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Abstract

The Power Wall has stopped the past trend of increasing processor through-
put by increasing the clock frequency and the instruction level parallelism.
Therefore, the current trend in computer hardware design is to expose explicit
parallelism to the software level. This is most often done using multiple pro-
cessing cores situated on a single processor chip. The cores usually share some
resources on the chip, such as some level of cache memory (which means that
they also share the interconnect, e.g., a bus, to that memory and also all higher
levels of memory), and to fully exploit this type of parallel processor chip,
programs running on it will have to be parallel as well. Since multi-core pro-
cessors are the new standard, even embedded real-time systems will (and some
already do) incorporate this kind of processor and parallel code.

A real-time system is any system whose correctness is dependent both on
its functional and temporal output. For some real-time systems, a failure to
meet the temporal requirements can have catastrophic consequences. There-
fore, it is of utmost importance that methods to analyze and derive safe estima-
tions on the timing properties of parallel computer systems are developed.

This thesis presents an analysis that derives safe (lower and upper) bounds
on the execution time of a given parallel program. The interface to the ana-
lysis is a rudimentary parallel programming language that is formally (both
syntactically and semantically) defined in the thesis. The analysis is based on
abstract execution, which is itself based on abstract interpretation techniques
that have been commonly used within the field of timing analysis of single-
core computer systems, to derive safe timing bounds in an efficient (although,
over-approximative) way. Basically, abstract execution simulates the execution
of several real executions of the analyzed program in one go.

The thesis proves the soundness of the presented analysis (i.e., that the
estimated timing bounds are indeed safe) and also includes three case studies,
each showing an important feature or characteristic of the analysis.
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Chapter 1

Introduction

This chapter starts by introducing the fundamental concepts used within the
field of the thesis. It also states the asked research questions, the approach
used to answer the questions and the resulting contributions of the thesis. This
chapter also presents the papers included in the thesis and a pilot study on using
model-checking for timing analysis of parallel real-time systems.

1.1 Real-Time Systems

As computers have become smaller, faster, cheaper and more reliable, their
range of use has rapidly increased. Today, everything from wrist watches to
airplanes are computer-controlled. These types of systems are commonly re-
ferred to as embedded systems; i.e., one or more controller chips with accom-
panying software are embedded within the product. It has been approximated
that over 99 percent of the worldwide production of computer chips are des-
tined for embedded systems [9].

A real-time system is often an embedded system for which the timing be-
havior is of great importance. More formally, the Oxford Dictionary of Com-
puting gives the following definition of a real-time system [40].

“Any system in which the time at which output is produced is
significant. This is usually because the input corresponds to some
movement in the physical world, and the output has to relate to
that same movement. The lag from input time to output time must
be sufficiently small for acceptable timeliness.”
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The word “timeliness” refers to the total system and can be dependent on me-
chanical properties like inertia. One example is the compensation of temporary
deviations in the supporting structure (e.g., a twisting frame) when firing a mis-
sile to keep the missile’s exit path constant throughout the process. Another
example is to fire the airbag in a colliding car. This should not be done too
soon, or the airbag will have lost too much pressure upon the human impact,
and not too late, or the airbag could cause additional damage upon impact;
i.e., the inertia of the human body and the retardation of the colliding car both
impact on the timeliness of the airbag system. It should thus be apparent that
the correctness of a real-time system depends both on the logical result of the
performed computations and the time at which the result is produced.

Real-time systems can be divided into two categories: hard and soft real-
time systems. Hard real-time systems are such that failure to produce the com-
putational result within certain timing bounds could have catastrophic con-
sequences. One example of a hard real-time system is the above-mentioned
airbag system. Soft real-time systems, on the other hand, can tolerate missing
these deadlines to some extent and still function properly. One example of a
soft real-time system is a video displaying device. Missing to display a video
frame within the given bounds will not be catastrophic (but perhaps annoying
to the viewer if it occurs too often). The video will still continue to play (al-
though, perhaps with reduced displaying quality), assuming that the system is
not overloaded in general.

The current trend in computer hardware design is to make parallelism ex-
plicitly available to the programmer, often in the form of multiple processing
cores on the same chip. This strategy helps increasing the chip’s through-
put without hitting the power wall since the individual processing cores on
the multi-core chip are usually simpler than a single core implemented on the
equivalent chip area [70]. The cores typically share some resources, such as
some level of on-chip cache memory, which introduces dependencies and con-
flicts between the cores; e.g., simultaneous accesses from two or more cores to
shared resources will introduce delays for some of the cores. Processor chips
of this kind of multi-core architecture are currently being used in real-time sys-
tems within, for example, the automotive industry.

To fully utilize the multi-core architecture, algorithms will have to be par-
allelized over multiple tasks (e.g., threads). This means that the tasks will have
to share resources and communicate and synchronize with each other. There
already exist software libraries for explicitly parallelizing sequential code auto-
matically. One example of such a library available for C/C++ and Fortran code
running on shared-memory machines is OpenMP [64]. The conclusion is that
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parallel software running on parallel hardware is already available today and
will probably be the standard way of computing in the future, also for real-time
systems.

When proving the correctness of, and/or the schedulability of the tasks in,
a real-time system, it is, as far as the author knows, always assumed that safe
(i.e., not under-approximated) bounds on the timing behavior of all tasks in
the system are known. The timing bounds are, for example, used as input
to algorithms that prove or falsify the schedulability of the tasks in the system
[4,22, 54]. Therefore, it is of crucial importance that methods for deriving safe
timing bounds (referred to as estimates) for this type of parallel computational
systems are defined.

This thesis presents a method that derives safe estimates on the timing
bounds for the described type of systems. The method mainly targets hard
real-time systems. However, it can be applied to any computer system fitting
the assumptions made in the upcoming chapters.

1.2 Timing Analysis of Real-Time Systems

A program’s execution time (i.e., the amount of time it takes to execute the en-
tire program from its entry point to its exit point) is not constant; it is dependent
on the initial system state. This state includes the input to the program (i.e., the
values of its arguments), the hardware state (e.g., cache memory contents) and
the state of any other software that is executing on the same hardware. How-
ever, for any program and any set of initial states, at least one of the resulting
execution times will be equal to the shortest execution time for the given pro-
gram and set of initial states. The shortest execution time is referred to as
the Best-Case Execution Time (BCET). Likewise, at least one of the resulting
execution times will be equal to the longest execution time for the given pro-
gram and set of initial states. The longest execution time is referred to as the
Worst-Case Execution Time (WCET).

Traditionally, when computers were purely sequential, the main focus of
timing analysis only targeted estimations of the WCET. This was possible be-
cause the analyzed systems did not suffer from any timing anomalies, which
meant that the local worst-case scenario (i.e., the longest possible execution
time for a single instruction, or a block of instructions) always resulted in the
global worst-case. However, when introducing multi-core architectures with
shared memory, this is no longer the case [1, 56, 76]. This means that the only
safe option is to take all the possible execution times between, and including,
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the local BCET and WCET into account when deriving the global (BCET and)
WCET.

Today, there exist several algorithms and tools that strive to derive a safe
and zight (i.e., not too over-approximate) estimate of the WCET of a sequential
task targeted for sequential hardware. Some examples of such tools are aiT [20,
91], Bound-T [37, 91], Chronos [49, 91], Heptane [91], OTAWA [6], RapiTime
[75,91], SWEET [17, 91], SymTA/P [91] and TuBound [72, 91]. aiT, Bound-
T and RapiTime are commercial tools while the others are primarily research
prototypes. aiT, Bound-T, Chronos, Heptane, OTAWA and TuBound are purely
static tools while SWEET and SymTA/P mainly use static WCET analysis
techniques, but also dynamic techniques to some extent. RapiTime is heav-
ily based on dynamic techniques.

In dynamic WCET analysis, measurements of the actual execution time of
the software running on the target hardware are performed. This method is
not guaranteed to execute the program’s worst-case path, though, which could,
for example, include some error-handling routine that is only rarely executed.
Thus, the WCET might be gravely under-estimated; i.e., there might exist paths
through the code with considerably worse (longer) execution times than the
worst execution time detected by the measurements.

In static WCET analysis, the program code and the properties of the target
hardware are analyzed without actually executing the program. Instead, the
analysis is based on the semantics of the programming language constructs
used to define the program and a (timing) model of the target hardware. Static
methods usually try to find a tight estimation of the WCET, but always safely
over-estimate it.

Static WCET analyses are normally split into three subtasks: the low-level
analysis, which attempts to find safe timing estimates for executions of code
sequences, the flow analysis, which constrains the possible paths through the
code, and the calculation, where the most time-consuming path is found, using
information derived in the first two phases. This traditional approach assumes
that the analyzed program consists of a single flow of control; i.e., is sequen-
tial. In a parallel program, there are several flows of control, possibly with
dependencies among them. The consequence is that the traditional three-phase
approach is not directly applicable when analyzing arbitrary parallel programs
executing on parallel shared-memory architectures.

This thesis presents a static method that derives safe estimations of the
BCET and WCET of a parallel program by combining the three phases into
one single phase; i.e., the method directly calculates the timing bound estimates
while analyzing the semantic behavior of the program, based on a (safe) timing
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model of the underlying architecture.

Note that solving the problem of finding the actual WCET in the gen-
eral case is comparable to solving the halting-problem (i.e., determining
whether the program will terminate), which is an undecidable problem (c.f.,
[45]). Thus, the space of possible system states that a WCET analysis must
search through could be extremely large, or even infinite, in the general case.
This means that the analysis itself might not terminate in the general case.
Therefore, techniques to increase the probability of, or even more desirable,
guarantee, analysis termination must be derived. For many of the traditional
methods for analyzing sequential programs, there are ways to guarantee
termination using widening/narrowing techniques [62]. These techniques are
not directly applicable to the method presented in this thesis, though.

1.3 Research Questions
This thesis mainly tries to answer the following questions.

Question 1: “What are the distinguishing features of a parallel computer sys-
tem (i.e., the hardware and software combination) that must be taken
into account in a timing analysis on the code level?”

Question 2: “How can a parallel computer system be analyzed to derive safe
and tight estimations on its timing bounds?”

Question 3: “How can analysis termination be guaranteed?”

1.4 Pilot Study

Model-checking is a technique for verifying properties of a model of some
system. The idea of using model-checking to perform WCET analysis has
been investigated and shown to be adequate for analyzing parts of a single-
core system [38, 60].

Timed automata' can be used to model real-time systems [3]. An automa-
ton can be viewed as a state machine with locations and edges [43]. A state
represents certain values of the variables in the system and which location of
an automaton is active, while the edges represent the possible transitions from
one state to another [43]. (Continuous) time is expressed as a set of real-valued

IThe formal syntax and semantics of timed automata can be found in [2] and [43].
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variables called clocks. UPPAALZ [7, 47, 89] is a tool used to model, simulate
and verify networks of timed automata [7, 8, 43].

Preceding the work presented in this thesis, an initial study [30] in which
UPPAAL was used to model, and derive high precision estimates on the timing
bounds of, a small parallel real-time system was performed. The paper shows
that timing analysis of parallel real-time systems can be performed using the
model-checking techniques available in for example UPPAAL. However, the
proposed method (i.e., the way the system was modeled and analyzed) did not
scale very well, for example with respect to the number of threads in the ana-
lyzed program. Therefore, it was decided not to continue on the pure model-
checking path (although, there might be other ways to model the system that
would succeed better).

1.5 Approach

The approach used in this thesis is to statically calculate safe BCET and WCET
estimations by abstractly executing the analyzed program (c.f., [23, 28]) using
a safe timing model of the underlying hardware. As previously discussed, stat-
ically computing the exact set of possible semantic states for an arbitrary pro-
gram is an extremely complex task. Using abstract execution (which is based
on abstract interpretation techniques), at least all the possible semantic states,
given some set of initial system states, are considered, but in a less complex
way.

Abstract interpretation [14, 23, 62] is a method for safely approximating
the program semantics and can be used to obtain a set of possible abstract
states for each point in a program. An abstract state collects, and most often
over-approximates, the information given by a set of concrete semantic states.
This means that an analysis based on abstractly interpreting the semantics of
a program can become less complex and more efficient, but might suffer from
imprecision, compared to an analysis based on the concrete semantics.

The concrete semantics of an arbitrary programming language can be ab-
stracted in many different ways. The choice of abstraction is done by defining
an abstract domain. An abstract domain is essentially the set of all possible
abstract states that fit the definition of the domain.

An example of an abstract domain is Intv, defined as {[z1,22] | —e0 <z <
23 < o0 Az1,20 € ZU{—o0,00}}; ie., the set of all intervals that “fit inside”

2 An introduction to UPPAAL and the formal semantics of networks of timed automata are
given in [7] and [43], respectively.
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[—0,00]. (Note that the domain Intv is completely defined in Section 3.6.)
This domain can be used to over-approximate the concrete domain {z € Z U
{—o0,00} | —e0 < 7 < 00} =ZU{—o0,0}; i.e., the set of all integers between
(and including) —eo and oo.

Assume that the program variable x can have the value v, such that v €
{1,2,5,8}, in a given point of the program according to the concrete semantics
(i.e., x has four possible values in the given program point). In the abstract
domain, the value of x could safely be represented by [1,8]. This is an over-
approximation since turning the abstract value into a set of concrete values
yields [1,8] — {1,2,3,4,5,6,7,8} D {1,2,5,8}. It can be noted that [1,8] is
the best (tightest) approximation of the values of x, since [1, 8] is the smallest
interval containing all the possible concrete values of x.

Abstract execution is simply a way to abstractly simulate the execution of
the analyzed program. This is done by collecting several concrete states into
one (or, for some situations, several) abstract states using abstract interpreta-
tion, as discussed above. The existence of a timing model (of the underlying
architecture) that provides safe information on the timing properties of indi-
vidual operations within the analyzed program when executed in a particular
system state allows the BCET and WCET of the analyzed program to be safely
estimated.

Basically, the only assumption made on the underlying architecture is that
it provides (or can simulate) a shared memory address space, that can be used
for communication, and shared resources, that can be used for synchronization.
One example of such an architecture is a multi-core CPU. Another example is a
virtualization environment that runs on top of a distributed system and provides
a shared memory view. Yet another example is any real-time operating system;
e.g., VxWorks [92].

1.6 Contribution

The main contributions of this thesis are the following.

1. PPL: a formally defined, rudimentary, parallel programming language
for real-time systems. The semantics of PPL includes timing behavior
and is defined based on the familiar notation of operational semantics
(c.f., [63]).

2. An abstraction of the PPL semantics where concrete points in time are
abstracted using intervals.
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3. A safe timing analysis based on the abstract semantics of PPL. A com-
plete correctness/soundness proof is provided.

1.7 Included Publications

This thesis includes the material presented in the following papers. Andreas
Gustavsson is the main author of all the listed publications and has alone con-
tributed with all the technical material presented in them.

Paper A

Worst-Case Execution Time Analysis of Parallel Systems
Andreas Gustavsson.
Presented at the RTiS workshop, 2011.

This Paper addresses contribution 1 and presents the first definition of the paral-
lel programming language and a very simple (non-generalized) hardware tim-
ing model.

Paper B

Toward Static Timing Analysis of Parallel Software
Andreas Gustavsson, Jan Gustafsson and Bjorn Lisper.
Presented at the WCET workshop, 2012.

This Paper addresses contributions 2 and 3 and presents a work-in-progress
timing analysis that can analyze all aspects of a parallel program, except syn-
chronization. The presented analysis uses abstract execution to derive safe
estimations of the BCET and WCET of the analyzed program.

Paper C

Toward Static Timing Analysis of Parallel Software - Technical Report
Andreas Gustavsson, Jan Gustafsson and Bjorn Lisper.
Technical report, 2012.

This Paper addresses contributions 2 and 3 and is an extended version of Paper
B. The Paper includes all the mathematical details and a sketch for the correct-
ness/soundness proof.
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Paper D

Timing Analysis of Parallel Software Using Abstract Execution
Andreas Gustavsson, Jan Gustafsson and Bjorn Lisper.
Submitted to the VMCALI conference, 2014.

This paper addresses contributions 1, 2 and 3 and summarizes the work pre-
sented in this thesis. It presents a timing analysis that is based on the analysis
defined in Papers B and C. The presented analysis derives safe estimations of
the BCET and WCET for any program defined using a slightly modified ver-
sion of the language presented in Paper A (i.e., PPL), given some (safe) timing
model of the underlying architecture.

1.8 Thesis Outline

The rest of this thesis is organized as follows.

Chapter 2 presents some research that is closely related to the material pre-
sented in this thesis.

Chapter 3 introduces the reader to the fundamental concepts and theories
needed to understand the contents of the following chapters.

Chapter 4 formally defines PPL, a parallel programming language.

Chapter 5 presents a semi-safe abstraction of the PPL semantics. Note that
the abstraction is not safe for arbitrary PPL programs and that special
care must be taken if using it (c.f., Chapter 6).

Chapter 6 defines a safe timing analysis using abstract execution based on the
abstraction made in Chapter 5.

Chapter 7 presents some examples that show how the analysis presented
in Chapter 6 handles communication and synchronization in PPL
programs.

Chapter 8 discusses the research questions and the analysis presented in
Chapter 6. The chapter also gives pointers to future work.

For the reader’s convenience, the following appendices are provided.

Appendix A summarizes the notations and nomenclature used in this thesis.
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Appendices B-H present listings of the assumptions, definitions, figures, ta-
bles, algorithms, lemmas and theorems defined in this thesis, respec-
tively.



Chapter 2

Related Work

WCET-related research started with the introduction of timing schemas by
Shaw in 1989 [82]. Shaw presents rules to collapse the CFG (Control Flow
Graph) of a program until a final single value represents the WCET. Excellent
overviews of the WCET research from the years 2000 and 2008 can be found
in [73] and [91] respectively. The field of WCET analysis for parallel systems
is quite new, so there is no solid foundation of previous research to stand on.

2.1 Static Timing Analysis

The field of static WCET analysis has, just until recently, mainly been focusing
on single-processor systems. In the field of low-level analysis, most research
efforts have been dedicated to analyzing the effects of different hardware fea-
tures, including pipelines [16, 35, 52, 83, 88], caches [50, 52, 88, 90], branch
predictors [13], and super-scalar CPUs [51, 80].

Within flow analysis, most research has been dedicated to loop bound ana-
lysis. Flow analysis can also identify infeasible paths, i.e., paths which are
executable according to the program control-flow graph structure, but not fea-
sible when considering the semantics of the program and possible input data
values. There are a number of approaches to flow analysis, using e.g., ab-
stract interpretation, symbolic execution, Presburger arithmetics, specialized
data flow analyses, and syntactical analysis of parse trees [28, 36, 37, 55, 88].

There is also some research on data flow analysis for parallel programs
[15, 21, 46], which is of relevance to WCET analysis. Constant propagation

11
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has also been considered [48]. A survey of analyses for concurrent and parallel
programs is found in [77].

Three main methods exist for the WCET calculation: The tree-based
method [12, 13, 52], originating from Park’s timing schemas [68]; the path-
based method [35, 84]; and the Implicit Path Enumeration Technique (IPET)
[17, 37,50, 74, 88], where the WCET calculation problem is formulated as an
Integer Linear Programming (ILP) problem, and the set of execution paths is
restricted by linear constraints.

An alternative way of computing the ILP problem is by using a graph-
based approach [74]. A comparison of the graph-based and IPET approaches
is performed in [38]. The graph-based approach is conducted using model-
checking in UPPAAL [7, 47, 89]. It is shown that IPET outperforms the model-
checking-based approach, but that model-checking allows for calculating tight
WCET bounds and easy integration of complex hardware models. A combined
approach is proposed, where model-checking is used to analyze local regions
of the code, while IPET is used to solve the global analysis. Another motivation
to why model-checking could be useful in WCET analysis can be found in [60].

For analyses based on abstract execution, it is possible to calculate the
BCET and WCET estimates of sequential programs during the abstract exe-
cution, without first generating flow facts [18, 28]. This thesis uses basically
the same approach, but applies it to explicitly parallel programs.

Some research has been conducted within the field of static WCET analysis
for multi-core and other types of multi-processor systems. A static method for
analyzing multi-core processors with a shared L2 instruction cache has been
presented [94]. A limitation of this analysis is that the L1 data cache is assumed
to be perfect (i.e., all accesses are assumed to be hits, which is generally not the
case) and thus does not affect the contents of the L2 cache. Based on this work,
the same authors also address the same problem for the case that the shared L2
cache is direct-mapped [95].

There is also an approach for analyzing multi-cores with a shared L2 in-
struction cache (that still assumes a perfect L1 data cache) that takes effects
from timing anomaly influenced pipelines into account [11].

Staschulat et al. [85] consider an integrated task- and system-level analysis
to estimate memory access times for sequential tasks running in parallel with
tasks executing on other processors. Their approach requires full information
about all tasks running in the system, and it makes quite strong assumptions
about the task model.

Mittermayr and Blieberger [61] use a graph based approach and Kronecker
algebra to calculate an estimation of the WCET of a concurrent program. The
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graph is referred to as CPG (Concurrent Program Graph) and plays a role sim-
ilar to the CFG for sequential programs.

Potop-Butucaru and Puaut [71] target static timing analysis of parallel pro-
cessors where “channels” are used to communicate between, and synchronize,
the parallel tasks. Additional edges representing such communication and syn-
chronization are then used to connect the CFGs of the individual tasks. The
goal of this approach is to enable the use of the traditional three-phase analysis
when analyzing parallel systems.

Ozaktas et al. [65] focus on analyzing synchronization delays experienced
by tasks executing on time-predictable shared-memory multi-core architec-
tures.

Lv et al. [57] and Wu and Zhang [93] use model-checking of timed au-
tomata to perform WCET analysis. In this approach, a timed automata-model
of the system to be analyzed is created. Then, specific properties of the model
are verified to find a WCET estimate for the analyzed system. The achievable
tightness of the WCET estimate depends on the level of details in the timed
automata-model.

Both papers mainly propose methods for reducing the size of the state space
by altering the program model without affecting the true WCET of the model.
This is a very important aspect when using model-checking overall. If the
model is too large and complex, the state space will “explode”, which means
that the number of possible states is very large and analyzing the model be-
comes infeasible.

Lv et al. [58] have also combined abstract interpretation with model-
checking to avoid the scalability problems found in, e.g., [30]. This work does
not focus on explicitly parallel software, though.

2.2 Multi-Core Analyzability

Some other research addresses the problem of (low) predictability in multi-
core processors. This work mostly gives multi-core design guidelines and sug-
gestions on how to use additional or modified hardware to increase the pre-
dictability, and thus, the analyzability. In an extension to the method found
in [94], memory bits for each instruction is used to determine whether the in-
struction should be cached or not [34]. E.g., to avoid pollution of the shared
cache, “Static Single Usage” instructions (i.e., instructions in the program that
are only referenced/executed once) should not be cached. This generates the
possibility to determine a tighter WCET estimate.
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Arbiters (hardware circuits) can be added to a shared memory multi-core
processor to synchronize the memory accesses from different cores in order to
increase the timing predictability of the system [66]. The result is a multi-core
architecture that can be analyzed with existing single-core (and single-task)
WCET analysis tools.

GAMC [67] is an SDRAM controller which upper bounds the delay a core
can suffer from memory-access interferences from other cores. This is an im-
portant approach since the largest memory access latency will occur when ac-
cessing the main memory. The result is tight WCET approximations which
only differ a few percent from the largest measured execution times, for a spe-
cific analyzed program suite.

Time Division Multiple Access (TDMA)-based memory bus access poli-
cies can also be introduced to make all memory accesses predictable, regarding
the WCET [4, 79]. The problem with this approach is that the performance of
the processor will be seriously degraded since, in the average case, a memory
access from any core will be stalled for half the TDMA period (and the whole
period in the worst case).

Kelter et al. [44] suggest to use the Priority Division (PD) protocol instead
of the TDMA protocol. They show that PD is a very promising replacement
for TDMA that provides predictability while not degrading the performance as
severely as TDMA.

The MERASA project [59, 78] strives towards providing a timing analyz-
able multi-core CPU with a system level software (c.f., operating system). A
case study [78] has been performed, in which an estimation of the WCET of a
parallel 3D multi-grid solver, executing on the MERASA multi-core platform,
is derived. The parMERASA project [69] is a continuation of the MERASA
project.



Chapter 3

Preliminaries

In general, basing a timing analysis on the concrete semantics of a program
is infeasible due to the enormous number of states that must be explored. As
discussed in Section 1.5, abstract interpretation [14, 23, 62] is a method for
safely approximating the concrete program semantics and can be used to ob-
tain a set of possible abstract states for each point in a program. An abstract
state collects, and most often over-approximates, the information given by a
set of concrete semantic states. This means that an analysis based on abstractly
interpreting the semantics of a program can become less complex and more
efficient compared to an analysis based on the concrete semantics. The ana-
lysis presented in this thesis is based on abstract interpretation. Therefore, this
chapter introduces the foundations used by abstract interpretation techniques.

NOTE. A summary of the notation and nomenclature used in this thesis can be
found in Appendix A.

3.1 Partially Ordered Sets & Complete Lattices'

The relation, as described by Z: A x B — {true,false} where A X B is the
Cartesian product of the two sets A and B, between two elements a € A and

!Extensive introductions to complete lattices can be found in many textbooks, e.g., [62].

15
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b € B is denoted by a #Z b. Given that for every a € A, there is at most one
element, b € B, such that a Z b, then Z is said to be a partial function from A
to B. Given that for every a € A, there is exactly one element, b € B, such that
a2 b, then Z is said to be a total function from A to B.

A partial ordering is arelation C: A X A — {true,false} that is reflexive
(i.e., Va € A : a C a), transitive (i.e., Va,d',a" €A: (aCd Nd Ed’')=aC
a")) and anti-symmetric (i.e., Va,a' € A: ((aC d ANd' Ca) = a=d')). The
pair (A, %) is a partially ordered set if 7: A x A — {true,false} is a partial
ordering on A.

A subset A’ of A has a € A as an upper bound if Va' € A’ : a’ C a and as a
lower bound if Va' € A’ : a C a’. The element a € A is the least upper bound
of A’ if a is an upper bound of A’ and for all other upper bounds, @’ € A, of A’,
a C d (cf., Definition 3.28). The element a € A is the greatest lower bound
of A’ if a is a lower bound of A’ and for all other lower bounds, a’ € A, of A/,
a' C a (c.f., Definition 3.27). Note that a greatest lower bound and/or a least
upper bound might not exist for all subsets of a partially ordered set. When they
do exist, they are unique (since C is anti-symmetric) and will be denoted []A’
and | |A’, respectively. The shorthand aMa’ will be used to denote [{a,a’}.
Likewise, aLla’ will be used to denote | [{a,d’}.

A complete lattice, V = (V,C,| |,[], L, T), is a partially ordered set, (V,C),
such that all subsets have greatest lower bounds and least upper bounds. The
least element of V is denoted L (the bottom element) and is defined as | =
1@ =[]V. The greatest element of V is denoted T (the fop element) and is
definedas T =]V =[1]0.

The properties of monotone, completely additive and completely multi-
plicative functions are given in Definitions 3.1, 3.2 and 3.3, respectively. Note
that when V| and V, are complete lattices, all subsets of these sets have least
upper bounds and greatest lower bounds. Lemma 3.4 states some specific prop-
erties of a completely multiplicative function.

Definition 3.1 (Monotone function):
A function, f : V) — Vs, between the partially ordered sets Vi = (V;,C) and
Vo = (Va,C5) is monotone if:

Y vp € Viiv Epvi = f(vi) Sa f(V)) O
Definition 3.2 (Completely additive function):

A function, f : Vi — V,, between the partially ordered sets V| = (V},C) and
Vo = (V2,5y) is completely additive if for all V{ C V,

SV =LAf) [veVi}
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whenever | |, V| and | |,{f(v) | v € V|} exist. o
Definition 3.3 (Completely multiplicative function):
A function, f : V| — V,, between the partially ordered sets Vi = (V;,C) and
Vo = (V2,C2) is completely multiplicative if for all V] C 'V}

FTWVD) =TAf) [veVi}
whenever [, V| and [,{f(v) | v € V|} exist. o

Lemma 3.4 (Completely multiplicative functions):

V is finite, then the three conditions

1. y:V — V is monotone,

2. y(T)=T,and

3. y(3NV) = y(¥) M y(¥), whenever v [Z ¥ AV [Z ¥, where v,% € V
are jointly equivalent to y: V — V being completely multiplicative. o
PROOF (c.f,, [62]). Assume that V = (V,C,[|,[], L, T) and V = v,E 0.0,
1,T) are complete lattices and that V is finite.

First note that if y: V — V is completely multiplicative, then the three

conditions trivially hold. Next, assuming that the three conditions are fulfilled,
it will be proven that

YV =M{y() [ 7€ V'}
where V' C V, using induction on the finite cardinality of V/ C V.

If the cardinality of V" is 0, then y([ V) = [1{y(¥) | # € V'} follows from
condition 2. This proves the base case of the induction.

If the cardinality of V' is larger than 0, then V/ = V" U {#"'} where "' ¢ V",
which ensures that the cardinality of V" is strictly less than that of V’. Note that
by condition 1, y(¥11%) = y(¥) NMy(¥) also when # £ # V¥ C #. Hence, by
assuming that y([]V") =[1{¥(¥) | ¥ € V"} (this is the induction assumption),

WAv) A ne)
“ ;1:“" ALGa)
LS () |9 VR Ny
A N{ye) [ e VIU{r)})
o) e v

which proves the lemma. ™
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3.2 Constructing Complete Lattices

There are several different ways to construct complete lattices. Any given set
can be lifted into a complete lattice (Theorem 3.5).

Theorem 3.5 (Complete lattice — Lifting):
If S is a set, then (#(S),C,U,N,0,S) is a complete lattice. o

PROOF. Assume that S is a set and let §7 C Z2(S). It is then trivially the case
that | |7 =US?, 157 =NS?, L=0and T =S if C = C (note that C is
reflexive, transitive and anti-symmetric by definition). ™

The Cartesian product of two complete lattices is a complete lattice (The-
orem 3.6).

Theorem 3.6 (Complete lattice — Cartesian product):

If (Vi,C, UL, L, T and (Vo,Co,| |y, [, Lo, To) are complete lattices,
then so is (V,C,||,[, L, T) where (letV' CV):

V=VixWV,= {(V17V2> | vieVIAV € Vz}

(vi,v2) T (V},vh) <= vi C1 V| Ava Ta v where vy, V) € Vi and va,v € Vo
LV = Wifvievi | eVa:(v,n) € V’},

Lh{va€Va| v €Vi:(vi,m) € V/})
|—|V/ = (|_|1{V1 e | dv, eV (Vl,vz) S V/},
|_|2{V2 eV, | vy €V (Vl,vz) S V/})
1L =(Ly,1s)
T=(T1,T2)

]

PROOF. Assume that <V],E1,|_|1,|—|1,J_1,—|—|> and <V2,Ez,u2,|_|2,J_2,T2>
are complete lattices and let V = {(vi,v2) | vi € Vi Avy € Vo} and (v, vy) C
(V| ,Vh) <= vi C1 V] Avy T2 v where vy, V) € Vi and vy, € V5. (Note that
it is straightforward to verify that (V,C) is a partially ordered set since C; and
C, are partial orders.) Also assume that V' C V.

Since | i {vi € Vi | Ivy € Va1 (v1,v2) € V'} Ty v for all upper bounds, vY,
of {vieVi|ImeVy:(vi,ma)eV'}and | ,{vx € Vo | € Vi : (vi,m) €
V'} Ty v for all upper bounds, v4, of {vo € Vo | Jv; € Vi : (vi,v) € V'}, it
is easy to see that | |[V' = (L|;{vi € Vi | Ivr € Va: (vi,n2) €V} {2 € V2|
Jvi € Vit (vi,vm) € V'}) T (W4,v4) (c.f., the definition of T above). [TV’ is
shown in a similar manner.

Since Ly =10 and L, =| 1,0, it is easy to see that 1 = (| |,;0,[],0) =
(Ly,L15). T is shown in a similar manner. -
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A space of total functions where the domain of the functions is a set and
the range is a complete lattice is itself a complete lattice (Theorem 3.7).

Theorem 3.7 (Complete lattice — Total function space):
If S is a set and (Vi,Cq,;,[y,L1, T1) is a complete lattice, then (V,C,
L,M, L, T) where (let V' C V)

V=8S—=Vi={f:S— V| fisatotal function}
fEf <=VseS: f(s)Cy f'(s) where f,f €V
UV =Ase S {f(s) | FE V'),
MV =AseSTT{f(s) | fEV'}

L=AseS. 1,
T=As€ S. T,
is also a complete lattice. o

PROOF. Assume that S is a set and (Vi,Cq, |, 1,11, T1) is a complete lat-
tice, V=S —V,={f:5— V| fisatotal function} and f C f' <= Vs €
S: f(s) C1 f'(s) where f,f" € V. (Note that it is straightforward to verify
that (V,C) is a partially ordered set.) Also assume that V' C V. Note that the
totality of f € V will be implicitly used.

It is easy to see that Vs € S: V' € V' f'(s) Ty L {f(s) | f € V'} and that
VseS: L {f(s)| fEV'}C f(s) forany f” € V such that Vs € S:Vf € V':
f1(s) Cy f(s) since (Vi,Cy, 1y, i, L1, T1) is a complete lattice. But, then it
must be that | [V =As € S.|[,{f(s) | f € V'} (c.f.,, the definition of C above).
[V’ is shown in a similar manner.

Since L} =|,0,itiseasytoseethat L =As€ S.| [;0=As€ S. L. Tis
shown in a similar manner. n

A space of monotone functions where both the domain and the range of the
functions are complete lattices is itself a complete lattice (Theorem 3.8).

Theorem 3.8 (Complete lattice — Monotone function space):
If (Vi,C, Ui, T, L, T and (Va,Co,| |y, [, Lo, T2) are complete lattices,
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then so is (V,C,| |,[], L, T) where (letV' CV):

V=Vi—=>V,={f:Vi = V2| f is a monotone function}
fFEf <% eV cf(v) By f’(vl) where f,f' €V
UV =i e Vi.LL{f(m) | feV'},

|_|V/ =Avi € V1.|_|2{f(v1) | fe V/},

1L=AvieVi. 1y

T=Avi €V1.T

PROOF. Similar to the proof of Theorem 3.7 with the addition that the mono-
tonicity of f € V gives that Vvi,v| € V; 1 vy T v = f(v1) T2 f(v)) (ef.,
Definition 3.1). [ |

3.3 Galois Connections & Galois Insertions

The concrete semantics of a programming language can be abstracted in many
different ways. The choice of abstraction is done by defining an abstract do-
main. A domain is, in general, a complete lattice, and an abstract domain is
essentially the set of all possible abstract states that fit the definition of the do-
main. It is often shown that the abstract domain is a safe over-approximation of
the concrete domain by deriving a Galois connection between the two domains
[62]. A Galois connection between two domains (i.e., complete lattices), V and
D, is described by an abstraction function, o, and a concretization function, v,
which must fulfill the criterion in Definition 3.9.

Definition 3.9 (Galois connection):
(a:V = D,y:D — V) is a Galois connection iff & and y are monotone func-
tions that fulfill

(XO}/ED Ad.d
Yoo dy Av.v

forallv €V and d € D, where V is the concrete domain and D is the abstract
domain. o

An often useful special case of a Galois connection is called a Galois in-
sertion; c.f., Definition 3.10.
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Definition 3.10 (Galois insertion):
(a:V = D,y:D—V) is a Galois insertion iff & and y are monotone functions
that fulfill

ooy= Ad.d
Yoa dy Av.y

forallv eV andd € D, where V is the concrete domain and D is the abstract
domain. o

A function in the concrete domain, f : V — V, can be safely approximated
by a function in the abstract domain, f: D — D, iff Vd € D: f(y(d)) C y(f(d)).
The best approximation is achieved by inducing f along « [62]; c.f., Definition
3.11.

Definition 3.11 (Induced function):

Assuming that (&t : V — D,y : D — V) is a Galois connection, the best approx-
imation, f, of f:V —V in D — D is given by:

f=aofoy o

Sometimes, it is more convenient to work with adjunctions (c.f., Definition
3.12) instead of Galois connections.

Definition 3.12 (Adjunction):

(a.:V — D,y:D — V) is said to be an adjunction between the complete lattices
V={(V,Cy,Lly,MNy,Lv, Tv)and D= (D,Cp,| p,p,Lp, Tp) iff & and y are
total functions that satisfy

a(v) Cpd <= v Ly y(d)
forallveV andd € D. o

In fact, adjunctions are Galois connections (Theorem 3.13).

Theorem 3.13 (Adjunctions and Galois connections):
(a:V — D,y: D — V) is an adjunction iff it is a Galois connection. o

PROOF (c.f,, [62]). First assume that (& :V — D,y:D — V) is an adjunction.
It will be proven that it also is a Galois connection by showing that yo ¢ Jy
Av.v and ocoy Cp Ad.d. For any v € V, trivially a(v) Cp o(v). Using that
o(v) Cpd = v Ly y(d), it can be established that v Cy y(ct(v)). Similarly, for
any d € D, trivially y(d) Cy y(d). Using that v Cy y(d) = a(v) Cp d, it can
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be established that @(y(d)) Cp d. Thus, (@ :V — D,y: D — V) is a Galois
connection.

Next assume that (&t : V — D,y: D — V) is a Galois connection. It will be
proven that it also is an adjunction by showing that ot(v) Cp d = v Cy y(d)
and v Cy y(d) = a(v) Cp d. So, first assume that a(v) Cp d. Then, since y
is monotone, y(o(v)) Cy y(d). Using that Yo o Jy Av.v, it can be established
thatvCy y(a(v)) Cy y(d) as required. For the second part of the proof, assume
that v Cy y(d). Then, since a is monotone, o (v) Cp a(y(d)). Using that
ooy Cp Ad.d, it can be established that a(v) Cp a(y(d)) Cp d as required.m

The abstraction and concretization functions are strictly related as de-
scribed by Lemma 3.14.

Lemma 3.14 (Relation between o and Z): o
IfV = (V,C,,[, L, T) and V = (V,E,[|,[1, L, T) are complete lattices, and
(:V = V,y:V = V) is a Galois connection between these lattices, then

weVandieV):

1. a uniquely determines y by y(V) = | I{v | at(v) C v} and y uniquely de-
termines o by a(v) =[[{V | vC y(¥)}.

2. « is completely additive and 7y is completely multiplicative.
In particular, (L) = 1 and y("T') =T. 5

PROOF (c.f., [62]). Assume that V = (V,C,[ |,[], L, T) and V = (V,E,[],[],
1, T) are complete lattices, (o : V — V,y:V — V) is a Galois connection
between these lattices, v € V and 7 € V.

To show 1, it will first be shown that ¥ is determined by a. Since (o :
V — V,y:V — V) is an adjunction (Theorem 3.13), it must be that y(¥) =
LH{v|vEy(#)} =H{v|a(v) C v} Assume that both (@, ;) and {c, y,) are
Galois connections, then v (V) = | [{v|vE y1(¥)} = {v| a(v) E ¥} = {v|
v %2(9)} = 72(9), and thus, ¥; = 7,. This shows that o uniquely determines
y. Similarly, it must be that ac(v) = [{¥ | a(v) C ¥} =[{#| v E y(¥)}. This
shows that y uniquely determines .

To show 2, consider V/ C V, then

a(UV) E7 2 UV E ()
Ll YveV vEy(D)
Th. 313 , g
<= WweViia(v)Cv

calc,

E [Ha() |veV'ICyv
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and it follows that at(| |V') = [ [{a(v) | v € V'}.

The proof that ([ V") = [{y(¥) | ¥ € V'} is analogous. n

Thus, by Lemma 3.15, it suffices to specify either a completely additive
abstraction function or a completely multiplicative concretization function in
order to obtain a Galois connection.

Lemma 3.15 (Galois connection — Existence):

1. o:V —V is completely additive, then there exists ay:V — V such that
(a,y) is a Galois connection.

2. y:V — V is completely multiplicative, then there exists an o : V — V
such that (e, y) is a Galois connection. o

PROOF (c.f., [62]). Assume that V = (V,C,[],[1, L, T) and V = WV, 00,10,
1, T) are complete lattices, v € V and v € V.
To show 1, assume that & is completely additive and define ¥ by:

() = | a(v) E 7}

Then it must be that a(v) E¥=v e {V | a(v') £ 7} = v C y(¥), where the
last implication follows from the definition of y. For the other direction, first
observe that v C y(¥) = a(v) C a(y(¥)) since o is completely additive and
thus monotone. Then,

a(y() = a(U{y | a(v) E7})
{a(v) | a(v) E7}

=

Ml

and so v C y(¥) = o(v) E #. Thus, (e,7) is a Galois connection (Theorem
3.13).
The proof of 2 is similar. ™

3.4 Constructing Galois Connections

A Galois connection can be constructed in several ways. The following theo-
rems (except Theorem 3.21) specify some of them.

The Cartesian product can be used to combine two existing Galois connec-
tions (Theorem 3.16).
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Theorem 3.16 (Galois connection — Independent attribute method):

If<0£1 V= Dl,’)/l D — V1> and <062 V= Dz,’)/z Dy — V2> are Galois
connections, then sois (& : (Vi xV2) = (D1 X D2),7: (D1 x Dy) — (Vi xV2)),
where

a((vi,v2)) = (a1(v1),02(v2))
v((d1,d2)) = (V1(d1), 2(d2))

and (Vl,Vz) € V) xV, and (dl,dz) € Dy x Ds. o

PROOF (c.f., [62]). Assume that (&¢] :V} — Dy,y;: Dy — Vi) and (az : Vo —

Dy, v, : Dy — V) are Galois connections, (vi,v2) € Vi x V, and (d;,dp) €

D x D;. Note that V| x V, and D; x D, are complete lattices (Theorem 3.6).
First calculate the following.

a((v1,v2)) Cp (di,da) L (1 (n1), 62(v2)) Cp (di,da)

calc.

