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Abstract

Under high loads, a W eb serv er ma y b e ser-

vicing man y h undreds of connections concurren tly .

In traditional W eb serv ers, the question of the or-

der in whic h concurren t connections are serviced

has b een left to the op erating system. In this

pap er w e ask whether serv ers migh t pro vide b et-

ter service b y using non-traditional service order-

ing. In particular, for the case when a W eb serv er

is serving static �les, w e examine the costs and

b ene�ts of a p olicy that giv es preferen tial service

to short connections. W e start b y assessing the

sc heduling b eha vior of a commonly used serv er

(Apac he running on Lin ux) with resp ect to connec-

tion size and sho w that it do es not app ear to pro-

vide preferen tial service to short connections. W e

then examine the p oten tial p erformance impro v e-

men ts of a p olicy that do es fa v or short connections

(shortest-connection-�rst). W e sho w that mean re-

sp onse time can b e impro v ed b y factors of four

or �v e under shortest-connection-�rst, as compared

to an (Apac he-lik e) size-indep enden t p olicy . Fi-

nally w e assess the costs of shortest-connection-�rst

sc heduling in terms of unfairness ( i.e., the degree to

whic h long connections su�er). W e sho w that un-

der shortest-connection-�rst sc heduling, long con-

nections pa y v ery little p enalt y . This surprising re-

sult can b e understo o d as a consequence of hea vy-

tailed W eb serv er w orkloads, in whic h most connec-

tions are small, but most serv er load is due to the

few large connections. W e supp ort this explanation

using analysis.

1 In tro duction

As the demand placed on a W eb serv er gro ws,

the n um b er of concurren t connections it m ust han-

dle increases. It is not uncommon for a W eb serv er
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under high loads to b e servicing man y h undreds of

connections at an y p oin t in time. This situation

raises the question: when m ultiple outstanding con-

nections require service, in what order should ser-

vice b e pro vided?

By service, w e mean the use of some system de-

vice (pro cessor, disk subsystem, or net w ork in ter-

face) that allo ws the serv er to mak e progress in de-

liv ering b ytes to the clien t asso ciated with the con-

nection. Th us, the question of service order applies

collectiv ely to the order in whic h connections are al-

lo w ed to use the CPU, the disk(s), and the net w ork

in terface.

In most W eb serv ers, the question of the order in

whic h concurren t connections should b e serviced has

t ypically b een left to a general-purp ose op erating

system. The OS sc heduler orders access to the CPU,

and the disk and net w ork subsystems order service

requests for disk and net w ork I/O, resp ectiv ely . The

p olicies used in these systems t ypically emphasize

fairness (as pro vided b y , e.g., appro ximately-FIF O

service of I/O requests) and fa v orable treatmen t

of in teractiv e jobs (as pro vided b y feedbac k-based

CPU sc heduling).

In this pap er, w e examine whether W eb

serv ers migh t pro vide b etter service b y using non-

traditional service ordering for connections. In par-

ticular, w e are concerned with W eb serv ers that

serv e static �les. In this case, the service demand

of the connection can b e accurately estimated at

the outset ( i.e., once the HTTP GET has b een re-

ceiv ed) since the size of the �le to b e transferred is

then kno wn; w e call this the \size" of the connec-

tion. The question then b ecomes: can serv ers use

the kno wledge of connection size to impro v e mean

resp onse time?

T raditional sc heduling theory for simple, single-

device systems sho ws that if task sizes are kno wn,

p olicies that fa v or short tasks pro vide b etter mean

resp onse time than p olicies that do not mak e use

of task size. In a single-device system, if run-



ning jobs can b e pre-empted, then the optimal

w ork-conserving p olicy with resp ect to mean re-

sp onse time is shortest r emaining pr o c essing time

�rst (SRPT). Since a W eb serv er is not a single-

device system, w e cannot use SRPT directly . Ho w-

ev er w e can emplo y service ordering within the sys-

tem that attempts to appro ximate the e�ects of

SRPT.

The price to b e paid for reducing mean resp onse

time is that w e reduce the fairness of the system.

When short connections are giv en fa v orable treat-

men t, long connections will su�er. Care m ust b e

tak en to ensure that the resulting unfairness do es

not out w eigh the p erformance gains obtained.

Our goal in this pap er is to explore the costs and

b ene�ts of service p olicies that fa v or short connec-

tions in a W eb serv er. W e call this the c onne ction

sche duling problem. The questions w e address are:

1. Ho w do es a traditional W eb serv er (Apac he

running on Lin ux) treat connections with re-

sp ect to their size? Do es it fa v or short connec-

tions?

2. What are the p oten tial p erformance impro v e-

men ts of fa v oring short connections in a W eb

serv er, as compared to the traditional service

order?

3. Do es fa v oring short connections in a w eb serv er

lead to unacceptable unfairness?

W e are in terested in the answ ers to these ques-

tions in the con text of a traditionally structured op-

erating system (lik e Lin ux). Th us, to answ er these

questions w e ha v e implemen ted a W eb serv er, run-

ning on Lin ux, that allo ws us to exp erimen t with

connection sc heduling p olicies. F or eac h of the de-

vices in the system (CPU, disk, and net w ork in-

terface) the serv er allo ws us to in
uence the or-

der in whic h connections are serviced. Since all of

our sc heduling is done at the application lev el, our

serv er do es not allo w us precise con trol of all of the

comp onen ts of connection service, particularly those

that o ccur in k ernel mo de; this is a general dra wbac k

of traditional op erating systems structure whose im-

plications w e discuss in detail b elo w. Ho w ev er our

serv er do es pro vide su�cien t con trol to allo w us

to explore t w o general p olicies: 1) size-indep endent

sc heduling, in whic h eac h device services I/O re-

quests in roughly the same order in whic h they ar-

riv e; and 2) shortest-c onne ction-�rst sc heduling, in

whic h eac h device pro vides service only to the short-

est connections at an y p oin t in time. W e use the

Sur ge w orkload generator [5] to create W eb re-

quests; for our purp oses, the imp ortan t prop ert y of

Sur ge is that it accurately mimics the size distri-

bution of requests frequen tly seen b y W eb serv ers.

