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Abstract of interest, finding optimal resource allocation and many
others.

Network data models are frequently used as a mecha- |n order to provide more accurate results and better ser-
nism to describe the connectivity between spatial features invice to the end users, a network model has to meet a grow-
many emerging GIS applications (location-based services,ing set of sophisticated (functional and system) require-
transportation design, navigational systems etc.) Connec-ments, needed for real world transportation systems mod-
tivity information is required for solving a wide range of eling. Some primary functional requirements for a robust
location based queries like finding the shortest path, ser- network data model are: (i) Ability to modehulti-modal
vice areas discovery, allocation and distance matrix com- transportation networks [20]. A multi-modal transportation
putation. Nevertheless real life networks atgnamicin network is a network which includes more than one mode of
nature since spatial features can be periodically modified. transportation (like freeways and railroads). In such trans-
Such updates may change the connectivity relations with theportation systems, the users can change their transportation
other features and connectivity needs to be reestablishedmode (drive a car to the train station and then take a train)
Existing approaches are not suitable for a dynamic envi- but such changes can occur only in a set of connectivity
ronment, since whenever a feature change occurs, the wholgyoints shared by both transportation modes. (i) Ability to
network connectivity has to be reconstructed from scratch. model differenthierarchical levels The level hierarchy oc-

In this paper we propose an efficient algorithm whioh  curs naturally in transportation systems: consider for ex-

crementallymaintains connectivity within a dynamic net- ample the road network where the freeways are typically

work. Our solution is based on the existing functionality associated with the highest hierarchy level followed by the

(tables, joins, sorting algorithms) provided by a standard highways and the city streets. (iii) Ability to model (simple

relational DBMS and has been implemented, tested and will two-part) turns and (more complex multi-parthaneuvers

be shipped with the ESRI ArcGIS 10 product. [21]. The presence of such turns in the network can have
great impact on the movement inside the network [1]. (iv)
Ability to capture a big set of real lifeonstraintg[7]. For

1 Introduction e_:xa_lmple, restrictions like one way streets and weight-height
limitations have to be reflected in the network model.

t In addition to these functional requirements a network
data model has to meet also a set of standard system require-
ments for performance, multi-user support, interoperability

features in ge.og.raphlc mformauon systems [.13] [6]. [.12] and scalability. To satisfy the system requirements the net-
[9]. Connectivity information for such features is explicitly : S .
work model has to be persisted inside a commercial rela-

rgpresentgd by network elements that are found n an aSSOt_ional database (using only the standard DBMS tools and
ciated logical network. Many of the proposed designs have

also been implemented in existing operational systems ”keoperators). ) )

Arc/Info [14] and TransCAD [3] where the network model ~ Nevertheless, a common weakness in previously pro-
is persisted inside a centralized database server. Using conposed network model designs is that they do not consider
nectivity information, these systems can then be utilized to dynamicmodifications in the network. Such modifications
solve a wide range of problems, typical for the transporta- 9CCUr often in many real life scenarios where spatial fea-

tion networks like finding the shortest path between points tUres can be frequently modified (e.g., features are up-
dated, deleted or inserted). Even a single feature update

1This work was partially supported by NSF grant 11S-0534781. can change the connectivity relations among other features

Network data models have been proposed as an efficien
way to represent connectivity information among spatial




and connectivity needs to be reestablished. To address thiss used as a graphical representation of a real world object.
problem, all existing approaches reestablish the connectiv-Line features are used to represent objects with line geom-
ity of the wholenetwork from scratch. While the correct re- etry; for example, freeways, railways etc. Point features are
sultis finally produced, this process is very time consuming used when the location of an object is important (but not
(networks are typically very large e.g. 50 million linear fea- the object’'s exact shape); for example, street intersections
tures in a continental wide transportation networks) and canor railway stations. Anetwork models a graph used for

be prohibitive for many applications (for example, networks storing connectivity information about spatfehtureswith
supporting on-line navigation queries or location-based ser-line or point geometry. Lines are representedds: s while
vices). A new and effective mechanism to maintain the cor- points are noted agunctions. Edges and junctions do not
rectness of the network model in dynamic environment is have shape attributes and are used to represent connectivity
thus needed. information. They are also termed astwork elements.

