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1 Introduction

A Jacot et al [11] introduced a function ©(z,z’) that converges to the neural tanget kernel (NTK). Here,
x,x’ are data vectors. In order to construct this function, we need to evalute the expectations

Euv)~n (0,00 [0 (u)o(v)] (1)
By v)~n(0,a00) [0 (w) (V)] (2)

Here o is an activator function of the neural network and A is a 2 x 2 covariance matrix inductively
defined. See, e.g., [1, (7)]. Each of these expectations is called a dual activation of ¢ and its derivative &
respectively. Note that these expectations can be expressed as definite integrals with parameters.

Attempts have been made to calculate these expectations for various activator functions, and closed forms
have been found for many activator functions. Han et al [8] gives several new closed forms as well as a survey
on the works on closed forms.

A system of linear partial differential equations of n variables is called a holonomic system when the
dimension of its characteristic variety (the variety defined by the ideal generated by principal symbols) is
n. A distribution is called a holonomic distribution if it is a solution of a holonomic system. In this paper,
we note that when the activator function is a holonomic distribution, these expectations satisfy holonomic
systems of linear partial differential equations and further show that these holonomic systems can be derived
automatically by computer algebraic algorithms. We give the following new results based on this fact.

1. We give a method to evaluate these expectations using a numerical method for solving linear ordinary
differential equations. This will provides a general method to calculate ©® when a new holonomic
activator distribution is proposed.

2. When the activator distribution is a polynomial times a Heaviside function, this expectation can be
expressed as a closed form in terms of the Gauss hypergeometric function.

3. Han et al [8] gives a general expression of the dual activation for a polynomial activator function.
Smooth activators have Hermite polynomial expansions. They utilize this fact to give an approximate
dual activation. We present a computer algebra method, which is well-known among computer algebra
experts, to derive Hermite expansions.

The method of deriving a holonomic system and numerically evaluating definite integrals with parameters
by its numerical analysis is called the holonomic gradient method (HGM) and has been applied to a variety
of problems [26]. We refer to the book [9, chap 6] and papers [20], [21] as introductory documents. Although
methods proposed in this paper falls into the HGM, our methods are specialized for the evaluation of (1)
and (2) to make it more efficient, which is done by some improvements of numerical solvers for the HGM,
by utilizing the result by Koyama and Takmura [12], and by restriction algorithms in computer algebra to
derive holonomic systems of these expectations.

Related works: refer to [8] on a comprehensive survey on dual activation.



2 Computation of ©

Jacot et al [11, Th 1] introduced a function © that approximates the neural tangent kernel. Arora et al [1,
Th 3] gave a precise error analysis of the approximation. Following these papers, we briefly summarize the
procedure to construct the function ©.

Let f(z,0) be a neural network whose input is « and parameter vector is 6. The neural tangent kernel
(NTK) is a kernel function defined by

where W is the gradient vector and ( , ) is the standard inner product.

The neural network f is a composition of linear functions and activator functions defined as follows.
Let 2 € R? be an input and put ¢(© () = z, dy = d. Our fully connected neural network of L layers is
inductively defined as follows

fO () =wh . o= c Rdn W) — 1/;—00 (f(h)(a:)) eR™ h=1,2,...,L
h

Here, W) € Rén*dn-1 s a weight matrix of the h-th layer, o is an activator function, ¢, = (E.n(0,1)[s(2)2])
is the inverse of the expectation of 02 under the normal distribution with the mean 0 and the covariance 1.
o((y1,---,ya,)T) means (o(y1),...,0(ya,))"). The output of the last layer is defined as

flx,0) = f(L+1)(x) — W+ _g(L)(l,)7 WL+l ¢ glxdr

Let us introduce the function ©. We inductively define covariance matrices A (z,2') as follows.

2O (g, 2") = 2T/, (4)
YDz, z) t-D(g o
A(h)($v$/) = (E(h_l)((x/ .%')) Z(h_l)((x/ x))) (5)

(v)] (6)
(v)] (7)

) approximating the neural tangent

S (@,2") = o By p)n 0.4 [0 (1)
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Here, o is the derivative of the activator function o. The function ©(x,
kernel is defined as

g
Z(h)(ﬂf, ') = CUE(u,v)~N(O,A(’1> o

L+1 L+1
O(z,2") =0 (z,2') = Y (E(hl)(m,z’) 11 z(x,x’)> (8)
h=1 h'=h
Here, we put 2540 (2, 2/) = 1.
Assume that all elements of parameter 6 are independent and identically distributed as N(0,1). When
the width of the neural network is infinite dy,ds, ..., dr — oo, the following theorems hold.

Theorem 1. [1, Th3.1] Fize > 0 andé € (0,1). Suppose o(z) = max(0, z) and minye[z) dp > Q(i—f log(L/6)).
Then for any inputs x, 2’ € RY such that ||z|| < 1,||2'|| < 1, with probability at least 1 — § we have

Of(x,0) Of(«',0) (L) ,
— <
’< 50 50 O (z,2")| < (L+1)e (9)
Theorem 2. [1, Th 3.2] Suppose o(z) = max(0,z), 1/k = poly(1/e,log(n/d)) and dy =dy =---=dp =m

with m > poly(1/k, L, 1/Xo,n,log(1/8)). Then for any x4 € R with ||z4|| = 1 with probability at least 1 — &
over the random initialization, we have

|fnn(xte) - fntk(xte” <e (10)



These theorems are error analysis for the ReLU activator max(0,z). As to convergence theorems for
other activators, see, e.g., [11, Th 1], [27].

Our definition of the neural network is a composite of linear maps (affine maps without bias terms) and
activator functions. Note that when there are bias terms [11], we may set

2O = Ty + 52 (11)

and
S0 (2,2) = co By pyon oty 0w )] + B2 (12)

Here, 3 is a hyperparameter.

3 Holonomic activator distribution, HGM, and HIE

Let o(u) be an activator distribution. When it satisfies a linear ordinary differential equation (linear ODE)
with polynomial coefficients, it is called a holonomic activator distribution or a holonomic activator function.
Any holonomic activator distribution has finite number of poles as a function on the complex plane, because
the pole locus is the zero of the leading coefficient of the ODE. The derivative of a holonomic activator
distribution also satisfies a linear ODE with polynomial coefficients.

The ReLU activator distribution o(u) satisfies (ud, — 1) @ o(u) = 0 (o(u) is annihilated by ud, — 1)
where 0, = % and e means the action of a differential operator to a distribution. The derivative &(u) is
annihilated by u0,.

Here is a list of holonomic activator distributions from the list of Wikipedia article of activator functions:
binary step, rectified linear unit (ReLU), Gaussian error linear unit (GeLU), exponential linear unit (ELU),
scaled exponential linear unit (SELU), Leaky rectified linear unit (Leaky ReLU), parametric rectified linear
unit (PReLU), Gaussian. Note that the sigmoid function 1-%% is not a holonomic activator distribution.

