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6.02 Fall 2011 Lecture 1, Slide #1 

6.02 Fall 2011 
Lecture #1 

•  Motivation 
•  Information & entropy 
•  Huffman codes 
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6.02 Fall 2011 Lecture 1, Slide #3 

http://mit.edu/6.02 

6.02 Fall 2011 Lecture 1, Slide #4 

Questions? 

•  Email 6.02-staff@mit.edu  

•  Or better still, sign up for 6.02 Piazza at  
http://piazza.com/class#fall2011/602 

•  BTW: PSet #1 is now online, due by 9/15 
at 6 am (“midnight” Wed 9/14) 
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National Academy of Engineering (http://www.greatachievements.org/) 
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Networked Apps are Everywhere 

Smart Homes 

Public Safety 

Entertainment & Social Lives 

Healthcare Transportation 

Sensor-rich 
systems 
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Lumeta mapping host

h65-198-68-33.lumeta.com

651.ATM1-0.GW2.NYC8.ALTER.NET

171.at-5-0-0.XR1.NYC8.ALTER.NET

0.so-2-2-0.XL1.NYC8.ALTER.NET

0.so-0-3-0.XL1.NYC4.ALTER.NET

0.so-6-0-0.BR1.NYC4.ALTER.NET

so-3-1.car1.NewYork1.Level3.net

aol-gw.wswdc.ip.att.net

if-4-3.core1.NTO-NewYork.teleglobe.net

(auth51.ns.uu.net)

ae-1-51.bbr1.NewYork1.Level3.net

tbr1-g3331.n54ny.ip.att.net

POS6-0.BR3.NYC8.ALTER.NET

(auth51.ns.uu.net)

if-10-0.core3.NQT-NewYork.teleglobe.net

tbr1-cl14.cgcil.ip.att.net

if-9-0.core2.MTT-Montreal.Teleglobe.net

ix-0-0.core2.MTT-Montreal.teleglobe.net

0.so-7-0-0.XL1.CHI2.ALTER.NET

core3-montreal02-pos6-2.in.bellnexxia.net

0.so-6-0-0.BR2.NYC4.ALTER.NET

bcs1-so-5-1-0.NewYork.savvis.net

tbr2-g3301.n54ny.ip.att.net

(auth51.ns.uu.net)

tbr2-cl15.wswdc.ip.att.net

0.so-6-1-0.BR6.CHI2.ALTER.NET

171.at-6-0-0.XR2.NYC8.ALTER.NET

0.so-2-2-0.XL2.NYC8.ALTER.NET

0.so-4-0-0.TL1.NYC8.ALTER.NET

0.so-6-0-0.XL1.CHI13.ALTER.NET

if-11-0.mcore3.NJY-Newark.teleglobe.net

sl-bb26-nyc-6-0.sprintlink.net

(auth51.ns.uu.net)

0.so-2-0-0.IL1.NYC9.ALTER.NET

0.so-0-0-0.IR1.NYC12.ALTER.NET

sl-bb23-pen-12-0.sprintlink.net ewr-core-01.inet.qwest.net

POS6-0.GW1.CHI13.ALTER.NET

if-9-0.core1.TTT-Scarborough.teleglobe.net

ewr-core-02.inet.qwest.net
ix-2-0.core1.TTT-Scarborough.teleglobe.net

(toroon63nszp05.srvr.bell.ca)

0.so-7-0-0.XL1.MIA4.ALTER.NET

0.so-3-0-0.XL1.ATL5.ALTER.NET

p14-2.core02.jfk02.atlas.cogentco.com

tbr1-cl17.attga.ip.att.net

0.so-4-0-0.GW13.ATL5.ALTER.NET

bellsouth-atl-gw.customer.alter.net

0.so-6-0-0.XL1.IAD8.ALTER.NET

sl-bb23-nyc-8-0.sprintlink.net

0.so-6-0-0.XL1.SEA1.ALTER.NET

0.so-7-0-0.XL1.NYC9.ALTER.NET

tbr2-cl22.cgcil.ip.att.net

0.so-1-2-0.XL1.NYC1.ALTER.NET

POS6-0.BR1.NYC9.ALTER.NET

p4-1-1-0.r04.nycmny01.us.bb.verio.net

(toroon63nszp05.srvr.bell.ca)

(auth51.ns.uu.net)

wcgGigECHI-gw.customer.alter.net

sl-bb20-chi-12-0.sprintlink.net

ae-2-52.bbr2.NewYork1.Level3.net

bcs1-so-6-0-0.Washington.savvis.net

p2-0.core01.jfk02.atlas.cogentco.com

0.so-5-0-0.XL1.LAX1.ALTER.NET

POS6-0.BR2.NYC8.ALTER.NET

(auth51.ns.uu.net)

rtp620975rts

sl-bb20-pen-14-0.sprintlink.net

POS6-0.GW12.NYC1.ALTER.NET

tbr2-cl7.sl9mo.ip.att.net

POS6-0.GW2.IAD8.ALTER.NET

axr00asm-0-0-0.bellsouth.net

0.so-7-3-0.XL1.EWR6.ALTER.NET

ae-0-0.bbr2.Chicago1.Level3.net

(toroon63nszp05.srvr.bell.ca)

dcr2-so-3-0-0.Chicago.savvis.net

(ns3.broadwing.net)

sl-bb22-pen-14-0.sprintlink.net

sl-bb21-fw-15-0.sprintlink.net

dcr1-so-5-0-0.Chicago.savvis.net

so-5-0-0.cr2.lga1.us.above.net

0.so-6-0-0.CL1.LAX15.ALTER.NET

tbr1-cl8.phlpa.ip.att.net

ae-1-0.bbr1.London1.Level3.net

bcs2-so-4-0-0.Washington.savvis.net

0.so-7-0-0.XL1.DCA5.ALTER.NET

p16-0-1-3.r21.nycmny01.us.bb.verio.net

pos5-2.cr02.nyc01.pccwbtn.net

brvwil1wcx3-pos1-1-oc48.wcg.net

0.so-7-0-0.XL1.NOL1.ALTER.NET

0.so-6-0-0.XL1.DCA6.ALTER.NET

dis23-montreal02-Gigabite1-1.in.bellnexxia.net

(toroon63nszp05.srvr.bell.ca)

sl-gw39-nyc-1-0.sprintlink.net

sl-bhart-1-0.sprintlink.net

sl-bb20-atl-11-0.sprintlink.net

510.ATM6-0.IG4.NYC4.ALTER.NET

POS6-0.GW2.CHI13.ALTER.NET

(dnsdel.mantraonline.com)

POS6-0.GW2.LAX15.ALTER.NET

p5-0-0.RAR1.NYC-NY.us.xo.net

POS4-0.GW1.EWR6.ALTER.NET

0.so-4-0-0.GW5.NOL1.ALTER.NET

bs-nol-gw1.customer.alter.net

axr01asm-0-0-0.bellsouth.net

dcr4-so-0-0-0.NewYork.savvis.net
(ns1.savvis.net)

0.so-6-0-0.BR1.DCA5.ALTER.NET

0.so-7-0-0.XL1.SAC1.ALTER.NET

core1-newyork83-pos1-1.in.bellnexxia.net

p12-0.core01.mci01.atlas.cogentco.com

so5-0-0-2488M.ar1.SJC2.gblx.net

(auth51.ns.uu.net)
sl-st21-ash-12-0.sprintlink.net

sl-bb27-fw-13-0.sprintlink.net

sl-franc2-7-0.sprintlink.net

p5-0.core01.bos01.atlas.cogentco.com

rtp628532rts

(toroon63nszp05.srvr.bell.ca)

ge-3-0-0-51.gar1.NewYork1.Level3.net

POS6-0.BR2.SEA1.ALTER.NET

0.so-7-0-0.XT1.DFW9.ALTER.NET

tbr2-cl1474.ormfl.ip.att.net

ge-4-1-0--0.cr01.chcg.eli.net

(toroon63nszp05.srvr.bell.ca)

tbr1-cl27.wswdc.ip.att.net
tbr1-cl4.sl9mo.ip.att.net

tbr1-cl1.sffca.ip.att.net

(toroon63nszp05.srvr.bell.ca)

0.so-7-0-0.CL1.BOS4.ALTER.NET

so-1-0-0.mpr2.iad1.us.above.net

allstream-gw.customer.alter.net

sl-gw40-nyc-14-0.sprintlink.net

p6-0-0.RAR2.Chicago-IL.us.xo.net

0.so-7-0-0.XL1.ATL4.ALTER.NET

brvwil1wcx2-pos12-0-oc48.wcg.net

(toroon63nszp05.srvr.bell.ca)

p4-0.c0.wash.broadwing.net

(auth51.ns.uu.net)

bb2-nye-P0-0.atdn.net

p16-1-1-0.r20.nycmny01.us.bb.verio.net

so-6-0-0.cr1.lga1.us.above.net

0.so-7-0-0.XL1.PAO1.ALTER.NET

Asia-Netcom-Corporation-San-Jose.ge-2-2-1.ar1.SJC2.gblx.net

0.so-3-0-0.CL1.MIA4.ALTER.NET

sl-st20-dal-13-0.sprintlink.net

sl-bb27-nyc-6-0.sprintlink.net

sl-sbcint-3-0.sprintlink.net

(toroon63nszp05.srvr.bell.ca)

ae-0-0.bbr1.LosAngeles1.Level3.net

POS5-0.XR1.SEA1.ALTER.NET

telecomitalia-gw.customer.alter.net

POS6-0.GW1.LAX1.ALTER.NET

0.so-4-0-0.XL2.LAX1.ALTER.NET

sl-bb22-ana-12-0.sprintlink.net

p5-0-0.RAR2.NYC-NY.us.xo.net

0.so-1-0-0.XL1.SJC1.ALTER.NET

ix-8-0.core1.NTO-NewYork.teleglobe.net

gw02.bloor.phub.net.cable.rogers.com

tbr2-cl21.la2ca.ip.att.net

0.so-1-1-0.XL2.LAX7.ALTER.NET

0.so-4-0-0.GW8.MIA4.ALTER.NET

0.so-7-1-0.BR1.LAX7.ALTER.NET

(auth51.ns.uu.net)

bs-mia-gw2.customer.alter.net

sl-sbcint-4-0.sprintlink.net

axr00msy-0-0-0.bellsouth.net

tbr2-cl6.dlstx.ip.att.net

reach-gw.customer.alter.net

telia-gw.customer.alter.net

as-3-0.bbr2.Washington1.Level3.net

(toroon63nszp05.srvr.bell.ca)

