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In many real-life situations, we are interested in the value of a physical quarttist is difficult or impossible
to measure directly. To estimate we find some easier-to-measure quantitigs. . . , z, which are related

to y by a known relationy = f(z1,...,z,). Measurements are never 100% accurate; hence, the measured
valuesz; are different frome;, and the resulting estimaje= f(z1, ..., Z») is different from the desired value
y = f(z1,...,x,). How different can it be?

Traditional engineering approach to error estimation in data processing assumes that we know the probabil-

ities of different measurement errafsr; < #; — 2. In many practical situations, we only know the upper
boundA; for this error; hence, after the measurement, the only information that we haveagbisuhat it

belongs to the intervat; Lof [@; — Aq, T + As]. In this case, it is important to find the rangef all possible
values ofy = f(z1,...,z.) Wwhenz; € x;. We start the paper with a brief overview of the computational
complexity of the correspondinigterval computatiorproblems.

Most of the related problems turn out to be, in general, at least NP-hard. In this paper, we show how the
use of quantum computing can speed up some computations related to interval and probabilistic uncertainty.
We end the paper with speculations on whether (and how) “hypothetic” physical devices can compute NP-hard
problems faster than in exponential time.

Most of the paper’s results were first presented at NAFIPS’2003 [30].

Copyright line will be provided by the publisher

1 Introduction: Data Processing — From Computing via Probabilities to In-
tervals

Why data processing?In many real-life situations, we are interested in the value of a physical quarttitgt

is difficult or impossible to measure directly. Examples of such quantities are the distance to a star and the
amount of oil in a given well. Since we cannot measyréirectly, a natural idea is to measuygeindirectly.
Specifically, we find some easier-to-measure quantities. . , x,, which are related tg by a known relation

y= [z,

x,); this relation may be a simple functional transformation, or complex algorithm (e.g., for the

amount of oil, numerical solution to an inverse problem). Then, to estignate first measure the values of the
guantitiesz, ..., x,, and then we use the resuls, ..., z,, of these measurements to compute an estimate
foryasy = f(Z1,...,%n).

For example, to find the resistan&® we measure currerdtand voltagel’, and then use the known relation
R = V/I to estimate resistance &=V /1.

Computing an estimate fay based on the results of direct measurements is caldéd processingdata
processing is the main reason why computers were invented in the first place, and data processing is still one of
the main uses of computers as number crunching devices.

Commentln this paper, for simplicity, we consider the case when the relation betwesary is known exactly;
in some practical situations, we only know an approximate relation betweamdy.

* Corresponding author: e-mailladik@cs.utep.edu, Phone: 915 747 6951, Fax: 915747 5030

Copyright line will be provided by the publisher



2 V. Kreinovich and L. Longp: Fast Quantum Algorithms for Handling Probabilistic and Interval Uncertainty

Why interval computations? From computing via probabilities to intervals. Measurement are never 100%

accurate, so in reality, the actual valugof i-th measured quantity can differ from the measurement result

def ~ ~ ~ ~ . . .
Because of thesmeasurement errordz; = Z; — x;, the resulty = f(@i1,...,2,) of data processing is, in

general, different from the actual valye= f(z1,...,x,) of the desired quantity [41].

It is desirable to describe the errdwy def y — y of the result of data processing. To do that, we must have
some information about the errors of direct measurements.

What do we know about the errorsz; of direct measurements? First, the manufacturer of the measuring
instrument must supply us with an upper boufig on the measurement error. (If no such upper bound is
supplied, this means that no accuracy is guaranteed, and the corresponding “measuring instrument” is practically
useless.) Thus, once we performed a measurement and got a measurement,resiknow that the actual
(unknown) valuex; of the measured quantity belongs to the intesxwal= [z;, Z;], wherez, = Z; — A; and
T, =T + 4.

In many practical situations, we not only know the interval\;, A;] of possible values of the measurement
error; we also know the probability of different valuds:; within this interval. This knowledge underlies the
traditional engineering approach to estimating the error of indirect measurement, in which we assume that we
know the probability distributions for measurement errrs .

In practice, we can determine the desired probabilities of different valuéscpfoy comparing the results
of measuring with this instrument with the results of measuring the same quantity by a standard (much more
accurate) measuring instrument. Since the standard measuring instrument is much more accurate than the one
use, the difference between these two measurement results is practically equal to the measurement error; thus,
the empirical distribution of this difference is close to the desired probability distribution for measurement error.
There are two cases, however, when this determination is not done:

e Firstis the case of cutting-edge measurements, e.g., measurements in fundamental science. When a Hubble
telescope detects the light from a distant galaxy, there is no “standard” (much more accurate) telescope
floating nearby that we can use to calibrate the Hubble: the Hubble telescope is the best we have.

e The second case is the case of measurements on the shop floor. In this case, in principle, every sensor can
be thoroughly calibrated, but sensor calibration is so costly — usually costing ten times more than the sensor
itself — that manufacturers rarely do it.

