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ABSTRACT Streaming computing attracts intense attention because of the demand for massive data
analyzing in real-time. Due to unbounded and continuous input, the volume of streaming data is so high that
all the data cannot be permanently stored. Piecewise polynomial fitting is a popular data compressionmethod
that approximately represents the raw data stream with multiple polynomials. The polynomial coefficients
corresponding to the best-fitting curve can be calculated by the method of least squares, which minimizes
the sum of the squared residuals between observed and fitted values. However, built on several matrix
calculations, the method of least squares always leads to high time complexity and is difficult to be applied
to streaming computing. This paper puts forward a fast piecewise polynomial fitting for time-series data
in streaming computing. The input data stream is dynamically segmented according to a given residual
bound. Meanwhile, the data points in each segment are fitted using an improved polynomial fitting method,
which has less time overhead than general polynomial fitting by reusing the intermediate calculation results.
Experimental results on four time-series datasets show that our algorithm can achieve the highest speedup
to the general piecewise polynomial fitting of 2.82x for periodically sampled time-series data and 1.85x
for aperiodically sampled time-series data, without affecting the compression ratio and fitting accuracy.
Moreover, the event-time latency comparison in a streaming environment indicates that the improvedmethod
can endure higher throughput than general piecewise polynomial fitting with the same latency.

INDEX TERMS Least squares, piecewise polynomial fitting, streaming computing, time-series data.

I. INTRODUCTION
Streaming computing is gaining intense attention because of
the increasing demand for massive data analyzing in real-
time. On-the-fly processing of large datasets in a reasonable
time is required in streaming computing, which is extensively
applied in network monitoring systems, sensor networks,
aerospace systems, and meteorological monitoring.

A time-series data stream is an unbounded sequence of data
points taken successively in time. With the widespread use
of sensors, smart devices, and other data collection devices,
large-scale time-series data become ubiquitous. Due to the
limited buffer space and expensive data communication,
caching all time-series data in the memory is completely
unpractical. An approximate representation of raw data points
not only shows the general outline and developing tendency
of the data but also reduces the storage overhead and facil-
itates subsequent data analysis and visualization. Therefore,
it becomes important to compress time-series data in advance
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and return the data on the fly, which calls for online algo-
rithms that take the data point one by one and construct the
compressed representation of the time series as the data is
streaming [1], [2].

In recent years, researchers have shown an intensive
research in approximate representation or compression of
large-scale data. The most popular methods include Singu-
lar Value Decomposition (SVD) [3]–[7], Discrete Fourier
Transform (DFT) [8]–[11], Discrete Wavelet Transform
(DWT) [5], [12]–[15], Piecewise Aggregation Approxi-
mation (PAA) [16]–[18], Piecewise Linear Approximation
(PLA) [1], [2], [19]–[23], Adaptive Piecewise Constant
Approximation (APCA) [24]–[26], Piecewise Curve Fit-
ting [27]–[38], and some other methods [39]. Piecewise curve
fitting fits discrete data utilizing different fitting functions
at different intervals. These fitting functions include poly-
nomial, exponential, power, and rational functions. Polyno-
mial curve fitting is a typical fitting method. It constructs
a polynomial that has the best approximate representation
globally to a set of data points. The most common algorithm
for computing the polynomial coefficients corresponding to

43764 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ VOLUME 8, 2020

https://orcid.org/0000-0002-3250-0435


J. Gao et al.: Fast Piecewise Polynomial Fitting of Time-Series Data for Streaming Computing

the best approximate representation is the method of least
squares, which minimizes the sum of the squared residuals
between the observed and fitted values. The method of least
squares, built on several matrix calculations, leads to high
time complexity, which is difficult to be directly applied
to streaming computing on account of real-time processing
constraints.

The temporal order of time-series data makes its analy-
sis distinct from other data. This paper puts forward a fast
piecewise polynomial fitting of time-series data for streaming
computing. The input data stream is dynamically segmented
according to a given residual bound. Meanwhile, the data
points in each segment are fitted by a polynomial. In the
process of polynomial fitting, we employ different accel-
eration methods for periodically and aperiodically sampled
time-series data based on their respective temporal features.
As for periodically sampled time-series data, we notice that
in the calculation of the coefficient vector of the fitted poly-
nomial, these data segments, which comprise of the same
number of data points, have the same intermediate calculation
results. Hence the hash table is used to cache the results to
reduce redundant calculation. As for aperiodically sampled
time-series data, we notice that in the same segment, the adja-
cent polynomial fittings have some overlapped calculations,
thereby the idea of the incremental calculation is adopted to
accelerate the fitting process. To evaluate the performance of
our improved method, we conduct a series of experiments on
four time-series datasets. The speedup to the general piece-
wise polynomial fitting is up to 2.82x for periodically sam-
pled data and 1.85x for aperiodically sampled data.Moreover,
the event-time latency comparison of twomethods shows that
the higher throughput is available to the improved method
instead of general piecewise polynomial fitting with the same
latency.

