A Flexible Object Merging Framework

Jonathan P. Munson and Prasun Dewan
University of North Carolina-Chapel Hill
Chapd Hill, NC 27599-3175
{munson, dewan} @cs.unc.edu

ABSTRACT

Theneed to mergedifferent versionsof an object toacommon
state arisesin collaborative computing due to severa reasons
including optimistic concurrency control, asynchronous cou-
pling, and absence of access control. We have developed a
flexible object merging framework that allows definition of
the merge policy based on the particul ar application and the
context of the collaborative activity. It performs automatic,
semi-automatic, and interactive merges, supports semantics-
determined merges, operates on objectswith arbitrary struc-
ture and semantics, and allows fine-grained specification of
merge policies. It is based on an existing collaborative
applicationsframework and consi stsof amerge matrix, which
defines merge functions and their parameters and allows
definition of multiple merge policies, and amerge algorithm,
which performs the merge based on the results computed by
the merge functions. In conjunction with our framework we
introduce a set of merge policies for severa useful kinds of
merges we have identified. This paper motivates the need
for a general approach to merging, identifies some impor-
tant merging issues, surveys previous research in merging,
identifiesalist of merge requirements, describes our merging
framework and illustrates it with examples, and evauates
the framework with respect to the reguirements and other
research effortsin merging objects.

KEYWORDS: diff, flexible coupling, optimisticconcurrency
control, merging, undo, versions.

INTRODUCTION

In the course of collaboratively producing a document or
some other artifact, collaborators often find that they have
created two versions, each containing revisionsthat they wish
to have in a single version. It then becomes atask to take
the set of revisionsfrom oneversion and re-apply them to the
other version of the object. A tool that points out the differ-
ences between the versionsmay beemployed to ease thetask,

if such atool isavailable, but merging the versions remains
essentially amanual process. This situation is objectionable
on two counts: first, the needed differencing tools may be
unsatisfactory or unavailable, and second, the process of
re-applying one set of changesto an object to another version
of the object is error-prone and time-consuming. A tool that
performs the merge automatically, responding appropriately
to conflicting changes, would be highly useful.

A number of merge tools aready exist. Tools for merg-
ing plain-text files include the UNIX diff3 tool, the RCS
rcsmerge tool [11], and the fileresolve tool in Sun’s Network
Software Environment [1]. Research effortsincludethework
of Horwitz, Prins, and Repswith a program merging tool that
detects an inconsistent merge through the use of program
dependency graphs [6], and the GINA collaborative appli-
cation framework [2], which allows users to merge revised
versions by merging command histories. Work related to
object merging includesthe PREP flexible diff tool [9], which
gives users flexibility in finding and pinpointing differences,
and the concurrency control model of Ellis and Gibbs [4],
which determines a consistent ordering of operations at all
sites in a distributed collaborative environment by merging
concurrent operations.

Current merge tools are either limited by being based on
plaintext files, or are not adaptabl eto particular collaboration
contexts. We have devel oped anovel, flexible object merging
framework that allows definition of the merge on the basis of
the particular application and the context of the collaborative
activity. It performs automatic, semi-automatic, and interac-
tive merges, supports semantics-determined merges, operates
on objectswith arbitrary structure and semantics, and alows
fine-grained specification of merge policies. Itisbased on an
existing collaborative applicationsframework and consi stsof
of a merge matrix which defines merge functions and their
parameters and alows definition of multiple merge policies,
and a merge agorithm which performs the merge based on
the results of the merge functions. In conjunction with our
merge framework we introduce a set of merge policies for
several useful kinds of merges we have identified.

The rest of the paper is organized as follows. We begin by
identifying collaboration scenarios in which the problem of
merging arises. We then highlight some of the issues that
confront a general approach to merging, follow this with a



discussion of existing merge tools and previous research in
merging, and motivate and describe a set of requirementsfor
mergetools. We then describe our merge scheme and provide
examples of itsuse. Finally, we evaluate our merge scheme
with respect to its ability to simulate the existing merge tools
discussed previoudly.

NEED FOR OBJECT MERGING

The problems of merging do not arise in all collaborations.
For instance, if the collaboration consists of brainstorming,
then there is no need for producing a final merged artifact.
In alarge number of artifact-based collaborations, however,
the need for merging potentially conflicting changes arises.
In this section we identify conditionsin such collaborations
under which this problem arises, in terms of the functions
collaboration environments may provide. We will use as
examples two collaboration scenarios that we feel are typical
situations requiring object merging. They will be referred to
throughout the paper.

1. Two authors are collaborating on a journal article. As
the deadline approaches, it becomes necessary for the
authorsto work on thedocument simultaneoudly, instead
of the back-and-forth editing they had been doing. One
corrects scattered figures and the associated references
to them, and the other adds citations. They are us
ing ordinary text editors and so are forced to work on
different copies of the text, thus creating two different
versionsthat will need to be merged beforethe articleis
submitted.

2. Two programmers collaborating on a compiler project
are using the Unix parser generating tool, Yacc, to
create the grammar of the compiler. They have abasic
grammar completed and now work on separate versions
so that they may develop different portionsof the gram-
mar. Oneworkson al the productionsthat are program
statements and the other works on the productions that
define legal expressionsin the language. At some point
they will need to merge the versions before they can
make further progress on the compiler.