In both cases, we have no information about the probabilitiesxf the only information we have is the upper
bound on the measurement error.

In this case, after we performed a measurement and got a measurement;resalbonly information that we
have about the actual valug of the measured quantity is that it belongs to the intexvak [z; — A;, Z; + A,
In such situations, the only information that we have about the (unknown) actual vajue ¢f(z1,...,z,) is
thaty belongs to the range = [y, 7] = {f(x1,...,zn) |21 € X1, ..., 2, € X, } Of the functionf over the box
X1 X ... X X,,. The process of computing this interval range based on the input intery@scalledinterval
computationssee, e.g., [18, 19, 20, 32].

Interval computations techniques.Historically the first method for computing the enclosure for the range is the
method which is sometimes called “straightforward” interval computations. This method is based on the fact that
inside the computer, every algorithm consists of elementary operations (arithmetic operatignaax, etc.).

For each elementary operatigifa, b), if we know the intervalsa andb for a« andb, we can compute the exact
rangef(a, b). The corresponding formulas form the so-calile@rval arithmetic For example,

[Qva] + [bvb] = [Q+

a+b]; [a,a —[b,b =[a—b,a— Dl

=a

[976] . [975] = [mln(gb7g676baag))max(gb7gg7ab7ag)]

In straightforward interval computations, we repeat the computations forming the prggssep-by-step, re-
placing each operation with real numbers by the corresponding operation of interval arithmetic. It is known that,
as a result, we get an enclosi¥eD y for the desired range.

In some cases, this enclosure is exact. In more complex cases, the enclosure has excess width.
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There exist more sophisticated techniques for producing a narrower enclosure, e.g., a centered form method.
However, for each of these techniques, there are cases when we get an excess width. The reason for this is that,
as shown in [24, 44], the problem of computing the exact range is known to be NP-hard even for polynomial
functionsf(z1, ..., z,) (actually, even for quadratic functiorf3.

2 Fast Quantum Algorithms for Handling Probabilistic and Interval Uncer-
tainty

As computers become faster, quantum effects must be more and more taken into consideratiokccording

to Moore’s law, computer speed doubles every 18 months. One of the main limitations to further speedup is
the computer size: every communication is limited by the speed of dight, e.g., a computer of a 1 ft size is
bounded to have a computation speed d-tivhich corresponds to 1 GHz. To make faster computers, we must

thus decrease the size of computer elements. As this size reaches molecular size, we must take into consideration
guantum effects.

Quantum effects add to noise, but they can also helpQuantum effects, with their inevitably probabilistic
behavior, add to noise. However, it turns out that some quantum effects can be used to drastically speed up
computations (in spite of quantum noise).

For example, without using quantum effects, we need — in the worst case — avleastputational steps to
search for a desired element in an unsorted list of 8izé\ quantum computing algorithm proposed by Grover
(see, e.g., [12, 13, 36]) can find this element much faster{WN) time.

Several other quantum algorithms have been proposed.

What we are planning to do. How can this be of use to interval data processing community? In many application
areas ranging from geosciences to bioinformatics to large-scale simulations of complex systems, data processing
algorithms require a lot of time to run even with the exact input data. As a result, very little is currently done to
analyze the effect of inevitable uncertainty of input data on the results of data processing.

It is desirable to analyze how different types of uncertainty — probabilistic, interval — influence the results of
data processing. In this paper, we discuss how quantum algorithms such as Grover’s quantum search can be used
to speed up this analysis — and thus, make it possible.

We also explain that there is no need to wait until a full-blown quantum computer appears, with all necessary
guantum bits (“qubits”): even without all necessary qubits, we can still get some speedup, a speedup that gets
better and better as we add more qubits to the quantum computer.

Grover’s algorithm for quantum search. We have already mentioned Grover’s algorithm that, given a database
ai,...,an With N entries, a property of database entries (i.e., an algorithm that checks whéthgtrue), and
an allowable error probability, returns, with probability> 1 — §, either the element; that satisfies the property
P or the message that there is no such element in the database.
This algorithm require§’ - v/N steps (= calls tdP), where the facto€ depends o (the smallel we want,
the largerC we must take).