The main contributions of this paper are as follows:

- A dynamic segmentation algorithm for the time-series
data stream is proposed;

- Different acceleration methods are proposed for the
piecewise polynomial fitting of periodically and aperi-
odically sampled time-series data.

- The comparison of speedup and latency of two methods,
as well as the presentation of compression ratio and
fitted results, are of reference significance.

The rest of the paper is organized as follows. We inves-
tigate several compression algorithms for time-series data in
Section II. Section III discusses the general polynomial fitting
method. An improved piecewise polynomial fitting method
for the time-series data stream is proposed in Section IV.
Section V shows our experimental methodology and results.
Section VI makes a conclusion and summary.

II. RELATED WORK
Constructing good approximation to time-series data is a
fundamental problem in data compression, statistics, and
databases. There has been extensive work in recent years on

this problem, and they can be categorized into the following
methods.

SVD (Singular Value Decomposition) was firstly used
for indexing images and other multimedia objects by
Wu et al. [3] and Kanth et al. [4], proposed for time series
indexing by Chan and Fu [5], and first implemented by
Keogh et al. [16]. Besides, Benes and Kruis [6] applied SVD
to the compression of results from finite element solvers.
Guo et al. [7] proposed a fast SVD method to compress
nuclear magnetic resonance echo data. SVD is good at
dealing with global transformation, which at the same time
leads to high complexity and is not suitable for streaming
computing.

DFT (Discrete Fourier Transform) was the first tech-
nique suggested for compression of time series by
Agrawal et al. [8]. They used the DFT to map time sequences
to the frequency domain and then had thus mapped sequences
to a lower-dimensionality space by using only the first few
Fourier coefficients. Besides, Nair et al. [10] applied DFT
to approximate the bilateral filter, Kithulgoda et al. [11]
presented a method for incremental maintenance of the
Fourier spectrum to changes in concept that take place in
streaming computing, also the schemes for feature selection
and synopsis generation that enable the coefficient array to
be refreshed efficiently on a periodic basis. In DFT, each
coefficient represents a sine wave that is added along the
entire length of the query, so it is not possible to utilize DFT
methods for queries with ‘‘don’t care’’ subsections [9] or the
more general weighted Euclidean distance [16], [40].

DWT (Discrete Wavelet Transform) was first utilized for
fast nearest-neighbor search in medical image databases by
Korn et al. [41], then Chan and Fu [5] applied it for the
compression of time series. Besides, Jain et al. [12] and
Rajan and Fred [13] used 2D-DWT to compress image, and
Xu et al. [14] presented a DWT-based fast and high-efficient
intraframe compression algorithm. In contrast to DFT, DWT
is a local transformation. In other words, some of the wavelet
coefficients in DWT represent local information of data being
studied.

Keogh et al. first introduced the PAA (Piecewise Aggrega-
tion Approximation) algorithm in [16], which approximated
the data by segmenting the sequences into equi-length sec-
tions and recoding the mean value of these sections. Then,
these mean values can be indexed efficiently in a lower
dimensionality space. This method may miss some impor-
tant information and sometimes cause inaccurate results in
time series mining, so Guo et al. [17] presented an improved
PAA based on statistical features including a mean-based
feature and variance-based feature. Besides, Fotso et al. [18]
presented a heuristic for time series compression with PAA.
Although PAA is simple to understand and to implement,
it still has some disadvantages: (1) The size of section is a
key factor; (2) Minimizing dimensionality by the mean value
may miss some characteristic information.

The method of PLA (Piecewise Linear Approximation)
first segments the time series and uses linear functions to fit
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each segment with certain error criterion. Gandhi et al. [1]
presented an abstract framework for the online approxima-
tion of one-dimensional time-series data. Xie et al. [20] pro-
posed two linear-time algorithms to construct error-bounded
PLA for data stream based on the time domain. One gen-
erates a minimal number of line segments for the stream
approximation, and the other is an alternative solution for
the requirements of high efficiency and resource-constrained
environment. Grützmacher et al. [22] proposed a novel PLA
technique with a constant computational complexity as well
as a constant memory complexity.

