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Abstract 

Continuous media playback suffers when a sta- 
tion’s operating system offers insufficient 1/0 through- 
put. Conventional 1/0 system structures support a 
memory-oriented read and write interface requiring 
the execution of user-level processes t o  facilitate play- 
back, and can incur throughput degradation due to un- 
necessary data copies. Our splice mechanism supports 
a peer-to-peer model of 1/0 where a requesting ap-  
plication can associate a da ta  source with its corre- 
sponding da ta  sink, allowing for system optimizations 
in the data path implementation. In an experiment de- 
signed to simulate remote video playback, we present 
measurements indicating that use of our techniques re- 
sulted in a 55% gain in throughput as compared with 
conventional systems. 

1 Introduction 

Computer and networking technology are begin- 
ning to offer a digital alternative to current analog 
cable and broadcast systems. Transmission and dis- 
play of continuous media information including video 
is presently achievable with conventional workstations 
and local area networks (and some wide area net- 
works) under lightly loaded conditions. Under moder- 
ate to heavy load, continuous playback of multimedia 
data is adversely affected. 

Figure 1 illustrates an example multimedia trans- 
mission and playback environment. Camera- 
generated images are digitized, compressed, and sent 
on the delivery network a t  the transmitting station. 
Image data frames are transmitted in a compressed 
form at compression ratios of 200:l or better, and 

are delivered to a destination station where they are 
decompressed and displayed in a window as part of 
a graphical user interface environment. Figure 1 as- 
sumes image decompression occurs in the user process 
for simplicity. 

Although the transmitting station need only ma- 
nipulate compressed data, the receiving station must 
manipulate decompressed data for display on a con- 
ventional computer frame buffer. Thus, the receiver 
of video data experiences a tighter demand on its op- 
erating system to provide high throughput. 

This paper describes a general 1/0 model and 
mechanism which can be integrated into most oper- 
ating systems to address the primary OS problems 
of multimedia playback: process switching overhead 
and insufficient throughput. The mechanism explic- 
itly addresses well-known overheads associated with 
data copying, and also reduces the number of context- 
switch operations required to perform 1 / 0  operations. 
When combined with a scheme capable of improving 
network protocol processing performance (as is sug- 
gested in [KP93] for example), a greater than dou- 
bling above baseline performance may be achieved. 
The mechanism represents an augmentation of con- 
ventional operating system 1 / 0  interfaces, and is not 
a replacement for the read and write system func- 
tions. The functionality and implementation of read 
and write remain unaffected. 

This paper is organized as follows. Section 2 de- 
scribes our architectural 1/0 model. Section 3 de- 
scribes the splice mechanism, which allows an input 
stream and an output stream to be directly and effi- 
ciently connected. Section 4 provides a detailed ex- 
ample how splice may be used in a video playback 
application using a common windowing environment 
(e.g. the XI1  window system). In Section 5, we de- 
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Figure 1: Multimedia Distribution Environment 

scribe the implementation of splice in a conventional 
UNIX system equipped with Berkeley sockets. Sec- 
tion 6 contains a performance evaluation of splice for 
a simulated video display environment. In Section 8, 
we present conclusions. 

2 Conventional Device Access 

In Figure 1, user processes are responsible for 
the initiating the capture, compression, and network 
transfer of video data. On the receiving station, a peer 
process receives incoming compressed data, arranges 
for the data to  be decompressed (by hardware or soft- 
ware, but performed by the receiving user process in 
this example) and delivers the uncompressed image to 
an ordinary framebuffer through the local operating 
system. 1/0 data is passed through the address space 
of processes on both the sender and receiver. In many 
situations, such processes perform little or no direct 
manipulation of 1 / 0  data and act only as forwarding 
agents. Many situations which do require processing 
require only common data transformations to be per- 
formed (e.g. format conversion, compression, etc.). 

