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a b s t r a c t

The main purpose of this paper is to show the advantage of using a model proposed by
us, which minimizes roundtrip response time versus traditional models that minimize
query transmission and processing costs for the design of a distributed database with
vertical fragmentation. To this end, an experimentwas conducted to compare the roundtrip
response time of the optimal solution obtained using our model versus the roundtrip
response time of the optimal solution obtained using a traditionalmodel. The experimental
results show that for most cases the optimal solution from a traditional model yields a
response timewhich is larger than the response time of the optimal solution obtained from
our model, and sometimes it can be thrice as large.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

One of the challenges of the application of distributed database (DDB) systems is the possibility of expanding their
utilization through the use of the Internet, so widespread nowadays. One of the most difficult problems in DDB systems
deployment is the distribution design.

Traditionally, the DDB design problem has been defined as finding relation (tables) fragments and their allocation such
that the overall costs incurred by query transmission and processing are minimized. It has been recognized for many years
the importance of considering response time in theDDBmodeling [1, 2]. Unfortunately, traditional optimizationmodels have
not considered response time, as shown in Table 1, which summarizes themost relevant and recent works on fragmentation
and the allocation of DDBs with vertical fragmentation.

The second, third and fourth columns of Table 1 show that some works have addressed only the fragmentation problem,
many works have only dealt with the fragment allocation problem, and some works have addressed integrally both
problems. The fifth column of Table 1 shows that all the previous works have considered transmission, access or processing
costs. The seventh and eighth columns of Table 1 show that most works have proposed heuristic algorithms for addressing
DDB fragmentation and allocation and only a few have proposed mathematical programming formulations.

In this paper a mathematical programming model is presented (VFA-RT), which describes the behavior of a DDB with
vertical fragmentation and permits us to optimize its design taking into account the nonlinear nature of roundtrip response
time (query transmission delay, query processing delay, and response transmission delay). In a previous paper by us [1]
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Table 1
Related works on fragmentation and allocation for DDBs with vertical fragmentation.

Works Problems addressed Value to minimize Solution approach
Fragmentation Allocation Integrated

fragmenta-
tion + allocation

Transmission
or processing
costs

Roundtrip
response time

Heuristic
algorithm

Mathematical
programming
formulation

Chakravarthy, 94 [7] ✓ ✓ ✓

Pérez, 00 [3]a ✓ ✓ ✓

Ma, 06 [4] ✓ ✓ ✓

Tambulea, 08 [8] ✓ ✓ ✓

Karimi, 09 [9] ✓ ✓ b

Khan, 10 [10] c ✓ d

Sevinc, 10 [11] ✓ ✓ ✓

Kamali, 11 [12] ✓ ✓ ✓

Goli, 12 [13] ✓ ✓ ✓

Song, 13 [14] c ✓ e b

Our approach ✓ ✓ ✓

a A previous model of ours.
b Problem constraints are enforced in the algorithm.
c Relation replication is considered.
d Axiomatic game theoretic mechanism.
e Times are assumed linearly proportional to transmission and processing costs.

Fig. 1. Example of a distribution design.

we introduced for the first time the VFA-RT model, and in [2] we presented the experimental results of two metaheuristic
algorithms (threshold accepting and tabu search) aimed at finding a good metaheuristic algorithm for solving the VFA-
RT model. Unlike those papers, now we are interested in experimentally showing the advantage of using the proposed
model with respect to traditional models which consider query transmission and processing costs; therefore, this paper
also includes a brief description of the DFAR model [3], which considers this kind of costs. Finally, the paper includes a
comparative experiment of the VFA-RT and DFARmodels (using an exact algorithm for each) and a comparative experiment
of an exact algorithm applied to the VFA-RT model versus a heuristic approach [4].

2. Description of the DDB design problem

A distributed database (DDB) is a database (DB) whose data are partitioned into portions that are stored in two or more
different nodes, which are interconnected by a communication network. Fig. 1 shows a simple example of a DDB, in which
the communication network is represented by a cloud and each network site (node) is represented by a circle tagged with
a letter s and a sub-index.