General comment about quantum algorithms.For our applications, it is important to know that for Grover's
algorithm (and for all the other quantum algorithms that we will describe and use), the entiiesot need to
be all physically given, it is sufficient to have a procedure that, giy@noduces:;.

If all the entries are physically given, then this procedure simply consists of fetchingtlthentry from the
database. However, it is quite possible that the entries are given implicitlyaeagn be given as the value of a
known function ati-th grid point; we have this function given as a program, so, when we @mg&ek apply this
function toi-th grid point.

Algorithm for quantum counting. Brassard et al. used the ideas behind Grover’s algorithm to produce a new
guantum algorithm foguantum countingsee, e.g., [3, 36]. Their algorithm, given a databage. ., ay with
N entries, a property’ of database entries (i.e., an algorithm that checks whethisrtrue), and an allowable
error probabilitys, returns an approximatianto the total numbet of entriesa; that satisfy the property.

This algorithm contains a parametef that determines how accurate the estimates are. The accuracy of this

. . . . — 2 2 . . .
estimate is characterized by the mequajliftyL t] < Mﬂ Vit + % that is true with probability> 1 — 4.

Copyright line will be provided by the publisher



4 V. Kreinovich and L. Longp: Fast Quantum Algorithms for Handling Probabilistic and Interval Uncertainty

This algorithm require§’ - M - /N steps (= calls td?), where the facto€ depends om (the smallers we
want, the larget” we must take).

In particular, to get the exact valdgwe must attain accura(ﬁ— t] < 1, for which we needV ~ /%. In
this case, the algorithm requiréX+/¢ - N) steps.

Quantum algorithms for finding the minimum. Durr et al. used Grover’s algorithm to produce a new quantum
algorithm forminimization see, e.g., [4, 36]. Their algorithm applied to the database whose entries belong to the
set with a defined order (e.g., are numbers). This algorithm, given a database, ay with N entries, and an
allowable error probability, returns the index of the smallest entry;, with probability of error< §.

This algorithm require§’ - v/N steps (= calls tdP), where the facto€ depends o (the smallel we want,
the largerC we must take).

Main idea behind quantum computing of the minimum. The main idea behind the above algorithm can be
illustrated on the example when all the entrigsare integers. The algorithm requires that we know, e.g., a
numberM such that all the entries belong to the interivalM/, M]. For every valuen between—M andM, we
can use Grover's algorithm to check whether there is an entigr whicha; < m.

If such an entry exists, themn def min(a;) < m; otherwisemy > m. Thus, for everynm, we can check, in
O(V/N) steps, whethem, < m.

We can therefore apply bisection to narrow down the interval containing the desired until it narrows down to
a single integer.

o We start with an intervaldl, M| = [—M, M].

M+ M

e At each iteration, we pick a midpoidtl, = , and check whethen, < M,.

If mo < My, this means thaty € [M, My]; otherwise;ng € [My, M]. In both cases, we get a half-size
interval containingn.

o After log,(2M) iterations, this interval becomes so narrow that it can only contain one integer — which is
mo.

Thus, inlog, (M) - O(v/N) steps, we can compute the desired minimum.

Quantum algorithm for computing the mean. The above algorithms can be used to compute the average of
several numbers, and, in general, the mean of a given random variable. The first such algorithm was proposed by
Grover in [14]; for further developments, see, e.g., [16, 35, 37].

The traditional Monte-Carlo method for computing the mean consists of pidkingndom values and av-
eraging them. It is a well known fact [41, 45], that the accuracy of this methedligy/M, so, to achieve the
given accuracy, we needM ~ <2 iterations. Another way to compute the average: @fiven numbers is to
add them up and divide by, which requires: steps.

Thus, whem < 72, itis faster to add all the values; otherwise, it is better to use the Monte-Carlo method.

Grover’s quantum analog of the Monte-Carlo method attains accuvalcgM after M iterations; thus, for a
given accuracy, we only needV/ ~ ¢~ steps.

Similarly to the traditional Monte-Carlo methods, this quantum algorithm can compute multi-dimensional
integrals| ... [ f(z1,...,2,)dz; ... dz,: indeed, if we assume that the vecfos, . .., z,,) is uniformly dis-
tributed over the corresponding domain, then this integral is proportional to the average vAlug,of . , z,,).

The advantage of this method is that it is faster: namely, it requires bhlyg <~ steps in contrast to the
traditional Monte-Carlo methods that requivé ~ =2 steps.

