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Abstract
Interactive Collaborative applications, such as distributed virtual environments, collaborative CAD and multi-
player games, are enabled by the data being shared across distributed users. The need to support such appli-
cations in a wide-area environment, and at the same time provide fast response to users, motivates replication
of this shared data. The key characteristics of this shared data include short, incremental atomic operations for
modifying this data, and the application's ability to predeclare access information for these operations. This
and certain other differences from conventional replicated databases, motivate a different architecture for al-
gorithms maintaining replica consistency. The main architectural differences include a complete separation of
timestamping (for consistently ordering the operations) and execution of operations, propagation of the opera-
tion itself (instead of its effect) and local commit. We describe a specific consistency algorithm which does 2
phase timestamping (analogous to 2 phase locking) by sequentially acquiring stamps for objects accessed by an
operation. Then we show how to eliminate the shrink phase and reduce the grow phase by a factor of � (when
an operation accesses � objects), by concurrently getting all the stamps. This new algorithm is deadlock free
and does not abort any operations.

1 Introduction
Interactive collaborative applications or groupware1 refers to any application that allows a potentially distributed
group of users to collaborate or compete on a task at the same time. Therefore, it encompasses traditional group-
ware like shared whiteboards and text editors, and more complex applications like multi-player games, distributed
virtual environments, and collaborative CAD tools.

The interaction between users is enabled by the shared data. This shared data is highly dynamic in content and
size. For example, in a distributed virtual environment, the entities in the environment are the shared data. Entity
state is updated, for example when they move, entities can be added and deleted, for example the firing of a missile
causes a missile entity to be added and when it hits the target it is deleted, and entities can interact, for example
collision between entities, which results in atomic updates across multiple entities. Similar characteristics of the
shared data are observed in other applications too, for example in the collaborative design of an articulated model
or the key-frame for an animation [4].

In this paper we represent the shared data as sets of objects (o-sets). Each o-set is a collection of related
shared data objects. Users/sites in a collaboration can dynamically connect or disconnect from an o-set and objects
can be added to and deleted from the o-set. The sites that are currently connected to the o-set are referred to as
participants in the o-set. Objects are modified using updates that can read and modify a subset of objects in an
o-set. The operations on the o-set, i.e. add, delete, update and read-only, are the units of atomicity. The key
characteristics that make the management of this shared data different from most conventional databases are:

� Short, incremental operations : The operations (add, delete, update, read-only) on an o-set have very short
execution times. One reason for this is that users usually want to quickly see the impact of another user's�
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1We prefer to use the term Interactive, instead of Synchronous or Real-time which are commonly used in the research literature. Also
groupware refers to Interactive groupware in this paper, unless explicitly qualified.
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operations (as they are interacting at the same time). This is in sharp contrast to asynchronous groupware,
where the model is of long-lived transactions with some cooperation between such transactions [2, 1]. A
second reason is the common usage of direct manipulation interfaces. Such interfaces utilize input devices
such as mice, joysticks and body-position sensors, which result in fine-grained and incremental actions by
the users. Each such action corresponds to an operation on the o-set.

� No Explicit Aborts : One consequence of the incrementality of operations, and the usual way that users
interact with such applications, is that operations are not explicitly aborted by the users. However, a user
may want to undo a previous operation, which is typically done by executing an undo operation. We will
treat such undo operations as regular operations.

� Predeclared Access Information : The objects that an operation will access, and the nature of that access can
usually be predicted very accurately at the time when an operation is issued. This implies that an operation
does not need to be executed in order to get its access information, which will have a strong influence on our
algorithm design.

� Commutativity of Operations : In many collaboration scenarios, concurrently issued operations by multiple
users are commutative. For example, many geometric transformations on the same object commute. There-
fore, we should be able to utilize more than just read, write access information per object. We will represent
such information as an access compatibility matrix (chapter 2 of [3]).

