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ABSTRACT 

Geographic Information Systems, especially accurate digital traffic maps, have been becoming widely used in the 
Intelligent Transportation Systems. The GPS data usually are more accurate than the pre-existing base map data. This 
paper introduces a new cartography procedure for making digital map from a start-up paper map, which has no 
geography data (longitude and latitude). Contrary to traditional map-making which is first a precise survey-cartography 
and follow-on digital controlled mapping, the new procedure is first extracting layer from a raster map and vectorization, 
follow-on geo-adjusting for pinpointing all nodes on the vector map. There are two key processes in the new digital map-
making technique. Firstly, the map layer extraction is controlled by output feedback for optimal recognition of road 
network. Secondly a dynamic topological mapping is developed for geo-location and improving the accuracy of vector 
traffic map by utilizing some recorded GPS data as the controlled pinpoint samples. Different from those traditional geo-
location methods such as affine mapping, and the rubber-streeting with manual point-by-point matching, the new 
adjusting is decomposed into a series of optimal topological sub-mapping on relative sub-map region. Based on 
pinpointing one sample point to its accuracy location, the sub-mapping adjusts all nodes within the sub-map region.     
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1. INTRODUCTION 
Geographic Information Systems (GIS) are becoming more widely used for the mapping and modeling of utility network 
systems. However, there is lack of topological maps, whether large-scale or even small-scale city and urban maps, in 
many developing countries including China[1]. Lack of vector maps and accuracy of vector maps have become the 
bottleneck of developing digital city transportations and intelligent decisions[2].  

GPS can be used to improve the accuracy of out-of-date inaccurate digital map, and to verify, update, and augment map 
information. The recorded GPS data will usually be more accurate than the pre-existing base map data. However, 
existing GIS software has only the commands that perform localized rubber-streeting[3], so that the base map data can be 
adjusted or relocated to match the accurate GPS positions if desired. However, the rubber-streeting algorithm is a manual 
adjustment procedure, which requires a huge human effort.  

To do the research on digital traffic map, a simple and effective procedure for building digital map from paper map must 
be done. The key process in the new digital map-making technique is how to convert a raster map into a vector map and 
how to get accurate geo-location on the vector map. The two long-standing key technical problems have been 
investigating for a long time in academy[4–8].  

The road network layer extraction is based on object color, brightness, sharpness and various road sample pattern 
characteristics[4,5]. This process usually needs experience to manually adjust thresholds or parameter values of evaluation 
functions to achieve high quality of pattern recognition. The open-loop recognition process needed human intervention, 
which is difficult to complete the map conversion rapidly and perfectly. This paper will presents an algorithm for optimal 
recognition of road network; the extraction process is controlled or deals with output map feedback (Section 2).   

Current vector map geo-location is generally accomplished with traditional linear topological mapping such as length-
preserving mapping[6], affine mapping[2], projecting mapping and interpolation[7]. These algorithms may correct only 
linear errors on vector maps, but less effect on nonlinear errors such as paper map warps. It is noticed that traditional 
linear topological mapping can only reduce or minimize the error summation in the sense of least mean square (LMS). 
An innovative mapping procedure, which takes different effects on different areas of a vector map, has been introduced 
in Reference [8]. However, there exist some bugs within the new procedure, which will be improved in Section 4. 
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The new approach to generate digital maps from printed maps is divided into three processes: Map layers extraction, 
Road network vectorization and Dynamic topological geo-locating on vector map.  

2. MAP LAYERS EXTRACTION  
2.1 Main processes for road layer extraction 

2.1.1 Program procedure for road layer extraction 

There are three main processes for road layer extraction from a raster map: Traffic map normalizing, Noise pixel 
partition and Feedback on output road check, as shown in Fig. 1. 

 

 

 

 

 

 

Fig. 1.  Program procedure for road layer extraction from a raster map. 

2.1.2 Expressions for 24-bit map image and 2-bit map image 

The raster traffic map, considering as a sheet of 24-bit color image, which consists of 1+r  pixel rows and 1+l pixel 
columns, is expressed as a set of pixels, M: 

                                           ]0,0|[M rjlipij ≤≤≤≤=  (1) 

Where ijp  is a pixel at position (i, j) in the pixel map, li ≤≤0 , rj ≤≤0 as the original point 0,0p is at the left down 
of the map M.  

