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GIS based rural road network planning for developing countries

Ajai Kumar Singh*, Ph.D.

ABSTRACT: Rural transport and accessibility problems cause isolation, which is¢one of
interlocking dimensions of poverty. Improving rural access to facilities, serviees and
employment opportunities are now emphasized as an effective meansf towards poverty
alleviation. Travel and transport are the means by which people gain aceess te'the facilities
and services they need for the everyday life. Distance, time, effort and cost aréythe measures
of the level of access to facilities and if they are too high*they constrain opportunities and
potential for development. The rural settlements deyord of all weather road connectivity have
poor accessibility and thus the immobility of their, population. TThe aims of intervention to
improve rural transport should thereforepbe to upgradenaccess to facilities to an acceptable
level. A well planned road system in rural areas 1s:one,of the most important infrastructure
elements which improves rufal”aceessibility and contributes to the rural development as a
whole. The rural road“network glanning,methodology presented in this research paper is
based on accessibility concepthyand implemented using GIS technology. A new index of
accessibility1s designed,which evaluates various rural road link options for their efficiency in
accessing the missing functions in the unconnected settlement. The accessibility based
approach of rural road planning offers maximum benefit to the unconnected settlement in
terms of‘aceessqto various facilities or the main road network in a coordinated fashion by
maintaiRing an integrated road system. A GIS based technique for the analysis of alignment
of new road link options has been developed which considers the topographic and land use
characteristics of the area. GIS-T software package, TransCAD, is used to organise the
database for road alignment and implementation of the developed rural road planning

methodology.
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INTRODUCTION

Despite development gains in some areas, the world is still home to 1.1 billion extremely
poor people. Rural areas of developing countries contain over three-quarters of the gvorld’s
poor. A key element of poverty is isolation expressed as the lack of access peopléyhave to
basic, social and economic goods, facilities and opportunities. The rural settlements devoighof
all weather road connectivity have poor accessibility and thus the<immaobility of their
population. The rural poverty and immobility go hand in hand. Unless thendistance that
separates the rural population from important functions/ facilities are,bridged, the effort to
raise their living standards can not succeed. The pfoper planning and development of rural
road network therefore, assumes its importance in terms of ‘providing connectivity and
utilisation of resources.

The developing countries have a huge netwark efyrural roads, which mainly consists of
unsurfaced-paths and tracksgas the major share of their population resides in rural areas. A
large number of rural séttlementsdingthese countries are yet to be connected by all weather
roads. In India alone, there argy580,781 inhabited rural settlements (Statistical Abstract of
India 1997) ‘out of which 95,935 rural settlements are yet to be connected by all weather
roads{MORD 2007). All*weather rural roads are one of the most important rural transport
infrastructure elements which are seen as the conduit that could facilitate rural development.
Access Inrural areas is poor as the existing roads are frequently impassable, especially during
thegrainy, _season, limiting transport services and restraining access and, therefore,
constraining development.

The connotation of rural roads for a developing country, like India, is different from the
developed countries. Rural roads in developed countries are primarily the roads passing

through rural and agricultural areas whereas in the context of a developing country, it is a low
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volume road which mainly provides connectivity to rural settlement. Rural roads, as defined
in the Third Twenty Year Road Development Plan (1981-2000) of India, are the tertiary road
system, comprising Other District Roads (ODR) and Village Roads, which serve as the feeder
road to the primary (National and State Highways) and secondary (Major District4Reads)
road systems and link rural settlements with the nearest market centers, or to“any other
settlement (M.O.S.T. 1984). There are other lower level roads in rural aréas, such as paths
and tracks, which serve important functions but are not covered under the abeve definition
and classification of rural roads. However, from network planning point of view, rural road is
an all weather road that connects a rural settlement with any other settlement, to the market,
or to the primary and secondary road system in the area.

Various models for planning rural road network had been developed by different research
organisations, educational institutions ame, consultants ‘but_iadactual practice they have not
been of much help to implementing agencies. Issues such as comprehensive database of the
area, aspiration of local people and their access needs, land acquisition issues, alignment and
construction cost of roadlinks, Mpgradation ‘'of existing fair weather roads to all weather
standard etc, are a0t properly‘addressed in these models. The overall practical utility of these
models is, therefore, limited. To overcome these limitations rural road planning methodology
shouldbe based on comprehensive database of the area and should efficiently caters to the
rural travel requirement. The rural road network planning methodology, presented in this
research ‘paper, 48 developed in a GIS framework and is based on accessibility concept. The
accessibility based approach of road planning offers maximum benefit to the unconnected
settlement in terms of access to various facilities or the main road network in a coordinated

fashion by maintaining an integrated road system.
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ACCESS NEEDS OF RURAL COMMUNITIES

Travel and transport are related to needs of access to facilities or services and movement of

goods. The access needs and travel patterns of population residing in rural area

broadly categorized as: subsistence, economic development, improvement

fuel for cooking.

uantities for subsistence is

0 education is very important for the future development of families, human
capital and national development. The improved access to health services safeguards the
Ifare and productive capacity of the households and relieves one of the major anxieties of

isolated rural living.
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Economic development increases the demand for improved access to a range of other
facilities. Good access to markets, particularly external, is needed to get good prices for

produce with the least cost penalty for transport. As the households in rural area progress

from mainly subsistence living to marketing of crops a greater need for access to res s

such as fertilizers, tools and equipment and other agricultural and household inp