In contrary to PAA, the method of APCA (Adaptive Piece-
wise Constant Approximation) [24]–[26] segments the time
series into a series of variable length segments, each of which
is represented by a pair of the mean value and rightmost
time-scale value of the segment. Because of the great storage
overhead of APCA technique, Wang [26] proposed a new
APCA-enhanced compression and query method, maintain-
ing several times improvement of compression ratio com-
pared with original APCA algorithm.

Piecewise curve fitting [27]–[38] segments the time-series
data sequence into a series of variable-length segments, each
segment is fitted by a non-linear function aiming to minimize
the error between fitted value and observed value. These
non-linear functions include polynomial, exponential, power
and rational functions.

When the polynomial function is selected as a fitting
function, the fitting process is called piecewise polynomial
fitting [30], [33], [34]. This method is easy to understand and
implement, and we can control the fitting error by adjusting
the polynomial order. More importantly, it maintains a high
compression ratio and fast indexing. However, high comput-
ing complexity in high-order polynomial fitting usually limits
the scale of the problem solved. Therefore, this paper focuses
on the acceleration of piecewise polynomial fitting so that it
can be used in streaming computing.

III. POLYNOMIAL CURVE FITTING
Polynomial curve fitting is a fitting method in which
the relationship between the independent variable and the
dependent variable is modeled as a polynomial expres-
sion. Time-series data is a series of discrete data points
〈(t1, y1), (t2, y2), . . . , (tn, yn)〉 collected over time, in which
Et = (t1, t2, . . . , tn) is a sequence of timestamps, and Ey =
(y1, y2, . . . , yn) is a sequence of values. In this paper, we take
the piecewise polynomial fitting between the time series and
certain attribute values as example to illustrate our method.
Let Et be the independent variable and Ey be the dependent
variable, the relationship between Et and Ey can be modeled
as Ey = φk (Et) + Er utilizing polynomial fitting, in which φk
is a polynomial map of order k (k < n). Its mathematical
expression is given by (1).

φk (ti) = θ0 + θ1ti + θ2t2i + · · · + θk−1t
k−1
i + θk tki , (1)

where i = 1, 2, . . . , n. Besides, Er = (r1, r2, . . . , rn) is the
residual vector of φk on the time-series data, and it satisfies

ri = |yi − φk (ti)|, which denotes the residual between fitted
value φ(ti) and observed value yi.

Obviously, for a given group of data points, the fitted
polynomials are not unique generally, but a curve with min-
imal error is desired. The most commonly used criterion
for evaluating error is the lp-error for p = 1, 2,∞. The
lp-error of a function f for approximating the time-series
data is (

∑n
i=1 |f (ti) − yi|p)1/p. In particular, the l∞-error is

maxi |f (ti) − yi| [2]. The process that obtains the optimal
fitting polynomial by minimizing the square of l2-error is
called the method of least squares [31], [42].

Assume that

X =


1 t1 · · · tk1
1 t2 · · · tk2
...

...
. . .

...

1 tn · · · tkn

 , Eθ =


θ0
θ1
...

θk

 , Ey =

y1
y2
...

yn

 (2)

then

min
Eθ

‖Er‖22 = min
Eθ

‖X Eθ − Ey‖2. (3)

There are many methods to solve (3), including normal equa-
tion, QR decomposition, Cholesky decomposition, and singu-
lar value decomposition. The method of the normal equation
is utilized in this paper. Expanding ‖X Eθ − Ey‖2 as follows.

‖X Eθ − Ey‖2 = ‖X Eθ − Ey‖T ‖X Eθ − Ey‖

= EθTXTX Eθ − 2EθTXT
Ey+ EyT Ey (4)

From the necessary condition for solving the extreme of a
function, we derive

∂‖X Eθ − Ey‖2

∂ Eθ
= 2XTX Eθ − 2XT

Ey = 0. (5)

Further, we derive

Eθ = (XTX)−1XT
Ey. (6)

In (6), there are twomatrix-matrixmultiplications, onematrix
inversion, and one matrix-vector multiplication, which have
high time complexity and are difficult to satisfy the real-time
processing constraints in streaming computing.

