1 Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

Performance Analysis of Distributed Systems over ATM Networks

Brian Tierney (bltierney@lbl.gov), William Johnston(wejohnston@lbl.gov), Gary Hoo, Guojun Jin, J ason Lee

Imaging and Distrib uted Computing Group

(http://www-itg .lbl.gov)

Lawrence Berkeley National Laboratory Berkeley, CA 94720

This work is jointly supported by ARP A - CSTO, and by the U . S. Dept. of Ener gy, Ener gy Resear ch Division, Mathematical, Inf ormation, and Computational Sciences office, under contract DE-A C03-76SF00098 with the University of Calif ornia.

2 Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

Introduction

♦ The MAGIC testbed consists of a lar ge-scale, high-speed, ATM network: It is a heter ogeneous collection of • ATM switches and computing platf orms • IP over ATM implementations • “middlewar e” (distrib uted ser vices), etc., all of which must cooperate in order to mak e a complex application operate at high speed

3

Introduction

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

♦ When b uilding high-speed netw ork-based distrib uted ser vices, we often obser ve unexpectedly lo w network thr oughput and/or high latency - the r eason for which is usually not ob vious The bottlenecks can (and ha ve been) in any of the components: • the applications • the operating systems • the device drivers, the netw ork adapters on either the sending or r eceiving host (or both) • the netw ork switches and r outers, and so on

4

Introduction

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

♦ Difficult to track do wn performance pr oblem because of the complex interaction between the many distrib uted system components r esulting in pr oblems in one place being most appar ent somewher e else.

♦ Tools such at ttcp and netperf are somewhat useful b ut don’t model r eal distrib uted applications, which ar e complex, bursty, and ha ve more than one connection in and/or out of a gi ven host at one time

5

Introduction

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

♦ Have developed a methodology and tools f or monitoring, under realistic operating conditions, the beha vior of all the elements of the application-to-application communications path in order to determine exactly what is happening within this complex system • we have instrumented our applications to do timestamping and logging at e very critical point • modified some Unix netw ork and operating system monitoring tools to log “inter esting” events using a common log format

♦ The goal of this w ork is to pr oduce pr edictable, high-speed components that can be used as b uilding blocks f or highperformance applications, rather than ha ving to “tune” the applications top-to-bottom as is all too common today

6

DPSS Architecture

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

♦ The Distrib uted-P arallel Storage System (DPSS, aka ISS) is a network-striped disk array designed to supply high speed data streams to other pr ocesses in the netw ork

♦ DPSS uses parallel operation of , distrib uted ser vers to supply image str eams fast enough to enable v arious multi-user , “realtime”, virtual r eality-like applications in an Inter net / ATM environment

♦ At the application le vel, the DPSS is a persistent cache of named objects, at the storage le vel it is a logical block ser ver (It is not a r eliable tertiary storage system.)

7

DPSS Architecture

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

Architectur e for Distrib uted-P arallel Storage System (MA GIC testbed, Image Ser ver System)

ATM network interface

DPSS disk ser ver

ATM workstation

data blocks

ATM switch single high band width sink (or source)

ATM netw ork

(interlea ved cell streams r epresenting multiple virtual circuits)

DPSS ser verATMClient application API physical block r equests data requests

ATM network interface

- data structur e server

- data set access contr ol

- logical name translation

- block-level access contr ol

DPSS disk ser ver

workstation

data blocks

DPSS disk ser ver

workstation

data blocks verATM data fragment streams

retur ned data stream

logical block requests

8

MAGIC Testbed

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

♦ The DPSS and T erraV ision ar e components of the MA GIC Gigabit Testbed pr oject

♦ The monitoring w ork is a cooperati ve effort of the MA GIC participants: • Earth Resour ces Obser vation System Data Center , U.S. Geological Sur vey (EDC) • Lawr ence Berk eley National Laboratory , U.S. Department of Ener gy (LBNL) • Minnesota Super computer Center , Inc. (MSCI) • SRI Inter national (SRI) • University of Kansas (KU) • CNRI/MITRE Cor poration (pr oject coordination) • Sprint • U S WEST Communications, Inc.