Using this apparatus, w e dev elop answ ers to

the three questions ab o v e. The answ er to our �rst

question is that Apac he do es not app ear to fa-

v or short connections. W e sho w that compared to

our serv er's size-indep enden t p olicy , Apac he's treat-

men t of di�eren t connection sizes is appro ximately

the same (and ev en can b e more fa v orable to long

connections|a trend opp osite to that of shortest-

connection-�rst).

This result motiv ates our second question: Ho w

m uc h p erformance impro v emen t is p ossible un-

der a shortest-connection-�rst sc heduling p olicy , as

compared to size-indep enden t ( i.e., Apac he-lik e)

sc heduling? W e sho w that for our serv er, adopt-

ing shortest-connection-�rst can impro v e mean re-

sp onse time b y a factor of 4 to 5 under mo derate

loads.

Finally our most surprising result is that

shortest-connection-�rst sc heduling do es not sig-

ni�can tly p enalize long connections. In fact,

ev en v ery long connections can exp erience im-

pro v ed resp onse times under shortest-connection-

�rst sc heduling when compared to size-indep enden t

sc heduling. T o explore and explain this somewhat

coun terin tuitiv e result w e turn to analysis. W e use

kno wn analytic results for the b eha vior of simple

queues under SRPT sc heduling, and compare these

to size-indep enden t sc heduling. W e sho w that the

explanation for the mild impact of SRPT sc hedul-

ing on long connections lies in the size distribution

of W eb �les|in particular, the fact that W eb �le

sizes sho w a he avy taile d distribution (one whose

tail declines lik e a p o w er-la w). This result means

that W eb w orkloads are particularly w ell-suited to

shortest-connection-�rst sc heduling.

2 Bac kground and Related W ork

The w ork rep orted in this pap er touc hes on a

n um b er of related areas in serv er design, and in the

theory and practice of sc heduling in op erating sys-

tems.

T raditional op erating system sc hedulers use

heuristic p olicies to impro v e the p erformance of

short tasks giv en that task sizes are not kno wn in

adv ance. Ho w ev er, it is w ell understo o d that in

the case where the task sizes ar e kno wn, the w ork-

conserving sc heduling strategy that minimizes mean

resp onse time is shortest-remaining-pro ces si ng-ti m e

�rst (SRPT). In addition to SRPT, there are man y

algorithms in the literature whic h are designed for

the case where the task size is kno wn. Go o d

o v erviews of the single-no de sc heduling problem and



its solution are giv en in [7], [14], and [17 ].

In our w ork w e fo cus on serv ers that serv e static

con ten t, i.e., �les whose size can b e determined in

adv ance. W eb serv ers can serv e dynamic con ten t as

w ell; in this case our metho ds are less directly ap-

plicable. Ho w ev er, recen t measuremen ts ha v e sug-

gested that most serv ers serv e mainly static con ten t,

and that dynamic con ten t is serv ed mainly from a

relativ ely small fraction of the serv ers in the W eb

[15 ].

Despite the fact that the �le sizes are t ypically

a v ailable to the W eb serv er, v ery little w ork has con-

sidered size-based sc heduling in the W eb. One pa-

p er that do es discuss size-based sc heduling in the

W eb is that of Bender, Chakrabarti, and Muth ukr-

ishnan [6]. This pap er raises an imp ortan t p oin t: in

c ho osing a sc heduling p olicy it is imp ortan t to con-

sider not only the sc heduling p olicy's p erformance,

but also whether the p olicy is fair, i.e. whether some

tasks ha v e particularly high slo wdo wns (where slo w-

do wn is resp onse time o v er service time). That pa-

p er considers the metric max slowdown (the maxi-

m um slo wdo wn o v er all tasks) as a measure of un-

fairness. The pap er prop oses a new algorithm, Dy-

namic Earliest De ad line First (DEDF) , designed to

p erform w ell on b oth the mean slo wdo wn and max

slo wdo wn metrics. The DEDF algorithm is a the-

oretical algorithm whic h cannot b e run within an y

reasonable amoun t of time (it requires lo oking at all

previous arriv als), ho w ev er it has signi�cance as the

�rst algorithm designed to sim ultaneously minimize

max slo wdo wn and mean slo wdo wn. That w ork do es

consider a few heuristics based on DEDF that are

implemen table; ho w ev er, sim ulation results ev alu-

ating those more practical algorithms at high load

indicate their p erformance to b e ab out the same

as SRPT with resp ect to max slo wdo wn and sig-

ni�can tly w orse than SRPT with resp ect to mean

slo wdo wn.

A t the end of our pap er (Section 6) w e turn to

analysis for insigh t in to the b eha vior of the shortest-

connection-�rst sc heduling p olicy . In that section

w e examine a single queue under SRPT sc heduling,

whic h w as analyzed b y Sc hrage and Miller [18 ].

In addition to sc heduling theory , our w ork also

touc hes on issues of OS arc hitecture. In particular,

the w ork w e describ e in this pap er helps to exp ose

de�ciencies in traditional op erating system struc-

ture that prev en t precise implemen tation of ser-

vice p olicies lik e shortest-connection-�rst. Shortest-

connection-�rst sc heduling requires that resource al-

lo cation decisions b e based on the connection re-

quiring service. This presen ts t w o problems: �rst,

k ernel-space resource allo cation is not under the

con trol of the application; and second, resource al-

lo cation is di�cult to p erform on a p er-connection

basis. These t w o problems ha v e b een ha v e b een

noted as w ell in other w ork [1, 3].

3 A Serv er Arc hitecture for Sc hedul-

ing Exp erimen ts

In this section w e presen t the arc hitecture of the

w eb serv er w e designed and dev elop ed for use in our

exp erimen ts. Our primary goal in designing this

serv er w as to pro vide the abilit y to study p olicies

for sc heduling system resources. Tw o additional but

less imp ortan t goals w ere simplicit y of design and

high p erformance.

