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ABSTRACT

   Aiming at the  elimination  of  tardy jobs in ,a job shop
production  schedule,  an  optimization-oriented  simulation-based

scheduling  (OSBS) method  incorporating capacity  adjustment

fun¢ t{en  is proposed, In order  to determine the pertinent
additional  capacities  and  to control job allocations

simultaneously  the proposed method  incorporates the

parameter-space search  irnprovement (PSSI) method  into the

scheduling  procedure. In previous papers, we  have introduced
four parameters;  two  of  them  are  used  to control the upper  limit
to the additional  capacity  and  the balance of the capacity

distribution among  rnachines,  while  the others  are  used  to

control  the job allocation  procedure. We  found that a  
'd{rect'

optjmization  procedure which  uses  the enumeration  method

produces an  optimal  solution  with  practica] significance,  but it
takes too much  computation  time  for a practicar use.  In this
paper, we  propose a new  method  which  adopts  a pattem search
method  in the schedule  generation procedure to oblain  an

approximate  optimal  solution.  It is found that the' computation
time  becomes short  enough  for a practical use.  Moreever, the
extension  of  the parameter domain yie]ds an  approximate

eptimal  solutien  which  is better than  the  optimal  solution

obtained  by the 
'direct'

 optimization.

INTRODUCTION

    In a make-to-order  production, the most  important
requirement  for production scheduling  is to fu]fi11 the customer
due-date for each  job. ptrhen tardy jobs are  involved in a

production schedule, an  improved schedule  is sQught  for to
eliminate  tardy jobs under  the given available  capacities,

When  the  occurrence  ofthe  tardyjob  is judged to be inevitable,
the reduction  of  the number  of  tardy jobs is attempted  by
increasmg  resource  capacities within  the allowances  granted by
the upper-level planning  department. However, in jeb shop

production scheduling,  it is generally dicacult to decide the
capacities  when,  to which  mach{ne  and  what  ameunt,  to add  so

as  to minimize  ofthe  nurnber  of  tardyjobs  after  suppressing  the
added  amount  ofthe  capacity.

   In order  to determine the pertinent additional  capacities

and  to  control  job allocations  simultaneeusly  we  incorporate

the pararneter-space-search-improvement methed  (named the
PSSI method)  (Fuyuki et al. I998) into the scheduling

procedure, The PSSt method  is a  framework for finding the
best solutien  in a simulation  method.  II introduces a very  few
number  of  parameters which  can  systematically  manipulate  the
relevant  variables  and  the best selution  is sought  for on the

parameter space  spanned  by the introduced parameters, In

previous papers, we  have introduced four parameters; two  of

them  a and  b are  used  to control  the upper  limit to the
additional  capacity  and  the balance of  the capacity  distribution
among  machines  (Arakawa et  aL  2001a). The best capacity

addition plan is sought  for on  the parameter space  axb,  while

the others  ci and  c2 are  used  to control  the  job allocation

prDcedure (Fuyuki et at, 1999) and  the best schedule  with

respect  to due-date related criterion  is sought  for en  the

parameter space  cixc2,  A  
`direct'

 optimization  procedures on
the four-dimensional direct-product space  which  we  named  the

OSBSV4  methed  {s developed by merging  the  procedures
separately  trcated  on  the two  dimensional spaces <Arakawa et

al. 200lb). By using  schedu]ing  data obtained  frorn a practical
Iarge-sea]e system,  the  performance ef  the procedure was

investigated. It is found that the  number  of  tardyjobs  and  the

added  amount  of  the capacity  are  significant]y  reduced,  but the
computatien  time to  obtain the optimal  solution  by enumeration

is too long for practical application.