IV. POLYNOMIAL FITTING ACCELERATION
In streaming computing, time-series data may change over
time. Therefore, constant polynomial fitting to the time-series
data stream usually leads to a high time complexity and
a large margin of fitting errors. A general solution to this
problem is to divide the data sequence into multiple seg-
ments and fit each segment with a polynomial. However,
as mentioned in the previous section, the general polynomial
fitting has high time complexity and is difficult and inefficient
to compress time-series data in real-time. Therefore, a fast
piecewise polynomial fitting algorithm is proposed in this
paper to reduce the time overhead of polynomial fitting in
streaming computing.
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First, we dynamically segment time-series data stream
according to a given upper bound ε of the sqrt of the resid-
ual square (abbreviated as residual bound below) between
fitted value and observed value. Let current time-series data
sequence be S = 〈(t1, y1), (t2, y2), . . . , (tn, yn)〉, then the
fitted polynomial φk of S satisfies following inequality.

(φk (ti)− yi)2 ≤ ε2, i = 1, 2, . . . , n. (7)

Further, we derive

n∑
i=1

(φk (ti)− yi)2 ≤ n ∗ ε2. (8)

Then, when a new data point (tn+1, yn+1) arrives, we just
need to check whether the new time-series data sequence
S ′ = 〈(t1, y1), (t2, y2), . . . , (tn, yn), (tn+1, yn+1)〉 satisfies fol-
lowing inequality.

n+1∑
i=1

(φk (ti)− yi)2 ≤ (n+ 1) ∗ ε2. (9)

If it’s true, then the fitted polynomial of S ′ is still φk . Other-
wise, fitting a new k-order polynomial φ′k for S

′ to make sure
that (10) holds.

n+1∑
i=1

(φ′k (ti)− yi)
2
≤ (n+ 1) ∗ ε2. (10)

If the inequality holds, then the polynomial function φ′k is
the approximate expression of time-series data sequence S ′.
Otherwise, it means that no k-order polynomial can fit the
time-series data sequence S ′ with the residual bound ε.
At this time, data segmenting is required, and the data point
(tn+1, yn+1) will bemoved to the subsequent fitting as the first
point of the new data segment.

The dynamic segmentation algorithm of time-series data
in streaming computing using the given residual bound is
presented in Algorithm 1, where the temp_seg and temp_θ
temporarily store data values and coefficients of the current
data segment respectively, seg and θ store segmented data
values and fitted polynomial coefficients respectively, and the
fitted polynomial coefficient vectors of all data segments are
stored in Sθ .

A. PERIODICALLY SAMPLED TIME-SERIES DATA FITTING
Periodically sampled time-series data are collected at equal
time intervals. Let δ denote the time interval, and the num-
ber of data points in current segment is n, then the time
sequence of current segment is Et0 = (δ, 2δ, . . . , (n−1)δ, nδ).
In order to simplify the calculation, we abbreviate the time
sequence Et0 as Et = (1, 2, . . . , n− 1, n). Then these segments,
which comprise of the same number of data points, have the
same simplified time sequences. Hence they have the same
matrix X according to (2) and the same intermediate result
(XTX )−1XT according to (6).

Algorithm 1 Dynamic Segmentation Algorithm of
Time-Series Data in Streaming Computing Using a Given
Residual Bound
Input: time-series data stream S = 〈. . . , (t, y), . . .〉
Output: the set Sθ of coefficient vectors of the

polynomials
1 Let k be the order of polynomials.
2 Let ε be the given residual bound.
3 temp_seg = ∅; Sθ = ∅;
4 while input(t, y) do
5 temp_seg = temp_seg ∪ (t, y);
6 if length(temp_seg)== k + 1 then
7 temp_θ = calPolynomial(temp_seg, k);
8 θ = temp_θ ;
9 seg = temp_seg;
10 else if length(temp_seg) > k + 1 then
11 if calError(temp_seg, temp_θ ) >

length(temp_seg) * ε then
12 temp_θ = calPolynomial(temp_seg, k);
13 if calError(temp_seg, temp_θ ) >

length(temp_seg) ∗ ε then
14 Sθ = Sθ ∪ θ ;
15 temp_seg = {(t, y)};
16 else
17 θ = temp_θ ;
18 seg = temp_seg;
19 end
20 end
21 else
22 continue;
23 end
24 end

