
1 METHOD AND SYSTEM FOR TIMETABLING USING PHEROMONE AND HYBRID HEURISTICS
BASED COOPERATING AGENTS Field of the Invention [0001]The present invention
generally relates to systems and methods for timetabling, and more
particularly to a timetabling system and method using pheromone and hybrid
heuristics based cooperating agents. Background of the Invention
[0002]Timetabling is a combinatorial optimization problem. The common
examples of timetabling include school timetabling, sport game timetabling
and transportation timetabling. The timetabling as a highly constrained and
complex problem has been attracting the attention of the research community
across Artificial Intelligence (Al) and Operational Research (OR) for more
than four decades and still been heavily investigated as more and more
experiences have been collected by the application of new technologies.
[0003]Various techniques have been employed for solving a wide range of
timetabling problems. For example, graph coloring, integer programming and
linear programming have been widely studied in the early days. However,
these simple and easily implemented techniques are impractical for complex
timetabling problems. [0004)More lately, timetabling problems have been
tackled by constraint programming and heuristics technologies such as Tabu
Search, Simulated Anealing and Knowledge Based System approach. However,
the timetabling problems are so complex that exhaustive search is often
computationally intractable, thus the existing techniques and systems based
upon a single and simple heuristic or algorithm often fail to provide
optimal or near-optimal solutions. [0005]Genetic algorithms have also been
applied to timetabling problems. Briefly, the Genetic algorithms (GA) are
based upon the principles of natural selection and 



evolution. In a GA system, solution of a problem is encoded in an
artificial chromosome. Each unit of the chromosome, known as a gene, is a
variable with a defined range of  2 values. Genetic algorithms operate on a
population of encoded solutions or chromosomes in a selection-reproduction
evolution cycle. The first generation of a selection-reproduction evolution
cycle consists of a number of randomly generated chromosomes, which are
then selected according to a fitness quality. Selected fit members of the
first generation are put into a mating pool for reproduction from which a
new generation is derived by combining (crossover) or altering (mutating)
genes among individuals within the population. The selection-reproduction
evolution cycle repeats until an optimal solution is found or after a
number of predetermined evolution cycles. [0006]However, existing GA-based
timetabling systems are not able to solve large and complex timetabling
problems with a very large number of activities and/or too complex resource
constraints. The reason may be that for a successful application of genetic
algorithms, one of the conditions is that the chromosomes encoding the
solutions must be within a manageable length. In most of cases, the number
of genes in a chromosome must be within fifty to one hundred, or at most a
few hundreds. However, the number of activities to be scheduled in an
education institute can easily reach several thousands, wherein each
activity may require multiple resources. Thus, each chromosome may contain
a few thousand genes, sometimes even more than ten thousand genes.
Therefore, the chromosomes required to encode a large and complex
timetabling are too lengthy for a GA-based searching engine to manage.
[0007]Recently ant colony optimization (ACO) has been utilized for solving
timetabling problems. Briefly, the ant colony optimization (ACO) algorithm
is a meta-heuristic technique using of simple cooperating agents called
artificial ants. The ants iteratively construct candidate solution to a
combinatorial optimization problem. An individual ant constructs a
candidate solution by starting with an empty solution, and then iteratively
adds solution components, which is selected using local search heuristic
and pheromone deposited, if any, until a complete candidate solution is
generated. After the solution construction is completed, the ants give
feedback on the solutions they have constructed by depositing pheromone on
searching paths using global pheromone updating rules. Solution components
that are better or partially better are used by more ants and therefore
receive a higher amount of pheromone until an optimal solution is found.
[0008]M. Dorigo, and V. Maniezzo and A. Coloni initially deduced the ACO
meta-heuristic in ant colony optimization by studying the behavior of real
ants in  3 establishing the shortest path from their colony to feeding
sources and back. See, Dorigo et al., Ant System: Optimization by a Colony
of Cooperating Agents, IEEE Trans. Sys., Man, Cybernetics 260): 29-41
(1996). Generally, an ACO meta-heuristic consists of three problem-solving
steps. First, the optimization problem is defined into a graph. Second, a
local searching heuristic is applied to select the next node for an ant to
move to until the ant completes its solution construction. Finally, when
all ants have constructed a complete solution, global pheromone updating
rules are applied to update pheromone on links of visited nodes. The
cooperating agents defined by M. Dorigo, et al, are basically
pheromone-based cooperating agents, which communicate each other in the
solution search cycles by utilizing the density of the pheromone deposited
on the searching path.  [0009]The ACO meta-heuristic has been applied to
solve various combinatorial 



optimization problems such as the traveling salesman problem (TSP) and tour
routing problems. Although the ACO meta-heuristic with pheromone-based
agents has been proven useful for solving some combinatorial optimization
problems (COPs), it has not been successfully used in solving large and
complex COPs, such as large and complex timetabling problems. The reason
why the ACO meta-heuristic using pheromone based cooperating agents has not
been successful in timetabling is because the solution searching method
using pheromone based agents is simply based upon pheromone updating rules
and formula, which are not sufficient to cope with the sizable solution
space and multiple constraints imposed. 100101Recently, efforts have been
made to solve scheduling problems using ACO  or ant algorithms. For
example, Socha et al. tried to use ant algorithms to solve university
timetabling problem. See, Socha et al., "Ant Algorithms for the University
Course Timetabling Problem with Regard to the State-of-the-Art",
Proceedings of EvoCOP 2003 - 3rd European Workshop on Evolutionary
Computation in Combinatorial Optimization, Springer-Verlag, vol. 2611,
p334-345. (ur/ = http://citeseer.istpsu.edu/socha03ant.html). However,
since the searching agents used by Socha at el. were simple pheromone-based
cooperating agents, the system developed by them could only solve small and
simplified timetabling problem. Since the pheromone, which is the medium
used for communication among cooperating agents, contains very limited
information, agents must be given more intelligence in order to enable them
to solve large and complex COPs, such as large and complex timetabling
problems.  4 [0011]Besides the pheromone-based agents, currently autonomous
agents and  multi-agent systems (AAMAS) become one of the prominent and
attractive technologies in Al and computer science community. The
technologies, methods, and theories of the agents and multi-agent systems
are a conceptual paradigm for analyzing problems, currently contributing to
many diverse domains such as information retrieval, user interfaces,
electronic commerce, robotics, computer mediated collaboration, computer
games, education and training, ubiquitous computing, and social simulation.
However, they are still very new and emerging technology, not ready for
dealing with complexity and interactivity of the large timetabling
problems. In particular, the decision-making and optimization methodologies
of the autonomous agents and multi-agent systems, such as trust and utility
manipulations, are still in research stage, not mature enough for
industrial applications although efforts have been made to develop
prototype systems which utilize autonomous agents to solve various
combinatory optimization problems. [0012]Therefore, there is an existing
need for a method and system for complex  timetabling problems. This
invention satisfies this need by providing a method and system for
timetabling that uses pheromone and hybrid heuristics based cooperating
agents. The method and system of the present invention overcomes the
limitations of the existing ACO method and ant systems in solving large
complex timetabling problems by using more intelligent cooperating agents
that combine pheromone density manipulation with hybrid heuristics. The
intelligent cooperating agents could be able to solve large and complex
timetabling problems as well as to optimize solutions by satisfying
multiple constraints imposed and meeting multiple optimization criteria.
Other advantages of this invention will be apparent with reference to the
detailed description. Summary of the Invention [0013]The present invention
provides a timetabling system based on an improved ant colony optimization
using pheromone and hybrid heuristics based cooperating agents. The
timetabling system can provide an optimal timetable solution for a
timetable problem that consists of a plurality of activities, each activity
being scheduled to a start time within a planning period and being
allocated all required resources from a plurality of sets of resources. In
one aspect of the present invention, the timetabling system comprises an  5



