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INTRODUCTION

Land levelling is the construction work to level agri-
cultural fields for land reclamation, improvement, reha-
bilitation, etc.  It is one of the four major activities in the 
land consolidation.  It normally costs about 40–70% of the 
total consolidation cost, which is associated with cut–
and–fill earthworks and hauling costs.  Thus optimization 
of the land levelling process has been required to reduce 
the cost.  Although there are quite a few researches for 
the optimization of cut–and–fill earthworks (Mayer and 
Stark, 1981; Nandgaonkar, 1981; Rapcsak, 1983), 
researchs on the optimization of hauling is very limited 
(Moreb and Bafail, 1994).  Rapcsak (1983) used a linear 
programming model for the optimal land levelling, but 
his model did not include the hauling cost problem.  The 
land levelling works for undulating sites mainly focus on 
site terracing works, and the average hauling distance is 
normally set to about 2/3 of site diameter (Liu and Wang, 
2004).  Recently, several researchers have noticed this 
problem and related land levelling with transportation 
solutions.  Easa (1988) integrated the levelling stage with 
the earthwork allocation stage in his model and solved 
the transportation problem associated with each of these 

levels to select the level with lowest hauling cost.  Moreb 
and Bafail (1994) presented a linear programming model 
that combined land levelling and the associated trans-
portation problems to optimize hauling cost.  However, 
these attempts failed to calculate the hauling distance 
for the sites with complex landforms.  This resulted in dif-
ficulties and uncertainties in the estimation of earthwork 
volume and the relevant hauling cost.  In order to repre-
sent the uneven ground features, high–resolution DEMs 
(Digital Elevation Model) were used to provide terrain 
data to support the analysis of landform characteristics.  
The objective of this study is to integrate the linear pro-
gramming model with GIS approach and apply the GIS 
based model in solving the optimal land levelling cost of 
agricultural land.  The model was operated at several grid 
resolutions to show the correlation between the DEM 
resolution and the total land levelling cost of agricultural 
land. 

METHODS

Land leveling cost
The land levelling cost depends on both the cut–

and–fill earthwork cost and hauling cost.  In order to pre-
dict the earthwork volume of land levelling, it is neces-
sary to know both cut–and–fill volume and hauling dis-
tance.  The optimized distribution of cut and fill quantities 
was determined using the linear programming method of 
Moreb (1996), considering the optimal earthwork alloca-
tion and transportation problems in the levelling proc-
ess.  In this method, it was assumed that the unit hauling 
cost was linearly proportional to the hauling distance.  
The specific unit costs for earthwork activities including 
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cut (excavation), fill (embankment), and hauling were 
defined based on the construction budget rate published 
by local government.  The objective function that mini-
mizes the land levelling cost (F) was as follows:

min F = Σ Cc (i)Xc (i) + Σ Cf ( j)Xf ( j)

						      (1)
　  　+ Σ Σ Ch D(i, j)Xh (i, j)

subject to     Xc (i) >– 0,     Xf ( j) >– 0,    Xh (i, j) >– 0

m	 = number of the cut grids.
n	 = number of the fill grids.
Cc (i)	 = cost of cutting one cubic unit of earth from grid i.
Cf (j)	 = cost of filling one cubic unit of earth to grid j.
Ch	 = cost of hauling one cubic unit of earth at one 
	     unit distance.
D (i, j)	 = distance between grid i and grid j.
Xc (i)	 = amount of earth cut from grid i.
Xf(j)	 = amount of earth filled to grid j.
Xh(i,j)	 = amount of earth hauled from grid i to grid j.

In the model, the cut grids were distinguished from 
the fill grids using a designed terrain level.  In most cases, 
the designed terrain level was calculated according to 
the principle of balanced the cut and fill volumes.

Σ Xc (i) = Σ Xf ( j)				    (2)

Once the designed terrain level is decided, the 
earthwork costs of cutting and filling can be treated as 
constants for a certain project site.  Thus, the minimum 
land levelling cost can be derived by solving the optimal 
hauling cost (min F’) from the linear programming 
model. 

min F’ = Σ Σ Ch D (i, j)Xh (i, j)		  (3)

Transportation problem
In order to minimize the hauling cost, it is necessary 

to determine the optimal hauling distances between cut 
grids and fill grids.  The transportation problem involved 
in the hauling can also be solved by linear programming 
model.  Since the cost of hauling one cubic unit of earth 
at one unit distance is generally treated as a constant, 

the objective function of the linear programming model 
can be redefined to minimize the earthwork volume of 
hauling operation as:

min f = Σ Σ D (i, j)Xh (i, j) 			   (4)

The transportation problem is generally solved by 
the following routines: 
1) defining the objective function, 
2) initializing the problem with any feasible solution by 

an optimization method and 
3) examining the optimization suitability of the obtained 

solution.  
Several methods can be used for finding the initial 

basic feasible solutions.  There are several methods that 
can be used to generate the initial solution for the bal-
anced transportation problem, such as northwest corner 
method, minimum cost method, row minimum method, 
column minimum method, etc.  All these methods differ 
in the ways of starting the basic solutions; better starting 
solution can usually yield a smaller objective value. 

