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Abstract. The up-link bandwidth in satellite networks and in advanced traffic wireless information system is very limited. A server
broadcasts data files provided by different independent providers and accessed by many clients in a round-robin manner. The clients who
access these files may have different patterns of access. Some clients may wish to access several files in any order (AND), some wish to
access one out of several files (OR), and some clients may access a second file only after accessing another file (IMPLY). The goal of the
server is to order the files in a way that minimizes the access time of the clients given some a priori knowledge of their access patterns.
An appropriate clients–servers model was recently proposed by Bay-Noy, Naor and Schieber. They formulated three separate problems
and proposed an algorithm that evaluates certain number of random permutations and chooses the one whose access time is minimized. In
this paper, we formulate a combined AOI (AND-OR-IMPLY) problem, and propose to apply a parallel hill climbing algorithm (to each of
the four problems), which begins from certain number of random permutations, and then applies hill climbing technique on each of them
until there is no more improvement. The evaluation time of neighboring permutations generated in hill climbing process is optimized, so
that it requires O(n) time per permutation instead of O(n2) time required for evaluating access time of a random permutation, where n is
the number of files the server broadcasts. Experiments indicate that the parallel hill climbing algorithm is O(n) times faster that random
permutations method, both in terms of time needed to evaluate the same number of permutations, and time needed to provide a high quality
solution. Thus the improvement is significant for broadcasting large number of files.
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1. Introduction

The communication channel between a server and a client
is in many environments asymmetric, meaning that there is
significantly more bandwidth from the server to the client
than from client to the server. Thus, the data is dissem-
inated (pushed) from a server to many clients instead of
being brought (pulled) from server to client directly upon
request. Examples include a satellite network in which satel-
lites broadcast popular web pages, to speed up web surfing, a
wireless network with significantly higher data transmission
rate of base station compared to mobile users, advanced traf-
fic information systems, in which hundreds or thousands of
motorist may simultaneously require data from a server in a
timely manner, and cable television or video on demand ser-
vice with high downstream bandwidth and very limited up-
stream (client to server) capacity.

Push systems are proposed for asymmetric communica-
tion. The key idea is that the servers continuously and re-
peatedly broadcast data simultaneously to multiple clients,
based on their knowledge of clients’ preferences. In effect,
the broadcast channel becomes a “disk” from which clients
∗ Corresponding author.

can retrieve data as it goes by. Clients listen to the broadcast
channel until they access the data they are looking for. The
goal of the servers is to compute a schedule that minimizes the
average access time of the clients, thereby attracting clients
for future accesses. The problem of efficiently scheduling the
files is also known as the broadcast disks problem. It was
studied recently in literature [1,3–5,7–12,14,16]. A survey of
data broadcast algorithms with various problem statements is
given in [17]. It reviews access efficiency and power conser-
vation protocols for push-based, on-demand, and hybrid data
scheduling, and air indexing.

Bar-Noy, Naor and Schieber [5] studied clients–providers–
servers model in which clients serve other providers who need
their broadcasting capabilities. The servers push the data files
to the clients, but they do not choose the files to be broad-
cast. They merely “sell” broadcast slots to providers who
wish to spread their data. Providers select the most popular
and successful servers and clients select servers that broadcast
the data they are looking for while minimizing their access
time. The goal of servers is therefore to minimize or improve
the average access time of the clients based on some a pri-
ori knowledge, without changing the frequency of transmit-
ting specific files (that is, violating contracts with providers).
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In the mentioned examples, satellite channel may sell broad-
cast slots to web pages providers, and a cable television com-
pany may sell time slots to movie producers. In the tra-
ditional model where servers are the providers, they could
decide how frequently to broadcast each of the files. This is
not the case with the clients–providers–servers model. Here,
the only flexibility left for the servers is to fix the order of
broadcasting various data files. Thus a schedule in the model
introduced in [5] is a permutation of data files. Obviously,
if server has no a priori knowledge about the most frequent
files requested by clients, it can do no better than choosing an
arbitrary permutation to broadcast the files. Moreover, this is
true even if the server knows the popularity of each individ-
ual file, since it cannot broadcast the more popular files more
often.

