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Abstract

We investigate the complexity of integration and derivative for multivariate polynomials in the
standard computation model. The integration is in the unit cube [0,1]¢ for a multivariate poly-
nomial, which has format f(x1,---,24) = pi(x1, -+, 2a)p2(x1, -, xq) - pr(x1, -, xqa), where each
pi(x1,-++,2q) = Zj:1 gj(z;) with all single variable polynomials ¢;(z;) of degree at most two and
constant coefficients. We show that there is no any factor polynomial time approximation for the in-
tegration f[O,l]d f(z1, -, za)ds; - - - de, unless P = NP. For the complexity of multivariate derivative,

we consider the functions with the format f(z1, - ,z4) = p1(z1, -, za)p2(x1, -, 2d) - pr(T1, -, Td),
where each p;(z1,- -, zq) is of degree at most 2 and 0,1 coefficients. We also show that unless P = NP,
Af D (wy, o ymyg)
Oxqy---Oxg
(1, +,2z4) = (0,---,0). Our #P-hard result for derivative shows that the derivative is not be easier

than the integration in high dimension. We also give some tractable cases of high dimension integration
and derivative.

there is no any factor polynomial time approximation to its derivative at the origin point

1. Introduction

Integration and derivative are basic operations in the classical mathematics. Integrations with a large number
of variables have been found applications in many areas such as finance, nuclear physics, and quantum
system, etc. The complexity for approximating multivariate integration has been studied by measuring the
number of function evaluations. For example, Sloan and Wozniakowski proved an exponential lower bounds
2% of function evaluations in order to obtain an approximation with error less than the integration itself,
which has s variables [9]. The integration f[O,HS f(z1, - x5)dy, -+ dy, is over the cubic [0,1]° for some
function f(z1,--,zs). In the quasi-Monte Carlo method for computing f[0,1]d f(x)d,, it is approximated by

d—
L5 | f(z;). This approximation has an error @(%)

number d (see e.x., [7, 6] and the reference papers there).
An integration may be computed by the structure of the function without involving function evaluation.
For example, f[ojl}g ?y3d,d, = (f[OJ] 22d,) - (f[O,l] y3d,) = 5 -1 = 73 The calculation gives the exact value

, which grows exponentially on the dimension

1
of the integration, but there is no evaluation for the function f(x,y) = x2y>. Using the computational com-
plexity theory, we study the polynomial time approximation limitation for the high dimensional integration
for some easily defined functions. In this paper, we consider the high dimensional integration for multivariate
polynomials, which are defined with format f(x1,---,2q) = p1(z1, -, zq)p2(x1,- -, xq) - - pr(T1, -, Ta),
where each p;(z1, -+, 24) = Z;l:l g;(x;) with polynomial ¢;(z;) of constant degree. Its integration can be
computed in polynomial space. We show how this problem is related to other hard problem in the field
of computational complexity theory. Therefore, our model for studying the complexity of high dimensional
integration is totally different from the existing approaches such as [9], and is more general than the old
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models. We show that there is no any factor polynomial time approximation to the integration problem
unless P = NP.

A similar hardness of approximation result is also derived for the derivative of the polynomial function.
The recent development of monomial testing theory [2, 3, 1] can be used to explain the hardness for computing
the derivative for a [[ Y ][ polynomial. For the hardness of the approximation for multivariate derivative, we

consider the functions with the format f(x1, -+, 2q4) = p1(x1,-- -, xq)p2(x1, -+, 24) - - Px(x1, -+, xq), Where
each p;(z1, -+, 24) is of degree 2. We also show that unless P = NP, there is no any factor polynomial
Of D (w1, w4)

time approximation to its derivative 5o o, at the origin point (21,---,2z4) = (0,---,0). Our results
show that the high dimension derivative may not be easier than the high dimension integration. Since
both integration and derivative are widely used, this approach may help understand the complexity of some
mathematics systems that involve high dimension integration or derivative.

Partial derivatives were used in developing deterministic algorithms for the polynomial identity problem
(for example, see [8]), a fundamental problem in the computational complexity theory. Our intractability
result for the high dimension derivative over multivariate polynomial points out a barrier of this approach.

Second part of this paper about the inapproximability of derivative is an application of our recently
developed monomial testing theory [2, 3, 1]. It shows that it is #P-hard to compute the derivative of a
11>° polynomial at the origin point. We also give some tractable cases of high dimension integration and
derivative.

In section 3, we give an overview about our method for deriving the inapproximation result of high
dimension integration. The main result of this paper is the inapproximation for high dimension integration,
and is presented in section 4. In section 5, we present the inapproximation result for high order derivative.
Some tractable cases of high dimension integration and derivative are shown in section 6.

2. Notations

Let N ={0,1,2,---} be the set of all natural numbers. Let NT = {1,2,---} be the set of all positive natural
numbers.

Assume that function r(n) is from N to NT. For a functor F(.), which converts a multivariate polynomial
into a real number, an algorithm A(.) gives an r(n)-factor approximation to F'(f) if it satisfies the following

conditions: if F(f) > 0, then f((f:)) < A(f) < r(n)F(f); and if F(f) < 0, then r(n)F(f) < A(f) < f((r{))v
where n is the number of variables in f.

