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DNA Algorithms of Implementing Biomolecular
Databases on a Biological Computer

Weng-Long Chang* and Athanasios V. Vasilakos

Abstract—In this paper, DNA algorithms are proposed to per-
form eight operations of relational algebra (calculus), which in-
clude Cartesian product, union, set difference, selection, projection, in-
tersection, join, and division, on biomolecular relational databases.

Index Terms—Biomolecular relational algebra, biomolecular re-
lational databases, DNA computing.

I. INTRODUCTION

HE GENETIC information of cellular organisms is en-

coded by DNA (deoxyribonucleic acid) in [1]-[3]. DNA
includes polymer chains which are commonly regarded as DNA
strands. Each strand may be made of a sequence of nucleotides,
or bases, attached to a sugar-phosphate “backbone.” The four
DNA nucleotides are adenine, guanine, cytosine and thymine,
commonly abbreviated to A, G, C, and T, respectively. The
classical double helix of DNA is formed when two separate
single strands bond. Bonding occurs by the pairwise attraction
of bases: A bonds with T' and G bonds with C in [1]-[3].
Double-stranded DNA may be denatured into single strands
by heating the solution to a temperature determined by the
composition of the strand in [1]-[3].

From [1]-[3], storing information in molecules of DNA
allows for an information density of approximately 1 bit per
cubic nm (nanometer) and a dramatic improvement over ex-
isting storage media. Relational database system in [4] is the
most popular one. One interesting open question is asking
whether relational database system in [4] can be constructed
by means of biological operations and DNA strands or not.
Our motivation is to find the answer of the interesting open
question.

Our major contributions in this journal paper are as follows.

* We demonstrate that biological operations can be applied
to construct biomolecular databases where data records in
relational tables are encoded as DNA strands.

* We propose DNA-based algorithms to complete eight
operations of relational algebra (calculus), which contain
Cartesian product, union, set difference, selection, projec-
tion, intersection, join, and division.
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* We analyze complexity, strengths and weaknesses of con-
structing biomolecular relational databases.

* We theoretically show that constructing biomolecular
databases on a molecular computer is a very feasible task.

II. COMPUTATIONAL MODEL

Definition 2-1: Givenset X = {x,2,, 1... 2921 | V24 €
{0,1} for 1 < d < n} and a bit 2;, the biomolecular operation
“Append-Head” appends 2; onto the head of every element in
set X. The formal representation is written as Append-Head
(X,2;) ={z;2n2n_1... 0221 | Vg €{0,1} for1 <d <n
and z; € {0,1}}.

Definition 2-2: Given set X = {xpzp_1...2221 | Vg €
{0,1} for 1 < d < n} and a bit z;, the biomolecular opera-
tion, “Append-Tail,” appends z; onto the end of every element
in set X. The formal representation is written as Append-Tail
(X,zj) ={an2n_1.. .22z | Vag € {0,1} forl <d <n
and z; € {0,1}}.

Definition 2-3: Given set X = {z,z, 1...2221 | Vg €
{0,1} for 1 < d < n}, the biomolecular operation “Discard
(X)” sets X to be an empty set and can be represented as “X
=9

Definition 2—4: Given set X = {xpxp_1...2221 | Vq €
{0,1} for 1 < d < n}, the biomolecular operation “Amplify
(X, {X;})” creates a number of identical copies X; of set X,
and then “Discard (X).”

Definition 2-5: Given set X = {rprp_1...222017 |
Veqg € {0,1} for 1 < d < n} and a bit, z;, if
the value of x; is equal to one, then the biomolecular
extract operation creates two new sets, +{X, ;le) =
{mnxn,l...m}...mgzvl | Vag € {0,1} for1 < d # j < n}
and —(X,25) = {@p2n 1...2) ... 2221 | Vag € {0,1} for
1 < d # j < n}. Otherwise, it produces another two new
sets, +(X, :v?) ={rpzp 1... ;U? .. xaxy | Yaq € {0,1} for
1 <d+#j<n}and f(X,wg-)) = {QL‘nLL’n_l...iL’Jl-...l‘QiL’l |
Vag € {0,1} forl < d # j < n}.

Definition 2—6: Given m sets X; ... X,,, the biomolecular
merge operation, U(X1,..., X)) = X3 U--- U X,,.

Definition 2-7: Given set X = {z,z, 1...2221 | Vg €
{0,1} for 1 < d < n}, the biomolecular operation “Detect
(X)” returns frue if X # <. Otherwise, it returns false.

Definition 2-8: Given set X = {xpxp_1...2221 | Vq €
{0,1} for 1 < d < n}, the biomolecular operation “Read (X)”
describes any element in X.

III. CONSTRUCTING BIOMOLECULAR DATABASES

A. Introduction to a Relational View of Data

Given sets 51, S2, ..., S, (not necessarily distinct), R is a
relation on these n sets if it is a set of n-tuples, each of which
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has its first element from S, its second element from S, and
so on [4]. We shall refer to S; as the jth domain of R. As de-
fined above, R is said to have degree n. Relations of degree n is
called as n-ary. From [4], an n-ary relation R has the five prop-
erties: 1) each row represents an n-tuple of I, 2) the ordering
of rows is immaterial, 3) all rows are distinct, 4) the ordering of
columns is significant, and 5) the significance of each column
is partially conveyed by labeling it with the name of the corre-
sponding domain.

