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Abstract % %)Cj

With the development of the Internet of Things (g \fn 00 ning technologies,
how to manage the rapidly increasing indoor mo @o pject research topic. The
fundamental issue is to consider the representation 0 mphc@joor space as well as the
moving object. In this paper, we aim to propos mplet door space model that can sup-
port various indoor applications. The propos del dm%ach indoor element into multi-
granularity grids and introduces grids a or prim ometry for the representation of
connectivity between indoor elements cati vmg objects. The advantage of this
approach is that it can 5|multan preserﬁu onnective relationship and geometric
information of indoor elemen glve moye actlrate description of indoor distance and

direction information. Sever uerles of md% pplications under the shopping mall scenar-
io are employed to |Ilust '6 compl nd robustness of our model.

Keywords: Indoor’?pée Movi bjects; Model; Grids

1. Introduc. Q:O

With the development door positioning technologies and various portable devices, it
has brought a deman Iverse indoor location based services. For example, the shopping
mall intends to pr@navigation services and personalized recommendation for customers;
the coal manager needs to track the movement of coal miners under the mine in case of emer-
gency. Ther&;yhow to manage the indoor moving object data and answer various indoor
queries has a recent research topic [1, 2].

Pr i@researches mainly focus on modeling moving objects in outdoor space and espe-
ciaﬂ%spaﬂotemporal changes [3]. However, the movement of humans in indoor environ-
ment I18"constrained by doors, walls and obstacles, and then the calculation of indoor distance
needs to consider the connectivity of indoor elements. Besides, indoor positioning usually
provides relative locations which need to consult the indoor geometry. Due to the specialty of
indoor space, various kinds of indoor space data model have been presented in several do-
mains, such as cognitive navigation services with object feature model [4, 5], and the indoor
space design and visualization using geometric models [6-11], and topological studies of in-
door elements with symbolic models [12-17]. However, these model representations usually
focus on their own domains, and cannot be directly applied to other applications fields. The
other disadvantage of existing models is the calculation of indoor distance which is based on
door-to-door Dijkstra distance out consideration of indoor obstacles. Generally speaking, little
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attention has been paid to construct an indoor space model which can represent indoor seman-
tics as complete as possible to support diverse indoor location based queries.

In this paper, we analyze relationships between indoor entities, and propose a grid-based
indoor primitive geometry as intermediary for representation of indoor semantics. Then we
present the formalization of the grid-based graph model called INMGG_Model, which consid-
ers both topological and geometric indoor features, and support several fine-granularity in-
door applications.

2. Related work

Current methods of indoor space modelling can be classified into three cate Om}rg‘)b]ect
feature models, geometric models and symbolic models. Among them, object f(%e odels

mainly describe attributes and relationships of entities, Whlch includes t based In-

doorML [4] and the entity-relationship based ONALIN mod y cannot an-
swer indoor distance or direction related query due to the mdod%(y\etrlcal features.
The geometric model focuses on the geometrical exp - f ind In the literature
[6], the authors propose to divide indoor space mtoﬁ rect [7 9], there are also
some irregular division methods. The 2D-3D hybrid del pr&%} in [10] records geomet-
ric bounds of indoor elements. The prismatic lin 11 ilize prism to describe rooms.
As these models lack the description of | conne ]g@ it cannot support the fine-

granularity indoor queries such as indoor \gatlon
The symbolic model uses a unique sg% | to rep g) each indoor element, and describes
mbols.%v r proposed the set-based model [12] to

topological relationships between h
represent the inclusion betwe oor eIem ts, Which is convenient for range query. The
topology-based semantic model [13 represa&ndoor elements as a single set of objects for

indoor analysis. A lattice: sem del was presented in [14], which use lattice
structure to represen r@space an nly support indoor navigation. The most popular
graph-based model tilize undirected graph to represent the structural properties
of indoor envirgamenty ere s ehave where nodes represent rooms [15] or doors [16]
or both [17]. % , it ne cts eometric features of indoor entity, and the symbolic repre-
sentation only stipports a calculation of indoor distance. Besides, it also cannot support
navigation visualization otics domain or indoor emergency diffusion analysis.

