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The history of the Internet

* 1974: First draft of TCP/IP

“A protocol for packet network interconnection”,

Vint Cerf and Robert Kahn

* 1983: ARPANET switches on TCP/IP

* 1986: Congestion collapse

* 1988: Congestion control for TCP

“Congestion avoidance and control”, Van Jacobson
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“In October of ‘86, the Internet had the
first of what became a series of
‘congestion collapses’. During this period,
the data throughput from LBL to UC
Berkeley (sites separated by 400 yards
and two IMP hops) dropped from 32 Kbps
to 40 bps. We were fascinated by this
sudden factor-of-thousand drop in
bandwidth and embarked on an
investigation of why things had gotten so
bad. In particular, we wondered if the
4.3B5D (Berkeley UNIX) TCP was mis-
behaving or if it could be tuned to work
better under abysmal network
conditions.”

Van Jacobson, "Congestion avoidance
and control”, 1988

Electricad E'j' neefing,
Etrkel'ej Uni wer;[fj

IV\ f"cv;a S((f;dll\j we W!"‘ OIUVL(dr) o VV\oJ'keW(”‘d("J W\do’t(l f(yr hov

TCF Wa—f‘Li»

V\I( w (l Ve f/)\tol Fol\vlf VM{-L\‘,J 2 o(r{'fe mh«/y;fsl



§41 The TCP Aljor/tb\w\

TCP s émo‘ on wfnalow—laa{,co( f(aw (awérd{, a 5"MP(‘?‘;"1 Ve”-f'gy\ d”‘ whicly 1y ar fdf/owf

. When o {kNI/ SEonts, e  sender 15 -J'(OCMA & @rto (n r\UlM-éCV % &ﬁeﬂf_

. toch time ho sends a Pu/Lee, he Ve¢ JP o floken

. When Hhe recANer ol es o Pa\cé—eé, he n',,hi; with e acknow leolge meut |
Wheu Hre  sendor  receds am ackmwlea(?zw‘euﬁ’, be qots ove wken fack

acknowledgements —

.1"""’.-"-
"""—r—._.— aa

The numiber 4 tohens 5 colled fhe "W ndow S

The_ +ime fw ~ pacpet kb reach H\eolqér‘m«h;m X M.MEMQAVW\‘“’" b reach M
y,vwlu (s (AMLA e .‘fNV\O( Gr:ka e e " (27"1")_

WiNDOW §(ZE AND TRANSMIT RATE

I@a 1l(w/ hog  window 52e W, (and ey neden rEmans (oy\f/‘owf}/
Hrovre ove W packehrs  sewnt Newr RTT Thys, fke éravsmit rafc

N
x = — phts [sec.
RTT
Nore : w,‘,,,(,,,,—émol /—Icw (o-wha‘{ enrns Hee aNerall MWNVC Erdns e rak/
but it doesnt  conbrd  rhe 'b\lf{ﬁ‘/\(“ T
1 X?\MMQ numbex A QZMMQL:/UM:: "1’
o' leve phe sene gt packel %
“ X X
k‘ e X ol
Fa < X
f’(‘ﬂ\/\'&av(; with ‘ ,’ ) "
four toleens. é & <X
2 2
Send ovt ((wr ‘F’ — i
r:acé_n,(;( pack ~—— time N
baci-r’— aC R .
?':T%VMT{:: bmf';r :{ e fr\fffo/ w%roe(/m<¢ 4 fo ki
otens come ’éa\c(, wesre }’M\&d ovt, then lzackaér worv lef
b we com ‘by\dwt T be sent in bursts — ‘
fovr o Fokckﬂ«{;f owd e rext fovpds GF PacLoJ:r will

m/umo-h‘muj ke smosth fos



(OPING WITH DROPPED PACKETS
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The sender puts a
sequence number on
each packet

When the receiver
receives a packet, it send
back an ACK with the
highest contiguous
sequence number it has
received

If the sender receives
duplicate ACKs, it knows
that a packet was
dropped (or that
something was delivered
out of order)




A network control problem: how many
tokens should each source have?

* If the receiver has a buffer of 10 packets, it could tell the sender o
“Start with 10 tokens; I'll issue you a new token whenever a packet is A— this g what
cleared from my buffer”. This ensures that the receiver’s buffer pre - (43 7
cannot overflow. TCP oArd.

