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Improving the Performance of
Reliable Transport Protocols in
Mobile Computing Environments

Ramon Céceres and Liviu Iftode

Abstract— We explore the performance of reliable data
communication in mobile computing environments. Motion
across wireless cell boundaries causes increased delays and
packet losses while the network learns how to route data to
a host’s new location. Reliable transport protocols like TCP
interpret these delays and losses as signs of network conges-
tion. They consequently throttle their transmissions, fur-
ther degrading performance. We quantify this degradation
through measurements of protocol behavior in a wireless
networking testbed. We show how current TCP implemen-
tations introduce unacceptably long pauses in communica-
tion during cellular handoffs (800 milliseconds and longer),
and propose an end-to-end fast retransmission scheme that
can reduce these pauses to levels more suitable for human
interaction (200 milliseconds). Our work makes clear the
need for reliable transport protocols to differentiate be-
tween motion-related and congestion-related packet losses,
and suggests how to adapt these protocols to perform better
in mobile computing environments.

Keywords— Wireless networks, cellular handoffs, conges-
tion control, TCP, mobile IP.

I. INTRODUCTION

ELTABLE transport protocols have been tuned for
networks composed of wred Inks and stat onar
hosts he adapt to prevaln end to end dela cond
t ons throu hout the 1fe of a connect on and nterpret
une pected ncreases n dela as packet losses caused b
con est on In response to perce ved losses protocols | ke
the ransm sson ontrol rotocol a ress vel
slow the r transm ss ons to allow the network to recover
hese con est on control pol ¢ es have proven bene cal n
mprov n the overall performance of networks 1 ke the In

ternet  he prem se underl n these pol c es that packet
losses are lar el due to con est on s correct for e stn
networks

uture networks however w 1l nclude w reless | nks and
mob le hosts In part cular there w1l be local area net
works composed of w reless cells of a few meters n d ame
ter uch networks are des rable for three m
portant reasons the o erh ha re atebandw dth the
re ure low power from mob le transce vers and the pro
v de accurate locat on nformat on  sers n m crocellular
env ronments w 1l often carr hosts across cell boundar es
w thout warn n and n the m dst of data transfers

ransport level connect ons w 1l thus encounter t pes of
dela and loss that are unrelated to con est on rst
commun cat on ma pause wh le the hando between cells
completes and packets can a an be routed to and from
the mob le host  econd packets ma be lost due to fu
t le transm ss ons over the w reless network when a mob le
host moves out of reach of other transce vers espec all
n networks w th 1 ttle or no overlap between cells  h rd
packets ma be lost due to the relat vel fre uent transm s
son errors su ered b wreless I nks  ome performance
de radat on due to these dela s and losses s unavo dable

hese events also tr er con est on control procedures
that further de rade performance In part cular m
plementat ons cont nuall measure how lon acknowled e
ments take to return he mantan a runnn avera e
of th s dela and an est mate of the e pected dev at on n
dela from the avera e If the current dela s lon er than
the avera e b more than tw ce the e pected dev at on
assumes that the packet was lost In response
retransm ts the lost packet and nt ates con est on con
trol procedures to ve the network a chance to recover
rst drops the transm ss on w ndow s e to reduce
the amount of data n trans t throu h the network econd
t act vates the slow start al or thm to restr ct the rate at
wh ch the w ndow rows to prev ous levels  h rd t resets
the retransm ss on t mer to a backo nterval that doubles
w th each consecut ve t meout

hen mot on s m staken for con est on these proce
dures result n s n cant reduct ons n throu hput and
unacceptable nteract ve dela s for act ve connect ons  he
de radat on s readl apparent for e ample to users of
emer n ub utous computn envronments