9

MAGIC Testbed

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

♦ Typical DPSS implementation - 4 - 5 UNIX workstations (e.g . Sun SPARCStation, DEC Alpha, SGI, etc.)

- 4 - 6 fast-SCSI disks on multiple 2 - 3 SCSI host adaptors - an ATM netw ork interface

• this configuration can deli ver an aggr egated data str eam to an application at about 400 Mbits/s (50 Mbytes/s) using these relatively low-cost, “off the shelf ” components by exploiting the parallelism pr ovided by appr oximately fiv e hosts, twenty disks, ten SCSI host adaptors, and fiv e network interfaces

• transport is by either TCP or R TP, but most perf ormance testing is curr ently on the TCP transport

10

MAGIC Testbed

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

♦ TerraV ision is the pr ototype application and is embedded in the MAGIC testbed en vironment

11

MAGIC Testbed

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

Landscape (lar ge image) represented by image tiles k ept in the Image Ser ver System

TerraV ision determines and predicts the tiles intersected by path of tra vel

TerraV ision and the DPSS Cooperate to V isualize Landscape

TerraV ision pr oduces a realistic visualization of the landscape

Path of tra vel

17 27 11 12 13 14 15 16 21 22 23 24 25 26 31 32 33 34 35 36 37 41 51 61 71 42 52 62 72 43 44 45 46 47 53 54 55 56 57 63 64 65 66 67 73 74 75 76 77

Human user contr ols path

of travel

Multiple DPSS ser vers at multiple sites operate in parallel to supply the requir ed tiles to TerraV ision

The netw ork delivers image tiles to TerraV ision

12

MAGIC Testbed

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup application (e.g. TerraV ision) ATM

EROS Data Center - USGS

Ft. Leavenworth

US Army

Sioux F alls, SD

Minneapolis, MN

Kansas City

, KS

Sprint T echnology Integration

Center, Kansas City

U. of Kansas, Lawr ence UNI application

application application

MSC HIPPI ATM Gateway

Lawr ence, KS

Ft. Lea venworth, KS

ATM backbone (Sprint, OC-48 SONET netw ork)

UNI

UNI

to other ISS ser vers

DPSS disk server

tertiary storage

ATM switch

U.S West Compass Lab

UNI

The MAGIC Testbed Distrib uted Application En vironment

ATM

ISS Load (implements

data placement) ATM

UNI

application

700 Km

DPSS

disk ser ver

ATM DPSS

disk ser ver

ATM DPSS

disk ser ver

ATM DPSS

disk ser ver

ATM DPSS

disk ser ver

ATM DPSS

disk ser ver

Lawr ence Berk eley National Laboratory ,

Berkeley, CA

Sprint Labs

Burlingame, CA SRI Menlo Park, CA

13

Monitoring

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

♦ Performance monitoring at the application le vel involves collecting time stamps at all of the critical points

♦ Time and other inf ormation ar e made available to the DPSS master thr ough monitoring pr otocols, and carried as a defined part of the data block structur e

14

Monitoring

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

DPSS master/ name tr nslate

Writer (output to net)

memory block cache

- recv blk list - search cache

(timings for Sun Spar c-10-51) disk reader disk reader disk reader disk reader

(block = 50KBy)

24 ms / blk (avg. disk to cache)

7 ms/blk

DPSS Monitoring P oints

other ISS servers

TerraV ision

request blks

receive blks

4 ms/blk

4 ms/blk

TS-8

TS-1 TS-0

TS-3

TS-5

TS-6

TS-4

TS-7

TS = time stamp

ISS disk ser ver

TS-2

DPSS server

DPSS server

START from other disk servers

15

Monitoring

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

♦ OS and netw ork monitoring • TCP r etransmits • CPU usage (user and system) • CPU interrupts • AAL 5 information • ATM switch b uffer overflows • ATM hosts adapter b uffer overflow

16

Monitoring

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

♦ Common logging f ormat:

• keyword; hostname; seconds; nano-sec; data; data; data;......;

• “keyword” - an identifier describing what is being logged - e.g . a reference to the pr ogram that is doing the logging: DPSS_SERV_IN, VMSTAT_SYS_CALLS, NETSTAT_RETRANSSEGS, TV_RQ_TILE

