Y respectively. We will show that
df ~ Jy. Because f and f ~1 are computable functions between the computable spaces X and Y,
they are computable with respect to éx and dy, thus there exist computable functions F,G: C
X¥ — X such that the two inner squares in the following diagram

f —1

X Y X
5 T 5y T 5 T 2.16
yo Fyye C, yw
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commute. By part (c) of Lemma and the first square, 6 = f 0 6x = dy o F, that is, oy < Jy.
By the second square, f ! 0dy = dx 0 G,sothatdy = fodx oG = 05 0 G, thus 6y < 4. This proves
that éy ~ 6y and then we can apply Theorem to deduce that Y and Yy are equivalent O

For a computable predicate space Z = (X,0,A), we have the computable space T(Z) =

(X, 7,Br,vr) of Lemma 2.1.16, where v, (1(ug) - - - t(ug)) = A(uq) N --- N A(uy), T is the topology
generated by the subbase ¢ and 6, ~ dz. If ¢ is not only a subbase, but a base of T, then we can

construct the effective space Y &f (X, 7,0,A), which may be computable. For the topology T we
have on the one hand, the basis , with the notation v, (defined via formal intersection of subbase
elements) and on the other hand, the basis ¢ with notation A. The question is: Are T(Z) and Y
equivalent ? The answer is right here [WG09, Lemma 23].

Lemma 2.2.17. Let Y = (X, T,0,A) be an effective topological space such that Z = (X,0,A) is a com-
putable predicate space. Then T(Z) and Y are equivalent if and only if Y is a computable topological space.

2.2.3 Computable embeddings

Sometimes it is useful to have a space X inside another (probably bigger) space Y, that is, when
X is embedded in Y. This idea is formalized with the concept of embedding. A continuous function
h: X — Y is a (topological) embedding if h is a homeomorphism of X onto 1[X] C Y, where h[X] is
equipped with the subspace topology induced by Y. Such an embedding is denoted by

h:X<—>YorX<£>Y.

In this way, we can view X as a subspace of Y. The corresponding definition for computable
topological spaces is that of computable embedding.

Definition 2.2.18. Let X = (X, 7x, Bx, vx), Y = (Y, Ty, By, vy) be computable topological spaces. A
computable embedding of X into Y is a topological embedding /1: X — Y such that & is a computable
homeomorphism of X onto the computable subspace X{, where X’ = 1 [X].

By Corollary [2.2.16| the computable topological spaces X, = (h[X], T, By, vi) and X}, are equi-
valent.

Example 2.2.19. For any effective topological space X = (X, 7,B,v) and any Z C X, the com-
putable topological space Zx is embedded in X via the inclusion map i: Z — X. In fact, any
computable homeomorphism is a computable embedding.

Example 2.2.20. Let 1: B — R" (B = B(0,1)) be the computable homeomorphism of example
and po: R" — R""! be such that po(x1,...,%,) = (0,x1,...,%,). Clearly pg is a com-
putable embedding of R" into R"*1. We can compose / with py to obtain a computable embedding
B(0,1) < R"*! of Bgs into R"*1.

2.3 Computably Hausdorff spaces

In the theory of computable topology, computable versions of the standard separation axioms T;
(i = 0,1,2) has been proposed [GWX08, Weil(O]. Some of the relationships between these com-
putable axioms and many examples are studied in [Weil0]. One of this axioms will be used in this
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thesis, which is one of the computable variants of the T, (Hausdorff) separation axiom. A space
(X, T) is T, or Hausdorff if and only if the following condition holds:

VryeX)(x#y= 3UVer)UNV=aAxclUAyeV).

Many examples of Hausdorff spaces exist in the literature [Arm83} Eng89, Mun00]. The next
definition is a constructive version of the Hausdorff property.

Definition 2.3.1. A computable topological space X = (X, T, B, v) is called computably Hausdorff if
there exists a c.e. set H C domv X dom v such that

(V(u,0) € H)(v(u) Nv(0) = 2),
(Vx,y € X)(x #y = (3(u,0) € H)(x € v(u) Ay € v(0)).
Example 2.3.2. The computable euclidean space R" is a computably Hausdorff space. We claim
that the set H defined as
HE {(1,0) € T x T* | p"(u) N " (v) = &7}

is c.e. and satisfies Equations (217]) and . By definition, H fulfills , to prove that H is
c.e., we can use Theorem To see that H satisfies , we proceed as follows. As R" is
Hausdorff, then given any two points x,y € R” with x # y, there exist open sets U, V € 1" such
that UNV = @ and x € U,y € V. Thus we can find two base elements By, B, € " such that
x € By CUandy € B, C V. As u" is a notation, it is surjective, so that there exist 11, u, € dom u"
with p"(u;) = B;,i =1,2. Because UNV = &, " (u1) N u"(uz2) = @, so that uy, u, € H. Therefore
H satisfies Definition[2.3.1|and R" is a computably Hausdorff space.

The computable Hausdorff axiom of Definition is the strongest of all the computable
separation axioms of [WeilO]. Of course, A computably Hausdorff space is a Hausdorff space in

the usual sense. We list some properties of computably Hausdorff topological spaces [GWXO08,
Weil0].

Theorem 2.3.3. Let X = (X, T, B, v) be a computable topological space.
1. If X is Hausdorff and the set {(u,v) € domv x domv | v(u) Nv(v) = @} is ce., then X is
computably Hausdorff.
2. If X'is computably Hausdorff and A C X, then the computable subspace Ax is computably Hausdorff.

3. The following are equivalent

a) X is computably Hausdorff.
b) Theset {(x,y) € X x X | x #y}is (6,0)-ce.
c) 6 <o,

4. If X is computably Hausdorff then x < ¢~.

5 IfY = (Y, v, B,v') is another computable topological space and X,Y are computably Hausdorff,
then the computable product space X = (X x Y, T, B, V) is computably Hausdorff.

More information about Computably Hausdorff spaces and many other computable separa-
tion axioms, results, examples and counterexamples can be found in [Weil0O]. The computable
Hausdorff property will be very important for our work on Computable manifolds, as it is impor-
tant the standard Hausdorff property for topological manifolds.
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Computable manifolds

In this chapter, we present the concept of computable manifold. The first thing to do is to give the
definition of what we call computable structure. This is very similar to the way smooth and PL
manifolds are defined, by constructing smooth and PL structures for topological manifolds. Once
we have defined computable manifolds, we will talk about computable functions between two
computable manifolds and prove some properties about them.

In Section[3.1] we begin introducing one of the key components of the definition of computable
manifolds: Computable atlases. This important definition is given in terms of predicate spaces (see
Section and give many examples of topological spaces equipped with computable atlases
and after that, we use computable atlases to define computable structures. We show how a com-
putable structure is characterized by a computable topology and then we define computable man-
ifolds. Examples of computable manifolds are given at the end of the section. In Section we
show that computable functions are well suited to be used as morphisms between computable
manifolds and also we study computable homeomorphisms between computable manifolds. Fi-
nally, in Section we prove basic properties of computable manifolds. While some of these
properties are only valid for computable manifolds (e.g., Lemmas and [3.3.3), other proper-
ties are computable versions of known basic properties of topological manifolds, like Theorem
3.3.5

3.1 Computable structures on topological manifolds

We first introduce the concept of computable atlas and prove some facts about it. We show that, as
an ordinary topological atlas on a set X induces a topology on X, a computable atlas on X induces a
computable topology on X and we prove that this topology characterizes the computable structure
determined by the computable atlas. Throughout this section, we workout many examples of
computable atlases and computable manifolds. We also show that the product of two computable
manifold is a computable manifold, and the computable topology of the product manifold is the
product topology of the two factor manifolds.

3.1.1 The computable predicate space induced by a topological atlas

Assume that X is a non-empty set and that ® = {(¢;, U;) }ic; is an n-dimensional atlas on X with
index set I C X* (so that ® is countable). If ¢;: U; — ¢;[U;] is a chart, then by Definition (1.1.16
¢i[U;] € R" is an open set,thus

gilti] = U wi(w),

weS;

49



CHAPTER 3. COMPUTABLE MANIFOLDS

where S; = {w € dom(p) | w'(w) C ¢;[Uj]}. Applying ¢;' we get that U; =
Uwes, @; [ (w)] C X. Let Ag be the set Ay = {(i,w) | i € £*and w € dom(p')} C £* x &*
and define the set of strings Agp C X* as

Ao = {(i,w) | (i,w) € A},
thatis, Ag is just the image of the set A under the function (-, -) (see Definition and Equation
(D). For each (i,w) € Ag, define the set Biiwy € X by

B {(pi_l (" (w)] ifie land p't(w) C ;i [Ui],

B\ —
{iw) %) otherwise.

Each set B; ;) with (i, w) € Ag is called a computable ball (with boundary, if B; .,y # @ and p’t (w) N
R’} # ). Notice that unlike an ordinary ball, a computable ball can be empty. Because the set
{U;}ier covers X, we can see that the set Bo = {B; | j € Ag} also covers X. Let the notation
Ap: C X* — B be given as follows: domAgp = {z € ¥* | z = (i, w) and (i,w) € Ae} and

Ao ((i,w)) = Bij).-
Proposition 3.1.1. The triple Zo = (X, Bo, Ao ) is a computable predicate space.

Proof. Clearly, the set dom Ao = Ag is a computable set, because £* x dom (") is computable,
so we only need to prove that for x,y € X

Pr(X) =Py(X) = x=y.

Assume that Py(X) = P,(X), so that there is a string (j,u) € X* such that x,y € B,
z € {x,y}, define the set

juy- For

Pl = {Bijw | B € P=(X)}

and using ¢; we can define the set

9i(PL) = {u.(w) | u(w) C ¢;[Uj] A gj(2) € Wt (w)} C B,

then using our hypothesis, we can prove that 733]; = 77; and clearly this implies that qoj(P;];) =

j
@i (Py)-

Let Z', = (R, B, u".) be the standard computable predicate spac associated with R"} (see
Example '2.1.1?) and V € P, ()(R}). V is an open neighborhood of ¢;(x) and for a suitable
u € dom(p" ), we can choose u't (1) € q)j(P,];) such that ¢;(x), 9;(v) € u' (u) C VN g;[Uj], thus
VePyy (R™). This shows that Po.(x) (R%) C Po.v) (R’.) and a similar argument can be used to
check that the other inclusion holds. Therefore in the predicate space Z',

Pgoj(x) (Ri) = Pgoj (v) (]R’}r)/

implying that ¢;(x) = ¢;(y) and since ¢; is injective, x = y. We have proven that the triple
Zy = (X, Bo, Ao) is a computable predicate space. dJ

1This predicate space is defined for R’} in a similar way as Z" is contructed for R"” in Example
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Remark. Since an atlas ® on a set X induces a computable predicate space Z¢ on X, ® induces a
structure of computable topological space on X. By Lemma[2.1.16| the effective space

To(X) =T(Zg)

is a computable topological space, such that the topology induced by Zg is precisely the topology
Te induced by ®. But the set By of computable balls is not only a subbase, but a base of 7¢, so that
we have another effective topological space X¢ = (X, 7o, By, Aep) associated with X. We define
the computable topological space associated to ® (and induced on X) as the space To(X). In general,
we cannot use the effective space X¢, because it could happen that it is not computable. But if it is
the case that X¢ is computable, then by Lemma Xo is equivalent to Te(X). If 6: C X¥ — X
is the inner representation of X induced by Te (X), then by part 2. of Lemma[2.1.16] § ~ éz,,, hence
for computability matters, we can interchange § with éz,. Moreover, we will use the symbol dg
to denote any of the representations ¢ and dz,. In fact, because the computable space T (X)
depends on the atlas ®, all the elements of T¢(X) and all notations and representations induced
by this space will be denoted with a “®” subindex, so that Te(X) = (X, To, Bo, Vo), where Tp is
the topology induced by ® on X; B is the set of all finite intersections of elements of Bg; v is the
notation of B¢ induced by A¢ and do, 0o, Yo, Ko, etc., are the representations given in Definitions

and respectively, for the computable space Te (X).

3.1.2 Computable atlases

We are now ready to formulate our definition of computable manifold. We start by defining what
we call computable atlas. Remember that the computable topological spaces R" = (R", t", 8", u")
and R, = (R, t%, ", u'.) from Examples[2.1.2|and 2.1.19|are called computable euclidean space
and computable half space respectively, of dimension 7, and that each standard representation
induced by R" (R'}) is denoted by 7" (7'}).

Definition 3.1.2. An n-dimensional computable atlas on a set X is a topological atlasﬂ D = {(¢;,
U;) }ier (I € X*) such that the following properties are satisfied:

(@) Fori € I, themap ¢;: U; € X — R isa (5Z®,(5ﬁ)-computable function and the inverse
@; ' @i [U;] — Ujis (87,07, )-computable.

(b) Each set ¢;[U;] C R is a 6" -computable subset of R"..

Notice that we have formulated our formal definition of computable atlases, using as a basis
the concept of atlases that are specified in Definition which use open subsets of the half
space R’}. We need to do this in order to be able to define computable atlases and computable
structures for general topological manifolds with boundary. However, when we deal with man-
ifolds with empty boundary, any chart ¢: U — R’ of a manifold M has its image ¢ [U] entirely
contained in the interior of R, and can be thought as an open set of euclidean space IR". Thus,
if we are using manifolds without boundary, we can replace the computable half space R’ with
computable euclidean space R" in all the definitions and results that we will obtain for computable
manifolds. Therefore, from now on, we adopt the following convention: If we work with topo-
logical manifolds without boundary, we will use the computable space R" instead of R’} to apply
definitions and results of computable manifolds. We now present some examples of computable
atlases.

2Gee Subsection and Definition
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Example 3.1.3. Let n > 0. The identity 1g.: R" — R" is a (4", " )-computable function which
covers R” and this is clearly a §"-computable open set, thus it determines an n-dimensional com-
putable atlas ® = {(1r+,R")} on R".

Example 3.1.4. The map ¢;: R — R defined by ¢1(x) = x +a (a € R) is a homeomorphism of
the line onto itself. We now prove that ¥ = {(¢1,R)} is a computable atlas on R. Clearly, R is a
6!-computable open set in IR, now we need to show that ¢; and its inverse are computable with
respect to dy and ot @1 is (0w, 51)—c0mputable, because given x € R and p € dom dy such that
d¢(p) = x, we have that

dy(p) =x<—= VweXl")(w<pewedomAyand x € Ay(w)),

So, for each w < p,x € Ay(w) = ¢ [u!(z)] withw = (1,z). Therefore, ¢1(x) € ul(z) for all
w < p. Let M be a TTE machine with the following program. On the input p € Z¢

1. Foreachw = (1,z) < p
1.1 output «(z)

By the previous argument, the machine 9% outputs a string g € X such that (Vz € £*)(z < g &
z € dom (') and ¢1(x) € p'(z)). By deﬁnition 51(g) = ¢1(x), thus M computes a function
which realizes ¢ with respect to dy and 5L, To show that Py Lis (51, Oy )-computable, the argument
is very similar, we omit it. We have shown that ¥ is a 1-dimensional computable atlas on IR.

Notice that the computability of the atlas ¥ is independent of the computability of the real
number a (with respect to J'), given in the definition of ;. We will come back to this example
later.

Example 3.1.5. We prove that the atlas ® for S' C IR? given in Example|1.1.15/is computable. ® is
defined by the pairs

D = {(fs Usp), (f- U-), (&4, Vi), (8-, V=) }-

To check that @ is computable, we need to show that each chart ¢: U — R in ® is a (dz,, 51)-
computable function with (7, z,,)-computable inverse and the sets ¢ [U] are §'-computable open
subsets of R. Each set ¢[U] is clearly a 6'-computable open subset of R, because we have that
@[U] = (—1,1) and the latter set is 6'-computable. Now we give the full proof of the computabil-
ity of f1 and its inverse, the other cases f_, g, and g_ are very similar.

Let fi = fi,fo = f-,f3 = g+ and fy = g_ To see that f; is (6z,,6')-computable, consider the
following Type-2 machine F;. On input p € dom dz,, (dz,(p) = (x,y) € S!):

1. Foreachz = (i,w) < p,

1.1 if i = 1, then output ((w);
1.2 Otherwise, execute the following:

1.2.1 Compute ay, by, such thaty € (ay, by) C (—1,1);

1.2.2 compute a, = M;
1.2.3 compute by = M;
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1.2.4 compute w’ such that (by,ay) C p'(w') C (—=1,1);
1.2.5 output ((w').

We claim that §; computes a function F;: C X — X“ which realizes f;. We first check that each
step of §1 can be done in finite time. Step 1.1 is clearly computable, and for step 1.2, we only need
to check that steps 1.2.1-1.2.5 can be calculated in finite time by §;. First of all, if §; is executing step
1.2, then we have that i # 1, so that the string z = (i, w) represents a computable ball ;! [u!(w)]
such that f; # fi. Remember that f; is defined on the set U; = {(x,y) € S' | y > 0}, so that if
fi # fi = f+, then f; = f3 or f; = f4. Without loss of generality, assume that f; = f3.

Step 1.2.1 can be computed in finite time, because since (x,y) = dz,(p) € f; '[! (w)], then
f3(x,y) = g+(x,y) =y € u'(w) C (=1,1). Using the string w € dom(u'), §1 can compute
ay, by € Q withy € (ay,by) C pu!(w), thus step 1.2.1, can be done in finite time by §;. Steps 1.2.2
and 1.2.3 are computable, because a,, b, are rationals and by part (b) of Lemma the square
root is a computable function. Step 1.2.4 can be calculated by §1, because by the previous steps,
ay and by are computable points in R and the given set inclusions can be tested by using Theorem
Step 1.2.5 is clearly computable.

Now we prove the correctness of F1. Let (x,y) = dz,(p) € dom f;. and take (i, w) < p, so
that (x,y) € f, ' [u'(w)]. If i = 1then fi(x,y) € p'(w) and in this case, §; outputs ((w) in the
output tape. Wheni # 1,i = 3 ori = 4, thus fi(x,y) = y € u'(w). There exist a,,b, € Q such
that y € u'(w) = (ay, by). Since f; is bijective, ay = f; ' (a,) and by = f; (b,) are defined and they
satisfy the equations

ay = /1 —a?;
bx:,/l—bﬁ;

(notice that b, < ay, because a, < by) and it is immediate to show that by < fi(x,y) < a,.
There exist rational numbers a, b such that fi(x,y) € (by,ax) € (a,b) C (—1,1) and the set (a,b)
is represented by a string w' € dom(u!), this string is computed by §1 in step 1.2.5, thus the
output ((w') is correct. Therefore the machine §; computes a function F such that on the input

p € domdz,, F(p) satisfies
(Vo' € 2*)(w' < F(p) & w' € dom(p') and fi(x,y) € p'(w')).

Therefore 6'(F(p)) = fi(x,y) and F realizes f; with respect to 6z, and 6!, so that f; is (6z,,6")-
computable.

It only remains to prove that fl’1 is (81,67, )-computable. There exists a Type-2 machine &;
that, on input ¢ € dom d', does the following: For each z < g, &; checks if u!(z) C (—1,1), if so,
then it writes 1((1,z)) on the output tape; otherwise &; ignores the string z. It is easy to see that
®; computes a function G: C £ — £ which realizes f; ! with respect to 6! and dz,.

Therefore, the atlas ® fulfills Definition so that it is a 1-dimensional computable atlas for
the circle.

We now show that with a computable atlas, the transition functions satisfy the expected com-
putability properties inside the induced computable topological space T (X).

Lemma 3.1.6. Let ® = {(¢;, U;) }ic] be an n-dimensional computable atlas on X. Then for the computable
spaces Te(X) and R’
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(i) Foralli € I, the chart ¢;: U; — ¢;|U;] C R is a computable homeomorphism (with respect to ée
and 6" ) and U; is a Og-computable open set in X.

(ii) Foreachi,j € 1, U; N Uj is Oo-computable open in X and ¢; [U; N U;] is 0"t -computable open in R}

(iii) Each transition function (pigoj’l is a computable homeomorphism between 0’ -computable subsets of
R”.

Proof. (i) By Proposition each ¢; is an homeomorphism onto its image ¢;[U;] and that
i (¢;!) is computable is true because ¢; (¢; ') is (0z,, 6" )-computable ((6", 6z, )-computable)
and by Lemma 0z, ~ 0. U; is Op-computable because since ¢; is computable, the map
W — ¢;'[W] is (6%, 60¢)-computable (Definition ; (i) Follows by combining (i) and part
1. of Theorem with Definition 2.2.4 (iii) is immediate because composition of computable
functions between computable topological spaces is again, computable. O

We continue with more examples of computable atlases.

Example 3.1.7. It is easy to see that the topology induced by the computable atlas {(1r»,R")} on
R" of Example is of course, the usual euclidean topology and clearly T (IR") is equivalent to
R". Consider now the atlas ® = {(f, Uy), (f-,U-),(g+,V+),(g—,V-)} on S! of Example
We have proven that it is computable. But which is the topology that ® induces on S! ? Let S! be
the computable 1-sphere of R? introduced in Example

Lemma 3.1.8. The computable topological spaces T (S') and S are equivalent.

Proof. Notice that for suitable a,b,c,d,e, f € Qand ¢, ¥, a € {f+, f—, g+, } the condition
¢ (a,b)] Syt (c,d)] Nnat(e f)],

can be verified algorithmically. For example, ¢~'[(a,b)] C f[(c,d)] Ng;*[(e, f)] is equivalent
to the condition

(V(x,y) e RO (x> +y* =1Ax <0Ay € (a,b) A(a,b) C (=1,1) =y >0Ax € (c,d)
A(c,d) C (=1L, ) Ax>0Ay € (ef)N(e f)C(=1,1)).

By Theorem all expressions of this kind can always be checked in finite time by a Turing
machine. Hence, the effective spac S}D = (Sl, T, Bo, Aep) becomes a computable topological
space and by Lemma S is equivalent to T (S!). We now show that S}, is equivalent to the
computable subspace S*. By Definition we need to show that A < 951 and ],tél < Oop.

To see that Ap < 9;1, it is enough to build a Type-2 machine 9t which, on input z € dom Ao,
enumerates all string w € dom (p?) and for each w, M checks if

u (w) = p?(w) NS' C Ao (2),

if so, then M outputs ((w) on the output tape; otherwise it continues with the next enumerated
string of dom(p?). For each w, M can perform the test given in Equation by generating an
elementary expression equivalent to (B2 For example, if y?>(w) = B(q,7) (9 = (q1,92)) and

3See the remark after the proof of Proposition
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Ao(z) = g [ (z1)], with pl(z1) = (a,b) C (—1,1), then an elementary expression equivalent to

is the following

(Vx,y)(x2+y2 =1and (x—q1)2+ (y—q2)2 <r*=aq <yandy < D).

By Theorem 9 can check this expression in finite time. All other cases are very similar. Thus
the function computed by 91 outputs an infinite string g € X% such that

051 (9) = U pa (@) = Aa(2),

w<q

and the output of the machine is correct, thus Ap < 9;1. The argument for the case yél < O is
almost identical, so we omit it. Therefore S} is equivalent to the computable subspace S! and
since S}, is equivalent to To(S!), we have that S! is equivalent to T (S!), so that the computable
topology on S! induced by @ is the computable subspace topology of S'. O

Example 3.1.9. An atlas can be defined for the sphere " C R"*! with the stereographic projection.
Let P, = (0,...,0,1),P-1 = (0,...,0,—1) and define U, = 8" — {P,} withr =1,—-1. L UU_; =
§" and if we define s;: Uy — R”, s1(x,t) = %5 ands_1: U1 — R", s_q(x,t) = T with x =
(x1,...,%2). Then¥ = {(s1,U1), (s—1,U_1)} is a topological atlas for S". We prove that ¥ is a
computable atlas for S as follows: The atlas ¥ induces the effective spaces.3 St = (5", T, By, Av)
and Ty (S"), being the latter computable. Now, since the maps s1,s_; are rational functions with

coefficients in Q, we can apply Theorem to deduce that the decision problem
s; '[B1] Cs;'[B2] Ns, ' [Bs], Bi€plrtue{l,—1},

is computable, thus S¥ = (S", ¢, By, Ay) is a computable topological space and by Lemma
it is equivalent to Ty(S"). Our next step is to show that S§ and S" = S§,,, are equivalent com-
putable spaces. This can be done easily using Definition 2.2.12)and Theorem 1.2.6} just as we did
in Lemma If yg,f 1 is the notation for base elements of S" and 8y is the representation for
open sets of S%, then to prove that ui ! < 0y, we have that s; ' [u"(z)] C pa " (w) (z € dom (p")

and w € dom (")) is equivalent to the expression
(Vy € R"™")(y € S"and s,(y) € u"(z) =y € " Np" ' (w))

and this expression can be easily translated into an elementary expression. With all this data, a

Type-2 machine can be constructed such that, on input w € dom (pg, 1), enumerates all pairs (7, z)

(r € {—1,1},z € dom(y")) and test if w, r and z satisfies , if this is the case, then the machine

outputs (z) on the output tape. This machine computes a function which translates pg, '-names

into fy-names, that is, ‘ugj 1< 0y. To prove that Ay < GQ,T 1 the argument is almost the same. Thus
S§ and S" are equivalent, therefore Ty(S") and S” are equivalent computable spaces.

Now to show that the atlas ¥ is computable, the argument is the following: Since Ty (S") and
S" are equivalent, dy ~ 53;“1, so that to check that s;,5_; and their inverses are computable with
respect to &y and 6", it is enough to show that they are computable with respect to 5%, and 6. But
o5 !is simply the representation 6" ! of R"*!, restricted to S" (see Definition . In summary,
we only need to show that the charts are computable with respect to 6"*1 and §”. But the maps
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s1,5—1 and their inverses are defined in terms of sums, multiplications and square roots, thus we
only need to apply Lemma and we are done.

To finish the proof, we need to show that the sets s; [Ui] are 0"-computable in IR". But this is
immediate, because s; [Ui] = IR". Therefore Y is a computable atlas for S".

Example 3.1.10. Let RP" be n-dimensional real projective space, the set of all 1-dimensional vector
subspaces of R"!. Each subspace is spanned by a non-zero vector v = (xy, ..., x,+1). Formally

RP" = (1R”+1 _ {0})/ ~,

where x ~ y < (dx € R —{0})(x = ay). We define fori = 1,...,n+ 1 the set U; = {[v] €
RP" | x; # 0}. Clearly RP" is covered by Uj, ..., U,+1. For each [v] € U;, we can choose a unique
v1 ~ v such that the ith component of v; is 1 and then U; is in one-to-one correspondence with
the hyperplane {x € R"*! | x; = 1}, which can be projected onto R” via the map p; given by
(X1, Xiy oo, Xp1) > (X1, .0, Xj_1,Xj41, - -, Xp11). This is therefore a coordinate chart ¢;: U; —
R" and the set of all these charts is an atlas I' on RP". It is rather easy to show that each function
@i, ¢; ! is computable with respect to dr and 6". We conclude that T is a computable atlas on RP".

The set Br = {¢; ' [u"(w)] |i=1,...,n+ 1;w € dom(u")} is a base for the topology induced
by I' and also the property

o; [ (w)] S @i [ (w2)] Mgyt [ (ws)]
is equivalent to
(Vx € R™)(x; # 0 A pi(x) € p'(wr) = x5 # 0 A pj(x) € p"(w2) Axg # 0 A pi(x) € p(w3)),

and using Theorem the latter expression can be checked algorithmically. The effective space
RP} = (RP", 17, Br, Ar) is a computable topological space, which is equivalent to the computable
space Tr(RP") induced by T".

All the previous examples are cases in which we can replace the canonical computable space
T (X) with the somewhat simpler effective space Xo, but according to Lemma this can be
done only when the latter is computable.

As with standard topological manifolds, it can happen that a set X has more that one com-
putable atlas defined on it. We would like to consider two computable atlases that define the
same computable topology as equivalent.

Definition 3.1.11. Two n-dimensional computable atlases ® = {(¢;, U;)},' ¥ = {(¢;, V;)} on X are
computably compatible if and only if ® and ¥ are topologically compatible (Definition [1.1.11) and
O ~ Oy.

Computable compatibility of computable atlases is an equivalence relation on the set of all
computable atlases on X.

Proposition 3.1.12. Let ® = {(¢;, U;)},'Y = {(¢;, V})} be two computable atlases on X. Then ® and ¥
are computably compatible if and only if Te (X) and Ty (X) are equivalent computable topological spaces.

Proof. (=) That ® and ¥ are computably compatible means that the following is true:

(1) ® and Y are topologically compatible;
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2) bp ~ Oy.

By (1) we have that T = ¢ = Ty, thus Te(X) = (X, 7,Be, Vo) and Ty(X) = (X, T, By, vy).
Combining (2) with part 2. of Lemma[2.1.16|and Theorem[2.2.13] To,(X) and Ty (X) are equivalent.

(<) If Te(X) and Ty (X) are equivalent computable topological spaces, then ¢ = Ty, thus
® and ¥ induce the same topology on X, so that by Lemma ® and Y are topologically
compatible. Also, by Theorem dp ~ Oy. Therefore, by Definition ® and ¥ are
computably compatible. O

Example 3.1.13. There is an example [BC70] of two atlases ®, ®’ with the same underlying set E,
which are not topologically compatible. We describe E, ® and &' now and we will also show that
® and @’ are computable atlases on E, but they are not computably compatible. Let E C IR? be the
set {(sin2s,sins) | s € R}. E is known as the Figure eight. The injection f1: E — R defined by

fi(sin2s,sins) =s, s € (0,27)

is onto a 91—computable open interval of R (namely, the set (0,277)) and so it is a chart whose
domain is the whole set E. We claim that f; is (d,6!)-computable and its inverse f; ' is (6", éo)-
computable. Let 9 be a Type-2 machine with the following program: On the input p € dom Je,
9t enumerates all strings (1, w) < p and for each such string, 9 discards the symbol “1” and then
it outputs ((w) on the output tape, and then it continues with the next string inside p. The function
computed by 971 realizes f; with respect to 5¢ and 6!, thus f; is (ée, 0')-computable. To prove that
the inverse f; ! is (6", 6o )-computable, we define a Type-2 machine 9 with the following program.
On the input g € dom &' with §'(g) = s € (0,27):

1. For each string w < g, such that s € u!(w),

1.1 Foreachn € N,

1.1.1 Compute g, € Q such thatd(g,,27) <27";

1.1.2 if u'(w) C (0,9, —27"), then output ({1, w)) and go back to step 1;

1.1.3 Otherwise, if 0 € u!(w) or (g — 27", g, +27") C u'(w), then go back to step 1;
1.1.4 Continue with next iteration in step 1.1.

Let A = (0,27). For each string w < g, the main task of N is to find out if u!(w) C A and
when that occurs, output the string (((1,w)), where (1,w) € domAg on the output tape. To
determine if the open interval u!(w) is a subset of A, 9t computes the rational g, which is a 27"~
approximation| of 27, that is, 27t € B(qs,27") = (qs — 27", qs +27"). Then 9 performs the test
ul(w) C (0,9, —27™); if this is successful, then it is true that ! (w) C A, because (0,4, —27") C A
and in this case, Ao ((1,w)) = fi 1 [;41 (w)] is defined and contains the point f;~ 1(s), thus the output
of M in step 1.1.2 is correct. But if u'(w) ¢ (0,9, —27"), then N tries to find out if u!(w) ¢ A
with the if’s test in step 1.1.3. If 0 € u!(w), then it must exists r € u!(w) such that r < 0 and that
would imply that r ¢ A. On the other hand, if B(g,,27") C u!(w), then there is some ' € u!(w)
with 27t < ¢/, thus ' ¢ A. Either the if’s test in step 1.1.2 is successful or the test in step 1.1.3 is
successful, the behavior of 9 is correct with respect to the string w and then 9t goes back to step 1
to process the next string in g.

4See the proof of Lemma
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If none of the test in steps 1.1.2 and 1.1.3 are successful with the rational gq,, then 91 cannot
determine yet what to do with the string w and it must go back to step 1.1 to compute a better
approximation of 27t to execute steps 1.1.2-1.1.4. Given w < ¢, 0 only needs to compute a finite
number of approximations of 277, because it is true that

u(w) € A< (3ng) (' (w) € (0,40, —27™));
p(w) ¢ As0e p(w)or (In)((Guy —27™, uy +27™) C pt(w)).

Therefore the output of 9 is correct for every w, thus the function computed by 0 realizes f;*
with respect to 6! and So.

To prove that every step of 91 can be done in finite time and in an algorithmic way, we only
need to prove that steps 1.1.1-1.1.4 are computable. Step 1.1.1 can be done by 91 because by Lemma
7 is 8'-computable, so that 277 is '-computable too. Steps 1.1.3 and 1.1.4 involve some set
operation with open sets defined in terms of rational numbers. These operations can be done
using some inequality between rational numbers and the string (((1,w)) is clearly computable.
We conclude that all the steps of 91 are computable in finite time.

