Scalable High-Utility Pattern Mining from Data
Streams

by

Jiaxing Mai

A thesis submitted to the Faculty of Graduate Studies of
The University of Manitoba

in partial fulfillment of the requirements for the degree of
Master of Science
Department of Computer Science
The University of Manitoba

Winnipeg, Manitoba, Canada

August 29, 2022

Copyright (C) 2022 by Jiaxing Mai



Thesis advisor Author

Dr. Carson K. Leung Jiaxing Mai

Scalable High-Utility Pattern Mining from Data Streams

Abstract

Traditional high-utility mining mainly focuses on improving the efficiency of discovering
high utility patterns from static databases based on a simplified assumption that the unit
utility for a given item is a constant. However, not much research effort has been put into
mining dynamic profit from data stream yet. The emergence of big data has led to some
performance challenges such that a proper big data management technique is required to
discover useful knowledge from the dynamic data streams. Traditional static data mining
algorithms cannot directly apply to dynamic data. Furthermore, as information in the data
stream might not be uniformly distributed, it introduces extra challenges to process the data.
To mine real-world data streams, it is logical to use big data stream processing frameworks.
Leveraging these big data processing frameworks requires having scalable algorithms. Hence,
for my MSc thesis, I design and develop a high utility data stream framework to speed up
the execution time and be flexible to adapt to mining requirement after data are dynamically
modified. Utilizing our proposed algorithm, the data stream mining performance is expected

to be further enhanced against both synthetic and real-world datasets.
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Chapter 1

Introduction

In the current era of big data, high volume and different veracity of data can be generated
at high speed from heterogeneous data sources. Advancements in networking, parallel com-
puting, and mobile computing generate a large amount of data, and mining dynamic data
stream brings up several fundamental challenges such as high volume, velocity and variety.
The amount and complexity of data exceeded human beings analytic capability but valuable
information could be embedded waiting to be discovered. According to the report from IBM
Cloud [Mar1Q] in 2016, 90% of the digital data was created in the past two years. Hence,
big data management techniques and big data science solutions are required to handle the
exponential growth of data. Intending to extract knowledge from the subset of the data
stream, there are different variations of processing models such as the sliding window model,
landmark model, and time-fading model.

A high utility dynamic stream mining algorithm can be implemented via Apriori-based,
Tree-based or List-based. SPMF [FGG™14], an open-source data mining library, published

the experiment result of finding the most efficient high utility pattern mining algorithm.



Among EFIM [ZFL717], FHM [EWZT14], HUI-Miner [WFEGT15], HUP-Miner [Kril5],
D2HUP [LWE'16] and UP-Growth [TWSY10], the most efficient algorithm is EFIM for min-
ing static databases. Although the data structure used by these algorithms and the perfor-
mance result cannot be directly correlated to stream mining, it indicates the advantage of
the list-based mining algorithm in the HUI domain.

Mining high utility data stream exposes new challenges and opportunities. Traditional

high utility mining research is devoted to simplified scenarios assuming:

1. data can fit into the main memory, and

2. the external unit profit is a constant.
However, the real world scenario could be more complicated because:

1. it is the common requirement to get real-time feedback by processing data streams,

and

2. the utility profit could fluctuate based on different factors such as the timestamp.

If the utility information is changed at a certain timestamp, the mining result should be
synchronized with the updated information rather than re-scan the data stream. There are
two main data processing models to process continuous data which are stream processing
and batch processing. For stream processing, data is immediately ingested when it arrives.
It is used for processing continuous arriving data; for batch processing, data is temporarily
stored in a storage system for a specific amount of time, then apply traditional data mining
algorithms to each batch. The downside of batch processing is that there is no real-time
interactive feedback. In my thesis, I would focus on stream processing.

Hence, for my MSc thesis, I propose to design and develop an efficient high utility data

stream algorithm for processing data stream called Enhanced-Stream-HUI-Miner.



1.1 Thesis Statement

More specifically, in this MSc thesis, I design and develop a data structure called Enhanced-
Utility-List (EUL). By leveraging on the data structure, I design and develop a scalable
stream mining algorithm for discovering high utility patterns from dynamic streams, such al-
gorithm can handle mining process when the price is changed without re-scanning databases.
Having such an algorithm is crucial for enhancing the feature and improving the performance
of the mining process in various real-life data science applications.

In terms of motivation, traditional high utility mining assumes the external unit profit
of the item in a transaction database is fixed which is not a practical assumption. The
simplified assumption reduces the complexity of the HUI-Mining problem since the mining
result would not need to be revisited and modified. Recent research starts to explore the
dynamic unit profit scenarios but those algorithms are only applicable for mining static
databases. To the best of our knowledge, no research work has been done for stream mining
on dynamic profit data but it is necessary to study this scenario to fill the gap of analysing
the growing volume of data streams.

More formally, my research problem can be defined as follows. Given a stream of
transaction T with utility values and timestamps ¢ and the unit profit of item ¢ having a
dynamic value correlated to ¢, our proposed algorithm aims to find the high utility patterns
through the sliding window. Sample dynamic unit profit data stream can be referred to

Table [[.1l

Example 1.1.1. In Table[1.1] there are two windows, namely, W; and W5. In the sample,
the window size is 2 so each window contains 2 transactions. In the Transaction column, 7T

contains A(1),B(2),D(5). The number inside the bracket represents the number of occur-



Table 1.1: Sample dynamic unit profit data stream

Window ID | TID | Transaction | Unit Profit | Timestamp
W T, | A(1),B(2),D(5) {3,4,5} t
! T, | A(1),C(1),D(5) | {1,2,5} t
W Ts | A(2),C(1),D(4) {4,2,5} t3
2 T, | A(1),C(1),D(5) | {6,2,5} t4

rences of a particular item. As a result, there is 1 item A in transaction 77, 2 items B in
transaction 77, and the same rule can apply to the rest of the transactions. The Unit Profit
column represents the unit profit associated with the item in the Transaction column. For
example, {3,4,5} in transaction 77 means the unit profit of item A is 3, B is 4 and C is
5. The unit profit is associated with an individual transaction rather than a constant in an
external table so it could change during the stream of transactions.

Consequently, in this MSc thesis, I would explore the following two key research ques-

tions:

Q1. Can we design a high utility stream mining algorithm that is more efficient than existing

algorithms?

Q2. Can we design a stream mining algorithm to perform high utility mining efficiently

after the external profit data changes?

In terms of key research contributions, my key contributions of this work include the

following;:

1. We propose to enhance the feature of mining high utility patterns over data streams.
We design a highly efficient utility list data structure that can mine high utility data in

one phase. Our algorithm has the advantage of both high processing performance and



flexibility when dealing with data changes such as price changes / add transactions /

delete transactions without the need of re-scanning the data source.

2. Compared to the existing high utility stream mining algorithms, our algorithm is more
efficient due to the novel RUtilMap for each utility list to reduce the search space
during the mining process. The number of RUtilsMap is the same as the number of

distinct items so the memory consumption is not high.

1.2 Thesis Organization

This thesis is organized as follows. The next chapter gives background information and
related work. We first describe the preliminary definition of high utility data mining. We
then introduce some existing high utility algorithms for mining static databases and compare
their differences. We then introduce some existing algorithms for mining data streams.
Afterwards, we start to introduce our proposed algorithm called Enhanced-HUI-streaming
for mining high utility data stream in Chapter

In Chapter [d] we provide both analytic and experimental evaluations of our proposed

algorithm. Finally, we present the conclusion and future work of our thesis in Chapter [5]



Chapter 2

Background and Related Work

In this chapter, we provide background information and related work for this thesis.
First, we present the definition of Frequent Itemset Mining (FIM) and High Utility Item-
set Mining (HUIM). We explain the differences between FIM and HUIM. Then, we intro-
duce the definitions and lemmas that are related to the thesis. Moreover, we present the
Two-Phase [LLCO05], UP-growth [TWSY10], HUI [WFGT15], EFIM algorithm [ZFL*17]
as the related work since those algorithms represent different strategies of HUIM. We also
present FP-Stream |[GHRLO3], CAN-Tree [LKLHO7] for mining static data streams and
present THUI-Mine [CTLO08], MHUI-BIT, MHUI-TID [LHLIIa], HUPMS [ATJC12], SO-

HUPDS [JH20] for mining HUI from data streams.

2.1 Frequent Itemset Mining (FIM)

The problem of frequent pattern mining consists of extracting frequent patterns from
transactional databases. In a transactional database, each record is called a transaction

which holds a list of items. A transactional database denoted as D is defined as follows.



Let there be a set called I that consists of all items in D. If there are m unique items
in D, I = {iy,i2,...,%n}. A transaction database D is a set of transactions, denoted as
D = {T),Ts,...,T,}, where n is the number of transactions. Each transaction T; is a
subset of I with unique identifier 7, also known as the transaction ID. The goal of frequent
pattern mining is to discover itemsets having the support greater than the user-defined
minimum threshold. The support measurement is defined in Definition [I We provide a

sample transactional database in Example

Example 2.1.1. (Sample Transactional Database) A sample transaction database is
specified in Table In this sample, there are 5 transactions and each transaction has a
different transaction ID (TID) with a list of items. For example, TID 1 contains an itemset
with 6 items: {c,e,a,b,d, f}, TID 2 contains an itemset with 4 items: {c,e,b,d}. A similar
representation can apply to TIDs 3, 4 and 5.

Table 2.1: A sample transaction database

TID Items
c.e,a,b,d,f
c,e,b,d
c,a,d
c,e,a,g
c,e,b,g

Y | W I N~

Definition 1. (Support Measure) The support of an itemset X in a transaction database
D is denoted as sup(X), where sup(X) = {T|X C T AT € D}|, which is the number of
transactions containing X in the database D. In Example[2.1.2] we demonstrate the example

of the support measure.

Example 2.1.2. (Support Measure Example) Let the user-defined minimum support

7



threshold be 5. In Table , the support of the itemset {c} is 5 as it appears in TIDs 1, 2,
3, 4, and 5 respectively. Since the support of the itemset {c} is no less than the minimum

support threshold, the itemset {c} is frequent.

2.2 High Utility Itemset Mining (HUIM)

The goal of high utility itemset mining is to discover itemsets that yield high profit in
transactional databases. A database consists of transactions and each item in a transaction
is associated with a unit utility value (internal utility) and the quantity (external utility). In
contrast, the traditional frequent pattern mining does not capture both the utility value and
the quantity. The goal of high utility mining is to discover itemsets to have the utility greater
than the user-defined minimum utility threshold. In Table 2.2] we demonstrate a sample
transactional database with utility values. The related concepts of utility are provided in

Definitions [2], 3 [4] and,

Table 2.2: A sample transaction database with utility value

TID Items Utilities Total Utilities
1 |ceabdf]| 1,3,5,10,6,5 30
2 c,e,b,d 3,3,8,6 20
3 c,a,d 1,5,2 8
4 c,e,a,g 6,6,10,5 27
5) c,e,b.g 2,3,4,2 11

Definition 2. (Utility Measure) The utility measure is to evaluate the utility of an item
1 appearing in a transaction 7. The transaction quantity of item ¢ in a transaction 7T is
denoted as qu(i,T). The item profit is denoted as pu(i). The total utility generated by an

item i in a transaction 7T is defined as u(i,T") = qu(i,T) X pu(i). Furthermore, the utility of



itemset X in a transaction 7" is defined as u(X,T'), where u(X,T) = >, u(i,T), X C T.

Definition 3. (Itemset Utility) The itemset utility of a given itemset X is denoted as

U(X,T), where U(X,T) = 3" ycp,ep w(X, Ty). The suffix ¢ is an identifier of 7.

Definition 4. (High Utility Itemset) An itemset X is called a high utility itemset if
its utility is no less than the user-defined minimum threshold (minUtil), which is formally

defined as U(X,T) = 3 xcr,ep w(X, Ty) = minUtil.

Definition 5. (High Utility Mining Problem) The goal of high utility mining is to
discover all itemset X having utility no less than the given user-defined threshold in a

transaction database / data stream D.

Example 2.2.1. (High Utility Itemset Example) Let the minUtil be less than 30. In
Table 2.2] the itemset {c,e,a,b,d, f} is a high utility itemset as its utility is (¢ : 1) + (e :

3)+(a:5)+ (b:10)+ (d:6)+ (f:5)=30.

2.2.1 Key Differences between FIM and HUIM

Traditional association rule mining algorithms (ARM) ignores the weight of an item and
the quantity. To address the limitation, weighted association rule mining (WARM) [WYY00,
TMF03] was introduced which drives the mining process to focus on high weight support
itemsets. WARM is a harder problem than ARM since one of the challenges of high utility
mining (HUIM) is the lack of the downward closure property (Refer to Deﬁnition@ proposed
by Agrawal and Srikant [AS94]. Downward closure property is heavily used by the FIM
algorithms for reducing the search space. However, such property does not hold when dealing
with HUIM (Refer to Lemma . In the domain of HUIM, the downward closure property

only holds when both the unit profit and the quantity are binary values (0/1). Under this

9



special scenario, HUIM is the same as FIM. In another word, HUIM is a more generic and

more difficult problem than FIM.

Definition 6. (Downward Closure Property of FIM) Every subset of a frequent

itemset is also frequent.

Example 2.2.2. (Downward Closure Property of FIM Example) Let the user-defined
minimum support threshold be 4. In Table [2.1] the itemset {c, e} has the support of 4 since
it appears in 4 different transactions (Refer to TID 1, 2, 4 and 5). As a result, the itemset
{c,e} and its subsets, {c} and {e}, are all frequent as their support would be no less than
4. More precisely, {c} has the support of 5 and {e} has the support of 4. Both the itemset

{c} and the itemset {e} are frequent as long as the itemset {c, e} is frequent.

Lemma 1. (No Downward Closure Property of HUIM) Every subset of a high utility

itemset is not guaranteed to be high utility itemset.

Example 2.2.3. (No Downward Closure Property of HUIM Sample) Let the user-
defined utility threshold be 30. In Table the itemset {c,e,a,b,d, f} has a total utility of
30 which is a high utility itemset. One of its subsets { f} has the utility value of 5 which is
not a high utility itemset. Another one of its subsets {c, e, a} has the utility value of 31 which
is a high utility itemset. Despite the itemset {c, e, a,b,d, f} being a high utility itemset, its
subsets may not be high utility itemset due to lack of the downward closure property. In
other word, knowing an itemset is a high utility itemset does not indicate whether its subsets

are high utility itemsets.
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2.2.2 Transaction-Weighted Utilization (TWU)

Without the downward closure property, HUIM would be a real difficult problem since
the search space can be as large as the number of all possible enumeration of all the subsets
of itemsets. Since a length-k itemset has 2% — 1 subsets, any HUI algorithm would require an
exponential growth of running time concerning the length of the itemset if there is no efficient
way to prune itemsets. To improve the mining efficiency, Definition [10]is discovered by Two-
Phase [LLCO5] which can greatly reduce the search space and shed some light on HUIM
related research. We demonstrate the definition of Transaction Utility in Definition [7], which
is served as the building block of Transaction-weighted utilization (TWU) in Definition [§]
Furthermore, we demonstrate the definition of High TWU itemset in Definition [9] and its

downward closure property in Definition [I0]

Definition 7. (Transaction Utility) The transaction utility of a given transaction T,

denoted as tu(7y), is the sum of utility of all items in a transaction. tu(Ty) =3, - u(ip, Ty).

Example 2.2.4. (Transaction Utility Example) In Table , tu(Th) = 32, e, ulip, Tr) =

1+34+5+104+6+5=30.

Definition 8. (Transaction-weighted Utilization (TWU)) The transaction-weighted
utilization of an itemset X is the total transaction utility that contains X in a database D,

denoted as twu(X) = Y-y, ep tu(Ty).

Example 2.2.5. (Transaction-weighted Utilization (TWU) Example) In Table[2.2]
the transaction-weighted utilization of itemset {c,e} is twu({c,e}) = tu(Ty) + tu(Ts) +
tu(Ty) +tu(Ts) = 30+ 20+ 27+ 11 = 88. tu(T3) does not contribute to the twu({c,e}) since

{c, e} is not a subset of Tj.
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Definition 9. (High Transaction-weighted Utilization Itemset) An itemset X is
called high transaction-weighted utilization itemset when its transaction utility is no less

than the user-defined threshold €, denoted as twu(X) > e.

