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ABSTRACT. In this paper an attempt is taken to formalize the design and implementation of agent-
based approach for agile manufacturing system scheduling. The general framework of an agent-
based approach for agile manufacturing systems scheduling is presented. Some steps have been
taken to construct a methodology for the development of negotiation mechanism in agent-based
manufacturing systems scheduling to improve scheduling flexibility and robustness. A lower and
upper bound for measuring the effectiveness of the scheduling system are also developed. The
developed model integrates data and decisions associated with several entities within a scheduling
system. This approach can be used to model and solve large-scale scheduling problemsin an agile
manufacturing environment.
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1. Introduction

Producing customized productsin a short time at low cost is one of the goals of agile
manufacturing. To achieve this goa in a manufacturing system, products are
differentiated either by a machining-driven or an assembly-driven differentiation
strategy [HE 96]. The successful implementation of these two strategies lies in efficient
scheduling of the system. To react fast to changes in the market, agile manufacturing
demands its manufacturing operations be distributed, its manufacturing system be
modular, interactive, and robust, and the scheduling problems be solved fast. Y et, most
existing scheduling systems are developed based on centralized structures, which makes
manufacturing systems scheduling complicated. The purpose of applying agent-based
approach to solve scheduling problems is to make the scheduling system easier to design
and implement, more robust and less prore to errors, easier to use, faster, cheaper, and
S0 on.

In this paper, the agent-based approaches are applied to solve a complex scheduling
problem in an agile manufacturing system. The structure of the manufacturing system
that implements the product differentiation strategy in agile manufacturing is shown in
Figure 1. It consists of two stages. machining and assembly, where there are m number
of identica machines at the machining stage and g number of identical assembly
machines at the assembly stage. The manufacturing system with this configuration is
referred as{m, g} manufacturing system.

To solve the scheduling problem, the representation of assembly sequence of a
product produced in the system follows the digraph representation in [KUS 89]. In a
digraph G, each node represents a part or a subassembly/assembly, and an arc represents
a precedence relationship between two nodes. The level of assembly in a digraph is
assigned as follows: value of 1 is assigned to the root node (assembly) and working
backward from the root node, values of increment 1 are assigned to each subassembly
node. Part nodes have the same assembly level as the corresponding subassembly or
assembly nodes. Two products and the corresponding digraph representations of their
assembly sequences are illustrated in Figure 2. The digraphs representing the assembly
sequences of products can be classified into two types. simple digraph and complex
digraph. A simple digraph is a digraph in which at most one subassembly node can be
found at every assembly level (see Figure 2(a)). A smple digraph represents a linear
assembly sequence of a product design. In a complex digraph, more than one
subassembly node can be found on at least one assembly level (see Figure 2(b)).
Throughout the paper, an @sembly sequence of a product represented by a simple
digraph is referred to as a smple assembly sequence and an assembly sequence of a



Agent—based manufacturing system scheduling 3

product represented by a complex digraph is referred to as a complex assembly
sequence.
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Figure 1. Generd structure of {m, ¢} manufacturing system

The scheduling problem to be solved in this paper is defined in the following: there
are m number of identical machines at the machining stage and g number of identical
assembly equipment at the assembly stage (see Figure 1). The objective of the
scheduling problem is to assign parts and subassemblies/assemblies to the machines at
the machining and assembly stages and determine the processing sequences on the
machines so that the makespan (cC__ ), i€, the maximum completion time, is

minimized.
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Figure 2. Example of (&) a product and its simple digraph and (b) a product and its
complex digraph



2. Literatureon agent—based scheduling

The scheduling problem to be solved in this paper is considered as acombination of
two classical scheduling problems with complex assembly sequence: two-machine flow
shop scheduling problem and parallel machine scheduling problem. The two-machine
flow shop scheduling problem can be solved by Johnson's algorithm [JOH 54]. Parallel
machine scheduling problem (P || C,__ ) has been proved by [GAR 78] asNP-hard in the

strong sense when the number of machines is unlimited. However, the problem is
solvable in pseudo-polynomial time when the number of machinesis fixed and thus NP—
hard only in the ordinary sense. Most of the algorithms developed for solving P C, .

are heuristics (e.g., [GRA 69], [COF 78], [FRI 86]). There are some problem
characteristics that complicate solving scheduling problem: () precedence constraints
between operations (machining/assembly); (i) assignment of operations to machines;
and (iii) sequence of unrelated (independent) operations (machining/assembly).

