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Read the attached paper and answer the following questions. Note that the
time is limited, and you should budget your time carefully. It is suggested
that you spend roughly 50 minutes in reading the paper and another 50
minutes in answering the questions. Note that 1) this is a long paper but
you need not have to read it all. The content in section 5 is about
experiments which can be ignored initially. 2) The ants that discuss in the
paper include both “real” and “artificial™ ants. 3) the Chinese meaning of
the word “pheromone” js #¥%%5, a kind of IHZ in live creature.

Please describe what the paper does, and the kind of problems it
solves.

In the paper abstract, the author states that it is “a combination of
distributed computation, positive feedback and constructive greedy
heuristic™ to stochastic optimization and problem solving. Please
explain what “positive feedback” means here and how it is applied in
the proposed algorithms.

Next, please explain what “distribution computing” means here and
how it is applied in the proposed algorithms.

The last one, please expiain what “constructive greedy” means here
and which part in the proposed algorithms utilizes the greedy
method.
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Abstract

A combination of distributed computation, positive feedback and constructive greedy heuristic is
proposed as a new approach to stochastic optimization and problem solving. Positive feedback
accounts for rapid discovery of very good solutions, distributed computation avoids premature
convergence, and greedy heuristic helps the procedure 1o find acceptable solutions in the early
stages of the search process. An application of the proposed methodology to the classical travelling
salesman problem shows that the system can rapidly provide very good, if not optimal, sclutions.
We report on many simulation results and discuss the working of the algorithm. Some hints about
how this approach ean be applied to a variety of optimization problems are also given.

1. Introduction

In this paper we explore the emergence of global properties from the interaction of many simple
agents. In particular, we are interested in the distribution of search-activities over so-called
“ants", i.e., agents that use very simple basic actions in order to ease the parallelization of the
computatienal effort. Our work has been inspired by researches on the behavior of real ants
([51,161.112]), where one of the problems of interest is 10 undéerstand how almost blind animals
like ants can manage to establish shortest foute paths from their colony to feeding sources and
back. It was found that the media used to communicate among individuals information
regarding paths and used to decide where to go consists of pheromone trails. A moving ant lays

some pheromone (in varying quantities) on the ground, thus marking the path-it follows by a

trail of this substance. While an isolated ant moves essentiaily at random, an ant encountering a
previously laid trail can detect it and decide with high probability to follow it, thus reinforcing
the trail with its own pheromone. The collective behavior that emerges is a form of autocatalytic
behavior! where the more the ants are following a trail, the more attractive that trail becomes for
being followed. The process is thus characterized by a positive feedback loop, where the
probability with which an ant chooses a path increases with the number of ants that previously
chose (he same path.

The algorithms that we are going to define in the next sections are a model deriving from the
study of artificial ant colonies and therefore we call our system Ant system and the algorithms
we introduce Ant algorithms. As we are not interested in simulation of ant colonies, but in the
use of artificial ant colonies as an optimization tool, our system will have some major
differences with a real (natural) one: artificial ants will have some memory, they will not be
completely blind and will live in a environment where time is discrete. Nevertheless we believe
that the ant colony metaphor can be useful as a didactic tool to explain our ideas.

L An autocatalytic [7], i.e. positive feedback, process is a process that reinforces itself, in a way that causes
very rapid convergence and, if no limitation mechanism exists, leads to explosion.
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A result obtained running experiments with the Ant systems was the observation of the’
presence of synergetic effects in the interaction of ants. In fact, the quality of the solution
cbtained increases when the number of ants working on the problem increases, up to reach an
optimal point (see section 5.2 for details). .

A major point in defining any distributed system is the definition of the communication
procedure. In our algorithms a set of ants communicate by modifications of the problem
representation, since at any step during the problein solving each ant gives a sign of its activity
that will change the probability with which the same decision will be taken in the future. The
idea is that if at a given point an ant has to choose between different options and the one
actually chosen results in being particularly good, then in the future that choice will appear
more desirable than it was before. We also give ants a heuristic to guide the early stages of the
computational process, when experience hasn't yet accumulated into the problem structure.
This heuristic automatically loses importance as the experience gained by ants, and memorized
in the problem representation, increases. '

A second, but no less important, result presented in this paper is the viability of autocatalytic
processes as a methodology for optimization and learning. A "single-ant" autocatalytic process
usually converges very quickly to a bad suboptimal solution, Luckily, the interaction of many
autocatalytic processes can lead to rapid convergence to a subspace of the solution space that
contains many good solutions, causing the search activity to find quickly a very good solution,
without getting stuck in it. In other words, all the ants converge not to a single solution, but to

a subspace of solutions; thereafter they go on searching for improvements of the best found
solution.

At the present stage of understanding we do not have any proof of convergence or bound on
the time required to find the optimal solution. Nevertheless simulations strongly support the
above speculations. We also believe our approach to be a very promising one because of its
generality (it can be applied to many different problems) and because of its effectivencss in
finding very good solutions to difficult problems.

The paper is organized as follows: section 2 contains the description of the algorithm as it is
currently implemented together with the definition of the application problem: as the algorithm
structure partially reflects the problem structure, we introduce them together. Sections 3 and 4
describe three slightly different ways to apply the proposed algorithm to the chosen problem.
Section 5 reports diffusely on experiments carried out with the algorithms previously
introduced. In section 6 we discuss the properties of the distributed algorithm and show how it

could be applied to other optimization problems. Conclusions, related and further work are
contained in section 7. '

2. The Ant system

We introduce in this section our approach to the distributed solution of difficult problems by
many locally interacting simple agents. We call ants the simple interacting agents and ant-
algorithms the class of algorithms we define. We first describe the general characteristics of the

ant-algorithms and then introduce thrée of them, called Ant-density, Ant-quantity and Ant-
cycle.

To test the ant algorithms, we decided to apply them to the well-known travelling salesman
problem (TSP) [15], to have a comparison with results obtained by other heuristic approaches
[11]: the model definition is influenced by the problem structure, however we will hint in
section 6 that the same approach can be used to solve other optimization problems. We stress
that the choice of TSP is due to its ubiquity as a benchmark for heuristics: we are interested in
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the proposal of a new heuristic and in its comparison with other ones, not direétly in proposing
— at least in this paper — a more efficient approach to the solution of TSP (which in fact has
been solved optimally for problems of much higher order than those presented here).

Given a set of n towns, the TSP problem can be stated as the problem of finding a minimal
length closed tour that visits each tgwn once. '

We call djj the length of the path between towns i and j; in the case of euclidean TSP dj; is the
Euclidean distance between i and j (i.e., di=[(x;-x))? + (¥i-¥;)*] ). An instance of the TSP
problem is given by a weighted graph (N,E), where N is the set of towns and E is the set of
edges between towns, weighted by the distances.

Let b(t) (i=1, ..., n) be the number of ants in town i at time ¢ and let
n
m= Y bi(t) :
i=1

be the total number of ants.
Each ant is a simple agent with the following characteristics:

* when going from town i to town j it lays a substance, called frail, on edge (i,j);

* it chooses the town to go to with a probability that is a function of the town distance and
of the amount of trail present on the connecting edge;

* to force ants to make legal tours, transitions to already visited towns are inhibited till a
tour is completed (see the tabu List in the following).

Let 1;j(1) be the inutensity of trail on edge (i,j) at time t. At each iteration of the algorithm trail
intensity becomes

T+ D=p-1i{D+ATy(,t+1) 1)
where p is a coefficient such that (1 - p) represents the evaporation of ‘trail,

171
At t+]) = 1;1 ATh(L,t+1)
At‘i‘j(t,t-rl) is the quantity per unit of length of trail substance (pheromone in real ants) laid on
edge (i,j) by the k-th ant between time t and t+1.

The coefficient p must be set to a value <1 to avoid unlimited accumulation of trail (see note
1). The intensity of trail at time 0, Ti;(0), should be set to arbitrarily chosen small values (in our
expesiments the same value is chosen for every edge (i,j)).

In order to satisfy the constraint that an ant visits n different towns (a n-town tour), we
associate to each ant a data structure, called tabu list2, that memorizes the towns already visited
up to time t and forbids the ant to visit them again before a tour has been completed, When a
tour is completed the tabu list is emptied and the ant is free again to choose its way. We define

2 Even thou‘gh the name chosen recalls tabu search, proposed in {9] and [10]), there are substantial differences
between our approach and tabu search algorithms. We mention here: (i) the absence of any aspiration function,
(ii) the difference of the elements recorded in the tabu list, permutations in the case of tabu search, nodes in our
case (our algorithms are constructive heuristics, which is not the case of tabu search).
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tabuy a vector containing the tabu list of the k-th ant, and tabuy(s) the s-th element of the tabu
list of the k-th ant (i.e., the s-th town visited by ant k in the current tour).

We call visibility njjj the quantity 1/dj;, and define the transition probability from town i to

town j for the k-th ant as .

TOIS i'B "
Oty if je allowed

P = Y 5o ij]B o

je allowed

0 otherwise

where allowed = {j: je tabuy} and where o and B are parameters that allow a user to control
the relative importance of trail vei$us visibility. Therefore the transition probability is a trade-
off between visibility (which says that close towns should be chosen with high probability,
thus implementing a greedy constructive heuristic) and trail intensity (that says that if on edge
(i,j) there has been a lot of traffic then it is highly desirable, thus implementing the autocatalytic
process). .
Different choices about how to compute AT'-fj(t,tH) and when toupdate the jj(t) cause dif-
ferent instantiations of the ant algorithm. In the next two sections we present the three

algorithms we used as experimental test-bed for our ideas, namely Ant-density, Ant-quantity
and Ant-cycle.

3. The Ant-density and Ant-quantity algorithms

In the Ant-density model a quantity Q1 of trail for every unit of length is left on edge (i,j) every
time an ant goes from i to j; in the Ant-quantity model an ant going from i to j feaves a quatntity
Qa/dyj of trail for every unit of length.

Therefore, in the Ant-density modef

ATlfj (6,4 D)= (()21 if k-th ant goes from i to j between t and t+1

otherwise 3)
and in the Ant-quantity model we have
% if k-th ant goes from i to j between ¢ and t+1
ij
AT(t b+ )=
0 otherwise #

From these definitions it is clear that the increase in trail intensity on edge (i,j) when an ant
goes from i to j is independent of dj; in the Ant-density model, while it is inversely proportional
to djj in the Ant-quantity model (i.e., shorter edges are made more desirable by ants in the Ant-
quantity model, thus further reinforcing the visibility factor in equation (2)).

The Ant-density and Ant-quantity algorithms are then
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1 Initialize
Set t:=0 {t is the time counter}
For every edge (i.j) set an initial value 1;j(t) for trail intensity and At;;(t,t+1):= 0
- Place bi{t) ants on every node i {b;(t) is the number of ants on node i at time t)

Set 5:=1 - {s is the tabu list index} .

For i:=1 to n do L
For ki=1 to bi(t) do~,
tabu,(s):=i {starting town is the first element of the tabu list of the k-th ant}

2 Repeat until tabu list is full {this step will be repeated (n-1) times)

2.0 Set si=s+l
2.1 Fori:=1 to ndo ‘ {for every town}
For ki=1 to bj(t) do ) {for every k-th ant on town i still not moved)

Choose the town j to move to, with probability pjj(t) given by equation (2)
Move the k-th ant to j {this instruction creates the new values bi(t+1))
Insert node j in tabu,(s) -
Set ATy(Lt+1)= AT(tt+1) -+ Qg in case of the Ant-density model or
Aty(ttr1 )= Atg(tt+1) +Qpfd in case of the Ant-quantity model
2.2 For every edge (i,j) compute Tij{t+1) according to equation (1)

3 Memorize the shortest tour found up to now
If (NC < NCyux) or (not all the ants choose the same tour) [NC is the number of cycles)
then
Empty all tabu lists
Set s:=1
For i:=1 to n do
For k:=1 to bi(t) do

tabu,(s):=i {after a toir the k-th ant is again in the initial position)
Set ti=t+]
For every edge (i,j) set At;;(t,t+1):=0
Goto step 2
else

Print shortest tour and Stop

In words the algorithms work as follows. At time zero an initialization phase takes place
during which ants are positioned on different towns and initial values for trail intensity are set
on edges. The first element of each ant tabu list is set to be equal to the starting town.
Thercafter every ant moves from town i to town j choosing the town to move to with a
probability that is given as a function (with parameters o and B) of two desirability measures:
the first (called traif - Tij) gives information about how many ants in the past have chosen that
same edge (i,j), the second (called visibility - 1i;) says that the closer a town the more desirable
it is (setting @ = 0 we obtain a stochastic greedy algorithm with multiple starting points, setting
@ =0 and § -> e we obtain the deterministic classical one).

Each time an ant makes a move, the trail it leaves on edge (i,j) is summed to trail left on the
same edge in the past. When every ant has moved, transition probabilities are computed using
new trail values, according to formulae (1) and (2).

After n-1 moves the tabu list of each ant will be full: the shortest path found by the m ants is
computed and memorized and all tabu lists are emptied. This process is iterated until the tour
counter reaches the maximum (user-defined) number of cycles NCy.x or all ants make the
same tour (we call this last case uni-path behavior: it denotes a situation in which the algorithm
stops searching for alternative solutions, see section 5.1). .

By examination of the algorithms we see that the computational complexity expressed as a
function of the number of ants m, the number of towns n and the number of cycles NC (where
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a cycle is a complete tour) is O(NC-(m-n2+n3)). In fact, for both the Ant-quantity and Ant-
density algorithms we have that:

Step 1 is O(nZ2+m).
Step 2 is O(n-m+n3) (step 2.1 is O(m), step 2.2 is O(n2), and they are repeated n times),
Step 3 is O(n-m+n?) o

In our experiments, see section 5, we found that the optimal number of ants is m=cy-n,
where ¢; is a small constant (the experimental best value is ¢;=1). Therefore the overall
complexity is O(NC-n?). NC could well be a function of n (NC=NC(n)). We have investigated
the form of the NC function in section 5.7.

