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Smart City Applications: Overview 
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Smart City Applications: IoT 
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Smart City Applications  
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Data Streams are Everywhere 

10/10/15	  

•  Smart Cities produce 
enormous amount of data 

•  Mostly in streaming 
fashion  

•  Smart Cities applications 
must handle data streams 
efficiently 

5 ISWC	  2015,	  Bethlehem,	  Pennsylvania	  



Introducing Semantics in Data Streams 
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•  Why RDF Data Streams? 
–  Interoperable (easy 

integration) 
–  Machine Readable  
–  Reasoning 
–  On-demand discovery 
–  Ideal for the web 
–  Dereferencing   
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The Goal 
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RDF Stream Processing (RSP) 

•  Data Streams are represented as RDF Triples 
•  Knowledge base/static data is also represented as RDF 
•  Queries are executed once, results are continuous 
•  RSP Query Language is an extension of SPARQL 
•  RSP Engines  

–  CQELS 
–  C-SPARQL 
–  SPARQL Stream 

•  W3C RDF Stream Processing Community 
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RDF Stream Processing (RSP)  
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CQELS 

Ø  Scalable	  processing	  model	  for	  unified	  
Linked	  Stream	  Data	  and	  LOD	  

Ø  Combines	  data	  pre-‐processing	  and	  an	  
adapHve	  cost-‐based	  query	  opHmizaHon	  
algorithm	  

Ø  Experimental	  evaluaHon	  shows	  great	  
performance	  (response	  Hme	  and	  
scalability)	  
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CQELS Query: Example 

PREFIX lv: <http://deri.org/floorplan/>  
SELECT ?p1 ?p2 
FROM NAMED <http://deri.org/floorplan/> WHERE  
{  
GRAPH <http://deri.org/floorplan/> 
{?loc1 lv:connected ?loc2} 
STREAM <http://deri.org/streams/rfid> [NOW]  
{?p1 lv:detectedAt ?loc1} 
STREAM <http://deri.org/streams/rfid> [RANGE 3s]  
{?p2 lv:detectedAt ?loc2} 
}  
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RDF Stream Processing (RSP) : Challenges 

•  Optimal Data Source Discovery 
•  Streams are everywhere 
•  Multiple data streams can answer the same query 
•  Optimal data stream selection  
•  Catering for user-defined constraints and preferences 

•  On-Demand Stream Federation 
•  Automated composition of primitive data streams to 

answer complex queries 
•  Adaptation 

•  Data source properties can change over time 
•  Make sure selected sources remain “optimal” 

throughout life cycle of the query 
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Stream Discovery, Federation and Adaptation 
•  Stream Discovery 

–  Data interoperability:  
•  Semantic descriptions (ontologies and annotations) 

–  Interface interoperability:  
•  Streams as event services (service discovery) 

•  Stream Federation  
–  Efficient processing of complicated event logics 

•  Data Stream Management Systems 
•  Complex Event Processing 

•  Adaptation 
–  Continuous monitoring to observe constraints 

violation 
–  Trigger adaptation mechanism to select new optimal 

data stream 

SemanHc	  
Web	  

Service	  Oriented	  
Architectures	  

DSMS	  and	  
CEP	  

ConHnuous	  
constraint	  
checking	  
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SemanHc	  Web	  +	  Service	  Oriented	  Architecture	  +	  Complex	  
Event	  Processing	  
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Automated Complex Event Implementation System 
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Summary of the Approach 

•  How to describe complex event services? 
–  Create an Event Service Ontology with Event Patterns. 

•  How to determine if two event patterns are functionally equivalent? 
–  Create and compare canonical event patterns to find substitutes. 

•  How to create event compositions and choose the optimal? 
–  Top-down traverse to find functionally-equivalent canonical patterns. 

•  How to derive event service compositions efficiently? 
–  Construct and utilize an Event Reusability Hierarchy for event service 

composition. 
•  How to ensure best remains best? 