Scheduling problems have attracted various effortsin multi agent approaches (see for
example [SOU 97], [RAB 94], etc.). The notion of agent was found in the wide range of
research in Computer Science (CS), Distributed Artificial Intelligence (DAI), etc. The
multi agent systems paradigm represents one of the most promising approaches to the
development of agile scheduling systemsin manufacturing [RAB 99]. In fact, distributed
systems have the following advantages [DEC 87]: (i) can simplify problem solving by
splitting the problem into simple tasks; (i) can tolerate uncertain data and knowledge;
(iii) offer conceptual clarity and ssimplicity of design; (iv) present graceful degradation in
computational complexity; (v) allow incremental modification of the system boundary;
and (vi) suit well to distributed problems.

The application of agent-based approach to manufacturing scheduling is based on the
idea that scheduling agility can be improved because of distributed autonomous systems
and negotiation based decision-making in a multi-agent environment. [MIN 86] suggests
the use of multi-agent system where there is a wide-range of reasonably self-contained
pieces of functiondity that are independently distributed in terms of timing and
resources.

A survey by [SEN 99] reports 30 projects using agent technology for manufacturing
planning, scheduling and execution control where agents represent physical entities,
processes , operations, parts, etc. Red world examples of multi-agent application
include: power systems management (see for [JEN 95]; [VAR 94]), particle accelerator
control [JEN 93], telecommunications network management [WEI 94], spacecraft
control [SCH 93], computer integrated manufacturing [PAR 95], job shop scheduling
[MOR 93], etc. Assembly line design problem with agent application was studied by
[SPR 95]. The design problem was solved by distributing overall system among agents
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responsible for tasks, workstations, resource cells, etc. The coordination among
distributed subsystems was achieved by negotiation and self organization of agents. The
objective of the design was minimization of technological cost of the equipment that was
achieved by applying simulated annealing.

A common definition for agent or “processor” was not found in the literature. In spite
of this, [SIC 92] consider a “processor” as an agent when it possesses at least the
following three properties: (i) has a certain degree of autonomy to reason about and to
make decisions by itself; (ii) has the capability to interact with other agents; and (iii) has
the knowledge to independently solve a part of the global problem.

An agent can possess various properties depending on the nature of the problem
under consideration and the environment. The agents involved in the decision making
process are not necessarily with same functionality. The level of functiondity is defined
in the problem decomposition process. Some of the agent properties found in the
literature (i.e. [GEN 94], [GAL 88], [ROS 85]) are appropriate for the type of the agents
used in our system. Here are the properties we believe our agents psses. autonomy,
sociability, reactivity, pro-activity, veracity, benevolence, and rationality.

3. Agent—based scheduling framework

In this section, the general framework of the agent based approach for scheduling in
an agile manufacturing environment is pesented. The successful implementation of
agent based approach strongly depends on how the system is decomposed into
interrelated subsystems so that the integrity of the system is not violated. The digraph
representation of product assembly sequence allows successful decomposition of large
size scheduling problems into sub-problems, so that the integrity of original problem is
not violated.

