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Chapter 1

Introduction

1.1 Background and motivation

As more and more media content is made available throughmteenket, content such as radio,
tv, movies and music, is streamed to users from media sefVeesmedia servers must be able
to serve a magnitude of users and therefore it is importattttite media server application
responsible of retrieving the content a user requests amdirggit out to he or she, does this
with as small processing effort possible. The less prongssifort the server can use on each
client it serves, the more clients it can serve. One posaioleitecture to build the media server
application upon is module and component based called anstrendler architecture. This
architecture relies heavily upon the use of virtual funesito allow new components be added
without the need to rewrite existing code, and to plug aabjtrcomponents together, old or
new. But, with this ease of development of new componentsdamiedia server and the ease of
changing existing compositions of components, there isareased cost related to the use of
virtual functions needed for components to communicatéhisfarchitecture causes the server
to support less concurrent users, then its use has to bedeoediand its ease of development
has to be weighed against the cost of buying a new server.

1.2 Problem definition

A typical scenario is where a client, located on a differeatwork than the media server,
requests a video file located locally on the server. To sdmngerequest, the media server,
sequentially, reads the file from disk, packs the data intaasport protocol of some kind
and sends it out on the net to the client. In the componentdostseam handler architecture,
this process is split into three logical components; reqdiata, packing data and sending the
data. The communication between these components are dorg wirtual functions. The
problem we want to investigate is the cost of using the streandler architecture and evaluate
its performance against an alternative, stripped versibich uses no virtual functions. In the
alternative version, the components that does the job afimgapacking and sending data to
the client in the stream handler architecture, is mergedttmy into a single component which
then uses no virtual functions.



1.3 Outline

This thesis is organized as follows. In chapter 2 we presenstream handler architecture and
four media frameworks that are based on the this architectarchapter 3, we take a look at
a media system consisting of a media server and a media.dMmpresent some changes and
add-ons to this system and a new system call that is usedeémbs network packets in kernel
space and send it out on the network to a client. In chapter gresent a time measuring tool
that we will use to test changes we have made to the mediansyated in chapter 5 we will
present and evaluate these results before we conclude okiinchapter 6.



Chapter 2

Media streaming frameworks

2.1 Introduction

The need for generic and reusable building blocks for bagdmultimedia streaming
applications has led to the idea of breaking down streamppdjcations into smaller units that
can be reused. These units should be tasks that are typtalftam used in such applications.
This can be decoding, encoding, transcoding, presenta#inalysis etc. Combined with
interfaces that makes it easy to connect these processiitg tagether, the application
developer can write multimedia applications that adheyesftow-based programming model,
without the need of writing everything from scratch.

In this paper five kinds of such frameworks are presentedopipges [1], Komssys [2],
Network-Integrated Multimedia Middleware [3] and GStrear{v].

2.2 The stream handler architecture

The units introduced in the previous section are termedaustrieandlers or components. They
are seen as objects and therefore built using an objecttedgmogramming style. The stream
handlers can usually be split into three categories whittbatetheir role in the application:

» A source stream handler that produces the data. This caedoéeng data from a file or
from a live capture from a camera, or some other device.

» A ssink stream handler which is responsible for sending #ta dtream to a file or sending
the stream to a suitable device like a sound card and/ or a ¢ialel or sending data stream
out on the net to a client.

* In between the source and the sink it is possible to have prmce processing or buffer
stream handlers. The processing stream handler can begadyamentioned, a decoder,
encoder, transcoder, multiplexer, demultiplexer, filter & buffer stream handler is only
used for intermediate storage between two other streanidrand

These three stream handler categories is presented in #dutegether with some terms related
to their interaction.

Since stream handlers are modeled as objects, most of themphaperties/attributes that
can be used to tune their behavior. This tuning can be donedayger to suit special needs, or it

3
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Figure 2.1: Data flow and terms in the stream handler ardhitec

can be done dynamically by the stream handlers themselviés tlvb application is streaming

data. The latter is usually done by sending a report regartie current state of the stream,
and then the stream handlers that are affected is updatésicdmmunication, combined with

the media data flowing from source to sink, is the data flowhrgugh the stream handlers.
Unlike the media data that only flows in one direction, fromree to sink, the communication

between the stream handlers, called control informatian flow in both directions. The control

information can be a notification to other stream handlechamge some of their attributes, or
it can be information regarding the media stream, such agification to change the position

in a video or audio stream.

To connect the stream handlers together, so the data canrflowdne stream handler to
the next, there has to be some kind of interface that dictedesdata is delivered between two
neighbouring stream handlers. This interface is calledta pbe buffers and processing stream
handlers have both an input and output port so the data catHtowgh them. It is also possible
to have multiple input and/or output ports. The source ank siream handlers have only one
port, output port and input port respectively. For the datdldw from one stream handler
to another, input and/or output ports must have mechanisrdsliver or retrieve data from a
neighbouring stream handler. This is done with push andrpethods respectively. With these
methods, media data can be put into a neighbouring dowmstsé@am handler with a push
method, or media data can be pulled out of a neighbouringeguststream handler with a pull
method.

The structure of all the connected stream handlers is cedkedomposition and varies with
the stream handlers used. If the stream handlers used abniesinput port and/or output port,
the composition is a pipe. When stream handlers with mone ¢in@ input and output port are
used, the structure is a graph or a tree, depending on how sirgkg/and sources are used:

* When the composition consists of one source and multiplessithe resulting structure
is a tree with the source as root and the sinks as leaf nodes.

* When there are multiple sources and one sink, the struid@aleo a tree with the sink as
root and the sources as leaf nodes.

» With only one source and one sink, the composition has ahgsaapcture with branching
in the middle and the branches meeting at the end. A demeptpl for example, is a
stream handler that causes branching of the data flow.

The stream handlers are connected either at compile tirat¢ sbnnections, or at run time,
dynamic connections.



2.3 Existing frameworks

In this section we will present four frameworks that are ldasethe stream handler architecture.
These are Infopipes, Komssys, Network-Integrated MultimeMiddleware (NMM) and
GStreamer.

2.3.1 Infopipes

Infopipes is a media streaming framework proposed by Kostenl. in [1]. In the
following subsections we will see that this framework fitdlwath our generic stream handler
architecture.

Infopipes architecture

Infopipes is a an abstraction, together with middleware tads, for simplifying the task of
constructing streaming applications. This is done by offgil rich set of stream handlers,
which Koster et al. terms as infopipes, to the applicationettger. These stream handlers
are the building blocks of the streaming application. Togethey constitute a composition in
which data and control information flow. Koster et al. usdspipeline as the name for the
composition. The setup of the composition is predefined andmne static at compile time.

Koster et al. use a plumbing analogy to simplify and captheelbfopipes vision: "just
as a water-distribution system is built by connecting tbgetpre-existing pipes, tees, valves
and application-specific fixtures, so an information-flowtsyn is built by connecting together
predefined and application-specific Infopipes"”. For thémsssam handlers to communicate and
data to flow through them, there is a communication interbsteveen the components. Koster
et al. uses the name port. There are two kinds of ports: atstpomhich data flows out of
a stream handler, and inports where data flows into a streawfidra Each port is owned by
exactly one stream handler, but a stream handler can hauglauhput ports or output ports.
Push and pull operations on these ports constitute the ifpdgpdata interface. There is also
a control interface which allows the stream handlers to amgk information and dynamically
monitor and control their properties.

A vital property to the stream handler is that they are contjpmsl. This means that the
properties of a composition can be calculated from eaclvidhaal stream handler constituting
that composition. For example, the latency of a composisa@omputed by taking the sum of
the latency for all stream handlers in that composition. @ositionality also requires that
the connection between each stream handler has to be ssandlas means that the cost
of connecting these objects together should be insignificard therefore the push and pull
methods are seen to have no cost. In contrast, remote precealis or function calls that can
block the caller may have high costs. But the Infopipe aedtitre does not allow such cost to
be introduced automatically without encapsulating theto stream handlers. In this way their
cost can be included in the composition cost calculation.

For an object to become a stream handler and be able join aositiop, it has to implement
the principal interfaces shown in figure 2.2. With theseriiatzes the user has the ability to
create new compositional stream handlers from the alreaidyireg ones. To able these new
complex stream handlers to be connected into the compositiey must have their own ports.
These ports are called ForwardedPorts by Koster et al. anthamne-to-one correspondence,



Cloning
clone answers a disconnected copy of this Infopipe
Data
pull answers an item obtained from this Infopipe.
push: anitem push an item into this pipe
Connection
—>> aPortOrinfopipe connect my Primary outport to aPortOrinfopipe
Port Access
inPort answers my Primary Inport
inPortAt: name answers my named Inport
inPorts answers a collection containg all of my inports
outPort answers my primary Outport
outPortAt: name answers my named Outport
outPorts answers a collection containing all of my outports
nameOfinPort: aninPort answers the name of aninPort
nameOfOutPort: anOutPort | answers the name of anOutPort
openinPorts answers a collection containing all of my Inports that are not connected
openOutPorts answers a collection containing all of my Outports that are not connected
Pipeline Access
allConnectedinfoPipes answers a collection containing all of the Infopipes in the same Infopipeline as myself.
inConnectedTo answers a collection containing all of the Infopipes that are directly connected to my Inports
outConnectedTo answers a collection containing all of the Infopipes that are directly connected to my Outports

Figure 2.2: Principal interfaces of an Infopipe [1].

but different from the open ports of the sub-stream handierse ports can be owned by only
one stream handler.

Control Interface

The control interface of a stream handler exposes and mamagesets of properties: properties
regarding the stream handler itself and properties reggitiie information flowing through the
stream handler.

Information can pass from one stream handler to anotheronitays: pull mode and push
mode. In push mode the output port of the upstream componesites data into an input
port of the downstream component. In pull mode the downstreamponent invokes a pull
method on the output port on the upstream component. The fhat invoke methods in other
components are said to be positive, and the ones that extheuteethods when invoked are
said to be negative. For a composition to be well-formedy @alrts with opposite polarities
can be connected.

Netpipe

A netpipe is special kind of buffer that allows componentdiiferent address spaces connect
to each other, but differs in the control interface as it @fiehe properties of the network.
The netpipe has an input port in one address space and art potpun another. This way
the upstream neighbour is located in the same address spdhe aetpipe’s input port and
hence can do a seamless push of data into the netpipe. Ethalytput port is located in the
same address space as its downstream neighbour which #ratessly pulls the data out of the
netpipe. The Infopipe framework uses smart proxies (Kaater Kramp 2000) to implement
netpipes. Smart proxies works as an extension of the setwbealient side, allowing the
server to control the network part of the composition, asmshim figure 2.3. But, instead of
sending the complete code of the proxy for performing thk s server wants, it can instead
take advantage of the fact that the client already has mamjtjwe stream handlers that can
do the job. It sends the blueprints for the proxy, and thentlessembles it itself, or it sends a
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Figure 2.3: Smart proxies used in Infopipes [1].
small specialized stream handler if it is not already awdédrom the stream handler library.

2.3.2 Komssys

Komssys is a media streaming framework that was proposedhyef al. in [2]. We will in the
following section see that this framework fits well with owargeric stream handler architecture.

Komssys architecture

The Komssys framework is targeted towards audio/vide@stneg over Real Time Streaming
Protocol (RTSP) with Real-time Transport Protocol/Réalet Transport Control Protocol
(RTP/RTCP) and the ability to handle multiple concurreréains. It supports a wide range of
distribution mechanisms such as combining multicast anchshdistribution and segmentation
and reordering for efficient delivery.

The composition in Komssys is termed a graph by Zink et al. ismdntrolled by a graph
manager. The stream handlers are connected through indutwgput ports which Zink et
al. terms source endpoint and sink endpoint respectivelgtréam handler can have multiple
input and/or output ports, all depending on its purpose. d&a that flows through these
ports and their respective stream handlers are media ddteeport data, where the latter is
used for in-band control of the stream handlers. Komssysallsws the stream handlers to
use notifications to inform the composition manager thatveamehas occurred. This can for
example be that a RTP packet arrives from an unknown source.

The creation of a composition in Komssys is made from wetiviin “blueprints” which
connect the stream handlers that are needed for specifi ek each general task, Komssys
has statically at compile time defined a composition mantggiknows which stream handlers
to use in the composition. For example, when Komssys shaast a file from disk to a
client, it creates a composition manager caled e St r eamer GM This connects three stream
handlers, like in figure 2.1.:

* OneFi | eSour ce responsible for reading the file.

* OneRTPEncoder SHresponsible for creating data that shall be inserted intea-Bme
Transport Protocol (RTP) packet.

* And oneRTPSi nkSHresponsible for sending the RTP packet to the network.



The responsibilities for the composition manager is to getand destroy the stream
handlers, provide an interface towards the applicationdstermining the interaction between
stream handlers. It is able to split and merge the compaosdiorun-time to handle new
connections in response to, for example, user joins an@é$faem multicast streams, or arrival
of packets from unknown senders. This means that Komssydeasta dynamically connect
new stream handlers into the composition at run time.

[ sHSwms | SHEndpoint_|

\ |
A A A

SH ’:-. SHSource
—~
S~ | S
A SHSinkEndpoint

Figure 2.4: The classes for making an object a stream haimtemssys [2].

To make Komssys usable for third party developers, therst éxsic classes, templates
and interface definitions, which are displayed in figure 2t provide the developers with
stream handler functionality. To create a stream handI&pmssys, one has to create a object
that is a sub class of SH. And for the new stream handler to bketabcommunicate with
other stream handlers, it has to hav&ldEndpoi nt object, either &SHSI nkEndpoi nt
SHSour ceEndoi nt or both depending on the type of stream handler. These slassaised
to push or pull data to and from, respectively, the streandlean

Control interface

Komssys, by enforcing new stream handlers to implement arrénterface, has the ability to
provide direct feedback in the opposite direction of theaghetth. This way RTCP feedback can
be sent to a RTP packetizer without the involvement of thelyraanager.

Three types of stream handlers

When dealing with concurrency, clocks are essential to ntakes work. In the Komssys
framework a stream handler can specify whether it has its@ack or not, and if it requires a
clock or not. These properties constitute that the streamdlees has to be grouped into some
operation modes, so that the graph manager can order thewpajapely. The operation modes
are active, passive and through. If a stream handler iseaittinplements its own timer. This
can be either a local timer or external. The latter meaniagttie stream handler is observing
some external activity, like the arrival of network packaf¢hen an active stream handler acts
as a source it pushes data downstream actively by callingla founction on the neighbouring
downstream stream handler. If it is a sink it pulls data frégrupstream neighbour. An active
stream handler may also combine these to properties; gdtiom an upstream stream handler
and pushing the data into a downstream stream handler. @orghihese properties of an active
stream handler, Komssys does not allow two active streardi@eito connect directly.

The second mode of a stream handler is passive. This streadteh@oes not implement
its own clock. If it acts as a source, its downstream neighpals data from it. If it is a sink,
data gets pushed to it. If it implements both of these capi@silthen it becomes a buffer, and
therefore must provide some buffering capabilities th#ttbe needs for the graph it is likely

8



to be included in. Such buffer capabilities are for examplerashold that allows the stream
handler to notify the graph manager of over- and under rurikebuffer. As with the active
stream handlers, one can not connect two passive streanelabdcause then no data would
be exchanged.

The third kind of operation mode of a stream handler is cdilbrtbugh”. These kinds of
stream handler are meant to do tasks like packet duplicaiiethe-fly transcoding or filtering.
They do not have an own timer, but should not introduce bufégrabilities, like the passive
mode, beyond what is necessary for their operation. Tharstrendlers in this operation mode
must implement both the source and sink interface, and @istleam handlers in the two other
modes stream handlers in this mode can be connected in @aragrimumber.

