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Abstract

In this article we review what machine learning might have to offer central
banks as an analytical approach to support monetary policy decisions. After
describing the central bank’s “problem” and providing a brief introduction
to machine learning, we propose to use the gradual adoption of Vector
Auto Regression (VAR) methods in central banks to speculate how machine
learning models must (will?) evolve to become influential analytical tools
supporting central banks’ monetary policy decisions. We argue that VAR
methods achieved that status only after they incorporated elements that
allowed users to interpret them in terms of structural economic theories.
We believe that the same has to be the case for machine learning model.
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1 Introduction

Machine learning is the new ‘car’ on the street, and as with most things that are new,
it is flashy, popular and full of excitement. Central banks, or at least some central
bank economists, appear to share this excitement, and as a result, a number of central
banks have invested resources in machine learning.! Is the excitement warranted?

Advances in artificial intelligence research has transformed many tasks previously
carried out ‘manually’. Areas include interpreting x-ray images, translation, and
facial recognition to mention processes that already use machine-learning methods
successfully. Artificial intelligence has also outperformed humans in playing highly
complex games such as chess and Go, and holds the promise of being able to give us
driver-less cars. Similar successes are also seen in banking applications, for example in
credit scoring (Gambacorta et al. (2019)). In addition, machine learning is increasingly
used to inform public policy decisions (Athey (2015)).

Little wonder that central banks ask themselves whether these underlying methods
can be used to cater to the needs of central banks. After all, if computers can be
trusted to drive cars, trucks and buses safely on busy streets filled with cyclists and
pedestrians, can they not also be trusted with some aspects of the conduct of monetary
policy? In this article, we will attempt to answer this important question.

Our analysis starts by providing answers to the following two questions: First, what
does a monetary policy making authority ‘want’ from analytical models, and second,
how have existing models, particularly VARs, evolved to serve these needs? In other
words, we will use the evolution of VARs as a lens through which we will assess
whether machine learning methods can be used to answer the questions that the
central banks have.

What does a monetary policy making authority or a central bank require from an
empirical tool? We argue that a monetary policy making institution would like to
i) describe and summarise macroeconomic data, ii) make forecasts, iii) conduct

!The recent Federal Reserve Board, the Bank of England and the King’s College Conference on
“Modelling with Big Data Machine Learning: Measuring Economic Instability” is one example of this.
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structural analysis, including risk and scenario analysis, and iv) communicate its
decisions/analyses.

We believe that the VAR literature made a critical contribution to the way the central
banks think about data, forecasting, and structural analysis. We will therefore use
the developments and achievements of VAR methodology, and the challenges it has
had to overcome, as a lens through which we can assess the potential usefulness of
machine learning for the central banks.

To avoid misunderstanding, we would like to make it clear that the authors of this
article are not machine learning experts. However, we do have experience in the use
of VARs in central banking, and we will use this experience, and our understanding
of the current state of machine learning, to speculate about how these tools need
to evolve to challenge and perhaps overtake VARs as a dominant analytical tool for
central banks.

We also want to emphasize that, in this article, we are focusing only on the potential
use of machine learning in the monetary policy functions of the central bank. Machine
learning and artificial intelligence have been used more actively in other aspects
of central banking, for example: financial stability, crises forecasting and banking
supervision.2 We will not comment on these important applications for machine
learning in this paper.

Almost two decades ago, Adrian Pagan argued that macroeconomic models used in
central banks face a trade-off between their theoretical consistency or data-consistency
(figure 1). Given that central banks have a fixed amount of resources (staff) available
this trade-off could be interpreted as a production possibility frontier. One could
also think about this trade-off chart as the preferences of policymakers or researchers
between theory-driven and data-driven approaches. The models that we consider to
be on the frontier are listed in the figure.®

2Fouliard et al. (2020), for example, predicts financial crises with machine learning algorithms.
Babii et al. (2020) is a recent time-series application to nowcasting the US GDP growth. For a detailed
treatment of time-series forecasting with machine learning see Masini et al. (2021).

30ne might argue that old fashioned econometric models of the 1960s and the 1970s are perhaps
inside the frontier as opposed to being on the frontier.
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Figure 1
The Pagan Frontier

Models like the unrestricted VARs are located close the lower right hand part of the
frontier reflecting their data-heavy feature. Close to the upper left part we find Real
Business Cycle (RBC) and Dynamic Stochastic General Equilibrium (DSGE) models
that are typically not estimated in the conventional sense. Rather, they are calibrated
using estimates of structural parameters obtained from other studies.

