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   , Vol u m e ,  

is w or k is li c e ns e d u n d er Cre ati ve C o m m o ns Attri b uti o n C C B Y N C N D

I nt er c o n n e cti o n  li n ks  c o n n e cti n g  br o a d b a n d  a c c ess  pr o vi d ers  wit h  t h eir  p e ers,  

tr a nsit pr o vi d ers a n d m aj or c o nt e nt pr o vi d ers, are a p ot e nti al p oi nt of dis cri mi-

n at or y tre at m e nt a n d i m p air m e nt of us er e x p eri e n c e. H o we ver, a d e q u at e d at a t o 

s h e d li g ht o n t his sit u ati o n is l a c ki n g, a n d di ff ere nt a ct ors c a n p ut f or w ar d o p p or-

t u nisti c i nt er pret ati o ns of d at a t o s u p p ort t h eir p oi nts of vi e w. I n t his arti cl e, we 

i ntr o d u c e a t o p ol o g y- a w are m o d el of i nt er c o n n e cti o n t o el u ci d at e o ur o w n b eli efs 

a b o ut h o w t o m e as ure i nt er c o n n e cti o n li n ks of a c c ess pr o vi d ers a n d h o w p oli c y -

m a k ers s h o ul d i nt er pret t h e res ults. We us e si x c as e st u di es t h at s h o w h o w o ur 

c o n c e pt u al m o d el c a n g ui d e a criti c al a n al ysis of w h at is or s h o ul d b e m e as ure d 

a n d re p ort e d, a n d h o w t o s o u n dl y i nt er pret t h es e m e as ure m e nts.

Ke y w or ds: I nt er n et m e as ure m e nt; I nt er n et i nt er c o n n e cti o n; I nt er n et m er g er c o n -

diti o ns; I nt er n et p erf or m a n c e; i n d e p e n d e nt m e as ure m e nt e x p ert 

E ve n t he best p u blicl y a vaila ble data a b o ut t he gl o bal i nterc o n necti o n s yste m 

t hat carries m ost of t he w orl d’s c o m m u nicati o ns tra ffic is i nc o m plete a n d 

of u n k n o w n acc urac y. ere is n o ma p of p h ysical li n k l ocati o ns, ca pacit y, 

utilizati o n, or i nterc o n necti o n arra n ge me nts. Rece nt p u blic p olic y c halle n ges 

ha ve tri g gere d t he nee d f or m ore tra ns pare nc y i nt o t he state of I nter net i nter -

c o n necti o n. W hile c o ncer ns a b o ut i nterc o n necti o n mi g ht arise i n a n y part 

of t he I nter net, t he br oa d ba n d access pr o vi ders, w h o ser ve t he p u blic a n d 

pr o vi de retail access t o t he I nter net, ha ve attracte d t he m ost atte nti o n wit h 

res pect t o p u blic p olic y iss ues. I n partic ular, as a res ult of U S telec o m m u nica-

ti o ns p olic y o ver t he last  years, t he I nter net i n d ustr y str uct ure has e v ol ve d 

t o war d a state w here carria ge (i nfrastr uct ure) net w or ks i ncreasi n gl y o w n c o n-

te nt a n d m o netize tra ns missi o n of t hat c o nte nt o n t heir net w or ks, creati n g 
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n at ur all y misali g ne d i nce nti ves re gar di n g i nterc o n necti o n wit h ot her c o nte nt 

pr o vi ders. S peci ficall y, as state d i n t he Fe deral C o m m u nicati o n C o m missi o n’s 

( F C C)  O pe n I nter net Or der “ br oa d ba n d I nter net access pr o vi ders ha ve 

t he a bilit y t o use ter ms of i nterc o n necti o n t o disa d va nta ge e d ge pr o vi ders 

a n d t hat c o ns u mers’ a bilit y t o res p o n d t o u nj ust or u nreas o na ble br oa d ba n d 

pr o vi der practices are li mite d b y s witc hi n g c osts.” ,

Alt h o u g h re g ul at ors h a ve g ai ne d s o me e x perie n ce me as uri n g t he o per -

ati n g p ar a meters of br o a d b a n d I nter net a c cess li n ks,  a n d a c c o m m o d ate d 

e xte nsi ve de b ate t o i nf or m r ule- m a ki n g o n w h at c o nstit utes re as o n a ble net -

w or k m a n a ge me nt of t hese li n ks,  t he y ( at le ast i n t he U nite d St ates) h a ve n o 

e x perie n ce wit h t he me as ure me nt of I nter net i nterc o n ne cti o ns n or i n a n a -

l yzi n g its r ole i n user q u alit y of e x perie n ce ( Q o E). A n d yet, li n ks c o n ne cti n g 

a c cess pr o vi ders wit h t heir peers, tr a nsit pr o vi ders a n d m aj or c o nte nt pr o -

vi ders, are a p ote nti al p oi nt of dis cri mi n at or y tre at me nt a n d i m p air me nt 

of user e x perie n ce. I n t he U nite d St ates, t he F C C h as asserte d re g ul at or y 

a ut h orit y o ver t h ose li n ks, alt h o u g h t he y h a ve a c k n o wle d ge d t he y l a c k s uf -

fi cie nt e x pertise t o de vel o p a p pr o pri ate re g ul ati o ns t h us f ar.  Wit h o ut a b asis 

of k n o wle d ge t h at rel ates me as ure me nt t o j usti fie d i nfere n ces a b o ut a ct u al 

i m p air me nt, di ffere nt a ct ors c a n p ut f or w ar d o p p ort u nisti c i nter pret ati o ns 

. I n t his arti cl e, we ref ere n c e v ari o us or d ers of t h e F C C, i n cl u di n g t h e or d ers rel at e d t o 

n et w or k n e utr alit y fr o m  t o . As we p u blis h t his arti cl e i n , t h e c urre nt F C C h as 

t a k e n st e ps t o re vers e t h es e or d ers a n d re m o ve its elf fr o m a n y re g ul ati o n of iss u es s u c h as I nt er n et 

n e utr alit y. We re c o g nize t h at t his e ve nt m e a ns t h at i n t h e U nit e d St at es, t h e F C C is n ot li k el y 

at pres e nt t o a ct o n t h e iss u es t h at we dis c uss h ere. H o we ver, a d mi nistr ati o ns c h a n g e, a n d t his 

arti cl e is n ot rel e v a nt j ust t o t h e U nit e d St at es. e iss u es we r ais e h ere are rel e v a nt t o a n y re g u -

l at or c o n c er n e d wit h t h e st at e of t h e I nt er n et, a n d re g ul at ors i n di ff ere nt c o u ntri es o p er at e wit h 

di ff ere nt s c o p es of a ut h orit y.

. Fe d er al C o m m u ni c ati o ns C o m missi o n, “I n t h e M att er of Pr ot e cti n g a n d Pr o m oti n g t h e 

O p e n I nt er n et.”

. F C C, “M e as uri ng Br o a d b a n d A meric a”; B a u er, Cl ar k, a n d L e hr, “ e E v ol uti o n of I nt er n et 

C o n g esti o n”; B a u er, Cl ar k, a n d L e hr, “ U n d erst a n di n g Br o a d b a n d S p e e d Me as ure m e nts.”

.  Fe d er al  C o m m u ni c ati o ns  C o m missi o n,  “Notice  of  Pr o p ose d  R ule m a ki ng” ;  Fe d er al  

C o m m u ni c ati o ns C o m missi o n, “ I n t he M atter of Pr otecti ng a n d Pr o m oti ng t he O pe n I nter net: 

R E P O R T .”

.  Q u oti n g  fr o m  t h e   r uli n g,  “ As  a  res ult,  t h e  C o m missi o n  c o n cl u d e d  t h at  it  c o ul d  

re g ul at e i nt er c o n n e cti o n arr a n g e m e nts u n d er Titl e II as a c o m p o n e nt of br o a d b a n d s er vi c e. It 

refr ai n e d, h o we ver, fr o m a p pl yi n g t h e Ge n er al C o n d u ct R ul e or a n y of t h e bri g ht-li n e r ul es t o 

i nt er c o n n e cti o n arr a n g e m e nts b e c a us e, gi ve n t h at it l a c k[ e d] [ a] b a c k gr o u n d i n pr a cti c es a d dress-

i n g I nt er n et tr a ffi c e xc h a n g e, it w o ul d b e pre m at ure t o a d o pt pres cri pti ve r ul es t o a d dress a n y 

pr o bl e ms t h at h a ve aris e n or m a y aris e. R at h er, it e x pl ai n e d t h at i nt er c o n n e cti o n dis p ut es w o ul d 

b e e v al u at e d o n a c as e- b y- c as e b asis u n d er s e cti o ns , , a n d  of t h e C o m m u ni c ati o ns 

Act.” U nit e d St at es C o urt of A p p e als f or t h e D. C. Cir c uit, “ U nite d St ates Telec o m Ass oci ati o n, et 

al., petiti o ners v. F C C, ” p. , cit ati o ns o mitt e d.
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of d at a t o s u p p ort t heir p oi nts of vie w. e re ce nt pr olifer ati o n of per -

f or m a n ce-rel ate d d at a a n d cl ai ms le a ves p oli c y m a kers, rese arc hers, a n d t he 

ge ner al p u bli c wit h t he tre me n d o us c h alle n ge of i nter preti n g it all.

I n t his c o nt e xt, t h e F C C h as t ur n e d t o w ar d t h e res e ar c h c o m m u nit y f or 

h el p wit h t w o m e as ure m e nt c h all e n g es: m e as ure m e nt of i nt er c o n n e cti o n 

li n ks a n d m e as ure m e nt of o ver all Q o E f or us ers a c c essi n g s p e ci fi c s er vi c es. 

e F C C h as e x press e d i nt erest i n a u g m e nti n g its Me as uri n g Br o a d b a n d 

A m eri c a ( M B A) pr o gr a m wit h b ot h t y p es of m e as ure m e nts a n d is e v al -

u ati n g m e as ure m e nt m et h o d ol o gi es f or us ers a c c essi n g s p e ci fi c s er vi c es. 

U nf ort u n at el y, t his s ort of m e as ure m e nt h as n ot b e e n a hi g h pri orit y f or 

t h e a c a d e mi c res e ar c h c o m m u nit y n or its f u n di n g a g e n ci es.

ere is n o k n o w n w a y f or a t hir d p art y t o re m ot el y o bt ai n dire ct m e a -

s ure m e nts of b asi c p ar a m et ers of a n i nt er c o n n e cti o n li n k, f or e x a m pl e, 

c a p a cit y a n d utiliz ati o n, a n d c o m m er ci al c o n c er ns re g ar di n g s h ari n g d at a 

or a c c ess t o i nstr u m e nt ati o n b el o n gi n g t o t h e o p er at ors t h e ms el ves g e n -

er all y  pre ve nt  res e ar c h ers  fr o m  b ei n g  a bl e  t o  v ali d at e  m e as ure m e nts  or  

m et h o ds. us, li k e t h e F C C, t h e res e ar c h c o m m u nit y c a n n ot bri n g t o 

t his dis c ussi o n m u c h e x p eri e n c e wit h t his s ort of m e as ure m e nt. A bs e nt a 

re g ul at or y re q uire m e nt f or m a n d at or y s h ari n g of s u c h d at a, t h e res e ar c h 

c o m m u nit y is n ot i n a p ositi o n t o o ff er c o n cret e a d vi c e t o re g ul at ors. B ut 

res e ar c h ers  c a n  bri n g  o bj e cti vit y,  i nsi g hts  i nt o  h o w  t o  t hi n k  a b o ut  t h e  

pr o bl e m, a n d s u g g esti o ns f or h o w t o st art g at h eri n g d at a t o i nf or m re g u -

l at or y tr aj e ct ori es.

I n t his arti cl e, we t a k e u p t his c h all e n g e i n f o ur p arts. First, we pr o vi d e 

b a c k gr o u n d o n t h e r a n g e of m et h o ds of h ar mf ul dis cri mi n ati o n a g ai nst 

i nt er c o n n e cti n g p arti es ( “ A p pr o a c h es t o I nt er c o n n e cti o n Dis cri mi n ati o n 

a n d P oli c y Res p o ns es”). We t h e n i ntr o d u c e a n e w t o p ol o g y- a w are m o d el 

( “ To p ol o g y- A w are  Hi er ar c hi c al  M o d el  of  Ri c h  I nt er c o n n e cti o n”)  t h at  

c a pt ures  s o m e  of  t his  c o m pl e xit y  b y  re c o g nizi n g  hi er ar c hi c al  str u ct ure  

i n i nt er c o n n e cti o n ar c hit e ct ures. We dis c uss t h e c o m pl e xit y of tr yi n g t o 

i nt er pret m e as ure m e nt ( “ Rel ati n g Perf or m a n c e Me as ures t o Q o E ”) a n d 

e x pl ai n h o w t h e m o d el h el ps t o e x pli c at e t h e w a ys t h at m e as ure m e nt d at a 

a g gre g at e d at di ff ere nt l e vels c a n s er ve di ff ere nt p ur p os es fr o m o p er ati o n al 

n et w or k m a n a g e m e nt t o re g ul at or y o versi g ht ( “ Di ff ere nt O bj e cti ves f or 

Perf or m a n c e  A n al ysis”).  A g gre g ati o n  of  m e as ure m e nt  res ults  a cr oss  dif -

f ere nt s c o p es c a n c h ar a ct erize h o w p er v asi ve c o n g esti o n is a cr oss a s et of 

p ossi bl e p at hs b et we e n t w o i nt er c o n n e ct e d p arti es: is e vi d e n c e of c o n g es -

ti o n o bs er ve d o nl y o n a si n gl e li n k, or a n a g gre g at e s et of li n ks, i n a si n gl e 

m etr o p olit a n re gi o n, or m ore br o a dl y? Fi n all y, we dis c uss m e as ure m e nts 

t h at d o n ot f o c us o n a si n gl e li n k ( at a p oi nt of i nt er c o n n e cti o n) b ut o n 
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l o n g er p at h s e g m e nts, p er h a ps t h e c o m pl et e p at h fr o m t h e s o ur c e t o t h e 

d esti n ati o n ( “ Me as ure m e nts of Pat h Se g m e nts”).

We d o n ot i nte n d t his m o del t o be pre dicti ve, t hat is, t o all o w f orecasti n g 

of c o n gesti o n or a n y ot her net w or k d y na mics, b ut rat her as a co nce pt u al mo del, 

t o a d d clarit y t o a rece nt pr oliferati o n of data a n d clai ms, a n d t o el uci date o ur 

o w n c o ncl usi o ns a b o ut h o w t o de fi ne a n d meas ure i nterc o n necti o n-relate d 

perf or ma nce pr o ble ms, a n d t he c o m ple xit y of i nter pretati o n i n d uce d b y dif -

fere nt c h oices.