In this paper we present @ncrementalalgorithm for While a spatial feature can be represented with multi-
maintaining the correctness of the connectivity information ple network elements (for example, a line can be segmented
in the presence of modifications. This algorithm has beeninto multiple edges in the graph), a network element has
implemented on top of a relational database for ESRI's Ar- at most one spatial feature associated with it with the ap-
cGIS geographic information system. propriate geometry type. In particular, an edge element is

We introduce the notion of&rty area inside anetwork  associated with exactly one line feature while a junction ele-
data model which tracks feature edits. This concept havement is associated with at most one point feature. Relations
been used previously in topologies [10]. A dirty area is a between network elements represent connections between
region inside the network spatial extend where the networktheir corresponding features. For example, consider two
features have been modified but the correctness of their contine features intersecting at a given point. In the network
nectivity information has not been verified. The network model this will be represented as one junction (associated
data model is assumed correct only when it is free of dirty to the intersection) connected with four edges (each edge
areas. A dirty area is incrementally reduced by a processassociated with a line segment).
calledrebuilding. The rebuilding may happen over the en- A network element is also described by a set of numer-
tire dirty area in the network, or it may affect only portions jca| or boolean values callegetwork attributes. These
of it. The end user specifies which portions of the dirty area ayributes are used to store properties of interest from the
wants to be cleaned and the rebuild process analyzes angha| world object whose representation in the system is the
re-establishes the connectivity information there. Allowing feature associated with this network element. For example,
users the ability to rebuild only portions of the dirty areais a ¢onsider an edge associated with a street segment; this edge
practical requirement in scenarios involving very big seam- may have as attributes the length of the street segment, or,
less networks. The user may clean only these portions of thee travel time across this segment, etc. Network attributes
network extend which are of interest to a given application ypically provide the means for optimization (shortest path,
or query, thus avoiding the costly total rebuild. ~ minimal travel time, etc.) during the analysis of the network

Effectively dirty areas can be viewed as a mechanism yogel. They are stored along with the network elements in

to support transaction functionality over complex network qrger to minimize the number of tables that have to be ac-
data (graphs etc.). The database starts with a consistent statg,ssed and thus achieve better performance.

(i.e. without any dirty areas), then the updates are applied,

the dirt | 4 and wually the datab Because of their very large data size (e.g., tens of mil-
€ dirty areas are cleaned and eventually the dalabase I, o ¢ features), network models are usually located in a
turns to a consistent state when all dirty areas are cleane

. . entralized server, persisted either in a RDBMS or in a file
(the "end” of the transaction).

. . . system. The process of analysis is done on the client side
The rest of the paper is organized as follows: Section 2 of the architecture by components calleetwork solvers
provides a brief description of the network model including Solvers implement a wide range of graph algorithms (like
logical structure and physical design. Section 3 disc:usesﬁnding shortest paths etc. [16] [18] [2] ) and obtain data
the physical implementation. Section 4 provides in depth

7 I . X . from the server utilizing specialized access methods (e.qg.
description of our rebuilding algorithm. Section 5 discusses 9P (e.g

: . . ) >~ forward star cursor [5] [17] [19] ).
experiences with the actual implementation of our solution - In addition to the ed d iuncti | t
while section 6 concludes the paper. urns. In addition to the edge and junction elements, a

network can also represent real life movement constraints.
. This is performed by special network elements calieds
2 Network Model Basics A turn is anchored to a specific junction (the junction where
the turn starts) and controls the movement between two
We proceed with a brief description of the network edges (edge-In, edge-Out) connected to this junction. The
model introduced in [9]. The terfeaturein a GIS system  presence of turns can have great impact on the movement
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Figure 1. ER network model design

inside the network (and the analysis process) so the ability
to model this aspect is critical [1]. In our system, turns are
explicitly maintained in a relation (theirn table that stores

the turn’s anchored junction, the edges associated with it
and a user specified penalty (the cost associated with travel-
ing on this turn). We choose this approach because it can be

easily optimized for the most commonly used client access |- : : : :
id | edgel | junctl | edge2 | junct2 | edge3 | junct3 | edge4 | junct4 | turns

