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ABSTRACT

This paper describes methods of optimizing a client/server network file system to
take advantage of high bandwidth local area networks in a conventional distributed com-
puting environment. The environment contains hardware that removes network and disk
bandwidth bottlenecks. The remaining bottlenecks at clients include excessive context
switching, inefficient data translation, and cumbersome data encapsulation methods.
When these are removed, the null-write performance of a current implementation of
Sun’s Network File System improves by 30%. A prototype system including a high speed
RAM disk demonstrates an 18% improvement in overall write throughput.The prototype
system fully utilizes the available peripheral bandwidth of the server.
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1. Intr oduction

This paper describes optimizations made to a client/server networked file system environment to
make full use of the high bandwidth of emerging local area networks (LANs). It concentrates on improving
the bulk data transfer capability of the file system, by removing unnecessary data translations and reducing
context switches at the clients. Application of these techniques results in a 30% increase in Sun Network
File System Version 2 (NFS)[1,2] write bandwidth using the ATOMIC LAN[3] when files are not written to
disk. Thecost of implementation of data encapsulation methods, specifically Sun XDR[4], is also assessed.
A prototype system was built using a Texas Memory Systems SAM-300 RAM disk; the system exhibits an
18% improvement in overall NFS write throughput, and fully utilizes the server peripheral bandwidth.

The ATOMIC-2 research group at the University of Southern California’s Information Sciences Insti-
tute (USC/ISI) is exploring the issues associated with introducing the ATOMIC LAN, a 640 Mbps LAN
invented at ISI and the California Institute of Technology[3], into a distributed computing environment.

1 This work is supported by the Defense Advanced Research Projects Agency through Ft. Huachuca contract
#DABT63-93-C-0062 entitled “Netstation Architecture and Advanced Atomic Network.” The views and con-
clusions contained in this document are those of the author and should not be interpreted as representing the
official policies, either expresses or implied, of the Department of the Army, the Defense Advanced Research
Projects Agency, or the U.S. Government.



Users of this environment require a high-speed network file system that allows a client to utilize as much
network bandwidth as possible for remote file access.

Most network file systems cannot use the increased bandwidth that technologies like the ATOMIC
LAN provide. Becausenetwork file systems often provide less throughput than file transfer protocols, it
can be more efficient to transfer a file to a local file system using a file transfer protocol and operate on the
data there than to use a network file system.

If network file systems are to exploit high bandwidth environments, they must be able to make better
use of bandwidth.File access bandwidth is becoming an important bottleneck in applications from data
mining to serving web pages.However, such applications benefit from distributed solutions, for example
multiple web servers. Suchdistributed systems frequently rely on efficient shared file systems.

To demonstrate the various hardware and software bottlenecks that normally constrain networked file
system write performance, we compared SunOS 4.1.3 NFS file write performance in various hardware and
software configurations.We compare write throughput because it directly measures file system use of the
network rather than internal caching.The equipment and results are summarized in Figure 1.Horizontal
lines are the throughputs of the disk and network. The “SAM-300 File System” line is the throughput of a
UNIX fast file system mounted on the RAM disk used in the prototype system.

The bottlenecks removed are the synchronous server disk writes, the 10 Mb/sec Ethernet, and the
commodity disk at the server. Each bar in Figure 1 corresponds to the removal of a system bottleneck:

• Synch Ethernet: NFS using synchronous disk writes which underuses both the network and
disk bandwidth.NFS version 3 relaxes the synchronous write constraints[5].The bottleneck
in this configuration is the use of synchronous disk writes at the server.

• Asynch Ethernet: NFS using asynchronous disk writes at the server on a 10 Mb/sec Ethernet.
The network bottlenecks this system.

• Asynch ATOMIC: NFS using asynchronous disk writes and the ATOMIC LAN. Replacing
the Ethernet with the ATOMIC LAN improves the performance to roughly 20 Mb/sec, which is
equivalent to local file system performance.The disk is the bottleneck in this system.

• No Disk ATOMIC: NFS exchanging the write data only, without updating the disk.Through-
put is significantly below the TCP process to process and the SAM-300 local file system.
throughput, which implies that NFS protocol throughput can be improved.