Because it has infinitely many poles at x = v/—1(7 + 2n7), n € Z in the complex plane.
We consider the expectation E(, ,)~n(0,x)[0(u)o(v)] where N(0,X) is the 2 dimensional normal distribu-

tion of the average 0 and the covariance ¥. Put x = 75271 where x is the matrix ( in ilz >, T2 = To1.
21 T22
The expectation is written as g(x)/Z(x) where
g(z) = / o(u)o(v) exp(z11u? + 2212uv + T99v?)dudv (13)
RZ
and
Z(z) = / exp(z11u? + 2T12uv + T290?)dudv = S — (14)
R? VT11%22 — x%z
We will call g(x) the unnormalized expectation and we denote the unnormalized expectation by E as
Elo1(u)oa(v)] = / o1 (u)oo(v) exp(z11u? + 222U + T290?)dudv (15)
R2

for random variables o1(u) and o2(v). In this paper, we evaluate this E as the function of z unlike other
literature. The relationship with the expectation value expressed by X is

. det(z 1 _
Blueno[o1@)aa)] = Bl @@ Y0 no Lo (16)
This expectation K, )~n(0,z)[01(u)o2(v)] is often denoted by
2
. Cc1 C1C2T )
koio,(c1,c2,7), X = < coar > ,¢; >0 (17)



to express the dual activation in other literature. When o1 = 03, ks, o, is denoted by k,. See, e.g., [8].

Let D, = C(z1,...,%p,01,...,0,) be the ring of differential operators where 9; = 8%_. Let ¢ =
> (a.p)er Capr®d® be an element of D,, where cap € C, 2 = [[\, 2f", 07 = [[}, 9% and E is a fi-
nite subset of Z27. A left ideal I in D,, is called a holonomic ideal or a holonomic system (of linear PDE’s)
when the dimension of the zero set of the ideal generated by the principal symbols of I is n. For example,
the principal symbol of 210? + 1 is 21£} € Clz1,&] and dim V(21€2) = 1. Then the left ideal generated by
710% + 1 in Dy is a holonomic ideal. See, e.g., [9, 6.4, 6.8] and [22] on the notion of a holonomic ideal. A
function (or a distribution) is called a holonomic function (or a holonomic distribution) when it is annihi-
lated by a holonomic ideal. The following theorem by I.N.Bernstein [6] is the theoretical foundation of our
method.

Theorem 3. [6], see also, e.g., [9, Th 6.10.8].
If the left ideal I of D,, is holonomic, then the intersection of the sum of left ideal and right ideal and D,,_1

(I +0n,D,)ND, (18)

is a holonomic ideal in D,,_1.

Roughly speaking, the theorem implies that if f is a holonomic function in n variables, then fR fdx,
is a holonomic function in n — 1 variables. An algorithm of construct the integration ideal (18) is given by
T.Oaku [15] (see also, e.g., [9, Chap 6]).

Let R, be the rational Weyl algebra (the ring of differential operators with rational function coefficients
C(x)(01,...,0n), C(x) = C(x1,...,2,)). It is known that when I is holonomic, then r := dimg(y) Rpn /(R 1)
is finite. The dimension r is called the holonomic rank of I. The holonomic rank is equal to the dimension
of the analytic solutions of I at a generic point. Let s1 = 1,89,...,58, be a basis of R,,/(R,I) regarded as a
vector space over C(z). When they are monomials of 9, they are called standard monomials. Then, 0;s; can
be expressed as a linear combination of s;’s as 9;s; = > ,_, pék(x)sk in R, /(RyI). The rational functions
p;'»k can be obtained by a Grobner basis computation (see, e.g., [9, 6.1, 6.2]). If a function f is annihilated
by the left ideal I, then F = (f,so e f,...,s, e f)T satisfies

oF
=PRPF 19
oz, (19)
where P; is a r X r matrix P; = (p;k) The equation is called a Pfaffian system. It is also expressed as
dF = (Pldl‘l + -+ Pndxn)F (20)

It is well-known that an ODE of the rank r and the independent variable z can be translated to a system of
first order ODE 0, ¢ F' = P(z)F where P(z) is r x r matrix. A Pfaffian system associated to a holonomic
system is a generalization of this system. See, e.g., [9, §6.2].

A holonomic gradient method (HGM) utilizing the construction above was introduced in [20] and [21].
It gives an algorithmic method to evaluate normalizing constant and expectations. The HGM is performed
by the following 3 steps.

Algorithm 1. HGM ([20], [21], [9, 6.5, 6.11]).

1. Derive a holonomic ideal and a Pfaffian system satisfied by a definite integral e(x) with parameter x,

e.g., e(x) = Elo1(u)oa(v)].
2. FEvaluate e(x) and its derivatives at a special point © = xg.

3. Solve numerically the Pfaffian system with values obtained in the step 2.

A difference analogy of the above algorithm is called difference HGM , which will be discussed in Section
4.

Our algorithm to evaluate E[oy(u)o(v)] follows the general scheme of the HGM, but is more specialized
for computing the expectation of holonomic activator distributions. The specialization is based on the
following fact by Koyama-Takemura.



Theorem 4. [12, Th 1, 2]

If a tempered distribution f(t) on R? is annihilated by Py, ..., Ps, then the integral

d d
/Rd Fyexp | D tiwity + Yty | dty---dig

ij=1 i=1
is annihiated by
@(Pr), 1<k<s,
Oz,; — 20y,0y,, 1<i<j<d,
O, — 02,  1<i<d

Here, x;; = xj; and ¢(t;) = 0y, and p(0,) = —y; — 22221 ZikOy, . If the operators Pi, ..., Ps generate a

holonomic ideal, then (22), (23), (24) generate a holonomic ideal.
Algorithm 2.

Input: Linear ODE {1 and {5 annihilating o1(u) and oo(u) respectively. A curve on the x space.

Output: Values of Eloy(u)oy(v)] (15) on a curve.

1. Apply [12, Th 2] (Theorem 4) to the left ideal generated by ¢1 and ¢y in C(u,v,0,,0,) and obtain a

holonomic ideal I in C(x11, 12, Z22, Y1, Y2, 011,012,022, 01, Oy).

2. Apply a restriction algorithm [15] to find generators of Iz := Iy N C(x11, 12, T2z, O11, O12, O22).

3. Translate Iy to a Pfaffian system.

4. Fvaluate initial values of F at x11 = —1,x12 = 0,290 = —1 or around this point by the series of

Proposition 1.

5. Solve the Pfaffian system numerically on a given curve.

Although the restriction algorithm of the step 2 works for any holonomic input on computer algebra
systems in principle, it would be better if the ideal I5 could be determined by a calculation by hand. In fact,
following the steps 1 and 2 of Algorithm 2 by hand, we have the following theorem, which expresses the dual

activation in terms of the Gauss hypergeometric function 2 Fy(a, 8, 7; 2).

