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1. INTRODUCTION

Advances in data collection and data storage technologies have led to the emergence of complex
multivariate temporal datasets, where data instances are traces of complex behaviors character-
ized by multiple time series. Such data appear in a wide variety of domains, such as health care
[Hauskrecht et al. 2010; Sacchi et al. 2007; Ho et al. 2003], sensor measurements [Jain et al. 2004],
intrusion detection [Lee et al. 2000], motion capture [Li et al. 2009], environmental monitoring
[Papadimitriou et al. 2005] and many more. Designing algorithms capable of learning from such
complex data is one of the most challenging topics of data mining research.

This work primarily focuses on developing methods for analyzing electronic health records
(EHRs). Each record in the data consists of multiple time series of clinical variables collected for
a specific patient, such as laboratory test results, medication orders and physiological parameters.
The record may also provide information about the patient’s diseases, surgical interventions and
their outcomes. Learning classification models from this data is extremely useful for patient moni-
toring, outcome prediction and decision support.

The task of temporal modeling in EHR data is very challenging because the data is multivari-
ate and the time series for clinical variables are acquired asynchronously, which means they are
measured at different time moments and are irregularly sampled in time. Therefore, most times se-
ries classification methods (e.g, hidden Markov model [Rabiner 1989] or recurrent neural network
[Rojas 1996]), time series similarity measures (e.g., Euclidean distance or dynamic time warp-
ing [Ratanamahatana and Keogh 2005]) and time series feature extraction methods (e.g., discrete
Fourier transform, discrete wavelet transform [Batal and Hauskrecht 2009] or singular value de-
composition [Weng and Shen 2008]) cannot be directly applied to EHR data.

This paper proposes a temporal pattern mining approach for analyzing EHR data. The key step
is defining a language that can adequately represent the temporal dimension of the data. We rely
on temporal abstractions [Shahar 1997] and temporal logic [Allen 1984] to define patterns able
to describe temporal interactions among multiple time series. This allows us to define complex
temporal patterns like “the administration of heparin precedes a decreasing trend in platelet counts”.
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After defining temporal patterns, we need an algorithm for mining patterns that are important to
describe and predict the studied medical condition. Our approach adopts the frequent pattern mining
paradigm. Unlike the existing approaches that find all frequent temporal patterns in an unsupervised
setting [Villafane et al. 2000; shan Kam and chee Fu 2000; Hoppner 2003; Papapetrou et al. 2005;
Moerchen 2006; Winarko and Roddick 2007; Wu and Chen 2007; Sacchi et al. 2007; Moskovitch
and Shahar 2009], we are interested in those patterns that are important for the classification task. We
present the Minimal Predictive Temporal Patterns (MPTP) framework, which relies on a statistical
test to effectively filter out non-predictive and spurious temporal patterns.

We demonstrate the usefulness of our framework on the real-world clinical task of predicting
patients who are at risk of developing heparin induced thrombocytopenia (HIT), a life threatening
condition that may develop in patients treated with heparin. We show that incorporating the temporal
dimension is crucial for this task. In addition, we show that the MPTP framework provides useful
features for classification and can be beneficial for knowledge discovery because it returns a small
set of discriminative temporal patterns that are easy to analyze by a domain expert. Finally, we show
that mining MPTPs is more efficient than mining all frequent temporal patterns.

Our main contributions are summarized as follows:

— We propose a novel temporal pattern mining approach for classifying complex EHR data.

— We extend our minimal predictive patterns framework [Batal and Hauskrecht 2010] to the tempo-
ral domain.

— We present an efficient mining algorithm that integrates pattern selection and frequent pattern
mining.

The rest of the paper is organized as follows. Section 2 describes the problem and briefly outlines
our approach for solving it. Section 3 defines temporal abstraction and temporal patterns. Section
4 describes an algorithm for mining frequent temporal patterns and techniques we propose for im-
proving its efficiency. Section 5 discusses the problem of pattern selection, its challenges and the
deficiencies of the current methods. Section 6 introduces the concept of minimal predictive tempo-
ral patterns (MPTP) for selecting the classification patterns. Section 7 describes how to incorporate
MPTP selection within frequent temporal pattern mining and introduces pruning techniques to speed
up the mining. Section 8 illustrates how to obtain a feature-vector representation of the data. Section
9 compares our approach with several baselines on the clinical task of predicting patients who are
at risk of heparin induced thrombocytopenia. Finally, Section 10 discusses related work and Section
11 concludes the paper.

2. PROBLEM DEFINITION

Let D = {<x;,y; >} be a dataset such that x; € X is the electronic health record for patient i up
to some time ¢;, and y; € Y is a class label associated with a medical condition at time ¢;. Figure 1
shows a graphical illustration of an EHR instance with 3 clinical temporal variables.

EHR instance X;

s .
Creatinine (]
)
° Y
Glucose o
Cholesterol = © °
o
Time t;

Fig. 1. Anexample of an EHR data instance with three temporal variables. The black dots represent their values over time.

Our objective is to learn a function f: X — Y that can predict accurately the class labels for
future patients. Learning f directly from X is very difficult because the instances consist of multi-
ple irregularly sampled time series of different length. Therefore, we want to apply a transformation
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1 X — X' that maps each EHR instance x; to a fixed-size feature vector «, while preserv-
ing the predictive temporal characteristics of @; as much as possible. One approach is to apply a
static transformation and represent the data using a predefined set of features and their values as
in [Hauskrecht et al. 2010]. Examples of such features are “most recent creatinine measurement”,
“most recent creatinine trend”, “maximum cholesterol measurement”, etc. Our approach is different
and we learn transformation v from the data using temporal pattern mining (dynamic transforma-
tion). This is done by applying the following steps:

(1) Convert the time series variables into a higher level description using temporal abstraction.
(2) Mine the minimal predictive temporal patterns €.

(3) Transform each EHR instance x; to a binary vector x, where every feature in / corresponds
to a specific pattern P € (2 and its value is 1 if «; contains P; and O otherwise.

After applying this transformation, we can use a standard machine learning method (e.g., SVM,
decision tree, naive Bayes, or logistic regression) on {<x/, y; >} to learn function f.

3. TEMPORAL PATTERNS FROM ABSTRACTED DATA
3.1. Temporal Abstraction

The goal of temporal abstraction [Shahar 1997] is to transform the time series for all
clinical variables to a high-level qualitative form. More specifically, each clinical variable
(e.g., series of white blood cell counts) is transformed into an interval-based representation
(v1[b1, €1], ..., Un[bn, €n]), where v; € X is an abstraction that holds from time b; to time e; and ¥
is the abstraction alphabet that represents a finite set of all permitted abstractions.

The most common types of clinical variables in EHR data are: medication administrations and
laboratory results.

Medication variables are usually already represented in an interval-based format and specify the
time interval during which a patient was taking a specific medication. For these variables, we simply
use abstractions that indicate whether the patient is on the medication: X={ON, OFF}.

Lab variables are usually numerical time series' that specify the patient’s laboratory results over
time. For these variables, we use two types of temporal abstractions:

(1) Trend abstraction that uses the following abstractions: Decreasing (D), Steady (S) and Increas-
ing (I), i.e., ¥ = {D, S, I'}. In our work, we segment the lab series using the sliding window
segmentation method [Keogh et al. 2003], which keeps expanding each segment until its inter-
polation error exceeds some error threshold. The abstractions are determined from the slopes of
the fitted segments. For more information on trend segmentation, see [Keogh et al. 2003].

(2) Value abstraction that uses the following abstractions: Very Low (VL), low (L), Normal (N),
High (H) and Very High (VH), i.e., ¥ = {VL, L, N, H, VH}. We use the 10th, 25th, 75th and
90th percentiles on the lab values to define these 5 states: a value below the 10th percentile is
very low (VL), a value between the 10th and 25th percentiles is low (L), and so on.