For 24-bit raster map, define the color of pixel ijp  as )](),(),([)( ijijijij pBpGpRpC =  which is a 3-dimensional vector with 
three RGB(red, green, blue) grades elements. Define ),( kij CpD  as a function of color difference between the pixels 

ijp and a color kC : 

                                      ]])([])([])([),( 222
kijkijkijkij BpBGpGRpRCpD −+−+−=  (2) 

For 2-bit raster map, as there is only 2 colors, define the color of pixel 01)( orpCp ijij == ijp only.   

2.2 Traffic map normalizing 

People may recognize a physiognomy by its color from the map when they perceive the map first. The map layers 
extraction procedure deals with the map in a similar way as people do by a color check first. Therefore, the map is first 
clustered into three layers: a road layer R , an area layer A  and a noise layer N , which includes letters, symbol and 
icons, etc. As the source map image is copied from normative maps on Compact Disk (CD) provided by normal mapping 
publishing house[9], it is easy to get the average or center colors of road samples, denoted by set },...,,{ 21 RjRRR CCCC = and 
the average or center colors of area samples, denoted by set },...,,{ 21 AjAAA CCCC = . Furthermore, the road center color set 

RC and AC  fit all city maps on the CD.  

Define a 3-dimension vector RV  as the swatch threshold, the road layer color set 
RC  for clustering road layer R  is 

                                  ]),(,...,),(,),(|[ 2211 RkRkRkRRpRRppR VCCDVCCDVCCDCC ≤≤≤=  (3) 
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Define a 3-dimension vector AV  as the swatch threshold, the area layer color set 
AC  for clustering area layer A  is 

                                 ]),(,...,),(,),(|[ 2211 RjAjpAApAAppA VCCDVCCDVCCDCC ≤≤≤=  (4) 

Simply inspecting the color of every pixel in 24-bit raster map does the traffic map normalizing procedure. For every 
pixel ijp , if 

Rij CpC ∈)(  then Rpij ∈  and change its color with normalized road white color ]255,255,255[)( == R
ij CpC , 

else if 
Aij CpC ∈)(  then Apij ∈  and change its color with normalized road gray color ]114,174,127[)( == A

ij CpC . For all 
other pixels, which are considered as noise N , keep its color unchanged.  

As an example, a source 24-bit raster map of Hefei city, M0, copied from CD[9] is shown in Fig. 2 (left). The normalized 
map M1 is shown in Fig. 2 (right). 

Fig. 2. 24-bit raster map M0 of city Hefei (left) and its normalized map M1 (right). 

2.3 Noise layer partition 

Noise layer partition is done by erasing and replacing color of each pixel of noise. The main function is to partition all 
pixels at noise region N  into two parts, Road-possible RN  and Area-possible AN .  Noise partition is based on inspecting 
the 8-direction reach characters for every pixel Npk ∈  shown in Fig. 3. From point kp  draw 8 radial, check every radial 
as it just extends out of its noise region and whether it reaches a pixel with area color AC  or not. The number of radials, 
which reached pixel area, A  is denoted as )( kpα , 8)(0 ≤≤ kpα .  As shown in Fig. 3. 0)( 1 =pα ,  8)( 2 =pα , 4)( 3 =pα , 

8)( 4 =pα , 6)( 5 =pα  and 3)( 6 =pα . It is well founded that all points ]5)(|[ ≥∈ pppk α  should be partitioned into Area-
possible RN  and all points ]3)(|[ ≤∈ pppk α  should be partitioned into Road-possible RN . It is perplexing with the case of 

4=α . However, needed by feedback control on the next process, all points ]4)(|[ =∈ pppk α  are partitioned into only 
Road-possible RN .  

Fig. 3. Reach character of 8-direction from a pixel at noise region. 
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Then, for every pixel Npij ∈ , if 
Rij Np ∈  then partitioning Rpij →  by changing its color with normalized road white color 

]255,255,255[)( == R
ij CpC , else if 

Aij Np ∈  then partitioning Apij →  by changing its color with normalized road gray 
color ]114,174,127[)( == A

ij CpC . By noise partition, the 24-bit color map Mk becomes 2-bit raster map 
kM . A normalized 

map part M1 is shown in Fig. 4(left) and its noise-classified map 1M  (2-bit map) is shown in Fig. 4(right). 