3.1 Sc heduling Mec hanisms

W eb serv ers lik e Apac he [11 ] follo w the tradi-

tional arc hitectural mo del for In ternet service dae-

mons, in whic h separate connections are serv ed b y

separate Unix pro cesses. This mo del is insu�cien t

for our needs b ecause none of its sc heduling deci-

sions are under application con trol. Instead w e need

to exp ose sc heduling decisions to the application as

m uc h as p ossible.

Listen Thread Protocol Queue

Disk Queue

Network Queue

Figure 1: Organization of the Exp erimen tal Serv er

A t ypical connection needs three t yp es of service

after connection acceptance: 1) proto col pro cessing,

2) disk service, and 3) net w ork service. In order to

exp ose the sc heduling decisions asso ciated with eac h

t yp e of service, w e organize the serv er application

as a set of three queues. This arc hitecture is sho wn

in Figure 1. The en tities that are held in (and mo v e

b et w een) queues corresp ond to individual connec-

tions. Next w e describ e ho w, b y v arying the service

order of eac h queue, the application can in
uence

resource sc heduling decisions on a p er-connection

basis.

Eac h queue in Figure 1 has an asso ciated p o ol of

threads. In addition there is a single listen thread.

The role of the listen thread is to blo c k on the

accept() call, w aiting for new connections. When

a new connection arriv es, it creates a c onne ction

descriptor. The connection descriptor encapsulates

the necessary state the connection will need (t w o �le



descriptors, a memory bu�er, and progress indica-

tors). It then places the connection descriptor in to

the proto col queue and resumes listening for new

connections.

Proto col threads handle all asp ects of HTTP .

When a proto col thread is done, the serv er kno ws

what �le is b eing requested and is ready to start

sending data. In addition the thread has called

stat() on the �le to determine the �le's size. The

proto col thread then enqueues the connection de-

scriptor in to the disk queue.

The role of the disk thread is to dequeue a con-

nection descriptor, and based on the �le asso ciated

with the connection, read() a blo c k of �le data

from the �lesystem in to the connection descriptor's

bu�er. Curren tly our serv er reads blo c ks of up to

32KB at a time. The read() call is blo c king; when

it returns, the thread enqueues the descriptor in to

the net w ork queue.

The net w ork thread also starts b y dequeueing a

connection descriptor; it then calls write() on the

asso ciated so c k et to transfer the con ten ts of the con-

nection's bu�er to the k ernel's so c k et bu�er. The

write() call is blo c king. When it returns, if the

all the b ytes in the �le ha v e b een transferred, the

net w ork thread will close the connection; otherwise

it will place the descriptor bac k in to the disk queue.

Th us eac h connection will mo v e b et w een the net-

w ork and disk queues un til the connection has b een

en tirely serviced.

An imp ortan t adv an tage of this arc hitecture is

that w e can observ e whic h subsystem (proto col,

disk, or net w ork) is the b ottlenec k b y insp ecting the

lengths of the asso ciated queues. F or the w orkloads

w e used (describ ed in Section 4.1) w e found that the

b ottlenec k w as the net w ork queue; queue lengths at

the proto col and disk queues w ere alw a ys close to

zero.

This sc heme giv es us a 
exible en vironmen t to

in
uence connection sc heduling b y v arying the ser-

vice order at eac h queue. In this study w e fo cus

on t w o sc heduling p olicies: size-indep endent and

shortest-c onne ction-�rst. In our size-indep enden t

p olicy , eac h thread simply dequeues items from its

asso ciated queue in FIF O order. The implication

of this p olicy is that eac h connection is giv en a fair

share of read() and write() calls, and that an y

�xed set of connections is conceptually serv ed in ap-

pro ximately round-robin order.

Under shortest-connection-�rst sc heduling, eac h

(disk or net w ork) thread dequeues the connection

that has the least n um b er of b ytes remaining to b e

serv ed. This app ears to b e a go o d indicator of the

remaining amoun t of w ork needed to service the con-

nection. More precise p olicies are p ossible, whic h

are not considered in this pap er.

Finally , w e note that the listen and proto col

threads run at a higher priorit y than disk and net-

w ork threads, and that the proto col queue is alw a ys

serv ed in FIF O order (since connection size is not

y et kno wn).

3.2 P erformance

As stated at the outset, high p erformance is only

a secondary goal of our arc h tectural design. Ho w-

ev er our arc hitecture is consisten t with recen t trends

in high p erformance serv ers and (as sho wn in Sec-

tion 5) yields p erformance that is comp etitiv e with

a more sophisticated serv er (Apac he).

Considerable atten tion has b een directed to im-

pro ving the arc hitecture of high p erformance w eb

serv ers. As men tioned ab o v e, serv ers lik e Apac he

follo w the mo del in whic h separate connections

are serv ed b y separate Unix pro cesses. More re-

cen t serv ers ha v e mo v ed a w a y from pro cess-p er-

connection mo del, to w ard lo w er-o v erhead strategies.

A n um b er of W eb serv er arc hitectures based on

a single or �xed set of pro cesses ha v e b een built

[13 , 16 ]. Remo ving the o v erhead of pro cess creation,

con text switc hing, and in ter-pro cess-comm unica ti on

to sync hronize and dispatc h w ork allo ws the serv er

to use system resources more e�cien tly . In addition,

in single-pro cess serv ers memory consumption is re-

duced b y not using a running pro cess for eac h con-

curren t connection receiving service, whic h allo ws

suc h serv ers to mak e more e�ectiv e use of memory

to cac he data. The dra wbac k is that single pro-

cess w eb serv ers are t ypically more complicated and

m ust rely on m ulti-threading or non-blo c king I/O

sc hemes to ac hiev e high throughput.