3. Framework e Multi-Granularity Grid Graph Model

Indoor sp&ata model needs to describe three kinds of indoor entities, including indoor
elements, séndpr deployment and moving object data. Figure 1(a) is the entity-relationship
graph-ofitraditional symbolic model. Indoor element includes Room and Door, and Room is
ad With Door; Moving Obijects are detected by Sensor; Sensor is deployed in Room or
Door; Wloving Object is located in Room. As indoor element is abstracted as symbol, there is
no geometric data of indoor element, which leads to symbolic moving object location and
inaccurate indoor distance calculation.

To address this problem, we propose to add entity Grid as indoor space primitive geometry
(as shown in Figure 1(b)). Room and Door are composed with Grids, which can represent
geometry information. Sensor and Moving Objects are located in Grids, which are more accu-
rate than symbolic locations.
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Figure 1. Entity-relationship diagram of proposed m(@

3.1. Indoor grids partition @

In the literature [18], Li et al. proposed to consid oIe Di r space as the model
input, and partition it into uniform continuous grids. ever%%l} metrical feature of each
indoor element is varied and a fixed level of gr ity cann t every indoor element. In
this paper, we consider each indoor element model A@ and confirm its unique parti-

It not ly ¢an avoid the storage and compu-

tioning way according to the geometric f
tational complexity led by uniformly fife= t also sufficiently retain the indoor
nce calculation.

geometric features to ensure the of ind

When humans encounter o es or turni ints in indoor space, they need to adjust
their path and find a new direction to go afi %n order to reflect this behavior pattern in our
representation model, we ge r te ori s according to these features. The partitioning
algorithm Constructv ranuG E$mshown in Alogrithm.1) consists of three main

steps (as illustrated w'?ﬁ@y 2):

® Generate grids: d&@]i the minimum enclosing rectangle of indoor element
(line 1 in ithm.JeE @ partition it into fine-grained grid matrix (line 2 to 7 in Algo-

rithm.1);

— For each indoor;@cles, prolong the horizontal and vertical bounds;

— For each ind rning point, prolong the perpendicular bounds at its location;

° Determ'@ tacle grids (line 8 to 10 in Algorithm.1): distinguish obstacle grids in grid
matrix;

) ate connect grids (line 11 to 15 in Algorithm.1): Utilize the greedy algorithm Ag-
xSubMartix (as shown in Algorithm.2) to fetch the maximum full connect sub grid
matrix in each loop (line 1 to 12 in Algorithm.2), and aggregate it into a larger grid (line

13 in Algorithm.2).

Algorithms.1: ConstructMultiGranuGrid (R)

Input: Indoor room layout R

Output: PGS, the set of multi-granularity grids of R

Begin

1 Determine the bounding rectangle of R to be divided

2 For each obstacle ot in R Do //make grids

3 Extend the boundary horizontal and vertical lines of the bounding rectangle of ot
4 End For
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5 For each turning point tp of R Do

6  Extend a horizontal line and a vertical line that pass through tp

7 End For

8 For each grid G of M*N grid matrix GM generated in step 1 to 6 Do

9  Determine G is a connect or obstacle grid //distinguish obstacle grids

10 End For

11 While M*N grid matrix has connect grids Do //aggregate the maximum sub-matrix
with all connect grids into a large grid PG

12 PG « AggMaxSubMartix(GM)

13 PGS « PGS U {PG}

14 The grids in the maximum sub-matrix are set to be obstacle for next aggregatie\) °

15 End While
16 Return PGS YW
End (\,\
[ ]
As shown in the aggregating algorithm AggMaxSu QW in or o fetch the full
door g

connect sub grid matrix with the maximum nu each while loop,
firstly map the M*N grid matrix into the M*N 0 ‘ ary iX I ne 1in Algorithm.2),

in which 0 represents the obstacle grid and &Sents t -obstacle. Then we can
devote to the solution of the maximum full- '?fmat matrlx instead of finding
the maximum sub grid matrix (line 2 to gorlth

Given the 0-1 binary matrix By, aver row i € [1..M] from top to down
(line 2 in Algorithm.2): for each 'g# nte |n column j € [1.. N] of this row,
count up the number of 1- eI he above,of e (including e) as c[j] (line 3to 5 in

Algorithm.2); for each non-ze Iemen.t c@ﬂ?o array c[1..N], find the bound index of
non-zero and non-smaller glement o O‘Q eft and right sides of c[j] as l[j] and r[j]
(line 6 to 8 in Algoritr)gg,) it can){? seen that there exists a full-1 sub matrix (i —
cljl+ 1,411 D lement e, ™n which row i € [i — c[j] + 1..i], and column
j € [l[7]--r[j]] (line~Q Ig ri ). Thus, we record the maximum full-1 sub matrix
in the previoug Stepvof the wh oap as (mt, mb, mr,ml), which is the maximum full-1

sub matrix in inar%natrix By (line 12 in Algorithm.2). Figure 3 illustrates

the progress of fixing th imum full-1 sub matrix of a 4-order binary matrix.