Figure 2 shows the trend and value abstractions on a time series of platelet counts of a patient.

3.2. State Sequence Representation

Let a state be an abstraction for a specific variable. For example, state I: V; = D represents a
decreasing trend in the values of temporal variable V;. We sometimes use the shorthand notation
D; to denote this state, where the subscript indicates that D is abstracted from the ¢¢» variable. Let
a state interval be a state that holds during an interval. We denote by (E, b;, e;) the realization of
state F' in a data instance, where FE starts at time b; and ends at time e;.

1Some lab variables may be categorical time series. For example the result of an immunoassay test is either positive or
negative. For such variables, we simply segment the time series into intervals that have the same value.
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Fig. 2.  An example illustrating the trend and value abstractions. The blue dashed lines represent the 25th and 75th per-
centiles and the red solid lines represent the 10th and 90th percentiles.

Definition 3.1. A state sequence is a series of state intervals, where the state intervals are or-
dered according to their start times?:

((E1,bi,e1), (B2,ba,e2), ..., (B, b er)): by <e; A by <biyr

Note that we do not require e; to be less than b;; because the states are obtained from multiple
temporal variables and their intervals may overlap.

After abstracting all temporal variables, we represent every instance (i.e., patient) in the database
as a state sequence. We will use the terms instance and state sequence interchangeably hereafter.

3.3. Temporal Relations

Allen’s temporal logic [Allen 1984] describes the relations for any pair of state intervals using 13
possible relations (see Figure 3). However, it suffices to use the following 7 relations: before, meets,
overlaps, is-finished-by, contains, starts and equals because the other relations are simply their
inverses. Allen’s relations have been used by most work on mining time interval data [shan Kam
and chee Fu 2000; Hoppner 2003; Papapetrou et al. 2005; Winarko and Roddick 2007; Moskovitch
and Shahar 2009].

E: —E, E4 before E, E, after E4

5y T E,. E, meets E, E, is-met-by E4

Ey E, E, overlaps E; | E, is-overlapped-by E,
E, E, E, is-finished-by E, E, finishes E4

E: E, E, contains E, E, during E4
E;_ E, starts E, E, is-started-by E,
E; — E4equals E, E, equals E;4

Fig. 3. Allen’s temporal relations.

Most of Allen’s relations require equality of one or two of the intervals end points. That is, there
is only a slight difference between overlaps, is-finished-by, contains, starts and equals relations.
Hence, when the time information in the data is noisy (not precise), which is the case in EHR data,

2If two interval states have the same start time, we sort them by their end time. If they also have the same end time, we sort
them according to their lexical order.
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using Allen’s relations may cause the problem of pattern fragmentation [Moerchen 2006]. Therefore
we opt to use only two temporal relations, before (b) and co-occurs (c), which we define as follows:
Given two state intervals F; and Ej:

(1) (E;,b;,€;) before (E;,b;,e;) if e; < b;, which is the same as Allen’s before relation.

(2) (B, bi, ;) co-occurs with (Ej,bj,e;),if by < b; < e, i.e. E; starts before E; and there is a
nonempty time period where both F; and E; occur.

3.4. Temporal Patterns

In order to obtain temporal descriptions of the data, we combine basic states using temporal re-
lations to form temporal patterns. Previously, we saw that the relation between two states can be
either before (b) or co-occurs (c). In order to define relations between k states, we adopt Hoppner’s
representation of temporal patterns [Hoppner 2003].

Definition 3.2. A temporal pattern is defined as P = ((S1, ..., Sk), R), where \S; is the it»
state of the pattern and R is an upper triangular matrix that defines the temporal relations between
each state and all of its following states:

Ri,j =S, r Sj B NS {177I€—1} NjE {Z+1,7k} AT € {b,C}

The size of pattern P is the number of states it contains. If size(P)=k, we say that P is a k-pattern.
Hence, a single state is a I-pattern (a singleton). We also denote the space of all temporal patterns
of arbitrary size by TP.

Figure 4 graphically illustrates a 4-pattern with states (A, B2,Cs, B1), where the
states are abstractions of temporal variables Vi, V5, and V3 using abstraction alphabet
¥ = {A, B, C}. The half matrix on the right represents the temporal relations between every state
and the states that follow it. For example, the second state B, is before the fourth state By: Rz 4 = b.

B, C; By
N A—l B, Al c |
VZ L Bz c
v, C3 Cs C

Fig. 4. A temporal pattern with states (A1, B2, C3, B1) and temporal relations R1 2 = ¢, R13 = b, R14 = b,
Ra3=c R2qa=band R34 =c.

Interesting patterns are usually limited in their temporal extensions, i.e., it would not be inter-
esting to use the before relation to relate states that are temporally very far away from each other.
Therefore, the definition of temporal patterns usually comes with a specification of a window size
that defines the maximum pattern duration [Moerchen 2006; Hoppner 2003; Mannila et al. 1997].

In this paper, we are interested in the patient monitoring task, where we have the electronic health
record for patient z; up to time ¢; and we want to decide whether or not patient x; is developing
a medical condition that we should alert physicians about. In this task, recent measurements of the
clinical variables of z; (close to ;) are usually more predictive than distant measurements, as was
shown by [Valko and Hauskrecht 2010]. The approach taken in this paper is to define windows of
fixed width that end at ¢; for every patient z; and only mine temporal patterns that can be observed
inside these windows.

Definition 3.3. Let T = ((E1,b1,e1), ..., (El, b, e;)) be a state sequence that is visible within
a specific window. We say that pattern P = ({S1, ..., Sk), R) occurs in T (or that P covers 7)),
denoted as P € T, if there is an injective mapping 7 from the states of P to the state intervals of T’
such that:

(Si = Ex(iy) A ((Ex(iys br(iys €x(y) Risi (Bx(s)s brgi)s ex(y)) = Vi€ {1k} AG € {it 1.k}
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Notice that checking the existence of a temporal pattern in a state sequence requires: (1) matching
all k states of the patterns and (2) checking that all k(k — 1)/2 temporal relations are satisfied.

Definition 3.4. P = ((S1, ..., Sk, ), R) is a subpattern of P’ = ((S7,...,.5} ), R'), denoted as
P C P, if k; < ko and there is an injective mapping 7 from the states of P to the states of P’ such
that:

i (d
For example, pattern ((A;,C3), R1 2 = b) is a subpattern of the pattern in Figure 4. If P is a
subpattern of P’, we say that P’ is a superpattern of P.

Definition 3.5. The support of temporal pattern P in database D is the number of instances in
D that contain P:

sup(P,D) = |{T;: T, € D N PeT;}|
Note that the support definition satisfies the Apriori property [Agrawal and Srikant 1994]:
VP,P' € TP if P C P' = sup(P,D) > sup(P’, D)

We define a rule to be of the form P =y, where P is a temporal pattern and y is a specific value
of the target class variable Y. We say that rule P =y is a subrule of rule P’ =y’ if P C P’ and

y=vy.
Definition 3.6. The confidence of rule P = y is the proportion of instances from class y in all
instances covered by P:
sup(P, Dy)
sup(P, D)

where D, denotes all instances in D that belong to class y.

conf(P=y) =

Note that the confidence of rule R : P =y is the maximum likelihood estimation of the probability
that an instance covered by P belongs to class y. If R is a predictive rule of class y, we expect its
confidence to be larger than the prior probability of y in the data.

4. MINING FREQUENT TEMPORAL PATTERNS

In this section, we present our proposed algorithm for mining frequent temporal patterns. We chose
to utilize the class information and mine frequent temporal patterns for each class label separately
using local minimum supports as opposed to mining frequent temporal patterns from the entire data
using a single global minimum support. The approach is reasonable when pattern mining is applied
in the supervised setting because 1) for unbalanced data, mining frequent patterns using a global
minimum support threshold may result in missing many important patterns in the rare classes and
2) mining patterns that are frequent in one of the classes (hence potentially predictive for that class)
is more efficient than mining patterns that are globally frequent®.