–  Monitor user defined constraints and trigger adaptation mechanism if 
constraints are violated. 
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Complex Event Service Ontology 
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Complex Event Service Ontology 
 

17 ISWC	  2015,	  Bethlehem,	  Pennsylvania	  



EventService

EventProfile

owls:Grounding

Pattern

PrimitiveEvent
Service

owls:Service owls:supports

ComplexEven
tService

EventRequest

owls:presents

hasPattern

rdf:_x (contains)

rdf:_x (contains)

Namespaces:
default: <http://www.insight-centre.org/ces#> 
rdf: <http://www.w3.org/1999/02/22-rdf-syntax-ns#> 
owls: <http://www.daml.org/services/owl-s/1.2/Service.owl#>
owls-sp:  <http://www.daml.org/services/owl-s/1.2/ServiceParameter.owl#>

Legend:

Class

Object property

subClassOf

owls:ServiceProfile

owls:presents

owls-sp:ServiceParameter

NFP

Constraint

Preference

hasPreference

hasConstraint

QosWeight
Preference

hasWeight

xsd:double

rdf:_x (contains)

owls-sp:serviceParameter

Data property

hasNFP

10/10/15	  

Complex Event Service Ontology 
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Complex Event Service Ontology 
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Annotation of sensor streams 

10/10/15	  

•  A sensor service description is annotated as: 

                  sdesc = (td, g, qd, Pd, FoId, fd)  
 

type	   grounding	   QoS	   Observed	  
ProperHes	  

Feature	  Of	  
Iterest	  

Pd	  →	  FoId	  	  

•  Similarly, a sensor service request is annotated: 

                        sr = (tr, Pr, FoIr, fr, pref, C)  
 

type	   Requested	  
ProperHes	  

Feature	  of	  
Interest	  

Pd	  →	  FoId	  	  

no	  
grounding	  

NFP	  Constraint	  and	  
Preferences	  
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On-Demand Stream Federation  

•  Event Request:  
•  User/Application defines an event request using CES Ontology 

•  Procedure: 
•  Derive canonical forms of event patterns of CESs. 
•  Apply tree isomorphism algorithms over the canonical event patterns 

and the event request to identify reusable or equivalent event patterns. 
•  Generate all possible composition plans. 
•  Aggregate NFPs and compare aggregated NFP values against 

constraints on event request to filter out unsatisfied composition plans. 
•  Optimization using Genetic Algorithm (GA) 
•  Rank the remaining composition plans based on preferences (soft 

constraints).  
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On-Demand Stream Federation  
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Figure 4: Examples of syntax tree reduction operations

Incoming edges on the child node are removed while all
outgoing edges will attach their sources to the parent
node. The payload and filters attached to the removed
node are merged with the parent.

• Sequential Merge: when a node is a sequence op-
erator and there is a repeating sequence in its child
nodes (recurring primitive event or DST sequences), a
repetition node is inserted as a child node of the se-
quence operator. Repeated sequences are merged into
one and relocated under the inserted repetition node.
The cardinality of the repetition node is determined
by the number of occurrences of the sequence.

• Parallel Lift: when a node and its child are the same
type of parallel operator (conjunction or alternation),
the child node can be removed (as the sequential lift).

• Parallel Merge: when child nodes of a parallel op-
erator has duplicates (recurring primitive events or
DSTs), duplications are removed. When the only dif-
ferences of two child nodes n1, n2 are the filters at-
tached, and each filter in n1 (or T (n1)) is covered

3 by
the corresponding filter in n2 (or T (n2)), then these
two nodes (or DSTs) can be merged. For conjunction
operators in this case, n1 (T (n1)) is kept, for alterna-
tion operators, n2 (T (n2)) is kept. Additionally, there
is a special case for conjunctional merge: when a con-
junction operator has two repetition DSTs with only
di�erent cardinalities, the DST with less cardinality is
removed.

• Repetitional Lift: when a node is a repetition op-
erator (with cardinality n), and it has only one child

3f1 covers f2 ⌅⇧ P (f1) ⇤ P (f2), where P (f1), P (f2) are
the notifications produced by filters f1, f2, respectively.

node which is also a repetition (with cardinality m),
the child node is removed and the cardinality of the
parent node is changed into n �m. Otherwise, if the
child node is a sequence operator, the child node is
removed.

• Repetitional Merge: merging operation for repeti-
tion nodes is the same as a sequential merge.

• Special Lift: when a sequence or parallel operator
has only one child, this operator is removed. Such
situations only happen during the reduction process.

