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Abstract  This paper reviews recently proposed likelihood ratio tests of goodness-of-fit and
independence of interval forecasts.  It recasts them in the framework of Pearson chi-squared
statistics, and considers their extension to density forecasts and their exact small-sample
distributions.  The use of the familiar framework of contingency tables will increase the
accessibility of these methods.  The tests are applied to two series of density forecasts of
inflation, namely the US Survey of Professional Forecasters and the Bank of England fan
charts.  This first evaluation of the fan chart forecasts finds that whereas the current-quarter
forecasts are well-calibrated, this is less true of the one-year-ahead forecasts.  The fan charts
fan out too quickly, and the excessive concern with the upside risks was not justified over the
period considered.

chi-squared tests; exact inference; Bank of England inflation forecasts
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1. Introduction

Interval forecasts and density forecasts are being increasingly used in practical real-time

forecasting.  An interval forecast of a variable specifies the probability that the future

outcome will fall within a stated interval; this usually uses round numbers such as 50% or

90% and states the interval boundaries as the corresponding percentiles.  A density forecast is

an estimate of the complete probability distribution of the possible future values of the

variable.  As supplements to point forecasts they each provide a description of forecast

uncertainty, whereas no information about this is available if only a point forecast is

presented, a practice which is being increasingly criticised in macroeconomic forecasting.

Density forecasts are more directly used in decision-making in the fields of finance and risk

management.  Tay and Wallis (2000) provide a survey of applications of density forecasting

in macroeconomics and finance.

Evaluating the accuracy of interval and density forecasts is similarly receiving

increasing attention.  For interval forecasts the first question is whether the coverage is

correct ex post, that is, whether the relative frequency with which outcomes are observed to

fall in their respective forecast intervals - the proportion of correct forecasts - is equal to the

announced probability.  Christoffersen (1998) argues that this unconditional hypothesis is

inadequate in a time-series context, and defines an efficient sequence of interval forecasts

with respect to a given information set as one which has correct conditional coverage.  He

presents a likelihood ratio framework for conditional coverage testing, which supplements a

test of unconditional coverage with a test of independence.  This is directly analogous to the

requirement of lack of autocorrelation of orders greater than or equal to the forecast lead time

in the errors of a sequence of efficient point forecasts.  It is implemented in a two-state

(correct forecast/wrong forecast) Markov chain, as a likelihood ratio test of the null
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hypothesis that successive observations are statistically independent, against the alternative

hypothesis that the observations are from a first-order Markov chain.

For density forecasts the first question again concerns goodness-of-fit.  Two classical

methods of testing goodness-of-fit - the likelihood ratio and Pearson chi-squared tests -

proceed by dividing the range of the variable into k mutually exclusive classes and comparing

the probabilities of outcomes falling in these classes given by the forecast densities with the

observed relative frequencies.  It is usually recommended to use classes with equal

probabilities, so the class boundaries are quantiles; similarly, a standard way of reporting

densities is in terms of their quantiles.  For a sequence of density forecasts these change over

time, of course.  This approach reduces the density forecast to a k-interval forecast and

sacrifices information, but the distinction between unconditional and conditional coverage

extends to this case, and a likelihood ratio test of independence can be developed in a k-state

Markov chain, generalising Christoffersen’s proposal above.

It is well known that the likelihood ratio tests and Pearson chi-squared tests for these

problems are asymptotically equivalent; for general discussion and references to earlier

literature see Stuart, Ord and Arnold (1999, Ch. 25).  In discussing this equivalence for the

Markov chain tests they develop, Anderson and Goodman (1957) note that the chi-squared

tests, which are of the form used in contingency tables, have the advantage that, “for many

users of these methods, their motivation and their application seem to be simpler”, and this

point of view prompts the present line of enquiry.  The tests differ in small samples, and it is

the contingency table literature that contains the more extensive discussion of finite-sample

behaviour, ranging from Fisher’s exact test to more recent developments considered below;

see Yates (1984) for a review of methods for 2×2 tables.

In this paper we accordingly explore the equivalent chi-squared tests for the

hypotheses discussed above.  The term chi-squared tests is used here and in the title of the
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paper to refer to Pearson’s chi-squared statistic, memorable to multitudes of students as the

formula 2( ) /O E EΣ − .  Asymptotically it has the 2χ distribution under the null hypothesis.

For samples of the size occurring in macroeconomic forecasting we also consider the

calculation of exact P-values based on the permutational distribution of the test statistic,

using methods surveyed by Mehta and Patel (1998), implemented in StatXact-4 (Cytel

Software Corp.); for general discussion see also Agresti (1990, Ch.3).

