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Abstract. With the Gaussian Process model, the predictive distribu-
tion of the output corresponding to a new given input is Gaussian. But
if this input is uncertain or noisy, the predictive distribution becomes
non-Gaussian. We present an analytical approach that consists of com-
puting only the mean and variance of this new distribution (Gaussian
approzimation). We show how, depending on the form of the covariance
function of the process, we can evaluate these moments exactly or ap-
proximately (within a Taylor approximation of the covariance function).
We apply our results to the iterative multiple-step ahead prediction of
non-linear dynamic systems with propagation of the uncertainty as we
predict ahead in time. Finally, using numerical examples, we compare
the Gaussian approrimation to the numerical approximation of the true
predictive distribution by simple Monte-Carlo.

1 Background

Given a set of observed data D = {x;,t;} Y|, where x; € RP and t; = f(x;)+e¢, €
R (e is a white noise with variance v;), we model the input/output relationship
using a zero-mean Gaussian Process (GP) with covariance function C(x;,x;).
For the moment, we do not specify the form of the covariance function and
simply assume it is a valid one, generating a positive definite covariance matrix.
We refer to [I1 2, [3, [4] for a review of GPs.

1.1 Prediction at a New x

With this model, given a new ‘test’ input x, and based on the observed data,
the predictive distribution of the corresponding output y = f(x) is readily ob-
tained. This distribution is Gaussian, p(y|D,x) = N (u(x),0%(x)), with mean
and variance respectively given by
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N
px) = BiC(x,x)
- v M
o?(x) = C(x,x) — Z Kiglc(x, x;)C(x,%;)

4,J=1

with 8 = K~'t, where t is the N x 1 vector of observed noisy targets and K
is the N x N data covariance matrix, such that K;; = C(x;,%;) + v:d;5. The
covariances between the new point and the training cases are given by C(x,x;),
fori=1...N, and C(x,x) is the covariance between the test point and itself.

In practice, the predictive mean p(x) is used as a point estimate for the
function output, while the variance o?(x) can be translated into uncertainty
bounds (error-bars) on this estimate. Although this variance corresponds to the
model’s uncertainty (and therefore depends on the prior and on the local data
complexity), it represents valuable information as it enables us to quantify the
uncertainty attached to the prediction. Figure [ shows the predictive means
and their 20 error-bars computed for 81 test inputs. A Gaussian Process with
zero-mean and Gaussian covariance function (Eq. ([22))) was trained using only
N = 10 points. Near the data points, the predictive variance is small, increasing
as the test inputs are far away from the training ones.

Predictions at noise—free inputs
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1.2 Motivation

We first motivate the necessity of being able to make a prediction at an uncertain
or noisy input using a dynamic example.

Dynamic Case Let a time-series be known up to time ¢ and assume a sim-
ple auto-regressive generative model of the form y;+1 = f(y:) where the input
now corresponds to a delayed value of the time-series. Having formed a set of in-
put/output pairs and trained a GP, we wish to predict the value of the time-series
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at, say, time t4 k. With our one-step ahead model, we need to iterate predictions
up to the desired horizon, i.e. we have yirr = f(Ye1k—1), Yt+h-1 = f(Yt+k—2),
so on, down to ys41 = f(y:). Since y: is known, the predictive distribution of
Yer1 is simply Gaussian, p(ye11|D,y:) = N (u(y:),o%(y:)), with mean and vari-
ance given by () evaluated at x = y;. For the next time-step, a naive approach
consists in only using u(y:) as an estimate for yi11, gr+1 = p(y:), and evaluate
P(Yii2| D, Gt+1) = N(1(Gt41), 02 (G14+1)). As we will see in our numerical exam-
ples, this approach is not advisable for two reasons: it is over-confident about
the estimate (the variance o(§;,1) will typically be very small) and it is also
throwing away valuable information, namely, the uncertainty attached to the es-
timate §¢41, o(y:). If we wish to account for this uncertainty, and thus propagate
it as we predict ahead in time, we need to be able to evaluate p(ys12|D, yri1)
where y;11 ~ N (1(yt), 0?(y¢)). This means being able to evaluate the predictive
distribution corresponding to an uncertain or noisy input, y¢41 here.

Static Case In real experiments and applications, we use sensors and detectors
that can be corrupted by many different sources of disturbances. We might then
only observe a noise corrupted version of the true input and the system senses
the new input imperfectly. Again, if the model does not account for this ‘extra’
uncertainty (as opposed to the uncertainty usually acknowledged on the observed
outputs), the model is too confident, which is misleading and could potentially
be dangerous if, say, the model’s output were to be used in a decision-making
process of a critical application. Note that in this case, the approach we suggest
assumes prior knowledge of the input noise variance.

In the next section, we present the problem of predicting at a noisy input
when using a Gaussian Process model. We then suggest an analytical approxi-
mation and compute the mean and variance of the new predictive distribution
(sections [B] and M). In section [5l we return to the iterative forecasting of a non-
linear time-series to which we apply our results.

Although most of the material presented in this chapter has already been
published [5, [6] [7], the present document aims at unifying and presenting the
different results in a more principled manner.

2 Prediction at an Uncertain Input

Let the new test input be corrupted by some noise, €x ~ N, (0,X,), such that
X = u + €x. That is, we wish to make a prediction at x ~ Nx(u,X,) and to
do so, we need to integrate the predictive distribution p(y|D,x) over the input
distributiorfl

p(yID,u, 5,) = / p(u|D, X)p(xlu, Z,)dx . 2)

% When the bounds are not indicated, it means that the integrals are evaluated from
—00 to +oo.
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For the GP, we have p(y|D, x) = ———— exp {,lw} , which is a nonlin-

2102 (%) 2 o3 (x)
ear function of x, such that this integral cannot be solved without resorting to
approximations.