Coupling. Merging is not useful in those collaborative ac-
tivitieswhere an artifactisalwaysWY SIWIS (What You See
IsWhat | See) [8] coupled. Inthiscase concurrent editsnever
produce separate versionsof an artifact. Mergingisprimarily
useful where the coupling between views, or versions, of an
object allow asynchronous collaboration. Concurrent editing
with existing tools that do not offer coupling will of course
result in separate versions, asisthe case in our text document
collaboration example above. The Yacc grammar collabo-
ration provides an example of when uncoupled concurrent
editing isin fact desired: during the time the programmers
areworking individually, theneed to repeatedly edit, compil e,
and test requiresthe grammar versionsto bekept in separately
consistent states.

Merging may a so be useful in cases where views of an object
are normaly coupled but become temporarily uncoupled
when coupling mechanisms are unable to operate. As an
example, take the case where a teleconference is interrupted
by a communications failure. Conferees at both ends may
continue to work, and as a result, when communications
are restored, their work needs to be merged. Mobile, or
“nomadic,” computing, where users environments follow
them when they are out of the office, may also provide cases
of thiskind.

Concurrency control.  Merging may be useful in an opti-
mistic long transaction model. Under this modd, collabo-
rators who have made inconsistent changes would typically
wish to merge these changes rather than abort one of their
transactions. Merging in general provides “late’ concur-
rency control for coll aborationswhere concurrency control is
required but cannot be enforced—dueto lack of tool support,
for example.

Access Control.  In situationswhere collaborators work on
separate versions of an object and access control mechanisms
cannot enforce the access control policy desired, a suitably-
defined merge procedure can provide late access control by
accepting revisions in the merged object on the basis of the
author of the changes. An example of thisuseis given later.
Access control used in conjunction with partitioning—where
the collaborators divide the object into sections to which one
or the other has exclusive access—can prevent the need for
merging, but thisis not always aviable solution. Partitioning
may not be practical when the object isnot modularized, such
as the Yacc grammar, or when users changes need to span
multiple, overlapping, modules. Moreover, the partitioning
needed for a particular situation may be difficult to anticipate
because it is not known beforehand who will make what
changes. Furthermore, the appropriate partitioning may well
change over the course of the collaboration. 1nthe exampl e of
the journal article writers, all these objectionsto partitioning
may be relevant.

Undo/Redo. Insystemsthat providecollaborativeundo/redo
[7], the need for a merge capability may be somewhat less-

ened. Collaborators can merge their versions of the object
by smply stepping through their edits and using a “redo”

mechanism to apply one collaborator’s changesto the other’s
version of the object. This is how merging is performed

in the GINA environment. But as the edit histories grow
in length, this becomes a less attractive merging procedure.

The usefulness is a so sensitive to the granularity of the edit
histories: the finer grained the history, the more tedious
merging becomes.

ISSUES IN OBJECT MERGING

In the preceding section we described how different versions
of an object may arisein acomputer-supported collaboration,
thus engendering the need for toolsto merge the versions. In



this section we describe the merge problem itsalf, presenting
informally what we regard as two different aspects of the
problem. The first recognizes the fact that different col-
laboration contexts require different kinds of merging. The
second focuses on the fact that the different kinds of objects
we wish to merge have different properties, which influence
the merge procedure. Our examples exhibit differences in
both respects.

Merging in different collaboration contexts

In thetext document example the only reason thetwo authors
created versions of the document was so that they could
work on it smultaneoudy. They would not have done so
if their editing system had supported concurrent access to
the file. The authors had different tasks and did not expect
their changes to affect anything the other was doing. In
the example of the compiler writers the case is somewhat
different. The programmers had different tasks but ther
different tasks may have involved changes to the same parts
of the grammar. Versions arose in this case not accidentally
but intentionally. We might therefore expect the kind of
merge performed for the two collaborationsto differ. In the
case of the two authors working on the journal article, we
may expect the collaborators to want to simply include all
changes in the merged document; in the case of the compiler
writers, we may expect them to include some and negotiate
over others—in fact, they may wish to discuss al changes.
The merge procedure will operate somewhat differently in
each case. We will refer to thefirst as a consolidation merge
and the second as a reconciliation merge.

A consolidation merge assumes that each of thetwo revisions
to be merged is a revision of a common version. Thereis
also an assumption that while there may be some overlap or
conflict between the changes, for the most part the changes
are complementary. That is, a consolidation merge assumes
that ameaningful version can be created that incorporatesall
non-overlapping changes. The merged version includes all
objectsthat wereinserted in either input version, doesnot in-
clude any objectsthat were deleted from either input version,
includesall changed objectsin either version, and includesall
unchanged objects common to both versions. Collaborators
choose between overlapping changes interactively.

A reconciliation merge does not assume complementary re-
visions between the two versions to be merged. 1t assumes
that the reason for merging is to resolve conflicts. As a
variationonthe Yacc grammar example given above, suppose
thetwo programmers have decided to each preparedternative
versions of that part of the grammar that defines expressions.
When the two versions are completed, the programmers
compare the versions side by side in order to choose the
version they think better. They find, however, that they
would like to take parts of both as the final grammar. In
this case, they will perform a reconciliation merge of their
two versions, and the merge procedure will consist mainly of

making aselection of oneof two choices. A definition of this
kind of merge will be quite different from a definition for a
consolidation merge. A reconciliation mergewill notinclude
all non-overlapping revisions as a consolidation merge will.
Initsmost extreme form, areconciliation merge will include
only those revisions that both collaborators agree upon. For
practical purposes, however, it would be desirable to alow
certainkindsof revisionsunchal lenged—any additionswould
be accepted but agreement of the collaborators would be
required for replacements and del etions.