Figure 2 illustrates the memory-oriented 1/0 
(MIO) model present in the 1 / 0  subsystems of most 
operating systems today. In MIO, a process wishing 
to transfer data between two devices acquires a han- 

dle to each device, executes a loop of copy operations 
to move 1 / 0  data into its own address space, then 
moves the same data out of its address space to a 
destination device. Both control and data flow be- 
tween devices through user processes. M I 0  provides 
great flexibility by allowing user processes to perform 
any necessary data transformation on 1 / 0  data as it is 
moved between 1 / 0  devices. Unfortunately, it also suf- 
fers from performance problems commonly associated 
with user-level process implementations: data copying 
across the user/kernel boundary, and overhead asso- 
ciated with scheduling and context switches. Data 
copying limits ultimate achievable throughput, and 
scheduling/context switching can adversely affect con- 
tinuity of playback for multimedia applications (skips 
and loss of synchronization). A kernel-based peer-to- 
peer 1 / 0  (PPIO) model of data movement can address 
both performance issues without requiring an entirely 
new 1 / 0  programming interface, process control archi- 
tecture, or inter-domain data transfer facility. Such a 
mechanism should reduce data copies and minimize 
process switching, yet allow applications to  control 
data transformations and meter the rate of data trans- 
fers. The next section describes a mechanism that ad- 
dresses these concerns. 
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Figure 2: Conventional Memory-Oriented 1 / 0  Model (MIO) 

3 The Splice Mechanism 

The sp l ice  mechanism [FP93] is a system function 
used to establish a kernel-managed data path directly 
between 1 / 0  devices. In an M I 0  system exporting the 
traditional read and write interfaces, 1 / 0  data flow- 
ing between devices must pass through the address 
space of a user process. Figure 2 shows how data and 
control information flow in an M I 0  system. Data orig- 
inating at one device is brought into operating system 
memory through the device driver, is manipulated in 
various layers of system “glue” code, until it is de- 
livered to a buffer specified by the user-process. An 
analagous set of events occurs to deliver data from the 
user-process to the destination device. 

With sp l ice ,  an application may express an associ- 
ation between a data source and sink directly to the 
operating system using descriptors which do not refer 
to memory addresses (i.e. they are not buffers). The 
advantages of splice are improved throughput due to 
copy elimination and reduced context switching load. 
In a multimedia playback application, these improve- 
ments manifest themselves as an increased frame rate 
and improved continuity of animations (i.e. smoother 
video). 

The programming interface to splice is a system call 
with the following calling convention: 

KERNEL 

HARDWARE 

s p l i c e ( f d 1 ,  fd2 ,  s i z e )  

The call establishes an i n -kerne l  da ta  p a t h  between 
a data source and sink specified by the references f d l  
and f d2, respectively. The splice mechanism elimi- 
nates copy operations to user space by removing the 
buffer interfaces present in the 1/0 functions read and 
write. By eliminating the user-level buffering, ker- 
nel buffer sharing is possible. More specifically, when 
block alignment is not required by an 1/0 device, a 
kernel-level buffer used for data input may be used 
subsequently for data output. 

In addition to removing the buffering interfaces, 
splice also combines the read/write functionality to- 
gether in one call. The splice call indicates to the oper- 
ating system the source and sink of a data flow, provid- 
ing sufficient information for the system to manage the 
data transfer by itself without requiring user-process 
execution. Thus, context switch operations for data 
transfer are eliminated. Context switches consume 
CPU resources, degrade cache performance by reduc- 
ing locality of reference [MB91], and effect the perfor- 
mance of virtual memory by requiring TLB invalida- 
tions [BALLSO]. Additional motivations for address- 
ing the issue of context switching performance are 
mentioned in [PCMISl], [CJRSSg], and [CHKMSS]. 

‘A similar technique is used in the 4.3BSD Reno NFS Im- 
plementation [MacSl]. 
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For applications making no direct manipulation of 
1 / 0  data (or for those allowing the operating system 
to make such manipulations), splice relegates the is- 
sues of managing the data flow (e.g. buffering and 
flow control) to the operating system. For example, 
data movement may be accomplished within the op- 
erating system by a thread of control created due to a 
completion event (e.g. device interrupt), or in a syn- 
chronous fashion achieved by the use of kernel-level 
threads. Flow control may be achieved by selective 
scheduling of kernel threads or by only posting reads 
to data-producing devices when data-consuming peers 
complete 1/0 operations. A kernel-level implementa- 
tion provides great flexibility in choosing which control 
abstraction is most appropriate. 