One of the critical requirements of a system managing the o-set is to provide appropriate responsiveness. By
responsiveness we mean both the time taken to see the response of an operation on the o-set by the user issuing
that operation, response time or RT , and the impact of that operation (only for non read-only operations) seen by a
different user, user to user time or UUT . Providing appropriate RT and UUT is difficult when groupware is deployed
in a wide-area distributed environment like the Internet, where high communication latencies are common. Direct
manipulation user interfaces can require response times of about 100ms, however due to the fundamental limitation
of the speed of light, the round-trip delay to the far side of the planet is at least 200ms. Some of the other causes
of higher message latencies are the use of mobile wireless computers, and when connecting from home through a
modem.

Though UUT by its very nature has to depend on the communication latency between a pair of users, it is
possible to make RT less dependent on message latency by replicating the o-set at all participant sites. In addition to
reducing RT, replication can also provide resilience to failures, which can be common in a distributed environment.
Finally, multiple factors, including smaller size of messages, and batching of operations, can allow replication to
consume fewer network resources than a centralized approach. We only consider full replication of an o-set at all
participant sites. Read-only operations are immediately executed locally. The other operations are scheduled for
local and remote execution by the consistency algorithm. The focus of this paper is on such consistency algorithms.

Figure 1 shows the general architecture of an application and the underlying data consistency algorithm. We
assume for now that the participant sites in the o-set are fixed. User actions are translated into operations on the
o-set by the application, which are then issued to the consistency algorithm. Each operation is encapsulated as an
executable object (not the same as the objects in the o-set). The operation is timestamped by the algorithm, and
these timestamps define an ordering on all the operations issued by all participants. It is then disseminated to all
participants (including the issuing site), where it is scheduled for execution, and then executed. A new view, on an
output device such as a computer screen, is then rendered. The actual execution time of each operation is short,
and most of the time is spent in timestamping, dissemination and scheduling. As dissemination needs to be done
by all algorithms, the main point of difference between such algorithms is the timestamping and scheduling of
operations.

1.1 Timestamping and Scheduling
As mentioned earlier, timestamps define an order on all operations, which we call the timestamp order. This order
is a partial order relation i.e. it is transitive and asymmetric. We only consider partial orders that are convergent,
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Figure 1: General Architecture with Replicated Set

i.e. execution of operations in any total order that respects this partial order will result in the same state of the
o-set.

Before discussing the scheduling it is important to define our notion of commit. An operation � commits at a
site 	 , when 	 knows that it has committed all operations preceding � in the timestamp order. If a site executes
operations only after they commit at that site, it is guaranteed to respect the timestamp order. Such a scheduling
algorithm is pessimistic. Optimistic algorithms execute an operation immediately after receiving it, however, they
have to undo and reexecute the operation if the order of execution does not respect the timestamp order. The main
difference in the general structure of the algorithms considered here from that of most replicated data algorithms
are:

� Decoupling of timestamping and execution : The timestamping and execution of an operation are totally
decoupled at the issuing site. This is possible because we use predeclared access information so even times-
tamping that needs such access information does not need to execute the operation. This is critical for the
���
 phase algorithm discussed later.

� Dissemination of Operation Itself : The operation, encapsulated as an executable object, is itself dissemi-
nated. This decouples execution of the operation at any site from the execution at the issuing site. This would
not be possible if we disseminated the effect of the operation i.e. the state changes made by the operation.

� Local and Independent Commit : The commit notion we just defined is local to a site. This is because we are
not interested in the usual notion of failure atomicity, and the o-set replica at a site is not persistent across
failures at that site. Replication at participant sites gives us enough fault-tolerance. Also, as we disseminate
the operation itself, the commit of an operation at a site is independent of commit at the issuing site.

� Atomicity: By atomicity we imply that, the execution of an operation is not interleaved with the execution of
another operation at the same site.

One important point to note here is that decoupling of timestamping and execution, and dissemination of the
operation itself are not always good ideas. If the operation execution time is large, it is beneficial to overlap the
timestamping and execution at the issuing site, and to disseminate the changes to the data made by the operation.
However, in groupware, the dominant cost is timestamping, scheduling, and the rendering of the view after the
execution is completed.

