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Abstract 1. Content-based publish/subscribe Rather than
Event distribution middleware supports the integration of treating events as uninterpreted data with a single
distributed applications by accepting events from “subject” field, we associate schemas with event
information producers and disseminating applicable streams, and express subscriptions as predicates over
events to interested consumers. In this paper we present a  all fields in the event.
flexible new model, thimformation Flow Graph (IFG)or 2. Stateless event transformations. To support
specifying the flow of information in such a system. We scenarios where events from multiple publishers are
illustrate the use of the IFG for: (1) content-based similar but not identical, Gryphon supports

publish/subscribe; (2) stateless event transformations that ~ transformations on events. These operations are
consolidate events from diverse sources; and (3) stateful ~ Stateless in the sense that they do not depend upon
event interpretation functions for deriving trends, prior events.

summaries, and alarms from publishegtents and for 3. Event stream interpretations. To support
defining equivalent event sequences. We introduce two  subscribers who are interested not only in published
techniques for efficient implementation of such systems: events but also in events such as summaries, trends,
(1) a flow graph rewriting optimization which allows and alarms, derived from a sequence of related
stateless IFGs to be converted to a form which can exploit ~ €vents, the Gryphon model supports several
efficient multicast technology developed for content-based ~ “stateful” operations as well (operations whose
publish/subscribe systems; and (2) an algorithm for results depend on the event history). State can also
converting a sequence of events to the shortest equivalent be used to express the “meaning” of an event

sequence of events with respect to an event interpretation ~ stream, and by implication, the equivalence of two
function. event streams.

In this paper, we describe Gryphon'’s approach to event
distribution middleware based on the concept of
information flow graphqIFGs). We show that IFGs not
o . _ _ _only are a flexible and powerful model for expressing

Event distribution middleware is growing in eyent flows, but also can be efficiently implemented on a
importance with the need to glue together heterogeneougistributed network of event brokers.
distributed, and dynamically changing components of gection 2 defines the IFG model. The motivations for
large information systems. The middleware performs th@gntent-based subscription, and efficient and scalable
function of colllecting messages from producer_s, f“teringalgorithms developed by the Gryphon project for matching
and transforming them as necessary, and routing them {Qents to subscriptions and delivering them are omitted
the appropriate consumers. This approach is currentlyere, since they are discussed in detail in [1] and [3].
being applied in  domains such as finance, proces§ection 3 introduces motivating examples of stateless and
automation, and transportation. The Gryphon project adtateful event transformations. Section 4 discusses the
IBM Research is advancing the technology of evenimplementation problems of the IFG approach, and then
distribution middleware and extending its range ofpresents an overview of two implementation techniques we
application. have developed to address these problems. Section 5

Using subject-based publish/subscribe systems as fiscusses related work, the current status of this work, and
starting point, Gryphon has introduced the followingoncludes.

extensions:

1 Introduction
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2 The Information Flow Graph

In Gryphon, an event system is modeled as an
information flow graph. Figure 1 illustrates such an IFG

for a collection of stock services. An IFG contains the

following components:

* Information spacesThey are eitheevent histories
(circles, e.gNYSH or states(squares, e.gviaxCu.
Event histories are lists of events. They grow
monotonically over time as events are added. States
capture selected information about event streams, and
are typically not monotonic. The type of an
information space is defined by aimformation
schemaln this paper, we assume that each event is a
typed tuple. For instance, ttNASDAQinformation
space is a sequence of events having the schema
[issue: string, price: integer, capital: integer]. The MaxCur
information space is a state represented as a keyed

relation associating the name of a stock issue with its *

maximum price and current price. Certain event
histories, represented as unfilled circles, sverces

or sinks these represent the information providers
and consumers.

+ Dataflows. These are directed arcs (arrows)
connecting nodes in the graph. The graph is required
to be acyclic. Sources must have only out-arcs and
sinks in-arcs. State nodes must have only a single
in-arc. The arcs determine how the contents of the
information spaces change as events enter the
system.