,,,,,,,,,,,,,

a
O

= =« Room bound
i ————a
1 e et | '-{//— Indoor obstacle
: / ::)I / Ir';'_ i
s !.-.---—"4|--—-s i ! Indoor grid

(c) Determine obstacle grids (d) Aggregate connect grids

Figure 2. An example of constructing multi-granularity grids partition
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Algorithm 2: AggMaxSubMartix(GM)

Input: GM, a M*N dimension grid matrix

Output: PG, the large grid aggregated from maximum sub-matrix of GM

Begin

1 Correspond GM into 0-1 matrix BGM which represent obstacle/connect status of grids
2 For cach row i of BGM Do

3 For each 1-element e in column j of row i Do

4 Add up the count of consecutive 1-element in the same column above e as c|[j]

5  End for

6  For each nonzero element c[j] in array c[1..N] Do x) °
7 Find the first nonzero and smaller element c[k,] on the left of c[j], I[j] « 1

8 Find the first nonzero and smaller element c[k,] on the right of c[j], r[} i?l

9  Calculate the number of grids in sub-matrix (i — c[j] + 1, I[j], 7[j]) \n@ ormu-

la (r[j]1 =11+ 1) = c[j] ¢
10 End for \

11 End for 'Q x)
12 Record the maximum sub-matrix (mt, mb, mr, step 9v
M

13 Aggregate all grids in (mt, mb, mr, ml) and consertct a laf&
[ ]

14 Return GM Q
End e O R
N Y
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Figl.@ < An example of all 1-element maximum sub-matrix solution

3.2 primitive geometry

In thé literature [18], Li et al. proposed to consider the whole 2D indoor space as the model
input, and partition it into uniform continuous grids. However, the geometrical feature of each
indoor element is varied and a fixed level of granularity cannot adapt every indoor element. In
this paper, we consider each indoor element as the model input, and confirm its unique parti-
tioning way according to the geometric feature. It not only can avoid the storage and compu-
tational complexity led by uniformly fine-grained grids, but also sufficiently retain the indoor
geometric features to ensure the precision of indoor distance calculation.

As the indoor element such as room and door is composed of grids, we firstly give the
formalization of the indoor primitive geometry for our proposed model.
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Definition 1.An indoor grid IG is defined as a quadruple:
IG = (Gtype, Rid, Did, Greg)

Where Gtype indicates the grid type such as obstacle grid or non-obstacle grid or door
grid; if it’s a grid inside room, Rid is the room id and Greg is grid range; else if it’s a door
grid, Did is the door id and Greg is grid location. The value type of IG is ingrid.

We can easily determine whether two grids are adjacent or disjoint through their spatial
topological relationship. Besides, if two adjacent grids were not blocked by walls or obsta-

cles, these two grids are connect. x)

Definition 2.An indoor path IP is defined as a list of connect indoor grid@? y

IP =< 91,92, » Gn > %0 Q{
Where Vi, g;and g;,1(i=1,2,..,n—1) are connec@ w P is inpath.
Definition 3.An indoor region IR is defined as a@‘ adja&w}mr grids:

IR ={gp. 45 % In},
Where Vi,3j,g; and g;(i,j = 1,2,.., djacen Tfkﬂ/alue type of IR is inregion.

