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Abstract

In this thesis we address the problem of fair and priority scheduling. We focus our attention on
systems characterized by an infinite computation, a discrete decomposition of tasks into atomic
operation and a known-a-priori set of precedence-constraints among the activities to be performed.
We analyze two fairness and two priority specifications related to the frequency of occurrence of
activities. We solve the scheduling problem both when the scheduler has complete control upon
the system’s execution and when the environment can influence the outcome of a scheduling plan.
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Introduction

Scheduling is the problem of allocating resources to fulfill efficiently a set of partially ordered
activities. Depending on the nature of the activities, resources, and on efficient fulfillment one aims
at, different scheduling problems arise. Usually, activities are described through a precedence graph,
which shows which operation needs to be completed before another one is allowed. Activities may
be endowed with properties like the time or cost needed to be completed. Moreover, resources
are entities able to work on one activity at a time. Due to their generality, scheduling problems
have different applications and the measure of efficiency of a scheduling plan varies. In operations
research, activities are jobs that need to be distributed among workers and machines with the
purpose to complete the production of goods or the delivery of a service. So, we are interested in
minimizing the time or the cost needed to complete all the jobs ([Pin08]) or to distribute evenly the
workload on all the available resources ([SL85]). In the study of operative systems, the activities
are processes’ operations that need to be executed by one or more processors. So, we may want
to complete a given program, as soon as possible, hence, we aim at minimizing the execution
time. We may also want to ensure that the system is able to serve many little processes as soon as
possible, hence, we aim at maximizing the throughput (i.e. the number of processes completed in a
time unit), or minimizing the processes’ waiting time ([CD73], [SG98]). In computer networks,
activities are deliveries of datagrams or responses to service requests that are performed by servers.
Here, we may want to evenly distribute the workload on all servers ([LCST98]) or serve the
requests fairly or according to some priority policy due to quality of service agreements ([Tan03]).
In the study of formal verification, we are interested in ensuring that system’s processes, involved
in a possible infinite computation, satisfy a given specification. However, it is useful to take
into account some reasonable assumptions, like a scheduling policy of the activities, in order to
define less complex verification techniques([MP91]). For example, in a distributed mono-processor
environment, it is reasonable to hypothesize that each process eventually makes progress or that an
activity available for execution is eventually fulfilled ((MP91]). In all the mentioned applications,
there are scheduling problems whose aims are to not disregard particular components of the system
with respect to the others of the same type (machine in a load-balancing problem, requests in
a network problem). When the interest lays on treating equally all the possible activities in an
infinite computation, the property sought by the scheduling problem is called fairness. In general a
fairness property asks that every process or every process’ action is performed sufficiently often
whenever it meets a certain requirement along the computation ([Fra86], [AFK87], [VVKO05]).
Depending on the requirement and on how much “ sufficiently ” is, different notions of fairness
are possible. As long as the scheduling problem is an abstraction that models the fact that an
available process cannot be ignored forever, it is not necessary to quantify how often an action is
taken. Indeed, simply asking that an action is eventually performed, simplify and makes possible
the verification of properties of a system ([Kup95]). Qualitative fairness is subject to different
formalizations depending on the condition an action must fulfill in order that it will be eventually
taken ([MP91], [Kwi89], [LPS81], [dA99]). However, when the scheduling problem needs to
meet the requirements of a real application, quantification becomes important. Indeed, a finite but
enormous delay of an available action is undesirable, yet allowed by an qualitative fairness property.
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Introduction

Moreover, adding quantification may also be a reasonable and helpful hypothesis in the verification
of system properties ([AH98]). Usually, in the context of formal verification, quantified fairness
notions put a bound on the numbers of steps that may elapse before an available action is performed
or just ask for the existence of such a bound ([Kwi89], [AH98]). However, this is still not enough
for implementable applications, because such a fairness does not guarantee that an equal share of
the computation time is reserved to each process or action. ! In the study of computer networks
and operative systems, the suitability of a scheduling policy in serving all the requests equally,
often is analyzed through statistical means in dense time models (theory of queues, [Phi03]). These
tools allow to analyze the frequency of service of non-precedence-constrained activities when it
is not know a priori their time of occurrence, but it is still possible to model their arrival through
stochastic variables. The exact computation of the average frequency of service of a group of
activities does not only allow to evaluate fairness, but it is also useful to assign a greater priority to
a given group by letting it to have an higher frequency of service. However, when the scheduling
problem deals with an infinite execution of a given set of precedence-constrained activities, then
a statistical analysis is no longer useful. Indeed, it is possible to use a discrete time model, and
obtain more precise results than an estimate through statistical mean values.

In this thesis, we introduce a novel study of quantitative, implementation-oriented, fairness
scheduling for a set of precedence-constrained activities in discrete time models ((BFMMO9]). We
define and solve a single-processor scheduling problem for two fairness notions: (i) the bounded
difference property asks that at every point in the computation the difference between the number
of times, two group of activities are performed, is bounded by some finite constant; (ii) the balance
property asks that the asymptotic frequency of every group of activities is the same. Since the
latter property requires the computation of an asymptotic frequency for each group of activities,
these values can be considered as priorities associated to the group. Hence, we also solve the
related priority scheduling problem ([ BFMM10a]). All these scheduling problems are solved in
polynomial time through linear programming techniques.

Like in the theory of queues, a scheduling problem may not be characterized by the complete
knowledge of the time of availability of each activity. This happens when sources of uncontrollable
non-determinism, called environment, act upon the system in such a way to modify the available
actions at any given time. In this context, we have a game played between the scheduler and
the environment ([KVWO1]). The two players alternate moves and have complementary goals,
in particular the scheduler’s (or system’s) aim is to force an infinite computation satisfying the
required scheduling property no matter the choices of the opposite player. The system-environment
game models have been studied as a mean to prove the correctness of an interactive system’s
temporal logic specification ((KVWO1], [AHKO02]). In particular, modal logics, such as LT'L, and
CTL*, are useful to express qualitative fairness requirements ([Kup95]). Other logics such as
RCTL and TCTL are able to put time bounds between the occurrences of actions ([EMSS90],
[ACD90]), however, the most famous modal logics are not able to evaluate exactly the frequency
of execution of activities. The models of the theory of queues can also be viewed as real time

"For example, if in a set of two actions we guarantee that each one of them is performed at least once every three
time steps, then one may performed twice as much as the other. On the other side we may not be able to guarantee
that each of them is performed at least once every two times units, due to precedence constraints. However, we may
guarantee that they are taken twice every four time units, but this property is not expressible through the previous type
of fairness.
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Introduction

stochastic games where the decision of the environment is determined a priori by a stochastic
variable representing the rate of occurrence of certain requests. In this thesis we also address
and study the problem of quantitative, implementation-oriented, fairness scheduling for a set of
precedence-constrained activities in discrete time models, when the environment can influence
the choices of the scheduler by acting at predetermined instants in time ((BFMM10a]). We prove
that determining whether the scheduler can force one of the discussed scheduling properties is
a CO — NP complete problem. In the proof of the latter result, we make use of a property
of the game model called half-positionality ([Kop06]). It states that the environment can play
optimally without keeping into account the history of the computation developed so far. Since the
same property may be used to prove similar results for other scheduling problems on games, we
investigated what conditions are required or are sufficient for its validity. We determined a new
sufficient condition ((BFMM10b]) that allows to classify as half-positional a wider class of game
goals.

Applications

The thesis focuses on quantitative, fairness and priority scheduling problems for systems where
the set of activities to be repeated ad infinitum ? and their precedence relation is known a priori. The
activities are considered atomic and equally expensive (same length or cost). However, since they
are organized in groups and the scheduler tries to treat all groups equally, one may model activities
of multiple duration with a sequence of activities belonging to the same group. Unfortunately, due
to the necessity to find some atomic activity component, all the preemptive applications, where the
activity can be halted at any point in a dense time, are ruled out by our model.

In software applications, our scheduling solution may be used when all processes or tasks
involved in an infinite computation are known a priori, in this case every process or task can be
decomposed in a sequence of activities belonging to the same group. For example, a security
control systems has to continuously perform a series of predetermined measures, observations and
computations. So, one may want to ensure that all control tasks are performed equally often or
with a given priority. However, if the control tasks require a small time, a scheduling plan may be
useless, since it may be very easy to perform all controls adequately often without a plan. If the
control tasks require a lengthy time for a task and also a lengthy time for moving from a task to
another, then a plan ensuring that all tasks are performed equally often may be valuable. A concrete
application is a concurrent program accessing to peripherals that can be used in one-hour slots,
such as a telescope. In operations research applications, we can solve a variant of the traveling
salesman problem, where the aim of an infinite traveling schedule is visiting equally often all
places. In this case, the activities are the visit of a given site and the precedence relation is their
spatial order. For example, the traveling salesman may want to periodically visit cities to look
for new contacts or clients, or a controller may want to periodically monitor some characteristics
of the given areas. As further examples, we may solve a scheduling problem for crop rotation
in agriculture, where the activities are the culture of a certain plant, the relations are the optimal
order of plant culture and the fairness scheduling aims at planting all the cultures equally often
in the long run. Also, we may imagine planning a diet with the aim to receive a balanced intake

“repeated for a very long undetermined time
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Introduction

of all nutrients, in this case taking a particular nutrient may be considered as an activity and the
constraint on the type of food one may eat at different time of day may provide the order relation
among them.

In all mentioned applications, there may be sources of periodic non-determinism: in a control
system peripherals may be periodically rebooted or be subject to maintenance and not be available
for a certain time, the salesman may try to accommodate the requests of clients, the weather may
be too cold or too hot for a certain crop, one may be invited to dinner every Sunday, thus disabling
some food choices for that day. In all these situations, the game model may be used to determine
the existence of a fairness or priority scheduling plan.



Preliminaries

Graphs are mathematical models useful to visually represent and formally analyze a wide class
of systems. A transition table of an automaton, the control flow of an algorithm, the connections of
gates in a logic circuit, the geographical position of areas, the order relation of activities in a plan,
the structure of a complex software architecture are just examples of applications of graph models.

Formally, a graph is a structure composed by a set V' of entities, called nodes, and a relation
E CV x V whose elements are called edges. So, for example, in a geographical representation
the set of nodes is the set of cities and the edges represent the allowed paths between them. The
nodes and the edges may be endowed with properties expressible through functions from the set of
nodes and edges respectively to the set of properties. For example, each city has a given number
of inhabitants and each path has a length. However, when we attempt to model a property of the
edges we may find out there are multiple ways to relate the same two nodes and these ways differ
from the value of the property. In such a situation we need to relate not only the nodes but the
property as well. A weighted graph is a structure composed by a set V' of nodes and a relation
E CV x Pgp x V where Pg is a set of relevant properties. In the example of the geographical
representation Pr may be the set of all distances of paths expressed in meters.

In this thesis, we make use of weighted graphs to represent the order relation of activities for
a scheduling problem. The nodes represent the states of the plan and determine what activities
are allowed next, the edges represent atomic activities of equal cost: they are allowed at a given
state and, once performed, bring the system to a new state. The activities are organized in a finite
number of groups, representing for example the process they belong to or the task they contribute
to fulfill. These groups are represented by integer number in a set [k] = {0, ..., k} and constitute
the property associated to the edges. We call such a graph, k-colored graph, since we imagine to
visualize each edge with the color of the group they belong to.

Definition 0.0.1. k-colored graph
A k-colored graph is a structure G = (V, E) such that V is a finite set of nodes and E C
V x [k] x V is a set of colored edges.

Example 0.0.1. Suppose there are two infinite processes 0 and 1 in competition for the use of a
the only processor and for the use of a shared variable x. Suppose process 0 continuously acquires
x, performs one atomic operation and then releases it, and that process 1 continuously acquires x,
performs two atomic operations and then releases it. If we disregard the operation of acquiring
and releasing the variable, we can determine two system states. (i) A state vy where variable x is
free and both processes can lock it and perform their operations (ii) a state v where variable x
is locked by process 1 and, hence, only the latter process can perform its second operation. The
k-colored graph representing the order relation of the activities is visualized in figure 1(a) Observe
that the edge colors represent the process the activity belongs to.

Example 0.0.2. Consider a robot patrolling an geographical area and moving between four points
A, B,C, D. The activities the robot has to perform are taking picture of four sorrounding areas: 1
the sea, 2 the cliffside, 3 the hill 4 the forest. The road from A to B is on the coast and the robot
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Figure 1: Example graphs.

can see the sea and the cliffside. The road from B to C' is on the hill, due to its slope the robot can
only traverse it from B to C, on this road the robot can see the hill and the sea. The road from C
to D is in the forest, hence the robot can only see the forest. The road from D to B is on the other
side of the cliffside, hence, the robot can only see the hill. (See Figure 1(b))

Systems progress in time by performing activities and changing states, such progress is called
run or execution of the system and, on a graph, it is represented by an infinite path. Some paths may
have a desirable property, while others do not meet the system’s specifications. A rule describing
what paths are desirable is called system’s goal: it may be a temporal logic formula or explicitly the
set of allowed infinite paths among those contained in the graph. In this thesis, we are interested in
expressing properties related to the frequency of execution of groups of activities, or expressed in
different term, the frequency of occurrence of colors along an infinite path. Hence, we express a
goal as a set of infinite sequences of colors.

Definition 0.0.2. Winning Condition
A goal or winning condition W on a k-colored arena, is a set of infinite sequences of colors in
[k], i.e, W C [k]“.

Example 0.0.3. In Example 0.0.1, we may want that in four time units, each process uses the

processor for 2 units. Then the system’s goal is W = {0011,0110,1100,0101, 1010, 1001 }*.
Observe that the scheduler can force a path in {0011,0110, 1100} thus meeting the goal.

When the decision of the particular activity to be performed at every node cannot be always
determined by the system, it is useful to introduce a function that maps each node to the entity, the
choice is up to. In this way, the graph becomes an arena where multiple decision entities, called
players, influence the outcome of the plan. When the purpose of the model is the verification
of a system property, it is sufficient to group all factors, but the system, as one unique source of
nondeterminism called environment. In this thesis, we use a 2-players weighted arena with the
purpose to determine whether a scheduler can force a plan with a given property no matter how
much adverse the environment is.

Definition 0.0.3. k-colored arena
A k-colored arena is a structure A = (Vyy, V1, Vini, E) where Viy and Vy are two disjunct set of
nodes, Vip; is an initial node and E C (Vo U V1) X [k] x (Vo U V1) is the set of edges.

Xii
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T

Figure 2: Example arenas.

The node in the set V; are said belonging to player :. We graphically represents an arena in the
same way as a graph, with the exception that nodes in 1/ are represented as circles and nodes in V;
are represented as squares.

Example 0.0.4. Suppose that processor 1 of Example 0.0.1, after performing the first operation
can non-deterministically choose to perform 1 or 2 more operations before releasing the shared
variable. Hence, in state vy, the system has no control, but the environment has the ability to choose
whether to perform another operation and release the variable or perform the same operation and
bring the system in a third state vy where the variable is still owned by processor 1. See Figure 2.

Also on arenas, a system’s run is represented by an infinite path on the graph. The only
difference is that at every point along the run the choice of the next edge does not depend
necessarily on the system.

When an arena is paired with a winning condition, then we have a game between the system
and the environment. They alternate moves along the game arena, and construct a run. If the
run satisfies the winning condition the system wins, otherwise the environment, considered as
malicious, wins.

Definition 0.0.4. k-colored game
A k-colored game is a structure G = (A, W) composed by a k-colored arena A and a
k-colored winning condition W.

We say that a system can force a winning condition W, when the scheduler has a criteria to
make choices at every step of the execution, in such a way that the resulting infinite run satisfies
W. A criteria that describes the choice made by one player at every point in the execution is a
function called strategy. It associates to every finite path ending with a node, that belongs to that
player, the next activity to be performed. So it is interesting to determine whether a player has a
strategy that allows him to pursue its goal.

0.1 Basic Notation

Here, we introduce some basic preliminary notation that is used through the thesis.
Let X be a set then we use the following notations:
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1.
2.
3.

8.
9.

A word on X is a finite or infinite sequence of elements of X.
The word with no symbols, called also the empty word, is denoted with €.
A language on X is a set of words on X.

For an element z € X we use x also to mean the language {z} when the meaning is clear
from the contest.

X' is the set of all sequences of elements of X with length 1, i.e., the cartesian product of X
with itself 7 times. We set X* = {e} where ¢ is the empty word

X* (resp., z¥, x7°°) is the set of all finite (resp., infinite, finite or infinite) words on X.

. XXM is the set of all matrices of dimension n x m with elements belonging to X.

| X | is the cardinality of X, i.e., the number of its elements.

2% is the set of all subsets of X.

Automaton recognizes sets of words and are useful to determine the properties of such sets.

1.

A finite state automaton is a tuple (X, @, d, qo, F') where X is an alphabet, () a set of states,
¢o € Q an initial state, ' C @ a set of final states and ¢ : Q x X — 2 a transition function.

A run of the automaton on a sequence 1 ... x; € X* is a sequence qo, . .., qr € Q* such
thator each i € {1,...,k} we have ¢; € §(¢;—1, ;).

A word x € X* is said accepted by the automaton if there exists a run qq, ..., qr € Q" on x
ending in a final state g € F.

A language L C X* is said regular if there exists a finite state automaton that accepts all
and only the words belonging to it.

The set of numbers are described through the following notations

N is the set of natural number with number 0 included, N_o = N\ {0}
Z (resp., Q, R) is the set of integer (resp., rational, real) numbers.

For a natural & € N_g, we use the notation [k] = {1,..., k} to denote the set of the first k
non-zero natural numbers.

Given two real numbers a,b € R, we use the notation [a,b] = {r € R | a < r < b} to
denote the set of real numbers between a and b.

Let A € R™*™, B € R™*! be two matrices and z € X™*! be a variable vector, then we use
the following notation.

1.

a; ; is the elements of A on row ¢ and column j.
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2.

3.

10.

A is called a square matrix if the dimension n and m are equal.

The determinant of a square matrix A € R™*™ is a real number det(A) given inductively
by the Liebniz formula (i) for n = 1, det(A) = a1 1 (ii) forn > 1 det(A) = (—1)"tay; -
det(A1,;) where A; ; is the matrix obtained from A by removing the i-th row and the j-th
column.

A is singular if it has a null determinant.
AT is the transpose of matrix A, i.e., that matrix AT € X" such that its element of

R
position ¢, 7 18 a; ; = ;.

0 is the matrix with all null components, 1 is the matrix with all elements equal to 1, when
the dimension is clear from the context.

Ax = B is a linear system, given by the set on equalities Z;”Zl a; ;x; = b;. Ais called
coefficient matrix, and B is called matrix of known values.

A linear system Ax = B is said homogeneous if B = 0.
A matrix C' € R™*! is a solution of the system Az = Bif A-C = B.

For ~€ {<,<,>,>}, Az ~ B is a system of linear inequalities given by the set of the
inequalities > 7", a; jz; ~ b;

We now recall some results on linear systems and systems of linear inequalities.

1.

Cramer’s Theorem. Given a linear system Ax = B, if A is a square non-singular matrix

then a the system admits solutions, one such solution z has components z; = éitt((%) where

A; is the matrix obtained from A by replacing the i-th column with the column matrix B.

If a system of linear inequalities contains only integer coefficients and has a solution, then it
has also a rational solution. [NW88]

Given a system of linear inequalities with real variables and with no >, < inequality sign,
then we can compute a rational solution of the system in polynomial time in the size of the
system and in the logarithm of the maximum value of the coefficients, or at least determine
that such a solution does not exists. [NW88]

Given a system of linear inequalities with integer variables, determining a solution of the
system is an /N P-complete problem [NWS8S].
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1. Preliminaries on Graphs 1.1 - Colored Graphs

In this part of the thesis, we deal with colored graph, representing the order relation of activities,
and with colored goals, representing a specific scheduling requirement. Under the hypothesis that
the scheduler has complete decision power, we define polynomial algorithms for the construction
of a plan for some specific fairness and priority conditions. This part is divided in three chapters,
the second dealing with fairness scheduling and the third with priority scheduling. The colored
goals are defined in the respective chapters. IN this chapter, we introduce preliminary notations on
colored graphs that will be used through all the thesis.

1.1 Colored Graphs

Like defined in the preliminaries of the thesis, a k-colored graph is a structure composed by
a finite set of nodes V, a set of edges £ C V' x [k] x V. When we highlight a starting state, the
graph is said initialized.

Definition 1.1.1. k-colored Graphs

1. A k-colored graph is a structure G = (V, E) such that V is a finite set of nodes and
E CV x [k] x V is a set of colored edges.

2. An initialized k-colored graph is a structure G = (V, E, vin;), such that (V,E) is a k-
colored graph and v;,; € V is a starting node.

3. Foreach edge (v,a,u) € E, v is said starting node, or source of e, u is said ending node or
destination of e, a is said color of e.

4. For each node v € V, the set of edges starting from v is denoted as v = {(v,a,u) € E},
the set of edges ending in v denoted as v~ = {(u,a,v) € E}.

5. For each color a € [k], the set of edges colored by a is denoted as E(a) = {(v,a,u) € V}

©)

. A subgraph of G is a graph G' = (V' E') such that V' CV and E' C E.

We can imagine to walk through the path from a node to another through an edge relating them.
Thus a sequence of edges represent a path on the graph.

Definition 1.1.2. Colored paths
Let G = (V, E) be a k-colored graph.

1. A finite (resp., infinite) path on G is a finite (resp., infinite) sequence of colored edges
p=e1...em € E* (resp,, p=-e1...ey ... € E¥) such that consecutive edges are related
through a node, i.e., for alli € [1,m — 1] NN, (resp., for all i € N_g) the ending node of e;
is equal to the starting node of e;41.

2. A finite (resp., infinite) path p = e1...e,, € E* (resp., p = €1...€m ... € E¥) can
be represented as a sequence of alternating nodes and colors p = viay...Vpanv €
(V x [k])* x V (resp., p=v1a1 ... U, ... € (V X [k])*) where each v; is the starting
node of e; and a; is its color. When the colors are non-relevant in the contest, we also
represent a path with the only sequence of nodes vy ... vy, v (resp., V1 ...0Umy .. .).

3
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3. Given a path p = viay ... Ul ... € (V x [k])¥ U (V x [k])* x V, the color sequence of
p is the sequence of colors of its edges Col(p) = aj ...ap, .. ..

4. The starting node of the first edge of a path p is said starting node of the path. A path p
starting at node v is also said v-path.

5. The ending node of the last edge of a finite path p is said ending node of the path.

6. The length of a finite path p is the number of its elements and is denoted as follows:
lp| = |e1 ... em| = m. The length of an infinite path p is infinite |p| = w.

7. Given a finite path p and an edge e, we denote by |p|. the number of occurrences of the edge
ein p.

8. Given a finite path p and an color a, we denote by |p|, the number of occurrences of the
edges colored by a in p.

9. A path is said simple when it does not pass twice through the same node, unless at the
beginning and at the end i.e., p = vieq,. .., VmemUm41 is simple if v; # vj for all (i,j) €
[m+ 12\ {(1,m + 1), (m +1,1)}.

When in a graph it is possible to reach a node from any other node, we have a strong connection
property we use in course of the proofs

Definition 1.1.3. Connection properties

1. A k-colored graph G = (V, E) is said connected if for every pair of nodes (v, u) € V? there
exists a path connecting u to v (i.e. either a path from v to u or a path from wu to v).

2. A k-colored graph G = (V, E) is said strongly connected if for every pair of nodes (v, u) €
V2 there exists a path from v to u.

3. A connected component of a graph G is any strongly connected subgraph G', such that
there does not exist another strongly connected subgraph G" # G’ such that G' is also a
subgraph of G".

4. Given a graph G, the strongly connected components of G can be computed in time §(E x V')
with Tarjan’s algorithm ([CLRSO1]).

Paths can be decomposed and composed like any sequence of characters belonging to some
alphabet.

Definition 1.1.4. Prefixes and concatenations

1. The n-th edge of p is denoted as p(n).

2. The prefix of lengthn of apathp = ey ...€én, ... (resp., color sequence x =cy...Tp, .. .)
of length m > n is the path given by the first n edges and is demoted by p<" = e .. .e,
(resp., z=" =c1...cp .. ).
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3. The suffix after n steps of apath p = ey ... ey, ... (resp., color sequence xt =cy ... Ty, ...)
of length m > n is the path given by all but the first n edges and is denoted by p~" =
entl-.-m...(resp., SV =c¢1...cm.. )

4. Apathp =ej ...ey ... Iis said consecutive to a finite path p' = € ... el if the ending node
of p' is equal to the starting node of p.

5. If p is consecutive to p' the concatenation of p’ with p is a new path obtained by adding
after p' the sequence of edges of p. Such concatenation is denoted as p' - p = p'p =
el...eerea. ...

6. Consider a finite (resp., infinite )sequence of paths p1, . .. pm (resp., p1 - - . Pm - - .), such that
foralli € [1,m — 1] NN (resp., for all i € N_g) p;+1 is consecutive to p;. Then we denote
a finite (resp., infinite) concatenation of such paths as [ [}~ pi (resp., [ [, pi)-

Among paths, those that are consecutive with themselves are particularly meaningful. Although
finite, they can be repeated ad infinitum and form an infinite path, thus providing a succinct way to
represent an infinite computation.

Definition 1.1.5. Loops
Let G be a k-colored graph.

1. A loop is a finite path whose starting node is equal to its ending node. So, it holds that
P =101 . .. UnAmUmy1 € (V X [k])* X Vis aloop if vi = vpi1.

2. Aloop 0 = viay ... VmamUm+1 € (V X [k])* x V is said simple if it pass only one time
through the intermediate nodes and only twice through the extreme nodes, i.e., for all
(i,7) € [m+ 1>\ {(1,m + 1), (m + 1,1)} it holds v; # v,.

3. The concatenation of a loop o with itselfi € N U {w} times is denoted as o'
4. An infinite path p is said periodic if there exists a loop o such that p = o

5. An infinite path p is said eventually periodic if there exists a finite path p' and a loop o
consecutive to p' such that p = p' - o*.

To our purposes it is useful to relate a path with the occurrences of colors on them.

Definition 1.1.6. Color’s representation
Let x € [k]* be a finite color sequence, and let p be a path with color sequence x, then we
define the following notations.

1. The number of occurrences of a color a € [k] on x (resp., p) is denoted with |x|, € N (resp.,
pla = |z]a):

2. The vector of occurrences of colors on x (resp., p) is denoted as follows: Ny, (x) =
(2|1, ..., |z[x) € NF (resp., Num(p) = Num(z) ).

5
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3. The difference of occurrences of two colors a,b € [k] on x (resp., p) is denoted with
diﬁ‘a,b(x) = |z]a — |x[y € R (resp,, dz‘ﬁmb(P) = d@ﬁ‘a’b(.fﬂ)).

4. The vector of differences between the occurrences of all colors in [k] and the occurrences of a
fixed color a € [k] on x (resp., p) is denoted with digg . (x) = (digy, (%) ... digr. (%)) € RF
(resp. @7 ,(p) = A ().

5. We simply call difference vector of x (resp., p), the vector @(w) given by the the differences

between the number of occurrences of a given colors and the number of occurrences of the
reference color k, i.e., (digy 1y -- -, digj_, k:) e RFL,

6. The difference matrix of x (resp., p) is the matrix dyy(x) € R¥*F (resp., digr (p)) whose

element on row i and column j is d;g , ](m)

1.2 Composition and Segmentation

Loops may constitute a succinct way to represent infinite paths, when there is some form of
periodicity in the sequence of edges. We also have a more succinct way to represent the occurrences
of colors along a path by partitioning the color sequence in the color vectors associated to the loops.
For example, in a 2-colored graph, if o is a loop with color vector (1,2), we can represent the
color sequence of o* with (1,2)“. Although we lose some information on the actual succession of
colors, this does not necessarily stop us from evaluating a fairness or priority requirement on the
path. Indeed, all color sequences, represented by (1,2)“, achieve a priority scheduling that gives
to the second color twice as much priority as the first. Hence, investigating the possible loops in
a graph may provide insights on the existence of a scheduling plan. Since the number of loops
in a graph is infinite, we restrict our observations to their basic components: the simple loops.
The purpose of this preliminary section is to show how paths and loops can be decomposed in the
simple loops contained within.

A loop is a composition of a finite sequence of simple loops 7 f it is obtained by using all and
only the edges of 7 as many times as they appear in 7.

Definition 1.2.1. Composition of Loops
The loop o is a composition of (o1, ..., 07) if, for all edges e, it holds ||, = 22:1 |oie-

Given a sequence of loops 7 = (o1, ..., 0;), we can define a sequence 7' = (01,...,0},) of
distinct loops appearing in 7 and the number ¢; of times o) appears in 7. Then, if a loop o is a
composition of T, we also say that o is a linear composition of 7" with coefficients cy, ..., cp,
and we have |0, = Zilzl ¢+ |ofle.