In this paper, Vogel approximation method (VAM) 
was introduced for setting an initial solution to the trans-
portation problems.  VAM is not as simple as the north-
west corner approach, but it facilitates a good initial solu-
tion, which is often the optimal solution.  VAM tackles 
the problem of finding a good initial solution by taking 
into account the costs associated with each route alter-
native.  VAM computes for each row and column the pen-
alty faced if the second best route is selected instead of 
the least cost route (Imam et al., 2009).  Table 1 shows 
the transportation simplex tableau for the earth hauling 
involved in land levelling.  The cut grids (Ai) and fill grids 
(Bj) represent the supplies and demands in the transpor-
tation problem.  

The optimization suitability of the solutions obtained 
by the VAM was tested using the Modified Distribution 
(MODI) method.  The MODI method allows computing 
improvement indices quickly for each unused cell of the 
transportation tableau without drawing all the closed 
paths.  The MODI method provides considerable time sav-
ings over other methods for solving transportation prob-
lems and an approach of finding the unused route with 
the largest negative improvement index.  Once the largest 
index is identified, only one closed path should be traced.  
This path helps determine the maximum number of units 
that can be transported via the best unused route.  In 
applying the MODI method, a value needs to be assigned 
to each row (R1, R2, … Rm) and for each column (K1, K2, 
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Table 1.  Transportation tableau for land levelling

Fill grids (Bj) B1   B2 ……    Bn
Excavation volumes

Cut grids
(Ai)

A1 Xh(1,1)   Xh(1,2) …… Xh(1,n) Xc(1)

A2 Xh(2,1)  Xh(2,2) …… Xh(2,n) Xc(2)

…… ……   …… ……  …… ……

Am Xh(m,1)  Xh(m,2) …… Xh(m,n) Xc(m)

Embankment 
volumes

Xf(1) Xf(2) …… Xf(n)

D(1,1) D(1,2) … D(1,n)

D(2,1) D(2,2) … D(2,n)

… … … …

D(m,1) D(m,2) … D(m,n)

m

i=1

n

j=1
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… Kn) in the transportation tableau.  The MODI method 
requires the following five steps:
1) To compute the values for each row and column, set

Ri + Kj = ChD(i,j)Xh(i,j)			   (5)

2) After all equations have been written, set R1 to 0.
3) Solve the system of equations for all R and K values.
4) Compute the improvement index for each unused cell 

by the formula improvement index I.

Ii,j +	ChD(i,j)Xh(i,j) – 	Ri  – Kj			   (6)

5) Select the largest negative index and proceed to solve 
the problem. 

Using the integrated VAM and MODI methods, the 
allocation volume Xh(i,j) and the optimal hauling dis-
tance D(i,j) were determined for each cell.  The optimal 
average hauling distance D* was then calculated for the 
whole land levelling project as

D* =  		  			   (7)

DATA PROCESSING

High–resolution DEMs generated using contour data 
were used to provide terrain data to support the analysis 
of landform characteristics.  Digitized continuous contour 
lines were stored in a rectangular grid and tagged with 
elevation values, while new contours were obtained by 
an iterative dilation applied to the earlier contour lines 
that increased their surfaces on both sides, until they 
became contiguous.  The limit between two adjoining sur-
faces was considered as the position of a new contour 

whose altitude was the value intermediate between the 
two altitude values of the given land surfaces.  The new 
contour lines generated were added to the rectangular 
grid.  This procedure was repeated until no new contour 
lines were obtained.  The data processing and model 
operation were performed under the structure of ArcView 
GIS.  The linear programming model was developed using 
Visual Basic and linked to ArcView GIS using Dynamic 
Data Exchange (DDE) method.  A user friendly interface 
was also developed using the script language of ArcView 
GIS.  In this study, the contour lines with the resolutions 
of 5, 10 and 20 meters were used to generate the DEM 
data respectively.  The designed terrain level Hd was then 
calculated according to the principle of balanced cut–
and–fill volumes using the generated DEM data.  Once 
Hd was determined, the cut grids and fill grids can be 
identified by comparing the local heights Hl(k) 
(k∈[1,m+n]) with Hd.  The cut volume Xc(k) was calcu-
lated from:

Xc (k) = (Hl(k) – Hd) · l2    if    Hl(k) >– Hd		 (8)

where l is the length of grid cell.  The fill volume Xf(k) 
was calculated from:

Xf (k) = (Hd – Hl(k)) · l2    if    Hl(k) < Hd	 (9)

The hauling distances between the cut grids and fill grids 
are then determined from:

D(i,j) = l ·    (ri – rj)
2 + (ci – cj)

2	             (10)

ri	 = Row number of ith cut grid.
rj	 = Row number of jth fill grid.
ci	 = Column number of ith cut grid.
cj	 = Column number of jth fill grid.

min f

Σ Xc(i)
m

i=1

Fig. 1.  Map of the project site
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CASE STUDY