Assume that functions r(n) and s(n) are from N to NT. For a functor F(.), an algorithm A(.) gives an
(r(n), s(n))-factor approximation to F'(f) such that if F'(f) > 0, then £7) —s(n) < A(f) <r(n)F(f)+s(n);

r(n)

and if F'(f) <0, then r(n)F(f) —s(n) < A(f) < 1:((7,;:)) + s(n), where n is the number of variables in f.

In this paper, we consider two kinds of functors. The first one is the integration in the unit cube for

CY
a multivariate polynomial: f[o.l]d flx1, -+, xq)dy, -+ - dy,. The second is the derivative %{’M:f‘i) at the
origin point (z1, -+, z4) = (0,---,0).
For the complexity of multivariate integration, we consider the functions with the format below:

f(xlv"'axd) :pl(xlv"'axd)pQ(‘rlv"'7xd)"'pk(x17"';xd)7

where each p;(21,---,24) = 2?21 g;(x;j) with each single variable polynomials g;(z;) of constant degree.
This kind multivariate polynomial is called []>" S, if the degree of each ¢;(z;) is at most c.
For the complexity of multivariate derivative, we consider the functions with the format below:

f@y, - @a) = pi(@y, - @a)pa(@, - @a) - pe(@n, - -, 2a),

where each p;(x1,---,x4) is of a constant degree. The polynomial f(zy,---,x4) is called a [ > [], polyno-
mial if the degree of each p;(z1,---,z4) is at most k.

An algorithm is subexponential time if it runs in 27°" time for all inputs of length n. Define subE to be
the class of languages that have subexponential time algorithms.

3. Overview of Our Methods

In this section, we show the brief idea to derive the main result of this paper (Theorem 5). 3SAT is an NP-
complete problem proved by Cook [4]. We show that approximating the integration of a [ > Se polynomial



is NP-hard by a reduction from 3SAT problem to it. It is still NP-hard to decide a conjunctive normal
form that each variable appears at most three times with at most one negative time. We assume that each
variable has its negation appears at most one time (Otherwise, we replace it by its negation).

We show (see Lemma 3 and equations (59) to (65) at its proof) that there exist integer coefficients

polynomial functions g;(z) = ax® + bx? + cx + d, g2(x) = ux + v, and f(x) = 2z satisfy that fol g1(z)d, =
17 fol gZ(x)dCE = 17 fol f(x>dl‘ = 17 fol gl(x)QQ(x)dI = 47 fol gl(x)f(x)dm = 07 fol gQ(x)f(‘r)dZL’ = 07 and

Jo 91(@)g2(2) f (w)d, = 0.

Example 1. Counsider the logical formula F' = (21 +x2)(z1 +Z2)(ZT1 + 22), which has the sum of product
expansion T1T1T1 + T1X1X2 + T1T2T1 + T1T2X2 + ToX1T1 + To2X 1T + ToToX1 + LaTaXs. The term 112
can bring a truth assignment x; = true and xo = true to make F true. As each variable appears at most 3
times with at most one negative appearance, the first positive x; is replaced by ¢1(y;), the second positive
x; is replaced by ga2(y;), and the negative T; is replaced by f(y;). It is converted into the polynomial

P(y1,y2) = (91(y1) + 91(y2))(92(y1) + f(y2))(f (y1) + 92(y2))-

The polynomial p(y1,y2) has the sum of product expansion

91(y1)g2(y1) f(y1) + 91(y1)92(y1)92(y2) + g1 (y1) f (y2) f(v1) + g1 (y1) f (y2)92(y2) +
91(Y2)92(y1) f(y1) + 91(y2)92(y1)92(y2) + 91 (y2) f (y2) f (y1) + 91 (y2) f (y2) 92 (y2)-

Consider the integration f[o 12 p(y1,Y2)dy, dy,. The integration can be distributed into those product
terms. f[ojug 91(y1)g2(y1)92(y2)dy, dy, is one of them. We have

/ 1)) () dyy = </ m(yogz(yl)dyl)(/ ga()dyy) =41 =14
[0,1]2 [0,1] ]

)

The integrations for other terms are all non-negative integers. Thus, f[0,1]2 p(y1,Y2)dy, dy, is a positive integer
due to the satisfiability of F'.