Fig. 4. Normalized map M1 (right) of city Hefei (part) and its noise classified map 1M  (right). 

2.4 Feedback on output road check 

As done before, all points ]4)(|[ =∈ pppk α  are partitioned into only Road-possible RN . That means some noise points 
which possible be at area layer A  in fact but now are partitioned into road layer R . Thus there is more "road" on the 
noise classified 2-bit map 

kM . So it is needed first to find the possible superfluous or error road path and then feedback 
the message to its source map 

kM  by changing the superfluous path into area regions A . Having all new area regions 

kM  becomes 
1M +k
. By noise layer partition at the new source map 

1M +k
, its noise-classified map 

1M +k
 should be more 

credible than 
kM  for road extraction. This feedback recognition process can be down continually, until there exist no 

more possible superfluous road path. The final 2-bit map 
nM  can be output as road layer extracted from a color raster 

map 
0M , so finished the process of map layers extraction. 

How to find the possible superfluous road path? It is based on the road width at every center point of road to check the 
superfluous path. Make centerline of road on the noise classified 2-bit map 

kM , denoted as 
kM~ . Through the road 

centerline }1|{ lkxX k ≤≤=  on 
kM~ , for every center point 

kx  check the path width )( kxd . If  
min)( dxd k ≤  then change 

color of point 
kx  and the corresponding path transverse line with normalized area gray color AC .  After all possible 

superfluous path are changed into area region A , 
kM~  becomes *M~ k

 which is used only to show the eliminating process of 
the possible superfluous road path, does not used as feedback map. A center-lined road map 1M~  is shown in Fig. 5(left) 
and the map *

1M~  eliminated superfluous road path is shown in Fig. 5(right). 

Fig. 5. Center lined road map 
1M~  (left) and map *

1M~  eliminated superfluous road path (right). 
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Having the new area regions 
1M  becomes 

2M  by feedback. The 24-bit Feedback modified map
2M  and its noise 

classified 2-bitmap 2M  is shown in Fig. 6(left) and its noise classified 2-bit map 2M~  (Center lined) is shown in Fig. 
6(right).  

Fig. 6. Feedback modified road map 2M  (left) and its noise classified 2-bit map 2M~  (right) 

As done continually, the procedure is accomplished at noise-classified map 
3M  (

3M~ ). The 24-bit feedback modified 
map

3M  and its noise classified 2-bitmap map 
3M  (Center lined as 

3M~ ) are shown in Fig. 7. 

Fig. 7. Feedback modified road map 
3M  (left) and its noise classified 2-bit map 

3M~ (middle), 
3M (right). 

3. ROAD NETWORK VECTORIZATION 
3.1 Road layer vectorization 

Vectorization is to convert a black-white bitmap of the line-shape figures into a vector format graph and then greatly 
reduces the memory space required to save the map geometry information, and makes easy for further operations on the 
map. This step has a pretreatment process including smoothing, thinning, joining broken lines and deleting spurs. They 
are briefly as follows. Effective procedures can be finding in details in [2]. 

a) Smoothing:  Because of noises and errors, there are some indents and bulges in the line-shape features.  This 
smoothing is to remove these indents and bulges. Thus, it improves the precision of vectorization. 

b) Thinning:  Thinning is a process to erase those points that do not affect the connection of the line shaping figures. Its 
purpose is to get the one-point-wide line to make the vectorization applicable.   

c) Joining broken lines and deleting spurs:  These treatments of joining broken lines and deleting spurs are developed to 
fix the errors existed in the original map or entered during the above procedures. 

After the above procedures, a bitmap of single-point-wide lines is ready. Now it is for vectorization. The main idea is to 
determine and store the nodes that represent the road curves by the lines connecting the corresponding nodes. The 
maximum error among the road curves and their corresponding road lines is controlled within a predefined pixel number. 
That algorithm is a convergent algorithm because the real maximum error approaches to zero when the number of family 
nodes increases.  Fig. 8 shows the vector map by applying above procedures on an extracted road layer (Fig. 8). 
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Fig. 8. Vector map based on the extracted road layer. 