An alternative group of goodness-of-fit tests is based on the probability integral

transformation.  For a density forecast whose distribution function is (.)F , this is simply

defined as ( )z F y= , where y  is the observed outcome: z  is the forecast probability of

observing an outcome no greater than that actually realised.  If (.)F  is correct, then z  has a

uniform [0,1]U  distribution.  If a sequence of density forecasts is correctly conditionally

calibrated then, analogously to the no-autocorrelation requirement discussed above, Diebold,

Gunther and Tay (1998) show that the corresponding  z-sequence is iid [0,1]U ; they present

histograms of z for visual assessment of unconditional uniformity, and various

autocorrelation tests.  Diebold, Tay and Wallis (1999) use the chi-squared goodness-of-fit

test, also the Kolmogorov-Smirnov test on the sample distribution function of z .  The series

of density forecasts they evaluate - the U.S. Survey of Professional Forecasters’ (SPF)

inflation forecasts - is shown in Figure 1 and used in numerical illustrations below.

The remainder of this paper is organised as follows.  Unconditional coverage and

goodness-of-fit tests are discussed in Section 2, and tests of independence in Section 3; these

are combined into joint tests of conditional coverage in Section 4.   These sections use the

SPF forecasts as illustrations, then Section 5 evaluates the Bank of England Monetary Policy

Committee's density forecasts of inflation using these techniques.
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2. Unconditional coverage and goodness-of-fit tests

For a sequence of interval forecasts with ex ante coverage probability π , the ex post

coverage is p , the proportion of correct forecasts or “hits” in n observations, and we wish to

test the hypothesis of correct coverage.  With 1n  hits and 0n  misses in n  observations,

1 0n n n+ = , we have 1 /p n n= .  From the binomial distribution the likelihood under the null

hypothesis is

0 1( ) (1 )n nL π π π∝ −

and the likelihood under the alternative hypothesis, evaluated at the maximum likelihood

estimate p , is

0 1( ) (1 )n nL p p p∝ − .

The likelihood ratio test statistic 2log[ ( ) / ( )]L L pπ− , which is denoted ucLR by

Christoffersen, is then

uc 0 1LR 2[ log(1 )/(1 ) log( / )]n p n pπ π= − − + .

The asymptotically equivalent chi-squared statistic is the square of the usual standard normal

test statistic of a sample proportion, namely

2 2( ) / (1 )X n p π π π= − − .

Each can be compared to asymptotic critical values of the 2χ distribution with one degree of

freedom.

For interval forecasts the calibration of each tail individually may be of interest, as

noted by Christoffersen.  If the forecast is presented as a central prediction interval, with

equal tail probabilities, then the expected frequencies under the null hypothesis of correct

unconditional coverage are (1 )/2, , (1 )2n n nπ π π− −  respectively, and the chi-squared
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statistic comparing these with the observed frequencies has two degrees of freedom.  This is a

step towards goodness-of-fit tests for complete density forecasts, where the choice of the

number of classes into which to divide the observed outcomes is typically related to sample

size.  Dividing the range of the variable into equiprobable classes is usually recommended

with power considerations in mind; we denote the frequencies with which the outcomes fall

into k such classes as , 1,..., ,i in i k n n= Σ = .  Equivalently, the range of the z-transform can

be similarly divided, with class boundaries / , 0,1,..., ,i k i k=  and the respective observed

frequencies are the same.  The chi-squared statistic for testing goodness-of-fit is

2 2 2( / ) /( / ) ( / )i iX n n k n k k n n n= Σ − = Σ −

and the likelihood ratio test statistic is

LR 2 log( / )i in kn n= Σ .

Each has a limiting 2χ distribution with 1k −  degrees of freedom under 0H .

Diebold, Tay and Wallis (1999) present a histogram of z, with 5k =  equiprobable

classes, for the SPF density forecasts of inflation ( 28)n =  shown in Figure 1.  The class

frequencies are 1, 9, 10, 4, 4, indicating that the forecast densities are too dispersed - too

many outcomes lie in the centre of the forecast distributions - and that large negative inflation

shocks occurred much less often than these forecasters expected.  The chi-squared statistic

has the value 10.21, which has an asymptotic P-value, based on 2 (4)χ , of 0.037.

The asymptotic distribution of the test statistic rests on the asymptotic k-variate

normality of the multinomial distribution of the in , and modern computing capability allows

this distribution to be used directly in finite samples.  The exact P-value can be calculated by

enumerating all partitions { }in  of n that give rise to a value of the test statistic greater than or

equal to that observed, and cumulating their multinomial probabilities.  StatXact-4 gives an
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exact P-value for the above statistic of 0.039, which is close to the asymptotic approximation.

The null hypothesis is clearly rejected at conventional significance levels.

3. Tests of independence

A test of independence against a first-order Markov chain alternative is based on a matrix of

transition counts [ ]ijn , where ijn is the number of observations in state i at time 1t −  and j at t.

The maximum likelihood estimates of the transition probabilities are the cell frequencies

divided by the corresponding row totals.

For an interval forecast there are two states - hit and miss, denoted 1 and 0

respectively - and the estimated transition probability matrix is

00 0 01 001 01

10 1 11 111 11

/ /1

/ /1

n n n np p

n n n np p

−   
= =   −   

i i

i i
P

where replacing a subscript with a dot denotes that summation has been taken over that index.