CHARACTERISTICS OF RURAL TRANSPO

Transport for rural communities in its tQ vement of rural people and
eeds, by any means, along tracks,

by World Bank and International Labor

etail in subsequent sections.

ral transport infrastructure
The rural transport infrastructure consists of roads, tracks, paths and their associated bridges

and other forms of water crossings. One of the major constraints on access to rural areas is
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the poor condition of this infrastructure. For the majority of villages in developing countries
the principle means of access is along roads-usually unsurfaced-paths and tracks. Before the
start of Prime Minister’s rural road program (PMGSY) in India, 40% villages in the range of
1000-1500 population range did not have direct access to any standard road and 58%did not
have access to an all weather road. More than 78% of villages in India are below 1000
population and, therefore, road access can be assumed to be worse than this for other villages
with smaller population. There are many countries that are poorer and thus may‘be presumed
to have severe rural access problems than India. Most tropical and subtropicaliceunttiés'in the
world are characterized by wet weather extending over several months during which earth
roads become impassable, and footpath becomes slippery and dangerous. Unfortunately these
are also seasons of the year when agricultural activity is at its highest and farmers need access

to their fields, supplies of inputs and maxrkets.

Modes of transport

The predominant mode ‘Of transport imgrural areas, particularly for “internal” trips, is walking
carrying loads on¢head or shoulders. Vehicles tend to be used by the villagers if they can be
seen to pay for themselves and are generally only introduced when the movement of produce
for marketing becomes unmanageable by human beings. A combination of low incomes and
limited infrastructure, make the conventional motorized vehicles largely unaffordable and
unsuitable.\Lhe sneans of transport for rural households, therefore, lie in the lower cost range
of swwhat,are termed “intermediate’ means of transport (IMT)” i.e. intermediate between
human porterage and conventional motorized vehicles. Some of the popular types of IMT in
rural areas are wheelbarrow, handcart, cycle with carrier, cycle trailer, ox-cart, pack donkey,
motorcycle, motorcycle trailer, single axle Tractor Trailer etc (Denis 1995). The main

advantage of IMT is in reducing the time and effort involved in rural travel and transport as
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compared with human porterage. Wheelbarrows, carts and trailers improve access by greatly
reducing the number of trips needed to transport agricultural crops or other materials thus
releasing substantial block of time which can be used in other activities. The bicycles
improve the access through greater speeds which reduce travel times and make longértrips
feasible. This mode is particularly important in providing access to work opportunities, health
facilities and more distant markets. The main role of IMT in rural area isd0 improve acecess
by moving agricultural inputs and produce in and around the village,“grain te‘the mill and
produce to the markets and collection points that are within a reasonable distance,

Although affordability and, therefore, initial cost is usually & wuling criterion in the
selection of an IMT, operating costs is also one of the deciding factor because of their effect
of net income received from marketing of produce and on the ability of the owner to afford
repairs and to keep the IMT operational {Benis 1995)."Other selection criterions in rural areas
for choosing an IMT are appropriateness for< physical conditions, topography and

infrastructure.

Transport serviges

Transport sefvices Invelve the movement of passengers or goods for a fee by an operator
working as a business or employee of a business. They normally operate on popular routes
where,traffic levels are high enough for the services to be economical, for instance linking
settlementsyto markets or a rural center. Transport services are particularly important for
providing.access to external facilities. Access to external markets is essential for agricultural
development. The major demand, and hence the best price, for agricultural produce, is in the
main population centers where people tend to buy rather than grow their food. Lack of
effective transport services significantly constraints the opportunities that households can

gain from access to these facilities, imposing severe penalties through lengthy travel times
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substantially reducing the volume of produce that can be transported and sometimes forcing
farmers to sell at low prices to traders at the farm gate. In most of the developing nations
effective transport services are often provided by a range of smaller vehicles, based on
motorcycles or small diesel engines, which are better matched to the needs of thé rural
communities and provide services right into the villages (Ellis 1995). Goed road
infrastructure reduces vehicle operating and maintenance cost encouraging better transpert
services in rural areas. Connectivity of settlements through all weather roads fagilitate growth
of transport services in rural areas which helps in improving overall “aceessibility of

settlements.

EXISTING TECHNIQUES OF RURAL ROAD PLANNING

There are many approaches to rural road\planning. Prioritising settlements based on their
population and socioeconomi€ charaeteristics and connecting them with shortest road link are
the simplest approach €0 yural readeplanning. Methods based on minimal spanning tree
concept, inter settlement interaction approach, accessibility criteria etc are more rational and
scientific approachestoyrural road planning. In India, the rural road planning at national level
were (guided by the long<term Twenty Year Road Development Plans, which provided
gurdehinesd0 prioritise settlement connectivity on the basis of their population and to achieve
certain roadhdensity as a result of road development in the region (Road Development Plan of
Indiap981-2001 1984). There were many shortcomings in adopting these guidelines as the
basis for rural road planning. The road mileage targets fixed in the plan were based on certain
empirical formulae. Instead of formulating the road development plans at local or regional
level, pre-calculated road mileage were assigned by the plan and states and districts were

required to reconcile their needs with the over all target thus assigned, without considering
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for the actual accessibility needs of a region (Mahendru et al. 1983). The master plans
prepared for rural road development, based on these guidelines, result in direct connectivity
of settlements of qualifying population range with the nearest connected settlement or to the
nearby existing roads. Network thus developed was suboptimal and not efficient to cater the
functional requirements of settlement. Also, there are no guidelines to decide inter'seitlement
connectivity. This approach of rural road planning thus led to the development of inefficient
network and poor utilization of scarcely available resources.