Quantum algorithms for probabilistic analysis. In the probabilistic case, the problem of describing the in-
fluence of the input uncertainty on the result of data processing takes the following form (see, e.g., [41, 45]).
Given:

o the data processing algorithfifz1, . . ., z,,) that transforms any input valueszy, . . . , x,, into the result of
y = f(x1,...,x,) of data processing, and

o the mean values; and standard deviatiors of the inputs,
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compute the standard deviatierof the resulty of data processing.
This standard deviation can be described as a mean (= mathematical expectation) of theésgugye,

wherey def f(@1,...,Zn), y def f(z1,...,z,), and each; is normally distributed with mea®, and standard
deviations;. The traditional Monte-Carlo algorithm requiresl /<2 iterations to compute this average; thus, for
accuracy 20%, we need 25 iterations; see, e.g., [43].

The quantum Monte-Carlo algorithm computes this mean with accurawcy: 1/¢ iterations (i.e., calls tg);
so, for accuracy 20%, we only need 5 iterations. Since compuftimgy take a long time, this drastic (5 times)
speed-up may be essential.

Quantum algorithms for interval computations: problem. In interval computations (see, e.g., [18, 19, 32]),
the main objective is as follows. Given:

e intervals|z,, Z;] of possible values of the inputs, . .., z,,, and
e the data processing algorithfifz4, . .., x,,) that transforms any input valuest,, . . ., z,, into the result of
y = f(z1,...,z,) of data processing,

compute the exact randg, 7] of possible values af.

We can describe each interval in a more traditional fGim- A, 7; + A;], wherez; is the interval’s midpoint,
andA,; is its half-width. The resulting range can also be describég as\, y + A], wherey is the result of data
processing (described by the above formula), And the desired largest possible differenge- y|.

Quantum algorithms for interval computations: case of relatively small errors. When the input errors are
relatively small, we can linearize the functignaround the midpoints;. In this case, Cauchy distributions turn
out to be useful, with probability density

1
@—a?
A2

p(x) ~
1+

It is known [43] that if we taker; distributed according to Cauchy distribution with a center z; and the
width parameter);, then the differencé& — y between the corresponding quantities= f(z4,...,z,) and
y = f(x1,...,2,) is also Cauchy distributed, with the width parameter equal to the desiredAalue

The reason for this fact is as follows. We can expand the difference

Ay=y—y=f(@1,...,Zn) — f(@1 — A1,..., 2T — Axy)

in Taylor series iMx; When the measurement erréks; = z, — xl are small, we can ignore quadratic and higher

€ a yerin
order terms in this expansion, and arrive at the expressipa- Z fi-Ax;, wheref; def w .
i=1 X |z, =2;

We want to find the maximum and the minimum of this expression whene [—A;, A;]. The sumz fi-Ax;

attains its largest possible value when each tdrms attains its largest value. For eactf f; > 0, then the term
fi-Ax; isincreasing, hence its maximum is attained wher) takes the largest valug;; then, f;- Az; = f;- A;.
If f; <0, then the terny; - Az, is decreasing, hence its maximum is attained when takes the smallest value

—Ay; then, f; - Ax; = —fz A;. In both cases, the largest valueieth term is| f;| - Ai, and hence the largest
possible value oAy is Z |fi| - A;. Similarly, the smallest possible value Afy is — Z Ifil - A

It is known that Ifn mdependent random variablésare Cauchy d|str|buted W|th paramete_‘ks, then their
linear comblnatlonz fi-&; is also Cauchy distributed, with paramefer= Z |fil-A;. So, the above simulation

technique indeed Ieads to the desired estimatéfor

The use of Cauchy distribution speeds up computations —frealls to f (that are needed for a deterministic
method) to a constant number of callsft@that are needed to computewith given accuracy when using Cauchy
distribution technique). For example, to guarantee the standard deviation of 20%, we Beedlls to f, which
for n = 103 is 20 times faster than the deterministic method.

Copyright line will be provided by the publisher



6 V. Kreinovich and L. Longp: Fast Quantum Algorithms for Handling Probabilistic and Interval Uncertainty

For Cauchy distribution, the standard deviation is infinite, so we cannot literally apply the quantum computing
idea that worked in the case of probabilistic analysis. However, if we apply a fungtion(e.g.,arctan) that
reduces the entire real line to an interval, then the expected valuf(9f- y)?) — that depends only oA — can
be computed by the quantum Monte-Carlo algorithm; from this value, we can recornstruct

In this case, quantum techniques also speed up computations. Indeed, the quantum Monte-Carlo algorithm
computesA with accuracye in ~ 1/e iterations (i.e., calls tgf), while the non-quantum Cauchy technique
requires a much larger number sf1/e? iterations. In particular, for accuracy 20%, we get a 5 times speed-up.
Since computing’ may take a long time, this drastic speed-up may be essential.

