











Algorithm 2: Computing path punctuations.

ComputePathPunctuation(path p = a; ... a;) begin
T my;
foreach arc a; in ordered path p do
L e « earliest event s.t. e.LE > 7 and f/.E(e) is true;

return min(7, z,,);
end

t < min(e.LE, 7));
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We define the triggering set of an event e as the set of arcs g; such
that fl.E (e) is true. If events are large in size, we can delete an event e
and replace the event pointer in rbtree with its triggering set L (note
that this requires computing f(e)¥a; € A). This optimization is
possible because we no longer need e to determine if an arc q; is
triggered — we only need to check whether a; € L, and if yes,
we apply the fence function f*(r), where r is the previous register
value. Further, if a; is triggered, we compute the new register value
by invoking the transfer function g&(r).

F.2 Leveraging Punctuations with Predicates

Assume that (1) the fence function fi(E,R) associated with an arc
a; is expressible as a conjunction f*(E) A f/(E, R), and (2) there are
no retractions in the input stream to the AFA operator.

We can leverage predicated punctuations to clean state. A pred-
icated punctuation, also called a partial order guarantee [17], is
associated with a timestamp ¢ and a condition C, and is a guaran-
tee that no event arriving in the future and satisfying C can have a
timestamp earlier than 7. Predicated punctuations may be inserted
when performing a union across multiple streams, by a data source,
based on application semantics [26], or by network protocols [17].

The basic idea is to use predicated punctuations and the AFA
graph structure to determine what additional registers and events
can be deleted. An arc punctuation for an arc g; is the largest
timestamp 7; with a guarantee that no event e arriving in the fu-
ture and for which f,.E (e) is true, can have a timestamp earlier than
n;. We can easily use the set of predicated punctuations to infer
an arc punctuation for every arc in the AFA. For example, assume
that a stream contains a union of sensor readings across multiple
floors. If an arc g; has the fence condition fl.E(E) = {Floor
3 A Temperature > 95} and we have a predicated punctuation with
timestamp 20 and condition {Floor < 3}, we can infer that 7; = 20.

An path punctuation with timestamp 7(p) forapath p = a; ... a;
in the AFA directed graph is a promise that no future out-of-order
event with timestamp earlier than 77(p) can trigger a; and then cause
the execution of all subsequent transitions along path p.

Computing Path Punctuations As a first step, 7(p)for a path
p = aj...a can be set to 7y, since clearly no future event with
timestamp earlier than 77; can trigger a;. We can do better using
Algorithm 2 which leverages the AFA structure. Consider the path
p = ay...a;. We start with 7(p) = ;. In Lines 3-6, for each arc
a; on the path p, we look at the existing events and 7; to try and
push 7(p) ahead (Lines 4 and 5) to the latest possible timestamp
t > 7(p) such that a traversal of arc a; at timestamp earlier than ¢
is not possible. Intuitively, the non-existence of a later event e that
can cause transition a; implies that a match traversing the path from
aj to a; is not possible. Note that we can use memoization to share
partial results while computing 7(p) for many paths in the graph.

Cleaning State Recall that each AFA register is associated with a
pmatch node in some AFA state. Consider each non-final state ¢ in
turn. Let #; denote the minimum 7(p) across the set of unique paths
pin M from ¢ to some final state, where uniqueness is determined
by the set of edges in p. We can delete all registers corresponding
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to pmatch entries (in rbtree) that are associated with ¢ and that lie
to the left of cover(t,) in rbtree (i.e., whose EndLE is less than
cover(t).LE). Furthermore, for every event e, let 7, be the minimum
7(p) across all unique paths to a final state that contain (but do not
begin with) some arc in e’s triggering set. We can delete e if its
timestamp is earlier than #,.

G Additional Details on Related Work

Stream Pattern Matching The first generation of pattern CQs
support regular expressions over streams [16, 17, 19, 28, 35]. These
patterns are less expressive than AFA, and existing proposals mostly
use deterministic finite automata based algorithms that can explode
an NFA to an exponential number of states in the presence of non-
determinism, which is common in stream pattern CQs.

ZStream [20] supports sequence queries with aggregates, but
registers carry state only within an operator (such as Kleene clo-
sure). At the expense of lower expressiveness (e.g., this model
cannot express a - b'), ZStream supports new operator re-ordering
optimizations. As discussed earlier, other research [2, 10] allows
the detection of more complex static patterns over ordered streams
using the CAN model. We continue further in this direction, and
support dynamic patterns over disordered streams with revisions,
under an execution model with unconstrained arcs. Multi-query
optimization schemes proposed earlier [10, 11] are directly appli-
cable to us, particularly in the context of dynamic patterns. The
match buffer [28] used to report the events that contribute to a pat-
tern can be adapted by our AFA to output the set of events con-
tributing to a detected match. We also note that pattern languages
such as SASE+ [28] can be compiled into an AFA.

Disorder and Dynamic Patterns The initial generation of stream-
ing systems assumed that events arrive in-order at the DSMS [4].
One solution to handle disorder is k-slack [5], where the stream is
assumed to be disordered by at most k tuples or time units, with
reordering performed before stream processing. Such an approach
can lead to higher latency, particularly in the presence of ignorable
events. The ability to issue compensations using retractions is pro-
vided by several systems; examples include revision tuples [23],
Dstreams [21], and lifetime modifications [6]. Out-of-order pro-
cessing has also been proposed for regular expressions [16], se-
quence queries [17], and relational operators [6, 32], but these tech-
niques do not directly apply to rich patterns. We apply partial order
guarantees [17] to clean state by introducing path punctuations.

Our earlier work describes techniques to detect forward progress
using recursive queries with relational operators [7]. Recursive
queries can express patterns succinctly, but are less efficient and
require modifications to the DSMS engine. In contrast, we pro-
vide native out-of-order support for a powerful AFA-based execu-
tion model of wide applicability, with extensions to handle several
requirements. Finally, dynamic patterns are reminiscent of systems
such as PSoup [29] that treat queries and data symmetrically.
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