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ABSTRACT We propose some architectural 
principles we have found useful.tot the support 
of  continuous media applications in a 
nzicrokernel environment. In particular, we 
discuss i) the principh~ o.f upeall-driven 
application structuring whereby communications 
events are sy,s'tem rather than applicalion 
initiated, ii) the principle of split-level .~Tstem 
structuring whereb), key system .fitnctions are 
carried out co-operatively between kernel and 
user level conwonents and iii) the principle of 
decoupling ()f control tran,~fer and data tran.~.'['er. 
Under these general headings a number of 
particular mechanisnzs and techniques are 
discussed. Our suggestions arise .f)om 
eaperiences in implenwnting a Chortts based 
real-time and multinzedia SUpl~ort in.[~astructure 
within the SUMO project. 

1. I n t r o d u c t i o n  

Over the pw;t two ye~u-s members of the SUMO l 
team at Lancaster University and CNET (France 
Telecom) have been designing lind implementing a 
microkernel based system with facilities to support 
distributed real-time and multimedia applications. In 
this paper, we take a retrospective look at our design 
and revisit some of the abstract architectural 
principles we have applied. 

We are interested in both communications and 
processing support  for distributed real-l ime/ 
multimedia applications in end systems, and believe 
that such applications require thread-to-thread real- 
time support according to user supplied quality or 
service (QoS) plu'iuneters. Such support, depending 
on the level of QoS commitment required, may 
require dedicated, per-connection, resource ~dlocation 

1 The SUMO project is fun,led by CNET. France Telecom. 
Aspects of the research are also funded by the [rK EPSRC. 

in the CPU scheduler, virtual memory system and 
communication system. It may idso requh'e ongoing 
dymunic QoS management in Idl these areas. Another 
important requirement we have iml~)sed on ourselves 
is Io support standm'd [ INIX applications on rite same 
machine its our real-t ime/ mult imedia support 
inli'astructure; we do not want to build a specialist 
real-time system that is isolated from the standard 
application environment. Finally, efficiency is a 
prime consideration in our work. In pm'ticuhu', we are 
interested in minhnising system imposed overheads 
by reducing the cost and number of system calls, 
context switches lind copy operations. 

To achieve these ends we use the Chorus 
microkemel [Bricker,91] its a vehicle for our reselu'ch. 
Chorus lets us run [INIX applications through a 
SVR4 compatible UNIX 'personality '  known as 
Chorus/MiX, and also provides rudimentluy reld-time 
support to native Chorus applications. We have 
designed our distributed real-time/ mult imedia 
support  sys tem its a Chorus ' pe r sona l i ty '  
implemented partly in kernel space and partly as a 
user level librm'y to be linked with native Chorus 
applications. The personality provides a QoS driven 
application prognunmer's interface (API), connection 
oriented communicat ions with dedicated, per- 
connection, resources, and facilities for monitoring 
and mainlaining ongoing QoS levels. 

This paper is structured as three main sections, 
each of which describes a key ~u'chitectund principle 
of our design. The three principles are: i) upcall- 
driven appl icat ion s tructur ing whereby  
communications events are system rather than 
application initiated, ii)split-level svstenz structuring 
whereby key system functions m'e carried out co- 
operatively between kernel lind user level components 
and iii) de.coul~ling of control tran.~.'[~er and data tran,~[~er 
whereby the transfer of  control is carried out 
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a,;ynchronously with respect to the transfer of data. 
Under these headings a number of  innovative 
techniques are discussed. 

We restrict ourselves in this paper to a fairly 
general and abstract  treatment of the above 
architectural principles. A more detailed description 
of our design can be found in the literature. In 
particular, the API is comprehensively described in 
[Coulson,94a] and [Coulson,94b], and the underlying 
infrastructure in [Coulson,93] and [Coulson,94c]. 
The latter paper also describes a number of novel 
aspects of the system not discussed in this paper such 
as the support  of  mult iple  levels of  QoS 
commitment and their ,associated admission testing 
,algorithms. 