<= ai1(v1) Cp, diANaz(v2) Cp, d>

Th. 3.13
<=7 v Oy, 71(di) Ava Ty, 72(d2)

&S (vy,v) Cv (11(d1), 12(d))

Yy (vi,v2) Cy ¥((d1,d2))

Then, using Theorem 3.13, the result follows. n

The Cartesian product can also be used on lifted sets (Theorem 3.17).

Theorem 3.17 (Galois connection — Lifted independent attribute method):
If <OC| : @(V]) —>D],’]/] Dy — c@(‘/1» and <062 : ,@(Vz) —>D2,’)/2 Dy —
P (V,)) are Galois connections, then so is (¢t : (V) x Va) — (D1 X D3),7:
(D1 X Dp) — P (V) x Va)), where

(X(V) = ((X]({V] eV | dv, eVs: (V],Vz) € V}),
({v2€Va | €Vi:(v,n) €VY))
Y((di,d2)) = 71(d1) X V2(d2)

andV C V| xV, and (d,dy) € Dy X D;. o

PROOF. Assume that (o) : Z(Vi) — Dy,v) : Dy — Z(V})) and (a :
P (Vo) = D2, 72 : Dy — P (Va)) are Galois connections, V C V| x V, and
(dy,dr) € Dy x D,. Note that 2(V| x V,) and D X D, are complete lattices
(Theorems 3.5 and 3.6).
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First, calculate

a(V)C (di,dr) <= (a1(V]),aa2(V3)) C (di,da)
— o (Vl/) C,d; /\Otg(Vz) Crdy
7 VI Cridi) AV, C 1a(da)
= VXV, Cri(di) X 72(da)
— V{ X Vzl - ’)/((dl,dz))
VCVIxV)
=" VCy((di,dr))

where V/ ={vi e Vi [T eVa:(vi,m)eV}and V), ={va € Vo | Ty €V} :
(v1,v2) € V}. Then, using Theorem 3.13, the result follows. n

Both the concrete and abstract domains of an existing Galois connection
can be lifted to derive a new Galois connection (Theorem 3.20). Note that
Lemmas 3.18 and 3.19 give that the specified abstraction and concretization
functions are monotone.

Lemma 3.18 (Monotonicity of ¢ot):
The function o : P (V) — P (D), defined as

oz (V') ={a)[veV'}
where V! CV, a is monotone and ¢ : V — D, is monotone. o
PROOF. This proof amounts to showing that VW' V" € 2(V) : (V' C V' =

oz (V') C azp(V")).
Assume that V', V" € (V) and that V' C V”. Then, by definition:

Def Op

oz (V") {a() [veVv")
L o) [veVuV\V)}
e fa) |veVIu{a)|vev\v'
S faw) [vevr)
Def:q}d,@("')

where the rewriting of (V") and the set splitting are possible since V' C V"
and « is monotone.
Thus, it has been shown that o, is monotone. n
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Lemma 3.19 (Monotonicity of 7»):
The function Y : (D) — P (V), defined as

Yo(D')={veV|a) eD}
where D' C D, o is monotone and y : D — V, is monotone. o
PROOF. This proof amounts to showing that VD', D" € (D) : (D' C D" =

Y2(D') € ¥ (D")).
Assume that D', D" € (D) and that D' C D”. Then, by definition:

D . p
10" " vev | a

calc

v)eD"}
V) €D'UD\ D)}

)
S veva®)
yeD}U{veV |a(v)eD'\D'}
)

C{veVvioa(v

calc

5 [vevia
Df ’yf
= (D)

o~ o~~~

v)eD'}

where the rewriting of D” and the set splitting are possible since D’ C D" and
¢¢ is monotone.

Thus, ¥»(D') C y»(D"), and hence it has been shown that ¥z is mono-
tone. n

Theorem 3.20 (Galois connection — Double lifting):
If (o0 : V — D,y: D — V) is a Galois connection, then so is {0z : P (V) —
P (D), yp : P (D) — P(V)), where

o (V') = {a(v) v V')
V(D) ={veV]a(v)eD'}
andV' CV and D' C D. o

PROOF. Assume that (o:V — D,y: D — V) is a Galois connection. Note that
P (V) and £ (D) are complete lattices (Theorem 3.5).

Since 0. and Yz are monotone (Lemmas 3.18 and 3.19, respectively), this
proof amounts to showing that (c.f., Definition 3.9)

L vz (azn (V) 2V

2. ap(vp(D) C D
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where V/ CV and D’ C D. Note that both cases trivially hold if V/ =@ or D' =
0, which corresponds to the bottom elements in the two lattices. Therefore,
assume that V' # 0 and D’ # 0.

For case 1, assume that V' C V. Then, by definition:

Yo (ap(V') ={veV|a() e {a() |V eV}}

Assume that v € V/, then it must be that o(v") € {a(V') |V € V'}. But, then
Ve Yo (0 (V/)) and thus Yz (0 (V/)) oV
For case 2, assume that D’ C D. Then, by definition:

az(v»(D) ={a() [ve{ eV |a()eD'}}

Assume that d € @z (Y»(D')). Thenitmustbe that Iv e {V eV | a(V)eD'}:
d = a(v). Hence, for that v, it must be that a:(v) € D', and therefore, d € D'.
Thus, o (v (D')) C D' -

It might be tempting to use the definition of ¢&tz» and Y4 as given in Theorem
3.21, but as the theorem shows, this does not result in a Galois connection.

Theorem 3.21 (Not a Galois connection — Double lifting):
If (0 : V. — D,y:D — V) is a Galois connection, then (o, : (V) —
P D),y P (D) — £ (V)) is not a Galois connection, where

{afy(w) ={a(v)|veV'
¥ (D') = {¥(d) |d D'}

andV' CV and D' C D. o

PROOF. Assume that (o.: V — D,v: D — V) is a Galois connection. From the
definition of @, and 7/, it clearly follows that they are monotone since & and
Y are (c.f., Lemma 3.18).

By way of contradiction, assume that (o,,y),) is a Galois connection.
Then, by Definition 3.9, y/,(a/,(V')) 2 V'. A closer look at y/,(al,(V')) re-
veals that:

Yo (0 (V') ={v(d) |d € {a(v) [veV'}}
Assume that v/ € V’, then Vv € y,(a,(V')) since ), (al,(V')) 2 V'. This
means that 3d’ € {a(v) | v € V'} : d = (V') and hence, for this d’, I €
{rd) [d e{a(v) [veV}}:V =v"=y(d) = y(a(V)).

But, since (a,y) is a Galois connection, y(c(v')) Jv'. This means that
it could be the case that y(e(v')) v/, and thus v/ # V", which means that
Y (0t (V")) 2 V' is possible. Thus, (&, Y,,) is not a Galois connection. g
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The domains of a Galois connection can be extended to spaces of (total or
monotone) functions (Theorem 3.22).

Theorem 3.22 (Galois connection — Function space):
If{a:V — D,y: D — V) is a Galois connection, then so is (&' : (S — V) —
(S—= D),y : (S— D) — (S —V)) for some set, S, where:

o (f)=aof
Y(g) =vog 5

PROOF (c.f., [62]). Assume that (@:V — D,y:D — V) is a Galois connection
and that S is a set. Note that S — V and § — D are complete lattices (Theorems
3.7 and 3.8).

First note that o' and ¥’ are monotone since ¢ and y are. Furthermore,
since (o, ) is a Galois connection,

Y(&(f)) =voaofIf

and
o' (Y'(g)) =aoyogCyg

and, thus, the theorem holds. n

A lifted concrete domain of a Galois connection can be extended to a lifted
space of (total or monotone) functions when also extending the abstract domain
(Theorem 3.24). Note that Lemma 3.23 gives that the concretization function
is monotone.

Lemma 3.23 (Monotonicity of 7;):
The function ¥; : (S — D) — (S — V), defined as

S—V iftd=T
vs(d) =40 ifd=1
{AseSv|vey(ds)} otherwise

for some set S and complete lattices V and D, is monotone, given that y: D —
P (V) is a monotone function andd € S — D. o

PROOF. This proof amounts to showing that Vd',d" € S = D: (d' T d" =
¥s(d") C y5(d")), which is trivially the case if ' = L ord” = T.
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Assume that y: D — &(V) is a monotone function, d',d” € § — D and
thatd’ Cd" Ad' # L Ad" # T. Then, by definition:

Ys(d)={AseSv|veyd s)}
Ys(d")={AseSv|veyd s)}

Since ¥ is monotone, it must be that Vs € S : y(d’ s) C y(d” s). This means that

Vs(d") ={As€Sv|vey(d s)U(r(d" s)\v(d s))}
D{AseSv|veyds)}U{AseSv|ve (yd s)\y(d s))}
=¥s(d)U{AseSv|ve (v(d s)\r(d's))}

and thus, trivially, y(d") C y5(d"). n
Theorem 3.24 (Galois connection — Lifted function space):

If (a: P(V)— D,y:D— P(V)) is a Galois connection, then so is (s :
P(S—>V)—=(S—=D),Ys:(S— D) = P(S—V)), for some set S, where

T itV =5—vVv
a,(Vh)=<{1 ifvV' =0
AseS.a({V s|Vv €V'}) otherwise
S—V ifd=T
Ys(d) =<0 ifd=1
{AseSv|vey(ds)} otherwise

andV' CS—Vandd €S — D. o

PROOF. Assume that (¢ : (V) — D,y: D — P (V)) is a Galois connection,
Sisaset,V/CS—VanddeS— D. Note that Z(S— V) and S — D are
complete lattices (Theorems 3.5, 3.7 and 3.8).

First note that:

N=vT)=S—>V25=V

=

B
)
1

<
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Then note that ¥, is monotone (Lemma 3.23) and calculate the following.

a,(V)Cd "L Asesalys|v eV Cd
Ys mon.

= rAseSa({ys|V eV})) Cy(d)

LY sesv|ven(As eS.al{y s |V V) s)} C r(d)

“e {AsesSv|veyla{ys|v eV} Cnld)

PEL (sesv|ve (s eV C

{AseSv|veya{Vs|v eV'}))} Cy(d)

LU {AseSv|ve{Vs|V eV'}} Cvyl(d)

s Ases.(Vs) |V eV} Cy(d)

e [V eV C{AseS.(Vs) |V V'Y C 1(d)

galeg V)V eV} Cy(d)

Es v Cyy(d)

Then, using Theorem 3.13, the result follows. ™

The domains of a Galois connection can be indexed with the elements from
some set (Theorem 3.25).

Theorem 3.25 (Galois connection — Indexing):

If {a:V — D,y: D — V) is a Galois connection, then so is (&' : (Sx V) —
(S§x D),y : (§xD)— (SxV)), for some set S > s (with the partial order =),
where

{a’((s, v)) = (s,a(v))
Y'((s'd)) = (s',7(d))

and (s,v) € SxV and (s',d) € S x D. The top elements, T{, and T/, cor-
respond to the elements (s,v) and (s,d) for some s € S, respectively, where
o(v) = Tp and y(d) = Ty. The bottom elements are defined in a correspond-
ing manner.

o and y' for (o : (VxS) = (DxS),y": (DxS8)— (VxS)) are defined
similarly. o

PROOF. Assume that (o : V — D, y: D — V) is a Galois connection, S is a set,
(s,v) €SxV and (s',d) € SxD.
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First note that:

Y(@(Ty) =7 (Tp) =Ty 3y Ty
Y (e (L) =7 (1p) =Ly 3y Ly
o (Y (Th) =o' (Ty) =T T T)
o (v'(Lp) =o' (Ly) = 1p T} 1)

Then, calculate the following.

o ((s,)) Esp (5',d) L (5, a(v)) Cs (5,d)
galeg s=s'Na(v)Epd
383 o avy ¥(d)
£ (s,9) Cyv (5/,7(d))
Def. ¢/ (s,v) Csv 7' ((s',d))

Now, using Theorem 3.13, the result follows.
The proof for (o : (V xS) = (DxS),y : (DxS)— (VxS)) being a
Galois connection is conducted analogously. ™

3.5 Constructing Galois Insertions
A Galois insertion (¢, y) between two domains, D and D, can be constructed
by following steps 1-5 below [23].

1. A domain, D, with a partial order, C, a least (bottom) element, |, a

greatest (top) element, T, a greatest lower bound, [], and a least upper
bound, | |, so that (D,C,| |,[7],L, T) is a complete lattice must be given.

2. Define a domain D and a monotone concretization function y: D — D.
3. Define the partial order C for D.

4. The greatest lower bound [ and the least upper bound | | must exist for

lattice.
5. Define the abstraction function & : D — D, which must be monotone.

Assuming that the domains D and D and the monotone concretization func-
tion, ¥, are defined, the partial ordering C can easily be defined as given by
Definition 3.26 [23].
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Definition 3.26 (Partial order): o ; 5
C is a partial order for the domain D iff ¥d,d, € D : (d) £ dy <= y(d)) C
Y(d2)). o

Based on this definition of the partial order, the greatest lower bound and
least upper bound can be defined as given by Definitions 3.27 and 3.28, respec-
tively [23].

Definition 3.27 (Greatest lower bound):

The element d € D is a lower bound of D' C D iff¥d € D' : d E d'. The
element d € D is the greatest lower bound of D' C D (d = |_|D’ )iffd is a lower
bound of D' and for all other lower bounds d’ of D', d' C d. o

Definition 3.28 (Least upper bound):
The element d € D is an upper bound of D' C D iffVd' €¢ D' : d’ C d. The
element d € D is the least upper bound of ' C D (d =||D') iff d is an upper

bound of D' and for all other upper bounds &' of D', d C d'. o

The abstraction function o can be defined based on the definition of the
greatest lower bound operator as given by Definition 3.29 [23].

Definition 3.29 (Abstraction function, o):
Given two domains D and D and a monotone concretization functiony: D — D,
the abstraction function o : D — D is defined by:

a(d)=[Nd|dC y(d)}

whered € D andd € D. o

Alternatively, assuming that two domains and a monotone abstraction func-
tion have been defined, the concretization function y can be defined based on
the least upper bound operator as given by Definition 3.30 [23].

Definition 3.30 (Alternative definition — Concretization function, 7):
Given two domains D and D and a monotone abstraction function & : D — D,
the concretization function y : D — D is defined by:

(d) ={d | a(d) Ed}

where d € D and d € D. o
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3.6 The Interval Domain

One example of an abstract domain for values is the interval domain [19, 23,
62]. The definition of an interval is given in Definition 3.31.

Definition 3.31 (Interval):

An interval is defined as [n,ny], where ny,ny € Val = Z U {—o0, 00} are the
lower and upper bounds of the interval, respectively, and n; < n,. Formally, the
set of all intervals is defined as Intv = { L, Tin } U{[n1,m2] |01 <npAnj,ny €
Val}, where L;,; denotes an invalid interval and T, is greater than any other
element of Intv. o

A Galois insertion will now be created between #7(Val) and Intv, using
the steps of Section 3.5. The concretization function ¥;,, : Intv — £ (Val) is
given by Definition 3.32.

Definition 3.32 (concretization of intervals):

ZU {—oo,00} i = To
}/int(i) =<0 ifi=_1;,

{neVal|n <n<mny} otherwise (ie., i=[n],ny]) g

The partial order relation for intervals, C;,;, is given by Definition 3.33
(using Definition 3.26).
Definition 3.33 (Partial order for intervals):

i Eint Tint
J-im‘ ;int i
/ / / /
[n1,m2] Eie [, 15] <=0} <nyAny <njy 5

The greatest lower bound operator for intervals [ ];,, is defined as given by
Definition 3.34 (using Definition 3.27).

Definition 3.34 (Greatest lower bound for intervals):

iMine Tine = Tint Nie i = i

IMine Ling = Ling Mine 1 = Lt

[l’l] 7"2] Ming [nllanlz] =
max({m, ' }), min( {2,y })] - iF max({n,ny}) < min({ns,n3})
L otherwise
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The least upper bound operator for intervals | |;,, is defined as given by
Definition 3.35 (using Definition 3.28).

Definition 3.35 (Least upper bound for intervals):

iUint Ting = Tine Uing 1 = Tiy
iUint Ling = LingUing i =i

(1, 70] Uine [, 5] = [min({n1, my }), max ({n2,ny})] o

The abstraction function @y, : &?(Val) — Intv is defined as given by Defi-
nition 3.36 (using Definition 3.29).

Definition 3.36 (Abstraction to interval):

Tine ifV=ZU{—00,00}
aint(v) =9 Linr ifvV =0
[min(V),max(V)] otherwise g
To show that {0y, Vine) is @ Galois insertion, it would suffice to show that
Yin: 1S monotone, since the steps of Section 3.5 have been used. However,
for clarity, the entire proof is given in the proof of Theorem 3.39. Note that
Lemmas 3.37 and 3.38 give that v;,; and o, respectively, are monotone.

Lemma 3.37 (Monotonicity of 7;,):
The function Y, : Intv — &?(Val) is monotone. o

PROOF. It should be shown that Vi,i’ € Intv : (i Ciys i' = Yine() C Yime(i')).
Note that the proof is trivial for the case thati = L, or i = Tjy.

Assume that i = [n1,n2] € Intv and ' = [n},n}] € Intv, such that i Ty
i’. Further assume that n € ¥;,(i). Then it must be the case that n; <n <np
(Definition 3.32). Since i Ty, i/, it must be the case thatn) <n; <n<ny <n)
(Definition 3.33). But, then it must be that n € ¥;,,(i’) (Definition 3.32), and
thUS, %nt(l) - Yint(i/)~ | |
Lemma 3.38 (Monotonicity of ¢;,,):
The function @, : & (Val) — Intv is monotone. o

PROOF. It should be shown that VV,V' € Z2(Val) : (V C V' = 0, (V) Ty
0ins(V")). Note that the proof is trivial for the case that V =0 or V' = ZU

{7°°7°°}~
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Assume that V,V' € Z2(Val), such that V C V’'. Further assume that
Qint(V) = [n1,m2] and 04, (V') = [n},n]. Since V C V', it must be that
Vv eV :{v} CV’/, and hence, {n;,ny} CV’'. But then, it must be that
min(V’') = n{ < n; = min(V) and max(V) = ny < n}, = max(V’), and thus,
[n1,n2] Cine [n],n5] (Definition 3.33), which means that @y (V) Cine Cine(V').m

Theorem 3.39 (Galois insertion — Intervals):
(Qine + & (Val) — Intv, ¥, : Intv — 2(Val)) is a Galois insertion. o

PROOF. The proof amounts to showing that the constraints in Definition 3.10
are fulfilled by {Qn, Vine). Note that £2(Val) and Intv are complete lattices
[62].

According to Lemmas 3.37 and 3.38, ¥;,, and ¢;,,; are monotone. To show
that Qi (Yin:(i)) = i, assume that i € Intv.

[ ] If 1= —I—ints then Yi}’lt(i) = ZU {—00,00} ThuS, (X,'m(}/im(i)) = OC,'m(ZU
{—00700}) E —rint =1.

o Ifi= J—int’ then ant(i) =0. Thus, (Xint(yint(i)) = OCW(O) = J—'nt =1

e Otherwise (i.e., if i = [n1,n2]) then V(i) = {n € Val | n; < n < my}.
Thus, (Z,'m(’)/,'m(i)) = ai,,,({n €Val|n <n< nz}) = [l’ll,nz] =1

To show that i (i (V)) 2 V, assume that V € &2(Val).

e If V = ZU{—oo,00}, then (V) = Tin. Thus, Yiu(0im:(V)) =
Yint(Tint) = ZU{—o00,00} DZU{—00,00} =V.

[ ] IfV = 0, then Otim(V) = J—int- Thus, Vim(aim(V)) = ’}/m[(J_jn[) = 0 2 0 =
V.

e Otherwise, 0y(V) = [min(V),max(V)].  Thus, Yiu(0tim(V)) =
Yine([min(V),max(V)]) = {n € Val | min(V) <n <max(V)} DV. nm






Chapter 4

PPL: A Parallel
Programming Language

In this chapter, PPL, a parallel programming language will be defined. The
parallel entity of execution is referred to as a thread.

PPL provides both thread-private and globally shared memory, referred to
as registers, r € Reg, and variables, x € Var, respectively, and arithmetical op-
erations etc. within a thread can be performed using the values of the thread’s
registers. PPL also provides shared resources, referred to as locks, Ick € Lek,
that can be acquired in a mutually exclusive manner by the threads. The opera-
tions (statements) provided by the instruction set may have variable execution
times. (C.f., multi-core CPUs, which have both local and global memory, a
shared memory bus and atomic, i.e., mutually exclusive, operations.)

NOTE. A summary of the notation and nomenclature used in this thesis can be
found in Appendix A.

The syntax of PPL, which is a set of operations using the discussed archi-
tectural features, is defined in Table 4.1. IT € Prg denotes a program, which
simply is a set of threads, i.e., I = Thrd € &?(ThrdID x Stm) = Prg, where
each thread, T € Thrd, is a pair of a unique identifier, d € ThrdID, and a state-
ment, s € Stm. This makes every thread unique and distinguishable from other

37
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—
I
—
~
N

©

= [halt] | [skip)' | [r:=a]' | [if bgoto ']l | [Load r fromx]' |
[storerto x]l ‘ [Lock lck}l | [unlock lck}l | 51582

S

n=n|rlata |a-a | axa|a/a

S

= true | false ‘ 'b ’ b1 && by | ay ==ap ! ay <=ap

Table 4.1: The Syntax of PPL.

threads, even if several threads consist of the same statement. To increase the
readability of the semantics, it will be assumed that the axiom-statements (all
statements except the sequentially composed statement, s ; s2) of each thread
are uniquely labeled with consecutive labels, / € Lbl, and stored in an array-
like fashion in ascending order of their labels. a € Aexp and b € Bexp denote
an arithmetic and a boolean expression, respectively, and n € Val is an integer
value.

Locks can be acquired in a mutually exclusive manner using lock and re-
leased using unlock. Values can be transferred between variables and registers
using load and store. Conditional branching is performed using if. A regis-
ter is assigned a value using :=. A no-operation is performed using skip. And,
halt stops the execution of the issuing thread. halt must be the last statement
of each thread in the program, but it could also occur anywhere “within” a
thread. The semantics of PPL is formally defined in Section 4.2.

4.1 States & Configurations

A number of sub-states will be used when expressing how a set of given state-
ments affects the state of the entire system when the statements are executed
in parallel; i.e., when expressing the semantics of PPL. For each thread, T, of
a program, there is an instance of the following states.

per - Lblt — a program counter that keeps track of which statement within the
thread T that is active.
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NOTE. The tuple (pcr,,...,pcr,,), assuming that Thrd = {Ty,..., Ty},
defines a unique program point.

rr : Regp — Val — a mapping from T’s registers to their values.

t7 . Time — an absolute point in discrete time when the previous statement
in T was executed.

For the program as such, there is an instance of the following states.

x: Var — Thrd — £?(Val x Time) — a mapping from variables to a set of
writes; i.e., a pair of a value and an absolute point in time.

1: Lek — (Lekgt x Thrd; x Time x Thrd; x Time) — a mapping from
locks to their values; i.e., a state (Lekgy = {unlocked, locked}), a current
owner (Thrd;, = Thrd U {_L;,4}), an absolute point in time when the
lock must be taken by the current owner, a previous owner, and an abso-
lute point in time when the lock was last released. For the case that no
thread owns the lock, the owner is L ;4.

NOTE. The only information about locks that is needed in the concrete
case is the current owner of each lock (c.f., Tables 4.2 and 4.3). The
rest of the information is only necessary when expressing the abstract
semantics (c.f., Chapter 5). However, the soundness of the abstract se-
mantics is easier proven if this information is included in the concrete
case as well.

The types of the states x and 1 might look a bit peculiar at first glance; the need
for their definitions will become apparent when defining an abstract interpreta-
tion of the PPL semantics in Section 5.8.

The above listed states, together with the threads of the program, will be
referred to as a program state or configuration, ¢ € Conf. Conf and ¢ are
defined as follows.

Conf ::= Prcrnea({T} X Lblr x (Regr — Val) x Time) x
(Var — Thrd — £?(Val x Time)) x
(Lek — (Lekgtt X Thrd; x Time x Thrd; x Time))
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ci= <[T,PCT7]I"TJ”(Fl]TeThrd’x’]1>

Since it is not possible to beforehand determine the number of threads specified
by a program, Prcrhrd(. . .) is defined to expand to |Thrd| instances (i.e., one
instance for each thread, T, in a given program) of type {T} x Lblt x (Regr —
Val) x Time. Likewise, [...];oqpq i defined to expand in the corresponding
manner. This way, ¢ € Conf can be regarded as a tuple with a known size when
the number of threads in a program is known.

Sub-components of a configuration will also be of interest when consider-
ing single threads (see Table 4.2). Therefore, the following “smaller” configu-

rations, c¢{¥ € Conf2X and ¢, € Confiy, are defined for T € Thrd.

Confi¥ = {T} x Lbly x (Regp — Val) x
(Var — Thrd — Z?(Val x Time)) x
(Lek — (Lekgtt X Thrd; x Time x Thrd; x Time))
x Time

ax ..

Cin = <T,pc,1r,x,11, t>

Conf3Y, = Lbly x (Regp — Val) x

(Var — Thrd — £7(Val x Time)) x
(Lek — (Lekgtt X Thrd; x Time x Thrd | x Time))

cor = (pc,r,x,1)

4.2 Semantics

The semantic rules for individual statements within a thread, the language ax-

ioms, are described by the relation —* : ConfZ* x Conf3Y, — {true,false},

which is formally defined in Table 4.2. The semantic rule for a set of
threads (i.e., the program) is described by the relation -+ : Conf x Conf —

{true,false}, which is defined based on —* as given in Table 4.3. Note that

the functions STM and STT, OWN, DL, POWN and REL are defined in Tables
4.4 and 4.5, respectively. Note that STM is a total function.
= and =7 are relations, not functions, because one single input configu-

ration can have several outputs; e.g., if two or more threads execute lock Ick,
where STT(1 Ick) = unlocked, then Ick is assigned to one of these threads by
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= inanon-deterministic fashion. 7=, =+ and the semantic behavior of each

statement in PPL are further described below.

To execute a program, or rather, to derive some possible execution trace for
a given initial configuration, ¢ € Conf, a succeeding configuration is given by
any ¢’ € Conf, such that c Wc’ . Then, a succeeding configuration, ¢’ € Conf,

/s : / /!
to ¢’ is given by ¢’ -+ ¢”, and so on.



STM(T, pc) (pd v, x'\1') If
[halt]Pe (pc,r,x,1)
[skip]P© (pc+1,r,x,1)
[r:=alP* (pc+ 1, r[r— o [a]r],x,1)
[if b goto [JP¢ (pc+1,r,x,1) - ABb]r
[if b goto [JP¢ (I,r,x,1) ZAs
[store rto xJP© (pc+ L,r,x[x— (xx)[T—{(r n,1)}]],1)
[Load r from x]’° (pc+1,Z(r,r,x,x),x,1)
[Lock Ick]P© (pc+1,r,x,1[lck — (locked, T,DL(L Ick),POWN(L Ick), REL(L Ick)]) OWN(llck) =T
[Lock Ick]P¢ (pc,r,x,1) OWN(L ick) #T
[unlock [ck]P© (pc+ 1,r,x,1[lck — (unlocked, L, DL(L Ick), T,1)]) OWN(Lick) =T
[unlock [ck]P© (pc+1,r,x,1) OWN(Lick) #T
I e€Time: (v,/)e U (xx)T) if U (xx)T)#£0
where Z(r,r,x,x) = r[r— v] for some v, such that T'€Thrd T'€Thrd
V € Yint([—00,00]) otherwise

Table 4.2: (T,pc,r,x,1,7) —(pc’,1’,x/,1'), the semantics of concrete axiom transitions.

w

ddengue Surmweidord Prered Vv '1dd v 191dey)



Thrdeye # O AVT € Thrd,y : (T,per,rr,x,1",6) o7 (pckp, v, <1, 1)

c@([T,per, o7, 1 perpedr 5 1) 77 € @ ([T, (T € Thrdye ? pet : per), (T € Thrdee ? v 1), 1 pcppea» <5 1)
where
t = min({r§ + TIME(c, T) | T € Thrd A STM(T, pcy) # [halt]Per})
Thrd,, = {T € Thrd | = t{ 4+ TIME(c, T) ASTM(T,pcr) # [halt]Per}
ar_ {t% +TIME(c,T) if T € Thrdy.
T 1y otherwise
XX if Thrd, =0
X' x={¢AT€Thrd.(T=T ? (x}, x) T':0) otherwise
where T’ is one of the threads in Thrd, = {T € Thrd,y. | 3r € Regy : STM(T,pcy) = [store r to x]P°T}
(unlocked, T',t,POWN(L Ick),REL(L Ick)) for some T’ € {T € Thrd,y. | STM(T,pct) = [Lock Ick]Pr},
if {T € Thrd,y, | STM(T,pcy) = [Lock Ick]PT} # O A

1" Ick =
¢ OWN(H le) = L
1ick otherwise
¥ Ik — ]l/OWN(]l” Iek) Ick  if oWwN(1" Ick) € Thrd,y,
1ick otherwise

Table 4.3: ¢ = c, the semantics of concrete program transitions.

sonueuwns 7'y
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STM : (Thrd x Lbl) — Stm = ((ThrdID x Stm) x Lbl) —> Stm
s if s = [skip)’“ V
s=[r=daf’Vv
s=[if b goto '[PV
s = [load r from xJP° V
s = [store rtox}°V

st™((d,s),pc) = s = [lock Ick]P* v
s = [unlock Ick]P¢ vV
s = [halt)P¢

ST™M((d,s"),pc) ifs=s";s" Apc € LABELS(s)
st™M((d,s"),pc) ifs=s";s" Apc € LABELS(s")

LABELS : Stm — %7(Lbl)
{1} if s = [skip]' v
s=[r:=a]'V
s=[if bgoto ']V
s = [Load r from x]' V
LABELS(s) = s =[store rtox]'Vv
s = [Lock Ick]' v
s = [unlock Ick]' v
s = [halt]
LABELS(s") ULABELS(s") ifs=ys';s"

Table 4.4: Definition of STM and LABELS.
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STT : (Lekgtt X Thrd | x Time x Thrd | x Time) — Lekggt
STT((u,T,t,T',¢)) =u

OWN : (LeKgtt X Thrd | x Time x Thrd; x Time) — Thrd
OWN((u, T,t,T,/')) =T

DL : (Lekggt X Thrd | x Time x Thrd, x Time) — Time
DL((u, T,t, T ,¢')) =1

POWN : (Lckgyt x Thrd; x Time x Thrd; x Time) — Thrd |
POWN((u, T,t, T',/)) =T

REL : (Lckggt X Thrd | x Time x Thrd; x Time) — Time
REL((u, T,t,T',7)) =1

Table 4.5: Definition of STT, OWN, DL, POWN and REL.
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b tf, + TIME(cy, T3)
Tygt+—+----—- 4
b, tf, + TIME(cr, Ta)
Tot——+-—-——4
tf tf + TIME(cy, Th)
T1 F-—— -
¢4 ¢ 8 12 time
(a) ¢1: Thrd,,, = {T, T3}
L tf, + TIME(c2, T3)
T3 F-mm === 1
te tf, + TIME(c2, T2)
TQ b= === 1
tf tf, 4 TIME(cg, T1)
Ty F=—==A
4 48 ¢ 12 time

(b) c2: Thrd,e = {T;, T3}

Figure 4.6: Illustration of how Thrd,,, is determined (c; WCZ)'

TIME and Thrd,,,

TIME is assumed to be provided by a timing model of the underlying architec-
ture. It should return a relative execution time for the active statement of thread
T, i.e., STM(T, pcy), based on the current system state. Given Assumption 4.1,
time is guaranteed to move forward when using -7 for a given configuration

(Lemma 4.2). Assumption 4.3 gives that a thread that is waiting to acquire
some lock cannot spin an infinite number of times in zero amount of time.

The set of threads to execute, Thrd.., in a given configuration, c@
([T, per, T, 11 renea> > 1) € Conf, is determined based on #{ and TIME(c, T),
for each thread, T € Thrd. It simply consists of the threads that will execute
their active statements at the nearest point in time, denoted by ¢ in Table
4.3. An illustration of how Thrd,,, is determined is given in Figure 4.6.
For ¢| in Figure 4.6a, t = t%z + TIME(c1,T2) = t%s + TIME(c1,T3) = 6 and
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tl‘ll + TIME(c;,T;) = 10. Thus, Thrd,,, = {T», T3} and t%’z = t%g = 6, while
t‘f’l = t{fl =17. For ¢; in Figure 4.6b, Thrd,,, is determined in a similar manner
(note that ¢ ? c2).

Assumption 4.1 (TIME is non-negative):
It is assumed that V¢ € Conf : VT € Thrd : 0 < TIME(c, T). o

Lemma 4.2 (Time only moves forward):
Given that the two configurations ¢@([T,pcr, T, 1] rcpnra» X 1) € Conf and
' @([T, pct, 0, 1 |t eqnra X5 1') € Conf are such that ¢ > c', VT € Thrd :

a !
tp <tf. o

PROOF. Assume that c@([T,pcr, T, cppeasX:1) € Conf and ('@
([T, pct, v, 1 I retneas X5 1') € Conf are such that ¢+ ¢’. From Table 4.3, it

is apparent that there are two possibilities for the value of #{'.

If 1f 4 TIME(c, T) = min({z{, + TIME(c, T") | T' € Thrd} ) ASTM(T, pc) #
[halt]Pr, then tf = t{ + TIME(c,T). Thus, #§/ > #{ (Assumption 4.1).

If tf + TIME(c, T) # min({z§, + TIME(c, T') | T' € Thrd}) V ST™M(T, pcy) =
[halt]Per, then £ = tf.

Thus, it must be that VT € Thrd : #§ <. =

Assumption 4.3 (TIME is non-zero when spin-locking):

It is assumed that Vc@([T,pcr, 1, 1] pcpeas 1) € Conf : VT € Thrd :
((Jlck € Lek : (STM(T,per) = [Lock Ick]Pt A OWN(L Ick) & { L, T})) =
0 < TIME(c, T)). o

halt and skip

As previously discussed, halt stops the execution of a thread and skip is a no-
operation. This is implemented by letting the semantic rule for halt return the
input state without modifying it, which means that the issuing thread will still
be executing the same halt-statement in the next iterative step; thus the thread
halts. Note that threads issuing a halt-statement are not included in Thrd,,.,
however. The rule for the skip-statement only increments the thread’s program
counter, pc, and thus advances the thread to execute its subsequent statement
in the next iterative step.

= and &/

The statement r := a returns a register state in which the register r has the
value of the arithmetic expression a. The value of a is, in the general case,



48 Chapter 4. PPL: A Parallel Programming Language

Anr=n A a; -ay]r = a]r — o Jaz]x
Arjlr=rr o ay *ay]r = o [ar]r - o [az]r
A ay +ay]r = A a]r + A [ar]r Aay /ay]r = {Z%Z;%H

Table 4.7: Semantics of concrete evaluation of arithmetic expressions.

Btruer < true Blby s&byr <= B[b|r A B[by]r
PBltalser < false Bla) == ax]r <= A [a;|r = o [a]r
B! b]r <= ~AB[b]r Bla) <= qy]r <= A[a;|r < & [ar]r

Table 4.8: Semantics of concrete evaluation of boolean expressions.

dependent on the register values in the input register state and is determined
using the function <7 : Aexp — (Reg — Val) — Val. & evaluates arithmetic
expressions based on a given register state as defined in Table 4.7.

if and 4

The statement if b goto [ performs conditional branching. If the boolean ex-
pression b evaluates to true, the issuing thread’s pc is set to [. If b evaluates
to false, then if acts like the skip-statement. The value of b is, in the gen-
eral case, dependent on the register values in the input register state and is
determined using the function % : Bexp — (Reg — Val) — Bool. Z evaluates
boolean expressions based on a given register state as defined in Table 4.8.

store and load

To achieve a high precision in the analysis (see Chapters 5 and 6), the abstrac-
tion of the state for variables will need to save write history; i.e., what abstract
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writes (each write being a pair of value and time) have been performed by each
thread on each variable (see Chapter 5). Therefore, to derive a Galois connec-
tion between the concrete and abstract domains for variable states, the concrete
state, x, has to be defined accordingly. This is why the definition of x might
look a bit peculiar at first glance. In the concrete semantics, only one single
write is saved for each variable, though, since this is all the information that
is needed in the concrete case. If several threads write to a variable (using
the store-statement) at the same time, there is a race on that variable and the
resulting state will contain one of the writes; i.e., one of the threads will win
the race. The winning thread is non-deterministically chosen from one of the
threads writing the variable at the given point in time.

load is defined to put the value of the saved write (or rather, the value of
one of the saved writes in the general case) in the given register.

lock and unlock

As the observant reader might have noticed already, the only information that
should be needed in order to successfully express the semantic behavior of
locks is what thread is currently assigned (i.e., is currently the owner of) a lock.
This is truly the case. However, the extra information given in the concrete state
for locks, 1, will ease the deriving of an approximation of the concrete seman-
tics (see Chapter 5) and achieve a high precision in the analysis (see Chapter
6). This is why the definition of 1 might look a bit peculiar at first glance. Here,
the state of locks, i.e., locked or unlocked, is only used to increase the readabil-
ity of the rules in Tables 4.2 and 4.3. Note that a consequence of this is that,
in a given configuration, c@([T,pcr, T, 1) reppra» X 1)s STT(LIck) = locked
whenever OWN(L Ick) # Ly, (c.f., Lemma 4.5). Also note that (STT(L Ick) =
locked NOWN(L Ick) = Lyq) V 3T € Thrd : 1§ + TIME(c, T) < REL(I lck) im-
plies that the given configuration is actually not valid (c.f., Definition 4.4).
The lock-statement has the same behavior as the halt-statement as long
as the issuing thread is not assigned the given lock; i.e., the issuing thread will
wait for its turn to acquire the lock. If the issuing thread is assigned the given

lock (within -, using 1"), 1ock is defined to basically take the lock (i.e., set

its state to locked) and advance the thread’s pc. Only one single thread can be
assigned a given lock at any point in time.

The unlock-statement has the same behavior as the skip-statement if the
given lock is not assigned to the issuing thread. If the issuing thread is as-
signed the given lock, unlock is defined to release the lock so that it can be
re-assigned in the next iterative step to some thread, if any, issuing lock on it.
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Note that a thread can repeatedly acquire a lock that is assigned to, and
taken by, it, without first releasing it.

Definition 4.4 (Valid concrete configuration):
A concrete configuration, c@ ([T, pcr, v1, 1f] rcrpra» X5 1) € Conf, is valid with
respect to the lock state, 1, iff

Vick € Lek : ((STT(1 Ick) = locked < OWN(L Ick) # Lipa) A
(STT(L Ick) = unlocked < OWN(L Ick) = L) A
VT € Thrd : REL( ick) < #{+ TIME(c, T)) O

Lemma 4.5 (. preserves lock state validity):

Given that the configuration c@([T,per, v, t{]rcrpea> X5 1) € Conf is valid
(c.f., Definition 4.4), then so is ¢ @ ([T, pct, 7, 1 |t cqnra» X 1) € Conf, when-
ever ¢ Wc’. O

PROOF. From Table 4.2, it is apparent that the possible axiom output lock
states, called I7. in Table 4.3, given an input lock state, called 1” in Table 4.3,
are

1. 1"[lck — (locked, T,DL(1" Ick),POWN(1" Ick),REL(1” Ick)], whenever
STM(T, pcy) = [Lock Ick]PT AowN(1" Ick) =T,

2. 1"[lck — (unlocked, L j,q,DL(1" Ick), T, #{)], whenever STM(T,pcr) =
[unlock Ick]P“T AOWN(L" Ick) =T, and

3. 17, otherwise.

Assume that the configurations c@ ([T, per, T, £f] ropeas X5 1) € Conf and
¢ @([T, pct, 7, 1 |t ernrar X 1) € Conf are such that c is valid and ¢ s c.

From Table 4.3, it is apparent that — is only applied to axiom input con-

figurations in which 1” is such that
1. 1" Ick =1 Ick, or
2. 1" Ick = (unlocked, T, t§ ,POWN(I Ick),REL(L Ick)).

For the first case, it is easy to see that all the three possible output lock states
result in a valid configuration since c is valid.

The second case only occurs when 3T' € Thrd,y, : (STM(T,pcp) =
[Lock lck]P A OWN(lIck) = Luyq). Note that the assigned owner,
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T € Thrd,,., is one of the threads executing lock Ick. For thread T, the
output lock state is 1”[Ick — (locked, T,DL(1" Ick),POWN(1" Ick),REL(1" Ick)],
since STM(T,pcy) = [Lock lck]PtT A OWN(L" Ick) = T. Hence, 1 lck =
1[lck — (locked, T, 1§ ,POWN(I Ick),REL(I Ick)).

Since time moves forward for each thread (Lemma 4.2), it is easy to see
that ¢’ is valid. (]

Lemma 4.6 gives some important properties of the “intermediate” lock
state, 1”7, defined in Table 4.3, which is used as a means of assigning a lock
to a specific thread. These properties will be used when proving the correct-
ness of the abstract semantics in Tables 5.5 and 5.6.

Lemma 4.6 (Properties of 1”):

If for some valid configuration, ¢@([T,pcr,vT,tf|rcrpea: X0 1) € Conf, and
lock, Ick € Lek, OWN(LIck) = Lyg ATT' € {T € Thrd,y, | STM(T,pcy) =
[Lock lck]P°T} : oWN(L" Ick) = T, where 1" and Thrd,,, are as defined in Ta-
ble 4.3, then

1. sTT(1" Ick) = unlocked,
2. pL(1" Ick) £ . and

3. 1§y £ REL(1" Ick). o

PROOF. For this proof, each of the properties above will be shown based on
the definition of 7> and -, defined in Tables 4.2 and 4.3, respectively.

