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Abstract—In this paper, we propose a bio-molecular
algorithm with O(n2) biological operations, O(2"-1) DNA
strands, O(n) tubes and the longest DNA strand, O(n), for
inferring the value of a bit from the only output satisfying
any given condition in an unsorted database with 2" items
of n bits. We show that the value of each bit of the outcome
is determined by executing our bio-molecular algorithm n
times. Then, we show how to view a bio-molecular solution
space with 277 DNA strands as an eigenvector and how to
find the corresponding unitary operator and eigenvalues for
inferring the value of a bit in the output. We also show that
using an extension of the quantum phase estimation and
quantum counting algorithms computes its unitary operator
and eigenvalues from bio-molecular solution space with 27
DNA strands. Next, we demonstrate that the value of each bit
of the output solution can be determined by executing the
proposed extended quantum algorithms n times. To verify
our theorem, we find the maximum-sized clique to a graph
with two vertices and one edge and the solution b that
satisfies b2 = 1 (mod 15) and 1 < b < (15/2) using IBM
Quantum’s backend.
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. MOLECULAR ALGORITHMS FOR FINDING THE SINGLE
SOLUTION AMONG 2" UNSORTED ITEMS

CLAUSE is a formula that is of the form x; f1x...

Xn—10,—1 x,, where each bit x; for 1 < d < nisa
Boolean variable or its negation and 6y € {V, A, V, A} for 1
< k < n— 1. Elements in {V, A, V, A} are subsequently
the logic OR, AND, NOR and NAND operations. A search
problem from [1]-[6] is to that from {xjx2 ...x,—1x,|V x4 €
{0, 1} for 1 < d < n} justan item satisfies any given condition
and we would like to find the only item (answer). A common
formulation of the search problem is to that any given oracular
function (any given condition) is

s Xn—1,X2) = C151C2 ... Ce1 Pri—1Com, (1)

where each C; for 1 < j < m is a clause or its negation
and By, € {Vv, A, V, A} for 1 <y < m — 1. Its domain is
{x1x2 ... xp—1x2|Vxq € {0, 1} for 1 < d < n} and its range
is {0, 1}. The search problem is to find a unique answer 4 of
n bits from its domain that satisfies the condition Of(4) = 1,
whereas for all other inputs of n bits from the same domain,
o, for0 <w<2"-1and w# 4, Of (w) =0.

Of(x1,x2,...

A. Binary Search Trees for Representing
Problem’s Domain

We use a binary search tree in Fig. 1 to represent the
structure of the domain. In the tree, a node stands for a bit of
one element in the domain. The root of the tree is x;. The value
of the left branch of each node indicates that the value of the
corresponding bit is 0 while the value of the right branch of
each node indicates that the value of the corresponding bit is 1.
The binary search tree in Fig. 1 contains 2" subtrees and each
subtree encodes one element in the domain. For example, the
first subtree (xl)—— ——(xz)—— T ,1)—— ——(xn)—— -- encodes
the first element x? xg . ngl x,? . The second subtree

(x1)--0--(x2)--0- ...(xp—1)--"--(x,)--'-- encodes the second
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Fig. 1. A binary search tree encodes the domain of any given oracular
function Of(x1, X2, . .., Xn_1, Xn) in (1).

Sizd=1

Sy:From {x1X2 ... Xa— 134" Xd+1 ... Xn
—1 X, there exists a solution 4
satisfying O 1) =1

S3: The value of the dth bit of

the solution 2 is one.

Sy: The value of the dth bit of

the solution A is zero.

False

Fig. 2. Logical flowchart for finding the output state X\ of length n bits
and satisfying OgA) = 1.

element x) x9 ... x0 , xl. The last subtree (xi)--'--
1

(x2)--'-= ...(xp_1)--'--(x,)--'-- encodes the last element
xll le x}l_lx,ll.
B. Architecture for Computing the Value of Each Bit of
the Output State in the Problem

Fig. 2 shows the architecture for finding the value of each
bit of the solution A with » bits that satisfies O (1) = 1. The
first execution of the first statement is to set the initial value
of the loop index variable d to one. Each execution of the
second statement is to judge whether there exists a solution in
{x1 x2 ..x4-1 )C;;Xd+1 o Xp_1Xp| Vxr € {0, 1} forl <k <n
and k # d}. If there exists a solution A satisfying O (1) = 1,
then each execution of the third statement will indicate that
the value of the dth bit of A is 1. Otherwise, each execution of
the fourth statement will indicate that the value of the dth bit
of 1 is 0. Next, each execution of the fifth statement increases
the loop index variable d, while each execution of the sixth
statement checks the condition of the loop and each execution
of the seventh statement terminates the logical flowchart.

C. Introduction to Bio-Molecular Operations

We will use the following bio-molecular operations cited
in [7]-[9] to construct molecular solutions for inferring the

only answer in the search problem in (1). For implementations
of the operations see Supplemental Material.

Definition 1: Given set X = {x,x,—1...x2x1| Yxq € {0, 1}
for 1 < d < n} and a bit x;, the bio-molecular operation,
“Append-Tail”, appends x; onto the end of every element in
set X. The formal representation is written as Append-Tail
(X, xj) = {xpxp—1...x2x1 xj|Vxqg € {0, 1} for 1 <d <n
and x; € {0, 1}}.