4. The Ant-cycle algorithm

In this case we introduced a major difference with respect to the two previous systems. Here
Ar‘i‘j is not computed at every step, but after a complete tour (n steps). The value of A‘rlfj(t,t+n)
is given by '

D if k-th ant uses edge (i,j) in its tour

ATt )= :
ij .
0 otherwise ()]

where Q3 is a constant and Lk is the tour length of the k-th ant. This corresponds to an adapta-
tion of the Ant-quaatity approach, where trails are updated at the end of a whole cycle instead
of after each single move. We expect this algorithm to have a better performance than the
previously defined Ant-density and Ant-quantity because here global information about the
value of the result (i.e., the tour length) is used. -

The value of the trail is also updated every n steps according to a formula very similar to (1)

Tj(t+n) = pT{O+AT(t,t+n) . 19

m
where Aty(t,t+n) = E A'Elfj(t,t+n)
k=1

and py is different from p because the equation is no more updated at every step but only after
a tour (n steps). i

The Ant-cycle algorithm is then

1 Initialize:
Set t:=0 [t is the time counter)
For every edge (i,j) set an initial value Tij(t) for trail intensity and Aty{t.tbn).= 0
Place by(t) ants on every node i [by(t) is the number of ants on node  at time t)

Set s:=1 {3 is the tabu list index}
For i:=! ton do

For ki=1 to b;(t) do
tabu, (s):=i {starting town is the first element of the tabu list of the k-th ant}
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2 Repeat until tabu list is full {this step will be repeated (n-1) times}

2.0 Sets:=s+l .
2.1 Fori:=1 to n do {for every town}
For k:i=1 to by(t) do - {for every k-th ant on town i still not moved)
Choose the town j to move to, with probability py(t) given by equation (2}
Move the k-th ant to j. {this instruction creates the new values bi(t+1)}
Insert node j in tabuy(s)
3 For k=1 to m do {for every ant)
) Compute LY, as results from its tabu Kist
For s5:=1 to n-1 do {scan the tabu list of the k-th ant}

Set (hl):=(tabu,(s),tabu,(s+1))
’ {(h,]) is the edge connecting town (s,5+1) in the tabu list of ant k}
Atpy(t+n):=Atg(t+n) + Qy/Lk
4 For every edge (i,j) compute t;(t+n) according to equation (1%
Set ti=t+n
For every edge (i,j) set Aty(t,t+n):=0
5 Memorize the shortest tour found up t6 now
If (NC < NC\.x) or (not all the ants choose the same tour) {NC the number of cycles)
then :
Empty all tabu lists
Set 5:=1
For i:=1 to n do
For k:=1 to bi(t) do
tabu,(s):=i {after a tour the k-th ant is again in the initial position}
Goto step 2
else
Print shortest tour and Stop

The complcxify of the Ant-cycle algorithm is O(NC-n2-m) if we stop the algorithm after NC
cycles (remember NC could be NC(n) ). In fact we have that:

Step I is O(nZ+m)
Step 2 is O(n?m)
Step 3 is O(n'm)
Step 4 is O(n2)
Step 5 is O(n-m)

Also for the Ant-cycle algorithm we found 2 linear relation between the number of towns and
the best number of ants. Therefore the complexity of the algorithm is O(NC-n3),

5. Computational results

We implemented the three algorithms and investigated their relative strengths and weaknesses

.by experimentation. Since we have not yet developed a mathematical analysis of the models,
which would yield the optimal parameter setting in each situation, we ran several simulations to
collect statistical data for this purpose. During this phase we found Ant-cycle to be superior to
the other two algorithms. We therefore tried to deepen our understanding of it by analyzing the
effects of several variations of the basic algorithm, like defining a unique versus different
starting points for every ant, increasing the importance of the ant that found the best tour or
adding noise to the computation of the probabilities. These results are described in the next
subsections, together with a brief comparison with alternative heuristics for the TSP.
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5.1 Parameters setting

The parameters considered here are those that affect directly or indirectly the computation of the
probability in formula (2): @, B, p, Qu (h=1, 2, 3). The number m of ants has always been set
equal to the number n of cities. We tested several values for each parameter, all the other being -
constant (the default value of the parameters was a=1, f=1, p=0.7, Qu=100; in each
experiment only one of the values Was changed), over ten simulations for each setting in order
to achieve some statistical information about the average evolution. The values tested were:
ae{0, 0.5, 1, 5}, Be{0, 1, 2, 5, 10, 20}, pe{0.3, 0.5, 0.7, 0.9, 0.999} and Qpe {1, 100,
10000}; o and B have been tested over different sets of values because of the different
sensitivity the algorithms have shown for them. Preliminary results, obtained on small-scale
problems, have been presented in [3] and [4]; the tests reported here are based, where not
otherwise stated, on the Oliver30 problem, a 30-cities problem described in [13], for which a
tour of length 424.635 was found using genetic algorithms3. The same result is also often
obtained by the Ant system, which can also yield better outcomes. In order to allow the
comparison with other approaches (see section 5.6) the tour lengths have been computed both

as real numbers and as integers?. All the tests have been cartied out for NCwmax = 5000 cycles
and were averaged over ten trials.

Beside the tour length, we were interested also in investigating the uni-path behavior, i.e.,
the situation in which all the ants make the same tour: this would indicate that the system has
ceased to explore new possibilities and therefore the best tour achieved so far will not be
improved any more. With some parameters' settings in fact we observed that, after several
cycles, all the ants followed the same tour déspite the stochastic nature of the algorithms: this
was due to a much higher trail level on the edges composing that tour than on all the others,

This high trail level makes the probability that an ant chooses an edge not belonging to the tour
very low.

The three algorithms show a different sensitivity to the parameters.

Ant-density shows for B a monotonic decrease of the tour length up to B=10. After this value
the average length starts to increase.

s

B | o 1 2 s [0 2

avg. lcngthl 881.56 456.98 45552 431.37 42674 428.79

The tests on the other parameters show that o has an optimum around 1

« | 0o o5 [1] 2 s

avg. lengthl 578.52 46499 45698 508.44 695.25

that p should be set as high as possible

3 Genetic algorithms [13] seem to be a very good general heuristic for combinatorial optimization ‘problems, at
teast as good as simulated annealing [17].

4 In this case distances between towns are integer numbers and are computed according to the standard code
proposed in TSPLIB 1.0 (Reinelt G., TSPLIB 1.0, Institut fiir Mathematik, Universitit Augsburg, 1990).
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p | 03 o5 07 09 [0999
avg. Iengthl 649.86 53058 45698 431.31 429.09

and that the system is little affected by Qj, never being able to improve significantly the quite
unsatisfactory solution obtained in standard condition. The importance of the quantity Qy,
(h=1,2,3) resulted to be uninﬂuemigﬂ in all the three algorithms.

The experiments with Ant—dens:ity‘ show that this system enters the uni-path behavior only for
B2, usually within the first 200-300 cycles.

Ant-quantity shows a different sensitivity to the parameters; [ is still very important, as
shown in the following table

B | o 1 25 10 30
avg. lenglh‘ 45472  441.85 43677 431.60 42852 42795 438.83

where a decrease of the average tour length with increasing B is still exhibited up to f=20.

Also in this case we have that a too high or a too low o can worsen the performance, but a

minor sensitivity to trails (%=0.5) could improve the result obtained with standard
configuration (ci=1).

« | o [035] 1 5

avg. Lengmf 649.45 430.70 44185 478.48

The tests on p show that keeping a strong memory of past experience is a good policy here,
as it was in Ant-density, since again higher p yield better results.

p | 03 05 07 09 [05%9
avg. Iengthl 555.24  451.51 441.85 42648 42625

Aat-quantity is more prone to uni-path behavior than Ant- -density, in fact we observed uni-

path behavior for a>1 and for B21. In all the other cases the system kept on the exploration
activity.

Results obtained with Ant-cycle show that ¢ presents an optimal range around 1, B between
2 and 5 and p around 9.5.

The average of the tests are, for B:

B 0 05 1 2 10 20

avg. leagth B4831 452.62 42744 42463 42425 42835 438.8%

for o

o 0 0.5 2

avg. length | 651.27 53349 42744 456,11

and for p:
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p | 03 [035] 07 o9

avy. lcngthl 427.85 426.86 427.44 42828

The Ant-cycle enters the uni-path behavior only for ¢>2; in all the other cases we always
observed an ongoing exploration of different alternatives, even after more than NCpax=5000
cycles.

In the three algorithms p is the only parameter that has qualitatively different behaviors. Its
best value is as high as possible (i.e., very close to 1) in Ant-density and Ant-quantity, and
p=0.5 in Ant-cycle. This fact can be explained as follows: Ant-density and Ant-quantity use
ouly strictly Jocal information, i.., the visibility n;; (local by definition) and Tj; that in these
cases is also local because doesn't contain any information about the final tour length of the
ants that laid it in the past. The amount of trail on each edge is therefore a direct consequence of
the local greedy rule. Conversely, in the Ant-cycle algorithm trail actually laid is a function of
the total tour length (see formula (5)) and the algorithm uses therefore global information on the
result of sequences of local moves. In other words what happens is that in the first two
algorithms t;; is only a reinforcement of 1, while in Ant-cycle, as global information about

total tour length is used to compute the amount of trail to deposit, 1j; represents a different type
of information with respect to Nij. -

All the three algorithms mainly use the greedy heuristic to guide search in the early stages of
computation, but it is only Ant-cycle that as computation runs can start exploiting the global
information contained in the values Tjj of trail. This explains both the better performance of

Ant-cycle and the value p=0.5: the algorithm needs to have the possibility to forget part of the

experience gained in the past in order to better exploit new incoming global information. In
Ant-density and Ant-quantity this forgetting capability is neither necessary nor useful because
there is no "second stage" in the search process in which global information can be exploited:
the two algorithm always continue to use the same strategy based on the greedy heuristic.

We investigated also the behavior of the Ant-cycle algorithm for different combination of
parameters o and B (in this experiment every run was stopped after 2500 cycles, i.e., after
every ant had made 2500 tours). The results are summarized in Fig.1l. We identified three
different zones: for high values of o and not too high values of f the algorithm enters very
quickly the uni-path behavior without finding very good solutions (this situation is represented
by the symbol W in Fig.1); if we don't give enough importance to trail (i.e., we set o to a low
value) or we give too a high importance to the greedy rule (high values to B) then the algorithm
doesn't find very good solutions in the number of cycles used in the experiment (the symbol
used for this situation is =), Very good solutions are found for o and B values in the central
area (where the symbol used is ®). In this case we found that different paratneter combinations
(e, (a=1, B=1) (a=1, B=2),(o=1, B=5),(a=0.5, B=5)) resulted in the same performance
level: same result {the shortest tour known on the Oliver30 problem) in approximately the same
number of cycles,
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Fig.1 - Ant-cycle behavior for different combinations of o-B parameters
® - the algorithm finds very good solutions without entering the uni-path behavior
e - the algorithm doesn't find very good solutions without entering the uni-path behavior
W . the algorithm doesn't find very good solutions and enters the uni-path behavior

The results obtained in this experiment are consistent with our understanding of the
algorithm: a high value for o means that trail is very important and therefore ants tend te choose
edges chosen by other ants in the past. This is true uritil the value of B becomes very high: in
this case even if there is a high amount of trail on a edge, an ant always has a high probability
of choosing another town that is very near.

High values of §§ and/or low values of o make the algorithm very similar to a stochastic
multigreedy algorithm,

In Fig.2 we present the new optimal tourS found using the - experimentally determined -
optimal set of parameters values for the Ant-cycle algorithm (o=1, B=2, p=0.5, Q3=100). This

tour results to be of length 423.74 and presents two inversions with respect to the best tour
published in [20].

3 This result is not exceptional since big dimensional TSP problems are now solved to optimality with special-
purpose algorithms. Nevertheless, it is interesting to note that our algorithm can consistently find very good
solutions to published problems (see also section 5.7)
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Fig2 - The new best found tour® obtained with 342 iterations of Ant-cycle for the Oliver30 problem (o=1,
B=2, p=0.5, Q3=100), real length = 423.74, integer length = 420 (cfr. note 4).

The major strengths of the Ant-cycle algorithm can be summarized in the following points:

« within the range of parameter optimality the algorithm always finds a very good solution,
most of the times one that is better than the best found using genetic algorithms;

the algorithm finds good solutions very quickly (see Fig.3); nevertheless it doesn't enter the
uni-path behavior (in which all ants choose the best found tour), viz. the ants continue to
search for new possibly better tours;

we tesled the Ant-cycle algorithm to problems with increasing dimensions and we found the
sensitivity of the parameters optimal values to the probiem dimension to be very low.

A '
600

Best tour length
(4]
=]
[«

400 +
300 +—t+t—t—+—+—t+—t—t—t—t——t—t—t——>
0 500 1000 1500
Cycles

Fig.3 - The algorithm finds very good values for Oliver30 very quickly and the new optimal value (423.74)
after 342 cycles. In this figure cyeles corespond to complete tous.

On the Oliver30 problem Ant-cycle reached the former best-known result [20] with a
frequency statistically higher than that of the other two algorithms and, on the whole,

identification of good tours is much quicker; moreover, it is the only one which can 1dem1fy the
new optimal tour.

6 The previous best found tour, published in [20], has real length of 424.63 and integer length of 421.
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‘We partially tested the algorithm on the Eilon50 and Eilon75 problems [8] on a limited num-
ber of runs and with the number of cycles constrained to NCyax=3000. Under these
restrictions we never got the best-known result, but a quick convergence to satisfying solutions
was maintained for both the problems.

5.2 Number of ants

.

A set of experiments was run, in order to assess the impact of the number of ants on the
efficiency of the solving process. In this case, the test problem involved finding a tour in a 4x4
grid of evenly spaced points: this is a problem with a priori known optimal solution (160 if we
put to 10 the edge length, see Fig 4).