3.2 Data structure with vector map  

3.2.1 Vector map on its node-location space ),( JIP  

Normally, the size of data storage after vectorization is far less than before, because only the locations of finite nodes and 
the topological relationship of nodes connected in sequence need to be saved on its node-location integer space 

)},({ jipP = . Each point ),(
kk ppk jip  at vector map has its location with the I-coordinate 

ki , J-coordinate
kj  (Fig. 8). 

The database structure for road network is defined with three data chains: Node’s chain, Arc’s chain, and Road’s chain. 
The Node’s chain, denoted as RN , consists of all N nodes in sequence: 

                               },...,2,1),,(|{ NkjipnnN
kkk nnnkkR ===  (5) 

The ordinal number k of k-th node kn , denoted by knID k =)( , is used to identify the node as will be used in the vector 
database structure. The Arc’s chain, denoted as RS , consists of all m  arcs in sequence:  

                },...,2,1)],(),...,(),([|,,,{ 221 mknIDnIDnIDSSSSS k
last

kk
firstkmR === L  (6) 

Each arc (section or path of road) 
kS  consists of some nodes in sequence, in which only the first node k

firstn and the last 
node k

lastn  are either an intersection or terminal point of roads. Note that Arc’s chain RS  declares the topological 
relationship of nodes. Within the procedure of topological geo-adjusting the Arc’s data chain RS  should not be changed. 

3.2.2 Vector map on its geo-located image space ),( YXG  

A vector map obtained from raster map, )],([M jip=  has no geo-location in longitude and latitude. The geo-located 
image space ),( YXG , )2/2/-,(- ππππ −≤≤≤≤ yx , is defined as follow. Suppose the longitude and latitude of 
bottom left corner )0,0(p  and the top right corner ),( rlp  have a measurement of ),(),( 0000 latlonyxg =  and 

),(),( rlrl latlonyxg =  respectively, then a fixed linear mapping (Eq. 7) is used to transform the data between node-
location space ),( JIP  and its geo-located image space ),( YXG . 

),(),(),(: 00 yx LjlatLilongyxgjipG ⋅+⋅+=→  (7) 

]/)(,/)[(),(),(: 00
1

yx LyyLxxpjipyxgG −−=→−  (8) 

Where llonlonL lx /)( 0−=  and rlatlatL ry /)( 0−=  are the scales in two axis directions in pixel. On the following parts of 
this paper, all discusses and equations will be based on map image space, )],([M yxg= . 

)0,0(p )0,(lp

),0( rp  ),( rlp

),(),( 0000 latlonyxg = X(lon) 

),(),( rlrl latlonyxg =

),(),( 000 yLlxyxg xl ⋅+=

N

EW

S

),(),( 000 yr Lryxyxg ⋅+=I Y(lat) 

J 
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3.3 Map geo-locating by traditional topological mapping 

Map geo-adjusting is to improve vector map accuracy. The method is to use the recorded road locus by GPS to adjust the 
vector traffic map. Select a group of n-sample points set nG :  

                                 )},(,),,(),,({},,,{ 22211121 nnnnn yxgyxgyxggggG LL ==      (9) 

Where the accurate positions (longitudes and latitudes) of the n-sample set nG , denoted by nĜ , has known on map image 
space as 

                               )}ˆ,ˆ(ˆ,),ˆ,ˆ(ˆ),ˆ,ˆ(ˆ{}ˆ,,ˆ,ˆ{ˆ
22211121 nnnnn yxgyxgyxggggG LL ==     (10)  

Traditional topological mapping )(⋅T  is used to transform vector map M  into )M(M T=′ , with effect of an n-samples set 

nG  relocated on )( nn GTG =′   

                              },,,{)()},(,),,({ 21111 nnnnnn gggTGTyxgyxgG LL ==′′′′′′=′  (11) 

Such that nG′  is closed to the exact accurate positions nĜ  as nearly as possible. An optimal performance index is 

                                  ∑ =
−′+−′=−′=

n

i iiiinn yyxxGGJ
1

22 )ˆ()ˆ(ˆ  (12) 