Theorem 5. Let m,n are non-negative integers and Y (u) the Heaviside function.

1. The integrals E[u™v"] (211, 212, 222) and E[u™v™Y (W)Y (v)](211, 212, 222) satisfy the GKZ hypergeo-

metric system (see, e.g., [22])

2211011 + 712012 + m + 1, (25)
212012 + 2222022 + 1 + 1, (26)
4011095 — 07, (27)
2. Assume x11,T22 < 0 and 0 < % < 1. Then, the solution space of the GKZ system above is spanned
by
Y s 1
1 = (—z11) Y(—z22) "2 | @, B, 3% (28)
. s 1 13
0o = (—m11) Y(—wa2) PV zsign (z12) o F1 | @ + §’ﬂ + 997 (29)
where ) ) )
+m +n T1g
= = = 30
@ s =T (30)

and sign (x) is the sign of .



2 ~
xr .
3. Assume x11, 29 < 0 and s, <L When m,n are even numbers, the integral E[u™v™](211, 12, T22)

is equal to T(a)T'(B)p1. If both m,n are odd numbers, the integral E[umv”](zll,xlg,xQQ) s equal to
%mnI‘ (a — %) r (5 — %) po. If either m or n is odd, then the integral is equal to 0.

4. Assume x11,x22 < 0 and mfl%m < 1. The integral E[umv"Y(u)Y(v)](xll,xlg,mgg) s equal to
L rB)e + 2 (a+ S\ T (B + 2 (31)
g R Ty 2 ) *?
A proof of this theorem is given in Appendix 8.1. Note that we have
2P ((14+m)/2,1/2,1/2;2) = (1= 2)7 /272, (32)
ﬂarcsin(ﬁ)) .
Fi(1,1,1/2;2) = (14 Y2220V ) (- )L 33
2Rl 11/20) = (14 Y (39)
2F1(3/2,3/2,3/22) = (1 - 2) 7/ (34)
and
1
E(Zaz+a’).2Fl(a7bv]'/2;Z) = 2F1(a+17b71/272) (35)
1
g(zaz + b) 4 2F1(a> ba ]-/2; Z) = 2F1(a> b + 17 1/2; Z)v (36)

which are called contiguity relations. These identities give a closed form of (28) when m,n are given. A
closed form of the dual activation of a polynomial activator is given by Han et al [8, Theorem 1]. Note that
(L aiut)( ?:0 ajvl) = ngzo a;ajuivi. Then, our theorem gives a different closed form expression of
the dual activation for a polynomial activator  +_; a;u’. Analogously, our formula gives the dual activation
for a rectified polynomial activation o(u) = (37, a;u’) Y (u), because we have

o(u)o(v) = Z aia;u' v’y (w)Y (v). (37)

4,j=0

The dual activation for a monomial is given in [8, F.7] by the hypergeometric function ;. This formula is
a special case of our theorem in a different form. A closed from for a rectified monomial is known [7]. Our
formula for the rectified polynomial generalizes it and seems to be new as long as we know.

Let us come back to the general algorithm of the HGM. We use the following proposition to perform the
step 4.

Proposition 1. Series expansion of Eoy(u)oo(v)] at (211,212, 222) = (—1,0,—1) is ZkeNg cpa®, aF =
:c’ﬁlx%z:rggz where

k12

Chk = 7
k11'k12kas!

/ u?Ptke g (y) exp(—u?)du
X / v2k22tkiz g (4) exp(—v?)dv. (38)

The holonomic system can also be used to obtain an approximate expression of the expectation E[o (u)o2(v)]
in terms of a set of basis functions by the sparse interpolation and extrapolation method B [23]. We call the
following algorithm the holonomic interpolation/extrapolation method (HIE).



Algorithm 3.

Input: Linear ODE {1 and {s annihilating o1(u) and oo(u) respectively. A set of functions B = {eg(x)|S €
B} on the x space. A numerical integration scheme (t;,T;) (evaluation points {t;} and positive weights
{T;}). v-th derivative values {qh)} of the expectation E[oy(u)oa(v)] at {py |k =1,...,r} in the = space.
Output: An approzimation of Eloy(u)os(v)] (15) in terms of the set of functions B.

1. Apply the same procedure of the first two steps of Algorithm 2.
2. Letl;, i=1,...,s be generators of the left ideal I5.

3. Put f(x) =3 5cp feep(x) where fg are unknown coefficients.
4

. Minimize

({fs}) ZZT > fallies)( (39)

J BeB

under the constraints at data points

Zfﬁ (7) —qé”% k=1,...,ra el (40)

where eﬁ is On ® € (y-th derivative of eg).

5. Return } 5 faep(z).

We give remarks about this algorithm.
Since the constraints are linear, we can parametrize the space of fg’s by an affine map and reduce the
problem to a least square problem with no constraint. Or, the loss function for the minimization may be set

as
2

2
({fs}): ZZT > fallies)(ty)| +md > faes(pr) — a (41)
k=1| 8

i=1 3 BEB

to transform the minimization problem to that with no constraint. It is also a least square problem. Here,
1 is a paramter. The larger the paramter y, the closer the solution is to the given values of f at {px}.

There are various ways to select a set of basis functions. For example, if we can find a set of fundamental
solutions of I, e eg = 0, the problem is reduced to find a best set of coefficients fz satisfying the constraints
(40) approximately. In particular, if the basis functions are a basis of series solutions at a point py and given
values are derivatives standing for standard monomials at © = pjy, then our algorithm constructs the series
expansion of the expectation at x = p.

Finally, we briefly note some other applications of our holonomic approach. Holonomic systems for E
can be utilized to derive several formulas of the function E other than obtaining series expressions. For
example, it can be used in the following ways; finding a higher order ODE for one direction (e.g., [9, Th
6.1.11]), estimating an asymptoric expansion of £ at a singular point (e.g., [5]), finding a rational solution

(e.g,[3]).
4 Algorithms to derive an Hermite expansion for a holonomic

activation function

Han et al [8, Th 2] gave a method to evaluate the expectation E[o(u)o(v)] by utilizing the Hermite expansion
of o(u). Let He,(t) be probabilist’s n-th Hermite polynomial e.g., Heo(t) = 1, He(t) = t, Hea(t) = t* — 1,

Hes(t) = t3 — 3t, .... The n-th coefficient of the Hermite expansion of o (u) is \/%T;n‘ where
Cn = / o(u)He, (u) exp(—u?/2)du. (42)



Cn

The function o(u) is expressed as > NCT He,(z). If o(u) is a holonomic function, then ¢, satisfies a

linear difference equation. Creative telescoping algorithm (see, e.g., [18], [13]) or the integration algorithm
of D-modules with the Mellin transformation (see, e.g., [16]) can be used to derive it. By difference HGM,
we mean that obtaining ¢, by the difference equation of rank r (recurrence relation) and initial values
COyee+yCp_1-

Examples of deriving Hermite expansions by these algorithms are given in Section 6.1.3 and Appendix
8.5.