B. DNA Algorithms for the Cartesian Product on Biomolecular
Databases

The Cartesian product (or cross-product or just product) of
n sets, S1, S, ... Sy, is the set of pairs that can be formed by
choosing the first element of the pair to be any element of 57,
the second element of the pair to be any element of S», and
so on [4]. Assume that Ly is the number of bits for the value
of each element in S to 1 < k& < n and that R is an n-ary
relation and has m elements. It is assumed that R is equal to
{(risis. - risn)lri,k € Spforl <k <nandl < i < m}
and that the value encoding r;, . in R can be represented as a
binary number, v; 41 ... Vig1, forl <k <nandl <17 <m.
The bits v; 1 and v; 3,1, represent the first bit and the last bit
for r; 1, respectively. From [1]-[3], to 1 < j < Ly for every bit
v; k. ; that encodes the j* bit of the k*" field of the i** element in
an n-ary relation, two distinct DNA strands (sequences) are de-
signed to minimize the possibility of unwanted binding and their
length is & base pairs. One represents the value “0” for v; 1, ; and
the other represents the value “1” for v; 1, ;. For the sake of con-
venience in our presentation, it is assumed that v; g, jl denotes
the value of v; 1, j tobe 1, vi,k,jo defines the value of v; j; ; to be
0, and v; 1, ; defines the value of v; 1, ; to be 0 or 1. DNA algo-
rithms that are used to implement a relational algebra (calculus),
the Cartesian product, for constructing a biomolecular database
R are, respectively, proposed in Sections I1I-B1 and I11-B2.

1) A DNA Algorithm of Inserting One Record Into Biomolec-
ular Databases: The following algorithm, Insert (750, i), is ap-
plied to insert one record into a biomolecular database R de-
noted in Section ITI-B. In Insert (T3g, 1), tube T3p is the first
parameter and is initially set to an empty tube. The second pa-
rameter, 7, is used to represent the i record that will be inserted
into the biomolecular database R.

Procedure Insert (Tso, )
l)Fork =1ton
2)Forj = 1to Ly
2a) Append-Tail (T3, v; & ;)-
EndFor
EndFor
EndProcedure

Lemma 3—1: One record in a biomolecular database R can
be constructed with a DNA strand from the algorithm Insert
(TSOV Z) .

Proof: 1t consists of one nested loop. The outer loop is ap-
plied to insert one record (including 7 fields) into a biomolec-
ular database R. The inner loop is employed to construct each
field of one record in R. Each time, Step 2a) is used to append
a DNA sequence, representing the value 0 or 1 for v;  ;, onto
the end of every strand in tube Tyq. This is to say that the value

0 or 1 to the j** bit in the k** field of the i** record in R ap-
pears in tube T3g. After repeating the execution of Step 2a), it
finally produces tube T3¢ that consists of a DNA sequence with
(6 x (>"n_, L)) base pairs, representing one record in R. ®

2) A DNA Algorithm of Implementing the Cartesian Product
on Biomolecular Databases: The following algorithm, Carte-
sianProduct (Tp, m), is used to construct a biomolecular data-
base R denoted in Section III-B. In CartesianProduct (15, m),
tube T} is the first parameter and is initially set to an empty tube.
The second parameter, m, is employed to represent the number
of records in the biomolecular database R.

Procedure CartesianProduct (Ty, m)
1) Fori = 1tom
la) Insert (T3g, 7).
1b) Ty = U(To, Tio).
EndFor
EndProcedure

Lemma 3 —2: A biomolecular database R can be constructed
with DNA strands from the algorithm, CartesianProduct
(T(), m) .

Proof: A single loop is used to insert m records into a
biomolecular database R. Each time, Step 1a) is applied to call
the procedure, Insert (T3, ), to insert one record (including n
fields) into a biomolecular database R. This is to say that the
it? record in R appears in tube Txo. Next, Step 2) is applied
to pour tube gy into tube Ty. This implies that the ith record
in R appears in tube 7 and tube T3y becomes an empty tube.
After repeating the execution of Steps 1a) and 1b), it finally pro-
duces tube T} that consists of m DNA sequences, representing
m records in R. ]

C. DNA Algorithms for Set Operations on Biomolecular
Databases

The three most common operations on sets are union, inter-
section, and difference. The contents of Definition 3—1 through
Definition 3-3 are directly cited from [4] and are used to ex-
plain how these operations perform their functions on arbitrary
sets X and Y.

Definition 3 —1: X UY, the union of X and Y, is the set of
elements that are in X or Y or both. An element appears only
once in the union even if it is present in both X and Y.

Definition 3 -2: X N'Y, the intersection of X and Y, is the
set of elements that are in both X and Y.

Definition 3 -3: X — Y, the difference of X and Y, is the
set of elements that are in X but not in Y. Note that X — Y is
different from Y — X ; the latter is the set of elements that are
in Y but not in X.