Definition 1.2.2. Natural linear combination
Given a finite set of loops L = {01, ...,01}, the natural linear combination (n.l.c. for short)
of L with non-null coefficients c1, . .., ¢ is the set T = {(o1,¢1), ..., (07, ¢) }-

Definition 1.2.3. Composition of Natural Linear Combination
The loop o is a composition of a natural linear combination {(o1,c1), ..., (o1,¢;)}) if, for all
edges e, it holds |o|. = S\, ¢; - |oile.
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A generic path p can be decomposed in loops, however, due to the fact that the edges do not
always coincide, an extra simple path is needed.

Definition 1.2.4. Composition of loops and a path
The path p is a composition of a sequence of simple loops (o1, . .., 0;) and a simple path p' if,
for all edges e, it holds |pl. = || + S, |oile-

We show, now, that a path p can always be decomposed in a sequence of simple loops and
a simple path, and that when p is a loop, the simple path is empty. Our proof is through the
construction of an algorithm that computes a particular composition. Since the composition is
obtained by scanning the path from starting node to ending node and removing the loops along the
way, like segments, it is called quasi-segmentation. The definition of the quasi-segmentation is
recursive, so it can be immediately translated in a recursive algorithm.

Definition 1.2.5. Quasi-Segmentation
Given a path p, we recursively define on the length of p, the quasi-segmentation and the rest of
the quasi-segmentation as follows.

1. The quasi-segmentation is a sequence of simple loops, and the rest is a simple path. The rest
is either empty or ending with the last node of p.

2. If p has length 1 and it is not a loop, then the quasi-segmentation is the empty sequence and
the rest is p itself.

3. If p has length 1 and it is a loop, then the quasi-segmentation is p itself and the rest is the
empty sequence.

4. If p has size n, let p' = p<"~ 1, let 01, ..., 0, be the quasi segmentation of p' and r be its
rest. Consider the path r' obtained by extending r with the last edge of p (this can be done
because the last node of r is the last node of p').

(a) If ' does not contain a loop, then the quasi-segmentation of p is o1, . . ., oy, and the
rest is . Observe that v’ ends with last node of p.

(b) If v’ contains a loop o, this loop is due to the last added edge, i.e., ' = r"o. In this
case the quasi-segmentation of p is o1, ... ,0n, 0 and the rest is r"". Observe that if v
is not empty, then it ends with the first node of o which is also equal to its last node,
hence it equal the last node of r', and to the last node of p.

The following lemma shows that the quasi-segmentation and the rest constitutes actually a
decomposition of a path. It also shows that a loop is a composition of its quasi-segmentation only,
since the rest is always empty.

Lemma 1.2.1. Quasi-Segmentation Lemma
A path p is a composition of its quasi-segmentation and the rest of its quasi-segmentation. If
the rest is not empty, then it starts with the starting node of p (and ends with the ending node of p).

7
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Proof. The proof is by induction on the length of p. The base case is trivial either if p is a loop
or if p is not a loop. For the inductive case: let n = |p|, p’ = p=""1, o1, ..., 0; be the quasi-
segmentation of p’ and r be its rest. By inductive hypothesis, p is a composition of o1, ..., o; and
r, moreover if 7 is not empty, it starts with the starting node of p’. Consider the path v’ obtained by

extending r with the last edge of p, i.e., 7’ = r - p(n).

1. If 7/ does not contain a loop, then the quasi-segmentation of p is oy, ..., 0, and the rest
is 7. Observe that r’ starts with the starting node of p’ which is also the starting node
of p. Moreover, for all edges e # p(n) we have |p|l. = [p/|e = |r|e + Zi-:l loile =

! !
" le + 2 2ic1 |0ile- Also [pl oy = 10 1pm) +1 = I7lpm) + 14 2t 19ilpm) = 17 |p(n) +
Zizl loi] p(n)- Hence, p is a composition of the quasi-segmentation and its rest.

2. If v’ contains a loop o, this loop is due to the last added edge, i.e., 7’ = 7”’o. In this case the
quasi-segmentation of p is o1, . .., o, 0 and the rest is r”/. Observe that if " is not empty,
then it starts with the starting node of p’ which is also the starting node of p. Moreover, for
all edges e # p(n) we have |ple = [p'[e = [r|e + 22:1 |oile = [r"|e + |ofe + Zi’:l |-
Also [plom) = 19 lpm) + 1 = [Plpm) + 14 iy [0ilpm) = [y + i |03l pm) =
17" p(ny + 10| o) + Zizl |oi] p(n)- Hence, p is a composition of the quasi-segmentation and
its rest.

O]

Since in a loop the extremes coincide, and since the rest of a quasi-segmentation is a simple
path, the rest of a quasi-segmentation of a loop is necessarily empty. Hence the following corollary
holds

Corollary 1.2.1. A loop o is a composition of its quasi-segmentation.

In the following sections, it is useful to quantify the least number of loops contained in
the decomposition of a loop. If a loop of length n contains at most m nodes, then every loop
in a composition can have at most length m because it needs to pass only once through every
intermediate node. Hence, a composition will contain at least || simple loops. Since we proved
that every loop admits a composition of simple loops, the following corollary holds.

Corollary 1.2.2. A loop o of length n containing m distinct nodes is a composition of at least
[ -] simple loops.

For an infinite path, we can define a quasi-segmentation given by the limit of the quasi-
segmentation of all its finite prefixes.

Definition 1.2.6. Infinite quasi-segmentation

The quasi-segmentation of an infinite path p is the infinite sequence of loops given by the limit
of the quasi-segmentation of p<", for n — +oc. The quasi-segmentation of an infinite path has no
rest.
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So far we proved that given a loop, it is always possible to decompose it, in a sequence of
simple loops. However, we do not know whether, given a sequence of simple loops, they can be
composed in order to construct a loop containing them all. In general, the answer is negative, since
the loops may belong to different connected components of the graph and not be reachable to one
another. Hence, a key requirement is the connection between the loops.

Definition 1.2.7. Connected Loops
Two loops o, 0" in G are connected if there exists a path from a node of o to a node of o', and
vice-versa. A set or sequence L of loops in G is connected if all pairs of loops in L are connected.

However, just having connect loops does not ensure the possibility to construct a loop using
just their edges. Indeed, we may need to use the paths connecting them. Since all paths connecting
the loops may have at least an edge outside the loops, in general we cannot construct a composition.
Hence, we have to ensure that all the paths connecting the loops use only edges of the loop, and
that they can pass from a loop to another only through shared nodes.

Definition 1.2.8. Overlapping Loops

Two loops in G are overlapping if they have a node in common. A set or sequence L of loops in
G is overlapping if for all pairs of loops 0,0’ € L there exists a sequence o1, . . . ,0, of loops in L
such that (i) o1 = o, (ii) 0, = o', and (iii) foralli = 1,... ,n — 1, 0; and o;11) are overlapping.

Overlapping loops can communicate without using external edges. Hence, it is possible to pass
at every shared point from a loop to another, eventually using up all the edges as many times as
needed. Here, we describe the connection algorithm.

Definition 1.2.9. Composition Algorithm

Consider a natural linear combination of loops T = {(o1,c1)...(01,¢;)}. Then we can
construct a loop o as a composition of T with the following iterative algorithm. The algorithm
lasts | steps, at every step i we construct a temporary loop o!. At the end of the algorithm, the
sought loop is o = o). At every step i we also construct a set of loops L; = {cj,,...0j,} such
that o is a composition of L; with coefficients cj,, . . ., cj,.

1. As a first step, we have L1 = {01} and o = of*.

2. Forall stepsi > 1, we determine a loop o, ., € L\ L; such that the set Li 1 = L;U{0j,, }
is overlapping. We determine such a loop, by scanning all loops in L\ L;, till we find one
that share a node with L; 1. Such a loop necessarily exists else we have that there is no
node in common between L; and L \ L;, which is impossible since L is overlapping. Let
v be the node in common between L; and 0, . Since o} is a composition of L;, we have
that it passes through v. Hence we can write o, as a loop starting from v and ending in v:
O} = 0av1ay - . . V. We can do the same with oj,, | = vavia) ... v, a;,v. Hence, we
can set oj = 0, - (0,,,)7+1. For each edge e, we have |0} |c = |0}]e + ¢jiy 1 |0jiyy e =

St €05, |e. Hence, the iteration invariant holds.

Since overlapping loops allow the construction of more complex ones, they are particularly
important in the construction of infinite paths. Here, we prove that the overlapping of a set of loops
is equivalent to the strong connection property of the subgraph containing only their edges.

9
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Definition 1.2.10. Induced Subgraph
Given a set of loops L in G, the subgraph induced by L is G' = (V', E"), where V' and E’
are all and only the nodes and the edges, respectively, belonging to a loop in L.

Lemma 1.2.2. Overlap Lemma
Let G be a graph, L be a set of loops in G, and G' = (V', E") be the subgraph of G induced
by L, then the following statements are equivalent:

1. L is overlapping.
2. The subgraph G' is strongly connected.

3. There exists u € V' such that for all v € V' there exists a path in G’ from u to v.

Proof. [1 = 2] If L is overlapping, then, for all pairs of loops o1, o9, there exists a sequence of
loops that links o with o2. Thus, from any node of o7y, it is possible to reach any node of o5.
Hence, G’ is strongly connected.

[2 = 3] Trivial.

[3 = 2] Let u € V' be a witness for (3). Let v, w € V', we prove that there is a path from v
to w. We have that u is connected to both v and w. Since all edges in G’ belong to a loop, for
all edges (v’, -, v") along the path from u to v there is a path from v’ to «’. If in G’ there exists a
node u such that there is a path from u to all other nodes v of G’, since u and v are connected by a
chain c of overlapping loops, the path from u to v passes through the nodes that connect any pair
of adjacent loops in c. Since any two such nodes are connected by a path in a loop, there exists a
reverse path in the same loop. Thus we can construct a path from v to u by using the reverse paths
from the nodes that connect the pair of adjacent loops in the chain c. Since this holds for all v, then
for all v, w € V' we can construct a path from v to w by passing trough w.

[2 = 1] If G’ is strongly connected, for all o1, 09 € L there is a path p in G’ from any node of
o1 to any node of 5. This fact holds since G’ is induced by L, so p uses only edges of the loops in
L. While traversing p, every time we move from one loop to the next, these two loops must share a
node. Therefore, all pairs of adjacent loops used in p are overlapping. Thus L is overlapping. [

The above lemma implies that if £ is overlapping then it is also connected, since G’ is strongly
connected.
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2.1 Fairness Goals

In this thesis we study fairness goals stronger than those definable through the most renowned
temporal logics for discrete-time and completely-determined models. These goals’ aim is to impose
that a scheduler dedicates the same amount of resources to each task.

Along a system’s run, the compliance to an equal distribution of resources, can be monitored by
observing for each pair of activities, how the difference between their occurrences grows along the
prefixes. If the module of a difference grows too much, this is symptom that one activity is executed
less often than the other. Ideally this difference should be 0, however, this is impossible because
after executing the first activity the difference is already no longer 0. Moreover the precedence
graph may be structured in a such a way, that it needs to execute an activity a lot of times in a row
before being able to switch to another one, during that time the difference inevitably grows. Hence,
our aim is to keep this difference as small as possible and bounded by some function on the length
of the prefix. The least growing function is the constant one and it provides our strongest fairness
condition.

Definition 2.1.1. A color sequence x € [k|* is said bounded (in difference) by a constant C € N
if for every pair of colors i,j € [k] and every prefix =", the module of the difference between
their number of occurrences dg ]( x=") on that prefix is bounded by C. A path p in a k-colored
graph is said bounded (in difference) by C' € N if its color sequence is bounded by C. A path or
color sequence is said bounded, when it is bounded by some constant.

Example 2.1.1. The color sequence (0011)% € [1]* is bounded by C' = 2.

When a path is not bounded, we can still have a weaker form of fairness by bounding the
difference of activities with some other function on the length of the prefix. However, if this
function grows linearly like C' - n, then on infinitely many prefixes we have digy, | (=) = C - n.

Hence, the share of resources dedlcated to activity ¢ (i.e. |’ )is greater than the share of resources
dedicated to activity j (i.e. |‘) by the value C, obv10usly this is no fairness. When the function
grows sublinearly, like g(n ) o(n), the difference between the share of resources dedicated to two
activities is not greater than < ( ) Since this value tends to zero for n that tends at infinity, we have

that it becomes a negligible dlfference in an infinite run. Hence, when the difference between the
occurrence of two activities grows sublinearly, the path may be considered as asymptotically fair.

Definition 2.1.2. A color sequence = € [k]“ is said balanced if for every pair of colors i, j € [k],

the difference between their number of occurrences grows sublinearly on the length of the prefix,

ie limy 400 % = 0. A path p in a k-colored graph is said balanced if its color sequence

is balanced

Example 2.1.2. The color sequence x = [[;1°0((1100)11) € [1]* is balanced but not bounded.

It is easy to see that every time a piece in the infinite concatenation ends the color difference is
increased by 2, i.e., dig, O(H"H((HOO) 1) = dig, o(IT}= 1((1100)%11)) + 2. Hence, it holds

that dyg, O(H ((1100) 1)) = 2n and the path is not bounded. Since | [[}_;((1100)11)| =
o (44 2) = 2n(n + 2), we have that at every step 2n(n + 2) where a piece of the infinite
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concatenation ends, the length of the prefix grows asymptotically faster than the difference of
colors. Since in the intermediate prefixes t=™ with m € [2n(n + 2),2(n + 1)(n + 3)), the color

diﬁl’o(xém) o 0

difference oscillates in [2n, 2n + 2] we have that lim,,_, + -

One may define other intermediate notions of fairness between the two defined above, by
explicitly requiring that the difference of occurrences of activities does not grow asymptotically
faster than a given sublinear function. However, we leave such a discussion to Section 3.6.

From the fair paths’ property defined, we can construct two colored winning conditions.

Definition 2.1.3. The bounded difference (resp. balance) goal Wy, (resp. Wy, )is the set of all
bounded (resp. balanced) infinite color sequences on [k].

2.2 Graphs Characterization

In this section, we characterize the existence of a balanced or bounded path by means of
properties of the underlaying colored graph. In particular, we observe that we can compose simple
loops for the construction of a fair path. On the converse, we prove that a fair path always contain
some regularities, that allow us to extract loops components. By evaluating the properties of
such loops, we show that whenever there exist of a fair path, a set of simple loops can be used to
construct some regular fair path.

2.2.1 The Bounded Difference Problem

The bounded difference property states that along the prefixes of a path, the difference between
the occurrences of two colors is bounded by some constant. Since the graph has a finite number of
nodes, and since each difference can assume at most a finite number of values, in a bounded path,
along the prefixes, there is eventually a repetition of the same ending node and the same difference
vector. When a repetition is found, we determine a loop which did not induce any change in the
difference of colors. Since the difference is additive, the loop has a null difference vector, i.e., all
colors occur the same number of times on it.

Definition 2.2.1. A loop o is said perfectly balanced if all colors occur the same number of times
onit, i.e., dig(o) = 0.

It is immediate to see that a perfectly balanced loop ¢ allows as to construct a bounded path
o“. Hence, by our previous argument we can easily prove the following lemma.

Lemma 2.2.1. Given a graph G, the following statements are equivalent:

1. There exists a bounded difference path.
2. There exists a periodic bounded difference path.

3. There exists a perfectly balanced loop.

13
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Proof. 1. [1 = 3] If p = vpag .. .vnay ... is an infinite bounded difference path, then there
exists a constant C' such that the absolute value of all color differences is smaller than
C. Since both the set of nodes and the possible difference vectors along p are finite, we
can find two indexes i < j such that v; = v; and dig(p=") = dig(p=’). So, o/ =
V;QV; 1041 - . . Vj—1a;_1v; 18 a perfectly balanced loop. -

2. [3 — 2] If there exists a perfectly balanced loop o, then o* is a periodic bounded difference
path. Indeed, every time o closes the color gap vector is zero, so each color gap in module
never increases beyond the maximum color gap in a subpath of o.

3. [2 — 1] Trivial
U

The lemma relates the existence of a bounded path to the existence of a perfectly balanced loop.
At this point, obtaining a characterization in terms of simple loops is just a matter of decomposing
the balanced loop. To this aim we define a property of a set of loops, which states that, by using a
certain number of times each loop, all the colors occur the same number of times if the loops were
composed together.

Definition 2.2.2. Difference Vecto of n.l.c.

Let G be a k-colored graph. Given a set of loops L = {o1,...,0;} the difference value of
a natural linear combination of L with respect to non-null coefficients c1, .. .,c; € N_g, is the
difference vector _, ¢; - digr (0).

In this definition, we are using the color & as a reference for all other colors. Indeed, whenever
all differences between the occurrences of a color and the occurrences of color & are null, then
we can already state that all colors occur the same number of times. At this point,using the
decomposition and composition lemmas presented in the preliminary section on graphs we obtain
the following result.

Lemma 2.2.2. Let G be a k-colored graph. There exists a perfectly balanced loop in G if and
only if there exists an overlapping set L of simple loops of G, with an n.l.c. of difference value
equal to zero.

Proof. [only if] If there exists a perfectly balanced loop o, by Lemma 1.2.1 the loop is the
composition of a tuple 7 of simple loops. Let L be the set of distinct loops occurring in 7, and
for all o/ € L, let ¢, be the number of times ¢’ occurs in 7. Since in the computation of the
difference vector of a path it does not matter the order in which the edges are considered, we have
> ger Cor - digr (07) = digr (o) = 0. Finally, since the loops in £ come from the decomposition
of a single loop o, we have that £ is overlapping.

[if] Let £L = {01, ..., 07} be an overlapping set of simple loops such that 2221 cidig (0;) = 0.
By using the algorithm presented in Definition 1.2.9, we construct a loop ¢ which is a linear
composition of £ with coefficients c1, ..., ¢;. Then, we have that o is perfectly balanced, since

diﬁk(a) = Zi’:l Ci- diﬁk(ai) =0.
O

The following theorem is a direct consequence of the previous two lemmas.
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Theorem 2.2.1. A graph G satisfies the bounded difference problem if and only if there exists an
overlapping set L of simple loops of G, with an n.l.c. of difference value equal to zero.

2.2.2 The Balance Problem

The balance property states that along the prefixes of a path, the difference between the
occurrences of two given colors grows asymptotically slower than any function linear in length of
the prefix, and, hence, the difference is negligible in the long run. Due to the limit in the speed of
increment of the difference vector, in a given interval of lengths the differences are bounded by
some constant that does not grow linearly with the size of the lengths. Is it possible that during
these intervals, where the number of nodes and value of differences is limited, there is some
unavoidable periodicity, like in the case of the bounded problem? The answer lays in the necessity
for sequences of vectors of integer numbers to grow polynomially whenever a repetition is not
possible. Hence, the answer to the question is positive, as the next lemma shows that no periodicity
implies a linear increment of a component of a sequence of vectors.

Definition 2.2.3. Linear Combination
Let A = (ai,...,a,) C Z% be a finite set of vectors, the linear combination of A with
coefficients c1, . . ., cy is them vector E?’:l ci - a;.

Lemma 2.2.3. Let A C 7% be a finite set of vectors such that there is no subset A' C A with
an n.l.c. of value zero. Let {(an 1, .., and)}nen be an infinite sequence of elements of A, and

Sni = Z?:o a;,; be the partial sum of the i-th component, for all n € N and i € [d]. Then, there
Sn

wh £ ().

The proof of Lemma 2.2.3, makes use of the following lemma which allows to compute the
coefficients of an integer linear combination, knowing the vectors involved.

exists at least an index h such that lim,,_,

Lemma 2.2.4. Let Ax = 0 be a linear homogeneous system with A € Q"*™. If the system has a
solution x such that x > 0 and Zfll x; = 1, then it has a solution with all natural components,
and at least one strictly positive component.

Proof. Let S be the set containing all and only the solutions = of Az = 0, with all non-negative

components and such that ", x; = 1. By hypothesis, S is not empty. Let A’ = (ﬁ)

and b’ = (2), we have S = {x € R™ | A’z = ¥,z > 0}. By a well known result in linear
programming (see, for instance, Theorem 3.5 of [NW88]), S contains a basic solution, i.e., there

exists a non-singular submatrix C' € R"™*" of A’, given by the columns iy, ..., and the rows

Ji,---,jr of A’, such that there is a point (z1,...,2my) € S such that 2’ = (z;,,..., ;) is the

unique solution to the system of linear equations C2" = b where b = (V] ..., b;T)T, and for all
det(C!

i & {i1,..., i}, 2z = 0. By Cramer’s theorem, for all k£ € [r], we have z;, = % where C;,

is the matrix obtained from C’ by replacing the i;-th column with the column vector b. Since
the determinant of a rational matrix is rational, z is a point of .S with all rational coefficients,
i.e., z is a solution of Az = 0 with all non-negative rational coefficients such that ) ;" | z; = 1.
Clearly, z has at least one positive coefficient. Now, since the system Ax = 0 is homogeneous, by
multiplying each component of z by the least common denominator of all components, we obtain
the thesis. O

15



2. Fair Scheduling 2.2 - Graphs Characterization

Now we are ready to prove Lemma 2.2.3.

Proof. Let A ={(x11,...,21.4)s---,(Zm,1,--.,%m,q)} and consider the function f : R™ — R
such that f(c1,...,¢n) = maxi<i<a{| 27, ¢j - x|} By construction, f is a continuous
function. Let now K C R™ be the set {(c1,...,¢n) € [0,1]™ | Y2, ¢; = 1}. Note that 0 ¢ K
and that K is compact, since it is a finite dimensional space defined by a linear equation. Hence, by
Weierstrass’ Theorem, f admits a minimum value M Now, since A is a set of convexly independent
vectors, M must be strictly positive. Indeed, if by contradiction M = 0, there is a non-null vector
(c1,-..,cm) € K suchthat 3300  ¢j - zj1 = ... = >, ¢j-xjqa = M = 0. By Lemma 2.2.4
the system Z;ﬂﬂ ¢j - xj; = 0 has a natural solution c with at least one positive component. This
solution gives rise to an n.l.c. of some vectors of A (those corresponding to positive components
of ¢) with value zero, which contradicts the hypotheses on A.

Then, consider the sequence {(an 1, ..., an,q)}» and its partial sums Sy, ; = Z?:o a;;. More-
over, let d; , be the number of times for which the vector (z;1,...,;q) occurs in the previ-
ous sequence up to position n and let ¢;, = 9;,/n. Then, (Sp1,...,5.4) = D iy Oin -
(i1, Tig) =MD ity Cim - (Ti,...,Tiq). Since we have Y ;" 6;, = nforalln € N, it
is obvious that (¢1 p, ..., cm ) € K. By the convex independence hypothesis on A, it holds that
for all n € N there exists at least an index 4, with 1 < i < d, such that S,, ; # 0. Let {4, },, be
an index sequence such that |\S,, ;| = max;<ij<q{|Sn,i|} > 0, for all n € N. Since {j,}, can
assume at most d different values, there exists a value h which occurs infinitely often in it. Let
{h;} be the index sequence such that j,, = h and there is no [ €|h;, h;y1[ with j; = h. Then,
from {S,, »,}» we can construct the extracted sequence {S, »}i. Now, we have that |Sy, 5| =

maxy<j<a{[Sh; ;|} = hi-maxi<j<all D5 ko, @hjl} = hi f(ein, -y ein) = hi- M > 0.

. Sh. . Sh. . s,
Hence, lim; | 2’.’“ > M > 0. Since {%}Z is an extracted sequence of {—‘ n’h‘ }n, we

finally obtain that lim,, o, 22 0. 0

The lemma proves that whenever we add incrementally a sequence of vectors that cannot
balance themselves, then at least one component does not grow sublinearly. Now, consider an
infinite path, for each prefix it is possible to consider the path quasi-segmented in an infinite
sequence of loops given by the incremental quasi-segmentation of its prefixes. Each loop is
associated with a difference vector, and every time a loop ends, the difference vector of the prefix
is the sum of the vectors of the loops met so far. Hence, if the loops cannot balance themselves
with a natural linear combination, the path cannot be balanced.

Lemma 2.2.5. In a k-colored graph G there exists a balanced path only if there exists a connected
set L of simple loops of G, with an n.l.c. of difference value equal to zero.

Proof. If there exists an infinite balanced path p, since the set of nodes is finite, there is a set V' of
nodes occurring infinitely often in p. Let p’ be a suffix of p containing only nodes in V’. The path
p' is balanced and it is composed by an infinite sequence of simple loops on V. (see Definition
1.2.6 for further details). Let £ be the (finite) set of such simple loops, and let A C ZF1 be
the set of difference vectors of the loops in £. Every time a loop trough V' closes along p’, the
difference vector up to that point is the sum of the difference vectors of the simple loops occurred
so far, plus the difference vector of the remaining simple path. Since the remaining simple path

16
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cannot have length greater than V|, the difference vector up to that point differs from a sum of a
sequence of elements of A by a constant-bounded term. Let n2(7) be the index of the j-th point
where a loop is closed along p’. Since p’ is balanced, each component of the difference sequence
{dir (0" }ien is in o(j). By Lemma 2.2.3, this is possible only if A has a subset A’ with
an n.l.c. of value zero. Thus, the set of loops £’ with difference vectors in A" has an n.l.c with
difference value zero. Moreover, since the loops in £’ are constructed with edges of p’, they are
connected. This concludes the proof. O

We determined that a periodicity among the simple loops is necessary for the existence of a
balanced path. Is it sufficient as well? Provided that a set of loops is connected and admits a natural
linear combination with difference value zero, we can construct a balanced path. The key to the
construction is to use all the loops periodically as many times as multiples of the relative coefficient
of the nl.c.. However, moving from one loop to another requires the use of the connecting paths
that add a non-balanced contribution to the number of occurrences. The solution is to add such
connecting paths less and less often with respect to the use of the main loops. In such a way,
their unbalanced contribution grows sublinearly and is negligible asymptotically. This intuition is
formalized in the following lemma.

Lemma 2.2.6. In a k-colored graph G if there exists a connected set L of simple loops of G, with
an n.l.c. of difference value zero then there exists a balanced path.

Proof. Let L = {0y, ...,0;—1} be a connected set of simple loops having an n.l.c. with difference
value zero, and coefficients cg,...,c;_1. Forall ¢ = 0,...,l — 1, let v; be the initial node of

;. Since L is connected, there exists a path p; from v; t0 V(j41) moq - For all j > 0, define

the loop m; = 3 oot p1...07 "1 p_1. We claim that the infinite path 7 = [Ljsom; is

balanced. Each time a 7; block ends along m, the part of the difference vector produced by
the loops of L is zero. So, when a 7; ends, the difference vector is due only to the paths p;.
Since the index of the step k(j) at which 7; ends grows quadratically in j and the difference
vector dig (mq ... m;) grows linearly in j, we have that lim; o dig (71 ... 7;)/k(j) = 0. It can
be shown that in the steps between k(j) and k(j + 1), the i-th component of the difference
vector differs from the one of d;g (7 ... 7;) no more than a function Cj ; that grows linearly in j.
Specifically, C; j = M P; + jM A;, where M P; is the sum, for all p;, of the maximum modulus
of the i-th component of the difference vector along p;, and M A; is the sum, for all o}, of the
maximum modulus of the i-th component of the difference vector along o;. As a consequence,
limy 00 digr (7=F)/k = 0 and 7 is balanced. O

By merging together the two previous lemmas, as a corollary, we obtain the graph theoretic
characterization for the balance problem.

Theorem 2.2.2. A graph G satisfies the balance problem if and only if there exists a connected set
L of simple loops of G, with an n.l.c. of difference value equal to zero.

This theorem, alongside proof of Lemma 2.2.6, shows that a connect set of simple loops having
zero as difference value of an n.l.c. constitute a representation of a balanced path.
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2.2.3 2-Colored Graphs

From the preliminary section, we know that a bounded path is also balanced and that a balanced
path is not necessarily bound. However, is it possible that whenever there exists a balanced path
we can also find a bounded path in the same graph? Or stated in different terms, does the existence
of a connected set of simple loops with zero as difference value of an n.l.c. imply the existence of
an overlapping set of simple loops with zero as difference value of an.l.c.? In general, the answer
to this question is negative as shown in the following example.

TN
AN
1lxx }2 D F
VN A
B C

Figure 2.1: A 3-colored graph satisfying the balance problem, but not the bounded difference
problem.

Example 2.2.1. Consider the graph G in Fig. 2.1. First note that, up to rotation, there are just
three simple loopsinit: 01 =A-B-A,00=C-D-FE-F-C,andos=A-B-C-D-E-A.
It is easy to see that dyy(01) = (1,1), dig(02) = (—1,—1), and dig(03) = (—1,—3). On one
hand, since the connected set of simple loops {01, 02} has an n.l.c. with difference value zero, we
obtain that there is a balanced path in G. On the other hand, for all the three overlapping sets of
loops ({01,03}, {02,03}, and {01, 02, 03}) there is no way to obtain a zero difference value of an
n.Lc. with all coefficients different from zero. So, there is no bounded difference path in G.