Reconciliation merging and consolidation merging each rep-
resent what we call a merge “policy” A merge policy is a
set of rulesthat determine which revisions will be included
inthe merged object; or apolicy may providethecriteriathat
will used to determine which revisions will be included in
the merged object. Later, when we have described our merge
framework, a merge policy will have a concrete representa
tion, allowing policies to be described more formally.

Merge policies may use mechanisms other than user inter-
action to determine which of a pair of conflicting revisions
appear in the merged object. Suppose a salesperson keeps a
file of contact information on both an office desktop machine
and a laptop computer. The information is kept current by
periodically merging the two files, which is done automati-
caly whenever the computers are linked. It is possible that
between merges the sal esperson has modified the same piece
of information on both systems, thereby causing a conflict
when the two files are merged. An appropriate merge policy
for this situation may be to examine the time stamp of each
revision and keep the most recent one. Here we see a
policy using an object attribute (time of last modification)
to determine the merge result. It is aso an example of a
policy using automatic conflict resolution.

A merge policy may aso examine the value of the objects
to determine which revisions to accept. Let us suppose that
two students collaborating on a short paper as a homework
assignment both work on the paper the night before it is
due, and athough they worked on separate sections, both
made changes to the Abstract section. Just before class the
next day the students need to quickly merge their revisions,
without time to view each other’s changes. They fed that it
is important to not submit anything with spelling errors so
they set up their merge policy so that, in case of overlapping
changes to a sentence, the sentence that passes the spell
checker is chosen for the merged version. If both pass the
spell checker the sentence of thefirst author is chosen. This
isan example of a semantics-determined merge.

Asadifferent kind of semantics-determined merge example,
let us suppose an executive gave a project’s proposed budget
to two managers and received back their two counter propos-
als as versions of the original budget. To get a fed for the
range of costs expected, the executive produces two merged



versions of the budget: onein which for all items the lowest
value of both versions is chosen, and another in which the
highest valueis chosen. The executive thusgetshigh and low
estimates for the project.

Merging different kinds of objects

The two objects in our examples, a text document and a
Yacc grammar, differ substantially in their structure and
semantics. A text document may be defined as a sequence
of paragraphs, where each paragraph is a sequence of sen-
tences, each sentence is a sequence of words with some
terminating punctuation, and each word is a sequence of
characters. A Yacc grammar, on the other hand, is composed
of production rules with a nonterminal on the left-hand side
and a segquence of terminals and nonterminals (and perhaps
semantic actions) on theright-hand side. In additionto being
structurally different, the two objects are semantically quite
digtinct. A Yacc input object represents a grammar with
explicit relationships between productions, wheress a text
document has some simple dependencies such as between
figures and references to figures, and some dependencies too
complex to be machine-checked, e.g., “the new term was
adequately defined beforeit was used.”

We may thus expect merge policies for the two objects to
differ inthose aspects of themerge policy related to the object
structure. One such aspect is how the policy defines a merge
conflict, by which we mean that situation when revisions
from one version and revisions from the other version either
overlap or, if both are accepted for the merged object, would
potentially leave the object in an inconsistent state. A merge
policy for atext document may define a conflict aschangesto
the same sentence, while amerge policy for a Yacc grammar
may define a conflict as a change to the same production.
Another aspect of a merge policy that is object-dependent
is the conflict resolution mechanism. A tool which resolves
changes to the same procedure in a program in one language
will not be appropriate for programs in another language.

Collaborators may desire different policiesfor different par-
ticular structures, not just different types of structures as
in the example of conflict definition above. For example,
the compiler grammar programmers may designate certain
nontermina declarations as changeable by only one person,
so that any concurrent changes to these declarations are in
conflict. This is an example of a policy to enforce late
access control. To accommodate these intra-object policy
differences we must be able to define fine-grained merge
policies.

High-level requirements for merge tools

Based on the issues in object merging that we discussed
above, we have identified a set of requirements for general
merge tools. A merge tool should:

o offer automatic differencing, i.e., not regquire users to

manually find differences between two sets of changes.

o Offer interactive merging, i.e.,, alow users to interac-
tively select which revisionsare included in the merged
result.

e operate on generd abjects. A merge tool should not be
restricted to objects represented as text files.

o provide conflict detection based on the structure of the
object. Thismeansthat conflictswill bedefined interms
of object structures(text sentences, program statements)
instead of representation structures (linesin atext file).

o alow semantics-determined merges, i.e., provide mech-
anisms for the object semantics to determine the merge
result. This may be through functions that evaluate
whichrevisionsto accept or functionsthat simply present
semantic information to the users during the merge.

o let users specify the merge policy. Users should have
the ability to tailor the merge policy according to their
specific needs. This includes defining what sets of
changes constitute a conflict.

o permit fine-grained definition of merge policies.

o offer automatic conflict resolution. A merge tool should
allow users to determine beforehand how certain con-
flicts should be resolved, whether based on the kinds of
changes made or the circumstances of the changes.

PREVIOUS RESEARCH IN MERGING

Object merging isnot a new idea, not even for collaboration
systems. Previous efforts have ranged from relatively ssimple
systems for text documents to sophi sticated semanti cs-based
systems for computer programs. In this section we review
these effortsand discussthem in light of the merge issuesand
requirements discussed above.