    In order  to shorten  the computation  time  we  propose in
Ihis paper a  new  method  which  adopts  a loca] search Tnethod  {n
the  schedule  generation procedure, and  examine  the

perfbrmance ofthe  propose methed,

AN  OPTIMIZATION-ORIENTED  StMULMION-BASED
SCHEDULING  METHOD

   As  for scheduling  aiming  al the reduction  ofjob  tardiness,

a  certain  type  of  the BackwardlForward Hybrid Simulation
rnethod  (nained BFHSttype C) is known  to show  excellent

performance ever  the  conventional  fbru,ard simulation  method

with  sophist{cated  dispatching ru]es  (Fuyuki and  Inoue 1995).
In the BFHSItype C method,  the due-date related  information
obtained  from the first step backward simulation  is uti]ized  in
the second  step  fbrward simulation, i, e., the order  of  the
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starting  time for each  job at each  work  center  estimated  in the

backward simulation  is used  in the forward simulation  to create

ajob  priority order  for the concerned  jobs at each  work  center,

We  adopt  th{s BFHSftype C  method  as  a  schedule  generation
rnethod  in the scheduling  procedures  in this section.

Pram  erstocontrol'oballocations

   Since the set of  the parameters (ci, c2)  shews  the best

performance  with  respect  to tardiness related  criteria  such  as

the average  tardiness, the maximum  tardiness and  the number

of  tardyjobs  (Fuyuki et aL  1999), we  adept  this parameter set

to eontrol the job allocation  process in an  optimization

procedure.
   This parameter set  was  introduced with  the intentien to

control  thejob  allocation  process by utilizing  the characteristics
of  the initially generated scheduling  result, Focusing on  the

due-date lateness (= the job completion  time  
-

 the due-date)

and  the accumulated  wating  time of  eaeh  job in the  initial

schedule, we  intended to adjust  the slack  time for eachjob  at

every  occasion  when  it is estimated  for calculating  the job
prierities. In order  to reduce  the number  of  the degrees of

freedom, we  introduce the two  parameters and  decide the

adjustment  quantity by the fo11owing equation

              Ai=cTLi+c2PTC., (1)
where  Ai is the adjustment  quantity for thc stack  time  for ajob

i, and  the coeMcients  ci  and  c2  are the parameters, By

systematically  changing  the parameter  va]ues,  we  can  control

thejob  allocation  process,

Param  ters to control  ca  acit  ad'ustments

   When  we  limit the capacity  adjustment  te the supplement

of capacities,  the items to be determined in the capacity

adjustrnent  control  procedure are  the capacities  when,  to which

machine  and  what  ameunt,  to add.  In order  to make  a  pertinent

decision on  the capacity  supplernents,  we  introduced  two

parameters a  and  b which  can  systernatically  manipulate  the

relevant  decision variables  (Arakawa et at, 2000). The

parameter a  which  takes the range  O S-aS I controls  the upper

lim{t to the additional capacity  and  the parameter b which  takes

the range  -1SbS1  the  balance of  the capacity  distribution

arnong  machines.  Detail account  of  the determination of  the
"initially

 added  capacity" for a  machjne  per day is given in

Arakawa et al. (2000),

m pthdl  t edure

   A  
`direct'

 optimization  proeedure  to  seek  for an  optima]

solution  on  the direct product space  ofthe  four pararneters a,  b,

ci and  c2  was  developed by Arakawa  et al.(2001b),  where  the

cnumeration  method  is adopted  to select  an  optimal  solution.

In order  to reduce  the computation  time, we  adopt  one  ofa

direct search  method  termed  the pattern search  (Hooke and

Jeeves, 1961), Since the search  method  is adepted,  the solution

to be found can  be an  approxirnate  optimal  solution.  However,

the  extension  of  the original  parameter  domain  by the adoption

of  finer step sizes  (grid spacing)  and  by the  removal  of  the

parameter  boundaries yields an  approximate  optimal  solution

which  can  be better than  the eptimal  solution  defined on  the

original  parameter demaln,

   The proposed scheduling  procedure which  we  shall name

the optimization-oriented  simulation-based  schedu}ing  method

with  four parameters using  a pattern search  method  (the
OSBsuLP method  in abbreviation)  starts with  the initial

schedule  generation and  calculation  of  necessary  quantities
fo11owed by a patterri search  procedure with  rnodifications.