In order to verify the accuracy and applicability of 
the proposed linear programming model, a case study 
was carried out based on a proposed land levelling project 
at Lixian District of Daxing Town, Beijing.  The project 
site is located between116°22́57̋E and 116°24́09̋E 
longitude and 39°33 4́5̋N and 39°34 4́0̋N latitude, on an 
alluvial plain of Yongding River with uneven landforms 
and elevations of about 22 m to 35 m.  The location and 
land use types of the project site is shown in Figure 1.  
According to the construction instruction, the land level-
ling should be done within the independent land parcels, 
and the typical land parcel size was 405 m×335 m.  With 
consideration of buffer zone, irrigation and mechaniza-
tion requirements, the site was subdivided into 19 land 
parcels (as shown in Figure 1).  The designed terrain level 
was determined based on the principles of balanced 
earthwork of cut–and–fill volumes within each land par-
cel.  In this case study, performance of the linear pro-
gramming model was validated based on the calculation 
on a land parcel, Parcel 7.  According to the experienced 
calculation method of the hauling distance on farmland 
terracing, the normal hauling distance was about 2/3 of 
the width of subject land parcel, that is, the usual hauling 
distance was estimated to be 223.33 m, with direct unit 
cost of RMB15.79/m3.  

The optimal hauling costs calculated from the linear 
programming model were tightly related with the unit 
cost and hauling distance results.  This study adopted the 
unit costs published in the ‘Beijing Construction Budget 
Rate’ (Sheet No. 1–45 and 1–49).  It must be noted that 
Sheet No.1–49 specifies that when hauling distance 
exceeds 20 m, an increase of 10 m of hauling distance 
will entail in an increase of RMB0.66/m3 of direct cost.  
Grid resolutions of resolutions of 5×5 m, 10×10 m and 
20×20 m were used in calculating the optimal hauling 
distances respectively.  The calculated transportation 
costs and optimal average hauling distances are presented 
in Table 2. 

As shown in Table 2, when the grid sizes are 10×10 m 
and 5×5 m, the difference of optimal average hauling 
distances is only 1.42% and there is no different in term 
of unit costs, hence no significant effect on the direct 
cost is expected.  However, when the grid size increases 
to 20×20 m, it will entail in 7.58% difference in term of 
optimal average hauling distance comparing to the case 

of 5×5 m grid size, while the difference of direct cost is 
6.28%, hence significant effect on direct cost is expected.  
Based on the past experiences of land levelling works, 
the normal lengths of grid edge are between 10 m and 
20 m.  The typical optimal average hauling distance is 
143.80 m, with direct unit cost of RMB10.51/m3.  The opti-
mal average hauling distance calculated from the linear 
programming model is 79.53 m shorter than the distance 
estimated using the experienced method.  The unit cost 
calculated from the linear programming model is 33.4% 
lower than the experienced cost.  Therefore, the hauling 
distance and unit cost results were validated to be appro-
priate by comparing to the experienced values.

CONCLUSION

This study applied the principle of linear program-
ming model to solve the transportation problems involved 
in the agricultural land levelling.  Vogel approximation 
method was used in generating the initial solution to the 
transportation problems, and the optimization suitability 
of the solutions obtained by the VAM is tested using the 
modified distribution method.  The reliability of this com-
bined linear programming model was then validated in 
the consequent case study.  With digitalized topographic 
data, the accuracy of the simulated results have tight 
correlations with the input grid resolutions, which leads 
to a necessity of determining an appropriate grid resolu-
tion for calculating the optimal hauling cost.  Normally, 
smaller grid sizes produce higher accuracy results.  
However, when the project site is subdivided into regu-
lar grid cells, the number of the grid cells is shown to be 
reversely proportional to grid size by power four.  If the 
grid size reduces by half, the number of grid cells will 
increase by three times and the average iteration times 
of calculation will by 15 times.  Based on the past experi-
ences of actual land levelling works, the diameters of land 
parcels are normally in the range of 10–20 m.  Therefore, 
the grid size could be set at 10 m, which will not only 
increase the accuracy of the calculation but will also facili-
tate the execution of earthworks.

This paper presents the preliminary results of 
research on hauling distance.  Application of the present 
model on the case study site shows that calculation 
results are realistic.  With further studies, the proposed 
linear programming model shall be applied in the similar 
analysis of the agricultural land levelling issues. 

Table 2.  Optimal average hauling distances and costs for different grid sizes

Grid size
(m×m)

Grid number
(row×column)

Optimal average 
hauling distance 

(m)

Unit costs for transportation (RMB/m3)

Total Labor cos Material cost
Machinery 

cost

20×20 17×20 131.04   9.85 0.69 0.00 9.16

10×10 33×40 143.80 10.51 0.74 0.00 9.77

5×5 67×81 141.78 10.51 0.74 0.00 9.77

Note: Total cost includes labor cost, material cost and machinery cost.  Rates are based on standard rate 
number 1-45 and 1-49 of the ‘Beijing Construction Budget Rate’. 
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