The experiment shown in Figure 1 led us to concentrate on improving the client transfer protocol
implementation. Thedisparity between the TCP throughput and the NFS protocol bandwidth implies that
the NFS protocol implementation can be improved; the SAM-300 file system is capable of supporting such
throughput improvements. Duringthe experiments the client CPU was completely utilized while the server
utilization was less than 40%, implying that the bottleneck is at the client side.Although there are certainly
interesting problems in engineering servers to scale, the client CPU bottleneck must be addressed to deliver
higher network bandwidth to individual clients.

We studied the client implementation and improved its data translation behavior and its context
switching behavior. The baseline system for these improvements was the NFS system using null writes
across the ATOMIC LAN (the rightmost bar in Figure 1).These improvements resulted in a 30% perfor-
mance increase.We also estimated the performance benefits of rewriting the XDR interface in the style of
Macklem[6], i.e., inlining all function calls.Such If XDR overhead was completely removed by such inlin-
ing, throughput could approach TCP levels. We did not implement Macklem’s improvements, because we
focused our efforts on evaluating new system performance enhancements.

To demonstrate that improvements to the protocol implementation can improve performance in a real
system, we incorporated a high speed RAM disk into our server, and tested our improved protocol.
Although the performance improvements were less than for disk-free operation, they were still substantial:
an 18% write throughput increase.This completely utilizes server bandwidth, considering that the network
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Figure 1: Bandwidth Comparison
All values are averages of 25 repetitions of writing a 64 megabyte (MB) file
between two SPARCStation 20/71 workstations running SunOS 4.1.3 con-
nected via a Myrinet.(Standard deviations are omitted, but are always less than
3% of the average.) Descriptions and discussions of the bars is in the text of the
paper.

interface and SAM-300 share a bus.

The paper is structured as follows: Section 2 discusses our file system environment. Section3
explores client implementation and design and describes the NFS optimizations.Section 4 discusses the
performance of the prototype ATOMIC file server. Section 5 discusses related work, and Section 6 summa-
rizes our conclusions.

2. TheTestbed and Prototype Implementation

In order to provide the request/response file system communication to support frequent small file
accesses, the ATOMIC file server was developed using Sun NFS as a starting point.NFS is also a good
choice because it is an interface description, which allows our optimized clients to take advantages of
improvements made to the local file systems of servers. For example a client using the modified NFS pre-
sented here would benefit from using an NFS server that implemented the embedded inode and grouping
optimizations described by Ganger and Kaashoek[7].Also, in order to have real users for our prototype
system there were considerable benefits to maintaining the NFS semantics that are understood by our users.

As our experiment (in Figure 1) demonstrated, the protocol implementation bottlenecks of NFS are
only visible when high-bandwidth hardware is in place.Our testbed, which is used for all the experiments
described in Section 3, uses Sun SPARCStation 20/71 workstations for both clients and servers. Thehosts
are connected by Myricom’s implementation of the ATOMIC LAN[3], Myrinet[8], which exhibits full
duplex link rates of 640 Mb/sec, and a measured process-to-process TCP throughput in excess of 88
Mb/sec. NFSis not network-bound in this testbed.Null disk writes ensure that disk bottlenecks were



avoided; however, without disk writes the system is impractical.

The prototype ATOMIC file server, used for all the experiments described in Section 4, adds a
SAM-300 RAM disk made by Texas Memory Systems to the server. The SAM-300 uses 512 MB of fast
random access memory to emulate a disk, which eliminates delays due to the mechanical subsystems of
rotating disks.The RAM disk makes the system practical for real use.When the SAM-300 is used as a
local disk it can sustain a write throughput of 84.5 Mb/sec from process to disk using the SunOS UNIX file
system. Thisthroughput is considerably higher than our null write NFS performance.

3. Protocol Optimizations

Much of our work involves tuning the client implementations, which use more CPU cycles than
servers. Ourmeasurements indicated that clients were fully utilizing their CPU, so our improvement efforts
concentrated on improving the useful work done by that CPU.Specifically we set out to avoid unnecessary
data structure translation overheads and context switch overheads.

We also show that the XDR improvements suggested by Macklem[6] could improve NFS throughput
to nearly TCP throughput, if they remove all XDR overhead. Thisis certainly an optimistic upper bound.
Although we believe these optimizations to be effective, we did not implement them throughout our system
because we focused our efforts on new improvements.

Improving data structure translations provided the bulk of our improvement, a 25% throughput
increase. Thisimplies that the primary bottleneck in the system is CPU-driven data copies.However,
reducing context switches by creating a single-threaded client had a noticeable effect on throughput and
offers an opportunity to tune the transfer implementation further.

