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Abstract

The A daptable Network COntr ol and R ep orting Sys-

tem (ANCORS) pr oje ct mer ges te chnolo gy fr om net-

work management, active networking, and distribute d

simulation in a uni�e d p ar adigm to assist in the as-

sessment, c ontr ol, and design of c omputer networks.

After motivating our appr o ach to network engine er-

ing, we describ e an initial ANCORS pr ototyp e system.

In p articular, we describ e a high-�delity mo del of a

Unix-b ase d networking pr oto c ol stack, and char acter-

ize and c omp ar e two di�er ent distribute d simulation

synchr onization me chanisms that wer e use d to simu-

late an Ethernet-b ase d L o c al A r e a Network.

1 In tro duction

The In ternet will b ecome increasingly dynamic.

Changes in the In ternet will a�ect b oth its con trol

mec hanisms and the nature of information exc hanged.

New trends in net w ork design [12 , 7 , 4, 13 , 11 , 1 ] seek

to render net w ork proto cols more 
exible and extensi-

ble, and to th us impro v e their o v erall usefulness. Con-

�guration c hanges can b e as dynamic as in terpreting

and executing a few prede�ned instructions as a net-

w ork pac k et is receiv ed, causing new proto cols to b e

loaded on demand, or mo difying, deleting, or adding

more p ermanen t ob jects that implemen t application-

sp eci�c net w ork services. In addition to c hanging ho w

data is transmitted, the in tro duction of new tec hnolo-

gies as they b ecome a v ailable ma y c hange the nature

of net w ork tra�c. The In ternet phone and the increas-

ing in terest of cellular phone companies in accessing

services on the In ternet are examples of future tec h-

nologies that ma y greatly a�ect In ternet tra�c.

The curren t state of the art in net w ork engineering,

monitoring, and con trol m ust impro v e dramatically . It

is b ecoming increasingly apparen t that e�ectiv e man-

agemen t of large, ev er-c hanging net w orks dep ends on

sophisticated monitoring to help understand the w a y

a net w ork c hanges. As new in terdep endencies arise in

* This w ork w as supp orted b y D ARP A con tract n um b er
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sharing resources b ey ond the domain lev el, monitoring

capabilities, lik e application-sp eci�c proto cols, should

b e able to c hange o v er time, should adapt to new con-

ditions as they dev elop, and should b e scalable.

In addition to sophisticated and adaptable mon-

itoring, future net w orks w ould greatly b ene�t from

sim ulation services so that net w ork engineers can ex-

p erimen t with new net w ork tec hnologies without com-

promising net w ork op erations. Curren t net w ork engi-

neering to ols can scale only to small and relativ ely

simple net w orks and are not in ter-op erable. T o ols will

b e required to scale far b ey ond curren t capabilities

and will need to promote in ter-op erabilit y and mo del

reuse. In addition to ev aluating p erformance metrics

to compare one design with another, net w ork engi-

neering to ols should implemen t a dev elopmen t en vi-

ronmen t for v alidating new designs.

