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Abstract

Derivatives play an important role in economics; they help determine partial marginal
effects (e.g. returns to schooling) and check the curvature or concavity of functions
(e.g. production function). These play key roles in economic policy evaluations and
predictions. Therefore, it is essential to estimate derivatives precisely and robustly. In
this paper, we propose a derivative estimator that is completely data driven to esti-
mate the first and second derivatives. The estimator uses difference quotients, based
on a variant of random forests, that are smoothed. Incorporating random forests in
estimating derivatives help add more interpretability of forest-based models to explain
the relationships between variables via marginal effects. Asymptotic properties of the
estimator are established, and the performance of the estimator is addressed in both
simulation and in an empirical application of evaluating the concavity of a power plant
production function.
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1 Introduction

Derivative estimation plays a major role in economics. Derivatives help provide inter-
pretability of the relationships between an independent variable and a dependent variable,
for example, changing X by one unit, how much will be the change on Y, holding all else
fixed? This is known as the partial marginal effect (first derivative) of X on Y. An economic
example of the need of derivatives include estimating the marginal propensity to consume
(MPC), the proportion of extra income that is spent on consumption. In this case, consump-
tion, as a function of income, savings, and other determinants, is estimated. To determine
the MPC, the partial derivative of this estimated equation is taken. Another economic ex-
ample is estimating the effect of schooling or experience on earnings. In labor economics,
the relationship between education, experience, and earnings is widely studied. It is often
the case that people with more education and experience have higher earnings than those
with less education and experience. To quantify how much more a person would earn with
more education or experience, the derivative of an earnings regression is estimated to de-
termine the returns to schooling or experience. Clearly, estimating derivatives are vital in
understanding and solving economic problems.

After estimating a linear parametric model, to find the partial effect of a given variable,

! However, for certain

the derivative of the estimated regression equation is usually taken.
data based nonparametric or machine learning models, there may not be an analytical form
of the estimated regression equation and as a result, the partial effect may not be estimated.
As an example, the derivative of the machine learning based random forest estimator of the
regression function does not have an explicit analytical form nor it is smooth. Forest based

regression models produce step-wise regression functions that are not differentiable, which

is a huge hindrance in determining the partial marginal effect. Machine learning models

'In the classical case of Ordinary Least Squares, the derivative of the estimated linear regression function
is a constant. However, a constant marginal effect may be too restrictive and the derivative may vary across
the space of X. To deal with this, instead of specifying a parametric form of the regression function, resulting
in a parametric form of the derivative, both the regression function and the derivative are estimated in a
data driven way using nonparametric methods in this paper.



are very flexible and can estimate any function well; however, some of these models are
considered to be “black boxes.” To alleviate this issue, we estimate derivatives of a foreset
based model, which allows for a better understanding of the underlying relationship between
the data and can be more interpretable in terms of how a change in a variable will change
the outcome variable.

In econometrics, the partial marginal effect can be estimated by taking the derivative
of the estimated regression function. However, such a marginal effect estimation obtained
from the linear or non-linear parametric regression model is well known to be biased and
inconsistent unless it is from a correctly specified model, which is rare. When the model is
from a data based nonparametric kernel regression, the estimates of derivatives are obtained
by the local polynomial regression method (Fan and Gijbels, 1996), which may not be very
smooth. Also, see the estimation of derivatives from spline regression (Zhou and Wolfe
(2000) and Ma et al. (2019)). Recently, in the data based machine learning regression area,
some interest in estimating derivatives has emerged. This includes, for example, a paper by
Fonseca et al. (2018) where a machine learning model using logistic function, called boosted
smooth transition regression trees (BooST) is introduced to estimate derivatives. However, if
a logistic specification is not correct then the proposed estimator of derivatives may become
statistically inconsistent.

Some other methods have also developed, in which data based difference quotients (DQ)
have been utilized to estimate derivatives, where the derivative is determined by taking
the ratio of differences between two data points. For example, Wang and Lin (2015) use
symmetric DQ to run a locally weighted linear regression where the estimate of the derivative
is just the intercept term under an equispaced design, where data points are equally spaced
along the support of the independent variable. Also, see Iserles (2008) and Brabanter et al.
(2013) papers for the estimation of derivatives using DQ method under the equispaced design.
Liu and De Brabanter (2018) and Liu and Brabanter (2020) then apply this DQ method

under the random design, where the regressor X is no longer restricted to be equally spaced



apart. Such a procedure is denoted as DQSmooth. The results based on DQSmooth produce
noisy estimates of the derivative, and local polynomial regression is then used to smooth the
derivatives in attempt to reduce the variance. However, the derivative estimation procedure
proposed by Liu and Brabanter (2020) has some shortcomings. First, their estimator uses
observed data on the dependent variable Y, whereas we propose to consider estimated values
of Y, in order to further reduce the variance of the derivative estimator, based on a variant of
the machine learning estimator, like random forest. Second, their method only considers the
scalar X variable whereas we extend the estimator and its derivatives to include multivariate
X, which is commonly used in econometrics.

Random forests procedure (Breiman, 2001) is a popular method for estimating nonpara-
metric regression estimation for predictions. However, a drawback of random forests is that
they are unable to capture any smoothness in the estimated regression surface. This is most
likely why derivative estimation based on random forests is limited, which is due to the
nonsmooth-like nature of the estimator. In an effort to address the issue of the inability to
fit smooth signals, Friedberg et al. (2018) use random forests as an adaptive kernel method,
where random forests are incorporated in a local polynomial regression framework with a
ridge penalty, denoted as Local Linear Forests. Since Friedberg et al. (2018) consider a
local linear regression, the derivative can be estimated by the coefficient of the first order
derivative of the local linear regression. However, Friedberg et al. (2018) do not focus on
estimating the derivative in their paper and instead only estimate the regression function.
Instead of using local linear regression, any degree polynomial may be desired, especially
if higher order derivatives need to be estimated. This procedure will be denoted as Local
Random Forests (LRF).2 However, we show in simulation that the derivative obtained by
LRF are not only very noisy but they also tend to zero, and thus, LRF is a poor estimator
of the derivative.

Under above scenarios, in this paper, we propose to estimate derivatives using a proce-

2Local Random Forest is simply an extension to Local Linear Forests (Friedberg et al., 2018), where
instead of local linear regression, local polynomial regression of any degree can be used.



dure, denoted as DQSmoothLRF, where difference quotients are first obtained using pre-
dictions from LRF. Then, they are smoothed through a local polynomial kernel regression.
The proposed derivative estimator contributes to both the nonparametric derivative esti-
mation literature and random forest literature by providing more interpretability of forest
based models to explain the relationships between variables via marginal effects estimation.
It is shown that the proposed derivative estimator improves substantially relative to LRF
considered by Friedberg et al. (2018).

The rest of the paper is as follows: section 2 goes through the procedure for estimating
the first derivative and its properties, section 3 discusses second derivative estimation and its
properties, section 4 extends the estimator to the multivariate case, section 5 briefly discusses
the LRF estimator, section 6 displays the simulation results in comparison to the benchmark
estimators, section 7 walks through an emprical example of evaluating the concavity of a

Chilean power plant production function, and section 8 concludes the paper.

2 First Order Derivative Estimation

Consider the bivariate data (X1,Y7),...,(X,,Y,), which are independently and identically
distributed sampled from a population (X,Y’), where X € R and Y € R. Under the random
design, X is a random variable generated from some unkown density f and distribution F'.

Consider the model

Yi=m(X;)+e, i=1,...,n, (1)

where m(X) = E[Y|X = z] is the conditional mean function. Assume that Ele|X = 2] =0
and Varle|X = z] = 02 < oco. Now, consider a special case of X when X is standard
uniformly distributed. That is, let X = U ~ U(0, 1), where U(0, 1) is the uniform distribution
between 0 and 1. Now, let U ~ U(0,1) and consider the same model but in the special case

where X ~ U(0,1)
Y;:T<Ui)+€i, 7;:1,...,71, (2)



where 7(u) = E[Y|U = u], Ele|U = u] = 0, and Var(e|U = u) = 62 < co. Assume that the

bivariate data (U,Y") is ordered with respect to U.

2.1 Weighted Difference Quotients

Using the weighted combination of symmetric difference quotients around the ith point from
Iserles (2008), the noisy derivative estimator proposed by Liu and Brabanter (2020) under a

random design is
k
~ Y. — Y. .
=3 () ®)
; P\ Uiy — Ui
for k+1 <i <n—Fk and hence k < (n—1)/2, where w; j sum to one for j = 1,...,k and }’;;(1)
is an estimator of the first derivative. The term noisy is used to differentiate this derivative

estimator and the smoothed derivative estimator later in this section. By minimizing the

variance of Eq. (3), Liu and Brabanter (2020) show that the optimal weights are

= Wiy = Uiy)?
! Zf:l(Uz‘H —U;i1)?

, J=1...k, (4)

where the weights sum to one across j = 1,...,k. This estimator is only for the interior
points, so Eq. (3) as well as the weights need to be modified for the boundaries, with
observation 1 < ¢ < k + 1 being in the left boundary and n — k < ¢ < n being in the right
boundary. Note that this estimator will not produce estimates for « = 1,n, and these two
observations can be ignored.