Hence, the bounded and balance problems are not equivalent in general. However, when we
deal with 2-colored graph, the color difference vector becomes a natural number. So, if £ is a
connected set of simple loops having zero as difference value of an n.l.c., then there must be either
a perfectly balanced simple loop or two loops with difference vectors of opposite sign. Notice
that two loops o, o’ with color differences of opposite sign have the following n.l.c. of difference
value zero: |dig (0”)| - dig (o) + |digr (0)| - digr(0”) = 0. If the two loops are connected but not
overlapping, we can construct a sequence of adjacent overlapping simple loops connecting them.
In this sequence, we are always able to find a perfectly balanced simple loop or two overlapping
simple loops with difference vectors of opposite sign. Therefore, on a 2-colored graph the balanced
and bounded problems coincide, as proved in more details in the following lemma.

Lemma 2.2.7. Let G be a 2-colored graph. If there exists a connected set of simple loops of G
with zero as difference value of an n.l.c., then there exists an overlapping set of simple loops of G
with zero as difference value of an n.l.c.

Proof. In a 2-colored graph, the difference vector of any path p is simply an integer. Let £ be a
connected set of simple loops with zero as a difference value of an n.l.c.. If £ contains a simple
loop o such that d;g (o) = 0, then {co'} is trivially an overlapping set.

18
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If £ contains no perfectly balanced loop, then all the difference vectors of the loops in £
cannot have the same sign, otherwise it is not possible to have a non-trivial natural combination
Y oer Codig (o) = 0.

Thus, let dig (o) > 0 and dig (¢”) < 0, for 0,0’ € L. If o and ¢’ are overlapping, then {o, ¢’}
is the overlapping set we are looking for. If o and ¢ are not overlapping, since they are connected,
there exist a path p; from o to o’ and a path p, from ¢’ to . o So, there exist four indexes i, 7', j, 5/
such that pq(4) is the last node of p; in o, p1(j) is the first node of py in o’, po(4’) is the last node
of py in o', and p2(j’) is the first node of py in o. Then, within the loop o there exists a simple
path p from po(j') to p1(7) and, within the loop o’, there exists a simple path p’ from p;(j) to
p2(i"). We then set p} = p1(i) ... p1(j) and p§ = pa(i'), ..., p2(j'). We observe that the pairs of
paths (p, p), (0, P}). (p', p), and (p, p}) have only one node in common. Moreover, p and p’
have no node in common since o and ¢’ are not overlapping. So, the loop o’ = pp! p/p is not
simple if and only if p} and p), have a node in common. Now, observe that two loops 7, and 7
with difference vectors of opposite sign have zero as difference value of an n.l.c. with coefficients
|dig (m2)| and |dyg (1), since |dig (m2) | digr (1) + |digg (1) | dig (m2) = 0. We conclude with the
following case analysis.

1. If o” is simple, then (o, ¢”) and (0, o) are pairs of overlapping sets.

(@) If dg (¢”) = 0 then {¢”} is an overlapping set having zero as an n.L.c.
(b) If dig (0”) > 0 then {o’, 0"} is an overlapping set having zero as an n.l.c.

(¢) If dig (0”) < 0 then {o, 0"} is an overlapping set having zero as an n.l.c.

2. If p) and p, have nodes in common, there exist two indexes k, %’ such that it holds
pi (k) = ph(K'). So, we can construct two loops o] = ppi(1)...p (k) ... p5(|p5]) and
0y = p'py(1) - po(K') - P (1)

(a) If dig (0}) = 0, for some i € {0, 1}, then {07} is an overlapping set having zero as an
n.l.c.
(b) If dig (o)) > 0 then {o’, 04} is an overlapping set having zero as an n.l.c.
(¢) If dig (o) < O then {o, o]} is an overlapping set having zero as an n.l.c.
(o1

(d) If digg (0]) > 0 and dig (%) < 0, then {0}, 05} is an overlapping set having zero as
ann.lc.

O]

Due to the above characterization, both decision problems can be solved efficiently, by using a
Bellman-Ford algorithm to find two loops of opposite color difference sign, if such exist.

Theorem 2.2.3. A 2-colored graph G = (V, E) satisfies the bounded difference problem if and
only if it satisfies the balance problem. Both problems can be solved in time O(|V | - |E|).
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Proof. The algorithm is the following: at first we use a deep-first search to construct a simple loop.
If the loop is null then it is the perfectly balanced loop and the algorithm terminates. If the loop is
positive (resp. negative) we first decompose the graph in its connected component by using Tarjan’s
algorithm in time O(|V| 4 | E|). Then on each connected component we apply Bellman-Ford
algorithm for single-source maximum ( resp. minimum) paths, starting at any node. Bellman-Ford
algorithm finds a negative (resp. positive) loop if one exists. If one run of the algorithm, on a
connected component, finds a negative (resp. positive) loop then the balance and bounded problem
are solved with positive answer. If no run of the algorithm finds a negative (resp. positive) loop,
then the problems are solved with negative answer. Each run of the Bellman-Ford algorithm takes
time O(|V’| - |E'|) where V' and E’ are the set of nodes and the set of edges of the connected
component. So if S is the set of connected components G’, we have the whole algorithm runs
in time O(|V| + |B| + Y s [Vor| - [Eol) € O gres Vel - [B)) = OE| S res [Verl) =
O(E|- V). =

2.3 Solving the Balance Problem

In order to solve the balance problem it is sufficient to determine a set of connected simple
loops having zero as difference value of an n.l.c. Indeed, such loops can be used to construct a
balanced path as shown in the proof of Lemma 2.2.6. Since simple loops are connected if and only
if they belong to the same connected component, we can restrict our investigation only to such
connected components. Hence, in the following, we make the assumption that the underlaying
graph is strongly connected and we look for a set of loops with zero as difference value of a natural
linear combination. To this purpose we use techniques developed for the solutions of flow problems
in operative research [HLO3].

Consider a strongly connected k-colored graph G = (V, E), our purpose is to relate edges
forming loops to an n.l.c. of difference value zero. Hence, our formalization needs to (i) highlight
edges as many time as they are needed in the linear combination (ii) demand that the edges contain
the same number of colors (iii) demand that all the edges are used in a finite number of loops.
The first aim is achieved by associating to each edge e a flow variable z. representing how many
times the edge is used in the linear combination. For the second point, we simply need to impose
that the flow passing through each color is the same for every color: 3 c g(q) Te = X cep k) Te
for all @ € [k — 1]. The third point requires some more explanation, however, if the edges
form loops, then for each edge entering in a node there must be an edge exiting from that node:
Y ecve Te = ey Te. This necessary condition turns out to be also a sufficient one as shown
in the following lemma.

Lemma 2.3.1. Given a graph G = (V, E), there exists a vector x. : E — N such that for each
edgev € Vitholds Y .« Te =) o Te if and only if there exists a sequence of simple loops
T =o01,...,0, such that x, = 2221 |0 e-

if. LetT = o01,...,0; be asequence of simple loops and let z, = Zi’:l |oi|e. Consider a node
v € V, and let y,,; € {0,1} be a value indicating whether the node v is used in the loop o;.
Precisely y, ; = 1 if and only if the loop o; passes through v. Since each loop passing through v
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contains only one edge entering in v and only one edge exiting from v, and since a loop non-passing
through v contains none of the above, we have for each v, Y ., zc = Zi:l Yoi = D ecpe Te-

[only if] Let z. : £ — N be a vector such that . x, = > ., x forallv € V. We
propose an algorithm that computes a sequence of loops 7 = o7y, ..., 0y such that x. = Zi‘:l loie-
The algorithm is recursive on the value of the sum ) __ 5 ..

1. For the base case, let ) . z. = 0 then the empty sequence is the sought sequence of loops
such that z, = 31 |oy]..

2. Let ) .pxe > 0. In the recursive step we construct a simple loop and we remove the edges
used by this loop from the function z., thus obtaining a new function x/, of lower sum. The
construction is iterative and proceeds as follows:

(a) For the invariant property the following holds: we have a simple path p = ey, ..., e,
representing the partial construction of the loop, moreover we have a vector y. : £ — N
such that for all e, we have y. = z. — |ple

(b) In the first step of the iteration we choose any edge €’ such that z., > 0 and we set
p=¢ and y. : E — N as the vector such that for all e € E \ {€¢’} we have y. = x,
and for the edge ¢’ we have y. = z. — 1. It is easy to see that y. = x. — |p|. for all
e € E. At this point p may be a loop, in which case the iteration ends.

(c) Consider the simple path p and the function . at an iterative step. Let v be the ending
edge of p: in p there is only one entering edge in v and no exiting edges. Hence,
Yoecve Yo = (Deecpe Te) = 1= (D ey Te) — 1 = (D_ocy— Ye) — 1. This implies
that >" ., ye > 0, hence we can find ¢’ € v~ such that .- > 0. Then, compute for
the next step p’ = p- €’ and the function y/, such thaty), =y —1 =20 — |ple — 1 =
Ter — |p | and Yl = ye = xe — |ple = Te — |p/|e, for all e # €’. At this point if p/ is a
loop the iteration ends.

(d) As the ending property we have that p is a simple loop and y. : £ — N is such
that for all e, we have y. = x. — |p|.. From these properties we can also prove that
Y ecve Ye = D ecy— Ye- For all nodes v appearing in p there is one exiting edge from
v and one entering edge in v, hence, there is one and only one edge ¢’ € v*~ and one
and only one edge ¢” € v~ appearing in p. So, for all edges e € (Jo™ Uv)\ {¢/, "}
we have y. = . and for all edges e € {¢,e”} we have y. = z, — 1. It holds

that Zeev—’ Ye = (2661}" 1’6) —-1= (Zeev‘— 1’6) —-1= Zeev‘_ Ye- On the other
hand, for all v not appearing in p for all e € v U v we have y. = z.. Hence,

ZeEv* Ye = Zeev‘_ Ye-

At the end of the iteration we have a simple loop p and a vector y. : £ — N such that for all
e € E, we have y. = x. — |ple. At this point we can apply the recursive algorithm to the

vector y since we have ) cp e < D ocpTe- and Y cov Ye = Doy Ve

O]

In the following we define a system of linear equations that allows us to compute vectors
ze : I — N representing a set of simple loops. Hence, the algorithm, presented in the second part
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of the proof of the previous lemma, for the computation of the simple loop, is a key component of
the scheduling algorithm.

Since we defined a way to represent the edges involved in the loops, and to relate them to the
existence of a natural linear combination of difference value zero we can define a linear system
of constraints. To the previous discussed constraints, we add two new ones: (i) we ask that the
number of time an edge is used is non negative, i.e., . > 0 for all e € E, (ii) we have to use at
least one edge in order to not find the trivial solution with all values x. = 0, hence, we also ask
that }° _pxe > 0.

Definition 2.3.1. Let G = (V, E) be a k-colored graph. We call natural balance system for G the
following system of equations on the set of variables {x. | e € E'}.

1. forallv eV Yoeco— Te = D ey Te
2. foralla € [k — 1] ZeeE(a) T = ZeeE(k) Te
3.foralle € E ze 20

4. YoecpTe >0

5. foralle ¢ £ e €N

Let m = |E| and n = |V'|, the balance system has m variables and m + n + k constraints.

It is easy to prove that the above system of linear constraint is feasible if and only if there exists
a set of loops with zero as a difference value of an n.l.c.

Lemma 2.3.2. There exists a set L of simple loops in G with zero as a difference value of an n.l.c.
if and only if the natural balance system for G is feasible.

only if. If there exists an n.l.c. of £ with difference value zero, let ¢, be the coefficient associated
with a loop ¢ € L. Then, we can determine a sequence of loops 7 = o1, ...0; obtained by
adding in arbitrary order all the loops in £ as many times as their relative coefficient. We can
construct a vector z € R™ that satisfies the balance system: . = ) . cs|0|c = 22:1 loi e
The first part of Lemma 2.3.1, shows already that . satisfy the first set of constraints of the
natural balance systems. The third, fourth and fifth set are trivially satisfied. For the second set
we need to observe that the value 3. () Te is the sum of edges colored by a color a € [k]:
ZeEE(a) Te = ZEGE(G) ZUEE CU|Sigma|5 = ZUEL’ Co ZGGE(Q) ’U|5 = ZUEE CU’U|‘I‘ Due
to the natural linear combination of value zero we have that for all a € [k — 1] it holds that
Y wer Col0la = Y ,cr Colo|k, and, hence, the second set of constraints hold.
[if] Let z. : ' — N be a solution of the feasible system. By Lemma 2.3.1, we can construct
a sequence of simple loops 7 = o1,...,0; such that 22:1 |oile = x. for all edges e € E.
Let £ be the set of these loops and for each ¢ € L let ¢, be the number of times ¢ appears
in 7. Then z. = ) . cos|0|c. Due to the second set of constraints, and due to the fact that
> ecB(a) Te = D_ger Colola for all colors a € [k], we have that the natural linear combination of
L with coefficients ¢, for each o € L has difference value zero.
O

So, finding a solution to the natural balance feasibility problem is equivalent to finding a set
of simple loops with zero as a difference value of an n.l.c. and equivalent to finding a balanced
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path. However, the feasibility of a system linear inequalities with integer variables is in general an
N P-hard problem ([NW88]).On the other hand, whenever the variables are real and the inequalities
are not strict (i.e. the inequalities signs are only <, >, =), then the feasibility problem becomes
polynomial in the size of the system ([NW88]). Changing from natural variable to real variables in
a system does cause an increment in the number of solutions, hence we may find a real solution
without finding a natural one. With the aim to disprove such a property we define the following
feasibility system.

Definition 2.3.2. Let G = (V, E) be a k-colored graph. We call real balance system for G the
following system of equations on the set of variables {x. | e € E}.

1. forallveV Ze€v—> Te = Zeev‘_ Le
2. forall a € [k — 1] ZeeE(a) Te = ZeEE(k‘) Le
3. foralle € E ze >0

4. ZeGE Te 2 1
S.forallee FE ze €R.

Let m = |E| and n = |V'|, the balance system has m variables and m + n + k constraints.

Observe that not only we asked the variable to be in the set of reals number, but also the fourth
constraint has became ) . . > 1. This has been done with the aim to remove the constraint
with the > sign which would not ensure a polynomial resolvability of the feasibility problem. Also
the substitution is reasonable because the fourth constraint was just added to avoid the solution
with all zero components, this is also achieved by the new constraint. However, the new constrain
seems to be more restrictive, nonetheless the fact that we are using real numbers make it flexible
enough, as shown by the following lemma.

Lemma 2.3.3. There exists a solution to the real balance feasibility problem if and only if there
exists a solution to the natural balance feasibility problem.

if. Suppose there exist a vector x. : & — N solution to the natural balance system. This solution
satisfy all constraints of the real version of the feasibility problem but the fourth. Hence, we

compute a new function gy, : £ — R such that for all edged e € E we have y, = 5 e — Ttis
ec

Te
easy to see that it satisfies all constraints of the real balance system. ;
[only if] If the real balance system is feasible, since it has integer coefficients, it has to have a
rational solution. Such rational solution x. : £ — Q, satisfies also all the constraints of the natural
balance system but for the fact that its values do not belong to N. Therefore, if d is the minimum
common multiple among the denominators of the rational numbers ., we can define a new vector
Ye : £ — N such that for all edges e € FE it holds y. = d - x.. Since, all constraints of the natural
system are either equalities or inequalities of the type a’z ~ 0, for ~€ {>, >}, they are also
satisfied by the function ..
O

The following is a corollary of Theorem 2.2.2, and Lemmas 2.3.2 and 2.3.3.

Corollary 2.3.1. If G is strongly connected, there exists a balanced path in G if and only if the
real balance system for G is feasible.
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2. Fair Scheduling 2.4 - Solving the Bounded Difference Problem

At this point, computing a rational solution to the real balance system provides us with a set of
loops representing a balanced path in a strongly connected graph. On the other hand, if we do not
find such a solution we conclude that there are no loops with zero as difference value of an n.l.c.
and, hence, no balanced path.

Theorem 2.3.1. The balance problem, i.e. determining whether on a graph G there exists a
balanced path and computing a representation of such path if it exists, is polynomial in the size of

G.

Proof. In order to solve the balance problem in G, first we compute the maximal connected
components of GG using the classical Tarjan’s algorithm [CLRSO1]. This algorithm is polynomial
in n and m. Then, in each component we compute whether the real balance system is feasible,
by using the polynomial algorithm for feasibility of sets defined by linear constraints [NW88].
This second algorithm is used at most n times and it is polynomial in the number of constraints
(n + m + k) and in the logarithm of the maximum modulus of a coefficient in a constraint (in our
case, the maximum modulus is 1). If the feasibility algorithm answer positively to the existence
of a solution, it also provide a rational one. By the proof of Lemma 2.3.2, such a solution allows
us to compute in polynomial time a set of connected simple loops and the coefficients of an n.l.c.
of value zero. As shown in the if part of the proof of Lemma 2.2.6, this in turn allows us to
constructively characterize a balanced path in the graph.

O

2.4 Solving the Bounded Difference Problem

In the previous section we defined a feasibility system that allows us to compute a set of simple
loops having zero as difference value of a natural linear combination. Such set of loops is also what
is needed to determine a bounded path, provided that is is also overlapping. Hence, we need to
add some more constraints that impose the loops found actually satisfy the said property. Lemma
1.2.2 allow us to link this requirement to a reachability problem, which is also commonly solved
as flow problem in operative research. According the the lemma, in order to ensure overlapping
of the loops, we need to find a node on such loops connected to all the other nodes only through
edges belonging to the loops themselves. In the following x. represents the variable associated to
the edge e in the real balance system, and is called z-load associated to e.

In order to evaluate the connection between the nodes of the loops and a fixed node u, we
imagine there is a connection flow generated from » and moving through the graph, only on
edges belonging to the loops. Eventually some flow is absorbed by every node in the loops, thus
ensuring that u is connected to all of them. In order to represent this flow, we introduce new
variables y, representing the amount of connection flow passing through the edges e. At this point,
the constraints need to ensure that (i) there is some absorbed flow on all the nodes belonging
to the loops, (ii) the absorbed flow is generate by the fixed node w, (iii) there is a connection
flow only on edges belonging to the loops. The second problem is solved by observing that only
nodes v belonging to the loops satisfy the property > ., . x. > 0 while for the other nodes, the
entering x-load is zero. Hence, we can imagine that every node absorbs a connection load equal to
Y ecv+ Te and be sure that all and only the nodes belonging to the loops will absorb some of it. We
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2. Fair Scheduling 2.4 - Solving the Bounded Difference Problem

impose such condition by asking that for each node v, the exiting y-load is less than the entering
y-load by the quantity ) _ . ., i.e., we use the constraint ) . . Ve — > ccp Ye = D _ecye Te-
For the third point we just need to ask that v generates as much y-load as that absorbed by the other
nodes, hence, 3 .c,,» Te = Dcepe Te = Dpev\{u} Doecv Te- FOr the third point, since edges
are used only if x, > 0, a constraint of the form 0 < y. < C' - x, for some constant C' is enough.
The value y, of a flow on e is bounded by the total flow connecting u to the other nodes, i.e., by the
value 3 e fu} Decve Te- Observe that this flow is also bounded by ° oy, >~ € € v .. Since
all the edges enter in one and only one node the above value is equal to ) . ;> z.. Hence, in order
to evaluate the size of C' we need to determine the maximum value of ) . 2. and the minimum
value of x. in a solution of the real balance system. This values exists and we determine them in
the following lemma.

Lemma 2.4.1. Let G = (V, E) be a k-colored graph, with |V| = n, |E| = m, and sqg =
min{n + k — 1,m}. For all solutions x to the real balance system for G there exists a solution
x' such that, for all e € E, it holds (xe = 0 = z,, = 0) and (z. > 0 =1 < 2, < s¢!). Asa
consequence, 1 <" _p i, < m-sqgl.

Due to its many technical details, we postpone the proof of this lemma later in this section (but
the interested reader can already read it). The lemma assure us that whenever there is a solution to
the real balance system there is another solution such that all components z. are no smaller than 1
and the sum ) . x. is not greater than m - s¢!. Hence, the constant C' we are looking for in the
third requirement for overlapping of loops, is equal to C' = m - sg!.

Once, formalized all the needed requirements, we can define the complete linear system of
inequalities that allow us to solve the bounded problem.

Definition 2.4.1. Let G = (V, E) be a k-colored graph with m = |E|, n = |V|, and sqg =
min{n + k — 1,m}, and let u € V be a node. We call bounded difference system for (G, ) the
following system of equations on the set of variables {x.,y. | e € E}.

1-5. The same constraints as in the balance system for G
6. for allveV \ {U} ZeEv‘— Ye — Zeev_) Ye = Zeeu—’ Le

7. ZeEu% Ye — ZeEue Ye = ZveV\{u} Zeévﬁ Te
8. foralle € E Ye =0

9. foralle € E Ye < (m-sgl)ze

10. for alle € £ Ye €R.

The bounded difference system has 2m variables and 3m + 2n + k constraints.

The following lemma states that the bounded difference system can be used to solve the
bounded difference problem.

Lemma 2.4.2. There exists an overlapping set of simple loops in G, passing through a node v and
having zero as difference value of an n.L.c. if and only if the bounded difference system for (G, u)
is feasible.
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2. Fair Scheduling 2.4 - Solving the Bounded Difference Problem

only if. Let £ be an overlapping set of simple loops having zero as difference value of an n.l.c.
with coefficients c, for all loops ¢ € £. Then by Lemma 2.3.2 we can construct a solution
Te = Y er Colole to the bounded-difference system. By Lemma 2.4.1, there exists another
solution ' € R™ to the balance system, such that z, = 0 = 2, = 0and 2z, > 0= 1 < 2, < sg.
If any loop of the overlapping set £ passes through u, by Lemma 1.2.2, there exists a path p,, from
u to any node v occurring in £. We set ye = >, cyn gy ([Pvle Xoce, p Te)- Simple calculations
show that (2, y) is a solution to the bounded difference system for (G, u).

[if] If there exists a vector (z,y) € R?™ satisfying the bounded-difference system, then like
we did in the second part of Lemma 2.3.2, using z, we can construct a set of simple loops £ having
zero difference value of an n.l.c. Since Y. e~ Ye — Dy Ye = Dvev\ {u} Doecv— Tes We have
that u belongs to at least one edge used in the construction of L. If we set G’ = (V’, E’) as the
subgraph of G induced by £, we are able to show by contradiction that there is a path in G’ from
u to every other node of V. Indeed if for some v € V' \ {u} there is no path in G’ from u to v
then there is some load exiting from u that cannot reach its destination using only edges of G'.
Since the constraints (8) make it impossible to carry load on edges of GG that are not used in £, the
connection constraints cannot be satisfied. So, for all v € V' there is a path in G’ from u to v. By
Lemma 1.2.2, £ is overlapping. U 0

At this point, computing a rational z-solution to the real balance system provides us with a
set of overlapping loops representing a bounded path in a strongly connected graph. On the other
hand, if we do not find such a solution we conclude that there are no loops with zero as n.l.c. and,
hence, no balanced path.

Theorem 2.4.1. The bounded problem, i.e. determining whether on a graph G there exists a
bounded path and computing a representation of such path if it exists, is polynomial in the size of

G.

Proof. In order to solve the bounded difference problem in G, for all u € V' we check whether
the bounded difference system for (G, u) is feasible, by using a polynomial time algorithm for
feasibility of linear systems [NW88]. This algorithm is used at most n times and it is polynomial
in the number of constraints (2n + 3m + k) and in the logarithm of the maximum modulus M of a
coefficient in a constraint. In our case, M = m - sg!. Using Stirling’s approximation, we have
log(m - sg!) = log(m) + ©(sq log(sa)). Therefore, we obtain the following.

If the feasibility algorithm answer positively to the existence of a solution, it also provide a
rational one. By the proof of Lemma 2.3.2, such the x-component of the solution allows us to
compute in polynomial time a set of simple loops and the coefficients of an n.l.c. of difference
value zero. By the properties ensured by the y-component of the solution we know that the loops
are overlapping. As shown in the proof of Lemma 2.2.6, this in turn allows us to constructively
characterize a balanced path in the graph. O

The rest of this section is dedicated to the proof of Lemma 2.4.1.
We first introduce two preliminary lemmas.

Lemma 2.4.3. Let t € N be a natural number and A € [t]"*™ be a square matrix, then

|det(A)| < t"™ml. Moreover, if A is not singular then |det(A)| > 1.
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2. Fair Scheduling 2.4 - Solving the Bounded Difference Problem

Proof. We prove the first statement by induction on m.

1. If m = 1 then |det(A)| = |a11] < t.

2. If the statement holds for m — 1, then for any j € [m] it holds that

m
det(A) = (1) a; jdet(M; ),
i=1
where M; ; € [t](()m_l)x (m=1) is a matrix obtained from A by removing the i-th row and the
j-th column. So, [det(A)] < |37, aijdet(M; ;)| < 322, laiylldet(Mig)] < 355 ¢ -
tmtm — 1! = (tm)t™ Y (m — 1)! = t"ml.

Moreover, if A is not singular, since A has an integer determinant it must be |det(A)| > 1. O

Lemma 2.4.4. Let t be a natural number and A € [t]2*™, A’ € [t]7*™, B e [t]*}, and
B' € [t]3"! be four matrices. Let S = {x € R™ | Az > B,A'z > B,z > 0} and
M = min{n + n',n + m}. If S is not empty, then there exists a vector x € S such that
x € Q™ and every component x; is less than or equal to k = MtM.

Proof. Let I € N " be the identity matrix. First, we convert every inequality of the system
Az > B in an equivalent equality by adding a new variable: the inequality > "." | a; jz; > b;
becomes Y ", a; ;jx; = b; +y; withy; > 0. If weset C = (4 ‘g/) e Rvtn)x(ntm) apd
B" = (), we can define the set S’ = {(z,y) € R™" | C(”ﬁ) = B" (x,y) > 0}. It
is easy to see that S = {x € R™ | Jy € R".(z,y) € S’}, thus in our hypothesis S’ is not
empty. We denote as r the rank of C, so m < r < M since —I is not singular. By a well
known result in linear programming (see, for instance, Theorem 3.5 of [NW88]), the set S’
contains a basic solution, i.e. there exists a non-singular submatrix C’ € R"*" of C, given
by the columns i1,...,4,. and by the rows ji,...,j, of C, such that in S there is the point

(215 -+ - Zm+n) € R™ ™ guch that 2/ = (z;,,...,2;,) is the unique solution to the system of
linear equations C'2'7 = (T b;-’T)T = B"”, andforall j & {i1, ..., } it holds that z; = 0.

By Cramer’s theorem, for all k € [r] we have z;, = det(C] )/det(C") where C] is the matrix
obtained from C” by replacing the 7-th column with the matrix B”. So, 2’ and z have components

in Q. Since ¢, Cj ,...,C; € [t]y™", by Lemma 2.4.3 |det(C;)| < r!t". Moreover, since C” is
not singular we have |det(C)| > 1. In conclusion, z;, < |det(C;)|/|det(C)| < (r)lt" < MItM,
as requested. O

Now, we are ready to prove Lemma 2.4.1.

Lemma 2.4.5. Let G = (V, E) be a k-colored graph, with |V| = n, |[E| = m, and sg =
min{n + k — 1,m}. For all solutions x to the balance system for G there exists a solution x’
such that, for all e € E, it holds (re = 0 = 2, = 0) and (z. > 0 =1 < 2, < sg!). Asa
consequence, 1 <" _px, < m-sqgl.
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2. Fair Scheduling 2.5 - The perfectly balanced finite path problem

Proof. Let x be a solution to the balance system for GG, and let J be the set of all edges e such
that . > 0. By construction, |.J| > 0. We represent the first two sets of equalities of the balance
system in matrix form as Dx = 0. Then, the set of points satisfying the balance system is P =
{yeR™ | Dy=0,y>0,> .pye > 0}. Now the subsetof P, P’ = {y € P |Ve € J.y, >
landVe ¢ J .y =0} ={y€ P|Ve€ E.(xz¢ >0=y, > 1) and (z. = 0= y. = 0)} is not
empty. Indeed, the vector z = x(min.c; x.)~!isin P/, since (i) Dz = (mineey z.) ' Dx = 0,
(ii) for all e € J, we have z, = x.(minee; x.)~! > 1, and (ii4) for all e & .J, we have z, = 0.
The set of inequalities “Ve € J .y, > 17 can be represented as the system of linear equations
Fy > 1, with 1 € {1}'*!, Similarly, the set of equalities “Ve ¢ .J .y, = 0” can be represented
as F'y = 0. If we define D' = (5) € {-1,0,1}@nHh=l=Dxm e have P' = {y € R™ |
D'y = 0,Fy > 1}. Since D', F, 1,0 all have elements in {—1,0, 1}, by Lemma 2.4.4 the set
P contains an element 2/ € Q™ such that for all ¢ € [m], 2} < (min{2n + &k — 1,1 + m})! <
(min{2n 4+ k — 1,n + m})! = s¢!, which concludes the proof. O

2.5 The perfectly balanced finite path problem

In this section, we introduce an NP-hard problem similar to the bounded difference problem.
Given a k-colored graph G and two nodes u and v, the new problem asks whether there exists
a perfectly balanced path from u to v. We call this question the perfectly balanced finite path
problem. To see that this problem is closely related to the bounded difference problem, one can
note that it corresponds to the statement of item 3 in Lemma 2.2.1, by changing the word loop to
finite path. In the following we prove that such a problem is NP-complete.