2. Upcal l -dr iven  Appl icat ion  
Structuring 

The system in.fi'astructure, rather 
than the application, is re.wonsible 
.fi~r the initiation o./commtmication 
events (both sending and 
receiving). 

In conventional designs, system APIs are mostly 
passive and applications m'e mostly active. For 
ex~unple, when an application needs to send or 
receive data, it typically inw)kes a system call such 
~ .vend() or recvO. It ~dso provides the buffer from/to 
which data is to be sent/received. In contrast, our 
continuous media API is structured so thai the 
system infrastructure is active and applications are 
p`assive. Application progr~umners attach rthandlers, 
which are C functions containing application code to 
process the real-time media, to rtports, which are 
global ly unique units of  addressing.  Then, 
progranuners establish connections with a given QoS 
between rtports. At colmect time, the sy.vlem, rather 
than the application, allocates buffers h)r connections 
,and provides the thread on which the rthandlers will 
be executed. At data transfer time, the system decides 
to upcall the application to obtain/ deliver data at 
instants determined by the QoS specification (in 
terms of rate, jitter, delay etc.) provided by the 
application at connect time. When an application 
rthandler is upcalled, the address of the associated 
rtport 's buffer is passed as an argument so that 
application ctxle in the rthandler can access the buffer. 
Source rthandlers are expected to fill buffers with &tta 
to be sent, and sink rthandlers to use the data as 
provided. 

We believe there are three major benefits of this 
style of application/ system interaction in our 

context  1. First, it relieves the application of the 
burden of explicitly creating threads ,and allocating 
buffers. Second, the system,  rather than the 
application, can choose the timing of application 
code execution, and thus can optimally monitor and 
manage the QoS of the connection, including the 
execution ofat2plication code, to provide the required 
thread-to-thread QoS support 2. Third, we contend that 
structuring the. API with rthandlers is a natural and 
effective mtxlel tbr re~d-thne progr,'umning. Re~d-time 
programming is considerably simplified when 
progr~unmers can structure applications to react to 
events and delegate to the system the responsibility 
for initiatirlg c o m m u n i c a t i o n  events .  The 
progr,'unmer iS still ultimately in control of event 
initiation but this control is expressed declaratively 
through the provision of QoS parameters at connect 
time and need not be explicitly progr~unmed in a 
procedur~d styl~. 

Ahmg wiih these benefits, an efficiency gain 
potentially results from upcall-driven application 
structuring, because a single thread can be used h~r 
both protocol and applicat ion processing. In 
conventional systems, applications interl~tce with 
colmnunications by perhmning system calls which 
block and reschedule if the communications system 
is not ready to send, or if data has not yet arrived. 
With infr~ustructure initiated communication, on the 
other hand, it is not necessary h)r the application and 
communications system to wait for each other, and 
thus no cmitext switch is incurred, as the 
communica t ions  system always initiates the 
exchange and ,the application code is (or should be) 
always be ready to run. 

To our knowledge, upcall-driven application 
structuring w{ts first discussed by Andrew Black 
[Black,83] al the 1983 ACM Symposium on 
Operating System Principles. However, Black 's  
reason for exploring this structure was not related to 
continuous media. Rather, he was interested in 
accommodat ing UNIX pipelines in the object 
oriented progrmmniug paradigm. 

3. Split-level System Structuring 

The pelformance q/" key system 
.functions is shared co-operatively 
between kernel and user space 

| Of  course, this mtuld is also used in other contexts such as 
event driven Gl l ls  like X-Windows. 

2 For example file facl lhat physical mCnlory buffers are 
allocated by tile infraslruclure eases lhe implementalion of 
all efficient buffer Illallagelllen| sdlellle and zero-copy 
conlnlunicallollS dala palh (see seclio.  4). 
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managers  with asynchronous  
communication qf  management 
infornuttion between the two. 

We assume that d is t r ibuted  mu l t imed ia  
applications will typically require a high degree of  
internal concurrency. For ex~unple, it is likely that 
each media stream will require at least one thread of  
execution and it is also likely that applications will 
be structured as pipelines of  processing stages on 
streams of  media. We further assume that it will be 
convenient  to encapsulate this (per application) 
concurrency within a single address space (tar a sm,'dl 
number of  address spaces) to ease and optimise 
c o m m u n i c a t i o n  and synchron i sa t ion  be tween 
concurrent activities. 

