Towards Collab orativ e Content Managemen t
And Version Control For Structured
Mathematical Kno wledge

Michael Kohlhase!, Romeo Anghelaché?

1 Computer Science,Carnegie Mellon University, kohlhase+@cs.cmu.edu
2 Albert Einstein Institute, Golm, Germany, romeo@psyx.org

Abstract.  We proposean infrastructure for collaborativ e content man-
agemert and version control for structured mathematical knowledge.
This will enable multiple usersto work jointly on mathematical theo-
ries with minimal interference.

We describe the APl and the functionalit y neededto realize a cvs-like
version control and distribution model. This architecture extendsthe cvs
architecture in two ways, motivated by the speci ¢ needsof distributed
managemert of structured mathematical knowledge on the Internet. On
the one hand the one-lewel client/serv er model of cvs is generalized to
a multi-lev el graph of client/serv er relations, and on the other hand the
underlying change-detection tools take the math-speci ¢ structure of the
data into accourt.

Versioningis a can of worms.
But what good is a can of worms if you neveropen it?
Norm Walsh on the www-tag mailing list, 11 Sep. 2002

1 Intro duction

In the last years we have seenthe birth of a new researd area: \Mathemati-
cal Knowledge Managemen” (MKM), which is concernedwith represertation
formalisms for mathematical knowledge, such as MathML [CIMPO1], Open-
Math [CC98 or OMDoc [Koh00], mathematical corntent managemen sys-
tems [FKOO,ABC* 02,APCS01], aswell aspublication and education systemsfor
mathematics. The perceivedinterestin the domain of generalknowledgemanage-
mert tools applied to mathematics is that mathematics is a very well-structured
and well-conceptualizedsubject. The main focus of the MKM techniques is to
recover the content/semantics of mathematical knowledge and exploit it for the
application of automated knowledge managemen techniques, with an emphasis
on web-basedand distributed accesgo the knowledge.

In this paper, we extend the focus of MKM techniquesfrom the distributed
accessto mathematical knowledgeto the creation processof mathematical knowl-
edge,whichis| forthe mostpart| adistributed and collaborative processAf-
ter all, evenif mathematicians often develop individual cortributions alone (e.g.



in single-authored papers), the progressof a mathematical theory or sub-eld
involves a multitude of authors | communicating via meetings, messagesnd
publications. Moreover, in cortrast to the \knowledge access"scenario, where
the mathematics is relatively static, the \kno wledge creation" scenarioinvolves
managing the change of resources.We claim that MKM techniques have the
potential of supporting this scenarioaswell, and that the \kno wledge creation"
scenariois potentially even more important for applications, as knowledge can
only be accesseafter it hasbeencreated.In fact, we expect the implementations
of techniqueslik e the onespreseried in this paper, to play a similarly facilitating

role in the dewvelopmert of open repositories of formal mathematical knowledge
as the code managemenm systemslike the cvs system [CVS] have had for the
creation of the wealth of open-sourcesoftware we know today.

Currently, MKM systemseither support simple monotonic addition of math-
ematical content or are specializedto particular applications, e.g.the Maya sys-
tem [AHMSO02] which is specializedto formal software engineeringand veri ca-
tion. The \developmert graph" model for amanagemen of theory change[Hut00]
employed in this systemusesa rich set of relations among theories to trace log-
ical dependenciesamong mathematical objects and propagate/limit the e®ects
of changesto the theories.

Our own MKM system MBase [FK00,KFO01] is currently a member of the
rst class, but it can communicate with the Maya system via the joint inter-
face language OMDoc [Koh0Q]. As an e®ect,MBase / Maya support theory
managemen on the fragmernt of OMDoc that correspondsto the Maya devel-
opmert graph. In fact, in [KFO1] we have proposedto distinguish two kinds of
MBase s, di®erent in their data changing policies.

{ An archive MBase which is epitomized by the Journal MBase M J in our
scenariobelow, it archives unchanging mathematical knowledge and is ref-
erencedby many other MBase s.

{ A scratch-pad MBase like the personalMBase sM R and M R, that do not
have any dependens and are primarily usedfor theory developmen.