Definition 10. (Downward Closure Property of TWU) Every subset of a high transaction-

weighted utilization itemset is also a high transaction-weighted utilization itemset.

Example 2.2.6. (Downward Closure Property of TWU Example) Let the user-
defined minimum utility threshold be 80. In Table [2.2] the transaction-weighted utiliza-
tion of itemset {c,e} is 88. Its subsets, {c} and {e}, have transaction-weighted utilization
twu({c}) = tu(Ty) + tu(Ty) + tu(T3) + tu(Ty) + tu(T5) = 30 +20 + 8 + 27 + 11 = 96 and
twu({e}) = tu(Ty) + tu(Tz) + tu(Ty) + tu(Ts) = 30 + 20 4+ 27 + 11 = 88 respectively. Be-
cause twu({c,e}) = 83 which is greater than the user-defined minimum utility threshold,
both twu({c}) and twu({e}) are no less than 88 and they must be high transaction-weighted
utilization itemsets.

With the downward closure property of TWU in Definition [I0] the utility monotonicity

property can be yielded in Lemma

Lemma 2. (Utility Monotonicity Property) The twu of every subset J of I is at least

equal to the twu of itemset [.

VJ C I, twu(J) > twu(l) (2.1)

Having a monolithic property for HUIM can help with pruning the search space as the
transaction-weighted utilization is an upper bound of the actual utility combined with

Lemma Bl

12



Lemma 3. (Transaction-weighted Utilization is the upper bound of itemset util-
ity) An itemset X has transaction-weighted utilization of twu(X) (Refer to Definition [,
and the itemset utility is U(X, T) (Refer to Definition [3), twu(X) > U(X,T). If the twu of
an itemset X is less than the user-defined minimum utility threshold, the itemset utility of
X would be less than the user-defined minimum utility threshold.

Proof of Lemma [3

twu(X) = > @)= > > uli,T,) (2.2)

XCTyeD XCTyeD ipeTy

UX.T) = Y uXT)= Y > ui1) (2.3)
XCT,eD XCTyeD ieX

X C T, (2.4)

Combining Egs. (2.2)), (2.3) and (2.4), we get

S i, T) = > D uliT) (2.5)

XCTyeD ipeT, XCT,eD ieX

twu(X) > U(X,T) (2.6)

Combining Lemmas [2] and [3] we derive Lemma [4]

Lemma 4. (Transaction-weighted Utilization Pruning Strategy) When the transaction-
weighted utilization of an itemset X is less than the user-defined minimum utility threshold,
all its supersets Y would not be high utility itemsets. Formally, VY O X when twu(X) < ¢,

UY,T) <e.
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Proof of Lemma 4}

twu(X) > twu(Y),vX CY (2.7)
twu(X) > U(X,T) (2.8)
twu(Y) > UY,T) (2.9)

Combining Eqgs. (2.7)) and (2.9)), we get

twu(X) > twuw(Y) > U(Y,T) (2.10)

The transaction-weighted utilization is equal to the total itemset utility only when the
itemset is the equivalent set of every transaction occurrence as demonstrated in Exam-
ple[2.2.7, The transaction-weighted utilization is an over-estimation to satisfy the downward

closure property in the HUIM domain.

Example 2.2.7. (Transaction-weighted Utilization Special Case Example) In Ta-
ble[2.3] the total utility of itemset {c, a,d} is U({c, a,d}, T) = 1+5+241+5+24+1+5+2 = 24.
The transaction-weighted utilization of itemset {c, a, d} is twu({c, a,d}) = tu(1}) + tu(Ts) +
tu(T3) = 8 4+ 8 + 8 = 24. In this special scenario, the transaction weighted utilization is the

same as the itemset utility.

Table 2.3: A sample transaction database with utility values (special case)

TID | Items | Utilities | Total Utilities
1 c,a,d 1,5,2 8
2 c,a,d 1,5,2 8
3 c,a,d 1,5,2 8
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TWU is useful in pruning the search space which is a great step forward toward solving
the HUIM problem, but it is a loose upper bound and it could not effectively reduce the

search space in certain scenarios. In Example 2.2.8] we demonstrate the limitation of TWU.

Example 2.2.8. (The Limitation of TWU Example) Let the user-defined minimum
utility threshold be 30. In Table 2.4 twu({c}) = tu(T1) + tu(Ts) + tu(T3) = 19 + 23 + 21 =
63 which is much more than the minimum utility threshold. However, none of the high
utility itemsets includes the itemset {c}. The itemset utility of {c} is TU({c}) = 3. The
reason twu(c) has a high utility value is that the item ¢ appears in every transaction. The

transaction-weighted utilization cannot prune it early on as the upper bound is too loose.

Table 2.4: A sample transaction database with utility value to show the limitation of TWU

TID | Items | Utilities | Total Utilities
1 cad | 1,8,10 19
2 c,bk | 1,12,10 23
3 ceg | 18,12 21

2.2.3 Remaining Utility

Quite a few algorithms are leveraging on TWU to reduce the search space. However, to
enhance the HUIM algorithm even further and to enhance the runtime performance, it is
necessary to find a tighter upper bound other than TWU. Therefore, we demonstrate the

definition of remaining utility in Definition |11} as the background information.

Definition 11. (Remaining Utility in a Transaction) Let X be an itemset and be
a subset of the transaction 7j. The remaining utility of X in a transaction 7 denoted
as ru(X,T}), is equal to the total utility of all the remaining items appearing after X in

transaction T}. Formally, ru(X,Tj) = >, cq. /x) w(@i, Tj), X € Tj.
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Example 2.2.9. (Remaining Utility in a Transaction Example) In Table 2.2] the
remaining utility of the itemset {c,e} in the transaction 7} is equal to ru({c,e},T}) =

u(a, Ty) +u(b, Ty) + u(d, Ty) + u(f,T1) =5+ 10+ 6 + 5 = 26.

Definition 12. (Total Remaining Utility) Let X be an itemset. The total remaining
utility, denoted as RU(X), is equal to the total utility of all the remaining items appearing
after X in the transactions where X is the subset. RU(X) = ZXcheD ru(X,T;), and j is

the transaction id.

Example 2.2.10. (Total Remaining Utility Example) In Table the total remaining
utility of the itemset {c, e} in the sample transaction database is RU ({c,e}) = ru({c, e}, T1)+

ru({c, e}, o) + ru({c,e}, T3) + ru({c, e}, Ty) + ru({c,e},T5) =26 + 14 + 0+ 15 + 6 = 61.

2.2.4 Tighter Overestimated Utility Upper Bound (TOU)

A tighter than TWU upper bound can be derived by summing up the remaining utility

and the utility, which is defined in Lemma [5|

Lemma 5. (Tighter overestimated Utility Upper Bound (TOU)) A Tighter overes-
timated upper bound can be derived by the summation of utility and the remaining utility,
denoted as TOU(X) = U(X,T)+ RU(X), and TOU(X) =U(X,T)+ RU(X) > U(X,T)

Proof of Lemma [{]

UX,T) = Y uXT) (2.11)
RU(X) = _Z ru(X,T;) (2.12)
TOU(X) = U()J(,T)+RU(X)2U(X,T) (2.13)
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Example 2.2.11. (TOU Example) In Table 2.2] the TOU of the itemset {c, e} is
TOU({c,e}) = U({c,e}) + RU({c,e}) =(1+3)+(5+10+6+5)+(3+3)+(8+6)+
(6+6)+ (104+5)+(2+3)+ (44 2) = 83. In this case, TOU({c,e}) = twu({c,e})
because item ¢ and e are next to each other. If we choose another itemset such as c,b,
TOU({c,b}) =U({c,b}) + RU({c,b}) =(1+10)+(6+5)+ (3+8)+6+ (2+4)+2=47
which is smaller than twu({c,b}) =30+ 20+ 11 = 61.

The item in each transaction must be sorted by a consistent order as the prerequisite
condition before TOU can be applied in pruning the search space. We can see TOU does

not hold when the condition is not met in Example [2.2.12]

Example 2.2.12. (TOU Counter Example) In Table 2.5 the remaining utility of the
itemset {c,e} in the transaction 77 includes the itemset {b,d}, but the remaining utility of
the itemset {c,e} does not include the itemset {b,d}. This violates Definition (12| because

the remaining itemsets after X are not consistent across all transactions.

Table 2.5: A sample transaction database with utility value where TOU cannot be applied
directly

TID Ttems Utilities Total Utilities
1 c,e,a,b,d,f | 1,3,510,6,5 30
b.d,c.e 8,6,3,3 20

Different ordering could affect the effectiveness of pruning itemsets. Ahmed et al.[ATJL.09a]
indicates that TWU in descending order would facilitate the mining performance. The re-
maining utility is the indicator to tell whether an itemset is worth extending. If TOU is
less than the user-defined minimum utility threshold, the itemset including all its extensions
would not be high utility itemsets. We can visualize Table in a tree view by Figure [2.1]

The remaining utility is the total utility of all the children for a specific node.
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Figure 2.1: Tree representation of Table

Example 2.2.13. (The Impact of Ordering to TOU Example) In Table , the
total remaining utility of the itemset {c,e} is RU({c,e}) = a[(T} : 5),(Ty : 10)] + b[(T3 :
8), (Ts : 4)] + b[(Ty : 10)] + d[(Ty : 6)] + fI(T1 = 5)] + g[(Th : 5)] + d[(T3 : 6)] + g[(T5 - 2)] =
54+10+8+44+10+6+5+4+5+6+2 = 61. The result is identical to Example [2.2.10]
The remaining utility is the same as the subtree utility, and by altering the ordering of the
itemset from Tabld2.2to Table[2.6] the tree representation would be changed from Figure
to Figure 2.2 The number of levels to be explored would change based on the ordering.
There is a limitation on the sorting by TWU approach when dealing with data streams
since the TWU changes dynamically. It is more practical to sort itemsets by the canonical
order when dealing with data streams as the order would not change regardless of the size

of the data.
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Figure 2.2: Tree representation of Table

Table 2.6: A sample transaction database with utility value sorted by the canonical order

TID Items Utilities Total Utilities
1 a,b,c,d,e,f | 5,10,1,6,3,5 30
2 b,c,d,e 8,3,6,3 20
3 a,c,d 5,1,2 8
4 a,c,e,g 10,6,6,5 27
) b,c.e.g 4,2,3,2 11
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2.3 High Utility Mining for Static Database

2.3.1 Two-Phase Algorithm

Two-Phase [LLC05] introduced an upper bound called Weighted Transaction Utility
(TWU) which reduces the search space. In Definition [§ any item with TWU that is lower
than minUtils can be pruned away. The algorithm separates the mining process into two
phases: 1) generate candidates during the first database scan 2) verify the candidates dur-
ing subsequent database scans. The two phases cycle repeats to generate longer patterns.
Two-Phase is similar to Apriori in the HUIM domain. Comparing Two-Phase and Apriori,
Two-Phase prunes itemsets based on Definition [10, and Apriori prunes itemsets based on
Definition [} Because of Lemma [d] Two-Phase suffers from a similar but even worse issue
than Apriori because TWU is a loose upper bound so a large number of candidates cannot be
determined to be not qualified and pruned away early by TWU. Furthermore, it suffers from
having a high I/O cost caused by multiple database scans to verify whether the candidates

are high utility itemsets. Please refer to Example [2.3.1]

Example 2.3.1. (Two-Phase Algorithm Example) Let us consider the transaction
database shown in Table [2.8] Based on the utility measurement in Definition [2| the trans-
action database is simplified as shown in Table 2.9] Let the user-defined minimum utility
threshold (minUtils) be 10. The Two-Phase algorithm first generates C, then calculates
the TWU value of each item in | and eliminate items with TWU value less than minUtils.
The TWU value of the itemset {e} is 8 which is not a high utility itemset. As a result, all
its extension super-sets would not be high utility itemsets and they can be pruned away.
Hence there are 4 patterns left in the L, table. Despite both the itemset {a} and the itemset

{d} in the L; table being less than minUtils but their TWU are no less than minUtils, they
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Table 2.7: A sample run of the Two-Phase algorithm (Example [2.3.1])

(a) C; Table

(b) Ly Table

Pattern | TWU Value | Utility Value Pattern | TWU Value | Utility Value
{a} 29 4 {a} 26 4
{b} 30 10 {v} 30 10
{c} 30 12 {c} 27 12
{d} 30 9 {d} 30 9
{e} 8 3
(c) Cy Table (d) Ly Table
Pattern | TWU Value | Utility Value Pattern | TWU Value | Utility Value
{a, b} 21 11 {a,b} 21 11
{a,c} 18 11 {a,c} 18 11
{a,d} 21 9 {a,d} 21 9
{b,c} 22 14 {b,c} 22 14
{b,d} 30 19 {b,d} 30 19
{c, d} 22 14 {c,d} 22 14
(e) C3 Table (f) L3 Table
Pattern | TWU Value | Utility Value Pattern | TWU Value | Utility Value
{a,b,c} 13 10 {a,b,c} 13 10
{a,b,d} 21 17 {a,b,d} 21 17
{a,c,d} 13 9 {a,c,d} 13 9
{b,c,d} 22 20 {b,c,d} 22 20
(g) Cy Table (h) L, Table
Pattern | TWU Value | Utility Value Pattern | TWU Value | Utility Value
{a,b,c,d} 13 13 {a,b,c,d} 13 13

are considered as candidates to generate the Cs table. Observing from the following tables,
there is no pattern less than minUtils in Cs, C3 and Cj tables. This process repeats until
there are no more potential high utility candidates.

Note that Two-Phase algorithm uses a level-wise candidate generation process which is
much similar to the Apriori algorithm in the frequent pattern mining domain. The TWU
value is a loose upper so it is usually much larger than the actual utility value. As a result,

Two-Phase algorithm has limited ability in pruning itemsets.
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Table 2.8: Transaction database example

TID | Items | Quantity | Unit Price | Total Utilities
Ty a,b,d 1,2,1 a:1, b:2, d:3 8
T b,c,d 1,1,1 b:2,c:4,d:3 9
T3 | ab,ed | 2,21,1 | a:l,b:2,c:4,d:3 13
Ty a,c.e 1,1,1 a:1,c:4.e:3 8

Table 2.9: Transaction database example (simplified)

TID | Items | Utilities | Total Utilities
Ti a,b,d 1.4,3 8
Ty b,c,d 2,4,3 9
T3 | ab,cd | 2,4,4,3 13
Ty a,c,e 1,4,3 8

2.3.2 UP-Growth Algorithm

Inspired by FP-growth [HPYMO04] and to reduce the I/O cost caused by the candidate
generation process, UP-growth [TWSYT10|] algorithm is proposed. It is more efficient than
Two-Phase because 1) there is no candidate generation and 2) the mining process relies on
mining the tree structure in memory rather than re-scanning the database. The pruning
strategy of FP-growth is based on Definition [10| which is the same strategy as Two-Phase,
but a definition called RTU (reorganized transaction utility) is introduced. RTU is the trans-
action utility (Recall from Definition [7]) after unpromising items are pruned by Definition .
Because of the loose upper bound nature of TWU, FP-growth still suffers from having a large
number of candidates to be processed in memory.FP-growth has a better pruning strategy

than TWU, but it is still suffered from the overhead of candidate generation and additional

database scans.
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Example 2.3.2. (UP-growth Algorithm Example) The UP-growth algorithm consists
of two scans of a database. For the first scan, the transaction utility of each transaction
and the TWU of each item is computed. As shown in Table [2.12] if the minimum utility
threshold is 40, the itemset {f} and the itemset {g} are not frequent thus would be removed
from the transactions. Table is the re-organized database after the first database scan.
The items in each transaction are sorted by the TWU value in ascending order and the
total utilities are re-computed after the non-frequent itemsets are pruned. UP-Tree shown
in Figure [2.3]is created by inserting all re-organized transactions in Table[2.13] Each node in
the UP-tree contains the pattern name, the support count, and the associated TWU value.