We ffirst prove that the problem is N P-hard by by a reduction from 3SAT which is known to
be NP-hard [CLRSO1].

Theorem 2.5.1. The perfectly balanced finite path problem is NP-hard.

aj,1 sk
ajyl\ ) aj.2 aj»kj \
/ N
q; o qj+1
a. ik’
N 3,1 DR A

—

alay (P

Figure 2.2: Proof of Theorem 2.5.1: The j-th subgraph G of G.

Proof. We prove the statement by a reduction from 3SAT which is known to be an N P-hard
problem [CLRSO1].

Given a 3SAT formula ¢ on n variables 1, ..., x, with k clauses C', . . . , C, we construct
a k-colored graph G such that each color ¢ is associated with the clause C;. Precisely, for each
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2. Fair Scheduling 2.5 - The perfectly balanced finite path problem

variable x;, we construct a subgraph G; of G with a starting node ¢; and an ending node ¢;1, as
shown in Figure 2.2. For 1 < j < n, the labels a; 1, ..., a;x, are the colors corresponding to the

clauses in which x; occurs affirmed and a;- Lreeo) a; i are the colors of the clauses in which x;
’ s

occurs negated. Moreover, the edges labeled with 1, ...,k concisely represent a sequence of k
edges, each labeled with a different color. Finally, the graph G is obtained by concatenating each
graph G; with Gj1, as they share the node g;1, for1 < j < n.

We show that the formula ¢ is satisfiable if and only if there exists a perfectly balanced path in
G from ¢ to gp41-

First, assume that ¢ is satisfiable. Then, there exists a truth assignment for the variables that
satisfies . Using this assignment, we construct a perfectly balanced path in which each color
appears exactly 2n + 3 times. In particular, for all subgraphs G ;, the path takes the upper branch if
x; is assigned true and the lower branch otherwise. For each clause Cj, let L; be the indexes of
the variables that render Cj; true, under the given truth assignment. We obtain that the constructed
path passes through at least 2n + | L;| non-self-loop edges colored with 7. This holds because at
each subgraph it passes through the edges labeled 1, . . ., k once at the beginning and once at the
end. Moreover, for all j € L;, the path passes through another non-self-loop edge labeled with
iin G;. Since |L;| > 1, the path may pass through a self-loop labeled with ¢ at least once in the
graph. Thus, by taking 3 — |L;| times one of those self-loops, we get the desired number 2n + 3 of
occurrences of ¢, for all colors 7.

Conversely, assume that there exists a perfectly balanced path from ¢g to ¢g,41. For all
subgraphs G the path takes either the upper or the lower branch. Then, there are two possible
situations:

1. Each color occurs 2n + [ times with [ > 1. We define the assignment in the following
way: we set x; to true if the path takes the upper branch in the subgraph G, and to false
otherwise. We claim that such assignment satisfies (. For all colors 7 the path passes through
an ¢-colored edge « such that it is not a self-loop and it is not a starting or an ending edge of
a subgraph G (those edges are the first 2n). Such edge « is on a branch of a subgraph G,
consequently the assignment for x; satisfies the clause C;. Being ¢ arbitrary, all clauses C;
are satisfied by the assignment of the variable.

2. Each color occurs 2n times in the path. We define the assignment as follows: we set ; to
true if the path takes the lower branch in G, and to false otherwise. We claim that such
assignment satisfies . For all colors ¢ there exists at least one variable x; appearing in the
clause C;. However, the path does not pass through any edge colored with 7, except the
mandatory edges at the beginning and end of each ;. Then, in G the path takes the branch
opposite to the assignment of x; that makes C; true Then, the opposite assignment of x; (the
one we choose) makes Cj true.

O]

We prove that the problem is in N P by reducing it to the feasibility of a system of linear
equation with integer variables, which is known to be N P-complete [NW88]. This time the
inequality signs in {<, >} are allowed. Before describing the related linear system, we recall a
result of integer programming presented in [Sch86].
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Lemma 2.5.1 ([Sch86]). Let A € Z™" and B € Z™'. Let S = {x € Z" | Ax < B} be
an integer convex set. If S is not empty then there exists a point x € S such that the sum of
the components of x is bounded by 61>, where ¢ is the maximum sum of the coefficients of an
inequality of the system Az < B.

Definition 2.5.1. Let G = (V, E) be a k-colored graph and w,w € V be two distinct nodes. We
call perfectly balanced path system for (G, u, w) the following system of equations on the set of
variables {x.,y. | e € E}.

1. forallv € V \ {u,w} Decve Te =D ecy— Te

2. ZeeuF Te =1+ Zeéu* Le
3. Yoecwe Te = =143 co Te
4. forall a € [k — 1] ZeGE(a) LTe = ZeEE(k) Le

5. foralle € E ze 20

6. ZeEE Ze > 0

7. forallv € V \ {u} DecveYe = Decr= Yo = Decy— Te

8. Z:eeu—> Ye — Zeew— Ye = ZvEV\{u} ZeEv—’ Le
9. foralle € £ Ye =0

10. foralle € E ye < (6(d—1)%p)x..
11. foralle e & Te,Ye €L

where @ is the maximum sum of the coefficients of an inequality in the first six sets of constraints.
Let m = |E| and n = |V/|, the perfectly balanced path system has 2m variables and 3m + 2n + k
constraints.

It helps to think of the vectors = and y as two integer loads associated to the edges of G. The
constraints 1 — 6 are almost the same constraints of the natural balance problem for GG, and they
ask that x should represent a path from u to w and a set of simple loops such that the latter have a
n.l.c. equal to the opposite of the color difference vector of the path.

The constraints 7 — 10 are connection constraints, asking that y should represent a connection
load, from u to every other node of the simple loops defined by x, and carried only on the
edges of those loops. Thus, the constraints 7 — 10 ask that the loops represented by x should
be reachable from u, using only edges represented by z, similarly to the bounded difference
system of Section 2.4. The only difference is the bound in the constraints 10, which is justified by
Lemma 2.5.1.

Lemma 2.5.2. There exists a perfectly balanced path in G from u to w if and only if the perfectly
balanced path system (G, u,w) is feasible.

The proof of the previous lemma is similar to that for the balance problem. Since the feasibility
problem for an integer linear system is in NP, and by Theorem 2.5.1, we obtain the following.

Theorem 2.5.2. The perfectly balanced finite path problem is NP-complete.
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3. Priority Scheduling 3.1 - Frequency Goals

3.1 Frequency Goals

In the previous chapter we defined fairness requirements without actually quantifying the
resources dedicated to an activity. Here, we try to measure the amount of such resources through
frequency.The frequency of an activity can be expressed as the relative number of its occurrences
with respect to the overall number of activities performed.

Definition 3.1.1. Frequency

|z|:
E]

1. The frequency of a color i on a finite sequence x € [i|* is the value

2. The frequency of a color i on a finite path in a k-colored graph is the frequency of color i on
the associated color sequence.

3. The frequency vector of a finite sequence x € [i]* is the vector (%, e %) c QF

4. The frequency vector of a finite path in a k-colored graph is the frequency vector of the
associated color sequence.

Since a system’s run is infinite, we can only evaluate such a frequency at every finite prefix.
Thus, we can assume that the frequency of an infinite run is the asymptotic value to which the
frequencies along the prefixes tend to.

Definition 3.1.2. Asymptotic frequency

Let x € [k]“ be an infinite sequence of colors. The asymptotic frequency f; of colori € [k] on
|[z=";

x is the limit (if it exists) of the frequencies of i on all finite prefixes of x, i.e., f; = limy, 400 ——.
The asymptotic frequency of x is the real vector f € |0, 1]k such that each component f; is the
asymptotic frequency of i on x. A path p on a k-colored graph has asymptotic frequency f € [0, 1]k
(resp. admits frequency f; € [0, 1] for color i) if its color sequence does.

Example 3.1.1. The color sequence x = [[;-> ((110)'11) € [1]* has asymptotic frequency vector

f=G%)

An asymptotic frequency has a drawback: it disregards all those contributions of execution
of activities that grows sublinearly in the length of the prefix. In the previous example, we can
observe that activity 1 is executed more than % of the times, but the difference between the real
frequencies of activity grows so slowly that it is asymptotically negligible. Indeed, by exploding
the definition of limit for the asymptotic frequency, it is possible to find the following equivalent
formulation.

Lemma 3.1.1. An infinite color sequence x € [0, 1] has asymptotic frequency f € [0, 1]* if and
only if there exist a function g : N — N such that g(n) € o(n) and for every finite prefix +=" the
number of occurrences of color i on the prefix does not differ from the expected f; - n more than
g(n), i.e., it belongs to the set [f; -n — g(n), fi - n+ g(n)].
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So, an asymptotic frequency allows intervals in the run that are not compliant with the frequency
itself, provided that their uncompensated contributions is small enough, and, hence, negligible
at infinite. However, the smaller the increment of the function g(n), the smaller this undesired
contribution grows. The smallest growing function g(n) is the constant function, which completely
halts the growth of this frequency non-compliant contribution, indeed when g(n) = C for each
color we can expect that the number of occurrences on a prefix of length n is very close n - f;
but for that constant. When g(n) is constant, we call the asymptotic frequency uniform to mean
that the unwanted contributions eventually stops or are always compensated. The smaller is the
constant the sooner the non-compliant contributions are compensated by a following one.

Definition 3.1.3. Uniform (asymptotic) frequency
Let x € [k]* be an infinite sequence of colors, with asymptotic frequency f € [0,1]F. f is said
uniform on x if there exists a constant C such that for every finite prefix =" of length n, and every

color i € [k, the frequency of color i oscillates in the set [f; — %, fi + %}
Example 3.1.2. The color sequence x = [[;-°7((110)'11) € [1]* has asymptotic non-uniform
12

frequency vector [ = ( ). The color sequence y = (110)“ has uniform frequency vector

f=G35)

It is possible to evaluate different degree of uniformity by choosing a sublinear function g(n)
in the equivalent definition of asymptotic frequency given by Lemma 3.1.1. However, we leave
such a discussion to Section 3.6 By assigning to each activity a different frequency depending on
its priority, provided that all frequency sum to 1, we are able to evaluate whether a path satisfies
the given priority policy.
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Definition 3.1.4. Let f € [0, 1]* be a vector of real number such that Z,’f:l fi = 1. Then, the
asymptotic (resp. uniform) f-frequency goal W,y (resp. Wyy)is the set of all infinite color
sequences on [k] with asymptotic (resp. uniform)frequency f.

In the following, we call f € R* a frequency vector only if f € [0,1]% and S-F | f; = 1.

3.2 Graphs Characterization

Like we did in Section2.2, in this section, we characterize the existence of an asymptotic
frequency- f or uniform frequency- f paths by means of properties of the underlaying colored graph.
In particular, we observe that we can compose simple loops for the construction of a priority path.
On the converse, we prove that a priority paths always contain some regularities, that allow us to
extract loop components. By evaluating the properties of such loops, we show that whenever there
exist of a priority path, a set of simple loops can be used to construct some regular priority path.

3.2.1 Frequency-f problem

The asymptotic frequency- f property states that, along the prefixes of a path, the ratio between
the number of occurrences of a color i € [k] and the length of the prefix, does not differ from f;,
but for a value which grows asymptotically slower than any function polynomial in the length of
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3. Priority Scheduling 3.2 - Graphs Characterization

the prefix. Since, such a ratio has a limited interval of variability, like the color difference in the
balanced problem, is it maybe possible that even in this case there is an unavoidable periodicity?
Observe that if we want to construct a periodic path p = ¢% with asymptotic frequency f, then
is is sufficient that the loop o is endowed with such a frequency, i.e., that for all color i € [k] it

holds that |U||i = f;. If we decompose ¢ in a combination of a sequence of loops £ = o1,..., 07y,

lo
1
i logli

then we obtain that for each ¢ € [k] it holds that f; = ST Hence, the frequency is like an
j=1193713

average of vectors N, 0; with weights |o;].

Definition 3.2.1. Ratio of an n.l.c

In a k-colored graph, the ratio of natural linear combination T = {(o1,¢1) ... (07, ¢)} is the

S i Numos
vector %
i=1 cicloil

In general, we capture the ability of weighted natural vectors to form a weighted average
through the following definition.

Definition 3.2.2. Weighted Ratio

Let A = {(A1,w1),..., (Am,wn)} C Z% x N_g be a finite set of m pairs (integer vector,
respective weight), we call combination value of A with respect to coefficients c1,...,c, € N
(such that they are not all zeros) a vector D = Y | ¢; A;, Moreover, we define the weight of A as
np = Y ity c;w; and the ratio of A as %.

At this point the question about the existence of a periodicity in a path with asymptotic
frequency f, relates to the ability of the occurrence vectors of loops involved in the path, to form a
ratio of value f. The next lemma shows that an infinite weighted sum of weighted natural vectors
cannot converge to a real vector f, unless the set of vectors used can form a ratio with value f.

Lemma 3.2.1. Let f € Q% and A C Z% x N be a finite set such that no n.l.c. of A has ratio
f. Let {(By, un)}n be an infinite sequence of elements of A, S, = >, By be the partial sum,
and Uy, =", w be the partial sum of the weights. Then, there exist an index i € [d] such that

: Sn 7
limy, 4 o0 T # fi

Proof. Let A = {(A1,w1),...,(Apn,wy)} and g : R™ +— R, be the function such that

iy nAn i . . . .
glcr, ... cm) = maxj<i<q {‘% — fz‘} First, note that ¢ is a continuous function,
since it is the maximum of continuous functions. Let now K C R™ be the set {(c1,...,¢m) €

[0,1]™ | 3>, ¢; = 1}. Note that 0 ¢ K and that K is compact, since it is a finite dimen-
sional space defined by a linear equation. Hence, by Weierstrass theorem, g admits a minimum
M = mingex{g(x)} on K. Since, by hypothesis, there is no n.l.c. of A with ratio f, M
must be strictly positive. Indeed, if by contradiction M = 0, there should be a non-zero vector
(c1,...,¢m) € K such that for all i € [d],

i cnAni — L i cnwn, = M = 0. (3.1)
n=1 n=1

Since (3.1) is a homogeneous linear equation with rational coefficients and since it has a non-
negative solution, by Lemma 2.2.4 it also has a non-negative integer solution with at least one
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3. Priority Scheduling 3.2 - Graphs Characterization

positive component. This solution induces a n.l.c. of A with ratio f f, contradicting the hypothesis
on A.

Now, consider the sequence {(B;,, un) }n, its partial sums S, = ;" , By, and its weight partial
sum U,, = Z?:o w;. Moreover, let d; ,, be the number of times for which the pair (A;, w;) occurs in
the sequence up to position n and let ¢; , = 8;,/n. Then Sy, = > 610 - Ay =Y 0 Cin - A
and Uy, = /2 01 -wy =mn-> " ¢ - wy. Since we have ) )", 8, = nforalln € N, it is
obvious that (¢i ,,...,¢cmn) € K.

Let now Z,, € RdXd be the matrix defined by Z,, ; = % — f;!|. Since there is no n.l.c.
=1 n

of A with ratio f, it holds that for all n € N there exists a non-zero element in Z,,. Let {i,, },, be an
index sequence such that Z,, ;, = max;<j<q{Zy i} > 0. Since {iy, },, can assume at most d differ-
ent values, there exists a pair 7* that occurs infinitely often in {4y, },,. Let {h; }+ be the index sequence
such that ip,, = * and there is no ¢ €]hy, hyy1[ with iy = i*. Then, consider the subsequence
{Zy, i+ }+ of {Z,,i }n, Hence, limy_, 1 oo Zp, i~ > M > 0 and consequently lim,,_, 4 o, Z, j+ # 0,

mocanALg . Sn.i
ot _ppy St g O

whenever these limits exist. In conclusion, lim,,_, | S,
=1 *c,

Whenever we have an path with color frequency f, we are able to decompose this path in
its quasi-segmentation. Each loop is associated with a difference vector and a length, and every
time a loop ends, the frequency vector of the prefix is the ratio between the sum of the occurrence
vectors of the loops met so far and the sum of their length. Hence, if the loops cannot form a linear
composition with frequency f, the path cannot have asymptotic frequency f.

Lemma 3.2.2. Let G be a k-colored graph and p be an infinite path in G with color frequency
f € R”, then there exists a connected set of simple loops having an n.l.c. of ratio f.

Proof. If there exists an infinite path p with asymptotic frequency f, since the set of nodes is finite,
there is a set V/ of nodes occurring infinitely often in p. Let p’ be a suffix of p containing only
nodes in V', The path p’ has frequency f and it is composed by an infinite sequence of simple
loops on V' (see Definition 1.2.6 for further details). Let £ be the (finite) set of such simple
loops, and let A = {(o, |0|) | 0 € L)} be the weighted set of occurrence vectors of the loops in L.
Every time a loop trough V"’ closes along p’, the difference vector up to that point is the sum of the
difference vectors of the simple loops occurred so far, plus the difference vector of the remaining
simple path. Since the remaining simple path cannot have length greater than |V’|, the difference
vector up to that point differs from a sum of a sequence of elements of A by a constant-bounded
term. Let n(j) be the index of the j-th point where a loop is closed along p'. Since p’ has frequency

um (P —

f» each component of the difference sequence {W}ig\] tends to f;. Let {op, }ren be the

sequence of loops such that {ah} -1 18 the quasi- segmentation of p/="9) with rest rj. Then we

have Ny, p/<"0) = ( fl:l Num (1)) + Ny (r) and | <" |( {L=1 lon|) + |r;|. Since r; has

Z}g:l | ]‘i

. 22:1 |o'j|
J .

of the sequence {M + |rj|};, i.e. fi. By Lemma 3.2.1, A has an composition with

loj|
=1 Tj
ratio f. Then, the snnple loops of £, which occur with a positive coefficient in the composition of

A with ratio f, are connected, because they are extracted from the same path 7. O

at most length |V'| we have for all ¢ € [k] the sequence { }; converges to the same limit
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Following a similar construction developed in Lemma 2.2.6, given a set of simple loops with
a natural linear ratio f, we are able to construct a path with asymptotic frequency f. The path
is obtained by using periodically all the loops as many times as requested by the natural linear
ratio and by connecting them with connection paths used less and less often in order to make their
contribution negligible at infinite. The following lemma formalizes the construction.

Lemma 3.2.3. If a k-colored graph G contains a set of connected simple loops having an n.l.c. of
ratio f, then there exists in G an infinite path p with frequency f.

Proof. Let L = {ap, a1, ...,ap—1}, and denote by v; the first node of «; in its representation as
a cyclic sequence of nodes. Foralli = 0,...,h — 1, let ; a (possibly empty) path that starts in
the last node of «; and ends in the first node of &(;; 1ynod n- Since L is connected, it is possible to
find such paths. Let A; be the color vector of «;, and let A; be the color difference matrix of ;.

h—1
Moreover, let (co, c1, - . ., ¢n—1) be the non-negative integers such that % = f. Then, we
i=0 CiTli

define the vector Z = Z clA Finally, let n; the number of edges 1n «; and m; the number of
edges in ;. At this point, we define n = Zi’ 01 ¢ -n;and m = Z 0 m;.

In order to construct a path with color limit L, we reason as follows. Since in general the
loops in £ do not share a node with each other, to move from «; to a;+1, we have to pay a price,
represented by the color vector of ;. In order to make this price disappear in the long-run, we
traverse the loops «; an increasing number of times: in the first round, we traverse it ¢; times, in
the second round, 2¢; times, and so on. Formally, the construction is iterative and at every round
7 > 0 we add, to the already constructed path, the cycle p; defined by

ico

icy ich—1
pl—ao o 7'('1...Ozh71 Th—1-

Note that the cycle p; starts and ends at node vy and contains m + ¢ - n edges. The required infinite
path is then p = p1p2 ... p;.... We now show that this path has frequency f.
Let [y = Oand,forallz >0, letl; =Yy [pjl = Y (m+i-n)=i-m+ Hil, —

%rH—O(i), so that p=l = py ... p;. We compute for all colors a the value |p='i|, = ZFl lpjla =
Z;Zl(zg;é |Tqla) + 1(Zh cq\aq| ) = 72 . (ZZ:(% cqlagla) + O(i). Consider an index j € N,
there exists an index i(;j) such l;(;y < j < l(j)+1. Since for all colors a, the functions |p=7|, and
|p=7| are increasing in j, we have that:

P00 _ [pHa _ =0t

<l =<5
|pStio | |p=7| ‘p Lig) |
<l:./.: - 2 h—1 <l;/.
ince lim ; o= iy (D7 g0 Calala) _ . BTl PR
Since lim;_, o o o = fo,and lim;_, | o iG] fa, we have
that the value of hmJHJroo | < 218 fq. ]

As an immediate corollary of the two previous lemmas, the next theorem follows.

Theorem 3.2.1. Let G be a k-colored graph, there exists an infinite path with frequency f if and
only if there exists a connected set of simple loops having a n.l.c. of ratio f.
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Since the natural linear combination of a set of loops can only have a ratio with rational values,
as a corollary we obtain that there does not exist a path with a non-rational asymptotic frequency.

Corollary 3.2.1. Let G be a k-colored graph, there does not exist an infinite path with frequency
f, with a non rational component f; € R\ Q, for some i € N.

3.2.2 The uniform f-frequency problem

In the previous section we showed that a path with asymptotic frequency f needs to be
composed by a periodic repetition of a natural linear composition of simple loops with ratio f
and by some other undesired unbalanced contributions that grows sublinearly in the length of the
prefix. Since the frequency f is uniform when the expected occurrence of color on a prefix do not
differ from the effective ones by a constant, the undesired contributions need to remain bounded
and continually balance themselves. Hence, there are no growing unbalanced contributions. Like
shown in Lemma 3.2.3, the unbalanced contributions depend on the connection paths between the
loops. So, if we want to achieve an uniform frequency, we have to eliminate such connecting paths,
by demanding that the loops are not only connected but overlapping as well. Indeed we can prove
the following theorem.

Theorem 3.2.2. In a graph G there exists a path with uniform frequency f if and only if there
exists an overlapping set L of simple loops of G having an n.lL.c. of ratio f.

The proof is a direct consequence of the two following lemmas. The first shows that there
exists a path with uniform frequency f if and only if there exists a loop with ratio f, the second
lemma shows how this loop can be decomposed in or composed from a set of simple loops with
natural linear combination with ratio f. Both lemmas hold for a rational frequency vector f € QF,
however, this is not restrictive, since we showed in the previous section no infinite path can have a
non-rational frequency component.

Lemma 3.2.4. Given a graph G and a frequency f € QF, the following statements are equivalent:
1. There exists a path with uniform frequency f.
2. There exists a periodic path with uniform frequency f.

3. There exists a loop with frequency f.

Proof. 1. [1 = 3]If p = voag ... Unpay, . .. is an infinite path with uniform frequency f, then
there exists a constant C' such that on every prefix the absolute value of the difference
between the occurrences vector and the expected occurrences vector is smaller than C.
Precisely, for all colors i € [k] and for all indexes n € N we have that |n - f; — [p=";] < C.
Let d be the maximum denominator of the rational numbers fi,..., fi, then the vector
n - f — Num(p=") belongs to the set of rational vector {; €Qly<d,-C<$< C1k,
Since both the set of these vectors and the set of nodes in the graph are finite, we can find two
indexes ¢ < j such that v; = v; and ¢ - f = Num (p=9) = j- f — Num (p=7). Consider the loop
o' = vja;viz1ai11 .. .Vj_1aj_1vj, its length is |o’| = j — i and its color occurrences vector
is Num0' = Num (p=7) — Num (p=) = f - (j — 1), hence, the frequency of o’ is exactly f.

37
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Nymo

2. [3 — 2] If there exists a loop o with frequency > = f, then ¢“ is a periodic path with
uniform frequency f. Indeed, every prefix ¢” with n € N has color frequency f. So, in the
intermediate prefixes, the difference between the color frequency of the prefix and f, never
increases beyond the maximum difference in a subpath of o.

3. [2 — 1] Trivial
0

Lemma 3.2.5. Let G be a k-colored graph. There exists a loop with uniform frequency f in G if
and only if there exists an overlapping set L of simple loops of G, with an n.l.c. of ratio f.

Proof. [only if] If there exists a loop ¢ with frequency f, by Lemma 1.2.1 the loop is the com-
position of a tuple 7 of simple loops. Let £ be the set of distinct loops occurring in 7, and
for all ¢’ € L, let ¢,/ be the number of times ¢’ occurs in 7. Since in the computation of the
difference vector of a path it does not matter the order in which the edges are considered, we have
ZU/GC CU"NU’W(OJ) — m(a

. ZU/EECJ"loJ' ‘U‘ . .
single loop o, we have that £ is overlapping.

) = f. Finally, since the loops in £ come from the decomposition of a

22:1 ci-Numo; _ f
: ) : . icycidoil

By using the algorithm presented in Definition 1.2.9, we construct a loop ¢ which is a linear
composition of £ with coefficients cj,...,c;. Then, we have that o has frequency f, since

Num (o) = Zi:l ¢i * Num(04), and |o| = Zé:l ci - |ol.

[if] Let £ = {01, ..., 07} be an overlapping set of simple loops such that

O]

3.2.3 Relating Priority to Fairness

The graph characterizations for the existence of fair paths are very similar to the characteriza-
tions for the existence of f-frequency paths. They both require the existence of a connected or
overlapping set of simple loops. The difference is that for the fair path we need a natural linear
combination with value zero and for the f-frequency paths we need a natural linear ratio of value
f. The following lemma shows that these two properties are related.

Lemma 3.2.6. Let L = {o1,...,01} be a set of simple loops in a k-colored graph and let
c1,...,c be asequence of coefficients. Then, the natural linear combination of L with coefficients
c1, ..., ¢ has value zero if and only if it has ratio f € QF with f; = %for alli € N.

if. If the natural linear combination has ratio with all components equal to %, then for all colors
J € [k] we have that 22:1 citloil; = 22:1 % -|oi| = C. Hence, for every pair of colors a, b € [],
we have Y70, ¢; - dig (00) = Y1y ¢i - (|oila — |oils) = 0.

[only if] If for all pairs of colors a,b € [k] it holds that Zézl ¢i - digy,,(03) = 0, then we
also have 22:1 ¢ |oila = 22:1 ¢i - |oilp. Hence for all colors a, b € [k] we have that the ratio

l s t mpy . :
fo= %fjlcéllﬁjr = %lillcc‘l“zl‘b = fp. Since Zle fj = 1 wehave f; = L forall j € N.

O]
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The above lemma shows that we find a solution to a fairness problem if and only we find a
solution to a frequency problem with all equal components. Indeed, the following corollary is an
immediate consequence of Lemma 3.2.6, and Theorems 2.2.2, 3.2.1 (resp. Theorems 2.2.1, 3.2.2).

Corollary 3.2.2. In a k-colored graph there exists a balanced (resp., bounded) path if and only if
there exists a path with asymptotic (resp., uniform)frequency with all equal components.

As one may suspect there is a deeper correlation between fair and priority path. Indeed in the
following, we prove that a path is balanced (resp., bounded) if and only if it has asymptotic (resp.,
uniform) frequency with all equal components.

Theorem 3.2.3. In a k-colored graph, a path is bounded in difference if and only if it has uniform

. 1
frequency f with all equal components equal to .

if. If an infinite path p has uniform frequency f with all components equal to % , then there exists
a constant C' such that for all n € Nand i € [k] we have —C' < % — |p="|; < C. Hence, for all
n € Nandi,j € [k] we have diﬁm(pgn) = (% —[p="];) = (% = [p="];). Hence, foralln € N
and i, j € [k] we have —2C < dyy, j(pgn) < 2C, and the path is bounded in difference.

[only if] If an infinite path p is bounded in difference , then there exists a constant C' such that
foralln € Nand i, j € [k] we have —C' < dyg, .(p=") < C. Hence, foralln € Nand i, j € []
we have dzﬁci’j(pgn) = (% —p="1;) — (% — [p="|;). Hence, for all n € N and i € [k] we have

-2C< ¢ — |p<"|; < 2C, and the path is bounded in difference. O

We prove the same result for the balance property and the asymptotic frequency in the next
subsection, as a corollary of a more general result.

