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Abstract A well-known technique for broadcast program
construction is the Broadcast Disks technique. However, in
the Broadcast Disks approach there are some important dis-
advantages. For example some parts of the broadcast pro-
gram remain empty during the construction procedure and
the disk relative frequencies have to be selected very care-
fully. This paper gives a new approach of the broadcast pro-
gram construction in a Broadcast Disk System, presenting
three new algorithms, which face successfully these prob-
lems. According to this approach, the broadcast program is
constructed with the minimum possible length, while retain-
ing the selected disk relative frequencies and keeps the av-
erage delays on retrieving data-items low. The constructed
broadcast programs have no empty parts, and retain their de-
sired properties in any numbered combination of disk rela-
tive frequencies. We implemented all methods in a simulator
application and experimental results show that our approach
is more efficient than Broadcast Disks in all cases.
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1 Introduction and background knowledge

1.1 Asymmetric communication environments and
broadcasting methods

Many existing real-life application systems can be charac-
terized as asymmetric communication environments, for the
following reasons: (i) there are very different bandwidth lim-
itations between servers and clients, (ii) servers have high
communication capabilities with clients, but the clients have
little or no such capabilities, (iii) the number of clients is far
greater that the number of servers, so servers can not handle
successfully all client requests, etc. Important examples of
such systems include: wireless and mobile networks, cable
and satellite television networks, information retrieval and
dispersal systems.

In over a decade data broadcasting methods have been
chosen to handle such asymmetric environment systems
successfully. In all these methods, a server continuously
and repeatedly broadcasts data to clients. So, the broadcast
channel becomes a “spinning disk” from which clients can
retrieve data as it goes by. One of the most well known
such method is the Broadcast Disks Technique [1, 2]. To-
day’s applications that use broadcasting methods are: Tele-
Text and RadioText systems, Weather information systems,
Advanced Traffic information systems, Hospital information
systems, Public Safety applications, Wireless classrooms,
Stock Prices information systems, Cable and Satellite broad-
cast television networks, etc.

A major advantage of broadcasting methods is their scal-
ability, meaning that system performance does not depend
on the number of users that are listening. Many challeng-
ing research problems have been arisen to improve the effi-
ciency of the broadcasting systems. Interesting research has
been made in both sides of the problem: server side and
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client side, with special automation methods and caching
strategies being presented. In this paper, we will concentrate
in the server side and more specifically in structuring the
broadcast program. A broadcast program [1, 3–7] is a dis-
tinct allocation of data-items in a sequence, which is broad-
casted by the server to the clients via the broadcast channel,
and respects all client possible requests. Several properties
of the broadcast programs have been detected and presented,
that developers must always keep in mind. Some important
properties are:

• The distribution of data-items on the broadcast is a crucial
factor in system performance.

• At most systems, bandwidth is essentially a fixed re-
source, so increasing the frequency of broadcast for some
items must necessarily reduce the frequency of broadcast
for other items.

• Periodicity of broadcasted data is an important factor for
keeping limited the client expected delays and for provid-
ing correct semantics for updates and changes.

• The broadcast program length is a crucial factor in system
response and stability, so must be as less as possible.

1.2 Broadcast program construction using the broadcast
disks technique

The main rule in the Broadcast Disk Technique [1, 2] is to
use multiple disks of different sizes and speeds on the broad-
cast medium, so the most wanted data-items are broadcasted
more frequently than the others. This method creates an ar-
bitrarily fine-grained memory hierarchy, as the expected de-
lay in obtaining an item depends upon how often that item
is broadcast.

The proposed broadcast system consists of one server,
which broadcasts data, and many clients, which observe the
broadcast channel and copy the data they want to their local
memory. The broadcast program that will be created with
the broadcast disks method must respect the following fea-
tures [1]:

(i) The inter-arrival times of subsequent copies of a data-
item should be fixed, because as their variance is being
increased, the corresponding expected delay is also be-
ing increased.

(ii) There should be a well-defined time period after which
the broadcast repeats, so there must be a period in the
broadcast program.

(iii) There should be a small number of different disk fre-
quencies.

(iv) As much as possible of the available broadcast band-
width should be used.

To construct the broadcast program, the authors first
calculate the demand probabilities of available data-items.
They define that a data-item is hot when it has high demand

probability. Similarly, an item is cold when it has low de-
mand probability. Also, they define a Broadcast Disk to be a
group of data-items that have the same (or similar) demand
probabilities. The speed (or the relative frequency) of a Disk
depends on the average demand probability of all existing
data-items in that Disk. The main idea of Broadcast Disks is
to put the hot data-items of the server’s databases in a fast
Broadcast Disk and the cold data-items in a slow Broadcast
Disk. The result will be that data-items with high demand
probabilities will appear more times in broadcast channel
than the data-items with low demand probabilities.

The number of disks (num_disks), the relative frequen-
cies of each disk di (rel_freq(di)), and the number of data-
items in each disk, are parameters that must be selected very
carefully from the system developer, because they can sig-
nificantly affect system performance (program size, data-
items expected arrival rates, divisibility of disks into chunks,
etc.). This is the first basic drawback of broadcast disks
method. Authors in [1] suggest using only a small num-
ber of different disks and only small positive integer rela-
tive frequencies that have simple ratios. They also suggest
that the fast disks must contain much fewer data-items than
the slower disks, because adding a data-item to a fast disk
can significantly increase the delay for items on the slower
disks. An interesting research problem is how exactly the
system developer must select all these parameters to make
the system work most efficiently. Authors in [1] proposed as
a future work an automatic detection and calibration of these
parameters for a given probability distribution for data-items
demands.

After the selection of all the above design parameters,
the broadcast disks method computes the Least Common
Multiple (LCM) of the defined relative disk frequencies, and
splits the disks into a number of “chunks”. Each disk is
divided in num_of _chunks(di) = LCM/rel_freq(di) chunks,
and Ci,j denotes the j -th chunk of disk di . Note that the
chunks of different disks can be of different sizes. At the
next step, the data-items of each disk are allocated into the
corresponded chunks. At this point, authors report that some
broadcast slots may be unused and remain empty during the
construction procedure, if it is not possible to evenly divide
a disk into the required number of chunks. This is the sec-
ond basic drawback of broadcast disks method, which will
be further studied in the next section. Authors in [1] suggest
using additional information in these empty slots such as in-
dexes, updates, invalidations, or extremely important data-
items. If the clients have the ability to use uplink channels
then the empty slots may be used for requests in a demand-
driven fashion. If the number of disks is kept small (between
2 and 5) and the number of data-items is substantially larger,
then the unused slots that may appear will be only a small
fraction of the total number of slots. Otherwise, authors in
[1] suggest adjusting slightly the relative disk frequencies to
reduce the number of unused slots.
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Fig. 1 Broadcast program
construction via broadcast disks
method

Fig. 2 The list of data-items sorted descending by their demand prob-
abilities

Finally, a broadcast program period is constructed with
LCM minor cycles that containing one selected chunk of
each disk, covering all available chunks and respecting the
disk relative frequencies. Figure 1, summarizes the whole
procedure.

1.3 Example of a broadcast program construction using
the broadcast disks technique

To better understanding the algorithm we present an exam-
ple. Suppose that we have 11 data-items in server’s database:
i1, i2, i3, i4, i5, i6, i7, i8, i9, i10, i11, and their demand proba-
bilities p are:

p(i1) = 1

2
, p(i2) = p(i3) = 1

8
,

p(i4) = p(i5) = p(i6) = p(i7) = p(i8) = p(i9) = p(i10)

= p(i11) = 1

32

Step 1: We sort the above items from the hottest to coldest.
The result of this step is the sorted list of data-items in
Fig. 2.

Step 2: We split the list of Fig. 2 according to the demand
probabilities of the data-items. So, we will define 3 differ-
ent disks, as can be seen from Fig. 3.

Step 3: Now, we set the relative frequencies of the
disks, defining the slowest disk to have a frequency 1
(rel_freq(d3) = 1), as rel_freq(d1) = 4 and
rel_freq(d2)) = 2.

Step 4: We compute the Least Common Multiple (LCM) of
disk relative frequencies. So, we have: LCM(rel_freq(d1),
rel_freq(d2), rel_freq(d3)) = LCM(4,2,1) = 4.

Step 5: We split each disk into a number of chunks defined
by the ratio: LCM/rel_freq(di):

num_of _chunks(d1) = LCM

rel_freq(d1)
= 4

4
= 1

num_of _chunks(d2) = LCM

rel_freq(d2)
= 4

2
= 2

num_of _chunks(d3) = LCM

rel_freq(d3)
= 4

1
= 4

Thus, Disk d1 has only one chuck, Disk d2 has two chunks
and Disk d3 has four chunks. In Fig. 4 we can see the
produced chunks and the allocation of the data-items into
them. Note that in this example there is not any empty slot.

Step 6: Executing the loops of the algorithm, we construct
the program period, as shown in Fig. 5.