Definition 2: Given set X = {x,x,—1...x2x1| Yxq € {0, 1}
for 1 < d < n}, the bio-molecular operation “Discard(X)”
resets X to an empty set and can be represented as “X = (7.

Definition 3: Given set X = {x,x,—1...x2x1| Yx4 € {0, 1}
for 1 < d < n}, the bio-molecular operation “Amplify(X,
{Xi})” creates a number of identical copies X; of set X, and
then discards X with the help of “Discard(X)”.

Definition 4: Given set X = {x,x,—1 ... x2x1| Yxq € {0, 1}
for 1 <d <n} and a bit x;, the bio-molecular extract opera-
tion has two kinds of representation. The first representation is
+(X, x}) = {xXpXn1 ... le. .. xpx1|Vxg € {0, 1} for1 <d #
j<nyand —(X, x}) = {xn Xp1 ... x? .. x2 x1|Vxgq € {0, 1}
for 1 <d # j < n} if the value of x; is equal to one. The
second representation is +(X, x?) = {xpxp—1 ... x? )
x1|Vxg € {0, 1} for 1 <d # j < n}and —(X, x?) = {x,
Xpn—1 ... le. .. X2 x1|Vxg € {0, 1} for 1 <d # j < n} if the
value of x; is equal to zero.

Definition 5: Given m sets X1 ... Xy, the bio-molecular
merge operation is U(X1, ..., X;;) = X1 U ...UX,,.

Definition 6: Given set X = {x,x,—1 ... x2x1| Yxq € {0, 1}
for 1 < d < n}, the bio-molecular operation “Detect(X)”
returns frue if X is not an empty tube. Otherwise, it returns
false.

D. Molecular Algorithms for Inferring the Value of Each
Bit of the Solution Among 2" Unsorted ltems

From (1), two subsets are {xjx2 ...xg—1 xgllxdﬂ e Xn—1Xn|
Vxr € {0, 1} forl <k <nandk #d} and {x1x3 ... xd_lxg
Xd41 - Xn—1Xp|¥ xx € {0, 1} for 1 < k < n and k # d}
and their union constitutes the domain. If the only solution of
the search problem in (1) lies in the first subset, then its dth
bit is 1. Otherwise, its dth bit is 0. We propose the following
molecular algorithms to infer the value of each bit of the single
solution in the search problem in (1). The first parameter is
an empty tube (an empty set) Yy that is regarded as the input
tube (set). The second parameter n represents the number
of bits in its domain and the third parameter m represents
the number of clauses (conditions). The fourth parameter 6
(1 < k < n— 1) represents logic operations of two operands in
each clause. The fifth parameter §, (1 <y < m— 1) represents
logic operations of two clauses. Each tube in the procedure
Infer-the-value-of-each-bit is an empty tube that is regarded
as an auxiliary storage.

Procedure Infer-the-value-of-each-bit(Yy, n, m, Oy, By)

(I) Ford=1ton

(1a) Bio-Molecular-Solution(Yy, n, d).
(1b) Condition(Yy, n, m, O, fy, d).
(1c) If (detect(Yp)) then
(1d) The value of the dth bit of the solution is 1.
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(1e) Else
(1f) The value of the dth bit of the solution
is 0.
(1g) Discard(Yp).
End For
EndProcedure
The procedure Infer-the-value-of-each-bit makes use of
the following subroutines:
Procedure Bio-Molecular-Solution(Yy, n, d)
(I) Fork=1ton
(1a) Amplify(Yp, Y1, Y2).
(1b) If (the value of k is not equal to the value of d)
Then
(1c) Append-Tail(Yy, x,i). (1d) Append-Tail(Y>, x,?).
(1e) Else
(1f) Append-Tail(Y1, x,:). (1g) Discard(Y>).
EndIf
(1h) Yo = U(Yq, Y2).
End For
EndProcedure
Procedure Condition(Yo, n, m, 0k, fy, d)
(1) For j =1tom
2)Fork=1ton—1
(2a) If (the value of k is equal to 1) Then
(2b) Gate(Yo, x1, x2, ¥'jk, Ok, d).
(2¢) Else
(2d) Gate(Yo, rjk—1, Xk+1, ¥jk» Ok, d).
EndIf
End For
End For
B)Fory=1tom—1
(3a) If (the value of y is equal to 1) Then
(3b) Gate(Yo, r1,n—1, F2,n—1, Sy, By, d).
(3¢) Else
(3d) Gate(Yo, Sy—_1, 'y+1,n—1, Sy, By, d).
EndIf
EndFor
4) Ts = +(Yo, s, _|) and Ts = —(Yo, s} ).
(5) Yo = U(Yo, Ts).
(6) Discard(Tg).
EndProcedure
Procedure Gate(Yy, p1, p2, re, op, d).
(1) Ti = +(Yo, p}) and Tp = —(Yo, p}).
(2) T1,1 = +(T1, p}) and T1 0 = —(T1, pl).
(3) To,1 = +(Tv, py) and To,0 = —(To, p,).
(4) If(op is a logic OR operation) Then
(4a) OR(Yo, T1,1, T1,0, To,1, To,0, P1> P2, Te).
(5) Else If(op is a logic AND operation) Then
(5a) AND(Yy, T1,1, T1,0, To,1, 10,0, P1, D2, Te).
(6) Else If(op is a logic NOR operation) Then
(6a) NOR(Yo, T1,1, T1,0, To,1, T0,0, P1, P2, 7e).
(7) Else If(op is a logic NAND operation) Then
(7a) NAND(Yy, T1,1, T1,0, To,1, T0,0, P1, P2, 7e).
EndProcedure
The logic OR, AND, NOR and NAND operations can be
implemented using the procedure Gate(Yy, p1, p2, re, op, d).
Details on the respective implementations are given in the
Supplemental Material.