Hardw are design to ols ha v e reac hed a v ery high

lev el of sophistication and can assist hardw are design-

ers in all phases of design and dev elopmen t. Suc h to ols

can supp ort a wide sp ectrum of lev els of abstraction,

from high-lev el purely b eha vioral sp eci�cations, to in-

creasingly �ner detailed structural la y outs, all the w a y

do wn to the actual design of the transistors on the

silicon. Sim ulation is used throughout all phases of

this design pro cess, and it is the main mec hanism that

guides design c hoices. As for hardw are, net w ork de-

sign should also b e carried out in an en vironmen t that

can o�er a v ariable degree of abstraction and that can

o�er sim ulation as a piv oting tec hnology to guide de-

v elopmen t. W e argue that, b ecause of the organic na-

ture of curren t net w orks and their fast ev olution pace,

design should b e carried out in the real net w ork it-

self. F uture net w orks will need to ols that can adapt

their functionalit y and scop e, and that can gro w and

c hange with the net w ork itself. T o generate results

that accurately predict net w ork b eha vior and p erfor-

mance, sim ulation and analysis m ust b e closely tied to

the actual, rather than on arti�cially generated, net-

w ork tra�c conditions. T o that end, the to ols should

run on the net w ork itself, taking the actual observ able



tra�c conditions in to consideration. Before commit-

ting net w ork-wide c hanges suc h as the alteration of

the net w ork routing algorithm, an op erator ma y w an t

to conduct sim ulation exp erimen ts that can predict

the b eha vior of the net w ork under the new algorithm

without a�ecting net w ork reliabilit y . That is, analysis

and design to ols should b e a v ailable to a wide range

of net w ork op erators, who could act indep enden tly or

in collab oration with one another.

ANCORS lev erages net w ork managemen t and in-

tro duces sim ulation as an additional net w ork service.

In tegrating distributed sim ulation with net w ork man-

agemen t has four main adv an tages: (1) it naturally

supp orts reuse of b oth sim ulation soft w are and net-

w ork mo dels, (2) the sim ulated mo dels can use real

net w ork data pro duced b y the monitoring agen ts, th us

impro ving �delit y , (3) the consumers of the data (the

sim ulation mo dels) are placed close to the origin of

the data to reduce o v erhead, and (4) the monitoring

and con trol capabilities of net w ork managemen t can

b e reused to monitor and con trol the sim ulations.

W e ha v e primarily fo cused on implemen ting (1) a

protot yp e of a ro ot ANCORS agen t that dynamically

accepts and instan tiates sim ulations and/or monitor-

ing pro cesses, and (2) a represen tativ e example of de-

plo y able engineering service that can b e used to con-

duct v ery accurate, end-to-end quan titativ e net w ork

exp erimen tation.

In the follo wing sections, w e will discuss some of

the k ey design ideas and implemen tation details of our

protot yp e net w ork engineering system and will pro-

vide exp erimen tal results that c haracterize its p erfor-

mance. In the pro cess of describing the designs, w e

will emphasize a no v el, scalable, and e�cien t sync hro-

nization tec hnique used to co ordinate the distributed

sim ulation of virtual LANs.

2 ANCORS Agen t

The curren t protot yp e of an ANCORS agen t ac-

cepts commands to do wnload a binary-compatible ex-

ecutable from a remote lo cation. The binary exe-

cutable is sp eci�ed as a URL; the ANCORS agen t,

after do wnloading the co de with an HTTP GET com-

mand, strips the HTML header from the receiv ed co de

and loads it as a dynamic library . As sho wn in Fig-

ure 1, the do wnload command can either (1) trigger

the ANCORS agen t to duplicate itself b y using a fork

system call to run the do wnloaded co de (as w ell to

accept further commands), or (2) simply add a thread

to an existing pro cess. In either case, the do wnloaded

co de is essen tially a shared library initially accessed

through a univ ersally prede�ned en try p oin t ( init() ).

This initial con�guration function can simply transfer

ANCORS
Agent

Load_process <URL1>

Fork

New Process

Load_thread <URL2>

HTTP
Server

GET <URL1>

GET <URL2>

New 
thread

Figure 1: ANCORS agen ts can spa wn a new pro cess

or a thread within a pro cess

con trol to the do wnloaded co de for execution, or it can

�rst gather run time con�guration data in a manner

sp eci�c to eac h instance
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and then explicitly started.

In this �rst protot yp e w e ha v e assumed that the con-

�guration and monitoring functions are em b edded in-

side the deplo y ed co de itself. These functions return

HTML co de that is fed to the net w ork manager to

gather some user-de�ned run time parameters or for

displa ying usage data. The net w ork engineer con�g-

ures and monitors the do wnloaded co de with HTML

forms that are then pushed bac k through a CGI script

to the created service. Eac h op eration returns HTML

forms that in turn ma y call other functions, th us allo w-

ing a hierarc hical organization of HTML pages. F u-

ture extensions to our managemen t system will allo w

the incorp oration of existing NM soft w are based on

SNMP and Ja v a

3

and the creation of new decen tral-

ized managemen t solutions based on the concept of

delegation (p erhaps using Ja v a as the delegation lan-

guage).