To get a feeling of the requiremerts for the functionality addressedin this
paper, let us take a look at a likely resear&i communication scenario: We will
“rst describe the communication pattern in a neutral way | say asit could have
happenedin the era of mathematics done with pen and paper (around 2001),
and then model it using distributed MKM (about 2010).

classical, see Figure 1 Researter R works ontheory T together with his col-
leagueRC at institute 1. The theory T is a body of mathematics laid down
in an article A published in journal J. Now, R extendstheory T by a new
denition D (say for a mathematical object O), provesa set P of theorems
about O, and calls the resulting extendedtheory E. After that, R tells her
colleagueRat | about D and P (say by circulating a memoin | ), who gets
interested and provesa set P° of useful properties of O. Together, R and R°
put the theory E into "nal form F, and submit it to journal J. This accepts
F and publishesit.
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Fig. 1. Classical Researd Cooperation

with  MKM, see Figure 2 In 2005,the publisher of journal J hasestablished
an MBase serwer M J for J which now cortains theory T. Furthermore, the
institute hasits own departmertal MBase M| and the researtiersR and R°
havethe personalMBase sM R and M R% Now R developsthe formalization

accept F ® formalize D, prove P
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Fig. 2. Researt Cooperation with distributed MKM

F D of O, storesit in M R and formalizesthe setP of theoremsby formalizing
them and formally proving them?! (yielding FP in M R). Instead of sending
around an internal note about D and P in I, R movestheir formalizations
FD and FP into the institute MBase server M |, from where R® canimport
them into his personalMBase M R®. On this basisR° formally provesF P?,
and addsit to theory F E, yielding F F the formal versionof theory F. Then
R and R? submit F to journal J, who evaluates it (possibly via his own

! To do so, R may need to revise the initial version of D seweral times in order to
be able to prove the desired theorems (reproving the already obtained results that
depended on a previous version of D every time). This processis supported by
MBase / Maya basedon techniques preserted in [AHMS02]

2 Alternativ ely, R could leave FD and FP in MR and tell R personally about them,
allowing him to import them from MR into M R but this is a matter of institute
policy, which we will not addresshere.



personalMBase ) it and nally acceptsF. To publish F on M J, it requests
FF from M|, which movesit there.

1.1 Contribution of this paper

As we have seenin the scenarioabove, a strict division into archive and scratch-
pad knowledge basesis unrealistic, sinceit doesnot re°ect the current and an-
ticipated nature of sciertic communication and publication: Collaboration and
theory changeoccursat every level and should be supported by an infrastructure
for collaborative content managemen and versioncortrol which enablesmultiple
usersto work jointly on mathematical theories with minimal interference.

We will develop a general architecture for a collaborative content manage-
ment extending the cvs architecture and specializeit for mathematical knowl-
edgeby taking into accourt the structure of mathematical documerts. For the
secondtask we will build on both the work on structural diff /patch/merge
utilities in Xml , as well on the semanic managemen of changein the Maya
system [AHMSO02].

Eventhough the work reported in this paper is motivated by the MBase sys-
tem, it is much more general,sinceit only dependson the communication format
usedby the system. The methods are not even speci ¢ to the OMDoc format,
we will only assumethat the knowledge basesystemsuse a similar Xml -based
format for communication and provide a way to re-create the original inter-
facedocumerts. This would for instance cover the the HELM system[APCSO01],
which employs a lightweight infrastructure basedmainly on Xml documerts and
XsIT stylesheetsfor MKM.

2 An Infrastructure for Managing distributed
mathematical knowledge cooperativ ely

The proposedinfrastructure for collaborativetheory managemen is largely based
on the cvs (Concurrent V ersions System [CVS]) architecture. This systemis
widely usedto support collaborative software developmert, since it combines
software versioningwith controlled concurrert accesdo the resourcesunder cvs

control. We will brie°y review the basic notions of cvs, and describe our multi-

level architecture with referenceto it.

2.1 Cooperativ e Version Control in cvs

cvs is a serwer-basedsystem for concurrert version cortrol, used mainly for
software developmen. The cvs sener provides a so-calledcvs repository R,
which keepsa represenation of all committed versions(called revision s) of the
software together with logging information.