The mining algorithm takes as input D,;: the state sequences from class y and o,: a user specified
local minimum support threshold. It outputs all frequent temporal patterns in D,,:

{P € TP : sup(P,Dy) > o,}

The mining algorithm performs an Apriori-like level-wise search [Agrawal and Srikant 1994]. It
first scans the database to find all frequent /-patterns. Then for each level &, the algorithm performs
the following two phases to obtain the frequent (k+1)-patterns:

31t is much more efficient to mine patterns that cover more than 7 instances in one of the classes as opposed to mining all
patterns that cover more than n instances in the entire database (the former is always a subset of the latter).
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(1) The candidate generation phase: Generate candidate (k+1)-patterns from the frequent k-
patterns.

(2) The counting phase: Obtain the frequent (k+1)-patterns by removing candidates with support
less than 0.

This process repeats until no more frequent patterns can be found.
In the following, we describe in details the candidate generation algorithm and techniques we
propose to improve the efficiency of candidate generation and counting.

4.1. Candidate Generation

We generate a candidate (k+1)-pattern by adding a new state (/-pattern) to the beginning of a
frequent k-pattern*. Let us assume that we are extending pattern P = ({51, ..., Sk), R) with state
Spew in order to generate candidates of the form ((S7, ..., S}, ), R'). First of all, we set S| = Sycw,
Siy=Sifori € {l,..k}and R}, ;1 = R;;fori E {1,...k—1}yAje {i+1,.., k} This
way, we know that every candidate P’ of this form is a superpattern of P: P C P’.

In order to fully define a candidate, we still need to specify the temporal relations between the
new state S and states Sy, ..., S} 1, i.e., we should define R} ; fori € {2,...,k + 1}. Since we

have two possible temporal relations (before and co-occurs), there are 2¥ possible ways to specify

the missing relations. That is, 2¥ possible candidates can be generated when adding a new state to
a k-pattern. Let L denote all possible states (/-patterns) and let F}, denote the frequent k-patterns,
generating the (k+1)-candidates naively in this fashion results in 2¥ x | L| x | F};| different candidates.

This large number of candidates makes the mining algorithm computationally very expensive and
limits its scalability. Below, we describe the concept of incoherent patterns and introduce a method
that smartly generates fewer candidates without missing any valid temporal pattern from the result.

4.2. Improving the Efficiency of Candidate Generation

Definition 4.1. A temporal pattern P is incoherent if there does not exist any valid state se-
quence that contains P.

Clearly, we do not have to generate and count incoherent candidates because we know that
they will have zero support in the dataset. We introduce the following two propositions to avoid
generating incoherent candidates when specifying the relations R’Li in candidates of the form

Pr= ({51 Spga)s ).

PROPOSITION 4.2. P' = ({(S1,..., S} 1), R') is incoherent if R} ; = c and states S} and S;
belong to the same temporal variable.

Two states from the same variable cannot co-occur because temporal abstraction segments each
variable into non-overlapping state intervals.

PROPOSITION 4.3. P' = ({(S7,..., S} ), R') is incoherent if Ry ;=c A\ 3j <'i: R} ;=b.

PROOF. Let us assume that there exists a state sequence T' = ((E1, by, e1), ..., (Ey, by, e;)) where
P’ € T. Let 7 be the mapping from the states of P’ to the state intervals of T'. The definition of
temporal patterns and the fact that state intervals in T are ordered by their start values implies that
the matching state intervals ((E 1), br(1) €x(1))s s (Er(kt1) Or(ks1), €x(k+1))) should also be
ordered by their start times: bw(1) l)),r(k_H) Hence, br(j) < br(iy- We also know that e (1) <

br(j) because Rlyj = b. Therefore, ew( )y < bx(i)- However, since R’M = ¢, then ex(1) > br(i)s
which is a contradiction. Therefore, there is no state sequence that contains P’. O

Example 4.4. Assume we want to extend pattern P = ({41, Be, C3, B1), R) in Figure 4 with
state Co to generate candidates of the form ((Cy, A1, B, C3, B1), R'). The relation between the

4We add the new state to the beginning of the pattern because this makes the proof of theorem 4.5 easier.
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new state C5 and the first state A; is allowed to be either before or co-occurs: Ry , =bor Ry ,=c.
However, according to proposition 4.2, C, cannot co-occur with By because they both belong to
temporal variable V5 (R 3 # c). Also, according to proposition 4.3, C cannot co-occur with C3
R’l, 4 # ¢) because C5 is before By (R’l,3 =b) and Bs should start before C5. For the same reason,
C; cannot co-occur with By (R} 5 # c). By removing incoherent patterns, we reduce the number
of candidates that result from adding C5 to 4-pattern P from 2* =16 to only 2.

THEOREM 4.5. There are at most k + 1 coherent candidates that result from extending a k-
pattern with a new state.

PROOF. We know that every candidate P' = ({57, ..., S}, ), R') corresponds to a specific as-
signment of R} ; € {b,c} fori € 2,...k+1. When we a551gn the temporal relations, once a relation
becomes before all the following relations have to be before as well according to proposition 4.3.
We can see that the relations can be co-occurs in the beginning of the pattern, but once we see a
before relation at point ¢ € {2, ...,k+1} in the pattern, all subsequent relations (i > ¢) should be
before as well:

li=cii€{2,..,q=1}; Ry, =b:ic{q ....k+1}

Therefore, the total number of coherent candidates cannot be more than k£ -+ 1, which is the total
number of different combinations of consecutive co-occurs relations followed by consecutive before
relations. O

In some cases, the number of coherent candidates is less than k£ + 1. Assume that there are some
states in P’ that belong to the same variable as state S7. Let S} be the first such state (j < k+1).

According to proposition 4.2, R,L j # c. In this case, the number of coherent candidates is j—1 < k+1.

COROLLARY 4.6. Let L denote all possible states and let Fy, denote all frequent k-patterns. The
number of coherent (k+1)-candidates is always less or equal to (k + 1) x |L| X | Fy|.

So far we described how to generate coherent candidates by appending singletons to the be-
ginning of frequent temporal patterns. However, we do not have to count all coherent candidates
because some of them may be guaranteed not to be frequent. To filter out such candidates, we apply
the Apriori pruning [Agrawal and Srikant 1994], which removes any candidate (k+1)-pattern if it
contains an infrequent k-subpattern.

4.3. Improving the Efficiency of Counting

Even after eliminating incoherent candidates and applying the Apriori pruning, the mining algorithm
is still computationally expensive because for every candidate, we need to scan the entire database
in the counting phase to check whether or not it is a frequent pattern. The question we try to answer
in this section is whether we can omit portions of the database that are guaranteed not to contain the
candidate we want to count. The proposed solution is inspired by [Zaki 2000] that introduced the
vertical format for itemset mining and later extended it to sequential pattern mining [Zaki 2001].

Let us associate every frequent pattern P with a list of identifiers for all state sequences in D,
that contain P:

Piid-list = (i1, i3, .,in) : Ty, € Dy AP € T},
Clearly, sup(P, D,) = |P.id-list|.

Definition 4.7. The potential id-list (pid-lzst) of pattern P is the intersection of the id-lists
of its subpatterns:

P.pid-list = Ngcp S.id-list

PROPOSITION 4.8. VP € TP : P.id-list C P.pid-list
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PROOF. Assume 7; is a state sequence in the database such that P € T;. By definition, ¢ €
P.id-list. We know that T; must contain all subpatterns of P according to the Apriori property:
VS C P: S € T;. Therefore, VS C P:i € S.id-list = i € NgcpS.id-list = P.pid-list. O

Note that for itemset mining, P.pid-list is always equal to P.id-list [Zaki 2000]. However, this
is not true for time-interval temporal patterns. As an example, suppose P = ((A1, B1,Cs), R1 2=
b, R1,3 =05, Ry 3 =c) and consider the state sequence 7; in Figure 5. T; contains all subpatterns of
P and hence i € P.pid-list. However, T; does not contain P (there is no mapping 7 that satisfies
definition 3.3); hence ¢ ¢ P.id-list.

time

Fig. 5. A state sequence that contains all subpatterns of pattern P = ((A1, B1,C2), R1,2=5b, R1,3=b, R2 3 =0), but
does not contain P.