When we apply these operations above to n-ary relations, we
need to put some conditions on X and Y. The first condition is
that X and Y must have identical sets of columns, and the do-
main for each column must be the same in X and Y. The second
condition is that before we compute the set-theoretic union, in-
tersection, or difference of sets of tuples, the columns of X and
Y must be ordered so that their order is the same for both re-
lations. DNA algorithms for performing these operations are,
respectively, proposed in Sections III-C1, III-C2, and III-C3.

1) A DNA Algorithm for the Union Operator on Biomolec-
ular Databases: Assume that X and Y are n-ary relations and
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have p elements and g elements, respectively. Suppose also that
X and Y are, respectively, equal to {(r;1,...7;,)|rik € Sk
forl <k <nandl <i<pland{(ri1,...7n)lrir € Sk
forl <k <mnandl < i < g}. After the two DNA algo-
rithms, CartesianProduct (77, p) and CartesianProduct (7%, g),
are called and are performed, tube 7} consists of p DNA se-
quences representing p records in X and tube 73 includes ¢
DNA sequences representing g records in Y. The following
DNA algorithm is used to perform X U Y. Notations used in
the following DNA algorithm appear in Section III-B.

In Section III-B, a binary number v; ¢ ; is used to encode the
j** Dbit of the k** field of the i*" element in an n-ary relation
and its value is zero or one. When we design the DNA-based al-
gorithm, Union (77, T3, T3, p), in advance we do not know that
the value of v; j ; is zero or one. For the convenience of our
presentation, the second parameter of the extract operation in
Step 7a) of Union (T3, Ts, T3, p) is set to v, 5 ;. If its value is
given as one, then Step 7a) in Union (77, Ts, T3, p) is to imple-
ment Thy, = -‘r(ng, Uz‘,k,jl) and TZ%FF = 7(T22, U'i,k.j1)~
Otherwise, Step 7a) in Union (73,7%,75,p) is to implement
Ta2 = +(Ta2, vip;°) and TRM = —(Toa, vik,;°).

Procedure Union (T3, 7%, Ts, p)
1) Amphfy (Tl, T]_]_, T]_z).
2) Amphfy (TQ, T21, ng)
N1y = U(Ty,Th).
4) Ty = U(T2, Toy).
5)Fori =1top
6)Fork =1ton
7)For 3 = 1to Ly
Ta) Tyy = +(T22,v;1,) and

T 0FF = (T227v2 kj)-
7b) T ON _ — U(Ty N”7 OFF).
EndFor
EndFor

7¢) Discard (Ts2).
7d) Thy = U(TZZ,TZO.ZN).
EndFor
8) T3 = U(TIQ,TQQ).
9) Read (T5).
EndProcedure

Lemma 3-3: The union operator on two n-ary relations can
be performed with DNA strands from the algorithm, Union
(T17T27T37p)~

Proof: Please refer to the proof of Lemma 3—1 and Lemma
3-2. ]

2) A DNA Algorithm for the Intersection Operator on
Biomolecular Databases: Assume that X and Y were denoted
in Section III-C1, tube 77 consists of p DNA sequences repre-
senting p records in X, and tube 7% includes ¢ DNA sequences
representing g records in Y. The following DNA algorithm is
used to perform X MY . Notations used in the following DNA
algorithm appear in Section I1I-B.

Procedure Intersection (73, T, Ty, p)
1) Amphfy (TQ, Tz]_, Tzz).

2) Ty = U(T2, Tyy).

3)Fori =1top
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4)Fork=1ton
5)Forj =1to Ly,

Sa) Tzz = +(T22,’UZ kj) and

To2OF T = —(Tha,v; kwj)

5b) T OV = U(T22 , T2 T,
EndFor

EndFor
SC) T4 = U(T4,T22).
5d) Taz = U(Thz, T22°N).
EndFor
6) Discard (Tsz).
7) Read (Ty).
EndProcedure

Lemma 3—4. The intersection operator on two n-ary relations
can be performed with DNA strands from the algorithm, Inter-
section (11, Ts, Ty, p).

Proof: Please refer to the proof of Lemma 3—1 and Lemma
3-2. |

3) A DNA Algorithm for the Difference Operator in
Biomolecular Databases: Suppose that X and Y were defined
in Section III-C-IV, tube T} consists of p DNA sequences
representing p records in X, and tube 7, includes ¢ DNA
sequences representing g records in Y. The following DNA
algorithm is used to perform X — Y. Notations used in the
following DNA algorithm appear in Section III-B.

Procedure Difference (T, 1%, T5, q)
1) Amphfy (Tl, T117 Tlg).
2) Amphfy (TQ, T217 TQQ).
3) T1 — U(Tl,Tll).
HTy = U(Tz,Tzl).
5)Fori =1togqg
6)Fork=1ton
7)Forj =1to Ly,
7a) T12 - +(T12,’Uz kJ) and

11O = —(Tha,v;, IV)

7b) T2 ON = U(T1,0N, 13,07 ).

7C) Tzz = +(T2271’z k]) and

To2OfF = —(Ta, v kwj)

7d) Tp2OV = U(To O, T, 07 F).
EndFor

EndFor
5a) If (Detect (T5,) = “yes”) then
5b) Discard (712).
EndIf
SC) T12 = U(Tlg,TlgON).
5d) Tag = U(Tha, To2®V).
EndFor

&) Ty = U(Ts, Th2).