1.4 Related work on data broadcasting and the broadcast
disks method

Some of the early work relevant to push data broadcast-
ing used the flat approach [8–10], which schedules all
items with the same frequency. However, Ammar and Wong
[11, 12] revealed interesting facts that are used by the
Broadcast Disks approach. Specifically, Ammar and Wong
[11, 12] showed that in order to minimize mean access time,
the broadcast schedule must be periodic and the variance
of spacing between consecutive instances of the same item
must be reduced.

As already mentioned, the Broadcast Disks method tar-
gets reduction of overall mean access time. An interesting
paper that builds on the method of Broadcast Disks is Yee
et al. [13]. This paper proposes techniques for scheduling
data broadcasts that are favorable in terms of both response
and tuning time, thus, client requests will be satisfied in a
low time, requiring at the same time low energy consump-
tion by the client. The most interesting contributions of this
paper are (a) a method to assign the M data items to be
broadcast to the various disks so that overall mean access
time is reduced, (b) a method to determine the number of
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Fig. 3 Splitting the sorted list
and defining the disks

Fig. 4 Chunks definitions and
data-items allocations. (Ci,j :
denotes the j -th chunk of
disk di )

Fig. 5 The produced broadcast
program period (a major cycle)

disks to use, K . The problem of assignment of the data items

to the K disks has also been addressed in [14], where it is

addressed by using dynamic programming. However, this

method has an O(KM2) computational complexity and may

not be of practical use in many situations.

The properties of the push-based Broadcast Disks method

are extended by hybrid versions of Broadcast Disks. In hy-

brid methods clients can use a back channel to submit ex-

plicit requests (thus “pull” items) to the server for infor-

mation items that are not cached in the client and are not

scheduled to appear in the broadcast in the near future. Thus

there must exist a policy on efficient back channel usage

as a large number of client requests will either collide or

saturate the server. To support a mixture of push and pull

delivery, the broadcast server will interleave pushed items

with pulled ones. The percentage of bandwidth that can be

allocated to pulled items is a matter of study in [15, 16], and

[17]. In [15], this bandwidth percentage is controlled by a

parameter named PullBW , taking values in [0 · · ·1]. When

PullBW = 0, the system is a pure push one, whereas when

PullBW = 1, the system becomes a pure pull one. When

PullBW takes values in (0 · · ·1), the system employs a com-

bination of push and pull and thus becomes a hybrid one.

Although being able to efficiently combine push and pull,

the hybrid method of Acharya et al. [15] has the disadvan-

tage of not being able to dynamically adapt the ratio of push

to pull bandwidth to changing degrees of system utiliza-

tion. Methods that overcome this problem are proposed in

[16, 17].

2 Broadcast disks analysis and motivations
in our approach

In the previous section we referred to the basic drawbacks
of broadcast disks method. Now, we will present some in-
teresting properties and bounds, and depict the drawbacks
and restrictions of the broadcast disks method. All proofs
made using simple number theory. Then we will present the
motivations for our approach. In Table 1 we can see the ba-
sic notations that will be used in all the following sections
for reasons of simplicity.

According to previous definitions we derive also the fol-
lowing identities:

nci = LCM

fi

,

N∑

i=1

ndi = M

2.1 Properties and bounds of the broadcast disks technique

Property 2.1 The total number of slots that are produced
in a broadcast program period using the broadcast disks
method can be computed exactly by the formula:

PR = LCM
N∑

i=1

⌈
ndi

nci

⌉

Proof Following the algorithm in Fig. 1, the outer loop de-
fines LCM repeats, so it proves the use of this coefficient
in the formula. The inner loop repeats N number of chunks
from each disk di , so it proves the use of the sum

∑N
i=1 in

the formula. We already mentioned that chunks in different
disks may have different sizes in slots, but in the same disk
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Table 1 Notations used in this
paper N = num_disks The selected number of different broadcast disks.

M The total number of different data-items that will be broadcasted.

fi = rel_freq(di) The relative frequencies of disks di , (i = 1, . . . ,N).

LCM The least common multiple of all frequencies fi .

nci = num_of _chunks(di) The number of chunks of disks di , (i = 1, . . . ,N).

ndi The number of data-items assigned to each disk di , (i = 1, . . . ,N).

PR The length of a broadcast program period in slots.

ES The number of slots that remain empty in a period.

deli The expected delays of data-items of disks di , (i = 1, . . . ,N).

the chunk sizes are equal. In addition, in each disk di the
number of its assigned data-items must be divided into the
number of its available chunks, so the size of its chunks must
be � ndi

nci
� slots. The use of ceiling function is crucial, because

we may have number of data-items that cannot be divided
exactly into the number of chunks. This “non-divisibility” is
the reason of existence of the empty slots into the program
period, as already mentioned in the previous section. �

Property 2.2 The total number of empty slots that are pro-
duced in a broadcast program period using the broadcast
disk method can be computed exactly by the formula:

ES = PR −
N∑

i=1

fi · ndi = LCM
N∑

i=1

⌈
ndi

nci

⌉
−

N∑

i=1

fi · ndi

Proof In a broadcast program period every data-item must
appear as many times as it is expressed by the relative fre-
quency of its disk. So, the ndi data-items of a disk di must
appear fi times, thus the total non-empty slots in a broadcast
program period will be

∑N
i=1 fi · ndi . Using Property 2.1,

the difference PR − ∑N
i=1 fi · ndi expresses the total num-

ber of the empty slots. So, Property 2.2 is always true. �

Property 2.3 The broadcast disks method produces pro-
grams with no empty slots, if and only if the following di-
visibility condition holds:

nci/ndi , ∀i = 1, . . . ,N

Proof It is obvious that if we have a broadcast program with
no empty slots the above condition will be true. In reverse,
if the condition holds then we will have that � ndi

nci
� = ndi

nci
,

∀i = 1, . . . ,N , so following Property 2.2 we take equally:

ES = PR −
N∑

i=1

fi · ndi = LCM
N∑

i=1

⌈
ndi

nci

⌉
−

N∑

i=1

fi · ndi

= LCM
N∑

i=1

ndi

nci

−
N∑

i=1

fi · ndi

=
N∑

i=1

LCM · ndi

nci

−
N∑

i=1

fi · ndi

=
N∑

i=1

(
LCM

nci

)
· ndi −

N∑

i=1

fi · ndi

=
N∑

i=1

fi · ndi −
N∑

i=1

fi · ndi = 0

So, Property 2.3 has been proved. �

Now, we have a detailed condition, where the broadcast
program has no empty slots and expressing the lower bound
of variable ES. But, is there also an upper bound for the pos-
sible produced empty slots in a broadcast program period
using the broadcast disks method? Property 2.4 answers that
question. Before we present this property, we will need the
following lemma:

Lemma 1 If x, y are positive integers, and k, u are the
corresponded integers that satisfy the Euclidean division
(x : y), thus x = y · k + u, and 0 ≤ u < y, then is true that:

⌈
x

y

⌉
=

⎧
⎨

⎩

1, if 0 < x < y

k, if x ≥ y, u = 0
k + 1, if x ≥ y, u �= 0

Proof If 0 < x < y, then we take by division with the pos-
itive y : 0 < x

y
< 1, and evidently the ceiling function � x

y
�

will return 1. Otherwise (if x ≥ y), the Euclidean division
will give a positive quotient k and a remainder u, where
0 ≤ u < y. Now, if y divides x then the remainder u will be
0 and we will have: � x

y
� = � y·k

y
� = �k� = k, because k is a

positive integer. Otherwise (if y does not divides x), then we
have a positive remainder 0 < u < y, so 0 < u

y
< 1, and we

will have: � x
y
� = � y·k+u

y
� = �k + u

y
� = k + �u

y
� = k + 1. �

Property 2.4 The maximum number of empty slots that
may be produced in a broadcast program period, using the
broadcast disks method, is:

ESmax = N · (LCM − 1) (1)
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and can be achieved if the following condition holds:

fi · ndi ≡ 1 (mod) LCM, ∀i = 1, . . . ,N (2)

Proof According to Property 2.2 we have:

ES = LCM
N∑

i=1

⌈
ndi

nci

⌉
−

N∑

i=1

fi · ndi

= LCM
N∑

i=1

⌈
ndi

LCM
fi

⌉
−

N∑

i=1

fi · ndi

= LCM
N∑

i=1

⌈
fi · ndi

LCM

⌉
−

N∑

i=1

fi · ndi (3)

First, we will prove that if the condition (2) holds then ES
takes the referred value, and then we will investigate why
this value is an upper bound (the maximum).

