F a

s

t R

P

C

o

n th

e

S

HR

I

MP V

i

rt ua

l Memor

y Mapp ed

Net

work Interfa

ce

A n

g e l o s B

il

as and

Ed

ward

W

.

F elten

De part

ment of

Comp uter

S

cience ,

Princeton Uni

versity , PrincetonN

J

0

8 5 44 USAf b i l a s , f el te

n

g @ cs

.

p rinceton.e

d

u T o a pp ea

r

i n t

he Jo

urna

l of

Parallel and

Di

stri

buted

Co

mputin

g

, Special

Issue onWorkstation Clusters andNet

work-based Computing,Feb.

’ 9 7. 1

F a s t R P C o n t h e S HR I MP V i rt ua l Me mor y Ma ppe d Net wor k Inter fa ce

A n g e l o s B il as

De pa r t ment o f Comp uter S cience

3 5 Ol den str , Princeton Uni versit y

Princeton N J 0 85 44 USA

P hone : + 1 60 9 258 -5386

Fa x: +1 609 258-1 771

e-mail: bilas @cs .princeton.edu

A b s t r a ct

T h e e me r ge n ce o f ne w ne twor k interf ace techno log y i s ena bling new a pproaches to the de velopment of

comm unications software . This paper evaluates the S H R I M P virtual memory mapped network interface by using

it to build two fast implementations of remote procedure cal l (RP C ).

Our �rst implementation , cal led v R P C, is ful ly compatible with the S u nRPC standard. We change the RPC

runtime library ; the operating system kernel is unchanged, and only a minimal change was needed in the stub

generator to create a new protocol identi�er. Despite these restrictions, our vRPC implementation is several

times faster than e xisting SunRPC implementations. A round -trip nul l RPC with no arguments and results under

vRPC takes about 33 microseconds.

Our second implementation, cal led S h r i m pRPC, is not compatible with SunRPC but o �ers much better

performance. ShrimpRPC speciali zes the stub generator and runtime library to take ful l advantage of SHRIMP ’s

features. The result is a round-trip nul l RPC latency of 9. 5 microseconds, which is about one microsecond above

the hardware minimum.

1 I n t r o d u ct ion

M u c h i s k n o wn a bou t how to o pti mi z e remote proce dure ca ll ( R P C ) mechanisms on traditional workstation

networks [ 2 , 1 4, 1 7, 2 0 ] . The main e �ort in pre vious work was to reduce or avoid cop yin g, to make traps and conte xt

switches fast, and to take advantage of common -case behavior. The emergence of new multiprocessor network

interfaces opens new possibilities for constructing network software. It is not always clear, however, which interface

is most appropriate for which task.

The S HRIMP pro ject [ 6, 7] at Princeton University supports user level communication between processe s by

mapping memory pages between virtual address spaces. This Virtual Memory Mapped network interface seems to

have many advantages including exible user-level communication, and very low overhead to initiate data transfer.

In this paper we present two fast RPC libraries implemented using virtual memory mapped communication

between user processes . The �rst one ( v R P C) meets the S u nRPC interface and achieves a round trip latency of 33

microseconds for a null call with no arguments, without compromising compatibility with the SunRPC standard.

The server in vRPC can service at the same time clients using both the old (U DP- and TCP-based) and the new

(SHRIMP-based) protocols. We implement two versions of vRPC for SHRIMP by rewriting SunRPC and taking

advantage of the new features SHRIMP provides.

Our experiments with vRPC show that even without changing the stub generator or the kernel, RPC can be made

several times faster on the new network interface than it is on conventional networks. vRPC outperforms by more

than a factor of 4 the best, to our knowledge, reported implementation for fast networks [ 8], with a round trip time

of about 33 �s for a null RPC. Even greater gains could be achieved by applying well-known techni ques that rely on

changes to the stub generator.

The second library, S h r i m pRPC, is a full-functionality RPC system but is not compatible with any standard.

ShrimpRPC achieves a round trip latency of 9. 5 microseconds, or about one microsecond above the hardware

minimum for a round-trip communication. The ShrimpRPC library and stub generator are optimized to take

advantage of SHRIMP.