Our serv er obtains the p erformance b ene�ts of

using a single pro cess, with a �xed n um b er of

threads ( i.e., it do es not use a thread p er connec-

tion). Ho w ev er w e ha v e not adopted all of the p er-

formance enhancemen ts of aggressiv ely optimized

serv ers lik e Flash [16 ] b ecause of our desire to k eep

the serv er simple for 
exibilit y in exp erimen ting

with sc heduling p olicies. In particular w e use blo c k-

ing threads for writing, whic h is not strictly neces-

sary giv en an non blo c king I/O in terface. Ho w ev er

w e note that the p olicies w e explore in our serv er

app ear to b e easily implemen table in serv ers lik e

Flash.

3.3 Limitations

The principal limitation of our approac h is that

w e do not ha v e con trol o v er the order of ev en ts

inside the op erating system. As a sp eci�c exam-



ple, consider the op eration of the net w ork subsys-

tem. Our serv er mak es write() calls whic h p op-

ulate so c k et bu�ers in the net w ork subsytem in a

particular order. Ho w ev er, these bu�ers are not nec-

essarily drained ( i.e., written to the net w ork) in the

order in whic h our application has �lled them.

Tw o factors prev en t precise con trol o v er the or-

der in whic h data is written to the net w ork. First,

eac h bu�er is part of a 
o w-con trolled TCP connec-

tion with a clien t. If the clien t is slo w with resp ect

to the serv er, the clien t's b eha vior can in
uence the

order in whic h bu�ers are drained. F or this reason in

our exp erimen ts w e use a m ultiple high-p erformance

clien ts and w e ensure that the clien ts are not hea vily

loaded on a v erage. Th us in our case clien t in terac-

tion is not a signi�can t imp edimen t to sc heduling

precision.

The second, more critical problem is that in tra-

ditional Unix net w ork stac k implemen tations, pro-

cessing for all connections is handled in an aggregate

manner. That is, outgoing pac k ets are placed on

the wire in resp onse to the arriv al of ac kno wledge-

men ts. This means that if man y connections ha v e

data ready to send, and if the clien t and net w ork are

not the b ottlenec k, then data will b e sen t from the

set of connections in order that ac kno wledgemen ts

arriv e, whic h is not under application con trol. The

implication is that if the net w ork subsystem has a

large n um b er of connections that ha v e data ready

to send, then the order in whic h the application has

written to so c k et bu�ers will ha v e less e�ect on the

sc heduling of connections.

The problem has b een recognized and addressed

in previous w ork. In particular, Lazy Receiv er

Pro cessing [10 ] can isolate eac h connection's path

through the net w ork stac k. This allo ws sc heduling

decisions to b e made on a p er-connection basis at

the lev el of the net w ork in terface.

Our goal w as to demonstrate the impro v emen ts

p ossible without op erating system mo di�cation. As

a result, to obtain con trol o v er I/O sc heduling w e

limit the concurrency in the I/O systems. F or ex-

ample, b y limiting concurrency in the net w ork sub-

system, w e limit the n um b er of connections that

ha v e data ready to send at an y p oin t in time, th us

narro wing the set of connections that can trans-

mit pac k ets. Because our disk and net w ork threads

use blo c king I/O, w e need m ultiple threads if w e

w an t to ha v e concurren t outstanding I/O requests.

This means that it is straigh tforw ard to con trol the

amoun t of concurrency w e allo w in the k ernel sub-

systems, b y v arying the n um b er of threads in eac h

of the p o ols.

A t one extreme, if w e allo w only one thread p er

p o ol, then w e ha v e fairly strict con trol o v er the order

of ev en ts inside the k ernel. A t an y p oin t in time the

k ernel can only ha v e one I/O request of eac h t yp e

p ending, so there are no sc heduling decisions a v ail-

able to it. Unfortunately this approac h sacri�ces

throughput; b oth the disk and net w ork subsystems

mak e use of concurren t requests to o v erlap pro cess-

ing with I/O. A t the other extreme, if w e pro vide a

large n um b er of threads to eac h p o ol, w e can obtain

high throughput; ho w ev er then w e lose all con trol

o v er sc heduling.

In order to explore the utilit y of shortest-

connection-�rst sc heduling, w e ha v e adopted an in-

termediate approac h. Rather than running our

serv er at its absolute maxim um throughput (as mea-

sured in b ytes p er unit time), w e limit its through-

put somewhat in order to obtain con trol o v er I/O

sc heduling. Note ho w ev er that our serv er's through-

put (in b ytes p er second) is still greater than that

of Apac he under the same load lev el.

2

The p erfor-

mance implications of this approac h are presen ted

in Section 5.4. It is imp ortan t to note that this

is only necessary b ecause of the limitations of the

traditionally structured OS on whic h w e run our

exp erimen ts, and this restriction could b e dropp ed

giv en a di�eren t OS structure. Our approac h th us

allo ws us enough in
uence o v er k ernel sc heduling to

demonstrate the costs and b ene�ts of the shortest-

connection-�rst p olicy .

4 Exp erimen tal Setup

4.1 File Size Distribution

An imp ortan t asp ect of our w ork is that w e ha v e

fo cused on careful mo deling of the �le size distribu-

tion t ypically seen on W eb serv ers. As sho wn in

Section 6, prop erties of the �le size distribution are

directly related to some of our results.

Our starting p oin t is the observ ation that �le

sizes on W eb serv ers t ypically follo w a he avy-taile d

distribution. This prop ert y is surprisingly ubiqui-

tous in the W eb; it has b een noted in the sizes of

�les requested b y clien ts, the lengths of net w ork con-

nections, and �les stored on serv ers [2, 8 , 9 ]. By

hea vy tails w e mean that the tail of the empirical

distribution function declines lik e a p o w er la w with

exp onen t less than 2. That is, if a random v ariable

X follo ws a hea vy-tailed distribution, then

P [ X > x ] � x

� �

; 0 < � < 2

where f ( x ) � a ( x ) means that lim

x !1

f ( x ) =a ( x ) =

c for some p ositiv e constan t c .