Swaminathan et al. (1982) used the concept of minimum spanning tree for eonngeting the
settlements to existing nearby roads or to the nearest market. In this method, it was claimed
that the network generated is optimal but no analysis for optimality was"earried out. Kumar
and Tilloston (1985) proposed the rural road network planning methodology based on
minimization of total cost, which consisted construetiongand travel costs. Alternative
networks were generated from a set of predeterminedread links by providing connectivity to
the rural settlements with different link options. The optimum network was selected as the
one with minimum construction «ostmwhich Was generated using minimum spanning tree
concept. Here, itavas assumed that all the access needs of a settlement gets satisfied if it is
connected to“@ market,\which is not'true. The set of link options, from which the alternative
networks were generated, Were only a predetermined few. The method suggested does not
consider an Integrated area development approach and, therefore, it’s over all functional
utility is questionable.

WNEHS (1985) suggested procedures for generation of network option for connectivity,
and then, based on a set of simple evaluation criteria or indicators screening the options to a
few which are considered for detailed engineering/economic evaluation. It also proposes to
evaluate the road network by developing indicators based on graph-theoretic measure of

connectivity in a network and/or gravity concept based measure of spatial accessibility. The
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draw back of these measures is that they are limited to the analysis of topological properties
of the network and do not deal with characteristics such as capacity, type of use and cost of
construction. The procedure is aimed to identify the most accessible routes between
settlements.

Mahendru et al. (1983, 1985, 1988, 1989) used the concept of settlement interaction, link
efficiency, route efficiency and network efficiency to generate, analyse and evaluate
alternative rural road linkage pattern. Integrated area development approach was considered
to develop the road network so that it serves the area in a balanCed way. Gravity hypothesis
was used to quantify the inter-settlement interaction, based on lewel of socio-economic
development, population and spatial separation between Settlements. Centrality score was
used as the composite index to quantify the level of socio-economic development and the
interaction between two settlements waspconsidered preportional to the difference in their
centrality scores. Alternative networks were generatée,using various criteria like maximum
link efficiency, minimum tetal Tk, length, and minimum total operating cost and fully
developed network. These were' thengtested for their total cost, which consisted of
construction and @perating costsy, to arrive at the optimal network. In spite of its rational and
scientific treatment t@ warious aspects of rural road planning, there are some deficiencies too
in this@pproach. The Gravityphypothesis, used to model the hidden pattern of inter-settlement
interactiong grves errgneous results when the centrality scores of interacting settlements are
same (in“that case the interaction computed through the model is zero). The deterrence
parameter, used in the model, was taken as the direct distance between the settlements,
(Mahendru et al. 1985) and the one obtained from basic connectivity matrix (Srivastava
1989), which is not true for the new road links in erratic topographical conditions. The

existing primary and secondary road systems were not taken as the framework in planning the
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rural roads and therefore, the possibility of connecting the settlements directly to these roads
was completely ignored.

Kumar et al. (1997) suggested facility based approach for rural road planning. The road
network was developed by connecting settlements to the nearest market in such a manser that
maximum number of educational institutions fall along it. Although, in this studysthe trip
pattern of rural area was captured precisely, it was not used effectively in the network
planning. The existing accessibility pattern of already connected settlements was extrapolated
to the unconnected one in developing the linkage patternd The total access meeds of
unconnected settlement due to its missing functions were not considered in developing the
network.

Kim and Chung (2001) proposed measuring accessibility inteérms of disutility index for
spatial location - allocation of multiplegcentre villages, using rural roads. The location-
allocation method optimizes some functions of accessite,the facilities but it does not provide
accurate information neededfor improving or ranking the road linkages between settlements.

The Road Development, Plan Visions2021 (IRC 2001) proposes the long term strategy for
planning rural reads in India.ylt emphasizes preparation of master plans for rural road
network in each districhand building up from block level-needs. The road alignments should
be optimized to serve maximum population and utilization of existing tracks including those
constructed under different rural development programs. Due consideration should also be
given to“the improvement of existing fair-weather road to all-weather standards and to
provide,adequate cross drainage structures wherever these are missing.

Ministry of Rural Development (MORD) in India (MORD 2002) and World Bank (World
Bank RT-4 2000) have suggested master planning rural roads based on the identification of
core network, which ensures minimum connectivity for each village to a nearby main road or

market center. The core network was identified through a rural road master planning process



OCoO~NOUTAWNE

based on guidelines for preparation of ‘District Rural Road Plan’. This procedure is also
adopted for planning and selection of through routes and link roads (Rao et al. 2007) under
the Prime Minister's rural roads program (MORD 2002) in India. The drawback of this
method is that core network is identified based on judgment on accessibility of settlements.

Rao et al. (2007) discussed about GIS based technique for identification of coremetwork
and rural road planning. Core network, consisting through routes and linlk"roads, provides
basic minimum access to all habitations with single all weather connectivity. Through routes
were identified as road opening up large rural area, inter connecting two “marketgcenters/
towns, linking two major roads or interconnecting a long chain of 'settlements. Minimum
spanning tree procedure is adopted for identificatiof Of core network. The efficiency of core
network and link roads in meeting the access requirements of ¢onnecting settlement is not
explained.

