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Abstract: This research proposes novel embedded Markovian queueing model-based
quantitative models in order to establish a theoretical foundation to design a dynamic
blockchain-based computing system with a specific interest in Ethereum. The proposed
models commonly assume variable bulk arrivals of transactions in Poisson distribution,
i.e., M1™, where n the number of slots across all the mined transactions to be posted in a
block or the current block. Firstly, a baseline model is proposed to have a static bulk
service of transactions in exponential time, i.e., M™, for posting the transactions in the
current block, referred to as Variable Bulk Arrival and Static Bulk Service (VBASBS)
queueing model of the M1™/M™ /1 type, in which note that n is fixed in order to
demonstrate a static chain in terms of the size of the block. Secondly, an adaptive chain
model, as a solution of dynamic blockchain in a reactive manner, is proposed based on a
Variable Bulk Arrival and Variable Bulk Service (VBAVBS) queueing model of the
MY™ /MYE™ /1 type to provide a quantitative approach to design an adaptive chain that
dynamically adapts the size of the block to varying performance trends, in which a state
transitions from i back to 0, where 0 < i < n, are tracked in order to demonstrate the
dynamically adaptive size of the block. Lastly, an asynchronous chain model, as a
solution of dynamic blockchain in a proactive manner, is proposed based on a Variable
Bulk Arrival and Asynchronous Bulk Service (VBAABS) queueing model is developed
and presented to study and demonstrate the fully asynchronous and staged asynchronous
chains. The analytical models are simulated extensively to compare the basic
performances of the proposed models such as the average transaction waiting time, the
average number of slots per block, and throughput. Further, extensive experiments are
conducted in order to validate the analytical results by redesigning the source code of
Ethereum to implement and demonstrate each of the proposed chains such as the
baseline, the adaptive, the fully-asynchronous and the staged-asynchronous chains. The
analytical results and the experimental results will be compared and discussed
extensively.
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CHAPTER I

INTRODUCTION

Blockchain technology [1, 2, 4, 5, 7, 10] is undergoing tremendous growth chocking itself up to
its capacity and performance limits [58] and thereby resulting in cost spikes [19]. It is exigently
sought to address and respond to these issues, being mostly concerned about the scalability [11,
12,13, 14, 15, 16, 17, 24] dependability of the blockchain system, and privacy issues [53] in
systems such as smart grid [35] and IoT [18, 25, 26, 27]. In this context, blockchain technology is
emerging and gaining more and more attention from the technology community as an alternative
to the current centralized-based internet protocol, namely, the decentralization with blockchain-

based peer-to-peer internet protocol.

Blockchain technology also has been investigated by industry and research sectors for the benefit
of a transparent decentralized network control [4, 7, 16, 28, 29]. The scalability and dependability
issues of the blockchain system [23, 24] have been identified and addressed as the technology

matures and saturates in its current form.



A quite extensive line of decentralized applications in IoT [18, 25, 26, 27] and MEC [33, 48]
networks have been deployed and testbed to exercise various attempts to resolve those issues in [19,
34] with respect to security [52] and privacy [53] in IoT based smart grid. Blockchain is a
decentralized network system [4, 7, 16, 28, 29] that employs web3 [43] as its underlying technology,
based on the peer-to-peer communication protocol where all nodes store mutual data, as a basis for a
reliable and trustworthy communication that does not require mutual verification. Due to this
mutually trustworthy network requirement, there is a cost of extra block delay [38] for a smart
contract [7, 49] to be used to transmit or store data as a transaction off [36] of the smart contract
primarily due to a mining process to be performed to approve and post transactions in a block [7, 16,
50, 51] on the chain. In general, the network system used as a web2-based server-client network is
relatively faster than the decentralized distributed network, that is, blockchain. Today, such
decentralized systems and applications in many industries can be found as IoT and MEC [18, 25, 26,
27, 33], and more notably, blockchain technology for digital currency is used in central banks and
eyed by many governments as a future digital currency option. However, the issue of transaction
delay due to slower block processing (posting) speed must be addressed and resolved [19, 39] prior to
extensive acceptance in the market. Note that it has been reported that the blockchain consensus
algorithms [7, 16, 37] play the central role in the trustworthy system, it costs extra block time delay
which leads to lower throughput of the system and increases waiting time. In this context, block size
adjustment is being considered as an alternative solution to address the block delay with respect to the
gas limit [53, 54] per block and to improve the performance [30, 31, 32, 44]. The gas limit per block

proportionally influences block delay, scalability [12, 13, 14, 15, 17], and dependability [19].

Also, it has been reported that the consensus algorithms [7, 16] of the blockchain system is driving
the mining process to keep the block time constantly to be delayed and eventually to lead to slowing
down on the throughput and thereby limiting the capacity and even the functionality and operability

of the network, which mandates an excessively powerful server and a high-efficiency yet extremely
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costly network. After all, blockchain technology in its current form is facing a serious hurdle before
finding itself as a true replacement of the current state of the art web2-based internet infrastructure. In
this context, it is exigently sought to address and respond to these issues mainly about the scalability
[15, 29] and performance [32] from the specific standpoint of the speed of block posting. As the
blockchain technology-based network is seeking a way to break through those underlying technical
issues, it has been considered that blockchain is proactively adapting to various performance criteria
[30, 31, 32, 44] in order to speed up the execution of transactions with respect to block size and
requirements. The basic network system of blockchain technology is a decentralized system that uses
a web3 network, which is a peer-to-peer communication based on a distributed information network
where all nodes store mutual data, as a reliable trust system that does not require mutual verification.
Due to this mutually reliable network environment, there is an issue of block delay time until a
contract is used to transmit or store data, i.e., as a transaction occurring, a mining process that is
posting in a block as a confirmed transaction. The point is that the system used as a server client-
based web2 network is relatively fast. Currently, decentralized applications in many industries are I[oT
and MEC, and more notably, blockchain technology for digital currency is used in central banks.
However, the issue of transaction delay time due to block processing speed must be resolved. While it
has been reported that the blockchain consensus algorithm makes it a trusted system, it causes block
time delay, lowers the throughput of the system, and increases waiting time. In this context, block
size and its conditions will improve blockchain performance by changing it and will solve the block
size change and conditions for it in a way that can solve the scalability and dependability problems.
The central idea driving the technology shift is the trust of the internet service which the legacy
centralized-based internet service providers evidently have never convinced the users’ community to
sustain its credibility due to a few major reported breaches of trust no matter intentional or not, which
triggered the technology drive towards blockchain which is today’s and tomorrow’s promise and the

best-known solution of trust in internet services. However, as the blockchain technology matures, it



appears the technology is revealing either expected or unexpected performance flaws besides the
main concern of trusts, such as scalability and speed issues, as the main hurdle from success. The key
to the success of this technology in the market is how to bring the performance to the next level in

order to cope with the market needs and requirements from the performance perspective.

A prerequisite to the performance needs and requirements is to establish an analytical model in order
to establish an analytical model to evaluate and assure the performance of concern with high efficacy
in a quantitative manner during the early design cycle. There have been a few analytically approached
works [9] reported on dependability [20, 23, 24]. However, they are able to readily and adequately
address the queueing nature of the transactions flow and block posting in particular, which will
eventually prevent a synergistic and comprehensive analytical design of a dependable and high-

performance blockchain system.

There are four different types of blockchain architectures to be proposed and studied in this
dissertation for the above mentioned block size adjustment solution, namely, baseline chain [40] as
the conventional solution without allowing the block size adjustment, the adaptive chain as a naive
solution to block size adjustment in a reactive manner, the fully asynchronous [56, 57] chain as
another naive solution yet in a proactive manner, and lastly, the staged asynchronous [56, 57] chain as

a solution that is a hybrid form of the reactive and the proactive solutions.

The baseline chain [40] considered in this dissertation is the conventional chain (e.g., Ethereum [7,
16, 50]) with a fixed size for the blocks, and note that the size of a block is defined (represented) by
the block gas limit [53, 54] which is fixed throughput unless otherwise controlled, and also note that
in fact the physical size of each block in the baseline chain is practically fixed at 20~30KB [39] per
block multiplied by the size of a node to represent a transaction hash which is in fact nothing to do

with the size of the block to be adjusted as it concerned in this dissertation.



The adaptive chain is a chain in which the block size (i.e., the block gas limit as defined in this
dissertation) is adaptive to the total of the gas fees used by the transactions [7, 16, 49, 54] in the
previous block with a certain variation (or the average of a certain number of previous blocks) in a

reactive manner (i.e., the size of the block stays static throughout the time period of block delay).

The asynchronous chain is an adaptive chain yet in a proactive manner, in other words, the size of the
block is adapted on the fly. Two different types of asynchronous chains are proposed such that the
fully asynchronous chain adapts the size of the block to the size of an arriving transaction on the fly
immediately when a transaction arrives, which seemingly is an overly-costly, stringent and slow
solution, yet a fully asynchronous and adaptive solution to the temporal requirement for a transaction
posting in the block; and the staged asynchronous chain moderates the stringent proactive asynchrony
of the posting of a transaction such that the adaptive posting is staged (or grouped) by the rages of the
sizes of the transactions, e.g., instead of immediately posting each and every individual transaction in
the block, the block posting is delayed for a stage delay to accommodate potentially more transactions
within the range of the stage in an effort to relax the stringent asynchronous posting requirement of

the fully asynchronous chain.

A variable bulk arrival and static bulk service (VBASBS) [40] of the M1™/M™ /1 type can be
considered to analyze the performance of the baseline chain and can serve as the basis of analysis of
such a variety of variations of chains as adaptive, fully asynchronous, and staged asynchronous chains
as proposed in this paper. VBASBS is an embedded markovian model and defines the state of the
chain by a single variable i, i.e., the number of slots pending in the current block for being posted,
where note that a slot is approximated to 100,000 wei [39, 50] in this paper and note that a typical gas
limit per block is set to 10 gwei [39, 50], and state transitions triggered from state i to j, where 0 <

i,j <nandi <j,andn is the total possible number of slots to be posted in the current block, and a



state transition from n back to 0 takes place when the current block is topped off and posted in the

chain.

As it turns to the adaptive chain, the VBASBS model can be extended to allow a state transition from
each state, i, back to state, 0, in addition to the state transition from the state, »n, back to state, 0, in
other words, a block could be of any size and posted (i.e., flushed from any state 0 < i < n) with the
size that is adaptive to a certain condition such as (the average of) the total of the sizes of the
transactions in the prior block(s), namely, a variable bulk arrival and variable bulk service
(VBAVBS) of the M¥™/M*™/1 type under the assumption that the block size adaptation takes place
in a reactive manner after each round of block posting process and the size of the block (the block gas

limit) stays static throughout the block posting process.

Lastly, in order to allow a block size to be adaptive in a proactive manner, namely, the asynchronous
chain, the block size adaptation should take place on the fly such that the waiting time for a
transaction to be posted be strictly asynchronous to its arrival time (namely, the fully asynchronous
chain), or, at the most, be shorter than the possible maximum allowed block posting delay (e.g., block
gas limit) (namely, a non-fully asynchronous chain such as the staged asynchronous chain as
proposed in this paper). A variable bulk arrival and asynchronous bulk service of the M1™/M¥™ /1
type can be considered, where ik indicates the staged group of states such that in the fully
asynchronous chain each state i has only an arriving state transition from state 0 and only an outgoing
state transition back to state 0 in order to model the strict asynchrony; and in the staged asynchronous
chain the strict asynchrony is moderated to some extent by letting states in the range from ik + 1 to
(i + 1)k trigger state transition from [ to m, where ik + 1 < I, m < (i + 1)k and l < m and (i +

Dk <n.

The primary interest of the baseline chain in Chapter Il is to develop an embedded Markovian

queueing model of the M1™/M™ /1 type in order to establish a theoretical foundation to design a
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blockchain-based system with a focus on the stochastic behavior of the mined transactions waiting to
be posted for the block delay as the bulk synchronization point. The model assumes variable bulk
arrivals of transactions in Poisson distribution, i.e., M>™, where n the number of slots across all the
mined transactions and static bulk services of transactions in exponential time, i.e., M™, for posting
in the current block, namely, a variable bulk arrival and variable bulk posting (VBASBP). The
primary performance measurements to be taken are the average number of slots no matter how many
transactions are mined under the assumption of the maximum number of slots per block as specified
by n, the average waiting time per slot, and the throughput in terms of the average number of slots to
be processed per time. The variable bulk arrival rate is assumed to vary linearly proportional to the
size of the transactions in a multiple of A (note that there is only a single stage of a queue of waiting
transactions (in terms of slots) assumed for simplicity instead of assuming two independent arrival
rates of the transactions, one for the transaction pool and another for the waiting queue for the block
posting, thereby assuming only a single bulk arrival rate per slot A, which might be to some extent
different in practice), and the static bulk service is assumed to take place when the number of slots in
the mined transactions reaches at n, i.e., a bulk processing of multiple transactions in multiple slots

for posting in a block.