Based on the above observation, we propose an improved
piecewise polynomial fitting method, which caches the inter-
mediate results (XTX )−1XT of sequences with different seg-
ment lengths to accelerate the calculation of coefficient vec-
tors. The intermediate results are stored in a hash table and
indexed by the length of the corresponding data sequence.
Whenever the calculation of (6) is required, we query the hash
table to find the cached intermediate results. If the cache hits,
we do not need to take a further calculation of (XTX )−1XT .
Instead, we just need tomultiply the intermediate result stored
in the hash table by the vector Ey. If the cache misses, the new
intermediate result will be calculated and stored in the hash
table. For time-series data with the same segment length,
the data size of the cached intermediate result is (k + 1) ∗ n,
in which k represents the order of the fitted polynomial, and n
represents the length of the fitted segment. Comparedwith the
timely calculating of general piecewise polynomial fitting,
the improved method requires a little more memory space
but significantly reduces time overhead. With the increasing
memory space of computers nowadays, it is reasonable to
sacrifice space appropriately for time.
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B. APERIODICALLY SAMPLED TIME-SERIES DATA FITTING
Aperiodically sampled time-series data have variable sam-
pling intervals, so the segments with the same length no
longer have the same time sequence. Then the method men-
tioned above is not feasible anymore. Therefore, we propose
a different acceleration method for fitting aperiodically sam-
pled time-series data.

Given a group of aperiodically sampled time-series data
points S = 〈(t1, y1), (t2, y2), . . . , (tn, yn)〉, and the coefficient
vector of the fitted polynomial with a given residual bound is
Eθ = (XTX )−1XT Ey, in which XTX and XT Ey are given by (11).

XTX =



n
n∑
i=1

ti · · ·

n∑
i=1

tki

n∑
i=1

ti
n∑
i=1

t2i · · ·

n∑
i=1

tk+1i

...
...

. . .
...

n∑
i=1

tki

n∑
i=1

tk+1i · · ·

n∑
i=1

t2∗ki


,

XT Ey =



n∑
i=1

yi

n∑
i=1

tiyi

...
n∑
i=1

tki yi


. (11)

When a new data point (tn+1, yn+1) arrives, then the new
time-series sequence S ′ = S ∪ (tn+1, yn+1) requires to be
refitted. According to the previous deduction, the coeffi-
cient vector of fitted polynomial of S ′ is given by Eθ ′ =
(X ′TX ′)−1X ′T Ey′, in which X ′TX ′ is given by (12).

X ′TX ′ =



n+ 1
n+1∑
i=1

ti · · ·

n+1∑
i=1

tki

n+1∑
i=1

ti
n+1∑
i=1

t2i · · ·

n+1∑
i=1

tk+1i

...
...

. . .
...

n+1∑
i=1

tki

n+1∑
i=1

tk+1i · · ·

n+1∑
i=1

t2∗ki



= XTX +


1 tn+1 · · · tkn+1
tn+1 t2n+1 · · · tk+1n+1
...

...
. . .

...

tkn+1 tk+1n+1 · · · t2∗kn+1

 . (12)

As we can see from (12), X ′TX ′ can be expressed as the
sum of two addends. The first addendXTX is the intermediate
result of polynomial fitting of previous n data points, and
the second addend is the difference caused by new data

point (tn+1, yn+1). Similarly, X ′T Ey′ can be expressed as (13),
in which XT Ey is the intermediate result of last polynomial
fitting, and the second addend is the change caused by the
arrival of the new data point.

X ′T Ey′ =



n+1∑
i=1

yi

n+1∑
i=1

tiyi

...
n+1∑
i=1

tki yi


= XT Ey+


yn+1

tn+1yn+1
...

tkn+1yn+1

 . (13)

According to the above analysis, we know that there are
redundant calculations between adjacent polynomial fitting.
To accelerate the computation of polynomial fitting for aperi-
odically sampled time-series data, we cache the intermediate
results XTX and XT Ey of last polynomial fitting. In the next
polynomial fitting, the cached data is accessed to participate
in the calculation of the new coefficient vector. In other
words, the calculation of polynomial fitting for the current n
data points is based on the intermediate result of the polyno-
mial fitting of the first n− 1 data points. Similarly, the inter-
mediate result of the polynomial fitting of current n data
points will also be reused in the polynomial fitting of the first
n + 1 data points. Therefore, each time a new data point is
added, the intermediate calculation result of the polynomial
fitting of the new data sequence can be calculated by applying
the changes brought by the new data point to the previous
intermediate results.
Besides, at any time, we only need to cache the intermedi-

ate results XTX and XT Ey of a sequence, where the data sizes
of XTX and XT Ey are (k + 1) × (k + 1) and (k + 1) × 1,
respectively. Obviously, they vary with the order of poly-
nomial instead of the number of data points in the current
segment. As a result, the memory space can be reused, and
less memory space is required.