2.1 Possible Approximations

Many techniques are available to approximate intractable integrals of this kind.
Approximation methods are divided into deterministic approximations and
Monte-Carlo numerical methods. The most popular deterministic approaches
are variational methodsH Laplace’s method and Gaussian quadrature that con-
sist of analytical approximations of the integral. Refer to [4] for a review of these
methods.

Numerical methods relying on Markov-Chain Monte-Carlo sampling tech-
niques evaluate the integral numerically, thus approximating the true distribu-
tion. In our case, the numerical approximation by simple Monte-Carlo is straight-
forward since we simply need to sample from a Gaussian distribution Nx(u, X;).
For each sample x* from this distribution, p(y|D,x") is normal, with mean and
variance given by Eqs. (I):

T

PID.w 20) = 2 3 piDx) = £ SN ), 0%x) - (3)

t=1

The numerical approximation of p(y|D,u,X,) is then a mixture of T" Gaus-
sians with identical mixing proportions. As the number of samples T grows, the
approximate distribution will tend to the true distribution.

On Fig. Bl 100 predictive means with their corresponding uncertainties are
plotted, corresponding to 100 samples z! from p(z), centered at the noisy ob-
served input x (asterisks), with variance v, = 1. The ‘true’ test inputs are u = 2
(left) and u = 6 (right). The histograms of the samples at which predictions are
made are shown on Fig. [3l The circle and asterisk indicate the noise-free and
noisy inputs (u and z respectively). After having computed the loss associated
to each xtﬁ, we find that for which the loss is minimum (triangle), which is close
to the true value.

In the remaining of this document, we focus on an analytical approximation
which consists of computing only the first two moments, the mean and vari-
ance, of p(y|D,u, X;). As we will now see, approximate or exact moments are
computed, depending on the form of the covariance function.

2.2 Analytical Approximation

To distinguish from p(u) and o?(u), the mean and variance of the Gaussian
predictive distribution p(y|D,u) corresponding to a noise-free u, we denote by

4 Many references can be found at http://www.gatsby.ucl.ac.uk/vbayes/
5 We compute the squared error and the minus log-predictive density, see section Bl
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Fig. 2. Monte-Carlo approximation to the prediction at an observed noisy in-
put = (asterisk). Predictive means u(zt) (crosses) with 20 (x!) error-bars (dots),
computed for 100 samples x! from p(z), with mean x and variance v,. The true
input distribution is z ~ N (u,v,), for uw = 2 (left), u = 6 (right) and v, = 1.
The circle indicates the output corresponding to the noise-free input w.

m(u, X;) the mean and by v(u,X,) the variance of the non-Gaussian predic-
tive distribution p(y|D,u,X,), corresponding to x ~ Ny (u,X;). This can be
interpreted as a Gaussian approximation, such that

p(yD,u, X,) = N(m(uazw)vv(uazw)) .

This mean and variance are respectively given by

m(u, Xy) = /y {/p(le,X)p(Xlw Zx)dx} dy
w22 = [ { [ o0 0ntcdu, Zax b dy - w22

Using the law of iterated expectations and that of conditional variances,ﬁ we
directly have

e) = Ex[u(x)] (4)
2) = Bx[o?(x)] + Varx[u(x)] , (5)

6 Recall that E[X] = E[E[X|Y]] and Var[X] = E[Var[X|Y]] + Var[E[X|Y]].
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Fig. 3. Histogram of the samples ¢ from p(z) at which predictions were made,
when the true input (circle) is u = 2 (left) and u = 6 (right). Also plotted, the
observed noisy input (asterisk), taken as the mean of p(z), and the sample z!
that leads to the minimum loss (triangle).

where Vary[pu(x)] = Ex[u(x)?] — m(u, ;)% Replacing pu(x) and o?(x) by their
expressions (Egs. (1)), we finally have

N
m(u,X,;) = ZﬁiEx [C(x,x;)]
v(u, Bo) = BxlCx,2)] = 3 (K" = Bif) Bx[C %) C e, x;)] = m(w, £)?

Let
= [ Clxxopxix (™)
= [ Coxxpxiax ®)
L = / O(x, x:)0(x, %, )p(x)dx . 9)

How solvable integrals (@)- () are basically depends on the form of the covariance
function.

1. If the covariance function is e.g. linear, Gaussian, polynomial (or a mixture
of those), we can compute the integrals exactly and obtain the ezact mean
and variance. In section[4], we derive the ‘exact’ moments for the linear and
Gaussian covariance functions.

2. Otherwise, we can again approximate ([7)-(@) in a number of ways. Since we
are mostly interested in closed form approximate solutions, we evaluate the
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integrals within a Taylor approximation of the covariance function around
the mean u of x and obtain the ‘approximate’ mean and variance.

Note that this second case might be required, if the form of the covariance
function is definitely one for which one cannot solve the integrals exactly, or
simply preferable, if the integrals are tractable but at the cost of long and tedious
calculations (assuming one has access to software like Mathematica or Matlab’s
symbolic toolbox to compute the derivatives, the solutions obtained using the
proposed approximations provide a suitable performance/implementation trade-
off).

Figure ] summarizes the different possible approximations and highlights
the analytical one we take. We now turn to the evaluation of the mean and
variance in the case of a ‘general’ the covariance function, that is when further
approximations are needed to evaluate integrals ([@)-(d) analytically.

x given ———=> | p(yID,x) N -
umerica
_7
(yID,u,v) -
~ p(yID,u,v): < (A imati
x~Nuv) —> integrate p(ylD,x) over x \(\ppromma ions)

~
A Analytical

v

Compute mean and variance
of p(yID,u,v)

7\
4)epending

/// on C(.,.) \\\

Approximated Exact
moments moments

Fig. 4. Dealing with a noisy test input: With the GP model, the predictive
distribution of the output corresponding to a new test input x is readily obtained,
by conditioning on the training data D and on the new z. If z is noisy, such
that z ~ N (u,v), the new predictive distribution is now obtained by integrating
over the input distribution. Since p(y|D,z) is nonlinear in z, the integral is
analytically intractable. Although a numerical approximation of the integral is
possible, we concentrate on an analytical approximation. We suggest to compute
the mean and the variance of the new predictive distribution, which is done
exactly or approximately, depending on the parametric form of the covariance
function C(.,.).
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3  Gaussian Approzimation: Approximate Moments

We use the Delta method (also called Moment Approximation), which consists
of approximating the integrand by a Taylor polynomial. In the one-dimensional
case, the Delta method is as follows [8] O]: Let « be a random variable with
mean F,[z] = u and variance Var,[z] = v, and y = ¢(z). For sufficiently small
oz = /v, and well-behaved ¢ we can write

Buly] =~ o) + 5020" (0) (10)
Var,[y] ~ ¢/ (u)?v, (11)

where ¢’ and ¢” are the first and second derivatives of ¢ evaluated at u.