Putting it all together, we compute the id-lists in the counting phase (based on the true matches)
and the pid-lists in the candidate generation phase. The key idea is that when we count a candidate,
we only need to check the state sequences in its pid-list because:

i &€ P.pid-list =i ¢ P.id-list = P ¢ T;

This offers a lot of computational savings since the pid-lists get smaller as the size of the patterns
increases, making the counting phase much faster.

ALGORITHM 1: A high-level description of candidate generation.

Input: Frequent k-patterns (F},)
Output: Candidate (k+1)-patterns (Cand) with their pid-lists

1 foreach P € F}, do

2 foreach I € F do

3 C' = generate_coherent_candidates(P, I);

4 forg=112|C |do

5 S = generate_k_subpatterns(C|q));

6 if (S[i] € Fy, : Vi € {1,....,k} ) then

7 Clgl.pid-list = Fig,,.id-list N ... N Fyg,, .id-list;
8 Clgl.mes = max{Fyg, .mc, ..., Frg, .mc};
9 if (| Clq].pid-list | > o ) then

10 | Cand = CandU Clg];

11 end

12 end

13 end

14 end

15 end

return Cand

—-
a

Algorithm 1 shows the candidate generation algorithm. After generating coherent candidates (line
3), we apply the Apriori pruning (lines 5 and 6). In our implementation, we hash all patterns in F,
so that searching for the k-subpatterns of the candidate in F}, requires only k operations. Now
that we found all k-subpatterns, we simply intersect their id-lists to compute the pid-list of the
candidate (line 7). Note that the cost of the intersection is linear because the id-lists are always
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sorted according to the order of the instances in the database. Line 8 is used for mining the minimal
predictive temporal patterns and will be explained later in Section 7. Finally, line 9 applies an
additional pruning to remove candidates that are guaranteed not to be frequent according to the
following implication of proposition 4.8:

|P.pid-list| < o, = |P.id-list| < 0, = sup(P, D,) < oy

5. SELECTING TEMPORAL PATTERNS FOR CLASSIFICATION

Applying frequent temporal pattern mining on data usually results in a very large number of pat-
terns, most of which may be unimportant for the classification task. Using all of these patterns as
features can hurt the classification performance due to the curse of dimensionality. Therefore, it is
important to develop effective methods to select a small subset of patterns that are likely to improve
the classification performance.

The task of pattern selection is more challenging than the well-studied task of feature selection
due to the nested structure of patterns: if P is frequent, all instances covered by P are also covered
by all of its subpatterns, which are also in the result of the frequent pattern mining method. This
nested structure causes the problem of spurious patterns, which we will illustrate in the following.

5.1. Spurious Patterns

Definition 5.1. A temporal pattern P is a spurious pattern if P is predictive when evaluated by
itself, but it is redundant given one of its subpatterns.

Example 5.2. Assume that having very low platelet counts (PLT) is an important risk factor for
heparin induced thrombocytopenia (HIT). If we denote pattern PLT=VL by P, we expect conf (P =
HIT) to be much higher than the HIT prior in the data. Now assume that there is no causal relation
between the patient’s potassium (K) level and his risk of HIT, so a pattern like K=N (normal potas-
sium) does not change our belief about the presence of HIT. If we combine these two patterns, for
example P’ :K=N before PLT=VL, we expect that conf (P’ = HIT) ~ conf(P =-HIT). The intuition
behind this is that the instances covered by P’ can be seen as a random sub-sample of the instances
covered by P. So if the proportion of HIT cases in P is relatively high, we expect the proportion of
HIT cases in P’ to be high as well [Batal and Hauskrecht 2010].

The problem is that if we examine P’ by itself, we may falsely conclude that it is a good predictor
of HIT, where in fact this happens only because P’ contains the real predictive pattern P. Having
such spurious patterns in the mining results is undesirable for classification because it leads to many
redundant and highly correlated features. It is also undesirable for knowledge discovery because
spurious patterns can easily overwhelm the domain expert and prevent him/her from understanding
the real causalities in the data.

5.2. The Two-Phase Approach

The most common way to select patterns for classification is the two-phase approach, which gen-
erates all frequent patterns in the first phase and then selects the top k discriminative patterns in
the second phase. This approach has been used by [Cheng et al. 2007; Li et al. 2001] for itemset
based classification, by [Exarchos et al. 2008; Tseng and Lee 2005] for sequence classification and
by [Deshpande et al. 2005] for graph classification. However, the two-phase approach is not very
effective because when frequent patterns are evaluated individually in the second phase, there is
a high risk of selecting spurious patterns because they look predictive using most interestingness
measures [Geng and Hamilton 2006]. One way to partially overcome this problem is to apply an
iterative forward pattern selection method as in [Cheng et al. 2007]. However, such methods are
computationally very expensive when applied on large number of frequent patterns.

Having discussed these problems, we propose the minimal predictive temporal patterns frame-
work for selecting predictive and non-spurious temporal patterns for classification.

6. MINIMAL PREDICTIVE TEMPORAL PATTERNS

Definition 6.1. A frequent temporal pattern P is a Minimal Predictive Temporal Pattern
(MPTP) for class y if P predicts y significantly better than all of its subpatterns.
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The MPTP definition prefers simple patterns over more complex patterns (the Occam’s Razor
principal) because pattern P is not an MPTP if its effect on the class distribution “can be explained”
by a simpler pattern that covers a larger population.

In order to complete the definition, we define the MPTP statistical significance test and explain
how to address the issue of multiple hypothesis testing.

6.1. The MPTP Significance Test

Assume we want to check whether temporal pattern P is an MPTP for class y. Suppose that P
covers N instances in the entire database D and covers N, instances in D, (the instances from

class y). Let ébest be the highest confidence achieved by any subrule of P = y:
Opest = glca;((conf(s =v))

Let us denote the true underlying probability of observing y in group P by 6. We define the null
hypothesis Hy to be § = 0p.s:. That is, Hy says that IV, is generated from N according to the

binomial distribution with probability ébest. The alternative hypothesis H; says that § > ébest (a
one sided statistical test). We compute the p-value of the MPTP significance test as follows:

p-value = Prbinom (17 > Nya Na ébest)

This p-value can be interpreted as the probability of observing NV, or more instances of class y out

of the NV instances covered by P if the true underlying probability is .. If the p-value is smaller
than a significance level «a (e.g., p-value < 0.01), then the null hypothesis Hj is very unlikely. In
this case, we reject Hy in favor of H;, which say that P = y is significantly more predictive than
all its subrules, hence P is an MPTP.

This statistical test can filter out many spurious patterns. Going back to Example 5.2, we do not
expect spurious pattern P’ :K=N before PLT=VL to be an MPTP because it does not predict HIT
significantly better that the real pattern: PLT=VL.

6.2. Correcting for Multiple Hypothesis Testing

When testing the significance of multiple patterns in parallel, it is possible that some patterns will
pass the significance test just by chance (false positives). This is a concern for all pattern mining
techniques that rely on statistical tests.

In order to tackle this problem, the significance level should be adjusted by the number of tests
performed during the mining. The simplest way is the Bonferroni correction [shaffer 1995], which
divides the significance level o by the number of tests performed. However, this approach is very
conservative (with large type II error) when the number of tests is large, making it unsuitable for
pattern mining. In this work, we adopt the FDR (False Discovery Rate) technique [Benjamini and
Hochberg 1995], which directly controls the expected proportion of false discoveries in the result
(type I error). FDR is a simple method for estimating the rejection region so that the false discovery
rate is on average less than a. It takes as input sorted p-values: p(1) <p(2) < ... <P(m,) and estimates

k that tells us that only hypotheses associated with p(1, p(2), -+, (i, are significant. We apply FDR

to post-process all potential MPTP (patterns satisfying the MPTP significance test) and select the
ones that satisfy the FDR criteria.