The spatial relationship operati n@\mdoor @xy primitives are (as shown in Figure
4): &

ingridxingrid @ebool \ jacent
—bool connect

ingridxingrid Q
ingridxingrzd\ - Q} disjoint

inpathXinpatl h@ intersect
inpathx ool
inregionXinregion ©—>b001 overlap
inpathXingrid (b —bool contain
inregionXings —bool
ingridxi r@ —inregion union

inreg@grregion —ingrids intersection

cent, disjoint, intersect, overlap and contain are spatial topological relation-
ship G

gerations similar to outdoor space; the union and intersection are geometric relation-
ship calculations of indoor grids.
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Indoor Primitive Geometry
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Figure 4. Relationships of ind itive @btry

There are also pure spatial attribute operations.of indoor gec@{rimitives:

point —ingrid ‘ %
ingrid —-point er \'
inpath —real %ngt \Q)
inregion q@ are \

Given a 3D indoor point, EZg can relate §% resident grid; center return the center point

of indoor grid; length ret lengt or path; area return the area of indoor region.
The center point can be @d to cal the indoor distance and oriented direction of two
connect grids. \\

Definition two ind rids (g1, g»), the indoor oriented direction between them

Indir is a tripl Q)
6 Indir = (dy,d,, dy)

Where dy, d,, d e deviation between center points of g, and g,. The value type of
Indir is indir.
'L\%ntation description can be easily deduced from the indir value with the

gative nature of the deviation components. Thus we provide operations getX,
tZ to get deviations of indoor direction.

The clas
positive
get

dir —>float  getX,getY,getZ

The gindir operation can return the indoor oriented direction between two grids; gindirs
can return the indoor direction sequence of an indoor path.

ingridxingrid —indir gindir
inpath —(indir)* gindirs
3.3. Modeling of indoor space

In this section, we discuss the proposed indoor multi-granularity grid graph model
(INMGG_Model). Figure 5(b) illustrates the INMGG_Model of indoor space layout in Figure

Copyright © 2014 SERSC 163



International Journal of Multimedia and Ubiquitous Engineering
Vol.9, No.4 (2014)

5(a). Each room is partitioned into multi-granularity grids, and we maintain links between
non-obstacle grids as a local connect graph. Each door is also abstracted as a virtual grid,
which has only location and no size, and we also maintain its link to two grids in adjacent
rooms as a global connect graph. The global connect graph is a directed graph, and the direc-
tion of its grid link indicates the access direction of the door element.

«w- - 4 - -
@ room | obstacle \@ \dlo/ C‘u{ oy lNon obstacle Grid

| e ezt g Sl
AL I I-k f
/1 bidirectional door ﬁl one-way door o ‘1‘—:‘” ~r§‘/- 1‘ .Obstacle Grid
L TS my T HDoor Grid
(a) Indoor space layout % _Model representation

Figure 5. An illustrati f%ﬁoor sp \nMGG Model representation

The InMGG_Model ut|I| mdoor QI’I% imitive geometry, and gives a complete ex-

pression of indoor connec lations geometric information as listed in Figure 1:

® The geometrl forma Compose and the geometric location information Lo-
cate of ind 004 nts a% g objects are illustrated by the geometry information
of mdoor 0 S;

® The Connec relatlo
nections between |

® The indoor d}@e can be fixed with indoor grid connect graph, which avoids the in-
door obstagles and turning points, and gives more accurate description of indoor space
distance%mation and indoor oriented direction.
Defin@Q.The INMGG_Model representation of an indoor space is a quadruple:
InMGG = (GS,RS, DS, GCG)

Where GS is the set of indoor grids, RS is the set of room entities; DS is the set of door en-
tities; the global connect graph GCG is a set of grid links. The value type of InMGG is
inmgg.

Definition 6.The grid link GL between two connect grids (g4, g») can be defined as:

etween indoor room and door element is represented by con-
geometry primitive of grid connect graph;

GL: g4 X g, = Lwt X Accdir

Which maps two connect grids to its distance weight Lwt with real type and its access di-
rection Accdir with enumeration type, which indicates one-way or bidirectional.
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Definition 7.An indoor room entity Room is defined as a quintuple:
Room = (Rid, Rname, Rkind, Rreg, LCG)

Where Rid is the room ident; Rname and Rkind is the semantic information of room with
string type; the range of room Rreg is an indoor region; the local connect graph LCG is a set
of grid links.

Definition 8.An indoor door entity Door is defined as a triple:
Door = (Did, Dtype, Dloc)

Where Did is the door ident; Dtype is the semantic type of door with string twﬁ as
the open door of the cafe bar; the location of door Dloc is an indoor grid. ?