2

Apac he w as con�gured for high p erformance as describ ed

in Section 4.2.
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T able 1: Empirical T ask Size Mo del. PMF is the

probabilit y mass function, f ( x ), where

R

b

a

f ( x ) dx

represen ts the probabilit y that the random v ariable

tak es on v alues b et w een a and b .

Random v ariables that follo w hea vy tailed distri-

butions t ypically sho w extremely high v ariabilit y in

size. This is exhibited as man y small observ ations

mixed with a small n um b er of v ery large observ a-

tions. The implication for W eb �les is that a tin y

n um b er of the v ery largest �les mak e up most of the

load on a W eb serv er. W e refer to this as the he avy-

taile d pr op erty of W eb task sizes; it is cen tral to the

discussion in this pap er and will come up again in

Section 6.

Although W eb �les t ypically sho w hea vy tails,

the b o dy of the distribution is usually b est describ ed

using another distribution. Recen t w ork has found

that a h ybrid distribution, consisting of a b o dy fol-

lo wing a lognormal distribution and a tail that de-

clines via a p o w er-la w, seems to �t w ell some W eb

�le size measuremen ts [4, 5 ]. Our results use suc h

a mo del for task sizes, whic h w e call the empiric al

mo del; parameters of the empirical mo del are sho wn

in T able 1. In this empirical �le size mo del, most

�les are small|less than 5000 b ytes. Ho w ev er, the

distribution has a v ery hea vy tail, as determined b y

the lo w v alue of � in the Bounded P areto distribu-

tion, and evidenced b y the fact that the mean of

this distribution is 11108 | m uc h larger than the

t ypical �le size.

4.2 Exp erimen tal En vironmen t

T o generate HTTP requests that follo w the size

distribution describ ed ab o v e, w e use the Sur ge

w orkload generator [5]. In addition to HTTP re-

quest sizes, Sur ge 's stream of HTTP requests also

adheres to empirically deriv ed mo dels for the sizes

of �les stored on the serv er; for the relativ e p opu-

larit y of �les on the serv er; for the temp oral lo calit y

presen t in the request stream; and for the timing of

request arriv als at the serv er.

Sur ge mak es requests using syn thetic clien ts,

eac h of whic h op erates in a lo op, alternating b e-

t w een requesting a �le and lying idle. Eac h syn-

thetic clien t is called a User Equivalent (UE). The

load that Sur ge generates is v aried b y v arying the

n um b er of UEs. In our tests w e v aried the n um b er of

UEs from 400 to 2000. V alidation studies of Sur ge

are presen ted in [5]; that pap er sho ws that the re-

quest stream created b y Sur ge conforms closely to

measured w orkloads and is m uc h burstier, and hence

more realistic, than that created b y SPECW eb96 (a

commonly used W eb b enc hmarking to ol).

All measuremen ts of Apac he's p erformance pre-

sen ted in this pap er w ere generated using v ersion

1.2.5. W e con�gured Apac he for high p erformance

as recommended on Apac he's p erformance tuning

W eb page.

3

In particular, MaxRequestsPerCh il d

w as set to 0, meaning that there is no �xed limit to

the n um b er of connections that can b e serv ed b y an y

of Apac he's help er pro cesses. This setting impro v es

Apac he's p erformance considerably as compared to

the default.

In addition to the data rep orted in this pap er,

w e also ran man y exp erimen ts using v ersion 1.3.4 of

Apac he. Our exp erimen ts indicated that this v er-

sion had a p erformance anomaly under lo w load

that w e did not isolate, so w e do not presen t those

results. Ho w ev er, our exp erimen ts indicated that al-

though v ersion 1.3.4 w as somewhat faster for short

connections, its o v erall p erformance w as not di�er-

en t enough to a�ect the conclusions in this pap er.

All our tests w ere conducted using t w o clien t

mac hines (ev enly splitting the Sur ge UEs) and

one serv er in a 100 Mbit switc hed Ethernet en vi-

ronmen t. After our exp erimen ts w ere concluded,

w e found that one clien t's p ort w as malfunctioning

and deliv ering only 10 Mbit/sec; so half of the load

w as generated o v er a path that w as e�ectiv ely only

10Mbit/sec, while the other half of the load arriv ed

o v er a 100Mbit/sec path. All mac hines w ere Dell Di-

mensions equipp ed with P en tium I I 233 pro cessors,

128 MB of RAM, and SCSI disks. Eac h of these

mac hines w as running Lin ux 2.0.36. W e con�gured

Sur ge to use a �le set of 2000 distinct �les v arying

in size from 186 b ytes to 121 MB. Our measuremen ts

p ertaining to resp onse time, b yte throughput, and

HTTP GETs p er second w ere extracted from clien t

side logs generated b y Sur ge.

All exp erimen ts w ere run for ten min utes. This

time w as c hosen to b e su�cien tly long to pro vide

3

http://www.apache.org/d ocs/ mis c/pe rf- tuni ng. html .



con�dence that the measuremen ts w ere not strongly

in
uenced b y transien ts. F or a 1000 UE exp erimen t,

this mean t that t ypically more than 2.5GB of data

w as transferred and more than 250,000 connections

to ok place.

5 Results

5.1 Characterizing Apac he's P erfor-

mance as a F unction of T ask Size

In this section w e c haracterize Apac he's p er-

formance as a function of task size under 3 dif-

feren t load lev els: 1000 UEs, 1400 UEs, and 1800

UEs. These loads corresp ond to ligh tly loaded,

mo derately loaded, and o v erloaded conditions for

the serv er. Th us they span the range of imp ortan t

loads to study .

In order to study ho w di�eren t serv ers treat con-

nections with resp ect to size, w e bin HTTP transac-

tions according to size, and plot the mean resp onse

time o v er all transactions in the bin, as a function

of mean �le size of transactions in the bin. W e plot

the resulting data on log-log axes, in order to sim ul-

taneously examine b oth v ery small and v ery large

connection sizes. Bin sizes gro w exp onen tially , lead-

ing to equal spacing on logarithmic axes.