In the remainder of the paper, we give some background information about SHRIMP and the new network interface

in Sections 2 and 3. Section 4 gives an outline of SunRPC. Section 5 describes vRPC and presents measurements.

ShrimpRPC is presented in section 6. Finally we compare the di�erent transfer mechanisms provided by the SHRIMP

hardware in the context of vRPC in Section 7, discuss related work in section 8, and draw conclusions in Section 9.

2T h e S

H

R

I

M P ne t w o r k interf a ce T

h e S

H R I M P p r o je c t at Pri nceton st u dies how to provide high

-perfor mance communication mechanisms to integrate commodity desktop systems such as PCs and workstations into inexpensive, high-performance multicomputers

.

End-to-end latency andbandwidth available to user processes are the primary performance metrics. The challenge is to provide a low-latency, high-bandwidth communication mechanism whose performance is competitive with or better than that of specially designed multicomputers.

The network interfaces of existing multicomputers and workstations require a signi�cant amount of software overhead to implement message-passing protocols. The main reason for such high overheads is that these multicomputers use network interfaces that require a signi�cant number of instructions at the operating system and user levels to provide protection, bu�er management, and message-passing protocols. In these designs, communication is treated as a service of the operating system. This is expensive because it requires several crossings between user level and kernel level for each message, and also because it prevents applications from customizing their use of the communication hardware.

The computing nodes of SHRIMP are Pentium PCs, and the interconnection network is the same one used in the Intel Paragon. The key hardware component is the network interface board, which supports the virtual memory mapped communication(

VMMC

) model, to provide low-overhead, protected, user-level communication.For more details on the SHRIMP architecture the reader can consult[

6, 7

]. VMMC is discussed in the next section.3

Virt ua l Memor y

-Ma pp ed

Communication

Virtual memory-mapped communication (VMMC) [1

0] was developed in response to the need for a basic multicomputer communication mechanism with extremely low latency and high bandwidth. These performance goals are achieved by allowing applications to transfer data directly between two virtual memory address spaces over the network. The basic mechanism is designed to e�ciently support applications and common communication models such as message passing, shared memory, and client-server.

The VMMC mechanism consists of several calls to support user-level bu�er management, various data transfer strategies, and transfer of control.I

m p o r t - E xportM app i n g s In the VMMC model, ani m p o r t - e xport mappi n g must be established before communication begins.A receiving process can export a region of its address space as a receive bu�er together with a set of permissions to de�ne access rights for the bu�er. In order to send data to an exported receive bu�er, a user process must import the bu�er with the right permissions.4

Af t e r s u ccess ful i m p orts , a sen der can transfer data from itsvirtual memory into imported receivebu

�ers at user-levelwit

hout further protection checkin g or protection domain crossings.

Communication under this importexport mapping mechanism is protected in two ways.First, a trusted daemon process implements import and export operations.

Second, the hardware virtual memory management unit(

MM U

) on an importing node makes sure that transferred data cannot overwrite memory outside a receive bu�er.The

u n e x p o r t and uni mport primitives can be used to destroy existing import-export mappings.Before completing, these calls wait for all currently pending messages using the mapping to be delivered.T

r a n s f er S trate g ies TheVMMC model de�nes two user-level transfer strategies:

de li berate update and automatic update.Deliberate update is an explicit transfer of data from a sender’s memory to a receiver’s memory and can be either synchronous or asynchronous.In synchronous deliberate update the sender returns from the call only after the data are transferred in the network interface and it is safe to reuse the send bu�ers. In asynchronous deliberate update the sender returns immediately and can continue processing but it has to check later whether it is safe to reuse the send bu�er.

In order to use automatic update, a sender binds a portion of its address space to an imported receive bu�er, creating an automatic update binding between the local and remote memory. All writes performed to the local memory are automatically propagated to the remote memory as well, eliminating the need for an explicit send operation.

An important distinction between these two transfer strategies is that under automatic update, local memory is\bound" to a single receive bu�er at the time a binding is created, while under deliberate update there is no �xed binding between a region of the sender’s memory and a particular receive bu�er. Automatic update is optimized for low latency, and deliberate update is designed for exible import-export mappings and for reducing network tra�c.

Automatic update is implemented by having the SH

RIM P network interface hardware snoop all writes on the memory bus. If the write is to an address that has an automatic update binding, the hardware builds a packet containing the destination address and the written value, and sends it to the destination node. The hardware can combine writes to consecutive locations into a single packet.