Lemma 1: Logical flowchart for finding the value of
each bit in the solution of n bits in length and satisfying
Of(x1, X2, ..., %Xu—1, X,) = 1 in Fig. 2 is implemented using
the procedure Infer-the-value-of-each-bit(Yy, n, m, 0k, fy),
where Oy (x1, x2,...,X,—1, X) is any given condition of
a search problem in (1-1) and Of: {x1x2 ... Xp—1%4|Vxq €
{0, 1} for 1 <d <n} — {0, 1}.

Proof: Step (1) is the main loop and the value of its
index variable d is from 1 through n. On the pth execution
of Step (1) for 2 < p < n, the value of d is equal to
p. Next, on the pth execution of Step (la), the procedure
Bio-Molecular-Solution (Y, n, d) is called to construct
{x1x2 ... xpflx}, Xpt1 oo Xp—1X|Y x, € {0, 1} for k # p
and 1 < k < n} that is encoded by 27—l DNA strands in
tube Yp. On the pth execution of Step (1b), the procedure
Condition (Yo, n, m, 6, By, d) is called to implement
Of(xix2 ... xp,lx}) Xp41 ... Xp—1Xp) so that its evaluated
result with O (x1x3 ... xp_lx}, Xp4l ... Xp—1X,) = 1 is stored
in tube Yy and other evaluated results with O 7 (x1x2 ... x p,lx})
Xp+1 ... Xp—1X,) = 0 are discarded. Next, on the pth execution
of Step (lc), if a frue is returned from the Detect operation,
then the value of the pth bit of the solution is 1 from the pth
execution of Step (1d). Otherwise, the value of the pth bit of
the solution is 0 from the pth execution of Step (1f). Next,
on the pth execution of Step (1g), the Discard operation is
used to reset Yo to an empty tube. From the statements above,
it is at once inferred that the logical flowchart for finding the
value of each bit in the solution with the n bits satisfying
Of(x1, x2, ..., Xp—1, X,) = 1 in Fig. 2 is implemented by
using the procedure Infer-the-value-of-each-bit (Yo, n, m,
Ok, ,By) L

Il. EXTENSION OF PHASE ESTIMATION AND QUANTUM
COUNTING TO INFER THE VALUE OF EACH
BIT OF A SOLUTION

The proposed molecular algorithm Infer-the-value-of-
each-bit (Yo, n, m, O, By) infers the value of each bit of
the output state that satisfies an arbitrary oracular function
Of(x1, X2, ..., Xn—1, X,) With m conditions. In this section
we demonstrate how to, step by step, implement the proposed
molecular algorithm Infer-the-value-of-each-bit (Yo, n, m,
Ok, fy) for labelling solution(s) and non-solution(s) using
quantum circuits, and how to view bio-molecular solution
space with 2"~! DNA strands as an eigenvector. We also
describe how an extension of the quantum phase estimation
algorithm and the quantum counting algorithm finds the cor-
responding unitary operator and eigenvalues. Finally, we give
a complexity assessment of the extension of phase estimation
and quantum counting routines.

A. Quantum Circuits for Implementing Molecular Circuits
for Labelling Solutions Among 2"~ Subtrees

We wuse a unique computational basis vector with
2"-tuples of binary numbers to represent each element in
{x1x3 ... xp—1xplV x4 € {0, 1}, 1 < d < n}. The cor-

responding vector for the first element x? xg...x,?_lxg is

([l 0---0 ]lszn) and so on with the corresponding vector
for the last element x| x] ... x!_ x} being ([0 0 --- 1 ]1TX2,,).
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We assume that the initial state vector (|¢p)) is
@{Z] [x)® (|x)® (@]_,. 1 |*2)). After applying a uni-

tary operator (®Z;11H) ® (Lx2) ® (®_y41H), in which
H is a two-dimensional Hadamard gate and Irx» is a
two-dimensional identify operator, to the initial state vector
(o)), the following new state vector is obtained

161 = —— @2 (|

+aty @ (xi) @ @an (5¢) +[xl)) @

| 1) encodes {x1x7 ... xd_lx[}xdﬂ coo Xn—1 Xn|Vxr € {0,
1} for 1 <k < nandk # d} and the amplitude of each subtree
is (?). Based on the molecular algorithm Bio-Molecular-

Solution (Yo, n, d), since 27—1 DNA strands in tube Yy encode
{x1x7 ... xd_lx;, Xd41 -0 Xn—1Xp|Vx € {0, 1} for1 <k <n
and k # d) that correspond to the 2"~! subtrees in the binary
search tree in Fig. 1-1, they are encoded by |¢1).