The linear topological geo-adjusting can be done by several kinds of mappings such as length-preserving mapping, affine 
mapping, projecting mapping, etc. Take an affine mapping as an example[6] where  

                                   ),(),()( 222111 cybxacybxayxgTg gggggg ++++=′′==′  (13) 

The parameters ],,,,,[ 212121 ccbbaaV =  can be obtained via an optimal searching procedure[2] to move nG  reach the 
optimal approximation location nG′  in sense of LMS (Eq.12).  To show the effectiveness of the linear topological geo-
adjusting, we have got Hefei city vector map as shown in Fig. 8. The adjustment will be done by the directly using some 
GPS traces of vehicles in the path travel recording to the vector map and select a 34-samples set nĜ . The GPS location 
traces are shown as the dotted lines on Hefei city vector map before adjusting (Fig. 9. left).  The points marked by red “
＋ ” denotes the accurate longitudes and latitudes ),(ˆ kkk yxg  at nĜ , and the points marked by blue “×” are the 
corresponding locations kg  at nG , may be laid on wrong coordinates before adjusting. Via the linear topological geo-
locating, Hefei city vector map is improved (Fig. 9. right). 

Fig. 9. Map geo-locating using GPS tracks by traditional topological mapping. 

The linear errors of vector map rooted in extractions of an accurate printed map with large scale can be revised perfectly 
by traditional topological mapping. However the source raster maps are often poor in quality in China. Although the 
small-scale city and urban maps are easy bought but the paper maps have always warp and not up-to-dated, there could 
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be different scales on the different parts of the traffic map from urban center to the outlying area. There has another data 
errors problem on the paper maps when which is based on different coordinate system.  Thus a new topological geo-
locating technique is developed for mapping nG  exactly matching its exact positions nĜ . Different with linear mapping, 
the innovative mapping procedure should get different effects on different areas of a vector map. Thus it is a dynamic 
topological mapping, will be presented in details on the following section.  

4. DYNAMIC TOPOLOGICAL GEO-LOCATING ON VECTOR MAP 
4.1 Goal of dynamic topological geo-locating on vector map 

The vector map accuracy depends only on the finite node point’s accuracy. The vector map must keep those nodes 
topology. The goal of dynamic topological geo-locating on vector map is to find a topological mapping )(⋅T  mapping G  
exactly onto Ĝ . The index for dynamic topological geo-locating is 

                                    }ˆ,,ˆ,ˆ{ˆ},,,{)(:)( 2121 nnnn gggGgggTGTT LL ===⋅  (14) 

With dynamic topological geo-locating )(⋅T  the n-sample-pair ]ˆ,[ nn GG  is exactly geo-located at nĜ . Using the dynamic 
topological mapping )(⋅T  on vector map )],([M yxg= , all N nodes at RN  (Eq. 5) are also mapped onto new location 

)],(([M̂)],([M)( yxgTyxgTT == . It is well founded that, as the n-sample-pair ]ˆ,[ nn GG  is exactly geo-located, all 
neighboring nodes near n-sample points should be changed to reach more accurate locations themselves.     

4.2 Structure of dynamic topological mapping 

To get n-sample-pair ]ˆ,[ nn GG  exactly geo-located, the dynamic topological mapping )(⋅T  should be disintegrated into n 
sub-mappings )(⋅kT , for one sample-pair ]ˆ,[ kk gg  relocated by one sub-mapping )(⋅kT . Thus the new algorithm adjusts a 
sample with a sample point adjustment. At the time of adjusting sample-pair ]ˆ,[ kk gg , the algorithm also automatically 
adjusts nodes on the sample-pair ]ˆ,[ kk gg  neighboring area denoted as dynamic block kS .  

                                 )))))M((((()M( 121 LLLL TTTTTT knn −=  (15) 

The sub-geo-located vector map after k-th step is denoted as )))M(((M̂ 12 LL TTTkk =  and decomposed into two parts: 
dynamic block kS  and the complementary part region c

kS . 

   c
kk

c
kkkk

c
kkkkkkkkkkk SSSTSTSSTTTTTTTT UUULL ˆ)()()())))M̂(((())M̂(()M̂(M̂ 0121211 ====== −−−−

 (16) 

Where MM̂0 =  is the source vector map. Denote the k-sample-pair as ]ˆ,[ kk GG , where ],,,[ 21 kk gggG L=  and 

]ˆ,,ˆ,ˆ[ˆ
21 kk gggG L= . After k-th step by the sub-mapping )(⋅kT  the k-sample-pair ]ˆ,[ kk GG  should be geo-located exactly at the 

accurate locations ]ˆ,[ˆ
kkk GGG = , i.e. 