To c o n cret el y d e m o nstr at e t h e utilit y of o ur c o n c e pt u al m o d el, we a p pl y 

it t o t h e e x a mi n ati o n of si x m e as ure m e nt pr oj e cts ( “ A p pl yi n g t h e M o d el 

t o S p e ci fi c Me as ure m e nt D at a Sets”) t h at di ff ere nt st a k e h ol d ers h a ve pr o-

p o u n d e d t o ill u mi n at e t h eir vi e w of t h e l a n ds c a p e of i nt er c o n n e cti o n p er -

f or m a n c e. es e pr oj e cts s p a n d at a s ets o ff ere d b y a c c ess pr o vi d ers, e d g e 

pr o vi d ers, a c a d e mi c res e ar c h ers, a n d m a n d at e d b y t h e F C C. I n t h e fi n al 

c as e st u d y, we d es cri b e o ur e ff orts as t h e i n d e p e n d e nt m e as ure m e nt e x p ert 

(I M E) t h at w or k e d wit h t h e F C C a n d A T & T i n est a blis hi n g a m e as ure-

m e nt m et h o d ol o g y f or re p orti n g o n t h e st at e of A T & T’s i nt er c o n n e cti o n 

li n ks. Fi n all y, we o ff er s o m e c o n cl usi o ns, i m pli c ati o ns, a n d re c o m m e n d a-

ti o ns f or res e ar c h ers a n d p oli c y m a k ers.

e k e y c o ntri b uti o ns of t his arti cl e are:

• We c o nstr u ct a t o p ol o g y- a w are m o d el of i nt er c o n n e cti o n t h at disti n -

g uis h es its elf fr o m e xisti n g m o d els b y c a pt uri n g n est e d a g gre g ati o ns of 

li n ks b et we e n a c c ess pr o vi d ers a n d t h eir i nt er c o n n e cti n g p arti es.

• We dis c uss t h e tr a d e- o ffs a n d li mit ati o ns of e x a mi ni n g d at a at di ff er e nt 

a g gre g ati o n gr a n ul ariti es, a n d h o w t o us e t h e m t o e v al u at e t h e rel ati ve 

si g ni fi c a n c e of p erf or m a n c e i m p air m e nt.

• We d e m o nstr at e t h e utilit y of o ur c o n c e pt u al m o d el b y a p pl yi n g it t o 

si x c as e st u di es t h at s h o w h o w it c a n g ui d e i nf or m e d d e cisi o ns re g ar di n g 

i nt er preti n g, or m a n d ati n g, m e as ure m e nts i nt e n d e d t o re ve al h ar mf ul 

(i m p air m e nt-i n d u ci n g) c o n g esti o n at i nt er c o n n e cti o n li n ks.

A p pr o a c h es t o I nt er c o n n e cti o n Dis cri mi n ati o n 
a n d P oli c y Res p o ns es

Net w or k o p er at ors c o ul d i m p os e s e ver al p ot e nti all y h ar mf ul f or ms of dis -

cri mi n ati o n i n t h e c o nt e xt of i nt er c o n n e cti o n; we d es cri b e fi ve s orts of 

dis cri mi n ati o n i n t his s e cti o n. First, di ffere nti al tre at me nt of p ac kets c o ul d 

o c c ur  at  i nt er c o n n e cti o n  li n ks.  H o we ver,  wit h  t o d a y’s  t y pi c al  I nt er n et  
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us a g e, c o nt e nt g e n er all y fl o ws t o w ar d t h e a c c ess pr o vi d er, i n w hi c h c as e 

dis cri mi n ati o n  a cr oss  t h e  li n k  w o ul d  h a ve  t o  o c c ur  n ot  o n  t h e  a c c ess  

pr o vi d er’s r o ut er b ut o n t h e u pstre a m r o ut er o p er at e d b y t h e i nt er c o n n e ct -

i n g p art y, w hi c h m a k es t his f or m of dis cri mi n at or y tre at m e nt l ess li k el y. 

O n c e tr a ffi c is o n t h e a c c ess pr o vi d er’s si d e of t h e i nt er c o n n e cti o n li n k, 

fr o m a re g ul at or y p ers p e cti ve it w o ul d c o u nt as dis cri mi n ati o n wit hi n t h e 

a c c ess I nt er n et s er vi c e pr o vi d er (I S P), w hi c h w o ul d b e pr o hi bit e d u n d er 

t h e v ari o us pri or F C C or d ers u nl ess it w as j usti fi e d as re as o n a bl e n et w or k 

m a n a g e m e nt.

A s e c o n d f or m of dis cri mi n ati o n us es r o uti ng p olicy i nt er n al t o t h e a c c ess 

n et w or k: a n a c c ess pr o vi d er c o ul d e n gi n e er its n et w or k s o tr a ffi c fr o m dif -

f ere nt  i nt er c o n n e cti n g  p arti es  tr a vers es  di ff ere nt  li n ks  wit hi n  t h e  a c c ess  

I S P, a n d u n d er pr o visi o n s o m e of t h os e li n ks. os e u n d er pr o visi o n e d li n ks 

w o ul d a ffli ct o nl y t h e i nt er c o n n e cti n g p arti es usi n g s u c h li n ks, wit h o ut 

re q uiri n g  a n y  s el e cti ve  dis cri mi n ati o n  a m o n g  p a c k ets  p assi n g  o ver  a n y  

li n k. H o we ver, a n i nt er c o n n e cti n g p art y c a n d et e ct t his s ort of c o n g esti o n 

a n d h as a str o n g i n c e nti ve ( es p e ci all y if it is p a yi n g f or i nt er c o n n e cti o n) t o 

d o s o a n d c o m pl ai n w h e n it o c c urs.

A t hir d a n d n o nt e c h ni c al a p pr o a c h is price discri mi n ati o n a cr oss dire ct 

i nt er c o n n e cti o ns. C o nt e nt fr o m di ff ere nt dire ctl y c o n n e ct e d c o nt e nt pr o-

vi d ers tr a vels a cr oss di ff ere nt p h ysi c al li n ks, a n d t h e c o ntr a cts f or t h os e 

li n ks re fl e ct t er ms t h at e a c h p air of i nt er c o n n e cti n g p arti es m a y cr aft s e p-

ar at el y, p er h a ps wit h di ff ere nt c osts f or e q u al c a p a cit y. Si n c e t h es e a gre e -

m e nts are al m ost al w a ys c o vere d b y n o n dis cl os ure a gre e m e nts, t h ere is n o 

w a y f or a gi ve n c o nt e nt pr o vi d er ( or a t hir d- p art y o bs er ver) t o t ell w h et h er 

t w o c o nt e nt pr o vi d ers s e e ki n g dire ct i nt er c o n n e cti o n are re c ei vi n g e q ui v-

al e nt tre at m e nt. Si n c e a gre e m e nts m a y i n cl u d e c o m pl e x b usi n ess t er ms, 

i n cl u di n g c o m mit m e nts t o r at es of c a p a cit y e x p a nsi o n o ver ti m e or restri c-

ti o ns o n r o uti n g, it mi g ht b e di ffi c ult t o c o m p are tre at m e nts of di ff ere nt 

i nt er c o n n e cti n g p arti es, e ve n if o n e c o ul d s e e t h e c o ntr a cts.

F o urt h,  a n ot h er  n o nt e c h ni c al  a p pr o a c h  t o  dis cri mi n ati o n  is  f or  

a n  a c c ess  pr o vi d er  t o  li mit  t he  n u m ber  of  i nterc o n necti o ns  wit h  o n e  

. A n e pis o d e of tr a ffi c di ff ere nti ati o n o utsi d e t h e a c c ess pr o vi d er o c c urre d i n  w h e n 

C o g e nt, a tr a nsit pr o vi d er f or Net fli x a m o n g ot h ers, b e g a n t o m ar k p a c k ets usi n g t h e I P Ty p e 

of Ser vi c e ( To S) bits t o cl assif y t h eir c ust o m ers’ tr a ffi c i nt o w h ol es al e a n d ret ail c at e g ori es, a n d 

pri oritize d tr a ffi c b el o n gi n g t o ret ail c ust o m ers ( Kil m er, “ M- L a bs d at a a n d C o g e nt D S C P m ar k -

i n gs,” s e e q u ot e e m b e d d e d i n gr o u p dis c ussi o n). I n t his c as e, a n u pstre a m (i. e., n ot br o a d b a n d 

a c c ess) pr o vi d er m at eri all y alt ere d t h e p erf or m a n c e of br o a d b a n d us ers’ tr a ffi c b y e m pl o yi n g 

tr a ffi c di ff ere nti ati o n t e c h ni q u es.
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c o nt e nt pr o vi d er m or e t h a n a n ot h er. Fe w er p oi nts of c o n n e cti o n mi g ht  

dis a d v a nt a g e  t h e  c o nt e nt  pr o vi d er,  i n cr e asi n g  l at e n c y  f or  tr a ffi c  t h at  

fl o w e d l o n g er dist a n c es a cr oss t h e a c c ess I S P. B ut t his a p pr o a c h w o ul d 

als o i n cr e as e tr a nsit c osts i nt er n al t o t h e a c c ess I S P, s o it is oft e n i n t h e 

b est i nt er est of b ot h p arti es t o i nt er c o n n e ct at m a n y p oi nts. I n d e e d, a n 

o bli g ati o n of t h e o p p osit e s ort is oft e n p art of a n i nt er c o n n e cti o n a gr e e -

m e nt —t h e p arti es ar e r e q uir e d t o i nt er c o n n e ct at l e ast s o m e mi ni m u m 

n u m b er of p oi nts.

Fi n all y, a n d t h e a p pr o a c h t h at h as b e e n t h e s u bj e ct of m e di a a n d p ol -

i c y att e nti o n i n r e c e nt y e ars, t h e p arti es r es p o nsi bl e f or a n i nt er c o n n e c-

ti o n  li n k  c o ul d  si m pl y  f ail  t o  u pgr a de  c a p acity  of  t h at  li n k,  oft e n  d u e  

t o b usi n ess dis p ut es, w h e n e vi d e n c e of c o n g esti o n m a nif ests. It r e q uir es 

t h e a gr e e m e nt of b ot h p arti es wit h a n i nt er c o n n e cti o n t o i m pl e m e nt a n 

u p gr a d e t o t h e c a p a cit y, a n d eit h er p art y c a n r ef us e t o c o o p er at e. us 

f ar,  t h e  hi g h est  pr o fil e  dis p ut e  a b o ut  i nt er c o n n e cti o n  b et w e e n  a c c ess  

a n d c o nt e nt pr o vi d ers i n v ol v e d Net fli x a n d s o m e of its tr a nsit pr o vi d ers 

cl ai mi n g t h at a c c ess pr o vi d ers w er e e xer cisi n g t his f or m of dis cri mi n a -

ti o n. W h e n Net fli x st art e d d eli v eri n g c o nt e nt str e a m e d o v er t h e I nt er n et 

i n , it first us e d its o w n s er v ers i n fi v e l o c ati o ns i n t h e U nit e d St at es. 

As tr a ffi c gr e w, Net fli x b e g a n e nlisti n g t hir d- p art y c o nt e nt d eli v er y n et -

w or ks ( C D Ns) s u c h as A k a m ai a n d Li m eli g ht i n . I n , Net fli x 

b e g a n  m o vi n g  a w a y  fr o m  t hir d- p art y  C D Ns  a n d  st art e d  usi n g  tr a nsit  

pr o vi d ers a n d si m ult a n e o usl y st art e d i nst alli n g its o w n c o nt e nt s er v ers 

( Net fli x O p e n C o n n e ct) a cr oss t h e I nt er n et t o i nt er c o n n e ct dir e ctl y wit h 

m aj or a c c ess I S Ps.  S o m eti m es t h es e n e g oti ati o ns f or dir e ct i nt er c o n n e c-

ti o n b e c a m e c o nt e nti o us, wit h Net fli x ar g ui n g t h at if it i ntr o d u c e d its 

tr a ffi c  i nt o  t h e  a c c ess  n et w or k  at  a  p oi nt  cl os e  t o  t h e  c o ns u m ers  t h at  

r e q u est e d it, Net fli x w as c arr yi n g m ost of t h e c ost of t h e d eli v er y a n d 

r e d u ci n g t h e c osts b or n e b y t h e a c c ess pr o vi d er, s o t h e i nt er c o n n e cti o n 

s h o ul d  b e  s ettl e m e nt-fr e e,  w hil e  m aj or  a c c ess  I S Ps  ass ert e d  t h at  t h es e  

i nt er c o n n e cti o ns w er e c o m m er ci al arr a n g e m e nts t h at r e q uir e d p a y m e nt.

B ef or e n e g oti ati n g dir e ct i nt er c o n n e cti o n wit h a c c ess I S Ps, Net fli x us e d 

its e xisti n g c o n n e cti o ns ( w h er e it w as a c ust o m er) wit h its Ti er  tr a nsit 

pr o vi d ers t o tr a ns mit tr a ffi c t o Net fli x c ust o m ers o n a c c ess I S Ps. os e 

li n ks  l a c k e d  s u ffi ci e nt  c a p a cit y  t o  k e e p  u p  wit h  t h e  gr o wt h  i n  Net fli x 

tr a ffi c, l e a di n g t o  m assi v e c o n g esti o n o n t h e Ti er  i nt er c o n n e cti o n li n ks, 

. Net fli x, “Petiti o n t o De ny of Net fli x, I nc. ”

. Fl ore nce, “ e Case A gai nst I S P Tolls”; K h o ur y, “ C o mcast Res p o nse t o Net fli x”; Br o d ki n, “ Ti me 

War ner, net ne utralit y f oes cr y”; Br o d ki n, “ After Net fli x pa ys C o mcast, s pee ds i m pr ove .”
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w hi c h  i m p air e d  b ot h  Net fli x  tr a ffi c  a n d  a n y  ot h er  tr a ffi c  u nf ort u n at e  

e n o u g h  t o  b e  p assi n g  o v er  t h e  s a m e  i nt er c o n n e cti o ns.  I n  t h e  U nit e d  

St at es, t h e F C C h a d  u ntil t his p oi nt a v oi d e d i nt er v e ni n g i n n e g oti ati o n 

of c o m m er ci al t er ms b et w e e n l ar g e I nt er n et pl a y ers, b ut i n t his c as e, t h e 

F C C  pr ess ur e d  t h e  p arti es  t o  r es ol v e  t h es e  c o n fli cts  q ui c kl y  t o  r eli e v e  

o n g oi n g i m p air m e nts. I n ot h er c o u ntri es, i nt er c o n n e cti o n dis p ut es e n d e d 

u p  i n  c o urt:  i n  Fr a n c e,  t h e  c o m p etiti o n  c o urt  r ul e d  wit h  r es p e ct  t o  a 

Ti er  pr o vi d er ( C o g e nt) d eli v eri n g l ar g e v ol u m es of c o nt e nt i nt o Fr a n c e 

Tel e c o m ( F T) t h at F T h a d t h e ri g ht t o d e m a n d p a y m e nt fr o m C o g e nt.

e c o ns u m er c o m pl ai nts a n d m e di a c o ver a g e a b o ut t h es e i nt er c o n n e c -

ti o n dis p ut es br o u g ht att e nti o n t o t h e p o wer of a c c ess pr o vi d ers t o i m p os e 

t er ms f or i nt er c o n n e cti o n a n d o n t h e i m p ort a nt r ol e t h at i nt er c o n n e cti o n 

pl a ys i n t h e st a bilit y a n d f u n cti o n of t h e I nt er n et. I n t h e  O p e n I nt er n et 

Or d er, t h e F C C pi v ot e d fr o m t h eir  p ositi o n t h at e xcl u d e d i nt er c o n-

n e cti o n  fr o m  t h eir  p ur vi e w  a n d  e x pli citl y  ass ert e d  t h at  t h eir  a ut h orit y  

e xt e n ds t o t h e re g ul ati o n of i nt er c o n n e cti o n wit h a c c ess pr o vi d ers.  e y 

di d n ot i m p os e a n y o ver all re g ul ati o ns o n I nt er n et i nt er c o n n e cti o n w hil e 

t h at or d er w as i n e ff e ct, b ut t h e y di d i m p os e re g ul at or y re q uire m e nts as 

c o n diti o ns o n t w o l ar g e m er g ers i n v ol vi n g a c c ess pr o vi d ers.

e first s u c h m er g er a gre e m e nt w as b et we e n A T & T a n d Dire ct T V i n 

.  Res p o n di n g t o s p e ci fi c c o n c er ns i n t h e m er g er re vi e w pr o c ess t h at 

i nt er c o n n e cti o n li n ks c o ul d b e a l o c us of u nre as o n a bl e dis cri mi n ati o n, t h e 

fi n al a gre e m e nt i m p os e d a re q uire m e nt o n A T & T t o re p ort t o t h e F C C 

t h e c o ntr a ct u al t er ms of t h eir i nt er c o n n e cti o ns wit h m aj or p e eri n g a n d 

p ai d p e eri n g p art n ers, as well as p erf or m a n c e p ar a m et ers of t h es e i nt er -

c o n n e cti o ns ( “ Me as uri n g t h e I nt er c o n n e cti o n Li n ks of A T & T ”).  Si mil ar 

. L u c ki e et al., “ C h all e n g es i n I nf erri n g I nt er n et.”