electronic device having a memory capacity that contains a storage medium,
and a timetabling module being implemented in the electronic device. In one
embodiment of the present invention, the storage medium stores the
information of the timetable problem including the plurality of activities,
the time slots within the planning period, and the plurality of sets of
resources. In another embodiment of the present invention, the timetabling
module comprises a source graph constructor for constructing the source
graph for the timetable problem; wherein the source graph consists of a
plurality of activity nodes representing the activities, a plurality of
resource nodes representing the resources, and a plurality of time nodes
that are associated with the plurality of resource nodes, thereby the
plurality of resource nodes and the time nodes form a
multi-resource-time-space, i.e., the source graph; and wherein the
timetabling module comprises a timetable solution searching engine
performing timetable solution searching cycles on the source graph to
thereby determine an optimal timetable solution. [0014]The present
invention also provides a timetabling method based on an improved ant
colony optimization by using pheromone and hybrid heuristics based
cooperating agents to obtain an optimal timetable solution for a timetable
problem that consists of a plurality of activities, each activity being
scheduled into a time slot within a planning period and being allocated all
required resources from a plurality of sets of resources. In one aspect of
the present invention, the timetabling method comprises the steps of
constructing a source graph having a plurality of activity nodes
representing the activities, a plurality of resource nodes representing the
resources, and a plurality of time nodes that are associated with the
plurality of resource nodes, thereby the plurality of resource nodes and
the time nodes form a multi-resource-time-space, i.e., the source graph;
initializing one or more searching parameters for one or more searching
agent; and performing timetable solution searching cycles on said source
graph for each of said one or more searching agents to determine the
optimal timetable solution. [0015]There are many advantages in applying the
present invention. One advantage of the present invention is that
determining an optimal timetable solution using cooperating agents in a
source graph having a large number of activity nodes and resource nodes
which are associated with time space, is more efficient and more robust
than using existing timetabling systems. Moreover, the invention has an
advantage over existing timetabling system in that determining the optimal
timetable solution is possible even  6 though the timetabling problem is
very complex and highly constrained. Another advantage of the present
invention is that the timetabling system, the method, and the product
overcome the limitations of the existing ACO meta-heuristic and algorithms
to enable the improved ACO technology to solve large and complex
timetabling problems. [0016]The objectives and advantages of the invention
will become apparent from the following detailed description of preferred
embodiments thereof in connection with the accompanying drawings. Brief
Description of the Drawings [0017]Preferred embodiments according to the
present invention will now be described with reference to the Figures, in
which like reference numerals denote like elements. [0018]FIG. I is a
functional block diagram of a timetabling system based on an 



improved ACO using pheromone and hybrid heuristics based cooperating agents
in accordance with the present invention [0019]FIG. 2 illustrates a
timetabling problem that consists of a time scheduling problem with time
spaces and a resource allocation problem with resources. [0020]FIG. 3 is an
exemplary matrix representation of time space associated with staff
resource for a planning period. [0021]FIG, 4 illustrates a time slot array
(TSA) representing the time spaces  shown in FIG. 3, and how the TSA is
mapped to real time as well as the definition of the available time period
(ATP) for an activity. [0022]FIG. 5 shows a partial exemplary source graph
constructed by the graph constructor of the timetabling system of FIG. 1,
wherein the source graph is constructed for activity ak, with required
resources and associated with time spaces. [0023]FIG. 6 illustrates
manipulation of the time slot arrays (TSAs) and finding common available
time periods (CATPs) for an activity. [0024]FIG. 7 shows an exemplary
source graph constructed by the graph constructor of the timetabling system
of FIG. I.  7 



[0025]FIG. 8 illustrates definition of the activity node, time node,
facility resource object, assignment cluster and possible assignment
clusters of the timetabling system of FIG. 1. [0026]FIG. 9 illustrates a
local searching heuristic used by pheromone and heuristics based
cooperating agents to select a possible assignment cluster for the activity
ak, according to common available time periods (CATPs) analysis and hybrid
heuristics used in the timetabling system of FIG. 1. [0027]FIG. 10
illustrates a local searching heuristic used by pheromone and heuristics
based cooperating agents to select the CATP as start time for the activity
ak, in the timetabling system of FIG. I. [0028]FIG. II is a general
flowchart of a method of timetabling by the timetabling system of FIG. I
using pheromone and hybrid heuristics based cooperating agents. [0029]FIG.
12 is a detailed flowchart of a timetable solution searching cycle module
and solution evaluation module within the method of FIG. 11. [0030]FIG. 13
shows an exemplary configuration of a computer system for executing the
method of FIG. 11. Detailed Description of the Invention [0031]The present
invention may be understood more readily by reference to the 



following detailed description of certain embodiments of the invention.
[0032]Throughout this application, where publications are referenced, the
disclosures of these publications are hereby incorporated by reference, in
their entireties, into this application in order to more fully describe the
state of art to which this invention pertains. [0033]The present invention
provides a timetabling system based on an improved ant colony optimization
(ACO) using pheromone and hybrid heuristics-based cooperating agents and a
method of determining an optimal timetable solution using the timetabling
system. In the following description, details are provided to describe the
preferred embodiments. It shall be apparent to one skilled in the art that
the invention may be practiced without some of these details. In the
meantime, the technical details known to those skilled in the art will not
be described in length so as not to obscure the invention.  8 [0034)Now
referring to FIG. 1, there is provided a timetabling system 10 in
accordance with one preferred embodiment of the present invention. FIG. 1
shows a  functional block diagram of the timetabling system 10 based on ACO
using pheromone and hybrid heuristics based cooperating agents. The
timetabling system 10 comprises a timetabling module that comprises a graph
generator 14, and a timetabling engine (resource allocation and time
scheduling) 16. The timetabling system 10 also comprises a storage medium
including different parts 20a, 20b, 20c and 20d. The storage medium stores
an the information required by the timetabling module so that the graph
generator 14 can generate a source graph on which the timetabling engine 16
searches for an optimal timetable solution 18. It is to be appreciated that
the different data stored in different parts of the storage medium as shown
in FIG. 1 is only for the purpose of illustration. The storage medium may
be any electronic devices with memory capacities. Output of the timetabling
module is the optimal timetable solution 18 which contains a list of
activities, where each activity has been scheduled to a start time within a
planning period and allocated with required resources. The optimal
timetable solution 18 may be printed by a printer connected to or displayed
on a screen associated with a computer system shown in FIG. 13 discussed in
detail hereinafter. In addition, the timetabling system 10 comprises a user
input interface 12 that allows the user to input information that specifies
a timetabling problem such as details of activities, resource requirements,
constraints, and one or more optimization criteria for the optimal
timetable solution. [0035]The graph generator 14 comprises a virtual source
graph constructor 22, an  information editor 24, and a solution search
definer 26. The information editor 24 includes an activity node editor, a
resource node editor, a time space or timeslot editor, a constraint &
weight factor editor, and a timetable solution optimization criterion
editor. As shown in FIG. 1, the graph generator 14 couples to the storage
medium 20a and 20b to generate a virtual source graph on which the
cooperating agents search for timetable solutions. The virtual source graph
comprises the information from the storage medium 20a of a list of
activities 30, a list of time slots 32, and a list of the categorized
resource nodes 34, wherein each resource node is associated with a time
space represented by the list of time slots 32. The virtual source graph
also contains various pre-scheduled information 36 and other constraint
information 38. The generation of the virtual source graph will be
described in detail hereinafter. 



9 [0036]The solution search definer 26 defines the timetable solution
searching problem. For example, it specifies what are the activities to be
scheduled, and what are the constraints that are to be imposed during
timetable solution searching. [0037]The timetabling engine 16 is an
improved ACO-based search engine that  uses pheromone and hybrid heuristics
baaed cooperating agents to search the virtual source graph for possible
timetable solutions from which the optimal timetable solution is then
determined. Other required information for searching of the possible
timetable solutions may include control parameter settings 40a, 40b stored
in the storage medium 20c. These control parameter settings 40a, 40b are
for local searching, global searching, and search control and include, for
example, the number of cooperating agents and the number of timetable
solution searching cycles. The timetable solution searching cycles
perfoimed by the timetabling engine 16 are recorded and stored in the
storage medium 20d in the searching cycling log 44. The cycle log 44
enables tracking of control parameter settings associated with the source
graph and graph clusters that were constructed by the graph generator 14.
The knowledge and rules of the hybrid heuristics are also stored in the
storage medium 20d. [0038]For a better understanding of the principles of
the present invention, there is provided a simplified illustration of a
timetabling problem. As shown in FIG. 2, the timetabling problem is defined
as searching of an optimal solution for a set of activities 50. The optimal
solution provides a proper start time for each activity by time scheduling
52 and satisfies all resource constraints for each activity by resource
allocation 54. In a simple format as shown in HG. 2, the timetabling
problem is one that a set of activities A, 50, where A = a2, a3, an}, are
to be scheduled 52 within a fixed period of time 60 (referred as the
planning period thereafter), and at the same time each activity is to be
allocated 54 with one or more resources 58 that are required by the
activity. In practice, various constraints are imposed to the time
scheduling and resource allocation, which are not shown in FIG. 2 but will
be described in detail later on. [0039]For a timetabling problem, an
activity, ak (k=1 to n, where n is the number of activities), may be any
subject matter including a lesson, a sport event, a seminar or any other
event with time and resource constraints. The activity may take place
during a fixed period of time (referred as duration thereafter) within the
planning period. For example, the planning period for a weekly repeating
timetable for an educational institute may be a  10 week, and a lesson as a
teaching activity may last for two hours. The resources in a timetabling
problem may also present in different forms including human resources and
equipment resources. [0040]Still referring to FIG. 2, the planning period
60 consists of a plurality of discrete time slots (11,1,11,2,    INd, NO,
where Nd represents the total number of days (Ti, 