                  ]ˆ,ˆ[)](),ˆ([)),),ˆ(((),ˆ(ˆ
1121211 kkkkkkkkkkkkk gGgTGTggGTTTgGTG −−−− ==== LL   (17) 

It enlightens a principle for construction of dynamic block 
kS  and the complementary part region c

kS  on current vector 
map 

1M̂ −k
. That is at k-th step of dynamic topological mapping, for the sub-mappings )(⋅kT  there should be 

1M̂ −⊂∈ kkk Sg  and 
11 M̂ˆ
−− ⊂∈ k

c
kk SG . The sub-mappings )(⋅kT   (Eq. 16) becomes 

⎩
⎨
⎧

→⊂∈⊂=⇒
→⊂∈⊂=⇒

==
−−−−

−
−

1111

1
1 ˆˆ,M̂ˆM̂)(:

ˆ,M̂]ˆ,[M̂ˆ)(:ˆ
)M̂(M̂

kkk
c
kkk

c
k

c
kk

c
k

c
k

kkkkkkkkkkkk
kkk GGSGwithSSTSS

ggSggwithSSTSST             (18) 

There are several methods to construct the dynamic topological block kS . An effective rule for construction of dynamic 
block 

kS  is described bellow.  
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4.3 Structure of dynamic topological block kS  

4.3.1 Dynamic topological block 1S  and 2S  
It is obvious that as Φ=0Ĝ  (for nothing) the first block is taken MM̂01 ==S  as the whole source vector map. As 

11 ˆˆ gG = , the second block ]ˆ M,|[ 12 gpppS ≠∈=  is the whole map except the point 11 ˆˆ gG = . 

4.3.2 Dynamic topological block kS  bounded 
The k-th block 

kS  )3( ≥k  is determined by the following rules shown in Fig. 10(left) to get kk Sg ∈  and c
kk SG ∈−1

ˆ . At k  
step, for every )1,...,2,1(ˆ −= kigi

, connect iĝ  and kg&  (
kg&  is the center point of line 

kk gg ˆ ), make a perpendicular line ik gL ˆ  to 
the line ik gg ˆ&  pass point iĝ . The line 

ik gL ˆ  divides the map into two half planes. Denote the half plane with point kg&  as 

)ˆ( ik gH . The block kS  should be within )ˆ( ik gH , i.e. 

                                      nkgHS k

i ikk ,...,4,3)ˆ(1

1
==

−

=I  (19)  

The dynamic topological block 
kS  may be a limited region as an m-polygon, denoted as U

m

j ikk
m
kk j

gLgSS
1

ˆ
=

∆ ∆== . For 

example shown in Fig. 10(right), where 6=k , 6SSk = . The block 6S  is a quadrilateral ABCD  with 4=m . Its boundary 
m-sides are 

jik gL ˆ , 4,3,2,1=ji .  Note that there is always 1−≤ km , for large m , we may have 1−<< km .  

Fig. 10.  Block region Sk on the half plane H k   (ĝi) (i<k) and Construction of block Sk  (k=6). 

4.3.3 Dynamic topological block kS  boundless 
The dynamic topological block 

kS  by m-lines Lkĝi, may not be a bounded region as shown in Fig. 11. Connect point kg  
and kĝ  to the vertexes of kS , A and B as in Fig. 11. From gk draw radial kgL1  parallel with 1ĝLk , radial kgL3  parallel with 

3ĝLk . From kĝ  draw radial kgL ˆ1  parallel with 1ĝLk , radial kgL3  parallel with 3ĝLk . Then the unbounded region kS  can 
be considered as an extended m-polygon which consists of one polygon ∆− )2(m

kS , two strip regions, 1
kS  and 2

kS , and a 
sector ∨

kS  as shown in Fig. 11 with 3=m  and its m-sides are 1ĝLk , 2ĝLk and 3ĝLk .  