   The pattern search  precedure  is described in Appendix B

by Hooke  and  Jeeves (1961) in a  general form. The procedure
is applied  to lhe  current  four-dimensional space  problem/ a

space  point is specified  by the coordinates  a,  b, ci, c?; the
'function'

 is the procedure at a given space  point to calculate

the number  of  tardy jobs in a schedule  and  to  decide the total

additional  capacity; and  the 
`functional

 value'  corresponds  to

the number  oftardyjobs  as  well  as the  total additional  capacity,

   Wl) introduce the fo11owing modifications  into the original

procedure:
(1) In the original  procedure,  not  all of  the possible exploratory

   points are  visited,  and  the new  coordinate  after  a success

   move  is retained  and  used  at later steps.  We  modify  this

   procedure to check  all possible values  obtained  in

   exploratory  moves,  since  
'functiona]

 value'  is found to

   change  discontinuously on  the parameter space.

 (2) When  the reduced  step size  becornes smaller  than the

   
"minirnum"

 step  size  6 , reset  the  base point by a moye  to a

   randomly  chosen  point and  set  the step  size  the initial yalue,

   and  restart  the pattern search  as long  as  the accurnulated

   number  of  the base point random  jurnp is smaller  than the

   preset limit, This modification  is expected  to allow  a search

   not  to be trapped  in a local minimum  on  the parametev
   space,

During  the search  procedure we  refer  to the solution  and  the
`functional

 value'  so  far attained,  which  we  shall  ca]] the

reference  solution and  the reference  value,  respectively.

    The  OSBSf4fP  method  is described as fo11ows:

Main  roceduretosearchforana  roximateo-put!uaLsgiuugu
'
 1 1tion

Step 1 . Search condition setup

  Set the fo11owing values  related  to the search  cendition:  the

  initial step  size  Ae, the`minimurn'  step  size  6,the initial

  position po of  the  base point, the maxirnum  number  M  ol' the

  base point random  jump along  with  the stochastic  function

  which  gives a size  of  the randorn  jump.
Step  2, Initial schedule  generation and  calculation  of  necessary

     quantltles
 Generate an  

`initial
 schedule"  subject  to the initial planning

 condition  by the BFHSftype C method,  and  calculate  the

 quantities which  will  become necessary  in the  subprocedure/

 the machine  utilization,  the due-date lateness L, and  the

 accumulated  waiting  time  PPC- for everyjob  i .
Stqp 3. Initial vatue  assignments

  Asslgn  the initial value  po to the base point p, the initial
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  value  Aoto the step  size  A, the  in{tiat sehedule  and  the

  initial planning condition  to the reference  solution,  and  the

  number  of  tardy  jobs in the inftial schedule  and  the value

  zero  ofthe  total additional  capacity  to the reference  value.

step 4, Exploratery points arrangement  and  functional values

     estrmation

  &qp  4a. Expleratory points arrangement

    Arrange  two  exploratory  points for eaeh  coordinate  which

    locate both side  of  the base pointp with  the distance A,

    Since we  have four coordinates,  eights  exploratory  points

    are  configured  around  the base point. When  the

    coordinate  values  for a  or  b exceed  their own  boundary,
    put the exploratory  point at each  boundary point.
  step 4b. Solution generation and  reference  solution  update

    Repeat thc fo11owing (I) and  (2) for all eight  exploratory

    points.

   (1) At each  exploratory  point x,  execute  the  subprocedure

     SCg) to obtain  an  exploratory  solutien and  the functional
     value,

   (2) Compare the functiona[ value  with  the reference  value.