pattems [19] j1] e2 j2 e4 j4 null null null null no

Modeling Connectivity. Connectivity is described by 2 et |it 2 | s | il ol 1o
a set of rules specifying how the features, modeling real [js]e [i2 s |4 null [nal [ nut [ral | no
world objects are connected to each other. A simple con- |[i4[e |i3 e |it & |i2 nulJnul | no
nectivity model, callecend point connectivityis based on Adamency  Adjaency Adjacency Adjacency
the spatial coincidence of the point features and the end- par1 par2 par3 par4
points of the line features (that is, two lines are connected Figure 3. Actual junction table used

only if their endpoints coincide). It works relatively well
for planar datasets where the line features do not cross each

other. However, for applications that deal with non-planar Translating this ER into a relational schema, would result in
data, another connectivity model has been introduced, thecreating an edge table with attributiesm andto (the end-
mid-span connectivity modekhere connections are estab- points of an edge) which are foreign keys to the junction
lished based not only on the end-point collocation but also table (i.e., refer to the junction ID column) (see Figure 2).
on the spatial collocation on the mid-span vertexes along g approach however, has some disadvantages from a
the line features. Since bqth models are widely used, theyperformance point of view. The major one is revealed dur-
are supported by our algorithms. ing the process of network traversing when the solver algo-
rithms move inside the graph from one junction to another
3 Physical Implementation following the connecting edges. Every time a junctign
is explored, we need to discover the set of edges associ-

We now discuss our physical implementation of a net- ated with that junction. This is done by issuing a separate
work model within a relational database. Figure 1 shows SQL query in the edge table checking whethigappears
the normalized ER diagram of a typical network model de- in the "from” or "to” attributes. This is very time con-
sign. Similar designs have been used in many research opuming, given that the solver algorithms typically examine
commercial implementations [11] [8] [15] [4]. In this ER many junctions.
diagram, network elements are represented explicitly with  Instead we use a different implementation for the
entity sets while the connectivity information is stored as junction and turn tables. We represent the connectiv-
the from andto relationships between the edge and junc- ity information as a set o&djacency pairsof the form
tion entity types. This representation of connectivity comes (edgeld, junctionld), stored inside the junction table (see
naturally from the mathematical formalization of a graph Figure 3). For example, junctiofy is connected through
where an edge is defined as a binary relation on junctions.edgee; to junction jo, etc. This approach is tailored to-



Table 1. Frequency distribution on junction degrees for different datasets.
| Degree | 1] 2] 3] 4] 5] 6| 7] 8 |
Count | 147,860 | 43,737 | 375,340 | 145,400 | 2,689 234 11 1
Percent| 20.7% | 6.1% 52.5% | 20.3% | 0.4% 0.03% | 0.01% | 0.001%
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Figure 4. Turn table example Figure 5. Connectivity model for multi-modal networks

wards navigation as it is designed to answer the most com-
mon type of adjacency queries during the network analysis
process. That is, all connections to given junctigrap-

pear in the record of this junction. The junction table uses

fixed-length records for direct access purposes; this implieSq, 0 ‘The rebuilding is done through a process of analysis
a fixed number of adjacency pairs per record (see figure 3)n otk the connectivity graph and feature space. During

Through an empirical evaluation over several real datasetyig process the connectivity established in the previous it-
(see table 1) it was found that 99.5% of the junctions have eration is reused as much as possible

four or less adjacent junctions; hence we fixed the number L . . '
The applications which will benefit form the presence of

of adjacency pairs in the junction table to four. If a junc- the | al fivit int functionalit
tion requires more than 4 adjacency pairs a special overflow € incremental connectivity maintenance functionaiity are

table is created the ones where the features involved in the network model
Similarly, in a typical network traversal process, the are modified frequently. The network model however is ex-
graph is tra,versed from junction to junction. It is thu:5 ad- pected to maintain the correctness of the connectivity infor-

vantageous, at each junction to know all the turns (and theirr.natlon about the features despite these frequent modifica-

penalties) anchored at this junction. This has influenced thellonS:

way we implement the turn table (see figure 4). If there are  Moreover, during this process we have to consider an-
any turns anchored at a junctigy the turn table willhave a  Other important aspect of the connectivity model which is
record with primary keyj; which also contains all the turns ~ the ability to representulti-modalnetworks. An exam-
anchored onyj;. Information about a turn is stored in the Ple of a multi-modal network appears in transportation sys-

he features participating in the network through a process
calledgeometric analysisand, (ii) its incremental rebuild-
ing where the connectivity information in the graph is kept
persistent with the modifications which occur in the feature

