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INTRODUCTION

WHAT 1S A TIME SERIES?

Time Series

A time series is a collection of observations of one or more variables
ordered in time. We denote a time series by {z;}+c7, with T being the
index set of time periods or time points.
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INTRODUCTION

WHAT 1S A TIME SERIES?

Typical examples of the set T are:
o years: T = {1998,1999,...,2016}.
e quarters: 7 = {01/2010,02/2010,...,04/2016}.

@ The chronological structure of a time series is essential and itself
contains information.

e Often time series are recorded at (essentially) equidistant time
points, sometimes an idealization, sometimes not tenable.

@ Discrete time versus continuous time data (and models).
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INTRODUCTION

WHAT 1S A TIME SERIES?

@ As in other fields in statistics, the values of x; can be:
nominal (e.g., ‘red’, ‘blue’, ‘green’)

ordinal (e.g., ‘low’, ‘medium’, ‘high’)

discrete (e.g., z; € N)

interval data (e.g., z: € [0, 1])

real or complex valued

univariate or multivariate

@ In this course, we focus (with the exception of the discussion of
spectral analysis) on real valued time series:

¢y €R" and T ={1,...,T}
for some T' € N (at least after discretization).

@ For many mathematical considerations, 7 = Z will be used (for
simplicity or beauty).
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HisTORICAL TIME SERIES

VISUALIZATION OF PLANETARY ORBITS (10TH/11TH CENTURY)
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Source: Funkhouser (1936)
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HisTORICAL TIME SERIES

IMPORTS AND EXPORTS TO AND FROM ENGLAND (1700-1782)
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Source: Commercial and Political Atlas (Playfair and Corry, 1786)
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HisTORICAL TIME SERIES

WAGES AND PRICES IN THE UK 1565-1821
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HisTORICAL TIME SERIES

FEVER CHARTS (19TH CENTURY)
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HISTORICAL BACKGROUND OF TIME SERIES

ANALYSIS |

1789 Laplace searches for “secular changes” in the orbit of the
planets and the moon.

1879 Stokes invents the periodogram that is used for the
analysis of sunspot data (by Schuster, 1898) and for
economic data (by Beveridge, 1921 & 1922).

1930-45 Cramer, Kolmogorov, Wiener and Wold develop the theory
of stationary processes, including spectral theory,
prediction and filtering, probability theory.

1940-50 Early heydays of econometrics: Simultaneous equation
systems, identifiability and maximum likelihood estimation
(Anderson, Haavelmo, Koopmans etal.).

1940-60 Spectral (estimation) theory by Tukey and (especially for
economic time series) by Granger and Hatanaka.

1960 The Kalman filter and state space models.
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HISTORICAL

ANALYSIS 11

BACKGROUND OF TIME SERIES

1960-88

1971

1969-85

1982

1986

1987

Asymptotic theory for stationary autoregressive and ARMA
systems (Anderson, Deistler, Hannan, Walker etal.).

The Box-Jenkins approach to fit ARIMA models for time
series data.

Automatic order estimation, information criteria (AIC,
BIC).

Autoregressive conditional heteroskedasticity (ARCH)
models to describe (financial) time series that exhibit
volatility clusters (Engle).

Generalization of ARCH models, e. g., so-called GARCH
models (Bollerslev), large zoo of variants by now.
Cointegration (Engle and Granger): Analysis of

multivariate integrated time series with common
stochastic trends.
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SOME MAIN USES OF TIME SERIES ANALYSIS

Searching for (hidden) features such as trends, cycles or (linear)
dependencies

@ Preprocessing of data including seasonal adjustment or the
extraction of stylized facts

@ Detection of structural breaks
@ Prediction
e Control/Monitoring

@ Estimation of parameters (which may be theoretically meaningful:
structural parameters)

@ Testing of (conflicting) theories

@ Testing for causality
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SOME MAIN AREAS OF APPLICATION 1

@ Biology:
o Modelling of plant growth
o Prediction of bacteria population

@ Economics:
e Forecasting and policy simulations (e. g., macroeconomic variables
like GDP, unemployment,...)
o Estimation of parameters
o Discrimination amongst competing theories

@ Engineering:
o Signal processing (speech processing, radar and sonar applications)
o Control engineering (control of missiles, aeroplanes, ships, chemical
or technical plants)
e Monitoring (e. g., of oil platforms)

@ Finance:

e Analysis and forecasting of financial data (e. g., stock market prices,
exchange rates, interest rates,...)
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SOME MAIN AREAS OF APPLICATION II

o Analysis of co-movements between prices and volatility (e. g.,
leverage effect)

@ Geophysics:
o Exploration of natural resources (oil)
o Prediction of earthquakes

@ Medicine:

o Analysis of EEG data
o Estimation of intervention effects

@ Meteorology and Hydrology:

o Weather forecasting
o Modelling stream flows of rivers
e Prediction (and prevention) of floods
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SPORTS DATA

WINNING TIMES FOR MEN’S 400M FINAL IN THE OLYMPIC GAMES 1896—-1996
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e Missing data during WWI (1914-18) and WWII (1939-45).
@ Source: https://datamarket.com
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https://datamarket.com/data/set/235g/winning-times-for-the-mens-400-m-final-in-each-olympic-games-from-1896-to-1996#!ds=235g&display=line

SEISMOLOGICAL DATA

NUMBER OF EARTHQUAKES PER YEAR WITH MAGNITUDE 7.0 OR LARGER (1900-1998)

Il Il Il Il Il Il Il Il Il
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@ No obvious pattern (no trend, no cyclical behavior) visible.

