Check for
DOI: 10.1002/jae.2794 updates

Received: 4 February 2019 Revised: 9 March 2020 Accepted: 1 June 2020

RESEARCH ARTICLE

Real-time detection of regimes of predictability in the US
equity premium O

David I. Harvey' | Stephen J. Leybourne' | Robert Sollis> | A.M. Robert Taylor®

School of Economics, University of

Nottingham, Nottingham, UK Summary

2Newecastle University Business School We propose new real-time monitoring procedures for the emergence of end-
Newcastle upon Tyne, UK of-sample predictive regimes using sequential implementations of standard
*Essex Business School, University of (heteroskedasticity-robust) regression ¢-statistics for predictability applied over

Essex, Colchester, UK . . .
sse, olehester relatively short time periods. The procedures we develop can also be used for

Correspondence detecting historical regimes of temporary predictability. Our proposed methods

A. M. Robert Taylor, Essex Business are robust to both the degree of persistence and endogeneity of the regressors
School, University of Essex, Wivenhoe
Park, Colchester CO4 3SQ, UK.

Email: rtaylor@essex.ac.uk shocks. We discuss how the monitoring procedures can be designed such that

in the predictive regression and to certain forms of heteroskedasticity in the

their false positive rate can be set by the practitioner at the start of the moni-
toring period using detection rules based on information obtained from the
data in a training period. We use these new monitoring procedures to investi-
gate the presence of regime changes in the predictability of the US equity pre-
mium at the 1-month horizon by traditional macroeconomic and financial
variables, and by binary technical analysis indicators. Our results suggest that
the 1-month-ahead equity premium has temporarily been predictable, dis-
playing so-called “pockets of predictability,” and that these episodes of predict-
ability could have been detected in real time by practitioners using our

proposed methodology.

1 | INTRODUCTION

A large body of empirical research has been undertaken investigating stock return predictability, with a wide array of
financial and macroeconomic variables considered as putative predictors for returns. These include valuation ratios
such as the dividend-price ratio, earnings—price ratio, book-to-market ratio, various interest rates and interest rate
spreads, and macroeconomic variables including inflation and industrial production; see, for example, Fama (1981),
Keim and Stambaugh (1986), Campbell (1987), Campbell and Shiller (1988a, 1988b), Fama and French (1988, 1989),
and Fama (1990). Focusing on the in-sample predictability of US stock index returns these studies find relatively weak
statistical evidence on predictability over short horizons, but as the forecasting horizon increases the evidence on pre-
dictability strengthens, and for longer horizons is strongly statistically significant. Finding that stock returns are predict-
able using financial ratios and macroeconomic variables does not necessarily mean that stock markets are inefficient.
From a linearization of the standard present value model, if the dividend-price ratio for a stock varies over time then it
must forecast either the dividend growth rate or returns, to some extent; see, among others, Campbell and Shiller
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(1988a, 1988b) and Cochrane (2008). More generally, if a stock market is efficient then the expected excess return for
the relevant stocks might be predictable using a variety of financial and macroeconomic variables if investors' risk
premia are time varying and correlated with the business cycle.

Although consistent with orthodox financial theory, it has been argued that there are statistical reasons to suspect
that the strong support for predictability obtained in earlier studies could be spurious. Nelson and Kim (1993) and
Stambaugh (1999) showed that high-persistence predictors led to biased coefficients in predictive regressions if
the innovations driving the predictors were correlated with returns, as is known to be the case for many of the
popular macroeconomic and financial predictors used. Goyal and Welch (2003) showed that the persistence of
dividend-based valuation ratios increased significantly over the typical sample periods used in empirical studies of pre-
dictability, and argue that as a consequence out-of-sample predictions using these variables are no better than those
from a no-change strategy. When estimation and inference techniques are used that take account of the high degree of
persistence of the typical financial and macroeconomic predictors used, the statistical evidence of short- and long-
horizon predictability is considerably weaker and in some cases disappears completely; see, among others, Ang and
Bekaert (2007), Boudoukh, Michaely, Richardson, and Roberts (2007), Welch and Goyal (2008), and Breitung and
Demetrescu (2015).

The vast majority of empirical studies of stock market predictability are based on the assumption of a constant
parameter predictive regression model. However, there are several reasons to suspect that if stock returns are predict-
able, then it is likely to be a time-varying phenomenon; for example, significant changes in monetary policy and finan-
cial regulations could lead to shifts in the relationship between macroeconomic variables and the fundamental value of
stocks, via the impact of these changes on economic growth and the growth rates of earnings and dividends. A growing
body of empirical evidence is also supportive of this view. For example, Henkel, Martin, and Nardari (2011) found that
return predictability in the stock market appeared to be closely linked to economic recessions with dividend yield and
term structure variables displaying predictive power only during recessions. Timmermann (2008) argued that for most
time periods stock returns are not predictable but that there are “pockets in time” where evidence of local predictability
is seen. In particular, if predictability exists as a result of market inefficiency rather than because of time-varying risk
premia, then rational investors will attempt to exploit its presence to earn abnormal profits. Assuming that a large
enough proportion of the total number of investors are rational, this behavior will eventually cause the predictive power
of the relevant predictor to be eliminated. If a variable begins to have predictive power for stock returns, then a short
window of predictability might exist before investors learn about the new relationship between that variable and
returns, but it will eventually disappear; see, in particular, Paye and Timmermann (2006) and Timmermann (2008). It
therefore seems reasonable to consider the possibility that the predictive relationship might change over time, so that
over a long span of data one may observe some, possibly relatively short, windows of time during which predictability
occurs. In such cases, standard predictability tests based on the full sample of available data will have very low power
to detect these short-lived predictive episodes.

Several empirical studies find evidence suggesting that parameter instability is a feature of return prediction models.
Lettau and Ludvigsson (2001) found instability in the predictive ability of the dividend and earnings yield in the second
half of the 1990s. Goyal and Welch (2003) and Ang and Bekaert (2007) found instability in prediction models for US
stock returns based on the dividend yield in the 1990s. Paye and Timmermann (2006) undertook a comprehensive anal-
ysis of prediction model instability for international stock market indices using the Bai and Perron (1998, 2003) struc-
tural change tests. They found evidence of structural breaks for many of the countries considered, arguing that
“Empirical evidence of predictability is not uniform over time and is concentrated in certain periods” (Paye and
Timmermann, (2006), p. 312). They found some evidence of a common break for the USA and UK in 1974-1975, and
for European stock markets linked to the introduction of the European Monetary System in 1979. However, it is impor-
tant to stress that conventional parameter instability tests such as Chow tests and Bai-Perron tests are not valid for use
with highly persistent, endogenous predictors. Indeed, Paye and Timmermann (2006) used Monte Carlo simulations to
show that in such cases this can cause substantial size inflation in the Bai-Perron tests coupled with a lack of
power because of the large amount of noise typically present in predictive regression models. Moreover, traditional
regression ¢-tests for predictability and structural break tests are an ex post tool for detecting the statistical significance
of regressors and structural breaks in a historical sample of data. They are less useful in monitoring for change in real
time because their repeated application in prediction models can lead to size distortions (with the probability of at least
one of the tests rejecting tending to unity as the number of tests in the sequence increases) and, as a consequence,
spurious evidence of in-sample predictive ability; see Inoue and Rossi (2005) for a detailed discussion of this problem in
relation to t-tests.



HARVEY ET AL.

Motivated by this, we develop new statistical monitoring techniques, specifically designed to avoid the spurious
detection problems discussed in Inoue and Rossi (2005). We use these methods to monitor the stability of predictive
regression models for the US equity premium. As putative predictors we consider various commonly used traditional
macroeconomic and financial variables as well as a range of technical analysis rules where only price or volume data is
used to predict returns. In an early paper in this direction, Brock, Lakonishok, and LeBaron (1992) studied the ability
of moving average and trading range break trading rules to predict the Dow Jones Industrial Average (DJIA) index
using daily data from 1897 through to 1986, finding strongly significant evidence that the trading strategies generated
abnormal returns that could not be explained by serial correlation or conditional heteroskedasticity in the returns. Sulli-
van, Timmermann, and White (1999) analyzed a longer data sample on the DJIA, and found that the rules employed
by Brock et al. (1992) were unable to identify profitable trading strategies for the period 1987-1996, although there was
some evidence that they managed to do so prior to this period. Hudson, Dempsey, and Keasey (1996) undertook a simi-
lar analysis to Brock et al. (1992) for UK stock index returns and found that, although the rules examined do have pre-
dictive power, their use would not enable investors to make abnormal returns once trading transaction costs were
accounted for. More recently, Neely, Rapach, Tu, and Zhou (2014) investigated the in-sample and out-of-sample predic-
tive power of binary technical analysis indicators in a predictive regression-based context. Indicators are constructed
from moving-average rules, momentum rules, and on-balance volume rules. They found that the indicators had predic-
tive power that emulated that of the traditional financial and macroeconomic variables. They also showed that combin-
ing information from technical analysis indicators and macroeconomic variables significantly improved equity risk
premium forecasts versus using either type in isolation.

The real-time monitoring procedures we propose are designed with the aim of detecting, as soon as possible after
their inception, relatively short windows of predictability arising from shifts in the parameter on the predictor variable
in the predictive regression. The presence of short pockets of predictability among long periods of no predictability in
US stock returns has recently been documented by Farmer, Schmidt, and Timmermann (2019), using nonparametric
methods and employing an R*-type statistic to measure predictability strength. Our analysis is also related to work by
Dangl and Halling (2012), who use Bayesian methods to investigate gradual changes in return predictability. Although
our procedures are designed to detect short regimes of predictability when the regime change is discrete, they can also
be used to detect predictive regimes when the regime change is gradual and we investigate this issue with Monte Carlo
simulations. Our focus is on the real-time detection of such regimes, but the methods we use can also be used for an
historical analysis of the stability of predictive regression models. Our detection procedures are based around the
sequential application of simple heteroskedasticity-robust regression t-statistics for the significance of the predictor vari-
able calculated over a subsample of fixed length m. When used as simple one-shot tests these statistics can be compared
with estimated critical values obtained from a training period using the subsampling-like method of Andrews (2003)
and Andrews and Kim (2006). It is important to note that these resulting one-shot tests will be able to detect general
structural change in the slope parameter on the predictor variable (in that particular subsample, relative to the rest of
the sample), not just a change to predictability within the given subsample. This is because a rejection will occur where
the estimated slope coefficient on the predictor differs significantly between the subsample over which the one-shot test
is based and the subsamples used in the critical value generation. Based on the arguments above and the work of Paye
and Timmermann (2006) and Timmermann (2008), among others, it seems reasonable to focus attention on the null
model of no predictive relationship, such that structural change where it should occur is between no predictability and
a short window of predictability. It is this interpretation that we will focus on in motivating and outlining our proce-
dure. In our application to US equity data we first apply standard predictability tests to the full data sets (and indeed
the training periods used to obtain the estimated critical value) to check for any evidence of sustained predictability in
those samples.