3.2.4 Limit L problem

Fairness in a balance path in a k-colored graph is achieved by demanding that the differences

of colors along the prefixes of the path grow like a function sublinear in the length of the prefix, i.e.,

dr . (p=7 . .
for all 4, j € [k] it holds that lim,,, ; % = 0. Then we can define a priority requirement,

by asking that the differences of colors grows like function linear in the length of the prefix, and
hence converge to some constants.

Definition 3.2.3. In a k-colored graph, a path p has color limit L € R¥*¥ if for all pairs of colors
di_ffi7‘7'(p§n) — L.
n - 1,7

i,j € [k] it holds that lim,,_ 4 oo

The above problem turns out to be equivalent to the f-frequency problem, as shown by the
following lemma.

Lemma 3.2.7. An infinite path p has color limit L € R¥** if and only if it has asymptotic
frequency f and the frequency vector f is the unique solution of the following system of k* + 1
linear equations: for all i,j € [k, fi — f;j = li j; Zle fi=1
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Proof. First, observe that the system of linear equations f; — f; = [; ; and Zle fi = 1 contains
k independent rows in the coefficient matrix, i.e., the rows associated with the equations f; — fr =
ligs - fim1 — fr = lg—1 1> and Zle fi = 1. So, the system may have only one solution or no
solutions at all.

[only if] If p has color frequency vector f € R¥, then for all i € [k], it holds that f; =
limyp s 400 L2k So, forall i, j € [K], it holds that [; ; = limy, oo L™l — i p.

dzﬁZJ (p7 )
n

[if] If p has color limit L then, for all 4, j € [k], it holds that [; ; = lim,,, 4~ . We

’ 1- la .
show that (i) lim,_ o0 |[p=7 |1 /J = 12 M ; and (ii) for all @ € [k — 1], the sequence
{1p=7a/j}; converges to lo k. + L. Flrst we show (7). Assume by contradiction that the sequence is

not convergent to /, then we have 3¢ > 0.Vm € N.3n,,, > m. ('p_ "k S ] 4 ¢ or ‘p_nm e <

[ — s) . The points {n,, }, form a sequence, from which we can extract two subsequences {7, }i,

given by all the points such that [p<"™: |, /n,,, > | + ¢, and {n,, };, given by all the points such
< e

that [p="™% |,/ < [ — €. At least one of the two subsequences is infinite. Assume w.l.0.g. that

{nym, }i is infinite. Then, Z’;;}l - 25:1 (M _ ) > Z (M _ l) 4 & In other

Nm, N,

words, Zk_l (% —1) < M1 luk — e So, forall i € N there is a color a € [k — 1] such

a=1

that |p Mila < lak — =1~ Then, there is a color a € [k — 1] and a subsequence {n,s };

i n

of {nm, }i such that for all i € N we have that 2 — ls < ok + 1 — 5. Moreover, for all
dgan (o) _ o7 =] Z

i € N we have =200 = s P e < (Il pye) — (Le) = log— ghpe

Therefore, the sequence {dsza, i pgnm? )/ Teme }i does not converge to [, 1, so does not the sequence
{digr,, (p=7)/7};. since the first is a subsequence of the latter. So, by contradiction, we have
proved (i).

Now, we show (i7). Assume by contradiction that {|p=7|,/;}; does not converge to [ + I, ,
for a certain a € [k — 1]. Then, we have

<nm <nm |a

>1+ly+e or L

Nm Nm

la

EI€>O.Vm€N.EInm2m.<|p <z+za7k—g). (32)

Let ¢ be a witness for (3.2). By (i), there is 7 € N such that for all n > 7, we have | — £/2 <
|p="|x/n < [+¢/2. So, for all m > n, there is n,,, > m such that either (a) |p LAEIER I+lgp+e

nm
a

or (b) [p="ma e < [ 4+ 14 — €, depending on which disjunction in (3.2) holds. Assummg that (a)
occurs for infinitely many n,,, for all m > 7 there is n,,, > m such that

<nm
difg 1, (P=") _ 9=y — |p=" s

g g
>l+la7k+5—(l+7> = Loy +
Nm Nm 2

5 .
Thus, we have that {dy  , (0=")/n}, does not converge to [, i, which is a contradiction. O

Iti s easy to observe that a path is balanced if and only if it has color limit I = 0, since the
two definition coincides for L = 0. Hence, the following corollary follows.
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Theorem 3.2.4. In a k-colored graph, a path is balanced if and only if it has asymptotic frequency
f with all equal components equal to %

Proof. A path is balanced if and only if it has color Limit 0, by Lemma 3.2.7 this happens if and
only if it has asymptotic frequency f, whose components are the only solution of the system of
k? 4 1 linear equations: for all i, j € [k], f; — f; = 0; Zle fi = 1. The only solution f has all
equal components equal to % O

3.3 Solving the frequency-f problem

Since the graph characterization for the existence of a path with asymptotic frequency f is very
similar to the graph characterization for the existence of a balanced path, the algorithms for the
solution of the two problems are similar as well.

In Section 2.3, we determine a connected set of simple loops with zero as a value of a natural
linear combination by means of a system of linear inequalities. There is a variable for each edge,
representing how many times that edge is used in the natural linear combination of those loops.
Moreover, a part of the constraints ensure that the edges actually form loops and the other part
ensure that the natural linear combination has value zero. The connection between the loops is
ensured by making the algorithm run only on connected components.

In order to determine a path with asymptotic frequency f € QF, we need to determine a
connected set of simple loops with a natural linear ratio of value f. Hence, we can use the same
system for the balance problem, we just need to substitute the constraints about the natural linear
combination of value zero with a new set of constraints ensuring the existence of a natural linear
combination of ratio f. Since for each e € FE, the variable z, represent how many times the edge e
is used in the linear combination, we have that Zee B(a) Te is the number of edges with color a in
the linear combination and ) ., X, is the total number of edge. Hence, the natural linear ratio is

f, if and only if for all colors a € [k] it holds that % = fa

Definition 3.3.1. Let G = (V, E) be a k-colored graph, and f = (%, ..., %) € QF a rational

Y1’ ? Yk
vector. We call real asymptotic frequency- f system for G the following system of equations on the

set of variables {x. | e € E}.

1. forallveV Ze@f Te = Zeeqﬁ Le
2. forall a € [k] Zq ZeEE(a) Te =Yad ccpTe
3.foralle € E ze 20

4. DecpTe =1

5. ze €R.

Letm = |E| andn = |V|, the frequency-f system has m variables and m +n+ k? + 1 constraints.

Like we did in Section 2.3, we can define a natural frequency- f system which differs from the
above in two points: (i) The fourth constraint is > | ccE Te > 0 and (ii) the fifth constraint asks that
the variable z. are natural numbers. Using a very similar proofs to those developed for Lemmas
2.3.2 and 2.3.3 we prove respectively the following two lemmas.
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3. Priority Scheduling 3.4 - Solving the uniform frequency-f problem

Lemma 3.3.1. There exists a set L of simple loops in G with an n.Lc. of ratio f € QF if and only
if the natural asymptotic frequency- f system for G is feasible.

Lemma 3.3.2. There exists a solution to the real asymptotic frequency-f system if and only if
there exists a solution to the natural asymptotic frequency- f system.

Observe that the proofs just change only in the part dealing with the second set of constraints:
instead of proving that these constraints are equivalent to a value zero for the natural linear
combination, we prove instead that they are equivalent to a ratio f for the n.l.c. Since this part
is just a matter of algebra, we leave the modification of the proof to the reader. From these two
lemmas we obtain the following corollary.

Corollary 3.3.1. If G is strongly connected, there exists an asymptotic frequency-f path in G if
and only if the real asymptotic frequency- f system for G is feasible.

At this point we can develop an algorithm for determining a representation of a frequency- f
path. This algorithm is similar to the one for the determination of a balanced path.

Theorem 3.3.1. The frequency-f problem, i.e. determining whether on a graph G there exists a
path with asymptotic frequency f € QF and computing a representation of such path if it exists,
is polynomial in the size of G and the logarithm of the maximum number d € N appearing as
nominator or denominator of a rational component of f.

Proof. In order to solve the frequency- f problem in G, first we compute the maximal connected
components of GG using the classical Tarjan’s algorithm [CLRSO1]. This algorithm is polynomial
in n and m. Then, in each component we compute whether the real balance system is feasible,
by using the polynomial algorithm for feasibility of sets defined by linear constraints [NW88].
This second algorithm is used at most n times and it is polynomial in the number of constraints
(n + m + k) and in the logarithm of the maximum modulus of a coefficient in a constraint (in our
case, the maximum modulus is d). If the feasibility algorithm answer positively to the existence of
a solution, it also provides a rational one [NW88]. By the proof of Lemma 3.3.1, such a solution
allows us to compute in polynomial time a set of connected simple loops and the coefficients of
an n.l.c. of ratio f. As shown in the if part of the proof of Lemma 3.2.3, this in turn allows us to
constructively characterize a balanced path in the graph.

O

3.4 Solving the uniform frequency- / problem

Since the graph characterization for the existence of a path with uniform frequency f is very
similar to the graph characterization for the existence of a bounded path, the algorithms for the
solution of the two problems are similar as well.

Both problems are equivalent to the existence of a certain overlapping set of simple loops: the
bounded problem requires that these loops have a natural linear combination with value zero, and
the uniform frequency-f problem requires that these loops have a natural linear combination of
ratio f. Hence, one may imagine that, like it was done for the asymptotic frequency f problem, it
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3. Priority Scheduling 3.4 - Solving the uniform frequency-f problem

is sufficient to change the second set of constraints of the bounded linear system in such a way
to require that variables represent loops with natural linear combination of ratio f, instead of a
natural linear combination of value zero. However, the change in the constraints about the variables
Ze, may not ensure the validity of a lemma like Lemma 2.4.1 for the real frequency-f system.
Hence, the ninth constraint of the bounded path problem, i.e. y. < (m - sg!)xe, may avoid the
possibility to find some solutions. Indeed, for a set of overlapping simple loops satisfying the
constraints of the real f-frequency problem, the connection flow (equal to ) _ . 5 z-c) may be larger
than (m - sg!)x. In such a case with the ninth constraint, we do not find a connection flow and the
solution does not belong to those found by the linear system. Hence, we need a new upper bound
on the maximum value of ) ccE Te and on the minimum value of a variable .. The following
lemma answer to the question.

Lemma 3.4.1. Let G = (V, E) be a k-colored graph, with |V| = n, |E| = m, and s¢ = min{n-+
k—1,m}. Let f € QF be a frequency vector and d € N be the maximum number appearing as a
denominator or nominator among the components of f. For all solutions x to the real balance
system for G there exists a solution x' such that, for all e € E, it holds (x. = 0 = z,, = 0) and
(xe > 0= 1< a, < sg!). As a consequence, 1 <3 _px, <m-sg!-d°c.

Proof. Let x be a solution to the frequency-f system for GG, and let J be the set of all edges
e such that z. > 0. By construction, |J| > 0. We represent the first two sets of equalities
of the frequency-f system in matrix form as Dx = 0. Then, the set of points satisfying the
frequency-f systemis P = {y € R™ | Dy = 0,y > 0,>__pye > 0}. Now the subset of P,
P={yeP|VeeJ.y>1landVe & J.y. =0} ={y e P|Ve € E.(xe > 0= y. >
1) and (v, = 0 = y. = 0)} is not empty. Indeed, the vector z = x(minee; z.)~!isin P/, since
(i) Dz = (mineey x.) " 'Dx = 0, (i4) for all e € .J, we have 2, = x.(minee; z.)~! > 1, and
(71) for all e & J, we have z. = 0.

The set of inequalities “Ve € J.y. > 1” can be represented as the system F'y > 1, with
1 € {1}**1, Similarly, the set of equalities “Ve ¢ .J .y, = 0” can be represented as F'y = 0. If
we define D' = (£) € {-1,0, 1}@nth=l=1)xm e have P = {y € R™ | D'y = 0, Fy > 1}.
Since D', F, 1,0 all have elements in {—d, —(d —1)...—1,0,1...d — 1,d}, by Lemma 2.4.4
the set P contains an element 2’ € Q™ such that for all i € [m], < (min{2n + k — 1,1 +
m})[ . dmin{2n+k’—1,l+m} < (min{Qn k- 1)” + m})[ . dmin{2n+k’—1,l+m} — SG! . dsG, which
concludes the proof. O

The lemma allows us to state that whenever there exists a solution to the asymptotic frequency-
f problem, then there exists also another solution x. such that ) ccE Te < sg!-d*¢ and x, > 1.
Hence, a connection flow g, does not need to be greater than m - sg! - d°¢ - x..

By using the above constraint on the connection flow in place of the ninth constraint of the
bounded system, and by using the asymptotic frequency- f constraints in place of the balanced
constraints, from the bounded system we obtain the uniform frequency- f system.

Definition 3.4.1. Let G = (V, E) be a k-colored graph with m = |E|, n = |V|, and sqg =
min{n + k — 1,m}, let u € V be a node, and f € Q be a frequency vector with d € N equal
to the maximum number appearing as a denominator or nominator among the components of
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3. Priority Scheduling 3.5 - Problems on Initialized Graphs

f. We call uniform frequency-f system for (G, u) the following system of equations on the set of
variables {x,y. | e € E}.

1-4. The same constraints as in the balance system for G

5. fOl" all v € Vv \ {U} ZeEEU Ye — ZeevE Ye = ZeevE Le

6. Doce,BYe = 2ecE, Yo = DveV\{u} 2uec, B Le
7. foralle € E Ye >0
8 foralle € E Ye < (m-sg!-ds¢)x..

The bounded difference system has 2m variables and 3m + 2n + k constraints.

The following lemma states that the bounded difference system can be used to solve the
bounded difference problem.

Lemma 3.4.2. There exists an overlapping set of simple loops in G, passing through a node u and
having an n.l.c. of ratio f if and only if the uniform frequency- f system for (G, w) is feasible.

The proof of the lemma is the equal to the proof of Lemma 2.4.2. We just need to use Lemmas
3.4.1 and 3.3.1 in place of Lemmas 2.4.1 and 2.3.2 respectively.

At this point, computing a rational solution x to the real frequency- f system provides us with
a set of overlapping loops representing a bounded path in a k-colored graph. On the other hand, if
we do not find such a solution we conclude that there are no loops with f as ratio of an n.l.c. and,
hence, no path with uniform frequency f.

Theorem 3.4.1. Them uniform frequency-f problem, i.e. determining whether on a graph G there
exists a path with uniform frequency f and computing a representation of such path if it exists, is
polynomial in the size of G and f

Proof. In order to solve the bounded difference problem in G, for all u € V' we check whether
the bounded difference system for (G, u) is feasible, by using a polynomial time algorithm for
feasibility of linear systems [NW88]. This algorithm is used at most n times and it is polynomial
in the number of constraints (2n + 3m + k) and in the logarithm of the maximum modulus M of a
coefficient in a constraint. In our case, M = m - sg! - d°¢. Using Stirling’s approximation, we
have log(m - sg!) = log(m) + O(sglog(sa)). Therefore, we obtain the following.

If the feasibility algorithm answer positively to the existence of a solution, it also provide a
rational one [NW88]. By the proof of Lemma 3.3.1, the component x of the solution allows us to
compute in polynomial time a set of simple loops and the coefficients of an n.l.c. of ratio f. By
the properties ensured by the component y of the solution we know that the loops are overlapping.
As shown in the if part of the proof of Lemma 3.2.5, this in turn allows us to constructively
characterize a uniform frequency- f path in the graph. O

3.5 Problems on Initialized Graphs

In general, a system may have a starting state, in which case it makes sense to determine a fair
or priority path reachable from the graph’s starting node. Since a fair or priority path is constructed
from a set of simple loops, in order to ensure that path is reachable from the starting node, we
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3. Priority Scheduling 3.6 - Discussion

have to ensure that the loops are reachable from this node. As long as balanced and asymptotic
frequency- f paths are considered, we solve the relative problems by looking for loops in some
strongly connected components of the graph. Hence, to make sure the loops are reachable from
the node, we just consider those connected components which are reachable from the starting
node. On the other hand for bounded in difference and uniform frequency- f path we use just one
linear system for the whole graph. At this point the problem may be solved in two ways. (i) we
decompose the graph in its connected components and then we look for a set of overlapping loops
only on those component that are reachable from the starting node. (ii) we add to the bounded or
uniform frequency- f linear system a set of constraints ensuring that the loops are reachable from
the starting node. In the same way we ensured the reachability of all the nodes of the loops from a
given node u, we can define a second connection load 2, for each edge e. Such connection load
should be generated by the starting node and all the nodes of the loops should absorb some positive
amount of it. To this aim, we ask that each node v should absorb a load equal to ) | ccv— Te, and
that the starting node should produce a load equal to > v > c,— Te = D .c Te. Since such
connection load can use arbitrary any edge of the graph, we have no special requirement for the
load z.. Hence, the set of connection constraint to the starting node v;,; are given by the following
system.

Definition 3.5.1. Let G = (V, E) be a k-colored graph with m = |E|, n = |V'|. The following is
the set of constraints to add to the bounded system or to the uniform frequency-f system in order
to ensure the reachability of the loops from a starting node vjy;.

1. for allveV \ {U} Ze€v<— Re — EeEv_’ Re = ZeEv—’ Le

2. ZGE’U;Z- Ze — Zeévfm- Ze = ZeGE Le
3. foralle € E ze 20
4. foralle ¢ E ze €R.

Checking that a connected component is reachable from a starting node, running the bounded
or uniform f-frequency algorithm as many times as the number of connected components, and
adding a polynomial number of constraints to the feasibility systems, are the only operation needed
to solve the initialized version of the problems. Hence, all these problems are still solvable in
polynomial time in the size of the graph and of the frequency components.

In the next section we prove that the discussed fairness and priority properties are prefix-
independent, i.e., given a a fair of priority path p, a new path obtained from p by removing or
adding a finite prefix still satisfies the same fairness or priority property or p. Hence, once we find
a fair or priority path p reachable from a starting node v;,,; for any finite path 7 connecting v;y;
to a node p(n), we have that 7 - p~™ is a path starting from p and satisfying the same fairness or
priority property of p.

3.6 Discussion
In a colored graph a path has asymptotic frequency f if for all colors ¢ the difference between
fi and the frequency of a prefix of the path grows sublinearly in the length of the prefix. When the

difference does not grow and it is bounded by a constant the frequency is called uniform. Since, the
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uniform frequency- f property is derived by the more general asymptotic frequency- f property by
choosing a particular sublinear function that bounds the difference between the frequency of colors
on the prefixes and f, we may think to define for each sublinear function g(n) € o(n) bounding
the difference a g(n)-asymptotic frequency- f property. Depending on how slowly g(n) grows we
have a different degree of uniformity of the prefix along the path.

However, we characterized the existence of an asymptotic frequency-f path by means of a
connected set of simple loops with an n.l.c. of ratio f, and the existence of an uniform frequency- f
path by means of an overlapping set of simple loops with an n.l.c of ratio f. What would be a middle
point between connection and overlapping of loops, that allows us to achieve a g(n)-asymptotic
frequency but not yet an uniform frequency?

Observe that when we determine an n.l.c {(o1,¢1),...,(0;¢;)} of ratio f and paths 7; con-
necting o t0 0 (j41 mod 1)» WE can construct the p = :r:of pi where p; = (Hézl(oj)id - Tj).
Following a proof similar to the one of Lemma 3.2.3, one can prove that p has asymptotic frequency

f. Also it is possible to prove that the difference between f; and |p="|; grows as C - N Indeed,

every time a path p; ends, the length is C -4%*1, and the difference of occurrences of colors from the
expected f; -mis |i - 2221 |ojli| < Cq-i. In the intermediate points from p; to p;41 the difference

of occurrences of colors from the expected n- f; is bounded by Co - (i+1)+| 22:1 |oj |§d | < C3-i.

Hence, the difference of frequency grows like % = n_d%l

Hence, whenever we determine a path with asymptotic frequency-f we also determine a path
with n~*-asymptotic frequency f for every ¢ > 0. We hardly believe we can find a intermediate
level of connection of loops between path-connection and overlapping, that can allow a non-
bounded path with better uniformity than any n~%. Our conjecture is that one cannot perform better
without obtaining a bounded path, i.e. for all g(n) € N.~po(n™%) there exists a g(n)-asymptotic
frequency- f path if and only if there exists a bounded difference path.
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Part 11

Problems on Arenas
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Games for scheduling
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4. Games for scheduling 4.1 - Introduction

4.1 Introduction

In this part of the thesis we extend the model of colored graph to colored games in order to
encapsulate also sources of non-determinism in a scheduling plan. Hence, the activity graph is
endowed with a partition, distinguishing between the system’s states controlled by the scheduler
and the system’s states controlled by the environment. This part is divided in two chapters. In the
first we show that determining whether the system is able to follow a path satisfying a fairness or
priority condition defined in the Part 1 is a Co — N P-hard problem. Fundamental in the proof
of this result is the property of half-positionality for our fairness and priority goals. Since, this
property may allow to prove a similar result for other game goals, maybe other fairness and
priority goals, we analyze it in the second chapter. There we define a novel sufficient condition for
half-positionality, broader than the one already known in literature.

Preliminaries on Games

Like we defined in the preliminaries of this thesis, a colored arena is an initialized colored
graph endowed with a partition Vj, V; of the set of nodes. We imagine that on an arena two players,
called 0 and 1, alternate moves and construct a path. Every time a partial path is on a node of the
set V;, player 7 decides what edge is added next. In our framework, player O represents the system
or scheduler, meanwhile player 1 represents the environment.

Definition 4.1.1. k-colored arena

1. A k-colored arena is a structure (Vy, Vi, E') where (Vo U V1, E) is a k-colored graph, and
the two sets Vy, V1 are disjoint.

2. An initialized k-colored arena is a structure (Vy, V1, E, vin;) where (Vo U V1, E | vin;) is an
initialized k-colored graph, and the two sets Vi, V1 are disjoint.

3. We call the nodes of a set V;, nodes belonging to player 1.

4. The set of edges starting from nodes of player i is denoted as E;~, the set of edges ending in
nodes of player i is denoted as ;.

5. A finite path starting from a node v in an arena, is called finite or partial v-play, because it
is an intermediate result of the two players alternating moves.

6. An infinite path starting from a node v in an arena, is called v-play (or infinite play), because
is the definitive result of the two players alternating moves

A rule, describing what edge a player chooses at every partial play, is called a strategy for
that player. Since a play is determined, once the two player have established their strategies, the
analysis of these rules provides insights about the ability of the players to pursue their goals.

Definition 4.1.2. Strategy
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4. Games for scheduling 4.1 - Introduction

1. A strategy for player i € {0,1} is a function ; : (Vo U V1) U ET — FE that associates an
edge-choice to each partial play and to each starting node. Observe, that player 1 just needs
to decide an edge at every partial play ending with a node of player i and at each starting
node belonging to player i. However, this more general form of strategy makes our formal
reasoning easier and does not make a strategy’s construction more complex because the
unused values can be set arbitrary.

2. A partial play or play p starting at a node v is said consistent with a strategy T; for player i,
if (i) the starting edge of p is 7;(v) and (ii) for every non-empty prefix p' of p ending with a
node in V;, the edge of the play following p' in p is the one computed by the strategy, i.e.,
7i(p'). The empty path is considered consistent with any strategy.

3. Given two strategies 19 and 11 for the two players, for every node v € Vi U Vi, there exists
only one play starting at v and consistent with o and T1. Indeed the first edge is chosen by
the strategy of the player i to which v belongs and is T;(v). Inductively at every other partial
play the next edge is chosen by the strategy of the player the ending node belongs to.

4. A strategy T; of player 1 is said memoryless if the choice of player i at every partial play
depends only on the last node of the play. Formally T; is memoryless if there exists a function
7! : Vi = E such that for all partial paths p ending with v € V; we have 7;(p) = 7/(v). In
such a case, T/ is a synthetic way to represent T; and is considered as a strategy too.

The two player alternate moves and construct an infinite path, when one player seeks the
satisfaction of a give path property and the other player pursue the complementary goal, then
we have a game between them. In this thesis the goal of player 0O is the system specification
the scheduler aims to satisfy, meanwhile player 1, depicted as a malicious entity, tries to do the
opposite.

Definition 4.1.3. Games

1. A goal or winning condition W on a k-colored arena, is a set of infinite sequences of colors

in k], i.e, W C [k]“.

2. A k-colored game is a structure G = (A, W') composed by an initialized k-colored arena
A = (Vo, V1, E, vin;) and a k-colored winning condition W.

3. A path on A with color sequence in W is said winning for player 0, a path on A with color
sequence out of W is said winning for player 1.

4. A strategy T; for player i is said winning for player i at a node v € Vy U V4, if every play
starting at v and consistent with T; is winning for player i.

5. The winning set of a strategy T; for player i is a set V' of all and only the nodes v € Vy U V3,
such that T; is winning at the node v.

6. A game is said winning for player 1 if there exists a winning strategy for player i at the
starting node Vip;.
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A winning strategy for player 0 represents a rule the scheduler can follow in order to ensure
that the sequence of planned activity satisfies the given system specification, no matter what the
environment does. On the other hand, a winning strategy for player 1 represents a way for the
environment to force a run that fails to satisfy the given property, hence, the non-existence of a valid
plan for the scheduler. Also when a winning strategy for player 0 is memoryless, the scheduling
plan is easy, since the activity the scheduler has to chose at every state depends only on the state
and not on some history of the run. Hence, it is interesting to relate a game to the existence of
winning strategy and memoryless strategy.

Definition 4.1.4. Positionality and Determinacy

1. A game is said determined if one of the two players has a winning strategy.

2. A determined game is said positional if the winning player has a memoryless winning
strategy.

3. A goal W is said determined if all games with goal W are determined.
4. A goal W is said full-positional if all determined games with goal W are positional

5. A goal W is said half-positional for player 1, if all games having goal W and winning for
player 1, are positional.

4.1.1 Strategy and Memory

In general, a strategy allows a player to compute the edge that needs to follow a partial play. It
is possible that such a computation does not need to evaluate the whole path, but maybe a more
succinct information extracted from the path itself. This information represents what a player
needs to remember in order to make a choice and it is called memory.

Definition 4.1.5. Memory

Consider an arena A = (Vy, V1, E) and a strategy 7 : (Vo U V1) U ET — E for player i. A
memory of T is a function y : (VoU V1)U ET — M such that for all paths p, p' € (Vo UVi)UE™T
with p(p) = p(p') we have 7(p) = 7(p'). The set M is called memory space.

Observe that every strategy has a memory, indeed the identity function p(p) = p for all paths
and starting node is a valid memory for any strategy. If p : (Vo U V1) U EY — M is memory
function for 7, then we can define a function 7, : M — E such that for all m € M we have
Tu(m) = 7(p) for every path or starting node p with memory m. Since 7 is the composition of 7,
with 1, we have that the triple (M, 11, 7,) is an alternative way to represent the strategy 7, and it is
called memory form of 7.

The use of memory becomes particularly interesting, when there is an updating function
¥ : M x E — M that allows to determine what is the memory ) (m, e¢) of a path obtained by
adding an edge e to a prefix with known memory m.
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Definition 4.1.6. Update function
Consider an arena A = (Vo, V1, E), and a strategy (M, i, 7,,) for player i in memory form
withp: (VoUV))UEY — M and T : M — E. Then, ¢ : M x E — M is an updating function,

if for all paths p and edges e we have u(p - €) = ¥ (u(p), e).

If an update function exists, then the strategy (M, u, 7,) for player ¢ can be represented
as a quadruple (M, 1), 7, o) where 7, is the choice function, ¢ is the update function and
po = (Vo U Vi) — M is the initial memory function such that po(v) = p(v) forall v € Vo U Vi.
Indeed, player ¢ needs just to update its memory every time and edge is added to the play, and
when the play is on a node belonging to player ¢, and the memory is m, then player ¢ chooses the
next edge 7,(m). A strategy in memory-update form can easily be implemented, since at every
step the player just needs to compute the value of two functions. However, for implementation
purposes we need an algorithm for the computation of 1) and 7. Observe that, whenever M is
finite, the two function ¢ and 7 can always be given as tables (an | M ||E| x | M| table for 1) and an
|M| x | E| table for 7). In such case |M|? - | E| is the size of the strategy.

Observe that given a strategy (M, 1), 7,,, j1o) in memory update form, we can compute its
memory form (M, i, 7,,), indeed p1(v) = mo(v) and for all paths m = ey ..., e, we have u(7) =

Y(p(. .. Y ((mo,e1),e2) ...), en).

Definition 4.1.7. Unfolding Function
For every update function ¢ : M x E — M, we call unfolding of ¥, the function * :
M x E* — M such that

1. Y*(m,e) =m,

2. forallm = ey...e, of length n > 1 we have that the unfolding function is equal to

¢*<m7 77) - ¢(¢( .- 1/1(1/1(”% 61)7 62) .- ')7 en)'

For every memory function pi : 0 : (VoUVy) — M, we call fixed unfolding of 1, the function 1*[m] :
E* — M such that for all m € E* with starting node v, we have ¢*[m|(m) = u*(p0(v), 7)

It is easy to see that the memory function for a strategy (M, 1, 7,,, po) is p := ¢*[m]. It is
immediate to prove from the definition of unfolding of v the following concatenation property.