Q) reasioma O o—-—T

=] Q=r=——=0 T
10 O e O (<]
o OO

Fig.4 - An optimal solution for the 4x4 grid problem

In this case we determined the average number of cycles needed in each configuration to
reach the optimum, if the optimum could be reached within 2000 cycles. As already said, this
test, as the following ones, was conducted only for the Ant-cycle algorithm. The results are
shown in Fig.5: on the abscissa there is the total number of ants used in each set of runs, on the
ordinate the so-called one-ant cycles, i.e., the average number of cycles required to reach the
optimum, multiplied by the number of ants used (in order to evaluate the efficiency per ant,
hence the name, and to have comparable data). It is interestin g to note that:

* the algorithm has been consistently able to identify the optimum with any number m > 4 of
ants;

+ there is a synergetic effect in using more ants, up to an optimality point given by n=m; the
existence of this optimality point is due (o the computational load caused by the management
of progressively more anis that causes the overall efficiency, measured in one-ant cycles, to
decrease when increasing number of ants;

* lests on a set of r X r grid problems (r =4, 5, 6, 7, 8) have shown that the optimal number
of ants is close to the number of cities (n=m): this property was used in the assessment of
the computational complexity (see sections 3 and 4),
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Fig.5 - Number of one-ant cycles required to'reach optimum as a function of the total number of ants for the 4x4
grid problem

A second set of tests has been carried out with 16 cities randomly distributed (16 cities
random graph). Again we found that the optimal performance was reached with 8-16 ants, a
number of ants comparable with the dimension (measured in number of cities) of the problem
to be solved.

3.3 Which town should ants start from?

We tested whether there is any difference between the case in which all ants at time t=0 are in
the same city and the case in which they are uniformly distributed”. We used Ant-cycle applied
to the 16 cities random graph and the 4x4 grid described in the previous subsection, and to the
Oliver30 problem. In all cases uniformly distributing ants resulted in better performance.

In the case of the 16 cities random graph, we run 16 experiments (each one repeated five
times) in which all the ants were positioned, at time t=0, on the same city (in the first
experiment all ants were on town 1, in the second on town 2, and so on). We obtained that in
all the cases the ants were able to identify the optimum, but they needed an average of 64.4
cycles vs. the average 57.1 needed in case of uniformly distributed ants.

In the case of the 4x4 grid problem experiments showed that an average of 28.2 cycles were
needed to identify the optimum vs. 26.9 in case of uniformly distributed ants (in order to
compare this data with those of Fig.5, the number of cycles must be multiplied by 16 to obtain
the number of one-ant cycles).

In the case of the Oliver30 problem with 30-ants starting from the same city (xuns were done
using optimal parameters values), we noticed that the ants were never able to identify the
optimum (average value of the best tour found: 438.43), and that after some hundreds of cycles
all the ants followed one of a very small set of tours.

We also tested whether an initial uniform distribution of the ants over the cities performed
better than a random one; results show that there is little difference between the two choices,
even though the random distribution obtained slightly better results.

7 We say ants are uniformly distributed if there is, at starting point, the same integer number of ants on every
town (this excludes the possibility to have m which is not a multiple of n).
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5.4 Elitist stralegy

We call clitist strategy (because in some way it resembles the elitist strategy used in genetic )
algorithms, reproducing with probability 1 the best individual found) the modified algorithm in
which at every cycle the trail 1aid on the edges belonging to the so far best found tour is
reinforced by a quantity e-Q,/L", where e is the number of elitist ants8 and L" is the length of the
best found tour. The idea is that the trail of the best tour so far identified (LY, so reinforced,
will direct in probability the search of all the other ants towards the edges that compose it.

The test were carried out again on the Oliver30 problem (the run was stopped after NCyax =
2500 cycles) and indicated that there is an optimal range for the iumber of elitist ants: below it,
increaging their number results in better tours discovered and/or in the best tour being
discovered earlier, above it, the elitist ants force the exploration around suboptimal tours in the
early phases of the search, so that a decrease of performance results. Fig.6 shows the outcome
of a test where this behavior is evident.

2500 A [Jaes.82
o050 A V7 423.91
2000 W 2074
1750 +
1500 +
1250 1
1000
750 1
500 +
250

0

Cycles to reach the best

4 8 2 18 20 30
Number e of elitist ants

Fig.6 - Number of cycles required to reach a local optimum related to the number of elitist ants used
5.5 Noisy transition probability

We used in some experiments a slightly different transition rule including noise, given by the
following formula:

8 In our case the effect of an individual, i.e. an ant with its tabu list defining a tour, is to increment the value of
the trail on edges belonging to its tour; therefore the equivalent of saving an individual is in our case to sum its
contribution to the contribution of all other ants in the following cycle.
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je allowed

0 otherwise

where allowed = {j: je tabu,} and.g;j(0) is a noise function {random variable with zero mean
and standard deviation &),

This set of tests was carried out in order to assess the usefulness of formula (2" compared to
formula (2), to calculate transition probabilities. The original idea was to evaluate the
robustness of the procedure with respect to the intensity level of the trail, and to see whether
early convergence could be avoided. The second objective turned out to be intrinsically met by
the Ant-cycle algorithm, which naturally tend not to present the uni-path behavior. As test
problem we used the 4x4 grid problem and we noticed that low noise values do not hamper the
identification of the optimum - although they do not help either ~ while higher values lead to a
significant worsening of the performance. In Fig.7 we display the average number of cycles,
over 10 tests for each value, needed {0 reach the optimum with different values of noise.

100 +

Cycles to reach the best
= N W U N
O O O O 0O o Cc O O

(=]

0 0.5 1 2 5 10 100
Noise (value of standard deviation o)

Fig.7 - Number of cycles required to reach optimum related to the different values of noise
5.6 Time required to find optimal solutions

The algorithm complexity presented in section 4, O(NC-n3), doesn't say anything about the
actual time required to reach the optimum. The experiment presented in this section is devoted
to investigate the relation between NC and n, i.e., NC=NC(n). Results are reported in Table I
for the case of similar problems with increasing dimensions (r x r grids with the edge length set
to 10 as in Fig.4). It is interesting to note that, up to problems with 64 cities, Ant-cycle always
found the optimal solution. Moreover both the number of cycles required to find it and the
computational time actually used grow more slowly than the dimension of the search space,
suggesting again that the algorithm uses a very effective search strategy.
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Table I - Time required to find optimum as a function of problem dimension

Best Relative Average number | Time required to
Problem | solution | dimension of | of cycles to find | find optimum®
search space optimum (seconds)
4x4 160 1 : 5.6 8
5x5 254.1 ~ 1011 13.6 75
6x6 360 ~ 1028 60 1020
Tx7 494.1 = 1049 320 13440
gx8 640 = 1075 970 97000

Observing Table I we note that the time required to find optimum is proportional to the the
number of cycles necessary to find it multiplied by 03 (in this case n = 16, 23, 36, 49, 64)
confirming in this way the complexity analysis presented in section 4.

5.7 Comparison with other approaches

We compared the results of Ant-cycle with those obtained, on the same Oliver30 problem, by
the other heuristics contained in the package "Travel" [2]. This package represents the distances
among the cities as an integer matrix and so, in order to enable the comparison, we
implemented an analogous representation in our system.

The results are shown in Table II, where in the first column there is the length of the best
tour identified by each heuristic, in the second and third columns the improvement on the
corresponding first column solution as obtained by the 2-opt (exhaustive exploration of all the
permutations obtainable from the basic one by exchanging 2 cities) and the Lin-Kernighan
heuristics [16], respectively.

Note how Ant-cycle consistently outperformed Z-opt, while its efficacy — i.e., the
effectiveness it has in finding very good solutions - can be compared with that of Lin-
Kernighan (even if our algorithm requires a longer computational time).

Table II - Performance of Ant-cycle compared with other approaches

basicl0] 2-opt | Lin-Kemighan!!

Ant-cycle 420 - -
Near Neighbour 587 437 420/421
Far Insert 428 421 420/421
Near Insert 510 492 420/421
Space Filling Curve 464 431 420/421
Sweep 486 426 420/421
Random 1212 663 420/421

As a general comment of all the tests, we like to point out that, given a good parameter
setting (for instance a=1, B=2, p=0.5, Q3=100, e=5), our algorithm consistently finds a very

9 Tests were run on a IBM-compatible PC.
19 The name "basic” means the basic heuristic, with no improvement.

U The Lin-Kernighan algorithm found solutions of length 420 or 421 depending on the starting solution
provided by the basic algorithm.
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good solution, the optimal one in case of BAYG2912 or the new best known one in case of
Oliver30, and finds rather quickly satisfying solutions (it usually identifies-for Oliver30 the
new best-known solution of length 423.74 in less than 400 cycles, and it takes only =100
cycles to reach values under 430). In any case exploration continues, as it is testified by the
non-zero variance of the lengths of the tours followed by the ants in each cycle and by the fact
that the average of the ants tour lefigths gets never equal to the best tour found, but remains
somewhat above it, thus indicating that tours around the best found are tested.

6. Discussion

Results presented in the preceding section suggest that the algorithm could be an effective
optimization tool. In this section we try 1o give some insights about the way the algorithm
works and to show how it could be applied to other NP-hard combinatorial problems.

A first way to explain the effect of applying the algorithm to the TSP problem is the
following.

Consider the transition matrix p(t): every element pij(t) is the transition probability from town
i to town j at time t as defined by equation (2). At time =0 each pij(0) is proportional to T;j,
i.e., closer towns are chosen with higher probability. As the process evolves, p(t) changes its
elements according to (1) and (2). The process can therefore be seeri as a space deformation, in
which distance is reduced between towns which are connected by edges with a high amount of
traffic, and, conversely, distance is incremented between towns connected by edges with low
traffic levels. From simulations we observed that the matrix p(t), at least in the range of
optimality for our parameters, converges to a state!? that is very close to stationary (i.e.,
variations in the transition matrix p(t) are very small). When this state is reached the behavior
of the ants is dependent on the kind of transition matrix obtained. We observed two situations:
in the most rare one, occurring - as we saw in section 5 - only for particular parameter setfings,
only one transition probability is significantly higher than zero in every row and therefore all
the ants choose the same edge at each step and no new tour is searched. In the most common
situations instead, most of the rows have two (sometimes more) transition probabilities with a
value higher than zero. In these cases search never stops, even if the dimension of the space
searched is highly reduced, with respect to the initial situation. Consider for example Fig.§,
obtained as steady-state transition matrix for a randomly generated 10-town problem, where the
area of each circle is proportional to the corresponding value of the transition probability. An
ant in town 1 has a very high probability to go either to town 5 (near 50%) or to town 2 (near
35%), and a low probability of choosing any other edge (a similar analysis holds for ants in
any other town; from town 9 and 0, for example, any destination is equally probable).

12 This is a 29 cities problem proposed in TSPLIB 1.0 (cfr. note 4).
13 The stochastic process that rules the evolution of the matrix p(t) is a Markov process with infinite memory.
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Fig.8 - Steady-state transition matrix for a randomly generated 10-town problem (Ant-cycle)

Another way to interpret how the algorithm works is to imagine to have some kind of
probabilistic superimposition of effects: each ant, if isolated (i.e., if ¢=0), would move with a
local, greedy rule. This greedy rule guarantees only locally optimal moves and will practically
always lead to bad final results. The'reason the greedy rule doesn't work is that greedy local
improvements Jead to very bad final steps (an ant is constrained to make a closed tour and
therefore choices for the final steps are constrained by early steps). So the tour followed by an
ant ruled by a greedy policy is composed by some parts that are very good and some others that
are not. If we now consider the effect of the simultaneous presence of many ants, then each one
contributes to a part of the trail distribution: good sets of paths will be followed by many ants
and therefore they receive a great amount of trail; bad paths chosen only because obliged by
constraints satisfaction (remember the tabu list) will be chosen only by few ants and therefore
the trail over them remains low.

We have seen that the ants cooperate by exchanging a particular kind of information, trail,
that is memorized in the problem structure. As no direct communication is necessary, and only
local information is used to take decisions, the algorithm is very well suited to parallelization.
We are currently designing the parallel version of Ant-cycle for a transputer architecture: we
intend to give a set of ants to each transputer and to merge, every n steps, the trail left by each

set of ants obtaining in this way a new trail matrix. We then redistribute this matrix to all the
nodes.

Let's now consider the generality of our approach. We believe that many combinatorial
problems can be faced by the Ant system. In order to apply the autocatalytic algorithm to
another combinatorial problem, we must find an appropriate representation for:

1} the problem (to be represented as a graph searched by many simple agents);
2) the autocatalytic process;

3) the heuristic that allows a constructive definition of the solutions (the "greedy force"y,
4) the constraint satisfaction method (viz. the tabu list),

This has been done for three well-known combinatorial optimization problems — Satisfiability
(SAT), Quadratic Assignment (QAF) and Job-Shop Scheduling (JSP) — each time obtaining an
adapted version of the Ant-system that could effectively handle the relative problem. The most
difficult (and ad hoc) tasks to face when trying to apply the Ant-system are to find an
appropriate graph representation for the problem to be solved and a greedy force as heuristic.
This required the introduction of many edges between each pair of nodes in the case of QAP, of

one more node in the case of ISP, of suitable constraints between each pair of nodes in the case
of SAT.
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7. Conclusions, related work and future investigations

This paper introduces a new search methodology based on a distributed autocatalytic process
and its application to the solution of a classical optimization problem. Our main contributions
are:

v

(i) we introduce positive feedback as a powerful search and optimization tool
(ii) we show how synergetic effects can arise in distributed systems.

The Ant system uses many simple interacting agents and a fast search algorithm based on
positive feedback, without getting trapped in local minima; moreover augmenting the number of
agents has a synergetic effect on the system performance (until an upper limit is reached),

We reported many simulation results that illustrate the power of the approach. Moreover we
presented an example of how the system can be applied to other optimization problems: we
believe the approach can be extended to a broader class of problems.

The general idea underlying this model is that of a population of agents each one guided by
an autocatalytic process pressed by a greedy force. Were an agent alone, both the autocatalytic
process and the greedy force would tend to make the agent converge to a suboptimal tour with
exponentiai speed. When agents interact it looks like the greedy force can give the right
suggestions to the autocatalytic process and let it converge on very good, often optimal,
solutions very quickly, without getting stuck in local optima. We have speculated that this
belsavior can be due to the fact that information gained by agents during the search process is
used to modify the problem representation and in this way 1o reduce the dimension of the space
considered by the search process. Even if no tour becomes unfeasible, bad tours become hi ghly
improbable, and the algorithms search only in the neighbourhood of good solutions,

Related work can be classified in the following major areas:

] studies of social animals behavior;
(i) research in "natural algorithms";
(ili)  stochastic optimization.