uant es the e ects of mot on on throu h
put and dela  dent es the factors that contr bute to the
loss of performance and su ests an end to end approach
for allev at n the problem It shows how wa ts for S
retransm ss on t meouts cause pauses n commun cat on
that last seconds and lon er after each cell crossn
ther researchers have called attent on to the lon pauses
caused b s e ponent al backo polc but
to our knowled e th's s the rst s stemat c treatment of
th s problem  h s paper also descr bes how us n S
fast retransm ss on procedure can reduce these pauses to
seconds e focus on because t s the most
w del wused rel able transport protocol and w1l be used
n at least the rst enerat on of mob le computn env
ronments  urthermore lessons learned from appl

h s paper
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to other rel able transport protocols that must deal w th
both mob 1t and con est on
he rema nder of th s paper sor an ed as follows ec
t on IT descr bes the w reless network n  testbed used to ob
ta n our results ect on III presents the measured e ects
of host mot on on the performance of rel able transport
protocols ecton I proposes and evaluates an end to
end approach to allev at n the ne at ve e ects of mot on
ect on  d scusses w reless transm ss on errors as an area

for future work and ect on I concludes the paper

11. IR NT ORIN T T D

ee plore the e ects of mob 1t throu h measurements
of transport protocol behav or n a w reless network n

testbed  he testbed cons sts of mob le hosts mo
b1t support stat ons and stat onar hosts
deplo ed n an ord nar o ce env ronment ob le hosts

connect to a bt second aveLA local area w reless
network aveLA s a d rect se uence spread spectrum
rad o product from tat onar hosts connect to a

bt second Ethernet local area w red network oblt
support stat ons connect to both networks shows
the m n mum testbed con wurat on

ure

All hosts and support stat ons are e u pped w th
processors b te hard d sks b tes
of memor and the necessar network nterface hardware
he runthe B

ahoe vers on of from the n

vers t of al forn a at Berkele ob le I software from
olumb a n vers t and the ach m crokernel and
n server from arne e ellon n ver
st B ahoe s w del used throu hout the

Internet and mplements e ponent al retransm ss on back
o s and the slow start al or thm

Each de nes one cell and s respons ble for the S
n ts cell It acts as the default atewa for those s
rout n packets that or nate n an from the w reless
to the w red part of the network m larl t forwards
packets dest ned to an from the w red to the w reless
part of the network

s and s collaborate to perform hando s between

cells s make the r presence known b broadcast n
per od ¢ beacons over the w reless network An dec des
to sw tch cells when t rece ves a beacon from a new
w th a stron er wreless s nal than the beacon from the

old

or when t rece ves the rst beacon from a new
after faln to rece ve beacons from the old

o sw tch cells the sends a reet n packet to the

new and chan es ts own rout n tables to make the
new ts default atewa It also not es the new

of the dent t of the old he new acknowled es
the reetn to the adds the to the | st of S
for wh ch the new s respons ble and be ns to route
the s packets accord n 1 he new also nforms
the old that the host has moved and can be reached

throu h the new he old then ad usts tsrout n
tables n order to forward to the new an packets that
arr ve for the and acknowled es the hando to the new

nall the new acknowled es the complet on
of the hando to the urther deta Is of th s protocol
are found n

In our e per ments we nt ate a rel able data transfer
over a connect on between an and an we
cause the to cross cell boundar es wh le the connect on
s act ve and we measure the performance of the connec
t on

e s mulate mot on across cell boundar es n software

he n our testbed salwa s nran e of both s but
we mod ed the obleI software on the to nore
beacons from all but one After the spends a
spec ed number of beacon n per ods n that s cell

the mod ed software | stens for a beacon from the other
n order to nt ate hando procedures w th the new