For this paper, instead of using observed values of Y for Y;,; and Y;_;, we propose using
estimated values from a Local Random Forest (LRF) model, a machine learning (ML) model.

First, we estimate Eq. (2) by LRF, and produce its fitted values as

A~

Y;,LRF:?(Ui)a Z: 1,...,n. (5)

In the papers previously mentioned about derivative estimation, all estimate the derivative



via the difference quotient using observed values of Y. By estimating the relationship between
U and Y first, this allows us to try to pick up the signal from the data before taking the
derivative, extend the procedure to the multivariate case, and provide more interpretability

of forest based models. Therefore, the proposed noisy derivative estimator is

k -~ ~
P = w, T(Uigy) —1(Uiy) (6)

i,LRF — J )
et Ui+j - Uifj

where ?;@RF denotes the derivative estimator based on LRF predictions, 7(-). By min-
imizing the variance of Eq. (6), the optimal weights are obtained in Proposition 1. Let

U:(Ui_j,...,Ui+j)f0ri>j, Z+]§n, andjzl,...,k:.

Proposition 1. Under the model in Eq. (2) and for interior data points, k + 1 < i <
n — k, minimizing the variance of Eq. (6) subject to 25:1 w; j = 1 gives the optimal weights
(minimum conditional variance) as

(Uiyj — Ui—j)z/(g’z\,iﬂ' + Uzz;j)

Wi, = - ) jzlv“'uka (7)
L Uiy — Ui )2/ (02, + 02, )

where o2 .. = Var[F(Uix;)|U], the variance of LRF estimator, 7(Ux;), for observation i =+ j.

Proof: see Appendiz A.

We can see that the optimal weights in Eq. (7) are similar to that of Eq. (4), however these

weights depend on the variance of the LRF estimator, ¢Z,, .. If we make the assumption

i
that the variance of the estimator is the same for ¢ > j, i +j < n, and j = 1,...,k, then

the optimal weights are the same as Eq. (4) in Liu and Brabanter (2020).

2.2 Asymptotic Properties of the Noisy Derivative Estimator

First, notice that the difference U; — U; is simply the difference of uniform order statistics,
where

U —U;j~Beta(i —jn—i+j+1) fori>j (8)

7



(David and Nagaraja, 1970).

Lemma 1. Define U & U(0,1) and sort the random variables in order of magnitude such

that Uy < --- < U,. Then,

Proof: see Liu and Brabanter (2020).

This result, combined with Proposition 1 leads to the bias and variance of the first order

derivative estimator.

Theorem 1. Under the model in Eq. (2) and assume r is twice continuously differentiable
on [0,1], & — o0 as n — oo, and under the assumptions of Theorem 1 in Friedberg et al.

(2018), with w < 0.2 and subsamples of size s with s = n”, for

d log(w™!)
min o= 1 — [ 1 < pB <1,
b ( T T 56rlog((l—w) ) =7
Var[#(-)] = O(n= =), where w is the minimum fraction of parent observations into each

child node, m is the minimum probability that a variable is split, and d is the number of
regressors. Then, from the optimal weights obtained in Proposition 1, under the uniform
random design on the interval [0, 1], the conditional absolute bias and conditional variance

of the proposed derivative estimator in Eq. (6) for the interior data points k+1 <i<n-—k



are

o 3k(k + 1) )
bias[Y Y U ’ < sup |[r@(u +o, (n 'k 9
ias(F U] < s Jr )| 72 o, (00) )
~ -(1-p) 1)2
VarlZ el ] < 2 avgs) (10)

k(k+1)(2k+1)
Proof: see Appendiz B.

Then, from Theorem 1, the pointwise consistency of the derivative estimator can be

obtained.

Corollary 1. Under the assumptions of Theorem 1, k — 0o asn — oo such that n(TA k=3 —
0 and n~'k — 0. Then, using the weights in Proposition 1, for any € > 0 and for
E+1<i<n-—k,

P(!EEPRF -] > ) =0 (1)
Proof: see Appendiz C.

The parameter k, the number of symmetric differences around the ith data point, depicts the
bias-variance tradeoff; larger k increases bias but decreases variance. Therefore, k is chosen

by minimizing the asymptotic upper bound of the coniditonal mean integrated squared error

(MISE).

Corollary 2. Under the assumptions of Theorem 1, the optimal k that is chosen by mini-

mizing the asymptotic upper bound of the conditional MISE is

2 3,-0-B)(y 4 1)2
kopt:argmin{ <B4( 3k(k + 1) )) 43 (n+1) } (12)

keN+\{0} n+1)(2k+1 k(k+1)(2k + 1)

where B = sup,eoq [ (u)|.

Proof: See Appendix D.

To find the optimal number of symmetric difference quotients, B needs to be estimated,



which can be done by a local cubic polynomial regression. A grid search for £ or any

optimization solver can then be used to find the optimal value of k.

Remark 1. Taking the first order condition of Eq. (12), we will not get an analytical solution

for kope. Howewver, if we retain the higher order terms, we can get an approximation for kop

Opt L24/5B 2/5 3+5)/5J (13)

given an estimate for B.

2.3 Boundary Correction

So far, we have only discussed points in the interior. In order to reduce the variance,
slight modifications to the estimator is needed at the boundaries. Similar to the boundary
corrections made in Charnigo et al. (2011), Brabanter et al. (2013), and Liu and Brabanter
(2020), the observations lying at the left boundary with index 1 < ¢ < k + 1, the modified

weighted difference estimator is

k(i) ~ ~ k o ~
N Uit;) = T(Ui—;) "(Uiry) = (V)
Y(l) = Wj 5 (r( a J ) + Wy, j ( i 14
i, LRF E J Ui+j _ Uzej Z ) J Ui+j — U ( )

j=1 j=k(i)+
with weights

Uisj—Ui ) /(02 +02, ) Z

Zk(z)(UH—l Ui1)? /(o2 H—i—cr”. z)+Zz k(i 1 Uig— U2 /(o %,iu“'"%i)’ > (15)
(U'L+] Uz)z/( T,L+J+O'/2\ )

S Ui 1=Ui 1)/ (02 1402 o A py 1 Uis=Ui)?/ (02 402 )]

Wij =

for k(i) =i — 1. Here, the weights are similar to those from the interior in that the weights
are standardized by the inverse variances of the LRF estimator. The observations at the

right boundary can be estimated in a similar fashion for k(i) = n — i.

10



2.4 Smoothing Weighted Difference Quotients

The first order derivative estimators Eq. (6) and Eq. (14) depend on the variance of the LRF
estimator; forest based estimators are very noisy and therefore may affect the variance of
the derivative estimator. Another issue of the weighted difference quotient estimator is that
it cannot be evaluated at any arbitrary test point, and can only be evaluated for points in
the training sample. Therefore, Liu and De Brabanter (2018) and Liu and Brabanter (2020)
propose smoothing the estimator via local polynomial regression.

First, observe that the first order derivative estimator in Eq. (6), along with their modified
boundary correction estimators, will create a new variable for observations ¢ = 2,...,n — 1.
Then, consider the new model,

~

v =) +¢, (16)

where the first derivative estimator, }A/L(}%)F, is some unknown first derivative function, 7’(1)(-),
of U, with error, é. By construction of the first derivative estimator, the errors will be
correlated and assume that E[e|U] = 0, Covlé;, &;|U;, U;] = o2p,(U; — U;) for i # j, and 02 <
oo. The correlation function, p,(-) goes to zero as n — oo and must satisfy p,(0) = 1, p,(u) =
pn(—u), and —1 < p,(u) < 1, assumed in Liu and Brabanter (2020) and Brabanter et al.
(2018). The goal is then to enhance the noisy derivative estimator }A/L(}QF by nonparametric
smoothing. However, the correlation in the errors will affect the bandwidth selection for any
nonparametric smoothing and to counteract these effects, Brabanter et al. (2018) propose
using a bimodal kernel K such that K(0) = 0 and showed that under mild assumptions,
using such a kernel will remove any effects of the correlation on the bandwidth selection
without the need to estimate the correlation structure. We will denote the bimodal kernel

as K:
K (u) = (2/V/m)u? exp(—u?). (17)

Next, we fit a local polynomial regression of }A/L(}%)F on U. The local polynomial regression

11



estimator of degree p for a given test observation ug is provided by minimizing

n

p 2
~ U —u
mi y —§ U — up)* K( : °> 18
5L}£II}& — { i,LRF rar BL( U(]) h ( )

where 3, are the solutions to the weighted least squares problem and K(-) is a kernel function.
The Lth order derivative r)(ug) for L = 0,1,...,p is estimated by 75 (uy) = L'3;. Tn

matrix notation, the solution is
B=UTWU)"'UTWy®, (19)

where ,@ = (EO, . ,Bp)T is the (p + 1) x 1 vector of solutions to the minimization problem,

W = diag(K((U; — ug)/h)) is the (n — 2) x (n — 2) diagonal matrix of weights based on a

~

specified kernel function, y) = (YQ(,IL)RF, o 7?791,LRF) is the (n — 2) x 1 vector of the first

derivative estimators, and

1 (Uy—up) - (Us—ug)

1 U —w) - (Unor — o)?

the (n—2) x (p+1) centered regression matrix. Therefore, the smoothed first order derivative
estimator 1s

P (u) =€ B=¢ (UTWU) 'U Wy (20)

where €; is a column vector that picks out the 7th element.