A cvs client C can then check out a working copy of the software and
work on it. Let us for simplicity assumethat C cheds out the most recert
revision in the repository, the so-calledhead. After completing the developmert



task, C can commit the changes¢ to the repository, creating a new (current)
revision in the repository. Shewill usually accompary the commit with a short
description of the changesi;this is alsologgedin the repository, eventually adding
up to a changelogfor the software developmert.

It is a distinguishing feature of cvs that the repository is not locked when a
working copy is cheded out. So another client C° can also have active working
copiesof the software and work on them. When C commits, the working copy
of C° which was based on the (old) head, is no longer up to date with the
repository. As a consequencethe changesC® has made to the software cannot
be committed to the repository. C°can not simply chedk out a new working copy
from R, sinceshewould loseher work; therefore (upon C% request) cvs merges
the changes¢ into C% working copy to keepit up to date with respect to the
head of R. Now (after resolving any con’icts introduced by the merge) C° can
commit her changesto the repository. Even though con®icts can occur in the
merging operation, they are suzciently infrequert in practice.

We have seenabove that version cortrol in cvs protocol is based on the
computation, communication and managemen of di®erencegchanges)to les.
cvs usesthe unix utilities

diff for determining the changesin a working copy to be committed to the
repository

patch for updating old revisions

merge for merging changesinto a working copy to keepit up to date with the
repository.

To facilitate the functionality described above, the cvs sener represens
committed non-headrevisions of Tes internally asreversediff s from the head
revision (which is stored explicitly). Thus the head revision can be served im-
mediately, whereasolder revisions can be computed by applying the respective
reversedi®s. In this model, a version can be represened as a speci ¢ sequence
of transformations (edit scripts).

2.2 A mulii-lev el Clien t/Serv er Arc hitecture

cvs has a one-lewel client-server architecture, i.e. all the cvs clients can only
communicate with a dedicatedcvs sener. In the distributed MKM settings like
in Figure 2, we have a knowledge baseM | that acts both as a repository for
MR and M R%and as a client for M J.

We will say that a knowledge base A is downstream from an knowledge
baseB, i® A is a cvs client of B or any knowledge baseC that is downstream
from B. The relation of being upstream is the corverse relation to down-
stream . In Figure 2, MR, MR? and M | are downstream from M J. Note that
commit actions push information upstream and update actions pull information
downstream.

A multi-lev el client-server architecture has inherent advantages:it can, for
instance simulate cvs branching: In cvs a branch is used, if a set of clients want



to make changesto software that are either too disruptiv e or too extensive for
the usual update/commit cycle. In essence branch acts asa virtual repository
for the developmert and allows cortrolling revisionswithout disturbing the main
dewvelopmert (the so-calledtrunk ).

can be simulated by creating a new knowledgebaseB downstream from A and
upstream from the S'. B is initialized by cheding out a working copy from A,
and the S' cantrack their revisionsin B and evertually commit the result to B.
Closing the branch correspndsto deleting the knowledgebaseB and updating
the S'.

2.3 An Atomized Version Control Relation

The cvs protocolis basedon the Te systemhierarchy for grouping and anchoring
user interaction. For instance, update and commit commands issued without
referenceto a particular Te will be applied to all registered Tes in the current
directory.

The Te system hierarchy is replaced with a documert-centered (given by
omgroupin the OMDoc represetation) or semariic hierarchies (given by theo-
ries or development graphs). The notion of a Te (or equivalertly of an OMDoc
document) is only a secondaryconcept| if present at all | in the conceptual
hierarchy of mathematical knowledge managemem systems.In particular, the
level of a Te is not the lowest level of an object under version cortrol. This role
is taken up by the notion of a mathematical object represerted by a top-level
OMDoc elemen. As a consequencethe client/serv er relation is atomized to
mathematical objects instead of TTes. We speak of the version control rela-
tion that relates working copiesof mathematical objects with their repository
instances. Of coursethis relation must be acyclic.

Just asa le systemcan contain working copiesfrom multiple repositories, a
knowledgebasecan contain objects that are working copieschedked out di®eren
repositories, though for eadh mathematical object, the version cortrol relation
is a tree, i.e. every object has at most one sener it can be committed to and
updated from. Intuitiv ely, a math object is| for the parert elemeri | asa’le
for a directory; and les have attributes like creation time, modi cation time,
permissions;so should the math objects, which can be stored in the Dublin Core
metadata of OMDoc elemeris.

