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Publish/Subscribe Paradigm

@ An asynchronous paradigm of
@ Subscribers: the consumers of the data

@ Subscription: a query submitted by the subscriber to the network to
specify a data interest. E.g., “l am very interested in “blah, blah, blah",
whenever somebody has it, please send it to me"

e Publishers: the producers of the data
@ Event: the data information submitted by the publisher to the network
to find consumers. E.g., “I have this “blah, blah, blah". Please let
those persons interested in it know that | have their data"
@ Enable subscribers and publishers, which do not know each other,
to find each other quickly

Applications: social networking, e-commerce, event monitoring,
anomaly detection, etc.
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Pub/Sub vs. Traditional Search

@ Traditional search = Request/Reponse

o Data must exist already
@ Queries expect immediate results
e Data is stored in the network in advance, not queries

@ Data indexing and storage = an important problem
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Pub/Sub vs. Traditional Search

@ Traditional search = Request/Reponse
o Data must exist already

@ Queries expect immediate results
e Data is stored in the network in advance, not queries

@ Data indexing and storage = an important problem

Pub/Sub # Request/Respose

@ Data may currently exist, currently not exist, or never exist
@ Queries are sent in advance expecting to be notified
@ Queries must be stored in the network in advance

e Subscription indexing and storage = an important problem

Query indexing in pub/sub is more difficult than data indexing in
request/response
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Cooperative P2P Networks

@ E.g., P2P-based multi-institution
collaborative networks,
P2P-based cable TV networks
(Comcast, GridNetworks), grid
data networks

@ Possibly (often) unstructured

@ Nodes are reliable, and rather
static

@ Likely a policy: communication
must use only provided links

Pub/sub in P2P networks is not trivial:
@ Broadcasting a query to all nodes — expensive (traffic, storage)
@ Deploy a central server to index everything — not scalable
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Possible Approaches: Structuralization-based

Pub/Sub

Build a structured overlay ( e.g.,
using DHT, Small World, R-tree, Skip
Lists)
@ E.g., Meghdoot [3], Scribe [1],
Hermes [5], Bayeux [7], GosSkip
[2]
@ Advantage: capable to grow the
network and adapt to dynamics 3
@ Additional cost to maintain the
overlay 4
@ Different overlays for different /
pub/sub applications
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Possible Approaches: Gossip-based Pub/Sub

Query bubble Data bubble
vous

Gossip to a number of nodes, not all but large enough so that a
rendezvous node exists for any pair of (query, event) highly likely

@ E.g., BubbleStorm [6]: Replicate each query at g = O(1/n) nodes
and sends each publication to ¢?n/qg. Hit probability is
1 —exp(—¢c?) (e.g., ¢ = 3 — 99.99% hit)

@ Advantage: not require any additional overlay

@ Indifferent to query/event content

@ Expensive to replicate queries and publish events
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Our Contribution

@ Work with any unstructured cooperative P2P network

@ Efficiency in terms of both cost and time (aimed to be better than
gossiping)

@ Allow multiple independent publish/subscribe applications to run
simultaneously on a single instance of PUB-2-SUB

@ Use directed routing rather than gossiping

@ Virtualization: assign to each node a unique virtual address

@ Indexing: determine subscription and notification paths whose
routing is based on the virtual addresses
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Virtualization: Construction

Given a bootstrap node S*,

15 14
@ S* sends JOIN INSTANCE(S*)
message to neighbors
@ Ateach node S; that receives
JOIN from S;
@ Accept JOIN if not yet part of
INSTANCE(S*)
e Assigned a VA by S;
e Node §; follows the same
procedure
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Virtualization: Virtual Addresses (VA) and Zones

VA(S; : S*) is a prefix of str; (2)

@ ZONE(S;: S*) = {string str | (1)
No child of S; has VA a prefix of str}
(unused) shorted string VA(parent(S;) : S*) +'0*1’