There are four types of dataflows,
labels on the arcs:

+ Select.This arc connects two event histories having
the same schema. Asgded with each select arc is
a predicate on the attributes of the event type
associated with the information space. An example

indicated by the

of a predicate is the expressiofssue="IBM" &
price<120). All events in the information space at the
source of the arc which satisfy the predicate are
delivered to the information space at the destination
of the arc.
Transform.This arc connects any two event histories
which may have different event schemasaBd .
Assogated with each transform arc is rale for
mapping an event of typesto an event of typed
For example, the transform arc connecting the space
NASDAQto the spac&€ombinedis labeled with the
rule
[issue:i, price:p, capital:c] — [name: NAS(i), price:p, volume:c/p]
which maps the issue to a name using the function
NAS, and derives volume as capital divided by price.
Whenever a new event arrives at the space at the
source of the arc, it is transformed using the rule and
delivered to the space at the destination of the arc.
Collapse. This arc connects an event history to a
state.Assodated with each collapse arc is a rule for
collapsing a sequence of events to a state. The rule
maps a new event and a current state into a new
state. For example the following rule defines the
collapse arc from the spa€ombinedto the space
Maxcur.

[n, p, V], (n: p>maxP, curP) Us — (n:p,p)US

[n, p, v], (n: p < maxP, curP) Us — {n:maxP, p) Us
This rule contains two patterns: in each, the tuple in
the state is found whose key matches the namenfield
of the eventn, p, v]. If the pricep in the event is
greater than the current max prioexP, the first
pattern is triggered, and the state is updated by
replacing maxP and curP with p.  Otherwise, the
second pattern is triggered, and oty is replaced.
Given an initial state (in this example, a maximum
and current price of zero for all stocks), the state at



Maxcuris updated each time a new event is added to Region 4 represents a collection of subscribers to
Combined Combinedwho are interested in particular stock events,
+ Expand.This is the inverse o€ollapse This arc but whose requirements on guaranteed delivery are
links a state to an information spacéssodated weaker. It should be pointed out that an event history,
with each arc is a collapse rule. When the state at theuch asCombined,has a total order. Even though the
source of the arc changes, the destination space tstal order depends upon non-deterministic factors, such as
updated so that the sequence of events it contairthe order in which events froNYSE and events from
collapses to the new state. Notice that unlike theNASDAQare merged, the dataflow semantics discussed in
other dataflowsexpandis non-deterministic. For a the previous section guarantee that all subscribers to
given state, there may be many possible even€ombined receive the events in the same order.
sequences which map to the state, or there may Weuaranteeing this total order adds to the cost of the
none. The non-determinism is further constrained bylelivery protocol.
the need for information spaces to be observably However, the subscribers to region 4 have a weaker
monotonic: that is, an expansion may notrequirement: they are interested only in tracking the
“undeliver” an event already delivered to a consumermaximum price and current price of each stock issue.
We restrict the language to avoid the case in whiclThey cannot ignore ordering entirely (otherwise they
there is no possible event sequence, but we exploiight swap today's price of IBM with yesterday's price),
the non-determinism to give flexibility to the but they can ignore the order between today's IBM price
implementation to deliver one of a set of equivalentand today's HP price. And under appropriate conditions,
event sequences. messages may be dropped altogether. These subscribers
In addition to the lbove four opeations, there are two express this requirement by defining aevent
operations implicit in the graph. Fan-in to an event historynterpretation— a mapping of the event sequence into a
produces a merge of the events --- there istate which captures precisely the information relevant to
non-determinism here too, as multiple interleavings ar¢hese consumers, namely the current and maximum price
possible. Fan-out from an event history replicates thef each issue.

events. The collapse arc converts the event sequence from
Combined into a state representing this event
3 Motivating Examples of IFGs interpretation. Thexpandarc converts the state back into

an event sequence. The associated rule on this arc is the
identical rule from theollapsearc. Therefore, the events
MaxCurEv can be any sequence of events whose
erpretation is the same as the interpretation of the