Thus the function f; and its inverse are computable with respect to 5o and 6. Therefore ® is
a 1-dimensional computable atlas of E. Another computable atlas &’ of E consisting of a single
chart can be constructed by using the function g: E — R defined by

g(sin2s,sins) =s, s & (—m, ).

The proof of the computability of ¢ and its inverse with respect to d¢' and ' is almost identical
to that of the computability of f; and its inverse. So that ® and &’ are two computable atlases
on the set E. But these two atlases of E are not compatible, since the change of coordinates g o

fit: AE] — g[E] is given by
s if0<s<m

gofit(s) =140 ifs =

s—2m ifn<s<?2nm

and this function is not even continuous, thus ® and &’ are not topologically compatible, so that
they cannot be computably compatible.

The fact that the two atlases of example3.1.13|are not computably compatible comes from the
fact that these atlases are not topologically compatible. We now show two computable atlases
which are compatible, but not computably compatible.

Example 3.1.14. Let ® = {(1g,R)} and ¥ = {(¢1,R)}, where ¢1: R — R is defined as
¢1(x) = x+a. ¥ is the atlas of Example where we saw that the computability of ¥ does
not depend on the computability of the number a with respect to 6!. We now prove that if a is
not §'-computable, then ® and ¥ are not computably compatible (notice that the two atlases are
topologically compatible).

Suppose then that a is not computable with respect to ' and that ® and ¥ are computably
compatible. By Definition dp ~ Oy and as P is the atlas induced by the identity on R,
it is true that dp ~ &1, thus we have that é¢ ~ 1. Because ¥ is computable, we have that ¢
is (dy,6')-computable. Since 5y ~ 6!, we can conclude that ¢; is (8!, 8!)-computable. But ¢ is
computable with respect to 6! if and only if a is a computable real number. Therefore ® and ¥
cannot be computably compatible.
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Example [3.1.14| give us a desirable consequence of our definitions. If the map ¢ is not com-
putable in R with the usual manifold structure, then we do not want the atlas ¥ to be compatible
with ®.

Definition 3.1.15. A computable structure on X is an equivalence class [®] of computable atlases on
X.

Definition 3.1.16 (Computable manifold). An n-dimensional computable manifold is a set M to-
gether with a computable structure [P].

Thus, a computable n-manifold is a pair (M, [®]). As each computable atlas determines a
unique computable structure, we can also simply write (M, ®) and forget about the brackets and
sometimes, if no confusion arises, we will omit the explicit reference to the computable atlas P.
The integer n, the dimension of the manifold, is denoted in the usual form as dim M. All the
previous examples about sets with computable atlases are actually computable manifolds, we
now give more examples.

Example 3.1.17. We show that for n > 1, the n-disk D" C R" is a computable n-manifold with
boundary. A topological atlas for D" can be build as follows. Let U be the topological interior
of D" (U = B(0,1)) and f: U — R’} be the map (xy,...,%,) — (x1,...,x, + 1), this is clearly a
bijective map from U onto a 6" -computable open set of R".. Letr € {1,—1}, P, = (0,...,r) and
V, = D" — {P,}. Define g,: V; — R" as

x_Pr

=P+
A PR

The map g, sends V; onto a subspace of R", homeomorphic to R", and we can use the g,’s to define
charts f,: V;, — R" as follows:

fix) = g1(x) + Py;

f-1(x) =r(g-1(x) + P-1);

where r: R — R" is given by r(x1,...,x,) = (x1,...,—x,). Notice that f,[V;,] = R%,
thus the image of each f, is 0"l -computable in R’,. Using f, f; and f_;, we obtain an atlas
Y = {(f,U),(f1,V1),(f-1,V-1)} on D". To prove that ¥ is computable, we can use the same
technique that we used in Example i.e., we first show that Ty(D") and D}, are equivalent
computable topological spaces with the aid of Theorem second we prove that f, f1, {1 and
their inverses are computable with respect to 6}, and 6"t , by using Lemma[2.2.5 Thus, the charts of
¥ are (v, 0" )-computables and their inverses are (&'}, dy )-computables. The pair (D", ¥) is a com-
putable n-manifold with boundary. We know from standard manifold theory that Int D" = B(0, 1)
and oD" = §"~1,

Example 3.1.18. A computable 0-manifold is just a discrete computable topological space.

Proposition 3.1.19. Let (M, ®1), (Ma, ®;) be computable manifolds such that dimM = n and
dim N = m. Then there exists a (n + m)-dimensional computable atlas ® for the set My x M, with
the following properties:

(IZ) /\6 = )\q;l X )\q:.z,'
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(b) O ~ [0, 0y

(c) Tg(My x Mp) = T, where T is the computable topological space of Lemma induced by the
computable spaces To, (My) and T, (Mp).

Proof. Let X = (R" x R, T, B,7) be the computable product space induced by R and R”. Then
by Lemma 2.2.11} there exists a computable homeomorphism g: R". x R? — R’ and with the
map g, the set M; x M, endowed with the atlas

@ ={(go(pxy),UxV)|(pU)E D (P V)€ D}

is a topological manifold of dimension n + m, such that the topology induced in M; x M, by P
is the product topology of the spaces M; and M,. We show that ® is computable and we prove
(a)-(c). Notice that since X and R’;"" are computably homeomorphic computable spaces, in R" "
we can replace the base g/ by the base

By = {1t (w) x w(2)] | (w,z) € dom(p’t) x dom ()},

(see Lemma [2.2.15| and Corollary [2.2.16), thus the elements of the computable predicate space
Zgs = (My x My, Bg, Ag) are defined as

Bg = {(go (@i x )" [B] | B=g[ut (w) x i (z)] A (
Mgt TF = By, Ag({{i,]), (w,2))) = (g0 (i x ) 7 [g[wt (w) x pt(2)]].
) 1

Hence, we have that Ag({(i,j), (w,z))) = (go (gi x ¢,))7" [g[w} ( ) x pi(2)]] = (o7

P 1) o g [g[wh(w) x pi(2)]] = (@' x ¢ ) [Wh(w) x p(2)] = o7 [t (w)] > ¢ [ (2)] =
Ao, ((I,w)) X A, ((j,2)) = (Ao, X Aw,)((i,w), (j,z)) and this implies that g ~ [do,,da,]; this
proves (a) and (b). It is easy to verify that the computable topological space Tg(M; X M) =
(M1 x M, T, Bs, V) induced in My X My by @ is precisely the computable product space of
To, (M) and Te,(Ma), so that () is true.

To finish the proof of the Lemma, we only need to show that @ is a computable atlas on M; x
M, we have to prove that each chart g o (¢; x 9;): U; x V; = R € @ is (05, 0" ")-computable
with (8", 6g)-computable inverse and that each set ¢; [U;] x ;[V;] is 6"/"""-computable. To do
this, we will use the computable space X and the representations J,6 of points and open sets
of R? x R" induced by X. By (b), 65 ~ [é0,,0,] and by part 2. of Lemma @i X P;
is (0, 6)-computable with (6, 65)-computable inverse. Using part 3. of Lemma the set
i[U;] x ¢;[V]] is a f-computable open subset of R” x R". Combining these facts with the com-
putable homeomorphism g between X and the computable half space R, we deduce that ® is
a computable atlas on M; x My. O

(i,w), (j,z)) € domve, X dom v, };

We can generalize this result to arbitrary finite products of computable manifolds M;, ..., M;.

Example 3.1.20. Following Proposition|3.1.19, we can prove that the n-dimensional torus
n
=11 gl
i=1

is a computable n-manifold, where we equip S with any of the atlases given in Examples
and (they are computably compatible).
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3.2 Morphisms between computable manifolds

In the case of general topological manifolds, relationships between two given manifolds can be
studied by means of continuous functions. In this section, we will show that (as expected) com-
putable functions, as we have defined them in Section are just adequate to be used as mor-
phisms between computable manifolds.

3.2.1 Computable functions

To define morphisms between two computable manifolds (M, ®) and (N, ¥), we have two possi-
ble choices. The first uses the induced computable topological spaces Te (M) and Ty(N), a mor-
phism between M and N is just a computable continuous function between T (M) and Ty (N).
The second approach uses the representations d¢, dy of M and N respectively, induced by the com-
putable predicate spaces Zg and Zy. The two options are equivalent thanks to Definition[2.2.4and
part 2. of Lemma As our formal definition, we adopt the second approach.

Definition 3.2.1. Let (M, ®), (N, ¥) be computable manifolds of dimensions n and m respectively.
A morphism f: C (M,®) — (N,Y¥) between computable manifolds is a (g, oy )-computable
function f: € M — N, where ¢, oy are the representations induced by Z¢ and Zy respectively.

Lemma 3.2.2. Let (M, ®),(N,¥) be computable manifolds and f: C M — N a function. Then f is
a morphism of computable manifolds if and only if f is a computable map between the computable spaces
T@(M) and T\{J(N)

Proof. (=) If f is a morphism of computable manifolds, then f is (g, dy)-computable. But we
know from part 2 of Lemma that dg is equivalent to the inner representation of points of the
computable space Top(M) = T(Zg). A similar statement is true for dy and Ty (N). Therefore f is
a computable function with respect to the inner representations of Te (M) and Tw(N), so that by
Definition[2.2.4] f is a computable map between Te(M) and Ty (N).

(<) If f is a computable map between T (M) and Ty (N), then by Definition[2.2.4} f is com-
putable with respect to the inner representations of points of Te (M) and Ty (N) and these repre-
sentations are equivalent to the representations dp and dy respectively (by 2 of Lemma[2.1.16), so
that by Definition[3.2.T} f is a morphism between the computable manifolds M and N. O

Remember that computable function are continuous. Of course, we would like computable
homeomorphisms to be the standard equivalence between computable manifolds. We now prove
some results about this topic. First, we have an analog of Lemma 2.2.15/for computable manifolds.

Lemma 3.2.3. Let (M, [®]) be a computable n-manifold and X a set. If f: M — X is a bijective
function, then there exists a computable structure [®s] on X induced by f and ®, such that for all

z € dom A, Ao, (2) = f[Ae(2)] and S, = f o do.

Proof. Let ® = {(¢;, U;) }ic;- By Lemma Xs becomes a computable topological space and
f is a computable homeomorphism between T (M) and X¢. Now, the atlas induced by f on X is
given by

= {3, Vi) | i = gjo f ' and V; = f[U], (i, Us) € Phier,

which induces the computable predicate space Zo, = (X, Bo;, Ao, ), where
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Bo, = {(gio f71) " [u"(w)] | (i,w) € ¥ x dom(p)},
Awyi C X = Boy, Aoy ((i,w)) = (@io f71)7H [ (w)],
and clearly Ao, (j) = f[Aa(j)], so that de,(p) = foda(p) for all p € domdg,. Foreachi € I,

the open set ; [Vi] = (¢;0 f1)[f[Ui]] = ¢i[U;] is 0'L-computable open in R”. and the map
is (0o, 0" )-computable with (8"}, 0o, )-computable inverse. It follows that @ satisfies Definition

3.1.2} thus it induces a computable structure [®¢] on X. O

Corollary 3.2.4. With the hypothesis of Lemma m To,(X) = Xy, where X is the computable topolog-
ical space of Lemma|2.2.15]

Proof. The topology of Te,(X) is generated by the base

Bo, = {f[B] | B € Ba},
and this is exactly the set f¢; and we have that vy, = vy. In other words, To,(X) = Xy O

Corollary 3.2.5. Let (M, ®) be a computable manifold and let X = (X, T, B, v) be a computable topological
space. If f: M — X is a computable homeomorphism between To(M) and X, then To,(X) is equivalent
to X.

Proof. An immediate consequence of Lemma [2.2.16{and Corollary O

Corollary 3.2.6. Let (M, ®), (N, d’) be computable manifolds. If f: M — N is a computable homeo-
morphism, then the computable structure of N and the computable structure induced by f on N are the
same.

Proof. By Corollary To,(N) and To/(N) are equivalent computable topological spaces, so
that we can use Proposition 3.1.12|to conclude that @ and @’ are computably compatible (Defini-
)

tion , therefore [®/] = . O

With this last result, we can see that two computably homeomorphic computable manifolds
are “essentially” the same manifold, just in the same way that happens with homeomorphic topo-
logical manifold.

Example 3.2.7. Leth = s71: R" — Sp (Sp = S" — {P}) be the inverse of the stereographic pro-
jection of Example If we give R” with the (canonical) manifold structure of Example
then by Lemma(3.2.3land Corollary[3.2.5, Sp becomes a computable n-manifold with a computable
structure T such that Tr(Sp) is equivalent to Qg», where Q = Sp.

Example 3.2.8. In example we showed two non-compatible computable atlases ® =
{(f,E)}, ® = {(g,E)} on the set E = {(sin2s,sins) | s € R} known as the Figure eight. The
function h: E — E of the the set E equipped with the computable topology induced by ®, onto
the same set using the computable topology induced by &' given by

h(sin2s,sins) = (sin(2(s — 7)), sin(s — 7))

is a computable homeomorphism from T¢(E) onto Te (E). So that although ®, @’ are not com-
putably compatible, the two manifolds (E, ®) and (E, ®') are computably homeomorphic, that is,
they are essentially the same manifold.
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Example 3.2.9. In Example we proved for the real line R, the atlases ® = {(1g,R)} and
Y = {(¢1,R)} are not computably compatible, if the map ¢;: R — R defined as ¢1(x) = x +ais
not (61, 6!)-computable, which is equivalent to non-computability of the number a. However, the
two manifolds (R, ®) and (IR, ¥) can be seen to be computably homeomorphic, as the map ¢; is
(3, 6')-computable and its inverse is (6!, by )-computable (Example , thus it is a computable
homeomorphism. This tell us that although the atlases ® and ¥ are not computably compatible
(whenever a is not §'-computable), we can transform one manifold into the other in a computable
way and that means that everything that is computable in one manifold, is computable in the
other.

We will have more to say about computable functions between computable manifolds in Chap-
ter [} where we introduce computable submanifolds and study computable embeddings of manifolds.

3.3 Properties of computable manifolds

We now present some properties of computable manifolds. First, we analyze which topological
properties are satisfied by the induced topology on a computable manifold M, then we present
some results about computability in M. Finally, we construct the computable versions of some
classical results about special atlases on M.

3.3.1 Topological and computable properties

By definition, a computable topological space is a Tyo-space and thus, every computable manifold
is a To-space. However, a manifold also satisfies all the local topological properties of euclidean
space R". Here is a list of some basic properties that the induced topology on a computable
manifold fulfills. The induced topology on a computable manifold satisfies:

* The T; separation axiom;

¢ the second axiom of countability (because every computable manifold has a countable atlas);
¢ itislocally connected;

* itis locally compact.

See [Gau74] for details and even more topological properties that a computable manifold sat-
isfies. But despite the fact that R" is a (computably) Hausdorff space, it is not true that every
computable manifold is (computably) Hausdorff. We now prove that a well known example of a
non-Hausdorff topological manifold is in fact, an example of a non-Hausdorff computable mani-
fold.

Example 3.3.1. Let H C RR? be defined by H = {(s,0) | s € R}U{(0,1)}. H is called the
line with two origins. Let U be the subset of H of all points of the form (s,0) with s € R and
U = (U-{(0,0)})U{(0,1)}. Define charts f: U — Rand f': U’ — R of H into R by

f(SrO) =S
f'(s,0) =sfors #0and f(0,1) =0
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It is very easy to show that ® = {(f,U), (f/,U’)} is an atlas on H and that each chart is (J¢, J')-
computable with (6!, 8p)-computable inverse. Since f[U]| = f'[U'] = R, each of these sets is
6!-computable open in the computable space R. The atlas ® satisfies Definition so that the
pair (H,®) becomes a computable 1-manifold. The proof that H is a non-Hausdorff space with
the topology induced by @ can be found in [Gau74, BC70].

Recall from Section that given a computable n-manifold (M, ®) using the atlas ®, we
constructed the computable predicate space Zo = (M, Bo, Ap) where Bg is the set of all com-
putable balls in M. This predicate space depends on ® and it can happen that Be contains empty
elements. If the subset E C dom A defined by

E={lcdomAg | Ae(l) # @}

is c.e., then (M, ®) will be called a computable manifold with non-empty computable balls. The next
lemma states that if the set of non-empty computable balls is c.e., then the empty elements of B
can be removed from the computable spaces Z¢ and T@(M)lﬂ

Lemma 3.3.2. Let (M, ®) be a computable n-manifold with non-empty computable balls. Then there
exists a computable topological space T'(M) = (M, 1@, B, V') such that Te (M) is equivalent to T'(M)
and B’ C Bo is the set of all finite intersections of non-empty computable balls of M.

Proof. Let £ = Ag(E). Because the set E C dom Ag is c.e. (and infinite), we can apply Lemma
to obtain an injective total computable function h: ¥* — ¥* such that rangeh = E. Define
the notation A,: £* — £ by Aj(w) = Ag o h(w). Then the triple Z;, = (M, £, A;,) is a computable
predicate space and as A, = Ap ohand Ap = Aj, 0 h~!, we have that A¢ ~ A, and this fact implies
that d¢ ~ 6, = Jz,. The computable topological space induced by Zj, is

T'(M) = (M, 0, p, V"),

where ' is the base generated by all finite intersections of the elements of £ C By, thus ' C Bo.
Since § ~ d¢p ~ O, ~ &', where J,¢" are the inner representations of M induced by Te(M) and
T’ (M) respectively, we conclude that Te (M) and T'(M) are equivalent computable topological
spaces, hence the result follows. O

In a computable n-manifold, the computable points can be characterized by the computability
of points in the computable euclidean space R”. We present a simple result from which other
characterizations can be derived.

Lemma 3.3.3. Let (M, @) be a computable n-manifold and x € M. Then x is a dg-computable point in M
if and only if there exists a 0"-computable point y € R" and a computable function f: C R" — M such

that f(y) = x.

Proof. (=) Let x € M be a ép-computable point. There exists a chart (¢, U) € ® such thatx € U
and ¢ is a computable homeomorphism between U and an open subset of R’;. In particular, ¢
and ¢! are computable with respect to " and de, which implies that ¢ and ¢~! preserve the

5This result is reminiscent of Lemma 25 of [WG09], which says that for a computable topological space X, the empty
base elements can be ignored if the set of non-empty base elements is c.e.

64



3.3. PROPERTIES OF COMPUTABLE MANIFOLDS
computability of points between U and ¢[U]. Lety = ¢(x) and f = ¢~ '. Then y is a &'~
computable point in R’} (thus, y is a 6"-computable point in R") and f is a computable map such

that f(y) = x.
(<) Because f is computable, it takes the §"-computable point y € R" onto a dp-computable

point in M, thus f(y) = x must be dp-computable in M. O

3.3.2 Some special computable atlases

In Theorem we deal with the existence of two very useful computable atlases. To show
that one of these atlases exists, our computable manifolds will need the property of non-empty
computable balls and a technical result about computable homeomorphisms between rational
open balls B(g,e) C R" and R".

Lemma 3.3.4. In the computable euclidean space R", the following statements hold:

(1) Foreachw € dom (u") such that u"(w) = By, = B(q, €), there exists a computable homeomorphism
hy: By — R” from (By)r» to R™.

(2) For each z € dom (p™) such that y".(z) NOR". # @, there exists a computable homeomorphism
g-: W (z) — R from p" (z)re to R

(3) The sets
{(0,,2) € (dom(4"))* | 1"(0) C Iy [1"(2)]}

{(s,w,2) € (dom (p"))® | u(s) C g [ (2)] }

are computable, where hy, and g, are the computable homeomorphisms of part (1) and (2) respectively.

Proof. (1) Let h: B(0,1) — R”" be the computable homeomorphism of Example and let
Se, To: R" - R" (a € R",0 < € € R) be homeomorphisms of R” defined as

Ta(x) =x—a and S(x) = ex.

If (a,e) € Q" x QT, then T,, S, are computable homeomorphisms of R" onto itself. Now, if
u"(w) = B(q,¢), then we can define hy,: B(q,e) — R" as hy, = hoS.1 0T, clearly hy, is a com-
putable homeomorphism of By, onto R".

(2) We can define the homeomorphism g, by g, = h2|yi(z)~ It is easy to see that g, is a com-
putable homeomorphism between 't (z) and R’;.

(3) Using the computable homeomorphisms h, of (1), we can express the property u"(v) C
hi,t [1"(z)] in terms of polynomial functions in n variables and rational coefficients, this is true
because we know that

H'(0) Chy' [1'(2)] & (Vx € R")(x € p"(v) = ho(x) € p"(2))
and it can be seen that the right side of is equivalent to the expression
(Vx € R")(d(x,g0) < €0 = d(hw(x),q2) < ez),

where u"(v) = B(q0,€y) and p"(z) = B(g,€z). Now, using the formula to compute the function
hw, which is defined as

__&el(x—q) Moy —
hw(x) - 1 _ ||€71(X_EI)||/ (]/l (ZU) - B(q"g))
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for the distance d(hy(x), ), we have that

871 X —
090 = 4 =i D)

1 _ _
eG4 ) (= e = ).

Using the last expression, we can deduce that
d(ho(x),qz) < ez & d(e (x —q), (1= e (x —9)[)gz) <ez(1— e (x—q)]]). 3.10
Lety = ¢ !(x — q). Now we can write Equation as
(Vre,y € RM)(y = (x = q) Ad(x,q0) <o = dly, (1= |lyl)g:) <e=(1=ly])).
Now letr = 1 — ||y|| € R, then ||y||?> = (1 — r)? and the above equation becomes
(Vr,y e R,Vr e R)(y=¢e (x—g) Ayl = (1 =1 Ad(x,q0) < & = d(y,7q;) < ezr). (3.11

This last expression can be easily converted into an elementary expression and it can be seen that
given v,w,z € dom(pu") the polynomial expression defining Equation can be constructed
algorithmically, so that the decidability of can be verified by a single Turing machine (using
Theorem @ uniformly in (v,w,z) € (dom(u"))3. To show that the set of Equation is

computable, the argument is very much the same as for the set of Equation , thus we omit
it. O

Theorem 3.3.5 (Special computable atlases). Let (M, ®) be a computable n-manifold.

(a) There exists a computable atlas I on M, computably compatible with ® and such that for every chart
h: V= R% €T, h[V] = B(q,e) "R, for some (g,€) € Q" x Q*.

(b) If (M, ®) has the property of non-empty computable balls and OM = &, there exists a computable
atlas ¥ on M, computably compatible with ® and such that for every chart : V. — R" of ¥,
Pp[V] =R

Proof. (a) For the computable atlas @, remember that an element B; € Bg is defined as B; =
¢; '[pt (w)], where j = (i,w) and ¢; is a chart of ®. If B; # @, then we can define a chart
hj: Bj — R by hj = ¢i|p;. Let I be the set of all such charts, I' is clearly a computable atlas on
M. Now we have to show that ® and T are computably compatible. Notice that if z = (j,w) =
((i,u),w) € dom Ar is such that Ar(z) # &, then

Ar(z) = b [l (w)] = (gils,) 7 W (w)] = 97 W (w)] = Bj = Aa(j)-
and if v = (i,u) € dom Ag with Ag(v) # &, then

Ao(v) = @7 [} ()] = (¢ils,) 7 1 ()] = Ar((v,u).

There is a Type-2 machine ¥ that on input p € dom dr, extracts each string z = ((i,u), w) < p,
computes the string | = (i,w) € domAg and prints ((/) on the output tape. The function fz
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calculated by ¥ translates dr-names into dp-names. A Type-2 machine which translates do-names
into dr-names is build similarly. This proves that d¢ ~ Jr, thus ® and I' are computably equivalent.

(b) If (M, @) is a computable manifold with empty boundary, we can replace the space R’ with
R" to apply definitions and results. Suppose that M has the property of non-empty computable
balls, then we can assume that for all k € dom Ag, Ag(k) # @. For each B; € Bo (j = (i,w)),
define a chart ¥;: B; — R" as ; = hy o ¢i|p,, where hy, is the computable homeomorphism
hy: " (w) — R" of Lemma The set of charts ¥ = {y;: B — R"} is a topological atlas
on M, compatible with ®. Moreover, ¥ is computable, because the ¢;’s and their inverses are
computable with respect to dy and ¢". Also, R" is trivially a 0"-computable open set. We claim
that (M, ¥) is a computable manifold with non-empty computable balls. If # € dom Ay, then
Ay (u) = 1/)1.’1 (1" (z)], where u = (j,z) and j = (i,w) € dom Ag. Now,

Me(u) 0 & ¢ [1"(2)] £

(ho o 1)~ [u"(2)] # @

j= (i,w) € domAp A" (2) C ho [@i[Bj]]
j= (i, w) € domAg A" (2) C o[ (w)]
j € domAg A p'(z) CR"

j € domAe.

te 0T O

This shows that the set {u € dom Ay | Ay (u) # @} is c.e., so that (M, ¥) is a computable manifold
with non-empty computable balls.

To finish the proof of the theorem, we only need to prove that ® and ¥ are computably com-
patible. By Proposition 3.1.12} we can do this by proving that Te (M) and Ty (M) are equivalent
computable spaces, which means that we have to show that vp < 0y and vy < 0.

Case vy < By. An element B of B is a finite intersection of the form

B=va(i(j1) (i) = [ Ae(j) FC domAg,
jeF

where F = {ji, ..., jx}. Notice that for any j € F, we have that

Ao(f) = o' [W'(w)] (= (iw))
1

Uzedomy” ‘u” (Z)H
= U (hwog) [p"(z)]

zedom(y”)

zedom(y")

= U (G2,

z€dom (y”)
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therefore

With all this data, we can construct a Type-2 machine that, on input u = «(j;) - - -

— 1/(1)([(]'1)...

= (N Ae())
jeF

- N( U

jek z,edom(y")

= U (NMG=)

zredom(y”) jer

= U we(((i,z1)) -

zr€dom (y”)
Ji€F

1(jx))

A ({j,2r)))

H({igr2)))-

Wjk) €

domvg, computes an element p, € X% such that p, is a list of all strings ¢((j;,,z1)) - -

1({ji,, zx)) where z; € dom (u") and j;,, ..

., Ji, € F. This reduction works because (M, ®) and

(M, ¥) have the property of non-empty computable balls (it allows us to avoid having to
translate the name of an empty base element of B¢ into a non-empty element of 7 = ).
We conclude that vg < Oy.

Case vy < 8p. An argument similar to the previous one can be used to prove this case,
because for any I = (j,z) € dom Ay,

Ay ((,2))

4]{1[#”(2)]

(how 0 @) [0 (2)]
P [ w [VH(Z)H
U o' [#"(w)]

ueCyy

U Ao ((i,u))

u€Cyy

(j = (i,w))

(Cuz = {v € dom(p") | " (v) C hy' [1"(2)]})

where Cy is a computable subset of dom (") (uniformly in w, z, apply part (3) of Lemma
3.3.4). Using this fact, we can construct the Type-2 machine which computes the function that
translates Ay-names into 6p-names. Again, the property of non-empty computable balls is
being used to avoid translate the name of an empty element into a non-empty element.

We have proven that Ty (M) and Te (M) are equivalent computable topological spaces. By Propo-
sition3.1.12} ® and ¥ are computably compatible atlases on M. The result follows. O

Notice that as every compact computable manifold admits a finite computable atlas, every
such manifold has the property of non-empty computable balls, thus (b) of Theorem [3.3.5]is valid
for these manifolds. This fact will play an important role in Chapter 4, where we build a com-
putable version of Theorem which gives an embedding for compact topological manifolds

in euclidean spaces.
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Computable embeddings of manifolds in R’

In this chapter, we define computable submanifolds and prove the computable versions of some ba-
sic tools and results that are needed when working with submanifolds. Our main result is a tool
that will be most useful when working with computable manifolds. We will construct an embed-
ding theorem for computable manifolds in euclidean spaces. Specifically, we will show that any compact
computable manifold that is also a Computably Hausdorff manifold, is computably homeomor-
phic to a computable submanifold of a computable euclidean space R, where g depends on the
dimension of the manifold. Many versions of embedding theorems exist for all the other types
of manifolds, and besides being a powerful tool for proving other stronger results in manifold
theory, the embedding theorems show that there is no real difference between abstract manifolds
and submanifolds of euclidean spaces.

In Section [4.1} we define computable submanifolds. We prove computable versions of some clas-
sical results regarding submanifolds (e.g., an open subset of a manifold, is a submanifold; the in-
terior and boundary of a manifold are submanifolds) and then we study computable embeddings
of computable manifolds. Section 4.2 contains the main result of this chapter: Any compact com-
putably Hausdorff computable manifold can be embedded in some computable euclidean space.
This result is the computable version of the theorem which states that any compact Hausdorff
topological manifold can be embedded in some euclidean space.

4.1 Submanifolds and embeddings

One of the most important concepts in the theory of manifolds is that of submanifold, that is, a
manifold which is a subset of another manifold. In this section, we will develop the corresponding
concept of computable submanifold and the relations with computable embeddings.

41.1 Computable submanifolds

Definition 4.1.1. A computable manifold (M, ®) is a computable submanifold of (N, ¥) if and only
if M C N and the inclusion i: M — N is a computable embedding of Te(M) into Ty (N).

A computable submanifold is just a subset of a computable manifold N, which is also a com-
putable manifold in its own right, with computable subspace topology. A simple example of a
computable submanifold is the computable n-sphere S C R"*!. From the definition, it is clear
that the computable topology of a subspace characterizes the computable structure of a com-
putable submanifold. The following result shows an important example of a computable sub-
manifold of a computable manifold.
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Proposition 4.1.2. Let (M, ®) be a computable manifold and & # W C M a Og-computable open subset
of M. Then there exists a computable atlas ¥ on W which converts W into a computable submanifold of M.

Proof. Let W C M be any non-empty 6p-computable open subset of (M, ®). We give W a com-
putable structure induced by that of M. As W is a fp-computable open set in T (M), there exists
a computable infinite string gy € 2 such that

9@(6]{/\/) =W.

For each j < g such that ve(j) = V; and V; # @, there exists a chart (¢;, U;) € ® such that
Vi C Uand ¢;;y = ¢ilv;: V; = R" is a homeomorphism onto an open subset of R", so that the
pair (), Vj) is a chart on W. Let @y be defined by

Qw = {(P), V) | ] <awAV; #SAV; CWNOU Ay = gilv A (@i, Us) € P}

@y is a topological atlas on W, and it can be verified that all charts ¢; ;, with their respective
inverses are computable with respect to de,, and 6" and the sets ¥,; [Vj] are 8"-computable in
R". By Definition ®yy is a computable atlas on W, thus the pair (W, @y ) is a computable
n-manifold. Let T = Te(M), we now prove that Wt and Te, (W) are equivalent computable
topological spaces by showing that dyy ~ do,, .

do,, < Ow. For any k = (j,z) € dom Ag,, with j = (i,w) and Ag,, (k) # &, it holds that

Ay (k) = 97 [1"(2)] = (gilv) 7' [1"(2)] = o7 ' [1"(2)] = Aa((ii2)) CW.

Using the equality Ag, (k) = Ao ((i,z)), it is easy to build a Type-2 machine which translates
do,,-names into dyy-names.

ow < d¢,,. This is the part of the proof where the computability of W comes into play, we also
need to use a “time-sharing” technique. A Type-2 machine 9t can be build with the following
program: On input p € domdy, M starts enumerating all strings z € X* such that z = wy;
w < qw and y < p. This enumeration can be computed by 9, because g can be calculated.
Notice also that w € domvg, y € domvy = dom vy, so that z € dom vp and the open set v (z)
is p-computable. Let x = dw(p) = do(p), for each enumerated string z, 9 tries to determine if
x € vp(z), if so, then 9 prints the string (z’) on the output tape, where

2= (i er),e)) - - 1(((s es), €6)) (G, i), 1) -+ (s fr), fr)) € domvg,

and w = (((iy,e1))---1({is,e5)) and y = 1({j1, f1)) - - - t({jr, fr)). The machine 9t must execute
simultaneously this step for multiple enumerated strings z, and from time to time, 9t must begin
executing new tests. This completes the specification of 1.