p6-0-0.RAR1.Washington-DC.us.xo.net

nyk-bb1-pos7-2-0.telia.net

POS6-0.GW3.IAD8.ALTER.NET

chi-core-01.inet.qwest.net

tbr2-cl11.st6wa.ip.att.net

netifice-ashburn-gw.customer.alter.net

if-1-0.mcore4.NQT-NewYork.teleglobe.net

POS6-0.GW5.SAC1.ALTER.NET

POS6-0.BR3.DCA6.ALTER.NET

bb2-p2-1.rcsntx.sbcglobal.net

gar4-p300.n54ny.ip.att.net

ge-0.colt-telecom.nycmny01.us.bb.verio.net

0.so-7-0-0.XL1.DFW13.ALTER.NET

ae-0-0.bbr1.Dallas1.Level3.net

0.so-7-0-0.XR3.NYC4.ALTER.NET

as-2-0.bbr1.Atlanta1.Level3.net

telus-communications.Chicago.savvis.net

so-1-0-0.TR2.FFT1.ALTER.NET

193.ATM7-0.GW3.LAX1.ALTER.NET

POS6-0.XR1.SJC7.ALTER.NET

p16-1-1-1.r21.sttlwa01.us.bb.verio.net

p13-0.core01.phl01.atlas.cogentco.com

moduslink-gw.customer.alter.net

POS6-0.GW12.NYC4.ALTER.NET

p64-1-3-0.r21.tokyjp01.jp.bb.verio.net

sl-gw13-stk-4-1-0-15-TS0.sprintlink.net

tbr2-cl32.dvmco.ip.att.net

0.so-2-0-0.TL1.SAC1.ALTER.NET

0.POS6-0.IR1.SAC1.ALTER.NET

sl-bb20-stk-1-0.sprintlink.net

dis3-toronto63-pos1-0-0.in.bellnexxia.net

0.so-3-0-0.XL1.DEN4.ALTER.NET

so-0-0-0.TR1.LND9.ALTER.NET

dcr1-as0-0.LosAngeles.savvis.net

internap-gw.customer.alter.net

sl-bb21-orl-2-0.sprintlink.net

ae-0-0.bbr2.SanJose1.Level3.net

sl-bb20-par-11-0.sprintlink.net

po12-0.cr1.nrt1.asianetcom.net

sl-st21-chi-1-0.sprintlink.net

sl-timewarner-14-0.sprintlink.net

cnuninet2-gw.customer.alter.net

relianceinfo-gw3.customer.alter.net

POS6-0.GW11.SEA1.ALTER.NET

(auth03.ns.uu.net)

so-4-0-0.TR1.STK2.ALTER.NET

p4-0.core02.dca01.atlas.cogentco.com

sl-bb25-chi-8-0.sprintlink.net

so-1-0-0.mp2.Philadelphia1.Level3.net

POS6-0.GW1.NYC4.ALTER.NET

bb2-p2-1.emhril.ameritech.net

sl-bb25-sj-13-0.sprintlink.net

axr00mia-0-0-0.bellsouth.net

0.so-6-0-0.GW15.NYC4.ALTER.NET

POS6-0.GW2.SJC7.ALTER.NET

sl-st20-sj-12-0.sprintlink.net

ae-22-52.car2.NewYork1.Level3.net

dis17-ottawa23-Gigabite1-1.in.bellnexxia.net

so-2-0-0.XR1.FFT4.ALTER.NET

ae-1-0.bbr1.Frankfurt1.Level3.net

aer1-ge-2-1.newyork.savvis.net

0.so-7-1-0.BR6.DFW9.ALTER.NET

(toroon63nszp05.srvr.bell.ca)

0.ge-7-3-0.XR1.STK3.ALTER.NET

ixc00asm-4-0.bellsouth.net

sl-bb24-rly-0-0.sprintlink.net

sl-sbcint-1-0.sprintlink.net

sl-bb25-pen-8-0.sprintlink.net

sl-bb22-chi-14-0.sprintlink.net

0.so-7-0-0.XL1.CHI1.ALTER.NET

POS6-0.GW4.MIA4.ALTER.NET

sl-bb20-stk-13-0.sprintlink.net

rc2sh-pos13-0.mt.shawcable.net

dcr1-so-3-0-0.Atlanta.savvis.net

p4-0.core01.dca01.atlas.cogentco.com

gw02.wlfdle.phub.net.cable.rogers.com

0.so-6-0-0.XL1.MSP1.ALTER.NET

POS6-0.IG3.MIA4.ALTER.NET

sl-gw31-nyc-0-0.sprintlink.net

p14-0.core01.yyz01.atlas.cogentco.com

0.so-7-0-0.CL1.KCY4.ALTER.NET

p11-0.core02.par02.atlas.cogentco.com

rc1wh-pos5-0.vc.shawcable.net

tbr1-cl16.cb1ma.ip.att.net

POS6-0.GW3.ATL4.ALTER.NET

dnvrco1wcx3-pos13-0-oc192.wcg.net

sl-bb21-nyc-8-0.sprintlink.net

p14-0.core02.ord01.atlas.cogentco.com

ra1sh-ge4-1.mt.shawcable.net

sl-tiws-2-0.sprintlink.net

sl-gw37-nyc-0-0.sprintlink.net

rc2ch-ge6-0-0.il.shawcable.net

pos0-0.ash-c000.gw.epoch.net

so-6-1-0-0.BB-RTR1.NY325.verizon-gni.net

internap-gw.customer.alter.net

rc2nr-pos14-0.wp.shawcable.net

P6-0.c0.atln.broadwing.net

jfk-core-01.inet.qwest.net

sl-bb21-chi-15-0.sprintlink.net

tbr2-cl1592.phmaz.ip.att.net

bb1-nye-P0-0.atdn.net

ldn-bb1-pos7-1-0.telia.net

peer-03-so-1-0-0-0.chcg.twtelecom.net

bb1-p6-0.crsfca.sbcglobal.net

nycmny2wcx3-pos14-0-oc192.wcg.net

sl-bb21-atl-10-1.sprintlink.net

as-1-0.mp1.Miami1.Level3.net

POS6-0.GW5.BOS4.ALTER.NET

sl-bb25-nyc-8-0.sprintlink.net

tbr2-cl1835.attga.ip.att.net

tbr1-cl13.dlstx.ip.att.net

gar2-p300.phlpa.ip.att.net

p14-0.core01.atl01.atlas.cogentco.com

so-3-0-0.mpr2.iad5.us.above.net

0.so-1-2-0.XL1.PHL1.ALTER.NET

if-3-0.core2.PG1-Paris.teleglobe.net

sl-bb21-ana-15-0.sprintlink.net

sl-bb21-fra-13-0.sprintlink.net

cpr1-pos-15-3.virginiaequinix.savvis.net

deltacom-gw.customer.alter.net

internapCHI13-gw.customer.alter.net

so-1-0-0.cr2.dca2.us.above.net

(dns.bj.cnuninet.net)

(dns.bj.cnuninet.net)

as-0-0.bbr1.Denver1.Level3.net

bb1-p2-0.emhril.ameritech.net

(ns.bloor.prv.net.cable.rogers.com)

POS3-0.cr1.lnd10.gbb.uk.uu.net

bb2-chi-P5-0.atdn.net

177.ATM6-0.GW3.dEN4.ALTER.NET

p10-0.core02.sfo01.atlas.cogentco.com

as-0-0.mp2.Tampa1.Level3.net

bb1-p4-0.rcsntx.sbcglobal.net

so3-0-0-2488M.ar2.FRA3.gblx.net

ixc00mia-4-0.bellsouth.net

POS6-0.GW7.MIA4.ALTER.NET

p7-0.c0.ftw.broadwing.net

so-0-0-0--0.cr02.dlls.eli.net

adelphia-abovenet.above.net

gi9-0-0.ashcr2.Ashburn.opentransit.net

POS6-0.GW2.CHI1.ALTER.NET

ge-6-0-0-51.gar2.Chicago1.Level3.net

gar4-p300.cgcil.ip.att.net

sl-bb20-lon-4-0.sprintlink.net

gar4-p390.la2ca.ip.att.net

so-1-0-0.edge1.Dallas1.Level3.net

POS6-0.IG3.PAO1.ALTER.NET

so-1-2-0.bbr2.Dallas1.Level3.net

0.so-3-0-0.CL1.DET5.ALTER.NET

ae-21-52.car1.Dallas1.Level3.net

reach-gw.customer.alter.net

bb1-p6-0.cranca.sbcglobal.net

intelsat-gw.customer.alter.net

i-11-0.wil-core02.net.reach.com

xe-1-3-0.r20.asbnva01.us.bb.verio.net

bb2-ash-P10-0.atdn.net

sl-kpneu3-1-0.sprintlink.net

sl-commu27-2-0.sprintlink.net

dca-core-01.inet.qwest.net

unknown.net.reach.com 0.so-4-0-0.XL1.SFO4.ALTER.NET

(ns1.savvis.net)

t2c1-p2-0.us-nyb.eu.bt.net

POS7-0.WANB-MTRLPQ.IP.GROUPTELECOM.NET

POS6-0.GW9.NYC1.ALTER.NET

POS6-0.GW1.ATL4.ALTER.NET

sl-bb22-nyc-8-0.sprintlink.net

bwoge-gw.customer.alter.net

t2c1-p4-1.uk-ilf.eu.bt.net

0.so-6-0-0.GW3.DFW13.ALTER.NET

0.so-6-2-0.XL1.POR3.ALTER.NET

0.so-7-0-0.XR1.POR3.ALTER.NET

509.ATM7-0.GW13.NYC4.ALTER.NET

p6-0.c0.nwyk.broadwing.net

so0-0-0-2488M.ar1.ARN1.gblx.net

(auth51.ns.uu.net)

so-1-0-0.cr1.dca2.us.above.net

internexa-gw.customer.alter.net

internap-gw.customer.ALTER.NET

0.so-7-0-0.XR1.BOS4.ALTER.NET

so-3-0-0.cr1.ord2.us.above.net

paetec-NYgigE.customer.alter.net

so-3-0-0.mp1.Boston1.Level3.net

0.so-7-0-0.CL1.IND6.ALTER.NET

POS6-0.GW2.NYC4.ALTER.NET

pal6-pal7-racc1.pal.seabone.net

179.ATM6-0.GW1.KCY4.ALTER.NET

sl-bb24-chi-2-0.sprintlink.net

sl-bb21-chi-9-0.sprintlink.net

p5-0.core01.den01.atlas.cogentco.com

(gblx.net)