Given these assumptions, it is reasonable to 
place its much its possible of  the required system 
functions in the same address space as the application 
i tsel f .  This has the benefi t  o f  min imis ing  
communication overheads between the application 
lind its support inlYastructure and thus enabling tight 
coupling h)r management purposes, l lnfortunately, 
this approach h,'ts the corresl~nding drawback that the 
kernel loses global awareness of  resource usage 
across the whole machine. Split level structuring is 
designed to maintain the advantages of  user space 
management while mitigating its disadv~mtages. 

3.1 Split  Level  Schedul ing  

3.1.1 The Basic  Scheme  

The above  m e n t i o n e d  advan t ages  and 
disadwmtages iue p,'uticuhuly evident in the case of  
CPU resource management  through user level 
threads. Here the benefit  is cheap user level 
concurrency and the drawback is that the relative 
urgencies of  threads in different address spaces lu'e not 
visible to the kernel scheduler. 

The solution is split level scheduling which wits 
originally devised at the University of  California at 
Berkeley; a UNIX implementation was reported by 
Gov indan  and Ander son  a! the 1991 ACM 
Sympos ium on Operat ing Systems Principles 
[Govind,'m,91 ]. 

In split level scheduling, a small number of  
virtualprocessors (VPs) execute user threads in each 
address space (typically, one VP per physical CPU is 
usedl). The split level scheduling scheme maintitins 
the inwtriant that: 

1 In this paper, we assume a single CPII and thus a single VP 
per  address  space.  However ,  the d e s i g ,  can eas i ly  be 

• each user level scheduler (ULS) always runs 
its most urgent user thread, and 

• the kernel level scheduler (KLS) ~dways runs 
the VP supporting the globally most urgent 
u~ r  tlu'ead. 

Split level scheduling allows many context 
switches to take place cheaply in the same address 
space but ,also ensures that the relative urgencies of  
threads across the whole machine are appropriately 
taken into account. 

In our implementation, which uses the earliest 
deadline first scheduling policy [Liu,73], VPs ~u'e 
reidised ~s Chorus kernel ttueads. To enable the KLS 
and U L S s  to co-opera te ,  an a s y n c h r o n o u s  
communication mechanism is used which consists of  
i) a segment of  memory sh~u'ed between the KLS ~md 
all the I ILSs, which serves as an asynchronous 
'bulletin bozu'd' area, imd it) an asynchronous  
softwlue interrupt mechanism 2 for kernel-to-user 
space event notification. The ULSs place in the 
bulletin bo~u'd ~trea the urgency (i.e. the deadline in 
our case) of  their most urgent runnable thread, and 
the KLS inspects these urgencies each time it runs 
and chooses to run the VP that is supporting the user 
thread with the glob~dly greatest urgency. 

3.1.2 C o n d i t i o n a l  Dead l ines  

We have extended Govindan 's  original design 
with conditional deadlines. Conditional deadlines 
enable the urgency of  external events (such as the 
lU'l'iwd of  a network packet, or a timeout) to be t~tken 
into account when scheduling decisions ~u'e made. 

A conditional deadline is of  the h~nn < ~ w t ~ ,  
, l~:~,l l±u,> and has the intuitive interpretation: 
"when ~v,ut- has lu-rived dais thread will be runnable 
and will have a deadline of ,l~:~,]3_±~". Conditional 
deadlines ~ue placed in the shlu'ed ULS/KLS memory 
,'uea for consideration by the KLS its above. When 
the KLS runs, if it can match a current event (e.g. 
network packet :u'rival) with a conditional deadline, 
and the ,1~:~, 11 ± u~ field of  the conditionid deadline is 
the globally earliest, then the KLS will cht)t)se to 
run the associated thread's VP. The KLS will also 
deliver an asynchn)nous software interrupt (see 
section 4.3) to enable the VP 's  ULS to gain control 
when it next runs st) that the appropriate user thread 
c~m be ilmnediately scheduled. 

