





P STREAM Coral8 StreamBase
Report? Scope Content Report? Scope Content Report? Scope Content
29 No - - No - - No
30 Yes (25 30] | f10g Yes (25 30] | f10g Yes (25 30 f10g
31 Yes (26 31] | 10, 20g Yes (26 31] | f10, 20g Yes (26 31 10, 20g
32 No - - No - - Yes (27 32 10, 20g
33 No - - No - - Yes (28 33 10, 20g
34 No - - No - - Yes (29 34 10, 20g
35 Yes (30 35] | f20g Yes (30 35] | f20g Yes (30 35] | f20g
36 Yes (31 36] | f30g Yes (31 36] | f30g Yes (31 36] | f30g
Table 7: Report for Experiment 2
tuple-driven (STuple) time-driven (STime) batch-driven (SBatch)
tuple Tick? Report Content Tick? Report Content Tick? Report Content
tq Yes (1>0) - - Yes (1>0) - - Yes (1>0) - -
to Yes (2>1) Report(3) f10g Yes (2>1) Report(3) f10g Yes (2>1) Report(3) f10g
t3 Yes (3>2) Report(5) 10, 20g No - - No - -
ty Yes (4>3) Report(5) 10, 20, 30g No Yes (3>2) Report(5) 10, 20, 30g
tg Yes (5>4) Report(5) 10, 20, 30, 40 g No - - No - -
te Yes (6>5) Report(5) 10, 20, 30, 40, 50g Yes (3>2) Report(5) 10, 20, 30, 40, 50g Yes (4>3) Report(5) 10, 20, 30, 40, 50g

Table 8: Comparing di erent input batch con gurations (i.e., Tick models) in Coral8

SECRET, since in practice, it does not matter whether the
timestamps are assigned at the source or by the system.
There are a handful of systems in which time-based win-
dows are constructed based on the system time at the point
when the tuples hit each window-based operator. We have

excluded this case from our model, since it has a non-repeatable

semantics (e.g., the behavior would be sensitive to the op-
erator scheduling policy in the system).

B.1.2 Synchronized Timestamps

In our current model, time information can only be gath-
ered through tuples. This strategy might delay the process-
ing if there is a gap between tuple arrivals. In order to
prevent the delay, real systems use various mechanisms to
synchronize the application time of tuples with the actual
system time (e.g., heartbeats in STREAM [19], MAXDE-
LAY in Coral8 [1], and TIMEOUT in StreamBase [6]). Ex-
tending our model to include synchronized timestamps is
straightforward: if a maximum delay threshold is known in
advance, dummy tuples with punctuations can be injected
into the input stream and the application time can be ad-
vanced without waiting for the actual delayed tuples to ar-
rive.

B.1.3 Out-of-order Streams

SECRET makes an assumption that tuple arrivals are al-
ways totally ordered. This assumption might seem like a
limitation, but since SECRET aims to explain the execu-
tion model differences among SPEs, it has the finest gran-
ularity for tuple order information. Please note that some
engines impose a total order on the input data based on
arrival (such as StreamBase) before processing. The total
order assumption might not be met in practice because of
network latencies and distributed data sources. In case of
out of order tuples, the system can buffer input tuples for a
maximum amount of time and then reorder them [19].

B.2 Query Aspects

B.2.1 Tuple-based Windows
In this paper, we mainly focused on presenting SECRET
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for analyzing the execution semantics of queries with time-
based windows. Our model can also be used to explain the
semantics of queries over tuple-based windows. A tuple-
based window is defined by tuple arrival, rather than by
time units (size and slide) First of all, since window type
is a query property, we can reuse Tick and Report (which
relate to system properties) without much change. The only
change required is that the window close condition in Re-
port should be defined in terms of Content size rather than
Scope size, since what counts in the window size is now the
actual number of tuples rather than the size of the time in-
terval. Similarly, since Content is an input-related property,
we can reuse it for tuple-based windows to a large extent.
One exceptional case that arises with Content is that time-
and batch-driven systems are known to have an “evaporating
tuples” situation when there are more simultaneous tuples
around than the window size can accommodate [9, 13]. We
address this requirement by adding a tuple selection function
into the Content formula that allows tuple selection when
necessary. Finally, since Scope is a query-related property,
we have reformulated it in the following way. For tuple-
based windows, since window size is defined in terms of the
number of tuples rather than the size of the application time
interval, windows must be constructed on the tuple-id do-
main instead of the application time domain.

B.2.2 Binary Operators

This paper has only focused on unary operators as they
are the foundation for stream queries. We can also ex-
tend our model to handle binary operators (such as joins).
Join operators are fundamentally different from unary slid-
ing window operators, as they involve two inputs with two
windows. Our model can directly explain how each of those
windows are populated with input tuples (i.e., Tick, Scope,
and Content can be used without any change). However,
one additional issue to consider is when to make the win-
dows of the two input streams visible to the join operator.
The Report definition must be extended to address this is-
sue.