Software development tools

UNIX diff3.  The UNIX diff3 program compares three files
and can output an ed script that, when applied to one of the
three files, will produce a file that combines the changes in
the other two, thus producing, in effect, a merged file. diff3
is based on the diff program and so is strictly a text-oriented
merging program.

RCS rcsmerge.  The rcsmerge program is, like diff3, a
text-oriented merge program, but is based on the mechanisms
of the RCS system [11]. The same observations made about
diff3 above apply to rcsmerge. The advantages of rcsmerge
over diff3 are that it will warn of overlapping changes and
that it is integrated with the safety and code management
mechanisms of a versioning system.

Sun’'s NSE fileresolve.  The fileresolve tool in Sun’s Net-
work Software Environment [1] is a differencing-based text



merge tool that alows users to do side-by-side comparisons
of two sets of changesto afile, and can automatically merge
changesthat do not overlap. Overlapping changesareflagged
and presented to the user performing the merge, who may
select one change or the other, or modify the file by hand.
Changes may also be undone.

Semantic diff. ~ Horwitz, Prins, and Reps [6] present an
algorithm (which we refer to as “Semantic diff”) to merge
two different versions of a program in a semantically correct
fashion. That is, if the two versions do not “interfere” with
each other, Semantic diff will produce a merged program
that incorporates the semantics of both versions. In brief,
their merging agorithm first constructs program dependence
graphsfor the base version and thetwo revised versions, then
merges the three dependence graphs into one dependence
graph, checksthe merged dependencegraph for interferences,
and finally produces the merged program from the merged
dependence graph.

Collaboration tools

Flexible diff. flexible diff [9] isatool in the PREP writing
environment that finds and reports differences in text docu-
ments and computes scripts for automatically combining the
differences in a merged document. flexible diff is different
from the UNIX diff tool in that it allows users to choose the
kind of differencesthat are found and how they are reported.
Usersfirstindicateto flexible diff the granul arity of the differ-
ences they want found, with the choices being word, phrase,
sentence, or paragraph. They are aso offered a number of
parameters which control how the differences are reported.
Oneis granularity of the pinpointing, with the choices again
being word, phrase, sentence, or paragraph. |If the user
chooses a pinpointing granul arity of sentence, then any word
differences will be shown as an old sentence deleted and
a new sentence inserted. Other reporting parameters alow
users to choose fine granularity finding and reporting but in
caseswheretherearemany word changes closetogether, have
flexible diff report them as a phrase or sentence change—thus
improving the difference report’s readability.

The research on flexible diff has inspired our effort in this
area by identifying the resolution of concurrent changes asa
first-class research issue in collaboration systems and mo-
tivating the need for performing this task flexibly. The
merge parameters of our work complement the differencing
parameters flexible diff work has identified.

GINA. GINA [2] takes an approach wholly different from
any of the previous merge procedures. Instead of basing
the merge procedure on differences between object versions,
GINA bases the merge on the command histories it keeps.
The command history is centra to the entire GINA sys
tem. GINA isareplicated architecture; applicationsmaintain
consistency with each other through exchanging commands.
An application passes each command it receives from the

user on to the other replicated applications in the form of
a command object. Each application maintains a history
of command objects. This history is the basis of GINA's
undo/redo capabilities.

Command histories are used in the GINA merge procedure
asfollows. If two authors of adocument begin with the same
version and create different versions by executing different
editing commands, the command history associated with
the object forms a two-branched tree, where each author’s
changes form one branch of the tree. A merge of the two
authors' changes is performed by taking one of the com-
mand object branches and applying it at the end of the other
branch—in effect, redoing one author’s changes on the other
author’s version of the object. This is the same principle
by which diff3 and rcsmerge work, except that these two
programs are based on computed version differences rather
than change histories. If one author has changed a part of
the object that the other has deleted or has a so changed, the
authors are notified and will have to choose which change
to keep. They may undo the affected operation of the first
branch and redo the operation of the second branch, or smply
not redo the operation of the second branch.

Groupware concurrency control (Ellis and Gibbs). The
concurrency control model of Ellisand Gibbs[4] uses merg-
ing to ensure that each site in a distributed collaborative
environment sees the same order of operations. At each
site, the scheme merges the operationsthat are received from
the other sites with the site’'s own operations according to
a priority based on the site ID and the target object of the
operation. No operations are aborted, but one operation may
nullify the effects of another. The consistency achieved in
thismodel isthat each site sees the same order of operations.

Discussion of current systems

Table 1 shows how current merge tools compare with the
requirements discussed discussed above. Only GINA is
shown as supporting general objects. diff3, rcsmerge, and
fileresolve merge line-oriented text aobjects, a class which
includes a wide range of common entities such as text doc-
uments and computer programs, but does not include more
structurally-complex objects such as spreadsheets and draw-
ings. Semantic diff, because it isbased on the semantics of a
particular programminglanguage, i srestricted to operating on
programs of that language. GINA offerstrue generality with
respect to the object merged becauseit is based on command
histories, which are common to al GINA applications.

Semantic diff isthe only merge tool that offers object-based
conflict detection; flexible diff offers object-based differenc-
ing. Semantic diff’sconflict detection is based on the seman-
tics of the object, i.e., whether a given statement modifies a
certain variable, while flexible diff's difference detection is
based on the structure of the object, i.e., word or sentence
or paragraph. rcsmerge and fileresolve detect when both
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automatic interactive | general | based . user-set | fine-grained .
N . A . . determined L - conflict
differencing | merging objects | conflict . policies | policies .
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detection
diff3 .
rcsmerge °
fileresolve .
Semantic diff . .
GINA . .
flexible diff ° N

Table 1: Merge tool requirements.

versions contain changes to the same line, but we do not
regard thisas object-based conflict detection unlessthe object
structure is ssimply “sequence of lines” For example, if the
object wasatext document and both versions of thedocument
contained changes to the same sentence, these tools would
notify the users if the changes were on the same line of the
file, but not if the changes were on different lines. GINA
conflict detection is object-based since command histories
are specific to the type of object.