The digraph decomposition procedure described by [KUS 89] is used for
decomposing the overall scheduling problem into sub-problems. The decomposition
procedure consists in the following; a complex digraph is decomposed into simple sub-
digraphs by removing root node A (A; in example presented by Figure 2(b)) from it.
Then, moving forward we remove al the assembly nodes until the digraph is
decomposed to the level where all resulting sub-digraphs have simple structure. Products
with simple digraph representation have linear assembly structure and their optimal
scheduling can be achieved by polynomial agorithms (see [HE 02]). As a result of
decomposition, a set of sub-digraphs and single nodes (machining and assembly
operations) is generated. Each decomposed sub-digraph, generated during the
decomposition process, is an individual job that needs to be scheduled according to its
precedence relationships with other jobs. For each sub-digraph an agent is assigned as



an entity of the system that is responsible and authorized only for scheduling his job in
the system. If a single assembly node generated during the decomposition process has
immediate preceding part nodes al the part nodes immediately preceding to that
assembly node are combined with that assembly node and assigned to an agent. As a
result each agent will have at least one assembly operation to schedule. If designers
make some changes in the product assembly structure, the sub-digraph corresponding to
the redesigned component will be changed, hence the agent responsible for that
component will take care of rescheduling. In this way the decomposition method, and
the schedul e obtained using agent-based approach is robust.

The autonomous nature of system agents also offers flexibility of decision making
under different circumstances. However, like many other agent-based systems our
system requires a significant monitoring overhead which is described next.

Besides the agents owning individua jobs, another type of agent, or so called
monitoring overhead or scheduling manager (SM) is added to the decision making
process in the system. Unlike the other agents in the system, scheduling manager is not
responsible for scheduling activities. He/she is the decision-maker at a higher level and
isresponsible for choosing the winner among other agents during bidding process.

Before presenting agent-based scheduling algorithm, the following notations and
definitions are introduced:

Define:
J=(J1, I, Js, ..., Jy) the set of the jobsto be scheduled;

SAJ=set of schedulable jobs, i.e., set of the jobs that can be scheduled because all their
preceding jobs are scheduled, or they have no preceding job;

NSJ=set of non-schedulable jobs, i.e., set of the jobs that cannot be scheduled because
some of their preceding jobs have not been scheduled yet;

SJ=set of scheduled jobs.

Let stage be a step of the scheduling process, when a change in the set of
schedul able/scheduled jobs occurs.

If we define t as the index of a stage, accordingly, the sets SAJ, NSJ, SJ will be
defined for staget as: SAJ,, NSJ;, and SJ..

At any stage t the following equation holds: J=SAJ, E NSJ; E SJ,. Next, the agent-
based scheduling algorithm is presented.
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3.1. Agent—based scheduling algorithm

Stepl. Decompose the digraph into a set of smple digraphs and assign an agent to
each subdigraph according to the decomposition order.

Step 2. Initialize the system by setting t=0 and defining sets SAJ,, NSJ;, and SJ,.

Step 3.  Schedule Manager gives a signa to all scheduling agents, having job in the
set of schedulablejobs (SAJy), to scheduletheir jobsin the system.

Step4.  The agent with the minimum makespan is thewinner, and schedules his job.
Step 5. Set t=t+1 and update the sets SAJ,, NSJ, and SJ;,

Step 6. If SJ=J then GoTo Step 7 else GoTo Step 3.

Step7. End.

The individua jobs are scheduled by corresponding agents using appropriate
scheduling algorithms developed in the literature. [HE 02] showed that products with
simplée/linear assembly structure can be scheduled with the same makespan on {m, g=1}
and {m, g>1} systems. Since each agent possesses ajob with simple assembly structure,
mixed integer programming can be used to achieve optimal scheduling of individual jobs
(see[HE 01] for formulation).

4. Thenegotiation model for agent—based scheduling

In this section, the model of negotiation among scheduling agents is presented. The
purpose of negotiation is to reach an agreement about the assignment of operations to
machining and assembly equipment and to improve the overal schedule. The model
defines a range of strategies and tactics that an agent can deploy to generate new
scheduling offers. The model is based on computational ly tractable algorithms.