3.1. OperatingSystem Integration

Reducing the cost of a data type conversion between a representation used in the virtual memory
(VM) system and one used in the networking subsystem increased NFS performance 25%.Translating
between data structures used by the VM subsystem and the networking subsystems resulted in an extra
copy. Removing the extraneous copy resulted in improved throughput.

SunOS implements an integrated file system cache/virtual memory system. When file data is written
in SunOS, it is put into a VM page of memory and marked dirty. It is actually written out to secondary stor-
age either when the paging system needs to reclaim the page, or when the file is flushed from the file cache
explicitly, for example by acloseor syncsystem call.

The SunOS networking system expects packets to be composed ofmbufs and the translation from
page to mbuf can require a data copy, which implies extra CPU overhead. Usingcluster mbufs can avoid
this overhead for NFS data packets. Clustermbufs associate an mbuf structure with a region of memory,
and can be used to link the VM pagedirectly to the mbuf for encapsulation into an RPC packet. More
aggressively using cluster mbufs to avoid data copies on outgoing data provided the majority of our perfor-
mance improvement.

Using cluster mbufs for incoming data is difficult because packets must be parsed by the operating
system in order to decide which should be stored in clusters.Using a cluster mbuf avoids a copy if the sys-
tem can put incoming data into its final destination directly from the network device. Unlessthe packet can
be efficiently parsed in network device memory, it must be copied to main memory so that the CPU can
demultiplex it. Oncethat copy has been made, a second is unavoidable. Few systems have network devices
that can support such early demultiplexing.

Cluster mbufs are a known optimization, but they are not commonly used on the client side of NFS.
The extra CPU overhead incurred by using standard mbufs is masked by the network and disk bottlenecks
in other environments. Useof cluster mbufs improves NFS performance significantly, yet it may adversely
affect paging behavior, because the cluster’s VM page remains pinned and dirty until the data in it has been



written to the NFS server. We noticed no such problems in our experiments, but our experiments were not
exhaustive.
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Figure 2: Performance Improvements
Av erages of 25 writes various sized files. The environment described in Section
2 is used. “AT OMIC File Server” is SunOS NFS with the improvements of
Section 3.1 and 3.2. applied, and with disk writes disabled at the server. “NFS”
is SunOS NFS modified to not write to disk. Standard deviation error bars are
plotted.

Figure 2 shows the 30% performance increase yielded by reducing the overhead of the data transla-
tion, and reducing context switches as described in Section 3.2. Although the improvement is most notice-
able for large files, there is significant improvement for all sizes. Each point is the average of 25 trials of
writing various sized files.

During this experiment, files were written in 32 KB blocks to minimize kernel crossing overhead,
which accounts for the flat performance at low file sizes.All the points on the flat part of the curve were
files that were written in one write.We used the relatively large 32 KB buffers in this experiment to con-
centrate on the effects of protocol overhead.

Data structure translations are often encountered in systems that integrate kernel subsystems, and
must be carefully tuned for high performance.The data structure translation from VM data structure (page)
to networking data structure (mbuf) is an example. Asa matter of practice, such translations must be evalu-
ated for efficiency. Another method to address this issue would be to use fewer, more unified data struc-
tures in kernel subsystems to reduce the number of translations and bottlenecks.

3.2. SystemOverhead − Context Switches

The current implementation of NFS uses process parallelism to pipeline data transfer requests, which
results in considerable context switching. Using an alternate implementation of the data transfer protocol
reduced context switches by more than 40%.



Optimizing for throughput requires having multiple data requests outstanding to fill the bandwidth-
delay pipeline between the server and client.In NFS, data transfers are effected via Sun’s RPC protocol[9],
which, in SunOS 4.1.3, allows only one request per process to be pending.SunOS achieves request paral-
lelism by using multiple processes, calledbiod processes, each running an instantiation of the RPC proto-
col. This is a common technique for file systems, especially NFS systems, and other transaction-based ser-
vices. It is used because it simplifies the code for data transfer, and because many file system requests are
not dependent on each other.