In Chapter IV, with the baseline model of VBASBS (i.e., a MY /M™ /1 type), the primary interest is
to develop an embedded Markovian queueing model of the M*™/M¥*" /1 type in order to establish a
quantitative foundation to design a blockchain-based system with a focus on the stochastic behavior
of the mined transactions waiting to be posted for the block time as potentially purging at every state,
which is possibly being from any state, P;(0 <i < n) back into the state, Py. As in the baseline
model of VBASBS, the proposed model assumes variable bulk arrivals of transactions in Poisson
distribution, M1, where n the number of slots across all the mined transactions, but, variable bulk
service of transactions in exponential time, M*™, for posting into the current block at any state in a

slot, VBAVBS. The primary performance measurements are to be taken in comparison with the
7



baseline model, such as the average number of slots no matter how many transactions are mined
under the assumption of the maximum number of slots per block as specified by n, the average
waiting time per slot, and the throughput in terms of the average number of slots to be processed per
time. The variable bulk arrival rate is assumed to vary linearly proportional to the size of the
transactions in a multiple of 4 note that there is only a single stage of a queue of waiting transactions
(in terms of slots) assumed for simplicity instead of assuming two independent arrival rates of the
transactions, one for the transaction pool and another for the waiting queue for the block posting,
thereby assuming only a single bulk arrival rate per slot A, which might be to some extent different in
practice, and the variable bulk service is assumed to take place when the number of slots in the mined
transactions reaches at any state, 1,2, ...,n — 1,n, i.e., a bulk processing of single or multiple

transaction(s) in single or multiple slot(s) for posting in a block.

In Chapter V, with the baseline models of VBASBS (i.e., a MY /M™ /1 type) and the adaptive model
VBAVBS (i.e., a M /M>"" /1 type), the primary interest is to develop an embedded Markovian
queueing model of the asynchronous chain, namely a Variable Bulk Arrival and Asynchronous Bulk
Service (VBAABS) model is developed and presented to study and demonstrate the theoretical
performance of an asynchronous chain in order to establish a quantitative foundation to design a
blockchain-based system with a focus on the stochastic behavior of the mined transactions waiting to
be posted for the block time as potentially purging at every single state or every staged state(s). Two

types of asynchronous models are proposed as fully and staged asynchronous.

This dissertation is organized as follows. The preliminaries and review are introduced in the
following Chapter II. The baseline chain model, VBASBS, is proposed and the numerical analysis is
reviewed in Chapter III. The adaptive chain model, VBAVBS, is proposed and the numerical analysis
is compared with between VBASBS and VBAVBS in Chapter V. The asynchronous chain models,

VBAABS, two different types of architecture, the fully asynchronous chain and the staged



asynchronous chain are proposed and the numerical analysis is reviewed in Chapter V. The
implementation and experimental results of the proposed four types of models are presented and
compared to the baseline chain model, VBASBS, to validate the efficacy and benefits of the rest of
the models, in addition, the experimental environment and procedure are shown in Chapter VI.

Lastly, the conclusion and discussions are drawn in Chapter VIIL.



CHAPTER II

PRELIMINARIES AND REVIEW

There have been a few works to address and investigate on various yet critical performance and
dependability issues and problems as identified in various blockchain-based crypto computing
systems. Various hypothetical and theoretical designs [6, 8, 9] of a few crypto computing
solutions have been developed in order to establish an engine for preliminary yet extensive
parametric simulation, and some results have been demonstrated and validated through isolated
testing on Ethereum and Hyperledger open source-based prototypes [20, 23, 24]. As the ultimate
quality of crypto computing will be determined by its likelihood to be performed as commanded
or desired, referred to as the dependability, those hypothetical and theoretical models emphasized
and centered around the dependability of each of those crypto solutions to accommodate such
capabilities as the on/off-balanced crypto computing [23], the real-time computing [24], the slim-
computing [21, 46] and the hybrid computing [45]. Dependability for each of those crypto
solutions has been identified and defined along with various performance variables and ultimately

has provided a theoretical yet practical understanding of each crypto solution.
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A prototype, to demonstrate some of those crypto solutions and to validate their hypothetical and
theoretical results, has been built by identifying and isolating the insertion points for necessary
technology modification within Ethereum and Hyperledger open source to start out with and to

ultimately realize a new core blockchain for optimal crypto computing,.

The on/off-balanced chain [23] has been proposed in order to investigate on how to assure the
dependability of a crypto system built across on and off the blockchain facilitated and coordinated
by using the proposed adaptive checkpoint and rollback algorithm. The theoretical foundation of
the proposed checkpoint and rollback algorithm is to characterize the variables affecting the
dependability such as security [49], authenticity and reliability with respect to the rates of hit by
any events of those issues, the rates to detect and diagnose, and then the rate to vote for a
consensus whether to mark a checkpoint and trigger a rollback or not. Based on the variables
characterization in a stochastic manner, the steady state probabilities and state transition
probabilities have been derived in order to assure the ultimate effective dependability of each
individual dependability variable (i.e., security, authenticity, and reliability) [47], then, finally to
assure the dependability in a compound manner with each variable assigned a weight depending
on the nature of the systems specifications. Based on the theoretical study [3, 21] a prototype of
the crypto system has been built to demonstrate the underlying architecture and operations and to
justify the need for such system to take synergistic advantages from both on- and off-chains, with
an experimental result of a benefit in gas fee [4, 7, 16] with respect to performance and
dependability, which is the most exigently addressed issue today in blockchain systems especially
in Ethereum network of blockchain. An astonishing result of gas fee saving has been
demonstrated. It is expected that the crypto system will benefit more if more computationally
intensive transactions are executed off-chain and vice versa. An isolated testing has been
conducted for a demonstration of the purpose on the proposed checkpoint and rollback algorithm

on Ethereum open source. The real-time chain [13, 19, 24] has been proposed in order to
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investigate on an approach how to design and realize crypto computing (Ethereum blockchain-
based [16]) under the stringent real-time requirement. In order to evaluate the efficacy of the
approach, a new analytical metric has been defined and developed to estimate the dependability,
referred to as block-dependability. The proposed block-dependability precisely models the
probability for the mined transactions to be posted within the current, in other words, within the
target block delay, further, namely, within the deadline required if their expected execution times
are within the temporal range of the deadline. Various methods how to prioritize [17] and select
transactions in the pending transaction pool in order to facilitate those transactions to be executed
within their deadline requirements, such as the normal, random, sorted, and stratified [7], have
been proposed. A set of performance variables, or parameters, such as the number of pending
transactions in the pool, the average speed of the transactions, gas fees, deadlines as well as the
number of miners, are identified and taken into the block-dependability analysis in order to reveal
the influence of each variable on the block-dependability, versus each of those proposed
prioritization and selection methods. Extensive parametric simulations are being conducted
through an isolated testing on the Ethereum open source; the slim chain has been investigated in
[20] in order to address and resolve the scalability issue [55] of blockchain-based crypto
computing in which it is required that every node participating in the computation carry a full
load of the entire chain of blocks all the way from the genesis block. As evidenced from the
preliminary results of the on/off-balanced chain [23], the performance and dependability [20]
could be significantly improved by balancing the amount of computations across on- and off-
chains, which depends on the type of computations such that on-chain execution is more suitable
for more dependability-stringent or computation-intensive transactions, and off-chain for less
dependability-stringent or less data-intensive computation. A smart balancing of computation
across on/off-chain is expected to relieve the spatial and temporal overhead of managing the

otherwise explosively growing size of the blockchain, as referred to as a slim chain in this paper
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(cf. the light chain is a technology to limit the temporal extent of the chain of blocks for
synchronization). A novel theoretical model has been developed to evaluate the efficacy of the
slim chain with respect to the dependability from a single transaction’s standpoint in a stochastic
manner. Further, the dependability will be traced with respect to whether the transaction of
concern is to write off the chain or read from off the chain as the transactions writing intensively
off the chain are more likely to be dependable than the ones reading intensively from off chain.
Also, note that IPFS (Inter-Planetary File System) [11, 16, 22] is the off-chain storage system to
be considered in the slim chain. A prototype with an isolated testing on the Ethereum open source
is being built for validation purpose along with extensive parametric simulations; and the hybrid
chain is being studied in order to investigate on a new blockchain network that is to be built
particularly across private (i.e., permissioned) and main nets (i.e., permissionless). Note that the
hybrid chain is distinguished from the earlier mentioned on/off-balanced chain such that the
hybrid chain is concerned across two different types of nets (e.g., Hyperledger-based private net
vs. Ethereum-based main net) while the on/off-balanced chain is concerned across on- and off-
chain (e.g., Ethereum-based main net vs. cloud or IPFS). It is essential to build a dependable
interface between the private network and the main network if business-to-consumer (or vice
versa) transactions are the primary transaction of interest. In the course of interfacing across the
private and the main nets, dependability is to be considered as one of the most critical design
factors in order to ensure that the private transactions stay within the private territory and
publicized transactions stay public in the main net, and further in order to facilitate a seamless yet
dependable migration of transactions across the border. In this context, the efficacy of the privacy
of the private network side and the publicity of the main net side is addressed and modeled by
tracing a transaction’s stochastic process at a steady state. A prototype for an isolated testing
across the Ethereum and Hypercubes open source for validation purposes is being built for

validation purposes along with extensive parametric simulations.
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However, the dependability models or performance models in [20, 23, 24] cannot readily and
adequately address the queueing nature of the transactions flow and block posting other than that
they will provide a sound theoretical foundation for dependability analysis in various blockchain
contexts in line with the proposed VBASBS model. Ultimately, a synergistic model will be
highly desired and pursued to model and assure both the dependability and the performance as
two primary and concurrent variables of the blockchain system, thereby synergizing those
dependability models and the VBASBS model into a comprehensive and integrated analytical

design tool.
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CHAPTER III

BASELINE CHAIN MODEL

The baseline model is proposed as named, Variable Bulk Arrival and Static Bulk Service
(VBASBS). In the proposed VBASBS model, an embedded Markovian single-server exponential
queueing system (i.e., M¥™/M™ /1) is considered without loss of generality, and the server (e.g.,
the server is the equivalence of the group of miners to select the transactions to be posted) serves
the entire batch of customers (e.g., the customers are the equivalence of the transactions to be
posted in the block) in the queue (e.g., a queue is the equivalence of a block to be mined and
posted) all at once at the same time. Whenever the server completes a service (e.g., a service is an
equivalence a process of posting a block), it then purges the queue (e.g., the equivalence of the
posting a block) and then serves the influx of new customers incoming. Note that it is assumed
that the service takes place within a certain amount of time yet no transaction is assumed to arrive
in the meantime. However, note that it is not unlikely to have new customers arrive if a

significant amount of service time is assumed, from a practical point of consideration. It is

assumed that the service time is exponential at " when the server is serving the entire queue (e.g.,

equivalently, posting and purging the entire queue).

15



Without loss of generality, it is assumed that customers arrive at an exponential rate of A.

The underlying queueing process is assumed to take place with fixed-sized slots and the status of

the queue is determined by the number of slots.

Given the assumptions as made above, the proposed VBASBP model employs an embedded
Markovian queueing model and it defines the states as expressed in terms of the number of slots
assigned to a block and it traces the normalized number of slots allocated for the transactions in

steady state than the number of transactions whose size varies in the number of slots.

The state transition diagram of the baseline chain model is shown with all states, A, and x in

Figure 1.

Figure 1. State transition diagram of the baseline chain model
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P, : the state in which there is no transaction (i.e., no slot) arrived in the queue as of yet for the

posting in the block, currently.

P, : the state in which there is n number of slots (i.e., which is the capacity of the queue,
equivalently, the maximum number of slots set and voted by the miners or voters) arrived in the

queue for the posting in the block, currently.

P; : the state in which there is i number of slots (where 0 < i < n) arrived in the queue for the

posting in the block, currently.

The random variables employed to express the state transition rates are specified as follows.

A: the rate for a slot of a transaction to arrive, and the rate for a transaction to arrive is determined
by the number of slots allocated for the transaction in a prorated manner such that a transaction
with a size of j number of slots arrives at the rate of jA, without loss of generality and practicality

as well.

w: the rate for the slots of the transactions in the entire queue to be posted and purged. Notice that

this is a single and unique state transition precisely from P, back to P,.

The following Figure 2 shows the state transitions around P; for the balance equations.

AN\
() ()« () (o

Figure 2. State transition around P; for balance equations of the baseline chain model
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1. Baseline Chain Model Equations

The balance equations for VBASBS are as follows.

(A+21431+ -+ nA)Py, = ub,

P_An(n+1)P 1

The following Figure 3 shows all incoming transitions to P, are equal to all outgoing transitions

from P,.

Py = (A+214 -+ m—2)A+ (n— DA+ nd)P,

(/1 + ZA+ 3/1 + -+ (n - l)/l)PL = APL'—I + 2/1Pi_2 + BAPi_g + -+ l/1P0 (2)

P =aq:1P 3)

18



Figure 3. State transition around P, for balance equations of the baseline chain model

From Equations (1), (2), and (3), P;, 0 <i <n, can be expressed in terms of Py as follows.

P, = q,(q1 + 2)Py

P; = q3(q2(q1 +2) +2q; +3)Py

Py = q4(q3(q2(q1 + 2) + 2q; +3) + 2q,(q, + 2) + 3q, + 4)P,

Py = Pyq4(1(q39291 + 93922 + q33) + 2(q2q91 + q22) +3(q1) +4)

P0+P1+P2+"'+Pn=1

P; can be generalized and expressed as follows.

ikl +1i

Where,

19
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(5)

(6)
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0<i<n

~ 2
= —Dm—-i+1)

2
= m—Dmn—-1+1

k-1 k-1
3 2 3 2k-1 2T my(n—-k+1) 10
Y= m-Dm—1+1) ()2 - ()2 (10)
=1 =1 m-0m—-k+1)
Then, it can be expressed in Equation (11) as follows.
< (T < (2 m)(n—k +1)
k ( )2 )k (11)
k=1 \1=1 k=1
n+1) Lzzm iizm 2| 4 (n2E22 1) 12
(')2 n 0 m 0 m n(2—1) (12)
— -

In Equation (12), there are two sigma forms to solve as follows.