So, let us have the Euclidean divisions (fi · ndi ) : LCM,
where ki will be the corresponded quotients and ui the re-
mainders. Thus, we take the following equations:

fi · ndi = LCM · ki + ui

where 0 ≤ ui < LCM, ∀i = 1, . . . ,N (4)

Following the condition (2) we have: ui = 1, ∀i =
1, . . . ,N , so (3) gives:

ES = LCM
N∑

i=1

⌈
LCM · ki + 1

LCM

⌉
−

N∑

i=1

(LCM · ki + 1)

= LCM
N∑

i=1

⌈
ki + 1

LCM

⌉
−

N∑

i=1

LCM · ki −
N∑

i=1

1

= LCM
N∑

i=1

(
ki +

⌈
1

LCM

⌉)
−

N∑

i=1

LCM · ki − N

= LCM
N∑

i=1

(ki + 1) −
N∑

i=1

LCM · ki − N

=
N∑

i=1

(LCM · ki + LCM) −
N∑

i=1

LCM · ki − N

=
N∑

i=1

LCM · ki +
N∑

i=1

LCM −
N∑

i=1

LCM · ki − N

=
N∑

i=1

LCM − N = N · LCM − N = N · (LCM − 1)

Now, we have to prove that this value is an upper bound
of variable ES and this is a little more complicated:

In general case, (3), (4) are true, and using Lemma 1 for
the ceiling function �fi ·ndi

LCM �, we have the following cases:

⌈
fi · ndi

LCM

⌉
=

⎧
⎨

⎩

1, if 0 < fi · ndi < LCM
ki, if fi · ndi ≥ LCM, ui = 0
ki + 1, if fi · ndi ≥ LCM, ui �= 0

These cases can happen for any i = 1, . . . ,N . Without
loss of generality we can suppose that there are a terms in
the first case, b terms in the second case, and so (N −a −b)

terms in the third case, such that: 0 ≤ a, b ≤ N and
⌈

fi · ndi

LCM

⌉
= 1, for every i = 1, . . . , a

⌈
fi · ndi

LCM

⌉
= ki, for every i = a + 1, . . . , a + b

⌈
fi · ndi

LCM

⌉
= ki + 1, for every i = a + b + 1, . . . ,N

The generality of these assumptions holds, because with
possible reordering of the pointers i on relative frequencies
fi and number of data-items ndi , we can cover all possible
cases.

Now, (3) can be expressed as:

ES =
(

LCM
a∑

i=1

⌈
fi · ndi

LCM

⌉
−

a∑

i=1

fi · ndi

)

+
⎛

⎝LCM
a+b∑

i=a+1

⌈
fi · ndi

LCM

⌉
−

a+b∑

i=a+1

fi · ndi

⎞

⎠

+
⎛

⎝LCM
N∑

i=a+b+1

⌈
fi · ndi

LCM

⌉
−

N∑

i=a+b+1

fi · ndi

⎞

⎠

= S1 + S2 + S3

Then, let us calculate the three sums separately:

• In the first case we have: 0 < fi · ndi < LCM ⇔ 0 <
fi ·ndi

LCM < 1, so:

S1 =
(

LCM
a∑

i=1

⌈
fi · ndi

LCM

⌉
−

a∑

i=1

fi · ndi

)

=
(

LCM
a∑

i=1

1 −
a∑

i=1

fi · ndi

)

=
(

a · LCM −
a∑

i=1

fi · ndi

)

Thus, sum S1 can take its maximum value if
∑a

i=1 fi ·ndi

is as minimum as possible. But, it is true that 1 ≤ fi and
1 ≤ ndi , so 1 ≤ fi · ndi ⇒ a ≤ ∑a

i=1 fi · ndi . Evidently,
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sum’s maximum value is: (a ·LCM −a) = a · (LCM −1),
and the following inequality always holds:

S1 ≤ a · (LCM − 1) (5)

• In the second case we have: ui = 0, so fi ·ndi = LCM ·ki ,
∀i = a + 1, . . . , a + b, and we take:

S2 =
⎛

⎝LCM
a+b∑

i=a+1

⌈
fi · ndi

LCM

⌉
−

a+b∑

i=a+1

fi · ndi

⎞

⎠

=
⎛

⎝LCM
a+b∑

i=a+1

ki −
a+b∑

i=a+1

fi · ndi

⎞

⎠

=
⎛

⎝
a+b∑

i=a+1

LCM · ki −
a+b∑

i=a+1

LCM · ki

⎞

⎠ = 0

• In the third case we have: ui �= 0 ⇒ 1 ≤ ui ≤ LCM − 1
and fi · ndi = LCM · ki + ui , ∀i = a + b + 1, . . . ,N , so
we have:

S3 =
⎛

⎝LCM
N∑

i=a+b+1

⌈
fi · ndi

LCM

⌉
−

N∑

i=a+b+1

fi · ndi

⎞

⎠

=
⎛

⎝LCM
N∑

i=a+b+1

(ki + 1) −
N∑

i=a+b+1

fi · ndi

⎞

⎠

=
⎛

⎝
N∑

i=a+b+1

(LCM · ki + LCM)

−
N∑

i=a+b+1

(LCM · ki + ui)

⎞

⎠

=
⎛

⎝
N∑

i=a+b+1

LCM · ki +
N∑

i=a+b+1

LCM

−
N∑

i=a+b+1

LCM · ki −
N∑

i=a+b+1

ui

⎞

⎠

=
⎛

⎝
N∑

i=a+b+1

LCM −
N∑

i=a+b+1

ui

⎞

⎠

=
⎛

⎝(N − a − b) · LCM −
N∑

i=a+b+1

ui

⎞

⎠

Thus, sum S3 can take its maximum value if∑N
i=a+b+1 ui is as minimum as possible. But, it is true

that 1 ≤ ui ≤ LCM − 1, so (N − a − b) ≤ ∑N
i=a+b+1 ui .

Evidently, sum’s maximum value is: (N −a −b) ·LCM −

(N −a−b) = (N −a−b) · (LCM −1), and the following
inequality always holds:

S3 ≤ (N − a − b) · (LCM − 1) (6)

Therefore, using the inequalities (5), (6) we finally have:

ES = S1 + S2 + S3 ≤ a · (LCM − 1)

+ 0 + (N − a − b) · (LCM − 1) ⇔
ES ≤ (N − b) · (LCM − 1)

(7)

Since 0 ≤ b ≤ N , the inequality (7) shows that ES
takes its maximum value for b = 0, so:

ESmax = N · (LCM − 1)

and the property has been completely proven.
�

Property 2.5 The total number of slots PRmin that are pro-
duced in a broadcast program period using the broadcast
disks method is always greater than or equal to:

PRmin = N · LCM

Proof According to Property 2.1 we have: PR =
LCM

∑N
i=1� ndi

nci
�. But, all numbers of data-items and num-

bers of chunks are positive and that makes � ndi

nci
� ≥ 1,

∀i = 1, . . . ,N . In addition, we take:
∑N

i=1� ndi

nci
� ≥ N , and

finally: PR = LCM
∑N

i=1� ndi

nci
� ≥ N · LCM. �

2.2 Motivations for our approach

Since we have presented the basic properties of the broad-
cast disks method, we can clearly see its basic drawbacks;
we can study better all the consequences and we can give
the motivations for our approach:

The number of disks and the selection of frequencies prob-
lems:

• Property 2.5, tell us that the number of disks N and the
least common multiple LCM of all relative frequencies
must be kept small, otherwise the broadcast program pe-
riod will increase significantly making bigger average de-
lays on all data-items.

• The number of disks is easy to be kept small (authors
of Broadcast Disks suggest between 2 and 5), but the
LCM factor can be kept small if a lot of divisibility condi-
tions between relative frequencies hold. So, we must se-
lect these frequencies very carefully and this is not easy.

• Authors provide examples with frequencies that are pow-
ers of 2, keeping the LCM as low as possible. But, even if
we use only 5 disks and small relative frequencies that are
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prime numbers (for example: 1, 5, 7, 11, 13) we will get
much bigger program periods (PR ≥ 5 ·(1 ·5 ·7 ·11 ·13) ⇔
PR ≥ 25025).

• In addition, Property 2.5 tells us that the lower bound
of the broadcast program period is independent from the
number of existing data-items in each disk ndi and the
number of chunks nci . This independency also tells us
that the distribution of demand probabilities of the data-
items and their allocation to the disks does not affect these
bounds. Thus, if we have only 5000 data-items to the pre-
vious example with PR ≥ 25025, we will take a big num-
ber of empty slots, so we will have large average delays
to all data-items.

The number of empty slots problems:

• Property 2.3, tell us that the broadcast disks method has
a very uncomfortable condition for not producing empty
slots into the program period. We have to choose very
carefully all relative frequencies that automatically affect
the number of chunks (nci ) and our allocation policy of
all the existing data-items to the disks (ndi ), for not hav-
ing empty slots. So, it is very difficult to succeed in all
these divisibility conditions, because the relative frequen-
cies have a double role: they must satisfy several divisi-
bility conditions for keeping the LCM as low as possible
and at the same time they must satisfy other divisibility
conditions for keeping the number of data-items divisible
with the number of chunks.

• Property 2.4, defines an upper bound of total empty slots
in a broadcast program period that again is depended by
N and LCM parameters. Thus, all the above difficulties
affect also the number of empty slots. Following the pre-
vious example, we will have: ES ≤ 5 · (1 · 5 · 7 · 11 ·
13 − 1) ⇔ ES ≤ 25020. So, the total number of empty
slots can be also very large in many cases.