Figure 2 sho ws the resulting plots of mean re-

sp onse time as a function of �le size under Apac he

and under our W eb serv er with size-indep enden t

sc heduling for the three di�eren t load lev els. The

plots generally sho w that rep onse time of small �les

(less than ab out 10KB) is nearly indep enden t of

�le size. F or this range of �les, resp onse time is

dominated b y connection setup cost. F or large �les

(larger than ab out 10KB) rep onse time increases

as a function of �le size in an appro ximately linear

manner.

Across all loads, t w o trends are eviden t from the

�gure. First, for small �les, Apac he tends to pro vide

the same resp onse time or w orse resp onse time than

do es our size-indep enden t serv er. Second, for large

�les, Apac he tends to pro vide the same rep onse time

or b etter than do es our size-indep enden t serv er.

These t w o trends indicate that with resp ect

to size, Apac he treats connections in a manner

that is either appro ximately the same as our size-

indep enden t p olicy , or else is more fa v orable to long

connections.

4

That is, Apac he is, if an ything, pun-

ishing short connections with resp ect to our size-

indep enden t serv er.

4

As discussed in Section 4.2 these measuremen ts use

Apac he v ersion 1.2.5. W e found in other exp erimen ts with

Apac he 1.3.4 (not sho wn here) that the new er v ersion of

Apac he in fact sho ws p erformance that is ev en closer to that

of our serv er with size-indep enden t sc heduling.
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Figure 2: Mean transfer time as a function of �le

size under the Apac he serv er and our serv er with

size-indep enden t sc heduling. Both axes use a log

scale. T op to b ottom: 1000, 1400, and 1800 UEs.

5.2 P erformance Impro v emen ts P ossi-

ble with Shortest-Connection-First

Sc heduling

Giv en that Apac he do es not app ear to treat con-

nections in a manner that is fa v orable to short con-

nections, our next question is whether a p olicy that

do es fa v or short connections leads to p erformance

impro v emen t, and if so, ho w m uc h impro v emen t

is p ossible. Th us, in this section w e compare the
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Figure 3: Mean resp onse time as a function of load

for our W eb serv er with shortest-connection-�rst

sc heduling and size-indep enden t sc heduling, and for

Apac he.

mean resp onse time of our W eb serv er with shortest-

connection-�rst sc heduling v ersus size-indep enden t

sc heduling.

Figure 3 sho ws mean resp onse time as a function

of the n um b er of user equiv alen ts for our serv er with

shortest-connection-�rst sc heduling compared with

size-indep enden t sc heduling. The �gure sho ws that

at lo w loads (less than 1000 UEs) there is no dif-

ference b et w een the t w o sc heduling p olicies. Th us

1000 UEs represen ts the p oin t where the net w ork

queue in our serv er �rst starts to gro w, making the

order in whic h it services write requests imp ortan t.

As the load increases b ey ond 1000 UEs, the di�er-

ence in p erformance b et w een shortest-connection-

�rst sc heduling and size-indep enden t sc heduling b e-

comes stark. F or example under 1400 UEs, the

shortest-connection-�rst sc heduling p olicy impro v es

mean resp onse time b y a factor of 4 to 5 o v er the

size-indep enden t sc heduling p olicy .

Also plotted for reference in Figure 3 is the mean

resp onse time of Apac he under the same conditions.

As can b e seen, Apac he's p erformance is v ery similar

to that of our serv er with size-indep enden t sc hedul-

ing. This is consisten t with the conclusions from the

previous subsection.

It is imp ortan t to note that these p erformance

�gures ma y only b e lo w er b ounds on the im-

pro v emen t p ossible b y using shortest-connection-

�rst sc heduling, due to our constrain t of w orking

within a traditionally structured op erating system.

5.3 Ho w Muc h Do Long Connections

Su�er?

In the previous section w e sa w that large im-

pro v emen ts in mean transfer time w ere p ossible b y

running our W eb serv er under shortest-connection-

�rst sc heduling as opp osed to size-indep enden t

sc heduling. The question no w is: do es this p erfor-

mance impro v emen t come at a signi�can t cost to

large jobs? Sp eci�cally , w e ask whether large jobs

fare w orse under shortest-connection-�rst sc hedul-

ing than they do under size-indep enden t sc heduling.

T o answ er this question w e examine the p er-

formance of b oth shortest-connection-�rst sc hedul-

ing and size-indep enden t sc heduling as a function of

task size. The results are sho wn in Figure 4, again

for a range of system loads (UEs).

The �gure sho ws that in the case of 1000 UEs,

shortest-connection-�rst sc heduling is iden tical in

p erformance to size-indep enden t sc heduling across

all �le sizes. Th us since there is no buildup at the

net w ork queue, there is also no p erformance im-

pro v emen t from shortest-connection-�rst sc heduling

in the case of 1000 UEs. Ho w ev er, the �gure sho ws

that in the case of 1400 UEs, shortest-connection-

�rst results in m uc h b etter p erformance for small

jobs (as compared with size-indep enden t sc hedul-

ing), and y et the large jobs still do not fare w orse

under shortest-connection-�rst sc heduling than they

do under size-indep enden t sc heduling. Th us the

o v erall p erformance impro v emen t do es not come at

a cost in terms of large jobs. When w e increase the

load to 1800 UEs, ho w ev er, the large jobs do b egin

to su�er under shortest-connection-�rst sc heduling

as compared with size-indep enden t sc heduling. In

fact o v er all our exp erimen ts, w e �nd that in the

range from ab out 1200 UEs to 1600 UEs, shortest-

connection-�rst allo ws short connections to exp e-

rience considerable impro v emen t in resp onse time

without signi�can tly p enalizing long connections.

This seemingly coun ter-in tuitiv e result is explained,

with analytical justi�cation, in Section 6.

5.4 V arying The W rite Concurrency

As discussed in Section 3.3, in order to gain con-

trol o v er the order in whic h data is sen t o v er the net-

w ork, w e need to restrict our serv er's throughput (in

b ytes p er second). In this section w e quan tify this

e�ect.