By part 1 of Lemma the decision problem “x € vg(z)” is (do, 0)-c.e., thus if x € vep(z),
9 will finish executing this step for the string z. Butif x ¢ v (z), 9 might not be able to finish this
part of its program in finite time. This is the reason why 9t must run multiple tests “x € vg(z)”
simultaneously, advancing each test a few steps at a time. Because x € W, it cannot happen that
all of the test executed by 9t do not succeed. Therefore the output of the machine 91 is non-trivial,
it is an infinite string p’ € X% such that

(VZ' e &9 (2 < p' & 2/ € domvg, Ao, (P') € Vo, (2')),

and x = oy (p) = do,, (p'). Therefore sy < do,, .
We have shown that dyy ~ de,,, this says the inclusion i: W < M is a computable embedding
of To,, (W) onto Te(M). By Definition W is an (open) computable submanifold of M. [
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When W is not 6p-computable, we do not know if (W, @) is a computable submanifold of M,

we only can assure that vy < 6g,, that is, everything that is computable in T, (W) is computable

in Wr. Our next result is an expected and pleasant behavior from the interior and boundary of a
computable manifold.

Proposition 4.1.3. Let (M, ®) be a computable n-manifold with boundary. Then OM and Int M are
computable submanifolds of M.

Proof. We first prove that Int M is a computable submanifold of M. From Lemma we know
that Int R, is 6"-computable and (6")~ -computable in R" (where 6" and (6")~ are the positive
and negative information representations of open subsets of R", see Definitions and
and this can be used to build a Type-2 machine ¥ that does the following: T enumerates all the
elements of dom Ag; for each string j = (i,w) € domAg, T determines if p’t (w) C IntR" ('t
is the notation for base elements of R’ see Example 2.1.19). If the test succeed, T outputs «(j).
Clearly, ¥ computes a string g € X such that 6¢(q) = IntM, so that the interior of M is fg-
computable. By Proposition Int M is a computable submanifold of M.

Now to show that M is a computable submanifold. Let dR". = (dR",d1",9B",du") be the
computable space of Example p: R" — R"! the computable projection (x1,...,%,) —
(x1,...,%,-1) and pg = plar: the canonical computable homeomorphism from 9R’. to R"~'.
Using the homeomorphism py, we can replace the standard base "~ ! of R"~! with the base
Bpo = {po[B] | B € 9"} of the computable space Ry, = (R""!, 7", B, ,vp,) induced by po
(see Corollary 2.2.16). Let @’ be the atlas

O ={(g, Vi) | Vi=U;NOM # @ A gi = po o @ily, A (i, U;) € P}

The pair (M, @) becomes a submanifold (without boundary) of M, of dimension n — 1. We only
need to show that it is a computable submanifold. It is easy to check that @’ satisfies definition
because @ is computable and the set 0R", is i"-computable in R". Let T = T (M). We
now prove that the spaces dMt and T¢/ (M) are equivalent. If z = (i, w) € dom Ay is such that
Ag(z) # @, then notice that

Aoi(z) = g ' [po[pl(w)]]
= [

(Poo @)~ [po [pi(w)]]

;' opy [po[pl(w)]]
= ¢ [ (w)]

Ao (z)

Using this property, we deduce that, for the representations Jyy, d¢v and p € ¢, x € dM,,

— (VweXl)(w<Kp=wedomlpAx € Ap(w))

dp(p)=x <= (VweXl')(w<Kp=wedomliy Ax € Ag/(w))
— do(p) =1,

and this implies that dyp; ~ d¢, so that applying Theorem [2.2.13| we have that oMt and Tg (M)
are equivalent, that is, the inclusion of 0M is a computable embedding of T¢/(dM) onto dMr, so
that oM is a computable submanifold of M. O
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Example 4.14. If we give S! and D? the computable structures defined in Examples [3.1.9)
and respectively, then using Proposition the solid torus N = S' x D? is a com-
putable manifold of dimension 3, it has a boundary 0N, which by Lemma is equal to
(0S! x D?) U (8! x 9D?) = S! x 8!, thus the boundary of N is the torus. By Proposition m
oN has a computable structure of dimension 2. It can be seen that the computable structure of N
induced by the computable structure of N, is the same structure imposed to the torus in Example

4.1.2 Embeddings of computable manifolds

In Section 2.2} we introduced computable embeddings of computable topological spaces, the next
lemma shows their relationship with computable manifolds. Informally, it says that every com-
putable manifold that is computably imbedded in another computable manifold, can be thought
as a computable submanifold of the latter.

Lemma 4.1.5. Let (M",®), (N™,¥) be computable manifolds and h: M — N be a computable em-
bedding. Then the subset M' = h[M] has the structure of a computable submanifold of N, such that
M=y M.

Proof. Let T = Ty(N). By Corollary 3.2.5 the computable homeomorphism h: M — M’ induces
a computable structure ®, on M’ such that T, (M') is equivalent to MY, therefore the inclusion
of M' into N is a computable embedding of Te, (M’) into T, so that (M’, ®;,) is a computable
submanifold of (N, ¥). As To(M) = Te, (M), we are done. O

Example 4.1.6. In example if we take n = 2, the 2-dimensional Torus T2 = S! x Sl is a
computable submanifold of R*. But it is known from standard topology that the map /: T? — R®
given by

h(Xu, Yur X0, Yo) = ((2+ Yo)Yu, (24 Yo)Xu, Xo),

is a homeomorphism of T? onto the set T = h[T?| (that is, it is an embedding). Clearly, & is a
computable embedding of T (T?) into R®. By Lemma h induces a computable structure on
T’, such that T1,13 is equivalent to Te, (T'), that is, (T’, ®;,) becomes a computable submanifold of
R3.

Lemma 4.1.7. Every computable submanifold of a computably Hausdorff computable manifold is a com-
putably Hausdorff manifold.

Proof. This is an immediate consequence of Theorem and Definition O

4.2 Embedding computable manifolds in euclidean spaces

There are many facts [KS77] in the theory of manifolds (topological, differentiable and/or PL)
which can be shown to be true using the well known result that every Hausdorff n-manifold M
(of any kind) embeds in some high dimensional euclidean space R7, where g depends on n. Many
versions of this embedding theorem exist, being the big difference between them the dimension of
the space IRY. It was proven by Whitney [Whi36] that if M is smooth, then it embeds in IR?" and this
is the best possible result. The same is true for the piecewise linear case using similar constructions
to those used in the smooth case. If M has no additional structure, it can be embedded in RZ**1
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and again, this is the lowest possible dimension for the euclidean space. This last result can be
proven by means of dimension theory [HW48, Eng95, Mun00].

Our aim now is to prove a computable version of an embedding theorem for compact com-
putable manifolds which are computably Hausdorff. We will show that every such manifold can
be imbedded in computable euclidean space R7 (where g must be large enough, we will not try to
optimize q) with a computable embedding. The question remains open if a compact computably
Hausdorff computable manifold can be computably embedded in a lower dimensional euclidean
space. Notice that by Lemma[4.1.7} any computable manifold embedded in computable euclidean
space must have the property of being computably Hausdorff.

4.2.1 A simple embedding theorem

From now on, all computable manifold are assumed to be computably Hausdorff. We now show
that every compact computably Hausdorff computable manifold has an embedding in some eu-
clidean space of sufficiently high dimension. We develop a computable version of the proof of
Theorem which can be found in [GauZ4].

Let (M, ®) be a compact computable manifold of dimension # and suppose that ® is the atlas
given in part (a) of Theorem Let (¢, U) € @, where ¢[U] = p't(z) NR" for some z €
dom (p't ). Let the map f.: u't (z) — IR" be given as follows: f; = h; if p" (z) C IntR" and f. = g.
if "t (z) "R # @, where h;, g, are the computable homeomorphisms of Lemma Let
s: 8" —{P} - R"(P = (0,...,0,1)) be the computable stereographic projection given in Example
Define a function g: M — S" by

slof,op(x) ifxel,
2(x) = fz0p(x) :
P ifxeM-—U.

It is not hard to show that g is continuous. We now prove that
Lemma 4.2.1. The function g is computable.

Proof. We prove that g is a computable map from To(M) to S” by showing that the map B —
¢ '[B] is (vsn, 0 )-computable (See Definition 2.2.4). There is a Type-2 machine 9 that on input
V = BNS" (B = B(r,e) C R"™), does the following:

1. If V contains the point P, then execute the following steps:

1.1 Calculate the compact set K =S5" — V;
1.2 compute the compact set K = g7'[K];
1.3 output theset V' = M — K'.

2. If V does not contains P, output the open set ¢! [V].

First, we show that each step can be executed by 9. The test P € V in steps 1 and 2 can be done by
9 in finite time, because P € Q" and V = BN 5" is specified by rational numbers. To construct the
set Kin step 1.1, M needs to compute an element p € X such that K € xg«(p) and this can be done
by 9 because the map V +— §" — V is (vgn, kg )-computable. Step 1.2 can be accomplished because
in the subset U C domg = M, g7! = ¢! o f; ! o5 exists and it is a computable function, thus
the function K — ¢~ '[K] is (kgn, ko)-computable. To execute step 1.3, M can use the computable
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function f: C X“ — X¢ of the reduction xp < 1. This reduction exists because Te(M) is
computably Hausdorff (part 4 of Theorem . The construction of the set g~![V] in step 2 can
be executed by 9 because as P ¢ V, V C §" — {P}, thus in V, g is a computable function. This
proves that each step of 9t can be done in finite time, so that 91 is a valid Type-2 machine.

We now prove the correctness of this pseudocode. Assume that P € V, then 9t goes on to
execute step 1.1 and compute the set K = §" — V. Notice thatas P € V, K C g[U], so that in
K,g=s1of.o¢pand M can uses, f; and ¢! to compute the compact set K' = ¢7'[K] C U
in step 1.2. Finally, in step 1.3, 9t computes the open set V/ = M — K/, and this set is such that
V' = ¢ '[V]. Suppose that P ¢ V. Then V C §" — {P} and 9 uses g to compute the open set
¢ tv] cu.

This proves that the machine 9t computes a function which realizes the map V + ¢! [V] with

respect to vg: and 6. Therefore, the map V +— ¢~ 1[V] is (vsr, 09 )-computable, thus by Definition
g is a computable function from M to 5". O

We are ready to prove the main result of this chapter.

Theorem 4.2.2. For any compact computable manifold M", there exists a computable embedding of M into
RY for q sufficiently large.

Proof. Let M be a compact computable manifold of dimension 7 and assume that 5" has the com-
putable subspace topology induced by R"*!. By compactness of M and part (a) of Theoremm
we can find a finite atlas {(¢1, U1), ..., (¢, U;) } such that ¢; [U;] = p' (z;) "R foralli =1,...,1.
Using Lemma we construct computable functions g;: M — S". Now let

X=8"x---x8" and X=(X,T,B,7)
—_——
| times

and define G: M — X of Te(M) into X by G = (g1,--.,41)- We now prove that G is injective.
Take x,y € M with x # y. If there is a chart U; such that x,y € U, then g;(x) # gi(y) because g;
is inyective in U;. If x and y are not in the same chart, then x € U; for some i and y ¢ U;, hence
gi(x) # P and g;(y) = P. Since M is compact and X is Hausdorff, then G is closed, therefore G is
a topological embedding. Because each g; is computable, G is computable (use part 2. of Lemma
. To see that the inverse function G~! is computable, let 9’ be a Type-2 machine that on
input x € range , executes the following steps:

1. Compute each component x; € 5" (i =1,...,1) of x.

2. Find j such that x; € §" — P.
3. Outputy = gj_l(x]-).

Step 1 can be computed because by Lemma the map x — x; is (6, 6gn)-computable for each
i; step 2 is terminated in finite time because each x; € 5" C R"*1 is Sgn -computable, the set S — P
is fsn-computable open in §" and by part 1 of Lemma the decision problem “x; € §" — P”
is (Jsn, 01 )-c.e. (x; # P for at least one index j); step 3 is easily calculated because gj’l exists and it
is (6s1, 6 )-computable in §" — P. Hence, the function computed by 9’ realizes ¢!, that is, it is a
computable function.
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Thus G is a computable embedding of Te(M) into X, which is a computable subspace of

X = (X,7,B,7) (X' = [T'R"", each factor is to be understood as the computable space R"*1),
which is equivalent to the computable euclidean space R'"*1), so that by combining G with the

computable inclusion of X into X' and the equivalence of X' with R/("+1) we obtain the desired
computable embedding of M into R'("+1). O

With the computable embedding constructed in Theorem we can deduce that abstract
compact computably Hausdorff computable manifolds and compact computable submanifolds of
euclidean spaces are essentially the same.

Conclusions for the first part of this thesis can be found in Chapter
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_Part II:
Distributed systems






With every choice we make, we literally create a world. History branches in two, creating a world where we
made the choice; and a second one, where we did not. That is the secret of the universe you know, billions of
people taking billions of choices, creating infinite worlds.

Owlman when talking to Batman in Justice League: Crisis in two earths.






The iterated shared memory model of distributed
computing

We begin the second part of this thesis. Here we give an introduction to the field of distributed
computability, a natural evolution of standard computability theory. Specifically, we will be talking
about solvability of tasks in some kind of distributed system and how we can derive results for
these systems using topology and combinatorics. To do this, a well known concept of distributed
computing is necessary: Iterated shared memory models. The word “iterated” comes from the fact
that in an iterated model, computations proceed in a round-based pattern and in each iteration of
the system, some communication objects are used and each object can be used at most once. In this
chapter, we explain the main ideas behind the concept of iterated models and show the beautiful
connection that distributed systems share with topology. Also, we use the iterated model and
topology to explain some popular results which are based on iterated models, topology and/or
combinatorics.

In Section 5.1} we introduce the basic definitions regarding models of distributed systems. In
Section 5.2l we define two widely used models of distributed computing: The standard model and
the iterated shared memory model, being the latter the model in which we will focus all our attention.
Section[5.3|describes how topology can be used to give a geometric description of the executions of
a protocol in the iterated model, using simplicial complexes. Section [5.4introduces the definition
of the two distributed tasks studied in this thesis: The set agreement task and the consensus task.
At the end of the section, we give a proof that the consensus task cannot be implement in the
standard model of distributed computing, using combinatorics and the iterated model.

5.1 Basic definitions

Our formal model is standard, we follow the usual definitions given in [CR12], which are based
on concepts and ideas taken from [AR02].

5.1.1 Distributed systems

The first thing that we need to define formally is the concept of a system, which is, roughly, a set
of processes (computers, network nodes, sensors) and some communication media, in our case,
the communication media is a memory which is visible to all the processes.

Definition 5.1.1. A process is a deterministic state machineﬂ which has a (possible infinite) set of
local states, including a subset called the initial states and a subset called the output states.

1See [HU90] or [HS99) p. 863, Definition 2.2] for the formal definitions of state machines and I/O automata.
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Definition 5.1.2. A system is a pair (I1, MEM), which consists of a set IT = {p1,...,pn} of n > 1
processes and a set MEM = {R;y, ..., R, } of m > 1 shared registers. Each register has a type, which
specifies the following data:

1. The values that can be taken on by the register.

2. The operations that can be performed on the register.

3. The value to be returned by each operation (if any).

4. The new value of the register resulting from each operation.

The domain of values of each register can include a special “undefined” value, which we de-
note by L. Given a process p; € 11, the subindex i is the id of process p;.

Intuitively, a register is an abstract object which can hold any element of a fixed set (the type of
the register). It is the formal way to represent a variable of some programming language (i.e., Java,
C, Fortran). The operations defined on the register allow us to change the element it is storing with
another member of the set of possible values (change the state of the register) or know the current
value of the element in the register. For example, an integer valued read /write register R can take
on all integer values and has operations R.read() and R.write(v). The read operation returns an
integer value u, which is stored in R and leaves R unchanged. The write operation takes an integer
input parameter v, returns no value, and changes R’s value to v. The word shared comes from the
fact that all processes can read and modify the contents of a shared register.

It is also customary to make no assumptions about the size of the registers of the shared mem-
ory, and therefore we may assume that each process p; can write its entire local state in a single
register.

Definition 5.1.3. Let (IT, MEM) be a system. A global state is a vector
S=(s1,...,8n; MEM),

where s; is the local state of process p; € I1. An initial state is a state in which every local state is
an initial local state and all register in the shared memory are set to L. A decision state is a state in
which all local states are output states.

5.1.2 Events and round schedules

The occurrences that can take place in a system are modeled as events, these are basic actions which
are performed by the processes. The events affect the state of the shared memory of the system.
We now describe the main events to be consider in our work.

Let (I, MEM) be a system. An event in the shared memory is performed by a single process
pi € I1, which applies only one of the following actions: a write (W) or read (R) operation on a reg-
ister R; € MEM. Any of these operations may be preceded/followed by some local computation,
formally a change of the process to its next local state. We will need to consider events performed
concurrently by the processes. If E is any event and p;,, ..., p;, € Il are processes, then we denote
the fact that p;,, . .., p;, execute concurrently the event E by E(X), where X = {iy,...,i}.

We fix once and for all some notation. Let 7 = {1,...,n}, when convenient, we will denote
E(X) by E(i1, ..., i) and if i € 7 is a process id, then E(77 — {i}) is written simply as E(71 — i).
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Definition 5.1.4. Given a system (I, MEM), a round schedule 7t is a finite sequence of events of the
form

TT: El(Xl)/- . .,Er(Xr),

that encodes the way in which the processes with ids in the set U; X; perform the events Ey, ..., E,.
For example, the round schedule given by
W(1,3),R(1,3),W(2),R(2),

means that processes p1, p3 perform the write and read events concurrently; after that, p, executes
in solo its shared memory events. Similarly, the round schedule W(1,2,3),R(1,2,3) says that
p1, P2, p3 execute concurrently the write and read events.

5.1.3 Protocols and executions

Definition 5.1.5. Let (IT, MEM) be a system. The state machine of each process p; € ITis called a
local protocol A;. A protocol is a collection A of local protocols Ay, ..., Ay,.

We assume that all local protocols are identical; i.e., processes have the same state machine. For
the sake of simplicity, we will give protocols specifications using pseudocode and we establish
the following conventions: A lowercase variable denotes a local variable, with a subindex that
indicates to which process it belongs; the shared memory (which is visible to all processes) is
denoted with uppercase letters. Intuitively, the local state s; of process p; is composed of the
contents of all the local variables of p;.

Remarks. From now on, we focus all our attention on protocols, and when we say something about
a protocol .4, we will omit an explicit reference to the system (IT, MEM) behind A, if there is no
confusion.

Definition 5.1.6. Let A be a protocol. An execution of A is a finite or infinite alternating sequence
of states and round schedules

SOI7T1/-~~/Sk/77:k+l/'-'/

where S is an initial state and for each k > 1, Sy is the resulting state of applying the sequence
of events performed by the processes in the way described by the round schedule 7. An r-
round partial execution of A is a finite execution of A of the form Sy, 71y, ..., S,—1, 7, Sy, that is, an
execution of A until the end of round r.

If P is a state, P is said to be reachable in A if there exists an r-round partial execution of A
(r = 0) that ends in the state P and when there is no confusion about which protocol we refer
to, we just say that S is reachable. Also, we identify two special components of each process’
states: an input and an output. It is assumed that initial states differ only in the value of the input
component; moreover, the input component never changes. The protocol cannot overwrite the
output, it is initially L; once a non-_L value is written to the output component of the state, it
never changes; when this occurs, we say that the process decides. The output states are those with
non-_L output value.
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Definition 5.1.7. Let A be a protocol and S, R global states, we say that R is a successor of S in A,
if there exists an execution a of A such that

Dc250,7'[1,...,57:S,7Tr+1,...,7'[r+k,5r+kIR,...,

i.e., starting from S, we can run the protocol A k rounds (for some k > 0) such that the system
enters state R.

If 7t is any round schedule and S is a state, the successor of S in A obtained by running the
protocol (starting in the state S) one iteration with the round schedule 7 is denoted by S - 7.

Definition 5.1.8. Two states S, P are said to be adjacent if there exists a non-empty subset X C 7
such that all processes with ids in X have the same local state in both S and P. That is, for each

i € X, p; cannot distinguish between S and P. We denote this by S % P. States S and P are connected,
if we can find a sequence of states (called a path)

pS:P:[NNPI’:PI
such that for all j with 1 < j < r —1, P; and P; are adjacent.

Connectivity of global states are a key concept for many beautiful results in distributed sys-
tems, namely, impossibility proof. The indistinguishability of states between processes is the
building block to construct topological structures based on the executions of a given protocol and
is fundamental in many papers [LAAS87, [HS99, SZ00, BG93a), ICR12].

5.1.4 Decision tasks

In distributed computing, a decision task is a problem that must be solved in a distributed sys-
tem. Each process starts with a private input value, communicates with the others, and halts
with a private output value. The nature of many tasks that arise often in asynchronous sys-
tems has suggested that the best way to model decision tasks formally is by using relations in-
stead of functions (In contrast with the case of deterministic single process Turing computability
[Sip96, Koz97,|Co004]). A given input value of a task in distributed systems may have more than
one acceptable output value from the processes. We now introduce the formal concept of a deci-
sion task and define how and when protocols solve decision task.

Definition 5.1.9. A decision task A is a relation that has a domain 7 of input values and a domain
O of output values; A specifies for each assignment of the inputs to processes on which outputs
processes can decide. A bounded decision task is a task whose number of input values is finite.

We also refer to decision task simply as tasks. Examples of tasks includes consensus [FLP85],
renaming [BGI3b, I AGLT08|] and the set agreement task [Cha93] (to be defined later in Section .
One of the main goals in distributed computing, is to design efficient protocols that can solve
decision tasks like the examples given above and many others.

Definition 5.1.10. The protocol A solves a decision task A if any finite execution « of A can be ex-
tended to an execution &’ in which all processes decide on values which are allowable (accordingly
to A) for the inputs in «.
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Because the outputs cannot be overwritten, if a process has decided on a value in «, it must

have the same output in a’. This means that outputs already written by the processes can be
completed to outputs for all processes that are permissible for the inputs in «.

Definition 5.1.11. A protocol A is wait-free if in any execution of .4, a process either it has a finite
number of events or it decides. This implies that if a process has an infinite number of events, it
must decide after a finite number of events.

Roughly speaking, A is wait-free if any process that continues to run will halt with an output
value in a fixed number of steps, regardless of delays or failures by other processes. However,
in our formal model, we do not require the processes to halt; they solve the decision task and
decide by writing to the output component; processes can continue to participate. We typically
consider the behavior of a process until it decides, and therefore, the above distinction does not
matter. The study of wait-free shared memory protocols has been fundamental in distributed
computing, some of the most powerful results have been constructed on top of wait-free protocols
[BG93a, [HS99, SZ00, [Raj10]. Also, other variants of distributed systems can be reduced to the
wait-free case [BG93a) |Gaf09, BGLRO1].

5.2 Two popular models of distributed computing

Intuitively, a model of distributed computing describes a set of protocols that share some common
properties and/or restrictions in the way the processes can access the shared objects and these
restrictions affect the way in which the protocols can be specified. We will consider two shared
memory distributed computing models, the first one is the usual read /write model and the second
is an iterated read /write model. This model has nice properties, because protocols in this model
can be executed by the processes in a round-based fashion and the shared objects are used one
after the other and in the same order. We will have something very important to say about the
relationships between these two popular models. In later chapters, we will extend these models
with more powerful objects that shared memory.

5.2.1 The standard model

In the standard shared memory model of distributed computing [HW90, Her91]], there are n processes
that communicate by reading and writing all the information they have (the entire state of each
process) in a shared memory. This shared memory is composed of single-writer, multi-reader reg-
isters, that is, any number of processes can read and write concurrently a single register of the
memory. For protocols defined in the standard model, there are no restrictions on the way the
processes can access the registers, thus it is the more general model, although some simple and
useful restrictions can be assumed without loss [AAD™93]. There are many examples of protocols
in the standard model in the literature [HWO90, [Her91, AAD 93| [AW04, AGL09, (GR10a].

A drawback of the standard model, is that while there is a lot of freedom to specify a protocol
to solve a distributed task, it is very hard to obtain impossibility results. This is because in general
protocols in the standard model are very wild and one cannot make assumptions about the way
the executions of a given protocol unfold in time, there is no way to assure that an execution will
follow some order or pattern in the way the processes execute the operations in the shared objects
and because of this, pursuing what happens with a protocol in a formal way is error prone. Subtle
mistakes in the impossibility proofs often can go unnoticed by researchers.

85



CHAPTER 5. THE ITERATED SHARED MEMORY MODEL
5.2.2 The iterated model

Because of the difficulties to build impossibility proofs in the standard model, it is necessary to
impose some restrictions in the way the processes execute the operations on the shared objects, but
of course, we need to do this without losing the computational power of the standard model. This
is accomplish with the second model that we present in this section: The iterated model of distributed
computing. In this model of computation, the processes communicate asynchronously through a
sequence of shared objects, called snapshots, these objects can be accessed each one at most once
by each process and also all the snapshots are used in the same order by all the processes.

Definition 5.2.1. A one-shot snapshot object S is a shared memory array S[1,...,n] with one
entry per process. That array is initialized to [ L, ..., L], where L is a default value that cannot be
written by a process. The snapshot object S provides two atomic operations that can be used by a
process at most once:

* S.update(v): when called by process p;, it writes the value v to the register S [j].
e S.scan(): returns a copy of the whole shared memory array S.

It is proven in [AAD™93, [BG93b] that snapshot objects can be wait-free implemented using
only read /write shared registers. Snapshot objects are the principal shared objects that we use to
define our next distributed model.

Definition 5.2.2. Let (IT, SM) be a system, where the shared memory SM is structured as an
infinite sequence of one-shot snapshot objects SM [i] (i > 0). We say that the protocol A is a
protocol in the iterated read/write shared memory model if each local protocol A; of A can be written in
the form given in Figure

(1) initr < 0; sm < input; dec < L;

(2) loop forever

3) r—r+1;

(4) SM [r] .update(sm);
) sm < SM [r] .scan();
6) if (dec = L) then
(7) dec < 6(sm);
(8) end if

(9) end loop

Figure 5.1: General form of a protocol in the iterated model

We now give an intuitive explanation of the pseudocodeﬂ of Figure Initially, r is zero
and sm is assigned the contents of the readonly variable input, which contains the input value
for process p;; all other variables are initialized to L. In each iteration, p; increments by one the
loop counter r, accesses the current shared memory array SM [r|, writing all the information it has

2Remember what we said in the paragraph following Definition about pseudocodes: All the lowercase vari-
ables r,sm, input and dec are local to process p; and only when we analyze a protocol, we add a subindex i to a variable
to specify it is local to p;.
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stored in sm and after this, p; takes a snapshot of the shared array (which contains data from p;
and possibly from other running processes) and finally, p; checks if dec is equal to _L, if so, then
with all its information, it enters into a deterministic function ¢ to determine if it must return a
valid output value or L, which is stored in dec. Once a non-_L value is assigned to dec, it is never
overwritten.

As in the case of the standard model, there are plenty of examples of protocols in the iterated
model [BG93b, BGY7, (Gaf09, (GR10a]. In later chapters, we will present examples of iterated pro-
tocols in a new model of distributed computing, which is an extension of the basic iterated model
given in this section.

The equivalence of the iterated model with the standard model

We finish this section with some remarks about protocols in the iterated model. It would seem
that the iterated model that we have defined is too restrictive: a process cannot go back and read
again the same shared array. Moreover, all processes must access all the shared arrays in the same
order. Because of this, one may think that the iterated model does not have full generality when
compared with the more standard, non-iterated wait-free shared memory model, that does not
have the restrictions imposed to protocols in the iterated model. The crucial question is: Does
there exists a task that is solvable in the wait-free standard model and it is not solvable in the
iterated model? The answer is no. Every task that is solvable in the wait-free standard model is
also solvable in the iterated model. This is proved using an algorithm that simulates the standard
model in the iterated model, first in [BG97], and more recently in [GR10a].

Theorem 5.2.3 (Borowsky and Gafni). If a bounded decision task can be wait-free solved in the standard
model then it can be wait-free solved in the iterated model.

Of course, the other direction of the theorem is trivial. Therefore, the standard model and the
iterated model of distributed computing are equivalent, as long as task solvability is concerned,
so that there is no loss of generality (for computability purposes) in considering only protocols in
the iterated model.

Simulations are an active field in distributed computing, they have been used not only to
prove the equivalence of the iterated model and the standard model of distributed computing,
but also to extend impossibility results from one model of computation to another, e.g., [BGLRO1].
A topological approach to simulations of models of distributed computing can be found in [HHR12].

5.3 The geometry of the Iterated model

The framework we have described to study distributed algorithms can be given in geometric
terms, using simplicial complexes. The well behaved recursive nature of the executions of the
protocols in the iterated model allow us to define a sequence of simplicial complexes such that,
each member of this sequence represents all the possible ways in which the processes can execute
a protocol in a given round number. We assume that the reader is familiar with basic concepts
from combinatorial topology [Arm83| |Ale98].
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5.3.1 The case of 3-process protocols

To introduce the ideas of the geometric approach to distributed algorithms, we begin with an
example, let n = 3 and suppose processes p1, p» and p3 execute a protocol A in the iterated model
with their input values all equal to 0. In the first round of 4, there are several possible ways for
the processes to execute their actions of reading and writing to the shared memory; one possibility
is that p; and p, execute concurrently the basic operations and later, p3 executes the same steps.
This is represented by the round schedule W(1,2),R(1,2), W(3), R(3). At the end of the round, the
local view of the shared memory of p; and p» only contains the values these processes wrote; they
cannot see the value written by process p3 because they executed faster than ps, which wrote its
information in the shared memory after p; and p, executed their reads (snapshots) operationsﬂ
But p3’s local view of the memory contains the data of the three processes, so that p3 can see all the
information written by p; and p,. This global state, which is reachable in A, can be represented
by a 2-simplex A, as shown in the following figure.

000

Each vertex of A; is labeled with the process id and the local state of that process (this includes the
local view of the memory). Now consider the case where the three processes execute the shared
operations concurrently (this is described with the round schedule W(1,2,3),R(1,2,3)) and the
views they have of the memory at the end of the first round. As in the previous case, we represent
this state as a 2-simplex AJ.

000 110

W(L,2)

R(1,2)

e
R(3
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This time, all the processes can see each other’s input values and because p; and p, have a different
local view of the memory, they can distinguish between the state given by A/, and the previous one
(represented by A;); but p3 cannot tell the difference, because it has exactly the same information

3This models the possibility that p3 is just running slower that p; and p, and also it models the situation in which
p3 crashes and does not take any steps at all.
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in both states. This is the reason why the simplexes A, and A/, have the vertex with p3’s id as a
common face, p3 cannot distinguish between the two states, because in both of them it has the
same local state. In a similar way, the simplex that represents the reachable state in A obtained
by executing the first round of the protocol in the way described by W(3), R(3),W(1,2),R(1,2), is
adjacent to A, (this time, p; and p, cannot distinguish).

We can represent all the possible reachable states in the first round of A as 2-simplexes and
construct a simplicial complex, which we call the 1-round protocol complex of A (Figure[5.2|(a)). It
is just a subdivided triangle. Each simplex in this complex represents a state S that the system
can reach after the processes execute the first round of A with a round schedule that makes the
protocol enter into state S.

In the second round, processes start to execute the protocol with the state they had at the end
of the first round, and then all the possible round schedules of the first round can be repeated. If
we represent the state that the processes have at the beginning of round two as the corresponding
2-simplex of the 1-round protocol complex of A (that is, as a reachable state of the first round of
the protocol) then using the fact that we are working with an iterated model of computing, we
can encode all the possible states of the system at the end of round two as a subdivision of the
triangle that represents the state that the processes had at the end of round one. This subdivision
is identical to the protocol complex of round one, so that we can describe all the possible reachable
states in round two of A as the simplicial complex of Figure (b), this is the 2-round protocol
complex of A. Notice that this complex is also a subdivided triangle, with several subcomplexes
isomorphic to the protocol complex of round one. This behavior is going to repeat itself for all
subsequent rounds— the k-round protocol complex for a protocol in the iterated model for three
processes will be a subdivision of the 2-simplex. To obtain the complex of a subsequent round,
we just take the complex of the previous round and replace each simplex in it with the complex
of Figure (a) and we can see that the k-round protocol complex has a simple and elegant
recursive structure.

5.3.2 The protocol complex

In general, if we have n 4- 1 processes, each possible initial or final local state of a process is mod-
eled as a vertex v = (i,sm;), a pair consisting of a process id i and the local state sm; of process p;.
We say that the vertex is coloured with the process id. A set of n + 1 mutually compatible initial
or final local states is represented as an n-simplex A, and with this we model a possible system
state. Given a protocol A in the iterated model, where each process p; receives the input value v;
(i=1,...,n+1), for each round number r > 0 all the possible reachable states in .4 at the end of
round r are represented as a n dimensional complex, the r-round protocol complex (for brevity, we
just say the “protocol complex”), P4, in which each vertex is labeled with a process id and that
process state at the end of round r. Thus, each simplex in P4 corresponds to an equivalence class
of executions of A that “look the same” to the processes at its vertices. It is argued in [BG97] that
P 4 is always a subdivided n-simplex.