FP-growth algorithm uses the FP-tree for mining purposes. The algorithm starts from

the last item in the header table which is {d}. There are three paths:
o ({d} = {b} = {a} = {e} = {¢},1,25)
o ({d} = {b} = {e} = {c},1,20)
o ({d} = {a} = {c},1,8)

Under {d}’s conditional pattern, the path utility of the itemset {a} is 33, the path utility
of the itemset {b} is 45, the path utility of the itemset {c} is 53, and the path utility of the
itemset {e} is 45. Pattern {a} is a local unpromising item since its utility is less than the
user-defined minimum utility threshold. The remaining items are re-arranged based on their
local utility in ascending order and in canonical order if the local utility value is identical.

Those three paths are revised as below:

o ({d} — {c} — {b} — {e},1,25)

o ({d} = {c} = {b} — {e},1,20)
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e ({d} —{c},1,8)

The re-organized paths are for creating the {d}’s conditional tree as shown in Figure .
By applying UP-growth, a list of potential high utility itemsets are produced: ({d} : 53),
({d,e} : 45), ({d,e,b} : 45), ({d,e,c} : 45), ({d,e,b,c} : 45), ({d,b} : 45), ({d,b,c} : 45),
({d,c} : 53). By tracing the header table, all the potential high utility itemsets are found,
and another database scan is required to calculate the specific utility.

Table 2.10: Local utility pattern {d}’s condition

Item a| b | c| e
Local Utility | 33 | 45 | 53 | 45

Table 2.11: Transaction database example

TID Items Quantity Unit Price Total Utilities
T a,c,d 1,1,1 a:b, c:1, d:2 8
T a,c,e,g 2,6,2,5 a:b, c:1, e:3, g:1 27
T3 | a,b,cdef | 1,2,1,6,1,5 | a:b, b:2, c:1, d:2, e:3, f:1 30
Ty b,c,d,e 4,3,3,1 b:2, c:1, d:2, e:3 20
T b,c.e.g 2,2,1,2 b:2; c:1, e:3, g:1 11

Table 2.12: Transaction TWU example

Item [ a | b |c|d|e | f|g
TWU | 65| 61 | 96 | 58 | 88 | 30 | 38
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{d}: 1, 8

Figure 2.3: UP-Tree

itz

{c}: 3,53

@2, 45

{e}: 2, 45

.

Figure 2.4: {d}’s conditional UP-Tree

Table 2.13: Reorganized transaction database example

TID | Items | Quantity Unit Price Total Utilities
T c,a,d 1,1,1 c:1, a:b, d:2 8
T c.e,a 6,2,2 c:l,e:3,a:b 22
T3 |ceabd | 1,1,1,2,6 | c:1,e:3,a:5, b:2, d:2, 25
Ty c,e,b,d 3,1,4,3 c:1, e:3, b:2, d:2, 20
Ty c,e,b 2,1,2 c:1, e:3, b:2 9

Besides UP-growth, several other HUIM algorithms based on tree-structures have been
proposed such as CUP-Tree [EGAQ7] and HUP-Tree [LHLIID]. However, one of the limi-

tations of these tree algorithms is the generation of a high number of conditional trees for
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pattern growth since the process has a high space cost.
Other than Apriori-based algorithms and tree-based algorithms, there are list-based
HUIM algorithms. HUI-Miner [WFGTI5] proposed a high utility mining approach with-

out the candidate generation using the utility list structure.

2.3.3 Utility-List Algorithm: HUI-Miner

Both Two-Phase and FP-growth and their variant algorithms are all required candidate
generation and additional database scans. The next enhancement of HUIM related research
is whether it is possible to have HUIM algorithms without the candidate generation process.
A data structure called utility-list is proposed and some new pruning strategy based on the

heuristic information. We describe the Utility-List based algorithm in Example [2.3.3]

Example 2.3.3. (Utility-List Algorithm Example) Let the user-defined minimum
utility threshold be 30. In Table[2.8] the Utility-List algorithm scans the transaction database
for the first time to calculate the TWU of each value as shown in Table 2121 From the
TWU table, it creates a list of utility lists of items by the following condition twu(item) >
manUtility. Since the user-defined minimum utility threshold is 30, no items are pruned by
the TWU. The transactions as shown in Table|[2.20] are revised sorted by TWU in descending
order.

The utility list is consist of Tid, Iutils and Rutils. With the list of utility lists, the
mining process can be performed recursively. For each utility list as a prefix, it explores the
possible extensions by concatenating the utility list in the same level. A utility list that is
worth exploring only when the sum of utility and the remaining utility is no less than the

user-defined minimum utility threshold.

26



Table 2.14: List of Utility Lists in Level 1

Ttom: Item: d Item: b
Ttem: f T T e | L | Tutil [ Rutil || Tid [ Tutil [ Rutil
Tid | Tufil | Rudil | — “51 %l L | 6 [ 19 |[1T 109
1 5 25 5 5 5 2 6 14 2 8 6
3 2 6 5 4 5
Ttom: a Item: e Item: c
Tid T Tatil | Rutil Tid | Iutil | Rutil || Tid | Tutil | Rutil
1 7 1 1 3 1 1 1 0
3 5 i 2 3 3 2 3 0
1 10 5 4 6 6 3 1 0
5 3 2 4 6 0
5 2 0
Table 2.15: List of Utility Lists in Level 2 with prefix f
Item: f.d Item: f.b Item: f,a Item: f.e
Tid | Tutil | Rutil || Tid | Tutil | Rutil || Tid | Tutil | Rutil || Tid | Lutil | Rutil
1 11 19 1 15 9 1 10 4 1 8 1
Item: f,c
Tid | Iutil | Rutil
1 6 0
Table 2.16: List of Utility Lists in Level 3 with prefix f,d
Item: f.d,b Item: f,d,a Item: f,d,e Item: f.d,c
Tid | Tutil | Rutil || Tid | Tutil | Rutil || Tid | Tutil | Rutil || Tid | Lutil | Rutil
1 21 9 1 16 4 1 14 1 1 12 0

Table 2.17: List of Utility Lists in Level 4 with prefix f,d,b

Item: f.d,b,a Item: f,d,b,e Item: f.d,b,c
Tid | Iutil | Rutil || Tid | Tutil | Rutil || Tid | Iutil | Rutil
1 26 4 1 24 1 1 22 0
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Table 2.18: List of Utility Lists in Level 5 with prefix f,d,b,a

Item: f,d,b,a,e Item: f,d,b,a,c
Tid | Iutil | Rutil || Tid | Tutil | Rutil
1 29 1 1 27 0

Table 2.19: List of Utility Lists in Level 6 with prefix f.d,b,a,e

Item: f.d,b,a,c,e
Tid | Tutil | Rutil
1 30 0

Table 2.20: A sample revised transaction database with utility value

TID Items Utilities | Total Utilities
1 f,d,b,a,e,c | 5,6,10,5,3,1 30
2 d,b,e,c 6,8,3,3 20
3 d,a,c 2,5,1 8
4 g,a,e,c 5,10,6,6 27
) g.be,c 2,4,3,2 11

Table 2.21: TWU

Item | f | g | d| b | a]|e]|c
TWU | 30 | 38 | 58 | 61 | 65 | 88 | 96

EFIM [ZFL717] which is known as the most efficient high utility mining algorithm in-
tegrates both TWU and the subtree utility as the upper bound, and it uses database pro-
jection and transaction merging to further reduce the search space. Most recently, Nguyen
et al. INNV™21] proposed an algorithm called iEFIM-Closed which is based on EFIM and
to mine closed itemsets only to reduce the candidates, and it separates unit profit from

quantity to handle dynamic profit databases. However, both EFIM and iEFIM-Closed is a
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static algorithm which cannot re-mine the databases efficiently when the profit is changed.
During the mining, they would aggregate the information which cannot assist the continuous
mining task when that happens. Refer to Section [A] in the Appendix, we can see all the
array manipulation tricks used by EFIM to speed up the runtime, but it would lose the
ability to continuous update the information after the process. We can see in the following
related work that all incremental mining and stream mining algorithms are either list-based
or tree-based, but no EFIM related algorithm.

All algorithms above are feature equivalent which means they attempt to solve the same
problem in different ways. They made a simplified assumption that the item external unit
utility is a constant.

More recent HUIM research shifts the focus from purely increasing efficiency to finding
real-world problems to solve. Taking the timestamp into consideration, Fournier-Viger et
al. [FZL719] proposed local high utility itemsets (LHUI) and peak high utility itemsets
(PHUI) where the former captures the high utility itemset within a user-specific time interval
and the latter captures the time when the itemset utility becomes unusually high.

Nguyen et al. INNNT19| proposed an algorithm called MEFIM which is a modified version
of EFIM which considers the unit profit is dynamic. However, this algorithm is only suitable
for mining static databases and it is the state of the art so far. All algorithms described in
this section mine static databases. To the best of our knowledge, there is no algorithm for

mining dynamic data streams under the scenario of the unit profit being dynamic.
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2.4 Incremental High Utility Mining: EIHI

Traditional HUIM algorithms have drawbacks such as having to rescan datasets when
a transaction is added, deleted or changed in a database. The lack of the ability to mine
datasets incrementally is highly inefficient to handle dynamic datasets. To mitigate the lim-
itation, the concept of incremental mining techniques are introduced to mine high utility
itemsets in a dynamic environment where a database grows frequently. THUP [ATJLO9D] is
the first algorithm to handle the incremental high utility mining problem with the end goal of
achieving the build once and mine many property. IHUP algorithm is based on the combina-
tion of Two-Phase and FP-growth. It maintains the transaction in a tree data structure called
IHUP;y-Tree. Since it uses TWU as the pruning technique, its tree node contains TWU and
the transaction frequency (TF). The tree node is ordered by the lexicographic order so the
tree structure is consistent regardless when a new transaction is added, modified or deleted.
As it is the first high utility incremental mining algorithm. IHUP chooses existing algorithm
such as Two-Phase as the baseline and shows better performance. FUP-HUI-INS [HLWQ9]
introduced the average utility upper bound to overestimate the actual utility to reduce the
execution time, but its core functionality is similar to the Two-Phase algorithm and it gen-
erates a large amount of candidates. To overcome the limitation, HUI-LIST-INS [LGHP14]
inherent the HUT algorithm and build the utility list structures for mining HUT incrementally.
It proposed the merge list algorithm which is to check the whether newly added transactions
are part of the original database and trigger the incremental mining process when the con-
dition is met. Inspired by HUI-List-INS algorithm, the EIHI algorithm introduced HUI-trie
data structure to increase the searching efficiency, and it also introduced a property to deter-

mine whether an itemset is a high utility itemset. If the newly added itemset does not appear
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in the original database, the original high utility itemsets would still be high utility itemsets,
and the original low utility itemsets would still be low utility itemsets. The experimental
shows that EIHI is considerably faster than HUI-List-INS algorithm. The previous approach
requires at least two scans for processing dynamic database due to the reason of constructing
TWU for pruning purpose. Ryang and Yun proposed a list-based data structure that can
build the global data structure during the initial scan and incrementally update the data
structure without further scanning the dataset. However, its baselines are [HUP algorithms
and its variant. To the best of our knowledge, EIHI is the fastest incremental high utility

mining algorithm up to date. We show the example of EIHI algorithm in Example [2.4.1

Example 2.4.1. (EIHI Algorithm Example) Let us consider the dataset in Table
and let us assume the minimum utility be 30. The main procedure is to calculate the TWU
of each items and prune away items having TWU less than minimum utility. To explore the
extensions of a given itemset, it uses the sum of utility and the remaining utility. It is the
same algorithm as HUI-miner up to this stage as Example [2.3.3]

When the database is updated (e.g., as shown in Table , where TID 6 is being added),
ETHI possesses the following property: if the newly added item is not a part of the original
high utility itemsets, there is no need to re-mine the whole dataset. For instance, if h is a
new item that is not a part of the original high utility itemsets, then all original high utility
itemsets remain as high utility and all original low utility itemsets remain as low utility. The
algorithm only needs to check if the newly added item can generate any high utility itemsets.
In the newly added TID 6, if h is not part of the existing high utility itemsets but f is a part
of the existing high utility itemsets. The utility of {f,d, b, a, e, c} would be updated from 30

to 31 while h does not affect the original high utility itemsets.
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Table 2.22: A sample revised transaction database with utility value to demonstrate incre-
mental mining (Example [2.4.1])

TID Items Utilities Total Utilities
1 f.d,b,a,e,c | 5,6,10,5,3,1 30
2 d,b,e,c 6,8,3,3 20
3 d,a,c 2,5,1 8
4 g.a,e,c 5,10,6,6 27
5 gb.e.c 2,4,3,2 11
6 f.h 1,2 3

2.5 High Utility Mining over Data Streams

Incremental High Utility Mining minimizes the number of database scan compared to
traditional high utility mining when the transaction is added, deleted or changed. The
related research setup the foundation of handling dynamic databases. Similar to dynamic
databases, data streams have information continuous being added, deleted and changed,
but it is more time sensitive than dynamic databases as data streams are continuous and
unbounded so old information may not be interesting in the current time window. If storing
all the information from data streams, it would require endless storage which is not feasible
and the stale data with less meaning interferes with the recent and current data to corrupt
the report. In other words, mining from data streams is a generic case of mining from

dynamic databases when the old information would be discarded consistently.

2.5.1 Frequent Itemset Data Stream Mining Algorithms

Previous work studied the problem of maintaining all frequent itemsets over the history.

Giannella et al. [GHRLO3] introduced a data structure called FP-stream implemented using

32



FP-tree to maintain the frequency histories. It updates the data structure on each arrival
of the data stream batch. It also uses exponential time granularity along with an ageing
function to reduce the weight of older records. This is more practical compared to the
previous study which maintains the frequent patterns over the entire data stream.

Leung et al. [LKLHO7|] proposed a tree data structure called CanTree to capture the
itemsets according to the canonical order which is pre-defined by the user before the mining
process. There is no additional database scan required when using CanTree and this data
structure is suitable for the constraint mining and interactive mining. CanTree requires
upward projection only which greatly reduces the computation cost. Based on the canonical
order, the order of items is independent of the itemset frequency which removes the cost of
the tree node swapping and merging. However, CanTree is designed for mining static data
but not for the dynamic stream. Therefore, some extensions are required to adopt CanTree
into the domain of mining data streams.

Inspired by CanTree, Leung and Khan [LK06] proposed a new data structure called Data
Stream Tree (DSTree) which maintains and mines frequent patterns effectively. DSTree is
used for exact data stream mining with the fixed size sliding window model. DSTree is similar
to CanTree with the following difference: CanTree is designed for incremental mining while
the DSTree is designed for stream mining. Instead of having only one frequency count
per tree node, the DSTree has a list of frequency count to capture the content of several
batches rather than only the current batch. As a result, DSTree is suitable to deal with
dynamic data. Like CanTree, DSTree also arranges transactions in canonical order to avoid
frequency related swapping, splitting, and merging. Using DSTree, the mining process can
be delayed till needed to reduce the computation overhead. However, DSTree assumes the

main memory is not the main concern and made an assumption that the DSTree can fit
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into the main memory. In summary, DSTree has lower maintenance cost when compared to
Can'Tree since decreasing frequency count does not require expensive tree node deletion but
only to shift the dependency list. The techniques in this section are association rule mining
without utility value in a dynamic stream. In contrast, our proposal examines high utility
mining with dynamic unit profit in a data stream, which is more complex than the typical

association rule mining.

2.5.2 High Utility Data Stream Mining Algorithm: THUI-Mine

High Utility pattern mining over data stream has become a more challenging research
problem than mining over the static database. The first high utility data stream algorithm is
THUI-Mine [CTLO08]. THUI-Mine algorithm proposed a sliding window-based approach to
mine temporal high utility patterns. THUI-Mine is based on Two-Phase algorithm with the
extension of sliding window filtering. It separates a database into partitions. The previous
partition carries the candidate information to the next partition. The key idea of THUI-Mine
algorithm is to maintain a TWU-table during the mining process. We show the THUI-Mine
algorithm in Example for clarity purposes. Compared to Two-Phase algorithm, THUI
mine algorithm discard old record and be able to mine recent information from data streams

in a resource-limited environment.