In all our previous plots w e ha v e used a thread

p o ol of 35 threads to service the net w ork queue.

Figure 5 sho ws the e�ect of v arying the n um b er of

net w ork threads on mean resp onse time and on do c-

umen ts (HTTP GETs) serv ed p er second, at a load

of 1400 UEs.

Both plots in the �gure mak e the p oin t that as

the n um b er of write threads increases, the di�er-

ence in p erformance b et w een shortest-connection-

�rst and size-indep enden t sc heduling decreases, un-
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Figure 4: Resp onse time as a function of task size

for shortest-connection-�rst sc heduling v ersus size-

indep enden t sc heduling. T op to b ottom: 1000,

1400, and 1800 UEs.

til at ab out 60 threads, the c hoice of sc heduling p ol-

icy has no e�ect. A t the p oin t of 60 threads, there is

no buildup in the net w ork queue and all sc heduling

is determined b y k ernel-lev el ev en ts.

These plots also sho w that as the n um b er of

threads used declines from 35 threads, the p erfor-

mance di�erence b et w een shortest-connection-�rst

and traditional sc heduling b ecomes ev en greater.

This suggests that the adv an tage of shortest-
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Figure 5: The e�ect of v arying the n um b er of net-

w ork threads on (upp er) mean resp onse time and

(lo w er) HTTP GETs/second for the t w o sc heduling

p olicies.

connection-�rst sc heduling ma y b e ev en more dra-

matic in a system where there is greater con trol

o v er k ernel-lev el sc heduling, since as the n um b er of

threads declines in our system, the degree of con trol

o v er k ernel sc heduling increases.

Figure 6 sho ws the e�ect on b yte throughput of

v arying the n um b er of net w ork threads. In this �g-

ure w e ha v e plotted the total n um b er of b ytes in

�les succesfully transferred during eac h of our 10

min ute exp erimen ts. It sho ws that for our serv er,

throughput increases roughly linearly with addi-

tional net w ork threads, regardless of the p olicy used.

In all cases, shortest-connection-�rst has sligh tly

higher throughput than our size-indep enden t p ol-

icy; this is b ecause the serv er is serving few er con-

curren t connections (on a v erage) and so can pro-

vide sligh tly higher aggregate p erformance. The pri-

mary p oin t to note is when con�gured with 35 net-

w ork threads, our serv er is not p erforming at p eak

throughput; this is the price paid for con trol o v er

net w ork sc heduling. As stated earlier, this price is

exacted b ecause the k ernel do es not supp ort p er-

connection sc heduling within the proto col stac k.
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Figure 6: The e�ect of v arying the n um b er of net-

w ork threads on the b yte throughput for the t w o

sc heduling p olicies.

Also plotted for reference in Figure 6 is the cor-

resp onding b yte throughput of Apac he at 1400 UEs.

The comparison illustrates that, for 35 net w ork

threads, our serv er is ac hieving higher throughput

than Apac he. Th us, although using 35 threads lim-

its our serv er from its maxim um p ossible p erfor-

mance, it is a lev el that still outp erforms Apac he.

6 Analysis: Wh y Don't Large Jobs

Su�er?

In this section w e help explain wh y long connec-

tions aren't sev erely p enalized in our exp erimen ts

using some simple analytic mo dels. These mo d-

els are only appro ximations of the complex systems

comprising a W eb serv er, but they yield conclusions

that are consisten t with our exp erimen tal results

and, more imp ortan tly , allo w us to explore the rea-

sons b ehind those exp erimen tal results. The results

in this section are based on [12 ]; that pap er presen ts

additional bac kground and more results not sho wn

here.

6.1 Assumptions Used in Analysis

In our analysis w e examine the M =G= 1 queue,

whic h is a simple queue fed b y a P oisson arriv al

stream with an arbitrary distribution of service

times. The service order is shortest-remaining-

pro cessing-time �rst (SRPT).

Under the SRPT mo del, only one task at eac h

instan t is receiving service, namely , the task with

the least pro cessing time remaining. When a new

task arriv es, if its service demand is less than the

remaining demand of the task receiving service, the

curren t task is pre-empted and the new task starts

service. W e use SRPT as an idealization of shortest-

connection-�rst sc heduling b ecause in b oth cases,

tasks with small remaining pro cessing time are al-

w a ys giv en preference o v er tasks with longer remain-

ing pro cessing time.

Our analytical results throughout are based on

the follo wing equation for the mean resp onse time

for a task of size x in an M =G= 1 queue with load � ,

under SRPT [18 ]:
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where R

x

is the resp onse time (departure time mi-

n us arriv al time) of a job of size x , F ( � ) is the cu-

m ulativ e distribution function of service time, and

� is the arriv al rate.

W e adopt the assumption that the amoun t of

w ork represen ted b y a W eb request is prop ortional

to the size of the �le requested. Th us, w e use as our

task size distribution the empirical �le size distribu-

tion as sho wn in T able 1 (the same as that generated

b y Sur ge ).

6.2 Understanding the Impact on Long

Connections

Using our simple mo dels w e can shed ligh t on

wh y large tasks do not exp erience signi�can t p enal-

ties under SRPT sc heduling; the explanation will

apply equally w ell to long connections in a W eb

serv er emplo ying shortest-connection-�rst.

The k ey observ ation lies in the he avy-taile d

prop ert y of the w orkload b eing considered. As de-

�ned in Section 4.1, this means that a small frac-

tion of the largest tasks mak es up most of the arriv-

ing w ork. The Bounded P areto distribution, whic h

mak es up the tail of our empirical distribution, is ex-

tremely hea vy-tailed. F or example, for a Bounded

P areto distribution with � = 1 : 1, the largest 1% of

all tasks accoun t for more than half the total service

demand arriving at the serv er. F or comparison, for

an exp onen tial distribution with the same mean, the

largest 1% of all tasks mak e up only 5% of the total

demand. No w consider the e�ect on a v ery large

task arriving at a serv er, sa y a task in the 99th

p ercen tile of the job size distribution. Under the

Bounded P areto distribution, this task in the 99th

p ercen tile is in terrupted b y less than 50% of the

total w ork arriving. In comparison, under the ex-

p onen tial distribution, a task in the 99th p ercen tile

of the job size distribution is in terrupted b y ab out

95% of the total w ork arriving. Th us, under the
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Figure 7: Mean slo wdo wn under SRPT as a function

of task size; � = 0 : 9.

hea vy-tailed distribution, a large job su�ers much

less than under a distribution lik e the exp onen tial.