Deliberate update is implemented by having a user-level program execute a sequence of two accesses to addresses which are decoded by the SHRIMP network interface board on the node’s expansion bus (theEISA bus). These accesses specify the source address, destination address, and size of a transfer. The ordinary virtual memory protection mechanisms (MMU and page tables) are used to maintain protection[

5 ]. VMMC guarantees the in-order, reliable delivery of all data transfers, provided that the ordinary, blocking version of the deliberate-update send operation is used. The ordering guarantees are a bit more complicated when the non-blocking deliberate-update send operation is used.

The VMMC model does not include any bu�er management since data is transferred directly between user-level 5

Co mm u n i c a tion s etu p

F o r v R P C a pa ir of mappi n g s ises ta b lis he d between every client and the server.

Altho ugh creating mappings is expensive(relative to the very inexpensive communication) because exporting and importing bu�ers requires system calls, these operations are performed only once, during the initialization phase.In that sense R

P C is a typical case of communications software where one can separate the expensive setup phase from the common case.The

V

MMC interface takes advantage of this.

The client and server use the normal portmapper interface for exporting and binding to services. After the client has found the port where the server is listening, the client establishes an ordinary Internet TCP connection as inS

u nRPC.

This connection is used to exchange information about which VMMC bu�ers will be used. If the TCP connection breaks then each side assumes that the other side has terminated and the VMMC mappings are discarded.

The existing TCP mechanism is a very convenient way to set up the communication channel and to detect failures.

After the initialization phase no data is sent over the TCP channel.Rep lacin g the

Net wor k La yerOne of our goals was to evaluate the performance gain to programs from eliminating kernel involvement in communication. Thus we�rst replaced the kernel layer with another, built on top of the VMMC interface, with almost no other changes to the code. This resulted to the �rst version of vRPC,D

i r e c t vRPC.

As mentioned before, the network layer provides a pair of functions (readtcp and writetcp) to read data from, and write data to, the network (via Internet-domain sockets).We replaced these two functions with our own versions

(read vmmc, write vmmc) that send and receive data using VMMC between the server and the client. The following paragraphs describe the basic issues in the implementation of the new layer.

The vRPC communication layer consists of two functions that manage communication bu�ers. Transfers of data are performed using the VMMC communication mechanisms (de li berate update and auto matic update). Receiving data does not require any explicit action, because the VMMC model delivers arriving data directly to memory with no CPU involvement. The number of copies on the sending and receiving sides depends on the mode of transfer and will be analyzed later.

The problems that need to be solved for bu�er management ares

ync hronization

, which involves letting the receiver know about data arrival, and o

w control for the �nite shared bu�er space.Note that in the original implementation the network protocol stack took care of the corresponding problems at the lowest level (although at considerable cost).

Conceptually what is needed is a stream between the sender and the receiver. The sender sees only one end of the stream and the receiver the other.Each side sends or receives data without having to worry about the details of the underlying implementation.

This bidirectional VMMC stream consists of two low-level communication functions and a simple data structure.8

As t r e a m b u �er has arbitrar y size

.

The �rst tw o words of the bu�er are reserved forproto co l control information: a synchronization a

g and a cursor to the end of valid data in the bu�er.

A description of the protocol can be found in[

3 ]. The low level stream protocol is implemented separately in both directions to form a bidirectional channel. The protocol allows the sender and the receiver to send and receive data with no handshaking as long as there is enough space.When the bu�er is not full there is only one extra word of protocol information for each packet sent and no overhead for each packet consumed. When the bu�er �lls there is very little handshaking; one extra message sent from the receiver to the sender.

Waiting in the above protocol is implemented by spinning. Timeouts are used to avoid inde�nite postponement.More sophisticated techniques for waiting are given in [1

5]. Blocking the server when there is no work to be done and then waking it up when a request arrives is not a problem, since the server will service all pending requests when it wakes up. Also a combination of spinning and blocking can be used to reduce response time on the server side.For instance the server can spin for a �xed amount of time before going to sleep.