A previous evaluation study [5] has shown that there is no one consistency algorithm suitable for all groupware
applications and network connectivity scenarios. Some algorithms assign timestamps without using the access
information of an operation, for example using a Lamport clock [11] at each site to timestamp operations. In this
case a total order can be defined on all operations by using the (site identifier, Lamport timestamp) pair as the oper-
ation timestamp. With this timestamping methodology, a site does not need to communicate with other participant
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sites when assigning the timestamp. Such timestamps are classified under the general category of independent
and imprecise timestamps [4]. Independent, because the timestamp is independent of the access information, and
imprecise because after receiving a timestamped operation, a site cannot always decide immediately whether there
are any operations preceding this operation in the global order that it has not received. To make the notion of times-
tamp precision clearer, consider vector clocks [13] that are used for defining a causal order. Vector timestamps
are precise because, on receiving an operation timestamped with a vector clock, a site can immediately know
whether it has received all operations preceding this operation in the causal order2. Independent and imprecise
timestamps are well suited for optimistic execution as an operation can be quickly timestamped and disseminated.
However, the ordering can be unnecessarily strong, as they do not use access information, and commit can be slow
because of the strong ordering and imprecision of the timestamps. Also, commit requires all participant sites to
be communicating. In this paper we will discuss two algorithms that use dependent and precise timestamps. Such
algorithms have the potential for fast commit despite some sites being slow to communication or being discon-
nected. However, timestamping may require communication with some other sites which can increase the time
taken to timestamp, and also the amount of communication. Therefore the key is to keep timestamping costs low
while getting dependent and precise timestamps. The main contributions of this paper are

1. Identifying the key requirements of interactive groupware and defining a general algorithmic structure for
consistency of the replicated data. This definition is made precise in section 2.

2. Two algorithms which generate dependent and precise timestamps. The 2 phase timestamping algorithm
(section 3) gets a stamp for each of the objects accessed by an operation in a 2 phase manner, i.e. sequentially
acquires the stamps and releases at the end. As acquiring and releasing the stamping for an object can involve
communication with other sites, this algorithm has a high timestamping cost. The 
���
 phase (section 4)
algorithm eliminates the release phase and concurrently gets all the stamps needed for an operation. This
reduces the grow phase by a factor of 
 , when 
 objects are accessed by the operation being timestamped.
This can cause cycles in the the ordering defined by these timestamps, which we resolve by traversing the
cycles in the ordering graph in an identical manner at all sites. This algorithm does not deadlock and never
needs to abort the timestamping of an operation.

For simplicity, the two algorithms are described assuming only incompatible write accesses on objects, and a fixed
group of participants with no failures. Section 4.1 briefly discusses how to generalize the algorithms, and section 5
describes related work. Proofs are omitted from this extended abstract.

2 Operation Semantics and Algorithm Properties
We first give a precise specification of the operations on an o-set, assuming a single copy of the o-set. Let �������������������� ���"!#���$!%����&#&�&'� ���"()���$(*�%+

be an o-set, where
�-,

is the name of the object with state
� ,

, and all the
�-,

's are
distinct. Also, let a n-set be any set of tuples, where the first element of each tuple is an object name. Therefore,
an o-set is also an n-set. We define . as the name operator, which gets the name from every tuple in a n-set.
Therefore, . � � � � �$� � �%� ! ��&�&#&'��� ( +

. For a set / of names, and a n-set 0 , the extraction operator 1 is defined as

032���/415076 032"890;:<. � 032 � �=/?>@. � 0 �

Intuitively, 1 extracts a subset from the n-set corresponding to the set of names.
Let � , be the o-set before the execution of an operation � and � ,BA�� be the o-set immediately after. We consider

the semantics of the add, delete and update operations by showing how � ,BA�� is a function of � , and � .
1. �C��DFEGE ���*���$� : Add object

�
with state

�
. Formally, � ,HA�� ��� ,JIK�J���*���$�%+

.

