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Summary

In this thesis, a mitigation of the state space explosion problem is presented in the form of
TLA™ specification writing guidelines that can reduce the state space size when applied to TLA"
specifications. These guidelines are defined based on the decisions made when writing TLA™ spe-
cifications of the Ben-Or distributed consensus algorithm, which has been an important part of
research related to the verification of randomized consensus algorithms [BKL 21; KLS"23].

Distributed algorithm TLA™ specification writing decisions relate to the conclusions made in
the literature review and a paper in which specification writing guidelines for the mCRL2 language
are described [GKO15]. Presented guideline state space reduction effectiveness is measured by

comparing the total state space sizes of respective written Ben-Or TLA™ specifications.
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Santrauka

Siame darbe pateikiamos TLA" specifikacijy ra§ymo gairés, kuriy pritaikymas TLA" speci-
fikacijose gali sumazinti biiseny erdvés dydi ir taip susvelninti biiseny erdveés sprogimo problemos
padarinius. Gairés yra apibréztos pagal sprendimus, priimtus rasant iSskirstyto Ben-Or konsensuso
algoritmo TLA" specifikacijas. Ben-Or algoritmas yra svarbus tyrinéjant randomizuoto konsensu-
so algoritmy verifikacija [BKL"21; KLS"23].

TLA™ specifikacijose priimti sprendimai siejasi su atliktos literatiiros apzvalgos iSvadomis
bei straipsniu, kuris apibrézia specifikacijy raSymo gaires mCRL2 kalbai [GKO135]]. Pateikty gairiuy
biseny erdvés redukcijos efektyvumas yra nustatomas palyginant atitinkamy sukurty Ben-Or TLA™

specifikaciju pilnos biiseny erdvés dydzius.

Raktiniai Zodziai: TLA", TLC, Ben-Or algoritmas, formaliis metodai, specifikacijy raSymo

gairés, buseny erdvés redukcija, biiseny erdvés sprogimas
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Introduction

Most software systems are implemented based on a design specification that encompasses
system architecture, components, modules, interfaces, data, and information [Nicl1]. As the capa-
bilities of humankind to create innovative software solutions that solve urgent problems increases,
so does the complexity of those solutions due to the ever-growing needs of modern society in terms
of system availability, scalability, and performance [EMB24; KMM18§].

Systems become harder to design, maintain, and adapt to environments of rapidly evolving
technologies such as artificial intelligence [Rus24]. That is why in a modern environment it is
paramount to have a correct specification as a basis for a system’s implementation and to verify
and validate both the design and written code to ensure that requirements for the system are met
[ZZW24].

This is crucial for distributed systems that support important infrastructure: telecommuni-
cation networks, the World Wide Web, aircraft control systems, and various other safety-critical
systems [GvdPW23; KDL"22]. The issue is that it is more difficult to identify defects in big comp-
lex distributed systems. Rigorous testing and quality assurance can only help up to a certain point
since various unexpected scenarios could occur more frequently when many different computers
communicate with each other over separate networks [AZT 24; FGH22; GvdPW23].

Formal methods can alleviate the effects of this problem in the form of modeling, analyzing,
and verifying the software system design [GM12]. If it is possible to define the intended behavior
of a distributed system formally, then this definition can be further examined with tools to verify
certain required properties [GvdPW23].

However, creating a formal definition of system behavior poses its own challenges. To desc-
ribe a software system with formal syntax and semantics while making sure that this description
abides by factors present in the real world is not an easy task [GvdPW23; Pro24]. Over-abstraction
of software behavior leads to formal definitions that might not be very useful unless a refinement
that includes more details related to the implementation of the system is also produced [GM12].

Furthermore, the adoption of formal methods by software developers is not straightforward as
many formal method tools and formal specification languages with their specific syntax, semantics,

and other complexities exist [GM20; GtBvdP2(]. Given that some of these languages and tools are



less popular and less documented than other forms of verification (mainly, software testing), it is
difficult to integrate their use into the software development process in the industry [GvdPW23].

Despite these challenges, some formal method tools and languages are becoming more rele-
vant due to their effectiveness in helping to identify unforeseen defects, especially in large-scale
distributed systems [GvdPW23]. At the time of writing, a great example of this is the TLA" (Tem-
poral Logic of Actions) formal specification language.

TLA" is used to describe state machines that model system behavior with temporal logic
formulas [Lam02]. It is based on the Zermelo-Fraenkel set theory and Temporal Logic of Actions
(TLA) which is a variant of linear-time temporal logic [KKM22].

TLA" has already been actively used by big tech companies like Amazon, Intel, and Microsoft
[Bee08; NRZ"15]. It is mostly used for modeling large-scale concurrent and distributed systems
or safety-critical systems since it allows to understand potential unwanted behaviors in the design
of such systems [New14; VBF11]].

Recently, the Linux Foundation announced the creation of the TLA" Foundation with Mic-
rosoft, Oracle, and Amazon being its inaugural members [Fou23]. This means that TLA™ could
become adopted by more companies and potentially become more popular within the software
development industry.

A TLA" specification describes states as an assignment of values to defined variables
[Lam02]. Each variable var has a value at the current state and the values of each variable at
the next state are defined as an assignment of a new value to var’. If some variable var does not
change its value in the next state, the UNCHANGED operator can be used to explicitly define what
variables’ values do not change [KKM?22].

Propositional logic operators (, _, =) , and others) are used to define formulas for the
possible behaviors of the state machine model [Lam02]. Temporal operators  (always) and
(eventually) are used for checking invariants and temporal properties of the system’s behavior.

TLA" uses TLC to check all possible states and whether the properties defined in the specifi-
cation are true for every state in the model [KKM22]. The problem is that the TLC model checker
uses a brute-force algorithm for checking states [Lam02].

When the number of states in the system grows, the amount of time required to check the

whole state space with TLC increases exponentially [OKK*23]. This is known as the state space



explosion problem and it has been encountered as early as the second half of the 1980s [LCLS87].
Since then many state space explosion relief strategies and state space reduction methods have been
proposed and discussed among the scientific community [CGJ'01; EGK"13; GKO15; NGY 21}
Pel09; Val9g].

For TLA", the main focus of work done to solve the state space explosion problem with TLC
is related to improving the model checker itself [OKK23]. A symbolic model checker Apalache
for TLA" is currently being developed to reduce the amount of time required for verifying temporal
properties defined in TLA™ specifications [Apa24; KKT19].

While improvements made to the model checker help to mitigate the state space explosion
problem, not as much attention is given to different styles of writing TLA™ specifications so that
they would be easier to verify.

If some ways of describing system behavior in TLA" specifications lead to a smaller state
space size of a state machine model in certain cases, then these writing patterns should be defined
and evaluated in terms of their state space reduction effectiveness, advantages, and drawbacks for
them to potentially be used by TLA" specifications authors.

The aim of this master’s thesis is to define TLA" specification writing guidelines that when
applied would allow to reduce the state or behavior space size of a state machine model defined
with TLA™.

These guidelines are intended to be applied when modeling distributed systems with TLA".
Information that explains in what circumstances these guidelines can be applied and how their state
space reduction and effectiveness were shown is provided in the thesis as well.

It is hypothesized that the defined specification writing guidelines applied to TLA" specifi-
cations correctly would reduce the state or behavior space size of state machine models formulated
with TLA". For correct application of a guideline to a TLA™ specification, it must be applied within
the provided context — the required application properties that are presented in the definition of that
guideline must be true.

The expected results of the master’s thesis are TLA" specification writing guideline defini-
tions with their proofs of effectiveness and correctness, and a description of an algorithm that would
detect whether a guideline could be applied to a TLA™ specification and if that specific guideline

was applied correctly.



1. State of the art

This section contains a conducted literature review to gather the required knowledge neces-
sary to achieve the aim of the master’s thesis. The literature review focuses on the current methods
of state space reduction that are used effectively on TLA™ specifications. All the ways to reduce
state space size in TLA™ are presented from the perspective of distributed algorithms.

The goal of this literature review is to identify how TLA" specifications could be written to
reduce state space size and how that impacts the state machine model’s representation of the real-
world system behavior. This would later allow to formulate potential TLA" specification writing
guidelines, their application cases, and trade-offs.

The literature review was done based on the concepts of the snowballing method defined in
[Woh14]. Backward and forward snowballing was used to find new papers to expand the set of
papers reviewed.

This literature review is also a state of the art review since the latest scientific papers and
conference material were considered when looking for information to review. It describes how
state space reduction methods in the context of TLA™ have improved over the years and what has

been accomplished so far.

1.1. Why state space increases

To better understand how to decrease the state space size of a TLA" specification, it is helpful
to know what could be avoided when writing TLA" specifications. The circumstances mentioned
in this subsection are the most common causes of increased state space and could sometimes be

circumvented based on what distributed algorithm is being modeled.

1.1.1. Unnecessary variables

The most obvious way to increase the state space size of any TLA" specification is to add
more variables. By defining more variables, the number of possible behaviors increases since there
are more possible sets of variables and their values.

The state space grows exponentially because every new variable added also has relationships

with other variables. Since TLC checks all possible executions, all possible orders in which variable
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values are assigned will also be checked [Lam02]. This means that if a variable that is a set with
several elements is added to a specification, it can have a huge impact on the growth of the size of

the state space.

1.1.2. Records

Most of the time records are used to model sent and received messages in various distributed
algorithms. They increase the state space size of a TLA™ specification considerably since every
record field can have more than one possible value and that field could be an element of a set or a
whole set.

However, to make sure that the general behavior of a distributed algorithm is modeled exp-
licitly enough to check invariants and temporal properties, records are necessary most of the time.
An example of this would be how the Paxos consensus algorithm’s [Lam01] TLA" specification
uses records as messages that are added to a set of all messages ever sent [Git20]. Messages have
the acceptor field to make sure that several messages with the same values can still be included in
the set. Since sets can not contain duplicate elements, a bag could be used instead and fields that
describe the message sender could be omitted.

In the general case, if all sent messages are added to the same set, a field for the sender of
every message is added to a record to allow to count the number of messages received based on the
cardinality of a subset of all messages.

The Raft consensus algorithm’s [OO14] TLA" specification also uses records to represent
messages but instead adds them to a domain of a function that maps a certain record to the number
of times it was sent [Gitl§].

Records might be unnecessary for simpler distributed algorithms or they could be omitted in

higher abstraction level TLA" specifications of complex algorithms.

1.1.3. CHOOSE and the existential quantifier

The existential quantifier 9 can increase the state space size of a TLA" specification con-
siderably compared to the CHOOSE operator. There is a significant difference between 9 and
CHOOSE in TLA". When the CHOOSE operator is used, a single value that satisfies a defined

predicate is picked and used for all executions of the model by TLC [Lam02]. This means that if
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there is a need to check behaviors with all possible values that satisfy a predicate, CHOOSE should
not be used.

The existential quantifier 9 allows checking all possible values that satisfy a predicate wi-
th TLC [Lam02]. But this can have a huge impact on the state space size of the specification.
The impact on state space growth depends not only on the number of possible choices covered by
the existential quantifier but also on the number of times the existential quantifier is used in the
specification.

Both of these operators have use cases where they can be utilized most effectively. The Raft
consensus algorithm’s TLA™ specification utilizes CHOOSE to return the minimum and maximum
value elements of a given set [Gitl18]. This is a valid use of the operator because there can only be
one possible minimum or maximum value in a finite set. The existential quantifier 9 is used in the
next state formula N ext to allow for any node to perform any of the appropriate actions defined in
the algorithm.

In the Paxos consensus algorithm CHOOSE is used to obtain some random value that is
not in a defined set of values [Git20]. Since TLC will always be given the same value for all
executions with CHOOSE, in this particular case CHOOSE is used to obtain a kind of NULL or
Undefined value. The existential quantifier 9 in the Paxos specification is used similarly to the Raft
specification.

In most distributed algorithms, 9 can not be omitted due to the need for TLC to check all

possible behaviors and confirm whether invariants or temporal properties hold for all possible cases.

1.1.4. Lenient state conditions

State space can increase in TLA" specifications when conditional operators are used too le-
niently to define what the next possible states are. Actions that could occur from the same state are
usually written with the disjunction propositional logic operator _.

An action formula A _ B implies that both actions A and B can occur in the next state
[Lam02]. In TLA" specifications it is essential to ensure whether it is intended and correct for
actions A and B to both possibly occur from the same state. If A and B do occur from the same
state, two or more new behaviors are evaluated by TLC.

Disjunction can still be used in cases where only one action A or B can occur in the next step.

11



Additional conditions for actions A and B could be added with the conjunction operator to ensure

A and B never both occur from the same state.

(AnN-C)_(B"0C) (1)

([ll) defines a step in which only one action A or B could occur, depending on the value of the
formula C. Another alternative to making sure that actions A and B could never both occur from

the same state is to use the IF THEN ELSE operator.

IF C THEN B ELSE A 2)

CHOOSEV : (C =) (V=B))~(:C = (V =A)) 3)

(1) and (@) both allow for only one action A or B to occur in the next state of the system. The
definitions presented in (]) and (B) are equivalent [Lam02].

Sometimes it is forgotten to check what level of leniency is required for certain actions in a
specification. The number of states and behaviors in a TLA™ specification grows the more lenient
conditions are formulated for the next state’s actions. Not only because there are more possible
actions that could occur in the next state, but also because there are more possible orders in which

actions are taken in different behaviors.

1.2. State space explosion relief strategies

The strategies mentioned in this section do not impact the state space size of a TLA" speci-

fication directly. Instead, they allow to avoid the state space explosion problem to some extent.

1.2.1. Using TLAPS

An alternative to using the TLC model checker to check all states is to use the TLAPS (TLA*
Proof System) to formally prove that certain invariants are true [CDL"12]. This is done by const-
ructing mathematical proofs and using mathematical solvers to formally prove theorems for a par-
ticular TLA™ specification. TLAPS does not require traversing the whole state space and is faster
than TLC when there are a lot of possible states and behaviors.

However, the construction of mathematical proofs, especially for proving inductive inva-

12



riants, is a challenging task that requires a considerable amount of time and effort [CDL"12]. This
can be mitigated by using mathematical proof techniques [Vel19] and defined keywords for proof
simplification (HAVE, TAKE, WITNESS PICK, and SUFFICES) [Inr24a].

Sometimes, certain theorems can not be proven without defining specific assumptions for
the specification. Assumptions are written with the ASSUME keyword and are based on conditions
that are upfront requirements for a given distributed algorithm [Lam02]. For example, this could
be the assumption that the number of faulty nodes T has to be lower than a certain threshold value
of the number of all nodes N.

TLAPS does not automatically expand formula definitions when proving theorems
[KKM22]. These have to be manually expanded with the DEF keyword. Very long and comp-
lex formulas have to be divided into smaller parts and proven separately from one another.

Another issue is that if the TLA™ specification changes, TLAPS proofs would have to be mo-
dified accordingly. This is not ideal when complex proofs get long and they have to be readjusted.

If certain properties can not be proven with TLAPS formally, errors might be present in the
TLA" specification. They can be identified without using TLC by writing test case proof steps with
PROOF OMITTED and examining what proofs are still missing and can not be proven without
omission. Although, in such cases, it is recommended to consider running TLC on a specification
with a smaller state space size [[nr24b]. This could help identify potential errors more reliably than
examining how proof steps are evaluated.

There are also general theorems based on set theory, functions, and other fields of mathema-
tics defined and provided with a TLAPS installation [KKM22]. These theorems must at times be
explicitly used to prove a safety or liveness property of a specification with the BY keyword.

A very important part of working with TLAPS is making sure to use the correct backend
solvers for proofs [Inr24b]. One of the most frequently used TLAPS solvers is the propositional

temporal logic (PTL) solver that allows proving inductive invariants such as TypeOK [KKM22].

1.2.2. Refinement

Specification refinement can be used to mitigate the state space explosion problem and allow
to prove certain temporal properties with the TLC model checker quicker.

If there is a specification B and it has a huge state space size, a separate specification A

13



that has fewer states could be written. Then there could exist such a refinement mapping R that
would map all the possible states and behaviors of specification A to a subset of possible states and
behaviors of specification B.

