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The X Engine Library: 
A C++ Library for Constructing 

X Pseudo-servers 

John Menges 

Abstract 
A rommon technique for adding window sharing and tracking/replay capabilities to the X 
Window SysLem is the usc of an X Pseudo-sen•er. An X Pseudo-server is a process placed 
be~ ween an X server and X clients. lt adds cap<\bilities to X by monitoring and manipulating 
the X protocol stream between X servers and clients. 

X Pseudo-servers are typically large, complex programs, and can be difficult to design. 
implement, and maintain. The X Engine Library described in this paper is a C+-.. library 
thal greatly simplifies these tasks. 

Introd~tction 

A common technique for adding window sharing and tracking/ replay capabil ities to Lhe X 
Window System is the use of an X Pseudo-server (XPS) [Pat90] [Lau90] [AWP9l] [Lin92]. An 
X PS i~ a process placed between an X server and X cl ients. Figure 1 shows a simple XPS and 
its relationships to X servers and clients. The X PS monitors and/or modifies the X protocol 
mC$$age streams between the server and clients to add capabilities to th<' window system. 
lh<' main advantage of XPS-based approaches to adding such capabilities (as opposed to 
toolkit and seJTer-ba.~('(l approaches) is that the new capabilities arc applicable to existing 
applications and servers. without any need to modify, recompile, or rclink existing code. 
(Th<' main disadvantage to t he XPS-based approa.ch is that the X protocol is at, too low a 
lcvC'I to implement certain dcs irahle application-sharing and tracking/repiF<y capabiliti<".s.) 
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Figure 1: An X Pseudo Se1'1!er and Its Relationships to X Servers and Client; 

As part of our Artifact-Based Collaboration System (ABC) (SS91), we af<' implt-menting 
window sharing and tracking/replay for X applications using an XPS. In previous work h•m' 
and al Olrl Dominion University, we have written two XPSs. The first, XTV (A WF91], 
was originally hased on the idea of sharing individual windows. The second, Virtual Screcn 
[Lin9:l], was based on the idea of sharing a collection of windows within an encompassing 
"virtual" screen . Here, window positions within the vir tual screen and a window manager 
for the virtual screen are shared, as well as the windows themselves. 

An XPS that supports, e.g., window sharing between users on different workstations, is 
more complex than one might at first expecl. There are many difficult problems to be 
>olved, as Patterson [Pat90J and Lauwers (Lau90J, among others. aUest. These problems 
include mapping resource IDs and absolute coordinates, accommodating late-comers (sharing 
a window with a new user after the window has bren created). sharing pointers and cursors. 
implementing floor control (determining which uscr(s) can interact with which windows at a 
given point in lime), resolving various sequencing and synchronization issues. making window 
damage rcpair efficient and nondisruptive. and resolving various heterogeneity issues such as 
diff<'ring screen resolutions, color capabilities, and font sets. 

Tl1us. an XPS is a large program, often written by multiple authors ov~:r a long period of 
t ime. Doth XTV a.nd Virtual Scr~n are monol ithic sys tems written in C. Both were writLen 
by aud/or need to be maintained by multiple grad uate students over many years. The b ig 
learning curves and short tenures of graduate students, coupled wi th our need to do rapid 
prototyping of new ideas and options, has led us to consider how XPSs might he impiC'mented 
more easily and flexibly. To address this problem, I have designed and implemented the X 
Engine Library (XEL). a C++ library for constructing XPSs. 

An 011ervicw of The X Engine Library 
The X F:ngine Library (XEL) is a library of C++ classes representing an event scheduler. 
event handl(•rs. X messages, and filters for monitoring and/or manipulating X rn'-'Ssages. A 
~chedulcr is combined with event handlers and filters to construct an XPS. The classes uscrl 
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Figure 2: An Overview of an XEL-based XPS 

to construct an XPS can be taken from the XEL library di rectly or created as subclasses of 
classes in XEL. 