. Re p u bli q u e Fr a n c ais e: A ut orit e d e l a c o n c urre n c e, “I nter net Tr a ffic — Peeri ng Agree me nts.”

. Fe d er al C o m m u ni c ati o ns C o m missi o n, “I n t h e M att er of Pr ot e cti n g a n d Pr o m oti n g t h e 

O p e n I nt er n et: R E P O R T A N D O R D E R O N R E M A N D,” p. .

. As t h e  or d er (i bi d., p ar a ) n ot es, i n t h e  O p e n I nt er n et Or d er, t h e C o m missi o n 

a p pli e d its O p e n I nt er n et r ul es “ o nl y as f ar as t h e li mits of a br o a d b a n d pr o vi d er’s c o ntr ol o ver 

t h e tr a ns missi o n of d at a t o or fr o m its br o a d b a n d c ust o m ers,” a n d e xcl u d e d t h e e xc h a n g e of 

tr a ffi c b et we e n n et w or ks fr o m t h e s c o p e of t h e r ul es. I n t h e  O p e n I nt er n et N P R M, t h e 

C o m missi o n t e nt ati vel y c o n cl u d e d t h at it s h o ul d m ai nt ai n t his a p pr o a c h, b ut e x pli citl y s o u g ht 

c o m m e nt o n s u g g esti o ns t h at t h e C o m missi o n s h o ul d e x p a n d t h e s c o p e of t h e O p e n I nt er n et 

r ul es t o c o ver iss u es rel at e d t o I nt er n et tr a ffi c e xc h a n g e. ( Se e als o f o ot n ot e .)

. Fe d er al C o m m u ni c ati o ns C o m missi o n, “I n t h e M att er of A p pli c ati o ns of A T & T I n c. a n d 

DI R E C T V F or C o ns e nt t o Assi g n or Tr a nsf er.”

. e F C C w as usi n g t his o c c asi o n as a n o p p ort u nit y t o e d u c at e its elf a n d t o g ai n e x p eri -

e n c e a b o ut w h at s ort of d at a s h o ul d a ct u all y b e g at h ere d, a n d h o w t o i nt er pret it.
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c o n c er ns ar os e d uri n g t h e  Ti m e War n er/ C h art er m er g er, b ut i nst e a d 

of  i m p osi n g  m e as ure m e nt  re q uire m e nts,  t h e y  i m p os e d  i nt er c o n n e cti o n  

tr a ffi c v ol u m e re p orti n g re q uire m e nts, as well as c o nstr ai nts o n t h e b usi-

n ess rel ati o ns hi ps t h at t h e c o m bi n e d e ntit y c o ul d n e g oti at e wit h i nt er c o n -

n e cti n g p arti es.

e  m ost  li k el y  f or ms  of  dis cri mi n at or y  tre at m e nt  we  i d e ntif y  h ere  

i n cl u d e n o nt e c h ni c al a p pr o a c h es ( e. g., pri c e dis cri mi n ati o n), b ut t h e visi-

bl e dis p ut es a n d o n g oi n g c o n c er ns a b o ut c o n g est e d i nt er c o n n e cti o n li n ks 

m oti v at e t h e f o c us of t his arti cl e o n m e as ure m e nt of li n k c o n g esti o n a n d 

a ct u al a c hi e ve d e n d-t o- e n d p erf or m a n c e.

Me as ure m e nt  of  I nt er n et  i nt er c o n n e cti o n  p erf or m a n c e  is  t e c h ni c all y  

c o m pl e x, f or m a n y re as o ns i d e nti fi e d i n t h e n et w or ki n g lit er at ure.  I n t his 

w or k, we f o c us o n t hre e re as o ns wit h c urre nt p oli c y i m pli c ati o ns. First, 

u n d erst a n di n g p erf or m a n c e of a n i nt er c o n n e cti o n li n k re q uires m e as ur -

i n g s e ver al p ar a m et ers, f or e x a m pl e, utiliz ati o n, l oss r at es, a n d v ari ati o n i n 

l at e n c y. As utiliz ati o n re a c h es  ( e. g., c o n g esti o n b e gi ns t o m a nif est), 

b ot h l at e n c y a n d l oss r at e are a ff e ct e d. O p er at ors t h at c o ntr ol i nt er c o n n e c -

ti o n li n ks c o ul d m e as ure s u c h p ar a m et ers f or t h os e li n ks, alt h o u g h a c c ur at e 

ass ess m e nt of t h es e p ar a m et ers m a y re q uire c o o p er ati o n of t h e o p er at or 

at  t h e  ot h er  e n d  of  t h e  li n k  ( “ Me as uri n g  t h e  I nt er c o n n e cti o n  Li n ks  of  

A T & T ”), a n d we are n ot a w are of a n y c o m m er ci al o p er at ors v ol u nt aril y 

c o o p er ati n g t o d o s o. Se c o n d, m o d er n i nt er c o n n e cti o n pr a cti c es re n d er 

. e Ti m e War n er/ C h art er m er g er a gre e m e nt i n cl u d es t h e f oll o wi n g re p orti n g re q uire -

m e nt  ( Fe d er al  C o m m u ni c ati o ns  C o m missi o n,  “I n  t h e  M att er  of  A p pli c ati o ns  of  C h art er  

C o m m u ni c ati o ns,  I n c.,  Ti m e  War n er  C a bl e  I n c.,  a n d  A d v a n c e/ Ne w h o us e  Part n ers hi p  F or  

C o ns e nt t o Assi g n or Tr a nsf er C o ntr ol of Li c e ns es a n d A ut h oriz ati o ns: M B D o c k et N o. - ,” 

A p p e n di x B.I):I nf or m ati o n f or e a c h I nt er c o n n e ct E xc h a n g e P oi nt, w hi c h s h all i n cl u d e, as of t h e 

d at e t h at is t h e l ast d a y of t h e c al e n d ar q u art er pre c e di n g t h e Re p ort:

• E a c h  I nt er c o n n e cti o n  Part y  i nt er c o n n e ct e d  wit h  t h e  C o m p a n y  at  t h at  I nt er c o n n e ct  

E xc h a n g e P oi nt.

• F or e a c h I nt er c o n n e cti o n Part y, t h e a g gre g at e li n k c a p a cit y b et we e n t h e C o m p a n y a n d 

e a c h I nt er c o n n e cti o n Part y at t h at I nt er c o n n e ct E xc h a n g e P oi nt.

• F or e a c h I nt er c o n n e cti o n Part y, tr a ffi c e xc h a n g e, i n e a c h dire cti o n, as m e as ure d b y t h e 

t h p er c e ntil e m et h o d.

• F or e a c h p ort t hr o u g h w hi c h tr a ffi c is e xc h a n g e d wit h a n I nt er c o n n e cti o n Part y, t h e p er -

c e nt a g e ti m e wit hi n t h e re p orti n g p eri o d t h at t h e p ort  w as  o ver   c a p a cit y  i n  t h e  

d o mi n a nt dire cti o n.

e a gre e m e nt als o re q uires t h e n e w e ntit y t o pr o vi d e s ettl e m e nt-fre e p e eri n g f or  ye ars, 

alt h o u g h it l a ys o ut a c o m pl e x s et of o bli g ati o ns o n t h e p arti es i n or d er t o o bt ai n t h es e s ettl e -

m e nt-fre e arr a n g e m e nts, i n cl u di n g t h e n u m b er of p e eri n g l o c ati o ns, r at es of gr o wt h i n tr af -

fi c, a n d restri cti o ns o n r o uti n g a n d d eli ver y of n o n- c ust o m er tr a ffi c. We re visit t his iss u e i n 

“ Di ff ere nt O bj e cti ves f or Perf or m a n c e A n al ysis.”

. L u c ki e et al., “ C h all e n g es i n I nf erri n g I nt er n et.”
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it p ot e nti all y n e c ess ar y t o m e as ure m ulti pl e li n ks, s o m eti m es i n di ff ere nt 

citi es, i n a n i nt e gr at e d m a n n er, t o ass ess o ver all p erf or m a n c e d e gr a d ati o n 

( “ Di ff ere nt O bj e cti ves f or Perf or m a n c e A n al ysis”). ir d, n eit h er re g ul a-

t ors n or res e ar c h ers cl e arl y u n d erst a n d h o w t o rel at e v ari ati o n i n m e as ure d 

p erf or m a n c e wit h i m p air m e nt of t h e us er’s Q o E ( “ Rel ati n g Perf or m a n c e 

Me as ures t o Q o E ”).

To p ol o g y- A w are Hi er ar c hi c al M o d el of Ri c h I nt er c o n n e cti o n

Res e arc h ers  h a ve  e x pl ore d  i n cre asi n gl y  re fi n e d  e c o n o mi c  m o d els  of  

I nt er n et i nt erc o n n e cti o n, i n cl u di n g m o d eli n g p ai d p e eri n g, g a m e-t h e oreti c  

j usti fi c ati o ns of s ettl e m e nt-fre e p e eri n g, t h e b usi n ess e ff e cts of tr a nsit ver-

s us p e eri n g rel ati o ns hi ps, tr a nsit pri ci n g a n d pr o visi o ni n g of s er vi c e ti ers, 

si m pl e  pri ci n g  s c h e m es  t h at  a p pr o xi m at e  c o m pl e x  re ve n u e- m a xi mizi n g  

pri ci n g,  n et w or k  f or m ati o n  m o d els,  a n d  m ore  g e n er all y  t h e  e v ol uti o n  

of t h e I nt er n et fr o m a g a m e t h e oreti c p ers p e cti ve.  We o ff er a n e w c o n-

c e pt u al m o d el of i nt erc o n n e cti o n (ill ustr at e d i n Fi g ures  a n d ), w hi c h 

c a pt ures hi er arc hi c al a g gre g ati o ns of li n ks b et we e n a n a c c ess pr o vi d er a n d 

. Q u alit y of e x p eri e n c e, or Q o E, ref ers t o a s u bj e cti ve c h ar a ct eriz ati o n b y us ers of t h eir l e vel 

of s atisf a cti o n usi n g a p arti c ul ar a p pli c ati o n at a gi ve n m o m e nt. is t er m c o ntr asts wit h Q u alit y 

of Ser vi c e ( Q o S) m etri cs s u c h as t hr o u g h p ut.

. S hri m ali a n d K u m ar, “ C a n Bill- a n d- Ke e p Pe eri n g Be M ut u all y Be n e fi ci al? ”; S hri m ali a n d 

K u m ar, “ Pai d Pe eri n g A m o n g I nt er n et Ser vi c e Pr o vi d ers”; S hri m ali a n d K u m ar, “ Bill- a n d- k e e p 

p e eri n g”; D h a m d h ere, D o vr olis, a n d Fr a n c ois, “ A Val u e- b as e d Fr a m e w or k f or I nt er n et Pe eri n g 

A gre e m e nts”; B a a k e a n d Wi c h m a n n, “ O n t h e E c o n o mi cs of I nt er n et Pe eri n g”; B a d as y a n a n d 

C h a kr a b arti, “ A si m pl e g a m e-t h e oreti c a n al ysis of p e eri n g a n d tr a nsit c o ntr a cti n g”; A ns h el e vi c h, 

S h e p h er d,  a n d  Wilf o n g,  “ Str at e gi c  Net w or k  F or m ati o n  r o u g h  Pe eri n g”;  A ns h el e vi c h  a n d  

Wilf o n g, “ Net w or k F or m ati o n a n d R o uti n g b y Str at e gi c”; He a n d Walr a n d, “ Pri ci n g a n d re v -

e n u e s h ari n g str at e gi es f or i nt er n et”; D ai a n d J or d a n, “ M o d eli n g I S P ti er d esi g n”; St a n oj e vi c, 

L a o ut aris, a n d R o dri g u ez, “ O n e c o n o mi c h e a v y hitt ers: S h a pl e y v al u e a n al ysis”; Val a n ci us et al., 

“ H o w M a n y Ti ers?: Pri ci n g i n t h e I nt er n et”; S h a k k ott ai et al., “ e Pri c e of Si m pli cit y”; J o h ari 

a n d Tsitsi klis, “ R o uti n g a n d p e eri n g i n a c o m p etiti ve I nt er n et”; J o h ari, M a n n or, a n d Tsitsi klis, “ A 

c o ntr a ct- b as e d m o d el f or dire ct e d n et w or k f or m ati o n”; Ar c a ut e, J o h ari, a n d M a n n or, “ Net w or k 

f or m ati o n:  Bil at er al  c o ntr a cti n g”;  Ar c a ut e,  J o h ari,  a n d  M a n n or,  “ L o c al  t w o-st a g e  m y o pi c  

d y n a mi cs f or n et w or k”; L o d hi, D h a m d h ere, a n d D o vr olis, “ G E N E SI S: A n A g e nt- b as e d M o d el 

of  I nt er d o m ai n  Net w or k  F or m ati o n”;  L o d hi,  D h a m d h ere,  a n d  D o vr olis,  “ G E N E SI S- C B A:  

A n A g e nt- b as e d M o d el of Pe er E v al u ati o n a n d Sel e cti o n”; L o d hi a n d D o vr olis, “ A Net w or k 

F or m ati o n M o d el f or I nt er n et”; L o d hi, D h a m d h ere, a n d D o vr olis, “ O p e n Pe eri n g b y I nt er n et 

Tr a nsit Pr o vi d ers: Pe er? ”; C h a n g a n d Ja mi n, “ To Pe er or n ot t o Pe er: M o d eli n g t h e E v ol uti o n 

of t h e I nt er n et”; H ol m e, K arli n, a n d F orrest, “ A n I nt e gr at e d M o d el of Tr a ffi c, Ge o gr a p h y a n d 

E c o n o m y”; D h a m d h ere a n d D o vr olis, “ e I nt er n et is Fl at: M o d eli n g t h e Tr a nsiti o n fr o m a 

Tr a nsit”; Meir o m, M a n n or, a n d Or d a, “ Net w or k F or m ati o n G a m es a n d t h e I nt er n et Str u ct ure”; 

M a, L ui, a n d Misr a, “ O n t h e E v ol uti o n of t h e I nt er n et E c o n o mi c E c os yst e m.”
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t h eir i nt er c o n n e cti n g p arti es. es e n est e d a g gre g ati o n l e vels are i m pli cit 

i n m a n y m e as ure m e nts a n d oft e n n ot e x pl ai n e d i n p u blis h e d ass erti o ns 

a n d d at a s ets. We us e t his m o d el t o e x pli c at e t w o ot h er i m p ort a nt f a c -

t ors i n u n d erst a n di n g i nt erc o n n e cti o n as it rel at es t o p erf or m a n c e i m p air-

m e nts. First, i nt erc o n n e cti n g p arti es m a y t a k e dire ct or i n dire ct p at hs t o 

re a c h a c c ess pr o vi d ers; i n dire ct p at hs g o t hr o u g h at l e ast o n e p e er or tr a nsit 

pr o vi d er b ef ore re a c hi n g t h e a c c ess pr o vi d er. Se c o n d, eit h er p art y c o ul d 

i m p os e p erf or m a n c e b ottl e n e c ks o n t h e ot h er at s o m e ot h er l o c ati o n t h a n 

t h e i nt erc o n n e cti o n li n k its elf, d et e cti o n of w hi c h w o ul d re q uire m e as ure-

m e nts of t h e o ver all p at h, or at l e ast t h e ri g ht p at h s e g m e nts. We first d e fi n e 

t h e fi ve l e vels of a g gre g ati o n, t h e n di ff ere nti at e a m o n g dire ct p at hs, i n dire ct 

p at hs, a n d p ot e nti al p at hs b et we e n i nt erc o n n e cti n g p arti es.