Context switching concerns aside, using a multiprocess implementation ties the number of outstand-
ing requests to the number of running biod processes.In practice the maximum window size, i.e., the num-
ber of packets NFS can have outstanding, is fixed at boot time by the choice of how many biod processes to
start. Reconfiguringan NFS client to use fewer biod processes in response to a change in network or server
state is rarely, if ever, done. Althoughit is possible to vary the number of biods in use dynamically, doing
so requires either the coordination of running biods or the addition of a biod controller process, either of
which adds complexity to the design.In our single-threaded system, the number of outstanding requests
allowed, or window size, is a parameter, which can be easily manipulated dynamically.

To reduce the context switching overhead of using multiple processes, we modified the implementa-
tion of Sun RPC to run in a single process and allow multiple requests to be outstanding. Creating such a
data transfer mechanism in SunOS was straightforward, because Sun RPC is designed to allow such an
implementation[9]. Thereplacement protocol sends and receives standard Sun RPC messages, using the
transaction ID to associate requests with responses.NFS was modified to use our single-process RPC
implementation instead of biod processes.

When NFS uses the single-threaded RPC, the process that is requesting the read or write sends the
message, caches information about response handling, and returns, rather than dispatching a biod process to
send it. A single process is responsible for receiving all the responses, resending lost requests, and freeing
or filling VM pages. Context switches are saved when a client sends a request, because there is no interme-
diate step of communicating the request to a biod process and dispatching it.When a client receives a
response fewer context switches are incurred as well, because the receiver process may remain active to
receive sev eral messages, each of which would have required a context switch otherwise.

Converting multiple processes to a single process is similar in spirit and implementation to the use of
continuations in Mach, and related systems[10].The state of each incomplete NFS transaction is kept in
the single process explicitly as a continuation rather than implicitly in the process stack.As Draves et al.
point out, this reduces the code size of our implementation in addition to reducing the number of context
switches. However, we only optimize the biod execution; there are no stack hand-offs.

We compared the single-threaded implementation to the multiprocess (biod) implementation across a
range of window sizes. Table 1 summarizes the data for the transfer of a 32 MB file varying the window
size. Thesystems do not include the copy avoidance described in Section 3.1.

The single-threaded system shows a 4% improvement compared to the best biod throughput, and a
40% reduction in context switching. The values compared are circled in the table.As the window gets
larger, the single-threaded receiving process can process more packets per context switch.

Converting to a single-threaded model enables further enhancements.For example, the number of
outstanding requests is now a variable in a single process rather than a function of how many biod pro-
cesses are running.This could allow the ATOMIC file server to react dynamically to changing network
state more simply than a multiprocess NFS implementation, but this is not implemented yet.

3.3. DataEncapsulation and Portability

Macklem has shown that XDR implementations in the kernel are often a significant source of over-
head[6]. XDRis a standard data encapsulation method used to communicate between servers and clients
running on different hardware[4]. Heobserved significant increases in throughput of an NFS system



Biod SingleThread
Window

Throughput Context Throughput Context
(Mb/sec) Switches (Mb/sec) SwitchesSize

3 41.0 9302 47.5 4951
4 42.5 8587 44.5 2529
5 44.1 9107 44.2 2226
6 45.1 8586 44.6 2242
7 45.3 9450 44.9 2227
8 44.0 9469 44.7 2220

Table 1: Summary of Context Switch reductions
Av erages of 25 writes of a 32 MB file using various window sizes (or numbers
of biods). The environment described in Section 2 was used. “Single thread” is
the single-threaded implementation, and “NFS” is SunOS NFS.Both imple-
mentations have disk accesses disabled at the server. Standard deviations are
omitted, but were on the order of tenths of megabits/sec or tens of context
switches. Circledvalues are comparison values.

running under the 4.3BSD Reno system after replacing the subroutine calls that implemented XDR conver-
sion with macros.Rather than repeat his work here, we attempt to estimate the impact that such an
improvement would have on the ATOMIC file server. Although we estimate the impact of this
improvement, we focused on in-kernel implementations of the new improvements described in Sections 3.1
and 3.2.

We compare user level programs that model NFS write exchanges, but with different data encapsula-
tion mechanisms. One version encapsulates the data via XDR routines, the other by simpler network byte
ordering routines.The simpler encapsulation is more efficient due to avoiding the overhead of the function
calls to the XDR routines and extra data copies therein, as predicted by Macklem. The functionality of
XDR is provided by both.One reason the user level Sun RPC routines have a higher throughput than the
NFS protocol throughput is that they do not marshal their data to mbufs as the kernel routines do.