Figure 2 is an o'·erview of a simple XEL-based XPS. The X_l\ccept event handler accepts 
connections from X clients and builds a fil ter network (here, a list) t.o handle the new client's 
X protocol message stream. The X JO handler / fi lters at the ends of the filter lists do the 
translat ions between X messages on a socket stream and X Message objects. The message 
objects are passed fr·om filter to filter through th€ nevwork in the appropriate direction. (The 
XJO handler/filtl'rs are both event handlers and filters. This is accomplished via multiple 
inheritance in C++.) The X_Control handler reads commands from a socket and executes 
t.hem, which results in method calls on other objects in the XPS. Th is is how the operation 
of the XPS is controlled from other processes. The Scheduler translates operating system 
events into calls on event handler triggering metl1ods, guided by priorities assigned to events. 

The ~tructure provided by tbe XEL library and t he predefined classes it provides greatly 



simplifies the task of designing and implementing a given XPS. This, in turn, makes it 
feasible to experiment more freely with XPS alternatives, and to add capabilities to X that 
ltave ltithcrlo been too difficult to attempt 1.0 provide. 

The XEL classes are described in more detail below, after which a concrete example XPS is 
presented and discussed. 

The XEL Classes 
The classc.~ in the XEL library represent a scheduler, several types of event handlers, numer­
ous lllters, and X messages. The scheduler and some of the event handlers and fil ters can 
be used as- is or as superclasses for programmer-defined cla.~ses. Other event handlers and 
fdtcrs arc intended to be used only as superclasses. The message classes are intended to be 
used as-is. The most important classes provided by XEL are described in this section. 

The Scheduler 

The schcdul<'r class implements event scheduling. Event handlers are registered with the 
scheduler, and arc triggered when the associated events occur. :Vlost event handlers handle 
socket events such as "input available~ or '·write possible-", the latter being necessary to 
avoid blocking writes. "After Jnput." event handlers are triggered after a set of input events 
are handle.'<!, as determined by the select() system call. An AfterJnput evenl handler may 
be used, e.g., to move messages through a network of fUters, as described in mo1·c detail 
below. Timer f•vem handlers are triggered at preset times or intervals. Process handlers 
are triggered when there are no other events to be handled, so that background processing 
may bt> done. The scheduler support~ a strict priority scheme for prioritizing the handling 
of events. 

Event HandleTs 

Event handlers react to operating system events when triggered by the scheduler. Several 
imponant even~ handlers are provided by XEL. 

The X_J\ccept e"enl handler accepts connections from X clients on a specified port. It is 
intended as a superclass for a programmer-defim!d event handler that accepts client connec­
tions. i\ccep~ing a connection yields a new socket connected to the client. This socket is 
passed to thr· cr eate_ filter _network member function of the programmer-defined subclass 
of the :<-Accept handler. It is the duty of th is member functiou to create a 111tcr network 
for Lhc new client. The filter network created includes an 1/0 event baudler/fi lter for t he 
sodct to tl •c nt>w cl ient, and may include another lfO event handler/filter connected to an 
X server, as in Figure 1. These 1/0 handler/filters are typically instances of the XJO class 
described below. The create_filter_network memh<'r fundion must register these 1/0 
handlers with the scheduler. 

The XJO event handler translates between X protocol messages on a socket stream and X 
message objects in the XPS. It puts messages objects it creates onto an adjacem filter's input 
qu('UC, and receives message objects from other filters, buffering them and later writing them 
to its socket. Sinct> objects of C++ classes can be instantiated using different constructors, 
one constru(1 or is used to create an XJO hand ler for t.he client end. where the socket is 
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already available, and another constructor is used to create an X.lO handler for the server 
end. fn the latter case, the constructor sets up the connection to the appropriate server. 
The XJO handler is actually a filter and three types of event handlers, all in one. li, is a 
fi lter because it needs to be connected to othe1· fi lters and to perform filter functions such 
a.s sending and receiving message objects. It is all "input available" event l 1~ndler because 
it Meds to read messages from its socket when they arrive. It is an "After-input" event 
handler. because once a set of messages bas been passed through the filler network. outgoing 
messages received by tbe XJO filter should be sent as a unit, for performance reasons. It is 
also a -write possible" event handler, as it may not be possible to send all outgoing messages 
on th<' first attempt, due lo fiow control on the socket connection. To avoid blocking. the 
X JO filter must then buffer some output and wait for notification of when writing is again 
po~sibl". 