As already pointed out the research on behavior of secial animals is to be considered as a
source of inspiration and as a vseful metaphor to explain our ideas. We believe that, especially
if we are interested to design inherently parallel algorithms, observation of natural systems can
be an invaluable source of inspiration. Neural networks [19}, genetic algorithms [13],
evolution strategies [18], immune networks [1], simulated annealing [14] are only some of the
proposed models with a "natural flavour". Maijn characteristics, at least partially shared by
members of this class of algorithms, are the use of a natural metaphor, the inherent parallelism,
the stochastic nature and adaptativity, the use of positive feedback, the capacity to learn (i.e., to
improve performance on the basis of past experience). Our algorithm can then be well
considered to be a new member of this class, All this work in "natural optimization" can be
inserted in the more general research area of stochastic optimization, in which the quest for
optimality is traded for computational efficiency.

We believe that further work can be done along the following main research directions:

theoretical investigation of the proposed model (properties of convergence, complexity, ...);
* evaluation of the generality of the approach, through an investigation on which classes of
problems can be solved by this algorithm; ‘

* evaluation of the scalability of the approach by testing it on bigger problems using a parallel
computer;
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*  study of the implications that our model can have on artificial intelligence, particularly in the
pattern recognition and machine learning fields.
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customers’ perception of company web sites offeting various interactive applications:

moderating effects of customers’ Internet experience” by H. Nysveen and P.E.
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a. Please briefly summarize the paper’s theoretical foundation, research design, and
findings.
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model and the Theory of Planned Behavior (Ajzen 1985).

¢. In this research, experience is considered as a moderating variable. Based on the
Social Cognitive Theory (Bandura 1986), what can be done to improve the
vesearch medel and design reported in this paper?
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Abstract

Often interactive applications as customer communities and personalization are implemented on company web sites ta
support the customers. This article is based on the assumption that users’ general experience with the Internet moderates the
effects of these applications. The focus of the article is on the following variables: (1) customers® perception of how easy it is to
use a web site, (2) customers’ perception of the usefulness of a web site, and (3) customers' attitude to using a web site when the
web site contains interactive applications such as personalization or customer community services. Results from an experiment
show how general [nternet experience inoderates the effects of interactive applications.
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1. Introduction

An important research issue is how the content and
presentation of product information affect consumers’
willingness to make choices in on-line environment
{3]. Even though a rather generic picture has been
given of how the content and the information should
be presented on company web sites, the importance of
including interactive applications such as personaliza-
tion and customer community services has been dis-
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cussed by several authors [5,25]. A precondition for
customers’ use of a company web site is that it offers

services that are valued and preferred by potential

customers. These services should be professional and
useful, and they have to be presented in an intuitive
and easy to use manner. A study by Liang and Huang
[24] found that experienced and inexperienced Inter-
net customers made different considerations when
shopping electronically. Furthermore, Bruner and
Kumar [7] found positive effects of Internet experi-
ence on users’ attitudes to web sites. Therefore, it
seeins reasonable to argue that the perception and use
of a company web site including interactive applica-
tions may depend on the individual characteristics of
the web site users. Consequently, our purpose is to

U
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study the effects of general Internet experience on the
perception of web sites contaiging different types of
interactive applications. More specifically, we focus
on company web sites containing personalized and
community services.

A general model applied to studies of individual
perceptions, attitudes and behavior when using infor-
mation systems is the technology acceptance model
{(TAM) developed by Davis [11,12]. The presumption
of this model is that perceived ease of use and
perceived usefulness are important determinants of
the attitudes to using informatien systems, and con-
sequently, the use of information systems. The tech-
nology acceptance model is used as a framework in
this study. First, we discuss the general effects of user
experience with information technolegy on the effec-
tiveness of information systems. This discussion also
reviews studies of the effects of Intemet experience.
We then discuss interactive applications as value-
added services on company web sites. Next, the
technology acceptar;ce mode( is introduced and used
as an evaluation framework for this study, and hypoth-
eses are presented based on this framework. Finally,
we present the results of an experimental study testing
these hypotheses, and the implications of the results
are discussed. Thus, the main contribution of this
article is to ‘study effects of value-added services
offered on specific company web sites among' users
with high and low general Internet experience, effects
that we so far do not know much about, within an
established theoretical framework (TAM).

2. Internet experience

[n this article, Internet experience is defined in a
broad sense. By visiting several web sites and using
various value-added services offered on a broad range
of web sites, users get a broad and general Internet
experience. Internet experience is defined here as such
general experience with web sites and not as experi-
ence with one particular web site,

We argue that the acceptance of company web sites
will vary across user segments. When designing a
communication system, marketers should pay atten-
tion to the customers’ experience with the same and
similar systems [4). Studies undertaken in organiza-
tional contexts indicate that education and training in

using information technology have positive effects on
the users’ attitude to information systems and per-
formance [9]. This suggests that increasing user
experience makes users more capable of taking
advantage of an information system. Experience is
assumed to increase users’ confidence in their ability
to master and use computers supporting their task
performance {15,22]. However, Agarwald et al. [2]
argue that effect of experience may not be universal,
They found that structured leaming experience were
more beneficial than self-training experience among
individuals with less than 4-year college degrees.

Although not universal, results from information
system studies generally indicate a positive relation-
ship between information system experience and ease
of use, usefizlness, and attitude to using an informa-
tion system. Even though one should be carefil in
generalizing these results to Intemet-based applica-
tions, Bruner and Kumar [7] argue that web sites that
appear complicated to customers with low Internet
experience are probably not that difficult to handle
for customers with high Internet experience. They
also found empirical support for positive effects of
genera) Internet experience on users’ attitudes to the
web site. Liang and Huang [24] used a transaction
cost model and found that inexperienced on-line
customers were cotcerned with uncertainty and asset
specificity while experienced on-line customers were
concemed with uncertainty when purchasing elec-
tronically. The results from both these studies indi-
cate that Internet experience is important in
understanding customers’ perceptions, attitudes, and
behavior in on-line environments.

3. Interactive applications

Company web sites offer a wide range of informa-
tion services and interactive applications to their
customers. Examples of such applications are decision
support, customer communities, personalized serv-
ices, and push-based services. In this article, we focus
on company web sites offering interactive applications
in the form of personalization and customer commun-
ity services. However, static web sites will be used for
benchmarking the effectiveness of web sites offering
interactive applications, Therefore, we also give a
brief description of static web sites.
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3.1, Static web sites

Many company web sites today do not offer any
interactive services. Such web sites are ofien called
static web sites, in contrast to web sites offering
interactive applications. Static web sites are charac-
terized by static text and pictures. Often the postal
address, the telephone number and the fax number of
the company offering the web site are presented on the
site. In addition, an e-mail address is often offered as
contact information. Static web sites can be described
as a brochure distributed on the Internet. If shopping
is made possible through static company web sites,
this is often implemented as an Intemmet version of a
mail order catalogue.

3.2. Personalized web site

“Web-based personalization involves delivering
customized content for the individual, through web
pages, e-mail, or push technology™ (8,p.299]. Per-
- sonalized services are often based on machine inter-
activity. This means interactiviity with the medium
[18]. The personalization is undertaken automatically
by some technology, not by a person. Mainly,
personalized services are based on a user profile or
on user identification. By asking customers about
their preferences for services the first time the
customers . visit the web site, it is possible for the
company—for example by registration of username
and password—to offer services that are in accord-
ance to the individual visitor’s personal preferences.
Another method is to recognize the customers when
they visit the web site—for example by the use of
cookies. Based on the individual visitors’ behavior
history, it is possible to offer matching services. This
implies offering services similar to previously pre-
ferred services.

By personalizing services, company web sites offer
information and services that are mere relevant to
their individual customers’ preferences and profiles.
Personalized web sites help customers find the prod-
ucts and services they prefer. A personalized web site
is like a dedicated assistant who knows your taste well
and makes your choice more effective [17]. An

important reason why customers revisit a web site is.

that it represents an instrument for maintaining com-
pany relationships. Much of the perceived value of

these relationships comes from personal and custom-
ised service [21]. Personalized services also help
customers navigate through myriads of content and
shopping options {27] because this content is custom-
ized for the individuals’ preferences and needs.

3.3. Web site with community

A community is *“an Internet-based forum for
special interest groups to communicate” [8,p.313).
Communities are based on what Hoffman and Novak
(18] call person interactivity. This means interactivity
between customers or between customers and a com-
pany through the Internet. Communities are supposed
ta serve customers’ need for communication, informa-
tion, and entertainment [S]. Usually, communities
allow for communication both between customers
and between customers and the company offering the
community. Thi§ makés communities suitable for
customers seeking the advice of other customers
before they buy anything from the company web site.
In addition, communities make it possible to commu-
nicate with the company offering products on the web
site, asking questions about the products quality, and
50 on.

When customers shop for products and services.
they often seek advice from athers before they buy [5].
From a user perspective, direct communication
between users therefore increases the perceived vatue
of the web site [26), Offering a customer community is
believed 1o be among the main determinants of captur-
ing and retaining customers on a company web site.
Furthermore, a community is of great value in gen-
erating revisits to a web site [8]. A study by Dellaert
[14] found that tourists’ valuations of other tourists’
contributions 1o travel web sites were relatively high
compared 1o other information and services presented
on the web site. In general, this makes communities a
valuable application on company web sites.

4. Technology acceptance model

The technology acceptance model [11,12] has been
used by several researchers to explain the attitudes
and behavior of information system users. Although
the model is mainly applied to explaining the adoption
of technology within organizations, the constructs of
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. the model are meant to be fairly general [16]. Davis et
al. {13] described the variables of the model as
universal to different types of computer systems and
user populations. The model may also be applied to
explaining individuals’ attitudes to using web sites
{23]. Consequently, we find the model suitable for
studying the effects of introducing interactive appli-
cations on company web sites among users with
different Internet experience. A modified technology
acceptance model for studying these effects is illus-
trated in Fig. 1. .
Perceived usefulness is defined as “the degree to
which a person believes that using a particular system
would enhance his or her job performance"
{11,p.320]. Ease of use is defined as “the degree to
which a person believes that using a particular system
would be free of effort” [11,p.320]. Attitude to using
the system is defined as “the degree of evaluative
affect that an individual associate with using the target
system in his job™ [(2,p.476]. Doll et al. [16,p.847)
have modified these definitions somewhat. They
argue that information systems will be useful in
general if they “‘contribute to accomplishing the
end-user’s purpose”. Another perspective on the
‘meaning of the “usefulness” construct is that an
information system is useful ‘‘to which a potential
adopter views the innovation as offering value over
alternative ways of performing the same task”
[1,p-365]. Both these modifications indicate that the
model is suitable for studying different kinds of
information systems, including systems that are not
directly related to job situations. A study by Jung and
Butler {20] found that useful information and ease of
use were among the most important variables for a
successful web site design in the tourism industry.
Consequently, the technology acceptance model is

considered relevant in studying the acceptance, adop-
tion and use of company web sites.

As can be seen from Fig. I, the content of company
web sites are assumed to have an effect on the users

" perception of how easy the web site is to use.

Furthermore, the model postulates that the perception
of a web sites’ usefulness will vary across different
web sites. Perceived ease of use and perceived use-
fulness are assumed to have an effect on the attitude to
using the web site. These effects are found to be
positive, stressing the importance of developing com-
pany web sites that are useful and easy to use. The
final relation postulated in the model is the positive
effect of perceived.ease of use on perceived useful-
ness, indicating that if a company web site is easy to
navigate, the user is more likely to take advantage of
the services offered on the site (perceived usefulness).

5, Hypotheses

In this article, company web sites with interactive
applications are compared to static web sites. Although
we have discussed two sorts of interactive application
representing different types of interactivity 18], we do
not discriminate theoretically between the two types in
our hypotheses. However, we discuss the implications
of introducing applications with different types of
interactivity in the Results section of the article.

Static web sites represent web sites that do not
offer any kind of interactive applications except e-
mail, They are more or less “brochures” distributed
on the Internet. By introducing interactive services
such as communities and personalization, the users
have to invest more effort to fully take advantage of
the services offered on the company web site. This

Perceived
usefulness
/ - \ Attitude
Web sites / toward using the
\ / web sites
Perceived
ease of use

Fig. 1. Technology acceptance model.




H. Nysveen, PE. Pedersen / Decision Support Systems 37 (2004} 137-150 141

- 8
includes reporting personal preferences, navigating a
community, and often taking care of usernames and
passwords. However, the effort required for using
personalized services and communities on a company
web site is relatively small. The use of interactive
applications s voluntary, and other services on the
web site can be utilized without using the interactive
applications. Windham and Orton [27] argue that
personalized services will help customers navigate a
web site because the site is adapted to the-individual
- preferences and needs. Furthermore, personalized web
sites help customers find the products and services
they prefer {17]. Thus, including these interactive
applications should have a positive effect on per-
ceived ease of use.

As discussed in the theory section of this article,
both community and personalized services are sup-
posed to offer value-added services to the customers.
This includes delivering customized content for the

individual, and the possibility for customers to seek -

advice from other customers before they buy anything
from the company web site. In addition, Dellaert [14]
found that information fiom communities were valied
relatively high compared to other information pre-
sented on a web site. Therefore, it is reasonable to
assume that these services are perceived as useful
among customers. Consequently, interactive applica-
tions will make web sites more easy to use and more
useful. Perceived ease of use and perceived usefulness
are predicted to have positive effects on attitude to
using & web site. Thus, we propose that interactive
applications, through the mediating variables per-
ceived ease of use and perceived usefulness, will have
a positive effect on the attitude to using a web site.
This is summarized in the following hypothesis.

Hypothesis 1. Customers using web sites with
interactive applications will perceive the company
web site as easier to use, will perceive the web site as
moate useful, and will have a more positive attitude to
using the web site than customers using a static web
site.