Assume that for the valid configuration c@([T,pcr, T, 1§ perpeas X 1) €
Conf (c.f., Definition 4.4) and some lock, Ick € Lek, OWN(Lick) = Ly A
3T’ € {T € Thrd,y, | STM(T,pcy) = [Lock Ick]P°T} : OWN(L" Ick) = T'.

1 follows directly from the definition of 1” in Table 4.3.

Table 4.3 also gives that DL(1” Ick) = ¢ and that £, =, since T' € Thrd o, A
STM(T,pcy) = [Lock Ick]PT. Thus, DL(1” Ick) = %, and hence, 2 has been

- T/ 9
shown.

For 3, Assumption 4.1 gives that time moves forward when using -~

(Lemma 4.2). Thus, it must be that #f) = r > REL(I Ick) = REL(1" Ick) (c.f.,
Table 4.3), which concludes the proof. n
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4.3 Collecting Semantics

This section defines the collecting semantics, € (C), of a program; i.e., the set
of all possible semantic configurations given an initial set of configurations, C,
(c.f., Definition 4.7).

Definition 4.7 (Collecting semantics):
The collecting semantics, € (C), of an initial set of configurations, C, is defined
as:

; c =c
“(C)=Uc" where y cit _ (/¢ Conf|3ce O e ')
i>0 ¢ [m}
As can be seen, the collecting semantics will include all possible configurations
that a given initial configuration can ever reach. Note that the collecting seman-
tics might be of infinite size in the case of a non-terminating program; i.e., the
accumulated time, 7, for some thread, T € Thrd, could increase indefinitely.



Chapter 5

Abstractly Interpreting PPL

In this chapter, the semantics of PPL, defined in Chapter 4, will be abstracted.
First it must be decided what parts of the system state to interpret in an abstract
way. Abstract states will be crowned with “™’.

To allow for the hardware timing model to be approximated as well, Time
will be abstracted using the interval domain, i.e., Tifhe = Intv. This approach
is also taken by Chattopadhyay et al. [11] to approximate the execution time of
pipeline stages in order to deal with timing anomalies in multi-core platforms.
Val will also be abstracted using intervals, i.e., Val = Intv, to allow for an
efficient handling of data flow (note that many other domains could be used as
well). Since Thrd, Lbl, Var, Reg, Lck, Aexp and Bexp are defined by the
software, and the elements of them are used as identifiers, it does not make
much sense to abstract them for the defined analysis (see Chapter 6). And,
since Lckgy is comparable to Bool, an abstraction of it would most probably
not be very beneficial. The states affected by the abstractions of Time and Val
are I, x, t, 1 and c. The abstraction of these will be referred to as ¥, %, 79, I
and ¢, respectively.

NOTE. A summary of the notation and nomenclature used in this thesis can be
found in Appendix A.

53
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5.1 Arithmetical Operators for Intervals

Since values and time are abstracted using the interval domain, the operators of
PPL must be extended to act on intervals. This is done in Table 5.1; note that
0 /o0, 0/0, 0% o0 and oo — o need not be defined — they all result in [—oo, oo].

NOTE. In the following, +, and ¥, both refer to +;,,;, and similarly for the
rest of the operators.

5.2 Abstract Register States

Using Theorems 3.24 and 3.39, it is easy to see that there is indeed a Galois
connection, (Qeg, Yreg), between the concrete domain &(Reg — Val) and the
abstract domain (Reg — Val) U{ L., Treq} (Theorem 5.6). The concretization
function, ¥,.,, partial order. Ereg, greatest lower bound, ﬁ regs least upper bound,

|:|,eg, and abstraction function, 0., are given by Definitions 5.1, 5.2, 5.3, 5.4
and 5.5, respectively. T is the bottom element, lreg, if Ir e Reg: 7 r = Toars
i.e., if ¥ maps some register to L,,. The top element, T, corresponds to an

abstract mapping for which all registers map to T,,;.

Definition 5.1 (Concretization of an abstract register state):

Reg — Val if T = T
Yreg(F) = 4 0 if5 =1,
{AreRegv|v € ¥y,u(fr)} otherwise o

Definition 5.2 (Partial order for abstract register states):

Ereg Treg
reg Ereg I~r

£l <> VreReg:FrC, ,&r 5

1 B
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Tint ODint L =1 0Py Tint = Tint
L. where op;,.€ {+int, —ints *ints /i

J—inr OPint L =1 OPjps J—im:J—int Pint { iyt Tt /znt}

[n+ny,np+nb)  if —eo <ny,nf,ny,nh <oco
[n1 + 1), 0] if (ny = o0V =o0) A

ﬁ((nl :—oo/\n/1 :oo)\/

(m =coAnj = —e0))

[—o0, 1y + )] if (n] = —eo V| = —o0) A

—|((n2:7°o/\n/2:oo)\/

(2 = o0 Anjy = —eo))

[n1,m2] +ine [0}, 1] =

[—o0,00] otherwise
[m —nbh,ny—nl] if —eo <ny,n|,ny,nb <o
[n) —nj,oq] if (ny =0V nj = —o0) A
—|((n1 :cx;/\n/2 :oo)\/
A (nl:_w/\nlzz_w))
[l’ll,nz] mt[nl’nz] o [—oo,nz —n’l] if (n; = —c><>\/l”l/2 = oo) N
_‘((n2:°°/\n/1 :oo)\/
(n2 = —eo Anj = —eo))
[—o0,00] otherwise

[min(V),max(V)] if (no <0OAn| >0)V

(np <0ARy <0)V

(n1 >0AR; >0)V
[n1,m2] *ing [0, 1] = (1 >0AR, <0)V

(—oo < ny,ny,ny,ny < o)

where V = {n; n/,n xny,ny xn|,ny xnb}
[—o0,00] otherwise
[[min(V) |, [max(V)]] if (—eo <n}An,<0)V
(0 <nj ARy <o)

where V = {n; /n),n1 /n,no /0y, ny /0
[nlan]/int[n/pnlz] _ { /1’ /27 /17 /2}

[—o0, —n1] ifn) <0<n)An, <0
[—nz,oo] lfn’lgogn’z/\0<n1
[—o0, 0] otherwise

Table 5.1: PPL operators defined for interval arguments.
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Definition 5.3 (Greatest lower bound of abstract register states):

Definition 5.5 (Abstraction of a set of register states):

"T’reg if R = Reg — Val
Oreg(R) = ¢ Lyee ifR=0
AreReg.ay({rr|reR}) otherwise O

Theorem 5.6 (Galois connection — Register states):
(Cregs Yreg), Where Yyeq and @i, are defined as in Definitions 5.1 and 5.5, re-
spectively, is a Galois connection. o

PROOF. Since Qyy = Qiny and Yyar = Yints (Cvai, Yvar) 18 @ Galois insertion be-
tween Z(Val) and Vil (Theorem 3.39).

By Theorem 3.24, (0, : & (Reg — Val) — ((Reg — Val)U {lreg, T,eg}),
Yreg : (Reg — VAL U{ L,eq, Treg}) — Z(Reg — Val)), where Yyeq and Ot are
as presented in Definitions 5.1 and 5.5, respectively, is a Galois connection. g

5.3 Abstract Evaluation of Arithmetical Expres-
sions
The function evaluating arithmetic expressions, .7, must be abstracted since

values and register states are abstracted. The abstraction will be <7 : Aexp —
(Reg — Val) — Val, which is equivalent to <7 : Aexp — (Reg — Intv) —
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A [n]F = cyu({n}) A [ar + ]t = o [ar]|F Foa A [ar] T
At =tr A ar -]t = o [a)|F =y A [ar] T
A [ay * @]t = o [a)]|F %ra & [a2]|F
ay ) )F = [a1]F Jya 7 [ar]F

Table 5.2: The abstract function evaluating arithmetic expressions.
Intv, and can be derived using Definition 3.11 to induce <. To do this, </ must
first be lifted to sets of concrete register mappings:
Apla]R = {/[alr | v € R}
The abstract evaluation function can then be derived as:
,J[[a]} = Qyat © Hp ] © Yreg

The details of this function can be found in Table 5.2.

5.4 Boolean Restriction

The function %?g defined in Definition 5.7, will be used in the abstract axiom
transition rules (see Table 5.5 on page 84). This function is safely induced
from %, using Definition 3.11, so that the concretization of % [b]#, where
b € Bexp, always contains (at least) the concrete register states, derived from
¥, for which b evaluates to true.

Definition 5.7 (Boolean restriction):

P b]E = Qreg({T € Yreg(T) | BD]}) o
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5.5 Abstract Variable States

Using Theorems 3.17, 3.20, 3.24 and 3.39, a Galois connection, (Qyar, Yoar)s
between the concrete domain &?(Var — Thrd — £7(Val x Time)) and the
abstract domain (Var — Thrd — Z2(Val x Time)) U { L ., Tya-} can be es-
tablished. The concretization function, %,,,, abstraction function, ¢, partial
order, T4, greatest lower bound, |;|W, and least upper bound, |:|m,, are given
by Definitions 5.8, 5.9, 5.14, 5.15 and 5.16, respectively.

% is the bottom element, 1,,,, if 3x € Var: 3T € Thrd : ((£x) T) =0; i.e.,
some variable and thread combination maps to the empty set (there is no write-
history available for that combination). Note that such an abstract variable state
has no concrete counterparts (Yvar(lvar) = (). Therefore, an abstract variable
state, X, that actually contains no history for thread T on variable x, should
have ((£x)T) = {(L,u, L/)} to make & # 1,,. Note that %, (%), where
((&x) T) = {(L,a, L;)} for some variable, x, and thread, T, is a set of concrete
states, X, for which all x € X are such that ((xx) T) = 0.

The top element, Toars corresponds to a state where all variable and thread
combinations are mapped to Val x Time.

Definition 5.8 (Concretization of an abstract variable state):

Yoar(Tvar) = Var — Thrd — (Val x Time)
'}/var(lvar) =0
Yoar(%) = {Ax € Var.f | f € {AT € Thrd.W | W €
{W"] (atyq({v € Val | 3t € Time : (v,1) € W'}),
a,({t € Time | v € Val : (v,t) e W'})) €

()T 4

Definition 5.9 (Abstraction of a set of variable states):

Oyqr(Var — Thrd — (Val x Time)) = T,,,
avar(m) = j(—var
0qr(X) = Ax € Var.AT € Thrd.{ (o, ({v | 3t € Time : (v,1) € W}),
o, ({r|FveVal: (v,r) eW}))|
We{(xx)T|xeX}}

[m]
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Theorem 5.10 (Galois connection — Variable states):
(Qyar, Yoar), Where Yyqr and o, are defined as in Definitions 5.8 and 5.9, re-
spectively, defines a Galois connection.

PROOF. Since (i, Yine) is a Galois insertion (Theorem 3.39) and thus a Ga-
lois connection, so are (Qyq, Yva) and (0, ¥:) (since O,y = G = Oy, and
Yvai = Y = Yinr). Using Theorems 3.17, 3.20 and 3.24 to derive o, and
Yar» the result follows (note that the cases }/m,("T'w,,), }/vur(lmr), Oy (Var —
Thrd — (Val x Time)) and a,,,(0) follow trivially):

.\ Th. 3.24
Yoar (X) =

{AxeVar.f | fey (xx)}
Th. 324

=""{AxeVar.f| fe{AT € ThrdW |W € y"((kx) T)}}

Th. 3.20 {AxeVar.f | f€ {AT € Thrd.W | W €

W la"(W') € ((xx) T)}}}
M2 xeVarf| fe{AT € ThrdW |W €
{W’ | (aty({v € Val | 3t € Time : (v,1) € W'}),
o;({t € Time | v € Val : (v,1) e W'})) €
(E&x)T)}}}

Oyar(X) "2 2x € Var.of ({x x| x € X})

™32 ) e VarAT € Thed.o ({f T| f € {x x| x € X}})

A Jx € VarAT € Thrd.o”({(xx) T | x € X})
220 3 x € Var.AT € Thrd.{o” (W) | W € {(xx) T | x € X}}
Ax € Var.AT € Thrd.{(a,;({v | 3t € Time: (v,t) € W}),
a;({r|IveVal: (vt) eW})) |
We{(xx)T|xeX}}
| |

Th. 3.17

The state % € (Var — Thrd — 22(Val x Tite)) U { 1,4, T,4-} can save
any number (i.e., history) of abstract writes, w € Val x Time, for each thread
that occur on some variable. This is done to counteract the precision loss due
to approximating points in time with intervals. The information available in
such history makes it possible to use sequence information (within each thread)
and timing information (between threads) to get a reasonably tight value when
reading a variable.

For convenience in expressing, and increased readability of, the upcoming
algorithms, some relations for abstract writes, w ::= (¥,7), will be defined. The
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partial order, C,,, and least upper bound operator, DW, for writes follow nat-
urally (c.f., Definitions 3.26 and 3.28) from the partial orders and least upper
bound operators for values, C,; and | ]/, and time, C, and | |,. £,, and | ],, are
given by Definitions 5.11 and 5.12, respectively.

NOTE. The notations “w” and “(¥,7)” for abstract writes will from here on be
used interchangeably.

Definition 5.11 (Partial order of writes, C,,):

w W—T—W = TM—vt/EIV\/"T’: T—w
Ly,0,w=wl,L,=w
(V1,11) Oy (P2, 2) = (91 Oy v, 71 Oy 72) o

The precedence relation, <,, on abstract times given by Definition 5.13 will
be useful to determine whether two writes are performed at disjoint times, or
the order two arbitrary events.

Definition 5.13 (Time precedence, <,):

i it7#£T,

1, &1 if7# 1,

7| < 1 <= max(v:(71)) < min(y,(R)) iff, 5 ¢ {1, T;} 5
The definitions of ., [1,,, and | |, follow naturally from the definition

of the domain (c.f., Definitions 3.26, 3.27 and 3.28) and are presented in Defini-

tions 5.14, 5.15 and 5.16, respectively. However, these relations and operators

cannot be used directly within the analysis to, e.g., join (merge) the histories

of writes in several variable states. This is due to the fact that the history in

the states might have different sequence information (i.e., traces), that would
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be lost if merging the two states. Reading a safe and tight value for a variable
requires the sequence information to be available. Therefore, the operations to
be used within the analysis should instead be defined based on Definition 5.18
to ensure that all threads see safe values (see Definition 5.19) at all times. Note
that Definition 5.17 defines the uniquely most recent write in a set of writes.
This definition defines the most recent write both among several threads (glob-
ally) and for single threads (locally).

Definition 5.14 (Partial order for abstract variable states):

X
<= VxeVar:VT€Thrd: (Xx) TC (X' x) T O

Definition 5.15 (Greatest lower bound of abstract variable states):

—I—vur |:lvarfi = iﬁvar —T:var = SNKN
J—valrljlvarjg = fﬁl—lvar J—var = J—var
(BMerX)x) T) = (Xx) T)N(E'X) T) o

—I—var |:|var}~X = iiDvar :var = —T—var
J—var Illvarg = il:lvar J—vur =X
(£ ) ) T) = (R0 T)U(E ) T) .

Definition 5.17 (Time of most recent write):

The most recent write(s), (V,7), in a set of writes is defined such that
min(y;(7)) > min(y;(7)), for all other writes, (¥,7). If several writes,
(¥',7), are such that min(y,(7)) = min(y,(7)), the time of the most re-
cent write, 7, is uniquely determined from the write(s) with max(y,(7)) =
max({max(y;(¥)) | 7 ranges over the time-stamps of the writes such that

min(y;(7)) = min(y(7))})- o
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NOTE. The definition of the “time of the most recent write” and many of the
upcoming algorithms could be very much simplified if the notion of lists were
known. The positions of the writes in a list could simply correspond to the
sequential order in which they occurred within a thread. Therefore, implemen-
tations of the upcoming algorithms could look very different from how they
are defined here.

Definition 5.18 (Safe write history):
An abstract variable state, X, is safe at time 7 if ¥,,,(X) represents at least all
the possible concrete variable states that can be valid at time t € ;(7) for the
given thread trace(s).

Thus, to be safe at time f, X must, for each variable, x € Var and each
thread, T € Thrd, be such that ((X x) T) contains at least

1. all writes, (¥,7), by T on x, such that? Z,iAN7 %, 7, and

2. the latest (most recent) write(s), (7,7), by T on x, such that? <, 7, if 7 1,
v £ 1, where 7™ is the time of the globally most recent write,

or,

3. (lval, J_,), otherwise (i.e., if there are no writes that fit 1 or 2 above), or
if no writes have occurred by T on x.

From how the concrete and abstract domains (c.f., Section 4.1 and this section)
and transition rules (c.f., Section 4.2) are defined, it is apparent that X is a safe
approximation of x (i.e., X contains safe write history) iff Ax’ € Y, (X) : Vx €
Var : VT € Thrd : ((xx) T) C ((x' x) T). o

Definition 5.19 (Safe value of x as seen by thread T):

Assuming that X contains safe write history for all threads on variable x, ac-
cording to Definition 5.18, then a safe value of x, as seen by thread T, at time 7
is the least upper bound, | |,,,;, of the values of at least the following writes on
X.

1. All writes, Wy = (¥, fyv), for threads T’ € Thrd \ {T} on x such that
ty e INT Ly Ty

2. The most recent write in {(Vy,,7y) € (Xx)T |7, < TATy T
" = 1,} for each thread T' € Thrd \ {T}, and the most recent
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write, (Vp,7;) € (£x) T, such that min(y;(#;)) < min(y:(7)), if 7; 7,
"W £ 1,, where 7™ is the time of the (globally) most recent write in
{7, 77)} UUrernea\ (ry{ (0, Ty) € (Rx) T [ 7y <, 7} o

Algorithm 5.1 Partial Order of Abstract Variable States

1:
2
3
4
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:

22:
23:
24
25:
26:
27:
28:
29:

function PARTTALORDERVAR(X, X')
for all x € Var do
for all T € Thrd do

W« ((%x)T)
W (& x)T)
while W £0AW' # 0 do
W < EARLIESTWRITETHREAD(W)
W ¢ EARLIESTWRITETHREAD(W')
W W\ {w}
W W\ {w'}
if w #£ W then
if W' = 0 then
for all v/ € WU {i} do
if w" iZ,, W' then
return false
end if
end for
W0
else
return false
end if
end if
end while
if W # 0 then
return false
end if

end for
end for
return true

30: end function

E/

=var>

The partial order for abstract variable states to be used within the analysis,
is given by Definition 5.20 based on PARTIALORDERVAR, defined in

Algorithm 5.1, taking the safety of write history (Definition 5.18) into account.
Note that EARLIESTWRITETHREAD, as defined in Algorithm 5.2, returns a
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Algorithm 5.2 Earliest Write for a Thread

1: function EARLIESTWRITETHREAD(W)
2:  if W =0 then

3 return lw

4:  endif

50 Tin < Q({=})
6: forall (¥,7) € W do

7 if min(y,(7)) < min(y;(%y;,)) then
8

9

;min —1
: else if min(y;(7)) = min(y; (7)) then
10: Tonin < 100 Tnin
11: end if
12:  end for

13 W {(57) | (7)€ WAT = Fpin}
14: Vimin < aval({oi})
15.  forall (¥,7) € W do

16: if min(Yy4(¥)) < min(Yyq:(Pmin)) then

17: Vinin <V

18: else if min(y,4(¥)) = min(¥,4;(Pnin)) then
19: Vimin ﬁﬁval Vimin

20: end if

21:  end for

22: return (Vmim?min)
23: end function
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deterministically defined write. The idea is that the history (trace) for each
thread and variable should be the same in both states for the relation to be true.
However, the histories are allowed to differ somewhat. The greater state could
also contain newer writes than those in the history of the lesser state. It could
also be the case that the newest write in the greater state is an upper bound to
all of the most recent writes in the lesser state that are not part of both histories.

Definition 5.20 (Safe partial order of abstract variable states):

X C,, X <= PARTIALORDERVAR(X,X') .

Based on this partial order relation, the lower bound and upper bound op-
erators to be used within the analysis, |;|:W and [:|/Wr, are given by Definitions
5.21 and 5.22, respectively. Note that MEETVAR is defined in Algorithm 5.3

and JOINVAR is defined in Algorithm 5.4.

Definition 5.21 (Safe lower bound of abstract variable states):

O by -

Tvar My X=XM,, Tvar =X

Lvars yar=- T var -

Lyvar T, X =%y, Lvar = Lyar

%M, X = MEETVAR(%, &) 5

~ ) = ~
Tvur uvur X=X I—Ivar Tvar = Tvar

¥ ~ a7 _ =

Lvar ‘—lvarx = XUgr Ltvar =X

%), &' = JOINVAR(%, /) O

NOTE. Neither C,,,, |_|/var nor |:|/m, is currently used by the analysis (c.f.,
Chapter 6) but are just presented for completeness of the abstraction since the
operators cannot be directly based on the lattice. However, if, e.g., merging
of configurations [25] is introduced to lower the complexity of the analysis, at
least |:|/W will be needed.
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Algorithm 5.3 Meeting Two Abstract Variable States

1: function MEETVAR(X, X')
22 & Loar
3 for all x € Var do
4 for all T € Thrd do
5: W (%x)T
6 W &x)T
7 C+0
8 while W £ 0AW' # 0 do
9: (¥,7) + EARLIESTWRITETHREAD (W)
10: (#,7) + EARLIESTWRITETHREAD(W’)
11: W W\ (7,7
12: W W'\ (V,7)
13: if (7,7) = (v/,7) then
14: C+ CU{(¥1n}
15: elseif 71,7 # Ly Aif 7 # 1L, AW=0AW =0 then
16: C+ CU{(®Mygy ¥, 7M7)}
17: else
18: W<+—0
19: W 0
20: end if
21: end while
22: if C = 0 then
23: (& ) T) & {(Lyar, L1)}
24: else
25: (¥"x)T)+C
26: end if
27: end for
28:  end for

29:  return £
30: end function
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Algorithm 5.4 Joining Two Abstract Variable States

1:
2
3
4
5:
6
7
8
9

10:
11:
12:
13:
14:

15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:

function JOINVAR(%,X')

5&// — lvar
for all x € Var do
for all T € Thrd do
W (xx)T
W &x)T
C+—0
M (Lvalvlt)
while W £ 0V W’ #£ 0 do
W < EARLIESTWRITETHREAD (W)
W < EARLIESTWRITETHREAD(W’)
if w = W' then
C+ Cu{w}
W W\ {w}
W W\ {w'}
else if W = 0 then
C+ Cuw’
W' 0
else if W' = 0 then
C+ Cuw
W0
else
M (W) 0 (0, W)
W<«0
W 0
end if
end while
(¥'"x)T)«C
if M # (L,q, L) then
(E"0)T) « (&' x) T)U{M)
end if
end for
end for
return "

35: end function
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Algorithm 5.5 Write to Variable
1: function WRITE(T,X,x, W)
&) T e (xx)T)U{w} ifx :)f/\T/ =T
(&HT otherwise
3:  return %’

4: end function

N

Ty

Ty - = «—
—

t 1o time

Figure 5.3: The time-stamps of the writes considered by READ(X, x, T1,7;) and
READ(X,x, Ty, 7).

WRITE(T, X,x, W), as defined in Algorithm 5.5, safely (Lemma 5.23) adds
the write, W, to the set of write-history for thread T, i.e., to ((X x) T).

Lemma 5.23 (Soundness of WRITE):

Assuming that X contains safe write history for variable x and thread T (c.f.,
Definition 5.18) before the write by thread T is performed at time 7, then so
will WRITE(T, X, x, (¥,7)). o

PROOF. Since WRITE(T, X, x, (¥,7)) simply adds the write (¥,7) to the history
of thread T’s writes on variable x in the state X, and X is assumed to contain
safe write history for T on x, WRITE(T, X, x, (,7)) trivially fulfills the safety
condition in Definition 5.18 with regards to T and x. n

Using the sequence and timing information provided by Definition 5.19,
READ(X,x,T,7), as defined in Algorithm 5.6, only takes the writes that might
be valid at 7 (the point in time when T issues the READ) into consideration for its
returned value ¥ € Val, which is safe (Lemma 5.26). These writes, w = (¥/,7),
come from two categories. The first category covers the writes on x for threads
T’ € Thrd \ {T} whose “time-stamps” overlap in time with 7, i.e., 7, 7 # 1.
The second category covers the most recent write on x for all threads (including
T) such that its time-stamp overlaps with the overall most recent write of any
write, not belonging to the first category. Note that any write for thread T with
a time-stamp that begins after the beginning of 7 is discarded. So is any write
for T' € Thrd \ {T} such that its time-stamp completely succeeds 7. This is be-
cause such writes can simply not have occurred at the time of issuing the READ
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Algorithm 5.6 Read from Variable

1: function READ(X,x, T,7)

2 X Lyar

3:  forall T € Thrd\ {T} do

& (®0T) {7 7) e (R0 T) 777}

5.  end for

6 (& X))« ((7.7) € (22 T) | min(3(®) > min(r(7))}
7. W0

8: forall T € Thrd\ {T} do

9: W« {(¥,7) € (&' x) T’)~|i’ Z: 7}

10: (Ex)T) « (& x) T)\ Wp

11: W(—WUWT/
12:  end for

13: 7" < MOSTRECENTWRITETIME(&',x)
14:  if 7 =£ 1, then

15: for all T" € Thrd do
16: ™ <~ MOSTRECENTWRITETIMETHREAD((X' x) T')
17: W WU{(V,7) e (& x)T) |77 8w £ L AT 7+ 1)
18: end for
19:  endif
o e Ul {V' | 37 € Tifne: (V,7) e W} if W #0
[—o0,00] otherwise

21: return v
22: end function

Algorithm 5.7 Time of Most Recent Write

1: function MOSTRECENTWRITETIME(X, x)
2:  return MOSTRECENTWRITETIMETHREAD(Utcrhrq (X x) T))
3: end function

Algorithm 5.8 Time of Most Recent Write in Thread

1: function MOSTRECENTWRITETIMETHREAD(W)

2:  if W =0 then

3 return L

4:  end if

5. tyin +— max({min(y,(7)) | I7 € Val: (#,7) e W})

6:  tymax < max(U{y,(F) | 37 € Val: (,7) € W Amin(¥:(7)) = tyin})
7: return o ({tmin, bmax })

8: end function
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(and will thus usually not be included in X at all). An illustration of the time-
stamps of the writes in T| and T that must be considered by READ(X,x, Ty,7;)
(lines with arrow heads pointing left) and READ(K,x, T»,%) (lines with arrow
heads pointing right) is given in Figure 5.3. The returned value, 7, is the least
upper bound of the values of the considered writes. Note that MOSTRECEN-
TWRITETIME and MOSTRECENTWRITETIMETHREAD are defined based on
Definition 5.17 in Algorithms 5.7 and 5.8, respectively, and that these func-
tions give the time of the most recent write among the writes in a set of writes
(Lemmas 5.24 and 5.25).

Lemma 5.24 (Soundness of MOSTRECENTWRITETIMETHREAD):
MOSTRECENTWRITETIMETHREAD(W ), defined in Algorithm 5.8, gives the
time of the most recent write in W. o

PROOF. This proof will be conducted based on the structure of Algorithm 5.8.

If W = 0, then L, is returned. Otherwise, 7, is the greatest lower limit
of the time-stamp of any write in W (max({min(y,(7) | 3v € Val: (¥,7) e W}))
and #,,4, is the greatest upper limit of the time-stamps of the writes in W such
that the lower limit of their time-stamps are equal to #,,;, (max(J{y,(7) | I’ €
Val: (7,7) € W Amin(¥;(%)) = tmin}))- Thus, &({tmin,tmax }) is the time of the

most recent write in W, as given by Definition 5.17. ™

Lemma 5.25 (Soundness of MOSTRECENTWRITETIME):
MOSTRECENTWRITETIME(X, x), defined in Algorithm 5.7, gives the time of
the globally most recent write on x in X. o

PROOF. This proof is trivial since MOSTRECENTWRITETIMETHREAD(W) is
the time of the most recent write in W (Lemma 5.24) and the set of writes, W,
is Urernea((¥ x) T); i.e., W is a set containing the writes by all threads in Thrd
on x. Thus the time of the globally most recent write, as given by Definition
5.17, is returned. n

Lemma 5.26 (Soundness of READ):
Assuming that X contains safe write history at 7 (Definition 5.18), a safe value
for x at 7 as seen by thread T (Definition 5.19) is given by READ (X, x, T,7). o

PROOF. The proof amounts to showing that READ(X, x, T,7) is an upper bound
to the values of the writes given by Definition 5.19; i.e., to show that all writes
given by Definition 5.19 are included in W.

On line 4, the new variable state, X', is defined to contain all writes, (V',7) €
((xx) T),suchthat? Z, 7, for each T € Thrd\ {T}. On lines 9-11, the writes,
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(V,7) e (%' x) T'), forall T" € Thrd \ {T}, such that 7 Z, 7, are extracted (i.e.,
identified and removed) from ((%’ x) T') and put in the set W. Thus, W contains
all the writes specified by 1 in Definition 5.19.

On line 6, ((X'x) T) is defined to contain all writes, (V',7) € ((£x) T),
such that min(y;(7)) > min(y,(7)), and ((X'x) T'), for each T" € Thrd \ {T},
now contains all the writes, (¥,7) € ((Xx) T'), such that 7 <, 7.

On line 13, the time of the (global) most recent write on x among all
threads, i.e., the most recent write in [J{(X' x) T' | T' € Thrd}, is determined
(Lemma 5.25), while at line 16, the time of the most recent write for each
thread is determined (Lemma 5.24). If the time of the most recent write for a
thread overlaps with the time of the global most recent write, then all writes
overlapping in time with the most recent write for that thread are added to W
(line 17). Thus, W now also contains (at least) all the writes specified by 2 in
Definition 5.19.

Finally, on line 20, the least upper bound of the values of the writes in W
is determined. On the next line, it is returned if W # 0. If W = 0, then [—oo, 0]
is returned, which trivially is a safe approximation of the corresponding value
read (i.e., v € ¥ ([—o0,00])) in the concrete case (c.f., Table 4.2). -

Since READ(X, x, T, ?) discards writes from thread T' € Thrd that are too
old to be valid at time 7 (and writes occurring after 7) for its returned value,
and since time is assumed to never progress negatively (i.e., backwards; c.f.,
Lemma 4.2), the discarded writes can safely be removed from ((%x)T').
TRIM, defined in Algorithm 5.9, safely (Lemma 5.27) removes the outdated
writes from ((£x) T’) for all T" € Thrd. Thus, TRIM can be used to lower
the space complexity of the analysis. Note that SPLITSET(W,7), as defined in
Algorithm 5.10, is used to split a set of writes into two sets where the first set
contains all writes, (¥,7), such that 7 [, 7 # 1,, and the second set contains all
other writes.

Lemma 5.27 (Soundness of TRIM):
If X contains safe write history at time 7 (c.f., Definition 5.18), then so does
TRIM(X, 7). o

PROOF. Given that X is safe, it must be shown that, for any variable, x € Var,
and any thread, T € Thrd, ((TRIM(X,7) x) T) contains at least (c.f., Definition
5.18)

1. all writes, (7,7), of ((Xx) T) such that? £, 7A7 Z, 7, and
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Algorithm 5.9 Trim Variable State

1: function TRIM(X,7)
2 % Loar
3 &« Loar
4:  for all x € Var do
> {[Frlrernra) < (Plrernea)
6: ([O1]rernea) < (O ernea
7 Nlrernea) < (@ rerhra
8 for all T € Thrd do
9: Fr+{(0f)e(xx)T|I& 7}
10: (O1,Nt) < SPLITSET((X x) T,7)
11: ((f{'x)T)<—NT\FT
12: end for
13: 7" < MOSTRECENTWRITETIME (X', x)
14: for all T € Thrd do
15: Wr 0
16: 71" < MOSTRECENTWRITETIMETHREAD((X' x) T)
17: if #7717 = 1, AFp = 0 A Or = 0 then
18: Wr  {(Lya, L4)}
19: else
20: Wr  {(7,7) € (& x)T) |7 7, 20 £ L AT 0, 2 £ 1)
21: end if
22: ((&" x) T) + FTUOTUWr
23: end for
24:  end for

25:  return £
26: end function

Algorithm 5.10 Split Set of Writes

1: function SPLITSET(W,7)

22 0+ {07 eEWI|TZ, INT 2, T}
3 N« {(»?)eW|ig Vi <1}
4:  return (O,N)

5: end function
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or,

. any write, (¥,7), of ((%x) T) such that 7 <, 7, if 7 1, 7" # 1,, where

7™ is the time of the globally most recent write of the writes preceding
’L

. (lml, J_,), if there are no writes fitting the definition of the previous two

categories (e.g., if all writes made by T are outdated or no writes have
occurred by T on x; i.e., if ((Xx) T) = {(Lya, L) D).

Before advancing to the proof procedure, note that —(7 Z, 1A £, 7') when-
ever for 7 is 1, or T;. If they are not, note that (it is implicitly assumed that
Time = Intv):

max(¥,(7')) £ min(%(7)) Amax(¥(7)) £ min(y(7))
< max(y(7')) = min(y,(7)) Amax(y;(7)) = min(y:(7'))
S min({max(v,(7)), max(:(7))}) >

max({min(7,(7)), min(%(7))})

Def. 334 . . . ~
L=, 7 £ 1

Now, assume that X contains safe write history. The structure of the algo-
rithm gives that for each x € Var:

For each thread, T € Thrd, the set Fr contains the writes, (7,7 ), by T on
x such that 7 <; 7; i.e., writes that occur after 7. Note that this captures
all writes, (7,7), such that 7 = T; as long as 7 # T;.

For each thread, T € Thrd, the set Ot contains the writes, (7,7), by T
onxsuchthat? Z, AT Z, 7.

For each thread, T € Thrd, the set Nt contains the writes, (v,7), by T on
xsuch that 7 <, 7V7 <, 7. Note that this captures all writes, (7,7 ), such
that7 =T, or 7 = 1;.

7" is determined from X', for which all writes, (¥,7) € ((X' x) T), on x

by each thread, T € Thrd, are such that 7 <, 7.

For each thread T € Thrd, Wr = {(L,4, L)} whenever 7™ 1, 7" =
1, AFr = 0 A Ot = 0, otherwise, Wy contains all the writes by T on x
such that 7 <, IA7 M, Z7 #£ O if 7" 11, 2 £ 1,, where 7™ is the
time of the most recent write of the writes, (7,7) € ((X' x) T); i.e., the
writes, (7,7) € ((Xx) T), such that 7 <, 7.
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Assume that 7™ [, 7" # 1,V Fr # 0V Or # 0, then ((X” x) T) contains
all writes, (V,7), suchthat7 <, 7V (7 Z, INTZ, 7))V (7 M, 7" # I, A7 R,
?{”W #+ L). Thus conditions 1 and 2 above are fulfilled. Note that all writes,
(v,7), occurring after 7 (i.e., 7 <, ¥') are present in X”; i.e., they are not trimmed
away from X.

Next, assume that 7™ 1, 7" = 1, AFr =0 A O = 0, then ((X" x) T) =
{(L,a, L;)}. Thus condition 3 above is fulfilled.

Thus, &” (and hence TRIM(%,7)) contains safe write history for all vari-
ables, x € Var and threads, T € Thrd. ™

5.6 Abstract Lock States

In this section, a Galois connection, {Qj,ck, Viock)> between the concrete do-
main & (Lck — (Lekgt X Thrd; x Time x Thrd | x Time)) and the abstract
domain (Lek — (Lekgy x Thrd | x Tirie x Thrd | x Tirme)) U { L, Tiock }»
for lock states, will be defined (Theorem 5.34). The definitions of ¥, (Which
is monotone by Lemma 5.33) and o, are presented in Definitions 5.28 and
5.29, respectively. Note that STT, OWN, DL, POWN and REL are defined in Ta-
ble 5.4, and that STT, OWN, DL, POWN and REL were defined in Table 4.5 on
page 45.

I is the bottom element, 1,0, if 3lck € Lek : (1lck = (u, T, 1,,T,7) Vv
[ ick = (u,T,7,T', 1,)) for some lock state, u € {unlocked, locked}, owner, T €
Thrd, and previous owner, T’ € Thrd. The top element, ﬁ,,ck, identifies the
mappings, I, such that Vick € Lek : T lck = (u, T, T,, T/, T,), for any lock state,
u € {unlocked, locked}, owner, T € Thrd, and previous owner, T' € Thrd.
Definition 5.28 (Concretization of an abstract lock state):

Yiock T iock) = Lek — (LeKkggt X Thrd, x Time x Thrd; x Time)
Yiock(Liock) =0
Yioek (1) = YViock (Alck € LK. (ugeie, Tick ek, T Ty ))
= {Alck € LeK. (e, Ticks tickes T Uer) |
tiek € YVi(Tiek) Ny, € Ye(Bi) } o

Definition 5.29 (Abstraction of a set of lock states):

alock(l]—-‘) = ﬁlock{ﬂ ‘ LC Vlock(ﬁ)} O
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STT : (Lekstt X Thrd | x Time x Thrd, x Time) — Lekggt
STT((u, T,;, T,7)) = u

OWN : (LeKkgtt X Thrd | x Time x Thrd ; x Tire) — Thrd
OoWN((u, T,;, T',7)) =T

BL : (Lekg x Thrd | x Tithe x Thrd , x Tife) — Tirhe
BL((u,T,7, T 7)) =7

POWN : (Lekgye x Thrd; x Time x Thrd; x Time) — Thrd |
POWN((u, T,;,T',7)) =T

REL : (Leckgyt X Thrd | x Tife x Thrd, x Tife) — Time
REL((u, T,,T,7)) =7

Table 5.4: Definition of STT, OWN, DL, POWN and REL — abstract versions of
STT, OWN, DL, POWN and REL.
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~ The partial order, Ciocks greatest lower bound, |;|lock, and least upper bound,
|lock» for abstract lock states follow naturally from Definitions 3.26, 3.27 and
3.28 and are presented in Definitions 5.30, 5.31 and 5.32, respectively.

Definition 5.30 (Partial order of abstract lock states):

ﬂ Elock ﬁ()ck

llock Elock ﬁ

[ et I <= Vick € Lek : (sT1(1 ick) = sTr(T Ick) A
oWN(I lck) = oWN(T" Ick) A
BL(I ick) €, BL(T Ick) A
POWN(T Ick) = POWN(T Ick) A
REL(T Ick) &, REL(T Ick))

Definition 5.31 (Greatest lower bound of abstract lock states):

ﬂﬁlock —T—lock = —T—lock Izllockﬂ =1

1ok Liock = Liock Tioek 1 = Liock

Alck € Lek. (i Tek 7% Tr1ek 716k)

Alck € Lek. (ulsk, Tick glck T, lek 7lcky =
Alck € Lek. if Vick € Lek :
(Mllck7Tllck7;llck ﬁt ;lzck7T/1 lckj/1 Ick |=|t ;/2101{) (MIICk — ulzck A

Tllck — leck A
T/1 lck T/zlck)

Tiock otherwise
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Definition 5.32 (Least upper bound of abstract lock states):

ﬁ Ulock —T—lnck = —T—lock D/ockﬂ = —T—lock
I LIlock J—lock - J—Iock |—|lock]1 - ]1
Alck € LCk.(Mle Tlck tlck T/ Ick /lck)
Alck € Lek ( lck Tlck Ick T/ Ick /zlck)

Alck € Lek. 1f Vick € Lek :
(ullck7Tllck’leck 0, "lzlzck,T/l lck’;ll lek ) 7 lck) (ullck _ ulzck A
Tlck Tlck A
T/ Ick __ T/ Ick)
Tiock otherwise 5
Lemma 5.33 (Monotonicity of ¥;,.):
Yiock> s given by Definition 5.28, is monotone. o

PROOF. Assume that 1 £, I’ If T = L, or 1! = Tjper, then triv-
ially, Vok(I) € Voek(I').  Otherwise, assume that 1 € (), Tick =
E”lchlckv;lckvT?ckjfck) and 1 lck = (u;ck’T;:‘kj;i'k’T;Zk’t;ilk) Since T Cjoe
I, it must be that Vick € Lek : (ujex = )y A Tk = T)p AT} = T Ak 4
i AT E 7). But then, since 1 € Yioek (1) and 7, is monotone (Theorem
3.39), it must be that I € ¥, (1"). This proves the lemma. -

Theorem 5.34 (Galois connection — Lock states):
(Qiocks Viock)s Where Vipex and Qo are given by Definitions 5.28 and 5.29,
respectively, is a Galois connection. o

PROOF. First it will be shown that ¥, is completely multiplicative. Thus note
that ¥, is monotone (Lemma 5.33). Next observe that yl,mk(ﬂ,ck) =Lck —
(Lekgyt x Thrd | x Time x Thrd; x Time) = T;,.

Now, assume that 1,1’ € Lek — (Lckstt x Thrd, x Tie x Thrd, x Tire)
are such that T Zpq I' AT Z;,,Ck [. From Definition 5.30, it follows that
neither of 1 and I’ can be 1, or Tlock Thus, it is safe to assume
that these states can be expressed as Tick = (uiek Tick: Freks Thog» Trp) and
SOV VIR VORTIAY

Based on the above assumptions, it will be shown that:

Yiock (ﬁ Izllock ﬁ,) = Yiock (ﬂ) N ’}/lock(]?)
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First, assume that 3lck € Lek : (wiek # oy V Tier 7 Tiy V Tjoye # Tpy)- Then,
]“:llock I'= Liock, and thus the L.H.S. becomes ylock(]l |=|l()ck ]1/) = ylock(J—lock) =
0. The R.H.S. becomes ¥joex (1) N ¥ioek (I') = 0, because it must be that V1 €
'ylock(ﬁ) vl e Yiock (ﬂ/) 01 75 1’ since Jlck € Lek : (”lck # u;ck V Tjex # TZ‘k V
T}, # T/%). Thus, LH.S. = RH.S.

