SEQUENCED, SPATIO-TEMPORAL
AGGREGATION
IN
ROAD NETWORKS



Temporal, Valid-Time Relations

e A temporal, valid-time relation captures history of changes in

the modeled reality

e Each tuple has walid timestamp (validity interval) with a
start time point andfinish time point

e Temporal, valid-time relatioEMPL OYEE:

Name Salary Dept Start Finish
Richard 46000 Accounting 18 31

Karen 45000  Shipping| 8 20
Nathan 35000 Marketing 7 12
Nathan 38000 Accounting 18 21




Snapshot Aggregation

e Snapshot aggregatiortransforms an argument relation into a
summary result relation

e Two-step process:
1. Partition the argument relation into groups of tuples wit&ritical
values for one or more attributesggregation groups
2. Apply one or more aggregate functions (e.g., COUNT, SUM) to
each of these groups in turn

e Example

o Compute the average salary of all the employees:
SELECT AVG SALARY)
FROM EMPLOYEE

e Compute the average salary of employees grouped by depdartme
SELECT DEPT, AV SALARY)
FROM EMPLOYEE
GROUP BY DEPT



Temporal Aggregation

Additionally use time dimension to group argument tuples

Temporal grouping: Partition the timeline and group argument
tuples over these time partitions

e Then, compute the aggregate values over each of these groups
Instant grouping: The timeline is partitioned into instants
(temporal granulekhronon$
Sequenced, temporal aggregatian

e Do instant grouping

e Report results overonstant intervals(sequences of instants

with the same argument tuples, i.e., the same aggregatesyalu
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Sequenced, Temporal Aggregation: Example

e Query:
e “For each month and department, what is the number of
contracts?”

r1 = (Jan, 140, 1200, DB, [1;13))

r2 = (Ann, 141, 700, DB, [1;6) )
r3 = (Ann, 150, 700, DB, [6;16) )

r4 = ( John, 143, 2000, Al, [4;10) )

1T 27 37T 47 57 61 71 8 9o 10 11 12 1B 14 15 16 17 N8 19 120" Time
(DB, 2,[1,6))

(DB, 2, [6;13))
(DB, 1,[13;16) )
(Al 1, [410))
Name ContractiD Salary Dept| T Dept Cnt T
Jan 140 1200 DB| [1;13) DB 2 [1;6)
Ann 141 700 DB | [1;6) DB 2 | [6;13)
Ann 150 700 DB | [6;16) DB 1 | [13;16)
John 143 2000 Al | [4;10) Al 1 [4;10)




The Idea of Computing Sequenced, Temporal Aggrega

¢ Time point sorting for the COUNT aggregation:

1. Load the entire tuples in main memory
2. Extract time points from the tuples. Add to each time poird@ t
that indicates whether the time point is a star (S) or endifi) t
point
3. Sort the time points (together with the tags) in increasirteno
4. Scan the sorted time points, getting started wittoant er
initialized to 0.
e At each time point, increment (decrement) twunt er by the
number of start (end) tags at that time



The Idea of Computing Sequenced, Temporal Aggrega

e Example:
e “Compute the time-varying number of tuples for the follogin
Enpl oyee relation”

Count T
Name Salary Dept T 1 [7:8)
Richard 46000 Accounting [18;31) 2 [8;12)
Karen 45000  Shipping| [8;20) 1 | [12:18)
Nathan 35000 Marketing [7;12) 3 [18;20)
Nathan 38000 Accounting [18;21) 2 [20;21)
1 | [21;31)
e Sort the time points to compute COUNT aggregate function
S
SSs E S E E E
01, 2 1 3, 2 , 1 . 0 '
L] 1 L] L}

078 12 18 20 21 31



Balanced Tree Algorithm

e TheBalanced Tree algorithm
e sorts the time pointscrementallyin abalanced binary search
tree
e computesncrementallythe number of tags while constructing the
tree



Balanced Tree Algorithm: Top Level

Input: temporal relatioR = (A1, Az, ..., An, Ts, Tt)
Output: temporal relatiorz = (Cnt, Ts, Tr)

1 T «— LOADTREE(R);

2 Z — COMPUTECONSTINT(7);

3 return Z,



Balanced Tree AlgorithmLOAD TREE

Input: temporal relatiorR = (Ag, Ay, ..., An, Ts, Tt)
Output: Balanced Tre§

1 7 «— empty Balanced Tree;

2 foreachr € Rdo

3 | tn«— GETNODE(7,r.Ts) ;

4 | tnent+ +;
5 | thn— GETNODE(7,r.T¢) ;
6 |tncng 4+

7 return 7T ;



Balanced Tree AlgorithmOAD TREE Example

Name Salary Dept Start  Finish
Richard 46000 Accounting 18 31

Karen 45000  Shipping| 8 20
Nathan 35000 Marketing 7 12
Nathan 38000 Accounting 18 21

e The Balanced Tree at different stages:
(a) After having inserted the timestamps of the first tuple
(Richard 4600Q Accounting18, 31)

