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The Economic Value of Predicting Bond Risk Premia ⇤



Lucio Sarno
† Paul Schneider
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Abstract


This paper studies whether the evident statistical predictability of bond risk
 premia translates into economic gains for investors. We propose a novel estimation
 strategy for affine term structure models that jointly fits yields and bond excess
 returns, thereby capturing predictive information otherwise hidden to standard es-
 timations. The model predicts excess returns with high regressions R2s and high
 forecast accuracy but cannot outperform the expectations hypothesis out-of-sample
 in terms of economic value, showing a general contrast between statistical and
 economic metrics of forecast evaluation. More specifically, the model mostly gener-
 ates positive (negative) economic value during times of high (low) macroeconomic
 uncertainty. Overall, the expectation hypothesis remains a useful benchmark for
 investment decisions in bond markets, especially in low uncertainty states.


JEL classification: E43, G12.
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1 Introduction


Empirical research documents that the expectations hypothesis (EH) of the term structure of
 interest rates is rejected by the data and argues, almost unequivocally, that deviations from
 the EH reflect time-varying risk premia.1 Fama (1984), Fama and Bliss (1987), and Campbell
 and Shiller (1991) are among the first to provide such evidence, while more recent studies that
 document the violation of the EH include Bekaert and Hodrick (2001) and Sarno et al. (2007).


This evidence is strengthened by work showing that bond risk premia are predictable; see e.g.


Cochrane and Piazzesi (2005). In this paper, we evaluate the relevance of EH deviations by
 studying whether bond investors benefit from conditioning on information about time-varying
 risk premia.


We estimate risk premia using affine term structure models (ATSMs). Based on the pioneer-
 ing work of Duffie and Kan (1996) and Dai and Singleton (2000), ATSMs receive a particular
 focus in the finance literature on dynamic term structure models because of their richness,
 tractability, and ability to produce reasonable risk premium dynamics. Interestingly, research
 on the EH and on ATSMs has, to a large extent, evolved along separate paths.2 Only a few
 papers attempt to bridge this gap and, for example, the results of Backus et al. (2001) and Dai
 and Singleton (2002) support the notion that the failure of the EH is due to the invalid as-
 sumption of constant risk premia. While Balduzzi and Chang (2012) find that ATSMs capture
 yield dynamics well, recent research argues that the evident predictability of bond risk premia
 cannot by captured by ATSMs because the necessary predictive information is not spanned


1The EH is the postulate that the long-term interest rate is determined by the current short-term rate and
 the market expectation of the short-term rate over the maturity of the long-term rate, plus a constant risk
 premium. Under the EH, pure discount bonds are perfect substitutes and excess returns are not predictable.


2While empirical EH research often argues that the theory’s failure is due to time-varying risk premia,
 these papers put little e↵ort into modeling risk premia, focusing instead on formal statistical tests of the EH.


Similarly, research on ATSMs is usually motivated by the empirical rejection of the EH, but does not establish
 a direct link to the EH within the model.


1



(5)by the cross-section of yields (see e.g. Du↵ee, 2011; Barillas, 2013; Joslin et al., 2013). By
 contrast, we show that such ATSMs do capture the predictability of excess returns when em-
 ploying an extended estimation procedure that jointly fits yields and past risk premia to the
 data. This finding suggests that ATSMs represent a suitable vehicle for evaluating the economic
 consequences of EH deviations for bond investors.


Our paper contributes to the literature by evaluating whether ATSM forecasts are sta-
 tistically more accurate and economically more valuable than EH-consistent forecasts or, in
 contrast, whether presuming that the EH holds is a suitable first-order approximation for bond
 investment decisions. We conduct an empirical evaluation of the EH that is in many respects
 more comprehensive than evaluations in previous research. First, using ATSMs, we consistently
 model the whole term structure and not only a subset of yields or excess returns, as e.g. in
 Fama and Bliss (1987), Campbell and Shiller (1991), Bekaert and Hodrick (2001), Cochrane
 and Piazzesi (2005). Second, the extended estimation proposed in this paper accounts for pre-
 dictive information in and beyond (i.e. unspanned by) the term structure, thereby producing
 a stronger challenge to the EH.3 Third, while related research generally either focuses on a
 particular segment of the term structure or a specific prediction horizon, we analyze the term
 structure of bond risk premia for horizons ranging from one month to five years. Fourth, while
 many other papers focus on statistical evidence in-sample – e.g. Fama and Bliss (1987), Camp-
 bell and Shiller (1991), Bekaert and Hodrick (2001), Cochrane and Piazzesi (2005) – we measure
 both the statistical accuracy as well as the economic value added by conditional risk premia
 (Leitch and Tanner, 1991), and we complement the in-sample results with an out-of-sample
 analysis. Our paper is thus related to, but more general than Thornton and Valente (2012),


3Recent research suggests that such additional information that adds to statistical predictability may orig-
inate from forward rates (Cochrane and Piazzesi, 2005), macroeconomic factors (see, e.g., Ludvigson and Ng,
2009; Cieslak and Povala, 2013; Joslin et al., 2013), the market variance risk premium (Mueller et al., 2011), or
a ‘hidden factor’ (Du↵ee, 2011).



(6)who specifically investigate the economic value of one-year out-of-sample forecasts using the
 Cochrane and Piazzesi (2005) factor as well as compared to Barillas (2013) focusing on the role
 of macroeconomic variables. Finally, our paper is related to Adrian et al. (2013), who propose
 a regression-based ATSM estimation that incorporates information about bond excess returns.


By construction, their approach fits realized bond excess returns almost perfectly. However,
 we show that this framework generates predictions for bond risk premia that display the same
 tension between statistical and economic metrics as our model, thus supporting the general
 findings reported using our extended estimation.


Using US yield data from 1952 to 2012, we evaluate 25 combinations of prediction horizons
 and bond maturities, with maturities ranging from one month to ten years. We find that the
 extended estimation increases predictive ability and adds economic value over the standard
 estimation used in the literature. Conditional risk premia from the extended estimation are
 unbiased, thereby explaining deviations from the EH, and entail high explanatory power for
 bond excess returns, beyond R2s reported in related work. These findings suggest that our
 estimation strategy is flexible enough to capture long- and short-term predictive information
 from di↵erent sources. As a result, the model allows bond investors to forecast risk premia
 with high accuracy and to earn positive portfolio excess returns in- and out-of-sample.


