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Abstract. Although regression is among the oldest areas of statistics,
new approaches may still be found. One recent suggestion is Best Re-
sponse Regression, where one tries to find a regression function that pro-
vides, for as many instances as possible, a better prediction than some
reference regression function. In this paper we propose a new method for
Best Response Regression that is based on gradient ascent rather than
mixed integer programming. We evaluate our approach for a variety of
noise (or error) distributions, showing that especially for heavy-tailed
distributions best response regression outperforms, on unseen data, or-
dinary least squares regression, both w.r.t. the sum of squared errors as
well as the number of instances for which better predictions are provided.
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1 Introduction

Prediction is central to both Statistics and Machine Learning. Given a set of
instances, described by one or more explanatory (or input) variables, along with
a response (or output) value for each instance, a predictor has to identify the
response for a new (unseen) instance as accurately as possible. Usually, if the
response value is categorical, the prediction task is called classification, if it is
metric, it is called regression. Many approaches to such problems are well known.
For instance, in the case of regression, we commonly aim to minimize the sum of
squared errors, often for a simple linear prediction function. Admittedly, linear
regression is one of the simplest models to understand in terms of regression.
Nevertheless, this does not mean that the classical statistical approaches are the
best or even only ones. On the contrary, the combination of different subfields
of Mathematics and Computer Science allows new and interesting perspectives.
We follow the recent idea by Ben-Porat and Tennenholtz, which is called Best
Response Regression [2]. The essential theory behind Best Response Regression
is the combination of concepts from game theory and statistical learning.

This paper ist organized as follows: In Section 2 we review Best Response
Regression and point out some shortcomings of the original approach. In Sec-
tion 4 we derive our own gradient ascent based approach drawing on a relaxation
(or “smoothing”) of the original objective function. In Section 5 we report ex-
perimental results, focusing on exploring different noise (or error) distributions.
Finally, in Section 6 we draw conclusions from our discussion.
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Fig. 1. Hllustration of the main idea of Best Response Regression. An expert (blue) sees
instances along with their true response values to make predictions, an agent (green)
sees also the discrepancies between the expert’s predictions and the true values.

2 Best Response Regression

In 2017, Ben-Porat and Tennenholtz [2] proposed a completely new way of in-
terpreting (linear) regression tasks based on machine learning techniques, which
they called Best Response Regression. They interpreted the prediction task as
a game that two players, an agent and an expert, play against each other. The
expert uses a number of historical instances along with their response values to
make predictions for a new (unseen) instance. The agent also sees the histori-
cal instances and their true response values, but gets as additional information
the discrepancies between the expert’s predictions and the true values. The main
idea is illustrated in Figure 1. The fundamental difference to classical approaches
is that Best Response Regression is no longer trying to minimize the discrepancy
between predicted and observed values, but focuses on maximing the probabil-
ity to predict better than an expert (represented, e.g., by a reference prediction
function). For more details and a game theoretical justification, we refer to [2].

2.1 Shortcomings of the Approach by Ben-Porat and Tennenholtz

To find a best reponse regression function, Ben-Porat and Tennenholtz formu-
lated a Mixed Integer Linear Problem, where the optimization step relied on
the Simplex Algorithm. Unfortunately, as the number of explanatory variables
increases, the runtime of the Simplex Algorithm increases exponentially. This
problem is handled by setting timeouts, that is, the implementation outputs
the best solution that could be found before the timeout. However, one does
know neither whether this is the final optimal solution nor whether the solution
is unique. Therefore, we considered a new approach using gradient ascent on
“smoothed” versions of the objective function. Even though such an approach
also cannot guarantee that an optimal solution is found, it is computationally
much more efficient and, in principle, applicable to arbitrary regression functions
and arbitrary numbers of explanatory (or independent) variables.
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3 Notation

Let a data set (X, y) be given, where X = (21, ..., ®,) is a tuple of input vectors
with ®; = (1,...,%im) € R™ and y = (y1,...,Yn) € R™ is a vector of output
values. Let f,(x) be a reference regression function and f.(x;a) a best response
regression function with parameters a. To simplify notation, we define

gx(a;xi,yi,e) = fu(misa) — (yi £ (1 —¢) - [fo(zi) — vil)s

where €, 0 < € < 1, is a required minimum prediction improvement. With this
notation, the objective function of best response regression can be written as

n

Fp(a;X,y) = Z (H(g_(a;wi,yi,s)) —H(9+(a§$i7yi,€))),

i=1
where H is the Heaviside function (or unit step function)

1, ifz>0,

H: R-—{0,1}, z {0, otherwise.