Example 2.5.1. (THUI-Mine Algorithm Example)

Let the minimum utility threshold be 120, THUI-Mine algorithm breaks transaction into
partitions. In this example, the size of the partition is 3 transactions. THUI-Mine uses the
sliding window approach. Let the size of the window be 3 partitions. The filtering threshold
of each partition is 120/3 = 40. Each partition would be calculated separately and only

TWU2I would be kept. When the mining process is requested, only 1 more database scan
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Table 2.23: A sample transaction database with utility value to demonstrate THUI-Mine
algorithm

Partition | TID | Items | Utilities | Total Utilities
1 c,e 26,5 31
1 2 b,d,e 60,6,5 71
3 a,d 36,6 42
4 b,d 10,42 52
2 5 c.e 12,10 22
6 a,b,e 3,40,5 48
7 b.e 100,5 105
3 8 |acde| 3,1,185 27
9 a,b,c | 3,10,27 40
10 b,c 60,2 62
4 11 b,d 30,12 42
12 b,c 20,1 21

is required to check whether the candidate itemsets are high utility itemsets. In Table[2.24]for
example, the potential candidates are {b, c}, {b, d}, {b, e}, {b, c,d},{b,c,e}, {b,d, e}, {b,c,d, e}.
A second database scan is required to check whether these 7 candidates are high utility item-
sets. This stream mining algorithm has step size which is equal to the size of the partition
and the window size which is equal to a given number of partitions. It proposes one par-
tition at a time and not qualified patterns (when the twu is less than the minimum utility
/ the number of partitions in a window) would be dropped before processing the next par-

tition. The mining process would be similar to Two-Phase algorithm as demonstrated in

Example 2.3.1]
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Table 2.24: Temporal high 2-items utility itemsets generated by THUI-mine

P2 P3
P1 C2 | Start TWU C2 | Start TWU
C2 | Start | TWU ¢bd 1 71452 =123 ¢ be 1 119 4+ 105 = 224
ad | 1 D) ab 2 48 ac 3 67
bd | 1 71 a.e 2 48 ®ab| 2 48 + 40 = 88
be | 1 71 ®be | 1 |71+48=119 be 3 40
de | 1 71 ¢de | 1 71 Cac| 2 8127T=15
4ad 1 42 ¢ 0d 1 71452 =123
P3 — P1
C2 | Start TWU P4
N N CRET A
: R ¥e 3 40 + 83 =123
ab | 2 88
bo 3 o b.d 1 12
e 5 3 ¢ be 2 153
b,d 2 123 — 71 = 52 (pruned)

2.5.3 High Utility Data Stream Mining Algorithms: MHUI-BIT

and MHUI-TID

There are some limitation of THUI-Mine algorithm as it generates a large amount of
false candidates and high memory requirement. Li et al. [LHLI11a] proposed MHUI-BIT and
MHUI-TID algorithms for mining high utility itemsets over data streams and both algo-
rithms outperform THUI-Mine. Both algorithms use a level-wise approach to first generate
a set of candidates itemsets and store the information in a tree, another database scan is
required to determine high utility patterns among the candidate itemsets. In Example [2.5.2]
we demonstrate the MHUI-BIT and MHUI-TID algorithms (they are essentially the same al-
gorithm with different data structure interpretation) so that we can see clearly its similarities

and differences compared to THUI-Mine.

Example 2.5.2. (MHUI-BIT and MHUI-TID Algorithm Example)
Let MHUI-BIT/TID algorithm perform on the database in Table[2.25] Let the minimum

utility threshold be 120 and the windows size is 9. MHUI-BIT/TID algorithm constructs

36



Table 2.25: A sample transaction database with utility value to demonstrate MHUI-BIT and
MHUI-TID algorithms

TID | Items Utilities | Total Utilities
1 c,e 26,5 31
2 b,d 60,6 66
3 a,d 36,6 42
4 b,d 10,42 52
5 c.e 12,10 22
6 a,b,e 3,40,5 48
7 b.,e 100,5 105
8 a,b,c,d,e | 3,10,1,18,5 37
9 a,b,c,e | 6,10,27,10 53
10 b,c 60,2 62
11 b,d 30,12 42
12 b,c 20,1 21

Table 2.26: BitVectors and TIDLists generated by MHUI-BIT and MHUI-TID

BitVectors TIDLists
Item TransW1 TransW2 Type Item TransW1 TransW2 Type
a (001001011) | (010010110) | No change a (3,6,8,9) (2,5,7,8) No change
b | (010101111) | (101011111) | Insertltem b | (2,4,6,7,8,9) | (1,3,5,6,7,8,9) | Insertltem
¢ (100010011} | (000100111) | IntersecItem ¢ (1,5,8,9) (4,7,8,9) Intersecltem
d (011100010) | (111000100) | No change d (2,3,4,8) (1,2,3,7) No change
e (100011111) | (000111110) | Deleteltem e (1,5,6,7,8,9) (4,5,6,7,8) Deleteltem

either the bit vectors table or the tid lists in Table For example, 5 items a, b, ¢, d, e,

are high TWU itemsets. The candidates 2-itemsets are generated by bitwise AND operation.

MHUI-BIT/TID algorithm keeps the result in a tree data structure called LexTree-2HTU.

Updating the LexTree-2HTU is the key component of MHUI-BIT/TID algorithm. When the

item is an Insertltem, which means the itemset may not be 2HTU in the previous window

but could be 2HTU in the current window. Comparing TransW1 to TransW2, only item

b is Insertltem and its potential 2HTU with prefix b is b,c.

The LexTree-2HTU would

include b,c after verifying its transaction weight utilization is greater than the minimum
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utility threshold. When the item is a Deleteltem, which means the itemset may be 2HTU in
the previous window but may be not 2HTU in the current windows. Comparing TransW1 to
TransW2, item e is belong to the Deleteltem type. The algorithm checks the child node of
item e and update the LexTree-2HTU accordingly. Finally, when the item is an IntersectItem,
the original 2HT'U may be not high utility and vice versa. Comparing TransW1 to TransW2,
item c is an Intersectltem and only an existing 2HTU, c,e, need to be checked and see if it
is still a qualified 2HTU. The mining process is the same as Two-Phase algorithm based on

the updated TWU table.

2.5.4 High Utility Data Stream Mining Algorithm: HUPMS

THUI-Mine, MHUI-BIT, MHUI-TID are all based on Two-Phase algorithms in essence
so they all have the performance degradation issue due to the candidate generation process
and multiple database scans issues. To address the limitation of the Apriori-based algorithm,
Ahmed et al. [ATJC12| proposed an algorithm to avoid candidate generation for interactive
stream mining. They proposed a tree structure called High Utility Stream Tree (HUS-
Tree) and an algorithm called High Utility Pattern Mining over data stream (HUPMS) for
incremental mining. HUS-Tree captures information batch by batch, and HUPMS removes
the old batch when the window slides. The header table contains both the item id and
the TWU. HUPMS requires additional window scans to determine the actual high HUPs
and the HUS tree is to calculate the potential candidates. Unlike DSTree, the HUS-Tree is
only used for capturing TWU information for generating candidates, and the mining process
requires re-scanning the current batch window. The TWU model generates candidates and
to determine the HUI required additional database scans. We show the HUPMS example in

Example Based on HUPMS, Ryang and Yun [RY16] proposed a more efficient tree-

38



based data structure called SHU-tree using the decreased overestimated utilities (RTWU) to
maintain high utility patterns over the data stream. The definition of RTWU is defined in
the Definition 5 in the original paper. The RTWU is the sum of the estimated item utility
where only the item utility and its previous items utility in a transaction are considered.
This reduces both the TWU in the header table as well as the node utilities. The downside

of HUPMS and SHU-tree is that they both require additional database scan.

Example 2.5.3. (HUPMS Algorithm Example) Let us consider the database in Ta-
ble [2.27 HUPMS algorithm divides database into batches. Let the batch size be 2 and the
window size be 3 batches. HUPMS algorithm updates the HUS-tree on each batch as shown
in Figure 2.5l When the window is full, The TWU value in each node would shift and those
nodes which contain all 0 will be removed from HUS-tree.

Table 2.27: A sample transaction database with utility value to demonstrate HUPMS algo-
rithm

TID | Items Utilities | Total Utilities
1 d,e 24,40 64
2 a,c 4,24 28
3 b,c,d 12,24,16 52
4 a,b 8,48 56
5 b.e 18,20 38
6 a,b,d 12,30,32 74
7 a,b,c 412,21 37
8 a,b,d,e | 8,24,40,30 102
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{d}: 64 {a}: 28

{e}: 64 {c}: 28

{d}: 64,0 {a}: 28,56 {b}: 0,52

({e}: 64,0)  [({c}: 28,0] ({b}: 0,56]  ({c}: 0,52]

{d}: 0,52

{d}: 64,0,0 {a}: 28,56, 74 {b}: 0,52, 38

{e}: 64,0,0 ({c}: 28,0,0) ({6}: 0,56,74] ({c}: 0,52] ({e}: 0,0,38]

e

({d}: 0,0,74] ({d}: 0,52]

Figure 2.5: HUS-Tree construction sample
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Example 2.5.4. (SHU-Tree Stream Miner Example) Let us consider the database
showed in Table 2.271 Let the batch size be 2 transactions and the window size be 3 batches
(6 transactions). In Figure [2.28] we can see the SHU-tree is similar to HUS-tree but it
captures RT'WU instead of TWU. We demonstrate the key concept and the full example is
in the original paper. The SHU-tree having a tighter overestimated upper bound makes it

more efficient than HUS-tree.

Table 2.28: A sample transaction database with utility value to demonstrate SHU-stream
miner algorithm

TID | Items | Utilities | Total Utilities
1 | abd | 3,614 23
2 | abce | 62,1615 39
3 c,e 4,20 24
4 | abd | 9421 34
({a}: 23) ({}: 17,13] ({d}: 23,34] ({e}: 0,24

{e}: 39 {e}: 39,0

Figure 2.6: SHU-Tree construction sample
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2.5.5 High Utility Data Stream Mining Algorithm: SOHUPDS

As mentioned above, the existing algorithms for mining high utility patterns over a
database are all two-phase algorithms in essence. Jaysawal and Huang [JH20] proposed the
first one-phase algorithm called High Utility Patterns over a Data Stream (SOHUPDS) for
mining high utility patterns. It uses a projected database strategy and utilizes the previous
sliding window for updating the current sliding window. We show the SOHUPDS algorithm
in Example[2.5.5] The algorithm in this section are designed for mining high utility itemsets
in a dynamic stream when the external unit profit is constant. In contrast, our proposal

explores when the external unit profit is dynamic.

Example 2.5.5. (SOHUPDS Algorithm Example) Let us consider the database in
Table to demonstrate the SOHUPDS algorithm. The data structure constructs a node
for every item. For example, after the first transaction is inserted, 3 ITUDatalistSW nodes
are created for item a, b and d. After the first batch is inserted. 6 nodes are created for
item a,b,c,d,e,f. We show one of the node in Figure 2.7 It captures a lot of information
of the item such which transaction it came from (tIndex), the position of the item within
a transaction (position). Those information is equivalent to reconstruct the database for

mining purposes.
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Table 2.29: A sample transaction database with utility value to demonstrate SOHUPDS
algorithm

TID Items Utilities Total Utilities
1 a,b,d 4,6,2 12
2 a,c,e,f 8,4,6,5 23
3 a,b,c,d,e,h | 4,6,2,10,3,2 27
4 b,c,d,e 12,3.,6,3 24
5 b,c.e.g 6,1,3,6 16
6 c,d,e 1,6,3 10
7 a,b,f 8,12,1 21
8 c,e 2,3 )

Most recently, Nam et al. [NYYL20] proposed recent high utility mining with indexed list
structure. It is based on HUT and with window decay factor. Baek et al. [BYK™21] introduced
RHUPS algorithm which claimed to be the first work to find time-sensitive stream database.
It uses the list data structure and the sliding window model. Under our evaluation, its main
difference compared to SHU-stream miner algorithm is its window function which manage a
certain amount of recent data to achieve better performance. The result and the number of
candidates are different compared to the previous work so it is more like a feature extension
of high utility data stream mining.

Kim et al. [KYB™21] proposed an algorithm for analyzing damped stream data called
DSHUP which is based on SHU-growth |[RY16], and it applies a window decay factor on
the old windows to generate fewer candidates. When the window decay factor is 1, DSHUP
is essentially the same as SHU-growth. Kim et al. [KYB'21] proposed the damped mining
for average utility pattern called DMAUP to extract the average utility overtime which is
a different direction of research of processing time sensitive information from data streams.

Cheng et al. [CHZ™21] proposed an efficient algorithm called ETKDS for mining Top-K high
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Figure 2.7: The IUDatalist node of SOHUPDS algorithm
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utility itemsets over data streams using sliding window model, it is similar to SOHUPDS
which processes the data in batch model and uses TWU as the pruning strategy. The
latest related research is proposed by Mondal et al. [MMCR22|, they proposed the notion
of diversification to reduce the number of itemset generation. It redefines the notion of high

utility which is different from the goal of our paper.
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Chapter 3

Mining High Utility Patterns from

Data Streams

In this chapter, we describe our research works and contributions. Recall from the back-
ground chapter, mining from a static database is a special case of mining from data streams
when the dataset size is finite. Because of the similarity, any algorithm that can mine HUI
from data streams can mine HUI from static databases. However, algorithms designed for
mining static databases are not ideal for mining data streams. As mentioned in the back-
ground section, algorithms based on two-phase are not practical to use in the real world
scenario for mining data streams as they require re-scanning transaction records. On the
other hand, algorithms based on UP-tree cannot capture all the necessary information for
mining in the tree structure, so the tree structure can only serve as a helper to assist pruning
and additional database scans are still required to determine the final candidates.

Inspired by utility list algorithms which have the advantage of preserving transaction

information for mining high utility itemsets without re-scanning databases, we would like to
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explore the potential of this type of algorithm for mining HUI data streams. We propose
a new data structure called Enhanced-Utility-List (EUL) which is the data model for our
proposed algorithm called EUL-Stream-Miner for mining high utility patterns from data
streams. Our proposed algorithm has the advantage of mining more efficiently compared to
the baselines and it has the advantage of continuous mining when the price changes without

the need of re-scanning the data streams.

3.1 Enhanced Utility List

We propose Enhanced Utility List (EUL) as the data structure to capture incremental /
streaming transactions in a compressed format designed for high utility itemset mining. We
also propose two new definitions called Item Remaining Utility Map (refer to Definition
and RutilityMap (Refer to Deﬁnition as a part of the EUL data structure. By using EUL,
there is no need to re-scan data streams and the mining process is highly efficient. From a
high-level point of view, each unique item in a transaction will generate an associated EUL,
so the total number of EUL is equal to the total number of unique items. The mining process
is performed on a list of EULs. In Table we demonstrate the EUL data structure. Each
EUL contains the item name as the key ID for differentiating the EUL. When an item in
a transaction matches the item name in the corresponding EUL, its TID, Utility (Refer to
Definition , Remaining Utility (Refer to Definition will be added to the corresponding

EUL.

Definition 13. (Item Remaining Utility Map) Let X be an itemset in the transaction
T, and z; is an item in an itemset X, denoted as z; € X, i € Z*. The item remaining utility

of item x; is equal to the summation of its item utility and its remaining utility, denoted as
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iru(z;) = u(x;) + ru(z;, T). The Item Remaining Utility Map uses the item name as the
key (K') and its item remaining utility as value (V'), denoted as {z; — iru(x;)}. For all the
items in the itemset X, its Item Remaining Utility Map is defined as iru-map(X) = Vz; €

X, {x; — iru(x;)}.

Example 3.1.1. (Item Remaining Utility Map Example) Let X = {a,b,c} with
associated utility values {2,4,5}. iru(a) = u(a) + ru(a,T) =2+ 9 = 11, iru(b) = u(b) +
ru(b,T) =445=9, iru(c) = u(c) + ru(c,T) =5+ 0 = 5. As a result, iru_map({a,b,c}) =

{a = iru(a),b — iru(b),c — iru(c)} = {a — 11,0 — 9,¢ — 5}.

Definition 14. (RutilityMap) Let T31,T5,...T, C D, where T; is the transaction and
D is the database. Let X; be an itemset in transaction T;, and z; € X;, i,j € Z*. The
RutilityMap is the aggregation of all item remaining utility maps which is formally defined

as RutilityMap = > iru-map(X;).