Anjaneyulu et al. (2007) presented\methadolagysfor planning rural roads based on
secondary data sources. Thegoad network was planned based on functional dependencies of
settlement and potential interactionsgresulting from them. The developed network was
evaluated using structural properties of the network. In this approach also the accessibility
needs of thetsettlemenis were not considered in developing the network. In the planning
process the cost of constructien/upgradation of road links and their actual alignment were not
consieered

Misra (2008) proposed inter-settlement interaction and functional accessibility approach
forgrural, road network planning. In the proposed model prioritization and ranking of
settlements for rural road connectivity was based on their population size and socio-economic
status. An index parameter was developed for the settlements which reflects the importance
or deprivation of the habitation and helps in selecting the target habitations for connectivity.

For selecting the suitable road link among available link options, which provides connectivity



to unconnected settlement, the accessibility benefit concept was used. The accessibility

1
é benefit offered by a route was directly related to the functional capacity of the joining area
4
5 and indirectly related with the spatial distance between connected and unconnected
6
g habitations.
9
10
11
12
13
ig APPROACH TO RURAL ACCESS PLANNING

ting a system enables all the elements influencing accessibility needs and their
interaction to be clearly identified and visualized. Interaction, i.e. the changes in one element
the system relates to and impact on other element. Considerable effort is needed initially to
56 setup the system because of the substantial volume of local data which has to be collected and

collated. However, once set up it provides a clear overall visualization of access needs and



problems in the area and sound base for planning, ensuring that all relevant factors are
included. The system can be readily updated to provide an ongoing means of recording the
impact of interventions that have been made and for planning for further improvements in

accessibility.
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12 INTERVENTIONS FOR RURAL ACCESS PLANNING

17 The key aim of planning for rural access and development is imi ur n the

most cost-effective manner, addressing priority needs and benefitin maximum number of

22 people. Access in rural areas can be improv n following three fundamental and

complementary ways:

54 e development of new road links in the network;
e improvement of existing rural roads including paths, tracks and footbridges;

59 e development of transport services



e increased use of Intermediate Means of Transport (IMT)

1

g The majority of communities in developing countries are reliant for access using paths,
g tracks or rural roads which are largely un-engineered and, mostly, not maintained. Rough and
g narrow roads and tracks not only increase travel time and cost, but also prevent or di
18 their use by traders and transport operators due to the risk of getting stuck or da
% vehicles. The lack of bridges or safe crossing points is often the m

ig communities becoming totally out of periods of time in the monsoon

iz accessibility in rural area can be improved by adding ne
;g existing rural roads, paths, tracks etc. for the developme
% Effort involved in transportation may be reduce
gg makes transport of goods easier by encouragi

replacing human effort with animal o

and roads to provide connectivity among the settlements has become necessary.
The existing methods of rural road planning are based on broad guidelines for prioritization
54 of road links and settlements to be connected. These methods, therefore, need further

56 strengthening and quantification of the roads linking a settlement in a systematic way.
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From network planning point of view, rural roads in developing nations can be broadly
classified into two categories i.e. internal road system and the external road system. The
internal road system provides access to various subsistence needs such as firewood
collection, drinking water, grinding mill, agricultural farm etc. These access points aredargely
located within and/or around the boundary of the settlement which is mainly the area
encompassing habitat and agricultural fields of the settlement. The exterfal road systemiis
used to access facilities/ functions which are mainly available outside ‘the,settlément. Some
of these functions may be educational institutions, market génters, hospitals; banks, post
offices etc., depending on the development level of the settlement."Unconnected settlements
which are poorly developed have greater dependence to other settlements/*locations in their
neighborhood where these functions are present. The netw@rk planning methodology,
presented in this research, is to plan fomthe external“road system. The aim of planning this
road system is to connect the rural settlements with:gxisting roads in such a manner that the
accesses to the facilities, goads and services that rural communities need for their social and
economic developmenttare metf efficiently” The unconnected settlements need to be
connected with atfleast one all weather road type to the existing regional roads so that it can
have access toall its'missing functions (IRC 2001). It will remove the isolation of settlements
by compecting them to the existing main road network and thus to the main stream of the

nation:

Fergplanning this system of road network the use of conventional transport planning
process, which is based on the principle of subdividing the study area into smaller zones and
subzones and studying the interzonal trip frequencies through OD matrix to decide linkage
needs between various origins and destinations, are not of much use. Even planning rural

roads at the district level, there will be around 1500 to 2000 rural settlements and it will
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require enormous amount of resource to collect trip frequency data for all the settlements to
form the O-D matrix. Even if, the O-D pattern is made available at the cost of huge amount
of resources, the observed trip frequencies will be very low and that would hardly justify the
links in the network. The use of such data will be only to fix the relative prioritiesfof the
linkages (Mahendru et al. 1985).