V. EVALUATION
In this section, we present the experimental evaluation of
our improved method to illustrate its performance on four
time-series datasets. Detailed information of four datasets
is presented in part A. Then, in part B, we present the
speedup of improved method to general piecewise polyno-
mial fitting and compression ratio of two methods with the
different residual bounds and polynomial orders, as well
as the accuracy comparison. In part C, we evaluate the
event-time latency performance of two methods in a realtime
computation system, namely Apache Storm 1.2.2 [43]. All
experiments in this section are conducted on a computer
with a CPU of Intel(R) Xeon(R) 3.40GHz and 16.00GB
memory.
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A. DATASET DESCRIPTION
The experiments are conducted on both periodically and ape-
riodically sampled time-series datasets.

1) GAS SENSOR ARRAY UNDER DYNAMIC
GAS MIXTURES DATASET
[44], abbreviated as the gas dataset below, is sampled peri-
odically. It contains the recordings of 16 chemical sensors
exposed to two dynamic gas mixtures (CO and methane)
at varying concentrations. For each mixture, signals were
acquired continuously during 12 hours. In our experiments,
4,177,648 recordings altogether of the first chemical sensor
exposed to methane are utilized.

2) INDIVIDUAL HOUSEHOLD ELECTRIC POWER
CONSUMPTION DATASET
[45], abbreviated as the power consumption dataset below,
is sampled periodically. The electric power consumption
in one household with a one-minute sampling rate over
almost four years is collected in this dataset. In our experi-
ments, 2,075,259 recordings altogether of household global
minute-averaged active power are utilized.

3) DAPHNET FREEZING OF GAIT (FoG) DATASET
[46], abbreviated as the FoG dataset, is sampled aperiodi-
cally. It contains the annotated readings of 3 acceleration
sensors at the hip and leg of Parkinson’s disease patients
that experience FoG during walking tasks. In our experi-
ments, 195,737 recordings altogether of the horizontal for-
ward acceleration attribute are utilized.

4) GAS SENSOR ARRAY TEMPERATURE
MODULATION DATASET
[47], [48] abbreviated as the temperature dataset, is sam-
pled aperiodically. A chemical detection platform composed
of 14 temperature-modulated metal oxide (MOX) gas sen-
sors was exposed during three weeks to mixtures of car-
bon monoxide and humid synthetic air in a gas chamber.
This dataset provides the acquired time series of the sensors
and the measured values of CO concentration, humidity,
and temperature inside the gas chamber. In our experiments,
295,653 recordings altogether of the R1(MOhm) attribute are
utilized.

B. PERFORMANCE COMPARISON IN STATIC
ENVIRONMENT
Before performing the experiments, the residual bound ε and
polynomial order k are required to be given. To observe
the overall approximation of polynomial fitting on the four
datasets, we determine the value of ε according to the differ-
ence between maximum and minimum values of most data
points in each dataset. The differences of the gas, power
consumption, FoG, and temperature datasets are about 3403,
12, 1952, 120, respectively. Then, we set the error bound ε
to be less than 10% of the difference for each dataset. In the

FIGURE 1. The speedup of the improved method to general piecewise
polynomial fitting on the gas dataset with different residual bounds and
polynomial orders. Four curves correspond to four different values of
error bound ε.

FIGURE 2. Comparison between raw data and fitted results on the gas
dataset with k = 2 and ε = 5.0.

FIGURE 3. The speedup of the improved method to general piecewise
polynomial fitting on the power consumption dataset with different
residual bounds and polynomial orders. Four curves correspond to four
different values of error bound ε.

real streaming computing scenario, however, the difference is
unknown in advance, our suggestion is to determine the resid-
ual bound according to the prior knowledge of the specific
attribute, or a variable residual bound is also recommended.
As for the value of k , we change it from 2 to 10, and it will
be explained later.

1) PERIODICALLY SAMPLED TIME-SERIES DATA FITTING
The resulting speedup of the improved method to general
piecewise polynomial fitting on the gas dataset is shown
in Fig. 1. From the figure, we see the following trends.
First, the speedup generally increases with increasing k .
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FIGURE 4. Comparison between raw data and fitted results on the power consumption dataset with k = 5 and ε = 0.1.