• In addition, Property 2.4 tells us that the upper bound of
the empty slots in a broadcast program period is inde-
pendent from the number of existing data-items in each
disk ndi and the number of chunks nci . This can be re-
turned as an advantage of the broadcast disks method,
only if we keep small the parameters LCM and N , be-
cause as we increase the total number of data-items (M),
the program period size will also be increased, but the
number of empty slots will be fragmented to the same
bounds: [0,N(LCM − 1)].

• In the proof of Property 2.4, we mentioned 3 different
cases for the results of ceiling functions: �fi ·ndi

LCM �. From

these cases, only 2 produce empty slots: (a) �fi ·ndi

LCM � = 1,
where fi · ndi < LCM ⇔ ndi < LCM

fi
⇔ ndi < nci , and

(b) �fi ·ndi

LCM � = ki + 1, where fi · ndi = LCM · ki + ui ,
ui �= 0, so ndi ≥ nci and nci does not divide ndi . In case
(a) the number of data-items ndi is smaller than the num-
ber of chunks nci , thus (nci − ndi ) chunks will remain

totally empty. The biggest this difference is, the most
empty-slots will be created. In case (b) we have more
data-items than chunks and the closest the remainders
1 ≤ ui ≤ LCM − 1 are to 1, the most empty-slots will be
created. So, if we can not have all the divisibility condi-
tions of Property 2.3 for not having empty slots, we must
keep the differences (nci −ndi ) of (a) cases as low as pos-
sible, and the remainders ui of (b) cases as high as possi-
ble (close to LCM − 1) to keep small the total number of
empty slots. Thus, even if we cannot succeed in all the di-
visibility conditions of Property 2.3, we must succeed in
the mentioned conditions for differences and remainders,
to keep small the total number of empty slots in the pro-
gram period and this can become an even more difficult
task.

• The previous cases, shows also that the exact number
of empty slots depends on the number of data-items
ndi and the number of chunks nci , so a calibration pro-
cedure to the frequencies can be made to success the
lowest possible number of empty slots into the interval
[0,N(LCM − 1)].

• According to the final derived inequality (7) of Prop-
erty 2.4, ES ≤ (N − b)(LCM − 1), we can see that as
the b parameter is being increased, the upper bound of
empty slots becomes smaller. Also, we can see that this
bound is independent from the parameter a. Thus, only
the divisibility conditions nci/ndi can lower this upper
bound, and so we must have as many disks as possible
satisfying these conditions. Of course the best case is this
to happen in all the disks. But then we will have b = N ,
so ES ≤ (N − N)(LCM − 1) ⇔ ES = 0, and this is an
another proof of Property 2.3.

The number of existing data-items problems:

There are also several cases that the broadcast disks
method can produce very uncomfortable lower bounds to
the number of available data-items (M), to work properly.
Even if we succeed in all previous conditions for not hav-
ing empty slots and keeping the program period small, we
will not succeed in other conditions that can appear for the
number of data-items. Thus, let us compute the number of
data-items (M), when all conditions of Property 2.3 hold and
so we have not any empty slots into the program period:

According to Property 2.3, we have in that case: nci/ndi ,
∀i = 1, . . . ,N and so: ndi = nci · ki , ∀i = 1, . . . ,N where
ki ≥ 1. Adding these equations we take:

M =
N∑

i=1

ndi =
N∑

i=1

nci · ki ≥
N∑

i=1

nci
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Table 2 Data-items bounds with prime frequencies in programs with
no empty slots

N

2 3 4 5 6 7 8 9 10
fi M ≥

1 2 3

1 2 3 11

1 2 3 5 61

1 2 3 5 7 457

1 2 3 5 7 11 5,237

1 2 3 5 7 11 13 70,391

1 2 3 5 7 11 13 17 1,226,677

1 2 3 5 7 11 13 17 19 23,817,373

1 2 3 5 7 11 13 17 19 23 557,499,269

This inequality expressing a lower bound for the number
of the available data-items to be broadcasted, and can be
written equally:

M ≥
N∑

i=1

LCM

fi

(8)

Now, let us see some general cases where the condition
(8) can be very uncomfortable:

• We have relative frequencies that are prime numbers.
Let us suppose that the relative frequencies are prime

numbers: q1, q2, . . . , qN . Due to the fact that qi are prime
numbers the LCM of them will be their product, so
LCM = q1q2 · · ·qN . Thus, the inequality (8) gives:

M ≥
N∑

i=1

q1q2 · · ·qi−1qiqi+1 · · ·qN

qi

⇔

M ≥
N∑

i=1

q1q2 · · ·qi−1qi+1 · · ·qN

This bound can be very restrictive in applications. We can
clarify this fact via examples. The best case is when qi are
the first N prime numbers at their sequence (including 1)
for their N values. Even if N takes small values (2–10)
we must have a lot of M pages to satisfy that condition
(see values after 4 in Table 2). The results can be worse if
we select bigger prime numbers for frequencies.

• We have relative frequencies that do not have common
divisors.

Similar results are reported if the relative frequencies
are not prime numbers but they do not have common di-
visors in pairs. So, let us suppose that the relative fre-
quencies are: a1, a2, . . . , aN and they do not have com-
mon divisors in pairs. Then the Maximum Common Di-
visor (MCD) for every two frequencies must be 1, thus

MCD(ai, aj ) = 1 for every i, j = 1,2, . . . ,N and i �= j .
But then, their LCM will be their product again: LCM =
a1a2, . . . , aN , and this makes inequality (8) to give:

M ≥
N∑

i=1

a1a2 · · ·ai−1aiai+1 · · ·aN

ai

⇔

M ≥
N∑

i=1

a1a2 · · ·ai−1ai+1 · · ·aN

This bound can be also very restrictive in applications.
Big values (like Table 2) are reported.

• We have relative frequencies that have few or different
common divisors.

Similar results also reported if the relative frequencies
have few or different common divisors, so when divided
by them they become prime numbers and following the
previous cases.

So, the most effective selection to solve all the above
problems is to choose for relative frequencies numbers that
are small powers of the same small prime number (like the
authors example with the powers of 2), and this can be very
restrictive in applications.

It is important to note that all these problems can arise
even with small selected frequencies, if we do not have
a specific amount of data items (M). Let us see an ex-
ample: We have N = 5 disks with the smallest frequen-
cies fi = {5,4,3,2,1} and M = 46 data-items that are as-
signed to disks with ndi = {1,3,5,12,25}. Then LCM = 60
and nci = {60,30,20,15,12}. Property 2.5, gives PR ≥ 300
slots and Property 2.4 gives ES ≤ 5 · (60 − 1) ⇔ ES ≤ 295
slots. The exact number of slots in the broadcast program pe-
riod will be: PR = 60 ·(� 1

12�+� 3
15�+� 5

20�+� 12
30�+� 25

60�) =
300 slots (from Property 2.1). The exact number of empty
slots will be: ES = 300−(5 ·1+4 ·3+3 ·5+2 ·12+1 ·25) =
300 − 81 = 219 slots (from Property 2.2), which are too
many.

General derived problems:

• The demands of today’s real-life applications growing
significantly, the server’s databases become larger and
larger, and in most cases the current technology cannot
increase the available bandwidth to cover all that needs
in space and speed. Thus, the numbers of data-items that
must be broadcasted in an almost constant bandwidth be-
come much bigger, so more efficient methods must be ap-
plied.

• System developers that use the broadcast disks method
cannot satisfy all previous mentioned conditions and re-
strictions, so they cannot select wisely these parameters,
especially when we have a huge amount of data.
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• In most today’s applications, the data-items are catego-
rized and have extra priorities that are application depen-
dent, so their allocation to the disks can be a more compli-
cated and difficult task. For example, we cannot allocate
into the same disk multimedia content and text informa-
tion.

• Even worse, if the broadcast systems have to redesign
their programs due to large data-item movements (inser-
tions, deletions, updates etc.) very often, the developers
have to reconsider all the previous mentioned subjects and
this is not always possible, especially if the available re-
design time is short and crucial for the system’s services.

Our motivations and tasks:

So, we must construct a method for broadcast program
creation that improves efficiency of the broadcast disk
method and solves all the above-presented problems. The
method’s tasks are:

1. Producing program periods with the shortest length pos-
sible.

2. Respecting the selected number of disks and all relative
frequencies.

3. Keeping as low as possible the average delays on retriev-
ing data-items.

4. Not using chunks or any other splitting policy to the
disks.

5. Not having any empty slots into the program period.
6. Not having any restrictions or bounds in the selection of

parameters.
7. Not having the mentioned problems.
8. Can be applied in all type of distributions of data-items.

3 The proposed method

In this section we will present and analyze our new approach
in broadcast disks program construction, which can satisfy
all the above motivations and tasks.