The authors [5] showed that knowing a priori distribution
of the clients access to pairs of files could improve the per-
formance of the server. Three variants are considered in [5].
In the first AND variant, clients need to access one file or two
files in any order. In the second OR variant, clients wish to ac-
cess either one of the two files, since both files contain needed
information. In the third IMPLY variant, clients need to ac-
cess two files in a certain order. Such an a priori knowledge
can improve the average access time, by choosing an appro-
priate permutation of data files for broadcast order (examples
are given in [5]). The authors [5] presented a lower bound
on the average access time, and discussed the performance
of two proposed algorithm. One algorithm is to select a cer-
tain number of random permutations, evaluate access time for
each of them, and choose the best one. The other is a polyno-
mial time deterministic algorithm to select a certain number
of permutations that “simulates” the set of all permutations.
The second algorithm guarantees the same bounds as the ran-
domized one in the worst-case. However, as they comment
themselves, their bounds and performance are tight in case of
equal probabilities (in which case any permutation will have
the same access time), while better lower and upper bounds
for an optimal solution are needed for a given set of proba-
bilities. The authors did not evaluate the performance of their
algorithms experimentally.

In this paper, we describe a combined AOI (AND-OR-
IMPLY) problem, and thus consider four different problems.
In order to investigate and improve performance further, and
evaluate the performance experimentally, we implemented
the algorithm from [5] that evaluated certain number of ran-
dom permutations (the deterministic algorithm was not im-
plemented since it does not improve the performance [5] over
random permutations algorithm), and proposed a new algo-
rithm. The proposed algorithm is a parallel hill climbing
algorithm. In this algorithm, certain number of initial ran-
dom permutations is generated. Starting from each initial
permutation, hill climbing algorithm is applied, which gener-
ates certain number of neighboring permutations (using a two
element swap to define neighbors) for currently best permu-
tation, and repeats this process until no improvement is made
in certain number of attempts. In addition, we optimized the
time needed to evaluate access time of a neighboring permuta-

tion, using already evaluated access time of current permuta-
tion. The experimental results show significant improvement
in the speed and access time for the parallel hill climbing al-
gorithm over random permutations one. More precisely, it
produces high quality access time O(n) times faster than ran-
dom permutations method [5], where n is the number of files
to be broadcast.

2. Problem statements

Let F = {F0, F1, . . . , Fn−1} be a collection of equal size
files. Assume that it takes one unit time (a slot) to broad-
cast each file. Define the following three sets of probabilities
for three types of problems we consider [5]:

(A) In the AND problem for 0 � i � j � n − 1, the prob-
ability of accessing Fi and Fj is aij . The probability of
accessing only Fi is aii . There are n(n + 1)/2 different
probabilities, and

∑n−1
j=0

∑j

i=0 aij = 1.

(B) In the OR problem, for 0 � i � j � n − 1, the prob-
ability of accessing Fi or Fj is bij . The probability of
accessing only Fi is bii . There are n(n + 1)/2 different
probabilities, and

∑
0�i�j�n−1 bij = 1.

(C) In the IMPLY problem, for 0 � i �= j � n − 1, the
probability of accessing Fi and then Fj is cij . The prob-
ability of accessing only Fi is cii . There are n2 different
probabilities, and

∑n−1
j=0

∑n−1
i=0 cij = 1.

An infinite cyclic schedule is defined by a permutation
π = (π(0), π(1), . . . , π(n − 1)) on the numbers (0, 1, . . . ,

n − 1). At time T the server broadcasts file Fπ(i) for one
unit of time where i = T mod n. Let σ = π−1, i.e.,
σ(π(i)) = i for all 0 � i � n − 1. We say that files Fi and
Fj are at distance dij if dij = min{((σ (i) − σ(j)) mod n),
((σ (j) − σ(i)) modn)} for 0 � i < j � n − 1. In other
words, dij is the shorter cyclic distance between i and j in
the permutation π and therefore dij � �n/2�.