To evaluate the model against the EH, we use the average historical bond excess return as a
consistent estimate for the EH-postulate of constant risk premia. The extended estimation beats
the EH in terms of statistical forecast accuracy but the model’s predictive ability does not lead
to superior portfolio performance out-of-sample relative to the EH. Thus, the EH still provides
a useful out-of-sample benchmark, and we view the finding that bond investors generally cannot
benefit from using conditional risk premia relative to using the historical average as the bond
market analogue to the result of Goyal and Welch (2008) for stock markets.



(7)We also provide a general discussion on why conclusions based on statistical metrics of
 forecast accuracy may deviate from those reached using economic value measures. On the
 one hand, EH deviations may be statistically significant, but too small to be meaningfully
 exploited by bond investors. On the other hand, common predictive ability measures evaluate
 loss functions that are in many respects unrelated to the economic success of bond investments.


As a consequence it cannot be taken for granted that even models with high forecast accuracy
 allow for economically meaningful bond investment returns. We illustrate the validity of these
 general arguments using the results of our model estimations, but these arguments are equally
 valid for the mounting number of papers on statistical predictability of bond excess returns.


Finally, on a more positive note, we find that our proposed ATSM performs better than the
 EH in terms of economic value during periods of high macroeconomic uncertainty. This result
 is intriguing and has a natural interpretation: during times of low uncertainty risk premia are
 fairly constant and hence the EH provides a very hard benchmark to beat, whereas during high
 uncertainty periods bond risk premia are more volatile and hence a rich ATSM that explicitly
 models the time variation in risk premia adds economic value.


We discuss the model specification and estimation in Section 2. Section 3 details the data
and reports descriptive statistics for yield pricing errors. We present empirical results on the
evaluation of the extended versus the standard estimation procedure and relative to the EH in
Section4. Section 5contains a discussion of our results and Section6 concludes. The separate
Internet Appendix contains technical details and additional empirical results.
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2 Empirical Model and Estimation


Consider a long-term bond withT years maturity and a short-term bond with⌧ years maturity.


We denote by pTt the time-t price of a T-year zero coupon bond with a certain payo↵ of 1 at
 maturity. The corresponding (e↵ective) yield is given by


ytT = log[pTt]. (1)


Analogously, we use the notation p⌧t and yt⌧ for the price and the yield of the short-term bond
 with ⌧  T. The prices of the short- and long-term bonds imply the time-t forward rate
 e↵ective for T ⌧ periods beginning at t+⌧


ft,⌧T ⌧ = log[p⌧t/pTt]. (2)


The return of buying a T-year bond at time t and selling it at time t+⌧ (hTt+⌧) is given by
 hTt+⌧ = log[pTt+⌧⌧/pTt], and the corresponding bond excess return (rxTt+⌧) is thus


rxTt+⌧ ⌘ft,⌧T ⌧ yTt+⌧⌧. (3)


The EH presumes that the forward rate is equal to the expected yield (under the physical
probability measure) plus a constant risk premium. To accommodate potentially time-varying
risk premia, we now turn to the specification of an affine term structure model (ATSM).
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2.1 Affine Term Structure Model and Bond Risk Premia


Based on the findings of Litterman and Scheinkman (1991), it has become well-established
 practice to employ term structure models with three factors. Accordingly, we use an ATSM
 with three factors, which we specify as a purely Gaussian A0(3) model. We consider two
 parameterizations of the model. First, we estimate the ATSM under latent state variables.


Second, we use the observable states parametrization of Joslin et al. (2011, JSZ). We describe
 bond pricing and risk premia in terms of a generic affine model below but delegate the detailed
 specifications of the latent and observable factors models to Appendix A.


2.1.1 Affine Term Structure Model


For our empirical analysis, we use a continuous-time affine term structure model for an economy
 that is driven by state variables X living on a canonical state space D = Rm+ ⇥Rn, m, n 0,
 d=m+n 1. Under a given probability measure M the evolution of X solves the stochastic
 di↵erential equation


dXt= (bM MXt)dt+ (Xt)dWtM, (4)
where (x) (x)> = a+↵x, a is a d⇥d matrix, and ↵ is a d⇥d⇥d cube. Throughout we
assume boundary non-attainment conditions for Xi,t,1im in order to ensure existence of
transition densities (Filipovi´c et al., 2013) and to use generalized affine market prices of risk from
Cheridito et al. (2007) in addition to the admissibility conditions from Duffie et al. (2003). This
means that 2bMi >↵i,ii,1im. In what follows we will make use of two specific probability
measures: Q, the pricing measure, and P, the time-series measure. To avoid overfitting and
to reduce estimation noise we impose a lower-triangular form of the mean-reversion matrix M
for M 2{P,Q}. Furthermore, we restrict its diagonal to strictly positive values. This ensures



(10)a stationary system and existence of unconditional moments. The remaining parameterization
 (in particular the di↵usion function) is modeled in its most flexible form according to the Dai
 and Singleton (2000) specification, respectively with lower-triangular di↵usion function for the
 observable JSZ model.


The instantaneous short rate is affine in X, r(t) ⌘ 0 + >XXt, which implies that bond
 prices pTt are exponentially affine in the state variables X


pTt =EQt


h


e Rtt+Tr(u)dui


=e (T)+ (T)>Xt, (5)


where and solve the ordinary di↵erential equations


˙ = X Q> +1
 2


>↵ ,  (0) = 0, (6)


˙ = 0+bQ> + 1
 2


>a , (0) = 0. (7)


We collect the set of parameters governing the evolution of X by defining ✓P ⌘ bP, P, a,↵ ,


✓Q ⌘ bQ, Q, a,↵, 0, X , and ✓QP ⌘ ✓Q[✓P. The coefficients and are functions of time
 and the parameters, but we will suppress this dependence if the context permits.