Our approach is based on the sequential application of these one-shot subsample test statistics commencing from a
given start date. Because this is based on a sequence of subsample statistics, we need to avoid the issue of spurious
detections highlighted by Inoue and Rossi (2005) by allowing the practitioner to control the overall false positive detec-
tion rate for the resulting procedure. To this end, we suggest two possible detection procedures, both of which are based
on information obtained from the data in the training period. Applied using end-of-sample forms of the subsample pre-
dictability tests, both of these approaches can be used to provide a real-time monitoring procedure for the emergence of
a regime of predictive ability of a regressor for returns data. The first procedure involves comparing the sequence of sta-
tistics in the monitoring period with the extremal value of the statistic (either the most negative, most positive or largest
in absolute value, as appropriate to the alternative hypothesis being tested) within the training period. A predictability
regime is signaled if one obtains an outcome of the predictability statistic that exceeds this extreme value from the
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training period. Under the second procedure we discuss, a predictability regime is deemed to have occurred if and when
the number of consecutive rejections (at a given marginal significance level using a critical value estimated by
subsampling from the training period) by the one-shot tests observed in the monitoring period exceeds the longest run
of such rejections in the training period. Both procedures can also be used to form estimates of the locations of the sig-
naled predictive regimes.

The remainder of the paper is organized as follows. Section 2 outlines the time-varying predictive regression model
forming the basis for our analysis. Section 3 details our proposed approach to detecting windows of predictability and
for dating any predictive regimes signaled, showing how to implement real-time detection procedures whose false posi-
tive detection rates can be controlled in practical applications. Section 4 reports the results from Monte Carlo simula-
tions to investigate the finite-sample behavior of our proposed procedures. Section 5 presents an applied investigation
into the predictability of the 1-month-ahead equity premium on the S&P Composite index. Section 6 concludes. An
online Supporting Information Appendix contains a proof of Proposition 1 as well as additional Monte Carlo results
(these results are summarized in Section 4.2) and additional material relating to the empirical application discussed in
Section 5.

2 | THE PREDICTIVE REGIME MODEL

We assume a relationship between the equity premium, y,, and a single predictor variable' x, that can be described by
the following data-generating process (DGP):

n
y,:uy+Zﬂjdt(ej,mj)xt_1 +e t=1,..,T, (1)
Jj=1

where the (putative) predictor is generated by
xt:ﬂx‘i'sx,t, t:O,...,T, (2)
Sx,t:ﬂsx,t—l +€x,t9 t:]~"--’T7 (3)

with s, o =0 and where d(e;, m;) is a dummy variable defined such that d,(e;,m;) takes the value 1 for m; > 0 consecutive
values of f, ending with t=e;. The innovation vector €. = [e,;, €x,]', Where the notation “x:= )” denotes that x is
defined by y, is assumed to be a strictly stationary and uncorrelated mean zero process with unconditional covariance
matrix given by

2
o FxyOyOyx
E(e€)) = Y C b
FyOyOx G2

where 1y, rxy| <1, is the correlation between ¢, ; and €,,. Note that our assumption on ¢, allows for the presence of con-
ditional heteroskedasticity, such as generalized autoregressive conditional heteroskedasticity (GARCH) or stationary
autoregressive stochastic volatility, in both e, and ey.,.

In the context of Equation 1, if §; # 0, then we have a predictive regime of y, by x, _; of length m; observations run-
ning from ¢ = e; — m; + 1 through to ¢ =¢;. The model in Equation 1 allows for n > 0 such predictive regimes. Consistent
with the discussion in the Introduction and Paye and Timmermann (2006) and Timmermann (2008), we have in mind

!For lucidity, we outline our procedure for the case of a single predictor. Our approach can be extended to the case where multiple predictors feature
in Equation 1. Here individual subsample ¢-statistics, of the form discussed in section 3.1, associated with each of the predictor variables could be
considered along with multiparameter heteroskedasticity-robust regression F-statistics. Consideration would need to be given to the appropriate
statistics and decision rules to adopt, and to the usual issues surrounding multiple (significance) testing. Moreover, although we focus on the case
where a constant term is included in both Equations 1 and 2, our approach is also valid for a more general deterministic component, such as a
polynomial deterministic trend, appearing in both components provided it is included in the test regression in Equation 4 and the t-statistic, 7, ,, in
Equation 5 is commensurately redefined.
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scenarios where such regimes are relatively scarce and short lived, so that both the number of predictive regimes, n,
and their durations, m;, j =1, ..., n, are taken to be small relative to the sample size, T. We assume ¢; <e; , 1 — m; ;. 1 such
that the regimes where predictability holds are ordered (i.e., d(e;, m,) is the earliest regime) and nonoverlapping. Our
proposed predictive regime detection procedure will consider the quantities ¢; and m;, which delimit the start and end
dates of the predictive regimes, and the number of regimes, n, to be unknown to the practitioner. Outside of these
n predictive regimes the slope parameter in Equation 1 is zero and the DGP is such that y, =y, + €, and, hence, y, is
unpredictable (in mean) due to the ¢, being serially uncorrelated (a standard assumption in this literature). Where
n = 0 in Equation 1, y, is unpredictable at all time periods.

As is standard in this literature, we have adopted an AR(1) specification for s, ,, and hence for x,, in Equation 3. As
we will discuss in Section 3, the predictive regime detection procedures we propose in this paper can be applied regard-
less of whether the autoregressive root, p, in Equation 3 is such that p =1 (a unit root predictor) or |[p| <1 (a stationary
predictor). Moreover, p is also allowed to be T-dependent such as occurs, for example, in cases where the predictor is
strongly persistent displaying either local or moderate deviations from a unit root; for full-sample predictability tests
directed at the latter, see Kostakis, Magdalinos, and Stamatogiannis (2015). The AR(1) specification in Equation 3 is not
critical for our analysis, and it could be generalized to allow e, to be a weakly autocorrelated process without affecting
the validity of our proposed procedures; see Remark 3 in Section 3.2.1.

In what follows, to facilitate our later analysis of real-time monitoring for the emergence of predictive regimes, we
make a distinction between the end of the monitoring period, which we denote by ¢t = E, and the notional future end of
the DGP for y,; thatis t =T, such that E<T.

3 | PREDICTIVE REGIME DETECTION

3.1 | Subsample regression t-statistics

We are interested in detecting the presence of a predictive regime for y, in real time and propose a way of doing this
using subsample regression t-statistics. To that end, consider first selecting a subsample of m observations running from
t=e—m+1 to t=e, where m is a fixed value (independent of the sample size, T) chosen by the user, and run the
(generic) ordinary least squares (OLS) regression:

yv,=a+bx;_1+u, t=e—-m+1,..,e. 4)

We then calculate the regression t-statistic, based around a heteroskedasticity-robust variance estimate (see White,
1982), for the significance of x; _, in Equation 4; that is,

L =b/VD)] ", (5)

Tem -

where

B = Zf:e;m+1(xt—1_x—l)(yt;y)’ V(b): = Zf:e_m+1(xt—1—f—1)zitf2 (6)
Zt:e—m+1(xt—1_x—1) {Zfze_m+1(xt_1—f_1)2}

U 2=y =y)=blxr-1—x_1)
_ RS _ IR (7)
y:=m Z Y X_1:=m Z Xi-1.

t=e-m+1 t=e-m+1

Detection of a predictive regime holding between y, and x; _; for the given subsample t=e—m+1,...,e can be
based on 7, ,,. As a particular example, suppose we have data available for t=1, ..., T" + m < T; a test for the presence
of a predictive regime in the last m available sample observations would therefore be based on the statistic 77+ 4 pym-
Standard regime detection tests, such as those outlined in Paye and Timmermann (2006) use asymptotic (in the sample
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size T) distribution theory to approximate the test's critical value, but this approximation is based on the assumption
that the sample window m used in constructing the statistic is a positive fraction of 7. This assumption is clearly not
consistent with our aim of detecting predictive regimes of short duration. Moreover, even if we were to assume m to be
a function of T, the limiting distribution of 7, ,, will depend on nuisance parameters in the DGP in Equations 1-3; spe-
cifically, the degree of persistence of the predictor variable, x;, and the correlation, r,,, between ¢, , and e,,. Without
knowledge of these, valid asymptotic critical values could not be obtained.

An alternative approach, which we will consider further in the context of the detection procedure proposed in
Section 3.2.2, robust to the degree of persistence and endogeneity of the predictor, can be based on the subsampling
approach of Andrews (2003) and Andrews and Kim (2006). In the end-of-sample example above, suppose we have a
sample of size T* + m and we form the predictability statistic 77+ 4 ,n. To obtain a critical value, one uses the training
period t=1,..., T*, to compute the T* — m analogous statistics {z.,,}, e=m+1,..., T*. The (1 — z) sample quantile of
these statistics is the estimated significance level-z critical value for the end-of-sample predictability test. By construc-
tion, the resulting test is (asymptotically in T) robust to nuisance parameters in Equations 1-3 because the training
period statistics have the same functional dependence on those nuisance parameters as 7+ m,. This test will have
nontrivial power whenever there is predictability in the last m observations, but not in the training period.

Crucially though, the discussion above relates to a one-shot predictability test. However, our goal in this paper is to
develop real-time monitoring procedures for the emergence of an end-of-sample predictive regime. To that end, we will
construct a sequence of z,,, statistics, of the form given in Equation 5, calculated for each possible end-of-subsample
date e=T" + m, ..., E, recalling that E denotes the end of the monitoring period, a parameter set by the practitioner.
The predictive regime detection procedures we propose below are based on comparing the behavior of this sequence of
statistics with corresponding sequences within the training period and will be designed such that the theoretical
(i.e., large-sample) false positive rate (FPR) of the procedures is known and can be properly controlled, where the FPR
represents the probability of incorrectly signifying the presence of at least one predictive regime in the monitoring
period.

3.2 | The detection procedures

We now detail our predictive regime detection approaches. For transparency, these are presented in the context of
upper tail testing (i.e., for predictability regimes where f; > 0), but can be adapted to lower tailed or two-tailed testing
in an obvious way. We will discuss two procedures, each of which forms a decision rule for rejecting the null of no pre-
dictability in the monitoring period based on specific properties of the sequence of z, ,, statistics within the given train-
ing period. The first procedure we consider will be based on the largest of the 7, statistics observed in the training
period, and the second will be based on the longest run of outcomes of the 7, ,, statistics in the training period that
exceed a given (critical) value.