These results are simply obtained by considering the expansion of ¢(z) in
Taylor series about u, up to the second order:

1
y =) = ¢(u) + (@ — )¢/ (u) + 5 (@ —u)*¢"(w) + O(l(z —w)?]) .~ (12)
By taking the expectation on both sides, we directly find the approximation
([@). For the variance, we have Var[y] = E[y?] — E[y]? and the estimate given by
(1) corresponds to an approximation of the second order estimate: Neglecting
the term in v2 for both E[y?] and E[y]?, we have

Bly’] = ¢(u)? +v:6' (u)* + d(u)¢” (u)vs
By = ¢(u)® + d(u)¢” (u)vs

leading to (). This approximation is motivated by the fact that the Taylor
approximation is useful for small standard deviations (if o, is small, by Cheby-
chev’s inequality P(|z — u| > ko,) < 7z), such that = will depart only a little
from u except on rare occasions and therefore (x — u) will be small.

There are obviously conditions which ¢(x) should fulfill to make the Taylor
series possible (in the neighborhood of u) and to avoid anomalies of behavior
away from u. As in [8], we do not state such conditions and assume the covariance
function to be such that the expressions are valid.

3.1 Approximate Mean

Let m® (u,X',) be the approximate mean, such that
N
m (0, 2,) = > Bl
i=1

with I{? = Ex[CP(x,x;)] and where C?P(x,x;) corresponds to the second order
Taylor polynomial of C(x,x;) around the mean u of x,

CG;D(X,X’L_) = C(ua Xi) + (X - u)TC/(ua Xi) + %(X - u)TCN(uaXi)(X - ll) :
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We directly have
1
B = Olwxi) + 5 T(C (u, x:) 2o

so that the approximate mean is
WP (u, X,) Zﬁl Tr[C" (u, x;)X,] (13)

where p(u) = Zivzl B3:C(u,x;) is the noise-free predictive mean computed at u.

3.2 Approximate Variance
Similarly, the approximate variance is

N

VP (0, By) =17 = Y (Kt = BB — meP (u, B,)?

ij=1

with 197 = Ex[C?(x,x)] and [j} = Ex[C®(x,%;)C(x,x;)], where C°P(.,.) is
again the second order Taylor approximation of C(.,.). We have

1
1?7 = C(u,u) + QT‘r[C”(u, u)X,]
and
1
1;7 ~ C(u,x;)C(u,x;) + Tr[C'(u, %;)C'(u, xj)TZ'x]+§C(u, x;)Tr[C” (u, x;) 2]
1
—l—EC(u, x;)Tr[C" (u,x;) 2]

where the approximation comes from discarding terms of higher order than X',
in C*(x,x;)C(x,x%;), as discussed in the previous section. Similarly, approx-
imating m® (u, X,)? by

= 3 s (CluxaCtu ) + S nic )2

3,7=1

]. "
+5C(,%,) T [C (u,xnﬂz]) :

we find, after simplifications,
1 N
v (0, X,) =0 (u) + 5Tr[c“(u, W] - Y (Kt = BiB)Tr[C (u,x:)C' (u,x;) " 24
i,j=1

_ % 3 KN (C(u,xi) Tr[C (u, %)) 2] + C(u, x,)Tr[C” (u, x:) Za))

(14)
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where 02(u) = C(u,u) — Z?fj:l Ki;lC(u7 x;)C(u,x;) is the noise-free predic-
tive variance.

Note that these results might be more easily derived by approximating u(x)
and o2(x) directly in Eqs. (@) and (B)), as done in [57][] Applying (I0) to u(x),
we have E[u(x)] ~ p(u) + £ Tr[p” (u)X,], and replacing into (@) gives

P, 5,) = pw) + 5 Tl (w) 2]

Similarly, E[0?(x)] ~ o?(u) + %Tr[aQN(u)Z'x] and, using (II), Var|[u(x)] =~
Tr[p/(u)p' (0)T X,]. Replacing into (H) we obtain

"

0,30 = o)+ T | (5o )+ a0 ) 5.

Although, replacing the derivatives by their expressions, these results are obvi-
ously the same as those obtained when working with the covariance function,
working directly with u(x) and o2(x) lacks flexibility in that it is not clear that
exact moments can be computed.

Both approximate mean and variance are composed of the noise-free predic-
tive moments plus correction terms. Assuming X', is diagonal, these correction
terms consist of the sum of the derivatives of the covariance function in each
input dimension, weighted by the variance of the new test input in the same di-
rection. Figure B illustrates these results. On the x-axis, the asterisks indicate the
observed noisy inputs and the distribution they come from (p(z) = N, (u,v;), for
u=2,6,9.5 and v, = 1). The circles indicate the function output corresponding
to the noise-free u’s. The approximate means m® (u,v,) and associated uncer-
tainties, +21/0"" (u, v, ) are plotted as triangles and dotted lines. We can compare
them to the naive (noise-free) means p(u) with error-bars +20 (), which do not
account for the noise on the input.

4  Gaussian Approximation: Exact Moments

We are now going to show that in the special cases of the linear and the Gaussian
(squared exponential) covariance functions, we can evaluate integrals ([7))- (@)
exactly.