To summarize, the �rst version ofv

R P C, D i r e c t vRPC, replaces the stream layer with a simple stream communication abstraction implemented directly on top of theVMM

C interface. The are still six copies perR

PC. Elimination of kernel involvement in the communication path is the only di�erence fromS

u nRPC. Figure 1 shows the overall structure of vRPC.C

o ll a p s i n g La y e rs As noted above, in standard implementations of SunRPC, the stream layer is needed to decouple theX

DR layer from the network layer, because calls to the network layer are expensive system calls.Now that the communication is done at user level there is no need for the stream layer.In fact, as we described above, the VMMC stream layer of Direct vRPC implements a stream. Eliminating the stream layer of SunRPC leads to the second version of vRPC, Reduced vRPC, as shown in Figure 1.

Apart from considerably reducing the layering overhead, this change also eliminates two copies per node per RPC.

The only copies left are the transfers of data between library and user bu�ers on the receiving side. This copy is essential to maintain SunRPC semantics.

These two improvements, eliminating the overhead of a whole layer and avoiding copying, are due to

1. the low cost of the user level communication mechanisms which makes the extra stream layer unnecessary, and2.

the direct placement of data in virtual memory.

Moreover, the fact that the client and the server run on nodes of the same multiprocessor leads to two additional improvements. There is no need for translation of the data to and from an agreed transmission format. Also, authentication can be done once, when theS

HRIMP connection is set up, rather than on every RPC.9

Tu n in g v

R P

C

R e d u cedvR

P

C i s f as t e r tha n any pre vi o us R

P C imp lementation thatwe are aware of.

We achieved this performance by merely porting and adapting existing code to theS

HR I

MP network interface. We can improve the performance further by tuning the RPC library for the SHRIMP and taking advantage of theSu nRPC semantics and implementation.

In the protocol described above, each send operation consists of two parts: sending the data, and updating the control information in the low level protocol. Reducing the number of updates of the control information reduces the amount of data transferred but increases the latency of each transfer and reduces the amount of overlap between communication and computation. We modi�ed Reduced vRPC to update the control information immediately after every data packet(in the stream protocol) is sent.As mentioned aboveVMMC supports two di�erent modes of transfer: deliberate update and automatic update.

Performance can be improved by properly choosing when to use each mode. InD

i rect vRPC and Reduced vRPC we used synchronous deliberate update for all the transfers as a �rst approach.The use of synchronous deliberate update everywhere is overkill, since there are cases where it is guaranteed that the data will not be overwritten for some time.For example the header of the call will not be changed until the reply has arrived. The same is true for relatively small transfers. In the current implementation of SunRPC the client has to wait for a call to �nish before proceeding with the next one.Using asynchronous deliberate update for almost all transfers is safe and increases overlapping of communication and computation.

Automatic update does not require any user code for initiation. The hardware detects accesses to the memory and performs the transfer to the corresponding remote location. This is a low latency mechanism that can be used for small transfers. Using automatic update for protocol control information further reduces the latency. An artifact of using automatic update to send the length is that asynchronous deliberate update cannot be used without extra synchronization, since automatic updates can overtake pending asynchronous deliberate updates, resulting in out of order data transfer.

Automatic update can operate in three di�erent modes, with the mode setable on a per-page basis. It can either send each word of data immediately as a network packet (sin

g le - write), or accumulate writes into a single packet until a non-consecutive location is written (bl

ock-write), or accumulate writes until either a timeout occurs or a non-consecutive location is written (timer-write). Using block-write whenever more than one consecutive word is transferred in automatic update increases the bandwidth since one network header is used for more data and less processing is needed in the network interface for the same amount of data. However, single-write reduces the latency and is better for control information since these are single word transfers.One more possible target for optimization is the function that performs the deliberate update. The ordinary library call to initiate a deliberate update send must check for errors (such as null pointers), and must break1

0

tr a n s f ers w hene ver they cr oss pa ge boun dar ies

.

Since thev

R P C library hasmore knowledge and has control over bu�er allocation and data layout, a more lightweight form of the send function could be used.We tuned Re

d u ced vRPC to take advantage of these opportunities.This resulted in the�nal version of vRPC,O

p t i mi zed vRPC, which uses single-write automatic update to transfer control information.For transferring data both synchronous deliberate update and block-write automatic update can be used.N

o

- co p y v

R P

C i mp l eme n t ation As mentioned above Optimized vRPC does one copy per side for a total of two per call(not counting the actual data transfers).