9) Read (T5).

EndProcedure

Lemma 3—5: The difference operator on two n-ary relations
can be performed with DNA strands from the algorithm, Differ-
ence (T1,Ts, T, q).

Proof: Please refer to the proof of Lemma 3-1 through
Lemma 3-2. ]



CHANG AND VASILAKOS: DNA ALGORITHMS OF IMPLEMENTING BIOMOLECULAR DATABASES ON A BIOLOGICAL COMPUTER 107

D. DNA Algorithms for the Projection Operator in
Biomolecular Databases

From an n-ary relation R (denoted in Section III-B), the
projection operator in [4] is applied to produce a new re-
lation that has only some of R's columns. The projection
operator on R is denoted as 7g, s, .s, (R). The value
of expression 7g, s, .5, (R) is a relation that is equal to
{(rivy---smia)lrig € Spforl <k < n, 1 < b < n,
1 <a<mn,1 <i< mand each element is distinct }. DNA
algorithms for completing the expression 7g, s, . s, (R) are,
respectively, proposed in Sections III-D1 and ITI-D2.

1) A DNA Algorithm of the Projection Operator on an N-ary
Relation: The DNA algorithm, Projection (T, Ts, m, ¢), is ap-
plied to perform the expression 7g, s, .. s, (R), and notations
used in the DNA algorithms are denoted in Section III-B. In Pro-
jection (T, Tg, m, ¢), tube T is the first parameter and DNA
strands in tube T are applied to represent m elements in K.
Tube 7§ is the second parameter and is set to an empty tube.
The third parameter, m, is applied to represent the number of
elements in R. The fourth parameter, ¢, is used to represent
the number of specified columns for R. For the convenience of
our presentation, in the expression 7s, s, .. s, (R), we assign
one number k to each specified column Sj, in R. In Projection
(To, Ts, m, ¢), Steps 3), 4), and 5) are a nested loop and are ap-
plied to extract the values of the specified columns for R and
eliminate duplicates. Because the range of the value for index
d at each iteration of Step 4) is from one through ¢, its corre-
sponding specified column is different. Therefore, for the con-
venience of our presentation, it is assumed that the specific d*"
column for R corresponds to the k** domain so that the notation
i k.; in Projection (75, Ts, m, ¢) is consistent with that notation
v; 1,5 denoted in Section III-B.

Procedure Projection (Ty, Tg, m, ¢)
1) Amplify (T, T7,T3).
2) Ty = U(To, Ty).
3)Fori =1tom
4)Ford =1toc
S5)Forj = 1to Ly
5a) Ty = +(T3,v; ;) and TFF =
—(T%,v; k), where the specific " column for
R corresponds to the k' domain.
5by 750V = U(TSON’TSOFF).
EndFor
6) If (Detect (Tg) = “yes”) then
7)Forj = 1to Ly
7a) Append-Tail (Ty, v; ),
where the specific d** column
for R corresponds to the k"
domain.
EndFor
EndIf
8) Ty = U(Tg,TgON).
EndFor
9) If (Detect (Ty) = “yes”) then
10) If (Detect (T5) = “yes”) then
11) JudgeDistinctElement
(Tg, T’g7 T6>7 T():7 T6<7 i, C).
12) If (Detect (T~ ) = “no”) then
13) Ts = U(T5, Ty).

Else
14) Discard (Ty).
EndIf
Else
15) Tg = U(Ts, Ts).
EndIf
EndFor
16) Read (7).
EndProcedure

Lemma 3—6: The projection operator on an n-ary relation can
be performed with DNA strands from the algorithm, Projection
(T(), T()‘a m, C).

Proof: DNA strands in tube Tj are applied to represent m
elements in R. Step 1) is used to amplify tube 7 and to generate
two new tubes, T%7 and T3, which are copies of T and tube T
becomes empty. Step 2) is then used to pour tube 7% into tube
T5. This is to say that DNA strands representing m elements in
R are still reserved in tube 7. From Step 2), the property for no
change of elements in R is satisfied in the processing of expres-
sion7s, 5,5, (R). Steps 3), 4), and 5) are a nested loop and
are applied to extract the values of the specified columns for R
and eliminate duplicates.

On the execution of Step 5a), it applies the extract operation
to form two tubes, Ty and TgOF ¥ DNA strands in tube T rep-
resent the values that are equal to the value of v; 1, ;. The values
encoded by DNA strands in tube T:OFF are not equal to the
value of v; x ;. Next, each time, Step 5b) uses the merge oper-
ation to pour tube T5?F¥ into tube Tz . After repeating the
execution of Steps 5a) and 5b) until the value of the loop vari-
able j reaches Ly, tube 15 contains DNA strands values that are
the i*" row of the specified columns in R, and tube T 59V in-
cludes DNA strands encoding values that are not the i* row of
the specified columns in R.