Le vels of Aggreg ati o n i n I nterc o n necti o n Rel ati o ns hi ps

Fi g ure  ill ustr at es t h e fi ve a g gre g ati o n gr a n ul ariti es of o ur m o d el. It s h o ws 

t w o p oi nts of pres e n c e ( P o Ps, or p h ysi c al l o c ati o ns) i n Ne w Y or k, l a b el e d 

N Y C  a n d N Y C , as well as l o c ati o ns i n ot h er citi es. ere is a n a c c ess 

pr o vi d er (i n bl u e) pr o vi di n g s er vi c e i n a n u m b er of citi es. is n et w or k is 

c o n n e ct e d t o ot h er I S Ps, w hi c h mi g ht b e tr a nsit pr o vi d ers, or p e ers (s u c h 

as ot h er a c c ess pr o vi d ers).

I n di vi d u al li n k: c o n n e cti o n b et we e n t w o p h ysi c al p orts, eit h er dire ctl y 

c o n n e ct e d or t hr o u g h a s wit c h ( a n I nt er n et e xc h a n g e). I n di vi d u al li n ks 

  Hi er ar c hi c al A g gre g ati o ns of Li n ks b et we e n Ac c ess Pr o vi d er 

a n d I nt er c o n n e cti n g Parti es.
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t o d a y are s o m eti m es o n e (  G B) b ut m ore us u all y t e n (  G B) gi g a bit c o n-

n e cti o ns. Li n ks wit h  G B c a p a cit y are b ei n g us e d i n s o m e c as es.

Li n k a g gr e g ati o n gr o u p ( L A G) : c o m bi n ati o n of p h ysi c al p orts a n d 

a m ore reli a bl e a n d hi g h er b a n d wi dt h c o n n e cti o n b et we e n t w o p arti es, 

wit h a si n gl e r o ut er b al a n ci n g tr a ffi c l o a d a cr oss all li n ks i n a L A G. A L A G 

is oft e n t h e l o west a g gre g ati o n t h at n et w or k o p er at ors c o nsi d er, as tr a ffi c 

m a n a g e m e nt f u n cti o n alit y o n m o d er n r o ut ers a n d s wit c h es re n d ers a L A G 

ess e nti all y i n disti n g uis h a bl e fr o m a si n gl e li n k of a g gre g at e c a p a cit y. M ore 

i m p ort a nt fr o m a m e as ure m e nt p ers p e cti ve, a g gre g at e p erf or m a n c e of t h e 

L A G is g e n er all y re pres e nt ati ve of p erf or m a n c e o ver t h e i n di vi d u al li n ks 

i n t h e gr o u p.  C urre ntl y, L A Gs of l ar g e pr o vi d ers oft e n c o nsist of m ulti pl e 

- G B li n ks. M ulti c h assis L A Gs i m pl e m e nt n o d e-l e vel re d u n d a n c y o ver a 

si n gl e l o gi c al li n k-l e vel c o n n e cti o n b et we e n t w o p oi nts.

M etr o  ar e a  gr o u p :  a g gre g at e  of  all  li n k  a n d  L A G  i nt er c o n n e cti o ns  

b et we e n t w o p arti es i n a m etr o are a. I n c o ntr ast t o i n di vi d u al li n ks i n 

a L A G, di ff ere nt L A Gs c o n n e cti n g t w o p arti es i n a m etr o are a c a n h a ve 

di ff ere nt tr a ffi c c h ar a ct eristi cs. Tr a ffi c is oft e n n ot l o a d- b al a n c e d e q u all y 

a cr oss all i nt er c o n n e cti o ns i n a m etr o are a, s o s u m m ar y st atisti cs a b o ut 

a m etr o are a m a y n ot b e re pres e nt ati ve of p erf or m a n c e of all i n di vi d u al 

i nt er c o n n e cti o ns t h at c o m p os e t h e m etr o are a gr o u p. Tr a ffi c fl o w a cr oss 

m etr o are as re fl e cts r o uti n g p oli c y as well as a p pli c ati o n a n d s er vi c e c o n -

si d er ati o ns s u c h as w hi c h c a c h e s er ves a p arti c ul ar re q u est. A L A G is p art 

of a m etr o are a if o n e e n d of t h e li n k e xists i n t h at m etr o are a.

R e gi o n gr o u p : a g gre g at e of all L A Gs i n m ulti pl e m etr o are as wit h g e o-

gr a p hi c pr o xi mit y b et we e n t w o p arti es, f or e x a m pl e, B ost o n a n d N Y C i n a 

n ort h e ast re gi o n. is gr a n ul arit y m att ers b e c a us e i nt er c o n n e cti o n L A Gs 

i n o n e m etr o are a c a n p ot e nti all y s u bstit ut e f or t h os e i n a n e ar b y m etr o 

are a. F or e x a m pl e, if L A Gs i n B ost o n are fill e d t o c a p a cit y b ut a v ail a bl e 

c a p a cit y e xists i n N Y C, it m a y n ot b e n e c ess ar y t o a u g m e nt i nt er c o n n e c -

ti o n c a p a cit y i n B ost o n. H o we ver, a p at h fr o m t h e alt er n ati ve m etr o are a 

i n cre as es l at e n c y, a n d a n i n cre as e d h o p c o u nt i n cre as es t h e p ot e nti al t h at a 

pr o bl e m will o c c ur b et we e n us er a n d s er ver. e n oti o n of s u bstit ut a bility 

is ess e nti al t o re as o ni n g a b o ut a g gre g ati o n fr o m a m e as ure m e nt p ers p e c-

ti ve ( “ Di ff ere nt O bj e cti ves f or Perf or m a n c e A n al ysis”).

Pr o vi d er- wi d e : a g gre g at e of all dire ct L A Gs b et we e n t w o p arti es. is 

i n cl u d es L A Gs i n p ot e nti all y di vers e g e o gr a p hi c l o c ati o ns, f or e x a m pl e, 

B ost o n, C hi c a g o, a n d S a n Di e g o.

. I E E E, “ . A X-  – I E E E St a n d ar d f or L o c al a n d m etr o p olit a n.”

. N or m all y, b ot h e n ds of l ar g e- v ol u m e i nt er c o n n e cti o n L A Gs are i n o n e m etr o are a.
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I n  “ Di ff ere nt  O bj e cti v es  f or  Perf or m a n c e  A n al ysis,”  w e  dis c uss  t h e  

utilit y  of  m e as ure m e nts  at  di ff ere nt  l e v els  of  a g gre g ati o n  f or  di ff ere nt  

p ur p os es.

Direct, I n direct, a n d Pote nti al C o n necti o ns

I n  a d diti o n  t o  c a pt uri n g  str u ct ure  i n  t h e  s et  of  i nt er c o n n e cti o n  li n ks 

b et we e n t w o or g a niz ati o ns, o ur m o d el re c o g nizes str u ct ure i n t h e s et of 

p at hs b et we e n t w o or g a niz ati o ns. I nt er c o n n e cti n g p arti es oft e n h a ve b ot h 

dire ct a n d i n dire ct p at hs t o e a c h ot h er. Fi g ure a d e pi cts a p art y ( gre e n) 

dire ctl y c o n n e cti n g t o a n a c c ess pr o vi d er ( bl u e), a n d Fi g ure b d e pi cts 

alt er n ati ve i n dire ct p at hs t hr o u g h ot h er n et w or ks ( or a n g e) t o t h at a c c ess 

pr o vi d er. es e alt er n ati ve p at hs mi g ht b e t hr o u g h a tr a nsit n et w or k t h at 

c o n n e cts t o b ot h t h e c o nt e nt a n d a c c ess pr o vi d ers, or t hr o u g h a C D N 

li k e A k a m ai. e di vers e s et of p at hs c o n n e cti n g t w o p arti es m a y h a ve 

di ff ere nt p erf or m a n c e a n d e c o n o mi c c h ar a ct eristi cs. Alt h o u g h e n d us ers 

d o n ot c are a b o ut w h at p at h tr a ffi c t a k es u nl ess it i m p a cts t h eir p er c ei ve d 

p erf or m a n c e, it c a n m a k e a h u g e e c o n o mi c di ff ere n c e t o t h e i nt er c o n n e ct -

i n g p arti es.

I n a d diti o n t o dire ct a n d i n dire ct p at hs utilize d b et we e n t w o n et w or ks, 

ot h er p ote nti al i n dire ct p at hs m a y e xist — p at hs t h at are p ot e nti all y a v ail-

a bl e  fr o m  a  b usi n ess  a n d  r o uti n g  p ers p e cti ve,  b ut  n ot  a cti vel y  us e d  b y  

d ef a ult. A n u a n c e of d e fi ni n g t his s u p ers et of p ot e nti al p at hs is k n o wi n g 

w h at a cti o n is n e c ess ar y t o m a k e a p at h a v ail a bl e f or us e, f or e x a m pl e, is it 

a v ail a bl e o n re as o n a bl e t er ms? I n g e n er al, a t hir d p art y h as n o w a y of eit h er 

i d e ntif yi n g or m e as uri n g t h e s et of p ot e nti al p at hs.

. N ot a bl y, i n t h e Ti m e War n er/ C h art er m er g er, t h e or d er’s restri cti o n o n s ettl e m e nt-fre e 

p e eri n g o bli g ati o ns s p e ci fi c all y t a k es i nt o a c c o u nt t h e e xist e n c e of i n dire ct p at hs: “I n t h e e ve nt 

t h at t h e I nt er c o n n e cti o n Part y b e gi ns c o n ve yi n g d at a t o or fr o m Ne w C h art er t h at w as pre-

vi o usl y c o n ve ye d t o or fr o m Ne w C h art er b y a t hir d p art y, t h e p arti es s h all a c c o u nt f or t his 

a d diti o n al  d at a  tr a nsf er  as  t h e  I nt er c o n n e cti o n  Part y’s  o w n  f or  t h e  p ur p os es  of  m e as uri n g  

gr o wt h r at es d uri n g s u bs e q u e nt m e as uri n g p eri o ds. e p arti es s h all n ot c o u nt i n t h e gr o wt h 

r at e a n y p orti o n of t h at i n cre m e nt al tr a ffi c t h at w as pre vi o usl y b ei n g d eli vere d t o Ne w C h art er 

b y t hir d p arti es.” F urt h er m ore, t h e i nt er c o n n e cti n g p art y c a n n ot us e t h e s ettl e m e nt-fre e i nt er -

c o n n e cti o n t o d eli ver tr a ffi c u nl ess t h e s o ur c e of t h e tr a ffi c is a c ust o m er, a n d t h e a gre e m e nt 

e x pli citl y  e xcl u d es  t h e  o pti o n  of  a  c ust o m er  t h at  p ur c h as e d  a  p at h  o nl y  t o  C h art er.  Fe d er al  

C o m m u ni c ati o ns C o m missi o n, “I n t h e M att er of A p pli c ati o ns of C h art er C o m m u ni c ati o ns, 

I n c., Ti m e War n er C a bl e I n c., a n d A d v a n c e/ Ne w h o us e Part n ers hi p F or C o ns e nt t o Assi g n or 

Tr a nsf er C o ntr ol of Li c e ns es,” p ar a , A p p e n di x B.III.
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A p pl yi n g t h e C o n c e pt u al M o d el t o A n al yze Perf or m a n c e 
Me as ure m e nts

We a p pl y o ur m o d el t o h el p u n d erst a n d t h e i m pli c ati o ns of p erf or m a n c e 

a n d i m p air m e nt m e as ure m e nts f or di ff ere nt a ct ors i n t h e e c os yst e m. We 

ar g u e t h at d at a at di ff ere nt a g gre g ati o n gr a n ul ariti es, w h ere e a c h gr a n u -

l arit y  re ve als  s o m e  c h ar a ct eristi cs  of  i nt er c o n n e cti o n  b et we e n  t w o  n et-

w or ks w hil e o bs c uri n g ot h ers, will b e us ef ul i n di ff ere nt c o nt e xts. We first 

c o nsi d er w h at p erf or m a n c e m e as ures are rel e v a nt t o ass essi n g t h e q u alit y 

of a li n k. We t h e n dis c uss t h e di ff ere nt p ur p os es f or w hi c h d at a mi g ht 

b e  us e d — o p er ati o n al  n et w or k  m a n a g e m e nt,  b usi n ess  rel ati o ns hi p,  a n d  

re g ul at or y o versi g ht. I n “ Me as ure m e nts of Pat h Se g m e nts” we c o nsi d er 

a d diti o n al m e as ure m e nts t h at c a n c o ntri b ut e t o a m ore c o m pl et e pi ct ure 

of p erf or m a n c e: m e as ures al o n g a p at h s e g m e nt t h at i n cl u d e s e ver al li n ks 

(i n cl u di n g  e n d-t o- e n d  m e as ure m e nts)  a n d  hi g h er-l e vel  m e as ure m e nts  

rel at e d t o Q o E. e b a c k gr o u n d i n t his s e cti o n will pre p are us t o us e t h e 

  Dire ct Pat hs b et we e n I nt er c o n n e cti n g Parti es. e c o nt e nt pr o vi d er ( gre e n) is 

dire ctl y c o n n e ct e d t o t h e a c c ess pr o vi d er ( bl u e).
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m o d el t o criti c all y e x a mi n e si x c o n cret e c as e st u di es i n “ A p pr o a c h es t o 

I nt er c o n n e cti o n Dis cri mi n ati o n a n d P oli c y Res p o ns es” t o g ai n i nsi g ht i nt o 

w h at e a c h a p pr o a c h c a n a n d c a n n ot s a y a b o ut i nt er c o n n e cti o n.

Rel ati ng Perf or m a nce Me as ures t o Q o E

We  b e gi n  wit h  a  c a ve at  t h at  a p pli es  t o  all  a g gre g ati o n  gr a n ul ariti es.  