We are interested in a type of data partition called vertical fragmentation, which is defined as follows [5] let R denote a
relation (DB table) that has a set of attributes (table columns) A = {a1, a2, . . . , aL}; the vertical fragmentation of R consists of
a partition of R into several sub-relations R1, R2, . . . , RN such that each sub-relation is obtained by the following operation:

Ri = ΠAiR

where Π represents the projection operator from the relational algebra, and Ai ⊂ A; additionally, R1, R2, . . . , RN should be
defined so that the original relation R can be reconstructed from its fragments by applying the join operation of the relational
algebra to its fragments: R = R1 JOIN R2 JOIN . . . JOIN RN .
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Thus, given a relation R, the design of its vertical fragmentation consists of determining sub-relations R1, R2, . . . , RN , such
that query processing is optimized with respect to some criterion.

Each network site is a piece of an information system that may execute applications that issue queries to a DDB that
is vertically fragmented. Applications that involve queries are denoted by triangles tagged with a sub-indexed letter q.
Additionally, each nodemay include a DB server that permits accessing a local DB that keeps a vertical fragment of a relation.
Finally, vertical fragments are represented by boxes tagged with a sub-indexed letter f .

The DDB distribution design problem is defined as follows: given a relation constituted by a set of attributes A =

{a1, a2, . . . , aL}, a computer communication network that consists of a set of sites S = {s1, s2, . . . , sI}, a set of queries
Q = {q1, q2, . . . , qK } generated at the network sites, the attributes required by each query, and the generation rates of
queries at each site; the problem consists of finding relation fragments and their allocation that minimize the average
roundtrip response time.We define roundtrip response time as the time elapsed between the arrival of a query to a network
site (query source) and the time when the last bit of the response to the query is received at the query source.

3. Mathematical formulation considering roundtrip response time

In this paper we are proposing the use of a mathematical model (called VFA-RT) that aims at minimizing the roundtrip
response time. VFA-RT is a non-linear (binary) integer-programming problem that consists of a non-linear objective function
and three groups of constraints (which are linear functions). The objective function and its mathematical derivation are
explained in Section 3.1, and the problem constraints are presented in Section 3.2. In this model, xℓj denotes a decision
variable, which equals 1 if attribute ℓ is allocated to site j; otherwise xℓj equals zero.

3.1. Objective function of the VFA-RT model

The objective function models the average roundtrip response time using three terms: delay of queries incurred by
their transmission on the communication lines from their sources to the servers where they are processed, delay of
queries incurred by their processing at the servers, and delay of queries responses incurred by their transmission on the
communication lines from the servers back to the sources of their corresponding queries. Specifically, the objective function
is given by the following expression:

z = TTQ + TPQ + TTR (1)
where TTQ stands for the average transmission delay of queries, TPQ represents the average processing delay of queries, and
TTR is the average transmission delay of query responses.

The average transmission delay of queries is defined as follows:

TTQ =
1
f


k


i

fkiTki

where fki represents the arrival rate of query k to source site i, f =


ki fki (the summation of the arrival rates of all the
queries), and Tki is the average transmission delay of queries k that arrive at source site i. However, given the difficulty for
calculating exactly TTQ , the following approximation will be used instead, since fki ≈ γki:

T ∗

TQ =
1
γ


k


i

γkiTki

where γki is the emission rate of query k out of source site i, and γ =


ki γki
By using Little’s result [6], the following expression is obtained:

γ T ∗

TQ = n =


ij

nij

where n represents the average number of queries on the transmission lines (either waiting or being transmitted), and nij is
the average number of queries on the transmission line from source site i to server site j. By applying again Little’s result to
nij, the following expression is obtained:

γ T ∗

TQ =


ij

λijTTQij (2)

where λij represents the arrival rate of queries to the line from i to j, and TTQij is the average transmission delay of queries
on the line from i to j.

Additionally, considering that the transmission of queries on the lines can be modeled as anM/M/1 queue [6], then the
average transmission delay of queries on the line from i to j is given by

TTQij =
1

µQCij − λij
(3)

where Cij is the transmission speed of the communication line from node i to node j, and 1/µQ is the mean length of
queries.
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Then, by substituting expression (3) for TTQij into (2), the following expression is obtained:

T ∗

TQ =
1
γ


ij

1
µQCij/λij − 1

. (4)

Additionally, the expression for λij in terms of the arrival rates of queries to source sites and the location of attributes in
server sites can be calculated as follows:

λij =


k

fkiyjk (5)

where yjk is a dependent variable (yjk = 1 if one ormore attributes used by query k are stored in site j, and yjk = 0 otherwise).
On the other hand, notice that the summation of the emission rates of all the queries emitted from the source sites (γ )

equals the summation of the arrival rates of all the queries that arrive at the servers; therefore

γ =


j

λ∗j

where λ∗j represents the arrival rate of queries that arrive at server j, which is defined as follows:

λ∗j =


k


i

fkiyjk.