(b) After having inserted all the tuples, but before balancing
(c) After balancing

18[1/0 18[2/0 18[2/0
\ ~ ~ ~ ~
131]0/1] 18]1/0] 131]0/1] 8]1/0] 21]0/1
@ /N / /N /N
[7]1/0] [12[0/1] [20[0/1]  [7]1/0Q] \12\0/1\()\20\0/1\ 131]0/1]
\ c

[21]0/1



Balanced Tree AlgorithmcoMPUTECONSTRECT

Input : Balanced Tred”
Output: temporal relatiorZ = (Cnt, Ts, Tr)
1Z—0;
2cnt—0;
3 foreach pair of consecutive noddn, tn’) € 7 in in-order do
4 | cnt«— cnt+tn.cnt — tn.cnk ;
5 LZ —Zu{(enttn.T,tn.T)} ;

6 return Z,



Balanced Tree AlgorithmcoMPUTECONSTRECT Example

2/0
e ~
EIFC
/ N\ / AN
]7\1/0\ ]12\0/1\ ]20\0/1\ ]31\0/1\

Count | Start Finish
1 7 8
2 8 12
1 12 18
3 18 20
2 20 21
1 21 31

e In-order traversal of the tree to compute the aggregation result
e E.g., 14+ 1 = 2 for the time interva(8; 12)



Space Model

e Thespace modelis the similar to the time model:

e The space is a collection spacelineq1.5-dimensional modgl
o A spaceline is dinite sequence ofpatial granules(discrete
mode):
1T 2737 47 57 61 71 81 o 10 11 1P




Car Positions

Commercial positioning systems use simigleation update
policies

e Each car updates its location (reports its positiperiodically
Reported car positions in GPS logs:
IT 273l 4T 51 6 7] 8 9 10 11 1P Road ID = 1101

Spatio-temporal uncertainty: GPS logs do not say how the
speed is changing between two reported positions.

Spatial interpolation: During the time period between two
reports, the car ianywherebetween two reported positions

(1T 273l 47 51 6 71 & o 10 11 1P Road ID = 1101
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Spatio-Temporal Relations

e Relation of the Spatio-Temporal Data Mod8ITIDM relation)
extends many notions of temporal, valid-time relations:

e Spatio-temporal granule:
granule)

A pair (temporal granule, spatial

e Spatio-temporal validity rectangle: A pair (temporal validity
interval,spatial validity interval )
e A spatial validity mterval has begin space pointand arend

space point

o a
|

RID T S

9]
WWNNPRPPRP=
O

1101 | [1;4) [1;7)
1101 | [4;7) [6;11)
1101 [3;6) [3;8)
1101 [6;9) [7;11)
1101 | [3;6) [6;9)
1101 | [6;9) [8;11)

sNvje|r|ojo|N|e|0]|3)

Space (Position)

11273T4T5T6T7T8T9Tl10l11T12]



Sequenced, Spatio-Temporal (SST) Aggregation

e Query: “How many cars, for each point in time and space?”
¢ Intersection of validity rectangles
e The aggregation result:

e The set oftonstant rectanglesgplus the COUNT for each
rectangle

e Graphical representation:

Time

Time
12] 12]
11 11
10 10
o 5
3l prenn A

' '
8 : 8|
7 ; 7 1 2
4 O T S 7]
6 Do s | 6 1]2
5_ N Ir.'..:a. I 5_
7] | | h 1 2| 1
4 [ | 4
Py etk 2 B it i
3] e 301 2 2[1
2 i 2
— | 1_ 1
1 | - -
TT2T3T4T5T6 1718 9 Mol 111121 SPace (Positon) =TT T2 T8 T6 17 T8 T o T10l 111721 SPace (Position)



Sequenced, Spatio-Temporal (SST) Aggregation

e Query: “How many cars, for each point in time and space?”
¢ Intersection of validity rectangles
e The aggregation result:
e The set oftonstant rectanglesgplus the COUNT for each
rectangle

. . Cnt| T S

* Relational (STDM) representation: 1 —1 [ 13) [L7)
2| 1 |[34) [L3)

3| 2 |[34) [36)

4| 3 |[34) [6;7)

CD[RD]| T S 5| 2 |[34) [7:8)
ri [ 1 [1101][1;4) [L.7) 6| 1 |[34) [89)
r2| 1 | 1101 [47) [6:11) 70 1 |[46) [36)
r3| 2 | 1101] [3;6) [3:8) 8| 3 |[46) [68)
r4| 2 | 1101 [6;9) [7:11) 9| 2 | [46) [89)
r5| 3 | 1101] [3;6) [6;9) 10| 1 | [46) [9;11)
r6 | 3 | 1101] [6;9) [8;11) 11 1 | [6;7) [6;7)
12| 2 | [67) [7:8)

13| 3 |[6;7) [8;11)

14| 1 |[7:9) [7:8)

15| 2 | [7;9) [8:11)




Data Structure for the SST Aggregation

e Goal:

o Extend the Balanced Tree to also handle the additiwpatial
dimension

e Problem:
e How to store space points?