4.1 Case of the Linear Covariance Function

Let us write the linear covariance function as Cf(x;,x;) = x7 Lx; where L =
diag[as ... ap]. In the noise-free case, the prediction at u leads to a Gaussian
distribution with mean and variance

" In [5, [7], we only considered a first order approximation for the mean pu(x).
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/ . . . .
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N
u) = Z BiCr(u,x;)
i=1

N
o2 (u) = Cp(u,u) — Z KZ-;lCL(u7 x;)Cr(u,x;) .

4,j=1

(15)

When predicting at a noisy input, the predictive mean and variance are now
given by

meeE (v, X,) Zﬁzze“ (16)
N
v, By) = 10 = Y (K = B - m (w, B) (17)
i,j=1

so that we need to evaluate
1t = By [Cr(x,x)] = /XTLX./\/'x(u,Z’z)dx
15770 = Ex[CrL(x,%;)] = /XTLXiNx(u, Y,)dx
lfj“ = Fx|Cr(x,%;)CL(x,%x;)] = /XTinxTijNx(u, X )dx
Using the formula giving the expectation of a quadratic form under a GaussiarlJ

we directly obtain

8

/(x —m)"M  (x — m)Nx(u, ,)dx = (m —u)" M '(m — u) + Tr[M ' 2]
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Ze:CL

u’ Lu+ Tr[LE,] = Or(u,u) + Tr[LE,]
15 = ulLx; = Cp(u,x;)

Lt = uT(inijL)u + Tr[inxJTLZ‘x] =Cr(u,x;)Cr(x;5,u) + Tr[inijLZ’z] .

Therefore, the predictive mean is the same as the noise-free one, as we have

N
mer(u, X,) = ZﬁiCL(u, X;) - (18)
i=1
On the other hand, the variance becomes
N
v (0, 2y) = Cp(u,u) + T[LE,] - Y (K" = 3i8) Tr[Lxix] LE,])
i,j=1

. (19)
- Z KiglCL(u,xi)CL(xj,u)
i,j=1
after simplification of the 3;3; terms. Or, in terms of the noise-free variance,

N
v (0, 2,) = of (u) + Te[LE,] — > (K;;' = 8i8)Tr[Lx;x] LE,]) . (20)

ij=1

2
If we note that C/, (u, x;) = w = Lx; and C// (u,u) = %(uu%u) = 2L,
we can also write it as

1
v (0, By) = o, (u) + S Tr(CL(u, w)X,]

N (21)
= N (Gt = BB TH[Cl (%, %:) O (%, %) £a)) -

ij=1

As we would expect, the predictive mean and variance in the case of the linear
covariance function correspond to the approximate moments we would obtain
within a first order approximation of the covariance function.

4.2 Case of the Gaussian Covariance Function

The Gaussian (or squared exponential) covariance function became a popular
choice especially after Rasmussen demonstrated that a GP with such a covariance
function performed as well, if not better, than other models like neural networks
[10]. It is usually expressed as

1
O (xi, %) = vexp | =5 (xi — X)W (x; — x;) (22)

with W1 = diag[w; ... wp], where wy is a roughness parameter, inversely pro-
portional to the square of the correlation length in direction d (wq = 1/A3), which
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represents the length along which successive values are strongly correlated (with
a role similar to the Automatic Relevance Determination tool of Mackay and
Neal [11],[12]). The parameter v controls the overall vertical scale relative to the
zero mean of the process in the output space (the vertical amplitude of variation
of a typical function).

We now denote by pi(u) and oZ(u) the corresponding noise-free predictive
mean and variance,

N
pa(n) = BiCa(u,x;)

=1
N (23)
O—é(u) = CG(U, u) - Z Kigch(uaXi)CG(uan)
ij=1

where C(x,x) = v. In this case, the predictive mean and variance, obtained for
a prediction at x ~ Ny(u, X,), are given by

N
mee (u, 8,) = BiliTe (24)
=1
N
v (u, X,) = 1°°¢ — Z (Ki;1 — ﬂiﬂj)lffc — m&re (u,Z’x)Q . (25)
i,j=1

We directly have "¢ = Fx[Ca(x,%x)] = v = Cg(u,u), and we need to evaluate
1576 = Ex[Ca(x,%x;)] = c/]\fx(xi,VV)./\/'X(u7 X )dx
179 = Ex[Ca(x,%:)Ca(x,%x;)] = 02/]\fx()q,W)./\/'x(xj,W)J\/'x(u7 X )dx

where, for notational convenience, we write the Gaussian covariance function
adl Ca(xi,x;) = ¢Ny, (x5, W), with ¢ = (2r)P/2|W|/20. Using the product of
Gaussians formula, we find

I77¢ = cNu(x;, W + X,) . (26)

And for 7, using this product twice,

| X W
1556 = N, (x;, 2W) Ny <%2 + 7) . (27)

9 Note that N(.,.) is used to denote the parametric form of the function, it does not
correspond to a normal probability distribution N(.,.).

19 Recall that N (a, A)Nz(b, B) = 2Ny (d, D) with D = (A™'+B™1)"! d = D(A 'a+
B7'b) and z = N, (b, A+ B) = Ny(a, A+ B).
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Exact Predictive Mean Replacing ;"¢ in m®*¢(u, X, ), we have

N
Mo (u, Zy) = Y fieNa(xi, W+ Zy) (28)

i=1

and we can directly check that, as we would expect, m(u, X, = 0) = ug(u).

It is useful to write m®*c(u,X,) as a corrected version of pg(u). Using
the matrix inversion lemma, we have (W + X,)"! = W1 - W-}(W~! +
2. H7'WL, leading to

1776 = Ca(u, %) Ceorr (1, %;) (29)

with
1
Ceorr(u,x;) = [T+ Wle’ggrl/2 exp [5(11 - xi)TAfl(u —X;) (30)

where A~! = W L(W~1 4+ 51 ~1W~1, The predictive mean is then given by

N
mee (u,X;) = ZﬁiCG(lh X;)Ceorr (0, %;) - (31)

i=1

Compared to the noise-free pg(u), the covariances between the new noisy in-
put and the training inputs, formerly given by C¢(u,x;), are now weighted by
Ceorr(u,x;), thus accounting for the uncertainty associated to u.