Supporting unrestricted data transformations in 
a kernel-implemented data flow presents challenges. 
There are four techniques presently available for in- 
troducing code dynamically into the kernel’s address 
space: 

1. Loadable Kernel Modules/Drivers 

2. Streams Modules 

3. Software-Isolated Fault Domains 

4. Interpreters 

Loadable kernel modules (LKMs) are now supported 
by many operating systems. LKMs are relocatable 
object files loaded into kernel address space by priv- 
iledged processes. Code from LKMs are then executed 
by the kernel. Faulty modules may cause failure of 
the entire system. Streams modules, as described first 
in [Rit84], offer a set of predefined operations imple- 
mented within the operating system that a user pro- 
cess may choose to be executed on its behalf. Stan- 
dard data transformations (e.g. compression or other 
commonly-used coding algorithms) would be appro- 
priate candidates for a streams-style implementation. 
Software-Based Fault Isolation [WLAG93] prevents 
untrusted code modules from accessing other regions 
of memory by restricting the set of machine-level in- 
structions a module may execute. The scheme pro- 
vides enhanced fault tolerance in exchange for some 
execution overhead required to examine a module’s 
address references. In such a system, a user would 
compile a module with a compiler specially modified 
to produce “safe” code. The system can verify the 
“safeness” of code and incorporate the module into 
its address space. Interpreted languages may also be 
used, as reported in [MRA87] and [MJ93]. These sys- 
tems place a small interpreter in the operating system. 
Code is written in the specialized language. 

Applications requiring completely generalized di- 
rect modification of intermediate data should use the 
traditional read and write interfaces, manipulating 
data as needed. Thus, splice augments the tradi- 
tional 1 / 0  interface by providing enhanced perfor- 
mance for those applications able to utilize direct 
data streaming or one of the code loading techniques 
listed above. Note that an application may alternate 
between the use of splice and read/write to accom- 
plish a single task, depending on the nature of the 
data flow. When intermediate processing is required, 
read/write are used; when no intermediate processing 
is required, splice is used. Applications which use only 
the read and write 1 / 0  interface remain completely 
unaffected. 

Eliminating a memory-based interface provides not 
only the advantages listed above, but also the pos- 
sibility of connecting data source and sink devices 
together directly at the system’s 1/0 bus and man- 
aging the transfer by the kernel in a general way. 
Some current architectures (e.g. IBM’s Microchannel 
[BowSl]) support this notion as “peer-to-peer DMA” 
or “stream-mode transfers.” These architectures pro- 
vide 1 / 0  data transfer between interface adapters di- 
rectly on the system bus. During such a transfer, 1/0 
data is not brought into the system’s main memory 
unit. For a MI0 system, taking advantage of stream- 
mode transfers would be difficult due to the need to 
make 1/0 data visible to user processes. With ’the 
peer-to-peer model offered by splice, use of such a 
direct transfer mechanism is natural. 

4 Extended Example 

In this section we describe how splice may be used 
to optimize receiver performance in a video playback 
application. Figure 3 illustrates the environment on a 
multimedia receiving station equipped with hardware 
decompression. 

The receiving application can optimize its data flow 
by connecting together the network protocol stack 
with a hardware decompression unit. To set up the 
receiver , the multimedia receiver process establishes 
handles to a network connection as well as to a hard- 
ware decompression device using a conventional device 
open function. It then establishes an in-kernel data 
path between the 1/0 devices by invoking the splice 
mechanism. The process may terminate a splice at 
will, or may also indicate that a splice is to oper- 
ate for only a specified number of bytes. Data re- 
ceived at the network interface is processed by the 
system’s protocol implementation in the conventional 
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Figure 3: Example Use of Splice in Video Display Application 

way, but instead of being delivered to the user process’ 
address space, the compressed images are instead de- 
livered to the hardware decompressor. In effect, an 
upcall is turned into a downcall by splice. Assuming 
control information is handled separately, the multi- 
media receiver need not make direct manipulation of 
the image data. In addition, the multimedia receiv- 
ing process can acquire a handle to the output of the 
decompressor, and pass this handle to the window dis- 
play server using interprocess communications mech- 
anisms (IPC). Flow control, if implemented in this 
environment , is accomplished by providing flow con- 
trol updates (increased window size advertisements for 
window-based flow control protocols like TCP) to the 
network source at a rate proportional to the processing 
rate of the decompression hardware. 

The window display server responds to requests for 
image display by evaluating which windows obscure 
others and directing data to appropriate screen ar- 
eas and clipping when necessary. When displaying an 
unobscured video window, the display server can op- 
timize its data  flow by establishing an in-kernel data 
path between the output of the decompressor and the 
frame buffer device driver. In such cases, the display 
server need not execute for image data to be displayed 
on the framebuffer screen. Because display servers 
tend to be large processes, avoidance of this partic- 
ular context switch is especially appealing. 