Next, assume that Vick € Lek : (uger = u)jy A Tiere = Tj AT = Tj) and
note that (¢, ;) = (Cus, Yine) is a Galois connection (Theorem 3.39). Then,
(ﬂ |=|lock E/) Ick = (ulckaTlck;;lck ﬁt ;Z*k’T;ckj;ck ﬁt ;Z/k)) and

YioekAMoex ) "= {Aick € Lek. (wick, Ticks ticks Tieger i) |
tick € Ye(fiek O Tig) ANy, € Ve(Tleg, T Fig) }
{Ale € LCk-(ulchlck,tlck,T;CkJ;Ck) |

tick € Ye(Bie) NVYe(Teg) Ay € V@) N V(@)

Lem. 3.14

le.
E {Alck e Lk (et Tieks ticks Theger i) | 3
tick € Ye(fick) Ny € Ye(Tge) 0
{llck S LCk.(ulck7Tle7t[L'k7T;ck7t;Ck) |
~I/ 2
ek € %(tlck) Ntk € Yf(tlck)}
Def. 5.28

Yiock (ﬁ) N Yiock (ﬂ/)

Thus, it has been shown that ek (1M0ek 1) = Yioer (1) N Yioek (). Now, all
the three conditions in Lemma 3.4 are fulfilled, which means that ;. is com-
pletely multiplicative. Then, by Lemma 3.15, it is obvious that an abstraction
function, a, such that (¢, ¥j,) is a Galois connection can be defined. Using
Lemma 3.14, the definition of this ¢ is the same as that of o, in Definition
5.29. Thus, (®ock; Viock) is @ Galois connection. -

5.7 Abstract Configurations

In this section, a Galois connection (c.f., Theorem 5.41) between the concrete
and abstract domains for configurations, & (Conf) and Conf, respectively, will
be defined. Conf is defined as:

Conf = (Prerned; ({T} x Lblr x (Regp — Val) x Tifhe) x
(Var — Thrd — Z?(Val x Time)) x
(Lck — (Lekg x Thrd, x Tirffie x Thrd | x Tirme))) U

{lconf, Ticorzf}

where Thrd; C Thrd (the reason for this will become apparent when the ana-
lysis is presented in Chapter 6). The abstract configuration, ¢ € Conf, will be
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denoted in the same manner as concrete configurations:

cu= <[TapCT’iﬂijFl}TeThrdg’§{’i>

The concretization function for abstract configurations, Y.ns : Conf —
Z(Conf), is given by Definition 5.35.

Definition 5.35 (Concretization of an abstract configuration):

Yconf ( Nconf ) COIlf
’}/conf(J—conf)
%(}nf( [ ,per, I, tT]TeThrd X, ﬂ>)

{<[T PCTaTTvtT]TeThrd » X, ]1> | B
IT € Yreg(]rT) Atf € VaG: )AX € Yhar )AL E€ Yo (1)} o

The partial ordering of abstract configurations, C,,, follows naturally us-
ing Definition 3.26 and is given by Definition 5.36. Note that this relation
cannot be directly used within the analysis since =, cannot. A safe relation,

E/wnf, is obtained by replacing C,,, with £, in the definition of C,y.

Definition 5.36 (Partial ordering of two abstract configurations):

é:‘Econf —T—conf

Lconf Iiwnf ¢

<[T pCTvrTutT]TeThrd ,X, ]1> canf B
([T, pCTa IrTv tT/]TEThrdg/ X, H/>

<~
fC, AL 0 I AThrdg = Thrdy A
VT € Thrd; : (pep = pcip At Copp TR ATE C, 7Y O

The function ¥,,, is monotone with respect to C Ccons (Lemma 5.37).

Lemma 5.37 (Monotonicity of ¥.,,s):
The function Yons : Conf — 2 (Conf) is monotone with respect to C.ps. Le.,
if & ¢ € Conf and € T opp €, then Yeonf (€) C Yeons (€'). o

PROOF. Assume that ¢,&’ € Conf such that & Cppp & If ¢ = Lopns or & =
Teonf» the lemma holds trivially. Otherwise, ¢ and ¢ can be expressed as ¢ =
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([T7ch,fT7?{f]TeThrdE,>§,]1) and & = ([T7pc’T,fr’T,?{Z’]T€Thrd5/ , K1), Assume
that ¢ € Yeonf (€). Since & Cpp &, it must be that:

Thrd; = Thrdy AT Cppu AKX Cpr A
VT € Thrd; : (pep = pp AT Cpp Bp ANTEC, 7Y

The monotonicity of ¥;, Yreg» Yar and Yjoer (Theorems 3.39, 5.6 and 5.10,
and Lemma 5.33, respectively) then implies that ¢ € Y., (¢") as well. Thus,
Yeont (€) € Yeons (¢') and the lemma holds. n

The greatest lower bound operator for abstract configurations, ﬁc,,nf, fol-
lows naturally using Definition 3.27 and is given by Definition 5.38. Note that
this operator cannot be directly used within the analysis since [],,, cannot. A

safe operator, |;|:.0nf, is obtained by replacing [,,, by |;|1W in the definition of

|_IC()nf .

Definition 5.38 (Greatest lower bound for two abstract configurations):

Eﬁconf Tconf = T:conf Izlcnnfg = EN
El—lconf J—conf = J—conf mcon]ff = J—C(mf
([T,per, Er, t’lﬂTeThrdg %, 1) Heonf _
<[T,pc’T, ﬁ"II‘a t%/]TeThrdE/ X, ]1/> =
([T,pep, i1l ¥, if Thrdz = Thrdy A

[FAnaEd ]TeThrdE, VT € Thrd; : pct = pc
5 X |=|var 52/7 I ﬁIock ]1/>
Leonf otherwise o

The least upper bound operator for abstract configurations, [lconf, follows
naturally using Definition 3.28 and is given by Definition 5.39. Note that this
operator cannot be directly used within the analysis since | |, cannot. A safe

operator, llllwnf, is obtained by replacing | |, by [l;a, in the definition of |:|wnf.
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Definition 5.39 (Least upper bound for two abstract configurations):

El:lconf —I—canf = —T:conf |:lconf ¢c= —T—conf
El—lconf J-cnrgf = J—conf Ucorg}ié =¢
<[T7cha T, t"ﬁTEThrd; X, H) |—|conf ~
([T,per, 21, t"lq/]TeThrdg/ X)) =
([T, per, E1 Uyeg T, if Thrd; = Thrdy A

i Oy ;%/]Tejhrdf7 i VT € Thrd; : pep = pch;
- X Uyar ):&/7 I Uiock ]l/>
Tconf otherwise O

The abstraction function, 0., : & (Conf) — Conf, is given by Definition
5.40 and (Ctconf, Yeons) is a Galois connection (Theorem 5.41).

Definition 5.40 (Abstraction of a set of configurations):

aconf(c) = Izlconf{é ‘ ccC Yconf(g)} O

Theorem 5.41 (Galois connection — Configurations):
(Ctconf Yeonf)» Where Yeons and Oone are given by Definitions 5.35 and 5.40,
respectively, is a Galois connection. o

PROOF. First it will be shown that ¥, is completely multiplicative. Thus
note that Y.,,s is monotone (Lemma 5.37). Next observe that Yeonr(Teonf) =
Conf = T,s.

Now, assume that ¢,¢' € Conf are such that & Zopr & A& Lcons & From
Definition 5.36, it follows that neither of ¢ and & can be Lconf OF Teonf.
Thus, it is safe to assume that these configurations can be expressed as
&= ([T.per,F1, 1 penra, %o 1) and & = ([T, per, B, 1 T ppea, - X5 1)-

Based on the above assumptions, it will be shown that:

%onf (5 ﬁconf El) = ’Yconf(f) n ’}/conf(El)

First, assume that Thrdz 7 Thrdx V3T € Thrd; : pey # pck. Then, ¢ Cleonf
& = Lconf» and thus the L.H.S. becomes Yeont (€Mconf &) = Yeonf (Leonf) = 0.
The R.H.S. becomes Yeonf () N Yeonr (¢') = 0, because it must be that Ve €
Yeonf (€) 2 V¢" € Yeons (€') : ¢ # ¢/, since Thrdz # Thrdy vV 3T € Thrd;: : pcr #
pC/T. Thus, L.H.S. =R.H.S.
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Next, assume that Thrd; = Thrdy AVT € Thrd; : pcy = pc and note
that <ata7’t> = <05inta7int>, <arega7reg>v <avar;7/var> and <alock7710ck> are Galois
connections (Theorems 3.39, 5.6, 5.10 and 5.34, respectively). Then, EMconf
&= <[T,pCT,f'T ﬁreg f‘lr,;% ﬁ, ;%/]TeThrdE,fxlzlmrf&/,ﬂﬁlock ﬂ/> and

e 1\ Def. 5.35
Yconf(c mconf C/) 9= {<[T7cha rT, t’?]TEThrdE )y X, ]l> |
IT € ’yreg(fT ﬁreg f%) /\t% € Yr(;% ill ;%/) Z\
X € ')/var(i{ [Myar X~{/) Nl e %ock(ﬂ Miock ]1/)}
T7PCT7TTvt1a“]TeThrd57Xvﬂ> |
I € Yreg(f'T) N }/reg(fr{r) N t”i“l € %(t”lfl) n }/t(th/) Z\

X € Yvar (5&) N %ar(fﬁ/) Nl e ylack(ﬂ) N /}/lock(]l/)}
calc.

= {<[T7PCT7rT7t%]T€Thrd57X’]1> |
T E Y1) A6 € 15 A
X € ’)/var(fx) Nl e ’}/[,)Ck(]l)} N
{<[T7PCT7ET’t%]TeThrdgvxam |
T € Yreg(B1) A1f € Yi(F{) A

X € ’}’mr(}i/) NS 'Ylock(ﬂl)}

Lem.:3.14 {<[

a2 Yeonf (€) N Yeons (&)

Thus, it has been shown that Yonf (¢ Meons € ) = Yeonf (€) N Yeonf (€7). Now, all
the three conditions in Lemma 3.4 are fulfilled, which means that ¥, is com-
pletely multiplicative. Then, by Lemma 3.15, it is obvious that an abstraction
function, «, such that (&, ¥..nr) is a Galois connection can be defined. Using
Lemma 3.14, the definition of this « is the same as that of ¢,,s in Definition
5.40. Thus, (Oconf, Yeons) is a Galois connection. =

An alternative approach to derive a Galois connection here could be to use
Theorems 3.16, 3.17, 3.20, 3.22, 3.24, 3.25 and 3.39, but the presented Galois
connection is easier to understand.

Now, consider the abstract domains, ConfiX > ¥ and Conf3y, > ¢&,
which will be used for the abstract axiom transition rules in Table 5.5. These

domains are defined as:

Confi¥ = (Thrd x Lbl x (Reg — Val) x
(Var — Thrd — Z2(Vil x Tire)) x
(Lck — (Lekgt X Thrd, x Time X Thrd; x Tire)) x
Tirhe) U { 14, T

mn’ in

& = (T, pe, £,%,1,7)

in
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and:

Confiy, = (Lbl x (Reg — Vil) x
(Var — Thrd — Z?(Vil x Time)) x
(Lek — (Lekgy x Thrd ;. x Time x Thrd, x Time))) U
{lax —T’ax

out> out

E(L)ll)t(l = <])C,f‘,f&7ﬂ‘>

It is easy to see that (af, v2*) and (o, Yen:), Where af : &7 (Conf3X) —

Conf2x, 72 : Conf2 — 2(Cont®), a%, : 2(Conf2y) — ConfY, and 72 :

in ° out * out u

Conf2%, — Z(Conf2X,) are given by Definitions 5.42, 5.43, 5.44 and 5.45,

ou out
respectively, are Galois connections (c.f., Theorems 5.46 and 5.47).

Definition 5.42 (Abstraction of a set of axiom input configurations):

= dX ~
oy (Cin ) = i 1857 | G S Vi’ ()} o

Definition 5.43 (Concretization of an abstract axiom input configuration):

Yifzx((rapca Naiaﬁ7;>) = {<T7pca]r7xaﬂat> | S ’ng(id) /\X~€ Yvar(i) A
le YIock(H) AvAS /}/t(;)} m]

Definition 5.44 (Abstraction of a set of axiom output configurations):

=dax ~ ~
O‘Zir(cgiir) = [—lout{c(()l;ft ng);z - Y(ift (Cglft)} o

Definition 5.45 (Concretization of an abstract axiom output configuration):

Y%((PC7~7§£,~>) = {{pe,1,x,1) | T € Vg (T) AX € har(X) AL € Ylock(ﬁ)} o

Theorem 5.46 (Galois connection — Axiom input configurations):

(afs, v, where o and y&* are given by Definitions 5.42 and 5.43, respec-
tively, is a Galois connection. o
PROOF. Similar to the proof of Theorem 5.41. ™

Theorem 5.47 (Galois connection — Axiom output configurations):
(%, vis), where 0%, and v/ are given by Definitions 5.44 and 5.45, respec-
tively, is a Galois connection. o

PROOF. Similar to the proof of Theorem 5.41. ™



STM(T, pc) {pc & %1 If
[halt]Pe (pe,#,%,1)
fokipp* perlizl)
[r:=alP* (pc+ l,ﬁ[r»—%;af[[a]]fr],%«:,]l)
[if b goto [JP¢ 1)

[if b goto [JP¢
[store r to xJP*
[load r from x]P¢

[Lock lck]P©

[Lock Ick]P©

[unlock [ck]P©

[unlock [ck]P©

(pe,#,%,1)

(pc+1,%,%, L[lck— (unlocked, L g, BL(T Ick), T, 7)])

(pc+1,7,%,1)

%?WH ! b]]ﬁ‘ # JN—reg
Lz [bIE 7# Lreg

oWN(T ick) =T A
(st1(I Ick) = unlocked =
(7 ¢ REL(T lck) A
pL(LIck) 7))
oWN(T Ick) £ TV
(str(1 Ick) = unlocked N
(7 2, REL(L ick) v
pL(1 Ick) <, 7))
oWN (I ick) =T A
str(l Ick) = locked
oWN(Llck) #Tv
sTr(1 Ick) = unlocked

Table 5.5: (T, pe,¥,%,1,7) = (pc’,#,%',1'), semantics of abstract axiom transitions.

123

"1dd Sundadiduy Apoensqy °s 1dey)
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5.8 Abstract Semantics

The abstract transition rules for axiom statements in Table 5.5 are safe approxi-
mations of the rules in Table 4.2 with respect to Definition 5.48 (Lemma 5.49).

Definition 5.48 (Soundness of the abstract axiom transition relation):
Assuming that X contains safe write history (c.f., Definition 5.18), the transi-
tion relation — is a safe approximation of —, as used by —, iff

ax prg ?

Ve € Confiy - Vefit € vt (&) : Veg, € Confiy, :

i out *
ax ax ~ax Safax . (xax Ty xax ax ax (=ax
(Cin ?cout = 3Cout € Confout : (cin ?Cout /\Cout € Your (Couz‘)))

where c* is generated (c.f., Table 4.3) from a valid configuration (c.1., Defini-
tion 4.4); i.e., the lock state is valid with respect to the accumulated time of the

given thread. o
Lemma 5.49 (Soundness of —):
— is a safe approximation of —*, with respect to Definition 5.48. o

PROOF. This proof will be conducted by showing for each defined transition
that it is safe according to Definition 5.48.

Assume that ¢&@(T,pc,T,%,1,7) € Conf™ and ¢ @(T,pc,r,x,1,1) €
Conf¥, such that c¥ € y4*(¢4¥), that 1 is valid with respect to ¢ and that <
contains safe write history. Now consider each defined axiom statement.

1. Assume that STM(T,pc) = [halt]P“. From the concrete semantics, it

ax ax ax __ ~ax
must be that cf* —¢&, where ¢l = (pc,r,x,1). Choose ¢2, so that

5!1)6%5

in ax

ax o ie., &% = (pc,F,X,1). Thus, ¢&, € Y& (¢%,).
2. Assume that STM(T,pc) = [skip|P°. From the concrete semantics, it
must be that ¢&* — c2%, where ¢%, = (pc+ 1,1,%,1). Choose ¢%, so

n ax out> out
that ¢4 — ¢4«

: ~ax __ ~ = T ax ax (xax
in ax Couts 1-€ Coyr = <pC—‘r 1,I[“,X,ﬂ>. Thus, Cout € You (Cout)'

3. Assume that STM(T,pc) = [r := a]’°. From the concrete semantics,
it must be that ¢ —c%., where c&, = (pc + 1,v[r— o[a]r],x,1).

n ax out> out

ie., ¢% = (pc+ 1,t[r— o/ [d]f],%,1).
Since & is safe~ly induced from & (see Section 5.3), it must ~be that
A [a]r € Yy (< [a]T), and hence, r[r— o [a]r] € Yo (E[r— o/ [a]T]).

ax ax (xax
ThllS, C()ut € }/()ut(com)'

=ax ~xax =y xax
Choose &g, so that & — &5,



86 Chapter 5. Abstractly Interpreting PPL

4. Assume that STM(T,pc) = [if b goto []P°. Then two cases must be con-
sidered.
(a) In the first case, Z[b]r. This means that ¢ — c%, where ¢l =

(I,r,x,1). Now, choose &%, so that & — &% by the correspond-

out
ing branch (i.e., Zp[b]F # Lyp); ie., ¢& = (I, %4 [b],%,1).
Since 93% is safely induced from Z (see Section 5.4), it must be
that % [b]T # Ly, and that Y& (%) contains, at least, all cases
where Z[b]r. Thus, it must be the case that ¢&, € Y& (¢&%).

(b) In the second case, = Z[b]r. This means that ¢* — %"

in ax ~out>

et = (pc+1,r,x,1). Now, choose ¢%, so that ¢& — ¢4 by the

out in ax ~out

where

corresponding branch (i.e., Bl b]F # Ly ie., €% = (pc +

1, %] b]E,%,1). Since %j is safely induced from %’ (see Section
5.4), it must be that %[ ! b]F # L, and that Y25 (%)) contains,
at least, all cases where = Z[b]r. Thus, it must be the case that

Cour € Your Cour)-
5. Assume that STM(T,pc) = [store r to x]“. From the concrete se-
mantics, it must be that ¢ —rc%, where ¢, = (pc+ 1,r,x[x —

in ax “out’
(xx)[T— {(rrt)}]],1). Choose &%, so that ¢&*— 2% ie., &4 =

(pc + 1,7, WRITE(T, %, x, (F ,7)),1). It is easy to see that (c.f., Algo-
rithm 5.5) x[x — (xx)[T+— {(r ,1)}]] € %ar(WRITE(T, X, x, (T 1,7))),
thus ¢ € Yo (Cou)-

ou.

6. Assume that STM(T, pc) = [Load r from x]P°. From the concrete seman-

tics, cX — ¢, where c¢iy = (pc+ 1,r[r—v],x,1) for some v such

that Elt € Time : (V,t) c UT/EThl‘d((x X) T/) if UT/EThrd((x X) T/) 7£ 0

and v € Yy ([—o0,00]) otherwise. Choose ¢&, so that ¢& —¢dv | i.e.,

&% = (pc+ 1,f[r+— READ(%,x,T,7)],%,1). Since % is safe at time 7
and READ then returns a safe value (Lemma 5.26), it must be that v €

’}/VGI(READ(}§7X7T7;)) and thus cglft E YOMT( OM[)

7. Assume that STM(T, pc) = [Lock Ick]P¢. Then two cases must be consid-
ered.

(a) In the first case, OWN(l Ick) = T. From the concrete semantics,
it must be that ¢ —r ¢, where ¢% = (pc + 1,r,x,1[lck —

in ax ~out>
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(b)

(locked,T,DL(1 Ick),POWN(L Ick),REL(1 Ick))]). ~ Choose &¢&*
so that ¢ —>Z% by the corresponding branch, (OWN(I Ick) =

m ax
T A (sTT(1 ick) = unlocked = ( Z; REL(I Ick) ADL(1Ick) Z, T)));
ie., oy = (pc+ 1E,X [A[lck — (locked, T, BL(I Ick), POWN(T Ick),
REL(I Ick))]). Note that if STT(1 Ick) = unlocked, it is implied that
t £ REL(1 Ick) ADL(L Ick) £ ¢ (Lemma 4.6). Thus, it must be the

case that ¢, € Y% (¢%%).

out

In the second case, OWN(1 Ick) # T. From the concrete semantics,
it must be that ¢ — c2* where ¢%, = (pc,r,x,1). Choose &%,

in ax “—out®
~ax _>
so that Cln ax ()ut

(sTT(]l Ick) = unlocked A (7 <, REL(1 Ick) v DL(1 Ick) <, 7)); i.e.,
¢% = (pc,¥,%,1). Thus, it must be the case that ¢, € Y& (%)),

OMZ

“ by the corresponding branch, oWN(1 Ick) # TV

8. Assume that STM(T,pc) = [unlock Ick]P°. Then two cases must be con-
sidered.

(a)

(b)

In the first case, OWN(I Ick) = T. From the concrete semantics,

it must be that ¢&* —r ¢, where ¢y = (pc + 1,r,x,1[lck —

(unlocked, L g, DL(L Ick), T,1)]). Choose &%, so that & — gax

in ax ~out

by the corresponding branch, oWN(Ilck) = T A sTr(lick) =
locked; i.e., %, = (pc+ 1,%,%,I[Ick— (unlocked, 1 y,q, DL(I Ick),
T,7)]). Note that in the concrete case, STT(1 Ick) = locked when-
ever OWN(L Ick) # L,y for a valid configuration (Definition 4.4).

Thus, it must be the case that ¢&, € y25 (¢4).

In the second case, OWN(1 Ick) # T. From the concrete semantics,

it must be that ¢ — ¢4, where ¢%, = (pc+ 1,r,x,1). Choose

~ax ~ax
&, so that & — g,

TV sTT(l Ick) = unlocked; i.e., ¢%, = (pc+1,%,%,1). Thus, it must
be the case that c&, € Y% (E5,). n

by the corresponding branch, oWN(1 Ick) #



Thrd,, # 0 AVT € Thrd,y. : (T,per, i1,%, 1", 7) 72 (pck, £, %5, 1)

¢@([T, per, B, Wl rerhn di,x,ﬁ) e € @([T, (T € Thrdese ? pc’y : per), (T € Thrdese 2 32 £1), 5} pepppg, - - i

where

iy = ABSTIME(Z, T)
o = o ({min({min(y;(#{ +,77)) | B}), where B <> T € Thrd; A STM(T, pcy) # [halt]P“r AVick € Lek :

min({max(y;({ +:7})) | B})}) (STM(T, per) = [Lock lek]Per = oWN(T ick) € { Ly, T})
)

Thrd?’, = {T € Thrd; | 7, My (¢ T4 ) # 1 ASTM(T, per) # [halt]Per}
(unlocked, T',DLLOCK (&, Ick), for some T’ € {T € Thrd; | 3/ € Lbly : STM(T, ) = [lock Ick]'},
1" ick = POWN(I Ick),REL(I Ick)) if 3T € Thrd?, : STM(T,per) = [Lock lek]Pet AOWN(T ick) = Ly
1ick otherwise
Thrdpgg = {T € Thrd; | Jick € Lek : (STM(T, pep) = [Lock Ick]Pet AOWN(T" Ick) # T) v STM(T, per) = [halt]Per}
T = a;({min({min(y;(7{ +/71)) | T € Thrd; \ Thrdyeiq }), min({max(y:(z$ +; 1)) | T € Thrdz \ Thrdpea})})
Thrd,, = {T € Thrd; \ Thrdpeq | 77, (7 F,75) # L}
5 ek — {ﬂg (i 1oy Lk OWN(I" Ick) € Thrdey,

1 1ck otherwise
o s _ o .
< TRIM(X",7) if Thrd; = Thrd where (£ x) T = (Xpx) T if T € Thrd,
b otherwise (%x) T  otherwise

= ACCTIME(([T',chr,ﬁ“T/,fTa,}T,EThrdF,§s7ﬁ”>7Thrdexe7T)

Table 5.6: ¢+ ¢’, semantics of abstract program transitions.
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The abstract transition rule for program configurations in Table 5.6 is an
approximation of the concrete rule in Table 4.3. The abstract rule now de-
fines a window in time, 7, (since Tife = Intv) that determines which threads
are included in Thrd,,.. The window reaches from the earliest point in time
when some thread might execute its active statements, to the earliest point in
time when some thread must execute its active statements. Note that DLLOCK
and ACCTIME are defined in Algorithms 5.11 and 5.12, respectively, and that
ABSTIME is assumed to be a safe approximation of TIME, as specified in As-
sumption 5.50; however, the definitions of these functions are out of the scope
for this thesis.

Assumption 5.50 (ABSTIME is safe and non-negative):

It is assumed that ABSTIME is a “non-negative” function that safely approxi-
mates TIME in the interval domain. More formally, it is assumed that

Ve@([T,per, 1, perprq, 1) € Conf :
VT € Thrd; : 0 < min(y;(ABSTIME(¢, T)))

and

Ve@ ([T, pcf, i1, ] perpea, % 1) € Conf :
Ve@ ([T, per, v, il rerheas X5 1) € Conf': _
(Thrd; C Thrd = VT € Thrd; : ((pey = pci A 18 € 1,(19)) =
TIME(c,T) € 7,(ABSTIME(E,T))))
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Algorithm 5.11 Determine Deadline for Lock Owner Assignment

1: function DLLOCK(¢@([T’, pcy, E.T”;"lq’]T’eThrdﬂ}i’ 1), ick)

2 I T

3 for all T € Thrd; do

4 if STM(T, pct) = [Lock Ick]PT then

5: & ¢

6 1

7 repeat

8 &« ([T, pep,fp,(T=T 27¢ :ig,)}T,eThrdE,xz,D
9: i < #{ 1 ABSTIME(Z',T)
10: until REL(I lck) <; ¢ V0 € 7,(ABSTIME(&,T))
11: if REL(LIck) Z; 7/ AO € ¥,(ABSTIME(&,T)) then
12: 7 7% [, REL(L ick)
13: & ([T, pep,Fr, (T=T 27 )]y cqprq, 1)
14: far < Ty My (¥4 ABSTIME(E, T)) Oy @t ({—20}))
15: else
16: tgr = 1a Ty (7 O i ({—o0}))
17: end if
18: end if
19:  end for

20:  return iy
21: end function

Algorithm 5.12 Determine Accumulated Execution Time

1: function ACCTIME(E@ ([T, pcp/, F ’;%]T’EThrd; ,%, 1), Thrdye, T)
20 B

3. if T € Thrd,, then

4: i < ABSTIME(Z,T)

5 if Vick € Lek : STM(T, pet) # [Lock Ick]PeT then

6 -1 1

7 else
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Algorithm 5.12 Cont. Determine Accumulated Execution Time

8: for all Ick € Lck do

9: if STM(T, per) = [Lock lck]Pt AOWN(T ick) = T then
10: if STT(I Ick) = locked then
11: i If T i1
12: else if DL(1 ick) <; (1§ + 77) then
13: T 18 T
14: else if (¢ +; 1) <, REL(I ick) then
15: &+
16: while (7 ¥, ABSTIME(, T)) <; REL(I Ick) do
17: 7«1 +; ABSTIME(Z,T)
18: & ([T, pep r, (T=T 254 1)) p e rpea, 1)
19: end while
20: else if POWN(T ick) = TV REL(T Ick) <, (7§ T/ 7F) then
21: 7« (# F, 75) 1, oLl ick)
22: else > sTT(I Ick) = unlocked NREL(L ick) [, (¢ F,75) # 1, A

POWN(T lck) # TADL(LIck) Z, (¢ /7))

23 TR
24: &+
25: repeat
26: if DL(1 lck) <, (7 +/ ABSTIME(Z, T)) then
27: ir T
28: else if 0 € 7;(ABSTIME(&,T)) then
29: 7 (1% Oy a({eo})) My REL(T Ick)
30: & ([U,per . (T=T 27: 18] 1 cpprq, 5 1)
3L i <7+, ABSTIME(Z',T)
32: it
33: else
34: i« 1¢ +; ABSTIME(Z,T)
35 & ([Vper B, (T=T 21 4] pcppra, 5 1)
36: end if
37: until 7% = T, v REL(T Ick) <, 7%
38: 79« (7" 0, 7)1 DL ick) My (REL(T ick) Oy oty ({e0}))
39: end if
40: end if
41: end for
42: end if
43:
44:  return 7§/

45: end function
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Since Time is approximated using Time, there are some consequences,

rendering -+ an unsafe approximation of —— (c.f., Tables 4.3 and 5.6) in the

general case.

1. The sets of threads to execute, i.e., Thrd,,., might differ between ¢ €

Conf and ¢ € Conf, even if ¢ € ¥, (¢). Because of this, different pro-
gram points might be “visited” in the concrete and abstract cases, and
thus, fixed-point calculations on ﬁ in the traditional sense cannot be

used to find a safe over-approximation of the concrete collecting seman-
tics (see for example [14, 23]).

. The execution of 1load-statements cannot be safely approximated using

ﬁ if |Thrd,,.| > 1 and the value of a global variable is to be loaded.

The reason for this is that executing load-statements introduces data-
dependencies between the threads, and the READ-function could return
a value for which all possible writes have not been taken into account;
i.e., all store-statements that could affect the variable have not yet
been executed (and thus, X does not contain safe write history). To see
this, assume that for some abstract configuration, Thrd,,, = {T;, T2},
STM(Tl,chl) = [load r from x|, STM(Tg,pCTz) = [skip]”“™ and
ST™M(T2,per, + 1) = [store /' to x> When a transition occurs,
the load- and skip-statements are considered. However, since the ex-
ecution time of the store-statement (the abstract “point” in time when
the thread’s pc is updated) overlaps with the execution time of the 1oad-
statement, the resulting value of r in T should be affected by the value
of 7 in T, but this will not be the case.

. A similar reasoning to that for load-statements holds for lock-

statements — an unlocked lock, Ick € Lck, cannot simply be assigned to
one of the threads in Thrd,,. that issues 1lock Ick. This is because in the
concrete case, the lock might be assigned to another thread in Thrd,,,
(that might not yet be executing lock /ck in the abstract case). Thus, the
only safe option is to make assignments to, at least, each thread specified
in the considered abstract configuration that at some point might acquire
Ick. This is because these threads (even if currently not in Thrd,,,)
could compete for /ck with subsequent statements. If a thread that has
been assigned Ick actually does not compete for Ick, this can be detected
if the thread reaches a halt-statement or using the deadline parameter
in the state for Ick.



5.8 Abstract Semantics 93

4. A transition sequence containing deadlocked configurations will not be
safely approximated. In the concrete case, the threads included in the
deadlock are spinning on the locks they are waiting to acquire. This
means that time moves forward for these threads (given that TIME is
non-zero). However, in the abstract case, the threads will be frozen and
their accumulated times do not increase on a transition.

To handle these issues, the analysis will be proven to safely approximate the
timing bounds of any concrete configuration, c@([T, pcr, T, 1] reppra» X5 1) €
Conf, in the finite collecting semantics, % (C), of a program in the initial states
described by the configurations in C, such that VT € Thrd : STM(T,pcr) =
[halt]P°r. The analysis will also be proven to safely approximate the timing
bounds of some (but not all) collecting semantics that might be infinite. More
on this in Chapter 6.

e’ Will be proven to be a safe approximation of - in any finite collecting

semantics, with respect to each thread individually, for any configuration, ¢@
([T,per, B1, 1) e phra,» 5 1) € Conf, such that [Thrd,y| # 1V {T € Thrd, |
Jr € Regy : 3x € Varg : STM(T,pcr) = [load r from x[P°T} = 0, where Varg
is the set of all global variables (i.e., variables that might transfer data between
threads); i.e., either no thread issues a 1oad-statement on a global variable, or
there is such a thread and it is the sole thread that is executed, which means that
X must contain safe write history since no more writes on x can occur before
the given load-statement has been executed.

One thing to notice from how ﬁ is defined is that an abstract config-

uration cannot have the same restrictions for it being valid as a concrete
configuration does (c.f., Definition 4.4). When a thread (in Thrd,,.) wants
to acquire some unlocked lock, ﬁ can assign the lock to any thread

that at some point in the program wants to acquire the lock, as discussed
in 3 above. However (quite obviously), the assigned thread might not
acquire the lock with its current statement (it is also possible that the
thread never acquires the lock at all with its future statements). There-
fore, an abstract configuration, E@([T,ch,ﬁT,?%]TeThrdf,i,ﬁ) € Conf,
must be considered temporarily valid even if Jick € Lek : (OWN(T Ick) #
Lipra A STT(1Ick) = unlocked). As also discussed in 3 above, however,
such an abstract configuration can be considered invalid if Jlck € Lck :
(0WN(T Ick) # Lyya A STT(LIck) = unlocked A (DL(1 Ick) Z, (Fon(ier Fo
ABSTIME(E, 0WN(I Ick))) vV STM(OWN(T lek), pe gy i sexy) = [halt] omndien )),

given that D~L(ﬁ Ick) is a safe approximation of when Ick must have been taken
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by some thread in the corresponding concrete cases (c.f., Lemma 5.53), if any.

In the concrete case, a free (unlocked) lock is acquired as soon as some
thread tries to do so (c.f., Tables 4.2 and 4.3 and Lemma 4.5). The purpose of
DLLOCK, defined in Algorithm 5.11, is to derive a safe approximation of this
point in time (Lemma 5.53). Note that Lemma 5.51 states that accumulating
time for each thread individually is safe and that Lemma 5.52 states that the
timing of a thread can be analyzed in isolation from all other threads.

Lemma 5.51 (Time accumulation):

Given the two configurations ¢@([T, pcr, v, 1] reppra, X5 1) € Conf and ¢@
([T,chT‘,fT,?%]TeThrdE,xN{,ﬂ) € Conf, such that Thrd; C Thrd, let Thrd' =
{T € Thrd; | #{ € v,(#) Apcy = pc5}. ThenVT € Thrd' : (14 + TIME(c,T)) €
7:(#¢ F/ ABSTIME(Z,T)). o

PROOF. Assume that the configurations c@([T,per, v, ] orpeas 1) €
Conf and ¢@ ([T, pc5, T 1 reThe 0% [) € Conf are such that Thrd; C Thrd,
and let Thrd' = {T € Thrd; | ¢ € y,(%) Apcr = pc§}. Then, according
to Assumption 5.50, VT € Thrd’ : TIME(c,T) € % (ABSTIME(E,T)). Since
VT € Thrd' : 1§ € ¥,(7{), it is easy to see that VT € Thrd' : (#£ + TIME(c, T)) €
Y:(7% +; ABSTIME(Z,T)). -

Lemma 5.52 (Thread isolation): o

Given the two configurations c°@ ([T, pc%,r%,t% }TeThrd’XO’ﬂ()) € Conf and
d@([T, chT‘O ) f%,?%O]TeTh rda,}‘"go, %) € Conf, and some thread, T € Thrd;, such
that Thrd: C Thrd, t{io € }/,(f%o) and pc) = pc%o, and some configuration

o+l n+1 n+1 q"t! n+1 pn+1
@([T,pcy At lrerhear X' 51T, where

A= == =T
prg prg prg prg

for some n > 0,

1" ey (18" 7, ABSTIME(E, T) £, ... T

ABSTIME( @ [T ch,er,tT ]TeThrd’X ", T))

given that Vi € {1,....n} : 5 =#"" F, ABSTIME(Z!,T), Vi € {0,...,n} :
pck = pcs, Vi€ {0,...,n} : T € Thrdexe, and Ve € {°,...,c',....c"}\

{Vct,. . "} T ¢ Thrd;,,, where ThrdS,, and Thrdgxe are as defined in

Table 4.3 for all ¢ and all other ¢ on the trace from ° to ¢"*+1. o
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. 0

PROOF. Assume that the configurations ¢°@ ([T, pc%, 19,4
~0 ~0 ~0 % 0

Conf and &’ @([T,pcS ,T7,1f ]TeThrdE,

T € Thrd, are such that Thrd; C Thrd, tTO € }/t(fTO) and pc = pc}o Also

OH — I— — ntl n+1
assume that ¢ ->... 22 ¢ ... 2" for some configuration ¢ @

0 10
TeThrar X 1) €
%0,1% € Conf, and some thread,

([T, peit it ™ ] o XL 1) and n > 0, for which Vi € {0,...,n} :

Te Thrdgxe, and Ve € {%....c! ..., P\ { !, ") i T & Thrdm,
where ThrdS,, and Thrdgxg

on the trace from ¢° to ¢"*!.
From Table 4.3, it is easy to see that:

are as defined in Table 4.3 for all ¢! and all other ¢

td =tf
T1 TO
14 =& +TIME(, T)
16" = 18" 4 TIME(c",T) =
14" + TIME(c®, T) + ... + TIME(c", T)

Let {,...,8"@([T, pc%n,i“%,?{!"]TeThrd ,%", 1"} be a set of some abstract
conﬁguratlons such that ¢ has the propertles assumed above, Vi € {1,...,n}:
pch = pc and Vi€ {1,...,n} : 1% =7 I, ABSTIME(& ", T). Then,

according to Lemma 5.51:

(1 +TIME(", T)) € (7§ F, ABSTIME(&, T))

(18" + TIME(c", T)) € ¥,(#" T+ ABSTIME(&", T))

. n+1 n .
Since tf  =1t{ + TIME(c", T), this concludes the proof. n

Lemma 5.53 (Soundness of DLLOCK):
Given the valid concrete configurations (c.f., Definition 4.4), abstract configu-
rations and lock

R - )EConf,
"@([T, ch71rT7tT }TeThrd’ ") € Conf,
c"@([T ,ch,rT,tT rehear X" I ) € Conf,
TeThrd 1 0,1 € Conf,
e[, pcﬂT’,ﬁ,iT’]TeThrd ,%/,17) € Conf, and
Ick € Lek,

~ a0
de@ <[T»PCT BT ]
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such that
0<m<n,
A== === ="
prg prg prg prg )
0<,

Thrd,; C Thrd, C Thrd,
Vie {m,...,n}: oWN(I' lc;k) = Lo,
REL(1™ Ick) € y,;(REL(L Ick)),
3T € Thrd,, : (sTM(T, pef) = [Lock 1ck]w'% A ey ) N =780 A
pef = PCT = pch = pc) AT € Thrdg,, A ,
Vie{0,...,n} : OWN(l' Ick) # T),
Vie{m,....n—1}:VT¢€ Thrdexe : STM(T,pcfr) # [lock lck]”c%,

where Thrdgxe is as defined in Table 4.3 for ¢!, DLLOCK satisfies:

min({#{" +TIME(c",T) | T € Thrd}) € y,(DLLOCK (&, Ick))

]

PROOF. Given the valid concrete configurations (c.f., Definition 4.4), abstract
configurations and lock

"a(T T,peh, e, 1 remmear X >eccnf,
@([T, PCTJFTJT }TeThrd, ") € Conf,
@([T ,ch,rT,tT rehear X" I ) € Conf,
@([T ,ch ,]rT,tT ]TEThrd ,X0,10 ) € Conf,

cf@<[T,pc‘T',fr4,iT ]TeThrd ,%/,17) € Conf, and

Ick € Lek,
are such that
0<m<n,
e S el S
0<y,

Thrd;; € Thrd; C Thrd,
Vie{m,...,n}: OWN(II’ lck) = Lipra,
REL(]I’” Ick) € v (REL(L Ick)),
3T € Thrd,, : (STM(T,pc) = [Lock lck]m‘? Ag' e }/,(f{io) N
chT'j = chT'O =pct = ch AT e Thrdexe _
Vi€ {0,...,n}: OWN(l' Ick) # T),
Vie{m,....n—1}:VT € Thrdm, STM(T,pciT) # [lock lck]pc%,
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where Thrdci is as defined in Table 4.3 for ¢. First note that:

exe

e SinceVie {m,...,n—1}:VT € ThrdS, : (STM(T, pch) # [Lock Ick]Per A

OWN(I! Ick) = L ,q), it must be that REL(1" Ick) = REL(I™ Ick) (Tables
4.2 and 4.3).

e Since Vi € {m,...,n} : oOWN(l'Ick) = L1,y and REL(1"Ick) =
REL(I” Ick), it must be that VT € Thrd : & < REL(I" Ick) (Tables
4.2 and 4.3 and Lemma 4.2).

e Since time only moves forward (Lemma 4.2), it must be that for ¢”",
VT € Thrd : REL(I" Ick) < 2" 4 TIME(c", T).

e SinceVie {m,...,n—1}:VT € Thrd?;e : STM(T, pc’;) # [Llock Ick]Per,
it must be that VT € Thrd : (STM(T, pc) = [Lock lek]Pt = 18" = &™)
(Tables 4.2 and 4.3).

e Since IT € Thrd,, : (STM(T, pcl)) = [Lock Ick]Pt A28 € y,(78°) N 78 =
?%O /\pc%j = pc%o = pcth = ph AT € ThrdS, AVi € {0,...,n} :
OWN(I? Ick) # T), Thrd,; C Thrd, VT € Thrd : £ < REL(I" Ick),
VT € Thrd : REL(I" ick) < £ + TIME(c",T) and VT € Thrd :
(STM(T,pct) = [Lock lekPt = 12" = ¢&") it must be that 3T €
Thrd,; : " < REL(I" Ick) < " + TIME(c",T) A STM(T,pclt) =
[Lock lck]Per /\t%o € %(?{10) /\?%’j :?{30 /\chT'j zchT'O =pcdh=pAATE€E
ThrdS, AVi € {0,...,n} : oWN(I! Ick) # T).

From here on, it will be assumed that T" € Thrd,; is one of the threads such that

ST™M(T,pcl,) = [Lock lck]pc(T)’ A& <REL(I" Ick) < t&" +TIME(c", T') /\t{ff) €

%(?%?) /\f%,j = f%? /\chT']; :chT'(j =pctt, =pc, AT € ThrdS, AVi€ {0,...,n}:
owN(l' Ick) #T')).

e Let {my,...,my} be the set of indices, such that 0 < m; < mp < m,

Vie {m,...,my}: T € Thrd<, and Vi € {0,...,m}\ {my,...,my} :

T ¢ Thrd¢,,, where Thrd’,, is as defined in Table 4.3 for ¢! (note

exe’ exe
that it is possible that {my,...,ma} = 0; it should also be noted that
m . 0 ~ 0 ~a) ~ 0
T ¢ Thrdg,). Since Thrd, C Thrd, tf, € y,(if,), t{ff =1, coﬁ
.. W ¢ and 0 < m, it is easy to see that every configuration, &, created

by the repeat-loop within DLLOCK(¢&/,Ick) fulfills the assumptions of
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Lemma 5.52. Furthermore, it is easy to see that (according to Lemma
5.52)

19" € (79 T, ABSTIME(™ ,T') ¥/ ... T, ABSTIME(&"2, T'))

where &1 ... & correspond to a & derived by the repeat-loop (in total,
there are [{m,...,m;}| &-configurations for the expression above).