B.3 System Aspects

As has been shown in earlier sections of this paper, we
have tested our model with three different SPEs (Stream-
Base, STREAM, and Coral8), which are representative in
the area and are widely used. StreamBase commercialized
the Aurora/Borealis academic prototypes, and therefore, its
basic execution model descends from those of these two sys-
tems. Similarly, the Oracle CEP engine directly follows
STREAM’s query execution model [13]. Lastly, Coral8 is
a widely used commercial system and its model is also sub-
stantially different from the two families of SPEs mentioned
above (also see Figure . Overall, we believe that we cover
a significant variety of SPE models in this paper.

Although we cover a major subset of SPEs and their exe-
cution models, it would be interesting to expand our exper-
imental set even further to include other SPEs as well. The
first step in analyzing an SPE with our SECRET model is
to find out what value each SECRET parameter should take
for the given system. If the required knowledge about the
system is not readily available, these values can be obtained
by executing a set of queries against a range of inputs. The
input stream should have irregularities due to gaps in ap-
plication time and due to simultaneous tuples with common
application times. Furthermore, queries should include some
with windows that slide each time unit, windows with slide
parameters (i.e., having a slide value greater than minimum
window unit, but less than the window size), or tumbling
windows (i.e., having a slide value of the same size as the
window size). By executing different configurations of these
input and query properties, the SECRET parameter values
can be revealed.

C. POTENTIAL USES OF SECRET

The original motivation behind our SECRET model was
to analyze the query execution behavior of SPEs and their
differences. However, the model can actually be utilized for
several other important purposes beyond this goal.

First, as we briefly mentioned in Section [fj SECRET
can also be useful for discovering equivalences among SPEs.
These equivalences can then be used for rewrite-based query
optimization in integrated stream processing settings (e.g.,
MaxStream [10]). Likewise, equivalences can also be used
to semantically translate a query running on one SPE to
enable porting of applications to other SPEs. For instance,
if it is known that no simultaneous tuples and gaps can oc-
cur in a given input stream, query translation is possible
even among SPEs having different Tick values, as in this
case, tuple-, time-, and batch-driven SPEs would all behave
similarly in terms of their Tick behavior.

Furthermore, SECRET parameters cover all the key as-
pects of query execution: input, query, and system. Based
on different input and query requirements that originate
from the applications, different SPEs might be preferred for
a given application. For example, if an application has si-
multaneous tuples (e.g., position reports of cars in dense ar-
eas of traffic) and there is no well-defined order among them,
using an SPE following a time-driven Tick model might be a
better option. On the other hand, if it is possible to define a
further ordering among the simultaneous tuples (e.g., based
on car types), an SPE following a batch-driven Tick model
might be preferable, as it could produce the result faster
than a time-driven SPE. Different reporting strategies may
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also be better suited for different application needs. For in-
stance, for slowly changing datasets and queries with small
window sizes to process them, an SPE having window con-
tent change as its reporting strategy might be preferred over
one with a window close strategy in order to avoid repeated
results. On the other hand, for join queries, using an SPE
with window close as its reporting strategy might provide
more insight in understanding the query results compared
to one using a reporting strategy based on window content
change.

D. EXTENDED RELATED WORK

In this section, the difference between SECRET and a
subset of the previously proposed models is discussed.

As a first generation research system, STREAM’s CQL
provides a formal model based on the relational model [9].
In addition to introducing the stream data type and map-
ping operations between streams and relations, CQL has
also introduced the notion of time into the relational model,
which essentially adds the ”time-driven” continuous query
execution semantics. However, CQL semantics alone is not
sufficient to explain all the different behaviors that we see
from different SPEs today (e.g., other Tick models).

In the aftermath of the early-generation systems, a few
recent studies have tried to offer cleaner abstract models
without necessarily being tied to a specific system imple-
mentation, as we summarize next.

Maier et al. [16] generalizes the denotational semantics
approach of STREAM CQL, focusing on defining the mean-
ing of a stream itself rather than the complete query ex-
ecution semantics. Li et al. |[15] have proposed a frame-
work for defining window semantics based on three func-
tions: windows, extent, and wids, where the window se-
mantics is described independent of the execution model.
Our work differs from Li et al. [15], in that we not only con-
sider window contents but also other operational issues that
influence the query results.

Patroumpas and Sellis have also proposed a formal frame-
work for expressing windows for a CQL-like model [18]. The
model is based on a time-parameterized scope function that
specifies a time-based window’s size and progression in time.
This work is not based on real system implementations, and
whether the proposed formalism is powerful enough to cap-
ture the existing systems’ behaviors is not known.

Most recently, Kramer and Seeger have proposed a pair
of logical and physical operator algebras for stream oper-
ators, applying ideas from temporal databases |14]. Their
approach is similar to that of the STREAM team, with a
few differences. First, every tuple is assigned a time in-
terval showing its validity period instead of a single times-
tamp. Second, the snapshot reducibility concept from tem-
poral databases is used in finding equivalences for query op-
timization, however, this concept does not apply to window
operators. Finally, the authors describe the physical imple-
mentation of their operators in their PIPES system. This
paper covers similar semantic issues as in the CQL model
and does not provide constructs to explain the operational
aspects of other SPE systems.
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