Based on Lemma 1 through Lemma 9 (see Supplemental
Material for details), the molecular algorithm Infer-the-value-
of-each-bit uses biological operations to implement each
condition of any given oracular function O (x1, x2, ..., Xp—1,
xp). We use auxiliary quantum bits |rjx > (1 < j < m, 1
<k < n— 1) to store the outcome of executing the kth logic
operation in the jth clause. We also apply auxiliary quantum
bits |sy > (1 <y <m— 1) to store the outcome of executing
the yth logic operation between the yth clause and the (y+
1)th clause. We assume that an auxiliary state vector |a > is
(®;:m—1|sy >)® (®}':m®llc:n—l Irj’k >)’

Since the state vector |¢;) encodes {xix> ... xd,lxcll
Xd+1 «-- Xn—1xn|¥V xx € {0, 1}, 1 < k < n, k # d}, items
that are solutions in |¢1) are referred to as marked states
and those that are not solutions are referred to as unmarked
states. A special gate (quantum circuit), the so-called Oracle,
is applied to label the marked and unmarked states. The Oracle
O multiplies the probability amplitude of the solution(s) by
—1 and leaves any other amplitude unchanged:

0 : 1) la) — (—1)0rsasimasio) gy 1a)y | (3)

If 0f(X1X2 xd,lxdl Xd+1 ... Xn—1Xp) = 1, then the
probability amplitude of the solution(s) is multiplied by —1.
The probability amplitude of the non-solution(s) is multiplied
by 1. As the quantum circuit of the Oracle is made up of
CCNOT gates, NOT gates and a CNOT gate, the Oracle is a
unitary operator.

Let N = 2! and let S be the number of solution(s) in
(J¢#1)). We create two superpositions comprising uniformly
distributed computational basis states that are made up of a
set of marked states and another set of unmarked states in

(I¢1)), respectively

lp) = 1
= UN=s
1
ZO_/ (x1~~~xd_]x‘}xd+1...xn)=0 ’)Cl Xd_lded+1"'xn> v
. 4)
— PR 1 .
|/’{> B ﬁ ZOf(X]vvvxdflx‘}xd+1...xn):1‘XI Xd_lxd)Cd+1...Xn>
(5)

Since the inner product of |¢) and |A) is O and |@) and
| 1) are unit vectors, |@) and |1) form an orthonormal basis
of a two-dimensional Hilbert space. With |¢) and |4), we
rewrite (2)

VN -5 NS
[¢1) = (—=—lo) + —=14)) (6)
VN VN
This is to say that in an orthonormal basis of a

two-dimensional Hilbert space that is formed by (|¢)) and
(J4)), the initial state (|¢1)) in (6) is represented as a
two-dimensional unit vector. The state vector |¢2) = O |¢1)
obtained by applying the Oracle to (6) can then be expressed

as | o) = (=5 1) +(—% 11))). The angle between | ¢»)
and | ) is equal to 8/2. The Oracle O is hence equivalent to
a reflection about axis (|¢)).

An operator U that amplifies the probability amplitudes
of marked states while decreasing any other amplitudes is
given as

U=21¢1) (1] — Irnxon. (7
(2) indicates that the state vector (|¢1)) = ((®f;11H)®
(x)® @y H) (@ |xhe  (xhe
(®Z: a1 |x,9))). For convenience of presentation, we assume
that 0 = (®{Z{H) ® () ® (®_,,H)) and

(I¢0) = (®{Z] |x)® (|xN® (@_yi1 |xD))). Therefore,
(7) can be further refined to

U=20Q|¢o) (¢ol Q—Qlrnx20 Q= Q2| o)(ol —I22x27) Q.

8)
Equation (8) provides the key for the realization of the
operator U. We require two Q gates and a controlled phase
shift gate P. The transformational rule of P is quite simple: it
leaves all the probability amplitudes unchanged except that
of (= [x)® ([x1)) @ (®]_,,, |x!)) whose sign is
inverted. Because Q and P are both unitary operators, U is
also unitary.

B. Determining the Eigenvalue and the Corresponding
Eigenvector of the Extension of the Grover Operator in
a Two-Dimensional Hilbert Space Spanned by Sets of
Marked and Unmarked States Among 2"~ Subtrees
Encoded by 2"~1 DNA Strands

Given an extension of the Grover operator as G = (U)

(0), we have that [¢3) = (U)(O) (I¢1)) = (U) (I$2)) =
(G)(I¢1)), ie.

N-—-S N—-—4xS
[¢3) = ( Nici x ( N ) o)
VS 3xN—-4xS
+«/—NX(#)M)) 9)

The angle between | ¢3) and |¢;) is 6. Basic trigonometry
provides for the projection of |¢; > onto the axes

_JN=S5, JN=3
cos(0/2) = N /1= N
, VS NS
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|$1) and |¢3) can be expressed as |¢1) = (cos(6/2),

sin(@/2)) and |¢3) = (G |¢p1)) = (cos(@ + (6/2)), sin(@ +

(6/2))). With this we obtain the following unitary operator,

which is an extension of the Grover operator in the basis
_ ([cos ©)

{lo), 14)}
—sin (¢)
sin (@) cos(0) 2X2)

This indicates that G acts on an orthonormal basis of
a two-dimensional Hilbert space that is formed by (|¢))
and (| 4)).