For the sake of readability, let

9 = ?1“3 +¢ ABSTIME(&™, T') +; ... +; ABSTIME(&"2, T')
&" = ([T,per,fr, (T=T 284 ?%j)]TgThrdf,fg,ﬁ}
where &1, ...,&™ are defined as in the bullet above.
Assuming that 7; is safe at the start of each iteration of the for all T €
Thrd;-loop, where T is such that STM(T,pclt) = [Lock [ck]P°T, it should be
shown that min({z%" + TIME(c", T) | T € Thrd;}) € ¥,(74) is always fulfilled
at the end of each loop-iteration. It is easy to see that the initial value of 7y
(i.e., T,) is trivially safe since VT € Thrd; : t%n +TIME(¢", T) € 7,(T,). Note
that V¢ € Conf : VT € Thrd : TIME(c, T) > 0 (Assumption 4.1). Several cases
need to be considered.

L If TIME(c",T') = 0, then & + TIME(c",T') = t& = REL(1" Ick)
(remember that ¢, = & and REL(I" Ick) = REL(1" Ick)) and 0 €
ABSTIME(&”, T") (Assumption 5.50). Since 0 € y,(ABSTIME(&", T)), it
will not be possible to determine a 7% such that REL(I/ ick) <, 7%. How-
ever, for the iteration of the repeat-loop for which 0 € ABSTIME(Z, T'),
it must be that REL(L/ Ick) Z, 7¢/. REL(L/ ick) provides a safe base for
when T would acquire Ick since REL(1" Ick) € ¥;(REL(I/ Ick)). Thus,
according to Assumption 5.50, it must be that (t# + TIME(c",T')) €
1:((7 ¥: ABSTIME(&",T')) U, o ({—o0})), where & = ([T,pcr,Er,
(T=T 275 ))emnra, 5 1) and 7 =7 O, REL(I/ lck). But then, it
is easy to see that min({#{" + TIME(c¢",T) | T € Thrd:}) € (7 T,
ABSTIME(&",T')) 0y a,({—e°})) M Tar).

2. If TIME(c", T') > 0, then two cases must be considered.

(a) If 0 € 7,(ABSTIME(¢",T')) (or for any & of the repeat-loop), it
will not be possible to determine a 7 such that REL(I/ Ick) <, 7.
However, this proof is the same as that of 1 above.
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(b) If 0 ¢ 7:(ABSTIME(Z",T')) (as well as for all & of the repeat-
loop), then a 7f} such that REL(I Ick) <, 14 can be derived.
Since %' < REL(I"Ick), REL(1"Ick) € y(REL(I/ Ick)) and
14" € ¥,(7%"), it must be that REL(I/ ick) %, ¢/, and thus, the
repeat-loop will iterate ar least once more when 7fj = 7.
Since REL(I"Ick) < t&" + TIME(c",T'), it must be that (since
1 = 18"y 1% + TIME(c",T) € %(i% ¥, ABSTIME(Z",T')).
Thus, & + TIME(c",T) € V(1 O a;({—eo})), where 7f
and & are derived from ¢’ by the repeat-loop, and thus
max (¥ (7)) < max(y,(7)) (c.f., Assumption 5.50). But then, it is
easy to see that min({z#" + TIME(c", T) | T € Thrd;}) € Y (2 O

0 ({=o0})) M Tar).
Thus, it must be that:
min({{" + TIME(¢",T) | T € Thrd}) € y,(DLLOCK (&, Ick)) .

The accumulated time, fff € Time, for a thread, T € Thrd;, is determined
using ACCTIME, defined in Algorithm 5.12, which is partially a safe approxi-
mation of the concrete accumulated time of T (Lemma 5.54). This is because
the way that time accumulates for threads executing lock Ick for some lock,
Ick € Lck, that is currently acquired by some other thread differs in the concrete
and abstract semantics. In the concrete semantics, the 1ock-statement is just
considered to finish its execution, without successfully acquiring Ick, after the
(relative) time given by TIME, then a new instance of the same lock-statement
is executed (c.f., Tables 4.2 and 4.3); i.e., the thread is actively spinning on the
lock.

In the abstract semantics (c.f., Tables 5.5 and 5.6 and Algorithms 5.11 and
5.12), a thread issuing lock Ick for some lock, Ick € Lck, that is currently
acquired by some other thread would be frozen until it is assigned Ick, if this
ever occurs; i.e., the thread’s accumulated time would not be increased while
it is waiting to be assigned Ick. When (and if) the thread is later assigned /ck,
its accumulated execution time is advanced based on when Ick became free
(unlocked).

If the lock, Ick € Lck, is not currently assigned to some other thread when
some thread issues lock Ick, the behavior is the same in both the concrete
and abstract semantics in case the lock-issuing thread successfully acquires
Ick; i.e., the thread’s execution time will be accumulated based on TIME and
ABSTIME, respectively.
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NOTE. ACCTIME is not directly safe for the case that STM(T,pcy) =
[Lock Ick]Pt AOWN(L" Ick) # T. In the concrete case, T will be executed in
a spin-lock fashion, while in the corresponding abstract case, T will be frozen
(i.e., its accumulated time will not be updated). This case is further considered
in the proof of Lemma 5.57.

ACCTIME is also not directly safe for the case that T has been waiting but
is now assigned Ick, i.e., a catchup will be performed in the abstract case, since
there could be an extra abstract configuration such that #¢ <, REL(1”,Ick) and
4 T, ABSTIME(Z?, T) Z, REL(I”,Ick). This case is also further considered in
the proof of Lemma 5.57.

Lemma 5.54 (Partial soundness of ACCTIME):

Given the valid concrete configuration ¢@([T',pers,vr, 1] cppra X5 1) €
Conf (c.f., Definition N 4.4), the abstract configuration @
([T, PG, 1, B ) e piea.» 560 1) € Comf, and some thread, T € Thrdg, such that

Thrd; C Thrd A

per =per A

11 € V(i) A

(T € Thrd,, AVick € Lek : (STM(T, per) = [Lock Ick]Pt =

(oWN(1" Ick) = T AOWN(1" Ick) = T))) <= T € Thrd, A

Vick € Lek : (OWN(1” Ick) = T = (owN(1" Ick) = oWN (1" Ick) A
pL(1" Ick) € y,(DL(I" Ick)) A
POWN(1" Ick) = POWN(I" Ick) A
REL(1” Ick) € y;(REL(I" Ick)) A
min(y,(BL(I" Ick))) = o)),

where ThrdS,, and1”, and ThrdS,, and 1", are as defined in Tables 4.3 and 5.6,
respectively,

# € y,(ACCTIME({[T', pcSy, v, 5] ,Thrd’,,T))

~ TN
T'€Thrd; "% I") exe

where tff’ is as defined in Table 4.3. o

PROOF. Assume that the (valid; c.f., Definition 4.4) configurations c@

(T, per, 1 9]y cppeas %o 1) € Conf  and EO@<[T’,pc%,E"T/,f{f/]T/EThrdF,



5.8 Abstract Semantics 101

%,1) € Conf and the thread T € Thrd; are such that

Thrd; C Thrd A

per = peg A

tf € Yi(7f) A

(T € Thrd;,, AVick € Lek : (STM(T, per) = [Lock Ick]Pt =

(oWN(1" Ick) = T AOWN(1" Ick) = T))) <= T € Thrd, A

Vick € Lek : (OWN(1” Ick) = T = (owN(1" Ick) = oWN (1" Ick) A
pL(1" Ick) € y,(DL(I" Ick)) A
POWN(1" Ick) = POWN(I" Ick) A
REL(1” Ick) € y;(REL(I" Ick)) A
min(y:(BL(1" Ick))) = —e0)),

where Thrd¢,, and 1”, and Thrd’,, and 1", are as defined in Tables 4.3 and 5.6,
respectively.

For the sake of readability, let ¢ = ([T, pc%,,ﬁT/,?{f,]T,eThr da,}i,ﬂ” ) when
considering the following cases. Note that Time = Intv.

1. If T ¢ ThrdS,, (and thus, T ¢ Thrd’,,), then £ = t¢ (Table 4.3) and

exe

ACCTIME (&, Thrd,,, T) = #¢. Thus, # € y,(ACCTIME(¢, Thrd,,, T)).

exe’ exe’

2. If T € ThrdS,, and for some a € Aexp, b € Bexp, [ € Lblr,
r € Regr, x € Var and Ick € Lek, STM(T,per) € {[skip]PT,
[r := aJPr, [if b goto []P°T, [store rto x]P°T, [Load r from x]P°T,
[unlock Ick]P°T}, i.e., Vick' € Lek : STM(T, pey) # [Lock Ick'[PeT (and
thus, T € Thrd¢,, since (T € ThrdS,, AVick' € Lek : (STM(T,pep) =
[Lock lek'Pr = (OWN(I" Ick') = T A owN(1" Ick') = T)))) <
T € ThrdS,), then ACCTIME(é,Thrd’,,T) = 7% F, ABSTIME(E,T)
and by Table 4.3, #§ = tf + TIME(c,T). Thus, by Lemma 5.51,
4 € y,(AcCTIME(¢, Thrd;,,, T)).

exe’

3. If T € ThrdS,, and for some Ick € Lek, STM(T,per) = [Lock Ick]Per

and OWN(1"” Ick) = T, and thus, T € ThrdS, since (T € ThrdS,, A
Vick' € Lek @ (STM(T,per) = [lock ikt = (owN(I" Ick') =
T A oWN(l" Ick') = T)))) <= T € Thrd{,, then several cases
need to be considered. Note that min(y;(DL(I" Ick))) = —oo, since
Vick' € Lek : (0WN(1" Ick’) = T = min(y,(DL(1" Ick'))) = —oo) and
owWN(1"” Ick) = T, and that T cannot acquire Ick at any time, 7, such that
7 <, REL(1" Ick), since Ick has not been released at 7, or DL(1” Ick) <, 7,
since by then some other thread would have taken Ick (c.f., Tables 5.5

and 5.6).
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()

(b)

(©)

(d)

If sTr(l” Ick) = locked (and STT(1” Ick) = locked since c is
valid and OWN(1"Ick) # L), then #f = & + TIME(c,T)
and ACCTIME(E,ThrdS,,,T) = 7@ ¥, ABSTIME(Z,T).  Thus,
1 € y,(ACCTIME(¢, Thrd’,,, T)) (Lemma 5.51).

Assume that STT(I” Ick) = unlocked A BL(I" Ick) <, (¢ T+
ABSTIME(Z,T)). Then, in the concrete case, it must be that T can-
not be the thread acquiring Ick since DL(1" Ick) € y,(DL(I" Ick)),
1§ € 7(1¢), TIME(c, T) € 7, (ABSTIME(Z, T)) and £§ 4+ TIME(c, T) =
DL(1” Ick) whenever T acquires Ick (Tables 4.2 and 4.3). But, then
it cannot be that STT(1” Ick) = unlocked N BL(1" Ick) <, (¢ T,
ABSTIME(Z,T)) since in the concrete case, T does successfully
acquire Ick, which means that the corresponding branch cannot
apply for the given case. (Note that such a ¢ will not be further

considered; c.f., Algorithm 6.6 and Tables 5.5 and 5.6.)

Note that the sTT(I”lck) = unlocked N BL(I" Ick) Z, (i¢ T,
ABSTIME(E,T)) A (# ¥, ABSTIME(C,T)) <, REL(I” Ick) condi-
tioned branch, which applies to cases where T has been frozen
for sure while waiting to acquire Ick but has now been assigned
Ick, cannot be taken either. To see this, note that since c is
valid, it must be that REL(1” Ick) < t§ + TIME(c,T) (Definition
4.4). Then, since # € ¥,(i%), TIME(c,T) € ¥, (ABSTIME(Z",T))
(c.f., Assumption 5.50), oWN(1" ick) = T and OowN(l" Ick) =
T = REL(l"Ick) € y(REL(I" Ick)), it must be that 7{ T,
ABSTIME(Z?,T) #, REL(I” Ick). This branch is further con-
sidered when the freezing of threads is proven to be safe (c.f., the
proof of Lemma 5.57).

If STT(1” Ick) = unlocked NDL(1" Ick) Z, (¢ T+ ABSTIME(Z, T)) A
(# ¥, ABSTIME(E,T)) %, REL(1"Ick) A (POWN(" Ick) =
T v REL(I" Ick) <, (7 T, ABSTIME(Z,T))), then two cases
must be considered.

i. If POWN(I” Ick) = T, then the sequential execution of the
statements of a thread (c.f., Tables 4.2 and 4.3) gives that
T must acquire Ick at 7§ +, ABSTIME(¢,T), but not at
a point in time, 7, such that DL(I” Ick) <, 7, because by
then, some other thread must have already acquired Ick
(since DL(1” Ick) € y,(DL(I" Ick))). Thus, it must be that
€ v ((#¢ T ABSTIME(E, T)) M, BL(1” Ick)).

ii. If REL(I” Ick) <, (7% -/ ABSTIME(Z,T)), then Lemma 5.51
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gives that # € y,((#¢ T, ABSTIME(,T)) 1, pL(I” ick))
since 1§ = DL(1" Ick) (c.f., Tables 4.2 and 4.3), DL(1" Ick) €
7:(BL(I" Ick)) and REL(1” Ick) € y,(REL(I" Ick)).

(e) If sTT(1” Ick) = unlocked/\DI(ﬂ:' lck) Z: (#f + ABSTIME(Z,T)) A
(1§ ¥+ ABSTIME(¢,T)) I, REL(I"” Ick) # L; AT # POWN(1" Ick),
then let 7§ = 7¢ &, ABSTIME(,T), which is obviously a safe ap-
proximation of the first point in time at which T can acquire /ck.
Also let & be any configuration derived before (i.e., & = &) or inside
the repeat-loop. Note that 7}, = T, is used to exit the loop in case
pL(1” lck) <, (i T+ ABSTIME(Z,T)) or 0 € ¥,(ABSTIME(&, T)),
where the latter case means that a 7 such that REL(I" Ick) <, 7
cannot be derived.

i. If DL(1" Ick) <, & T, ABSTIME(&,T), then it must be that at
7%+, ABSTIME(&, T), some other thread will have acquired
Ick (hence, f%’ is the last point in time when T can acquire
Ick). Thus, it must be that #1 € (7" O, 7¢') 7 DL(1” Ick)
(REL(1" Ick) 0y ot;({eo}))) since DL(1" Ick) € y:(DL(1" Ick))
and REL(1" Ick) € y,(REL(I" Ick)).

ii. If 0 € y(ABSTIME(Z,T)) and also DL(I" lck) %, & T,
ABSTIME(&,T), then it must be that 7
ABSTIME(&",T), where 7 = (# 0, ot({oo})) M REL(L ick)
and & = ([T ,pep,ip,(T=T 27 : i%)]T,eThrdE,iﬂ”},
is a safe approximation of the last point in time when T
can (or rather, will) acquire Ick (c.f., Assumption 5.50)
since REL(1" Ick) € y,(REL(1” Ick)). Thus, it must be that
€ v, (3" 0y 7)1y oLl lck) (REL(1" Ick) Oy o, ({=0})))
since  REL(1"Ick) € y(REL(1"”Ick)) and bDL(1"Ick) €
Y:(DL(1" Ick)).

iii. If 0 ¢ 7,(ABSTIME(¢,T)) and also DL(I” Ick) Z, 7% T4
ABSTIME(&,T), then it must be that, at some point,
REL(1" Ick) <, #.  Since REL(1"Ick) € y:(REL(1" Ick))
and DL(1” Ick) € y,(DL(1" Ick)), it is thus easy to see
that # € y (" 0 7) 7, oLl” ick) 1, (REL(I” Ick) O

o ({})))-
This concludes the proof. ™

It is important to notice that all the possible orders in which threads can
acquire a lock in the concrete case are covered by the abstract transition rela-
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tions, even though Time = Intv. Since Time = Intv, Thrd,,, might differ for
concrete and abstract cases as discussed above. This means that even if some
thread is the first in a set of threads to issue a lock-statement acting on some
lock, Ick € Lck, some other thread could issue its corresponding lock lck-
statement first in the abstract case. Lemma 5.55 states that even if this happens,
the first thread will be assigned, and eventually acquire, /ck anyway for some
transition sequence(s).

Lemma 5.55 (Properties of owner assignment for 1ock-transitions):
Given the valid concrete configurations (c.f., Definition 4.4), abstract configu-
rations, lock and threads

[T, ch,er,tT ]TeThrd,x 19) € Conf,

@(
([ ,pC Tk, 18 }TeThrd’X I') € Conf,
@ ([T, ch,IrT,tT ]TeThrd,x ]1 > € Conf,
@(

(

[

[T.pef 8.7 Irethra, X I%) € Conf,
Cj@ [ 7pc%77ija‘iT }TEThl‘d , X J ﬂj> S COhf

<[T ch )]rT7tT ]T€Thl‘d ]1 > € Conf
lck/ € Lck,

T’ € Thrdy and
T” € Thrd,,
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such that
0<i<n,
00— —— —
[ SRR P
0<j<k,
Y.
C g’ " prg C g’ " prg &

Thrd C Thrd,; C Thrd. C Thrd,
ST™M(T”, pclt,) = [lock lek'Per,
T” € Thrd¢,

exe)’ X
STM(T’ pc%/) [lock lck' )P
T € Thrd’,

exe’
ch
Vhe{0,....k—1}: (T €_Thrdgxe = sT™M(T ,ch,) [Lock lcK'JPer),
REL(I' Ick") € y,(REL(LY Ick)),
(pc%/ = pcz'k, A
o e (i) A
T’ € Thrdfxe
OWN(]]I le/) Lopra N
OWN(I"t! [ck') = T') and
(pchn = pc%],, A
at ~q)
tin € Ve(Bgn) A
T € Thrd? A
OWN(]V Ick! )= Lia A
oWN(lH Ick') =T),
where the trace for T in & —> .. W is the same as in ¢° g Wc the

trace for T" in &° —=> ... —=> &/ is the same as in ® ——> ... —¢", Thrdy,, is as

defined in Table 4.3, and Thrd?ﬁe and Thrdgxe are as defined in Table 5.6, ——

> oprg
satisfies:

own (¥ zck’) oWN(I7+! Ick') = owN(IFH! [ck') = T/ A

str(l Ick') = (ﬁ Ick') = sTT(17+! Ick') = sTT(1% Ick') = unlocked N
BL(IF Ick') = (ﬁf+ lck’)

mm(y,(DL(Ilk lck/))) =—oco A

t4 + TIME(c!, T') € ¥, (BL(T¥ Ick'))
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PROOF. Assume that the valid concrete configurations, abstract configura-
tions, lock and threads

<[T7PC%,H“%,tq‘f_o]TeThrd,xo,HO) € Conf,
<[T7PCiT,If%l%lllTeThrd,xi,]l"} € Conf,
@ ([T, pc, 1, 1" |1y, 17) € Conf,
@([T.pe§ F. 14 Irmyra,, - 2% 1') € Conf,
C]@<[ :PCTJJNTJT,?T It The 0 ,%/, 1) € Conf,
[

@([T pCT (k74 ]TeThrd ,%K 1% € Conf,
lck/ € Lck,

T’ € Thrd and
T’ € Thrd,,

are such that

0<i<n,

0 i —y an
C o C e e €
0<j<k,

e A i e S i
prg prg prg prg

Thrd, C Thrd,, C Thrd, C Thrd,
ST™M(T”  pclt,) = [losk lek'Per
T"” € ThrdS,,,
. k
STM(T’,pc%k,) = [10;(:k Ick'Per
T € Thrd’,,,
h
Yh€{0,....k—1}: (T' € Thrdl, = ST™M(T , pcSy) # [Lock lck'["T"),
REL (L Ick’) € v,(REL(VV Ick')),
(pchy = ek A
at ~a k
ty € Yi(g ) A
T € ThrdS,, A
OWN (I Ick') = Lypya A
OWN(I"t! [ck') = T') and
(PCH—’}// - PC%J// A
tTl/ 6 Yt(tT//) /\
T € Thrdg;’e
OWN(1/ Ick') = Lipya A
oWN(I/H! 1ck') = T'),
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where the trace for T/ in & g —>c is the same as in ¥ i i, the

trace for T” in &° —> .. —>cf is the same as in ¢* o e € ThrdS,, i

defined in Table 4.3, and Thrd‘e‘g and Thrdgxe are as defined in Table 5.6.

First note that since the trace for T’ in coﬁ...ﬁfl‘ is the same

1S as

i 0—> — " D=5 =i
as in ¢ o ¢, the trace for T” in o - e’ €/ 1s the same
0 1" n _ /et 1/ c"
as in ..., STM(TY pely) = [lock ik, T" € Thrdg,,,

STM(T, pc%,) [lock lck’]p‘T’, T € Thrdexe, pcy = ch,, tT, € 1t T )
T € Thrdgxe, OWN(l' lek') = Lypg, OWN(IHVIcK') = T, pcly = pc,
19, € ¥,(74)), OWN(T/ lck') = L g and OWN(I/H! Ick') = T/, it must be that T’
acquires Ick’ in the transition between ¢’ and ¢/*! and T” wants to acquire Ick’
in a transition from ¢”, while the abstract trace represents a situation (that can
occur due to that Tifhe = Intv) where T” reaches the lock Ick’-statement (i.e.,
it reaches pcf,,) before T’ (i.e., before T’ reaches pchy), but Ick' is assigned to
T’ as shown below.

. ah
Since Vh € {0, ..., k—1} : (T € ThrdZ,, = STM(T', pc&y ) # [Lock ek ]PT),
OWN( 1K) = Lyas OWN(T Ick') = Ly and oWN(IH Ick) = T/, it
is easy to see that OWN(I* ick’) = OWN(I/H! Ick') = owN(I'H! Iek') = T,
STT(1 k') = STT(IV Ick') = sTT(I/*! ick') = sTT(I* ick') = unlocked and
BL(I¢ Iek') = BL(IH 1K) (c.f., Table 5.6).

Since DLLOCK is used to determine DL(I/*'lck’) and BL(T¥ ick') =
BL(/ Ick'), it is easy to see that min(y, (DL(I* Ick’))) = —eo since DLLOCK
is used only if 3T € Thrd® : sTM(T,pcl) = [Lock IcK]PY (c.f. Ta-
ble 5.6) which is the case since pcll, = pc,, OWN(I/ick') = Ly, and
oWN(I/* Iek') = T' (c.f., Algorithm 5.11).

Since T € Thrdgxe, it must be that t“ + TIME(c!, T') = mm({tT
TIME(c',T) | T € Thrd}), and since T” € Thrdgxe, it must be that £g, +

TIME(c", T") = min({t¢" + TIME(¢", T) | T € Thrd}). But since ¢’ o

¢", it must be that £, + TIME(c', T') < &, + TIME(c", T”) (Lemma 4.2). Note
that by choosing c°, ¢”, ", & and & (defined by Lemma 5.53) to be c”,
", & and & (defined by this proof), respectively, and assuming that
OWN(I" Ick') = Lyyq and REL(1" Ick’) € v,(REL(I7 Ick’)) (which is actually
not necessarily the case since T’ acquires Ick’ in the transition between ¢!
and ¢*!; however, note that this assumption is okay since if T/ would not
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acquire Ick’, then OWN(1" Ick') = Ly and REL(1" Ick') € ¥,(REL(T Ick'))
would hold since OWN(I' k) = L g and REL(1' Ick') € y,(REL(I Ick'))), it
is easy to see that £, + TIME(c", T") € ¥,(DLLOCK(&/,Ick’)) since Thrdy C
Thrd,, C Thrdo C Thrd, sTM(T",pc,) = [Lock Ic"™, T" € Thrd<.,
andﬁ‘!z € 1,(7%) (Lemma 5.53). But then, since min(y;(BL(IF Ick))) = —oo,
BL(I% ick’) = DLLOCK(&/,IcK’) and &, + TIME(c!, T') < t&, + TIME(c", T"), it
must be that &, + TIME(c!, T') € ¥,(DL(I¥ lck’)) which concludes the proof. m

Three lemmas will be presented in order to prove that the abstract transi-
tions described by ? safely approximate the concrete transitions described by
e - The lemmas hold given that the concrete transition sequences are finite in
length (i.e., given that they terminate) and that either no thread issues a load-
statement on a global variable or that the thread issuing the load-statement
is the sole thread in Thrd,,. in any step of the transition sequence. The first
lemma shows that the halt-, skip-, :=-, if-, load-, store- and unlock-
statements, and also the lock-statement if the issuing thread immediately is
assigned the lock, are safely approximated (Lemma 5.56). Note that a variable
is considered global if it could transfer data between two or more threads (c.f.,
Algorithm 6.9).

Lemma 5.56 (Soundness of ﬁ, no frozen thread):

Given the valid concrete configurations (c.f., Definition 4.4), abstract configu-
rations and thread

0
c0@<[T,pc%,1r(T),t%n]TeThrd,xo,ﬂo) € Conf,
C”@ <[T7pcr~"11“07 ]I'%, t’i“l O]TEThrd’ xnv Hn>~ € COl‘lf,
D@([T, pcl 79, 7¢"] 20,1 € Conf,
5 A
& @([T,pef ,£5, 7
T € Thrd,,

TEThrd

<k Tk ~
]TeThrdﬁk’X ,1¥) € Conf, and
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such that
0<n,
0 n
C o e €
0<k,
~0 _~ ~ N\ ~k
& O
Thrd C Thrd, C Thrd,
0
PC% =pcr,

lr% € %eg(f(%,),
0 ~
t%/ € YI(I% )a
Ix" € Yar(X°) : Vx € Var : VT € Thrd : ((x° x) T) C ((x x) T),
Vick € Lek : ((0WN(10 Ick) # Lga = (STT(1O Ick) = sTT(I0 Ick) A
owN(1° Ick) = oWN(I° ick) A
DL(1° ck) € :(DL(1° Ick)) A
POWN(1° Ick) = POWN(I® Ick) A
REL(1° Ick) € 7, (REL(TC Ick)) A
min(y:(DL(I° Ick))) = —o0)) A
(0WN(1° Ick) = L g = ((0WN(1° Ick) = oWN(I° Ick) v
(oWN(I lck) =T’ A
sTT(1° Ick) = unlocked N
18 +TIME(", T') € ,(DL(I° Ick)) A
min(y;(DL(I° ick))) = —e0)) A
POWN(1° Ick) = POWN(T® ick) A
REL(1° Ick) € y,(REL(IC Ick)) A
STM(T',pcY,) = [Lock lck]pC(T)’ =
(1" Ick =10 Ick A
I ick =1° Ick)))),

—~

Vie{0,...,n—1}:T' ¢ Thrd<,,
STM(T',pcll) # [halt] T = T' € ThrdS,,
Vie{0,...,k—1}:T' & Thrdl,,,
sT™M(T, pcf}k,) # [halt]”c"if]; = T’ € Thrd?,,, and
Vi€ {0,...,k}: (|ThrdS,| # 1V
{T € ThrdZ,, | 3r € Regy : Ix € Var, :
STM(T,ch}i) = [load r from x]”c%l} =0),

where for all i GA{O,...,n}, ThrdS is as defined in Table 4.3, for all i €

exe

{0,...,k}, ThrdS,, is as defined in Table 5.6, and Varg contains all x € Var

exe
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such that x can be written to by one thread and read from by another thread
(i.e., there might be a data dependency between the threads; note that Varg can
be derived using Algorithm 6.9), ﬁ satisfies:

Ve@([T, per, 1, 1§ | reppas 5 1) € Conf:
("= @[T, ch,er,lT]TeThrd ,%,1) € Cont:

@ en

per —ch, A

T € Yreg(F17) A

ty € Ye(If) A

Ix' € Y (X) : (Vx € Var: ((xx) T') C ((x'x) T')) A

Vick € Lek : ((0WN(1° Ick) = T/ vV OoWN(L Ick) = T') =
(sTr(L lck) = sTT(I Ick) A
owN (1 Ick) = oWN(T Ick) A
DL (1 Ick) € y,(BL(T Ick)) A
POWN(1 Ick) = POWN(T Ick) A
REL(1 Ick) € y,(REL(T Ick)) A
min(y,(5L(1Ick)) = —)))) o

PROOF. Assume that the valid concrete configurations (c.f., Definition 4.4),
abstract configurations and thread

C <[T pCT7]rTa tTn]TGThrd’x ]1 > € (:()l'lf7
C <[T pCTvera tT O]TEThI'd’X H > S Col'lf,
~O@<[ 7ch ﬂIrT7tT ]TGThrd ,X 7]1 > S C0~nf,

c @<[T7chkvET7tTk

T € Thrd,

]TeThrdﬁk’ £, 1¥) € Conf, and
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are such that

0<n,
0 n
C o e €
0<k,
EO =5 %Ek
prg "7 oprg ’
Thrd C Thrd, C Thrd,
20
PC% =pcr,

lr% € %eg(f(%,),
0 ~
t%/ € YI(I% )a
Ix" € Yar(X°) : Vx € Var : VT € Thrd : ((x° x) T) C ((x x) T),
Vick € Lek : ((0WN(10 Ick) # Lga = (STT(1O Ick) = sTT(I0 Ick) A
owN(1° Ick) = oWN(I° ick) A
DL(1° ck) € :(DL(1° Ick)) A
POWN(1° Ick) = POWN(I® Ick) A
REL(1° Ick) € 7, (REL(TC Ick)) A
min(y:(DL(I° Ick))) = —o0)) A
(0WN(1° Ick) = L g = ((0WN(1° Ick) = oWN(I° Ick) v
(oWN(I lck) =T’ A
sTT(1° Ick) = unlocked N
18 +TIME(", T') € ,(DL(I° Ick)) A
min(y;(DL(I° ick))) = —e0)) A
POWN(1° Ick) = POWN(T® ick) A
REL(1° Ick) € y,(REL(IC Ick)) A
STM(T',pcY,) = [Lock lck]pC(T)’ =
(1" Ick =10 Ick A
I ick =1° Ick)))),

—~

Vie{0,...,n—1}:T' ¢ Thrd<,,
STM(T',pcll) # [halt] T = T' € ThrdS,,
Vie{0,...,k—1}:T' & Thrdl,,,
sT™M(T, pcf}k,) # [halt]”c"if]; = T’ € ThrdZ,,, and
Vi€ {0,...,k}: (|ThrdS,| # 1V
{T € ThrdZ,, | 3r € Regy : Ix € Var, :
STM(T,ch}i) = [load r from x]”c%l} =0),

where for all i GA{O,...,n}, Thrd¢ is as defined in Table 43, for all i €

exe

{0,...,k}, ThrdS, is as defined in Table 5.6, and Varg contains all x € Var

exe
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such that x can be written to by one thread and read from by another thread
(i.e., there might be a data dependency between the threads).
First note that:
e Since Vi € {0,...,n— 1} : T' ¢ Thrd,, it must be that pc?, = pcl,,
Iy = 11"%, tff = t{ff) and Vick € Lek : (0WN(10 Ick) =T = 1" Ick =1° Ick)
(c.f., Table 4.3).

e Since Vi€ {0,...,k—1}: T ¢ Thrdl,,, it must be that pc&, = pcf,, 7, =

70, 74 =74 and Vick € Lek : (0WN(1% lck) = T/ = (% ok = 0 ik A
min(y, (BL(I* Ick))) = —e0)).

o Since pcly = pcl, 1, = r(T’k,, 4 :Ot{!?, Vick € Lek : (OWNO(HO lck) =
T = 1"Ick = 1° ick), pc%, = pc%,, flT’ = f%, i = i{i,, Vick €
Lek : (0WN(I ick) = T = (1% ick = 1° Ick A min(y,(DL(I¥ Ick))) =
—e0)), el = pcy, 19 € Yug(FN), 14 € Yi(#%) and Vick € Lek :
(oWN(1%1ck) = T' = (sTT(1 Ick) = STT(I” ick) A OWN(I° Ick) =
OoWN(I®ick) A DL Ick) € ¥ (DL(I Ick)) A POWN(I®lck) =
POWN(I? Ick) A REL(1 Ick) € ¥, (REL(I Ick)) A min(y,(DL(1° Ick))) =
—oo)), it must be that:

P = pc%ﬁ A

', € }’reg(lzl%/) A

1 € yi(F%) A )

Vick € Lek : (OWN(I" Ick) = T = (STT(I" Ick) = STT(T¥ Ick) A
oWN(1" Ick) = oWN (T Ick) A
DL(1" Ick) € y;(DL(I¥ Ick)) A
POWN(I" Ick) = POWN(TF Ick) A
REL(I" Ick) € y,(REL(T¥ Ick)) A
min(y(DL(I* ick))) = —o))

e Since coﬁ...ﬁc" and Vi € {0,...,n— 1} : T' ¢ Thrd},,, it must be

that for all x € Var, ((x" x) T') = ((x° x) T') if no thread writes to x in

0 n n N —0;
the sequence ¢ ... =", or ((x" x) T') = 0 if some other thread has

written to x in the given sequence (c.f., Table 4.3). Thus, Vx € Var :
(" %) T) € (x0) T').



5.8 Abstract Semantics 113

e Since 3x’ € %, (X%) :Vxe Var: (x"x) T) C (x'x) T'), " —=... =

MO ek vie{o,...,n—1}:T & Thrd,, Vi€ {0,... k—

prg ©oprg exe’

1}:T ¢ Thrdg;e and TRIM is safe (Lemma 5.27), it must be that Ix’ €
Yoar(XF) 1 Vx € Var : ((x" x) T') C ((x' x) T').

Since Vi € {0,...,k} : (|Thrd,| # 1V {T € Thrd5, | 3 € Regy :
Jx € Vary : STM(T,pC?}i) = [load r from x]PC%l} = 0), it must be that
Vie{0,...,k} : ({T € Thrd, | 3r € Regy : 3x € Varg : STM(T, pcil ) =
[Load r from a7 } # @ = |ThrdZ,,| = 1). This means that if some
thread in Thrdg;e, where i € {0,...,k}, performs a load-statement,
there is only one single thread in ThrdS;g; thus that thread performs the
load-statement. It is then easy to see, from the definition of Thrdg‘cez
that there cannot occur any other write than those represented by X'
such that it could affect the load-statement of the thread in Thrdi;e
(c.f., Assumption 5.50) — thus, it must be that &k (and also all £/, where
i €{0,...,k}) contains safe write history (c.f., Definition 5.18).

Since, trivially, Vick € Lek : {T € ThrdS,, N Thrdu | STM(T,pck) =
[Lock Ick]Pr} C {T € Thrd | 3/ € Lbly : STM(T,[) = [Lock Ick]'}, it
must be that if T’ can be assigned a lock in the concrete case, it can also
be assigned the lock in the corresponding abstract case.

ok

If, for some Ick € Lek, sTM(T, pczT"i) = [Lock Ick]P“r’, it must be that
OWN(I¥ Ick) = T’, since Vi € {0,...k—1} : T' & Thrd’, and T' €
Thrd’,,.

Since T' € Thrdy, Thrdy C Thrd, pcl, = pct,, 19 € 7,(i4), Vick
Lek : (OWN(1° k) =T = (sTT(1" Ick) = STT(I* ick) A OWN(1" Ick)
oWN(I¥Ick) A DL(I"Ick) € vy(DL(I¥FIck)) A POWN(I"Ick) =
POWN(I¥ Ick) A REL(I" Ick) € 1:(REL(IF Ick)))), T' € Thrd%,, T €

e -

ThrdS,,, Vick € Lek : (STM(T', pcf,) = [Lock lek]Pr = oWN (¥ Ick) =

exe’
T'), it must be that %, € ¥,(ACCTIME(([T, pcg",fg,zgﬁkwak &k Ty,
Thrd,,, T’ )) whenever Vick € Lek : (STM(T', pc,) = [lock lck]Per =

exe)’

(oWN(I¥ Ick) = T/ A oWN(1"" Ick) = T')) (Lemma 5.54), where ¢,



114 Chapter 5. Abstractly Interpreting PPL

: : 1" Jkn
is derived from " ([T, pcr, v, tf ] repprgs X5 1) and 1" and 1Y are

defined as in Tables 4.3 and 5.6, respectively.

e Since Vick € Lck : (OWN(II0 Ick) = Ly = (STM(T’,pc%) =
[Lock Ick]Pr = (1" ek = 10 ek AT lck =0 Ick))), Vi € {0,...,n— 1} :
T ¢ Thrdg,, sT™(T'pcf) # [halt)’r = T € Thrdl, and
OWN(I¥ Ick) = T', it must be that T' immediately acquires Ick (i.e.,
without any other thread acquiring and possibly releasing Ick in the

&
. =k C .
sequence ¢ ... ") if STM(T', pcf,) = [Lock Ick]”™’, both in the

concrete and abstract cases (based on ¢ and &).

0

o If, for some lock, Ick' € Lek, STM(T',pcy) = [lock Ick'P“Y and
OWN(I® Ick') = Ly, it must be that min({r&" + TIME(c",T) |
T € Thrd}) € y(DLLOCK(&/,Ick")), since T' € Thrdu, Thrdu C
Thrd,y C Thrd, m, n and j (c.f., Lemma 5.53) can be chosen
to be 0, n and k (given by this proof), respectively, t%f) € yt(?%?),
at a®  zdk za0 Fid & n 0 / "
ity = ty, ty = ty, pcy = pcy = pey = pep, T € Thrdg,
and (since Vick € Lek @ (0OWN(1%lck) = Lyg = (STM(T,pcd,) =
[Lock IckPT = (1 Ick = 10 lck AT Ik = 0 ick))) and REL(I Ick) €
7(REL(1° Ick))) REL(1° Ick') € y,(REL(I¥ Ick')) (Lemma 5.53). Thus,
14 + TIME(c", T') € 7:(DLLOCK(&,Ick’)), since T’ € Thrdy,, which
means that #& + TIME(c", T') = min({#{" + TIME(c",T) | T € Thrd})
(c.f., Table 4.3).

The proof will now be conducted by considering the different statements
that T/ could issue in ¢° (i.e., in ¢?).

1. If sSTM(T', pct),) = [halt]’ i , then it must be that T' ¢ Thrd<,,. Thus, it

exe*
must be that " - c, where c@ ([T, per, rr, tf] 1 opppas X5 1) 18 such that

pep = pcly, Ty =1, 1% = 1%, Vick € Lek : (owN(10 Ick) = T' =
Lick =1"Ick) and Vx € Var : ((xx) T') C ((x"x) T'), provided that
3T € Thrd : ST™M(T, pcY)) # [halt]”"% (otherwise - is not applicable;
c.f., Table 4.3).

Note that T' ¢ ThrdZ,, and choose 5@([T,pc‘~T',ﬁT,?%]T€Thrd_‘k,}Tg,ﬂ>

~C . = k. - ~ ~ k
such that & > ¢, ie., pc§, = pc5,, ¥ = £, 14 =18, Vick € Lek :
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(oWwN(1%lck) = T' = (Lick = 1* Ick A min(y,(DL(1 Ick))) = —o0)).
Note that % must still be such that for all x € Var, ((Xx) T') is a safe
approximation of the writes performed on x by T’ since TRIM is safe
(Lemma 5.27). Thus, it must be that:

per =pep A
ry € }/reg(ffT’) A
tf € 1i(E4) A
Ix" € Rar(X) : (Vx € Var: ((xx) T') C ((x' x) T')) A
Vick € Lek : ((owN(10 Ick) = T vV owN(l Ick) = T') =
(str(1 Ick) = sTT(1 Ick) A
oWN(1 lck) = oWN(T Ick) A
pL(1 Ick) € y,(BL(T Ick)) A
POWN(I Ick) = POWN(T Ick) A
REL(L Ick) € y,(REL(T Ick)) A
min(y,(BL(L ick))) = —o°))

. If, for some a € Aexp, b € Bexp, [/ € Lbly, r € Regy, x € Var and
lek € Lek, STM(T' pc}) € {[skoip]!”%, [r = a)’v,[if b goto ]V,
[store r to x]’“ [unlock lck|’“T'}, then let the configuration
c@([T,per, v, tf) reppeq- X 1) be such that ¢" ¢ and choose

5@([T,pc%,ET,i%}TeThrdék,is,D such that & —>¢&  Thus, since

Vie{0,..,n-1}:T nghrdg;e, T € Thrd%.,, Vi € {0,....k— 1} :
T' ¢ Thrd’,,, T' € Thrd’,,, — is a safe approximation of —* (Lemma
5.49), TRIM is safe (Lemma 5.27), Thrdx C Thrd and ACCTIME is
safe (Lemma 5.54), it must be that:

per = pegy A
T € Yreg(E) A
t € 1 (E4) A
Ix' € Ypar(X) 1 (Vx € Var: ((xx) T) C((x'x) T)) A
Vick € Lek : ((0WN(1° Ick) = T/ vV owN(L ick) = T') =
(stT(1 Ick) = sTT(1 Ick) A
owN(1 Ick) = oWN(T Ick) A
pL(1 Ick) € y,(DL(I Ick)) A
POWN(1 Ick) = POWN(T Ick) A
REL(1 Ick) € y,(REL(T Ick)) A
min(,(BL(L lck))) = —eo))
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0
Note that in the case STM(T’, pc,) = [if b goto []’T’, & can be chosen

so that the corresponding branch to that taken in ¢ is taken since r% €
Yreg(F2) (c.f., Table 5.5 and Definition 5.7).