• “data” elements (any number) ar e used to stor e information about the logged e vent - for example: - for NETSTAT_RETRANSSEGS e vent, one data element:

the number of TCP r etransmits since the pr evious event - for DPSS_START_WRITE e vent, data elements contain the logical block name, the data set ID, a “user session” ID, and an inter nal DPSS block counter

17

Monitoring

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

NETSTAT_OUTDATASEGS; 806706009; 652917; 4817378; NETSTAT_RETRANSSEGS; 806706009; 652917; 16395; NETSTAT_RETRANSBYTES; 806706009; 652917; 111841701; NETSTAT_OUTDATASEGS; 806706009; 760199; 0;

VMSTAT_INTR; 806706009; 546568; 71612733; VMSTAT_SYS_CALLS; 806706009; 546568; 2794466576; VMSTAT_USER_TIME; 806706009; 546568; 2; VMSTAT_SYS_TIME; 806706009; 546568; 5; VMSTAT_INTR; 806706009; 646444; 3;

APP_SENT; 824951202; 824949; 34; 78; 45; 0; 6; 5; 198.207.141.6; ISS_MASTER_IN; 824951202; 832232; 34; 78; 45; 0; 6; 5; 198.207.141.6; ISS_MASTER_OUT ; 824951202; 865724; 34; 78; 45; 0; 6; 5; 198.207.141.6; ISS_SERV_IN; 824951202; 877494; 34; 78; 45; 0; 6; 5; 198.207.141.6; ISS_START_READ; 824951202; 885279; 34; 78; 45; 0; 6; 5; 198.207.141.6; ISS_END_READ; 824951202; 909439; 34; 78; 45; 0; 6; 5; 198.207.141.6; ISS_START_WRITE; 824951202; 910743; 34; 78; 45; 0; 6; 5; 198.207.141.6; 49264 APP_RECEIVE; 824951210; 914210; 34; 78; 45; 0; 6; 5; 198.207.141.6; APP_SENT; 824951202; 824949; 34; 76; 45; 0; 6; 3; 198.207.141.6;

18

Monitoring

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

♦ NTP is used to synchr onize time stamps

• All MAGIC hosts run xntpd, which synchr onizes the clocks of each host both to time ser vers and to each other

• The MAGIC backbone segments ar e used to distrib ute NTP data, allo wing us to synchr onize the clocks of all hosts to within about 250 micr oseconds of each other , but...

- many differ ent sys admins (harder to synchr onize than clocks)

- the systems ha ve to stay up f or a significant length of time for the clocks to con verge

19

Monitoring

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

♦ Tools

• netstat and vmstat modified to poll and r eport continuously - (Curr ently poll at 100 ms, so this data is accurate to +/- 50 ms) • SNMP queries to switches and netw ork interfaces - switch buffer overflows (!)

♦ The monitoring en vironment

20

Monitoring

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

The MAGIC Netw ork and DPSS / A pplication P erformance T est Configuration

Ft. Leavenworth, KS

Lawr ence, KS

Kansas City

, KS

Sioux F alls, SD

Minneapolis, MN

X Sprint TIOC

OC-48

OC-12

OC-12

OC-48

Sprint SONET Network

USWest

SWBell

Splitr ock

700 Km.

~15 ms latency including tw o ATM switches

OC-48

ATM switch

DPSS (sender 3)

Receiver

DPSS (sender 4)

DPSS (sender 2)

DPSS master

ATM switch NTP server

DPSS (sender 1)

NTP server ATM switch ATM switch

21

Monitoring

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

♦ System perf ormance experiments

• TerraV ision (the “r eal” application) is run interacti vely

• traces of data r equests ar e collected

• tv_sim is both a parameter and trace dri ven simulator (in trace mode, the application can be - and usually is - “speeded up”)

22

End-to-End, Top-to-Bottom Analysis

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

♦ End-to-end, top-to-bottom analysis

• Two server, ATM LAN case

- data r equests ar e sent fr om the application e very 200 ms (the nearly v ertical lines starting at app send monitor point)

- each line r epresents the history of a data block as it mo ves thr ough the end-to-end path