By visiting several web sites and using value-
added services offeced on a broad range of web sites,
the user gets a broad and general Intemet experience.
It is often argued that prior f[earning or general
experience can influence the performance of later
activities on related areas, often referred to as transfer

of training [19]. Web sites accessible on the Internet
today are often based on some of the same applica-
tions. Although the web sites differ in design, the
value-added services and the structure of navigation
can to some extent be recognized across various web
sites. Thus, it can be argued that users with a general
Intemnet expertise are more able to use new web sites
that they visit and to take advantage of value-added
services offered on these web sites due to the expe-
rience they have on using other web sites. “Responses
to new situations are assumed to be based on assim-
ilating the new to a previously leamed situation, and
giving a response based on the similarity or analogy
of the two situations” [6,p.28]. In general, therefore,
Internet experience contributes to more effective use
of web site applications. Thus, it is expected that
experienced Internet users perceive a company web
site as easier to use, that experienced Intenet users are
more capable of taking advantage of the information
and services offered on a web site (usefulness), and
consequently, have more positive attitudes to using a
web site. Based on these arguments, we present the
following general hypothesis.

Hypothesis 2. Customers with high Internet experi-
ence will perceive a web site as easier to use, will
perceive the web site as more useful, and will have
more positive attitudes towards using the web site
than customers with low Internet experience.

Web sites offering community and personalized
services have the potential to offer easier navigation
and more useful information than static web sites.
However, due to the effort needed to take advantage
of these applications, they may be more effective for
customers with high Internet experience than for
customers with low Internet experience. As argued
by Ariely [4], giving users increasing control of the
information flow on a web site *“creates demands on
processing resources and therefore under some cir-
cumstances can have detrimental effects on consum-
ers’ ability to utilize information” [4,p.233]. One of
the requirements for taking advantage of increasing
information control is interface experience [4,p.235].
As users with more Intemnet experience will have
more experience with the interface offered by inter-
active applications, they should be better able to take
advantage of web sites offering interactive applica-
tions than inexperienced users. We therefore argue
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that Internet experience moderates the effects of
interactive applications on the variables included in
the techoology acceptance model. This {s summarized
in the following hypothesis,

Hypothesis 3. Internet experience moderates the
effects of introducing interactive applications in
company web sites on customers’ perception of ease
of use, customers’ perception of usefulness, and
customers’ attitudes towards using the web site.

P

6. Methodelogy

To test the causal relations of these hypotheses, an
experimental study was chosen. We study the effects
of interactive applications, specifically customer com-
munities and personalized services. It was decided to
benchmark the effects of community services and
personalized services against a static web site. The
effects of the interactive applications were studied for
two levels of [nternet experience, high Intemet expe-
rience and low Internet experience. Thus, a 3+*2
between subjects design was used for testing the
hypotheses. The whole experiment was undertaken
on the Internet.

To ensure valid results across company product
categories, the hypotheses were tested on both an
airline and a restaurant web site. The product brand
names were designed for the purpose of the experi-

. ment. The airline was named Blue&Gold Air while
the restaurant was named The Blue&Gold. Even
though the names were made up for the purpose of
the experiment, the subjects were told that these were
new companies recently introduced on the market,
and that the brands would be available for them in the
near future. .

Fig. 2 illustrates how the web sites of the two
companies were presented to the subjects. As can be
seen, the company web sites were designed as similar
as possible to prevent web site design from affecting
the results.

A total of six company web sites were developed
tor the purpose of the experiment, The web sites of
both the airline and the restaurant were developed in
three versions. The first version was a static site where
e-mail was the only possibility for two-way commu-
nication between the customer and the company. The

second version of the web site included personalized
services in addition to the services included in the
static version. The third version of the web site
included commiumity services in addition to the serv-
ices offered by the static version. None of the web
sites offered both community services and personal-
ized services. All web sites included “shopping”
functionality in the form of a flight reservation system
for the airline and a table reservation system for the
restaurant.

The only difference between the versions of the
web sites is that the menu button “Discussion” at the
web site offering community services was termed
“My Blue&Gald” at the web site offering personal-
ized services. For the static web site, neither the
“Discussion’ nor the “My Blue&Gold” menu but-
tons were offered. In Fig. 3, the design of the
community services and the personalized services
are superficially illustrated. Except from these differ-
ences, the three versions of the web site for each
company were identical. :

6.1. Pracedure

To ensure variation in Internet experience, the
subjects were recruited among tourism students and
employees at travel agencies. A somewhat skewed
distribution of male and female was found in the
sample with 35% men among the subjects. The age
of the subjects varied from 18 to 64 years with an
average age of 30 yedrs. However, neither age nor sex
had any significant effect on the dependent variables
measured in the technology acceptance model, indi-
cating no validity threats from these variables.

The experiment lasted for 10 days, and included
several events that required interaction between the
company and the subjects, The events are illustrated
in Fig. 4.

All subjects were briefed about the experiment
before it started. In the brief, the importance of visiting
the web site at least once every day during the experi-
ment was stressed. Furthermore, the subjects were told
that events would be implemented, and that all instric-
tions necessary to participate in the experiment would
be given on the web site during the experiment. This
brief was also used for the allocation of subjects into
the six groups of the experimental design. The subjects
were given an envelope coataining an URL for their

n
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Fig. 4. Experimental procedure,

-

- allocated company web site, a username, a password,
and a personal account number for the purpose of
reserving flights at the airline or tables at the restay-
rant, In addition, the envelope contained an explan-
atory letter. For the airline groups, the letter instructed
the subjects to make a reservation with Blue&Gold Air
for a roundirip to London, In the restaurant groups,
subjects were instructed to make a reservation at the
Blue&Gold restaurant in London. The envelopes were
distributed by a procedure ensuring random allocation
of subjects in each of the six groups. The usernames
and passwords probibited the subjects from visiting
other web sites than the one received in the erivelope,
Furthermore, the subjects were instructed not to dis-
cuss the experiment with other potential subjects for
the duration of the experiment, Manipulation check
indicated little understanding of the true purpose of the
experiment among subjects.

The first time the subjects visited the web sites they
were instructed to register by e-mail and name. They
were invited to explore the company web site thor-
oughly, and to make the reservation described in the
letter given to them. This reservation had to be
confirmed with the correct account number. Subjects
in the two groups with personalized services also had
to fill in a form registering personal preferences. The
preference questions are shown in Table [. After the
reservation was made, the subjects answered the first
questiennaire measuring demographic characteristics
and Internet experence.

In the series of events, the first was of a negative
character. The purpose of this event was to generate
activity among the subjects making them utilize the
interactive applications offered on the company web
sites. The next three events had a positive character.
The messages related to events two and three were
personalized for the subjects in the two personalized

groups. All messages are found in Table 2. After the
fourth event, a questionnaire was presented to the
subjects measuring the variables of the technology
acceptance model. Any questions or other respanses
sent to the companies by e-mail were answered by the
authors as “representatives™ of the companies using
predefined neutral templates.

6.2. Measures

The measures of ease of use, usefulness and
attitude to use were based on the original items used
by Davis [11], and adapted for this web based experi-
ment. As shown in the factor analysis of Table 3, the
items used for measuring the variables in the technol-
ogy acceptance tmodel loaded as expected. All meas-
ures were based on 7-point scales. Cronbachs alpha
exceeded 0.94 for all three variables, indicating sat-
isfactory reliability. Crossloadings were under 0.36,
indicating satisfactory convergent and discriminant
validity. As shown in Table 3, significant correlations

Table |
Questions for personalized profile

Airline

(1) Where do you prefer to be seated? (Back, Middle, Frant)

(2) Window or aisle seating? (Window, Aisle)

(3) What do you prefer to read? (Newspaper, Business magazines,
Lifestyle magazines)

(4) What is you dining preferfnce? (Meat, Seafood, Vegetarian)

Restavrant

(1) Smoking preferences? (Non-smoking, Smoking)

(2) Musie preferences? (Background classics, Silent dining)

(3) What kind of apertif do you prefer? (Gin& Tonic, Bitter, Wine)

(4) Are you particularly allergic to any ingredients (None, Seafood,
Nuts, Milk or Eggs)
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Aitline s

Restaurant

Event {

Unfortunately, we have trouble with our engines. All flights wiil
be transferred from our Boeing 737 machines to our Saab 340
and Cessna machines. Consequently, you should expect a
30.min delay in your scheduled departure.

Event 2

We apologize for the inconvenience of transferring you to our
smaller aireraft, To make your flight more comfortable,
yau will receive “Royal"-class service on, your upcoming
flight. Gourmet meals are amony the "“Royal"-class services.

Personalized group: According to your preferences, you will
be seated near the window in the back of the ai‘rcraﬁ.’

Event 1

We confinm that all arrangements regarding change of aircraft
now has been made. According to our schedule, captain
Persson and his first officer Stenberg will be responsible for
your upcoming flight, while Nina. Peter and Anniken will
assist in the cabin.

Personalized group: For your comfort, newspaper will be
aveilable at your seat.

Event 4

Everything is now ready for your upcoming flight. Please show
up at the aitport at least 30 min before deparure. 1f you need
furthet assistance, show your Blue&Gold card to our support
personmel at the airport. We wish you 2 pleasant flight.

Unfortunately. there is a problem with your upcoming dining
reservation. Your table prefetences could not be met. and you
should expect a 30-min delay in your scheduled teservation time.

We apologize for the prablems with your upcoming reservation.
To make your dining experience a5 pleasant as possible, seats will
be teserved for your party in the bar where we will serve you a
free apertif while you wait to be seated.

Personalized group: According to your preferences, Gin&Tonic
will be served and seats wili be available in the non-smoking
area of the bar.

We confirm that atl armangements regarding change of reservation
now has been made. According to our schedule, managing chef will
be Christian Courtot, while Nina and Peter will serve your table.

Personalized group: Fer your comfort, you will be seated in the
non-smoking area of the restaurant.

Everything is now ready for your up ing dining arrang t
The restaurant can be reached using beth bus and Underground.

*Use the London Bridge over Tower Hill Stations. We will do our

best to make your visit an unforgettable experience.

® The personalized messages varied according to the customers profile. The example messages shown are for customers who prefer to sit

near the window in the back of the aircraft.

were found among the three variables. However,
similar correlations seem to be common in studies
based on the TAM (see for example Ref. [2], Study 1),

Intemet experience was measured by the subjects’
tesponse lo the expression: “I feel that [ am an
experienced user of Internet”. There were no differ-
ences between the level of Internet experience among
respondents exposed to the airline and restaurant web
sites (F=0.07/p=0.80), between the two groups of
respondents, students and employees at travel agen-
cies (F=2.96/p=0.09), or between respondents
exposed to the three versions of the web site-static,
community, and personalization (F =(.46/p=0.63).
The mean value of Internet experience among the
subjects was 5.07. A binary scale was designed with
values from | to 4 categorized as low expetience and
values from 3 to 7 as high experience:

7. Results

Hypothesis 1 focused on the main effects of the
interactive applications on the users’ perception of
ease of use, usefulbess, and attitudes to using the
company web site, The MANOVA-test showed no
main effects of the interactive application on subjects’
perception of how easy it is to use the web site, their’
perception of the web site usefulness, or their attitudes
to using the web site. The results are presented in
Table 4. ‘

The results imply lack of support for Hypothesis L.
Interactive applications implemented on a company
web site do not seem to have any main effect on the
perception of the web site or users’ attitudes to using it.

Hypothesis 2 predicted main effects of Internet
experience on the users’ perception of ease of use,
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Table 3
Factor analysis 1
Eigen value o Usefulness Ease of use Attitude to use
(10.24) (2.09) (1.42)
*Using the Blue&Gold web sits enables me 16 establish my relation 1o 0.79
The Blue&Gold more quickly
“Using the Blue&Gold web site improves my refation to the BluedGold .79
“Using the Blue&Gold web site increases the quality of my relation to 0.82
The Blue&Gold :
*Using the Blue&Gold web site enhances the effectiveness of my relation 0.8t
to the Blue&Gold
*Using the Blue&Gold web site makes it easier for me to have a relation 0.79
to The Blue&Gold . :
*The Blue&Gold web site is useful in my relation to The Blue&Gold 0.77
" *Learning to operate The Blue&Gold web site is easy for me 0.77
*Ufind it easy to get The Blue&Gold web site to do what [ want it to 0.74
*My interaction with The Blue&Gold is clear and understandable 0.78
“L find The Blue&Gold web site flexible to interact with _ 0.71
"1t is easy for me to become skillful at using The Blue&Gold web site 0.7¢
*I find The Blue&Gold web site easy 1o use ©0.78
*All things considered, using The Blue&Gold web site in my relation to
The Blue&Geld is
Good~bad 0.75
Wise~ foolish 0.83
Favorable -unfavorable 0.91
Beneficial ~harmful 0.75
- Positive —negative 0.82
Chronbachs alpha 0.95 0.94 0.94
Correlations
Eage of use Uscfulness Attitude to use
Ease of use
Usefulness 0.69%+
Attitude to use 0.61* 0.53+=
*"p<0.01. )
Table 4 usefulness, and attitude to using a web site. As can be
Results—Hypotheses 1, 2 and 3 (MANQVA) seen from Table 4, the results show no main effects of
F ? Internet experience on the perception of how easy it is
Application 10 use a web site, its usefulness, or the attitudes to
Eas;u‘f use ‘:'53; 0-32 using the web site. These findings indicate that
A:;m d:‘f: use 025 g':"; Intemet experience in general does not have an effect
- ’ on users’ perception of company web sites and the
futernet experience attitudes to using such sites. The results do not support
Ease of use 130 0.26 Hypothesis 2.
U‘?ﬁ‘;’“’“ 8-8?[ 0.89 In Hypothesis 3, we predicted that Intemet expe-
Aditude to use ! 0.79 rience moderates the effects of interactive applications
Applicationsliernet experience offered on company web sites. Intemet experience
Ease of use 211 0.13 was proposed te be more important for taking advant-
Usefulness 5.09 0.01 age of web sites with interactive applications than for
Attitude to use 0.18 0.83

static web sites. The results presented in Table 4 show
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moderating effects of Internet experience on one of
the three variabies; perception of ‘web site usefulness.
Among users with low Internet experience, web sites
offering community is perceived as more useful than
static web sites (p=0.01). The prediction in Hypoth-
esis 3 was that web sites with interactive applications
should be more useful for customers with high Inter-
net experience than for customers with low Internet
experience. Thus, the result contrasts what was pre-
dicted in Hypothesis 3.