ixc01asm-4-0.bellsouth.net

kcm-core-02.inet.qwest.net

so-2-0-0-dcr2.tsd.cw.net

sl-gw25-atl-15-0.sprintlink.net

sl-timewarner-16-0.sprintlink.net

swisscom-oc3-gw.customer.alter.net

p0-0-0d0.RAR1.Chicago-IL.us.xo.net

sl-gw21-rly-9-0.sprintlink.net

p6-0-0.RAR2.Denver-CO.us.xo.net

border5.pc1.bbnet1.mia003.pnap.net

(dnsdel.mantraonline.com)

p16-0-1-1.r21.dllstx09.us.bb.verio.net
0.so-4-0-0.CL1.PHX2.ALTER.NET

p1-0-0.RAR1.Dallas-TX.us.xo.net

sl-bb23-chi-9-0.sprintlink.net

so0-0-0-9953M.ar4.ATL1.gblx.net

0.so-3-0-0.CL1.CLE1.ALTER.NET

0.so-3-0-0.XL1.STL3.ALTER.NET

pos4-3.pao-c000.gw.epoch.net

p64-0-0-0.r21.sttlwa01.us.bb.verio.net0.so-6-0-0.XL1.LAX4.ALTER.NET

gbr5-p30.n54ny.ip.att.net

So3-0-0-0-grtmadde1.red.telefonica-wholesale.net

if-4-0.mcore3.LAA-LosAngeles.teleglobe.net

so-7-0-0-dcr1.was.cw.net

i-10-3.hhtstcbr01.net.reach.com

so6-0-0-2488M.ar2.SEA1.gblx.net

0.so-1-0-0.XL1.TOR2.ALTER.NET

ge-6-0-0-51.gar1.Chicago1.Level3.net

0.so-4-0-0.CL1.BOS1.ALTER.NET

sl-gw31-stk-14-0.sprintlink.net

sl-bb20-che-2-0.sprintlink.net

ra1wh-ge4-1.vc.shawcable.net

0.so-7-0-0.XT1.SYD2.ALTER.NET

dia-core-01.inet.qwest.net

POS6-0.GW7.PHL1.ALTER.NET

p0-0-0d0.RAR1.Denver-CO.us.xo.net

tmp-core-02.inet.qwest.net

po6-0.pascr3.Paris.opentransit.net

0.so-5-2-0.XL1.DCA8.ALTER.NET

0.so-0-0-0.XR1.NYC1.ALTER.NET

pos0-0.GW9.FFT4.ALTER.NET

so-6-0-0.cr2.lhr3.uk.above.net

sl-bb27-rly-11-0.sprintlink.net

r1-pos2-3.in.nycmnyzr.cv.net

(dnsauth1.sys.gtei.net)

POS6-0.GW3.CHI2.ALTER.NET

sl-bb23-rly-13-0.sprintlink.net

sl-tele21-1-0.sprintlink.net

rtp628987rts

rtp629002rts

p15-0.core01.yyz02.atlas.cogentco.com

tbr2-cl71.phlpa.ip.att.net

gbr5-p40.wswdc.ip.att.net

tbr1-cl19.dtrmi.ip.att.net

ude200949.de.customer.alter.net

p15-0.core01.mia01.atlas.cogentco.com

0.so-4-0-0.TL2.NYC8.ALTER.NET

TIME-WARNER.gar1.Level3.net

bb1-dls-P4-0.atdn.net

0.so-6-2-0.CL1.RIC2.ALTER.NET

as-1-0.mp2.Phoenix1.Level3.net

pa2-edge-03.inet.qwest.net

0.so-7-0-0.XR1.ATL5.ALTER.NET

ae-13-51.car3.NewYork1.Level3.net

POS6-0.IG2.PAO1.ALTER.NET

(cbru.br.ns.els-gms.att.net)

uslec-atl-gw.customer.alter.net

sl-bb27-rly-0-0.sprintlink.net

0.so-2-0-0.XL1.ATL1.ALTER.NET

(xbru.br.ns.els-gms.att.net)

bb-vlan2-ge-5-1-2.nycny01.paetec.net

0.so-7-0-0.XR1.ATL1.ALTER.NET

i-2-0.tmhstcbr01.net.reach.com

0.so-3-0-0.XL1.MTL1.ALTER.NET

so5-0-0-622M.ar2.DEN2.gblx.net

p3-0.core01.iah01.atlas.cogentco.com

so-10-0.hsa1.Philadelphia1.Level3.net

183.ATM6-0.GW2.HAR2.ALTER.NET

sl-bb20-rly-13-0.sprintlink.net

dllstx1wcx2-pos12-0-oc192.wcg.net

famvid-il-gw.customer.alter.net

0.so-7-0-0.XL2.MIA4.ALTER.NET

(auth01.ns.uu.net)

(ns1.ameritech.net)

te-8-1-ar01.plainfield.nj.panjde.comcast.net

n54ny101lr1-pos20.ip.att.net

rx0sh-hydro-one-telecom.mt.bigpipeinc.com

0.so-3-3-0.dng.dren.net

border5.ge3-1-bbnet1.chg.pnap.net

so7-0-0-2488M.ar3.WDC2.gblx.net

core-02-so-3-1-0-0.chrl.twtelecom.net

(ns1.hydroonetelecom.com)

so-7-0-0.IR1.SAC2.ALTER.NET

0.so-3-0-0.XR1.SAC1.ALTER.NET

chungwa-telecom-gw.customer.alter.net

0.so-0-2-0.TL2.LAX9.ALTER.NET

p1-0-0.RAR1.SanJose-CA.us.xo.net

dcr2-so-2-0-0.Denver.savvis.net

0.POS6-0.IR2.LAX9.ALTER.NET

gar3-p360.cgcil.ip.att.net

ar8-p3110.attga.ip.att.net

so-3-0-0.mp1.SanFrancisco1.Level3.net

so-7-0-0.IR2.LAX12.ALTER.NET

so-3-0-0.mp1.SanDiego1.Level3.net

axr01msy-0-0-0.bellsouth.net

tp-s2-c12r31.router.hinet.net

195.ATM5-0.GW3.SEA1.ALTER.NET

0.so-6-1-0.XL1.HOU7.ALTER.NET

POS4-0.XR1.SFO4.ALTER.NET

(toroon63nszp05.srvr.bell.ca)

0.so-4-1-0.XL1.SLT4.ALTER.NET

southcarolina-chrlnc2wce1-gige7-2-wcg.net

0.so-3-0-0.XR1.MTL1.ALTER.NET

193.ATM6-0.GW3.POR2.ALTER.NET

sl-bb27-pen-8-0.sprintlink.net

sl-gw29-nyc-1-0.sprintlink.net

gbr1-p10.cgcil.ip.att.net

gbr1-p10.attga.ip.att.net

(svl-ans-01.inet.qwest.net)

opentransit-2.ar2.NYC1.gblx.net

dis23-toronto63-fe12-0-0.in.bellnexxia.net

so-0-0-0-dcr1.par.cw.net

bb1-alb-P5-0.atdn.net

sl-tisca1-2-0.sprintlink.net

rtp629046rts

bb2-dls-P2-0.atdn.net

pop1-alb-P0-0.atdn.net

core1-p5-0.cranca.sbcglobal.net

bb1-g8-0-1.chcgil.ameritech.net

ash-core-1.pos1-0.swip.net

gbr1-p10.phlpa.ip.att.net

gbr1-p80.auttx.ip.att.net

so-7-0-0--0.cr02.slkc.eli.net

mcleod-gw.customer.alter.net

cop2-core.pos14-0.swip.net

p9-0.cr01.bois.eli.net

chi-edge-20.inet.qwest.net

po2-0.nykcr3.NewYork.opentransit.net

so-0-2-0.mp2.Stamford1.Level3.net

bcs2-so-6-0-0.NewYork.savvis.net

gbr1-p10.sffca.ip.att.net

(cbru.br.ns.els-gms.att.net)

dal-edge-07.inet.qwest.net

so1-0-0-2488M.ar3.LAX1.gblx.net

rr-albany.atdn.net

po6-0.loncr3.London.opentransit.net

0.so-3-0-0.CL2.MIA4.ALTER.NET

0.so-7-0-0.XR1.DFW9.ALTER.NET

tp-s2-c12r1.router.hinet.net

po10-0.ashcr2.Ashburn.opentransit.net

sl-bb22-roa-3-3.sprintlink.net

p15-0.core01.fra03.atlas.cogentco.com

so-1-0-0-0.atlcr1.Atlanta.opentransit.net

bandwidthoptions-gw.customer.alter.net

gar5-p300.n54ny.ip.att.net

atl-core-02.inet.qwest.net

so-3-0-0.mpr3.sjc2.us.above.net

ae-11-51.car1.Washington1.Level3.net

mwx00222-gw.customer.ALTER.NET

ixc00bhm-6-0-1.bellsouth.net

(ns3.broadwing.net)

(dns-master.uslec.net)

if-4-0.core2.NQT-NewYork.Teleglobe.net

i-6-6.ntp-core01.net.reach.com

POS6-0.GW6.MSP1.ALTER.NET

ledn-rou-1001.NL.eurorings.net

iah-core-01.inet.qwest.net

ge0-1-0-20.bud4core1.pantel.net

ge-0-0-0.gar1.Philadelphia1.Level3.net

rtp628675rts

dtrtmi1wce1-pos7-0.wcg.net

dnvrco1wcx2-pos3-0-oc192.wcg.net

ge-wan4-1.hcap3-mtl.bb.allstream.net

if-6-0.core1.PG1-Paris.teleglobe.net

ae-0-52.gar2.London1.Level3.net

sl-bb20-sea-1-0.sprintlink.net

ae-0-0.mp1.Seattle1.Level3.net

core1-p2-0.crchil.sbcglobal.net

p3-03-01-00.c0.dca91.adelphiacom.net

ae-12-51.car2.Dallas1.Level3.net

gbr1-p20.hs1tx.ip.att.net

so-6-0-0.gar1.Miami1.Level3.net

if-13-0.core1.AEQ-Ashburn.teleglobe.net

0.so-5-0-0.XL1.LAX7.ALTER.NET

gbr1-p40.st6wa.ip.att.net

so-5-1-0.TR2.LND2.ALTER.NET

(cbru.br.ns.els-gms.att.net)

so-1-0-0.mpr1.iad1.us.above.net

ROADRUNNER.gar1.Level3.net

p16-0-1-2.r20.sttlwa01.us.bb.verio.net

axr01mia-0-0-0.bellsouth.net

internapGIGE-gw.customer.alter.net

(gblx.net)

tpa-core-01.inet.qwest.net

p0-0-0d0.RAR2.Washington-DC.us.xo.net

anhmca1wcx3-pos12-0-oc192.wcg.net

if-2-0.core1.LDN-London.Teleglobe.net

so-0-0-0.TR1.AMS2.ALTER.NET

EMERGIA.gar1.Level3.net

reach-gw.customer.alter.net

ROADRUNNER.car1.Washington1.Level3.net

(dns1.inflow.pa.bo.comcast.net)

so-5-1-0.TR2.HDN2.ALTER.NET

sl-st20-ash-11-0.sprintlink.net

sl-bb26-pen-15-0.sprintlink.net

sasktel.sk.ca-gw.customer.alter.net

customer-side-almaghrib-9-ma-pal6.pal.seabone.net

POS6-0.GW1.LAX15.ALTER.NET

sl-bb21-kc-3-0.sprintlink.net

sl-sbcint-2-0.sprintlink.net

so0-0-0-2488M.ar3.LON3.gblx.net

p6-0-0.RAR2.Atlanta-GA.us.xo.net

so-0-1-0.mp2.Detroit1.Level3.net

(ns2.Level3.net)