2. �C��EF��L���M'� ���"� : Delete object with name
�

. Formally, � ,BA�� � � . � � , �ONP� ��+ � 15� , .
2Of course, a causal order does not necessarily satisfy the convergence property.
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3. �Q�<R�	SEFD�MT� : The predeclared access information, allows us to infer the read and modification sets. � reads
objects with names U � � � and modifies objects with names V � � � . Also, let W � � � �XU � � �YI V � � � be the
access set. The properties satisfied by the update are

E1 W � � � 8Z. � � ,[�
E2 . � � ,HA��\N � ,�� �9. � � ,]N � ,BA]��� 8�V � � � i.e. only the state of the objects in V � � � is modified, and no

objects are added to or deleted from the o-set.
E3 The execution of � is deterministic i.e. given another set �_^ , in which the objects that � accesses have

the same state, � will behave exactly the same. Formally,
` � ^ba W � � � 1c� ^ �dW � � � 1c� ,fe � ^ A�� N � ^ ��� ,BA�� N � ,

For the add operation V � � � �gW � � � � � ��+
, and this is the first write on the object with name

�
. The delete

operation requires synchronization between all participants to ensure that they do not issue an update which ac-
cesses the deleted object. It can be easily implemented by multiple sub-operations, each with an empty access set,
which together implement the synchronization. We limit our discussion to the interesting operations i.e. the add
and update.

2.1 Predeclared Access Information
As mentioned before, we want to consider access semantics in the predeclared access information. This is repre-
sented as an access compatibility matrix for each object. The access compatibility matrix for an object with name�

is a predicate hJi aGj ilk j inmoqp , where j i is the set containing the accesses, and p9� � M'r$RS� �%s DGL�t#� + . hui � D �%v��
is true if the two accesses are commutative, else false. Also, w i 8 j i are the accesses which modify

�
. For any

operation � , the application provides W � � � , as defined earlier, and for each
�Kx W � � � , it defines the function D ���*� � �

as the access on
�

by � . Using this we can detect if accesses on
�

by two operations are commutative. It also
allows us to infer the modification set, V � � � , using

�Kx W � � � :yD ���*� � �\x w i 6 �Kx V � � �

We consider one special type of write access z x w{i , which is incompatible with all other accesses, i.e.
`f| x

j i a h � | � z � � s DFL�t�� . This is used for the add operation, i.e. D ���*� DGEFE �}�~�%�$��� ��z .

2.2 General Algorithm Properties
Assume that there are � processes3 	 ����&#&�&�� 	J� , all connected to an o-set. We consider an execution history of the
consistency algorithm. The initial o-set replica at all the processes is the same. Let U be the set of all operations
issued in an execution history and U ,

be the set of operations issued by process 	 , . An operation � , such that
� x U ,

, is issued at 	 , . This operation is then assigned a timestamp by 	 , . The timestamps create a partial order� U � o �
. A partial order relation is asymmetric, and transitive. The timestamped operation is then broadcast to

every process (including 	 , ), which commit it at some time in their local history. The commit of � at a process 	S^
is represented by the local event � ^ .

Let � ,
be the set of events occurring at 	 , . For convenience, we assume that the history is complete i.e. every

issued operation has committed at every process. Then,

� , � � �
,��

� x U +

The events in � ,
are totally ordered using the relation o ,

, which is asymmetric and transitive, and
� � , � o , �

is the
process history of 	 , . Therefore, the global history � is

�X��� � U � o ��� � � ��� o ����� � � !�� o !�����&#&�&'� � ��� � oP� ���
3Each process represents a different site with a replica of the o-set.
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Definition 1 � is well-formed if and only if the commit order at each process respects the timestamp order i.e.
` � ��� � !�x U � 	 , a � � oq� ! e �

, � o , �
, !

Definition 2 The conflict predicate on any two operations � � � � ! is defined as

� �$�fs L�� � M � � ��� � !%� ��� �Kx W � � ��� >�W � � !�� a�� h i � D ���*� � ����� D ���*� � !����

We assume that each process somehow (optimistically or pessimistically) executes operations in its commit order.
Therefore, using the operation semantics and the above definitions we can show the following.

Lemma 1 Given a well-formed history and
� U � o �

, such that
` � ��� � !�x U a � �$�"s L�� � M � � ��� � !%� e � � o�� !�� � ! o

� � , all replicas will converge to the same state.