4.4 Syntax Tree Reduction Algorithm
The algorithm to create irreducible syntax trees is shown in
Algorithm 1. The algorithm traverses a syntax tree from
the bottom to the top. The algorithm starts with lifting the
whole tree to remove redundant operators. Then, it tries to
merge sub-trees on the maximum depth, i.e., sub-trees whose
root depths are equal to the height of the whole tree minus
one. If these sub-trees are merged, we check if they can be
lifted again because merging could create further redundant
operators. After merging and lifting all sub-trees on same
depth, we decrease the depth and repeat the merging and
lifting process until the whole tree is merged (and possibly
lifted again).

In the algorithm, line 2 uses the method getHeight to com-
pute the height (maximum maximal depth) of a syntax tree.
Line 9 uses the method getSubTreesByDepth to retrieve all
sub-trees within a syntax tree whose root is of a certain
depth. The merge method used in Line 11 merges the direct
sub-trees of a certain node. The liftTree method in Line 7
and 13 carries out the lifting operations on a sub-tree.

On-Demand Stream Federation  
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On-Demand Stream Federation  

10/10/15	  

•  Create event reusability hierachy 
•  Reusable	  relaHon:	  R(ep1,ep2)	  holds	  if	  Rd(ep1,ep2)	  or	  Ri(ep1,ep2)	  holds.	  	  

Definition 5 Rd ⌅ P ⇥ P where P is a set of event
patterns. Rd(p1, p2) holds for p1, p2  P ⌥� ↵T (v) ⇤
fcanonical(p2)(fcanonical(p1) = T (v)). We denote p1 is
directly reusable to p2 on node v.

An event pattern ep1 is in-directly reusable to ep2, denoted
Ri(ep1, ep2), i� ep1 is not directly reusable to ep2, but
ep1 can be transformed into ep01 using a sequence of op-
erations on the canonical syntax tree of ep1, as a result, it
makes Rd(ep

0
1, ep2) hold. These operations have four types:

Ffilter : T ⇥ F �⌃ T attaches filters to the roots of syntax
trees; Fmultiply : T ⇥ N+ �⌃ T multiplies the cardinality
of repetition of the roots; Fappend : T ⇥ T �⌃ T adds a se-
quence of DSTs to the sequential roots as prefixes or su⇥ces;
Fadd : T ⇥T �⌃ T adds a set of DSTs to the parallel roots.
In the above function definitions, T is a set of syntax trees,
F is a set of filters. We formally define in-directly reusable
relation Ri in Definition 6

Definition 6 Ri ⌅ P ⇥ P where P is a set of event
patterns. Given T = {the set of all syntax trees},
N+ = {positive integers}, F = {the set of all filters},
Ffilter, Fmultiply, Fappend, Fadd =
{sets of transformation functions};
Ri(p1, p2) holds for p1, p2  P ⌥� ¬Rd(p1, p2)✏↵p01  
P, T 0 ⌅ T, F 0 ⌅ F, n  N+, T1 = fcanonical(p1), T

0
1 =

fcanonical(p
0
1), r = {the root node of T1}, ff  

Ffilter, fm  Fmultiply, fadd  Fadd, fapp  
Fappend(Rd(p

0
1, p2)✏

T 0
1 =

⇥
⇧⌅

⇧⇤

ff (fm(T1, n), F
0) type(r) = Rep

ff (fm(fapp(T1, T
0), n), F 0) type(r) = Seq

ff (fm(fadd(T1, T
0), n).F 0) type(r) = And|Or

�

⌥⌃ .

Similarly, we denote p1 is in-directly reusable to p2 on
node r.

We now formally define the reusable relation on event pat-
terns R in Definition 7. An example of reusable relations is
depicted in Figure 7

Definition 7 R = (Rd �Ri)

5.3.2 Event Pattern Reusability Hierarchy
Using the reusable relation, a hierarchy of canonical event
syntax trees can be built, called an Event Reusability Hier-
archy (ERH). An ERH is a Directed-Acyclic-Graph (DAG),
denoted ERH = (T,R) where T is a set of nodes (canon-
ical trees derived from patterns) and R ⌅ T ⇥ T is a set
of edges (reusable relations) connecting nodes. Given an
ERH erh = (T,R), P is the set of event patterns of trees
in T , ⌦(t1, t2)  E, R(p1, p2) holds and @p3  P such that

e1

SEQ

e2

OR

e4

e3

e1

SEQ

e2 e3

SEQ

e2 e3

directly reusable in-directly reusable

in-directly reusable

Figure 7: Example of event pattern reusability

R(p1, p3)✏R(p3, p2), where p1, p2  P are event patterns of
t1, t2. According to this definition, if we build an ERH for
the three event patterns in Figure 7, the edge at the top-
right is ignored. The nodes do not reuse any other nodes
are called roots in the ERH, the nodes cannot be reused by
other nodes are leaves.