An mportant bene t of s mulat n mot on n software s
that t lets us stud networks w th overlapp n cells as well
as networks w th non overlapp n cells hen ad acent
cells overlap and an s n the re on of overlap pack
ets can cont nue to ow between the and the old
wh le the hando to the new S N pro ress hen cells
do not overlap there s an unavo dable pause n network
level commun cat on wh le the s out of reach from the
old and the hando to the new has not et com
pleted  he testbed allows us to e plore the full ran e of
hando scenar os from the case when the $ n con
tact w th both s throu hout the hando to the case
when the cannot commun cate w th an
arb trar nterval of t me after t leaves the old cell

for an

Another bene t of s mulat n mot on n software s that
t  ves us prec se control over the nstant when hando s
be n  nder normal ¢ rcumstances hando s be nat n
determ nate t mes based on the t me remann n a cell s
beacon n per od when a host enters the cell or on the rel
at ve stren ths of two w reless s nals  ur testbed makes
th s process determ n st ¢ and therefore allows us to rel abl
reproduce test cond t ons nall smulatn moton n
software el m nates the need to ph s call move test e up
ment dur n e per ments
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I11. CT O OTION e bel eve these four scenar os show a complete and fa r

eran a number of e per ments n the manner descr bed
above e found that throu hput dropped s n cantl n
the presence of mot on e then anal ed the problem
n more deta ] to determ ne the causes of the performance
loss e tracked the se uence number and w ndow
s e over thel fet me of a connect on to determ ne how
behaved dur n hando s e also traced and oble
I packets dur n the course of each hando to determ ne
fan packets were lost and wh h s sect on presents our
results
ue to space ] m tat ons we onl present results for the
case where data packets ow from the to the and
acknowled ement packets ow from the to the
owever we also ran our e per ments for the oppos te case

w th ver sm lar results e summar e our results for
both cases n ect on I

ure shows the avera e appl cat on level throu hput
ach eved when transferr n b tes of data between an

and an rom left tor ht the vert cal bars repre

sent the throu hput obta ned under four scenar os

he does not move

he moves between overlapp n cells

he moves between non overlapp n cells and re

ce ves a beacon from the new at the nstant t
leaves the old cell  second rende vous dela

he moves between non overlapp n cells and re
ce ves a beacon from the new one second after
leav n the old cell

In the scenar os that nvolve mot on the beacon n per od
s second and the sw tches cells ever beacon n

per ods  hese parameters were chosen to allow con

nect ons to atta n ma mum throu hput between hando s
wh le also allow n us to observe mult ple hando s dur n

a sn le data transfer

second rende vous dela

p cture of the problems ntroduced b host mot on e
use the no mot on scenar o as a base for compar son  he
mot on scenar o w th overlapp n cells represents the best
hando performance poss ble w th our hardware and soft
ware It s real able n a real network onl f overlap re

ons are lar e enou h and hosts move slowl enou h for
hando operat ons to complete wh le a movn host sstll
n the overlap re on  he scenar o w th ero rende vous
dela represents the m n mum network level nterrupt on
ntroduced b non overlapp n cell hando s It s real
able onl f the does not have to wa t for a beacon
before t can commun cate w th the new for e am
ple n a network where s announce the r presence b
means of a cont nuous s nal nall  the scenar o w th
a second rende vous dela shows what happens as the
len th of network level nterrupt ons ncreases It s a re
al st ¢ scenar o when a per od ¢ beacon n scheme s used
s nce an ma have to wa t up to a full beacon n per od
before t rece ves a beacon from the new

As shown n ure throu hput de rades substan
tall n the presence of mot on across non overlapp n
cells In the overlapp n cell scenar o throu hput de rades
onl sl htl b In the non overlapp n cell scenar o
w th ero rende vous dela throu hput drops b even
thou honl  hando s occur n the rou hl second | fe
t me of the connect on hrou hput drops much further
w th a second rende vous dela b w th hando s

n rou hl seconds

In the rest of th s sect on we stud the causes of th s per
formance de radat on n ncreasn detal e concentrate
on sn le hando s to el m nate from our results an depen
denc es on the parameters of the throu hput test d scussed
above b tes of data w th hando s ever seconds

ur results w 1l thus appl to all cell hando s n each mo
t on scenar o
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ure shows how the se uence number behaves he lon pauses n commun cat on are caused b s

