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Abstract
In multimedia systems, not only do messages that are sent to and received
by multiple sites need to have a consistent order imposed by all sites, but
cause and &ct relations must be maintained. Causal ordering allows the
cause and &fct relations of messages to be maintained. This paper pre-
sents an algorithm that insures that multimedia data with real-time dead-
lines are delivered to the application layer in causal ofider algorithm is
designed to insure that any message that arrives at a destination site before
its deadline will be delivered to the application before the message expires.
In addition, by focusing on a form of causal ordering violations caused by
“the triangle inequality this algorithm has a low overhead with respect to
the amount of information that must be appended to each message.
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ity, triangle inequality



1. Introduction

Multimedia systems are becoming widespread [2][3][6][7]. They are characterized by the
use of several dérent methods of presenting data, such as voice, still and motion video, music,
and text. A conference call between several parties that uses both voice and video, and a play-
back of a recorded conversation are two examples of multimedia applications. Each type of
multimedia data has dédrent properties. For example, the bandwidth required for CD quality
audio is very dilerent from that required for full motion video, which isfelient from that of
plain text. Howevera property common to all of these data types is that they are all real-time in
nature. The applications send streams of data that must be used within a time interval because
the data is useless after that interval [4].

Real-time data diérs from non-real time data in that it is transmitted under a time con-
straint. The data must be used before a deadline; after the deadline the data is of no use. In some
systems data that has missed its deadline can be discarded, while in others missed deadlines
cause the system to fail or even cause physical damage. Multimedia data falls into the first cate-
gory, in which missed data can be discarded and only represents a degradation in the quality of
the playback or presentation that should be minimized.

Problem Overview:

In multimedia applications, elements of a conversation can originate from several distinct
sources. This could either be due to several physically separate participants in a multimedia
conference, or several data streams being storederedif sites, such as text at one site, voice
and video at anothefhe application will combine these féifent data streams into one presen-
tation, such as the sounds and images in a conference call. Each participating site may be run-
ning its own application that combines thdetént streams. Ideallgach site should see all of
the messages in the exact same order and have causéeahde&dtion maintained, so that all
sites see the same consistent view of the presentation. Howe/@ommunication medium
does not deliver messages in the same order at all sites, because messagdereoinsddés

travel though dferent routes. Therefore it is necessary for each site to impose some kind of



consistent order on the messages so that the applications at the sites will have messages delivered
in the same orderegardless of the order in which the messages actually arrive at the site.

The method used should insure that messages sent before other messages should be received
in that order even if they arrive out of ordefhis requires some information to be included in
each message. Since there is no global clock in distributed systems, the information added to the
messages must indicate the knowledge of other messages in the system that were sent before it. A
message is said tiepend upon other messages that were sent before it, and a message can not be
delivered until all the messages that it depends upon have been delivered. This is an informal def-
inition of causal ordering of messages. The transitive closure of this relation denotes the “transi-
tive dependencies” or “dependency chain.”

Birman-SchipeitStephenson [1] and SchipBggli-Sandoz [1] present algorithms to imple-
ment causal ordering of messages. These algorithms use the concept of logical clocks and vector
timestamps [9] to provide information as to which messages have been sent before a message.
Logical clocks are a good tool to capture casual ordering of messages at a logical level. However
logical clocks increment only when an event happens, such as the transmission or reception of a
message. So, they have little correlation to physical time. Real-time systems require the notion of
physical time because of the constraints imposed by the deadlines on the data. Therefore, while
logical clocks are appropriate for causal ordering in non-real-time systems, they are not appropri-
ate for real-time systems.

While there is no physical global clock in a distributed system, it is possible to keep all of the
local clocks loosely synchronized [5][10], which means that a bound can be placed on the clock
drift. In addition, the clock drift can be kept small enough so that local clocks at each site can be
used for global physical time.

Multimedia data has a limited lifetime after which the data can not be used. A message that
arrives out of order should be held until all messages that were sent before it have expired or are
received. Howevera message should not be held beyond its lifetime while waiting for messages

that were sent before it, because it will be discarded anywaygan assume that all data of the



same type (e.g., video or audio) have the same life-span. So, if megsagbeing held until
messagenl arrives,m1l must expire beforen2 expires. Afterml expires, there is no longer any
reason to holdn2, because evenihl arrives, it will be discarded.

So, because data is only useful during a certain interval, the dependency on previous messages
applies to it only for a limited interval. This time-constrained dependency is referred to as “delta-
causality” [13] and is defined formally in the next section.