Step 6) is then applied to detect whether tube Ty is not empty.
If it returns a “yes,” then Steps 7) and 7a) are executed. Step 7)
is a single loop and is employed to generate values for the i**
row of the k** specified column in R. Each time, Step 7a) is
used to append a DNA sequence, representing the value 0 or
1 for v; . ;, into tube Ty. This is to say that the value 0 or 1
to the j*® bit in the #** row of the k*" specified column in R
appears in tube Ty. After repeating the execution of Step 7a)
until the value of the loop variable j reaches Ly, DNA strands
encoding values for the i** row of the k** specified column in
R are appended into tube T5. Next, on the execution of Step 8),
it applies the merge operation to pour tube 75" into tube 7.
This is to say that DNA strands encoding values for other rows
of the specified columns in R are in tube T5. After repeating
to execute until the value of the loop variable d reaches ¢, DNA
strands encoding values for the i*" row of the specified columns
in R are appended into tube 7T5.

Step 9) is then applied to detect whether tube Ty is not empty.
If it returns a “yes,” then Steps 10) through 15) are executed.
Otherwise, nothing is done. Step 10) is used to detect whether
tube 7§ is not empty. If it returns a “yes,” then Steps 11) through
14) are executed. Step 11) is then employed to call the algo-
rithm, JudgeDistinctElement (75, Ty, g, 15, T, i, ), to pro-
duce three new tubes, T, T, and Ty~ Tube Ty includes DNA
strands with the compared result of greater than, tube T;;- con-
tains DNA strands with the compared result of equal to, and
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tube T consists of DNA strands with the compared result of
less than. Step 12) is used to detect whether tube 7§ is not
empty. If it returns a “no,” then Step 13) is employed to pour
tube Ty into tube 7. Otherwise, Step 14) is employed to dis-
card tube Ty. This implies that DNA strands encoding dupli-
cates are removed. If Step 10) returns a “no,” this is to say that
tube T is empty, Step 15) is applied to pour tube 7§ into tube
Ts. After repeating to execute until the value of the loop vari-
able 7 reaches m, DNA strands in tube T encode values of the
specified columns in R and duplicates in R are removed. For
reading the answer(s) that satisfy the projection operator for an
n-ary relation R, Step 9) uses the read operation to display the
answer(s). ]

2) A DNA Algorithm of Eliminating Duplicates of the Pro-
jection Operator on an N-ary Relation: The following DNA
algorithm, JudgeDistinctElement (T, T, 15, T~ , 16 <, 4, ¢),
is applied to eliminate duplicates of the expression
75, 5.5, (R), and notations used in the following DNA
algorithms are denoted in Section III-B. The algorithm,
JudgeDistinctElement (g, Ty, T~ , T~ ,Ts<,i,¢), is called
by the algorithm Projection (7,75, m,c). In JudgeDis-
tinctElement (Ty, Ty, Ts”, Ts~,Ts<,i,c), DNA strands in
tube Ty encode the previous records (from the first record
through (i — 1)th record) of the specified columns in R and
duplicates of them are removed. DNA strands in tube Ty
encode the i** record of the specified column in R. Tubes
Ts”, Ts~ and Ts = are initially set to empty tubes. The sixth
parameter, %, is applied to represent that record which will be
processed is the i*" record in R. The seventh parameter, ¢, is
used to represent the number of specified columns for E. In
JudgeDistinctElement (7%, Ty, T6>, T, T5<, i,¢), Steps 3)
and 4) are a nested loop and are applied to eliminate duplicated
records of the specified columns in R. Because the range of
the value for index d at each iteration of Step 4) is from one
through ¢, its corresponding specified column is different.
Hence, for the convenience of our presentation, it is assumed
that the specific d** column for R corresponds to the k"
domain so that the notation v;j ; in JudgeDistinctElement
(Ts,To, Ts”, Ts=,Ts~,i,c) is consistent with that notation
v; ,; denoted in Section III-B.

Procedure JudgeDistinctElement (T, Ty, T~ , Ts ™,

1) Amplify (T, T,°™, Ts7FF).

2) Ts = U(Ts, TsON).

3)Ford =1toc

4)Forj = 1to Ly,
4a) T,V = —&-(Tg,m;” ) and
T,OFF = —(Ty,vik,;1'), where the
specific d*® column for R corresponds to the
kth domain.
4b) T:9N =

T6<, i,C).

+(T60FF7 ULk’jl) and

T OFF *(TGOFFy‘U'i,k,jl)-

4¢) If (Detect ( ToON “yes”) then
4d) Ty~ = U(T6 IFON).
4e) Ts< = U(Ts<, T OF").
4f) Ty = u(Tg,TQON).

Else

4g) Ts™ = U(Ts~, T;9N).
4h) Ts™ = U(Ts =, T:9F ).
4i) Ty = U(Ty, To°FF).
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EndIf
4) TeOFF = U(T:°7 7, To7).
EndFor
EndFor
EndProcedure

Lemma 3-7: Duplicates of the projection operator on an
n-ary relation can be eliminated with DNA strands from the
algorithm, JudgeDistinctElement (1%, Ty, 76~ , T~ 1=, i, ¢).