7. MINING MINIMAL PREDICTIVE TEMPORAL PATTERNS

The algorithm in Section 4 describes how to mine all frequent temporal patterns for class y using
D,. In this section, we explain how to mine minimal predictive temporal patterns for class y. Our
algorithm is integrated with frequent pattern mining in order to directly mine the MPTP set, as
opposed to mining all frequent patterns first and then selecting MPTP as in the two-phase approach.
To do this, the algorithm requires another input: D_,,, which is the instances in the database D that
do not belong to class y: D, = D — D,,.
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7.1. Extracting MPTPs

The process of testing whether temporal pattern P is an MPTP is not trivial because the definition
demands checking P against all its subpatterns. That is, for a k-pattern, we need to compare it with
all of its 2¥ —1 subpatterns!

In order to avoid this inefficiency, we associate every frequent pattern P with two values:

(1) P.mcs Maximum Confidence of Subpatterns) is the maximum confidence of all subpatterns of

P.amcs = rsrlcax;a((conf(s = y)) (1)

(2) P.mc (Maximum Confidence) is the maximum confidence of P and all of its subpatterns:
P.mc = max(conf (P = y), P.mcs) 2)

Note that P.mcs is what we need to perform the MPTP significance test for pattern P. However,
we need a way to compute P.mcs without having to access all subpatterns. The idea is that we can
re-expressed P.mecs for any k-pattern using the maximum confidence values of its (k-1)-subpatterns:

P.mes = grlCaL;)((S.mc) :size(S) =k—1 3)

This leads to a simple dynamic programming type of algorithm for computing these two values.
Initially, for every frequent /-patterns P, we set P.mcs to be the prior probability of class y in the
data and compute P.mc using expression (2). In the candidate generation phase, we compute mcs for
a new candidate k-pattern using the mc values of its (k-1)-subpatterns according to expression (3)
(Algorithm 1: line 8). Then, we compute the mc values for the frequent k-patterns in the counting
phase, and repeat the process for the next levels.

The algorithm for extracting the MPTP of size k& from the frequent k-patterns is outlined in
Algorithm 2. For every frequent pattern P, we compute P.mc (line 5). Then we add P to the MPTP
set if it satisfies the MPTP significance test (lines 6 and 7).

ALGORITHM 2: Extracting the MPTPs from the frequent k-patterns.

Input: Frequent k-patterns (Fy)
Output: Minimal Predicative Temporal Patterns of size k (MPTPy)

1 foreach P € Fj do

N, = |P.id-list|;

N=Ny+count(P,D-,);

conf = Ny/N;

P.mc = max(conf, P.mcs);

if is_significant(N,, N, P.mcs) then
‘ MPTP,, = MPTP;, U P;

end

if —is_significant(Ny, N,, P.mc) then
| Foe=F,—P;

end

o ® NN R W

—_
-

end
return MPTPy,

-
w N

14 Function is_significant(N,, N, 6)
15 p-value = Pryinom(x > Ny; N, 0);
16 if ( p-value < «) then

17 | return true;

18 else

19 | return false;

20 end
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7.2. Pruning the Search Space

In this section, we illustrate how integrating MPTP selection with frequent temporal pattern mining
helps pruning the search space (speeding up the mining). We say that temporal pattern P is pruned
if we do not explore any of its superpatterns. Frequent pattern mining relies only on the support
information to prune infrequent patterns according to the Apriori property. That is, all patterns that
are not frequent are pruned because their superpatterns are guaranteed not to be frequent.

In the following, we present two pruning techniques that can utilize the predictiveness of patterns
to further prune the search space. The first technique is lossless, while the second is lossy.

7.2.1. Lossless Pruning. This section describes a lossless pruning technique that can prune parts
of the search space without missing any MPTP. The idea is to prune pattern P if we guarantee that
none of P’s superpatterns will be an MPTP. However, since the algorithm is applied in a level-wise
fashion, we do not know the class distribution in the superpatterns of P. To overcome this difficulty,
we define the optimal superpattern of P, denoted as P*, to be a hypothetical pattern that covers
all and only the instances of class y in P, i.e., sup(P*, D,) = sup(P, D,) and sup(P*, D-,) =0.
Clearly, P cannot generate any superpattern that predicts y better than P*. Now, we prune P if P*
is not an MPTP with respect to P.mc (the highest confidence achieved by P and its subpatterns).
This pruning is outlined in Algorithm 2: lines 9 and 10. Note that this pruning is guaranteed not to
miss any MPTP.

7.2.2. Lossy Pruning. This section describes a lossy pruning technique that speeds up the mining
at the risk of missing some MPTPs. We refer to the patterns mined with the lossy pruning as A-
MPTP (Approximated MPTP). The idea is to prune pattern P if it does not show any sign of being
more predictive than its subpatterns. To do this, we simply perform the MPTP significance test, but
at a higher significance level ai than the significance level used in the original MPTP significance
test: as € [, 1]. If P does not satisfy the test with respect to as, we prune P. We call o the
pruning significance level.

Note that as is a parameter that controls the tradeoff between efficiency and completeness. So if
we set ag = 1, we do not perform any lossy pruning. On the other end of the spectrum, if we set
ao = a, we prune every non-MPTP pattern, which leads to very aggressive pruning!

Example 7.1. Assume that temporal pattern P covers 25 instances of class y and 15 instances
that are not from class y and that the maximum confidence for P’s subpatterns is P.mcs = 0.65.
If we apply the lossy pruning using pruning significance level aa = 0.5, we prune P because the
p-value of the MPTP significance test is larger than as: Pryinom (z > 25;40,0.65) = 0.69 > 0.5.

8. FEATURE SPACE REPRESENTATION

After we mine the MPTPs from each class label separately, we take the union of these patterns,
denoted by (2, to define the classification features. To do this, we transform each EHR instance
x; into a binary vector x} of size equal to ||, where a:;’ j corresponds to a specific MPTP P;
and its value is 1 if P; occurs in «;; and 0 otherwise. Once the data is transformed to this binary
representation, we can apply standard machine learning algorithms (e.g., SVM, decision tree, naive
Bayes, or logistic regression) to learn the classification model.

9. EXPERIMENTAL EVALUATION

In this section, we test and present results of our temporal pattern mining approach on the prob-
lem of predicting patients who are at risk of developing heparin induced thrombocytopenia (HIT)
[Warkentin 2000]. HIT is a pro-thrombotic disorder induced by heparin exposure with subsequent
thrombocytopenia (low platelets in the blood) and associated thrombosis (blood clot). It is a life-
threatening condition if it is not detected and managed properly. Hence, it is extremely important to
detect the onset of the condition.

9.1. Dataset

We use data acquired from a database that contains 4,281 electronic health records of post cardiac
surgical patients [Hauskrecht et al. 2010]. From this database, we selected 220 instances of patients
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who were considered by physicians to be at risk of HIT and 220 instances of patients without the
risk of HIT. The patients at risk of HIT were selected using information about the heparin platelet
factor 4 antibody (HPF4) test orders. The HPF4 test is ordered for a patient when a physician
suspects the patient is developing HIT and hence it is a good surrogate of the HIT-risk label. The
HIT-risk instances include clinical information up to the time HFP4 was ordered. The negative (no
HIT-risk) instances were selected randomly from the remaining patients. These instances include
clinical information up to some randomly selected time.