     Ifthe functional value  is superior to the reference  value,

     update  the reference  solution  and  the  reference  value  by

     the  exploratory  solution  and  the  functional value,

     respectively,

Sep  5. Base point and  step  size  update

 According to whether  or  net  the  reference  solution  is updated

 at Step 4b, take  the  fo11owing actions:

 (1) If the reference  solution  was  updated,  by using  the

   exploratory  point r  where  this reference  solution  is

   obtained,  move  the current  base point p  to the new  base

   point 2rzp,reset the step size  zi to the initial value  Ao,

   and  go  to Sirep 4,

 (2) Otherwise, rnove  the current  base peintp to the point x
   where  the reference  solution is obtained  and  replace  the

   value  ofthe  step  size  A by one-halfofit,  Ifnew step size

   is less than the  minimum  step  size  6 , go to Sep 6, er  else

   ge to &ep  3.
stq) 6, Search tertnination or  a base point jump
 If the accurnulated  number  of  the base point jurnp is equal to

 the maximum  number  M,  set  the current  reference  solution  to

 the  approximate  optimal  solution,  and  terminate  the search

 procedure.

 Otherwise, reset  the step size  A to the initial value  do,
 move  the current  base point p  to the point p+rand  where  rand

 means  the value  given by the random  number  with  the

 norrnal  distribution, and  go to Step 4.

bSugR[Qgggg!b dS(t2
Slrepsl.Capacityallocation

 Dctermine the amount  of  additional  capacities  and  the dates

 to  add  for each  machine  in terms  of  the coordinate  values  on

 the exploratory  point x  and  distribute them  to each  machine.

 We  sha}1  ca]1 these capacity  distributed at this step  
"initially

 added  capacity,"

St`p s2.  Schedule generation by the BFHSItype C  method  with

     slack  time  modificatiens

  Allocate the  jobs to the machines  by the  BFHSItype C

  method  subject  to the planning condition  {hat extends  the

  initial planning condition  to include the initially added

  capacity.  In the backwurd simulation  process of  the

  BFHSftype C method,  the s]ack  time  modifications  specified

  by the parameters  ci and  c2 are  taken  into account.
step s3, EIimination of  redundant  capaclty

  On  the basis of  the schedule  generated at Step s2, eliminate

  the  

"unused

 time period:' from the initially set  over  time

  period (i, e., the added  capacity  on  that day). HeTe we  call

  the period that nojob  is allocatcd  until  the end  ofthat  day the
  

C`unused

 time  period", Moreover, if it is found that the added

  capacity  on  each  machine  on  a particular day is not

  eMciently  used,  eancel  the cupacity  addition  on  that machine

  on  that day, We  regard  in this  paper the capacity  addition

  inecacient if the time  interval between the end  of  the nermal

 available time period and  the onset  time  of ajob  allocated  in

 the added  capacity  time  period is iarger than  30 minutes.
step s4,  Schedule regeneration  by the BFHSItype C method

     with  slack  titne modifications

 Real]ocate thejobs  to the maehines  by BFHSftype C  method

 taking account  of  the  capacity  alteration  at Step s3  and  of the

 slack  time  modification.

Sep  sS.  Elimination of  
"unused"

 capacity

 On  the basi$ of  the schedu)e  generated at  &ep  s4, if an

 
'Lunused

 tirne period" is again  found, eliminate  it from the

 modified  ever  time period. Ai this step, the total additional

 capacity  to all machines  is fixed for a  particular point on  the

 parameterspace,
step s6. End ofthe  subprocedure

 Retum  the schedule  generated at Step s4  and  the amount  of

 the  tota] additional  capacity  calculaled  at suep s5,

When  the estimated  functional value  gives the same  nurnber  of

tardy jobs so  far attained  at &ep 4b(2), we  compare  the total
additional  capaeitles and  if the present value  is below that at

another  one  with  the sarne  number  oftardyjobs,  we  regard  the

functiena] value  
`superior',

  Because  of  the modification  (1), there is possibility to select
the  space  point ence  v{sited,  we  store  on  the computer  mernory

every  caleulated  result  as the attribute  of  a  space  point, and
reuse  it to  speed  up  the cornputatien,