The ANCORS agen t o�ers a set of built-in primi-

tiv es to the do wnloaded services that, in addition to

standard nativ e system functionalit y (I/O, memory

managemen t, net w orking), pro vide (1) m ultithread-

ing (nonpreemptiv e), (2) LAN m ulticast em ulation,

and (3) global time sync hronization. These supp ort

services w ere designed to facilitate distributed sim ula-

tion net w ork engineering applications, as w ell as some

forms of sophisticated net w ork monitoring.

2

F or example, it could use a MIME-encapsulated do cumen t

to sp ecify con�guration and monitoring op erations to b e p er-

formed b y the managemen t system.

3

All pro duct and compan y names men tioned in this pap er

are the trademarks of their resp ectiv e holders.
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Figure 2: Lin ux transformation

3 Virtual Net w orking Using ANCORS

T o date w e ha v e pro duced a represen tativ e example

of an engineering net w ork service that em ulates a Unix

k ernel. The service w as obtained b y mo difying a Lin ux

op erating system to allo w its execution in user mo de.

As sho wn in Figure 2, the mo di�cations of the

op erating system replaced all lo w er-lev el, hardw are-

dep enden t pro cedures and in terfaces with user-lev el

coun terparts. W e deleted the �le system supp ort and

incorp orated all necessary con�guration pro cedures

(lik e ifcon�g and route) as additional system calls.

Memory managemen t and standard I/O w ere com-

pletely deleted and replaced b y user-lev el functions

(mallo c, free, and prin tf ) con tained in the standard

c libr ary . The sc heduling and the soft w are timers

w ere completely replaced and implemen ted on top of

the nonpreemptiv e threading o�ered b y the sim ulation

pac k age (CSIM [10 ]).

The resulting service executes in a virtual timescale,

o�ers the iden tical net w orking b eha vior of a real Lin ux

k ernel, and can therefore b e used as a v ehicle to in-

stan tiate high-�delit y distributed sim ulations of vir-

tual net w orks. One of the mo del's con�guration func-

tions accepts di�eren t timing con�gurations to ap-

pro ximate the proto col stac k timing b eha vior of four

di�eren t k ernels (SunOS 4.13, SunOS 5.5, Lin ux 2.02,

and BSD 2.2). T o date w e ha v e made some gross ap-

pro ximations for SunOS 4.13, Lin ux 2.02, and BSD

2.2 but w e ha v e re�ned the mo dels for SunOS 5.5 to

yield v ery accurate timing estimates to b e used in the

�rst set of exp erimen ts do cumen ted in this pap er in

Section 5.

The virtual k ernel o�ers the net w ork application

programming in terface (API) of the real Lin ux coun-

terpart and therefore can b e used to repro duce a wide

range of loading conditions. ANCORS's abilit y to

add and delete threads can b e used in this appli-

cation to dynamically c hange loading conditions (b y

adding or deleting user-de�ned loading threads) or

b y injecting user-de�ned monitoring prob es in to the

k ernel so that sp eci�c parameters can b e observ ed.

F or the time b eing, w e ha v e implemen ted some sim-

ple load mo dels b orro w ed from classic queuing theory .

As sho wn in Figure 3, the user-de�nable loads ma y b e

pro duced b y either closely mimic king real load condi-

tions recorded b y net w ork monitoring services or b y

linking some real applications to the virtual k ernel to

generate application-sp eci�c loads (for example, orig-

inating from a real-time video stream).

The virtual k ernels comm unicate with eac h other

through TCP , and automatically con�gure themselv es

to participate in em ulated m ulticast sessions that par-

allel the b eha vior of virtual Ethernet segmen ts. Ini-

tially , all real hosts are a w are of all other real hosts

that ma y share the same virtual Ethernet segmen t.