Proof: Step 1) is a (S)phed to amphfy tube T and to gen-
erate two new tubes, T and T which are copies of T
and tube To becomes empty. Step 2) is then employed to pour
tube T into tube T. This is to say that DNA strands repre-
senting values of the specified columns in R are still reserved
in tube Tj. Steps 3) and 4) are a nested loop and are applied
to eliminate duplicated values of the specified columns in R.
On the execution of Step 4a), it applies the extract operation to
form two test tubes, TgON and TgOF ¥ DNA strands in tube
Ty ON have v; 5, = 1 and DNA strands in tube TgOF F have
v; k,; = 0. Next, each tlme Step 4b) uses the extract operation
to form two test tubes, 7-°~ and 7 “F'F. DNA strands in tube
15 ON have v; ;5 = 1 and DNA strands in tube 17 OFF have
V5 1. = 0. On the execution of Step 4c), it employs the detec-
tion operatlon to detect whether tube T5%% is not empty. If it
returns a “yes,” then Steps 4d) through 4f) are executed. Each
time, Stegs 4d) through 4f) use three merge operations to pour
tubes 17 N, T7OFF, and TQON, respectively, into tubes T,
Ts<, and Ty. If it returns a “no,” then Step 4g), Step 4h) and
Step 4i) are executed. Each time, Steps 4g) through 4i) apply
also three merge operations to pour tubes T7ON , T FE , and
TgOF F , respectively, into tubes Ts”, Ts~, and Ty.

On the execution of Step 4j), it employs the merge opera-
tion to pour tube Ty~ into tube T:OFF . After repeating to ex-
ecute Steps 4a) through 4j) until the value of the loop variable
d reaches ¢, it finally produces tubes Ts”,Ts~, and Tg <. DNA
strands in tube T3~ have the result of greater than (“>"), DNA
strands in tube 75~ have the result of equal to (“="), and DNA
strands in tube 75 have the result of less than (“<”). There-
fore, it is inferred that duplicates of the projection operator on an
n-ary relation R can be eliminated with DNA strands from the
algorithm, JudgeDistinctElement (Tg, Ty, T~ , Ts~, Ts <, 1, ¢).

|

E. DNA Algorithms for the Selection Operator in Biomolecular
Databases

From an n-ary relation R (denoted in Section III-B ), the se-
lection operator from [4] is used to produce a new relation with a
subset of R's tuples. The tuples in the resulting relation are those
that satisfy some selected condition P that involves the columns
of R. The selection operator on R is denoted as o (R). The se-
lected condition P is expressed as D8 FE, where D is a column
of R or a constant value, F is also a column of R or a constant
value, and € is any element in {=, >, <, #, >, <}.Itis assumed
that a column of R in D or E is the k** column for 1 < k < n
and Ly is the number of bits for the length of its domain. It
is also assumed that ID can be represented as v; 1, ; denoted in
Section III-B. Similarly, for ease in our presentation, it is sup-
posed that E can be represented as a binary number e; - -- ey, .
The bits e; and ey, represent the first bit and the last bit for F,
respectively. For every bit e; to 1 < j < Lg, the same DNA
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strands encoding v; 3, ; are also used to encode it. One repre-
sents the value “0” for ¢; and the other represents the value “1”
for ¢;. For the sake of convenience in our presentation, it is as-
sumed that e;! denotes the value of ¢; to be 1, ¢;° defines the
value of e; to be 0, and e; defines the value of ¢; to be 0 or
1. The value of expression op(R) is a relation that is equal to
{(rin, ..., rin)|rig € Spforl <k <n,1 <i<mandthe
selected condition P is satisfied }.

The followmg DNA alg0r1thm Selection
(To: Tis™, Tie~ Tis ™, Tue™ Tis=, Ti6~, D, E), is applied
to complete the express10n o p(R), and notatlons used in
Selection (T(),Tls it ,Tu) ,T16 ,T15 ,Tw D E) are
denoted in Section III-B. Tube Tj is first parameter and DNA
strands in tube 7} are applied to represent m elements in R.
Tubes Tis”, The~, Th6", Th6”, Ti6>, and T1= are initially
set to empty tubes. The purpose of tube T35~ is to store DNA
strands encoding those elements in R have a result that satisfies
the condition of greater than (§ = ' >'). The purpose of tube
T16~ is to store DNA strands encoding those elements in R
have a result that satisfies the condition of equal to (§ ="' =").
The purpose of tube Ti6< is to store DNA strands encoding
those elements in R have a result that satisfies the condition of
less than (§ = ' < ). The purpose of tube Tjg~ ~ is to store
DNA strands encoding those elements in R have a result that
satisfies the condition of greater than or equal to (f = ' > ').
The purpose of tube 175~ is to store DNA strands encoding
those elements in 2 have a result that satisfies the condition of
less than or equal to (6 = ' < '). The purpose of tube 1757
is to store DNA strands encoding those elements in K have a
result that satisfies the condition of not equal to (§ ="' #£ /).

Procedure Selection
(To, The”, Tr6~ > Ti6~, Ti6”  Ti6™» The S
1) Amphfy (To, T13, T14).
2) Ty = U(T07T13).
3)Forj =1to Ly
3a) Append-Tail (T35, €;).