Exact Predictive Variance Replacing fo ¢ by its expression, we have

N
7 (0, 52) = Calmw) = 3 (5" = 5.0,V (x5, 2W) N (242 5, + T )
ij=1

7mezc(u721)2
and again, we can show that for X, = 0, we have v°*¢ (u, X, = 0) = o2 (u) 1]

11 We have

N
056 (u, £, = 0) = C(u,u) — ¢ Z(K;—ﬁiﬁj>zvxi<xj,2w>zvu( P ¥

i,5=1

—m®C (u, X, = 0)?

Xi + Xj W>

with meo( S = 0F = EXN_ BN (x, 2W)Ne (),

2 2
to be compared to the noise-free predictive variance that we can write
oh(w) = Colwm) — N K N (x5, 2W)Nu (255, W), using

2 ’ 2
N (i, W) Na (x;, W) = N (x;, 2W) Ny (2552, %),

2 2
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As done for the predictive mean, we can find another form for v°*¢ (u, X,)
where the Gaussian covariance function appears weighted by a correction term.
It can be shown that we can write [;7¢ as

179 = Ca(u,%;)Cc (u, %) Ceorr, (0, X)
where X = xJQF—xJ and

—1/2

Ceorry (1, %) = | <E> B .41 exp B (u—x)"A" (u-x) (32)

with A= = (%) 7 (%) 4 21) ()7

In terms of 02 (u), we can then write

N
v (0, X,) = aé(u) + Z Kigng(u, xi)Ca(u,x;)(1 — Ceorry (1, X))

i,j=1

N
+ Z ﬂzﬁ] CG(“y Xi)CG(u7 Xj)(cco'rr2 (u7 )_() - CCO’I‘T(uy Xi)CCOTT(uy X])) 5
i,j=1

(33)

where we have used
mere (ua 21)2 - ij:l 61'6ch (ll, Xi)Ccorr(ua Xi)CG (ua Xj)ccorr (ll, Xj)'
Although we will not give the details of the calculations here, it can be
shown that these predictive mean and variance tend to the approximate mean
and variance presented in section Bl when X', tends to zero (so that we can
approximate e* by 1+ z). As Figure Bl for the approximate moments, Figure
shows the exact predictive mean and error-bars (triangles) obtained when
predicting at noisy inputs (asterisks).

Exact v Naive

0.5r

Fig. 6. As in Fig. Bl the triangles now
indicate the exact predictive means with
their error-bars, accounting for the un-

or : H
| \ \/ certainty on the noisy inputs (asterisks).
N(uﬁ;/\// A
™~

=

i x observed / ‘

-2 0 2 4 6 8 10
X
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5 Iterative k-step Ahead Prediction

Using the results derived in the previous sections, we now derive an algorithm
for propagating the uncertainty as we predict ahead in time the output of a
nonlinear dynamic system, represented by on one-step ahead non-linear auto-
regressive (NAR) model.

At this point, it might be useful to recall the different notations used, de-
pending on the situation, as done in Table[l It is important not to forget that
the predictive distribution corresponding to a noise-free u is Gaussian but it is
not when predicting at x ~ Nx(u, X',.). We only compute its mean and variance,
which is done exactly when the covariance function is e.g. Gaussian or linear, or
approximately, in the general case.

Table 1. Notation used, depending on the type of covariance function (left
column) and whether the prediction is at a noise-free or a noisy input. (‘Where’
in the document the corresponding equations can be found is indicated in small
fonts.)

|Covariance function”Prediction at u|Prediction at x ~ Nx(u, Zx)|

General p(u), o*(u) m(u,X;) Eq. @)
Egs. [@), at u vap(u,ZJz) Eq. (@)

Linear pr(u), o7 (u) mL(u,X,;) Eq. ([@8)
Egs. (D) verL (u, Zz) Eq. @)

Gaussian we (), () m¢ (u, ;) Eq. GD
Egs. 23 v&*@ (u, Zz) Eq. (33)

5.1 Background

Given a discrete one-dimensional time-series y1,...,y:, we wish to predict its
value at, say, time ¢t + k. Viewing the observed time-series as a projection of the
dynamics of the underlying system, which lie in a higher dimensional space [13],
we consider the following non-linear auto-regressive (NAR) model

[ (34)

whose order, L, corresponds to the dimension of the reconstructed space (number
of delayed outputs, called lag or embedding dimension). The state (or input) at
time ¢ is x; and y;4; is the corresponding output. Note that in practise, y;41 is
alone considered as noisy (y¢+1 = f(Xt) + €141). Here, we simply assume that
€:+1 is a white noise but colored noise models can also be considered, as in [14].

Using this one-step ahead model, the iterative k-step ahead prediction task
can be thought of as a missing or noisy data modelling proble since what

Yep1 = f(x¢) with  x¢ = [y, Ye—1,- - Yi—1

12 The missing variables can be seen as noisy variables for complete noise.
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we want is to predict yiix, when y44,—1 down to y; are missing, provided the
time-series is known up to time t. This problem has been the scope of much
research (see e.g. [15], [16]) but has not yet been addressed for the GP model. A
naive way of solving the iterative multiple-step ahead prediction task is simply
to substitute a single value to the missing value (say the value of the time-series
at another time-step, or a maximum likelihood estimate) but this approach has
been shown not to be optimal and to lead to biased predictions [17] [I5]. In
[18], long-term predictions are improved by eliminating the systematic errors
induced by each successive short term prediction, by considering a function of
the estimates.