We refer to such a timestamp order,
� U � o �

, as a convergent order. The algorithms we consider generate a conver-
gent order, and a well-formed history.

3 2 Phase Timestamping
We assume for simplicity that for any object

�
accessed by an operation � , D �}�~� � � ��z , i.e. no accesses to an

object commute. Section 4.1 discusses the generalization for other accesses.

3.1 Tokens
Each object, say with name

�
, has an abstract token L i associated with it. Conceptually, a token has an integer

valued counter which is initialized to 0. This counter is incremented by 1 whenever a process requests a stamp
from the token. The value prior to the increment is returned as the stamp value. A token supports three methods.

1. getStamp : Return the current counter value and increment the counter by 1.

2. getStampAndLock : Similar to getStamp , but the token is locked after the increment. Until the lock is
released, other requests for a stamp will be queued.

3. release : Release the lock on the token so that it can satisfy other stamp requests.

There are many possible implementations of such an abstract token. For example, there could be a static site man-
aging a token, and all methods on the token involve communicating with that site. Another option is to dynamically
move the site managing the token closer to the process invoking the methods. If there is high locality and low con-
tention for the token across processes, this can decrease the cost of the above methods. The cost of a method
invocation includes the cost of communication and the time taken for the invocation to complete. Regardless of
the implementation, during periods of contention, for example when there is potential for collision of entities in a
virtual environment, the cost of these methods will be high. We will not concern ourselves with the exact token
implementation, but assume that in general the above methods can be costly. Also, using getStampAndLoc k
can increase the time for subsequent stamp requests as they may have to queue up. Therefore we will want to
minimize the total number of method invocations on tokens, and the number of getStampAndLock invocations.

An operation � needs to get a stamp from all L i , where
��x W � � � . The add operation for object

�
is the

first to get a stamp from L i and is therefore timestamped
�����*�%���%+

. In general, timestamps are of the form�����"��� M ����� ���"��� M �'���#&�&�& + , where
�"�F�%�f����&#&�&

are object names. An operation is fully timestamped when it has got
a stamp from all the tokens it is supposed to, as decided by its access set.
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3.2 The Algorithm
Let an operation � access objects

� 
 ���J�#&�&�&'� 
 + . Figure 2(a) shows the 2 phase timestamping methodology for such
an operation. Each token is locked, and stamps are requested sequentially i.e. the stamp from L ,BA�� is requested
after getting the stamp from L , . When � is fully timestamped, all tokens that were locked can be concurrently
released. Deadlocks are avoided in the 2-phase timestamping scheme by getting the stamps from the tokens in a
certain predefined order.
Operation Ordering Let � & MTt be the timestamp of an operation � . For an n-set W�� �G&�&#&�� �����%� M �'����&#&�& + , define
W�� �"��� ��M � . Then, we define the relation o�� as

�Qo � ��2�6 � �Kx . � � & M't � >3. � ��2 & MTt � a � & M't�� �u��  
 ����2 & M't�� �u�
Let the transitive closure of the above relation be the relation ¡ . Due to 2 phase timestamping, the

� U � ¡ �
relation

is asymmetric, and hence is a partial order. Also, this relation is convergent i.e. if processes respect this order, their
replicas will converge.
Commit Rule Process 	 , maintains a current time ¢ , . An add operation that adds object

�
results in a new current

time of ¢ ,�Il�����*�����%+
. For an update operation � , it first checks if . � � & M't � 8Z. � ¢ ,£� . If not, this operation accesses

some objects that are yet to be added, so � has to wait. If yes, it then checks if
` �Kx . � � & M't � a ¢ , � �J�J  
 ��� & M't�� �u�

If yes, � commits, and for all
�Kx . � � & M't � , we increment ¢ , � �J� by 1. It is easy to see that the commit order at each

process respects
� U � ¡ �

, and therefore the state of the replicas converge.
The above algorithm can be slightly optimized by changing the last stamp request, getStampAndL ock

� L¥¤ � ,
in figure 2(a) to getStamp

� L£¤ � . This makes it a
���@N 
���
 � phase algorithm. In the simple case when 
 � 
 ,

this reduces to a 1 phase algorithm. However, in general, this algorithm has some major drawbacks. Stamps are
requested sequentially, which slows down timestamping, and tokens are locked, which can increase the time to get
each stamp.