Further analyses were undértaken to study the
differences between high and low general Internet
experience within each of the three types of web sites
using separate one-way ANOVA tests of differences
between means (Table 5). For static web sites, the
analyses revealed that customers with high general
internet experience petceived static web sites used in
this study as easier to use {p=0.02) and more useful
(p=0.01) than customers with low general Intemet
experience. No differences were found for attitude
towards using a web site. For the web sites offering
community services, the analyses indicated that cus-
tomers with fow general Internet experience perceived
web sites with community services used in this study
25 more useful than customers with high general
Internet experience (p=0.09). No differences were
found for perceived ease of use and attitudes to using
the web sites. For web sites offering personalized
services, no differences were found between custom-

Table 5

Comparison across [nternet experience {one-way ANOVA)
Static C ity P lized

Ease of use

High experience 5.63 5.39 5.50

Low experience 4.82 5.43 5.57

F 5.65 0.11 0.06

J 0.02 092 0.81

Usefulness

High experience 5.13 478 48]

Low experience 420 5.46 497

F 7.00 296 0.23

r 0.0t 0.09 0.64

Attitude to use

High experience 3.40 549 5.56

Low experience 5.48 5.28 5.40

¥ 0.06 0.26 0.01

r 0.81 0.61 0.93

ers with high general Internet experience and custom-
ers with low peneral Internet experience.

8. Implications

Even though our expenmental analysis is explor-
atory, the results indicate that the implementation of
interactive applications on a company web site do not
have any main effect on customers’ perception of how
easy it is to use the site, theif perception of the
usefulness of it, or their attitude to using such a web
site. Introducing such services does not, in general,
tmake the company web site easier to use. It does not
make the web site more useful to all customers, and it
does not, in general, make the customers’ attitudes
towards using the web site more positive. The immpli-
cation of this is that investrnent in interactive appli-
cation on a web site does not seem to have any
uniform and general added value for all customers.

Furthermore, the results indicate that general Inter-
net experience . does not have any main effect on
customers’ perception -of how easy it is to use the
company web site, their perception of the usefulness
of the site, or their attitudes towards using the web
site. These results contrasts earlier studies that have
found support for a general positive effect of infor-
mation system experience on the variables included in
the technology acceptance model. However, it shoutd
be noted that Intemet experience typically is based on
self-training experience, a type of experience found to
be less beneficial than structured leaming expetience
[2]. This may explain the lack of support for the
predicted effect of Internet experience. It may also be
argued that users with high Intemet expetience are
more likely to detect drawbacks of a web site than
users with low Internet experience. Thus, this effect
can outweigh the positive effect of Internet experience
argued for in this article and explain the lack of
support for positive effects of Internet experience on
TAM.

From these findings, one must not conclude that
interactive applications implemented o web sites or
customers’ [nternet experience are of no importance
for the effectiveness of company web sites. Results
from ovr study clearly show moderating effects of
general Intemet experience on the effect of interactive
application on the variables of the technology accept-

\}



H. Nysveen, PE, Pedersen / Decision Support Systems 37 (2004) 137-150 149

ance model. Even if static company web sites are the
simplest forms of web sites, it is no surprise that
customers with high Internet experience perceive
these web sites as easier to use and morewseful than
customers with low Internet experience, Howeyver, it is
surprising that customers with low {nternet experience
perceive web sites offering community services as
more usefil than customers with high Intemet expe-
rience. A possible explanation of this result is that
customers with high Internet experience search for
supplementary information on other web sites on the
[nternet rather than using the community, while cus-
tomers with low Internet experience perceive the
community as a useful application for supplementary

. information. Anyway, the implication of the result is
that companies should study the characteristics of
their customers’ general Internet experience carefully
before deciding which interactive application to intro-
duce on their company web site. More specifically, a
community service should be implemented on the
web.site if the company serves a segment character-
ised by low [ntemet experience.

9, Further research

According to Hanson [17], excessive personaliza-
tion is cumbersome, confusing and wastes consumer
time. Personalization must provide added value to the
customer, but for routine and simple products, stand-
ardization may suffice and personalization provides
litle added value, Reservation of airline tickets and
tables at 2 restaurant may be simple products. The
average product experience of the subjects of this
experiment was 4.99 on a 7-point scale. This indicates
that the subjects were familiar with these products.
This may explain why community and personalized
services did not give users added value when com-
pared to a static web site. Further research should
focus on the effects of introducing interactive appli-
cations on the company web sites of providers of
more complex products.

Results from the experiment reported here show
moderating effects of Internet experience on interac-
tive applications” effect on the variables of the tech-
nology acceptance model. These results should be
noticed by Internet researchers. The significant effect
of Internet experience means that this variable should

be included as a potential moderating variable in -
studies focusing the effectiveness of company web
sites. For research focusing the effects of other varia-
bles than Internet experience on web site effectiveness,
Internet experience should be included as a covariate,

Using experiments for studying the effects of stim-
uli on dependent variables is superior to other methods
because of experimental control [10]. The results
teported in this article are based on an experiment
undertaken on the Intemet, and have given priority to
experimental control and internal validity. Thus, the
experimental setting may have affected the subjects’
perception of the company web sites’ usefulness and
their attitudes to using the web site, due to the artificial
brands used in the experiment. An interesting path for
research is to study the hypotheses in a more realistic
setting, using the personalized and community serv-
ices on the company web sites of real brands.
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Read the attached paper and answer the following questions. Note that the
time is limited, and you should budget your time carefully. You are
suggested to spend 50 minutes in reading the paper and another 50
minutes in answering the questions.

. Please describe the work-and the contributions the paper has done,

2. Given a dependency graph below, please construct the broadcast
order based on the MST algorithm.

3. Given the same dependency graph below, please construct the

schedule based on the Heavy algorithm, where @=4 and =2,

4. There are two kinds of scheduling strategies introduced in the paper.
Please give an application for cach one for which it is suitable. (That

is, you need to give two applications, one for each scheduling
strategy.)
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Multicast Scheduling for List Requests

Vincenzo Liberatore

Abstract-— Advances in wireless and optical comununication, as
well as in Internet multicast protocols, make broadcast and multi-
cast metliods an effective solution to disseminate data. In partic-
ular, repetitive sexrver-initiated broadcast is an effective technique
in wireless systems and is a scalable solution to relieve Infernet hot
spots. A critical issue for the performance of multicast data dis-
semination is the multicast schedule. Previous work focused on a
modc] where each data item is requested by clients with a certain
probabilily that is independent of past accesses. In this paper, we
consider (he more complex scenario where a client accesses pages
in blocks (e.g., a HTML file an1d all its embedded images), thereby
introducing dependencies in the pattern of accesses o data. We
present a sequence of heuristics that exploit page access dependen-
cies. We measured the resulting client-perceived delay on multiple
Wely server traces, and obscrved an average speed-up over previ-
ous methods ranging from 8% to 91%. We conclude that schedul-
ing for multi-item requests is a critical factor for the performance
of repetitive broadcast.

Index Terms— Multicast, Scheduling, Web performance, Net-
work Applications, Wireless networks.

I. INTRODUCTION

EVERAL emerging technologies and applications natu-

rally lead to the adoption of broadcast or multicast as the
primary method for data dissemination. Broadcast is the pri-
mary mode of operation of the physical layer in media such as
satellites and optical networks. As a result, it is natural to de-
velop broadcast applications for those media. Broadcast can
also be used in networks other than wireless and optical as a
method to solve scalability problems. For example, multicast
methods can relfeve the scalability problems of Web hot spots
[1] and can support the operations of a content delivery network
[2]. Multicast methods can be combined with other perfor-
mance enhancing techniques, such as caching (3], (4]. Broad-
cast and multicast techniques have spawned research {e.g., [1),
[5)) and commercial ventures (6], {7], [8] that aim at higher
scalability.

A common data dissemination method is to use repetitive
server-initiated multicast [9), [5], (3], whereby a server cycli-
cally multicasts (or broadcasts) data to a large client population.
As a general data management technique, repetitive broadcast
can be used in both wired [5] and wireless [10] networks to dis-
seminate a variety of resource types, including Web contents [1]
and database records [11]. A critical issue for broadcast perfor-
mance is its organization. Some broadcast items will be more
popular than others, so it is natural to broadcast the hot items
more [requently. Page popularity has been modeled in the liter-
alure in terms of the probability p; that page i is requested by

Electrical Engineering and Computer Science Department, Case Western Re-
serve University, 10900 Euctid Avenue, Cleveland, Ohio 44106-7071, E-mail;
vl@eecs.cwru.edu. URL: http://vorlon.cwru.edu/~vxl1l/.
Research supported in part under NSF grant ANI-0123929.

clients. For the model where the probabilities p; are stationary
and independent of past accesses, several algorithms have been
proposed [12], [13], [14]. Extensions include the cases when
broadcast pages have different sizes {15], {16] and when client
objectives are described by polynomial utility functions [17].

In general, clients are seldom interested in individual data
items, and attempt to download multiple items. For cxample,
Web clients are seldom interested in only one HTML resource,
but access almost always the HTML document along with all its
embedded images [18]. Analogously, database clients often ac-
cess multiple items to complete a read transaction [19]. In this
paper, we will examine novel scheduling strategies that keep
into account dependencies in the client accesses (o resources.
The objective is to reduce client-perceived latency when she
downloads multi-item objects.

The presence of multi-item requests complicates the schedul-
ing of the broadcast, as shown by the following examples.

Example 1: Suppose that E is an image embedded in page
A. Consider a schedule that broadcasts E immediately after A.
Arequest {4, E'} takes only slightly more than the time needed
to retrieve A only. If £ and A were broadcast in an arbitrary
order thal lakes into account only their access frequencies, it is
possible that one document is broadcast a long time after the
other, thereby delaying the request completion time.

Example 2: Suppose that E is embedded in A as well as
in another page B. Consider now a request for {B, E}. By
the same token, E should be transmitled immediately after B.
However, if E is broadcast after A and after B, the repeated
transmission of £ lengthens the broadeast cycles and could de-
lay other pending requests. A different method is to send the
three documents in the order ... A, B, 5. .., which could po-
tentially have better performance than repeating E.

Example 3. Consider a request for {4y, Aa,. .., Ag}, where
A1, Az, ..., Ag_y are broadcast faitly often and Ay is seldom
broadcast. The completion time of this request is tied up to the
low transmission rate of Ax. In other words, frequent broad-
cast of hot items does not help the completion time of multi-
document requests involving colder items,

In general, multi-item requests create complex dependencies
in the document access pattern and can complicate the broad-
cast schedule. The paper will propose and analyze effective
heuristics for the problem of multicast scheduling under depen-
dencies in the request sequence. Algotithms are evaluated on
multiple server logs of Internet hot spots.

The paper is organized as follows. In section II, we give
background information on broadcast data management tech-
niques and on broadcast scheduling. In sections I and V, we
present a sequence of algorithms for broadcast scheduling and
provide evidence of the limited applicability of known broad-
cast strategies. In section IV, we describe our experimental

0-7803-7476-2/02/817.00 (c) 2002 IEEL.
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set-up. In section VI, we validate our algorithms on two more
traces that we did not use o tune parameters. In section VII, we
summarize work related to ours, and in section VIIT we draw the
conclusions of our investigation.
II. BACKGROUND '

Broadcast Envirowment: Cyclical server-initiated broad-
cast and multicast [91, [5), [3] can be used to execute data dis-
semination and are well suited for wireless and mobile environ-
meuts, as well as for relicving Internet hot spots. A setof n
pages is cyclically broadcast by a server to a large client pop-
ulation, The broadeast is initiated without client tequests, i.c.,
il follows a “push” style of data dissemination. Furthermere,
the broadcast is tepetitive, that is, the server continuously cy-
cles through its set of broadcast data. Examples of broadeast
programs are illustrated in figure 1 and 2. When a client needs
to read the contents of page i, it waits for the data source to
broadcast 7. The client does not nced to listen continuously on
the broadcast for page i to be sent if an appropriate index is
broadcast as well; such index also allows the client to deter-
mine which contents are present in the broadcast data set [20],
{211, {22], [23]. In its purest implementation, the server accepts
no input from clients and simply cycles through its broadcast.
In more complex schemes, the server accepts update lransac-
tions from clients [24], {19] or uses broadcast as a complement
to other dissemination methods [25]. For example, a server can
use broadcast to propagate hot documents, while it uses other
methods for colder items {1]. A critical performance metrics for
broadeast data dissemination is the amount of time that elapses
between a client request and the time when the client has down-
loaded all requested pages.

Fig. |. An example of a fat broadeast program. Pages are numbered (rom 0
ton — 1, and are cyclically transmitled by the server in that order.

The scope of the paper is to investigate algorithms to sched-
ule the broadcast at the server sile so as to reduce client-
perceived latency. To focus on the scheduling problem, we
make the following assumptions:

« The broadcast schedule is fixed by the server, and is known

by clients.

« Pages arc reliably received by the clients in the same order

as they are broadcast.

« Pages are read-only, and cannot be updated by either the

server or the clients.

o Clients receive pages only from a unique server broadcast

over a single broadcast layer.

LIBERATORE

Fig. 2. A skewed broadcast schedule that is obtained by multiplexing on the
same physical channel the logical channels {1}, {2, 3}, {4,5,6}.

Term | Defigition Similar terms
Page | Broadcast transmission | -
unit
Document | Data object that a client | Resource, ADU
can identify by an id
Object | Collection of resources | -
target of client requests

Dependency | Definition
Internal

]

between pages belonging to
the same document
between documents

External

TABLE [
SUMMARY OF DEFINITIONS USED IN THE PAPER.

« The set of broadcast pages does not change.

« Data is broadcast at a constant rate.
All these restrictions can be removed in an actual implemen-
tation, as will be explained in the next sections. However, a
more complex scenario would obscure the analysis of schedul-
ing strategies, and so we do not consider it in the test of the
paper.