Figure 3 shows the result of an experiment in which 64 MB of data is transferred. Values are reported
for multiprocess pipelined versions that mimic NFS biod processes.We compare process pipelining to pro-
cess pipelining rather than using a single-threaded implementation because we want to isolate XDR over-
head. Thelightweight encapsulation is capable of matching TCP data transfer speeds.In fact, the effect of
multiprocess transfer makes the aggregate throughput of the 8 processes higher than that of a single process
using TCP.

This experiment suggests that careful implementation of the data translation routines could boost
throughput considerably. Although we did not rewrite the kernel as Macklem did, we have shown that user
level processes can be optimized to deliver considerably better raw throughput than XDR provides without
loss of functionality. The experiment is encouraging, but idealistic. The user-level processes need not
interact with other kernel systems; implementations in the kernel may not show the same improvement.

3.4. Summaryof Client Issues

Our experiments on NFS have demonstrated the tangible performance benefits of a protocol imple-
mentation that is sensitive to processor utilization. Using single-threaded protocol processing is more
appropriate than using heavyweight multiprocess pipelining, and that avoiding conversion between incom-
patible kernel data structures increases NFS throughput.These improvements increased NFS protocol per-
formance by 30% and there is evidence that it can be combined with existing work, such as Macklem’s
macro implementation of XDR to improve performance further. The performance improvement from each
optimization is shown in Table 2.
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Optimization Throughput
Name (32MB file, no disk writes)

SunOS Implementation 45.3
Context Switch Avoidance 47.5
Copy Avoidance (and context switch avoidance) 56.9

Table 2: Impact of optimization
Because copy avoidance is the largest factor in improving performance, it implies that more system

time is spent in copying data than in context switching. However, using single-process RPC has benefits
beyond context switch reduction. Code size is reduced and collecting the multiple process state into one
process encourages optimization of that state, e.g. better flow control.

This section has described improvements to the implementation of the file system data transfer mech-
anism. Becausethe section is concerned with improving the protocol implementation, no disk was used,
which results in a system of only academic interest.The following section discusses a prototype that
includes a RAM disk that can take advantage of the protocol improvements discussed here.



4. Implementationwith Storage

To demonstrate that the protocol changes translate to real performance improvements in the prototype
file server, we compare its throughput to SunOS NFS with asynchronous disk writes on the same hardware.
The prototype system consists of the code described in Section 3 and a server equipped with a SAM-300.
Note that in this section all writes at the server are asynchronous including those of the SunOS NFS.
Unless asynchronous writes are implemented, as in NFS Version 3[5], protocol performance issues are
moot, because the system performance will be limited by the disk’s synchronous write performance, as seen
in Figure 1.

A direct comparison of the ATOMIC file server and an asynchronous SunOS NFS server is shown in
insert_ref f write . Both systems used identical hardware, including the SAM-300.This experiment
directly measures the improvements in the NFS software in a usable file system.The ATOMIC file server
outperforms unmodified NFS across the entire range of file sizes from a few kilobytes to multi-megabyte
files, which confirms our protocol results.
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Figure 4: Write thr oughputs for the ATOMIC file server and SunOS NFS.
Protocol bandwidth is the bandwidth of the system when write requests are dis-
carded at the server. Standard deviation error bars are plotted.

This difference in throughputs between NFS without disk writes NFS the SAM-300 is due to interac-
tions between the networking subsystem and the file system. For example, writing files requires syn-
chronous updates of metadata even if the data writes are asynchronous, which can stall the data transfer
pipeline. Transferring data from mbufs to file cache blocks requires work by the server, which is another
example of how data structure translation issues arise.The SAM controller and the ATOMIC network
interface card share the same I/O bus in our file server, which increases the overhead of arbitration for that
bus, as both interfaces are trying to transfer data simultaneously.

The ATOMIC file server is limited by the bandwidth available at the server. To demonstrate this we
compared a well-tuned TCP data transfer program to the ATOMIC file server on the same hardware. The
TCP program transfers data between processes at nearly 90 Mb/sec, but when this data was written to a file



by the receiving process the throughput approaches the ATOMIC file server throughput. Results are
reported in Figure 5.
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Both the ATOMIC file system and the TCP file transfer fully utilize the system.The network inter-
face and the SAM-300 are both attached to the SBus, and provide approximately 85 Mb/sec each.How-
ev er, file data must traverse that bus twice, so the approximately 45 MB/sec represents a full utilization of
the bandwidth available to these peripherals.