Using our approximation for the prediction at a noisy input, we suggest to
incorporate the uncertainty about intermediate regressor values as we predict
ahead in time. This results in an update of the uncertainty on the current pre-
diction and therefore an improvement of each successive predictions.

5.2 Propagation of Uncertainty Algorithm

We assume that a zero-mean GP model was trained to minimize the one-step
ahead predictions of a time-series known up to time ¢. By propagating the uncer-
tainty as we predict ahead in time, we mean that for yiyr = f (Ye4k—1, - - - Yt+k—1L)s
we consider the delayed yiyk—1, ..., Yt+k—r as Gaussian random variables, with
mean m(.,.) and variance v(.,.), computed either approximately or exactly, de-
pending on the covariance function of the process.

Here is a sketch of how we proceed:

— Time t+1, X441 = [y, - - -, y¢—1]T: Since the state is formed on known values
of the time-series, we simply have ;11 ~ N (1u(X¢41,02(X¢41))-
— Time t + 2, X¢12 = [Yes 15 Yt - -5 Yer1-L]" ~ N (g2, Dii2) with
M(Xt-i-l) 0‘2 (Xt+1) 0 ...0
Upqg = : and Yo = .
Yt+1-L 0o ...... 0

Within our analytical approximation, we only compute the mean and vari-
ance of Y12 and consider yyo ~ N (m(uspe, Ziio), v(uira, Xit2)).

— Time t + 3, X483 = (Y42, Yet15- - Yey2—1)" ~ N(agy3, Ziq3) with
m(Tii2) v(zty2)  Covlyey2,ye41] O 0
w(@e41) Covlyes1,yera] o (zetr) 0 ... 0
Wi = Yt and X3 = 0 0 0 .0
Yt+2-L 0 e 0

Compute y;13 ~ N(m(ugys, Ziis), v(uiys, Ziys)).
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Repeating this procedure up to the desired horizon k, and assuming k > L,
at t + k’, we have Xt+k = [yt-i—k—l; Yt+k—2,- - ayt—i-k—L]T ~ N(ut+k,2t+k) and
compute Yk ~ N(m(uerr, Xitr), vk, Ziik)). The input mean is then given
by

Wik = [M(@ean—1), M(Tegn—2), -, m(@Tepn—r)]"

and the input covariance matrix is

V(Tr—1) Cov[yisn—1,Yitk—2] - COV[Yrqir—1,Yitk—1]
5 _ Cov[yisrk—2, Yitk—1] V(Toqr—2) . Cov[Yik—2, Yttk—L]
t+k —
COV[yt+k—L, yt+k—1] COV[yt+k—L, yt+k—2] cee U($t+k—L)

We now need to compute the cross-covariance terms: In general, at time ¢+,
we have the random input vector x¢y; = [Yr1-1,-- > Yeri—r]t ~ N(wig, Xepq).
The L x L covariance matrix X, has the delayed predictive variances on its
diagonal and the cross-covariance terms correspond to the covariances between
Yeqi—i and ypqq—j, for ¢, = 1...L with ¢ # j. Discarding the last (oldest)
element of x;4;, we need to compute Cov[ysyi—i, Yrri—;] = Coviysts, X¢41], that
is

Covlyssi, Xe+1) = ElyeriXert] — Elys1] E[Xe 1] (35)
where Ely:1i] = m(ueq, Xiq) and Exei] = ugy. For the expectation of the
product, we have

E[yt+lXt+l] ://yt+lXt+lp(yt+l,Xt+l)dyt+ldxt+l
= //yt+lXt+lp(yt+l|Xt+l)p(Xt+l)dyt+ldXt+l
and since [ Yo 1p(yeti|Xer1)dyerr = p(Xeqr), we can write
Elyi1xe+1] = /Xt+m(xt+l)p(xt+l)dxt+l -
Replacing pu(x:4;) by its expression, we have

Elysy1%¢41) Zﬁz/xt-i-lc X1, Xq)P(Xe1 ) dXp 4 - (36)

Depending on the form of C(.,.), we evaluate this integral exactly or approxi-
mately. Denoting x4 by x for notational convenience, let I; = [ xC(x,x;)p(x)dx
be the integral we wish to solve.

Gaussian Case In the case of the Gaussian covariance function, we have

m(.,.) =m*e(.,.) and v(.,.) = v*¥4(.,.), as given by Eqs. (3I)) and (33).
Using a similar notation as in section .2, we need to solve

I7°¢ = c/xNx(xi,W)p(x)dx
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where C(x,%;) = cNx(x;, W), with ¢ = (2m)P/2[W|'/20. As before, using the
product of Gaussians, we find

IF°6 = cNyu(x;, W4+ Z) [T+ WE, D)% + 1T+ 2, W 1)1y

where ¢Ny(x;, W+ X.) = C(u,%;)Ceorr(0,%;), with Ceopr(u, x;) given by (B0).
We can then write

Elyesixeri] =) BiC (i1, %:) Ceorr (e, xi) [T+ WELL) T eI+ et W) " haeg]

7

After simplifications, the cross-covariance terms are given by

Cov[ys i1, Xe4i1] = Z BiC (e q1, %) Ceorr (W1, %) (T + WZ';:;)_IXi . (37)

7

General Case When the covariance function is such that approximations are
needed, the predictive mean and variance corresponding to a noisy input are

given by m(.,.) = m(.,.), using Eq. (I3) and v(.,.) = v®?(.,.), using (Id).
For the computation of the cross-covariances, we resort to a second order
Taylor approximation of the covariance function, as in sectionB. We then havd™

1
IP? ~ u'C(u,x;) + C'(u,x;) ' 2, + §uTTr[Z‘l.C”(u,xi)] :

After simplifications, we obtain the following expression for the cross-covariance
terms

Covlyeri, xer] = BiC (1, %) o (38)

6 Numerical Examples

For clarity, we will denote the different approaches as follows:

— MC, for the Monte-Carlo approximation to the true predictive distribution
corresponding to a noisy input;

— A, for the Gaussian approximation that computes only the mean and vari-
ance of this distribution, and specifically A4, when these moments are com-
puted using the Taylor approximation, and A.; when they are computed
exactly;

13 This result was obtained by extending the one-dimensional case to L-dimensions. In
1D, we have

I'" ~ /m (C’(u, z;) + (z — w)C' (u, x;) + %(m — u)QC’”(u,xi)) p(z)dz
~ uC(u, ;) + UJCC’/(u7 Ti) + %uv,cC’”(u, x;)

where we have used [ z’p(z)dz = v, +u® and [ z°p(z)dz = 3uv, + u®.
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— N, for the naive predictive mean and variances that do not account for the
noise on the input.