form of aturn triplet (turnld, edge—InId, edge—OutId). tems, where various transportation modes (roads, bus lines
Again from empirical evaluation, we have set a fixed length €tc.) are linked together. To satisfy this requirement we
of five turns per junction. useconnectivity group$9] where each connectivity group

represents the set of features associated with a given mode
of transportation. For example, in a transportation system
with two modes (e.g. road network and railway system)
there will be two connectivity groups of features. The con-
We view the maintenance of the network connectivity nectivity is established locally for each group using either
as a two phase process: (i) the initial establishment of the end-point or the mid-span connectivity model (see Fig-
connectivity where the connectivity graph is derived from ure 5). To create connections between the two connectivity

4 Connectivity Maintenance



Algorithm 1 Initial Build
Require: F: The set of all features participating in the model
Ensure: Network model with established connectivity

1: SetVertexTable «— 0, vtpreys = 0;
2: for each featurd; in 7 do
3: V = GetFeatureVertexef();
4 for each vertexw; in ¥V do
5: Insert IntoVertexT able values ¢;.X,v;.y, f;.id);
6: end for;
-
8
9

: end for;

. SortByXY(VertexTable);

: while GetConnectivityGroug{ onnGroup) == true do
10: ji = CreateJunctiod{onnGroup.Xx,ConnGroup.y);
11: for each vertew; in ConnGroup do

12: UpdateVertexT able set jid =j;.id;

13: end for;

14: end while;

15: SortByFeatureld( ertexT able);

16: for each recordit; in VertexTable do

17: if vt;.fid = vtprey.fid then

18: CreateEdgeBetweenJunctions(jid,vtprev jid);
19: Vlprev = Vi

20: end for;

Table 2. Vertex table description
[ Column | Description \

X The x coordinate of the vertex
y The y coordinate of the vertex
fid Feature identifier
jid Junction identifier

groups we allow point features to participate in more than
one connectivity group. In our example if a point feature
(e.g railway station) participates in both connectivity groups
it will connect them together in its role as a junction element
in the graph (Figure 5).

4.1 Initial Establishment of Connectivity

i3

i5
Initial state of the feature

space and the associated
network graph

After the modificationsin
the feature space the network
graph become stale.

Point Feature
Line Feature

|:| Dirty Area

Junction
Edge

(¢]

Figure 6. Dirty area example

ified by the user (line 9). For each discovered connectivity
group a new junction element is created whose identifier is
stored in the columpjid in the vertex table for all vertexes
participating in that connectivity group (lines 10-13). The
content of the vertex table then is resorted by feature iden-
tifier so that the vertexes for each line feature are grouped
together (line 15). The vertex table is scanned sequentially
and for each pair of adjacent vertexes on the same line fea-
ture a new edge is created (lines 16-20).

4.2 The Incremental Approach

We proceed with the description of the incremental re-
building algorithm and the infrastructure needed to support
it (i.e. dirty areas). Finlay we discuss how turn features a
rebuild (using the notion of dirty object).

4.2.1 Dirty Areas

In order to track the feature modifications we employ the
concept ofdirty areas. A dirty area corresponds to the

spatial region within the network where features have been
modified and the connectivity model for them has not been
re-established. To simplify the computation of the dirty area

The algorithm for initial establishment of connectivity we define it as a union of the envelopes (e.g. the bounding
takes as input all the features (e.g. all representations ofoox around the feature geometry) of the features which have
real world objects) in the system. The pseudo code of thebeen modified. All dirty areas are stored in a special table

algorithm is shown on Figure 1.
The first step in the algorithm is to extract information

calleddirty area table
In the initial state, the network model has no features, the

about the vertexes of all features participating in the net- underlying network has no elements, and the dirty area is

work (lines 1-7). The extracted vertex coordinates and

empty. When edits are made to the features or new features

the feature identifier are stored in a temporary table calledare loaded, the dirty area is modified (or new dirty area is

VertexTable (see table 2).

created in case of a new feature) to encompass the extend of

The next step is to sort the content of the vertex table by the feature envelope. Consider the example shown in Figure
coordinate values in order to group the coincident vertexes6. The left side shows the initial state of the feature space

together (line 8) and extract and analyze each group of co-

and the network (below). The network correctly represents

incident vertexes according to the connectivity model spec-the connectivity information about the features in the fea-
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Figure 8. Step 1 and 2 of the incremental rebuild algo-
rithm

