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1. BACKGROUND

The DACE (cite) stochastic process model uses a correlation function
with unknown values for its parameters for the Multivariate Gaussian. Using
maximum likelihood estimates for the correlation parameters in the corre-
lation function, the DACE model has been shown to provide a robust and
flexible fit for high-dimensional data (cite). This does not seem to be the
case with Bayesian estimates for the correlation parameters, which result
in a significant increase in error for cross-validated prediction of a response
variable. In an attempt to survey the Bayesian estimate and the reasons for
its misgivings, we obtain the first and second derivatives of the log-likelihood
with respect to the k correlation parameters 6;,j € {1,...,k}. The Hessian
matrix (Second derivative) will allow us to obtain the information, which
will give us an approximation of the variance of these parameters.

2. MULTIVARIATE GAUSSIAN
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R in the above distribution is the correlation matrix, for which the entries

are defined, for example by the power-exponential correlation, for which p;
is known, and with p; = 2 it becomes the gaussian correlation:

k
R(x,2') = H exp[—0;]x; — o [PT]
j—1
There are n data points x, where each x is a k-dimensional data point,

and there exists a ¢; for each dimension of the data. Therefore, every 0;
coefficient is used to determine every entry of the correlation matrix R. The
derivative of the correlation matrix at a particular point can be determined
with respect to a particular 6; as such:
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3. MAXIMUM LIKELIHOOD ESTIMATES

The maximum likelihood estimates for the regression parameters B and
the variance o2 are as follows:

(1) B=(F'R'F)"'FTR Yy

@) 5 _ (y-BF)YR"'(y - BF)

n

4. LoG LIKELIHOOD

The log likelihood, when evaluated with the maximum likelihood esti-
mates for the regression parameters and the variance, is the following:

n. % 1
(3) 5 In(o?) — B In|R| + const
To take the derivative of this log-likelihood with respect to the ¢; pa-
rameters, we must consider how o2 is a function of the correlation matrix
R. This results in the following expression for o2:

(4) ;.5 _ yTRfly _ yTRle(FTRle)—lFTRfly

n

5. FIRST DERIVATIVE OF LOG LIKELIHOOD WITH RESPECT TO 0;

PARAMETERS
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The expression in (5) was evaluited using the fact that % In|A| =Tr[A7} %].

The problem lies in evaluating g%:: Using product-rule and chain-rule and
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where R™T is equal to R™! since R is a symmetric Matrix.

We can then substitute in B = (FTR'F)~'FTR~'y, so that our expres-
sion becomes the following:

OR

T —1 -1

-y R Ry
90,

OR ~
+2y"R'—R7'FB
90,
—ﬁTFTR_l%R_lFﬁ

J
The above sum is rearranged as the following;:

(6) n@__(y_FB) R %R (y — FB)

6. COMPUTING THE FIRST DERIVATIVE

We decompose the correlation matrix R into an upper triangular matrix
multiplied by its transpose, and this allows us to solve for a new vector, g,
and a new matrix F.

(7) R=UU R '=U1tw"T
(8) UTy=g..U0"j=y
(9) UTF=F U'F=F

The new B expression is as follows:

B = (FTF)"'FTy
We then apply a QR decomposition to F. We will use the notation "T’

instead of 'R’ to avoid ambiguity. The QR decomposition we use will result
in a square T and rectangular Q, where Q7Q = I, but QQ* # I.

(10) F=QT
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This greatly simplifies our B expression due to the T’s canceling out:

(11) B = (T Qi) '1lQty = 17'QTg

When we take the Cholesky decomposition of the R ! matrices and the
QR decomposition of the F' matrices in the derivative expression in (6), we
obtain the following:

(12) —(y - Q1B )TU_TgTRU (5 — W TiB)

Plugging in our expression for B (11) to our derivative expression (12)
results in the following simplification:

(13) —(§ - QT U~ Tg? L5 —1QT9)
J

The next step is to back-solve for the U = U™ (§ — Q1Q%§) vector.

~~0R ~
14 r=—=
(14) U 20,

Finally we can compute our full derivative,

d n. o~ 1 1 OR ~ 1
15) — |—=In(62)— ~In|R|| = ——UT=—=0U - =T R~
(15) ao; | 2 n(0%) - 3 R o5 00, 2 racel

LR,
00,

The results of this first derivative calculation correspond to finite differ-
ence approximations of the derivative, as shown in the figures below:
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FIGURE 1. Derivative at various theta
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7. SECOND DERIVATIVE OF THE LOG LIKELIHOOD

To obtain the Hessian of the log-likelihood with respect to the k 6 pa-
rameters, we differentiate with respect to all possible pairs of # parameters.
The Hessian matrix H(k, k) is a symmetrical matrix that contains at each
point H (i, j) the resulting second derivative with respect to each pair ; and
0;, where i, j € {0, ...,k}. From the first derivative of the log-likelihood (5)
we derive the following expression for our second derivative with respect to
9]' and 91

(16) 0°LogLikelihood _
06,;00;
n o 052052, n 0% 1 O°R OR_ ,0R
. . (=== )—=T R! ~-R! R !1—
G2 a0, a9, %52 0,00, 27" R 56,00, 06; = 00,

The first derivative terms and the 2 term are given (6),(4). The terms
inside the Trace function can be solved for using forward and backwards
substitution, this will be done in the next section. This leaves one last term,
the second derivative of 32 with respect to ; and 0;. Using the product rule

. 8232
five times on (6) we express " 59, 907 below.