The first sigma form Y52, 2™m can be expressed as follows.

i-2
2mm =200+2"1+222+ -+ 23 = 3) +2172(i—-2) =271 (i—-3)+2 (13)

m=0

20



The following Equation (14) rewrites equation (12) by taking Equation (13) in place.

i-1 [k-

> ([Ta

k=1 \ l=1

n

(n)?

i-2 ;
1 . 2(22-1)
n+ 127 -3)+2) - ;02 m? +<nW> (14)

In Equation (14), another sigma form Ziﬁio 2™m? can be expressed as in Equation (15).

i—

2mm? =20V (G2 - 6i 4+ 11) — 6 (15)
m=0
Then, the following is obtained.
i-1 [k-1
q |k
k=1 \1=1
i-1
__n k=1(p _
_ (n!)zz ('K +1)k

k=1

2(272-1)

= (n'f)z <(n + 121G -3)+2) + (n—(z_l) ) + ((—1)(20'—1)(1'2 —6i+11) — 6))) (16)

Then, lastly, the following term can be solved as follows as shown in Equation (17).
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2(2172-1)
(2-1)

=¥i-1J (# ((n + 125 -3)+2) + (n

6))))

= §=1j< (@ tin = 207130 + 20 + 2071 - 20713 + 2) + (27 — 2n) + (—207D% +

) + (DD - 6 + 11) -

(n)?

20-Dgj — 26-D11 4 6)))

=Y ,j ((n’,‘)z ((zi-lin —23n 4+ 2n+ 271 - 20713+ 2) + (2 - 2n) +

(—20-D2 4 20-Dgj — 2611 4 6))) 17)

Taking the Stirling’s Approximation as shown in (18), Equation (17) can be rewritten as shown in

Equation (19).

nt ~Zmn ()" (18)

> (27 1in = 27130 + 2n + 271 - 2013 4 2) + (21710 - 2n)

+(—20-D2 4 26061 — 20-D11 + 6)) | (19)
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Where,

i j= (i(i+ 1))

-
I
[y

Equation (19) can be rewritten the equation as follows.

i i-1 (k-1
Z] nql k) +i
j=1 k=1 \ I=1
i+ 1 .
=(l(l; )) - — | (27 (in — 2n + 7i - 14 — i%) + 8)
n
(Ve (3))

Now, P; can be expressed as follows.

P =qiPo| (52 (\/ﬁrzf)n)z (201(in—2n +7i — 14 — i2) +8) + (20)
where,
O<i<n
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B 2
T (n=Dn-i+1)

qi

n
n

(')

Py = (n—i)(il—i+1) Po ((i(if))(

-(25(in—2n+7i—14—-i?)+8) + i>

From Equation (8), Py + Y"i! P, + P, = 1 and P, can be solved as shown in Equations (21),

(22), and (23).

(B EE)))sen) o

n-1 i i-1 [k-1
A +1
i=1 j=1 k=1 \ l=1

Fo= A(nn+1 3
(1 21 (0o iR ) 0+ 0) + £ (2052))
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From Equations (1), (8), and (9), all the remaining solutions for the balance equations for

VBASBS (i.e., B, from Equation (1) and P; from Equation (8)) can be obtained).

The followings are a few baseline performance measurements of primary interests in VBASBS.

Ly : the average number of customers (i.e., equivalently the average number of transactions) in

the queue (i.e., the block currently being mined).

Lo= ) iP (24)

Where,

n

n
i=0 i=0 j=1 k=1 \ I=1

Wy, : the average amount of time a customer (i.e., equivalently, a transaction) in the queue (i.e.,

the block currently being mined).

W, = -2 (25)



W : the average amount of time a customer (i.e., equivalently, a transaction) in the system (i.e.,
the transaction pool in the blockchain).

1
W=Wots (26)

L : the average number of customers (i.e., equivalently, the average number of transactions) in the

system (i.e., the transaction pool in the blockchain).

L=W (27)
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2. Numerical Analysis
The primary objective of the simulation is to reveal the various preliminary performance of the
blockchain system of interest such as Lg, Wy, W, and L versus n (i.e., size of a block), 4 (i.e.,

transaction arrival rate or speed), and % (i.e., block posting time). Note that the block posting

time, i , is fixed at 15 seconds (i.e., ¢ = 0.0667) in order to conduct the analysis under a

practical parametric condition as typical block delay is known to be about 15 seconds in
Ethereum. Note that this section is not to conduct a simulation to reveal against a particular
blockchain system but to demonstrate a valid and baseline simulation model in the context of a

queueing system.

The following graph plots L, (i.e., from Equation (24)) versus n for given pairs of A and u.

— LQ versus n for given pairs of Aand p

— — ~A=0.05, p=0.0667
————— A=0.03, uy=0.0667

A=0.01, p=0.0667 <
—*—A=0.005, p=0.0667

100

10 20 30 40 50 60 70 80 90 100 110

Figure 4. L, versus n for given pairs of A and u of the baseline chain model
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Figure 4 demonstrates the validity of the proposed VBASBS model. Under the assumptions on
the arrival rates and service times, it shows quite a monotonically increasing trend of the average
number of slots in a block as a representation of the number of transactions in a normalized

manner.

Notice that the average number of slots ultimately represents the population in the block on
average no matter how many transactions they belong to. In fact, each state P;, 0 < i < n,
represents a transaction with i number of slots and its steady state probability represents the
normalized likelihood of the number of transactions of the size of i. Thus, it is claimed that L, =
Yo UP;, has a valid representation of the average number of transactions in terms of the average
number of slots. In fact, tracking the number of slots facilitates the process of tracking the number
of transactions which otherwise would be complicated to track due to the variability of the sizes
of the transactions. Also, note that the arrival rates of lots (cf. transactions) at the transaction pool
(i.e., L) and at the block (i.e., Ly) are assumed to be identical in this simulation, for simplicity
purpose, which might have been assumed differently if mandated to do so for practicality
purpose. The following observations are drawn from the simulation results in Figure 4: as the size
of the block increases, the average number of slots in the mined transactions to be posted in the
block increases slower as the arrival rate (i.e., A) decreases as expected and intuitively as well; the
unpopulated portion on average (i.e., n — Ly) is narrowing as the size of the block grows, which
is to do with the level of the arrival rate such that the higher the arrival rate goes, the narrower the
unpopulated portion turns; further, notice that L, grows monotonically without a sign of
saturation and it is speculated that the monotonicity is expected as the block is modeled to be
purged as soon as the number of slots in the mined transactions to be posted on the block hits n,

which does not lose any generality from the standpoint of a queue of mined transactions to be
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posted on a block as is the underlying assumption of the proposed VBASBS model; and lastly,

notice that as the arrival rate grows higher, the growth rate of L, slows.

Note that an assumption is made for simplicity such that the block is to be purged back to 0 slot
status exactly when it hits n without any consideration of non-full block posting, yet in practice, it
is not impossible to have a non-full block to be posted when, for instance, a huge transaction is
mined and might span across two or more number of blocks, which is left in this work as a future

work to be addressed and resolved.

The following graph plots Wy, (i.e., from Equation (26)) versus n for given pairs of A and u.

WaQ versus n for given pairs of A and p
15000

— —~A=0.05, p=0.0667
————— A=0.03, p=0.0667

A=0.01, p=0.0667
—*—A=0.005, p=0.0667

10000

waQ

5000

Figure 5. W, versus n for given pairs of A and u in the baseline chain model
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As the proposed VBASBS model has been validated in the simulation as shown in Figure 4

without loss of intuition, Figure 5 also demonstrates the average waiting time of the mined
. . . . Lo . .
transactions (or slots) for the posting on the block is proportional to TQ in a monotonic manner. It

is observed that for a given size of the block, the waiting time picks up as the arrival rate A

decreases; and the growth rate of the waiting time steepens as the arrival rate A decreases as well.

Figure 6 plots W (i.e., from Equation (25)) versus n for given pairs of 1 and u.

W versus n for given pairs of A and p

15000
—— = A=0.05, p=0.0667
————— A=0.03, p=0.0667
A=0.01, p=0.0667
—— A=0.005, p=0.0667
10000
=
5000
0 F"__"‘ :"' = :I-— 1 1 1 1 1 I 1 1 |
10 20 30 40 50 60 70 80 90 100 110

Figure 6. W versus n for given pairs of A and u in the baseline chain model
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Figure 6 demonstrates the waiting time of the pending transactions (in terms of slots) in the

transactions pool for the mining selection for the block, which is determined by W, + i and it is

observed to be just a matter as much as o added to W, resulting in a slight increase in time.

The following graph plots L (i.e., from Equation (27)) versus n for given pairs of A and u.

L versus n for given pairs of A and p

120
——-A=0.05, §=0.0667
100l 7 A=0.03, y=0.0667 L5
A=0.01, y=0.0667 il
—*—A=0.005, p=0.0667 o 4

10 20 30 40 50 60 70 80 90 100 110

Figure 7. L versus n for given pairs of A and y in the baseline chain model
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Figure 7 demonstrates the average number of transactions in the transaction pool waiting for
mining selection and is determined by L = AW . It is observed that at the given arrival rates of 4,
L is set to be slightly higher than L, at a given n, which is speculated such that the identical

arrival rates of A as assumed accounts for it.
The throughput per block in the VBASBS model can be obtained in Equation (28).

An(n+1) nn+1)
Y= MPn=M;TP0= AT 0

(28)
The following graph plots y versus n for given pairs of A and u. In Figure 8, it is observed that as
the size of the block (i.e., n) grows, y increases; y is independent of u and solely affected by 4;

and the higher A picks up, the higher throughput achieved for a given size of the block, n.

y versus n for given pairs of A and p

0.07 -
0.06 - ’;H,,,ﬁ”':; _____ e LT
T ,ﬂ"/’. .......................
00557 7 e
,// .....
>0.04 -
0.03 -
———A=0.05, u=0.0667
————— A=0.03, p=0.0667
0.02 A=0.01, p=0.0667
——A=0.005, u=0.0667
0.01 : : ! : ' L ! L | |
10 20 30 40 50 60 70 80 90 100 110

Figure 8. y versus n for given pairs of 1 and p in the baseline chain model
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CHAPTER 1V

ADAPTIVE CHAIN MODEL

This chapter proposes an adaptive chain and presents a Variable Bulk Arrival and Variable Bulk
Service (VBAVBS) queueing model of the MY™ /M /1 type in order to provide a quantitative
method to design an adaptive chain. The queueing model (i.e., VBASBS) of the type MY /M™ /1
in Chapter III serves as the baseline for the proposed new model for the adaptive chain. The
adaptive model assumes variable bulk arrivals of transactions in Poisson distribution, i.e., MY,
where n represents the number of slots across all the mined transactions, and variable bulk
services of transactions, each of which applies to a block potentially of different capacity in terms
of the number of slots in it, in exponential time, i.e., M Lin for posting in the current block,
namely, VBAVBS. The difference between VBASBS and VBAVBS is that in VBASBS, the state
P, is the only state to transition back into Py (i.e., the capacity of the block is constant
throughout) while in VBAVBS, every state P;, 0 < i < n, potentially transitions back into P (i.e.,
the capacity of the block is variable adapting to a certain criteria as desired, e.g., asynchronous
transactions control and any other stringent requirements imposed on the execution time of

transactions), which is the major contribution of this research.
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VBAVBS will reveal the performance advantages of the adaptive chain versus the baseline chain,
i.e., VBASBS, with respect to the average time for a slot to stay (or wait) in the block and the
average spatial requirement by the slots in the block. Numerical simulations are conducted on
Matlab to compute the models and a comparative study will be demonstrated on VBAVBS versus

VBASBS.

The state for the adaptive chain is basically identical to and only the state transition probabilities
differ from the ones in VBASBS. The random variables employed to express the state transition

rates are shown in Figure 9 and defined as follows.

P, : the state in which there is no transaction (i.e., no slot) arrived in the queue as of yet for the

posting in the block, currently.

B, : the state in which there is n number of slots (i.e., which is the capacity of the queue,
equivalently, the maximum number of slots set and voted by the miners or voters) arrived in the

queue for the posting in the block, currently.

P; : the state in which there is i number of slots (where 0 < i < n) arrived in the queue for the

posting in the block, currently.E

The random variables employed to express the state transition rates are specified as follows.

A: the rate for a slot of a transaction to arrive, and the rate for a transaction to arrive is determined
by the number of slots allocated for the transaction in a prorated manner such that a transaction
with a size of j number of slots arrives at the rate of j1, without loss of generality and practicality

as well.
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1 the rate for the slots of the transactions in the entire queue to be posted and purged. Notice that

this is an every state transition precisely from P, back to Py, P,_1 back to P,,..., P, back to Py,

. U U U U . .
and P; back to P, with D)’ n(-D-1)’ —r and - respectively. The balance equations

for the adaptive chain model are as follows.

n—(2-1) P " ’

n-(n-1-1) n—mn-1)

Figure 9. State transition diagram of the adaptive chain model
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1. Adaptive Chain Model Equations

The balance equations for VBAVBS are as follows.

nn+1)

(/1+2/1+31+"'+ Tll)P():A 2 0

nn+1
</’{¥)PO=EP1+ M P M P3+"'+I.1Pn

(,1+2/1+3,1+ ---+(n—i)l++)Pi
n—(>0{-1)

= APL'—I + 2/1Pi_2 + 3/1Pi_3 + (l - 1)/1P1 + l/1P0
Where,
0<i<n,

Figure 10 shows the state transition diagram around P; of adaptive chain model. All outgoing

transitions equal all incoming transitions for P;.