The rural road network needs to be developed so that the travel requirements of peopleior
community are met to the maximum in a collective way at the“lowestg€ost of road
development. In other words, the developed linkage pattern @f rural roadstshoulddprovide
maximum accessibility to the unconnected settlements. The aim of<this research paper is to
develop planning methodology for rural roads whigh'maximizes the accessibility gains of the
rural community as a whole. The system of roads connecting Settlements may be an all
together new construction or the upgradation of existing,un-engineered paths, tracks or fair
weather roads to an all weather road type (IRC 200L)m,Since all the paths, tracks and roads
cannot be upgraded to the desired level for'providing connectivity, therefore, there is a need
to select the most efficient networkmwhich™provides minimum basic access to all the
settlements. In order to evolve this network its links should be evaluated for their efficiency
in terms of the level*@faccessibility provided to the connecting settlement. The accessibility
providéd by a connectingiread link to a settlement is inversely proportional to the total
amount ofdtravel required for satisfying the missing functions in the settlement. The total
travel can be computed mathematically by identifying various missing functions, per capita
tripsufor.these functions, location of functions in the region, length of connecting road link
and the population of the settlement. Total travel through the connecting road link is the
summation of travel, in terms of person-km, for various missing functions in the unconnected
settlement. Lesser the amount of travel required more accessible will be the settlement.

Using this procedure, the road link offering maximum accessibility for each unconnected
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settlement can be determined. The network developed, based on person-kilometre as the only
criteria, seems to evolve maximum accessibility connectivity pattern for unconnected
settlements. But, this as the only criteria does not determine the order in which the
settlements should be provided connectivity in the development of network. In otherdwords,
the settlements should be connected one at a time by considering and evaluating,all the
possible road link options in an orderly manner. If this order is not taken int@'account then the
possibility of inter connectivity among various unconnected settlementsigets agnored. This
limitation can be removed by designing a new indicator of acceSsibility obtained bydividing
the total person-km of travel with the population of the unconnected'settlement. The indicator
now represents the average person lead for an uncomnected settlement to aeeess all its missing
functions through the connecting road link. It can be used to compare the accessibility offered
by various connecting road link optionsnd the one Whieh _offérs the maximum accessibility
should be chosen first in the process of network develepment. The mathematical formulation

for this index of accessibilityds diseussed inthe subsequent section.

DESIGN OF ACCESSIBILFIY INDEX

In rurdl"road planning, theoad links are added to the existing network of primary and
secondary40ad system so that each unconnected settlement gets connected through at least
one road link ef all weather road type. The connecting road link, emanating from the
anconnected settlement, either joins a nearby connected settlement or to any intermediate
node on the links of the existing road network. Therefore, the entire system of nodes, in rural
road planning process, can be divided into two categories, i.e. unconnected nodes
(settlements) and connected nodes (i.e. connected settlements and the suitably spaced

intermediate nodes on the links of the existing road network). A link option is a road link
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between the unconnected and connected nodes. A few such link options are shown in Fig. 1.
Apart from these link options the settlement can also be provided connectivity by upgrading
the existing paths, tracks and un-surfaced roads through which the settlement is already

connected with the existing road network.

If the total number of connected nodes in the existing road network i

chosen in the development of rural road linkage pattern. ibili a link option can

be calculated by identifying the missing functionsi(k) i ected settlement, the total

(1)
ips originating from unconnected settlement "i' to access

is the distance between the unconnected settlement ‘i’ to the

+ dmjk

2

Here, din is the length of link option ‘I’ (i.e. the ground distance between the

unconnected settlement ‘i’ and connected node ‘m’ on the network) and d; is the minimum
distance between node ‘m’ and the nearest node ‘j> on the network where the function "k’ is

present. If the function "K' is present at node ‘m’ then d;* will be zero.
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The accessibility index of link option I' (i.e. Ai') is calculated by dividing the total
person- kilometre ‘PK;"> with the population of the settlement (P;) as given in Eq. (3).
A'=PK" /P, ©)

Here, P; is the population of the unconnected settlement 'i' .

In this computation of accessibility it is assumed that the unconnected settle

e determination of T and

ize (P) with the appropriate trip rate

(4)

economic factors) (5)
In absence of any such model at the moment, t can be easily estimated for a few of the
ctions. For example, if the entire rural population is to be provided education up to High
school standard by the end of planning horizon then the trip rates to primary, middle and high

school will be nothing but the proportion of the school going population in their
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corresponding age groups. However, the trip rates for marketing, health purpose etc will
depend on the expected level of development in the area. These trip rates will be less in
underdeveloped areas and more for the developed areas.

The term d*"), has two components i.e. dw and diy', . Here, the term d;46an be
estimated quite easily, as the location of facilities on the existing road network is kKnown. The
other term din', which is the length of new link option, will depend on its aétual alignmentien
the ground. This alignment need not always be a direct one and will primarily.depend on,the
topography of the area. Topographic features such as water bodies, hills, CQStly structures,
land type etc may cause deviation from straight alignment. Even forithe network planning of
a small number of unconnected settlements there will'be many possible road link options and
their alignment, depending on topography of the area. These link options needs to be
analysed for their alignment, length, construction cost ete,so.that the least cost options could
be selected. It will be difficult to analyse'these alignments manually or by any other method,
particularly for erratic terraindeonditions. However, the spatial analysis tools available in GIS
can be used innovatively te, determinesthe,least cost alignment between any two points in the
area. Therefore, in the present research, the entire data is organised at the GIS platform first
and then it is"used famthe alignment of new road link options and planning the rural road

network'in an integrated manner. These are discussed in the subsequent sections.

DEVELOPMENT OF GIS DATABASE

Accessibility based planning of rural road network requires a comprehensive information
system consisting details about location of the settlements, facilities and services, system of
road network which brings them together, and demographic, socio-economic and

topographical characteristics of the region. Geographic Information System (GIS) technology
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provides a new paradigm to organize and design the information systems for such
application. At GIS platform, the database, particularly the road network related one, gets
easily extended by integrating many sets of its attribute and spatial data. Moreover, it also
facilitates integration of all the socio-economic data with road network database fors@ wide
variety of planning functions. And, the beauty of this tool is that it allowsha stage
development approach in building of the database itself.