For both of the procedures that follow, we define the training period as t =1, ..., T*. We assume that no predictive
regime occurs within the training period; that is, T* < e; — m; + 1; further discussion relating to where this assumption
might be violated is given in Section 3.4. In what follows we assume that T* and E are such that T*:= |1,T|, and
E:=|4,T|, | -] denoting the integer part of its argument, and where 0 < 1; <1, <1.

3.21 | The MAX procedure

The first detection procedure we propose, which we will denote by MAX, is based on the maximum value of the
sequence of 7, ,, statistics taken across the training and monitoring periods (cf. Astill, Harvey, Leybourne, Sollis, &
Taylor, 2018). More precisely, with {7}, o1 and {zem}o_ 4, constituting the statistics obtained from the training
and monitoring periods, respectively, we consider a detection procedure whereby a predictive regime in the monitoring
period is signaled if maXee |7+ 4 m 5 Tem €XCEEAS MAX ey + 1,77 Te,ms that is, the largest 7, ,, in the monitoring period exceeds
the largest 7, ,, in the training period.

We now establish the theoretical (as T — o0) FPR of the MAX procedure when run out to the end of monitoring
date, E. This is done by evaluating the limiting probability that maXee(r+ 4 m,5Te;m > MAXec[im 41,74 Tem Under the null
hypothesis that no predictability is present in the DGP. This result is now given in Proposition 1.
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Proposition 1. Let (y,X,) be generated according to Equations 1-3 under the conditions stated in Section 2. Let the
MAX decision rule be as given above. If n = 0, such that no predictability is present in the DGP, then as T — oo,

limP| max 7.,> max 7., |=a, (8)
T—oo \e€[T*+m,E| eclm+1,T%]

where a*: = (1, —11)/42 =limy_a where, for the stated choices of monitoring and training periods,

o = (M) (9)

E-2m+1

Remark 1. The result in Proposition 1 provides an expression for the theoretical FPR of the MAX decision rule—that is,
the limiting probability that the maximum of the 7, ,, statistics in the monitoring period exceeds the maximum of
the 7, statistics in the training period in the case where no predictability occurs. This is seen to be simply the
limiting value of the ratio formed by dividing the total number of z,,, statistics computed in the monitoring
period (here E—T*—m+ 1) by the total number of z,,, statistics calculated in the training and monitoring
periods combined (here (E—T"—m+ 1)+ (T* —m)=E — 2m + 1). This result holds more generally when com-
paring the maxima of the sequences of 7, ,, statistics obtained from any two disjoint subintervals of the data whose
lengths are both functions of T.

Remark 2. The result in Proposition 1 holds regardless of the degrees of persistence and endogeneity of the regressors
in the predictive regression and holds for all conditionally heteroskedastic innovations that satisfy the condition
of strict stationarity. In particular, the result in Proposition 1 holds regardless of whether the putative predictor x;
in Equation 3 is: weakly dependent (Ipl < 1); strongly persistent (p =1 — ¢/T with the constant ¢ > 0, where ¢ =0
yields the pure unit root case, while ¢ > 0 corresponds to the local-to-unity case); or moderately persistent (p =1
—cT~? with ¢> 0 and 6 € (0,1), the moderate deviations from unity case of Kostakis et al. (2015).

Remark 3. As demonstrated in the proof of Proposition 1, the stated result follows using an application of theorem 2.1
of Ferreira and Scotto (2002, p. 478), with r =s =1 in their notation, which applies to strictly stationary sequences
of mixing random variables. To do so we establish that under the conditions given in Section 2 {z,,} forms a
strictly stationary and (m — 1) dependent sequence, the latter therefore satisfying the required mixing condition
stated in Ferreira and Scotto (p. 476). We have assumed for simplicity that ¢, is serially uncorrelated, which yields
the (m — 1) dependence result. Weakening this assumption to allow for stationary serial correlation in e, , would
not alter this result. It is standard in this literature to assume that ¢, is serially uncorrelated. However, this could
be weakened to allow finite MA(k), 0 <k < o0, behavior in €, in which case {z, ,,} would be a (k + m — 1) depen-
dent sequence but would still satisfy the required mixing condition. We cannot formally allow for unconditional
heteroskedasticity in €, because {z,,,} would not then form a strictly stationary sequence and so we could not
appeal to theorem 2.1 of Ferreira and Scotto. However, we have still based our approach on heteroskedasticity-
robust t-statistics because although not exact invariant to any unconditional heteroskedasticity present (which is
what would be needed as m is finite) we expect them to be considerably more robust than the corresponding
t-statistics based on OLS standard errors. In Section 4 we will investigate the impact of unconditional hetero-
skedasticity in €, on the finite sample FPRs of the procedures discussed in this section.

For given values of T* and m, we can use Equation 9 to approximate the empirical FPR that would be obtained in
practice for any monitoring horizon E. We observe that « is a monotonically increasing function of E as
% = ﬁ > 0. Hence, other things being equal, the longer the monitoring period, the greater the likelihood of spu-
riously finding a predictive regime. To illustrate, Figure 1 graphs this approximation for the case of T" =400 and
m = 30. So, for example, reading from Figure 1, if we wish to monitor out to E = 680, then the FPR will be about 0.40.

We can also rearrange Equation 9 as

T* —-1-a(2m-1
gl tm a(2m-1)

l1-a ’ (10)
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FIGURE 1 FPR as a function of E

which is useful if we wish to know the maximum monitoring horizon E such that the FPR for the MAX procedure is
(approximately) controlled at a. For the current illustration, Equation 10 shows that E should be chosen to be no more
than about 520 for a choice of @ = 0.20 (which is also apparent from Figure 1).

3.2.2 | The SEQ procedure

Our second detection procedure, which we denote by SEQ, is based on comparing the length of the longest contiguous
sequence of exceedances of some value preset by the practitioner by the statistics 7, in the monitoring period, with the
corresponding measure taken over the training period. An obvious choice for this threshold value, which we will adopt
in what follows, would be to use a relevant marginal critical value for some significance level z for the one-shot 7, ,,
test.” In doing so we will follow the subsampling approach of Andrews (2003) and Andrews and Kim (2006) and calcu-
late an empirical critical value, denoted by cv, in what follows, from the training period. Recalling that the sequence of
Tem Statistics that make use of data within the training period is given by ., for e=m+1, ..., T*, then cv, is defined
such that cv,: =7 (1—z) 1" —m)|) Where 7 ), j=1,..., T* — m are the ascending order statistics of z,,,, e=m+1,.., T"
(ie., 7(j+1)>7(j for j=1,..., T" —m—1). Under the conditions on the DGP considered by Andrews and Kim, cv, is a
consistent (as T — oo0) estimate for the true z significance-level critical value. However, it should be stressed that the
SEQprocedure we propose does not rely on this consistency property holding on cv,.

Based on cv,, we then consider the maximum number of contiguous values of z, ,, within the training period that
exceed cv,. To this end, define R, ,: = 1(z,,,,, > cv,;), where 1(-) denotes the indicator function, and consider the following
measure over e=L to e = U with U> L:

U
Re(L,U): =(U=L+1)[[Ree-
e=L

2Any sensible threshold value could in principle be used. A benefit of using such a critical value is that, where the training period contains no
predictive regimes, each individual test in our monitoring sequence can be interpreted marginally as a test for predictability in that particular
subsample. As such, it makes sense in practice to set z to a conventional significance level; for example, # = 0.05 or z = 0.10.
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Here, when R,(L, U) is nonzero, its value, U— L + 1, represents the length of a sequence of contiguous exceedances.
The maximum length of contiguous exceedances in the training period is then given by max; yepm+1,rR<(L,U) .
The corresponding measure for the monitoring period is given by max; ye(r+ + m, 5/Rz(L,U). Our proposed SEQ proce-
dure is then to signal a predictive regime in the monitoring period if max; ye(r+ + m, 5)Rx(L, U) > max; yejm+1,7+|Rx (L, U).
Paralleling the result in Proposition 1, when there is no predictability in the training or monitoring periods we
conjecture that

1imPr< max R,(L,U)> max R”(L,U))Sa*, (11)
T—o0 L,UE[T* + m,E] LUem+1,T"

where o is as defined in Proposition 1. Note here that, in contrast to the result for the MAX monitoring procedure,
where the large-sample FPR when monitored up to E is exactly a”, the corresponding quantity for the SEQ procedure is
bounded by a”. This arises because maxR(L,U) can only assume integer values, so there is a nonzero probability of a
tied value in the training and monitoring periods, even asymptotically. Hence the strict equality obtained for the MAX
procedure from Proposition 1 is replaced by the weak inequality in Equation 11. The (approximate) relationship in
Equation 10 can also still be considered to hold, but interpreted to be the maximum monitoring horizon E such that the
FPR for the SEQ procedure is bounded by a.?

It will be convenient to denote the training period maximum length of contiguous exceedances,
maxy, ye(m+1,1/R«(L, U), as L. Note that the first time period at which it would be possible for SEQ to signal a predictive
regime is t=T" + m + L, because this is the first occasion where R, (L, U) in the monitoring period can exceed [,. In
contrast, it is possible for the MAX procedure to signal a predictive regime as early as t = T" + m. However, we can con-
trol [, via the choice of z. The larger is z then the smaller is cv,, so we would naturally expect the larger is I,. This
relationship is important, as choosing a large value of 7 might lead to what is considered an unacceptable delay before
being able to detect a predictive regime. This is not a consideration with MAX, however. In fact, MAX can be thought of
as an extreme case of SEQ, where we choose cv; = maX,c |y +1,14)Tem (the smallest value of cv, such that z =0) and
hence [, = 0.

3.3 | Dating of predictive regimes

In a real-time monitoring context, if the procedure signaled the presence of a predictive episode at time E* < E then the
monitoring procedure would of course terminate at that point, given that the procedure would have signaled the pres-
ence of a predictive regime at that time. However, one could also consider continuing the monitoring procedure up
until E. It is therefore possible for both of our proposed MAX and SEQ procedures to detect more than one predictive
regime before the notional end-of-monitoring date, E.