Consider regions 1 and 2 of the stock event syste
shown in Figure 1. Each of the regions has an .
collcion of consamers aith content based selections oge"1S MCombined A tial soluion is 1o et the
the events of the information spadé¥SEandNASDAQ ollapse and expandas a null operation and deliver

) ” exactly the same events @ombinedand toMaxCurEv
These regions are examples of “pure content—base'i

Ub/sub’ Svstemns The consumers with content-base owever, the non-determinism ekpandpermits cheaper
P Y ' Solutions, in which some events can be dropped or

Reqion 3 represents a service attempting to inte ratpermuted. One instance where this flexibility is important
the tvx?o S aceS\IpYSEand NASDAO TheZe gxchan gs Sccurs when the subscriber disconnects from the network
P : 9€S  \ithout terminating the subscription and later reconnects.

have different conventions for issue names; therefore it Iﬁather than bombarding the subscriber with all the events

. . Which would have been delivered during the disconnect
via some conversion table. Furthermore, one exchange. .

delivers trades using price and volume, the other usin eriod, the system instead delivers a much shorter
9p ' quivalent system that preserves the specified

price and total capital (pr|_ce t|rr_1es volume). It is therefor nterpretation: the current and maximum price of each
necessary to map these into either one of the two forma Sock. In the next section. we show an algorithm for

or a common format. The result is a new information . o .
) - . - computing the minimal event sequence after a disconnect
spaceCombined,containing the union of the two original and reconnect

information spaces, but in a common format, enabled by Once thecollapseoperation has been introduced, it is

the use of stateless event transforms. Subscribers to tEEssible to use it not only for equivalent event sequences,

gsgn Sl;)ir\g\(/:vi\rzagf tdhza:axgtgntglasofntehvé cs)ﬁaﬁ]ealasnud r}; ?g NBLit also for deriving new types of events from the state. In
9 PP " region 5, we show aollapse operation introduced to

compute a statéAvgDrop which tracks for each stock

selections correspond soibscribers.
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issue, the average price and the magnitude of the large
recent price drop. From thatage, we can introduce an NYSE

expandoperation to produce a new event space name
AwvgDropEv. Consumers wishing to be alerted to “alarms” T2 Comb/ned
such as a drop exceeding 20 can then subscribe to th NASDAQ

derived event space.

4 Implementation Techniques Combined ; T) LargeTrades

IFGs are logical descriptions of the flow of events in a Lar;zeTrade 'd
system. Ultimately, this description must be realized on :

physical network of message brokers. The problem o
mapping an arbitrary logical IFG to a physical broker Figure 3: Final optimized IFG
network is nontrivial. If done naively, the performance of
efficient content-based routing systems (such as the one iogether and moved closer to the subscribers. (Because

[3]) cannot be exploited at all. transforms may destroy information, they cannot, in
In this section, we present solutions to twogeneral be pushed ahead of selects.) This will allow us to
implementation problems. use the content-based routing protocols described in [3] to

The first problem is the consolidation of transformimplement the select operations within the broker network,
operations at the periphery and select operations at thien perform the transform operation at the periphery of
interior, so that we can use existing technigues fothe broker network. Furthermore, we may be able to
efficient content-based subscription as the basis for aoptimize away transform operations on events that would
implementation of an IFG with both selects andbe eliminated by later select operations.
transforms. Rewriting the IFG can be done by an automated system

The second problem is how to implemempandby  so that, while users specify information flows as a series of
producing the shortest event sequence corresponding tosalects and transforms that closely matches the way they

given change in state. think about the flow and processing of events, the system
can optimize the processing of information flows.
4.1 Reordering Selects and Transforms The rules for rewriting graphs are described below.