Lemma 4.1.1. For every path m = m - mo € E*, and for every memory m we have ¢*|m|(m) =
P (m, ) = (P (m, m1), m2) = ¢~ [p*[m](m1)](72).
4.1.2 Fairness and Priority Goals

In this chapter we focus our attention on games with the Fairness and Priority goals introduced
respectively in Chapter 2 and Chapter 3.

1. The balance goal Wy, is the set containing all and only the balanced color sequences.
2. The bounded goal Wy, is the set containing all and only the bounded color sequences.

3. Let f € QF be such that Zle fi = 1. The asymptotic frequency-f goal W, is the set
containing all and only the color sequences with color asymptotic frequency vector f.
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4. Let f € QF be such that Zle fi = 1. The uniform frequency-f goal W, is the set
containing all and only the color sequences with color uniform frequency vector f.

Observe that, due to Corollary 3.2.1, we investigate only priority goals with a rational frequency.
Given a frequency vector f € QF with all components equal to %, by Theorems 3.2.4 and 3.2.3 we
obtain that Wy, C W, s and Wy, C Wy,

4.2 Preliminaries on Half-positionality

Half-positionality states that the winning capability of a player is not weakened if we make it
only use memoryless strategies, since, when that player wins, it wins with a memoryless strategy.
Half-positionality is used in the course of the first chapter to prove results on games. Hence, as
a preliminary we now discuss, a sufficient condition due to Erik Kopczynski [Kop06]. In the
following, unless otherwise stated, we just use the term half-positionality, to mean half-positionality
for player 0.

4.2.1 Kopczynski’s theorem

In [Kop06], Kopczynski defines two properties of goal, sufficient for half-positionality. A
desirable property is that every time the play passes in a node controlled by player 0, this player
always prefer progressing through the same edge rather than alternating between different ones.
Kopczyski captures this property through the concept of concavity, which states that no matter how
two losing words are interleaved the results is a losing word.

Definition 4.2.1. Shuffle

The shuffle of two infinite words x,y € [k]* is the set of infinite words obtained by switching
infinitely often between x and vy, i.e., x,y® = {z1...2p... € [k]Y | z123...22n41... =
X, 2024 - Zop .. =Y}

Definition 4.2.2.

A goal W C [k]“ is concave, if for each pair of losing infinite words x,y & W, all words in the
shuffle are losing, i.e., v,y @ NW = (.

A goal W C [k]¥ is convex, if its complement [k]“ \ W is concave

Lemma 4.2.1. A goal W C [k]“ is convex if and only if for each pair of winning infinite words
x,y € W, all words in the shuffle are winning, i.e., x,y® C W.

Every time player O reaches a node with multiple exiting edges, he has a choice between many
positional behaviors. If one of them is winning, player O uses that one. If they are all losing,
concavity ensures that they cannot be alternated in order and give a non-memoryless winning
behavior. However, it is still possible that the optimal positional choice of player 0 depends
on some finite prefix up to that node. Kopczynsky solves the problem through the property of
prefix-independence, which states that the winning value of a word does not change whether we
modify some finite prefix.
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Definition 4.2.3. A goal W is prefix-independent if, for all infinite words x € [k]“, and for all
finite words z € [k]*, the word x is winning if and only if the word z - x is winning as well.

Lemma 4.2.2. A goal W C [k] is prefix-independent if and only if its complement [k]* \ W is
prefix independent.

Together, the two properties constitute a sufficient condition not only to half-positionality, but
also to determinacy.

Theorem 4.2.1. [Kop06] All concave and prefix-independent goals are determined and half-
positional.

4.2.2 Determining the winner

In the case the game represents a system-environment interaction, a strategy for the system
constitutes a plan of scheduling of the activities in the states it controls. Hence, determining the
winner of a game, i.e. determining which player has a winning strategy, is a fundamental problem.
Half-positionality and determinacy allow us to reduce the problem on games to a problem on
graphs through an exponential guess.

Suppose a goal W is half-positional for player 1, if player 1 has a winning strategy on game
G = (A, W) , the he has also a winning memoryless one. Hence, we simply need to evaluate all
the memoryless strategies of player 1, and if we do not find a winning one we conclude that player
0 is the winner. Since the memoryless strategies are functions 7 from V; to F, they are finite in
number, and they can be represented in polynomial space. Each memoryless strategy forms a
subarena A’ in the arena A, obtained from A by removing for all the nodes v controlled by player 1,
all edges exiting from those nodes but the one used in the strategy, i.e. 7(v). Hence, for each node
v € V1 in A’ there exists only one exiting edge, in such situation player 1 has no choices. Actually
the arena can be viewed as a graph whose nodes are all controlled by player 0. Upon such a graph
we may apply an easier algorithm and check whether player O has a way to beat the strategy 7 by
finding a path with color sequence in W. Following this idea, we prove the next lemma.

Lemma 4.2.3. Let W be a k-colored, half-positional and determined goal, such that for all
initialized graphs G = (V, E, vi;) there exists a polynomial time algorithm determining whether
there exists an infinite path starting at v;,; with color sequence in W. Then, for each k-colored
game G = (A, W) the problem asking whether there exists winning strategy for player 1 is in N P
and the problem asking whether there exists a winning strategy for player 0 is in Co — N P.

Proof. By half-positionality, if player 1 has a winning strategy, he has a memoryless one. The
number of memoryless strategies is finite and each one of them can be represented in polynomial
space in the size of the problem. (It is the number of possible functions that associate a node in V
with an edge exiting from that node). So, in polynomial time we can guess a memoryless strategy
T, and verify that it is a winning strategy, using the following algorithm. We construct the subarena
A’, obtained from A by removing all the edges of player 1 that are not used by 7. It is easy to
see the set of plays on A consistent with 7 is equal to the set of all plays on A’. We have that 7
is a winning strategy for player 1 in A if and only if all the plays on A’ are winning for player
1. Observe that in A’ player 1 actually has no choice. so we may consider that a play in A’ is
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constructed only by player 0. Thus, player 0 has a strategy that beats 7 if and only if there exists a
path starting from v;,,;, with color sequence in W in the graph of A’. By hypothesis we known to
solve the problem in polynomial time.

Since, we evaluate whether there exists a wining strategy for player 1, by guessing a polynomial
certificate that can be checked in polynomial time, we obtain that the problem is in /N P. Hence,
the complementary problem asking whether there exists a winning strategy for player 0 is in
Co— NP. O

4.3 Determining the winner

When a k-colored game represents the interaction between a scheduler and the environment,
determining whether the system has a winning strategy, allows us to determine whether a scheduler
can force a desired specification. In the case of the fairness and priority goals, we show that
determining whether player 0 has winning strategy is Co — N P-complete and that determining
whether player 1 has a winning strategy is /N P-complete. We also propose an algorithm that allows
us to determine the winner.

4.3.1 Membership

We first prove that the fairness and priority goals are determined and half-positional for player
1 by using Kopczynsky’s theorem. By using lemma 4.2.3 and the algorithms on graphs for
determining fair and priority path discussed in Chapters 2 and 3, we obtain a N P algorithm that
allows us to determine whether there exists a winning strategy for player 1.

The following lemmas prove that the complements of fairness and priority goals are prefix-
independent and concave. Since a goal is prefix-independent if and only if its complement is prefix
independent, for this property the following lemma is sufficient.

Lemma 4.3.1. For every frequency vector f € QF, the priority goals W, t» Wy and the fair goals
Win, Wy are prefix independent.

Proof. Let x € [k]¥, and let y € [k]*, we prove that for all the goals, the color sequence x is
winning if and only if y - x is winning. We distinguish the following cases.

1. (asymptotic frequency f) x has asymptotic frequency f if and only if for each color i € [k] we

="

have lim,,— 4+ = fi Since |2="|; = |(y - 2)="H1¥l|; — |y|; for by setting m = n+ |y|

n

we have |(y - 2)<™|; = |£=" || + |y|;. Hence z has asymptotic frequency f, if and only

if for each color i € [k] we have li )=l _ =iyl _ £ and thi
if for each color i € [k] we have limy,, ;o " My 400 fi and this

happens if and only if ¢ -  has asymptotic frequency f.

2. (uniform frequency f) We already proved that x has asymptotic frequency f if and only
if y - = does, it remains to prove that such a frequency is uniform on z if and only if it is
uniform on y - x.

[only if] Since x has asymptotic frequency f, there exists a constant C' such that foralln € N
and i € [k] we have —C < n- f; — |2="|; < C. Letm = n+|y|, and C; = |y|- fi — |yl:, let
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C' = maxC; | i € [k]. Let C" = max {|m - f;| — |y'?™|; | i € [k],m < |y|}. Then, we
have forallm € N, min {-C — ", —-C"} <m - f; — |(y - )™|; < max {C + C',C"}.
Hence, y - « has uniform frequency f.

[if] Since y - = has asymptotic frequency f, there exists a constant C' such that if for all
m € Nand i € [k] we have —C < m - f; — |(y - 2)<™|; < C. Letm = n + |y|, and
Ci = ly| - fi — |yl;- Then, we have foralln € N, —-C — C' < n - f; — [2="]; < C + C".
Hence, x has uniform frequency f.

3. (Bounded and Balanced) Since the balance (resp., bounded in difference)property is equiva-
lent to the asymptotic (resp., uniform) frequency- f property with f; equal to % for all colors
i € [k], the thesis holds.

O]

Lemma 4.3.2. For every frequency vector f € QF, the priority goals W, t» Wy and the fair goals
Wy, Wi are convex.

Proof. Lety, z € [k]¥ and z € y ® z. We prove that if  and z are winning, then so is . We have
thatz = x1...2x;... where y = 123 ... Tog41 ... and 2 = X224 ... Tog . ... Also, foralln € N
there are two indexes n,, ., such that n = n, + n, and Num (257) = Ny (yS"™) + Ny (2572),
for all a, b € [k]. We distinguish the following cases.

1. (asymptotic frequency- f) Given that y and z have asymptotic frequency f, we have that,
for all @ € [k] and for all € > 0, there exists h(g) > 0 such that for all n > h(e), it holds
that ||yng‘a - fa‘ < g and “’ZST% - fa‘ < e. Hence, given € > 0, let n > 0 be such that
ny > h(5)and n, > h(5). Such n exists, due to the definition of the shuffle operation. For
all n’ > n we have that:

|$§n/|a —fl = |y§n§’|a + |Z§n;’a - (n;/g + nlz)fa
n/ “ ny, + nl,
< |y§n;|a_n{g'fa +”Z§n/2‘a_nlz‘fa
- ny, + n, ny, + n,
<n LSl
< |yn, |a_fa +‘| n ’a_fa <e.
Y z

So, the color sequence x has asymptotic frequency vector f.

2. (uniform frequency-f) Since y and z have uniform frequency f, then x has asymptotic
frequency f by the previous point. Moreover, there exist two constants C, C, € N such
that for all i € [k] and foralln > 0, |n - fi — [y="];| < Cy and |n - f; — [2="];| < C..
Therefore, let C;, = Cy + C,, for all i € [k] and n € N we have |n - f; — |25"|;| <
Iny - fi — |[y="]i| + |ns - fi — [2="#|;| < C,. Hence, the sequence  has uniform frequency

f-
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3. (balanced and bounded) Since the balance (resp., bounded in difference)property is equiv-
alent to the asymptotic (resp., uniform) frequency- f property with f; equal to %k: for all

colors ¢ € [k], the thesis holds.

By Kopczynsky theorem, and the previous lemmas, the following corollary follows.

Corollary 4.3.1. For every frequency vector f € QF, the priority goals W, f» Wy and the fair
goals Wy, Wy are determined and half-positional for player 1.

Recall that from Section 3.5, we have a polynomial algorithm that allows us to determine a
fair or priority infinite path reachable from a starting state in a k-colored graph. Let p be such
a infinite path and let p’ be the path connecting v;,; to the starting node of p. Then, by prefix
independence the new infinite path p’ - p has the same asymptotic (resp., uniform) frequency of p.
Since constructing a path from v;,; to the starting node of p’ is polynomial in the size of the game
graph, we have polynomial algorithms that allow us to compute a fair or priority path starting from
a the initial node v;,; in any k-colored graph. By Lemma 4.2.3, we are able to construct an N P
algorithm determining whether there exists a winning strategy for player 1.

Corollary 4.3.2. Given a k-colored game with balanced, bounded, asymptotic frequency-f, or
uniform frequency-f goal, the problem asking whether there exists a winning strategy for player 1
is in N P, the problem asking whether there exists a winning strategy for player 0 is in Co — N P.

4.3.2 Hardness

In this section we prove that determining whether there exists a winning strategy for player 0
is an C'o — N P-hard problem, by reducing it to the satisfiability problem of a boolean formula,
which is a known C'o — N P hard problem. Hence, determining whether there exists a winning
strategy for player 1 is a /N P-hard problem.

Lemma 4.3.3. Given a boolean formula 1) in conjunctive normal form, there exists a k-colored
arena A such that the following are equivalent (i) v is a tautology, (ii) there exists a winning
strategy for player 0 in the game G = (A, Wy;), and (iii) there exists a winning strategy for player
0 in the game G = (A, Wyy,).

Proof. Let n be the number of clauses of 1 and m be the number of its variables, then we can
write 1) = A'_;1;, where each 1); is a disjunction of literals. In the following we define v(z) as
the set of all clauses in which x appears in positive form, and 1/(Z) as the set of all clauses in which
x appears negated.

We construct the following (n + 1)-colored arena A = (Vj, V4, vini, F'), where the set of colors
corresponds to the set of clauses of 1 with the added control color n + 1. The description of the
arena A makes use of uncolored edges, i.e., edges not labeled by any color. Clearly, such an edge
can be represented in our framework by a sequence of n 4 1 edges, each labeled by a different
color. The arena A is composed by m subarenas A;, one for each variable x;. Every subarena A;
has a starting node v;, an ending node v’; and two sequences of nodes: {v;; }i* ;, {v;;};-; where
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Uj71 Uj72 e Uj,n-l-l

Figure 4.1: The j-th subgraph A; of A. The dotted edge from v;; to v; ;11 is present if and only if
Y; € (x;), and analogously for the lower branch.

every node is associated with a clause. There is an uncolored edge from v; to v; 1 and from v;
to ;1. Moreover, if we define vj 11 = V)1 = v;, we have that for all 1 < ¢ < n, (i) there
is an uncolored edge from v;; to v; ;41 and from T ; to U1, (ii) if ¢»; € 1(x) then there is
an i-colored edge from v;; to vj;41, and (iii) if 1; € 1 () then there is an i-colored edge from
Uj; to Uj 1. We call the sequence {v;;}; the upper branch of A; and the sequence {v;;}; the
lower branch of A;. The arena A is constructed by connecting the subarenas A; as follows: for all
1 < 7 < m — 1 there is an uncolored edge from v; to vj41 and an n + 1-colored edge from v}, to
V1.

The construction of A is concluded by partitioning the set of nodes in V; = {vy,..., v, } and
Vo = V — V1. Intuitively, every subarena A; represents a truth choice for the variable x;. This
choice is made by player 1 with the aim to skip the passage through some clauses. On the other
hand, as soon as there is the chance, player O tries to pass through each clause once during a single
loop, in order to balance the clauses’ colors with the control color n + 1. Let G = (A, Wy;) and
G’ = (A, Wyy,), we now show the correctness of the above construction. In the following, we write
f'ljjﬂ' to mean either Vj; OF VUjj.

[If] If +) is a tautology, then the winning strategy for player O in both games G and G’ may be
summarized as follows: as soon as there is a chance, pass through an edge of color v;; then, do not
pass through such an edge again, until we pass again through v;. Formally, the strategy of player
0 is the following: each time the play is in a node v;;, player O chooses to reach v; ;1 through
the ¢;-colored edge if and only if ¢; does not appear in the least suffix of the partial play starting
with v1. then player 1 does not have a choice and it follows the only possible outgoing edge. We
observe that during a single loop from v, to itself, a strategy of player 1 is a truth-assignment to the
variables of v: precisely for every subarena A;, player 1 chooses to follow the upper branch if and
only if x; is true. Since v is a tautology, any such assignment is a satisfiable assignment, i.e., given
such an assignment a : {x1,...,z,} — {T, F'}, for each clause 1);, there exists a variable = such
that 1); is true also due to the value a(z). This means that player O can pass through a v;-colored
edge at least once during a single loop, and thanks to his strategy, he will pass through such an
edge exactly once. Thus, during each loop, the uncolored edges are already perfectly balanced, and
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the edges added by player 0 are balanced thanks to the last n 4+ 1-colored edge. Thus, during the
infinite play, the color differences are always zero when the play is in node v;. Since the loops from
v1 to itself have bounded length, the color differences are bounded during the play. Thus every
infinite play consistent with the strategy is bounded and it is balanced too, because in [BFMMO09]
we proved that a bounded path is balanced too.

[Only If]. If % is not a tautology, then there is a memoryless winning strategy for player 1 on
G and on G': player 1 follows a truth assignment of the variables of 1 that does not satisfy 1.
For such an assignment there is an unsatisfiable clause ;. So, during a loop from v; to itself, if
player 1 follows this strategy, player 0 cannot pass through any );-colored edge. Thus, at the end
of the loop the color difference between color v; and color n + 1 is increased by one. Every play p
is an infinite concatenation of simple loops from v; to itself. Since those loops have me<1ximum
length [ < |E)|, for all j € N we have diﬁi,n‘i—l (pS)) > %, and thus lim;_, o w > %
This means that every play consistent with said strategy of player 1 is not balanced, and hence not
bounded. O

Theorem 4.3.1. Given a k-colored game G with balanced (resp., bounded, frequency-f) goal, the
problem asking whether there exists a winning strategy for player 0 is Co-NP-complete.

Proof. By Lemma 4.2.3 and Lemma 4.3.3, we have that the problems for the balance and the
bounded goal are Co-NP-complete. Since the bounded goal is a special case of frequency-f goal
(for f; = 1/k), we have that the frequency- f problem is Co-NP-hard too. Since by Lemma 4.2.3
the problem for frequency- f is in Co-NP, it is Co-NP-complete. O

This Co-NP-completeness result may be regarded as essentially negative. In fact, the algorithm
showing membership in NP, once converted into a deterministic form, simply suggests to try each
one of the (exponential) memoryless strategies of player 1 in the game, and solve a linear program
to determine whether it is winning.

4.4 Computing the winning strategy

In the previous section we discussed an [NV P algorithm determining whether there exists a
winning strategy for player 1. Such an algorithm uses memoryless strategies as certificates, hence,
when it terminates with a valid certificate, it also provides a winning strategy for player 1. However,
when there does not exist any winning strategy for player 1, the algorithm terminates without
giving any information about the winning strategy of player 0. Such a strategy is quite interesting,
since it says how a scheduler should behave in order to ensure the construction of a fair or priority
path regardless of the environment’s choices. In this section, we show how to construct a winning
strategy for player 0 in memory-update form, by induction on the number of edges exiting from
nodes belonging to player 1. We start from the arenas controlled by player 0 where there is only
one edge exiting from nodes of player 1, on such arenas the winning strategy is given by a fair or
priority path computable through the technique of Chapters 2 and 3. We decompose a complex
arena A = (Vp, V1, F) in two subarenas A; = (Vp, V1, E;) with the same set of nodes but a
reduced set of edges exiting from node of player 1. Using the winning strategies computed by
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induction on the subarenas, we are able to compose them and form a winning strategy for the
complex arena.

At every induction step we propagate the following inductive hypothesis on each arena A =
(Vo, V1, B).

1. We computed a strategy 7 = (M, 1), 7,,, j10) in memory update form and the winning set
D CVyuVforr.

2. We know that D is the greatest possible wining set for a strategy of player 0 on A, i.e., for
each u ¢ D, there exists a winning strategy for player 1 on A at u.

Hence, when the algorithm halts, we completely determine the set D of all and only the nodes
from which there exists a winning strategy for player 0. Moreover, we also have a strategy in
memory-update form that allows player 0 to win from every point in D.

As preliminaries to the algorithm we discuss a property of strategies for prefix-independent
goals, that allows us to state that nodes not belonging to the maximal winning set D are not
reachable by nodes in D with a path consistent with 7.

Lemma 4.4.1. Let A = (Vy, V1, E) be a k-colored arena, W be a prefix-independent goal, T be
a strategy of player 0 on A, and D be the winning set of 7. Let uw & D be a node such that there
exists a winning strategy 7' for player 1. Then, for all nodes v € D there does not exists a path
from v to u consistent with T.

Proof. Suppose by contradiction that there exists a path 7 from v to u consistent with 7, then we
can construct a strategy 7 for player 1 winning at v against 7. Indeed, let 71 (v) = 7(1); for all
n < || let 71 (7=") = w(n + 1); for all 7' € E* starting at u let 71 (7 - ') = 7/(7’). The play
consistent with 7 and 77 forces the path 7 at the beginning and it has the form 7 - p where p is an
infinite path starting at u consistent with 7. Hence, p is losing for player 0, by prefix independence
7 - p is losing and 7 is not a winning strategy. This contradicts the hypothesis. 0

4.4.1 Base Step

As a base case, consider a game arena A such that from all the nodes controlled by player 1,
there is only one exiting edge. Such an arena can be considered as a game graph where all nodes
are controlled by player 0. Hence, we can compute a winning strategy for player O starting at a
node v as a fair or priority path through the polynomial algorithm discussed in Chapters 2 and 3.
However, we need to construct a winning strategy for the maximal winning set of A. Hence, we
iteratively construct the set 12 of nodes from which there is no fair or priority path and a sequence of
pairs {(M;, Vi, T, o), Ri) }:_; memory-update-form strategy and winning set for that strategy
such that Uélei U R = Vp U V4. The construction is by induction on the size of the set R’ of
nodes v such that we still do not whether there exists a winning path from v. At each step we pick
anode v € R, and we determine whether there exists a fair or priority path in R’ through the
appropriate polynomial algorithm. If such a path does not exist v is put in the losing set R and
removed from R'. If the path does exist, then we construct a strategy 7; winning on the set R; of
nodes belonging to the found path. Such nodes are then removed from R’. We show in the next
subsection, how the strategy 7; is constructed by case analysis on the type of goal.
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Once the sequence {(M;, s, Ty, [10,i), R;)}._, is constructed, we can construct a strategy
T = (M, %, Ty, o) winning on D = Ut_, R; as follows.

1. M =Ul_,({i} x M;)

2. Forall (i,m,e) € M x E we have ¢(i,m,e) = ;(m,e).
3. Forall (i,m) € M we have 7,(i,m) = 7,;(m)

4. Forall u € R; we have po(u) = po,i(u).

The strategy is winning on D because for each u € R; it behaves like the strategy 7; winning
on u. Moreover, since D U R = VU V] and R is a set of losing nodes we have that D is the
maximal winning set on A. In the following, we show how to compute for a node v, from which a
fair or priority path p starts, a strategy 7 winning on the set of nodes R belonging to p.

Uniform Frequency

For the uniform frequency- f goals (hence, also for the bounded difference ones) if the polyno-
mial algorithm finds a frequency- f path, it computes an overlapping set of simple loops o1, ..., 0}
reachable from a node v and having a linear combination of ratio f. Such set of loops can be
composed in polynomial time to form a perfectly balanced loop ¢ reachable from v. Let 7 be a
path from v to o, then p = 7 - (¢)* is a path starting from v with uniform frequency f.

Hence, 7 = (M, ), 74, io) just needs to remember the part of 7 or the part of o constructed so
far.

1. We use as a memory state M the set of all prefixes of 7 and 0. Hence, M = {7=" | 0 <
n<|r|}U{o="]0<n<|ol}.

2. The update function ¢ : M x E — M just updates the prefixes, hence, it is such that

(a) forall n < |7|, Y(7<" w(n + 1)) = 7=+,
(b) Y(m,o(1)) =o=t,
(c) foralln < |o], ¥(c=" o(n + 1)) = o=+,
(d) ¢(o,0(1)) = o=

3. The choice function 7, : M x E is such that

(a) foralln < |7, 7,(7=") = 7(n + 1),
(b) 7u(m) = o (1),
(c) foralln < |o

(d) 1u(0) =0o(1).

, T#(O'Sn) =o(n+1),

4. For the starting memory we only need to set po(v) = €.
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5. Since, player 1 has no choice, following the strategy written so far, player 0 will surely
follow the path p, hence, for all other paths and memory values the value of U and 7, is not
important, and can be set arbitrary.

The above strategy is surely winning on A at v. However, one can notice that, by prefix
independence, it should win also on the set R of nodes belonging to the path p, because the suffix
after a node in R is also winning. In order to allow the strategy to be winning also at such nodes u,
it is sufficient that the starting memory on w is the memory developed by 7 on the path starting
from v till the first occurrence of w. Precisely, for all u € R\ {v}, we set po(u) = ¥*(mqg, my)
where 7, is the shortest prefix of p ending with u. If we write p = m, - p,, it is easy to see that p,,
is the only path starting at u and consistent with 7, and by prefix independence it is a winning path.

Asymptotic Frequency

For the asymptotic frequency-f goals (hence, also for the balanced ones) the polynomial
algorithm computes a connected set {071, ..., 07} of simple loops reachable from and v and having
a linear combination with coefficients ci,...c; of ratio f. Let m; be a path connecting o; to
Oi+1myyl> then the loops, the coefficients and the paths constitute a polynomial representation of
the path p’ = [[..°7 (o)™ ;. Such a path has asymptotic frequency f and is reachable from
v. By choosing 7 as path from v to o1, we have that p = 7 - p’ is a path starting from v with
asymptotic frequency f.

Hence, 7 = (M, 1), 7,4, j10) needs to remember the part of 7 or the indexes i, j, the part of o
or m; constructed so far, and in the case of o; the number of times c the loop has been created so
far.

1. We use as a memory state M the set of all prefixes of 7, and the set of prefixes of o; and 7;
forall j € [[]and i € N. Hence, M = {7=" [0 < n < |r[} UNx [I] x {75 |0 < n <
[T} UN x [I] x N x UJ-S" | 0 <n <|oj|}. Amemory (4,7, ﬁf") means the play is at the
i-th step of the outer product, at the j-th step of the inner product and the play is constructing

7j. A memory (i, j, c, ajg”) means the play is at the i-th step of the outer product, at the j-th
step of the inner product and the play is constructing o; after constructing it already c times.

2. The update function ¢y : M x E — M just updates the prefixes, hence, it is such that

(a) forall n < |7|, (7= w(n + 1)) = 7=t
(b) ¥(m,01(1)) = (1,1,0,05")

(c) foralli,j,c,n withn < |o;

LU, jocos " oj(n+1)) = (i, jyc, 05",
(d) forall i, j,cwith ¢ < i x ¢j, (i, j,c,05) = (i, j.c+1,05").

(e) forallz,j, 1/’(%],1 ) Cj70-j) = (Lj? ﬂ-'gl)

(f) foralld, j,n with n < |m;|, (i, j, 7") = (i, j, 75"
(g) foralli, j with j < 1, 4(i, j, 7)) = (4,5 + 1,0,05))
(h) for all 4, ¢(i,1,m) = (i +1,1,0,05").
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3. The choice function 7, : M x E is such that

(a) foralln < |m

(7S = (£ 1),

(b) 7u(m) = o1(1)

(c) forall4,j,c,nwithn <|oj|, 7,(i, j, caf", oj(n+1)) =0j(n+1),
(d) foralli,j,cwithc <ixcj,7,(1,7,¢05) =0;(1).

(e) foralli,j, 7,(4,7,%-cj,05) = (1)

(f) forall i, j,n with n < |m;], 7, (4, j,75") = m;(n + 1)

(g) forall,j with j <, 7,(¢,7,7;) = 0j41(1)

(h) forall i, 7,(i,1,m) = o1(1).

4. The starting memory is po(v) = e.

5. Since, player 1 has no choice, following the strategy written so far, player 0 will surely
follow the path p, hence, for all other paths and memory values the value of U and 7, is not
important, and can be set arbitrary.

The above strategy is surely winning on A at v. However, one can notice that, by prefix
independence, it should win also on the set R of nodes belonging to the path p, because the suffix
after a node in R is also winning. In order to allow the strategy to be winning also at such nodes u,
it is sufficient that the starting memory on w is the memory developed by 7 on the path starting
from v till the first occurrence of u. Precisely, for all u € R\ {v}, we set po(u) = ¢*(mg, my,)
where , is the shortest prefix of p ending with u. If we write p = m, - p,, it is easy to see that p,,
is the only path starting at u and consistent with 7, and by prefix independence it is a winning path.