Given the INMGG_Model representation, we can judge whether any two[gritls &re connect

with connect and the minimum indoor path between the: ifiroutg.

ingridxingridxinmgg —bool ec
ingridXingridxinmgg —inpat inroyte
ingridxingridXinmggXinregion =~ —inpath s_inr&

can bé &)y calculated using their center
e and path matrix for the local connect graph

. Fin IT}\W can fix the source and destination
etweer@ ith the global connect graph whose

The indoor distance between two connect
points. Then we can calculate the local di
inside room with Dijsktra algorithm

room, and calculate the minimuT p@

node and edge both have weig

The cos_inroute operatipi is to calcu e minimum path inside a constrained indoor
region. As the grid par.titi'g siders Kd metric feature of indoor room, the distance cal-
culation is apparentl an‘ether models.

ccurate th
As indoor mg 'r?;ect is @n indoor grid, then the trajectory of indoor moving ob-
d

ject can be re as a_seqbence of indoor grids with time stamps. Given the spatio-
temporal data [19]: ) = (TIME x o)™ - t(a), and spatio-temporal operations
such as atinstant, atperi invalue, maxvalue and so on.

Definition 9.An j moving object IMO can be defined as a quadruple:
IMO = (0id, Oname, Ospeed, Otraj)
& object ident; Oname is its sematic name with string type; Ospeed is its

Where
speed W@v(real) type; Otraj is its moving trajectory with mov(ingrid) type.
c operations for indoor moving grids are, for example:

mov(ingrid) —inpath intraj
mov(ingrid)Xinregion —-mov(ingrid) instpass
mov(ingrid)xmov(ingrid) —mov(bool) instmeet
mov(ingrid)xXmov(ingrid) -mov(real)  instdist

Where intraj is the projection of indoor moving grid to an indoor path; instpass return
the section of indoor moving grid when it was inside the indoor region; instmeet judge
whether two indoor moving grids are meet; instdist calculate the distance between two in-
door grids all the time.
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4. Applications of InMGG_Model

In this section, we assume a shopping mall scenario and introduce several queries of indoor
applications. It’s worth noting that these queries illustrate a large range of possibilities and
exemplify the potential of the proposed INMGG_Model which is not limited to a specific ap-
plication domain. Firstly, we integrate the presented data types into the relational model and
have relations:

Mall (Mid:number, Mname:string, Mbuilding:inmgg) ;

Stores (Rid:number, Mid:number, Rname:string, Rreg: inregion) ;
Doors (Did:number, Mid:number, Dloc:ingrid) ;

Customers (Cid:number,Cname:string,Ctraj:mov (ingrid)) \

4.1. Indoor navigation

. C>
Previous indoor navigation researches focus on how t ‘Af opti or path and ne-
glect the output of the navigation. As INMGG_Model t he ion of indoor ori-
ented direction between indoor grids, we can retur' tion nav on path for the con-
venience of blinded persons or robotics. We can as uery e how to get from Nike
store to KFC in CBD mall?”:

SELECT inroute (RR1.Rreg,RR2. @MM Mbu cs)mq) AS PathValue,

gindirs (inroute (RR1. Rreg, g\ bulldlng)) AS DirValue
FROM Mall MM, Stores % s R \

WHERE MM.Mname='CBD’ RR1. S me "Nike’ AND RR2.Rname=’KFC’;

ion, we \n use the indoor oriented direction as filtering
querles direction constraint such as “How to get to the

Besides directional navi
condition, and answere i
nearest Cafe on the

e&& didas % in CBD mall?”:
CREATE vmwt AS
A

SELECT RR2 S RR2.Rname AS Rname, inroute (RR1.Rreg,
RR2.Rreg, MM.Mbui ng) AS PathValue, length(inroute (RR1l.Rreg,
RR2.Rreg,MM.M ding)) AS DistValue

FROM Mall MM res RR1,Stores RR2

WHERE MM.N%.we:’CBD’ AND RR1.Rname=’Adidas’ AND RR2.Rkind
=’CafeO—\ D getX (gindir (RR1.Rreg,RR2.Rreqg))>0;

SE& Rid, Rname, PathValue

FROM VDist
WHERE DistValue=(SELECT MIN (DistValue) FROM V Dist);