Constructing an ERH requires iteratively inserting canoni-
cal trees of event patterns into the hierarchy. If not all nodes
can be inserted into a single ERH, we obtain a set of sepa-
rated ERHs, called a Event Reusability Forest (ERF). The
algorithm that inserts a node into a given ERF is shown in
Algorithm 3.

Algorithm 3 Insert an canonical tree t to reusability forest
erf.

Require: Canonical Tree t, ERF erf .
1: procedure insert(t, erf )
2: roots⇧ getRoots(erf ), leaves⇧ getLeaves(erf )
3: erf .addNode(t)
4: parents⇧ getReusable(roots, t)
5: drawEdges(parents, t)
6: childNodes⇧ getChildNodes(parents, erf )
7: parents � getReused(childNodes, t)
8: drawEdges(parents, t)
9: remove redundant edges
10: if parent is modified then
11: go to 6
12: end if
13: perform reversed operations on leaves
14: end procedure

The above algorithm takes the canonical tree t of event pat-
tern ep and an event reusability forest as inputs. As the
first step, it finds all p  P where P is the set of nodes in
the forest such that R(p, t) holds, starting from the roots
(line 4). Then the algorithm draws all edges for (p, t) and
removes the redundant edges. As the second step, it draws
all necessary edges for (t, p0), where p0  P ✏ R(t, p0) holds.
During the navigation of nodes, if a tree t0 = t is found, the
algorithm terminates. This step is omitted in Algorithm 3
for brevity.

As mentioned above, finding reusable components or substi-
tutes for a certain pattern can be achieved by the first step
of the node insertion algorithm. Compared to Algorithm 2
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Stream Federation: Composition Plan Generation 

10/10/15	  
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Stream Federation: Composition Plan Generation 
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–  Brute-Force Enumeration: 
•  global optimum, poor scalability. 

–  Integer Programming (Zeng et al. 2004, Berbner et al. 2006, 
Alrifai et al. 2009):  
•  near-optimal global planning, improved scalability,  
•  requries QoS metrics to be linear, 
•  operates on a fixed set of service classes in a composition plan, 
•  does not perform well in dynamic environments. 

–  Genetic Algorithm (Canfora et al. 2004, Wu et al. 2013):  
•  near-optimal global planning, good scalability, 
•  does not require linear QoS metrics, 
•  can provide composition plans with services with different granularity levels, 
•  can adapt to changes effortlessly, 
•  can achieve ~89% optimal results in 0-2 seconds using default settings in our 

approach. 
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Complex Event Service Composition and Optimization 9

concrete composition plans. Meanwhile, the reusable relations can be e⇥ciently
retrieved from the ERF [5]. Therefore, the enumeration of ACPs can be done
e⇥ciently.

4.2 Genetic Encodings for Event Syntax Trees

With the ability to initialize the population, now we need to genetically encode
the individuals in the population to represent their various characteristics. In
a typical encoding for service compositions, each service task is encoded with
a value indicating the concrete service implementing the task. These values are
ordered in a sequence so that the positions of the values indicate which service
tasks they relate to. Similarly, we encode the event detection tasks (leaf nodes) in
an CCP with values to indicate the service bindings used. However, the positions
of the values (arranged in any tree traversal orders) cannot represent which parts
of the event detection task do the reused event services contribute in, since the
CCPs are unordered trees with variable structures. The only thing identifying
an event detection task is the event pattern it detects.