We assume that a (2 x 2) matrix GT is the conjugate
transpose of G. From G’s characteristic equation it follows
that the two solutions (eigenvalues) are cos(d) + +/—1x
sin(@) = ¢¥~1%¢ and cos(6)+ (—v/—1x sin(@)) = e~V 1x0,
We assume that the corresponding eigenvector of G in the

). Therefore, G |V) =

basis {|p), [1)} is |V) = ([”}
q Jox1

ei\/__lXHIV). From this we have that px cos(d) — gx
sin(f) = px (cos(@) £+/—1x sin(f)) and px sin(@) +gx
cos(f) = g x (cos(d) £ +/—1x sin(d)). This leads to the two

Y

equations with the solutions | V) = erw V 1_1 ) and
2x1
| Vo) = (e Ml 1_1 ), where y is a real number.

2x1
Therefore, both | V1) and | V;) are the corresponding eigen-
vectors of G in the basis {|¢), |1)}

C. Determining the Value of a Bit of the Only Solution
Among 2" Subtrees Encoded by 2"~ DNA Strands

The extension of quantum counting and phase estimation is
used to decide the number of solutions for {xjx; ... xd,lxcll
Xd+1 «-- Xn—1Xp|V xx € {0, 1}, 1 <k <n, k # d}. In Fig. 3,
the number of the quantum bits for the upper quantum register
is t = n+ p where p is the number of auxiliary quantum bits
so that the probability of measuring the solution is at least

(2(2,, % ) [3]-[6]. The circuit in Fig. 3 aims to find phase
9 which is equlvalent to finding the phase ratio p, € [0, 1)
:0 =2 xz x py. If p, is an integer multiple of (1/2) that
is equivalent to a binary expansion of ¢ bits, then the state of
the first register is read out with probability 1 [3]-[6].

In Fig. 3, if an eigenvalue generated from controlled Grover
operations is eV=1%0  then we use controlled Grover opera-
tions followed by the IQFT to find the best approximation of ¢
bits to the real number 6. Otherwise, we use the QFT instead of
IQFT. Since both sin(f/2) and N are known, by determining 6
we can also find S = N x (sin(6/2))?. After Grover’s iteration,
the quantum state of the second register is not changed and

is still (|¢1)) = ﬂl @) + [x)) © (xi)he
(@1 (| X0) + [x0))-

D. Complexity Assessment for the Extension of Phase
Estimation and Quantum Counting

Lemma 2: In determining the number of solutions in
{x1xy ... xd_lx[}xdﬂ cer Xp—1 Xp|Vxx € {0, 1}, 1 < k
< n, k # d}, the space complexity of the extension of

IQFT
or

E-BERE

x

Fig. 3. Quantum circuit for finding the phase 6. The controlled G
operators are sequentially applied to the initial state of the lower register
(61)) = (S 10) + 221 0).

phase estimation and quantum counting with the probability

of measuring the solution being at least 1 (2(2,, 2)) is

Ot +n) = O(n+ p+ n) quantum bits, where t = n + ¢

and ¢ is the number of auxiliary quantum bits such that the

probability of measuring the solution is at least 1 —(2(2+_2)).
Proof: See Supplemental Material.

Lemma 3: For computing the number of solutions in
{x1 x2 ... x4-1 )C;;Xd+1 o Xn—1Xn| Vxr € {0, 1}, 1 <k <n,
k # d}, the time complexity of the ideal case in the extension
of phase estimation and quantum counting with the probability
of measuring the solution being 1 is O(t*+ 2+ (n— 1))
= O((n+ p)2+ 2(n + p)+ (n— 1)) quantum gates, where
t =n+ p and p is the number of auxiliary quantum bits such
that the probability of measuring the solution is at least 1
~ ().

Proof: See Supplemental Material

Lemma 4: In determining the number of solutions in
{x1x ... xd_lx[}xdﬂ ceo Xp—1 XplVxp € {0, 1}, 1 < k
< n, k # d}, for the extension of quantum phase estimation
and quantum counting with the probability of measuring the

| sin? ( 7[(20 I')

solution being (55 ﬁ) the time complexity of the
sin? ( )

practical case is O(1>+ 2t+ (n— 1) = O((n+ p)*+ 2

(n + p)+ (n— 1)) quantum gates, where t =n + p and p is

the number of auxiliary quantum bits such that the probability

of measuring the solution is at least 1

1
. —(2(2,,_2)).
Proof: See Supplemental Material

[1l. EXPERIMENTALLY SOLVING THE CLIQUE PROBLEM
IN A GRAPH WITH TwO VERTICES AND ONE
EDGE ON IBM QUANTUM’S SIMULATOR

Mathematically, a cligue for a graph G' with n vertices
and m edges is a complete sub-graph of G' [10]. The clique
problem [10] is to find a maximum-sized clique in G' that is
a maximum-sized subset V1 of vertices with size r. In Fig. 4,
the left-most picture is a graph with two vertices and one edge,
which is the simplest case of the clique problem. The graph
consists of two vertices {v1, v} and one edge {(v1, v2)}. The
set of possible solutions consist of 22 elements. Every element
corresponds to a subset of vertices (a possible clique).
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Fig. 4. Architecture for solving the clique problem (simplest case).