Although our focus on this paper is on real-time detection we can, where at least one predictive regime has been sig-
naled by one of our procedures when run out until the end of the monitoring period, E, provide approximate dates for
the location of these predictive regime(s). This should be viewed more as a historical dating exercise rather than some-
thing that would be done in the context of a real-time monitoring procedure. Detailing this first in the context of the
MAX procedure, for e=T"+m, ..., E define Ro,: =1(7em > MaXsepn+1,r7s,m) - Next, let D denote an Ex 1 vector of
zeros, and set D, =1 whenever Ry, = 1. Now suppose that D has h consecutive 1s in positions e=}, ..., j + h — 1, where
J is the earliest date for which R,;=1. Here Ry is based on data over the period j —m +1, ..., j, so we might therefore
consider j — m + 1 to represent a feasible start date for the first predictive regime. With R, ;1 representing the final
exceedance in D, and this being based on data over the period j — m + h, ..., j + h — 1, we might similarly consider j + h
— 1 to represent a feasible end date for this predictive regime. By this categorization, then, the predictive regime covers
the contiguous set of dates j —m + 1, ..., j + h — 1. In some sense, this set of dates is liberal, or weak, in that it is possible

*We are unable to provide a formal proof of the result of Equation 11—hence our conjecture on the basis of extant, but much more limited theoretical
results. A formal proof would be extremely involved, if even tractable, given the complexity of the arguments needed in Ferreira and Scotto (2002) to
establish theoretical results relating to the much simpler case of subsample maxima. However, this conjecture is not without foundation. We have
also conducted extensive Monte Carlo simulation experiments that appear to support it. Furthermore, these simulation results reveal that the
empirical FPR of the SEQ procedure is always below but very close to @, implying that the probability of tied values in the training and monitoring
periods is very small.
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that the predictive regime started after j — m + 1 and ended before j + h — 1; for example, only the later data used in Ry_;
may be responsible for triggering that exceedance, and only the earlier data used in R, ;. ,_; responsible for triggering
that exceedance. We might therefore consider an alternative dating approach where the predictive regime is character-
ized by the subset of dates for which every time that date is present in the subsample of data being tested, an exceed-
ance is obtained. This subset, which we will refer to as strong, is the contiguous set of dates j, ... ,j — m + h; note that if
h <m —1, the strong set will be empty. A second predictive regime is deemed to exist if Ry j, ,=0but Ry jp+5=1 for
some s > 1, and weak/strong dates for the second regime can be determined in the same manner as for the first regime.
This extends to more than two regimes in an obvious way. In situations where more than one predictive regime has
been detected, it is possible that weak dates associated with consecutive regimes can overlap, although this possibility
cannot arise with the strong dates.

For the SEQ procedure, the dating method follows the same process as for the MAX procedure, but with the non-
zero elements of the D vector defined according to the following: for e=T*+ m+1,, ..., E, if HZ: e_l”R,,,k =1, set
D,_y,...,D, to 1. That is, for all end-of-window dates e that form part of a contiguous run of at least [, + 1 exceedances
R, ., we set the eth element of D to one. The weak and strong dates can then be categorized in exactly the same way as
for the MAX, based on the R, . exceedances involved in the D vector.

3.4 | Additional discussion
We conclude this section with some observations, which apply in equal part to the MAX and SEQ procedures.

1. Suppose now that, in contradistinction to our maintained assumption so far, one or more predictive regimes in
Equation 1 are present within the chosen training period. Provided such regimes are of finite length and finite in
number, then the asymptotic (in T and T*) properties of the MAX and SEQ procedures are unaffected by this. For a
finite-length training period, if predictability regimes existed within it, we would expect both max,c(m 11,77 m and
I, to be increased relative to the case where no predictability is present in the training period, other things being
equal. We might therefore anticipate some reduction in the ability of our procedures to detect genuine predictive
regimes present in the monitoring period. We will explore the impact on our proposed procedures of a predictive
regime holding in the training period as part of our Monte Carlo simulation study in Section 4.

2. Although not consistent with the interpretation we are placing on the DGP in Equation 1, as discussed in the Intro-
duction it is possible in practice that the training period could potentially exhibit predictability throughout its dura-
tion, or a large part of its duration. In this case, an upper tail rejection arising from MAX or SEQ in the monitoring
period should be taken to indicate a statistically significant increase in the magnitude of the slope parameter on
X; _ 1 (and, hence, in the strength of the predictability of y; by X, _ ;) vis-d-vis its value in the training period. In practi-
cal applications, we therefore recommend prior application of standard full-sample predictability tests to the training
period to investigate whether the assumption of no predictability holds in the training period, and this will be done
in the empirical data analysis undertaken in Section 5.

3. Our discussion thus far has implicitly assumed that the training period runs from the earliest available time period
in the data set to the point immediately before the desired start of monitoring. This essentially makes the training
period as large as possible, which ensures that, through the role of T* in Equations 9 and 10, the FPR is as small as
possible for a given E, or, equivalently, E is as large as possible for a given FPR. In cases where a very long history of
data is available, it may be prudent to use only relatively recent data, to avoid including historical predictive regimes
in the training period. In practice, such regimes might be detected by prior pretesting—an approach we adopt in the
empirical application in Section 5. Furthermore, we have so far focused, for simplicity, on the case where there is no
separation between the data period used for the training period and the data used for monitoring, with the former
spanning t =1, ..., T* and the latter starting at t = T* + 1. More generally, the last time period included in the train-
ing period could be T* — k for some k > 0, allowing for a separation between the training period and the start of the
monitoring period. This might be relevant in cases where a predictive regime was thought to have occurred towards
the end of the training period, so that the training period could be redefined to exclude this regime. As noted in
Remark 1, an analogous result to Proposition 1 also holds here and the expressions for @ and E in Equations 9 and
10 in this case become, respectively,
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4 | FINITE-SAMPLE PROPERTIES OF THE MONITORING PROCEDURES

We now report the results from four Monte Carlo simulation experiments designed to study the finite-sample properties
of our MAX and SEQ procedures. These investigate the FPRs of the two procedures and their power to detect a predic-
tive regime of given length. Extensive additional simulations were also undertaken to study the detection power of
MAX and SEQ as a function of m, (the length of the predictive regime in the DGP), and to study the robustness of our
procedures to different error term assumptions, patterns of heteroskedasticity, to higher order autocorrelation in the
predictor, and to gradual regime change. We present these additional results in an online Supporting Information
Appendix and briefly discuss the key findings in Section 4.2.*

In all of the experiments we generated the simulation data according to the DGP given by Equations 1-3and set
Hy =i, =0 (without loss of generality) using negatively correlated error terms with ry, = —0.90.> For the four sets of
experiments reported in the main text we generate e, ~ N(0, 1), ex,~ N(0, 1). All of the simulation experiments and
the empirical application in Section 5 employ the upper-tailed version of our procedure.® In each simulation experiment
the sample period when monitoring starts (T™ + m) is the same as in the empirical application, T* + m = 302, and for
the main experiments, m =30.” All of the experiments are undertaken using MATLAB, employing the Mersenne
Twister random number generator function and 10,000 replications.

The first set of experiments studies the power of MAX and SEQ to detect a single predictive regime as a function of
S =1{0.05, 0.10, ... ,0.45, 0.50} for p = {0.965, 0.995}, setting 7 = 0.10.* When $; = 0 (so that n = 0 and, hence, there are no
predictive regimes in the data) the detection frequency obtained from the simulations is equivalent to an empirical
FPR, and we also report simulation results for this case. In this first set of experiments we assume a short monitoring
period that ends at E = 327, which, given the values used for T* and m, is consistent with a = 0.10 (this can be verified
using Equation 9). Therefore, when f;, =0, the empirical FPR obtained for each procedure should be approximately
equal to 0.10. If a predictive regime does occur during the monitoring period, then the power of our procedures to
detect its presence will depend not only on how long the relevant predictive regime continues for (m;) and its strength
(measured by the magnitude of f;), but also on when the predictive regime occurs relative to the start of monitoring.
To investigate this issue in more detail, separate results are computed for five different predictive regime start dates:
(a) t =287 (15 observations before the start of monitoring), (b) t = 297 (five observations before the start of monitoring),
(c) t =302 (at the same time as the start of monitoring), (d) t = 307 (five observations after the start of monitoring), (e) ¢
=317 (15 observations after the start of monitoring). In each case the length of the predictive regime in the DGP is set
to m, = 30.°

In empirical applications, while there might be a particular reason for favoring a short monitoring period, for pre-
dictive regimes that start towards the end of a short monitoring period the power of our procedure to detect their

“The online Supporting Information Appendix is available from www.sites.google.com/view/pr-supplementary, which also contains the data and
MATLAB code used for the paper.

°In predictive regression models for the equity premium employing valuation ratios as predictors (e.g., the dividend—price ratio, earnings—price ratio)
the relevant error terms are strongly negatively correlated—hence our choice of 7, = —0.90.

®For the majority of the macroeconomic and financial variables and for all of the technical analysis indicators used in the empirical application in
Section 5, financial theory suggests a positive relationship with the equity premium. For those of the macroeconomic and financial variables where
financial theory suggests a negative relationship with the equity premium (e.g., interest rates) we use —x; _; rather than x, _; when testing for a
predictive regime so that an upper-tailed test is applicable. This is consistent with recent research on detecting equity premium predictability using
orthodox t-tests (e.g., Campbell & Thompson, 2008; Neely et al., 2014).

"The data sample used for the equity premium application below is monthly, covering the period December 1974 to December 2015 (T = 493). In the
application we monitor from January 2000 (hence T* + m = 302). In addition to m = 30, in the empirical application results are also computed for

m =15 and m = 60.

8This range of values for p and 8; was chosen following a preliminary analysis of the data used for the empirical application in Section 5. Typically,
when AR(1) models are estimated for the traditional predictors used in Section 6 (e.g., the valuation ratios), the AR(1) coefficient estimates lie in the
range 0.965-0.998.

Therefore, in these experiments m = m;. In the additional simulation experiments discussed in Section 4.2, we investigate the performance of our
monitoring procedure when the values of m and m, differ.
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presence could be significantly improved if we monitor for a longer period of time. To investigate this issue in more
detail, in the second set of experiments we repeat the first set of experiments employing the same simulation DGP and
predictive regime dates, but extending the monitoring period to E = 361, which is consistent with « =0.20. Hence the
empirical FPR obtained from the simulations in this case (when f; = 0) should be approximately equal to 0.20.