Should the server receive an event indicating an 
unobscured video window is to become obscured, it 
may abort the splice and perform individual read and 
write calls. If the window becomes unobscored once 
again, another splice can be created. Although dis- 
play servers often improve performance by writing di- 
rectly to the frame buffer using shared-memory, they 
must still be scheduled and must be allowed to exe- 
cute a sufficient amount of time to draw a complete 
video screen on the frame buffer. Under heavy load, 
the server may fail to have sufficient time to perform 
this operation (i.e. its throughput is insufficient), ulti- 
mately resulting in discontinuous video playback and 
frame loss. Splice need not suffer from this form of 
degradation, as splice processing may be implemented 
without the possibility of pre-emption, as a result of 
a control thread created during interrupt processing. 

5 Prototype Splice Implementation in 
UNIX 

The splice programming interface was introduced 
in Section 3. We now turn to the prototype UNIX im- 
plementation. A data source and sink are specified by 
UNIX file descriptors. In the present prototype, these 
file descriptors may refer to regular files, sockets or 
device-special files. This section describes a network- 
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Figure 4: Network-to-Framebuffer Splice Implementation at the Receiver 

to-framebuffer (NtoF) prototype implementation of 
splice; the implementation for regular files has been 
described in [FP93]. The NtoF splice is representative 
of the task required a t  a multimedia receiving station. 

Figure 4 illustrates the NtoF splice implementation 
described below and used in the subsequent perfor- 
mance evaluation section. A Berkeley-based network 
structure [LJFK86] was used to construct the proto- 
type. 

The splice call provides suffient information for 
the operating system to manage the flow of data be- 
tween the 1/0 objects specified by the calling pro- 
cess. For any active splice, a dynamically allocated 
kernel-resident splice descriptor maintains references 
to socket or file structures (depending on the purpose 
of the splice; see [FP93]), plus any additional informa- 
tion required by the implementation. For Internet 
domain sockets, a new field in the inpcb structure 
indicates the presence of an active splice for the asso- 
ciated socket by pointing to a valid splice descriptor. 

Implementing a prototype NtoF splice within the 
Berkeley network code framework is surprisingly 
straightforward. The Berkeley network framework es- 
sentially uses an upcall scheme until data is delivered 

to a socket buffer. When a socket buffer is ready, a user 
process is awakened which continues its kernel-mode 
execution, copying data in the socket buffer (in the 
form of mbuf data structures) to its own contiguous 
user address space. By intercepting the upcall be- 
fore an append operation is performed on the socket 
buffer, flow of control may be diverted for splice pro- 
cessing. 

At the time flow of control is diverted to splice pro- 
cessing, data received from the network is in the form 
of mbufs. Mbufs represent the network buffer abstrac- 
tion present in most Berkeley-derived network imple- 
mentations. Received packets are placed in mbufs or 
a linked list of mbufs called an mbuf chain, and may 
be coalesced as required by protocol processing. Us- 
ing the IP  protocol[Pos81], packet sizes are limited to 
64KBytes which is adequate to hold most compressed 
frames (the largest JPEG-compressed images we have 
encountered is about 20KBytes, with typical values of 
7-8KBytes). 

'The splice descriptor provides enough information for splice 
to operate asynchronously, although this feature has not been 
exercised. 

3C1ark [ClaSS] describes the notion of upcalls in detail, but 

does not discuss the Berkeley networking implementation which 
does not perform an upcall all the way to user space. 

4Scatter/gatheroperationis supported with the readv0 and 
n r i t e v 0  system calls. 
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We now turn to the performance of the UNIX im- 
plementation described in Section 5. We constructed 
an experiment designed to simulate the video display 
environment of Figure 1. The experiment illustrates 
the relationship between overhead introduced by pro- 
tocol processing and overhead associated with data 
copies and checksum operations experienced at the re- 
ceiving workstation. 

p 

t 

6.1 Experimental Setup Figure 5: UDP Packet Loss vs. Artificial Delay 

We compared the throughput performance of a re- 
ceiving continuous media program using the splice 
mechanism to move data between the network and dis- 
play device as compared against an equivalent user- 
level process implementation. We also compared the 
effect of protocol checksum computation on overall 
throughput. 