The objective function Fy is to be maximized by choosing a. Note that this op-
timization problem may not have a unique solution, since the objective function
is essentially counting for how many data points the best response regression
function yields a better prediction than the reference regression function and
the same count may be obtained for different best response regression functions.

4 Gradient Ascent Approach

We propose to relax the optimization problem by using a “smoothed” Heaviside
function, for which the (scaled) logistic function is a natural (first) choice:

1 -1
_ — —Bz
L) = oo = (1+e) 7
Here f is a steepness parameter: the greater 3, the steeper (and thus the less
“smooth”) the function Lg(z) is. For 8 — oo we get Lg(z) — H(z). This leads to

a “smoothed” objective function (on which a gradient ascent becomes possible)

n
FriXy) = > (Lolo-(@ii.9) = La(gs (@i wii,2)) )
i=1
which is again to be maximized by choosing a. Figure 2 provides an illustration
of one term of the original and the smoothed objective function.

Clearly, a best response regression function has to pass through the region, in
which the depicted ith term of Fr(a; X, y) (black line) is one, in order to “win”
the ith data point. The core idea of our approach is to relax this condition by
asking for a value as high as possible for the ith term of Fr,(a; X, y) (red line).
Note that by letting the parameter 8 grow in the course of the optimization, we
can always approach the original function Fp(a;X,y) as closely as desired.
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Fig. 2. The value y; is the true output for input vec-

'§ tor a;, while ¢; is the output produced by the reference

fo(Zi) = Gie regression function, that is, §; = fo(x;). The black
and red lines show the ith term of the original objec-
Yie tive function Fy(a;X,y) and the “smoothed” version
Fr,(a;X,y), respectively. The shape of the red curve
r relative to the black curve depends on the value of 8

and on the distance between §; and y; (which is set
to 1 here for illustrative purposes).

In order to find a maximum of the objective function Ff,(a;X,y) we con-
sider, in a first approach, a gradient ascent scheme. That is, we start from an
initial guess a(®) of the parameters a and update them iteratively according to

a™ =al + 9.V, Fr,(a;X,y)| o, =a? + 1 (Va Fr,(a;X,y)) (a?),

where 7 is a step width parameter that has to be chosen by a user. In order to
be able to evaluate this expression, we first compute

Ihe) = $-Ls() = oo (1+e) 7 = 5 Ls(e) - (1 - Ls(2))

the well-known expression for the derivative of the logistic function, as well as
Va g+ (a; @i, yi, £2) = Va (fi(@i;a)—(y; = (1-¢) - | fo(®i)—vil)) = Vafi(Ti; a).

This leads to the following gradient of the objective function

VaFLg (Cl, Xa y) = Va Z (Lﬂ (g— (CL, Ly Yi, E)) _Lﬁ (g"r(aa Li, Yis E)))
i=1

= (Va Lﬁ(g*(a;wiayivg))_va Lﬁ(g+(a;wi7yi75)))
i=1

K2

|

(L/ﬁ (9-(a; 24, yi,€) =L (94 (a; 4, i, 5))) Vo fe(xi;a).

i=1

If we consider the special case f.(x,a) = a'x*, where it is a = (ag, a1, ..., an)
and * = (1,21, ...,2y) for & = (x1,...,2,), that is, a linear function, we get
V. fulz;a) = Vya'z* = 2 and therefore

n
Vo Fr,(a;X,y) = Z (L;;(g_(a;a:i,yi,e)) —Lj (9+(a;$i,yi75))) ‘T
i=1
As a second approach we may draw on gradient method improvements as they
have been developed, for example, in artificial neural networks, There is a large
variety of such approaches like the introduction of a momentum term [11],
Nesterov’s accelerated gradient [10], self-adaptive error backpropagation [15],
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resilient error backpropagation [12, 13], quick backpropagation [6], AdaGrad [5],
RMSProp [14], AdaDelta [16], Adam and AdaMax [9], and NAdam [4]. For sim-
plicity, we choose one of them, namely resilient backpropagation, which uses the
signs of the current and the previous gradient to adapt a parameter step width,
one for each parameter. That is, the general update scheme is a(lﬂ) = a,(:) —&—Aal(j)
and the step width Aak (Whlch is specific to parameter ay) is computed as

- Aag/—l)v if (VakFLﬂ)‘agj) . (VakFLB”a}:’l) <0,
if

i—1 .
Aa}(:‘) _ + . Aa’({c )7 (VakFLB)‘ag) . (VakFLﬁ)ng—l) <0
c A (VakFLﬂ)‘achl) . (VakFLB)|a§j’2) >0,
Aaﬁjil) , otherwise.