Over the past four decades VARs have evolved substantially, so that they now cover
a wider spectrum in the Pagan frontier. The development of the range of VARs that
incorporate restrictions to give them structural interpretations (SVARs) have perhaps
pushed them towards the middle of the Pagan frontier. For example, it has been argued
that DSGE-VARs provide a framework with which one could evaluate the DSGE models
(Del Negro and Schorfheide (2006)). In other words, the development of the VAR has
been rather dynamic not static.*

The big question, we believe, is whether ML models that currently are located on the
data-heavy corner of the frontier, can move towards the middle, and what modifications
need to be introduced to enable them to do so. In other words, can they combine

*See (Kilian and Lutkepohl (2018) and Ramey (2016) for a reviews of identified VARs for example.



good forecasting performance with an ability to provide insights on more structural
aspects of the macroeconomy that central banks need?

The remainder of this article is structured as follows: Section 2 sets out what we
think central banks need from a model. Section 3 summarises our understanding of
current generation machine learning models and how they might be used by central
banks. Section 4 describes briefly the development of the VAR literature, and Section
5 discusses how well the VARs have served in solving or answering central banks’
needs. Section 6 discusses whether the Machine Learning can develop into something
similar or better than VARs. Section concludes.

2 Central Bank’s problem

We propose a list of what central banks need from models by extending the Stock and
Watson (2001)’s description of what macroeconometricians at policy institutions do.
Stock and Watson (2001) argued that they do four things: 1) describe and summarize
macroeconomic data, 2) make macroeconomic forecasts, 3) quantify what we do
or do not know about the true structure of the macroeconomy, and 4) advise (and
sometimes become) macroeconomic policymakers.

We adapt this classification to central bank policy making. Further, we argue that, to a
first approximation, policy making involves the following steps, and models play a
role in every one of them:®

1. Central banks summarise and analyse data,
2. They forecast the key macroeconomic variables,
3. They conduct risk analysis and balance of uncertainties.

4. They do structural/causal analysis, as well as scenario analysis.

>These five points are also in the spirit of Sims (1980), where he argued that the usefulness of VARs
could come from three fronts: (1) forecasting macroeconomic variables; (2) designing and evaluating
economic models; (3) evaluating the consequences of alternative policy actions.
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5. They take decisions and communicate and justify these decisions vis-a-vis the
public.

In the 1970s, these four tasks — data description, forecasting, structural inference
and policy analysis — were performed using a variety of techniques. These ranged
from large models with hundreds of equations to single-equation models that focused
on interactions of a few variables to simple univariate time series models involving
only a single variable. As we note in Section 4, dissatisfaction with the performance
of these models let Christopher Sims proposing a new class of models, VARs, in his
seminal Econometrica article published in 1980 (Sims (1980)).

In the remainder of the paper, we will be arguing that the VARs have served well
in each of these five steps listed above. We will also argue that to be helpful to
policymakers in central banks, Machine Learning methods must be able to perform
well in these areas.

3 What is Machine Learning?

3.1 Machine Learning is so far principally a prediction tool, but
change may be coming

Machine Learning (ML) has its origins in computational statistics. Its primary concern
has been the use of algorithms to identify patterns or interrelationships that exist
in data, and use these patterns in prediction. While the algorithms used in ML can
be common techniques such as ordinary least squares regressions, they can also be
more complex methodologies such as decision trees, clustering algorithms, and deep
learning multi-layer neural networks.

Currently, the principal use of machine learning in economics has been for prediction
This is particularly the case in macroeconomic applications (Kuhn and Johnson (2013)).
The growing popularity of ML comes from its ability to uncover complex patterns in the



data that have not been pre-specified a priori. This flexibility is in sharp contrast with
approaches to forecasting traditionally used in central banks. In forecasting inflation,
for example, researchers usually start with a structure that comes from theoretical
considerations linking inflation to a set of causal determinants. For analytical and
empirical tractability, the structure is often represented by a model that is linear in
the underlying variables. But if forecast accuracy is the prime goal, this pre-specified
linear structure can be a weakness, and the advantage of machine learning is that it
does not have to impose it on the estimation of the model and hence on the forecast.
For example, deep learning neural network algorithms do not impose any particular
functional form of relationship between the explanatory variables and the forecast
target. Instead this functional form is the outcome of the network algorithm.® The
variables that are included in the forecasting model, be it a simple linear regression
or a complex deep learning neural network, are still determined by the researcher,
however.

While the main use of machine learning in economics is prediction, recent develop-
ments have shown that, in certain contexts, it is also possible to design algorithms that
will allow causal inference. As Athey (2015) states "prediction and causal inference are
distinct (though closely related) problems. Outside of randomized experiments, causal
inference is only possible when the analyst makes assumptions beyond those required
for prediction methods, assumptions that typically are not directly testable and thus
require domain expertise to verify."’As we will argue below, for central bankers to
make full use of machine leaning techniques, it is important that causal analysis also
be possible in non-experimental contexts.