In addition to limiting the interval of the dependenttye number of messages in a depen-
dency chain is limited. For every message in a dependency chain, the dependency information
must pass through another site other than the source and destination. Every message induces a
delay due to processing at the source and destination sites as well as propagatidkfteelay
passing through a few sites, the delays can be comparable to the lifetime of a message. By the
time the message at the end of a chain arrives, the messages at the beginning would have been
processed or discarded. The “triangle inequality” is a special case where the dependency chain is
of length two. Enforcement of causal dependency in this case requires much less information to
be passed with each message, because of the small size of the transitive dependencies.

This paper presents an algorithm that solves the problem of delivering messages containing
multimedia data with real-time constraints in causal oft@ttempts to deliver messages in the
same order at all sites while trying to minimize the number of messages past their deadlines that
must be discarded. The paper focuses on handling “triangle inequality” causal order violations
and agues that handling this case should bé&aht for most multimedia applications.

The paper is ganized as follows. Section 2 presents formal definitions of terms and the prob-
lem statement. Section 3 presents the algorithm to insure that messages are delivered in order and
an analysis of the overhead it imposes. Section 4 presents a proof of correctness of the algorithm.

Finally, Section 5 presents conclusions.
2. Preliminaries
2.1 Definitions

The terms “delivered” and “received” are used throughout this papsrimportant to note



the diference between them. A message is said tedeeved when it reaches the destination site

from the communication network. It is said to debvered when the communication level soft-

ware passes the message on to the application software. While a message has been received at a

site, it may not necessarily be deliverable to the application due to dependencies. A received mes-

sage is held in a queue until all missing messages that it depends upon have arrived or expired.
The next two definitions provide a framework for relations between messages.

Definition 1: “— " (“causal dependency”) is defined in [8] such thA—— m?2 if and
only if:
1. mlandm?2 are messages that were sent from the same sitalands sent beforei2., or
2. m2was sent by siteafterml was received by site

Note that in Figure 1m0 —» mlandm2 —m m3.
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Figure 1 Causal Ordering
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Definition 2: Causal ordering, denoted b—— ", is defined as the transitive closure of the
“—— " relation for the reception of messages at a sit¢ [1

Causal ordering implies that there is the same causal relation between message send events
and the corresponding message receive events. In Figure 1, site C receives messages in causal
order because it receives0 beforeml, andml beforem3. Messagen?2 “bridges the gap” of the
dependency information froml to m3. By the definition of causal ordering, there can be an arbi-
trary number of messages involved in a chain of dependencies, since there is no notion of a dead-
line or expiration time to the data. This issue is addressed subsequently

Disparity in the speed of communication links as well as network congestion can contribute to

causal order violations. The simplest form of a violation of causal ordering is due to the “triangle



inequality” This occurs when a message that passes through a site takes less time to travel than
one that is sent directly to the same destination. For example, in Figure 2, |edrXl, ¥ repre-

sent the time required to send a message from A to B, B to C, and A to C, respdtif/edy

greater than the sum of X andtien messages arrive at site C out of causal.dfigme 3 shows

how the triangle inequality could cause a violation of causal ordering. A simple example of the
effects of causal order violations is an audio conference in which a question is asked by one par-

ticipant and is answered by anothHaut they are heard in the opposite order by a third participant.

Z>X+Y

Figure 2 Triangle Inequality
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Figure 3 Causal Ordering idlated

Definition 3: A» " (“delta causal order”) is defined in [13] such th&t# m2 if:

1. ml——» m2AND

2. mlis sent at mogk time units beforen2.

Figure 4 shows how delta-causality can be observed even if causal ordering is not observed.
The deadline of a message is defined as being delta time units after the message is sent. Because
ml is sent more thaf time units beforen3 is sent, there is no delta causality relation betweken
andm3, som3 is not queued when it arrives.ni3 is held untilml arrives,m3 as well asnl are
discarded since the data in both messages has expired. Thus, in this case the data iméiessage

discarded along witml, whereas the information m3 could have been used.
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Figure 4 Delta Causal Ordering Observedl(Discarded)

The causal ordering relations due to messages that have passed through many sites are not as
significant, because violations in that ordering require the late message to take longer to go from
its source to its destination than it takes for several messages to travel through several sites. This
is why the algorithm this paper presents is designed to handle causal order violations due to the
triangle inequalityIn general, it should be digient for multimedia applications to handle only
this case.