The following assumptions are valid for the model: (i) there is no deadline for the
scheduling decisions to be reported to schedule manager; (ii) each agent starts decision
making process, as soon as he receives the necessary information from the schedule
manager; (iii) agents report about their decisions to the schedule manager as soon as
their decision is made; (iv) schedule manager announces his decision to the agents as
soon as hisdecision is made.

Before describing the negotiation mechanism the following definitions and notations
are introduced:

a agentj,j=1, ..., k;



t; completion time of the last machining operation on machine i (i=1, ..., m)
obtained by agent a; (j=1, ..., K) at staget;
T”F completion time of the last assembly operation on assembly machine i, (i=1,
q) obtained by agenta; (j=1, ..., k) at staget;
Saj :(t]t_j’t;p' ., mJ,le,TZJ,_”,T;j) completion time-vector of schedule Saj obtained by
agentaj (=1, ..., K) at staget;
e (151) = max{ tl, z, m] T T ...,T N maximum completion time of the
schedule obtained by agent a (]—l, ..., K) at staget;

At stage t, each agent schedules his job in the {m, q} system and obtains (m+q)
completion time-vector S This (n+q) vector is being reported by each agent in SAJ,
to SM. Based on this information, SM makes decision and identifies who schedules his
job on the system at the current stage. The value of the following expression is
evaluated:

Conae (6) =MN{Cp, (1)}
Agent a; isthe winner at staget if the following istrue:
Crra (1,1) = C (1)

Once an agent becomes the winner at one stage, he enters the negotiation process
with certain input. The players in the negotiation process are dl the agents aready
having scheduled their jobs in the system. Basically the input brought by an agent to the
negotiation process is the values of the decision variables that uniquely define the total
schedule obtained that far. Once the winner is identified (or new player entering the
negotiation processis identified) the set of schedulable jobs (SAJ), the set of scheduled
jobs (SJ), and the set of non-schedulable jobs (NSJ) are updated. The current stage index
is incremented by one. The winner, the agent who is scheduling his job at the current
stage, observes his schedule, and decides if he is going to request for negotiation from
the agents in the negotiation process. Listed below are some conditions that indicate the
need of negotiation.

- The makespan obtained exceeds the estimated upper bound on makespan. In this
case the agent last entered the negotiation process initiates a negotiation with others.

- Even if the makespan does not exceed the estimated upper bound it is close
enough to that.
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- If for any assembly operation scheduled by an agent starting time is greater than
the completion time of its preceding operations (machining and assembly). Basically this
fact indicates that the agent is delaying his job because of other agents. Hence, he may
consider a negotiation with others.

Suppose agent a; was the winner at stage t=1, and agent a, becomes the winner at
stage t=2. The overall schedule obtained so far is the combination schedule of the jobs
owned by agent a; and agent a,. Let's assume that for some reason agent a, initiates a
negotiation process in order to improve the schedule. As aresult of negotiation, a series
of feasible schedules is generated by combined efforts of agent a, and agent a,. The
result is represented in the matrix presented below:

€C,a (L) U
Crm@) Cnd 7
¢ Con (32 Con(33) u
é Coo (43) Coa(44) ¥
é ' £ u
8 e g

The éements of the matrix are maximum completion time of the combination
schedule (job 1 and job 2). Agent a, enters the negotiation process, where agent &, isa
player with some schedule (defined as schedule 1 of agent a,), with some initial schedule
(defined as schedule 1 of agenta,).

When agent a, enters the negotiation process, the schedule offered by him is the best
that heis able to find with consideration of decision variables defined at stage 1 by agent
a.

The first element c__ (1,1) of the matrix is the maximum completion time that agent

a, obtained when he entered the negotiation process. The cup sign above number 1
(which indicates the schedule 1 by agent a,) indicates that agent a, obtained schedule 1
without changing the values of decision variables defined by agent 1 in schedule 1. From
this point on, a series of feasible schedules is obtained as described. Consider the
element C__ (2.1) - This is the maximum completion time that was obtained by agent a;

(at this point it is considered as schedule 2 by agent a,), where the cup above 1 indicates
that agent a, obtained schedule 2 without changing the values of decision variables
defined by agent a, in schedule 1. Therest of the matrix is constructed similarly.