(ns1.business.allstream.net)

sl-bb21-vie-3-0.sprintlink.net

i-10-3.hhtstcbr01.net.reach.com

i-2-3.wwh-core02.net.reach.com

amtrl-rq.risq.netatl-s03-hme.gw.epoch.net

POS6-0.IG2.MIA4.ALTER.NET

sl-st21-mia-15-1.sprintlink.net

p64-2-2-0.r21.mlpsca01.us.bb.verio.net

so5-0-0-2488M.ar2.CPH1.gblx.net

dis17-montreal02-fe4-0-0.in.bellnexxia.net

(auth51.ns.uu.net)

dmtrl-rq.risq.net

centennialpr-gw.customer.alter.net

Song-Network-OY.ge-1-3-0.ar2.CPH1.gblx.net

bandwidthoptions.net-gw.customer.alter.net

0.so-6-0-0.XL1.CHI6.ALTER.NET

ex1-p6-0.eqchil.sbcglobal.net

if-2-0.core2.FR1-Frankfurt.teleglobe.net

ge-10-0.ipcolo1.Frankfurt1.Level3.net

POS6-0.GW2.EWR17.ALTER.NET

mpl-core-01.inet.qwest.net

POS7-0.CR1.LND8.ALTER.net

bb2-p6-1.chcgil.ameritech.net

bb2-cha-P7-0.atdn.net

lax002bb00.IIJ.net

195.ATM6-0.GW6.SEA1.ALTER.NET

so-3-1-1.TR1.ZUR3.ALTER.NET

so-6-2-0-0.BB-RTR1.RES.verizon-gni.net

pop1-cha-P6-0.atdn.net

dis8-toronto63-fe0-0-0.in.bellnexxia.net

0.so-3-0-0.XL2.SCL2.ALTER.NET

POS6-0.GW3.DCA8.ALTER.NET

TdE-0-1-0-0-grtmadde1.red.telefonica-wholesale.net

(ns3.broadwing.net)

so-1-0-0--0.cr01.slkc.eli.net

dis7-montreal02-fe4-0-0.in.bellnexxia.net

dcr3-so-0-0-0.NewYork.savvis.net

po0-0.gw2.sel2.asianetcom.net

so-0-0-0.TR2.PAR2.ALTER.NET

sntcca1wcx2-pos14-0.wcg.net

dca-edge-01.inet.qwest.net

pos9-3.dcp-c001.gw.epoch.net

0.so-7-0-0.XL1.AUS4.ALTER.NET

bb2-p2-1.hrndva.sbcglobal.net

sl-bb22-atl-14-0.sprintlink.net

gar1-p370.omhne.ip.att.net

(ns2.Level3.net)

kscymo2wcx010-pos9-0-oc48.wcg.net

internapPHL1-gw.customer.alter.net

xspedius-kcy-gw.customer.alter.net

(xbru.br.ns.els-gms.att.net)

p14-0.core01.san01.atlas.cogentco.com

a1-00-00.c1.nyc90.adelphiacom.net

rtp628606rts

ae-11-51.car1.London1.Level3.net

sl-timewarner-17-0.sprintlink.net

0.so-2-0-0.CL1.JAX1.ALTER.NET

tbr2-p013502.sl9mo.ip.att.net

p0-01-00.c1.buf00.adelphiacom.net

ae-0-51.gar1.London1.Level3.net

POS6-0.GW70.DCA6.ALTER.NET

so-3-0-0.mp2.Paris1.Level3.net

if-4-0.core2.LDN-London.Teleglobe.net

(fulcrum.sasknet.sk.ca)

(cbru.br.ns.els-gms.att.net)

ge-0-1-0-0.core2.atlagamv.uslec.net

bb2-las-P4-0.atdn.net

unknown.Level3.net

OC48POS6-0.tor-core-1.peer1.net

t2c1-p8-0.uk-lon2.eu.bt.net

sl-bb21-stk-13-0.sprintlink.net

p16-5-0-0.r00.hstntx01.us.bb.verio.net

ge-0-1-0.sof1core1.pantel.net

core-02-so-0-0-0-0.atln.twtelecom.net

xe-3-0-0.a21.tokyjp01.jp.ra.verio.net

core4-montreal02-pos6-2.in.bellnexxia.net

acr2-so-2-0-0.Seattle.savvis.net

i-5-5.hht-dist01.net.reach.com

p5-0.core01.jfk01.atlas.cogentco.com

so-02-00-00.c1.dca91.adelphiacom.net

so-5-1-0.mpr2.atl6.us.above.net

core1-p10-0.crcloh.sbcglobal.net

gbr5-p20.attga.ip.att.net

POS6-0.GW4.CLE1.ALTER.NET

so-7-0-0.mpr3.ams1.nl.above.net

(dns.bj.cnuninet.net)

ge-wan7-1.hcap8-tor.bb.allstream.net

(cbru.br.ns.els-gms.att.net)

asurnet-10.border5.mia003.pnap.net

(dns.bj.cnuninet.net)

POS6-0.GW4.DCA6.ALTER.NET

core1-p5-0.crsfca.sbcglobal.net

TELUS.gar1.Level3.net

ge-6-0-0-51.gar1.Atlanta1.Level3.net

if-3-0.mcore3.LHX-London.teleglobe.net

ussignal-3.border5.chg.pnap.net

so-3-0-0.mp2.Orlando1.Level3.net

dis2-ottawa23-pos4-0-0.in.bellnexxia.net

POS6-0.GW3.EWR6.ALTER.NET

(xbru.br.ns.els-gms.att.net)
(cbru.br.ns.els-gms.att.net)

so1-0-0-2488M.ar3.LON2.gblx.net

1-4-c1.rsp1.eqx.iad.transedge.com

i-4-9.wwh-dist01.net.reach.com

p64-2-2-0.r20.mlpsca01.us.bb.verio.net

so-2-0-0.mp2.Tustin1.Level3.net

p3-0.c0.hywr.broadwing.net

0.so-2-0-0.XL1.SDG2.ALTER.NET

pop1-las-P1-0.atdn.net

(toroon63nszp05.srvr.bell.ca)

t2c1-p4-1.uk-eal.eu.bt.net

alnb-dr01-ge-4-0.aliant.net

NSS-S-A.ge-3-0-0.ar2.EZE1.gblx.net

gnilink-gw.customer.alter.net

pos1-1-0.atp-c100.gw.epoch.net

as-0-0.bbr2.London2.Level3.net

dis8-toronto63-fe1-1-0.in.bellnexxia.net

(ns1.bellatlantic.net)

mtn-rt001-oc3-1-1-0.core.globalconnex.net

so-11-0.hsa2.Stamford1.Level3.net

ge-6-0-0-51.gar1.Dallas1.Level3.net

COX-ENTERPRI.gar1.Level3.net

bcs1-so-0-0-0.Londonlnx.savvis.net

sl-bb20-spr-10-1.sprintlink.net

gar1-p370.dvmco.ip.att.net

p5-0.core02.dfw01.atlas.cogentco.com

rr-los-angeles.atdn.net

p6-0-0.RAR2.LA-CA.us.xo.net

if-3-0.core1.LAA-LosAngeles.teleglobe.net

POS1-0.XR1.SJC2.ALTER.NET

ar8-p310.attga.ip.att.net

ge-3-0-0.gar2.London2.Level3.net

so-3-0-0.mp2.Cincinnati1.Level3.net

lco145.zoominternet.net

BT-NET.gar2.Level3.net

bpr4-as0-0.seattleswitchdesign.savvis.net

sl-flagt-2-0.sprintlink.net

0.so-6-0-0.XL2.DCA5.ALTER.NET

core1-4-0.crdltx.sbcglobal.net

sar1-a300s3.n54ny.ip.att.net

(cbru.br.ns.els-gms.att.net)

ixc01btr-6-0-1.bellsouth.net

ge-6-0-0-51.gar3.NewYork1.Level3.net

unknown.net.reach.com

e-xpedient-gw.customer.ALTER.NET

as-1-0.bbr2.Dusseldorf1.Level3.net

207.ATM4-0.IH4.MIA4.ALTER.NET

(dns1.inflow.pa.bo.comcast.net)
COX-ENTERPRI.gar3.NewYork1.Level3.net

internap-gw.customer.alter.net

gnilink-gw.customer.alter.net

telus-communications.SeattleSwitchDesign.savvis.net

POS6-0.GW2.AUS4.ALTER.NET

564.at-6-0-0.XR2.NYC9.ALTER.NET

gbr5-p20.dlstx.ip.att.net

bb2-vie-P12-0.atdn.net

so-0-0-0.mpr1.atl6.us.above.net

500.ATM6-0.GW4.DET5.ALTER.NET

183.ATM6-0.XR1.EWR1.ALTER.NET
POS1-0.GW9.STK3.ALTER.NET

p64-0-0-0.r21.plalca01.us.bb.verio.net

ge-1-0-0.r00.tokyjp01.jp.bb.verio.net

tbr2-p013501.dvmco.ip.att.net

(ns1.globalconnex.net)