over the Ife of a connect on In ths e ample the

moves between non overlapp n cells wth a second ren
de vous dela  As shown the se uence number ceases to
advance for rou hl  seconds after the rst two cell cross
n s and for rou hl second after the last crossn A
second pause st pcal of a second rende vous dela
wh le a second pause s moret pcal of a second ren
de vous dela ur n these pauses transm ts no new

data and transport level commun cat on comes to a halt
he e ect s also vsble n wh ch raphs the
con est on w ndow over the 1fe of the same connec

ure

t on he con est on w ndow s an upper bound on the
transm ss on w ndow wh ch n turn controls how much un
acknowled ed data a connect on can have n transt
over the network As shown the con est on w ndow stops
rown w thever cell crossn ome t me after the cross
n the w ndow shr nks to ts m n mum value and eventu
all be nsto rowa an he ntervals between when the
w ndow stops rown and when t be ns to row a an
correspond to the second and second pauses n com
mun cat on noted above

Losses occur due to routn n
cons stenc es dur n non overlapp n cell hando s
s der the route from the to the hen the
leaves a cell w thout warnn  ts rout n tables cont nue
to po nt to the old as the default atewa he
does not know t has moved and therefore does not chan e
tsrout n tables unt | a beacon arr ves from the new

nt 1 then the cont nues to send packets dest ned for
the d rectl to the old hese packets are lost be
cause the can no lon er reach the old throu h the
w reless nterface

response to packet losses
on

Incons stenc es pers st lon er w th the route from the

to the he old does not know that the
has left the cell unt1 an e plct not cat on arr ves from
the new wh ch cannot send the not cat on before t

nt | the old learns
s mot on t cont nues to route packets d rectl
to the hese packets are also lost because the old
can no lon er reach the An other parts of the
network nvolved n the hando must also wa t fore plct

rece ves a reet n from the

of the
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has moved before the can chan e
to the

not cat on that the
the r rout n tables to po nt awa from the old
new

ure shows what happens dur n one hando n the
case of ero rende vous dela  Althou h the beacon from

the new arr ves concurrentl wth the cell cross n

the srout n tables do not po nt to the new unt 1
seconds after the cell cross n m larl the old s

rout n tables do not po nt to the new unt | sec

onds after the cell crossn  Althou h the s stem overhead
mpl ¢t nthese urescan be reduced throu h careful m
plementat on hando latenc cannot be alto ether el m
nated because at least two packet e chan es are needed to
not f both the new and the old that the
has chan ed cells Because these packets ncur unavo d
able propa at on dela s there w1l alwa s be a w ndow of
opportun t durn wh ch both data and acknowled ement
packets can be routed to unreachable w reless transce vers
An act ve connect on thus loses up to a full trans
m ss on w ndow s worth of packets and related acknowl
ed ements durn each hando nce the transm ss on
w ndow lls commun cat on stops unt | the retransm ss on
t mer e p res hen a t meout occurs retransm ts
the earl est unacknowled ed packet doubles the retrans
m ss on nterval and resets the t mer If the hando s not

et complete when the t meout occurs the retransm tted
packet s also lost and wa ts for et another t me
out before retransmttn A sn le t meout st p cal of
ero rende vous dela as shown on ure WO consec
ut ve t meouts are t p cal of a second rende vous dela
as shown on ure
It sev dent how wa ts for retransm ss on t meouts free e

transport level commun cat on for seconds or more w th
each cell cross n across non overlapp n cells and are re
spons ble for a lar e part of the throu hput losses reported
earl er In contrast hando s between overlapp n cells do
not cause the same lon pauses n commun cat on because
the mplementat on of overlapp n cells n our testbed n
sures that no packets are lost dur n those hando s  he
sl ht throu hput losses reported earl er for the overlapp n
cell scenar o are due onl to encapsulat on and forward n
dela s dur n hando s