Note that without conditional deadlines, the KLS 

general ised tt~ shared memory  nmlt iprocessor arcllileclure.,:. 
See secl ion 4 for deta i ls  of the implementat i~m of  our 
software mlerrupt ll techanism. 

19 



would have to immediately notify a ULS on the 
occurrence of an event to ensure timeliness of 
response. However, if the event turned out to be non 
urgent, the context switch to the VP receiving the 
software interrupt may have been a w~,~te of time - 
particularly if the user thread with the globally 
earliest deadline happened to reside in a different 
address space. 

3.2 Split Level Communications 

The strategy of split level communications 
structuring is to leave the kernel responsible for 
multiplexing and demultiplexing network packets to 
application address spaces, but to let application 
address spaces perlorm transport level processing. In 
this way, transport  protocol  processing can 
automatically take advantage of the split level 
scheduling infl'astructure and thus exploit cheap user 
level context switches. 

Split level communications structuring also 
allows meaningful deadlines to be placed on 
(transport level) protocol processing activities, as the 
ulthnate deadline of tile final packet delivery is easily 
available in the application context. Thus, the 
scheduling of protocol processing need not be 
performed 'b l ind '  as it is in typical kernel 
implementat ions.  A further adwmtage is that 
mult iple  t ransport  protocols  can easi ly be 
dyn,'unically configured in and out of applications 
according to their par t icular  requi rements  
[Thekkath,93]. This is important in a multimedia 
context where different protocols may be appropriate 
for different media types. 

3.3 Split Level Buffer Management 

The strategy of split level buffer mmmgement is 
for the kernel level manager to ' loan'  physical 1, 
locked, buffers to per-address space managers, but to 
always reserve the right to reclaim the buffers if 
memory  is more urgently required elsewhere 
(according to global connection priorities or 
deadlines) or if file per-address space mmmgcr l'et~dns 
the buffer longer than it has agreed to. The policy 
adopted in our current design is that the application is 
allowed to keep the buffer for at least the normal 
duration of transport protocol processing time plus 
rthandler execution time. IL however, this period has 
elapsed and the application address space has not 

It is often necessary to use physical nlelut~ry buffers in lime 
critical real-time aml multimedia systel l lS as lhe access 
latency to virtual memory is at the mercy of |he paging 
systenL 

returned ownership of tile buffer to file kernel 2, tile 
kernel may reci~mn the buffer. 

The semantics of 'reclaiming' locked butlers is 
to convert locked memory into standard swappable 
virtual memory. In this way, applications do not lose 
their data although they do lose guaranteed access 
latency to that data as the memory region is subject 
to being paged out. If the kernel does not need to 
reckfim butlers at the end of an rthandler execution, 
the user space manager may re-use buffers for other 
connections (e.g. in user level pipelines; see section 
4.4). 

4. D e c o u p l i n g  o f  C o n t r o l  T r a n s f e r  
a n d  D a t a  T r a n s f e r  

Tranffer of control is carried out 
asynchronously with t'espect to 
tranffer o.f data to permit the use of 
separately optimised pathways for 
both. 

In traditional systems, the mtnster of control and 
the transfer of data ~u'e usually tightly coupled. For 
exmnple, the execution of a UNIX system call passes 
data to the kernel and simultaneously transfers 
control to the kernel. Similarly, the return of a call 
such as recv()  transfers control back to the 
application and simultaneously trmlsfers the received 
data to the application. However, there are well- 
known advantages to be gained from decoupling 
control transfer and data transfer. For ex~unple, 
asynchronous message passing in distributed systems 
yields additional concurrency, and copy-on-write 
based IPC as used by Math [Accetta,86] and Chorus 
defers data copying, and avoids it altogether if the 
receiver only needs to read file data. 

In the following sections we show, by means of 
four ex~unples from our Chorus based design, how 
the principle of decoupling of control transfer and 
data transfer can be usefully exploited in a number of 
situations in a re~d-time/nnulthnedia envh'onment. 