Our approach to efficient realization oFGs is to Selects can be pushed ahead of transforms.
reduce an arbitrary IFG to one that can be efficiently For any dataflow in which a transform TA is followed

implemented on a content-based routing system. TheY select SA, there is an equivalent dataflow of the form
basic idea is to rewrite the IFG so that all the selecPB followed by TB. To see how, observe that the predicate

operations are lumped together and moved closer #f SA must be a function of constants and the function
publishers, and all the transform operations are lumpe@UtPuts of TA. We can construct a predicate for SB that



will choose the same messages as SA, by simpliFigure 1.) To avoid losing such I/S nodes due to

substituting the appropriate functions of TA for therewriting an IFG:

attributes in the predicate of SA. 1. For each internal node that may be used as a
For example (in all of the examples in this section, the  publication point we add an explicit terminal node

semicolon is used to mean “followed by” in an information with an identity arc that connects to the internal

flow): node.
TA: [x1, x2] => [y1=f1(x1,x2,c1), y2=f2(x1,x2,c2)]; 2. For each internal node that may be used as a
SA: (p(yLy2,d)) subscription point we add an explicit terminal node
can be rewritten as: with an identity arc from the internal node to the
SB: (p(f1(x1,x2,c1), f2(x1,x2,c2),d)); terminal node.
TB: [x1,x2] => [y1=f1(x1,x2,c1), y2=f2(x1,x2,c2)] Thus, all publication and subscription points are
where x1,x2,y1,y2 are attribute names, and c1,c2,d ai@presented by the terminal nodes of the IFG. All arcs and
constants. internal nodes can be subjected to rewriting rules and

optimizations.
Selects and Transforms can be combined.
Observe that a sequence of selects is just a conjunctigfewriting the entire IFG.

of predicates. Thus, selest (p(..)) followed bysB: (q(..) Consider an IFG, G1, with all interesting publication

can be rewritten a&C: (p(...) & q(...)). and subscription points externalized. We can construct an
Similarly, we can perform variable substitutions from aequivalent IFG, G2, as follows. For each publication and

first transform into a second. For example: subscription point in G1, add a like-named publication or
[yl => [yL:=fl(x1x2,c1), y2:=f2(x1,x2,c2)]; subscription point to G2. For each possible pair (p,s) of
y1y2] => [z1:=g1(y1y2,d1), 22:=g2(y1,y2,d2)] publication and subscription points in G1, if there is a path
can be rewritten as from p to s in Gl consisting of arcs labeled with

[x.y]=> [21:=01(1(x1,x2,1) f2(x1.x2,c2),d1) 22:= transforms and/or select operations:
02(f1(x1,x2,c1),f2(x1,x2,c2),d2)] p =>(ts1: ts2: ...: tsk) =>s

By applying the above reiting rules, any sequence of then add a single arc from p to s in G2 that is labeled with

selects and transforms can be reduced to a single sel(?ﬁ& (select;transform) pair of operations that is equivalent

followed by a single transform. For example, starting With[ (tsl: ts2: ...: tsk), as given by the above rewrite rules.
the sequence [T T S T S T], we push selects ahead of 1Sh 18 '

transforms to get [S S T T T], and combine selects an%xample

trangforms tc(; getﬂ[S TE]' b duced h I Consider the IFG for stock services shown in Figure
nce a ataflow has oeen reduced so that a pat%. It is similar to Figure 1, integrating two independent
from publishers to su.bscrlberg may be represented by Aock marketsNYSE and NASDAQ into the combined
[Select;Transform] pair, the single select can be furthernformation spaceCombined In this example, the

optimized. A straightforward application of tr_\e rewriting messages from both sources must first undergo a lookup
rules may cause many common subexpressions t0 appegj,ersion (T1 and T2). Aapital field is then added to
within the combined predicate. A smart implementation

. . . ) .each message which is the product of the number of shares
can discover those, just like any good compiler, and avmﬁ1 the trade and the price per share (T3). The new

recomputation of sub-functions. Likewise, the final, singlevalue added information spaderge Tradesis derived
- iearge lrade

transform . willlikely  contain many - common g, Combinedby using a select operation (S1), which
subexpressions and many of those will have already beeé?elects those trades involving over a million dollars.