Quantum algorithms for interval computations: general case.Known results about the computational com-
plexity of interval computations (see, e.g., [24]) state that in the general case, when the input errors are not
necessarily small and the functighmay be complex, this problem is NP-hard. This, crudely speaking, means
that in the worst case, we cannot find the exact rangeg faster than by using some version of exhaustive search

of all appropriate grid points. The problem is not in exactness: it is also known that the problem of computing
the range with a given approximation accuradg also NP-hard.

How can we actually compute this range? We can find, g \gith a given accuracy as follows. The function
f is continuous; hence, for a giventhere exists ai such that the< ¢-difference inz; leads to< e change in
y. Thus, within a given accuraey it is sufficient to consider a grid with stéjp and take the smallest of all the
values off on this grid ag.

If the linear size of the domain i, then, in this grid, we hav® /s values for each of the variables, hence,
the total of(D/§)™ points.

In non-quantum computations, to compute the minimum, we need to check every point from this grid, so
we must useV = (D/§)" calls to f. The quantum algorithm for computing minimum enables us to use only
VN = (D/5)"/? calls.

Thus, quantum algorithms can double the dimension of the problem for which we are able to compute the
desired uncertainty.

Quantum algorithms for the case when we have several different types of uncertaintydow can we extend
the above results to the case when we have several different types of uncertainty? In this section, we present
preliminary results about the case when we have both probabilistic and interval uncertainty.

When we have: measurement resulis, . . . , x,,, traditional statistical approach usually starts with computing

their population average = Tt and their population variance
n

(11— E)?+ ...+ (v, — E)?

V:

(or, equivalently, the population standard deviatior: v/V'); see, e.g., [41]. If we know the exact valuesipf
then these formulas require linear computation ti{e).

As we have mentioned, in many practical situations, we only have intextyais|z,, T;] of possible values of
x;. As a result, the sets of possible valuegbdndV are also intervals.

The functionE is monotonic in each;;, so the rangéE, E] for E can be easily computed:

E:l1+~~+§n, Ezfl—l—...—i—fn
= n ’ n '

In [5, 6], we have shown that the problem of computing the rdi@é/] is, in general, NP-hard (even when we
are interested in computing this range with a given accuracy); we have also described a quadratig:time
algorithm 4 for computing” and a a quadratic-time algorithi that computed’ for all the cases in which, for
some intege€’, no more tharC' “narrowed” intervaldz; — A;/n, Z; + A;/n| can have a common intersection.

Let us first show that by using Monte-Carlo simulations, we can computéth given accuracy in time
O(n -logy(n)) < O(n?); to be more precise, we need tir@én - log,(n)) time to sor2n values and the®(n)
steps to complete the computations.

Indeed, the algorithmi from [5, 6] is as follows:

e First, we sort albn valuesz,, T; into a sequence(;) < z(2) < ... < Z(p)-
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mlqg header will be provided by the publisher 7

¢ Second, we computE andE and select all ZON€s (1), z(k+1)] that intersect withE, E].

e For each of the selected small zoijeg,), z(x41)], we compute the ratig, = Si/N}., where

SN o+ Y @,

BT, 2T (j41) JE;ST (k)

and Ny is the total number of sucts andjs. If ry, € [z(x), (x+1)], then we comput&) as

%' (- Y (@)’

VL 2T (k1) JT; ST (k)

If Ny, =0, we takeV/, def ),

¢ Finally, we return the smallest of the valugSasV'.

For eachk, the valuer, is a mean, so, by using Monte-Carlo methods, we can compute it in time that does not
depend om at all; similarly, we can comput®, in constant time. The only remaining step is to compute the
smallest of< 2n valuesV/; this requiresD(n) steps.

If guantum computing is available, then we can compute the minimu@(igin) steps; thus, we only need
O(y/n) steps after sorting.

Similarly, the algorithmA is as follows:

e First, we sort alkn endpoints of the narrowed intervals — A; /n andz; + A;/n into a sequence ;) <
z) < ... < x(2,). This enables us to divide the real line irta + 1 zones[z(y), 2(,+1)], where we

denotedr ) e o andz(z,41) def +o0.
e Second, we computE andE and select all ZON€s (1), T(r+1)] that intersect withE, E].
e For each of remaining zonés;), z(,1)], for eachi from 1 ton, we pick the following value of;:

o if x(;11) < T — Ay/n, then we picke; = Z;;
o if 2 > T; + Ai/n, then we pickr; = z;;
o for all otheri, we consider both possible values= z; andz; = z;.