At some point, the negotiation process should be terminated. The following
conditions are recommended to be checked for termination:

- the current maximum completion time is equal to the estimated lower bound on
makespan, which means the solution obtained is optimal;

- agentsinvolved in the negotiation process are satisfied by the results obtained;

Once the negotiation process is terminated, the schedule obtained is passed to SV and
SM announces about it to the agentsin the SAJ list.

The best schedule obtained is the one corresponding to the element of the matrix that
satisfies to the following condition:

min imjn {Coa . DY}

This schedule is reported to the Schedule Manager. The output schedule at stage t
represents the input for staget+1. This means that agent a; and agent a, will participate
in the scheduling process at stage t=3 with the corresponding schedules, obtained as a
result of negotiation process carried out at staget=2, numbered as 1.

The scenario will change once agent a; enters the negotiation process. Now agent a;
negotiates with agent a;, and agent a, together, since they both have separate units to
control in the schedule. And each one is responsible and authorized for changes
concerning to the job's schedule owned by him. However, starting from stage t=3 the
negotiation process keeps same tactics as at staget=3 which is described below.

Asthe process continues, agent a; becomes the winner at staget=1, agent a, becomes
the winner d stage t=2, and agent a; becomes the winner at stage t=3. The overal
schedule obtained so far is the combination schedule of the jobs owned by agent a,
agent a,, and agent a;. In order to improve the schedule after entering the scheduling
process, agent a; initiates a negotiation process with agent a, and agent a,. Each of them
tries to improve the schedule by rescheduling the corresponding schedules they obtained
as an output of staget=2. The matrixes corresponding to negotiation processes are:

Agent a, Agent a,
Agent a, gC:max (15}{) ’ 3 Agent a, gC:max (:L’Al{) ’ ﬂ
&L (21D g L (121 "

By comparing C__ (211) axd C_ (1,21)one can find out who generated better
schedule. The following three cases are possible:
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- Cc.(21)3cC,(12]) ad c_ (211)>C, (11]). In this case agent a,
becomes the winner and he gets the right to initiate the next negotiation process.

- Cc@2)sc,(21]) ad c_(@12])>C, (111). In this case agent a,
becomes the winner and he gets the right to initiate the next negotiation process.

- C.(21)£c,, @11 ad c _ @21 £C,, (111). None of them is a winner
and the negotiation process is over at the current stage. The stage index is incremented
by one.

Suppose agent a, is the winner. He initiates a negotiation with agent a, and agent as.
Each of them tries to improve the current overall schedule. At the current moment the
overall makespan obtainedisC_ (11)) -

Agent a Agent a
Agent a, gc:max (:11{) ’ 3 Agent ag gc:max (:1;1,1) ’ 3
L 12D " L 112 "

Considering three corresponding possible cases discussed at the previous iteration
the winner is identified and the next iteration is started, or the stage counter tis
incremented by one. Eventually the last agent will enter the scheduling process and after
necessary negotiationsthe final schedule will be obtained.

Next, the formal agent-based scheduling algorithm with negotiation mechanism is
presented. In addition to the notations and definitions prior introduced the counter of
iteration is defined by c.

4.1. Agent—based scheduling algorithm with negotiation

Step 1. Decompose digraph into a set of simple digraphs and assign an agent to each
job according to the decomposition order.

Step 2. Initidize the system by setting t=0 and defining sets SAJ,, NSJ,, and SJ,.

Step 3.  Schedule Manager gives a signal to al scheduling agents, having job in the
set of schedulablejobs (SAJy), to scheduletheir jobsin the system.

Step4.  The agent who generates the shortest combined makespan with the scheduled
jobsisthewinner and schedules his job in the system.

Step 5. Set t=t+1, c=0 and update the setsSAJ;, NSJ; and SJ, .



