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„A  network music performance is a bi-
directional, dis-located and multi-
modal set of interactions regardless of 
its synchronicity or asynchrony 
between participants.“                                   
Alain Renaud
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Localhost (loopback)

127.0.0.1

192.168.1.110
IP Number
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Internet: TCP/IP Architecture

28 1 Foundation
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Figure 1.14 Internet protocol graph.
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Figure 1.15 Alternative view of the Internet architecture.

packet-switched network called the ARPANET. Both the Internet and the ARPANET

were funded by the Advanced Research Projects Agency (ARPA), one of the R&D

funding agencies of the U.S. Department of Defense. The Internet and ARPANET

were around before the OSI architecture, and the experience gained from building

them was a major influence on the OSI reference model.

While the seven-layer OSI model can, with some imagination, be applied to the

Internet, a four-layer model is often used instead. At the lowest level are a wide variety

of network protocols, denoted NET1, NET2, and so on. In practice, these protocols

are implemented by a combination of hardware (e.g., a network adaptor) and soft-

ware (e.g., a network device driver). For example, you might find Ethernet or Fiber

Distributed Data Interface (FDDI) protocols at this layer. (These protocols in turn

may actually involve several sublayers, but the Internet architecture does not presume

anything about them.) The second layer consists of a single protocol—the Internet

Protocol (IP). This is the protocol that supports the interconnection of multiple net-

working technologies into a single, logical internetwork. The third layer contains two

main protocols—the Transmission Control Protocol (TCP) and the User Datagram

Protocol (UDP). TCP and UDP provide alternative logical channels to application

hardware/software

Internet protocol

e.g.  FTP, Telnet, HTTP,
Mail Transfer Protocol
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UDP (Comer’s definition)

Sec. 12.3 The User Datagram Protocol 199 

The User Datagram Protocol (UDP) provides an unreliable connec- 
tionless delivery service using IP to transport messages between 
machines. It uses IP to carry messages, but adds the ability to distin- 
guish among multiple destinations within a given host computer. 

An application program that uses UDP accepts full responsibility for handling the 
problem of reliability, including message loss, duplication, delay, out-of-order delivery, 
and loss of connectivity. Unfortunately, application programmers often ignore these 
problems when designing software. Furthermore, because programmers often test net- 
work software using highly reliable, low-delay local area networks, testing may not ex- 
pose potential failures. Thus, many application programs that rely on UDP work well 
in a local environment but fail in dramatic ways when used in a larger TCP/IP internet. 

12.4 Format Of UDP Messages 

Each UDP message is called a user datagram. Conceptually, a user datagram con- 
sists of two parts: a UDP header and a UDP data area. As Figure 12.1 shows, the 
header is divided into four 16-bit fields that specify the port from which the message 
was sent, the port to which the message is destined, the message length, and a UDP 
checksum. 

I UDP SOURCE PORT 1 UDP DESTINATION PORT I 
I DATA I 

UDP MESSAGE LENGTH 

Figure 12.1 The format of fields in a UDP datagram. 

UDP CHECKSUM 

The SOURCE PORT and DESTINATION PORT fields contain the 16-bit UDP pro- 
tocol port numbers used to demultiplex datagram among the processes waiting to re- 
ceive them. The SOURCE PORT is optional. When used, it specifies the port to which 
replies should be sent; if not used, it should be zero. 

The LENGTH field contains a count of octets in the UDP datagram, including the 
UDP header and the user data. Thus, the minimum value for LENGTH is eight, the 
length of the header alone. 

The UDP checksum is optional and need not be used at all; a value of zero in the 
CHECKSUM field means that the checksum has not been computed. The designers 
chose to make the checksum optional to allow implementations to operate with little 

I 
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TCP vs UDP for Audio and Messages
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…network audio us UDP
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http://ccrma.stanford.edu/groups/soundwire/

Year 2000
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Perform Music
On-Line

in Real-Time
with the Highest Audio Quality Possible
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• Juan-Pablo Cáceres: I am a composer and an engineer born 
in Santiago, Chile. I am currently a PhD candidate in Computer 
Music at Stanford University, Center for Computer Research in 
Music and Acoustics (CCRMA). 

• Chris Chafe is a composer, improvisor and cellist, developing 
much of his music alongside computer-based research. He is 
Director of Stanford University's Center for Computer Research 
in Music and Acoustics (CCRMA)
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Goals of High-Quality Audio over Networks

Maximize Audio Quality for available networks 
conditions

Minimize Latency

But more important, Minimize Jitter

Adjustable Number of Channels

Audio routing flexibility

Multiple peers
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Early Studies

Hirsch, “Auditory perception of temporal order”, 1959

3 ranges of perception:

   0-20 ms: phase perception

   20-100 ms: auditory patterns

   100--up ms: separate auditory events
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Timing and Sync

Rasch, “Timing and synchronization in ensemble performance”, 1988.

Tolerances in the performance of small ensembles can 
be as high as 50 ms on average

Influential Factors: Instrumental timbre, length of 
articulations, masking, and reverberation
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Human vs. Machine

Variations on synchronization are perceived as “human 
like”, whereas systematic perfect synchronous 
performances sound more “machine like”.
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+1000 musicians
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The need for a Conductor

As ensembles grow in number and physical size, 
asynchronization also grows.

At a certain point the presence of a conductor becomes 
necessary to maintain synchronization for larger 
ensembles.
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Distant-Dependent Strategies

Echoes

Delay Effects

Distributed Rhythmic Patterns

Synchronization
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TeleJazz

3500 km
30 ms

Banff Centre
Humber 
College
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The Clapping Experiment
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