That is, the step width is increased if the current and the previous gradient point
in the same direction, and it is decreased if they point in opposite directions, thus
indicating that an optimum was leaped over. We chose the growth factor ¢t = 1.2
and the shrink factor ¢~ = 0.5, which is a typical choice.

As a third approach one may carry out a root search on the gradient, for
example, by applying the Newton—-Raphson method to the gradient. In this case
the parameter update rule is generally (note: no step width parameter 7)

a(i+1) = a'(i) - (Va2 FLg (a§X>y)|a(1))_1 : (Va FLg (a’;X)y)’a(i))'

For this we first compute the second derivative of the logistic function:

;ZL'() = %(ﬂLB(Z)'(l_Lﬁ(z)))

= B> Ly(2)- (1 - Lp(2)) - (1 - 2La(2)),
With this result we compute the second derivative of the objective function as

V(z FL;; (a; Xa y)

=V, (Z(L%(g(aﬂxmng)) Lﬁ(g+ a; L, Yi, € af* wzv )

)
)

Li(z) =

(L,/B(g—(a7x7,7y’ta€))_l/ﬂ( a; i, Y, € af* Ti; @

Llﬂ(g*(aawﬂyw‘g))_Llﬁ( a T, Yi, € ) af* i a )T)

:i((L}g g—(a; s, yi,€))— L (g4 (a; @, yi, ¢ ))) V2, (s a)

i=1

(
+ (Lg (9-(a;zi,yi,e)) — L5 (9+ (as @4, i, 5))) Vafe(@i;a) (Vafulm; a))T>.

If we consider the special case f.(x,a) = a'x*, where it is a@ = (ag,a1,...,am)
and z* = (1,21,...,2Ty) for € = (z1,...,2,), that is, a linear function, we get
n
Va.2 FLg(a;Xay) = Z (Lg(g—(aamuyh‘?)) - Lg(g"r(aﬂmhyhg))) m*m*T

i=1
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Fig. 3. The value y; is the true output for input vec-
tor a;, while ¢; is the output produced by the reference
fo(Zi) = Gie regression function, that is, §; = fo(@;). The black

and red lines show the ith term of the original objec-
Yie tive function Fy(a;X,y) and the “smoothed” version

Gi—yi=1 FR;; (a; X, y), respectively. The shape of the red curve
c=01 relative to the black curve depends on the value of 3,
B=6 but not on the distance between §; and y; (which is
v =32 set to 1 here for illustrative purposes).

since V2 a’x* = 0 where 0 is the null matrix. That is, the update rule reads
n -1
a™* =a - <Z (Lg (9-(a;zi,yi¢)) — Lz(9+(as fvi,yi,&?))) :c;":ch>

) <Z (L/B(g—(a;l‘z',yuf)) - L/B(9+(a§$i7yz‘,5))) w:‘)

i=1
An alternative way of “smoothing” the Heaviside function is

LeBz if 0
y _ 5¢°7, 1z <,
Ry(2) {1 — e 77 if 2 > 0.

Here the flank of the Heaviside function is replaced by two exponential functions,
where 5 and v are steepness parameters. For 3,7 — 0o we get Rg (z) > H(z).
The difference to Lg(z) is that for 5 # ~ this function is not continuously
differentiable at z = 0. However, as this is only a single point, this appears to
be acceptable and seems to work in practice (see experiments below).

The underlying idea is to have a stronger gradient outside the “win region”,
and a smaller one inside it (except close to the boundaries), so that an improve-
ment inside the “win region” (pushing the prediction closer to the center) for
one point cannot easily compensate another point not being inside this region.

