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Optimizat ion of  Publ ic Transpor ta t ion Systems in  Suburban Urban Areas 

-Development and Applicat ion of  a  Model  

for  Simultaneous Determinat ion of  Network Structure ,  Traff ic  Volume and Fares  

 

ABSTRACT：  

Demand for  bus systems has been decl in ing for  a  long t ime due to  the spread of  pr ivate  cars ,  

changing l i fes ty les ,  and populat ion decl ine.  Par t icular ly  af ter  2020,  the  number of  publ ic  

transpor ta t ion users  decl ined s ignif icant ly  due to  the COVID-19 pandemic.  Much of  the research 

on regional  publ ic t ransporta t ion has focused on the more hard-pressed rural  areas.  However,  bus  

services have frequent ly  been reduced or  downsized in  recent years ,  even in  metropol i tan suburbs.  

So,  s tra tegies to  maintain regional  mobil i ty  in  metropoli tan suburbs are required.  

Publ ic transpor ta t ion systems in  metropoli tan areas are  general ly  large and require  h igh 

service levels .  So,  i t  is  unreal is t ic  for  municipal i t ies  to  bear  substant ia l  operat ing costs .  Even i f  

there is  some publ ic burden,  i t  i s  necessary  to  a s tra tegy to  maintain good mobil i ty  while  

maintain ing a  self-f inancing system in which users  bear  the operating costs .  In  a self-f inancing 

publ ic transporta t ion system, network s tructure  and fare s t ructure are c losely re la ted,  and i t  is  

essent ia l  to  opt imize both e lements  s imultaneously.  

Network design problems have been s tudied mainly  in  traff ic  engineer ing,  and fare  design 

problems have been s tudied mainly in  publ ic economics.  There are a few s tudies on the 

simultaneous opt imizat ion of  network s tructure and fares,  and there is  no framework for  analyzing 

the re la t ionship  between the opt imal network st ructure and fares without l imit ing a specif ic  

network s tructure  (e.g . ,  gr id ,  hub-and-spoke type)  or  fares  to  a uniform fare  system or  d is tance 

system.  

This  s tudy focuses on systems consis t ing of  buses in  suburbs of  large ci t ies  to  show the need 

for  s imultaneous opt imizat ion of  network s tructure and fares.  I  developed an opt imizat ion model  

as  a  framework for  s imultaneously determining opt imal  network s tructure ,  t raff ic  volume,  and 

fares to  maximize social  surplus under  balance-of-revenue constrain ts ,  being able to  consider  

var ious  network s tructures  and fares that  can be pr ice  d ifferent ia ted by OD. Through a theoret ical  

analysis  of  the model,  the basic proper t ies  of  the opt imal fares are c lar i f ied.  Also,  I  took numerical  

analysis  under  several  assumptions .  I  analyzed the specif ic  re la t ionships and proper t ies  of  the  

opt imum network s tructure ,  t raff ic  volumes,  and fares  obtained through s imultaneous 

opt imizat ion and conf irmed the usefulness of  s imultaneous opt imizat ion. 

Chapter  3  shows that  the model to  s imultaneously  determine a network s tructure,  t raff ic  

volumes,  and fares  can be formulated as a  mixed in teger  non- l inear  programming problem.  In  

Chapter  4 ,  i t  i s  shown that  th is  model can be transformed in to a two- level  model consis t ing of  an  

upper  problem determining the network s t ructure and a  lower problem determining t raff ic  volume 
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and fares ,  and a  theoret ical  analysis  of  the  lower problem consis t ing of  cont inuous var iables only  

is  conducted.  The resul ts  showed that  the  Ramsey pr ice  is  adopted as  the  general ized payment ,  

with  some except ions.  Under  the  Ramsey rule ,  i t  is  shown that  a fare  consis ts  of  an a l locat ion of  

marginal  operat ing costs  and an  addi t ional  a l locat ion for  each OD. 

The al locat ion of  marginal  operat ing costs  is  larger  for  ODs using capaci ty-f i l led l inks.  On 

the o ther  hand,  the  addi t ional  al locat ion for  each OD is  affected by the marginal  general ized cost ,  

and i ts  behavior  depends on the funct ional  form of  the  demand funct ion via pr ice e last ic i ty.  These 

features indicate that  the opt imal fare s ignif icant ly depends on the shape of  the demand funct ion,  

the network shape,  and the supply s ide 's  cost  s t ructure.  On the other  hand,  the network s tructure 

is  s t rongly  inf luenced by fare revenues  through income and balance-of-revenue constra in ts .  So,  

i t  indicates  that  s imultaneous opt imizat ion of  the  network s tructure ,  t ranspor t  volumes,  and 

fre ight  ra tes  is  necessary.  