Me as ure m e nt of li n k utili z ati o n is a c o m m o n w a y f or a n o p er at or t o ass ess 

li n k ( or L A G) b e h a vi or, b ut i nt er preti n g utiliz ati o n m e as ure m e nts a n d its 

rel ati o n t o c o n g esti o n a n d i m p air m e nt is n ot al w a ys str ai g htf or w ar d. I n 

t h e p ast, w h e n I S Ps t y pi c all y i nt er c o n n e ct e d wit h a si n gl e L A G a n d t h ere 

were f e w o pti o ns f or alt er n ati ve r o ut es, a si n gl e L A G s h o wi n g p ersist e nt 

pl at e a us  of  ess e nti all y  f ull  utiliz ati o n  (s u c h  as  ill ustr at e d  i n  Fi g ure  a)  

i m pli e d c o n g esti o n: u ns er ve d d e m a n d b et we e n t h e t w o i nt er c o n n e cti n g 

p arti es a n d i m p air m e nt of fl o ws cr ossi n g t h e L A G. Si n c e I nt er n et tr af -

fi c t y pi c all y s h o ws a di ur n al v ari ati o n, a pl at e a u s u g g est e d t h at t h e L A G 

w as f ull y utilize d well b ef ore ( a n d aft er) its p e a k d e m a n d a n d w as t h us 

u n d er pr o visi o n e d,  l osi n g  s o m e  p a c k ets,  d el a yi n g  ot h ers,  a n d  re d u ci n g  

 I n dire ct Pat hs b et we e n I nt er c o n n e cti n g Parti es. I n t his c as e t h e c o nt e nt  pr o-

vi d er ( gre e n) is n ot c o n n e ct e d dire ctl y t o t h e a c c ess pr o vi d er ( bl u e) b ut t o i nt er m e di at e I S Ps 

( or a n g e a n d l a ve n d er) w hi c h i n t ur n c o n n e ct e d t o t h e a c c ess pr o vi d er.
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t hr o u g h p ut of fl o ws. I n ot h er w or ds, m e as ure m e nts fr o m a si n gl e L A G 

s er ve d as str o n g e vi d e n c e of si g ni fi c a nt i m p air m e nt.

To d a y’s s o p histi c at e d tr a ffi c e n gi n e eri n g a n d i nt er c o n n e cti o n pr a cti c es 

pre cl u d e t his c o n cl usi o n wit h o ut a d diti o n al i nf or m ati o n, p arti c ul arl y i n 

t h e c as e of a g gre g at es b et we e n a c o nt e nt pr o vi d er a n d a n a c c ess pr o vi d er. 

B usi n ess t er ms, l o a ds o n s er vers, a n d i nt er n al L A G c a p a citi es m a y i n d u c e 

a n o p er at or t o f ull y l o a d o n e L A G b ef ore st arti n g t o l o a d a n ot h er L A G 

b e y o n d a c ert ai n l e vel. us, if m ulti pl e L A Gs i n a n a g gre g at e ( e. g., a m etr o 

are a) c o n n e ct t w o pr o vi d ers, ass essi n g c o n g esti o n i n t h at are a re q uires c o n -

si d er ati o n of all of t h e m. If t h e e d g e pr o vi d er c a n c o ntr ol c o nt e nt s o ur c e 

s el e cti o n, o n e c a n n ot verif y c o n g esti o n wit h o ut a d diti o n al m e as ure m e nt, 

s u c h as t h e p a c k et l oss ( “ dis c ar ds”) pl ott e d o n t h e ri g ht of Fi g ure .

A s e c o n d iss u e wit h p erf or m a n c e m e as ure m e nts is h o w t o rel at e t h e m t o 

t h e hi g h er-l e vel q u esti o n of w h et h er t h e o bs er ve d m e as ures a ct u all y rel at e 

t o a n y d e gr a d ati o n of t h e us er e x p eri e n c e.

e rel ati o ns hi p b et we e n c o n g esti o n a n d d e gr a d ati o n i n a ct u al e x p eri -

e n c e is c o m pl e x. U n d erst a n di n g a littl e a b o ut t h e d y n a mi cs of t h e pre d o m -

i n a nt I nt er n et tr a ns p ort pr ot o c ol, Tr a ns missi o n C o ntr ol Pr ot o c ol ( T C P), 

pr o vi d es s o m e i nsi g ht i nt o t h e c o m pl e xit y. W h e n e xc ess tr a ffi c arri ves at 

t h e i n gress t o a li n k, a q u e u e of p a c k ets f or ms, a n d t h e h ol di n g ti m e of 

t h e p a c k ets i n t his q u e u e a d ds t o t h e d el a y a cr oss t h e li n k. is v ari ati o n, 

us u all y c all e d jitter, is a si g n al of p ot e nti al c o n g esti o n a n d m a y i m p air 

l at e n c y-s e nsiti ve a p pli c ati o ns s u c h as re al-ti m e c o m m u ni c ati o ns a n d m ul-

ti pl a yer g a m es. It n or m all y d o es n ot i m p air vi d e o stre a mi n g. If t h e q u e u e 

b e c o m es f ull a n d e xc ess tr a ffi c c o nti n u es t o arri ve, t h e r o ut er will dr o p 

s o m e  arri vi n g  tr a ffi c.  Dr o p p e d  p a c k ets  c a n  i m p air  s er vi c e,  b ut  r o ut ers  

dr o p p a c k ets f or ot h er re as o ns, a n d a p pli c ati o ns o n t h e s e n di n g e n d will 

t y pi c all y d et e ct a n d retr a ns mit dr o p p e d p a c k ets. M ore si g ni fi c a ntl y, T C P 

  Utiliz ati o n ( L eft) a n d L oss ( Ri g ht) Pl ots f or a L e vel-  - G b ps I nt er c o n n e ct 

wit h a n U n n a m e d Br o a d b a n d Ac c ess Pr o vi d er i n D all as f or O n e We e k E n di n g A pril , . 

e si g ni fi c a nt l oss c o n fir ms t h at t h e hi g h utiliz ati o n pl ott e d f or t h e s a m e i nt er v al i n d u c e d 

i m p air m e nt f or c o ns u m ers of tr a ffi c o ver t his li n k. ( e l oss r at e i n di c at e d is ar o u n d K p a c k-

ets/s e c o n d. W h at is a n a c c e pt a bl e l oss r at e at i nt er c o n n e cti o n li n ks is a n i m p ort a nt q u esti o n, 

b ut n ot o n e we dis c uss h ere.)

T his c o nt e nt d o w nl o a d e d fr o m 
2 4. 9 4. 1 9. 3 9 o n W e d, 2 6 A u g 2 0 2 0 0 2: 1 9: 1 0 U T C  

All us e s u bj e ct t o htt ps:// a b o ut.jst or. or g/t er ms



           

( w hi c h m ost I nt er n et a p pli c ati o ns us e as a tr a ns p ort pr ot o c ol) tre ats a l ost 

p a c k et as a si g n al of c o n g esti o n a n d re d u c es t h e s e n di n g r at e. Dr o p p e d 

p a c k ets are t h us a n e c ess ar y p art of t h e tr a ns p ort c o ntr ol m e c h a nis m t h at 

re g ul at es t h e s e n di n g r at e of tr a ffi c s o ur c es t o m at c h t h e c a p a cit y of t h e 

li n k. Re d u cti o ns i n t hr o u g h p ut c a n b e a s e vere i m p air m e nt t o a p pli c ati o ns 

s u c h as stre a mi n g c o nt e nt, b ut of al m ost n o c o n c er n t o a d el a y-t ol er a nt 

a p pli c ati o n s u c h as e m ail. I n g e n er al, w hil e dr o p p e d p a c k ets at t h e i n gress 

t o a li n k m a y si g n al c o n g esti o n, t h ere is n o w a y t o m e as ure t h e li n k t o 

d et er mi n e h o w m u c h e xc ess tr a ffi c a n e n d p oi nt c o ul d s e n d if t h e li n k h a d 

m ore c a p a cit y, si n c e t h e c o nt e nt s o ur c es c o ntr ol t h e s e n di n g r at e, n ot t h e 

li n k i n gress.

I n a d diti o n t o n or m al T C P c o n g esti o n c o ntr ol b e h a vi or, a p pli c ati o ns 

m a y us e e ve n m ore s o p histi c at e d w a ys t o a d a pt t o a n i n di c ati o n of a c o n -

g est e d li n k. L ar g e C D Ns or c o nt e nt n et w or ks t y pi c all y i nt er c o n n e ct t o 

br o a d b a n d  a c c ess  n et w or ks  at  m ulti pl e  p oi nts  a n d  c a n  e n gi n e er  s er ver  

pl a c e m e nt a n d r o uti n g p oli c y t o a v oi d c o n g est e d li n ks. Alt er n ati vel y, c o n -

t e nt pr o vi d ers m a y a d a pt t o a si g n al of c o n g esti o n al o n g a p at h t o a re ci p-

i e nt b y d e gr a di n g t h e c o nt e nt e n c o di n g t o fit i nt o a l o wer d at a r at e, f or 

e x a m pl e, fr o m hi g h d e fi niti o n t o st a n d ar d d e fi niti o n vi d e o e n c o di n g. is 

a d a pt ati o n is i m p ossi bl e t o d et e ct wit h a cti ve m e as ure m e nt.  es e f a ct ors 

pre ve nt t h e us e of m e as ure m e nts of i n di vi d u al li n ks t o pr o ve i m p air m e nt 

of t h e us er e x p eri e n c e.

I n  rel ati n g  m e as ures  of  q u alit y  of  s er vi c e  ( Q o S)  ( m e as ur a bl e  p erf or -

m a n c e m etri cs) t o Q o E, o p er at ors a n d res e ar c h ers t e n d t o m a k e i nt uiti ve 

ass u m pti o ns. If a n a g gre g at e, f or e x a m pl e, a m etr o are a, s h o ws p ersist e nt 

c o n g esti o n f or m a n y h o urs a d a y, us ers are li k el y e x p eri e n ci n g n e g ati ve 

c o ns e q u e n c es. I n ot h er c as es, t h e ar g u m e nt is h ar d er t o m a k e. I m a gi n e 

t h at a c o nt e nt pr o vi d er re p orts t h at o ver a - h o ur p eri o d, o ver all tr a ffi c 

i nt o a m etr o are a s h o ws p eri o ds w h ere t h e t hr o u g h p ut of i n di vi d u al fl o ws 

dr o ps b y . First, t h e c o n g esti o n is n ot n e c ess aril y c a usi n g t his dr o p; us ers 

c o ul d b e d o w nl o a di n g di ff ere nt s orts of c o nt e nt, or usi n g di ff ere nt d e vi c es, 

w hi c h c h a n g es t h e mi x of c o nt e nt c o di n g.

H o we ver, if t h e dr o p is d u e t o c o n g esti o n, w o ul d us ers p er c ei ve a dr o p 

i n  Q o E?  e  a ns wer  is  a p pli c ati o n  s p e ci fi c.  A p pli c ati o ns  s u c h  as  re al-

ti m e c o m m u ni c ati o n ( VoI P, t el e c o nf ere n ci n g) a n d m ulti pl a yer g a m es are 

. O n e c o ul d us e p assi ve m o nit ori n g at t h e ri g ht li n k t o c oll e ct e vi d e n c e of a d a pti ve c o di n g, 

or tr y t o dire ctl y ass ess t h e i m p air m e nt of t h e Q o E ass u mi n g a us er c a n disti n g uis h e n c o di n g 

q u aliti es.
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s e nsiti ve t o jitt er. Stre a mi n g c o nt e nt ( a u di o a n d vi d e o) a p pli c ati o ns are l ess 

a ff e ct e d b y jitt er, si n c e t h e y b u ff er s o m e c o nt e nt at t h e re c ei ver t o s m o ot h 

o ut v ari ati o n i n arri v al ti m e, b ut a re d u cti o n i n b a n d wi dt h m a y re q uire 

t h e s o ur c e t o re d u c e t h e e n c o di n g q u alit y, w hi c h oft e n a ff e cts Q o E. Jitt er 

or re d u c e d t hr o u g h p ut ( u nl ess s e vere) h as l ess e ff e ct o n i nt er a cti ve a p pli c a -

ti o ns li k e we b br o wsi n g a n d n e gli gi bl y a ff e cts b a c k gr o u n d tr a ffi c. Alt h o u g h 

c o nsi d er a bl e res e ar c h lit er at ure e xists i n t h e s p a c e of Q o E, it is n ot e as y t o 

tr a nsl at e t h es e res ults i nt o o p er ati o n al crit eri a f or ass erti n g i m p air m e nt.

is s ort of w or k h as n ot b e e n t h us f ar of hi g h pri orit y t o t h e res e ar c h 

c o m m u nit y, n or t o its f u n di n g a g e n ci es. I n t h e U nit e d St at es, t h e F C C h as 

re c o g nize d t h e n e e d f or t his s ort of b asi c res e ar c h a n d c o-s p o ns ore d ( wit h 

t h e Nati o n al S ci e n c e F o u n d ati o n) a w or ks h o p o n Q o E, o n e g o al of w hi c h 

w as t o e x pl ore t h e rel ati o ns hi p b et we e n o bs er ve d o p er ati o n al m e as ures of 

n et w or k p erf or m a n c e a n d i m p air m e nts t o Q o E.

Di ffere nt O bjecti ves f or Perf or m a nce A n alysis

Di ff ere nt  a ct ors  i n  t h e  e c os yst e m  h a ve  di ff ere nt  n e e ds  a n d  m oti v ati o ns  

f or p erf or m a n c e a n al ysis, a n d m a y fi n d d at a at di ff ere nt a g gre g at es m ost 

us ef ul.

O p er ati o n al n et w or k m a n a g e m e nt: n et w or k o p er at ors are c o n c er n e d 

wit h f ail ures of n et w or k el e m e nts, as well as c h a n gi n g tr a ffi c p att er ns o ver 

ti m e t h at m a y l e a d t o o verl o a ds or u n d er utiliz ati o n of li n ks, w hi c h tri g g er 

tr a ffi c e n gi n e eri n g ( at o n e ti m e s c al e) a n d c h a n g es i n n et w or k pr o visi o ni n g 

( at a l o n g er ti m e s c al e). To d et e ct f ail ures, it is n e c ess ar y t o l o o k at t h e p er-

f or m a n c e of i n di vi d u al li n ks. N or m all y, if a li n k c o m pl et el y f ails, s o m e rel-

e v a nt e q ui p m e nt will r ais e a n al ert, b ut li n ks oft e n d e gr a d e b ef ore t h e y f ail 

o utri g ht. To u n d erst a n d tr a ffi c p att er ns a n d h o w t h e y are c h a n gi n g, it is 

pr o b a bl y m ost us ef ul t o tr a c k p erf or m a n c e at t h e l e vel of a L A G. C a p a cit y 

c a n b e a d d e d t o a L A G b y a d di n g a n ot h er li n k, a n d o n a l o n g er ti m e s c al e 

n e w L A Gs c a n b e pr o visi o n e d t o c arr y n e w tr a ffi c p att er ns.

B usi n ess r el ati o ns hi ps a n d n e g oti ati o ns: B usi n ess a gre e m e nts b et we e n 

i nt er c o n n e ct e d p arti es oft e n i n cl u d e re q uire m e nts t o i nt er c o n n e ct at m ul-

ti pl e g e o gr a p hi c all y disti n ct l o c ati o ns. C a p a cit y c o m mit m e nts w o ul d t h us 

.  M oll er  a n d  R a a k e,  “ Q u alit y  of  E x p eri e n c e:  A d v a n c e d  C o n c e pts,  A p pli c ati o ns  a n d  

Met h o ds.”

.  e  re p ort  of  t h e  first  F C C/ N S F  w or ks h o p  is  a v ail a bl e  at  B ust a m a nt e,  Cl ar k,  a n d  

Fe a mst er, “ W or ks h o p o n Tr a c ki n g Q u alit y of E x p eri e n c e i n t h e I nt er n et.”
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n or m all y b e at t h e m etr o l e vel of a g gre g ati o n, w hi c h i n m a n y c as es will 

b e t h e s a m e as L A G a g gre g ati o n. H o we ver, t h ere are cir c u mst a n c es w h ere 

t h ere are m ulti pl e L A Gs i n t h e s a m e m etr o are a. If t h ere are m ulti pl e L A Gs 

i n a m etr o are a, i nt er c o n n e cti n g p arti es will w a nt t o c o n fir m t h at tr a ffi c is 

r o ut e d o ver t h e m i n a b al a n c e d w a y ( e. g., t h at t h e t w o p arti es h a ve g o o d 

tr a ffi c  e n gi n e eri n g  pr a cti c es),  b ut  c o ntr a ct  c o m pli a n c e  will  m ost  li k el y  

hi n g e o n a d e q u a c y of t ot al m etr o c a p a cit y.