There is more information about the protocol complex in [HS99]. In fact, the definition we
have presented of the r-round protocol complex P4 (associated with the input values that the
processes have when they begin executing the protocol A) is closely related with the notion of a
span in [HS99, Definition 4.4, page 884]. Herlihy and Shavit define the protocol complex as a bigger
geometric structure which depends on all the possible input values of processes and all possible
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CHAPTER 5. THE ITERATED SHARED MEMORY MODEL
executions of a protocol .A. However, for most cases, it is sufficient to work with the definition of
protocol complex we have given. We find our definition sufficient for this introductory note and
for the rest of this thesis.

The use of topological methods in distributed computing is growing and evolving everyday,
if the reader wishes to get to know the most up to date information and newest techniques (at the
time of writing this thesis) on this topic, some good references are [HR10a, Her10, HRR12, HKR13]
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Figure 5.2: The protocol complex for a 3-process protocol in the iterated model after the execution
of the first round (a) and the second round (b).

5.4 Consensus and the family of set agreement tasks

In the consensus task for n processes, each process starts executing with a private input value and
all processes must execute a finite number of steps to decide a unique output value v that must
be an input value of some correct process. The consensus task is fundamental in the theory of
distributed computing. Consensus is used to achieve overall system reliability in the presence of
faulty processes, and is used in databases for transaction commitment, agreeing on the identity of
a leader, state machine replication, and atomic broadcasts. The consensus task is usually described
in terms of three requirements: termination, agreement and validity. Each process proposes a value,
and each correct process (one that does not crash) has to decide a value (termination), in such a
way that there is a single decided value (agreement) and that value is a proposed value (validity).

A seminal result in the theory of distributed computing is the impossibility of solving con-
sensus using a shared-memory that consists of read /write registers with asynchronous processes
even if only one process may crash [FLP85, LAAS87]. Given the huge practical importance of con-
sensus, many situations have been studied to ameliorate the implications of this impossibility
result, from stronger models of distributed computing, to weaker versions of consensus. It must
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be noticed that modern multi-processor systems include communication objects that are more
powerful than read /write registers.

5.4.1 The set agreement task

The (n, k)-set agreement task, where # is the number of processes and k < 1, is one of the most
important generalization of consensus. This task was proposed the first time in [Cha93|] and it has
been fundamental in the study of distributed computing.

The (n, k)-set agreement task. In this task, every process starts with some initial input value
taken from a set I of input Valuesﬂ and must output a value such that:

¢ Termination: Each process must eventually output some value.
* k-Agreement: The set of output values from all processes must be of size at most k.

¢ Validity: If some process outputs v, then v is the initial input of some process.

We can define formally the consensus task for n processes as the (n,1)-set agreement task and
the 1-Agreement condition is simply called Agreement. As we have said, before the set agreement
task was defined, it was well known that the consensus task is not solvable in the presence of even
only one faulty process [FLP85, LAAS87]. Almost all consensus impossibility results use graph
connectivity arguments. But since the (1, k)-set agreement task was conceived, it was an open
question whether it could be solved in the wait-free shared memory model (with the parameters
2 < k < n), connectivity of graphs was not enough to give an impossibility proof. It was until 1993
when three independent teams [BG93a), 15293, [HS93] showed that there is no wait-free protocol that
can solve set agreement.

Theorem 5.4.1 ([BG93a, [SZ93, [HS93])). For 1 < k < n, the (n,k)-set agreement task has no wait-free
read/write solution in the iterated shared memory model.

The proof of Theorem uses the topological framework given earlier to define the iterated
model and very popular results from topology, like Sperner’s Lemma. As the iterated model
is equivalent to the usual standard wait-free shared memory model, Theorem implies the
impossibility to solve the set agreement task in the standard model. It is worth noticing that the set
agreement task is not the only distributed task in which topological techniques have been useful.
Other examples are musical benches [GR05], renaming [HS99, ICnR08|, CnHR12, CnR12b], loop
agreement [HRO3] and the weak symmetry breaking task [CnR12a] among others. The consensus
impossibility results of [FLP85, [LAAS87]| can be seen as special cases of the topological impossibility
proof of set agreement.

5.4.2 The impossibility of consensus in the iterated model

Theorem tell us that the consensus task cannot be solved with a protocol in the iterated
model. We now present a variant of the proof of this impossibility result. We will show that
using simple connectivity arguments and some special properties of global states of a system, we
can show with a well structured proof that there is no protocol in the iterated model that can
implement the consensus task for n > 2 processes.

4t is customary to ask that |I| > n, although for consensus, which is the (1, 1)-set agreement task, we only ask that
1] > 2.
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CHAPTER 5. THE ITERATED SHARED MEMORY MODEL
A 2-process example

To illustrate the basic ideas and the geometry behind the proof of the impossibility of consensus
in the iterated model, let us give an example with n = 2 processes, from which a generalization to
any n > 2 is straightforward. Suppose then that IT = {p1, p»} and A is a protocol that solves the
consensus task for 2 processes, without loss, assume that the input values of the processes are their
own ids, so that p; has input value 1 and p; input value 2, this is represented by an initial global
state I. If the processes execute the protocol A for one round, then we can see that the 1-round
protocol complex of A is the 1-dimensional simplicial complex P; at the top of Figure P rep-
resents all three possible executions of A in the first round, each of the 1-simplexes of P; represents
a reachable state in A in the first iteration. All possible one round executions of A are given by the
round schedules 7r1: W(1),R(1),W(2),R(2); rt.: W(1,2),R(1,2) and mp: W(2),R(2),W(1),R(1).
71 represents an execution of A in which p; executes the write and read operations in solo and p,
awakes later and executes the same operations. The execution given by 71, is symmetric to 771, we
just interchange p; and p,. The round schedule 7. represents an execution of .4 in which both p;
and p, execute concurrently the write and read operations of .4. Thus, the three reachable states
represented by Pyare [} = [ -y, I, = I- 7ty and Ip = I - 71p. The connectivity of the complex P; tell

us that I 2 I, S I>. This is easy to show, p, cannot distinguish between I; and I, because in both
states, py sees the input value of p; and its own input; similarly, p; cannot distinguish between I,
and I, because it can see the input values of both processes in the two states.

Round 2

Round 3

Figure 5.3: The k-round protocol complex for 2 processes and k € {1,2,3}.

If the processes halt and decide a unique output value in the first round of .4, then in the state
I1, p1 decides 1, because it executes in solo and it never sees p,’s input value and by the Agreement
property of consensus, p, must decide 1 too. Now, as process p» cannot distinguish between I
and I, and p; decides 1 in the state I, p, decides the same output value in I, and because of the
Agreement condition, p; must decide 1 in I.. Everything seems to be okay until this point, but
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what happens in the state I, ? We know that process p, executed faster that p;, so that the output
value decided by p» is 2 and (again) by the Agreement property of consensus, p; decides 2 in I

On the other hand, we have that p; decided the output value 1 in the state I, and as I, b, p1
has to decide 1 in I, but we just have argued that p; outputs 2 as its decision in I, thus we have
reached a contradiction. We conclude that the processes must execute at least one more round of
A.

If we now suppose that pi, po execute A until the end of round two and decide, then we can
build a similar contradiction. The 2-round protocol complex P, of A is depicted in the middle
of Figure Here we can see the recursive nature of the protocol complex of protocols in the
iterated model. P; is obtained from P; simply by replacing each 1-simplex of P; by the complete
complex P;. Roughly speaking, each 1-simplex of P, represents an execution of A in which the
processes start executing round two of A after finishing the first iteration in the global state I;
(I € {1,2,%}) and executing round 2 in the way specified by one of the round schedules 711, 7
and 7. In summary, the simplexes of P, represent reachable states in the second iteration of A
which have the form

I; - 71 l,s € {1,2,x}.

Consider now the states I; - 71y and I - mp. The first state represents and execution of A up to
round two in which, process p; executes in solo the write and read operations in round 1 and 2
of A; the second state represents a similar execution of A for p,. The geometry of the complex P,
says that these two states are connected (this can be proven by an argument very similar to the one

that shows that I; & I, ~ L) and this can be used to reach a contradiction in the same way that
we did for the round one case. Using the recursive nature of the iterated model and the protocol
complex of A, we can reach the same contradiction in round three (see bottom of Figure and
all subsequent rounds of A. A reachable state of an execution of A in which process p; executes
every round in solo and p; is delayed indefinitely, can be connected with a reachable state of an
execution of 4 where p, executes faster that p; forever.

The impossibility proof

We are ready to give the formal proof of the impossibility of consensus in the iterated model,
generalizing the intuitive ideas given in the previous example. We begin first by introducing
some definitions regarding consensus protocols.

Definition 5.4.2. Let A be a protocol (in any model) that implements consensus, v a valid input
value for consensus and S a state of the system. We say that S is v-valent if in every execution of A
starting from S, there exists a process in IT that outputs v. S is univalent if in every execution of A
starting from S, processes always outputs the same value. If S is not univalent, then S is bivalent.

Fix i € n and define the round schedules 7t;, 77, and 7157_; as
() W(0),R(), W(n —i),R(7 — i),
() W(n),R(7),
(mtr_i) W(7 —i),R(m — i), W(i), R(7).

Lemma 5.4.3. Any two initial states of a protocol for consensus are connected.
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Proof. Let S, P be two initial states. If S and P differ only in the initial value input; of a single
process p;, then S and P are adjacent (Only p; can distinguish between the two states, the rest
of the processes have the same initial values). In the case S and P differ in more that one initial
value, they can be connected by a path of initial states S = Sy ~ .-+ ~ §; = P such that §;,S; 1
differ only in the initial value of some process (we obtain S;, 1 from S; by changing the input value
of some process p;, the result is a valid input of the consensus task), hence they are adjacent. In
summary, S and P are connected. O

Lemma 5.4.4. Let n > 2,i € n. If Ais a protocol in the iterated model and S is any reachable state in some
round r > 0 of A, then there exists the path

S-S LS,
of connected reachable states in round r + 1 of A.

Proof. Let S be a reachable state in A and i € 7. We show that the states S - 7r; and S - 7, are
connected. In the first state, process p; first executed in solo and it could not see any other pro-
cess, but the rest of the processes executed concurrently, thus they can see the information from all
processes after executing the snapshot operation. For the state S - 77, all processes executed con-
currently, so that they can see each other’s data after the snapshot, therefore all processes with ids
in the set 7 — i have the same local state in S - 77; and S - 7., thus they cannot distinguish between
these two global states. A similar argument proves that p; cannot distinguish between S - 7, and
S - 5. It follows that the path of connected reachable states in A exists. O

Lemma 5.4.5. Let n > 2,i € n. If Ais a protocol in the iterated model and there exists a path
SoM NS (Iz1)

of connected reachable states in A such that for all j with 1 < j <1, X; = n —ior X; = {i}. Then there
exists a path
z Z
Qo ~ - X Q, (s>1)

of connected reachable states in A such that

(1) Every state Qy is a successor state of some S;.

(2) Forall m with 1 < m < s, Zyy, is such that Z,, =1 — i or Z,, = {i}.
Proof. We use induction on [, the round schedules 7, 77, 717—; and Lemma to construct the
path Qy,..., Qs of connected states with the desired properties. For the base case, consider the

states Sy X S; where X7 = {i} V X; = 71 —i. Itis easy to see that the state Sy - p is adjacent to the
state Sy - p, where p is 7r; if X3 = {i} and is 715 _; if X3 = 1 — i. Assume that we have build the path

VA Zs’
Q?-%q,,

of connected successor states of Sy,...,5; (1 < q <) with Z,, = —ior Z, = {i} forallm <.
Each state Qy, is of the form Q,, = S; - «, where & € {m;, 1, 07_; }. We now show how to connect
Qs (a successor state of S;) with a successor state of S;,1. Let X1 be the set of processes that
cannot distinguish between S; and S, 1. We have to deal with cases.
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Case 1. Qy = Sy - m;. If X,y = {i}, then we can connect S, - 7; with S, - 71; (p; cannot
distinguish between these two states). Now, if X,.1 = 7 — i, using Lemma we can
build the path

n—i i n—i

Case 2. Q¢ = S; - .. Whether X,y = {i} or X;41 = 7 — i we have the path of connected

states
X, X,
q+1 q+1
Sq 7 ~ S4- X1 ™~ Sg+1- TTX, 1 -

Case 3. Q¢ = S; - ;. The argument here is very similar to Case 1, so we omit it.

We have built with induction the path of connected states Qy, ..., Qs from the path Sy, ..., S; sat-
isfying the demanded properties. The result follows. O

Lemma 5.4.6. Let n > 2,i € n. Suppose that A is a protocol in the iterated model that solves the consensus

task and that Sy NN 1 (I > 1) is a path of connected reachable states in A that satisfies the hypothesis
of Lemma and also assume that Sy is a v-valent state. Then S; is v-valent.

Proof. 1t is enough to prove the lemma for [ = 1, as the general case follows easily from this case.
Suppose (without loss of generality) that S = Sy is v-valent and that S’ = S; is v’-valent (v # v').
Since S is v-valent, in every execution starting from S, there is at least one process that outputs v
and by the Agreement condition of consensus, all processes must output v as the consensus value;
the same is true for S', replacing v with v’. Let r be the round number of both S and S’ (this makes
sense, because S and S’ are adjacent, thus they must have the same round number, which is part
of the local state of each process), then combining Lemma with an inductive argument, we
can find for all m > r and any two r-round partial executions

/ / /
Ry, m1,...,m,R, =S and Py, my,..., 7T, P =S,
that end in S and S’ respectively, m-round partial executions
/ / / /
r
Ro, 7, ..., M, Ry, g1, ..., T, Ry and Py, m1y,..., 70, Py, 7t q, ..., 70, P,

such that R, and P, are adjacent states for all m > r. As the protocol solves the consensus task,
there must exists a k such that R, and P, are decision states for all u > k. Without loss, we can
assume that k > r. Since R, is a successor state of S, which is a v-valent state, all processes decide
v in R,; simillary, as P, is a successor of S’ (a v’-valent state), processes must decide v’ in P,,.. Let X
be the set of ids of processes that cannot distinguish between R, and P,. Then, for each j € X the
local state of process p; in P, and R, must be the same and this includes its output component. But
this is a contradiction because in R,, p; decides v while in the state P, p; decides v’. We conclude
that S’ must be v-valent, such as S. O

Theorem 5.4.7. For n > 2, there is no protocol in the iterated model to solve consensus for n processes.

Proof. Assume that there exists a protocol A for consensus in the iterated model and (without loss
of generality) suppose that 0,1 are two valid input values. Let i be any process id and let O, U be
the initial states in which all processes have as input values 0s and 1s respectively. Clearly, O is
a O-valent state and U is a 1-valent state. Let OU be the initial state in which p; has input value
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0 and all other processes have input value 1. Then in the first round of A, we have the following
path of connected reachable states in .A:

O-ﬁiiou-ﬂiﬁ;iOU-ﬂ*Lou‘nﬁ—iﬁ;iu'”ﬁ—i'

Because O - 71; is 0-valent, Lemma tell us that the state U - 71;;_; is also 0-valent. But this
contradicts the fact that U - 715;_; is a 1-valent state. Therefore no such protocol A can exists. O

By Theorem [5.2.3] the consensus task for 1 processes is impossible to solve with a protocol in
the standard model. So, both the set agreement and the consensus tasks are impossible to solve
with a shared memory. To implement these tasks, more powerful objects are needed. In the next
chapters, we define what we call an extension of the iterated model, in which we add another kind
of shared objects, besides shared memories, and we will study the computational power of this
extension using set agreement and consensus.
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An enrichment of the iterated model

In the last chapter, we have introduce a basic framework to study distributed computing and with
it, we defined the basic iterated model, in which distributed protocols (algorithms) are executed by
the processes in a round-based pattern and the processes perform the write and read operations in
the shared memory with a well defined order and each operation is executed only once. Also, the
shared memory is renewed in each iteration, with the help of the snapshot objects. We also defined
the (1, k)-set agreement task and the consensus task for n processes and proved the impossibility
to solve consensus with a protocol in the iterated model.

In this chapter, we add more powerful shared objects to the iterated model, and we investigate
the solvability of the set agreement and consensus task in this extended model. To define shared
objects which are more powerful that a shared memory, we will use a technique very popular in
standard computability theory: Black boxes. We will take a distributed task, which is unsolvable
with shared memory and assume that we have a black box that can solve it. Then we define shared
objects that satisfy the properties of the unsolvable task and add them to the basic iterated model.
This kind of technique has been used in previous research to define extensions of the iterated
model and compare the computational power of the set agreement task and the renaming task
[GRHO6, [CnIRR12]. In our case, the task that we will use to define new shared objects stronger
that the shared memory; is called the safe-consensus task [AGLQ09], another variant of consensus.

In this new model, we will study the topology of the protocols in the extended model. We
will see that this topology is in general very different from the topology of protocols in the basic
iterated model (see Section [5.3), specifically, we will show with some graphical examples how
the protocol complexes of the protocols in the extended model can be disconnected, while the
protocol complexes of the protocols in the basic iterated model are always connected (in fact, they
are contractible). All this will affect the computational power obtained in the new model with the
aid of the new shared objects.

The outline of the chapter is the following. Section defines the general extended iterated
model, which is a modification of the basic iterated model to allow the processes to access objects
more powerful than the shared memory and with this model, we define the distributed model of
interest for this thesis: the iterated model with safe-consensus. In Section 6.2} we study a restriction of
the iterated model with safe-consensus, we call it the IFSC (Iterated with Full Safe-Consensus) model
[CR12]. We use this model to show how the safe-consensus objects affect the protocol complexes
of the protocols of the iterated model with safe-consensus. In Section [6.3] we show that the (1, n —
1)-set agreement task can be implement in the IFSC model, but the consensus task cannot be
implemented. Throughout the chapter, we use many figures and examples to help the reader
understand the concepts and results.
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6.1 A new iterated model of distributed computing

In this section, we define an extension of the basic iterated model of distributed computing. We
define a new model in which, the processes proceed to solve a task by iterations and besides
being able to use a shared memory (a sequence of snapshot objects), they can use other type of
shared objects. Our definition of the new extend iterated model is general, almost any kind of
shared object can be used. To retain the ability of obtain interesting results (e.g., impossibility
results), we will impose some restrictions to the protocols of the extended iterated model (besides
making progress in rounds), these restrictions are very natural and are basically extensions of the
restrictions of the iterated model. Later, we will define an instantiation of the extended iterated
model, using shared objects which are defined on a variant of consensus: the safe-consensus task
[AGLO9] and from that moment to the end of this thesis, the extended iterated model using safe-
consensus objects will be the main model to be investigated in this thesis.

6.1.1 The general extended iterated model

To define our new general model, we begin by extending some basic definition given in Section
The first definition of process, is the same. We begin with our new definition of a system.

Definition 6.1.1. An extended system is a triplet (IT, SM, T), where IT is a set of processes, SM is a
set of shared registers and T is a set of shared objects. Each shared object T; € T has a domain D; of
input values, and a domain D/ of output values. T; provides a unique operation, T;.exec(d), that
receives an input value d € D; and returns instantaneously an output value d’ € D/.

For simplicity, we omit the word “extended” when we refer to an extended system. We assume
that for any system (I1, SM, T), the shared memory is structured as an infinite array of snapshot
objects and the set T is an infinite array of shared objects. Also, The exec operation of each member
of T can be used at most once by each process that invokes it.

The concepts of events, round schedules, protocols, executions and other miscellaneous defi-
nitions given in Section |5.1| remain the same. Of course, we need to add a new type of event to
denote a shared object invocation done by some set of processes. In Section when we intro-
duce the safe-consensus task of [AGL09], we will add an explicit new event for the invocation of
shared objects which are based on the properties of the safe-consensus task.

Definition 6.1.2. Let (IT, SM, T) be a system and A the induced protocol. We say that A is a proto-
col in the extended iterated model of distributed computing, if A can be specified in the form described

by Figure

As stated in Definition[6.1.2} Figure[6.1|shows the general form of the protocols that we inves-
tigate in this thesis, that is, protocols in the extended iterated model. We now give an intuitive
explanation of the pseudocode in the Figure, to describe the details of how the processes use the
shared memory and the array of shared objects. Initially, 7 is zero and sm is assigned the contents
of the readonly variable input, which contains the input value for process p;; all other variables
are initialized to L. In each iteration, p; increments by one the loop counter r, accesses the current
shared memory array SM [r], writing all the information it has stored in sm and val, and then p;
decides which shared object it is going to invoke by executing a deterministic function / that re-
turns an index /, based on the information p; passes on to /; then p; invokes the shared object T [/]
with some value v (which depends on p;’s local state) as parameter and stores the output value
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in the local variable val. After this, p; takes a snapshot of the shared array (which contains data
from p; and possibly from other running processes) and finally, p; checks if dec is equal to L, if so,
then with all its information, it enters into a deterministic function ¢ to determine if it must return
a valid output value or L, which is stored in dec. Once a non-_L value is assigned to dec, it is never
overwritten. The deterministic function # is the object selector.

(1) initr < 0; sm < input; dec +— L;val + L;
(2) loop forever

3) r<—r+1;

4) SM [r] .update(sm, val);

) val < T [h((r,id,sm,val))] .exec(v);
(6) sm < SMr] .scan();

(7) if (dec = 1) then

8) dec <+ 6(sm, val);

) end if

(10) end loop

Figure 6.1: General form of a protocol in the extended iterated model.

Shared objects represented as combinatorial sets

The main result of the second part of this thesis, presented in Chapter [9] is about counting the
ways in which the processes can use the shared objects of the array T, in all possible executions
of a protocol in the extended iterated model. We now introduce some combinatorial definitions
which will help us represent shared objects and the specific way in which the processes can invoke
these shared objects.

Definition 6.1.3. Let (I, SM, T) be a system and .4 the induced protocol in the extended iterated
model. We define for each m < n the set T 4(n,m) C P(7) as follows: b = {iy,...,in} € T 4(n,m)
if and only in some iteration of the protocol A, only the processes p;,, ..., p;, invoke a shared
object of the array T.

Roughly speaking, each ¢ € T 4(n, m) represents a set of processes which together can invoke
shared objects in A. For example, if m = 3 and ¢ = {i,j, k} € T' 4(n,3), then in at least one round
of A, processes p;, p; and py invoke an object T [I] (for some index I) and if in other iteration or
perhaps another execution of A, these processes invoke another shared object T [I’] (I # ') in the
same way, then these two invocation are represented by the same set ¢ € T 4(n, 3), that is, shared
objects invoked by the same set of processes are considered as the same element of I' 4(n, m). In
short, repetitions do not count.

Definition 6.1.4. Let A be a protocol in the extended iterated model. A set b € T 4(n, m) is called
an m-box or simply a box. Let the set I'4(n) and the quantities v4(n,m), v4(n) be defined as
follows:

Ta(n) = Up—a Ta(n,m);

va(n,m) = [La(n,m)|;
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va(n) = Yoy—p va(n,m).

Extended global states

We need to give a new Definition of global state, so that this definition can describe the information
obtained from the shared objects of the array T.

Definition 6.1.5. Let (I, SM, T) be a system. An extended state is a vector
S=(s1,.--,80;SM; by,...,bg01,...,04),

where s; is the local state of process p;, SM is the state of the shared memory, by, ..., b, are the
boxes that specify the way in which the processes invoked some shared objects from T to enter
the local states s; (i = 1,...,n)and forj = 1,...,q, 0j is the output Valu of the shared object
represented by the box b;.

Of course, the information represented by the boxes by, ..., b; and the output values oy, . .., 04
of the shared objects represented by the boxes are included implicitly in the local states of the
processes. However, for practical purposes, it is very convenient to specify the boxes and the
output values of the shared objects explicitly in the definition of extended global state. As we did
in Chapter [5|for global states, for simplicity, we will refer to an extended state of a system simply
as a state. With this new concept of global state, the definition of initial state changes too: An initial
state is a state in which every local state is an initial local state, all registers in the shared memory
are set to L, the invocation specification is empty and the set of output values is empty.

To begin working with the extend iterated model, one last definition is needed, this formalizes
the idea of using a task to implement another task.

Definition 6.1.6. Let S, T be distributed tasks. We say that S implements T, if there exists a protocol
As (in the extended model) that solves T and uses shared objects that are instances of task S.

6.1.2 The extended iterated model with safe-consensus

With the definition of the general extended iterated model of distributed computing at hand, we
only need one more thing to introduce the new model that we want to study for the rest of this
thesis. We now define another variant of the consensus task, which is called the safe-consensus task
[AGLQ9]. This task is the basis to build the shared objects that we need to define an instantiation
of the general extended iterated model. First things first, here is the definition of safe-consensus.

The safe-consensus task. In this task, every process starts with some initial input value taken
from a set I and must output a value such that Termination and Agreement of consensus are
satisfied and also:

¢ Safe-Validity: (1) If a process p; starts invoking the task and outputs before any other process
starts executing the task, then the task’s output is p;’s proposed input value. (2) Otherwise,
if two or more processes initially access the safe-consensus task concurrently, then the task
can return any value from a countable set V such that I is a proper subset of V.

IFor the purposes of this thesis, we assume that the tasks that are used as shared objects in our protocols, return a
unique output value. It is not hard to generalize this definition to include shared objects that can return different output
values to the processes.
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We ilustrate in Figure the Safe-Validity condition of safe-consensus, with an example of
a three process execution. In part (1), process p3 begins invoking the safe-consensus task and it
outputs before p; and p» start some computation, thus the output value of all the processes must
be p3’s input value, accordingly to (1) of the Safe-Validity property. In part (2), p2 and p3 execute
concurrently and they invoke the safe-consensus task, therefore the output value of the task can
be arbitrary, as it is specified in (2) of Safe-Validity condition. The value of the consensus output
« can be u, v, w or any other value different from the previous three values and the later case can
only happen if there is a concurrent access to the task.

’ safe-consensus safe-consensus
(1)
safe-consensus safe-consensus

€9
(2)
Figure 6.2: A graphical example of the Safe-Validity condition of the safe-consensus task.

The safe-consensus task is the result of weakening the validity condition of consensus. It was
tirst proposed by Yehuda, Gafni and Lieber [AGLQ9Y]; they use it to show that the g-tight-group-
renaming task [AGL™08] is as powerful as consensus for g processes. Clearly, n-consensus can
implement safe-consensus for n processes. It is shown in [AGL09] that consensus of n processes
can be implemented with read /write registers and safe-consensus objects. Two protocols are con-
structed in [AGL09] to solve consensus with safe-consensus, the first is somewhat simpler but
it requires ®(2") safe-consensus black boxes; the second protocol is more involved but it only
needs @ (n?) safe-consensus shared objects to implement consensus. This says that safe-consensus
is as powerful as consensus, as long as task solvability is concerned. Therefore by the results of
[AGL09] and Theorem[5.4.7, it is impossible to solve the safe-consensus task for 1 processes in the
basic iterated model and the same is true for the standard shared memory model of distributed
computing.
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We can now define new objects to extend the basic iterated model of Chapter

Definition 6.1.7. A safe-consensus object is a shared object that can be invoked by any number of
processes. The object receives an input value from each process that invokes it, and returns to
all the processes an output value that satisfies the Agreement and Validity condition of the safe-
consensus task.

In other words, a safe-consensus object is like a “black box” that the processes can use to solve
instances of the safe-consensus task. The method of using distributed tasks as black boxes inside
protocols is a standard way to study the relative computational power of distributed tasks (i.e. if
one task is weaker than another, see [GRHO06, AGL09, CnIRR12]). By the arguments given in the
paragraph just before Definition[6.1.7) safe-consensus shared objects are primitives more powerful
than the read /write shared memory registers.

Definition 6.1.8. Let (I, SM, SC) be a system, where the shared objects in the array SC are safe-
consensus objects. A protocol A in the extended iterated model that uses the safe-consensus ob-
jects of SC is called a protocol in the iterated model with safe-consensus objects.

In the iterated model with safe-consensus, we denote the event of a call to a safe-consensus
object by the symbol S.

6.2 The Iterated model with Full Safe-consensus objects

In general, studying a distributed model with shared memory and shared objects is difficult. If the
shared objects of the array T in Figure|6.1|are equivalent to read /write registers in task solvability,
then the extended model is not a new model, it is equivalent to the ordinary standard model of
distributed computing. But if the shared objects in T are more powerful that shared memory (like
the safe-consensus shared objects) then we have indeed a new extended model, but we may lose
some of the nice features of the basic iterated model, like its repeated recursive structure in the
protocol complex. Loosing the simplicity of the iterated model is a necessary condition if we want
to obtain a distributed model in which the protocols can solve a wider range of tasks and this
can be seen in a geometric way using the protocol complex. The main obstacle which does not
allow a protocol in the iterated model to solve set agreement tasks is the high connectivity of its
protocol complex. Thus, if a protocol in a different model can implement a set agreement task,
then we must expect the connectivity of the protocol complex to diminish. In this section, we
introduce a distributed model that is a simple and elegant example that shows our arguments to
be true. Also, this model will be very useful to introduce some techniques that we will use in later
chapters, where we present our main results.

6.2.1 The IFSC model

We begin our research of the iterated model with safe-consensus objects with a distributed model
that lies somewhere between the basic iterated model and the iterated model with safe-consensus.
Besides the restrictions imposed to protocols in the extended iterated model given in Section[6.1.}
we also assume two additional properties:

El In each iteration, all the processes invoke the same safe-consensus object, that is, there is
only one safe-consensus object in each round and it is invoked by all processes.
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E2 The input value that processes feed to the safe-consensus objects is their owrﬁ ids.

We call this model of computation the Iterated shared memory with full safe-consensus objects
(IFSC) model (Figure . It is not hard to see that we can assume E2 true without loss of gen-
erality. A safe-consensus shared object of arbitrary input domain, can be emulated with a safe-
consensus object of input domain 7 and shared memory.

(1) initr < 0; sm < input; dec < L;val + L;
(2) loop forever

3) rr+1;

4) SM [r] .update(sm, val);

®) val < safe-consensus [r] .exec(id);

(6) sm < SM [r] .scan();

(7) if (dec = L) then

8) dec < 6(sm, val);

) end if

(10) end loop

Figure 6.3: General form of a protocol in the IFSC model

6.2.2 The protocol complex with safe-consensus

What happens to the protocol complex in the iterated model with safe-consensus ? Are the topo-
logical properties unchanged ? In order to answer this question, we use the IFSC model. The first
thing that we must do, is to formally define the protocol complex for protocols in the new IFSC
model. If A is a protocol in the IFSC model for n processes, the protocol complex S 4 of A is defined
in the same way as we defined protocol complexes in Section the only thing that changes is
the view associated to a vertex (which represents a local state of some process). A vertex of S 4 is
a tuple
v = (i,sm;,val),

where i is the id of process p;, sm; is the local state of p; and val is the return value of the
safe-consensus object invoked by all processes. In Figure we have a drawing of a part of
the protocol complex Sy of a one-round execution of a protocol A for three processes in the
IFSC model. The complete complex is a disconnected space with an infinite number of con-
nected components. Clearly, this complex is not the same complex of Figure Each con-
nected component is associated with an output value of the safe-consensus task. To see why
this is true, let us take a closer look at the subcomplex, say 73, on top of Figure it has a 2-
simplex that represents a state in the first round of A that is reachable by means of the round
schedule W(3),5(3),R(3),W(1,2),5(1,2),R(1,2). In this execution, process p3 is faster that p;
and p», thus it executed the safe-consensus object in solo, hence by the Safe-Validity condition
of the safe-consensus task, the shared object returns the valid input value of 3 to all processes.
Now, if we consider the 2-simplex of 73 representing the state reachable through the schedu-
le W(2,3),5(2,3),R(2,3),W(1),5(1),R(1) then we know that p, and p3 were faster that p; and

2In all our pseudocodes, the symbol ”id” contains the id of the process which is executing the code.
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Figure 6.4: Part of the one round Protocol complex of a protocol in the IFSC model. The entire
complex contains a countable number of copies of the subcomplex at the bottom.

executed the safe-consensus object concurrently and by the Safe-Validity condition of the safe-
consensus task, the shared object can return any value to all processes, so that there exists the
possibility that the return value of the safe-consensus object is 3. With a similar analysis of the
other simplexes in 73, we can conclude that the safe-consensus value given in the vertices of ev-
ery 2-simplex of 73 is precisely 3. This subcomplex cannot have simplexes with a safe-consensus
value other that 3. For example, it is easy to show that the simplex representing the state obtained
with the execution of A given by W(1),5(1),R(1),W(2,3),5(2,3),R(2,3) cannot be adjacent to
any simplex of 73 (because of the different safe-consensus values). If we now take the subcomplex
71 in the leftmost part of the figure and the subcomplex 7; in the rightmost part (both of them are
isomorphic to 73), we can prove that 7; contains only simplexes with vertices of safe-consensus
value equal to 1 and all the simplexes of 7> have vertices with 2 as the safe-consensus value.
What about the subcomplex By at the bottom of the figure ? It contains simplexes that represent
states in which the safe-consensus object returns an invalid output value x # 1,2,3. All the states
represented in B, come from executions in which at least two processes invoke the safe-consensus
task concurrently and the value the processes obtain from the shared object is precisely x. But
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accordingly to the definition of the safe-consensus task presented in Section there can be
a countable number of invalid output values that the task can return to the processes, so that
there should be in the complex of Figure[6.4/a subcomplex Bg (isomorphic to By) for each possible
invalid value B. For simplicity, we only show one of these subcomplexes. In summary, the protocol
complex S 4 of the first round of the protocol is disconnected, with an infinite number of connected
subcomplexes, one for each possible output value of the safe-consensus task.