Step 6. The last agent entering the scheduling process checks if negotiation is
necessary. If so, he initiates a negotiation with the other agents in the
scheduling process. The counter of iteration is set c=c+1. A series of feasible
schedules is generated with each agent in the scheduling process, and
makespan matrixes are constructed.

If no negotiation is conducted then GoTo Step 3.

Step 7.  The agent generating the minimum makespan with the agent last entering the
scheduling processisthe winner in that iteration.

Set last agent entering the scheduling process = winner at iteration c.
Step 8.  Check for termination of negotiation.

If negotiation isterminated GoTo Step 9 else GoTo Step 6
Step 9.  If SJ=J then GoTo Step 10else GoTo Step 3.
Step 10.  End.

Note that the decomposition in Step 1 is performed by the digraph decomposition
agorithm described in [KUS 89].

An illustrative example of agent-based scheduling agorithm with negotiation is
presented in Appendix I.

5. Objective measures of effectiveness

In assessing the benefits of agent-based scheduling in terms of solution quality one
should natice that solution quality strongly depends on the scheduling techniques used
by individual agents for scheduling their tasks. Also note that each subsequent sub-stage
in a negotiation process gives a better output than its previous sub-stage. Thus, the
longer the negotiation process lasts the better solutions will be obtained. Next, lower and
upper bound estimates on makespan are devel oped.

Suppose a product with corresponding digraph is going to be scheduled on a {m, q}
manufacturing system.

Let Py, P,, ..., B, bedl part nodesin the digraph, and Ay, A, ..., Ay be al assembly
nodesin the digraph (see examplein Figure 2). The following notations are introduced:

k = number of agents or decomposed sub-digraphs;
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n; = number of part nodes in the sub-digraph corresponding to the sub-problem handled
by agent a;.

N; = number of assembly nodes in the sub-digraph corresponding to the sub-problem
handled by agent ;.

P/ ,P,,..., P! arepart nodesin sub-digraph corresponding to the sub-problem handled by

agent a;.

AA, .. A,'“ are assembly nodes in sub-digraph corresponding to the sub-problem
handled by agent ;.

t(il) gt(iz) g_,_gt(in) are ordered processing times corresponding to part nodes
PP, .. P,

T(:il.) £T(i2) £'"£T(iN,) are ordered processing times corresponding to assembly nodes

KA A
Then lower bound on makespan is caculated using the above defined terminology by
equation [1]. Basically, what it represents is the best-case performance of the scheduling,
when assembly starts right after the shortest machining time in the digraph and after that
thereisno idle time on assembly line.

N-1
[o]

k A t(A)
LB =) + S — s (1

For developing upper bound on makespan the following notations are introduced. L et
@+ )() be the smallest greater or equal integer of evaluated expression (- ), then define
k = g?iglu as average number of parts per machine for agent a; and | — Q**_(O:uu average
ema &4 o)
number of agents/individual jobs per assembly line.

The maximum completion time for the schedule by agent a; can be computed using

. ki-1 N; . N;
the following formula 1 - é ., +aT- The expression 1i — 8 7/ represents total
i n-j i i
=1

i=0 =1



assembly time corresponding to the job possessed by agent a;. The expression g_lt(i )
n-1
i=0

represents the machining time, when first k; largest machining operations in the job
possessed by agent a; are assigned to the same machine, which corresponds to the worst
possible performance. Then, T, is the completion time, when assembly operations start
right after all machining is compl eted.

The ordered total assembly time corresponding to each agentisT® £ T@ £ . £T®.

Using these notations and formulations the upper limit of total completion time is
calculated by equation [2].

1

i
t(ﬂ-J)

o7

UB= +g-|-(k-j) , where i :P(IH-J)’” h-jem [2]
=0 @t - j<m

Qo

i=1

g

5.1. Computational experiments

To show the effectiveness of the proposed agent-based scheduling methodology in
terms of solution quality computational experiments were conducted. We chose the
system of consisting of one machine and one assembly station because optimal
agorithms for scheduling on these systems were developed by [KUS 89] and we were
able to compare the results obtained by applying agent-based approach with the optimal
scheduling solutions.