Figure 10. State transition diagram around P; of the adaptive chain model
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It can be expressed as i = 1,2, 3, ..., n, and find a generalized form as the following steps.

i=1,
(n-Dm  p\, _
a( ] +Mm>g_1%
_(@-D®  w \T
g_< ] +Mm> Py
Py = q,7'P
(-1 pu
“=ET o Tim
i=2,
n-Dn-1 o\, _
,1< > A(n_1)>P2 = AP, + 2AP,
Where,

- p \ "
ﬂ:( ] +Mm) P,

p, = ((n—Z)(n—l)_I_ H

-1
2 A(n—l)) (PL+ 2Po)

(n—2)(n—-1) w N\ ((a-Dm) op\7
PZ:( 2 +A(n—1)> (( 2 +A(n)> P°+2P°>

_(n—Z)(n—1)+ 7
- 2 An—2)

qz
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Py=q,7 ' (q17 P+ 2Py) = q; ' (g1 + 2)P,

P,=q; (g7 + 2)P,

i=3,
(n—3)(n—2) U
A Py = AP, + 2AP; + 3AP,
< 2 P TCT) ) A
Where,
Py = q;7'P
P,=q; (g7 + 2)P,
— -1 -1¢, -1 -1
P; = g3 (QZ (17" + 2)+2q +3)P0
_ (n—3)(n—2) 2
7 2 n—-2)
i =4,
n—4)(n—3) 2
/1< > + e P, = AP3 + 2AP, + 3AP; + 4AP,
Where,

Py = q,7'P
P,=q; (g7 + 2)P,

Py=qs7" (g2 (qu 7+ 2) +2q,7 + 3)Pg
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Po=q, (g5 (a2 (@ + 2 +2q,7 + 3) +2(q. 7 (a7t + 2) +3q, "+ 4)P

Po=q, (g3 g2 g0t + 2937 g7t 4 237 g+ 33T 2,7 g+ 4gp 7t

+3q. "+ 4)P,

_(-90-3)
= 2 T im—3

44

The generalized form is as follows.

nm-Dn-i+1) U
’1< 2 +,1(n—i+1)>P"

= )lpi—l + 2/1Pi_2 + + (l - 1);{Pi—(i—1) + i/lpi—i

Where,
O0<i<n,
m—i)n—-i+1) U
q; = + .
2 An—i+1)

From Equation (29), it can get P; as following expressions.

Aqipi = APi—l + ZAPL'_Z + -+ (l - 1)APL'—(L'—1) + l'APi_i

Py = q; "(Piey + 2P + 4+ (i = DPi_(i—yy + iPiy)

(29)

From Equation (29), all outgoing transitions from P; equal all incoming transitions to P;, which

can be expressed as follows.
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, u
(/1+21+3/1+---+(n l))l+m>Pi

= /1Pi_1 + ZAPL'—Z + BAPL'_:; + .- (l - I)API + lAPO

m-Dn—-i+1) u
<A< 2 )*n—(i—l))Pi

= }{Pi—l + ZAPL‘—Z + 3APL‘_3 + .- (l - 1)AP1 + lAPO

From all the way steps above, it can be a generalized form of P; as follows.

+i (30)

Where,

0<isn

L _(=Dm-i+ 1) L\
i ‘( 2 +Am—i+n>

_ 2A(n—i+1)
T m=DAn—i+1)2+2u

(31)
It can be expressed by P; by inserting q; * Equation (31) into Equation (30) as following
Equations (32).

40



~ 2A(n —i+1) ) i _Hk 7 2A(n—i+1) 1 s
_<(n—i)/1(n—i+1)2+2y> olZ] <(n—i)/1(n—i+1)2+2u> i (32)

From Equation (8), it can be expressed in Equation (33) and (34).

P, (1 + Z Pi> =1 (33)

i=1

1

(1 +YM.P) (34)

Py =

It shows transitions from P, with u to P, equals all outgoing transitions from P, with A to B, in

Equation (35) and (36).
U nn+1)
- p =)= 35
An(n+1)
o= i—g P (36)
Then, the following Equation (37) and Equation (38) can be used to compute P,.
P0+P1+P2+"'Pn_1+Pn=1 (37)
It can be expressed as follows.
P0+2Pi+Pn=1 (38)
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From the generalized expression P;, the first inner production calculation is shown in the

following Equations. The calculation inner product is expressed as a closed-form solution, but
there are two imaginary numbers and one real number from the cubic equation denominated in
the product equation. It shows three steps to solve the generalized form as following Equations

(39), (40), and (41).

First, it 1s described to find a solution as a closed-form as follows.

k-1
[ [o
=1
B 2A(n—1+1)
B L m=DAn—-1+1)%+2u

k-1

_ 2A(n—-1+1) 39
h L —AB+A2(Bn+2) - UM% —4n—1) + An3 + 2An2 + In + 2u (39

B [It2an—1+1)
S AT - ) T — ) IS U = 73)

o

3 (n—(k—1D)!

B A=—r) A=) —13)!
(k —r)!H(k — )l (k —13)!

1
T a-n) (1 —rp)! (1—ry)! (40)

(n+1-r)(n+1-nr)!(—n+1-r1;3)!

Where,
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Taking a partial fraction of the cubic equation from the denominator and the nominator is to be 1
as follows.

n!

R

n! 1
(n—(k-1) 2

k=-n+1 (41)

By Equation (41), the value k is applied to Equation (40).

Second, the calculation of the outer sum of the first product is shown as follows.

~
|
Ju

1
k
| (@) (e 2 (e i)

_@-1i 1
! o) e i2n) (Es 2

k

Third, as a final step, the outside sum of the given equation can be solved in Equation (42).

- |- i 1
;] lz l( (1—1)! )( (1—1)! )( (1—r1y)! )

(n+1-r))\(n+1-—nr)/\(—n+1—13)!
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LG+ D] G- Di 1

’ * o) e izn) (e 2

i*—i? 1
= (42)

'\t s e

11,72, and 13 can be formed from the following equations such that the denominator, Equation

(42) (1—T1)! (1—T2)! d (1—T3)'

> (-n+1-1)! (-n+1-1y)" (-n+1-713)!

can be obtained from the cubic formula that has three

roots. One real number is 74, and two imaginary numbers are 1, and r5. Taking the Stirling’s

approximation, the denominator in Equation (42) can be obtained as follows.

(1-11)

1 —
A-r)!'=2r(1 =1 ( - rl)

(1-13)

1 —
(-1 = V2 =13 ( - r2>

(1-73)

(1-1)! =21 —13) (1 _er3)

(-n+1-1y)
-n+1-r
(—n+1-nr)= \/271( -n+1-n) - 1))

( n+1-r, )>(—n+1—r2)

(n+1-—nr)l= \/Zn( n+1—r2)<
(n+1-nr)!= \/Zn( n+1—r3)<

(—n+1-mr3 )>(_n+1_r3)



From the above equations, 1y, 75, and 3 can be further derived by the following method.

b

b=A3n+1)
c=-An?—-4n-1)

d=n3+2An? + In+ 2u

s=|R+J@+R?

T=|R—JQ3+R2

_ 3ac - b?
T 9q2

_ 9abc — 27a%*d — 2b3
- 54q3

By given the coefficient of the cubic equation, it is generated the Q, R, S, T, 1y, 15, and 3 as

following Equations (43), (44), (45), (46), (47), (48), and (49) respectively.
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_3(-D(-A(n? - 4n - 1) - (ABn + 1))
Q= 9(—1)2

3P —4n—-1) - (22(9n* + 6n + 1))
B 92

_ (32°n® —32%4n — 31*) — 9n?2? — 6nA* — 1°
B 972

3 —61%°n% — 181%n — 422 13

R= 9(-)(A(3n+ 1))(—1(112 —411—1))—27(—/1)2 (An®+2an%+An+2p)—-2(A(3n+ 1))3
- 54(—21)3

(923 (3n3-11n2-7n-1))-2722(An3+2An?+An+2 )-223(27n%+27n% +9n+1)
-5423

_ (27 3n%-9923n2-6323n-92%)+(—2723n3-5423n2-2723n—542% ) +(-5423n3-5423n2-18213n-223)
- —54A3

_ (-20723n2-11823n-1123)+(-5422p) +(-5443n3)

_54_13 (44)
S = 3[(-=207231n2-118A3n—-1123)+(—54A2u)+(-54A3n3)
- —543
| | /—622n2-1822n-422\3  [(~20723n2-11823n—1143)+(~5422 ) +(~5443n3)\ 2
+ oYE + 5413 (45)

T = 3\/(—207/13712—11813n—1113)+(—54/12u)+(—5413n3)
- —5443
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(—207A3n2-11823n—1113)+(-5412 ) +(-5413n3)

2 \/(—6/12n2—18}tzn—4-/12)3+(
922

—5423

_sq A(Bn+1)
ne 3D
1 A3n+1) i3
T, = —E(S-FT) _W-{_T(S_T)
1 A3n+1) i3
Now, P; can be expressed as follows.
2A(n—i+1) it—i?/ 1 )
Pi = B B PO ( ) +1i
mn—DA(n—i+1)%+2u 4 ABC
Where,
1— (1-11)
| V2r(1 —rl)( erl)
= _ _ (-n+1-ry)
J2n(—n+1-r) (W)
1— 1-12)
5 V2r(1 —rz)( erz)
= _ _ (-n+1-1y)
\/Zn(—n +1-1) (W)
1-— (1-73)
) Van(@ =) (—2)

\/Zﬂ(—n +1-—- r3)(

(-n+1- r3))(_n+1_r3)

e
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(48)
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Due to the two imaginary roots from the cubic formula equation, it has been shown to express all
the steps to find a closed-form that has two imaginary roots in the closed-form in Equation (50).
To avoid the imaginary value number in the result, it simulated the formula before going to get
the two imaginary roots in Equation (48). From Equation (38), Py + X1{' P; + B, = 1 and P, can

be solved as shown in Equations (51), (52), and (53).

1

2 [i-1rk-1
P14 @| Y j+1p+@|) ) [ a|k|+2]
j=1 j=1 |k=1li=1
n-1 n-2rk-1
) Ammn+1)
+ | D alk|+2p+ (55— ] = 1 (51)
j=1 Llk=1li=1 K
n-1 i i-1 rk-1
. Ammn+1)
Py| 1+ q; j nql k|+1i +—(T) =1 (52)
i=1 j=1 |k=1ll=1 H
1
Py = (53)

(14 Zr (o S ] ]+ ) + A (20D

The performance measurements of primary interests in the adaptive model are expressed in

Lo, Wy, W, L, and y as following Equations respectively.
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Ly : the average number of customers (i.e., equivalently the average number of transactions) in

the queue (i.e., the block currently being mined).

W, : the average amount of time a customer (i.e., equivalently, a transaction) in the queue (i.e.,

the block currently being mined).

W : the average amount of time a customer (i.e., equivalently, a transaction) in the system (i.e.,

the transaction pool in the blockchain).
1
u
L : the average number of customers (i.e., equivalently, the average number of transactions) in the
system (i.e., the transaction pool in the blockchain).
L=w

y: the throughput of the average number of customers (i.e., equivalently, the average number of
transactions) arrives and services (posting a block) through the adaptive chain model in the

system in Equation (54).

n
N _* 5
=0
Where,

P; is Equation (50)
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2. Numerical Analysis

The following graph plots Ly, (i.e., from Equation (38)) on the comparison of the baseline model
versus the adaptive model in n for given pairs of A and u. Observe that as 1 goes 0.005 to 0.05, at
u=0.0667, the ratio of L, between adaptive vs. baseline swings from 85%, 69%, 63%, and 67%

to 18%, 21%, 31%, and 39%, respectively, as n increases in Figure 11.

Baseline vs. Adaptive
for

—-—-—k=0.005 (B)
A=0.01 (B)
80 r [—&— =003 (B)
—&—— =005 (B)

----EF--- A=0.005 (A)
S0 F |- A=0.01 (A)
--e-BFe-- A=0.03 (A)
o4 A=0.05 (A)
40 + i
-
o i
— i
30 |
20 |
10 [ :
0 : - ' ' I I
0 10 20 i ® v N

Figure 11. Ly comparing baseline (B) and adaptive (A) chain model
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The following graph plots Wy, (i.e., from Equation (25)) on the comparison of the baseline model
versus the adaptive model in n for given pairs of A and u. Observe that as 1 goes 0.005 to 0.05, at
u=0.0667, the ratio of W, between adaptive vs. baseline swings from 85%, 68%, 61%, and 63%

to 17%, 20%, 31%, and 38%, respectively, as n increases in Figure 12.

Baseline vs. Adaptive

9000
—-—-—hk=0,005 (B)

5000 - A=0.01 (B) ’
—&—1=0.03 (B) g
—&—,=0.05 (B) ‘

7000
@0 k=0.005 (A) a
- A=0.01 (A) a

6000 |- A=0.03 (A) o
- A=0.05 (A) -f-f

5000

(=5
=

4000

3000

2000

1000

Figure 12. W, comparing baseline (B) and adaptive (A) chain model
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The following graph plots W (i.e., from Equation (26)) on the comparison of the baseline model
versus the adaptive model in n for given pairs of A and u. Observe that as 1 goes 0.005 to 0.05, at
1=0.0667, the ratio of W between adaptive vs. baseline swings from 85%, 69%, 63%, and 67% to

18%, 21%, 31%, and 39%, respectively, as n increases in Figure 13.

Baseline vs. Adaptive

9000
—-—-—)=0.005 (B)

8000 | A=0.01 (B) .
—&— =003 (B) .