If such a refinement mapping R is proven to be true with TLAPS or TLC, then all behaviors
that are valid in specification A would also be valid in specification B. This would mean that all
temporal properties that are true for specification B would also hold for specification A [LM22].
Due to the smaller state space size of A, temporal properties of the specification could be checked
with TLC much more quickly.

However, checking temporal properties only in specification A might not be enough to verify
them in specification B. It would be possible to define such a refinement mapping R that would
map all valid behaviors of specification A to the initial state in specification B. Then valid temporal
properties in specification A would not necessarily show whether such temporal properties are true
in all possible behaviors of specification B.

Additionally, defining and proving refinement mappings usually requires some additional
variables called auxiliary variables [LM22]. They are used to store certain information that would
enable the mapping of certain behaviors of different specifications.

There are three main kinds of auxiliary variables used for refinement mappings [LM22].
History variables store information about the previous and current states. Prophecy variables are
used to predict what the next state action will be. Stuttering variables add additional stuttering steps
so that both specifications have the same number of stuttering steps for certain behaviors. All of
these require additional analysis of both specifications to be utilized eftectively and what kind of

auxiliary variable to use depends on how specifications A and B differ from one another.

1.3. Model checking optimization methods

The methods described in this section encompass the model checking process and its effec-
tiveness. Various techniques can be used to reduce the state space size of a specification during
model checking. Of course, a particular model checker has to support the implementation of such

methods.
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1.3.1. Partial order reduction

Partial order reduction aims to minimize the number of modeled orders of states in system
behaviors to reduce the state space size for model checking [BKO08]. This is done by identifying
concurrent state transitions whose effects are independent of their order of execution.

Let us define an operator for sending a broadcast message by adding a record to a set of all

sent messages.

Send(node) ,
4
msgs’ = msgs [ fltype A “request”; value A proposal[node]; sender A node]g
The operator Send defined in (§) models the sending of a broadcast request message with a
certain value. This value is the node’s current proposal and is used to reach a consensus among all

nodes in a distributed system. The sender field is used to make sure that several messages of the

same type and value can be included in the set of all sent messages.

a = [type P "request", value — "0", sender - "n1"]

b = [type P "request”, value - "0", sender - "n2"]

Send(n1) Send(n2)

Figure 1. Partial order reduction for a distributed algorithm

Figure |I] depicts the states and behaviors of a distributed algorithm where node nl sends a
message a and node N2 sends a message b with the Send operator defined in ().

The possible states of the system are S, U, V, and M, and the possible behaviors of the
systemareS ¥ U ® MandS ¥ V ¥ M. If messages a and b have the same value and only
differ by their sending node, and if both nodes Nl and N2 are of the same role (voters) then, in

general, it should not matter whether N1 or N2 sends their respective message first. In that case,
15



STUTY MandS ¥V ¥ M are independent behaviors and they would lead to the same state
M. With partial order reduction, one of these behaviors could be entirely omitted during model
checking, and the state space that needs to be traversed by the model checker would be reduced.

The types of messages a and b, and types of nodes n1 and N2 matter since, depending on the
distributed algorithm, the order of message sending could result in different states and could not be
reduced. It is also important to mention that states U and V must transition to only state M. This
means that, in this particular case, the addition of one message to the set msgs does not cause any
additional state transitions to occur.

There are a couple of variants of partial order reduction. Static partial order reduction as
defined in [KLM'98] computes the reduced state space before checking the whole state space of
the system model. Dynamic partial order reduction [FG05] does certain computations before model
checking but mostly calculates the reduced state space during the process dynamically. On large
system models, dynamic partial order reduction performs worse than static partial order reduction
[Akh12].

TLC does not support partial order reduction and instead uses a brute-force breadth-first sear-
ch algorithm for state space traversal [YML99]. There has been a proposed partial order reduction
implementation for a modified TLC model checker [Akh12]. However, this project has been dis-
continued and, at the time of writing, TLC still does not support any form of partial order reduction

[Gro24].

1.3.2. Symmetry sets

A set S is a symmetry set if and only if permuting its elements in any way does not change
whether or not a behavior is valid in a given TLA™ specification. In TLA" sets can be declared
as symmetry sets in the configuration file with the SYMMETRY keyword [Lam02]. Once a set is
declared a symmetry set, TLC will only check behaviors with one chosen permutation of that set’s

elements.
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N1 = lln1", l|n2ll, lln3||} N2 = {"n2", Iln1l|, "n3||} N3 = {lln3ll’ lln2ll’ Iln1ll}

N4 = {||n1", "n3ll, "n2||} N5 — {Iln2"’ ||n3||, "n1||} N6 = {"n3ll’ lln1||’ ||n2"}
Figure 2. Sets N; to Ng are all equivalent, N is a symmetry set

Figure 2 shows a symmetry set N that contains node identity values that are commonly used
in most distributed algorithm TLA™ specifications. Since the cardinality of the N set is 3, the total
number of omitted executions with symmetry by TLC is 3! 1. If there are a lot more symmetry
set elements, the state space size reduction becomes greater.

There are certain difficulties with using symmetry sets. Even though it is possible to declare
several separate sets as symmetry sets in a configuration file, is it required that the union of all
symmetry sets can not contain elements of different types.

Furthermore, TLC does not check whether a set declared with a SYMMETRY keyword is
really a symmetry set. This means that it is possible to remove important states and behaviors from
model checking if the set is not a symmetry set.

Most importantly, using symmetry sets is only viable when trying to prove safety properties,
as liveness property verification is not supported with symmetry sets [Lam02]. Additionally, if
the symmetry set is very large, TLC will take some time to remove other possible orderings of set

elements and can take longer to check the model on specifications with a small state space size.

1.3.3. Simulation mode

TLC can also be run in simulation mode which randomly samples the state space instead
of checking all possible states and behaviors up to a certain depth of the constructed state graph
[Lam02].

This approach does not produce a full verification of the specification, but it can help to detect
certain errors without the need for long model checking sessions.

Despite that, the random sampling can lead to missing some design bugs and could end up
making it only seem like everything is correct. If the state space is small enough, it would be better
to use the normal TLC mode for model checking to avoid false positive assumptions about the

validity of the specification.
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Each time TLC is run in simulation mode it picks states based on a random generation seed
and an aril value [Lam02]. Both of these values can then be inputted during the next TLC simulation
mode session as additional parameters to reproduce the same choices of states.

Found errors can be investigated more thoroughly by adding Print statements to the TLA"
specification. Print statements do not affect the outcome of a TLC model checking session in

simulation or normal modes [Lam02].

1.3.4. Using symbolic logic and Apalache

Symbolic model checkers can evaluate a huge number of states in one step by representing
them as single formulas.

Binary decision diagrams are used to represent boolean formulas and to model check them
more effectively [BCM 92]. However, the construction of binary decision diagrams heavily de-
pends on the order of variables in a specification. If the variables are defined in an unfavorable
order, the constructed binary decision diagram would be unnecessarily complex and less effective
for symbolic model checking. Reduced ordered binary decision diagrams were defined to mitigate
this problem [PAH'08]. They are binary decision diagrams with stricter formulation requirements
that allow to create a structure with fewer unnecessary elements.

Apalache is a symbolic model checker for TLA™ that utilizes Satisfiability Modulo Theory
(SMT) solvers [KKT19]. Currently, it does not fully support all TLA" operators but there are
methods provided by the developers of Apalache to overcome these limitations [Apa24]. This
makes Apalache a preferable alternative to the TLC model checker due to its greater effectiveness
in model checking [KKT19].

Recently there have been improvements made to Apalache based on SMT array theory that
have increased its effectiveness considerably [OKK*23]. Apalache could be modified to also use

partial order reduction for even greater model checking effectiveness.

1.4. Proposed specification writing guidelines

[GKO15] describe seven guidelines for reducing state space in state machines defined with
mCRL2 (micro Common Representation Language 2) [mCR24] specifications. However, the au-

thors do not provide any data regarding the equivalency of specifications before and after guideline
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application. This is left to the guideline applier to assess themselves.

It would be more useful if there was some data provided and a way to let readers know
what trade-offs certain guidelines entail exactly. It is apparent that guidelines should be applied
when modeling certain concepts or processes when their application effect is satisfactory to reach
a desired outcome.

At the time of writing, the [GKO15] paper is still relevant and is the only paper that the author
was able to find that defines state space reduction guidelines for writing specifications. The seven
guidelines defined in [GKO15] are illustrated with examples of traffic light controller systems that
give insight on how and when the guidelines should be applied.

A very important aspect of these guidelines is that they are based on a “design for verifiability”
approach. This means that system models are created in such a way that their behavior could be
verified easily. The authors note that there has not been an emphasis on how to create system
models that are more easily verifiable. Instead, most research has been conducted on how to verify
already existing system models more effectively [GKO15].

There is no guarantee that applying a certain guideline defined in [GKO15] will yield a result
that has a smaller state space size, is verifiable, and also behaviorally equivalent in all cases. The
authors argue that the more traditional approach of state space reduction that preserves equivalences
is far less effective than their proposed guidelines.

However, the trade-offs of guidelines defined by the authors should be quite well documented
so that specification writers could understand when to apply them. The fact that the authors use
only traffic light controller systems to illustrate the applications of their guidelines does not fully
show how they would be useful when modeling other kinds of systems. The authors do, however,
give recommendations on what type of system models could benefit from the application of each
guideline.

For distributed algorithms preserving specification equivalences is not mandatory if there is a
certainty that specific safety or liveness properties are preserved. This is because if the specification
writer knows what properties need to be proven, they can use a guideline that would allow them to
reach the desired outcome.

There might exist such state space reduction guidelines that preserve certain properties only

for certain distributed algorithms. And some of these guidelines might in some way be related to
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the guidelines described in [GKO15]. Of course, the trade-offs and application cases of these gui-

delines would need to be provided for them to be useful in the modeling of distributed algorithms.

1.4.1. Guideline I: information polling

The first guideline defined in [GKO15] states that specifications should model information
polling instead of information pushing because then the size of the state space is smaller. It is
mentioned that a system that communicates based on information polling could overload commu-
nication networks with an overwhelming number of messages about events being shared between
servers and clients.

In most distributed algorithm TLA™ specifications, nodes only check the number of particular
messages when they need to make decisions on what messages to send next. This means that all
messages that are required are received and evaluated at once.

There are a few considerations when modeling message communication in distributed algo-
rithms. It is possible to explicitly model message content or just have boolean variables that would
show whether a certain quorum has been formed like the boolean variables for triggers defined in
the polling example shown in the paper [GKO15].

The boolean variable approach would reduce the state space size quite considerably, however,
for most distributed algorithms modeling messages explicitly is essential to proving certain safety
or liveness properties. Nevertheless, such an approach might be enough to prove that consensus is
eventually reached or that no two nodes can become leaders at the same time.

Since messages are omitted entirely they do not have to be stored for later use like the pus-
hed signals in the traffic light controller example for the information polling guideline [GKO15].
Additionally, each node must keep track of its flag values to make sure it is in the correct phase
of the algorithm. The sensors provided in the example [GKO15] must also keep track of whether
they have been triggered or not.

A system’s specification does not necessarily need to model information pushing just becau-
se it would be a better implementation option for the real-world system. If the main purpose of a
certain specification is to prove the safety or liveness properties of a distributed algorithm, informa-
tion polling could be modeled. That would allow to prove specific properties with model checking

more quickly due to a smaller state space size.
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1.4.2. Guideline II: use global synchronous communication

The second guideline defined in [GKO15] states that communication should be modeled syn-
chronously so that messages are received and forwarded instantaneously. This eliminates unneces-
sary states for communication chains that contain several communicating components because a
single message passing several components is modeled as a single behavior. The example given
for the guideline is simple and does not have a lot of different behaviors.

In mCRL2 the operators and || are used for defining whether actions happen sequentially or
in parallel. In TLA" disjunction (_) is used to describe actions that could occur at the same time in
the modeled system.

Distributed algorithm specifications model how each node receives and sends messages se-
parately. There is a set of nodes that has elements that represent nodes (similar to sets depicted in
Figure ). For each node operators for message sending, receiving, and entering various phases of
a distributed algorithm are defined as actions that occur in different steps. This is done because it
is impossible to determine which subset of nodes will advance to the next phase of the algorithm
or reach a consensus.

To prove safety or liveness properties all possible node actions must be examined. What
is more, nodes could also fall off and be stuck in different rounds. If faulty nodes are also mo-
deled, then the most important parts of node communication should not be over-abstracted in the
specification.

Due to these reasons, distributed algorithm specifications allow for only one node’s actions to
occur in a single step. An application of the global synchronous communication guideline would
mean that when one node receives a message it sends another message and then the node that

receives it can send its message in the same step.

1.4.3. Guideline III: avoid parallelism among components

The third guideline defined in [GKO135] states that behavior among parallel components of
a system should be sequential to reduce the size of the state space. If parallelism is avoided in
specifications, then the state space size grows only linearly in the number of components, not
exponentially.

This guideline is not relevant for distributed systems because nodes in a distributed system
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operate in parallel inherently. Unless certain properties must be proven, there can be no use in
making a distributed system sequential since it would not represent the real-world system being
modeled at all. The authors in [GKO15] mention that avoiding parallelism does not provide bene-

ficial results when used with symbolic logic model checking.

1.4.4. Guideline IV: confluence

The fourth guideline defined in [GKO15] describes how -confluent system state spaces can
be reduced with -prioritization and branching bisimulation reduction [vGW96]. These techniques
also guarantee that the reduced specification would be behaviorally equivalent, and can reduce the
size of the state space quite considerably even for complex system specifications.

It is important to note that for this approach to work the following must be true:

1. The system model must be -confluent.
* This can be ensured by examining a behavioral description of the system.
+ It is not necessary to generate the full set of states and behaviors to ensure -
confluence applies to a system’s model.
2. The author of the specification must correctly denote which state transitions are “empty
multi-actions” [GKO15] which are referred to as  actions.
* If -confluence is ensured then that means it is known which state transitions are
actions.
» mCRL2 supports a hiding operator written as ;. TLA" does not support such an
operator.
« If TLA" did support such an operator it could be applied to defined action formulas.

The authors note that information pushing prevents a system model from being -confluent
[GKO15]. However, if the system is -confluent, then -prioritization can be executed on the
system state space to reduce its size by a considerable amount. After that, branching bisimulation
reduction can reduce the -prioritization’s reduced state space even more in most cases.