Eac h virtual Ethernet segmen t net w ork address as-

signed to a virtual host is transformed through a hash

function in to a p ort n um b er. When the virtual k er-

nel initializes its virtual in terfaces, the m ulticast em-

ulation initialization pro cedure tries to connect to all

kno wn p eers that ma y share a virtual Ethernet seg-

men t, using the p ort asso ciated with eac h virtual in-

terface. Th us, if t w o or more virtual hosts share a

virtual net w ork address, and therefore use the same

p ort, they establish a TCP connection used to tunnel

virtual Ethernet pac k ets. When a virtual host sends

a sim ulation pac k et p ertaining to a particular virtual

Ethernet segmen t, it sends it to all virtual hosts that

ha v e connected to the asso ciated p ort.

The deplo ymen t of a virtual net w ork is ac hiev ed

b y do wnloading and con�guring sev eral virtual k er-

nels through ANCORS agen ts. All these op erations

can b e p erformed either through a standard HTML
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bro wser or b y using a script. W e ha v e so far instan ti-

ated sev eral virtual net w orks running on a net w ork of

w orkstations including Sun SP AR Cstation 20s, Ultra-

SP AR Cs, and In tel-based mac hines running BSD and

Lin ux op erating systems.

4 Sync hronization

A practical distributed net w ork engineering to ol

should allo w v arying degrees of mo deling re�nemen t

and b e able to trade o� sp eed, lev el of abstraction,

and estimation accuracy in a 
exible w a y . T radi-

tionally , sim ulation tec hniques ha v e b een able to of-

fer go o d 
exibilit y for mo deling systems at di�eren t

lev els of abstraction but ha v e not b een able to cop e

w ell with high-�delit y sim ulation of large systems in a

scalable w a y . T raditional distributed sim ulation tec h-

niques can o�er mec hanisms to e�ectiv ely serialize the

ev en t ordering of distributed no des, th us increasing

sim ulation p o w er b y emplo ying more computing re-

sources. Although these tec hniques are v ery useful

for p erforming analytical exp erimen ts in a distributed

w a y , they can imp ose high lev els of o v erhead to k eep

the distributed no des sync hronized.

W e are dev eloping a no v el tec hnique to trade o� the

accuracy of sim ulated time with the sp eed and scal-

abilit y of distributed sim ulation while retaining the


exibilit y of b eing able to o�er an arbitrary lev el of

abstraction for mo deling the target system. W e ha v e

deriv ed some of the ideas from the theory of Lam-

p ort's virtual time [6], and therefore w e ha v e named

our tec hnique Lamp ort Sync hronization (LS). LS dis-

tributed sim ulation is based on the idea of decoupling

the sim ulation in to a b eha vioral comp onen t that em-

ulates the seman tic b eha vior of the mo deled system

(i.e., preserv e the causal relationship among the dis-

tributed ev en ts according to the seman tics of the sys-

tem b eing mo deled) and a timing comp onen t that es-

timates the virtual time in whic h the executed b eha v-

ior could ha v e b een executed. W e ha v e successfully

applied these ideas to the e�cien t distributed sim u-

lation of a massiv ely parallel arc hitecture [8, 9 ] and,

as w e will see in the follo wing sections, w e ha v e also

recen tly applied our tec hniques to sim ulate Ethernet

LANs within the scop e of the ANCORS pro ject.

In addition to LS, for comparison purp oses w e ha v e

also implemen ted a distributed sim ulation sync hro-

nization algorithm deriv ed from the algorithms pro-

p osed b y Chandy and Misra (CM)[2]. W e ha v e not

y et implemen ted a sync hronization sc heme based on

Time-w arp [5, 3 ] but w e plan to do so in the near

future. In the follo wing sections w e will describ e in

detail and compare the t w o sync hronization mec ha-

nisms implemen ted so far (LS and CM) when applied

to the distributed sim ulation of lo cal area net w orks,

using ANCORS.