3.1 Basic definitions and methodology

The broadcast system of the proposed method has exactly
the same structure (a server and many clients). The proposed
method uses also multiple disks (di ) of different sizes (ndi )
and speeds (fi ) as in the broadcast disks technique. The total
number of the broadcasted data-items is:

N∑

i=1

ndi = M.

But now, there are not any restrictions about the number
of different disks, the selection of numbers as relative fre-
quencies, the number of data-items assigned to each disk,

or any divisibility condition, and the system designer can
select freely these parameters respecting only the following
conditions:

f1 > f2 > · · · > fN = 1 and

nd1 < nd2 < · · · < ndN

These conditions define that the relative frequencies of
disks must be selected with a descending order and the allo-
cation policy of data-items to the disks must be made with
an ascending order (these conditions have also been used in
the broadcast disks method).

With this freedom on parameters selection, we accom-
plished easy the tasks 2 and 6 and we avoid some already
mentioned problems at Sect. 2. In addition, we can easily
calibrate any desired distribution of data-items, so task 8 is
also accomplished.

In order to have the minimum possible broadcast pro-
gram length using the selected parameters, every data-item
that belongs to disk di must appear in the broadcast program
period exactly fi times, no more, no less, and there must not
be any empty slots. That exactly happens in our proposed
method, so we have always a broadcast program period with
length:

PR =
N∑

i=1

fi · ndi

This is the shortest possible length of a broadcast program
period, so the tasks 1 and 5 also accomplished. Our method,
does not produce empty slots because it does not make use
of LCM, chunks or any other splitting policy on the disks.
By avoiding their use, we avoid also all mentioned divisibil-
ity and bounding problems of Sect. 2, so tasks 4, 7 are also
accomplished.

Now, let us see the final remaining task 3, which is the
most critical. This task is completely related with how ex-
actly we must put the available data-items and their copies
into the broadcast program period. In order to keep the av-
erage delays on retrieving data-items as low as possible, we
must keep their inter-arrival times as constant as possible.

Main Strategy:

The Broadcast Disks method keeps always constant the
inter-arrival times by sacrificing the period length, which
can be much bigger than PR. But then, as the program pe-
riod increases, all data-items will have longer average de-
lays. Our strategy is the opposite one: we keep always con-
stant the period length (to the minimum possible) and we try
to define the inter-arrival times to have the lowest possible
variance.

The most effective way to put a data-item of disk di

to the broadcast program period is to repeat the data-item
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fi times in equally spaced distances, covering the period
length. Then the data-item will have the best average delay,
which will be equal to the ideal one. But, often the relative
frequencies do not divide exactly the program period. So, a
good choice is to repeat the data-item into the program every
deli slots:

deli =
⌊

PR

fi

⌋

But, it is not so easy. Following these calculations and dur-
ing the allocation procedure, several data-items may be col-
liding to the same position, so we must define what to do
with these collisions and try to minimize them.

The following sub-sections present 3 proposed algo-
rithms that finally construct the broadcast programs and deal
with the possible collisions. Later, we will prove interesting
properties and bounds of this approach, including collisions
bounds.

3.2 Broadcast program construction using
the “next position algorithm”

The first proposed algorithm that constructs the broadcast
program period, which we call “Next Position Algorithm”,
has the following simple strategy: “It tries to allocate every
data-item and its copies into the ideal spaces and if there
is a collision it just moves the allocation pointer to the next
available position”. To describe what exactly the algorithm
does, we need to define some basic variables that it uses:

• x[1 . . .PR]: is an array which stores the broadcasted data-
items in their final positions into the broadcast program
period.

• pos: is an allocation pointer that holds the position of the
first appearance of the current data-item that being posi-
tioned.

• fpos: is an allocation pointer that holds the position of the
copies of the current data-item that are being positioned.

The algorithm rules are:

• All data-items will be placed with priority from the fastest
to the lowest disk (from d1 to dN). Placing the most fre-
quent data-items first, where there are many free slots, we
keep low the collision possibilities with the others.

• The starting positions of the data-items (pos) will be de-
fined from 1 to PR serially.

• The final positions of the data-items (fpos) and their
copies will be defined in equally spaced distances after
every deli slots.

• If there is a collision, then we start increasing by 1 the fpos
pointer till finding a free slot. Then we place the data-item
(or its copy).

Figure 6 depicts the detailed algorithm’s operation. Now,
let us see a construction example using the “Next Position
Algorithm”:

Suppose that we have N = 5 Disks with relative fre-
quencies fi = {5,4,3,2,1} and number of data-items ndi =
{1,3,5,12,25}. Then, with the above calculations we will
have a program length PR = 81 and expected delays deli =
{16,20,27,40,81}. (Remember from Sect. 2 that using the
broadcast disks method in the same example we have a pro-
gram length of 300 slots and 219 are totally empty).

Figure 7 depicts some instances of the construction pro-
cedure using the next position algorithm. The notation Di, j

refers to the j -th data-item of disk di . First, the algorithm
allocates the data-item of disk d1 (Fig. 7a) and their copies
(each after 16 slots). Then allocates the data-items of disk d2

(Fig. 7b) and their copies (each after 20 slots). Till now, there
are not any collisions. At the next step, the allocations of
data-items D3,1, D3,2 with their copies follow (each af-
ter 27 slots), where there is the first collision with D1,1

Fig. 6 The proposed “Next
Position Algorithm” for
broadcast program construction
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Fig. 7 Broadcast program construction using the “Next Position Algorithm”

(Fig. 7c), so the copy of data-item D3,2 is placed in the

next free slot.

The rest allocations of data-items of disk d3 cause new

collisions (Fig. 7d). Now, an interesting event happens dur-

ing the allocation of the last copies of data-items D3,4

and D3,5, where we have double serial collisions (dark

gray slots). These repeated collisions increase when we have

many data-items left in the same disk to be allocated, and

the next algorithm deals with that problem. The same situa-

tion happens to the next allocation of data-items of disk d4

(Fig. 7e), where triple serial collisions happen. The final

constructed program period is depicted in Fig. 7f, where the

data-items of the last disk d5 fill the remaining empty slots

with not any other collisions. So, there are 47 total colli-
sions.

3.3 Broadcast program construction using
the “padding algorithm”

The second proposed algorithm that constructs the broadcast
program period, which we call “Padding Algorithm”, has the
same strategy as the previous one, plus: “When allocates the
data-items of the same disk and their copies, remembers the
number of collisions that locally happened (pad variable)
and uses it to the next allocations”. This strategy expansion
avoids the repeated collisions that may happen to the same
slot position.
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Fig. 8 The proposed “Padding
Algorithm” for broadcast
program construction

Using the previous definitions, the “Padding Algorithm”
rules are the same as in next-position algorithm, with the
following updates:

• The final positions of the data-items (fpos) and their
copies will be defined in equally spaced distances after
every deli slots, plus the value of the pad variable.

• If there is a collision, we start increasing by 1 the fpos
pointer and the pad variable, till finding a free slot.

• The pad variable must become zero when we change a
disk during allocations.

• When the pad variable causes an overflow to the fpos
pointer (fpos > PR), we must subtract one period to re-
turn the pointer back. This is very important step because
pad can produce several gaps during the allocation proce-
dure if a lot of independent collisions happen.

By avoiding the repeated collisions, the “Padding Algo-
rithm” is more efficient from the next-position algorithm,
because it can achieve an important decrement on the total
collisions number.

Figure 8 depicts the detailed algorithm’s operation. Now,
let us see the construction procedure using the “Padding Al-
gorithm” on the previous example:

Figure 9 depicts some instances of the construction pro-
cedure using the padding algorithm. The allocation of the
data-items of disks d1 and d2 are the same as in Figs. 7a,
7b because there are not any collisions. At the next step, we

have allocations of data-items D3,1, D3,2 and their copies,
where there is the first collision with D1,1 (Fig. 9a). The
2nd copy of data-item D3,2 has been placed in the next
free slot. Note that the 3rd copy of data-item D3,2 has been
placed righter by one slot because of the pad variable. As
the pad variable increases at the same disk, more gaps can
be appeared in the program period, but the average delays
become better.

Now, the rest allocations of data-items of disk d3 cause
fewer collisions (Fig. 9b). During the allocation of the last
copies of data-items D3,4 and D3,5, we do not have dou-
ble serial collisions because the pad variable is increased
by 4. The big difference is the allocation of data-items of
disk d4 (Fig. 9c), where the double and triple collisions have
completely avoided due to the pad movements. So, we have
completely removed all repeated collisions that happened to
the same slot positions with the next position algorithm.

The final constructed program period is depicted in
Fig. 9d, where the data-items of the last disk d5 fill the
remaining empty slots with not any other collisions. Now,
there are only 21 total collisions.