2.1.2 Bond Risk Premia: Conditional Expectations of Bond Excess Returns
 We combine Eq. (5) with Eqs. (1) and (2) to express the yield and the forward rate as


ytT = log[pTt] = ( (T) + (T)>Xt), (8)
ft,⌧T ⌧ = (⌧) (T) + ( (⌧)  (T))>Xt. (9)



(11)Using these relations, we calculate expected yields and expected excess returns. To appreciate
 the structure of the risk premium induced through the affine state variables we note that


EPt [Xt+⌧] =A(⌧) +B(⌧)Xt, (10)


where B(⌧) =e P⌧ and A(⌧) =bP R⌧


0 B(u)du. We then express conditional expectations as


EPt


⇥yTt+⌧⌧⇤


= ( (T ⌧) + (T ⌧)>(A(⌧) +B(⌧)Xt)), (11)
 EPt


⇥rxTt,⌧⇤


= ( (⌧)  (T))>Xt+ (T ⌧)>(A(⌧) +B(⌧)Xt). (12)


Making explicit the dependence of and on the parameters and introducing


⌧,T(✓QP)⌘ (⌧,✓Q)>  (T,✓Q)>+ (T ⌧,✓Q)>B(⌧,✓P), (13)


⌘⌧,T(✓QP)⌘ (T ⌧,✓Q)>A(⌧,✓P), (14)


the time-t risk premium is affine in ⌘ and


EPt


⇥rxTt,⌧⇤


=⌘⌧,T + ⌧,TXt. (15)


The risk premium in Eq. (15) depends on ⌧, T, and on t(through X). It comprises a constant
 as well as a time-varying component that is driven by the evolution of Xt, which can be seen
 from rewriting the conditional expectation in Eq. (15) as


EPt


⇥rxTt,⌧⇤


=⌘⌧,T + ⌧,TEP[X] ⌧,T EP[X] Xt . (16)



(12)This relation interprets the time-variation in risk premia as deviations ofXtfrom its uncon-
 ditional expectation. The first two terms only depend on ⌧ and T and are thus time-invariant,
 consistent with the EH notion of a constant risk premium. Empirically, the question whether
 the EH holds can be assessed by analyzing whether the last term, which should be just noise
 under the EH, induces predictability of bond excess returns. Note that when estimating the
 model, the sum of the first two terms will correspond to the average excess return observed in
 the data and the last term will average to zero. In that sense, the time-invariant part deter-
 mines for a given horizon the shape of the (average) term structure of risk premia. Building
 on these insights from Eqs. (15) and (16), we estimate the EH-postulated constant risk premia
 using historical sample averages of bond excess returns. To estimate ATSM-implied conditional
 risk premia that additionally capture the time-varying component, we employ the estimation
 methodology described in the next section.



2.2 Model Estimation


For our empirical analysis we distinguish between the model specification in terms of latent fac-
tors and the JSZ specification in terms of observable factors. We follow two di↵erent estimation
strategies for each of the two specifications. The first, standard estimation procedure, requires
model-implied yields to match the observed term structure. The second, extended estima-
tion, requires that additionally model-implied bond excess returns match past realized excess
returns. To accommodate the notion of an investor updating her beliefs about the model’s
predictability and to include past failures and successes into estimates of the parameters (and
state variables), we employ Bayesian methodology for the latent-factor model and maximum
likelihood (as well as nonlinear least squares) for the JSZ specification. Without changing the
structure of the model, this explicitly accounts for the time-series properties of EH deviations



(13)in addition to the cross-sectional properties of yields. With this novel approach we account for
 information that is not embedded in the term structure of interest rates but adds to predictive
 ability for bond excess returns.


We assess the forecast performance of ATSMs estimated with the standard and with the
 extended procedure, both in-sample and out-of-sample. For the in-sample analysis, we estimate
 ATSMs using the full set of data available. In the out-of-sample analysis, we generate condi-
 tional time-texpectations by estimating ATSMs using only information that is available at time
 t. We first estimate the models using the earliest 120 months of data available. Subsequently,
 we update the information set every month and re-estimate the models (parameters and state
 variables) to generate updated out-of-sample forecasts. We present a concise description of
 the two estimation strategies below and provide technical details of the Markov-Chain Monte
 Carlo (MCMC) methods that we apply for the standard and extended estimation procedures
 in Appendix A.1. The estimation of the JSZ specification is outlined in Appendix A.2.


2.2.1 Standard Estimation Procedure


Our data set comprises zero yields with 24 maturities (expressed in years) T1, . . . , T24, covering
 1, 2, 3, 4, 6, 7, 9, 12 ,13, 15, 18, 24, 25, 27, 30, 36, 48, 60, 61, 63, 66, 72, 84, 120 months; for
 details about the data, see Section 3. We estimate our model using observation equations


ytTi


Ti = (Ti,✓Q) + (Ti,✓Q)>Xt


Ti +"Tti, (17)


where "Tti, i = 1, . . . ,24 are assumed i.i.d normally distributed with mean zero and V⇥


"Tti⇤


=
e 2(c0+c1Ti+c2Ti2). For the latent-state model we use these equations for filtering and smoothing
the state variables X and define ✓✏⌘{c0, c1, c2} and finally ✓ ⌘✓QP[✓✏. The JSZ model uses



(14)this equation for determining the fit to the yield curve for fixed observed state variables.


For the latent-factor model in a Bayesian setting, with discretely observed data sample at
 times t1, . . . , tN the joint log posterior ` of the latent states with the parameters for a window
 [tm, tn], t1 tm < tntN is


`nm(✓, X) =
 Xn
 k=m


nlogp(Xtk |Xtk 1,✓P) +
 X24


i=1


logp("Ttki |✓✏) + log⇡(✓)o


, (18)


with the prior


⇡(✓i)/
 8>


>>


<


>>


>:


11{✓iadmissible} ✓i 2R


11{✓iadmissible}


✓i ✓i 2R+


. (19)


The first term on the right hand side of Eq. (18) contains the transition densities, the second
 reflects yields pricing errors, and the third the prior distribution of the parameters. Draws✓, X
 from the complicated distribution in Eq. (18) are obtained by sampling in turn from X | ✓
 and ✓ | X. The JSZ estimation uses the same equation without the prior density. For the
 in-sample analysis, we estimate the ATSM once using the full data set, i.e. using [t1, tN]. In
 the out-of-sample analysis, we start by estimating the model for the first 120 months of data
 available ([t1, t120]) to generate forecasts of ⌧-month excess returns to be realized at t120+⌧.
 Subsequently, we re-estimate the model every month using the expanded information set to
 generate new forecasts; i.e. at time t120+j we estimate the model using the window [t1, t120+j]
 to generate forecasts of ⌧-period bond excess returns realized at time t120+j+⌧.