®Note that the algorithms themselves may favour some functional forms over others by construction,
a feature referred to as inductive bias (Kelleher (2019)).

7See Pearl (2018) and Pearl and Mackenzie (2018) for detailed treatments of causal inference in
machine learning.



3.2 ‘Training’ vs. ‘Validation’ and the need for large amounts of
data

Since machine learning algorithms impose relatively little a priori structure, there
is a potential for overfitting whereby the algorithm will continue to add complex
relationships until it perfectly explains the data it is given. Some restraints must
therefore be imposed. This can be done both at the stage of designing the algorithm
that is used to explain the data and at the stage of validating the output of the
algorithm.

For example, the number of nodes of a decision tree determines its complexity and
ability to explain the data it is confronted with. The risk of overfitting - explaining
not only the systematic relationships imbedded in the data but also random noise
resulting from errors in measurements, variations in the data due to idiosyncratic
shocks that are not forecastable but nevertheless influence the outcome - can be
reduced by limiting ex ante the complexity of the algorithm used in the analysis.

In addition to limiting the complexity ex ante, the analyst will typically divide the
data sample into two parts, a training sample and a validation sample. The former is
used to generate a model that best explains the data in the sample, while the latter
is used to check how well the model explains data that are assumed to be driven by
the same data-generating process but not used in the initial training phase. If the
model’s ability to explain the validation data set is significantly worse than its ability
to explain the training data set, it is likely that over-fitting the data is a problem.
The fundamental parameters of the algorithm are then adjusted and the training
and validation process is repeated. The iteration process will end when the model’s
explanation of the training data set is not significantly better than its ability to explain
the validation data set.®

The practice of using part of the available data as a training ground for the ML
algorithm and part of it as a validation implies that machine learning modelling is
best suited to situations where we have a large number of observations on the events

8This modelling process is familiar to the traditional econometricians as in-sample estimation and
out-of-sample forecast evaluation.



that we are trying to forecast. This can potentially be a problem for forecasting of
inflation, output fluctuations, and other macroeconomic variables at business cycle
frequencies that central banks are particularly concerned with. In fact, Athey and
Imbens (2019) argue that the methods developed in the ML literature have been
particularly successful in “big data” settings.

Although there is no universally agreed definition, ‘big data’ generally refers to very
large structured and/or unstructured data sets containing tens of thousands of ob-
servations on bank customers, holders of insurance policies, users of online payment
platforms, etc. Textual data can also be digitized and made available for computer-
aided analysis of content. Examples include the digitization of documents containing
the latest financial regulations so that these can be incorporated in compliance rou-
tines; newspaper articles to aid in the search for indicators of economic uncertainty;
or useful information for regulators.

These sources of information have, of course, existed for a long time, but it is only
with the advent of inexpensive data storage facilities, huge increases in computing
power, and new analytical techniques capable of dealing with very large data sets that
the full benefits of big data have been realized.

3.3 Cars with ML drivers vs. Economies with ML policy decisions:
Similarities and differences.

If we can design cars that navigate safely using machine learning algorithms, why
should we not be able to design monetary policy rules based on the same principles?
After all, a self-driving car must be able to observe the environment in real time
(including possibly idiosyncratic behaviour of pedestrians, motorcyclists, and other
vehicles), interpret what it observes in terms of objectives that it wants to achieve
(arriving at a pre-determined destination, avoiding accidents, adhering to driving rules
and conventions, etc.), and decide on adjustments to be made to driving direction,
speed, avoidance manoeuvres, etc.



Similarly, in order to conduct monetary policy, the central bank management needs to
obtain observations on the current state of the economy (the current and probable
future rate of inflation and growth, for example), interpret this information in relation
to the objectives it is charged with achieving (macroeconomic and financial stability
in particular), and take the appropriate policy action (changing policy interest rates,
intervene in the foreign exchange market, etc.).

At this high level of generality, the tasks of creating a driver-less car seems to be
similar to designing a machine learning model to conduct monetary policy. However,
as we dig deeper, significant differences are revealed that need to be recognized and
addressed before monetary policy can be driven, at least partially, by digital means.