3.4 Broadcast program construction using
the “minimize collisions algorithm”

The third proposed algorithm that constructs the broadcast
program period, which we call “Minimize Collisions Algo-
rithm”, has a completely different strategy: “Before every
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Fig. 9 Broadcast program construction using the “Padding Algorithm”

allocation of a data-item and its copies to the program pe-
riod, a function scans all possible positions of the whole
structure (data-item and its copies in equally spaced dis-
tances deli ) and counts the total collisions happened. Then,
the position which returned the minimum number of total
collisions (w variable), is used to the final allocation pro-
cedure”. This strategy minimizes the total collision number
and in most example cases this number becomes 0 making
the program’s efficiency ideal.

The algorithm uses the same definitions, with the differ-
ence that now there is not any use of the pos pointer, be-
cause the scanning procedure starts always from the first
slot (w = 1) and finishes when the deli distance reached
(w = deli + 1), or when an overflow happens (fpos > PR).
This is necessary because the best positioning of a data-item
and its copies may happen even next or even before the pre-
vious positioned data-items.

The algorithm rules now are:

• All data-items will be placed with priority from the fastest
to the lowest disk (from d1 to dN). Placing the most fre-
quent data-items first, where there are many free slots, we
keep low the collision possibilities with the others.

• The starting positions of the data-items (w) will be calcu-
lated only by the scanning function.

• The final positions of the data-items (fpos) and their
copies will be defined in equally spaced distances after
every deli slots.

• The allocation will be with the minimum possible colli-
sions, due to the use of the minimize function. If a colli-
sion happens, we start increasing by 1 the fpos pointer till
finding a free slot, and we are sure that these collisions
were necessary to happen for having the less possible to-
tal collisions.

Figure 10 depicts the detailed algorithm’s operation. For
better tracing, we kept the function that executes the scan-
ning procedure separated from the main algorithm. Now, let
us see the construction procedure using the “Minimize Col-
lisions Algorithm” on the previous example:

Figure 11 depicts some instances of the construction pro-
cedure using the minimize collisions algorithm. The alloca-
tion of the data-items of disks d1 and d2 are the same as in
Figs. 7a, 7b because there are not any collisions.

Before the allocations of data-items D3,1, D3,2 and
their copies, the scanning function finds the right starting po-
sitions that can support the exact delays without having any
collisions (Fig. 11a). Now, the rest allocations of data-items
of disk d3 (Fig. 11b) avoid all collisions and have constant
distances from each other.

The same situation happens during the allocation of data-
items of disk d4 (Fig. 11c), where all collisions that hap-
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Fig. 10 The proposed
“Minimize Collisions
Algorithm” for broadcast
program construction

pened with the previous algorithms, now are avoided. All

allocations start at previous empty slots that have been in-

spected by the minimize function.

The final constructed program period is depicted in

Fig. 11d, where the data-items of the last disk d5 fill the

remaining empty slots, from the beginning. Now there are

no collisions.

3.5 Properties and bounds of the proposed method and
algorithms

In this sub-section we will study some important properties
of the proposed method and we give collisions upper bounds
for all the proposed algorithms, which can be reached only
in very “tight” situations.
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Fig. 11 Broadcast program construction using the “Minimize Collisions Algorithm”

Property 3.1 In all disks (di ), their expected delays (deli )
are always greater than the number of their data-items
(ndi ):

deli > ndi , ∀i = 1, . . . ,N

Proof From the definition of expected delays, we have:

deli

=
⌊

PR

fi

⌋
=

⌊∑N
i=1 fi · ndi

fi

⌋

=
⌊

ndi

+ f1 · nd1 + · · · + fi−1 · ndi−1 + fi+1 · ndi+1 + · · · + fN · ndN

fi

⌋

= ndi

+
⌊

f1 · nd1 + · · · + fi−1 · ndi−1 + fi+1 · ndi+1 + · · · + fN · ndN

fi

⌋

(9)

But, due to the fact that: f1 > f2 > · · · > fi , we take:
f1 · nd1 + · · · + fi−1 · ndi−1 > fi , so:
⌊

f1 · nd1 + · · · + fi−1 · ndi−1 + fi+1 · ndi+1 + · · · + fN · ndN

fi

⌋

≥ 1 (10)

Fig. 12 Scheme of Property 3.2

Combining the relations (9) and (10) we take: deli ≥
ndi + 1 > ndi , so the property has been proved. �

Property 3.2 In all disks (di ), their expected delays (deli )
are always greater than the number of data-items of the pre-
vious disk (ndi−1):

deli > ndi−1, ∀i = 2, . . . ,N

Proof We have always that: ndi > ndi−1, ∀i = 2, . . . ,N , so
using Property 3.1 we take:

deli > ndi > ndi−1, ∀i = 2, . . . ,N

• These two properties express that when the allocation pro-
cedure of all data-items of a disk has been finished, there
will be always remaining gaps (free slots) for the next al-
locations. In addition these gaps can have at maximum
deli − ndi successively free slots (see Fig. 12). �
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Property 3.3 The expected delay (deli ) of a disk (di ) is al-
ways greater than (or equal) of all the expected delays of the
previous disks:

deli ≥ deli−1, ∀i = 2, . . . ,N

Proof We have always that: fi < fi−1, ∀i = 2, . . . ,N , so
we take:

fi < fi−1 ⇔ 1

fi

>
1

fi−1
⇔

PR

fi

>
PR

fi−1
⇒

⌊
PR

fi

⌋
≥

⌊
PR

fi−1

⌋
⇒

deli ≥ deli−1

• This property expresses that the expected delays of all
data-items are reverse proportionally from their relative
frequencies. So, the method respects the selected frequen-
cies and speeds of the disks. �

Property 3.4 The expected delay of the last (slower) disk is
always equal to the program period:

delN = PR

Proof It is obvious that: delN = � PR
fN

� = �PR
1 � = PR.

• This property expresses that all data-items of the slowest
disk (dN ) will be appeared only 1 time, so can be placed
at any position into the program period. Thus, in all algo-
rithms, the last disk allocations fill the remaining empty
slots, without any collisions. Evidently, there are not any
collisions during the allocation of the data-items of the
first and the last disk. �

Property 3.5 The total collisions number (col) that may
happen during the program construction using the next-
position algorithm, always satisfies the following inequality:

col <

N−1∑

i=2

⎛

⎝(fi − 1) · ndi ·
i−1∑

j=1

ndj

⎞

⎠ (11)

Proof To prove this upper bound, we will use the logic
of mathematical induction. As already mentioned (Prop-
erty 3.4), we have not any collisions in allocations of data-
items of disks d1 and dN , so that is why we have these
bounds on the outer sum of inequality (11). Now, let us ana-
lyze the rest allocations:

• When i = 2, the data-items of disk d1 have already been
allocated to the program period. Now, the worst case that
may happen during the allocation of a copy of data-item
of disk d2 is the pointer fpos to fall in the beginning of an
interval of sequential allocated data-items by the previous

Fig. 13 Scheme of Property 3.5 for i = 2

Fig. 14 Scheme of Property 3.5 for i = 3

disk. This interval can have at maximum nd1 data-items,
so we will have at maximum nd1 collisions. The same can
happen in all (f2 − 1) data-item copies and for all nd2

data-items (see Fig. 13). So, for d2 allocations we will
have at maximum: (f2 − 1) · nd2 · nd1 collisions.

• When i = 3, the data-items of disks d1 and d2 have al-
ready been allocated to the program period. Now, the
worst case that may happen during the allocation of a
copy of data-item of disk d3 is the pointer fpos to fall in
the beginning of an interval of sequential allocated data-
items by the previous disks. This interval can have at max-
imum (nd1 + nd2) data-items, so we will have at maxi-
mum (nd1 + nd2) collisions. The same can happen in all
(f3 − 1) data-item copies and for all nd3 data-items (see
Fig. 14). So, for d3 allocations we will have at maximum:
(f3 − 1) · nd3 · (nd1 + nd2) collisions. �

Continuing with the same way till the disk dN−1 and
summing all these maximum collision values, we derive the
inequality (11).

Property 3.6 The total collisions number that may happen
during the program construction using the padding algo-
rithm, always satisfies the following inequality:

col <

N−1∑

i=2

⎛

⎝(fi − 1) · ndi ·
⎛

⎝
i−1∑

j=1

ndj − 1

⎞

⎠

⎞

⎠ (12)

Proof Evidently, the upper bound of Property 3.5 holds also
for all three algorithms. But, the repeated collisions decre-
ment can lower this bound slightly. The best decrement can
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Fig. 15 Scheme of Property 3.6 for i = 2

Fig. 16 Scheme of Property 3.6 for i = 3

happen when we have repeated collisions like the cases
(i = 2, i = 3) of Property 3.5. But the worst decrement can
happen if the fpos pointer falls in the last non-empty slot of
the interval. So, in that case:

• When i = 2, we avoid only (f2 − 1) · nd2 collisions (see
Fig. 15).

• When i = 3, we avoid (f3 − 1) · nd3 collisions (see
Fig. 16).