As shown n the con est on w ndow drops
abrupt]l after a cell cross n when the retransm ss on t mer

oes o but returns onl raduall to ts prev ous level
once transport level commun cat on resumes s slow
start al or thm s respons ble for th s behav or As ac

knowled ements reach the transm tter slow start rst

ure
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rows the con est on w ndow e ponent all unt 1 t reaches
a threshold then rows t 1 nearl he threshold s set to
one half of the w ndow s e at the t me of the retransm s
son t meout  he slow start threshold thus deca s e po
nent all w th consecut ve t meouts
he slow recover after each hando contr butes to the
loss of throu hput d scussed earl er but onl moderatel
ur measurements show that the al or thm throttles trans
m ss ons for appro matel second after commun cat on
resumes At that po nt the connect on a an reaches ts
ma mum throu hput bt second and the con es

t on w ndow ceases to a ect performance

Interact ve dela s are a concern n add t on to throu h
put  tud es of human factors nd cate that people per
ce ve nteract ve response to be bad f t takes lon er
than to m 1] seconds As d scussed above and
shown n ures and  transport level commu
n cat on comes to a halt for m 1l seconds or lon er
after non overlapp n cell crossn s urthermore these
pauses row e ponent all wth rown rende vous dela s
due to s e ponent al retransm ss on backo polc
In nteract ve appl cat ons that use for rel able data
transport user nputs and ther responses w1l be unable
to travel between mob le hosts and remote servers dur n
these pauses

Althou h users ma not alwa s nteract w th the r com
puters whle movn there wll certanl be t mes when
the w1l do so soon after stopp n ur results show that
pauses w 1l pers st from m 1l seconds to several seconds
after a host enters a new cell and the hando completes

ot on w 1l thus lead to unacceptable nteract ve response
unless we solve the problems presented n th s sect on

I . I TIN T CcT O OTION

ur results demonstrate that we must mprove the per
formance of rel able transport commun cat on n mob le
comput n env ronments wo approaches are poss ble
hdn mot on from the transport level and adapt n the
transport level to react better to mot on

ellular networks should str ve to prov de smooth hand
o s norder to el m nate packet losses dur n cell crossn s
and thus h de mot on from the transport level As we have
shown w th our testbed one wa to acheve ths oal s
to mplement make then break hando s and to en neer
enou h overlap between cells to nsure that hando s com
plete before an loses contact w th the old ow
ever there are compell n reasons to bu ld networks w th
1 ttle or no overlap between small cells
he o erh ha re atebandw dth because the can
use the same port on of the electroma net ¢ spectrum
n nearb cells Bandw dth s scarce n w reless net
works
he support low powered mob le transce vers be
cause s nals need onl reach short d stances  ob le

computers have str n ent power consumpt on re u re
ments
he prov de accurate locat on nformat on because
cells are small and sharpl de ned Locat on nforma
t on adds mportant funct onal t to d str buted s s
tems
It s poss ble to prov de smooth hando s n sp te of
packet losses due to mot on between non overlapp n cells
or e ample s could bu er packets the have recentl

sent to S hen an s not ed that an has
moved out of the s cell the can send the bu ered
packets for that to the now respons ble for the

he new can n turn forward the packets to the

h s techn wue ncreases the memor re u rements of
the s but ma prove feas ble because the amount of
data that an needs to bu er s bounded b the ma
mum hando latenc between ad acent cells

owever t s unl kel

prov de perfectl smooth hando s n the near future It
s therefore worthwh le to nvest ate transport level tech
n ues for allevatn the e ects of packet losses dur n
hando s