2.2.2 Extended Estimation Procedure


Bond investors pay close attention to bond excess returns and evaluate past forecast errors to
account for this information in their predictions and portfolio choices. To reflect this behavior



(15)we propose an extended estimation which matches model risk premia with past realized excess
 returns using Eq. (15). We therefore additionally consider the set of all possible (34) forecast
 equations given the available yield maturities


ft,⌧Ti,ji ⌧i yt+⌧Ti,ji ⌧i =⌘⌧i,Ti,j(✓QP) + ⌧i,Ti,j(✓QP)Xt+✏⌧t+⌧i,Tii,j. (20)


The forecast errors ✏⌧t+⌧i,Tii,j are assumed i.i.d normal with mean zero and variance Vh


✏⌧t+⌧i,Tii,ji


=
 e 2(D(c0+c1Ti,j+c2Ti,j2 )+(d0+d1⌧i+d2⌧2i)). We now define ✓✏" ⌘ {c0, c1, c2, d0, d1, d2, D} and finally


✓ ⌘✓QP[✓✏", and use Eq. (20) in addition to Eq. (17) for filtering and smoothing the latent


state variablesX. The joint, augmented log posterior ˜`of the latent states with the parameters
 is now4


`˜nm(✓, X) =
 Xn
 k=m


nlogp(Xtk |Xtk 1,✓P) +
 X24


i=1


logp("Ttki |✓✏")


+ X


1i5,1jJi


logp(✏⌧tki,Ti,j |✓✏")11{tk+⌧itn}


o+ log⇡(✓),


(21)


with⇡(✓i) as in Eq. (19). The first term in the second line of Eq. (21) reflects the excess return
 forecast errors ", which a↵ect estimates of ✓ and X.5,6 As before in the standard estimation,
 the JSZ model uses the same likelihood equation without the prior density.


Similar to the standard estimation procedure, we use the window [t1, tN] to estimate the
 ATSM for the in-sample analysis. To generate out-of-sample forecasts, we first estimate the


4The augmented likelihood contains a filtering (first line, second term) and a forecasting (second line, first
 term) component. The filtering component is necessary for out-of-sample forecasting. At timeti the investor
 learns about realizations of latent states only from the time-ti term structure and makes her forecast.


5Augmenting the likelihood with forecast errors, any information in bond excess returns is absorbed by the
 latent states and parameters regardless of the drivers. If the data were truly Markovian, the forecast equations
 would be irrelevant and not a↵ect parameter and state variable estimates. We allow past forecast errors to a↵ect
 state variable and parameter estimates to admit alearning e↵ect, but we do not build learning into conditional
 expectations directly, a computationally intensive approach taken by Barberis (2000).


6Note from Eq. (20) that the procedure of matching risk premia also incorporates information from forward
rates, which Cochrane and Piazzesi (2005) find to be an important source of predictability.



(16)model on the earliest 10 years of data available (i.e. window [t1, t120]) and then re-estimate the
 model every month using the expanded information set to generate new forecasts (i.e. window


[t1, t120+j]). We stress here that in the out-of-sample bond investment decision to be made at


time t120+j, the investor first samples from the joint distribution of the parameters and latent


states through the augmented likelihood Eq. (21) using only forecast error information available
 up to time t120+j. For each draw of ✓ and X from this joint distribution she then makes an
 out-of-sample forecast, records it, and with enough draws (we use 100,000) chooses the sample
 mean of all recorded forecasts as the forecast to be used in her investment decision. The JSZ
 model performs the same step, but keeping the (observable) state variables fixed.



3 Data and Yield Pricing Errors


We construct a data set of monthly US interest rates with maturities ranging from one month
 to ten years from 1952 to 2012. For the period up to 2003, we use the yield data of Sarno et al.


(2007), which is virtually identical to that of Campbell and Shiller (1991) over the respective
 period (1952 to 1987). For the period 2004 to 2012, we obtain short-term yields (maturities less
 than one year) from the CRSP Fama T-Billl Structure and long-term yields from the Treasury
 curve published by the Fed (G¨urkaynak et al., 2007). Our results are thus directly comparable
 to the large EH and bond risk premium literature on the US market.


Using this data, we estimate the latent factor and the observable factor models described
in Section 2. We delegate detailed estimation results (including parameter estimates as well
as rotation and interpretation of state variables) to Appendix B, because they are not crucial
for our main objective. Table 1 summarizes the models’ yield pricing accuracy when using
the standard estimation and the extended estimation procedure that also matches risk premia.



(17)For the latent factor model, the standard estimation fits yields better, with root mean squared
 errors (RMSEs) and standard deviations of pricing errors across maturities of 17 basis points
 as compared to 26 basis points for the extended estimation. These magnitudes are comparable
 to numbers reported in related research and suggest that both estimation strategies match
 the term structure of yields satisfactorily. For the observable factor model, the pricing errors
 are even lower with RMSEs of around 8 basis points across maturities for both estimation
 procedures. The di↵erence in yield pricing errors for the latent and observable factor models is
 mostly driven by the latter fitting short-term yields more accurately. This is a consequence of
 the JSZ assumption that a linear combination of yields, the principal components, is observed
 without error. Since the first principal component is strongly related to the level of the yield
 curve, short rates are fitted tighter by construction.



4 Forecasting Bond Excess Returns and Economic Value


We now evaluate the statistical accuracy and economic value of bond excess return forecasts
 generated by latent and observable factor ATSMs in- and out-of-sample. We document that
 investors are willing to pay a sizable premium to switch from the standard to the extended
 estimation; however, investors cannot systematically benefit out-of-sample compared to using
 forecasts of EH-postulated constant risk premia, which we consistently estimate as averages of
 historical bond excess returns.



4.1 Bond Risk Premium Regressions


Table 2presents results for regressing realized bond excess returns on model risk premia for 25
combinations of horizons and maturities. We assess the significance of the slope coefficientsb



(18)by calculating standard errors following Hansen and Hodrick (1980).


We start by presenting results for the latent factor model in Panel A. For the standard
 estimation more than half of the slope estimates are significantly positive and many are close
 to one. Across longer-term bond maturities, the average one-month and one-year prediction
 horizon R2s are 1% and 19%, respectively. Model-implied risk premia from the extended
 estimation are generally significant and unbiased predictors of realized excess returns that
 have high explanatory power with R2s of around 11% and 87% over one-month and one-year
 prediction horizons. For the observable factor model (Panel B) there is little di↵erence between
 the standard and extended estimation regressions results. The slope estimates are significant,
 however, the explanatory power relative to the latent factor model is low, with cross-maturity
 R2s being 2% and 18% at the one-month and one-year horizons.