TNd) within the planning period, and where NI denotes the total number of
discrete timeslots within each day (tk,I, 4,2,    tk, NI, k = l to Nd) of
the planning period. As shown in FIG. 2, the resources 58 consists of a
plurality of sets of resources (R1 62, R2 66, .  RNr 72), where N, denotes
the number of the sets of the resources. The subjects within any set of
resources may be defined by a user in any manner. For example, human
resources including all personnel may be categorized into different sets
such as a set of participates R.] 62 (P(gi, g2, g3, . . gNg)) 64, and a set
of training staff R2 66 (S(s,, s2, 53, ..., sNs) 68. By the same token, the
facility resource RNr 72 may be grouped into venues where the activity ak
takes place, or one or more pieces of equipment that are required by the
activity ak, e.g., F(fgl, fg2, fg3, . . fgNs) 74. Furthermore, the
resources 58 are meaningful for a timetabling problem only when they are
related 70 to time space 56. The relation between the time space and the
resources will be discussed in detail hereinafter. [0041]For a timetabling
problem, the resources may be divided into two categories based on their
interchangeability: discrete resources and unary resources. The discrete
resources refer to ones that are similar to each other and interchangeable.
For example, tutorial rooms with the same seating capacity and
functionality are typical examples of discrete resources. The unary
resources refer to ones that are unique and not interchangeable with each
other. For example, if a computer Lab A is equipped with some special
software which is not installed in any other computer labs in the
organization concerned, the computer Lab A is unary resource and is not
interchangeable with other computer labs. [0042]In order to construct a
virtual source graph of a timetabling problem, the  resources must first be
related to time spaces to form resource-time spaces. Referring now to FIG.
3, there is provided a staff-time space in form of a matrix 80 as an
exemplary representation of resource-time spaces. The staff resource Sk82
represents staff k (k = 1 to N,, where N, is the number of staff
resources). The resource Sk 82 is associated with its time space
represented by horizontal rows in the matrix 80. Each row of the matrix 80
11 consists of N1 time slots, from t1 84 to tNt 86. The value of an element
in the time space matrix 80 represents the status of the time space
utilization for a specific resource indexed by k (where k = 1 to Ns). For
example, value of the element at (tk, Ni) 88, can be 0, l or 2, where the
value of 0 means that the staff resource Sk at time iNt is available, value
I means that the resource Sk at time IN, is allocated to an activity
already, and 2 means that the time tNt for resource Sk is booked. [0043]In
a timetabling model, the planning period can be represented in the form  of
arrays of discrete integer numbers, each integer number which is refereed
as time slot thereafter, can then mapped into real time. As shown in FIG.
4, the sub-resource-time space for staff Sk 82 in FIG. 3 is represented in
form of the time slot array (TSA) notated as TSAk 96 that contains a list
of discrete integer numbers from I to 15 (where tNt = 15). The integer
numbers in TSAk 96 can be mapped into real time 98 in a day. For example,
the first time slot is mapped to a real time period of 0800-0850 and the
second is mapped to 0900-0950. It is noted that the time mapping can be
specified by the user. It is assumed that an activity ak has a fixed
duration (D) Dk, e.g., Dk, = 2 time slots. In the FIG. 4, the scheduled
time slots are marked using spare dots 90, e.g., Slot 1, Slot 2 and Slot 6
and Slot 7; the time slots booked are marked using dense dots 94, e.g.,
Slot 5 and Slots 10 to 15. Thus, two available time periods (ATPs) can be
found for activity ak, e.g., ATP1(3,2) and ATP2(8,2) 92. In ATP2(8,2), 8
represents the start time, and 2 represents the duration of the activity
ak. [0044]As mentioned above, an activity to be scheduled may require
multiple  resources. Now referring to FIG. 5, there is provided a
description of construction of multi-resources-time space graph for one
activity. The activity ak 100 requires several sets of resources R1 102, R2
104, ..., and RN, 106. It is assumed that the set of resource R1 102
consists of participant groups, g, 114a, g2 114b, ..., and gNak 114x, the
set of resource R2 104 consists of two staff resources, namely si 116a, and
s6 116b, and the set of resource RNr consists of two types of facility
resources fgi 110, and tk 112. Furthermore, the facility resource group fgl
110 consists of two specific facility resources fl 118a, and 118b, and the
facility resource group fgk 112 consists of one specific facility resource
fk 118c. 



[0045]As also shown in FIG. 5, the resources required by the activity ak
100 are associated with time spaces 124a, 124b, 124e. The time space
associated with each  12 specific resource is represented in form of an
integer array, e.g., TSA in FIG. 4. For example, the resource gi 114a is
associated with the TsA 126, the staff resource si 116a is associated with
the TSA 128, and the facility resource f1 118a is associated with the TSA
130. To simplify the problem, FIG. 5 displays the TSAs showing ATPs only in
DI, which is for illustration purpose only. In real life problem-solving,
the TSA should cover all the time slots during the whole timetable planning
period, e.g. from ID) to DNd. For the optimal solution search for a
timetabling problem, the ATPs need to be combined into a final consolidate
common TSA 132 from which the common available time period (CATP) can be
analyzed. The CATP is defined as a minimum time period that equals to the
duration of an activity and provides all required resources for the
activity. When the duration of an activity is smaller than one combined
ATP, it is possible to have more than one CATP. For example, if the
duration of an activity is 2 time slots and one ATP has three time slots,
there will be two CATPs for the activity in this combined ATP. FIG. 5 shows
the CATPs 122a, 122b, and 122c. Thus, an exemplary multi-resources-time
space graph for the activity ak 100 is shown in FIG. 5. [0046)Now there is
provided more details of manipulation of the CATPs of a  partial
resource-time space as shown in FIG. 6. A six digit combinational string
224 is used to store the results of analysing common available time
periods. The first digit from left is used to record time slot utilization
status of facility resource f5 208. The second digit from left is used to
record time slot utilization status of the staff resource s2 206. The next
two digits are used to record time slot utilization status of participant
groups gi 202 and g2 204. And the last two digits are used to store time
booking of all resources. [0047)The status of every time slot utilization
in the resource-time space is marked with a number of 0, 1 or 2,
representing for an activity of an available time slot 214, a scheduled
time slot 212, and a booked time slot 216 respectively. According to this
definition, the first time slots for resources gi 202 and g2 204 are
utilized in a timetable schedule, e.g., the values of the first elements of
TSAgi and TSAg2 are 1, therefore, the analyzing result for resources gi 202
and g2 204 utilization is an integer number 200, e.g., (1+1) x 100 = 200.
Similarly, analyzing result for the resource s2206 utilization is 1 x
10,000 = 10,000; and the analyzing result for the resource f5208
utilization is 1 x 100,000 = 100,000. The booked time slots represented by
integer number 2, are simply  13 summarized, for example the utilization
status values in the last elements of TSAgi and TSAg2 are 2, the summarized
value is 2+2 = 4. [0048]Finally, the analyzed results are consolidated into
a common time slot array TSADI for DI, 210 in FIG. 6. It can be found that
there are three CATPs, e.g., CATP3(3,2) 218, CATP2(9,2) 220, and
CATP3(10,2) 222. The search agents will decide which CATP will be chosen
for the activity concerned. It is to be appreciated that a CATP may be
represented by other applicable methods. [0049]After a multi-resource-time
space graph for every activity of a timetabling 