ae-12-51.car2.LosAngeles1.Level3.net

dal-core-02.inet.qwest.net

svl-core-01.inet.qwest.net

POS9-1.WANB-CALGAB.IP.GROUPTELECOM.NET

BLTMMD-gw.customer.alter.net

ge-10-0.ipcolo3.SanJose1.Level3.net

g-3-1.c1-pitb.telcove.net

aer1-vlan-200.losangeles.savvis.net

dis17-montreal02-fe1-0-0.in.bellnexxia.net

207.ATM5-0.IH3.MIA4.ALTER.NET

rtp629346rts

(ns2.Level3.net)

sl-gw11-lon-14-0.sprintlink.net

xspedius-dca-gw.customer.alter.net

ex2-p14-0.eqdltx.sbcglobal.net

sl-bb21-sea-1-0.sprintlink.net

ROADRUNNER.gar2.Chicago1.Level3.net

so-0-0-0--0.cr02.phnx.eli.net

i-5-1.ntp-core02.net.reach.com

i-2-2.tmhstcbr01.net.reach.com

pos-1-1-ar02.pontiac.mi.michigan.comcast.net

rr-charlotte.atdn.net

internapGIGE1-gw.customer.alter.net

ge-6-0-0-51.gar2.Atlanta1.Level3.net

unknown.net.reach.com

sffca201lr1-pos21.ip.att.net

so6-0-0-2488M.ar2.LON3.gblx.net

core-02-so-4-0-0-0.chcg.twtelecom.net

250.ATM6-0.GW5.JAX1.ALTER.NET

POS6-0.GW4.IAD8.ALTER.NET

bb2-p12-0.dllstx.sbcglobal.net

ra1so-ge3-1.cg.shawcable.net

drvlga1wcx1-pos0-0-oc192.wcg.net

so-1-0-0.mp1.Weehawken1.Level3.net

border9.fe0-0-fenet1.nyc.pnap.net

(auth51.ns.uu.net)

chunghwatelecom-gw.customer.ALTER.NET

dllstx1wcx3-pos9-0-oc48.wcg.net

wholesale-gw.customer.alter.net

bur-core-01.inet.qwest.net

ge-11-0.hsa1.Miami1.Level3.net

ae-12-51.car2.Chicago1.Level3.net

(ns3.broadwing.net)

core2-p2-0.crchil.sbcglobal.net

core2-p3-0.crnyny.sbcglobal.net

sl-bb20-ana-15-0.sprintlink.net

p3-01-00-00.c1.lax91.adelphiacom.net

p5-2-0.RAR2.Seattle-WA.us.xo.net

so-9-0.hsa1.Denver1.Level3.net

(ns3.bellglobal.com)

i79zhh-005-pos12-3.bb.ip-plus.net

gbr6-p30.n54ny.ip.att.net

internap-gw.customer.alter.net

so-9-0.hsa2.Cincinnati1.Level3.net

ge-4-0.hsa1.Frankfurt1.Level3.net

(ns1.telcove.net)

thorn-2.border9.nyc.pnap.net

so-5-0-0.XR1.ZUR4.ALTER.NET

so-7-3-0-0.BB-RTR1.PHIL.verizon-gni.net

gbr5-p30.cgcil.ip.att.net

att-gige.esd1.nwr.nac.net

so-3-0-0.mp1.StLouis1.Level3.net

so-11-0.ipcolo1.SanFrancisco1.Level3.net

chi-edge-08.inet.qwest.net

ge200.pa_c124_2.twgate.net

internap1-gw.customer.alter.net

0.so-5-0-0.CL1.PHL6.ALTER.NET

so1-0-0-622M.ar2.BOS1.gblx.net

verizon-gw.customer.alter.net

(toroon63nszp05.srvr.bell.ca)

p0-0.charter3.bbnplanet.net

i-1-0.wwh02.net.reach.com

dis7-montreal02-fe6-0-0.in.bellnexxia.net

(auth51.ns.uu.net)

so-8-1.car1.NewYork1.Level3.net

(ns3.bellglobal.com)

dis8-ottawa23-fe0-0-0.in.bellnexxia.net

(toroon63nszp05.srvr.bell.ca)

rd1wh-pos15-0.vc.shawcable.net

(toroon63nszp05.srvr.bell.ca)

dis5-montreal02-fe3-1-0.in.bellnexxia.net

sl-vwan-9-0.sprintlink.net

as-3-0.bbr1.Washington1.Level3.net

dis2-toronto63-pos0-0-0.in.bellnexxia.net

as-1-0.bbr2.LosAngeles1.Level3.net

ae-1-53.bbr1.NewYork1.Level3.net

ae-1-55.bbr1.NewYork1.Level3.net

as-1-0.bbr1.Chicago1.Level3.net

dis5-montreal02-fe10-0-0.in.bellnexxia.net

ler00.mia.bellsouth.net

as-0-0.bbr2.London1.Level3.net

p1.chi-e200.gw.epoch.net

dis2-toronto63-pos1-0-0.in.bellnexxia.net

as-0-0.bbr1.SanJose1.Level3.net

xe-0-0-0.a21.tokyjp01.jp.ra.verio.net

xe-3-0-0.a20.tokyjp01.jp.ra.verio.net

dis4-montreal02-fe0-0-0.in.bellnexxia.net

(ns007.deltacom.net)

ttc.pos5-1.cr01.stk01.pccwbtn.net

unknown.Level3.net

sl-vwan-7-0.sprintlink.net

as-0-0.bbr2.Dallas1.Level3.net

tds-telecom.NewYork.savvis.net

dis4-montreal02-fe12-0-0.in.bellnexxia.net

dvr-edge-05.inet.qwest.net

(ns.bellsouth.net)

(ns.bellsouth.net)

sl-vwan-8-0.sprintlink.net

TdE-5-1-0-0-grtmadde1.red.telefonica-wholesale.net

dis1-vancouver-pos6-0-0.in.bellnexxia.net

fast10-1-1.dcp-e100.gw.epoch.net

ded1-g1-1.lsan03.pbi.net

(ns.bellsouth.net)

P12-0.LCR-04.LSANCA.verizon-gni.net

24-159-64-33.static.jcsn.tn.charter.com

sl-vawan-1-0.sprintlink.net

italiausa-gw.customer.alter.net

172.16.1.2

sl-gw27-nyc-14-0.sprintlink.net

as-2-0.bbr2.Frankfurt1.Level3.net

so-10-0.hsa2.Stamford1.Level3.net

so-0-2-0.onlinemllc4.bbnplanet.net

as-1-0.mp2.Seattle1.Level3.net

(name.phx.gblx.net)

dis4-toronto63-pos0-1-0.in.bellnexxia.net

phx-edge-02.inet.qwest.net

sl-vpn1-rly-5-7-1-TS0.sprintlink.net

pos15-0-OC-192.tampflerl-rtr2.tampabay.rr.com

bbDcbl-ge42-v40-wNxdt.b.evolvatelecom.net

p2-0.ca02.sjc04.atlas.cogentco.com

alnb-ar02-fe-4-0-0.aliant.net

(ns.bellsouth.net)

sl-gw32-chi-10-0.sprintlink.net

(toroon63nszp05.srvr.bell.ca)

ge-1-3-0-0000.bbr-ffm02.bmcag.net

s2-0-0.a1.nwyk.broadwing.net

(ns3.bellglobal.com)

(ns.bellsouth.net)