Example 2. Consider the logical formula G = (z1 4+ 22)T1Z2, which has the sum of product expansion
T1T1To + T1ToTo. Neither 17172 nor x1T2To can be satisfied. As each variable appears at most 3 times with
at most one negative appearance, the first positive x; is replaced by ¢1(y;), the second positive z; is replaced
by g2(y;), and the negation case T; is replaced by f(y;). It is converted into the polynomial ¢(y1,y2) =
(91(y1) +91(y2)) f(y1) f(y2). The polynomial q(y1,y2) has the sum of product expansion g1 (y1) f(y1)f(y2) +
91(y2) f(y1) f (y2)-

Consider the integration f[OJ]Q q(y1,y2)dy, dy,, which is identical to f[OJ]Q g1(y) f(y) f(y2)dy, dy, +

Jroye 91 (42)F (1) £ (u2)dy, dyy. We have

/ g1(y1) f(y1) f(y2)dy, dy, = (/ 91(y1)f(y1)dy1)(/ f(y2)dy,) =0-1=0.
[0,1]2 0,1] [0,1]
We also have

[ oo, = ([ fed (] i) =10=0

[0,1] [0,1]

Therefore, f[o 12 q(y1,y2)dy, dy, = 0 due to the unsatisfiability of G. Therefore, for any factor a(n) > 0, a

polynomial time factor a(n)-approximation to the integration of a [ > Ss polynomial implies a polynomial
time decision for the satisfiability of the corresponding boolean formula.

4. Intractability of High Dimensional Integration

In this section, we show that the integration in high dimensional cube [0,1]% does not have any factor
approximation. We will reduce an existing NP-complete problem to the integration problem. Our main
technical contribution is in converting a logical formula into a polynomial. We often use a basic property of
integration, which can be found in some standard text books of calculus (for example [11]). Assume function



flxr, s xa) = fi(mig, - @i, ) f2(2g,,0 - @j,,), where {z1,---, 24} is the disjoint union of {z;,, -+, z;, }
and {z;,, -+, 2, }. Then we have

[N T )

= / fl(gji]v"'71'id1)d$i1 dx1d : / f(xjﬂ'“?zde)dile dﬂcjd . (2)
[0,1]41 ! [0,1]42 2

In order to make the conversion from logical operation to algebraic operation, we represent conjunctive
normal form with the following format. For example, the formula (1 4+ 22)(x1 +Z2)(Z1 +22) is a conjunctive
normal form with two boolean variables z; and x9, where 4 represents the logical \/, and . represent the
logical A.

Definition 1.

e A 3SAT instance is a conjunctive form C; - Cs - - - C,, such each C; is a disjunction of at most three
literals.

e 3SAT is the language of those 3SAT instances that have satisfiable assignments.

e A (3,3)-SAT instance is an instance G for 3SAT such that for each variable z, the total number of
times of z and T in G is at most 3, and the total number of times of T in G is at most 1.

e (3,3)-SAT is the language of those (3,3)-SAT instances that have satisfiable assignments.

For examples, (z1 4+ x2+ x3)(x1 +T2)(T1 + 2) is both 3SAT and (3, 3)-SAT instance, and also belongs to
both 3SAT and (3, 3)-SAT. On the other hand, (x; + z2 + x3)(T1 + T2)(ZT1 + x2) is not a (3,3)-SAT instance
since T; appears twice in the formula. The following lemma is similar to a result derived by Tovey [10].

Lemma 2. There is a polynomial time reduction f(.) from 3SAT to (3,3)-SAT.

Proof: Let F be an instance for 3SAT'. Let’s focus on one variable x; that appears m times in F. Introduce
a series of variables y; 1, -, ¥im for z;. Convert F to F’ by changing the j-th occurrence of z; in F to y; ;
for 7 =1,---,m. Define

Gwi = (CEz - yi,l) : (%,1 - yz‘,2)(yi,2 - yi,B) : (yi,3 - yi,4) T (yi,mfl - yi,m) : (yi,m - CCZ)
= @Titwyi1) Wix+¥%2) Wia+viz) Wiz +¥ia)  Gim1 +Yim) - Tim + i)

Each logical formula (z — y) is equivalent to (T +y). If G, is true, then z;,¥;.1, -, ¥;,m are equivalent.

Convert F’ into F” such that F" = F'Gy, - - - Gy, , where z1,-- -,z are all variables in F'.

For each variable x in F”/ with more than one Z, create a new variable y,, replace each positive z of I’ by
7z, and each negative T by y,. Thus, F” becomes F"’. Tt is easy to see that F € 3SAT iff F” is satisfiable
iff F" €(3,3)-SAT. :

4.1. Integration of [[Y S; Polynomial

Lemma 3 is our main technical lemma. It is used to convert a (3, 3)-SAT instance into a [[ > Sz polynomial.

Lemma 3. There erist integers b, c,d,u, and v such that the functions gi(x) = bx? +cx+d, g2(x) = vz +v,
and f(x) = 2z satisfy that

1. fol g1(z)d,, fol g2(7)d,, fol f(x)d,, and fol 91(z)g2(z)d, are all positive integers, and

2. fol g1(2) f(w)dg, fol g2(z) f(z)d,, and fol g1(x)g2 () f(2)d, are all equal to 0.



Proof: = We give the details how to derive the functions g;(x) and go(x) to satisfy the conditions of the
lemma. In order to avoid solving nonlinear equations, we will fix the two variables u and v in the early phase

of the construction.

fz)d, = / 22d, = 2|5 = 1.
[0,1] [0,1]

/01 91(z)d

We let

Therefore, we have got

/ g(x)d, = 1
[0,1]

/ g2(z)f(x)d, = 0
(0,1]

1
/ (ba? + cx + d)d,
0

bxd cx?
L

Cc
~+d
+5+

(2b + 3¢ + 6d).