The likelihood evaluated at P is

( ) 01 1100 10
01 01 11 11(1 ) (1 )n nn nL p p p p∝ − −P .

The null hypothesis of independence is that the state at t is independent of the state at 1t − ,

that is, 01 11π π= , and the maximum likelihood estimate of the common probability is

1 /p n n= i .  The likelihood under the null, evaluated at p, is

0 1( ) (1 )n nL p p p∝ − i i .

This is identical to ( )L p  defined in the previous section if the first observation is ignored.

The likelihood ratio test statistic is then
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indLR 2log[ ( ) / ( )]L p L= − P

which is asymptotically distributed as 2χ with one degree of freedom under the independence

hypothesis.

This likelihood ratio test is asymptotically equivalent to the chi-squared test of

independence in a 2×2 contingency table.  Alternatively denoting the matrix of observed

frequencies as

a b
c d

 
 
 

this has the familiar expression

2
2 ( )

( )( )( )( )
n ad bc

X
a b c d a c b d

−
=

+ + + +
.

Equivalently, it is the square of the standard normal test statistic for the equality of two

binomial proportions.  It is sometimes proposed to use the Yates continuity correction, so that

the 2χ  distribution better approximates the discrete distribution of 2X .  The adjusted statistic

is

21
2 2(| | )

( )( )( )( )c

n ad bc n
X

a b c d a c b d
− −

=
+ + + +

.

Now that computer packages are available to compute the exact distribution there is no

reason for this correction; nevertheless the following example provides an interesting

illustration of its use.

An interval forecast with probability 0.5 is implicit in the SPF density forecasts of

inflation, as the inter-quartile range represented by the boxes in Figure 1.  The matrix of

transition counts for these data is
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5 4
3 15

 
 
 

which gives a chi-squared statistic of 4.35, reduced to 2.69 by the Yates continuity correction.

At the 5% significance level the adjusted statistic indicates that the null hypothesis should not

be rejected, whereas the original Pearson statistic indicates the opposite, using the asymptotic

2 (1)χ  critical value.

The exact P-value for the observed table is 0.072, which leads to the same decision as

the adjusted statistic.  This is a “conditional” test in the sense that it treats the marginal totals

as fixed: this issue has been long debated, and the consensus of Yates (1984) and his

discussants is that this is “the only rational test”.  Conditioning on the margins of the

observed contingency table for the purpose of inference eliminates nuisance parameters and

is justified by sufficiency and ancillarity principles; it does not require that the margins are

actually fixed in the data generating process.  However it implies that the resulting

(hypergeometric) distribution is highly discrete in small samples.  Given the marginal totals

of a 2×2 table, the entry in any one cell determines the other three.  The top left cell in our

example can take integer values between 0 and 8, thus the chi-squared statistic has only 9

possible values, whose probabilities under 0H  are given by the hypergeometric distribution.

To test 0H  the P-value is the sum of these probabilities for values of the statistic greater than

or equal to that observed.  This in turn has rather few possible values, hence a formal test

using a conventional significance level such as 0.05 is in general conservative, since its actual

size is smaller than this.  In the present example, the next possible value of the chi-squared

statistic is 5.68, which has P-value 0.026.  A less conservative test can be based on the mid P-

value, which is half the probability of the observed statistic plus the probability of values

greater than that observed, here equal to 0.049.  Alternatively, rather than deciding whether to
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“accept” or “reject” the null hypothesis, one can simply regard the P-value as a measure of

the degree to which the data support 0H .

Various generalisations of the 2×2 test are immediate.  For interval forecasts each tail

may be considered separately, as noted above, so that the Markov chain has three states -

miss in the lower tail, hit, miss in the upper tail.  The resulting chi-squared statistic (with 4

degrees of freedom) is used as an “autocorrelation” measure by Granger, White and Kamstra

(1989) in evaluating their interval forecasts based on ARCH-quantile estimators, although

they do not make explicit the Markov chain framework.  For the SPF density forecasts in

Figure 1 the matrix of transition frequencies becomes

0 2 0

2 15 1
0 2 5

 
 
 
  

,

which disaggregates the a, b and c cells of the previous 2×2 array.  In the event, the a entry of

5 is simply relocated to the bottom right corner: this is the result of the first six outcomes all

lying in the upper quartile of the forecast densities.  The chi-squared statistic is 13.38, the

major contribution coming from this bottom right cell.  The asymptotic P-value based on

2 (4)χ  is 0.008 and the exact P-value 0.007.  The distinction between the two tails of the

forecast densities and the initial sequence of misses in the upper tail results in a different

conclusion from that based on the 2×2 table.

The generalisation to density forecasts grouped into k classes is also immediate,

although with sample sizes that are typical in practical macroeconomic forecasting the

resulting table is likely to be sparse once k gets much beyond 2 or 3, as in the above example.