We assess the performance of the different methods by computing the av-
erage squared error (Fj), over the test set, and average minus log predictive
density (Es), which measures the density of the actual true test output under
the Gaussian predictive distribution and use its negative log as a measure of
loss. To assess the performance of the Monte-Carlo approximation, we compute
the squared error and minus log-likelihood loss for the predictions given by each
sample and average over the number of samples. We also compute the average
predictive mean (sample mean) and average predictive variance (sample vari-
ance) and compute the associated losses.

6.1 A Simple Comparison on a Static Example

On the static example previously used, we compare the different approaches for
the prediction at a noisy input, when the true noise-free input is 2 (left) and 6
(right) and the input noise variance is 1. Figure [l shows the predictive distri-
bution given by MC' (continuous), N (dashed), A,, (dots) and A, (asterisks).
Note how the naive approach leads to a narrow distribution (), peaked around
its mean value, since it does not account for the uncertainty on the input. The
Monte-Carlo approximation to the true distribution highlights how the true dis-
tribution is non-Gaussian.

Prediction at x= 2.4

Prediction at x= 6.9

Fig. 7. Predictive distributions (on the y-axis) obtained when predicting at a
noisy input: M C' is the numerical approximation by simple Monte-Carlo, A,
and A, correspond to the Gaussian approrimation with moments computed
exactly and approximately. N is the naive predictive distribution that does not
account for the noise on the input.

For both the prediction at « = 2.4 (left) and = 6.9 (right), Figure [§ shows
the histogram of the losses (squared error E; on the left and minus log predic-
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tive density Eo on the right) computed for each of the 100 samples given by
the Monte-Carlo approximation. The minus-log predictive density loss is a very
useful quantitative measure to assess the ‘goodness’ or quality of an approach
as, unlike the squared error loss, it also accounts for the variance (or uncer-
tainty) attached to the mean predictions. Table [2] summarizes the average losses
obtained for each method (average over three test points). In this table, the
losses reported for M C' correspond to those obtained using the average sample
mean and variance (average over 100 samples). We can also compute the losses
associated to each sample and average those. We then obtain F; = 0.42 and
E5 = 25.09.

For x=2.4 For x=6.9
45 90 18 45
40 80 16 E E
35 E, 70 E, 14
2 30 8 60 12
a g "
E 25 g 50 210
o ® g
5 20 S 40 I
++ #* 2
o
15 30 o
10 20
5 10
0 0
0 02 04 0 200 400 0 002 004 50 100

Fig. 8. Squared error (E;) and minus log-likelihood (E3) computed for 100 sam-
ples of the Monte-Carlo approximation (for the observed noisy « = 2.4, left and
x = 6.9, right).

Table 2. Average squared error F; and minus log-predictive density Ey over
three test points obtained for the different approaches.

|Loss|| N | Aap | Aca |MC’|

£y 1|0.009]0.004 | 0.005 |0.004
E> ||7.685|—0.53|—0.635|—0.58

From this simple static example, for which the input noise variance is assumed
to be known, we can conclude that our Gaussian approrimation leads to results
comparable to those obtained by simple Monte-Carlo, which approximates the
true distribution.



Gaussian Processes: Prediction at a Noisy Input 179

6.2 Dynamic Case

The Mackey-Glass chaotic time-series constitutes a well-known challenging bench-
mark for the multiple-step ahead prediction task, due to its strong non-linearity
[19]. We consider d%—(tt) = —by(t) +a%, with a =0.2,b=0.1 and 7 = 17.
The series is re-sampled with period 1 and normalized. We then assume the
following NAR model y:+1 = f(yt,Yt—1,.-.,Yt—1), where L = 16 and we cor-
rupt the output y;1 by a white noise with variance 0.001. Having formed the
input/output pairs, we train a zero-mean Gaussian Process with a Gaussian co-
variance function™] on 100 points (taken at random). We first validate the model
on one-step ahead predictions: We obtain F; = 4.41 10™%, Ey = —2.16 where
the average is taken over Ny = 1000 test points. After performing a simulation
of the test set (i.e. N¢-steps ahead prediction, where NV, is the length of the test
set), we decide to make k& = 100 steps ahead predictions (which corresponds to
the horizon up to which predictions are ‘reasonably good’).

This example is intended to illustrate the propagation of uncertainty algo-
rithm, described in section 521 We assess the quality of the predictions obtained
using the approximate moments, given by the Gaussian approximation, by com-
paring them to the exact ones. We also compare the ‘exact predictions’ to those
given by the naive approach, that feeds back only the predictive means as we
predict ahead in time. Let ¢ be the time up to which the time-series is known.
Fig. [@ (top plots) shows the mean predictions (left) with their associated uncer-
tainties (right) from ¢ + 1 to ¢ + 100. The crosses indicate the exact moments
given by the Gaussian approzimation (Aez ), the circles indicate the approximate
moments (A,p) and the dots the naive moments (V) that ignore the uncertainty
induced by each successive prediction. We can see that up to around 60 steps
ahead, the predictive means given by the different approaches are very similar.
The uncertainty bars given by naive approach are very tight and the model is
overly confident about its mean predictions. On the other hand, both the exact
and approximate error-bars reflect well the fact that, as we predict ahead in
time, less information is available and the estimates (predictive means) become
more and more uncertain. On Fig. @ the bottom left figure shows the 100-step
ahead predictive means with their uncertainty. The upper plot shows the predic-
tive means given by the naive approach, with their 20 error-bars which are so
tight that one cannot distinguish them from the means. The middle and bottom
plots show respectively the approximate and exact 100-step ahead means where
the shaded area corresponds to the uncertainty interval. On the right, we can see
the evolution of the average squared error (left) and minus log-predictive density
(right, on a log-scale), as the number of steps increases from one to 100. In this
case, both losses clearly indicate that as the number of steps increases, the naive
approach leads to poor predictions. These plots also show that, although not as
good as A.z, the predictions given by the approximate moments A,, are quite
encouraging.