The Hermite expansion expresses the dual activation as follows. These results are by [4] and [8].

Theorem 6. [4], [§]

1. [4] If o is absolutely continuous and satisfies a homogenity o(at) = |a|90(t) for all a,t € R, the the
dual activation is

ko(cy,ca,) cl(:QZ(f]) 7 (43)

2. [8] Let o(t) be a polynomial Z?:o ajt’. The dual activation is

o(c1,c2,7 re(cr)re(ce)r (44)

MQ

=0

where
L(g—0)/2]

arr2i(l+20)! o0y
re(t) = —_— . 45

As we will see later, the difference HGM is more efficient than evaluating the integral (42) indivisually.
Thus, the difference HGM strengthens the Hermite expansion method above.

5 Faster Evaluation by the HGM

“HGM all at once method”. When a definite integral with parameters satisfies a holonomic system, it
is possible to find integral values at many parameter points by a single run of the Runge-Kutta method. It
is an advantage of utilizing the HGM.

Let us explain what it means by an example. We use a Pfaffian system given in [9, §6.2] for our example.

o 0 2’2/21 _ 0 1 " e
Put P, = (_2122 1/ ) and Py, = <—z% 0). Consider the Pfaffian system

9., e F =PF, 0.,0 F = P,F

where F' = (1,0,,)T o f. Note that f = — lezz sin(t)dt = cos(z122) is a solution. Suppose that we want to
evalute f at p; = (7/2,1), po = (7/2,2) and ps = (,3). Let pg = (21, 22) = (7/2,0) be the starting point of
the Runge-Kutta method. The value of F at the point is (1,0). We apply the Runge-Kutta method along
the piecewise linear path connecting pg, p1, p2, p3s. In other words, we solve the ODE

ar
dt

to find values of F' at p; and po, and solve the ODE

ar_ (p1<21< ) ea(t) 2 P2<Zl<t>’22<t>>dzfzft)) g

Py(w/2,t)F fort € [0,2]




along the path z1(t) = /24 (7 — 7/2)(t — 2), z2(t) =2+ (3 — 2)(¢t — 2), t € [2, 3] with the initial condition
F(p2) to obtain the value F at ps. It is faster than applying the Runge-Kutta method 3 times independently
from po to p;, i = 1,2,3. See [17] as to a sample code.

“Taylor expansion with HGM” method. Other approach to accelerate the HGM is to solve an ODE
on a curve or a line and determine the value of f near a point of the curve or the line by a Taylor expansion. We

explain this method by the example above. We denote by f;; the derivative 6‘? Z;fJ . Since 9, o F' = (f10, f11),
#10%3

we can obtain the value of (f19, f11) by evaluating Py F'. Note that F' = (f, fo1). Let a be a point on the curve

or the line. Since the first order Taylor expansion at z = a is f(a + h) = f(a) + fio(a)h1 + fo1(a)ha, we can

express f(a+ h) in terms of the value of F' at z = a. Values of higher order derivatives can also be expressed

by F by differentiating the Pfaffian system. For example, we have 631 o ' = g}:ll F+ Plg—i = gfll F+ PEF

and 02 e F' = (fa0, f21). Then, foo(a) and fa1(a) can be expressed in terms of F(a).

6 HGM and HIE for ReLU and some other activator functions

6.1 ReLU

Let o(u) be ReLU (rectified linear unit) function; o(u) = max(u,0) = uY (u) where Y (u) is the Heaviside
function. Closed forms of the expectations (1) and (2) in terms of arccos and ,/— are known for the activator

. 02 C1C2T
function ReLU. Let A be 1 5 ],c1,c0>0,|r| <1 Then,
C1C2T (65)
r(m — arccos(r)) + V1 — r2
Bluyenon oo ()] = = DEVIZTE (16)
L 7 — arccos(r)
Eumyonoamylo@)o()] = ———— (47)

2w
See, e.g., [7], [1, Appendix I] as to details. By specializing our Theorem 5 to the case m = n = 1, we
also obtain a closed form in a different form. Although closed forms are already known, we explain the
algorithmic procedure of the HGM and HIE by using the example of the ReLU, because a small example is
easier to understand the concept of our method.

6.1.1 HGM for ReLU

Since ReLU o(u) satisfies the linear differential equation (ud, — 1) ® o(u) = uY’(u) + uY (u) —o(u) = 0
(Y’ (u) = ud(u) = 0) as the distribution, we can apply [12, Th 2] (Theorem 4) to obtain a holonomic system
satisfied by g(z). See Appendix 8.1 as to details. The steps 1 and 2 of Algorithm 2 are performed by hand
there. See Appendix 8.2 to perform the steps 1 and 2 by a computer algebra system.

Applying step 3 of Algorithm 2, we obtain the following theorem by Grébner basis computations.

Theorem 7. 1. The holonomic system (66) is of rank 2. Put
F = (1,812)T ®g.

Then we have the Pfaffian system O,  F — P)1F = 0,0,,, ¢ F — PjoF = 0,0,,, « F' — Py F = 0.
Ezplicit form of the 2 x 2 matriz P;; is given in Appendiz 8.3.

2. The singular locus of the Pfaffian system (the denominator of the matrices P;;) is
351111022(33%2 — T22T11). (48)
Note that the condition that —X is positive definite is

11 <0, X11T22 — :13%2 > 0. (49)



Let us proceed on the step 4 of Algorithm 2. We apply Proposition 1. We take the special point
x = (211, Z12,222) = (—1,0, —1) =: 2o where the integral splits to a product of single integrals;

adu adu ad22 ( ) |1::9c0

11 "T12 T T22

oo (oo}
= 2d12/ ylt2dutdiz exp(—uz)du/ pltdizt2daz oxn(9)2)dy, (50)
0 0
Since "
o D (L
/ u™ exp(—u?)du = %, (51)
0

I'(n+1)=nl,and ' (3 +n) = M\f we have the series expansion of g(x) at © = zg as

2 12
gl@) = Zar (dn + diz/2) (daz + diz/2)\ay, Mgz,

di2:even

- Z 212 (2dyy + dy2)!!(2d2a + d12)"! , i, s do2

923+d11+d22+di2 | T P12 T2 (52)

d12 odd

where d! = dy1!d12ldas!, 2}

;=i + 1, and 30, ., means Z{deNg | digieven} 1M particular, we have

(1, 0012) ® 9(2) [ may = (ig) (53)

Let us perform the step 5 of Algorithm 2. The domain x1; < 0,211Z22 — ./E%2 > 0 is convex. Choose a
point z; in the domain. Since the domain is convex, we can restrict the Pfaffian system on the line 7t 4 g,
r=x1 —xg, 0 <t <1 and obtain the ODE

dF
dt

F(0) = (i,g)T. (55)

The fist element of F'(1) gives the value of g(z) at x = ;.
An evaluation for ¢ by the HGM is explained in Appendix 8.4.