Nevertheless, the sequence of ancestors of the nodes can give a hint about
which roles they play in the entire event pattern and reducing the search space
while finding their functional equivalent counter-parts. Therefore, we first assign
a global identifier for all the nodes in the CCPs generated during population
initialization, as well as the nodes in the event patterns in the ERF. Then we
encode the leaf nodes (reusable nodes) in CCPs with a string of node identifiers
as a prefix representing the path of its ancestor nodes and a service identifier
indicate the concrete service binding, as shown in Figure 3.
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Adaptation in Stream Processing 
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Why we need adaptation? 
•  Ensure that the “best” remains the “best” 
•  Improves robustness 

Technical Adaptation in Stream Federation 
•  Monitoring quality updates of streaming sources 
•  Evaluate criticality of the update (based on query-related 

constraints and requirements) 
•  React to this change (discover new streaming sources) 
•  Monitoring quality updates of streaming sources 
•  Evaluate criticality of the update (based on query-related 

constraints and requirements) 
•  React to this change (discover new streaming sources) 

ISWC	  2015,	  Bethlehem,	  Pennsylvania	  



Constraint Validation 

•  Degradation in stream quality is considered as constraints violation 
•  Better performance but can lead to the possibility of having better 

quality streams not considered 

Adaptation Manager deals with constraint violations: 

•  Switching to alternative streams: only candidate streams selected 
by composition plan are considered as substitute for stream 
switching 

•  Re-generation of the composition plan and consideration of all the 
available (registered) stream. 
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Query Transformation: Semantic Alignment 
Goal: transform the composition plan into a stream query evaluated by a 
stream reasoning engine over RDF data streams 

•  Requirements: 
•  Matching event pattern operators to stream query operators 
•  Transformation Algorithm 

•  Alignments for CQELS, C-SPARQL and ETALIS: 

•  Sequence and Repetition not supported by CQELS. 
•  Sensor requests mapped to StreamGraphPattern(CQELS) and 

GroupGraphPattern(CSPARQL). 
•  AND operator mapped to stream join. 
•  OR operator mapped to OPTIONAL keyword (left-outer-join). 
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8.1.1 Semantics Alignment

To ensure the query transformation creates queries that detect the right event patterns,

it is required to map the semantics of event operators to query operators. Table 8.1

summarises how event operators in BEMN+ can be implemented by query operators in

CQELS, CSPARQL and ETALIS. In the following, the details are discussed.

Table 8.1: Semantics Alignment for Event Operators

ACEIS E And Or Seq Rep

o

Rep

n

Sel Filter Window
CQELS SGP on ./ - - - BGP+proj Filter Window

CSPARQL BGP on ./ f

t

on +f

t

f

+
t

BGP+proj Filter Window
ETALIS BGP on ./ SeqJoin on +SeqJoin SeqJoin+ BGP+proj Filter getDuration()

8.1.1.1 EventDeclaration

An Event Declaration E in an event pattern ep indicate the occurrences of event in-

stances of type E. As shown in Listing 8.1 the occurrences of sensor events are annotated

as observations. If one uses SPARQL to query the occurrences of sensor observations, a

single triple pattern can su�ce:

t = (?id, rdf:type, ssn:Observation)

Given a set of mappings  , u 2  is a partial function from variables to values, such

that u(var(t)) gives the mapping value, i.e., the Internationalized Resource Identifier

(IRI) of an occurred observation where var(t) is the set of variables in t. To get only

the observations produced by E, a BasicGraphPattern (BGP)

P = (t [ (?id, ssn:observedBy, E.src))

can be used, where E.src is the source (i.e., service id) of E specified in the composition

plan. Then,  (var(P )) gives all the IRIs of sensor observations produced by E.  (P )

gives the set of triples by replacing the variables in t with corresponding values from  .

These triples are called event id triples for E, denoted T
id

(E) and this pattern event id

pattern for E, denoted P
id

(E) . Indeed the existence of T
id

(E) indicates the occurrence

of an event instance of type E in the dataset (i.e., event stream). Notice that T
id

(E)

should contain only 1 sensor observation if E is primitive, otherwise it may contain more

than 1 observations, which are the member event instances in the EIS triggering E. The
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ACEIS in Practice 

Input 
•  Complex Event Request (Function & non-functional properties) 
•  Sensor Metadata Repository (including quality updates) 
•  Sensor Data Streams (Semantically annotated data streams) 

Process 
•  Discover relevant data stream (list of candidate data streams) 
•  Ranking the multiple candidate data streams (evaluate constraints & 

preferences)  
•  On-demand Stream Federation (composition plan using BF/GA) 

 
Output 

•  Federated Output Data Stream  
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