—~

D = W o

1
= / (ux + v)2xd,
0

1
= 2/ (ux? + vx)d,
0

uxd  vx?

= 2 i 1
(5 + 5l

= 2(5+2)

3 2

1
= §(2u + 3v).

(by equations (8) to (10)), and

(by equations (11) to (15)).

1 1
/ g1 (z)ga(z)d, = / (bz® + cz + d) (uzx + v)d,
0 0

1
= /(bx2+cm+d)(—6x+4)dw
0

(3)

(20)

(21)



1
(—6bx® — 6cx? — 6dx + 4bx? + 4cx + 4d)d,

/

/1((—Gb)m3 + (4b — 6¢)z? + (4¢c — 6d)z + 4d)d,

0

_ ((—Gj)x‘1 n (4b —?)(Sc)x‘3 n (4c — 6d)x?
(—6b) N (4b — 6¢) N (4¢ — 6d)

+ 4dx)[}

= 3 5 T4
_ %(3-(—6b)+4~(4b—6c)+6-(4c—6d)+48d)
_ %((—18 F16)b+ (=24 + 24)c + (48 — 36)d)
_ %((_z)mud)
= L(-b+6d).
/Ogl(x)f(iﬁ)dm = /O(bgc + cx + d)2xd,,

1
= 2/ (b + cx? + dx)d,
0

bzt cx®  d2?
= 2(— + = 4+ =)k
( 1 + 3 + 5 o

b ¢ d
= 27 — —
(4+3+2)

1
= 5(8b+de+ 6d).
1
| @@ i@,
0
1
/ (bz? + cx + d) (ux + v)2xd,
0
1
2/ (ba? + cx + d)(—62 + 4)zd,
0
1
2/ (—6bx® — 6cx? — 6dx + 4ba? + dex + 4d)xd,
0

2 / (682 1 (4D — 6)® + (de — 6d)z + 4d)rd,
0

(—6b)z®  (4b—6c)x*  (4e— 6d)x®  4Ada?

2=+ 4 - 3 5 o
(—6b) (4b—6¢) (4c—6d) 4d

ot 5+ )

2

o5(12 (—6b) 415 - (4b — 6¢) + 20 - (4c — 6d) + 120d)

1
35 (=72 +60)b + (=90 + 80)c + (—120 + 120)d)

1
~(—12b—1
30( 0c)
L (Z6b—50)
15 ¢

We need to satisfy the following conditions:

6b+5¢c = 0



3b+4c+6d = 0 (47)
—b+6d = 6n; for some positive integer ny (48)

2b+3c+6d = 6ng for some positive integer no (49)

Equation (46) makes f[O,l] g1(x)g2(z) f(x)d, = 0 according to equations (35) to (45). Equation (47) makes
f[O,l] g1(x)f(z)dy = 0 according to equations (30) to (34). Equation (48) makes f[O,l] g1(x)g2(z)d; be a
positive integer according to equations (20) to (29). Equation (49) makes f[o,u g1(z)d, be a positive integer
according to equations (4) to (7).

Let z and k be integer parameters to be fixed later. We have the solutions below:

b = 5.6, (50)
6b . .
c = —%= —6x - 6%, (by equation (46)) and (51)
1 1
= 9z-6"1  (by equation (47)). (53)

We have the equations:

—b+6d = —5x-6°46-(9z-6°"1)=42-6" and (54)
2b+3c+6d = 2-(52-6")+3-(—6z-6F)+6- (926" (55)
= (10z — 18z 4 9z)6" = 2 - 6*. (56)

Let z =1 and kK = 1. We have b = 30,c = —36, and d = 9. We also have

—b+6d = 24 (byequation (54)) (57)
2b+3c+6d = 6 (byequation (56)). (58)

Thus, g1(z) = bx? + cx + d = 302% — 362 + 9, g2(7) = —6x + 4, and f(x) = 22. We have the following
equations to satisfy the conditions in the lemma.

/0 Cf@)d, = 1. (by equation (3))) (59)

/0 Cp@de = 1. (by equations (4) to (7), and (58)) (60)

/01 g2(x)d, = 1, (by equation (18)) (61)

01 0 (@)gs(2)ds = 4, (by equations (20) to (29), and (57)) (62)

/01 qa(z)f(z)d, = 0, (by equations (30) to (34), and (47)) (63)

/0 '@ f(@)ds = 0. (by equation(19)),  and (64)

/0 o (@)ga(0)f(@)de = 0. (by equations (35) to (45). and the solutions for band &)  (65)

|

Lemma 4. There is a polynomial time algorithm h such that given a (3,3)-SAT instance s(x1,- -, xy), it

produces a [[>. Sa polynomial h(s(x1,--+,2n)) =p(Y1, -, yn) to satisfy the following two conditions:
1. if s(xy,- -+, xp) is satisfiable, then f[o 1 Py, Yn)dy, - - - dy, is a positive integer; and

2. if s(x1,- -, xp) is not satisfiable, then f[o 1 P(Y1, -, Yn)dy, - -~ dy, is zero.