It is possible to eliminate copies and have the data appear on the bus only during transfers across the nodes. This is a deviation from the initial constraint, that the stub generator should remain unchanged.Given the current implementation ofSu nRPC it is possible to avoid copying by either slightly modifying the stub generator or having the user modify the code that the generator produces.Only minor changes are required.

We modi�ed Optimized vRPC to eliminate copying. In this version the server has to consume the data before the client is able to send more. This is already dealt with since the server has to �nish processing the current call before going to the next.

Problems could arise if the server keeps data across calls, but this is a highly unlikely case.Moreover this style of programming is not in line with the remote procedure call concept.S

umma ry To summari ze, there are three versions of vRPC. In the �rst version,Di rect vRPC, only the network layer is replaced, eliminating all system calls from theRP

C path. The second version, Reduced vRPC, has a simpler structure, and involves considerably less copying. Finally the third version, Optimized vRPC, is tuned for theVMMC interface. We also have a modi�ed Optimized vRPC that avoids copying at the cost of slightly deviating from the

SunRPC standard.Mea

surementsDetailed performance numbers for vRPC and SunRPC can be found in[

3 ]. Our experiments compare SunRPC and the three versions of vRPC. We divide the code into sections and present timing measurements for each section of the code, for null calls with six argument/result sizes: zero bytes,8 bytes,6

4 bytes,2

56 bytes,144

0 bytes and 3K bytes. We measured 1000 calls in each case, eliminated outlying points (due to experiments being interrupted by system daemon activity, etc.) and then averaged over the remaining runs.

Figure 2 summarizes these results. It presents the round-trip time of a RPC call with di�erent argument/result sizes for vRPC and SunRPC. 11

6S h r i m p

R

P

C

:

A Spe ci a li ze d

Impleme n tati on

W

h i l e o u r v

R P C libr ar y has verygood perfor ma n ce , its implementationwas limited by the need to remain compatible with the existing

S u nRPC standard.

To explore the further performance gains that are possible, we implemented a non-compatible version of remote procedure call. Sh

r i m pRPC is not compatible with any existingR

P C system, but it implements the full RPC functionality, with a stub generator that reads an interface de�nition �le and generates code to marshal and unmarshal complex data types. The stub generator and runtime library were designed withS

HR I

MP in mind, so we believe they come close to the best possible RPC performance on the SHRIMP hardware.B

u

� e r M a na ge men t The design of ShrimpRPC is similar toBershad

’s

URPC

[

1 ] ; the main di�erence is that

URPC runs on shared-memory machines while ShrimpRPC runs on the distributed-memory SHRIMP system.Each

RPC binding consists of one receive bu�er on each side(client and server) with bidirectional import-export mappings between them. When a call occurs, the client-side stub marshals the arguments into its bu�er, and then transmits them into the server’s bu�er.At the end of the arguments is a ag which tells the server that the arguments are in place. The bu�ers are laid out so that the ag is in the same place for all calls that use the same binding, and so that the ag is immediately after the data. This allows both data and ag to be sent in a single data transfer.

When the server sees the ag, it calls the procedure that the client requested. At this point the arguments are still in the server’s bu�er. When the call is done, the server sends return values and a ag back to the sender.E

x p l o iting

Automati c

Up date

The structure of our ShrimpRPC works particularly well with automatic update.

In this case, the client’s bu�er and the server’s bu�er are connected by a bidirectional automatic update binding;

whenever one process writes its bu�er, the written data is propagated automatically to the other process’s bu�er.

The data layout and the structure of the client stub cause the client to �ll memory locations consecutively while marshaling the arguments, so that all of the arguments and the ag can be combined into a single packet by the client-side hardware.On the server side, return values (O

U T andI

NOUT parameters) need no explicit marshaling. These variables are passed to the server-side procedure by reference: that is, by passing a pointer into the server’s communication bu�er.