Continuing with the same way till the disk dN−1 and
summing all these collisions decrements we can lower the
previous upper bound by:

∑N−1
i=2 (fi − 1) · ndi . Thus:

col <

N−1∑

i=2

⎛

⎝(fi − 1) · ndi ·
i−1∑

j=1

ndj

⎞

⎠

−
N−1∑

i=2

(fi − 1) · ndi ⇔

col <

N−1∑

i=2

⎛

⎝(fi − 1) · ndi ·
⎛

⎝
i−1∑

j=1

ndj − 1

⎞

⎠

⎞

⎠
�

Property 3.7 The total collisions number that may happen
during the program construction using the minimize colli-
sions algorithm, always satisfies the following inequality:

col <

N−1∑

i=2

⎛

⎝fi ·
i−1∑

j=1

ndj

⎞

⎠ (13)

Fig. 17 Scheme of Property 3.7 for i = 2

Fig. 18 Scheme of Property 3.7 for i = 3

Proof The minimize collisions algorithm works with the
scanning function, which can lower the bound of Prop-
erty 3.5 significantly. In the worst case, a returned position
(w) will be such that the fpos pointer to fall in the first non-
empty slot of intervals as in Property 3.5. But, the existence
of such intervals (combined with Properties 3.1, 3.2), con-
firms that there would be also several sequential empty-slots
that can be used for the rest allocations without other colli-
sions. More specific:

• When i = 2, the worst case is an allocation to give nd1

collisions. But then, there would be (del1 − nd1) empty
slots, so the rest (nd2 − 1) allocations will not give any
other collisions, as the minimize function will detect these
gaps (see Fig. 17). So, for d2 allocations we will have at
maximum: f2 · nd1 collisions.

• When i = 3, the worst case is an allocation to give (nd1 +
nd2) collisions. But then, there would be (del2 − nd2 −
nd1) empty slots, so the rest (nd3 −1) allocations will not
give any other collisions, as the minimize function will
detect these gaps (see Fig. 18). So, for d2 allocations we
will have at maximum: f3 · (nd1 + nd2) collisions.

Continuing with the same way till the disk dN−1 and
summing all these maximum collision values, we derive the
inequality (13).

• Properties 3.5, 3.6 and 3.7 define specific upper bounds
for the total number of collisions of the proposed algo-
rithms. Practically, in most experimental cases the total
number of collisions is much less than these bounds (ac-
tually 0). They can be reached only when the relative fre-
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quencies (fi ) are too close and when the same holds for
the number of data-items (ndi ). It is very important to note
that bound (12) is less than (11), so the padding algorithm
is more efficient from the next position algorithm and also
(13) is significantly lower from the previous bounds, so
the efficiency of minimize collisions algorithm will be
better. �

4 Performance evaluation

In this section we will present experimental results about the
efficiency and the performance of our proposed method and
algorithms in comparison to the broadcast disks method. To
have a fair comparison, we built a simulation environment
similar to the suggested model by the authors of the broad-
cast disks method, which has been presented in [2]. We ex-
tended this model to support the proposed method and we
present a short description in the next sub-section. Then, we
make several experiments using parameter values as in real-
world cases.

4.1 The simulation environment

The simulator has been implemented with several adjustable
parameters. Some of its basic parameters that also have been
used in the broadcast disks method appear in Table 3. The
number of disks, data-items allocations, relative frequen-
cies, and chunks splits can be adjusted by the user or can
be computed automatically through several options.

There are two modes that our simulator can report results:
the server mode and the client mode. In the server mode, all
expected data-items delays, disk average delays and sums
are computed with formal methods and are reported. In the
client mode, there is a simulation of the suggested server-
client model, where useful information is reported at every
time step like: (a) which broadcast program data-item has
been transmitted from the server, (b) in which disk this data-
item belongs, (c) all client data-items requests that have not

been served yet, (d) possible changes on data-items requests
due to noise existence, (e) current disk real average delays,
(f) average data-items response times measured in broadcast
units (time steps) etc.

The distribution of data-item demand probabilities fol-
lows the Zipf Distribution. In this distribution, the demand
probability of a data-item i,1 ≤ i ≤ M is given by the for-
mula: P(i) = c( 1

i
)ϑ , c = 1∑

k(
1
k
)ϑ

, k ∈ [1..M]. For θ = 0

the Zipf distribution reduces to a uniform distribution of
demand for all data-items. For large values of θ , the Zipf
distribution produces increasingly skewed demand patterns.
Thus, Zipf distribution can efficiently model applications
that are characterized by a certain amount of commonality
in client demands [1, 3–7].

The method for the computation of disk relative frequen-
cies is the Delta method: Using the Delta method [1, 2, 18]
the relative frequency of each disk di {i = 1, . . . ,N} is com-
puted relative to the frequency of the slowest disk by the
formula:

rel_freq(di)

rel_freq(dN)
= (N − i) ∗ � + 1

For example, if N = 3, � = 2, rel_freq(dN) = 1, then the
relative frequencies of the other disks will be: rel_freq(d1) =
(3 − 1) · 2 + 1 = 5 and rel_freq(d2) = (3 − 2) · 2 + 1 = 3, so
we will have finally the frequencies: fi = {5,3,1}.

The frequency of the slowest disk can be selected greater
to 1, except to the proposed methods that must be always se-
lected 1. The simulator can construct the broadcast program
period with the original broadcast disks technique or any of
our proposed algorithms.

In client mode a percentage e% of noise can be used (as
also used commonly in the area of Broadcast Disks), which
affects the generation of client demand probabilities for the
data-items. If e = 0 then the clients, request data-items ac-
cording to their expected demand probabilities. Otherwise,
if e > 0 then the clients, request data-items with a devia-
tion e% from the expected demand probabilities. Frequently,
clients, request data-items with different probability than the
server has. This can happen if: (a) the recorded demand

Table 3 Some adjustable
parameters of the simulator Data-items demand probabilities distribution used: Zipf ,Any (from file)

Number of different data-items used: M

Number of different disks used: N

Disk relative frequencies auto calculation method: Root Law, Delta method (�)

Broadcast Program Period construction method: Broadcast Disks, Next-Position Algorithm,
Padding Algorithm, Minimize Collisions Algorithm

Minimum relative frequency: Relative frequency of slowest disk (dN)

Client mode simulation parameters: Created Program Period that will be used,
Number of program period repeats,
Number of time steps between client requests,
Add Noise on client requests (e%).
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probabilities to the server are inaccurate; (b) clients’ demand
probabilities varying over time.

The simulation environment that was used for the re-
ported experiments had also the following rules for simplic-
ity (which are not restrictive and can be deviated):

• All database data-items take part to the broadcast pro-
gram.

• There is no use of any caching method that could improve
the performance.

• The broadcast transmit time is constant for every data-
item and this time defines the basic time unit (time step).

• The clients make requests in constant times, which are
multiples of the basic time unit.

• No changes take place in the server’s broadcast program
period during simulation. The relative positions of data-
items remain stable and no data-item insertions or dele-
tions exist.

At this point, we must say that if the last rule is devi-
ated, then the broadcast disks method needs several steps
of program redesign and some of the proposed by the au-
thors caching policies to work [1]. The big advantage of the
proposed algorithms is that they can easily be applied in au-
tomation systems in broadcast servers without any modifi-
cations. These algorithms are easy to integrate in hardware
chips and can be executed very fast, so there would support
automatic creation of program periods in the servers, even if
the set of data-items is modified rapidly and continuously, or
even if there are large amounts of insertions, deletions and
updates on the data-items set.

4.2 Simulation results

Now we will present a small representative subset of the
experimental results in which we vary the basic parameters
values (once at a time). In order to have a fair comparison
of the proposed algorithms with the broadcast disks method,
we selected similar parameter values that used in papers of
broadcasting methods. In each group of experiments we re-
port the basic performance measures for all methods, which
are:

• At server mode: (i) the broadcast program period length
(in slots), (ii) the total number of empty slots in broadcast
disks method, (iii) the total number of collisions happened
during construction procedure using all the proposed al-
gorithms.

• At client mode: the average response times (average de-
lays) measured in broadcast units (time steps), which de-
fine the final performance in all methods. The average val-
ues were taken after broadcasting 100 times the program
period and till all client requests were satisfied.

Varying theta (θ) parameter

In this experiment group we have chosen a database of
M = 5000 data-items, N = 5 different disks, relative fre-
quencies which computed with Delta method where � = 2,
rel_freq(dN) = 1, and without noise on client requests. The
demand probabilities of data-items are following a Zipf dis-
tribution in which θ varies from 0.25 to 0.95. In this ex-
periment allocation of items to disks is done automatically
according to the item’s demands produced by the Zipf pdf,
so that each disk contains items with similar demand proba-
bilities.