4.1 Common Assumptions

Both the CM and the LS sync hronization proto cols

use TCP to transmit messages b et w een the logical pro-

cesses (LPs) to guaran tee that messages are reliably

deliv ered in program order.

W e mo del con ten tion b y broadcasting virtual Eth-

ernet pac k ets not only to the destination no de but to

all other no des sharing the same Ethernet segmen t.

A more e�cien t solution w ould b e to cen tralize the

mo deling of the Ethernet in a single host, th us reduc-



ing the ratio of the n um b er of real messages sen t for

eac h virtual message from n to t w o

4

(where n is the

n um b er of hosts sharing the same Ethernet segmen t).

W e plan to exp erimen t with this solution in the near

future ev en though w e realize that careful mapping

should b e used to a v oid creating a b ottlenec k in the

host mo deling the Ethernet.

Another common design metho dology w as to en-

capsulate the sim ulation sync hronization mec hanisms

in to the soft w are mo dule that implemen ts the virtual

Ethernet without in v olving either the application or

the particular proto col stac k used. Although this re-

quiremen t hea vily p enalizes the CM mec hanism, it

p ermits reuse of the sync hronization co des with dif-

feren t applications and/or proto cols in a 
exible and

mo dular w a y .

4.2 LS Mec hanism

Eac h logical pro cess (LP) has t w o separate clo c ks

|a lo cal clo c k T

L

and a global clo c k that measures

global sim ulated time ( T

g

) (the estimation of what

w ould b e the ph ysical time if the sim ulated system

w as real). In the LS sc heme, T

g

do es not order the ex-

ecution of the sim ulation, but it is deriv ed simply to

obtain a p erformance measuremen t. W e start from an

in terlea ving of distributed ev en ts that is guaran teed

to b e legal b y the sim ulated system sync hronization

seman tics, and w e deriv e a T

g

estimate in whic h the

observ ed execution could ha v e b een carried out. W e

alw a ys execute all lo cal sim ulation mec hanisms with

resp ect to T

L

and p erform all global op erations with

resp ect to T

g

. Ev en ts executing with resp ect to T

L

t ypically enforce the b eha vioral correctness of the dis-

tributed system, while ev en ts executed with resp ect

to T

g

tend to b e executed purely for measuremen t

purp oses. The separation of the T

L

and T

g

clo c ks

is only a logical one and do es not need t w o separate

ev en t lists b ecause sc heduling T

g

ev en ts can b e piggy-

bac k ed on the sc heduling of the T

L

ev en ts. F or exam-

ple, for sc heduling an ev en t with resp ect to T

g

to time

T one w ould execute w hil e ( T

g

< T ) hol d ( x ) where x

is a reasonable amoun t of T

L

time during whic h T

g

ma y c hange. T

g

in general is explicitly adjusted dur-

ing the execution of the sim ulation b y mo deling the

sync hronization in teractions of a distributed system

as a series of requests, acquisitions, and releases of

global resources (i.e., the Ethernet segmen t). Once the

resource b ecomes a v ailable the execution is resumed

with T

g

adjusted to an appropriate v alue. F or an in-

depth description of the LS tec hnique applied to the

distributed sim ulation of parallel computers see [8, 9 ].

The LS distributed sim ulation tec hnique applied to

4

In the LS case from n+1 to 3

Application

Protocol Stack

Virtual Ethernet

Va Va

Application

Protocol Stack

Virtual Ethernet

T0

T1

T2

T3

T4

T5

Negative Aknowledgment
may indicate a collision

Packet send time=T1+T3-T2

Packet receive  time=T5

Figure 4: LS sc heme timing measuremen t. The proto-

col stac k latency is measured lo cally while the Ether-

net timing is measured at the destination. If a collision

is detected, a negativ e ac kno wledgmen t will cause the

source to bac k o� and try again.

sim ulating LANs is b est describ ed with a simple ex-

ample. In Figure 4 t w o virtual no des V a and Vb that

share an Ethernet segmen t are executing on t w o dif-

feren t ph ysical pro cessors. In this example, no de V a

sends a message to Vb. After V a accoun ts for the

proto col stac k o v erhead, the message is time-stamp ed

with T

g

(time T

1

in Figure 4). When the message

reac hes Vb, the timestamp is up dated b y adding the

latencies of the net w ork b eing sim ulated. In particu-

lar, in this case Vb w ould add the transmission latency

of the Ethernet and its receiving latency calculated at

the momen t the message is receiv ed (time T

3

� T

2

in

Figure 4).