The result is that when the procedure writes any of its OUT or INOUT parameters, the written values are silently propagated back to the client by the automatic update mechanism. This communication is overlapped with the server’s computation, so in many cases it appears to have no cost at all. When the server �nishes, it simply writes a ag to tell the client that it is done.T

he

Stu b

Generator

ShrimpRPC uses a specialized stub generator which is designed to make low-overhead stubs 12

in t r a diti ona l arc hit ect ure s

. Acti

vemessa ges

[

1 2 ] are a restrictedform ofR

P C , inwhich the server-side procedure may not perform any actions that mightblock. Active messages achieve performance similar toS

h r i m p

R P C on high-performance hardware, but without allowing general handlers to be invoked.The

Optimistic ActiveMessages [21] approach allows an arbitrary handler to be invoked, using a fast-path implementation but switching to a slower path if the handler blocks.Neither of these systems provides full RPC services, such as automatic stub generation or binding between untrusting parties.Several papers(e.g. [14, 17]) describe optimizations that dramatically improve the performance of RPC in traditional systems. This is generally done by avoiding copying, and reducing context switching overhead and network and RPC protocol overhead.9

D i s c ussi o n an d conc lusions

Network interfaces can have a great impact on communication performance and ease of programming.User level communication and virtual memory mapped network interfaces embody many of the optimizations done in other systems at extra work. Simply modifying an existing communication library can give results close to or better than the most highly optimized version in traditional interfaces. Copying can be limited to a minimum, and there are no interrupts on packet receipt and no kernel intervention.

TheVMMC interface reduces the user to user latency. Using low latency mechanisms and providing support for user level communication leads to high performance communication software.

This e�ort shows that new architectures can open new horizons to distributed programming by providing high performance at low implementation cost.Ac

kno wl ed g men ts

We are grateful to CezaryDubnicki for his expert advice on the SHR

IMP simulator [11], and for his implementation of the SHRIMP system software. We would also like to thankLiviu Iftode for his implementation of an early mini version of the system software. We thank the members of the SHRIMP team for many useful discussions during the course of this work.

This project is sponsored in part by ARPA under contract N00014-

91-1-1144, by NSF under grant MIP-94206

5 3, by DigitalE

quipment Corporation, and by Intel Corporation. Felten is supported in part by an NSF NationalYoung

Investigator Award. 15

Re fe re n ce s

[

1 ] B

. Be r s h a d , T. A nders on,

E.

La zo ws ka, andH. Lev y.User

- levelin ter pro cess comm unication for shared memory multiprocessors. AC

M Transactions on ComputerSystems

9,

2

(May 1991), 17

5-19 8. [2] B. Bershad, T. Anderson, E. Lazowska, and H. Levy. Lightweight remote procedure call. ACM Transactions on

Computer Systems 8, 1 (Feb. 1990),

37-55.

[3] A. Bilas, and E. Felten. FastR

PC on the SHRIMP

Virtual Memory MappedNetwork Interface. Technical

Report TR-512-96,

Dept. of Computer Science, Princeton University.

[4] A. Birrell, and B. Nelson. Implementing remote procedure calls. ACM Transactions on Computer Systems 2, 1

(Feb. 1984), 39-59.

[5] M.A. Blumrich, C. Dubnicki, E.W. Felten, andKai Li. Protected, User-level DMA for the SHRIMP Network

Interface. Proceedings of 2nd International Symposium on High-Performance Computer Architecture, February,

1996, pages 154{165.

[6] M.A. Blumrich, K. Li, R.D. Alpert, C. Dubnicki, E.W. Felten, andJ. Sandberg. Virtual Memory Mapped

Network Interface for the SHRIMP Multicomputer. Proceedings of 21st Annual Symposium on Computer

Architecture , April 1994, pages 142{153.

[7] M.A. Blumrich, C. Dubnicki, E.W. Felten, K. Li, and M. Mesarina. Virtual memory mapped network interfaces.

IEEE Micro 15(1):21{28, February 1995.

[8] C. A. Thekkath, and H.M. Levy. Limits to low-latency communication on high-speed networks. ACM

Transactions on Computer Systems 11, 2 (May 1993), 179-203.

[9] D. Cheriton. The V kernel: A software base for distributed systems. IEEE Software 1(2):19{42, April 1984.

[10] C. Dubnicki, L. Iftode, E.W. Felten, and K. Li. Software support for virtual memory-mapped communication.