comhputﬁd for g}e select. hA slmartdlmplementa.tlﬁn hcan As shown in Figure 2b, we split each externally visible
cache them and/or tag each selected message with them|as 1 wo: one for publishers and another for

auxiliary attributes. subscribers, e.gCombinedis split into Combined and
lizina /S nod inal nod Combined This step is necessary to ensure that, after
Externalizing | > NOdes as terminal nodes. transform, all the advertised content is still available to
As we combine and rearrange the select and tranSforEﬂ/namicallyjoining publishers and subscribers

operations specified by an IFG, we may eliminate or Next, we identify all paths in the graph of Figure 2b to

change the meaning of the_ Ll . Vs nOdeSarrive at Figure 2c. For each path that has more than one
However, the users who specify IFGs may wish to use

. : o 8clect or transform, we then apply the rewrite rules so that
non-terminal or internal I/S node as a publication and/o&) selects are moved before transforms and 2) a series of
subscription point. (e.g., the node labefgdmbinedin

selects or a series of transforms are combined into a single




instance of each. In this example, we simplify three suckhe client’s interpretation of event sequences, it should be

paths: able to deliver just the two everit8M, 200] and[IBM, 120
1. NYSEo LargeTrades T1; T3; S, which reduces to: rather than the much longer sequence of published events.
S1: (price*vol >= 1000000); The following table shows the original events, the
T4: [issue, price, vol] => [com=NYS(issue), cap=price*vol] generated state, and the compressed set of delivered
2. NASDAQ to LargeTrades T2; T3; S, which events.
reduces to:
S1: (price*vol >= 1000000); Original  [States Delivered
T5: [issue, price, vol] => [com=NAS(issue), cap=price*vol] Events Kissue: maxP,curP>  |[Events
3. CombinedtoLargeTrades T3; S. This reduces to: [IBM, 150] KIBM: 150, 150> [IBM, 150]
SL: (price*vol >= 1000000); , [IBM, 160] KIBM: 160, 160> [IBM, 160]
T6: [com, price, vol] => [com, cap=price*vol] [IBM, 140] KIBM: 160, 140> [IBM, 140]

With this, each path from a publisher to a subscriber i
of the form select followed by transform, as shown in
Figure 3.

The selects can now be implemented by an efficient
content-based routing system, and the transforms
performed before delivering to subscribers. Going on
step further, we can combine the individually derive
paths back into a single I/S, which may be implemented as [IBM, 200]
a content-based publish/subscribe system. These paths can__ [1BM, 120]
then be split by adding an additional select based on Given a state spa& a start stats and a goal statg
message source, then tagging the transforms with a souré@ S and acollapserule, theexpansion problerts defined

Before an event is delivered to a subscriber, it i®S the generation of the most economical sequence of
transformed based on the I/S to which the clien€Vvents which, starting frons, yieldsg. The expansion
subscribed and the source of the message. Tagggaoblem can be converted into a shortest path graph search
transforms can be stored in a table for lookup androblem. We represent the statesSras vertices in a
execution before the system delivers a message to a clie§faPh, and define each possible event transition as an
New subscriptions coming into any of the subscriptionedge. We then label these edges with a cost. For the
points Combined or LargeTrade} have their content PUrpose of this paper, we will assume each event has unit
filters modified based on the filter arcs out of the root intd=0st 1. Figure 4 shows a fragment of the state transition

rules. thus, issue name has been left out of both events and

states).

disconnect:
[IBM, 200] KIBM: 200, 200>
[IBM, 180] KIBM: 200, 180>

[IBM, 120] KIBM: 200, 120>

reconnect:

4.2 Expanding State to Event Streams

Suppose a mobile client subscribes to the IBM event$
from the information spaceMaxCurEv of events
equivalent to the events i€ombinedusing the state
MaxCur defined by the rule shown below:

[n, pl, (n: p>maxP, curP) Us — (n:p,p)Us
[n, p], ¢n: p < maxP, curP) U's — (n: maxP, py Us

(These are the identical rules discussed in thd
illustration of collapsein Section 2, except that we are
ignoring the volume field of events.)