TABLE 1. The compression ratio of two methods on the gas dataset with
different residual bounds and polynomial orders.

Specifically, the speedup is up to 2.82x at k = 8, ε = 10. The
reason is that higher k generally means higher computation
overhead, thus the superiority of the improvedmethod ismore
obvious. Second, no significant trend in speedup is found as
ε varies, but it seems that a higher speedup is received at the
ε = 5.0 than ε = 10.0, 15.0, 20.0.

No matter periodically sampled or aperiodically sam-
pled time-series data fitting, caching intermediate calculation
results does not affect the fitting result, so these two methods
have the same compression ratio and fitting accuracy.

Table 1 presents the compression ratio of two methods on
the gas dataset with different residual bounds and polynomial
orders, where the compression ratio is computed as the ratio
of the amount of data to the number of polynomial coeffi-
cients of all segments. It can be seen from the data in the table
that the compression ratio decreases with the increase of k .
Obviously, increasing k means more polynomial coefficients.
At the same value of k , we find that the compression ratio
increases with increasing ε. The result is not surprising,
because the piecewise polynomial fitting with the larger
residual bound always generates fewer segments.

The comparison between raw data and fitted results on the
gas dataset, with k = 2 and ε = 5.0, is presented in Fig. 2.
It can be seen that the fitted curve is very close to the raw
curve. Also, we record the root-mean-square error (RMSE)
of each segment and find that they are all smaller than the
given residual bound when k ≤ 8. However, when continuing
to increase the value of k , the RMSE of some segments will

FIGURE 5. The speedup of the improved method to general piecewise
polynomial fitting on the temperature dataset with different residual
bounds and polynomial orders. Four curves correspond to four different
values of error bound ε.

exceed the given residual bound ε because of Runge’s phe-
nomenon [49]. In other words, high-order polynomials are not
always better than the low-order polynomials. Besides, differ-
ent datasets or attributes, holding different data evolvements,
have the variable optimal values of k. There is no specific way
to determine the optimal value of k, the determining based on
the prior knowledge is recommended.

The speedup of the improved method to general piecewise
polynomial fitting on the power consumption dataset with
different k and ε is presented in Fig. 3. Unlike the result
on the gas dataset, the speedup on the power consumption
dataset does not increase with the increase of k . In fact, with
the increase of k , the corresponding computation cost will
increase, and the speedup of the improved method to general
piecewise polynomial fitting should also increase. However,
it is non-negligible that the number of segments will decrease
with the increase of k , which will weaken the acceleration
effect.

The compression ratio on the power consumption dataset is
presented in Table 2. Comparing it with Table 1, it can be seen
that the compression ratio on the power consumption dataset
is smaller than that on the gas dataset, and the reason can be
found in Fig. 2 and Fig. 4. Obviously, the power consumption
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FIGURE 6. Comparison between raw data and fitted results on the temperature dataset with k = 5 and ε = 1.0.

TABLE 2. The compression ratio on the power consumption dataset with
different residual bounds and polynomial orders.

dataset has more complex and more frequent data changes
than the gas dataset. Then, with the limitation of residual
bound, more segmenting is required, thus the compression
ratio is smaller. Fig. 4 shows the comparison between raw
data and fitted results on the power consumption dataset with
k = 5 and ε = 0.1. Although the dataset has complex data
evolvement, it can be seen from the figure that the fitted curve
is still very close to the raw curve.

Overall, the results presented in this part reveal the superi-
ority of our improved method for fitting periodically sampled
time-series data than general piecewise polynomial fitting,
with no compression ratio and accuracy affected. The next
subsection, therefore, moves on to discuss the performance
of two methods for fitting aperiodically sampled time-series
data.

2) APERIODICALLY SAMPLED TIME-SERIES DATA FITTING
The speedup on the temperature dataset with different resid-
ual bounds and polynomial orders is presented in Fig. 5.
It can be seen that the speedup is stable at about 1.5x, and
the maximum speedup is 1.85x when k = 8 and ε = 10.0.
Table 3 shows the compression ratio on the temperature
dataset with different k and ε. Similarly, the compression ratio
increases with the increase of error bound and decreases with
the increase of k . Besides, maximum compression ratio is
23.84 when k = 2 and ε = 10.0. The comparison between
raw data and fitted results with k = 5 and ε = 1.0 on the
temperature dataset is presented in Fig. 6. As we can see that

FIGURE 7. The speedup of the improved method to general piecewise
polynomial fitting on the FoG dataset with different residual bounds and
polynomial orders. Four curves correspond to four different values of
error bound ε.

the method of piecewise polynomial fitting can fit the value
trend of raw data well.