Figure 5 shows how higher order causality violations, such as a transitive relation spanning
four sites, do not violate delta causal@ausal ordering forces4 to be held untiml is received,
even if it is known thamnl is past its deadline and is useless. Delta-causality does not impose that
constraint howeverson¥ is delivered before its deadline, even thouaghhas not yet arrived.

Whenml eventually arrives, it is discarded.
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Figure5 No Delta Causal Relation Betweesn andmé4
2.2 Problem Statement

)
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Given a multimedia system with real-time data, its messages must be ordered such that all



messages are delivered to the sites in the same causalltidgraper presents an algorithm that
insures that multimedia messages with real-time data are delivered in delta-causét loater
dles triangle inequality violations and ignores higher order violations. It also discusses why higher
order dependencies are not likely to have delta causality dependencies. In addition, it is designed
to minimize the number of messages that are discarded. Once a message is received by a site, it
will be delivered rather than discarded unless it arrives late. Messages with dependencies on other
messages that have not arrived are held until either the missing messages arrive or the missing
messages have passed their deadlines. In either case, the held message is delivered.

The algorithm initially assumes that all sites have perfectly synchronized clocks. This is used
to derive the basic ideas. This assumption is relaxed $akeh that all sites have loosely synchro-
nized clocks with a clock drift bound by some known value.
3. The Algorithm

3.1 Data Structures and Notations
 Each site i has an NxN dependency matrix denotegl i¥aere element (x, y) of the matrix

represents the timestamp of the last message site x sent taasit@ryas site i knows.

* Each site has a physical clock that is constantly updated by an underlying clock synchroniza-
tion algorithm and is denoted by the variable “current_time.”

» Each site maintains a priority queue of messages that have arrived but have not yet been
delivered, sorted by expiration time.

» The variable “min_wait” denotes the amount of time necessary to hold a message to com-
pensate for the network transit time. A typical value is 30-35 milliseconds for LANS.

» A represents the time the data in a message is useful and is defined to be < 3*min_wait. An

upperbound foA for audio is 100 milliseconds, after which the sound quality degrades[13].

3.2 Overview
The algorithm adds two vectors, denoted vectl and vect2, to messages. When site i sends a

message to site j, the first vectoectl, is the® row of i's dependency matrix and denotes the
timestamp of the last message site i sent to other sgege(itor timestamp). The second vector

vect2, is theti1 column of is dependency matrix and denotes the timestamp of the last message



sent to j by other sites. Inclusion of the two vectors allows causal violations due to the triangle
inequality to be detected because out of order messages will have a timestamp greater than the
corresponding timestamp in the destination siteatrix. Messages that have no causal relation
between them are defined as being concurrent. Concurrent messages are handled by holding all
messages longer than the network latefi¢ys insures that a message sent earlier than another
but delayed due to network delays is still delivered in the proper. dfiier two concurrent mes-
sages whose arrivals are separated by at most min_wait have been received, their timestamp is
used to determine the delivery ord8ince every site that receives a message gets the same times-
tamp value and use the same ordering algorithm, all sites order concurrent messages in the same
way.
3.3 Sending A Message From Sitei Toj1
send_message ( msg, j) {

Denpli,j] = current_time

[x (msg.vectl[x] = Deffi,x]) [* row i of dependency matrix */

0x (msg.vect2[x] = Dejix,j]) [* column j of dependency matrix */

Send message to site j.
} /* end function */

3.4 Receiving A Message From Sitei At Site|

receive_message (msg, j) {
IF (msg.vectl][j] +A > current_time) THEN
Discard message. [* discard if it is past its deadline */
RETURN
ENDIF
[* insure the message is not delivered until at least min_wait time units after being sent */
wait (MAX(0, (msg.vectl[j] + min_wait - current_time))) [* Rule 1 */
check and_deliver(msg, j)
} /* end function */
check_and_deliver (msg, j) {
[* compare the message with the Dep matrix of the destination site */

1. Multicasting can be supported by multiple calls to send_message() fatlemtifdestinations using the
same timestamp, i.e., the model assumes point to point sends are used for multicasting.



|F (dependency_exists(msg, Depj)) THEN [* Rule2*/
Put message msg in queue.
RETURN

ENDIF
deliver_msg(msg) [* deliver message with no dependencies */

/* check other messages in queue and deliver any that do not have dependencies */
* since other messages may have been waiting for this message. */
Ox, x O (message-queue) [1- (dependency_exists (x, Vect;) ) :: deliver_msg(x)