 

Fig. 11. Constructing a bounded block Sk from an unbounded area. 
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4.3.4 Exceptive case for constructing topological block kS  
It is very complicated for topological mapping as some adjusting sample-pair ]ˆ,[ kk gg  is not really accurate, or if the 
source vector map has inaccuracy with its topology. In this exceptive case the topological block kS  may not be 
constructed.  To manage this exceptive case for constructing topological block kS  in this paper the inaccurate sample-
pair ]ˆ,[ kk gg  is deleted. More effective method to deal with such exceptive case is in developing. 

4.4 Dynamic topological mapping )(⋅kT  

4.4.1 First and second dynamic topological sub-mappings )M̂( 01T  and )M̂( 12T  

First dynamic topological sub-mapping )M̂( 01T  is simply moving whole map to get )ˆ,ˆ(ˆ),( 111111 yxgyxg →  based on vector 
map 

0M̂ . By )M̂( 01T  all points MM̂),( 01 ==∈Syxs  is mapped into ),(ˆ yxs ′′  as  

                                   )ˆ,ˆ(ˆ),(ˆ)(),(:M̂)M̂( 11111101 yyyxxxsyxssTyxsT −+−+=′′=→=  (20) 

Second dynamic block 2S  is whole map M̂  except the fixed point 1ĝ . By )M̂( 12T , 2S  is rotated and resized to get 
)ˆ,ˆ(ˆ),( 222222 yxgyxg →  based on vector map 

1M̂ , i.e. all points 2),( Syxs ∈ , is mapped into ),(ˆ yxs ′′  with 

                           
⎩
⎨
⎧

−+−=−+−
−−+=−−

=
−

2
1

2
1

2
1

2
1

11
1

11
212 )ˆ()ˆ()ˆ'()ˆ'(

)]}ˆ/()ˆ[(tantan{)ˆ'/()ˆ'(
:M̂)M̂(

yyxxyyxx
xxyyxxyy

T
β

α   (21) 

Where the enlargement/reduction factor is 2
12

2
12

2
12

2
121222 )ˆ()ˆ()ˆˆ()ˆˆ(ˆˆ yyxxyyxxgggg −+−−+−=−−=β  and the rotation angle 

around point 1ĝ  counterclockwise is ])ˆ()ˆ([tan])ˆˆ()ˆˆ([tanˆˆˆ 1212
1

1212
1

2121 xxyyxxyygggg −−−−−=∠−∠= −−α .   

4.4.2 K-the dynamic topological sub-mapping )M̂( 1−kkT  with kS  bounded 

When 
kS  is a convex m-polygon ∆m

kS  (Fig. 10), the block ∆= 4
6SSk

 is a convex quadrilateral ABCD , kg  and kĝ  are both 
within the block kS . Connect kg  to all vertexes of polygon ∆m

kS  making m triangles ikk gLg ˆ∆  consisting of side ik gL ˆ  and 

kg . Connect kĝ  to all vertexes of polygon ∆m
kS  making m triangles ikk gLg ˆˆ∆  consisting of side ik gL ˆ  and kĝ . It leads to 

                   mjkigLggLgSS j
m

j ikk
m

j ikk
m
kk jj

,...,2,1},1,...,2,1{ˆˆˆ
11

=−∈∆=∆==
==

∆ UU  (22) 

The mapping )( kk ST  is a mapping 
kS  on itself.  It can be done by m  triangle mappings )(∆∆

kT  on m  triangles in 
kS : 

                    UUU
m

j ikk
m

j ikkk
m

j ikkk
m
kkkk jjj

gLggLgTgLgTSTST
111

ˆˆ)ˆ()ˆ()()(
==

∆
=

∆ ∆=∆=∆==  (23) 

The triangle mapping )(∆∆
kT  maps triangle ikk gLg ˆ∆  onto the corresponding triangle ikk gLg ˆˆ∆ , is defined as shown in Fig. 