that all cellular networks w1l

he lon pauses n commun cat on presented n ec
t on III are due partl to naccurate retransm ss on t mers
mplementat ons h stor call have used coarse t mers
wth a to m 1l second resolut on or e ample
the B ahoe mplementat on n our testbed uses a
m 1l second resolut on t mer  he result n m n mum
t meout value s tw ce the t mer resolut on or second
ths second value s evdent n ures and he
retransm ss on t mer s ntended to track the round tr p
dela e perenced b a connect on but actual round
tr p dela s are much smaller than m 1l seconds ore
ample connect ons n our testbed e per ence well under
m 1l second of round tr p dela It ma appear that chan
n mplementat ons to use h her resolut on t mers
would result n more accurate round tr p t me est mates
and would thus reduce pauses n commun cat on dur n
cellular hando s
owever more accurate t mers w 1l not solve the prob
lems ntroduced b mot on across w reless cell boundar es
A t mer that successfull tracks the round tr p dela wll
lead to t meout values on the order of m 1l second or less
hese small t meout values w 1l result n mult ple t meouts
wh le a hando completes wh ch n turn w1l lead to the
follow n three problems

ult ple reduct ons of the slow start threshold he
threshold deca s e ponent all w th consecut ve t me
outs and can u ckl reach the m n mum w ndow s e
of one packet hen commun cat on resumes after a
hando connect ons w1l nd themselves n the 1 near
re on of wndow rowth d ctated b the slow start
al or thm and w1l take man round tr p t mes be
fore the reach ma mum throu hput ur testbed
avo ded th s problem because of ts coarse t mers
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ult ple backo s of the retransm ss on t mer Backo s
row e ponent all w th consecut ve t meouts and can
u ckl lead to the lon pauses n commun cat on we
are tr n toavod
ult ple retransm ss ons before the routes become con
s stent  hese fut le retransm ss ons waste bandw dth
n the slow w reless med um
In eneral t sd cult for a t mer based scheme to adapt
to the abrupt chan es n round tr p dela ntroduced b
cellular hando s

An attract ve end to end solut on  to the problems pre
sented n ect on III s for the transport protocol to resume
commun cat on mmed atel after hando s complete w th
out wa t n for a retransm ss on t meout odern m
plementat ons nclud n the B ahoe mplementa
t on nour testbed alread perform s m lar

when a transm tter rece ves tr pl cate acknowled e
ments from a remote rece ver hen act vated the fast
retransm ss on procedure mmed atel retransm ts the ear
| est unacknowled ed packet drops the transm ss on wn
dow and nt ates the slow start al or thm  he rat onale
beh nd current fast retransm ss ons s that tr pl cate ac
knowled ements clearl nd cate that packet loss has oc

curred and thus there s no need to wat for a t meout
before retransm tt n

e made modest chan es to the and oblel
software n our testbed to nvoke the e st n fast retrans
m ss on procedure as soon as routes become cons stent fol
low n a cell cross n rst the oblel software on the

s mnals the software on the when a reet n
acknowled ement arr ves from the new econd the

transm tter on the nvokes the fast retransm s
s on procedure when t rece ves such a s nal hes nal
s del vered throu h shared memor between and I
software n the same host

ure shows the measured e ect of fast retransm s
s ons after a non overlapp n cell hando wth a second
rende vous dela  As shown fast retransm ss ons cause a

connect on to resume commun cat on  m 1l seconds
after the hando completes In contrast the retransm s
s on t meout would not have occurred unt 1 m 1l seconds
after the hando completed

An add t onal commun cat on step s necessar to nform

the software on the of the events occurr n at the
other end of the connect on rst the oble I soft
ware on the s mnals the software on the of
the complet on of the hando as descr bed above econd

the software on the forwards the s nal over the
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network to the hrd the software on the

nvokes the fast retransm ss on procedure when t rece ves
such a s nal he s nal travels from the to the

throu h normal I routes and can take e ther of two forms
It can be a spec all marked acknowled ement packet
conta n n the se uence number of the last data packet suc
cessfull rece ved b the
but ord nar

or t can be three dent cal
acknowled ement packets he tr pl

cate acknowled ement approach consumes more resources
but does not re ure mod cat ons to mplementa
t ons on stat onar hosts

ure shows the measured e ect of fast retransm s
s ons after a non overlapp n cell hando wth a second
rende vous dela  As shown fast retransm ssons a an
causes a connect on to resume commun cat on m |
| seconds seconds after the hando completes In contrast
the retransm ss on t meout would not have occurred unt |
m 1l seconds after the hando completed
he fast retransm ss on approach has three des rable fea
tures