Figure 7. Rebuilding dirty areas

ture space. The right side depicts the feature space and the
network model after a modification (a new featyie has

; Table 3. Vertex table description
been added). However this change has not been propagated

| Node | Features connected to this nofle

to the network model and as a result the model becomes

stale and does not describe the connectivity in the feature ; far f1
space correctly (the new line featuf& has not been re- 3 far I fo
flected in the model). To keep track of the modifications f3. I fr

which occur in the feature space and which are not propa-
gated to the network model a dirty area is created around

featuref7 covering the whole feature. and lines intersecting the rebuilding region established be-
A dirty area (shown as shaded region) is reduced by thefgre the modifications in the feature space. The goal of the
process of rebuilding. The rebuilding may occur over a set repuild algorithm is to replace that historical information
of dirty areas (figure 7 scenario 1), or it may happen over wjth the current connectivity data.
single dirty area (scenario 2), or it may even involve only  The input to the algorithm is the set of line features that
parts of dirty area (scenario 3). intersect the rebuilding region. This can be provided by a
The users have the ability to specifigbuild region- a  simple spatial query in the feature space. To illustrate the
spatial extend inside the dirty area which has to be rEbUi|d.a|gorithm we use the Simp|e examp|e shown on ﬁgure 6.
When the rebuilding process covers just a subset of the dirtyFor simplicity we assume that the rebuild region is identical
area we have partial rebuild. The portions of the dirty area  wjith the dirty area shown with gray on figure 6. The features
which are not covered by the rebuild region are referred aswhich intersect with the rebuild region are line featufes
gray region When the rebuild process ends, the extend of 7, . f, and point featurefs. The first step of the algo-
the rebuild region will be removed from the original dirty  rithm (lines 2-8) computes the connectivity nodes inside the
area. The network model is assumed correct and up to dat@ebuild region. This is done in a way similar to the initial es-
when there are no dirty areas. tablishment of connectivity, but now the rebuild algorithm
only looks at the line vertexes which belong to the rebuild
region and which are stored in the vertex table (it is possible
that only parts of the line feature are covered by the rebuild
For simplicity we first describe the rebuilding algorithm region). All other vertexes are ignored. In our example, we
when there are no line features that intersect both the re-have three connectivity nodes as shown in table 3.
building region and the gray region. The extension of the In the second step of the algorithm (lines 9-19), both the
algorithm to handle partial line features is discussed later infeatures and the network elements are analyzed. For each
this section. line feature in the rebuilding region, the algorithm deletes
As with the initial connectivity establishment algorithm, the associated edge elements from the network model. The
the incremental rebuild constructs a vertex information ta- junction elements connected to those edge elements are an-
ble and uses it to create the junction and edge elements inalyzed to determine if they satisfy at least one condition
side the network model. We can view the network model as from the set ofaving conditiongxplained below. If none
containing historical connectivity information for the points of these conditions is satisfied, then the junction is deleted.

4.2.2 The Rebuild Algorithm



f2 fs 2 f5 Table 4. Saved junction table
6 il 6 7 [Jdct. [ jo [jo [ g2 | ds | s [ ja [ Ja |
(FC Al fal s fi]lf]
j1 j2 j4 j1 j2
o el o4 © © el e4 ja
e 2 8966 e those which were present in the previous iteration) may al-
5 o s ready have an associated junction element. Instead of cre-
i3 StepSCr;:ionof tene 1'3%4&6;0”0“%“% ating new junctions, we reuse the saved junction elements.
junctions edges The connectivity information for the newly created junc-
tions is added to the connectivity information for the saved
* mz‘::‘u“r’: °© JE“d”;:‘)” %‘ EL:ﬁAN'EZe junctions in thejunction table. In our example, connec-
tivity nodes 1 and 3 do not include any point feature so we
Figure 9. Step 3 and 4 of the incremental rebuild algo- have to create new junction elementsand j, for them.
rithm Connectivity node 2, however, includes a point featfiye