This alternative smoothing approach leads to the objective function

n

FRZ (a7X7y) = Z (Rg(g—(a’axwyug)) + Rg(_g"r(a’vxwylag)) - 1)7

i=1

which is again to be maximized by choosing a. Figure 3 provides an illustration
of one term of the original and the smoothed objective function.
In order to conduct the optimization, we need the derivative of Rg (2), ie.

efr = ﬂRg(z), if 2 <0,

41,82 - 5l
v5e™7* = (1 - Rj(2)), if z > 0,

d
Y/ — Y —_ dz 2
RB (Z) - dZRB(Z) {ddz(l _ %e—"/z)

if we use the right hand derivative (# left hand derivative) at z = 0. We obtain
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Va Fry (a; X
n

- Z ( (a; @i, yi,€)) + Rg(—g+(a;$i,yi7€)) - 1)

|

(Va Rg (g*(a; mi>yiu€)) + Va Rg(_ng(a; T, yia‘g)) - Val)

i=1

I

(Rg/ (g— (a; Ly Yi, 5)) - Rg/(fg-l-(a; iy Yi, 6))) : Vaf* (mla G,).

i=1

For a Newton-Raphson approach we also need the second derivative of Rg(z):

d dﬁ%eﬂz :ﬁzl # = B%Rs(2), if z <0,
LR (%)

R’y// — —R’W —
5 (2) g \# daylers = —y2Llem2 = 42(R}(2) — 1), if 2 > 0.

Again we use the right hand side derivative at z = 0, where the derivative Rj(z)
itself is not even continuous. For the objective function this leads to

= a<Z<R2i(g—(a;CCi7y1, ) —Rj(—gs(a;xi, yis e ) V.f.(zia >

(R/ﬁ(gf(a§33iyyi,5))_R£3( gila; @y, e ) V2f.(2ia
+V, (R% (9-(a; i, y5,€)) —Rjs (=g (a; 2, s, g))) (Vafu (e a))T)
:i((R/ﬁ (9-(as @i, yi ) —Rj(—g+(as :Bi7yi’g))).va2f*($i; a)
I (R"(g(a;a:i,yi,s))+Rg(—g+(a;wi,yz‘aE)D'Vaf*(wi;a)‘(Vaf*(a:i;a))T).

If we consider the special case f.(xz,a) = a'x*, where it is a = (ag, a1, ..., an)
and * = (1,21, ...,2y) for & = (z1,...,2,), that is, a linear function, we get

n

\v Fr,(a;X,y) = Z (Rg (g_(a;wi,yi,a)) + Rg(—g+(a;wi,yi,5))) :n*ac*T

i=1

since V2 a'x* = 0 where 0 is the null matrix.

5 Experiments

We implemented our gradient ascent approach in both Python and C, but used
only the C implementation for the experiments (due to its much shorter execu-
tion time).* We implemented both “smoothed” versions of the objective function

4 These implementations are publicly available at www.borgelt.net/brreg.html.
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Fig. 4. The distributions from which the

Y — uniform 5
0.25+ — normal x-values were sampled (left diagram) and
/\ the distributions from which the error ¢
was sampled (bottom diagrams). The dis-
/ \ tributions normal? and normal® are ob-
tained by multiplying two or three sam-
— — T ples, resp., from a normal distribution.
-6 -4 =2 0 2 4 6
Y — uniform Y — normal
0.5 — normal 2 — normal?
— Laplace — normal®
/\ — Cauchy
X

4 -3 -2 -1 0 1 2 3 4

that are described in the preceding section, using a minimum prediction improve-
ments ¢ € {0.001,0.01,0.1} and steepnesses 3 € {1,3,6,10} and v = 32.

We confined ourselved to a very simple univariate linear regression with the
model y = x + €, where € is a noise (or error) term. Although our approach
is, in principle, applicable to multivariate and non-linear regression, our focus
was more on understanding how different types of noise (or error) distributions
affect the regression performance, for which univariate linear regression appears
sufficient. Note that in [2] no systematic investigation is conducted with the help
of simulated data. Hence that paper does not provide any information about the
influence of different types of noise (or error) distributions.

We drew the z-values of all data samples (with n € {20, 50,100} data points)
from either a uniform or a normal distribution (Figure 4 top left; both have a
standard deviation of 2) and the noise € from either a uniform, a normal, a
Laplace, or a Cauchy distribution, or computed it as a product of two or three
samples from a normal distribution (Figure 4 bottom). All distributions were
parameterized with a dispersion parameter of 1. Note that a Cauchy distribution
has no finite variance (its dispersion parameter is half the interquartile range),
which is why it is often used to model extremal events [3].

Since we use a simple linear model as the ground truth to sample from, it
is natural to use ordinary least squares (OLS) linear regression as the refer-
ence. As a baseline for comparisons we chose robust linear regression based on
M-estimators [7, 8] using Tukey’s bisquare (or biweights) function [1] for the er-
ror weights, since it is geared towards providing better parameter estimates for
heavy-tailed noise distributions, which is what we wanted to investigate.