We say that files Fi and Fj are at directed distance ddij if
ddij = ((σ (j) − σ(i)) mod n) for 0 � i, j � n − 1. In other
words, ddij is the number of slots between a broadcast of Fi

and the next broadcast of Fj . It follows that 0 � ddij � n−1.
Note that the directed distance is a non-symmetric function,
and that ddij + ddji = n for 0 � i �= j � n − 1.

We assume that clients arrive at random time slots during
the broadcasting of the infinite schedule. In order to access a
file, client must arrive before the starting time of the broadcast
of this file (if client arrives in the middle of broadcasting a file,
it must wait until this file is broadcast entirely).

For a permutation π , let Aij (π) be the expected waiting
time for a client who wishes to access both files Fi and Fj , let
Bij (π) be the expected waiting time for a client who wishes to
access either file Fi or file Fj , and let Cij (π) be the expected
waiting time for a client who wishes to access first file Fi and
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then file Fj . Let

A(π) =
∑

0�i�j�n−1

[
(aij )

(
Aij (π)

)]
,

B(π) =
∑

0�i�j�n−1

[
(bij )

(
Bij (π)

)]
,

C(π) =
∑

0�i �=j�n−1

[
(cij )

(
Cij (π)

)]
.

That is, A(π) is the expected time for all clients who wish
to access one or two files, B(π) is the expected time for all
clients who wish to access one file or one out of two files, and
C(π) is the expected waiting time for all clients who wish to
access one file or two files in a certain order. In the AND
problem we are looking for a permutation π that minimizes
A(π), in the OR problem we are looking for a permutation π

that minimizes B(π), and in the IMPLY problem we are look-
ing for a permutation π that minimizes C(π). Note that, in
this problem formulation, all clients belong to one of three
user groups, this three separate problems are being solved
here.

Bar-Noy, Naor and Schieber [5] have derived formulas
for computing Aij (π), Bij (π), Cij (π), A(π), B(π), and
C(π). We will only give formulas here, details can be found
in [5]:

Aii(π) = Bii(π) = Cii(π) = n

2
+ 1,

Cij (π) = n

2
+ 1 + ddij ,

Aij (π) =
(

n

2
+ 1

)
+

(
dij − d2

ij

n

)
,

C(π) = n

2
+ 1 +

n−1∑
j=0

n−1∑
i=0

cij ddij ,

A(π) = n

2
+ 1 +

n−1∑
j=0

j∑
i=0

aij

(
dij − d2

ij

n

)
,

Bij (π) =
(

n

2
+ 1

)
−

(
dij − d2

ij

n

)
,

B(π) = n

2
+ 1 −

n−1∑
j=0

j∑
i=0

bij

(
dij − d2

ij

n

)
.

Bar-Noy, Naor and Schieber [5] considered three separate
problems: AND, OR and IMPLY. In reality, there will be
mixed population of clients, with few of them in each cate-
gory, with a single ordering of files for broadcast. We propose
here to combine the three problems into one, so that a total of
four different problems are being considered. The combined
AOI (AND-OR-IMPLY) problem will simply assign certain
estimated weight to each of three problems, as follows:

E(π) = αA(π) + βB(π) + γC(π),

where α + β + γ = 1, α � 0, β � 0, γ � 0.

The weights correspond to the estimated overall impor-
tance of each of three basic problems. Although it is pos-
sible to define a combined problem differently, we believe
that this formulation captures the essence of a combina-
tion.

We will sometimes use X to denote one of four problems
AND, OR, IMPLY, and AOI, or to denote one of A, B, or C

or E. Also, the corresponding set of probabilities is then de-
noted by xij . The authors [5] proposed the following heuris-
tic algorithm to find the permutation that optimizes the access
time for a problem X (referring, of course, to the first three
variants, but the same solution can be extended to the fourth
problem). The algorithm constructs m random permutations.
For each generated permutation π ′, X(π ′) is computed. Out-
put is permutation π that minimizes X(π) among generated
permutations.