For distributed algorithms, -confluence could potentially be an effective state space reduc-
tion method. For example, the transitions of message sending could be omitted as a  action. If
message receiving is also omitted as a  action, then a specification with a lot fewer states would

be produced.
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LV PHDQLQJIXO RQO\ZKHQ LW GHWHUPLQHV WKH HOHPHQW)
7/$ VSHFLILFDWLRQ ZULWWHQ IRUWKHDOJRULWKP LV SURY



)LIXUBOO SRVVLEOH VWDWH WUDQVLWLRQV ZLW

J)LIXUHKRZVDOO SRVVLEOHVWDWHWUDQVLWLBQ® BHNKH
EHGLQ WKLV VXEVHFWLRQ 7KH VW D \Séhd\DUF DVQ \RIQM VRV I NDHUGH 4
WR S¥KIHR SHUDWRU GHIYBO® & K& XJK WKHUH DUH D ORW RI SRV YV
RUGHUV LQ ZKLFKQRGHV VHQG PHVVDJHV ZLWK WKH VDPH YD

&RQVLGHU D GHILQLWARQUDIVDSOEEIZRUBKKKD D GHVFULEHG LG

Init ~ [Nextlyas ® (Send

7TKHRSHUDWRBXQG WHOO D PRGLILHG 7/& PRGHO FoHHF®NH !
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WKHVL]HRIWKHVWDWHVSDFHFRXOGEHUHGXFHGHYHQ PR
ZRXOG QRWEHHQVXUHG )RUGLIITHUHQW GLRYHUEWWH ® B 5¢
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WLRQV Z LRSKHWBWRU SURSRVHG LQ 6HFWLRQ



SHGXFLQJVWDWH VSEFHILEOWLRQV

7KLV VHFWLRQ FRQWDLQVV S HRUPLIFW MW@ RERZXWWNVEHQ ED
PDGH LQ WKH VWDWH RI WKH DUW OLWHUDWXUH UHYLHZ WR
GHILQLWLRQVRIDOOWKHVSHFLILFDWLRQVPHQWLRQHGLQ
J)LOHV UHODWHG WR WKH UHVXOWYV RI WKH WKHVLDYDB@H SU
([FHUSWV DQG Y DRULRXWYDN X VHG WR GHVFULEH WKH ZRUN
WKH VSHFLILFDWLR@®GGQWSEBAQGLIUDSKLFDO PDWHULDO L\
LQIRUPDWLRQ LQ WKLV VHWK ERQVINH LFRRFFHEWH OL]H DQG
WKH VSHFLILFDWLRQV DQG WKHDOJRULWKPV WKDW WKH\ PR
7KH %HQ 2U FRQVHQVXV DOJRULWKP ZDV FKRVHQ DV WK|
PLQHG LQ WKH WKHVLY GXHWR LWV LPSRUWDQFH LQ WKH YH
%./ ./6 @ ,WLVTXLWHDVLPSOHDOJRULWKP EXW LWLV
UDQGRPL]IDWLRQWR GHWHUPLQH ZKDW YDOXHY QRGHV HVWL
FRQGLWLRQV DUH PHW
5DQGRPL]DWLRQ LQWURGXFHV D WHUPLQDWLRQ SURSHL
SRUW SUREDELOLW\FRQYHUJHQFHDQG ZRXOG FKHFN DOO X
7KHVH FLUFXPVWDQFHV ZHUH WDNHQ LQWR DFFRXQW ZKHQ :
KRZWKHVWDWHDQG EHKDYLRU VSDFH VL]HRIWKH GHILQHG
6HYHUDO GLIIHUHQW VSHFLILEFDWLRQV Rl WKH %HQ 2U F
PLQLPL]H VWDWH VSDFH VL]H DQG J\DIIQFLQIVAD WWR @ E B X/ L@
VWDWH VSDFH UHGXFWLRQ ,GHDV FRQFHSWXDOL]HG GXUL
VSHFLILFDWLRQVLQ FHUWDLQDVSHFWV EXWVRPHSUREOH!
RIDGGLWLRQDO H[SHULPHQWDWLRQDQG VSHFELILFDWLRQP
,Q WKHIROORZLQJVXEVHFWLRQV WKH %HQ 2UFRQVHQV
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DQG WKH PDLQ GLIIHUHQFHV EHWZHHQ WKHP DUH H[SODLQH
LPSRUWDQW EHFDXVH FKDQJHV WR VSHFLILFDWLRQV JLYH D
KRZWKHVHFKDQJHV FDQ WUDQVODWH WR QHZ VSHFLILEDWL
$GGLWLRQDO LQIRUPDWLRQ LYV SURYLGHG WR FODULI\ Gt
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WHUPLQDWLRQ SUREOHP FDXVHG E\HVWLPDWH YDOXH UDQUC

7TKH%HQ 2UFRQVHQVXV DOJRULWKP

OLFKDHO %HQ 2U GHILQHG DQ DV\QFKURQRXV UDQGRPL]}
KDOI RI WK®WHQ@ ¥KH XVH RI UDQGRPL]DWLRQ LQ WKLV DOJF
WR WKH )/3 LPSRVVLELOLW\ WKHUH H[LVWV QR DV\QFKURQ!
ELQDU\FRQVHQVXV ZKHQ DW OHDVW RQH SURFHVV LQ DQ DV
Y3 @

7ZR GHILQLWLRQV RI WKH DOJRULWKP ZHUH SURYLGHG IF
VLPSOH %HQ 2U DOJRULWKP DQG ZKHQ WKH DGYHUVDU\ W
%\]DQWLQH %HQ 2HD® JRULWKP >

8QGHUWKHDVVXPSWLRQRIDQDFWLYHDGYHUVDU\WKH 9

1R WZR FRUUHFW SURFHVVHV GHFLGH RQ GLIIHUHQW
UHDFKHG DPRQJDOO QRGHYVY WKDW DUH QRQ DGYHUVE
(YHU\ SURFHVV GHFLGHV RQ RQH YDOXH DQG WKLV YL
SURFHVV 7KHUH FDQ EH QR GualFW ¥ DRVQKFDD/GHRRAQ ECH HImC
DW OHDVW RQHRWKHU SURFHVV

(YHQWXDOO\DOO FRUUHFW SURFHVVHV ZLOO GHFLG!
VHQVXV WR EH UHDFKHG RYHU WLPH FRQYHUJHV WR

7KH FRUUHFWQHVY SURRI RI WKH %HQ 2U FRQVHQVXV D¢
ZKHQ WKH QXPEHU RI IDXOW\ QRGHV LQ DQ HQYLURQPHQW L
f<N/2 DQGDQDGYHUVDU\WDNHV DOO SRVY¥1LE® HRZW Y RQ VAV
WKH DOJRULWKP GRHV JXDUDQWHH DJUHHPHQW DQG LQWH.
$GGLWLRQDO PRGLILFDWLRQV WR WKH DOJRULWKP DUH UHT
WKHDOJRULWKP WHUPLQDWHY ZLWKLQ D UHDVRQDEOH DPR)

$ W\SLFDO ZHOO NQRZQ DEVWUDFWLRQ LQ WKH ILHOG RI
FXWLRQ WLPH RI UDQGRPL]JHG FRQVHQVXV DOJRULWKPV LV
SXUSRVH LV WR SURYLGH VRPH YDOXH IRU QRGHV WR EDVH W
FRLQ WKHUHDUHIHZHULQVWDQFHV RIGLIIHUHQW QRGHV S



RIURXQGV UHTXLUHG WR @HDFK FRQVHQVXYV >

, QWKHFDVHRIWKH»YHQ 2ZUFRQVHQVXV DOJRULWKP WKL
PDWHWKHVDPHYDOXHWKDW ZDV UDQGRP®A SQ FNMHGCER MK B\
VWLOO H[LVWV EXWLWLVLQLWLDWHG QRWE\HDFK QRGH VH
UDQGRPLIHG QRGH HVWLPDWH YDOXHVLQ WKHVDPHURXQG

$OJRULWHKP 2U FRQVHQVXV D RWILWK B HRWSHIRE BE\D S W H G
$7 @

, QS XW
f 1;,f<N /2; N 4
rnd =0; est, 2f0;1g; rval 2f0;1g; pval 2f ?,0;1g; deg 2 f 0; 1g
2XWSXW
$OODOLYH SURFHVVHV GHFLGHe&@®DfWIKWH VDPH GHFLVLRQ Y
ZKLOH WUXH GR
rnd = rnd +1 ??2&XUUHQW U

V H Réport;rnd;est,) WR DOO SURFHVVHYV ?? 3KDVH
ZDURN f (Report;rnd;rval) PHVVDJHYV

LI UHF WPIRYWHCGN/KReport PHVVDJIJHYVY ZLWK WHKWYXBRH YDO XH
V H P@oposal;rnd;va) WR DOO SURFHVVHYV

HOVH
V H @P@posal;rnd;?) WR DOO SURFHVVHYV

HQG LI

ZDURN f (Proposal;rnd;pval) PHVVDJHYV ?? 3KDVH

LI UHFHDMW 8 & DNWMposal PHVVDIHV ZLWK WHE?WDRHQ DO XH
deg = val
HQG LI

LI UHF MY 86 BMpesRIPHVVDJIH ZL WKIWKW KB Q XH
est, = val
HOVH
est,= UDQGRP YDIOXH IURP
HQG LI
HQG ZKLOH

$OJRULM/KPAVDJHQHUDO GHILQLWLRQRIWKH %HQ 2U FRQ
HQYLURQPHQWY ZKHUHDQ DGYHUVDU\ LVpSTI M ¥ X WHH \{ BVAKKH DAV
GHILQHG LQ OLQHV = 3URFHVVHVDUH XQGHUVWRRG DV VI
EHLQGLIIHUHQW URXQGY GXULQJ W &H G RMFEXWWRE RXWEH W
FDQ IDLO E\ FUDWKVY @K WIROMDO QXPEHU RI QRGHYV

7Kést, YDOXH UHSUHVHQWY D QRGHTV LQLWLDO DQGFEXUU
RUYDOXHEHIRUHWKHVWDUW RI WKH DOJRULWKrPaL Q @@IH FD\



GHVFULEH WKH SRVVLEOH YDOXHV RIUHSRUW DQG SURSRVD

deg LVWKHQRGHIVGHFLVLRQ YDOXHDQGFDQ QRW EH FKD
LW EHFRPHV LPPX\WQBREGIN FOOLQFMHLO WKH DOJRULWKP LV H[HF
GHFLGHRQ WKH VDPH YLRUXH WKDW LV HLWKHU D

7KHUH DUH WZR PDLQ SKDVHV LQ HDFK URXQG RI WKH %H
ILUVW SKDVH DOO QRGHV VHQG UHSRUW PHVVDJHV ZLWK W
7KHILUVW SKDVHHQGYV ZKHQ D QRGH UHFHLYHV HQRXJK UHS
LWV SURSRVDO PHVVDJH (LWKHU WKHPDMRULW\RIDOO QRG
LV WKHQ VHQW LQ D SURBRY D IPHYNQWHDRD BURSRVDO WR L
GHFLVLRQ YDOXH

W LV LPSRUWDQW WR PHQWLRQ WKDW D QRGH FDQ VHQC
PHVVDJH WKDW LV QRW HTXDO WR LWV FXUUHQW HVWLPDWFE
YDOXHV ZKLOH RWKHUV S0 RB RHIH QW WACHAMD PBIQRIKWQ G 7K L
DVLQJOHQRGHUHSRUWY DQHVWLPDWH YDOXHGLIIHUHQW |
7KH FLUFXPVWDQFHV XQGHU ZKLFK WKHVH VLWXDWK RQQ WD
QRGHV DQG WKHLU UHSRUW DQG SURSRVDO PHVVDJH YDOXF

7TDEOH %YHQ 2U FRQVHQVXV DOJRULWKP VLWXDWLRQLQ ZK

1RGHV Q Q Q O

SHSRUW YDOXH
URSRVDO YDOXH ! o

(YHQ WKRXJK Q@ GBPHE\OWMLPDWHG DY®ONE\WRILW DV D UHSRU
RWKHU QRGHV LW VO QGWRERWDDRHYVDJIJH EHFDXVH LW UH
IURP RWKHU QRGHV ZLWK WKH VDPH YDOXH RI

1RGHW3 D@GRQO\UHFHLYHG WZR UHSRUW PRGVQHWAIS
PHVVDJH ZLWK WHHWRDWKHUH EHLQJ QR YDOXH WKDW KDV EH
QRGEW3 DQBVHQG WIRH K. U SURSRVDO PHVVDJHV

2QHQRGH FDQ QRW SIUR HR\RWIX YD MG SURSRKHWD P B O
%7 @ (LWKHUD QROBGDRSRWHKHU SURRRVRIGWRID QIR G S UF
DQG RWKHU SURSRYRB YDOXHV FDQ EH



'XULQJWKH VHFRQG SKDVH RI WKH %HQ 2U FRQVHRQVXV D
f SURSRVDO PHVVDJHV IURP RWKHU QRGHV DQG GHFLGH RQ
1RGHV FDQ FKDQJH WKHLU GHFLVLRQ DQG HVWLPDWH YDOX#
LQ $OJRUDWVERZY IRUVXFKDQ HYHQW WR RFFXU GXH WR WKH
OLQHV + DQG +
7KHUH DUH D WRWDO RI WKUHH GLVWLQFW SRVVLELOLWL
$7KH QRGH GHFLGHWRE @ Q ® WKMROOSHE DWHV LWwalH VIW L P
WKHUH DUHLBW RSIBVIVO PHV VD JWM2 L W K MMKH DYD\DRK H[ L V
SURSRVDO PHVVDJH WKDW VDWLVILHVY WKH FRQGLWLR
$7KH QRGH RQO\ XSGDWHV LWV HEIW%MEFWKRWHILO B I MR BH
SURSRVDO PHV VDM ER\EKOKGRVD BRWLVI\WKH FRQGL\
QRGHLV UHTXLUHG WR XSGDWHKaLWV FXUUHQW HVWLPD
$7KH QRGH GRHV QRW FKDQJH LWV GHFLVLRQ YDOXH DQ
GRP YDOXH VLQFH WKHUH LV QRW D VLQJOH UHFHLYHC
YDOXHRRI7KLY PHDQV WKDW ERWK FRQGLWLRQV LQ OLC
$OJRULGMKRQHY WKH %\]DQWLQH YHUVLRQRIWKH %HQ 2U
FRQVHQVXVLQDQHQYLURQPHQW ZKHUH WKHDGYHUVDU\DF
RI'WKHDOJRULWKP
,W KDV EHHQ SURYHQ WKDW WKH QXPEHU RI DGYHUVDUL
DJUHHPHQW WR EH2U HPW WHKG VLP SOH YDULD QWS \@K B RAH® 12
GLIIHUHQW WKDQ ZKDW OLFKDHO %HQ 2UVSHFLILHGLQKLVS
f<N/ %HHQ@ 6LQFHIZQ@ BBSHU RQO\ WKH VLPSOH YDULDC
H[DPLQHG WKH %\]DQWLQH YDULDQW GRHV QRN qRH FHHN\QFHU L
$OJRULWKKPXOG JXDUDQWHH FRQVHQVKXIWNX®GHU WKH DVVXP
7KHPDLQ GLIIHUHQFHVEHWZHHQ WKHVLPSOHDQG WKH %
DOO UHODWHWR WKHDPRXQWRIUHSRUWDQG SURSRVDO PH
RUFKDQJHWKHFEFXUUHQW HVWLPDWH YDOXH RID QRGH
$V GHVFULEHG LQSHORRRIV. WX P H V V DPIHVOZXHVIKUH Q/RIQ® W R C
WKR®f)2 RIUHSRUW PHVVDJHV ZHUH UHFHLYHG 'BNFLIY2RQV |
YDOLG SURSRVDOV KDYHEHHQUHFHLYHG DQGfHYWWURB RWINC



FRQWDLQ WKH VDPH YDOXH WKDW LV RU  $JUHHPHQW LQ
JXDUDQWHHG RQO\EHWZHHQ QRGHV WKDW DUH QRW DGYHU\
$ JOREDO FRLQ DEVWUDFWLRQ IRU WKH %HQ 2U FRQVHQ
VIQFKURQL]HG FRLQ WKDW JXDUDQWHHY DOO QRGHVY WKDW |
HVWLPDWH WR WKH RXWFRPH RIDBRLQ WRVV IRUWKH FXUUFL
+RZHYHU LIWKHFRLQWRVVLVHQWLUHO\UDQGRP LWVR
QRW UHDFKFRQVHQVXVLQIHZHUURXQGV WKDQ ZLWK D OXFN
FRLQPXVWEHWRVVHG QRWRQO\EDVHG RQUDQGRPQHVV EX
PDGHE\RWKHU QRGHYV
$QLGHDOJOREDOFRLQKDVEHHQVKRZQWR JXDUDQWHH
2U DOJRULWKP £KDQ@GRQ @ LTIKH FRPPRQ FRLQ WRVV YDOXH
UDQGRPLYH@LQPWKHUH LWl WRRHW RDXEHHQ HVWLPDWHG E\
FRLQ WRVV LV HTX& ORMWRKWHEDMYMDWKH FRLQ WRVYV YDOXH LV
URXQG QXPEHUDQG ZKHWKHU RUQRW D ELQDU\ FRQVHQVXV
$ OHVV LGHDO GHILQLWLRQ RI WKH FRPPRQ FRLQ WKDW |
XQGHU FHUWDLQ FRQGLWLRQV LVDOVR SRVVLEOHDQG LV G

8

Eest2f0;lg LIYe&XBY HVWLPDWHG E\ D@\ QRGH L
coin(rnd) =

- tossValue2f0;1g RWKHUZLVH

7TKHGHILQHG FRPPRQ FRLQ IXQFWLRQ LV VXSSRVHIBOQWR E
DQG WKHeastHh/sss\ati&D UH DOZD\V WKH Vibd H7/IRUWIPHRRQ GV K |
QRGHV WKDWKDYHWRUDQGRPO\ HYIW ZRXWEB DQVWNHB G QY BWL
Y D O X%$t RiddsValueZKLFK ZRXOG EH WKH VDPHIRUDOO RI WKHP L