Proof:  We give two examples to show how a logical formula is converted into a multivariate polynomial
in section 3. Let polynomials ¢1(y), g2(y), and f(y) be defined according to those in Lemma 3.
For a (3,3)-SAT problem s(z1,--,x,), let p(y1,---,yn) be defined a follows.

e For the first positive literal x; in s(z1,-- -, z,), replace it with g1 (y;).
e For the second positive literal z; in s(x1,- -, z,), replace it with gs(y;).
e For the negative literal T, in s(x1,-- -, x,), replace it with f(y;).

The formula s(z1,---,2,) has a sum of product form. It is satisfiable if and only if one term does
not contain a positive and negative literals for the same variable. If a term contains both z; and T;, the
corresponding term in the sum of product for p(.) contains both g¢;(y;) and f(y;) for some j € {1,2}.
This makes it zero after integration by Lemma 3. Therefore, s(z1,---,x,) is satisfiable if and only if
f[O,l]" P(Y1,- -, Yn)dy, - - - dy, is not zero. Furthermore, it is satisfiable, the integration is a positive integer
by Lemma 3. See the two examples in section 3. The computational time of h is clearly polynomial since
we convert s to h(s) by replacing each literal by a single variable function of degree at most 2. |

Theorem 5. Let a(n) be an arbitrary function from N to NT. Then there is no polynomial time a(n)-factor
approzimation for the integration of a [[>_ Sa polynomial p(x1,- -, xy,) in the region [0,1]™ unless P = NP.

Proof: Assume that A(.) is a polynomial time a(n)-factor approximation for the integration
f[O,l]” Py, Yn)dy, - - - dy, with [] D" So polynomial p(yi,---,y»). For a (3,3)-SAT instance s(z1,- -, Zx),
let p(y1, -+, yn) = h(s(x1,- -+, x,)) according to Lemma 4. By Lemma 4, a (3, 3)-SAT instance s(z1,- -, zp)
is satisfiable if and only if the integration J = f[o 1]np Y1, ,yﬁ)dy1 -dy, is not zero. Assume that

n

s(x1,-+,xy) is not satisfiable, then we have A(J) € [J/a(n),J - a(n)] = [0,0], which implies A(J) = 0.
Assume that s(zy1,---,x,) is satisfiable, then we have A(J) € [J/a(n),J - a(n)] C (0,+00), which implies
A(J) > 0. Thus, s(z1,--,x,) is satisfiable if and only if A(J) > 0.

Therefore, there is a polynomial time algorithm for solving (3, 3)-SAT, which is NP-complete by Lemma 2I
So, P = NP.

Theorem 6. Let a(n) be an arbitrary function from N to NT. Then there is no subexponential time a(n)-
factor approximation for the integration of a [[>. Sa polynomial p(x1,---,xy,) in the region [0,1]™ unless
NP C subE.

Proof: Assume that A(.) is a subexponential time a(n)-factor approximation for the integration
f[O,l]" p(y17 U 7yn)dy1 T dyn with H Z SQ polynomial p(y17 e ;yn)

For a (3,3)-SAT instance s(z1,---,2y,), let p(yi,---,yn) = h(s(z1,---,2,)) according to Lemma 4.
By Lemma 4, a (3,3)—SAT instance s(x1,---,zy) is satisfiable if and only if the integration J =
f[o,un p(Y1, -, Yn)dy, ---dy, is not zero. Assume that s(zi,---,z,) is not satisfiable, then we have
A(J) € [J/a(n),J - a(n )} [0, 0], which implies A(J) = 0. Assume that s(z1,---,x,) is satisfiable, then we
have A(J) € [J/a( ), J - a(n)] € (0,+00), which implies A(J) > 0. Thus, s(x1,---,z,) is satisfiable if and
only if A(J) >

Therefore, there is a subexponential time algorithm for solving (3,3)-SAT, which is NP-complete by
Lemma 2. Thus, NP C subE.

Lemma 7. Assume that a(1™) is a polynomial time computable function from N to N with a(1™) > 0 for
n. There is a polynomial time algorithm such that given a (3,3)-SAT instance s(x1,- -, xy,), it generates a
11>°Ss polynomial p(y1, - -, yn) such that if s(xq1,---,x,) is satisfiable, then fo 1 P(Y1, - Yn )y, oy, 05 @

positive integer at least 3a(1™)?; and if s(xy1,---,x,) is not satisfiable, f[o 1y P (Y1, ,yn)d 18 zero.

Y1 Yn
Proof: For a (3,3)-SAT problem s(z1,--,xx), let ¢(y1,---,yn) = h(s(x1,---,2z,) be constructed as
Lemma 4.