We have described the one-round protocol complex of a protocol in the IFSC model. Because
we work in an iterated model, in the second (third, fourth and so on) round, the protocol complex
is composed of many subcomplexes like 73,72, 73 and By, each simplex of the previous round
transforms into a subcomplex like S 4.

It is not hard to prove that the behavior we have described for 3-processes protocols in the
IFSC model, generalizes to protocols with any number of processes n # 3. The protocol complex
of any protocol in the IFSC model is a disconnected complex with an infinite number of con-
nected subcomplexes. In general, the structure of the protocol complex in the IFSC model is not
as uniform as the well behaved structure of the protocol complex in the basic iterated model. The
topology of the protocol complex depends on the way the safe-consensus objects are invoked by
the processes (e.g., how many objects are used in the same round and which processes invoke each
object). Thus, the structure of the protocol complex of a given round, can be very different from
the structure of the previous or next round, even it could happen that there is no relation between
these complexes. The case of the IFSC model is one case that allows some simple analysis to be
carried on, the general case will require more sophisticated tools for its study.

6.3 Solving set agreement tasks in the IFSC model

We now show that the difference between protocols in the basic iterated model and protocols in
the iterated model with safe-consensus is not only about geometric shapes. In this section, we
prove that in the IFSC model we can solve the (1, n — 1)-set agreement task for n > 2 processes,
the simplest set agreement task that we know is unsolvable in the iterated model [HS93| [5Z93,
BG93a, [HS99, I5200]. But we also prove that we cannot solve every set agreement task, because
n-consensus ((1n, 1)-set agreement) is impossible to solve in the IFSC model, when n > 3.

6.3.1 A protocol for (n,n — 1)-set agreement

The protocol in Figure solves (n,n — 1)-set agreement for n > 2 processes in one round with
only one snapshot object and one safe-consensus object. We proceed to prove its correctness.

Lemma 6.3.1. For any process p; that executes line 9 of the protocol in Figure[6.5]
(a) The cardinality of the set A; = {a | sm; [a] # L} is at least 2 and min A; # n.
(b)Ifn ¢ Ajthenmin A; #n — 1.

Proof. (a) Suppose that process p; executes line 9 of the if/else block, then it must be true that
val; ¢ VN sm;[val]] = L, so either the safe-consensus object returned an invalid process id or
process py,, did not write its proposed value to the shared memory before p; executed the snap-
shot operation (p,,;, could be slow or perhaps it crashed). In any case, by (2) of the Safe-Validity
condition of the safe-consensus task, there must exists two processes p;, ps that called the safe-
consensus object concurrently. These processes wrote their input values to the shared memory
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before accessing the safe-consensus object, so that when p; takes a snapshot of the memory, the
local array sm; contains at least two non-_L values and with this we have that |A;| > 2. Now sup-
pose that ; = min A; is such that a; = n. There must exists j € A; with j # n, but then j < n = a;
which is a contradiction. Hence, a; # n. (b) Given that n ¢ A;, we can use a similar argument to
that used in (a) and obtain this case. O

(1) initdec,val,sm < 1;

(2) Dbegin
3) SM.update(input);
4) val < safe-consensus.exec(id);

5) sm < SM.scan();
(6) if val € 7 and sm [val] # L then

(7) dec < sm [val];

(8 else

) dec < sm [a] with o = min{a | sm[a] # L};
(10) end if

(11) decide dec;

(12) end

Figure 6.5: A (n,n — 1)-set agreement protocol in the IFSC model

Theorem 6.3.2. Let n > 2. The (n,n — 1)-set agreement task is solvable in the IFSC model in one round
using one safe-consensus object.

Proof. We prove that the protocol in figure[6.5|solves (1, n — 1)-set agreement. Trivially, the proto-
col satisfies the Termination condition of the (1, n — 1)-set agreement task. Let p; be any process;
after p; writes to the shared memory its input value, it invokes the unique safe-consensus object
and takes a snapshot of the memory, p; executes the if/else block at lines 6-10. First suppose that
val; € 1 and sm; [val;] # L. Then process pyg,, wrote to the shared memory its input value before
p; took the snapshot and this implies that sm; [val;] contains a valid proposed input value and this
is the decided value of process p;. On the other hand, if sm; [val;] = L or val; ¢ 7, p; goes on to
execute line 9. By (a) of Lemma the set A; = {a | sm; [a] # L} is not empty, so that there
exists a minimum element &; € A; and then when p; assigns to dec; the contents of the local regis-
ter sm; [w;], it has a valid proposed input value, so that the decided value of process p; is correct.
Hence, the Validity condition of the (1, n — 1)-set agreement task is fulfilled by the protocol.

We now show that the set of values decided by the processes in any execution of the protocol
has size no bigger that n — 1. Suppose that processes p;,, ..., p;. (r < n, some processes may crash
or be delayed) finish an execution of the protocol and let D be the set of values decided by the
processes. We argue by cases.

Case 1. Two or more processes executed line[7] of the protocol. Then |D| < n — 1, because all
processes invoked the same safe-consensus object and by the Safe-Validity property of the
safe-consensus task, the return value of the shared object is the same for all processes, so that
if at least two processes executed line (7} they decided the same value.

Case 2. Only one process p; executed line [7] of the protocol. Let v be the value that the safe-
consensus object returned to all participating processes. Then for process p; we have that
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val; = v and sm; [v] (which is non-_1) is the value decided by p;. If v € {1,...,n — 1} then
|D| < n—1, because for every process p; withi # I, p; executed the second part of the if/else
block and by (a) of Lemma pi could not decide the value proposed by process p,. On
the other hand, if v = n, then for all i # [, val; = n and sm; [val;] = L and these two facts
imply that A; C {1,...,n — 1}. With (b) of Lemma|6.3.1|we have that min A; # n — 1, so that
all other processes with ids not equal to I decided at most n — 2 values, which together with
the value decided by p;, make up for at most n — 1 different values, therefore |D| < n — 1.

Case 3. No process executed line 7| of the protocol. By (a) of Lemma for every process
pi we have that a; € {1,...,n — 1}, so all processes decided at most n — 1 values.

In any case, we conclude that the set of decided values has size at most n — 1, thus the protocol
satisfies the (n — 1)-Agreement condition of the (1, n — 1)-set agreement task, hence the protocol
is correct. ]

6.3.2 Impossibility of consensus in the IFSC model

Theorem tell us that the IFSC model is more powerful that the basic iterated model, because
in the new model we can solve the (1,1 — 1)-set agreement task. But now we will show that in
the IFSC model, we cannot solve consensus, i.e., (1, 1)-set agreement.

Trying to solve consensus in distributed systems

The impossibility results for consensus in various models of distributed computing [FLPS85,
LAAS87, BMZ90] and the impossibility results for set agreement in the iterated model [HS99,
BG93a, 5200], have shown that solving consensus in distributed environments is related to con-
nectivity of graphs (0-connectivity of simplicial complexes). Roughly speaking, consensus is not
solvable in a given model if for each valid input of the consensus task, the protocol complex (as-
sociated with that inpuﬁ) is connected.

In Theorem [6.3.6|we will prove that it is not possible to solve the consensus problem for n > 3
processes in the IFSC model, despite the fact that the protocols in this model have disconnected
protocol complexes (see Figure[6.4). We remark that this impossibility comes from the restriction
in the use of the safe-consensus objects (all processes invoke the same object in each round) of the
IFSC model, and not from the fact that we are working in an iterated model. In Chapter [/} we will
build a protocol in the iterated model with safe-consensus that implements n-consensus with (7)
safe-consensus shared objects.

If A is a protocol for the consensus task in the IFSC model and its protocol complex S 4 is
disconnected: Why is it impossible for A to solve consensus? We can always find an execution
of A in which when all the processes have decided their output values, there are at least two
processes that decided two distinct values, contradicting the Agreement property of the consensus
task. Now, this “bad execution” exists because we can choose i € 77 and two simplexes A;, Az_; in
the complex S 4 such that

* A, represents an execution in which process p; can see only his own input value (that is, an
execution in solo of p;).

3Remember our discussion at the end of Sectionabout our definition of protocol complexes and its relation with
the definition of a span of [HS99].
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* Aj_;jrepresents an execution in which the other processes never see p;’s input value.

* The simplexes A; and Ay;_; lie inside a connected component of S 4.

As a consequence of the last point, there is a (graph) path from any vertex of A; to any vertex
in Az_;. Using one of these paths and an argument involving non-distinguishable states, we can
prove that the bad execution exists, so that A cannot solve consensus. Thus we see that this
impossibility is due to some kind of “local connectivity” (between a specific pair of vertices) of
Sa.

There is something that the reader will notice immediately in the impossibility proof of con-
sensus in the IFSC model and it is that this proof for the IFSC model is very much the same proof
given in Section [5.4.2]about consensus and the impossibility to solve it in the iterated model with
shared memory. We will only need to modify one result, namely Lemma(5.4.4]and the used round
schedules 7, 71, and 71;_;, all other ingredients will remain exactly the same, as they are valid
also for protocols in the IFSC model. Before the formal impossibility proof, we will workout an
example with three processes. Let i € 71, we redefine the round schedules 7;, 77, and 7t;_; for the
IFSC model in the following way:

(r)  W(i),S(i),R(i), W (i — i), S (7 — i), R(7 — i),
() W(n),S(n),R(n),
(rta_i) W (7 — i), S(7 — 1), R(7 — i), W(i), S(i), R(i).

These round schedules are almost the same as their counterparts in the proof of Theorem
of Chapter 5, the only difference being that we have added the call to the unique safe-consensus
shared object between the write and read shared memory operations.

An example with three processes

If we take the case of n = 2 processes, then by Theorem consensus of 2 processes ((2,1)-
set agreement task) is solvable with safe-consensus objects. As we have seen in this section, the
protocol complexes of protocols in the IFSC model are disconnected, so that one would expect to
be able to solve consensus in this model, but our next results argue otherwise.

Let A be a protocol for three processes in the IFSC model and assume that A can solve the
consensus task and for simplicity, suppose that the processes receive as input values their own
ids. Let I be the initial state in which the processes begin to execute the protocol. If the processes
run A only one round and then decide a (unique) output value, then we know that the protocol
complex S 4 is the space shown in Figure One of the subcomplexes of S4 is depicted at the
top of Figure it represents all the reachable states in the first round of A for which the output
value of the safe-consensus object is 1. The round schedules 71, 77, and 715_; give three possible
ways to execute the first round of A and they take the protocol into the states I - 7r3, I - 77, and
I - 715_; respectively and these states are represented in the complex of Figure Because the
value returned by the safe-consensus object to all processes in the three states is 1, it is easy to
see that p, and p3 cannot distinguish between I - 711 and I - 77, and p; cannot distinguish between
I-m,and I - 15_;, thus we have the path of connected states

23
I-m {N}I-n*rleng_l.
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W(1,2,3)

Round 1:

(Iom) m T om) mm o~ (Lomg ) m o (g ) - T34

Figure 6.6: Subcomplexes of the first and second round protocol complexes of a protocol in the
IFSC model.

If the processes solve consensus in just one round, then these states are decision states. As in the
state I - 711 process p; can see only itself, it has to decide its own input value, which is 1 and by the
Agreement property of consensus, p, and p3 are forced to decide 1; while in the state I - 715_;, p2
and p3 cannot see the input value of p; and this implies that p;, p3 decide a unique element u of
the set {2,3} and p; also decides u. As we have said before, p; and p3 cannot distinguish between
the states I - 7t; and I - 7, and they decide 1 in the state I - 711, then they also decide 1in I - 77,. On
the other hand, p; cannot distinguish between I - 77, and I - 7175_; and in the later state p; decides u,
thus p; also decides u in I - 71,. We conclude that in the execution in which A4 enters the state I - 71,
p2 and p3 decide 1 but p; decides u # 1. This constitutes a violation of the Agreement condition
of the consensus task, then the protocol cannot end in one iteration. If the processes execute A
for one more round and decide, then because we work in an iterated model, we can prove that
S4 will contain the subcomplex given at the bottom of Figure it has simplexes representing
reachable states in the second round of A of the form

(I-p)-o p,0 € {m, m, 51},

and it can be verified that this complex contains a path of states that connect (I - 7r7) - 717 with
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(I- 7r§_1) - 115_4 and this fact can be used to show that there is an execution of the second round
of A in which processes decide two different values, again violating the Agreement property of
consensus. As we work in an iterated model, we can repeat the same argument in every round of
A and that would imply that .4 cannot solve the consensus task for three processes.

The formal results

We now formalize the main ideas of the example above to prove that it is impossible to solve
n-consensus (n > 3) in the IFSC model. Our first result is the IFSC-version of Lemma

Lemma 6.3.3. Let n > 3,i € n. If A is a protocol in the IFSC model and S is any reachable state in some
round r > 0 of A, then there exists the path

S-S LS,

of connected reachable states in round r + 1 of A. Moreover, the value of the safe-consensus object is the
same in all three states.

Proof. Let S be a reachable state in .4 and i € 7. We first show that there exists executions of A in
which the return value of the safe-consensus object is the same in the three states S - 71;, S - 71, and
S - 1t respectively. If this fact is true, then it will be clear that the given states can be connected
in the way described by .

In the state S - 71;, the value of the safe-consensus object is i, because p; executes the shared
object before any other process executes it and by the Validity condition of the safe-consensus
task, the return value must be the value proposed by p;. For the states S - 77, and S - 715, the
value of the safe-consensus can be arbitrary. This is true because in each round, all processes
invoke the same safe-consensus object and by hypothesis n > 3 (this implies that |7|, |7 — i| > 2).
Thus in the executions of A (given by the round schedules 7, and 715;_;) that take the protocol into
the states S - 71, and S - 717, at least two processes execute the safe-consensus object concurrently.
By the Validity property, the return value of the object can be arbitrary. Therefore there exists the
possibility that the value returned by the safe-consensus object to all processes is precisely i in the
states S - 71;, S - 71, and S - ;. It follows that the path of connected reachable states in A
exists. ]

Lemma 6.3.4. Let n > 3,i € n. If A is a protocol in the IFSC model and there exists a path

SN Xs (=1)

of connected reachable states in A such that for all j with 1 < j <1, X; = n —ior X; = {i}. Then there
exists a path

z Z
Qo ~ - X Q, (s>1)
of connected reachable states in A such that

(1) Every state Qy is a successor state of some S;.

(2) For all m with1 < m < s, Zy, is such that Z,, = —ior Z, = {i}.
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Proof. This proof is identical to the proof of Lemma we only need to replace the use of
Lemma with Lemma O

Lemma 6.3.5. Let n > 3,i € n. Suppose that A is a protocol in the IFSC model that solves the consensus

task and that Sg PSS S; (I > 1) is a path of connected reachable states in A that satisfies the hypothesis
of Lemma and also assume that Sy is a v-valent state. Then S; is v-valent.

Proof. Again, the proof is the same as that of Lemma replacing any reference to Lemmas
and by Lemmas and O

Theorem 6.3.6. For n > 3, there is no protocol in the IFSC model to solve consensus for n processes.

Proof. Replace Lemma with Lemma in the proof of Theorem[5.4.7]to obtain this one and
we are done. O

The results that we have obtained in Theorems and tell us two important facts: (1)
that the IFSC model is indeed more powerful that the basic iterated model, because we can solve
the (n,n — 1)-set agreement task, which is the simplest set agreement instance that is known to
be impossible to solve in the iterated model [BG93a, HS93, I5293]; (2) The IFSC model is not that
powerful, because although (1,1 — 1)-set agreement is solvable, the consensus task cannot be
implemented in the IFSC model. Thus, the IFSC model is still limited in computational power, for
task solvability. In the next chapter, we will prove that the limitations of the IFSC model comes
from the restriction on the way the processes invoke the only safe-consensus object available in
each iteration. We will show that in the general extended iterated model with safe-consensus
objects, the consensus task can be implemented with safe-consensus, with an iterated protocol
with very nice combinatorial features.

An interesting open question concerning the IFSC model is the following: Is the (1, n — 2)-set
agreement task solvable in the IFSC model ? We conjecture that the answer is no. We believe
that topological methods (different from tools like Sperner’s Lemma) will be necessary to give an
answer to this question.
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Implementing consensus in the iterated model
with safe-consensus

In this chapter, we implement the consensus task using safe-consensus objects, with a protocol
in the iterated model with safe-consensus. Although the formal specification of this protocol is
a bit complicated (see Section [7.2.2), the intuitive idea behind it is quite simple and this idea can
be depicted in a graphical way. This is a nice property of our consensus protocol and it is a
consequence of working in an (extended) iterated model of computation. As a byproduct of the
work in this chapter, we define a new distributed task, which is a new kind of “consensus task”.
More details can be found in Section[Z.1]

From this chapter to the end of this thesis, we focus our attention entirely on the consensus
task and the iterated model with safe-consensus objects.

7.1 Coalitions consensus tasks

In order to give the complete specification of the consensus iterated protocol presented in Section
7.2.2}, we first introduce an “intermediate” task, the g-2coalitions-consensus task, in it, g processes
try to decide a consensus value from two proposed input values, but there are exactly g — 2 pro-
cesses which know the two input values, while each of the two remaining processes know only
one input value. As a first result towards proving the correctness of the consensus protocol of Sec-
tion we show that the g-2coalitions-consensus task can be implemented with a one round
iterated protocol using only one safe-consensus shared object.

7.1.1 Definition of the g-2coalitions-consensus task

To introduce formally the 2coalitions-consensus task, we need to define the set of valid input
values for this new task. Let [ be a non-empty setand N' = TU{L} (L ¢ I). If x = (vq,02) €
N x N, x.left denotes the value vy and x.right is the value v;.

Definition 7.1.1. An ordered g-tuple C = (x1,...,Xg) € (N x N)8&is a g-coalitions tuple if and only
if the following conditions are fulfilled.

(a) Forall x;in C, x;.left # L or x;.right # L.

(b) If x;, x; are members of C such that x;.left # | and x;left # L, then x;left = xjleft. A
similar rule must hold if x;.right # | and x;.right # L.

Let[(C) = {i € g| xi.left # L} and r(C) = {j € g | x;.right # L}. Then we also require that
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(©) [(C) —r(C)] = Tand r(C) = I(C) = {g}.

A more general task can be defined if we omitﬂ property (c), but for our purposes, this
definition of the g-2coalitions-consensus task is enough. Notice that property (a) implies that
I(C)uUr(C) = g. The set of all g-coalitions tuples is denoted by C;. Some examples can help us
understand better the concept of a coalition tuple. Let ' = {0,1, L}. The following tuples are
examples of elements of the set Cy4,

G = ((1,1),(1,0),(1,0), (L,0));
C2 = ((1,0),(1,0), (1, L), (L, 0)).

Clearly, C;,Cy € C4 and also we have that [(C;) = {1,2,3} and r(C;) = {2,3,4}. Notice
that /(C;) Ur(Cy) = 4 and also [(C;) Nr(Cy) = {2,3}. For Cy, it is true that I(Cy) — r(Cy) =
{1,2,3} — {1,2,4} = {3}, r(C2) — I(C2) = {1,2,4} — {1,2,3} = {4} and I(C2) N1(C2) = {1,2}.
The following tuples are not elements of any coalitions tuples set:

Cs = ({(L, 1), (1,0),(1,0), (1,0));
Cs = ((1, 1), (1,0), (L, 1),{L,0)).

For C3, properties (a) and (c) of Definition are not satisfied and for C,4, condition (b) is not
fulfilled. Thus we conclude that C3, C4 ¢ C4. We can now define a new distributed task.

The g-2coalitions-consensus task. We have ¢ processes py, ..., p; and each process p; starts with
a private input value of the form x; € ' x A such that C = (xy,..., xg) € Cq, and C is called a
global input. In any execution, Termination and Agreement must be satisfied, and in addition:

* g-2coalitions-Validity: If some process outputs ¢, then there must exists a process p; with
input x; such that x; = (c,v) or x; = (v,¢) (c € v € N).

Notice that the sets C; (¢ > 2) encapsulate the intuitive ideas given at the beginning of this
chapter about the coalition-consensus task that we need: With an input C € C,, there are two
processes that known exactly one of the input values, while the rest of the processes do known
the two input values. These processes could easily reach a consensus, but they still need the other
two processes with unique input values to agree on the same value, and this is the difficult part of
the g-2coalitions-consensus task.

7.1.2 Safe-consensus implements g-2coalitions-consensus

We now need to justify that we can implement the task g-2coalitions-consensus with a single-
round protocol using one snapshot object and one safe-consensus object. For this purpose, we
have the protocol given in Figure Each process p; receives as input a tuple with values satisfy-
ing the properties of the 2coalitions-consensus task and then in lines pi writes its input tuple
in shared memory using the snapshot object SM; invokes the safe-consensus object with its id as
input, storing the unique output value u of the shared object in the local variable val and finally, p;
takes a snapshot of the memory. Later, what happens in Lines depends on the output value

1The condition (c) in the definition of coalitions tuple is needed because, without it, safe-consensus cannot imple-
ment g-2coalitions-consensus with one safe-consensus object. It is not hard to prove this fact, so that we omit it.
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u of the safe-consensus object. If u = g, then by the Safe-Validity property, either p, invoked
the object or at least two processes invoked the safe-consensus object concurrently and as there
is only one process with input tuple (v, L), p; will find an index j with sm [j] .right # L in line
[7, assign this value to dec and in line [1T] p; decides. On the other hand, if u # g, then again by
the Safe-Validity condition of the safe-consensus task, either process p, is running and invoked
the safe-consensus object or two or more processes invoked concurrently the shared object and
because all processes with id not equal to ¢ have input tuple (z,y) with z # L, it is guaranteed
that p; can find an index j with sm [j] .left # L and assign this value to dec to finally execute line
to decide its output value. All processes decide the same value because of the properties of the
input tuples of the 2coalitions-consensus task and the Agreement property of the safe-consensus
task.

(1) procedure g-2coalitions-consensus(vy,vy)

(2) begin
®) SM.update((v1,v2));
4) val < safe-consensus.exec(id);

) sm < SM.scan();
6) if val = g then

(7) dec < choose any sm [j] .right # L;
(8) else

) dec < choose any sm [j] .left # L;
(10) end if

(11) decide dec;

(12) end

Figure 7.1: A g-2coalitions-consensus protocol with one safe-consensus object.

Lemma 7.1.2. The protocol of Figure([7.1|solves the g-2coalitions-consensus task using one snapshot object
and one safe-consensus object.

Proof. Let p; € {p1,...,pg}; after p; writes the tuple (v1, v2) to the snapshot object SM, it invokes
the safe-consensus object and takes a snapshot of the shared memory, p; enters into the if/else
block at lines Suppose that the test in line [f] is successful, this says that the safe-consensus
object returned the value g to process p;. By the Safe-Validity condition of the safe-consensus
task, either process p, invoked the shared object or at least two processes p;, px invoked the safe-
consensus object concurrently (and it could happen that j,k # g). In any case, the participating
processes wrote their input tuples to the snapshot object SM before accessing the safe-consensus
object, so that p; can see these values in its local variable sm;, and remember that the coalitions
tuple C consisting of all the input values of processes p1, . .., p, satisfies the properties

II(C) = r(C)| =1and r(C) — I(C) = {g}.

Thus, the equation |[(C) — r(C)| = 1 tell us that only one process has input tuple (x, L) (x # 1),
then when p; executes line[7} it will find a local register in sm; such that sm; [j] .right # L and this
value is assigned to dec;. Finally, p; executes line |11} where it decides the value stored in dec; and
this variable contains a valid input value proposed by some process.

If the test at line [¢] fails, the argument to show that dec; contains a valid proposed input value
is very similar to the previous one. This proves that the protocol satisfies the 2coalitions-Validity
condition of the g-2coalitions-consensus task.
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The Agreement condition is satisfied because by the Agreement condition of the safe-
consensus task, all participating processes receive the same output value from the shared object
and therefore all processes have the same value in the local variables val; (1 < i < g), which means
that all participating processes execute line[7]or all of them execute line[9} Then, for every process
pr, dec, contains the value sm; [j;| .right or the value sm, [j;] .left where j, (j.) depend on p,. But
because the input pairs of the processes constitute a coalitions tuple C, they satisfy property (b)
of Definition of coalitions tuple, which implies that sm, [j,] .right = sm, [j,] .right whenever
sm, [jr] .right and sm, [j,] .right are non-_L (a similar statement holds for the left sides). We con-
clude that all processes assign to the variables dec; (1 < i < g) the same value and thus all of them
decide the same output value, that is, the Agreement property of the g-2coalitions-consensus tasks
is fulfilled. The Termination property is clearly satisfied. O

7.2 An iterated consensus protocol

In this section, we build an iterated protocol that solves the consensus task using safe-consensus
objects. The full specification of such protocol is in Figure but before trying to understand
the pseudocode of the protocol, it is a good idea to describe which are the intuitive actions which
allow the protocol to solve consensus with the safe-consensus task. We first give an informal
short description of how the protocol works and after that, we present the full pseudocode of the
protocol in Figure|7.3|(using the g-2coalitions-consensus task).

7.2.1 Basic properties of the consensus protocol

A simple way to describe the protocol that solves consensus is by seeing it as a protocol in which
the processes use a set of () shared objects, where each of these objects represent a g-2coalitions-
consensus task, which by Lemma can be implemented using one snapshot object and one
safe-consensus object.

2CCq
2CC, 2CC;
2CC, 2CC, 2CC;
P1P2 P2P3 P3 P4

Figure 7.2: The structure of the 4-consensus protocol using 2coalitions-consensus tasks.

Using the task g-2coalitions-consensus, the protocol in Figure[7.3|can be described graphically
as shown in Figure for the case of n = 4. In each round of the protocol, some processes invoke
a 2coalitions-consensus object, represented by the symbol 2CC;. In round one, p; and p, invoke the
object 2CCy with input values (v, L) and (L, v2) respectively, (where v; is the initial input value
of process p;) and the consensus output u; of 2CC; is stored by p; and p; in some local variables.
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In round two, p; and p3 invoke the 2CC, object with inputs (v2, L) and (L, v3) respectively and
they keep the output value u; in local variables. Round three is executed by p3 and p4 in a similar
way, to obtain the consensus value u3 from the 2coalition-consensus object 2CC3. At the beginning
of round four, p1, p» and p3 gather the values uj,u, obtained from the objects 2CC; and 2CC;
to invoke the 2CCy 2coalition-consensus object with the input values (uy, L), (11, uz) and (L, up)
respectively (Notice that p, uses a tuple with both values u; and u;) and they obtain a consensus
value u4. Similar actions are taken by the processes p,, p3 and p4 in round five with the shared
object 2CCs and the values u5, u3 to compute an unique value us. Finally, in round six, all processes
invoke the last shared object 2CCg, with the respective input tuples

<M4, L>, <1xl4, M5>, <M4, M5>, <L, u5>,

and the shared object returns to all processes a unique output value u, which is the decided output
value of all processes, thus this is the final consensus of the processes. The case of 4 processes easily
generalizes to any value of 7.

7.2.2 The protocol

The formal spec of the iterated consensus protocol with safe-consensus objects is given in Figure
This is a protocol that implements consensus using only (5) 2coalitions-consensus tasks. If
we suppose that the protocol is correct, then we can use the g-2coalitions-consensus protocol pre-
sented in Section (Figure to replace the call to the 2coalitions-consensus objects in Figure
to obtain a full iterated protocol that solves the consensus task using (5) safe-consensus ob-
jects. We use the 2coalitions-consensus tasks in the protocol only to make it simpler and easier to
understand.

We now give a short description of how the protocol works. There are precisely (5) rounds
executed by the processes and in each round, some subset of processes try to agree in a new
consensus value among two given input values. The local variables step, firstid and lastid are used
by the processes to store information that tell them which is the current set of processes that must
try to reach a new agreement in the current round, using a 2coalitions-consensus object. The local
array agreements contains enough local registers used by the processes to store the agreements
made in each round of the protocol and two distinct processes can have different agreements
stored in the registers of the array agreements. Each consensus value v stored in a register of
agreements is associated with two integers ij,i, € 7 (r > 1), which represent a set of processes
Piys---,Pi, (with iy < --- < i) that have invoked a 2coalitions-consensus object to agree on the
value v, thus we can say that v is an agreement made by the coalition of processes represented
by the pair (i1, i,). To be able to store v in the array agreements, the processes use a deterministic
function tup: IN x IN — IN, which maps bijectively IN X IN onto IN. This map can be easily
constructed, for example, here is a simple definition for tup

. i+j+1 .
tap(i,f) = (L)

Using all the elements described above, the processes can use the protocol of Figure to
implement consensus using () 2coalitions-consensus objects, building in the process the structure
depicted in Figure From the first round and up to round n — 1, all the processes use their
proposed input values to make new agreements in pairs, in round one, p1, p» invoke a 2coalitions-
consensus shared object to agree on a common value, based on their input values; in round 2, p,
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(1) initstep, firstid, lastid < 1;

C, D, dec, newagreement < L;

agreements [tup(id,id)] < input;

(2) begin
(3) forr < 1to (3)
4) lastid < firstid + step;
(5) if firstid < id < lastid then
(6) C < agreements [tup(firstid, lastid — 1)];
(7) D < agreements [tup(firstid + 1, lastid)];
(8) newagreement <— 2coalitions-consensus [r] (C,D);
) agreements [tup(firstid, lastid)] = newagreement;
(10) end if
(11) if lastid < n then
(12) firstid = firstid 4+ 1;
(13) else if firstid > 1 then
(14) firstid =1;
(15) step = step +1;
(16) end if
(17) end for
(18) dec < agreements [tup(1,n)];
(19) decide dec;
(20) end

Figure 7.3: An iterated consensus protocol using g-2coalitions-consensus objects.

and p3 do the same with another 2coalitions-consensus object and their own input values; later,
the turn comes to p3 and p4 to do the same with another shared object and their input values and
so on until the round number n — 1, where p,,_; and p,, agree on a common value in the way that
we have already described. All the agreements obtained in these n — 1 rounds are stored on the
local registers

agreements; [tup(1,2)],agreements; [tup(1,2)], agreements, [tup(2,3)],
agreementss [tup(2,3)], agreementss [tup(3,4)], agreementsy [tup(3,4)],

cey

agreements,_1 [tup(n — 1,n)], agreements, [tup(n —1,n)].

In this way, the processes build the first part of the structure shown in Figure At the end
of round n — 1, in lines each process updates the values of the local variables step and
firstid and proceeds to round n. What happens in the next n — 2 rounds, is very similar to the
case of the previous n — 1 rounds, but instead of making agreements in pairs, the processes reach
new agreements in groups of three processes (see Figure invoking new 2coalitions-consensus
shared objects and the consensus values obtained in the first # — 1 rounds and when a process
reaches round n — 14+ n — 2 = 2n — 3, it updates the values of its local variables step and firstid
and then that process proceeds to round 2n — 2.

In general, when the processes are about to begin executing round (Y;2; 7 —j) +1 (m < n),
they will try to make n — (m + 1) new agreements in groups of size m + 2, with the aid of the
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2coalitions-consensus objects and the agreements they obtained from the previous n — m rounds
and store the new consensus values in their local arrays agreements, using the tup function. When
a process finishes round (Z}”:J{l n — j), the values of step and firstid are updated to repeat the

described behavior for the next n — (m 4 2) rounds, until the (5) round, where the last agreement
is made and this value is the output value of all the processes.

7.3 Correctness of the consensus protocol

We are ready to prove the correctness of our iterated protocol for consensus. The first step is to
introduce some technical definitions.