- initial single lines fan out as the r equest lists ar e resolved into indi vidual data blocks

- each block is first indi vidually r epresented as r equests in the r ead queue

23

End-to-End, Top-to-Bottom Analysis

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

app send master in master out server in start read end read start write app receive

TCP retrans

8000 8200 8400 8600 8800 9000 9200

"iss3.log"

"iss2.log"

Monitoring points

Time (ms)

Two Server Test (ATM LAN, tw o SS-20s as servers, tv_sim on DEC 3000/600)

24

End-to-End, Top-to-Bottom Analysis

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

app_send master_in master_out server_in start_read end_read start_write app_receive

TCP_retrans

8000 8200

B: fast disk read: 8 ms

C: 20 block average time to write blocks to network:

8.65 ms

D: 20 block average time to locate a block (in cache, or not?): 5 ms

F: time for 20 blocks to get from one server writer to the application reader total: 204 ms, avg: 10.2 ms 38.5 Mb/sec

B: typical disk

read: 22 ms

E: time to read 20 blocks from three disks total:123 ms, avg: 6.15 ms 8 MBy/sec (63.7 Mb/sec) Time (ms)

Monitoring points

"iss3.log" "iss2.log"

G: cache hits

Detail Fr om a Two Server, ATM LAN, Experiment

25

End-to-End, Top-to-Bottom Analysis

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

- If two lines cross in the ar ea between start read and end read, this indicates a r ead fr om one disk was faster that a read fr om another disk

- lines terminate at end read, a few also end at start read If a data r equest is not satisfied bef ore the next r equest list arri ves, it is flushed (discarded), fr om all the queues, b ut not fr om the memory cache. (Assumption is that a new data block r equest is mor e important than any unsatisfied pr evious requests, so discard all pending r equests. This appr oach ensur es that the entir e data pipeline stays full, and that disk ser ver resources are never idle.)

- some requested data ar e found in the cache

(The nearly v ertical lines on the left of gr oups of r equests)

26

End-to-End, Top-to-Bottom Analysis

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

• Thr ee server, ATM WAN case

27

End-to-End, Top-to-Bottom Analysis

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

app send master in master out server in start read end read start write app receive

TCP retrans

0 1000 2000 3000 4000 5000 6000

“tvlog.edc” "tvlog.uswest" "tvlog.tioc"

"edc.serv_flush.log"

"tioc.serv_flush.log"

"uswest.serv_flush.log"

"edc.net.tcp.retrans.log"

"tioc.net.tcp.retrans.log"

"uswest.net.tcp.retrans.log"

Monitoring points

Time (ms)

Thr ee Server Test (MAGIC ATM WAN, thr ee SS-10s as servers, tv_sim on SGI Onyx)

28

End-to-End, Top-to-Bottom Analysis

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

master in server in start read end read start write app receive

0 1000 2000 3000 4000 5000 server A: “tvlog.edc” server B: "tvlog.uswest" server C: "tvlog.tioc"

"edc.net.tcp.retrans.log"

"tioc.net.tcp.retrans.log"

"uswest.net.tcp.retrans.log"

Monitoring points

TCP r etrans

0 Time (ms)

1,000 2,000 3,000 4,000 5,000

C_b

A_b

A_b A_b B_b C_u B_b

C_u

C_b

B_u C^b C_u B_u C_b C^u B_b C_b

B_u A_u

Effective operation of servers due to blockage from TCP retransmits (whitespace is blocked).

A_b, A_u, etc., above, indicate the related events

A: B: C:

synchr onized blocking of geographically dispersed ser vers

A: B: C: TCP retransmissions

Analysis of a Thr ee Server, ATM WAN Experiment

29

End-to-End, Top-to-Bottom Analysis

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

• Notes on the 3 ser ver graph:

- TCP r etransmissions and some v ery long delays (up to 5500 ms) (Once a block is written to the TCP sock et, the user le vel flushes ha ve no effect, and TCP will r e-send the block until transmission is successful, e ven though the data is lik ely no longer needed and is holding up newer data.)