7/$ VSHFLILFDWLRQV

7KHZULWWAHSHIFAYLFDWLRQV RI WKH %HQ 2U FRQVHQVXV I
OHDQG %\][DQWLQH YHUVLRQV RI WKH DOJRULWKP ,Q VHYH
IXQFWLRQ DV GHM.X®WEBA QYR HQVXUH DQ HQG VWDWH LQ WKH
DQG WKDW FRQVHQVXV LV UHDFKHG EHWZHHQ FRUUHFW QRC
RI PRGHOV IRU 7/& WR FKHFN FRQFHSWV DQG LGHDV EDVHG
DQG WKH LQIRUPDWLRQ SROOLDHUMN IX&/HGL QMY KHE WY BB F W V
VXFK DV OHQLHQW VWDW H ZRIQ G LDADLVRRQW DNHFRQMLQRWQR DFFR X Q
FRQVHQVXV DO MSHPUKFFDWLRQV

6LPSOH %HQ 2U DOJRULWKP YDULDQW VSHFLILFDWLRQV
QXPEHURIRRGHYQ® WKDW WKH QXPEH WU R4\ MQUM\QHRYGIHWL D ¢
FDWLRQV DVVXPH WKDWN K& QRBEMKRORRBHY RVILGYHUVD U

7KH QXPEHUNRDQRGHRG HV W KDWY EBFKIOL@IHG E\ PRGLI\LQ
UDWLRQ ILOHV EXW HDFK VASSBME F DA MRHP Bl Q WR/ FARKQDMD & Q M
RILOQSXW FRQGLWLRQV GHYVGGBLEHG LQ $OJRULWKPV

,Q FRQILIJXUDWLRQ |LOWSHIRL ZADWMRHY 7 BRGHV DUH JLY
VWULQJ RI FKDUDFWHUXKHUMK K VFOUPLRIFOH GLILW QXPEHU |
DUH IDXOW\RU QRW FDQ EH VSHFLILHG E\ XVLQJ WKHVH LGHZC
RI IDXOW\ RU FRUUHFW QRGHY UHVSHFWLYHO\ $00 QRGH L
QRGH VHW ZKLOH WKHIDXOW\QRGH VHW KDV WR EH D VWULF

JRU LQLWLDO QRGH HVWLPDWH YDOXHV FRQILJXUDWLRC
GHILQHG VR WKDW 7/& ZRXOG FKHFN DOO SRVVLEOH FRPELQ]
FDQ EH WRJJOHG E\ FKDQJLQJ WKH YDOXH RI D GHILQHG FRC(
7/& PRGHO FKHFNHU ZRX0OG QRW KDYHWR WDNH LQWR DEFRX
7/& ZRXOG FKHFN RQO\WKH LQLWLDO HVYWLPDWHYV GHILQHG |
FKHENLQJWHPSRUDO SURSHUWLHV IRUVSHFLILFLQLWLDO t

7KHILQDO VWDWHRIDOO VWDWH P D F KV QHFLR GOV LRI V. ¢
UHG WREH ZKHQ ELQDU\FRQVHQVXV LV UHDFKHG 1RWZR QR
GHFELVLRQ YD O X HVRRIX \QWEKHHAWKGIWLQH YHUVLRQ RI WKH % H
RQO\FRUUHFW QRGHV KDYHWRUHDFKFRQVHQVXVDQG WKH ¢



FKHFENLQJ WKHWHPSRUDO FRQVHQVXV SURSHUW\ 7/& LV XV
OHDG WR FRQVHQVXV DOZD\VEHLQJUHDFKHG DPRQJ WKHDS

%HQ2UOVJV

7KLV 7MSHFLILFDWLRQH)LOHWYHD VWDWH PDFKLQH PRGHC
FRQVHQVXVDOJRULWKP YDU L DDKHSWFU LIEFDBALGRIOLAR DU MK
JRRG SUDFWLFHV WKDW DUH ZLGHO\ DGR SWHFIA [ER B\WV IR DEX\
* L W@

'KHQ 7/& LV XVHG WR FKHFN WKH VWDWHDQG EHKDYLRU V¢
IRUD FRQILIXUDWLRQ ILOH ZLWK WKH VDPH QDPH DV WKH V¢
FKHENHU"BRMPWIKEBHFLILFDWLRQ VKRXOG E H"Q M & R QWLKI WK DIV
ILOHGHSLFWHG LQ )LJXUH

JLQHV + RIWKH FRQILJXUDWLRQ ILOH GHILQH WKH PDLC
GHO FKHFNNGUDES 7KHW FRQWDLQV DOO Q RFRAHLL G BNQBDAS IMHI |
FRQWDLQV QRGHY WKDW FDQ IDLO E\ FUDVKLQJ

,QLWLDO HVWLPDWH YDOXHYV DUH VSHFLILHG E\ FUHDWLC
YD OXOECISION ZERO DQG QRGHV WKDW H \DEQISIDW EOWEKH YD O X +

CHECK B\LL BNITIAL B/ALUES FDQ EH WVRUW RBALSE 7KH LQLWLD
WLPDWH YDOXHVCEHEGK X HBNZKALQ B/ ALUES LV VHW.SER RWKHU
ZLVH 7/& ZLOO FKHFN DOO SRVVLEOH LQLWLDO HVWLPDWHYV
NODES VHW

CHECK BEADLOCK LV XVHG WR VWRS 7/& LI LW HQFRXQWHU"
ZKLFK LWLV LPSRVVLEOH WR WU D Q VIRVE RVRW RV R G \7R & IKUHRWP W\
LOQGHILQLWHO\EXW GRHY QRW JXDUDQWHH WKH YHULILEDWL
DOO VWDWHY DQG EHKDYLRUV ZLOO EH FKHFNHG ZKHQ 7/& LV

,Q WRMP JW;SHFLILFDWLRQ DOO PHVVDJHY VHQW EHWZHHI



msgs WKDW FRQWDLQV DOO PHVVDJHVHYHU VHQW

Rounds, N

MsgType, f ¥eport”; roposal’g
MsgValues, f 0737 %7
MsgRecordSet,

[Sender: NODES; Round : Rounds; Type: MsgType;V alue MsgV alueg

7KHGHILQLWLRQ RI D PHVVDJH 2MFE R MKLD WFLDWKRHGLIV

6LPLODU®HWRDJIH UHFRU G Y&yt WHVE OHGSVDR O QIR @sgé F D Q
YDULDEOH WR FRXQW WKH QXPEHU RI VSHFLILF PHVVDJHV Ut
WKH VDPH W\SHDQG YDOXH VLQFH WKH VHQGHU RI WKH PHV)
FDQDOVREHGRQHRYHUPXOWLSOH URXQGV EHEDXVH URXQ

7Khsgs YDULDEOH SURYLGHV D YHU\ FRPSUHKHQVLYH KL\
GHSLFWHG LQ WKH VWDWH WUDFH JHQHUDWHG E\ 7/& DIWH L
VHQW ZKDW PHVVDJHV DW ZKDW URXQG HYHQ LI QRGH HVWLP
PXOWLSOH URXQGV

'HVSLWH WKDW 7/& ZLOO QRW EH DEOH WR FKHFEN DOO S
EHFDXRdN#SKRUPXOD YDOXH GRHV QRW SUHYHQW QRGHV IURF
KDV QRW E H HRQukkE DV KIHF & D® WHRWWKKDW LV LQILQLWH DQG 7/&
LQILQLWH QXPEHU RI VWDWHY LI QRGHV NHHS VHQGLQJ PHV\
WKH VDPH

(DFK VWDWHWRQ@BVVLIQPHQW RIYDOXHVWRGHILQHG YD
UHJDUG DQ\ DG GHGNEy® MAWDVWQWR WKBWHY OHVVDJHV ZLWK
EHDGGH®Bsy¢R MWIEHFDXVH WKH\DUHDGGHG LQ GLIIHUHQW U™
HOHPHQWY ,I WKH %HQ 2U FRQVHQVXV DOJRULWKP ZLOO Q
FKRLFHVLQ HVWLPDWH UDQGRPL]DWLRQ 7/& ZLOO NHHS FK#



HQYLURQPHQW UHVRXUFHV LV UHDFKHG

HowManyMessagegsendingNode; nodeRound; messageType; messageV alue
Cardinality (fmsg 2 msgs:
A msg:Sender 6 sendingNode
A msg:Round= nodeRound
N msg:Type= messageT ype

A msg:V alue= messageV alug)

1IRGHVFDQILQGRXWWKHQXPEHURIPHVVDJHVUHFHLYHC
RIVSHFLILEPHVVDJHVDWDFHUWDLQURXQGDQGH[FOXGLQJ
VKRZQ LAK H UHoWNayMessagesRSHUDWRU LV GHILQHG IRU JHW W L
WKDW FRQWDLQV FHUWDLQ PHV VD JH3MiKgDdde B I P LGOROW RISHQ
IRUJHWWLQJWKH QXPEHURIPHVVDJHVRIDVSHELILF W\SH S

WKREMP JWV;®HFLILFDWLRQ

A rounds = [node2 NODES 7! 1]
NF CHECK B\LL BNITIAL B/ALUES
THEN 9 initialEstimates 2 AllEstimates : estimates = initialEstimates
ELSE estimates =[node2 NODES 7! IF node2 ESTIMATE EERO
THEN 90~
ELSE 31
A decisions=[node2 NODES 7! 3 17

A msgs= ?

7TKHLQLWLDO VWDWIKGMVLE8 AMIQHGEWISELFDO IRU G S WRILL E X
FDWLRQV ,QWKHILUVW VWRWHXDVEBgW I RIMRUE MWMWKPHW WR
DUH VHWWRQGLFDWH WKDW QR GHFLVLRQV KDYHEHHQ PDG
EHHQ VHQWgsWRHWHKKY DQ HPSW\ VHW DW WKH VWDUW RI WKH D

$OO0 SRVVLEOH LQLWLDO HVWHE PHEMHVSE UYW R HW/HANPHH@ XKLV
WKHIRUPXORBHWBOWRH 7/& ZL O O F K HAIEsSINOsP W IF & FMIUKVDRAN WK



DOO SRVVLEOHLQLWLDO HVWLPDWHYV EDVHG RQ WKH QXPEH

,ICHECK B\LL BNITIAL B/ALUES LV VANSERLQ WKH FRQILIJXUDWL
LQLWLDO HVWLPDWHY DUH EDVHGEROMARE EEFROHV. QW P AR EH NV WV
PDFKLQHPRGHOFDQWKHQEHFKHFNHG ZLWK 7/& ZKHQ YHULI
LQLWLDOHVWLPDWHYDOXHVLVVDWLVIDFWRU\ ,Q WKHVH F|
DXWKRU WR FKD QBHHOK K&LL B\OTKIALRB ALUES DQG WKH VSHFLILFLC

GRHVY QRW KDYH WR EHPRGLILHG
Next ,

9 node2 NODES :
A LastState
A Phasel(node
_ Phase2(node

GHILQHV SRVVLEOH DFWLRQV WKDW FDQ WDNH SODFH
VWDWH %RSHUWDKMRU PDNHV 7/& FKHFN DOO SRVVLEOH QRGH
GXULQJ PRGHO FKEHECKQBEAIKACK LV VARURRQ WKH FRQILJX
| L @astState LV XVHG WR VWRS 7/& IURP H[HFXWLQJ ZKHQ FRQVH
QRGHV 'XMN WRGREHUDWRUV WKH IRUEZXOD &M BLADSECMKMER
LastState LVRUE LQ D VWDWH 7KLV ZLOO FDXVH D GHDGORFN WR
EHWDNHQE\QRGHYV

2 S H U PWaseL(noded D PRase2(nodd DUH GHILQH GRBIHUIWWRIK DQG W
EH HTXTROBNIRQ WKH VDPH VWHS WDNHQ E\D QRGH +RZHYHU

S U H P ith§eMfhode D PBase2(noded IURP EHL Q JTRUR MAVWWKH VDPH W
$+$QRGHFDQHQWHU WKHILUVW SKDVHRQO\ZKHQ LW KD
URXQG DQG WKH VHFRQG SKDVH RQO\ ZKHQ LW KDV VH
URXQG

$1RGHV GR QRW ZDNM URHS RUMOPIBYWDJHY EHIRUH FRQW
SKDVH + WKH QXPEHU RIUHSRUWV UHFHLYHG IURP RW'
OH®VWUHSRUW PHVVDJHV DQG KDYLQJVHQW D UHSRUYV
LQ $OJRULWKP

$GGLWLRQDO FRQGLWLRQV RQ QRGH DFWLRQV DOORZ W



VLQFH GLIIHUHQW SKDVHDFWLRQV FDQ QRW KDSSHQ DW WK
VDPH URK@&s(Next) LVHQRXJK WR JXDUDQWHH WKDW QRGHV P
SKDVHDQG URXQG RI WKH DOJRULWKP
$,IDQ\QRGHDFWLRQLVHQDEOHG LWLVHQDEOHG FRQ
$7KHUH LV QR ZD\ IRU QRGHV WR VRPHKRZ WDNH EDFN W
VRPHKRZ FDXVLQJHQDEOHG SKDVH DFWLRQV WR EHFR
UHFHLYHG QXPEHU RI PHVVDJHYV
$2QO0\RQHVLQJOHQRGHDFWLRQFDQEHFRQWLQXRXVO
RQDFWLRQ VWDWHYV

ConsensusReached
A8 node2 NODES : decisiongnodd 2 f 0; 1g
A8 nodel; node2 2 NODES : decisiongnodel] = decisiongnode?]

LastState GHILQHGILWQH T XbnGegl®Reached URP &RQVHQVXV LV U
ZKHQDOOQRGHGHFLVLRQ YDOXHV DUHRAHP € B D\QR WY RHRIGY}
WKEBDES VHW KDYHGHFLGHG RQ WKHVDPHYDOXH 1RGHVFDQ
WKH\ KDYH GHRIGYHDORKE@ DVR LI D QRGH FKDQJHV LWV GHFLVL
WLPH LWLVHQRXJKWRFKHFNZKHWKHU DOO WKHGHFLVLRC

%HQ2U$SEVWG6\QF

7KLV 7AMSHFLILEDWLRIQV FIDIKHWG RQ WKH LQIRUPDWLRQ SR
DQG LV DQDWWHPSW WR UHG XFMWPRHWAHEWIH FVESWER L]
DLP RI"® KR #biaw®HFLILFDWLRQ LV WR UHPRYH PHVVDJH VH
ORRN DW HDFK RWKHUTV HYWLPDWH YDOXHV GLUHFWO\ 5R
KDYH 7/& VKRZ XQGHU ZKDW FLUFXPVWDQFHY QRGHV FDQ QR
.l QRGHV FDQ QRW EH RQ GLIIHUHQW URXQGV WKH\PXVW
RYHU DQG RYHU 'XULQJWKH VDPHURXQG QRGHV PXVW DOV|
VDPH SKDVHEHFDXVH WKHUHLVY QRVHSDUDWLRQ EHWZHHQ I
YDOXH WKDW ZRXOG EH VKDUHG YLD D UHSRUW PHVVDJH
"2MP #biaWwWB 7/$SHFLILFDWLRQ RI D VIQFKURQL]HG %H
GHVFULEHG LQ $ITKIRVLFKRIRQL]JHG YHUVLRQ RI WKH %HQ 2L



UHVIRUQRGHV WRZDLWIRUHDFKRWKHU WRFRPSOHWH WKH
WKLV YDULDQW RIWKHDOJRULWKP QRGHV QHYHU VHQG SUR

SOJRULBMOFFKURQL]JHG %YHQ 2U FRQVHQp/ EDV A8 GRRIQ BWAXPRIRLMS
, QS XW
f 1,f<N /2, N 4
proposalV alug 2 f 2, 0; 1g; phaseFlags 2 f 1, 2g;
est, 210;1g; deg 2 f 0; 19
2XWSXW
$OODOLYHSURFHVVHV GHFLGHe&®®fWIKYH VDPH GHFLVLRQ Y
ZKLOH WUXH GR
LIRUPRUN/VKWRHU Sp@l%ﬁpbii/\XAHWKHQ
proposalV alug = val