The X .. .Move...:'vlessages evem handler is typically registered with the scheduler as an Af­
lerJnpm handler before the scheduler is started. Its purpose is to service filter queues by 
passing X message objects from the queues to the associated filters. There are two queues 
per filter. one for clieo~ messages (messages from clienl.S) and one for server messages. When 
an X message object is placed into an empty queue, the queue is normally put into a global 
list of queues that need to be serviced by the X~lovc .. Messages handler. Filters may, how­
ever. block input on either queue, in which case the blocked queue doesn 't get put into the 
sc-rvice queue for X ... Move...Messages. When a queue becomes empty, il is removed from the 
sNvirc queue. 

The X ... Control handle1· is an ·'input avai lable" event handler that reads TCL [Ous90] com­
mands from a socket and passes them to a TCL interpreter. Commands are registered with 
tht> interpreter by filters. handlers, or other objects in the XPS. Interpreting a command 
results in a me~hod call on the objen registering the command. This is how the behav1or of 
the XPS is controlled by other processes. This controlling mechanism might be used, e.g .. lo 
ask the XPS to create a shan:d virtual screen or to add viewers to an existing one. to move 
windows into or out of a shared virtual screen, or t.o turn tracking on or off. 

Filters 
A filter's purpose is to monitor and/or modify a stream of X message objects. All filter 
<.:lasses are subclasses of the Filler superclass, which implements functions needed by filters 
in general. Filters can pass on X message objects without change (i.e .. they can monitor or 
just ignore them), or modify them before passing them on. They can desHoy messages (nol 
pass them on). clone them and pass them to multiple filters, or create new ones to insert 
imo a stream. They can ~!so double as event handlers, as does XJO above. For example, a 
lilter that prints message contents might be implemented as a filter/process handler so that 
it ~<UJ do asynchronous output du ring pauses in X message traffic in order to avoid slowing 
down the X protocol st ream. 

Filtt'N; can be interconnected in various ways to provide different capabilities. Filter links 
can be static or dynamic; that is. messages can be sent to a fixed set of adjacent filters 
(utilizing Filter superclass support). or the seL of filters to which a particular message is sent 



can be computed on-the-fly. Static links can be created using a Ul\IX1 pipe-like syntax. For 
example, a simple string of filters can be created like this: 

client_io_f i lter I fllter I . . . I filter I server _io_filter; 

and a simple tree of fillers can be created like this: 

client_io_filter I branch I f ilter I ... I filter I server_io_filterl; 
branch I f1lter I ... I filter I server_io_filter 2; 

A filter composition capability is envisioned for a future release. This would enable a network 
of filters to be viewed as a single fi lter. 

Fi lters can be selective about which messages they want to process. This selection is facili­
tMecl by the C++ member function overloading mechanism. For example. a filter can define 
a member function to handle all server messages: 

void My_filter: :filter(Xserver_msgl message){ ... } 

or only r<'plies: 

void My_filter: :f ilter(XRepl y& message) { . .. } 

or only I nternALom replies: 

vo1d My_filter: :filter(XInternAtomReplyl message) { ... }. 

Or. it can define all three. In this case, all lnternAtom replies will be sent to the filter 
member function for ln leroAtomReply messages, other replies will be sent to the member 
function for replies, and all non-reply server messages will be sent Lo the server message 
ml'mber funct ion. Messages that are not explicitly handled are automatically forwarded to 
the next filter(s) via the static link(s). Filters can explicitly send messages to the static 
link' using t.he send(message) member function of the Filter superclass, or they can send 
lh<-nl explicitly to arbitrary filters using send(message, filter). Server messages and 
dicnt messages are always handled by separate member functions (using C++ o,·erloading). 
This makes use of the C++ type system to ensure that messages always flow in the proper 
dircc~ion . 