3. Parallel hill climbing

Hill climbing [13,15] is a simple well-known heuristic
method for searching optimal solutions to problems that have
huge solution spaces and do not have polynomial time exact
solutions. The solution space in the problem studied in this
paper consists of n! permutations. In this method, the search
starts from an initial solution. Certain number of neighbours
of currently best solutions is generated, until either a better
one is found, or the number of generated neighbours exceeds
the limit. The search then continues from that better neigh-
bour in the same fashion. The method can be formally de-
scribed as follows.

Algorithm hill-climbing(X, bestπ, best-access-time).
π := initial permutation (generated at random);
bestπ := π ;
best-access-time := X(π);
i := 0;
repeat

π := neighbour(π); access-time := X(π);
if access-time < best-access-time
then {bestπ := π ; i := 0;

best-access-time := access-time}
else i := i + 1

until i = max

The choice of function neighbour(π) and parameter max
is flexible. We have used value max = 30 in our experi-
ments, while the function neighbour(π) selects two different
indices i and j at random, and swaps the corresponding el-
ements in permutation π . For example, let π = 63872154,
and let i = 4, j = 2 are generated at random. Then the
neighbouring permutation is 67832154 (the second and fourth
elements are swapped).

The parallel hill climbing procedure [2,6] is a hill climbing
scheme that is initiated several time, so that multiple hills are
claimed in parallel. It can be described as follows.
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Algorithm parallel-hill-climbing(X, t, total-bestπ, total-
best-access-time).
total-best-access-time := ∞;
for i := 1 to t do {

hill-climbing(X, bestπ, best-access-time);
if best-access-time < total-best-access-time
then {

total-bestπ := bestπ ;
total-best-access-time := best-access-time)}}

The number t of calls to hill climbing procedure is a para-
meter whose value varies and is given in tables with experi-
mental results.

4. Calculating access time at neighbouring permutation

The calculation of value X(π) according to formulas given in
section 2 requires O(n2) time, since it has a double loop with
indices from 1 to n (again, n is the number of files, or ele-
ments in permutation). The algorithm in [5] generates certain
number of random permutations, and the evaluation of each
therefore requires O(n2) time. The same calculation can be
applied in our parallel hill climbing algorithm. However, the
full advantage of hill climbing algorithm can be exploited to
calculate X(neighbor(π)) in O(n) time, using already known
value of X(π).

Suppose that the permutation neighbor(π) is obtained
from permutation π by swapping the Kth and Lth files in π .
The values xij do not change, since they are related to file
dependencies. Changes occur in distance matrices d or dd.
The only values in these matrices that are affected are those
with one or two indices being K or L. More precisely, dKL

and dLK are exchanged, and diK and diL are exchanged for
every other index i different from K or L. The similar ex-
changes are made for matrix dd. These exchanges require
O(n) time, and are made in order to continue hill climbing
method from neighbor(π). However, before the exchange,
the value X(π ′), π ′ = neighbor(π), can be calculated from
value X(π) using the following formulas, which require O(n)

time each:

A
(
π ′) = A(π) − suma1 + suma2,

suma1 =
K−1∑
j=0

aKj

(
dKj − d2

Kj

n

)
+

L−1∑
j=0

aLj

(
dLj − d2

Lj

n

)

+
n−1∑

i=K+1

aiK

(
diK − d2

iK

n

)

+
n−1∑

i=L+1

aiL

(
diL − d2

iL

n

)
− aLK

(
dLK − d2

LK

n

)
,

suma2 =
K−1∑
j=0

aKj

(
d ′
Kj − d ′2

Kj

n

)
+

L−1∑
j=0

aLj

(
d ′
Lj − d ′2

Lj

n

)

+
n−1∑

i=K+1

aiK

(
d ′
iK − d ′2

iK

n

)

+
n−1∑

i=L+1

aiL

(
d ′
iL − d ′2

iL

n

)
− aLK

(
d ′
LK − d ′2

LK

n

)
,

where d ′
Kj = dLj , d ′

Lj = dKj , d ′
iK = diL, d ′

iL = diK ,
d ′
LK = dKL = dLK .