@ Source: https://datamarket.com
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https://datamarket.com/data/set/22p8/number-of-earthquakes-per-year-magnitude-70-or-greater-1900-1998#!ds=22p8&display=line

GOOGLE TRENDS DATA

WEEKLY SEARCH VOLUME FOR “GIFT WIFE”
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@ Indexed series: Week with highest search volume set to 100.
@ Sample period from Oct. 9, 2011 to Sept. 25, 2016.
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MEDICAL DATA

LUTEINIZING HORMONE (TRIGGERS OVULATION) IN BLOOD
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@ Series shows 48 LH levels (blood samples from a human female)
taken at 10 min intervals.

@ Source: R datasets
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https://vincentarelbundock.github.io/Rdatasets/datasets.html

EcoLOoGICAL DATA

NUMBER OF LyNX TRAPPED IN MCKENZIE RIVER DISTRICT IN NORTHWEST CANADA
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@ Annual data for the period 1821-1934: Some form of cyclical
behavior is visible.

@ Source: https://datamarket.com
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https://datamarket.com/data/set/22vj/annual-number-of-lynx-trapped-mackenzie-river-1821-1934#!ds=22vj&display=line

METEOROLOGICAL DATA

AVERAGE MONTHLY TEMPERATURE (IN °F") IN NOTTINGHAM

| | I | | I | | | |
30 1921 1923 1925 1927 1929 1931 1933 1935 1937 1939

@ The sample period is Jan 1920 — Dec 1939: Clearly visible seasonal
pattern.

@ Source: R datasets
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https://vincentarelbundock.github.io/Rdatasets/datasets.html

METEOROLOGICAL DATA

AVERAGE MONTHLY TEMPERATURE (IN °F") IN NOTTINGHAM

‘ — January === April = July === October ‘

19‘21 19‘23 19‘25 15;27 19‘29 19‘31 19‘33 19‘35 15;37 1939
@ Skip plot: annual time series for (four) individual months.
@ No seasonal pattern visible.

21/37



CLIMATE SCIENCE DATA

INCREASE IN GLOBAL MEAN SEA LEVEL (IN mm) FROM 1992-2016
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e Time series contains both trend and cyclical/seasonal component.

@ Source: University of Colorado
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http://sealevel.colorado.edu/content/2016rel3-global-mean-sea-level-time-series-seasonal-signals-retained

CLIMATE SCIENCE DATA

INCREASE IN GLOBAL MEAN SEA LEVEL (IN mm) — ZOOMED IN

—10
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@ Looking at the previous series more closely for 300 observations.
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CLIMATE SCIENCE DATA

INCREASE IN GLOBAL MEAN SEA LEVEL — DETRENDED (CONSTANT AND LINEAR TREND)
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@ Detrended time series: Intercept and linear trend removed.
@ Maybe not the "right” trend?
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EcoNoMICS

UNEMPLOYMENT RATE IN GERMANY, QUARTERLY DATA, 1969(1)-2014(2)

0

= Raw data
= Seasonally adjusted
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@ Deseasonalized with X12-ARIMA or X13-ARIMA filter.
@ Source: St. Louis FED
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https://fred.stlouisfed.org/

FINANCE

FERMAN STOCK MARKET INDEX DAX: Nov. 27, 1990 — S . 30, 2016
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o Different crashes clearly visible: Dotcom bubble (2002), global
financial crisis (2007), euro crisis (2011).

@ Source: Yahoo finance
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https://de.finance.yahoo.com/

CRIME STATISTICS DATA

DEATHS IN AUSTRALIA BY SUICIDE AND HoMICIDE (DEATHS PER 100,000)

I I I I I I I I
1920 1930 1940 1950 1960 1970 1980 1990 2000

@ Annual data for 1915-2004.
@ Source: https://datamarket.com
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https://datamarket.com/data/set/238x/deaths-from-homicides-and-suicides-in-australia#!ds=238x!2jzl=1:2jzm&display=line

DEMOGRAPHIC DATA

TOTAL POPULATION AND FERTILITY IN GERMANY (ANNUAL DATA 1¢

@
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@ Source: St. Louis FED
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https://fred.stlouisfed.org/

MACROECONOMIC DATA

US REAL GROSs DOMESTIC PRODUCT AND PERSONAL CONSUMPTION EXPENDITURES
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@ Annual data from 1929-2015 in billions of USD.
@ Source: St. Louis FED
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https://fred.stlouisfed.org/

US MACRO DATA

INDUSTRIAL PRODUCTION (GROWTH RATES)
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US MACRO DATA

FEDERAL FUNDS RATE
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AUSTRIAN MACRO DATA

GDP, CONSUMPTION AND INVESTMENT
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AUSTRIAN MACRO DATA

GDP: RAW DATA AND SEASONALLY AVERAGED
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AUSTRIAN MACRO DATA

GDP, CONSUMPTION AND IN INT: SEASONALLY AVERAGED

GDP (Seasonal Average) Consumption (Seasonal Average)
460000 [T T T T 250000 [T T T T
440000 [~ T 240000 T
420000 [~ T 230000 T
400000 [~ b 220000 b
380000 [~ T 210000 T
360000 [~ T 200000 T
340000 [~ T 190000 | T
320000 [~ T 180000 |- T
300000 (- T 170000 |- T
280000 [, | | | b 160000 |- | | | b
260000 150000

1977 1983 1989 1995 2001 1977 1983 1989 1995 2001

Investment (Seasonal Average)
120000 7 T T T
110000 |- T
100000 |- b
90000 [ b
80000 |- b
70000 [~ T

60000 L L L
1977 1983 1989 1995 2001

34/37



AUSTRIAN MACRO DATA

GDP, CONSUMPTION AND IN
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AUSTRIAN MACRO DATA

GDP, CONSUMPTION AND INVESTMENT: LOGARITHMS
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AUSTRIAN MACRO DATA

GDP, CONSUMPTION AND INVESTMENT: GROWTH RATES
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