Since a(1™) is polynomial time computable, let p(y1,- -+, yn) = 3a(1")2q(y1, -, yn), which can be com-
puted in a polynomial time. |



Theorem 8. Let a(1™) be a polynomial time computable function from N to NT. Then there is no polyno-
mial time (a(1™), a(1™))-approzimation for the integration problem f[O.l] flxy, -, xq)dy, - - dy, fora]>"S2
polynomial f(.) unless P = NP.

Proof:  Assume that there is a polynomial time (a(1"),a(1™))-approximation App(.) for the integration
problem [i ; f(21, "+, %4)da, -+ da, for a J[ 7Sz polynomial f(.).

Let s(z1,--,x,) be an arbitrary (3,3)-SAT instance. Let p(y1,---,yn) be the polynomial according to
Lemma 7.

Let J = f[o,1]n Py, Yn)dy, .y, - 1 8(21, -+, 2y) is not satisfiable, then J = 0. Otherwise, J > 3a(1™)2.

Assume that s(xy,---,2,) is not satisfiable. Since App(J) is an (a(1™),a(1™))-approximation, we have
App(J) < J-a(1™) 4+ a(1™) = a(1™) by the definition in section 2.
Assume that s(zq,---,x,) is satisfiable. Since App(J) is an (a(1™),a(1™))-approximation, we have
ny2
App(J) > ﬁ —a(1™) > 338713 —a(1™) = 2a(1™) by the definition in section 2.

Therefore, s(x1,---,z,) is satisfiable if and only if App(J) > 2a(1™). Thus, if there is a polynomial time
(a(1™), a(1™))—approximation, then there is a polynomial time algorithm for solving (3, 3)-SAT. By Lemma 2,
P = NP.

The well known exponential time hypothesis says NP € subE [5]. Basing on such a hypothesis, we have
the following stronger result about the intractability of high dimension integration.

Theorem 9. Let a(1™) be a polynomial time computable function from N to N*. Then there is no subex-
ponential time (a(1™),a(1™))-approzimation for the integration problem f[o 1 flx1, - za)dy, - dy, with a
11>-S2 polynomial f(.) unless NP C subE.

Proof:  Assume that there is a subexponential time (a(1™), a(1™))-approximation App(.) for the integration
problem [, (21, #4)da, -+ da, with a J[3°Ss polynomial f(.).

Let s(x1,--,x,) be an arbitrary (3,3)-SAT instance. Let p(y1,---,yn) be the polynomial according to
Lemma 7. Let J = f[O,l]“ P(Y1,- -, Yn)dy, .y, - By Lemma 7, we have J > 0.

If s(xq,--+,x,) is not satisfiable, then J = 0. Otherwise, J > 3a(1")2.

Assume that s(z1,---,2,) is not satisfiable. Since App(J) is an (a(1™), a(1™))-approximation, we have
App(J) < J-a(1™) 4+ a(1™) = a(1™) by the definition in section 2.
Assume that s(zq,---,x,) is satisfiable. Since App(J) is an (a(1™),a(1™))-approximation, we have
ny\2
App(J) > W]ﬂ) —a(l™) > 328"; — a(1™) = 2a(1™) by the definition in section 2.

Therefore, s(x1,---,x,) is satisfiable if and only if App(J) > 2a(1™). Thus, if there is a subexponential
time (a(1™), a(1™))-approximation, then there is a subexponential time algorithm for solving (3,3)-SAT. By
Lemma 2, NP C subE. |

5. Inapproximation of Derivative

In this section, we study the hardness of high dimensional derivative. We derive the inapproximation results
under both NP # P and NP ¢ subE assumptions.

Definition 10. A monomial is an expression z{* - - - 2* and its degree is a1 +- - -+a4. A monomial z{* - - - x5,
in which xq,---, x4 are different variables, is a multilinear if a1 = as = --- = aq = 1.

For example, (2173 + 23)(z2x4 + 23) is a [[ Y [[, polynomial. It has a multilinear monomial z1z27324
in its sum of products expansion.

We give Lemma 11 to convert an instance f for (3,3)-SAT into a [[ > [[, polynomial. The technology
developed in [2, 1] will be applied in the construction.

Lemma 11. Let a(1™) be a polynomial time computable function from N to NT. Then there is a polynomial
time algorithm A such that given a (3,3)-SAT instance F(yi1,---,ya), the algorithm returns a [[> [,
polynomial G(xy,- -+, x,) such that

1. If F is not satisfiable, then G does not have a multiliear monomial with an nonzero coefficient in its sum
of product expansion.



2. If F is satisfiable, then G has the multiliear monomial x1 - - - x,, with a positive integer coefficient at least
3a(1™)? in its sum of product expansion.

Proof:  Let (3,3)-SAT instance F' be C1C; - - - Cy. Each clause C; has format y; +y;, + y;,, where literal
yj is either y; or its negation y;. Since F'is a (3,3)-SAT instance, for each variable y; in F', y; and 7, totally
appear at most three times in F', and ¥, appears at most once in F.