B(π ′) = B(π) + suma1 − suma2,

suma1 =
K−1∑
j=0

bKj

(
dKj − d2

Kj

n

)
+

L−1∑
j=0

bLj

(
dLj − d2

Lj

n

)

+
n−1∑

i=K+1

biK

(
diK − d2

iK

n

)

+
n−1∑

i=L+1

biL

(
diL − d2

iL

n

)
− bLK

(
dLK − d2

LK

n

)
,

suma2 =
K−1∑
j=0

bKj

(
d ′
Kj − d ′2

Kj

n

)
+

L−1∑
j=0

bLj

(
d ′
Lj − d ′2

Lj

n

)

+
n−1∑

i=K+1

biK

(
d ′
iK − d ′2

iK

n

)

+
n−1∑

i=L+1

biL

(
d ′
iL − d ′2

iL

n

)
− bLK

(
d ′
LK − d ′2

LK

n

)
,

C
(
π ′) = C(π) − suma1 + suma2,

suma1 =
n−1∑
j=0

cKj

(
ddKj − dd2

Kj

n

)
+

n−1∑
j=0

cLj

(
ddLj − dd2

Lj

n

)

+
n−1∑
i=o

ciK

(
ddiK − dd2

iK

n

)

+
n−1∑
i=0

ciL

(
ddiL − dd2

iL

n

)

− cKK

(
ddKK − dd2

KK

n

)
− cLK

(
ddLK − dd2

LK

n

)

− cKL

(
ddKL − dd2

KL

n

)
− cLL

(
ddLL − dd2

LL

n

)
,

suma2 =
n−1∑
j=0

cKj

(
dd′

Kj − dd′2
Kj

n

)
+

n−1∑
j=0

cLj

(
dd′

Lj − dd′2
Lj

n

)

+
n−1∑
i=0

ciK

(
dd′

iK − dd′2
iK

n

)

+
n−1∑
i=0

ciL

(
dd′

iL − dd′2
iL

n

)
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− cKK

(
dd′

KK − dd′2
KK

n

)
− cLK

(
dd′

LK − dd′2
LK

n

)

− cKL

(
dd′

KL − dd′2
KL

n

)
− cLL

(
dd′

LL − dd′2
LL

n

)
,

where dd′
Kj = ddLj , dd′

Lj = ddKj , dd′
iK = ddiL, dd′

iL =
ddiK , dd′

LK = ddKL = ddLK .
Finally, E(π) = αA(π) + βB(π) + γC(π).

5. Performance evaluation

The two schemes were implemented in version 5.3.1.29215a
(R11.1) of Matlab. The environment is chosen because it pro-
vides some useful functions for simulations. For instance, it
has built in function randperm to generate a random permu-
tation.

The input probabilities are generated in the following way.
Files are divided into several groups, so that probabilities for
accessing two files within the same group are relatively high,
while the probabilities of accessing two files from different
groups are low. In order to generate such matrices, a ma-
trix P with random values pij is first generated. The elements
of matrix P , of size n × n, are generated using normal distri-
bution, that is, randn function from Matlab. Matrix X has
elements either pij or 10−6pij . xij = pij if and only if files i

and j belong to the same group, otherwise xij = 10−6pij . In
case of AND and OR problems, to provide symmetric input,
xij and xji are reassigned so that each receives half of their
original sum (that is xij := xji := (xij + xji)/2). Finally, all
elements are normalized so that the sum of all elements in the
matrix is 1. The grouping is indicated in the tables according
to the following example. Let n = 10, and let the first group
contain three elements, the second – two elements, third –

three elements and fourth – two elements. This type of per-
mutation is indicated as [3, 5, 8, 10], where elements indicate
the position of last element from each group. One can assume
that, for example, each group of files corresponds to different
user interests, e.g., files may contain sport, news, weather and
science information, respectively. For AOI problem, in our
experiments, we assumed α = 0.3, β = 0.5, and γ = 0.2.