R e g ul at or y a g e n ci es: Re g ul at or y a g e n ci es m a y h a ve a n u m b er of dis -

ti n ct missi o ns. Res p o nsi biliti es v ar y b y c o u ntr y, b ut c a n i n cl u d e d et er mi n-

i n g u nre as o n a bl e b usi n ess pr a cti c es a n d i m p osi n g re m e di es, res p o n di n g 

t o h ar ms t o c o ns u m ers, a cti n g t o i m pr o ve d e pl o y m e nt of br o a d b a n d i n 

u ns er ve d  are as,  a n d  p u bli c  s af et y.  Visi bilit y  i nt o  n et w or k  p erf or m a n c e  

s e e ms n e c ess ar y as p art of t h os e first t w o o bj e cti ves, alt h o u g h a d diti o n al 

d at a (s u c h as pri ci n g d at a a n d t er ms of c o ntr a cts) m a y als o b e i m p ort a nt. 

We d o n ot dis c uss h ere t h e f ull r a n g e of w h at d at a mi g ht b e us ef ul, n or 

u n d er w h at a ut h orit y di ff ere nt re g ul at ors c oll e ct d at a; we f o c us o n w h at 

visi bilit y re g ul at ors n e e d i nt o n et w or k p erf or m a n c e, a g ai n wit h a f o c us o n 

i nt er c o n n e cti o n.

C o nsist e nt  wit h  a  l o n g  hist or y  of  t el e p h o n y  re g ul ati o n,  o n e  mi g ht  

h y p ot h esize t h at t h e m ore p e o pl e a ff e ct e d b y a n i m p air m e nt, t h e s o o n er 

it will m erit re g ul at or y att e nti o n; ot h er f a ct ors h el d c o nst a nt. us, p er -

sist e ntl y o bs er ve d p erf or m a n c e pr o bl e ms a cr oss m ulti pl e m etr o-l e vel are as 

mi g ht  w arr a nt  re g ul at or y  att e nti o n,  w hil e  o bs er v ati o ns  of  bri ef  i m p air -

m e nts at f e w li n ks or L A G are m ore li k el y o p er ati o n al pr o bl e ms of l ess 

re g ul at or y i nt erest. is ass u m pti o n w o ul d s u g g est t h at if a n et w or k is 

re q uire d t o re p ort p erf or m a n c e d at a t o a re g ul at or, it d o es s o at t h e m etr o 

l e vel, a cr oss all m etr o are as, wit h re p orti n g of L A G-l e vel d at a o nl y t o verif y 

t h at t h e m etr o-l e vel d at a is re pres e nt ati ve.

H o we ver,  t his  l e vel  of  d at a  re p orti n g  ( d e p e n di n g,  of  c o urs e,  o n  t h e  

ti m e gr a n ul arit y) will i m p os e a b ur d e n b ot h o n t h e re p orti n g o p er at or a n d 

o n t h e re g ul at or t h at m ust a n al yze t his d at a. is r ais es t h e q u esti o n of 

w h et h er d at a at a l ar g er gr a n ul arit y w o ul d b e a d e q u at e.

R e gi o n al a g gr e g ati o n a n d s u bstit ut a bilit y: We i d e nti fi e d a g gre g ati o n 

at a re gi o n al l e vel as a l e vel of re p orti n g hi g h er t h a n m etr o. e rel e v a nt 

q u esti o n is h o w t o d e fi n e a re gi o n, i n or d er t o b e us ef ul a n d re pres e nt a -

ti ve f or di ff ere nt p ur p os es. F or a re gi o n t o b e s c o p e d i n a us ef ul w a y, t h e 

el e m e nts t h at m a k e u p t h e re gi o n s h o ul d b e s u bstit ut a ble— e q ui v al e ntl y 

s uit e d t o p ur p os e. B ut s u bstit ut a bilit y c a n b e d e fi n e d i n s e ver al w a ys, a g ai n 
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rel at e d t o t e c h ni c al f a ct ors, b usi n ess c o nsi d er ati o ns, a n d re g ul at or y s c o p e. 

E a c h pres e nts tr a d e- o ffs.

A t e c h ni c al j usti fi c ati o n f or re gi o n size li k el y d e p e n ds u p o n t h e n at ure 

of t h e t y pi c al a p pli c ati o ns i n us e. F or hi g hl y l at e n c y-s e nsiti ve g a mi n g c o n -

t e nt, a re gi o n of s u bstit ut a bl e li n ks w o ul d b e s m all er t h a n f or l ess l at e n-

c y-s e nsiti ve  e nt ert ai n m e nt  tr a ffi c,  d u e  t o  s p e e d  of  li g ht  li mit ati o ns  o n  

tr a ns missi o n s p e e d. Ret ur ni n g t o Fi g ure , t h e a d diti o n al l at e n c y b et we e n 

Ne w Y or k a n d B ost o n is s m all e n o u g h t h at f or al m ost all a p pli c ati o ns, 

d eli veri n g tr a ffi c t o a B ost o n c ust o m er o ver a n i nt er c o n n e cti o n i n Ne w 

Y or k w o ul d n ot d e gr a d e t h e us er e x p eri e n c e, s o i nt er c o n n e cti o ns i n Ne w 

Y or k a n d B ost o n w o ul d b e s u bstit ut a bl e b as e d o n t e c h ni c al c o nsi d er ati o ns.

H o we ver, t his s c o pi n g mi g ht n ot b e a p pli c a bl e i n t h e c o nt e xt of b usi -

n ess rel ati o ns hi ps. I n o ur dis c ussi o n e arli er of t h e dis p ut e b et we e n Net fli x 

a n d a c c ess pr o vi d ers s u c h as C o m c ast, Net fli x pr o p os e d t h at it b e all o we d 

s ettl e m e nt-fre e i nt er c o n n e cti o n if it d eli vere d its c o nt e nt i nt o t h e a c c ess 

n et w or k at a n i nt er c o n n e cti o n p oi nt cl os e t o t h e e ve nt u al c o ns u m er. A n 

a c c ess pr o vi d er mi g ht ar g u e t h at t h e c ost of c arr yi n g c o nt e nt fr o m Ne w 

Y or k t o B ost o n w as m at eri al, a n d t h eref ore t h e c o nt e nt pr o vi d er h a d n ot 

c o m pli e d wit h t h e “cl os e e n o u g h” re q uire m e nt if it j ust d eli vere d tr a ffi c 

d esti n e d f or B ost o n i n Ne w Y or k. Fr o m t his b usi n ess p ers p e cti ve, t h e li n ks 

i n a re gi o n t h e size of Ne w E n gl a n d w o ul d n ot b e v ali d s u bstit ut es, e ve n 

if c o ns u m ers s a w n o d e gr a d ati o n i n t h e p erf or m a n c e of t h e a p pli c ati o ns.

A  re g ul at or  wit h  a  c ert ai n  s c o p e  of  a ut h orit y  ( e. g.,  a  st at e  re g ul at or  

i n t h e U nit e d St at es) w o ul d n ot b e n e fit fr o m re p orti n g at a re gi o n al size 

l ar g er  t h a n  t h at  s c o p e.  e  M ass a c h us etts  t el e c o m m u ni c ati o ns  re g ul a -

t or w o ul d n ot b e a bl e t o a ct o n d at a t h at re p ort e d o n t h e o ver all Ne w 

E n gl a n d  re gi o n.  It  mi g ht  re q uire  s er vi c e  pr o vi d ers  t o  re p ort  at  a  st at e-

l e vel re gi o n. e q u esti o n i n t his c as e is w h et h er t h at l e vel of a g gre g a -

ti o n m as ks i m p ort a nt o bs er v ati o ns. B ut f ull y l o a d e d L A Gs i n o n e m etr o 

are a  i n  a  re gi o n  w h ere  ot h er  m etr o  are as  h a ve  u nl o a d e d  L A G S  t o  t h e  

s a m e p art y m a y n ot b e of c o n c er n, d e p e n di n g o n s u bstit ut a bilit y of t h e 

L A Gs, a n d w h et h er tr a ffi c is a ct u all y b ei n g r o ut e d o ver t h os e u n d erl o a d e d 

L A Gs. U nf ort u n at el y, re g ul at ors c urre ntl y h a ve n o w a y t o m e as ure L A G  

s u bstit ut a bilit y or h o w tr a ffi c is a ct u all y b ei n g r o ut e d.

e ris ks of a g gr e g ati o n:  I n a n y a g gre g at e t h at c o nt ai ns a n u m b er of 

L A Gs ( as w o ul d b e t h e c as e wit h a g gre g ati o n at t h e re gi o n al l e vel), it is 

hi g hl y li k el y t h at t h ere will b e u n d er utilize d li n ks. C o nsi d er, f or e x a m -

pl e, a - G B li n k t h at b e c o m es sli g htl y c o n g est e d at p e a k tr a ffi c ti m es. I n 
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pr a cti c e, c a p a cit y is us u all y a d d e d i n u nits of  G B. at is, t o u p gr a d e 

t h e c a p a cit y of a - G B li n k a n o p er at or w o ul d m a k e a L A G b y a d di n g a 

s e c o n d - G B li n k, wit h a res ulti n g t ot al c a p a cit y of  G B. If t h e ori gi-

n al - G B li n k w as o nl y sli g htl y c o n g est e d, t his n e w L A G wit h t wi c e t h e 

c a p a cit y will b e h ar dl y m ore t h a n  l o a d e d at p e a k. Aver a gi n g s u c h a 

li n k i nt o a mi x of li n ks ( or L A Gs) s o m e of w hi c h are c o n g est e d m a y res ult 

i n a n o ver all v al u e t h at d o es n ot s u g g est c o n g esti o n.

I n f a ct, it is n ot o b vi o us h o w t o a g gre g at e L A G S of di ff ere nt c a p a cit y 

t o pr o vi d e t h e m ost re pres e nt ati ve m etri c f or t h e res ulti n g re gi o n. H o w 

d o es o n e d es cri b e t h e o ver all st at e of a re gi o n wit h a - G B li n k t h at is 

n ot c o n g est e d a n d t hre e - G B li n ks t h at are s u bst a nti all y c o n g est e d? O n e 

a ns wer is t h at if t h e li n ks are s u bstit ut a bl e, t h e n t h e e xc ess tr a ffi c o n t h e 

- G B li n ks c o ul d b e r o ut e d o ver t h e - G B li n ks, s o t h e o ver all re gi o n 

n e e d n ot h a ve a n y c o n g esti o n. I n or d er t o v ali d at e t his ass erti o n, it is n ot 

e n o u g h t o as k if t h e li n ks are s u bstit ut a bl e b as e d o n t e c h ni c al p ar a m et ers, 

b ut as well w h et h er t h e b usi n ess a gre e m e nts d es cri bi n g t h os e li n ks w o ul d 

a ct u all y all o w t h e e xc ess tr a ffi c t o b e re dire ct e d o ver t h os e li n ks.

W h e n re c ei vi n g t hir d- p art y d at a i n s u p p ort of s o m e ar g u m e nt, t h e re g -

ul at or m ust c aref ull y c o nsi d er w h et h er its l e vel of pres e nt e d a g gre g ati o n 

( o ver ti m e a n d i n s p a c e) is p ot e nti all y m as ki n g m at eri al e ve nts. O n e s ort 

of dis p ut e t h at mi g ht aris e b ef ore a re g ul at or w o ul d b e o n e p art y t o a n 

i nt er c o n n e cti o n pr o vi di n g m e as ure m e nts of c o n g est e d L A Gs as e vi d e n c e 

of a f ail ure of t h e ot h er p art y t o a d dress t h e b usi n ess iss u e, a n d t h e ot h er 

p art y pr o vi di n g m e as ure m e nt at a re gi o n al a g gre g ati o n t o ar g u e t h at t h ere 

are u n c o n g est e d p at hs a v ail a bl e t o c arr y t h e e xc ess tr a ffi c. W h e n a re g u -

l at or fi n ds its elf i n t his s ort of sit u ati o n, t h e re g ul at or s h o ul d re q uire n ot 

o nl y p erf or m a n c e d at a o n t h e v ari o us L A Gs i n t h e re gi o n, b ut dis cl os ure 

of t h e rel e v a nt b usi n ess a gre e m e nts, t o c o n fir m t h at t h e li n ks i n t h e re gi o n 

are a ct u all y v ali d s u bstit ut es.

Pr o vi d er wi d e- d at a: is l e vel of a g gre g ati o n c o nsi d ers all dire ct li n ks 

b et we e n a pr o vi d er a n d a si n gl e ot h er p art n er n et w or k. L e vel  p ost e d t h e 

pl ots i n Fi g ure  i n a  ess a y t h at als o cl ai m e d t h at si mil ar p att er ns o n 

m ost i nt er c o n n e ct p oi nts b et we e n t w o I S Ps h a d p ersist e d f or o ver a ye ar.

I n t h e c o nt e xt of o ur m o d el, L e vel  a g gre g at e d t his m e as ure m e nt o ver a 

si n gl e L A G, b ut ass ert e d t h at all ot h er L A Gs t o t h e s a m e i nt er c o n n e cti o n 

p art n er were b e h a vi n g si mil arl y. A re g ul at or w o ul d pr o b a bl y w a nt t o c o n -

fir m t h at cl ai m wit h d at a fr o m ot h er i n di vi d u al L A Gs. I m p air m e nts mi g ht 

m a nif est as p ersist e nt pr o bl e ms a cr oss all p at hs c o n n e cti n g t w o n et w or ks 

. Ta yl or, “ O bs er v ati o ns of a n I nt er n et Mi d dl e m a n.”
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or as p att er ns of p at h-s p e ci fi c p eri o di c i m p air m e nt. W hil e t h e a g gre g at e 

of “all dire ct i nt er c o n n e cti o n L A Gs” is e as y t o d e fi n e, it c a n b e h ar d t o 

m e as ure f or p arti es ot h er t h a n t h e t w o dire ctl y c o n n e cti n g n et w or ks, d u e 

t o t h e c h all e n g e of dis c o veri n g all L A Gs i n t h e s et. I n “ A p pl yi n g t h e M o d el 

t o S p e ci fi c Me as ure m e nt D at a Sets” we t ur n t o s o m e c o n cret e c as e st u di es 

t h at h o p ef ull y d e m o nstr at e h o w o ur m o d el c a n h el p g ui d e a p pr o pri at e 

c o n cl usi o ns.

Me as ure m e nts of Pat h Se g m e nts

O ur m o d el pr o vi d es a str u ct ure d w a y t o d es cri b e a n d i nt er pret i nt er c o n -

n e cti o n  m e as ure m e nts.  To  t his  p oi nt,  we  h a ve  c o nsi d ere d  m e as ures  of  

a n  i nt er c o n n e cti o n  li n k  or  a g gre g at e.  H o we ver,  s o ur c es  of  i m p air m e nt  

b et we e n n et w or ks m a y n ot m a nif est as c o n g esti o n o n t h e i nt er c o n n e cti o n 

li n k its elf, b ut at s o m e ot h er b ottl e n e c k i n t h e p at h, as we d es cri b e d i n t h e 

dis c ussi o n of r o uti n g p oli c y i nt er n al t o a n a c c ess n et w or k i n “ A p pr o a c h es 

t o I nt er c o n n e cti o n Dis cri mi n ati o n a n d P oli c y Res p o ns es.” Me as ure m e nt 

a cr oss a l o n g er p at h s e g m e nt, u p t o a n d i n cl u di n g e n d-t o- e n d m e as ure -

m e nts fr o m s e n d er t o re c ei ver, m a y b e ess e nti al f or ass essi n g p erf or m a n c e 

b et we e n t w o n et w or ks.