Example 3.1.2. (RutilityMap Example) Let X; = {a, b, ¢} with associated utility values
{2,4,5} and Xy = {b, ¢} with associated utility values {1,3}. iru(a, T1) = u(a) +ru(a,T}) =
249 =11, iru(b,T7) = u(b) +ru(b,T1) =4+5 =19, iru(c,T1) = u(c)+ru(c,T1) =54+0 =5,
iru(b,To) = u(b) + ru(b,T2) = 1+ 3 = 4, iru(c,T2) = u(c) + ru(c,T2) = 3+ 0 = 3.
As a result, iru_map({a,b,c}) = {a — iru(a),b — iru(b),c — iru(c)} = {a — 11,b —
9,¢ — 5}, iru-map({b,c}) = {b — wru(b,1z),c — iru(c,13)} = {b — 4,¢ — 3}. Finally,
RutilityMap = iru-map({a, b, c}) + iru-map({b, c}) = {a — 11,b — 13, ¢ — 8}.

Example 3.1.3. (The Advantage of RutilityMap of Pruning The Search Space)
Let us consider the sample dataset in Table [3.1] If the minimum utility threshold be 9. No

items are pruned by TWU at the first level since all the TWU of all items are greater than

8. TWU(a) = 16, TWU(b) = 23, TWU(c) = 10, TWU(d) = 11, and TWU (e) = 10.
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As for the remaining utility, the remaining utility of a is 14, item a would try to join
item c and item e itemset ac and itemset ae are not high utility itemsets.

By using RutilityMap, iru-map({a}) = {b — 5,¢ — 3,e — 5}. The total utility of a is
3, by checking the RutilityMap, we observe that it is not worth joining item ¢ and item e as
the sum would be less than the minimum utility. As a result, it would save computational

cost.

Table 3.1: A sample dataset to demonstrate the advantage of RutilityMap

TID | Items | Utilities | Total Utilities
1 a,b,c 1,2,3 6
2 a,b,e 2,3,5 10
3 c,d 2,2 4
4 b,d 2,5 7

Table 3.2: Enhanced Utility List data structure

Item Name

TID \ Utility \ Remaining Utilities \ Item Remaining Utility Map
RutilityMap

Sum Utility | Sum Remaining Utility

Example 3.1.4. (Add Item To EUL)) When the transaction in Table [3.3|is inserted to
EUL, there will be three EULs created for items a, b and d. For simplicity, we will focus
on the item a EUL. As demonstrated in Table [3.4] the associated TID of the item a is 7.
Its utility is 1 and its remaining utility is the total item utility after a which is 7. The Item
Remaining Utility Map is the maximum utility for each remaining item if they are the prefix.
In this case, the item b has the maximum utility of {b: 4} + {d : 3} = 7, and the item d has

the maximum utility of itself which is 3 because it is the last item in the transaction 77. The
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Sum Utility is 1 by combining all the transactions in the EUL, and the Remaining Utilities is
7 by combining all the Remaining Utilities in the EUL. The RutilityMap is the aggregation
of the Item Remaining Utility Map. In this case, it is the same as Item Remaining Utility

Map since there is only 1 transaction.

Table 3.3: The sample transaction

TID | Items | Utilities | Total Utilities
T a,b,d 1,4,3 8

Table 3.4: Enhanced Utility List data structure for a sample

Item Name: a
TID | Utility | Remaining Utilities | Item Remaining Utility Map
T 1 7 {b:7,d:3}
RutilityMap : {b:7,d: 3}
Sum Utility: 1 | Sum Remaining Utility: 7

Example 3.1.5. (Merge EULSs operation)) Each EUL represents an individual item in
a transaction. The operation of merging EULs is required when the pattern grows. For
example, joining EUL-a to EUL-b will form EUL-joint-ab. In Example [3.1.4] we compute
EUL-b using the same approach in Example and the result would be Table 3.5 During
the joining process, for each intersection transaction between EUL-a and EUL-b, the utility
values would be sum together yielding 5. The remaining utility is the same as the remaining
utility in the EUL that joins with the prefix EUL. In this case, the remaining utility of EUL-
joint-a-b is the same as the remaining utility in EUL-b which is 3, and the Item Remaining
Utility Map is the same as the one in EUL-b which is {d : 3}. As a result, the joint utility

of EUL-a and EUL-b would be Table 3.6l
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Table 3.5: Enhanced Utility List data structure for item b (EUL-b)

Item Name: b
TID | Utility | Remaining Utilities | Item Remaining Utility Map
Ty 4 3 {d: 3}
RutilityMap : {d: 3}
Sum Utility: 4 | Sum Remaining Utility: 3

Table 3.6: Enhanced Utility List data structure for item b (EUL-joint-ab)

Item Name: ab
TID | Utility | Remaining Utilities | Item Remaining Utility Map
Ty 5 3 {d: 3}
RutilityMap : {d : 3}
Sum Utility: 5 | Sum Remaining Utility: 3

3.1.1 Design Analysis

As mentioned in the background section, the key to enhancing the high utility mining
algorithm performance is to reduce the search space. In the traditional frequent pattern
mining, the downward closure property is powerful to prune the search space. When an
itemset X is infrequent, its extensions X-extensions must be infrequent and can be pruned
away; when an itemset X is frequent, all the subsets of the itemset X must be frequent. For
HUIM, when an itemset X is not a high utility pattern, its extensions X-extensions could
be high utility patterns. The key property of HUIM is that rare items could contribute
more value regardless of their frequency that would break the downward closure property.
When an itemset X is not a high utility pattern, the number of occurrences of extensions
X-extensions must be less than or equal to the number of occurrences of the itemset X.

With the property of unit pricing can be dynamic, the downward closure property would be
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less relevant for HUIM as the utility of a particular item could fluctuate. Without getting
into the domain of price analysis, how can we still prune the search space effectively?

One of the breakthroughs of HUIM is the discovery of the downward closure property
of TWU in Definition [0l When the TWU of an itemset X is less than the user-defined
minimum utility threshold, all its extensions, X-extensions must not be high utility patterns
and can be pruned away. When the TWU of the itemset X is greater than the minimum
utility threshold, all TWU of the subsets must be greater than the minimum utility. Having
TWU is the workaround compared to the original frequent pattern mining. Since lower
frequency items can contribute to more value than higher frequency items that break the
downward closure property, TWU includes all the values in a particular transaction where
an item appears by summing up the transaction utility, so its extensions, X-extensions, must
appear in the subset of the transactions that the item X appears, so the downward property
holds. The key condition of triggering the downward closure property of TWU for pruning
the search space is when the TWU of an itemset is less than the minimum high utility value.
We mentioned TWU is a loose upper bound in the background section since its value can
be way larger than the individual item utility. We need to find a way to narrow the search
space.

The other breakthrough of HUIM is the discovery of using the remaining utility in pruning
the search space. For an itemset X, its extension utility would be the total item utility that
appeared after X. This is a tighter upper bound compared to TWU. Compared to TWU,
the remaining utility avoid double-counting the item utility. We demonstrate the advantage
of Remaining Utility over TWU in Example 3.1.6] As we mentioned in the background
section, the itemset order can be re-arranged as long as the order is consistent throughout

the transaction stream. The order can affect the number of items to be explored as well
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because the order of prefix to be explored is different when the transaction order is different.
Remaining utility is an important indicator of whether an itemset is worth exploring or
not. Therefore, it is one of the important components of Enhanced Utility Lists. The next

question is can we tighten the upper bound further?

Example 3.1.6. (The Advantage of Remaining Utility Over TWU Example)) Let
us consider an itemset {a, b, ¢, d, e} with associated utility values {1,1,1,1,1}. The TWU of
the item a, b, ¢, d, e including all their supersets are all 5. As the pattern growth progress
started, TWU does not change progressively according to the mining progress. If the item
c is the prefix of the potential candidates, the potential extensions do not need to include
a and b anymore thus can be excluded. However, TWU includes all the transaction utility
including X as the upper bound, but the remaining utility approach includes all the utility
only if X is the potential prefix. As a result, Remaining Utility is a tighter upper bound
than TWU. The consistency of the itemset order is to guarantee Remaining Utility is valid.

The number of itemsets that is qualified for a prefix can be further reduced. When we
extend an itemset of the length k to the itemset of the length k + 1, we need to differentiate
whether the next item is worth exploring. For a utility list X and a utility list Y, will
utility XY be still qualified as a prefix when we join two utility lists together? To solve this
problem, we need more information than knowing the remaining utility as the remaining
utility represents all item utility that is appeared after the prefix item. The remaining utility
takes the individual transaction into account. We demonstrate the limitation of Remaining

Utility in Example [3.1.7}

Example 3.1.7. (The Limitation of Remaining Utility Example) In Table 3.7 the
remaining utility of the itemset {a} is 4, the remaining utility of the itemset {b} is 3, and

the remaining utility of the itemset {a,b} is 0. However, the traditional utility list would
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consider the remaining utility of the itemset {a, b} as 3 since it only captures the total utility
and the total remaining utility, so it would not be able to efficiently compute the remaining

utility for each itemset.

Table 3.7: The sample transaction to demo the limitation of Utility List

TID | Items | Utilities | Total Utilities
T a,b 1,4 5
15 b,d 4,3 7

Our proposed solution is to create a map inside the original utility list to dynamically
compute the remaining utility with respect to other utility lists. The remaining utility map
would tighten upper bound further. In the background section, we mentioned a couple of
algorithms for mining high utility itemsets over data streams. But in our opinion, those are
not native data stream algorithms as they need to rescan the dataset to compute the final
candidates. The key to solving this problem is to build a data structure that is ready for
HUI mining proposes. Such data structure model would be dynamically updated when the
information flows in and users can request the high utility itemsets in real-time. Having
good performance is only solving part of the problem, but our data structure is also required
to handle temporal /streaming data without any data rescanning. We will show the benefit
of our enhanced utility list in Section when we demonstrate our Enhanced HUI-Stream

Mining algorithm.

3.2 Enhanced-HUI-Stream-Mining Algorithm

The building block of our enhanced-HUI-Stream-Mining algorithm is the enhanced utility

list (EUL). In Figure our high utility mining algorithm is responsible for consuming
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data streams, constructing the enhanced utility list from data streams, and mining using the

enhanced utility list.

Data Enhanced ngh
Stream Utility— Utlhty

List Itemsets

Figure 3.1: Enhanced-HUI-Stream-Mining-Model

Given a user-specified minimum utility threshold, our goal is to mine all high utility
itemsets from data streams. The enhanced-HUI-Stream-Mining algorithm transforms every

transaction into the data structure with a list of utility lists.

Example 3.2.1. (EUL construction Example) Let the minimum utility threshold be
30. In Figure [3.2] each transaction in data streams must be transformed as soon as it
arrives. In this case, each transaction is sorted by the canonical order (Definition with
the specification by the item name in the alphanumeric ascending order. The transaction 7;:
{c:1,e:3,a:5b:10,d:6,f:5} transforms to {a : 5,b:10,c: 1,d: 6,e:3,f :5}. The
same sorting rule is applied to every other incoming transaction in the data stream. The
benefit of sorting by canonical order is that no reconstruction of the EULs is needed despite
the data being inserted, deleted, or modified.

Each transaction is then inserted into the list of EULs. Initially, the EULs are empty.
When the first transaction 77: {a : 5,b: 10,c¢ : 1,d : 6,e : 3, f : 5} arrives, the algorithm
checks the existence of each item in the transaction and determines whether a corresponding
EUL has been created. If there is no corresponding EUL, a new one will be created and
inserted the item to the EUL. If there is an existing EUL, the item would be inserted into the
existing EUL. Each entry in the EUL represents an item in the transaction. Its transaction

ID, its utility, its remaining utility and the item remaining utility map would be recorded
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by the way we mentioned in Example |[3.1.4. Once the EUL is updated, its sumUtility,

sumRemainingUtiltiy, and the RutilityMap would be updated in real-time.

Definition 15. (Canonical Order) Canonical order means the order is defined by a

separate specification.

Example 3.2.2. (Canonical Order Example) The alphanumeric ascending/descending
order is one of the canonical order specifications. Let T" be a transaction with the itemset
{c:1,b:3,a:5}. The transaction transforms to {c: 1,b : 3,a : 5} after being sorted by
alphanumeric ascending order.

Unlike the related work on high utility data stream mining, there is no concept of the
batch in our algorithm since the list of EUL would be updated in real-time as soon as the
data arrives. Users can request mining high utility itemsets from our list of EULs without

re-visiting the data source.

Example 3.2.3. (Enhanced-HUI-Streaming algorithm Example) Let the user-defined
minimum utility threshold be 30 and the mining process is started after the transaction T}
arrives. In Table the mining process would be performed on data structure as demon-
strated in Figure [3.2]

There are 7 EULs created after 75 arrives. Each of the EULs is associated with a unique
item in the data stream, namely, EUL-a, EUL-b, EUL-¢c, EUL-d, EUL-e, EUL-f and EUL-g.
Each of the initial EULs is corresponding to a singleton itemset. If the SumUtility is greater
than or equal to the user-defined minimum utility threshold, the associated item in EUL is
a high utility itemset. In this case, the sumUtility of EUL-a is 20, EUL-b is 22, EUL-c is
13, EUL-d is 14, EUL-e is 15, EUL-f is 5 and EUL-g is 7. None of the EULs has SumUtility

greater than or equal to the minimum utility threshold, so there is no Level 1 high utility
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Our Enhanced-HUI-Stream-Mining algorithm Example

TID [items Utilities | Total Utilities [TID [items Utilities | Total Utilities
T1 [c.e,a,b,d,f [1,3,5,10,6,5 30 Step 1: T1 fa,b,c,d,e,f [5,10,1,6,3,5 30
T2 cebd 3,386 20 D: scan T2 bcde 8363 20
13 [c.ad 15,2 8 T3 fa,cd 5,1,2 8
T4 |eag  [5.6105 27 CAN-order) T4 laceg  [10,6,65 27
TS5 ebg 23,42 11 15 bceg 2232 1
! [10 Jutitity ining utility |item Remaining Utility Map TID_|utility |Remaining utility |item Remaining Utility Maj . : Lz (e il al s
T1 5 25 b:25,c:15,d:14,e:8,f:5 T1 10 15 c:15,d:14,0:8,f:5 3
T3 5 3 c:3,d:2 T2 g 12 12 d:9 53 1
T4 10 . . 17 c:17,e:11,8:5 s 2 7 7,e5562 Ta 5 1 e1Lgs
RutilityMap: c:34,d:23,e:16,f:5,g:2 T35 2 5 e:5,8:2
Kmutrrpzz iningUtility: 3 | RutilityMap: d:25,e:27,:5,g:7
[SumUtility:13, iningUtility: 41
utilit
TID |utili ining utility [Item Remaining Utility Map TID | Utility [Remainingutility|item Remaining Utility Ma 1:'1’ ; (ot e (e Talton, B Sl 2
1| 6 s; ::2,{:5 E i 5 [f:5. RutiltyViap: —
umUtility:5, SumRemainingUtili
T4 6 5 :5
TS5 3 2 :2
| RutilityMap: f:5,2:7 TID
|Sumuti|ity'. 5, | T4
T 2 | |
RutilityMap:

umUtility:7, SumRemainingUtili

Figure 3.2: Enhanced-HUI-Stream-Mining-algorithm

Our Enhanced-HUI-Stream-Mining algorithm Example
(cont)

Step 2b: Explore the

TID | Utility| Remainingutility ltem Remaining Utility Map| potential extensions / Iltem Remaining \
T1 5 25 b:25,c:15,d:14,8:8,F:5 via SumUtility + Utility Map***

EHEE 3 c:3,d:2 RutilityMaptitem) lc:15,d:14,0:8, 5

T4 10 17 c:17,e:11,8:5 b.c.dehavethe

ili ap: b:25,c:35,d:16,:19,

TID Utility | Remaining Utility |ltem Remaining Utility Ma)

T1 15 20 d:14,e:8,f:5
T3 6 2 d:2
T4 16 11 e:11,3:5

Utility fitem ining Utility Map

T4 16 5 lg:s.
RutilityMap: f:5,g:5

MNotes

*: sum of each utility
**: minimum value of each remainning utility
*=*: shortest list of each utility map T

Jtility: 10

Figure 3.3: Enhanced-HUI-Stream-Mining-algorithm-Continue
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Our Enhanced-HUI-Stream-Mining algorithm Example

(cont)
Step 2c: Explore the
Joint ab potential extensions
via SumUtility +
2 RutilityMap(ltem) )
T1 15 20 c:15,d:14,e:8,f:5 [ Inthis case, onlyc y oint abe
RutilityMap: ¢:15,d:14,e:8,:5 has the potential 10 H — ‘ - — | — —
SumUtility:15, SumRemainingUtility: 20 ‘ be exi ab.de, LD Drility) Biliyllisen ity Mapy
and T have been T1 | 16 ‘ 14 d:14,6:8,f:5
pruned RutilityMap: d:14,e:8,f:5
SsumUtility:16, iningUtility: 14 ]

LTI Itemsets  Utilities
TiD | utility | ining Utility |item Remaining Utility Map abcder 30
L] a5 | 5 s | ace 31
RutilityMap: f:5 b.cd 34
ility:25, SumRemainingUtility: 5 bede A0
— bc.e B3I
b.d 30
b.d.e 36
b.e 31
[loint abedef backirack to the last unvisited
TID | utility | ining Utility ||tem ining Utility Map I I potential extensions and.repeat
T | 30 | !
RutilityMap: T
[sumutility:30, iningUtility: 0 |
Figure 3.4: Enhanced-HUI-Stream-Mining-algorithm-Continue
1temsets.