TABLE 3. The compression ratio on the temperature dataset with
different residual bounds and polynomial orders.

Fig. 7 shows the speedup of the improved method to gen-
eral piecewise polynomial fitting on the FoG dataset with dif-
ferent k and ε. The reason for only three groups of k selected
is that it will be unable to fit when the value of k is greater than
4 because of the singularity of the intermediate result. In fact,
from the data in Table 4, it can be seen that the polynomial
fitting with k = 2 has achieved the highest compression ratio
under the limitation of four groups of residual bounds. Fig. 8
presents the comparison between raw data and fitted result on
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FIGURE 8. Comparison between raw data and fitted results on the FoG dataset with k = 2 and ε = 5.0.

TABLE 4. The compression ratio on the FoG dataset with different
residual bounds and polynomial orders.

FIGURE 9. The event-time latency comparison of two methods on the gas
dataset with k = 8 and ε = 5.

the FoG dataset with k = 2 and ε = 5.0. Obviously, the fitted
results are consistent with raw data.

Taken together, these results presented in part B suggest
that the improved method has less time overhead than general
piecewise polynomial fitting without affecting the compres-
sion ratio and accuracy. Moreover, stable speedup with the
variation of residual bound and polynomial order indicates
the good scalability of our method.

C. PERFORMANCE COMPARISON IN
STREAMING ENVIRONMENT
In this subsection, we run tasks with the local mode of
Apache Storm system to observe the performance of two
methods in a streaming environment. Fig. 9, 10, 11 present
the change of event-time latency [50] with the increase of

FIGURE 10. The event-time latency comparison of two methods on the
power consumption dataset with k = 8 and ε = 0.4.

FIGURE 11. The event-time latency comparison of two methods on the
temperature dataset with k = 8 and ε = 5.

batch size on the gas, power consumption, and temperature
datasets, respectively. The event-time latency is computed as
the interval between the moment that a tuple will be spouted
and the moment that the streaming system has fully processed
the tuple, and the batch size is the data amount of one tuple
sent each time.

As can be seen from Fig. 9, both methods have excellent
performance when the system is under-utilized (small batch
size), and their latency performance collapses at a large batch
size as a result of limited processing capability. The gap
between the two curves indicates that the improved method
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can deal with a higher throughput rate than general piece-
wise polynomial fitting. On the power consumption dataset,
as shown in Fig. 10, the latency performance of general piece-
wise polynomial fitting starts collapsing when the batch size
is larger than 24000. In comparison, the improved method
still has excellent latency performance until the batch size is
larger than 36000.

As for the aperiodically sampled time-series data, the supe-
riority of the improved method is lower than that on the
periodically sampled time-series data. From Fig. 11, we can
see that both methods start collapsing almost at the same
batch size, but the improved method still has more excellent
latency performance than general piecewise polynomial fit-
ting. Besides, on the FoG dataset, we have experimentally
found that the latency performance of the two methods is
similar. This rather unexpected result might be explained
by the fact that this dataset has a small number of data
points. Polynomial fitting with low order takes low time cost.
About 190,000 data points can not accurately simulate a
stable streaming computing. Thus we have not presented the
experimental result on the FoG dataset in this part.

VI. CONCLUSION
This paper sets out to fast piecewise polynomial fitting of
time-series data for streaming computing. By analyzing the
polynomial fitting of periodically and aperiodically sampled
time-series data, we propose different improved methods. For
the periodically sampled time-series data, the intermediate
calculation results of polynomial fitting of different segment
lengths are cached in a hash table indexed with the segment
length to avoid redundant calculation. For the aperiodically
sampled time-series data, the idea of the incremental cal-
culation is adopted to accelerate the fitting process. The
experimental results on four time-series datasets show that the
highest speedup of our improvedmethod to general piecewise
polynomial fitting for fitting periodically sampled time-series
data is up to 2.82x and aperiodically sampled time-series
data is up to 1.85x, without affecting the compression ratio
and fitting accuracy. Moreover, performance comparison on
a streaming environment shows that the improved method
can endure higher throughput than the general piecewise
polynomial fitting with the same event-time latency.
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