} /* endfunction*/
deliver_msg (msg) {
[* deliver message and merge sending sites dependency vector into local matrix */
Remove message msg from queue.
FORx=1toN DO
IF (msg.vect1[x] > Depj[i, x]) THEN I* Rule 3*/
Depj[i, x] = msg.vect1[x]
ENDIF
ENDFOR
} /* endfunction*/
Boolean dependency_exists (msg, matrix) {

[* adependency is represented by atimestamp in the message that is later than */
[* the corresponding one in the dependency matrix, provided that that timestamp */
[* isno older than by delta (i.e., missing message has not expired) */
FORx=1toN DO

IF ((msg.vect2[x] > matrix[X, j]) AND ((current_time - msg.vect2[x]) <A)
THEN
RETURN true
ENDIF
ENDFOR
RETURN false
} /* endfunction*/
When amessage is put in the queue, an asynchronous timer is set at MAX (msg.vect2[x] + A)

for al x. When the timer expires, the system checks if the message has any dependencies by call-

ing the function dependency_exists(). The message is discarded if so and delivered otherwise. All
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other messages in the queue are checked for dependencies because undelivered messages may be
delivered at that point, if the queued message depends upon the discarded or delivered message.
Once the message is delivered (or discarded), the other messages on its dependency chain can be

delivered.

3.5 Loosely Synchronized Clocks

For simplicity we have assumed that the physical clocks local to each site were all perfectly
synchronized. If that constraint is relaxed and the clocks are no morettirenunits out of syn-
chronization with each othethen the only change to the algorithm is the definition of delta,
which only increases the “safety mgar.” Algorithms exist to keep clocks synchronized within 5-
10 milliseconds [5][10][13]. IE is non-zero, then delta is defined to be the time data in a message
is usefulplus the maximum clock drift (i.eldnew=L0i1g + €)- The functionality and validity of the
algorithm remains, becau#eonly defines the lifetime of a message. By increaAingessages
are not discarded as soon, but the relation between messages does not change. Even with loosely
synchronized clocks, the triangle inequality problem does not change. The transitive information
is still sent and the ordering is still preserved. Lemmas 1 and 2, in Section 4, are still valid with a
non-zerce.

The use of physical time clocks requires that there be an external program that periodically
synchronizes clocks at the sites. The overhead of such a program is small, hasvtheetevel of
synchronization increases, the overhead increases [5] [10]. A higher level of synchronization is

required to decrease the clock drift.

3.6 Discussion

Transitive dependencies with a length greater than two (i.e., the triangle inequality) are likely
to have no delta-causal relation. Delta < 3 * min_wait, by the definition of delta. So a message
with a transitive dependency of length three or more that arrives before a message sent directly
from the source to the destination implies that the out of order message has spent at least 3 times
min_wait in transit (a delay of min_wait at each site). Since this exceeds delta, the life-span of the

message, the data in that message is no longer of use and the message is discarded when it finally
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arrives. There will be no delta causal order between it and the message at the end of the transitive
chain. In Figure 5, there is no delta causal relation betwdeandmd, since they are separated
by more than delta time units.

Rule 1 in receive_msg() forces messages to wait at least min_wait time units after they were
sent before they are delivered. But messages will not be delayed more than min_wait, even if they
must wait in a queue to be received at the destination site. Once the message has spent min_wait
time units in the queue, all messages that are ahead of it in the queue must have waited min_wait
as well, so they will be processed before this message. Rule 1 will cause the message to wait only
if min_wait time units have not elapsed since the message was sent. The delay due to processing
the message by the rest of the algorithm should be small. So at most, a message can spend min_-
wait time waiting to be delivered, plus whatever time it takes to process the messages ahead of it,
which should be small in comparison to min_wait.

3.7 Message Size and Complexity

The message size overhead imposed by this algorithm is O(n), since every message contains
two vectors of n elements, where n is the number of sites. This handles transitive dependencies of
size 2. D handle lager transitive dependencies, a worst-case message overheadz))isO(n
required. Refer to Lemma 4 for a proof.

This algorithm uses physical time instead of logical time. Expired data is easily detectable
since its timestamp will not be withifi time units of the current time. Such data can then be
ignored, whereas with logical clocks, this information can not be obtained. In addition, the use of
physical time allows concurrent events to be consistently ordered.