Comparing the extended estimation results of the latent and observable factor models sug-
 gests that there is a trade-o↵ between fitting yields (Table 1) and fitting bond excess returns:


The latent factor model matches bond risk premia at the expense of higher yield pricing errors
while the opposite is true for the observable factors model. For the latent factor model, the
extended model estimation clearly dominates the standard estimation in terms of explanatory
power for realized excess returns. These results are consistent with previous research document-
ing that bond excess returns are predictable at shorter and longer horizons (see e.g. Cochrane
and Piazzesi, 2005; Ludvigson and Ng, 2009; Cieslak and Povala, 2013; Mueller et al., 2011)
and that this predictability is to a large extent not spanned by the term structure of bond
yields and thus not captured in standard ATSM estimations (see e.g. Du↵ee, 2011). Finding
that model expectations are unbiased supports the argument that accounting for risk premia
can explain classical EH tests suggest a rejection of the EH (e.g. Dai and Singleton, 2002). In
what follows, we take a closer look at the improvement in forecast accuracy and the economic



(19)value that accrues to investors using the extended instead of the standard estimation procedure
 and relative to EH-consistent constant risk premium forecasts.



4.2 Statistical Accuracy of Bond Excess Return Forecasts


To evaluate the accuracy of extended estimation forecasts against the standard estimation and
 the EH constant risk premium benchmarks, we report values for a R2-metric defined similarly
 to Campbell and Thompson (2008)


R2⌘1 M SEm/M SEb, (22)


where M SEk = 1/(N ⌧+ 1)PN ⌧


t=1 (rxTt+⌧ EPt,k


⇥rxTt+⌧⇤


)2 denotes the mean squared forecast
 error of the model (k =m) and the benchmark (k =b), respectively. R2 takes positive values
 when forecasts from model m are more accurate than those from benchmark model b and
 negative values when the opposite is the case.7 To judge the significance of R2-statistics, we
 estimate confidence intervals as the 5%- and 95%-percentiles using a block bootstrap.8


For the latent factor model, Panel A of Table3shows that the in-sampleR2 estimates of the
 extended versus the standard estimation are positive for all 25 horizon/maturity combinations
 with estimates being significant in most cases (as indicated by ?). The extended estimation
 forecasts are also more accurate than constant risk premium forecasts with allR2 estimates be-
 ing positive and statistically significant in 23 of 25 combinations. Out-of-sample, the extended
 outperforms the standard estimation, with positive (and significant) R2s in 15 (10) of 25 hori-
 zon/maturity combinations whereas only one R2 estimate is significantly negative. Using the


7Note that many common measures of predictive ability are based on squared loss functions (e.g. Diebold
 and Mariano, 1995) and therefore lead to the same conclusions that we reach in this paper usingR2.


8To determine the optimal block size, we follow Politis and White (2004) and Patton et al. (2009). Results
are qualitatively the same when using the simpler rules suggested in Hall et al. (1995).



(20)EH benchmark, the latent model beats the EH at horizons of one and two years but not at
 shorter horizons, and for long-term horizons the results are mixed.


The observable factors model (Panel B) generates very similar in-sample predictive accuracy
 for the standard and extended estimation (in line with the regression results reported above).


Out-of-sample, the extended estimation dominates the standard estimation with all R2 esti-
 mates being positive and, for 23 of 25 estimates, significant. Furthermore, the observable factor
 model outperforms the EH-implied constant risk premia in- and out-of-sample.


Overall, the extended estimation picks up information relevant for predicting bond risk
 premia that is hidden to affine models that are estimated by only fitting yields. Accounting for
 the information in forward rates and past bond excess returns improves the model’s forecast
 accuracy in- and out-of-sample. Moreover, model forecasts are more accurate than constant
 risk premium forecasts in-sample. Out-of-sample, the results appear to be horizon-dependent
 for the latent factor model whereas the observable factor model beats the EH.



4.3 Economic Value of Bond Excess Return Forecasts


We now investigate whether superior predictive ability of the extended estimation compared
 to benchmark forecasts translates into economic benefits for bond investors. First, we evaluate
 optimal bond portfolios in the quadratic utility framework of West et al. (1993).9 For investment
 horizon ⌧, the investor chooses to allocate his wealth between bonds with maturities ⌧ and
 T > ⌧. Since the maturity of the shorter-term bond matches the investment horizon, the


⌧-bond represents the risk-free asset. The longer-term bond, with remaining maturity T ⌧
 at the end of the horizon, is the risky asset. Let µT,kt+⌧ denote the N ⇥1 vector of conditional
 expectations of risky asset returns generated by model k and denote the associated covariance


9Della Corte et al. (2008) and Thornton and Valente (2012) also use this approach for US bond markets.



(21)matrix by ⌃t+⌧.10 For a given target volatility ⇤, we maximize the portfolio excess return to
 obtain the mean-variance optimal weights for the risky asset


wtk =


⇤


pCt


⌃t+⌧1 µT,kt+⌧,


wherewtkis a N⇥1 vector and Ct=µT,kt+⌧>⌃t+⌧1 µT,kt+⌧. The weights of the riskless asset are given
 by 1 wkt, where 1 is a N⇥1 vector of ones and the resulting gross portfolio return from t to
 t+⌧ is given by Rkt+⌧ = 1 +y⌧t +wtk·rxTt+⌧.


Second, we consider an investor with power utility and constant relative risk aversion⇢, so
 that the utility function is U(Wt+⌧) = W


1 ⇢


t+⌧


1 ⇢ , where wealthWt+⌧ is determined by initial wealth
 at time t and the performance of a portfolio containing a riskless bond and a risky bond with
 conditional variance 2t. The optimal weight of the risky asset is given by


wkt = µT,kt+⌧ yt⌧ +12 2t


⇢ 2t (23)


and the weight of the riskless asset is therefore 1 wtk. We provide a detailed description of
 the power utility framework in Appendix C.