A GIS database is made up of two parts i.e. spatial (map) data and“nenspatial (attribute)
data. The spatial data is in the form of digital map, which is organised as layers in GIS. The
attribute data is mainly the numeric and character data of these layers, To develop the GIS
database for rural road planning, the entire data cam be classified into four categories i.e.,
settlement, road network, topographic and land type. The spatial data should consist of map
layers of settlements, different types ofgroad networkjtopographic features such as water
bodies, drainage lines and hills, and landitype such:@ssagricultural, marshy and barren lands
etc. The attribute data should™consist of ‘demographic details, socio-economic functions/
facilities and per capita \trip fof eaehgfunction. The road attributes should consist of
information aboutfroad and surface type, geometry, pavement condition, soil and terrain type.
The road network mformation should consist of all the existing alignments of paths and
tracksf any form, which ¢an be the potential link option in developing the rural road linkage
pattern. The drainage layer attribute should consist of its type, such as rivers, major and
minor drainage lines etc, which is useful in determining the type of cross drainage structure to
pe-eonstructed wherever the road alignment crosses it. The attribute of land type layer consist
of information about land determining its acquisition cost.

The Paithan taluka (an intermediate tier of administrative unit within a district) of
Aurangabad district in Maharastra state in India is taken as the study area to develop the GIS

database and to implement the developed rural road planning methodology. The GIS database
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consist all the data items, as discussed above, except the land type data, which was not
available for the study area. The GIS software package ‘TransCAD’ from Caliper
Corporation, USA, is used to organise the data and implement the rural road planning
methodology. The network and spatial analysis modules, available in the TransCAD
software, are used to extract various input data items required for planning. The map of the
study area, prepared using the developed GIS database, is shown in Fig.22."GIS databaseyis
used to identify the connected and unconnected settlements, estimate sravelfrequirement,
distance of facilities/function and the alignment of various link options. The framework for
GIS database development and its integration with rural road plannmg,process is depicted in
Fig. 3. The procedural steps to extract various inpug/data items needed forural road planning

in the context of study area are discussed further inthe subsequent sections.

Connected and unconnected settlements
Paithan taluka consists of 179 settlements (villages) and well-developed network of all three
levels of road i.e. primary. (Major State,Highway and State Highway), secondary (Major
District Roads) and tertiary roadhsystem (Other District Roads and Village Roads). Taluka is
an intermediate tier of administrative unit in between the village and district in India. There
are nofNational Highways“imyAurangabad district therefore the important State Highways of
the“districtdare represented as Major State Highway by the Public Works Department. The
methodology, déveloped in the present study, evolves the rural road network in the
framewerk of existing primary and secondary road system. The settlements of Paithan taluka
are first, classified as connected and unconnected with respect to this primary and secondary
road system.

It can be observed from Fig. 2 that most of the settlements in Paithan taluka are connected

through some form of rural road. In order to implement and test the rural road planning
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methodology, developed in this research, the existing rural roads in the area were taken as
non existent. It has two advantages. Firstly, it increased the number of unconnected
settlement in the study area. Secondly, network planned using accessibility criteria can be
compared with the existing network of rural roads in the region.

The unconnected settlements are identified by querying the point layer of settlements for
their distance from the existing primary and secondary road system in thefstudy area whigh
consists of Major State Highway (MSH), State Highway (SH) and ‘Major BDistrict Roads
(MDR). Settlements less than 0.5 km distance from these roads are treated as eonngcted and
rest all are taken as unconnected. This criterion is necessary, as all the,connected settlements
need not be exactly located on the road network. The'Connected and unconnected settlements

with respect to the existing MSH, SH and MDR road network in the area is shown in Fig. 4.

Travel requirement of unconnected settlements

The travel survey, conducted 'in rural areatin India, revealed that nearly 50% of the rural
population is static i.e., 1t does not makeyany trip (Kumar 1997). The trip percentage in rural
settlements in India, classifiedi@ecording to their purpose, is shown in Fig. 5. It was observed
from these strveys thatythe highest'number of trips in rural areas is for education (42 %) and
about86 % of trips, otherthan educational trips, terminate to the nearest market center. The
trips termin@ting either to the market center or to the educational institutes constituted 93% of
theytotal trips. li‘can, therefore, be concluded that the majority of travel in rural area is either
forgmarketing or for educational purposes. Access of rural population to health services is
also important, and therefore, it should be included in assessing the overall travel requirement
of the settlements. Three main trip purposes (functionalities), therefore, identified in the
present research to estimate the total travel requirement of rural settlements for a typical

Indian rural settlement are marketing, education and health. These are typical to the travel
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characteristics and requirement of rural people in India. However, there can be area specific
travel requirements, such as travel for industrial work place, collection of potable water in

arid zones, etc that can also be considered for the assessment of total travel requirements of

unconnected settlements.

module, available in TransCAD.