The first two sets of experiments assume no predictability in the training period. As discussed in Section 3.4, our
procedure can still be used for detecting predictive regimes during the monitoring period if predictability exists during
the training period, although the FPR and power of the procedure could be affected. If our procedure is applied to data
where a regime of positive predictability exists in the DGP during the training period, both the largest value of z, ,,, over
the training period, and the longest contiguous sequence of right-tailed 7, ,, exceedances over the training period, are
likely to be larger than the values obtained if the DGP had contained no predictability over the training period but was
otherwise identical. It follows straightforwardly in this case that the power of our procedures to detect a predictive
regime over the monitoring period (and also the empirical FPRs) will be reduced relative to the case of no predictability
over the training period.

The third and fourth sets of experiments investigate this issue in more detail. In these experiments we repeat the
first two sets of experiments again using the DGP given by Equations 1-3, but in addition to the original predictive
regime at locations (a)—(e), an earlier predictive regime is imposed in the DGP during the relevant training periods. Spe-
cifically, the full DGP for each set of experiments contains two predictive regimes (i.e., we set n =2 in Equation 1),
where the first predictive regime is set to occur during the training period at ¢ = |T*/2]| + 1, and we set m; =15 and
S, =0.25 (hence the associated predictive regime in the training period continues for 15 observations). The second pre-
dictive regime mirrors the original predictive regime in the first two sets of experiments. The length of this second
regime, m,, and the strength of the predictability, /., are set to the same values as the relevant parameters in the first
two sets of experiments (m; and f,, respectively). Note that in the third and fourth sets of experiments the predictive
regime in the training period is relatively short (being half the length of the predictive regime in the monitoring period
for the first two sets of experiments). It is particularly important to assess the finite sample performance of our proce-
dures when there is a short predictive regime in the training period, since short predictive regimes are more difficult to
identify than long predictive regimes. If a long predictive regime exists over the initial training period chosen by a
researcher using our procedures, then it is more likely that the researcher would be aware of its presence (e.g., via a
preliminary analysis of the data).

41 | Main results

The results from the first set of experiments are given in Figure 2, which, as with Figures 3-5, graphs the empirical fre-
quencies with which at least one predictive regime is signaled by our monitoring procedures MAX (solid and dotted red
lines) and SEQ (solid and dotted blue lines) when run across the whole monitoring period under consideration. Recall
that the end of the monitoring period for the set of experiments relating to Figure 2 is chosen using Equation 9 to be
such that @ =0.10. Therefore, when f; =0 we would expect the simulated predictive regime detection frequencies of
our procedures to be close to 0.10. It can be seen that each of the curves reported in Figure 2 indeed starts from approxi-
mately 0.10. For both the MAX and SEQ procedures, when the predictive regime starts before or at the same time as the
start of monitoring (cases (a)-(c)), power rises rapidly with ;. When the predictive regime starts after the start of moni-
toring (cases (d)-(e)), a higher proportion of the subsamples used when computing z. ,, will be data from the period of
the DGP when no predictability exists. Furthermore, in these two cases monitoring ends shortly after the predictive
regime starts (e.g., for case (e), monitoring ends 11 observations after the predictive regime starts). Therefore, as
expected, for both procedures power rises with f; at a lower rate than for cases (a)-(c) and ultimately flattens out at a
lower value.

Interestingly, these experiments show that the relative finite sample performance of the MAX and SEQ procedures
is sensitive to the strength of the predictability (as measured by the magnitude of f,), the location of the predictability
regime relative to the monitoring period, and the persistence of the predictor (as measured by the value of p). For case
(a), when predictability starts 15 observations before the start of monitoring, and for p = 0.965, SEQ has more power
than MAX, but the difference in power declines as the strength of the predictability increases. Eventually, the power
curve for MAX moves above the curve for SEQ (at approximately f; = 0.37). For case (a) with p =0.995, the crossing
point of the power curves occurs earlier (at approximately f; = 0.23). For case (b) the results have a similar pattern to
case (a), although MAX has even more power than SEQ when the predictability is strong compared with case (a).
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FIGURE 2 Predictive regime detection frequency as a function of g, for different values of p: T* + m = 302, E = 327, m; = 30, m = 30;
MAX, p = 0.965,—; MAX, p = 0.995, - - -; SEQ, p = 0.965, —; SEQ, p = 0.995, - - -[Colour figure can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com

0.1 ]

0 I I I I I I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
B

(a) 15 observations before the start of monitoring

0 I I I I I I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
B

(¢) At the same time as the start of monitoring

0.1 q

0 . . . . . . .
0 005 0.1 015 02 025 03 035 04 045 05
B

(e) 15 observations after the start of monitoring

HARVEY ET AL.

01+ 1

0 I I I I I I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

B

(b) 5 observations before the start of monitoring

0 I I I I I I 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

b

(d) 5 observations after the start of monitoring

FIGURE 3 Predictive regime detection frequency as a function of g, for different values of p: T* + m = 302, E = 361, m; = 30, m = 30;
MAX, p =0.965, —; MAX, p = 0.995, - - -; SEQ, p = 0.965, —; SEQ, p = 0.995, - - -[Colour figure can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com

HARVEY ET AL.

0 I I I I I I I I I
0 0.05 0.1 015 02 025 03 035 04 045 05
B2

(a) 15 observations before the start of monitoring

0.9 ]

0.8

0.7

o . . . . . . . . .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Ba

(c) At the same time as the start of monitoring

1
0.9 4
0.8 3
0.7 1
0.6 ]
0.5 bl
0.4
0.3} B
0.2

0.1

0
0 0.05 0.1 015 02 025 03 035 04 045 05
B2

(e) 15 observations after the start of monitoring

0 I I I I I I I I I
0 005 0.1 015 02 025 03 035 04 045 05
Be

(b) 5 observations before the start of monitoring

1 T T T T T T T

09 ]

0.8

0.7

06 1

05 1

0.4

0.3

0.2

0.1

0 I I I I I I I I I
0 005 0.1 015 02 025 03 03 04 045 05
B,
P2

(d) 5 observations after the start of monitoring

FIGURE 4 Detection frequency for a second predictive regime when a predictive regime with f; = 0.25 also exists in the training
period, as a function of g, for different values of p: T* + m = 302, E = 327, m; = 15, m, = 30, m = 30; MAX, p = 0.965, —; MAX, p = 0.995,
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Similar results are found for case (c), although power is noticeably lower for all values of g;. This is to be expected
because in this case the predictability regime starts at the same time as the monitoring, and therefore the initial sub-
samples used to compute 7, ,, contain very few observations from the predictability regime (by definition, the subsam-
ples used to compute 7, ,, contain more observations from the period when there is no predictability until half way
through the monitoring period). For case (d), and p =0.965, MAX and SEQ have very similar power when the predict-
ability is weak, although as the predictability strengthens the power curve for MAX moves above the curve for SEQ.
The same general pattern exists for p = 0.995, although the power of both procedures when the predictability is weak is
higher than for p = 0.965. For case (e), MAX has more power than SEQ for all values of f;, and the difference in power
increases as the predictability strengthens.

The results from the second set of experiments are given in Figure 3. As expected, when the monitoring period is
extended from E =327 to E =361 the predictive regime detection frequency as a function of f; increases for both MAX
and SEQ. Indeed, the detection frequency and relative finite-sample performance of MAX and SEQ are now virtually
identical for each of the predictive regime start dates considered here. This reflects the fact that because of the longer
monitoring period, each set of sequential z,,, statistics now includes a run of statistics computed using subsamples
where a high proportion of each subsample is data from when predictability exists in the DGP. When f; = 0 the empiri-
cal FPRs of MAX and SEQ both increase to approximately 0.20, again as expected. A further interesting feature of our
monitoring procedures can be seen by comparing Figures 2a and 3a relating to the case where the predictive regime
starts 15 observations before monitoring begins (of the cases considered, the one where detection power is least depen-
dent on the start date of the predictive regime). Although, as discussed above, the FPR in Figure 3a is roughly double
that in Figure 2a for each procedure, very little differences (for a given value of p) are seen between the two different
cases in terms of the efficacy of MAX and SEQ to detect a predictive regime, except where f; is close to zero. Equation 9
shows that, other things being equal, the longer is the length of the training period relative to the monitoring period,
the smaller is the theoretical FPR of the procedure. But as these simulation results highlight, a lower FPR from a
longer training period does not entail a decrease in the efficacy of the procedures to detect a true predictive regime in
the monitoring period.

The results for the third and fourth sets of experiments are given in Figures 4 and 5. We find that, as expected, due
to the presence of a predictive regime during the training period, in each of the individual experiments both
MaXec(m + 1,7 Te,m aNd [, are increased relative to the case where no predictability is present in the training period and,
as a result, the power curves are generally lower in these experiments than the corresponding curves in Figures 2 and 3.
For both MAX and SEQ, when f, =0 and E = 327 (consistent with a =0.10), the detection frequency in Figure 4 is
approximately 0.05. When $, = 0 and E = 361 (consistent with a = 0.20), the detection frequency for both procedures in
Figure 5 is approximately 0.10. Similarly, it can be seen in Figures 4 and 5 that for f, > 0 the curves are approximately
0.05-0.10 lower than the corresponding curves in Figures 2 and 3. The curves in Figure 4 for E = 327 are sensitive to
where the second predictive regime is located. However, it can be seen in Figure 5 that, as in Figure 3, extending the
monitoring period to E = 361 reduces the sensitivity of the curves to the exact location of the predictive regime.

4.2 | Additional simulations

The first set of additional simulations studies the detection power of the MAX and SEQ procedures as a function of m,
(the length of the predictability regime in the DGP), employing the same DGP used in the main experiments and
assuming the other parameters are fixed at their original values. The results are graphed in Figure S1 for E =327 and in
Figure S2 for E = 361. Increases in m; from a low value initially lead to an increase in detection power. For larger values
of m; the power curves flatten out. This occurs because, as m; increases, eventually the end of the predictability regime
in the DGP lies beyond the end of the monitoring period, which in these experiments is assumed to be fixed. When
monitoring ends at E = 327 the point at which the power curves flatten out occurs earlier as we move from start dates
(a) to (e), because the value of m; such that the end of the predictive regime lies beyond the end of the monitoring
period E gets smaller. For the longer monitoring period E = 361 there is very little difference in detection power for the
different start dates.