Each EUL can join the EUL afterwards to create a new EUL. For example, EUL-a can
join { EUL-b, EUL-c, EUL-d, EUL-e, EUL-f, EUL-g } and EUL-b can join { EUL-c, EUL-d,
EUL-e, EUL-f, EUL-g}. The same rule is applied to the rest of the EULs. Before joining
two EULs together, there are two conditions as filters to reduce the number of joining. The
first condition is that the summation of SumUtility and the SumRemainingUtility must be
greater than or equal to the user-defined minimum threshold. If the criteria are not met, the
EUL is not qualified for being extended. Otherwise, it would step into the second condition
which is the summation of SumUtility and the corresponding other value in the RUtilityMap
must be greater than or equal to the user-defined minimum utility threshold to be qualified
as potential prefix EUL. For example, the sum of SumUtility and the SumRemainingUtility

in EUL-a is equal to 20 + 45 = 65 which is greater than 30. For the rest of the EULs, the
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result is as follows:

e EUL-b: The total of SumUtility and the SumRemaining Utility is 22 4+ 34 = 56, which

is greater than the minimum utility threshold.

e EUL-c: The total of SumUtility and the SumRemaining Utility is 13 + 41 = 54, which

is greater than the minimum utility threshold.

e EUL-d: The total of SumUtility and the SumRemaining Utility is 14 4+ 11 = 25, which

is less than the minimum utility threshold.

e EUL-e: The total of SumUtility and the SumRemaining Utility is 15+ 12 = 27, which

is less than the minimum utility threshold.

e EUL-f: The total of SumUtility and the SumRemaining Utility is 5 + 0 = 5, which is

less than the minimum utility threshold.

e EUL-g: The total of SumUtility and the SumRemaining Utility is 7+ 0 = 7, which is

less than the minimum utility threshold.

By going through the first filter, we know that only EUL-a, EUL-b, and EUL-c are
qualified for being extended as the prefix-EUL, and there is no need to explore EUL-d,
EUL-e, EUL-f and EUL-g for the reason they do not satisfy the minimum utility threshold.

Then, EUL-a, EUL-b and EUL-c go through the second filter. Let us use EUL-a as an
example. Although EUL-a can potentially join all the remaining EULSs, the joint result is
not guaranteed to be qualified as the high utility itemsets. The summation of the sumUtility

and the RutilityMap result is as follow:

e SumUtility of a + RutilityMap of b in EUL-a = 20 + 25 = 45 which is greater than

the user-defined minimum utility threshold.
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e SumUtility of a + RutilityMap of ¢ in EUL-a = 20 + 35 = 55 which is greater than

the user-defined minimum utility threshold.

e SumUtility of a + RutilityMap of d in EUL-a = 20 4+ 16 = 36 which is greater than

the user-defined minimum utility threshold.

e SumUtility of a + RutilityMap of e in EUL-a = 20 + 19 = 39 which is greater than

the user-defined minimum utility threshold.

e SumUtility of a + RutilityMap of f in EUL-a = 20 + 5 = 25 which is less than the

user-defined minimum utility threshold.

e SumUtility of a + RutilityMap of g in EUL-a = 20 + 5 = 25 which is less than the

user-defined minimum utility threshold.

Filtering by the RutilityMap, EUL-a would not join EUL-f and EUL-g for not meeting
the minimum utility. EUL-joint-af and EUL-joint-ag are not qualified for being the prefix
EUL and all the extensions regarding EUL-joint-af and EUL-joint-ag would be pruned away
so the search space would be greatly reduced. EUL-a would join EUL-b, EUL-c, EUL-d, and
EUL-e as demonstrated in Figure|3.3l When joining two EULSs together, rows with the same
TID would be merged similarly as Example |3.6] and the merge result will be in Figure 3.3,
Five EULs, EUL-joint-ab, EUL-joint-ac, EUL-joint-ad, and EUL-joint-ae, are created. None
of them are high utility patterns as their sum utility are less than the user-defined minimum
threshold.

The algorithm works recursively. To explore the potential extension of EUL-joint-ab in
Table 3.8 we need to check the two filter conditions. In this case, for the first filter, the

total of the SumUtility and the SumRemainingUtility is 15 + 20 = 35 which is greater than
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Algorithm 1 Enhanced HUI-Stream Miner

Require: PUL, ULs, potentialPULs, minUtil

1:
2:

10:

12:
13:
14:
15:
16:
17:

for potential PUL < potential PULs do
if potential PU L.sumUtil > minUtil then
Output HighU'tilityItemset()
end if
if potential PUL.sumUtil + potential PU L.sumRUtil > minUtil then
NextLevel ExtensionU Ls <— new List
NextLevel ExtensionPU Ls < newList
for UL+ ULs do
if UL.item = PU L.item then
CONTINUE
end if
if PUL.getDynamicSumRUtil(U L.item) # null then
NextLevel ExtensionU Ls.add(joint(PUL,UL))
if PUL.sumUtils+PU L.get DynamicSumRUtil(U L.item) > minUtil then

NextLevel Extension PU Ls.add(joint(PUL,UL))
end if
end if
HUIStreamMiner(potential PU L, NextLevel ExtensionU Ls, NextLevel Extension PU Ls)
end for
end if
end for

the minimum threshold. For the second filter, only ¢ has the potential to extend ab. The

result is demonstrated in Figure [3.4] by mining recursively.

Table 3.8: Enhanced Utility List data structure for (EUL-joint-ab)

Item Name: ab

Sum Utility: 15 Sum Remaining Utility: 20
TID | Utility | Remaining Utilities | Item Remaining Utility Map
T) 15 20 {c:15,d:14,e:8, f : 5}

RutilityMap : {c:15,d: 14,e: 8, f : 5}

In Algorithm [, we show the pseudocode of our enhanced HUI-Stream Miner. The

notation definitions are listed as follows:

61



e PUL: The prefix enhanced utility list, which is the utility list to be extended.
e ULs: The potential enhanced utility lists to join PUL.

e potentialPULs The list of potential PULs after the joint process. They are created

to serve as the next level of potential enhanced prefix utility list.

e minUtil: The user-defined minimum utility value which is used throughout the algo-

rithm.

3.2.1 Mining under Data Addition Scenarios

When a new transaction record arrives, each transaction would update the data structure
incrementally. In the EUL data structure, each EUL contains a list of records and each
record is associated with a TID. Since every new record contains a new transaction id, all
the existing records in EULs do not need to be changed but only a new extension is required

so the computational cost is low regardless of the size of the data.

Example 3.2.4. (Add Record to EUL Example)) In Figure there is a new trans-
action called Ty with the transaction itemset {a : 3} arriving. The number of EULSs to be
updated is equal to the size of the transaction itemset. Only EUL-a is required an update
with a new record. Its sumUtility, sumRemainingUtility, and the RutilityMap are updated
accordingly.

Algorithm [2| is the pseudocode for our enhanced-HUI-Stream mining to deal with new

incoming records. The notations used by the pseudocode are listed as follow.
e ULs: The potential Enhanced Utility Lists

e Transaction: The transaction to be added
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Our Enhanced-HUI-Stream-Mining algorithm Example
(datastream data is arrived)

TIDitems __|Utilities | Total Utilities QU;SUUTZ What if
ere’s new
11 loeab,d,f 1,2,51065 30 transaction |TiDjitems  Jutilities | Total urtilities | T
12 [c,e,b,d 3,3,8,6 20 I arrived (New | T6 ‘a 5 3 ‘ Sie!: 1:Update Enhanced
T3 fcad 1,52 ] Tranasaction T6 Utility L"St? {LOOkINE for sy
T4 |c,8,8,8 6,6,10,5 27 is arrived in this Tr‘amﬂn\Lﬂqma_am
T5 |ce.b.g 2,3,4,2 11 case) _perform update)
ltem c
Item a
itylitem Remaining Utility Ma TID | Utility ing utility |item ing Utility Map
TID | Utility ingutility [ltem ing Utility Map
" P : c:15,d:14,e:8,f:5 T1 1 14 d:14,e:8,f:5
T1 5 25 :25,c:15,d:14,e:8,f:5 -9 @
T S 3;2 = 2 | = 12 c12,d9,e:3 L El diS,e:3
c:3,0: T2 1 2 d:2
14| 10 17 c17,e11,8:5 LE z C:7,€:3,8:2 ™ | & 1 e11gs
‘RUTIHWMEP: €:34,d:23,e:16,f:5,0:2 ] T5 2 s )
T6| 3 0 sumutility:22, stility:34 = ==
- RutilityMap: d:25,e:27,f:5,5:7
RutilityMap: b:25,c:35,d:16,e:19,f:5,8:5 " S ——— ”
]Sumutility:zi, iningUtility:a5 | SumUtility:13, SumRemainingUtility: 41
Item Iltem e
TID_|utility} Remaining utility ltem Remaining ULty Map | | 11, | ytility [Remaining utilityitem Remaining Utility Ma
T1 6 8 le:8,f:5 T 3 5 fs RutilityMap:
T2 6 3 le:3 T2 3 . [5umutility:5, Jtility:0
T3| 2 ; T4 6 5 le:5 Item
RutilityMap: e:11,f:5
{S Ut:"l' E']14 - Pprp—— ‘ 15 3 12 TID | Utili Remaining utility{ltem Remaining Utility Ma|
umutility:14, ility: RutilityMap: f:5,5:7 T4 5
Sumutility:15, SumRemainingUtility: 12 |1 2| |

RutilityMap:
SumUtility:7,

ingUtility: 0

Figure 3.5: Enhanced-HUI-Stream-Mining-algorithm-new-record

e UL-Record: The entity that contains TID, Utility, Remaining Utility and Item Re-

maining Utility Map in the associated Enhanced Utility List

e transformlItemToEULRecord The function that converts an item in a transaction

to an entity in the Enhanced Utility List

Algorithm 2 Enhanced HUI-Stream Miner - Add record

Require: ULs,

W

end for

Transaction

: for Item < Transaction do
UL — Record < trans formItemToEU LRecord(Item, Transaction)
createOrUpdate(UL — Record,ULs)
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3.2.1.1 Optimizations for the next mining after data addition

Our EHUI-Stream algorithm would preserve the list of EULs to prepare for the next
mining process after data addition. Inserting records to EUL is highly efficient and the
EHUI mining process should be efficient based on the analysis, but there is an important
question that remained. What is the advantage of this algorithm compared to some of the
batch processing algorithms? For batch processing, the data can be processed offline in
batches and have optimization on the dataset before processing which is the advantage over
our stream mining scenario since we have to process the data as soon as it arrives. The
key advantage of the stream mining algorithm is not about the raw performance over the
best static mining algorithm, but the response time during the mining process. When an
additional record arrives and the user request mining again, how much time does it take to
output the result with the data differences? Our EHUI-Stream algorithm would be able to
fill the gap of this issue.

Refer to Figure|3.5, when the new transaction,Tg arrives, it has item a with the utility of
3. Assuming a user requested a mining process before T arrives, and they request another
round of mining process after Ty arrives. The naive solution is to run the proposed algorithm
we demonstrated in Algorithm [1| again. Despite the algorithm being efficient, it is not ideal

for the following reasons.

e Every mining process would start from the beginning regardless of the scope of the data
change. After mining a massive amount of data in the EUL-Stream data structure, if
the user requests another mining process after a few more transactions are inserted,
the mining time would increase compared to the previous one assuming that there is

no outdated data is removed and the size of data is increased. This poses a limit on
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the algorithm on how much data it can mine for a reasonable amount of response time.

e Data stream is continuous and unbounded, and the user would request mining fre-
quently. If the mining takes too long the result would be already outdated due to

continuous data flow.

Knowing the response time is crucial for our stream mining algorithm, but how can we
optimize the stream mining process to reduce the response time and to avoid the proportional
run-time increment due to the data volume increased overtime? The naive solution is to
implement a sliding window over the data stream so that we always keep the size of data
at the range that a system can handle. This workaround solves the run-time issue in some
way by avoiding the accumulated records growing beyond the capability that a system can
handle, but it does not address the issue that a larger window would have slower runtime
because there are more records inside a given window.

The key to solving this issue is that we need a way to determine the scope of the mining
after the transactions are inserted. In Figure a new transaction Ty arrives with the
itemset {a : 3}. If the user requests the mining process after Ty arrives with the same
minimum utility threshold, we observe that the only itemset that could be affected is itemset

{a}. Property (1| shows the explanation of the observation.

Property 1. (Potential EHUI changes after a transaction is added) Let X be an
itemset in the newly added transaction T'. Since X can only contribute to the utility value
in the subset of X, only the subset of X could have utility changes.

The optimization relies on Property [I|and it provides the possibility that we incrementally
mine the itemsets and only focus on the transaction differences between the mining process.

Here is how the optimization works. When the user requests a mining process, a list of
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high utility patterns will be output as the result. During the subsequent mining process,
only modified EULs would require re-mining. The previous output can be re-used if the
high utility pattern is not the subset of the modified EULs. This optimization reduces the
computation overhead of data stream mining and reduce the response time. The mining
performance is related to the data differences between the current mining and the previous
mining. The more frequent the mining process happens, the faster the response time since
most of the existing EULs have remained unchanged. On the contrary, the less frequent the

mining process happens, the longer the response time.

3.2.2 Mining under Data Deletion Scenarios

Recall from the introduction section that the characteristics of data stream are continuous
and unbound. The historical record would be less relevant as time passes. Our algorithm

deprecates or removes the old records without disrupting the existing results.

Example 3.2.5. (EHUI Delete Record Example) In Figure the transaction T} is
marked as deprecated and to be removed. Our Enhanced-HUI-Mining algorithm is notified
of the changes and remove all the T} in all the existing EULs. The SumUtility, SumRemain-
ingUtility and RUtilityMap of each EUL are updated accordingly when the deletion process
is completed. In the example, EUL-f is removed due to no record is left after the delete
record process.

In Algorithm [3, we demonstrate the pseudocode of removing records in our Enhanced-

HUI-Streaming algorithm. The notations used in the algorithm are listed below.
e EULs: All existing Enhanced Utility Lists

e TransactionsToBeRemoved: The list of transactions to be removed.
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Our Enhanced-HUI-Stream-Mining algorithm Example
(datastream data is outdated)
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Figure 3.6: Enhanced-HUI-Stream-Mining-algorithm-delete-record

e removeRecordIfExist(): This is the function that takes in EUL and Transaction-
sToBeRemoved as the parameters. The goal of the function is to remove any record in

the EUL that is satisfied the criteria.

e destroy(): This is the function that de-allocates the resource that was occupied by

an EUL. We only invoke this function when the EUL is empty.