so-0-2-0.core1.rlghnczy.uslec.net

sl-gw22-ana-9-0.sprintlink.net

pos2-0-0-622M.ar2.JFK1.gblx.net

10.0.0.10

10.0.0.122

10.0.0.14

10.0.0.61

10.0.10.2

10.0.134.9

10.0.155.1

10.0.40.14

10.0.40.25

10.1.0.1

10.1.0.14

10.1.1.2

10.1.19.37

10.1.19.41

10.1.19.45 10.1.21.1
10.1.21.2

10.1.4.10

10.10.1.2

10.10.1.98

10.10.253.2

10.10.5.2

10.101.1.1

10.101.1.2

10.101.254.245

10.101.254.253

10.11.41.50

10.11.47.218

10.110.0.10

10.110.0.17
10.110.0.2

10.110.0.21

10.110.0.25

10.110.0.6

10.110.1.210.110.2.18

10.110.3.2

10.110.37.10

10.110.97.42

10.120.2.1

10.127.9.6

10.128.224.2

10.128.224.253

10.129.0.26

10.162.246.226

10.169.128.22

10.169.17.10 10.169.19.42

10.2.2.34

10.200.0.26

10.200.1.5

10.200.6.88

10.224.1.9

10.229.95.86

10.254.254.254

10.3.0.1

10.38.38.190

10.40.10.190

10.40.2.42

10.40.2.66
10.40.21.178 10.40.5.26

10.5.0.2

10.50.50.1

10.52.80.7

10.54.0.57

10.6.2.1

10.69.96.2

n211-open-dist-n233-open-core.arc.nasa.gov

switch6-gw.hsc.usc.edu

s-moblas4.nsn.nasa.gov

130-41-0-13.harris.com

click-se7246a_ge0-2.click-network.com

137.237.harris.com

137.237.harris.com
137.237.harris.com

vanrc002.net.gov.bc.ca

vicrc008.net.gov.bc.ca

vicrm015.net.gov.bc.ca

p14-0.core01.jfk05.atlas.cogentco.com

verio.iad01.atlas.cogentco.com

g6-0-0-3495.core02.ord01.atlas.cogentco.com

jumpgate.ship.edu

JuniRam2

RAMR001

ns2.paho.org

zenez.com

newsday-user.newsday.com

172.16.0.2

172.16.1.3

172.16.104.13

172.16.16.2

172.16.16.227

172.16.2.1

172.16.20.2

172.16.39.29

172.16.5.10172.16.5.9

172.16.6.10

172.17.0.1

172.17.21.34

172.18.101.2

172.19.1.1

172.20.1.46

172.22.1.4

172.22.128.1

172.27.1.12
172.27.121.1

172.27.161.1

172.27.171.1

172.27.181.1

172.27.201.1

172.27.41.1

172.29.0.74

172.31.247.1

lva.lib.va.us

192.168.1.225
192.168.1.233

192.168.1.248

192.168.1.3

192.168.10.139
192.168.10.185

192.168.10.43

192.168.100.250

192.168.100.6

192.168.106.66

192.168.115.3

192.168.15.65

192.168.199.2

192.168.254.9

192.168.36.2

192.168.40.2

192.168.52.26

mrfin.spu.edu

bench.dal-ebis.ihost.com

host20.bbh.com

telecom.millersville.edu

static-192-41-88-10.vintela.com

host.jsc.nasa.gov

193-16-96-10.mrbookmaker.com

hx3.sw.houxou.com

amobia.com

196.200.31.242.accesskenya.com

antl65-arc65-te.nren.nasa.gov

pm4.ejourney.com

n254-border-rtr-nisn-sip.arc.nasa.gov

ns2.osburn.com

panther.rttinc.com

supernet.spschools.org

src.router.innovplace.saskatoon.sk.ca

gw.mystery.com

ns3.nosc.mil

dialup2.simflex.com

gw.buck.com

gw-adsl.compar.com

router.nscavello.com

rt2.newace.com

gateway.zwerp.com

lcy1-iana.r1.lcy1.isc.org

ozit.com

38-IPA.153.115.200.in-addr.arpa

unknown-host.customer.tiba.com

unknown-host.customer.tiba.com

telecel-py-2-us-alx.customer.tiba.com

CORE-NAC.GTDINTERNET.COM

044-004.onebb.com

fe0.aicompro.com

p0-0-0.sngbt-ar1.ix.singtel.com

ge-1-91-0.or-core2.ix.eznetsols.com

midiro02-v32.hk.singtel-expan.com

www.testing195.com

p0-0-0.earth.ix.singtel.com

p0-0-0.uranus.ix.singtel.com

p1-0.sngtp-cr2.ix.singtel.com

ns2.ouraynet.com

ip-250-30.springsips.com

retixrtr.glendale.cc.ca.us

te0001.peakpeak.com

brm1-fa2-0.nw-commnet.com

bng1-fa1-0.nw-commnet.com

yc1-se3-1.y-comm.com

host1.cityofgp.com

pbigate2.pbi.nrc.ca

gen4.genesis.sk.ca

dns4.ablehost.com

kh-gh.beachlink.com

ns1.ci.glendale.ca.us

tehya.dim.com

dofantasy.com

bodhi.dorje.com

cd2.rockynet.com

206.220.140.20

equinixdirect-pri2.lax.edmunds.com

cmnh.org

gw-nccf.annenberg.edu

gw-67.annenberg.edu

bg-asf.bellglobal.com

ct-rou-02.isp-oci.com

wk.usunwired.com

ser-117-65.cortland.com

207-229-64-32.cortland.com

20-48-free.kbscable.com

matco-ravary.com

207-47-155-20.sktn.hsdb.sasknet.sk.ca

email.beaufortco.com

dsl-237-2.bangor.y-comm.com

1.232.vwebs.com

ip-209-124-42-1.quickconnectusa.com
ip-209-124-42-189.quickconnectusa.com

cr2-fastethernet-1-0-0.springfield.hansoninfosys.com

cr1-ethernet-0.bluemound.hansoninfosys.com

proxy.kiski.org

castor.lunarpages.com

ip020.cache.quik.com

cisco2.cen.quik.com

gateway1.ycp.edu

ge-1-1-0.msr1.krs.yahoo.com

acto-t2cam1-b-ge-wan31.inet.ntl.com

orb.wojomedia.com

ns2.alaweb.com

thecrossings.wmiscable.com
glennvalley.wmiscable.com
appleridge.wmiscable.com

s3-0.car2.105pop.eriepa.e-xpedient.com

virt0.enternetmedia.com

phgate.baseline.com

jupiter.baseline.com

aes-216-182-224-2.aes.amazon.com

host209.firsthealth.ca

HSE-Toronto-ppp90020.sympatico.ca

ds00143.lunarpages.com

pyrrhus.cobaltgroup.com

c7pub-216-250-138-25.center7.com

dhcp-vpn.n2pcorp.com

mail.btsb.com

static.host-216-8-95-114.peoria.hansoninfosys.com

216fw.absnow.com

216-9-3-122.hfn.isomedia.com

host3.itislindia.com

wr6jpl.ampr.org

so-3-1-1.0.ejr01.cai001.flagtel.com

so-0-3-0.0.ejr01.tpe001.flagtel.com

so-0-2-0.0.ejr01.cai001.flagtel.com

ge-1-0-0.0.ejr02.cai001.flagtel.com

cust-chf-7228-tpe001.flagtel.com

brnt-t2core-b-pos31.inet.ntl.com

weblink.inet.ntl.com
cdif-lam-2-pos1200.inet.ntl.com

mail.yvfwc.org

cci-63-238-176-113.ptp.conectiv-comm.com

host10.netbytel.com

im.outinamerica.comns1.dmz.primatech.com

918dayspa.com

c3po3.starmax.com

core2.tulsaconnect.com

64.202.32.1

dis1-winnipeg32

eros.kranderson.com

port1.64-31-0.michtel.com

peer1-gw.rslcom.ca

host10.hdfsi.com

attrouter.louisdreyfus.com

diameter.marinar.com

Quebec-HSE-ppp3626772.sympatico.ca
Quebec-HSE-ppp3626820.sympatico.ca

sheraton-01-3.springsips.com

gw-0.twt.primatech.com

multi-1.border01.elx.bl.midatlanticbb.com

core1.e1.gamedyne.com

expedient.gw.smartbuilding.org

ar1.regent.pitbpa.e-xpedient.com

as1.usx.pitbpa.e-xpedient.com

h66-244-212-226.pmcnet.ca
fa0-0.sanford.mb.pmcnet.ca
eth0.sperling.mb.pmcnet.ca

h66-244-214-230.pmcnet.ca

bravo.spry.com

netsayphone.com

ip-66-45-204-154.nw-tel.com

ip-66-45-205-50.nw-tel.com

ip-66-45-205-70.nw-tel.com

aunsc.com

mymlinks.com

srv01.flashcollector.com

mail.ctins.com

ip2-134-39-67.speednetllc.com

mail.arbormanagement.com

rotoflex.com

117.hebergementci.com

123readyweb.com

host-68-77-223-2.adivi.com

tnwx-edge-1.rainierconnect.com

host-69-59-72-2.nctv.com

times-gw1.cust.e-xpedient.com
f0-0.car1.105pop.eriepa.e-xpedient.com

69-77-128-1.skybest.com

72-34-98-2.race.com

gb-ldk-dial-n01-e2.inet.ntl.com

cosh-t2cam1-b-ge-wan32.inet.ntl.com
ubr01port-ge02.inet.ntl.com

ubr01fare-ge02.inet.ntl.com
cpc3-fare1-6-0-cust5.cos2.cable.ntl.com

a1-1-2-0-5.a03.hstntx01.us.ce.verio.net

d3-0-1-0.a03.hstntx01.us.ce.verio.net

P14-3.LCR-02.CLPPVA.verizon-gni.net
P1-0.VFTTP-06.CLPPVA.verizon-gni.net

gate60.sdt.net

lzg-s1-rou-1080.DE.eurorings.net

i00pva-005-gig3-2.bb.ip-plus.net

S10-0-1-20-3.G-RTR1.RICH.verizon-gni.net

sl-westpanet-5-0.sprintlink.net

sl-alis-17-0.sprintlink.net

po2-0.cosh-scr.ja.net

po0-0.cambridge-bar.ja.net

po1-0.leeds-bar.ja.net

hatfield-bar.ja.net

ded1-fa12-1-0.wotnoh.ameritech.net

ptci-dfw-gw.customer.alter.net

debtxs-gw.customer.alter.net

lovelace1-gw.customer.alter.net

dojdallas-gw.customer.alter.net

fiserv1-gw.customer.alter.net

fhlbsf-gw.customer.alter.net

ccitriad-gw2.customer.alter.net

elcom-gw.customer.alter.net

netbytel-gw.customer.alter.net

s4p0.core-02.ps.ifl.net

s4p0.core-01.ps.ifl.net

r7ffm.de.vianw.net

e1.rtr.aa.sdt.net

lon-access-1-e0.bucks.net

rt-dc2-ias-arg17.nl.kpn.net

f0-1.gate73.aa.sdt.net

fe6-0.cr01.dbncl.onyx.net
195-97-252-116.onyx.net

lilly.stph.net

wcomp-gw.pipex-sa.net

fe0-0.gw1.pry1.alter.net

cpt.h-gw.net

entertech-cine.cine.net

k.ripe.net

gi2-1.core1.boi.spro.net

router1r72.cmet.net

3.142.uio.satnet.net

ar9s.cnt.entelchile.net

ar13s.cnt.entelchile.net

ar14s.cnt.entelchile.net

host-200-93-194-154.telconet.net

ATM10-1001.jptkyo6-02.c75c.savvis.net

cnhkng3-01-bsn.cntx04.savvis.net

jptkyo2-01-bsn.cntx13.savvis.net

eli-gw.aspac.customer.alter.net

tnt1.wagga-wagga.au.da.uu.net

tnt2.wollongong.au.da.uu.net

c204-0-214-44.cust.broadbandip.net

c204-1-84-253.cust.broadbandip.net

dsl-host2.incentre.net

c204-27-76-20.cust.broadbandip.net

c204-27-94-20.cust.broadbandip.net

ewr-brdr-02.inet.qwest.net

rt-hnvrpa-4.netrax.net

nb2.up.net

host6.sprintnetops.net

dis1-winnipeg32-pos5-1-0.in.bellnexxia.net

isdn-max4000-router.4netconnect.net

rmetze.metze.net

cybear-2-10.netrus.net

A-pc1-613-S1.gw1.cal1.rogerstelecom.net

wachovia-dsl-gw.ncisp.net

pipe.hway.net

es-hrbgpa-1.netrax.net

adsl-255.camtel.net

tayhou-207-218-192-145.ev1.net
taysa-207-218-192-205.ev1.net

ivhou-207-218-245-111.ev1.net

seafordschools-gc.i-2000.net

fa0.0.dist.i-2000.net

ns-ut-gw.quickintl.net

c-vl70-gw.acc.dca2.hopone.net

client.covesoft.net

s6-0-cr1.jnu.acsalaska.net

s4-0-0-cr1.sea.acsalaska.net

ge0-0-cr14.nwc.acsalaska.net

s0-0-cr1.agn.acsalaska.net
s0-0-cr1.pec.acsalaska.net

nino.arctic.net

max4.lahser.wwnet.net