= (Pn(?“t + .’)30)7“11 + Plg(’l’t =+ 3?0)’)”12 =+ ng(’l“t + 1'0)7‘22) F, (54)

6.1.2 HIE for ReLU

We restrict the system of differential equation to x1; = 295 = —1 and apply the HIE. The ODE on z1; =
T2 = —11is
Lef=0, L=(1-x2)0% —5212012 — 4, (56)

which can be obtained by the restriction algorithm. We want to solve it on z12 € [—1,1]. Let eg,e1,...,em
be a basis and suppose that f = Z?:o faeg where fg’s are unknown coefficients. We suppose that the value
of f is given at p; and p; and the correponding values are ¢; and go. Then, the loss function is

D T (fo(Leeo)(t;) + fr(Leer)(ty) + - fn(L®em)(t +MZ Zfﬁeﬂ Pk) — Gk (57)

Since (Leeg)(t;)’s and eg(pr)’s are numbers, it is a least square problem for an unknown vector (fo, f1,. .., fm)-
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6.1.3 Hermite expansion of ReLU

Let o(u) = Y (u)u be the ReLLU function where Y (u) is the Heaviside function. It satisfies (u0, —1)ec(u) =0
as a distribution. Apply an algorithm to find annihilating ideal for a product of distributions (see, e.g., [16]),
we find an annihilating operator for Y (u)u-He, (u) exp(—u?/2). It also annihilated by the difference operator
S2 —uS, +(n+1) where S, is the shift operator for the variable n. For example, we have S,, e He,, = He, 1.
Applying an algorithm to find linear difference equation for ¢, we obtain a difference operator annihilating
Cpn, as

Si + (TL - 1)

Initial values are co =1, ¢; = \/g

6.2 Other activator distributions

The HGM can be applied for any holonomic activator distributions. To demonstrate this fact, we discuss on
the HGM for an activator function
Y (u) sinu, (58)

which we will call ReSin, in Appendix 8.5. Note that ReSin is not a smooth function. We also discuss on
GeLU in Appendix 8.6, which is a smooth function. Note that the Hermite expansion by [8] provides very
low approximate errors for smooth activator functions like GeLU?!, but not for non-smooth distributions like
ReLU and ReSin Y (u) sinu.

7 Experiments

In this section, we perform experiments on our algorithms. Before showing data of experiments, we explain
what we mean by learning and inference. Let {(x1,41), (22,92),...,(xN,yn)} be training data. Here z; is
an input and y; is an output. Let K (x,2’) be the kernel function. The learning in the kernel method means
that obtaining a matrix H* € RY*¥ whose i, j element is K (x;, x;) from the training data. We call H* the
kernel matriz. We mean by inference obtaining an output from any input « by the map

f(z) = (K(z,21), K(x,22), ..., K(z,2n5))(H* + A E) " (y1, 40, . . - ,yN)T. (59)

Here F is the identity matrix and the term AE is added to H* because there are cases where H* does not
have the inverse. We put A = 0.01 in our experiments. The kernel function K (x,z’) is approximated by the
function ©.

Example 1. Learning sin7x by a 2 layer neural network with bias terms. Input and output are 1 dimen-
sional. Training data (z;,y;) are equally spaced 15 points z;’s in [—1,1] and their y; = sin(7x;)’s values.
Inference uses equally spaced 20 points in [—1, 1].

This small problem is our running example to make experiments by our methods for some activators.

7.1 Comparison of our methods for some activators
We compare the following methods for our running example 1.
1. Closed forms of dual activation. It is referred as “closed”.

2. Gauss-Hermite quadrature of [8, 3.3]. It is referred as “GaussHerm” or “gh”. We use an adaptive
meshsize control with the relative error tolerance 1e-10.

3. HGM of Algorithm 2. It is referred as “hgm”. Our implementation uses scipy.solve_ivp function
with rtol=1e-10.

! Note that closed form of the expectations for GeLU is given in [25] and [8].
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4. HGM all at once given in Section 5. It is referred as “all-at-once” or “aao”.

Note that these methods except closed forms work for any holonomic activator functions.

Monte-Carlo

methods also work for any holonomic activator functions, but Monte-Carlo methods are relatively slow and
inaccurate, and then we do not make a comparison.
Timing data are taken on a machine with Intel Core 15-12400 CPU (4.4 GHz). We use numpy 1.24.4 and

scipy 1.10.1 on wsl?.

7.1.1 ReLU
Method Training time (s) | Inference time (s)
closed 0.007292
GaussHerm 1.500 1.442
hgm 1.316 1.953
all-at-once 4.352 5.143
Kernel error Inference error
gh — hgm 0.0010347 GaussHerm 0.97729
gh — aao 0.0010348 hgm 0.96766
hgm — aao | 2.7771 x 1078 all-at-once 0.97460

Here, the kernel error is the Frobenius norm divided by the number of elements of the difference of two kernel
matrices. The inference error is the mean square error between the inference values and sin 7wz values at the
20 points. Note that we use the Ridge regression with A = 0.01 and then the graph is a little different with
that of y = sinwx. As is remarked in [8, Th 2, 3.3], the Gauss-Hermite quadrature or Hermite expansion
provide much lower approximation errors than non-smooth ones. Since ReLU is not smooth, the inference

by GaussHerm has a little larger inference error. See Figure 1.

7.1.2 GeLU
Method Training time (s) Inference time (s)
closed Not yet in our code | Not yet in our code
GaussHerm 41.25 62.56
hgm 86.21 120.2
all-at-once 32.89 381.1
Kernel error Inference error
gh —hgm | 1.1718 x 10~% GaussHerm 0.97163
gh —aao | 1.4983 x 1078 hgm 0.97166
hgm — aao | 1.5138 x 10~3 all-at-once 0.97163

The Gauss-Hermite quadrature provides low approximation errors and the inference error of it is also small,
because GeLU is a smooth activator. The HGM and HGM all-at-once provide also low approximation
errors as good as GaussHerm. See also Figure 2. Note that our implementation of HGM has not yet
included a code to evaluate solutions near the singularity of an ODE, and then we use GaussHerm when
det(covariance matrix) < 1 x 1073, Note also that the closed form for GeLU is given in [8], but the case of
¢ has not been implemented in our code. It is the reason of “not yet in our code” in the table.

2We call this machine “sw”.
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7.1.3 ReSin

Method Training time (s) | Inference time (s)
closed NA NA
GaussHerm 3.916 4.949
hgm 289.5 1005
all-at-once 21.07 23.39
Kernel error Inference error
gh — hgm 0.0019103 GaussHerm 0.97328
gh — aao 0.0016427 hgm 0.96874
hgm — aao | 0.00062839 all-at-once 0.95745

Since ReSin is not smooth, the Gauss-Hermite quadrature does not give a low approximation error. On
the other hand, the HGM and HGM all-at-once give a good approximation and HGM all-at-once works
in a reasonable time. Starting point of the HGM is (—1,1/100,—1). Note that the HGM is used only
when 1 x 1073 < det(covariance matrix) < 1 and the Gauss-Hermite quadrature is used in other intervals
because of the same reason of the case of GeLU. A closed form for ReSin is not known except an infinite
series expression in terms of contiguous family of Gauss hypergeometric functions (Theorem 5) as long as
we know, then the entry of closed form is “NA” (not available).