problem has been constructed, a virtual source graph for the timetabling
problem may be created. FIG. 7 shows an exemplary source graph (G) 300
constructed by the graph constructor 22 of the timetabling system 10 shown
in FIG. I. For this source graph 300, [0050]G = (A, T, R, Cl) [0051]where:
[0052]A = a set of activity nodes of the source graph 300; [0053]T = a set
of time slots representing time-space of the source graph 300; [0054]R =a
set of resource nodes of the source graph 300; [0055]Cl = a set of possible
assignment clusters of the source graph 300. [0056]Still referring to FIG.
7, in the graph 300, each activity node is linked to Nr resources set
nodes. Further, taking activity a1 as an example, a: requires several
participate groups gic, where k = 1, 2, ..., Nth note that g c RI.
Similarly, activity al requires two staff resources sk, where k = 1 and 2,
note that sk c R2. All the nodes, including resource nodes, and time nodes,
which are related to activity aj, are constructed into a graph cluster 312
denoted as GCLak, where k =1 for activity al. The graph cluster GCLfil 312
contains a list of possible assignment clusters, where Cl denotes all the
possible assignment clusters of the source graph 300. [0057]As can be seen
from the graph cluster GCLa 312 in FIG. 7, unlike staff resources and
participant groups resources, the facility resources have three layers.
Layer I is resource set node RNr 302; the second layer, Layer II consists
of resource type nodes (fgh fgs) 304; the last layer, e.g., Layer III,
consists of the specific resource nodes (f1,   , f4, and f20) 306. Because
all facility resources are categorised under their correspondent  14
resource types, when specifying resource requirements for an activity, say
al 302, the planner must specify a resource type first, for example such as
fg8 in FIG. 7. [0058]It is assumed that there are four discrete resources,
namely ff f2, f3, and 



which are listed under resource type node fgj. For discrete resources, the
resource type specified fgi is sufficient for the scheduling engine to
allocate one required resource among fi, f2, f3, and f4, because they are
interchangeable. The dotted node circles, f1 to fi mean the activity al
just requires one of them. For example, typically any one of the tutorial
rooms, which have same eating capacity and same functionality, can be
allocated to activity al. [0059]However, for unary resources, the planner
must specify both resource type node fg8304 at layer II and resource node
f20 at layer III 306, because there might be a number of resource nodes,
say fa), f21, f22, and f23 under the unary resource type node fg8 304 at
Layer II, and the scheduling engine does not know which resource node
should be used as they are not interchangeable. [0060]In the source graph
300, the time slot node T 310 consists of Nd days 314, wherein each day is
associated with a list of time slots 318. For a weekly repeating timetable,
the number of days, Nd 314, is the number of working days in a week.
[0061]Still referring to FIG. 7, each resource node is associated with a
time space. The time space is represented in form of integer matrixes,
which will store the information of resource utilization status illustrated
previously in FIGs. 4, 5 and 6. For example, the activity ak is associated
with an integer time matrix 316; a".1 with an integer time matrix 322, and
a" with an integer time matrix 326. [0062]The graph constructor 22 of the
timetabling system 10 will construct the  source graph 300 when all the
necessary information is known. The graph 300 consists of n graph clusters
GCLak (k=1 to n) as shown in FIG. 7. Each graph cluster is associated with
an activity, and contains the activity node ak, (k=1 to n) and its required
resource nodes as well as its associated time space. For example, the graph
cluster 312 for the activity al, denoted as GCLal, is constructed according
to the given activity information, resource requirements and planning
period. Similarly the other two clusters 320, 324, denoted as GCLand and
GC1.2" respectively, are constructed for the activity node a".] and
activity node a" respectively. [0063]It is noted that although every graph
cluster in the source graph has its own time space, which is associated
with the resource nodes and related to that particular  15 



activity, there is only one unique resource-time-space in the timetabling
system 10 as shown in FIG. I. For example, from the staff
resource-time-space 80 as shown in FIG. 3, it is apparent that any other
staff resource-time-space displayed in the graph 300 is only a repeated
duplication of part of the center staff resource-time-space 80. Same
concepts apply to the participant-group resources and the facility
resources as well. [0064]As shown in the source graph 300, the n activity
nodes are listed from m to a" 330. All activity nodes are ranked in such a
sequential order that the activity demanding the most resources will be
scheduled first, and the activity demanding the least resources will be
scheduled last. Thus, a simple but useful heuristic applies, e.g., the most
difficult activity will be scheduled first. The position of an activity in
the ranked list depends upon both the activity's resource demands and
time-space utilization. [0065]Now there is provided more detailed
description of the activity node and  time node in a source graph.
Referring to FIG. 8, the activity node 402, representing a typical activity
node 302 of the source graph 300 as shown in FIG. 7, contains information
such as activity ID, activity name, type and duration. The duration is an
integer number that represents the number of time slots during which the
activity takes place. [0066]The activity node 402 also contains resource
requirements such as a list of participant groups required, a list of the
staff resources required, and a list of facility resources required. The
staff resources and participant groups are normally pre-fixed as they are
decided before the timetable solution searching being carried out according
to the activity nature and staff work load. [0067]For the facility
resources, the sub-set ID of the facility resources required must be
specified. For unary resources, the planner must further specify a detailed
facility resource, e.g., the facility resource ID and name. However, for
discrete resources, the planner only needs to specify the number of
resources required in the said sub-set of the facility resources required,
normally the required number of facility resources is one, but occasionally
it can be more than one. The timetable-scheduling engine will allocate the
required number of discrete resources for the activity concerned. It is
noted that the list of facility resources required consists of one or more
facility resource objects 406. As shown in FIG. 8, the facility resource
object 406 contains information such as the sub-set ID of facility resource
(e.g., fg), fg2, ..., or fgm. 74 shown in FIG. 2), the facility resource ID
16  (e.g., fi, ..., or f4 308 shown in FIG. 7), and facility resource name
that representing a specific resource listed in the said sub-set of
facility resources. [0068]The activity node 402 may optionally contain the
pre-scheduled information because the planner may pre-allocate resources
for an activity, and/or pre-fix start time for the activity. The
pre-scheduled information includes pre-allocated resources, pre-scheduled
time, constraint information and confirmed assignment cluster. As for the
constraint information, the planner may impose specific constraints to an
activity. For example, the activity ab should be conducted before activity
ai" which is also called temporal constraints. It is noted that the
constraints included in the activity object 402 are specific to this
activity only. The generic constraints, which are imposed to all the
activities, are stored in a common storage 38 shown in FIG. I. Details of
these generic constraints are described as follows. 



[0069]Complexity of a timetabling problem largely depends upon the size of
the problem and the constraints imposed to the problem. There are basically
two types of constraints: I) hard constraints and 2) soft constraints. A
timetable solution must satisfy all hard constraints; otherwise it is not
an acceptable solution. Typical hard constraints imposed on a timetabling
problem are listed below: [0070]1.) No participant attends more than one
activity at the same time;  [0071]2.) No instructor or training staff
teaches more than one lesson at the same time; [0072]3.) No facility
resource is allocated to more than one activity at the same time. [0073]The
above hard constraints demand that an acceptable timetable solution must
not have any timetable collisions among resources allocated for activities;
otherwise the solution is not acceptable. One may impose more hard
constraints on a timetabling problem but it is not encouraged to impose too
many hard constraints as they certainly increase complexity of the problem,
making solution searching difficult and likely generating timetable
collisions. [0074]Soft constraints are sort of preferences and
requirements. Unlike hard constraints, it is better to satisfy soft
constraints. However, it is allowed that the soft constraints imposed are
only partially satisfied without making a solution unacceptable. Many
th"etabling problems are more naturally described via preference rather
than hard  17  statements. It is important to find the preferred solution
according to preference criteria. Therefore, solving soft constraints
becomes an optimization task. Sometimes optimization becomes
multi-objectives, which makes the problem-solving process even more
complex. To work out an optimal solution, sometimes, some soft constraints
have to be relaxed. The computer software system has to be intelligent
enough to decide when, how, and to what extent soft constraints should be
relaxed. 