,D,E)

EndFor
4) For j = 1to Ly
4a) T15ON +(T15, Ejl) and T15OFF =
—(T15aoy )-
4b) Tyy N = -|—(71]_4,UZ k,j ) and T14OFF =
(T14:/Uz k.3 )
4¢) If (Detect (T15 = “yes”) then
4d) Ty~ = U(Tg_,T14ON .
4e) Ty~ = U(Ty <, T1y°F").
4f) Tys = U(Tis, Tes o).
Else
4g) Tg> = U(Tg>, T14ON2‘.
4h) Ty~ = U(Ty~, Ty °F").
4) Tys = U(T1s, T1s”" ).
EndIf
4) Tyy = U(T14, Ty 7).
EndFor
5) Ty~ = U(To ™, Th4).

6) Amplify (Ty™, Tig~, Ty7™).
7) Amplify (Ty=, T, Tuz ).
8) Amplify (Ty <, T16<, T17 )
9) Amplify (T17”, Tys™, Tis™ ).

10) Amplify (Ty7~, Tis~, Tio~)-

11) Amplify (T17~,T15~, T19 ).
12) Tie”~ = U(Tug”, Tis ™).
13) Ty6°~ = U(T1s <, Tho™ ).
14) Ti™ = U(Tio”, Tio ).

15) In light of the selected condition that is one of =, >, <,

#, > and <, the read operation is used to read the answer(s)
from the corre <pond1ng tube of tubes Tis~, The—, Tis™ le s
Tm* and Tl()

EndProcedure

Lemma 3-8: The selection operator on an n-ary relation can
be performed with DNA strands from the algorithm, Selection
(To,Ti6” s Tie > Ti6 ™, Tue”  Tis=, Ti6=, D, E).

Proof: Please refer to the proof of Lemma 3—6 through
Lemma 3-7. ]

F. DNA Algorithms for the Theta-Join Operator in
Biomolecular Databases

Assume that B1 and R2 are n-ary relations and have p el-
ements and ¢ elements, respectively. The theta-join operator,
cited from [4], is applied to produce, from the Cartesian product
of R1 and R2, a new n-ary relation. The tuples in the resulting
n-ary relation are those that satisfy some selected condition P
that involves the columns of R1 and R2. The theta-join oper-
ator on R1 and R2 is denoted as Rloop R2, where the selected
condition P is denoted in Section III-E. From [4], expression
Rloop R2 is actually equal to expression op(R1 x R2). This
is to say that the theta-join operator on K1 and R2 can be per-
formed through the Cartesian product and the selection oper-
ator. The following DNA algorithms are employed to perform
the expression op(R1 x R2), and notations used in the fol-
lowing DNA algorithms are denoted in Section III-B.

Procedure CartesianProductTwoRelations (751, T52)
1) Fori =1tog

2)Fork=1ton

3)Forj = 1to Ly

3a) T5, 0N =

de2 +(T52,1 zkjl) and
Tso

(T527 Vs kej )
3b) If (Detect (Ts2° = “yes”) then
3¢) Append- Tail (T51,vi g 1)
EndIf
3d) If (Detect (T52°FF = “yes”) then
3e) Append-Tail (T51,v; 1 ;°).
EndIf
3f) Tsy = U(T52ON, T 7).
EndFor
EndFor
EndFor

Lemma 3-9: The Cartesian product on two n-ary relations
can be performed with DNA strands from the algorithm, Carte-
sianProductTwoRelations (75, , Tk2).

Proof: Please refer to Lemma 3—6 through Lemma 3-7. &

Procedure Theta-join (759)
1) CartesianProduct (753, p).
2) CartesianProduct (T4, g).
3) Amplify (753, Ts1, T5s).
4) Amphfy (7—1547 7—1527 T56).
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5) Ts3 = U(T53, I5s).

6) Tsg = U(Ts4, Tse)-

7) CartesianProductTwoRelations (T51, T52)
8) Selection (T51 5 T51 T51 T51 s Ts]_ T51
9) Tso = U(T50, T51).

10) Read (T50).

EndProcedure

,T5.5, D, E).

Lemma 3—10: The theta-join operator on two n-ary relations
can be performed with DNA strands from the algorithm, Theta-
jOil’l (T50).

Proof: Please refer to Lemma 3—6 through Lemma 3-7. ®

G. DNA Algorithms for the Division Operator in Biomolecular
Databases

Assume that relations R3 and R4 have columns
(Al,...,Aw,B1,...Bz) and (Bl,...,Bz), respectively.
Columns Bl,...,Bz are common to the two relations,

R3 additionally has columns Al,..., Aw and R4 has no
other columns. Moreover, suppose that the domain of every
column comes from Sy (denoted in Section III-B) for 1 < &
< n and the corresponding columns (i.e., columns with
the same name) are defined on the same domain. Assume
that relations R3 and R4 have p elements and ¢ elements,
respectively. The expression of the division operator on
relations R3 and R4 is denoted as B3 =+ R4, where relations
R3 and R4 represent the dividend and the divisor, respec-
tively. From [4], expression R3 + R4 is actually equal to
a1, Aw(R3) — 7a1. aw((ma1,  4w(R3) x R4) — R3).
This implies that the division operator on relations R3 and
R4 can be accomplished through the projection operator,
difference operator, and the Cartesian product. The following
DNA algorithms are employed to perform the expression
AL, Aw(R3) =741, aw((Ta1,..., 4w (R3) x R4) — R3), and
notations used in the following DNA algorithms are denoted in
Section I1I-B.