7.2 Improvements of numerical solvers

We evaluate the unnormalized expecation E (15) for the ReSin activator for 91 points (z,z'), which were
used when calculating NTK for Example 1. We use the “HGM all at once” method in Section 5 for 91
points. Although there are more points 152 — 15 = 210 to be evaluated, we remove points near the singular
locus of the ODE and groups clusters of nearby points into one point to obtain the 91 points. Precisely, we
take points satisfying 0.01 < det(covariance matrix) < 1. Two points whose distance is less than 1 x 10~°
are represented by one point.

We will see that the closer the path of integration of an ODE solver is to a straight line, the faster the
HGM will be. Points are extracted for each “step” from among the sorted 91 points. We devide equally
segments between these points and create new 91 points. When “step” is 1, the set of new 91 points is
nothing but the original one. When “step” increases, the set of points has a distribution closer to a straight
line. See Figure 4. The execution time of evaluating E at 91 points becomes faster when “step” increases.

step |1 2 5 10 15 20
time (s) [ 2.065 1.820 1.550 1.115 0.771 0.692

See Figure 5. Note that evaluations at nearby points of a cluster can be done by the Taylor expansion with
HGM method in Section 5 from the representative point of the cluster.

The timing data above is taken on AMD EPYC 7552 48-Core Processor of 1.5GHz with 1T bytes memory
without GPU 2. We use the ODE solver gsl odeiv rkf45 with rtol=1e-10 of the GNU scientific library
2.7.1 written in the language C on the Debian GNU linux 12.2. The program is compiled by gcc version
is 12.2.0 with the option -O3. Note that the execution time of the C code is about 1.9 times faster than a
python code using the scipy solve_ivp with rtol=1e-10 for the activator ReSin. More precisely, the python
code took 3.9166s with scipy version 1.10.1 and the C code took 2.065s.

Acknowledgments
The second author is supported in part by the JST CREST Grant Number JP19209317 and by JSPS
KAKENHI Grant Number JP21K03270.

3We refer this machine as “machine 03n”.
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8 Appendix

8.1 Proof of Theorem 5

The function ¢7"t} is annihilated by ¢19;, — m, and t20;, — n. The distribution t"¢5Y (¢1)Y (¢2) is also
annihilated by these operators becuase t10;, ® Y (t1) = t16(t1) = 0. Applying [12, Th 1, 2], we have the
following annihilating operators for the integral F[u™v™]:

O01(=y1 — 2(x1101 + 21202)) —m, (60)
O2(—y2 — 2(21201 + 12202)) — n, (61)
D1 — 20,0, (62)
o — 07, (63)
Doy — 05, (64)

where 0;; = 0/0x;;, 0; = 0/0y;. Let I be the left ideal generated by the operators above. We want to find el-
ements of Iy = (I1+y1 D+y2D)NC(x11, T12, T22, 011, 12, O22) where D = C(y1, Y2, T11, T12, T22, 01, 02, 011, O12, O22).
Expanding (60), we have

—y181 —1- 2(1’118% + $128182) —m
— 7y181 — 2(1311(911 + (1/2)1‘12612) —m — ]., by (62) and (63)

Thus, —2211011 — 12012 —m — 1 is an element of I5. Analogusly, we can see that —z12012 — 2290020 —n — 1
is an element of Iy from (61). Finally, we have

(012 — 2010,)*
— 40202 — 40105010 + %,
— 4011003 — 207, + 07, Dby (62) ~ (64),
= 4011000 — 0,

We have proved 1. Note: Changing variables x1; — 2211 and x99 — 2x22, we obtain the GKZ hypergeometric

3 } (2) > We can also obtain the GKZ system for the

unnormalized expectation E by a theory of integral representations of the GKZ system [14].
Once the system of equations is expressed as a GKZ system, we can apply a general procedure to obtain
a series solution, see, e.g., [22]. A solution is written as

system of a standard form for the matrix A = (

oy’ w3 f(2) (65)

2
Tig

where z = ——12- p;; = —(m +1)/2, p12 = 0, pa2 = —(n +1)/2, and f(z) is a solution of the Gauss
hypergeometric differential equation

0,00, +1/2— 1) — 2(0, + (m +1)/2)(05 + (n +1)/2)] o f =0, 0, = 20,.

It has two independent solutions o F (v, 3,1/2; z) and 2*/25Fy (a+1/2, +1/2,3/2; ). Thus, we have proved
the statement 2.

Note that the integral E[uv"] and E[u™v"Y (u)Y (v)] are holomorphic at z1; = @9y = —1, 215 = 0.
Restricting 17 = x99 = —1, we have a series expansion of ¢1p1 + caps = ¢1 + cax12 + O(m%z). Note that we

14



have

Eum™v")(—1,0,-1) = /_OO u™ exp(—u?)dv /_OO v™ exp(—v?)dv
Eu™"Y (w)Y (v)](~1,0,-1) = /000 u™ exp(—u?)dv /000 V™ exp(—v?)dv
= Ir@re)
and
%(—1,07 -1) = 2/:: u™ M exp(—u?)dv /_O; V" exp(—v?)dv
_ 2“*“”mﬂyl+(_DmH%nmxa_1mnxﬁ_1px
aE[umU;ZiU)Y(U)] (_1’ 0, _1) _ 2/000 umtH exp(—uQ)dv /OOO oL exp(—v2)dv

_ %ma+ummﬁ+um~

The constants ¢, co are determined by these values and we obtain the statements 3 and 4.

8.2 Deriving a holonomic system by computer algebra

We apply the restriction algorithm (see, e.g., [9, §6.10] or [15]) and its implementation on Risa/Asir [19] to
the left ideal I generated by

Oy, (—y1 — 22110y, — 2x120,,) — 1,
Oy, (—Y2 — 22120y, — 2x220,,) — 1,
012 — 20y, 0y, ,

011 — 02, Dgo — 2

Y1’ Y2

in the ring of differential operators D = Q(x11, T12, 22, Y1, Y2, 011, 012, 22, Oy, , Oy, ). The following ideal
called the restriction ideal of I to y; = y2 = 0:

I':= (I + 11D+ y2D) N Q(x11, 212, T2, 011, D12, D22) (66)

where 0;; = 0,,, These constructions are based on Grobner bases computation in the Weyl algebra. Here is
a Risa/Asir code to obtain I’.

import ("nk_restriction.rr");;

V=[y1,y2,x11,x12,x22]; DV=poly_dvar(V);
P1=poly_dmul(dyl,-y1-2*x11*dyl1-2*x12*dy2,V)-1;

P2=poly_dmul (dy2,-y2-2*x12*dy1-2*x22%dy2,V)-1;
I=[P1,P2,dx11-dy1"2,dx22-dy2"2,dx12-2xdy1*dy2] ;
dp_gr_print(1);
Iprime=nk_restriction.restriction_ideal(I,V,DV,[1,1,0,0,0]);

8.3 Proof of Theorem 7

We translate I’ to a Pfaffian system by a Grobner basis computation in the ring of differential operators
with rational function coefficients (the rational Weyl algebra). See, e.g., [9, §6.2] on the translation. Here is

a Risa/Asir code to translate I’ to a Pfaffian system.