A FLEXIBLE OBJECT MERGING FRAMEWORK

Basis and overview

The basis of our flexible object merging framework is the
Suite collaboration system [3], which providesgeneral struc-
tured objects, fine-grained object attributes, functions for
checking the semantic correctness of user changes, and flex-
ible coupling between object views. Although Suite does
not provideaversion model as such, Suite’sflexible coupling
givesusthesupport for versionsthat werequirefor abasicim-
plementation of a merging system. A basis of genera struc-
tured objects alows us to take an application-independent
approach to merging and to utilize the object’s structure in
the merge. Suite objects are constructed from basic types
such asintegers, reals, and strings, and aggregate types such
as records and sequences. Finally, Suite' sfine-grained object
attributes, which may be inherited via type or structure, are
used for flexible definition of merge policies.

Our merge framework consists of two elements. a merge
matrix construct and an a gorithm that uses the merge matrix
to accomplish the merge of two object versions. The merge
algorithm recursively traverses the structure of the object,
top-down, and for each substructuretakes both users’ edits of
the substructure and consults the merge matrix to determine
which edits should be accepted for the merged result. We
first describe the merge matrix in detail and then present the
procedure that implements our merge a gorithm.

The merge matrix

The merge matrix is a mechanism in the spirit of the access
control matrix of operating systems theory [5] and the lock
compatibility table devel oped by the research in object trans-
actions [10]. The merge matrix has a row and column for

each editing operation that can be performed on the object.
The rows represent the edits of one user and the columns
represent the edits of the other user. The entries of the matrix
specify the action the merge procedure isto take for the pair
of editsindicated by the (row, column) address of the entry.
The genera form of an entry isafunction that returnsthe edit
action to take. Function inputs may include anything that is
relevant to choosing the action to take. We have identified a
set of predefined merge functions and associated parameters,
including functions that select changes on the basis of the
time the changes were made or who made them. A function
may invoke other functions, such as validation functions to
check the consistencies of the revised objects. Typicdly,
however, the entries of amerge matrix are the row or column
edits themselves.

Table 2 shows a sample merge matrix for a Sequence object.
The row and column operations in the matrix—"modify
element #” “delete element #" and “insert after element
#"—are for operations on the same element. If the elements
of the sequence are structured objects, the “mod. et. #
operation stands for al operations on that element; for a
simple object the modify operation means “replace” We
use severa shorthand notations: “#” indicates that the user
performed no operation on the element; “row” and “column”
stand for the edits of the row or column user; “both” means
that both edits should be accepted; “users’ stands for the
function that presents the users with the aternative changes
and requests that they select one or the other, or another edit,
then returns their choice to the merge procedure. Entries
are blank where the two operations are never paired for
comparison.

The value “merge edits’ in the “mod. et. #mod. et. #’
entry of the merge matrix indicates that edits to an element
that both users modified should be merged according to that
element’s merge matrix. Thisisdone by invoking the merge
procedure (shown in the next section) on that element. The
particular policy of Table 2 isto request user selection if one
user modified an element and the other deleted it; insertions
of either user are always accepted.

Merge matrices are aso defined for simple types such as



Sequence | ins.elt. # | del.elt.# | mod.elt. # | 0

ins. elt. # both row

del. elt. # row users row

mod. elt. # users merge edits | row
1] column column column

Table 2: Merge matrix for a Sequence object.

String | modify |
modify users | row
0 column

Table 3: Merge matrix for an atomic object.

integersand character strings(Table 3). Such merge matrices
are caled “aomic” merge matrices because the object is
treated as an atomic unit. Atomic merge matrices are also
used for structured objects when it would not make sense to
merge changes to the object. For example, the articlewriters
may feel that it never makes sense to merge changes to the
same sentence. Users may want to set thisatomicity property
flexibly. In the early stages of their collaboration the writers
allow changes to the same paragraph to be merged. But
as the paper becomes more stable they decide that merging
changes to the same paragraph is not safe, and wish to make
the paragraphs atomic units. For this purpose, objects which
have element operations, such as sequences, have two merge
matrices defined: an atomic merge matrix and an e ement-
operations merge matrix. Which is used by the algorithmis
determined by aboolean attributeintroduced for thispurpose
caled the “atomic merge unit” attribute.

A mergematrix isdefined for each structural level of an object
and is implemented as a set of object attributes. In Suite,
object attributes may be inherited from the parent structure
(e.g., arecord field may inherit the attributesof therecord), or
fromtype, or both (typefirst or structurefirst). Atomic merge
matrices may be inherited via any of the four choices, since
they are common to al types. Element-operations merge
matrices aretype-specific, however, having rowsand columns
for the operations of the structuresthey are defined for. Thus
these matrices are inherited only from type.