We also carried out an extensive set of robustness checks for MAX and SEQ. The first checks concern the error
terms in the DGP. An attractive feature of our monitoring procedure, as Proposition 1 shows, is that for sufficiently
large T, in addition to being robust to any degree of contemporaneous correlation of the error terms in the DGP, it is
also robust to conditional heteroskedasticity and non-Gaussianity in the errors. To investigate how well these
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robustness properties hold in finite samples, we repeated the first set of main simulation experiments discussed above
using the same DGPs but for a range of error distributions and heteroskedasticity patterns for e, in Equation 1: (i) £(10)
error terms; (ii) #(5) error terms; (iii) normally distributed GARCH(1,1) error terms with conditional variance
oy, =a+aie;,_, +p0,, 1, where ag=0.10, a; =0.10 and $; = 0.80, and (iv) #5) GARCH(1,1) error terms with the
same GARCH parameters. Although not formally allowed under the conditions of Proposition 1, we also considered:
(v) #(5) error terms with an unconditional volatility shift from ¢,=1 to ¢, =2 halfway through the monitoring period
(att=T"+m+ |(E—T" —m)/2] + 1). Reassuringly, the results, which are graphed in Figures S3-S7, are very similar to
the first set of main simulation results reported in Figure 2. As discussed in Remark 3, the AR(1) specification for the
predictor in Equations 1-3 is not critical for our analysis, and for large T, both the MAX and SEQ procedures remain
valid for higher order autoregressive predictors. To investigate this issue in finite samples we report the results from
repeating the first set of main simulation experiments given in Figure 2, but using an AR(2) predictor rather than an
AR(1); that is, replacing the AR(1) process in Equation 3 by S,; = p1Sx¢—1 + P2Sxs—2 + €xp t =1, ..., T, setting p; = 0.595,
and allowing p, = {0.30, 0.40}. The results are given in Figure S8, and again they are very similar to the main simulation
results reported in Figure 2.

As a final robustness check, we investigated the detection power of MAX and SEQ when the regime change in
Equations 1-3 is gradual rather than discrete. Specifically, we used the DGP for the first set of main simulation experi-
ments but redefined the dummy variable d(e;,m;) to be the exponential function d;(e;,m;) :=exp(—y(t—s)*), which
allows for smooth regime change centered around s, where y controls the speed of the change. We set s =e; —0.50m; +
1 and y = 0.01, so that the main part of the regime change for cases (a)-(e) starts at approximately the same point as in
Figure 2 and lasts for approximately 30 observations. The results are given in Figure S9 and show that, as f; increases,
both MAX and SEQ have good detection power for this form of regime change. Generally, the rate of increase in power
with increases in f; is slower than in Figure 2 and the curves are slower to flatten out, which occurs because increases
in p; are effectively being weighted by a factor less than one for most of the predictability regime; hence the f; that
maximizes power (assuming the other parameters in the DGP are fixed) is higher than for the results in Figure 2.

5 | EMPIRICAL APPLICATION
5.1 | Data and preliminary analysis

The data set used for the empirical application of our monitoring procedure consists of monthly observations on the
equity premium for the S&P Composite index calculated using CRSP's month-end values and on 20 different predictors
for the period 1974:12-2015:12 (T = 493). We define the equity premium as in Welch and Goyal (2008) and Neely et al.
(2014) as the log return on the value-weighted CRSP stock market index minus the log return on the risk-free Treasury
bill: y, =log(1 4+ Rp,;) —log(1 + Ry;) where R, is the CRSP return and Ry, is the Treasury bill return. Ten of the predic-
tors are traditional macroeconomic and financial variables (MFVs) and 10 are binary technical analysis indicators
(TAIs) also used by Neely et al. (2014) in their analysis of equity premium predictability. Some of the traditional MFVs
are in log form (as in Welch & Goyal, 2008; Neely et al., 2014) and each of the predictors is lagged one period. We con-
sider the log dividend yield (dy;_,), the log dividend-price ratio (dp;_,), log earnings-price ratio (ep;_;), book-to-
market ratio (bm, _ ), short-term yield (st;_ 1), long-term yield (It,_ ;), long-term-short-term yield spread (sp, _; =1It; _;
—St;_1), BAA-AAA corporate bond yield spread (dsp;_), net equity expansion (ntis;_,), and inflation (inf;_,). The
TAIs used are four moving average indicators (MAIs), two momentum indicators (MOIs), and four on-balance volume
(OBV) indicators. The four moving-average rule indicators (MAIj,;,) are defined such that MAIL,;: =1 if MA;, > MA,,,
indicating a buy signal, and are defined to be zero otherwise, where MA;;: = (1/ )SY_tP;_; for j={s,} and s = {1, 2}, |
={9,12} and where P, is the level of the S&P Composite index. The two [-period momentum rule indicators (MOI, ) are
defined such that MOI,,: =1 if P, > P, _,, indicating a buy signal, and are defined to be zero otherwise, where [ ={9, 12}.
The four on-balance volume rule indicators (OBV;,,) are defined such that OBV ;: =1 if MA?Y>MAPPY, indicating a
buy signal, and are defined to be zero otherwise, where MAOP" : = (1/)) /—tobv,_; for j={s, [} and s = {1, 2}, [ ={9, 12},
and obv;: = chleOLka, where VOL, is trading volume for the S&P Composite index in period k and Dy is a binary
variable such that D,;: =1 if P,> P,_; and D,: = —1 otherwise.

The data used to construct the equity premium and the predictors are taken from the updated monthly data set on
Amit Goyal's website (http://www.hec.unil.ch/agoyal/), which is an extended version of the data set used by Welch and
Goyal (2008). A full list of the predictors is given in Table S1 of the Supporting Information Appendix.
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We begin with a preliminary analysis using some popular orthodox methods for detecting predictability. Table S2 in
the Supporting Information Appendix reports, for each predictor variable considered, the estimated slope parameter ®),
a right-tailed Newey-West t-test of significance (fxw) and the standard and adjusted R* values for orthodox bivariate
regression models applied to the full sample of data using OLS for parameter estimation. For both the MFVs and the
TAIs, consistent with many of the previous empirical studies discussed in Section 1, very little evidence of predictability
is provided by the tyyw tests run at conventional significance levels and in all cases the R* values are under 1%. It is
important to recognize that, although popular in studies of equity premium predictability, orthodox t-tests (including
fnw) can be misleading in this case because of the highly persistent lagged regressors used (see again the discussion in
Section 1); therefore also reported in Table S2 is the IV, .y, test of Breitung and Demetrescu (2015). This statistic has a
standard normal asymptotic null distribution, such that the test is valid, irrespective of the persistence of the predictor
and any heteroskedasticity present in the errors. As discussed in Remark 4 of Breitung and Demetrescu ((2015), p.364),
the IV omp test can only be validly implemented as a two-tailed test. For the MFVs there is no statistically significant
evidence of predictability from IV, at conventional significance levels, and only a single rejection at the 0.10 signifi-
cance level for the TAIs."”

Recall that in outlining our monitoring procedure in Section 3 we assumed in generating the empirical critical
value, cv,, that there was no predictability over the training periods. To assess how this assumption sits with our data
sets we apply the same methods used for obtaining the full-sample results in Table S2 to the training periods employed
in the monitoring application below. Although we present the results for all of the methods used in Table 2, to assess
the presence of predictability in these training periods we focus on the IV, test. For the monitoring application
below, our initial choice of training periods is 12/74-10/98 (for m = 15), 12/74-07/97 (for m = 30), and 12/74-01/95 (for
m = 60). These are the implied training periods given by T™ = 302 — m, where observation t = 302 is the date at which
monitoring starts in the application below, 01/00. If there is statistically significant evidence of predictability for an ini-
tial choice of training period, but this is thought to be due to a period of predictability towards the end of that training
period, then we recommend ending the training period at an earlier date so as to reduce the likelihood that it contains
predictability. Thus the final training periods employed when monitoring could finish earlier than the initial choice of
training period; see the discussion in Section 3.4.1

Our preliminary analysis of the data over the implied training periods reveals that for the two interest rate series
st; _, and It, _,, and for the bond yield spread dsp; _;, there is statistically significant evidence of predictability at con-
ventional significance levels from IV, for one or more values of m. Furthermore, the rejections obtained do not
appear to be driven by predictability at the end of these implied samples. Therefore, in the monitoring application
below we continue to use the implied training periods for these three predictors despite the rejections from IV qyy. Sta-
tistically significant evidence of predictability from IV, is also obtained for ntis, _ 1, for all values of m. In this case,
we find that predictability is concentrated in the data from 01/92 through to the end of the training periods. Hence, for
this predictor and for all values of m, we end the relevant training periods at 12/91 in the monitoring application below.
For all of the other MFV and TAI predictors no statistically significant evidence of predictability is found from IV,
using the implied training periods. The full set of results from the preliminary analysis of the data over the training
periods (using the adjusted training period for ntis, ;) are given in Tables S3 and S4 in the Supporting Information
Appendix for the MFVs and TAIs, respectively.

5.2 | Monitoring results

We assume that a practitioner applies our MAX and SEQ procedures to monitor for the emergence of predictive regimes
from 01/00 (so in all cases T* + m = 302). Results are presented assuming that monitoring continues through to the
final data observation: 12/15. In real-world applications it is not envisaged that our procedures would be used for con-
tinuous monitoring over anything like such a long period, but it is helpful to present the results through to 12/15 to

Financial theory suggests negative predictive power for st, 1, It, _ 1, ntis,_,, and inf; _,. We therefore multiply each of these predictors by —1 so that
a right-sided test (excepting the IV o, test which, as discussed above, is implemented as a two-tailed test) is appropriate for detecting predictability.
See footnote 5 for further details.

If predictability is present during the training period, as the simulations in Section 4 demonstrate, our procedure can still be useful for detecting
positive predictability over the monitoring period. Note that if negative predictability exists over the training period and a predictability regime
change is detected using the upper-tailed version of our procedure, we cannot conclude that the change is to a period of positive predictability without
further analysis, because it could be due to a change to a period of no, or less negative, predictability.
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illustrate the relationship between the length of the monitoring period and the FPR. Results are computed for m = {15,
30, 60}. For the SEQ procedure we have computed results for both 0.10 and 0.05 level estimated critical values; that is,
cv, for 7 ={0.10, 0.05}, but we concentrate here on the results for = =0.10. The results for = =0.05 are given in
Tables S5 and S6 of the Supporting Information Appendix.