The developed agent-based approach was coded in C++ and used for testing
problems. A total of 4 types of problem with different assembly sequences were tested.
For each testing problem, 5 instances were generated, and for each instance, assembly
sequence, number of part nodes, number of subassembly nodes, maximum level of
assembly, machining times, and assembly times were randomly generated. The datawas
generated based on the real assembly application information from industrial assembly
handbooks ([NOF 96]; [BOO 92]; and [LOT 89]). The average size of the problems
corresponds to 37 part nodes, 26 assembly nodes, and 7 assembly levels. The machining
and assembly times were randomly generated that follow uniform distribution U(7, 25)
and U(10, 30) respectively for the first type of the problems. For the second 5 instances
of the problems the generated machining and assembly times follow uniform distribution
U(6, 14) and U(6, 19) respectively. The third sample followed U(3, 12) and U(4,12).
And finally, for the fourth sample we had U(5,16) and U(6,20) correspondingly. The
results of the computations are provided in Table 1.
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Problem instance No. Crnax Cag Caen Cae/Crax | Cag-nCrax
Machining times 1 683 704 683 1031 | 1.00C
U(7, 25) 2 638 641 638 1.005 1.00C
. 3 631 714 631 1132 | 1.000
Gmlo ' 3%)/ Times: 7] 582 640 508 1100 | 1.027
(10, 30) 5 585 619 605 1058 | 1.034
Machining times: 1 404 434 422 1.074 1.045
U6, 14) 2 39 240 390 1102 | 1.000
- 3 392 417 207 1064 | 1.038
GSSEG 1' ;"y Times: 2 301 437 301 1118 | 1.000
(6,19 5 205 443 408 1094 | 1.007
Machining times: 1 320 335 321 1.047 1.003
2 35 35 37 1030 | 1.006
UG, 12)
. 3 329 ) 30 1040 | 1.003
Gssf ! 2ny Times: Z 301 317 310 1053 | 1.030
(4,12) 5 35 326 3 1035 | 1025
Machining times: 1 487 504 502 1.035 1.031
U(5, 16 2 435 242 434 1016 | 1.000
(5, 16)
- 3 243 57 248 1020 | 1011
ﬁ‘? 2'3)“’ Times. 2 =2 253 3 1049 | 1025
(6,20) 5 264 292 478 1060 | 1.030

Table 1. The results of the computational experiment

To evauate the effect of negotiation in agent-based scheduling, for each problem we
tested, the completion time of product was obtained without applying negotiation. The
results are presented in Table 1. The notationsin Table 1 are asfollows:

Cinax — completion time corresponding to optimal schedule;
Cag — completion time obtained by applying agent-based approach without negotiation;
Cag-n — COmpletion time obtained by applying agent based approach with negotiation;

Theratios in Table 1, i.e., Cap/Crax Cas-n/Crax, represent the effectiveness of the
tested agent-based approaches.

Comparing the results in ratio columns corresponding to agent based approach with
and without application of negotiation, one can see that application of negotiation
dramatically improves the solution quality. Agent-based scheduling without applying
negotiation provided 0.5%-13.2% deviation in completion time from the optimal
schedule when agent-based scheduling with application of negotiation provided 0.0%
4.5% deviation in completion time from theoptimal schedule.



Concluding the experimental results, we can say that agent-based scheduling
approach presented in this paper provides optimal and near optimal solutions.

6. Conclusions

In this paper, an agent-based approach was designed for manufacturing system
scheduling in an agile manufacturing environment. The general framework of the agent-
based approach was presented. The successful implementation of agent-based approach
strongly depends on how the system is decomposed into interrelated subsystems and the
negotiation among the agents so that the integrity of the system is not violated. A
decomposition method was proposed for successful decomposition of large size
scheduling problems into sub-problems. Then negotiation mechanism was devel oped
and incorporated into decisiorrmaking process in a multi agent environment. A lower
and upper bound on maximum completion time were.