Conventional time-series tests based on the z-series, as used by Diebold et al. (1998, 1999),

are then likely to be more informative.  They also facilitate the investigation of possible
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higher-order dependence, since the dimension of the Markov chain transition matrix increases

with the square of the order of the chain.  However, such expansion can be avoided if a

particular periodicity is of interest, by defining transitions from time t l−  to t, where l  is the

length of the period, ignoring intermediate movements, as noted by Clements and Taylor

(2001).  This would also be appropriate in testing the efficiency of a quarterly series of one-

year-ahead forecasts, for example.

4. Joint tests of coverage and independence

Christoffersen proposes a likelihood ratio test of conditional coverage as a joint test of

unconditional coverage and independence.  This is a test of the null hypothesis of Section 2

against the alternative of Section 3, and the likelihood ratio test statistic is

ccLR 2log[ ( ) / ( )]L Lπ= − P .

Again ignoring the first observation the test statistics obey the relation

cc uc indLR LR LR= + .

Asymptotically ccLR  has a 2χ distribution with two degrees of freedom under the null

hypothesis.  The alternative hypothesis for indLR  and ccLR  is the same, and these tests form

an ordered nested sequence.

The asymptotically equivalent chi-squared test compares the observed contingency

table with the expected frequencies under the joint hypothesis of row independence and

correct coverage probability π .  The statistic has the usual form 2( ) /O E EΣ −  where the

observed and expected frequencies are respectively
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a b
c d

 
 
 

     and     
(1 )( ) ( )
(1 )( ) ( )

a b a b
c d c d

π π
π π

− + + 
 − + + 

.

It has two degrees of freedom since the column proportions are specified by the hypothesis

under test and not estimated.  The statistic is equal to the sum of the squares of two standard

normal test statistics of sample proportions, one for each row of the table.

Although the chi-squared statistics for the separate and joint hypotheses are

asymptotically equivalent to the corresponding likelihood ratio test statistics, in finite samples

they obey the additive relation among those statistics given above only approximately, and

not exactly.

For the matrix of transition counts of the SPF inter-quartile range forecasts given on

page 8 the chi-squared test statistic for the joint hypothesis is 8.11.  Its exact P-value in the

two binomial proportions model is 0.018, indicating rejection of the joint hypothesis.  The

chi-squared statistic testing unconditional coverage on the column totals is 4.48, and with the

test statistic for independence from Section 3 of 4.35 we note the lack of additivity.

5. Bank of England fan chart forecasts

The Bank of England has published a density forecast of inflation in its quarterly Inflation

Report since February 1996.  The forecast is represented graphically as a set of prediction

intervals covering 10%, 20%,…,90% of the probability distribution, of lighter shades for the

outer bands.  This is done for inflation forecasts one to nine quarters ahead, and since the

dispersion increases and the intervals “fan out” as the forecast horizon increases, the result

has become known as the “fan chart”.  Contrary to the initial suggestion of Thompson and

Miller (1986) to use the selective shading of quantiles “to draw attention away from point

ECB •  Work ing  Pape r  No  83  •  November  2001 15



forecasts and toward the uncertainty in forecasting,” the Bank’s preferred presentation is

based on the shortest intervals for the assigned probabilities, hence the tail probabilities are

typically unequal, moreover they are not reported.  An example is shown in Figure 2, whereas

Figure 3 shows an alternative presentation of the same forecast based on percentiles, as

recommended by Wallis (1999).  These differ because the distribution is asymmetric, usually

positively skewed, and the accompanying discussion often emphasises the distinction

between the “upside risks” and the “downside risks” to the forecast.  The forecast is

represented analytically by the two-piece normal distribution (John, 1982; Wallis, 1999), for

which probabilities can be readily calculated from standard normal tables once values have

been assigned to the underlying parameters that determine its location, dispersion and

skewness.

The introduction of new arrangements for the operation of monetary policy in 1997

saw the establishment of the Monetary Policy Committee (MPC), which in particular adopted

the Bank’s existing forecasting practice.  Evaluations of forecasts published to date, in the

Inflation Reports of August 1999 and August 2000, have analysed “The MPC’s forecasting

record” beginning with its first inflation projection published in August 1997, focussing on

the one-year-ahead forecasts.  These forecasts, extended to the first three years, are shown in

the upper panel of Table 1, together with inflation outcomes and associated z-values

calculated via formulae given by Wallis (1999).  The definition of inflation is the annual

percentage growth in the quarterly Retail Prices Index excluding mortgage interest payments

(RPIX, Office for National Statistics code CHMK).  Strictly speaking, the forecasts are

conditional projections, which assume that interest rates remain at the level just set by the

MPC.  Nevertheless it is argued that they can be evaluated as unconditional forecasts,

comparing the mean projections with actual outcomes, for example, since inflation does not
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react rapidly to interest rate changes and, in any event, the actual profile of interest rates has

turned out relatively close to the constant interest rate assumption.