ignment of link options
One of the main objectives of road planning is to minimize the construction cost of road links

in the developed network. This requires that the construction cost of all the possible
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connecting link options should be estimated so that it can be used during the network
planning process. The construction cost of a road link depends mainly on its alignment,
which is governed by the topography of the area. In order to minimize the construction cost
of new road links, there should be minimum natural barriers like rivers, hillocks, ponds; lakes
etc along the alignment. In addition, the land acquisition cost, if any, shouldhalso be
minimum. The link options of higher construction cost should get lowerfpreference in the
network development process. However, it is difficult to determine the least g0st alignment
manually, considering various topographic factors in the region. For a set of “ml settlements,
theoretically, there will be n(n-1)/2 number of possible direct links optiens of inter-settlement
connectivity alone. Even for a small value of ‘n’ thére will be many link*@ptions that should
be explored. In the present research, therefore, @ GIS based methodology is developed to
compute construction cost of each alingmment and determinesthe least cost road alignment.
This methodology is based on grid network analysis.€encept, using vector data, developed in
the present research and implemented in GIS using its network and spatial analysis
functionalities. The method consistsefieverlaying the entire study area with small size grids.
The grid layer isdthen spatiallyagueried with each layer of topographic feature. After this
query, each ‘element of,the grid layer gets loaded with the topographic information of the
area. Aihe total road construetion cost along each link of the grid element is then computed
usinghthis dnformation. The shortest path principle, taking the construction cost as the link
attribute “ofythe metwork, is used for the alignment of link option between any two points in
thesareas, [ he accuracy of road alignment depends on the size of the grid. Smaller the size of
grid element, more accurate is the alignment. However, for small size grid the network
becomes large, which requires more computational power. This methodology therefore,

operates on the vector data, which is more efficient and different from earlier raster based
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approaches of road alignment developed in GIS. The alignment of link options in context of
rural road planning is explained further, as given below.

As shown in Fig. 1, an unconnected settlement can be provided connectivity either by
connecting it with an already connected settlement, or by connecting it with the nearby road.
Therefore, for rural road planning all the possible link options can be categorised into two
heads, i.e. the one between unconnected and connected settlements afd other between
unconnected and the intermediate nodes on the nearby links of the“existingfprimary and
secondary road system. To analyse the connectivity through intefmediate nodesyexisting road
links are broken to small segments by inserting intermediate nodes.hA separate module is
developed, to create intermediate nodes at specifiedé@distance (in the present’case study it is at
every 200 m interval) between the end nodes of\the road links in the existing network.
Another module creates square shape grid,, of specifiethsize(in the present case it is 1 km)
with intersecting diagonals, over the study area. Fhe'square grid layer is then merged with the
existing road layer. Connecters are.drawn from the point layer of unconnected settlements to
the merged layer of roatl and gridé Eheseombined layer of grid, road and connectors is then
queried with the drainage layersiof major and minor rivers, canals and other drainage lines in
the area. The numberiand type of'Cross drainage structures required along each element of
the combined layer thus getsyidentified. The construction cost of each type of cross drainage
structure, in terms of equivalent road length, is then added to the actual length of the link of
the, grid,“whichggives the total cost of road construction for each grid element. Since the
infermation about the width of drainage line is not available in the present information base,
therefore, the construction cost of major bridges, minor bridges, other cross drainage
structures and canal crossings are assumed equivalent to 20 km, 5 km, 0.5 km and 2 km of
construction cost of new road length respectively. However, if the average width of drainage

lines is available then the span at cross drainage structures can be calculated through quarry
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procedure in GIS and their cost of construction can be obtained more realistically. The
network of grids, with the link attribute as its construction cost, is now used to determine the

least construction cost alignment, using shortest path principle in GIS.

NETWORK GENERATION PROCEDURE

The necessary inputs to rural road network development have been diseussed in the previous
sections. The primary and secondary road system is taken as the‘existing regional roads of the
area and new rural road links are added to it in a prioritized" manner_Bhe link options can be
either a completely new road alignment or the existing paths and tracks inithe area. The road
network data of study area did not have the alignment of existing paths and tracks, and
therefore, these alignments are not included in this caseystudy: The flow chart of rural road
network generation, using accessibility criteria, 48 shown, in Fig. 6, which is implemented in
the GIS software packageg Trans€AD. n. this figure various inputs to compute the
accessibility index of “@ylink optienmare_shown. The accessibility model takes each
unconnected settlément at a time, considers all its connectivity options (i.e. connectivity with
an already ‘€onnectedysettlement “or to the existing nearby road), and calculates their
accessibtlity index. For eachy unconnected settlement, the link option with minimum index
valugn(i.e.amaximum accessibility) is identified. This process is repeated for all unconnected
settlementsy Allgthe link options of various unconnected settlement are now compared for
theirmaceessibility index values. The link option having minimum accessibility index value
and its corresponding unconnected settlement thus gets identified. The first priority rural road
link, that should be added to the existing network of regional road, along with the settlement,
that should be connected, thus gets identified. The list of connected and unconnected

settlements and the existing road network is updated at this stage. The newly connected
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settlement now offers the functionality present in it to other settlements in its neighborhood,
which can be accessed through the updated network. Therefore, the distances of facilities
from connected settlement are also updated. At this stage, there are some more new link
options between the newly connected settlement and the remaining unconnected settléments
in its vicinity, which should be evaluated for their accessibility. For remaining uncennected
settlements, the link options of minimum index value (i.e. maximumgaccessibility). are
identified. The accessibility index of these new link options is calculatedhand then compared
with the previously stored accessibility values of the link® Options for<the remaining
unconnected settlements. Those unconnected settlements, which have less accessibility index
value, through these new link options, are updatedwvrth the new link optiens and their index
values. Again, the link option of lowest index Walue and its ‘€orresponding settlement is
identified. This identifies the next link option that should,be added to the road network in the
development of linkage pattern. This process is repeatéatill all the settlements get connected.