9252
(17 " 90,00,

9 A7 p-19R 5
Q[aei(y FB) ]R aejR (y— FB)
- OR__,OR -

_ Tp-19hv, o
+2(y— FB)'R 80iR a(9]41:{ (y — FB)

~ 2 ~

—(y- FBYR-2 2 Rj-1(,— FB)

06,00,

~ Where the vector 8%1(3/ —F B\) is expressed below, using the definition of
Bin (1).

R
(18) ~F(FTR'F)'FTR! gez RIF(FIRI'F)IFTR™ Yy
R
+F(FTR1F)1FTR1€(;HR1y

Since

B=(F'R'F)"'FTR Yy
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We can factor the derivative (18) into the following form:

(y — FE)TR‘I%R‘lF(FTR‘lF)_lFT
therefore,
626.\2
1 pu—
(19) " 90,00,

—2(y — FE)TRAafRRle(FTRle)*lFTR*(LRRfl(y — FB)

06; 06,
~ OR OR ~
. Tp—1 -1 —10,
+2(y — FB)'R 70 B %jR (y — FB)
~ ’R ~
L Tp—1 —1/,
(y—FB)'R 39j80iR (y — FB)

We find that we can further factor this overall expression into the follow-
ing:

8252
(20) " 90,00,

ANTo—1 |,OR o _10R OR_ 4 Tr—1m—1p0Tn—10R O’R -1 5
(y—FB)'R [23913 o0, ~Zgp, R PR TR aej(%h}R (y—FB)
_ S\ —1 aj -1 Ty —17\—1 T —183 O’R -1 =~
— (y— FB)'R [%@-R (- PR TR 5 wjanR (y — FB)

It is evident that the above expressions are symmetrical in terms of inter-
changing 0; with 0;, therefore satisfying this property of a second derivative.

8. COMPUTING THE SECOND DERIVATIVE

The vector (y — F §) above can be computed using the expression for B
in (11):

(21) (y— FT7'Q"y)

To compute the second derivative of the variance, we decompose the
inverse of the correlation matrix using a Cholesky decomposition,

Rfl _ U*lUfT
then forward-solve 3
F=UTF
F undergoes a QR-decomposition
F= Qn,m)Tim,m)
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we now rewrite our expression for the second derivative of the variance with
respect to §; and ¢; as such:

8252
22 n =
(22) 00,00,
1T Tyr—17—T |sOR 5 -1 0R OoR 4 7,17 OR R B — —1 AT ~
(y—FT'Q"p)"U U {289iR 7, — 25, UT'QQ"U 30, _6ejaei}U U T (y—FT7'Q"5)
AT NTyr—177-T |oOR 1 T _rOR O’R [ — —1 AT ~
(y-FT'Q"9) U™V {28910 [1-qe"u 5; 80]%}!] U (y-FT'Q"y)

The latter of the above expressions contains terms already evaluated for the
first derivative, with the exception of %.

Below we show how contour plots of the second derivative at various theta
for a two-dimensional system correspond to finite-difference-approximations
of the same second derivatives.
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Second Derivative with respect to theta_2
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9. BAYESIAN CASE

When a bayesian posterior is determined for the theta parameters, our
derivative calculation changes. It can be shown that the posterior distribu-
tion is a t-distribution with n-k degrees of freedom (where k is the number
of regression parameters). Consequently the variance becomes the following:

yTRfly o yTRle(FTRle)—lFTRfly
n—=k
The logarithm of the posterior for 6 is then differentiated.

(23) o? =

7(0)
(62) (=P /2det!/2(R)det'/2(FTRLF)

(24) p(0ly)

n—=k

(25) In(p(0ly)) = in(x(9)) — —;

~ 1 1 _
In(c?) — 5 (R —Sin |FTR™'F|

The derivative with respect to 6 is therefore:

Aln(p(0ly)) _
06
1 877(9)_”—/7{“2“83”_1 1 0R, 1 -1 -1 pTR-19Ro 1
@) a0 QEEU 89U 2Tmce[R 80] 2Tmce[(FR F)"'F'R 89R F]

This solution depends on the choice of prior, 7(0).

10. FAST BAYESIAN INFERENCE CASE

The Fast Bayesian Inference Algorithm requires a Laplace approximation
of the likelihood where 6 is transformed logarithmically such that 7 = In(6).
The formula for the variance remains unchanged, with Ry now being R.;.
The derivative is now taken with respect to 7 rather than 6.