The rest of this section explains and supp orts this

observ ation.

T o ev aluate the p oten tial for unfairness to large

tasks w e plot the mean slo wdo wn of a task of a giv en

size, as a function of the task size. Slo wdo wn is de-

�ned as the ratio of a task's resp onse time to its

service demand. T ask size is plotted in p ercen tiles

of the task size distribution, whic h allo ws us to as-

sess what fraction of largest tasks will ac hiev e mean

slo wdo wn greater than an y giv en v alue.

Figure 7 sho ws mean slo wdo wn as a function of

task size under the SRPT discipline, for the case of

� = 0 : 9. The t w o curv es represen t the case of an

exp onen tial task size distribution, and a Bounded

P areto (BP) task size distribution with � = 1 : 1.

The t w o distributions ha v e the same mean.

Figure 7 sho ws that under high serv er load ( � =

0 : 9), there can b e considerable unfairness, but only

for the exp onential distribution. F or example, the

largest 5% of tasks under the exp onen tial distribu-

tion all exp erience mean slo wdo wns of 5.6 or more,

with a non-negligible fraction of task sizes exp eri-

encing mean slo wdo wns as high as 10 to 11. In con-

trast, no task size in the BP distribution exp eriences

a mean slo wdo wn of greater than 1.6. Th us, when

the task size distribution has a ligh t tail (exp onen-

tial), SRPT can create serious unfairness; ho w ev er

when task size distributions sho w a hea vy tail (BP

distribution), SRPT do es not lead to signi�can t un-

fairness.

T o illustrate the e�ect of the hea vy-tailed prop-

ert y on the degree of unfairness exp erienced b y large

jobs, w e plot mean slo wdo wn as a function of task

size o v er a range of BP task size distributions with

constan t mean (in this case, 3000) and v arying � .

This plot is sho wn in Figure 8. The high � cases
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Figure 8: Mean slo wdo wn under SRPT as a function

of task size, v arying � of task size distribution.

represen t relativ ely ligh t tails, whereas the lo w �

cases represen t relativ ely hea vy tails in the task size

distribution.

This �gure sho ws ho w the degree of unfairness

under SRPT increases as the tail w eigh t of the task

size distribution decreases. When � is less than

ab out 1.5, there is v ery little tendency for SRPT to

p enalize large tasks (curv es for � = 0 : 5 and � = 0 : 7

sta y so close to 1 as to b e in visible on the plot).

Only as � gets close to 2.0 ( e.g., 1.7 or 1.9) is there

an y signi�can t fraction of tasks that exp erience high

mean slo wdo wns.

These �gures sho w that as the hea vy-tailed

prop ert y gro ws more pronounced, unfairness in the

system under SRPT diminishes. Th us the explana-

tion for the surprising resistance of the hea vy-tailed

task size distributions to unfairness under SRPT is

an e�ect of the hea vy-tailed prop ert y .

7 Conclusion

This pap er has suggested that W eb serv ers serv-

ing static �les ma y sho w signi�can t p erformance im-

pro v emen ts b y adopting non traditional service or-

dering p olicies. W e ha v e examined the b eha vior of

a p opular W eb serv er (Apac he running on Lin ux)

and found that, with resp ect to connection size, it

app ears to pro vide service similar to a serv er that

uses size-indep enden t sc heduling. F urthermore, w e

ha v e found that signi�can t impro v emen ts in mean

resp onse time|on the order of factors of 4 to 5|

are ac hiev able b y mo difying the service order so as

to treat short connections preferen tially . Finally ,

w e ha v e found that suc h a service ordering do es

not o v erly p enalize long connections. Using anal-

ysis, w e ha v e shed ligh t on wh y this is the case, and

concluded that the hea vy-tailed prop erties of W eb

w orkloads ( i.e., that a small fraction of the longest

connections mak e up a large fraction of the total



w ork) mak e W eb w orkloads esp ecially amenable to

shortest-connection-�rst sc heduling.

Our w ork has a n um b er of limitations and direc-

tions for future w ork. The arc hitecture of our serv er

do es not allo w us precise con trol o v er the sc hedul-

ing of k ernel-mo de op erations (suc h as I/O). This

prev en ts us from determining the exact amoun t of

impro v emen t that is p ossible under sc heduling p oli-

cies that fa v or short connections. W e plan to im-

plemen t short-connection fa v oring strategies o v er a

k ernel arc hitecture that is b etter designed for serv er

supp ort [3, 10 ] in order to assess their full p oten tial.

There is ro om for b etter algorithmic design here,

since the p olicy w e ha v e explored do es not prev en t

the starv ation of jobs in the case when the serv er

is p ermanently o v erloaded. One commonly adopted

solution to this problem is dynamic priorit y adjust-

men t, in whic h a job's priorit y increases as it ages,

allo wing large jobs to ev en tually obtain priorities

equiv alen t to those of small jobs. W e plan to ex-

plore suc h impro v ed p olicies, p erhaps follo wing the

initial w ork in [6 ].

While more w ork needs to b e done, our re-

sults suggest that non traditional sc heduling order

ma y b e an attractiv e strategy for W eb serv ers

that primarily serv e static �les. In particular, the

fact that W eb w orkloads (�le sizes and connection

lengths) t ypically sho w hea vy-tailed distributions

means that shortest-connection-�rst p olicies can al-

lo w W eb serv ers to signi�can tly lo w er mean resp onse

time without sev erely p enalizing long connections.
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