Proceedings of 10th International Parallel Process ing Symposium, April 1996.

[11] C. Dubnicki. SHRIMP Basic Library and Its Simulator. Dept. of Computer Science, Princeton Univ., 1995.

[12] T. von Eicken, D.E. Culler, S.C.Goldstein, and K.E. Schauser Active Messages: A Mechanism for Integrated

Communication and Computation. Proceedings of 19th International Symposium on Computer Architecture,

May 1992, pages 256{266. 16

[1 3 ] E

. W. F e l te n

, R. D.

Al pert, A.B il a s, M.A. Blu mri c h, D.W.Clar k,

S.

N. Damianakis, C. Dubnicki,L.

I ft o de, andK.

Li. Early Experiencewith Message

-

Passing on the SHRIMP Multicomputer. Proceedings of23rd International

Symposium on Computer Architecture, May 199

6, pages 296{3

0

7. [14] D.Johnson, and W.Zwaenepoel,The Peregrine high performance RPC system. Tech. Rep. COMP TR91-152,

Dept. of Computer Science, RiceUni

v., 1991.

[15] A. Karlin, K. Li, M. Menasse, and S. Owicki. Empirical Studies of Competitive Spinning for a Shared-Memory

Multiprocessor. In Proceedings of 13th Symposium on Operating Systems Principles, Oct. 1991, pages 41{55.

[16] D. Ritchie and K. Thompson. The Unix time-sharing system. Communications of the ACM, 17(7

)

:365{375,

July 1974.

[17] M. Schroeder, and M. Burrows. Performance of Fire y RPC. ACM Transactions on Computer Systems8(1):1{

17, Feb. 1990.

[18] Sun Microsystems, Inc.XDR: external data representation standard. Internet Request For Comments RFC

1014, Internet Network WorkingGroup, June 1987.

[19] Sun Microsystems, Inc. RPC: Remote Procedure Call Protocol Speci�cation

Version 2. Internet Request For

Comments RFC 1057, Internet Network Working Group, June 1988.

[20] R. Van Renesse, H. Van Staveren, and A. Tanenbaum. The performance of the Amoeba distributed operating system. Software Practice and Experience, 19(3):223{234 (Mar. 1989).

[21] D.A. Wallach, W.C. Hsieh, K. Johnson, M..F. Kaashoek, and W.E. Weihl. Optimistic Active Messages:

A Mechanism for Scheduling Communication with Computation. Proceedings of 5th ACM Symposium on

Principles and Practice of Parallel Programming, July 1995.

[22] A. Wolman, G. Voelker, and C.A. Thekkath. Latency Analysis of TCP on an ATM Network. Technical Report

93-03-03, Dept. of Computer Science, Univ. of Washington. 17

In f o r m a t ion about th e Author s

A

n g e l o s B il as re cei ved his B.

Sc. degree inCo m p u ter Sciencefrom the ComputerEngineering andInformatics

Department,

PatrasUniversity,

Patras,

Greece in1

99 3 and hisM.A. degree in computer science from Princeton

University. Currently, he is a Ph.D. student at Princeton University in the Department of Computer Science.His interests include distributed and parallel computing.

EdwardW.

Felten is Assistant Professor of Computer Science at Princeton University. He received his Ph.D. in

Computer Science from the University of Washington in 1993. He received aNational

Young Investigator award from the National Science Foundation in 1994. His research interests include distributed and parallel computing and computer security. 18

0 8 64 256 1440

3072

Argument/Result Size(bytes) 100 1000

10000

Round-trip Latency(us)

SunRPC(TCP) Direct VRPC Reduced VRPC Optimized VRPC

0 200 400 600 800 1000

Argument/Result Size(bytes) 0

50

100

150

Round-Trip Latency(us)

Optimized vRPC ShrimpRPC

F

i g u r e 3

: R o u n d - t r i p tim e for nul l RP

C , wit h a sin gle

I

N O U

T argument ofvar ying size

.

2

1

Fi g u r e lege n d s T

h e s t r u cture o f thed i �ere nt im p lementations

. The arrows indicate the direction and number of copies at user level.S

u n R P C andvRPC latency.

Roun

d

- t r i p tim e for nul l RPC, wit h a sin gle

I

N O U

T argument of varying size

.

22