Procedure Division (Tgg)

1) CartesianProduct (7g3, p).

2) CartesianProduct (Tg4, q).

3) Amplify (Tgs, 767, Tes)-

4) Amplify (Ts4, Tss, Tss)-

5) Tos = U(T63, Tes).

6) Tgq = U(T647T66)-

7) Projection (Tg7, Te1, p, w).

8) CartesianProductTwoRelations (751, Tss)-
9) Difference (Tg1, Ta7, Ls9, P)-
10) Projection (Tgg, Tro, p*q, w).
11) Projection (67, 771, p, w).

12) Difference (T71, Tra, Toa, *q).
13) Read (Tﬁ(]).

EndProcedure

Lemma 3—11: The division operator on relations B3 and R4
can be implemented with DNA strands from the algorithm, Di-
vision (Tsp).

Proof: Please refer to Lemma 3—6 through Lemma 3-7. B
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H. Index Technology and Primary Key in Biomolecular
Databases

For an n-ary relation R denoted in Section III-A, if the values
of a column or combination of columns for any two rows are dif-
ferent, then the column or combination of the columns is called
a primary key [4]. An index is usually defined on a single field
of afile, called an indexing field. The index typically stores each
value of the index field along with a list of pointers to all disk
blocks that contain a record with that field value. The values
in the index are ordered so that we can do a binary search on
the index [4]. The following DNA algorithm is applied to con-
struct an n-ary relation R denoted in Section III-A with a pri-
mary key (51,...,54), where Sp,...,S4 are all its domains
and assume that d is the number of columns for the primary
key. The notations in the following DNA algorithm are denoted
in Section III-B.

Procedure PrimaryKeyDetect (T;)
(0)Fort =1tom
1) If (Detect (Ty) == “no”) Then
1a) Insert (T3q, ).
1b) Ty = U(Th, Tia).
Else
2)Fork =1ton
3)Forj = 1to Ly
3a) Append-Tail (Ts2, v; 1. ;)-
EndFor
EndFor
4YFork =1tod
5)For j = 1to Ly
Sa) ngON = +(T82, lk]) and

T OFF (T82 Vi k,j)
Sb) TON = +(Ty,vik ) and
Ty OFF _ —(To, i)
5¢) If (Detect (TgQO == “yes”) Then
Sd) ngz = U TQO ,ngz) and
Tss” = U(T°F 7, Tas™).

Else
56) Tg3 8\77100 F ng and
Tss” = U( T0 ,Tss™)

EndIf
5f) Tyo = U(Te®Y, T,0F)

and T, = U(Tg, T83:) and
Tsa = U(Tsa, Tas™).
EndFor
EndFor
6) If (Detect (Tp) == “no”) Then
6a) Insert (T3o,14).
6b) Ty = U(To, T30, T34)
Else
6¢) Terminate the algorithm because input
data are duplicated.
EndIf
EndIf
EndFor
EndProcedure

Lemma 3—12: A biomolecular database R with a primary
key (S1,...,5¢) can be constructed with DNA strands from
the algorithm, PrimaryKeyDetect (7).
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Proof: Please refer to Lemma 3—1 through Lemma 3-2.

IV. DISCUSSIONS ON STRENGTHS AND WEAKNESSES OF
CONSTRUCTING DNA RELATIONAL DATABASES

From Lemma 3-1 through Lemma 3-12, one DNA strand
with (8 x (3>} _; Lx)) base pairs is used to encode one element
(record) in an n-ary relation R with m records (elements). If for
arecord in R its length is 4096 bytes that is equal to 32 768 bits,
then we need to design one new DNA strand with (8 x 32 768)
base pairs. From a biological standpoint, all sequences gener-
ated to represent 32 768 bits must be checked to ensure that the
DNA strands that they encode do not form unwanted secondary
structures with one another (i.e., strands remain separate at all
times, and only bind together when this is required). The biggest
challenge of constructing a biomolecular relational database is
actually to the problem of strand design that has been addressed
at length to minimize the possibility of unwanted binding.

With current biotechnology, the time for each operation is
at least one second. Realistically, steps like gel electrophoresis
take much longer, but for the sake of argument say each biolog-
ical operation takes one second. It is assumed that the value of m
is equal to 10'°. From CartesianProduct (7, m), constructing
an n-ary relation with 101° elements needs to take 10'° seconds
which are about 317 years. Because 101 x 10!° elements are
processed by Union (Ty, T», Ts, p), Intersection (T4, T, Ty, p),
Difference (T}, T», Ts, q), Projection (T, Ts, m, ¢), Theta-join
(Tso) and Division (Tgg), it also takes about 101V seconds to
obtain the results. Even if an electronic supercomputer is used
to construct 101 elements and to complete those functions to
10%% x 1019 elements, it is impossible to complete them in min-
utes or hours. If the value of m is equal to 10%°, then for a molec-
ular computer and an electronic supercomputer constructing an
n-ary relation with 102 elements is a very difficult task and

completing those functions on 10?° x 10%° elements is also a
very difficult task.
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