As aresult, we get one or several sequences.dfor each of these sequences, we check whether the average
E of the selected values,, .. ., x, is indeed within the corresponding zone, and if it is, we compute the
population varianc&” by using the definition of/.

e Finally, we return the largest of the computed population variancés as

It is shown that we end up witk 2¢ - 2n = O(n) population variances.
Here also, computindZ and V' can be done in constant time, and selecting the largeéi(ef variances
requires linear tim&(n) for non-quantum computations agty/n) time for quantum computing.

Can quantum computers still be useful when there are not yet enough qubitsih view of the great potential

for computation speedup, engineers and physicists are actively working on the design of actual quantum com-
puters. There already exist working prototypes: e.g., a several mile long communication system, with simple
guantum computers used for encoding and decoding, is at government disposal. Microsoft and IBM actively
work on designing quantum computers. However, at present, these computers can only solve trivial instances of
the above problems, instances that have already been efficiently solved by non-quantum computers. The main
reason why quantum computers are not currently used to solve more complex problems is that the existing quan-
tum computers have only a few qubits, while known quantum algorithms require a lot of qubits. For example,
Grover's algorithm requires a register with= log(n) qubits for a search in a databasencélements.
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8 V. Kreinovich and L. Longp: Fast Quantum Algorithms for Handling Probabilistic and Interval Uncertainty

Of course, while we only have 2 or 3 or 4 qubits, we cannot do much. However, due to the active research and
development in quantum computer hardware, we will (hopefully) have computers with larger number of qubits
reasonably soon.

A natural question is: while we are still waiting for the qubit register size that is necessary to implement
the existing quantum computing algorithms (and thus, to achieve the theoretically possible speedup), can we
somehow utilize the registers of smaller size to achieve a partial speed up?

In this section, we start answering this question by showing the following: for quantum search, even when
we do not have enough qubits, we can still get a partial speedup; for details, see [29]. The fact that we do get a
partial speedup for quantum search makes us hope that even when we do not have all the qubits, we can still get
a partial speedup for other quantum computing algorithms as well.

Let us assume that we are interested in searching in an unsorted databasleroents, and that instead of
all log(N) qubits that are necessary for Grover’s algorithm, we only have, say 90% or 50% of them. To be more
precise, we only have a register consisting 6t « - log(N) qubits, wherd) < a < 1. How can we use this
register to speed up the search?

Grover’s algorithm enables us to use a register witfubits to search in a databaseMdf = 2" elements in
time C'-v/M. For our available register,= o -log(N), henceM = 2" = N¢, so we can use Grover’s algorithm
with this qubit register to search in a database of 8ifein time C' - /M = C - N®/2,

To search in the original database of si¢ewe can do the following:

o divide this original database inty!~ pieces of sizeV*; and then

e consequently apply Grover’s algorithm with a given qubit register to look for the desired element in each
piece.

Searching each piece requi€s N*/2 steps, so the sequential search inMali-* pieces requires tima/!—< .
(C-N°/?)=C - N'=%/2, Sincea > 0, we get a speedup.

Whena tends to 0, the computation time tendgtelV, i.e., to the time of non-quantum search; whetends
to 1, the computation time tends @- N'/2, i.e., to the time of quantum search.

3 Does “NP-Hard” Really Mean “Intractable”?

Introduction. Most of the computational problems related to interval computations are, in general, NP-hard.
Most computer scientists believe that NP-hard problem are really computationally intractable. This belief is well
justified for traditional computers, but there are non-traditional physical and engineering ideas that may make
NP-hard problem easily solvable. Let us briefly overview these ideas.

Within Newtonian physics, NP-hardness does seem to mean “intractable’The standard definitions of the
notions of NP-hardness are based on the abstract models of computation such as Turing machines or RAM
machines. Real-life computers are often much more complex than these simplified models. A natural question
is: can the additional features present in the real-life computers speed up computations?

Most existing computers are based on the processes well described by the traditional Newtonian physics.
For such computers, researchers have tried several different schemes, but they have not been able to come up
with schemes that solve NP-hard problem is guaranteed reasonable time. Moreover, it turns out that whatever
computation speed we can achieve by using these features, we can achieve approximately the same computation
speed by using simplified computers as well.

This empirical observation was later theoretically justified: specifically, it has been proven that is we only
use processes from Newtonian physics, then we do not add any extra computational ability to the computational
devices; for exact formulations and proofs, see, e.g., Gandy [8, 9].