hills-chil-gw2.bright.net

209-159-32-1.wan.networktel.net

s3-0-0-cr14.nwc.acsalaska.net

209-193-31-118.anc.acsalaska.net

c121.135.nauticom.net

c122.135.nauticom.net

calpix2.cybersurf.net

xd115640a.ip.e-nt.net

c7.zipcon.net

rt-ntpspa-2.netrax.net

rt-ntpspa-6.netrax.net

i.divo.net

all2easy.net

1a1-0-r1-r-xjwl.cnuninet.net

c89ac.bbo1.joan.kar1.toplink-plan.net

gw213-130-128-12.as15444.net

netrad01.eng.net

e0-1.skull.frei.net

shark.frei.net

bbo4.r3-kar3.toplink.net

bsd2.nyct.net

rsync.trip.net

st-vpn20.speedtrail.net

xd8ad193a.ip.e-nt.net

xd8ad319b.ip.e-nt.net

host82-2.birch.net

weld-county-sd6.cust.viawest.net

kebet.metrobridge.net

border2.fe0-0-bbnet1.phi.pnap.net

border6.ge3-0-bbnet2.phi.pnap.net

border6.s7-4.c2cfiber-3.phi.pnap.net

xd8393e05.ip.e-nt.net

nano.net

r3640-fe1.iaservice.net

g400.dist-02.core.th.ifl.net

auc.nile-online.net

cons-lond-uk01.nw.mediaways.net

63-138-196-186.customer.static.ip.paetec.net

rcmt-ds3-gw.ncisp.net

grr7200-31.wmis.net

unknown.Level3.net

shell.vgernet.net

sempra-2.border3.sdg.pnap.net

intellisync-5.border6.sdg.pnap.net

proflower-2.border6.sdg.pnap.net

63-251-176-3.acsol.net

adsl-64-108-192-4.dsl.chcgil.ameritech.net

64-109-64-5.ded.ameritech.net

64-132-93-20.gen.twtelecom.net

automatedtransaction-fe-1-gw.host.net

goof-fas1-0.pldi.net

10-2162764.xo.wwnet.net
cisco1-s5-0-0.livonia.wwnet.net

x40347002.ip.e-nt.net
e3-0.dsl1.nyc.ggn.net

x403b3e4a.ip.e-nt.net

milton.hersheymed.net

fast-02-00.rsms01.den05.viawest.net

dns01.cavtel.net
gig1-gige.srv-edge-02.rich.va.cavtel.net

static-64-83-68-133.t1.cavtel.net

ip64-90-218-52.sebewaing.mi.airadvantage.net

ip64-90-223-147.pt-pt.mi.airadvantage.net

host128-122.discord.birch.net

host139-42.discord.birch.net

smith-eddyNT.t-one.net

bras01.eldl.drtel.net

nc-65-40-111-250.sta.sprint-hsd.net

Speednet-LLC-1094482.cust-rtr.ameritech.net

Coleman-Community-Schools-DED007654.cust-rtr.ameritech.net

first-national-bank-zanesville-1021321.cust-rtr.ameritech.net

ppp-65-43-0-20.dialup.sbndin.ameritech.net

adsl-65-43-144-2.dsl.bcvloh.ameritech.net

ded1-fa6-0-0.sbndin.ameritech.net

rback1-g1-0.sbndin.sbcglobal.net

bdsl-66-12-138-5.gte.net

bdsl.66.12.148.10.gte.net

bdsl.66.12.150.2.gte.net

bdsl.66.13.13.1.gte.net

ds3-1-1.a01.btrgla00.broadbandip.net

bdsl-66-14-237-60.gte.net

bdsl.66.14.76.1.gte.net

sungardmds-3.border6.phi.pnap.net

148.133-pool-xdsl-mi.sccoast.net
2.136-pool-xdsl-mi.sccoast.net

172.142-pool-xdsl-mi.sccoast.net

6.169-pool-avail-cc.sccoast.net

162.207-avail-core.sccoast.net

2.209-dsl.sccoast.net

public-gw1.radicus.net

bbarney.vzcdsl-242.toad.net

240-20.delaware.net

hagg-01-ge-1-3-0-508.clmb.twtelecom.net

hagg-01-ge-0-3-0-510.nycl.twtelecom.net

router2.informed.net

c-vl102-d1.acc.dca2.hopone.net

bhr2-g10-0.SantaClarasc8.savvis.net

csr1-ve240.SantaClarasc8.savvis.net

host172.ncic.net

host194.ncic.net

adsl-66-73-160-20.dsl.chcgil.ameritech.net

J-Walter-Thompson-IAF1097680.cust-rtr.ameritech.net

cike.net

ev1s-67-15-48-10.ev1servers.net

67-36-3-4.bigtube.net

E-Choice-SpeedNet-1088974.cust-rtr.ameritech.net

145-3.delaware.net

68-248-116-4.ded.ameritech.net

Limited-Too-Inc-IAF-1076751-1076755.cust-rtr.ameritech.net

ns1.cyberzane.net

ppp-69-218-1-1.dsl.chcgil.ameritech.net

unknown.xeex.net

airband-69-26-200-94.airband.net

cda20.cdaonline.net

host48-140.dissent.birch.net

72-19-1-1.idstelcom.net

dial-72-29-45-2.potc.net

ge0-0.ar1.mtval1.realroute.net

gw.l.rkcom.net

cadmium.odysseydsl.net

(cbru.br.ns.els-gms.att.net)

(cbru.br.ns.els-gms.att.net)

(cbru.br.ns.els-gms.att.net)

(nasans4.nasa.gov)

(ns1.neu.edu)

(ns1)

(c15.ln.net)

(cata.ln.net)

(ns1.bellatlantic.net)

(ns1.bellatlantic.net)

(c.ns.verio.net)

(ride.ri.net)

(ns1.eurorings.net)

(drendns.dren.net)

(fulcrum.sasknet.sk.ca)

(ns0.sbcdns.com)

(ns0.ja.net)

(ns0.ja.net)

(ns0.ja.net)

(ns0.ja.net)

(fgcu-octopus.fgcu.edu)

(hcssun01.hcs.net)

(ns2)

(ns1.chw.edu)

(stpb.soft.net)

(polux.entelchile.net)

(corsair.millersville.edu)

(c.ns.verio.net)

(ns1)

(ns1.firn.edu)

(chisun2.tribune.com)

(ns1.kcc.com)

(ns.src.sk.ca)

(chia.arin.net)

(auth10.ns.wcom.com)

(spade.tel.gte.com)

(dns.ksc.nasa.gov)

(ns1.kpn.net)

(euro-ns1.cw.net)

(ns0)

(ns0)

(ns0)

(ns1.net4you.net)

(ns1.kpn.net)

(ns1.kpn.net)

(ns.stph.net)(ns.stph.net)

(ns1.iafrica.com)

(ns1.iafrica.com)

(dns1.tcmsp.net)

(encns1)

(ns1.ameritech.net)

(ns3.bellglobal.com)

(ns3.bellglobal.com)

(ns3.bellglobal.com)

(ns3.bellglobal.com)

(ns3.bellglobal.com)

(ns3.bellglobal.com)

(ns4.bellglobal.com)

(ns3.bellglobal.com)

(ns3.bellglobal.com)

(ns3.bellglobal.com)

(ns3.bellglobal.com)

(ns3.bellglobal.com)

(chia.arin.net)

(dnsext1)

(dnsext1)

(NS.LACNIC.NET)

(NS.LACNIC.NET)

(neptuno.redglobal.net) (localhost)

(ns.psinetpa.net)

(net_manage)

(uio.uio.satnet.net)

(ns1.savvis.net)

(ns.d2visp.com)

(ccdnsc01.singtel-expan.com)

(ccdnsc01.singtel-expan.com)

(ns2.on.net)

(gateway.ezbroadnet.com)

(stpbhu)
(stpbhu)

(stpbhu)

(stpk.soft.net)

(lanka-com1.lankacom.net)

(lanka-com1.lankacom.net)
(lankacom.net)

(cool.lankacom.net)

(ns1chn.vsnl.com)

(ns1.hamptons.com)

(ns.telebyte.net)

(ns1-auth.sprintlink.net)

(gblx.net)

(ns1.tshis.com)

(ns3.ko.com)

(chia.arin.net)

(ns1.vonoc.net)

(ns1.netrax.net)(ns1.netrax.net)

(ns1.fibercloud.com)

(ns1.up.net)

(c30.ln.net)
(ns1.ci.glendale.ca.us)

(ns1.ci.glendale.ca.us)

(nyx.nyx.net)

(ns1.netrax.net)

()
()

(ns3.bellglobal.com)

(ssbachi05.chicago.sba.com)

(ns01.savvis.net)

(c.ns.verio.net)

(c.ns.verio.net)

(dns1.xspedius.net)

(ns1.ampnet.net)

(ns3.bellglobal.com)

(ns3.bellglobal.com)

(ns3.bellglobal.com)

(ns3.bellglobal.com)

(ns)

(ns.btl.net)

(ns.ccountry.net)

(gblx.net)

(ns.telebyte.net)

(auth1.dns.expedient.com)

(ns0.techline.com)

(dns.jsnj.cnuninet.net)

(dns.zjhz.cnuninet.net)

(dns.gzgy.cnuninet.net)

(dns.tj.cnuninet.net)

(dns.bj.cnuninet.net)

(dns.bj.cnuninet.net)

(dns.bj.cnuninet.net)

(dns.bj.cnuninet.net)

(dns.bj.cnuninet.net)

(dns1.cnuninet.net)

(dns.bj.cnuninet.net)

(dns.bj.cnuninet.net)

(dns.bj.cnuninet.net)

(dns.bj.cnuninet.net)

(dns.bj.cnuninet.net)

(dns.gdgz.cnuninet.net)

(ns0.ja.net)
(ns0.ja.net)

(ns0.eng.net)

(ns1.tf-ny.com)

(ns.eli.net)

(ns-a.pnap.net)

(ns0.techline.com)

(ns1.modusmedia.com)

(ns01.savvis.net)

(ns1.hansoninfosys.com)

(dnsadmin.sgns.net)

(ns1)

(ns1.cn.net)

(dns.bj.cnuninet.net)

(dns.bj.cnuninet.net)

(dns.bj.cnuninet.net)

(dns.bj.cnuninet.net)

(murnsp001.rilinfo.net)

(murnsp001.rilinfo.net) (ns1.flagtel.com)

(dns1.ntli.net)

(auth100.ns.uu.net)

(ns01.savvis.net)

(auth1.dns.expedient.com)

(arpa1.paetec.net)

(ns1.pnap.net)

(auth01.ns.uu.net)

(ns1.ameritech.net)
(auth100.ns.uu.net)

(ns1.host.net)

(dns01.savvis.net)

(dnpopftp-01)

(dns-a.gator.com)

(toroon63nszp05.srvr.bell.ca)

(auth01.ns.uu.net)

(ns1)

(ns1)

(ns1)

(ns1)

(ns1)

(ns1)

(arpa1.paetec.net)

(ns1.pnap.net)

(ns1.pnap.net)

(wmis.net)

(ns3.bellglobal.com)

(ns3.bellglobal.com)

()

(mercury)

(baulder.staffnet.com)

(ns1.centix.net)

(ns1.gip.net)

(arpa1.paetec.net)

(ns3.bellglobal.com)

(ns3.bellglobal.com)

(@)

(ns1)

(ns1.jwt.com)

(ns1.olss.net)

(ns0.eng.net)
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[timeout]
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[timeout]
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[servfail]
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[servfail]

[servfail]
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[servfail]

[servfail]

[servfail]
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[timeout] [servfail]
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[servfail]

[servfail]
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[servfail]
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[servfail]

[servfail]

[servfail]

[servfail]

[timeout]

[timeout]

[servfail]

[servfail]

[servfail]

[servfail]

[servfail]

[servfail]

[servfail]

[servfail]

[servfail]

[servfail]

[timeout]

[servfail]

[servfail]

[timeout]

[servfail]

[servfail]

[servfail]

[servfail]

[servfail]

[servfail]

[servfail]

[servfail]

[servfail]

[servfail]

[timeout]

[servfail]

[servfail]

[servfail]

[servfail]

[timeout]

[servfail]

[servfail]

[servfail]

[timeout]
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[servfail]

[servfail]
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Legend
Verizon group
AT&T group
Qwest group
Cable companies
Other backbones
other

Built Atop an Amazing Infrastructure 
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Physical Communication Channels 
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5B mobile phones in the world	


Exceeds #people with shoes, toilets, electricity!	