Dep ending on whether or not a collision has b een

detected, Vb then sends bac k a p ositiv e or negativ e

ac kno wledgmen t to the originator. If p ositiv e, the

ac kno wledgmen t b ears a timestamp that re
ects the

time the message sending should ha v e completed in

V a's time reference ( T

1

+ T

3

� T

2

). The timestamp of

the ac kno wledgmen t is then used b y V a for adjusting

the estimate of T

g

. If the ac kno wledgmen t is nega-

tiv e (Vb detected a collision), V a triggers the stan-

dard Ethernet bac k-o� and retry mec hanism. On the

receiving end, if the message sen t b y V a did not trig-

ger a collision, the application receiv es the message at

T

g

T

5

and the timestamp is discarded.

4.3 Chandy and Misra

In this sc heme, all LPs k eep only one clo c k that

orders b oth lo cal and global ev en ts in a sync hronous

w a y . With this w ell-kno wn sync hronization sc heme,

eac h distributed no de w aits for receipt of a message



from eac h of the other hosts that could p ossibly send

a message to compute the latest time at whic h it is safe

to send a message. Deadlo c k is a v oided b y broadcast-

ing n ull messages that adv ance time arti�cially when

necessary .

In our exp erimen ts eac h host w aits for messages

transmitted b y all other hosts that are connected on

the same virtual Ethernet segmen t and sends messages

on the virtual Ethernet only if the clo c k plus the Eth-

ernet latency is less than the timestamp of the latest

message receiv ed.

Eac h time an LP receiv es on all the input queues,

it broadcasts a n ull message to all other LPs b earing a

timestamp with the lo cal time plus the lo cal estimate

of lo ok ahead time. If the LP is w an ting to transmit,

the lo ok ahead time is set to the timestamp of the next

message to b e sen t out; otherwise, the lo ok ahead time

is set to the transmission latency of the smallest p os-

sible Ethernet pac k et (60 b ytes). Our lo ok ahead es-

timate is not v ery sophisticated b ecause w e did not

w an t to sp ecialize this tec hnique to a particular ap-

plication. A more in telligen t use of lo ok ahead w ould

lo ok in to the proto col stac k or, ev en b etter, use in-

formation em b edded in the application for increasing

the lo ok ahead time and consequen tly impro v e p erfor-

mance.

4.4 Qualitativ e Comparison

Because of the nondeterminism in tro duced b y the

run time b eha vior of the ph ysical hosts, in the LS

sc heme di�eren t sc heduling b eha viors migh t b e ob-

serv ed for the same sim ulated application. The ap-

plications, if correct, for eac h run, will alw a ys pro duce

the same results but migh t arriv e at those results in

di�eren t w a ys follo wing di�eren t sc heduling b eha viors.

This critical asp ect ab out the LS sc heme migh t inspire

sk epticism. W e try to sho w wh y w e think this nonde-

terminism is an acceptable attribute of LS and can in

some cases b e desirable.

As detailed in Section 5.2, w e ha v e observ ed that

the execution of a real distributed system exhibits non-

deterministic b eha vior b ecause of run time system in-

terferences. W e therefore b eliev e that it is not prac-

tical to in tro duce p erformance o v erhead in the sim-

ulation of a distributed system execution to mak e its

b eha vior totally deterministic when in realit y this do es

not happ en. F urthermore, the inaccuracies in tro duced

b y a nondeterministic sc heduling b eha vior in our judg-

men t can b e v ery small compared to other kinds of

inaccuracies in tro duced b y sim ulation. (Abstracting

the b eha vior of certain comp onen ts of the design and

adopting inaccurate timing estimates for comp onen ts

that ha v e nev er b een built are examples of more im-

p ortan t sources of inaccuracies in tro duced b y sim ula-

tion.)