HOVH
proposalV alug = ?
HQG LI
phaseFlags =1 ?? SURHHOWGN SKDVH

ZDXWWLO IRU HYH U RHasEHddss ) RFHVY ?? :DLW EHIRUH St

LIRUDW ©OHRWWH U S {f RpropbsaMaiie = val D Qv@al 6? WK HQ
deg = val
HQG LI

LIRUDW OHDVW DW O HP prapdRadv-al Bei\EKviell LD SABREFPHW K H Q
est, = val

HOVH
est,= UDQGRP YDIOXH IURP

HQG LI

phaseFlags = 2 ?? SURHHMW N SKDVH

ZDXWQWLO IRU HYHUX BHaskHAgss I RFHVY ?? :DLW EHIRUH S
HQG ZKLOH

$O00 QRGHV PXVW ZDLW IRUDOO RWKHU QRGHV WR ILQLV|
QRGHFKDQJHV LWV HVWLPDWHYDOXHLQOLQHY RU EHIRL
TKHUHDUH QR URXQGV DQG PHVVDIJHVY WR GLITHUHQWLDW
IRUHDFK RWKHU WR PDNHVXUH WKDW HVWLPDWH YDOXHYV D
1RGHVZDLWIRUDOO RWKHU QRGHV WR ILQLVK WKH VHFR
WRDYRLGD FDVHZKHQD QRGHHYDOXDWHV WKHFRQGLWLRC
WR FKDQJH WKHLU HVWLPDWH YDOXHVLQOLQHV RU
$OJRULWHKPXL phhsemVagslY DULDEOH WR DOORZ QRGHV WR ZI
WR ILQLVK WKH FXUUHQWp®poBaM-hlRelLW IKQHHBE BYRDUWGBRH WR QR
WR VHQG SURSRVDO PHVVDJHV ZLWK D YDOXH WKDW LV GLII



$OJRULMKX® GHSLFWHG LQ 7DEOH

P hase€l(node
A currentPhase= 0’
A phaseFlag$nodd = 0
AN IF CheckP hasela(node
THEN SendProposalMessagénode
ELSE proposalV alué = [proposalV alue EXCEP T ![nodd = 3]

A phaseF lag$ = [phaseFlags EXCEPT ![nodd = 317]

,Q WRMP" #biaw®HFLILFDWLRQ D Q diGe6tP NideR DIDH Y DI VIDE.
EH DEOH WR PDNH VXUH WKDW QRGHR/ZADW WD R B MHRW RH
DOO RWKHU QRGHYV WR KD YOH WK IY D ©eUBARIP MEEH U WIHMEWR LV
IRUQRGH VIQFKURQL]DWLRQ

5HO\LQJ RQ WKH Y praséFagd WDXMWD BMKHI ZRXO G EH LQFRUUH
ZRXOG FKDhdsdRMgSH DD XH DIWHU WKH\ ILQLVK WKH IRhaselV S K D
IRUPXOD YDOXHRUERIR BHRIWVOKHU QRGHV

Next ,
9 node2 NODES :
__ Phasél(node
__ Phase&(node
__ StartP hase2
_ NextRound
_ LastState

currentPhase LV SDUW R ISt&tB Pa¥e? DVNE&xtRound WKDW DUH XWHRG L
FKDQJH SKDVHV R ISta#FPha3¢) DTRN@XRURd DUH QRW GHILOHRGHQ VL
UDWRU EORFN DQ GAOREDOFXKRKKRBHHIRUP XODV HQDEOH DGGLWL
RFFXUWKDWDUHQRWDFWLRQV WDNHQ E\QRGHV DW D VSHF

$FWLRQV G X$tar(® Hagde IDFN@xtRound HY D O XRWEHRRR OG KDSSHQ



E R RhKsel(nodd D PBase2(nodd DUH H TRARSEW RH U H | R BiaXeD(idde D Q G
Phase(nodd KDY B RF D OBVHRBXV H TRKE \ZIKWK) D QRGH SHUIRUPV VR
DQG FKDQJHV WKH VW D VBtrtR hasez 1 QNBxtRiR DARWAKR QVLGHUH G
DJORED O+WFRISHFR X O GTHRUD GIXBIW Z KMHRQ QRGHY GR QRW DFW L ¢
IRURWKHU QRGHY WR ILQLVK WKH SUHYLRXV SKDVH RU ZKH
PDNH GHFLVLRQV DQG HVWLPDWH QHZ YDOXHYV

7KHM2MP" #biaVSIHFLILFDWLRQ RPLWVY D ORW RI LPSRUWD
"2MP JW;SHFLILFDWLRQ VLQFH QRGHV FDQ QRW EH LQ GLIIHU
PHSKDVHRIWKHDOJRULWKP WRJHWKHU 21 FRXUVH VXFK R
FRQVHQVXV WR EH UHDFKHG LI DW OHDVW RQH QRGH IDLOV E
DQ\RWKHU QRGH FUDVKHG DQG DUH GHSHQGHQW RQ DOO QR

ConsensusP roperty, [ConsensusReachep®ars

5XQQLQJ7/&"RRRVKADiawSHFLILFDWLRQ OHDGV WR DQ HUU
WKH WHPSRUDO FRQVHQVX\CaYeRSISRdabhed HRIFQ HLE XY H G WR
PDNH VXUH WKDW QRGHYV G HohsBrsuRRQopéiy-H Y D P BRVE XZAWIRQ
LQDQLQILQLWHVHTXHQFHRIVWDWH WUDQVLWLRQVHYHQW
LV DOZD\V UHDFKHG

$IWHU D WHPSRUDO SURSHUW\ YLRODWLRQ HUURU RFFXL
QRGHV ZHUH DEOH WR UHDFK D VWDWH IURP ZKLFK FRQVHQ)\
IRUPDWLRQ SURYLGHG E\7/& VXFKD VLWXDWLRQ ZDV LVROLI
GHSLFWHG LQ 7DEOH

7TDEOH %YHQ 2U FRQVHQVXV DOJRULWKP VLWXDWLRQ LQ ZKL

1RGHY Q Q Q Q

, QLWLDO HVWLPDWHYV
SURSRVDO PHVVDJHV ! ! !
1HZHVWLPDWHYV

$V VKRZQ LQ KmEMHU FHUWDLQ FRQGLWLRQV QRGHV FDQ



YDOXHLQWKH %HQ 2UFRQVHQVXV DOQIRBHEWEKIRPV KRV RG ERP
DQHZ YDOXH WKDW LV WKH VDPH DV LWV SUHYLRXV HVWLPD
FKDQJHWKHLUHVWLPDWHYDOXHV UDQGRPO\EHFDXVH WKH
ZLWK W KOHWKEDONKHY HTXDO WR WKHLU HVWLPDWH YDOXHYV
,QDUHDO GLVWULBXRARDPEOGC DWHRRRESRHLQW LQ WLPH GHF
WKH YDDOKHQ QRGHVY ZRXOG EHDEOH WR UHDFK FRQ¥XHQWXWLDY
ZRXOG RFFXUDWHDFKH[HFXWLRQ RIWKH%HQ 2UFRQVHQV:
,Q 7/$VSHFLILFDWLRQV DOO SRVVLEOH EHKDYLRUV DUH
RPLW XQIDYRUDEOHUDQGRPL]DWLRQ FKRLFHVDQG WKH\DO
PRGHO WR VDWLVI\WKHFRQVHQVXV WHPSRUDO SURSHUW\ G
JRUWKH FRQVHQVXV SUR'QNPW ¥ W BWEBHFDQEGCWILREY PXVW
WR DOORZ DOO QRGHV WR UHDFK FRQVHQVXV IRU DOO SRVV
VKRZVFHQDULRV WKDW QHHG WR EHH[DPLQHG ZKHQ PDNLQJ
DV WR ZK2 WKH ;b ¥BHFLILFDWLRQ ZDV EHLQJPRGHO FKHFENH !¢
SURJUHVV ZDV PDGHE\QRGHV WR UHDFKDQ DJUHHPHQW

%HQ2UOVJIV%\] DQG %HQ2USEVW6\QF %\]

%RWKMWKH Jb;bJud XU QG MR #biavMHL"VXUHN/ SHFLILFDW
DUHPRGLILHG YRUM.BRRD@RMFKHbiaAMHFELILFDWLRQV ZLWK W
WKDW DUH GHILQHG LQ $OJRULWKP

$SDUW IURP QRGHV LQ WKHVH VSHFLILFDWLRQV KDYLQJ V
WR VHQG SURSRVDO PHVVDJHV ZLWK ELQDU\ YDOXHV PDNH ¢
DOVR PRGLILFDWLRQV PDGH WR WKH EHKDYLRU RI IDXOW\ QF

,QDOO %\]DQWLQH YDULDQW %HQ 2UDOJRULWKP VSHFLIL
2 YDOXHLQ WKHLU SURSRVDO PHVVDJHV 7KLV ZDV GRQH WR
RURWKHUZLVHDIIHFW WKH UHVXOW RI FRQVHQVXV

$GLIIHUHQW FRQIRIMPUDWKRZQ IL@OH ¥YXRKOG EH XVHG ZKH
7/& RQ WKH %\]DQWLQH YHUVLRQ RI WK+ %IH 6@ C2W LIRIQAR U WWLR/P
WR WHHEFRQILIXUDWLRQ ILOH HIFHSW WKH WRWDO QXPEHU R
HVWLPDWH YDOXHV DUHPRGLILHG VOLJKWO\



%\]DQWLQH %HQ 2U VSHFLILFDWLRQV KDYH D %\]DQWLQH
ODUWR WKHGHILQLWEZRE BQRYAIGHBUHDFH LV WKDW RQO\ QF
DQ DJUHHPHQW ZKLOH IDXOW\QRGHGHFLVLRQ YDOXHV DUH

7DEOB VLWXDWLRQLQ WKH %\]DQWLQH %HQ 2UDOJRULWK
FRQVHQYXW IDXOW\ QRGH DPQ® D WXDSV RSIR\GD/O PHV VD

1RGHV Q Q Q Q Q Q

, QLWLDO HVWLPDWHYV
URSRVDO PHVVDJHV " " " "
1HZHVWLPDWHYV

"2MP Jb;ID@EBMP" #biavMR QRW VROYHWKH SUREOHP RIJ>
+ WKHUH VWLOO H[LVW EHKDYLRUV LQ ZKLFK QRGHV FDQ QH Y
WKEMP® #biavWSWRLILFDWLRQ UHWXUQHG D VWDWH WUDFH |

+HUH QRIG/HD IDXOW\ QRGH D Q & DM¥H L\D L MQ/GSWIR SRA2D O P+
n3 DQGBVHQG " YDOXHV LQ WKHLU SURSRVDOV VLQFH HDFK RI \
HVWLPDWHYV Z1L VEKGWKERY DVDWHP DWHY ZLWK WKH YD O X H

7KHPLQLPXP QXPEHURIHVWLPDWHY ZLWK WKH VDPH YDO
VDJH ZLWKRXOXWKN DW OHDVW IRXU WKHUH DNJH VA ZRROBYV
EHHTXBODM@REY WKH ILUVW ZKROHZBXPEHU ELJJHU WKDQ

nln2n3 DEBWKHQ GR QRW UDQGRPO\FKDQJH WKHLU HVWL
YDOXHERFEDXVH WKH\ UK FH ISYUHRRG R WDADHN W D J H VUZR RVERBGKH/ Y
DQ6 2Q@DQ6UDQGRPL]H WKHLUHVWLPDWH YDOXHV DQG LW
FKRRVHWR NHHS WKHLU HVYWLPDWH YDOXHYV WKH VDPH DV E}t

1R QRGHV PDNH GHFLVLRQV LQ WKH VIL@QADWEK RQH BV A RIC
SRVDO PHVVDJHV ZLWXZKYDE X\HKW K BW KR XQ®ROVEH DW OHDV W |
W KN @ f)/2



WHQ2US$SEVW%\]

"2ZMP #bi"WWIXUHWHV DPRG2AMPHGtbiavMAS WS HFLILFDWLRQ W
IRUQRGHV WREHLQGLITHUHQW URXQGV DQGIROORZV WKH C

SOJRULWKWFKURQRXV %\]IDQWLQH %HQ 2U FRQVHQVXV DOJ
SURPHENNMVHG RQ $OJRULWKP
, QS XW
f L1,f<N /5 N 6;
Rounds= N;
8round 22 Rounds: estfround], 2 f 0; 1g;
8round 12 Rounds: proposalV aluground], 2 f 7, 0; 1g;
rnd = 1; estf1], 2 f 0;1g; deg 2 f 0; 1g
2XWSXW
$O0 QRQ IDXOW\SURFHVVHV GHF dé&gR2 ROQIOVKH VDPH GHFLYV
ZKLOH WUXH GR
ZDXVQWLO IRU Of WR &VHKBI WUV b REHNNY BIN\O; 1g

LIRUPRUMWKR@RWKHU Spf R&[HN]Y & Val WKHQ
proposalV alugrnd], = val

HOVH
proposalV alugrnd], = ?

HQG LI 2?2 (QG RI SKDVH pIRU S
ZDIXQWLO | RU Of WR @VHK BV pf Riopbyai-aNigrnd ], 2 f 2;0; 1g

LIIRU D WNOH/Z VR WK HU S pP RoFoldosal\Halugrnd]e = val D Qual 67
WKHQ

deg = val
HQG LI

LIRUDW ©OHRWWH U S pf pepbsaitaiidrnd], = val D QWal 6? WKHQ
estfrnd], = val

HOVH
esffrnd[, = UDQGRP YDIOXH IURP
HQG LI
estfrnd + 1], = est[rnd],
rnd = rnd +1 ??2 (QG RI SKDVH pIRU S

HQG ZKLOH

,Q $OJRUQWERAV FDQEHLQGLIIHUHQW URXQGV DQG SKDV
RIERWKHVWLPDWH DQG SURSRVDO YDOXHV RYHU DOO URXQ
$1RGHV FDQ QRWJRLQWR WKH QH[W S KN VHRW KHRX QB G H
WKH VDPH SKDVHDV WKHP 7KLV LV HQVXUHG E\VWDW#

$,W VHHPV WKDW LI W HKIH=® >ORE® U RH\QRIGAFHDWHY DQG SUR
QHHG WR KDYH WKHLU YDOXHV VDYHG RYHU PXOWLSOH
IRRWKHU QRGHV EHIRUH FRQWLQXLQJ ZKLFK ZRXOG



EHLQJLQ VHSDUDWH SKDVHV RUURXQGYV

$:KHQ WKH QXPEHWRIIDOQJ®RGHRGHY FDQ EH LQ GLIIHU}
SKDVHV 7KLV LV EHFDXVH QRGHVKAIRXQ R &\ WH RRUJRICE
OLQHV DQG $VLQJOH QRGH ZRXOG EHDEOH WR VWI
SKDVHRU D SUHYLRXV URXQG

$,QWKHPRVW XQIDYRUD E O hgY WHO® VMR DDWILQ WKHH QIRUGH
URXQGPXVWKDYHDFFHVVWRDOOHVWLPDWHDQG SUR
FDWFK XS WR DOQ RRXOGIG BRRBEYH WR JRLQWR WKH QH]
DOORWKHU QRGHY ZRXOG EHDKHDGRILWDQG WKH FRC

,QLWLDO HVWLP DMNHPY DD XMEHIEQ IWKBIWLRQ DUH VWRUHG |
IXQFWLRQ WKDW UHWXUQV D IXQFWLRQ WKDW PDSV QRGH L

7R HQVXUH WKDW IRU WKH ILUVW URXQG QRGH HVWLPD
"2MP "WRQILIJXUDWLRQ | VORH HEBIXELSE VWDWHPHQW KDG WR
TXLWHFRQVLGHUDED\BBEBSDRU PG G/RVILHEQ ECSD HWWHIVEH P H Q

,Q2MP" #bi"®PXLQLWH VHWIR|3gURKGBM. QHG FRPSDUHG WF
VHW IRU URXQG QXPEHUW BHBBMHFHGEQ WIKRY :LWK VRPH V
FRLQ DEVWUDFWLRQ URXQGV DUH HQRXJK WR UHDFK FRQ\
VSHFLILFDWLRQV WKDW KDYHD FRPPRQ FRLQ IRUUDQGRPL]