To measure the economic value generated by model m over model b, we compute the per-
 formance measure ⇥ proposed by Goetzmann et al. (2007). ⇥ quantifies the risk-adjusted


10Analogous to the estimation of constant risk premia, we estimate covariances based on sample standard
deviations of bond excess returns and based on ten-year expanding windows for the in-sample and out-of-
sample analysis, respectively. We choose this simple approach to estimate covariances because the focus of the
current paper is set on the predictability of the first moment of the bond excess return distribution and the term
structure of bond risk premia. We repeat the economic value analysis also using covariance matrices estimated
with ATSMs and find that there is no impact on our conclusions: (i) when we compare portfolio allocations
based on standard estimation to extended estimation forecasts using the model-implied covariances, we find that
switching to the extended estimation adds economic value irrespective of the ATSM specification considered; (ii)
when we compare ATSM portfolios to constant risk premium portfolios, we find that returns of these portfolios
may be somewhat di↵erent because the volatility level implied by the model estimates is di↵erent, but when we
consider the risk-adjusted measures described in this section, our conclusions remain unchanged. Furthermore,
simple linear regression and rolling sample variance estimates, as for instance in Thornton and Valente (2012),
lead to the same conclusions.



(22)premium return that the portfolio based on forecasts from model m earns in excess of the
 benchmark portfolio and is calculated as


⇥= 12


(1 ⇢)⌧ ln 1


N ⌧ + 1


NX⌧
 t=1


[(1 +Rmn)/(1 +Rbn)]1 ⇢


!


. (24)


In contrast to the commonly reported Sharpe ratio, ⇥ alleviates concerns related to non-
 normality. Furthermore, compared to the performance fee of Fleming et al. (2001) it does not
 assume a specific utility function.11 Throughout the empirical analysis we set ⇤ = 2% p.a.,


⇢ = 3, and impose a maximum leverage of 100%; all our results are robust to choosing other
 values.


We report portfolio excess returns of investors using forecasts from the extended estimation
 and performance measures relative to the standard estimation and EH forecasts in Tables 4
 and 5 for mean-variance and power utility investors, respectively. Mean-variance investors
 earn positive portfolio excess returns that tend to increase with the maturity of the longer-
 term bond and decrease with prediction horizon. For the latent factor model (Panel A), the
 extended estimation dominates the standard estimation by generating⇥values that are positive
 for all horizon/maturity combinations in-sample and in 23 of 25 combinations out-of-sample.


Premium returns in excess of EH portfolios are also positive in 21 of 25 scenarios in-sample.


⇥estimates increase with bond maturity but decrease with prediction horizon, suggesting that
 EH deviations over longer horizons are of limited relevance in economic terms. Out-of-sample,
 evidence against the EH is weaker because ⇥s are comparably small in absolute magnitudes
 and greater than zero only in 13 of 25 combinations.


Switching from the standard to the extended estimation also generates value to out-of-


11We repeated the empirical analysis using the performance fee of Fleming et al. (2001) and find qualitatively
identical and quantitatively very similar results as we do for⇥(not reported to conserve space).



(23)sample investors using the observable factor model (Panel B). While the in-sample results for
 standard and extended estimation are very similar again, the extended procedure outperforms
 the standard estimation with positive ⇥ values in 22 of 25 cases. Nevertheless, the model is
 not capable of beating the EH in economic terms, neither in-sample nor out-of-sample. Most
 premium returns relative to EH-consistent forecasts are negative.


Table 5presents ⇥estimates for power utility investors. The results are qualitatively iden-
 tical to those for mean-variance investors, showing that our conclusions do not depend on
 assuming a specific utility function. The investor earns a premium return when she switches
 from the standard to the extended estimation procedure. Using the latent factor model, the
 investor can outperform the EH in-sample, but out-of-sample evidence is far less convincing.


The observable factor model cannot beat the EH, neither in- or out-of-sample. Numerically,
 the results are somewhat more pronounced than those for quadratic utility, which suggests that


⇤ = 2% p.a. in the mean-variance optimization leads to a more conservative allocation.


Overall, these results suggest that the information hidden to affine models estimated with
 the standard procedure but captured through the extended procedure results in economic gains
 for bond investors. For instance, out-of-sample, mean-variance investors with a one-year horizon
 would pay an annual premium of up to 3.5% to switch from the standard to the extended
 estimation of the latent factor model, and 1% when using the observable factor model. Power
 utility investors would be willing to pay even more. Relative to the EH, however, bond investors
 earn premium returns in-sample (when they use that latent factor model) but not out-of-sample.



4.4 Summary of results: Can ATSMs beat the EH?


Our results show that extending ATSM estimations beyond fitting yields to additionally match
past excess returns captures information otherwise unspanned or hidden to standard ATSM



(24)estimations. The extension leads to a substantial improvement in forecast accuracy for bond
 excess returns and to economic gains for bond portfolio investors.


We therefore employ this extended estimation to challenge the EH postulate of constant risk
 premia, where we use the historical average bond excess return as an EH-consistent benchmark
 predictor. While the models mostly outperform EH forecasts in terms of statistical accuracy,
 investors cannot systematically gain economic value from model forecasts out-of-sample. Our
 results reveal a contrast on the usefulness of ATSMs relative to the EH judged by statistical or
 economic criteria.


On the whole, our wealth of results can be catalyzed to the conclusion that ATSMs generally
 cannot beat the EH out-of-sample in terms of economic value. The finding that bond investors
 cannot systematically benefit from using conditional risk premia as compared to using the
 historical average can be viewed as the bond market analogue to the result of Goyal and Welch
 (2008) for stock markets.



5 Discussion of Results and Further Analysis


Viewed in isolation, our results may allow for di↵erent conclusions on the validity of the EH if
 one only considered in- or out-of-sample results or only statistical accuracy or economic value
 measures. As such, these - apparently - conflicting results, call for a deeper discussion.



5.1 Estimation following Adrian et al. (2013)


First, we repeat our empirical analysis using the regression-based ATSM estimation proposed
 by Adrian et al. (2013) to generate predictions for bond risk premia over a horizon of one month.