(26) 5 _ "Ry —y'R; PR F) T FTR: Yy
n—k

The posterior distribution is logarithmically transformed and then differ-
entiated with respect to 7.

m(7)

(62)("=F)/2det' /2R, )det /2(FTR; ' F)

(27) p(Tly) o

n—=k
2

28)  In(p(rly)) = In(x(r) — “=FinE2) - %m R.|— %ln IFTR;'F|
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The algorithm uses a Jeffrey’s prior of 7(0) ijzl 1/6;, resulting in
(1) o< 1. The derivative is therefore:

Oln(p(rly))
29 =
(29) or
n—k-p0R, ~ 1 _LOR,, 1 e AR
—— r—=T R =T F'R'F)"F'R;, —R_'F
s U: 87_U 5 race[R; o ]+2 race[( ~F) - 5 Re ]

To compute the (FTR-'F)"1FTR ! %—I}RT_IF term, we must decompose
R ! using the Cholesky decomposition (7) and solve for F' (9), and then
proceed to take the QR decomposition as in (10).

(FTR;lF)_lFTRT_la—R P
or

_ (FTF)‘lﬁTU‘T%—RU‘lﬁ
T

R -
=T'QTU T ZU'F
@ or

The above expression can be solved for using backwards and forwards
substitution due to that T and U are both upper triangular matrices.

Finally, we note that the derivative of our correlation matrix R with
respect to 7 = In(0) is the following:

dR(z,z")

(30) G = T~ i R(x.2') = i — o PRz, ')
dR2(x’x/) Tj ! |Pj oTi !|Pi / ! |Pj !|Pi /
drdr; ¢ Maj—ajlPremei—zi" Rz, 1) = Ojlaj—a; [P bilzi ;[ R(z, 2')
dR?(z, ' _ _ , .
d(TQ’ ) = —€"i|z; — 2 [PiR(z, 2') + €27 |z; — 2| PR (z, o)

(2
= e"iz; — 2}|PR(z, o) [67i|$i — xiPi — 1]

= 0;|z; — $ﬂpiR(x,x/) [91’% — x“l’z _ 1]
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11. SECOND DERIVATIVE IN THE FBI CASE

The second derivative in the FBI case is similar to the expression for
the Maximum Likelihood second derivative of the log-likelihood, with the
exception of there being an additional term as well as different degrees of
freedom.

&*in(p(rly)) _
(31) T omon
(2(82)2. 87-2- laTj B 2(/7\2 .aTjaTi)_iTrace[RT 87’j87’i _RT 873 RT 87']' ]

aT] [1Tmce[(FTR_1F) 'FTR, o R;IF]}

Since the trace function is a linear operator, this additional term can be
expressed as such,

0
873

1 0
mece[ [(FTRT_lF)_lFTR;
oT;

e

87‘ 7

LR,
oT;

[ Trace(FIR'F)'FTR; R;lF]] =
R;lF]]

Where
0

373

LOR,
87' 3

[(FTR‘IF) LFTR- R;lF] =

OR,
oT;

OR,
oT;

(FIRIAF) ' FTRII R F(FIRIF) I FTR VIR LF
OR. OR.

TRfl T
aTj T 87’1'
OR OR.

TRf]_ T
87" T aTj
O’R,
or07;

—(FTR'F)"1FTR ! R 'F

+(FTR'F) ' FTR ! R 'F

+(FIRIF) I FITR—CRF

Tr—1pn—1 T R 4 Try—1 1T -1 R, 8R 1 0R,  OR,_ 1 0R.  O°R.
(F R-F)F R, oT; "R F(FRF)TFR; or; 87'7, “R; 7; r; R- or; + OT;07;
It is useful to note that

(8RTR_18RT) OR;, R 10R~
or, T 07y oT;j or;

R'F
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12. COMPUTING THE SECOND DERIVATIVE IN THE FBI CASE

Recall the expression for the second derivative of the posterior in (31).
The evaluation of the first three terms in the expression is almost identical
to that of the maximum likelihood case, with the exception that we now
divide by n — k degrees of freedom. The derivative of the correlation matrix
R is indicated in (30). Finally, the fourth term is decomposed below so as
to avoid taking the inverse directly.

(32)
177 |ORr 4 ;-7 ORr -
T Q v 8’7‘]’ v QQ v (97'7; + (97'7; RT 87']' 8’7‘]’ T 8’7‘1' +8T¢8Tj

Recall that we must take half the trace of the above term and add it to
our overall second derivative formula.

2
OR: p10R:  OR,p 10R. | OR. ] 1

: : R p—-19R, R p—-190R,
It has been observed in practice that the terms o7 R’ or. and O R’ o

will cancel each other out. However we have not yet been able to prove that
these two terms are equal in all cases.

Below we show how contour plots of the second derivative at vari-
ous 7 values for a two-dimensional system correspond to finite-difference-
approximations of the same second derivatives.
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Second Derivative with respect to tau_2

f.d approximation

o ——
-

tau2

-80 -70 -6.0

-9.0

2nd derivative

Mixed Partial Second Derivative
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