A combination of stream handlers from the three modes desttmnay look like the one in
figure 2.5. An active stream handler upstream should pushidet a through stream handler,

. TP
Figure 2: Client-server configuration overview

Figure 2.5: An example of connected stream handlers in Kps{g3.

which is followed by an arbitrary number of through streamdiars. The data should then
flow into a passive stream handler, for example a buffer, wthien a sink stream handler pulls
data from.

Reconfiguration of the stream graph

Since the possibility of receiving several streams on omeip@resent when using RTP/RTCP
over IP multicast, Komssys supports reconfiguration of iraosition at run time. It may add
or remove sub-compositions in response to users joinindeawihg multicast streams.

A possible scenario where this feature of Komssys is usefydrésented in [2]. Here,
Komssys acts as proxy cache server using a write-throughadetnd the user gets data from
the origin server through the proxy cache. The proxy cacheduls the data to the client and
writes it to disk as well. If at one point the client wishes tupe the stream, the trunk of the
graph that sends data to the client has to be cut, while timk that stores the data has to be
maintained. If at one point the client wishes to resume tive paused stream, a new graph has
to be made which retrieves data from the cache.



2.3.3 Network-Integrated Multimedia Middleware

NMM is a media streaming framework targeted towards distad multimedia devices. It is
designed by Lohse et al. and is described in [3] and [8]. Weiwihe following sub-sections
see that this framework fits well with our generic stream temakrchitecture.

NMM architecture

NMM is designed to access and control distributed multimeldvices. It uses proxies to allow
distributed access to stream handlers. The stream harllsifgdM is called nodes by Lohse
et al. and can be software components or hardware devicesoRununications, the stream
handlers have input and output ports, referred to by Lohak at jacks, and are used to connect
stream handlers into the composition which Lohse et als¢h# flow graph. The multimedia
formats that are supported, the kind of data that can flow fsoarce to sink, are specified by
the ports. A stream handler is not restricted to having onkyiaput and output port, it can have
several, so each port is labeled with a “jack tag” which ides#t it. Furthermore, ports can be
dynamically duplicated to form a port group. This group themvards outgoing messages from
the stream handler to all of its ports.

The messaging system in NMM handles two types of messagasfetB” transport data
and “events” transport arbitrary control information wiican be used to control the stream
handlers. NMM also include a registry service that alloveatn handlers to be registered with
its full description. This way suitable stream handlerslocagueried for, instantiated if a match
occur, and then returned. Queries are formatted as grapuhiglesn, where the application
describes the kind of composition it is looking for. Lohsaktuse the term flow graph to refer
the our generic composition structure.

Control interface

The event messages in NMM can control the stream handlemoiways. The stream handlers
can create “in-stream” events that are sent between thenstnandlers in the composition. Or
the application that has instantiated the stream hanalanssend “out-of-band” events. This is
mainly used to set parameters in the stream handlers.

The event system in NMM allows for dynamically adding and oging certain event
handlers. It also allows listener objects to transparemitlyster to be informed when certain
events reaches a stream handler. Such events can for eXaengate‘end-of-stream” event.

Synchronization

An important feature of NMM is the ability to have synchrasilz playback of several
multimedia streams to a device. A handheld device can fomei@be streaming an audio
and video stream from a DVD player. If the audio and videosstre are separate streams, it
is very important that those two streams are synchronizethi® user to have a satisfactory
playback experience. NMM achieves this by distinguishiegMeen intra-stream and inter-
stream synchronization. The former referring to the retai between data units in one
stream, which can be frames in a video stream and the lafensr® the temporal relation
among several streams, for example a video stream and ao sineam. The two kinds of
synchronization can be seen in the figure 2.6.
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Figure 2.6: Synchronization in NMM [3].

The basis for the synchronization is a common source fontyimformation. A static clock
object is located inside each address space, i.e. insitheseaicce stream handler. Intra-stream
synchronization is handled by time stamping each buffed #en having the sink inspect
each buffer that arrives to see if it should be presentedigusisinkController located inside
the sink stream handler. Inter-stream synchronizationaisdied by a Synchronizer which
each stream-sink, that should be synchronized, is comhéoteThe Synchronizer then tells
all the connected sinks when to present their buffers in sumhthat the user experiences a
synchronized playback. NMM does this by using what Lohsel.etrefers to as theoretical
latency. This is the highest latency of all the streams thatikl be synchronized.

Automatic session sharing and synchronized reconfiguratio

In NMM there is a possibility to have streams, for example adi@ and video stream, share
parts of a composition. Therefore NMM uses a sharing polityeeery stream handler that
is registered in the registry service. Stream handlers eamdrked as shared, exclusive and
“exclusive and shared”, where the latter is to share a exalysequested stream handler. There
is also a possibility to combine, for example “exclusive bai®d” where a shared reservation
is chosen if an exclusive request fails.

When a composition of reserved and connected stream hanslset up, it is stored as a
session in the registry service. Shared stream handletheare reused in new compositions.
For sessions, synchronization is achieved by having symiter object for each session. An
example of session sharing can bee seen on the figure below, tHe running session has
chosen to share all the stream handlers, except those foeniag audio and video. If then
another application wants to use a different audio streaiqueries the registry service for a
setup as seen in figure 2.7 (a), and the composition is setsgeasin figure 2.7 (b).

Another interesting feature in NMM is the ability to migradarts of an active composition
to other devices in real time. And further, this is done seasly, i.e. the transition is not
noticeable from the user’s perspective. One possible sicesgpresented in [8]. Here, the user
wants to play back media files stored on a mobile device. tetieeno other system in a nearby
proximity, the user’'s mobile device does the decoding amghack itself. But as soon as a

11



{E:l .-Flunn-ing session

Query

g eEudial ]

I Audio

Di;?ﬂ;ad Demux Decode Flaybac
oge Node Nead Node

lacalhost Inscalhost

{h) Shared running session

Figure 2.7: Session sharing in NMM. In (a), a query comes théaregistry service. In (b), the
new session is running and is sharing two stream handlehstingtother session [3].

stationary system with richer 1/0 capabilities (higher lgyatereo output) comes into reach, it
is desirable to have at least the audio playback directelabtiostystem. If the stationary system
also supports the process of decoding the selected mediatifien it is also preferable to send
that corresponding stream handler to the stationary systéim way the mobile device is able
to save power by delegating some of the battery consumingepses. NMM is thus able to
connect stream handlers dynamically at run time, but th@imiomposition is done at compile
time.

The basic idea behind this migration of stream handlersasttie new parts of the current
composition are configured alongside the running mediagasing. When the new parts have
been synchronized, the old part of the composition is “casé&d. This seamless handover has
to be performed in two steps: In step one the required pasta the current composition is
instantiated and reconfigured. This newly created sub-oasitipn is called a “slave graph”. In
the second step, data and control connections are traedterthe newly created “slave graph”.

2.3.4 GStreamer

GStreamer is a streaming media framework project foundeBriky/Walthinsen et al. In the
following sections we will see that the framework descrilveld] fits well with our own generic
stream handler architecture.
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GStreamer architecture

GStreamer is implemented in C, but uses the GObject progmagnmodel and therefore
adheres to the object oriented programming paradigm. Tiearsthandlers are referred to
as elements and it uses ports to connect the stream hanmutjetbér. In GStreamer, the input
and output port are referred to as sink and source pad reésggctLinks and data flow are
negotiated between the stream handlers ports before datatad to flow. It is the ports
that describe the type of data that can flow or currently fldwsugh the stream handler it
is connected to, and links can only be made between streadienanvhen their ports data type
match. The composition is referred to as a pipeline in G8teza

GStreamer allows us to create new stream handlers by dgriiennew classes from the
stream handler class. But it also offers a way to create nexarst handlers based on already
existing stream handlers in the GStreamer library. The igsable to group together multiple
stream handlers and mask it as a single stream handler usorganer object which can hold
a collection of stream handlers, called bin. This bin is actags of stream handler which makes
it easy to mask the collection of stream handlers as justgesgiream handler. The bin makes
it easy to control the states of all its contained stream leasdchanging the state of the bin,
causes all of its children to change state as well. The coitiposn GStreamer is a special
type of the bin object, a generic bin called pipeline. Thigeoballows for scheduling of its
containing stream handlers using threads.

The data produced by the source stream handler and sent dewnrposition is wrapped
in entities called buffers. They consist, amongst otheks agointer to a piece of memory,
the size of memory, a time stamp for the buffer and a refcchattindicates how many stream
handlers are using the buffer. The refcount is used to dedds to destroy the buffer, when it
is zero it is destroyed.

Control Interface

To allow messages from the composition to be delivered to apglication, GStreamer
implements a system called a bus. The bus forwards messagesife composition threads to
the application. Every composition contains a bus, so tlee osly have to attach a message
handler to the bus to be able to listen for specific messagethefmessages have a source and
type, so it is possible to identify which stream handler seatmessage.

Flowing alongside with buffers in the pipeline is events ebhicontains the control
information, such as seeking information and end-of-strewtifiers. Events are sent both
up- and downstream. Downstream events are used to not#grsthandlers of stream states.
Upstream events are used for application-stream handéaction plus event-event interaction
to request change in stream state, for example seeks.

Autoplugging

Autoplugging is a feature in GStreamer that allow composgito be created in response to
the type of media stream and available stream handlers iG@8teeamer library. This means
that GStreamer has the ability to create compositions dicaiy at run time. To accomplish
this, GStreamer forces all stream handlers to associatdtgphhpose Internet Mail Extensions-
type (MIME-type) to its source and sink ports when it is load#o the stream handler library.
This way it can select the most suitable stream handlerdittaagiven stream type it receives.
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To find the MIME-type of an incoming stream, GStreamer usesreept called typefinding
which basically involves the pipeline object sending thebiming stream to specialized stream
handlers called typefind which try to identify the MIME-typk no type is found, it emits an
error signal and the processing stops. If the type of the stagam is found, the GStreamer
registry will be used to select the stream handlers thatiie&tor processing the media type.

2.4 Summary

We have looked at five media streaming frameworks in this telmegnd have seen they all
fit well with our generic stream handler architecture. Themuhfference lies in what these
frameworks are used for and therefore they have implemetedal features that are unique
for that particular framework. GStreamer is a very generamework that can be used to
create many types of applications. It can dynamically e@atomposition in response to a
stream type, while the others have statically at compilatetheir composition. This makes
GStreamer very easy to use. NMM has the ability to sharemttendlers in a composition
and to migrate parts of a composition to other devices, fromekample a Personal Digital
Assistant (PDA) to a desktop computer, which makes NMM s&lgtén mobile environments.
Infopipes is also a general framework, but offers a spemgdlistream handler to take care of
networking using smart proxies, which makes networkinggparent.

Komssys is implemented as a media server that streams nedent using RTSP, and can
also be used as a proxy cache server. It differs from the dthereworks by being a server
framework, while the others are frameworks that can be userkite general media streaming
applications.

In the next chapter, we will look at how we can use Komssysttagewith a media player
to stream media over a network using RTSP.
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Chapter 3

Media system

3.1 Introduction

To watch a movie or listen to audio, stored locally or remotea computer, we have to have a
media player. The purpose of the media player is to read thection of zeroes and ones that
make up the file we want to play, demultiplex the stream of dat# multiplexed, decode the
stream(s) that comes from an eventual demultiplexing aed #end the decoded data to their
respective output, video to screen and audio to the speakers

When a data source is multiplexed it consist of two or mor@ daurces, e.g. audio and
video. The reason for multiplexing data together is to makess complicated to save, for
example, movies to disk, as we do not have to store the vidieaane file and the audio data
in another file. Demultiplexing this movie file in the mediayér retrieves the two data streams
that have been interleaved on a single file when they weraptaxed.

When we want to watch a movie or listen to a song that is located different computer
than the one we are sitting on, termed as a remote computeijl¢his “streamed” from
the remote computer. The media player has to support recedata from the network
and strip it from eventual protocol headers that have beateddo it before starting the
demultiplexing/decoding process described above.

The remote machine, from where we stream the data, hasyigoalh media server installed
which is responsible for delivering media data to the usen vaguests it. A media server can
support multiple connections to it, some may support tragdisg files on the fly, which means
re-coding e.g. a DivX encoded movie to Xvid encoding befemdng it to the client, support
different streaming protocols over which the data is deédeand so on. For each media file
,available through the media server, there is usually ai@e&sescription Protocol (SDP) file
associated with it. SDP is used for describing the media@esgstiation such as the name of
the media, transport address, bandwidth information 8jc. [

An example of a media server streaming a movie over RTSP caeédme on figure 3.1.
RTSP is used to set up and control the state of the media sdssiaveen the server and the
client, and RTP is used as a transport protocol to send theested data to the client.

In this chapter we will take a closer look at the two composentolved when playing
streamed media content over a network, namely a media pdaykbmedia server. In particular,
we will look at MPlayer and Komssys, respectively. We havesemn to use Komssys since this
is a server that follows the stream handler architecture,ves had access to the source code.
We will look at the initialization of the data stream and détiplexing structures in MPlayer,
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and the initialization of a new file request in Komssys over RTP/RTSP and till the first data
packet has been sent to the client.

< RTSP SETUP
RTSP OK <
RTSP RTSP PLAY
server RTSP OK . RTSP
- RTSP TEARDOWN c]ient
1 RTSP OK
get UDP port | i
i ' choose
UDP port
data . RTP VIDEQ ., AV ' &
source = TP ALDIO Subsystem
media server media player
Figure 3.1: Streaming example using RTSP/RTP.
3.2 MPlayer

In this section we will take a closer look at MPlayer [10]. Miper is a free and open source
media player available to most major operating systemsyt@@ah as Unix-like systems,
Microsoft Windows and OS X.

It supports many popular video and audio formats used todaghwncludes video formats
like H.263, Theora, H.264/Moving Picture Experts Groupsiem 4 (MPEG-4) Advanced
Video Coding (AVC), MPEG-1, MPEG-2, Windows Media Video (W}l and audio formats
like Advanced Audio Coding (AAC), Dolby Digital (AC3), MPEG Audio Layer 3 (MP3),
Vorbis and Windows Media Audio (WMA) [10]. MPlayer also supfs streaming via
Hyper Text Transfer Protocol/File Transfer Protocol (HTHPP), RTP/RTSP, Microsoft Media
Services/Microsoft Media Services Over Tcp (MMS/MMST), $8age Processing Subscriber
Terminal (MPST), Session Description Protocol (SDP). psarts data sources such as tv,
radio, dvb, local file etc. [10].

In the following, we will take a closer look on how MPlayertializes a data stream that
shall be played, some of the data structures it uses and Viiteshare used. Then we will
describe how MPlayer accomplishes the task of streaminBTVRIRTSP using the open source
library Live555 [4].
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3.2.1 Preliminary on the MPlayer code

The main file in MPlayer, mplayer.c is divided into logical dutes, code blocks, that describe
in a concise way what is being done. The current module iggdiout as debug information
if MPlayer crashes, making it easier to locate which codelblbhat caused the crash. It also
makes it easier to refer to MPlayer code when trying to exphaiat goes on, and is how the
code in mplayer.c is referred to in the following sections.