2000 | |[—=—2=0.05 (B) 4
O A=0.005 (A) -
oo A=0.01 (A) o

6000 |- -&--- r=0.03 (A) .
oo A=0.05 (A) @

5000 :

4000

3000

2000

1000

Figure 13. W comparing baseline (B) and adaptive (A) chain model
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The following graph plots L (i.e., from Equation (27)) on the comparison of the baseline model
versus the adaptive model in n for given pairs of A and u. Observe that as A goes 0.005 to 0.05, at
1=0.0667, the ratio of L between adaptive vs. baseline swings from 85%, 69%, 63%, and 67% to

18%, 21%, 31%, and 39%, respectively, as n increases in Figure 14.

Baseline vs. Adaptive

70T
- A=0.005 (A}
ol ceedes A=0.01 (A)
== A=0.03 (A)
------- A=0.01 (A)
| |—-—-—4A=0.005 (B)
50 A=0.01 (B}
—&— A=0,03 (B)
—&— ,=0.05 (B
40 = -
.
| ‘f-,
30 ¢
Y e
20
=«
ol B
........ 3 o
D I | I I L i
0 10 - " * " N

Figure 14. L comparing baseline (B) and adaptive (A) chain model
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The throughput (y) per block in the adaptive chain model can be obtained from Equation (54).
The following graph plots y versus n for given pairs of 4 and u. Observe that as 4 goes 0.005 to
0.05, at ©=0.0667, the ratio of y between adaptive vs. baseline swings from 85%, 68%, 61%, and

63% to 17%, 20%, 31%, and 38%, respectively, as n increases in Figure 15.

Baseline vs. Adaptive

————— A=0.005(B) A=001(B} —&— A=003B) —&— A=005(B)
----Q--- A=0005(A) ----+--- A=001(A) ----3--- A=003(A) ---3%--- A=005(A)

0.05

0.04

0.03

0.02

0.01

Figure 15. Throughput, y, comparing baseline (B) and adaptive (A) chain model
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CHAPTER V

ASYNCHRONOUS CHAIN MODEL

This chapter proposes an asynchronous chain and an analytical model, namely, a Variable Bulk
Arrival and Asynchronous Bulk Service (VBAABS) model. It is developed and presented to
study and demonstrate the theoretical performance of an asynchronous chain. The proposed
asynchronous chain is to address and respond to the speed needs by such transactions as being
exigently mandated to be executed in an asynchronous manner. Otherwise, all the transactions
pending for a posting in the current block are synchronized by the block posting delay which is
primarily determined by the gas limit on the block and the total gas used by transactions pending
for the block. Two different types of asynchronous models are proposed and numerical analysis
and experimental results are presented. In previous Chapters, 111, and IV, the baseline chain
model VBASBS and the adaptive chain model VBAVBS are presented. VBASBS and VBAVBS
are the basis for the proposed asynchronous chain model VBAABS and the states can be defined
in Section 1 as fully asynchronous chain model and in Section 2 as staged asynchronous chain

model as follows.
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1. Fully Asynchronous Chain Model Equations

VBASBS [40] and VBAVBS models are the basis for the proposed VBAABS model in this
section and the states can be defined as follows. The state for the adaptive chain model,
VBAVBS, is identical to and only the state transition probabilities differ from the ones in the

baseline model, VBASBS.
w: the rate for the slots of the transactions in the entire queue to be purged and posted into a block.

It is only noted in the adaptive model that it is an every state transition precisely from P, back to

s s L
-(n-1)"n-((n-1)-1)" """ n-1’

Py, P,,_1 back to Py, ..., P, back to Py, and P; back to Py with - and

u

- respectively.

The state for the fully asynchronous chain model is that an arrived transaction is only posted to a

current block. The definitions of Py, B,, P;, A, and u are defined as follows.

P, : the state in which there is no transaction (i.e., no slot) arrived in the queue as of yet for the

posting in the block, currently, and is onheld in the proposed VBAVBS model in this dissertation.

P, : the state in which there is n number of slots (i.e., which is the capacity of the queue,
equivalently, the maximum number of slots set and voted by the miners or voters) arrived in the
queue for the posting in the block, currently, and is onheld in the proposed VBAVBS model in

this dissertation.

P; : the state in which there is i number of slots (where, 0 < i <n) arrived in the queue for the

posting in the block, currently, and is onheld in the proposed VBAVBS model in this dissertation.

The random variables employed to express the state transition rates are specified as follows.
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A: the rate for a slot of a transaction to arrive, and the rate for a transaction to arrive is determined
by the number of slots allocated for the transaction in a prorated manner such that a transaction
with a size of j number of slots arrives at the rate of jA, without loss of generality and practicality

as well, which will be onheld in this dissertation as well.

u: the rate for the slots of the transactions in the queue to be posted and purged. Notice that this is

a single and unique state transition precisely from P;, 1 < i < n back to P,.

The following Figure 16 shows the state transition diagram around P; of fully asynchronous chain

model. All outgoing transitions equal all incoming transitions for every state.

(n— l)i = nd

id

Figure 16. State transition diagram of the fully asynchronous chain model
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The balance equations for the fully asynchronous chain model are as follows.
All outgoing transitions from P, are follows.

n(n+1)

(A+20+32+ =+ n)Py = A——

Py

All outgoing transitions from P, equal all incoming transitions to P, as follows.

n(n+1) 2 2 2 7 U
A———P,==P P P4 - 4=P,_1+-P
2 0 n1+n—1 2+n—2 3t +2"1+1n

1 1 1

—FFP,_ +—P>
n—0 n—1 n—2 n—-m-2) "' ' n-m-1"

—(1P+1P+1P+ +1P +P)
_Mnl n_12T, 32" o n-1 n

Where,

n(n+1)

A P, : all outgoing from P,
%Plz incoming from P; to P, with%

u e . R
p— P,: incoming from P, to P, with p—

u L . R
— P3: incoming from P; to P, with p—

u
n—(i-1)

u s . ) .
D) P;: incoming from P; to Py with

P,,: incoming from P, to P, with

e
n—(n-1) n—(n-1)
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The balance equations for the asynchronous chain model are as follows.

nn+1)

(/1+2/1+3A+"'+ nA)P():/l 2 0

n(n+1) 2 2 2
=P+ PP+ P
< 2 ) T p T p—12"n-23 Kin
= ( L i — 1 p 4 P)
—Hn ot 12 n-n-2)"* n-mn-1"
1
_#(le-l_ _1P2++§Pn_1+Pn)

, u
(/1+21+3/1+---+(n l))l+m>Pi

(=D —-i+1) u
‘A< 2 +A@—i+D>E

= APL'—I + 2/1Pi_2 + BAPi_g + (l - 1)/1P1
Where,

0<i<n,

It can be expressed as i = 1, 2, 3, ..., n, and find a generalized form as the following steps.

i=1,
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N
a( ] +/’l(n)>P1 s

-1
Pf:<m—1xm+_u ) n

2 A(n)
Py = q,7'P
Where,
-Dm
“h="" A(n)
i=2,
(m-2n-1) _
A( > +A(n—1) P, = AP, + 24P,
Where,

_ ((-D@ , p 7!
Pl_( 2 +/’L(n)) Po

_ ((=2)(n-1) | p 7P
PZ—( : +Mn_1)) (P, + 2Py)

p, = ((n—zxn—l) 4k )‘1(((n—1)(n) L H )

1
2 An-1) 2 i) Dot 2P°>

_ (=), g
q2 = 2 + A(n-2)

N
I

27 (g1 Py + 2Py) = g7 (g7t + 2)P,

P,= g, (g7t + 2)P,
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n—-3)(n-2) U
A P, = AP. 21
( > gy ) P = AP+ 20Ps + 3P,
Where,
Py = q,7'P,
P,=q;7 (g7 + 2)P,
P = CI3_1(Q2_1(Q1_1 +2)+2q, "+ 3)P0
_ =32,
q3 = 2 +)L(n—z)
i =4,
n—4)(n-3) u
A P, = AP, + 24
< > + a3y ) P = APa 2Py + 31Py + 43Py
Where,
Py = q,7'P
P,= g, (g7t + 2)P,
Py = Q3_1(QZ_1(Q1_1 +2)+2q, "+ 3)P0

Po=qy (g7 (g2 (g™ + 2+ 2,7+ 3) +2(q27 (gt + 2) +3q,

4)P,
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Py=q, g3 q2 gt + 2937 g7t 4 2937 g + 33T 2,7 gt A+

4q,71 43,71 + 4)P,

_ (-9 (n-3) U
de = 2 + A(n—3)

The generalized form is as follows.

n-Dn-i+1) u
A( 2 +,1(n—i+1)>P"

= }{Pi—l + ZAPi—Z + 3APL‘_3 + "'+ (l - 1)AP1 + lAPO

Where,

0<i<n,

_ (n-i)(n—-i+1) u

t 2 A(n—i+1)

All outgoing transitions from P; equal all incoming transitions to P; as follows.

——F— P, = iAP,
n—(i—1) ' 0

Where,

0<i<n

Solving Equation (59) in terms of P, yields as follows.
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(nL) P, = 2AP,

n—1
P2=< " >ZAPO

P, = q,24P,

n—1

q; =

(nL) P, = 3P,

n—2
P3=< " )31]30
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i =4,
(%)Pl}:upo
n—3
P4=< >4APO
n—3
qs = "
i=n,

(5) P = P,

P = (%) (n)AP,

TR

an

To determine Py, we use the fact that the Y ;- P; should be 1.

Po+P 4P+ +P =1 (56)

All outgoing transitions from P; equal all incoming transitions to P; from Equation (55) as
follows.
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mpi = l}LPO

P; can be generalized and expressed as follows.

-1
P, = (L) iAP,

n—(>{-1)

Pi = qllAPO

Where,

0<i<n, q= (n_(’f_n)_l

Equation (56) can be replaced by Equation (58) as follows.

n
P0+ZPL- =1
i=1

Equation (57) P; can be replaced by Equation (59) as follows.

n
P0+qullpo = 1
i=1
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n
i=1

1

p, = —
° (1 + Xisq qii’l)

Where,

qiir = A(1qy + 29, + 3q3 + -+ (n = 2)qn—2) + (n — Dqn-1) + n4yp)

n
=1

=2(1g1 +2q; +3q3 + -+ (0 — 2)q(n-2 + (0 — -1y + nqy)

=4 (1 (n-(l;-n)_l +2 (n-(l;-n)_l +3 (n-(l;-n)_l totn-2) (n—(nliz—l))_l +

(n—1) (n—(nlil—l))_1 tn (n—(l:l—l))_1>

(1) 2 ()3 () + v -2 (D) + - (2) +0 ()
= %(1(n) +2m =D +3m—=2)+ -+ (n-2)(3) + (n - 1)(2) +n(1))

=21

Tu

= %((n + Dr—r?)
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Where,
T, = r(n —(r— 1))

=+ Dr-—r?

To find the sum of the series above equation is defined in Equation (60) as follows.

(I +2-D+3n—-2)++n-2)B)+(n—- 1)) +n)) = z T, (60)
r=1

n

Z T, = Zl((n + Dr —r?)

r=1

n n
=(n+1)Zr—Zr2
r=1 r=1

_(n+Dnn+1) B nn+1)2n+1)

2 6
nn+1) 2n+1
=T<<"+1)‘( 3 ))

_ nn+1)(n+2)
B 6
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Al Afnm+ Dn+2)
() i)

r=1

1 1 1

Py = n N
(1 + Xty qilﬂ) (1 +%(Z;}=1Tr)> <1 +%(n(n + lg(n + 2)))

P = G) (n)AP,
1 1
- (ﬁ) (n)A (1 +%(n(n + 1g(n + 2)))

The followings are a few fully asynchronous model performance measurements of primary

interests in the fully asynchronous model.

Ly : the average number of customers (i.e., equivalently the average number of transactions) in

the queue (i.e., the block currently being mined).
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Wy, : the average amount of time a customer (i.e., equivalently, a transaction) in the queue (i.e.,

the block currently being mined).

W : the average amount of time a customer (i.e., equivalently, a transaction) in the system (i.e.,

the transaction pool in the blockchain).

1
W =W, +—
© T

L : the average number of customers (i.e., equivalently, the average number of transactions) in the

system (i.e., the transaction pool in the blockchain).
L=iAw

y : the throughput per block in the fully asynchronous model can be obtained as follows.

U

=0 i

n n n
106 +1) iGi+1)
V=ZHPL'= U= Po=zl1 Py
0 2 i=0 2
= i=
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2. Staged Asynchronous Chain Model Equations

The state for the staged asynchronous chain model is that multiple arrived transactions are staged
to be posted to a current block. The definitions of Py, B,, P;, and 4 are defined in the previous
Section 1 Fully Asynchronous Chain Model Equations. In a staged asynchronous model, each

stage is not related to the state in other stages. Each state in a stage has only 4 limited in its stage.

w: the rate for the slots of the transactions in the queue to be posted and purged. Notice that this is

a multiple and unique state transition precisely from P;, 1 < i < t, back to Py.