2.5 Asymptotic Properties of the Smoothed Derivative Estimator

Next, we discuss some asymptotic results of the final smoothed derivative estimator in Eq.

20). The following theorem states the upper bound of the conditional bias and variance of

().

12



Theorem 2. Under the assumptions in Theorem 2 of Liu and Brabanter (2020) and in
Theorem 1, k — o0 as n — oo, and the weights given in Proposition 1, the conditional bias
and variance of Eq. (20) for p odd is

Cp 3k(k+1) .
(p+1)! dn+1)2k+1)"

N P ———

i 84(n?f(1k J;/<;1+1 </K dtﬂ o))

r(+2) (UO)thrl +B

Bias[F™" (u,)|U] < €; S~ [ {14 0,(1)}

and

3n~ A (n+1)2 1+ p.
= k(k+1)(2k+ 1) h(n — 2k)

_ <2 3n~ A (n+1)2 14 p.
_ /Ko O Dk + 1) — 2k o

Var[F (uo)[U] < € S718" S e {1 +0,(1)},

where B = sup, e [r®(w)], S = (tirj)o<ijop with py = [wWK(u)du, S* = (Vigj)o<ij<p
with Vi = f’LLjKQ(U,)d’LL, Cp = ([l’p-ﬁ-l? s 7M2p+1)—r; 6;0 = (MO):ul? s 71up>T7 €1 = (L 07 s 7O)T:
and the equivalent kernel K (t) = €; STY(1,¢t,...,t7) T K(t).

Proof: see Appendiz E.

With smoothing using local polynomial regression, the bandwidth h needs to be esti-
mated. Following Liu and Brabanter (2020), we find k£ and h as follows: k is found by
optimizing AMISE in Corollary 2 and the bandwidth & is then estimated by using the bi-
modal kernel K in Eq. (17), denoted as Ty by cross validation. Then, h; can be used as a
pilot bandwidth which can be related to the bandwidth, /f;, of the usual unimodal kernel,

such as the gaussian kernel,

K(u) = 1/vV2r exp(—u?/2). (21)

13



Brabanter et al. (2013) show the relationship between the bimodal and unimodal bandwidth,
h = 1.01431hy, (22)

for local cubic regression using a gaussian kernel.® Therefore, after fitting a local cubic
regression of ?}EEF on U with bimodal kernel, K (-), and bandwidth, ﬁb, we refit a local cubic
regression with unimodal kernel, K(-) and bandwidth, h, defined in Eq. (22).

From Theorem 2, for p odd, the pointwise consistency follows.

Corollary 3. Under the assumptions of Theorem 1 and Theorem 2, h — 0 and nh — oo as
n — 00, k — 00 as n — oo such that n='k — 0 and n’k=2h™' — 0. Then, for the weights

given in Proposition 1, for any e > 0,
P(Wl)(ug) — r(l)(uo)] >¢€) — 0. (23)
Proof: See Appendix F.

2.6 Generalizing to Arbitrary Distributions

In general, X may not follow a standard uniform distribution. To generalize X with unknown

distribution F', Liu and Brabanter (2020) suggest using probability integral transform (PIT)
F(X)~U(0,1). (24)

By using the PIT, we know that the transformed data is (F'(X;),Y7), ..., (F(X,),Y,) which
has the same distribution as (Uy,Y}),...,(U,,Y,). Then, the same procedure can be used

under the transformed data set. Notice, however, that the derivatives, 7(!)(U;) are in the

3For pth degree local regression and for different kernel functions, please see Brabanter et al. (2018).

14



transformed space. Now, to get the derivative in the original space, the chain rule is used

702 (25)

dm(X) dr(U)dU
dX — dU dX

where m(X) = r(F(X)). Since the distribution and density, F' and f, are unknown, kernel
estimators can be used to estimate the distribution and density, with plug-in bandwidths.

As a result, the full smoothed first order derivative estimator in the original space is

-~

mM(X) = f(X)FOU) (26)

To summarize, the full algorithm is described in Algorithm 1.
Note that this procedure gives the pointwise derivatives of Y with respect to X, which
may vary across the space of X. To summarize the overall derivative, we can take the sample

average of the derivative estimates to estimate the average derivative, that is

1
il = — 3wt (27)

This result may be useful in estimating the global partial effect of a variable or even in

comparison to the partial effect given by an OLS coefficient.

15



Algorithm 1 Smoothed Nonparametric Derivative Estimation using Weighted Difference
Quotients based on LRF

procedure DQSMOOTHLRF (training independent variable X, training dependent variable
Y, number of symmetric difference quotients k, degree of local polynomial d = 3, grid of
bandwidths to be considered hgy,;4, tunable hyperparameters of LRF model 6)
1. U+ F(X)
> kernel cumulative distribution function estimation
2: 7(U) < regress Y on U by a LRF model with tunable hyperparameters
}A/L(;)F <+ difference quotient in Eq. (6)
ﬁb < bandwidth selection from local polynomial regression of }/}L(}%)F on U
> with degree deg, kernel K in Eq. (17), and searched over bandwidths hg,.q
5. h < 1.01431h, (for local cubic regression)
> bandwidth relationship between bimodal and unimodal gaussian kernels
6: 7M(U) < local polynomial regression
> with degree deg, unimodal gaussian kernel K, and bandwidth h
7. mO(X) « F(X)FO)
> back transform into original space as in Eq. (26) after kernel density estimation
of X

3 Second Order Derivatives

At times, economists are interested in the second derivative, which help depict the curvature
of the function and how the slope changes due to a change in the independent variable.
For example, with second derivatives, we can determine whether the earnings function is
concave or convex or see if a production function exhibits diminishing marginal returns.
Again, assume U is standard uniformly distributed and that the data (U,Y) is sorted with

respect to U. The second order weighted difference quotient proposed by Liu and Brabanter

(2020) is
B i)
Y, =2 ; e = Uy — Upgn — Uy’ (28)
with weights
Wij2 = (4 + k) (29)

Sk (25 + k)
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where ki and ko are positive integers that represent the number of first and second order
difference quotients about observation ¢ such that the weights w; ;2 sum to one across j.
Note that the estimator is for observations in the interior for ky + ko +1 <1 <n — k; — ko.
Also note that the Liu and Brabanter (2020) choose the second order derivative weights to
be proportional to the inverse of the conditional variance of each quotient. Similar to the

first order derivative, we replace Y with estimates of Y using the LRF estimator, denoted

7 +v(1) _ "WUigjtky)—T(Uiss) (1) Uik )—T(Ui—j) .
by 7. Define "Y, " pp = e and Y, pp = U O, This leads to

the following proposition.

Proposition 2. Under the assumptions of Theorem 1 and r(-) is three times differentiable,

the estimator for the second derivative based on symmetric difference quotients is

+3-(1) 1 ¢))
Yi+j,LRF Y, j,LRF

ko

S(2

Y e = wije — , (30)
j=1 O’%Jvkl

where C; j iy = (Uigjir, —Uiri —Uij—i, —Ui—;)/2 is chosen such that each individual quotient

AR A O} _ , _ , o
HEE——=E s an asymptotically unbiased estimator of the second order derivative r@ ()
75K
or j = 1,...,ky and where each weight is selected to be proportional to the inverse of the
J g prop

conditional variance of each quotient:

Uigjpry FUitj—Ui_j_p, —Ui5)?
Vit Vieg

W; i = 31
J Zkz Uitjby tUitj—Uiojpy —Ui—j)*’ (31)
Jj=1 TVigi+Viej
o2 . +0-2_ . o2 —‘,—o’g. .
. — TRititk it -V i—j—k jim
with +V’L’+j = Tyitjitky  TTi4g and L Fi—j—ky ' O7,i—j

(Uit ity —Uit;)? I = Uik, —Uiy)?”

Proof: See Appendiz appendiz G.

Applying Lemma 1, and using the leading order of the weight, the weight can be approx-

imated by
(25 + k?1)2/(0%i+j+k1 + U%,Hj + Uv%ifj*kl - Ugﬂ'*j)

Wi 4,2 = ko 27+ fr)2 5 5 5 5 . (32)
D2+ k)2 (0% o n, FOR T OR ik FOR)
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Notice that if the variances are approximately the same for the 2 - (k; + k) observations
around 4, the the proposed weights will be equal to that of Liu and Brabanter (2020) in Eq.
(29).

Theorem 3. Assume the model in Eq. (2), v is three times continuously differentiable on
[0,1], k1 — 00 and ky — 00 as n — oo, and the assumptions of Theorem 1 in Friedberg
et al. (2018), with Var[f(-)] = O(n~=P). Then, from the optimal weights obtained in
equation (32), under the uniform random design on the interval [0, 1], the conditional absolute
bias and conditional variance of the proposed second derivative estimator in Eq. (30) for the

interior data points ki + ke +1 < i <n—ky — kg are

'BlaS[ 0] < < SMPucfo,1] [ (w)] 2Z§i 5 + 3k Za L zﬂ 1)t 1k%{l +0p(1)}
LRF n+1 AN G2 4 ke + Ak Y0 b
(33)
4n—(1-5) 1)4
Var[T @] < 21 2 TDT 6Ly, (34)
k3 Z (2] + Fq)?