We believe that the TCP file transfer exhibits higher throughput at small file sizes because it does not
have the overhead of caching within the kernel. Asdescribed in Section 3.1, NFS does not immediately
begin sending data to the server when a file is written.The block is cached first and then forced out on
page reclamation or close operation.TCP data does not have this initial stall in its pipeline.As the stall
becomes less significant, the throughputs converge, indicating that over the long term both systems fully
utilize server bandwidth.

5. RelatedWork

The ATOMIC project is working to scale a traditional distributed computing environment along the
bandwidth axis, in which small file accesses are common.RAID systems are another way to achieve high
throughput by striping data across clusters of disks[11].They are inapplicable to our environment because
they perform best under the sustained load facilitated by large files, rather than the bursty load of worksta-
tion users.Furthermore, accessing a RAID across a network entails all the software problems addressed by
the ATOMIC file server.



The ratio of CPU power to network bandwidth in our environment requires the ATOMIC file server
to make conservative choices in data transfer systems. Rather than the transaction-based approach to data
transfer that the ATOMIC file server uses, some systems advocate a streaming data protocol such as TCP to
transfer files.This technique, used by NFS/bds, has shown promise, especially on machines using very
powerful CPUs[12]. However, the added overhead of converting the data from an undelimited byte stream
to operating system structures and realigning data in the absence of specialized hardware is CPU intensive
at the client.The work described in this paper found existing data translations to be in need of optimiza-
tion, so adding additional translations seems counterproductive.

The ATOMIC file server addresses the problem of utilizing network bandwidth.Other systems that
use the same request/response communication model concentrated their efforts on adding functionality to
the file system, and optimizing other parameters, for example improving caching or availability. Such sys-
tems include NFS, AFS, the Sprite file system[13], the Spring file system[14], and Ficus[15].The
AT OMIC file server optimizes such a communication model for high bandwidth access.

Scaling for throughput has been the goal of some file systems, but not in the conventional worksta-
tion environment. TheExtensible File System(ELFS)[16], NFS/bds[12], and numerous RAID-based sys-
tems[11] are examples of high bandwidth systems. These systems are in use in supercomputer environ-
ments, which have less bursty workloads, and hosts with more powerful CPUs. Because most scientific
visualization and network of workstations environments exhibit architectures and workloads that are very
similar to supercomputing environments, they are equivalent for the purpose of this discussion. Zebra[17]
and the xFS serverless file system[18] have addressed the issue of high throughput in a cluster of worksta-
tions environment. Suchsystems are optimized for the demands of supercomputing applications that
require access to large data files rather than the small file accesses of workstation users.

The ATOMIC file server is based on an implementation of the NFS Version 2 specification[2], which
has been superseded by the NFS Version 3 specification[5].The most important change with respect to file
transfer bandwidth is that asynchronous writes are explicitly supported by Version 3. This is a prerequisite
for any high-bandwidth system based on NFS.In most other aspects, the techniques applied to the SunOS
NFS Version 2 implementation are applicable to any similarly structured NFS Version 3 implementation.
Such implementations should consider the benefits of reducing data structure translations and context
switches. Implementationsshould also also implement data encapsulation systems efficiently.

6. Conclusions

We hav edescribed several optimizations to a networked file system designed to take advantage of
emerging high-bandwidth LANs.These optimizations have improved Sun NFS protocol throughput by
30%, and when applied to a full system fully utilize server bandwidth.Prototype performance improves by
18% compared to SunOS NFS using asynchronous writes on the same hardware.

Network clients were tuned to avoid extraneous data type translations and context switches.Reduc-
ing data type translations resulted in fewer data copies which improved performance by 25% when disk
writes are ignored.Reducing the number of context switches by converting the implementation from a
multiprocess model to a single-process model improved performance another 4%.The single-process
model also offers new opportunities for dynamic control of file system bandwidth.

We also showed that there is promise in inlining data encapsulations in the ATOMIC environment, as
proposed by Macklem[6].Streamlined data encapsulation improved data transfer speed to that of TCP.

The protocol enhancements were then tested in a functional system including a high-bandwidth RAM
disk, and the system was found to use the full bandwidth available. Thesystem provides common file sys-
tem semantics while offering high-bandwidth remote data access.Although this work was carried out on
an NFS system, the general principles of avoiding unnecessary data translations and process-based pipelin-
ing should be generally applicable to the implementation of other network file systems.
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