Naively Extended Balanced Tree

e |dea:
e At each node of the Balanced Tree, store space intervaleof th

tuples that are valid at the node’s time point

¢ While traversing the tree, intersect the space intervalsicfie

node
CID | RID T S
ri | 1 | 1101 [1;4) [1;7)
r2| 1 | 11011 [4;7) [6;11)
r3| 2 | 1101] [3;6) [3:8)
r4| 2 |1101|[6;9) [7;11)
r5 3 |1101|[3:6) [6:9)
r6 | 3 | 1101 [6;9) [8;11)
4]{[3:8),[6;9),[6;11)}|
—

{7} {[7:11), 8, 11)}

N - ~
[8{[1:7).3:8). [6:9)}| [6[{[6:11),[7;11],[8; 11]}| [9[]
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[1:3)
[3:4)
[3:4)
[3:4)
[3:4)
[3:4)
[4:6)
[4:6)
[4:6)
[4:6)
[6:7)
[6:7)
[6:7)
[7:9)
[7,9)

[1;7)
[1:3)
[3;6)
[6;7)
[7:8)
[8:9)
[3;6)
[6;8)
[8;9)
[9:11)
[6;7)
[7:8)
[8;11)
[7:8)
[8;11)




Naively Extended Balanced Tree: Optimizations

e Optimization 1:
e The set of space intervals of a node is a modification of thefset
space intervals of the previous node
e At each node, store only space intervals that enter andrexit f
the set incremental approach

e Before Optimization 1:

[4]{[3;8),[6:9), 6; 11)}
/ ——
{IL7)} {[7;11),8;11)}

N - ~.

3[{[1;,7),13;8),[6:9)}| [6[{[6:11),[7;11],[8;11]}| [9[]
e After Optimization 1:
[4[{6; 11)}{[1; 7)}
/ \

{L7H{} {3/{[6;11)}

AN ~_
13[{[3;8),16:9)}{}| [6]{[7:11),[8;1D)}/{[3:8),[6:9)}| [9]{}/{[7.1),[8;11)}]

\

(&)




Naively Extended Balanced Tree: Optimizations

e Optimization 2:
¢ Instead of space intervals, store counters of space points
e Tuple groups:
e tuples that start dtand begin as:
Gsp(Rt,8)={r|reRArTs=tAr.§ =s}
e tuples that start dtand end as:
Gse(Rt,s) ={r|reRArTs=tAr.S =5}
¢ tuples that finish atand begin as:
Gip(Rt,s)={r|re RAIT; =tAT1.S =5}
¢ tuples that finish atand end as:
Gie(Rt,8)={r|reRAIrT; =tAr.S =5}

[4[{[6:11)}{[1:7)}
—— T
L7} [71{A[6:11)}
N — ~
3[{[3:8),[6:9)}/{}] [6[{[7:11),(8:11)}/{[3;8).[6:9)}| [9[{}/{[7,11),[8;11)}]




Naively Extended Balanced Tree: Optimizations

A node in the tree(t, S), where
e tis a start/finish time point and
e S is a set of(start/finish space point, begin counter, end counter)
S = {(s,cnt, cnt)|s € Ps A
cnty = |Gsp(R 1, 9)| — |Gt p(R 1, 9)| A
cnte = |Gse(R 1, 9)| — |Gt e(R 1, 9)|}

e Before Optimization 2:

[4[{[6; 1D }{[1;7)}]
/ \
AH{L 7Y [7[{}3/{[6:1D)}
N _— ~_
13[{[3:8),[6;9)}/{}] [6[{[7;11),[8;11)}/{[3:8),[6:9)}| [9[{}/{[7.11),[8;11)}]
o After Optimization 2:
[4]{(1,-1/0), (6,1/0), (7,0/ —1), (11,0/1}]
_— \
11]{(1,1/0), (7,0/1)}
~ _— ~
13]{(3,1/0), (6,1/0), (8,0/1),(9,0/1)}] [6]{...}] [9[{(7.—1/0),(8,—1/0),(11,0/ — 2)}]




Sequenced, Spatio-Temporal Tree (SST-tree)
e The SST-tree is the Naively Extended Balanced Tree after
Optimizations 1 and 2