* Maybe the receiver needs to receive data at some average rate x
to ensure smooth video playback. It could tell the sender “Use
xRTT tokens”.

mins

W=Xmin

* The transmit rate is x=w/RTT. There could be centralized admission
control, like the Erlang link—issue new tokens only if the total traffic
rate will not exceed the service rate.

* |s it possible to allocate tokens in a distributed way, so as to ensure
that the network does not suffer from congestion collapse?
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TACOBSON'S ALGORTHM
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WHAT TCP 15 MEANT TO AcCHIEVE

* i { Each user increases his/her transmission rate when
the network seems underused, and cuts it when
one of his/her packets is dropped.

If all users do this, the network should end up near-
100% used, and the capacity should be shared fairly.

The Internet is the first large-scale network to be
able to regulate itself — to share capacity fairly —
without a central controller.



o4 Dr(;{fc Moole{ ';QV P

A A//\ff maoled s o eGuoalion
U\o\nh‘f, Drrﬁ mocdeds

slok /‘% / b/}/w{,/@/,'m#aﬁ,‘% .

Sopporc o TCP flow 4§ Usrg o [iwk wilh poacket oursp ,D"flo‘""a’g P ok i oy
rovindl erip ¢ime RTT [k the winddow size af fime € fo W pockets . To frvel  tha
dtrl}lf .~ We o, ey ,(fqb‘ﬂvfhg Ao how W endgtves: ’411 shovt  durodrons J

(shoet emou/t‘ Hod 5 uN{,\M Fheres mave thoam one Atk ov oep),

9

(e expe (/eO( rosre 57 CL\W"‘Z/‘
fo/ J‘Ar\/"’y S /[l)tta( /Aa/ym{f dLl/\o(.

oe

wew’ = W_ + w, Fothem i oan ACK e in [, e+d ]
T2 f rharey achop depected i [¢ £4d]
Thus, dnft inwe s
alwe - Eeﬂxaw\t " We E (WHJ 'We)
ol Eerme /(tham]g d
I wd W Hrep
_ 2 / ALK reCeune Ne
- d we ‘P(r‘n f¢, e+d] -t #’(n ket )J
g - _ W J\,”ﬁ = "f’ w2
[Wc’( FrruP) l*erPJ 'E:T’z/im’ér
ﬂ window s(ze W, The (L‘CA/V\L thot ﬁM :lmw‘(
T send W{: 'pa(ﬁdj per K]’T ¢¥ dwroha J shou [
]W\GDIV\L 5{)(/ ONL RTT 's WWf‘\ (G"V\I‘G\/IM\ on /oa(h(— rs J\ﬁ‘:
4 cime ik BT dunk Jp P17
engirh . of rheic, we owhrm The choma €hot & g/, (d
nF,(k_,,(»_ The chanae thot a (av\/,% a Pa(ﬁcf bt fle ,w\(‘.zf
en chunk 4 &9\7% / {(L\thp\* way o{/yu—r, ed 1 [ Ye o«
dow ' ‘ f P
random)  pfamy o Po\ckcé s
the re ferre we - dM
(/cg;;) Y
The chanw Chot Hra chunk anfaing
o pmcke( ANID Hre Faclwé wont
ob«o'wxa(, e thot F obes an ACK
' dwe . (l-p).
err
I is small, s veovavedle fnnox imor the M) dw L prE
i / oppresim by 2% o = e
\/W"My Mo o it writhen in  feymy 4 f"“’”’"]“f‘/"f Ze = Y forr -
o{z‘_ B <
Je e P

(L)o\f'l’ 4 X, owe Pk_é; /;(c_)



Bc HAVIOLR oF THE DRIFT mMopeL

The /—fﬁu( pornt (@ wheve o‘vvff{' =0) i ok
Lo W _ i
err  ggpr T 9 wE = Pk
Tle ﬁma’—'oo/w(: H/wwlb»l}oUG 12 Ml/e/é\"f
w _ Az oled the TCP Tl hput
x= Fr T G ke T countion
D'rlf'(’ D‘ll‘O/wV\M/
We [\
N R S ThAa "SosM(zfrkcJPoi.\f
‘F becorrit  fhe cumows Pul\ ik
back v any dniokion
ﬁ




WHAT Do€§ THE DR(FT MODEL TELL us ABOUT THE ACTUAL SYsSTem?