The data is termed “stream” by MPlayer and is encapsulatadstruct callegst r eam t .
This struct is defined in stream/stream.h. It is one of twoomsiructures used in MPlayer that
we will look at. The other one is theéemuxer _t struct defined in libmpdemux/demuxer.h.
Together with some helper structs defined in the same filst agam t anddenuxer _t,
these structs help MPlayer retrieve data, do seeks, resttlaer data stream related operations
(functions defined in stream/stream.c), plus header psowgdor different video and audio
formats and demultiplexing before sending the data on t@adks (functionality that concerns
the demuxer).

Two helper structs which MPlayer use when trying to find dléastream and demuxer
structs arest r eam i nf o_t anddenuxer _desc_t, respectively. Thetream i nfo_t
struct holds information about a corresponding stream, tfygeprotocol names that stream can
handle (a stream can handle more than one protocol) and geptora function that sets up the
correctst r eam t struct. Thedenmuxer _desc_t struct has the same purpose when MPlayer
is trying to find a suitable demuxer for a given file or streagnimotocol. What differs is that
denmuxer _desc_t has more function pointers that help the demuxer to chedteifite can
be demuxed with the current demuxer and fill the data buffag gome optional functions that
can be set.

Eachstream i nfo_t struct is set up at the end of the file that handles the stream
handling for a specific stream type. Tl ream i nfo_t struct for a Digital Video
Broadcasting (DVB) for example is set up in stream_dvb.¢.thd st r eam i nf o_t structs
are then made available through an array cadletio_open_st r eans which is initialized at
the top of stream/stream.c. The same code structure is pdiec to thedenuxer _desc_t
structs which are set up in their corresponding demuxer (flibesited in libmpdemux) and then
made available in libmpdemux/demuxer.c through an arrdgddermuxer | i st.

3.2.2 Streaming with MPlayer

MPlayer starts at the main function located in mplayer.cstérts by initializing variables
and properties, checking if a Graphical User Interface (A8Jpresent and other init-related
procedures before we come to the “open_stream” module., iterelemux and stream structs,
typedenuxer _t andst r eam t respectively, is initialized to NULL. Thergpen_stream((
see table 3.1) is called and the return value is put intostrea

Initializing the stream struct

open_stream(pets thef i | e_f or mat variable, sent in as an argument, to UNKNOWN-
STREAM_TYPE if we are not trying to open a play list. It thenlsapen_stream_full()
(see table 3.1) which does the stream setup, and is implecheémtstream/stream.c. This
function runs through all thet ream i nf o_t structs inaut o_open_st r eans, looking
for a stream type that fits the kind of medium the user triespieno When a stream type that
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open_stream

open_stream_full
open_stream_plugin

Figure 3.2: Call graph showing the functions used in thepsefuhest r eam t struct.

Function: Parameters: Source file:
stream_t* char *filename, stream/open.c
open_stream() char **options,

int *file_format
Stream_t* char *filename, stream/stream.c
open_stream_full() int mode,

char **options,
int *file_format

stream_t* stream_info_t *sinfo,| stream/stream.c
open_stream_plugin()| char *filename,
int mode,

char **options,
int *file_format,
int *ret

Table 3.1: Some important functions used to set up the stresimuct.

can handle the medium is founolen_stream_plugin(see table 3.1) is called. This function
handles the setup of a nest r eam t struct by first allocating space for it and then sending
it into the open function pointer in thet r eam i nf o_t struct. When thet r eam t struct
has been set up itis returned to the caller, all the way baokpiayer.c. If no supported stream
type is found to match the medium the user tries to open, MiPlegrminates. A small call
graph of the functions used and who calls who can be seen irefg)Q.

Initializing the demuxer struct

After the st ream t struct has been set up, we eventually enter the “demux_amealule
which handles the setup of the demuxer. The most importandtiibns used to set up the
dermuxer _t struct, are listed in table 3.2demux_open(js responsible for initializing the
dermuxer _t struct. The setup follows the number ordering on figure 318, ia described in
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the following.

1 The first thing that is done, is to check whether the user rmasged a demuxer name as
a command line argument. If this is true, the demuxer typestoisi retrieved by calling
get_demuxer_type_from_naméd{}the user has not specified which demuxer to use or the
given demuxer name is not valid, the function returns DEMBXEYPE_UNKNOWN
which is assigned to the varialdenuxer _t ype.

2 After these checks have been made for an audio, video addisahuxer, the presence of
separate audio and sub streams are checked, and if exigpent, stream()s called for
each of these.

3 The next function that is called idemux_open_stream() This function returns a
new dermuxer _t struct. The type ofdenuxer t struct returned depends on the
denuxer _type variable and thdi | e_f or mat parameter (which was set in the
initialization of thest ream t struct). demuxer t ype takes precedence over the
file format, so if this variable is different from DEMUXER_TYPE_UNKNOW
this kind of dermuxer _t is created. If it not, the demuxer is found using the
file_formt.

4 Either way, thedermuxer desc_t struct is retrieved by callingget demuxer_-
desc_from_type()

5 If it is found, a newdenuxer _t struct is created by callingew_demuxer() This
function allocates space for the new struct, initializes fields, sets the correct,
recently createdjenmuxer _desc_t struct for the demuxer and creates a pointer to the
stream t struct, allowing the demuxer to retrieve data from the incanuata stream.
The latter is done by setting the stream field in the demuxehdst r eam t struct
created in the “open_stream” module.

6 When we return frormew_demuxer()the denuxer _desc_t’s check_file()function
pointer is called if it has been set in definition of thenmuxer _desc_t struct, to check
if the functions found in thedenuxer _desc_t struct can demux the file provided
by the user. If so, a call talenuxer _desc_t’s open()function pointer with the
new demuxer as argument is executed. This open functionupetse newly created
demuxer. If this call succeeds, we jump to the latbek _open, located at the bottom
of demux_open_stream(here some video specific parameters are set in the demuxer
struct and then the demuxer is returned.

7 It is also a possibility that théi | e_f or mat parameter does not give any use-
ful information, in the case it has been set to STREAM_UNSORPED. This
happens for example when one tries to stream media using RUiSP MPlayer.
demux_open_streami§ still called but thedenuxer _desc_t struct is found using
a different method. One of these methods is to check the fileenaf the file we are
trying to open withdemuxer_type_by filename()

1A short for subtext.
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8 When we return from the call lemux_open_stream{he returned demuxer is checked
for validity. If itis not NULL various if-tests are perfornadgo see if we also have to create
an audio demuxer and sub demuxer. Then the function retithvey ¢he video demuxer
we got fromdemux_open_streamqy it returns a new demuxer, created with a call to
new_demuxers_demuxer{)his function encapsulates thrdemuxer _t structs inside
a locally defined struct and puts this inside the priv field ok allocatedienmuxer _t
struct. Among the other variables that are set are the typgd ahe_f or mat fields
which are both set to DEMUXER_TYPE_DEMUXERS, anddbeuxer desc t
field which is set to alemuxer _desc_t struct defined in demux_demuxers.c called
denmuxer desc_denuxers.

demux_open

2
1 3
get_demuxer_type_from_name dermux_open_stream '
Ty

4 5 7
get_demuxer_desc_from_type 6 demuxer_type_by_filename
check_file and open
[function pointers)

Figure 3.3: A call graph of the functions used in the setugefiermuxer _t struct.

3.2.3 RTSP with Live555

When MPlayer tries to stream videos using the RTSP protdamdes the Live555 open source
library [4]. From the libmpdemux/demux_rtp.cpp file in thé’>Myer source tree, Live555 code
gets linked in to handle the RTSP setup and tear down togeittethe delivering of the payload
of each incoming RTP packet to MPlayer (omitting the liompde/ directory prefix from here
on).

Live555 setup in MPlayer

The initialization of Live555’'s RTSP and RTP handling codelone in demux_rtp.cpp. This
is the only C++ file in the MPlayer source together with demtyx_codecs.rtp, which contains
helper functions for demux_rtp.cpp. demux_rtp.cpp acta @ammunication link between
Live555’s C++ code and MPlayer's C codéemux_open_rtp(see table 3.3) is linked to the
Live555denuxer _desc_t’'s(denmuxer _desc_rt p)open()function pointer and therefore
executed when théermuxer _t structis set up.

When demux_open_rtp(ls called fromdemux_open_stream(® TaskScheduler and an
UsageEnvrionment object from the Live555 library is crdatélhe 'UsageEnvironment’ and
"TaskScheduler classes are used for scheduling deferrextsvfor assigning handlers for
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Function:

Parameters:

Source file:

demuxer_t*
demux_open()

stream_t *vs,
int file_format,
int audio _id,
int video_id,
int dvdsub _id,
char *filename

libmpdemux/demuxer.c

static demuxer_t*
demux_open_stream()

stream_t *vs,
int file_format,
int audio _id,
int video_id,
int dvdsub _id,
char *filename

libmpdemux/demuxer.c

int get_demuxer_
type_from_name()

char *demuxer_name
int *force

,libmpdemux/demuxer.c

static demuxer_desc_t*
get_demuxer_
desc_from_type()

int file_format

libmpdemux/demuxer.c

demuxer_t*
new_demuxer()

stream_t *stream,
int type,

inta_id,

intv_id,

ints_id,

char *filename

libmpdemux/demuxer.c

demuxer_t*
new_demuxers_demuxer(

demuxer_t *vd,
demuxer_t *ad,

demuxer_t *sd

libmpdemux/demux_demuxers.c

Table 3.2: Some important functions used when setting udéheuxer.
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asynchronous read events, and for outputting error/wgrmessages” [4]. All the Live555
files mentioned here is located in the liveMedia/ directdiryhe Live555 source tree if not a
different location is mentioned.

A

. fEnviron
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s RTPSource - . fSource Medium
! ~ F
.
lfReadSource I - fSource
R ] s e
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Figure 3.4: Collaboration diagram for MediaSession in b&® [4].

For handling sending and receiving RTSP messages to and thienserver, Live555
offers aRTSPCl i ent object, implemented in RTSPClient.cpp. This object is w@an
demux_open_rtp@hen the user only has provided MPlayer with a RTSP Uniforradrece
Locator (URL). The URL together with tHieTSPCl i ent object is sent int@penURL_rtsp()

a local function in demux_rtp.cpp. Here, the SDP descnipt®oretrieved from the server
by calling either the functionnviteWithPassword()f a network username is provided, or
invite() if not. Both functions are implemented in RTSPClient.cpp. heTinformation
about the session taken from the SDP description, is usedetec aMedi aSessi on
object which holds general information about the sessioainiy things found in the SDP
description. This MediaSession is created by callihgdiaSession::createNewghich then
instantiates a newkdi asessi on object and call$viediaSession::initialize WithSDPgith

the newMedi aSessi on object as argument. Here, the SDP description file is parsed
and the information extracted and put into member variablér every “m=" option,
which describe a stream name and transport address [8fda aSubsessi on object

is created and appended to a list accessed with the varialfebsessi onsTai |l and

f Subsessi onsHead defined in include/MediaSubsession.hh. Ed&ldi aSubsessi on
object encapsulates the stream and its properties. A colitibn diagram oMedi aSessi on
andMedi aSubSessoi n can be seen on figure 3.4. We also see members and inherifance o
the two classes.

When theMediaSession::initializeWithSDPif)nction is done parsing the SDP description,
we return toMediaSession::createNew{)hich return the initializedvedi aSessi on object.
Back in demux_rtp.cpp, RTPSt at e struct defined in demux_rtp.cpp is created to store the
RTSP state just created. This struct stores the SDP daearipedi aSessi on object and
RTSPC i ent object plus initializes other fields. This struct is thenrstbin a void pointer
field, in thedenuxer _t struct that is being set up, callgd i v. The next thing that is done
is to initiate everyMedi aSubsessi on contained in thé/kedi aSessi on object by iterating
through them. For eadiedi aSubsessi on:

* It is checked whether the sub-session encapsulates ao audideo stream. This is
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so adesi redRecei veBuf f er Si ze variable can be set correctly. If it is video, the
desi redRecei veBuf f er Si ze is set higher.

» The Medi aSubsessi on’s client RTSP port number is set to a pre-defined number,
defined in the MPlayer source code in stream/libRTSP/RTIBR. fin current status it is
always 0, so it is the kernel's task to find a port number to use.

* MediaSubsession::initiatei§ called. To keep it short, this function creates one sdtket
RTP and one socket for RTCP data. For reading data out of tResBtket and process it,
Medi aSubsessi on has & ReadSour ce member of typd-r amedSour ce which is
an abstract class. For each stream type, e.g., MPEG-2 tdn§uickTime, H.261 etc.
there are subclasses of theanmedSour ce class that handle these special formats, with
respect to their headers. The RTP headers is also strippedthre data and analyzed.
For handling RTCP messagdédi aSubsessi on has aRTCPI nst ance member,

f RTCPI nst ance. RTCPI nst ance is implemented in RTCP.cpp. This class handles
the RTCP messages and RTP statistics for the RTSP session.

* The receive buffer size is increased for the RTP socket WlyngaincreaseReceive-
BufferTo()with thedesi r edRecei veBuf f er Si ze variable as one of the arguments.
increaseReceiveBuffer{(} located in groupSock/GroupSockHelper.cc (from the root
directory in Live555).

» The last thing that is done is to send a RTSP setup messabe setver to initiate the
RTSP session. This is done with tR& SPClient::setupMediaSubsession()

When all the MediaSubsessions have been iterated throhghRTSP play message is
sent for the whole session by calliJr SPClient::playMediaSession(J his sends the RTSP
“PLAY” message for all sub-sessions to the server, whickrafénding an “OK” response starts
streaming the requested media. After Medi aSessi on and Medi aSubsessi on('s)
have been set up, BeadBuf f er Queue object is created for eadiedi aSubsessi on.
The ReadBuf f er Queue is implemented in demux_rtp.cpp and represents input data f
each stream. If thdkedi aSubsessi on holds an audio streanmtpCodeclnitialize_audio()
is called. This function is implemented in demux_rtp_codep and sets audio codec-specific
parametersitpCodeclinitialize_video(s called if the stream is a video stream and found in the
same file as the audio version. This function also sets a flag itream is a multiplexed video
and audio stream, such as a MPEG system stream.

The last thing that is checked, if the streams were set ugeciyr is, if we are receiving
a single stream, if it is a multiplexed audio and video streawhen it is multiplexed, a
new demuxer is created with tlieemux_open(unction described in section 3.2.2. This new
demuxer is then wrapped inside a new demuxer usingiéwe demuxer_demuxer$gnction,
also mentioned in 3.2.2, and then returned. The “old” demjust set up as described above is
preserved by creating a new stream withnleg/_ds_stream{unction in stream/stream.c. This
function creates a new stream and sets the stream type to AMIIREPE_DS. This means
that the stream is coming from a demuxer, namely the RTP demuixalso saves the video
dermux_stream t struct from the olddenuxer _t struct that has been set up. This way
the “old” demuxer is not lost when a new is created sincedtlieux st r eam t struct has a
reference to the parent demuxer. We will take a closer lodkiatstructure in section 3.2.3.
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Function: Parameters: Source file:

static char * RTSPClient *client, libmpdemux/demux_rtp.cpp
openURL_RTSP() char const *url

demuxer_t *demux_open_rtp() | demuxer_t *demuxer libmpdemux/demux_rtp.cpp
static demux_packet_t* demuxer_t *demuxer, libmpdemux/demux_rtp.cpp
getBuffer() demux_stream_t *ds,

Boolean mustGetNewData
float &ptsBehind

int demux_rtp_fill_buffer() demuxer_t *demuxer,
demux_stream_t *ds
void demux_close_rtp() demuxer_t *demuxer libmpdemux/demux_rtp.cpp

Table 3.3: This table shows some important functions rdlat¢he interaction between Live555
and MPlayer.