Table 1 presents the experimental results of comparing the
two algorithms, PHC (parallel-hill-climbing) and RP (random
permutations) generation [5], when the same number of per-
mutations is evaluated in both. The parameter t in the second
column is the number of calls to hill climbing procedure in
PHC scheme. The size n of permutation is given in the third
column, and the grouping within permutation is in the fourth
column. The number of evaluated permutations in PHC is
counted during the algorithm. It is given in the fifth column.
Note that the count for AOI problem refers to permutations
that are evaluated three times each, ones for each ingredient.
We then run RP algorithm [5] by selecting and evaluating the
same number of random permutations. It can be observed
from table 1 that access times for both algorithms are nearly
same in all cases, which is the consequence of high number
of evaluated permutations and relative small values for n. It is
believed that the access times are near their optimum values.
The difference between the two algorithms can be observed
in the processing times. The ratios of the times are in all
cases between 2n and 3n. That is, PHC algorithm is more
than 2n times faster than RP algorithm [5] in evaluating the
same number of permutations, hence in approaching optimal
solution.

The next set of experiments was designed to find the ap-
proximate time needed to reach near optimal solution by
each of algorithms, for a larger value of n. The values
n = 50 and t = 10 are selected, with file grouping [7,

Table 1
Comparison of the two algorithms for the same number of evaluated permutations.

X t n File # of evaluated Access time Accees time Processing time Processing time
grouping permutations for PHC for RP for PHC for RP

AND 15 5 [2, 3, 5] 535 3.8002 3.8002 1.9933 21.4033
AND 30 10 [3, 5, 8, 10] 2556 6.3331 6.3370 17.7000 528.1667
AND 45 15 [2, 7, 10, 12, 15] 5343 9.2579 9.4564 46.1567 2110.9333
AND 60 20 [4, 9, 12, 15, 20] 9314 11.801 12.3500 86.0333 6304.4667
AND 75 25 [5, 8, 13, 20, 25] 14652 14.6831 15.6395 187.2400 16137
OR 15 5 [2, 3, 5] 522 2.9362 2.9362 1.8133 20.3
OR 30 10 [3, 5, 8, 10] 2448 5.0986 5.1019 12.23 373.1
OR 45 15 [2, 7, 10, 12, 15] 5293 6.6188 6.6563 38.0267 1827.5
OR 60 20 [4, 9, 12, 15, 20] 8196 8.4513 8.5464 80.6301 5561.4
OR 75 25 [5, 8, 13, 20, 25] 11651 9.7356 9.9219 146.6499 11727.3

IMPLY 15 5 [2, 3, 5] 603 4.1181 4.1181 1.8100 12.5
IMPLY 30 10 [3, 5, 8, 10] 2248 8.0140 8.1899 10.4167 178.9
IMPLY 45 15 [2, 7, 10, 12, 15] 5273 12.4061 12.6271 39.2033 1126.6
IMPLY 60 20 [4, 9, 12, 15, 20] 8661 16.6485 17.5803 69.4299 2722.5
IMPLY 75 25 [5, 8, 13, 20, 25] 11745 21.507 22.6458 118.8099 6377.1

AOI 15 5 [2, 3, 5] 553 3.43178 3.43178 5.6166 54.2033
AOI 30 10 [3, 5, 8, 10] 2417 6.05203 6.09003 40.3467 1080.1667
AOI 45 15 [2, 7, 10, 12, 15] 5303 8.56799 8.69049 123.3867 5065.0333
AOI 60 20 [4, 9, 12, 15, 20] 8724 11.09565 11.49426 236.0933 14588.3667
AOI 75 25 [5, 8, 13, 20, 25] 12683 13.57413 14.18196 452.6998 34241.4
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Table 2
Processing times and access times for two algorithms after given number of evaluated permutations, for n = 30 and grouping