Figure 17 shows the state transition diagram of the staged asynchronous chain. The balance

equations for the staged asynchronous chain are defined as follows.

f 4 o A ¥ ¥ " ¥, ¥ X \ > Ty Y
>§‘ _p a’ o _-} _pib - I“_'#. ah b
/ /J /4
R " _// /,/ // ///

Figure 17. State transition diagram of the staged asynchronous chain model
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Outgoing from Py is follows.

n(n+1)

(A+20+32+ =+ n)Py = A——

Py

Outgoing from P, equals incoming to Py as follows.

nn+1)

=_H Lt K+ e * S
A 2 Po = n—(s—1) Prs + n—(2s-1) Pas + n—(3s-1) Pss + + n—((n-1)s-1) P(n—l)s + n—(n—-1) P
1 1 1 1 1
= H (n—(s—l) Prs + n—(2s-1) Pas + n—(3s-1) £ n—((n-1)s-1) Pn-vs + n—(n-1) Pn)

Where,

A@ P, : all outgoing from P,

u
n—(s—-1)

H : . _
=D P, : incoming from P; to Py with

P,¢: incoming from P, to Py with

u u
n—(2s-1) n—(2s-1)

u
n—(3s-1)

u . . .
mP3S: incoming from P;, to P, with

P;s: incoming from Py to P, with

u
n—(ts—1) n—(ts-1)

_*
n—(n-1)

u
n—(n-—

P, (uP,): incoming from P, to Py with 5
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nn+1) _ 1 1 1 1
A 2 Po=n (n—(s—l) Prs + n—(2s-1) Pos + n—(3s—-1) Pss + + n—-((n-1)s-1) P(n—l)s +

1
n—(n-1) Pn)

-1
Py = (2222) u<;P b Pyt ——— Py + -+

2 n—(s-1) 15 ' n—(2s-1) n—(3s-1) +

1
n—((n-1)s—1) P(n—l)s

1
n—(n-1) Pn)

Stage 1 for Pyg,1:
AQ+24+34+-+(s—1)P, = AP,

((s —1s

P,=P
2 )1 0

Py = q1 P

oe ()

Stage 1 for Py, :
/1(1+2+3+"'+(S_2))P2 =AP1+2/1P0

P2=P1+2P0

P, = <(s -2)(s—-1)

-1
> ) (P, + 2P))
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-1 1
P, = <(s - 2)2(5 - 1)) <((s —21)5) Py + 2P0>

Py = q2(q1Po + 2Pp)
Stage 1 for Py, 3:

A(1+2+3+’“+(S_3))P3=/1P2+2/1P1+31P0

(s=3)(s-2)
(=

>P3=P2+2P1+3P0

3 =

-1
(W) (P, + 2P, + 3P,)

Py = ((5—3)2(5—2))—1 (((5—2)2(5_1))—1 (((5_21)5)—1 Py + 2P0> i ((5_21)5)—1 Py + 3]30)

P; = q3(q2(q1 +2) +2q; +3)Py

Stage 1 for Pg_q:
APS—l = APS—Z + 2/1PS_3 + b + (S - Z)Apl + (S - 1)/1P0

(s—1)s

-1
APS_]_=APS_2+ZAPS_3+"'+(S_2)/1< ) P0+(S—1)APO

A +10)

-1
Py + iP,
) ) o Tlhp

Pi =PL—1+2PL—Z++(1_1)(
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Stage 1 for P; (posting stage 1):

__r
n—(s—-1)

PS=/1PS_1+2/1PS_2+"'+(S_1)AP1+SAP0
Stage 2 for Pgyq:
AQ+2434+ -+ (s—1)Psi1 =(s+1)AP,

((s - 1Ds

) Prys = (5 + DRy

-1
Posa = (“ _21)S> (s + Py

Stage of 1 for P, ,:

AL 4243+ -+ (s —2))Psyp = (s + 2)APy + APgy4

((s -2)(s—1

> )PS+2=(S+2)PO+PS+1

P, = <(S - 2)2(5 -1

-1
> ((s +2)Py + Pg14)
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Generalized form for P,:

u
mpas = AP(a—l)s—l + ZAP(a—l)S—Z + -+ (S - 1)AP(a_1)S+1 + asAPO
Where,
1<ac<t,

P,: the at™ staged state and note that t = E] for Py,

as+i |as+i-

Pas+i = qas+iPo z J
= | ok

kl+as+i

k-1
[l
=1

=1

(as+i)((as+i)+1) n i) — . .
Pas+i = qas+iPo ( 2 ) ( 2 (2(a5+1) 1((615 +in—-2n+7(as+1i) —

14— (as+i)?)+8)+as+i

Where,

. 0sa$t.0$i<s't=[§]’5=m

2
(n—(as+i))(n—(as+i)+1)

® Gas+i =

o P, = A(n—(Zs—l)) n(n2+1) P,
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The performance measurements of primary interests in the asynchronous model are expressed in

Lo, Wy, W, and L as following Equations respectively.

Ly : the average number of customers (i.e., equivalently the average number of transactions) in

the queue (i.e., the block currently being mined).

W, : the average amount of time a customer (i.e., equivalently, a transaction) in the queue (i.e.,

the block currently being mined).

W : the average amount of time a customer (i.e., equivalently, a transaction) in the system (i.e.,

the transaction pool in the blockchain).

1
W=WQ+—
1%

L : the average number of customers (i.e., equivalently, the average number of transactions) in the
system (i.e., the transaction pool in the blockchain).
L=iAw
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y : the throughput per block (y) and the throughput can be expressed differently for the baseline,

the fully asynchronous, the stage asynchronous chain, and the adaptive chain.

An(n+1) nn+1)
V= ph=p k= A——=—"

for the baseline chain model in Equation (28);

n

N N (-1
p o n—-(@-1) .
= P-=§ /1P=E AP
Y ZOI'{L On—(l_l) 1 ALy AEy
= i=

i i=0

for the fully asynchronous chain model in Equation (61);

t
u
=y —C _p
4 Zn—(i—l) as
a=0

Where,
P,s: the at™ staged state and note that t = E] for P,

for the staged asynchronous chain model in Equation (62);

and

n
u
=y —— _p
4 Zn—(i—l) ‘
i=0

for the adaptive chain model in Equation (54).
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3. Numerical Analysis

The primary objective of the numerical simulation is to reveal the various preliminary

performance of the blockchain system of interest such as W and L versus n (i.e., size of a block),

A (i.e., transaction arrival rate or speed), and % (i.e., block posting time).

Figure 18 plots L based on Equation (27) with respect to n for given pairs of A and u. Observe
that as 1=0.005 and at 4=0.0067, L grows in a monotonic manner with baseline, but in stage, it
increases within each stage and gradually increases, repeating a slight descent at the end of the

stage. In adaptive cases, it shows that it is growing very gently, and in the last fully asynchronous,
it is a graph similar to % was observed, with n increasing and L decreasing gradually but it looks

almost identical to the x-axis.

Baseline vs. Adaptive vs. Fully vs. Stage

o0 - Model (A=0.005) orid
—— Fully Asynch » #

go | |—=— Stage Asynch > P
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wk I =— — Baseline -

20 40 60 80 100 120

Figure 18. Baseline, adaptive, and asynchronous chain models for L, 1=0.005
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Figure 19 plots L based on Equation (27) with respect to n for the given pairs of 4 and y. Observe
that as 4 0.05 and at 4=0.0067, L grows in a monotonic manner with baseline, but in stage, it
increases within each stage and gradually increases, repeating a slight descent at the end of the

stage. In adaptive cases, it shows that it is growing very gently, and in the last full case, it is a
graph similar to % was observed, with n increasing and L decreasing gradually but it looks almost

identical to the x-axis. Unlike the previous Figure 18, the angle of the graph of adaptive has risen
slightly, and the stage shows an increase until the first n=20 and then increases little, and is lower

than adaptive at around n=70.

Baseline vs. Adaptive vs. Fully vs. Stage

140
Model (A=0.05)
—*—Fully Asynch -
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S i -~
100 Baseline -
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Figure 19. Baseline, adaptive, and asynchronous chain models for L, 4=0.05
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Figure 20 plots W based on Equation (26) with respect to n for given pairs of A and u. Observe

that as 1=0.005 and at u=0.0667, W trends more or less the same patterns with Figure 18.

«10% Baseline vs. Adaptive vs. Fully vs. Stage
2 —
Model (A=0.005) .
18 -
—*— Fully Asynch ~
| |—©S—Stage Asynch e
181 |2 Adaptive s
— — —Basding ,.f

20 40 60 80 100 120

Figure 20. Baseline, adaptive, and asynchronous chain models for W, 1=0.005
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Figure 21 plots W based on Equation (26) with respect to n for the given pairs of A and p.
Observe that as A=0.05 and at u=0.0667, W trends more or less the same patterns with Figure 19.
The difference from Figure 20 is observed to be a slight increase in the range of waiting time W

at the y-axis.

Baseline vs. Adaptive vs. Fully vs. Stage
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Figure 21. Baseline, adaptive, and asynchronous chain models for W, 4=0.05
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Figure 22 plots the throughput per block (y) in the four different models. The throughput per
block can be obtained from the different equations such that for the baseline from Equation (28),
the fully asynchronous from Equation (61), the staged asynchronous from Equation (62) and the
adaptive from Equation (62). Observe that for A=0.005 and p¢=0.0667, the highest throughput is
achieved by the fully asynchronous as expected, and likewise, the baseline throughput also
increases along as the n increases, while the staged model increases and bounces back down at
n=20 eventually. The adaptive model shows the lowest throughput consistently throughout as a
justification for the proactively dynamic adaptive chain (i.e., the asynchronous chain) versus the

reactively dynamic adaptive chain.

Baseline vs. Adaptive vs. Fully vs. Stage
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Figure 22. Baseline, adaptive, and asynchronous chain models for y, 1=0.005
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Figure 23 plots the throughput per block (y) in the four different models likewise as shown in
Figure 22 for the same pu=0.0667 yet for an elevated A=0.05. It is observed that at an elevated
transaction arrival rate, the fully asynchronous model definitely as expected, continues to exhibit
the highest throughput, however the staged asynchronous model turns outperformed by the
baseline model beyond #=20 which is cut quicker than in the case of Figure 22, and it is also
noteworthy that the adaptive shows the lowest throughput until #=80, from there on the staged

turns lower.
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Figure 23. Baseline, adaptive, and asynchronous chain models for y, 4=0.05
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CHAPTER VI

IMPLEMENTATION AND EXPERIMENTAL RESULTS

This chapter presents algorithms of the adaptive chain model and two different asynchronous
chain models such as the fully asynchronous and the staged asynchronous. The following
algorithms and procedures are coded to allow comparative analysis of simulations and
implementations for each model. The adaptive chain model algorithm is shown in section 1, the
fully asynchronous chain model algorithm is shown in Section 2, and the staged asynchronous
chain model is shown in Section 3. This chapter also describes the experimental environments
such as hardware, software, network, and installation. Section 4 shows the implementation and
experimental environment setup. Section 5 shows the implementation and experimental
procedure. Lastly, it demonstrates the implementation and experimental results and compares

four different chain models in Section 6.
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1. Adaptive Chain Algorithm

1) Set block_gas_limit, and reset total_gas = 0
2) Mine a transaction and read gas_fee_used and total_gas+= gas_fee_used
3) Iftotal_gas < block_gas_limit then go to 2)

4) Post the current block and go to 1)

Adaptive Chain Procedure {
Set block_gas_limit
Initialize total gas := 0
Loop for Block {
Wait for a transaction
If no transaction arrived in Block time {

Post the empty current block

A transaction arrived == true {
Mining the new_transaction
Read gas_fee used

Check the transaction gas_fee used
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Count transactions = transactions + new_transaction

Updated current_block = transactions

Sum total _gas = total gas + gas fee used

If total gas > block gas limit {

Post the current block

Else {

Loop for Block

} //End A transaction arrived

} //End Loop for Block

} //End Adaptive Chain Procedure
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2. Fully Asynchronous Chain Algorithm

1) If gas used < limit, post the current block

2) Else, set limit = gas used and go to 1)

Fully Asynchronous Chain Procedure {
Set block _gas limit
Loop for Block {
Wait for a transaction
If no transaction arrived in Block time {

Post the empty current block

A transaction arrived == true {
Mining the new_transaction
Read gas fee used
If gas_fee used < block_gas_limit {

Post the current block
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Else {

Block _gas limit = gas_fee used

} // End Loop for Block

}// End Fully Asynchronous Chain Procedure
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3. Staged Asynchronous Chain Algorithm

1) Set staged gas range for each stage s;

2) Mine a transaction, read gas_fee_used, determine the stage s;, and total t5,+= g
3) Iftg, < limitg,, then go to 2

4) Post the current block with the transactions of ¢ , and go to 2)

Staged Asynchronous Chain Procedure {
Set staged _block gas limit
Loop for Block {
Wait for a transaction
If no transaction arrived in Block time {

Post the empty current block

A transaction arrived == true {
Mining the new_transaction
Read gas fee used
If staged gas_fee used < staged block gas limit {

Post the current staged block
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Else {

staged_block += new transaction

} // End Loop for Block

} // End Staged Asynchronous Chain Procedure
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4. Implementation and Experimental Environment Setup

This section introduces the hardware requirement, software requirement, operating systems, IDE
(Integrated Development Environment), and network for the implementation and experimental

environment setup.

1) Hardware specification
e Apple iMac
e Intel Core i5 (2.3GHz)
e 8GB Memory

e 1TB Hard Disk

2) Operating systems

e macOS Catalina version 10.15

3) Software
e Ethereum Protocol with Golang (https://github.com/ethereum/go-ethereum)
e Go Language (version 1.13.4, https://golang.org/) for Geth (Go Ethereum)

e Solidity Language for the smart contract (transaction)

4) IDE (Integrated Development Environment)

e Remix (https://remix.ethereum.org/ [42]) for Smart Contract using Web3 [43]

provider
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Web3 is a JavaScript library (API) to interact with Ethereum node remotely or locally
and works to connect to an Ethereum node remotely or locally using JSON RPC with
Remix (https://remix.ethereum.org)

e Visual Studio Code for Go Ethereum
(https://code.visualstudio.com/docs/languages/go)

e Goland for Go Ethereum
(https://www jetbrains.com/go/promo/?gclid=Cj0KCQjwwLKFBhDPARIsAPzPi-
KGXVIE gNvXybyjdoAbpOCtljkJOR4yL31HDnzkInKr9jEQI4h39EaAIAKEALwW

wcB)

5) Network

e A local private Ethereum network using the Proof of Authority consensus engine

(Clique)
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S.