Our merge matrix bears a resemblance to Schwarz's and
Spector’slock compatibility table [10]. There are a number
of differences, however. First, the outcome of consulting a
lock compatibility table is solely the function of the pair of
operations, whereasthe outcomeof consulting amergematrix
may be, in additionto the pair of operations, afunction of the
particular users doing the merge, the time the two operations
were performed, or any other factor the users deem relevant.
Second, a merge matrix is defined for each level of a struc-
tured object while alock compatibility table is defined once
for the whole object. Third, and following from the second,
the lock compatibility table is defined for single operations,
whereas the merge matrix includesa“modify” operation that

may stand for multiple operations. Operations covered by a
single “modify” operation are deferred to lower-level merge
meétrices.

The merge algorithm

We define the merge algorithm as a simple recursive proce-
dure (in pseudo code), shown below. A change report is a
list of changes to the object in terms of the operationsin the
object’s merge matrix. Corresponding edits are edits by two
users to the same element or field. If an edit in one version
has no corresponding edit in another version, the entry for
the version without an edit is “no edit” An edit tripleis an
object identifier followed by two corresponding edits to the
object. Our agorithmfirst looksto seeif the object should be
treated atomically; if so, itinvokestheappropriatefunctionin
the atomic merge matrix and performs the edits the function
returns. Otherwise, the procedure getsthetwo change reports
from the two revised versions of the object, computes a list
of corresponding edit triples, and presents the list, element
by element, to the merge matrix.

procedure MergeObject(X: Object)
if X.atomic_merge_unit
do X.atomic_merge_matrix[row edit, column edit]
else
get change reports for each version of object X
compute list of corresponding edit triples
for each triple <element Y of X, row edit, column edit>:
if X.element_merge_matrix[row, column] = “merge edits”
MergeObject(element Y of X)
else
do X.element_merge_matrix[row edit, column edit]
end if
end for
end if
end MergeObject

AN EXAMPLE MERGING APPLICATION: A YACC EDITOR
To demonstrate our merge scheme we wrote a simple struc-
tured editing application, an editor for Yacc grammars. (The
application was motivated by the first author’s experience of
collaboratively writing a Yacc grammar, the need to merge
versions arising repeatedly throughout the collaboration.)

Production: Sequence of String;
Productions: Sequence of Producti on;
Rul e: Record of {

nonterm String;

prods: Productions; }
Rul es: Sequence of Rule;

The merge matrix is presented in a Suite control panel, enti-
tled “merge matrix window,” shownin Figure 1. Thiswindow
is opened from the window entitled “merge window,” where
users select the value or type in whose merge matrix they
are interested, use the “Atomic Merge Unit” toggle button
to choose the atomic or elment-operations merge matrix (if
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Figure 1: Merge matrix window.

applicable) and then open the merge matrix window with the
“Merge Matrix” button. The edit actions for merge matrix
entries are sel ected from a pop-up window, also shown. The
“Path” button at the top of the merge window sets the view
whose merge matrix attributeswill be loaded with the values
shown in the window’s matrix entries when the user clicks
on the “Set” button. “Load” loads the existing values of
the merge matrix into the window’s matrix entries. The
“Policies’ button presents a pop-up menu of typica merge
policies; these are used to set all the entries of the merge
matrix with asingleinteraction. The“Merge” buttoninvokes
the merge procedure.

Example of object-based conflict detection

Our first example shows a case where no conflict exists but
would be reported as a conflict by a non-structure-based tool
such as NSE's fileresolve.  Users Munson and Dewan are
each modifying the expression section of their compiler’s
grammar, part of which is shown in Figure 2. Munson
is adding relationa operators and changes the name of the
expr nontermina to si npl e_expr. Dewan is dtering
the grammar so that multiplication and division have higher
priority than addition and subtraction and changes op in the
second production for expr to add_op. They decide to
merge at this point, with their versions as shown in Figure 3.

EXpr

—> term
—> expr op term

Figure 2: expr and op before revision.

expr

—> Lerm
-» expr add_op term

B dm_murnson: Object window for grammer £

=» term
-» zimple_expr op term

Figure 3: Dewan’s and Munson’s revisions.

Record modify field | 0
modify field | merge edits | row
) column

Table 4: Merge matrix for Rul e.

Themerge policy for thisapplication consistsof merge matri-
ces for each structural level of the grammar: Rul es, Rul e,
Producti ons, and Producti on. Table 2 is used for
Producti on, Producti ons, and Rul es, and Table 4
isused for Rul e. As mentioned before, “merge edits’ in
the“modify field/modify field” entry indicatesthat the merge
matrix of the field object will be consulted. In al matrices
Dewan’s edits are the rows and Munson’s are the columns.

An overview of the merge procedure for this example is as
follows: changereportsfortheRul es sequencewill indicate
that both users changed the same elements (those for expr



and op). The merge matrix for Rul es indicatesthat the two
sets of changes should be merged, so MergeObject is called
ontheexpr eement and changereportsaregenerated. These
indicate that only Munson changed the nont er mfield, so
his changes are accepted, but that both changed the pr ods
field. The merge matrix calls for the changes to be merged,
so MergeObject is called on the pr ods sequence. Change
reports show that no element was modified by both users,
s0 both sets of changes are accepted. Changes to the op
nontermina are merged likewise, with the result as shownin
Figure4.

At some point in the collaboration Dewan and Munson may
feel that concurrent editsto the same production are likely to
cause troubleand should not be merged. Inthiscase they may
set the* atomicmergeunit” attributeof Pr oduct i ontoTrue
and use the default atomic merge matrix shown in Table 3.
Thiswill force them to select interactively one production or
the other when both have changed the production.

dm_mansorn: Object window for grammar

zimple_sxpr

-> term
- zimple_expr add_op term

Figure 4: Merged version of grammar.