® VA(S : S%) =
%]
o
1 . Zone(2:1)=(1, 10, 100, 1000 o1 001
@ -7 ® @
11 101 1001 011 0101 0011 00101
(5) (6) ™ ® ) (10) (1)
111 1011 10011 100101 0111 01101 011001 01011 001011 0010101
(12) (13) (14) (15) 7(16) (17) (18) (19) (20) (21)
7 1 | '
» v v v
Zone(16:1)={0111, 01110*} 1111 0110011 0010111
(23) (24)

(22)
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Indexing: Query/Event Representation

Event and Subscription

@ Event: x = (x4, Xz, ..., Xk) where x; € {0,1}
@ k: number of bits

@ Subscription Q = [qy, g4):
® gy, gn € {0,1}*

@ Matching condition:

@ Q subscribes to all events x belonging to its interval (events are
"ordered" lexicographically)

Example: k = 3, the events matching a query ['001’, ‘101’] are {*001’,
‘010’, '011°,100’, 1017}
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Indexing: Query Subscription

Considering a query Q:
@ Initially, the subscription starts at the subscriber node of Q
@ At each node S; that receives Q
@ AQuit if S; already received this query before
Q Let Z = {str € {0,1}* | VA(S; : S*) is a prefix of str}
@ IF (Z does not overlap Q)
@ Forward Q to the parent node of S;in TREE(S™)
© ELSE

@ Store Qat S; if ZONE(S; : S*) intersects Q
@ Forward Q to all children of Sjin TREE(S™)
@ IF (Z does not contain Q), forward Q to parent of S;in TREE(S™)
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Query Subscription: Example

Subscription path of query Q =['0110001°,°'0110101°] from node 12 J

001
11 101 1001 011 0101 0011 00101
®  © %) 1@ © @) an
1011 10011 100101 0111 01101 011001 01011 001011 0010101
(13) (14) (15) (16) 17) (18) (19) (20) (21)
; } |
01111 0110011 0010111
(22) (23) (24)
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Indexing: Event Notification

Considering an event x:

@ Initially, the notification starts at the publisher node of x

@ At each node S; that receives x
@ IF (VA(S; : S*) is not a prefix of x) THEN
@ Forward x to the parent node of S;in TREE(S™)
Q ELSE

@ Find the child node S; such that VA(S; : S*) is a prefix of x
@ IF (S exists) THEN Forward x to S;
© ELSE Search node S; for those queries matching x
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Event Notification: Example

Notification path of event <‘0110010’> from node 22 )
%)
@
T o1 oot
@ @ @
1 101 1001 011 0101 0011 00101
() (6) ™ O~ ) (10 (1
11 1011 10011 10‘5101A01‘1“1x 01101 011001 01011 001011 0010101
(12) (13) (4 (15 | @16 (17 (18  (19) (20) (1)
| s : '
o111t \ 0110011 0010111
<@ (23) (24)
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Node Addition (1/2)

Consider a new node Spey joined:
@ S,onv communicates with its
neighbors

@ Ask Speighbor With minimum tree
depth to be its parent

© Get a VA from parent
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Node Addition (2/2)

) Consider a neighbor Speighbor 1S
,,,,,,,,, S chosen:
’ e | Assign Spew shortest unused
01001 romarg __?31) (22)1 binary string of the form
(25) que”fs ‘ ‘ VA(Sne,ghbor S*) + ‘0*1,
011 0101 0011 O Q@ Delete queries that do not
0111 01101 011001 01011 001011 9 Forward to Spew the queries that
16 @an (@8 19 (20) intersect ZONE(Spew : S*)
01111 0110011 0010111
(22) (23) (24)
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Node Removal (1/2)

When a node fails:

22
23 15 14 @ Child nodes need to find a new
\./ parent and get a new VA
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Node Removal (2/2)

%) Consider a child node Sgpjg:
(1)
@ Select a new parent Sparent from
o1 :661 its neighbors and get new VA
@) R from this new parent
ol o1 oo 7 @ Recompute VAs for its children
®) © @ 0y @ Transfer/Delete/Forward queries
01101 011001 01011 0010104 It necessary
an - ag a9 oot01 1100 @ The same procedure happens
M (20) (21) ; ;
0110011 | with all its descendant nodes
(23) 0046144 downstream
001011
(29)
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Multiple VA-Instances

Choose m VA-instances inititated by
random nodes

@ Query: subscribed to a random
VA-instance

@ Event: submitted to every
VA-instance
@ Advantages:
o Better load balancing
o Better reliability
e Unchanged storage and
communication costs per
query
e Linearly increased
communication and
computation costs per event
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One-Dimension vs. Multi-Dimension

@ So far:

e Event: k-bit binary string

@ Query: unidimensional interval
@ In practice:

e Event: d-dimension, where d- number of atributes
o Query: d-dimensional rectangular range of values

How PUB-2-SUB works in multidimensional domain?