Point forecast evaluations usually focus on the conditional expectation, the mean of

the forecast density, and the Inflation Report evaluations of the one-year-ahead forecasts do

likewise, despite the focus on the mode, the most likely outcome, in the MPC's forecast

commentary and press releases.  With the usual definition of forecast error as outcome minus

forecast, the mean forecasts in the upper panel of Table 1 have an average error of -0.20: on

average inflation has been overestimated by 0.2 percentage points.  The standard error of the

mean is 0.11, hence the null hypothesis of unbiasedness would be rejected against the one-

sided alternative of an upward bias at the 5% significance level.  The standard deviation of

the forecast errors is 0.38, indicating that the standard deviation used in preparing the fan

chart is an overestimate.  This supports the comment (Inflation Report, August 2000, p.63)

that, having based the fan chart variances on forecast errors over the past ten years, outturns

that tend to lie close to the centre of the distribution suggest that recent forecast errors have

been smaller than in the past.

Reducing the density forecasts to interval forecasts based on the central 50% interval

or inter-quartile range, as in the SPF example above, gives a hit sequence

1, 1, 1, 1, 0, 0, 0, 1, 1, 1, 0, 1

for the one-year-ahead forecasts.  The probability of observing 8 or more hits in 12

independent Bernoulli trials with 0.5π =  is 0.19, suggesting that a null hypothesis of correct

unconditional coverage should not be rejected in favour of the view that the bands are too

wide.  The matrix of transition counts for this sequence is

2 2
2 5
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with chi-squared statistic 0.505.  This is one of only five possible values of the conditional

test statistic, with mid P-value 0.386.  These tests take no account of the fact that all the

misses are in the lower tail, however: in this case the three-way classification of Granger et

al. (1989) illustrated in Section 3 is not helpful, since the above 2×2 array is simply bordered

below and on the right by zeros.  The absence of outcomes in the top quartile nevertheless

suggests an exaggerated concern with the upside risks on the part of the MPC.  A further

picture of the general departure of the fan chart forecasts from the correct density is given in

Figure 4, which compares the sample distribution function of the observed z-values with the

uniform distribution function, the 45° line representing the null hypothesis of a correct

density.  It is seen that the density forecasts place too much probability in the upper ranges of

the inflation forecast.

Although the errors of a quarterly series of optimal one-year-ahead point forecasts

would be expected to exhibit low-order autocorrelation, the simple device used above

indicates no substantial departure from independence in the implied interval forecasts.

However, little is known about how the corresponding lack of independence in density

forecasts might manifest itself and hence be efficiently detected.  For this question the one-

step-ahead forecasts are then of interest, although they have been neglected in published

discussion to date.  In practical forecasting the first thing one has to do is forecast the present,

and the fan chart is no exception, the first forecast shown being for the current quarter.  The

MPC normally meets on the Wednesday and Thursday following the first Monday of each

month, and the quarterly Inflation Report, containing the fan chart forecasts, is published in

February, May, August and November a week after the meeting.  At approximately the same

time, in mid-month, the Office for National Statistics releases the previous month’s Retail

Prices Index.  Thus the quarterly forecast can take account of no current-quarter information

on the variable in question, and so can be regarded as a one-step-ahead forecast, although
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other economic intelligence on the first month of each quarter is clearly available to the MPC

at its mid-quarter meeting.  Correspondingly, the year-ahead forecasts discussed above are, in

effect, five-step-ahead forecasts.

Data on the one-step-ahead forecasts and outcomes are shown in the lower panel of

Table 1.  The mean forecasts have a mean error of 0.001 and an RMSE of 0.17.  Unlike the

year-ahead forecasts, the one-quarter-ahead forecasts are unbiased, and now the forecast

standard deviation in general appears to be correct.  The transition frequencies for an inter-

quartile range interval forecast are

4 4
4 3

 
 
 

,

which are within rounding of the expected values under the independence hypothesis.  The

sample distribution function of the observed z-values for these forecasts and outcomes shown

in Figure 5 lies much closer to the 45° degree line than in the previous case, the complete

range of the densities being better represented in the data.  Overall, the evidence suggests that

the current-quarter forecasts are conditionally well-calibrated.

The initial conclusion from these rather short series of forecasts is that calibration

problems arise as the MPC moves beyond the current-quarter forecasts: the fan charts fan out

too quickly, positive inflation shocks have occurred much less frequently than the MPC

expected, and on average inflation one year ahead has been overestimated.

6. Conclusion

The increasing use of interval and density forecasts is a welcome development.  They help to

assess and communicate future uncertainty, whereas a point forecast alone gives no guidance
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as to its likely accuracy.  If the forecast is an input to a decision problem, then once one

moves beyond the circumstances in which certainty equivalence holds - to an asymmetric

cost function, for example - a point forecast is inadequate and a density forecast is required.