Consider first observing the economy. There have been considerable advances in now-
casting methods to provide a detailed picture of the current state of inflation, growth
and other variables relevant for monetary policy decisions. These methods typically
make use of a wide variety of indicators and sophisticated analytical approaches.
Machine learning tools are also being used to provide forecasts of these same variables.
However, as we will discuss in some detail later in the paper, determining policy
actions typically requires more than knowledge of the current state of the economy
and having a forecast of its future path. For example, it is often necessary to know how
the economy has arrived at its current state, and what the underlying determinants
of the forecasted future path are: are they driven by supply or demand shocks, by
implicit forecasts of changes in economic activity and inflation abroad, or by projected
changes in consumer behaviour? The appropriate policy response will depend on
the context. In contrast, the driverless car does not really need to know whether the
pedestrian who is crossing the street is coming from a movie theatre or the grocery
store, or, at least to a first approximation, whether the bend in the road ahead will be
followed by a straightaway or another bend. In other words, narratives that provide a
context are important for monetary policy making, and here the ‘black-box’ aspects of
current generation machine learning models constitute a hurdle.

Another difference between the driver-less car example and the challenges facing the
central bank, is that the time pattern of the responses to the actions taken by the
driving algorithm and the actions taken by the central bank are quite different, in the
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parlance of monetary policy, the transmission mechanism is different. If a pedestrian
crosses the street, the algorithm in the driver-less car will initialize actions to slow
down or come to a complete stop. The car will react virtually immediately to the
actions. For the central bank, on the other hand, if the ML algorithm initiates actions
to slow the economy by raising the policy interest rate, the impact on the economy
will be felt only several quarters later. It would be more like trying to stop a super
tanker than stopping a car. To be sure, the algorithm can build this reaction lag
into the decision-making structure, but this adds another layer of complexity in the
central banking example. The algorithm must also learn how the economy reacts to a
policy rate increase, whereas the algorithm for the driverless car can incorporate the
mechanical relationships directly. But understanding the reaction of the economy to a
policy change requires either having a reliable model of the transmission mechanism or
training the algorithm on past experiences with policy rate changes. In the latter case,
the required data may be insufficient to allow for a relatively unstructured machine
learning approach.

Finally, there is the communication aspects of monetary policy decisions. The effects
of a particular monetary policy are likely to depend on how well it is explained and
justified. The policy maker needs to provide a plausible causal story for both the
assessment of the current state of the economy and the policy decisions taken. It is not
likely to be sufficient to just refer to a computer algorithm. In contrast, the driver-less
car does not have to provide a story about why it stopped for the pedestrian, as long
as it did so in a timely manner. °

In the following sections we will first elaborate on how central banks have tried to
deal with the challenges of formulating policy based on a mixture of theoretical and
empirical modelling, before discussing how machine learning needs to (will?) evolve
to provide more support for monetary policy decisions of central banks.

°There may be cases where (the owner of) the driver-less car may have to provide an explanation
of the car’s behaviour. For example, if stopping for the pedestrian in time is impossible, and the car
swerves to avoid her and in the process hits an oncoming motorcycle, then the owner may be required to
provide an explanation to a court why it took that decision. {See Boudette (2017), "Tesla’s self-driving
system cleared in deadly crash." New York Times.
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4 The Development of the VARs at a Glance

More than four decades ago Sims (1980) provided a new macroeconometric framework
in a paper with the provocative title ‘Macroeconomics and Reality’. The motivation was
a view that the econometric models used predominantly at the time were unreliable
because they relied on “incredible identification” (Sims (1980), p. 1) based on theories
which in Sims’ judgment were not justifiable.'° Sims introduced an alternative method-
ology, estimation and analysis based on vector autoregressions (VARs), designed to
‘let the data speak’ more freely about the relationship between major macroeconomic
variables without being constrained by a priori restrictions.

Specifically, in general terms, the VAR system proposed is an n-equation, n-variable
linear model in which each variable is in turn explained by its own lagged values, plus
current and past values of the remaining n - 1 variables.

This simple framework provided a systematic way to capture rich dynamics in multiple
time series, and the statistical toolkit that came with VARs was easy to use. As Sims
(1980) and others argued in a series of influential early papers, VARs held out the
promise of providing a coherent and credible approach to data description, forecasting,
structural inference and policy analysis.

Will models based on ML and Al be able to extend Sims’ ‘let-the-data-speak’ approach
even further by doing away with the linear structure? Before we attempt to answer
this question, we briefly review the evolution of the use of VAR models in empirical
macroeconomics in general and in central banks in particular.

10« claims for a connection between these models and reality — the style in which “identification” is

achieved for these models - is inappropriate, to the point at which claims for identification in these
models cannot be taken seriously.” (Sims (1980) p. 1).

12



4.1 From Linear Dynamic Stochastic General Equilibrium Models
to VARs and back

4.1.1 From structural models to VARs

Every linear DSGE model can be transformed into a VAR representation. Let Y; be a
vector of endogenous variables represented by the model. The linear DSGE model can
then be written as

AY, = BY, + U, (1)

where for simplicity the dynamics is restricted to one lag. The elements of U; are
shocks to each of the structural equations, and they are assumed to be independent of
each other.!A and B are structural parameters derived from the underlying theory.
To convert this structural model into a VAR, simply pre-multiply both sides of the
equation 1 by the inverse of the matrix A.