which has a associated junctiggn and there is no need to
create a new one.
The saving conditions are used to determine junction ele- The last step (lines 29-34) is the recreation of the edge
ments that are: elements in the rebuild region. For this purpose we use the
information for the newly created junctions inside the re-
e Junctions outside the dirty area.These junctions be-  pyijld region and the saved junctions from step 2 in the saved
long to edges which are partially covered by the rebuild junction table (those are the junctions used for resnatching
region. They are saved and reused later as connectioRyith the rest of the network). The information in this ta-
points through which the rebuild portion of the net- pje is sorted using the feature id as a primary key so that
work is snitched together with the rest of the model.  the junctions that belong to the same feature are grouped
together (see table 5). The sorted table is then scanned and
Since every point feature has a junction associated infor each pgir of junctions that belong to the same feature a
the network model such junctions are saved for later new edge is grgated. . . .
reuse. There is no scenario where this junction can be- The Qescrlpthn of the algorithm up to this point covers
come obsolete. It might happen though that we have tothe basic scenario where there are no features which inter-

update the junction properties like the x and y coordi- feCt _bo,,th_: the rebuild region and the gray region (s0 called
nates. partial” line features). Nevertheless a point feature can-

not intersect both the rebuild and the gray regions since the

If a junction is saved for later reuse, the connectivity infor- regions are nonoverlaping. The problem with those line fea-
mation for it is stored in theaved junction table tures is that we cannot save the junction at the feature end-

In our example we have edges, e3 andes associated  point outside the rebuild region for resnatching if it is in a
with line featuresfs, f3 and f5 which intersect the rebuild  gray region since this is an indication that the end point has
region. Those edge elements are removed from the networknot been processed and junction element may not exist for
The junctions connected to those edggs s, j4 andjs) it.
are analyzed to determine if they satisfy one of the saving The incremental rebuild algorithm is thus extended to
conditions. Junctiong, andj, are outside of the rebuild handle the case where there are "partial” line features. For
region and thus satisfy the first saving condition and will be each line feature that intersects the rebuilding region, in-
used later for resnatching. Junctignhas a point feature  formation about its endpoints in the gray region is added
associated with it and therefore satisfies the second savindo the set of connectivity nodes computed in the first step
condition. Junctionjs does not satisfy any of the saving of the algorithm. During this process we ignore all other
conditions and is thus deleted. The connectivity information feature geometries that may be present there. As a result
stored for the saved junctions is shown on table 4. the connectivity node for this end point may be inaccurate.

The third step in the rebuild algorithm (lines 20-28) in- However, the node is in the part of the dirty area remaining
volves creation of the new junction elements inside the re- after the current rebuild, and we will correct the inaccuracy
build area. For each connectivity node computed in the first with a subsequent rebuild there.
step, there should be a junction element in the network. An example is shown in Figure 10 where a new feature
Care should be taken as some of the processed point feafs; is added to the network model and creates a dirty area.
tures participating in a connectivity node (more specifically Only a portion of this area is rebuild (the darker region) and

e Junctions which have point feature associated.



Algorithm 2 Incremental Build
Require: F: The set of line features in the rebuild region
Ensure: Network model with correct connectivity f3 f3
1: SetVertexTable «— 0, vtpreys = 0;
2: for each featurd; in 7 do

3: V = GetFeatureVertexes); i 3 i 3
4: for each vertex; in V do i

5: if v; in rebuildregion then e e % &

6: Insert IntoV ertexzT able values ¢;.x,v;.y, f;.id); i6

7 j2 ja

8

9

end for; i2 ja

. end fOf; j31::155iSDr?SreaIionofthenew Std:pgcreaionofthenew

: for each line featur¢g; in 7 do
10: E= GetASSOCiatedEdgeﬁO; ) Point Feature o Junction [ pirty Area
11: for each vertex; in £ do ——  LineFeature —— Edge [ Rebuild Region
ié Irfg:ﬁ-ﬁ;ﬁ:ﬁgj?cm)' Figure 10. Partial rebuild
14: if jrrom Can be savethen
1 lnsi:i_xvvi_;?}?j d‘jfr‘:zgfmble values Table 5. Sorted junction table
16: if jto can be savethen (3t Jz [ o | J - —— - - ——
17: Insert Into VertexTable values N do [ gz s | s [ Js [Ja [ o | ja | Jo [ Jr |

(i X,03.Y, fi.id,j1o.id); (Fe [ || flf]fs]fs]lf]f]f]f]