The accuracy of interval and density forecasts in turn requires assessment, and this paper

recasts some recent proposals into a familiar framework of contingency tables, which will

increase their accessibility for many users of these methods.  In many important applications

only small samples are available for evaluation, and the calculation of exact P-values for the

statistics considered is advocated.

The density forecasts which have received most public attention are the successive

density forecasts of inflation made by the Bank of England’s Monetary Policy Committee,

published in the form of a fan chart.  Our first evaluation of the forecasts made since the

MPC’s inauguration in 1997 shows that, whereas the current-quarter forecasts perform well,

the one-year-ahead forecasts, on which the Bank has hitherto exclusively focussed, show

negative bias.  Uncertainty in these forecasts has been overestimated, so that the fan charts

fan out too quickly, and the excessive concern with the upside risks has not been justified

over this period.
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Table 1.   Bank of England Monetary Policy Committee Inflation Forecasts

zInflation
Report

Mode Mean Std. Dev. Outcome

One-year-ahead forecasts

Aug 97 1.99 2.20 0.75 2.55 0.69
Nov 97 2.19 2.84 0.61 2.53 0.37
Feb 98 2.44 2.57 0.60 2.53 0.49
May 98 2.37 2.15 0.61 2.30 0.57
Aug 98 2.86 3.00 0.60 2.17 0.08
Nov 98 2.59 2.72 0.62 2.16 0.18
Feb 99 2.52 2.58 0.62 2.09 0.22
May 99 2.23 2.34 0.59 2.07 0.33
Aug 99 1.88 2.03 0.56 2.13 0.59
Nov 99 1.84 1.79 0.55 2.11 0.72
Feb 00 2.32 2.42 0.56 1.87 0.16
May 00 2.47 2.52 0.55 2.26 0.32

Current quarter (one-step-ahead) forecasts

Aug 97 2.65 2.69 0.15 2.81 0.79
Nov 97 2.60 2.73 0.12 2.80 0.75
Feb 98 2.60 2.64 0.24 2.59 0.43
May 98 2.83 2.74 0.24 2.94 0.79
Aug 98 2.51 2.56 0.24 2.55 0.49
Nov 98 2.54 2.58 0.19 2.53 0.41
Feb 99 2.49 2.51 0.19 2.53 0.54
May 99 2.48 2.51 0.18 2.30 0.12
Aug 99 2.31 2.35 0.17 2.17 0.13
Nov 99 2.20 2.19 0.17 2.16 0.44
Feb 00 1.93 1.96 0.17 2.09 0.78
May 00 1.88 1.89 0.17 2.07 0.84
Aug 00 2.38 2.38 0.16 2.13 0.06
Nov 00 2.36 2.37 0.17 2.11 0.05
Feb 01 1.94 1.92 0.17 1.87 0.42
May 01 1.90 1.88 0.17 2.26 0.99

ECB •  Work ing  Pape r  No  83  •  November  200122



ECB •  Work ing  Pape r  No  83  •  November  2001 23



Figure 2 The August 1997 Inflation Report fan chart
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Figure 3 Alternative fan chart based on central prediction intervals
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Figure 4

MPC year-ahead forecasts: distribution functions
  of sample z-values (n=12) and uniform distribution
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Figure 5

MPC current-quarter forecasts: distribution functions
                      of sample z-values (n=16) and uniform distribution

ECB •  Work ing  Pape r  No  83  •  November  200126



 
European Central Bank Working Paper Series 
 
 
  1 �A global hazard index for the world foreign exchange markets� by V. Brousseau and  

F. Scacciavillani, May 1999. 
 
  2 �What does the single monetary policy do? A SVAR benchmark for the European Central 

Bank� by C. Monticelli and O. Tristani, May 1999. 
 
  3 �Fiscal policy effectiveness and neutrality results in a non-Ricardian world� by C. Detken, 

May 1999. 
 
  4 �From the ERM to the euro: new evidence on economic and policy convergence among  

EU countries� by I. Angeloni and L. Dedola, May 1999. 
 
  5 �Core inflation: a review of some conceptual issues� by M. Wynne, May 1999. 
 
  6 �The demand for M3 in the euro area� by G. Coenen and J.-L. Vega, September 1999. 
 
  7 �A cross-country comparison of market structures in European banking� by O. de Bandt  

and E. P. Davis, September 1999. 
 
  8 �Inflation zone targeting� by A. Orphanides and V. Wieland, October 1999. 
 
  9 �Asymptotic confidence bands for the estimated autocovariance and autocorrelation 

functions of vector autoregressive models� by G. Coenen, January 2000. 
 
10 �On the effectiveness of sterilized foreign exchange intervention� by R. Fatum,  

February 2000. 
 
11 �Is the yield curve a useful information variable for the Eurosystem?� by J. M. Berk and  

P. van Bergeijk, February 2000. 
 
12 �Indicator variables for optimal policy� by L. E. O. Svensson and M. Woodford,  

February 2000. 
 