2.4 Interaction of Version Control with Distribution and Kno wledge
Base Consistency

In [KFO1] we have identi ed four tasks necessaryfor distributing mathematical
knowledgebases:caching, moving, changing, and deleting mathematical objects.
Before we give them interpretations in our architecture, let us re-examinethe
assumptionswe basedthe analysis on; they include (paraphrased):

A3 all mathematical elemerns have a unique \de ning " realization in the net-
work of knowledge bases.



A4 mathematical objects are never changed.

Assumption A3 is directly related to distribution: ewvery object has a unique
description: a pair consisting of the URL of the knowledge baseand the unique
identi er of the object there. All other copiesof the object are just cached copies
of it.

Assumption A4 wasuseful for distribution, sinceit makescacding and main-
tenance very simple. Relaxing A4 | which is the task at hand in this paper
| hastwo aspects: How do we ensure consistencyin situations where e.g. a
de nition or theoremthat other mathematical objects depend on are changedin
mathematically signi cant ways®. We will not deal with this problem here, since
it is already studied in great detail in the developmert graph model [HutOO0].

The questionwe will addressin this paper is purely at a protocol level: it can
largely be framedin terms of the interaction betweenA3 and versioncontrol. We
will study this with respect to the three distribution tasksidenti ed in [KFO1].

Caching Mathematical Objects: We usedassumptionA4 to allow trivial caching.

In the new architecture, we identify the caching relation to be the versioncortrol

relation: to cache a copy of a mathematical object, it is simply cheded out from

the repository as a working copy. Note that objects that are working copies
can never be de ning instances of mathematical objects in our model. In the
new model cache-consistencyis a well-understood problem, sincean object can
always be updated from its repository. The ensuingcon®icts can be resolved by
the standard three-way merge methods described e.g.in [Lin01].

Moving Mathematical Objects One of the most basicproceduresis that of moving
objects between knowledge bases,e.g. of the theory FF from M1 to M J after
the submissiondescribed in our scenario.This action can be modeled by adding
FF asa dening instanceto M J, deleting FF in M1, and cheking out FF
from M J to M1, which acts asa cvs client for M J for this object. Note that
with this construction, we can only move mathematical objects upstream, which
is the natural direction.

Deleting and Changing Mathematical Objects: Since we leave the question of
maintaining knowledge base consistencyto the dewelopmert graph techniques
which ertail re-examining mathematical objects that depend on the changed
ones, augmerting the \pull" technology of our cvs-like architecture with a
\push" component seemsadvantageous. Note that mathematical objects are
always upstream from onesthat logically depend upon them. Therefore a knowl-
edgebaseM keepsa record of all the upstream knowledge bases,so that these
can be notied of any changesand trigger propagation of the change. Apart
from noti cation of dependerts this information can be usedfor optimizations
like the following: Whenewer M movesthe de ning instance of an object O to

3 Of coursechangeslik e correcting typosor changing explanatory text are unproblem-
atic from a consistency point of view.



some knowledge base M % then it can send the new location of O to all up-
stream knowledge bases,asking them to update their referenceobjects and thus
shielding itself from future requeststo O.

3 Computing Di®erences and Managing Change

In this section we will describe the computational utilities underlying our col-
laboration architecture. cvs usesthe line-baseddiff /patch/merge utilities to
compute di®erenceshetween versions, update Tes, and merge di®erencesinto
modi ed working copies.In applications like ours, where we know more about
the structure of the data, we can do better, and arrive at more compact, lessin-
trusive edit scripts*. For instance, if we know that whitespacecarriesno meaning
in a documert format, two documerts are consideredequal, even if they di®er
(with respect to the distribution of whitespace characters) in every single line;
as a consequencethe computed di®erencewould be empty.