The only feature of real-life computations that is not present in the standard (simplified) models from theoret-
ical computer science imndomnessi.e., the ability to inputruly randomdata and use them in computations.

This ability has, however, been well analyzed in theoretical computer science. In the language of theory of com-
putation, the outside source of data is called an oracle. As early as 1981, Beahéiave shown [2] that if we

allow a random sequence as an oracle, and correspondingly reformulate the definitions of the classes P and NP,
then we can prove that the correspondingly reformulated classes are different [2]. In other words, if we allow
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randomness but restrict ourselves to processes based on Newtonian physics, then NP-hard problems cannot be
solved in feasible (polynomial) time, i.e., NP-hard problems are really intractable.

What if we use non-traditional physical and engineering ideas in computer design3ince we seem not to be

able to avoid the unrealistic exponential time with traditional, Newtonian-physics-based computers, a question
naturally appears: what if in the future, we will fimbn-Newtoniarprocesses; will then NP-hard problems still

be intractable? This question was first formulated by G. Kreisel [26].

Traditional computers use discrete-oriented deterministic processes in normal space and time. In reality, phys-
ical processes are (1) continuous, (2) non-deterministic (as described by quantum mechanics), and (3) they occur
in non-traditional (curved) space-time. So, to describe how using additional physical processes will help in
computations, we must consider how these three factors (adding non-determinism and taking curvature into con-
sideration) change our computational abilities.

Non-Newtonian processes of first type: Use of physical fieldi physical terms, computational devices (Tur-
ing machines, computers, etc.) can be described as follows: at some initial moment &f, tineeset up the
initial state of the device; we set up the design of the computational device in such a way the dynamics of this
device follows the desired pattern, and then, at some moment of twesextract the result of the computations
from the state of the computational device at this montent
Traditional computational devices consist of discrete cells, and the dynamics describes how the states of these
cells change with time. According to modern physics, the world contains not only discrete objects and processes,
it also contains continuous processes. Crudely speaking, according to modern physics, the world consists of
particles and fields. (Crudely speaking, because, according to quantum mechanics, every particle can also be
viewed as a field, and every field can also be viewed as an infinite collection of particles — e.g., an electromagnetic
field is a collection of photons.) What can we achieve if we use such continuous processes (fields) in computation?
The state of a field at a given moment of timyas characterized by the valugéz, ¢,) of this field at different
pointsz. Setting up an initial state is usually possible: if someone provides us with a computable futiatian
and a given accuracy > 0, then we are usually able to implement a stﬁ@é‘, to) that ise-close tof(Z, o),

i.e., e.g., for which f(Z, to) — f(Z, to)| < e. The dynamics of a physical fielfiZ, ¢) is usually described by a
partial differential equation (PDE). So, the crucial question is: if the original gtatgt,) is computable, and if
it changes according to a physical PDE, will the resulting stéi&t) still be computable?

For many physical PDEs, the valyéZ,t) of the field f in a future moment of time can be expressed
by an explicit integral formula in which the integral right-hand side depends on the current state of this field
f(&,0). The corresponding integral operator is usually computable, in the sense that if the originAlBtai¢
is computable, then the resulting stdit&, ¢) is computable as well; relevant theorems are proved, e.g., in Pour-El
et al. [40].

For some physical PDEs, howevéi(Z,t) can be described as an integral depending both on value of the
function f(Z,ty) and on the values of its spatial derivatives. So, if we start with a functioh¢,) that is
computable, but whose (spatial) derivatives are not computable, we may end up with a non-computable value
f(&,t). This was shown by Pour-Et al. in [39] (see also Beeson [1], Ch. 15, and PourE&l. [40]). This
result generalizes a theorem proved by Aberth in 1971 and rediscovered in ReiwakEB8].

This result is very interesting and encouraging, but this result does not necessarily mean that we have found a
way to compute a function that is not computable on a normal computer (and hopefully, that we can solve some
NP-hard problems in reasonable time). Indeed, to be able to do that, we would need to find a way to implement
the initial conditions with a non-computable derivative and it is not clear how we can do that; for a detailed
discussion, see, e.g., [27, 46].

In other words, it is not clear whether the use of continuous physical processes can help in solving NP-hard
problems. A more definite possibility of solving NP-hard problem fast comes from the other two aspects of
physical processes: non-deterministic processes and processes in non-traditional (curved) space-time.

Non-Newtonian processes of second type: Quantum processes (adding non-determinisyiig have already
mentioned that quantum computers can solve several useful problems — like factoring integers — faster than non-
guantum ones; see, e.g., [36]. It may be possible to use them for solving NP-hard problems. Several such
“hypothetic” schemes — using quantum field theory — have been proposed by Freedman, Kitaev, etc.