13 �Monetary policy with uncertain parameters� by U. Söderström, February 2000. 
 
14 �Assessing nominal income rules for monetary policy with model and data uncertainty�  

by G. D. Rudebusch, February 2000. 
 
15 �The quest for prosperity without inflation� by A. Orphanides, March 2000. 
 
16 �Estimating the implied distribution of the future short term interest rate using the Longstaff-

Schwartz model� by P. Hördahl, March 2000. 
  
17 �Alternative measures of the NAIRU in the euro area: estimates and assessment�  

by S. Fabiani and R. Mestre, March 2000. 
 
18 �House prices and the macroeconomy in Europe: Results from a structural VAR analysis�  

by M. Iacoviello, April 2000. 

ECB •  Work ing  Pape r  No  83  •  November  2001 27



19 �The euro and international capital markets� by C. Detken and P. Hartmann,  
April 2000. 

 
20 �Convergence of fiscal policies in the euro area� by O. De Bandt and F. P. Mongelli,  

May 2000. 
 
21 �Firm size and monetary policy transmission: evidence from German business survey data�  

by M. Ehrmann, May 2000. 
 
22 �Regulating access to international large value payment systems� by C. Holthausen 

and T. Rønde, June 2000. 
 
23  �Escaping Nash inflation� by In-Koo Cho and T. J. Sargent, June 2000. 
 
24 �What horizon for price stability� by F. Smets, July 2000. 
 
25 �Caution and conservatism in the making of monetary policy� by P. Schellekens, July 2000. 
 
26 �Which kind of transparency? On the need for clarity in monetary policy-making�  

by B. Winkler, August 2000. 
 
27 �This is what the US leading indicators lead� by M. Camacho and G. Perez-Quiros,  

August 2000. 
 
28 �Learning, uncertainty and central bank activism in an economy with strategic interactions� 

by M. Ellison and N. Valla, August 2000. 
 
29 �The sources of unemployment fluctuations: an empirical application to the Italian case� by  

S. Fabiani, A. Locarno, G. Oneto and P. Sestito, September 2000. 
 
30 �A small estimated euro area model with rational expectations and nominal rigidities�  

by G. Coenen and V.  Wieland, September 2000. 
 
31 �The disappearing tax base: Is foreign direct investment eroding corporate income taxes?�  

by R. Gropp and K. Kostial, September 2000. 
 
32 �Can indeterminacy explain the short-run non-neutrality of money?� by F. De Fiore, 

September 2000. 
 
33 �The information content of M3 for future inflation� by C. Trecroci and J. L. Vega,  

October 2000. 
 
34 �Capital market development, corporate governance and the credibility of exchange rate 

pegs� by O. Castrén and T. Takalo, October 2000. 
 
35 �Systemic risk: A survey� by O. De Bandt and P. Hartmann, November 2000. 
 
36 �Measuring core inflation in the euro area� by C. Morana, November 2000. 
 
37 �Business fixed investment: Evidence of a financial accelerator in Europe� by P. Vermeulen, 

November 2000. 

ECB •  Work ing  Pape r  No  83  •  November  200128



38 �The optimal inflation tax when taxes are costly to collect� by F. De Fiore, November 2000. 
 
39 �A money demand system for euro area M3� by C. Brand and N. Cassola, November 2000. 
 
40 �Financial structure and the interest rate channel of ECB monetary policy� by B. Mojon, 

November 2000. 
 
41 �Why adopt transparency? The publication of central bank forecasts� by P. M. Geraats, 

January 2001. 
 
42 �An area-wide model (AWM) for the euro area� by G. Fagan, J. Henry and R. Mestre,  

January 2001. 
 
43 �Sources of economic renewal: from the traditional firm to the knowledge firm�  

by D. R. Palenzuela, February 2001. 
 
44 �The supply and demand for eurosystem deposits � The first 18 months� by U. Bindseil and 

F. Seitz, February 2001. 
 
45 �Testing the Rank of the Hankel matrix: a statistical approach� by G. Camba-Mendez and  

G. Kapetanios, February 2001.  
 
46 �A two-factor model of the German term structure of interest rates� by N. Cassola and  

J. B. Luís, February 2001. 
 
47 �Deposit insurance and moral hazard: does the counterfactual matter?� by R. Gropp and  

J. Vesala, February 2001. 
 
48 �Financial market integration in Europe: on the effects of EMU on stock markets� by  

M. Fratzscher, March 2001. 
 
49 �Business cycle and monetary policy analysis in a structural sticky-price model of the euro 

area� by M. Casares, March 2001. 
 
50 �Employment and productivity growth in service and manufacturing sectors in France, 

Germany and the US� by T. von Wachter, March 2001. 
 
51 �The functional form of the demand for euro area M1� by L. Stracca, March 2001. 
 