[0075]Take school timetabling as an example, there are many soft
constraints imposed to the timetabling problem. Following are some typical
ones: [0076]I) Student attending a later class in the evening should not
have an early morning class on next day; [0077]2) For any subject, lecture
classes should be conducted before lab or tutorial sessions; [0078]3) Every
teaching staff should have one day off during a week; [0079]4) Same classes
with different student groups should be scheduled at different time;
[0080]5) There should not be too large empty gap between lessons for same
group of students; [0081]6) If possible, avoid early class in the morning;
[0082]7) Student study hours should be evenly distributed during the given
planning period; [0083]8) Minimize students and teaching staff movement
between class transition 



periods; and [0084]9) Maximize utilization of the facility resources.
[0085]The constraints listed above are to be evaluated during local
searching and global solution evaluation. More detailed descriptions will
be given in the descriptions of FIG. 9 to FIG. 12. [0086]Still referring to
FIG. 8, the time node 404 contains information including day Dk (k = 1 to
D) and time slot Is (s = 1 to Nd(, where N11 is the number of time slots in
a day). [0087]According to the resource requirements specified in the
activity node 402, the graph generator 14 shown in FIG. 1 will retrieve all
the required resource data from a center resource pool R 58 shown in FIG. 2
to create a graph cluster 430 shown in FIG. 8,  18 denoted as GCLak (k=1 to
n), which represents the timetabling problem for said activity in form of
graph. [0088]The timetabling system 10 can then select one or more
resources among the  resource nodes represented in the graph cluster 430,
denoted as GCLak, where the superscripted ak denotes that the graph cluster
is associate with the activity ak. A list of the resources assigned and
time node selected form an assignment cluster 440, denoted as ACLak. The
assignment cluster ACLak 440 contains the information such as activity ID,
possible assignment cluster ID chosen, the multiple resource nodes selected
and time node determined. [0089]As shown in FIG. 8, however, the graph
cluster GCLak 430 consists of 



various possible combinations of resource assignments that can be derived
according to the resource requirements specified in the activity node 402.
For example, at the virtual node R1 416, either s3 418a or so 418b can be
selected if only one staff resource is required. Similarly, at the facility
group node fg, 422, either f5 424a or f6 424b can be selected if only one
facility resource is required. A possible assignment cluster includes
information such as activity ID, possible assignment cluster ID, list of
possible resources nodes, and trail density. The possible assignment
cluster 450 as shown in FIG. 8 is denoted as PACLakj, where j = 1 to Nak,"
and where the Naki, is the number of possible assignment clusters embedded
in the graph cluster GCLak 430. There are four possible assignment clusters
embedded in the graph cluster GCLak 430, as listed below. [0090] [0091]
[0092] [0093] [0094] PACLaki : ak -5121-> R2S3RN,fgi15T(DI) Act, -akcl, -
PACLak2 : ak ---> 121-> R2S3 --> RN,fgi16T(D) akc2, -akc2, PACLak3 : ak->
R2S6 --> RNrfgi15T(Dakc3, takc3) PACLak4 : ak -> R1- R2S6RNrfgi16T(Dakc4,
takcil) - In the above listed four possible assignment clusters (1),
several notations -(1) are used. The symbolis the assignment operator; the
symbol --> is searching path indicator; PACLak z denotes the zth possible
assignment cluster in the graph cluster GCLak that is associated with
activity ak, where z = 1 to 4 in this particular situation. The node in
bold is a variant node, such as s3, s6, f5 and f6, while other nodes have
already assigned with known values. 



19 [0095]it is noted that if for example the facility resource is pre-fixed
with a value of f6, then the possible assignment clusters FACLaki and
PACLak 3 containing the element of facility resource f5 must be removed
from the list because it is not legal to assign another value, say f3 to
fulfill the facility resource request. [0096]It is also noted that the
detailed Day and Time slot information is not given  after the time node T,
only generic node denotation such as (Dakcl, lake]) is given, where the
subscripted notation akcz (z = I to 4) denotes the possible assignment
cluster PACLak, for activity ak. This is because the common available time
periods (CATPs) depend very much upon the specific time space that is
associated with the possible assignment cluster, which was described with
FIG. 6. [0097]The timetabling system 10 uses the storage medium to remember
all the possible assignment clusters 450 that include trail density
deposited. The timetabling engine 16 shown in FIG. 1 will search for the
optimal assignment cluster among the possible assignment clusters 450 to
fulfill the resource requirements and to satisfy the constraints imposed.
[0098]Although there are several possible assignment clusters in the graph
cluster 430, at the end of the solution searching cycles, which are carried
out by the cooperating agents, a final confirmed assignment cluster will be
determined and stored in the activity node 402. The final confirmed
assignment cluster is the timetable solution, which is one of the possible
assignment clusters, also shown as an assignment cluster 440 in FIG. 8. The
only difference is that the assignment cluster does not store trail
density. [0099]To illustrate the timetable solution on resource allocation,
an example of  confirmed assignment cluster is given in FIG. 8. The
confirmed assignment cluster stores the information that indicates how the
activity node ak 410 is linked to, or assigned with other resource nodes
and time node. For example, the final assignment cluster that is associated
with the activity ak 410, starts from the participant group node R1 414,
which is virtual node as there is no information processing and
decision-making required on this node because the participant groups for an
activity are often fixed; and next the assignment cluster link goes to
another virtual node, staff node R2416, and then to resource node s3 418,
noting that the link to s3 418 is marked with a bold line to indicate this
is confirmed assignment. Next the assignment cluster link goes to virtual
node RI* 420, and resource  20 type node fo, 422, and resource node f6
424b, then back to the virtual node T 426, and finally to the time node D2
428a, and time slot tak 428b. 



[00100]The above description also illustrates the solution-searching path
in the source graph 300 displayed in FIG. 7. Therefore, the trail density
ern, is stored in each of possible assignment clusters 450 respectively,
where the z represents the index of the possible assignment cluster and ak
is referring to said activity. The pheromone density Takz deposited on the
solution-searching path will be used in local searching for
probability-based decision-making together with hybrid heuristics, details
of which will be described hereinafter. [00101]Referring now again to FIG.
8, a cooperating agent object 408 that is  associated with a cooperating
agent 412 is shown. The agent object 408 identifies the cooperating agent
412 via an agent object ID and name. The cooperating agent object also has
a list of scheduled activity 1Ds, and a list of chosen possible assignment
IDs that represent list of the confirmed assignment clusters. The agent
object 408 does not store detailed information about the list of activity
nodes and list of the confirmed assignment clusters, which are stored in a
common storage because the list of activity nodes is generic to all
cooperating agents. During a searching cycle, the cooperating agent 412
updates the trail density stored on the possible assignment clusters. The
information on possible assignment clusters and trail density are again
stored in a common storage for all cooperating agents to use. [00102]It is
noted that the trail density deposited on each of the possible assignment
clusters will be refreshed (cleared) after one searching cycle is
completed. It is also noted that the activity node not only states the
timetabling problem, e.g., specification of the activity and resource
requirements and constraints imposed on the activity; but also contains a
solution to the requirements by including a confirmed assignment cluster
which consists of the resources allocated and start time scheduled.
[00103]As shown in the FIG. 7, the timetable solution searching by a
cooperating agent in the present invention starts from an initial activity
node al 302 to the last activity node a" 328 in the ranked activity list
330. For each activity (e.g., ak) as shown in FIG. 8, the cooperating agent
starts to assign the resources (Rj 414, R2 416, and RN, 420), and to
schedule a start time (node T 426, time node D2 428a and tak 428b).  21
[00104]Now there is provided a detailed description of the local search for
finding a  next resource combination node in accordance with one preferred
embodiment of the present invention. Referring now to FIG. 9, at time t, a
cooperating agent 502 comes from an activity node ak 500 and then to the
virtual resource node ERak 504. According to the resource requirements
illustrated in FIG. 8, there are Nakp possible assignment clusters that
represent all the possible resource assignment combinations that can meet
the specified resource requirements specified in the activity object, in
particular when discrete resource is required. FIG. 9 illustrates a list of
the possible resource assignment clusters 510 for activity ak 500, namely
PACLakz (z = 1 to Nrakp, where Nrakp is the number of possible assignment
clusters for activity ak). The cooperating agent 502 will use the method
described in FIG. 6 to find out the common available time periods (CATPs)
522 for each of all the possible assignment clusters. For example, the
possible assignment cluster PACLaki 508a has two CATPs, namely the CATP
512, and CATP 514; and the possible assignment cluster PACLak2 508b has
three CATPs. Note that when analyzing the CATPs, the cooperating agent
considers the whole planning period 520, which consists of 1\11 time slots.
Similarly, the time slot marked using spare dots 516 has already been
scheduled by the timetabling system 10, and the period marked using dense
dots was booked for other purpose by the planner via the interface 12 in
FIG. l [00105]As shown in FIG. 9, the cooperating agent that has gone
through the resource allocation and time scheduling cycles deposits some
pheromone on the searching path 506. The trail density is stored in the
possible assignment cluster object 450 shown in FIG. 8. There are Nakp
possible resource assignment clusters 508a, 508b, ..., 508y and 508z that
are virtually linked to the virtual node 504. The searching agent 502
chooses a possible resource assignment cluster node based on a probability
function, e.g., Pak,- f(Tak,, CATPz, CSakz). The probability function
depends on following parameters: 