Broadcast Scheduling: The data source can schedule
pages for broadcast according to a variety of strategies. The
simplest broadcast strategy is to adopt a flat broadcast sched-
ule, whereby each page is transmitted once every n ticks. A .
flat schedule is exemplified in figure 1. There are (n — 1)! dis-
tinct fiat schedules, and section I[f will demonstrate that cer-
tain flat schedules have substantially better performance than
others. Non-flat schemes are desirable when some pages are
more popular than other, in which case hot pages should be de-
voted a larger fraction of available bandwidth. A simple way to
differentiate pages is through frequency multiplexing: the data
source partitions the data set across several physical channels
according to their popularity. Differentiated treatment arises
from apgregating a smaller amount of hot data on one channel
and a larger amount of colder data on another channel. Since
channel bandwidth is the same, the fewer hotter pages receive
a proportionally larger amount of bandwidth than colder pages.
Frequency multiplexing can be effective if multiple channels
are available, but is unfeasible otherwise. An alternative is
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time-division multiplexing, whereby pages are partitioned into
a set of logical channels, and the logical channels alternate
over the same physical channel [9). The broadcast schedule
is flat within a single logical channel, but hotter channels con-
tain less pages or are scheduled for broadcast more frequently
than colder channels. Thus, hot pages are transmitted more of-
ten than colder ones. Figure 2 gives an example 'of‘a broad-
cast schedule that is the time-multiplexed combination of three
logical channels, each containing a different number of pages.
Time-division multiplexing is potentially mote flexible than fre-
quency multiplexing in that it allows for a finer bandwidth parti-
tion. In particular, a logical channel can contain only one page,
which results in a fine per-page transmission schedule. When
the broadcast is scheduled on a per-page basis, pages are broad-
cast on the same physical channel with frequency proportional
to their popularity,

A family of scheduling algorithm for time-multiplexed
broadcast assumes that the data source has estimates. of the
probabilities with which clients need pages. The square-root
law asserts that page ¢ should be scheduled with frequency pro-
portional to /p; [13], where p; is the probability that 1 is re-
quested by clients, A simple and practical 2-approximation al-
gorithm is expressed by the MAD (Mean Aggregate Delay) rule
[12], [13}. The MAD algorithm maintains a value s; associated
with each page 1. The quantity s; is the time since the last time

page 1 was broadcast. The MAD algorithm broadcasts a page

i with the maximum value of (s; + l)zp,-. MAD guarantees
a cyclical schedule, and, in particular when all p;’s are equal,
MAD generates a flat broadcast, The access probabilities p; do
not express dependencies between data items, Consider the fol-
lowing elementary example. Pages A and I3 are not accessed
very frequently, but when A is accessed, page B is almost cer-
tainly accessed as well. In this scenario, the access probability
pg of page B is small, but the value of pg is not fully expressive
of the true access pattern to B.

We classify dependencies among pages in internal and ex-
ternal (table I). An external dependency arises when there is a
dependency between the original resources in the client access
pattern, as for example when the access probability of B is con-
ditional to the previous occurrence of a request for A. An in-
ternal dependency arises when the underlying transport forces
long documents to be broken in smaller portions. For example,
IP-based data dissemination, such as {1, uses IP multicast to
propagate data to a large clienl population. Since the broad-
cast can cross Internet links with different MTU’s and reach
clients with different reassembly buffer sizes, a document is
fragmented at the source into pages of approximately equal size
so that pages fit within the IP size limits [26), [27]. We make
the distinction between docwments, which can be identified and
requested by clients through a resource identifier, and pages
which are broadcast units of roughly equal size and in which
original resources are partitioned. Documents can also be vari-
ously referred to as resources or Application Data Units (ADU).
We will call the dependency among pages from the same docu-
ment an internal dependency. A common definition in the liter-
ature is that of an edfect, which is a collection of resources that
are the target of a client request. With this terminology, doc-
utnents within the same object show an external dependency,

while pages within the same document have an internal depen-

dency. Pages belong to only one document whereas documents
can beleng to an arbitrary number of other objects. As a re-
sult, internal dependencies are likely to create a simpler sce--
natio than external dependencies. In this paper, we consider
both internal and external dependencies. Client-perceived de-
lays will be partitioned into two components: the seek time is
the time that clients wail to receive the first page of an object,
and the {ransfer time js the time that clients wait to receive the
rest of the object.

ITI. CIRCULAR ARRANGEMENT

In this section, we examine whether transfer time can be re-
duced within the context of flat broadcast schedules. Skewed:
(i.e., non-flaty schedules will be examined later in section V.
Although flat schedules do not transmit a page any more fre-
quently than any other page, flat schedules performance can
vary significantly when there are dependencies between page
accesses. For example, suppose that page B is always requested
after page A. A random flat schedule takes about n broadcast
ticks in the expectation to retrieve the object { A, B}: n/2 ticks
to retrieve A followed by n./2 ticks to retrieve B. A flat sched-
ule that arranges B immediately after 4 takes only n/2 4 1
ticks to retrieve the same object {A, B}. Although the second
schedule did not reduce the seek time (i.e., the time to retrieve
A), it was extremely effective at reducing transfer time {i.c., the
time to retrieve B after A has been downloaded). In general,
a page can appear in multiple objects (e.g., a resource embed-
ded in several other documents), and so object pages cannot al-
ways be grouped in a contiguous breadcast interval. A possible
solution would be to replicate the page once for each contain-
ing object, but such approach could unnecessarily lengthen the
broadcast schedule and result in longer seek times. In section
¥, we will explore a Jitnited replication mechanisms that dupli-
cates the hottest pages for a controllable number of times. First,
however, we examine in which ways and to what extent transfer
times can be reduced solely in the context of fat schedules.

Problem Model: We mode) the problem of reducing trans-
fer time as (he following graph optimization problem. We asso-
ciate a node (o each page and insert an arc (4, 7) from page i to
page j when there is 2 dependency between i and j that makes
7 more likely to be accessed after page 1. We will also associate
a weight (o the arc (4, 7) proportional to the strength of the de-
pendency. We call such graph the dependency graph of a trace
because its arcs express dependencies between pages and arc
weight express the strength of the dependency: We then seek to
arrange pages around a broadcast cycle so that the weighted arc
length is minimized. More precisely, we define the Minimum
Circular Arrangement (MCA) problem as

Instance: A directed graph G = (N, A) and non-negative

arc weights w(e) € N foreache € A

Question:  Find a one-to-one function f N -
{0,1,..., 7 — 1} that minimizes
3 w(e)ee) M

e={u,v)€A

where n = |N| and £(e) = ((f(v) ~ f(u}) mod n).
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Fig. 3. A directed lincar arrangement (left) whose cost is a $3(n) factor away from the cost of the optimum circular arrangement (right). The value of & for |he
arc of weight W is n — 1 in the topological arrangement and is only 1 in the circular arrangement. The vatue of h for the back arc in the circular arrangement is
2, and was 1 in the linear arrangement. Thus, the cost for the heavy arc can be substantially reduced with minimal changes in the cost of other arcs.

MST algorithm
Given a dependency graph G = (N, A)

iR, # P
Insert e in the spanning tree T°

Concatenate all orderings of sets in P and
return such ordering.

Let P be a partition of the nodes of the graph G, initialized to n singleton sets.
(The algorithm maintains an ordering of each set in P)
for all arcs e = (u, v} of G in non-increasing order of weight:
Let P, be the component of P that contains u and P, be the component that contains v

Unite P, and P, and append the ordexing of P, after the ordering of P,

Fig. 4, The MST algorithm.

The quantity £(e} is the distance between arc endpoints in the
circular arrangement f and will be said to be the length of arc e
in f. In the MCA model, there is some degree of latitude in the
choice of the objective function. We chose a linear objective (1)
because it forces related pages to be clustered next to each other

-while the objective function remains relatively easy to analyze.

A question related to MCA is the linear arrangement prob-
lent, where the graph nodes are to be arranged along a line (in-
stead of a circle) and the graph is assumed to be acyclic. The
minimum linear arrangement has been extensively studied: it is
NP-hard [28] and several approximation algorithms have been
praposed {29], [30], [31}, [32]. A simple example shows that
the linear and circular arrangement problems are intrinsically
and radically different, so that approximation algorithms for
linear arrangement are most likely irrelevant in the context of
circular arrangements. Specifically, we demeonstrate that the op-
timum linear arrangement can cost §2(n) times as much as a cir-
cular arrangement even when the underlying graph G is acyclic.
Consider the graph in figure 3, and observe that it has a unique
topological ordering 1,2,...,n at a cost of (n — 1}(W + 1),
whereas the circular arrangement 1,7, 2,...,n ~ 1 has a cost
of W + . + 1. We then take W = Q(n) to make the cost ratio
§2{n). On the other hand, if we consider any circular arrange-
ment, (he cost due to an arc is at most 7 — 1 times the cost
that the optimum pays for the same arc. As a result, an O(n)-
approximation algorithm is trivial. We conclude that circular
and linear arrangement problems are in general unrelated.

Hardness: We consider the theorelical solvability for
MCA, and to this end we introduce the following decision ver-
sion of the optimum circular atrangement problem, which we
call the Circular Arrangement Problem (CA):

Instance: A directed graph G' = (V, A), non-negative arc

weights wie) € N for each e € A, and a positive
integer /€.

Question:  Is there a one-to-one function f N -

{0,1,...,n — 1} such that

2

e=(u,n)EA

where n. = [N and ¢(c) = ((f(v) — f(u)) mod n).

Proposition 1: The Circular Arrangement Problem (CA) is
NP-compiete. :

Proof: [Sketch] The proof is a reduction from the direct
linear arrangement problem. |

MST Heuristic: Although no polynomial-time algorithtn
is likely to solve MCA optimally, a reasonably good solution
can be obtained through a heuristic applied to the dependency
graph. Our procedure is based on a topological ordering of
a maximum spanning tree (MST) of the dependency graph.
Specifically, the algorithm maintains a partition of the node set
and an ordeting for the nodes within each partition. Initiaily,
the node partition consists of n singleton, one for each node
of the original graph. Then, our procedure computes the maxi-
mum spaoning tree of the dependency graph with Kruskal’s al-
gorithm [33], and, when the algorithm combines two node sets,
the heuristics also combines the (wo component orderings. On
the whole, the algorithm is in figure 4.

The algorithm is greedy, in that it arranges nodes as close as
possible if there is an arc with a large weight between them. At
the beginning, the algorithm arranges the nodes (i.e., pages) u
and v next to each other if the arc (u, v) has maximem weight
(i.e., if v appears in the same object as u for the maximum num-
ber of times). As the algorithm progresses, the algorithm com-
bines the ordering of 7, and P, if the arc {u, v) has maximum
weight among all remaining arcs (i.e., the page orderings are
combined if there is a page v that appeats in the same object
as u for the maximum number of times). As a result, the algo-
rithm can be viewed as producing a sequence of page clusters
P and combining two clusters on the basis of dependencies be-
tween two pages; as clusters are combined, their orderings are

wle)l{e) < K?
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length Droadcast trace
race | begin (coord. univ. time) | end {coord. univ, time, Tog | “sanitized n clients m objreq sngoby
1 30Mun/1958:15:00:00] 61/Jul/1998:00:00:00! 57639163 90.36% | 225 127256 | 80046572 | 7636200 | 28.40%
2 QF/Ful/1998:15:00:00 0:2/7ul/ 1998:00:00:00] 9079767 94.79% 174 67261 9967240 896397 25.12%
3 08/1ul/1998:20:00:00 09/ Tul/ 1998:00:30:00] 15500700 90.95% | 206 59479 | 20473599 | 2083034 | 28.98%
4 09/Ju1/1998:20:00:00 10/1u)/1998:00:00:00) 1986787 94.36% 200 17563 2449844 199169 21.29%
! TABLE H

CHARACTERISTICS OF CLIENT WEB TRACES COLLECTED FROM THE WORLD CUP 98 SERVER TRACE.

concatenated as well. Therefore, the algorithm gives as a by-
product a page clustering that depends on the frequency with
which pages belong to the same object. The MST algorithm
takes O(n?logn) time in the worst case and, on our simula-
tions (section IV), it always ran in less than 600 ms on a Ultra
60 workstation with a 450Mhz CPU, 4MB L2 cache, 512 MB
of memory, Solaris 8, g++ compiler, and LEDA data structures
libraries (34).

1V. EvALUATION

Methodology: We limit our empirical analysis to Web logs
of Internet of hot spots. Although the concepts in this paper
should be applicable to both wired and wireless networks and
to several applications, the restriction allows us to obtain more
exhaustive results and to use several publicly available traces.
Experiments were executed with traces that were extracted from
the log of the HTTP servers for the Soccer World Cup 98. The
World Cup trace includes more than one billion requests over a
period of 1 1/2 month and is one of the largest trace analyzed
to date [35). Furthermore, the World Cup servers received up
to {0 million requests per hour. As a result, the World Cup
site is one of the most busy recorded so far, which makes it an
ideal testbed for multicast data dissemination. Additional traces
will be considered in section VI to execute a blind validation of
algorithms.

s 1o ioo 1000, 10000 106000 000000 10000000
LED! = C ——(meet W e [
f . | ~'~T\
L\
1 E-08 \} \\

Heduaney

Fig. 5. Cumulative percentage of bytes requested with at least the given fre-
guency.

The server logs report only requests that percolate to the ori-
gin server, and in particular, the logs do not report requests
that are satisfied by intermediate caches. We extracted from
the complete server logs a set of four subtraces that correspond
to the four most active periods (table IT). We kept requests that
fell in the target busy interval, that are GET or HEAD meth-
ods for HTML, image, fava, or compressed resources, and that

250
1.E400

1E0

1E02

1E03 ~trace |
—lrace 2
—lraca 3

o 4

dintrinution tal

1E08

1.E-D5

pupsx pav oblect

Fig. 6, Tail of the distribution of the number of pages per object. The vertical
axis gives the frequency with which an object had at least the number of pages
ot the horizontal axis.

gave rise to 200 (ok) and 304 (not modified) response codes.
Some document sizes changed duting the course of the trace.
Size change is due either to interruptled transfers or to docu-
ment contents updates, Although updates can be incorporated
in broadcast environments [19], [24], our logs do not allow us
to detexmine the origin or nature of size changes, and so we re-
strict this study to fixed-size documents. After documents with
changing sizes were eliminated, the resulting subtraces contain
more than 90% of the transfers made during the chosen inter-
vals (table II, colomn “sanitized”).