Example of fine-grained merge policy

Dewan and Munson have divided responsibility for the gram-
mar so that Dewan has responsibility for all productions
stemming from the st at enent nontermina and Munson
has responsibility for productions from the expr nonter-
minal. Rather than enforcing this with access rights, they
decide to set the merge policy to choose the changes of
the responsible user over those of the other for overlapping
changes at the nonterminal level. To do this, they set expr,
si mpl e_expr, add_op, and dl other nonterminal s under-
neath expr to be atomic units and set their atomic merge
matrices to Table 5 (Dewan is row user). They do likewise
for st at ement and its nonterminas but set the “mod-
ify/modify” entry to “column” so that Munson’s changes are
taken.

Unfortunately, anonterminal called subr t n appearsin pro-
ductions for both st at enent and expr because it repre-
sents both a procedure call and a function invocation. Since
both Munson and Dewan are working on sections of the
grammar that use subrt n, they decide that any changes
should be agreed to by both users before the changes go into
a merged version. They thus choose Table 6 for the merge
meatrix of therulethat definessubr t n.

expr modify | 0
modify row row
) column

Table 5: Atomic merge matrix for Rul e.

subrtn | modify 0
modify users | users
) users

Table 6: Merge matrix for subr t n rule.

OTHER MERGE POLICIES

Inthissectionwepresent seven mergepolicies, someof which
have been discussed earlier: consolidation merging, recon-
ciliation merging, merging when collaborators have strictly
enforced roles, merging based on validation of changes, and
merging based on computing changes as a function of the
users changes.

The merge matrix shown in Table 7 implements the merge
policy we referred to earlier as a consolidation merge. Mod-
ifications to an element are chosen over a deletion of the
element, as the conservative choice, but if both users have
deleted the element the deletion is accepted. Insertions are
always accepted.

The policy for reconciliation merging in Table 8 reflects a
scenario where users are expecting many conflicts between
their versionsand will resolve these conflictsinteractively. In
particular, all deletions are handled interactively.

In the policy of Table 9, the collaborators are assigned strict
roles. A scenario may be when one author is the primary
contributor to the document and the other is a reader who
is allowed to insert comments but may not change or delete
anything, but the tools used do not offer this kind of access
control. The rows of the matrix represent the edits of the
primary contributor while the columns represent the edits of
thereader. Disallowed editsof thereader are simply ignored.

The policy of Table 10 represents the case where an object
temporarily exists as separate copies. This case may fre-
guently arise in mobile computing, where a user may for a
short period revise a home copy of some object (an address
list for example) as well as an office copy. Since we assume
that the user isaware of both sets of changes, we may assume

Sequence | ins.elt. # | del.elt.# | mod.elt. # | 0

ins. elt. # both row

del. elt. # row column row

mod. elt. # row merge edits | row
1] column column column

Table 7: Policy for consolidation merge.



Sequence | ins.€lt. # | del. elt. # | mod. elt. # ]

ins. elt. # users row

del. elt. # users users users

mod. elt. # users merge edits | row
1] column users column

Table 8: Policy for reconciliation merge.

Sequence | ins.elt. # | del.elt.# | mod.elt. # | 0

ins. elt. # both row

del. elt. # row row row

mod. elt. # row merge edits | row
0 column 0 0

Table 9: Policy for merging with strict user roles.

that in cases where changes overlap the most recent change
isthe onedesired.

The policy of Table 11 formalizes the ad hoc policy that
the two grammar programmers used when they assigned
responsibilities for different sections of the grammar. It is
similar to the one with strict user roles, except that in this
case, both the identity of the user and the particular object
involved are considered. Here, the users have divided respon-
sihility for the document between themselves by attaching
their ID to different sections (or in some other manner).
When users changes conflict, the changes of the user who
has responsibility for the object involved are given priority.
Conflicting changes to non-designated objects are selected
by theusersinteractively. We could avoid a merge altogether
in this situation with fine-grained access control, but then we
would prevent the users from making hel pful, non-conflicting
changes to each other’s sections.

Table 12 shows a merge policy which is parameterized by
an application-specific vaidation function. The “row” and
“column” arguments to the “validated” function stand for
“row object version” and “column object version.” The spell-
checked homework exampl e mentioned earlier would usethis
policy, using a spell-checker as the “validated” function.

Table 13 shows a merge policy parameterized by a function
which computesthe edit action for the merged obj ect based on
the edits of the object versions. For F, users may select from
system-defined functionswhichinclude MIN, MAX, AVER-

Object modify 0
if row edit later than column edit
modify row edit; row
else
column edit;
1] column

Table 10: Merging according to latest revision time

Object modify 0
if Object.designated_user = row user
row edit;
" elsif Object.designated_user = column user
modify - row
column edit;
else
merge edits;
1] column

Table 11: Designated responsible user merge.

Object modify ]

if validated(row) A —validated(column)
row edit;

elsif —~validated(row) A validated(column)
column edit;

elsif validated(row) A validated(column)
users chooseg; (or arbitrary choice)

else
no edit;

) column

modify row

Table 12: Validation merge.

AGE, SUM, and other arithmetic functions, string functions
such as concatenation, or their own application-specific func-
tions. The budget example with the low and high estimates
would use thispolicy using MIN and MAX for F.

EVALUATION

In this section we evaluate the extent to which our merging
scheme fulfillsthe requirementslisted above and consider the
degree to which it can simulate the merging tool s discussed
earlier. Following that we discuss the contributions we be-
lieve our merge scheme makes, and, finally, we identify areas
of future research.