[2, 7, 10, 15, 18, 20, 24, 26, 30].
X Number of Access time Access time Processing time Processing time Ratio of

evaluated for HC for RP for HC for RP processing
permutations times

AND 1 19.2584 18.7717 2.04 1.76 0.86
AND 10 19.1522 19.6425 2.15 22.79 10.60
AND 20 18.9267 19.4503 2.26 52.4 23.19
AND 30 18.7324 19.061 2.37 77.77 32.81
AND 40 18.837 19.3958 2.53 101.5 40.12
AND 50 18.6846 19.4252 2.58 125.12 48.50
AND 60 18.8278 19.7333 2.69 149.18 55.46
AND 70 18.4882 19.7308 2.8 173.67 62.03
AND 80 18.289 19.4295 2.96 197.35 66.67
AND 90 18.6088 19.2994 3.07 221.68 72.21
AND 100 17.9332 18.9751 3.24 245.79 75.86
OR 1 12.4379 12.6252 2.63 2.42 0.92
OR 10 12.2202 12.1847 2.85 34.55 12.12
OR 20 12.3375 12.3682 3.07 76.89 25.05
OR 30 12.0763 12.6406 3.24 103.2 31.85
OR 40 12.4011 12.6225 3.46 128.2 37.05
OR 50 12.3512 12.3591 3.68 151.21 41.09
OR 60 12.3178 12.2652 3.9 174.23 44.67
OR 70 12.3276 12.5527 4.06 197.46 48.64
OR 80 12.0282 12.4314 4.28 219.98 51.40
OR 90 12.1528 12.3448 4.5 242.55 53.90
OR 100 12.0969 12.5072 4.72 265.4 56.23

IMPLY 1 27.3601 26.7455 1.16 1.15 0.99
IMPLY 10 27.0111 26.2724 1.38 11.7 8.48
IMPLY 20 26.2047 26.8411 1.6 23.34 14.59
IMPLY 30 25.9717 26.8567 1.82 35.1 19.29
IMPLY 40 25.442 26.962 2.04 46.74 22.91
IMPLY 50 25.2755 27.2387 2.26 58.6 25.93
IMPLY 60 25.5642 26.6399 2.48 71.35 28.77
IMPLY 70 25.696 27.795 2.75 84.04 30.56
IMPLY 80 25.072 27.4602 2.97 96.67 32.55
IMPLY 90 25.3899 27.0263 3.19 109.36 34.28
IMPLY 100 25.4739 26.9153 3.41 122.1 35.81

AOI 3 17.46849 17.29321 5.83 5.33 0.91423671
AOI 30 17.25798 17.23958 6.38 69.04 10.8213166
AOI 60 17.0877 17.38741 6.93 152.63 22.024531
AOI 90 16.85221 17.40994 7.43 216.07 29.0807537
AOI 120 16.94005 17.52239 8.03 276.44 34.4259029
AOI 150 16.83608 17.45485 8.52 334.93 39.3110329
AOI 180 16.92008 17.38057 9.07 394.76 43.5237045
AOI 210 16.84946 17.75459 9.61 455.17 47.364204
AOI 240 16.5152 17.53659 10.21 514 50.3428012
AOI 270 16.73702 17.36748 10.76 573.59 53.3076208
AOI 300 16.52319 17.32919 11.37 633.29 55.6983280