We will look at di®erert documert models and their impact on computing
di®erenceshetween documerts in this section. Before we do this, let us brie®y
clarify what we mean by a documert model by comparison to mathematical
models. In mathematics, when we de ne a classof mathematical objects (e.qg.
vector spaces),we have to say which objects belongto this class,and when they
are to be consideredequal (e.g. vector spacesare equal, i® they are isomorphic).
For documert models, we do the same, only that the objects are documerts.
Xml supports the rst task by allowing usto specify a documert type de nition
(DTD) or an Xml Schema, which can be usedfor mecanical documert valida-
tion, but leavesthe secondto be clari ed in the (informal) format speci cations.

Listing 1. An OMDoc de nition.

<definition id="comm; def" for="comm">
<CMP xml:lang="en">An operation <OMOBJ id="0p"><OMV name="op"/></OMOBJ>
is called commutative, iff
<OMOBJ id="comm1l">
<OMA><OMS cd="relationl" name="eq"/>
<OMA><OMV name="op"/><OMV name="X"/><OMV name="Y"/></OMA>
<OMA><OMV name="o0p"/><OMV name="Y"/><OMV name="X"/></OMA>
</OMA>
</OMOBJX> for all <OMOBJ id="x"><OMV name="X"/></OMOBJ}
and <OMOBJ id="y"><OMV name="Y"/></OMOBJ>.
</CMP>
<CMP xml:lang="de">
Eine Operation <OMOBJ xref="op"/> hei¥t kommutativ, falls
<OMOBJ xref="comml1"/> fér alle <OMOBJ xref="x"/> und <OMOBJ xref="y">.
</CMP>

4 Compactness of edit scripts is important for storage and query exciency in MKM
systems, while minimal intrusiv eness(patching doesnot disrupt document structure)
is important for humans to track and understand changes.



</definition>

Of course,the stronger the equality modulo which di®erencesare computed, the
better the edit scripts become.The conceptual core of the MBase data model is
given by the OMDoc format [Koh00,0MD], which is also usedas an interface
represeration for communication between MBase s and their clients. We will
baseour discussionin this section concretely on the OMDoc documert model,
building up to it by discussingthe underlying Xml documernt model. We will
discussgeneralizationsto other documernt formats for MKM in section 3.4.

Let us call two documerts M -equal, i® they are equal with respect to the
document model M , analogouslywe will call an algorithm an M -diff algorithm,
i® it computesdi®erencesnodulo M -equality. In the rest of this section, we will
usethe OMDoc elemert in Listing 1 asa running example.

3.1 Using the tree structure of Xml Documents

As OMDoc is an Xml application, we can make use of the generictree struc-
ture of Xml documerts. For instance, Xml speci es that the order of attribute
declarations in Xml elemens is immaterial, double and signle quotes can be
used interchangeably for strings, Xml commerts (<!jj ...jj >) are ignored,
and whitespace characters in the UniCode serialization is only meaningful in
text nodes.As a consequencethe serialization in Listing 2 is Xml -equal to the
onein Listing 1, but not to the onein Listing 4.

Listing 2. An Xml -equal serialization for Listing 1
<definition for="comm" id="comm; def" >

<CMP xml:lang="'de'> <!j j note the unabbreviated empty element | >
Eine Operation <OMOBJ xref="0p"></OMOBX> hei¥t kommutativ, falls
<OMOBJ xref='comml'/ > fikr alle <OMOBJ xref="x"/> und <OMOBJ xref="y'>.
</CMP>
</definition>

There is a large body of work on using the Xml tree structure to compute
di®erenceof Xml documerts modulo Xml -equality (seee.g.[WDCO02]). The al-
gorithms (see[CRGMW96] for an intro duction) compute partial tree matchings®
and expressthese as so-called\edit scripts” that add and delete Xml elemeris
and attributes in the sourcetree to arrive at the target tree. The work hasbeen
mainly concernedwith "nding algorithms for optimal (least-cost) edit scripts
and complexity issues.Formats like XUpdate [LMOOQ] (seeListing 3 for an exam-
ple) useXPath [Cla99] expressiondo identify the elemerts the instructions act
upon.

The certral problem of "nding corresponding nodesin treescritically depends
on the notion of tree-similarity employed. If the documert is strongly keyed (e.g.