Their approach also incorporates information about bond excess returns and, by construction,



(25)fits realized bond excess returns almost perfectly. The model generates unbiased in-sample
 predictions of future excess returns for bonds with maturities from six months to ten years
 (Panel A in Table 6), with slope coefficients between 0.99 and 1.01 and regression-R2 in the
 range from 4% to 6%. Panels B and C shows that the model has predictive accuracy in-sample,
 which translates into economic value in half of the cases. Out-of-sample the model’s forecast
 accuracy is limited and economic value relative to the EH is negative. These results as such,
 as well as a comparison with the standard and extended estimation results presented above,
 provide further evidence for the tension between predictive accuracy versus economic value and
 in-sample (over-)fitting versus out-of-sample performance.



5.2 Statistical accuracy versus economic value


While many papers on the predictability of bond risk premia are concerned with statistical
 forecast accuracy, statistical accuracy per se does not imply economic value for bond investors.


Our results indeed suggest conflicting conclusions about the validity of the EH based on sta-
tistical and economic criteria. For instance, using the observable factor model, we would reject
the EH based on metrics of forecast accuracy but the same forecasts lead to economic losses
compared to EH-implied constant risk premia. Similarly, we find for our latent factor model
and for the Adrian et al. (2013) model various cases where the model beats the EH statistically
but not economically and vice versa. Below we present general, model-free arguments as to why
there may be a contrast between statistical and economic significance and evaluate our model
results along these lines. These arguments are also useful when interpreting results of other
papers that study the predictability of bond risk premia using various forecasting approaches.



(26)5.2.1 Economic Relevance of EH Deviations


One reason for apparently conflicting results is that departures from the EH might be statis-
 tically significant but too small to be exploited by bond investors. Since there is no “natural”


upper bound for economic value measures (similar to a regression R2 capped by one or forecast
 errors floored by zero), we compare the economic performance of model forecasts to the perfor-
 mance of the same strategy under perfect foresight. If perfect foresight returns of the strategy
 are high but the model evaluated only captures a (small) fraction of these excess returns, EH
 deviations are not exploited because the model fails. If the model captures a large fraction
 of perfect foresight returns but returns are nevertheless economically small, this suggests that


“true” EH deviations are indeed economically irrelevant.12, 13


To get a feeling for the economic relevance of EH deviations, we plot average excess returns of
 buy-and-hold investors and perfect foresight portfolios in Figure1. Buy-and-hold excess returns
 capturing constant risk premia increase with maturity and decrease with forecast horizon. The
 patterns are very similar for perfect foresight investors but with average excess returns on a
 higher level. It is more valuable for investors to accurately predict short-horizon as compared
 to long-horizon bond excess returns. For instance, investors that buy and hold the long-term
 bond (T ⌧ = 60 months) over horizons⌧ =1, 12, and 60 months earn average excess returns of
 1.86%, 1.31%, and 0.59% p.a.. The perfect foresight excess returns for the same combinations
 are 10.82%, 3.46%, and 1.65% p.a. This shows that EH deviations are less important for


12For a simple strategy that just goes long (short) when the expected excess return is positive (negative),
 the returns based on model forecasts relative to perfect foresight are bounded by plus/minus one. For optimal
 portfolios, model-based returns could exceed those of perfect-foresight portfolios, which would imply a less than
 optimal risk-return trade-o↵. Repeating this empirical exercise with model and perfect foresight ⇥s leads to
 qualitatively the same conclusions that we report for returns below.


13Even models that perfectly capture risk premia may not generate an economic performance equal to that
based on perfect foresight because departures from the EH may not be exclusively driven by (predictable) risk
premia. Similarly, in the presence of noise or other determinants of EH deviations, it would not be possible to
achieve anR2 of 1 with perfect risk premium predictions in regressions of realized excess returns.



(27)increasing ⌧ and that having a less then perfect forecast model for short horizons may add
 more economic value than a perfect forecast model for longer horizons.


In Figure 2, we plot the excess returns of portfolios allocated using forecasts based on con-
 stant risk premia (in light gray), the standard estimation (in dark gray), and the extended
 estimation (in black) relative to perfect foresight portfolio returns. The graphs show that EH
 deviations are not as important economically as statistical results might suggest because con-
 stant risk premium forecasts capture a large fraction of perfect foresight returns. The fraction
 captured by extended estimation forecasts generally exhibits similar patterns as regressionR2s
 and R2-statistics in Tables 2 and 3; for instance, we typically see the highest R2s, R2s, and
 fractions of perfect foresight returns captured at the 12-month horizon. In contrast, and partic-
 ularly pronounced in-sample, the economic value decreases with horizon (Table 4), consistent
 with comparably lower statistical accuracy at short horizons adding higher economic value than
 more accurate forecasts for longer horizons. In other words, statistical accuracy cannot lead to
 economic value when EH deviations are too small to be exploited by investors.


As a note of caution, we emphasize the illustrative nature of the exercise carried out in
 this subsection. It may well be that more complex settings lead to qualitatively di↵erent
 conclusions, but our example serves to show one case where the discrepancy between statistical
 and economic value metrics is easy to rationalize.


5.2.2 Information in Economic Value versus Statistical Accuracy Measures


Conflicting conclusions based on metrics of statistical accuracy and economic value may also
result from the construction of the measures used. Common measures of predictive ability
are based on loss functions involving squared or absolute forecast errors which, by definition,
ignore the sign of forecast errors. Getting the sign right, however, is of utmost importance for



(28)investors since it determines whether to take a long versus a short position or whether to invest
 in the risky asset versus the risk-free asset.


As a measure of directional accuracy, we compute hit ratios measuring the fraction of
 correctly signed forecasts. Table 7 reports the hit ratios of the extended estimation relative
 to the hit ratios of constant risk premium forecasts, with asterisks (circles) indicating that
 model hit ratios are significantly higher (lower) than those of constant risk premium forecasts.


The results confirm that our finding that the economic value analysis is more in favor of the
 EH than the statistical accuracy results can partly be explained by forecasts having small
 squared/absolute errors but nonetheless pointing in the wrong direction. This can best be
 seen for the observable factor model, which beats the EH in terms of forecast accuracy but
 nonetheless does not generate economic value (Tables 3 and 4). This is consistent with the
 model getting the direction right only in 9 (5) of 25 cases in-sample (out-of-sample).