4.1 Direct Connections 

In distributed multimedia applications it is often 
required to receive continuous media data li'om the 
network and directly play it out on a device such as 
an audio card or a frmne buffer (which is probably 
nmmaged by kernel level code). The application may 
or may not require to keep track of tile transfer of 

2 This is achieved by selling a flag in the shared memory 
bulletin board area; see asyttchronous system calls in 
section 4. 
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individual buffers  o f  data for synchronisat ion 
purposes. The opposite scenario, where data from a 
local device is to be put directly onto the network, is 
equally common. In conventional operating systems, 
the only way to achieve such a data flow is to route 
the data through an intermediate user process. 
Unfortunately, this involves significant per-buffer 
overheads. For example, when receiving data from 
the network which is to be played out on a local 
device, two system calls per buffer (one recvO, and 
one writeO to place data into the device), a context 
switch to the user address space and probably a 
number of  copy operations ,are involved. 

In a direct connection, data that is to be passed 
directly between the network and a local device does 
not pass into user space at ~dl; it is processed enth'ely 
within kernel space. In API tenns, the application 
associates an rtport with the device rather than its 
own address space (thus resulting in ml identical API 
for ' c o n v e n t i o n a l '  c o n n e c t i o n s  and direct  
connections). Note that direct connections require us 
to support an in-kernel instance of  tile transport 
protocol in addition to the user level hnplementation 
discussed above. When a direct connect ion is 
established, the infrastructure pre-maps the buffer 
associated with the connect ion into the output 
device 's  memory (assuming a 'receiving' scenm'io). 
Then, data c,'m be directly copied off the network cm'd 
on to the device without leaving kernel space. The 
only significant in-line overhead is incurred by the 
fragmentation/re-assembly functions of  tile in-kernel 
u'ansport protocol. 

If  the user applicat ion does not need to 
synchronise with the delivery of  buffers, no further 
overhead is incurred. However,  if it is required to 
synchronise, the application cml attach an ~lhandler to 
the rtport (as described in section 2). This is upcalled 
on each buffer transfer with the usual rthandler 
semantic. The only difference in the API between 
this case ,'rod the nolan~d case described ill section 2 is 
that the buffer pointer passed as an argument to tile 
rthandler upcall will be a null pointer as the 
application context will not have the rights to 
directly access the kernel managed buffer. 

4.2 A s y n c h r o n o u s  Sys t em Calls  

For  c o n t i n u o u s  m e d i a  c o n n e c t i o n s ,  
asynchronous system calls exploit the predictable 
periodicity of  the transfer of control and data between 
application address spaces and the kernel. To issue an 
asynchronous system call (e.g. an asynchronous 
version of  sendO), user level library code: 

i) places ml operation identifier and parameters 

ill tile shared KLS/ULS memory  bulletin 
l:x~ard area ,'rod then 

ii) sets an 'operation request '  bit, also in tile 
bulletin bo,'u'd area. 

The KLS, when it runs at the next system clock 
tick, notices that an operation request bit is set and 
consequently passes the user's par~uneters to a kernel 
server thread which carries out the system call on 
behalf of  the ULS. This awfids a special domain 
crossing for the system call at the expense of  a 
couple o f  instructions to ex~unine a bitmap on each 
clock inte~Iupt. As long as domain crossings are 
frequent (as will be the case when a number of  
continuous media connections ,are running) this is 
likely to reduce the over~dl system c;dl overhead. 

ALl additional benefit is that tile inherently non 
blocking semantics o f  asynchronous system calls 
allow an important optimisation of  the split level 
scheduling design (see section 3.1). The problem 
with stmldard, blocking, system calls ill a split level 
scheduling context is that a user level thread 
perfonning a blocking system blocks its underlying 
VP [Marsh,91]. This means that any other user 
thread in that address space is unable to run until tile 
blocking system call returns, even if one of  them has 
a g loba l ly  h ighes t  u rgency .  Non  b lock ing  
asynchronous system calls eliminate this problem by 
immediately releasing tile VP so that it can execute 
another user thread (ll.b. the calling user thread is 
blocked at the user level while this is happening to 
preserve the expected blocking semantics  for 
applications). When the system c;dl is completed, the 
kernel delivers the result to the I_ILS through the 
conditional deadline mechanism (see section 3.1.2). 
The I lLS can then re-schedule the blocked user 
thread. Note that applications using user threads see 
only stan&trd blocking system calls. 