Proof: see Appendix H.
From Theorem 3, the pointwise consistency of }A/z(?RF can be obtained.

Corollary 4. Under the assumptions of Theorem 3, ki — oo and ko — 00 as n — oo such
that n™'k; — 0, n ke — 0, 3Pk 2k5 % — 0, and TPk *ky' — 0. Then, using the weights

in equation (32), for any e > 0 and for ky + ko +1 <i <n—ky — ko,

P(I?J?RF —rAwy| > e) —0 (35)

Proof: see Appendiz I.

From Theorem 3, the number of difference quotients k; and ks play a role in the bias
variance tradeoff. Similar to the symmetric difference quotients for the first derivative, the

higher £y and k, are, the higher the bias but the lower the variance and vice versa. The
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following corollary chooses the numbers of symmetric difference quotients for the second

derivative considering the bias variance tradeoff.

Corollary 5. Under the assumptions of Theorem 3, the optimal k1 and ko that is chosen by

minimizing the asymptotic upper bound of the conditional MISE is

(k1, k2)opt = arg min

. . . 2
B, 2 252:1 7% 4 3k 252:1 j° + gk% 252:1 J+ %k%]@
reNt\foy | \m+1 AT 524 Ky + Ak 35

(36)

4n==A(n +1)*
K30 (27 + )2

where By = sup,ep ) [ (u)|.

Proof: See Appendiz J.

The quantity By can be estimated by a local polynomial regression of order p = 4 to obtain
an estimate of the third derivative of r. The optimal value pair (ki, k2)opt can be obtained
using a grid search or any optimization method. Points on the left boundary, i < ki + ks + 1,
and points on the right boundary, i > n — k; — ks, need to be adjusted and can be done in
a similar analysis for the noisy first derivative estimator.

In order to smooth the second order weighted difference quotients, a local polynomial

regression of the second order derivative estimates on U. First, rewriting Eq. (28) as

TWUigjk )=7Wis)  r(Uimj—k;)—r(Ui—j)
Uitjtiy —Uitj Uimj—tky —Ui—j

k2

v(2) _

Y _szivjv2 Uiivi Ui —U iy —U._.
=1 i+j+k1 i+ 1—j—k1 i—J

(37)
ko ( Citjrhk) —Citj  Cij—ky —Ci—j
Uit jn —Usits U ip —Ui_;
+2§ :wi,j,2 jt+ky —Vits j—ky —Vi—j :
= Uitjakr = Uirj = Uimjpy = Ui

where the first term is denoted as the true second derivative, 7?(U) and the last term is the

new error term, é,

V® =) + ¢ (38)

As in the case for the first derivative, a bimodal kernel, K such that K(0) = 0, is used to

19



counteract the effect of the correlated errors on bandwidth selection. Instead of using the
second order weighted difference quotient in Eq. (28), we propose using Eq. (30) with weights

Eq. (32) for the estimate of the second derivative,

Y =rPU) +é. (39)

()

Now, a local polynomial regression is estimated for the model Eq. (39), where f/ifl)RF is
replaced by )/}Z(?RF in Eq. (18) is minimized. Following Liu and Brabanter (2020), the error

term ¢ satisfies E[¢|U] = 0 and Covlé;, é;|U;, U;] = o2p,,(U; — U;). Then, the solution is
B=(U'WU)'U Wy, (40)

where U is the centered regression matrix with the first column being ones, W is the diagonal
matrix of kernel weights, and ¥ is the vector of second order weighted difference quotients

in Eq. (30). Therefore, the smoothed second order derivative estimator is given by
(o) = €] B = € (UTWU)'UTWy®? (41)
To generalize to any unknown distribution for X, we again use PIT to transform the
variables X to U. Since, m(X) = r(F(X)), the second derivative of m with respect to X is

% _ < 5_5 ;z_@ _ % < i X)T(n(U)) = fOX)rOW) + FX)PU)  (42)

4 Extension to the Multivariate Case

It is very rare to have models with univariate X in economics. In this section we try to

extend the procedure to the multivariate case. Suppose we have the model

Yi:m(Xi’l,...,Xi,d)—i—ei, i:17...,n, (43)
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where d is the number of independent variables. For now, suppose all of the regressors are

standard uniformly distributed. Then, consider the regression of the form
}/z' = T(UZ’J, ceey Ui,d) + e;. (44)

Then, we follow the same steps as before. First, we estimate r(-) by LRF. Now, the first

partial derivative with respect to the sth variable is given by the weighted difference quotient

ks N _ . _
(1) _ T(Ui—i-j,sv U) - T(Ui—j,s, U)

J=1

where U contains the other d — 1 variables evaluated at their medians. Note that we order
the data with respect to the sth variable and that variables can have different number of

symmetric difference quotients denoted by ks;. We can then use this estimate of the first

partial derivative as the dependent variable in a local polynomial regression on Uy, ..., Uy,
Y e =0, Ug) + &, (46)

where the subscript s denotes the derivative with respect to the sth variable. Since the errors

are correlated, we use the multivariate bimodal kernel,
= d
K(u) = (2d/72)[|u]|* exp(—|[ul?). (47)

Then, we can correct the bandwidth using the relationship between bimodal and unimodal
kernel functions as in Brabanter et al. (2013) for each bandwidth to get an estimate of the
partial derivative, ?ﬁl)(Us, U).

Now, suppose that X,, for m = 1...,d are not all standard uniformly distributed. First,
we can estimate the joint CDF function of all independent variables, F, x,(z1,...,%q).

To obtain the marginal CDFs of a specified variable, we take the limits in the arguments of
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the joint CDF of the other variables, Fx (zs) = Fx,, . x,(+00,...,%s,...,+00). Then, we

have for each regressor,
Fyx, (X)) ~U(0,1), m=1,...,d. (48)

Therefore, the new data (Fix,(X11),..., Fx,(X14), Y1), ., (Fx;(Xn1),- - Fx,(Xna), Yn),

has the same distribution as (U1 1,...,U14, Y1), (Un1,- - Una, o).

Y, =r(Fx,(Xin), .- Fx,(Xia) + €
(49)

= 7n<l--]i,17 R Ui,d) + €is

which is the case where we have all standard uniform variables as regressors. To get deriva-

tives in the original space,

or(Us,U)
0X,

om(X,, X)  or(U,,U) U,

X, ou, 0X, fx.(X5)

(50)

Using a multivariate kernel density estimator for fx, . x,, and marginalizing for the s — th

,,,,,

variable, the final smooth partial derivative with respect to the sth variable is

— ~ —

mM (X, X) = fx. (X)FN(U,, ), (51)

where fXS(XS) =D e D sz+1 . sz fxl ,,,,, x,(T1,...,Ts, ..., 1q) Note that X and
U mean we are holding the other variables fixed (at their medians or some other fixed
constant). So, we evaluate the derivatives holding the other variables fixed at their medians
in the X space and transform these fixed values in the U space when fitting a regression
function and smoothing the derivatives. The second derivative in the multivariate case can

be estimated in a similar fashion.

M (X,, X) = [ X)FO WU, 0) + Fr (X)F(U,, D) (52)
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5 Local Random Forest

This section briefly discusses the Local (Linear) Random Forest (LRF) estimator. In what
follows, assume the i.i.d data (x;,;), for i = 1,...,n, where x; € R? and assume the model
in Eq. (1), either for the univariate case (d = 1) or the multivariate case (d > 1). LRF uses
a local polynomial regression with p = 1 (local linear) with forest based weights instead of
kernel based weights (Friedberg et al., 2018). The objective function includes a weighted

quadratic loss with Ly regularization,

2
argmmZ(yz 25 X; — X) ) a; (x5, %o) + Al|0y][? (53)

1{x1€Lb XO
ERIACDIEE is the weight

where A is the regularization strength parameter and a;(-) = 5 Ly
function. Here, B is the number of bootstrap replications, 1{-} is the indicator function,
and Ly(xo) denotes the the leaf of the b-th bootstrapped tree that contains the testing point
Xo. 04, for ¢ = 0,1 denotes the conditional mean function and its derivative evaluated at x,.
The minimization problem is the same as in Eq. (18), except for the weight function and

the regularization term. Using similar notation as before, the minimization problem can be

expressed in matrix form as
argmin (y — X8)"W(y — X8) +\6'J4, (54)
s

where J is the identity matrix with the first diagonal element as zero, X is the centered
regression matrix with the first column being ones, W is the diagonal matrix of weights a(-),
y is the vector of the dependent variable, and ¢ is the gradient vector with the first element

being the estimate for the mean regression function. Then, the solution is

6= (XWX + ) ' X "Wy (55)
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and the resulting prediction function evaluated at a test point xq is

~

m(xg) = €] 4. (56)

To find A, a random forest model is trained first and the weights a;(-) are obtained from
the forest. Then, the regularization parameter A can be found by cross validation. LRF can
then be used in step 3 of Algorithm 1, with transformed regressor, U.

As a reference, the first derivative can be obtained from LRF.

~

mW(xg) = €, 0 (57)

However, as stated in section 1, the derivative based on LRF will be noisy and tend to zero
due to the ridge penalty. Even when there is no ridge penaly, A = 0, the derivative will still
have high variance. This is due to the nature of the high variance in random forests. In the
following section, we will show that there is a huge improvement when the derivative based

on LRF is compared to the proposed estimator, DQSmoothLRF.