Y,=CY 1 +V, (2)
where C = A"'Band V, = AU,

Four observations follow from the equation 2: First, the reduced form, equation 2,
can be estimated efficiently equation by equation by ordinary least squares. Second,
the parameters in C' are linear combinations of the structural coefficients in A and
B. Third, even if the elements in U are independent of each other, the elements in V'
will not be. Fourth, and most crucially for our purposes, it is in general not possible
to infer the values of the structural coefficients from the reduced form parameters.
Similarly, it is not possible to infer the nature of the structural shocks (the Us) from
the properties of the reduced form errors (the V's).

111n general, we use the term shock to refer to innovations (i.e., the residuals from a reduced-form
vector autoregressive (VAR) model or to the structural disturbances in a simultaneous equation system).
Bernanke (1986) argues that shocks should be“primitive" exogenous forces, not directly observed by
the econometrician which buffet the system and cause oscillations. Because these shocks are primitive,
i.e., they do not have common causes, it is natural to treat them as approximately uncorrelated”. See
also Christiano et al. (1999) for a discussion on the definition of shocks in macro.
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When the use of the VAR is for pure forecasting, these observations are not problematic.
Indeed, in its simple form VARs are frequently used for this purpose. As we will be
discussing later in the paper, more elaborate variants with time-varying parameters,
stochastic volatility and a number of other extensions have also been developed and
are frequently used by central banks.

But if we want to ‘tell stories’ of the type ‘This is what our estimates tell us about
the consequences of a unexpected increase in the policy interest rate’ (assuming this
variable is an element of V'), then the VAR estimates are not sufficient. We would
need to reverse engineer the VAR to identify the underlying structural equations. This
‘identification problem’ has spurned a large literature.

4.1.2 Giving VARs a structural interpretation

To give a VAR a structural interpretation, we need to impose restrictions on the model
so that we can recuperate the elements of A and B from the estimates of C, and to
ascertain the nature of the V's from the estimated Us. A very large literature has
evolved to do just that.

The method originally proposed by Sims was to assume a temporal ordering through
which the shocks had an impact on the endogenous variables. For example, an
unanticipated change in the short term monetary policy interest rate would affect a
longer term interest rate before it would have an impact on aggregate demand or any
other variable in the model. Similarly, an unexplained shock to aggregate demand
would affect output before it would change inflation. If such a temporal ordering was
imposed on variables in the economy, it would be possible to recuperate the original
structural parameters in the model as well as the time pattern of the structural shocks.
That identification would then make it possible to trace out the effects of any shock
in the system on all of the endogenous variables!? i.e. to ‘tell stories’ of the type
mentioned in the last paragraph of the previous subsection.!3

12In the jargon of the literature this entailed calculating ‘impulse response functions’.
13Given the centrality of understanding shock propagation in the economy, impulse response functions
are key to understanding propagation of structural shocks. In the more recent decade or two, since Jorda
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Other identification schemes followed; some based on restrictions on the contempora-
neous interactions between the endogenous variables in the structural model (the A
matrix)!* others on the sign pattern of the impulse response function.'® Yet others
achieved identification based on the theoretical presumption that a particular shock
would have no long run effect on a specific variable, ' based on theoretical ‘signs’, the
information coming from high frequency data or heteroscedasticity patterns in the
data.

The goal of these identification strategies was always the same; to be able to conduct
causal analysis, to understand and importantly, be able to communicate to stakeholders
how monetary policy affects the economy.

4.1.3 Incorporating large data sets in VARs

The number of variables that can be directly included in a VAR model is frequently
constrained by the available number of observations. A n-variable model that includes
four lags of each variable will have 4n+1 free parameters to estimate per equation. If
the frequency of observation is quarterly, then a four-variable system will require forty
years of observations if the rule-of-sum requirement of ten observations per parameter
is respected. For many economies this is very demanding.

Two types of solutions to this problem have been proposed in the literature. One is
to reduce the effective number of parameters by ‘soft’ constraints on the lag patterns
associated with each variable in the system. This can be achieved by applying the
so-called ‘Minnesota priors’ during the estimation process.!”

(2005), local projections have become an increasingly widespread alternative econometric approach to
understanding the shock propagation. Recently, Plagborg-Mgller and Wolf (forthcoming) showed that
the impulse responses from these two approaches are the same in large samples. However, we will not
be delving into this literature.