The alv:‘fr moded 4 J“usf an a”/o)c.,‘ma,('r‘w\ ‘c(owu,(/ ¢ %17 les o exfacko(
be,L\awfovf‘, whet™ ool be honsionvr hevy randowm fWC{‘UW“"M_ In f““'/
we bnow  that TCP deAM7 f«((owr o gomtogoth.

b U 0.02
rtt 3 D 01
n |J 1
tkrov]‘\f‘d il
AF * ’;'7‘( 150l
TP flow .
f 100 E
:1:| -
ok : : . :

But when there owe W\ovyy T¢P owg/ each AIOP @vss avv& e 7~ Hew

e cvC "CS que,/ $0 o aLJ?thm fr.ﬂ/\}, Yo~ 0{“755 by MVCI\ byss FL\QV\ i/
and  the f(uc{u%‘wu oy rearN H«LFXCJ fﬂ"wé.

p D 0.02
n U 10

00 7 T T T T T T T T T T T T T T T T T

onvey 1500

thrnghpat 4 ; WWWW%
\o chf(wfs, eer




STABILITY oF THT DRIFT MODEL  (nif exomwnils )

. Awe L pwé
We M]‘“"( tHiet JMH h W, s e s TR

But in ’Q\d‘ the ﬁ((\’x/w I’CwNCo{ af tiwve t 0\0{ on  whed wieq sent

at  Epme E-RTT amnd  the al/tﬂ’f prﬂd[l{? Moy VW\Z7 oy weld . 77»4.::7
A tng Mo account jwu

th— /
a _ w W,
N ~ —_ _ E-RTT +
ol e Q)‘ )z
/ The owmount by wid h
whac
Ne dhane T clefect red 4 rodow

a Mop of fime €

dpends on rhe rote 7 prll ody on my

wod kut‘/‘v\;y ob twe e-RTT  COTrEwd wipdowsizg
/

rrrfl,a.(,f% eﬁf&ﬂimaal \Lj

Pa\ck!b sent o Thed Amg

A Fdimepgimmal M’fe isgpvnsn 5 psk acleguate to ilustrate oy
Bt we comn shll smwlte  fhe Jn/zé maoled, o aw\njryre of mmmaﬁc‘% .
— In Hu M% o siwle [nk showved ¢, N TP f{d\ﬂj/ ad o
dvp prohokily p that chpendy o rhe ik speee, buffensice, fteted erefhe
o Gf He N flows We moy sco
an% W

Wi W ,
i

e hexr TN —=
or

S

" trme

+1ne
oscf(/n\.{—waAo\.&asM: the /.,‘,q@( Poiv\e

(of"J,Dovwav fo 5jr\z(/wa1\ PIVAETN

betwan  TCP somarfhy.
+ +
+ +
aifleall el ol el ool )

o seahle ('{;(er/\ F,l‘w{-' co"v‘cj‘caw(;/j
fo unsyntbwrmn'ue( 7P somvtoolly

The Pw’é(zw\ a’( " Hew cam we O(zjl/h m-;qhkm ondvtley  thok et Zooel fWﬂNﬂvat
amd ave  sead(e T hog by o b’j rejeonrch focws @ he page (o o5



é 43 -foﬂ.ot'}gan calcu(mt/bms

”Fl‘reo({;o/‘mé" ha; two Wlmum'l/lif
. Amwtysm7 the dnf& modd,  and {lmo(vy the ¢f atres whene otv,/-g =0 .

Ty ]Nve vs Fe TCP H/W?N]Llput eiuw{‘/m, when we a\/a,oM it re

o s’w\r(a sehvp with @ sm/L TP How avd o fwzd f)a(/a.ef lvap Pffﬁaé hy
. er{,“:\/ dovn elmu(—/‘anj '4/« enc port J} e 57;/{,”\ Guh oy g

TLP (Ww/‘\?u(' eyuu,hm) and ol 7 tHhewm 5/‘M/{ow‘wv;6,/ (7_ w

rhe fheyative Pdnuk pro e dwre. deseribhed in  §4.2

In r””") dction we wrl| worh. d/ww/lv three e;mwf(e! The third exwv?& w/lf
illy sErake  the 9(041) conrechion fbeEween fhe Ewo MMH\ij d} f'MJ ft ‘

EXAMPLE 1 ¢ (ONTENT PLACEMENT
suf’P‘Q‘ a Usexr com Aown loadl PuzazJF condent  offtur (ﬂm o loeed cacha
o from fhe  remape el suppehe oy that e locod  netwovk_ i m}emJ_
Whiteh dres rhe  gen FPL/M ?