Streaming with Live555 in MPlayer

After the RTP demuxer has set up thedi aSessi on, Live555 starts receiving data from
the media server and MPlayer goes through the rest of italiad@tion modules, before it starts
playing the data stream(s). The functions called beforergng the interface functions towards
Live555 in demux_rtp.cpp vary in response to the format efdtream. We will use examples
from streaming a MPEG file through Live555 media server [4le Tile is split into two separate
streams, one for audio and one for video, and therefore @ireréwo different call sequences,
but the functions used to retrieve data from Live555 are éimees A trace back of the functions
called are shown in figure 3.5.

From the fourth call (#3 in both figures) and down the functiatis are the same. The
ds_fill_buffer(function uses a struct not discussed in previous sectibedgmux_stream t
structure. While thelemuxer _t struct holds information like demuxer type, file name, gaher
information in the form of alermuxer _i nf o_t struct and link thest r eam t struct into the
demuxer, thelemux_st ream_ t struct holds information regarding the actual stream. More
detailed information for each stream; video, audio or sudlesh. It holds pointers to packets,
wrapped in a struct calledenux_packet _t, flags, the position in the stream, the pointer to
the buffer where the data is stored etc. Temux_st ream t struct is accessed from the
deruxer _t struct which holds a pointer to it.

ds_fill_buffer()checks if there is a data packet in themux_st ream t struct’s buffer.

If so, extracts the packet, updates the fields indleerux_stream t struct and returns.
If there are no packets in theéenux_stream t buffer, a call todemux fill_buffer()is
made. This function calls the function pointed to by thiel | _buf f er pointer in the
dermuxer _t’s demuxer _desc_t struct. This points taemux_rtp_fill_buffer(Jsee table
3.3) in demux_rtp.cpp. Here, a loop is entered and is noeéxintil a valid demux packet,
with respect to its presentation time, is retrieved. To geéa demux packet, thgetBuffer()
(see table 3.3) function is called, and blocks until a padkedvailable from Live555. In
getBuffer() the ReadBuf f er Queue object is referenced from tHeTPSt at e struct saved
in thedenux_t struct’s priv field. MediaSubsession::readSource::getNextFrametich is
stored inReadBuf f er Queue: : r eadSour ce, is then invoked to get a RTP packet from the
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socket, strip it from its header and deliver the payload theodermux_packet _t s buffer.
We are then blocked until the data is available, and wherriites thedermux_packet _t is
returned. The data retrieved is then processed and encgdibe bespective functions shown

A: Reading and retrieving video:

#7 Ox0B056653 in main ¢) at mplayer.c:4144

#5 0Ox08115bel in video_read _frame () at video.c:438

#5 0Ox08117118 1n read_video_packet () at parse_es.c:63
#4 Ox031labdd 1n demux_pattern_3d () at demuxer.c:44
#3 0x0811a335 in ds_fi11_buffer () at demuxer.c:335

#2 0x0D8172902 n demux_rtp_fill_buffer () at demux_rtp.cpp:277

#1 0Ox08172442 n getBuffer () at demux_rtp.cpp:497

Mul tiFramedRTPSource: rdoCetMextFramel () at MultiFramedRTFSource.

—
|

B: Reading and retrieving audio:

#8 0x0DB05472l in main ) at mplayer.c:4075

#7 Ox0B09ctbf in decode audio () at dec_audio.c:387

#5 0Ox0B8624479 in MP3_DecodeFrame () at srl.c:60

#5 0OxDBO2TS63 1n mplaver_audic_read ) at ad_mp3lib.c:28

#4 0x08113a58 in demux_read _data () at demuxer,c:404

#3 0OxD811a335 in ds_fill_buffer () at demuxer.c:336

#2 Ox0B17290e in demux_rtp_Till_buffer ) at demux_rtp.cpp:277
#1 0OxDB172442 in getBuffer () at demux_rtp.cpp:497

MultiFramedRTPSource: ;doCetMextFramel () at MultiFramedRTPSource. cpp:l134

Figure 3.5: Back trace taken from Data Display Debugger (PBBen streaming a mpg file
from Live555 media server. Part A is related to the decodihthe video stream. Part B is
related to decoding the audio stream.

in figure 3.5, until more data have to be retrieved and we ¢h&esame call flow just described.
This is done until the stream is ended.

3.2.4 Changes made to MPlayer

MPIlayer version 1.0rc1 does not support receiving a MPEGsiesy stream over RTSP. It fails
to find the correct demuxer when it discovers that the MPE&astrit receives is a multiplexed
stream with audio and video. This is easily fixed by insertamgif-test where we check the
codec name string Live555 has received from the streamingself it is MPEG 1 system
stream (MP1S)we create a new demuxer of type DEMUXER_TYPE_MPEG_PES,éf th
codec name is something different, like for example MPEQG-2 @ideo (MPV), we make
MPIlayer search for a suitable demuxer itself, as it did efe changed it.

To close the stream in a proper way, we have to make sure tHBARIDOWN message is
sent to the server when the user decides to abort the strgaiftiis is done in demux_mpg.c.
Here, we check the stream type and if it is of type STREAMTYBBE, we know that the RTP
demuxer is used to deliver the data. A call to these()function in demux_rtp.cpp is then
all it takes to make Live555 initiate a tear down. Tt¢lese()function is accessible from the
denuxer _desc_t struct contained in the RTP demuxer.

2We have only tested this with MP1S in Komssys
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3.3 Komssys

Komssys is a media server built upon the idea of stream hem(@#ection 2.3.2). In this section
we will look at unicast delivery over RTP/RTSP and see whisimponents Komssys uses to
send RTP packets to the client when it streams a MPEG file fiisk d

As Komssys is a stream handler framework it relies on the @is®age classes to make it
easy to plug different types of stream handlers together.wiWenot describe the base class
pointers Komssys uses but only use the names of the sub €legeare being used in this
particular scenario.

3.3.1 The RTSP setup

Before Komssys can start sending out RTP packets to the,dienRTSP session has to be set
up. The RTSP setup starts when the client sends a SETUP nedsdégmssys. But this might
not always be the first message the client sends. Live55%xample, sends a DESCRIBE
message before it decides that it can send a SETUP messagdESCRIBE message tells
Komssys to send a description, in SDP format, of the reqdestedia file back to the client.
This message then helps the client decide if it supports te thwe server will stream the
requested media. If the client does not support the way Kgsnadll stream the requested
media, it will not start a RTSP session. If there are no proklehe client will send the SETUP
message and thereby initiates the setup procedure thaesaeh on figure 3.1. When Komssys
receives the SETUP message, in short, it does this:

» Creates aMNSocket object which is defined in os/net/MNSocket.h. This class
encapsulates socket functionality for the connection asthhember functions that takes
care of sending and receiving data to the client and othéwesoelated functionality.

» Parses the SETUP message witlfS@PPar ser object. This is a class defined in
sdp/SDPParser.h.

» Creates a graph manager object, in this case laeSt r eanmer GMwhich we saw in
section 2.3.2 creates the three stream hanélief®Sour ceSH, RTPEncoder SHand
RTPSi nkSH. The graph manager opens the file the client requested, $Btafd RTCP
port numbers that it shall use and initializes the streandleas. All the graph managers
and stream handlers are defined in the rtp/gm/ and rtp/stdtdinies respectively.

» Creates aVNRTCP and MNRTP object which are responsible for sending out RTCP
and RTP packets respectiveyMNRTP builds up the RTP packet in memory before
sending it to theVNSocket for delivery. They are defined in rtp/rtp/MNRTCP.h and
rtp/rtp/MNRTP.h respectively.

When the PLAY message arrives from the client Komssys dtatstreaming process by calling
FileStreamerGM::play()

3.3.2 Fromdisk to net

When FileStreamerGM::play()gets called, it “starts” the stream handlers by callsigrt-
Streaming(on each of them. This prepares the stream handlers to seahsng, especially it
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starts a timer irRTPEncoder SHwhich callsSRTPEncoderSH::send_timer_callbackfevery
thread clock tick and makes sure that data is pulled fférheSour ceSH and pushed to
RTPSI nk SH.

A smart pointer that points tolat a object is used to transfer data between the three stream
handlers. The smart pointer named DataPtr, using typeaddr@¢ion in C++. Using DataPtr,
Komssys only sends a pointer between the stream handiesnating the need to send all the
data, and thus saving a lot of CPU cycles.

Pulling data from FileSourceSH

Pulling data fromFi | eSour ceSH starts with a call t(R-TPEncoderSH::pull_encodefjith a
DataPtr as argument. This function checks if we are stregraid that a member variable
of type NoRet rans is not NULL. If it is set, a call toNoRetrans::get_next_data{®
made.NoRet r ans is defined in rtp/codec/rt-profiles/NoRetrans.h and hdidsétransmission
functionality, which is a RTP extension. As the name imgiis tlass offers no retransmission,
but only helpsRTPEncoder SHget the data fronfi | eSour ceSH.

In NoRetrans::get_next_datafye get the encoder for the file format we are streaming,
which helps read out the MPEG file correctly from disk, calRatket i zer MPEG Then,
PacketizerMPEG::get_next_dataé called. PacketizerMPEG::get_next_datafses a helper
function in RTPEncoder SHs Si nkEndpoi nt object calledpull_from_peer(}to pull data
from the neighboring upstream stream handief eSour ceSH. This function asserts that
RTPEncoder SH and Fi | eSour ceSH are connected before callingi | eSour ceSHs
SourceEndpoint::pull) The arguments to both of these functions are a DataPtr te ste
data, and two arguments specifying how much to data p&burceEndpoint::pull()calls
FileSourceSH::pull_from_filef\vhich reads a given amount of data from disk and puts it into
the DataPtr and returns it. When we returrPaxcketizerMPEG::get_next_data{ipformation
regarding how much we have read and current byte positiorujpdated, together with the
calculation of the time stamp for the RTP packet. Then a r@ped the data is returned to
MNRTPENcoderSH::pull_encode(Here, aRPtr<MNRTPPacket> MNRTPPacket being a
sub class of clasBat a, defined in rtp/rtp/MNRTPPacket.h, object is created talhibé pulled
MPEG data, and to hold parameters related to the RTP padkethle time stamp and RTP
marker bit [11]. The DataPtr which was sent in as argumeputb encode()s then assigned
to the pointer to the newly created RPtr<MNRTPPacket> apbga returned.

When Komssys useBloRet r ans to handle the retransmission, which then means no
retransmission, an extension header is added to the RTRtpathkis extension header holds
the difference between the absolute byte position and homyrogies we have pulled.

Pushing data to RTPSinkSH

When we return from the call tMNRTPEncoderSH::pull_encodefhe data and RTP related
information are stored in @at aPtr object. If the pulling from theFi | eSour ceSH
went fine, we send it downstream, to the neighboring streandlBaRTPSI nk SH, using
RTPEncoder SHs SourceEndpoint::push_to_peengith the DataPtr object as argument.
This function asserts thaRTPEncoder SH and RTPSi nkSH are connected, and calls
RTPSi nkSHs SinkEndpoint::push() This function then callRPTSIinkSH::push_to_net()
Here, the data we pulled frorki | eSour ceSH is extracted from the DataPtr object,
together with the time stamp, marker bit and the extensicadée length. If the RTP

27



packet should be sent without an extension hedd®RTP::rtp_send()s called, otherwise
MNRTP::rtp_send_ext() The two functions differs only in the way the RTP packet is
constructed. In short, both functions builds the RTP packends a pointer to it to
MNSocket::send(Wwhich then sends the packet out on the net usingeadmsg()system
call. The amount of data that was sent is then returned ftiNSocket::send(and is, in
MNRTP::rtp_send(andMNRTP::rtp_send_ext(used to update statistics. Then if there were
no errors while sending the packet, the sequence numbee TR packet sent is returned to
RTPSIinkSH::push_to_net()

3.3.3 Changes made to Komssys

We have made some changes and added some new stream handlgrsygh managers to
Komssys. The changes have made it possible for MPlayer tontonicate with Komssys, and

let us use a new system call that we have implemented in Liwbich is described in section
3.4.1 and callegendfile_prefixed(J12]. The new stream handlers and graph managers are
created so we can test different implementations of Komssys

Streaming MPEG using Komssys and MPlayer

As of today, MPlayer can not communicate with Komssys whesasting a MPEG file over
RTSP/RTP. The reason for this lies in the setup of the RTSBisgsmore precisely in the
response to the DESCRIBE message sent to Komssys from MPRes/eve can see from figure
3.6, Komssys sends the character string “X-PN-MPG” togettin the codec code 32. This is
an unknown codec name to Live555, which causes it not totstaetup of the RTSP session,
and thereby causing MPlayer to quit. A small change in sdpéRdTypes.h fixes this. By
making Komssys associate the codec code 32 with “MP1S”andsté “X-PN-MPG”, Live555

is able to set up the RTSP session.

DESCRIBE rtsp://localhost: 9870/full_1. mpg RTSP/1.8

CSeq: 1

Accept: applicationssdp

User-Agent: MPlayer (LIVESSS Streaming Media w2007 02, 03)

RTSFP/1. 0 200 0K

CSeq: 1

Content-Type: application/sdp

Content -Length: 141

Content -Base: rtsp: _.-’,-11. ocalhost /full_1. mpgs

wv=0

c=mzink

=Erricson IF Docu

c=IN IP4 0. 0. 8.2

b= a45: 1965

t=0:15:0: 2

z=framerate; 45, 000000
m=viden O RTR/AVE 32
s=ripmap: 32 x-pn-mpg/90000

Figure 3.6: RTSP Describe message.
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New stream handlers and graph managers

We have added two new stream handlers and graph managersniesi® The stream
handlers are calledunedFi | eSH and TunedFi | ePr efi xedSH. TunedFi | eSH is a
stream handler that combines the functionality of the tlateeam handlers we looked at in
section 3.3.2 into one stream handler. This new stream bahdbk removed any use of virtual
functions that are used in the regular stream handlers hadrefunctions that are implemented
in a base class but can be overridden in a sub class to belitareratily.

The second stream handl@ynedFi | ePr ef i XxSH, is based offunedFi | eSH, but uses
the new system cabiendfile_prefixed()We have removed read-from-disk functionality from
TunedFi | ePref i xedSH, instead it usesendfile_prefixedp do this.

The new graph managers arenedFi | eSt r eamrer GMand TunedFi | ePr ef i xed-

St reanmer GM They useTunedFi | eSH and TunedFi | ePr ef i xedSH respectively as
stream handlers. The rest of their functionality is the sameheFi | eSt r eamer GMwe
have looked at in section 2.3.2.

Adding support for a new system call

In section we describe a new system call that we have impledeiio have Komssys support
this, we have changed rtp/rtp/MNRTP.h and net/os/MNSokkéh MNRTP.h we have added
two new functions, one for sending regular RTP packets aedamsending RTP packets with
extension headers, where both are using the new systenTéay. do not use the system call
directly but use a new function we have added to MNSocketladaendfile_prefixed{yhich
calls it for them.