Fig. 5. Deciding whether the first vertex (left)/the second vertex (right)
lies in the maximum-sized clique.

We assume that f = {x50 x51|Vx545 € {0, 1},0 <d < 1}
is a set of 22 possible choices (elements). For the sake of
presentation, we further assume that x52 denotes that x5; = 0
and xSCll denotes that x5; = 1. If an element x5¢x5; in £ is
a legal clique and x54 = 1 for 0 <d < 1, then xSCll indicates
that the (d+ 1)th vertex is within the legal clique. If an element
x50x51 in B is a legal clique and x5; = 0 for 0 < d < 1,
then x52 indicates that the (d+ 1)th vertex is not within the
legal clique.

The second picture from the left in Fig. 4 shows a binary
search tree representing {x50x51|x5; €{0, 1}, 1 < k < 2}.
The subtree (x50)----(x51)--O-- represents x58 xS(]) that
encodes the empty set clique. The subtree (x50)--"--
(x51)--1-- represents x58 xS} that encodes the clique {v2}. The
subtree (x50)--'--(x51)--"-- represents xS(l) xS(l) that encodes
the clique {v1}. The subtree (x50)--!--(x51)--'-- represents
xS(l) xS% encoding the clique {v1, v2}. The third picture on
the left is the binary search tree half that represents {xS(l) x51]
x51 €{0, 1}} and encodes two possible solutions {v1} and
{v1, v2}. The fourth picture is the other half of the binary
search tree that represents {x5¢ x5}|x50 €{0, 1}} and encodes
two possible solutions {v2} and {vg, v2}.

We use the quantum circuits in Fig. 5 to decide whether the
first and the second vertex, respectively, lie in the maximum
clique. In both circuits, the first (upper) register contains five
quantum bits, initially in the state |0>. In Fig. 5 (left) the two
quantum bits of the second (lower) register are initially in the
state |x5(1)) ® |x5(])). In Fig. 5 (right) the two quantum bits
of the second register are initially in the state |x58) ® |x5}).
In Fig. 5 (left) we apply the unitary operator (I ® H) to the
second register. This indicates that it encodes the two subtrees
(x50)--"--(x51)---- and (x50)--'--(x51)--'--. In Fig. 5 (right)
we apply the unitary operator (H ® I) to the second register.
This implies that it encodes the other two subtrees (x50)--"--
(x51)--1-- and (x5¢)--'--(x57)--1--.

Next, we apply the unitary operator (HQHQ® HRQ HQ H)
to the first register (|y58 > ® |y5(1) > ® |y5(2) > ® |y5(3) > ®
| y52 >) in Fig. 5 (left), followed by controlled G operations
with G raised to successive powers of two to the second
register. We use eV=1x0 with real 0 as the eigenvalue of G in

Fig. 6. Measurement results for Fig. 5 (left) and (right), respectively.

“la, o,

Fig. 7. Deciding whether the first vertex lies in the maximum-sized clique
on the backend Manila.

| &
I B
| A
I
I
]
i

a

[ | A

L S T B

Fig. 8. Inferring whether the second vertex lies in the maximum-sized
clique on the backend Manila.

032
0.24

0.16 {

Probabilities

Fig. 9. Measurement result for (a) Fig. 5 (left) and (b) Fig. 5 (right) on
the Manila backend.

Fig. 5 (left), and e~V=1x0 with real 0 as another eigenvalue
of G in Fig. 5 (right). Next, we apply the inverse quantum
Fourier transform (IQFT) to the first register in Fig. 5 (left),
and the quantum Fourier transform (QFT) to the first register
in Fig. 5 (right). Finally, we measure the first register in both
figures in the computational basis.

We use the open quantum assembly language version 2.0 on
IBM’s simulator to implement the quantum circuits in Fig. 5.
Both programs are included in the Supplemental Material.
Fig. 6 shows the two experimental results. The two measured
states are 01000 with probability 1. Since phase ratios for the
phase @ in Fig. 5 are equal to 8/2°,0 = x278/2% = 7 /2 in
both cases. Since sin(6/2) = sin(z /4) = 1/+/2 in both figures,
the number of solution(s) S is equal to 2(1/4/2)? in both. This
indicates that there exists one solution in the two subtrees
(x50)--'-=(x51)--0-- and (x5¢)--'--(x51)--!-- and one solution
in the other two subtrees (x50)--"--(x51)--!-- and (x5¢)--!--
(x51)--1--. This is to say that both the first vertex and the
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Fig. 10. The architecture for solving the example P =1 (mod 15). (a): Inferring the value of the second bit in the integer solution satisfying
P2 =1 (mod 15). (b): Deciding the value of the first bit in the integer solution satisfying b2 =1 (mod 15). (c): Determining the value of the third bit in
the integer solution satisfying b =1 (mod 15). (d): Computing the value of the fourth bit in the integer solution satisfying B2 =1 (mod 15).