Algorithm 3 Enhanced HUI-Stream Miner - Delete record

Require: ULs, TransactionsToBeRemoved
1: for UL < ULs do
removeRecordl f Exist(UL, TransactionsToBeRemoved) if UL = ( then
destroy(UL)
2. end if
4: end for
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3.2.2.1 Optimizations for the next mining after data deletion

Similar to the optimizations of the next mining after data addition, the optimization
for the next mining after data deletion relies on the transaction differences between two
consecutive mining processes by Property 3.0l However, there is a major difference between
the changes of EHUI patterns after data addition versus data deletion. In the data addition
scenario, the latest high utility patterns are the superset of the previous high utility patterns
because all the previous high utility patterns remain and only new patterns could be added.
Whereas in the data deletion scenario, the latest high utility patterns are the subset of the
previous high utility patterns because no new patterns are added to the previous high utility

patterns and a subset of the pattern could be removed due to transaction reduction.

Property 2. (Potential EHUI changes after a transaction is deleted) Let X be an
itemset in the recent removed transaction T'. Since the itemset X can only contribute to the

utility value in the subset of the itemset X, only the subset of X could have utility changes.

3.2.3 Mining under Dynamic Pricing Scenarios

Commonly, the pricing for items could be fluctuating over time. The changes would
have an impact on utility and eventually affect the result of the high utility itemsets. Our
algorithm needs to be able to handle this scenario efficiently without rescanning the data

streams. We demonstrate the way we deal with utility changes using our algorithm.

Example 3.2.6. (EHUI Price Change Example) In Figure , assuming the utility
of item ¢ in the transaction T} is changed from having the utility of 1 to the utility of 2.
Our enhanced-HUI-Stream-Mining algorithm updates the internal model to reflect the latest

update. The rule is to look for any 77 in EULs, and update any 77 that contains the item c.
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Our Enhanced-HUI-Stream-Mining algorithm Example

(dynamic pricing)
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Figure 3.7: Enhanced-HUI-Stream-Mining-algorithm-Dynamic-Pricing

In the item remaining utility map, all the items before the item ¢ will be updated based on
the canonical order. In this case, the item a and the item b are required to be updated in T}
if they present. For example, the item c exists in EUL-a’s T}. The original Item Remaining

Utility Map for 77 in EUL-a is {b : 25,¢ : 15,d : 14,¢ : 8, f : 5}, so the Item Remaining

Utility Map will be updated to {b: 26,c:16,d: 14,c¢: 8, f : 5}.

Our EUL data structure preserves all the transaction id information. When the price

needs to be updated, there is no need to re-scan the database / data stream. The associated

changes would be reflected in the data structure precisely and efficiently.

Algorithm {4 lists the pseudo-code required to update the EULs when the utility infor-

mation changes. The notations used by the pseudocode are listed as follow.

e EULs: The existing potential Enhanced Utility Lists
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e UtilityUpdateMeta: The input information to differentiate the update scope. It

could be ranging from a single item utility changes or by a rule to select a list of items

e locateTIDToUpdate: The function that takes UtilityUpdateMeta and EUL as in-
put parameters and update UL based on the UtilityUpdateMeta. UtilityUpdateMeta
provides the information about the TID to be updated and what the new value is, and

the function will update the information in the EUL accordingly

e TIDs The transaction IDs that are updated based on the UtilityUpdateMeta

Algorithm 4 Enhanced HUI-Stream Miner - Utility Changes
Require: ULs, UtilityUpdateMeta
1: for UL + ULs do
2:  TIDs <« locateT1DToUpdate(U L, UtilityUpdate M eta)
3: end for

3.2.3.1 Optimizations for the next mining under dynamic pricing scenarios

When the price changes, multiple transactions could be under the impact. The data
structure of EULs minimizes the impact of price changes. If there are no changes to the
existing utility but the changes only apply to newly added records, the optimization would
be the same as the optimization when handling data addition. If the previous price needs
to be updated, the item whose utility is changed and the item whose remaining utility is

changed are modified and require re-mining.

Property 3. (Potential EHUI changes after item unit utility is changed) Let z be
an item in a transaction database D and the associated unit utility is denoted as z,. If x,

is changed and the previous record does not require an update, Property [l is applied. If
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x, is changed and the previous record required update, any transaction contains x required

update and the remaining utility for items before x are required update.
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Chapter 4

Evaluation

In this chapter, we evaluate our proposed algorithm by several experiments. In Table [4.1]
we listed out the baselines used by the experiments. Since there is no strictly feature equiva-
lent HUI stream mining algorithm exists to be the baseline, we will use different algorithms
to test its batch mining performance, incremental mining performance and stream perfor-
mance. We will also include an experiment to test the dynamic pricing performance of our
EHUI-stream algorithm. For batch processing performance, we compare against EFIM al-
gorithm. For the incremental mining performance, we compare against EIHI algorithm, and
for the stream mining performance, we compare against HUPMS. Finally, we would test
the response time and the runtime performance as it is the unique feature of our purposed
algorithm when dealing with price changes. Additionally, we measure the scalability of our

purposed algorithm in terms of the size of the data.
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Table 4.1: Expected baseline feature comparison

Feature EFIM | EIHI | HUPMS | Our algorithm
Support Batch Mining v v
Support Incremental Mining v v
Support Stream Mining v v
v

Mine Efficiently after data is changed

4.1 Experimental Setup

e Real-world datasets from the UCI machine learning repository [DG17] and SPMF

open-source library [FGGT14]

e Desktop Computer using Ubuntu 20.04 with Core i7 6700, 32Gb of RAM for designing

and developing the algorithm

e All the implementations were designed to be runnable using SPMF java library

4.2 Experimental Evaluation

In this section, we discuss the experimental evaluation of our proposed algorithm. We use

Foodmart, Retail, Mushroom and BMS datasets for evaluation. We evaluated the dataset

characteristics and place a summary of that information in Table 4.2} Noted that Foodmart

and Retail, BMS are sparse datasets, and mushroom dataset is a dense dataset.

4.2.1 Batch Processing Performance Evaluation

Despite our EHUI-stream algorithm is a stream oriented algorithm, the purpose of batch

processing performance evaluation is that we would like to evaluate how efficient our EHUI-

stream algorithm compared to the best HUI static algorithm. However, HUI static algorithm
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Table 4.2: Dataset characteristic

Dataset Foodmart Retail Mushroom BMS
Density sparse sparse dense sparse
Total Number of Transactions 4,141 88,162 8,124 59, 602
Longest Length of Transaction 14 76 23 267
Shortest Length of Transaction 1 1 23 1
Average Length of Transaction 4 10 23 2
Largest Single Item Utility 2,166 140 100 9,000
Smallest Single Item Utility 50 1 1 0
Average Single Item Utility 655 16 18 724
Largest Transaction Utility 9,180 1,491 Y 180, 357
Smallest Transaction Utility 106 1 212 0
Average Transaction Utility 2,900 169 420 1,819
Total Transaction Utility 12,011,023 | 14,910,915 | 3,413,720 | 108,457,438

scan through the dataset and perform some optimization beforehand such as re-ordering
itemsets by TWU ascending order or merging duplicate records for dense dataset. Since
stream algorithm does not have the advantage of pre-processing the entire datasets, we
would disable the pre-processing advantage of the batch processing algorithm to perform the

batch experiments.

Experiment 4.2.1. In this experiment, we used Foodmart dataset for evaluation. For this
dataset, we varied the minimum utility threshold to be in the range of 1000 to 5000 with the
step size of 1000 to test the runtime performance of our proposed algorithm in comparison
with EFIM. The minimum utility value depends on the characteristic of the dataset. A good
minimum utility threshold should not produce an overwhelming amount of patterns. If the
minimum utility is too low, all the possible enumeration would be output as the result. If
the minimum utility is too high, there will be no high utility itemsets. Since Enhanced-
HUI-Stream is a data-streaming algorithm, we adjusted the windows size to be the same as

the size of the dataset to perform batch processing operation. In Figures and [1.2] we
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Foodmart Dataset Batch Performance Comparison (Normal-scale)
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Figure 4.1: Batch runtime performance comparison using the foodmart dataset

Foodmart Dataset Batch Performance Comparison (Log-scale)
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Figure 4.2: Batch runtime performance comparison using the foodmart dataset (log-scale)
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show the runtime performance comparison. In Figure we show the memory consumption
graph. We observe that the runtime performance of EHUI-stream is faster than EFIM and
with lower memory consumption. For our EHUI-stream algorithm, the execution time is
within the range of 100 to 600ms, and the execution time of EFIM is within the range of
400 to 747ms. Our EHUI-stream memory consumption is also lower than EFIM. During the
experiment, our EHUI-stream has memory consumption around 60 MB for various minimum
utility, and EFIM has memory consumption from 60 to 100 depending on the minimum

utility.

Foodmart Dataset Memory Consumption Comparison
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Figure 4.3: Batch memory consumption comparison using the foodmart dataset

Experiment 4.2.2. In this experiment, we use Retail dataset for evaluation to compare our
algorithm against EFIM. We set the minimum utility threshold within the range of 30000 to
80000 with the step size of 10000. In Figures .4 and we show the runtime performance

comparison. Retail dataset is a more complex dataset than Foodmart not only because
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Retail Dataset Batch Performance Comparison (Normal-scale)
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Figure 4.4: Batch runtime performance comparison using the retail dataset

Retail Dataset Batch Performance Comparison (Log-scale)
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Figure 4.5: Batch runtime performance comparison using the retail dataset (log-scale)
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of the size of the data is larger, but because of the amount of long transactions is much
higher. In Figure we show the memory consumption. Our EHUI-stream algorithm has
similar performance as EFIM, but our EHUI-stream performs slightly better than EFIM. An
interesting observation is that EFIM has almost identical performance as our EHUI-stream
when the minimum utility is 30000 but has slightly worse performance compared to our
EHUI-stream for the rest of the utility. As for the memory consumption, both EFIM and
EHUI-stream performs fairly even and sometimes EFIM outperforms our EHUI-stream when
the minimum utility is around 60000 to 80000 and our EHUI-stream outperforms EFIM when
the minimum utility is around 30000 to 40000. Overall, it is even match-up result comparing

EFIM and EHUI-stream.

Retail Dataset Memory Consumption Comparison

30000 40000 50000 60000 70000 80000
Minimum Utility

Memory Consumption (MB)
= =
N D D o) o N
o o o o o o

o

EEFIM mEHUI-Stream

Figure 4.6: Batch memory consumption comparison using the retail dataset

Experiment 4.2.3. In this experiment, we use BMS dataset for evaluation. In Figures
and we show the runtime performance in normal scale and in log scale respectively. In

Figure [4.9] we show the memory consumption. For this dataset, our EHUI-stream algorithm
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BMS Dataset Batch Performance Comparison (Normal-scale)
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Figure 4.7: Batch runtime performance comparison using the BMS dataset

BMS Dataset Batch Performance Comparison (Log-scale)
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Figure 4.8: Batch runtime performance comparison using the BMS dataset (log-scale)
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BMS Dataset Memory Consumption Comparison
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Figure 4.9: Batch memory consumption comparison using the BMS dataset

outperforms EFIM for both runtime performance and memory consumption. The difference

is large especially when the minimum utility is less than 2840000.

Experiment 4.2.4. In this experiment, we use Mushroom dataset for evaluation. This is
a dense dataset which is different from the previous sparse datasets. In Figures [£.10] and
we show the runtime performance comparison; in Figure we show the memory
consumption comparison. We observe that our EHUI-stream has slightly better runtime
performance compared to EFIM, and the memory consumption is much lower compared to
EFIM.

In summary, batch processing performance is not our EHUI-stream mining strength.
Behind the scene, our algorithm processes each transaction whenever it is arrived, while the

other algorithms treat the entire dataset as a whole and perform optimizations when applica-
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Mushroom Dataset Batch Performance Comparison (Normal-scale)
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Figure 4.10: Batch runtime performance comparison using the mushroom dataset

Mushroom Dataset Batch Performance Comparison (Log-scale)
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Figure 4.11: Batch runtime performance comparison using the mushroom dataset (log-scale)
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Mushroom Dataset Memory Consumption Comparison
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Figure 4.12: Batch memory consumption comparison using the mushroom dataset

ble. The main disadvantage of our algorithm compared to other static algorithm is the lack
of database reduction feature. Database reduction feature is especially useful when dealing
with dense datasets. For example, when processing mushroom dataset, EFIM database re-
duction feature would significantly reduce the size of the dataset which is way more efficient
than any other algorithms, and stream mining algorithm simply cannot perform that level
of optimization due to the nature of processing when arrived. We compared sparse datasets
in this experiment section so to be fair. Our EHUI-stream mining algorithm can be used in
batch processing and has relatively good performance compared to other static algorithm,

but it may not be the best depending on the characteristic of the dataset.
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4.2.2 Experiments on Data Stream Mining Response Time

Experiment 4.2.5. In this experiment, we test the response time of our purposed EHUI-
stream algorithm compared to EIHI algorithm using Foodmart dataset. We set the minimum
utility threshold for both algorithm be 3250. In Figure we show the experimental
result. There are 4141 transactions in Foodmart datatset, EHUI-stream achieves almost
0 ms response time for almost 3000 transactions. Most EIHI response time is within the
range of 1 to 2ms. No transaction takes more than 4ms to mine for both algorithms. Our

EHUI-stream outperforms EIHI in this experiment.

Foodmart Dataset Incremental Mining Response Time Comparison
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Figure 4.13: Incremental response time comparison using the foodmart dataset

Experiment 4.2.6. In this experiment, we test the response time of our purposed EHUI-
stream algorithm compared to EIHI algorithm using Retail dataset. We set the minimum
utility threshold for both algorithm be 80000. In Figure [4.14] we show the experimental
result. In this dataset, our EHUI-stream contains about 20000 transactions that were mined

within 1ms. EHUI-stream has less items to be mined more than 4ms. Overall, our algorithm
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is faster in terms of the response time.
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Figure 4.14: Incremental response time comparison using the retail dataset
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Experiment 4.2.7. In this experiment, we test the response time of our purposed EHUI-
stream algorithm compared to EIHI algorithm using mushroom dataset. In Figure we
show the experimental result. This is the dense dataset that is challenging to to mine for
both EIHI and our EHUI-stream incrementally, so we reduced the sample size to be 2000
instead of the original dataset size of 8124. Our EHUI-stream algorithm has an overall better

performance than EIHI in terms of the response time.
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Figure 4.15: Incremental response time comparison using the mushroom dataset

Experiment 4.2.8. In this experiment, we test the response time of our purposed EHUI-
stream algorithm compared to EIHI algorithm using BMS dataset. We set the minimum
utility threshold be 290000 for EIHI and our EHUI-stream algorithm. In Figure we
show the experimental result. In this experiment, our EHUI-stream greatly outperforms
EIHI in terms of the response time. Most of the transaction is processed within 1 ms for
EHUI-stream while ETHI takes more than 4ms to process the majority of the transactions.

In summary, our EHUI-stream mining has impressive incremental mining performance
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BMS Dataset Incremental Mining Response Time Comparison
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Figure 4.16: Incremental response time comparison using the BMS dataset

compared to EIHI. To the best of our knowledge, our EHUI-stream algorithm can achieve
closed to 0 ms response time when the incremental step is small, which is the best algorithm

in the HUI incremental mining domain.

4.2.3 Experiments on Stream Mining Performance

Experiment 4.2.9. In this experiment, we compare our EHUI-Stream algorithm to the
baseline algorithm HUPMS [ATJC12|, we use foodmart database for experimental purposes.
Since this is a relatively small dataset, we adjust the window size to the be same size of
the dataset and measure the runtime performance. The other reason is that we discovered
stream mining on high utility itemset is dependent on the window function so for the first
stream mining experiment we would like to reduce the variance. We adjust the minimum

utility threshold be within the range of 4000 to 10000 (0.03% — 0.08% of the total minimum
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Foodmart Dataset Stream Processing Performance (Normal-scale)
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Figure 4.17: The stream mining performance comparison of HUPMS and EHUI-Stream using
the foodmart dataset
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Figure 4.18: The stream mining performance comparison of HUPMS and EHUI-Stream using
the foodmart dataset (log-scale graph)
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utility threshold). For HUPMS, the number of batch within a window is 1. We show the
experimental result in Figures and [£.18 We observe that our EHUI-Stream is much
faster than the existing HUPMS in terms of the mining performance and it is in a different
log-scale. The main drawback of HUPMS is the candidate generation and the database

re-scanning which is really time-consuming.