4]{(1,-1/0),(6,1/0), (7.0/ —1), (11,0/1}
/

[1[{(1,1/0), (7, 0/1)}‘

\

— ~
3[{(3,1/0), (6 1/0),(8,0/1),(9,0/1)}] [6]{...}] [9[{(7.~1/0),(8, ~1/0), (11,0/ — 2)}
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CID | RID T S
1 [1101] [L;4) [L7)
1 | 1101 [4;7) [6;11)
2 | 1101 [3;6) [3;8)
2 | 1101 [6;9) [7;11)
3 | 1101 | [3;6) [6;9)
3 | 1101 [6;9) [8;11)




SST-tree Implementation

e For each node, the set of counte®s,is implemented as a
hashmap:
e Akey is a space point
e Constant space point insert and lookup time

-1/0
0/-2
0/1 7 |-1/0

© o 00w




SST-tree Algorithm: Top Level

Input: STDM relationR = (A1, Az, ..., Ay, T,
Output: STDM relationZ = (Cnt, T, S)
12— 0
2 foreachroad-ID rid € 7n[RID|Rdo
3 | 7 < LOADTREE(c[RID = rid|R);
Ziiq < {rid} x COMPUTECONSTRECT(7);
Z «— Z U Zyg,

6 return Z;

[S1 BN



SST-tree AlgorithmLOAD TREE

Input: STDM relationR = (Ag, Az, ..., A, T,9S)
Output: SST-treeT

1 7 «— empty SST-tree;

2 foreachr € Rdo

3 | th«— GETNODE(7,r.Ts) ;

sn«+— GETENTRY(tn.H,r.&) ;

sncn + +;

sn— GETENTRY(tn.H,r.&) ;

sncnte + + ;

8 | th— GETNODE(7,r.T¢) ;
9 | sn— GETENTRY(tn.H,r.&) ;

~N o g b~

10 | sncng — —;
11 | sn«— GETENTRY(tn.H,r.&) ;
12 | sncnt — —

13 return 7;



SST-tree AlgorithmroAD TREE Example
e Input relation:

CD/ RID| T S
rl| 1 |1101|[1;4)| [1;7)
r2| 1 |1101|[4;7)|[6;11)
r3| 2 |1101|[3;6)| [3;8)
r4a| 2 |1101|[6;9)|[7;11)
r5| 3 |1101|[3;6)| [6;9)
ré| 3 |1101|[6;9)|[8;11)

e The SST-tree after inserting the first tuple:

1

0/-1]

4




SST-tree AlgorithmcoMPUTECONSTRECT

Input: SST-treel”

Output: STDM relationZ = (Cnt T, S)
1Z2«—0;
2 Tgyn < empty tree;
3 foreach pair of consecutive noddgn, tn') € 7 in in-order do
/+ Update the dynamic tree * |
foreachsne tn.7 do

dn < GETNODE(Zgyn, SNS);

dn.cnt, = dn.cnt, + sncnty ;

dn.cnte = dn.cnte + sncnt ;

if dn.cnt, = 0 A dn.cnte = Othen

LDeIetednfrom Tayn;

© 0 N o 0 b

[+ Traverse the dynamc tree */
10 | cnt«—0;

11 | foreach pair of consecutive nodésin, dr) € Zgyn in in-order do
12 cnt — cnt+ dn.cnt, — dn.cntg

13 LZ — ZUJ{(ent [tn.T,t'.T), [dn.S dn.9))} ;

14 return Z;



SST-tree AlgorithmcoMPUTECONSTRECT Example

e The SST-tree:

[4[{(2.-1/0),(6,1/0),(7.0/ ~1), (11,0/1}]
/ \
[1[{(1.1/0).(7.0/1)}]
~ — ~

¢ The dynamic tree and the result relation after processing 1 node:

Cnt| T S
1/1/0 1| L3) [

\
7]0/1




SST-tree AlgorithmcomMPUTECONSTRECT Example

e The SST-tree:

/ \
1]{(1,1/0), (7.0/1)}
~ — ~

e The dynamic tree and the result relation after processing 2 nodes

61110

Cnt| T S
7N\

310 [g[or] 1 111:3)|[17)
/ VRN 1 |[3:4)[13)
[1]1/0] [7]or] [9]0/d] 2 |[3:4)[3:6)
3 |[3:4)[6:7)

2 |[3:4)|[7:8)

1 [[3:4)|[8:9)




SST-tree AlgorithmcomMPUTECONSTRECT Example

e The SST-tree:
/ \
(L. 1/0). (7.0/1)]
>~ — ~

e The dynamic tree and the result relation after processing 3 nodes

T S
[1:3)| [1;7)
[3:4) | [L:3)
[3:4)| [3;6)
[3:4)| [6;7)
[3:4)| [7;8)
[3:4)| [8;9)
[4:6) | [3:6)
[4:6) | [6:8)
[4:6)| [8;9)
[4:6) | [9;11)

8]0/1
/N

/ \
3o  [110A

N A S RN VTN k)
=1