A g

o e

(a)

Fig. 11.
b2 =1 (mod 15).

second vertex lie in the maximum-sized clique. Therefore, the
maximum-sized clique is {v1, v2}.

IV. EXPERIMENTALLY SOLVING THE CLIQUE PROBLEM
IN A GRAPH WITH TWO VERTICES AND ONE
EDGE ON THE BACKEND MANILA

The backend Manila of IBM is a new quantum processor
with five quantum bits. We wrote the third program and the
fourth program to execute subsequently Fig. 5 on the backend
Manila. Fig. 7 shows the quantum circuit implementation of
Fig. 5 (left), while Fig. 8 shows the quantum circuit imple-
mentation of Fig. 5 (right). In Fig. 7 and Fig. 8, the P(1) gate

is a phase gate with a real parameter A. The corresponding

1 0
matrix of this gate is (0 e“/_bd)' The gate leaves |0>

unchanged and modifies |1> to (e*/’_lx’l) [1>.

See Supplemental Material for the programs for
Fig. 5 (left) and 7, and for Fig. 5 (right) and 8, respectively.
In Fig. 9(a) and Fig. 9(b), respectively, the state of the first
register of Fig. 5 are read out. The two states are 01000 with
probability 0.319 and 0.373, respectively. Since the phase
ratios of the phase @ in Fig. 7 and 8 are equal to 8/2°,
0 = (x278/2%) = /2 in both figures.

As both figures, sin(8/2)=sin(z/4) = 1 /\/5 , therefore,
the number of solution(s) § = 2 x (1/+/2)%in both Fig. 7
and 8. Hence, there exists one solution in the two subtrees
(x50)--'--(x51)---- and (x50)--'--(x51)--'-- and one solution
in the other two subtrees (x50)--"--(x51)--!-- and (x5¢)--!--
(x51)--1--. Therefore, both the first and the second vertex lie
in the maximum-sized clique {o1, v2}.

V. EXPERIMENTALLY FINDING SOLUTION B SATISFYING
B2 =1 (MoD 15) AND 1 < B < (15/2)
ON QASM SIMULATOR

Let a natural number P be of length n bits and let a function
Of(x1, X2, ..., Xp—1, X,) be defined as {x1x2 ... Xp_1x,]

Quantum circuits for inferring the value of the second (a), the first (b), the third (c), and the fourth (d) bit in the integer solution satisfying

0<X1X2 ... Xpe1 Xp < P} = {(x1X2 ... Xy_1X,)? (mod P)}.
Four integer solutions that satisfy O (xy, x2, ..., Xp—1, Xs) =
(x1x2 ... xn,lxn)2 = 1 (mod P) are, respectively, b, P — b,
land P— 1, where 1 < b < (P/2)and (P/2) < P—b < P—1.
This is a special case of quadratic congruence (mod P) and it
is still a NP-complete problem [10]. Solving this problem is
equivalent to finding the only integer solution x1x2 ... X,_1X,
for 1 < xix2 ... x4—1Xx, < (P/2) that satisfies Of(xy,
X2, .y Xn_1, Xn) = (X1x2 ... Xp—1x,)*> = 1 (mod P). Con-
sider the example where in {x50x51 x5,x53|Vx54 € {0, 1}
for 0 < d < 3}, only the element x58x5} x5(2)x52 satisfies
4> =1 (mod 15) and 1 < 4 < (15/2). The example is a
simple case of quadratic congruence (mod P), where P = 15.

Fig. 10 shows a binary search tree encoding all possible
input states. In Fig. 10(a), {x5¢ x5%x52x53| Vx5 € {0, 1}
for 0 <d < 3 and d # 1} is encoded, while in Fig. 10(b),
{x5(1)x51x52 x53|Vx54 € {0, 1} for 1 < d < 3}. Fig. 10(c)
encodes {x50x51x55 x53|Vx54 € {0, 1} for 0 < d < 3 and
d # 2}, and Fig. 10(d) encodes {x50x51x52 x5§|‘v’x5d €
{0, 1} for 0 <d < 2}.

The four quantum circuits in Fig. 11 compute the values of
the second, the first, the third and the fourth bit of the solution
state. In all the figures, the first register consists of 9 quantum
bits, initially in the state |0>, and the 4 quantum bits of the

second register are initially ’x58) ® ‘x5{>® ’xS(z)) ® ’x5(3)),

|x50) ® [x51)® [x55) ® [x55), [x5G) ® [x5])® |x5;) ®
|x5g) and |x58) ® |x5(1))® |x5g) ® |x5%), respectively. For
encoding each subtree from Fig. 10(a) through Fig. 10(d),
we respectively use the unitary operators (H @ I @ H ® H),
I QH®HQRH), HOIH®I @H)and ( HRIHQ®H®I)
on the second register in Fig. 11.