Approximated Asymptotic Frequency

For the asymptotic frequency f the need for an infinite memory, does not allow a scheduler to
be able to update the memory forever. Hence, for practical purposes, we cannot use the asymptotic
frequency-f path found. However, the path p = m [[[ Hézl(aj)gd'c-i 7j may constitute a
reasonable approximation of a path with frequency f for a great enough fixed value of d. By setting
o= Hé.:l (0j)=%¢m;, we have that p’ = 7 - (0)“, hence we can construct a strategy following p’
like discussed above for the paths with uniform frequency.

Observe that p has uniform frequency f’, which is given by the frequency of the loop o

given by Hézl(aj)gd

. i1 ciloli / A3ty (eilogl) oy Imsl o l . .
it holds that f; = =———— and f = e 7 —. Since 1 |m;| 1s finite,
fz 22:1 cjlog fz d'Zé’:l(Cj‘ijD 22:1 |75l Zj_l | ]’

there exist constants d; such that ]Z;Zl |mjli] < d - |Z§.:1(cj - lo];)| and a constant d’ such
that \Z;Zl Il < d- ]Z;Zl(cj -|oj|)|. Hence, we obtain that for each i € N it holds that
% [i< fl < ﬁf‘éi fi, thus the greater is d the closer f; is to the desired frequency f;.

““im;. By construction of p and p’ we know that for each color i € [k]
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4. Games for scheduling 4.4 - Computing the winning strategy

4.4.2 Shuffle Strategy

For the inductive case, we consider an initialized arena A = (1}, V1, E) such that there are
n > |V1| edges exiting from nodes controlled by player 1. In order to reduce the computation
of a winning strategy on A, to a computation on less complex arenas, we decompose A in two
subarenas. In this subsection we show how to combine winning strategies on the two subarenas in
order to obtain winning strategies on A. We complete the construction on the inductive step of the
algorithm in the next subsection.

Precisely, consider a node v € V; from which there are at least two exiting edges. Then, we
can decompose A in two subarenas equal to A but for the fact that they contain only a part of the
set of edges exiting from v. Formally, we can partition the set v of edges exiting from v in two
sets B, Eg. Then, for all ¢ € {c, 8}, we construct the subarena A; = (Vp, V1, E/, ) obtained from
A by removing all edges exiting from v but the edges in E;, i.e, E. = E\ (v \ E;).

Definition 4.4.1. v-partition

Let A = (Vo, V1, E) be a k-colored arena, v € Vi a node from which there are at least two
outgoing edges, and E,, Eg a partition of the set of edges v exiting from v in two non-empty,
disjoint sets. Then a v-partition of A with respect to E, Eg is the pair of subarenas A, Ag such
that A; = (Vo, Vi, E}) where E! = E'\ (v \ E;).

Consider two strategies 7, and 73 for player 0 on A. We can construct a strategy 7 that behaves
like 7, as long as the path does not pass through v. When the path passes through v, depending on
what set E;, the last edge exiting from v belongs to, 7 behaves like 7; when such strategy ignores
all the paths developed in the subarena different than A;. Precisely, if the last edge exiting from v
belongs to E,, (resp., E/g), T behaves like the strategy 7, (resp., 7g) when it ignores all the loops
from v to v that start with an edge in Eg (resp., it ignores the starting path from the initial node to
v and all the loops from v to v that start with an edge in E,).

Before giving the formal definition of shuffle strategy, observe that, for all finite paths 7 starting
at u in A, we can write 7 as a concatenation between a path 7, from u to v, a set of loops 7; from
v to v, and a path 7,, that starts from v and never passes again through v. Hence, we can write
= Wu(Hézl mj)my. Observe that 7, is empty if u = v, the path m, is empty only if 7 ends with
v, and ™ = T, if ™ does not pass through v.

Definition 4.4.2. Shuffle Strategy

Let (An, Ag) be a v-partition of an arena A = (Vp, V1, E) with respect to E,, Eg. Let
u € Vo UV, 74 a strategy of player 0 on A, and 13 a strategy of player 0 on Ag.

Then the shuffle strategy T = T, ®,, Tg is a strategy of player 0 on the arena A such that the
value 7 () (resp., T(u)) for every partial play T (resp., node u) is constructed as follows.

1. Suppose u # v then T(u) = 74 (u).
2. Suppose T does not pass through v, we have (1) = 74(T).

3. Suppose m = ﬂu(Hé-:l Tj)Ty passes at least once through v, and the first edge of m, belongs
to Eq. We can compute the subsequence of paths m;,, ..., m;, of all and only the paths

T1,. .., starting with edges in E,. We have T(m) = 7o(my, - (H;'/:l ;) o).
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4. Suppose m = ﬂ'u(Hézl 7j)Ty passes at least once through v, and the first edge of m, belongs
to Eg. We can compute the subsequence of paths m;,, ..., ;, of all and only the paths

1, ...,  Starting with edges in Eg. We have T(1) = T/é((l_[é»/zl ;) * To)-

5. Suppose m = Wu(ngl 7j)my passes at least once through v, and m, is empty. Then, we do
not need to set T on such a path, since it ends with v which is a node belonging to player 1.

The elements in (Vo U V1) U ET for which the shuffle 7 has not been specified, in general,
are meaningless for player O (because they are path ending in nodes of V7), and, hence can be set
arbitrary.

The memory-update form of 7 = 7, ®, 73 can be computed easily starting from the memory
update forms of 7, = (My, Va: Tyas Ho,) and 73 = (Mg, 1Pg, 7,8, f10,3). Indeed, T behaves
like either 7, or 73 depending on the last edge from v. Furthermore, when 7 behaves like 7,
(resp., ) it keeps into account only the part of play developed while behaving like 7, (resp.,
7). Hence, 7 is actually using both the memories from 7, and 73 and switches from one to the
other, every time it passes through v and the arena is switched. Hence, the memory set for 7 is
M = {a, 5} x My x Mg. A memory value m = (&, mq, mg) (resp., m = (8, mq, mg)) means
that 7 is behaving like 7, (resp., 73) with memory m,, (resp., mg), moreover only the memory m,,
(resp., mg) is updated, while the memory mg (resp., m,,) is just stored for the next time player 1
decides to choose and edge in Eg (resp., E,). Hence, the memory-update form 7 = (M, 1), 7,,, o)
is the following.

Definition 4.4.3. Memory-update form of the shuffle Strategy
1. M ={o, B} x My x Mag.

2.9« M x E — M is such that: (i) for all (i,mq,mg,e) € M x (E \ v7) we have

w(a)maamﬂue) = (aawa(maae)umﬂ) (lﬂd ¢(/Bumaumﬂve) = (vaonw(mﬁae)); (ll)
for all (i,mq, mg,e) € M x E; we have (o, mq, mg, €) == (j,Va(Ma,€), mg) and

w(ﬁ7ma7mﬂ7e) = (jumoml/}(mﬁ)e))'
3. 7, : M — Eis such that for all (i, my, mg) € m we have 7,(i, mq, mg) = 7,,.5(M;)

4. The starting memory function is g : (Vo U Vi) — E such that for all w € Vo U V;
po(u) = (a, po,a(w), po,s(v)).

Observe that by construction of the shuffle in memory update form we have that 7/ = 73®,7, =
(M', 9", 7, 1) is such that:

1. M"={a,} x Mg x M,

2. forall (i,mg, mqa,€) € M x E/'(i,mg, mq, ) = (i, mq, mg, €)
3. forall (i,mg, ma) € M 7/,(3,mp, ma) = 7(i, M0, mp)

4. forallu € Vo U Vi py(u) = (B, o g(w), 110,a(v)).
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Hence, by inverting the order of memories from « and 3 in 7/ we have that 7/ = (M, u, 7, m")
where 16 (u) = (5, po,a(v), to,g(v)). We call this property almost commutativity of the shuffle
operation.

The following lemma shows that, for prefix-independent and convex goals, the shuffle strategy
of two winning strategies is winning as well.

Lemma 4.4.2. Let (A, Ag) be a v-partition of an arena A = (Vy, V1, E) with respect to E,,, Eg,
and W be a prefix-independent and convex goal. Let u € Vo U Vi, 7, a winning strategy of player
0 on A, at u and 75 a winning strategy of player 0 on Ag at v.

Then the shuffle strategy T = 7o, ®,, T3 is a winning strategy for player 0 on A at u.

Proof. We prove that the strategy 7 is winning, showing that all plays p consistent with 7 are
winning by a case analysis on the type of play p.

1. Suppose p does not pass through v. Then, it is a path in A, consistent with 7, and, hence, is
a winning path.

2. Suppose the path p passes through v a finite number of times. Then, let p’ be a suffix starting
from v and not passing through v anymore, let i € {c, 3} be the index such that F; contains
the first edge of p/, let 71, ..., m be all the loops from v to v in p, starting with edge F;,
and 7y be the shortest prefix of p ending with v. Then, if i = 3 (resp., i = «) (]_[é-:1 m)p

(resp., 7 - (ngl m)p') is consistent with 7; on the arena A;, hence, it is winning. By prefix
independence, p’ and p are both winning.

3. Suppose the path p passes through v an infinite number of times, and that there exists an
index i € {a, §} such that p passes infinitely often through edges in E; but not through
edges in v \ E;. Then, let p’ be a suffix starting from v and not using any edge in v \ E;.
Let 7 be the prefix of p before p’ such that p = 7 - p’. Let 7y, . .., m; be all the loops from v
to v in 7, starting with edge F;, and 7 be the shortest prefix of m ending with v. Then, if
i = [ (resp.,i = «) (H§:1 m)p (resp., 7 - (Hé-:1 m)p') is consistent with 7; on the arena
Aj;, hence, it is winning. By prefix independence, p’ and p are both winning.

4. Suppose the path p passes through v an infinite number of times, and uses infinitely often
edges from both the sets E, and Eg. Let p’ be a suffix of p starting from v, for i € {a, 8}
let i 1,...,m, ... be the infinite sequence of loops from v to v on p/, such that the loops
start with an edge in E; and are written in the order as they appear in p’. Then, if i = 3
(resp., 1 = «) the path p; = (Hj:o‘f i j) (resp., p; = my - (H;r:“f i ;)) is consistent with 7;
on A; and, hence, is winning. Since p’ lies in the shuffle of p, and pg by convexity, p’ is
winning, and by prefix independence p is winning as well.

O

Due to the almost commutativity of the shuffle operation, as corollary of the previous theorem
we obtain that the union of winning sets of two strategies is a winning set of the shuffle.
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Corollary 4.4.1. Let (A., Ag) be a v-partition of an arena A = (Vy, V1, E) with respect to
E., Eg, and W be a prefix-independent and convex goal. Let 7; = (M;, s, T4, J10,i) be a strategy
for player 0 on A; and let D; C Vo U Vy be a winning set for 7; on A;. Let T = T4 @, Tg =
(M, 1), 7y, 1) be the shuffle strategy. If v is contained in both the winning sets Do, and Dg, then,
D = D, U Dg is the winning set set for p = (M, 1), 7, up) where up is such that:

1. forallu € Dy, w have epip(u) = (a, p10,0(), po,g(v))

2. forallu € Dg\ D, we have jip = (B, po,o(v), f10,8(1)).

Proof. Consider the shuffle 7 = 7, ®, 73 = (M, ), 7, po) and the shuffle 7/ = 73 ®, 7o =
(M, 1, 7, 1) By construction the starting memory function are such that for all u € V5 U Vi we
have 1g(u) = (@, o, (1), 10,5(v)) and piy(u0) = (B, po,a(v), p0,5())-

Since 7, and 73 are winning at the node v, by Lemma 4.4.2, it holds that 7 is winning on every
node in D, and 7’ is winning on every node in Dg. The two strategies differs just for the starting
memory. Hence, the strategy 7p = (M, ¢, 7,,, up) behaves like 7 when the play starts at a node
u € D, and behaves like 7/ when the play starts at a node u € Dg \ D,. So, every play starting at
anode v € D and consistent with 7p is winning.

O

In the following section such a corollary hold because the fair and priority goals we treat are
prefix-independent and convex.

4.4.3 Inductive Step

As inductive case, consider an arena A = (Vp, V4, E) such that there are n edges exiting from
nodes controlled by player 1. Furthermore, suppose we are able to construct winning strategies in
memory-update form for all arenas with less than n edges exiting from nodes controlled by player
1. Let v € V7 be a node of player 1 from which there are at least two exiting edges. Let £, E/g be
a partition of the set v~ in two non-empty and disjoint sets. For i € {«, 8}, let A; = (Vo, Vi, E})
be the subarena of A obtained by removing all edges exiting from v but the edges in E;. Then,
each arena A; contains less than n edges exiting from nodes controlled by player 1. Then, by
induction hypothesis, we know the following informations on A;.

1. Astrategy 7; = (M;, 1, Tusis Ho.;) in memory update form and the winning set D; C VoUV;
for 7; on A;.

2. For each u ¢ D, there exists a winning strategy for player 1 on A; at u.

Observe first that for all u ¢ D, N Dg there exists a winning strategy for player 1 on A at
u. Indeed, suppose u & D;, then there exists a winning strategy 71 for player 1 on the arenas A;.
Since such a strategy always chooses edges in E; at v , player 1 can force every play to develop
in A; and be consistent with 71. Hence, such plays are all losing and 77 is a winning strategy for
player 1 on A at u. Hence, the maximal winning set is not bigger than D, N Dg.

Observe also that if v ¢ D,, then it must be D, C Dg. Indeed, every play starting at u € D,
and consistent with 7, on A, does not pass through v. Since, A, and Ag differ only for edges
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exiting from v, every path starting at « is consistent with 7, on A, if and only if it is consistent
with 7, on Ag. Hence, 7, is also winning on Ag at u, which means u is in the winning set Dg. By
symmetry, if v € Dg then it must be Dg C D,,.

Depending on whether the node v appears in all sets D; or not, the winning strategy of player
0 on A is constructed in two ways.

1. Suppose there exists a j such that v € D;. Without loss of generality, suppose v € D,.
By Lemma 4.4.1, starting from a node u € D,, player 0 can force the game to never pass
through v by using the strategy 7. Let 7 be a strategy that behaves like 7, on all paths
in A, starting from a node in D,, and behaves arbitrary on other paths. On the arena A,
starting from a node in D, 7 will never allow passage through node v. Hence, the game
only develops on A, with strategy 7,, and the constructed path is winning for player 0. Thus,
T is a winning strategy on the set of nodes D = D,,. Since the maximal winning set of
nodes is D, N Dg, we have that D, € D, N Dg C D,. Hence, D, = D, N Dg is also the
maximal winning set.

2. Suppose for all indexes i € {c, 8}, the set D; contains v. Let 7 = 7, ®, 75 be the shuffle
strategy and (M, ¢, 7,,, jo) be its memory-update form. By Corollary 4.4.1 the strategy
Tp = (M, 4, T, ;up) is a winning strategy for player 0 on A at every node in D, U Dpg. Since
the maximal winning set of nodes is DM Dg, we have that D,UDg C D,NDg C D,UDg.
Hence, D, U Dg = D, N Dg is also the maximal winning set.

This concludes both the construction and the correctness proof of the algorithm for the
computation of the winning strategy for player 0.

4.44 Complexity

Let A = (Vp, V1, E) be an arena in input to our algorithm. Let n be the number of nodes in V;
from which there are least two outgoing edges, and m = max {|v™"| | v € V1 } be the maximum
number of edges exiting from nodes of player 1. The base case is polynomial in the size of the
arena and requires time and space P(A). The inductive step is called at most logy(|v™|) for each
node v € V1, hence the whole algorithm is executed in time exponential in ) .y, logy([v™]).
Moreover, in the worst case the strategy’s size doubles at every induction call, hence, the solution
and the whole algorithm require space exponential in ), . log,(|v™|). The maximum depth of
an induction call is ) | v, logy(|v™|) < n - loga2(m), hence every base call requires at most time
and space polynomial P(A) + P(n) = P’(A) in the arena, hence the algorithm require space and
time P’'(A)2vevi 08207 gince, n < > vev, loga([v7]) < n - loga(m), the algorithm requires
time and space exponential in the number of nodes controlled by player 1 from which there are at
least two outgoing edges.

By slightly modifying the algorithm we can reduce the memory space the result strategy.
Recall that the shuffle strategy 7 at a node v of two strategies 7, and 74 has memory space
M = {a, B} x M, x Mpg. However, by construction of the memory-update function 1, the first
component of the memory passes from « to 5 or vice-versa only at the node v. This means that
when the first component is « (resp., 3), then the second component of memory mg € Mg (resp.,
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second component of the memory mn,, € M,) is never updated and is fixed to the memory of 75
(resp., 7o) of a path ending with v. The memory is sensible to the ending node, because a choice
function 7, associates to each memory an edge starting from that ending node, hence two paths
with different ending node cannot have same memory. Hence, instead of using a memory space
M = {a, B} x My x Mg we can use a smaller space M = {a} x My x Mg ,U{B} x My, x Mg,
where M;,, € M; is the set of memories assumed by 7; on all and only the paths ending in v.
Observe, that in order to use such a smaller space, we need to propagate inductively the informations
on the set of memories assumed by paths ending with any given node of player 1. This is done
trivially in the base case, and for the inductive case, the memory of paths ending in node of u is
{a} X Mea X Mg, U {B} X Maw X Mg,

However, the above improvement on the memory space still admits that in the worst case the
resulting strategy has exponential size. It is sufficient that at every inductive step M; ,, is close to

some fraction of M;. For example if M; , = |—‘1/|MZ-, and in the base case the memory space is M,

(7D

. . — > log
the resulting memory space at worst has size (%)Zve‘ﬁ loga ([v™*) (|M])2
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5. Half-Positionality 5.1 - Introduction

5.1 Introduction

Half-positionality is an essential property for the proof of the results in the previous chapter.
By determining that, in a system-environment game, the environment winning capability is not
weakened by using only positional strategies, we are able to evaluate whether the system can win
on all the subgraphs induced by such positional strategies. Hence, half-positionality provides a
Co — N P algorithm that determines whether there exists a winning strategy for the system. Hence,
in general half-positionality is useful to determine the winning player in a game. For example, it
may be used in a prover-disprove game to determine the validity or the contradiction of a logic
formula. It can also be used in other system-environment games with respect to goals such as other
fairness and priority conditions different from those discussed in this thesis. Moreover, when in a
system environment game, one proves that the game is half-positional for the system, the result is
also more interesting. Indeed, in this case, the system can satisfy the specification by using a very
simple strategy that allows an easy computation of the decision to take at every state. However,
Kopczynisky’s theorem is not a characterization and, hence, there are goals whose half-positionality
is difficult to determine. In this chapter, we investigate half-positionality with the aim to find a
characterization, however, we determine only a novel sufficient condition which is broader than
the one defined by Kopczyiisky as long as determined goals are considered. By Borel Determinacy
Theorem ([Mar75], [BryO1]), all Borel games are determined. Since only a few exotic goals, hard
to meet in practical applications, are not Borel, we believe our result is an effective mean to prove
half-positionality when Kopczynsky’s hypothesis cannot be applied.

5.2 Preliminaries

In the following we use order relations on words: for a goal W and a pair of words z, y € [k]*,
we say that (i) = is not better than y when they are both losing or y is winning, and we write
x <w vy, (ii) y is better that x, when y is winning and z is losing, and we write z <y y. In the
same way, for a goal W and a pair of sets M, N € [k]* (i) we say that M is not better than IV, i.e.
M <y N, to mean that if M contains a winning word then N contains a winning word too, and
(ii) we say that IV is better than M, i.e. M <y, N, to mean that M contains only losing words and
N contains at least a winning word. For ease of reading, when the goal W is clear from the contest,
wewritez < y,x <y, M < Nand M < N, respectively, forx <y y, z <y y, M <w N
and M <y N. With the following two lemmas, we reformulate the definition of concavity and
prefix-independence in terms of languages, rather than of single words.

Lemma 5.2.1. A goal W C [k]¥ is prefix-independent if and only it for all color sequences
x € [k]* and sets of color sequences M C [k]* we have that tM < M and M < xM.

Proof. Suppose that W is prefix-independent. If M contains a winning word m, then £ M contains
the winning word xm, and we have both xM < M and M < xM. If M contains only losing
words m, then zM contains only losing words xm and we have both M < M and M < zM.

Suppose now that, for all languages M C [k]“, we have M < M and M < xM. Moreover,
suppose by contradiction that W # xW. Then, there exists a word m such that zm ¢ W. Hence,
for the language M = {m} we do not have M < xM.
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O]

Lemma 5.2.2. A goal W C [k]“ is concave if and only if for all languages M, N C [k]* we have
that M @ N < M U N.

Proof. Suppose that W is concave. For all M, N C W, we have that M ® N C W. So, for
all languages M, N € [k]“, if M or N contains a winning word in W, we have in both cases
M ®@ N < M U N; conversely, if M and N contain only losing words, by hypothesis, so does
M ® N. Hence, we have that M @ N < M U N.
Suppose now that for all languages M, N C [k]“ we have M ® N < M U N. Then, if M and
N contain only losing words, M ® N must contain only losing words too. Thus, for all M, N € W
we have that M @ N C W.
O

5.2.1 Gimbert and Zielonka’s Theorem

Before starting our investigation about a possible characterization of half-positionality, it is
useful to recall a similar result due to Gimbert and Zielonka [GZ05] about full-positionality. Such
a result does not only allow us to prove the positionality of some goals, but give us inspiration for
the novel sufficient condition and for a possible characterization.

When player ¢ uses a memoryless strategy, we can construct a subgraph that is obtained
by removing all the edges not used by that strategy, from the nodes controlled by player . In
such subgraph, there is only one exiting edge from every node of player . Hence, player 1 — ¢
actually makes choice and constructs a path on a graph. Since, the graph may considered as
the representation of a finite state automaton, the color sequence of a path constructed by player
1 — 1 belongs to a regular language. Also the finite paths, from a node of player ¢ — 1 to itself
belong to a regular language. Hence, Gimbert and Zielonka observed that in order to obtain the
half-positionality for player ¢ — 1, they do not need to ask that player ¢ — 1 does not prefer switching
between different arbitrary complex behaviors, but just that player ¢ — 1 does not prefer switching
between behaviors composed by some regular languages. So, by focusing the attention on a node v
where player ¢ — 1’s choices should not alternate, we observe that an infinite path may be composed
by a finite or infinite number of loops through that node and an infinite path starting from that node
and never coming back. We can identify the languages of color sequences of the loops, and the
language of color sequence of infinite path starting from v. We obtain different loop-language
depending on the first choice of player ? — 1 at the node v. In order to evaluate the infinite words
by means of sets of regular languages that contain only finite words, Gimber and Zielonka extends
the finite set of words to infinity through a limit on the words.

Definition 5.2.1. Infinite Extension
Let M C [k]* be a language of finite words, then the infinite extension of M is the set (M) of
infinite words x € [k|” whose prefixes are prefixes of at least one word in M.

Then, Gimbert and Zielonka state that player ¢ — 1 does not prefer switching between two
behaviors through the property of selectivity. It states that, given two languages M and N of loops
from v to v and a language K of paths from v, switching infinitely often between the two sets of
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loops or switching finitely often and then progressing with a path in K is not better than using
always the same set of loops infinitely often or starting directly with a path in K. Observe that our
interpretation holds because (M U N)*K) = (M UN)*) U (M U N)*(K)

Definition 5.2.2. Selectivity
A goal W is selective if and only if for all x € [k]* and for all regular languages M, N, K C
[k]* we have that x((M U N)*K) < o(M*) Uz(N*) U z(K).

However, selectivity does not avoid that player ¢ — 1’s choice depends on some finite prefix up
to a node. Hence, like in Kopczynsky result, one may think to use the prefix-independent property.
However, Gilbert and Zielonka observe that such a strong property is not needed. Even if on some
node the choice depend on a finite prefix, we can still define an order relation on the choices and
determine which one behaves better for all the possible prefixes.

Definition 5.2.3. Definitive Order Relation
Given two languages of finite words M, N C [k|*, N is definitively better than M if for all
prefixes x € [k]*, it holds that tM < xN. We write it M C N.

When player ¢ — 1 at a given points needs to choose between two or more behaviors, it is
sufficient to take the one which is definitively better than others. Indeed, no matter the prefix up
to that point, that choice gives better results. However, the relations needs to be total otherwise
a dominant behavior may not exists. Since a language is regular if and only if there exists a n
automaton graph that recognizes it, on graph controlled by player ¢ — 1 the relation just needs to
be total among infinite extensions of sets of regular languages.

Definition 5.2.4. Monotonicity
A goal W C [k]¥ is monotone if and only if for all pairs of regular languages M, N C [k]|* it
holds (M) T (N) or (N) C (M).

Actually Gimbert and Zielonka state monotonicity by means of an another definition, whose
equivalence to the above one is proved by the following lemma.

Lemma 5.2.3. A goal W C [k]|* is monotone if and only if for all words © € [k|* and all
regular languages M, N C [k]* it holds that x(M) < x(N) implies that for all y € [k]* it is
y(M) < y(N).

if. Suppose (M) [Z (N), then there exists « € [k]* such that z(N') < 2 (M), hence, by hypothesis,
for all y € [k]* we have y(N) < y(M). So (N) C (M) and the thesis holds.
[only if] Suppose by contradiction that (M) Z (N) and (N) £ (M), then there exist
x,y € [k*] such that z(N) < (M) and y(NN) < y(M) and this contradicts the hypothesis.
O

The two previous property constitute a characterization to full-positionality. The following is
just a corollary of the more general result from Gimbert and Zielonka, who actually state it in the
more general framework of optimization games.

Theorem 5.2.1. Full-positionality characterization [GZ05]
A winning condition W C [k]“ is full-positional if and only if both W and [k]* \ W are
selective and monotone.

73



5. Half-Positionality 5.3 - Strong monotonicity and strong concavity

(2) (b) (©

Figure 5.1: Three game arenas.

5.3 Strong monotonicity and strong concavity

Kopzynisky’s theorem is not a characterization for half-positionality, but Gimbert and Zielonka
could define a characterization for full-positionality by relaxing concavity and prefix independence
to selectivity and monotonicity. Although we can no longer operate with regular languages, since
one player is allowed to use a non-positional strategy, it is still reasonable to ask whether we
can relax concavity and prefix independence to some other properties still sufficient for half-
positionality. Our investigation starts from the counter-example showing that a half-positional goal
does not need to be prefix-independent.

Example 5.3.1. Consider the winning condition W = 0(1*0)“ + 1[1]“. It contains all and only
the words x such that either x starts with color 1, or x starts with color 0 and contains infinitely
many 0. The goal is not prefix-independent: if y € [1]¥ does not contain infinite 0 then 0 - y is
losing and 1 - y is winning. However, the goal is half-positional, more exactly it is full-positional,
and we prove this through Gimbert and Zielonka’s theorem. Precisely we show that W and
W' = [1]¥ — W = 0[1]*1% are both monotone and selective.

1. W is selective. Consider M, N, K C [1]* and x € [k]|*. Suppose that the set x(M*) U
z(N*) U z(K) contains only losing words. Then there are two possible situations: (i) x is
not empty and starts with color 0, or (ii)x is empty and all words in M, N, K starts with
color 0. In both cases, necessarily no word in M or N contains occurrences of color 0
and (K) does not contain words with infinitely many 0. Hence, x{(M U N)*K) contains
only words starting with color O and containing finitely many occurrences of color 0. Thus
z((M U N)*K) is never better than x(M*) U z(N*) U x(K).

2. W' is selective. Consider M,N,K C [1]* and x € [k]*. Suppose that the set x:(M*) U
z(N*) U x(K) contains only losing words.(i) Suppose x starts with color 0, or x is empty
and there exists at least a word in M, N, K starting with color 0. Then, all words in M and
N contains at least one occurrence of color 0, and all words in (k) contains infinitely many
occurrences of color 0. So every word in the set x((M U N )*K) starts with 0 and contain
infinitely many zero and is losing with respect to W'. (ii) Suppose that x starts with color 1,
or all words in M, N, K start with color 1. Then all words in x((M U N)*K) are losing.

3. W is monotone. Consider M,N C [1]* and x € [1]* such that (M) <w x(N). Then
x starts with color 0 else both sets are winning. Moreover, (M) contains only words with
finitely many occurrences of color 0 and (N) contains a word with infinite occurrences of
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color 0. Consider a new word y € [1]*, if y starts with color 0 we still have y(M) <y y(N).
If y starts with color 1, both sets x(M), z(N) are winning. So in both cases x(M) <y
z(N).

4. W" is monotone. Consider M, N C [1]* and x € [1]* such that x(M) <y x(N). Then
x starts with color 0 else both sets are losing. Moreover, (M) contains only words with
infinitely many occurrences of color 0 and (N) contains a word with finite occurrences of
color 0. Consider a new word y € [1]*, if y starts with color 0 we still have y(M) <w y(N).
If y starts with color 1, both sets x(M), x(N) are losing. So in both cases x(M) <y x(N).