A future version of XEL will implement Condition classes. Each filter will have two Condition 
objects, passed as parameters to its constructor (with appropriate defaults). One condit ion 
object will screen client messages, <Uld the other, server messages. Messages t hat don 't pass 
the test will be sent to the next filter(s) via the static links, bypassing the current filter. 
This will rnake it possible to define filters thai can be combined with different conditions to 
arhieve different effects. which in turn encourages code reuse. 

Ill' IX is a registered trad~matk of ATk'I'. 
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XEL provides message classes for each major type of messages (i.e., server message, client 
message, request, reply, error, and event), and for each individual message type (e.g., hl­
lernAtomRequest or ExposeEvcnt). These message classes are arranged in an inheritance 
hierarchy as shO'-''rl in Figure 3, which facili tates the seledion of message types by filters, as 
described above. 

The C.,..,. code for classes for specific message types is automatically generated from the 
'\ructure definitions (similar to those in Xproto.h), using csh and awk scripts. Ha,·ing a 
s<'parate message class for each message type (a "bout 200 in all) requires a lot of code, but it 
b, u,eful in se\·eral ways. As mentioned above, the message types can be used to distinguish 
between overloaded function definitions, making it possible to write filters that explicitly 
me-ntion only the message types t hey need to process. Message objects know how lo print 
thrmsP.I ves, and the member function that does so takes opt ional arguments 1 o res trict the 
<•mount and type of ou•pul. This makes it easy t o debug XPSs; just insert filters at st1·ategic 
points that ask certain messages to print themselves. Note that this makes it rather E>.asy to 
construct an XPS that implements a rather flexible Xscope-like uaciog capability. ~lcssag<' 
objects also know how to apply a filter member function lo particular S<'t..~ of their fields. 
for example, one can apply a filter member function to all resource IDs in a message, or to 
all graphics context lDs, or to all atoms, or to aU pixels. This facilitates the implementation 
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of resource mapping filters. 

Message objects can be created by passing an array of bytes read from a socket to a s~atic 
member function of the Xserver .msg or Xclient.msg class: 

serverMessagePointer :w Xserver_msg: :create(bytearray); 

This is how XJO creates messages. Alternatively, messages can be created by using a specific 
message type's constructor without arguments, which creates a message of that type ";th 
suitable defaults: 

createWindovRequestPointer = new XCreateWindovRequest; 

Once;~, message object bas been created, its field.s can be referenced and mod ified. Messages 
have a fixed-length part. followed by zero or mol'e variable length fields. Fields in tbe fixed· 
length part can be referenced like this: 

mapWindovRequest->window : = windowiD; 

ll. would be costly M message object creation time to initialize a separate member in the 
message object for each field in Lhe fixed portion of the message, because these fields would 
have Lo be separately initialized from the array of bytes read from a socket. To avoid this, 
the -> operator of the message classes is overloaded to provide access to the fields of the 
flxcd port ion in place in the byte stream. (Note that mapWindowRequcsl is an object. not 
a pointer to an object.) Each variable-length field in a protocol message, however. has a 
correspondi~~& member in the message class. These members are accessed like this: 

polyfillArcRequest.arcs[i] .height 

fn the example above. arcs is a variable-length array of xArc structures. If arcs [i] does 
not already exist, space is made for it in the message object, it is initialized appropriately, 
and all necessary fields iu the fixed part of the message object (e.g., tlw request length) are 
upd~ted accordingly. This is accomplished by overloading the [] operator. 

Sef\·er messages contain a pointer to the client message referred to by the sequence number in 
the sef\·cr message. (Technically, server messages contain a client message J)Ointer member. 
which is set to the appropriate client message by the XJ:O filter.) This r<'li<'ves filters. in 
many cases, from having to monitor and manipulate sequence numbers. It R.lso enables the 
XJO filter on the client end to get the sequence numbers right for the client, in the event 
Llw.t lili.ers insert client messages into the stream. 