It re ures m n mal chan es to software on the end
hosts It chan es oblel onl to propa ate an end
of hando s nal one la er up n the protocol h erar
ch It chan es onl to nvoke the e stn fast
retransm ss on procedure when the end of hando s
nal arr ves It need not chan e on stat onar
hosts f tr pl cate acknowled ements are used
It does not depend on spec al support from the net
work ncludn moblt support stat ons or other n
termed ate routers It therefore does not depend on
an one mob le network n env ronment and w 1l work
over an nternetwork
It follows establ shed con est on avo dance pol ces b
closn the transm ss on w ndow and usn the slow
start al or thm after the n t al retransm ss on It thus
avo ds con est n the cell the has ust entered
entl probn the con est on state of a new route

Pauses in
communication
(seconds) 100% 26
13
50 %
0.6
100 %
0.3
50 %
0 - second 1 - second
rendezvous delay rendezvous delay

such as the route to a new cell s one of the pr nc pal

mot vat ons beh nd the slow start al or thm
It s mportant to note that there s no need to nt
ate fast retransm ss ons n networks that uarantee smooth
hando s that s n networks that never lose packets dur
n hando s In that case the software nvolved n
the hando need not s nal the transport level when hand
o s complete he fast retransm ss on scheme therefore
coe sts wth an hando scheme  he software that m
plements the scheme res des n the transport level and s
e erc sed onl when needed

ure shows the pauses n transport level commun ca
t on caused b mot on across non overlapp n cell bound
ar es to ether w th the mprovements aned b appl n
the fast retransm ss on procedure As shown when the
transm tter res des on the fast retransm ss ons reduce
these pauses from to seconds for a  second ren
de vous dela and from to seconds for a  second
rende vous dela
ure also shows our results for the case when the
transm tter res des on the where pauses drop from
to seconds for second rende vous dela s and from
to seconds for second rende vous dela s auses
before the mprovements are shorter when the transm tter
s on the e vs seconds for second ren
de vous dela s because data packets ncur added propa
at on dela before the are lost E ect vel lost packets
are sent earl er before the cell crossn  and thus retrans
m ss on t meouts occur earl er after the cross n auses
after the mprovements are lon er when the transm tter s
on the e vs seconds for second rende vous
dela s because the fast retransm ss on must wa t for an ac
knowled ement packet to travel between the and the
after the hando completes
he fast retransm ss on scheme thus succeeds n reduc
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Average
throughput
(Kbit/ sec)
1600
100 % 1510 1490
94 % %
88 %
No Overlapping 0 - second 1 - second
handoffs cells rendezvous delay rendezvous delay

n nteract ve dela s to m 1l seconds be ond the
rende vous educn hando latenc throu h careful m
plementat on would further reduce ths remann dela
he oblel software n our testbed s an earl e am
ple of support for mob le network n and was not wrt
ten w th fast hando s n m nd or e ample t ncurs
substant al s stem overhead b emplo n appl cat on level
processes to process beacons chan e routes and perform
other hando related funct ons A more e cent mple
mentat on of hando s comb ned w th fast retransm ss ons
should n all cases br n pauses n commun cat on to
m 1l seconds or less after the rende vous If users do not
attempt to nteract w th the r mob le computers unt | the
stop mov n across cell boundar es nteract ve dela s wll
then drop to acceptable levels

e also measured s n cant mprovements n throu h
put due to the fast retransm ss on scheme As shown n

ure for the test descr bed n ect on III A throu h
put mproves from to bt second for second
rende vous dela s and from to b t second for

second rende vous dela s ome throu hput losses re
ma n because a transport level scheme | ke fast retrans
m ss ons does not reduce network level dela s and packet
losses and because the slow start al or thm throttles con
nect ons for some t me after transport level commun cat on
resumes