Me as ure me nt of a p arti al p at h se g me nt (i.e., i n cl u di n g se ver al li n ks) m a y 

be hel pf ul i n l o c alizi n g i m p air me nt or e xcl u di n g cert ai n se g me nts as a s o urce 

of i m p air me nt, b ut it m a y n ot be p ossi ble t o p ositi o n test pr o bes s o as t o 

me as ure t he ri g ht p arti al p at h se g me nts. M ore c o m m o nl y re p orte d are e n d-

t o-e n d me as ure me nts t h at re c or d o ver all perf or m a n ce of a tr a nsfer, s u c h as 

a c hie ve d t hr o u g h p ut. H o w t hese re p orte d res ults a g gre g ate i n di vi d u al e n d-

t o-e n d me as ure me nts is cr u ci al f or m a ki n g s o u n d i nfere n ces fr o m t he m.

e e d g e c o nt e nt pr o vi d er is well- p ositi o n e d t o re c or d e n d-t o- e n d p er -

f or m a n c e m e as ures s u c h as t hr o u g h p ut of a n i n di vi d u al fl o w tr a nsf er, b ut 

h as fl e xi bilit y i n h o w t o a g gre g at e t h es e m e as ures f or re p orti n g p ur p os es, 

wit h res p e ct t o b ot h t h e s o ur c e a n d t h e d esti n ati o n. A c o nt e nt pr o vi d er 

w o ul d n ot n or m all y re p ort tr a nsf er s p e e ds t o a si n gl e d esti n ati o n, b ut t o a 

s et of d esti n ati o ns t h at c orres p o n d t o o n e of o ur a g gre g at es: a m etr o are a, 

a re gi o n, or o ver all f or a n a c c ess pr o vi d er. e y c a n als o c h o os e t o re p ort 

all tr a nsf ers fr o m a si n gl e c o nt e nt s o ur c e ( n ot t y pi c al), or f or all s o ur c es i n 

a re gi o n, or fr o m all s o ur c es b el o n gi n g t o t h e c o nt e nt pr o vi d er. A n a g gre -

g at e d  re p ort  of  e n d-t o- e n d  t hr o u g h p ut  fr o m  a n y  c o nt e nt  s o ur c e  i nt o  a  

m etr o or re gi o n of a n a c c ess I S P m a y or m a y n ot i n cl u d e b ot h dire ct a n d 

i n dire ct p at hs. e mi x of tr a ffi c fl o wi n g o n t h e dire ct a n d i n dire ct p at hs 

m a y v ar y o ver ti m e, li k el y a f u n cti o n of h o w m u c h c a p a cit y is a v ail a bl e 
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o n dire ct p at hs. Dire ct a n d i n dire ct p at hs m a y h a ve di ff ere nt p erf or m a n c e 

c h ar a ct eristi cs, a n d a g gre g ati n g t h e m t o g et h er m a y gi ve a n o ver all res ult 

t h at is n ot i n di c ati ve of eit h er cl ass of p at h. Usi n g o ur pre vi o us t er mi n ol-

o g y, a g gre g at e d e n d-t o- e n d m e as ures m a y l u m p t o g et h er p at hs t h at are n ot 

s u bstit ut a ble, a n d t h us o bs c ure i m p ort a nt i nf or m ati o n a b o ut s p e ci fi c p at hs.

If t h e p at h s e g m e nt is t h e e ntire e n d-t o- e n d p at h, t h e n a n ot h er c h al -

l e n g e f or i nt er pret ati o n is t h at it m a y re fl e ct i m p air m e nts i n t h e us er h o m e 

or pr o bl e ms i n t h e e d g e pr o vi d er n et w or k or s er vi c es, b ot h of w hi c h v ar y 

o ver ti m e, r at h er t h a n a n yt hi n g rel at e d t o t h e i nt er c o n n e cti o n.

Fi n all y, t h es e m e as ure m e nts of a ct u al us er p erf or m a n c e c a n o nl y m e as ure 

a cti vel y us e d p at hs. Ac c ess pr o vi d ers h a ve ar g u e d t h at a n a n al ysis s h o ul d 

c o nsi d er b ot h p at hs t h at e d g e pr o vi d ers are usi n g t o s e n d tr a ffi c as well as 

alt er n ati ve ( p ot e nti al) p at hs, si n c e e d g e pr o vi d ers m a y c h o os e n ot t o a v ail 

t h e ms el ves of all a v ail a bl e p at hs. O n t h e ot h er h a n d, s o m e u n us e d alt er n a-

ti ve p at hs m a y n ot b e pr a cti c al f or b usi n ess or t o p ol o g y re as o ns, w hi c h t hir d 

p arti es c a n n ot d et er mi n e o n t h eir o w n. U n d er t h es e circ u mst a n c es, re g u -

l at ors are j usti fi a bl y s k e pti c al of e x p a nsi ve cl ai ms t h at all i nt erc o n n e cti o n 

li n ks of a n a c c ess pr o vi d er re pres e nt a n a p pr o pri at e s c o p e of a n al ysis. O ur 

a d vi c e w o ul d b e t h at a n y a g gre g at e d re p orti n g of e n d-t o- e n d p erf or m a n c e 

s h o ul d i n cl u d e e x pli cit d es cri pti o ns of t h e l e vel of a g gre g ati o n o n b ot h t h e 

s o urc e (t y pi c all y c o nt e nt s o urc es) a n d t h e d esti n ati o n ( w hi c h mi g ht b e a 

m etr o or re gi o n al a g gre g ati o n). e d es cri pti o n s h o ul d m a k e cl e ar t h e s et of 

i nt erc o n n e cti o n p at hs t h at t h e a g gre g at e d tr a ffi c us e d. Wit h o ut t his l e vel of 

d et ail, it is t o o e as y t o dr a w u n w arr a nt e d i nf ere n c es fr o m t h e res ults.

A n alt er n ati ve t o e n d-t o- e n d m e as ure m e nt b y t h e c o nt e nt pr o vi d er is 

m e as ure m e nt fr o m t h e cli e nt e n d t h at att e m pts t o esti m at e e n d-t o- e n d 

p erf or m a n c e. As a n e x a m pl e, i n l at e , t h e F C C b e g a n t o e x p a n d t h e 

r a n g e of m e as ure m e nts i n t h eir Me as uri n g Br o a d b a n d A m eri c a pr o gr a m, 

t o b ett er u n d erst a n d t h e i m pli c ati o ns of e n d-t o- e n d m e as ure m e nt. e y 

were e x pl ori n g h o w t o t est t h e p erf or m a n c e of vi d e o s er vi c es li k e Y o u Tu b e 

a n d Net fli x.  is e ff ort e x p a n d e d fr o m a preli mi n ar y pil ot p h as e i n  

t o a wi d er r oll o ut t hr o u g h o ut , b ut is still re m ar k a bl y t e nt ati ve.  e 

F C C n ot es t h at: “t h e vi d e o stre a mi n g t ests d e vel o p e d b y S a m K n o ws a n d 

t h e F C C i n c oll a b or ati o n wit h c o nt e nt pr o vi d ers li k e Net fli x, Y o u Tu b e 

a n d H ul u are n ot i nt e n d e d t o c o m p are t h e p erf or m a n c e of t h e c arri ers, b ut 

. Mill er, “ C oll a b or ati ve Me eti n g Re p ort.”

. S a m k n o ws,  “ C oll a b or ati ve Me eti n g Pres e nt ati o n”; S a m k n o ws,  “ C oll a b or ati ve 

Me eti n g Pres e nt ati o n.”
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r at h er t o d e vel o p a m et h o d ol o g y st u d y.”  To d at e, t h e F C C h as rel e as e d 

n o  res ults  fr o m  t his  st u d y,  i n  p art  d u e  t o  c o n c er ns  fr o m  st a k e h ol d ers  

a b o ut  t h e  a c c ur a c y  of  t h e  m et h o d ol o g y  a n d  res ults.  I n  J ul y  ,  t h e  

F C C a n n o u n c e d a n e w C D N t est t o m e as ure t h e d o w nl o a d t hr o u g h p ut of 

s m all o bj e cts h ost e d o n t h e f oll o wi n g C D Ns: A p pl e, A k a m ai, Mi cr os oft, 

G o o gl e, Cl o u d fl are, a n d A m az o n. e y h a ve n ot rel e as e d a n y res ults fr o m 

t his t est eit h er, d u e t o si mil ar c o n c er ns. e sl o w p a c e a n d l a c k of res ol u -

ti o n i n t his pr oj e ct is a n i n di c ati o n of b ot h t h e di ffi c ult y of s o u n d m e as ure-

m e nt a n d its c o nt e nti o us c o nt e xt. It is n ot e as y f or t h e res e ar c h c o m m u nit y 

t o p arti ci p at e a cti vel y i n t h e d esi g n of t h es e e x p eri m e nts, n or p arti ci p at e i n 

t h e dis c ussi o n a b o ut t h e i nt er pret ati o n of t h e d at a, d u e t o c o n c er ns a b o ut 

c o ntr ol o ver dis cl os ure of e arl y res ults. Res e ar c h ers als o d o n ot h a ve a c c ess 

t o a n y s uit a bl e e x p eri m e nt al pl atf or m t o c arr y o ut si mil ar e x p eri m e nts at 

a s uit a bl e s c al e, n or a n y ass ur a n c e t h at c o nt e nt pr o vi d ers w o ul d c o o p er at e 

i n v ali d ati n g m e as ure m e nt m et h o ds.

A p pl yi n g t h e M o d el t o S p e ci fi c Me as ure m e nt D at a Sets

We  c o nsi d er  si x  c as e  st u di es  t h at  s p a n  d at a  s ets  o ff ere d  b y  s e v e n  U S  

br o a d b a n d a c c ess pr o vi d ers, e d g e pr o vi d ers G o o gl e a n d Net fli x, a c a d e mi c 

res e ar c h ers, a n d t h e I M E f or t h e A T & T/ Dire c T V m er g er.  E a c h e x a m pl e 

c o v ers l ar g e c o nt e nt a n d s er vi c e pr o vi d ers i nt er c o n n e cti n g wit h l ar g e a c c ess 

. R az d a n, “ C oll a b or ati ve Me eti n g Re p ort.”

. Q u oti n g fr o m t h e c a bl e l o b b yi n g or g a niz ati o n’s l ett er t o t h e F C C: “ Wit h re g ar d t o t h e 

Net fli x stre a mi n g t ests i n p arti c ul ar, t h e I S P Re pres e nt ati ves q u esti o n e d w h et h er t h e pr o p os e d 

t esti n g  w o ul d  a c c ur at el y  m e as ure  t h e  p erf or m a n c e  t h at  a  c o ns u m er  a ct u all y  e x p eri e n c es  i n  

stre a mi n g a Net fli x vi d e o. We e x press e d o ur c o n c er n t h at t h e t esti n g of Net fli x stre a mi n g c ur -

re ntl y u n d er w a y us es s y nt h eti c M B bi n ar y fil es i nst e a d of a ct u al vi d e o fil es t h at are d eli vere d 

t o Net fli x c ust o m ers. e I S P Re pres e nt ati ves stress e d t h at t h e t esti n g s h o ul d re pli c at e t h e re al-

lif e c o ns u m er e x p eri e n c e of stre a mi n g a vi d e o, a n d t h at t h eref ore t h e t esti n g s h o ul d r a n d o ml y 

a c c ess a ct u al vi d e o fil es fr o m t h e s a m e s er vers t h at d eli ver vi d e os t o Net fli x c ust o m ers. e I S P 

Re pres e nt ati ves als o stress e d t h e i m p ort a n c e of re q uiri n g t h at p arti ci p ati n g stre a mi n g s er vi c es 

si g n a C o d e of C o n d u ct t o e ns ure t h at t h ere is n o g a mi n g of t h e t esti n g pr o c ess, si mil ar t o 

t h e C o d e of C o n d u ct t h at all of t h e p arti ci p a nts i n t h e fi xe d-li n e M B A C oll a b or ati ve si g n e d.” 

Nati o n al  C a bl e  a n d  Tel e c o m m u ni c ati o ns  Ass o ci ati o n,  “ L ett er  t o  t h e  F C C  Re:  Br o a d b a n d  

Perf or m a n c e Me as ure m e nt.”

.  C e nt er  f or  I nf or m ati o n  Te c h n ol o g y  P oli c y,  “I nt er c o n n e cti o n  Me as ure m e nt  Pr oj e ct”;  

G o o gl e, “ G o o gl e Vi d e o Q u alit y Re p ort”; Net fli x, “ Fast. c o m”; Cl ar k et al., “ P oli c y I m pli c ati o ns 

of ir d- Part y Me as ure m e nt of I nt er d o m ai n C o n g esti o n o n t h e I nt er n et”; cl a ff y et al., “ First 

A m e n d e d Re p ort of A T & T I n d e p e n d e nt Me as ure m e nt E x p ert: Re p orti n g re q uire m e nts a n d 

m e as ure m e nt m et h o ds.”
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pr o vi d ers i n m a n y di ff ere nt l o c ati o ns. We c h os e t h es e e x a m pl es t o s h o w 

h o w o ur m o d el a n d a p pr o a c h d es cri b e d pre vi o usl y c a n f a cilit at e u n d er -

st a n di n g of w h at is b ei n g m e as ure d, a n d h o w t o s o u n dl y i nt er pret it. e 

first t hre e pr oj e cts f o c us o n e n d-t o- e n d p at h m e as ure m e nt d at a: G o o gl e’s 

Vi d e o Q u alit y Re p ort; Net fli x’s I S P S p e e d I n d e x; a n d Me as ure m e nt L a b’s 

( M-l a b) i nt er c o n n e cti o n st u d y. e s e c o n d t hre e pr oj e cts f o c us o n s p e ci fi c 

i nt er c o n n e cti o n  li n k  m e as ure m e nts:  t h e  C AI D A/ MI T  i nt er c o n n e cti o n  

m e as ure m e nt  pr oj e ct;  Pri n c et o n’s  C e nt er  f or  I nf or m ati o n  Te c h n ol o g y  

P oli c y ( CI T P) i nt er c o n n e cti o n m e as ure m e nt pr oj e ct; a n d t h e m e as ure -

m e nts pr o p os e d b y t h e I M E f or t h e A T & T/ Dire c T V m er g er c o n diti o ns.