In  Chapter  3 ,  i t  is  shown that  by assumptions  of  l inear i ty  of  the  demand funct ion,  the model  

can be at t r ibuted to  a convex problem, the mixed in teger  quadrat ic  cone programming problem, 

and i t  can be calculated  numerical ly  as  a  g lobal ly  opt imal  solut ion.  In  Chapters  5  to  8,  the  opt imal  

network s tructure ,  t raff ic ,  and fares are analyzed numerical ly  for  each specif ic  case using the 

model.  

Chapter  5  analyzes  the opt imum mode conf igurat ion under  a f ixed network using a s implif ied  

model vers ion.  Also,  I  analyzed the effect  of  reducing transfer  res is tance on the optimum mode 

conf iguration and to ta l  social  surplus.  The direct  effect  of  reducing transfer  res is tance on to ta l  

social  surplus is  ins ignif icant ,  but  modifying the mode configurat ion increases to ta l  social  surplus .  

This  suggests  that  f lexible modif icat ion of  the mode conf igurat ion is  essent ia l .  

Chapter  6  presents  a  numerical  analysis  of  the model under  the condi t ion that  the network can 

be freely modif ied.  ODs with h igher  journey t imes and higher  transfer  res is tance have smaller  

fares.  Optimal fares for  ODs with capacity-ful led l inks are  larger  due to  increasing the a l locat ion 

of  marginal  operat ing costs .  Therefore,  i f  the marginal  general ized cost  can be reduced by 

bypassing a  l ink  with capaci ty-fulled capaci ty,  even though the travel  t ime is  longer,  the l ink  with  

to ta l  capaci ty  wil l  be bypassed.  In  this  case,  the  higher  fares paid by users  v ia the capaci ty-ful led  

l ink may clear  most  of  the operat ing costs  for  the ent ire region,  in  which case fares on other  ODs 

wil l  be set  very low.  

Chapter  7  analyses  the impact  of  making the fare system conform to  the uniformity  or  the  

dis tance on eff ic iency and equi ty  and the preferred  fare  system within  the exis t ing fare  system. 

From an eff ic iency perspect ive,  i t  is  suggested that  any fare system could produce a to ta l  social  

surplus  s imilar  to  the opt imal fare systems,  except  in  cases  where the fare level  is  too  low to  

maintain  an  adequate  network.  On the o ther  hand,  f rom a fa irness  perspect ive,  compliance with 

the current  fare system could lead to  s ignif icant  d ifferences in  consumer surplus  by res ident ia l  
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nodes.  A uniform fare system is  desirable  with in the scope of  the current  fare system.  

Chapter  8  analyses  the impact  of  in tegrat ing the account ing of  personal  type vehicles  and  

buses on network shape and consumer surplus by or ig in.  I t  was shown that ,  in  the  case of  

in tegrated accounting,  the in troduct ion of  buses  increases the consumer surplus  in  the region,  as  

personal- type vehicles  transfer  par t  of  their  fare revenue to  the bus.  Fur thermore,  i f  the bus  passes  

through al l  nodes  in  the region and demand for  the s ta t ion is  super ior  to  o ther  OD demands,  

accounting in tegrat ion of  personal  type vehicles is  expected to  equal ize  consumer surplus  by 

orig in.   

The numerical  analysis  resul ts  in  Chapters  5 to  8 a l l  show that  network s tructure and fare  

set t ing  are  c losely re la ted,  suggest ing the importance of  s imultaneous opt imizat ion of  network 

st ructure,  t raff ic ,  and fares .  

The specif ic  character is t ics  of  the  opt imal  network s t ructure,  t raff ic ,  and fares  depend on the 

demand and cost  s tructures .  The character is t ics  presented in  the numerical  analysis  in  Chapters  5  

to  8 are some of  the  specif ic  examples .  Therefore,  i t  i s  desirable to  cont inue analyses  under  

var ious  assumptions to  expand and ref ine the f indings.  However,  the s imultaneous network 

st ructure,  t raff ic ,  and fare determinat ion model  presented in  this  thesis  is  an NP-hard problem, so 

i ts  appl icat ion to  a  large-scale  network is  chal lenging.  In  the numerical  analysis  in  th is  paper,  a  

l inear  demand funct ion was assumed for  numerical  solvabi l i ty.  However,  i f  a  d ifferent  demand 

funct ion is  assumed,  the  problem may not  be convex,  and an opt imal solut ion may not  be obtained.  

Developing solution methods and algor i thms is  necessary to  overcome the above problems.  

Furthermore,  extensions  of  the model and theoret ical  analysis  focusing on the network s tructure  

are  fu ture tasks.  
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