1B with “broadband” capability	
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Average Demand Per Wireless User 

Projection: Rysavy Research, 2010	
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6.02 Roadmap 

Understanding information, encoding messages 
•  Source coding for compression 
•  Communication abstractions: packets, bits, signals 

Point-to-point communication channels: 
•  Bits: Noise, bit errors, error correction 
•  Signals: Frequency content & response, LTI model, 

modulation/demodulation 

Multi-node and multi-hop networks: 
•  Packets: MAC protocols, packet switching, routing, 

reliable transport 
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Engineering Goals 

If you were asked to design a communication 
network, what would your most  

important goals be? 

1. Reliability 
2. Efficient sharing (à cost-effectiveness) 

3.  Scalability 
4.  Energy-efficiency, … 
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INFORMATION 
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Information Resolves Uncertainty 

Information is a mathematical quantity that 
depends on the probability of occurrence of a 
particular event, which we might think of as a 
sequence of one or more symbols. 
 
Nice: “It was 75 degrees F in Boston on Jan 30” 
 
Awful: “It was 30 degrees F in Boston on Jan 30” 
 
Which statement conveys more information? 

High probability of event à less information 
Low probability of event à more information 
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Measuring Information 

Based on work by Hartley, Claude Shannon, the father of 
information theory, defined the information, I, associated with 
an event (message) of probability p as 

The unit of measurement is the bit (binary digit: “0” or “1”). 

1 bit corresponds to p = ½, e.g., the 
probability of a heads or tails when 
flipping a fair coin. 
 
This lines up with our intuition: we can 
encode the result of a single coin flip 
using just 1 bit: say “1” for heads, “0” 
for tails.  Encoding 25 flips of a fair coin 
requires 25 bits. 

I = log2
1
p

!

"
#

$

%
&
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Information in Equi-Probable Events 

Q: Suppose we have N equi-probable events. How much 
information have you learned if tell you that a specific event 
occurred? 

A: I = log2 (1 / (1/N)) = log2 N bits. 

Q: Suppose we have N equi-probable events. How much 
information have you learned if tell you that one of M equally 
probable events occurred from this set of N events? 

A: P(the event that occurred being one of M events) = M/N 
Therefore, I = log2 (1 / (M/N)) = log2 (N/M) bits. 

Information: A measure of the uncertainty of an event. 
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Examples 
We’re drawing cards at random from a standard 52-card deck: 
 
Q. If I tell you the card is a ♤, how many bits of information 
have you received? 
 

Q. If instead I tell you the card is a 7, how much info? 
 
A.  N=52, M=4, so info = log2(52/4) = log2(13) = 3.7 bits 

A. We’ve gone from N=52 possible cards down to M=13 possible 
cards, so the amount of info received is log2(52/13) = 2 bits. 
 
This makes sense, we can encode one of the 4 (equally 
probable) suits using 2 bits, e.g., 00=♡, 01=♢, 10=♧, 11=♤. 
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Example (cont’d.) 
Q. If I tell you the card is the 7 of spades, how many bits of 
information have you received? 
 
A. We’ve gone from N=52 possible cards down to M=1 
possible cards, so the amount of info received is log2(52/1) = 
5.7 bits. 
 
Note that if the events are independent, then information is 
additive (5.7 = 3 + 2.7)! 
 
But additivity holds only when the separate pieces of 
information are independent: P(A and B) = P(A)P(B) 
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Expected Information: Entropy 

Now consider a message transmitting the outcome of an event 
that has a set of possible outcomes, where we know the 
probability of each outcome. 
 
Formally, model a random variable X with possible values  
{x1, …, xn} and their associated probabilities p(x1), …, p(xn). 
 
The entropy H of a discrete random variable X is the expected 
value of the information content of X: 

H (X) = E(I(X)) = p(xi
i=1

n

! )log2
1

p(xi )
"

#
$

%

&
'
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Okay, why do we care about entropy? 
Entropy tells us the average amount of information that must 
be delivered in order to resolve all uncertainty.   
 
Shannon showed that entropy is a lower bound on the number 
of bits that must, on average, be used to encode our messages. 
 
 
Achieving the entropy bound is the “gold standard” for an 
encoding: entropy gives us a metric to measure encoding 
effectiveness. 
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SOURCE CODES 
(Or, COMPRESSION) 
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Fixed-length Encodings 

An obvious choice for encoding equally probable outcomes 
is to choose a fixed-length code that has enough sequences 
to encode the necessary information 
 
•  96 printing characters → 7-bit ASCII 
•  Unicode characters → UTF-16 
•  10 decimal digits → 4-bit BCD (binary coded decimal) 

Fixed-length codes have some advantages: 
 
•  They are “random access” in the sense that to decode 

the nth message symbol one can decode the nth fixed-
length sequence without decoding sequence 1 through 
n-1. 

•  Table lookup suffices for encoding and decoding 
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Improving on Fixed-length Encodings 
choicei pi 

“A” 1/3 

“B” 1/2 

“C” 1/12 

“D” 1/12 

The expected information content in a choice is given by the 
entropy: 
  = (.333)(1.58) + (.5)(1) + (2)(.083)(3.58) = 1.626 bits 
 
Can we find an encoding where transmitting 1000 choices 
requires 1626 bits on the average? 
 
The “natural” fixed-length encoding uses two bits for each choice, 
so transmitting the results of 1000 choices requires 2000 bits. 

log2(1/pi) 

1.58 bits 

1 bit 

3.58 bits 

3.58 bits 

6.02 Fall 2011 Lecture 1, Slide #23 

Variable-length encodings 
(David Huffman, MIT 1950) 

choicei pi encoding 

“A” 1/3 10 

“B” 1/2 0 

“C” 1/12 110 

“D” 1/12 111 

B 

C D 
A 

1 0 

1 0 

1 0 

Use shorter bit sequences for high probability choices, 
longer sequences for less probable choices 

011010010111 

Huffman Code Tree  

BC  A BA D 
Expected length 
=(.333)(2)+(.5)(1)+(2)(.083)(3) 

= 1.666 bits 
 
Transmitting 1000 
choices takes an 
average of 1666 bits… 
better but not optimal 
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Another Variable-length Code (not!) 
Here’s an alternative variable-length for the example on the 
previous page: 

Letter Encoding 

A 0 

B 1 

C 00 

D 01 

Why isn’t this a workable code?   
 
The expected length of an encoded message is 
 
               (.333+.5)(1) + (.083 + .083)(2) = 1.22 bits 
 
which even beats the entropy bound J 
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Huffman’s Coding Algorithm 
•  Begin with the set S of symbols to be encoded as binary strings, 

together with the probability p(s) for each symbol s in S. The 
probabilities sum to 1 and measure the frequencies with which 
each symbol appears in the input stream. In the example from the 
previous slide, the initial set S contains the four symbols and their 
associated probabilities from the table.  

•  Repeat the following steps until there is only 1 symbol left in S:  

–  Choose the two members of S having lowest probabilities. 
Choose arbitrarily to resolve ties. 

–  Remove the selected symbols from S, and create a new node of 
the decoding tree whose children (sub-nodes) are the symbols 
you've removed. Label the left branch with a “0”, and the right 
branch with a “1”.  

–  Add to S a new symbol that represents this new node. Assign 
this new symbol a probability equal to the sum of the 
probabilities of the two nodes it replaces. 

6.02 Fall 2011 Lecture 1, Slide #26 

Huffman Coding Construction 
•  Initially S = { (A, 1/3)  (B, 1/2)  (C, 1/12)  (D, 1/12) } 

•  First iteration 
–  Symbols in S with lowest probabilities: C and D 

–  Create new node 

–  Add new symbol to S = { (A, 1/3)  (B, 1/2)  (CD, 1/6) } 

•  Second iteration 
–  Symbols in S with lowest probabilities: A and CD 

–  Create new node 

–  Add new symbol to S = { (B, 1/2)  (ACD, 1/2) } 

•  Third iteration 
–  Symbols in S with lowest probabilities: B and ACD 

–  Create new node 

–  Add new symbol to S = { (BACD, 1) } 

•  Done 

C D 

0 1 
CD 

C D 

0 1 

ACD 
0 1 

A 

C D 

0 1 

0 1 

A 

0 1 

B 
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Huffman Codes – the final word? 
•  Given static symbol probabilities, the Huffman algorithm 

creates an optimal encoding when each symbol is encoded 
separately and symbols are from an iid distribution.   
(Optimal ≡ no other encoding will have a shorter expected 
message length) 

•  Huffman codes have the biggest impact on average message 
length when some symbols are substantially more likely than 
other symbols. 

•  You can improve the results by adding encodings for symbol 
pairs, triples, quads, etc.  From example code:  
     Pairs: 1.646 bits/sym, Triples: 1.637, Quads 1.633, … 
But the number of possible encodings quickly becomes 
intractable. 

•  Symbol probabilities change message-to-message, or even 
within a single message. 

•  Can we do adaptive variable-length encoding? 
–  Tune in next time! 