Simulation can be used to analyze theativeness of the algorithm. The percentage of dis-
carded packets (with respect to the total number of packets) that occur both with and without the
algorithm can be compared. In addition, the number of causal ordering violations and the over-

head imposed by the algorithm, both in terms of processing time and messages can be analyzed.
4. Correctness

Definition 4: ﬂp_» (“two-hop delta causal dependency”) is defined such that
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ml ﬂp_» m2 if and only if:

1. ml - m2or
2. Om30ml1 - m30m3 - m2 andml andm2 are sent to the same destination

and

3. |ty ~tma <A, wherety; andt,p are the timesnl andm2 were sent, respectively

In Figure 1,m0 ﬂp—» ml andml @p_» m3. Either the messages originate at the
same site or there exists a single message between those two sites. In addition, they must be sent
within delta time units.

Lemma 1: The algorithm guarantees that messages are delivered in 2Hop order

Proof: Assumeml _2Hop m2. This implies that eithenl andm2 are sent from the same site
andml is sent beforen2, or that there is one message that is one “hop” betm&emdm?2, such
that it hagnl’s source as its source amd’'s source as its destination. Refer to messajesnd

m3 in Figure 1. Ifm1 andm?2 are sent greater th@ntime units apart, then there is no delta-causal
relation between them. thl arrives aftem2, which would be more thafl time units afteml
was sent, then the informationnm is useless anehl would be discarded.

Same Site Case:

Assumeml andm2 are sent from i to j. If they were sent consecutiviblgn the timestamp of
ml will be stored at position (i,j) of sitesidependency matrix and this value will be sent to site |
in vectl and vect2 afh2. If m2 arrives beforenl, by Rule 2 in check_and_deliver@2 will be
held in a queue until eithenl arrives oml is past its deadline, implying that there is no longer a
dependence oml. If site i sends messages to site j betwagrandm2, then it can be shown by
induction that each pair of consecutive messages will be properly ordered and therefore the entire
sequence will be properly ordered.

One Hop Case:

Assumeml andm2 are sent to site k from two &bfent sites, i and j respectiveljhen by the
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definition of 2Hop, there must exist a messagi,such tham3 was sent from siteafterml was

sent, and received by sitdbeforem2 was sent. The“} entry of vectl (i.e., vectl[j]) om3 will

contain the time stamp fonl. This will be incorporated into the dependency matrix afj sitel

will be passed to siteas vect2[j] oim2, by Rule 3 of deliver_msg(). 2 arrives beforenl, site

k will detect the dependency onl from Vect2 ofm2 andm2 will be held until eitheml arrives

or ml is past its deadline, in which case there will no longer be a dependence baRaeml.
Thereforeml andm2 will be delivered in the proper order and the algorithm delivers messages in
2Hop order ]

Lemma 2: Messages are delivered in delta-causal order

Proof: If the transitive dependencies among messages are of length two, then from Lemma 1 the
messages are delivered in delta-causal order since 2Hop is equivalent to delta causality restricted
to transitive dependencies of length two.

If the transitive dependency is of length greater than two, then since delta is defined as < 3 *
min_wait, any dependency that spans more than 2 sites will take more than delta time units
because a delay of min_wait is incurred at each destination, by Rule 1 of receive_msg(). Since the
delay is greater than or equal to 3 * min_wait, it is also greater than delta. By the definition of
delta causalitythere is no delta-causal relation between that message and others, so the algorithm
delivers messages in delta-causal or¢]r
Lemma 3: All messages that arrive before their deadlines are delivered in the same order at all
sites.

Proof: If messages arrive out of orgdéne algorithm holds the out of order messages until they
either arrive or pass their deadlines. Since all sites are running the same algorithm, all messages
arriving at a site before their deadlines are delivered and the algorithm guarantees that delta-
causal ordering holds by Lemma 1 and Lemma 2. The only way the sequence ctandye ifif

a message arrives at one site before its deadline and after its deadline at another site. But this will

only effect the sequence, not the ordering. The only change can be dropped messages that were
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not received in time. Therefore all messages that arrive before their deadlines are delivered in the
same order []

In Figure 5, there is a transitive dependency involving three messaga®s€érve the depen-
dency information, all sites must send their dependency information to any site they communicate
with, since that receiving site may send a message to a site with a dependency in the dependency
vector For example, in the figure, site A sends its dependency vector to B and site B sends that
vector to site C, so site C will have that information when it sends a message to site D. There is no
way to know what the potential destinations are, so all dependency vectors must be included, i.e.,
the entire dependency matrix. The next proof shows that a much greater overhead is required to
maintain transitive dependencies of lengths greater than length two.
Lemma 4: Transitive dependencies greater than length two require up to N vectors of informa-
tion.