3.4 Linux

We have used Linux kernel 2.6.20.15 as the test bed for theriempnts we have done. Most
of the changes made to the kernel is described in chaptet debbave implemented a system
call that is used by Komssys and therefore we describe it here

3.4.1 A new system call: sendfile_prefixed

sendfile_prefixed()s a modification to the already existing system csihdfile() send-
file_prefixed()allows us to send header data down to the kernel, which candpepded to
the data we wish to send usisgndfile() By using this new system call we avoid using CPU
cycles on context switching which Komssys doe$in eSour ceSHwhen it issues a&ad()
system call to read from file, and on copy operations duringlisgy [12]. Instead, we can
discard of theead() system call by creating the RTP header in Komssys and seruvit tb
the kernel withsendfile_prefixed()in the kernelsendfile_prefixed{yill send the RTP header
to the network buffer and cork it, which prevents it from lgeigsent out to the client, where
it waits for a chunk of the file the client has requested. Whas arrives, the chunk of data
and the RTP header will be uncorked and sent as a RTP packet @i¢nt. The data path,
usingTunedFi | ePr ef i xedSt r eanmer GMas graph manager in Komssys, is illustrated in
figure 3.7. For a comparison, the data paths for the graph gesasiai | eSt r eanmrer GMand
TunedFi | eSt r eamer GMis illustrated in figure 3.8 and 3.9 respectively.
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Application

TunedFilePrefixedSH

[RTP header buffer]
|| sendfile_prefixed() User space
Kernel space
V CPU copy !
Page cache | _ tppenddescriptor_ __ | Socket buffer

| | DMA gather transfer I
DMA transfer +

Network interface
card

Block device

Figure 3.7: User/kernel space interaction usingsendifidfixed() with TunedFilePrefixed-
StreamerGM.

Application
FileSourceSH RTPEncoderSH RTPSinkSH
= >
[Application buffer] . [Application buffer]
read() sendmsg() | User space
Kemel space
CPU copy
CPU copy
Page cache Socket buffer
? &)HA transfer
DMA transfer
Block device Network interface
card

Figure 3.8: User/kernel space interaction using a comionatf read() andsendmsg(¥ystem
calls with FileStreamerGM.
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Application

TunedFileSH

[Application buffer]

read() sendmsg() User space
l l \ Kemel space
CPU copy CPU copy
Page cache Socket buffer

DMA transfer
DMA transfer

Network interface
card

Block device

Figure 3.9: User/kernel space interaction using a comionatf read() andsendmsg(¥ystem
calls with TunedFileStreamerGM.

sendfile_prefixed@)ses two helper functions, one that corks the header date aetwork
buffer, and one that uncorks it when we have cafleddfile(Xo send a chunk of data from disk
to the network buffer. These helper functions are impleeefdr both User Datagram Protocol
(UDP) and Transmission Control Protocol (TCP).

3.4.2 Changes made to Linux

To implement a new system call in the 2.6 Linux kernel, theeethree files that have been
modified: arch/i386/kernel/syscall_table.S, includrfi/syscalls.h, include/asm-i386/unistd.h.
The changes in these files are needed to make Linux aware néthsystem call.

The system call itself is implemented as a module so it caitydaes modified without re-
compiling the kernel. As already mentionesdndfile_prefixed@Qises two functions that helps
it cork and uncork data at the network buffer. Both of themiamelemented for UDP and TCP
in net/ipv4/upd.c and net/ipv4/tcp.c respectively.

3.5 Summary

We have looked at how MPlayer initializes two important stanes, namely the demuxer_t and
stream_t structs. These help MPlayer retrieve the data &@ource and demultiplex it. We
have also seen how MPlayer makes use of Live555 to handkensitng with RTSP as this is
currently unsupported in MPlayer’'s own code. In sectiondv2e looked at the changes made
to MPlayer to make it work when streaming MPEG with multipéexdio and video over RTSP.
In section 3.3 we looked at the data path in Komssys, whichtfans and classes that are
used, when streaming a MPEG file from disk to network over R&a8& using RTP/RTCP as
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transport protocol. Then, we went through some changesduhdias, to make Komssys work
with MPlayer and some new stream handlers and graph marmge€asrissys, that we will make
use of in the chapter 5. We also added support for using thesystem callsendfile_prefixedy)
in Komssys. The last we covered was a new system call we haledad Linux. This was a
modified version of theendfile()system call, that we will use with Komssys when performing
experiments.

In the next chapter we will look at a time measurement todlwWeawe will use in chapter 5
to do benchmarks of Komssys using the proposed changes.
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Chapter 4

Time measuring tool

4.1 Introduction

Measuring how much time used from point A to point B in progremide can easily be done
with existing functions in Linux. It involves retrieving arte stamp both at point A and B then
calculating the difference to find out how much time was udéus works fine when measuring
small pieces of code. But if we want to do time measures whend?Bais far apart in terms of
code lines, the method just outlined may be inadequate ¥@rakreasons: the program may be
scheduled out, it may get interrupted to handle hardwasgrmpts, page faults might occur if
the program code is not residing in memory and different &isgkstem calls may be called. All
these factors affect a time measure, some more than oth#rs.drogram is scheduled out this
usually will affect the time measure more than if it is intgated by a single interrupt and then
later resumed. System calls that offer reads and writesstq thr example, may have variable
execution time depending on the state of the disk. So to gebd gpproximation on how much
time the CPU spends on program code alone, when doing timsureeaver many lines of
code, one subtract time spent in kernel space doing intersypstem calls and exceptions from
the total time measured, starting at A and stopping at B.r8atig all these factors makes it
easier to compare different implementations of a programexample with or without the use
of virtual functions when written in C++, with respect to grspent on the CPU.

It is an essential condition that the data path in the coderedime measuring is single
threaded, if this was not the case, several time measurdgd staut before the first measure
stops, making it hard to estimate how much time used from A.to B

4.2 Design

Identifying how much time is used for user space processmgkarnel space processing, on
behalf of the program, and time spent on other processesysténéive to identify where the
entry points to the kernel resides, start a timer at thesgpand when the program is to resume,
stop the timer at the exit point out of the kernel. The file tinaitls all entry points to the Linux
kernel can be found is entry.S and is located in arch/i386&&for the i386 architectute It
also holds the exit point which is used by interrupts, exicegtand system calls that use the int
$0x80 instruction labeled restore_all (figure 4.1), andahiey and exit point for system calls

1The measure tool has been developed for the i386 archigessimg kernel 2.6.20.15.
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| Restore hardwrare confext r

Figure 4.1: Exceptions and interrupts both end up at themesall label [5].
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that use the sysenter instruction. The exit point for thester instruction is at the bottom of
the sysenter entry point. It is at these two exit pointsarestall and sysenter exit point, that we
stop the timer.

All interrupts are set up to push the IRQ number, associatid tle interrupt minus
256, on the stack and then jump to a label called commonrugef5]. So a suitable
location for interrupt detection will be there. System sathat use the int $0x80
instruction enters at ENTRY(system_call) and those thatthe sysenter instruction enter at
ENTRY(sysenter_enter). Placing code here will be a gooation to detect when these system
calls are issued.

Exceptions are the third possibility an user space prosessg end up in kernel space.
Most of the exceptions are used to signal when errors haver@ct in the program, like
for example divide by zero and overflow. These relates torglirothe program and usually
makes the program that caused the exception to terminate. ofly useful exception, for
time measuring, which does not make the program terminatgége fault, assuming that the
program has access to the given page. Its entry point is KEREBITRY (page_fault) and is
the last point where code is to be inserted to detect whenrthgrgam enters kernel space.

For the user to be able control when to start and stop the tiggsuare, the program has to
communicate with the kernel. This is done with two systentscahe for starting the measure
and one for stopping it. These system calls take a strucasrant to be filled with total time
used in both kernel space and user space and statistics tihéme measure stops.

In the following sub sections we will look at how to use systeslis to start and stop the
time measure, present some design issues related to hosetd aode into the kernel to detect
when one of the above mentioned entry/exit points are aexied, how to retrieve a time
stamp and what possible kernel control paths the time mea&suie has to take into account an.

4.2.1 New system calls

Since we start the time measures in user space and the cdadmlktisates time stamps and
time used is in kernel space, we have to create two system, stdit_time measure@nd
stop_time_measure(¥3o that we can communicate with the code located in the kefftee
system calls are implemented in such way that we can sendie Siown” to kernel space.
This struct is then filled time information. Information eeging when we started the time
measure whestart_time_measure(¥ called, and total time spent in kernel space and user
space and statistics whatop_time_measure(3 called. The members of the struct, and an
explanation of what the meaning of each, is put into table 4.1

The total time used in kernel space and user space is thanatald as follows:

total_time_kernel_space = kernel_space_total_time

— umeasure.kernel_space_time_base

total_time_user_space = stop_time_stamp
— wumeasure.start_time_stamp

— total_time_kernel

Here, umeasure is the name of the struct we send down to kepaek. stop_time_stamp
is created when we stop the time measure, and umeasurdistartstamp when we started.
kernel_space_total _time is the total time used in kernstsbor all measures taken for a single
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Data type:

Name:

Comment:

uint64_t kernel_space_time_baseWe set this to the time used in the
kernel when we start a time measure.

uint64_t start_time Time stamp from when we start the
measure.

uint64_t total_time_user_space | The total time used on the time
measure in user space.

uint64_t total_time_kernel_space The total time used on the time
measure in kernel space.

uintl6_t syscall_count Number of syscalls issued in a time
measure.

uintl6_t page_fault_count Number of page fault happened in a
time measure.

uintl6_t interrupt_count Number of interrupts hap-pend in a
time measure.

uintl6_t sched_count Number of times the CPU has been
used by other processes while in
between a time measure.

uintl6 t sched_count_between | Number of times the CPU has been

used by other processes while in
between two time measures.

Table 4.1: Struct that is used to calculate statistics and ih a time measure.
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process, and umeasure.kernel_space_time_base is whal lggrace_total_time was when we
started the time measure.

System calls implementation

The implementation of the system calls are actually madenrodule which we insert when
we want to perform a time measure. The default implememntatidich resides in the kernel,
only return -ENOSYS to signal that the module is not pres&he reason we have chosen to
do it like this is because it makes the development much edfike implementation is located
in the kernel we have to recompile and restart Linux everyetarchange to the system calls
are made. Writing the implementation in a module saves us af ime as we only have to
recompile the module.

Implementing the system calls in a module is done by “hijagkithe default implementa-
tions in the kernel by inserting new ones in the syscall eapld saving the old ones. The new
ones are inserted when the module is inserted into the karmeremoved when the module
is removed. The syscall_table must be made available fratv/idB6/kernel/i386_ksyms.c
by first declaring it as an extern void pointer to an array ahentexporting it using
EXPORT_SYMBOL. Doing this makes it possible to alter thecas table inside our module.

4.2.2 Inserting time measure code into the kernel

Inserting code into the Linux kernel can be done by eithéicstily, modifying some existing
source files, or it can be done dynamically at run time. Thiedas a safer and a more time
friendly method. It involves the use of kernel modules [13d &probes [14] which are inserted
into the kernel at run time. Because the kernel is not modifiecke is no need to re-compile the
kernel and reboot which is a time consuming business, antbhHas done when inserting code
statically. Kprobes is originally intended to be used aslaudging tool. But it may also make a
very suitable tool when we want to insert code into the ketme¢cord time stamp information
as described above.

Kprobes

Kprobes is a mechanism that allows users to dynamicallytimes-disruptively break points,
probes, at almost any instruction in the kernel. The exoeptare entry points defined with
KPROBE_ENTRY in entry.S and functions declared with thevkesd kprobes. These
definitions prohibit kprobes to be insertedKprobes are usually packaged inside a kernel
module. It gets registered when the module is initialized anregistered when the module is
removed. The register process involves inserting the bpeakt at a given instruction address
in the kernel and associate handler functions to be callezhwihe break point is encountered.
There are two handler functions that can be associated: -hgm@ler and a post-handler
function. The pre-handler gets executed just before thbguronstruction, where the break
point is inserted, and the post handler right after the ptobstruction has been executed. One
does not have to specify both handler functions, it suffioepecify one of them. When control
reaches one of the handler functions, we have access to atafiyof the CPU registers that

2Defined in include/linux/linkage.h and include/linux/kies.c respectively.
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were present when the break point was encountered. A scitdigate of these steps is shown

in figure 4.2
= ~ Call pre_handler 2
E‘i Set up single-stepping singie siep
do_int3 kprobe handler probed
Instruction
next instruction Call post_handler o
after probe Resume Execution dobg-excaption
post_kprobe handler do debug

Figure 4.2: Execution of a Kprobe [6].

How kprobes work is architecture dependent [14]. We wilktakshort look at what is done
on the i386 architecture. Here, kprobes works by making § odphe instruction where the
break point is inserted, and replaces the first byte(s) optbbed instruction with the break
point instruction int3 [14]. This is done when the Kprobeagistered. When the break point
is encountered a trap occurs, the registers are saved atblasrnpassed to kprobes which
executes the pre-handler (if existing). Then the saveduason is single stepped and the post
handler is executed (if existing). When the post handleise#ie instruction coming after the
probed instruction is executed and code execution corgiagdefore.

Using kprobes to insert measure code

Using kprobes to insert time measure code into the idengfid points in section 4.2 involves
creating a kernel module which will hold the kprobes, anattegjister six kprobes, one for each
entry point and one for each of the exit points. The first hingde meet is that the page fault
entry is defined with KPROBE_ENTRY, meaning that we are nloixadd to insert a Kprobe at
this entry. We could argue that the time spent doing pagésfawné a diminishing factor in the
time measure results if we are doing repetitive measureoretite same code, i.e. in a while
loop. In a loop, page faults will only happen the first timed &men the code is in memory and
no more page fault will occur if not those pages are swappédBut if the time measuring is
to be done one time only the time spent retrieving missingpagight have an impact on the
time measure. The different code lines we are measuringtrhayle different disk and memory
size and therefore may have different page faults timesit 8an be a good idea to add the over
all time time spent doing page faults to the total kernel sgane.

The second hinder and the most difficult to pass is the comsegs that occur when
inserting a Kprobe at the restore_all label in entry.S. \dithcode here we are not able to
find out how much time was spent in kernel space. And the readpnit does not work
using kprobes is that kprobes uses the int3 instruction vbauses an exception. As all other
exceptions, when the int3 exception is done with its praogssvhen the probe has been
processed, it makes a jump to a label called ret_from_eiuoepthich eventually ends up at
the restore_all label. By inserting a probe at the restdirakeel we will be inducing an infinite
loop in the Linux kernel which is, to say at least, somethirggnet want to be doing.
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In conclusion we can say that kprobes is not suitable forettk@sds of time measures, i.e.
where we wish to find the time spent in kernel space and sutitriscdrom the total time used
from start to stop. This is because it is impossible to detdwtn we are done with kernel
space processing and re-enter user space. On the othervimarcdn and will use kprobes
to count how many times the measuring process is schedutedodoe able to see the effect
of cache misses. We want to count the number of processegonating the one we are
measuring, that is run on the CPU during and in between timesaores. We achieve this by
registering a Kprobe, in the same module as the two time measggtem calls resides on entry
to __ switch_to() and associates a pre-handler with this probe. Then, in iadngndler we
check if the process we are measuring is being switched ount. oif it is switched out, we
increment a variable called sched_count_total and setdhable scheduled out to TRUE. If
the process is being switched in we set scheduled_out to EAW®ien scheduled_outis TRUE,
sched_count_total is incremented every time a processtsattcurs. Thus we will get the total
number of processes that have used the CPU when the meaptooess has been scheduled
out.

For example, let us say we are doing time measure in codesth@peated, e.g. in a while
loop, and the process is interrupted after one time measwemded. The kernel will check if
there are other processes that are waiting to use the CPU tede are, and they have higher
priority than the process we are measuring, cabwitch_to() On entry to this function, our
kprobe will intercept and take us to the pre-handler. Heeecheck the pid of the process that
is beeing switched out, and if it is the process we are maagunie increment schedule count.
We then set the flag variable indicating that we are schedulétb true, and return to normal
execution. Now, every time a process switch occurs that doesvolve the process we are
measuring, the kprobe intercepts theswitch_to(function and increments the schedule count.
When our process is switched back in, we set the scheduleaguticfifalse, and return.