6 Simulations

This section shows derivative estimation based on the proposed estimator, DQSmoothLRF

as well as other estimators. To compare results, we consider the following data generating
process (DGP)
m(X) = cos(2rX)? for X ~ beta(2,2), (58)

which is from Liu and De Brabanter (2018) with sample size n = 700 and e ~ N(0,0.2?).

Since we know the true function, the analytical expression of the derivative is

mW(X) = —47 cos(2r X ) sin(27X). (59)
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For all simulations, we estimate the density f and distribution F' by the R package ks (Duong,
2020). The parameter k, the number of symmetric difference quotients, is estimated by
Corollary 2. For the weights w; ; based on the variances of the LRF estimator in Eq. (7), we
assume that the variances are constant for the k points round ¢, so that the weights collapse
to Eq. (4). Therefore, plots and results show the derivative estimators based on the weights
obtained in Eq. (4). We do this so that results under the proposed model can be easily
compared to the benchmark model, the model proposed by Liu and Brabanter (2020), and
since the simulated errors are homoskedastic, this assumption may be reasonable.

For this DGP, we also consider estimating the second derivative. Given the true function

for m, the second derivative is

mP(X) = 8% (sin(2rX)? — cos(2rX)?). (60)

Then, we follow the procedure outlined in section 3, where the numbers of symmetric differ-
ence quotients for the first and second derivative, k; and ko, are estimated by Corollary 5.
Similar to the first derivative, for the weights w; ;» in Eq. (32), we assume that the variances
are constant for the k; and ks points round 4, so that the weights do not depend on the
variances of the LRF estimator.

We show estimates of the first and second derivatives considering four different models, (1)
DQSmooth, the benchmark model of the derivative based on difference quotients proposed
by Liu and Brabanter (2020), (2) DQSmoothLRF, the proposed estimator based on LRF
estimates of Y, (3) LocCubic, a local cubic regression, a common regression technique to
estimate derivatives in the nonparametric literature, and (4), LRF, the model proposed by
Friedberg et al. (2018), a benchmark model of the derivative based on random forests. For
the last estimator, LRF, the original paper by Friedberg et al. (2018) focuses on estimating
the conditional mean function, not its derivatives. The paper also considers only a local

linear approach. For these simulations, we consider a local cubic with A = 0 for the LRF
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estimator. The reason for zero ridge penalty, is that since the ridge parameter, \, penalizes
the curvature of the function, it will force the derivative estimates toward zero, although the
conditional mean function may not be flat. All local polynomial regressions are estimated
using locpol package (Cabrera, 2018). When estimating LRF based models, we use the grf
package (Tibshirani et al., 2020). To assess the models, we use mean squared error (MSE)

and mean absolute error (MAE), defined as

MSE = % Xm: (m“)(xj) — m<1>(Xj)>2 (61)
MAE = % zm: mW(X;) — m<1>(Xj)‘. (62)

We evaluate all models at 500 evenly spaced points from 0.05 to 0.95, where m = 500.
Models for the second derivative is evaluated in a similar fashion.

Results for the first derivative are plotted in Figure 1. The grey curves depict one
estimated first derivative function for a simulation run, where all simulations are plotted.
The solid colored curves represent the average of all simulations at each of the 500 evenly
spaced points of X from 0.05 to 0.95 and the black curve represents the true derivative we
wish to estimate. Asseen from the figure, all models on average seem to estimate the true first
derivative accurately. However, the difference is notable due to the variance of the models,
which is depicted by how far away on average the grey curves are from their solid curves. By
first glance, both DQsmooth and DQSmoothLRF seem to have lower variance and are more
accurate in the sense of lower variability. In addition, DQSmoothLRF also appears to have
slightly smaller variability in estimating the first derivative compared to DQSmooth. This is
a direct result of using estimated values of Y by a LRF, where the signal is picked up from
the noise, instead of using raw values of Y, which is the case for DQSmooth. The LocCubic
and LRF models seem to have larger variability than the DQSmooth models. Notice the
extremely large variability in the LRF estimator for the first derivative; this justifies the

need to enhance derivative estimates based on LRF.
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Figure 1: Fach plot shows the estimates for the first derivative for DQSmooth (Liu and
Brabanter, 2020), DQSmoothLRF (the proposed estimator), LocCubic, and LRF estimators.
Note that the first derivative estimator based on LRFE is for A = 0. The grey curves in each
plot depict estimates of the first derivative for one simulation, where 100 simulations are
plotted. The solid colored curves represent the mean predicted values across all simulations.
The solid black curve represents the true first derivative. All estimators are evaluated at 500
evenly spaced points from 0.05 to 0.95.

Results for the second derivative are plotted in Figure 2. The colored curves are analagous
to those from the first derivative plot. Here, it appears that that most estimators roughly get
the overall shape of the second derivative. Similar to the first derivative, the first noticeable
difference is the variance of each estimator, where both DQSmooth and DQSmoothLRF
estimators have the smallest variance. Although LocCubic seems to have smaller bias, the
variance is significantly larger than the DQSmooth procedures. In the last case, LRF has
extremely large variance, and there is much improvement on estimating the second derivative
based on DQSmoothLRF compared to LRF alone.

Results for the simulations are shown in Table 1, where the bias, variance, MSE, and
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Figure 2: Fach plot shows the estimates for the second derivative for DQSmooth (Liu and
Brabanter, 2020), DQSmoothLRF (the proposed estimator), LocCubic, and LRF estimators.
Note that the second derivative estimator based on LRF is for A = 0. The grey curves in each
plot depict estimates of the second derivative for one simulation, where 100 simulations are
plotted. The solid colored curves represent the mean predicted values across all simulations.
The solid black curve represents the true second derivative. All estimators are evaluated at
500 evenly spaced points from 0.05 to 0.95.

MAE are reported for both the first and second derivative across the four models under
consideration. First, the mean bias from DQSmooth and DQSmoothLRF estimators are
roughly the same indicating that the bias of derivative estimates for DQSmoothLRF is similar
to that of the bias for DQSmooth. However, improvement on DQSmooth is shown through
the variance of the DQSmoothLRF estimator, with a 20% and 32% reduction in the variance
relative to the variance of DQSmooth. Although the LocCubic model has lower absolute
mean bias compared to all models, the variance is over double of those of the DQSmooth
models. The LRF estimator performs the worst and we can see a significant improvement in

estimates for the first derivative and second derivative estimator when using DQSmoothLRF.
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Lastly, DQSmooth performs the best in terms of both MSE and MAE compared to all models
for both the first derivative and second derivative estimations. Overall, in these simulations,

we have shown that DQSmoothLRF outperforms all other estimators in terms of variance,

MSE, and MAE.
Model Assessment
First Derivative Bias Variance MSE MAE
DQSmooth 0.0168 0.2618 0.3194 0.4221
DQSmoothLRF 0.0121 0.2085 0.2943 0.4180
LocCubic -0.0045 0.4437 0.4789 0.4565
LRF -0.0209 12.9508 13.1182 2.7767
Second Derivative Bias Variance MSE MAE
DQSmooth 5.7984 86.0250 259.8858  12.6552
DQSmoothLRF 5.4323 5R.7255 231.5355  12.1516
LocCubic -1.9564 631.8972 747.2560  15.8320
LRF -4.1653  18,042.3700  18,892.7700  96.5819

Table 1: The top and bottom panel show the bias, variance, MSE, and MAE for the first
and second derivative respectively, comparing the four models, DQSmooth (Liu and Braban-
ter, 2020), DQSmoothLRF (the proposed estimator), LocCubic, and LRF. All estimates are
averaged across all simulations. Note that the results based on LRF is for A = 0. All models
are evaluated at 500 evenly spaced points from 0.05 to 0.95.

7 Empirical Application: Convex Technology

A conventional assumption of a production possibility set or technology is convexity (Ker-
stens and de Woestyne, 2021). One way to check the convexity assumption is to evaluate the
curvature of the production function, known as the criterion of quasi-concavity. Sauer (2006)
shows that the the law of diminishing marginal productivity in at least one input and quasi-
concavity are violated, indicating nonconvexities in agricultural technology. Kerstens and
de Woestyne (2021) test the convexity assumption and show that cost functions determined
by convex technology are heavily downward biased compared to those determined by non-

convex technology. In this paper, we will check the curvature and quasi-concavity criterion
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of the production function by estimating its second derivative by the proposed method.

We will use Chilean hydro-electric power generation plants (Atkinson and Dorfman,
2009). To avoid any technical change over time, we single out the year 1997 for 16 power
plants with monthly data, providing 188 observations.* The data contain one output, elec-
tricity generated (q), prices, and quantities of three inputs: capital (k), water (w), and labor
().

First, the production function can be modeled as an unknown function of the three inputs.

q=m(k,w,l)+e. (63)

We wish to evaluate the curvature of the production function to test quasi-concavity by
estimating its second derivative in each of the three arguments. First, we transform the

inputs as in section 4 and can rewrite the model as

q = 71Uk, Uy, Ui) + €5, (64)

where Uy, U,, and U; are the uniformly transformed variables of capital, water, and labor,
respectively. Figure 3 depicts the first (left three plots) and second (right three plots)
derivatives of the production function in Eq. (63). The first derivatives with respect to
capital mW (k,w, 1), water m™M (k,w,l), and labor m"(k,w, 1) are evaluated at 200 evenly
spaced points across the sample space of each input while holding the other inputs fixed at
their medians. The second derivatives are evaluated analogously.