Say that a number of events have been delivered tp
Combined and received by the client, who then
disconnects. Suppose that at this point, the state ip
MaxCur is (IBM: 160, 140). While the client is disconnected,
a long series of events is published, arriving at a new stafe
(IBM: 200, 120>. The mobile client then reconnects to the
system. If the system is able to exploit the knowledge o

Figure 4: State transition graph for collapse




To solve the shortest path problem, we use the knownniform unconstrained form can be solved by extending it
A* algorithm [4]. This algorithm requires an estimator to uniform unconstrained form, and using the exact
function h, whereh(s) is a lower estimate of the shortest solution to the extended problem as an estimator for the
path from an arbitrary stats to states. Working  original problem, and then applying A*. Similarly, any
backwards from the goal staj¢owards,, we keep a set of problem in constrained form can be extended to
candidate paths. We sort these paths based upon theconstrained form by assuming that all steps except the
actual length from of the path frorg to s plus the first (for which the constraints are known) may follow new
estimated lengthth(s) from s to .. Beginning with the rules in which additional parameters have been added as
noden at the end of the best candidate path, of lef(@)h  necessary to eliminate constraints.
we locate that neighbar' of n that minimizeqf(n) + 1) + The extension from constrained to unconstrained form,
h(n’). We extend the candidate path in the direction’to or from unconstrained to uniform unconstrained form is
(We ignore other neighbors unless and until all candidatesquivalent to adding edges to the state graph. The optimal

of at least this distance have been explored.) solution to the extended problem therefore serves as an
The problem is to find suitable estimator functionsestimator for the original problem.
h(s). One can obtain an estimatbfs) for a particular For example, the stock price example can be put into

graph by constructing an exact solution for an extendethe form of a constrained problem as follows:
graph with a strict superset of edges. We have developed a
strategy for findingh for an important subclass of Maxprice Curprice
summarization functions — those which can be converted
to thereplacement formdescribed below — by solving a
hierarchy of problems.

Let us assume that the incremental formulation of the
summarization function can be represented by a table suﬂl‘;]
as the following:

p > Maxprice p p
p <= Maxprice p

This problem can be solved by using the corresponding
constrained problem as an estimator:

Maxprice Curprice
el(a,b,c) a b p> Maxprige,q p q
e2(a,b,c) a a p <= Maxprice p
e3(a,b,c) b c

In this case, the estimation function is straightforward:

Each row of the table corresponds to a particulathe estimated distance from start to goal equals the number
collection of events meeting a particular condition, andbf issues for which the current state differs in cur price or
having parameters, e.g. a, b, and c. Each column of theax price from the goal state.
table corresponds to a component of the state. Each blank In this example (see Figure 4), finding a path fism
entry in the table indicates that the event in thei160, 140) to state g = ¢200, 120y, the search is
corresponding row leaves the corresponding component sfraightforward. Starting at goal sta®0, 120), we find
the state unchanged; each non-blank entry indicates thetat only the second row of the abavatrix leads to a
the event in the corresponding row replaces theredecessor state, which has the fgee, *. For any
corresponding component of the state. Not everyalue of the second state except 200, the first row is
summarization function can be put in this form; howeverblocked and therefore the estimated distance from the start
many can, such as the stock example illustrated above. state is 2. For the statz00, 200) the estimated distance is

If a summarization function is in replacement form,1. We therefore choose state00, 200) as the best
and it contains no rows such as the second in the exampandidate to continue the search. In fact, this state satisfies
above, in which two or more columns are constrained to bige conditions for firing row one of the matrix to reach a
replaced by the same value, then it isuimconstrained predecessor*), so we can insert the start staig®, 140).
form. If a summarization function is in unconstrained
form, and each row chan.gks columns, and for ank 5 Discussion
columns there is a row which changes those columns, then
it is in uniform unconstrainefbrm. The exact solution to
a problem in uniform unconstrained form requires a5'1 Related Work
number of events equal toeil(m/k) where m is the
number of state components in which the start and goal Many concepts in Gryphon have been synthesized from
states differ. Any problem in unconstrained form but no@ large base of results in group communication, databases,
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