Statically inserting measure code

Statically inserting code at each of the identified entrg/pgints to the kernel in section 4.2
involves writing assembly code in entry.S. At each entrynpeare have to create a start time
stamp and at the return to user space, in the restore_alldadeexit from sysenter, create a
stop time stamp. To ease the development these functionsecamitten in C and called from
entry.S. At each point, we have to save the registers thbba/itlobbered and then restore them
when we return from the call. This has to be done so everythingas if the inserted code is
not there. If we were to forget this it can result in unexpedtehavior of the programs affected
by clobbered registers.

We define the functions to call in a C-file. In this file we defihe functions to be used and
some global variables that shall hold the time stamps anae statistics regarding page faults,
system calls and interrupts. Four functions are definedfameach of the entry points and one
for each of the exit points. To have only the process we aresurewy trigger the creation of
time stamps, each function checks the pid of the processegiternel space. This is done by
comparing the currefprocess pid with the process pid of the process we are magsurhe
latter pid is saved when we start the time measure and wilkeiseribed in section 4.2.1. If the
two pids match we start or stop the time measure, which dep@mdf we are at an entry or exit
point respectively.

3The current process refers to the process that has exetintieon the CPU.
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To recap, we create a time stamp in each of the functions thabae placed at the entry
points and we create a time stamp at the exit points. At thiepexnts we subtract the time
stamp we created when we entered kernel space from the stegstamp. The difference is
then how much time spent processing in kernel space andgp@ssi other user processes if
the program has been scheduled out. This time is then addegldédal variable that holds how
much time is spent in kernel space altogether. When the megss stopped, this variable,
indicating how much time is spent in kernel space and possibbther processes, is subtracted
from the over all total time it took from A to B. The differencehow much time was used by
the user process.

4.2.3 Retrieving a time stamp

Retrieving current date and time could have been done witkraksystem calls in Linux [5].
Two of them istime() andgettimeofday() The former returns the number of elapsed seconds
since midnight at the start of January 1, 1970 (UTC), thetatbes the same but returns itin a
struct named timeval, that also holds the number of elapsedseconds in the last second.

Doing time measures with second resolution is not very useMost time measures
will often complete in much less time and secondly, this &san is not very useful when
comparing two time measures against each other. Ugtigmeofday(pives us an increase in
resolution with a factor of one million which is acceptalbileamany situations. But the fact that
today’s CPUs operates in terms of Ghz, microsecond resoligifar away from giving us the
most detailed timing information. To get this we have to uaeaseconds resolution. This is
only achievable on platforms that has a Time Stamp Cotiffé3C) and offers an assembly
instruction to read this called rdtsc. On x86 processossittstruction reads the value from the
TSC and stores it in edx:eax [15]. One is free to use both tesgi®r just one of them. Using
only the eax register gives us a cycle coun2df before it overflows. How much time before
the eax register overflows depends on the processor speeeke dfe running on a 1.6 GHz
processor, the time between overflows is equal to:

232¢cycles * (1 second/1, 600,000,000 cycles) = 2.68 seconds

The exactness and reliability of the time stamp counteesedn some factors that we will take
a closer look at in the following section.

Issues related to TSC

Using the rdtsc will under optimal conditions give us the fn@mof CPU cycles the CPU has
executed between start point A and stop point B when we sttbArérom B. From this return
value we can deduce how many nanoseconds have elapseddinglivby the CPU frequency.
If our CPU is running at exact 2.4 Ghz we divide the return gdhom rdtsc by 2,4.

There are some issues that have to be taken into accountréhedlated to exactness and
reliability. Exactness is affected by the processor sp¥éelhave to know the exact processor
speed to calculate how many nano seconds used. This can i \f@BIOS information or
/proc/cpuinfo/.

As mentioned, we need optimal conditions for the rdstc to ddmlle. There are two
important properties that must be fulfilled in order for thishappen. The first property is

4Time Stamp Counter is a 64-bit register and holds the numt@PtJ cycles since start up.
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that the value received from rdtsc must be strictly incmegisthe rdtsc value from stop point
B must be larger than the rdtsc value from start point A. Tremsd property is that the CPU
frequency where the rdtsc value is taken from must be cons&ween A and B. The former
property secures that we get a positive difference when e att the rdtsc value A from the
rdtsc value B. The latter property ensures that we can cotivercomputed difference into
nanoseconds. But, there is no guarantee that these pesparé met and so the rdtsc values
retrieved are seen to have no reliable value and can not loe Thées happens when we are on
a multiprocessor or multicore system. These systems doffestguarantees that their cycle
counter is synchronized between cores [15]. Since ther® iguarantee that the executing
process will not be scheduled on a different core than thetet&rted on, the first property will
be broken. The second property is often broken in laptogesysivhere the CPU is sometimes
tuned to save as much battery as possible. If this happenaweat be sure that the CPU
frequency is constant in between the A and B.

There is actually a third property that we have to take in tmaat when we are doing time
measures on small pieces of code; which is out-of-orderwgi@t This can happen when the
CPU reorders the instructions it is about to execute. Toamrae this, we can issue a cpuid
instruction before we start a time measure and right bef@etap the time measure. But on
time measures where the code distance is big, the effecttajrder-execution is diminishing
and therefore no need to execute cpuid.

Choosing between gettimeofday and rdtsc

gettimeofday(js not affected by any of the issues described about the ndtsection 4.2.3.
The downside is the resolution of the timer. But if we can netshre that the two properties
described in section 4.2.3, thgattimeofday(js the best we can do in terms of timerr esolution.
Under Linux though we have the ability, firstly, to make surerly uses one core by disabling
Symmetric Multiprocessing (SMP) support and secondly thdbes not use different CPU
frequencies by disabling support for CPU frequency shgftiboing this is an easy task when
configuring the Linux kernel and we have therefore decidedst® the TSC, by using rdtsc
assembly instruction, for creating the time stamps.

4.2.4 The kernel control paths

Every interrupt or exception creates a kernel control paah éxecute in kernel space on behalf
of the current process [5]. Since interrupts can occur attimg, except when interrupts are
turned off, the control paths can be nested, as shown in fig3ean interrupt or exception
handler can be interrupted which causes nesting levelsagribean 1. Exceptions can only give
rise to at most two kernel control paths since bug free kerdelnot cause exceptions. The
only time an exception occurs in kernel space is when theingekes a system call which then
causes a page fault.

The nested nature of kernel control paths must be taken attmuat when calculating how
much time a process spends in kernel space. It is only theet@b ¢ontrol path where we have
to create a time stamp and when other nested interrupts aeoheck if we are already in a
nested control path. If we are, we do nothing and return. Wihetopmost control path is about
to exit to user space again, we calculate the time spent imekspace and clear the variables
that indicates that we are in a kernel control path.
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Figure 4.3: Nested interrupts in kernel space [5].
4.3 Summary

In this chapter we have looked at a time measurement toolsglas up the total time used
on a time measure into kernel space time and user space tietdahe same time give us
information about kernel events and if the process has beleedsled out. Doing this makes
it possible to do time measures over a greater code distaitheut having to worry about
the process being scheduled out or affected by other keamilhilities as this does not affect
the time used in user space. We discussed how this could keewdmng kprobes or statically
inserting code, and looked at what time taking instrumemsix.and the x86 platform had to
offer. To start and stop the time measure, we introduced y8tem calls, and looked at how
we calculate the time spent in kernel space for a procesghEaesults from the time measure
to be valid, we saw that the measuring tool is only usable dedbat is single threaded, if this
was not the case, several time measures can be started lilelpara

In the next chapter we will use the tool presented in this térapgether with the standard
time measurement procedure to investigate the effecteqgithposed changes to Komssys we
looked at in chapter 3.
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Chapter 5

Testing of proposed changes

5.1 Introduction

In this chapter, we will test and evaluate the proposed obmmhg Komssys and look at their
effect on the number CPU cycles Komssys have to use in ordeeéde a RTP packet and send
it out on the net, to a client. We will also evaluate the pr@absme measuring tool described
in chapter 4.

The proposed changes to Komssys and the time measuringae®bleen developed so that
we can measure the penalty of using virtual functions in Keyesand to see the effects of
usingsendfile_prefixed()We want to measure the effect, with respect to the numberPd C
cycles used, of removing the use of virtual functions anthierrfind out whether there are any
improvements if we ussendfile_prefixed{pstead of the combination eéad()andsendmsg()
system calls, used i | eSt r eaner GM

5.2 Testsetup

For the testing we run Komssys on a desktop computer runnimgxL2.6.20.15 kernel with
CPU frequency scaling turned off. It has a 1.6 GHz AMD prooesgth 512 MB ram. The
client, which runs MPlayer and displays the video sent froomissys, is a Macbook Pro 2.4
Ghz dual core processor.

5.3 Test Layout

5.3.1 Testing three different graph managers

We will test three different graph managersi | eSt r eamer GM (FSGM), TunedFi | e-

St r eaner GM(TFSGM) andTunedFi | ePr ef i xedSt r eaner GM(TFPSGM). Each time
measure is started right before the calptdl_encode()n RTPEncoder SH, TunedFi | eSH
andTunedFi | ePr ef i xedSH, and stopped right after we have sent the RTP packet to net
by callingMNRTP::rtp_sendfile_prefixed_ext®MNRTP::rtp_send_ext(Hdepending on if we

are usingsendfile_prefixed() After the time measure is stopped we pack gathered statisti
of the measure into a class call@¥easur e and put this into a vector. We stop the time
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measuring when Komssys has sent 2(i00 RTP packets to the client, and write the gathered
statistics out to file. These measurements are done witlntieenheasuring tool.

To see effects of cache over-writes, we re-run the thesg wagt some background noise.
This noise is background processes running as daemons amjale. The cron job is triggered
execute every minute and update the desktop backgrounde Ene some daemons running
on the regular test also, but these are system specific daetimatnwe did not turn of. These
processes will often over-write the cache used by Komssyshas will affect the time measures
as Komssys has to go to the main memory to get instructionglatagj which is much slower
than using the cache. The processes running on the reguldraamkground noise test are put
into the appendix.

We will look at the time used in user space and kernel space. wilVealso construct
confidence intervals for some statistical measures weefean the test data we gather, and
try do a meaningful interpretation of these results.

5.3.2 Testing cost of a context switch

Using sendfile_prefixed() we are able to removeead() system call that is used in
Fi | eSt reanmer GMandTunedFi | eSt r eanmer GM This saves the CPU from copying data
from disk into a buffer in user space. It also saves CPU cylyesot having to do a context
switch.

To see the effect of removing a context switch, we wish to mesakow many CPU cycles
a context switch takes from when we call a system call and/élare back in user space again.
We use an empty implementation of teendfile_prefixed@@ystem call, which just returns -
ENOFAULT, and use the rdtsc instruction right before anératthe call, using the guidelines
found in [15]. The time measure is repea®d00 times.

The sendfile_prefixed($ystem call takes six parameters. To see how much the number
of parameters affects the context switch time, we also rensdime test using an empty
implementation oftart_time_measure(yhich only takes one parameter.

The minimum value we got from the measures ussegdfile_prefixed(Jvas 278 CPU
cycles. Usingstart_time_measure{pstead gave us a minimum value 268 CPU cycles.
There is a difference of0 CPU cycles between usingand1 parameters, in other words
CPU cycles per parameter. After the system call we issue id apstruction to remove out-of-
order execution problems. We have to remove the time usesbteithis instruction, together
with the time used to issue rdtsc when we end the time measuird the time used on a
context switch. The rdtsc instructions was found to takepu cycles. The cpuid instruction
on the other hand has a variable execution time, but its mimmalue was found to b&8 cpu
cycles, and therefore a context switch take&s — 2 — 69) = 197 CPU cycles to complete,
from user space to kernel space and back again. We have torkeepd that this number also
includes the call to the system call after we have enterenkepace.

5.3.3 Testing overhead of time measuring tool

To see how much the time measuring tool affects each timeunasge set up a test to find the
overhead using the time measure tool. We also used thetisgathered from a regular time
measure test usirfg | eSt r eanmer GM to find, in average, how many CPU cycles are used by
the measuring tool between the measure points A and B.
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5.4 Testresults
The test results we gathered were put into Matlab [16] and/R [frograms used for scientific

and statistical programming respectively, to make plots produce statistical information.
Plots and statistics will be presented in the following Eets.

5.4.1 Testing three different graph managers

Min. 1stQu. Median Mean 3rd Qu. Max.

[cycles] [cycles] [cycles] [cycles] [cycles] [cycles]

FSGM Regular: 27840 28830 29000 29580 29280 209500
Noise: 27420 29010 29220 33260 29530 216900

TESGM Regular: 26440 27480 27670 28080 27940 187900
Noise: 25910 27040 27240 30750 27560 232000
TEPSGM Regular: 21080 22290 22440 22790 22620 176000
Noise: 20570 22040 22200 25340 22420 234800

Table 5.1: Statistics of the number of CPU cycles used ings&ce from regular and noise test.

To see the improvements, if any, using the proposed chamwgeg]id our first test on
Fi | eSt reamer GM This is the graph manager Komssys uses when streaming adite f
disk. We will use the results we get from this test and compaxéth the test of the proposed
changes.

In table 5.1 and 5.2 we have created some statistics for the thst cases. Table 5.1 gives
statistics for the number of CPU cycles used in user spadbéaegular and background noise
test, and table 5.2 presents the same information but fontimeber of CPU cycles used in
kernel space. An explanation of the column values, for baitkes, are given in the following:

* Min.: The minimum observed value of all the 20000 measures.

» 1st Qu. This measure gives us where the 25% quantile lies, i.ellstus that 25% of all
the measures lie between, including, this and the minimuoeva

* Median: The middle value when arranging all the observations framtb high.
» Mean: The sum of all observed values divided by the number of eleskvalues.
» 3st Qu. The same as the 1st Qu., but this marks the 75% quantile.

* Max.: The maximum observed value for all the 20000 measures.

Data in both tables have been rounded to make it easier to Thade tables together with plots
of the data will be used to discuss the results.
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FileStreamerGM

We have plotted the test results from the regular test indigut (a). In table 5.1 we can see
that the maximum value for the regular time measure testiglsil eSt r eanmer GV is more
than 7 times higher than the minimum value, i.e. in worst daisdkes 7 times as much time to
complete the given task compared to the best case. Butyublse high values only happen on
very few occasions. The mean is orily40 CPU cycles higher than the minimum value. The
dispersion around the median is equaBt® CPU cycles, using a dispersion measure called
median absolute deviation from the median(MAD). MAD is defined to be the median of the
numbergz; — z|, wherez is the median for the data points, ..., x,, [18]. Using MAD instead

of the standard deviation (SD), gives us statistical messsilmat are more robust to high values.
The same property is true for the median of the data set cadparthe mean, but for this data
set there are no extreme outliers that affect the mean enougbt use it. There is only one
value over200000 CPU cycles, and this value is associated with the initialgegaults that are
needed to bring the program code, from measure point A totB ntemory. As we can see, the
mean forFi | eSt r eanmer GMis not far off from the median in table 5.1. The SD, on the other
hand, is very sensitive to even small outliers as we can seefmputing it, making SD equal
to 3314 CPU cycles.