For every instance, we consider the following 5 clinical variables: platelet counts (PLT), activated
partial thromboplastin time (APTT), white blood cell counts (WBC), hemoglobin (Hgb) and heparin
orders. PLT, APTT, WBC and Hgb are numerical time series and we segment them using trend and
value abstractions (Section 3.1). Heparin orders are already in an interval-based format that specifies
the time period the patient was on heparin. We set the window size of temporal patterns to be the
last 5 days of every patient record.

9.2. Classification Performance

In this section, we test the ability of our methods to represent and capture temporal patterns impor-
tant for predicting HIT. We compare our methods, MPTP and its approximate version A-MPTP, to
the following baselines:

(1) Last_values: The features are the most recent value of each clinical variable. For example, the
most recent value for PLT is 92, the most recent value for Hgb is 13.5, and so on.

(2) Last_abs: The features are the most recent trend and value abstractions of each clinical variable.
For example, the most recent trend abstraction for PLT is “decreasing”, the most recent value
abstraction for PLT is “low”, and so on.

(3) TP_all: The features are all frequent temporal patterns (without applying pattern selection).

(4) TP_IG: The features are the top 100 frequent temporal patterns according to information gain
d1G).

(5) TP_chi: The features are the frequent temporal patterns that are statistically significant accord-
ing to the x? test with significance level o = 0.01. This method applies FDR to correct for
multiple hypothesis testing.

The first two methods (1-2) are atemporal and do not rely on any temporal ordering when con-
structing their features. On the other hand, methods 3-5 use temporal patterns that are built using
temporal abstractions and temporal logic. However, unlike MPTP and A-MPTP, they select the
patterns using standard feature selection methods without considering the nested structure of the
patterns.

We set the significance level o = 0.01 for MPTP and A-MPTP, and we set the pruning signifi-
cance level ap = 0.5 for A-MPTP (see Section 7.2.2). We set the local minimum supports to 10%
of the number of instances in the class for all compared methods.

We judged the quality of the different feature representations in terms of their induced classifica-
tion performance. More specifically, we use the features extracted by each method to build an SVM
classifier and evaluate its performance using the classification accuracy and the area under the ROC
curve (AUC).

In addition, we compared our methods to MBST (Model Based Search Tree) [Fan et al. 2008], a
recently proposed method that combines frequent pattern mining and decision tree induction. MBST
builds the decision tree as follows: for each node 1) invoke a frequent pattern mining algorithm; 2)
select the most discriminative pattern according to IG; 3) divide the data into two subsets: one
containing the pattern and the other not; and 4) repeat the process recursively on the two subsets.
We extend this method to temporal pattern mining and refer to it in the results as to TP_MBST. We
set the invocation minimum support to be 10%, i.e., at each node of the tree, the algorithm mines
temporal patterns that appear in more than 10% of the instances in that node.

Table I shows the classification accuracy and the AUC for each of the methods. All classification
results are reported using averages obtained via 10-folds cross validation.
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Table I. Classification Performance
[ Method | Accuracy | AUC

Last_values 78.41 89.57
Last_abs 80.23 88.43
TP_all 80.68 91.47
TP_IG 82.50 92.11
TP_chi 81.36 90.99
TP_MBST 83.5 89.85
MPTP 85.68 94.42
A-MPTP 85.45 95.03

The classification accuracy (%) and the
area under the ROC curve (%) for dif-
ferent feature extraction methods.

The results show that temporal features generated using temporal abstractions and temporal logic
are beneficial for predicting HIT, since they outperformed methods based on atemporal features.
The results also show that the MPTP and A-MPTP are the best performing methods. Note that
although the temporal patterns generated by TP _all, TP_IG, and TP_chi subsume or overlap MPTP
and A-MPTP patterns, they also include many irrelevant and spurious patterns that negatively effect
their classification performance.

Figure 6 shows the classification accuracy of the temporal pattern mining methods under different
minimum support values. We did not include TP_MBST because it is very inefficient when the
minimum support is low>. We can see that MPTP and A-MPTP consistently outperform the other
methods under different settings of minimum support.

—+—TP_all =-®=TP_IG —B=TP_chi —8—MPTP —d—A-MPTP
88

% 86
g _— %ﬁ
5‘84 —ee e
= Pmmm——— x"— Seao
------ ®
gsz o \ _m----u
- -2 -
g 80 ~——
=
s 78
< ~
E 76
-
74
25% 20% 15% 10% 5%

Minimum Support (%)

Fig. 6. The classification accuracy of TP_all, TP_IG, TP_chi, MPTP and A-MPTP for different minimum supports.

9.3. Knowledge Discovery

In order for a pattern mining method to be useful for knowledge discovery, the method should
provide the user with a small set of understandable patterns that are able to capture the important
information in the data.

Figure 7 compares the number of temporal patterns (on a logarithmic scale) that are extracted
by TP_all, TP_chi, MPTP and A-MPTP under different minimum support thresholds. Notice that
the number of frequent temporal patterns (7P_all) exponentially blows up when we decrease the
minimum support. Also notice that TP_chi does not help much in reducing the number of patterns
even though it applies the FDR correction. For example, when the minimum support is 5%, TP_chi
outputs 1,842 temporal patterns that are statistically significant! This clearly illustrates the spurious
patterns problem that we discussed in Section 5.1.

STP_MBST has to apply frequent temporal pattern mining for every node of the decision tree.
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Fig. 7. The number of temporal patterns (on a logarithmic scale) mined by TP_all, TP_chi, MPTP and A-MPTP for different
minimum supports.

On the other hand, the number of MPTPs is much lower than the number of temporal patterns
extracted by the other methods and it is less sensitive to the minimum support. For example, when
the minimum support is 5%, the number of MPTPs is about two orders of magnitude less than the
total number of frequent patterns.

Finally notice that the number of A-MPTPs may in some cases be higher than the
number of MPTPs. The reason for this is that A-MPTP performs less hypothesis test-
ing during the mining (due to its aggressive pruning), hence FDR is less aggressive with
A-MPTPs than with MPTPs.

Table II shows the top 5 MPTPs according to the p-value of the binomial statistical test, measuring
the improvement in the predictive power of the pattern with respect to the HIT prior in the dataset.
Rules R;, Ry and R3 describe the main patterns used to detect HIT and are in agreement with the
current HIT detection guidelines [Warkentin 2000]. Rule R, relates the risk of HIT with high values
of APTT (activated partial thromboplastin time). This relation is not obvious from the HIT detection
guidelines. However it has been recently discussed in the literature [Pendelton et al. 2006]. Finally
Rs5 suggests that the risk of HIT correlates with having high WBC values. We currently do not know
if it is a spurious or an important pattern. Hence this rule requires further investigation.

Table II. Top MPTPs

[ Rule | Support | Confidence |
R1: PLT=VL = HIT-risk 0.41 0.85
Ra: Hep=ON co-occurs with PLT=D = HIT-risk 0.28 0.88
R3: Hep=ON before PLT=VL = HIT-risk 0.22 0.95
Ry4: Hep=ON co-occurs with APTT=H = HIT-risk 0.2 0.94
R5: PLT=D co-occurs with WBC=H = HIT-risk 0.25 0.87

The top 5 MPTPs according to the p-values of the binomial statistical test.

9.4. Efficiency

In this section, we study the effect of the different techniques we proposed for improving the effi-
ciency of temporal pattern mining. We compare the running time of the following methods:

(1) TP_Apriori: Mine the frequent temporal patterns using the standard Apriori algorithm.

(2) TP.d-lists: Mine the frequent temporal patterns using the id-list format to speed up counting
as described in Section 4.3.

(3) MPTP: Mine the MPTP set using the id-list format and apply the lossless pruning described in
Section 7.2.1
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(4) A-MPTP: Mine the approximated MPTP set using the id-list format and apply both the lossless
pruning and the /ossy pruning described in Section 7.2.2.

To make the comparison fair, all methods apply the techniques we propose in Section 4.2 to
avoid generating incoherent candidates. Note that if we do not remove incoherent candidates, the
execution time for all methods greatly increases.