To further gauge the relation between statistical versus economic significance, we plot con-
stant risk premium forecast errors (black circles) and model forecast errors (red crosses) against
realized excess returns in Figure 3. The shaded areas represent scenarios where forecasts have
the wrong sign and hence forecast errors that lead to bond portfolio losses. While standard
predictive ability measures only account for the distribution of forecast errors across the x-axis
in absolute terms, the economic value for investors depends on the signed forecast errors’ joint
distribution with realizations (on the y-axis). The distribution across the x-axis looks relatively
similar for model and constant risk premium forecasts but the model forecast errors exhibit a
larger dispersion across the y-axis. These patterns explain why statistical predictability does
not (necessarily) map into economic gains for bond investors.



(29)
5.3 In-Sample versus Out-of-Sample Results


Our finding that the extended estimation dominates the standard estimation is robust in- and
 out-of-sample, for both the latent and the observable factor model. The observable factor model
 suggests identical conclusions on the statistical and economic (ir-)relevance of EH deviations
 in- and out-of-sample. For the latent factor model, however, the extended estimation delivers
 very strong statistical and economic results against the EH in-sample, which do not survive the
 out-of-sample test.


As Du↵ee (2010, page 1) states, “Flexibility and overfitting go hand-in hand” when evalu-
 ating ATSMs in-sample, and thus studying out-of-sample properties is warranted to gauge the
 extent to which bond excess returns are predictable. The prevalent parameter uncertainty in
 ATSMs (e.g. Feldh¨utter et al., 2012) is a potential source of overfitting and the latent factor
 model’s additional flexibility of state variables being estimated (rather than observed) appar-
 ently only helps in-sample. The challenge for future research is to consider modeling approaches
 that are flexible but limit overfitting. One conceivable route may be to impose economically
 reasonable restrictions, for instance, by using the EH as an economic anchor or as a prior in
 estimation.



5.4 Macroeconomic Uncertainty


Building on our discussion above, we now explore whether the model’s out-of-sample perfor-
 mance depends on how the economic relevance of EH deviations varies over time with macro
 uncertainty. We find that extended estimation forecasts of the latent factor model beat the EH
 out-of-sample when there is high uncertainty about the future state of the economy.


We measure uncertainty using the data of Jurado et al. (2015) and classify our sample into



(30)periods of very high, high, low, and very low uncertainty using the 90%, 75%, 25%, and 10%


quantiles of their one-month and twelve-month uncertainty measures. Our results in Table
 8 suggest that the extended estimation typically generates large economic gains relative to
 the standard estimation, only when short-term uncertainty is very low results become less
 clear. Compared to the EH, we find that the model beats the EH when forecasting excess
 returns of bonds with a maturity of one year or longer during periods of very high uncertainty.


All measures of economic value are positive, increase with bond maturity, and decrease with
 forecast horizon. Qualitatively similar but quantitatively less pronounced patterns also apply
 during periods of high uncertainty. By contrast, we find that the superiority of model forecasts
 relative to the EH deteriorates when uncertainty is low and that the model’s economic value is
 mostly negative when short-term uncertainty is very low.


These results are consistent with the notion that deviations from the EH are more likely to
 occur in periods of heightened volatility. In other words, the time-variation in the risk premium
 captured by our model is related to the degree of macroeconomic uncertainty. During periods
 of (very) low uncertainty, the model appears to add relatively more noise than economically
 relevant return information beyond EH forecasts. By contrast, the model conveys valuable
 information for future bond excess returns in periods of high uncertainty about the macroe-
 conomy. Specifically, our out-of-sample results suggest that investors would be willing to pay
 a sizeable premium to switch from EH- to model-forecasts when uncertainty is high.14


Our findings are, thus, consistent with previous research showing that macro factors are in-
 formative for bond risk premia (e.g., Ludvigson and Ng, 2009) and suggest that more research is


14We focus here on the latent factor model because our results above suggest that it is more successful in
generating economic; see Tables4and5. For the model with observable factors, we also find that the economic
value of the extended estimation forecasts compared to the standard estimation forecasts and relative to the
EH appears related to macro uncertainty. This evidence, however, is more mixed, which suggests that the
additional flexibility from modeling state variables is helpful for capturing uncertainty-related EH deviations
when generating out-of-sample forecasts.



(31)warranted on how the economic value of bond risk premium forecasts are related to uncertainty
 about the economy. Recently, Gargano et al. (2015) also provide evidence that economic gains
 depend on the state of the economy. Going forward, it seems natural to consider models of the
 term structure which switch from a simple EH anchor in calm times to ATSM specifications in
 more turbolent times, with uncertainty acting as the state variable that drives the switch from
 one extreme to another.



5.5 Additional Results and Robustness Checks


To corroborate our findings, we perform various robustness checks and additional empirical
 analyses. In the Internet Appendix, we summarize evidence on alternative ATSM specifications
 and discuss our results in relation to forward rates-based predictions of bond excess returns.


Furthermore, we show that our conclusions are robust through the recent financial crisis and
 that they apply uniformly to Japan, Switzerland, Germany, and the UK as well.



6 Conclusion


In this paper, we o↵er new insights on the expectations hypothesis (EH) by studying the
economic benefits that accrue to bond portfolio investors who exploit predictable deviations
from the EH. We estimate conditional bond risk premia using affine term structure models
(ATSMs) by employing a novel estimation strategy that jointly fits the term structure of model
yields to the observed yield curve and additionally matches model risk premia with bond excess
returns observed in the past. This extended procedure allows investors to capture predictive
information beyond the cross section of yields (i.e. unspanned by the term structure) and to
update beliefs about the model’s predictive ability based on its past performance. To evaluate



(32)the model against the EH, we use averages of historical bond excess returns to consistently
 estimate constant risk premia as postulated by the EH.


We find that, for 25 combinations of horizons and maturities ranging from one month to ten
 years, the extended estimation captures predictive information otherwise hidden to standard
 ATSM estimations. However, while portfolios based on model-forecasts earn positive excess
 returns, they perform worse than corresponding EH benchmark portfolios in out-of-sample
 analysis. The apparent wedge in conclusions from statistical and economic assessments of the
 EH is not rooted in the use of ATSMs but, as we show, potentially applies to other approaches
 for predicting bond risk premia. The bottom line is that even models with high regressionR2s
 or predictive ability cannot guarantee to provide bond investors with economic gains relative
 to presuming that the EH holds.


Overall, our results suggest that the EH presumption of constant risk premia, while being
statistically rejected by the data, still provides a useful approximation for the out-of-sample
behavior of bond excess returns, especially for the purpose of fixed income asset allocation over
longer forecast horizons and during times of low uncertainty.
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