EVALUAT'10N OF  THE  PROPOSED  METHOD
    Wc  examine  the performance of  the proposed  method

foeusing on  the time required  to obtain  the approximate  optimal

solution  which  has significance  in a  practical sense,

   Since the OSBS/4  methed  which  adopts  the enumeration

method  shows  excel]ent  results  on  the schedu]ing  data sets

obtained  from a  large-sca]e systetn,  we  use  the  same  data sets
anti compare  the performance  ofthe  proposed method  with  that

of  the OSBS14  method,  The  48 data sets  are  extracted  from the

actual  data in the currently  werking  scheduling  system  obtained
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 Figure 1, DEPENDENCE  ON  THE  NUMBER  OF THE
          BASE  POINT  RANDOM  JUMR

in the past 48 months.  The characteristics of  the actual  data is

given in Arakawa  et  al, (2001b),
   The elapsed  time required  to obtain  the approximate

optimal  solution by the proposed method  is determined  by the

termination  condition  at Step 6, i.e., by the  maximum  nurnber

M  of  the base point random  jurnp. The elapsed  time T is

directly governed  by  M,  but also  indirectly by the 
`minimum'

step  size  5 ,because  the number  of  the exploratory  moves

depend on  6 at  Step 5.
   The values  for M  and  ti should  be chosen  so  that the

practically significant  solution  can  be deriyed by  the proposed

procedure. As an  examp}e  for the practically significant

solution,  we  cite the eptimal  solutions  obta{ned  by the OSBSt4
method  which  give the average  values  for the  number  of  tardy

jobs 8.7, and  that for the total added  capacity  822.0 (hour).
The value of  6 is to be smal]er  than  the values  e.1 and  e,2

adopted  in the OSBS14  method.  We  shall  choose  the value  of

6=O,Ol25.

   The initia! values  for the initial step  s{ze  Aoand  the initial

position po of  the base point as  well  as  lhe distribution of  the

stochastic function which  gives a  size  of  the random  jump also
affect  the quality of  the approxirnate  optimal  solution.  The
initial base point positien is considered  to be less impertant,

because its efTect  may  be compensated  by the  increase of  M,

On  the other  hand, the efTects  caused  by the change  of  the

initial step  size  A o and  the distribution ef  the stochastic

function are considered  to be mutually  related  by themselves,

We  can investigate, for example,  the  dependence ef  the solution

quality on  the size  of Ao keeping the distribution constant,

   First, let us  inyestigate bow  the elapsed  time  Tdepends on

M/ Figure 1 shows  the elapsed time measured  on  the PC  (CPU:
Pentium  III, IGHz) when  the M-th base point random  jump
occurred.  The increments of  the elapsed  time  decrease as  M
increases, This  is due  to the device to save  the computation

time stated  at the last paragraph of  the  previous section.  The

number  oftardy  jobs and  the total  additional  capaeity  shown  on

the  same  figure indicate that after  the first base point jump the
significant  $olution can  be almost  attained  and  a  choice  M=3

can  be suancient  in practice, The elapsed  tirne at M=3  is about

10 minutes  which  ts by far smaller  than  13 hours of the time

required  to obtain  the optimai  solution  in the OSBS/4  method,

and  the proposed method  can  be used  for an  actual  problern.

   The results  of  Fig. 1 are  obtained  by setting  the initial step

size  Ao to O,8, the value  of  which  was  found to be the best

value,  Wc  have investigated the dependence ofthe  quality of

the  solution  on  the size  ofAo  and  it was  found that  the number

of  tardy  jobs decreases by about  2jobs as A o increases from O.2
to O.8, and  beyondAo  ±=O,8  it slightly increases,

   In conclusion,  the computation  time  required  in the

propose method  drarnatically reduced  to the level applicable  to

the practical use  while  keeping the number  of  tardyjobs  as  we]l

as  the total added  capacity  as  the same  or  even  slightly  better

than those of  the OSBS14 method,
   A  comparison  of  performances of  the  proposed search

method  with  other  search  methods  such  as  the original  pattern

search  method  and  simulated  annealing  method  is not  presented

in this paper, and  it will  be reported  elsewhere,
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