The experiments were conducted on a Dell Precision T7500 machine with an Intel Xeon 3GHz
CPU and 16GB of RAM. All algorithms are implemented in MATLAB.
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Fig. 8. The running time (on a logarithmic scale) of TP_Apriori, TP_id-lists, MPTP and A-MPTP for different minimum
supports.

Figure 8 shows the execution times (on a logarithmic scale) of the above methods using different
minimum support thresholds. We can see that using the id-/ist format greatly improves the efficiency
of frequent temporal pattern mining as compared to the standard Apriori algorithm. For example,
when the minimum support is 10%, TP _id-lists is more than 6 times faster than TP _Apriori.

Notice that the execution time of frequent temporal pattern mining (both TP_Apriori and TP_id-
lists) blows up when the minimum support is low. On the other hand, MPTP controls the mining
complexity and the execution time increases much slower than frequent pattern mining when the
minimum support decreases. Finally, notice that A-MPTP is the most efficient method. For example,
when the minimum support is 5%, A-MPTP is around 4 times faster than MPTP, 20 times faster than
TP_id-lists and 60 times faster than TP_Apriori.

9.5. Changing the Window Size

The results reported so far show the performance of several temporal pattern mining methods when
the window size is fixed to be the last 5 days of the patient records. Here, we examine the effect of
changing the window size on the methods’ performance. In Figure 9, we vary the window size from
3 days to 9 days and show the classification accuracy (left), the number of patterns (center) and the
execution time (right) of the compared methods.

Note that when we increase the window size beyond 5 days, the classification accuracy for most
methods slightly decreases®. This shows that for our task, temporal patterns that are recent (close to
the decision point) are more predictive than the ones that are distant. Also note that increasing the
window size increases the number of patterns in the result and also increases the execution time.
The reason is that the search space of frequent temporal patterns becomes larger. Finally, note that
our methods (MPTP and A-MPTP) maintain their advantages over the competing methods for the
different settings of the window size.

6 Although temporal patterns generated using window size w are a subset of temporal patterns generated using a window
size w+m, the induced binary features may have different discriminative ability. For instance, a pattern that is discriminative
when considered in the last w days may become less discriminative when considered in the last w+m days.
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Fig. 9. The effect of the window size on the classification accuracy (left), the number of patterns (center) and the mining
efficiency (right).

10. RELATED RESEARCH

The integration of classification and pattern mining has recently attracted a lot of interest in data
mining research and has been successfully applied to static data [Cheng et al. 2007; Batal and
Hauskrecht 2010], graph data [Deshpande et al. 2005] and sequence data [Tseng and Lee 2005;
Exarchos et al. 2008; Ifrim and Wiuf 2011]. This work proposes a pattern-based classification
framework for complex multivariate time series data, such as the one encountered in electronic
health record systems.

Our work relies on temporal abstractions [Shahar 1997] as a preprocessing step to convert nu-
meric time series into time interval state sequences. The problem of mining temporal patterns from
time interval data is a relatively young research field. Most of the techniques are extensions of se-
quential pattern mining methods [Agrawal and Srikant 1995; Zaki 2001; Pei et al. 2001; Yan et al.
2003; yen Lin and yin Lee 2005] to handle time interval data’.

[Villafane et al. 2000] is one of the earliest work in this area and proposed a method to discover
only containment relationships from interval time series. [shan Kam and chee Fu 2000] is the first
to propose using Allen’s relations [Allen 1984] for defining temporal patterns. Their patterns follow
a nested representation which only allows concatenation of temporal relations on the right hand
side of the pattern. However, this representation is ambiguous (the same situation in the data can be
described using several patterns).

[Hoppner 2003] is the first to propose a non-ambiguous representation by explicitly defining all
k(k — 1)/2 pairwise relations for a temporal k-pattern. We adopt Hoppner’s representation in our
work. [Papapetrou et al. 2005] used the same pattern format as [Hoppner 2003] and proposed the
Hybrid-DFS algorithm which uses a tree-based enumeration algorithm like the one introduced in
[Bayardo 1998]. [Winarko and Roddick 2007] also used the same pattern format as [Hoppner 2003]
and proposed the ARMADA algorithm, which extends a sequential pattern mining algorithm called
MEMISP [yen Lin and yin Lee 2005] to mine time interval temporal patterns.

[Moerchen 2006] proposed the TSKR representation as an alternative to Allen’s relations and
used a modification of the CloSpan algorithm [Yan et al. 2003] to mine such patterns. [Wu and
Chen 2007] proposed converting interval state sequences into sequences of interval boundaries (the
start and end of each state) and mine sequential patterns from those sequences. Their algorithm is
modification of PrefixSpan [Pei et al. 2001] that adds constraints to ensure that the mined patterns
correspond to valid interval patterns. In [Sacchi et al. 2007], the user is required to define beforehand
a set of complex patterns of interest. The system then mines temporal association rules that combine
these user-defined patterns using the precedes relation that the paper introduced.

All related work on mining time interval temporal patterns [Villafane et al. 2000; shan Kam and
chee Fu 2000; Hoppner 2003; Papapetrou et al. 2005; Winarko and Roddick 2007; Moerchen 2006;
Wu and Chen 2007; Sacchi et al. 2007; Moskovitch and Shahar 2009] have been applied in an

7Sequential pattern mining is a special case of time interval pattern mining, in which all intervals are simply time points with
zero durations.
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unsupervised setting to mine temporal association rules. On the other hand, our work focuses on
applying temporal pattern mining in the supervised setting in order to mine predictive and non-
spurious temporal patterns and use them as features for classification.

11. CONCLUSION

Modern hospitals and health-care institutes collect huge amounts of data about their patients, in-
cluding laboratory test results, medication orders, diagnoses and so on. Those who deal with such
data know that there is a widening gap between data collection and data utilization. Thus, it is very
important to develop data mining techniques capable of automatically extracting useful knowledge
to support clinical decision making in various diagnostic and patient-management tasks.

This work proposes a pattern mining approach to learn classification models from multivariate
temporal data, such as the data encountered in electronic health record systems. Our approach relies
on temporal abstractions and temporal pattern mining to construct the classification features. We
also propose the minimal predictive temporal patterns framework and present an efficient mining
algorithm. We believe the proposed method is a promising candidate for many applications in the
medical field, such as patient monitoring and clinical decision support.

12. ACKNOWLEDGMENT

This work was supported by grants IRO1LMO010019-01A1, 1R01GM088224-01 and T15LM007059-24 from
the National Institute of Health (NIH) and by grant I1S-0911032 from the National Science Foundation (NSF).
Its content is solely the responsibility of the authors and does not necessarily represent the official views of the
NIH or the NSF.

REFERENCES

AGRAWAL, R. AND SRIKANT, R. 1994. Fast algorithms for mining association rules in large databases. In Proceedings of
the International Conference on Very Large Data Bases (VLDB).

AGRAWAL, R. AND SRIKANT, R. 1995. Mining sequential patterns. In Proceedings of the International Conference on Data
Engineering (ICDE).

ALLEN, F. 1984. Towards a general theory of action and time. Artificial Intelligence, 23:123-154.

BATAL, I. AND HAUSKRECHT, M. 2009. A supervised time series feature extraction technique using dct and dwt. In Inter-
national Conference on Machine Learning and Applications (ICMLA).

BATAL, I. AND HAUSKRECHT, M. 2010. Constructing classification features using minimal predictive patterns. In Proceed-
ings of the international conference on Information and knowledge management (CIKM).

BAYARDO, R. J. 1998. Efficiently mining long patterns from databases. In Proceedings of the international conference on
Management of data (SIGMOD).

BENJAMINI, Y. AND HOCHBERG, Y. 1995. Controlling the false discovery rate: A practical and powerful approach to
multiple testing. Journal of the Royal Statistical Society 57, 1, 289-300.