12. Denoted ik gLAB ˆ= , for each point ikk gLgs ˆ∆∈ , extend the line sgk  to cross the line AB at point P  and connect kĝ and 
P , The mapping rule of )(∆∆

kT  lets the image point ikk gLgs ˆˆˆ ∆∈  be on the line segment Pgk  and insures                   

Fig. 12.  Triangle mapping ikkikkk gLggLgT ˆˆ)ˆ( ∆=∆∆  in Sk. 
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                                                    pgsgpgsg kkkk =ˆˆˆ              (24) 

It uniquely determines the image point ŝ  of point s . The triangle mapping )(∆∆
kT  maps the point kg  to point kĝ ; line AB 

to itself; line Agk  to Agkˆ ; line Bgk  to Bgkˆ ; and line Pgk  to Pgkˆ . It is easy to see that by )( kk ST  the nearer a point s  to kg  
is, the larger adjustment effect on ŝ  is, thus )( kk ST  keeps the topology of 

kS . 

4.4.3 K-the dynamic topological sub-mapping )( kk ST  with kS  boundless 

When kS  is not a bounded region it is treated as an extended m-polygon (Fig. 11) which consists of a polygon ∆− )2(m
kS , 

two strip regions, 1
kS  and 2

kS , and a sector ∨
kS . Define mapping )( kk ST  still a mapping 

kS  itself as follow. 

∨∆−∨∆−∨∆− +++=+++=+++= kkk
m

kkkkkkk
m

kkkkk
m

kkkk SSSSSTSTSTSTSSSSTST ˆˆˆˆ)()()()()()( 21)2(21)2(21)2(  (25) 

Where ∆−∆− = )2()2( ˆ)( m
k

m
kk SST  have been defined, ∨∨ = kkk SST ˆ)(  is defined as a parallel mapping insuring with ∨

kS  and ∨
kŜ  are 

exactly same in shape and ∨
kS  shifted to ∨

kŜ . The strip regions, 1
kS  and 2

kS , can be considered as an extended triangle 
which has one vertex at infinite. Then the two extended triangle mappings, 11 ˆ)( kkk SST =  and 22 ˆ)( kkk SST =  can be easily 
solved by using the same triangle mapping, 11 ˆ)( kkk SST =∆  and 22 ˆ)( kkk SST =∆  (Eq.24). 

5. EXAMPLES FOR VECTOR MAP GEO-LOCATION USING GPS TRACKS 
The effectiveness of the new approaches to accurate geo-locating is still shown by mapping Hefei city vector map with a 
34-sample-pair ]ˆ,[ 3434 GG  based on some GPS traces on road path (Fig. 9. left). The work is started on the traditional 
mapped map (Fig. 9. right).  

The effectiveness of middle sub-mapping )(⋅kT  while the case kS  is m-polygon is shown with 9=k . On this example 
with )( 89 ST , 8S  is a 5-polygon (Fig. 13. left) while the 8-sample-pair ]ˆ,[ 88 GG  has been exactly geo-located at 8 points 

81
ˆˆ GGk =−

 (Eq.17, Fig. 13. left).  Fig. 13 shows the vector map after the 9-th sub-mapping )M̂( 89T  based on the sample-
pair ]ˆ,[ 99 gg  re-located. 

Fig. 13. Hefei city vector map 
8M̂  (left) before and after the 9th sub-mapping )M̂(M̂ 899 T=  (right). 

While kS  is boundless as is treated as an extended m-polygon, the sub-mapping )(⋅kT is shown with 10=k . Where the 9-
sample-pair ]ˆ,[ 99 GG  has been exactly geo-located at 9 points 91

ˆˆ GGk =−
 (Eq. 17, Fig. 14. left).  Fig. 14 shows the vector 

map after the 10-th sub-mapping )M̂( 910T  based on the sample-pair ]ˆ,[ 1010 gg  re-located. 
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Fig. 15 shows the last sub-mapping )M̂( 3334T , which finished this procedure for the dynamic topological geo-locating on 
the extracted vector map M  (Fig. 8.) by )M̂(M̂M)(M̂ 333434 TT === . The geo-located map M̂ is shown at Fig. 15 (right).  

 

Fig. 14. Hefei city vector map 
9M̂  (left) before and after the 10th sub-mapping )M̂(M̂ 91010 T=  (right). 

Fig. 15. Hefei city vector map 
33M̂  (left) and the geo-located map )M̂(M̂M)(M̂ 333434 TT ===  
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