7KH2MP" #biVWBHFLILFDWLRQ VWLOO GRHV QRW JXDUDQW
WKBMP" #biawSHFLILFDWLRQ ZLWK WKH UHPRYDO RI WKH SKEC
HVWLPDWHDQG SURSRVDO PHVVDJHYDOXHYDULDEOHY WKD
"2MP" #biGWHY QRW RPLW LPSRUW D QIW®PR G iR DKEY\ W U® X G ¢
XVHD VHW RIUHFRUGV IRUVHQGLQJRUUHFHLYLQJPHVVDJH



&RPPRQ FRLQ VSHFLILFDWLRQV

TKH2MP ™ #bi"vXEIXUHDQGMP ™ #bi"vxprEGXUH/$ VSHFLILFDW
JXDUDQWHH FRQVHQVXV ZLWK D GHILQHG JOREDO FRPPRQ F|

%RWKVSHFLILEDWLRQV GLIIHU LQ WKH VF RXHPR | #1 K' F*R F
WKH FRLQ LV GHILQHG DWVRED DRMARBBIGZH WK D QRGH DFWLRQ
RSHUDWRIQG® ZKLIOMP' #bi"vERGW DRFED DRFRERQ FRLQ WRV
IRUQRGHV LQVLGH WXR $SRUPX\RNAEW K WK H

DQG GHILQHD FRPPRQ FRLQ WKDW HQVXUHV WKDW IR
EDVHG RQ HLWKHU DQ DOUHDG\ HVWLPDWHG YDOXH E\ D QRG
WR UDQGRPL]HWKHLU HVWLPDWH YDOXHV XVH WKH YDOXH R
FRLQWDNHVLQWRDFFRXQWDUHQRQ IDXOW\QRGHV VLQFH |
RQO\FRUUHFW QRGHV PXVW UHDFK FRQVHQVXV

&RQGLWLRQV RQ VWDWHV LQ ERWK FRPPRQ FRLQ IRUPXO
VRPH YDOXH LW GLG VRLQ WKH VDPH URXQG DV WKH URXQG |
LV FKHENHG E\UHTXLULQJ WKH QR G RN R W KPIWUIRXDQGX H K\
HQVXUHG WKDW WKH SDUWLFXODU QRGH LV DFWXD SR 5 Q WX
YDOXHV IURP RWKHU QRGHYV

7KH SRVVLELOLW\RIDOO QRGHY QRW HVWLPDWLQJD VSH
WKHLUHVWLPDWH YDOXHV LV [DOQVMR WR M M L @ WIRVDH AR IQWAF Ik
DOO QRQ IDXOW\QRGHV KD ¥H 8 BRSRNDHLY BIGXHY OBHDR R/W K |
UHTXLUHG IRUWKHQRGHV WREHLQWKHVHFRQG SKDVH RI W
IRU f SURSRVDO YDOXHV IURP RWKHU QRGH? WDIOKWIV FR X O G

7KHRSHUDWRU XVHG ZLWK WM &R KQ G B Q G DHUDVPHMAN W K D
ZLOO FKHFN WKH RXWFRPH RI DOO QRGHV WKDW QHHG WR Ul
YDOXHWDWA WKH RWKHU RXWFRPH ZKHQ WKHVH QRGHV VHW W

6WURQJIDLUQHVV LV QRW QHFHVVDU\IRU WKH FRPPRQ F
LV XVHG ,I WKHUH LV D SRVVLELOLW\WR WRVV WKH FRPPRQ
QR ZD\IRUQRGHV WR XQGR WKHLU HVWLPDWH YDOXHV WR SF



CommonCoinV alid ,

8 round 2 NodeRounds: commonCoinround] 2f 0V 31 g

CommonCoinP roperty , [CommonCoinV alid] Bars

(YHQWXDOO\ FRPPRQFRLQVDUHDOZD\VWRVVHGIRUHYI
RI WKH VSHFLILFDWLRQ VWDWH PDFKLQH PRGHOV 7KLV LV
S U R SGombnCoinProperty GHILQHG ZIQLOH XVRUUIPWKHARQILIXUDWLF
YLIXUH

%YHFDXVH DOO FRPPRQ FRLQ YDOXHV IRUDOO URXQGV V
WRWDO DUHLMHWKMRQLWLDO VWDWH GEribiCQidAaS8dRINRWLPEXL MDD
WRHYDORUEMHWWRHQ FRPPRQ FRLQVDUH WRVVHGLQDOO UR

$QDGGLWLRQDO FRQGLWLRQ LQ ERWK VSHFLILFDWLRQV
UDQGRPO\HVWL P D W4dtiQaleP hagelrphotd @ "HKBUID W RU IRUP XOD = ZK'}
QRGH QHHGVY WR UDQGRPO\ HVWLPDWH D YDOXH WKH FRPPF
SURJUHVYV

7TKHPLQLPXP UHTXLUHPHQW IRUWKHFRPPRQFRLQ WR EF
QRGH WR QRW UDQGRPL]JH LWV QHZ HVWLPDWH YDOXH RU IR
DPRXQWRISURSRVDOV WR FKDQJH WKHLU HVWLPDWHYV ZLW

7TKHRUHWLFDOO\ LWLV SRVVLEOH IRU WKH FRPPRQ FRL(
URXQG WKLV FRXOGRFFXUZKHQ DWOHDVWDVLQJOHQRQ |
QRGHV QHHGHGWRUDQGRPL]HWKHLUHVWLPDWHYV D QRGH
WR WKH QH[W URXQG

+RZHYHU GCommoRCwInPkoperty IURP EHLQJ YHULILHGE\7/& W
FRLQLVYVWLOO WRVVHG HYHQ LQ VXFKFLUFXPVWDQFHV ZKF
W Ké$sCommonConDFWLRQ LVHQDEOHGIRUPRUHWKDQRQH VWD
HQDEOHG F\FOLFDOO\ DVLQ HQDEOHG WKHQ GLVDEOHG DC(

) XUW K H U P RlussComRd®Boin D QS2tNextRoundEstimate DUH ZHDNO\ |
LQ DQG DQG 7/& GHFLGHV WRsCOWWMNCOKWUM H[HFXWHG E
SetNextRoundEstimate VLQFH WKH FRLQ WRVV DFWLRQ EHFRPHV HQI



PDWHIURP D QRGHLV UHTXLUHG IRUD FRLQ WRVV WR RFFXU
SURSRVDO YDOXHVDQG PDNHWKHLU GHFLVLRQVDQG HVWLF
(YHQLIWKHFRPPRQFRLQ ZDVQRW WRVVHG GXULQJD UR
WKHRYHUDOO EHKDYLRU RI WKH VI\VWHP ZRXOG VWLOO VDW/|
7/& KDV Y H U LlAdanke@skSR Wigerty D Q GGirKribnCoinProperty WHP SRUD O S
SHUWLHWV2IRR WKH X@*@MP ™ #bi"vX'SBFLILFDWLRQV 8VLQJ ZH
W KessCommonConDFWLRQ DOORZV IRU D VSHFLILFDWLRQ DQG D
UHDOLVWLFDV VWURQJIDLUQHVYV ZRXOG EHKDUGHU WR HQ\
"2MP Jb;b"vV*IXUHDQGMP Jb;b"VIEtIXUHOVR IJXDUDQWHH F
EXW DUH EDVHAHNPR QBDNVBKIFLILFDWLRQ WKDW PDGH QRGHV FRP
SURSRVDO YDOXHVY RYHU UHSRUW DQG SUFRS8is&hBusSPipoderty D J H
D @@@®mmonCoinProperty WHPSRUDO SURSHUWLHVY WR EH WUXH IRU W
TKH2MP " #bi"vx**BQ®WMP Jb;b"vxX*MZHKLILFDWLRQV DUH
"2MP" #bi"vD*OQ&MP Jb;b"VWSHFLILFDWLRQV UHVSHFWLYHO\
GXFHWKHVWDWH VSDFH VL]HRI %9HQ 2U VWDWH PDFKLQH PR
JILQVSHFLILFDWLRQV ZLWK D FR®R R DQOVWRER BRR DV D FVARL\R
SDUWLFXODUQRGH LWLVDQDFWLRQWDNHQ E\WKH V\VWHP
VWULFWHU VW D WHRFDDEERERQ ¥ R QQMKFHNV L'RONP * 7&KH Uik FR G Hb
DQ@MP Jb;b"VX*R® MIiDOORZD FHUWDLQ QRQ IDXOW\QRGH W
QRW PDWWHU ZKLFK QRGH SHUIRUPV WKH FRPPRQ FRLQ WR
FRPPRQ FRLQ YDOXHRQFHLWKDV EHHQ VHW
,Q2MP" #bi"VvDO'@MP Jb;b"VM KB FRPPRQ FRLQ FDQ EH WR"
DVGHILQHBQ®

CCNode, CHOOSE node2 NODES : node2 FAULTY BIODES

,QVWHDGRIDOORZLQJDQ\QRGHWRWRVVWKHFRPPRQ FR
E\7/& IRU WRVVLQJ WD ERIEQRA MUKDW/IRHI 18QZ RXO G SLEN D VLQ
IURP MODHS VHW WKDW EXUQRWBIODEBKWHW DQG XVH WKLV VDPF
PRGHO FKHENLQJ 6GENMWERI WKHQ EH DGGHG DV D FRQGLWL



WRVV DFWLRQ DV VKRZQ LQ

'LWKWKHVHEMBQZHVvXx*DE'®MP Jb;b"vx*¥Y&RXIOG GHVFUL
PDFKLQH PRGHOV ZLWK D VP D O DM® VA D'WBKNGE M P HI Y L H WK B
+RZHYHU WKHUH PLJKW EH VLWXDWLRQV LQ ZKLFK SLENLQJ
ZRXOG QRW EH VDWLVIDFWRU\ ,ID%HQ 2UDOJRULWKP VSHF
QRGHV WKHQ WKH QRGH WKDW WRVVHVY WKHFRLQ FRXOG EH!
LQD EHKDYLRU OHDGLQJWR D GHDGORFN

IHYHUWKHOHVV 7/&dEeVsisi? topdrtyD GahkdnC oinP roperty W H P
SRUDO S UR'SHWPW DV MXUDE'@MP Jb;b"vx*WR BH WUXH 7KXV \
FLILFDWLRQV FDQ EH XVHG IRU WKH SXUSRVH RI YHULI\LQJ V
JHQHUDO FDVH ZKHQ IDXOW\ QRGHV DUH SUHGHWHUPLQHG L
DOJRULWKP



ULWWHQ VSHFLILFDWLRQ VWDWH VSDF

,Q WKLV VHFWLRQ WKHVZ&HMWIHPWHR@UWDBWH VSDFH LV
ZLWK H[DPSOHV JLYHQ RQ KRZ GLIIHUHQW VSHFLILFDWLRQYV
EHKDYLRUV LQ VWDWH PDFKLQH PRGHOV ([DPS®ISWPBLUHFDUS
ZULWLQJ GHFLVLRQV LPSDFW WKH VWDWH VSDFH LQ PHDQLQ
ULVWLFV RIGLIIHUHQW VSHFLILFDWLRQV DUHUHIOHFWHG L
IRUPXODWHG LQ 6HFWLRQ

5HILQHPHQW PDSSLQJV EHWZHHQ VSHFLILEDWLRQV DUH
UHILQHPHQWY KDYH EHHQ YHULILHG ZLWK 7/& WR HQVXUH W
WR HDFK RWKHU LQ WHUPV RI VWDWH VSDFH VL]H

7KH QXPEHU RI EHKDYLRUV DQG VW DWSHI\E RIILG DINVHIRHDQY VL. W
GHWHUPLQH ZKDW VSHFLILFDWLRQV KDG WKH PRVW LPSDFW
EXWHG DOJRULWKP VWDWH PDFKLQH PRGHOV 7KH LQVLJKW
FRQFOXVLRQV DERXW VSHFLILFDWLRQ ZULWLQJJXLGHOLQH

6KDULQJ YDOXHV EHWZHHQ QRGHYV

$00 ZULWWHQ ¥EBFLULFBWLRQV PRGHO HVWLPDWH DQG
UHQW QRGHV LQ RQH RIWZR ZD\V HLWKHU WKH YDOXHV DUH
DGGLWLRQDODFWLRQV RUWKHYDOXHV DUHVHQW WKURXJ}
DSSURDFK OHDGV WR DQ LQFUHDVHG VWDWH VSDFH FRPSDU
DGGLWLRQDO DFWLRQV IRUVHQGLQJPHVVDJHV

&RQVHTXHRWAbWSHFLILEFDWLRQV VKRXOG KDYH D IDU C
"2MP" #NSHFLILEFDWLRQV ,IVXFKDFRQFOXVLRQ ZRXOG EH"
ULVRQ RIERWK W\SHV RI VSHFLILFDWLRQV LW ZRXOG DOVR .
JXLGHOLQH SURSRVHGAGLVFXVVHG LQ 6HFWLRQ

$Q LOOXVWUDWLRQRIWKH GLIIHUHQFH EHWZHHQ VHQGL
LQ WHUPV RI VWDWH VSDFH VLK LV I8 [[DRPYSLGBHBOHD)WLO X GH P R ¢
HVWLPDWH YDOXHV DUH VKDUHG YLD PHVVDJHV PRUH DFWL
V khe¥gs WKDW FDQ EH DFFHVVHG E\DOO QRGHV (DFK SRVVLEO



E\7/& H[SOLFLWO\+ WKH QXPEHURIEHKDYLRUV LQFUHDVHYV

)LIXUAWDWH VSDFH GLITHUHQFH EHWZHHQ VHQGLQJ PHVVEL
GLUHFWO\ ULJKW

2Q WKH RWKHU KDQG ZKHQ HVWLPDWH YDOXHYVY DUH VKD
VWDWHV DQG EHKDYLRUYV L QLW KIH G XFME FR&H R6 HUXBGI\ %
QRGHHVWLPDWH YDOXHY OHDG WR WK VBWN LVD\D G H/FL LY WHI(
TKHFULWHULD IRUPDNLQJD GHFLVLRQIRUD QRGHDUH WKH
ZKDW 7/& ZRXOG VKRZDV D VWDWH WUDFH RIVXFKDQH[DPSC

JLIXUFIHSLFWYVY KRZ HVWLPDWH YDOXH VKDULQJ WKURXJK
VWDWH WUDFH RID VSHFLILF EHKDYLRU &RPSDUHG WR WKH
DGHFLVLRQYDOXHZDV FKDQJHG WKHWUDFHRIPHVVDJHV
VSHFLILFDWLRQV RIGLVWULEXWHG DOJRULWKPV

'"HSHQGLQJ RQ WKH DOJRULWKP QRGHV FDQ VHQG PHVV
RI WKH %HQ 2U GLVWULEXWHG FRQVHQVXV DOJRULWKP QRC
$FWXDOO\VHHLQJ ZKDW PHVVDJHV RI D FHUWDLQ W\SH ZHU'}
KHOSV WR EHWWHU XQGHUVWDQG WKH  EHKDYLRUV WKDW D'
DGGLWLRQDO LQVLIKW LQWR ZK\FHUWDLQ EHKDYLRUV OHD (
SURSHUWLHYV



)LIXUBWDWH WUDFH GLITIHUHQFH EHWZHHQ VHQGLQJPHVV
GLUHFWO\ ULJKW

&RPPRQ FRLQ DFWLRQ VFRSH

"2MP° PQ@MP° *Y6GHFLILFDWLRQV GLIIHULQ WKH VWDWH

PDFKLQH PRGHOV ,Q ERWK N LT0&ZdmdrEldir DAWDRVQ EQRGW R I
RUOREDOKDARB® LPSDFW RQ WKH QXPEHU RI SRVVLEOH VWDW

kCCAKNAKCCAKNAK:::k
KNAKNAKNAKNAK:::k

DQG VKRZ WKH SRVVLEOH VHTXHQFH RI DFWLRAV LI E
DQG FRPPRQ FRIOA DFWH. RQBEOHG F R Q R/E RE@GRKIYOWHFRBHIE W L Y
'KHQ WKH FRPPRQ FRLQ WRVV LVD@R® D WG KDEBSRQ E@ IR U
HQDEOHG QRGHDFWLRQ