Some metrics greatly dep end on the sc heduling b e-

ha vior of an application (false sharing is a go o d ex-

ample), a deterministic sequen tial sim ulation (or an

equiv alen t distributed one) is the only alternativ e if

one w an ts to obtain v ery accurate measuremen ts. The

CM sc heme o�ers a deterministic sc heduling b eha v-

ior at the exp ense of higher sync hronization cost and

can b e used in those cases in whic h rep eatabilit y of

the results needs to b e enforced at a v ery �ne grain

lev el. Another hidden cost that is unique to the CM

sc heme and that ma y b ecome more and more relev an t

in the con text of W eb-based sim ulations is that if one

of the LPs go es do wn, the sim ulation stops ev en if the

LP is not seman tically necessary for the sim ulation to

pro ceed. In other nonconserv ativ e distributed sim u-

lation approac hes the sim ulation w ould mak e forw ard

progress ev en in the case of failures of some LPs.

5 Quan titativ e Comparison

Using ANCORS w e ha v e p erformed sev eral dis-

tributed sim ulations aimed at ev aluating the p er-

formance and scalabilit y of the t w o sync hronization

sc hemes w e ha v e implemen ted (LS and CM) and com-

paring the timing accuracy of our mo dels with the real

system b eing mo deled.

The exp erimen ts consist in sim ulating an Ether-

net segmen t shared b y four virtual hosts. The virtual

hosts establish virtual TCP connections and exc hange

v ariable-length messages. The four virtual hosts can

b e spa wned on four ph ysical hosts or on a single host.

Three of the four virtual hosts con tin uously send short

messages

5

to the fourth host and blo c k on the re-

ception of a message of length deriv ed from an exp o-

nen tial distribution with v ariable mean and standard

deviation. This kind of sim ulation tries to em ulate

the dynamics of a small LAN in whic h a serv er is b e-

ing queried b y three clien ts for read-only data (lik e in

HTTP).

5.1 E�ciency

W e ha v e compared the e�ciency of b oth the LS

and CM sc hemes for sync hronizing the sim ulation of

our high-�delit y virtual LAN. T able 1 summarizes the

measuremen ts w e obtained. F or b oth sync hronization

sc hemes w e rep ort the slo wdo wn of the distributed

sim ulation. The slo wdo wn is calculated b y dividing

the ph ysical time needed b y the sim ulation b y the sim-

ulated global time. T able 1 also rep orts the slo wdo wns

for sim ulations running on four w orkstations

6

or run-

5

Messages with mean length of 10 b ytes and standard devi-

ation of 10 b ytes

6

Sun Microsystems UltraSP AR Cs



T able 1: Sim ulation E�ciency

Sim ulation E�ciency

P ac k et 1 W orkstation 4 W orkstation

Size Slo wdo wn Slo wdo wn Sp eedup

C&M LS C&M LS C&M LS

10 5993 1830 2774 641 2.16 2.85

1024 3989 523 1426 177 2.8 2.96

2048 3921 401 1375 128 2.85 3.12

4096 3884 307 1295 98 3.0 3.13

8192 3844 262 1265 86 3.04 3.03

16,384 3834 237 1257 81 3.05 2.92

32,768 3836 225 1247 78 3.07 2.88

65,536 3838 219 1243 77 3.09 2.82

131,072 3828 216 1214 78 3.15 2.76

ning on a single w orkstation. In the single w orkstation

exp erimen ts, the messages b et w een the LPs (whic h

are separate Unix pro cesses) are exc hanged using the

lo op-bac k device, th us eliminating an y o v erhead due

to the Ethernet; in this case the b ottlenec k is the host

pro cessing p o w er. Because of the lac k of lo ok ahead

information, the CM sim ulations are m uc h slo w er and

the slo wdo wn is quite constan t. The LS sc heme is

m uc h faster and b ecomes more e�cien t as the pac k et

size increases (this is b ecause the sim ulation pac k ets

are at most 60 b ytes long and as the real system sat-

urates the Ethernet it is slo w ed do wn with resp ect to

the sim ulation). The sp eedup is calculated b y dividing

the slo wdo wn of 1 w orkstation b y the slo wdo wn of the

4 w orkstations. It is quite go o d for b oth sim ulation

sc hemes, th us suggesting that this kind of high-�delit y

sim ulation is a go o d candidate for parallelization.