In Fig. 19a we see that the program period length us-
ing the broadcast disks method is always greater, and all
proposed algorithms producing the same minimum length.
Also, we see that in all cases the period size decreases
when θ parameter is being increased from 0.25 to 0.95.
In Fig. 19b we see that the total number of empty slots
(ES) in broadcast disks method increases when θ parame-
ter also is being increased. In addition, with θ values greater
than 0.55, the ES variable approaches its theoretical upper
bound (N · (LCM − 1) = 1570) according to Property 2.4
in Sect. 2.1. In Fig. 19c we see that the total number of col-
lisions is 0 in all cases except at θ = 0.25, where the next-
position algorithm reports 8090 collisions, the padding al-
gorithm 42 collisions, and the minimize collisions algorithm
reports 0 collisions. That happens because when the θ value
is 0.25 or below, the ndi values are close enough to each
other, increasing the number of possible collisions as men-
tioned in properties of Sect. 3.5. In Fig. 19d we see the fi-
nal average response times using all methods. The response
times in broadcast disks method are always larger when
compared to all proposed algorithms, making our method
more efficient. In addition, all proposed algorithms have al-
most the same average response times and that is why their
lines in the graph cannot be distinguished. Also, using all
methods, the average response times decreases when θ pa-
rameter is being increased.

Similar results are reported if we choose different delta
values (�), or different number of disks (N ).

Varying delta (�) parameter

In this experiment group we have chosen a database of
M = 5000 data-items, N = 3 different disks, relative fre-
quencies which computed with Delta method, relative fre-
quency of the slowest disk rel_freq(dN) = 1, and without
noise on client requests. The demand probabilities of data-
items are following a Zipf distribution with θ = 0.95. Note
that this experiment group has exactly the same selected pa-
rameters as tested by the broadcast disks method authors, in
which � varies from 1 to 7.
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Fig. 19 Experimental results varying theta (θ ) parameter

In Fig. 20a we see that the program period length using
the broadcast disks method is significantly increasing when
� parameter is being increased too. In opposition, all pro-
posed algorithms produce the same period length, which in-
creases very slowly when � parameter is being increased.
In Fig. 20b we see that the total number of empty slots
(ES) in broadcast disks method increases significantly when
� parameter is being increased too. This happens because
when we increasing the � parameter, the relative frequen-
cies are getting bigger, their LCM can be much bigger, and
so the theoretical upper bound N ·(LCM−1) of Property 2.4
(Sect. 2.1), will be increased allowing the existence of more
empty slots.

Now, the proposed algorithms did not give any collisions
with all delta values, as expected. This is because we have
few disks and high theta value in Zipf distribution, so there
is enough space in allocations. In Fig. 20c we see the fi-
nal average response times using all methods. The response
times in broadcast disks method are always larger when
compared to all proposed algorithms, making our method
again more efficient. In addition, all proposed algorithms
have almost the same average response times and that is why
their lines in the graph cannot be distinguished. A very in-
teresting observation is that broadcast disks method starts to
increase its response times after a delta value of 4, but our
proposed algorithms keep them low. This proves that our

method is efficient enough in any selected relative frequency
values.

Similar results will be reported if we choose different
theta values (θ ), or different number of disks (N ). Note that,
if we use bigger number of different disks, the period length,
the empty slots and the response times in broadcast disks
method will be increased much more, due to the properties
of Sect. 2.1.

Varying the number of disks (N ) parameter

In this experiment group we have chosen a database of
M = 5000 data-items, the lowest possible relative frequen-
cies of the N disks computed with Delta method where
� = 1, rel_freq(dN) = 1, and without noise on client re-
quests. The demand probabilities of data-items follow a Zipf
distribution with θ = 0.95. The number of disks varies from
1 to 9.

In Fig. 21a we see that the program period length us-
ing the broadcast disks method is significantly increasing
when there are more than 6 disks. In opposition, all pro-
posed algorithms produce the same period length, which
is increasing very slowly when the number of disks is be-
ing increased too. In Fig. 21b we see that the total num-
ber of empty slots (ES) in broadcast disks method increases
significantly when the number of disks is being increased



206 E. Tiakas et al.

Fig. 20 Experimental results varying delta (�) parameter

too. This happens because as N increases, the theoretical
upper bound N · (LCM − 1) of Property 2.4 (Sect. 2.1),
will be increased too allowing the existence of more empty
slots.

Again, the proposed algorithms did not give any colli-
sions, as expected. This is because we have high theta value
in Zipf distribution. In Fig. 21c we see the final average
response times using all methods. The response times in
broadcast disks method are always larger for the usage of
up to 4 disks, when compared with the proposed algorithms
and are increasing significantly after the usage of 6 disks.
In opposition, the proposed algorithms keep the response
times low. This proves that our method is efficient enough
in any selected number of different disks. In addition, all
proposed algorithms have almost the same average response
times and that is why their lines in the graph cannot be dis-
tinguished.

Similar results reported when we chose different theta
values (θ ), or different delta values (�).

Varying the number of data-items (M parameter)

In this experiment group we have chosen N = 5 differ-
ent disks, relative frequencies which computed with Delta

method where � = 2, rel_freq(dN) = 1, and without noise
on client requests. The demand probabilities of data-items
are following a Zipf distribution with θ = 0.55. The number
of data-items varies from 50 to 10000.

In Fig. 22a we see that the program period length using
the broadcast disks method is always greater, the proposed
algorithms producing the same period length and in all cases
the period size increases when the number of data-items is
being increased too. In Fig. 22b we see that the total number
of empty slots (ES) in broadcast disks method decreases sig-
nificantly when the number of data-items is being increased.
This happens because as the number of data-items is kept
low, the broadcast disks method follows the data-item prob-
lems mentioned in Sect. 2.2.

Figure 22c gives an interesting result about the collisions
happened. We see that when we have small numbers of data-
items, the total collisions are increased. In addition, we can
also see an evaluation of the collisions bounds order of the
proposed algorithms (see properties of Sect. 3.5). In Fig. 22d
we see the final average response times using all methods.
The response times in broadcast disks method are always
larger, when compared to all proposed algorithms, making
our method again more efficient. In addition, all proposed
algorithms have almost the same average response times
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Fig. 21 Experimental results varying the number of Disks (N )

and that is why their lines in the graph cannot be distin-
guished.

Varying noise (e parameter)

In this experiment group we have chosen a database of
M = 5000 data-items, N = 3 different disks and relative fre-
quencies which computed with Delta method where � = 2,
rel_freq(dN) = 1. The demand probabilities of data-items
are following a Zipf distribution with θ = 0.55. Now there
is noise on client requests which varies from 10% to 75%.

In Fig. 23 we can see the final average response times
using all methods. We can clearly see that all proposed al-
gorithms and the broadcast disks method have almost the
same influence in average response times with noise exis-
tence. After a noise rate of 45% the average response times
start to differ a little. Broadcast disks gives longer times and
then next position, padding and minimize collisions algo-
rithms follow with that order.

It is also important to note that in other similar with the
previous experiment groups with noise existence, all pro-
posed algorithms reported similar results in which the de-
viations in average response times due to noise were not

significant. Thus, our method is efficient enough in noise
existence.

5 Conclusion

In this paper we presented the problems and drawbacks of
the well-known technique of Broadcast Disks. We analysed
and proved its properties. We gave motivations for bet-
ter broadcasting programs and how important is to con-
struct efficient program periods. To successfully support the
demanding nowadays-broadcasting applications, we devel-
oped a new method followed by 3 different and simple al-
gorithms, which construct improved and efficient broadcast
programs. We presented analytical construction examples in
each proposed algorithm and we proved their properties and
bounds. We tested the proposed algorithms in simulation en-
vironments similar to the suggested by the authors of broad-
cast disks method, which we extended to support and test
our method. Simulation results show that the proposed al-
gorithms have significant performance gains over the broad-
cast disks method in all parameters set-ups and situations. In
all experiments our method results shorter program period
lengths, lower average delays, and is not affected from the
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Fig. 22 Experimental results varying the number of data-items (M)

Fig. 23 Experimental results with noise existence (e%)

use of prime numbers, numbers with no common divisors or
any other choice for frequencies and data-item allocations.

The proposed algorithms can be easily integrated in hard-
ware components and implemented in automation systems
for very fast and automatic creation of broadcast programs
on servers, even if the used set of data-items is modified very
often and continuously on time. This integration is possible
due to the off-line property of the already-proposed Broad-

cast Disks approach that our method builds on. The fact that
Broadcast Disks is an off-line method means that the pro-
posed algorithms must be applied only once to the database
items (at system initialization when the broadcast schedule
is constructed), a fact that does not provide a performance
bottleneck that would require special-purpose hardware for
running our algorithms. In fact, these can be easily imple-
mented in general-purpose hardware since they perform ar-
ray placement of integer identifiers of the data items, a pro-
cedure that can be efficiently performed via pointer arith-
metic in conventional CPUs found in standard commercial
wireless adapters. After having evaluated in this paper via
simulation the performance superiority of the proposed al-
gorithms, it is our intent to implement and test the perfor-
mances of our algorithms in such adapters in the future.

Finally, we expect that our algorithms can be successfully
applied in multi-broadcasting networks and sensor systems
and as a future work we will modify and extend the proposed
algorithms to test them in such environments. We also plan
to research the application of optimization techniques, like
the knapsack approach, to further increase the performance
of our algorithms.
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