Pr oof:

Necessary Condition:
The first part shows that it is necessary to have N vectors of information for transitive depen-

dencies of length three or more.

Proof by contradiction:

Assume sites send X dependency vectors, where X < N. Then current dependency information
can be maintained for at most N -1 out of the N sites, because the dependency vectors for at least
one site can not be sent. Let that site be denoted as site i. If site i contains required transitive
dependency information, the exclusion of sisedépendency vector causes that transitive depen-
dency to be undetected.iAbut that information, subsequent messages can be delivered out of
causal ordenVe now show no matter how the vectors are selected, it is possible for site i to con-
tain such transitive dependency information.

Assume each site randomly selects a vector to not send. Let that site be site 1 in Figure 6.

Then sites 2 and 3 have no record of messdgbat was sent from site 1 to 4. Consequesttg
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4 does not hold messag# until afterml arrives and the messages are not delivered in causal
ordetr

Consider a scheme where only the most recent dependency vectors are sent. If site 2 receives
a message from the other N - 1 sites after the message from sitel arrives, thewlsgeridency
vector will be the oldest and not included in the message from 2 to 3 and the same violation of

causal ordering occurs.

2 \ULZ
3 \%\
4 \Nl

~ s A

Figure 6Transitive Dependency Information Lost If Site Dependency &ttor Is Not Sent.
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No matter what method is used to select which vector is to be excluded, there are always situ-
ations in which the dependency vector of the selected site contains information necessary to
ensure causal ordering.

Therefore, even by sending N dependency vectors, all transitive dependencies of length three
can not be captured. This can be generalized to show that N-1 dependency vectordiamninsuf
for transitive dependencies of lengths greater than three. The dependency information for a chain
of length four would be lost, since by the previougarent, the transitive information can not be
preserved across four sites (for chains of length three), and would not be regained by adding
another site at the end of the chain.

Sufficient Condition:

We now show that N dependency vectors aréicserfit to capture transitive dependencies of
length three or more.

For every message sent from site i to site j, add N vectors to the messageeSiteidepen-

dency matrix can be sent. When a message is received, the dependency matrix from the message
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can be maged into site p dependency matrix, provided that there are no missing messages. Miss-
ing messages can be detected by values in column j of the messagy@ that are more recent

than the corresponding values is fhatrix. This detects missing messages from transitive depen-
dencies of up to length N - 1, which is the longest possible chain, since there are no other sites that
can be involved in the chain. Therefore, by sending N vectors with every message, transitive
dependencies of any length can be detected.

Therefore, N vectors is both necessary anticserit to deal with transitive dependencies of
lengths greater than two[]

As a space saving technique sparse matrices can be used wherein only cells in the dependency
matrix that have non-zero entries can be sent. Initiddig will require a much lower message
overhead. Howevethe number of these pairs that are sent will grow until they reach the size of
the full dependency matrix (with added overhead to identify which cell they represef)[1][1
Singhal and Kshemkalyani in [12] present a technique for compressing vector timestamps that

could be useful for reducing the size of the vectors that are sent with the messages.

5. Conclusions

We have presented an algorithm that insures that real-time messages arrive in delta-causal
order while limiting the message overhead to 2 vectors of length N per message. A proof was pre-
sented to show that the algorithm insures that messages will be delivered in the proper order
unless they are past their deadlines in which case they will not be deliveresitiVe dependen-
cies of lengths greater than two are ignored since two messages separated by more than two
dependencies are unlikely to have a delta causal relation between them. The algorithm minimizes
discarding messages that arrive at a site by delivering them when the messages they depend upon
expire. This way any message that arrives at a site before its deadline is used.

This algorithm can be used to insure that multimedia data is delivered in delta-causal order
Multimedia data needs to be delivered in causal order in order to maintain the meaning of the data
presentation. Because the algorithm supports data with real-time deadlines, data that has exceeded

its deadline is discarded. Howeyére algorithm attempts to minimize the amount of data that
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must be discarded, and will utilize unexpired received messages, even if there are missing mes-
sages they depend upon. This algorithm is well suited for multimedia data, which has real-time
deadlines.

Future work includes adding more support for multicasting and experimental simulation.
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