0
. If, for some r € Regy and x € Var, STM(T’, pcY,) = [Load r from x]’T,

then let c@([T,pcy, rr, 1] x,1) be such that ¢" - ¢ and choose

TEThrd’
~ - S ~ ~ 7 ~k ~ ~ . .
C@<[T’pcﬁ"’rT7tﬁTeThrdék7X’]1> such that & - ¢. Since Vi € {0,...,n—

1}: T & ThrdS,, T' € Thrd",, Vi € {0,...,k— 1} : T' ¢ ThrdZ,,, T' €

&~ S - .
Thrd;,,, —_ is a safe approximation of — (Lemma 5.49), %* contains

safe write history, TRIM is safe (Lemma 5.27), Thrd, C Thrd and Ac-
CTIME is safe (Lemma 5.54), it must be that:

per = pegy A

ry € ’}/reg(ff‘T/) A

tf € 1 (E4) A

Ix" € Rar(X) : (Vx e Var: ((xx) T') C ((x'x) T')) A

Vick € Lek : ((oWN(1° Ick) = T/ vV owN(L Ick) = T') =
(str(1 Ick) = sTT(1 Ick) A
owN(1 Ick) = oWN(I Ick) A
pL(1 Ick) € y,(DL(T Ick)) A
POWN(I Ick) = POWN(I Ick) A
REL(1 Ick) € y,(REL(T Ick)) A
min(y,(SL(I ick))) = —oo))

If, for some Ick’ € Lek, sTM(T, pc(T),) = [lock lck')’ C%, only the case
that T successfully and immediately acquires Ick’ needs to be consid-
ered. (Note that the remaining cases will be considered in the proofs of
Lemmas 5.57 and 5.58.) Hence, ACCTIME is safe since it must be that
OWN(I¥ Ick') = T' and OWN(I" Ick’) = T’ (Lemma 5.54).

Since OWN(I Ick') = T = oWN(I? Ilck’) = T' and owN(1° Ick') =
Linra = (OWN(IO Ick') = Lypg vV OWN(IC Ick’) = T'), there are three
cases to consider.

(a) Assume that OWN(I? Ick’) = T’ (and thus, oWN(I? ick) = T')
and let c@([T,per, 1, 1] rcppea» X5 1) be such that ¢ =+ c. Then

choose E@([T,pc%,i"T,f%]TeThrd_k,fx,ﬂ) such that & =& It is



5.8 Abstract Semantics 117

trivially the case that OWN(1 Ick’) = OWN(I Ick’) = T' and thus

per = pegy A

ry € Yreg(fT/) A

tf, € v (T) A

Ix" € har(X) : (Vx € Var: ((xx) T') C ((x' x) T')) A

Vick € Lek : ((owN(10 Ick) = T vV owN(l Ick) = T') =
(sTT(L Ick) = sTT(1 Ick) A
owN(1 Ick) = oWN(I Ick) A
pL(1 Ick) € y,(BL(T Ick)) A
POWN(1 Ick) = POWN(T Ick) A
REL(I lck) € y,(REL(T Ick)) A
min(y, (BL (1 ck))) = —o=))

since Vi € {0,....n — 1} : T ¢ Thrd",,, T € Thrd",, Vi €
{0,....,k— 1} : T' ¢ Thrd’,,, T' € Thrd’,, = is a safe ap-
proximation of — (Lemma 5.49) and TRIM is safe (Lemma
5.27).

(b) Assume that OWN(1° Ick’) = OWN(I Ick’) = Ly and let c@
([T, per, v1, 18] reppea» o 1) be such that ¢ = c AOWN(L Ick') =T’

and choose é@([T,pc5,Fr,7] %,I) such that & -=¢.

TeThrd .’

Then it must be that OWN(T Ick’) = T’ (since T' € Thrd
oWN(I¥" Ick’) = T") and

5k
exe

and thus

per :pc%, A

T € Yreg(Fr) A

tfy € V(T A

Ix' € Yo (X) : (VxeVar: ((xx) T) C ((x' x) T)) A

Vick € Lek : ((0WN(1° Ick) = T' vV OoWN(L Ick) = T') =
(st(L lck) = sTT(T Ick) A
ownN(1 Ick) = oWN(T Ick) A
DL(1 lck) € y,(BL(T Ick)) A
POWN(1 Ick) = POWN(T Ick) A
REL(L lck) € y,(REL(T Ick)) A
min(y, (BL(Llck))) = —e))

since Vi € {0,...,n— 1} : T ¢ Thrd,, T' € ThrdS,,, Vi €

exe’

{0,...,k—1} : T ¢ Thrd’,, T' € Thrd’,,, = is a safe approxi-

exe’ exe’ ax
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(©)

mation of —— (Lemma 5.49), TRIM is safe (Lemma 5.27), Thrdx C

Thrd, V&' € Conf : Vick € Lek : min(DLLOCK (&, Ick)) = —eo (Al-
gorithm 5.11), DL(LIcK') = 1 = t& + TIME(c",T') (Table 4.3)
and £, € 7;(DLLOCK (&, Ick’)) (Lemma 5.53).

Assume that OWN(I®Ick') = Ly and OWN(I®Ick') = T

and let c@([T,pcy,rT,2%] x,1) be such that ¢"—

TeThrd’ prg

¢ AN OWN(LIck') = T' and choose ¢@([T,pcq, 1. ]peppea, -

%,1) such that & —o € Then it is easy to see that OWN(I Ick') =
oWN(Llck') =T

First note that since OWN(I"Ick') = OWN(I? ick) = Ly A
OoWN(T* Ick') = oWN(I° Ick’) = T’, it must be that STT(1" Ick') =
STT(I* lek') = sTT(1° Ick') = unlocked, BL(1 Ick') = BL(I¥ Ick") =
BL(TF Ick') = DL(I Ick’), and thus min(y,(DL(1Ick'))) = —oo
and 1, + TIME(c",T') € y(DL(1icK')), which means that
pL(Lick’) € y,(BL(1 Ick')) since DL(1 Ick') = t& + TIME(c", T').
Note that since t£, € j/t(f{ff), it must be that DL(I¥ ick’) Z, f%’f +
ABSTIME(ZX, T'). Tt is thus easy to see that

per = pery A

I € Yreg(ﬁ'T/) A\

tf € v (t) A

Ix' € Y (X) : (Vx € Var: ((xx) T') C ((x'x) T)) A

Vick € Lek : ((owN(10 Ick) = T v owN(l Ick) = T') =
(sTT(l Ick) = sTT(1 Ick) A
owN(1 Ick) = oWN(T Ick) A
DL(1 Ick) € v:(DL(I Ick)) A
POWN(L Ick) = POWN(T Ick) A
REL(1 Ick) € y,(REL(T Ick)) A
min(y,(DL(I Ick))) = —o0))

since Vi € {0,....,n — 1} : T & Thrd,,, T € Thrdg,. Vi €
{0,...,k—1}: T' ¢ Thrd’,,, T € Thrd’,,, = is a safe approx-

imation of -7 (Lemma 5.49), TRIM is safe (Lemma 5.27) and
Thrd, C Thrd.

This concludes the proof. ™
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Lemma 5.57 shows that ﬁ safely approximates the case that a thread

issuing lock Ick for some lock, Ick € Lck, has to wait for an arbitrary number
of owner switches on Ick before it acquires Ick. Note that the lemma holds if all
threads wanting to acquire some lock eventually will be able to do so (which
obviously is the case if the concrete transition sequences are finite in length)
and if either no thread issues a 1oad-statement on a global variable or that the
thread issuing the 1oad-statement is the sole thread in Thrd,,, in any step of
the transition sequence.

Lemma 5.57 (Soundness of — ", frozen thread):

Given the valid concrete configurations (c.f., Definition 4.4), abstract configu-
rations, lock and thread

O@<[ 7PC(%7]1"%J%0] hrd’xo’ﬂ0> € C()Ilf7
cl @<[T ch 71rTl tT ] x™ ,]ln1> € Conf,

TEThrd?
"2@<[T pep TP b ]TeThrd,x ,1") € Conf,
”’"@([T pe, o 7tT ]TeThrwx”m,ﬂ”@ € Conf,

<[T pCTaeratT (JTEThrd’X 1" > € Conf

<[T ch 7IrT7tT ]TEThrd ﬂ > S C()l'lf,
~ ok -
k@<[ 7ch ,]I‘T,tT ]TGThl‘dEk’ 3 > E COnf7

Ick’ € Lek, and
T € Thrdy,
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such that

0
STM(T’,pcpr,) = [lock Ick'|P“1,
0<nm <m<ny<n,
AN— . —cM— . —— —m— — N

prg " oprg prg " oprg prg " oprg prg " oprg ’
0<k,
~0 = ~y =k
o e O
Thrd, C Thrd, C Thrd,
0o _ .
pey = Py,

11“%06 yreg(fr&r,),
18 €y (i),
Ix" € %ar(%X°) : Vx € Var : VT € Thrd : ((x°x) T) C ((x' x) T),
Vick € Lek : ((0WN(10 Ick) # Lypa = (STT(10 Ick) = sTT(I0 Ick) A
oWN(1° ick) = oWN(1° Ick) A
DL(1° Ick) € y;(DL(I° Ick)) A
POWN(1° Ick) = POWN(T® ick) A
REL(1° Ick) € y,(REL(IC Ick)) A
min(y,(BL(I Ick))) = —e)) A
(0WN(10 Ick) = Lpg = ((0WN(10 Ick) = oWN(T° Ick) v
(oWN(I0 Ick) =T/ A
sTr(1° ick) = unlocked N
1% + TIME(", T') € ,(DL(I° Ick)) A
min(y(DL(I° ck))) = —o)) A
POWN(1° Ick) = POWN(I® ick) A
REL(10 Ick) € 7,(REL(IC Ick))))),
Vie {0,...,n—1}\{n1,n2,...,np} : T ¢ ThrdS,,
Vi€ {ni,ny,...,nn}: (T € ThrdS, AowN(1" Ick') # T'),
T' € Thrds,,,
Vie{0,....,k—1}: T ¢ Thrd’,,,
T € Thrd’,,, and
Vie {0,...,k} : (|ThrdS,| # 1V
{T € Thrd:,, | 3r € Regy : 3x € Vary :

exe

STM(T, pcll) = [Load r £rom 27T } = 0),

where for all i € {0,...,n}, Thrd<,, is as defined in Table 4.3, for all i €

exe

{0,...,k}, ThrdZ,, is as defined in Table 5.6, and Varg contains all x € Var

exe
such that x can be written to by one thread and read from by another thread
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(i.e., there might be a data dependency between the threads; note that Varg can
be derived using Algorithm 6.9), - satisfies:

Ve@([T, pCT’ET7tT]TEThrd’X I) € Conf :

("¢ = @[T, ch,er,tT]T€Thrd ,%,1) € Conf:

Tk
(& o €N

per = pegy A

T € Yreg(F17) A

t € Vi(Tf) A

Ix' € har(X) 1 (Vx € Var: ((xx) T') C ((x' x) T')) A

Vick € Lek : (OWN(L Ick) = T' = (sTT(1 Ick) = sTT(1 Ick) A
owN(1 Ick) = oWN(T Ick) A
pL(1 Ick) € y,(DL(I Ick)) A
POWN(1 Ick) = POWN(T Ick) A
REL(1 Ick) € y,(REL(T Ick)) A
min(y,(BL(E Ick))) = —=0))))

[m]

PROOF. Assume that the valid concrete configurations (c.f., Definition 4.4),
abstract configurations, lock and thread

L@([T ch,]rT,tTO] hea> X% 1) € Con,
" @([T, ch ,IrT‘ tT ]TGThrd,x”I ,1") € Conf,
”2@<[T pep TR 1 ]TeThrd,x"Z,]l”2> € Conf,

m

nm@<[ L ,.’tT " Jrethear X", 1") € Conf,

@([T, ch,er,tT O]TEThrd’X 1") € Conf,

@([T,pef 2, 7 ]TeThrd ,%°,1°) € Conf,
~ & ok wak -
k@<[ 7ch ]r]’i“vt”[‘ ]TGThrd , X k> S C()Ilf7

Ick’ € Lek, and
T € Thrdy,
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are such that

0
STM(T’,pcpr,) = [lock Ick'|P“1,
0<nm <m<ny<n,
AN— . —cM— . —— —m— — N

prg " oprg prg " oprg prg " oprg prg " oprg ’
0<k,
~0 = ~y =k
o e O
Thrd, C Thrd, C Thrd,
0o _ .
pey = Py,

11“%06 yreg(fr&r,),
18 €y (i),
Ix" € %ar(%X°) : Vx € Var : VT € Thrd : ((x°x) T) C ((x' x) T),
Vick € Lek : ((0WN(10 Ick) # Lypa = (STT(10 Ick) = sTT(I0 Ick) A
oWN(1° ick) = oWN(1° Ick) A
DL(1° Ick) € y;(DL(I° Ick)) A
POWN(1° Ick) = POWN(T® ick) A
REL(1° Ick) € y,(REL(IC Ick)) A
min(y,(BL(I Ick))) = —e)) A
(0WN(10 Ick) = Lpg = ((0WN(10 Ick) = oWN(T° Ick) v
(oWN(I0 Ick) =T/ A
sTr(1° ick) = unlocked N
1% + TIME(", T') € ,(DL(I° Ick)) A
min(y(DL(I° ck))) = —o)) A
POWN(1° Ick) = POWN(I® ick) A
REL(10 Ick) € 7,(REL(IC Ick))))),
Vie {0,...,n—1}\{n1,n2,...,np} : T ¢ ThrdS,,
Vi€ {ni,ny,...,nn}: (T € ThrdS, AowN(1" Ick') # T'),
T' € Thrds,,,
Vie{0,....,k—1}: T ¢ Thrd’,,,
T € Thrd’,,, and
Vie {0,...,k} : (|ThrdS,| # 1V
{T € Thrd:,, | 3r € Regy : 3x € Vary :

exe

STM(T, pcll) = [Load r £rom 27T } = 0),

where for all i € {0,...,n}, Thrd<,, is as defined in Table 4.3, for all i €

exe

{0,...,k}, ThrdZ,, is as defined in Table 5.6, and Var, contains all x € Var

exe
such that x can be written to by one thread and read from by another thread



5.8 Abstract Semantics 123

(i.e., there might be a data dependency between the threads; note that Varg can
be derived using Algorithm 6.9).
First note that:

o Since Vi € {0,....n — 1} \ {n,na,...,my} : T ¢ Thrdly,, Vi €
{ni,n2,...,n} : (T € ThrdS, A oWwN(1"Ick') # T) and

0
STM(T/,[;C%) = [Lock lck'}P“r’, it must be that pc, = pcS, % =19,
14 = 1% + TIME(c",T') + TIME(¢"2,T') + ... + TIME(¢"",T') and

Vick € Lek : (OWN(I0 Ick) = T/ = 17 Ick = 1° Ick) (c.f., Table 4.3).

e Since Vi€ {0,...,k—1}:T ¢ Thrdi;e, it must be thatpc%’j :pc%(i, £k =
50, 74 =4 and Vick € Lek : (0WN(1% lck) = T/ = (% lck = 10 ick A
min(y,(BL(IF Ick))) = —o0)).

e Since pcf, = pc%,k rl ZO]I“%, Vick € Lek : (owN(1° Ick) = T =
1" ick :~110 Ick), pNCf}, = pc%y, T, = rg Vick € Lek : (0WN(1° ick) =
T = (IFick = 112 Ick A min(y,(DL(I* Ick))) = —e0)), pcY = pc,
19, € Yeg (%), 14 € i(8) and Vick € Lek : (OWN(I® lek) = T' =
(sTT(1° lek) = STT(1° lek) A OWN(1 Ick) = OWN(I® Ick) ADL(1° Ick) €
Y(OL(I® ick)) A POWN(I? Ick) = POWN(I® Ick) A REL(I%Ick) €
Y (REL(1? Ick)) A min(y,(DL(IC ick))) = —o0)), it must be that:

e = et

T%, € Yreg(EX,) and }

Vick € Lek : (0WN(1" Ick) = T/ = (sTT(1" Ick) = sTT(I* Ick) A
owN(1" Ick) = oWN(I¥ Ick) A
pL(1" Ick) € v, (DL(T¥ Ick)) A
POWN (1" Ick) = POWN(T¥ Ick) A
REL(I" Ick) € y,(REL(I¥ Ick)) A
min(y:(BL(I* lck))) = —oo))

e Since Ix’ € 0 (X%) : Vx € Var: ((xx) T') C ((x' x) T'), coﬁ...ﬁ

n—s —sny — Ay — —sn ~0 =~ =y =k :
o et o, L, V€

{0,....,n—1}\{ny,na,...,n} : T & Thrdg;e, Vi€ {ni,na,...,npm}
OWN(1" Ick') # T', Vi € {0,...,k— 1} : ' & ThrdS,,, STM(T',pc%,) =
[Lock Ick') v and TRIM is safe (Lemma 5.27), it must be that
Ix' € Yoo (BY) :Vx € Var: (x"x) T) C ((x'x) T).



124

Chapter 5. Abstractly Interpreting PPL

o Since Vi € {0,...,k} : (|ThrdS,| # 1V {T € Thrd’, | 3r € Regy :

exe exe

Jdx € Varg : STM(T,pc%i) = [load r from x]pc%l} = 0), it must be that
Vie{0,....k} : ({T € Thrd, | 3r € Regy : 3x € Varg : STM(T, pcfl ) =
[load r from x]l’cgl} #0= \Thrd§;e| = 1). This means that if some
thread in Thrdi;e, where i € {0""’k.}’ performs a load-statement,

there is only one single thread in ThrdC,,; thus that thread performs the
load-statement. It is then easy to see, from the definition of Thrd’,,,

that there cannot occur any other write than those represented by }fx"
such that it could affect the load-statement of the thread in Thrdl,

. exe
(c.f., Assumption 5.50) — thus, it must be that £ (and also all &, where
i €{0,...,k}) contains safe write history (c.f., Definition 5.18).

Since, trivially, Vick € Lek : {T € ThrdS,, N Thrd | sT™M(T,pclt) =
[lock lck]P’t} C {T € Thrdy | 3/ € Lbly : STM(T, [) = [Lock Ick]'}, it
must be that if T’ can be assigned a lock in the concrete case, it can also
be assigned the lock in the corresponding abstract case.

Since ﬁ over-approximates the lock-owner assignment possible for

e and T" € Thrdu, it must be that OWN (101ck’) = T' is possi-

ble even if OWN(1° Ick’) = L4, given that some other thread (i.e.,
not T') does lock Ick’ before T’ in the abstract case and that the
abstract transition sequence safely represents the concrete transition
sequence; the situation is possible since Time = Intv (c.f., Lemma
5.55). However, if STM(T', pc?,) = [Lock Ick'}T, OWN(I® Ick') = L yuyg
and OWN(I? Ick’) = T', it must be that STT(I®ick’) = unlocked,
14 + TIME(c",T') € y,(BL(I° Ick’)) and min(y,(DL(I? Ick'))) = —oo
(Table 5.6, Algorithm 5.11 and Lemmas 5.53 and 5.55).

- a* -
Since STM(T',pc;) = [Lock Ick'[P“Y and T € Thrd’,,, it must be that
OWN(I¥ Ick') =T'.

The proof will be conducted using induction based on T having to wait for j,
where j > 0, threads to first (acquire and) release Ick” before it can successfully
acquire Ick’.

First consider the base case. Therefore, assume that T’ is the first thread in
a set of competing threads to successfully acquire Ick’; i.e., j = 0. Then it must

be that {n1,n3,...,n,} =0, and thus, Vi € {0,...,n— 1} : T' & Thrd¢,,. (Note

exe*
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that ¢ can be chosen to be the first configuration satisfying OWN(1° Ick’) =

Lonra NSTM(T', pc,) = [Lock Ick'}’ “V and the rest of the assumptions of the
lemma.) It must also be that the case OWN(1" Ick') = L4, OWN(T¥ Ick') €
{ Lipra, T'} and OWN(I" Ick’) = OWN(I¥” Ick’) = T’ must be considered.
Since T’ is the first thread to acquire Ick’ it must be that 1" Ick’ = 1° Ick’
and I¥ ick’ = 1% ick’. Thus, since OWN(1® lck’) = Ly and ST™M(T',pcl) =

[lock lck/]pcg’, it must be that OWN(1%lck') = Lyg = (STM(T',pc%,) =

[Lock Ik PV = (I" ek’ = 10 Ik’ ATF iek' = 0 1ck’)).  But, then all the
assumptions of Lemma 5.56 are fulfilled, and thus, it must be that:

Ve@([T,per,v1, ] repnray X0 1) € Conf )
(" re= 35@<[T,pc%,i‘T,?{!]TeThrdik,fx,]l) € Conf :

(&2 En

per zpc% A

ry € Yreg(ﬁT/) A

td, € v (t4) A

Ix" € har(X) : (Vx € Var: ((xx) T) C ((x' x) T')) A

Vick € Lek : (OWN(LIck) =T =
(str(1 Ick) = sTT(I Ick) A
owN(1 Ick) = oWN(T ick) A
pL(I Ick) € ,(BL(I Ick)) A
POWN(I Ick) = POWN(T Ick) A
REL(L Ick) € y,(REL(T Ick)) A
min(y,(BL(1 Lck))) = —=0))))

This concludes the proof of the base case.

Now consider the case that T/ must wait for j owner switches (i.e., lock:s
and unlock:s) on Ick’ before it can acquire Ick! itself: i.e., T" is owner number
j+1 among a set of competing threads to successfully acquire Ick’ (note that
a thread could successfully acquire and release Ick’ several times while T’ is
waiting to acquire Ick’; each time then counts as an owner switch). The induc-
tion assumption is that the lemma holds for all j owners that acquire Ick’ while
T’ is waiting (i.e., frozen in the abstract case) and for all cases involving other
locks.

Assume that T' must wait for j owner switches on Ick’ before it success-
fully acquires Ick’ itself and that the lemma holds for all j owners that ac-
quire Ick’ while T’ is waiting. Then it must be that {n,ny,...,n,} # 0, and

thus £ < 19 = 14 4+ TIME(c", T') + TIME(¢"2, T') + ... + TIME(c", T') =
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14" + TIME(c", T') (c.f., Assumption 4.1 and Table 4.3).
Since the lemma holds for all j owners that acquire Ick’ while T is waiting,
and all other cases involving other locks, and ﬁ safely over-approximates the

transitions described by -+ for all other cases (Lemma 5.56), including lock

owner assignments (Lemma 5.55), it must be that there exists an abstract tran-
sition trace (starting at ¢° and ending at &) that safely represents the concrete
trace from c° to ¢" for all j owners of Ick’, at least until the point in which
they release Ick’ and do not acquire it again (which is the important part of the
trace to consider here), the order in which threads acquire /ck’ and all states,
including the accumulated execution times (c.f., Lemmas 5.51 and 5.56 and
the induction assumption). Thus, since T' € ThrdS,» A OwWN(I"™" [ck') # T,

exe

Vi€ {nn+1,....n—1} : T ¢ ThrdS,, and T' € ThrdS, A OWN(I" [ck') =
Lopra ANOWN(I" Ick’) = T’ (since it is assumed that T’ acquires Ick’ in the
transition from c¢"), it must be that Ick’ is released (by owner number j) in a
transition to c"/, where ¢ W .. ﬁ " ﬁ ... W ¢" and n,,, < n’ < n. Thus,
it must be that t&" + TIME(c"™, T') = t& < REL(1" Ick’) < t& + TIME(c", T')
(c.f., Assumption 4.1 and Table 4.3), where REL(I" Ick’) = REL(I" Ick’) and
REL(1" Ick’) € y,(REL(T¥ Ick’)) (given the abstract trace from & to & that safely
represents the trace from ¢ to ¢ for the previous, i.e., j®, owner of Ick', it
is easy to see that this is the result when the j owner issues unlock Ick’).
But, then it is trivially the case that £& + TIME(c", T') € ¥,(DLLOCK (&, Ick’))
(Lemma 5.53).

To show that ACCTIME is safe for this case, first note that T' € Thrdf;kce,
sT™M(T, pc%lj) = [lock Ick’ ]PC%]; and STT(I¥ Ick') = unlocked. Also note that
since £% + TIME(c", T') € 7;(DLLOCK (&, Ick’)) = DL(I*” Ick’), DL(1"" Ick') =
£ + TIME(c",T') (c.f., Tables 4.2 and 4.3 since T’ acquires Ick’ in a tran-
sition from ¢) and min(¥,(i% F; ABSTIME(®, T'))) < 4 + TIME(c", T') <
max(y;(DL(I¥ Ick'))) (c.f., Assumptions 4.1 and 5.50), it must be the case
that DL (I Ick') Z, i%? J: ABSTIME(Z?, T'), which means that there are three
branches of Algorithm 5.12 that must be considered here. Note that this also
means that DL(1" Ick') € y,(DL(I¥ Ick’)). For the sake of readability, let
& = ([T, pcd 5k, 71¢] %K, I¥). Also let #) be defined as 7 in Al-
gorithm 5.12.

TEThrd,;.”

1. Since T has been frozen while waiting to acquire Ick’, it can be the case

~ ko~ ~ ~ =~ ~ k ~,0
that 7% F, ABSTIME(¢X, T') <, REL(IV Ick’), where 74 =7%,. (Note
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that this does not necessarily have to be the case, though.) Let & be any
configuration derived before (i.e., & = &) or inside the while-loop.
First note that it cannot be that ABSTIME(',T') = o,({0}) and 7 F,
ABSTIME(&,T') Z; REL(I¥ Ick’) (c.f., Assumptions 4.3 and 5.50). This
means that the while-loop will eventually terminate. It does so when
74, is the last point in time that safely represents the situation that T'
has not yet acquired lck’; thus, at 7%, +; ABSTIME(&,T'), T' might have
acquired Ick’ (i.e., 7 <, REL(I¥ Ick’) and 7 ¥, ABSTIME(Z,T') %,
REL(I¥ Ick’)). In later references within this proof, the 7 obtained at
the exit of the while-loop will be referred to as ?%l,v.

Since %, <, REL(IIck') and # F, ABSTIME(@,T) %
REL(I¥ Ick), it is easy to see that this branch will lead to an aux-
iliary configuration, &', such that & —=> &', for which IV Ick’ = 1% Ick';
k

w
!

i.e., T’ has not yet acquired Ick’. The only difference for T’ between &
and & is that, in the latter, it has an advanced accumulated execution
time (c.f., Table 5.5). Since %, F, ABSTIME(,T) %, REL(I¥" Ick’),
it is also easy to see that this branch of Algorithm 5.12 will not be
taken when ACCTIME is called based on ¢¥'. Note that it must be that
[{ni,n2,...,ny,}| is greater than or equal to the number of iterations
of the while-loop (Assumption 5.50 and Lemma 5.52). Thus, it is
also easy to see that DL(I¥ Ick') %, % F, ABSTIME(¢¥,T') since
TIME(c!, T') € 7,(ABSTIME(&X, T')), where i € {ny,na,...,n,} is the
corresponding concrete configuration for which the while-loop termi-
nates (Assumption 5.50). This means that for & one of the two last
branches (considered in the next two bullets) of Algorithm 5.12 will

apply.

. First note that it must be that POWN(I¥” Ick’) # T’ since T’ has been
waiting for at least one other thread to release Ick’ before it is allowed
to acquire it (c.f., Tables 5.5 and 5.6 and the induction assumption). If,
on the other hand, REL(I¥ Ick’) <, # F, ABSTIME(&¥",T'), then the
proof is equivalent to the corresponding part of the proof for Lemma 5.54
since 4 + TIME(c", T') = DL(1"" Ick'), DL(1" IcK') € v,(DL(I¥ Ick'))
and REL(1" Ick’) € ,(REL(I* Ick")). Note that this also applies if 7 =
?%‘,V (ie., if & = &) since it must be that t{f,n € 7,(?%‘,“), which follows
from Assumption 5.50 and Lemma 5.51 based on 1 above.

3. If (# F, ABSTIME(Z, T')) M, REL(I¥ Ick’) # 1,, then let %/ =7 F,
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ABSTIME(Z,T) (where 7/ is thus defined as in Algorithm 5.12 and 7§,

. . ~k ~ W o - . - - . . .
is either 7{, or 74, and & is either &" or &), which is obviously a safe

estimation of the first point in time when T’ can acquire Ick’.

Now, let & be any configuration derived before (i.e., & = & or & =

&) or inside the repeat-loop (and the corresponding for ?f’}’,), which
will now be considered. Note that 7y, = T, is used to exit the loop in
case DL(I¥ Ick') <, 7 ¥, ABSTIME(&,T') or 0 € ¥,(ABSTIME(&, T')),
where the latter case means that a 7% such that REL(I¥ Ick’) <, 7) cannot

be derived (c.f., Assumption 5.50).

(@ If DL(I¥ick') <, # F, ABSTIME(¢,T'), then it must be
that 7§, is a safe estimation of the last point in time when
T' can acquire Ick’ since % + TIME(c",T') = pL(1" Ick'),
pL(I" Ick') € y,(DL(I¥" Ick’)) and T’ acquires Ick’ in a transition
from ¢" (c.f., Assumption 5.50 and Lemma 5.52 which means
that the total number of iterations of the repeat-loop, and pos-
sibly the while-loop from 1, must be greater than or equal to
[{ni,n2,...,npm,n}|). Thus, it must be that t{ff + TIME(c",T') €
Y ((# O 280) 1 BL(I¥ 1ck") 71, (REL(I¥ Ick’) )y ot;({eo}))) since
REL(1" Ick') € v,(REL(I¥" Ick")) and min(y,(DL(I¥ Ick'))) = —oo.

(b) If 0 € 7,(ABSTIME(&,T')), then it must obviously be that 7 -+,
ABSTIME(&",T'), where 7 = (% 0, a,({e})) M, REL(I¥ Ick'),
and & = ([T,p§ &, (T = T 2 T : #)ppea, 55T,
is a safe approximation of the last point in time when T'
can (or rather, will) acquire Ick’ (c.f., Assumption 5.50 and
Lemma 5.52). Thus, it must be that t + TIME(c",T') €
() 0, #7) 1y BLAX 1ek’) 1y (REL(IY 1ek") Oy ot ({eo}))) since
REL(1" Ick’) € v:(REL(I¥ IcK)), DL(1™ IcK') € y,(DL(IF Ick')),
t% +TIME(c", T') = DL(1" Ick’), min(y, (DL(I¥” Ick’))) = —o0 and
T’ acquires Ick’ in a transition from c”.

© If 0 ¢ 7(ABSTIME(Z,T')) and also DL(I¥Ick) %, # T,
ABSTIME(&,T'), then it must be that, at the end of some it-

eration of the repeat-loop, REL(I¥Ick') <, 7. For such a
1§, it is easy to see that t%;l + TIME(c",T') € y,((# 0 7)) 17y

BL(IY 1ck') 71, (REL(IY Ick’) 0 oty ({eo}))) since REL(I™ Ick') €
Y(REL(I¥ Ick')), DL Ick') € v (DL IcK)), & +
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TIME(¢",T') = pL(I" Ick’), min(y,(DL(I¥ Ick'))) = —e and
T’ acquires Ick’ in a transition from ¢” (c.f., Assumption 5.50 and
Lemma 5.52 which means that the total number of iterations of the
repeat-loop, and possibly the while-loop from 1, must be greater
than or equal to |{n1,ny,...,ny,n}).

Thus, it has been shown that t& + TIME(c",T') € ¥,(ACCTIME(Z @
([T,pc’T,f’T,?%’]TeThrd%,x?’,ﬂ’),Thrdg;e,T’)), for both the case that & is

e (if ?{Zf J, ABSTIME(ZM T') #, REL(I¥ Ick')) and & is &' (if f%,k I,

ABSTIME(&X | T') <, REL(I¥ Ick’)), where ¢ and ¢ are as defined above. If
~ak ~ ~ ~ = oy s
74 ¥ ABSTIME(X, T') <, REL(I¥ Ick’), it is easy to see that

n Faud

pehy =pesr,

I[‘%, € Yreg(fé‘l’)a

Ix" € Your () 1 (Vx € Var: ((x" x) T') C ((x' x) T')) and

Vick € Lek : (OWN(1" Ick) = T' = (sTT(1" Ick) = sTT(T¥ Ick) A
owWN(1" Ick) = OWN(T¥ Ick) A
pL(1" Ick) € y,(DL(I¥ Ick)) A
POWN(I" Ick) = POWN(T¥ Ick) A
REL(I" Ick) € y,(REL(T¥ Ick)) A
min(y, (BL(1¥ lck))) = —eo))

since, for T’, the accumulated execution time is the only state affected by the
transition ¢ ﬁék’ (c.f., Table 5.5; this means that, e.g., I¥ Ick’ = 1 Ick") and
TRIM is safe (Lemma 5.27). Thus, for both transition sequences described by
sk =kl =y x sk~ ~ ¢ = 3 < 7 ~

¢t e réand & > ¢, where ¢@([T, pet, Tr, tﬁTeThrd(.,k ,%,1) € Conf, for

. . - R k-
the two different cases (7% +; ABSTIME(é"",T") <, REL(I¥ Ick) and 7% F,
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ABSTIME(ZX, T') Z, REL(I¥ Ick'), respectively), it must be that

per = PC%M

I € Yreg(T1),

t%’ € YZ(E’?/)a

Ix' € hor(X) : (Vx € Var: ((xx) T) C ((x' x) T')) and

Vick € Lek : (0WN(1 Ick) = T = (sTT(1 Ick) = sT(1 Ick) A
owN(1 Ick) = oWN(T Ick) A
DL(I Ick) € (DL Ick)) A
POWN(I Ick) = POWN(I Ick) A
REL (1 Ick) € y,(REL(T Ick)) A
min(y,(DL(1 Ick))) = —o0))

where ¢ ¢ for some c@([T,per, v, 1] reppea» 0 1) € Conf, since 7 is a
safe approximation of — (Lemma 5.49), DL(L Ick’) = t%f' + TIME(c", T') (Ta-
ble 4.2) and TRIM is safe (Lemma 5.27). But then the lemma holds. n

Lemma 5.58 shows that -~ can be used to safely approximate any finite

concrete transition sequence. Note that the approximation is safe if either no
thread issues a load-statement on a global variable or that the thread issuing
the load-statement is the sole thread in Thrd,,, in any step of the transition
sequence.

Lemma 5.58 (Soundness of >, final state):

Given the valid concrete configurations (c.f., Definition 4.4) d@

0 .0 ;a° 0 70 n

<[T7PCT7ET»I"? ]TEThrd;’X ,I") € Conf and c”@<[T,pc%,lr%,t¥ ]TEThrdg’
. 0 _0 ~,0

x",1") € Conf and the abstract configuration &@([T,pcS ,E9,7 e rnea.»

%0,1%) € Conf, such that c® € Y (¢°), Vick € Lek : min(y;(DL(10 lek))) =
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—oo0, 0 < 1 and © o e € o satisfies

(VT € Thrd; : ST™M(T, pclt) = [halt]PeT)
=
(3e*@([T,pcf , 74 7 | oppra £ I¥) € Cont

~0 =~ ~\ ~k

(€ o g O |
(Vi €{0,...,k—1}: (|ThrdS,| # 1V
{T € Thrd?,, | 3r € Regy : Ix € Vary :

exe
STM(T,pc5) = [Load r from x]”C(TJ }=0))
=
(VT € Thrd; : (pc} = pc%k A
T € Yreg (FX) A
i € nE) A
Ix' € Yoo (BF) 1 (Vx € Var: ((x"x) T) C ((x' x) T))) A
Vick € Lek : (sTT(1" Ick) = sTT(T% Iek) A
owWN(1" Ick) = oWN (¥ Ick) A
pL(1" Ick) € y,(DL(T* Ick)) A
POWN (1" Ick) = POWN(T¥ Ick) A
REL(1" Ick) € y,(REL(TF Ick)) A
min(y; (DL (I* lck))) = —))))
where, for all i € {0,...,k— 1}, ThrdS,, is as defined in Table 5.6, and Var
contains all x € Var such that x can be written to by one thread and read from
by another thread (i.e., there might be a data dependency between the threads;
note that Varg can be derived using Algorithm 6.9). o

PROOF. Assume that the valid (c.f., Definition 4.4) concrete configurations
0 n

c0@<[T,pC%,1r%,t1‘f ]TeThrdﬁ,xo,H% € Conf and c"@([T,pck, 1}, 14 ]TeThrd;,?
. ~ 0 _n ~,0

x",1") € Conf and the abstract configuration &°@ ([T,pc§ ,r%,t% I reThrd,>

%0,1%) € Conf are such that ¢ € yc,mf(éo), coﬁ...ﬁc”, Vick € Lek :

min(y;(DL(I° lck))) = —o0 and VT € Thrd; : STM(T,pclt) = [halt]Per.

Note that since VT € Thrd; : STM(T, pclt) = [halt]P°r, it must be that all
threads trying to acquire a lock at some point will eventually successfully do so
(i.e., there are no deadlocks etc.) and there are no infinite loops. Also note that
the possible abstract combinations of the owner and the state for some lock,

Ick € Lck, given a reference thread, T € Thrdg, in a lock state, 1, resulting
from a transition using -~ are by definition as follows.
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Figure 5.7: Abstract lock state transitions.

1. oWN(T Ick) & {Lya, T} — This means that T will be frozen if it issues
lock Ick and occurs when OWN(1 Ick) # T.

2. OWN(I Ick) = Ly — This occurs when OWN (1 Ick) = Lyq. A safe
(over-approximate) owner assignment will occur if T issues lock Ick.
(The soundness is given by that it is trivially the case that for all concrete
and abstract configurations consisting of the threads in Thrd;, {T' €
Thrd,,, | STM(T',pcr) = [Lock Ick]Pr' } C {T" € Thrd; | 3 € Lbly :
STM(T',1) = [Lock Ick]'}; c.f., Table 4.3.)

3. oWN(T Ick) = T AsTT(I Ick) = unlocked — This means that T has not yet
done lock Ick, but some other thread has (with the result that T was as-
signed Ick; c.f., the discussion for state 2). If T issues 1ock Ick within the
deadline, it will successfully acquire Ick. If it does not, there is no cor-
responding concrete situation described by the owner assignment, given
that DL(1 Ick) € DL(T Ick), and thus, the configuration will be discontin-
ued; c.f., Algorithms 6.1 and 6.6, which are discussed in Chapter 6. This
occurs when OWN(L Ick) = L.

4. oWN(I Ick) = TASTT(I Ick) = locked — This occurs when OWN(1 Ick) =
T.

The possible transitions between these abstract states (as defined by —— and

ﬁ) are depicted in Figure 5.7. State 3 (a result from the over-approximate

owner assignment performed by ,T?) is needed because Time = Intv, which
means that even if a thread acquires a lock first in the abstract case, it could be
that some other thread could actually acquire the lock first in the corresponding
concrete case. Lemma 5.55 gives that ﬁ covers all the possible concrete situ-

ations for lock owner assignments, regardless of which thread issues lock Ick
first in the abstract case; c.f., a transition from state 2 to state 4, possibly via
state 3.

This proof will partly be conducted using induction on how the states
of a configuration are changed during transitions, based on one thread at
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a time. Therefore, consider ¢/ @([T,pch rh,ra’ [— ,x ,1/) € Conf,

S @ ([T, pck, o5, 18 |1 pprg,» X5, 16) € Conf,  &@([T, pe§ & 7 ]TeThrd;.’
%!, 1") € Conf and T’ € Thrd; such that

f— — 8
CWS"PVS’C/\

0<f<g<nA
Vhe{f,...,g—2}: (T & Thrd", Vv
h
Jick € Lek : (ST™M(T, pclt,) = [Lock Ick]“T' A
OWN(I" 1 Ick) £ T')) A
T € Thrd®, A
Wick € Lek : STM(T', pct, ') = [Lock Iek™ T = oWN(I¢ lek) = T/ A
pC]T(, fch/ A
T’ € 'yreg( )/\
1 € y,(tT/) A
Ix' € Yur (%) : Vx € Var : VT € Thrd : ((x/ x) T) C ((x' x) T) A
Vick € Lek : ((0WN(1 Ick) # Lypa = (STT(V Ick) = sTT(I Ick) A
owN (1 Ick) = oWN(T! Ick) A
pL(1/ Ick) € y,(DL(I Ick)) A
POWN (1S Ick) = POWN(T' Ick) A
REL (IS Ick) € y;(REL(T" Ick)) A
min(,(DL(T? Ick))) = —o0)) A
(0WN (1 Ick) = Lypg = ((OWN(L/ Ick) = oWN(T Ick) v
(oWN(T Ick) =T’ A
str(1! Ick) = unlocked N
1 € Y(BL(I lek)) A
min(7, (L lek))) = —o)) A
POWN(1/ Ick) = POWN(]I’ Ick) A
REL (1 Ick) € y,(REL(T? Ick))))) A
Vhe{f,...,g—1}:(|Thrd’, A1V
{Te Thrdm | 3r € Regy : 3x € Vary :

& ah
STM(T:PC%] ) =[load r from xJP°T } = 0)

where Thrd,,. is as defined in Table 4.3. This is the induction assumption.

Then it is easy to see that there exists a &/ @ ([T, pc&! | 7,74’ ]TeThrd &) €
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Conf, such that

E ot T

et = pesy A

]I‘igi., S '}/reg(ffrjr/) A

1 € vi(E) A

Ix' € Jour (&) ¢ (Vx € Var : (x5 x) T') C (< x) T')) A

Vick € Lek : ((oWN(l/ Ick) =T' v

OWN(I8 Ick) = T') = (sTT(18 Ick) = sTT(1/ Ick) A

OowN(1¢ Ick) = oWN(T/ Ick) A
pL(1¢ Ick) € v, (DL(1V Ick)) A
POWN(1# Ick) = POWN(T/ Ick) A
REL(18 Ick) € y,(REL(I/ Ick)) A
min(7,(BL(V lek)) = —o=))

(Lemmas 5.55, 5.56 and 5.57). Note that even if for some lock, Ick € Lek, T’
issues lock Ick but Ick is assigned to some other thread, T’ will eventually be
assigned Ick so that it can acquire it (since all threads that want to acquire a
lock eventually will be able to do so). For such cases, T’ is the owner of Ick in
% and & (c.f., Lemmas 5.56 and 5.57).