For each variable y; in F, create four new variables z; 1, 2;2, u;1 and wu; 2. Convert formula F' into
polynomial G; such that for each y; in F', the first positive occurrence y; is changed into z; 1u;,1, the second
positive occurrence y; is changed into z; ou; 2, and the negative occurrence 7; is changed to z; 12 2. After the
conversion for all the variables, formula F' is transformed into a polynomial G;. We have that F' is satisfiable
if and only if G; has a multilinear monomial with positive coefficient in its sum of products expansion. This
is because a multiliear monomial in the sum of product expansion of GGy corresponds a consistent conjunctive
term, which does not contain both y; and its negation 7, for some variable y;, in the sum of product expansion
of F.

Let H; be the set of all variables in G;. Assume that dy is the degree of G; (it is easy to see that all
monomials in the sum-product expansion of GG have the same degree d;). Let m be the number of variables
in Hi. Let d be the number of boolean variables in F'. Assume that no clause C; in F' contains a single
literal (otherwise, we can force the literal to be true to simplify F'). The number of clauses in F is at most
%d since each variable appears in F' at most three times and each clause C; of F' contains at least two literals.
The degree G is at most 3d since each literal of F' is replaced by a product of two variables. The number
of variables in G; is m = 4d (we create four new variables for each variable in F'), which is larger than the
degree of Gy.

Create new variables vy, -, Vm—q,. For j = 1,---,;m — dy, let ¢; = ZIGHl 2zv;. Finally, we get the
polynomial G = 3a(1")?-G1 - q1 - @m—d,, Where n = m + (m — dy). Note that 3a(1")? in the polynomial G
is considered an integer constant which does not contain any variable. The degree of G isn = d1+2(m—d;) =
m + (m — dy). Thus, the degree of G is the same as the total number of variables in g. We can show that f
is satisfiable if and only if there is a multilinear monomial, which is the product of all variables in G, with
positive coefficient of size at least 3a(1™)2.

Theorem 12. Assume that r(n) is a function from N to NT*. If there is a polynomial time algorithm A

M) (g nn
such that given a [ ], polynomial g(x1,---,xy), it gives an r(n)-factor approzimation to %W

at the origin point (z1,---,x,) = (0,---,0), then P = NP.
) (g1 ...
Proof: Assume that A(.) is a polynomial time r(n)-approximation for computing W at the
origin point (z1, -+, z,) = (0,---,0).
Assume that f is an arbitrary formula in a (3,3)-SAT problem. By Lemma 11, we can get a polyno-

(M) (0,--.0) . . .
mial g(z1,---,2,). The derivative W is equal to the coefficient of x; ---x, in the sum of product

expansion of g.

If f is satisfiable, we have A(g) > 0, and if f is not satisfiable, we have A(g) = 0 since A(.) is a r(n)-
approximation and r(n) > 1. We can know if the coefficient of z; - - - x, in the sum of product expansion
of g is positive in polynomial time. Thus, (3,3)-SAT is solvable in polynomial time. Since (3,3)-SAT is
NP-complete, we have P = NP.

Basing on exponential time hypothesis NP & subE [5], we have the following stronger result about the
intractability of high dimension derivative.

Theorem 13. Assume that v(n) is a function from N to Nt. If there is a subezponential time algorithm A

99 (1,
such that given a [1° 1], polynomial g(x1,---,xy), it gives an r(n)-factor approzimation to W

at the origin point (x1,---,2,) = (0,---,0), then NP C subE.
SO
Proof: Assume that A(.) is a subexponential time r(n)-approximation for computing W at
the origin point (z1,---,z,) = (0,---,0).
Assume that f is an arbitrary formula in a (3,3)-SAT problem. By Lemma 11, we can get a polyno-

3™ (0,:--,0)

Seror. s equal to the coefficient of x1 - - -z, in the sum of product

mial g(x1,---,2,). The derivative
expansion of g.
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If f is satisfiable, we have A(g) > 0, and if f is not satisfiable, we have A(g) = 0 since A(.) is a r(n)-
approximation and r(n) > 1. We can know if the coefficient of z; - - - &,, in the sum of product expansion of
g is positive in subexponential time. Thus, (3,3)-SAT is solvable in subexponential time. Since (3,3)-SAT
is NP-complete, we have NP C subE.

Theorem 14. Let a(1™) be a polynomial time computable function from N to N*. Then there is no poly-

(n) . .
nomial time (a(1™), a(1™))-approzimation for W with g(x1,---,2,) as a [[> "], polynomial at
the origin point (x1,---,x,) = (0,---,0), unless P = NP.

Proof: Assume that App(.) is a polynomial time (a(1™),a(1™))-approximation for computing
(n) .. .
99~ (1,2n) 836(10_6,1,’8305”") at the origin point (z1,---,2,) = (0,---,0).

Given an arbitrary (3,3)-SAT instance F, let the [[> ][, polynomial G(z1,---,2,) be constructed

according to Lemma 11.

8G ™ (zy,-,x,) - .. .
T omas. = is zero at the origin point (1, -, xn) = (0,---,0).

If F is not satisfiable, then we have
Otherwise, it is at least 3a(1™)2.