,IWKHFRPPRQFRLQ WRV YV LIVQOGQ R GHDRMRQRM RFF X U ZKH G
NALVHQDEOHG 7KHUHDUHQRDGGLWLRQDO DFWIORAQ V K)TRH
DVHSDUDWHDFWLRQ WKBW ¥ BQ \ED BHOWAGE U KEYREQHG LQ WK |

WKH FRPPRQ FRLQ WRVV DFWLRQ RRXOFRE@ R W E BQA [FOVG, R 8
HQDEOHG ZKLOH MXHWQRIGHE PW GR Q



'XHWR WKHDGGLWLRQDO FRQGLWLRQV WKDW HQVXUH W
WR JXDUDQWHH %\]DQWLQHFRQVHQVXV Z B8 RENDKAVRRRSHR I \F
VWDWHY DQG EHKDYLRUV FDQVEREBRWOVHG E\ FKDQJLQJ LW\

JLIXURARVVLEOH VW HORIKRDBKADFERHERERHQ FRLQ WRVYVY DFWLR

7KHVH FKDQJHV LQ SRVVLEOH EHKD YR® WAK Bl UH. GRHIBRVE DECH
VFRBWWHP FRPPRQ FRLQWRVV DFWLRQ FRRO D RFFRB HR PRRJ
FRLQ WRVV DFWLRQ RQ WKH OHIW %)\ P D NQRB D\OKWRREIR-P R QA
EHKDYLRUV DUH RPLWWHG WR UHGXFH WKH VL]H RI WKH EHKI

I WKHFRPPRQ FRLQ LV DOZD\VWRVVHG DQG DWWDLQDEC
SURJUHVV DV VKRZIKH® )XIXWHPDWHO\ LW GRHV QRW PDWV
FRPPRQ FRLQ LV WRVVHG 7KHDGGLWLRQDO EHKDYLRUV WK
WRVV DFWLRQV GR QRW KDYH DQ\LPSDFW RQ WKH RXWFRPH

&KDQJHV WR WKH VW D WWPRSIHAHK W LF] RI LGOX\M RWR/VDIE M/ LR Q D U
GHU UHGXFWLRQD®HFRQRIXHQFH 6HFWURQHYDQW EHKDYLF
LQ WEMP *YSHFLILFDWLRQV QRR\SHEIUWNRGHIXQYHG DGGLQJ I
W L R Q \EktihatéR rase2c(node IRUPXOD DQG FKDQJL QJ SPECHRAMPIX Q D W
V X S S R&$¥C dnmonCoin D F W L R QORLADIOD/ FR S H

/RVVLQIJWKHFRPPRQFRLQ

KLOH WKH FKDQJH WR WKH FRPPRQFRDLQWHRSHE ¥V WKRHQ
RI' SRVVLEOH EHKDYLRWKWHWHWHBWHR@®LOO FRQVLGHUDWRRDQY



DQGRFDO WERGMWRVY DFWLRQV GLIIHU DV WKH QX¥BSEKUIRF QR
LQFUHDVHYV

'KHQ WKH V\VWHP WRVVHVWKHFRPPRQFRLQ WKHUHLVR
LV ERWK WKH LQLWLDWRU RI WKHDFWLRQ DQG WKDW ZKLEK
WRVV WKH FRPPRQ FRLQ WKHUHDUH PRUH SRVVLEOH EHKDY
DFWLRQ

JLIXUBRVVLEOH EHKDYLRUV ZKHQ WRVVLQJ WKH FRPPR

7KLV GLITHUHQFH LQ SRVVLEOH EHKDODMW. R D\ ID/GCGH SNLAR/MDH
FRLQ WRVVDFWLRQ WKDW RQO\DOORZV RQH VSHFLILF QRG
QRGHVLQWKHVSHFLILFDWLRQLQFUHDVHV WKHXQUHVWUL
EHKDYLRUV WKDW DUH XQQHFHVVDU\DQGLQFUHDVHYV WKH V

7KHLQFUHDVH RI QRGHV DOVR LPSDFWV WKH VA\VWHP FR|
PDQQHU LWKPRUHQRGHV WKHUHDUHPRUHSRVVLEOH QRC
LQ ZKLFXOWEDB OFRFPRPRH) FRLQ WRVV DFWLRQ FRXO G+tREZHXYUWH D\
WKHUHLVQRDGGLWLRQDOHIIHFWRQWKHSRVVLEOHEHKDY |
LWVHOI )URRWIXWHNLGHQW WKDW WKH V\VWHP LV WKHRQH
QXPEHURIQRGHVGRQRWLPSDFWEHKDYLRUV LQ WKLV VLW,

%\ UHVWULFWLQJWKH QXPEHU RI D P®HEVPE KD @ JF\DXQUW RAVK
WKDW WRVVHV WKHFRLQLV QRQ IDXOW\ WKHPRVW HIITHFWIL
LQ WKMP" **GVSHFLILFDWLRQV

7KH RPLVVLRQ RI XQQHFHVVDU\ EHKDYLRUV WKDW GR QI
KHUH LV DOVR D FDVH RI SDUWLDO RPQGHRIQUE &N WH REH Fo\M E |
S5HVWULFWIORGVY R FARSRIQ FRLQ WRVV DFWLR@BQSP BGH E\ .
UDWRU WR SLFN D QRQ IDXOW\ QRGH IRU WRVVLQJ WKH FRL
TossCommonCoinRSHUDWRU GHILQHG LQ



6SHFLILFDWLRQ UHILQHPHQW

,I DQ\ EHKDYLRU RI DSHKFIH@FIMVIDEGQR D YDOLG EHKDYLRU
ILFDB/LR®HQ WKHUH PXVW H[LVW D UHILQHPHQW PDRSW&J W
EHKDYLERUXIRQ VXFK D PDSSLQJ LV GHILQHG DQG YHULILHG
ALVDUHILQHPHQWR I VG E BLODFW WRKRRUDO S URES BOWR KR O/&
VSHFLIBFDWLRQ

JLIXUHOVJINMV D UHIL Q$HEPBNMDMWKRD GHILQHG UH 6B HENGW P D

$Q H[DPSOH RI D UHILQHPHQW PDSSLQJ WKDW ZRXOG UHT
VKRZQ LQ )LIHWH WKH VWDWH DQG E HKDIWIRFQUMDSMFHDGHD LY@H
DUH S UHMHVQW LQ

7KHRQO\ GLIIHUWIRRGHOW RPHWVDJH VHQ G L QiYKW B C
OH EXW WKDW GRHV QRW FRPSOLF D W5HY $IEJXRW KR ZAKIKDNVB | L
UHILQHRBIEYMARIV HQRXJK WR PD S W Keblifdtds @ JHbisRose D WIRDVE O
WR WKH FRU U H V SIREQGUVIN DAWHD MGG NPKIWIKEIOH FKDQJHV FDQ
DVWXWWHSEQWYGWEHQHILQ HPHEDWDESYBULILHG



JLIXUHSEVWEY DW H | L QHPIDQEERIWW K GHILQHG UHILQHIFPWQW F
DQIHISEVW

,W LV SRVVLEOH WR YHULI5BI0WVRQ B PHRGW P B 6 SHRIDNVH V
GHSLFWHG LQHHUXUM QHZ V WEWWE YV SHWFIHQ D G G L WhhsgpIBO Y D L
ZDV LQWURGXFHG WR VKRZ WKH VK IQHE@HD WDRDLDHEAH VLP S
PHVVDJH ZKHQHYHU D QRGHYV HVWLPDWH YDOXH FKDQJHYV

7KHQ I$EVVY DOVR EH YHU LI L HIE W\R WPENNGIO/ X O B RVZDEH KD Y
LGEVWWK BRIVKWDYIH I$SEHWLILHG LW FDRENAVYWNDWI H CLYY K P M/
0VJIDQEEVW

7KLV PHDQV WKDW VR P H E BPRIX® B HXRONY H @ W\ D QQOV\J DIDY/R E
ERWK RIWKHVH VWDWH VSDFHV VKDUH D FRP BE QW X BEWIRX 8 G
EH LQFRUUHF VW BEARAW DV D M/IH QOKAIWE WURN D L Q E H K DSYELVRR X O/® B H
LQYD®NVGE@G YLFH YHUVD

.l WKH VDPH WHPSRUDO SOMISHEUAWLHLGHE V W RMDEHED YV W
VWDWH VSDFHV DUH FRPSDUDEOH ZLWK RQHDQRWKHU %RW
$EVWHEIWGLIIHU IURP RQHDQRWKHU LQ ZKDW DGGLWLRQDC

7R PDNH FRQFOXVLRQV DERXW WKH VWDWH WSBHFH. IUF B X
ZULWLQJJXLGHOLQHY WKHVWDWHDQGEHKDYLRUVSDFH RI
PXVW EH H[DPLQHG (YHQ LI GLIIHUHQW VSHFLILFDWLRQV VI
QR JXDUDQWHH WKDW WKHUH H[LVWV D VKDUHG VWDWH DQC
VDWLVILHVY LGHQWLFDO WHPSRUDO SURSHUWLHYV



'LWKRXWDVKDUHG VWDWHDQG EHKDYLRUVSDFHEHWZH|I
KHUWKHGLITHUHQFHV LQ WKHLUVHWV RIYDOLG EHKDYLRUYV
RPLVVLRQ RIEHKDYLRUVY WKDW DUHLPSRUWDQW DQG PXVW
GLVWULEXWHG FRQVHQVXV DOJRULWKP 8QOHVVDUHILQHP
ULVRQRIVXFKVSHFLILFDWLRQVZRXOG QRWQHFHVVDULO\\
ZULWLQYBHFLILFDWLRQV

JLIXUHHILQHG DQG YHULILHG UHILQHPHQWSREFP & BLRDIWLURC

7KDW LV ZK\WKH UHILQHPHQW PDSBUQYDWGER X VRWH® W1 L
VSHFLILFDWLRQV KDYH EHHQ GHILQHG DQG FKHFNHG E\ 7/& \
UHILQHPHQW PDSSLQJV LV VXIILFLHQW WR IXOO\ H[DPLQH V!
7/$ VSHELILFDWLRQ ZULWLQJJXLGHOLQHYV

5HILQHPHQWRRMSECQ JRefMsgsCCL RefAbstCC D QREFAbstCCL
VKRZ WKDW WKH GHILQHG ORFDO DQG UHVWULFWHG FRPPR
DOORZEHKDYLRUV WKDW DUH D VXEVHW RIUHILQHG VSHFLII
LQWKHUHVSHFWLYHVSHFLILFDWLRQV GLG QRW DOWHU WKH



SURSHUWLHVY RULQWURGXFH QHZ EHKDYLRUV WKDW ZHUH Q
7KHVH UHILQHPHQW P DR®BVs@sL\C LIRS ROIQQREAABABCLRst ZHUH
YHULILHG E\ G\SSMANCED VMWD WHPHR QG BOKHFNLQJ ZKHWKHU WK
LQ RQH VSHFLILFDWLRQ DUHDOVR YDOLG LQ WKH FRUUHVSR

RefMsgsCC , INSTANCE BenOrMsgsByzCC
RefinementProperty , RefMsgsCC!Spec

7/& FKHF N RedindmehtP roperty GHSLFWH® QG GHILQHG LQ DSSU
FLILFDWLRQV WR YHULI\ VR&MSgSCIO. REFM 50 LP RSASIGS D QG
RefAbstCCL ZHUH DOVR YHULILHG VLPLODUO\DQG QRDGGLWLR
FLILFDWLRQV KDGWR EHPDGH VLPLODUO\WR WKH VLWXDW

7R YHULI\UHILQHPHQW'RMPS LI, bV VEHENZ®M B #bi"vx**G _b
VSHFLILFDWLRQV WZR QHZ VSHFLILFDWLRQV WKDW FRQWDL
ZHUH FUHDWHG "2HIHPV Hi Bil) HxWHGHDIRM P " Jb:b"vx**GSHFELILFDW
JLIXUHWQG DQG WKH\ FRQWDLQ DGGLWLRQDO YDULDEOHYV
PDSSIRefAUst DQR&fMsgs ZLWK 7/& 2WKHU VSHFLILFDWLRQV ZL
UHILQHPHQW VKR ZDHIUMH)GHXUGHG LQ D"2MPLOD;b "ZR t \BR I6i >
"2MP #bi"vx**G_bi>

7KH UHILQHPHQW RePADSGIL@StY D Q GRefMsgsCCLRst IR U
"2MP Jb;b"vX**BQKERMP" #bi"vx**@HIUM FKHFENHG ZLWK 7/& WF
QHZO\LQFOXGHG KLVWRU\YDULDEOHY KDG QRWDGGHG DQ\ .
LV VLPLODU WR WKH UHILQHPHQWZKBIS$LD YW\DK\REZ @ LMFH. ZX \
KLVWRU\ YDULDEOH KDG WR EH GHILQHG

RefAbst , INSTANCE BenOrAbstByzCCLRst
WITH estimatesAtRound  estimateHistory;
proposalsAtRound proposalHistory
RefinementProperty , RefAbst!Spec

7KH UHILQHPHQW SURSHUW\ FKHFEFNH@HEP7J& ;IR YXWHIN ViS|
GHILQHG DRefinementProperty WITH LQ WNSHANCE VWDWHPHQW LV



PDS WKH DGGLWLRQDO KLVVRP\ D b'LWvxEOHRD B IGKE NG WIQD E O
"2MP" #bi"vx*MES HFLILFDWLRQ
$GGLWLRQDO FKDQJHV"RME@® WIR; lE'NM x> BD@& b WRKH UHILQHPH
SLQJ WR EH YHULILHG ZLWK 7/& 7KHVH PRGLILFDWLRQV G
RefMsgsCCLRst
7KHFKDQJHV LPSQ@MP HIDWH G Q8 R byl RéfAHst DUH WKH IROOF
$$GGLWLRQ RI WKH Q H &stitiateMistory\ B Qubhd@s& iistovy
1 KHQHYHU D EURDGFDVW PHVYVDJHestimateMistyww D /& H
proposalHistory DUH XSGDWHG ZLWK WKH YDOXHV VHQW
T KHQHYHU D QRGH P DN Ha&stimafeHigtadyV WAL PDWR XSGDWHG
YDOXH
¥,Q WKH L QL Wdstim@até-veétbrw HD @r@pbkalHistory YDULDEOHYV DUH V
LQLWLDO YDOXHV DV"2MW K HhLi QLWL® M VWDWH RI
$T'HILQHG D Q HEtNDextRouRIBstimate WKDW FRUUHVSRQGV WR W
"2MP" #bi"vx**5Q G iV Hastimaréistory YDOXH IRU WKH QH[W L
DOJRULWKP
+$OWHU H&s®bKMonCoin DFWLRQ VR WKDW LW LV DGGLWL
estimateHistory YDULDEOH WR EH VHW EHIRUH WRVVLQJ WKH
HVWLPDWLQJD YDOXH ZLWKRXW UDQGRPL]DWLRQ
,Q"2MP " #bi"vx**@/KH>UHILQHP HRWsDBBY GHILQHG VLPL
RefAbst L Q $GGLWLRQDO PRGLILFDMWILAR QAb Z'M xJ*H GROUGW KWHRU H
QHPHQW PDSSLQJWR EH YHULILHG EXW W&ASEGRS QRW LQ°
7TKHFKDQJHV LPSOMPH®WHG1L*@/ RoY>Ré&IMé$ys DUH WKH IROOF
$$GGLWLRQ RI WKH Q H msgiHisturiz D\QrebruateBl iStary V
' KHQHYHU HVWLPDWH RU SURSRVDO YDOXHV DUH VFE
msgsHistory YDULDEOH ZLWK HVWLPDWH DQG SURSRVDO YI
F , QLWLDO HVWLPDWH YDOXHV DUH VHQW ZLWK UHSRUW
FDQEH VWDUWRNG DRNN X BDRVUAHRVUW PHVVDJIJHYV KDYH E|
T KHQHYHU D QRGH PDNHYV d3ti@ateHidtorW Y PDDWBDEWHKHY DOV
DFFRUGLQJO\



¥,Q WKH L QLW mBgoHsWWpD WoHR GvhidteHistory YDULDEOHY DUH Vi
LQLWLDO YDOXHV DV"2MMWKIH QL XxWEGO VWDWH RI

t$GGLWLRQDO DFWLRQV IRU FKHFNLQJ ZKHWKHU FH
msgsHistory YDULDEOH DQG PRGLILFDWLRQV PDGH WR HQ
VHQWEHIRUHDOORZLQJD QRGHWR HQWHU SKDVH Sk

%RWKAP Jb;b"vx**BQ'@&MP "~ #bi"vx**BHHIKFVKRZQ WR EH UHIL
HDFK RWKHU ZLWK WKH RVl kg3t MHREBNMBBBISCSHQLQEYHG DQG
FKHENHG E\7/&

%DVHG RQ WKH YHULILHG UHILQHPHQW PODSBLIQN W B € I4H(
VSHFLILFDWLRQV VKDUHWKHVDPHVXEVHWRIYDOLG EHKDY
KLVWRU\ YDUIFEMVBEEBHRNVILFRDOVLRQV WKLV VWXEWSHN LM EBWINMIERHG/
VSHFLILFDWLRQV WKH VKBPGHG M K EMHW WYSREINSLHFA GLIFD W L R C
YDOLG EHKDYLRAG/ BWUSHFHEAEQWLRQV

)JXUWKHUPRUH DOO YDOLG EHKDYLRUV NDWSHHRLWEKBWDF
SRUDO SURSHUWLHV RI WKH %HQ 2U EovMMohdomRMpdry BRGV H
ConsensusProperty GHILQHGDQG UHVSHFWLYHO\



6WDWHVSDFH

7TDEOAKH VWDWH VSDFH VL]HRIVWDWHPDFKLQHPRGHOV
VSHFLILEBWXPEWU RI DO Y @ROMEHW BRDGLVWLQFW VW

‘ ‘ %HQ2UOVIV%\] ‘ %HQ2USEVW%\] ‘

1RGHV && &8l &&I5VW && &8/ &&I5VW
6 6 6 6. 6 6e 6 6. 6 6. 6 6.