From Figure 3, for capital, the first derivative is positive when capital is small, indicating
that electricity output is increasing in capital. The second derivative is positive around
this support, indicating that the slope of the production function with respect to capital is

increasing, which implies that this part of the production function is convex. As a result the

4The data can be found from the Journal of Applied Econometrics Data Archive. Note that there are
four missing observations for the 16 power plants during the year 1997.
SFurther details about the data can be found in Atkinson and Dorfman (2009).
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Figure 3: The three figures on the left and right are the first and second derivatives, re-
spectively, estimated by DQSmoothLRFE. All estimates are evaluated across 200 evenly spaced
points for each of the three inputs, while holding the other two inputs fixed at their medians.

level set will be nonconvex, violating the quasi-concavity criterion and convex technology

assumption. The bottom plots of Figure 3, referring to the input labor, seem to also violate

these assumptions, where the production function is convex in parts of the support for labor.

The middle plots show that production is increasing in the input for water and the second
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derivative is negative in the start of the support for water. Therefore, production appears
to be quasi-concave in water. Overall, electricity production is convex in at least two of its
inputs and does not produce convex technology, which would further confirm the nonconvex
results obtained in Kerstens and de Woestyne (2021).

Table 2 shows the estimated average first and second derivatives of the production func-
tion with respect to the input variables, capital, water, and labor. Average derivatives for
OLS are also reported as reference, where a naive linear regression function is estimated.
The first derivatives, partial marginal effects, will be constant, and as a result, the second
derivative will be zero. All inputs have a positive average partial effect and the production
function is increasing in the three inputs. However, when evaluating the first derivative,
the average partial effect is underestimated compared to the average effect estimated by
DQSmoothLRF for all of the inputs. The second derivative with respect to water is negative
on average, implying that the estimated production function is concave in the input water.
However, the other two inputs have a positive average second derivative, implying that the
estimated production function is convex in the inputs capital and labor. Furthermore, the
results from Table 2 regarding the positive second derivatives with respect to capital and
labor further justify that the electricity production function breaks the convex technology

assumption.

Average Derivatives of Chilean Power Plant Production

First Derivative Second Derivative
OLS DQSmoothLRF OLS DQSmoothLRF
Capital  0.00001 0.0002 0 0.3264
Water 0.2176 0.5296 0 -30.0765
Labor 0.2815 4.5731 0 975.8699

Table 2: Awverage partial first and second derivatives with respect to each of the inputs,
capital, water, and labor, are reported. The partial derivatives are evaluated at 200 evenly
spaced points across the support of each regressor, where each derivative is held constant for
other factors. The reported results are the average of the evaluated 200 derivative points.
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8 Conclusion

Overall, derivatives can help economists find the partial marginal effect (first derivative)
of a variable or check convexity assumptions by evaluating the curvature of a production
function (second derivative). In this paper, we propose a method, DQSmoothLRF, that
smooths random forest based difference quotients to estimate first and second derivatives.
We improve on the original method in Liu and Brabanter (2020) by using estimated values
of the dependent variable from LRF in forming difference quotients, instead of using the
dependent variable itself, in hopes of reducing variance and by including multiple variables
in the model, instead of the simple univariate case. Improvement is also made in comparision
to derivatives estimated by LRF in Friedberg et al. (2018), where derivatives of the regression
equation were not even focused on and in providing better interpretation for forest based
models by evaluating derivatives derived from random forests. We have shown in simulation
that the proposed estimator outperforms the benchmark ones as well as a popular method
of estimating derivatives in economics, local polynomial regression; a reduction in variance,
MSE, and MAE are all evident when using the proposed estimator. Lastly, we provide an
empirical example using Chilean hydro-electric power generation plants data to assess the
curvature of the production function in order to check the convex technology assumption

assumed in the literature, in which we found that this assumption is broken for this dataset.
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A Proof of Proposition 1

P Uiy) — F(ULy)
Var[YZ a|U] = Var Z w; HJ U
= Uiyj — Ui
i *Var[F(Us1)|U] + Var[F(Us_1)|U]
=2 (Uiy1 — Ui—1)?
k .
4 Z 'LU2 'Var r UH_J>|[U] + Var[r(Ui_j)]U]
= Uir; = Uiy)?
k
+ o2 + 02
1— w; ”Jrl ri—1 + w2, rl+] nicd
( Z J) Uiy — Uz—1)2 ]ZQ (2 (UH-] Uz_])Q
For all j = 1,...,k, take the partial derivative with respect to w; ; and set it to zero results

in

(Uit; —
= Wia

rz ])

Wi, j

7 (Ui—i-l -

which shows the relationship between w; ; and w; ;. Since ) o Wij =

wzl

)2/ (o7 mﬂ
-1)?/

wa

Z+1 - Ui—l)Q/(Ur Jit1 + 0-7"1 1)
Substituting for w; ; gives

Wi j

k
Ui)? /(0345 + 07i5) Z;

J

(Uiss —

proving the proposition.
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it — Uiy /(U%,i-i-j + Ug,i—j) =

( ri—i—l +Urz 1)’

L,

Uirj — Ui—j)2/(o-'72’,i+j + Ug,ifj) =1

Jj=1

L,



B Proof of Theorem 1

Consider the taylor expansions for 7(U;4;) and 7(U;_;) in the neighborhood of U;

BT
+ M%ﬂ)(@,ﬁj)
U — U)?
F(Ui—y) = 7(U) + (Ui — U)FO(U;) + %ﬂm(@—m)a

where (;;+; €]U;, Uiy] and (;—;; €|U;—;, U;[. Then, using Lemma 1 and Proposition 1, the

absolute conditional bias is

k ~ ~
~ U, U;—;
'Bias[ z-fi)RFIU]‘ = E Zwi,jr( Uﬂ? _Z(‘ . Dly| -,
j=1 i+7 1—]
k . ~ . ~
— > 1 (Uiy;) + Bias[r(Uiy) U] — r(U;—;) — Bias[r(U;—;)|U] (D)
= ! Uivj — Ui
k . ~ . ~
_ Zwij {T(Ui—&-j) —r(Ui—;) n Bias[7(U;;)|U] — BlaS[T(Uz‘—j”U]] — ;)
= Ui+j - Ui—j Uz‘+j - Ui—j
_ iw. , {T<Ui) + O (U) Uiy = Ui) + 57 (Gig) Uiy — U:)?
= ! Uiyj — Ui
_r(U) +rO(0) Uiy = U3) + 57(Gg) Uiy — Ui)?
Uiyj — Ui
+Bias[?(Ui+j)|U] — Bias[r(U;—,)|U] ()
Uivj — Ui '

k
_ lzwl ‘ [7’(2)(Ci,i+j)(Ui+j —U)* = r®(Gyi) Uiy — Ui)z}
2 = ’J Ui+j — Ui_j

9

k s N
Bias[r(Ui;)|U] — Bias[r(U;_;)|U]
+2 [ Uirj = Ui

=1

where (45 €]U;, Uiyj[ and G—j,; €]U;—;, U;[. Now, substitute the ith weight and use J%i =
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O(n==9) for all i.

wy = k(Uz'ﬂ' - Ui—j)2/(0%,z'+j + Ug,i—j)
Zj:1(Ui+j - Ui—j)2/(07’2~ji+j + U?%i—j)
_ Uiy —Uiy)?
Yy (Ui — Uij)?

IS Uiy = Uis) (1P (Giig) Uiy — Ui)? = v (Giji) (Uiy — Ui)?)
S (Ui = Uizj)?
S (Uisj — Ui—j)(Bias[F(Usy;)|U] — Bias[F(Us_;)[U])
S (Uiss — Uisy)?
Z§:1(Ui+j — Ui ) (r (G ) Uigy — Ui)? = rO(G i) (Ui = Ui)?)
S (Ui — Uij)?

Bias[T 1] =

+

1

2

The last equality holds since we have subsamples of size s with s = n®, which allows the errors
of the forests to be variance-dominated. Then, the absolute conditional bias is bounded by

the same bound provided by Liu and Brabanter (2020) for k — oo as n — oo.
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From Proposition 1 the conditional variance is

\,, PUisy) = (Uiy)
Uiyj = Uij
{ (Uss = Uig(0Ris; + 02iy)  F(Uisy) —?(Uz-_n} ‘U

S (Uit — Uiy)? /( o+ oz, ) Uiy — Uiy
_Zle[(Um —Ui) /(02,15 + 02, )I[F(Uisj) —?(Uij)]‘
i Soiey Ui = Ui)?/ (02, + 02,)

S Uiy = Uing)? /(02445 + 02, )2 Var[F(Usy;) — F(Us)[U]
(S (Ut = U0+ 02, )
Syt [Uiny = Uing)?/ (02 + 02, )02, + 02, )]
(St~ Ui/ (02, + 02,
i 0% i1 +Urz l '

=1 Z+l z l

Var[?(?RF]U] = Var U

7, wlmj

B

= Var

U

= Var

Then, using Lemma 1 and o2, = O(n~0~#) for all 4, the conditional variance is bounded

above by

1
—(1-8)
<t Z (Uiri = Ui)?
1
(k+1) 2k;+1 {1+ ( )}

3(n+1)2
{1+0,(1)}

3 (n 4 1)?
o k(E+1D)(2k+1)

for £ — oo as n — oo.