Next, the unitary operator H®° is applied to the first register
in Fig. 11. After that follow the controlled G operations
with G raised to successive powers of two applied on the
second register. The respective eigenvalues of G are eV—1x0
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Fig. 12.  The measurement outcome for the circuit in (a) Fig. 11(a),

(b) Fig. 11(b), (c) Fig. 11(c), (d) Fig. 11(d).

in Fig. 11(a), e=vV=1%¢ in Fig. 11(b), e=V=1*¢ in Fig. 11(c)
and eV—1x0 in Fig. 11(d), with € a real number. Next, the
IQFT and the QFT are applied respectively on nine quantum
bits on the first register in Fig. 11. Finally, the first register is
measured in the computational basis.

We wrote four programs (see Supplemental Material) to
implement the four quantum circuits in Fig. 11 on the
IBM simulator. The respective measurement results appear in
Fig. 12(a) through Fig. 12(d).

In Fig. 12(a), the state 000111011 is measured with prob-
ability 0.964. In Fig. 12(b) through 12(d), the measured out-
come is 000000000 with probability 1. Thus, for computing
the value of the second bit of the solution, the approximate
value of the phase rate is (5°/ 2%) and the approximate value
of its phase 6 is x2x5%/2°. Since sin(6/2) = sin(x75°/2°) =
0.3541635252, therefore also 0.3541635252 = /S/+/8 . With
this we obtain S = 1.00345442. As S is the number of solu-
tions in {x50x51x52 x53|¥x54 € {0, 1},0 <d <3,d # 1},
the approximate value for S is equal to 1. This indicates that
the number of solutions is 1 and the value of the second bit
x51 in the solution is 1.

Similarly, for computing the value of the first, third and
fourth bit of the solution, the approximate value of the
phase rate is (0/2°) and the approximate value of € is
(27 x 0/2%) = 0. Since sin(A/2) = sin(0) = 0 = +/S/+/8 , the
approximate value of S is equal to zero. This implies that there
is no solution in {x5(1)x51 x5yx53|Vx545 € {0, 1}, 1 <d < 3},
{x50 x51x5;x53| Vx5 € {0, 1},0 <d < 3,d # 2} and
{x50x51 x52x5%|\7’ x54 € {0, 1}, 0 < d < 2}. Thus, the
solution is x5) x51x59 x59.

VI. CONCLUSION

Based on Lemma 1S through Lemma 9S (see Supplemental
Material for details), we can infer the value of each bit in the
solution state of a search problem using O(n>4n%x m-+m xn)
biological operations, O(2"~!) DNA strands, O(1) tubes and
the longest DNA strand, O(n +n x m). From Fig. 3 and from
Lemma 2 through Lemma 4 we have that the approximation
of the phase 0 can be determined with a very high probability
of success. Since N is known and 6 can be determined,
we can find the number of solution(s) S = (N x (sin(6/2))?).
Therefore, if the number of solution(s) is not equal to zero,
then the answer lies in {x;xy ... xd,lx; Xd+1 -+ Xn—1Xn|
Vxr € {0, 1}, 1 < k < n, k # d} and the dth bit of the
solution must be a 1. Otherwise, the dth bit of the solution
must be a 0. This indicates that for solving the same problem
the molecular algorithm Infer-the-value-of-each-bit can be
implemented by using an extension of the quantum phase
estimation algorithm and the quantum counting algorithm.
An interesting open question is whether the proposed bio-
quantum algorithm can be extended to solve a problem with
r solutions, where r > 2.

REFERENCES

[1] L. K. Grover, “Quantum mechanics helps in searching for a needle in
a haystack,” Phys. Rev. Lett., vol. 79, no. 2, pp. 325-328, Jul. 1997.

[2] C. Zalka, “Grover’s quantum searching algorithm is optimal,” Phys.
Rev. A, Gen. Phys., vol. 60, no. 4, p. 2746, 1999.

[3] W.-L. Chang and A. V. Vasilakos, Fundamentals of Quantum Program-
ming in IBM’s Quantum Computers. Germany: Springer, Jan. 2021.

[4] G. Brassard, P. Hoyer, and A. Tapp, “Quantum counting,” in Proc. 25th
Int. Collog. Automata, Lang., Program., Jul. 1998, pp. 820-831.

[5] M. A. Nielsen and I. L. Chuang, Quantum Computation and Quantum
Information. Cambridge, U.K.: Cambridge Univ. Press, 2000.

[6] S. Imre and F. Balazs, Quantum Computation and Communications:
An Engineering Approach. Hoboken, NJ, USA: Wiley, 2005.

[71 L. M. Adleman, “Molecular computation of solutions to combinatorial
problems,” Science, vol. 266, no. 5187, pp. 1021-1024, 1994.

[8] W.-L. Chang and A. V. Vasilakos, Molecular Computing: Towards a
Novel Computing Architecture for Complex Problem Solving. Germany:
Springer, Jun. 2014.

[91 M. Amos, Theoretical and Experimental DNA Computation. Germany:

Springer, Apr. 2006.

M. R. Garey and D. S. Johnson, Computer and Intractability: A Guide to

the Theory of NP-Completeness. New York, NY, USA: W. H. Freeman,

1979.

[10]

Authorized licensed use limited to: National Cheng Kung Univ.. Downloaded on April 02,2022 at 08:13:53 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