Table 1 reports the number of predictive regimes detected by MAX and SEQ (with = = 0.10) respectively. For each
predictor where one or more predictive regimes are detected, Table 2 reports the date at which the first regime is
detected and the associated empirical FPR for both MAX and SEQ (using cvg10). Note that the TAI predictors are 0-1
dummy variables that will often take the same value for several consecutive observations, and consequently the sub-
sample 7, ,, values can be undefined when the TAI does not change over the subsample. If 7, ,, is undefined during the
monitoring period it simply means that at the relevant observation when this occurs the test statistic is uninformative
about the presence of predictability, but the 7, ,, values that are defined can still be used for monitoring. However, a
large number of undefined test statistics in the training period could have a detrimental impact on the finite-sample
performance of the procedure. For completeness, the results for m = {15, 30} are reported in these tables, although for
some of the TAIs undefined test statistics occur quite frequently over the training period with these values of m. In prac-
tice, we recommend using m > 60 when using our procedure with these particular TAIs to minimize the number of
undefined test statistics over the training period. Alternatively, for a given value of m, reducing the value of [ when con-
structing the TAIs will result in fewer undefined test statistics. In the application here we report results for [ = {9, 12} to
be consistent with the regression-based analysis of TAIs in Neely et al. (2014), even though for some of the MOIs and
OBV indicators with m = 60 and these values of [, 7, is occasionally undefined over the training and/or monitoring
period. For the MAIs with [ = {9, 12} and m = 60 there are no undefined test statistics.

It can be seen from Table 1 that, in total, employing the three subsample sizes m = {15, 30, 60} leads to one or more
predictive regimes being detected by MAX for eight of the 10 MFVs. MAX finds no evidence of predictability for sp,_,
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TABLE 2
MAX SEQ, 7 =0.10
m=15 m=30 m =60 m=15 m =30 m=60
MAX FPRpax MAX FPRyax MAX FPRyux  SEQ  FPRggg SEQ  FPRggg SEQ  FPRggg
MFVs
dy,_1 N/A N/A 02/01  0.055 02/14 0483 09/07  0.255 N/A N/A 02/02  0.125
dp,_1 N/A N/A 02/01  0.055 02/14 0483 05/15  0.405 N/A N/A 01/02 0.121
epi_1 07/11  0.338 01/08 0.286 01/09 0.375 09/03  0.142 01/04 0.168 12/04  0.248
bm,_, 07/00  0.025 N/A N/A 07/01  0.095 10/00  0.035 N/A N/A 02/02  0.125
Sty_q N/A N/A 03/11 0.358 10/12  0.458 N/A N/A N/A N/A N/A N/A
Ity N/A N/A 04/03  0.142 03/05 0.257 10/03  0.145 08/04  0.188 08/05 0.272
SPr—1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
dsp;_1 07/12  0.357 08/11  0.366 02/14 0483 05/12  0.354 N/A N/A N/A N/A
ntis; _ 1 N/A N/A 08/11  0.444 N/A N/A N/A N/A N/A N/A N/A N/A
inf; 4 N/A N/A N/A N/A N/A N/A 06/04 0.166 N/A N/A N/A N/A
TAIs
MAL g1 N/A N/A 12/07  0.284 10/08  0.368 N/A N/A 11/09  0.330 06/04  0.229
MAL 1,-1 11/00 0.039 01/08 0.286 09/02 0.153 N/A N/A 01/04 0.168 09/02 0.153
MAL g1 01/08 0.263 11/08  0.307 10/08  0.368 N/A N/A 07/10  0.344 10/05  0.278
MAL1,,-1 01/08 0.263 01/08 0.286 09/01 0.103 N/A N/A 02/04 0.171 04/02  0.133
MOI,, 4 N/A N/A N/A N/A 10/00  0.052 N/A N/A 10/03  0.160 02/02  0.125
MOIL, ;1 N/A N/A 08/03  0.154 12/00  0.062 N/A N/A 06/04 0.182 12/01  0.117
OBV39s-1 N/A N/A 11/08 0.307 N/A N/A N/A N/A 06/09  0.320 05/10  0.407
OBVi12:-1 01/08 0.263 N/A N/A 02/09 0.377 11/09  0.304 06/04 0.182 12/09  0.397
OBV,9,-1 01/08 0.263 N/A N/A 02/09 0.377 N/A N/A N/A N/A 06/10  0.409
OBV312:-1 N/A N/A N/A N/A 11/08  0.370 11/09  0.304 03/10 0.337 10/01  0.108

and inf; _ ;. Note that the total number of MFVs found to have predictive power is lower for m = 15 than for the larger
values of m considered. In total, one or more predictive regimes are detected for all 10 of the TAIs considered, and the
number of TAIs found to have predictive power increases with m: from five for m = 15, to six for m = 30, and nine for
m = 60.

Consider now the results from using the SEQ procedure, also given in Table 1. In total, employing the three subsam-
ple sizes m = {15, 30, 60}, one or more predictive regimes are detected by SEQ for seven of the 10 MFVs, and for all of
the TAIs. Note that, in contrast to MAX, the total number of MFVs found to have predictive power is largest for m = 15:
predictive regimes are detected for seven MFVs when m =15, two when m = 30, and five when m = 60. The total num-
ber of TAIs found to have predictive power increases with m, from two for m =15, to nine for m =30, and 10 for
m = 60. Our results from both MAX and SEQ are, in general, consistent with the findings in Neely et al. (2014), that
stronger evidence of predictability is found for the TAIs than for the MFVs.

It can be seen in Table 2 that for many of the MFV and TAI predictors a predictive regime is first detected around
the time of the dot-com bubble/crash in the late 1990s/early 2000s, or the global financial crisis in 2008-2009. Table 2
also shows that, as might be expected, for some of the predictors our procedures detect a predictability regime around
the same date and, in some cases, in the same month. Consider, for example, the results using MAX with m = 30. For
both dy,_; and dp, _ ,, predictability is first detected in 02/01. For dsp, _; and ntis, _,, in both cases predictability is first
detected in 08/11.

The dating procedures discussed in Section 3.3 also provide useful information on the location of the regimes. As an
example, Figure 6 graphs z, ,, along with the weak set of dates obtained using MAX with m = 30 for the dividend-price
ratio dp, _; as a predictor (note that the strong set of dates is empty in this case). Figures 7 and 8 graph the MAX results
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FIGURE 6 dp,_,, MAX procedure, m = 30: — (t¢,;m), —— (MaXeen+ 1,7 Teim), = = - (T7), (T* + m), - - - (first rejection),  (weak
set of dates), (false positive rate), ----- (NBER indicator) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 st,_;, MAX procedure, m = 30: —— (7¢,p), —— (MaXee[m + 1,74 Tein)s = = - (T7), (T* + m), - - - (first rejection),  (weak
set of dates), (false positive rate), ----- (NBER indicator) [Colour figure can be viewed at wileyonlinelibrary.com]

with m = 30 for the short-term and long-term interest rates, st,_; and It, _;. A selection of graphical results for the other
predictors for which at least one predictive regime is signaled for either the MAX or SEQ procedures are provided in the
Supporting Information Appendix in Figures S10-S13. For presentational purposes, in these graphs we do not display
T..m Over the entire training period and instead start the horizontal axis 5 years before the end of each training period.
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(second rejection), - - - (third rejection),  (weak set of dates), (false positive rate), ----- (NBER indicator) [Colour figure can be viewed
at wileyonlinelibrary.com]

Also indicated on these graphs are the end of the training period T”, the date when monitoring starts T+ m, the
largest 7, ,, in the training period (maXec(n+1,7%m ), the date of the first significant rejection for the ith predictive
regime j; (for the MAX procedure, this is the date at which the ith predictive regime is detected), and the FPR, based on
Equation 9, as a function of E.

Figure 6 shows that for dp, _; the MAX procedure with m = 30 detects a single predictive regime in 02/01 and the
weak set of dates covers the period 09/98-03/01. Thus our results suggest that dp,_; had predictive power for equity
returns during the latter years of the dot-com bubble period. Note that the weak set of dates starts before the monitoring
period, which can happen for early rejections because the rejection itself is indexed on the end date of the subsample
window. For st;_ ,, the MAXprocedure with m = 30 detects one predictive regime, and Figure 7 shows that the weak set
of dates covers the period 10/08-03/11. However, for It,_; the MAXprocedure with m =30 detects three predictive
regimes. Figure 8 shows that in this case the weak set of dates covers the periods 11/00-11/04, 03/11-08/13, and
05/11-11/13. Therefore, the weak set of dates associated with the second and third regimes overlap—suggesting a single
period of predictability that begins in 03/11 and ends in 11/13. Figure 8 shows that the first regime detected by MAX for
It,_, in 04/03 follows a gradual increase in 7, ,, that began after the dot-com crash and continued through to late 2004.
Over this period US interest rates gradually fell and equity markets recovered after the dot-com crash and 2001 reces-
sion. Our results suggest that the long-term interest rate had predictive power over this period but the short-term inter-
est rate did not. The second and third regimes for It, _; are shorter in duration than the first and are largely driven by a
rapid and short-lived increase in 7, ,, during 2013.

Neely et al. (2014) investigated differences in predictability between macroeconomic recession and expansion
periods by computing separate R” statistics for predictive regression models using the NBER indicator of recessions and
expansions to partition the relevant data. They found that for both the MFVs and TAIs predictability was substantially
higher over recessions than over expansions. In the light of these findings it is interesting to compare the subsample
T..m values over the monitoring period with the NBER indicator to see if our procedure finds a similar pattern of sup-
port for predictability over the business cycle. Hence the NBER indicator is also plotted in Figures 6-8. There are two
US recessions over the monitoring period 01/00-12/15: one short recession in early 2001 (March 2001-November
2001), and one major recession associated with the global financial crisis (December 2007-June 2009). Figure 6 shows
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that for dp, _; predictability peaks at the start of the 2001 recession but declines during the course of the recession; for
st,_1 and It, _; the predictive regimes detected do not appear to be correlated with the business cycle. As shown in the
Supporting Information Appendix, for the other predictors, while there is some evidence suggesting that, consistent
with the findings in Neely et al. (2014), predictability is stronger during recessions than during expansions, it is not a
pattern obtained for all of the predictors.'® It is interesting to relate our results to recent research by Farmer et al.
(2019), who also focused on detecting short pockets of in-sample predictability in US equity returns. While the sample
sizes and the number of predictors they analyzed differ from ours, there are some similarities between their results and
ours. For example, for the dividend yield, Farmer et al. found evidence of pockets of predictability in the early 2000s
and the early/mid 2010s; and for the Treasury bill rate in the late 2000s and the early/mid 2010s. These dates are similar
to the predictive regime dates obtained for these predictors using our MAXprocedure.