As a baseline for the optimization, we used a bootstrap sampling scheme, in
which 1000 bootstrap samples were drawn from the given data, an OLS regres-
sion computed for each, and the one that “won” the most data points compared
to OLS regression on all data points chosen as the result. The advantage of such
a scheme is that it can also be applied for the original (non-smoothed) objec-
tive function Fp. Furthermore we used standard gradient ascent and resilient
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points

rbst Fig. 5. Better prediction win rate on test data rela-

20 tive to ordinary least squares regression for 20 data
points (z-values drawn from a uniform distribution,
error is the product of two samples from a normal dis-
tribution). Left: classical robust regression, below: our
approaches to best response regression (“FH”, “FL”,
Se “FR”: objective function; “boot”, “grad”, “resi”,
“newt”: optimization method).

points

FRgrad
20

e, O

“erss.

points

backpropagation with a(n initial) step with of 7 = 0.001, growth factor ¢t = 1.2
and shrink factor ¢~ = 0.5; and the Newton-Raphson method. All optimization
methods were executed for 200 iterations and final parameters returned.

A selection of experimental results is shown in Figures 5 to 7, all of which are
computed from 10 000 runs. For a comparison of the different objective functions
and optimization approaches, we chose data with 20 data points, z-values drawn
from a uniform distribution and noise computed as the product of two samples
from a uniform distribution. Figures 5 and 6 show the win rate, that is, the
percentage of sets of unseen data on which the objective function/method pair
indicated at the top right of each diagram performed better than OLS regression,
that is, won more points in Figure 5 or provided a lower sum of squared errors
(SSE) in Figure 6. Note that in the diagram at the top left (robust regression)
all bars have the same height (for easier comparison) as the parameters have no
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Fig. 6. Sum of squared errors win rate on test data
relative to ordinary least squares regression for 20
data points (z-values drawn from a uniform distri-
bution, error is the product of two samples from
a normal distribution). Left: classical robust regres-
sion, below: our approaches to best response regres-
sion (“FH”, “FL”, “FR”: objective function; “boot”,
“grad”, “resi”, “newt”: optimization method).

influence. Note that Best Response Regression, at least with proper parameters,
outperforms robust regression, especially with objective function Fr. Objective
function F works slightly less well and requires a large steepness f3.

Figure 7 shows the performance of best response regression for different noise
distributions. For uniform noise and normally distributed noise, ordinary least
squares (OLS) is clearly superior to best response regression, but for Laplace-
distributed noise it can just edge out OLS (provided the required minimum
prediction improvement ¢ is small). However, for noise computed as a product
of two or three samples from a normal distribution and particularly for Cauchy-
distributed noise, Best Response Regression clearly has the upper hand. As the
full result diagrams® show, Best Response Regression can, for these distributions,
usually also beat robust regression, although not always by a wide margin.

5 All result diagrams are available at www.borgelt.net/docs/brreg.pdf.
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uniform

Fig. 7. Better prediction win rate on test data relative to ordinary least squares re-
gression for 20 data points (z-values drawn from a uniform distribution) for different
error distributions (indicated on top right, “normal?®” and “normal®” refer to an error
computed as a product of two or three samples from a normal distribution).

6 Conclusions

In our work we limited experiments and simulations to linear models. However,
our gradient ascent approach for best response regression contains no assump-
tions about the regression function. In principle, our approach also works for,
e.g., polynomial or logistic regression functions, which is an improvement over [2].
Our simulations show that best response regression is a very promising approach
to optimize classical regression models. Moreover, our gradient ascent approach
does not require any distribution assumptions for the error terms or the ex-
planatory variables and therefore, our approach is less restrictive than classical
regression models. Obviously, if there is a very strong linear dependence between
the explanatory and target variables, it is very difficult for the best response re-
gression to beat the “expert” (classical regression model, reference function).
The other way round, if the “expert” performs badly, best response regression
has far more potential to maximize the probability to predict better than the ex-
pert. In addition, best response regression has a clear advantage on small sample
size data sets. Our experiments showed as a rule of thumb n < 50. With larger
sample sizes, classical statistical methods have a greater advantage due to the
underlying asymptotic results. Nevertheless, we would like to emphasize that
with this work we could show that well known regression tasks, such as linear
regression, can be reinterpreted. Ben-Porat and Tennenholtz motivated Best Re-
sponse Regression as a game between an expert and an agent. In some way, we
can interpret our new approach as optimizing linear regression predictions.
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