15



import("yang.rr");;

VV=[x11,x12,x22]; DVV=poly_dvar(VV);
yang.define_ring(["partial",VV]);
RII=map(dp_ptod,Iprime,DVV);
yang.verbose() ;

RG=yang.buchberger (RII);;

Std=[1,dx12];
Pf=yang.pfaffian(map(dp_ptod,Std,DVV),RG);

-1 —oT2
_ 11 T11
P = 2210 1 (227,43722711) ’
wll(wfg—Izzl’ll) w11($%2—$22$11)
0 1
Py = —4 —5T12 )
1‘%2—1‘22%11 (7«'%2—1‘221‘11)
—1 *%$12
_ 22 22
Py = 219 3 (221, +3w0m11)
3922(2?%2—3?223?11) 3822(&0%2—39222?11)

8.4 HGM for the Derivative of ReLU (Heaviside Function)

Let o(u) be ReLU (rectified linear unit) function; o(u) = max(u,0). The derivative of o(u) is the Heaviside
function Y (u). Put

g(x) = Y (u)Y (v) exp(z11u? + 2212u0 + 22007 dudv.
R2
The expectation for the Heaviside function g(x)/Z(z) is called the orthant probability. Koyama and Takemura
[12] gave a method to evaluate it in general dimensions by the HGM. In particular, they show that the 2-
dimensional orthant probability satisfies a Pfaffian system of rank 4. Since the average of the normal
distribution we consider is 0, the orthant probability satisfies a simpler Pfaffian system than the system
given by them. It follows from [12, Th 1, Th 2] that g(x) is annihilated by the left ideal

I = IﬁR<1‘11,$12,~T22761156127822> (67)
where I is generated by

8y1 (—y1 — 2x118y1 — 21’128y2),
3y2(—y2 — 217128311 — 2$226y2>,
012 — 20y, 0y, ,

D11 — 02, Doy — 2.

Theorem 8. 1. The holonomic system (67) is of rank 2.

2. Put
F= (17512)T ®g.
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Then we have the Pfaffian system Oy,, ¢ ' — P11 F' = 0,05, ¢ F — P1oF' = 0,0;,, ¢ F — Py F' = 0 where

2
di = -7y + T22711,
—-1/2 —1/2x12
_ z11 11
Pll - —1/2x12 71/2w§27w22w11 ’
diz11 dix11
0 1
Py = 1 3zi2 ’
dy dy
—1/2 —1/2212
_ Ta2 T22
P22 - —1/2x12 71/21?271222611 .
diz22 diz22

By (51) and an analogous discussion with ReLU case, We have (1,9;,, ® 9(%)|s=z, = (%, %), which gives
an accurate initial value to solve ODE’s for the HGM.

8.5 HGM and difference HGM for ReSin

We call the function o(y) = Y(u)sin(u) the ReSin (rectified sine) function where Y (z) is the Heaviside
function. Note that o(u) is not a differentiable function and is a tempered distribution.

8.5.1 HGM for ReSin

Since ReSin o(u) satisfies the linear differential equation u?(9% + 1) @ o(u) = 0 as the distribution, we can
apply [12, Th 2] (Theorem 4) to obtain a holonomic system satisfied by g(x).

Applying steps 2 and 3 of Algorithm 2, we obtain the following theorem by Grébner basis computations.
It took 13.114s on the machine o3n.

Theorem 9. 1. The holonomic system for ReSin of the form (66) is of rank 8 and standard monomials
can be taken as

(1,011,012, 022, 031, 01, 039, 011012092). (68)

Put
F = (1,011,012, 092,071, 015, 035, 011012022) " @ g.

Then we have the Pfaffian system 0,,, ¢ F — P)1F' = 0,0,,, ® F — P1oF = 0,0,,, ¢ F' — Py F' = 0.
Explicit form of the 8 x 8 matriz P;; is given in [17].

2. The singular locus of the Pfaffian system (the denominator of the matrices P;;) is

a1 1005y (235 — maow11) (275 + To2w11). (69)

8.5.2 Deriving Hermite expansion by Difference HGM

Let o(u) = Y (u)sin(u) be the ReSin function. It satisfies u?(92 + 1) @ o(u) = 0 as a distribution. Applying
an algorithm to find annihilating ideal for a product of distributions (see, e.g., [16]), we find an annihilating
operator for Y (u)sin(u) - He, (u) exp(—u?/2). It is also annihilated by the difference operator S2 — 2uS,, +
2(n+1) where S, is the shift operator for the variable n. For example, we have S, e He,, = He, 1. Applying
an algorithm to find linear difference equation for ¢, we obtain a difference operator annihilating c, as

sS4 2(n+3))st + (n?+5n+7)s2 4+ (n+1)(n+2).
Initial values for the difference equation are ¢y = V2F (%) ;€1 = /55,2 = 1 — V2F (%) ,C3 =
—\V35:C4 = V2F (%) —2,¢5 = /5, where F' is the Dawson’s function F* and e is Euler’s number

(Napier’s number). These initial values are expressed in terms of special values of Dawson’s integral. Here
is a session by Mathematica.

4nttps://en.wikipedia.org/wiki/Dawson_function
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Mathematica 11.2.0 Kernel for Linux x86 (64-bit)
Copyright 1988-2017 Wolfram Research, Inc.

In[1]:= hermiteE[n_,x_]:=2"(-n/2)*HermiteH[n,x/2"(1/2)]
In[2]:= Integrate[Sin[u] *hermiteE[0,u]l*Exp[-u~2/2],{u,0,Infinity}]

Out[2]= Sqrt[2] DawsonF[------- ]
Sart[2]

In[3]:= Integrate[Sin[u]l*hermiteE[1,ul*Exp[-u~2/2],{u,0,Infinity}]
Pi

Out [3]= Sqrt[---]
2 E

To avoid errors in the numerical calculation of ¢, by the recurrence formula, we put dy = /2F (%) and

dy = \/% and solve the recurrence by the rational arithmetic in Q[dy, ds] and finally replace dy, dy by their

approximate numerical values. There are several methods to avoid such errors of difference HGM (see, e.g.,
24]).

Our difference HGM gives all ¢x, £ < 100 in 0.009315s. On the other hand, it takes 1.6998s by Mathe-
matica just to obtain only cgg on o3n.