[00106]a)Takz is the amount of trails present on a link that is sometimes
referred in the possible resource assignment cluster in FIG. 8;
[00107Jb)the number of CATPs available and location of the CATP within the
planning period; and [00108]c)the evaluation of constraints imposed,
CSrakz, including generic constraints which are imposed to all activities
and specific constraints which are imposed to this activity only.  22
[00109]In order to select a desirable possible resource assignment node, a
desirability factor qrak, (z = 1 to Naki,) is defined as follows:    (2) 



0otherwise [00111]In Equation (2), itak, is the pheromone density deposited
on the possible assignment cluster PACLakz, CSrak, is the quantitative
evaluation of the resource constraints imposed on the activity ak, which is
calculated as follows: [00112] CSr"k =(3) [00113]In Equation (3), the
evaluation value of RCS]) ) is 1 if the resource constraint CSri is
satisfied, otherwise of f(CSri ) is 0; Wri is weight factor for constraint
CSri; the Nrak" is the number of resource related constraints imposed On
the timetabling problem of the particular activity ak. [00114]The pheromone
density fon the possible assignment cluster PACLakz is initially set to a
small decimal number, say 0.01, when a searching agent completes its
searching cycle, the pheromone density is updated according to the quality
of the solution searched. Detailed infOrmation 011 updating the pheromone
density is given later on. [00115]With all the equations given, e.g.,
Equation (1), (2), and (3), the probability for selecting a possible
resource assignment cluster can be calculated using following 



equation: [00116] (4) [00117]In Equation (4), the value a qrakst,", is
computed as follows: [00118]  23 [00119]When all cooperating agents have
completed construction of their respective timetable solutions in one
timetable solution searching cycle, the trail intensity ek, is updated
using the following: [00120] AO= p(6) [00121]A -3 s calculated using the
following: [00122]  6TeziA / 



(7)  [00123]In equation (7), (Airakz)), is quantity of trail substance per
unit of length (pheromone in real ants) laid on the possible assignment
cluster by Agenth between time t and t+At. It is noted that there are m
cooperating agents. The value of (Aek,),, is given by: (8) where, the
element (ECSak, + z                            is evaluated using equations
similar to Equation (3), the index i stands for the Agenti. ECS is a
quantitative global measurement of constraint satisfaction of the timetable
solution searched by the agent, EOP is a quantitative global measurement of
optimization criteria achieved by the timetable solution searched by the
agenti; Cis is a constant which is initialised at beginning stage of the
timetable searching process. [00126]Referring now to FIG. 10, the
cooperating agent 600 then comes to the virtual time node Tak 602. The
cooperating agent needs to pick up a CATP among all the CATI's returned by
the chosen possible assignment cluster, say PACIt3 508c, from previous step
described in FIG. 9. [00127]As mentioned before, the CATPs returned from
the previous step in FIG. 9 initially are distributed within the whole
planning period. Now the system needs to distribute all the returned CATPs
into D days 612 accordingly. For example, referring to FIG. 9 again, if the
cooperating agent 502 selected the possible assignment cluster, say  24 



PACLak3 508c, then there will be six CATPs returned to the current time
node selection stage. As shown in the FIG. 10, the six CATPs 614 are
distributed into D days, namely, 3 CATPs 608a in D1 606a, 2 CATPs 608b in
D2 606b, and 1 CATP 608c in D3 606e, as shown in FIG. 10. The list of time
slots including CATPs returned for each day is illustrated in FIG. 10 by
the list 616a, 616b, 616c, 616y and 616z respectively. It can been seen
from the FIG. 10 that the Day DD. and Day DD do not have any CATP returned,
namely the time slot lists of the day node DD_ 606y and the day node DD
606z are fully occupied. [00128]Similar to the resource allocation, the
probability function used to choose an optimal CATP from which the start
time for activity ak is derived depends on following parameters:
[00129]a)ek is the amount of trails present on a link from the virtual node
Tak to the CATPs (time nodes) shown in FIG. 10; [00130]b)the number of
CATPs available and location of the CATP within the planning period; and
[00131]c)the evaluation of time schedule related constraints imposed,
CStaky, including generic constraints which are imposed to all activities
and specific constraints which are imposed to this activity only.
[00132]Again, in order to select a desirable time node, a desirability
factor qty (y = 1 to Ntak,") is defined as follows: [00133] 2- "3' t CSek
3,if CAM exists(9) 0otherwise [00134]In Equation (9), Nekt" is the number
of CATPs returned by the chosen 



possible assignment cluster; and CStaky is the quantitative evaluation of
the time related constraints imposed on the activity ak, which is
calculated as follows: [00135] f(CSii)9471;(10) 1=1 [00136]Similarly, in
Equation (10), the evaluation value of f(CSIO is 1 if the constraint CSti
is satisfied, otherwise of f(CSti ) is 0; WI; is weight factor for
constraint  25 CSti; the Ntakes., is the number of time related constraints
(namely temporal constraints) imposed on the timetabling problem and on
this particular activity ak. [00137]With Equation (9) and (10), the
probability for selecting a CATP, from which the start time for the
scheduled activity ak can be derived, can be calculated using following
equation: [00138] [00139]In Equation (11), the value of qtak", is computed
as follows: [00140]Ni k qta k sum -(12) 



[00141]In the Equation (12), Ntakt" is the number of CATPs (time nodes)
returned by the chosen possible assignment cluster PACLA, for the activity
ak. It is noted that although the link from the virtual node Tak to each
time node (e.g., day and time slot) is not illustrated in FIG. 10 for
simplification purpose, the trail density is deposited on the chosen
possible assignment cluster PACLake for every activity ak, so that PACLake
includes the information of time node decided, as shown by the possible
assignment object 450 in FIG. 8. [00142]Referring now to FIG. 11, there is
provided a general flowchart of a method 700 of timetable solution
searching by using the timetabling system 10 in accordance with one
embodiment of the present invention. In particular, the method 700 is
described using pheromone and hybrid heuristics based cooperating agents.
After starting 702, the tirnetabling system will read/receive timetabling
problem definition data including the information on activities, resources,
time space and constraints 704. [00143]At the same time 704, the
timetabling system initializes one or more searching parameters for one or
more searching agents. It also defines NC, N., Nki, SLokse, and Nk3s101, as
searching parameters, where SLaso is used to store a best timetable
solution searched by cooperating agents; while NE3si0p is used to stop the
timetable solution searching cycling if the timetable solution searched by
the cooperating agents does not improve after NB,101, cycles. The parameter
NC is the solution searching cycle counter which is initialized to zero,
and N"; is a counter used to store the number of cycles after  26 which the
SLobsel is not improved, NJ); is also initialized to zero at this point of
time. Another searching parameter, NJ., which is the maximum number of
cooperating agent search cycles repeated, is also initialized.
[00144)Referring still to FIG. 11, after initialization, the timetabling
system will proceed to step 706 in which it ranks all the activities
according to their resource demands. The graph generator 14 in FIG 1
retrieves data associated with a plurality of activity nodes, a plurality
of resource nodes and a plurality of time nodes from the storage medium
20a. Each of said plurality of activity nodes is associated with its
required resource objects. Then the graph generator constructs a source
graph having said plurality of activity nodes, said plurality of resource
nodes 84 said plurality of time spaces. Said source graph has a plurality
of graph clusters, each graph cluster being associated with a plurality of
possible assignment clusters which are associated with each of said
activity nodes. [00145]The timetable solution searching for all the
cooperating agents begins from the first activity node al in the ranked
activity list in the graph 300 constructed by the constructor generator 14.
The total number of cooperating agents is denoted as m. [00146]The
timetabling system 10 then proceeds to perform timetable solution 