5.2 Accuracy

T able 2 compares the estimation of the o v erall

throughput obtained with our high-�delit y sim ula-

tions using the LS and CM sc hemes with the through-

put of the real system b eing mo deled. In addition w e

rep ort the standard deviation of the throughput esti-

mates that w ere obtained o v er m ultiple exp erimen ts.

Both the CM and the LS sc hemes giv e fairly go o d

estimates of the o v erall throughput, with the CM re-

quiring some adjustmen ts in the timing mo del. CM of-

fers a deterministic b eha vior and th us a zero standard

deviation of the measuremen ts. Notice that in b oth

the real system and in the LS sim ulations the stan-

dard deviation is considerable and it do es not seem

to b e related to the pac k et size. In b oth the real sys-

tem and the LS sim ulations the standard deviation is

ab out 10%, th us suggesting that a deterministic sim-

ulation ma y giv e an erroneous picture of the system's

dynamics. The LS sc heme, on the other hand, seems

to o�er the same degree of v ariabilit y with resp ect

to the real execution, th us o�ering more sim ulation

T able 2: Sim ulation Accuracy

Sim ulation Accuracy

P ac k et Real C&M LS

Size B/s S.D. B/s S.D. B/s S.D.

10 13041 235 41385 0 14566 1055

1024 275397 2856 371477 0 299509 6280

2048 326715 8188 379014 0 328191 7155

4096 355251 2858 389770 0 346504 6288

8192 364256 3315 394557 0 355683 5919

16,384 364299 4468 397555 0 354758 5247

32,768 360321 2661 400154 0 361155 4122

65,536 357389 2721 401124 0 363721 3377

131,072 349829 7860 402827 0 365064 645

�delit y . W e plan to conduct more exp erimen ts mo d-

eling more complex top ologies and b eing executed on

more heterogeneous en vironmen ts to b etter c haracter-

ize the v ariabilit y of the LS sim ulations as they are

compared to the v ariabilit y of the system b eing mo d-

eled.

6 Conclusion

As the In ternet will b ecome more dynamic b oth in

its con trol mec hanisms (proto cols) and in the user re-

quiremen ts, new, e�cien t, and user-friendly net w ork

engineering to ols will b e required to go far b ey ond cur-

ren t capabilities. ANCORS o�ers a new paradigm for

designing, deplo ying, and monitoring net w orks that

in tegrates sim ulation as an additional comp onen t of

net w ork managemen t. In this pap er w e ha v e out-

lined an initial ANCORS protot yp e consisting of m ul-

tiple distributed agen ts capable of deplo ying net w ork

engineering applications in a 
exible and mac hine-

indep enden t w a y and a high-�delit y mo del of a Unix

net w ork proto col stac k. W e ha v e used this initial AN-

CORS protot yp e to exp erimen t with t w o sync hroniza-

tion proto cols for the distributed sim ulation of a high-

�delit y LAN. In comparing the t w o proto cols w e ha v e

b oth qualitativ ely and quan titativ ely describ ed the

t w o approac hes and ha v e concluded that the LS imple-

men tation, giv en our metho dological assumptions, is

more e�cien t. In the near future, using b oth sim ula-

tion sync hronization proto cols, w e plan to exp erimen t

with more complex net w ork loads and larger and more

in teresting top ologies. In particular, w e plan to ex-

plore b oth sim ulation tec hniques and net w ork design

issues in the presence of self-similar tra�c.
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