4.3 A s y n c h r o n o u s  S o f t w a r e  I n t e r r u p t s  

Our implementation o f  sof twme inteffupts is 
similar to that of  asynchronous system calls and 
similarly avoids a special domain crossing. The 
mechanism for kemel- to-VP control transfer is as 
lollows: 

the KLS places an event identifier and 
parmneters in the KLS/ULS bulletin board 
art~t; 

ii) tile KLS alters the progrmn counter field of  
the tin'get VP's  context structure (also kept 
ill the bulletin board area) to point to a 
standard entry point ill tile ILLS. 
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Thus, when the VP is next scheduled, the VP 
immediately enters its ULS, which picks up the 
event identifier and p,'u'ameters, and schedules a user 
thread to deal with the event. Note that the actual 
transfer of  control only occurs when the target VP is 
next scheduled as determined by the split level 
scheduling system. The original contents of  the 
program counter field ,are stored in the bulletin board 
,area so that the interrupted user thread c~m be restuned 
by the ULS at some later time. 

Asynchronous  software interrupts are also 
provided as a service accessible liom user level code. 
This service enables libr,'uy code in one address space 
to cheaply notify an event to another address space on 
the same machine. The service ,also allows the sender 
to name a pre-existing memory  segment shared 
between the sender ,'rod receiver address spaces so that 
~tt,a c,'m be optionally transfcn'ed in the s~une call. 

4.4 User Level Pipelines 

Our API for pipelines of processing stages is 
very similar to the connection abstraction described 
in section 2. But rather them passing a pair of rtports 
as ,arguments to the connectO primitive, we pass a 
list of  rtports. Also, in the case of  pipelines, the 
delay QoS p,'u'ameter applies end-to-end over the 
entke chain of  rtports. 

Intermediate processing stages in pipelines ~u'e 
also realised in a similar way to that described above: 
when &ira ,arrives at ~m intermediate processing stage, 
the rthandler ~tssociated with the rtport is upcalled. 
When the rthandler returns, it is assumed that the 
r thandler 's  application code has performed some 
appropriate processing on the buffer whose address 
w,xs passed up to it, ~md the data can be passed on to 
the next stage. 

As the various stages of  a pipeline form p~u't of  
the same application, it is typically the case that 
pipelines (or 1,'uge sections of  them) ~tre hnplemented 
in a single address space. The data transfer 
mechanism in this case is as follows: when an 
rthandler implementing one stage of  a pipeline 
returns, having operated on a buffer, tile next stage in 
the pipeline is simply passed the address of  the s~une 
buffer. Meanwhile, the first stage sets to work on a 
second buffer; ~md so on. At tile end of  tile pipeline, 
when buffers ,arc finished with, they ~ue returned to a 
user level pool from which they can be reused by the 
first pipeline stage. With this implementation, inmt- 
address space pipelines incur only user level control 
transfers between the threads dedicated to each 
pipeline stage, and zero copy operations between 
stages. 

Note that the API is the identical reg~udless of  
whether intra-address space, inter-address space or 
inter-machine connections or pipelines are used. 
Inter-address space communica t ion  on the s~une 
machine uses buffers that ~ue statically mapped into 
both the source and sink address spaces fi)r data 
transfer, and use asynchronous softwm'e interrupts, ~t,~ 
described above, fi)r control transfer. Inter-machine 
connect ions  use the split-level communica t ions  
system described in section 3.2. 

5. I l lu s t ra t ive  S c e n a r i o  

To further illustrate the integrated use of  the 
principles and techniques described above, let us 
examine their application in a thread-to-thread 
continuous media scen,'u'io in the context of  our 
Chorus based ~system. The scen,'u'io, illustrated in 
figure 1, involves the transfer of  compressed video 
from a fr,'une grabber c~u'd on a source machine to a 
decompress/display application on a sink machine. 
In figure 1, the l~u'ge ovals represent user address 
spaces with libi'm'y c(x.le below the horizontal line and 
application code above. The rectangles represent 
kernel space wi th  the enclosed shaded regions 
representing devices. 