This counter-example shows that, like discussed in the introduction to monotonicity, prefix
independence is a strong property which is not needed for positionality. Indeed, even if the winning
nature of the decision of a player on a node depends on the prefix up to that node, it is still possible
that a decision performs better than the others on all prefixes. Then, like in the monotonicity
property, we need to ask that given two decision for a given player, there do not exist two prefixes
that completely change the winning nature of the two decisions. Since the behavior of a player is
no longer ensured to be regular by the use of a positional strategy by the other player, we make use
of a strong version of monotonicity that takes into account also non-regular behaviors.

Definition 5.3.1. Strong Monotonicity
A goal W C [k]¥ is strongly monotone if and only if for all pairs of infinite languages
M, N C [k]¥ it holds M T N or N T M.

Like monotonicity, strong monotonicity can be defined equivalently as follows.

Lemma 5.3.1. A goal W C [k]“ is strongly monotone if and only if, for all words = € [k]* and
languages M, N C [k|%, it holds that t M < xN implies that for all y € [k]* it is yM < yN.

As one may easily guess, strong monotonicity is a weaker property compared to prefix-
independence, as shown by the following lemma.

Lemma 5.3.2. All prefix-independent goals are strongly monotone. Moreover, there is a goal
which is strongly monotone, but not prefix-independent.

Proof. For the first part, we have by hypothesis that, for all z € [k]*, and M C [k]“, it holds that
M < axM < M. Now, take two languages M, N C [k]*, and suppose that there exists an = € [k]*
such that xtM < xN, then for all y € [k]* we have yM < M < zM < zN < N <yN.

For the second part, let k = 1, a strongly monotone and prefix-dependent goal is given by the
language of all words containing at least one 0, i.e., W = [k]*0[k]“. It is easy to see that the goal
is not prefix-independent, because the word 1% is losing while the word 01* is winning. We show
that the goal is strongly monotone. Consider two languages M, N C [k]*, and suppose that there
exists an x € [k]* such that t M < N, then N contains a winning word and =M contains only
losing words. Observe first that = cannot contain 0, or else all words in zM would be winning. So
x € 1%, there exists a word in N that contains 0, and all words in M contain only 1’s. So, for each
y € [k]*, there is always a word in y N containing 0. Since y N contains a winning word, we have
yM < yN.

O
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Strong monotonicity seems a good substitute to prefix-independence. Unfortunately, the
following lemma shows that strong monotonicity cannot replace prefix-independence in the
hypotheses of Theorem 4.2.1.

Lemma 5.3.3. There is a strongly monotone and concave goal which is not half-positional.

Proof. For k = 1, the strongly monotone and concave goal is W = [k]*01“. We prove first that
the goal is strongly monotone and concave. A word is losing if and only if it is either 1“ or it does
not have 1* as a suffix. Let = € [k]*, n,m € [k]* with xn,zm ¢ W. There are two situations to
discuss. First, assume that = does not contain 0. Then, n and m may be both 1“ in which case
x(m ® n) = 1* or at least one between n and m contains 0 infinitely often, thus the shuffle of
n and m contains only words that pick colors from both the sequences infinitely often and thus
only words that contain 0 infinitely often. So, z(m ® n) contains losing word even in this case.
Instead, assume that = contains 0. Then, n and m contain O infinitely often and the same reasoning
above applies. So the goal is concave. Let x € [k]*, n,m € [k]¥ such that zm ¢ W and an € W.
We prove strong monotonicity by showing that for all y € [k]* it holds that ym & W or yn € W.
We again distinguish two cases. First, assume that x does not contain a 0. Then, n contains 0
and a suffix 1¢ thus for every y € [k]*, we have yn € W since it contains 0 and a suffix 1%.
Instead, assume that x contains a 0. Then, m contains 0 infinitely often, thus for every y € [k]*
the word ym ¢ W since it contains O infinitely often. The above goal is not half-positional in the
following arena ({v},®, v, {(v,0,v), (v,1,v)}) (Fig. 5.1(a)), in such a game graph player 0 wins
by choosing at least once the edge with color 0 and then always the edge with color 1.

O

Observe that, in the previous counterexample, the key element that does not allow half posi-
tionality is the fact that player O prefers switching between two different behaviors finitely often
and then progressing indefinitely along one of them. However, concavity just requires that player 0
prefers following a fixed behavior rather than switching between two different ones infinitely often.
Thus, we introduce a modification to the property of concavity, requiring not only that alternating
infinitely often between two losing words yields a losing word, but also that alternating finitely
often between two losing words and then progressing along one of them yields a losing word.

Definition 5.3.2. Strong Shuffle
For two color sequences x,y € [k]*, the strong shuffle of = and y, denoted by x @ y is the
language containing

1. the set x Q@ y;

2. the words 2125 ...22" € [k]%, for odd 1, z; € [k]* and 2’ € [k]¥, such that it holds
r=2z123...212 and y = 2924 ... 211y, for some y' € [k]*;

3. the words z12o...22" € [k|%, for evenl, z; € [k|* and 2’ € [k]|*, such that it holds
r=2123...2010 andy = z924 ... 217, for some 2’ € [k]*.

For two languages M, N C [k]¥, the strong shuffle of M and N is the set M ®5 N =
UneN,meM(m Rs TL)

76



5. Half-Positionality 5.3 - Strong monotonicity and strong concavity

Definition 5.3.3. Strong Concavity
A goal W C [k]“ is strongly concave if and only if, for all words x € [k]|*, n,m € [k]¥, and
z € x(m ®g n), it holds that if z € W then either xn € W or xm € W.

It is immediate to see that a strongly concave goal is concave too. In the following, we make
use of an equivalent definition of strong concavity that operates on languages.

Lemma 5.3.4. A goal W C [k]¥ is strongly concave if and only if, for all words x € [k]* and
languages M, N C [k]%, it holds that x(M ®s N) < xM UxN.

Hence, by making use of the relation =, we obtain that strong concavity expresses the fact that
two words are definiteively better than their strong shuffle.

Lemma 5.3.5. A goal W C [k]“ is strongly concave if and only if, for all languages M, N C [k]*,
it holds that (M ®s N) T M U N.

Even the property of strong concavity is not sufficient to ensure half positionality.
Lemma 5.3.6. There is a strongly concave goal which is not half-positional.

Proof. For k = 1 the strongly concave goal is W = 0% U 1¥. Two losing words n and m contain
at least an occurrence of the color 1 and an occurrence of the color 0, thus every word in their
strong shuffle will contain at least an occurrence of color 1 and an occurrence of color 0 and it
will be losing. So the strong concavity of the goal is proved. The above goal is not half-positional
in the following 2-colored arena ({u}, {v},v, {(v,0,w), (v,1,u), (u,0,u), (u,1,u)}), showed in
Figure 5.1(b). In this arena player 0 wins the game by choosing forever the edge (u, 0, u) or the
edge (u, 1,u) depending on what color was chosen by player 1 to reach u from v.

O

In the previous counterexample, by choosing a different prefix, player 1 can exchange the
winning nature of the following choices of player 0. That is why strong monotonicity is essential
since it somehow allows player 0 to operate while forgetting the past decisions taken by player 1.

We argue now that the two introduced properties of strong monotonicity and strong concavity
are strictly less restrictive than the properties of prefix independence and concavity.

Lemma 5.3.7. Concave and prefix-independent winning conditions are strongly monotone and
strongly concave.

Proof. By Lemma 5.3.2 we already have that a prefix-independent goal is strongly monotone. It
remains to show that a concave and prefix-independent goal is strongly concave.

For a language M C [k]“, let suff (M) and pref (M) be the sets of suffixes and prefixes
of words in M, respectively. By concavity, for all M, N C [k]* we have M @ N < M UN
and by prefix independence we have for all M € [k]“ and forall z € [k]* M < zM < M.
Take any word = € [k]*, and any two languages M, N C [k]“. Then we have (M ®s N) =
r(MRN)Uz-pref( MRN)-suff (N)Uz-pref (M & N)-suff (M). First, by prefix independence
and then by concavity we have x(M @ N) < M @ N < MUN < x(MUN) = zM UzxN.
Then, z - pref (M @ N) - suff (T') < suff (T') < 2T < zM UzN, where T € {M, N}. So, we
have x(M ®s N) < xzM UxN.

O
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Lemma 5.3.8. There exists a strongly monotone and strongly concave goal which is not prefix
independent.

Proof. Let k = 1, the goal is given by the set of words that either start with 1, or start with 0
and contains infinitely many 0’s, i.e., W = 0(1*0)“ U 1[k]*. It is easy to see that the goal is not
prefix-independent: indeed, for M = 1“ we have that 0OM < M, but not M < 0M since M
contains only winning words and 0/ only losing ones.

Next, we prove that the goal is strongly monotone. Consider M, N C [k]|* and = € [k]* and
suppose that tM < xN, so xN contains a winning word and =M contains only losing ones.
Observe that  does not start with 1, otherwise all words in M would be winning. So, there are
two situations to discuss: z = € or x starts with 0. If z = ¢ then all words in M starts with 0 and
have a suffix equal to 1¥. Now for all y € 1[k]* we have yM < yN since all the words in all
languages are winning; for all y € 0*[k]* we have yM < yN because all the words in yM are
losing since they start with 0 and have a suffix 1¢. If instead x starts with O then there exists a
word n € N that contains infinitely many 0, for every y € [k]* the word yn will contain infinitely
many 0 and it will be winning, thus for all y € [k]* we will have yM < yN.

Now we prove that the goal is strongly concave. Consider z € [k]*, M, N C [k]¥ and
K C [k]*. We want to prove that z(M ®s N) < M Uz N. If the r.h.s. of the inequality contains a
winning word, the inequality trivially holds. So, suppose that the r.h.s. does not contain a winning
word, so it cannot be x € 1[k|* but it must be x € 0[k]* U {e}. If x starts with 0, every word in
M, N contains a suffix 1 and all words in M ®; N contain a suffix 1¥. So, M ®; N contains
only losing words. If x = ¢, every word in M, N contains a suffix 1¥ and starts with 0, so all
words in M ®¢ N contain a suffix 1* and start with 0, and therefore they are losing. O

5.4 Half-positionality theorem

In this section, we prove that determinacy, strong monotonicity and strong concavity are
sufficient but not necessary conditions to half positionality for player 0.

Theorem 5.4.1. A determined, strongly monotone and strongly concave goal is half-positional.

Proof. The proof proceeds by induction on the number of edges exiting from the nodes controlled
by player 0 in the game arena. As a base case in the graph G for each node controlled by player 0
there exists only one exiting edge. In such a graph player 0 has only one possible strategy which is
positional. So, the result is trivially true. Suppose that in the arena there are n edges exiting from
nodes of player 0 and that, for all graphs with at most n — 1 edges exiting from nodes of player 0,
if player O has a winning strategy he has a positional one. Let ¢ be a node of player 0 in G such
that there is more than one edge exiting from ¢. We can partition the set of edges exiting from ¢ in
two disjoint non-empty sets F, and Fg. Let G, and Gg be the two subgraphs obtained from G by
removing the edges of g and E,,, respectively. There are two cases to discuss.

First, suppose that in G, or G3 player 0 has a winning strategy. Then, by inductive hypothesis
he has a positional winning strategy. It is easy to see that such a strategy is winning in G too.
Indeed, since player O controls the node ¢, he is able to force the play to stay always in G, or
G 3. Suppose now that player 0 has no winning strategy in G, and in Gg. We prove the thesis by
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showing that player 0 has no winning strategy in G. By determinacy, there exist two strategies 7,
and 73 winning for player 1 in G, and G, respectively.

Let o be a strategy of player 0 in G, we show that there exists a strategy of player 1 in G
winning in G against o. If one of the plays P (o, 7,) or P(o, 73) does not pass through ¢ then that
play is in G, and G5 and so it is winning for player 1 who is using his winning strategy on one of
the graphs.

Suppose now that both of the above plays pass through . Let z,, and x5 be respectively the
color sequences of the prefixes of P (o, 7,) and P(o, 73), up to the first occurrence of ¢. Let M,
and Mg be the sets of color sequences of suffixes after respectively a prefix z, and x5 of plays
consistent respectively with 7, and 73. Observe that x, M, and x3Mg contain plays consistent
respectively with 7, in G, and 73 in G g, and such plays are losing for player 0. We prove now
that either x, Mg or xg M, contains only losing words for player 0. Indeed, if x, Mg contains a
winning word, we have that M, < x,Mg, since x,M, contains only plays losing for player
0. Then, by strong monotonicity we have that, for all y € C*, it holds yM, < yMpz and hence
xgM, < xgMg. Since xgMg contains only losing words, so does xgM,.

Suppose without loss of generality that x5 M, contains only losing words. Then, we construct
the strategy 7/,, which behaves like 7, on all partial plays which do not have a prefix 3. When
the partial play has a prefix xg, it behaves like 7, when it sees x, in place of z3. More formally
To(2p7) = Ta(Ta), and in the other cases 7;,(7) = 7o(7). Let 7 = 75. We construct a strategy
7 in G' at the beginning the strategy behaves like 753; when the play passes through ¢, depending
on what subgraph the last edge from ¢ chosen by player 0 belongs to, the strategy 7 behaves like
7}, or Té when they are applied only to the initial prefix up to ¢ and all the loops from ¢ to ¢, where
the first edge belongs to G, or G g, respectively.

Formally, for all prefixes 7 that do not pass through ¢, we have 7(7) = 73(n); if m; 5, is

a loop from ¢ to ¢ with first edge in G,, for all prefixes 7 = 27 ,,..., Ty, Ty, We have
7'(m) = 7 (z([,,= ™). The play P(o, 7) coincides with P(o, 73) up to ¢, so it has a prefix

with color sequence xg. After that prefix, the play develops in parallel and alternates pieces of two
plays: one in G consistent with 75, and the other in G, consistent with 7,. So, the color sequence
of the two suffixes are respectively in Mg and in M,,." Hence, the color sequence of the suffix
after xg of the play P(c, 7) lies in the shuffle of M, and Mpg. By strong concavity we have that
Col(P(0,7)) € xg(My ®s Mg) < xgMy U x3Mpg. Since both x50, and x3Mg contain only
losing words, we have that Col(P(o, 7)) is a losing word for player 0. Hence, for all strategies o
of player 0 there exists a strategy 7 of player 1 winning over 0. We conclude that player O has no
winning strategy.

O

Since strongly concavity implies concavity, the following result states that the conditions
appearing as the hypothesis of the previous theorem and of Theorem 4.2.1 are not a complete
characterizations for half positional goals.

Lemma 5.4.1. There exists a goal that is half positional but not concave.

Proof. Let k = 1, the half positional goal is W = [k]*1[k]*1[k]“. The goal states that player
0 tries to make color 1 occur at least twice. We show that the goal is not concave: let z = ¢,

"Note that it is possible that one of the two suffixes does not progress indefinitely.
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n,m = 10“, then we have zn,zm ¢ W,butt = 110 € m ® n with xt € W, hence the goal is
not concave. The goal is half positional because in every point in a play player 0 does not need
to look at the past, but just tries to form a path that passes through as many edges colored with 1
as possible. For a more formal proof, we prove that the goal is full-positional, through Gimbert
and Zielonka’s theorem. Precisely, we prove that W and W = [1]* \ W are both selective and
monotone. Observe that W is the set of all the words contain at most one 1.

1. W is selective. Suppose by contradiction that 1V is not selective. Then, there exist x € [k]*
and M, N, K C [k]* such that z((M UN)*K) = (M UN)*) Ux(M UN)*(K) contains
a winning word and x(M™*) U (N*) U z(K) contains only losing words. Observe that no
word in M or N contains 1, or else if m € M U N contains a 1, zm® € x(M*) U x(N*)
contains infinitely many 1’s and it is a winning word. So, the words in the set z((M U N)*)
do not contain 1 and they are losing. Moreover, since z(K') does not contain more than one
1, the words in (M U N)*(K) do not contain more than one 1 and they are all losing too.
So, the set z((M U N)*K) contains only losing words, hence a contradiction.

2. W is monotone. Suppose by contradiction that W is not monotone. Then there exist
z,y € [k]* and M, N C [k]* such that zM < N and yN < yM. So, zM and yN contain
only losing words, N and yM contain a winning word. If z contains more than one 1,
all words in the first two sets are losing, hence a contradiction. If z contains one 1, then
no word in M contains 1. However, there is a winning word in y M, so y contains two 1’s.
Hence, y N contain only winning words, which is a contradiction. If x does not contain a 1,
there is a word in N with two 1’s. Hence, y/N contains at least a winning word, which is
again a contradiction.

3. W is selective. Suppose by contradiction that W is not selective. Then, there exist x € [k]*
and M, N,K C [k]* such that (M U N)*K) = z((M U N)*) U z(M U N)*(K)
contains a winning word and x(M™*) U (N*) U z(K) contains only losing words. Observe
that no word in M or NN does not contain 1, else if m € M U N does not contain a 1,
xm® € x(M*) Uz (N*) does not contain 1’s and it is a winning word. So the words in the
set z((M U N)*) contain infinitely many 1’s and they are losing. Moreover, since z(K)
contains more than one 1, the words in (A U N)*(K') contain more than one 1 and they
are all losing. So, the set z((M U N)*K) contains only losing words, hence a contradiction.

4. W is monotone. Suppose by contradiction that 7 is not monotone. Then there exist
z,y € [k]* and M, N C [k]* such that zM < =N and yN < yM. So, zM and yN contain
only losing words, z N and y M contain a winning word. If x contains more than one 1, all
words in the first two sets are winning, hence a contradiction. If # contains one 1, then there
is a word in N that does not contain 1’s. Since y N contains only losing words, y contains
more than one 1. So, all words in y M are losing, hence a contradiction. If = does not contain
1, then all words in M contain more than one 1, so all words in y M are losing, hence a
contradiction.
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5.5 Strong Selectivity

We proved in the previous section that strong monotonicity, strong concavity, do not constitute
a characterization for half-positionality. Indeed, we observe that strong concavity is a stronger
property than what is needed. It asks that no matter how two losing words are interwoven the
results is still a losing word. The aim is to relate the alternation of player O between two behaviors
to the switching between the two words. However, on a game graph, player 0 is not actually free to
switch at every point between the two behaviors, but only at particular nodes where the two paths
meet. Moreover, since a word should represent a positional behavior for player 0 on a finite graph,
it should contain some periodicity. Both these requirements are achieved through the property of
selectivity. However, selectivity can only be used in the hypothesis player 1 is using a positional
strategy, since only in that case player 0 makes use of regular behaviors. In order to incorporate
into selectivity, the ability to evaluate also non regular sets of words, we define a new stronger
version of it.

Definition 5.5.1. A goal W is strongly selective if and only if for all x € [k|* and for all languages
M, N, K C [k]* we have that x((M UN)*K) < x(M*) Ux(N*) U z(K).

Selectivity and strong selectivity represent two weaker properties than strong concavity.
Lemma 5.5.1. Every strongly concave goal is strongly selective.
Proof. For all words x € [k]*, for all languages M, N, K C [k]*, we have that x((M UN)*K) C

2(((M*) @5 (N*)) @5 (K)) < 2(M*) Uz(N") Uz(K). -

Unfortunately, the strong versions of selectivity and monotonicity proved not to be sufficient
conditions to half positionality?.

Lemma 5.5.2. There exists a strongly monotone and strongly selective goal which is not half-
positional.

Proof. Let k € N, for all colors ¢ € [k] and finite paths m, let |7|; be the number of edges
colored by i on 7, and let |7| be the number of edges in 7. Moreover for all n € N let 7"

be the prefix of length n of 7. The strongly monotone and strongly selective goal is the set
[m="|

W of all the infinite words m such that, for all colors i € [k], the limit lim,,_, | o WS"\Z exists

and is finite. The goal is prefix independent. Indeed, let 71 = a7’ then for all i € [k]* we
) <np, <ntlel) izl 1 <m|, :

have lim,, | oo ‘7;,79" = lim, 400 M = limy, 100 % The goal is also strongly

selective. Indeed, suppose by contradiction that there exist a sequence x € [k]*, and three languages
M, N, K C [k]* such that z((M UN)*K') contains one winning word and z(M*) Uz (N*) Uz (K)
contains only losing words. In this case, M and N must be empty else any periodic word 7 = m* &€
M* U N* with m € M U N has a finite limit lim,, ;oo 01t = 12,
(x(M UN)*K) = z(K) and contains only losing words which is a contradiction. The above goal
is not half-positional in the following arena ({u}, {v}, u, {(v,0,u), (v, 1,u), (u,0,v), (u,1,v)})

for all colors 7. So, the set

“We thank Zielonka and Gimbert for pointing out the counterexample
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with & = 1 (Fig 5.1(c)). Player 0 can win with a strategy with memory by choosing from V"’ to
V the opposite of the color that player 1 chose from V to V’ right before, thus yielding a path in
[k]*(10)* which has limit 1 for both colors. However if player 0 uses a positional strategy, it will
only choose one color from V' to V, let suppose V\i/ithouti loss of generality thlat he choioses ciolor
0. lThe plazzer 1 ca?florce a path 7 :l_1 e (2(3())2 (21i0)2 ) Tl;?n we halve | 1}1:0(00)2 (10)%| =
Zil:04 -2 = 4(2i - 13, and‘ |(IT;=(00)% (10)) -l(_()10) | = 4(2i +2 - 1). l\;lf)lreoyer,
| TTi=0(00)* (10)*' 1 = 355 2" = (27! = 1), and |(T];=(00)* (10)*) - (00)* | = 3i=p 2" =

- (002" (1002 _ 1 (T2 (102002 [ _ 91q

2" — 1. So we have 10 (00 (10)%] 7> moreover (T3 (0002 (10)7)-(00)2 | — 3@-D+2(2) —
1_3 2 n

5(221’;i3 = 5(221) = 5~ 5(2?)73 < é This shows that in the limit ‘|7f§n|\1 oscillates between i and

something less than %
O

Although the following theorem is obtained easily from the techniques developed in [GZ05],
we think that it is worth mentioning that half positionality on arenas controlled only by player O is
equivalent to the selectivity of the goal. Since the selectivity is similar in a way to strong concavity,
we show that strong concavity is a condition useful to assert that, on decisions independent from
player 1, player O prefers a fixed behavior rather than switching between two different ones. We
prove the above statement by making use of the following lemma proved in [GZ05].

Lemma 5.5.3 ((GZ05]). Let A be a finite co-accessible 3 automaton recognizing a language
L C [k]* and having starting state q. Then, (L) is the set of infinite color sequences on the graph
of A starting in q.

Theorem 5.5.1. A goal is selective if and only if it is half-positional on all arenas controlled by
player 0.

Proof. [only if] Suppose that a goal W is half-positional on all game graph controlled by player
0 but non-selective. Let z € [k]* and M, N, K C [k]* be three recognizable languages such
that z((M U N)*K) £ x(M*) Uz(N*) U z(K). This means that there is a winning word in
(MUN)*K) and x(M*) Uz(N*) Uz (K) contains only losing words. Let G, G s, G n be the
minimized finite automata recognizing the languages {x}, M, N, respectively, and having only one
starting state with no transition returning to it and one final state with no transition exiting from it.
Let G i be the minimized finite automaton recognizing the language K, having only one starting
state with no transition returning to it. We construct the game graph GG by combining together the
graphs G, Gyr, Gn, G . Precisely we glue together the final state of G, the initial and final
states of Gy and G v and the initial state of G ¢ in a new node ¢. Observe that, by gluing together
the initial and final states, the automata G 7, Gy recognize M* and N*, respectively. The initial
state of G is the starting state of G;. Thus the graph G recognizes the language (M U N)*K.
Hence by Lemma 5.5.3, every infinite path in G is in (x(M U N)*K) = z((M U N)*K). Since
this set contains a winning word, there is a winning strategy for player 0. However, if player O uses
a positional strategy he cannot win. Indeed, player O reaches first the node ¢ by constructing the

3 An automaton is co-accessible if and only if from every state there is a path reaching an accepting state. It’s easy to
see that a minimized automaton is co-accessible.
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5. Half-Positionality 5.5 - Strong Selectivity

color sequence x on G,.. In the node ¢ player 0 chooses once and for all which of the subgraphs
G, G, Gk he will use, so the infinite play will be of the form zm where m is an infinite path
in Gjr,Gy or Gg. By Lemma 5.5.3, xm € x(M*) Ux(N*) U z(K). But this set contains only
losing words. Hence, m is losing.

[if] Suppose that a goal W is selective, we prove by induction on the number of edges exiting
from the nodes of the arena G controlled by player O that if there exists a winning strategy for
player O then there exists a positional one. As base case there exists only one edge exiting from the
nodes of G, hence player 0 has only one strategy, which is trivially positional. Suppose that in the
arena there are n edges exiting from nodes of player 0 and that for all graphs with at most n — 1
edges exiting from nodes of player 0, if player O has a winning strategy he has a positional one. Let
t be a node of player 0 in GG such that there is more than one edge exiting from ¢. We can partition
the set of edges exiting from ¢ in two disjoint non-empty sets E, and F3. Let G, and G be the
two subgraphs obtained from G by removing the edges of E/g and E,, respectively. There are two
cases to discuss. First, suppose that either in G, or G g player 0 has a winning strategy. Then, by
inductive hypothesis he has a positional winning strategy. It is easy to see that such a strategy is
winning in G too, indeed player 0 is able to play always in G, or G/g since he controls every node.

Suppose now that player 0 has no winning strategy in G, and in Gg. We prove the thesis by
showing that player 0 has no winning strategy in G'. Let M, and Mg be the sets of all finite color
sequences from ¢ to ¢ and K, and Kz be the sets of all finite color sequences starting from ¢, in
G and G, respectively. Such sets are regular languages: M, and Mg are recognized by the
automata having respectively G, and G5 as state graphs, with starting node ¢ and accepting set
{t}. The sets K, and K are the languages accepted by the automata with state graphs G, and
G s, respectively, with starting node ¢ and accepting set given by all the states.

Suppose now by contradiction that there exists a winning strategy for player O in GG. Then this
strategy will form a winning path 7. Such a path cannot be in G, or G, or else player 0 has a
winning strategy in one of those subgraphs. So the path is in G and passes through ¢. Let « be
the shortest prefix of 7 ending in ¢, then 7 belongs to the set x((My U Mg)* (K, U Kg)), since it
starts with z, then either loops forever from ¢ to ¢ in G, and G g, or possibly ends with an infinite
path that never comes back to t. However, for v € {a, 3}, the sets (M) and x(K,) contain
only paths in G, so they are losing. Thus, we have z((M U N)*K) £ x(M*) Ux(N*) U z(K),
which contradicts selectivity.

O

Figure 5.5 summarizes the relations between half-positionality and the properties described in
this chapter.
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<—’ Strong Concavity ‘\

L 537 L.5.5.1
L.5.3.8
’ Prefix Independence ‘ L.53.2 I Strong Monotonicity l I Strong Selectivity l
AN S /
N T.421 T.541 ' /

L. 5‘4‘1 ~ L./5.4.1 //
T~ ~’ Half Positionality

4 ’

Figure 5.2: Summary of results. Continuous arrows represent a holding implication and dashed
ones a false one. Arrows are labeled with the corresponding lemma or theorem. Moreover, a gray
box represents a conjunction of conditions.
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Conclusion

In this thesis we discussed how to determine scheduling plans for ensuring that on a system’s
executions every task is performed with a desired asymptotic frequency or uniform asymptotic
frequency. We showed that when the scheduler has complete control of the system it is possible to
determine a suitable plan in polynomial time, and that when the environment can influence the
executions, determining the existence of a scheduling plan is a Co — N P-complete problem. In
the latter case, we also proposed an exponential space algorithm for the computation of winning
strategy for the scheduler.

All the above results hold for k-colored graphs and can be used when the tasks can be
decomposed into atomic components representable by means of a single edge. Although time and
length are considered to belong to a dense domain, we can still consider approximations to multiple
of a given unit of costs. Such a unit becomes the value of an atomic task. However, every time we
decompose a task in its components, we add to the graphs as many consecutive edges and a nodes in
as the number of atomic components. In non-preemptive situation where a task needs to complete
before a new one is allowed, this is not a problem. Indeed, every task is represented as a sequence
of consecutive edges whose nodes just allow one exiting edge representing the next atomic task to
be performed. In this case our algorithms can be easily modified to avoid a complexity explosion.
For the deterministic scheduling we can just have one variable for a sequence of consecutive edges
in the feasibility systems. Moreover, the algorithm for the computation of a winning strategy
is exponential in the number of nodes of player 1, and nodes with just an exiting edge can be
safely attribute to player 0. On the other hand, when the scheduling is preemptive, we are in the
hypothesis that tasks can he halted only at some discrete instants in time in order to decompose it
in atomic steps. So, the fact that every intermediate atomic activity can be followed by an activity
from another task, induces a necessary complexity explosion in our algorithm. The explosion
becomes worse the more refined the unit of cost becomes. Hence, it may be worth investigating,
the existence of frequency- f paths on dense-cost models, such as timed graphs.
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