- in this particular case we suspect local A TM switch congestion, b ut at the time this experiment was done we could not get cell dr op statistics fr om the switch

- seems to be some synchr onization among the long-delay situations which might indicate the interlea ved cell problem r eported by Romano w and Floyd

30

End-to-End, Top-to-Bottom Analysis

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

(If so, an implementation of the Romano w and Floyd, Early P acket Discard (EPD) algorithm in the switches might help - none wer e available in early-mid 1995 when this test was done.)

- the RTP transport model does not suffer fr om this type of retransmission pr oblem because a single block is ne ver retransmitted by the disk ser ver (In the coming y ear we will investigate the perf ormance of RTP transport, and its interaction with the netw ork.)

- this graph also sho ws an overly ambitious pr ediction strategy on the part of the client, which r equests a lot of data that is ne ver used

31

End-to-End, Top-to-Bottom Analysis

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

♦ The evolution of the IP o ver ATM infrastructur e • 1994

- single interfaces wer e slow - multiple interfaces wer e no faster (poor independence of data paths - nothing was multi-thr eaded) - switches dr opped cells (silently) • 1995

- single interfaces ar e faster - multiple interface data path independence is impr oving - switches still dr op cells (silently) • 1996

- single interfaces and systems ar e appr oaching wir e speed - multiple interfaces better still, b ut not ideal - switches do r eport cell loss - cell pacing no w critical for all platf orms

32

End-to-End, Top-to-Bottom Analysis

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

• Thr ee server WAN case revisited

- all thr ee servers ar e now cell paced to ensur e that the switch output port is ne ver overrun

33

End-to-End, Top-to-Bottom Analysis

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

app send master in master out server in start read end read start write app receive

TCP retrans

TV cache in

TV cache out

600 800 1000 1200 1400 1600 1800 2000 event number time (ms)

ISS/TV logs (with Rate Control = 32 Mbits/sec)

"edc.log" "tioc.log" "uswest.log"

ISS/TV logs (with Rate Contr ol = 32 Mbits/sec)

34

End-to-End, Top-to-Bottom Analysis

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

♦ References

• Cavanaugh, J ohn, Timothy Salo, “Inter networking with A TM WANs”, (available as http:// www.msci.magic.net/docs/magic/ip-atm.ps) • Evans, J oseph B., Victor S. Fr ost, Gary J . Minden, “TCP and A TM in W ide Area Networks”, CNRI Gigabit Netw ork Workshop ‘94. (http://www .magic.net/tcp/o verview.html) • Jonkman, Roelof J .T., “An Overview of NetSpec”, Telecommunications & Inf ormation Sciences Laboratory , University of Kansas. (http://www .tisl.ukans.edu/Pr ojects/AAI/ products/netspec/) • Lau, S, and Y . Leclerc, “TerraV ision: a Terrain V isualization System, ”, Technical Note 540, SRI Inter national, Menlo P ark, CA, Mar . 1994. Also see: http://www .ai.sri.com/~magic/ terra vision.html • Richer, I. and B. B. Fuller , “An Overview of the MAGIC Pr oject,” M93B0000173, The MITRE Cor p., Bedford, MA, 1 Dec. 1993. (Available fr om http://www .magic.net/ MAGIC_Summary .ps.)

• Romano w, A., and Floyd, S., “Dynamics of TCP T raffic o ver ATM Networks.” IEEE JSA C, V.

13 N. 4, May 1995, p. 633-641. (An earlier v ersion appear ed in SIGCOMM ‘94, A ugust 1994, pp. 79-88.) See http://ftp.ee.lbl.go v/floyd/epd.html • Tierney, B., Johnston, W., Chen, L.T., Herzog, H., Hoo, G., Jin, G., Lee, J ., “Using High Speed Networks to Enable Distrib uted P arallel Image Ser ver Systems”, Pr oceedings of Super computing ‘94, Nov. 1994, LBL-35437. Available fr om http://www-itg .lbl.gov/ISS/ papers.html.)

35

End-to-End, Top-to-Bottom Analysis

Gigabit Netw orking W orkshop GBN’96 - March. 24, 1996

Lawr ence Berk eley National Laboratory Imaging and Distrib uted Computing Gr oup

♦ For mor e information see http://www-itg.lbl.gov/DPSS or http://www.magic.net on the World Wide Web.

Image System

Server