Experiment 4.2.10. In this experiment, we use foodmart database for experimental pur-
poses. We set the batch size be 500 transactions and the window size be 3 batches(1500
transactions). The minimum utility threshold be within the range of 1000 to 2000 with the
step size of 125, and the mining process happens after the all the data is consumed and
we measure the runtime performance. We show the experimental result in Figures [4.19| and

4. 201

Experiment 4.2.11. In this experiment, we use retail dataset for experimental purposes.
For EHUI-stream algorithm, we set the windows size be 20000 transactions and the minimum
utility be within the range of 2000 to 20000 with the incremental value of 1000. For HUPMS
algorithm, we set the windows size be 20000 and with the number of batch in a window be
4. In Figure we show the experimental result, we observe that our EHUI-stream total

time is even less than the candidate generation time of HUPMS.

Experiment 4.2.12. In this experiment, we use mushroom dataset for experimental pur-
poses. As the mushroom datatset is a dense dataset, we need to adjust the minimum utility
threshold to be higher than the sparse dataset such as retail and foodmart. We set the
window size be 2000 and the minimum utility threshold be within the range of 20000 to
40000 with the step size of 1000 and measure the response time.

In summary, we demonstrated our EHUI-stream algorithm stream mining performance
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Foodmart Dataset Stream Processing Performance (Window Size 1500)
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Figure 4.19: The stream mining performance comparison of HUPMS and EHUI-Stream with
window size 1500 using the foodmart dataset

Foodmart Dataset Stream Processing Performance (Window Size 1500) (Log-scale)
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Figure 4.20: The stream mining performance comparison of HUPMS and EHUI-Stream with
window size 1500 using the foodmart dataset (log-scale graph)
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Retail Dataset Stream Processing Performance (Window Size 20k)
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Figure 4.21: The stream mining performance comparison of EHUI-Stream and HUPMS with
window size 20k using the retail dataset
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Figure 4.22: The stream mining performance comparison of EHUI-Stream and HUPMS with
window size 20k using the retail dataset (log-scale graph)
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Mushroom Dataset Stream Processing Performance (Window Size 2000)
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Figure 4.23: The stream mining performance comparison of EHUI-Stream and HUPMS with
window size 2k using the mushroom dataset
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Figure 4.24: The stream mining performance comparison of EHUI-Stream and HUPMS with
window size 2k using the mushroom dataset (log-scale graph)
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compared to HUPMS using both sparse and dense datasets, we conclude our EHUI-stream
is order of magnitudes faster than HUPMS when mining sparse dataset and in the same
order of performance when mining dense dataset. We did not include more recent algorithm
SOHUPDS into the experiment due to the part of their procedure is unclear for us to
replicate, but SOHUPDS algorithm is not that much faster than HUPMS compared to our
result. We conclude that our EHUI-stream algorithm has better stream mining performance

when compared to the existing baselines especially when dealing with sparse datasets.

4.2.4 Experiments on Response Time after Data are Modified

Experiment 4.2.13. In this experiment, we simulate the scenario to re-mine the HUI after
the unit price changes. We use foodmart dataset for evaluation. This is a unique feature of
our proposed algorithm so there is no baseline to compare with. Here is our experimental
design. We set the minimum utility threshold to be 3250. For every iteration, we add 1000
to a unique item in the foodmart dataset, we record the new high utility itemsets related
to the price change item and record the response time. In Figures and [4.26] we show
the number of TID under modification when the transaction is modified and the re-mining
response time respectively. We observe that most of the iteration has around 10 TIDs under

modification and the re-mining response time would be less than 1ms.
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The Number of Transaction Under Modification of Foodmart Dataset

180 100%
160 90%
140 80%
70%
120
60%
o 100 &
3 s0% g
80 &
40%
60
30%
40 20%
20 10%
0 0%
Number of TID under Modifiation
Figure 4.25: The number of TID under modification of the foodmart dataset
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Figure 4.26: The number of TID under modification of the foodmart dataset (zoom-in view)
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The Number of Transaction Under Modification of BMS Dataset
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Figure 4.27: The number of TID under modification of the BMS dataset
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Figure 4.28: The number of TID under modification of the BMS dataset (zoom-in view)
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Experiment 4.2.14. In this experiment, we use the BMS dataset for evaluation. The

minimum utility threshold for BMS dataset is set to 290000. We randomly select 1000

itemsets to change the price and perform the re-mining process. Figures [4.27 and [4.2§]

show the number of tid under modifications when the price is changed for an item and
the re-mining execution time respectively. The number of TID after modification is mostly
within the range of 0 to 321, and the re-mining response time is mostly within 1 second. This
shows the effectiveness of our EHUI data structure in terms of re-mining without re-scanning
datasets.

In summary, this is the unique feature of our EHUl-stream algorithm, we show the
re-mining performance after the price of a product is changed. Our EHUI-stream algorithm

efficiently looks for the TID under modification and perform re-mining operation efficiently.

4.2.5 Experiments on Scalability

Experiment 4.2.15. In this experiment, we use foodmart dataset for evaluation. We keep
doubling the size of the foodmart dataset from 4141 to 265,024 while keeping the same
percentage of the minimum utility to measure the execution time. Note that we set the
minimum utility threshold be 0.03%. In Figure we show that our algorithm has linear

complexity with respect to the size of the data.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

Although improving performance on interactive stream mining is a challenging yet crucial
task, it is also important to solve real-world problems. In this project, we mainly focus on
several aspects of the problem and attempt to build a scalable HUI stream mining technique.
Our strategy is to focus on filling the gaps to further enhance the performance of HUI stream
mining algorithms along with enhancing the feature. In this thesis, I explored and answered

the following two questions:

Q1. Can we design a high utility stream mining algorithm that is more efficient than existing

algorithms?

Al. Yes, our EHUI-stream miner has the potential to compete with static batch processing
algorithm in terms of the performance despite lacking the optimization compared to
static algorithm. The extension of EHUI-stream allows it to mine high utility itemsets

incrementally and has a faster response time compared to EIHI algorithm. Its stream
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Q2.

A2.

mining performance is faster than the existing algorithms in the HUI stream domain.
To the best of our knowledge, our algorithm is the first one to remove the concept of
batch in the high utility stream mining domain. All the previous work uses mini batches
instead of stream but our algorithm treats each transaction as individual instead of
an entity in a batch. This allows us to have more way to prune transaction when the

window slides.

Can we design a stream mining algorithm to perform high utility mining on dynamic

external profit data?

Yes, this is the unique design of our algorithm. As it turns out, our algorithm has ways
to handle re-mining after the transaction is added, deleted and updated. When the
profit data is changed, our algorithm would treat the transaction is updated and look
for those EUL lists that have been changed and perform re-mining for the updated

EULSs only. The flexible design allows our EULs to perform re-mining efficiently.

5.2 Future Work

In the future, we would like to figure out the potential way to improve our algorithm

based on the hint of the existing algorithm. Since there is not much extensive research

on exploring high utility stream mining algorithms, not to mention dynamic profit stream

algorithms. we would like to explore the potential challenges and solutions. Potentially, we

can use the new algorithm to perform interactive stream mining to solve real-world problems.

During our experiment, we notice our EHUI-stream algorithm can be executed in parallel to

further speed up the execution time, it would be the next step to refine our algorithm to be

even more efficient.
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The other potential enhancement is that there is rare but long itemset that generates a lot
of utility patterns. It contributes to the spike of execution time when the long transaction
is updated. Behind the scene, all the EUL list would need to be examined when a long
transaction is modified. There are ways to limit the maximum length of patterns to reduce
the spike the execution time. It would need to be consider when the algorithm is applied to
the real-world scenario since a long pattern would slow down the response time a lot.

Moreover, we would like to integrate our best algorithm with the right platform to achieve

better performance and scalability.
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Appendix A

Implementation Details of the EFIM

Algorithm

EFIM is the state of the art algorithm for mining HUI from static datasets. We dive deep
into the implementation and see what makes EFIM better than the previous HUI algorithms,
and the reason such algorithm is not suitable for stream mining. Let us consider the database

in Table for demonstration purposes.

A.1 Init Database Phase

Using SPMF format, the sample database looks like below.

351246:30:1351065

Each item name is converted to a number, where item a becomes 1, item b becomes 2
etc. The transaction is on the left, the total utility value is in the middle and they combine

the internal utility and the external utility together and place them to the right.
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A.2 Calculate TWU and Filter Singleton by TWU

TWU means Transaction Weighted Utilization as mentioned in Definition [§ It serves as
the upper bound on the utility measure and it is the most common optimization for mining
high utility itemsets. EFIM converts the dataset to the following internal DB.

3[1] 5[3] 1[5] 2[10] 4[6] 6]5] Remaining Utility:30 Prefix Utility:0

3[3] 5[3] 2[8] 4[6] Remaining Utility:20 Prefix Utility:0

3[1] 1[5] 4[2] Remaining Utility:8 Prefix Utility:0

3[6] 5[6] 1[10] 7[5] Remaining Utility:27 Prefix Utility:0

3[2] 5[3] 2[4] 7[2] Remaining Utility:11 Prefix Utility:0

Let us define the minimum utility threshold be 31. Item 6 only appears in transaction
1. Even we combine all the utils where item 6 is involved, the maximum utility can only be
30 which is less than 31. It would be impossible that any itemset with item 6 can satisfy
the minutils. The problem is that the TWU upper bound is loose and few candidates can
be pruned away.

Using the sample DB, the TWU are computed as the map below.

Item 1 — TWU: 65

Item 2 — TWU: 61

Item 3 — TWU: 96

Item 4 — TWU:58

Item 5 — TWU:88

Item 6 — TWU:30

Item 7 — TWU:38

Based on this hashmap, EFIM can prune away items where TWU less than the minU-
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tils. EFIM builds an primitive integer array called utilityBinArrayLU (LU stands for local
utility, which is the same value as the TWU other than the name). It tries to enhance the
performance via array index lookup rather than map lookup since the simple array index

lookup is faster than map lookup.

A.3 Sort Items by TWU Ascend

After the filtering by TWU operation, EFIM sorts items based on TWU by ascending
order. Assuming minUtils is 30 and itemsToKeep is [1,2,3,4,5,6,7] since none of the item has
minUtil less than 30. After sorting based on TWU, the itemsToKeeps becomes [6,7,4,2,1,5,3]
as item 6 has the lowest TWU which is 30, and item 7 has the second lowest TWU which is

38.

A.4 Covert Old Names to New Names (EFIM Speci-

fied)

Normally we cannot tell which item has higher TWU based on its item name. Using the
sample data, the list has been re-arranged by TWU and out of order.

6,7,4,2,1,5,3]

EFIM introduces a concept that converts old names to new names and vice versa. Based
on new names, the smaller the number has lower TWU. For example, old names [6,7,4,2,1,5,3]
can be converted to new names [1,2,3,4,5,6,7]. This can be achieved by two maps lookup as

shown below.

MapOldToNew:
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Old Item 6 — new item 1
Old Item 7 — new item 2
Old Item 4 — new item 3
Old Item 2 — new item 4
Old Item 1 — new item 5
Old Item 5 — new Item 6
Old Item 3 — new Item 7
MapNewToOld:

New Item 1 — Old Item 6
New Item 2 — Old Item 7
New Item 3 — Old Item 4
New Item 4 — Old Item 2
New Item 5 — Old Item 1
New Item 6 — Old Item 5

New Item 7 — Old Item 3

A.5 Update Dataset Transaction by New Names and
Prune Transactions

From the sample database, recall that the original transactions at this point.
3[1] 5[3] 1[5] 2[10] 4[6] 6]5] Remaining Utility:30 Prefix Utility:0

3[3] 5[3] 2[8] 4[6] Remaining Utility:20 Prefix Utility:0

3[1] 1[5] 4[2] Remaining Utility:8 Prefix Utility:0

3[6] 5[6] 1[10] 7[5] Remaining Utility:27 Prefix Utility:0
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3[2] 5[3] 2[4] 7[2] Remaining Utility:11 Prefix Utility:0

Those item names need to be updated based on oldToNewArray. Notice that from the
third step: filterSingletonByTWU has removed unqualified items. During the conversion
process, any oldToNewArray[unqalifiedltem] = 0 as it had never been filled previously. In
other words, any old item that cannot covert to a new name is not qualified (this can be
seen as a pruning trick).

As a result, the original transactions after the name conversion:

7[1] 6[3] 5[5] 4[10] 3[6] 1[5] Remaining Utility:30 Prefix Utility:0

7[3] 6[3] 4[8] 3[6] Remaining Utility:20 Prefix Utility:0

7[1] 5[5] 3[2] Remaining Utility:8 Prefix Utility:0

7[6] 6[6] 5[10] 2[5] Remaining Utility:27 Prefix Utility:0

712] 6[3] 4[4] 2[2] Remaining Utility:11 Prefix Utility:0

A.6 Sort Items in Transaction by TWU in Ascending
Order (Contains EFIM Specified Optimization)

Recall that after the name conversion, the item name is sorted by its TWU. This process
will be as simple as sorting the item without extra TWU lookup.

1[5] 3[6] 4[10] 5[5] 6[3] 7[1] Remaining Utility:30 Prefix Utility:0

3[6] 4[8] 6[3] 7[3] Remaining Utility:20 Prefix Utility:0

3[2] 5[5] 7[1] Remaining Utility:8 Prefix Utility:0

2[5] 5[10] 6[6] 7[6] Remaining Utility:27 Prefix Utility:0

2[2] 4[4] 6[3] 7[2] Remaining Utility:11 Prefix Utility:0
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A.7 Rearrange Transactions for Transaction Merging
and Pruning

The key idea is to sort transactions based on two rules:

Rule 1: Sort transactions by length in ascending order under the condition of rule 2

Rule 2: Rule 2 can override rule 1, more important transaction will be placed at the top.

For example, compare T1 and T2.

T1: 1[5] 3[6] 4[10] 5[5] 6[3] 7[1] Remaining Utility:30 Prefix Utility:0

T2: 3[6] 4[8] 6]3] 7[3] Remaining Utility:20 Prefix Utility:0

Although T2 is shorter than T1 and supposedly T2 should be before T1. However, EFIM
compares util item by item. In this case, both T2 and T'1 has item 6 and item 7, but T1 has
item 5 and T2 has a lower TWU item 4 only, which makes T1 is potentially more important
than T2, so T1 will be before T2.

Before rearranging the transactions: T1: 1[5] 3[6] 4[10] 5[5] 6[3] 7[1] Remaining Utility:30
Prefix Utility:0

T2: 3[6] 4[8] 6[3] 7[3] Remaining Utility:20 Prefix Utility:0

T3: 3[2] 5[5] 7[1] Remaining Utility:8 Prefix Utility:0

T4: 2[5] 5[10] 6]6] 7[6] Remaining Utility:27 Prefix Utility:0

T5: 2[2] 4[4] 6[3] 7[2] Remaining Utility:11 Prefix Utility:0

After rearranging the transactions:

T3: 3[2] 5[5] 7[1] Remaining Utility:8 Prefix Utility:0

T5: 2[2] 4[4] 6[3] 7[2] Remaining Utility:11 Prefix Utility:0

T2: 3[6] 4[8] 6[3] 7[3] Remaining Utility:20 Prefix Utility:0

T4: 2[5] 5[10] 6]6] 7[6] Remaining Utility:27 Prefix Utility:0
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T1: 1[5] 3[6] 4][10] 5[5] 6[3] 7[1] Remaining Utility:30 Prefix Utility:0

A.8 Prune Empty Transactions

Pruning empty transaction is the trick by EFIM. Since the transactions are sorted by the
length in ascending order, it can prune away all the empty transactions at the beginning of
the list. Although it can rarely prune away any transaction unless the entire transaction is

made of pruned items with TWU less than the minutils which is rarely the case.

A.9 Optimize SubTreeUtility

EFIM pruned away items based on TWU, sorted the items based on TWU and sorted
the transactions based on the rules mentioned previously. The sub-tree utility is an overes-

timation of the item utility based on the tail utility.

A.10 Backtracking-Mine High Utilities Items

This is the final stage and the most complex stage of EFIM. For EFIM, there are 4
parameters as the input: transactionOfP, itemsToKeep, itemsToExplore and prefixLength.
Using the sample, the transactionOfP is all the transactions in the dataset as a transaction
list, itemsToKeep is the items filtered by TWU, and itemsToExplore is the items filtered by

subTree Utils. This process is done recursively until all the items are found.
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