C Proof of Corollary 1

As k — oo as n — oo such that n= 'k — 0 and n(!*# k=3 from Theorem 1, the upperbound
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of the conditional bias and conditional variance tend to zero. Therefore,

lim MSE[Y, U] = 0.

n—oo

Use Chebyshev’s inequality to complete the proof.

D Proof of Corollary 2

Using the bias-variance decomposition of means squared error (MSE), the MSE is bounded

above by

-~ 3k(k+1) 2 3n B (n 4 1)?
MSE[Y, ). . U] < (B )
[ 7LBF| ] )

4(n+1)(2k+1 k(k+1)(2k+1)

Then, the conditional mean integrated squared error (MISE), is
MISE[Y) U] = E / (ygng) —r<1>(U)|tU> dU
0
I 2
= / E(Yg}ng) - r<1>(U)\U) dU
0

3k(k +1) 2 30 (n 4 1)? 212, (1+6)1.-3
<
= (84(n+1)(2k+1)> TrET DR T R AR

Therefore, the asymptotic conditional MISE (AMISE) is

. 2 —(1-8) 2
AMISE[YL(BHU] < (B 3]{:(]{? + 1) )) 3n (n + 1)

4n+1)(2k+1 k(k+1)(2k+1)
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E Proof of Theorem 2

Conditional bias:

Bias[F (uo)|U] = E[f™ (ug)] — ™ (uo)

— ¢S, UWE[FV U] — ™ (u)
T(l)(UkH) Bias[?k(i)l,LRFW]
=¢S. L, UW : + : — 7 (ug)

rOU,_) | |Bias[YY, | ppe|U]

D (Uyyr) Bias[yk(j—)l,LRF|U]
= elTS;iQkUTW : - r(l)(uo) + elTS;i%UTW
T(1)<Un—k) Bias [?n(i)k,LRF|U]

For p odd, from Theorem 3.1 in Fan and Gijbels (1996), the first term is

rM (Ug11)
I8 uUTW | | =i ) = €] 87T )i o, (1),
r(U,_1)

where ¢, = (fpi1,-- s pps1) s pj = [ WK (u)du, and S = (pi4j)o<ij<p- From Theorem 1,

for k — oo as n — 00, the second term is

Bias [}/}g(qlt)l,LRF U] 1 ( )
3k(k+1
Tg-1 T : < Tg-1 T . (2) 1 1
€5, U W : <€8S, 5, UW|: usel[l()l?l] |r (U)|4<n T2k + 1){ + Op( )}
BiaS[Aﬁ)k,LRF’U} 1
3k(k+1) 1~
< ) TS71e {1+ 0,(1
= usel[Ji)lf)l} |7ﬁ (u>|4(n _|_ 1)(2/{3 ‘I‘ 1)61 Cp{ Op( )}7
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and since from Liu and Brabanter (2020), it is shown that

S, o = U WU

= (n = 2k) f(uo) HSH{1 + 0,(1)},

where H = diag{1, h,...,h?}, and

1
U'W || =(n—2k)f(uo)HE {1+ 0,(1)}1,
1
where ¢, = (po, pt1, - - -, f1p) . Finally, the conditional bias of the smoothed derivative esti-

mator is bounded by

k(k+1
L r(p+2)(u0)hp+1+ sup ]r@)(u)] Sk(k +1)

Bi ~(1) [[j <el§gt| P _
fas[ (uo)[U] < € (p+1) iret 4(n+ 1)(2k + 1)

{1+0,(1)}

Conditional Variance:
When k — oo as n — oo, the conditional variance from Theorem 1 is

3n~ 1A (n + 1)

Var[F® (u) U] = k(k+1)(2k + 1)

{1+ 0,(1)}
and from Theorem 1 of Brabanter et al. (2018),

Var[f! (ug)[U] = € S 1, (UTW Var[Y O [UIWU)S - €

< 3~ A+ 12 1+ f(uo)pe
S %k 1 D)2k + 1) h(n — 2K) f (uo)

€/ ST'S*S e {1 +0,(1)},

where lim,, oo 1 [ pp(x)dz = p. and S* = (vi4)o<ij<p With v; = [ W K?(u)du. For p odd,
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from Theorem 3.1 of Fan and Gijbels (1996),

/Kg(t)dt —¢€/S™! (f K(t)dt, [tKt)dt ..., ftpK(t)dt)

=€, S7'¢,
Similarly,

/tP“Kg;(t)dt = €S ¢, /ng(t)dt — €/ S7'S*S—1e;.

F Proof of Corollary 3

For — 0, nh — oo and k — 0o as n — oo such that n='k — 0 and n’k2h~ — 0, then

from Theorem 2, the upperbound of the conditional bias and conditional variance go to zero.
Then,
lim MSE[F™Y (u0)[U] = 0

n—oo

and use Chebyshev’s inequality to complete the proof.

G Proof of Proposition 2
Under the assumptions of Proposition 2 and using Lemma 1,

Uitjrr,) + Bias[F(Uiyja,) U] — 7(Uiyy) — Bias[F(Ui;)|U]
Uitjtk — Uiyj

_ 1(Uijoy) + Bias[r(Ui—j—,)|U] — r(Ui—;) — Bias[r(U;—;)|U]

Uiijky — Ui

1
=D (Uiy) + 5@ Ui) Uisjan, — Vi) (1 + 0p(1)

1
—rV(U) + §r(2)(UH)(UH,k1 —Ui—j)(1 +0,(1))
n Bias[r"(Uij+#,)|U] — Bias[F(Uis,)|U]

Uitjtis — Uiy

(1 et 7”(
E[ﬂ/;grg)',LRF - Y;(—])',LRF‘U] =
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Bias[r(U;—j_, )|U] — Bias[r(U;_;)|U]
Uimjty — Uiy

| =

= —rO(U) Ui, + Uirj = Uimjory — Uisj) (1 + 0,(1))
Bias[r(Ui1j,)|U] — Bias[r(Ui;)|U]

Uitjre, — Uiy
Bias[F(Us_; s )|U] — Bias[F(Us_,)[U]

Uicjky — Ui

NI

1
= §T(2)(Ui)(Ui+j+k1 + Ui = Uizjory — Uizj) (1 4 0p(1)),

where the subsample rate [ is chosen such that (,;,, < f < 1, the LRF estimator is

inverse of the conditional variance of each quotient,

P o
1/ Var i+j, LRF i—j,LRF
Uit jrky HUitj—Uimj—y —Ui—j)

asymptotically unbiased. The weight for observation i is selected to be proportional to the
U}

Wi,j,2 = = =
252:1 1/Var {(U +Yi$3‘,LRF*ﬂ/z‘g;‘,LRF

itjtky TUitj—Uimj—i; —Ui—j)

U]

2 2 2 2
OFititky TRt | TRi—j—ky TRi—j
1/ Wi jpoy tVigs)* " Uiej—ky +Ui—j)?
Uit jhy VUit —Uimj—t; —Ui—j)?

2 2 2 2 )
TR ititky YRty | TRk TR

Zk2 1/ Wi jpoy Vigs)* " Ui jpy +Uizj)?
j=1 (Uitjthy Uit =Uimj—ky —Ui—j)?

where a% is the variance of the LRF estimator.

H Proof of Theorem 3

Since 7 is three times continuously differentiable on the interval [0, 1], consider the Taylor
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expansions for 7(Uitj1x, ) and r(U;—;j_g, ) in the neighborhood of U;;; and U;_; respectively

2

1
r(Uisjors) = r(Uisg) + E(Ui—&-j—i-lﬁ = Ui ))r' D (Usyy) +

q=1

’ 1

r(Uisgor) = r(Uig) + ) g Uik = Usj)r®(Uis) +

q=1

(Uitjrr, — Uisj)? rO)(
6

(Uizjoiy — Ui—j)?
: 5 2O (Gimgmining)s

Citjitiths)

where Ci—&—j,i—i—j—f—kl G]Ui_;_j, Ui+j+k1[ and Ci—j—khi—j e]Ui—j—kla Uz'—j[' AISO, consider the Taylor

expansions for v (Uy;), rW(U;_;), r®(Uiy;), and r®(U;_;) in the neighborhood of U;

rO(Usy) = rO(U) + (Usgs = UrP (U;) +

T(l)(UZ’,]’) = T(l)(Uz) -+ (Ul;j — UZ)T’(Q)(UZ) +

Uivj — U;)?
%T(S) (Ciitg)
Uiy — U;)?
%T(S)(QM)

7"(2)(Ui+j) = 7’(2)(Ui) + (Uigs — Ui)T(g)(g,iﬂ)

T’(2)(Ui—j) —_ 7,,(2)([]1) + (Ui—j — Uz)fr‘(3) (g{_j,i)

where ;;4; €|Us, Uiijl, Ci—ji €)Ui—j, Uil, ¢!

iyi+]

conditional bias of }A/;(?RF is

E[Y,2pr] — r®(U;)

\ Bia| }%Fm\

)

€|Us, Uiyjl, and ¢j_;; €]U;—;, Us]. The absolute

PUitjthy )= TWisy)  TWUimjy)—TUi—y)