14For example that inflation does not depend contemporaneously on the size of aggregated demand,
or that export volumes do not respond contemporaneously to a change in the real exchange rate.

15That aggregate demand should respond negatively to an unexpected increase in the monetary
policy interest rate, for example.

16That monetary policy would have no long-run effects on real output.

17The Minnesota prior was introduced in Doan et al. (1986) as a shrinkage prior for autoregressive
parameters in vector autoregressive (VAR) models. More recently, Giannone et al. (2015) shows that
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Another solution involves reducing the number of variables by combining them into
‘factors’ and using these factors in the model instead of the underlying variables
themselves. The resulting VARs in these cases have been given the name factor-
augmented VARs (FAVARs).!® For example, to study the propagation mechanism of
monetary policy!® it might be desirable to include a number of financial variables to
capture different channels of transmission. But doing so would render the size of the
VAR too big to be estimated. Instead, the analysts combines the financial variables into
a ‘financial factor’ and uses this in the VAR. Usually the factor is a linear combination
of the underlying variables, often based on principal component analysis or dynamic
factor models.

Another example of reducing the number of variables comes up in the context of open
economy interactions with the rest of the word where, instead of letting all variable
for all countries enter every equation, foreign variables are combined into foreign
‘factors’ representing ‘world’ prices, ‘world’ interest rates, ‘world’ output for example.
Mumtaz and Surico (2009) for example use a data from a panel of 17 industrialized
countries to investigate the international transmission mechanism.2°

5 How well the VARs have served in ‘solving’ the Cen-
tral Bank’s problem?

5.1 Forecasting and Risk Analysis

The standard VARs and their extended variants such as time-varying parameter VARSs,
time-varying stochastic volatility VARs, factor-augmented VARs and so on have been

the optimal choice of the informativeness of priors can be ‘treated as additional parameters to reduce
the number and importance of subjective prior choices in the setting of the prior.’

18See Stock and Watson (2016) for the implications of factors models for the SVARs.

19See Bernanke et al. (2005) for an example of monetary policy analysis with factor-augmented
vectorautoregression (FAVAR).

20 Another approach to examine the open economy interactions is the Global Vector AutoRegressive
(GVAR) methodology of Dees et al. (2007) that provides a VAR based interactions between a large
number of countries.
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extensively used in forecasting. Their forecasting performances have been found to be
good and most central banks use them. One advantage of the VARs in forecasting is
their system nature and hence every endogenous variable can be forecast with the
same model. This is in contrast with machine learning models which, to the best of
our knowledge, typically predict one variable at a time. The VAR forecasts have been
successful in conducting point forecasts as well as density forecasts (Carriero, Clark,
and Marcellino (2020)). Therefore, we can say without any qualifications that the
VARs have been an important part of the forecasting toolkit of central banks.

Recently, monetary policy makers have also become interested in the tail-risks and
taking into account the potential tail outcomes in forecasting. Building on finance
literature in assessing tail risks in asset prices and returns, this line of research has
emphasized the importance of tail risks in macroeconomic policymaking. Although
this literature has started with the risks of significant declines in GDP growth, and
has relied on quantile regression methods to estimate tail risks (Adrian et al. (2019))
the applications of the framework have widened to other important variables such
as house prices and capital flows.?2! Recently, Chavleishvili and Manganelli (2019)
extended this framework in a VAR context.?? Carriero, Clark, and Marcellino (2020)
and Carriero, Clark, and Massimiliano (2020) show that Bayesian VARs with stochastic
volatility are able to capture tail risks in macroeconomic forecast distributions and
outcomes. Bayesian VARs, which have been commonly used for point and density
forecasting, are able to capture more time variation in downside risk as compared to
upside risk for output growth consistent with the results of quantile regression of the
earlier research. Moreover, the Bayesian VARs come with additional gains in the form
of standard point and density forecasts.

The VAR literature has also been responsive to the most recent challenges with the
post COVID-19 pandemic sample. With new data that has not been seen for the past
century, are there implications for VAR forecasts? Primiceri and Tambalotti (2020)

21For example, Gelos et al. (2019) use the similar quantile-regressions framework to understand the
asymmetric tail-risks to capital flows in emerging markets.

220ther avenues of work in considering tail risks are the copula modeling (e.g., Smith and Vahey
(2016) and Loaiza-Maya and Smith (2020), and the copula-based forecast combinations; Karagedikli
et al. (2019).
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have recently shown that the VAR forecasts can, indeed, handle this massive anomaly
in the data.

5.2 Structural and Scenario Analysis

The traditional econometrics or estimation used in central banks are often times con-
cerned with questions beyond simple out-of-sample forecasting. This is an important
difference between traditional machine learning applications and econometrics . In
many, arguably most cases, central banks are interested in “average treatment effects”
or other causal or structural relationships.?®> As we have already noted, the challenge
for machine-learning models is to be able to make causal inferences also in contexts
important for monetary policy decisions.