4.2. Indoor moving object join query

Traditional business analysis usually uses the buying history of customers as the data
source. The INMGG_Model offers us a novel opportunity to conduct trajectory-analysis for
customers. As we can easily calculate the indoor topological relationship between grids, we
can deduce the topological relationship between moving objects and find similar behavior.
For example, the moving object join query “Give object pairs which meet together in McCafe
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of CBD mall during [tq,t,] period”, and we can process it with distance constraint (when
distance is zero), or with topological constraint as below:

SELECT CCl.Cid AS Cidl,CC2.Cid AS Cid2
FROM Mall MM, Stores RR,Customers CCl,Customers CC2

WHERE MM.Mname=’'CBD’ AND RR.Rname=’McCafe’ AND RR.Mid=MM.Mid
AND CCl.Cid != CC2.Cid AND exists (instmeet (instpass (atperiod
(CCl.Ctraj, [tl,t2]),RR.Rreqg),instpass (atperiod(CC2.Ctraj, [t1,

t2]),RR.Rregqg)),TRUE ); x)

4.3. Indoor hotspot analysis E’
As indoor environment is a constrained space, once there was congesti ppened, it

would need a long time to recover from it. Therefore, we need te anal man crowds
persons, an 0 avoid it in the
t

future path planning. Previous research of indoor hotspo ysis ort up the count of
humans inside room. However, it did not conside % ize of Aqdooy’Space. Now we could
refigure it with the geometry information of INMGG™Model, % a query “Give the room
with maximum density of customer flow in CB@&II att ir%nt’ :

CREATE VIEW VPair AS '~»( N
SELECT RR.Rid AS Rid,CC.Ci@@ c:’Q’\\Q)

FROM Stores RR,Customer @

WHERE RR.Rname='CBD’_ AND conEa@RR.Rreg, atinstanct (CC.Ctraj,
t))='TRUE’ ;

SELECT VP. R

FROM VPai

GROUP BY VP»Rid; EQ)

CREATE VIEW AS~JDPn AS

SELECT vc.Rid@Rid, VC.Cnt/area (RR.Rreg) AS Den
FROM VCn c, ores RR

WHERE VC RR.Rid;

SE @id FROM VDen

W ens= (SELECT MAX (Dens) FROM VDen) ;

4.4. Indoor diffusion analysis

§ &
\

Indoor diffusion analysis refers to the simulation of a physical process such as the spread of
fire or poisonous gas. As indoor space is abstracted as a set of discrete symbols in traditional
symbolic modelling, it cannot be able to simulate the continuous spreading process. Our pro-
posed model can figure it out with indoor grids supporting geometric information of indoor
elements.

Assume that the diffusion source was located in (x, y, h) position in CBD mall, what is the
diffusion extent after k timestamps with diffusion rate v? As indoor obstacle and wall can be
penetrated by diffusion, we should add some linked edges into the grid connect graph of
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INMGG_Model and set the distance weight according to its penetrated time, then we can an-
swer the query as:

SELECT UNION (GG.Greq)

FROM Mall MM, InGrids GG

WHERE length (inroute (p2g (point(x,vy,h)),GG,MM.building)) <=v*t
AND MM.Mname='CBD’;

The diffusion analysis is significant in emergent situations, e.g., finding ways-out when
indoor fire occurs. In order to calculate a safe way-out, we firstly need to have an estimation
of the spreading range. Given the diffusion extent r, we can easily calculate a safe -ouf for
Nike store in CBD mall with cos_inroute operation:

SELECT cos_inroute (RR1.Rreg,RR2.Rreg,r) AS PathValL@Z
FROM Mall MM, Stores RR1,Stores RR2
WHERE MM.Mname=’'CBD’ AND RRI1.Rname= ’lex

RR2 .Rname='Exit’;

5. Conclusions Q \/,\)

In this paper, we present an indoor m.u Iarlty’ raph model for indoor space
representation and indoor moving objec pared revious models, our model im-
plements the integration of indoor geo and cal semantics by introducing multi-
granularity grids as indoor primi etry. % give the formalization of data struc-
tures and data operations to rep%z nd manipulate the entities in indoor space, which can
be implemented on existing data models, sd relational, or object-oriented.

In the future, we will con rthe i tatlon of this data model on main-stream rela-
tional databases, and pr a umfor oor operation interface for applications. We also
need to make further zatlon data operations of this model, such as devising an in-
door grid index fori | calculatlon.
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