Therefore, γ can be calculated as follows:

γ =


j


k


i

fkiyjk. (6)

Finally, by substituting (5) and (6) into (4), the following expression is obtained for T ∗

TQ as a function of the location (yjk)
of attributes in server sites:

T ∗

TQ =
1

j


k


i
fkiyjk


ij

1
µQ Cij
k

fkiyjk
− 1

. (7)

By carrying out a similar process (whose details are presented in [1]), the following expression can be derived for T ∗

PQ
and T ∗

TR:

T ∗

PC =
1

j


k


i
fkiyjk


j

1
Cj

k


i
fkiyjk

− 1
(8)

T ∗

TR =
1

j


k


i
fkiyjk


ij

1
µRCji
k

fkiyjk
− 1

(9)

where Cj is the processing capacity of server j, and 1/µR is the mean length of query responses.
Finally, an expression for the objective function in terms of the location of attributes can be obtained, by substituting

(7)–(9) into (1), which yields the following formula:

z =
1

j


k


i
fkiyjk


ij

1
µQ Cij
k

fkiyjk
− 1

+


j

1
Cj

k


i
fkiyjk

− 1
+


ij

1
µRCji
k

fkiyjk
− 1

 . (10)

3.2. Constraints of the VFA-RT model

Since in this model, attribute replication is not considered; therefore, there is a group of constraints that states that each
attribute should be allocated to one site (11). Additionally, each attribute should be allocated to a site that generates at least
one query that accesses the attribute (12). These constraints are expressed as follows.

Each attribute must be stored in only one site:
j

xℓj = 1, ∀ℓ. (11)

Each attribute ℓ must be allocated to a site i where at least one query that involves the attribute is generated:

xℓi ≤


k

ukℓφki, ∀ℓ, i (12)
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where ukℓ is a usage parameter, ukℓ = 1 if query k uses attribute ℓ and ukℓ = 0 otherwise; φki = 1 if fki > 0 and φki = 0 if
fki = 0.

The following group of constraints forces the value of yjk to 1 when some product ukℓxℓj equals 1 (i.e., some attribute ℓ
involved in query k is located in server j), and induces yjk to 0 otherwise:

tyjk −


ℓ

ukℓxℓj ≥ 0, ∀j, k (13)

where t = number of attributes.

4. Mathematical formulation considering transmission costs

In this subsection a similar model (called DFAR) for the DDB vertical fragmentation and allocation problem is presented.
However, DFAR (like traditional models) aims at minimizing transmission costs. This model was also devised by us in 1999,
and it will be briefly described here since the details can be found in [3].

4.1. Objective function of the DFAR model

DFAR is a linear (binary) integer-programming problem that consists of a linear objective function and five groups of
constraints (which are linear functions). The objective function is defined by expression (14). This function models the
transmission, storage and access costs by using four terms: the first termmodels the transmission costs of the data necessary
for satisfying each of the queries that are generated at each site. The second term models the costs incurred during the
processing of a query when it needs to access several fragments that are stored in different sites. The third termmodels the
costs incurred for storing fragments in network sites. The fourth term models the transmission costs incurred by migrating
attributes from one site to another:

min z =


k


i

fki


ℓ


j

ukℓlkℓcijxℓj + c1


i


k


j

fkiykj + c2


j

wj +


ℓ


i


j

aℓicijdℓxℓj (14)

where xℓj and ykj denote variables, whose meaning is the same as those for the VFA-RT model; additionally wj is a variable
whose value depends on those of x’s, specifically wj = 1 if there exists one or more attributes stored in site j and wj = 0
otherwise; fki is the emission frequency of query k from site i; ukℓ is a usage parameter, ukℓ = 1 if query k uses attribute ℓ
and ukℓ = 0 otherwise; lkℓ is the number of communication packets required for transporting attribute ℓ required by query
k; cij is the cost incurred for transmitting a packet between sites i and j; c1 is the cost incurred for accessing each fragment
for satisfying a query (this is relevant when the query involves data stored in two or more fragments); c2 is the cost incurred
for storing a fragment in a site (e.g., the cost for keeping a copy of the primary key in each fragment); aℓi is a parameter
that indicates the previous allocation of an attribute, aℓi = 1 if attribute ℓ was previously allocated to site i and aℓi = 0
otherwise; and dℓ is the number of packets required for moving attribute ℓ to another site if necessary.