18, 22, 35, 40, 42, 47, 50], and, as the time progresses, the
best access time found up to certain time units is measured.
The function is therefore decreasing. In case of AND, both
algorithms started from value about 33. PHC algorithm
dropped the access time below 28.5 after 20 seconds, and
reached apparent optimum 28.4 after 40 seconds, with no fur-
ther improvement. RP algorithm [5], however, dropped be-
low 32 access time after 600 seconds, and after 1800 seconds
it reached only 31.9 access time (the 1800 was time limit
set). In case of OR function, access time started about 19
for both algorithms. It dropped below 18 after 20 seconds in
PHC algorithm, reaching apparent optimum 17.9 time units
after 70 seconds. In case of RP algorithm [5], the access time

dropped below 18.65 after 600 seconds, and did not improve
by the expiration time 1800 seconds. In case of IMPLY prob-
lem, access time started at about 47 time units. For PHC algo-
rithm, it dropped below 43 after 40 seconds, and after 100 sec-
onds it reached apparent optimum at 42.8. After 200 seconds
the access time dropped below 46.4 for RP algorithm [5], and
after 1800 seconds it was still above 46.2. Figure 1 shows the
access times of two algorithms for IMPLY problem, as a func-
tion of processing time. It is expected that RP algorithm needs
more than hundred times more time to reach optimal solution
than HPC algorithm, that is, in 4000–10000 seconds range.
The combined AOI problem has showed similar comparison
(it appears that its performance is close to linear combination
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Figure 1. Access time for the RP and PHC algorithms for the IMPLY prob-
lem, n = 50, t = 10 are file grouping [7, 18, 22, 35, 40, 42, 47, 50].

of performances of its ingredients). Note that the times ap-
pear to be relatively high, which is due to slower processing
in Matlab as compared to processing in, say, C or C++.

The third set of experiments was designed to compare the
times needed to evaluate certain number of permutations by
both algorithms. The value n = 30 is selected, with grouping
[2, 7, 10, 15, 18, 20, 24, 26, 30]. As expected, RP algorithm
requires approximately n time more time to evaluate m per-
mutations with respect to evaluating one permutation. On the
other hand, hill climbing algorithm needs similar time to eval-
uate the first permutation, but does not even double that time
until it evaluates hundred more permutations for AND and
OR cases, and approximately doubles for AOI problem, and
triples the time for IMPLY case. Also, the access time for hill
climbing was always lower, after the same number of evalu-
ated permutations, except sometimes after first few permuta-
tions. The detailed results are given in table 2. The access
times are not strictly decreasing since the program was run
again for each number of permutations (that is, it was not ex-
tended by evaluating additional permutations, but was started
again, for better reliability of the comparison). The ratio of
processing times increases with number of permutations eval-
uated, and is over n = 30 after 30, 30, and 70 permutations,
respectively (the ratios are shown in the last column).

6. Conclusions

It appears from our experimental results that there is clear
bound on the access time that can be achieved. That is, both
parallel hill climbing and random permutations algorithms are
able to arrive close to the optimal access time, but they need
different computational time to achieve such quality of best
solution. Hill climbing algorithm is O(n) times faster, where
n is the number of files to be broadcast. In other words, the
solution space, although huge, appears to be quite homoge-
neous, and a “nice” cruise though it is possible. Based on
that observation, it appears also that no significantly faster
algorithm, achieving same quality, can be described by ap-
plying more sophisticated and generally considered more ef-
fective methods, such as genetic algorithms, tabu search or

simulated annealing. The optimal solution is reachable from
many starting points, thus it is more important to provide fast
“climbing” for each given “hill” than sophisticated type of
climbing, since there are sufficient number of hills that turn
into “mountains”, that is, have near optimal access times at
their tops. The fast climbing in our paper is achieved by re-
ducing the evaluation time of most permutations from O(n2)

to O(n). It is achieved by using already evaluated access time
for the update on access time of any neighboring permutation,
which is obtained by swapping two files in it.

In this paper, and in [5], it is assumed that the servers
know only pairwise dependencies. In the more general case
the servers could accumulate dependencies between three
or more files. Also, it was assumed that each provider re-
ceives the same share. In a more general environment, some
providers may get more than proportional time for their files.
These extensions remain an open problem for further re-
search.
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