An X PS Example 
As an example, consider the filter network in F'igure 4. This filter network was created by an 
instance of a subclass of the X ..Accept event handler when the client on the top connected 
to the XPS. The XPS implements a very simple "conference" between ~wo participants by 



:;haring all windows crea~ed by all clients that connect to the XPS. The XJO filters are 
in~tan<"es of the XJO class described above. They translate X protocol messages between 
byte str<'.ams and X message objects. The Gate, Close, and Open filters implement synchro· 
nization constraints. The Resource filters do resource translation. The Branch filler clones 
client messages and sends them down both branches of the network. The Screen fi lter allows 
otlly 8venl (and not Reply or Error) server messages to flow from the right branch to the 
client. The Seq filter ensures that sequence numbers in server messages arc monotonically 
increasing as they are sent to the client. The thick, solid arrows indicate stat ic inter-filler 
links. The thin arrows indicate that all messages s<>n~ in the direction indicated by the arrow 
ar<' pas~ed through the fil~ers indicated without being monitored or modified. The ,·arious 
filter types and the dashed arrows are described in more detail below. 

The Gate fi lters have two staLes, open and closed. When open, they allow all server messages 
to pass. (Note that the thin arrows indicate that. they always allow client messages LO pass.) 
vVhen closed, they allow all server messages to pass unti l a Reply message is received. The 
Reply and all subsequent messages are then blocked. The Close fil ters close the Gale fil ters 
indicated by the dashed arrows, when they rc.<:civc a Reply message. They are gi,·en a 
pointer to the associated Gate filter ,·ia their cons~ructor. The Open filt<'rs similarly open 
thE." corresponding Gate filters. Gate filters marked with a ~oo :'\ot Enter·· symbol (slashed 
circle) are closed initially, and the others arc open initially. This initial state is set by the 
Gate filter construc tor. 

ThC' lower set of Gate, C lose, and Open filters implements a lternation of Reply messages going 
lh t·ough t he Resource filters. First a Rep ly from Server l passes, then the corresponding 
Reply from Server 2, and Lhen back to Server I. Intervening Event and Error messages 
ar<' passed in order, but without otherwise being blocked. The Resource filter~ capture thf' 
resource ID base a11d mask from the XConnSetup messages and store them locally. For 
resources not created by the clien~ (such as the roo~ window ID) that need to be mapped, 
the right Resource filter creates a mapping table that maintains the correspondence between 
the resource IDs on Server 2 and those on Server l. To perform this task, the right Resource 
fi lter needs to see corresponding replies from both branches at the same time. This is the 
reason for the alternat ion of Reply messages d('.scr ibcd above. The left Resource filter keeps 
a pointer lo the current Rep ly. The right Resource filter, when it gets the corresponding 
Reply, can look at both messages to gel the resource l Ds that need to be paired. (The right 
Resource filter has a pointer to the left one. wltich it got via its constructor, and it uses this 
access the Reply on the left.) The Resource fil~r also performs resource mapping on client 
aud server messages by asking the messages to apply specified filter member functions to all 
r<>~ource IDs in the messages. The code for doing the mapping and any stall' needed by this 
r.odC' (e.g., resource mapping tables and the resource ID bases and masks) are kept in the 
filter. 

The upper set. of Gate. Close. and Open fil Lers ensure that a reply will not go to the client 
b<'fore the right Resource filter has a mapping for any IDs in the reply. This C'nsures that 
'he client will not use any resource IDs for wb.ich a mapping does not yet <'xisl. 

The Screen filter ensures that replies ~o requests only come from one branch, ~he left one. 
(Reasonable floor control mechanisms require more elaborate screening than this.) The Seq 
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fil~er ensures tba~ sequence numbers going back to the client are monotonically increasing. 
Sequence numbers on events can end up being out of order at this point, because we arc re­
ceiving events from both branches. Once again, stronger assurances than this about sequencc 
numbers are typically necessary. 

No1.e that Lhe synchronization of messages could have been implemented entirely within the 
RC'~Ourcc and Branch filters. There is a good reason for not taking this approach. The XEL 
was d<-sigued to make it easy to implement XPSs. Factoring out synchronization makes 
it easier to write the Resource Mapper in this example, since alternation can be assumed. 
Keeping filters small and simple decreases the difficulty of writing XPSs and increases code 
r('USe. 