5 Which nodes correspond to each other modulo a given notion of tree similarit y?



all elemeris have unique ID attributes, which cannot be changed by the user®
or the knowledge managemen system employs some node numbering system
like the one proposedin [CTZZ01]), then the key structure givesa very natural
notion of node correspondence,and di®erencingbecomesrelatively simple. For
the un-keyed case,only the notion of structural isomorphismand of orderedand
un-ordered trees has beenconsiderede.g.in [CRGMW96].

Listing 3. An XUpdateedit script (partly) updating Listing 1 to Listing 4

<xu:modifications xmlns:xu="http://wwv.xmldb.org/ xupdate">
<xu:variable name="c" select="definition/CMP[0]/ OMOBJ[ @d="'comm1']"/ >
<xu:remove select="definition/CMP[0]/ OMOBJ[ @ d="comml1']/ @xref"/>
<xu:append select="definition/CMP[0]/OMOBJ[ @d="'comml1']" child="1">

<xu:valuej of select="%c"/>

</xu:append>
<xu:remove select="definition/CMP[0]/ OMOBJ[ @xref="'comml']/ a"/ >
<xu:update select="definition/CMP[0]/ OMOBJ[ @xref="'comml']/ @xref">
<xu:valuej of select="'comml'"/ >
</xu:update>

</xu:modifications>

3.2 The OMDoc Document Mo del

Let us now take a look at how the OMDoc documert model can be used for
more semantic di®erencing(OMDoc -diff 7).

Listing 4. An OMDoc -equal represeniation for Listings 1 and 2

<definition id="comm; def" for="comm">
<CMP xml:lang="de">Eine Operation <OMOBJ xref="op"/> hei¥4 kommutativ, fall:
<OMOBJ id="comm1l">
<OMA><OMS cd="relationl" name="eq"/>
<OMA><OMV name="o0p"/><OMV name="X"/><OMV name="Y"/></OMA>
<OMA><OMV name="op"/><OMV name="Y"/><OMV name="X"/></OMA>
</OMA>
</OMOBJ> fékr alle <OMOBJ xref="x"/> und <OMOBJ xref="y">.
</CMP>
<CMP xml:lang="en">An operation <OMOBJ id="0op"><OMV name="op"/></OMOBJ>
is called commutative, iff <OMOBJ xref="comml1"/> for all
<OMOBJ id="x"><OMV name="X"/></OMOBJ> and

® The action of changing keysin the data, canlead to un-intuitiv e and computationally
sub-optimal edit scripts, but doesnot compromise the method per se.

" Note that we are not proposingto usemathematical equality here, which would make
the formula X + Y = Y + X (the OMOBG&ith id=" comm1" in Listing 4 instantiated
with addition for op) mathematicallly equalto the trivial condition X + Y = X +Y,
obtained by exchaning the right hand side Y + X of the equality by X + Y, which
is mathematically equal (but not OMDoc -equal).



<OMOBJ id="y"><OMV name="Y"/></OMOBJ> .
</CMP>
</definition>

The OMDoc documert model extendsthe Xml documert model in various
ways. For instance®, the order of CMRchildren of an omtext elemen does not
matter, and the distribution of whitespaceis irrelevant evenin text nodes.More
generally as OMDoc documerts have both formal and informal aspects, they
can contain data-set-lasal as well as document-structured information. At one
extreme an OMDoc documert cortains a formalization of a mathematical the-
ory, asa referencefor automated theorem proving systems.There, logical depen-
denciesplay a much greater role than the order of serialization in mathematical
objects. We call such documerts data set based and specify the value DataSet
in the Type elemen of the OMDoc metadata for such documerts. On the other
extreme we have human-oriented presenations of mathematical knowledge, e.g.
for educational purposes,where didactic considerationsdetermine the order of
presenation. We call sucdh documerts documen t-structured  and specify this
by the value Text. Note that sinceOMDoc allows to specify Dublin Core meta-
data [WKLW99] at many levels, documernt-structured and data set basedparts
caninterleave in the samedocumert, allowing OMDoc -diff algorithms to take
this into accourt.