Now consider the base case for the induction part of the proof. Since c® €
Yeonr (€°), Vick € Lek : min(y,(DL(1° ick))) = —oo and ¢° is valid, it is easy to
see that

VT € Thrd; : (pcd = pc& A

Ix' € Yoar(°) : Vx € Var: ((x°x) T) C ((x'x) T)) A
Vick € Lek : (sTT(1° Iek) = sTT(1° Ick) A

oWN(1° Ick) = oWN(1° Ick) A

pL(1° Ick) € y,(DL(I° Ick)) A

POWN(1° Ick) = POWN(I° Ick) A

REL(10 Ick) € y,(REL(TO Ick)) A

min(y,(BL(1 fck))) = —eo)
which means that as long as Vi € {0,...,k— 1} : (|Thrd§ie| #1Vv{T ¢
Thrdgie | 3r € Regyr : dx € Vary : STM(T,pc%h) = [load r from x]”"%h} =0),
the induction holds for all threads in Thrd;.
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Note that by definition, 17 Ick =1° Ick (c.f., Tables 4.2 and 4.3) and I¥ Ick =
1 Ick (c.f., Tables 5.5 and 5.6) if Ick is never acquired by any thread, or never
released by its initially owning thread (i.e., the owner of Ick in ¢® and &, re-
spectively).

This concludes the proof. ™

Because of the unsafe nature of ﬁ (i.e., it cannot safely approximate all

concrete transition sequences), it cannot be directly used to derive a safe set
of possible final configurations (i.e., configurations such that all threads are
issuing halt). It must instead be encapsulated by an algorithm that uses it in a
safe manner and handles the unsafe situations explicitly. Such an algorithm is
defined in the next chapter.






Chapter 6

Safe Timing Analysis by
Abstract Execution

In this chapter, an algorithm for deriving safe timing bounds of PPL programs
will be defined. The analysis will be based on the abstraction of the PPL se-
mantics presented in Chapter 5.

NOTE. A summary of the notation and nomenclature used in this thesis can be
found in Appendix A.

6.1 Abstract Execution

ABSEXE, as given by Algorithm 6.1, can be used to derive safe approxima-
tions of the concrete final states resulting from a finite transition sequence
(Lemma 6.8). ABSEXE will also safely approximate some infinite transition
sequences but is not guaranteed to terminate for all possible inputs. The al-
gorithm is a work-list algorithm and is defined based on the auxiliary func-
tions CHOOSE, which returns an arbitrary element of a given set (which must
be non—empty), ISFINAL, ISDEADLOCK, ISTIMEOUT, ISVALID, CYCLE, EX-
ELOADTHRD, GLOBALVAR, EXETHRD, GETVARLOAD and GETREGLOAD,
defined in Algorithms 6.2, 6.3, 6.4, 6.5, 6.6, 6.7, 6.8, 6.9, 6.10, 6.11 and 6.12,

137
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Algorithm 6.1 Abstract Execution

1: function ABSEXE(C, %)
20 C"«C; CTe0; Cle0; C«0
3:  while (" # 0 do
4 ¢@ ([T, per, 1, i) pepprq, - 1) ¢ CHOOSE(CY)
5: CY O\ {¢}
6: if ISFINAL(¢) then
7 ¢l Cru{e}
8 else if ISDEADLOCK(Z) then
9: ¢ Cluie}
10: else if ISTIMEOUT(¢, %) then
1: ¢« Clu{e}
12: else if ISVALID(¢,7,) then
13: Thrdl%¢ + EXELOADTHRD(&)
14: if Thrdl%2? + @ A |[EXETHRD(E)| > 1 then
15: <[?%/}T6Thrd§;’jd )< (¢ + ABSTIME(E,T)}TeThrdx:d )
16: for all T € Thrd;22? do
17: X <= GETVARLOAD(STM(T, pct))
18: r <~ GETREGLOAD(STM(T, per))
19: & <[T/’pCT/’ETI’i%’]T’eThrd(—\{T}’i’]D
20: (C%.,CN%Z,C%) <« ABSEXE({&'},7¢ 1 (1o Oy at;({—0})))
21: Fr « fp[r— j—val}
22: for all (T, &/,1') e ¢LUCLUCLU{E} do
23: I 4 E‘T[}"H (f‘T r) Dval READ({K/,)C,T,;%/)]
24: end for
25: end for
26: <[ch}T€Thrd§ffd ) < ([per + 1]T€Thrd}fj‘d )
(Al renmeazs) < rcmmaiz)
28: cv <_CWU{<[T7PCT’frT’i%]TeThrdg’fK’]D}
29: else
30: CY + C"U{& e Conf | &>}
31: end if
32: end if

33:  end while .
34:  return (Cf,C¢,C")
35: end function
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respectively.

A thread executing a load-statement on some global variable (i.e., a vari-
able that could transfer data between threads) is extracted and handled sepa-
rately in case it would not be the sole thread executed on a transition. This is
done by recursively using ABSEXE for each such thread to simulate how the
rest of the threads in the configuration can affect the read value. When the ef-
fects have been derived, they are merged and put in the target register for the
thread that issues the 1oad-statement. Next, a new configuration, in which the
load-statements have been performed, is added to the work-list.

If no load-statement on some global variable is issued in any thread, or a
thread issuing such a load-statement is the sole thread that will execute on a
transition, — is used to derive a set of succeeding configurations, which are

prg

then added to the work-list.

Algorithm 6.2 Choose an Element

1: function CHOOSE(S)

Require: S#0
2:  return one of the elements in S
3: end function

Given an abstract configuration, ¢ € Conf, ISFINAL(¢) means that ¢ is in
the final state; i.e., all threads issue halt-statements.

Algorithm 6.3 Final Abstract Configuration

1: function ISFINAL(([T, per, £1, ) ppra. -5 1)
2:  return VT € Thrd; : STM(T, pcy) = [halt]Per
3: end function

Given an abstract configuration, ¢ € Conf, ISDEADLOCK(¢) means that ¢
cannot reach a final state (Lemma 6.5). Note that ISDEADLOCK is not guaran-
teed to identify all such cases, though.

Given an abstract configuration, ¢ € Conf, and a timeout, 7,, € Tife,
ISTIMEOUT (G, 7;,) means that ¢ cannot reach a final state before 7,, has passed
(Lemma 6.6). Note that ISTIMEOUT might not identify all possible such cases,
though.

Given an abstract configuration, ¢ € Conf, and a timeout, 7, € Tife,
—ISVALID(&,%,) means that ¢ cannot reach a configuration that could repre-
sent at least one valid (c.f., Definition 4.4) concrete configuration (Lemma
6.7). Note that ISVALID might not identify all possible such cases, though.
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Algorithm 6.4 Deadlocked Abstract Configuration

1: function ISDEADLOCK(¢@ ([T, per, Fr,74] %,0)
Require: —ISFINAL(?)
2:  Thrdiocx < {T € Thrdg | Jick € Lek : (STM(T, pet) = [Lock Ick]PeT A
oWN(T Ick) & { Lipya, T} ASTT(T Ick) = locked)}
3:  E<+ {(T,T') € Thrdiocx X Thrdyock | Flck € Lek :
(STM(T, pet) = [Lock Ick]Per AoWN(T Ick) = T')}
4:  return Thrd; = Thrd A (CYCLE(Thrdyocx,E) vV IT € Thrd; : Jlck € Lek :
(STM(T, per) = [Lock lck]Per A
sTr(l Ick) = locked N
OWN(T Ick) # Lipya A
sTM(OWN(T Ick), pc

TeThrd;’

OWN(ﬁ Ick)) — [halt]l’cww(ﬁzrk) ))

5: end function

Algorithm 6.5 Timed-Out Abstract Configuration

1: function ISTIMEOUT(E@([T,pCTi“TJ%]TGThrdi,f&,ﬂ)j,o)
Require: —ISFINAL(Z) A ~ISDEADLOCK(Z) '
2:  return VT € Thrd; : (STM(T,pcr) # [halt]Pr =
(fio <1 (¢ F+ ABSTIME(E,T)) V
(Thrd;z C Thrd A Jick € Lek : (STM(T, pet) = [Lock Ick]PeT A

oWN(T ick) & { Lina, TH))))
3: end function

Algorithm 6.6 Valid Abstract Configuration

1: function ISVALID(E@([T,ch,I?T,f%]TeThrdz,ii,D,fm)
Require: —ISFINAL(¢) A =ISDEADLOCK(&) A —ISTIMEOUT(Z,%,)
2:  Thrdiocx < {T € Thrds | ick € Lek : (STM(T, per) = [Lock Ick]PeT A
OWN(L Ick) & { Linra, T})}
3 E < {(T,T') € Thrdiocx x Thrdocy | ck € Lek :
(STM(T, per) = [Lock Ick]Pt AoWN(T Ick) = T')}
4:  return (Thrd; = Thrd = —~CYCLE(Thrd;ocx,E)) AVick € Lek : VT € Thrd; :
((oWN(T Ick) = T ASTT(T Ick) = unlocked) =
(ST™M(T, per) # [halt]Per A
BL(1lck) Z; (7% F ABSTIME(,T))))
5: end function
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Given a graph, (V,E), CYCLE(V, E) means that (V,E) contains at least one
cycle (Lemma 6.1).

Algorithm 6.7 Determine if Graph Has Cycles

1: function CYCLE(V, E)

22 V' «V

32 E'«E

4:  while V' # 0 do

5: Vie—{veV' |- eV :(V,v)eE}
6 if V' = 0 then

7 return true

8 else

9: E'+— E\{(vW)€eE |veV'AV eV}
10: Vi VI\V”

11: end if

12:  end while

13:  return false

14: end function

Given a configuration, ¢ € Conf, EXELOADTHRD(¢) is a set of threads
that might issue a 1oad-statement on a global variable in a transition from ¢
(Lemma 6.4).

Algorithm 6.8 Threads Executing a Possibly Unsafe Load Statement

1: function EXELOADTHRD(Z@ ([T, per, 21, 1 pcpea. » - 1))
2:  return {T € EXETHRD(¢) | 3r € Regy : 3x € GLOBALVAR(Thrd;) :
STM(T,pct) = [Load r from x]Pr }

3: end function

Given a set of threads, Thrd; C Thrd, GLOBALVAR(Thrd;) is the set
of variables that could transfer data between some of the threads in Thrd;
(Lemma 6.3).

Given a configuration, ¢ € Conf, EXETHRD(¢) is an over-approximation of
Thrd,,, as defined in Table 5.6 (Lemma 6.2).

Given a load-statement, GET VARLOAD is the variable, and GETREGLOAD
is the register, defined by the statement.

Lemma 6.1 (Soundness of CYCLE):
Given the graph (V,E), where V is a set of vertices and E is a set of edges (i.e.,
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Algorithm 6.9 Global Variables in an Abstract Configuration

1: function GLOBALVAR(Thrd;)
2: <[Var%“oad]TeThrdg> =
([{x € Var | 3r € Regr : 3/ € Lbly : STM(T, /) = [Load r from x]' Hycppeg,)
3 ([Varf oy g ) <
([{x € Var | 3r € Regr : 3/ € Lbly : ST™M(T, /) = [store r to x]' Hicppra,)
4 return {x € Var | 3T,T' € Thrd; : (T # T’ Ax € Var}°®® Ax € Var§for®)}
5: end function

Algorithm 6.10 Threads to Execute in Abstract Configuration

1: function EXETHRD(C@ ([T, per, F1. 1) o pypg, - 1)
2:  Thrdpgg ¢ {T € Thrd; | STM(T, pcr) = [halt]Pr v Jick € Lek :
(STM(T, per) = [Lock Ick)Per AoWN(T Ick) #T)}
(1) rethrd, Thrapga) < (ABSTIME(E D)oy \ Thrdyoa!
tnin < min{min(y,(?{f 41; 7‘{)) ‘ Te ThrdE\Thrdhold}
tmax +— min{max(y; (¢ +;71)) | T € Thrdz \ Thrdpea }
[ at({tmimtmax}) N
return {T € Thrd; \ Thrdyeq | 71, (7§ + 7}) # L, }U
{T € Thrdpyg | Jick € Lek :
(STM(T, per) = [Lock lek]Pet AOWN(T Ick) = L)}

N kR W

8: end function

Algorithm 6.11 Get Variable in Load Statement

1: function GETVARLOAD([1oad r from x]')
2: return x
3: end function

Algorithm 6.12 Get Register in Load Statement

1: function GETREGLOAD([1oad r from x]')
2: return r
3: end function
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pairs of vertices) connecting the vertices, then CYCLE(V, E) iff (V,E) contains
at least one cycle. o

PROOF. Assume that (V,E) is a graph, where V is a set of vertices and E is a
set of edges connecting the vertices. By definition, a cycle involving vertices
V1,V2,V3,...,V, is described by the edges (vi,v2),(v2,v3),...,(vs,v1), where
n > 2. Thus it is easy to see that a vertex, v € V, cannot be part of a cycle in
(V,E)if =3 € V: (V',v) € E; i.e., if v has no incoming edges. It is also easy
to see that the graph (V/,E’), where V' =V \{veV |- eV :(V,v) € E}
(i.e., all vertices without incoming edges are removed) and E' = E\ {(v,V/) €
Elve{/ eV |- eV :("V')eE}AV €V}, (ie., all edges going out
from a vertex without incoming edges are removed) contains exactly as many
cycles as (V,E).

Thus it must be that if this procedure can be repeated until an empty graph
is reached, there are no cycles in the initial graph. Likewise, if it is not possible
to reduce the initial graph to an empty graph, there must be at least one cycle
in the initial graph. If there is no cycle in the initial graph, it is easy to see that
the graph can be reduced to the empty graph by the above procedure. Likewise
it is easy to see that if there is a cycle in the initial graph, the graph cannot be
reduced to the empty graph by the above procedure. But then it must be that
CYCLE(V,E) iff the graph (V, E) contains at least one cycle. n

Lemma 6.2 (Soundness of EXETHRD):
Given ¢ € Conf, Thrd; , C EXETHRD(¢), where Thrd.,, is as defined in Table

exe — exe

5.6. o

PROOF. Based on 5@([T,ch,ITT,?%]TeThrdé,fg,ﬂ) € Conf, assume that 7 is as
defined in Algorithm 6.10 and that 7 is defined as 7 given by Table 5.6. It is
easy to see that Thrdyeg as given by Algorithm 6.10 is a superset of Thrdpeg
as given by Table 5.6 since in the latter case, a lock might have been assigned
to some thread, which will exclude that thread from Thrdyggqg. Thus it must be
that min(y;(7)) < min(y,(7)) and max(y;(7)) < max(y;(7)) (since 7 is derived
based on a superset of the threads used to derive 7; note that if it is a true
superset, it must be that all the extra threads issue lock Ick for some locks,
Ick € Lk, and have been assigned the ownership of Ick, and that for those locks
oWN(T Ick) = Lyq). Thus it must be that Thrd’, C EXETHRD(¢), where
Thrd’,, is as defined in Table 5.6, since EXETHRD () is derived based on 7 but
also includes all threads issuing lock lck where Ick € Lek and oWN(T Ick) =

Linra- u
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Lemma 6.3 (Soundness of GLOBALVAR):

GLOBALVAR(Thrd;) is the set of variables (called global variables) for which
a data dependency between two or more threads can occur in the program de-
scribed by Thrd;. o

PROOF. Assume that x € Var. First note that

e if {T € Thrd; | 3/ € Lblr : 3r € Regy : [store r tox]'} =0 (i.e., no
thread ever writes to x), then it must be that x can be considered a con-
stant (since x € Var, there must be some thread reading from it),

e if {T € Thrd; | 3/ € Lblr : 3r € Regy : [Load r from x]'} = 0 (i.e., no
thread ever reads from x), then it must be that x can be considered a trash
variable (since x € Var, there must be some thread writing to it),

e if, for some thread, T’ € Thrd;, {T € Thrd; | 3] € Lblr : 3r € Regy :
[store rtox]'} = {T'} and {T € Thrd; | 3 € Lbly : 3r € Regy :
[Lload r from x]'} = {T'}, then it must be that x is only read from and
written to by T’ (thus there cannot be any data dependency on x between
two threads), and

e for a data dependency to occur on x for two threads, T/, T” € Thrdg, it
must be that T’ € {T € Thrd; | 3/ € Lblr : 3r € Regy : [store r to x]'},
T” € {T € Thrd; | 3 € Lbly : 3r € Regy : [load r from x]'} and T #
T,

Thus, since for each T € Thrd;, the set Var%oad contains all variables that T
might read from and the set Var5*°*® contains all variables that T might write
to, it must be that {x € Var | 3T, T” € Thrd; : (T’ # T" Ax € Vary* Ax €
Var$/°7® )} is the set of variables for which data dependencies occur between

at least two threads. n

Lemma 6.4 (Soundness of EXELOADTHRD):

Given a configuration ¢@ ([T, pcr, ITT,f{i]TeThrdz,fx,ﬁ) € Conf, {T € Thrd’,
Jr € Regr : 3x € GLOBALVAR(Thrd;) : STM(T, pcp) = [load r from x]PT} C
EXELOADTHRD(¢), where Thrd’,, is defined as in Table 5.6. o

PROOF. Assume that ¢@ ([T, per, £, I poppeq, - X [) € Conf and that ThrdS,,
is defined as in Table 5.6. The proof follows directly from the fact that
Thrd’, C EXETHRD(¢) (Lemma 6.2). -

exe
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Lemma 6.5 (Soundness of ISDEADLOCK):

Given a configuration E@([T,ch,IFT,i{f]TeThrdE,ii,D € Conf, such that
3T € Thrd; : STM(T,pey) # [halt]’“T, ISDEADLOCK(E) = V¢ € Yeonf(€)
~3c'@([T, peg, 11, 1 ] pepprg,» X5 1') € Conf : (¢ 3¢ AVT € Thrd; :

2 T prg
STM(T, pcy) = [halt]P“r), where ¢ and ¢ are valid concrete configurations
(c.f., Definition 4.4); i.e., if ISDEADLOCK(¢Z), then & does not represent any
concrete configuration that can possibly reach a final state. o

PROOF. Assume that E@([T,ch,frT,?%]TeThrdE,Si,ﬂ> € Conf, such that
3T € Thrd; : STM(T,pcy) # [halt]P’T (note that this assumption ful-
fills —ISFINAL(¢)) and that ISDEADLOCK(¢). Note that it must be that
Thrd; = Thrd (otherwise, \ISDEADLOCK(¢)).

Since Thrd; e = {T € Thrd; | Jick € Lek: (STM(T, per) = [Lock Ick]PeT A
oWN(T Ick) & {Lya, T} A sTT(1Ick) = locked)} and E = {(T,T') | T,T' €
Thrd, o A lck € Lek : (STM(T, per) = [Lock Iek]Pt AoWN(T Ick) = T')}, it
is easy to see that (Thrd;.cx,E) is a graph where the vertices (in Thrd,cy)
represent threads that are waiting to acquire a lock that is currently acquired
(i.e., owned and locked) by some other thread, and each edge, (T,T/ ) €EE,
describes a dependency (i.e., T is waiting to acquire a lock that is cur-
rently acquired by T’). But then it must be that if CYCLE(Thrdyee,E),
then for all ¢ € Y.ons(¢) (such that ¢ is valid) there exists a deadlock
in ¢ (since (Thrd;,.,E) contains at least one cycle; Lemma 6.1), and

thus, Ve € Yeonr(€) @ =3¢' @ ([T, pcy, ' 19}y ppra, - X5 1') € Conf @ (¢

— ¢/ AVT € Thrd; : STM(T, pc}) = [halt]’?r). (Note that if for some

O
thread, T € Thrd;, and lock, Ick € Lek, STM(T,per) = [Lock Ick]PeT,
OWN(T lck) & { Lipa, T} and sTT(1 ick) = unlocked, then T ¢ Thrd, o, since
oWN(I Ick) has not yet acquired Ick.)

If 3T € Thrd; : Jick € Lek : (STM(T, pep) = [Lock Iek]Per AsTT(T ick) =
locked NOWN(T Ick) # L g ASTM(OWN(T Iek), pe oy i sexy) = [hal ] omndien),
it is easy to see that OWN(IIck) will never issue unlock lck (c.f., Ta-
bles 5.5 and 5.6) and thus Ve € Yeon(€) : —Elc’@([T,pc’T,r’T,t%’]TeThrdﬁ,

x,I'y € Conf: (¢ ——...—— ¢/ AVT € Thrd, : STM(T, pcy) = [halt]’T).

prg prg
This concludes the proof. n

Lemma 6.6 (Soundness of ISTIMEOUT):

Given a configuration, E@([T,ch,TT,?%]TeThrdé,i,D € Conf, and time-
out, 7, € Time, such that 3T € Thrd; : STM(T,pcy) # [halt]’T and
—ISDEADLOCK(Z),  ISTIMEOUT(G,7,) = V¢ € Yeour(¢) @ —3@
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([T.pcr 7 1 I rerhra, X51) € Conf @ (e .2 AVT € Thrd: :

(STM(T, pc}) = [halt]PT A 1 < max(¥(%,)))), where ¢ and ¢’ are valid
concrete configurations (c.f., Definition 4.4); i.e., if ISTIMEOUT(¢,%,), then ¢
does not represent any concrete configuration that can possibly reach a final
state before the given timeout (i.e., before max(y;(%,))). o

PROOF. Assume that 5@<[T’pCT’ET7E’?]TeThrd¢~.’§’ﬁ> € Conf and 7,, € Time
are such that 3T € Thrd; : STM(T, pcy) # [halt]P‘T, \ISDEADLOCK(¢) and
ISTIMEOUT (G, 7,).

Since ISTIMEOUT(G,7;,), it must be that VT € Thrd; : (STM(T,pcy) #
[halt]“T = (7, <; (1§ ¥+ ABSTIME(Z,T)) V (Thrd; C Thrd A 3ick € Lek :
(STM(T, per) = [Lock Ick]Per AOWN(T ick) & { Ly, T})))). For all threads,
T € Thrdg, such that STM(T, pey) # [halt]’“T AT, <, (7§ +/ ABSTIME(E,T)),

it is easy to see that =3¢'@([T,pcy, 7, 1 | peqpeq,. X3 1) € Conf @ (¢

.o ASTM(T,pch) = [halt]r A & < max(i(fo))) (cf., Assump-

tions 4.1 and 5.50). Thus, for all other threads, ~T € Thrdz, such that
Jick € Lek : (STM(T,pep) = [Lock Ick]P’T A OWN(LIck) & { Lo, T}), it

must be that —3c¢'@([T,pcl, 17T, 1] x,l') € Conf : (¢ >... =

TeThrd;’
' AST™(T, pch) = [halt]Pr A 1§ < max(y,(%s))) since the respective locks
cannot possibly be released at any time, ¢, such that t < max(y,(7,)) (c.f.,
Assumptions 4.1 and 5.50).

This concludes the proof. ™

Lemma 6.7 (Soundness of ISVALID):

Given a configuration 5@<[T,ch,ﬁT,?%]TeThrdE,}‘k,ﬁ) € Conf and a time, 7,, €
Time, such that 3T € Thrd; : STM(T,pcy) # [halt]’T, =ISDEADLOCK(Z)
and —ISTIMEOUT(&,%,), —ISVALID(&,7,) = —3¢ € Conf : (¢

prg " Coprg
& A 3e@([T,per, r1. 1] reppra, 1) € Yeonp (€) 0 (3" € Conf : ¢/ ...

¢ AVick € Lek : (STT(L Ick) = unlocked = OWN(1 ick) = Lyy))); ice., & can
never lead to a configuration that could represent at least one valid concrete
configuration (c.f., Definition 4.4). o

PROOF. Assume that E@([T,ch,IT‘T,?%]TeThrdﬁ,fs,D € Conf and 7,, € Time
are such that 3T € Thrd; : STM(T,pcr) # [halt]P“T, —-ISDEADLOCK(Z),
—ISTIMEOUT(¢,%,) and —~ISVALID(Z, %, ). Then it must be that

1. =(Thrd; = Thrd = —CYCLE(Thrdyoc,E)) (ie., Thrd; = Thrd A
CYCLE(Thrdsocy ,E))), where Thrdye, = {T € Thrd; | 3ick €
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Lek @ (ST™M(T,pep) = [lock lck]Pr A OWN(LIck) & { Ly, T})}
and E = {(T,T') | T,T" € Thrdyecx A Jlck € Lek @ (STM(T,per) =
[Lock Ick]P°r AOWN(L Ick) = T')}, or

2. —Vick € Lek : VT € Thrd; : ((0WN(T lck) = TASTT(1 ick) = unlocked) =
(STM(T, per) # [halt]t ADL(I Ick) Z; (1§ +; ABSTIME(Z,T)))).

If Thrd; = Thrd A CYCLE(Thrd; .y, E), then it must be that there is a cycle in
the dependency graph, (Thrd;cy, E), for threads waiting to acquire some lock
(Lemma 6.1). Since ~ISDEADLOCK(¢), it must be that this cycle involves at
least one lock, Ick € Lek, such that for some thread, T € Thrd, oWN(1 Ick) ¢
{ Lipra, T} and sTT(1 Ick) = unlocked (c.f., Algorithm 6.4). But then it is easy

to see that =3¢" € Conf: (¢ ... 7 & A Jc@([T, per, Ir, 1] e, - X0 1) €

Yeonf (&) : (3" € Conf: ¢! — ...~ cAVIck € Lek : (STT(L Ick) = unlocked =

prg prg
OWN(1 Ick) = L)) (c.f., Tables 5.5 and 5.6 and Lemma 4.5).

Note that if —Vick € Lek : VT € Thrd; : ((oWN(T Ick) = TAsTT(1 Ick) =
unlocked) = (STM(T,pcp) # [halt]Pt A DL(LIck) %, (i +
ABSTIME(Z,T)))), then it must be that Jick € Lek : 3T € Thrd; : (OWN(L Ick) =
T A sTT(1Ick) = unlocked A (STM(T,per) = [halt]Pr v oL(lick) <, (¢ T,
ABSTIME(E,T)))).

If Jick € Lek : 3T € Thrd; : (0WN(T Ick) = T A sTT(1 ick) = unlocked N

_ i =/ I it ad
STM(T, per) = [halt]P“T), then it is easy to see that =3¢’ € Conf: (¢ >... =

& A 3e@([T,per, v, 1] rernea, 1) € Yeonp (€') : (3¢ € Conf : ¢/ ..o

¢ AVick € Lek @ (STT(L Ick) = unlocked = OWN(L Ick) = Ly,q))) since, for
the given lock, the owner will be T but the state will remain unlocked for all
configurations following ¢ (c.f., Tables 5.5 and 5.6).

If Jick € Lek : 3T € Thrd; : (0WN(T Ick) = T A sTT(1 ick) = unlocked N
pL(1lck) <, (7 ¥, ABSTIME(Z,T))), then it is easy to see that =3¢’ € Conf :

(€ g’ € A Jc@([T, per, o1, 1] repprg, X5 1) € Yeong (€) : (3¢’ € Cont :

' —...—cAVick € Lek : (STT(1 Ick) = unlocked = oWN(1 Ick) = Lq)))

prg prg
since OWN(I lck) must be one of the threads that issue lock Ick (and thus
determines DL(I Ick)) in the concrete case for Vick € Lek @ (STT(L ick) =
unlocked = OWN(LIck) = Lyyy) to hold. But since DL(Ilck) <, (7% T,
ABSTIME(¢,T)) and DL(1Ick) € y,(DL(Iick)) for any given transitional
sequence (c.f., Lemma 5.58), there cannot be any ¢ € }/Co,,f(é) such that
OWN(L Ick) = T (c.f., Assumptions 4.1 and 5.50 and Tables 4.2, 4.3, 5.5 and
5.6).

This concludes the proof. ™
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Lemma 6.8 (Soundness of ABSEXE):

Given the sets of valid configurations C € Z7(Conf) (c.f, Definition
4.4) and C € 2(Conf), such that Ve@([T, per, 1, 17| reppea, -0 1) € C
(V([T,peSs E1, #) e ppra, - 1) € C 2 (Thrdy = Thrd, = Thrd) A3 € Cic e
Yeons (€)) A | Thrd| < o0 AVE@ ([T, pck, £1, 78] qpeqr 1) € C : Vick € Lek :
min(y;(DL(1 Ick) = —o0)), and the times t,, € Time and 7,, € Time, such that
tio = max(¥,(%,)), (C/,C%, C")@ABSEXE(C,17,,) is such that

Ve € C: V' @([T, pcy, ', 1] | cpprgy X5 1) € Conf
((¢52... 5>/ AVT € Thrd : STM(T, pcf) = [halt}T) =

prg
(C'#£0v
3e@([T,pcs, r, 7] %,1) € ¢/ : VT € Thrd :
(pet =pcr N € m(if))) A
VeeC: VC’@([T,pc’T,E’T,t%’]TeThrd,lx’,]l’> = Conf :
((co? -+ e ¢ A(CYCLE(ThrdS, ., , E€) V
dT € Thrd : Jick € Lck :
(STM(T, pchy) = [Lock lek]Pr A
OWN(L' Ick) & { Lipra, T} A

STM(OWN(T lck),pc'OWN(]l, lck)) =

[halt]pci)WN(ﬂ’ )))) =

TeThrd’

(C'£0vC £0))

¢ « = {T € Thrd | 3ick € Lek : (STM(T, pc}) = [Lock lek]Per A
OoWN(I Ick) & { Lypya, T})} and E€ = {(T, T') | T, T’ € ThrdS,, AJlck € Lek:
(STM(T, pch) = [Lock lck]Pr AOWN(L Ick) = T')}, whenever it terminates. In
other words, if a concrete configuration in C could be executed into a final
configuration, ABSEXE will either find a final abstract configuration that safely
represents the timing behavior of the concrete final configuration or reach a
timeout for the corresponding abstract transition sequence, and thus, C' # 0. If
a concrete configuration in C could be executed into a state from which a final
configuration cannot be reached, ABSEXE will either find the corresponding
abstract situation (i.e., C¢ # 0) or reach a timeout for the corresponding abstract
transition sequence, and thus, C' # 0.

where Thrd¢

It is also the case that if C? UC" = 0, then all concrete configurations in C
are guaranteed to, along all possible paths, reach a state in which all threads is-
sue the halt-statement (i.e., reach the final state, or in other words, terminate).
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Furthermore (if C* UC' = 0):

Ve € C: V' @([T,per, v, 1 |t cqnear X 1) € Conf :
((c577...57¢ AVT € Thrd : STM(T, pc}) = [halt]’T) =

P8 rrg
[T, pet Fr, lremnea 51) € C 2 (pep =per A € 1i(#)) o

PROOF. Assume that the sets of valid configurations C € Z?(Conf)
and C € 2(Conf) are such that Vc@([T,per, 11,1l cqppq, - 5:1) € C
(V{[T.pcG 1, H ] pepppay 1) € C ¢ (Thrdy = Thrd, = Thrd) A3e € C:c €
Yeonf (€)) A |Thrd| < oo AVE@([T, pc, F1, 9] cppra» Xo1) € € 1 Vick € Lek :
min(}/,(DI(ﬂ Ick) = —o)), the times #,, € Time and 7, € Tifhe, are such that
tio = max(¥;(%,)), and that (C/,C¢,C") = ABSEXE(C, 7).

This proof will partly be conducted using induction on the considered level
of recursion, where level O is the base level (i.e., the level where for any consid-
ered ¢, Thrd; = Thrd) and level n > 0 is the bottom level (i.e., the level from
which no more recursion occurs, which is also referred to as the maximum level
of recursion), while assuming that all sequentially preceding 1oad-statements
in all threads for any considered configuration on any level of recursion have
been safely approximated. Before beginning the induction part of the proof,
first note that:

e The overall structure of the algorithm is of the work-list type; i.e., given
an item (abstract configuration in this case) that is extracted from a work-
list, new items are generated, based on some rules, and are either added
to the work-list (and will thus eventually be extracted themselves) or
saved as output items if some condition is fulfilled. When the work-list
is empty, the algorithm terminates.

e Since (C/,C%,C") = ABSEXE(C,7,), it must be that the algorithm ter-
minates for the considered input (i.e., C and 7,,).

e The structure of the algorithm is such that, for any ¢ € Conf and
f, € Time, ISDEADLOCK(Z) is only issued when —ISFINAL(?),
ISTIMEOUT(G,%,) is only issued when —ISDEADLOCK(¢), and
ISVALID(E,%,) is only issued when —ISTIMEOUT(¢,%,). This means
that the requirements of Algorithms 6.4, 6.5 and 6.6 are fulfilled.

e The timing behaviors of the threads included on any recursion level are
safely given by ABSTIME (Assumption 5.50).
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e The maximum level (i.e., depth) of any recursion pattern is |Thrd| — 1

since |EXETHRD(¢)| > 1 for recursion to occur and |Thrd| >
|[EXETHRD(¢)| for any ¢ € Conf (c.f., Algorithm 6.10).  Since
|Thrd| < e, it must thus be that 0 < n < |[Thrd| — 1 < . But
then, since the recursion depth is of a finite size, it must be that the
recursion eventually stops for any considered case.

When the considered level of recursion, i, is greater than 0, it is easy to
see that Thrd; C Thrd, where Thrd, is the set of threads included in any
configuration on recursion level i for the considered recursion pattern.
Note that Thrd, = Thrd.

The timeout, #,, for recursion level i > 0 is such that max(y,(#,)) <
max (Y, (7, 1)) since #, = ¢ M, (7, ' Oy o,({—})), where T € Thrd;
is the thread that will be removed from the configurations on recursion
level i. This means that the timeout cannot be shifted into the future

when recursion occurs.

Figure 6.1 illustrates a case where n = 4, 79, is the timeout at the base
level (i.e., recursion level 0) and for all i € {1,2,3,4}, 7  is the timeout
at recursion level i, T;_; is the thread not included in configurations at
recursion level i and 7/ =7{ F; ABSTIME(& ', T ).

Assume that a thread, T € Thrd, issues a 1oad-statement at some recur-
sion level i — 2, where i > 2, and has been removed from all configura-
tions at recursion level i — 1 and beyond, and that no events occurring
after 7! can affect the loaded value. If some other thread, T’ € Thrd,
issues a possibly unsafe load-statement at recursion level i — 1, then a
new recursion level, i, will be created to determine a safe write history
before the 1oad in T’ is evaluated. Then it is easy to see that any event
occurring after i{ff cannot affect the value loaded by T'. But then it is
easy to see that the value loaded by T at recursion level i — 2 cannot be
affected by any event occurring after 7, = 7, I, (7, ' 0y ot,({—co})) for
the considered recursion instance at level i. Thus, for all recursion levels
i € {1,...,n}, the timeout for recursion level i, as determined by the al-
gorithm, is safe since the accumulated time for a thread cannot decrease
(c.f., Assumption 5.50).

The structure of the algorithm (i.e., on a recursion level, one new
recursion-instance is created for each thread that is executing a possibly
unsafe load-statement) gives that all possible cases, for in which order
load-statements in different threads can be issued, are considered.
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Figure 6.1: Illustration of how the timeout, 7, for a new level of recursion in
ABSEXE is determined.

Assume that, given some configuration, ¢@([T,pc§, ET,i{Z]TGThrdi,i{, 0,
and timeout, 7,,, on recursion level i, where 0 < i < n, some thread, T; € Thrd;,
issues a possibly unsafe load-statement (which means that a deeper recursion
level, i 4 1, will exist) that cannot be affected by any event occurring after
%:,. Further assume that the local thread states (i.e., program counters, register
values and accumulated execution times) and write history for all variables as
given by ¢ safely approximate the possible concrete thread states and variable
values given the considered program point and the corresponding concrete
transition sequences (if any), and that all 1oad-statements on recursion levels
i+ 1 to n are safely approximated. This comprises the induction assumption.

Since the local thread states and write history for all variables as given
by ¢ safely approximate the possible concrete thread states and variable
values given by the configuration at the end of the corresponding con-
crete transition sequences and all load-statements on recursion levels
i+ 1 to n are safely approximated, it must be that all ¢ € Conf, such

that ¢ ... >, safely approximate the possible concrete thread states
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and variable values given the considered program point and the corre-

sponding concrete transition sequences since -7 is used to approximate

the execution of all statements except load-statements that are possi-
bly. unsafe (c.f.,, Lemmas 5.55, 5.56 and 5.57). Thus, it must be that
(C{H,Ciﬂfwcl?ﬂ) @ ABSEXE({([T,pc%,ET,?¥]T€Thrdi\{Ti},;§,11>}, (g, +
ABSTIME(Z,T;)) [, (1o Oy 0t ({—o0}))) is such that | |, {READ (&, x, Ty, 21, +
ABSTIME(Z, Ty)) | (T,%/,T) € €/, UC?, UG, , U{c}} safely approximates
all possible concrete values that could be read by the 1oad-statement in T; for
the corresponding concrete transition sequence, since (the ABSEXE instance
mentioned above, corresponding to recursion level i+ 1 is considered)

1. {¢" € Conf | &' 7+ &"} safely collects all transition possibilities for any

given configuration, & € Conf, or rather, thread, for which no possibly
unsafe load-statements are approximated by the transition (c.f., Lem-
mas 5.55, 5.56 and 5.57),

2. TRIM is not used to remove old writes from the write history since i+ 1 >
0 (c.f., Table 5.6),

3. (note that Thrd; 1 C Thrd) V&' @ ([T, pcy, 1, 5] gy s X I') € Conf:
(Thrd’ C Thrd = —1SDEADLOCK(&)); i.e., even if a deadlock exists in
&, it is further evaluated just in case there are threads that are not part of
the deadlock and thus could affect the value of the variable which is read
on the lower recursion level (c.f., Algorithm 6.4),

4. for any ¢ € Conf and 7, € Time, ISTIMEOUT(&,7,) = Ve €

Yeont (€) ﬁﬂc’@([T,pc’T,r’T,t%’]TeThrdE/,x’,]l’) € Conf : (¢ ..o~

¢ AVT € Thrdy : (STM(T,pch) = [haltlPr A ¢ < max(¥(7%,)))),
where ¢ and ¢’ are valid concrete configurations (c.f., Definition 4.4);
i.e., if ISTIMEOUT(&,7,,), then ¢’ does not represent any concrete con-
figuration that can possibly reach a final state before the given timeout
(Lemma 6.6), or in other words, no thread in & can affect the system
state so that the effects are visible at or before 7, (c.f., Algorithm 6.5
and Assumption 5.50),

5. (note that Thrd;1; C Thrd) V& @([T,pcy, ¥, ppean K1) €
Conf : ((Thrd’ C Thrd A —ISVALID(&')) = —Vick € Lek @ VT €
Thrd' : ((0WN(I" Ick) = TASTT(I' Ick) = unlocked) = (STM(T, pc’y) #
[ha1lt]Pr A BL(Tick) #; (¢ T, ABSTIME(,T))))), which follows
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directly from Algorithm 6.6 and means that there is no possibility that
&’ has any (or could lead to a configuration that has a) valid concrete
counterpart (c.f., Definition 4.4 and the proof of Lemma 6.7).

It is important to notice that ISTIMEOUT captures all configurations such that
all threads have either executed beyond the timeout or are waiting to acquire a
lock that is currently owned by a thread that has executed beyond the timeout
or is also waiting to acquire some lock (c.f., Algorithm 6.5), which means that
the first mentioned thread cannot possibly acquire the lock before the time-
out has passed (c.f., Tables 5.5 and 5.6 and Assumption 5.50). This means
that ISTIMEOUT captures all deadlocked configurations, since ISDEADLOCK
does not capture any configuration at all when the considered recursion level
is greater than O (c.f., Algorithm 6.4), and also all configurations allowed by
ISVALID, although they lack valid concrete counterparts (c.f., Algorithm 6.6).

Since 7{/ = 7. F, ABSTIME(&,T;), pct, = pey, + 1 and &, = ir,[r—
Uvw{READ(X',x, T;, 7 F+ ABSTIME(&, T)) | (T, %, 1) € ¢l ucd uct, U
{¢'}}] (assuming that the possibly unsafe load-statement issued by T; is
[Load r from x]”% for some r € Regr, and x € Var), it must thus be that the
load-statement in thread T; on recursion level i is safely approximated and
that the new configuration, which is added to the work-list on line 28, therefore
safely approximates the local thread states (i.e., program counters, register val-
ues and accumulated execution times) for all threads and the write history for
all variables as given by the possible concrete thread states and variable values
in the considered program point and the corresponding concrete transition
sequences (if any). But this means that all possibly unsafe 1oad-statements on
recursion level i are safely approximated.

Now consider recursion level n (i.e., the level from which no more
recursion will occur for a given recursion pattern, which is the base case
for the induction part of the proof) for the first ever occurring recursion
pattern for a given transition sequence, such that no potentially unsafe
load-statement has yet been approximated. Since no potentially unsafe
load-statement has yet been approximated and Ve € C: 3¢ € C: c € Yeonf (C),
it must be that any concrete state for all threads individually, and the write
history for each variable, must be safely approximated up until the con-
sidered point of the considered transition sequence (since ﬁ has been

safely used for all transitions and {&' € Conf | ¢ >} collects all ab-

stract transition possibilities for any given configuration, ¢ € Conf, or
rather, thread; c.f., Lemmas 5.55, 5.56 and 5.57). Since no more (i.e.,
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deeper) recursion will occur, it must be that for any considered configura-
tion, E@([T, per, F1, ] peqprq, - 1) € Conf, at level n, [EXETHRD(E)| # 1
or EXELOADTHRD(¢) = 0. But since for any given configuration ¢@
([T,per, B1, 1) e pra, 1) € Conf, Thrd,, C EXETHRD(Z) (Lemma 6.2)

and {T € Thrd’,, | 3r € Regy : Ix € GLOBALVAR(Thrd;) : STM(T,pcy) =

exe

[load r from x]P°T} C EXELOADTHRD(¢) (Lemma 6.4), where Thrd,, is as

exe

defined in Table 5.6, it must thus be that |[Thrd’,| # 1V {T € ThrdS,, | 3r €
Regy : 3x € Varg : STM(T,pc§) = [Load r from x]Pr} = 0 for all ¢ € Conf
at recursion level n. Thus, it must be that {¢’ € Conf | Eﬁf’ } will be safely
used to collect all the possible transitions on recursion level n until all threads
either reach the final state (i.e., issue halt-statements) or execute beyond the
timeout (c.f., Lemmas 5.55, 5.56, 5.57, 5.58, 6.5, 6.6 and 6.7). But, then it
must be that all the possible concrete transition sequences for each thread are
safely approximated up until the timeout point (if ever reached, and if reached
before the final state) since Ve € C: 3¢ € C:c € Yeonf (€). This concludes the
induction part of the proof.