18: end for;
19: end for;
20: SortByXY (VertexT able);
21: while GetConnectivityGroug{onnGroup) == true do 4.2.3 Rebuilding Turn Features
22: if ConnGroup has junctiorthen . S
23: continue: We now discuss how the turn features participating in the
24: j; = CreateJunctiot{onnGroup.X,ConnGroup.y); network are rebuild. The problem comes from the fact that
25: for each vertex; in ConnGroup do the turn features (or objects like relationships and so on)
26: UpdateV ertexTable set jid =3;.id; are defined as a relation between two or more line features
27 endfor; and typically do not have geometrical properties. In our
28: end while; implementation of the network model the information about
29: SortByFeatureld(ertexzTable); the turns is stored in a separate turn table with references to
22: for t_afacth rfr_a(;:ord;ti n ‘f{g:ﬁemnble do the line feature table.

: if vt;.fid = vtprey.fid then . . g
2. CreateEdgeBetweenJunctions(jid, vt e. jid): _Thg lack of spatial pro_pertles make_s it dlﬂ‘_lcult to deter-
33: Vhpren = vt mine |f_a turn _feature is inside a r_ebu_lld region or not. _It
34: end for: is possible to find the line features inside the rebuild region

only the new featurds intersects with this rebuild region.

and check for each one of them if it participates in a turn
feature. However this will require: (1) a query with spatial
range predicate (to find the line features in the rebuild area)
and (2) numerical join for each column in the turn table
containing line features identifiers (to find turns associated
with given line feature). This will be inefficient because

During the first step of the algorithm both end points of fea- of the multiple join operators involved and the fact that in
ture f3 are considered as connectivity nodes though none ofthe existing geodatabase engines the execution of a spatial
them is actually inside the rebuild region. The other features predicate and a numerical join are not pipelined.

participating in these connectivity nodes (featufgsand

Instead we propose to extend the dirty area concept to

f2) are not analyzed. The information about the connectiv- cover network elements without geometrical properties. We

ity nodes at the endpoints of the featykeis not complete

thus introduce the notion oflirty object We define a

(we miss the fact that there are junctions associated withdirty object to be an object without geometrical properties
these connectivity points). We thus create extra junctionswhose modifications has not been propagated to the net-

js andjg and the edges will be disconnected form; and

work. When an object is modified we store its identifier in

es. However all these side effects will be fixed in a later it- adirty object table During the rebuild process we attempt
eration of the rebuild algorithm when the dirty areas around to recreate all objects in the Dirty Table into the Network.
the end points of featurg; are cleaned.

If we succeed, we remove the recreated dirty object from



the table If We fa'l, We keep |t there t|” |t |S successfu”y | —— Initial Build Incremental Rebuild —&— nitial & Incremental
recreated. For the specific task of rebuilding turn features, e

18,00

we mark turn as a dirty when (i) the turn feature is directly 1000

14,00

modified (Insert, Update, Delete) or (ii) the associated line g

features are modified (Update, Delete) or (iii) the associated £ ifﬁ

network turn element is deleted (This may happen during a0 d

the rebuild process). o] Aik—t—‘—-—‘—‘

1 5 10 15 20 25 30 35
Number of rebuilds

5 Implementation Experiences Figure 11. The total cost of maintaining connectivity

In this section we discuss our experience with imple-
menting ant testing the algorithms maintaining the connec-

tivity insid timodal d . work. Th d in the spatial domain. They also involve relatively small
I\I/I y !tnhSI e;’:\ mu tl)mo a 3|/nam|ct nde WO(; .h' € %rop'?r?eth number of features. On average a regular rebuild operation
EggllA:g(sslsave een implemented and shipped wi €which involves 20 or less modified features takes around

one second to complete. Figure 11 depicts the total cost of
maintaining connectivity using three different approaches,
under an increasing number of rebuilds. We used the Du-
rango dataset described in table 6 for this experiment.