Definition 7.3.1. With respect to the protocol of Figure let F = {iy,...,i,} C 7 be elements
such thati; < --- < i,. The set F will be called a coalition and will be denoted by F = [iy, ..., ). Let
pi be a process such that i € F. We say that p; belongs to the coalition F if and only if the following
condition is fulfilled:

(1) agreements; [tup(i1,ir)] = v, where v # L is a valid input value proposed by some partici-
pating process.

We ask the following agreement property to be satisfied by F:

(2) if p;, pj are processes which belong to F and v, v’ are the values which satisfy (1) for p; and
p;j respectively, then v = v’

The value v of the first condition is called the name of the coalition. The second condition
says that all processes that belong to the same coalition must agree on the coalition’s name. For
n>m >0, let y(n,m) be defined by

0 ifm=0,
v(n,m) = .
y(n,m—1)+n—m ifm>0.

n

Notice that y(n,m) = Y"1 n —iform > 0and y(n,n — 1) = (3).

7.3.1 Invariants of the protocol

Before proving that the protocol in Figure [7.3| implements consensus, We prove some useful in-
variants of the protocol that will be most helpful.

Lemma 7.3.2. Let1 <m <n—1and1 < c < n—m. If p; is executing the protocol at the beginning of
round number r = y(n,m — 1) + c (before line[T1) then step; = m and firstid; = c.

Proof. We prove this by induction on m. An easy analysis of the code in Figure shows that
the base case holds (when m = 1, in the first n — 1 rounds). Assume that for m < n — 1, the
lemma is true. We first prove the following claim: When p; starts executing round 7y(n, m) + 1,
stepj = m + 1 and firstid; = 1. Proof of the claim: By the induction hypothesis, when process p;
executed the protocol at round ' = y(n,m) = y(n,m —1)+c = y(n,m — 1) + (n — m) before
line 11} the local variables step; and firstid; had the values of m and n — m respectively. When
pi reached line it executed the test of the if statement, but before that, p; executed line {4 of
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the protocol, so that lastid; = firstid; + step; = (n —m) + m = n; thus the test in line [11| failed
and p; executed lines of the else statement (firstid; > 1 because m < n — 1) and then step;
was incremented by one and firstid; was set to 1 at the end of round r'. Therefore, when p; starts
executing round 7y(n, m) + 1, step; = m + 1 and firstid; = 1.

Now suppose that p; executes the protocol at the beginning of round number r = y(n,m) + ¢
where 1 < ¢ <n— (m+1). If c = 1 then by the preceding argument, step; = m + 1 and firstid; =
1 = c. Using this as a basis for an inductive argument, we can prove that forc € {1,...,n — (m +
1)}, firstid; = c and step; = m + 1. O

Lemma 7.3.3. Let 0 < m < n — 2. Suppose that process p; is about to begin executing the protocol at
roundr = y(n,m)+c (1 <c<n—(m+1)). Ifc <i<c+m+1and p; belongs to the coalition
P =c,...,c+ m]orit belongs to the coalition Q = [c+1,...,c+ m + 1], then at the end of round r, p;
belongs to the coalition [c, ..., ¢+ m +1].

Proof. Let p; be any process that begins executing round r. By Lemma we know that step; =
m + 1 and firstid; = ¢, which implies that lastid; = c+m+1. If i € {c,...,c+m+ 1}, the if’s
test at line 5|is successful and after that what happens in lines dependsoni. Ifc <i<c+m,
then p; is in the coalition P and if c+1 < i < ¢+ m + 1, p; is in the coalition Q, thus a valid
input value is assigned to at least one of the variables C; or D;, so p; invokes in line g the (m + 2)-
2coalitions-consensus object with the input x; = (C;, D;). We now pause for a moment to argue
that the tuple

] = (xC/ ... /xc+m+1)

composed of the inputs of processes pe,...,Pcrm+1 is a valid global input for the (m + 2)-
2coalitions-consensus task. Indeed, from the hypothesis, it is easy to see that | satisfies the require-
ments (a)-(c) of Definition[7.1.1]and notice that () — () = {c+m+ 1} and I(J) — r(]) = {c}.

Now back to the execution of process p;. After p; invokes the (m + 2)-2coalitions-consensus
task, the output value of the shared object, say v, is assigned to the local variable newagree-
ment;. Finally, p; stores the contents of newagreement; in the local array agreements; at position
tup(firstid;, lastid;), where firstid; = c and lastid; = ¢ + m + 1. Because of the Agreement condi-
tion of the 2coalitions-consensus task, every process with id in the set {c, ..., ¢+ m + 1} obtained
the same value v as return value from the shared object and by the 2coalitions-Validity, this is a
valid input value proposed by some process. Therefore properties (1) and (2) of Definition [7.3.1]
are satisfied, thus R = [c,...,c+ m + 1] is a valid coalition and process p; belongs to the coalition
R at the end of round r.

On the other hand, if i ¢ {c,...,c+ m + 1}, p; does not executes the body of the if statement
(lines [ to[9) and it goes on to execute the if /else block at lines and then round r ends for p;,
thus it does not try to make a new coalition with other processes. O

Lemma 7.3.4. Let m € {0,...,n — 2} be fixed. Suppose that process p; has executed the protocol for
v(n,m) rounds and that there exists i € {1,...,n — (m+ 1)} such that p; belongs to the coalition
[i,...,i+m] or it belongs to the coalition [i+1,...,i+m+1]. Then after p; has executed the proto-
col for n — (m + 1) more rounds, p; belongs to the coalition [i,...,i +m +1].

Proof. We apply Lemma in each round 7y(n,m) +c, wherec € {1,...,n— (m+1)}. O
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7.3.2 2Coalitions-consensus implements consensus

We are ready to give the proof of the last result that we need to obtain the main theorem of this
chapter.

Theorem 7.3.5. The protocol in Figure|7.3| implements the consensus task using () (g, h)-2coalitions-
consensus objects.

Proof. The protocol clearly satisfies the Termination condition of the consensus task (the only loop
is finite). We prove that it fulfills the Agreement and Validity conditions. Let p; be any process
that executes the protocol. Just at the beginning of the first round (line [2), process p; belongs to
the coalition [j] (because of the assignments made to the local array agreements; in line |} so that
if p; executes the protocol for y(n,1) = n — 1 rounds, we can conclude using Lemma that
process p; belongs to some of the coalitions [i,i +1] (1 < i < n — 1). Starting from this fact and
using induction on m, we can prove that for all m = 1,...,n — 1; at the end of round y(n, m), pj
belongs to some of the coalitions [i, . ..,i +m] (1 < i < n—m). In the last round (wWhenm = n —1),
after executing the main for block, process pj belongs to the coalition T = [1,...,n], thus when
p; executes line (18| it will assign to the local variable dec; a valid proposed input value and this
is the value decided by p; at line |19} All processes decide the same value because all of them are
in the coalition T. Therefore the protocol satisfies the Agreement and Validity conditions of the
consensus task. O

Replacing the call to the 2coalitions-consensus objects in the protocol of Figure [7.3| with the
code of the protocol of g-2coalitions-consensus which is shown in Figure 7.1} we obtain a working
iterated protocol for consensus using safe-consensus objects.

Theorem 7.3.6. There exists an iterated protocol that solves the consensus task for n processes using (5)
safe-consensus objects.

In the next chapters, we prove that this protocol is sharp on the number of safe-consensus
objects invoked by the processes. We will show that it is impossible to implement consensus in
the iterated model with safe-consensus objects using less that (;) safe-consensus shared objects.
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The structure of iterated protocols with
safe-consensus

In this chapter, we present a series of results that describe the structure of executions of protocols in
the iterated model with safe-consensus objects. The main objective here is to prove Theorem[8.2.5
which give us valuable information on the way two arbitrary successor states of a given reachable
state in a iterated protocol with safe-consensus can be connected, by using a path of connected
states which has very interesting properties related to the way in which the processes invoke the
safe-consensus shared object in the protocol. To prove Theorem [8.2.5, we need to develop a very
specific method to build the path connecting two given states of the protocol. We call this method
the Stairway method, we describe it in full detail in Section[8.2] with many examples and the formal
proofs of the related results. The Stairway method and Theorem are fundamental to obtain
the lower bound result of Chapter 9]

8.1 Preliminaries

Before proceeding to give the formal proofs of the results of this chapter, we need to introduce
new definitions regarding the iterated model with safe-consensus objects. Some of these concepts
will be used not only in this chapter, but also in the rest of this thesis.

8.1.1 Further terminology of the iterated model with safe-consensus

Remember from Chapter [p that for 2 < m < n and a given protocol A in the iterated model
with (safe-consensus) shared objects, a set b C 7 is an element of T 4(n, m) if and only if |b| = m
and there is at least an execution of 4 in which, in some round, only the processes with ids in
the set b invoke a safe-consensus shared object. The symbol v 4(n, m) represents the cardinality of
I' 4(n,m) and we define the set I' 4(n) and the quantity v 4(n) as follows: T 4(n) = Up,—o T 4(n, m);
va(n) = Yl ,va(n,m). Asetb € I' 4(n) representing a safe-consensus shared object invoked by
some processes is called a m-box or simply a box (m = |b|). Notice that for the consensus protocol
A of Chapter[7] we have that

va(n,m)=n—m+1forme {2,...,n};
va(n) = (3).

We now introduce some technical definitions and ideas regarding properties of states, that will
aid us to prove some lemmas that are needed for the proof of Theorem
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CHAPTER 8. THE STRUCTURE OF ITERATED PROTOCOLS WITH SAFE-CONSENSUS

Definition 8.1.1. Let A be a protocol. For any path q: Q1 ~ - - - ~ Q; of connected states, define the
set of states States(q); the set of indistinguishability sets iSets(q); and the degree of indistinguishability
deg q, of q as follows:

States(q) = {Q1,..., Qi };

iSets(q) = {X C 7| (3Q;, Q; € States(q))(Q; ~ Q) };
degq = min{|X]| | X € iSets(q)}.

The degree of indistinguishability of the path ¢ guarantees that we can find for any pair of
states Q;, Q; € States(q) with Q; ~ Qj, a set of processes P C IT that cannot distinguish between
Qi and Q; of size at least degq. The degree of indistinguishability of a path is usually of non-
importance in the standard and well known bivalency proofs of the impossibility of consensus
in various systems [FLP85, [LAA87], but in the main results of this chapter and also Chapter [9)
measuring the degree of indistinguishability will be a recurring action in all the proofs.

Definition 8.1.2. Let A be an iterated protocol with safe-consensus objects and
S=(s1,---,50;SM;by,...,bg;01,...,04)

a reachable state in the protocol A (See Definition . The set of boxes by, ..., b, of the state S
will be denoted by Inv(S), we call it the invocation specification of S. Let b = b; = {l,...,Is} €
Inv(S), we define the safe-consensus value of b in S, denoted by scval(b, S) as the value o;, that is,
the output value of the safe-consensus shared object represented by b, which was invoked by the
processes py,, ..., pj, to enter state S.

The following technical lemma is a result concerning invocation specifications of successor
states of a given reachable state in an iterated protocol. It will be used later.

Lemma 8.1.3. Let A be an iterated protocol for n > 2 processes with safe-consensus objects, S a reachable
state in A. Then for any two round schedules 111, 712, Inv(S - 711) = Inv(S - 712).

Proof. In Figure|6.1} notice that process p; calls the object selector & with the local state it has from
the previous round, so that if 7 is the round number of S and p; starts executing the protocol A
in round r 4 1 with the local state it had in S, the input to the object selector function # is given
by the tuple (r + 1,i,smg, vals), where smg, vals depend only on S. Thus in both successor states
S-m and S - My, p; feeds the same input to /, therefore

Inv(S-7mp) = Inv(S - )
and the lemma is true. O

Definition 8.1.4. A path s of connected states of A is said to be C-regular if and only if Inv(S) =
Inv(Q) for all S, Q € States(s).

In other words, s is C-regular if and only if, all the states in the set States(s) have the same
global invocation specification. We will see examples of C-regular paths throughout the chapter.
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8.2. THE STAIRWAY METHOD

A special round schedule

A basic building block of the proofs presented in this chapter and Chapter [J} is to define vari-
ous ways in which the processes execute a protocol A. For this action, we define a set of round
schedules that will be very useful.

Let Abe an iterated protocol, g > 1and Ay, ..., A; C 7 disjoint sets. Define the round schedule
G(A1,...,AyY) for Aas:

W(A1),S(A1),R(A1),W(A2),S(A2),R(Az),...,W(Ag),S(Aq),R(Aq), W(Y),S(Y),R(Y),

where Y = 71 — ( U?Zl A;). When there is no confusion, we omit the set Y from the notation and
just write §(Ay,...,Ay). Thus, in a given iteration of A, the round schedule (A1, ..., Ay Y) just
tell us that the processes with ids in the set A; perform the write-invoke safe-consensus-snapshot
operations first (concurrently); then the processes with ids in A, do the same and so on until at
the end, the processes with ids in A, perform the main events of A, followed by all the remaining
processes. For any state S and u > 0, define the state

S ifu=20
S-&(Aq,..., A)) = ’
e 1) {(S . 6”*1(A1,...,Aq)) -G(Aq,...,Ay) otherwise.
Le. S-¢"(Ay,..., Aq) is the state that we obtain after we run the protocol A (starting from S) u
rounds with the round schedule (A1, ..., A;) in each iteration.

8.2 The local structure of iterated protocols with safe-consensus: The
Stairway method

We are ready to prove all the results of this chapter. We will prove three lemmas which are the
basic building blocks to be able to show Theorem these results describe (roughly) for a given
iterated protocol, how two previously chosen reachable states can be connected in a very specific
way, applying a construction process that we call the Stairway method. There are other simpler
ways that we could use to prove there is a path between two chosen reachable states of an iterated
protocol, and it would seem at first glance that using the Stairway method is unnecessarily diffi-
cult. But we have been able to prove Theorem [8.2.5/and the lower bound of the next chapter, only
by applying the properties that can be obtained by using the Stairway method. We describe it in
full detail in this section with the formal results that support it and also with many examples.

8.2.1 The construction of the Stairway method

The Stairway method is the key ingredient in the construction of a path of connected states (in
a given iterated protocol) which will connect two previously chosen reachable states. The best
way to describe the intuitive details of the method is by means of examples. Our strategy will be
the following: We present with an example the problem that we want to solve with the Stairway
method and then with a series of related examples, we explain the properties of the solution that
we obtain with the Stairway method. Thus, our first example will be in fact, divided into four
examples that will be presented throughout the rest of the chapter, together with the formal proof
of the three lemmas that formalize the Stairway method.
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The main example

Assume that n = 7 and that A is an iterated protocol with safe-consensus shared objects. We begin
executing 4 until it enter some reachable state S. Let a be this partial execution of A which ends
in the state S. Two possible one-round successor states of S are the following states

P=5-&({1,2,3,4},{56,7}) and Q=S5 ¢({567},{1,2,3,4}),

that is, P is the successor state of S obtained when the processes p1, p2, p3 and p4 execute concur-
rently the write, invoke safe-consensus and snapshot operations, followed by ps, ps and p7 and to
obtain the state Q, processes ps, ps, p7 execute concurrently first, followed by p1, p2, p3 and ps4. For
the purposes of this example, assume also the following properties for P and Q:

InV<P) = {bl,bz, bg}, where b1 = {1,2},1?2 = {3,4,5} and b3 = {5, 6, 7},‘
scval(by, P) = 2,scval(by, P) = 3 and scval(bs, P) = 7;
scval(by, Q) = 2,scval(by, Q) = 5 and scval(b3, Q) = 7.

Notice that by Lemma Inv(P) = Inv(Q). Our main goal is to connect the state P with Q
withapathq: P ~ --- ~ Q. There are many simple ways to obtain a path q between P and Q. For
example, one possibility is the following path
am:P s ¢7) K g,

where (let R = S &(7)) Inv(R) = Inv(P) (Lemma [8.1.3), scval(by, R) = 2,scval(by, R) = 3 and
scval(bs, R) = 7. As P and R have the same safe-consensus values for the three boxes, the processes
can only distinguish these states by the contents of the shared memory, thus ps, ps and p; are
the only processes that cannot distinguish between P and R. But we have that scval(by, R) #
scval(ba, Q), thus only pi, p2 cannot distinguish between R and Q (notice that by the contents of
the memory, only ps, ps, p7 can distinguish between R and Q). The degree of indistinguishability
of q1 is degq; = 2. If we consider the possibility that scval(bp, R) = 5 (using the Safe-Validity of
the safe-consensus task), then we obtain the path g, given by

a: P W RUEY g
so that only pe, py cannot distinguish between P and R, while the rest of the processes can dis-
tinguish either by the contents of the shared memory or because of the different safe-consensus
values of the box b, in both states. We have also that degq, = 2.

Can we obtain a path between P and Q with a higher degree of indistinguishability ? The
answer is yes, we can find a path q such that degq = 4 = 7 — |by|. In the next examples, we build
the path q with the desired degree of indistinguishability and other useful properties, by applying
the Stairway method.

Phase 1

In Lemma we prove the first phase of the Stairway method. But before doing this, we present
a short example of the results given in Lemma We continue to develop the previous example.
We have an iterated protocol A with safe-consensus objects, which is executed by the processes,
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8.2. THE STAIRWAY METHOD
accordingly to the specification of the partial execution &, until it enters into the reachable state S
(Figure we represent the boxes by, by, b3 with colors). We try to connect the states P and Q with
a path q, such that deg q = 7 — |by| = 4. The first part of the path q is constructed with phase one
of the Stairway method, as follows: The partial execution « can be extended to a partial execution
a1, by applying the round schedule ¢({1,2,3,4}, {5,6,7}) in the next iteration of A to obtain the
state P, as shown in Figure A second partial execution a; can be obtained by extending « in

by: A
1 P1,P2
«
b2: P3,P4,P5
by 5
3. De,Pr /&
P1,P2 DP3,P4 P1,P2
bs  DPe,DP7 P3, P4
S-f({172,3,4},{5,6,7}) Ps  DP6,P7

S . €<{17 2}7 {37 4}7 {57 67 7})
Figure 8.1: Phase one of the Stairway method for n = 7 processes, X = {1,2,3,4} and box b,.

the next iteration by using the round schedule ¢; = ¢({1,2},{3,4},{5,6,7}) so that the system
enters the state S; = S - {;. Notice that by Lemma Inv(P) = Inv(S;), thus the processes
invoke the same safe-consensus shared objects in P and S;. We choose the safe-consensus values
of the boxes b; in the state S; in the following way,

scval(b;, S1) = scval(b;, P) foralli € {1,2,3}.

In short, we want that the safe-consensus shared objects output the same values in both states
P and S;. This can be accomplished thanks to the Safe-Validity property of the safe-consensus
task and the way the processes invoke the shared objects in P and S;. For example, we know
that scval(by, P) = 2, then as both p; and p, execute concurrently the safe-consensus shared object
represented by b; in the state 51, then by the Safe-Validity condition, the output value of the shared
object can be arbitrary. In particular, there exists the possibility that this output value is 2, so that
we can make the safe-consensus value of b; in S; to be precisely 2, thus scval(by, P) = scval(by, S1).
Similar arguments are used to prove the other equalities. Now, because all the safe-consensus
objects invoked by the processes in P and S; output the same values on both states, the processes
can distinguish between these states only by the contents of the shared memory. An easy analysis
will show that P and S; are indistinguishable for ps, p4, ps, ps and p7 (p1 and p, have a different
view of the shared memory), thus the path p; connecting the states P and S; satisfies the inequality

degp1 >5=7-2.

This inequality is one of the main properties of p;, and by Lemma p1 is a C-regular path.
Also, notice how in the state Sq, the round schedule §; arranges the processes p1, p2, p3 and py
by first executing the processes that belong to by, followed by the processes p3, ps4 that invoke the
object represented by b,. We can say that these processes are placed in the levels of a small ladder,
where the processes p3, ps, which invoke the safe-consensus object represented by b,, are at the
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bottom level of the ladder, while the processes p1, p», invoking the safe-consensus object given by
by take the top level. For this example, we have completed phase one of the stairway method.

We are ready to begin the construction of the Stairway method. The following definition plays
an important role in describing the Stairway method.

Definition 8.2.1. Let A be a protocol with safe-consensus objects for n-processes, X C 7, R a
state of some round ¥ > 0 and b € Inv(R). We say that R is a ladder state for X with base b, if
R=S5-¢(Cy,...,Cy B) (u>0), where S is a reachable state in .4 and

e X=(UjCj)UB;

e forj=1,...,u,0<|Cj| <2

(U C)nb =g;

B=bnNnX.

The state S; = S - ¢({1,2},{3,4},{5,6,7}) = S-¢({1,2},{3,4}) of the previous example is a
ladder state for X = {1,2, 3,4} with base b,. For each box b; and W C 7, let the set Wi be defined
as

W(z) =Wnhb;.

Lemma 8.2.2 (The Stairway method, Phase 1). Let n > 2, @ # X C n, A an iterated protocol with
safe-consensus objects, S a state that is reachable in A in some round r > 0 and bj € Inv(Sx), where
Sx = S-{(X). Then there exists a state L, such that L is a ladder state for X with base bj, such that Sx
and L are connected in round r 4+ 1 with a path of states p with degp > n — 2.

Proof. Let Inv(Sx) = {b1,...,bs} (9 > 1). By Lemma for any one-round successor state Q
of S, Inv(Q) = Inv(Sx) and we can write Invg instead of Inv(Sy). Without loss, assume that
by = b;. If g = 1, then by = 7 and the result is immediate, because Sx is a ladder state for X with
base 7. So that we suppose that g > 1. Partition X as X = X(;) U - - U X(,) and build the following
path of connected states

m=Aa(1) =

5 E(A2(1), X — A2(1)) TR S 8(Ax(1), Aa(2), X — (A2(1) U Ay (2))

) | e

Sx

S-¢(Ma(1),A2(2),..., Aa(a2), X — X(3)),

where X (o) = U;2; Az(i) is a partition of X ) such that |Aa(j)| = 1for j = 2,...,as. The set Aa(1)
has cardinality given by

2 if |X(2)‘ >1,

|X(2)| otherwise,

[A2(1)] :{

and we choose the safe-consensus value of every box in the set Invg to be the same in each state
of the previous path. This can be done because of the way we partition X,), the election of the
elements of the set Ay(1) and the properties of the safe-consensus task (Safe-Validity). We execute
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8.2. THE STAIRWAY METHOD

similar steps with box b3, so that we obtain the path
S-E(Aa(1),..., As(a2), X — X))
TR S 2 (A1), -, Aalaa), As(1), X = (X U As(1))
TR s E (A1), As(aa), As(1), As(2), X — (X U As(1) U As(2))

) A

S . g(Az(l), . .,Az(&g),/\g(l),. . .,A3(063),X — (X(z) U X(3))),

where the A3(i)’s and a3 depend on b3 and X 3y, just in the same way the sets A (j) and a, depend

on b and X() - and each box has safe-consensus value equal to the value it has in the path of .
We can repeat the very same steps for by, .. ., b, to obtain the path

S-¢(A2(1),..., As(ﬂéa) X — (X UX@a))
AW S (A1), ., Asla), Aa(1), X — (X2) U X3 U Ag(1)))

uU" " X(5)

S g(Aa(1),. Aq(“q)rx(l))-
It is easy to prove that L = S - {(Aa(1),...,Aq(ag), X(1)) is a ladder state for X with base b; and

that each of the paths of equations ) and has indistinguishability degree no less that
n — 2. Combining all these paths, we obtain a new path

S-E(Ag(1),..., Ag(1), X —
ﬁ—/r}?(z)“.n A(

p:Sx~---~L
with degp > n — 2. O

Phase 2

Lemma presents formally the second phase of the Stairway method. Now we continue to
develop the example in which we presented phase one. Remember that the main goal of the
example is to connect the two states P, Q of Equation of a reachable state S in an iterated
protocol A with safe-consensus objects. The path connecting P and Q must have the highest
possible degree of indistinguishability, which is 7 — |ba| = 4, where by € Inv(P) and b, = {3,4,5}
(see Equation ). In our first example, we built a path which connects the state P and the state
S1 =S5-¢({1,2},{3,4},{5,6,7}), which is a ladder state for X = {1,2,3,4} withbase b, = {3,4,5}
(Definition [8.2.1). The purpose of the second phase of the Stairway method, is to interchange
the processes p3, ps with process ps in the state S;, formally, this is done in the following way:
We extend the path p; of our first example with a path p;, that connects S; with the state S3 =
S-2({1,2},{5},{3,4,6,7}) (Figure B.2). Notice that by Definition S3 is a ladder state for
X' ={1,2,5} with base b,.

In the example of phase one, we extended the partial execution « of A (that ends in the state
S), to a partial execution a; using the round schedule ¢({1,2},{3,4}, {5,6,7}) to obtain the state
S1. Consider the two round schedules ¢’, &’ given as
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¢'=¢({1,2},{3,4,5,6,7}),

¢" =¢({1,2},{5},{3,46,7}).

A
bi: p1,p2
o
b2: P3,P4,P5
S
bs: pe,pr (e %} Qy
Qa3
P1,P2 P1,P2 P1,P2
P3,P4 b5
D5 D6, D7 P3,P4,P5 DP6,DP7 P3,P4  DPe6,P7

S'{({l,Q},{3,4},{5,6,7}) S'f({172}7{3747556’7}) S'f({l,Q},{5}7{3,4,6,7})

Figure 8.2: Phase two of the Stairway method for n = 7 processes, X = {1,2,3,4},Y = {5,6,7}
and b;.

We use ¢’ and ¢ to extend « to new partial executions a3, a4 by using ¢’ to extend « to az with the
state S’ = S - ¢’ and with " we obtain ay with the state S” = S - ", see Figure[8.2] Notice that the
difference between the states S; and §’, is only that the processes ps, ps executed in S; faster that
in §’, as in the later state, p3 and p4 execute concurrently together with ps, pe, p7. From S’ to §”,
the difference is that we “lifted” process ps, making it execute faster that ps, p4, ps, p7. We claim
that the following C-regular path of connected states exists.

Sy CM g T g

where the set Z C 7 is defined as

7 {bz if scval(by, S') # scval(by, S”)

{5} otherwise.

We first remark that by Lemma[8.1.3) Inv(S;) = Inv(S’) = Inv(S"), thus p; is indeed a C-regular
path. Second, we can make the equalities scval(b;, S1) = scval(b;, S’) hold true for all i € {1,2,3}.
This is done by using the Safe-Validity property of the safe-consensus task and the way the pro-
cesses invoke the shared objects (either there are at least two processes invoking a safe-consensus
object or the processes access a shared object in the same way in both states), so that the output
values of the safe-consensus objects cannot help the processes to distinguish between S; and S'.
The only two processes with a different view of the shared memory in S; and S’ are p3 and p4, thus

S1 =34 S’. For the case of the states S’ and S”, notice that while in S’, p3 and p4 invoked con-
currently the safe-consensus object, in S” ps is the first process to invoke the safe-consensus object
and it outputs before p3, p4 access the object (Figure 8.2), hence by the Safe-Validity condition, we
have that

scval(by, S") =5
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8.2. THE STAIRWAY METHOD
and for our examples, we have that scval(by, S’) = 3 # 5. This is where the cases of Equation
come into play. If it was true that scval(by, S”) = scval(by, S’), then the processes could distinguish
S"and S” only by the contents of the shared memory and the only process with a different view of
memory would be ps, thus Z = {5}. But for our example, we have that scval(by, S”) # scval(by, S'),
then not only ps has a different view of the shared memory in S’ and S”, but also all the processes
that invoke the shared object represented by b, see a different safe-consensus value in §’ and S”

. 7—b
and only these processes can see a difference, thus Z = b, and we conclude that S’ ~% S". We
have proven that the path p, does exist and it satisfies the property

7-2 if scval(b,, S") = scval(b,, S”
degpr = (.2 ) val(bz, 5)
7 — |ba| otherwise.

In the second case of the previous argument, when scval(by, S”) # scval(by, S'), we have that
7 — by € iSets(pz). This says that the complement of a box, representing a safe-consensus shared
object invoked by p3, p4, p5s, can be made the set of ids of processes that cannot distinguish between
two states of the path p; (in this case, between S’ and S”). This property plays an important role
to prove the main results of the next chapter and it is a consequence of the Stairway method. We
are now ready to prove the correctness of the second phase of the Stairway method for the general
case.

Lemma 8.2.3 (The Stairway method, Phase 2). Let n > 2,X,Y C u, A an iterated protocol with safe-
consensus objects and S an state that is reachable in A in some round r > 0. Assume also that bj is a box
representing a safe-consensus object used by some processes such that b; € Inv(Ly) = Inv(Ly), where
L1 =5-¢(Cy,...,Cy, X(]-)) is a ladder state for X with base bjand L, = S -{(Cy,...,Cy, Y(j)) is a ladder
state for (X — X(j)) U Y(j) with base b;. Finally, suppose that if b; = 7, scval(bj, L1) = scval(bj, L2).
Then Ly and Ly are connected in round r + 1 with a C-regular path of states p that satisfies the following
properties:

i) Ifscval(bj, L) = scval(bj, L) then degp > n — 2.
ii) If scval(bj, L1) # scval(bj, Lo) then degp > n — |b;| and n — b; € iSets(p).

Proof. Let 7 be the disjoint union7 = X~ U (XNY)UY™ UW, where

W=n—(X"UXnY)UuYy).

What we need to do to go from L; to L is to “interchange” X ;) with Y{;). We first construct a path
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of connected states p; given by

$-&(Cy,...,Cu X, Y UW)

i—Ai(1) B
NS E(Cr L, Cu A1), Xy — Aj(1), YT UW)

—A;(2) _
~ 5 E(Cr,.n L Cu A1), Aj(2), Xy — (Aj(1) UAj(2)), Y UW)
NN s (e, Cu A L), ANR), . As(a;), Y UI)

n—Aj(aj)

~ S- C(Cl,. . .,Cu,A]-(l),A]-(z),. . .,A]'(LK]' — 1),/\]'(06j) JY U W)

n—ANAj(a;j—1 n—A;(1

where the following properties hold:
* X4 = U';il Aj(i) is a partition of X(;) such that [A;(I)| =1forl =2,...,a;
o [Aj(D)]=2if [X;)| > 1and [Aj(1)] = |X;)| otherwise;
* p; is a C-regular path (Lemma8.1.3) with degp; > n —2;

¢ the safe-consensus value of every box b; is the same in each state of p;. This can be archived
by a proper election of elements of the set A;(1) and the Validity property of the safe-
consensus task.

Now, as Xy UY™ =Y; U XG) Uy — Y(;)), we can write the state S - £(Cy, ..., Cy, XHuYy u W)

as S-¢(Cy, ..., Cy Y U XU (Y= — YG)) U W). We need to build a second path p, as follows:

S+E(Cr,.,Cu, Y UXG U (Y™ = Y) UW)
88 (G, Cu Oi(1), (Y — (1) UXG U (YT =Y ) UW)
VOB (a0
$-&(Cr,- -, Cu (1), Q) UXG U (Y™ = Yj) UW)
T S E(Cu ) Cu (1), ), X U (YT~ Y UW)

ﬁfﬂj(ejfl)
~

S- (:(Cl,. . .,Cu,Qj(l),. . ,Q](é‘] — 1) U Q](GJ),X(_]) U (Y_ — Y(;)) U W)

S-g(CL...,Cu,Y(j),Xf U(Yﬁ —-Y .

ﬁfﬂiﬁf@'..ﬁfgﬁm
(/)

YUW).

Let L, be the last state of the previous path. The next assertions are true for the path p,:

* The sets (3(i) and ¢; are defined for Y;) and b; in the same way as the A;(7) and «; are
defined for X(j) and bj ;

* The path p; is C-regular (Lemma|8.1.3);
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8.2. THE STAIRWAY METHOD
* The safe-consensus value of every box ¢ # b is the same in every element of States(pz);

* scval(bj, Q) = scval(bj, P) for all Q, P € States(pz) — {R}, where R = S-¢(Cy, .. - Cu, Y(j) U
XU (Y= — YG>) UW);

¢ the set Z is defined by

7 b; if scval(bj, L) # scval(bj, Lo)
0;(1) otherwise;

Notice that by the last assertion, we can deduce that degp, > n — |bj| and 71 — b; € iSets(py) if
scval(bj, Ly) # scval(bj, Ly) and degps > n — 2 when scval(bj, L1) = scval(bj, Lo). Thus we can
use p; and py to obtain a C-regular path p which fulfills properties i)-ii) of the lemma and that
concludes the proof. O

Phase 3

The final phase of the Stairway method is the third one and it is also the easiest phase of all three.
From the two examples that we developed before the proofs of phases one and two (Lemmas|[8.2.2]
and [8.2.3), to be able to connect the two states P and Q of Equation , successor states of a
reachable state S in the iterated protocol A, we have the following data:

A C-regular path p; connecting P and §; = S - ¢({1,2},{3,4},{5,6,7});
A C-regular path p, connecting S; and S” = S - §({1,2}, {5}, {3,4,6,7}) with the properties:

- If scval(by, S1) = scval(by, S”) thendegp’ >5 =7 — 2.
— If scval(ba, S1) # scval(by, S”) then degp’ > 7 — |by| and 7 — by € iSets(p').