4 ¦� Phase Timestamping
Figure 2(b) shows the timestamping procedure for the same operation using 
���
 phase timestamping. All the
stamps are requested concurrently and no tokens are locked.

Operation Ordering We again consider the o � � ¡ relations. The
� U � ¡ �

relation can have cycles, i.e. there
can be some � � � 2 such that �§¡ � 2 and � 2 ¡ � . To resolve such cycles, each operation � is also stamped with a
random number � & r at the issuing process. We assume that such random numbers are unique for each operation. In
reality, even with a 64 bit random number, there is always a non-zero probability that two processes with different
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seeds will produce the same random number. In such cases, the unique process identifier can be appended to the
random number, making it unique enough for our purposes. We can now generate a partial order

� U � ¡ 2 � that is
convergent, as follows.

�)¡¨� 2 :�� 2~©¡7� e �)¡ 2 � 2 � �)¡¨� 2 :�� 2 ¡¨�Z:�� & r�ª9� 2 & r e �Y¡ 2 � 2
Ready to Commit To ensure at each process that operations commit in an order that respects ¡ 2 , we need the
notion of ready to commit. If an operation � is ready to commit at a process, all operations � 2 x U such that � 2 ¡«�
are also ready to commit, or have committed at that process. This implies that if �)¡¨� 2 and � 2 ¡¨� , then � � � 2 will
be ready to commit at the same time.

We sketch the algorithm for detecting readiness to commit at a process 	 , . At any instant there is a directed
graph with vertices being the operations waiting to be ready, and ¢ , , the current time. Consider any two operations
� � � 2 in this graph. There is an edge from vertex � to vertex � 2 if and only if �@o � � 2 . Also, there is a heavy-edge
from ¢ , to a vertex � 2 if and only if there exists a � such that �Ko � � 2 , but � has not yet been received at this
process. The existence of such an � can be inferred at all instants at a process because the timestamps are precise.
An example of such a graph is shown in figure 3(a), with the timestamps of each operation. The heavy-edge from
¢ , to �#¬ is because no operation with timestamp

���"�J��­��
or

��� ¬ ��®F� has been received. Similarly, the ¢ , to � � , and
¢ , to � ® heavy-edges are due to missing the operation(s) with timestamps

��� 
 � ¬ � and
�}�f�u� 
�
 � respectively. Each

vertex maintains a count of the number of different heavy-edges that can be used to reach it. Whenever a new
timestamped operation is received, it is inserted into the graph, and the count values are updated. This updating
can be easily done in ¯ � �±°l�   �

�
� �

, where
°

are the vertices and � are the edges in the graph. This is not costly,
especially since we expect this graph to be small at any instant. When the count at a vertex becomes zero, it is
ready to commit. In the example shown in figure 3, assume that ��² is received and then � 
 . At this instant, all
operations in the graph are ready to commit, as shown in figure 3(b), and the value of ¢ , is updated as in the
2-phase scheme.

Commit Once a subgraph of operations are ready to commit, we need to traverse this ready graph in an order
that respects ¡ 2 . We sketch a simple algorithm to do this in ¯ � �±°n� !   �±°5�B�

�
� �

. We start with the ready operations
sorted in increasing order of their random stamp r . Assume that this sorted list for the example, is as shown in
figure 4. The first operation in this list, ��² , is picked and a graph traversal is done to find the vertices reachable
from it. ��² is then positioned before the vertices it can reach and after the vertices it cannot reach. This position of
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��² is its final position and can potentially divide the list into two sublists. Intuitively, all operations before ��² are
not in a cycle with ��² , so ��² is positioned to commit before any operations it could be in a cycle with. This step is
repeated for each sublist. Each step takes ¯ � �±°n�   �

�
� �

and there are ¯ � �±°l� �
steps.