Moreover OMDoc usesa variant of OpenMath objects [CC98] that can
be represened as directed acyclic graphs (DAGs; using ID/ IDREFIinks) rather
than regular trees: an empty elemen with an xref attribute is OMDoc -equalto
the elemen that carries the corresponding id attribute. As a consequencethe
represertations in Listings 1 and 2 are OMDoc -equal to the onein Listing 4,
and an OMDoc -diff algorithm must generatethe empty edit script between
all three, while an Xml -diff algorithm should generate an extension of the
XUpdatescript in Listing 3.

In particular, the processof exploding the DAG to a tree represettation or
sharing a tree to a DAG should not result in a di®erencecomputation. The
sameappliesto the OMDoc represertation of proofs, where an additional level
of structure sharing is possible. A casewhere the underlying structure of the
data is not tree-like, that is, not basedon structure-sharing, is the developmert
graph itself, which can even be cyclic. Here, rst stepsfor de ning a correspon-
dencerelation and for determining changeshave beentaken in [AHMS00] and
implemerted in the Maya system.

3.3 Challenges for OMDoc -diff Algorithms

As we have shawn, taking advantage of OMDoc -equality in computing di®er-
encesleads to more concise edit-scripts, which is essetial in an environment
where documert processingapplications manipulate mathematical cortent by
acting on internal data structures and generatetarget documerts from these.In

8 As an intro duction to the OMDoc format is beyond the scope of this paper, we will
assumea basic knowledge of [Koh00] and the material at [OMD].



such situations, it is impossibleto predict which of the possibly many OMDoc -
equalrepresertations will be generated.Sincein a cvs -like collaborativ e protocol
any diff canleadto a con’ict that will require human intervertion for resolu-
tion, the availabilit y of sudh algorithms will be crucial for adoption.

Of course extending Xml -equality to OMDoc -equality in computing dif-
ferencesbreaks the underlying assumptionsof the algorithms described in sec-
tion 3.1.For instance,the DAG-nature of OMDoc documerts requiresthe di®er-
encingalgorithms to (virtually) expandthe objects to tree form while processing
them®.

It seemshat techniquesfrom [BKTTO02 ] can be usedto get around the obvi-
ouscomputational ditculties involvedin di®erencingmodulo equality. [BKTTO02 ]
trivialize the tree matching problem by assumingthat all tree represenations
are \strongly keyed", employing a generalizednotion of data basekeysto deter-
mine elemert correspondencein Xml documerts. They claim that sensibledata
formats are almost always strongly keyed up to data in Xml text nodes.We have
not veri ed this for OMDoc yet, but for instance even though CMmodesdo not
have ID attributes, they are keyed, sincethey have xml:lang attributes, which
must be unique amongtheir siblings. However, CMRortent however is not keyed,
sinceit is generictext data (which is trivially un-keyed) mixed with represena-
tions of mathematical object represerted as content MathML or OpenMa th
objects (this also caused some addressing problems in the XUpdate script in
Listing 3). Note that in OMDoc documerts managedby MKM systems(as op-
posedto directly written by hand), the OMDoc mid attributes can be usedfor
keying, alleviating the higher computational costsof the un-ordered algorithms
somewhat.

Obviously, we needa combination of the Xml tree-basedun-keyed algorithms
with key-sensitive techniques for our application; such algorithms have been
requested,but to the author's knowledge not beenreported on sofar.

3.4 Mo dular M -diff Algorithms

Given that most of the OMDoc documert model is rather standard (DAGs
vs. trees, setsvs. lists of children, etc.), it is appealing to dewvelop generalM -
diff algorithms, where the notion of M -equality is speci ed externally, e.g. by
extending the documert schemato a full documert model.

Note that Xml Schema so far only speci es full documert models (i.e. in-
cluding equality) for so-calleddata types (e.g. "100" and "1.0E2" are equal
as members of the data type float ). Thus we could de ne the notion of Xml -
Scemadiff , which would take theseinto accoun, but this is only marginally
relevant for our problem here, sinceit only concernsthe leaves of the trees we
are dealing with.