(See the properties of P,Q and b, in Equation ). To finish the Stairway method for X =
{1,2,3,4} and b, = {3,4,5}, it only remains for us to connect the state S” with the state S, =
S-¢({1,2,5},{3,4,6,7}) using a C-regular path p3 with a high degree of indistinguishability, but
this can be done by applying phase one of the Stairway method to the state S, and using S” as
the final ladder state. We can see the three paths pq,p, and p, combined into a single path q;
connecting the states P and S, in Figure By the previous examples, this path has the following
properties

* ¢ is a C-regular path.
e Ifscval(by, P) = scval(by, Sz) then degqy > 7 — 2.
e If scval(by, P) # scval(by, Sz) then degqy > 7 — |by| and 7 — by € iSets(q1).

This finishes the Stairway method for the sets X = {1,2,3,4},Y = {5,6,7} and the box b, =
{3,4,5}. We have not been able to connect the states P and Q, we will do this in the final section
of this chapter, after we prove Theorem which tell us that to be able to connect P and Q, we
only need to apply the Stairway method to the remaining boxes b; and bs.

Here is the proof of the full Stairway method for an arbitrary iterated protocol and any pair of
subsets X, Y C 7.
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Lemma 8.2.4 (The complete Stairway method). Let n > 2, X,Y C n, A an iterated protocol with
safe-consensus objects, S a state that is reachable in A in some round r > 0 and b; a box representing a safe-
consensus object used by some processes in round r + 1 such that b; € Inv(Q1) = Inv(Q>), where Q1 =
§-¢(X)and Q2 = S - ¢(Y(j) U (X — X(j))). Assume also that if b; = 7, scval(bj, Q1) = scval(bj, Q2).
Then the states Q1 and Qo are connected in round r + 1 with a C-regular path of states p that satisfies the
following properties:

a) Ifscval(bj, Q1) = scval(bj, Q2) then degp > n — 2.

b) Ifscval(bj, Q1) # scval(bj, Q2) then degp > n — |bj| and 1 — b; € iSets(p).

bi: p1,p2
«
ba:  p3,pa,D5
bs: pe,p7
aq Qs
v as QY
P1,P2 P3,P4 P1,P2 D5
D5 De>Pr b1, P2 b1, p2 P12 D3,P1 D6, D7
S-€({1,2,3,4},{5,6,7}) P3, P4 Ps S-€({1,2,5},{3,4,6,7})
Ps  DPe,P7 P3,P4,P5 P6,P7 P3,P4  Pe,P7

5-€({1,2), 13,41, {5,6,7)  §-€({1,2},{3,4,5,6,7}) S5-&({1,2}, {5}, {3,4,6,7})

Figure 8.3: The Stairway method for n = 7 processes, X = {1,2,3,4},Y = {5,6,7} and b,.

Proof. By Lemma The state Q1 can be connected with a state of the form QX(],) = S.
¢(By,...,Bs, X(j)) with a C-regular path g; such that degq; > n — 2. Using Lemma wa can
be connected with QY(/’) =S-¢(By,...,Bs, Y(j)) by means of a C-regular path qp: Qx,, ~ -+ ~ Qy(j)
such that q; satisfies properties i) and ii) of that Lemma. And we can apply Lemmato connect
Qy,, with Q> with the C-regular path g3 which has indistinguishability degree no less that n — 2.
Therefore the path of connected states built by first gluing together the paths ¢; and ¢, followed
by g3, is a C-regular path q such that the requirements a)-b) are satisfied. O

8.2.2 Local connectivity of iterated protocols with safe-consensus

In this section, we use the Stairway method of Lemma8.2.4]to prove the main result of this chapter,
Theorem 8.2.5] It will allow us to connect two given states of an iterated protocol with safe-
consensus with a path q of connected state with a high degree of indistinguishability and also
the important property that the complements of some boxes representing safe-consensus shared
objects of the protocol, belong to the set iSets(q). After we have proven Theorem we will be
able to finally finish the example that we begun to develop at the beginning of Section and it
will help us to exemplify with specific data what is what can be done with Theorem 8.2.5]

Before proceeding to the proof of the main result of this chapter, we need one last technical
definition. Let Qq, Q2 be two reachable states in round r of an iterated protocol A for n processes
with safe-consensus objects. The set ©”,(Q1, Q2) is defined as
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8.2. THE STAIRWAY METHOD

D7(Q1,Q2) ={beT4(n)|beInv(Qi) NInv(Q,) and scval(b, Q1) # scval(b, Q) }.

For our long lasting example and the states P, Q given in and accordingly to the properties
of P and Q presented in , we have that 7 (P, Q) = {b2}, where r is the round number of both
Pand Q.

Theorem 8.2.5. Let n > 2and X,Y C n, A an iterated protocol with safe-consensus objects, S a reachable
state of A in some round r > O and let Q1 = S - &(X) and Q» = S - &(Y) be such that 1 & D" (Q1, Q2).
Then Q1 and Qo are connected in round r + 1 with a C-regular path of states p such that

(A) If@g”(Ql,Qz) = &, then degp > n — 2.
(B) If the set ®"71(Q1, Q2) is not empty, then

1. degp > min{n — |b’}be©;1“(Ql,Qz)"

2. for every Z € iSets(p) with |Z| < n — 2, there exists an unique b € D" (Q1, Q2) such that
Z=mn—b.

Proof. By Lemma D% (P1,P,) = {b € Tyq(n) | b € Invgand scval(b, P;) # scval(b, P2)},
where P is a one-round successor state of S and Invs = Inv(P;), [ = 1,2. Let Invg = {by,...,b,}.
By Lemma we can connect the state Q1 with Ry = S {(Y(q) U (X — X(y))) using a C-regular
pathpi: Q1 ~ --- ~ Ry such that

(Al) If bl ¢ @rAJrl(Ql,Rl), then degp1 >n—2.
(By) If by € @ijl(Ql,Rl), then degpy > n — |by| and 7 — by € iSets(p1).

Notice that if there is a set Z € iSets(p;) with size strictly less that n — 2, then it must be true that
b, € CDL‘H(Ql,Rl), because if by & @Zjl(Qb Ry), the by (A1), |Z| > n — 2 and this is impossible.
Thus the conclusion of property (B ) holds for p;, which means that 7 — by € iSets(p; ). Examining
the proof of Lemma we can convince ourselves that every W € iSets(p;) such that W #
7 — |b1| has cardinality at least n — 2, thus Z = 7 — b;.

Applying Lemma @ to the states Ry and Ry = S - {(Y(3) UY(p) U (X — (X(1) U X(2)))), we
find a C-regular path py: Ry ~ --- ~ Rj such that p, and b, enjoy the same properties which p;
and b; have. We can combine the paths p; and p, to obtain a C-regular path p1p: Q1 ~ --- ~ Ry
from Q; to R; satisfying the properties

(Az) If {bl, b2} N Qﬁl(Ql,Rz) = @, then degp12 >n—2.
(B2) If {b1, bo} N D" 1(Q1, Ry) is not empty, then

1. degpip = min{n — ‘b|}b€{b1,bz}ﬂ©f4“(Ql,Rz);

2. for every Z € iSets(pp) with |Z| < n — 2, there exists an unique b € {by, by} N
D"1(Q1, Ry) such that Z = 77 — b.
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We can repeat this process foralls € {1,...,q}. Ingeneral, if Rs = S - Z((U; Y5)) U (X — (Uj X)),
we can construct a C-regular path

p1s: Q1 ~ - ~ Ry,
with the properties

(As) If {by,..., b} ND'F1(Q1, Rs) = @, then deg pys > n — 2.
(Bs) If {by,...,bs} N @:jl(Ql,Rs) is not empty, then

1. degpis > min{n — |b|}be{bl,...,bs}mmjl(Ql,RS);
2. for every Z € iSets(pys) with |Z] < n — 2, there exists an unique b € {by,...,bs} N
©"1(Q1, R;) such that Z = 71 — b.
AsR, = S-¢((U! Yii)) U (X — ! X@))) = S-¢(Y) = Qq, the path py, is the desired C-regular
path from Q; to Q,, fulfilling conditions (A) and (B) (because {by,...,b;} ND"1(Q1,Ry) =

Invs ND"1(Q1, Q2) = D" 1(Q1, Q2)). The result follows. O
DP1,P2  P3,P4 P1,DP2 P1,p2 P1,DP2 b1,P2 Ps
Ps  Pe,P1 P3, D4 pPs P3, P4 Pe, D7
Ps  De,P7 P3,P4,P5  P6,P7 P3,P4  Pe,D7

5-£({1,2,3,4},{5,6,7}) ~ S - £({1,2},{3,4},{5,6,7}) ~ S - £({1,2},{3,4,5,6,7}) ~ S - £({1,2},{5},{3,4,6,7}) ~ S - £({1,2,5},{3,4,6,7})
(a)

p1,P2 Ps Ps Ps
P3,p4  Pe, P17 p1,DP2 P1,P2 P3,P4  Pe,P7
P3,P4  Pe,P7
bi: p1,p2
5-6({1,2,5},{3,4,6,7}) ~ 5 - £({5},{1,2},{3,4,6,7}) ~ 5 - £({5},{1,2,3,4,6,7}) b2t Pp3,p1,P5
(b) bs: pe,p7
ps D5 Ps  DPe,P1
P1,P2 P3,P4  Pe,P7 Ps, P17 P1,P2 P3,P4
P1,P2 P3,Pa

S-€({5},{1,2,3,4,6,7}) ~ S - £({5},{6,7},{1,2,3,4}) ~ S - £({5,6,7},{1,2,3,4})
()

Figure 8.4: The path of the proof of Theorem for n = 7 processes, thesets X = {1,2,3,4},Y =
{5,6,7} and the boxes by, by, bs.

As an example of the result proved in Theorem we connect the states P, Q presented in
the examples of Section By applying Theorem we obtain a C-regular path g, which
is given in Figure It is divided into three parts for the sake of space. The first section of the
path q is the five-state path q; specified in part (a) of the figure, this is precisely the path that we
constructed in the previous section using the Stairway method (Lemma applied to the sets
X =41,2,3,4},Y = {5,6,7} and box b, = {3,4,5}. The middle path g, of part (b) of Figure

136



8.2. THE STAIRWAY METHOD
is obtained by using the Stairway method[for the sets X’ = {1,2,5},Y’ = {5} and the box b; =
{1,2}. The last path g3 in part (c) of Figure 8.4/is obtained again with the Stairway method used
for the sets X" = {5},Y" = {5,6,7} and box bs3. Joining the three paths we obtain the desired C-
regular path q connecting P and Q. For simplicity, we have omitted the elements of the set iSets(X)
from the drawings of Figure but it is easy to see that degq >4 =7 —3 =7 — |by|. Also, as
scval(by, P) = 3 # 5 = scval(by, Q), we have that {1,2,6,7} =7 — {3,4,5} =7 — b, € iSets(q).

In the next chapter, we use Theorem to prove the main result of the second part of this
thesis: A matching lower bound on the number of safe-consensus shared objects needed to solve
the consensus task with an iterated protocol with safe-consensus shared objects. Thus we will
prove that the consensus protocol of Chapter [7]is sharp.

LOf course, it can happen that in a given situation, it is not necessary to apply all the steps of the Stairway method.
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A Tight lower bound to implement consensus in
the iterated model with safe-consensus

In this Chapter, we present the main result of the second part of this thesis: A matching lower
bound on the number of safe-consensus objects needed to solve consensus with any iterated pro-
tocol, as we have defined them in Chapter[f] Our lower bound proof is based on standard biva-
lency arguments [FLP85], but in order to be able to apply them, a careful combinatorial work is
necessary. We give a brief analysis and describe all the details in the following pages.

The combinatorial results which we develop in this chapter, tell us something about the con-
nectivity of simple graphs, specifically, connectivity of subgraphs of Johnson graphs. In Section[9.1}
we introduce the necessary concepts regarding graph theory and Johnson graphs and then we
prove Theorem one of the results that we need to be able to show the lower bound result.
Later, in Section we give an intuitive overview of the main details behind the proof of the
lower bound. We use the consensus protocol of Chapter [7]to show how the processes execute the
protocol and invoke the safe-consensus shared objects against a path of connected initial states,
in such a way that in each iteration of the protocol, the path of initial states is transformed into a
path with decreasing degree of indistinguishability, until the paths connecting states vanish and
the processes can make a decision on the consensus output. We also modify this protocol to obtain
a “bad protocol” with few safe-consensus objects and we show how this protocol is unable to solve
consensus, because it cannot disconnect two specific reachable states, which are connected with
a path. Thus, this bad protocol will provide us with an example exhibiting the key ingredients
of the lower bound proof. In the last section, we present the formal proof of the lower bound on
the number of safe-consensus objects needed by any iterated protocol with safe-consensus objects
that solves consensus.

9.1 The combinatorics of iterated protocols with safe-consensus

In this section, we present definitions and results regarding graph theory and in particular, John-
son graphs and the connectivity of their subgraphs, which are needed to prove Theorem
the combinatorial result needed in the lower bound proof. We also gives a brief analysis of how
our lower bound result was born, together with the formulation of Theorem To do this
analysis, we use the consensus protocol presented in Chapter [7]and examining its combinatorial
properties.
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CHAPTER 9. A LOWER BOUND TO IMPLEMENT CONSENSUS
9.1.1 Subgraphs of Johnson graphs

Our graph terminology is standard, see for example [Bol98], all the graphs that we use are simple
graphs. For any set A and E C P(A), we denote the union of all the elements of every set in E as

UE.

Definition 9.1.1. For 1 < m < n, the Johnson graph ], , has as vertex set all subsets of 7 of cardi-
nality m, two vertices by, by are adjacent if and only if |b; N by| = m — 1. The set V(J,») will be
denoted by V;, .

Johnson graphs are closely related to coding theory, in particular, they have a deep relationship
with Johnson schemes [DL98]. Both Johnson graphs and Johnson schemes are named after Selmer
M. Johnson. Examples of Johnson graphs include all complete graphs on n vertices, isomorphic to
Jn1; the octahedral graph is the graph J4»; J52 is isomorphic to the complement of the Petersen graph.

Definition 9.1.2. Let 1 < m < nand U C V,, . Define the set {(U) as
Z(U) ={cud|c,dc Uand|cnd| =m—1}.
Notice that each f € {(U) has size m + 1 because, if f = cUd for ¢,d € U, then |c| = |d| = m
and itis known that |cNd| =m —1 < |cUd| =m+ 1. Thus {(U) C Vy 1.
Definition 9.1.3. Forany U C V,,,, and v = 0,...,n — m, the iterated {-operator {* is given by

gv(u):{u ifo =0,

Z(z°~1(U)) otherwise.
As U C V,,,, we can check that {?(U) C V,u40. A simple, but useful property of the (-

operator is that
Urw) cyu

9.1.2 Combinatorial properties of a consensus protocol

Before proving Theorem[9.1.10} we give a short description of how the main statement of the lower
bound result and Theorem [9.1.10] were conceived. We use as a guiding example the consensus
protocol of Chapter

In view of the representation of invocations of safe-consensus shared objects as boxes (that
is, as subsets of 71, see Definitions and in a protocol with safe-consensus, we can use
the framework introduced in the previous section to identify combinatorial properties of iterated
protocols with safe-consensus that solve the consensus task. Let A be the consensus protocol of
Chapter[7]and suppose that n = 4. It is easy to see that for all m € {2,3,4},

2

In part (a) of Figure we can see the same figure that we studied for the first time in Sec-
tion This is a graphical representation of the invocations of shared object performed by the
processes when they execute the protocol A to solve consensus, for the case of four processes. By
the results of Chapter|/, we can identify a 2coalitions-consensus object 2CC; with a safe-consensus
shared object and each safe-consensus object can be identified with a box b;, accordingly to which
processes are invoking the shared object. This new representation of the execution of A using
boxes is depicted in part (b) of Figure[9.1} so that we have that

va(4,m)=4—m+1 and  vy(4) = <4> = 6.
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T4(42) = {{1,2},{2,3},{3,4} };

T'4(4,3) ={{1,2,3},{2,3,4} };

T4(4,4) = {4}.

It is not hard to see that if we modify the protocol A in such a way that the processes p3, ps never
invoke a safe-consensus object only the two of them, then the modified protocol will fail to solve
the consensus task and the same is true if the processes p», p3 never invoke a safe-consensus object,

or any other choice of removal of invocations of safe-consensus objects done by the processes in
A and represented in Figure

2CCq {1,2,3,4}
2CC, 2CCs {1,2,3}  {2,3,4}

2CC, 2CC, 2CC;  {1,2}

P1D2 P2 D3 P3 D4 P1D2 P23 P3Da
(a) (b)

Figure 9.1: The combinatorial representation of the invocations of safe-consensus objects in a 4-
process consensus protocol.

The question that we must try to answer is this: What happens combinatorially when we
remove one safe-consensus invocation (i.e., a box) from A ? In order to give an answer, we can
use the framework of Johnson graphs previously defined.

Let Uy, =T 4(4,m) (m € {2,3,4}). We can identify each set U, of A as a subset of vertices of
Jam, thus, Uy, C Vy. Uy induces a subgraph Gy, of Jum, m € {2,3,4}. Now, Figuresuggest
that, in some manner, the processes obtain the set of 3-boxes U3 by applying the {-operator to the
set U; and the singleton Uy is obtained with one application of { to Us. In short,

() =Us; and {(Us) = Us.

But using the two equalities with the iterated J-operator we have also that

G2 (Uz) = ¢(L(U2)) = C(Us) = Uy,

therefore, {>(U) = Uy = {4} and the consensus protocol of Chapter E] satisfies these equalities
with the (-operator and the sets of boxes U,,. Notice also that the graphs G,,, induced by the boxes
of A, are all connected and each G,, has order 4 — m + 1.

What happens if we remove one vertex, for example, b = {3,4} from the graph G, ? Or
equivalently, what happens if we forbid processes p3, p4 to invoke together a safe-consensus object
in A ? In this case, we obtain a new subgraph G} of J4,, induced by the set of vertices U} =
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{{1,2},{2,3}} of cardinality 4 — 2 = 2. The equalities of and are no longer true for the
sets Uj, Uz and Uy, as

c(Uz) ={{1,23}} CUs and G*(U3) =C({{L,23}}) =2 # Us.

If instead of considering the graph induced by U}, we consider the graph G} induced by the set
uy = {{1,2},{3,4}} (again, we forbid the invocations of safe-consensus objects represented by
the box {2,3}), then the result is basically the same, because {(Uy) = &, so that {2(U}) = @ #
' 4(4,4). Notice also that while G} is connected, G} is disconnected, but both graphs have only
4 — 2 = 2 vertices. We can generate similar results if we remove one vertex from any of the sets
Uz, Uy.

All these examples suggest that for any iterated protocol for four processes that solves the
consensus task, the equalities given in and must be fulfilled and a necessary condition
for this to be true is that v4(4,m) > 4 —m for all m = 2,3,4. With a little effort, we can repeat
this experiment for the consensus protocol of Chapter [/|for any n > 4 and the results would be
the same. In summary, these examples lead us to conjecture that for any n > 2 and any iterated
protocol A that solves n-consensus, it must be true that

va(n,m)>n—m forallm € {2,...,n},

that is, the protocol A must allow the processes to invoke safe-consensus shared objects by sets
of m processes in at least n — m + 1 different ways. Thus, in order to show true our lower bound
result, our main objective is to prove that if v 4(n, m) < n — m for some m, then A cannot solve the
consensus task. And what happens in general to the combinatorics of A when vy(n,m) < n—m
? Our 4-process example says that {?(Uj;) = @, which can be interpreted in the following way: It
is impossible to obtain the set T 4(4,4) = {4} if the number of 2-boxes is at most 4 — 2 = 2. This
can be expressed in the general setting as follows:

Ifvy(n,m) <n—m,then " "™(T4(n,m)) = .

{3,5} {2,4} {2,4,7}
{4,7} (1,3,5y {246}
(1,3} (A% {4,6,7}
U ¢(U)
{2,4,6,7} 1%}
¢3(U) GU) =)

Figure 9.2: A subgraph of J;, with 7 — 2 = 5 vertices such that {*~2(U) = @.

But this is nothing more that an application of Theorem [9.1.10, We will take any subset U C
Vim such that [U| < n —m and prove that {"~™(U) = @. We can see a graphical example of
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Theorem [9.1.10]in Figure In Section we will confirm that this combinatorial property is
indeed necessary to solve n-consensus with any iterated protocol with safe-consensus objects.

9.1.3 The connectivity of subgraphs of |,

We are ready to prove all the combinatorial results that we need. Besides the inequalities with
respect to the quantity n — m, we will see in the results of this section that connectivity also plays
an important role in the development of Theorem [9.1.10

Lemma 9.1.4. Let U C V,,,, and G = G [U]. The following properties are satisfied.
(i) If G is connected, then | JU| < m — 1+ [U].
(ii) IfUy, ..., U, are connected components of G, then {(Uj_, U;) = Ui_1 C(U;).

Proof. (i) can be proven easily using induction on |U| and (ii) is an easy consequence of the defini-
tions, thus we omit the proof. O

Lemma 9.1.5. Let U C V,, ,, with |U| < n —m. If G [U] is connected then |JU # 7.

Proof. Suppose that with the given hypothesis [JU = 1. As G [U] is connected, we can use part
(i) of Lemma to obtain the inequality n < m + |U| — 1. But this implies that |U| > n —m + 1
and this is a contradiction. Therefore |J U # 7. O

The following lemma is about subgraphs of ], », it is a small result needed to give the full proof
of our lower bound (see Theorem [9.3.5). However, this result is far easier to prove than Theorem
9.1.101

Lemma 9.1.6. Let U C V,,» with |U| < n — 2. Then there exists a partition n = A U B such that
(VbeU)(b < Aorb C B).

Proof. If JU # 7, then setting A = 71 — {i} and B = {i} where i ¢ |JU we are done. Otherwise,
by Lemma the induced subgraph G = G [U] of ], is disconnected. There exists a partition
Vi, V2 of V(G) = U with the property that there is no edge of G from any vertex of V; to any vertex
of V2. Let

A=Jv and B=JVa

It is easy to show that 77 = A U B is the partition of 7 that we need. ]

Lemma 9.1.7. Let U C V,,,, with |U| > 1and G = G [U] a connected subgraph of [, m. Then the graph
G' = G[g(U)] is connected and \JZ(U) = Y U.

Proof. We show that G’ is connected. If G contains only two vertices, then G’ contains only one
vertex and the result is immediate. So assume that |U| > 2 and take b, c € {(U). We need to show
that there is a path from b to c. We know that b = by Uby and ¢ = ¢; Uy with b;,¢c; € U fori =1,2.
As G is connected, there is a path

U1 =by,v2,...,05 =2,
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and we use it to build the following path in G/,

b=bUv,01U0,...,0,1Uvgc=10,Uc,

thus b and ¢ are connected in G/, so that it is a connected graph.

Now we prove that JZ(U) = JU. By Equation , Ug(U) € UU, so it only remains to
prove the other inclusion. Let x € |JU, there is a vertex b € U such that x € b and as |U| > 1
and G is connected, there exists another vertex ¢ € U such that b and c are adjacent in G. Then
bUc € g(U), thus

xebcbucclJgu),

therefore | JU C |JZ(U) and the equality holds. This concludes the proof. O

Lemma 9.1.8. Let U C V,,,,, G = G [U], G’ = G [{(U)] and U be the set of connected components of the
graph G. Then the following conditions hold:

1. For any connected component V of G', there exists a set O C U such that

v=0Jo)= U i(2).

zeO

2. If V, V' are two different connected components of G' and O,O" C U are the sets which fulfill
property 1 for V and V' respectively, then O N O' = @.

Proof. Part 2 is clearly true, so we only need to prove part 1. Define the graph 1 = (V(#),E(H))
as follows:

Two vertices Z, Z' form an edge in E(#) if and only if there exist b,c € Z and d,e € Z’ such
that

- bn¢f=m—1and |[dNe|=m—1
- |(bUc)n(@due)| =m.

Roughly speaking, H describes for two connected components Z, Z' of G, whether {(Z), {(Z’) lie
in the same connected component of G’ or not. Let V be a connected component of G',if b € V,
then b = by U by, where by, by are in some connected component Z, C U of G. In H, there exists a
component O such that Z, € O. By Lemma[.1.7) G [{(Z,;)] is connected and b € (Z,) NV, so it
is clear that {(Z,) C V. Suppose that Z' € O with Z' # Z,, and these components form an edge in
. This means that G [{(Z;)] and G [{(Z')] are joined by at least one edge in G’, thus every vertex
of {(Z') is connected with every vertex of {(Z;), and as {(Z,) C V, {(Z,) UZ(Z') C V. We can
continue this process with every element of the set O — {Z;, Z'} to show that

(UJo)= Uz cv.

zeO

(The first equality comes from part (ii) of Lemma9.1.4). We prove the other inclusion, if V = {b},
we are done. Otherwise, let c € V — {b},if c € {(Z,), then ¢ € {(UO). In case that ¢ ¢ (Z),
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there must exists some connected component Z. of G such that ¢ € {(Z;) and Z; # Z;. In G', we
can find apathb = vy,...,v9; = cwherev; € Vfori =1,...,q. The set Q C U defined as

Q={XeU|(Fj(1<j<qandv; (X))},

can be seen to have the property that every pair of vertices X, X’ € Q are connected by a path in
H. Since Zy,, Z, € Q, they are connected in H and as Z, € O, then Z, € O, so thatc € (U O).
Therefore V C {(|J O) and the equality V = Uz {(Z) holds. This proves part 1 and finishes the
proof. O

Lemma 9.1.9. Let U C V,,,, and U be the set of connected components of G [U]. Then for all s €
{0,...,n—m} and G° = G [(*(U)], the following conditions are satisfied.

H1 For every connected component V of the graph G°, there exists a set O C U such that

Uvism=1+1) 12|

VA9,

H2 If V, V' are two different connected components of G° and O, 0" C U are the sets which make true
the inequality given in for V and V' respectively, then O N O' = @.

Proof. We prove the lemma by using induction on s. For the base case s = 0, G° = G [U], we use
Lemma[9.1.4Jand we are done. Suppose that for 0 < s < n — m, H1 and H2 are true. We prove the
case s + 1, let W be a connected component of the graph G*!. By part 1 of Lemma we know
that there is a unique set Q of connected components of G* such that

w=J Q)
QeQ

and because {(Q) # &, |Q| > 1, so that by Lemma UZ(Q) =UQforall Q € Q, thusitis
true that

Uw = UCU 2(Q)

QeQ

= U UQ)

QeQ

= U UQ.

QeQ

By the induction hypothesis, |JQ| < m —1+ ¥zc0,|Z|, where Og C U forall Q € Q and when
Q # R, Og N Or = @. With a simple induction on |Q|, it is rather forward to show that

UW|<m-1+ |z
ZeO

4

where O = Ugpecg Og, thus property H1 is fulfilled. We now show that condition H2 holds. If
W’ is another connected component of G**1, then applying the above procedure to W’ yields

W' = Usges C(S), UW' = USGS(US) and ]UW" <m—14+Yxeor|X|, with O" = Uges Os. By 2
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of Lemma ONS =g,sothatif Q € Qand S € S, then Q # S and the induction hypothesis
tell us that Og N Os = &, thus

ono’ = (U 0g)n(U 0s)
QeQ SeS
= U (0gn0s)
(Q,5)eQxS
= @,
and property H2 is satisfied, so that by induction we obtain the result. O

We can now prove the main result of the combinatorial part of the proof of the lower bound.
Theorem 9.1.10. Let U C V,,,, such that |U| < n —m. Then "~™(U) = @.

Proof. For a contradiction, suppose that "™ (U) # &, then G[¢" ™ (U)] is the graph J,, and
contains the unique connected component C = {7}, thus by Lemma for some set O of
connected components of G [U],

n=|JCl<m—-1+ ) |Z|<m—-1+]U|,
VA&

and we conclude that |U| > n —m + 1, a contradiction. So that {" ™ (U) # @ is impossible.

Therefore "~ (U) has no elements. O

0.2 The combinatorics of the lower bound

In this section, we give a general overview of the lower bound proof, by using the consensus pro-
tocol of Chapter 7| to present two examples that illustrate the combinatorial interactions between
the sets of processes that invoke safe-consensus shared objects (represented by boxes) and the sets
of processes that cannot distinguish between states of a path of connected reachable states in the
protocol. These examples will help us to understand the intuitive details of the lower bound proof.

9.2.1 The degree of indistinguishability of a path and safe-consensus invocations

Roughly, a typical consensus impossibility proof shows that a protocol A cannot solve consensus
because, given one execution of A in which processes decide a consensus value v, and a second
execution of .4 where the consensus output is v’ (v # '), the global states of these executions can
be connected with paths of connected states, implying that some processes decide distinct output
values [FLP85| LAAS87,|CR12|, violating the Agreement requirement of consensus. Any protocol
that is able to solve consensus, must prevent the existence of such paths of connected states.

For the case of our lower bound proof, the main circumstance that will prevent A from solving
consensus is that for some m € {2,...,n}, it is true that v4(n,m) < n —m, i.e., at most n — m
subsets of processes of size m can invoke safe-consensus shared objects in \A.

We introduce two examples using the consensus protocol of Chapter [7| The first example
explains how the protocol works its way to separate connected global states so that the processes
can reach consensus; while in the second example we modify the protocol to obtain a bad protocol
which we use to explain how the lower bound proof finds a path of connected states which cannot
be separated by the modified protocol and because of this, the processes fail to make a consensus.
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Example: Reaching consensus.

We use the consensus protocol A from Chapter [7] to illustrate how a working protocol is able to
destroy a path of connected states using the invocations of the safe-consensus objects. Suppose
that n = 4 and let Iy, I; be the two initial states of .4 such that, all processes have as input values
0’sin Ip and 1’s in I;. Using Lemma we can show easily that Iy, I; are connected with a path
of initial states

po: Io 1) J J2 J3 224,
and now assume that the processes begin executing A (part (a) of Figure 0.3). After the proto-
col has been executed for three rounds, the processes have invoked three safe-consensus shared
objects represented by the 2-boxes {1,2},{2,3},{3,4} € T'4(4,2). With the invocations of these
safe-consensus objects, the processes can “weaken” the path pg in part (b) of Figure Notice
how the sets by = {3,4},X; = {1,2,3} and Xo = {1,2,4} satisfy the following combinatorial

property
|b1ﬂX1|:1and|b1ﬂX2|:1.

This important property allows the safe-consensus object invoked by p3 and p4 to be able to
weaken the path py. It can be checked that if b; does not fulfill , then we can find an execution
of A in which the shared object represented by b; is “useless”, it does not help us to weaken py,
because we can use the Safe-Validity property of the safe-consensus task to find executions of A
in which the value returned to the processes by the shared object represented by b; is the same in
all these executions, thus this value cannot help the processes to distinguish global states.

It can be seen that b, = {2,3}, X and X3 = {1, 3,4} satisfy similar statements and the same
is true for b3 = {1,2}, X3 and X4 = {2,3,4}. In summary, after three rounds of 4, using the
safe-consensus objects represented by by, b, and b3, the processes are able to weaken the path
po, and the result is a new path p; (Figure (c)), which is a path connecting the states Ig, 113,
which are successor states of Iy and I;. A fundamental property of p; is that degp; = 2, being
X5 = {1,2}, X¢ = {1,4} and X7 = {3,4} the only elements in iSets(p;) with cardinality 2, while
in po, all the sets X; (I = 1,2,3,4) have size three, thus degpy = 3. It is in this sense that the new
path p; is weaker that pg and there is no way to find a path of successor states of Iy, I which does
not satisfy this property. The set of 2-boxes which satisfy property for the path pg is very
important, let

{1,24} {134}
l ~Y ~Y

Ba(po;2) = {b € Ta(4,2) | (3X,Y € iSets(po))(|X Nb| = 1A |YNB| = 1)},

thus, Ba(po;2) = {{1,2},{2,3},{3,4}} and this is the set of boxes which can weaken the path py,
in the sense described above.