Given ¢ € C and ¢/ @([T,pc, 17, 11 | e rpea> X5 1) € Conf, the following
concrete cases (corresponding to a terminating program, a program reaching
a deadlocked state and a more general case of a non-terminating program, re-
spectively) must be considered.

1. Assume that ¢— ...~ ¢ AVT € Thrd : STM(T,pcy) = [halt]Per,

prg prg
Note that since all possible concrete transition sequences for each thread
individually are safely approximated up until the timeout point and a
final configuration is reached in the concrete case, there must be an
abstract trace of transitions such that all configurations, ¢ € Conf, on
that trace are such that ~ISDEADLOCK(¢) (c.f., Algorithm 6.4 and
Lemma 6.5) and ISVALID(¢,7,) (c.f., Algorithm 6.6 and Lemma 6.7). It

must also be that, eventually, a configuration, ¢@ ([T, pc5, IFT,?%]TGTh d

%,1) € Conf, for which either VT € Thrd : STM(T, pc5) = [halt]P“T or
VT € Thrd : (STM(T,pc5) # [halt]’t = %, <, i T, ABSTIME(Z, T))
is derived along the corresponding (over-approximating) abstract trace
of transitions.

If VT € Thrd : STM(T,pc5) = [halt]pcgf, then it is easy to see that
ISFINAL(¢) (c.f., Algorithm 6.3), which means that ¢ € C’. Thus, it
must be that 3¢ @([T,pc5, &, 1] /1) € ¢/ : VT € Thrd :

(pcg =pep At € 7, (i),

TeThrd’
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If 3T € Thrd : STM(T, pc5) # [halt]’r AVT € Thrd : (STM(T, pcs) #
[halt)r = 7, <, ¢ +, ABSTIME(Z,T)), then it is easy to see that
—ISFINAL(Z), ~ISDEADLOCK () (since the program terminates in the
concrete case) and ISTIMEOUT(G,%,) (c.f., Algorithms 6.3 and 6.5),
which means that & € C'. Thus, it must be that C' 0.

. Assume that ¢—...— ¢/ A (CYCLE(ThrdS,_, ,E¢) vV 3T € Thrd :

prg ttoprg
Jick € Lek : (STM(T, pcly) = [Lock lek]?r AOWN(L Ick) & { L jya, T} A
STM(OWN(L' Ick), peiy v 1exy) = [halt) ‘o)), where ThrdS,_, =

{T € Thrd | 3ick € Lek : (STM(T, pcy) = [Lock Ick]P“r AowN(l Ick) &
{Lowa;TH} and E¢ = {(T.T) | T.T € ThrdS,_, A Jick € Lek
(STM(T,pcf) = [Lock lck]Pr A OWN(L' Ick) = T')} (remember that

OWN(I" Ick) # Lypa = OWN(L' Ick) = locked since c is valid and >

preserves validity; c.f., Definition 4.4 and Lemma 4.5). Note that since
all possible concrete transition sequences for each thread individually
are safely approximated up until the timeout point and a deadlocked
configuration is reached in the concrete case, there must be an abstract
trace of transitions such that all configurations, ¢ € Conf, on that trace
are such that ~ISFINAL(?) (c.f., Algorithm 6.3) and ISVALID(¢,7,) (c.f.,
Algorithm 6.6 and Lemma 6.7). It must also be that, eventually, a config-
uration, ¢@ ([T, pc%,frT,i%‘}T EThrd,fx,ﬁ} € Conf, will be derived (along
the corresponding, over-approximating abstract trace of transitions)
for which either (CYCLE(ThrdS,.,,E®)V 3T € Thrd : Jick € Lek :
(STM(T,pc) = [Lock lek]P“r A sTT(Lick) = locked N OWN(T Ick) #

Lo A STM(O\X/N(ﬂ le)vpchN(ﬁ ch)) = [halt}pCOWN(ﬂ fek) )), where

ThrdS,,, = {T € Thrd | ick € Lek : (STM(T,pc§) = [Lock lck]PT A
OWN(L Ick) & { Lipa, T} A STT(L Ick) = locked)} and E¢ = {(T,T') |
T,T € ThrdS,, A 3ick € Lek : (STM(T,pc%) = [lock lck]Per A
oWN(I ick) = T')}, or VT € Thrd : (STM(T,pc§) # [halt]t =7, <,
i ¥, ABSTIME(¢,T)) A —(cYCLE(ThrdS . ,E®) V 3T € Thrd :
Jlck € Lek : (STM(T,pcs) = [lock lck]Per A sTT(1Ick) = locked N

OWN(T lck) # Lipra ASTM(OWN(T Ick), pcf Ay = [halt]” Conn(iien) ),

If cYCLE(ThrdS,,,E®) v 3T € Thrd : Jick € Lek : (STM(T,pc§) =
[Lock lek]Pr A sTT(lick) = locked A OWN(LIck) # Lga A
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sTM(0WN(I le)’PCgWN@ lck)) = [halt]"o"~(@ik)  then it is easy to
see that —ISFINAL(¢) and ISDEADLOCK(¢) (c.f., Algorithm 6.4 and

Lemma 6.5), which means that C?¢ # 0.

If VT € Thrd : (sST™M(T,pc§) # [haltpt = %, &, i F,
ABSTIME(Z, T)) A —(CYCLE(ThrdS,, ,E%) V3T € Thrd : Jick € Lek :
(sT™M(T,pc§) = [Lock lck]Per A sTT(LIck) = locked N OWN(I Ick) #

Lira A STM(OWN(T lek), pct (i lck)) = [halt]o"(iR))  then it is
easy to see that “ISFINAL(¢), "ISDEADLOCK(¢) and ISTIMEOUT(E,7,)

(c.f., Algorithm 6.5 and Lemma 6.6), which means that c #0.

To prove the last part of the lemma, assume that C¢/ UC" = 0. Since
V([T,pC%fT,f¥]TeThrd7>§,ﬁ) € ¢/ : YT € Thrd : sTM(T,pc§) = [halt]Pr
(c.f., Algorithm 6.3) and —ISVALID(Z,7,) only if ¢ can never lead to a config-
uration that might have a valid concrete counterpart (Lemma 6.7), it is easy to
see that all concrete executions of the configurations in C will terminate since
all possible concrete transition sequences are safely approximated. Further
assume that ¢ € C and ¢’ @ ([T, pcT, T'r, 1] |1 oppea> X5 17) € Conf are such that

¢—...m—¢ AVT € Thrd : STM(T, pc};) = [halt]?r. Since C? UC! = 0 and

prg prg
Vc~6 C ~EIE € C’ € € Yeonf(€), it is easy to see that EI([T,pc%,frT,?%]TeThrd,
%,0) € ¢/ (pc§ = pcp A& € v,(74)) since all possible concrete transition
sequences are safely approximated.

This concludes the proof. ™

NOTE. ABSEXE has not been proven to terminate for all inputs. However,
when it does terminate, it safely approximates the transition sequences for the
corresponding concrete input set.

One case for which ABSEXE will not terminate is when some thread could
execute an infinite amount of statements in zero amount of time; c.f., an infi-
nite loop where all the statements of the loop could be executed without any
progression of time.
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Algorithm 6.13 BCET/WCET Analysis

1:
2
3
4.
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:

function ANALYSIS(C,7;,)
(Cf,C% C") « ABSEXE(C, %)
if C?UC" # 0 then

return (—oo,o0)

end if

BCET ¢+ oo
WCET  —oo
while C/ £ 0 do

E@([T,ch,ﬁT,?ﬁTeThrd,x":,ﬂ) + CHOOSE(CY)
Cl ¢\ {¢}
BCET; + max({min(y,(7{)) | T € Thrd})
WCET; < max({max(y;(7$)) | T € Thrd})
if BCET > BCET then
BCET « BCET:
end if
if WCET < WCET; then
WCET « WCET:
end if

end while
return (BCET,WCET)

21: end function
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6.2 Timing Analysis

The BCET and WCET (c.f., Definition 6.9) of a program, given an initial sys-
tem state, is safely derived by ANALYSIS, which is defined in Algorithm 6.13
(Lemma 6.10), whenever it terminates.

Definition 6.9 (BCET and WCET):
The Best-Case Execution Time, BCET, and the Worst-Case Execution Time,
WCET, of a given configuration, ([T,ch,ﬁT,?%]TeThrdg,fs,D € Conf are de-
fined as:
BCET = max({min(y,(7{)) | T € Thrd:})
WCET = max({max(y;(7{)) | T € Thrd:})

Lemma 6.10 (Soundness of ANALYSIS):

Given the sets of valid concrete configurations C € & (Conf) (c.f., Def-
inition 4.4) and abstract configurations C € (Cenf), such that Vc@
([T7ch,rT,t]“~]T€Thrd],x,ﬂ) e C : (V([T,pc%,JT"T,?%]TeThrdz,fg,]l) e C :
(Thrd; = Thrd; = Thrd) A 3¢ € C : ¢ € Yy (¢)) A [Thrd| < oo AVE@
([T, pc, 21, 1) pempras 5 1) € € ¢ Vick € Lek = min(y,(PL(Llck) = —eo)),
and the times t,, € Time and 7, € Tife, such that t;,, = max(y:(%)),
(BCET,WCET)@ANALYSIS(C,7,) is such that

Ve € C: V' @([T,per, v, 1] | rernear 1) € Conf : ,
(((¢ 57> ... 527 AVT € Thrd : STM(T, pc}) = [halt]™7T) =
VT € Thrd : BCET < & < WCET) A
(com? o ¢ = 1§ < WCET))

given that the algorithm terminates. o

PROOF. Assume that the sets of valid concrete configurations C € Z?(Conf)
(c.f., Definition 4.4) and abstract configurations C € ?(Conf) are such that
Vc@([T,ch,er,t%]TeThrdl,X, Iy e C: (V([T,pc%,f‘T,?%]TeThrdz,fs,H) e C:
(Thrd; = Thrd; = Thrd) A 3¢ € C : ¢ € Ypnr(€)) A |Thrd| < oo A VE@
(IT.pcG, B, ) peppras 1) € € Vick € Lek : min(y,(DL(I Ick) = —oo)), that
the times f,, € Time and 7, € Tifhe are such that #,, = max(¥;(%,)), and that
(BCET,WCET) = ANALYSIS(C, 7).
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Since (BCET,WCET) = ANALYSIS(C,7,), it must be that (C/,C? C")@
ABSEXE(C,7,) terminates at some point and that

Ve € C: V' @([T,per, v, 1] | rernear 1) € Conf :
((¢5?... 5> AVT € Thrd : STM(T, pc}) = [halt]Pr) =
(C'#£0v
Je@([T,pcs, fr, 7] %,1) € ¢/ : VT € Thrd :
(pet =pcr At € 7i(i)))) A
VeeC: Vc’@([T,pc’T,n"’T,t%’]TeThrd,/x’,]l’) /6 Conf :
((c 5?3 € AN(CYCLE(ThrdS, ., , E€) V
JT € Thrd : Jick € Lek :
(STM(T, pc};) = [Lock lck]Per A
OWN(I' Ick) & { Linra, T} A
STM(OWN(I' Ick), pchN(H, o)) =

[halt]pcloww(]l/ Ick) ))) =

TeThrd’

(C'#0vC! #0))

(Lemma 6.8). It is thus apparent that if cluct = (), there might exist an infinite
transition sequence in the concrete case. However, it is easy to see that (as
returned by the algorithm) —eo is a safe approximation of the BCET and that o
is a safe approximation of the WCET for all such (and all other) cases.

If C?UC" = 0, then all concrete transition sequences are of finite

length and Ve € C : V' @([T,per, v, 1 I reppeas X5 17) € Conf : ((c5>

oo € AVT € Thrd : STM(T, pc) = [halt]T) = [T, peG, 1, 1 peneas

%,0) € € : (pc§ = pcp A € 1,(7%))) (Lemma 6.8). Thus, since the structure of
the algorithm trivially gives that the smallest possible estimation of the BCET,
BCET, and the largest possible estimation of the WCET, WCET, among the
derived final abstract configurations in €/ are found (c.f., Definition 6.9), it

must be that Ve € C: V' @([T, pct, vp, 1 | pepprq» X5 1) € Conf: ((e 52> o0

¢ AVT € Thrd : STM(T, pc}) = [halt]’*r) = VT € Thrd : BCET < 1§ <
WCET). But, then it must also be that V¢ € C : V' @([T, pe, ', 11 | e rpras
x,l') € Conf: (¢ ... = VT € Thrd : #f < WCET) since time only

prg "t oprg
moves forward (c.f., Assumption 5.50), which concludes the proof. n






Chapter 7

Examples

To clarify and explain the analysis defined in Chapters 5 and 6, this chapter
instantiates it for some example PPL programs.

7.1 Communication

This case shows the recursive behavior of ABSEXE; i.e., how it peeks into the
future to derive safe write histories for unsafe 1oad-statements.

For the program, Thrd = {T;, T,, T3}, defined in Table 7.1, it is easy to see
that Regy, = {r}, Regy, = {r}, RegT.3 = {r}, Var = {.x,y,z} anq Lck = 0.
Note that r represents local memory within each thread; i.e., the register-name
r can refer to three different memory locations — what location it refers to
depends on which thread is considered.

Assume that ABSTIME(Z,T), where E@<[T,ch,ﬁT,?%]TeThrdg,}‘k, I) €

T1@(1,[load r from x|*; [store r to y]?; [halt]?®)
T,@(2,[load r from y|!; [store r to z]?; [halt]®)
3

T3@(3,[if r <=3 goto 4]!; [store r to x]?; [skip]®; [halt]?)

Table 7.1: Communicating threads — Program.
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Conf and T € Thrdg, is such that for any ¢, it assumes the values described by
the below table.

Lo [1,5] [2,6] [1.4]
2 | [1,3] [2,3] [3,4]
3 - - 33

Also assume that Eg@([T,ch,frT,?{f]TeThrd,ﬁ{,ﬂ) is as described in Table 7.2.
(Due to the semantics of the program, the parts of the states that are left out
from the table are of no interest for this case study.)

Tables 7.2 and 7.3 collect all the configurations derived by ABSEXE({Eg ,
[—o0,00]) during the analysis described by ANALYSIS({&)},[—o0,00]). A ‘=’
indicates that the entry is not applicable to (i.e., not included in) the config-
uration. Figure 7.4 shows the order in which the configurations are derived;
i.e., the relation between the derived configurations. In the figure, final config-
urations are circled and timed-out configurations are circled and marked with
a ‘t’. To see how new recursive instances of ABSEXE are created, note that
when Thrd; = {T,T,, T3}, then Varg = {x,y}; when Thrd; = {T, T3}, then
Var, = {x}; and when Thrd; = {T», T3}, then Varg = 0.

It is apparent that ABSEXE({&)}, [—o0,c0]) = ({&9,,8%;},0,0); i.e., &9, and
&9, are final-state configurations and there are no deadlocked or timed-out con-
figurations. According to Algorithm 6.13, it is thus easy to see that the esti-
mated timing bounds are:

BCET = min({max({min(y;(7#)) | T € Thrd}~) |
<[T7PCT’ﬁT’;’la"]TeThrdviaD € {5(1)] aggz}}) =4
WCET = max({max({max(y,(#{)) | T € Thrd}) |

<[TapCTaij’ﬁTgThrda§7ﬂ> € {6(1)17583}}) =11
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(Xy) Ti
{([5,5],[0,0])}
{([5,5],[0,0]),

([1,4],2,8])}
{([5,5],[0,0]),
([1,4],2,8])}
{([5,5],[0,0]),
([1,4],2,8])}
{([5,5],0,01)}
{([5,5],[0,0]),
([1,4],2,8))}
{([5,5],[0,0]),
(11,4],2,8))}
{([5,5],[0,0]),
([1,4],2,8])}
{([5,5],[0,0]),
([1,4],2,8))}
(Xy)Tu

Table 7.3: Communicating threads — Configurations (Second half).
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T1@(1,[lock 1a]*; [Lock 1b]?; [unlock 1a]?; [unlock 1b]*; [halt]®)

T,@(2,[lock 1a]'; [Lock 1b]?; [halt]®)

Table 7.5: Synchronization (Deadlock) — Program.

7.2 Synchronization — Deadlocks

This case shows how ABSEXE identifies deadlocked configurations and how it
discontinues deadlocked configurations that lack concrete counterparts.

For the program, Thrd = {T;,T,}, defined in Table 7.5, it is easy to
see that Regr = 0, Regy, = 0, Var = 0 and Lck = {1a,1b}. Assume that
ABSTIME(Z,T), where ¢@ ([T, per, 1, 5] rcppeg» % 1) € Conf and T € Thrd,
is such that for any ¢, it assumes the values described by the below table.

Also assume that Eg@([T,ch,fT,?%]TGThrd,si,D is as described in Table 7.6.
(Due to the semantics of the program, the parts of the states that are left out
from the table are of no interest for this case study.)

Table 7.6 collects all the configurations derived by ABSEXE ({9}, [—c0,])
during the analysis described by ANALYSIS({&)},[—c0,o0]). Figure 7.7 shows
the order in which the configurations are derived; i.e., the relation between the
derived configurations. In the figure, final configurations are circled, dead-
locked configurations are circled and marked with a ‘d’ and discontinued con-
figurations are crossed out. Note that Eg occurs since Ty has been waiting to
acquire la and is now assigned it, which means that T,’s accumulated execu-
tion time will be advanced to simulate the spin-lock waiting of the concrete
semantics (c.f., the discussion in the proof of Lemma 5.57).

It is apparent that ABSEXE({&)},[—o0,o0]) = ({¢}},{¢3},0); ie., &} is a
final-state configuration, 53 is a deadlocked configuration, and there are no
timed-out configurations.



¢ || per, | per, | T, it l1a I1b

58 1 1 [07 0] [Oa 0} (unlOCked7 Lthrda lt; J—thrzh lt) (unlOCked7 Lthrzh lh J—l‘/’n’d, lt)
5% 2 1 [27 2] [Oa 0} (lOCkEd; Ty, [_°°7 2]7 Linra, J~—t) (unlocked, Linra, j—ta Linra, j—t)
all 2 1 |[2,2]| [0,0] (locked, Ty, [—o0,2], Lina, L;) (unlocked, Ty, [—o0,4], Ly, 1)
&l 3 1 |[3,4]| [0,0] (locked, Ty, [—0,2], Lipra, ;) (locked, Ty, [—o0,4], Ly, 1)
&l 4 1 | [4,5]| [0,0] | (unlocked, Lpq,[—0,2],T1,[4,5]) | (locked,Ty,[—o0,4], L, 1;)
o 5 1 [5,6] | [0,0] | (unlocked,Ty,[—e0,12],T1,[4,5]) | (unlocked, L, [—o0,4],T1,[5,6])
all 4 1 | [4,5]| [1,2] | (unlocked,Ty,[—o0,12],Ty,[4,5]) (locked, Ty, [—o0,4], Ly, 1)
E? 4 2 [47 5] [47 12] (lOCked7T27 [ 12] T, ’ [47 5]) (lOCkEda Tla [70074]7 J—thrda j—t)
&1 s 2 | [5,6] | [4,12) | (locked,Ty,[—oo,12],T},[4,5]) | (unlocked, L yq,[—o=,4],T1,[5,6])
¢l s 2 | [5,6] | [4,12] | (locked,T,[—o0,12],Ty,[4,5]) (unlocked, T, [—oo, 18], Ty, [5,6])
all s 3 | [56]|[5,18] | (locked, Ty, [—oo,12],Ty,[4,5]) (locked, Ty, [—o0,18], Ty, [5,6])
all 1 2 110,0] | [1,2] (locked, T2, [—0,2], Lipra, 1) (unlocked, Liyg, Loy Linra, Ls)
a2l 1 2 1 10,0] | [1,2] (locked, T2, [—o0,2], Lipra, 1t (unlocked, Ty, [—o0,4], Lipra, 1s)
a1 3 0,0 | [2,4] (locked, Ta,[—o0,2], Lyna, L;) (locked, Ta,[—o0,4], Lipa, 1;)

¢ || per, | per, | T, if, [1a I1p

Table 7.6: Synchronization (Deadlock) — Configurations.
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ABSEXE({&}, [—00, ])
|

&

Figure 7.7: Synchronization (Deadlock) — Configuration relations.

According to Algorithm 6.13, it is thus easy to see that the estimated timing

bounds are:
BCET = —o0

WCET =
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T1@(1,[lock 1]*; [halt]?)
T,@(2,[lock 1]*; [halt]?)

Table 7.8: Synchronization (Deadline miss) — Program.

7.3 Synchronization — Deadline Miss

This case illustrates how the analysis discontinues configurations for which an
assigned lock owner does not acquire the lock in time. It also illustrates how
the analysis detects deadlocks.

For the program, Thrd = {T;, T, }, defined in Table 7.8, it is easy to see that
Regy =0, Regp, =0, Var = 0 and Lck = {1}. Assume that ABSTIME(C, T),
where 5@([T,ch,fT,i%]TeThrd,x?,ﬁ) € Conf and T € Thrd, is such that for
any ¢, it assumes the values described by the below table.

pCT‘ T1 T2
1|55 [10,10]

Also assume that & @ ([T, per, 1, 9 cppeas X 1) is as described in Table 7.9.
(Due to the semantics of the program, the parts of the states that are left out
from the table are of no interest for this case study.)

Table 7.9 collects all the configurations derived by ABSEXE({Cp}, [—o°,%°])
during the analysis described by ANALYSIS({&}, [—0,0]). Figure 7.10 shows
the order in which the configurations are derived; i.e., the relation between the
derived configurations. In the figure, deadlocked configurations are circled and
marked with a ‘d’ and discontinued configurations are crossed out. It is appar-
ent that ABSEXE({¢p},[—oe,0]) = (0,{¢1},0); i.e., there are no final-state or
timed-out configurations, and ¢ is a deadlocked configuration. According to
Algorithm 6.13, it is thus easy to see that the estimated timing bounds are:

BCET = —oo
WCET = o
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11

¢o 1 1 [0,0] | [0,0]

(unlocked, Lipya, Lo, Loy, 11)

¢ 2 1 1155 [0,0]

(locked, Ty, [—<0,5], Lipsas j—t)

&l 1 |1[0,0] | [10,10]

(unlocked, T2, [—o0,5], Lipra, 1)

~ . Za Za
¢ || per, | per, | I, IT,
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Table 7.9: Synchronization (Deadline miss) — Configurations.
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Figure 7.10: Synchronization (Deadline miss) — Configuration relations.



Chapter 8

Conclusions

In this chapter, some distinguishing properties of the defined analysis will be
discussed. Feedback on the Research Questions and issues to be further con-
sidered and investigated will also be given.

8.1 The Underlying Architecture

The analysis is defined for an arbitrary underlying architecture (that is, how-
ever, restricted to the constraints in Assumptions 4.1 and 4.3). The actual un-
derlying system could be an operating system as well as raw hardware as long
as both thread-private and globally shared memory, and some form of syn-
chronization primitive, correlating to the description given in the beginning
of Chapter 4 is provided. The assumed architecture should be fairly realistic
since any mature operating system and any common (single- or multi-core)
CPU provides the described features at some abstraction level. For example,
any Real-Time operating system should provide spin-locks for thread synchro-
nization and any CPU instruction set should provide the ability to lock the
system bus to provide atomic execution of a set of machine operations (since
one single instruction of the instruction set often is mapped to a set of machine
instructions).

The lock- and unlock-statements could be used to model the LOCK prefix
in the x86 instruction set. This prefix is used for asserting atomic execution
of an instruction [41, 81]. The lock- and unlock-statements also trivially
correspond to higher level spin-locking primitives, such as those provided by
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172 Chapter 8. Conclusions

the POSIX thread library [10, 39].

Many of the principles applied in the analysis presented in Chapters 5 and
6 to solve the problems arising from abstracting time using intervals are also
applicable to analysis of systems with distributed address spaces. If consider-
ing processes on one and the same CPU, then communication between these
processes is often implemented using a memory buffer which is then to be con-
sidered as shared memory. This means that the same principles as those pre-
sented in this thesis would be applicable to such an analysis. If communication
is performed using, for example, message passing and “Any”’-communication
is available (i.e., several processes could send a message to a given receiving
process and/or several processes could receive a message sent from a given
process), this would also require some form of prediction of what values could
be transferred between processes.

The necessity of allowing TIME(¢, T) = 0 for some configuration, ¢ € Conf,
and thread, T € Thrd, is apparent when considering the following case. If
mutual exclusion is inherent in some instruction of the modeled instruction set,
for example, store, then the lock- and unlock-statements could be regarded
as macros without timing that should encapsulate all store-statements in a
program.

PPL is designed to bring the focus of the analysis to thread synchronization
and global data flow. The method presented in this thesis might have to be
extended in order to cover all the aspects of a real instruction set, such as those
of for example the ARM or PowerPC architectures [5, 42]. This will be further
investigated.

If limiting the register (and variable) sizes the architecture would be-
come more realistic. However, wrap-around effects could render loops
non-terminating in the abstract case even if this would not concretely occur.
See Section 8.3 for a discussion on more non-terminating cases.

8.2 Algorithmic Structure & Complexity

The analysis presented in Chapters 5 and 6 is based on synchronously advanc-
ing the threads of a program between their respective program points while
keeping the threads fairly synchronized in time (c.f., Algorithm 6.1 and Tables
5.5 and 5.6). The advantage of this approach (i.e., abstracting time using inter-
vals) in conjunction with the defined domain for variable states (c.f., Section
5.5) is that a relatively high precision is achieved. And, when |Thrd| = 1, the
analysis result will be equivalent to that of the corresponding sequential ana-
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lysis (c.f., [28]). Another advantage is that the time-complexity of the analysis
is more dependent on the number of program points in each thread than on
the timing behavior of the program, compared to stepping through strict timing
events, like in the concrete semantics.

Keeping the threads fairly synchronized in the analysis is also an advantage
when considering its memory-complexity. Keeping the threads synchronized
means that the write history for any thread on any variable will always be as
small as possible since writes become outdated after a minimal amount of steps
in the analysis and are then trimmed away from the history. In other words, the
write history for any thread on any variable will never be larger than absolutely
necessary.

One of the main disadvantages with keeping write history for each thread
on each variable (which is expected to be necessary in order to keep the over-
approximations at a reasonable level) is that the history must be trimmed. Trim-
ming is an advantage for the memory-complexity as discussed above, but could
be a serious disadvantage for the time-complexity if the analyzed program con-
sists of many variables and many write-intensive threads.

The definition of the abstract state for locks contains some concrete parts
(e.g., the owners of the locks). This is necessary since too much precision
would be lost, and the timing approximations would become useless (i.e., too
over-approximate), otherwise. However, this is very bad from a complexity
point of view. The result of not abstracting some parts of a state is that (at
least) all the concrete counterparts must be evaluated. Any reasonably precise
abstractions of the parts of the lock states that are currently kept concrete have
not been found. In case of serious complexity issues (which are very likely to
occur), candidate domains for such abstractions must be further investigated.

It should be apparent that a given (abstract) configuration could result in
two or more configurations for each thread issuing an if- or a lock-statement
in a transition (c.f., Tables 5.5 and 5.6). Merging of configurations could be
performed to reduce the complexity of the analysis. Using the Control Flow
Graph (CFG) of the program, suitable merge-points within each thread can be
found [25]. Typically, such points have multiple incoming edges. However,
even if adding merging to the analysis, it will most probably happen very in-
frequently (if ever at all). This is since all the concrete parts (i.e., the program
counters, lock owners, etc.) must be equal between the configurations to merge.
As discussed above, domains for abstraction of the concrete parts of the con-
figuration might have to be further investigated in case of serious complexity
issues. Abstracting more parts of the configurations would also increase the
possibility that merging could be more frequently performed. Although, the
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lock lck

T lock Ick
o max(y;(DLLOCK(¢, Ick)))

t

Figure 8.1: Lock owner assignments based on ¢ € Conf resulting in one valid
and one invalid configuration.

derived timing approximations could become very pessimistic.

It is very important to note that several configurations that lack valid con-
crete counterparts (c.f., Definition 4.4) are added to the work-list for several
situations. One such situation is when one sole thread issues lock /ck for some
free lock, Ick € Lck, in a transition. A unique transition (i.e., resulting config-
uration) is possible for each thread that might issue lock Ick somewhere in the
program. A new configuration for each such thread, where the given thread is
the new owner of Ick, will thus be derived. Consider the situation depicted in
Figure 8.1 (c.f., the case study in Section 7.3). Ty is obviously the thread issu-
ing lock [ck first in any considered case. However, two new configurations are
derived on the transition; one where T; is the new owner of Ick and one where
T, is the new owner of Ick. Obviously, only the configuration for which Ty is
the owner of Ick has valid concrete counterparts since T, will not acquire Ick
before some other thread (i.e., T1) is guaranteed to have acquired Ick. Thus,
the case that T, is the new owner of Ick will be discontinued since the lock is
not acquired by T, before the deadline expires (c.f., Algorithm 6.6).

Another such situation will result for the program described in Fig-
ure 8.2a, assuming that the timing of the first lock-statement in the two
threads overlap (c.f., the case study in Section 7.2). (Note that the given
code is guaranteed not to deadlock, provided that both threads eventually
release the two locks again.) Assume that the program is described by ¢@
([T,ch,frT,?%]TeThrd,fx,D € Conf and that pcy, = pep, = 1. The resulting
lock-owner assignments (i.e., configurations) are given in Figure 8.2b. Ob-
viously, only ¢;; and &, have valid concrete counterparts. ¢ and &1 will
be discontinued (i.e., removed from the work-list) since there is a cycle in the
dependency graph containing at least one lock (here, that lock is Ick’) that has
the state unlocked (c.f., Algorithm 6.6). If ¢j» and ¢; were not discontinued,
the analysis would itself deadlock.

It is easy to see that all these complexity hazards really explode when com-
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T : [Lock Ick]!; [Lock lck']?; ...
Ty : [lock lck]l; [Lock lck’]z;
(a) The program described by ¢.

C

OWN(ﬁl ZCV W ZC]{?) =T,
OWN HH le OWN ]112 lck OWN ]121 le’ OWN ]122 lck
= T1 =Tz = Tl =T

(b) Resulting configurations.

Figure 8.2: Lock owner assignments based on ¢ € Conf resulting in two valid
and two invalid (i.e., falsely deadlocked) configurations.

bined (e.g., when they occur in different threads for a single transition). This
could render the analysis extremely complex. A good thing to notice, though,
is that a well structured parallel program will be less complex to analyze [53].
The threads in a well structured program typically work as much as possible
on local data and do not synchronize more than is absolutely necessary.

Another good thing to notice is that the complexity is lowered by keeping a
high precision in the calculation of the accumulated execution time for threads
issuing lock-statements. Since Time = Intv, a high precision in this calcu-
lation will give a narrow accumulated execution time. This will lead to that a
minimum number of states need to be explored since the timing of individual
threads will not overlap more than necessary. Of course, this part of the com-
plexity is also dependent on the precision of ABSTIME,; i.e., the accuracy in the
model of the underlying architecture.

8.3 Non-terminating Transition Sequences

As previously discussed, ISDEADLOCK catches some configurations that will
never reach the final state (c.f., Algorithm 6.4). However, it is not guaranteed
to identify all such configurations. This means that the analysis could actually
deadlock for some cases that ISDEADLOCK misses to identify as never reach-
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ing the final state. The corresponding can be said if 1S VALID wrongly identifies
a configuration as valid (c.f., Algorithm 6.6).

Infinite loops are recognized by ISTIMEOUT(&,7, ), given that time moves
forward and the timeout is finite; i.e., it cannot be that 0 € ABSTIME(E’ ,T) for
all & € Conf occurring in the loop in T and max(¥;(7,)) = eo. If ABSTIME in-
cludes O for all statements of an infinite loop in some thread, then the algorithm
will not terminate.

To avoid part of this problem, another timeout variable could be added to
the analysis. This timeout could be used to identify that the upper bound of a
single thread’s accumulated execution time has reached a limit. However, this
does not resolve the case that, for all & € Conf in the loop, ABSTIME(&,T) =
[0,0].

To address this case, a transition counter could be used. There could be one
counter for each thread individually and/or one counter for all threads com-
bined. The counter(s) could either count all transitions or only transitions that
are consecutively done in [0,0] amount of time, depending on whether a second
timeout is used. When the counter reaches a specific limit, the configuration
could be considered to be timed out, which means that the corresponding tran-
sition sequence could be of infinite length.

Even if all concrete transition sequences given some initial configuration
terminate, all abstract transition sequences resulting from the corresponding
abstract initial configuration are not guaranteed to terminate. This is due to
over-approximations inherent in the abstract interpretation of the PPL seman-
tics. Thus, all the complications discussed above can occur in the abstract case
even if they do not in the concrete case.

8.4 The Research Questions

Question 1: “What are the distinguishing features of a parallel computer sys-
tem (i.e., the hardware and software combination) that must be taken
into account in a timing analysis on the code level?”

The most important aspects found are some means of communication and syn-
chronization between the parallel entities. In this thesis, only the software (i.e.,
code) level is considered: shared memory is used to represent the communica-
tion medium; locks that can be acquired in a mutually exclusive manner using
spin-locking are used to represent the synchronization medium; and threads are
used to represent the parallel entities.
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Question 2: “How can a parallel computer system be analyzed to derive safe
and tight estimations on its timing bounds?”

It has been shown that Abstract Interpretation is a suitable technique for deriv-
ing safe timing bound estimates for a given program and timing model. The
resulting tightness of the estimates depends both on the precision of the used
abstract domains, the precision of the timing analysis itself and the precision of
the timing model. Further evaluation, preferably based on an implementation
of the analysis, must be performed before the tightness of the approach used in
this thesis can be commented upon.

Question 3: “How can analysis termination be guaranteed?”’

Some techniques to increase the termination-probability have been already in-
corporated into the analysis and were discussed in the previous sections; one
such technique is the discontinuation of configurations that lack concrete coun-
terparts. Further techniques should be investigated and could most probably be
derived based on an implementation and evaluation of the analysis. One such
example, as discussed above, is to include a second timeout variable in the
analysis. Another example, as also discussed above, is to include a transition
counter.

As previously discussed, merging of configurations is not expected to be a
usable technique since the configuration contains a lot of concrete information
(e.g., the threads’ program counters and the owners of the program locks).

The techniques discussed above (a second timeout combined with a transi-
tion counter) should basically guarantee termination of the analysis, provided
that suitable limits are chosen. But note that this is still an open question for
the analysis presented in this thesis.

8.5 Other Applications of the Analysis

Given that the analysis terminates, some interesting results follow. The analysis
could be used as a precise deadlock analysis including the timing behavior of
the program. If the set of deadlocked configurations (c.f., C? in Algorithm 6.1)
is empty, the program is deadlock free up until (and including) the point in time
described by the timeout.

Furthermore, the analysis could also be used to determine whether a pro-
gram is guaranteed to terminate. If the sets containing deadlocked and timed-
out configurations (i.e., C¢ and €' in Algorithm 6.1, respectively) are empty,
the program is guaranteed to terminate within the returned timing bounds.
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8.6 Future Work

Some concrete tasks that will be performed in the near future is to implement
and evaluate the analysis presented in this thesis. The implementation will be
done in a suitable programming language. Which language is yet to be decided,
but C/C++ and Erlang are top candidates.

Since PPL is rudimentary and designed to put focus on global data flow
and thread synchronization, the implementation could use and analyze a more
realistic instruction set. Some candidate instruction sets are LLVM [87], ALF
[26, 27], ARM [5] and PowerPC [42]. It could also be possible to make the
implementation a flexible framework which could allow the analyzed instruc-
tion set to be switched. This could be done by dividing instructions into special
classes.

Some model of the underlying architecture (i.e., the function ABSTIME)
must also be derived. Since the focus of this thesis has excluded any form
of definition of ABSTIME, some very simple, and perhaps even non-realistic,
timing model will most probably be used. Several different timing models
should be evaluated to investigate how the characteristics of their definitions
affect the complexity of the analysis.

The evaluation will be performed on some suitable benchmark suite of par-
allel programs. Such a suite is currently being established within the TACLe
EU COST Action [86] (a European network of leading researchers within the
field of WCET analysis) and will include parallel versions of some of the pro-
grams in the Mélardalen WCET Benchmark suite [24]. The benchmark suite
should include different types of parallel programs, each of them stressing the
analysis in a different way.

It is expected that the evaluation will result in hints pointing to some parts
of the analysis that suffer from severe complexity problems. Thus, improve-
ments and strategies for complexity reduction for these parts should be derived
and implemented. One point that is already apparent in the case study in Sec-
tion 7.2 is that the calculations in DLLOCK, defined in Algorithm 5.11, should
be made tighter if possible (c.f., the result of the Study in Section 7.2, as shown
in Table 7.6).
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Notation & Nomenclature

exp; @exp,

b ?exp :exp,
(015...,0p)

(01,...,04)

Set

2(8)
SxS
gzee{eh...,em}(exp(e))

exp; and exp, denote the same thing, often a short and
a long notation for a configuration.

If b, then exp;, otherwise exp,.
Ordinary tuple containing n elements.

Special tuple containing n elements. Used to denote
complete lattices, Galois connections, configurations,
etc.

1

Expands to 01,...,0,1,,...,0’1",...,02”; i.e., one in-

stance of o1,...,0, for each e € {ey,...,e,}. Used
inside special tuples.

An arbitrary set (capitalized, italic notation).

A standard set (capitalized, blackboard bold nota-
tion); e.g., Z.

A set of analysis-specific elements (first letter capital-
ized, bold notation); e.g., Thrd.

The powerset of S; i.e., {S' | S’ C S}.
The Cartesian product; i.e., {(e,e') |e € SAe' € §'}.

Expands to exp(e;) X ... X exp(ey).
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e s

Ae € S.exp

f(s)
fog(o)
flo1]o2

fs

s’ — exp]

ALGFUNC
T

I1, Thrd
r

Regy

X

Var

Ick

Lck

Short fore € SAe' € S.

A function from e, which is an element of S, to exp, which is
often dependent on the specific e.

The function f applied on s.
Equivalent to f(g(0)).
Equivalent to (f(01))(02).

The function f applied on s. This notation is used when derefer-
encing mappings.

Denotes a state (i.e., a function/mapping from elements to val-
ues); e.g., I.

exp ifs=ys

fs otherwise

Remap; defined as: f[s' — exp] s = {
A function defined in a table or algorithm.

One of the threads defined in the analyzed program.

The analyzed program; i.e., a set of threads.

Register (thread-local memory).

The set of registers used by thread T.

Variable (global memory).

The variables defined in the program.

Lock (shared resource).

The locks defined in the program.

Program counter (unique for each thread).

f defined in some abstract domain; i.e., an abstraction of f.
Mapping from registers to their values (unique for each thread).
Accumulated execution time (unique for each thread).

Mapping from variables to mappings from threads to their write
history for the given variable.
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w=‘
=0

S
o

e 2 OC 4 - 0

l

ax

— =
prg > prg

tos Tro

>

Mapping from locks to their values.
Configuration (system state).

Partial order relation.

The bottom element in a complete lattice.

The top element in a complete lattice.

The least upper bound operator.

The greatest lower bound operator.

Abstraction function.

Concretization function.

Transition relation for statements (i.e., axioms).
Transition relation for threads (i.e., the program).
The timeout variable used by the analysis.

Begins a comment within algorithms.

Final configurations are configurations in which all the threads issue the
halt-statement.

Final states is an alternative notation for final configurations.

Deadlocked configurations are configurations that can never reach the final

state.

Timed-out configurations are configurations that cannot reach the final state
before a given point in time, the timeout.

Truly deadlocked configurations are abstract configurations that are dead-
locked and have valid concrete counterparts; i.e., there is at least one
semantically valid concrete configuration that can be abstracted by the
given configuration. It must thus be that all threads included in the dead-
lock are owners of some lock, which has the state locked, and are waiting
to acquire some other lock, which also has the state locked.

Falsely deadlocked configurations are abstract configurations that are dead-
locked and do not have any valid concrete counterpart; i.e., there is no
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semantically valid concrete configuration that can be abstracted by the
given configuration. It could thus be that some thread included in the
deadlock is the owner of some lock, which has the state unlocked, and
that some other thread included in the deadlock is waiting to acquire that
lock.

Axiom statements are labeled statements; i.e., statements that are not com-
posed of several statements.

Composed statements are statements that are composed by two or more ax-
iom (i.e., labeled) statements.

Active statements are the axiom statements pointed to by the threads’ pro-
gram counters. The active statement is the statement that is executed
when the thread is executed. Only one statement in each thread can be
active at any given point in time since all the axiom statements within a
thread are uniquely labeled.

Frozen threads are threads in an abstract configuration whose active state-
ments are lock-statements and the locks they are trying to acquire are
currently owned by some other thread.

Active threads are not frozen and their active statements are not halt. Note
that this applies to all threads in any concrete configuration, given that
they are not issuing the halt-statement, since only threads in an abstract
configuration can be frozen.

Executing threads are the active threads that will execute their active state-
ment at the nearest point in time.

BCET (Best-Case Execution Time) is the shortest possible execution time of
the program, given a certain set of initial states.

WCET (Worst-Case Execution Time) is the longest possible execution time
of the program, given a certain set of initial states.
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