We first present a performance evaluation of both the
initial build and the incremental rebuild algorithms for es-
tablishing several different sized networks; the results are
shown in Table 6. Here the initial algorithm is used to build ] o . .
a network with the specified size while the incremental re- ~ The first approach uses only the initial build algorithm
build algorithm is used to establish the connectivity for the 0 establish and maintain the connectivity. Hence this rep-
same dataset by artificially creating a dirty area which cov- resents_h(_)w current systems will reestablish connectivity
ers thewholefeature space. Hence, this experiment servesPY rebuilding the whole network from scratch. Thus the
as a worst case scenario for the incremental rebuild a|go_t|me this algorithm takes is linear to the number of rebuilds.
rithm (in practice dirty areas are small percentage of the Th? second approach uses only the lncrement.al rebuild al-
whole space). gorithm for both the establishment and the maintenance of

Clearly the initial build algorithm is much faster (about the network (thatis, the incremental algorithm was used to
ten times) than the incremental build algorithm for build- establish even thg initial connectivity, S|m|larly to_TabIg 6).
ing the whole network. The main reason is that in the ini- Observe that the incremental approach is practically inde-
tial build algorithm only the feature space is analyzed while Pendent of the number of rebuilds (given that in this ex-
during the incremental rebuilding we analyze both the fea- Periment the dirty areas are relatively small, as it is usually
ture space and the logical network storing the connectivity. ("€ case in practice). The third approach is a combination
For each edge in the incrementally rebuild region we have Which uses the initial build algorithm to establish the con-
an extra query which retrieves the associated edge as well aB€ctivity and then uses the incremental rebuild for network
the endpoint junctions for this edge element. Furthermore Maintenance (this corresponds to the way our system is im-
the junction elements are analyzed to determine the numbepP!eémented). Clearly the last approach is the most advanta-
of edges associated to them (see algorithm 2 for details).9€0US one combining, the fast initial network establishment
This requires another forward star query for each junction. With the fast incremental maintenance.

In the general case (i.e., when the dirty area is part of We also examined how the incremental algorithm be-
the whole spatial extent) the initial build algorithm can also haves as the size of the dirty area increases. The Durango
take advantage of sequential scanning over the feature tadataset was again used. Table 7 shows the results. Here
bles retrieving the rows one by one. In the incremental re- the dirty area is expressed as a percentage of the total net-
build algorithm however we analyze only the features that work spatial extend. Even though typically the dirty areas
intersect with the rebuild region. Thus we have to perform a cover less than 1% of the spatial extent, in this experiment
range query over the feature space. To improve the perfor-we created artificial modifications to cover up to 15% of
mance of this operation we utilize a tree-based spatial indexthat space. As it can be seen, the advantages of the in-
for the incremental algorithm. cremental rebuild algorithm are present even for large cov-

However having the incremental rebuild functionality is ers (typically around 10-15%). We experimented both with
extremely useful in great number of practical scenarios. localized as well as scattered modifications over the spa-
This is due to the fact that the amortized cost of maintaining tial extent. Even though scattered updates are expected to
an incrementally rebuildable network in practice is far less take more time (more range queries, non sequential 1/0) the
than an ordinary network that must be periodically rebuilt performance of the incremental algorithm is not greatly af-
from scratch. Typically the user modifications are clustered fected, making it a robust solution for both environments.



Table 6. Vertex table description

| Dataset | Features| Vertexes| Net. Elements| Build Time | Rebuild time|
Durango 13,523 | 33,556 | 22,349 0.5 minutes| 3 minutes
Inland empire 123,753 | 254,354 | 254,637 1.1 minutes| 10 minutes
Philadelphia metro areqa 233,445 | 454,457 | 435,257 1.5 minutes| 13 minutes
Paris metro area 403,040 | 834,024 | 734,234 3 minutes | 27 minutes

Table 7. Rebuild time

| Type of modifications] 1% | 5%

[10% [ 15% |

S

Localized updates

17 sec| 32 sec
18 sec| 33 sec

10 sec
11 sec

4 sec
4 sec

cattered updates

6

Conclusion

Using existing functionality provided by a relational

(8]

(9]

(20]

(11]

DBMS (tables, joins etc.) we presented algorithms and ap-(y5)
propriate infrastructure (dirty areas, dirty objects and man-
agement policies for them) needed to incrementally main-
tain connectivity of a dynamic multimodal network. Thisis [13]
required by applications which frequently edit their network
data. The proposed solution provides for fast maintenance
while existing approaches need to rebuild connectivity from [14]
scratch. We are currently extending our work to support

a versioning mechanism for network datasets. As future
work we plan to extend our network model maintenance al-
gorithms within a distributed database environment; more-

over, we will examine how to incorporate features without
geometry (so calledspatial featureksinto the model.
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