We propose to use one more phenomenon: namely, some potentially observable dependencies between physi-
cal quantities become not only non-smooth but even discontinuous; these cases have been summarized in a recent
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monograph [11]. From the computational viewpoint, this seems to open the doors to the possibility of checking
whether a given real number is equal to 0 or not, something that the halting problem explicitly prohibits us from
doing for normal (non-quantum) computing. We are therefore planning to investigate the possibility of using this
new opportunity in actual computing. Our preliminary results are presented in [15].

Non-Newtonian processes of third type: Using curved space-time for computationdf we allow heavily

curved space (e.g., semi-closed black holes, we can get the results faster if we stay in the area where the curvature
is strong and time goes slower, and let the computations be done outside (see, e.g., Morgeak{@a, 34]);

then, we will even be able to compute NP-hard problems in polynomial time.

A similar speed-up can be obtained if we assume that our space-time is hyperbolic [17, 23, 34].

Previously described non-Newtonian processes relate to well-recognized physics, but there are other physical
theories that describe possible but not universally accepted physics. Namely, several physical theories have led
to the appearance of closed timelike curves, the possibility to go back in time. Suffice it to say that one of the
main ideas which helped R. Feynman to develop a modern version of quantum electrodynamics was the idea of
positrons as electrons going back in time [7]. Until the late 1980s, these possibilities were largely dismissed by
mainstream physics as mathematical artifacts which cannot lead to actual going back in time. Only when Kip
Thorne, the world’s leading astrophysicist, published several papers on acausal sollRloysidal Reviewthe
topic became more mainstream.

Reasonable solutions with causal anomalies were discovered in many physical theories. For example, in
general relativity, the curved space-time generated by a sufficiently massive cylinder that rotates sufficiently fast
contains a closed timelike curve (causal anomaly). In string theory, a theory that describes elementary particles
as non-point objects (“strings”), seemingly interactions between such particles sometime lead to the possibility to
influence the past (i.e., to a causal anomaly). It was also shown that modern cosmological theories, in which the
current cosmological expansion is preceded by a short period of exponentially fast growth (“inflation”), also lead
to the possibility of a causal anomaly. An interested interested can find the detailed description of these causal
anomalies, e.g., in book [42] and in the papers referenced in this book.

The main obstacle to accepting acausal phenomena used to be paradoxes associated with time travel. These
paradoxes can be illustrated on a commonsense example of a “father paradox”: a time traveler can go to the past
and kill his father before he himself was conceived, thus creating a paradox. The accepted solution to the acausal
paradoxes can also be illustrated on the “father paradox” example: since the time traveler was born, this means
that some unexpected event prevented him from killing his father. Maybe a policeman stopped him, maybe his
gun malfunctioned. Even if the time traveler takes care of all such probably events, there are always events with
small probability — like a meteor falling on the traveler’s head — which cannot all be avoided. Thus, all we will
achieve if we try to implement a paradox is that some event with a very low probability will occur.

There are several ways to use acausal processes in computing. The trivial way is to let a computer run a long
program for whatever it takes and then send the results back in time. A less trivial way of saving time is similar
to quantum “computing without computing” — speeding up without actually using time machines. This method
was originally proposed in [22]; see also [21, 31, 33]. This method is related to the above solution to the father
paradox. Indeed, to solve, e.g., a propositional satisfiability problemnwitiriables, we generaterandom bits
and check whether they satisfy a given formula; if not, we launch a time machine that is set up to implement a
low-probability event (with some probabilityy < 1). Nature has two choices: either it generategariables
which satisfy the given formula (probability of this2s™), or the time machine is used which leads to an event
with a probabilitypy. If 27" > p, then statistically, the first event is much more probable, and so, the solution
to the satisfiability problem will actually be generated without the actual use of a time machine.

(On the other hand, maybe the other outcome is that the universe will just unravel and all existence will cease

)

Yet another possibility: Gell-Mann’s approach to complex systemsln several papers and in his book [10],

a Nobelist physicist M. Gell-Mann suggests that our difficulties in describing the dynamics of complex systems
can be resolved if we assume that the true physical equations actually explicitly contain Kolmogorov complex-
ity of the described system. In [25], we show that a natural physical approach indeed leads to new equations
which are equivalent to an explicit incorporation of Kolmogorov complexity. Since Kolmogorov complexity is
not computable (see, e.g., [28]), the possibility described by Gell-Mann’s hypothesis can be used to speed up
computations.
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