8.6 HGM for GeLU
Let o(u) be the Gaussian error linear unit (GeLU) [10]

x(1 + erf(x)) (70)

where the error function erf(x) is % Jy exp(—t*)dt. Note that the GeLU of [10] is 3x(1 + erf(x/v/2) which
agrees with ours by changing the variable 2/v/2 to # and multiplying a scalar.

8.6.1 Expectation for GeLU

In this section, we will evaluate the expectations by the HGM. In other words, we will numerically evaluate
the integral (13) by the HGM. Since we have explained how to apply the framework of the HGM to the
evaluation for ReLU in Section 6, we only explain only the differences.

Proposition 2.

The GeLU o(u) is annihilated by the linear ordinary differential operator

w02 — 2u(l — u?)d, +2(1 — u?) (71)

Since GeLU o(u) is a holonomic function by the proposition, we can apply [12, Th 2] (Theorem 4) to
obtain a holonomic system satisfied by g(x) (13).
Theorem 10. Let Z(x) = 7/+/x112T22 — x%Q be the normalizing constant for the normal distribution of the
1 T11 12

covariance matriz (—2x)~, x = - . and of the average 0.
12 22

1. The holonomic systems satisfied by the expectation multiplied by the normalizing constant g, (x) =
Elo(u)o(v)] = Z(z)E[o(u)o(v)] (g(x) of (13) for the case that o is GeLU) and g2(z) = E[o(u)d(v)]Z(z)E[6(u)d(v)]
( g(x) of (13) for the case that o is the derivative of GeLU) are of rank 8.

2. The singular locus of the Pfaffian system for E[a(u)o(v)] with respect to
S = (1,011,012, 022, 012022, 011012, 011022, 01101202) " @ g;
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is the union of zeros of dy = X9a,dy = oo — 1,d3 = w11,ds = 211 — 1,ds = 239 — Toow11,dg =
22y — D911 + Toz, d7 = 139 + (=22 + 1)x11,ds = 235 + (=22 + 1)211 + 22 — 1,dg = 95 + (—23, +
To2)aiy + (255 — Ta2)T11.

This theorem can be proven in an analogously way as the proof of Theorem 7 as follows.

1. Derive the holonomic system by applying [12] (Theorem 4) and Proposition 2.

2. Translate the holonomic system by applying the restriction algorithm and an algorithm to obtain a
Pfaffian system from the holonomic system. Risa/Asir codes to perform them are at [17].

These are performed in 338.8s on 03n.

8.6.2 Proof of Proposition 2

The Erf function erf(u) satisfies 9,, o erf(u) = % exp(—u?). Then, it is annihilated by the operator (9, +
2u)0y,, which also annihilates f;(u) = 1+erf(u). Let us derive the ODE satisfied by o(u) = f1(u) f2(u). The
function fo(u) = w is annihilated by ud, — 1. We derive a linear dependent relation for o, o/ = f{ fo + f1f5
and o’ = f{' fo + 2f1 f4 + f1f4. Since fy satisfies the rank 2 ODE and f, satisfies the rank 1 ODE, we can
express o/ and ¢’ in terms of fi fo, f] f2 by replacing f{’ by —2ufi, f5 by fo/u and f¥ by 0. In fact, we have
o= fifz, o' = fifo+ fifa/u, 0" = =2uf]fa + 2f1 fo/u and these 3 functions are hnearly dependent over
the rational function field C(u). Put the coefficients of the dependency as ¢;(u). Then, we have

c20” + c10" + coo = (c1/u+ co) fifo + ((—2u+ 2/u)ca + 1) f1 f2 = 0.
Assuming fi fo and f] f2 are linearly independent we have ¢1/u+¢o =0 and (—2u + 2/u)ca + ¢; = 0. Put

¢y = 1. Then, ¢g = —1/u and ¢; = ﬁ 53— Thus, we obtain (71) by multiplying 2u(u® — 1).

8.6.3 Evaluation of the expecation of the derivative of GeLU

We retain the notation of 8.6.2. The unnormalized expecation (15) E[(f(u) + g(u)(f(v) + g(v))] is a sum
of E[f(u)f(v)], Elf(u)g(v)], Elg(u)f(v)], and Elg(u)g(v)] where f(u) = uerf'(u) and g(u) = 1 + erf(u).

Since these functions satisfy simpler ODE’s, evaluation becomes faster than utilizing the holonomic system
for g2(z) in Theorem 10.

Theorem 11. 1. The unnormalized expectation E[f(u)f(v)] is equal to

41’12
2((z11 — 1)(w2 — 1) — 23,)3/2

(72)

2. The holonomic systems satisfied by E[f(u)g(v)] and Elg(u)g(v)] are of rank 2. The singular locus
of the Pfaffian system with respect to (1, 312)T o B[f ( ) (v)] is the union of zeros of xaa, Tag — 1,
11— 1, dp = :E%Q — X99x11 + Too, do = :E12 + (—x92 + D)x11 + 290 — 1. The singular locus of the
Pfaffian system with respect to (1,012)T oE[ (u)g(v)] is the union of zeros of dyi, dg, d3 = T35 — To2111,
dy = 235 + (—w92 + V)11, ds = 2]y + (=235 + 222)2%, + (35 — xa2)x11. These Pfaffian systems are
given at [17].

3. Values of E[f(u)g(v)] and Elg(u)g(v)] at z = <_01 01> are 0 and % respectively. Values of D2 e

E[f(u)g(v)] and 812 e E[g(u)g(v)] at x = (01 _01> are ™ and 1 respectively.

Proof. 1. E[f(u)f(v)] is a moment of the normal distribution and is easy to obtain an explicit form.

2. The Pfaffian systems are obtained in an analogous way as the proof of Theorem 7.

3. The integrals are products of single integrals for the special value of x in the statement. We can obtain
an explicit form of these single integrals, e.g., with a help of Mathematica. O

Derivation of Pfaffian systems is done in 10.066s on o3n.
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8.7 Degenerated Normal Distribution

When det(X) = 0, the HGM for the double integral (13) cannot be applied because det(X) = 1/det(—%/2)

becomes infinity. Following the discussion of [2, p.30], we will derive a single integral representation for the
expectation E[o(u)o(v)].

Let ¥ be the covariance matrix of rank 1. Then there exists a non-sigular symmetric matrix B such that

1 0

BYB = (O 0

activator o is expressed as

). Let (c1,c2)T be the first column vector of the matrix B~!. Then, the expectation for the

\/% /_ O:O o (12)0(c22) exp (-f) i (73)

by [2, p.30]. To obtain the expectation for &, we may replace o by ¢ in (73). In order to evaluate the integral,
we may utilize the HGM for ¢; and ¢z or an efficient numerical integrator for single integrals.
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Figure 1: Inference by ReLU Figure 2: Inference by GeLU
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Figure 3: Inference by ReSin
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