4.1 Discussion and Extensions
The 
���
 phase algorithm is enabled by the predeclared access information. This allows us to timestamp an opera-
tion without executing it. If we had needed to execute the operation, a timestamping cycle would have resulted in
a deadlock, which would require aborting the operation.
Token Granularity We have assumed a token per object. When objects are very fine-grained, or when operations
access many objects, the algorithm can be extended to handle multiple objects per token. However, this can make
the timestamp ordering stronger.

Using Access Compatibility in Tokens The algorithm discussed above assumes that all accesses are non-
commutative. To extend it for general access compatibility, the stamps generated by the tokens need to be changed
slightly. The counter is replaced by a (phaseCount, opCount, prevOpCount) triple. Each phase con-
sists of accesses that were all commutative with each other. A new phase is begun when a stamp request is received
for an operation whose access is not commutative with at least one of the operations stamped in the current phase.
opCount , prevOpCount keep a count of the number of operations stamped in the current phase and previous
phase respectively. All stamps include the phaseCount and the prevOpCount , so that each process knows
when all the operations in the previous phase have been received. Using this approach the algorithms discussed
earlier can be extended to handle general accesses.

Membership Change and Failures Dealing with changes in participants and failure of participants is very
important for data management algorithms deployed in a wide-area environment. In this discussion we assume
that tokens are somehow fault-tolerant, and concern ourselves with building a fault-tolerant consistency algorithm
on top of such tokens. Other than method invocations on tokens, all messages in the system are for dissemination
of timestamped operations to participants. Therefore, it is natural to utilize fault-tolerant multicast protocols based
on virtual synchrony [7]. Such protocols initiate a flush whenever multicast group membership changes, before
installing a new membership view. When such a flush is initiated, a process can have some operations that are not
fully timestamped. For such operations, the process will need to abort the timestamping i.e. ignore the stamps
that have already been received, and start all over again after the flush is completed. Also, all counters associated
with tokens are initialized to zero after the flush completes. This can create holes in the timestamping order. For
example, an operation which got the stamp

�}�~��³J�
may abort timestamping, while an operation that got stamp���*�¥³n  
 � in the same membership view may be disseminated to everyone. But we do not want this second

operation to wait forever to commit. The problem is easy to solve. At the end of a flush, each process has got all
the operations that were going to be delivered in a certain membership view and nothing more. Therefore, they can
commit even if there are holes in the timestamping order.

5 Related Work
Many algorithms for interactive groupware use independent and imprecise timestamps, for example the ORESTE
algorithm [10]. An important exception is the DECAF algorithm [14], which has properties of both independent
and dependent timestamps. It uses a Lamport clock to timestamp operations, but the timestamp is validated by the
primary copies of the objects that the operation accesses. However, as the timestamps are not precise, a process
receiving a timestamped operation has to go and check with the primary copies to ensure that it can be committed.
Timestamps can be rejected by the primary copies, and then timestamping has to be retried. There is also no bound
on the number of times a timestamp for an operation can be rejected.

Other approaches include explicit on-demand locking, which is basically a 2-phase algorithm, like in [12], or
using totally ordered multicast, like in [6]. Totally ordered multicast is effectively an o-set with one token, and
each operation has to get a stamp from this token.
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The five-color concurrency control protocol [8] uses predeclared access sets to do non 2-phase locking. How-
ever, like all database protocols we are aware of, it keeps the dependency graph between transactions acyclic. By
decoupling the timestamping from the execution, we can handle cycles in the operation dependency graph, and at
the same time never need to abort.

6 Conclusions
We have described the key characteristics of shared data in interactive groupware which make it different from
most replicated databases. These characteristics include short operations, no explicit aborts and the ability to
predeclare access information. This results in a different architecture for algorithms that manage this shared data.
Due the the availability of predeclared access information, we can totally decouple timestamping and execution
of an operation. Our definition of commit is local to a site, as users cannot abort operations, and replicas are not
persistent across failures. By disseminating the operation itself, as an executable object, we can make the commit at
each site independent of commit at the issuing site. These design choices allow us to develop an efficient alternative
to 2 phase timestamping, which is 
���
 phase timestamping, by concurrently getting all stamps. This algorithm is
deadlock and abort free.
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