The structural VARs have now been used in identifying a large number of structural
shocks and their causal effects including monetary policy shocks, demand shocks,
commodity price shocks, oil market shocks and so on. Moreover, the structural VARs
are used in distinguishing between different theoretical structures.

Structural analysis also includes scenario analysis which central banks often do. For
example, a central bank may be interested in the consequences for the economy of
alternative paths for the policy interest rate; holding it constant for an extended
period before increasing it to a higher level compared to increasing immediately
but doing so gradually until it reaches the new higher level. VARs can be and have
been used to carry out such scenario analysis or conditional forecasting. The earlier
applications of conditional forecasting includes Doan et al. (1986) and Waggoner
and Zha (1999). Leeper and Zha (2003) for example, came up with a framework
for computing and also evaluating forecasts of endogenous variables within a SVAR,
conditional on hypothetical paths of monetary policy. Leeper and Zha (2003) is a
good example of the VARs moving along the Pagan frontier as we discussed in the
introduction: from a purely data driven objective, they also become more consistent

235ee Abadie and Cattaneo (2018) for a survey. For more recent macro surveys on the issue, see
Fuchs-Schiindeln and Hassan (2016), Ramey (2016) and Nakamura and Steinsson (2018).
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with theory. Their framework is based on the theoretical model that reports “when

)

linear projections are reliable even though policy switches from one regime to another.’

Structural VARs are also used in understanding the history in terms of the drivers of
the business cycles. With historical decompositions one can get a view on the historical
drivers of the business cycle dynamics

5.3 Communication

Over the past few decades, transparency, accountability and the need for clear and
timely communication have come to be widely recognized as essential components of
successful central banking. In part, this development is the result of demands by the
general public for greater transparency and accountability in government institutions.

In part, more active communication by central banks also stems from their attempts
to manage and guide market expectations and thereby increase the effectiveness of
monetary policy. For example, stating in a monetary policy briefing that ‘the short-term
policy interest rate will be maintained at a low level for a considerable period’ can be
part of a strategy to influence longer-term market interest rates that typically have a
stronger effect on consumption and investment decisions.

A component of a central bank’s communication consists of explaining why and on the
basis of what information a policy decision has been taken. This is typically followed
by an explanation of how the policy change is expected to influence the economy and
lead to desirable outcomes.

In order for the communication to be credible, the policy statement must therefore
not only make it clear which variables the central bank is primarily focused on, but it
must also explain the economic mechanisms that the central bank relies on to achieve
its objectives. All this requires having a clear causal structure in mind. This structure
can be a calibrated theoretical model that reflects the central bank’s understanding
of how the economy works, or it can be a more data-driven model, such as a VAR,
which has been given a structural interpretation using methods described above. But

19



crucially, the economic reasoning behind the central bank’s policy decision must be
clear and transparent for it to be credible in the eyes of the public.2*

6 Can Machine Learning do the same?

In section 2 we have characterized the central bank’s problem as one of summarizing
and analysing data; forecasting key macroeconomic variables; conducting risk analysis
and balance of uncertainties; carrying out structural/causal as well as scenario analysis;
and finally communicating and justifying policy decisions vis-a-vis the public. We
then argued how VAR methodology has evolved and become a work-horse to assist
central banks in responding to these tasks (Sections 4 and 5). In this section we ask
how machine learning may need to evolve to become a complementary or alternative
methodology guiding monetary policy decisions and communication.

6.1 Forecasting and Risk Analysis

As summarised in Mullainathan and Spiess (2017) , and as we have argued above,
Machine Learning in its current form, is essentially about prediction. We argue
that machine learning’s advantage in short-term forecasting is significant, although
it is subject to the similar issues as classical econometric techniques; for example,
structural breaks in the data with an event like the COVID-19 pandemic, is likely to
have implications for the training sample and forecasting.

Perhaps forecasts from more traditional models can be compared with those from ML
algorithms, and, to the extent that the latter are superior, it may be possible to tweak
the traditional models so ‘having a story to tell’.

Risk analysis has become commonplace in traditional econometrics with the use of
quantile regressions and density forecasts. We are not aware of similar applications in

24Blinder et al. (2008) argue that transparency is closely linked to central bank credibility: it simply
means matching deeds to words.
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the machine learning sphere, but it would seem that carrying out the equivalent of
quantile regressions should be possible with extant machine learning tools. Estimating
and forecasting entire densities appear to us to be more of a challenge as this requires
some assumptions about the underlying data generating process.