The maximum accessibility netwerk generated for the study area, using this procedure, is
shown in Fig. 7. The existing rural reads,(i.e"ODR and VR) in Paithan Taluka, which have
developed over time, are also'shown in this figure as double line filled with gray colour and
the road links generated using accessibility criteria are shown with black color thin
contipdous line. Whereverthe generated road links matches with the existing rural roads they
overlap. 1t€an be observed that, all the unconnected settlements got connected with only one
road link; whichfoffered maximum accessibility to the settlement. The road segments in the
existingyrural road network which are not important from accessing the missing functions of
unconnected settlement can be identified from the figure. However, these road segments can
be important for interaction between settlements other than the missing functions. In Fig. 7,
the road segment between settlement number 804 and 823, shows such type of existing rural

road link. It can be also observed that the unconnected settlement number 832, which is very
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close to the existing primary and secondary road system, has a direct road connectivity with
it. The settlement number 878 has a direct connectivity with connected settlement number
785, which is a new road link, aligned using grid network analysis technique. The network
thus generated has both type of road links, i.e. the direct road links connecting to analready
connected settlement and the road links connecting to the nearby existing primary and
secondary road system.

It is possible to generate other type of rural road networks by madifying thedink selection
criteria. Construction cost is taken as the other criteria to genegate the minimum, construction
cost rural road network for the same study region. In this case, the accessibility is not
required to be calculated. So, there is no need of inputs, such as distance“@f facility from the
connected settlement and travel requirement{ of unconnected settlement. Minimum
accessibility index value criteria for seleeting the linki@ptionsds replaced with the minimum
construction cost criteria. The minimumseonstructionyeost network thus generated, has the
minimum road length to copnect allithe settlements. To compare the minimum construction
cost network with the maximum aceessibility'network, the characteristics of both networks
are summarised im Table 2. Intthis table, the person-km represents the total amount of travel
needed to actess the'missing functions in the unconnected settlements and the cost represents
the total construction cost'@frural roads in terms of equivalent new road length in km. It can
be “@bserved from the table that, the minimum construction cost network involves more
amount of traveldo satisfy the missing functions of unconnected settlements in comparison to
maximum, accessibility network. In other words, the maximum accessibility network is more
efficient in comparison to minimum construction cost network in accessing the missing
functions in the settlement. Therefore the connectivity of rural road should be developed
using accessibility criteria rather than the minimum construction cost criteria. This network

of rural roads will be thus more economical in long run.
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CONCLUSIONS

A well planned road system is one of the most important infrastructure elementséwhich
improves rural accessibility and contributes to the rural development as a whole*The rural
road network in developing countries, therefore, needs to be developeddSo that the travel
requirements of people or community are met to the maximum in a“collective way at_the
lowest cost of road development. The unconnected settlements need connectivityfwith at
least one all weather road type to the existing regional roads so thatiitycan have access to all
its missing functions. The planning methodologydeveloped in this research is, therefore,
based on accessibility concept and generates \ connectivity, pattern for unconnected
settlements. Each road link, identified atevarious stages of network development, is evaluated
for its efficiency in serving the access‘\needs of thepconnecting settlement. An index of
accessibility is designed whigh'evaluates a connecting road link for its efficiency in accessing
the missing functions in“the unconnectedysettlement. The rural road planning methodology is
implemented in GIS software package, TransCAD, and all the data needed for planning is
organised in“it. The eonnecting road links for a settlement need not always have the straight
alignment, as considered i most of the rural road planning methodologies. A new method is
develepeddn GIS which finds least cost road alignment between any two points based on
topographie,infofmation of the area. This technique is new and unique as it is implemented in
vectombased GIS. It is used to find the actual road alignment of link options and is used in
network planning. Paithan Taluka of the Aurangabad district in India is taken as the study
area for the implementation of the developed methodology. The network developed is
compared with minimum construction cost criteria. It is observed that, the efficiency of

network generated using accessibility criteria is more than the network generated using



minimum construction cost criteria. The rural road network developed using accessibility
criteria is thus more economical in long run and meet the travel requirement of settlement in

the most efficient manner.
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NOTATION

The following symbols are used in this paper:

unconnected settlement.

connected node (i.e. connected settlement node or the link nod
existing road network).

link option.

function to be accessed by the unconnected sett

(%]

distance of nearest function ‘k' fr
through link option ‘I’.

length of link option ‘1’ betwe@en the unconnected settlement

rip rate for function k.
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Table 1 Trip Rates in Rural Settlement

Trip purpose Trip rate
(trip/day/person)
Primary school 0.122
Middle school 0.072
High school 0.048
Marketing 0.133

Health center 0.03
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Table 2 Characteristics of Networks Generated

Network Person -Km  Total length of
Generation Criteria new links (km)
Accessibility 165128 607.38
Construction Cost 217758 350.26
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Figure Captions

Fig. 1 Link options from unconnected settlement

Fig. 2 Map of study area (Paithan Taluka)

Fig. 3 Framework for GIS development and rural road planning
Fig. 4 Connected and unconnected villages

Fig. 5§ Trip making characteristics in rural areas

Fig. 6 Rural road network generation using accessibili

Fig. 7 Maximum accessibility rural road netwo
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