(oNGESTED UNG©NGESTED
ACCES NETWORK BACKEONE NETWoRK

p=lor
N~ pzeel” T
T = ([ wmg

~— oy
locaf p=%7
cac T = Sms

JF the "Wa’:wh(oo\ak(ﬁam fhe sovves -
RTT = 2x (0002 + ol) = 62wk w o
Pkﬁ Glfbf rro‘ = |- (P(th hot dlldrrtJ) = |?(ac\lf{_'"‘&”‘;‘f“f:'°l AND 'dZodpﬁnL>
= l“ ({—0'/)("‘0-0&(\’ °|OO°\

toglgnt . &L R L oz - 320 kBl b [phe < IS fhs)
RTTV 6k b a9

% Fre  upr A“‘”"\Lﬂ’y ﬁd\m fe bcod cache ;

RTt = 2x (o0-002+0003) = 06| @
pee chep preb = |- (1-0) (I- 00%) = 0-(77
Hﬁdl\?lﬁr“-f : 2 = A = F#l Pb{,’/!c = Sdo k@/&t(

RTT{? ool ‘—G_HZ



TXAmpLe 2. BUFFER Sl2ZiNG

SUFF"K o Link 5 showed ‘] senveral weng ch"j shevll s boffar be,

o e pngure dao‘ U\t/{lZoJ‘l_W\ L Pkt JIVUF fﬂéd:&? _7 — oV, becomse )
horel fo defive “gowedl” ——  pow ds vEilizabon § ppe i prab, dlyerd o
bdﬂw size’

A A common

— revnd trip
A : e A tive T
A bofan |l<v\ij‘aax’,C A )
N sencdors sie § N reauwy

Tep W‘syﬁum.' each f/aw V(’J 't‘lwwll‘-to‘d x - E/Tfi; )

wherne ?=P.4/f J\'V‘T Prer‘dftﬁ
Qe Buéﬁjjl—m: PQL/'—C(‘ dﬂrJr Pr&‘ s p=

Iog(l—-P) w here F: total arr. rate - l_\li(

e

1= o7l servie rafe <

’2“”"}""‘] those elwfd’bv\; In teymy d‘}-f ow//o, P~ s fmwu/n i from f26h

= Tty fo a FIF6 M/M/l/f7ulu¢,

Pras b Y

l—(a .

We. com they vse fhe rFevafive {—v‘xeel'f,o/‘nk ethod  (ar 6‘*7*47{"4’ me_ Hrod yo lik)
o solne thepe  srmn| omeovs .arua,efovg fw P owd P

v Ity w o )ad, e MOW, fo dhgne whuel VaM:a‘(lJ o vse . T've cleyeu /D apd ;f

&Wﬂwy mst'w,(c.p,ur\dméamd,aywl be corrye I«F(('vfﬁ\wv‘/aﬁe
rﬂﬁfmdoe gale -invoniont | ok i, f"*—‘g hove rhe soume units re makher
What vaity I chgoe fo Cov B,
° Msoi nihe that T've jmd ol rhe cvgfomh o ave place, oy ST/
T i ]aaﬂf practre . TE lets jou see ok a J(omu, /w exowv‘v;al Chot
s o dvbl borh € anmd N then MHMV ¢00M7x;, You shou bl adys
a4 k ‘Iwry/(%: " does T IN howve o paturod /‘wéupreéo\hbw, so fhot

T o zr»P{WM;b e pejuly InEViEV without Aoy fo Hawourh
moHas 7 " t& J 4 /

Mo dled Va\/\ﬂ‘%lar\j;
* When & ¢ {NV/ the {é\lw‘“["& /Qv Pachgb a(lar 'lem"\‘l‘(ﬁj roy  be OYJ)Drox/‘MM‘"{
R A T R T Aoy S
It F Pzl tha buffer i full recwly all the tine |

Tha makes 1 emes b sdve rhe eim}r‘aw.

o We cwld rnread o x = 12 © incavpovabe weng deby in e bevm
- (?'*_%Tq” Nt V"fwfﬂk Z(:em W\\j 07 F{
You she(d ak ywv;,d/ ;' Whot Mocu,l,(ﬁg ags UAMPEIONS  owne haddlen my use
o the fomwla from $2:64 fov packet dip  prebodbilily?