Implementation and Experimental Procedure

This section shows the procedure of each step of commands to make a geth execution file,

block information, transaction information, and a mining start/stop. it. The remix shows the

transaction from the solidity program language

1)

2)

Remix Configuration [41, 42]

Deploy & Run: Compiled smart contract (transaction) to be posting in a block
- to send contract compiled transactions to the environment
Environment: Web3 Provider

- to connect to a remote node by providing the URL with geth
Web3 Provider: Remix and Geth

- to run Remix and a local test node

Account: “0xa4040DA9353CD9ba03C7e¢9BCe0876d450fea08B5”
- to use my accounts list for transaction

Gas Limit: set 3000000 as default

- to set the max Gas Limit of the smart contract in Remix
Value: set 0 as default

- to send wei, gweli, finney, ether if the smart contract has the payable function

Compile and make geth (go ethereum source code)

Compiling all geth source code files and make the latest geth executable file version

Command: “make geth” in the source directory in Figure 24
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‘mscsusers'iMac:go—ethereum jongho$ make geth

build/env.sh go run build/ci.go install ./cmd/geth

|>>> fusr/local/Cellar/go/1.13.4/1ibexec/bin/go install -1dflags -X main.gitCommit=c2d65d34d5c6f27b8d1a52280964023a3eefdébe ~X main.gitDate=20191202 -s -v ./cmd/geth |
Done building.

\Run ", /build/bin/geth" to launch geth.

mscsusers-iMac:go-ethereun jongho$ I

Figure 24. Build Go Ethereum source code

3) Run the geth
e Run the geth with rpcport, rpccorsdomain, unlock my account, and target gaslimit in
bin folder
e Command: ./geth --datadir “data file name ” --port 30304 --networkid 1234 --rpc --

rpcport “8545” --rpccorsdomain http://remix.ethereu.org --“allow-insecure-unlock”

“my account” --password password.txt --targetgaslimit ‘10000000’ in Figure 25

nscsusers-1ac:bin jongho§ . /geth ««datadir ',/data 012220" ==port 30304 ==networkid 1234 «srpe «=tpcport "8345" =erpecorsdonaine’httpt//remix,ethereun.org'
««"al10y~ingecure=unlock" «=unlock “0xad0400A9353CD9ba03CTe9BCa08760450¢0a08B5" ~~passord password.txt -=targetgaslinit '10000000'

Figure 25. Run command with geth

4) Mining
e CPU Mining with Geth in Geth JavaScript Console
e Start CPU mining and stop CPU mining

e Command: miner.start(number of threads), miner.stop() in Figure 26
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mscsuscrs-iMac:d5t5_012220 jonghos'geth attach /Uﬁers/jongho/go-ethcreum/bui1d/bin/data_912220/geth.ipc
Welcome to the Geth JavaScript console!

instance: Geth/v1.9.9-unstable-c2d65d34-20191202/darwin-amdé4/gol.13.4

coinbase: @xa4040da9353cd9bad3c7e9bcedB876d450fead8bs

at block: 515878 (Sun, 02 May 2021 10:51:59 CDT)

datadir: /Users/jongho/go-ethereum/build/bin/data_012220
modules: admin:1.0 debug:1.0 eth:1.8 ethash:1.0 miner:1.0 net:1.0 personal:1.0 rpc:1.0 txpool:1.0 web3:1.0

> miner.start(4)
null
>

Figure 26. CPU mining in JavaScript console attach

5) Geth JavaScript Console [43]
e  Web3.js — Ethereum JavaScript API provided to interact with a local or remote
ethereum node by HTTP, IPC or WebSocket

e Command: geth console, geth attach in Figure 27

B8 Cormmand Prompt - geth console

868 DAOSUppOrt :

Figure 27. Run geth console in geth JavaScript console

6) Block
e Find the block information with block number

e Command: eth.getBlock(‘block number’) in JavaScript console or attach in Figure 28
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> eth.getBlock('515894')

difficulty: 2914883,

extraData: 'Oxd?9B301098984676574688R6767312031032e34R664617277690a",

gasLinit: 176886080,

gaslsed: 0,

hash: "BxBb6c14adfeodddcefdat@Babeb2bebBdda?s2a9tIaBdssfca9Bealdfheddh”,

logsBloom: '0xB0BABAAAAREARRABABRARRABRABANEAAARARERARAEDAERAARARAEAARAARARDABAABADBARAREAEARAADEEDAARABEABNABAREIARAARAEAAENAGDAADAARAEAARRABARRABRABAABENDA
BBA0RARCARAARARGRAANBARARARAARDAARARAARAAEAGDANARARADAAARAGARANARGDDABER0ADRAREARADARRDRAADADROAARAEARAAARDDACARARDDANARADANARARENARANORDAARAAORDAARARDRRADRDE
B0ARAAREENRAAARDEAAAABARDOREARENDRRABARDARAAEARDAREADRORAEREAAARARDAAAABERDAARARERDAAAABRREARAABRDOAEAARRORAEARDRARRAANARNARARDAARARRADARAEEDAARARREDEARARERDAARGD
0o20RARRDARARARDDANARANDAARAARNDARADRRNDARARRDNARED"

miner: "BxatBiBda?3bIcd9baBlc7efbceBR7Ad400T ralBER"

mixHash: "8x3cat8f7alelfchBadllleadfrableBladlbeb2ifeBl2a2d18e7 L106ERTIRAT1E",

nonce: "BxBA763T76BackPees",

number: 615894,

parentHash: "Bx7c26dckB6629a85484770e760ab3108BbadbhkcRbe312c1bBb feke3T66a93989"

receiptsRoot: "@x54eBLf171bccGEabffA346R692cTAARGDAREALN0TAcadcAR1A22ThRRIARDA2L",

shadUncles: "Bxldccddefdec?5d7aabBbbaa7baccdblad312451b94Ba741370a142Td4R49347"

siza; BAl,

stateRoot: 'Bx77b212b6Be2b2balee4 fEbb15edSaban7R91cRebe7hbd1db95d17ebddFTRTAdL",

timestamp: 1622044383,

totalDifficulty: 1184464707567,

transactions: [],

transactionsRoot: "@x56eBlf171bceB5abiTBI4e692cAT8AebhiBellbI9bcadcPB1a2ITbe63b42L",

uncles: []

}

Figure 28. Find the empty block information with geth command in console or attach

7) Information of Block creation with transactions

e There is all information of the transaction, block, mining, time, hash code, elapsed,

and so on in Figure 29
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Figure 29. Go Ethereum JavaScript Main Console

8) Detailed block information in JavaScript console

o cth.getBlock(‘block number’) shows the detailed information as follows

¢ Find a transaction in a block and detailed information in a block in Figure 30
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> eth.getBlock('515693')
{

difficulty: 2916276,

extraData: "0xd9830109098467657468886761312e313320348664617277696e",

gasLimit: 17000000,

gasUsed: 135147,

hash: "0x7c26dc486629a8548477¢e760ab31080badb4cSbe312c1bBbifelc3366e93989",

logsBloom:
0000000000000000000000000000 000 00 00 0000000000000000000000000000000000000

00000000000000000 '
miner: "0xa4040da9353cd9ba3c7e9bcedB76d450feadBhs",
mixHash: "0xc8757a5ac8db37¢2861b3c16299193726ac05d89a1502¢76cdb73db19bb922b6"
nonce: "0x58448b9edc453bcs",
number: 515893,
parentHash: "0x2dé6ebc6f9177279e838bad9b6B6adkdfac2857¢279613eccf56532e4607527d4"
receiptsRoot: "Ox44bba3dffe229ee534d24805c6a0d18edal91961124e47901ae84bf112fcOBke",
shadUncles: "Ox1dccideBdec75d7aab85b567b6ccd41ad312451b948a7413f0a142fd40d49347",
size: 968,
stateRoot: "0xb9439ee@2d17ddBcc9194ebbafae95668e9ffac399bbeoiBBeb30e2cB2622720",
timestamp: 1622046360,
totalDifficulty: 1184461792714,
transactions: ["0x3d1b849a4de91844e7a032e102a433db36564405¢395ce93da561b82988bbf6"],
transactionsRoot: "8x1499b279dbBB5518366815ecf7396ee6f2291f2508d7f63b36eb4bcaclfd3des",
uncles: []

}
[> eth.getBlock('515894')
{
difficulty: 2914853,
extraData: "0xd983010909846765746888676131231332e348664617277696¢",
gasLimit: 17000000,
gasUsed: 0,
hash: "0x866c14a3f66d33ccfdabt@B8abeh2bebBddag9259f3a89d54fc98ealdfbed9b",
logsBloom:
00000 00000000000000000000000000000000000000000 00000000000000000000000000000000000000000000000000000000000

'
miner: "8xa4040da9353cd9bad3c7e9bced876d450feadBhs",
mixHash: "Ox3cai8f7a7c1fc50ad112ca9fc362083a3460523fe822a2d18e711065bf9baflc",
nonce: "0x50763f760ac49664",
number: 515894,
parentHash: "0x7c26dc486629a8548477ee760ab31080badb4cSbe312c1bOb4fesc3366e93989",
receiptsRoot: "0x56e81f171bcc55a6ff8345e692c0186e5b48e81b996cadchB1622fb5e363b421"
shadUncles: "@x1dccédeBdec75d7aab85b567b6ccd41ad312451b948a741310a142fd40d49347",
size: 541,
stateRoot: "0x77b212b68c2b2balee4f5bb15cd5abae7091c0e5c7bbd1d595d17e5d4ffo74d1",
timestamp: 1622046383,
totalDifficulty: 1184464707567,
transactions: (],
transactionsRoot: "@x56e81f171bcc55a6ff8345e692c0fB6e5b4Be01b996cadc001622fb5e363b421",
uncles: []

}

Figure 30. Transaction information in a block and empty block in JavaScript console

9) A solidity source code for a smart contract to request a transaction from Remix

e Remix provides the solidity for a smart contract to deploy and run transactions in
three kinds of environment such as JavaScript VM, Injected Web3, and Web3

Provider in Figure 31
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e A smart contract is coded by solidity source code to send a transaction to the Geth
using Web3 Provider

e The Web3 Provider is used to connect Geth with Remix IDE

U U W remx o s VT SKXT= SUN=SUS=YU.0, 1 TOMTTILEO! / G036 5 " EBREU WV E
DEPLOY & RUN TRANSACTIONS B Q @ settsal =3
h 1 progma solidity 0.6.1;
" 2
Envicorment  Web3 Provider vl 3+ contract @ { l
4 uint pwblic b;
 Custns 12)4) wtworh 5 '
6
Mcount O 0xad0..208B5 (5406: O@ e function setCuirt ) public {
) L] b=x;
Goslimit 3000000 9 1
19
. 1~ function get() public view returns (uint) {
Voo 0 W s 2 return (b);
13 }
) u}
a- browser/Set1.sol ¢ i 55
[ ool | |
o
n © 0 @ lotenonnetwrk  Q  Searchwith transaction hash or address
|maven v vy wm——] 88— YTV Y VI | YRSV IY SUA e SRY YA SOs aegety e
Transactions ecorded: @ v | 9w .ci Pebig g
I
[block: 269861 txIndex:2) from:Oxad0... 4080 tora. (conutructor) value:0 wel data:Oxf0r. .. 10053 loga:0 Bebus
Deployed Contracs 0 @ Liai.oce Pebug g
t F1E% o ) X
U 0 [Dloek: 269861 txindex:l] from:Oxad(...addss to:a. (conatructor) value:0 vel data:Oxsot...1003) dogas0 A
hashi0x)77. .. 0740 bebug
Lo Transaction auwd wd sawcution pacowed
330x25. B (cloziehaln) fx

~NaBB0B AT

Figure 31. A simple smart contract of the solidity source code in Remix IDE [41]
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6. Implementation and Experimental Results

Figure 32 plots the experimental and implemented average waiting time of transactions given
an arrival rate (e.g., average 0.2 sec) and given a posting rate. The average waiting time is
obtained by averaging the arrival time of each transaction minus its posting time, the average of
the simulated waiting time versus the number of transactions arrived. The adaptive chain shows
the lowest waiting time throughout, followed by the fully asynchronous and the staged
asynchronous chains as the next slowest, and it is observed that the time spent waiting for
posting with a large number of transactions in the naive baseline chain is quite linearly
proportional to the number of transactions as expected, and which is the primary motivation for

the proposed dynamic blockchain either reactive or proactive.
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Figure 32. Baseline, adaptive, and asynchronous chain models for the waiting time
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Figure 33 plots the throughput per block with respect to the number of transactions given for a

given arrival rate (e.g., average 0.2 sec) and given a posting rate. The fully asynchronous chain

initially and briefly maintains the highest throughput, then drops down slightly below the

baseline chain beyond n = 20 and maintains it. Overall, the baseline and the adaptive and the

staged asynchronous chains demonstrate a good agreement with the numerical simulation

results. The throughput is defined by the number of transactions arrived over the block delay

(i.e., block posting time minus block creation time), and calculated as follows.

total number of transactions up to the point

Th hput =
roughpu total time span up to the point
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Figure 33. Baseline, adaptive, and asynchronous chain models for the throughput
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Figure 34 plots the average # of slots per block with respect to the number of transactions given
for a given arrival rate (e.g., average 0.2 sec) and given a posting rate. In the experimental
results as shown in Fig.9, the average number of slots is obtained by averaging the number of
100,000 wei versus the number of transactions arrived, whereas, in the theoretical (numerical)
results as shown in Fig. 1-6, the average number of slots (equivalently, the average number of
100,000 wei) versus the number of transactions arrived is simulated. The baseline, the adaptive,
the fully asynchronous and the staged asynchronous chains show in good agreement with the

numerical results.
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Figure 34. Baseline, adaptive, and asynchronous chain models for the number of slots
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CHAPTER VII

CONCLUSION AND DISCUSSIONS

This dissertation has presented a variety of models of blockchain architecture to be proposed and
studied for a variety of dynamic block size adjustment solutions. The baseline model has
demonstrated the baseline chain as the conventional solution without allowing any block size
adjustment. The adaptive model has demonstrated an adaptive chain as a naive solution to block
size adjustment in a reactive manner. The asynchronous model has demonstrated two different
types of chains such as the fully asynchronous chain as another naive solution yet in a proactive
manner, and the staged asynchronous chain as a solution that is a hybrid form of the reactive and

the proactive solutions.