Fulfillment of requirements

Automatic differencing and interactive merging.  Our scheme
is fully automatic, or fully manual, or semi-automatic, ac-
cording to themerge policiesthecollaboratorsselect. Setting
an entry of a merge matrix to the “users’ function makes
the selection for that pair of edits on that object interactive.
Thus interactive or automatic operation may be chosen for
particular substructuresor particul ar types, givingusers great
flexibility in defining merge policies.

General objects.  Our merge framework is based on the
Suite system, which includes a type system of basic types
and several type constructors. It therefore supports generadl,

Object modify ]
modify | replacewith F(row, column) | row
) column

Table 13: Computed merge.



structured, arbitrarily-complex objects. Additionaly, since
our framework is based on the object structure, it merges
objects independently of how they are displayed to the user.
We may merge an object modified by oneuser with ascrollbar
and edited by another user astext.

Object-based conflict detection.  Our merge agorithm de-
tects overlapping changes to objects, and so recognizes con-
flicts to the extent that overlapping changes represent con-
flicting operations. Our merge scheme also accommodates
the detection of semantic inconsistencies by allowing verifi-
cation functionsto becalled 1) before accepting oneversion’s
change to verify that the change did not bring the version to
an inconsistent state, and 2) after an object or substructure
versions have been merged, to verify that the merged result
is consistent.

Semantics-determined merging.  The validation merge pol-
icy and thecomputed merge policy weredesigned for semantics-
based merging. The policies themselves do not include no-
tionsof object semanticsbut must be supplied with application-
specific semantics functions.

User-set merge policies.  Our framework provides two
levels of flexibility in defining merge policies. At the lower
level isthe merge matrix, defined per structure, with genera
editing-action functions as its entries. At the higher level
are the predefined, parameterized, merge policies. Some
are parameterized by the value of a user-set object attribute,
such as the designated responsibility policy, while others
are parameterized by application-specific or user-supplied
functions, such as the computed merge policy.

Fine-grained policies. = Because merge policies are imple-
mented as Suite object attributes, they are defined at each
structural level of the object. Objectsinherit a default merge
matrix according to their type but this may be modified by
users for particular structures.

Automatic conflict resolution.  Our merge scheme alows
conflicts to be resolved on the basis of any information
users wish to encode in object attributes and base functions
upon. Our framework provides predefined policies based
on revision time and designated “owner,” as well as policies
parameterized by application-specific functions.

Coverage of other merge tools

UNIX diff3, RCS rcsmerge and NSE fileresolve. Our
scheme, as presently implemented, does not utilizeashortest-
edit-sequence algorithm to compute the differences between
the base version of the object and the revised versions, asthe
diff3, rcsmerge, and (we presume) the fileresolve tools do.
We may emulate their policies' by using the merge matrices

1Onefeatureof diff3's policy weare unableto emulate. 1f in bothversions
aparticular line is deleted, diff3 deletes both that line and the line following
it in the merged version.

Text changelinerange | appendlines | 0
changeline range both both row
append lines both both row
[ column column
Table 14: Policy to emulate diff3.
Text changelinerange | appendlines | 0
changeline range users users row
append lines users users row
) column column

Table 15: Policy to emulate rcsmerge and fileresolve.

of Tables 14 and 15.

Semantic diff.  Semantic diff may be simulated by using the
computed merge policy supplied with the function used by
Semantic diff to compute the merged program. Thiskind of
use, of course, does not involve much of the generic support
for merging our framework offers.

GINA. We may simulate the GINA merge procedure us-
ing the merge policy of Table 16. The difference remains,
however, that the edits our merge procedure operates on are
accumul ated edits, whereas GINA uses actual edit histories.

Contributions
Our work towards a framework for flexible object merging
has yielded the following contributions:

o aset of high-leve regquirements for merge tools;

¢ anevaluation of current mergetool swith respect to these
requirements,

¢ anew flexible abject merging framework consisting of
amerge matrix and a structure-based algorithm;

o severa useful merge policies;

¢ an evaluation of our merge scheme with respect to gen-
eraity and usefulness.

Future work

Our task of immediate importanceisto gain more experience
with merging in collaborative work. As our understanding
of merging’s role in collaboration grows, we hope to refine
the merge tool requirements we identified and develop other

Object | any edit | 0
any edit users | row
) column

Table 16: Policy to emulate GINA.



important merge policies based on actual and hypotheti-
cal collaboration scenarios. We will also consider various
user-interface alternatives. The user interface should not
only offer various merge policies but also allow convenient
customization of those policies; we do not yet have the
experience to know what kind of convenience will be needed.

There are also more fundamental issues to explore. One
such isn-way merging, i.e, merging n versions of an object.
The merge matrix may be straightforwardly extended to n
dimensions, but then what is the appropriate user interface?
The number of merge matrix entriesfor n users and an object
with m operations is O(m"), which even for two users is
tedioustofill in. Applicationswill of course providedefaults,
but userswill till need to customize the matrix for particular
situations.

Another interesting issue is how to handle whole-object op-
erations. Currently we treat a sequence as either an atomic
object or as a simple collection of e ements, without regard
to its property of being ordered. How should operations that
modify asequencewith respect tothisproperty, suchasmove-
element operations, be treated in our merge framework? A
related issue, but larger, is how to integrate user-defined
abstract typesinto our framework.
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