4.2. Constraints of the DFAR model

The set of DFAR constraints consists of those of the VFA-RT model plus the following two groups of constraints.
The following group of constraints forces the value of wj to 1 when any xj equals 1, and it induces wj to 0 otherwise:

twj −


ℓ

xℓj ≥ 0, ∀j (15)

where t = number of attributes.
The sum of the sizes of the fragments assigned to site jmust not exceed its capacity:

CA


ℓ

pℓxℓj ≤ CSj, ∀j (16)

where CA = cardinality of the relation, pℓ = number of bytes of attribute ℓ, CSj = capacity of site j.
Finally, it is worth noting that constraints (11)–(13) are the same for both models: VFA-RT and DFAR. We deliberately

decided to formulate the constraints of these models as similar as possible in order to be able to experimentally compare
both models.

5. Numerical experiments

The purpose of this experiment is to find out if it is worth using a model as complex as VFA-RT instead of a simpler one
like DFAR for obtaining the optimal design of a distributed database (DDB). The answer to this question depends on how
different is the optimal solution for a DDB when this is modeled using VFA-RT as compared to the optimal solution when
the DFAR model is used.
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Table 2
Input data for generating the test cases for the VFA-RT model.

Problem No. of
attributes
L (=t)

No. of
sites I

No. of
queries K

Attribute
usage qkℓ

Emission
frequency fki

Processing
capacity Cj

Transmission
speed Cij

Mean length of
queries 1/µQ

Mean length of
responses 1/µR

P1 2 3 2 0–1 6–21 50 100000 1000 5600
P2 10 2 3 0–1 0–19 50 100000 1000 5600
P3 3 4 5 0–1 1–25 500 1000000 1000 5600
P4 10 3 4 0–1 2–21 500 1000000 1000 5600

Table 3
Input data for generating the test cases for the DFAR model.

Problem No. of attributes
L (=t)

No. of
sites I

No. of
queries K

cij c1 c2 Attribute
usage qkℓ

Emission
frequency fki

lkℓ dℓ aℓi CA CSj

P1 2 3 2 1–5 1 1 0–1 6–21 3–8 3–8 0 1 135–171
P2 10 2 3 1–5 1 1 0–1 0–19 7–20 7–20 0 1 206–214
P3 3 4 5 1–5 1 1 0–1 1–25 5–18 5–18 0 1 112–220
P4 10 3 4 1–5 1 1 0–1 2–21 2–18 2–18 0 1 108–206

5.1. Description of the test setting

For the experiments presented in this section, 120 test cases were generated randomly for the VFA-RT model and the
same number of cases were generated for the DFAR model.

Table 2 shows the data used for generating the test cases for the VFA-RT model, i.e., for generating the coefficients of the
variables for expressions (10)–(13). The 120 test cases are divided into 4 groups with 30 cases each, such that the cases in
each group are similar to each other. For the sake of clarity, the term instance will be used for referring to a test case, and the
termproblemwill be used for referring to a generic instance that represents a group of instanceswith similar characteristics.
Therefore, the first row of the table contains the data used for generating the 30 instances of problem P1.

The values for P1 contained in the second, third and fourth columns indicate that the number of attributes, the number
of sites and the number of queries are 2, 3 and 2 respectively for each of the 30 instances corresponding to P1. Additionally,
the values in the fifth column indicate that each of the values of the usage matrix [qkℓ] was randomly chosen from 0
and 1, while the values of the sixth column indicate that each of the values of the frequency matrix [fki] was chosen
randomly in the range from 6 through 21. Finally, the rest of the columns indicate that Cj, Cij, 1/µQ , and 1/µR have the
same values across all the instances of P1. A similar situation occurs for the generation of the instances for problems P2, P3
and P4.

It is convenient to mention that the values shown in the table are typical values that can be found in real cases.
Additionally, it is important to make clear that larger instances were not considered in this experiment, because the
execution time for obtaining the optimal solutions for instances grows exponentially with the instance size.

Table 3 shows the data used for generating the 120 test cases for the DFAR model. Like the situation that occurs for the
VFA-RT model, in this case for each problem (from P1 through P4) 30 instances were randomly generated. Thus, the first
row of the table contains the data used for generating the 30 instances of problem P1. The meaning of the data that contains
each cell of Table 3 is similar to the one described previously for Table 2.