The models have been expressed by developing four different types of embedded Markovian
queueing models of the MY /M™ /1 type (VBASBS) for the baseline chain, the M¥"/MY4" /1
type (VBAVBS) for the adaptive chain, and the M*™/M¥*™ /1 type (VBAABS) for the
asynchronous chain precisely for the fully asynchronous as well as the staged asynchronous

chain, in order to establish a theoretical foundation to design a blockchain-based system with a
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focus on the stochastic behavior of the mined transactions waiting to be posted for the block delay
along with the assumptions of the static bulk service, the variable bulk service, and the fully and
staged asynchronous bulk services, respectively. As shown in the results of the numerical analysis
and the experimental results, the theoretical models have been extensively simulated to compare
the basic performance of the proposed models in the perspective of the average transaction

waiting time, the average number of slots per block, and throughput.

The baseline model has presented the assumption of the static bulk service taken place when the
number of slots in the mined transactions reaches n, i.e., a bulk processing of multiple
transactions in multiple slots for posting in a block in numerical simulation, on the other hand, the
adaptive model has presented every state P;, 0 < i < n, potentially transitions back into Py, which
represents the normalized size of the block at various and random sizes of the block in numerical
simulation. The adaptive model has shown the performance advantages to the baseline model
through the average number of transactions, the average number of waiting time, but except
throughput. The staged asynchronous model has presented staged state transitions precisely from,
Pi;, 1 < i < t, back into Py, which represents the asynchronously scalable staged size of the block
at various and random sizes of the block in numerical simulation. The staged asynchronous model
has shown the performance advantages against both the baseline and the adaptive models from
the number of transaction around n > 60 through the average number of transactions, the average
number of waiting time, but except throughput. The fully asynchronous model has presented a
single and unique state transition precisely from P;, 1 < i < n, back into Py, which represents an
arrived transaction only to be posted to a current block. The fully asynchronous model has shown
the performance excellence against the other models through the average number of transaction,

the average number of waiting time and throughput in numerical simulation.
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A reasonable agreement has been observed with the theoretical results overall as presented in the
section of implementations and experimental results. The proposed staged asynchronous chain
model has demonstrated as expected as the most alternative yet promising solution to the baseline
chain model in order to improve the speed that is desired by such transactions as being exigently
mandated to be executed in an asynchronous manner, ultimately in order to realize a dynamic

blockchain-based computing.
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APPENDICES

Matlab source code for the baseline chain model (VBASBS)

iterations =120;

LQO = zeros(l,iterations)

W = zeros(l,iterations)

WQ = zeros(l,iterations)

L = zeros(l,iterations)
Gamma = zeros(l, iterations)
TestP = zeros(l, iterations)
n=10;

Psum = 0O;
lambda = 0.005 % % 0.005 -./ 0.01 -/ 0.03 -d/ 0.05 -h/,
mu = 1/15;

for iterations = l:iterations
Q = zeros(l,n);
a = zeros(l,n);
P = zeros(l,n);

temp = ones(l,n);

for 1 =1 : n-1
temp (i) = 27 (i-1)*(i*n-2*n+7*1-14-1"2)+8;
a(i) =
(1* (i+1)/2) *(n/ (sqgrt (2*pi*n) * (n/exp (1)) *n) ~2) *temp (1) +1i;
Q(i) = a(i) * (2/((n-1)*(n-1i+1)));
end
Psum = sum(Q)+1+ (lambda/mu)* ( (n* (n+l))/2);
Pzero = 1/Psum;
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for 1 = 1:n-1

P(i) = Q(i)*Pzero ;
end
P(n) = (lambda/mu) * ((n* (n+l))/2) *Pzero

Psum = sum(P)+Pzero;

for 1 = 1:n

LO(iterations) = LQO (iterations) + 1 * P(1) ;
end
for 1 = 1:n

WO (iterations) = LQ(iterations) / lambda;
end
for 1 = 1:n

W(iterations) = WQ(iterations) + 1/mu;
end
for 1 = 1:n

L(iterations) = lambda * W(iterations);
end
for 1 = 1:n

Gamma (iterations) = P (i) *mu;
end
for 1 = 1:n

TestP (iterations) = P(n);
end

n=n+1;

end
hold on
x = 1:1:(iterations);

plot (x, Gamma, 'k x-', 'MarkerIndices', 1:10:1length(L))
$plot(x, L, 'k --', 'MarkerIndices', 1:10:length(L)) % 'k .-'

or 'k .'

$plot (x, TestP, 'k -x', 'MarkerIndices', 1:10:length(L))

$plot (x, LQ, 'k --', 'MarkerIndices', 1:10:length(L)) % 'k .-'
or 'k .'

$plot(x, W, 'k x-', 'MarkerIndices', 1:10:1length (L))

%plot (x, WQ, 'k --', 'MarkerIndices', 1:10:length(L)) % 'k .-'
or 'k .'

title ('Baseline ')

hold off
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Matlab source code for the adaptive chain model (VBAVBS)

iterations =120;

LQ = zeros(l,iterations)
W = zeros(l,iterations)
WQ = zeros(l,iterations)
L = zeros(l,iterations)
Gamma = zeros(l, iterations)
n=10;
mu n=10;
Psum = 0;
lambda = 0.005% % 0.005 :0/ 0.01 :+/ 0.03 :s/ 0.05 :%*/,
mu = 1/15;
for iterations = l:iterations
Psum = 0;
SUM al = 1;
SUM a2 = 0;
SUM a3 = 0;
SUM a4 = 0;
g = zeros(l,n);
for 1 = 1:n
q(i) = (2*lambda* (n-i+1)) / ((n-1)*lambda* (n-
i+1) "2+ (2*mu) ) ;
end
for i= 1 n
SUM a3 = 0;
for j=1 i
SUM a2 = 0;
for k=1 i-1
SUM al = 1;
for 1= 1 : k-1 % Product of 1=1 to k-1
SUM al = SUM al*qg(l);
end
SUM a2 = SUM a2 + k * SUM al;
end
SUM a3 = SUM a3 + j * SUM a2;
end
SUM a4 = SUM a4 + g(i)*(SUM a3 + i);
end

PO = 1/(1+(SUM a4));

Psum = 0;
SUM al
SUM az =
SUM a3 =
SUM a4

| Il
o oo
Ne Ne N

~e
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for i= 1 : n
SUM a3 = 0;
for j=1 : i
SUM a2 = 0;
for k=1 : 1i-1
SUM al = 1;
for 1=1 : k-1 % Product of 1=1 to k-1
SUM al = SUM al*qg(1l);
end
SUM a2 = SUM a2 + k * SUM al;
end
SUM a3 = SUM a3 + j * SUM a2;
end
SUM a4 = SUM a3 + i;
P(i) = g(i)* PO * SUM a4;
end

Psum = sum(P) + PO;

for 1 = 1:n
LQ(iterations) = LQ(iterations) + i * P(1i);
Gamma (iterations) = Gamma (iterations)+ P (1) *mu/ (n- (i-
1))
end
WO (iterations) = LQ(iterations) / lambda;
W(iterations) = WQ(iterations) + 1/mu ;
L(iterations) = lambda * W(iterations);
n=n+ 1;
end
hold on

x=1:1: (iterations);

plot(x, L, 'k :s', 'MarkerIndices', 1:10:1length (L))
plot(x, Gamma, 'k :s ', 'MarkerIndices', 1:10:1length (L))
plot ( LQ, 'k :s', 'MarkerIndices', 1:10:1length (L))
plot ( W, 'k :s', '"MarkerIndices', 1:10:1length (L))
plot(x, WQ, 'k :s', 'MarkerIndices', 1:10:1length (L))
%$hold off

Xy
Xy
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Matlab source code for the asynchronous chain model (VBAABS)

l. Fully Asynchronous Chain model

iterations =120;

LQ = zeros(l,iterations)

W = zeros(l,iterations)

WQ = zeros(l,iterations)

L = zeros(l,iterations)
Gamma = zeros(l, iterations)
n=10;

Psum = 0;

Psumbefore = 0;

lambda = 0.05 % % 0.005 -./ 0.01 -/ 0.03 -d/ 0.05 -h/,
mu = 1/15;

X

for iterations = l:iterations
Q = zeros(l,n);
a = zeros(l,n);
P = zeros(l,n);
for 1 =1 : n-1
a(i) = i*lambda;
Q(i) = a(i) * ((n-(i-1))/mu);
end
Psumbefore = 1+ ((lambda/mu) * ((n* (n+l) * (n+2))/6));
Pzero = 1/Psumbefore;
for 1 = 1:n-1
P(i) = Q(1i)*Pzero ;
end
P(n) = (1/mu)*i*lambda*Pzero
Psum = sum(P)+Pzero;
for 1 = 1:n
ILO(iterations) = LQ(iterations) + 1 * P(1) ;
end
for 1 = 1:n
WO (iterations) = LQ(iterations) / lambda;
end
for 1 = 1:n
W(iterations) = WQ (iterations) + 1/mu;
end
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for 1 = 1:n

L(iterations) = lambda * W(iterations);
end
for 1 = 1:n
Gamma (iterations) = Gamma (iterations) + P (i) *mu;
end
n=n+1;
end
hold on
x = 1:1: (iterations);

%plot (x, Gamma, 'k -o', 'MarkerIndices', 1:10:1length (L))

%$plot(x, L, 'k -x', 'MarkerIndices', 1:10:1length(L)) % 'k .-'
or 'k .'

$plot(x, P, 'k =-*")

%plot (x, LQ, 'k -s', 'MarkerIndices', 1:10:1length (L))

plot(x, W, 'k -o', 'MarkerIndices', 1:10:1length (L))

%plot (x, WQ, 'k -x', 'MarkerIndices', 1:10:1length (L))

title('Fully asynchronous')

hold off
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Staged Asynchronous Chain model

iterations =120;

LQO = zeros(l,iterations)

W = zeros(l,iterations)

WQ = zeros(l,iterations)

L = zeros(l,iterations)
Gamma = zeros(l, iterations)
n=10;

Psum = 0O;
lambda = 0.005; %
mu = 1/15; % set 1/15

o\°

0.005 -./ 0.01 -/ 0.03 -d/ 0.05 -h/,

s = 10;
for iterations = l:iterations
Q = zeros(l,n);
a = zeros(l,n);
P = zeros(l,n);
outer = zeros(l,n)
for 1 =1 : n-1
if rem(i, s) ==
outer (i)= (lambda/mu)* (((s-1i)* (s-i+1)))/2
else
temp (1) = 2" (i-1)*(i*n-2*n+7*1-14-1"2)+8;
a(i) =
(1* (1+1)/2) * (n/ (sqrt (2*pi*n)* (n/exp (1)) n)"2) *temp (i) +i;
outer (i) = a(i) * (2/((n-1)*(n-1+1)));
end
end

Psum = sum(outer)+1+ (lambda/mu) * ((n* (n+1))/2);

Pzero = 1/Psum;
for 1 = 1:n-1
P(1) = outer(i)*Pzero ;
end
P(n) = (lambda/mu) * ((n* (n+l))/2) *Pzero
Psum = sum(P)+Pzero;
for 1 =1 : n
LQ(iterations) = 1 * P (1)
end
for 1 = 1:n
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WO (iterations) = LQ(iterations) / lambda

end
for 1 = 1:n
W(iterations) = WQ(iterations) + 1/mu
end
for i = 1:n
L(iterations) = lambda * W(iterations)
end
for 1 = 1:n
if rem(i, s) ==
Gamma (iterations) = Gamma (iterations) + P (i) *mu
else
Gamma (iterations) = P (1) *mu
end
end
n=n+1;
end
hold on
x = 1:1:(iterations);
plot(x, Gamma, 'k -.','MarkerIndices', 1:10:1length(L))
%$plot(x, L, 'k -o','MarkerIndices', 1:10:1length(L)) % 'k .-'
or 'k .'
$plot P, 'k -*")

(x,
%plot (x, LQ, 'k -o','MarkerIndices', 1:10:1length (L))
%plot(x, W, 'k -o', 'MarkerIndices', 1:10:1length (L))
%plot (x, WQ, 'k -o','MarkerIndices', 1:10:1length (L))
%title ('Baseline vs. Adaptive')

hold off
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