Uimj—k; —Ui—j >

_|_

ko (
Uitjtig —Uitj
E|2) w; L — W)
S 4 Ui — Uiy — U ‘
j=1 i+j+k1 i+j i—j—k1 i—J
ko T(Uitjk)=rWins)  r(Uimj—iy)—rUi—y)
QZ w Uitjrk, —Uits Uiej—ty—Ui—j
,J,2
o Uitjiry + Uit = Uicjory — Ui
(Bias[?(Ui+j+k1)]fBias['F(UHj)] _ Bias[?(Ui,j,kl)}fBias[?(Ui,j)})
Uitjtry —Uitj Uij—ky —Ui—j _ r(2)(U-)
1
Uitjtin + Uirj = Uimjiy, — Ui
T(Uitjtry)=rUigs) T(Uifjfkl)*T(Uz'fj)>
Uitjtry Uit Ui—j—k;—Ui—j
Jj+ky J Jj—ky J o T(z)(Ul)

oy (
2 E Wi
j=1
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)2 T2
< sup |3 ZwUQ Uity = Ui)" + Uiy = Us)
Uitjrky + Uirj = Uimjgy — Uiy

n Zwm2 (Ui+j —Ui)Uigjtir — Uigj) + (Uinj = Ui))(Ui—j—, — Ui—j)
Uitjrer + Uisj = Uisjry — Ui

) wige 5 (Uitem = Uis)® 4 35Uy — Uij)2)
Z]?

o Uitjir, +Uirj —Uimjg, — Uiy

where the last equality holds for the subsample rate 5 such that f,,;, < 8 < 1. Then, using
the weights in Eq. (32), Lemma 1, and o7 = O(n~1=#), where k; — oo and ky — oo as

n — o0 gives

SUDye0,1] |7‘(3)(U)| 22 ] + 3k’1 Z] 1] + 5]{32 Z] 1] + 1]{?3]{,’2
n+1 AR 52 By + 4k 30

' Bis| ;.S?RF\@]\ < {1+0,(1)}

. . . . (2 .
The variance of the second derivative estimator, Yi(L)RF, is

(Uit jqry)—TWits) ?(Ui—j—kl)_?(Ui—j)>

0(2) ( ’L+J+k1 Uitj Ui—j—kl —U;_;
Var[Yi’LRF|U] Cov |2 E Wi ;2 i - i :
H‘J-‘rkl + i+j — Yi—j—ky — Ui—j

TUitigr))=TWigt)  P(Uimi—py ) —T(Ui= l))

( Uitttk —Uiti Ui—i—ky —Ui—
2§ Wi 1,2

Uitivk, + Uiyt — Uiy, — Uiy

Wi j2W; 12
— 4 J
Z Z l+3+k1 + Uzﬂ U’i*j*kl - Uifj)(UiJerl + Ui+l - Uiflfkl - ifl)

Jj=1 Il=1
{COV[ (Ui+j+k1) _?(Ui+j)7?(Ui+l+kl) ( m)]
(Ui+j+k1) Uiti)((Uisisr,) — Usga)
T(Uisg), "(Uisik,) —

Ui+j+k1 = Ui j) (Ui kl) Ui-i)

?(Uz l)]

Ui))

|
=
=

| .
Rl
=

K

) —

) (

) i) — 7
Ui—j—kl) - Ui—J)<<Uz+l+k1> z'-H)

) ) — 7(Ui)] }

) ( z—l—kl) —Ui) ’
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where the first covariance is

Cov[P(Uisjiry) = T(Uis), T(Uigisr,) — T(Uig1)] = Cov[F (Ui jury)s T(Uirigny )]
— Cov[r(Uitj), T(Uiti44,)]
— Cov[F(Uigjsn, ), T(Uia)]

+ Cov[T(Uiy;), T(Uiz)]

: 2 2 : .

The first and fourth covariances are oz, +j+k, and oz, respectively when j = [, the second
. . 2 < . . . 2 . _

covariance is 03, when j = [ + ki, and the third covariance is o3, ,; when j + k = L.

The other covariances can be obtained in a similar fashion. Now, using the weights in Eq.

(32), 02 = O(n~179), and Lemma 1, where k; — oo and ky — 00 as n — oo,

ko
A~ ~ 4 W; 52 2 2
Var[V; 0] = 2 ( 1 )
e nt=? ; Uisjin, + Uirg = Uimjory = Uij)? \(Uijur, = Uinj)?  (Uimjory — Uiy)?

ka—k1
4 Z Wi j 2 Wi 4k 2
n'=f = WUitgm + Uiy = Uijory = Ui j)(Uingron + Usijpn = Uijoory = Uiy

1 1
+
((Ui+j+k1 - Ui+j)(Ui+j+2k1 - Ui+j+k1) (Uifjfkl - Uifj)(Uifijkl - Uijkl))

k2
. 4 Z Wi 5,2Wi, j—ky ,2
1—
=Pz Wi + Uiy = Uicjory = Uig) Uiy + Uiy = Uiy = Uicjin)

1 1
_l’_
((Uz’+j+k1 —Uitj)WUisj = Uirjory)  (Uimjory — Uinj)(Ui—j — Uz‘j+k1))

ko
< 4 Z wmg ( 2 i 2 )
— P Uiy + Uiy = Uity = Uig)? \Uigjiony = Uig)? - (Uijory = Uiry)?

4n~—1=8) +1 4
_ A TOE ),
RS2+ )
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I Proof of Corollary 4
For k1 — oo and ky — o0 as n — oo and from Theorem 3,

supyeoy 1 (W) 23052, 52 + 3k 3052 2 4+ 2RISR G+ Sk
n+1 42 LJ +k2k2+4k12j i

o ({2
n n

' Bias| gfzgﬂm‘ < {1+ 0,(1)}

and

4n= (=B (n 4 1)4
s )

n3t8 p3+s
-0 (mc{ g iy )

Then, for k; — oo and ky — 00 as n — oo such that n='k; — 0, n ke — 0, n?Pk 2k, — 0,

Var[ i LRF‘U]

and n**PEk;*k; ' — 0, the conditional bias and conditional variance tend to zero. Therefore,

lim MSE[Y,®|U] = 0.

n—oo

Use Chebyshev’s inequality to complete the proof.

J Proof of Corollary 5

Using the bias-variance decomposition of means squared error (MSE), the MSE is bounded

above by

MSE[T D, 0] < (B2 2ot d® 43k 30 7+ SR YR+ ghik
E “\n+1 42] \J +k2k2+4k12j \J
4n~ =B (n + 1)4
T~Fr o {1+ 0,(1)}
ki Zj:1(23 + k1)

) {14 0,(1)}
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Then, the conditional mean integrated squared error (MISE), is

1 2
MISE[Y?)|U] = E / (YL(QF(U) —r@)(U)uU) dU
0

—/OlE(?L‘?%AU)—r w >1U)2

(B 2R 4Bk 30 P RS G+ ghike
- n+1 42] 1] —I—]{?2k32—|—4k’12] 1j
N 4n=0=F(n + 1)4
k230825 + k)2

) {1+0p(1)}

{1+0p(1)}

Therefore, the asymptotic conditional MISE (AMISE) is

2
BQ 22 ] +3k12] lj +5k22] 1j+1k%k2> 4n_(1_6)(n+1>4

AMISE[V/2,/0] < : . e
n+1 4Zj Pk k2+4/€12] 1J kle:l(Qj—'—kl)

K More Simulation Studies

The table below shows simulations, under the same DGP in section 3, for two other
candidate estimators that are not discussed in the paper. The first is SmoothLRF, where
the a LRF is trained on the data, and the fitted values are obtained, y,rr. Then a local
polynomial regression is used on the new dataset (z,y,rr) and the first derivative can be ob-
tained from the second element of the gradient vector. The second is DoubleLocCubic where
a local cubic regression is trained on the data and the first derivative is obtained, denoted
by Z//\go)cCubic‘ Then another local cubic regression is used on the new dataset, (z, g(;jcc“bic)
and the first derivative can be otbained from the first element of the gradient vector.

For the proposed estimator, DQSmoothLRF, and local cubic regression, LocCub, the re-
sults are the same as those in section 6 and are here for comparison. Overall, DQSmoothLRF
still outperforms the other estimators, where SmoothLRF does worse in reducing variance,

MSE, and MAE. However, the derivative estimated by SmoothLRF does significantly better

than the derivative estimated by LRF. DoubleLocCubic does improve upon LocCub, show-
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ing a reduction in variance, MSE, and MAE. Overall, DQSmoothLRF seems to be robust in

estimating the first derivative, even to other candidate estimators.

Simulations of Other Candidate Estimators

Bias  Variance MSE MAE

DQSmoothLRF 0.0121 0.2085 0.2943  0.4180
SmoothLRF 0.0011 0.3457  0.3699  0.4395
LocCubic -0.0045 0.4437 0.4789  0.4565
DoubleLocCubic  -0.0046 0.4312 0.4667 0.4503

Table 3: The table shows bias, variance, MSE, and MAFE for the first derivative, comparing
four models, DQSmoothLRF (the proposed estimator), LocCubic, and DoubleLocCubic. All
estimates are averaged across all simulations. All models are evaluated at 500 evenly spaced
points from 0.05 to 0.95.
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