Simi l~ rl), notice \haL Gate filters are always followed immediately by Close filters. and the 
two could be combined. This has not been done, so that other types of synchronization can 
be implemented with these same classes. But ill \his case, I've made \he ~surnption that 
one<' XJvfoveJv!essages starts moving a message, it continues to move il as far as possible 
until it is blocked. Tflis is indeed the case with the current version of XEL. and, since it is 
a useful assumption. it will probably become parl of the XEL specification. 

Summary a.nd Conclusions 
X Pseudo-servers (XPSs) arc an important means of adding capabilities to the X Window 
System. But they are difficult to design, implemeut, and maintain. I have addressed this 
p1·obl<'m by creating the X Engine Library ( XEL), a C++ library for constructing XPSs. 

XEL simplifies the construct ion of XPSs for a number of reasons. Code reuse is high, 
because scheduling, event handling, filtering. and structuring capabilities are part of the 
library. These capabilities can be encorporated into an XPS by selecting concrete (complete) 
classes from the library and by su bclassing off of concrete or abstract (incomplete) classes. 
F'ilters can often be connected in a simple sequence, using a uNIX pipe-style syntax. !nter­
fiher communication (JFC) needs are normally small, and when IFC is required, it can be 
accomplished via method calls between filters or via shared objects. 

Filler code only needs to explicit ly ment ion messages types it must mo!litor or modify. Entirf' 
c lnss<'S of messages (e.g. Requests, or Replies) can often be handled as a unit , becaus<:> 
there is a separate message class for each X protocol message that knows the particulars of 
that m€'5Sage and can apply functions to its particular members by type. C'+.;. operator 
o\·erloading makes selecting message classes easy. 

Filters arc typically small. The Resource filter is abou t 200 lines of code and !.he othcrF 
(excluding XJO ) are a1·ound 100 lines, mostly boiler-plate. If we assume that the Seq, 
Screen, and Resource filters, ~he subclass of X.acccpt , and the main program M(' all that a 
p1·ogrammcr needs to write in the example XPS described above, this XPS was impl('mented 
wtth about 800 lines of C++ code, most of which is boi ler-plate. 

Flexibility, modularity, simplicity, and efficiency arc primary design criteria for our ABC 
:;y>tem. Flexibility is important because il facilitates the prototyping and implementation 
vf a wide range of ABC' design options . .\loduladty and simplicity are critical given the big 
learning curves and short lC'nures of graduate student programmers; they also contribute to 
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flexibility. Efficiency is important both because we need to conduct meaningful user studies 
of group collaboration and because an efficient prototyping mechanism eases the conversion 
to efficient products. The XEL gives the XPS component of the ABC system great flexibility, 
Jllodularity, and simplicity. Early XPSs we have developed with XEL make us confident that 
implementing an efficient XPS with XEL is possible, though this bas yet to be proven for 
an XPS with a reasonably complete set of capabilit ies. 

The XCL structure has al~o proved useful as a common language and framework for dis· 
cussing altcrnati\'e XPS capabilit ies, and bow they might be implemented. Its flexibility has 
encouraged us to investigate more flexible window sharing and tracking/replay systems. For 
example, we are now working on a drag-and-drop style of conferencing, where an arbitrary 
window can be picked up and placed imo a confe rence (shared virtual screen) or t.aken out 
of one, o r cloned and placed in d ifferent locaUons, in and out of conferences. We have not 
se.en th is type of per-window conferencing in other XPSs. Most XPS-bascd confe,·encing 
sysl<'ms (including XTV and Virtual Screen) ~hare client connections to an X server, rat her 
than individual windows. Unlike XT\', Virtual Screen, and some others, ABC uses only a 
::;iugle X PS per X sen•er, and all clients connect to our XPS instead of to the real X sen·er. 
That is. we implement multiple conferences within a fixed set of XPSs, one per workstation. 
rather than having a single XPS per conference. This, combined with the use of XEL to 
coJtstruct our XPSs, facilitates more flexible window sharing capabilities. It also makes con­
ferences more lightweight, (an important goal), because it avoids process instantiations when 
a conference is created. 
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