Now back to the execution of A. If the processes continue to execute the protocol, they have to
work their way through the path p; (part (c) of Figure[9.3). The shared objects that they will invoke
in the next two rounds are represented by by = {2,3,4} and b5 = {1,2,3} (bs, b5 € T 4(4,3)) in part
(d) of Figure A simple analysis will show us that by satisfies Equation with the sets X5, X¢
and the same is true for bs, X¢ and X7. Again, it can be checked that if these conditions are not
tulfilled, then the path p; cannot be weakened by the shared objects represented by the boxes by, bs
and then the processes will not make any progress to reach a consensus. The result of applying
the safe-consensus objects represented by by, bs is the path p, (Figure 9.3|(e)) with degp, = 1. As

147



CHAPTER 9. A LOWER BOUND TO IMPLEMENT CONSENSUS
A A
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Figure 9.3: The combinatorial interactions between paths of connected states of an iterated proto-
col A and the safe-consensus objects invoked by the processes.

with the path pg, the set of boxes which can weaken p; is given by B4(p1;3) = {{1,2,3},{2,3,4}}
(this set is defined in a similar way as B_4(po;2) is defined) and notice that B_4(po; 2) and B_4(p1;3)
are subsets of vertices of J4» and J43 respectively and they satisfy the relation

Ba(p1;3) € Z(Ba(po;2)).

Following the same argument, in the last round of A, all the processes invoke a safe-consensus
object represented by the set by = {1,2,3,4} € T 4(4,4), as shown in part (f) of Figure[9.3] We can

prove easily that
|be N Xg| = |bg N Xo| =1,

where Xg = {2} and X9 = {4}. Thus B 4(p2;4) = {{1,2,3,4}} and we can also prove that b is the
unique set that can satisfy . As a result of this action, there cannot be a new path connecting
successor states of Iy and ;. Thus the set of paths {po, p1, p2} has been destroyed by the processes
and they finally take a decision on a unique consensus value. Finally, we have the relations

@ # Ba(pai4) C L(Balp1;3)) € TP (Bal(poi2)). 9.10

A general form of Equations and (.10 play an important role in the lower bound proof. We
will prove that given any path s of connected states of a protocol, we can build a sequence of paths
of successor states such that Equation ([0.10] is satisfied. Also, the proof of the lower bound shows
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that the general form of the condition B_4(p2;4) # @ of the previous example must be satisfied for
any iterated protocol that solves consensus using safe-consensus objects.

We remark that as we have proven in Chapter [7| that the protocol A is a correct consensus
protocol, it will do the same thing to any path of initial states that we propose, using only the
invocations of safe-consensus objects that the processes do.

Example: The lower bound proof.

To illustrate the lower bound proof,we now present a modified protocol, which is unable to solve
consensus and explain why. Suppose that we modify the protocol of Chapter [7]in such a way that
the only invocations of safe-consensus objects done by two processes are the 2-boxes ¢; = {3,4}
and c; = {1,2}. We obtain a new protocol A" with the property that

va(42) =2=4-2.

Assume now that the processes begin the execution of A" and take the path py of Equation .
When the processes try to weaken the path pg (Figure (b')), with the safe-consensus objects
represented by the boxes ¢1, ¢ € T 4/(4,2), we can prove that there are executions of A in which we
can obtain successor states Ij, I; of Iy and I; respectively, connected with a path pj which is shown
in part (b") of Figure The most important property of p] is the following: The sets Y; = {1,2}
and Y, = {3,4} are the smallest sets of ids of processes that cannot distinguish between some pairs
of states of p}, thus degp), = 2 and for the set B4 (po;2), we have that B4 (po;2) = {{1,2},{3,4}}
and these are the only boxes which can weaken the path po.

Figure 9.4: The obstruction {po, p}, ...} to reach consensus for the case v 4 (4,2) < 2.

If now we try to mimic the behavior of the previous example with the execution of the protocol
A, then to weaken the connectivity of pj, some processes must invoke a safe-consensus object,
represented by a box ¢, such that

|cﬁY1\:1and|cﬁY2|:1, 9.11

or, in other words, we must find a box c € By (p’1 ;3). But it can be proven that, as in the previous
example

Ba(p1;3) € T(Ba(po;2))

But using Definition it is easy to check that (B4 (po;2)) = @, thus thereisnosetc C 7
that can satisfy Equation with Y7 and Y». This fact can be used to find executions of A in
which the output value of all the safe-consensus shared objects represented by all the boxes of
size m > 3 is fixed for all these executions, thus these shared objects will not help the processes to
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distinguish between some specific global states. As a result of this, we will be able to build a new
path p/, with the same properties as p} and such that

deg p) > degp).

Moreover, we can find a path pj, (u > 2) for any subsequent round of A and such that degyp] >
degp]. This fact can be used to build a bivalency argument to show that .4’ cannot solve consen-
sus. We can say that the infinite sequence of paths po, p,...,p,, ... is an “obstruction” for A’ to
solve the consensus task.

The main circumstance that prevents the protocol A’ from solving consensus, is that
Tx(4,2) = Ba(po;2) = {{1,2},{3,4}}, which implies, for this example, that {(B_4 (po;2)) = @
and this will imply that

Ba(pi;4) =2, pr€{po,pl,...,pl,...}andl>2

In the general setting, we will use the fact that when for some my € 7, vy(n,mgy) =
T 4 (n,mp)| < n—my, then {" "™ (T g(n,my)) = @& (Theorem and this will allow us to
find executions of A" in which we can find an infinite sequence of paths of connected states,where
these paths connect successor states of some initial states with different valencies.

9.3 The formal results

We have gathered all the elements needed to prove our lower bound result. As we have said
before, we will show that if A is an iterated protocol for n-consensus, such that for some m,
va(n,m) < n — m, then there exists an execution of A in which two processes decide distinct
output values. Before proving our lower bound, we need a series of technical results that de-
scribe the global structure of iterated protocols with safe-consensus shared objects. One of these
results formalizes all the ideas described in the previous section with the two given examples of
an executing protocol and paths of connected reachable states.

9.3.1 Resultsfor3 <m<n

Before proving the lower bound, for technical reasons, we need to divide our results in two cases.
The first case covers the inequality v4(n,m) < n —m for any iterated protocol A with safe-
consensus and m € {3,...,n}. The main result in this case is Theorem For a given path
s of connected states of an iterated protocol A, consider the set

Bals) = {beTa(n)| (3X,Y €iSets(s))(|XNb| =1A|YNb| = 1)}.

The set B.4(s) contains all boxes of the protocol .A which can potentially weaken the path s, in the
sense of the two examples of Section For example, given the consensus protocol of Chapter
for four processes and the path pg of Figure we have that B4(po) = {{3,4},{2,3},{1,2}}. If
m e n,let

Balsim) = Ba(s) VT a(n,m).
Notice that B 4(s; m) C V,, . (see Section (9.1)).

The next lemma is the basic tool in proving Theorem we start with a path s of connected
states with various useful properties, related to the sets I' 4 (11, m) (specifically, the complements of
some boxes of A are elements of the set iSets(s)) and as result, a new path q is built (in the next
iteration of A) such that q extends the properties of s.
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Lemma 9.3.1. Let n > 3and 1 < v < s < n — 2 be fixed. Suppose that A is an iterated protocol with
safe-consensus objects and there exists a path

s5: 5 IS

of connected states of round r > 0 such that

A1 degs > v.

Ay Forevery X; withv < |X;| < s, there exists b; € T g4(n,n — |X;|) such that X; =7 — b;

Az 1 ¢ B(s).
Then in round r 4 1 there exists a path

q: Qo ~ -~ Qu

of connected successor states of all the S;, such that the following statements hold:

Y1 IfBals;n—v+1) =0, then degq > v.

Yy If a(s;n — v+ 1) is not empty, then degq > v — 1.

Y5 Forevery Z € iSets(q) with |Z| = v — 1, there exist X, X' € iSets(s) and a unique b € B 4(s;n —
v+1)suchthatZ=n—b=XNXandb=c1Ucy, cx € Tg(n,n—0).

Y, For every Z € iSets(q) with v < |Z| < s, there exists a unique b € T 4(n,n — |Z|) such that
Z=mn—>b.

Y5 Ba(gn—14+1) CC(Bals;n—1)) forv<I<s.

Proof. In order to find the path g that has the properties ¥1-¥5, first we need to define a set of states
of round r 4 1 of A, called CIDfL{H (s), which we will use to construct the path q. The key ingredient
of ®'!(s) is the safe-consensus values of the boxes used in each member of ®’;"!(s). Define the
set of states @'} (s) as

@ (s) ={R|R=S-Z(X) A (S, X) € States(s) x iSets(s)}.

Each element of CIDZH (s) is a state in round r + 1 of A which is obtained when all the processes with
ids in some set X € iSets(s) execute concurrently the operations of .4, followed by all processes
with ids in 7 — X. The safe-consensus values of each box for the states of CIDrjl (s) in round r + 1
are defined using the following rules: Let b € T 4(1) be any box such that b ¢ B(s).

e If [ XNb| # 1 for every X € iSets(s), then we claim that we can choose any element j € IN
such that j is the safe-consensus value of b in every state R € @' (s) such that b € Inv(R).

e If there exists exactly one set X € iSets(s) such that X Nb = {x}, then b has x as its safe-
consensus value in every state Q € &' (s) with b € Inv(Q).
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We establish rules to define the safe-consensus values of every element of the set § 4(s), using the
order on the set iSets(s) induced by the path 5, when we traverse s from Sy to S;. So that iSets(s)
is ordered as

Xi,..., X 9.12

For each b € B 4(s), suppose that X;, Xi iz, ..., Xijz, 1 < i <i4z1 <i4z0 < - <i+z <
7;z; > 0 and k > 1) is the (ordered) subset of iSets(s) of all X € iSets(s) with the property
|XNb| = 1. Take the set X;. If x; € X; N D, then x; is the safe-consensus value of b for all the
elements of @' (s) of the form P; = S-{(Xj) where b € Inv(P;) and 1 < j < i+ z; — 1. Next,
in all states R, € @fjl(s) such that R, = S - &(X,) withb € Inv(R,) andi+2z; <u <i+2z,—1,
b has safe-consensus value equal to x;;,, € X;;,, Nb. In general, in all states T, € @fjl (s) of the
form T, = S - {(X,) where b € Inv(T,) andi+z < v <i+zy3—1land1 <1 < k—1,bhas
safe-consensus value equal to x;,, € Xji, N b. Finally, in each state Ly, = S - &(Xw) € @7 (s)
with b € Inv(Ly) and i 4 z; < w < g, b has safe-consensus value equal to x;,,, € Xj i, Nb.

Using the Safe-Validity property of the safe-consensus task, it is an easy (but long) routine task
to show that we can find states of A in round r + 1 which have the form of the states given in
<I)j4+1 (s) and with the desired safe-consensus values for every box.

We are ready to build the path g of the Lemm We use induction on g > 1. For the base case
when g = 1, we have that s: S 5 Sy, with |X1| > v. Here we easily build the path Sy - £(X;) X

S1 - &(X1) which clearly satisfies properties ¥1-¥5. Assume that for 1 < w < g we have a path

q:Qo~--~Q (I21),

Satisfying conditions ¥1-¥5 and such that Qp = Sp - {(X1), Q1 = Sw - {(Xw). We now connect the
state Q; with Q = Sy41 - {(Xy+1)- By Theorem there is a C-regular path

0: Qe Q

such that Q' = Sy - {(Xw+1) and v, Q; and Q' satisfy conditions (A)-(B) of that theorem. Clearly
@’Xl (Q1,Q") C B(s), because the only boxes used by A in the states Q; and Q" with different safe-
consensus value, are the boxes which intersect two different sets X, X’ € iSets(s) in one element.
Xw+1

Joining the path g’ with v, followed by the small path t: Q' Q (of degree at least v), we obtain
anew path q: Qg ~ --- ~ Q. We now need to show that q satisfies properties ¥{-¥s.

¥ Notice that every box in B(s) has size no bigger that n — v 4 1. Suppose that f4(s;n — v +
1) = @. In particular, this implies that ”ijl(Ql, Q)NT4(n,n—v+1) = @. If it happens
that ’ijl (Q;, Q) is void, then as condition (A) of Theorem holds for v, degv > v. But
if ’ijl(Ql, Q') # @ we have that [b| < n—v forall b € @fjl(Ql,Q’), thus by part 1. of

property (B) of Theorem
degv > min{n — ’b|}be®f4“(Q;,Q’) > 0.

By the induction hypothesis, degq’ > v and also degt > v, so that degq > v.

LNotic}e1 that the order given to @ijl (s) in equation is the precise order in which the states of this set will appear
in the path q.
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Y>

Yy

If Ba(s;n —v+1) # &, then either degq’ > v — 1 (by the induction hypothesis) or degv >
v — 1. This last assertion is true, because by (B) of Theorem we have that degv >
min{n — ‘b|}b€934“(Qz,Q’) > v — 1. Therefore degq > v — 1.

We remark first that iSets(q) = iSets(q') U iSets(v) U iSets(t). If we are given Z € iSets(q)
such that |Z| = v — 1, then Z € iSets(q’) or Z € iSets(v). When Z € iSets(q’), we use our
induction hypothesis to show that Z =Y NY' =7 —d for some Y, Y’ € iSets(s) and unique
d € Ba(s;n—v+1)suchthatd = d'ud’, d',d’ € T 4(n,n—v). On the other hand, if
Z € iSets(v), it must be true that ®"(Q;, Q') # @ (if not, then degv > n — 2 by property
(A) of Theorem for v and this contradicts the size of Z). Asv—1 < n —2, we can
apply part 2 of the condition (B) of Theorem to deduce that Z = 7 — b for a unique
b€ D1(Q,Q). Because |Z| =v—1, || =n—v+1 Now, b € D71(Q;, Q") C Ba(s),
thus there exists X, X’ € iSets(s) such that [X Nb| =1 A | X' Nb| = 1 and this clearly implies
that |[X| = |X'| =vand 7 — b = XN X/, that is,

Z=n—-b=XnX,

and finally, we apply A, of the path s to X, X’ to find two unique boxes ¢, ¢’ € T g(n,n — v)
with X =11 —cA X =7 -, so that

n—-b=XNX=m-c)Nnm-)=n1—-(cU/c),
then b = ¢ U ¢’ and condition ¥3 is satisfied by q.

The path q fulfills this property because of the induction hypothesis on ¢’, condition A; for
s and (B) of Theorem for v.

Let! € {v,...,s}. This property is satisfied by q if B4(q;n — 1+ 1) = @. Suppose that
c € Bal(g;n —1+1), there exist X,Y € iSets(q) such that |[XN¢c| = |[YN¢| = 1. Then |X| =
|Y| = 1, so that we use property ¥3 (or ¥4) on X, Y to find two boxes bx, by € Ba(s;n —1)
such that X = n—bx AY = n—Dby. Also, XNY =n—¢, thusn—c=XNY = (n—
bx) N (1 —by) =71 — (bx U by). Therefore ¢ = bx U by and this says that c € {(Ba(s;n —1)).
Condition Y¥s is fulfilled by q.

We have shown with induction that we can build the path g from the path s, no matter how many
states s has. This proves the Lemma. O

The following Lemma is a weaker version of Lemma and it can be proven mostly as a
consequence of that result.

Corollary 9.3.2. Let n > 3and 1 < s < n — 2 be fixed. Suppose that A is an iterated protocol with
safe-consensus objects and there exists a path

5;5028...)/&5’7 (q)l),

of connected states of round r > 0 such that degs > sand 1 & B 4(s). Then in round r + 1 there exists a

path

Zy

z
q: Qo ~ -~ Qu

such that the following statements hold:
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CHAPTER 9. A LOWER BOUND TO IMPLEMENT CONSENSUS
Y IfBa(s;n—s+1) = &, then degq > s.

Yo If Ba(s;n —s+ 1) is not empty, then degq > s — 1.

Y5 Forevery Z € iSets(q) with |Z| = s — 1, there exist X, X' € iSets(s) and a unique b € B 4(s;n —
s+1)suchthatZ=n—-b=XnNX"

Ys Balain—s+2) Co(Bals;n—s+1)).

We have gathered all the required elements to prove Theorem This result uses the prop-
erties of Lemma to find an infinite sequence of paths of connected reachable states, all these
paths enjoy many of the properties of the resulting path of Lemma To prove Theorem[9.3.3}

we need to apply Theorem [9.1.10| from Section 9.1}

Theorem 9.3.3. Let n > 3 and 3 < m < n be fixed. Suppose that A is an iterated protocol with safe-
consensus objects such that v,(n,m) < n—m. If S", Q" are two reachable states in A for some round
r > 0, connected with a path q: S" ~ --- ~ Q" such that degq > n —m + 1, then for all u > 0, there
exist successor states S"", Q" of S" and Q" respectively, in round r + u of A, such that S"** and Q"
are connected.

Proof. Let A be a protocol with the given hypothesis, set qo = q and m = n —s+ 1. Because
3<m<nse{l,.. n—2} Using the path qo and applying Corollary we build a path
qr: S~ ... ~ Q"1 connecting the successor states S, Q"1 of S" and Q respectively, such
that

Y11 IfBa(gosn—s+1) =2, thendegq; > s —1.
Y1, If Ba(qo;n — s+ 1) is not empty, then degq; > s — 1.

Y13 For every Z € iSets(qq) with |Z| = s — 1, there exist X, X' € iSets(qp) and a unique b €
Balgosn—s+1)suchthatZ=n—-b=XnNX"

Y15 Balan—s+2) CT(Balqon—s+1)).

Starting from ¢; and using induction together with Lemma we can prove that for each u €
{1,...,s — 1}, there exist successor states S, Q" of the states S” and Q" respectively, and a path

Qu: Sr+u ~ e o Qr+u
satisfying the properties:
Y1 U Ba(qu-1,n—s+u) =, thendegq, >s— u.
Y2 If Ba(qu—1,1n — s+ u)is not empty, then degq, > s — u.

Y,3 For every Z € iSets(q,) with |Z| = s — 1, there exist X, X’ € iSets(q,—1) and a unique
bepPBalqu-;n—s+1)suchthatZ=n—-b=XnNX.

¥,4 Forevery Z € iSets(q,) withs —u < |Z| < s —1, there exist X, X" € iSets(q,_1) and a unique
bepBalqu1;n—|Z|)suchthatZ=n1—b=XNXandb=c1Ucy, ¢k € Ba(qu-1;,n— |Z| —
1).
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Yus5 Balqun—1+1) CZ(Ba(qu-1;n—1))fors—u <1l <s.

When u = s — 1, we obtain a path q;_1: Sl ~ ... ~ Q"1 that connects the states S5~ and
Q=1 such that

Y 11 If Ba(gs—2;n —1) = &, thendegqs—1 > 1.
Wi 12 If BA(qs—2;n — 1) is not empty, then degqs_1 > 1.

¥,_13 Forevery Z € iSets(qs_1) with |Z] = s — 1, there exist X, X’ € iSets(qs_») and a unique
bepBa(gs—;n—s+1)suchthatZ=n—-b=XnNX"

Y,_14 For every Z € iSets(qs_1) with 1 < |Z| < s — 1, there exist X, X' € iSets(qs—2) and a
unique b € B4(qs—2;n — |Z|)suchthat Z =7 —b=XNX'and b = c1Ucy, cx € Ba(qs—2;1 —
2] = 1).

‘Psfl,S ﬁA(qsflr‘” -1+ 1) - g(:BA(qs—Z}n - l)) for1 <I<s.

Our final goal is to show that for all v > s — 1, we can connect in each round r + v of A, successor
states of S” and Q". We first claim that foranyw =0,...,s —land z > 0,

G (Balawin —s+1)) C F(Ta(n,n—s+1)),

(this is true because { preserves C) and combining this fact with the properties ¥, 5 and induction,
we can show thatfor1 <1 <s

Balds vy —1+1) C & (Balauin—s+1)) CT I Ta(nn—s+1). (913

And because [T 4(n,n —s+1)| =vg(n,n—s+1) < s—1land m = n —s+ 1, we use Theorem
9.1.10| to check that {*~1(T 4(n,n — s + 1)) = &, implying that

.BA(qs—l} n) = J.

With all this data, Lemma and an easy inductive argument (starting at the base case v =
s — 1), we can find for all v > s — 1, states S"*?, Q""" of round r + v of A, which are successor
states of S” and Q" respectively and connected with a path q, such that

‘I’;/l degq, > 1.

Y., For every Z € iSets(q,) with |Z| = s — 1, there exist X, X" € iSets(q,—1) and a unique
bepBa(qp-1;n—s+1)suchthat Z=n—-b=XNX"

Y, 5 Forevery Z € iSets(q,) with 1 < |Z] < s —1, there exist X, X’ € iSets(q,-1) and a unique b €
Ba(do—1;n —|Z|)suchthat Z=n1—b=XNXand b =c1Ucy, cx € Ba(do—1,n— |Z| —1).

Y, Pa(dun—1+1) C ! (Tann—s+1))for1 <1 <s.

It is precisely these four properties of the path g, which allow us to find the path q,+1, applying
Lemma such that q,41 enjoys the same properties. Therefore, starting from round r, we can
connect in all rounds of A, successor states of S” and Q. The Theorem is proven. O
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9.3.2 Results form =2

Now we will prove some technical results which cover the last case m = 2. The main result here
is Theorem Our strategy is basically the same that we used for the previous case. Given
an iterated protocol with safe-consensus and a path of connected states with some properties, we
prove the existence of a new path in the next iteration of A, connecting successor states of the
states from the first path. Then we show that if v4(n,2) < n — 2, we can build an infinite sequence
of paths of connected reachable states. It is in this section where Lemma comes into play.
Our first lemma is very simlar to Lemma[9.3.1}

Lemma 9.3.4. Let A be an iterated protocol with safe-consensus objects. Suppose that there exists a parti-
tionn = AU B and a path

of connected states in round r > 0 of A, with the following properties
D) iSets(p) = {A,B};
II) (VbeT4(n,2))(bl AVDbCB).

Then in round r + 1 of A there exists a path

: Qo~ - ~Qs (s21)
of connected states and the following properties hold:
a) Each state Qy is of the form Q = S; - {(X), where X = AV X = B;
b) iSets(q) = {A, B}.
Proof. This proof is very similar in spirit to the proof of Lemma SO we omit it. O

Theorem 9.3.5. Let n > 2. If A is an iterated protocol for n processes using safe-consensus objects with
va(n,2) < n—2and S is a reachable state in A for some round r > 0, then there exists a partition of the
set m = A U B such that for all u > 0, the states S - {*(A) and S - ¢*(B) are connected.

Proof. This proof is analogous to the proof of Theorem We use Lemma to find the
partition of 77 and then we apply induction combined with Lemma We omit the details. [

9.3.3 The lower bound proof

With Theorems and at hand, the stage is set to prove the principal result of the second
part of this thesis: The tight lower bound on the number of safe-consensus objects needed to solve
the consensus task, with any iterated protocol with safe-consensus shared objects. The lower
bound will be an easy corollary of Theorem which says that any iterated protocol with safe-
consensus for n-consensus, must provide the processes with at least n — m + 1 m-boxes for each
m € {2,...,n}, i.e., the processes must be able to invoke safe-consensus shared objects in groups
of size m in at least n — m + 1 different manners.

Theorem 9.3.6. Let n > 2. If A is an iterated protocol for n-consensus using safe-consensus objects, then
foreverym € {2,...,n},va(n,m) >n—m.
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Proof. Assume that there exists a protocol A for consensus such that there is some m with 2 < m <
n with v4(n,m) < n—m. Let O, U be the initial states in which all processes have as input values
0Os and 1s respectively. We now find successor states of O and U in each round r > 0, which are
connected. We have cases:

Case m = 2. By Theorem [0.3.5, there exists a partition of 7 = A U B such that for any state S
andanyr > 0,S-¢"(A)and S - {"(B) are connected. Let OU be the initial state in which all
processes with ids in A have as input value 0s and all processes with ids in B have as input
values 1s. Then for all ¥ > 0 we have that

O-&(A)A0U-¢(A) and OU-&(B) L U-&(B)

and the states OU - {"(A) and OU - ¢'(B) are connected. Thus, for any r-round partial exe-
cution of A, we can connect the states O" = O - {"(A) and U" = U - &"(B).

Case 3 < m < n. Itis not hard to see that using Lemma we can connect O and U with a
path q of initial states of A, such that degq > n —1 > n — m + 1. By Theorem0.3.3] for each
round r > 0 of A, there exist successor states O", U" of O and U respectively, such that O"
and U" are connected.

In this way, we have connected successor states of O and U in each round of the protocol A. Be-
cause A is a protocol that solves consensus, there exists # such that U*, O" are connected decision
states in round u of A. Since O is a 0-valent state and O" is a successor state of O, all processes
decide 0 in O%; and for similar reasons, all processes decide 1 in U". But the states U* and O*
are connected, thus if processes decide 0 in O%, they must decide 0 in U", so we have reached a
contradiction. Therefore v4(n,m) > n — m. O

Theorem gives us precise information about the number of different invocations of safe-
consensus shared objects that the processes must perform when they are executing an iterated
protocol to solve the consensus task. This result is far stronger that proving that any iterated
protocol A with safe-consensus must satisfy the inequality v4(n) > (5) to be able to solve n-
consensus. Theorem tell us that all inequalities v 4(n,m) > n — m must be satisfied if the
protocol A is to solve consensus. For example, if # = 10 and A is a protocol to solve the consensus
task for ten processes, using safe-consensus shared objects, and such that

v4(10,m) = (}2) form # 7,
v4(10,7) <10 —7 = 3.

This protocol A has in total v4(10) = Y10, v4(10,m) = 45 + 120 4 210 + 252 + 210 + 3 + 45 +
10 + 1 = 896 different ways to invoke safe-consensus shared objects !! The consensus protocol
of Chapter [7] has only 45 boxes and is able to solve consensus. However, Theorem allow
us to conclude that .4 cannot solve the consensus task, because v4(10,7) < 10 —7 = 3. So that
any iterated protocol that solves consensus, must satisfy all the inequalities given in Theorem
And the consensus protocol of Chapter|/|satisfies this result in the best way possible, as it is
confirmed in the following corollary.

Corollary 9.3.7. For n > 2 and any iterated protocol A that solves n-consensus with safe-consensus objects
VA (Tl) > <g>
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Proof. Applying Theorem we obtain the following

va(n) = ivA(n,m) > in—(m—l) = n(nz—l): (;)

O]

Therefore, the protocol of Chapter E] which implements the consensus task is sharp and there
cannot be an iterated protocol with safe-consensus objects that solves the consensus task for n
processes with less that () safe-consensus objects.

The conclusions for the second part of this thesis can be found in Chapter
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Conclusions

In this chapter, we gather all our conclusions about our research work, presenting a short review
of each part of this thesis and some open problems and further work that can be done to extend
our results.

In Section we present our conclusions for the first part of this thesis and Section [10.2]
contains our conclusions for the second part.

10.1 Computable manifolds

In the first part of this thesis, we have proposed a starting point to build a computable theory
for topological manifolds, viewing computability as a structure that we impose to topological
manifolds. We have provided the most basic constructs needed to give computable versions of
standard definitions and also proved many useful results. We also studied computable functions
between computable manifolds and defined computable submanifolds. Finally, we proved an
embedding theorem for compact computably Haussdorf computable manifolds, which is a com-
putable version of the result which states that every compact manifold embeds in some euclidean
space.

10.1.1 Further work and open problems

Starting from our computable theory of manifolds, there are many steps that can be taken to enrich
this theory, here is a small list of some possibilities.

¢ Investigate which computability properties of computable euclidean spaces generalizes to
computable manifolds.

¢ Try to improve the dimension of the euclidean space R7 in Theorem

* Study specific computable classes of manifolds (e.g. computability in C" or piecewise lineal
manifolds).

¢ Find out which computable separation axioms [Weil0] fulfill computable manifolds.

¢ Inquire the computability properties of spaces of continuous functions between computable
manifolds.

¢ Prove computable versions of important results about manifolds (e.g. the product structure
theorem [KS77|, [Rud01]).
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10.1.2 Structures on topological manifolds and computability

The computable theory of topological manifolds that we present in this thesis could also be used
as a new part of the “standard” theory of manifolds. It is known that the most popular struc-
tures (topological, smooth and piecewise linear) coincide in dimension at most three and they
are different in dimensions at least fOUIEI [Ker60, KS77, Rud01]. Also, it was recently proven in
[Man13] that in dimensions at least 5, topological manifolds cannot be triangulated as simpli-
cial complexes. We have introduced computability as a structure that we impose to topological
manifolds. Which is the relationship of computable structures with the classical structures and
simplicial triangulations? An important open question (among many others) in this direction,
concerning the computable theory and the standard one is the following: Does there exists a sec-
ond countable topological manifold E such that E does not admit a computable structure ?

10.2 The iterated model extended with safe-consensus

In the second part of this thesis, we have described the iterated model of distributed computing, a
useful tool to study and understand the behavior of distributed systems. Also, we described how
the runs of protocol in this model can be represented with simplicial complexes and we presented
some standard tools (i.e. connectivity of states, valency, etc.) commonly used to investigate dis-
tributed systems. And we described the set agreement task, one of the most important distributed
problems.

10.2.1 The IFSC model, consensus and set agreement

With the basic iterated model at hand, we defined in detail an extension of this model, using the
safe-consensus task of [AGLQ9]. To show to the reader what sort of results can be achieved with
the extended iterated model with safe-consensus and the topological approach, we introduced
a restricted version of the iterated model with safe-consensus, called the iterated shared memory
with full safe-consensus objects (IFSC) model. We first showed how to analyze protocol complexes
in the IFSC model, and we discovered that the protocol complexes of protocols in the IFSC model
are (globally) disconnected. We explained why local connectivity between some pairs of vertices
of the protocol complex is sufficient to prove that consensus is unsolvable in the IFSC model.
Thus we see that connectivity of the protocol complex (which is related to the notion of non-
distinguishable states) is indeed fundamental in the study of distributed computing.

But we also proved that in the new IFSC model, we can solve (1, n — 1)-set agreement. As this
problem cannot be solved in the basic iterated model [BG93a, 5293, HS93], we can conclude that
the IFSC model is indeed more powerful that the basic iterated model.

Even when the IFSC model is a simple extension of the basic iterated model, there are several
questions which remain open. For example,

¢ Is the IFSC model equivalent (for task solvability) to the standard model of distributed
computed extended with safe-consensus shared objects, with the restriction that each safe-
consensus object is invoked by all processes ?

e Is the (n,n — 2)-set agreement task solvable in the IFSC model ?

For the case of dimension four, smooth and piecewise linear structures coincide, but there exists a topological
4-manifold which has no smooth or picewise linear structure.
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We conjecture that the answer to the second question is no.

10.2.2 The iterated model with safe-consensus, the consensus task and the lower
bound

After working with the IFSC model, we investigated the computational power of safe-consensus
to solve the consensus task. In the extended iterated model with safe-consensus tasks, we con-
structed a protocol which can solve n-consensus using () safe-consensus objects. To make our
protocol more readable and easier to understand, we introduced a new group consensus problem:
The g-2coalitions-consensus.

The most important result that we have obtained was Theorem which describes the (3)
lower bound on the number of safe-consensus objects necessary to implement n-consensus in the
iterated model with safe-consensus. The proof of this lower bound is somewhat complicated. At
the very end, it is bivalency [FLP85], but in order to be able to use bivalency, an intricate con-
nectivity argument must be developed, in which we relate the way that the processes invoke the
safe-consensus shared objects with subgraphs of the Johnson graphs. As connectivity of graphs
appear again in the scene for consensus, this suggest that topology will play an important role
to understand better the behavior of protocols equipped with shared objects more powerful that
read /write memory registers (similar conclusions can be obtained from the work of [GRHO06]).
The proofs developed to obtain the lower bound say that the connectivity of the topological struc-
tures given by the shared objects used by the processes, can affect the connectivity of the protocol
complex. In the case of the lower bound proof (Theorem [9.3.6), which can be consider as a 1-
dimensional topological case, the connectivity of the graphs build with the boxes representing
invocations of safe-consensus objects, affected the connectivity of the paths of global states, it was
the exploiting of this fact that allowed us to obtain our lower bound result.

Concerning the topology of protocols in the iterated model with safe-consensus, here are some
open questions and further work that can be done to extend the results presented in this thesis.

¢ Is the iterated model extended with safe-consensus objects equivalent (for task solvability) to
the wait-free standard model extended with safe-consensus objects ? This is a generalization
of the IFSC case and is a highly non-trivial question. We believe that a topological approach
like the one in [HR12] could be used to answer this question.

e Find a lower bound for v 4(1), for any protocol A in the iterated model with safe-consensus
objects that can solve (1, k)-set agreement (e.g., generalize Theorem to the case of the
set agreement task).

¢ Find out the precise connectivity (in the topological sense) of protocol complexes of protocols
in the iterated model with safe-consensus.

With this we conclude this work.
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