Assume that F is not satisfiable. Since App(J) is an (a(1"),a(1™))-approximation, we have App(J) <
J-a(1™) 4+ a(1™) = a(1™) by the definition in section 2.

Assume that F is satisfiable. Since App(J) is an (a(1™), a(1™))-approximation, we have App(J) > a(i]n) -
a(1™) > 338:;2 —a(1™) = 2a(1™) by the definition in section 2.

Therefore, F' is satisfiable if and only if App(J) > 2a(1™). Thus, if there is a polynomial time
(a(1™), a(1™))-approximation, then there is a polynomial time algorithm for solving (3, 3)-SAT. By Lemma 2,
P = NP.

Theorem 15. Let a(1™) be a polynomial time computable function from N to N*. Then there is no subex-
) (g1 .. . )
ponential time (a(1™),a(1™))-approzimation for W at the origin point (x1,--+,x,) = (0,---,0),

unless NP C subE.

Proof:  The proof is similar to that of Theorem 14. |

6. Some Tractable Integrations and Derivatives

In this section, we present some polynomial time algorithms for integration with some restrictions. We also
show a case that the derivative can fully polynomial time approximation scheme.

6.1. Bounded Width Product

Definition 16. A formula f; - fo--- f,, is c-wide if for each variables x;, there is an index j such that z;
only appears in f;, fj4+1, - fj+c—1, where each f; is a sum of monomials.

Theorem 17. There is an O(mn>°) time algorithm to compute the integration f[o 14 F(z1,--,zq) for a
c-wide formula F(x1,---,xq) = f1- fm, where n is the total length of F.

Proof:  Apply the divide and conquer method. Convert F' into Fi;GF5 such that G is a product of at
most ¢ sub-formulas f;--- f; with j —4 = ¢ in the middle region of F' (we can let i = I'm;c'l + 1, and
i=["<]+o.

Let S; be the set of variables that are only in F}, Ss be the set of variables that are only in F5, and S
be the set of variables that appear in G. The set of variables in F' is partitioned into 51, S, and Ss.

As Fy = fi1--- fi—1, we convert Fy into F}' = f1--- fi_.fy, where f; is the product of the last ¢ sub-
formulas: f = fi—¢--- fi—1. Similarly, as Fo = fj11--- fm, we convert Fs into Fy = f5 fjyc- -+ fm, where
f5 is the product of the first ¢ sub-formulas: f3 = fj41--- fj+c. Convert G into the sum of products.
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We have

[ P de, = [ G Rds) (| Fads)ds
[0,1]4 [0,1]1S1 [0,1]1511 [0,1]152]

|G Fras) (| Fds)ds.
[0,1]IS1 [0,1]151l [0,1]152]

The integration f[o 11511 Fidg, can be expressed as a polynomial of variables in S. The integration

f[o 1]152] Fydg, can be expressed as a polynomial of variables in S.

We have the recursive equation for the computational time T'(m) = 2T(m/2) + O(n3¢). This gives
T(m) = O(mn>°). |

6.2. Tractable Derivative

In this section, we show that computing the derivative of a class of [ Y polynomial is # P-hard, and also give
a polynomial time randomized approximation scheme by using the theory of testing monomials developed
by Chen and Fu [2, 1].

Definition 18. Let f(z1,---,24) = p1(x1, -, 2q)  -pp(x1, -, 2q4) be a [[D. polynomial. If for each
pi(x1,- -+, 24), each variable’s coefficient is either 0 or 1, then f is called a []Y." polynomial.

We show that the derivative for a [T Y. polynomial has a polynomial time approximation scheme. Chen
and Fu derived the following theorem by a reduction from the number of perfect matchings in a bipartite.

Theorem 19 (Chen and Fu [1]).

1. There is a polynomial time randomized algorithm to approxzimate the coefficient of a [[>." polynomial.

2. It is #P-hard to compute the coefficient of the multilinear x1 ---x4 in a [[ Y. polynomial f(x1,---,q).
Theorem 19 implies Theorem 20.

Theorem 20.

1. Let € be an arbitrary constant in (0,1). Then there is a polynomial time randomized algorithm that given

* . . . . (d) .
a [1>27 polynomial f, it returns a (1 + €)-approzimation for wrvza) Ty e point (0,---,0).

8w1»--8xd

)@ , . .
2. It is #P-hard to compute oz Dy point (0,---,0) for a [[>Y." polynomial f.

8I1~~-axd
* . . d (d) . P .
Proof:  For a [[>." polynomial f(zq,---,xq4), its % at the point (0,---,0) is identical to the
coefficient of the monomial z - - - 24 in the sum of products in the expansion of f(z1,---,z4). The theorem
follows from Theorem 19. |

7. Conclusions

Using the theory of NP-hardness, we characterize the intractability of approximation for two fundamental
mathematical operations: Integration and derivative in high dimensional space. We may see that this
approach will be applied to determining the computational complexity of more mathematics systems that
involve integration and derivative. We show that derivative for [[> ][, is #P-hard. Both integration
and derivative for [[ > [] polynomials are in the class #P. This shows that derivative is not easier than
integration in the high dimension.
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