@ Hash mechanism f
@ x' = f(x), where f(x)- a unidimensional k-bit binary string
Q Q' =f(Q), where f(Q)- an interval of k-bit strings
@ xeQthenx’ € Qf

@ Example: (k/2)-order Hilbert Curve mapping
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Hilbert Curve

Hilbert (n, d)
@ In each partition, the d-dimensional cube is partitioned into nd
equal sub-cubes

@ The centers of these sub-cubes are joined with line segments to
make a continuous curve

@ The same policy applies to each of the sub-cubes
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Hilbert Curve: Index Construction

1111 After k' order partition:

@ n-9 cells in the d-dimensional

cube

@ Each cell is given a base-n
number of k.d digits

01 @ First cell is 0, incremented by 1
I1 for the next cells

0000 | 0001 | 1110
0011 ] 1100
: 0010 | 1101
i 1000
quooi |01t | I
HHE
0101 | 0110 | 1001 | 1010
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Hilbert Curve: Mapping

0000 | 0001 | 1110 1111
......... ..|.0011 1100
e ... 0010 | 1101
X o 811 11000
s quog |OL_|Z 1011
map to 0111 ...=**"
vo »
map to 0110 0101 | 0110 | 1001| 1010

Highly probable that close data elements map to close Hilbert points )
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Simulation Study

@ Network topology generated by BRITE [4]
@ 1000 nodes, 2766 peer-to-peer links (power-law distributed)
@ Inititated by a random node
e (10,000) Event = k-bit string (k = 50)
@ (10,000) Query = interval of k-bit strings, range chosen by Zipf’s
law: in {20,21, ..., 249} range 2’ is picked with probability ng/’/ o
@ « = 0: uniform
@ o = 0.8: heavy-tail with most queries being specific
@ Metrics: subscription efficiency, notification efficiency, notification
delay, failure effect, load balancing, and effect of using multiple VA
instances.

@ Pub-2-Sub vs. BubbleStorm [6]
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Subscription Efficiency: Storage Cost

Single VA Instance
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Subscription Efficiency: Communication Cost

Single VA Instance
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Notification Efficiency: Communication Cost

Single VA Instance
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Notification Efficiency: Computation Cost

Single VA Instance
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Pub-2-Sub vs. BubbleStorm: Storage Cost

P2S vs. BubbleStorm
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Pub-2-Sub vs. BubbleStorm: Subscription’s

Communication Cost

P2S vs. BubbleStorm
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Pub-2-Sub vs. BubbleStorm: Notification’s

Communication Cost

P2S vs. BubbleStorm
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Notification Delay
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Failure Effect: Uniform Case

Uniform Query Model
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Failure Effect: Heavy-Tail Case

Heavy-Tail Query Model
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Load Balancing with Multiple VA-Instances

Storage Load
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Load Balancing with Multiple VA-Instances

Computation Load
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Load Balancing with Multiple VA-Instances

Communication Load
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Summary

@ P2P: a popular design adopted by organizations, institutions, and
content providers — cooperative P2P networks

@ Publish/subscribe: an important search model

PUB-2-SUB: A pub/sub framework

@ Good for cooperative P2P networks
o Work with any unstructured network, using only existing peer links
o Work with any dimensionality
o Multiple services can run simultaneously
e Efficient in cost and time, better than the gossip-based approach

@ Not recommended for use with highly dynamic P2P networks

@ Future work: Better load balancing? Better failure recovery?

@ Acknowledgement: NSF Grants CNS-0615055, CNS-0753066,
and UMass Boston’s Proposal Development Grant
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