When observing the data for problem P1 in Table 3, it is noticeable that the values in columns 2, 3, 4, 8, and 9 are
respectively the same as those in columns 2, 3, 4, 5, and 6 of Table 2 for problem P1, and a similar situation occurs for
problems P2, P3 and P4. The rationale for this coincidence is that we intended to have similar instances for both models
VFA-RT and DFAR, so as to be able to compare the optimal solutions for both models.

5.2. Comparative experiments for the VFA-RT and DFAR models

The comparative experimentswere conducted using an exact algorithm for obtaining the optimal designs for 24 instances
(six instances for each of the following problems: P1, P2, P3, and P4) using the VFA-RT and DFAR models. For each of the 24
instances, minimal solutions were obtained for both models aiming at finding out how different these solutions are.

Table 4 shows the results from this experiment. The first and second columns indicate the identifier of each instance.
For the first row of the table, the third column shows the minimal response time zVFA-RT (x ∗VFA-RT), where zVFA-RT represents
the value of the VFA-RT objective function (expression (1)) and x ∗VFA-RT represents the minimal solution for instance 1 of
P1 when the VFA-RT model is used (Section 3), while the fourth column shows the response time zVFA-RT (x ∗DFAR), where
x ∗DFAR represents the minimal solution for the same instance 1 of P1 when the DFAR model is used (Section 4). The fifth
column contains the difference of the values from the third and fourth columns expressed as a percentage. For the rest of
the table rows, the meaning of the values in each cell is similar.
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Table 4
Comparative results for the VFA-RT and DFAR models.

Problem Instance Response time (s)
VFA-RT model DFAR model % difference

P1 1 0.228208 0.351527 54
P1 5 0.371648 0.483524 30
P1 8 0.127396 0.152670 20
P1 9 0.127047 0.253614 100
P1 11 0.146352 0.446129 204
P1 13 0.126362 0.164232 30
P2 1 0.118173 0.118173 0
P2 4 0.113708 0.113708 0
P2 5 0.184420 0.184420 0
P2 8 0.078366 0.078366 0
P2 11 0.078696 0.078696 0
P2 13 0.086817 0.086817 0
P3 1 0.007264 0.007919 9
P3 2 0.007382 0.007382 0
P3 3 0.007318 0.008354 14
P3 4 0.007049 0.007835 11
P3 5 0.007247 0.007839 8
P3 6 0.006238 0.006971 12
P4 1 0.006210 0.006746 9
P4 2 0.006784 0.007695 13
P4 3 0.006822 0.006877 1
P4 4 0.005701 0.007801 37
P4 5 0.005876 0.006975 19
P4 6 0.006197 0.006275 1

Table 5
Usage matrix [ukℓ] for the example.

Query Attributes
a1 a2 a3 a4 a5 a6 a7 a8 a9 a10

q1 1 0 0 0 1 0 1 0 0 0
q2 0 1 1 0 0 0 0 1 1 0
q3 0 0 0 1 0 1 0 0 0 1
q4 0 1 1 0 0 0 1 1 0 0
q5 1 1 0 0 1 0 1 1 1 0
q6 1 0 0 0 1 0 0 0 0 0
q7 0 0 1 0 0 0 0 0 1 0
q8 0 0 1 1 0 1 0 0 1 1

Table 6
Frequency matrix [fki] for the example.

Query Nodes
s1 s2 s3 s4

q1 10 15 0 0
q2 10 20 10 10
q3 0 0 15 10
q4 10 0 15 10
q5 5 10 5 5
q6 10 5 5 5
q7 5 10 5 5
q8 5 5 3 2

5.3. Comparative experiment for the VFA-RT model and a heuristic approach

A thorough review of the literature on vertical fragmentation reveals that most of the papers deal with either
fragmentation or allocation of fragments; very few deal with both (as ours). One of the most recent papers that deal with
both is [4].

It would not be fair to compare our approach to another that only deals with fragmentation or allocation, because
these two aspects are so interdependent that the optimal design can only be obtained when both aspects are dealt with.
Therefore, we decided to carry out an experiment for comparing the results of our approach and the one reported in [4]. The
parameter values for the example presented in [4] are as follows: number of nodes = 4, number of attributes = 10, number
of queries = 8; the usage matrix, the frequency matrix and the communication cost matrix are shown in Tables 5–7.
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Table 7
Communication cost matrix [cij] for the example.