’\A flan use
bt linky

quq‘y ¢ 2

£t XAMPLE 3: A  NeTWORK
Whot one He los fralwcf&%q A
P veclizamom  (wedy w r—{/\:\,
5"Wf(.n networh

Ng [ons ve fint 1099

ot g, p, be  pht ohrop PHG o e twoe (e
Zg, A be PM‘HIM/ t{MﬂN]b\wa M e twe rovhT,

TLM'\' 'fz_
N\
X,z — Thay I
- (-3)([-P2 a— Se E\mf‘!l W‘y
RTTﬁm 72) the crrect ,évf/:lh for averold
. . I AMPrJL
PO La—
eT Ty {p,
2+ - M
1’(= ((’ f’:) whewe P~ <
; - actr /“
L nx, (b a— ™ n/:jq‘ﬂ trom Fi
Pr= (1= 2,)  whare fec _‘L__’J T trafhe o rvee p pakes i
C.
2 Hz\ravib\ link [ omd onrs fink 2

K flave Ty using tHre

"U roximoke W\N(n p/
m fﬂﬁjm‘{fz, -(ucr"leénd rhe.
end Jf E&wv\f 2.

We cguld sdlme Hn:\d with e jherative fl\ﬂld‘f“"wt me ol

ok R guesses, eg fis fp 22X, Phen adesloie xPoud £,
Hem  cafevlose P e /:,’°’, omd U Hee fo uPa(oJ.g .{m, values 14,, dovep Prd--'
P|(D = (" (/F.m)-r/ Fzm o (” '/101{.‘)+ .

W"‘“ h.QQP elo:.y thay anhl He valaeg Nsu’H;, alvwn‘.'

Sorvetimey  Hay o ikevation dresf  wonke Vey well © Mg va/MfJ J.;N\PoJ( aew

tHae r(“{_ (E.j. f/WQ decicle ']b,=°, than what 5 xp 7) ]; fhag h“ff"’"/ éU

l:wfu'v\‘] " b“éj sreps "

—— sbet with 7“#1541 eq9. PP = 27 UYunuve e eqw b X, ennd 2.
| ﬁm onnd ﬂ(-)' Then, "P"‘"""’ e valmgy Fw dfllﬂrff‘i' -bj

PO (-0 2@ S (o) e (-8pe s (R )
Then use Hag Q7V\S fo 7,d: z,m , 1l('\ , ﬁll), (DI,(‘)/’ NF{M wh | Hhe VWI R-H‘c”u'u_



Af?e”"‘w‘"% TN cnld  ger 4 dvrff' moeled ]4\/ the entire syshera:

dx,6 _ - w’ |- (l—P,(é))(I-PZ{a))
Ae  RTTE z
Azgty L _  xge)f )
-_ - 2z —_— 1
At RrT 2
= _ Ly () = N,Z,(6) + N 1;(!-)
poer = (I ﬁm) P e > g Xo!
/
$at8 (l— /’:7"’)4— f)"(ﬂ R AL ("P:(H)
e

oamdh sdlve Hu\d o r« w ould e a/:y J/vff pvecle{ (e./e.:k Exw().
Tt shovld settl down £, ﬁﬂ,( f°""‘ (G wheve dw\/-f.-o)'

Note : ,F 4,;](5: O, then fhe rc;u(efr\\] valmy 76\, Xy, 2y, b b2 fro Pa
ssWe Hhe an‘il'va {l{uzal'f’(‘ cildﬂfé"""’\f. Thn otHhor wmral;/ Yeri ?,4» tHha
Same  onpwey  wineirhr s seont Wil fixed -pt e7w‘avu omd oflne  homy
Usfvy fre rrerotive me%w{/ o fou wrike doan the JM}'L' mode]  amd  run
t ol 7au reacl o ,Lt‘md fot‘v\l re. a Pc"M w hene JMH O,

TM 5 wb we V¢ fhe pame "{»[\MJ 'wiwe' ﬁ, boh ,\fwnat"}

Tl\q olh-\(f MOle fg ro\H‘/’ {1/24 f"‘( "60«4‘7 5/3'05” a\/_)’alodCl\} e)(m?é na cJo'€j ]
berten jd'L JF rb\ovsfy tHa rfit‘/m/z 5/7;,