searching cycles in step 708 on the source graph for the pheromone and
hybrid cooperating agents to determine a best timetable solution. In this
module 708, the m searching agents are created and initialized, and the
trail density on the searching paths in the multiple resource-time space is
initialized, e.g., the trail density previously deposited On the searching
paths in the possible assignment clusters is cleaned so that another
searching cycle can be carried out in a fresh environment without influence
from previous searching cycles. [00147]The module 708 then places the m
searching agents at the first activity node a, of the ranked list of
activity nodes. Each of the cooperating agent performs a complete timetable
solution searching cycle starting from the first activity node al to the
last activity node a", where n is the number of activities in the ranked
activity list 310 On the source graph 300 shown in FIG. 7. The solution
searched by the cooperating agent, say Agenti" in searching cycle N is
denoted as SLNI). [00148]After all the m agents complete their timetable
solution searching, the method 700 proceeds to step 710 to evaluate the m
solutions searched and find the best solution in searching cycle N, wherein
said best solution is denoted as SIfibesi. If the  27 Skit, is better than
the global best solution, denoted as SLGt,"t, searched so far, the system
updates the global best solution, and sets N"; to zero. At end of the step
710, the searching cycle counter N is incremented by one. [00149]In
checking step 712 in FIG. 11, whether the timetable solution searching
cycle will continue depends upon if the searching cycling counter NC is
equal or larger than Nit., or if the counter N"; is equal or larger than
Nmop. With a "NO" the timetable solution searching method 700 returns to
step 708. Otherwise, with a "YES", the timetable solution searching method
proceeds to next step 714 to output the timetable solution, and then comes
to the end 716 of the solution searching procedure. [00150]Now there is
provided a more detailed description in FIG. 12 of the  timetable solution
searching cycle module 708 and solution evaluation module 710 in the method
700 briefly discussed above. As shown in FIG. 11 and FIG. 12, the step 708
starts with the initializing step 802 by creating and initializing the
predetermined number of cooperating agents, namely allocating memory space
for predetermined number of cooperating agent objects 408, and emptying
their lists of scheduled activity IDs and lists of confirmed assignment
cluster IDs too. [00151]The initializing step 802 includes initializing the
trail density on the 



searching paths previously traveled by the searching agents in the previous
searching cycle. In this invention, the trail density are deposited by the
searching agents on the possible assignment clusters PACLa (z = 1 to Nap)
for every graph cluster GCLa in the source graph 300, namely ta = CT and
Atak z = 0, where CT = 0.01; and where Tak,. denotes the pheromone density
deposited On the possible assignment cluster PACLaz. The possible
assignment clusters PACLakz (z = 1 to Nap) are associated with activity ak
(k =I to n). [00152]The timetable solution searching cycle module 708
proceeds to step 804 placing predetermined number of cooperating agents (m)
at the first activity node 302 of the ranked activity list in the source
graph 300, and empty the list of scheduled activity IDs for every
cooperating agent. At this step, the confirmed assignment cluster, which is
included in the activity node, is initialized to null and the agent counter
h is set to zero. [00153]Step 806 increments the agent counter h by one.
[00154]Again referring to FIG. 12, a timetable solution searching cycle is
carried out by the Agentb. The timetable solution searching cycle starts
with finding all CATPs among the possible assignment clusters PACO'', (z =
1 to Nap). Thereafter, the timetable  28  solution searching cycle module
708 continues with choosing in step 808 an optimal possible assignment
cluster PACO'', based on the probability function Prakz of Equation (4) for
the activity ak, where k is an index indicating current activity node. Then
the timetable solution searching cycle module 708 continues with choosing a
start time among a number of CATPs returned from the chosen possible
assignment cluster PACLahe based on the probability function Ptak, of
Equation (11) for activity ak. Next, the searching cycle module 708 inserts
the chosen possible assignment cluster denoted as PACLake together with the
chosen start time node as the confirmed assignment cluster into the
activity node object. Finally the solution searching module 708 updates the
centre resource-time space, such as staff-time space 80 which is
illustrated in FIG. 3. [00155]It is noted that choosing the optimal
assignment cluster is repeated in a loop for a while until the last
activity node an is assigned with required resources and scheduled with a
start time. [00156]Upon choosing in step 808 the confirmed assignment
clusters for all activities, the timetable searching cycle module 708
evaluates, according to hard and soft constraints imposed and optimization
criteria specified, in step 810 the timetable solution SLh searched by
Agent)]. If the solution SLh is better than the solution SLNcb", searched
in this searching cycle (counter = NC), then the searching module 708
updates SLNches, by assigning SLh to SL,Nchest. It is noted that at end of
the searching cycle of the first searching agent, e.g., the searching
Agent], the SLNches, and SLGB", are both initialized by using SL), although
SLNck", and SLcnem may be updated later On due to that some better solution
might be found by subsequent searching agents. [00157)In checking step 808
in FIG. 12 whether all the agents have completed their 



solution searching cycles determines whether the current searching cycle
indexed by NC is finished. With a "NO" the timetable searching cycle module
708 returns to step 806 to let next searching agent to carry out its
searching cycle. Otherwise, with a "YES", the timetable searching cycle
module 708 proceeds to next step 812. [00158)In step 812, the timetable
evaluation module 710 compares SLNch", with the global best path SLGRes,
searched so far and updates SLoBes, with SL,Nchesi if socbes, is better
than SLcnes( In this situation, a counter (Ni) for timetable searching
cycles in which there is timetable solution improvement is initialized by
setting N"; = 0. Otherwise, the  29 counter N", is incremented by one to
denote that one timetable solution searching cycle has been performed with
no solution improvement. [00159]Referring again to FIG. 12, and after step
812, the timetable evaluation  module 710 continues to calculate trails
ATakz and update trail density A; on PACLakz (z =- 1 to Nat'l)) on the
source graph, where density ATz= + Are,. Further the evaluation module 710
computes and updates density trails era', (t+At ) on every PACLak, (z = l
to Nakp), and then sets At =0, as well sets time t = t + At, and searching
cycle counter NC =- NCH. [00160]The timetable evaluation module 710
continues to determine in step 818  whether searching cycle is finished.
For a "NO", the timetable searching module 708 and evaluation module 710
return to step 802 to carry on another searching cycle. Otherwise, if
either the best timetable has no improvement after NB,101, cycles such as
when NH, >= NBstop or if the total number of timetable searching cycles
reaches NCmax (when NC >= NC,""), then the timetable searching cycle module
and evaluation module 710 stops, and the timetable solution is presented at
step 71.4 in FIG. II. [00161]The method 700 can be executed via a computer
program that is recorded on computer usable medium. Such computer usable
medium may include random access memories (RAMs), read-only memories
(ROMs), hard disks, and different types of compact discs or floppy disks. A
product that comprises the computer program recorded on computer usable
medium can be executed with, for example, a. computer system 900 as
illustrated in FIG. 13. 



[00162]The computer system 900 can be, for example, a server when the
timetable solution searching system 10 is implemented as a client-server
system with different access rights for different users. As a server, the
computer system 900 can be coupled via a communication resource 908 to a
network 904 such as, for example, an Intranet or the Internet. The computer
system 900 comprises a computer 906 that includes the storage medium 20 and
the timetabling engine 16. Typically, the computer 906 has, for example, an
intelligent data processor that supports the functions of the timetabling
engine 16. The storage medium 20 can serve as the computer usable medium
with the computer program recorded thereon. In this case, the storage
medium 20 can be one or more memory devices such as random access memories
(RAMs), read-only memories (ROMs), or hard disks. Alternatively, the
storage medium 20 can be a memory device reader such as, for example,  30 a
compact disc drive or a floppy disk drive. Such a memory device reader
enables access to the computer program by the timetabling engine 16.
[00163]The display 902 is coupled to the timetable solution searching
engine 16 via  a video controller 910. Data flow within the computer 906 is
by means of a data bus 914 that couples the video controller 910, the graph
generator 14, the timetabling engine 16, the storage medium 20, and an
input/output (I/O) interface 912. The user input interface 12, comprising a
mouse 918 and a keyboard 920, couples to the data bus 914 via another I/O
interface 916. [00164]The present invention therefore provides the
timetabling system 10, the method 700, and the product that comprises the
computer program for executing the method 700 by the timetabling system 10
to overcome, or at least alleviate, the problems of the prior art.
[00165]While the present invention has been described with reference to
particular  embodiments, it will be understood that the embodiments are
illustrative and that the invention scope is not so limited. Alternative
embodiments of the present invention will become apparent to those having
ordinary skill in the art to which the present invention pertains. Such
alternate embodiments are considered to be encompassed within the spirit
and scope of the present invention. Accordingly, the scope of the present
invention is described by the appended claims and is supported by the
foregoing description.  1 What is claimed is: 1. A timetabling system based
on an improved ant colony optimization using pheromone 