CHENG, H., YAN, X., HAN, J., AND WEI HSU, C. 2007. Discriminative frequent pattern analysis for effective classification.
In Proceedings of the International Conference on Data Engineering (ICDE).

DESHPANDE, M., KURAMOCHI, M., WALE, N., AND KARYPIS, G. 2005. Frequent substructure-based approaches for
classifying chemical compounds. IEEE Transactions on Knowledge and Data Engineering 17, 1036-1050.

EXARCHOS, T. P., TSIPOURAS, M. G., PAPALOUKAS, C., AND FOTIADIS, D. I. 2008. A two-stage methodology for
sequence classification based on sequential pattern mining and optimization. Data and Knowledge Engineering 66,
467-487.

FAN, W., ZHANG, K., CHENG, H., GAO, J., YAN, X., HAN, J., YU, P., AND VERSCHEURE, O. 2008. Direct mining of dis-
criminative and essential frequent patterns via model-based search tree. In Proceedings of the international conference
on Knowledge Discovery and Data mining (SIGKDD).

GENG, L. AND HAMILTON, H. 2006. Interestingness measures for data mining: A survey. ACM Computing Surveys 38, 3.

HAUSKRECHT, M., VALKO, M., BATAL, I., CLERMONT, G., VISWESWARAM, S., AND COOPER, G. 2010. Conditional
outlier detection for clinical alerting. In Proceedings of the American Medical Informatics Association (AMIA).

Ho, T. B., NGUYEN, T. D., KAWASAKI, S., LE, S. Q., NGUYEN, D. D., YOKOI, H., AND TAKABAYASHI, K. 2003. Min-
ing hepatitis data with temporal abstraction. In Proceedings of the international conference on Knowledge Discovery
and Data mining (SIGKDD).

HOPPNER, F. 2003. Knowledge discovery from sequential data. Ph.D. thesis, Technical University Braunschweig, Germany.

IFRIM, G. AND WIUF, C. 2011. Bounded coordinate-descent for biological sequence classification in high dimensional
predictor space. In Proceedings of the international conference on Knowledge Discovery and Data mining (SIGKDD).

ACM Transactions on Intelligent Systems and Technology, Vol. V, No. N, Article A, Publication date: August 2012.



A:20 |. Batal et al.

JAIN, A., CHANG, E. Y., AND WANG, Y.-F. 2004. Adaptive stream resource management using kalman filters. In Proceed-
ings of the international conference on Management of data (SIGMOD).

KEOGH, E., CHU, S., HART, D., AND PAZZANI, M. 2003. Segmenting Time Series: A Survey and Novel Approach. In
Data Mining in Time Series Databases. World Scientific.

LEE, W., STOLFO, S. J., AND MOK, K. W. 2000. Adaptive intrusion detection: A data mining approach. Artificial Intelli-
gence Review 14, 6, 533-567.

L1, L., MCCANN, J., POLLARD, N. S., AND FALOUTSOS, C. 2009. Dynammo: mining and summarization of coevolving
sequences with missing values. In Proceedings of the international conference on Knowledge Discovery and Data
mining (SIGKDD).

Li, W., HAN, J., AND PEIL, J. 2001. CMAR: Accurate and efficient classification based on multiple class-association rules.
In Proceedings of the International Conference on Data Mining (ICDM).

MANNILA, H., TOIVONEN, H., AND INKERI VERKAMO, A. 1997. Discovery of frequent episodes in event sequences. Data
Mining and Knowledge Discovery 1, 259-289.

MOERCHEN, F. 2006. Algorithms for time series knowledge mining. In Proceedings of the international conference on
Knowledge Discovery and Data mining (SIGKDD). 668—673.

MOSKOVITCH, R. AND SHAHAR, Y. 2009. Medical temporal-knowledge discovery via temporal abstraction. In Proceedings
of the American Medical Informatics Association (AMIA).

PAPADIMITRIOU, S., SUN, J., AND FALOUTSOS, C. 2005. Streaming pattern discovery in multiple time-series. In Proceed-
ings of the International Conference on Very Large Data Bases (VLDB).

PAPAPETROU, P., KOLLIOS, G., AND SCLAROFF, S. 2005. Discovering frequent arrangements of temporal intervals. In
Proceedings of the International Conference on Data Mining (ICDM).

PEL J., HAN, J., MORTAZAVI-ASL, B., PINTO, H., CHEN, Q., DAYAL, U., AND CHUN HSU, M. 2001. Prefixspan: Mining
sequential patterns efficiently by prefix-projected pattern growth. In Proceedings of the 17th International Conference
on Data Engineering (ICDE).

PENDELTON, R., WHEELER, M., AND RODGERS, G. 2006. Argatroban dosing of patients with heparin-induced throm-
bocytopenia and an elevated aptt due to antiphospholipid antibody syndrome. The Annals of Pharmacotherapy 40,
972-976.

RABINER, L. R. 1989. A tutorial on hidden markov models and selected applications in speech recognition. In Proceedings
of the IEEE. 257-286.

RATANAMAHATANA, C. AND KEOGH, E. J. 2005. Three myths about dynamic time warping data mining. In Proceedings
of the SIAM International Conference on Data Mining (SDM).

RoJAS, R. 1996. Neural Networks: a systematic introduction 1st Ed. Springer.

SACCHI, L., LARIZZA, C., COMBI, C., AND BELLAZZI, R. 2007. Data mining with Temporal Abstractions: learning rules
from time series. Data Mining and Knowledge Discovery.

SHAFFER, J. P. 1995. Multiple hypothesis testing: A review. Annual Review of Psychology.
SHAHAR, Y. 1997. A Framework for Knowledge-Based Temporal Abstraction. Artificial Intelligence, 90:79-133.

SHAN KAM, P. AND CHEE Fu, A. W. 2000. Discovering temporal patterns for interval-based events. In Proceedings of the
International Conference on Data Warehousing and Knowledge Discovery (DaWaKk).

TSENG, V. S.-M. AND LEE, C.-H. 2005. Cbs: A new classification method by using sequential patterns. In Proceedings of
the SIAM International Conference on Data Mining (SDM).

VALKO, M. AND HAUSKRECHT, M. 2010. Feature importance analysis for patient management decisions. In Proceedings
of medical informatics (MedInfo).

VILLAFANE, R., HUA, K. A., TRAN, D., AND MAULIK, B. 2000. Knowledge discovery from series of interval events.
Journal of Intelligent Information Systems 15, 71-89.

WARKENTIN, T. 2000. Heparin-induced thrombocytopenia: pathogenesis and management. British Journal of Haematol-
ogy 121, 535-555.

WENG, X. AND SHEN, J. 2008. Classification of multivariate time series using two-dimensional singular value decomposi-
tion. Knowledge-Based Systems 21, 7, 535 — 539.

WINARKO, E. AND RODDICK, J. F. 2007. Armada - an algorithm for discovering richer relative temporal association rules
from interval-based data. Data and Knowledge Engineering 63, 76-90.

WU, S.-Y. AND CHEN, Y.-L. 2007. Mining nonambiguous temporal patterns for interval-based events. IEEE Transactions
on Knowledge and Data Engineering 19, 742-758.

YAN, X., HAN, J., AND AFSHAR, R. 2003. Clospan: Mining closed sequential patterns in large datasets. In Proceedings of
the SIAM International Conference on Data Mining (SDM).

YEN LIN, M. AND YIN LEE, S. 2005. Fast discovery of sequential patterns through memory indexing and database parti-
tioning. Journal Information Science and Engineering 21, 109—128.

ZAKI, M. 2001. Spade: An efficient algorithm for mining frequent sequences. Machine Learning 42, 31-60.

ZAKI, M. J. 2000. Scalable algorithms for association mining. IEEE Transactions on Knowledge and Data Engineering 12,
372-390.

ACM Transactions on Intelligent Systems and Technology, Vol. V, No. N, Article A, Publication date: August 2012.