[ = ==

7DEOMKRZV WKH VWDWH VSDFH VL]H RI VWDWH PDFKLQH P
VSHFLILFDWLRQV WKDW KDYH KDG WKHLU %\]DQWLQH FRQV#
ULILHG E\7/& DV GHVFULEHG LQ 7DEOH

$00 VSHFLILFDWDRE®\EDY HBERIHWKH %\]DQWLQH YDULDQ
DOJRULWKP GHILOQPGGQP®RGLRIUHG/WR KDYH QR PHV VD JIHWHI Q.
FRPPRQ FRLQDFWLRQ IRUPXODV IRUHQVXULQJDJUHHPHQW
PRGHOV ZHUHDEOHWR UHDFKD VWDWHRI %\]DQWLQH FRQVF

JLIXUHLVWLQFW VWDWH VSDFH GLDJUDP IURP GD!

JLIXUMKRZV KRZWKH QXPEHB'RI G UV W WH\AWEE FAHA/BD W
LQFUHDVHV DV WKHNQXPEEW RROREGRHIWK NLQG V' R\ R'SIHFQ GL F L
"2MP" #WKH GHILQHG ORFDODQG UHVWULFWHG FRPPRQ FRL(



VWDWHYV VLIQLILFDQRWWOALYHFXUIH-DWLRQV RYHUDOO KDYH D \
VLIHGXHWRDOORZLQJQRGHVWRHYDOXDWHHDFK RWKHUTY
WRVHQG PHVVDJHV )LJXUH

J)LIXUH’/RWDO VWDWH VSDFH GLDJUDP IURP GDWD

7KH WRWDO QXPEHU RI VWDWHKRDBHSLFAWHBQW WHRGH QF

'KLOH"WMP" #b$SHFLILFDWLRQV VWLOO KDYH IHMZMB JW.bW
VSHFLILFDVRMPQ \#bWKKXY»RMP" #bi"vX*SBFLILFDWLRQ VSDFH V
PDNHV LW HYR®RQWhW KW IHZHU RYHUDOO VWDWH YV

7KLV LVEHEDXVH DV WKHQFPURMIHAHR | QKGN VWHP FRLQ W
LO2MP" #bi"\&RHV QRW LPSDFW WKH JURZWK RI WKH VWDWH
WRVV DEWLRQ@ A LAPH'EYQEX UH)LIXUMWKRZY KRZ WKLV RFFXU
QXPEHU RNQRGVFUHDWEG IURP

7KH KLIKHU WKH Q XIP BMKHRA RQIRGWKHUH DUH SRVVLEOH Q
WRVV WKHIMPL¥bQ vx*RZHYHDPMIPQ #bi"WWKH LQFUHDVH LQ WK
QRGHV RQO\DIIHFWV RSSRUWXQLWLHV IRUWKHFRLQ WRVYV |
WRVVHV WRMPR#Qil'QR*JG EHKDYLRUV ZLWK FRLQV WRVVHG E
HQWLUHO\

IHYHUWKHOHVV LIWKHORFDOFRPPRQFRLQWRVVDFWL
WKH FRL'@ MP/ LADi"vXx**GNKHQ WKH VPDOOHVW VWDWH VSDFH
7/$ VSHFLILFDWLRQV FDQ EHDWWDLQHG



,W LV DOVR H[SHMAWPH GOWK D XF@NKRT Jb ;b " WkSHFLILFDWLRQ V'
VL]H ZRXOG FKDQJH VLPLODUON DR XDKGHEQIXIPE FHUWHRIY@RGGEHYWH
EH\RQBMP Jb;b"ZR*OG KDYH IHZHDWRV DM B'W¥WKBQ

%DVHG RQ WKH FKDQJHV LQ VWDWH VSDFH VL]H EHWZHHC
DQGLQ)LIXQEWKHIROORZLQJUHPDUNV FDQ EH PDGH

f"2MP> #biQG VSHFLILFDWLRQV KDYH | HZHWPY WM\ DLEG B/
LQDOO SRVVELOH FRPSDULVRQV 7KLV JLYHV FUNGHELOL
FDWLRQV ZLWK LQIRUPDWLRQ SROOLQJLQVWHDG RILQIRL
WKHP WR D VHW RIUHFRUGVY LQIRUPDWLRQ SXVKLQJ OHD

DOORZLQJQRGHV WR DFFHVV HDFK RWKHU TV HVWLPDWH I

URXJK PHVVDJHV LQIRUPDWLRQ SROOLQJ
fODNLQJFRQFOXVLR(GHBERXWWISRQ VWDWH VSDFH VL]H GL

ERWK WKH WRWDO DQG GLVWLQFW VWDWH VSDFHV 7KH C

J)LIXUHDQGGRHY QRW HQWLUHO\UHIOHFW WKH RYHUDOO V

"2MP" #bi"X@'@MP" #bi"vx1"8K WKHDGGHG VWDWHN @G SLF\

"2MP" #bi"WkD¥ IHZHU WRWDO VW D WHWPD G® i EXHEEYHHIGRW K R

"2MP" #bi"WxD¥ PRUH GLVWL'QF® VHMbD'W ki*"* & KD Q
$$V WKH QXPEHUIRQ) RIRFGIHMWMH Y WKH ORFDO FRPPRQ FRLQ WR

"2MP" #9iQG JURZ LQ WKH QXPEHU RI VWDWHY DQG EHKDY

FRLQ WRVV DFWLR Q2P F#blKAHIQ¥LR QY RDWHU VWDWH VSD

DFKLHYHG ZRWRL@MWKMSHFLILFDWLRQ UDWXMR WK D'QxZ I &

VSHFLILFDWLRQ

f7KHVPDOOHVW VWDR2W R\ HIFHWRL ] MBRWFLILFDWLRQV FDQ E
LPSOHPHQWLQJD UHVWULFWHG ORFDO FRPPRQ FRLQ WRYV
WR WRVV YWHHPFRLQ"VX*P@@MP " #bi"vx**KD\WWKH VPDOOHYV
RIEHKDYLRUV DQG VWDWHY FRPSDUHG WR WKH VSHFLILFI
DOVR GR QRW LQFUHDVH LQ VWM R H b/;$ DURHURGL PH B W iPYEK ® \



6WDWHVSDFHUHGXFWLRQ JXLGHOLQH

7KLV VHFWLRQ FRQWDLQV VWDWH VSDFHUHGXFWLRQ JXL
ZKHQ ZULWLQJ %HBHRUIZADWLRQV DQG KRZ WKDW FKDQJHG V
$0O0 JXLGHOLQHVKDYHEHHQGHILQHGLQ WKHVDPHIRUP
GLIIHUHQW DVSHFWV RI JXLGHOLQH UNBRJFQLMWIDRLRQG DSS
7KHVH VHYHQ GLVWLQFW SDUWV DUH JURXSHG LQWR WK
JUHDWHU JXLGHOLQH GHILQLWLRQ FODULW\DQG EHWWHU J:
WKDW DUH FUXFLDO IRUJXLGHOLQH XQGHUVWDQGLQJDQG G
FRYHU WKH SDUWV RIJXLGHOLQHV WKDW SURYLGH VXSSOHP
XVH WRVSHFLILFDWLRQ DXWKRUYV
7KHHVVHQWLDOV RIHDFK JXLGHOLQH DUH WKHIROORZL
$I'HVFULSWEKRQHQHUDO GHILQLWLRQ RID JXLGHOLQH L¢
$5HTXLUHG GHTLVWDROPHQWY WKDW PXVW EH SUHVHQ
WKH JXLGHOLQH
$$SSOLFDWLR® BLIRSHDMIGHYLYHQHVY SURSHUWLHYV WK
DSSOLFDWLRBHFEDIZEDWLRQ
$GGLWLRQV RIHDFK JXLGHOLQHHQFRPSDVV WKHVH SDU'
$,PSRUWD QWIMSHEMADO FRQFHUQV WKDW DULVH ZKHQ
VSHFLILFDWLRQ
I$SGYDQWBRMVMHQWLDO SRVLWL W HFIH E WVVRICRWY KOH W HU .
FDWLRQ
$'UDZEDFSRWHQWLDO QHJDWL WH H FIHIE W VRIQRVQ KOH W U .
FDWLRQ
$$SSOLFDWERAHEDYWVSHFLILEFDWLRQV WKDW VDWLVI\
SURSHUW\ KDYHWKHLU VWDWH V3QGHY ZKLERWBMN KRZ
JXLGHOLQH ZDV DSSOLHG
)XUWKHUPRUH WKHVWDWHVSDFHUHGXFWLRQ HIITHFWLY
LQ WKLY VHFWLRQ EDVHG RQ WKHIGQW® B QB WHYW HG GQ HD EC
GHVFULEHG L@ @MPWIHRGQWR FRUUHFWO\LGHQWLI\ ZKLFK VSH



FRPSDUHG ZLWK RQHDQRWKHUDQG ZKDW JXLGHOLQH DSSOI

$GHVFULSWLRQRIDQDOJRULWKPWRGHWHFWWKHDSSO
UHGXFWLRQ JXLGHOLQH DSSOLFDWLRQLV DOVR SURYLGHG
WKDW LV DEOH WR GHWHFW WKH DSSOLFDE MBHN\LRL FADKWHL @ R

VHQWHG DV ZHOO



*XLGHOLQH GHILQLWLRQV

,QIRUPDWLRQ SXVKLQJ

7DEOHQIRUPDWLRQ SXVKLQJJXLGHOLQHHVVH

7DEOHQIRUPDWLRQ SXVKLQJJXLGHOLQHDGGL

TDEOBWGVKRZ WKH LQIRUPDWLRQ SXVKLQJ JXLGHOLQH |
ZULWLQJ GLVWULEXWSHFDOLURMMMW WK@VILY FRPPRQDV PRVW ZF
GLVWULEXWHG DOJRULWKP VSHFLILFDWLRQVKWD&@PFH WKLV JX

,WLVH[SHFWHG IRU WKLV JXLGHOLQH WREHDSSOLHG ZK
7/$ VSHFLILFDWLRQ DXWKRU WKDQ LWV LQFUHDVH WR @WKH
OXVWUDWHYV KRZKDYLQJ PHVVDJH YDULDEOHV DGGV D ORW
LQIRUPDWLRQ SROOLQJJIJXLGHOLQHLQVWHDG 1HYHUWKHOI
KLQJIXLGHOLQHDSSOLHG SURYLGHV PRUH LQVIMNM&NFILOQMWB W
WKDQLQWKHFDVHRIWKHLQIRUPDWLRQ SROOLQJJXLGHOL

7TKHUH DUH D FRXSOH PRUH QRWHZRUWK\ LQWULFDFLHYV
ZRXOG KHOSLQ DSSO\LQJLWPRUHRSWLPDOO\

I WKH DPRXQW RIILHOGY XVHG LQ WKH UHFRUG IRU PHV
VWDWHDQG EHKDYLRU VSDFH VLIHJURZWK ZKHQ DSSO\LQJ"
DFFRUGLQJO\



'KLOH WKH VHQGHU DQG URXQG QXPEHULRSRGW P S RUOWIS
XVDJH RI VXFK ILHOGV LQ D UHFRUG KHDYLO\ GHSHQGV RQ 7
VSHFLILFDWLRQ PRGHOV

5RXQG QXPEHUV DUHDOPRVW DOZD\V XVHIXO EXW VHQGI
ILHOG FRXOG EH XVHG WR FRXQW WKH QXPEHU RIPHVVDJHV L
VHW RIDOO VHQW PHVVDJHV ZRXOG EH WKH QXPEHU RI DOO C

5HFRUGV DUH LQGHHG KDUGHU WR ZRUN ZLWK ZKHQ WU\
7/$36 XVLQJ WKH =HQRQ R U, (MD@EH ORAHEMAN XY GYI>D GLIIHUH
KHOS WR PLWLJDWH WKH HITHEWV RI WKLY GUDZEDFN



,QIRUPDWLRQ SROOLQJ

TDEOHQIRUPDWLRQ SROOLQJJIJXLGHOLQHHVVH

7TDEOHQIRUPDWLRQ SROOLQJJXLGHOLQHDGGL

7KHLQIRUPDWLRQ SROOLQDYEMNVYKRIRLQHOEQH YK LF
ZRXOG SRWHQWLDOO\UHGXFHWKHVWDWH VSDFH VL]JHRIVS
LQIRUPDWLRQ SXVKLQJ )LJXUH

7KLV JXLGHOLQH UHOLHV RQ XVLQJ VRPH VRUW RI YDOX|
QRGHV XQGHUVWDQG ZKHQ FHUWDLQ YDOXHV FDQ EH DFFHYV
DOZD\VDYDLODEOH WR EH H[DPLQHG E\RWKHU QRGHV VRPF
HV WKDW ZRXOG DOORZ WKHP WR QRW DELGH E\ WKH %\]DQW
$0OJRULW@BYV

,QDOODSSOLFDWLRQVFDVHV RIWKH LQIRUPDWLHRDVER G ¢
WKDW D SDUWLFXODU QRGH KDV QRW HQWHUHG D SKDVH RU
VWRUHG ZLWKLQ YDULDEOHV WKDW NHHS D KLVWRU\RIDOO Q
URXQGYV

7KLV PHDQV WKDW LI WKH QXPEHU RIURXQGV LV QRW ILQ]
OLQJ JXLGHOLQH EHFRPHV PRUH GLIILFXOW WR SURSHUO\ U
YDULDEOHV DQG PHVVDJW SYHRIALEDWMLR®Y/BEDXVHV D VLIQL
VSDFH ZKLFK PHDQV WKDW WKH WLPHIRU 7/& WR FKHFEN WHP



$OOWKHVHLQWULFDFLHVRIWKHLQIRUPDWLRQ SROOLAQ.
WU\LQJ WR DSSO\ WKH Y)SIHFH OULFPDHWN R @ 7Q$DQ RSWLPDO ZD\
VWDWHVSDFHVL]I]HFDQ EHZHOO ZRUWK WKH HITRUW SXW LQ
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