/ A - " "  ........... \ "'"t't'"'s / A - ' i " - i i A N  
I l l  ¥.l,,,,,al,,~ \ t~ ..... II ~t~'""ll"~" l L \  

• ill~erl'ac e s  

k e r n e l  k e r n e l  
s i t e  I s i l e  2 

Figure 1: An Illustrative Scemtrio 

The send ' s ide  features a direct connection, 
involving the video capture device and the network 
interface, which avoids tile need for data to pass into 
user space. It also features the (optional) use of  an 
rthandler to allow the sender, which is structured as 
an upcall-dri'ven application, to moni tor  and 
synchronise with the progress of  the connection. If  
the rthandler is used, the ULS of  the split level 
scheduling system is notified via an asynchronous 
software interrupt each time a fr~une of  vide(, has 
been transmitted, and schedules a user thread to 
execute the application c(xle. 

On the receive side, the split level bu././~,r 
management system allocates a physical buffer from 
the kernel buffer pool to hold incoming network 
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packets associated with the connection. This buffer is 
statically mapped into both kernel space and the 
application address space (Io eliminate the need for 
copying). 

In the split-level communications .2vstem, when 
a complete network level packet has been received, 
the application address space's ULS is notified via 
the conditional deadline mechanism and initiates 
transport level processing, This may involve the 
receipt of further network packets to build a complete 
user level buffer. When a complete user buffer has 
been built, and the receiving thread has the globally 
earliest deadline, the ULS runs a thread which upcalls 
the application's rthandler with the address of the 
bufter as a parameter. 

The receive side features a user level pipeline 
which involves one user thread performing 
decompression ,'rod mlother displaying uncompressed 
video in a window. The display is achieved by metals 
of asynchronous system calls to a display device (not 
shown). Context switches between the two pipeline 
threads are achieved at user level costs and the 
transmission of data t'rom the decompressor to the 
displayer does not inw)lve data copying. 

6. Conclusions 

We have discussed three architectur~d principles 
useful Ibr the suppor! of  distributed real-time/ 
multimedia applications in operating systems, and 
have illustrated the applicability of the principles 
with specific techniques from our Chorus based 
d is t r ibuted  r ea l - t ime /  mu l t imed ia  support  
infr~t,~tructure. 

Firstly, we contended that the principle of 
upcall-driven application structuring leads to well- 
structured re,d-time applications, relieves applications 
of the burden of explicit thread creation and buffer 
allocation, and leads to potential efficiency gains 
because of reduced context switches. 

Secondly, we ,argued fl~r the principle of split- 
level system structuring. We suggested that this can 
improve efficiency by exploiting application specific 
knowledge (e.g. scheduling deadlines or buffer 
requirements) in a local, user level, context where 
application/ manager interaction is cheap, while 
relying on a kernel level manager to 'bias' resources 
to application address spaces of the basis of their 
relative needs. Active co-operation of malmgement 
information between user m~d kernel level managers 
is key, but as long as an asynchronous style of 
communication between managers is acceptable, this 
can be achieved cheaply by means of a shared 

memory 'bulletin board'. 

Thirdly, we suggested that the principle of 
decoupling of control tran.~fer and data transfer cml be 
widely applied in a multimedia environment. In 
support of this, we described hmr techniques from 
our  i m p l e m e n t a t i o n :  d i rec t  connec t ions ,  
asynchronous system calls, asynchronous software 
interrupts ,'rod user level pipelines. 

A final point is that, although we have shown 
the three principles working together in this paper, 
they are largely orthogonal mid should be capable of 
being exploited in a range of operating system 
environments. Similarly, many of the individual 
techniques we have described can usefully be 
implemented in a stand-alone fashion. We are 
currently implementing and evaluating the chorus 
based design described in this paper ~md h×~k h,rward 
to validating our principles in terms of direct 
peffonmmce measurements. 
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