When we introduced background noise to the time measurewesgot a result that is
plotted in figure 5.1 (b) and with statistical measures in foi table 5.1. We can see that this
test has a higher frequency of bigger values, compared t@thdar test, if we look at the plots
in figure 5.1. In table 5.1, we see that the test done with backgl noise has higher values
on almost every statistical measure. The only one that iedag/the minimum value. This
is just a coincidence and could easily have been the otheran@ynd since the lower values
in both tests are not affected by any cache over-writes. Tdigstcal measure that reveals
there are much more higher observed values in the backgmuiad test, is the mean which is
11.1% (3680 CPU cycles) higher than that of the regular test. The MAD Ifiis tata set i866
CPU cycles, indicating, together with the mean, that tha dat is more dispersed. Looking
at figure 5.1 (b), we see how the background processes haateifthe time measurements.
The measurements where the background and cron processebden using the processor,
when we are not measuring from A to B, lies 098000 CPU cycles above most of the other
measures. The difference gets even higher when the crotgb executing, which we can see
from the spikes. These measures are probably a result o&tthe deing replaced by data and
instructions from other processes. When Komssys is alldevedn on the CPU again, the CPU
has to fetch instructions and data from memory which is gpstith respect to CPU cycles,
compared to fetching them from the cache. There are stilkedoigh values in the regular time
measure test in figure 5.1 (a). Although we removed some dawrnad a cron job, there will
always be some background processes running, and as wes;dhesewill on some occasions
affect the running time of the process we are measuring bpeaimg with the cache.

TunedFileStreamerGM

TunedFi | eSt r eaner GMoffers the same functionality &3 | eSt r eanmer GM but it does
so without the use of virtual function pointers. Row 2 of &bl1 gives us statistical measures
of the CPU cycles used in user space from the regular and bmakd noise test. Figure 5.2
(a) and (b) shows plots of the observed CPU cycles from thaéaegnd background noise test,
respectively.
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If we compare the regular test results we got from udting eSt r eanmer GM with the
results from this test, we can see from table 5.1 that we, @rage, have saveth00 CPU
cycles by not using virtual functions, which is a 5% gain infpenance. Comparing the
plots from the two tests, figure 5.1 (a) and 5.2 (a), it is n&dye® see any differences, but
it looks like the observed values from this test are more @ohpThe MAD and the width
of the two data sets tell us the opposite though. MAD is caled to be328 CPU cycles
and width of 75% of observed valuesi§00 CPU cycles, which i$.5% and4.1% (20 and
60 CPU cycles) higher than of the results frdfl eSt r eaner GV respectively. This is not
shown on the plots because of the scale of Y-axis. If we weoalimulate the SD for both data
sets, it would coincide with what we observe in the plots beeahe time measure test using
Fi | eSt r eanmer GMhas a higher frequency of high values. To be precise, the Eihédime
measure test usingunedFi | eSt r eamer GMandFi | eSt r eamer GM would be2392 and
3314 CPU cycles respectively. The reason why the dispersion®fithe measure test is higher
than the time measure usifg| eSt r eamer GMis most probably due to variability in the time
measures. As we will see in section 5.4.3, the true valudi®MAD and mean measures will
vary from one test to another, so to get a good estimate ofdbertean and MAD we need more
and longer tests using the same graph manager. Doing thisamvachieve a good confidence
interval.

When we added background noise to the measurements, tits vesgot followed a similar
pattern as the results we got frdinl eSt r eaner GV as can be seen in figure 5.2 (b), for this
test, and 5.1 (b) for the test usiig | eSt r eanmer GM From row 2 in table 5.1 we see that
the mean for the background noise test beg), (2670 CPU cycles) above the regular test,
which is1.6% lower than the same difference when we &8¢ eSt r eanmer GM If we look at
the small belt of values that lies around and ou@000 CPU cycles, including the spikes, in
both figure 5.2 (b) and 5.1 (b), we see that the high values frosrtest have sunk by far more
than the mean of the whole data set, compared to the test BsingSt r eamer GM Taking
the mean for these high data values, for this and the tesg EsiheSt r eaner GM we get
127502 and 142422 respectively. In other words, these high values have 20rik% (14920
CPU cycles) in average when we removed the use of virtuatiume This result indicates that
virtual functions have an increasing cost related to howhmfahe cache that is over-written
by other processes. If much of the cache is over-writteraké$ many CPU cycles to use the
virtual functions pointers.

The dispersion for the background noise test is calculaieoet using MAD,353 CPU
cycles. This is3.6% (13 CPU cycles) better than the same test udting eSt r eamer GM
The spread of the data has improved a bit when there are maggses competing for the
processor.

TunedFilePrefixedStreamerGM

Together with removing the use of virtual functions, theam handler used byunedFi | e-
Prefi xedSt r eaner GMhas removed the code that was associated with the readirataf d
from disk into user space. By doing this, we have also rema@avedntext switch associated
with the read system call. The result of using this graph mane plotted in figure 5.3 (a) and
(b), and in row 3 in table 5.1.

Looking at table 5.1 and comparing row 1 and 3 for the reg@st, tve can see that we in
average have sav@d% (6570 CPU cycles). This is a combination of removing virtual fuant
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a context switch and code that handled reading the file frakidiKomssys. The performance
gain from just removing the code and a context switch is foopatomparing this test with
the test done witfunedFi | eSt r eanmer GM since that graph manager also has removed the
use of virtual functions. The difference between the meamw2 and 3 isl8.8% (5290 CPU
cycles). Most of this due to the removal of some code in Komdsyt some also from avoiding
a context switch.

In figure 5.3 (a), there is a noticeable difference to theatisipn compared to figure 5.1
(a). We can see that figure 5.3 (a), is more compact, where 959 observed data is actually
centered in a belt with a width 8620 CPU cycles and where the minimum valu@1980. This
causes the MAD to be quite low compared to the other test we hay, only239 CPU cycles.
Compared to the test usirkg | eSt r eanmer GM this is an improvement ¢f6.8% (1290 CPU
cycles) on the width an22.4% (69 CPU cycles) on the MAD.

Introducing background noise into the test did not give ussurprises. We see the same
patterns in figure 5.3 (b) as we have with the other backgrowise tests. But we can see
that the high observed values around and aw@n00 CPU cycles have decreased even more
compared to the test usidginedFi | eSt r eaner GM Taking the mean for these values gives
us 110010 CPU cycles, ove?2.8% (32412 CPU cycles) lower thafi | eSt r eamer GMused
in average, when instruction and data cache gets overwrifthis comes from the fact that we
have trimmed down the code plus the removal of virtual fuoreti The dispersion for the whole
data set from the background noise test is calculated 26 basing the MAD, an improvement
of 28.6% (105 CPU cycles) compared to the test uskig eSt r eaner GM

5.4.2 Time used in kernel space

Min. 1stQu. Median Mean 3rd Qu. Max.

[cycles] |[cycles] [cycles] |[cycles] [cycles] [cycles]

FSGM Regular 15880 19280 19640 20450 20080 289500
Noise: 16420 19540 19880 22720 20360 325400

TESGM Regular: 15850 18920 19250 20140 19710 1123000
Noise: 16490 19590 19940 22730 20390 326300
TEPSGM Regular: 17120 19960 20320 21490 21730 280200
Noise: 17030 20250 20730 24070 22300 352300

Table 5.2: Statistics of the number of CPU cycles used inddegpace from regular and noise
test.

When we used the time measure tool described in chapter 4 ttedests in section 5.4, we
also got hold of how much time spent in kernel space for eatheofests. Statistical measures
of the results have been put into table 5.2.
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FileStreamerGM

Figure 5.4 shows the test results from kernel space usingeSt r eaner GMfor a regular
test (a) and a background noise test (b). We see that the reeastiere the process has
been scheduled out, stick out from the rest on both plots liygbsuch higher. We can
also see the characteristic of cache over-writes in figutgld. Though in kernel space, the
distance between the belt of high values, including theespils much closer to the rest of the
observed values which might indicate that the kernel cod@iso sensitive to cache changes.
We can also see that there is a second belt of values on all ¢asures, with all the graph
managers actually. This belt lies between the the spikesrencest of the observed values at
approximately50000 CPU cyles. This might be from smaller cache over-writes,t anight
come from disk reading.

Summing the time used in kernel space and user space forettiswith the median
as a measure for the typical value of the two data sets, we fiadF | eSt r eamer GV
spends40.3% and 40.5% of its time in kernel space, for the regular and backgroundeno
test respectively. The reason for using the median instéffteanean in this case is because
the kernel space measures have extreme outliers relatdtetotive process has been scheduled
out.

The data dispersion for both measures taken in kernel spadeigher, compared to the
dispersion from user space, looking at plots in figures 5dl%a#. The MAD is calculated to be
572 CPU cycles for the regular test aff6 for the background noise test. This high dispersion
of the data is due to the fact that the time used reading frak lils a greater variability than
only reading from memory and cache.

TunedFileStreamerGM

The result of the kernel time measurements for regular arckgsaund noise test with
TunedFi | eSt reamer GM is depicted in figure 5.5. As before, there are no real ssepri
here, the observed values are visually similar distribatethe results we got from the kernel

51



space times usingi | eSt r eaner GM This is only natural as the use of system calls in both
graph managers are the same. But, can we say that the obseaiued from the two time
measures test, taken in kernel space, are identicallylisgéd? Table 5.2 indicates that this is
not likely for the regular tests, but might be true for the kground noise tests. In a perfect
world where the test run has had identical conditions, treshagps we could conclude that two
data sets follow the same probability distribution with pability p, for every test done with
these graph managers. But the measures are run under miftereditions, even though they
are small, and the test results may be affected by this. @iffees that may affect the measure
is when we start the measure, memory access times, the defgeaehe over-writes and the
code for runningd=i | eSt r eamer GMis different from runningfunedFi | eSt r eamer GM

Going a bit deeper, we decided to test the hypothékabat the observed values, in kernel
space, for the two graph managers come from the same digtribuTo check this, we run
a Mann-Whitney test [18] in R by sampling with replacemdit)0 values from the data set
created usingri | eSt r eamer GMand fromTunedFi | eSt r eamrer GM We tested the regular
tests against each other and the background noise tesstgaah other. To exclude any lucky
sampling, we run a Monte Carlo simulation with000 iterations, and then calculated the mean
of all the gathered p-values. For the regular tests, the sittaare too different and we can
conclude that the values do not come from the same distibutiFor the tests done with
background noise, the p-value was found tali, and so can we accepit,. These results
may change if we gather new time measure data because thiéi@asidnder which we take
the time measures are so variable.

The time spent in kernel space for this graph managéirisand42.3%, for the regular and
background noise test respectively, when we use the median astimation to find the most
typical value. This i9.7% and1.8% more thanFi | eSt r eaner GMuses, a consequence of
that we have removed the use of virtual functions and thezefpend less time in user space.

TunedFilePrefixedStreamerGM

The kernel space measures founedFi | eSt r eaner GV have been plotted, for regular
and background noise test, in figure 5.3. Both plots are amib the other ker-
nel space measures we have done. If we look at table 5.2, tlasumes done with
TunedFi | ePrefi xedSt reamer GM are a bit higher than the two other tests, for all
statistical measures except the maximum value. The diféerdoetween this graph manager
andFi | eSt r eamrer GM looking at the median, i3.5% (680 CPU cycles) and.3%(850 CPU
cycles) for regular and background noise test respectiveiavour of Fi | eSt r eanmer GM
This difference comes from the fact we probably do more warthe kernel with this graph
manager than in the other two graph managers. \hdfile prefixed(jve have to issue
cork() and uncork() to assemble the RTP packet before it is sent out on the netotdh t
when we add up the time spent in kernel space and user spadé F@St r eanmer GV
and TunedFi | ePrefi xedStreamer GV we savell.8% (6570 — 680 = 5890 CPU
cycles) in total on a regular test, usifiggnedFi | ePr ef i xedSt r eaner GMinstead of
Fi | eStreanmer GM

Calculating the MAD for both regular and background nois#, td 31 and832 CPU cycles,
shows that there is high variability in the teendfile_prefixed@ode.

52



5.4.3 Estimating variability of MAD and mean

Doing time measures can give, as we have seen, variabld fesul time to time, when we
measure over a large distance of code. As such, it is integesst find the variability of the
location estimates we have looked at, which are mainly theDviéd mean. Finding the
variability allows us to set up confidence intervals for the tocation estimates and thus we
can see the interval where the true value of the two estinfiates

One way of finding the variability of the location estimateaswith a method called
bootstrapping [18]. With this method we view the empiricafhrwlative distribution function
(cdf) F,, of the data set as an approximation of the real underlying-tdfo find, for example
the SD for a location estimatat, we sampleB samples of size: uniformly from F,, with
replacement, giving each observed valyexr,, ..., z,, a probability of1/n for being drawn.
For eachn sized sample we calculate the location estimator, givingiug;, ..., 6, for which
we then can calculate the SD as follows:

n

1 _
59 = EZ(@ —0%)?

1=1

When B is big enough, and if we assume thato;, ..., 0" are random, independent and
identical distributed, we can use the result from the Cémirait Theorem [18] which tells
us that the distribution of}, 05, ..., 0y, tends to the normal distribution, and usgto create a
confidence interval. In figure 5.7 we have created a histograati the theta stars we created
for the MAD, with data from a regular test usirkg | eSt r eaner GM and as we can the
characteristic shape of the normal distribution is pres&mbore thorough explanation is found
in [18].

In table 5.4.3 and 5.4.3 we have put in 95% confidence interfiealthe MAD and mean
for all the test we have done, in user space and kernel spapeatively, withB = 1000.
These intervals tells us with probabilityd5 that the real value of MAD or mean will lie in this
interval. It is important to have in mind though, that thesteivals are not valid for every time
measure test we run. There is too much variability in the ¢ergs under which we have run
the tests, to claim that all the measures will have MAD andmiedhese intervals. The data
from different tests, using the same graph manager, mighecilbpom the same distribution,
but the parameters of the distribution vary from time to tirheorder to find intervals where
the MAD and mean will lie with probability).95, for all time measure tests using the same
graph manager, we would have to run, for example, 1000 timasare tests for each graph
manager. Then, for each measure calculate the MAD and mehanWe have gathered 1000
such location estimators, we run the bootstrap method sethalues. But this would probably
take weeks if we should have done it for all the tests we hawe dand that is a luxury we do
not have.

The confidence intervals

We can see from the confidence intervals in table 5.4.3 and thdt the width of the intervals
are bigger in the measures taken in kernel space, than inspsee. This is because the
variability of the measures in kernel space is bigger siheehtard disk is used. In user space
the intervals are bigger when we have introduced backgroorse into the measures because
then there are more variability in the measures. This idypttte in kernel space also, but not
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Figure 5.7: A histogram of the theta stars for the MAD.

for the MAD. This is probably because, as we know, the MAD islaust measure which is not
much affected by the high measures we encounter in kerne¢splaen the process is scheduled
out. The mean on the other hand is more sensitive to high mesaand therefore the interval
is wider.

5.4.4 Overhead using time measure tool

Itis important to know how much the measure tool itself afflihe time measure. The overhead
should be very small compared to the result of the time meadurfind this overhead we need
to know how many CPU cycles are used for the time measurengavid restoring registers,
calling the functions responsible for creating time starupd time stamp creation itself.