52 �Are the effects of monetary policy in the euro area greater in recessions than in booms?� by 

G. Peersman and F. Smets, March 2001. 
 
53 �An evaluation of some measures of core inflation for the euro area� by J.-L. Vega and  

M. A. Wynne, April 2001. 
 
54 �Assessment criteria for output gap estimates� by G. Camba-Méndez and D. R. Palenzuela, 

April 2001. 
 
55 �Modelling the demand for loans to the private sector in the euro area� by A. Calza,  

G. Gartner and J. Sousa, April 2001. 
 

ECB •  Work ing  Pape r  No  83  •  November  2001 29



 
 56 �Stabilization policy in a two country model and the role of financial frictions� by E. Faia, 

April 2001. 
 
57 �Model-based indicators of labour market rigidity� by S. Fabiani and D. Rodriguez-Palenzuela, 

April 2001. 
 
58 �Business cycle asymmetries in stock returns: evidence from higher order moments and 

conditional densities� by G. Perez-Quiros and A. Timmermann, April 2001. 
 
59 �Uncertain potential output: implications for monetary policy� by M. Ehrmann and F. Smets, 

April 2001. 
 
60 �A multi-country trend indicator for euro area inflation: computation and properties� by  

E. Angelini, J. Henry and R. Mestre, April 2001. 
 
61 �Diffusion index-based inflation forecasts for the euro area� by  E. Angelini, J. Henry and  

R. Mestre, April 2001. 
 
62 �Spectral based methods to identify common trends and common cycles� by G. C. Mendez 

and G. Kapetanios, April 2001. 
 
63 �Does money lead inflation in the euro area?� by S. N. Altimari, May 2001. 
 
64 �Exchange rate volatility and euro area imports� by R. Anderton and F. Skudelny, May 2001. 
 
65 �A system approach for measuring the euro area NAIRU� by S. Fabiani and R. Mestre,  

May 2001. 
 
66 �Can short-term foreign exchange volatility be predicted by the Global Hazard Index?� by  

V. Brousseau and F. Scacciavillani, June 2001. 
 
67 �The daily market for funds in Europe: Has something changed with the EMU?� by  

G. P. Quiros and H. R. Mendizabal, June 2001. 
 
68 �The performance of forecast-based monetary policy rules under model uncertainty� by 

A. Levin, V. Wieland and J. C.Williams, July 2001. 
 
69 �The ECB monetary policy strategy and the money market� by V. Gaspar, G. Perez-Quiros 

and J. Sicilia, July 2001. 
 
70 �Central Bank forecasts of liquidity factors: Quality, publication and the control of the 

overnight rate� by U. Bindseil, July 2001. 
 
71 �Asset market linkages in crisis periods� by P. Hartmann, S. Straetmans and C. G. de Vries, 

July 2001.  
 
72 �Bank concentration and retail interest rates� by S. Corvoisier and R. Gropp, July 2001. 
 
73 �Interbank lending and monetary policy transmission � evidence for Germany� by 

M. Ehrmann and A. Worms, July 2001. 
 

ECB •  Work ing  Pape r  No  83  •  November  200130



74 �Interbank market integration under asymmetric information� by X. Freixas and 
C. Holthausen, August 2001. 

 

75  �Value at risk models in finance� by S. Manganelli and R. F. Engle, August 2001. 

 
76   �Rating agency actions and the pricing of debt and equity of European banks: What can we  
 infer about private sector monitoring of bank soundness?� by R. Gropp and A. J. Richards,  
 August 2001. 
 
77   �Cyclically adjusted budget balances: An alternative approach� by C. Bouthevillain, P. Cour-

Thimann, G. van den Dool, P. Hernández de Cos, G. Langenus, M. Mohr, S. Momigliano and 
M. Tujula, September 2001. 

 
78   �Investment and monetary policy in the euro area� by B. Mojon, F. Smets and P. Vermeulen, 

September 2001. 
 
79   �Does liquidity matter? Properties of a synthetic divisia monetary aggregate in the euro area� 

by L. Stracca, October 2001. 
 
80   �The microstructure of the euro money market� by P. Hartmann, M. Manna and 

A. Manzanares, October 2001. 
 
81   �What can changes in structural factors tell us about unemployment in Europe?� by J. Morgan 

and A. Mourougane, October 2001. 
 
82   �Economic forecasting: some lessons from recent research� by D. Hendry and M. Clements, 

October 2001. 
 
83   �Chi-squared tests of interval and density forecasts, and the Bank of England's fan charts� by 

K. F. Wallis, November 2001. 

ECB •  Work ing  Pape r  No  83  •  November  2001 31


	Chi-squared tests of interval and density forecasts, and the Bank of England's fan charts
	Contents
	Abstract
	1. Introduction
	2. Unconditional coverage and goodness-of-fit tests
	3. Tests of independence
	4. Joint tests of coverage and independence
	5. Bank of England fan chart forecasts
	6. Conclusion
	References
	Table and figures
	European Central Bank Working Paper Series