Listing 5. Specifying Order in Xml Sdema using xs:appinfo
<xs:complexType name="omtextType">

% In the Te system metaphor, this would correspond to following symbolic links



<xs:sequence>
<xs:annotation><xs:appinfo><mdiff:unordered/></xs:appinfo></xs:annotatic
<xs:element name="CMP" type="inCMPtype" maxOccurs="unbounded"/>
<xs:element name="FMP" type="FMP" minOccurs="0" maxOccurs="unbounded"/>
</ xs:sequence>

</xs:complexType>

A more promising averue seemsto be to make use of the xs:appinfo ©
elemen to specify documernt models for complextypesin Xml Scemata| as
opposedto just content models for validation. Basedon the examination of the
OMDoc documernt model in section 3.2, it seemsplausible to assumethat we
could go a long way by specifying

document order e.g.by an elemen mdiff:unordered in Listing 5, and

link semantics e.g.asin Listing 6 where we specify that the xref attribute
of an OpenMa th object meansthat it represens a copy of the object that
carries the corresponding id attribute.

Listing 6. Specifying DAG attributes in Xml Sdema using xs:appinfo

<xs:attributeGroup name="DAG. attrib">
<xs:attribute name="xref" type="xs:anyURI" use="optional">
<xs:annotation><xs:appinfo><mdiff:dagj source/></xs:appinfo></xs:annotatiol
<xs:attribute>
<xs:attribute name="id" type="xs:ID" use="optional">
<xs:annotation><xs:appinfo><mdiff:dagj target/></xs:appinfo></xs:annotatiol
<xs:attribute>
</xs:attributeGroup>

So, if an Xml documert (fragment) is an instance of a schema that cortaints
document model speci cations like the onesin Listings 5 and 6, then a modular
diff algorithm canreadthe schemaand customize| multiple times during the
parsing processif necessary] the comparisoncriteria usedby the algorithm.

4 Conclusion

We have laid down “rst ideasfor a collaborative version cortrol model for MKM
systems, based on the OMDoc format. We have sketched the overall archi-
tecture, and determined someof the requiremerts for OMDoc -diff algorithms
that comefrom the respective structural invariants of the data in MKM systems.
We have seenthat the architecture canbe kept quite closeto that of the well-
known cvs system'!, and interacts well with the requiremerts for distribution

10 The xs:appinfo is introduced in Xml Schema expressly for such purp oses.

11 Actually , [BKTTO2] proposea repository organization that is not diff -based,which
would beinteresting to experiment with, but integrating it into a collaborative version
control environment is not trivial



identi ed in [KF01], which is encouragingfrom an implementation point of view.
In particular, we are currently experimenting with the ideato annotate all infor-
mation necessaryfor a cvs -like Te-based formalism in the metadata elemerts of
mathematical objects. We could for instance usethe existing Dublin Core Date
and ldentifier elemen for timestamping, and keeping version information.
Further information, suc as pointers to the repository in working copy objects
canbekept in the metadata/ extradata elemen provided by OMDoc expressly
for this purpose.We will experiment with a HELM [APCSO01-like setup based
on OMDoc Tes on web-seners and implement merging by sener-side XsIT
processing.

The main item for further researt is an OMDoc -diff algorithm as de-
scribed in section 3.2. In the literature on version managemen in Xml , we
often hear the argumert that di®erence-computationis not neededin practice,
since documerts are generatedby Xml structure editors, but this only moves
the burden from an independert postprocess(implement once)to a module in
ewvery editor. Moreover, this would penalize authors for using general Xml edi-
tors, sincethey could only incorporate Xml -diff algorithms. Finally, the actual
editing processemployed by the user may not correspond to the optimal edit
script.

Given a good di®erencecomputation algorithm, merging can be obtained by
relatively simple extensions,especially sinceour cvs -like architecture allows the
usageof the so-calledthree-way merge (see [Lin01]), where two revisions are
compared with respect to a known base revision, from which they have been
created. Here, edit scripts for the changesfrom the basecan be computed for
both revisions. Thesecan be analyzedand combined to a joint edit script which
updates the baserevision to the merged revision. [Man01,Lin01] presen algo-
rithms for three-way merge of Xml documerts and there are even commercial
implemertations (e.g. the one described in [LF02]). Sincethe merge operation
only dependson the edit scripts which act on the genericXml structure, and not
on the particular structure of the OMDoc format, we can usethesealgorithms
and implementations o®the shelf.
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