In Internet data delivery, documents that are referenced spo-
radically are not usually multicast [1], [36]. Figure 5 gives the
cumulative size (as a fraction) of resources that were requested
with at least a certain frequency. The distribution has a knee in
correspondence of x = 7. 107%, In other words, if the hottest
x fraction of bytes is broadcast, the broadcast will contain ex-
tremely popular items, but a further increase of the broadcast
size 7 would quickly result in significantly colder items oc-
cupying the broadcast schedule. Consequently, we inserted in
the broadcast only the resources corresponding to the hottest x
fraction of bytes. An alternative choice is based on a dynamic
assessment of document popularity {36]. We did not use any
dynamic schemes in this paper because we were interested in
isolating the performance of scheduling algorithms from that of
other methods. We envisage that a real implementation would
need to support both scheduling and dynamic document selec-
tion. As in [1], broadcast documents were divided into S12B
pages. A GET method translates into a request for all document
pages, a HEAD request for the appropriate number of pages at
the beginning of the document, and a non-modified reply into a
request for the first page of that document. In practice, clients
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Fig. 7. Average latency expressed as nunber of broadcast ticks, Seek latency is the number of ticks required to retrieve the first document page. Transfer latency

is the number of ticks to retrieve the remaining document pages.

are often interested in a collection of related documents, such
as an HTML file and its embedded images. The HTTP protocol
does not aggregate document requesls into object requests. In
these cases, a heuristic is that if two documents are requested
within one second of each other in the trace, they belong to the
same logical object [37]. In our experiments, the client trig-

- gers requests for all other pages in the object upon reception of
the [irst objcct page; such scheme can be implemented through
prefetching hints embedded in the first object page [38]. As
cached resources do not appear in the server logs, the client re-
quests are akin to GETLIST method invacations [18]. Table
I gives the number n of pages in the simulated server broad-
cast, the number of unique IP addresses generating requests for
broadcast pages, the number m of page requests, the number
objreq of object requests, and the percentage sngobj of single
page object requests. Some objects are big, but, depending on
the trace, 21% to 29% of objects contained only one page. Fig-
ure & plots the distribution of the number of pages within ob-
jects.

Another design choice is the speed at which data is broadcast,
Previous work suggests an optimal rate of 256 Kbps for IP mul-
ticast [1]. For comparison, if a single unicast-based server had
been connected at the same rate, it would not have scaled to sat-
isfy logged requests for broadcast resources in the World Cup
traces. We simulated several rates ranging from 48 Kbps (lo
support inost modems) to 1.544 Mbps (a T line). Most of these
rates are also within the capacity of short-tange or 3G wireless
technology. A broadcast tick is the time needed to transmit a
page. The duration of a broadcast tick clearly depends on the
broadcast rate. Latencies were measured both in seconds and as
number of ticks; in the latter case (latency as number of ticks),
delays did uot significantly depend on the broadcast rate. The
simulations will employ anly static values of available band-
width. The more general problem of dynamically adjusting the
ransmission rate to the available bandwidth is explored in {39],
{5}, [401.

Results: Figure 7 compares a random flat broadcast, a
MAD broadcast [12], [13], which is based solely on stationary
access probabilities, and (he MST heuristic. The figure shows
the average delays expressed as number of broadcast ticks.
For comparison, at the given broadcast rate, a unicast server
would not have been able to satisfy the requests for broadcast

@ Handam
wMAD
omsT
nHsawy

traca 1

Trace trace 3 frara 4

Fig. 8. Total latency in the 99th percentile expressed as number of broadcast
ticks.

resources. The reported delays are for requests to the origin
server, and so any performance improvement is in addition to
those due to caching, In these experiments, MAD schedules
lead to improvements over flat schedules of the order of 6%
to 13%. MAD schedules were particularly effective at reduc-
ing seek time (from 4% (o 26%), but did not provide a clear
advantage in terms of transfer time (from -3% to 6%). The
MST algorithms outperformed MAD by 5% to 34%. Not sur-
prisingly, MST seck time was comparable to that of a random
schedule and it was roughly n/2. However, MST resulted in a
substantial reduction of transfer times, which in two traces was
half as much as MAD’s, The wailing time reduction is more
marked for trace 2 and 4; we believe that the more pronounced
improvement is due to the smaller percentage of single objects
requesl in those traces {table II),

The distribution of the delays was collected as well and figure
8 shows the 99th percentile of the delays. Flat schedules, and
MST in particular, never take more than 2n ticks to download
an object, whereas no worst-case bound holds for MAD, Corre-
spondigly, figure 8 shows that the delay of MST and random is
always below 2n, whereas MAD exceed 2n on both trace 1 and
3. It can be also noticed that if in a trace MAD did better on the
average, it did more poorly in the 99th percentile. Intuitively,
MAD attempts to optimize for the average case at the expenses
of the tail whenever possible.

In summary:

Random flat broadeast  is not a particularly good strategy on
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Heavy algotithm

do

return the resulting schedule.

Construct an MST schedule f and determine all §-heavy arcs
for each page v that is the liead of a heavy arc
Locate v's position in the MST ordering and, starting from this position,

Scan the MST ordering in the reverse direction of the broadcast order
until the tail w of a heavy arc is (1, v) is found
if 1 is more than £ ticks away from the next time v will be broadcast,
then Insert v in the broadcast after u
until the scan returns to v's original position

Fig. 9. The Heavy algorithm.

the average, but it provides a worst-case bound (2n).
MAD improved on arandom flat broadcast by 6% to 13% on
the average, but it provides no worst-case guarantees.
MST improved over MAD by 5% to 34% on the average
by exploiting access pattern dependencies, and, since
it follows a flat broadcast, it has the same worst-case
bound {2n) as the random flat schedule.

V. BEYOND FLAT SCHEDULES

We have dealt 5o far with two types of scheduling strategies:
skewed schedules that exploit stationary access probabilities
(i.c., MAD} and flat schedules that exploit page dependencies
(i.e., MST). Up to this point, we viewed the two approaches
as antithetic. In this section, we examine ways to combine the
two paradigms to reduce clicnt-perceived latencies. The result-
ing schedule should be skewed to favor hotter pages over colder
ones and should be arranged in such a way as to reduce uscr-
perceived latency.

Heavy Arcs: An MCA solution f can contain arcs that
have a large value of w(e)€{e) and that consequently contribute
to a large fraction of the CA objective value.

Definition V.7: An arc is -heavy if w(e)f(e) > 9 for a
threshold value §. If the value of the threshold § is clear from
the context, we will simply designate such arcs as heavy.

A flat schedule is inherently limited in its ability to eliminate
heavy arcs. For example, suppose that the dependency graph
has an arc from every node u to a designated vertex v and that
the weights of the ares € = (u, v) are large, e.g., w(e) > 20/n.
Then, there are ((n) arcs with w(e)é(e) > w(e)n/2 > 0.

Definition V.2—[33]: Let G = (N, A) be a directed graph.
The head of an arc (u, v) is node v and the rail is node .

A method to reduce the impact of heavy arcs is to broadcast
the page carresponding to the arc head soon after the tail. Asa
result, the arc length £(e) is reduced and so is its contribution
w(e)l{e) to the CA objeclive value. The drawback is that the
schedule contains more pages, and so the length of other arcs
can increase. Therefore, a schedule should not replicate an ex-
cessive number of arc heads for an excessive number of times.
The degree of replication can be controlled by tuning two pa-
rameters. The first parameter is the threshold 4 for an arc to
be considered heavy. The second parameter is the maximum
length 7 of a heavy arc in the new schedule. A larger value of
? allows a hieavy arc to be longer in the new schedule, and thus
the arc head v to be replicated a smaller number of times. To

simplify the implementation, we ignored outgoing arcs from a
replicated node. A simple greedy strategy calculates the small-
est number of times a page is replicated along a schedule so that
heavy arc length is no more than . The resulting algorithm is
in figure 9.

We found that good parameter values are § = 1 and & = 32
across all traces; such algorithms will be denoted as the heavy
algorithin, The heavy algorithm is fast (no more than 640 ms on
the same machine and traces as in section IIT). Figure 7 gives
the latency for the resulting strategy for the four traces; MAD
was outperformed from 8% to 33% by the heavy algorithm,

Square-Root Scheduling: We have attempted several
methods o integrate MST and heavy scheduling with other
methods based on independent probabilities and on the square
root law, but we were not able to achieve any appreciable per-
formance improvement over the heavy algorithm. We believe
that this is due to the page access distribution in our traces, Fig-
ure 10 plots page access frequency as a function of page rank.
The most popular page is assigned a rank of 1 and the least
popular page a rank of n. In a log-log plot, a Zipf distribu-
tion Prfi] oc ¢~ would appear as a line with slope —ca. Page
popularity can be explained by a Zipf distribution, although
with rather low confidence (0.65 < R? < 0.76). Further-
mote, (he fitted Zipf distribution is only mildly skewed, with
0.65 < o < 0.76. Such result is consistent with the analysis
in [35], where lack of skewness was attributed to factors such
as the use of the most popular embedded images across most
of the site objects and the presence of caches interposed be-
tween clients and servers. At any rate, low values of o lead
to an almost flat square-root broadcast and so they hamper the
potential for improvement of schedules based on independent
probabilitics. We conclude that square-root schedules are inher-
ently limited in their ability to address satisfactorily this type of
workloads.

VI. VALIDATION

‘Up to this point, we have used the same traces both to mea-
sure scheduling performance and to tune parameters, such as
X, 8, and . We then validated our methods on two additional
traces with no further algorithm modification or parameter tun-
ing. Our objective was to perform a “blind” test of our methods.
We collected the trace of HTTP requests to the main Web server
of the Computer Science department at Rutgers University be-
tween 12 p.m. and 4 p.m. on December 18, 1999. The other
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trace is the NASA server trace collected between 12 p.m. and 4

" p.mi. on August 3, 1995, Similarly to the preprocessing of the

World Cup traces, we eliminated all but the x = 0.07% of the
hottest bytes and simulated a cyclical broadcast at the rate of
256 Kbps. User-perceived latency in term of broadcast ticks is
shown in Figure 11. The heavy algorithm outperformed MAD
by 73% to 91%. The heavy and MST methods had seek time
comparable to that of a random schedule, but reduced transfer
time by a factor ranging from 4 to 7.

VII. RELATED WORK

Broadcast scheduling has been the subject of extensive in-
vestigation, mostly under the hypothesis that pages have sta-
tionary access probabilities [12], [13], [14]). Furthermore, Am-
mar gives analytical expressions to estimate client waiting time
in the presence of conditional access probabilities and Poisson
OFF periods [38]. To the best of our knowledge, no previous
work examines the casc where a client requests simultancously
multiple resources. Broadcast with non-uniforin page sizes has
been considered as well [135]. Variable-size pages cannot be di-
rectly identified wilh objects in that multiple objects can have
commeon pages. Alternative scheduling methods use a pyra-
mid scheme that is particularly suited to streaming media [41].
Clustering through spanning trees is a well-known technique
[33], which we adapt to broadcast scheduling in the presence of
access pattern dependencies. Additional background was sum-
marized in Section I and IV.

VIII. CONCLUSIONS

Diseussion: Broadcast is the primary mode of operation
for several wireless and optical media and leads naturally to
transport and application solutions. Analagously, multicast has
the potential of effectively relieving Internet hot spots, thereby
leading to scalable applications. Multicast can also be used in
CDN backbones and it can be employed in conjunction with
caching. A critical issue in broadcast management is the orga-
nization of the broadcast. Typical broadcast schedules, such as
MAD, transmit hot pages more often than colder ones. Mean-
while, clients are often interested in downloading lists of pages
from the server. This scenario leads to strong dependencies
in the access pattern, and if such dependencies are taken into
account, substantial performance improvements are possible.
We have a proposed a simple greedy algorithm (MST) for flat
schedules and a refinement (Heavy) that leads to a (slightly)
skewed schedule. The algorithms are fast in theory and in prac-
tice and it is easy to update their schedule if underlying depen-
dencies change. Moreover, the algorithms give as a by-product
a clustering of pages according to their access dependencies.

The algorithms were extensively analyzed on multiple Web
traces. Furthermore, an additional set of two more traces was
considered in order to peiform a “blind” validation of algo-
rithms, i.e., an algorithm validation without any further pa-
rameter tuning. Our final algorithm (Heavy) leads to improve-
ments in client-perceived latency ranging from 8% to 33% on
the World Cup traces, and up to 91% on the blind validations.
The MST algorithm generates a flat schedule and so, in addi-
tion to improving average access time, it offers a worst-case
bound on the acces time. We conclude that substantia{ perfor-
mance improvements can be efficiently obtained by considering
dependencies in the access pattern.

Methodological Implications: From a methodological
perspective, we observe that most broadcast data management
research has been conducted under the independent reference
assumplion: page 1 is requested at time ¢ according to a station-
ary probability p; that is independent of past accesses. Much
research in broadcast scheduling and caching assumes indepen-
dent references with stationary probabilities. We believe that
the independent reference assumption is in most cases a good
(irst order approximation that leads to valuable algorithms and
to a first conceptual clarification of the problem at hand. We
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also

venture that substantial performance improvements and a

better understanding can be derived from bringing to light the
complex dependencies in data access patterns.

Future Work: The techniques in this paper have been vali-

dated in the context of multicast dissemination of Web contents.

It is

natural to conjecture that access pattern dependencies ex-

ist in other contexts as well, and so the algorithms in 'this paper
should be applicable to a variety of other scenarios, as for exam-
ple, witeless information stations or satellite-supported CDN's.
We are actively working at extending the scope of our mea-
surements. Furthermore, we plan to implement a platform to
support data management issucs for Internet data dissemina-
tion [42], which would, among other objectives, allow us to ob-
tain more dircct measurements for the performarnce of our algo-
rithms and their interaction with document selection, caching,
congestion contrel, and layering.
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