4 The covariance function is that given by Eq. ([B2) with v = 1.
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Predictive means from 1 to k= 100 Error-bars from 1 to k= 100

-3 20 40 60 80 100

100-step ahead predictions A
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Fig. 9. Top plots: Iterative method in action on the Mackey-Glass time-series.
Mean predictions (left) and uncertainty error bars (right) from 1 to 100 steps
ahead, given by the exact moments A, (crosses), the approximate ones Ag),
(circles) and the naive ones (dots). Bottom plots: 100-step ahead prediction of
a portion of the time-series (left). From top to bottom: naive, approximate and
exact means with the uncertainty region shaded. Right: Evolution of the average
losses as the number of steps ahead increases from one to 100 (E; is the average
squared error and Fs the minus log-predictive density, on a log-scale)

We now turn to comparing the Gaussian approzimation (exact moments) to
the approximation of the true distribution by Monte-Carlo (M C'). The Monte-
Carlo approximation for the 100-step ahead prediction is done as follows: At t+1,
compute p(yt+1|D, Xt+1) = N(M(Xt+1)7 0'2(Xt+1)) where Xt+1 = [yt; Yt—15---y
Yi—16]. At t+2, draw a sample y7, | from p(y;41|D,x¢41), form the state x4 =
(Y1, Yts -+ Ye—15] and compute p(ye12|D, Xe12) = N (1u(Xt12), 02 (X1 42)). So o,
up to t 4+ 100. Then, go back to ¢t + 1 and repeat the whole process. We repeat
this S = 1000 times (s = 1...5), so that we finally obtain 1000 samples for
each time-step. Finally, we do so for 100 different ‘starting times ¢’ (i.e. 100 test



Gaussian Processes: Prediction at a Noisy Input 181

inputs), resulting in a 100 x S x k matrix of predictive means and variances,
where S is the number of samples and & is the prediction horizon (k = 100). Fig.
[[0] shows the predictive uncertainties from ¢t + 1 to ¢ + 100.

Predictive distributions at k steps ahead
Predictions from t+1 to t+100 10 ‘

% AT 0 T 2
Fig. 10. Left: 1000 predictive error-bars from the Monte-Carlo approximation,
from t + 1 to t + k, where k& = 100 steps ahead. Also plotted, the predictive
uncertainties given by the exact method A, (continuous lines). At ¢ + k, for
k = 10,60, 100, we plot the corresponding predictive distribution(right plot), as
it is approximated numerically by Monte-Carlo (dotted line) and analytically,
by the Gaussian with exact moments (continuous).

This experiment clearly validates our analytical approximation of the true
predictive distribution as we can see that the error bars given by the exact
moments encompass those of the samples from the Monte-Carlo approximation.
It is interesting noting how the approximation to the true distribution is long-
tailed at 100 step-ahead.

Table [B] reports the average losses computed for the different approaches.
(Note that since the Monte-Carlo approach uses only 100 test points, all losses
are averaged over 100 points only.) The reported losses for MC correspond
to the those computed using the average sample mean and variance. We can
also compute the losses given by each single prediction and average them. We
then obtain F; = 0.72 and Es; = 340.27. These results for the Monte-Carlo
approximation might look surprising but one should keep in mind that estimating
the quality of this approximation with these losses is not really representative
(since the distribution is not normal).

7 Conclusions

We have presented an original solution to the problem of iterative multiple-step
ahead prediction of nonlinear dynamic systems within a NAR representation.
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Table 3. Average (over 100 test points) squared error (F;) and minus log pre-
dictive density (E2) for the k = 100 step ahead predictions.

[ [ N [Aw[Au]MC]
E;] 0.52 ]0.75[0.35] 0.38
F[243.46]1.55[0.94]172.51

We do so by first showing how predicting at an uncertain or noisy input can
be done within an analytical approximation of the predictive distribution of
the Gaussian Process model (note that this approach is valid for other kernel-
based models like the Relevance Vector Machines, see [20]). In experiments on
simulated dynamic systems, we show that this analytical approach 1, performs
as well as a numerical Monte-Carlo approximation of the true distribution and 2,
propagating the uncertainty as we predict ahead in time improves the multiple-
step ahead prediction task, achieving more realistic prediction variances than
a method that uses only output estimates and thus ignores the uncertainty on
current state.

In the derivation of the mean and variance of the predictive distribution,
we show how exact or approximate moments are obtained, depending on the
form of the covariance function. In the case of the Gaussian covariance function,
for which exact moments are available, a numerical example proves that the
approximate moments, computed using the Gaussian covariance function, lead
to almost similar results as those obtained using the exact moments, which is
encouraging for using the approximation.

Explicitly using the predictive variance has been recently successfully used
in a control context [2I] and also the propagation of uncertainty methodology,
in a model predictive control framework where knowledge of the accuracy of the
model predictions over the whole prediction horizon is required (see [22]).

In this chapter, we do not address the problem of learning in the presence
of noisy inputs (we have assumed that the training inputs were noise-free). This
is the subject of ongoing research. We suggest an approximation similar to that
presented here: Assuming the input noise is white, the new non-Gaussian pro-
cess can be approximated by a GP. We then derive its covariance function that
accounts for the input noise variance, which is then learnt as an extra parameter.
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