The experiment consists of a DecStation 5000/240 
data sender and DecStation 5000/200 data receiver 
connected by an FDDI network. They have 25MHz 
and 40MHz R3000A CPUs, respectively. Their 
SPECint ratings are 19.5 and 27.9. Each system runs 
the Ultrix 4.2A operating system modified to support 
the splice mechanism. The faster sender simulates 
a more powerful computational resource at the data 
source, as might be typical of a video file server appli- 
cation. Theoretical FDDI bandwidth is 100 Mbit/s, 
although measured performance at the network inter- 
face (a  DEC DEFZA FDDI adapter, which provides 
no send-side DMA) is 56-64 Mbit/s [KP93]. 

For the sender employing splice, 12,000 bytes of 
8-bit image data are sent per frame, divided into 
three FDDI packets using the UDP transport proto- 
col [Pos~O] to send a sequence of 50 frames (150 FDDI 
packets). Image data is stored in a statically allocated 
kernel memory region in the sender, and is passed di- 
rectly to the network protocol subsystem to be sent. 
For the user-level sender, the same image data is stat- 
ically allocated in a user process, and sent employing 
the UNIX socket layer [LJFK86]. A data copy is per- 
formed between the user and kernel address spaces. 

For the user-level receiver, incoming data is passed 
up through the UDP protocol layer, delivered to the 
socket layer, and the receiving application is scheduled 
to run and eventually copies data from the network 
buffers to its own user-level buffers. When splice is be- 
ing used, instead of delivering data to the socket layer, 
the data is instead moved directly to the destination 
(e.g. the frame buffer), in the context of a network 

software interrupt handler. The data appears in the 
frame buffer as a 120x100 video window. 

6.2 Data Loss at Receiver for User-Level 
Process 

The UDP transport protocol provides no flow con- 
trol or error recovery. Flow control is generally neces- 
sary when a sender is faster than the associated re- 
ceiver, to avoid buffer overrun at the receiver. In 
our experiment , the splice-based mechanism at the 
receiver allowed data transfer to occur between data 
source and sink with no data loss. However, the user- 
process implementation experienced considerable data 
loss. 

For the user-level experiment, if the sender is per- 
mitted to send as fast as possible (not flow controlled 
in any way), approximately 2/3 of the data is lost at 
the receiver. To avoid buffer overrun at the receiver 
during the user-level test, we constructed a rate-based 
flow control mechanism for UDP by introducing arti- 
ficial delay between network packets at the sender. 
Figure 5 illustrates the percentage of packets lost as 
a function of the amount of artificial delay introduced 
at the sender. Because the amount of delay required 
to avoid overrun is a function of processing load at the 
receiver, the correct setting of time delay depends on 
whether or not checksums are computed. The optimal 
delay value is the smallest amount of time which still 
permits all data to be delivered successfully. We em- 
pirically determined 600 microseconds to be the op- 
timal value when checksums are computed; 400 mi- 
croseconds is used when checksums are disabled. 

In ordinary operation, UDP performs a checksum 
to detect corrupt data and discards datagrams whose 
checksums fail. The checksum operation is the dom- 
inant processing overhead associated with UDP/IP 
[CHKM88]. For uncompressed video, corrupt data 
could be delivered to the frame buffer without catas- 
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Figure 6: Throughput Performance of Splice and Non- 
Splice Network-to-Framebuffer Access 

trophic result. In addition to removing checksumming 
for loss-tolerant data such as uncompressed audio or 
video, checksums may be disabled in certain restricted 
operating environments (e.g. when hardware check- 
summing is performed [KPSS]). To evaluate the re- 
lationship between splice and checksumming, we per- 
formed the experiment with checksums enabled and 
again with checksums disabled. 

6.3 Measured Results 

We now describe measured results based on the use 
of splice and the effect of checksum computation. Fig- 
ure 6 contains the differences in measured through- 
put in MBytes per second. The graph shows differ- 
ences between user mode-based data transfer (not us- 
ing splice) versus splice-based data transfer, both with 
the checksum computation enabled and disabled. 

The results show that throughput performance is 
improved by a factor of 1.25-1.5 when using splice, 
depending on whether the checksum computation is 
enabled or disabled. The checksum computation is 
the dominant factor in UDP processing; with it re- 
moved, data copying becomes the dominant factor. 
Because splice directly addresses the problem of data 
copying, it combines synergistically with elimination 
of the checksum. The combined result offers a greater 
than doubling in throughput. 