and hybrid heuristics based cooperating agent, wherein the timetabling
system can provide an optimal timetable for a timetable problem requiring a
plurality of activities be scheduled within a planning period with a
plurality of time slots of which each time slot has a start time, said
timetabling system comprising: an electronic device having a memory
capacity that contains a storage medium,        wherein the storage medium
stores the information of the timetable problem including the plurality of
activities, the time slots within the planning period, and the plurality of
sets of resources; and        wherein the electronic device is embedded
with a timetabling module that generates optimal timetable using the
information inputted from a user;        wherein the timetabling module
comprises a source graph constructor for constructing the source graph for
the timetable problem; wherein the source graph consists of a plurality of
activity nodes representing the activities, a plurality of resource nodes
representing the resources, and a plurality of time nodes representing the
time slots that are associated with the plurality of resource nodes,
thereby the plurality of resource nodes and the time nodes form a
multi-resourcetime-space, i.e., the source graph; and        wherein the
timetabling module further comprises a timetable solution searching engine
performing timetable solution searching cycles on the source graph based
upon local searching heuristic rules and global pheromone updating rules by
pheromone and hybrid heuristics based cooperating agents to thereby
generate an optimal timetable;        wherein said electronic device
provides said generated optimal timetable for use by the user; said
generated optimal timetable having each activity being scheduled to one or
more time slots within the planning period and being allocated with all
required resources. 2.The timetabling system of claim I, wherein the local
searching heuristic rules include a probability function of resource by
which the searching agents choose a possible resource assignment cluster,
wherein the probability function of resource may be represented by
P',=1(ez, CATP" CSrak"); wherein each possible assignment cluster in
indexed as z, ek, is the amount of trails present on a link, CATP, reflects
the number of CATPs available and location of the CATP within the planning
period, and CSrakz, the evaluation of constraints imposed, including
generic  32 constraints which are imposed to all activities and specific
constraints which are imposed to this activity only; and         a
probability function of time by which the searching agents choose an
optimal CATP from which the start time for activity ak is derived, wherein
the probability function of time may be represented by Pakt-Trey,CATP,
CSt"ky); wherein 'Ca ky is the amount of trails presented on a link from
the virtual node T"k to the CATPs, CATPy reflects the number of CATPs
available and location of the CATP within the planning period, and C.Sey
the evaluation of time schedule related constraints imposed, including
generic constraints which are imposed to all activities and specific
constraints which are imposed to this activity only. 3.The thnetabling
system of claim I, wherein the source graph comprises a plurality of graph
clusters, wherein each graph cluster is comprised of an activity node, a
plurality of resources nodes, and a plurality of time nodes that are
associated with the activity node and the resources nodes. 



4,The timetabling system of claim 3, wherein each of the graph clusters
comprises a plurality of possible assignment clusters, each of the possible
assignment clusters representing a combination of resource allocation and
time node scheduling arrangement for the activity or the graph cluster.  5.
The timetabling system of claim I, wherein the source graph constructor
comprises an editor for editing the information required for the
construction of the source graph, the inffirmation including constraints,
time slot booking and prescheduled activities associated with the plurality
of activity nodes, the plurality of resource nodes and the plurality of
time nodes.   6. The timetabling system or claim I, wherein the source
graph constructor comprises a solution search definer for defining one or
more criteria for the timetable solution searching cycles and activating
one or more constraints being imposed for timetable solutions. 7. The
timetabling system of claim I, wherein the hybrid heuristics comprise:
activity ranking heuristic; multiple resource-time-space manipulation
heuristic; constraint based reasoning; probability based decision-making;
and  33 optimization heuristic.  8. The timetabling system of claim 7,
wherein the activity ranking heuristic may be used for 



ranking the plurality of activity nodes so that the most difficult activity
is scheduled first, thereby the activity nodes are listed in a ranked order
in the source graph.  9. The timetabling system of claim 7, wherein the
multiple resource-time-space manipulation heuristic may be used for
analysing available time periods for said activity.  10. The timetabling
system of claim 7, wherein the multiple resource-time-space manipulation
heuristic may be used for analyzing common available time periods among a
plurality of resources required by one of said plurality activities. 11.
The timetabling system of claim 1, wherein the local searching heuristic
comprises: a trail intensity factor; a common available time period factor;
and a constraint evaluation factor.  12. The timetabling system of claim
11, wherein the constraint evaluation factor is based on the satisfaction
level of one or more constraints imposed on the timetabling problem.  13.
The timetabling system of claim 11, wherein the trail intensity factor, the
common available time period factor and the constraint evaluation factor
are adapted in a probability function for the searching agent to choose an
optimal possible assignment cluster for the activity.  14. The timetabling
system of claim 1, wherein the timetable solutions searching engine is
further adapted to provide in pheromone and hybrid cooperating agents for
searching timetable solutions; wherein the pheromone and hybrid cooperating
agents search for the optimal timetable solution on the source graph based
on the probability function.  15. The timetabling system of claim 1,
further comprising a user input interface that allows 



the user to input information that specifies the time table problem;
wherein the information includes details of the activities, the resources
requirements, constraints, and one or more optimisation criteria for the
timetable solution.  34  16. A timetabling method based on an improved ant
colony optimisation by using pheromone and hybrid heuristics based
cooperating agents to obtain an optimal timetable for a timetable problem,
wherein the timetable problem requires that a plurality of activities be
scheduled within a planning period with a plurality of time slots of which
each time slot has a start time, said timetabling method comprising:
constructing a source graph having a plurality of activity nodes
representing the activities, a plurality of resource nodes representing the
resources, and a plurality of time nodes representing the time slots that
are associated with the plurality of resource nodes, thereby the plurality
of resource nodes and the time nodes form a multi-resource-time-space,
i.e., the source graph;        initializing one or more searching
parameters for one or more pheromone and hybrid heuristics based
cooperating agents;        performing timetable solution searching cycles
on said source graph based upon local searching heuristic rules and global
pheromone updating rules by the pheromone and hybrid heuristics based
cooperating agents to determine generate the optimal timetable; and
providing said generated optimal timetable to the user; said generated
optimal timetable having each activity being scheduled to one or more time
slots within the planning period and be al located with all required
resources.  17. The timetabling method of claim 16, wherein said step of
constructing the source graph comprises:        retrieving data associated
with said plurality of activity nodes, said plurality of resources nodes
and said plurality of time nodes;        constructing said source graph,
said source graph having a plurality of graph clusters, each of said graph
clusters is associated with one of said plurality activity nodes, each of
said graph cluster having a plurality of possible assignment clusters; and
identifying said constraints that are activated.   18. The timetabling
method of claim 16, wherein said initializing step comprises defining a
predetermined number of cooperating agents. 



19. The timetabling method of claim 16, wherein said step of performing
search cycles comprises setting a plurality of cycle parameters for
searching agents, said plurality of cycle parameters being stored in a
common storage medium.  35 90.The timetabling method of claim 19, wherein
said step of performing search cycles further comprises placing a
predetermined number of cooperating agents at an initial activity node,
said initial node being the first activity node of the ranked activity
list. 21 .The timetabling method of claim 20, wherein said placing step
comprises:        clearing one or more lists of scheduled activity IDs in
an agent object, each of said lists of scheduled activity IDs being
respectively associated with each of said cooperating agents;
clearing one or more lists of confirmed assignment cluster IDs in the agent
object, each of said confirmed assignment cluster IDs representing a
timetable solution searched by each of said cooperating agents; and
entering said initial activity node ID into each of said list of scheduled
activity Ws. 22. The thnetabling method of claim 20, wherein said step of
performing search cycles further comprises: selecting a cooperating agent
from said searching agents;         choosing a possible assignment cluster
for the selected cooperating agent based on a probability function; and
repeating said selecting and said choosing for remaining cooperating
agents.  23. The timetabling method of claim 22, wherein said repeating
step comprises adding said scheduled activity node ID to said list of
scheduled activity IDs. 



The timetabling method of claim 22, wherein said step of performing search
cycles further comprises: storing said timetable solution in form of list
of the confirmed assignment clusters. 25.The timetabling method of claim
24, wherein said step of performing search cycles further comprises:
evaluating said timetable solution to determine whether to update a cycle
parameter of said plurality of cycle parameters, said cycle parameter
corresponding to a best path for a searching cycle.  36 26.The timetabling
method of claim 25, wherein said step of performing search cycles further
comprises: checking whether there is another cooperating agent for the
steps of selecting, choosing, and repeating. 27.The timetabling method of
claim 26, wherein said step of performing search cycles further comprises:
updating trails on the searching paths using quantity of trail substance
per unit of length of one or more stored valid timetable solution. 28.The
timetabling method of claim 27, wherein said step of performing search
cycles further comprises: computing trail intensity for every chosen
possible assignment clusters of each of said stored valid timetable
solutions searched by in agents. 29The timetabling method of claim 28,
wherein said step of performing search cycles further comprises: outputting
said best timetable solution. 