The predictive regimes in Figures 6-8 often end quite shortly after each regime is first detected (e.g., in Figure 7, the
weak set of dates ends immediately after the regime is detected). Indeed, this general pattern was observed for all of the
MFVs and for the majority of the TAIs. Hence the strong set of dates for most of the predictors is empty. This suggests
that, although investors using our procedure in real time would have been able to detect predictability in these cases,
there may have been very little time after the point of detection to exploit the predictability before it no longer existed.
To investigate this point using traditional forecasting methods, for each MFV predictor where one or more predictive
regimes are detected by MAX and/or SEQ with m = 30 we computed out-of-sample forecasts exploiting the information
from the monitoring procedures. Specifically, for each of these predictors we move forward through the monitoring
period 1 month at a time, computing MAX and SEQ at each month along with one-step-ahead forecasts. To compute
the forecasts we use a fixed mean benchmark model estimated using an expanding sample of data that starts at the first
observation, until the relevant monitoring procedure detects a first predictive regime. When this occurs we use the rele-
vant regression model to compute the forecast for the next month, estimated using an expanding sample of data that
starts at the weak start date for the relevant predictive regime. When the first predictive regime ends, we stop forecast-
ing. We compared the forecasts computed in this way with the forecasts obtained using the fixed mean benchmark
model for the whole forecasting period. The mean squared forecast error (MSFE) for each procedure, along with the
Diebold and Mariano (1995) test of equal forecasting accuracy (employing the Harvey, Leybourne, & Newbold, 1997,
bias correction and Student's ¢ critical values), and the out-of-sample R*> value for the procedure are reported in
Table S7 in the Supporting Information Appendix. As expected, because the predictive regimes end so quickly after they
are discovered, for the majority of predictors there is very little difference between the MSFE obtained exploiting our
MAX and SEQ procedures in this way and the MSFE for the benchmark model. In some cases the MSFE using our test
in this way is lower than the benchmark model, but the differences are not statistically significant. Paye and Tim-
mermann (2006) and Timmermann (2008) argue that if predictability reflects market inefficiencies then it is only ever
likely to be a short-lived phenomenon because, when it exists, investors will quickly allocate capital to exploit its pres-
ence. Our finding of short pockets of predictability that end quickly after being detected is entirely consistent with
this view.

6 | CONCLUSIONS

We have developed new real-time monitoring procedures for detecting the emergence of predictive regimes. Our detec-
tion procedures are based on the sequential application of standard heteroskedasticity-robust (predictive) regression
t-statistics for predictability to end-of-sample data. We have suggested two possible detection rules, both of which are
designed to be robust to both the degree of persistence and endogeneity of the regressors in the predictive regression
and are such that their false positive rates can be controlled, for a given monitoring period length, by using information
obtained from data in a training period. We have applied our proposed monitoring procedures to investigate for the
presence of regime changes in the predictability of the US equity premium at the 1-month horizon by traditional macro-
economic and financial variables, and by binary technical analysis indicators. Our results suggest that the 1-month-
ahead equity premium has displayed episodes of temporary predictability and that these episodes could have been
detected in real time by practitioners using our proposed methodology.

12We note that Neely et al. (2014) studied a longer sample of the data than the sample used here that ends earlier (12/50-12/11) and their empirical
work is fundamentally different from ours, being an ex post analysis of predictability (in-sample and out-of-sample) rather than a real-time
monitoring application.



HARVEY ET AL. WILEY—=—=

ACKNOWLEDGMENTS

We are grateful to three anonymous referees and the Editor, Barbara Rossi, for their helpful and constructive comments
on earlier versions of this paper. We also thank participants at the EC* conference held in Rome in December 2018, the
50 Years of Econometrics conference held at the University of Kent in September 2018, and the Econometric Society
Australasian Meeting held in Perth in July 2019 for helpful comments. Taylor gratefully acknowledges financial support
provided by the Economic and Social Research Council of the United Kingdom under research grant ES/R00496X/1.

OPEN RESEARCH BADGES

L

This article has earned an Open Data Badge for making publicly available the digitally-shareable data necessary to
reproduce the reported results. The data is available at [http://qed.econ.queensu.ca/jae/datasets/harvey002/]

REFERENCES

Andrews, D. W. K. (2003). End-of-sample instability tests. Econometrica, 71, 1661-1694.

Andrews, D. W. K., & Kim, J.-S. (2006). Tests for cointegration breakdown over a short time period. Journal of Business and Economic Statis-
tics, 24, 379-393.

Ang, A., & Bekaert, G. (2007). Stock return predictability: Is it there? Review of Financial Studies, 20, 651-707.

Astill, S., Harvey, D. L, Leybourne, S. J., Sollis, R., & Taylor, A. M. R. (2018). Real-time monitoring for explosive financial bubbles. Journal of
Time Series Analysis, 39, 863-891.

Bai, J., & Perron, P. (1998). Estimating and testing linear models with multiple structural changes. Econometrica, 66, 47-78.

Bai, J., & Perron, P. (2003). Computation and analysis of multiple structural change models. Journal of Applied Econometrics, 18, 1-22.

Boudoukh, J. R., Michaely, M., Richardson, P., & Roberts, M. R. (2007). On the importance of measuring payout yield: Implications for
empirical asset pricing. Journal of Finance, 62, 877-915.

Breitung, J., & Demetrescu, M. (2015). Instrumental variable and variable addition based inference in predictive regressions. Journal of
Econometrics, 187, 358-375.

Brock, W., Lakonishok, J., & LeBaron, B. (1992). Simple technical trading rules and the stochastic properties of stock returns. Journal of
Finance, 47, 1731-1764.

Campbell, J. Y. (1987). Stock returns and the term structure. Journal of Financial Economics, 18, 373-400.

Campbell, J. Y., & Shiller, R. J. (1988a). Stock prices, earnings and expected dividends. Journal of Finance, 43(3), 661-676.

Campbell, J. Y., & Shiller, R. J. (1988b). The dividend-price ratio and expectations of future dividends and discount factors. Review of Finan-
cial Studies, 1, 195-228.

Campbell, J. Y., & Thompson, S. B. (2008). Predicting excess stock returns out of sample: Can anything beat the historical average? Review of
Financial Studies, 21, 1509-1531.

Cochrane, J. H. (2008). The dog that did not bark: A defense of return predictability. Review of Financial Studies, 21, 1533-1575.

Dangl, T., & Halling, M. (2012). Predictive regressions with time-varying coefficients. Journal of Financial Economics, 106, 157-181.

Diebold, F. X., & Mariano, R. S. (1995). Comparing predictive accuracy. Journal of Business and Economic Statistics, 13, 253-263.

Fama, E. F. (1981). Stock returns, real activity, inflation, and money. American Economic Review, 71, 545-565.

Fama, E. F. (1990). Stock returns, expected returns, and real activity. Journal of Finance, 45, 1089-1108.

Fama, E. F., & French, K. R. (1988). Dividend yields and expected stock returns. Journal of Financial Economics, 22, 3-25.

Fama, E. F., & French, K. R. (1989). Business conditions and expected returns on stocks and bonds. Journal of Financial Economics, 25,
23-49.

Farmer, L. E., Schmidt, L., & Timmermann, A. (2019). Pockets of predictability (CEPR Discussion Papers 12885). London, UK: Centre for
Economic Policy Research.

Ferreira, H., & Scotto, M. (2002). On the asymptotic location of high values of a stationary sequence. Statistics and Probability Letters, 60,
475-482.

Goyal, A., & Welch, I. (2003). Predicting the equity premium with dividend ratios. Management Science, 49, 639-654.

Harvey, D. I, Leybourne, S. J., & Newbold, P. (1997). Testing the equality of prediction mean squared errors. International Journal of Fore-
casting, 13, 281-291.

Henkel, S. J., Martin, J. S., & Nardari, F. (2011). Time-varying short-horizon predictability. Journal of Financial Economics, 99, 560-580.

Hudson, R., Dempsey, M., & Keasey, K. (1996). A note on the weak form efficiency of capital markets: The application of simple technical
trading rules to UK stock prices - 1935 to 1994. Journal of Banking and Finance, 20, 1121-1132.

Inoue, A., & Rossi, B. (2005). Recursive predictability tests for real-time data. Journal of Business and Economic Statistics, 23, 336-345.

Keim, D. B., & Stambaugh, R. F. (1986). Predicting returns in the stock and bond markets. Journal of Financial Economics, 17, 357-390.

Kostakis, A., Magdalinos, T., & Stamatogiannis, M. P. (2015). Robust econometric inference for stock return predictability. Review of Finan-
cial Studies, 28, 1506-1553.

Lettau, M., & Ludvigsson, S. (2001). Consumption, aggregate wealth, and expected stock returns. Journal of Finance, 56, 815-850.


http://qed.econ.queensu.ca/jae/datasets/harvey002/

HARVEY ET AL.

5 | WILEY—

Neely, C. J., Rapach, D. E., Tu, J., & Zhou, G. (2014). Forecasting the equity risk premium: The role of technical indicators. Management Sci-
ence, 60, 1772-1791.

Nelson, C. R., & Kim, M. J. (1993). Predictable stock returns: The role of small sample bias. Journal of Finance, 48, 641-661.

Paye, B. S., & Timmermann, A. (2006). Instability of return prediction models. Journal of Empirical Finance, 13, 274-315.

Stambaugh, R. F. (1999). Predictive regressions. Journal of Financial Economics, 54, 375-421.

Sullivan, R., Timmermann, A., & White, H. (1999). Data-snooping, technical trading rule performance, and the bootstrap. Journal of Finance,
54, 1647-1691.

Timmermann, A. (2008). Elusive return predictability. International Journal of Forecasting, 24, 1-18.

Welch, L., & Goyal, A. (2008). A comprehensive look at the empirical performance of equity premium prediction. Review of Financial Studies,
21, 1455-1508.

White, H. (1982). Maximum likelihood estimation of misspecified models. Econometrica, 50, 1-25.

>

SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of this article.

How to cite this article: Harvey DI, Leybourne SJ, Sollis R, Taylor AMR. Real-time detection of regimes of
predictability in the US equity premium. J Appl Econ. 2020;1-26. https://doi.org/10.1002/jae.2794



https://doi.org/10.1002/jae.2794

	Real-time detection of regimes of predictability in the US equity premium
	1  INTRODUCTION
	2  THE PREDICTIVE REGIME MODEL
	3  PREDICTIVE REGIME DETECTION
	3.1  Subsample regression t-statistics
	3.2  The detection procedures
	3.2.1  The MAX procedure
	3.2.2  The SEQ procedure

	3.3  Dating of predictive regimes
	3.4  Additional discussion

	4  FINITE-SAMPLE PROPERTIES OF THE MONITORING PROCEDURES
	4.1  Main results
	4.2  Additional simulations

	5  EMPIRICAL APPLICATION
	5.1  Data and preliminary analysis
	5.2  Monitoring results

	6  CONCLUSIONS
	ACKNOWLEDGMENTS
	  OPEN RESEARCH BADGES

	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