Because of the hardware used in the experiment, 
we were limited to data transfers using system memory 
as an intermediate buffering area between the network 
and display adapter. We expect a greater performance 
improvement for device-to-device transfers capable of 
taking advantage of hardware offering direct peer-to- 
peer data transfer (e.g. “peer-to-peer DMA” , “hard- 

ware data streaming”). The DECstation Turbochan- 
ne1 system used for the experiment does not support 
such transfers, The splice interface removes details of 
any intermediate buffering from the caller. The pres- 
ence or absence of intermediate buffering is detectable 
by the caller only in terms of performance. 

7 Related Work 

A new 1 / 0  system for Mach 3.0 described by Forin 
et. al. [FGBSl] suggests the problem of data copying is 
best addressed by the use of user-level device drivers 
capable of accessing device registers directly by map- 
ping when possible. Remote device access is achieved 
by an IPC-based device interface relying on RPC. 

In the CTMS system described by Pasieka et. al. 
[PCMISl], the problem of excess data copies is ad- 
dressed by a modification to the UNIX 1 / 0  model of 
inter-device transfers. They introduce new ioctl calls 
capable of passing data between specific devices with- 
out passing directly through a user-level process. 

A study of 1/0 design by Druschel et. al. [DAPP92] 
suggests the use of low-level data streaming inhibits 
innovation in application development by disallowing 
applications direct access to 1/0 data. While their 
criticism of low-level streaming is valid, the technique 
should not be precluded in systems because of the 
need to bring 1/0 data into the address space of a 
user-level process for some applications. Many ap- 
plications not requiring direct manipulation of 1/0 
data can benefit from streaming. Furthermore, for ap- 
plications requiring well-known data manipulations, 
kernel-resident processing modules (e.g. like Ritchie’s 
Streams [Rit84]) or outboard dedicated processors are 
more easily exploited within the kernel operating en- 
vironment than in user process. 

There are at least three systems which address 
the problem of minimizing physical data movement 
across domains: DASH IPC[TA91], Fbufs[DP93], and 
Container Shipping[PAM94]. Each of these systems 
uses virtual memory remapping techniques to trans- 
fer data between protection domains without physical 
data copies. The DASH IPC system allows processes 
to exclusively own regions of a restricted area of a 
shared address space. Consequently, an interprocess 
data transfer occurs by simply changing the owner- 
ship of a region from one process to another. The 
Fbufs design uses a similar technique, enhanced by 
caching the previous owners of a buffer, allowing re- 
use among trusted processes and eliminating MMU 
updates associated with changing buffer ownership. In 
the Container Shipping design, transfer and access are 
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decoupled: an inter-domain transfer does not imply 
accessibility in the receiving domain. A process ex- 
plicitly requests that portions of transferred data be 
made accessible, thus only incurring remapping costs 
on an as-needed basis. Although these systems all 
achieve high throughput and low latency, they must 
still schedule an intermediate process to forward data 
from a source (device or process) to a sink (device or 
process). This causes an inherent limitation in per- 
formance, which is characteristically absent from the 
in-kernel data path approach. 

8 Conclusions 

Although current workstation and networking tech- 
nology are sufficiently advanced to support processing 
and dissemination of multimedia data, the memory- 
oriented model of 1/0 present in most operating sys- 
tems can present a bottleneck which adversely af- 
fects overall performance. Especially significant is the 
reduction in throughput experienced at stations re- 
ceiving and displaying multimedia data. In conven- 
tional 1/0 systems employing the traditional memory- 
oriented read and write interfaces, user-level pro- 
cesses must actively move data between network and 
other local devices to facilitate remote device access. 

Operating system overhead can be reduced by 
adopting a peer-to-peer model of device 1/0 as offered 
by the splice mechanism. By decoupling user-process 
execution from inter-device data flow , significant re- 
ductions in data copying and process execution over- 
head are achieved. 

These performance improvements are achievable for 
the common situation of data transfers terminating on 
a station providing video and audio playback with a 
conventional bus architecture lacking direct device- 
to-device data  transfer capability. Although the con- 
ventional memory-based 1/0 model would have dif- 
ficulty taking full advantage of a sytem offering this 
capability (because of the need to provide data access 
to a user-processes’ address space) we would expect 
a more significant throughput improvement for such 
machines. 
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