The decomposition method and agent-based tool were designed in a way that each
agent is assigned a separate individual job to be scheduled in the system according to the
precedence relationships of other agents' jobs. If any changes are made by users in
component designs, or assembly structures the product designs, rescheduling can be
done easily by corresponding agents in the scheduling system. In this sense, the schedule
obtained by agent-based approach isrobust. The developed approach integrates data and
decisions associated with severa entities within a scheduling system. This approach can
be used to model and solve large-scale scheduling problems in an agile manufacturing
environment. To demonstrate the effectiveness of proposed methodology, computational
experiments were conducted. The results of tested problems show that the scheduling
method obtains optimal or near optimal solutions.
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Appendix |: [llustrative example of agent
based scheduling algorithm

Consider a product to be produced in {m=2, q=1} manufacturing system. The
assembly sequences of the product is shown in Figure 3. The machining and assembly
times are provided in Table 1.

Agent 3 / Agent 1
Job J; Job J;
Agent 2 / - T
Job J,
Figure 3. Assembly structure of aproduct
Part P, | P, | P3| Py | Ps | P
Machining Time 6 4 6 1 6 9
Assembly Al | A | As | A
Assembly Time 3 4 3 5 — —

Table 1. Machining and assembly times

To decompose the digraph, we remove the root node A,. All the resulted sub-
digraphs have simple assembly structure. After decomposition, an agent is assigned to
each job. The set of following jobsis defined: J={J,, J,, J3} .

Initializethe system:

t=0 SAJ={J,, I3}
NSL={J.}
Sh={A}



At this stage the schedule manager gives a signal to the agents of al the schedulable
jobs to find the best possible schedule (shortest makespan) with the consideration of
scheduled jobs (the set of scheduled jobs is empty at t=0). The Gantt charts of schedules
obtained by individual agents having job in SAJ, are provided below.

Agent 2's schedule Agent 3'sschedule
P,
Ps [ Py
6 6

Ps P, | Ps
9 4 10
[A] [A [ A
9 12 6 9 14

Agent a, isthewinner, since his schedule has the shortest makespan.

The system is updated as follows:
t=1 SAJ={Js3}

NSJ={J}

Sh={%}

The Gantt chart of schedule obtained by the only agent having job in SAJ; is
provided below.

Agent 3's schedule
P,

Pl Ps | Ps []
4 10 16
P | Ps |

6 15
[Al[A ] [A]

6 9 14 17 20

Agent a, realizes that some changes happened to his schedule, the completion times
of operations were changed. He reschedules his schedule without changing any
assignment made by agent a;. Thefinal schedule is shown below.
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Agent 2’ s rescheduled schedule

P, Ps [ Ps |
4 10 13/ P,
PR | P ]

6 15
[Al[A ] [AS]

6 9 1416 19

Here it is reasonable to terminate negotiation process, since the total machining time
was broken evenly between 2 machines.

Update the system asfollows:
t=2 SAJZZ{J]_}

NSJ,={ A}

S5L={J,, &}

The schedule manager gives asignd to al of the schedulable jobs agents to find the
best possible schedule with the consideration that the jobs in SJ, are scheduled. The last
scheduling agent &, schedules his job and obtains the schedul e presented bel ow.

Agent 1's schedule

P, P [ P | Py
4 10 16
P | Ps 11
6 15

(A A ] [A]T A
6 9 1416 19 24

Scheduling agents a, and a; do not find any change in their scheduled operations
completion times, hence thereis no need for rescheduling.

Update the system asfollows:
t=1 SAJ3:{ICE

NSL={ A}

SI={Jy, Iz, I3}

Since Sk=J={J,, J», J3}, the scheduling processis over.