Nodes Nodes
s1 s2 s3 s4

s1 0 10 25 20
s2 10 0 20 15
s3 25 20 0 15
s4 20 15 15 0

Table 8
Transmission speed matrix [Cij] for the example.

Nodes Nodes
s1 s2 s3 s4

s1 ∞ 400000 200000 250000
s2 400000 ∞ 250000 300000
s3 200000 250000 ∞ 300000
s4 250000 300000 300000 ∞

Table 9
Processing speed vector [Cj] for the example.

Nodes

s1 s2 s3 s4

200 200 200 200

For themathematical model described in Section 3, the parameter values are as follows: number of nodes= 4, number of
attributes = 10, number of queries = 8, average query length (1/µQ ) = 1000, average response length (1/µR) = 5587; the
usage matrix, the frequency matrix, the transmission speed matrix, and the processing speed vector are shown in Tables 5,
6, 8 and 9.

The optimal fragmentation and allocation obtained by an exact algorithm for our model is as follows: fragment F1 =

{a1, a2, a3, a5, a7, a8, a9} allocated to node s4 and fragment F2 = {a4, a6, a10} allocated to node s1, with a roundtrip
response time of 0.016029. The fragmentation and allocation reported in [4] for this example is: fragment F1 = {a1, a2, a3,
a5, a7, a8, a9} allocated to node s2 and fragment F2 = {a4, a6, a10} allocated to node s3. The roundtrip response time for this
solution, calculated from expression (10), is 0.020302. Notice that both approaches yield the same fragmentation; however,
the allocation of fragments is different, which makes the response time for the heuristic algorithm 27% larger than the one
obtained with our approach. Unfortunately, no additional test cases are reported in [4], and therefore, no sound conclusions
can be derived from this experiment.

5.4. Discussion

It usually happens that themore different the two approaches (models) for finding an optimal solution to an optimization
problem are, the more different the generated solutions will be. The experiment presented in Section 5.3 exemplifies this
situation. Therefore, in order to determine the effect that a new objective function (expression (10)) has on the solutions
generated for a problem, we had to compare our approach (VFA-RT) with a similar model, preferably one that has the same
set of constraints. Consequently, for the experiment described in Section 5.2, we deliberately chose to compare the VFA-RT
and the DFAR models.

6. Conclusions

The last column of Table 2 shows that the difference of response time is zero for all the instances of problem P2, the
difference is moderate for all the instances of problems P3 and P4, and it is very large for all the instances of problem P1.
From these results it can be concluded that the use of the VFA-RT model is worthwhile, since there exist cases for which the
optimal solutions obtained using the DFAR model have response times which can be thrice as large as those obtained using
the VFA-RT model.

The great advantage of mathematical programming models (such as VFA-RT) is that they can be solved using
metaheuristic algorithms, which explore muchmore solutions than heuristic algorithms, and therefore, they usually obtain
better solutions.

Themodel presented in Section 3 can be improved for eliminating some simplifying assumptions. For example, themodel
assumes that each query type retrieves on average the same number of tuples (table rows) from a relation fragment, which
is modeled by expression (9), where 1/µR represents the average length of query responses. This assumption is not very
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realistic, since in general queries qk and qm will retrieve on average different numbers of tuples. Therefore, for each query qk
a different average length should be considered, which will be denoted by 1/µR,k. In this case, for each pair of nodes i and j
the average length of the responses transmitted from j to i is given by the following expression:

1
µ∗

R
=


k
fkiyjk(1/µR,k)

k
fkiyjk

(17)

where fki is the emission frequency of query k from node i; yjk = 1 if one or more attributes used by query k are stored in
site j, and yjk = 0 otherwise. Finally, in expression (9) µR should be substituted by µ∗

R from expression (17) for obtaining
the following expression:

T ∗

TR =
1

j


k


i
fkiyjk


ij

1
Cji

k
fkiyjk(1/µR,k)

− 1
. (18)

A similar modification could be carried out for the average processing delay of queries given by expression (8). Notice
that nomodification is needed for the average transmission delay of queries (expression (7)), since the average length of the
queries does not vary significantly from one type of query to another.

Additionally, the proposed model can be improved in the following way.

• Formulate a newmathematical model that minimizes roundtrip response time for DDBs with horizontal fragmentation.
This would be specially helpful for DDB systems based on the cloud architecture.

• Formulate a new mathematical model that considers fragment replication, including ‘‘write queries’’, since the model
proposed here only considers ‘‘read queries’’. This would permit modeling DDBs systems where the replication of
fragments is allowed.
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