We calculate how many CPU cycles are used by running a teslasito the one we
used to calculate the time used on a context switch. We startilne measure with a call
to start_time_measureefore we enter a loop which issues an empty implementation o
sendfile_prefixed(20000 times. We use rdtsc and cpuid as we did with the conteixtls
time measure. For each iteration the calsemdfile _prefixed@ill be intercepted by the time
measure code in the kernel. It will also intercept when thetesy call is done and is about to
return to user space. The time we get using rdtsc in the fqr ¢idees us the time it takes to call
an empty system call when we have a time measure enabled.kerne

If we now repeat this test without the call start_time_measure@nd without a time
measure enabled kernel, subtract the minimum values fraim lpeasures, we will have the
number CPU cycles the time measure code in the kernel usasimigecepting a system call.
The code that intercepts interrupts and page faults aresienjar to the system call intercept
code, so the number of CPU cycles to intercept these kertreéem@re thus approximately the
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MAD Mean.
—eay | Reoular [302,314] [29530, 29620]
Noise:  [359,374] [32980, 33530]
rFsGm | Regular: [322,333]  [28050, 28120]
Noise:  [346,360] [30510, 30990]
Regular: [235,243] [22760, 22820]
TFPSGM| \oise:  [255, 267] [25130, 25560]

Table 5.3: 95% confidence intervals for MAD and Mean measaraser space.

MAD Mean.
FSGM Regular [562,583] [20330, 20580]
Noise: [575,596] [22510, 22930]
Regular:  [558,578] [19950, 20320]
TFSGM Noise: [569, 588] [22520, 22950]
Regular:  [799, 865] [21360, 21620]
TFPSGM Noise: [1083,1158] [23860, 24290]

Table 5.4: 95% confidence intervals for MAD and mean measaoresrnel space.

same. The interception when returning from one of theseckemtries is handled by the same
function, and thus also approximately the same. The resulthe time used by system call
interception kernel code was found to taeCPU cycles.

Time measure tool overhead in Komssys measures

When we tested the different graph managers and the propdsetes to Komssys, we
gathered some statistics which are listed in table 4.1.

We will use the statistics to show that the overhead from thasure tool code is very small
compared to the CPU cycles used on the measure itself. Wephawbe median of system
calls, interrupts and page fault into table 5.5, taken frbmnriegular time measure test using
Fi | eSt reaner GM We can see that it is only system calls that in the long ruacafthe
measure. In average, using the median as measure, the tiaseiraenly incur an overhead of
430 CPU cycles, which is very small compared to the measstdtsan table 5.1 and 5.2.
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Figure 5.8: The user space, kernel space and time measli@/&ybead (in CPU cycles) for
each measure for each graph manager.
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Figure 5.9: The user space, kernel space and time measli@/eybead (in CPU cycles) for
each measure added together in one column, for each grapdgeran
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FSGM TFSGM TFPSGM

system calls: 5 5 4
page faults: 0 0 0
interrupts: 0 0 0
overhead (cycles): 430 430 344

Table 5.5: The medians of system calls, interrupts and pagksftaken from the regular
measures.

5.5 Total performance

In figure 5.8 and 5.9 we have added the time used in user spatéenel space and
the overhead of the time measure tool for the three graph geama On figure 5.8 we
see thafTunedFi | ePr ef i xedSt r eamer GMuses more time in the kernel than the other
two graph managers, but uses far less in user space. In fighrevé see that the total
time used for all the graph managers. There is a considefdifi®rmance gain using
TunedFi | ePrefi xedSt r eanmer GMcompared td-i | eSt r eanmer GV but we see that the
performance gain usingunedFi | eSt r eanmer GMis not so high. The total CPU cycles used
for the three graph managers &02460 (FSGM),48650 (TFSGM) andi4620 (TFPSGM), which
include the overhead from the time measure.

5.6 Evaluation

We have been running several tests that demonstrates #at effthe proposed changes to
Komssys. We have seen that the removal of virtual functiansal’e some CPU cycles, but
far from enough to say that the stream handler architectaseatbottleneck when it comes to
performance by using virtual functions when the CPU loadvg |When the CPU load gets
high on the other hand, we saw that the cost of using virtuaitions increase. So, in a heavily
loaded system, we can save many CPU cycles by not using Mutoetions, but then again a
media server should not be heavily loaded by other processes

By using sendfile_prefixed()n TunedFi | ePr ef i xedSH we were able to show that
assembling the RTP packetin the kernel is done more efflgihrein doing it in user space. This
increase in efficiency is a combination of the changes we nmadienedFi | ePr ef i xedSH
to remove code related to reading data from disk, and thetiatsendfile_prefixed@oes the
reading of data from disk more efficiently by not copying itaran user space buffer. Since
the effect of introducingendfile_prefixed{hto Komssys was so good, it should be considered
using itinstead of the ordinary data path that is used todsrnvstreaming a file from disk using
Fi | eSt r eamer GM To keep the generality we get using virtual functions, adyeolution
would be to use virtual functions &3 | eSt r eaner GMdoes, and useendfile_prefixedo
send the packets to the client, since it was by introdusiengdfile_prefixed(ve saved most
CPU cyclesFi | eSt r eanmrer GMwill then be reduced to two stream handlers, one for creating
the RTP data and a sink. The source stream handler will bevessincesendfile_prefixed()
is responsible for reading the file from disk. This breakssineam handler architecture which
stipulates that data is generated, or comes, from a soueansthandler and exits through a
sink stream handler. A fix to this small problem would be toéhavdummy source stream
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handler that just creates an empty RTP packet which thenles filith RTP information in
RTPEncoder SH.

We saw that the context switch did not take so many CPU cyoldy,197, if we compare
it to the time spent on the time measures. This means thaetheval of a context switch, by
usingsendfile_prefixed(does not reduce the amount of CPU cycles used much, comfmared
removal of code related to tlread() system call and by not having to copy the data from the
hard disk into an user space buffer.

5.7 Summary

In this chapter we have tested the proposed changes to Kenassl discussed the result.
We saw that the combination of removing virtual functiond artroducingsendfile_prefixed()
helped us save, in average on a regular t&sK) CPU cycles on reading a chunk of data from
disk, packing it in a RTP packet and sending it out on the net. HAve also seen that these
results vary and that the real value of a location estimatdwgated in an interval for a given
time measure, but to find the interval of a location estimé&dorll time measures, we would
have to do many more tests. We looked at the time it takes tonpera context switch to
see how many CPU cycles we save when usiegdfile_prefixed(Jand last we looked at the
overhead of using the time measure tool.
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Chapter 6

Conclusion and remaining challenges

In this report we have looked at the cost of using virtual fiows in the stream handler
architecture, and the effect of usisgndfile_prefixed()

6.1 Conclusion

Virtual functions are used in the stream handler architecto achieve a generality that allow
us to easily create new stream handlers and plug them intcotm@osition. To find the cost
of this generality, we created a new stream handler in Kosgsat is a fusion of three stream
handlers, removing the use of virtual functions. This nembimed stream handler was then
used by a new graph manager we created, time measured andreaiwgth the original, three
stream handler version with virtual functions. The testsxgd us that under small CPU loads,
the virtual functions is not costly enough to not use themt, Bs the CPU load increases, the
cost of virtual functions increase also, so on a heavily &der, the virtual functions should
be avoided.

Assembling the RTP packet in kernel space wstndfile_prefixed(3howed to be very
effective compared to doing it in user space. We saw that weaHy increaded performance
by 11.8% (5890 CPU cycles) in average on each time measure usamglifile_prefixed@nd
removing virtual functions. This is such a good improventkat we should use it, and abandon
the standard way of assembling the RTP packet in user spa&eep the generality we get from
the use of virtual functions and to conform with the streamdber architecture, we suggest that
we should still use virtual functions and have a dummy soat@am handler that just creates
an empty RTP packet.

6.2 Remaining challenges

It would be interesting to test how well a variationéif| eSt r eaner GMs stream handlers
do, where we use virtual functionsendfile_prefixed@nd a dummy source stream handler,
compared to the test result we have already gathered. Itdradsb be interesting to repeat the
test we have run maybe 100 times, to get enough data to cre#traal where the mean CPU
cycles lies, for every test run.
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Appendix A

Concurrent background processes

A.1 Processes inregular test

These are the processes that was running alongside Komdssis we were doing time

measures on a regular test.

Pl D

N
DO 0T~ WNPE

ESREOREN RN RN RN RS RO RS RS RS REO BEO BEEO BN

TTY

)

N

ttyl
ttyl
ttyl
ttyl
tty2
tty3
ttyd
ttySs
tty6

STAT
Ss
SN
S
S<
S<
S<
S<
S<
S
S
S<
S<
S<
D<
S<
S<
Ss
S<s
Ss
S
T
R+
Ss+
Ss+
Ss+
Ss+
Ss+
Ss

T

eNeoNeoNoNeoNoNolNoloNoNoloNeoNolNoleoloNeoNoloNolNolNoNolNolNolNolNe]

VE
: 00

: 00
. 00
. 00
. 00
: 00
: 00
. 00
. 00
. 00
: 00
: 00
: 00
. 00
. 00
: 00
: 00
: 00
. 00
. 00
: 00
: 00
: 00
. 00
. 00
. 00
: 00
: 00

COVIVAND
/sbin/init splash
[ ksoftirqd/ 0]

[ wat chdog/ 0]

[ event s/ 0]

[ khel per]

[ kt hr ead]

_ [ kbl ockd/ 0]
_ [ kseriod]

_ [ pdflush]

_ [ pdflush]

_ [ kswapdO]

_ [aio/0]

_ [ khubd]

_ [ kj ournal d]
_ [ kpsnoused]
_ [ kganeport d]
/1 sbin/logd

/ sbi n/ udevd - -daenon

/bin/login --
_ -bash

__ enmacs -nw .

_ ps fax
[ sbin/getty 38400
/ sbin/getty 38400
/ sbin/getty 38400
/ sbin/getty 38400
[ sbin/getty 38400
/ sbi n/ sysl ogd
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tty2
tty3
ttyd
ttyS
tty6



3548
3550
3662
3693
3932
3947
3948
3957
3960
3972
3974
3995
4126
4145
4146
4317
4330

A.2

? Ss 0:00 /bin/dd bs 1 if /proc/knmsg of knsg?

? Ss 0: 00 /sbin/klogd -P /var/run/kl ogd/ knsg

? Ss 0: 00 /usr/sbin/cupsd

? Ss 0: 00 /usr/sbin/hpiod

? Ss 0: 00 /usr/bin/dbus-daenon --system

? Ss 0: 02 /usr/sbin/hald

? S 0: 00 _ hal d-runner

? S 0: 00 __[usr/lib/hal/hal d- addon- keyboar d
? S 0: 00 __lusr/1ib/hal/hal d- addon- keyboar d
? S 0: 00 __lusr/1ib/hal/hal d-addon- st or age
? S 0: 00 __Jusr/lib/hal/hal d-addon- st or age
? S 0: 00 perl Systeniool sBackends. pl ?

? Ss 0: 00 /usr/lib/postfix/master

? S 0:00 _ pickup -I -t fifo -u -c

? S 0:00 _ gmgr -1 -t fifo -u

? Ss 0: 00 /usr/sbin/atd

? Ss 0: 00 /usr/sbin/cron

Processes in background noise tes

These are the processes that was running alongside Komdssis we were doing time
measures on a background noise test.

PID TTY STAT TI ME COMVAND
17? Ss 0:00 /sbin/init splash
2 7 SN 0: 00 [ksoftirqd/ 0]
37? S 0: 00 [wat chdog/ 0]
4 ? S< 0: 00 [events/ 0]
57 S< 0: 00 [ khel per]
6 ? S< 0: 00 [kt hread]
26 ? S< 0: 00 _ [kbl ockd/ 0]
42 ? S< 0: 00 _ [kseriod]
79 ? S 0: 00 _ [pdflush]
80 ? S 0: 00 _ [pdflush]
81 ? S< 0:00 _ [kswapdO]
82 ? S< 0:00 _ [aiol0]
1594 ? S< 0: 00 _ [khubd]
1676 ? S< 0: 00 _ [kjournald]
2638 ? S< 0: 00 _ [kpsnoused]
2863 ? S< 0:00 _ [kganeportd]
1746 ? Ss 0: 00 //sbin/logd
1882 ? S<s 0: 00 /sbi n/udevd --daenon
3445 ttyl Ss+ 0: 00 /sbin/getty 38400 ttyl
3446 tty2 Ss+ 0: 00 /sbin/getty 38400 tty2
Yvar/run/klogd/kmsg

2Jusr/share/system-tools-backends-2.0/scripts/Sy&ielsBackends.pl
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3447
3448
3449
3450
3525
3551
3553
3625
3632
3635
4128
4335
4418
4436
4437
3665
3696
3699
3752
3816
3817
3934
3949
3950
3959
3962
3974
3976
3997
4008
4018
4049
4132
4151
4152
4278
4297
4311
4338
4370
4429

tty3
ttyd
tty5S
tty6

)

ts/1

ts/0

ROREOEEO RO RS RN NN RN EEN e RN EES EES EES BES EESEES BES EEN RS ER S S IR BN BN Ry o BEES BES BEN BEN BLS SIS BEIS BEO BN

Ss+
Ss+
Ss+
Ss+
Ss
Ss
Ss
Ss

Ss+
Ss
Ss

Ss
Ss
Ss

DULOLOLLOLOLOOLOOLOOOOO
(%) n O

Ssl| +
Ss
Ss

Ss
Ss
Ss

Ss
Ss

eNeoNeoNoNeoNeoNoNoNoNololoNoNoNolNeoloNoNeoloNoloNoNeoNoNoloNoNeoloNoNololNoNolNolNoelNolNelNolNo)

. 00
. 00
: 00
: 00
: 00
. 00
. 00
. 00
: 00
: 00
. 00
. 00
. 00
: 00
: 00
: 00
. 00
. 00
: 00
: 00
: 00
. 00
.02
: 00
: 00
: 00
. 00
. 00
. 00
: 00
: 00
. 00
. 00
. 00
: 00
: 00
. 00
. 00
. 00
: 00
: 00

/ sbin/getty 38400 tty3
/ sbin/getty 38400 tty4
/sbin/getty 38400 tty5
/sbin/getty 38400 tty6
/ sbi n/ sysl ogd
/bin/dd bs 1 if /proc/knsg of knsg
/ sbin/ klogd -P /var/run/kl ogd/ knsg
[ usr/sbin/gdm
_ lusr/sbin/gdm
_ lusr/ X11R6/bin/ X : 0
_/bin/sh /honme/kjellsol.xsession
_ lusr/bin/ssh-agent
_ fvwm
_Jusr/ X11R6/ bi n/ xt er m
_ bash
[ usr/sbin/ cupsd
[ usr/ sbi n/ hpi od
pyt hon /usr/sbin/ hpssd
[ bin/sh [usr/bin/nysqld safe
__lusr/sbin/nysqgld
_ logger -p daenon.err -t nysqld _safe
[ usr/ bi n/ dbus- daenon --system
[ usr/sbin/hal d
_ hal d-runner
_[usr/lib/hal/hal d- addon- keyboar d
_[usr/lib/hal/hal d- addon- keyboar d
__Jusr/lib/hal/hal d-addon- st or age
__Jusr/lib/hal/hal d-addon- st or age
perl Systemlool sBackends. p
[ usr/ bi n/ SCREEN - S hel | anzb
__lusr/bin/python /usr/bin/hellanzb. py
[ opt/usit/wpa_supplicant/wpa_supplicant
[usr/1ibl/postfix/ master
_ pickup -I -t fifo -u -c
_qgmgr -l -t fifo -u
[ usr/sbin/anacron -s
[usr/sbin/atd
/usr/sbin/cron
[ usr/ bi n/ dbus-1 aunch
[ usr/ bi n/ dbus- daenon
/ sbi n/ dhclient ethO
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