6.2 Structural/Scenario Analysis and Communication

We have argued that clear and timely communication about its policy objectives,
analytical framework, and potential risks is an essential component of a successful
monetary policy framework. Having access to a well-specified economy-wide model
would clearly be desirable in this context. Of course it would have to be estimated (or
calibrated) on data for the economy in question in order to be useful. The large-scale
econometric models that were commonly used in the 1960s and 70s were of this type,
although critics would question whether they were ‘well-specified’. As Sims, op.cit.,
said, they were built on ‘incredible identifying restrictions’.

The popularity of the structural VARs that were developed following Sims’ seminal
paper, was due to their reliance on more palatable (in the views of those who de-
veloped these models) identifying restrictions that allowed the user to give causal
interpretations of the estimated relationships.

To our knowledge, the current machine learning algorithms is at its infancy in terms
of its penetration into the macro literature to provide the user with a similar structural
interpretation between the input and output variables in the data, or indeed between
the output variables themselves. These algorithms are often characterized as ‘black
boxes’, although there is an emerging literature on interpretable machine learning
algorithms (Molnar et al. (2020)). One recent macro example of this is Tiffin (2019).
By using Causal Forest algorithm, Tiffin (2019) shows how one can estimate the
average impact of a crisis. This avenue of identification has been gaining momentum
in other fields of economics, and we see this as an exciting opportunity that will
eventually arrive in macro issues. Moreover, we also see the potential of this line of
identification marrying the structural VAR way of identification. So in this sense, we
see the work of Pearl (2018) and Pearl and Mackenzie (2018) for example becoming
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useful for central banking in the future especially combined with the big data sets
that the central banks are using more and more actively (Doerr et al. (2021)).2°

We present a brief history of the field of interpretable machine learning (IML), give an
overview of state-of-the-art interpretation methods, and discuss challenges. Research
in IML has boomed in recent years. As young as the field is, it has over 200 years of old
roots in regression modeling and rule-based machine learning, starting in the 1960s.
Recently, many new IML methods have been proposed, many of them model-agnostic,
but also interpretation techniques specific to deep learning and tree-based ensembles.
IML methods either directly analyse model components, study sensitivity to input
perturbations, or analyse local or global surrogate approximations of the ML model.
The field is approaching a state of readiness and stability, with many methods not
only proposed in research, but also implemented in open-source software. But many
important challenges remain for IML, such as dealing with dependent features, causal
interpretation, and uncertainty estimation, which need to be resolved for its successful
application to scientific problems. A further challenge is a missing rigorous definition
of interpretability which is accepted by the community. To address the challenges
and to advance the field, we would need to not only recall our roots of interpretable,
data-driven modeling in statistics and (rule-based) ML, but also to consider other
areas such as sensitivity analysis, causal inference, and the social sciences.

Perhaps it may be possible algorithms would be constrained to produce forecasts
that are considered to be consistent with generally accepted economic theory. But
the VARs identified through sign restrictions on the impulse response functions may
provide inspiration, although the ‘generally accepted economic theory’ would have
to be specifically tailored to the machine learning environment. An example might
be ‘if the algorithm produces a forecast that variable 3; will increase, then it must
simultaneously forecast that variable y, will increase’.

Other constraints that might be introduced would be related to the long-run restrictions
in VAR models. The ML algorithm would be instructed to ensure that a certain class

25For example, in a recent application on the effects of minimum wage, Cengiz et al. (2021) use
machine learning tools to construct treatment groups that captures 75% of all minimum wage workers,
which is significant improvement over the previous work which has largely focused on subgroups such
as fast-food industry where the policy might have been in effect.
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of variables would not have any effect on the long-run forecast of another class of
variables. A possible combination of ML. and FAVAR models would be to ask the ML
algorithm to produce the factors that go into the FAVAR model, doing away with the
linearity assumption of conventional principal component methods.

7 Conclusions

The thesis in this paper is that the evolution of VAR methodology has led to its gradual
adoption in central banks as a useful analytical tool. VAR methodology started at
the lower right hand (heavily data focused) corner of the Pagan frontier (Figure 1),
but has gradually moved upwards to incorporate theoretical elements thus allowing
central banks to use it to conduct structural/causal, including scenario analysis. Such
analysis, we have argued, is necessary for the central bank’s communication with the
public about policy choices and decisions to be credible.

If our thesis is correct, and for machine learning models to be adopted widely by central
banks in their monetary policy tool boxes, their causal structure and interpretation
need to become more transparent. We hope that our analysis and modest suggestions
in the previous section will lead to a conversation between traditional econometricians
and machine learning experts on how to combine the best elements of each approach
for more informed policy decisions and better understanding of these decisions by the
general public.
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