IR TR N I ION RROR

Even n the absence of mot on the avelLA network
n our testbed su ers from relat vel fre uent packet losses
due to ph scal transm sson errors A separate mea
surement stud found that aveLA e hbted e cellent
packet capture rates over n an ndoor env ron
ment owever n our env ronment packet loss fre
uenc var es w del even across short d stances and de
pends on such factors as the post ons of antennas n a

Non-overlapping cells

room uch problems are common n w reless commun ca
t on because w reless med a are vulnerable to amb ent no se
and mult path nterference ommonl c ted b t error rates
for rad o and nfrared 1 nks are or worse compared to
I or better for ber opt ¢ | nks

reless transm sson errors wll also tr er the
transport level problems descr bed n ect on III  ne pos
s ble solut on s for the 1nk la er protocol that controls
w reless 1 nks to retransm t packets lost on those | nks and
thus h de the losses from h her la ers owever recent
research shows that under certa n packet loss cond t ons
compet n retransm ss on strate es n the | nk and trans
port la ers can nteract to reduce end to end throu hput
wh le ncreasn 1nk utl aton Alternat ve tech
n ues such as select ve retransm ss ons at the transport
la er ma prove more e ect ve than 1 nk la er retransm s
s ons

e wanted to solate the e ects of mot on across cell
boundar es from the e ects of w reless transm ss on errors

e solved the problem b postonn the aveLA an

tennas ph s call close to ether n an area relat vel free
from amb ent rad at on and mult path problems  acket
losses n the absence of cell cross n s then dropped to ne
1 blelevels e also repeated all our hando e per ments
usn a wred network to emulate a w reless network we
subst tuted a second Ethernet for the aveLA n our
testbed and found no fundamental d erences n our re
sults e d d not treat transm ss on errors an further n
order to concentrate on hando s  evertheless the mpact
of w reless transm ss on errors on rel able transport proto
cols warrants further stud

I. oNCc U IOoN

oblt chan es mportant assumpt ons on wh ch e

s stems operate In part cular networks that n
clude w reless 1 nks and mob le hosts su er from dela s
and packet losses that are unrelated to con est on  ur
rent rel able transport protocols react to these dela s and

st n
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losses b abruptl slown ther transm ss ons a response
that further de rades the performance of act ve connec
t ons e have dent ed the factors that contr bute to
th s performance de radat on and have uant ed ther ef
fects n detal e have shown how wa ts for retransm s
s on t meouts cause pauses n commun cat on at least
m 1l seconds lon er than the underl n network level n
terrupt on  hese pauses are read 1 not ced b nteract ve
users and s n cantl reduce throu hput

e have also descr bed a fast retransm ss on scheme that
can reduce the pauses n commun cat onto  m Il seconds
past the moment when transport level commun cat on re
sumes ast retransm ss ons thus reduce nteract ve dela s
to acceptable levels and re a n much of the lost throu h
put  he fast retransm ss on approach s attract ve because
t calls for onl m n mal chan es to end s stems rel es on
no spec al support from the underl n network or nter
med ate routers follows establ shed con est on avo dance
procedures and preserves end to end rel ab 1t semant cs

he approach s thus appl cable to a lar e and vared n

ternetwork 1 ke the Internet

ur work makes clear the need for rel able trans
port protocols to d erent ate between mot on related and
con est on related packet losses  ur results can be used
to adapt to mob le comput n env ronments  he
also appl to other rel able transport protocols that must
cope w th both mob 1t and con est on

C NO D NT

an uchamp and ohn Ioann d sprov ded the ach
vers on of the oblel software huck Lew s helped to
set up and ma nta n the testbed  re nshall prov ded
useful comments on an earl er draft of th s paper
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