Go ogle Vi de o Q u ality Re p orts

G o o gl e’s  Vi d e o  Q u alit y  Re p ort  i n cl u d es  d at a  d eri ve d  fr o m  e n d-t o- e n d  

m e as ures, a g gre g at e d p er I S P p er cit y, of t hr o u g h p ut of Y o u Tu b e stre a ms.

is d at a s et i n cl u d es f or e a c h Y o u Tu b e vi d e o re q u est: ti m est a m p, a c c ess 

n et w or k, esti m at e d g e o gr a p hi c al re gi o n ( e. g., c o u ntr y, m etr o), t ot al b yt es 

tr a nsf erre d t o t h e cli e nt, ti m e at w hi c h re c ei ver a c k n o wl e d g es re c ei pt of 

all b yt es.  e re p ort e d d at a s h o ws d e m a n d as a f u n cti o n of ti m e of d a y, 

a ver a g e d o ver  d a ys, s o it is p ossi bl e t o s p e c ul at e fr o m t h e d at a a b o ut 

p erf or m a n c e at p e a k ti m es vers us o ff- p e a k ti m es.

is  c h os e n  a g gre g ati o n  gr a n ul arit y  f or  re p orti n g  re m o v es  visi bilit y  

i nt o w h at p at hs t h e fl o ws are usi n g t o re a c h t h eir d esti n ati o n. I nt er n all y 

G o o gl e k n o ws i n d et ail h o w t h e y r o ut e tr a ffi c t o t h e us ers f or a n y gi v e n 

m e as ure m e nt, f or e x a m pl e, w h et h er it cr oss e d a dire ct i nt er c o n n e cti o n li n k 

wit h t h e br o a d b a n d a c c ess pr o vi d er or vi a a n i n dire ct p at h t hr o u g h a t hir d 

p art y. U nli k e G o o gl e’s peeri ng.g o ogle.c o m p e eri n g p ort al, w hi c h pr o vi d es 

t o a n i nt er c o n n e ct e d p art y c a p a cit y a n d tr a ffi c v ol u m e st atisti cs o n dire ct 

i nt er c o n n e cti o n li n ks t o t h at p art y, o ur u n d erst a n di n g fr o m dis c ussi o n 

wit h G o o gl e is t h at t h es e Vi d e o Q u alit y Re p orts a g gre g at e m e as ures o v er 

b ot h dire ct a n d i n dire ct p at hs. E x a ctl y h o w t h e y a g gre g at e t h es e m e as ures 

is n ot cl e ar. Fi g ure  ill ustr at es a vi d e o stre a mi n g q u alit y re p ort f or A T & T 

Di git al S u bs cri b er Li n e ( D S L) s er vi c e i n St at e C oll e g e, P A, re p orti n g t h e 

fr a cti o ns at di ff ere nt ti m es G o o gl e is s e n di n g t h e vi d e o at hi g h d e fi ni-

ti o n a n d st a n d ar d d e fi niti o n.  A re d u c e d fr a cti o n of hi g h- d e fi niti o n fl o ws, 

. G o o gl e, “ G o o gl e Vi d e o Q u alit y Re p ort.”

. G o o gl e, “ G o o gl e Vi d e o Q u alit y Re p ort — Met h o d ol o g y.”

. We n ot e t h at we h a d t o l o o k at m a n y c as es t o fi n d pl ots w ort h y of dis c ussi o n. Al m ost 

all t h e pl ots we e x a mi n e d s h o we d n o d e gr a d ati o n at p e a k ti m es, s u g g esti n g t h at m u c h of t h e 

i nfr astr u ct ure t h e y m e as ure h as a d e q u at e c a p a cit y.
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p arti c ul arl y d uri n g p e a k h o urs, a n d w h e n ot h er c o m p ar a bl e pr o vi d ers a n d 

c o m p ar a bl e re gi o ns d o n ot e x p eri e n c e a dr o p, is p ot e nti al e vi d e n c e of a n 

i m p air m e nt. H o w e v er, w h at t his pi ct ure i m pli es is n ot e x a ctl y cl e ar. D S L 

is a sl o w-s p e e d s er vi c e, s o i n di vi d u al us ers mi g ht n ot h a v e t h e c a p a cit y t o 

w at c h vi d e o i n hi g h d e fi niti o n. B ut t h e li mit e d c a p a cit y of a D S L li n k d o es 

n ot c h a n g e as t ot al l o a d o n t h e s yst e m ris es at p e a k ti m e. e i n cre as e d 

fr a cti o n of vi d e o at st a n d ar d d e fi niti o n d uri n g t h e m or ni n g h o urs c o ul d 

b e d u e t o a n u m b er of re as o ns. Fi g ure  s h o ws a n ot h er d ail y distri b uti o n 

of hi g h a n d st a n d ar d d e fi niti o n, i n t his c as e f or Veriz o n i n C a m bri d g e, 

M A. is pl ot s h o ws a si mil ar p att er n i n t h e m or ni n g h o urs as t h e pl ot 

fr o m St at e C oll e g e, b ut i n t his c as e it is cl e ar t h at t h e pr o bl e m is n ot a 

l a c k of o v er all c a p a cit y, si n c e i n t his pl ot t h ere is a n aft er n o o n p e a k t h at is 

s u bst a nti all y hi g h er t h a n t h e m or ni n g p e a k, d uri n g w hi c h al m ost all tr af-

fi c is i n hi g h d e fi niti o n. Per h a ps t h es e s yst e ms h a v e us ers wit h di ff ere nt 

us a g e p att er ns i n t h e m or ni n g a n d aft er n o o n. ere is n o w a y t o t ell — pi c -

t ures at t his l e v el of a g gre g ati o n oft e n r ais e m ore q u esti o ns t h a n a ns w ers.

 G o o gl e Vi d e o Q u alit y Re p orts S u m m arize Vi d e o Perf or m a n c e at t h e Metr o or 

St at e L e vel, i n t his C as e f or A T T D S L Ser vi c e i n St at e C oll e g e, P A ( Se pt , ).

 G o o gle Vi de o Q ualit y Re p ort f or Veriz o n Ser vice i n Ca m bri d ge, M A ( Se pt , ). 

G o o gl e cl assi fi e d t his s er vi c e as FI O S, b ut FI O S is n ot o ff ere d i n C a m bri d g e, s o t his d at a is eit h er 

g e ol o c at e d t o t h e wr o n g cit y, or m ore li k el y is Veriz o n D S L s er vi c e.
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ese p u blis he d statistics all o w o ne t o e xa mi ne data at a metr o, re gi o nal 

( w hic h G o o gle de fi nes b y state i n t he U nite d States), a n d e ntire pr o vi der le vel 

of a g gre gati o n i n t he U nite d States. F or i nsta nce, o ne ca n l o o k at t he per -

f or ma nce of C o mcast i n a gi ve n cit y (s uc h as B ost o n), acr oss a n e ntire state 

( Massac h usetts), or acr oss t he w h ole U nite d States. e we b i nterface facilitates 

c o m paris o ns bet wee n br oa d ba n d pr o vi ders at t hese t hree gra n ularities, w hic h 

pr o vi de e vi de nce t hat G o o gle is ca pa ble of deli veri n g hi g h de fi niti o n vi de o 

c o nte nt t o users i n s o me net w or ks e ve n if i m pair me nts are e vi de nt i n ot hers.

A n ot h er li mit ati o n of t his d at a, a n d all e n d-t o- e n d p erf or m a n c e m e a -

s ure m e nt, is its i n a bilit y t o l o c alize t h e s o ur c e of a n y i m p air m e nt t o t h e 

a c c ess pr o vi d er its elf. e m e as ure m e nts als o c a pt ure, b ut d o n ot disti n -

g uis h, i m p air m e nts i n t h e h o m e n et w or k, w hi c h m a y m a nif est m ore oft e n 

as a c c ess s p e e ds i n cre as e.  O n t h e ot h er h a n d, l ar g e a n d g e o gr a p hi c all y dis-

tri b ut e d e n d-t o- e n d m e as ures of si mil ar us ers a cr oss m ulti pl e I S Ps miti g at e 

t his c o n c er n. E x a mi ni n g di ur n al p att er ns c a n als o est a blis h s o m e b as eli n e 

of i m p air m e nts, alt h o u g h s o m e p orti o n of t h e v ari ati o n d et e ct e d d uri n g 

p e a k h o urs are als o li k el y d u e t o c h a n g es i n us er b e h a vi or, f or e x a m pl e a 

l ar g er mi x of d e vi c es a c c essi n g c o nt e nt.

I n s u m m ar y, t his d at a s et s h o ul d c a pt ur e i m p air m e nts at t h e m etr o, 

r e gi o n al  (st at e- b as e d)  or  pr o vi d er- wi d e  l e v el  of  a g gr e g ati o n,  b ut  m a y  

als o i m pl y t h at a br o a d b a n d pr o vi d er is r es p o nsi bl e f or a n i m p air m e nt 

t h at is n ot u n d er its c o ntr ol. F or t h e r e g ul at or, d at a of t his s ort m a y 

b e  a  s u g g esti v e  st arti n g  p oi nt,  d e p e n di n g  o n  w h at  q u esti o n  is  b ei n g  

as k e d, s o l o n g as t h e pr o vi d er is cl e ar a b o ut e x a ctl y h o w t h e a g gr e g ati o n 

h as b e e n d o n e — o v er w h at s o ur c es, w h et h er it i n cl u d es i n dir e ct p at hs,  

a n d s o o n.

Net fli x I S P S pee d I n de x

Net fli x re p orts p er-I S P v al u es of t h eir s pee d i n de x, a n a g gre g at e s u m m ar y 

of  e n d-t o- e n d  d o w nl o a d  s p e e d  a cr oss  all  p at hs  fr o m  Net fli x  s er vers  t o  

a gi ve n a c c ess pr o vi d er’s c ust o m ers ( Fi g ure ).  e y d o n ot re p ort a n y 

ti m e- of- d a y d at a, as G o o gl e d o es, b ut j ust l o n g er-t er m tre n ds. is pl ot 

s h o ws si g ni fi c a nt i m pr o ve m e nt of t his m etri c f or m a n y I S Ps i n l at e s u m-

m er , w hi c h a p p e ars t o b e t h e res ult of res ol uti o n of n oti c e a bl e e arli er 

p erf or m a n c e d e gr a d ati o n t o c ust o m ers of t h os e I S Ps. Aft er t h at ti m e, t h e 

. S u n d ares a n, Fe a mst er, a n d Tei xeir a, “ H o m e Net w or k or Ac c ess Li n k? ”

. Net fli x, “ Net fli x S p e e d I n d e x.”
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pl ots s h o w st e a d y i m pr o ve m e nt i n a ver a g e s p e e ds, wit h t w o cl ust ers of  

p erf or m a n c e: t h e hi g h er cl ust er b ei n g c a bl e a n d fi b er pr o vi d ers, a n d t h e 

l o wer cl ust er D S L pr o vi d ers. H o we ver, it is n ot cl e ar w h at i nf ere n c e t o 

dr a w fr o m t h e st e a d y i n cre as e. e p erf or m a n c e of di ff ere nt I S Ps o ver ti m e 

s e e ms t o v ar y i n l o c k-st e p, w hi c h s u g g ests t h at t h e v ari ati o n m o nt h t o 

m o nt h is n ot d u e t o c h a n g es wit hi n t h e I S Ps, b ut s o m e ot h er c a us e — p er -

h a ps a c h a n g e i n t h e mi x of vi d e os t h at are d o w nl o a d e d b y t h e Net fli x 

c ust o m ers.

I n  o ur  m o d el,  t his  d at a  a g gre g ati o n  i n cl u d es  c o nt e nt  s er ve d  dire ctl y  

fr o m Net fli x c a c h es i n a c c ess pr o vi d er n et w or ks, dire ct i nt er c o n n e cti o ns, 

as well as i n dire ct p at hs. W h y is Net fli x a g gre g ati n g st atisti cs at t his o ver all 

pr o vi d er- wi d e gr a n ul arit y, r at h er t h a n m etr o or re gi o n al l e vels of a g gre g a -

ti o n as G o o gl e d o es? O n e pl a usi bl e e x pl a n ati o n is t h at Net fli x is b al a n ci n g 

t h e d esire t o est a blis h a p u bli c re c or d of a c c ess pr o vi d er p erf or m a n c e wit h 

c o n c er ns t h at t h e y d o n ot w a nt t o dis c o ur a g e a d o pti o n of t h eir s er vi c es 

b y  s u g g esti n g  c ert ai n  re gi o ns  h a ve  p erf or m a n c e  pr o bl e ms.  is  p u bli c  

pr o vi d er- wi d e a g gre g at e pre ve nts i nf ere n c es a b o ut re gi o n al i nt er c o n n e c -

ti o n iss u es. Als o, t h e e n d-t o- e n d m e as ures h ere s u ff er t h e s a m e ris ks of 

t h e G o o gl e’s Vi d e o Q u alit y Re p ort, i n t er ms of p ot e nti all y m as ki n g iss u es 

h a p p e ni n g ot h er pl a c es i n t h e n et w or k. F or t h e re g ul at or, d at a at t his hi g h 

l e vel of a g gre g ati o n m a y n ot s er ve t o a ns wer m a n y q u esti o ns. Si n c e t h e 

a p pr o a c h t o a g gre g ati o n is di ff ere nt fr o m t h at of (f or e x a m pl e) G o o gl e, 

t h ere is n o e ff e cti ve w a y t o c o m p are Net fli x d at a a n d G o o gl e d at a t o s e e if 

t h e t w o c o nt e nt pr o vi d ers are e x p eri e n ci n g si mil ar tre at m e nt. I n g e n er al, 

  Net fli x I S P S p e e d I n d e x Is a n A g gre g at e S u m m ar y of Perf or m a n c e Acr oss All 

P ossi bl e Pat hs b y W hi c h Net fli x Ser ves tr a ffi c t o a Gi ve n Ac c ess Pr o vi d er’s C ust o m ers. B ot h 

dire ct a n d i n dire ct p at hs a cr oss all re gi o ns a n d m etr o are as.
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wit h o ut a n a gre e m e nt a cr oss fir ms t o re p ort d at a i n a si mil ar w a y, it will 

b e i m pr a cti c al f or a re g ul at or t o c o m p are h o w di ff ere nt i nt er c o n n e cti n g 

p arti es are b ei n g tre at e d, b as e d o n d at a pr o vi d e d b y t h os e fir ms.

Me as ure me nt L a b

G o o gl e’s Me as ure m e nt L a b ( M-l a b) o p er at es a s et of s er vers a g ai nst w hi c h 

cli e nts c a n m e as ure t hr o u g h p ut, tr a ffi c s h a pi n g, a n d tr a ffi c di ff ere nti ati o n. 

Net w or k Di a g n osti c To ol ( N D T) is a p o p ul ar t est h ost e d o n t h e M-l a b 

i nfr astr u ct ure t h at cli e nts us e t o m e as ure a c hi e v a bl e t hr o u g h p ut of t h eir 

I nt er n et c o n n e cti o n. W h e n a cli e nt i niti at es t h e t est, t h e M-l a b b a c k e n d 

dire cts t h e cli e nt t o a n a v ail a bl e s er ver g e o gr a p hi c all y n e ar t h e cli e nt. e 

cli e nt a n d t h e s er ver t h e n c o n d u ct t hr o u g h p ut t ests i n b ot h dire cti o ns. A 

re p ort fr o m M-l a b us e d t his e n d-t o- e n d m e as ure m e nt d at a, t h at is, t h e 

a c hi e ve d t hr o u g h p ut i n N D T t ests fr o m a s er ver h ost e d i n a c ert ai n A S 

(s a y S) t o cli e nts i n a n a c c ess A S (s a y A), t o i nf er p erf or m a n c e d e gr a d a-

ti o ns o n t h e p at h fr o m S t o A.  e m et h o d ol o g y l o o k e d f or si g ni fi c a nt 

di ff ere n c es b et we e n p e a k a n d o ff- p e a k t hr o u g h p ut f or a s er ver – cli e nt A S 

p air t o i nf er p e a k- h o ur c o n g esti o n o n p at hs fr o m t h at s er ver t o t h e cli e nt 

A S. e re p ort we nt a st e p f urt h er, attri b uti n g o bs er ve d p erf or m a n c e d e g -

r a d ati o n b et we e n S a n d A t o t h e i nt er c o n n e cti o n b et we e n S a n d A i n t h e 

re gi o n of t h e s er ver S, f or e x a m pl e, t h e i nt er c o n n e cti o n b et we e n C o g e nt 

a n d C o m c ast i n L os A n g el es.

We c a n us e o ur m o d el t o criti c all y c o nsi d er t hre e ass u m pti o ns u n d erl y -

i n g t his i nf ere n c e m et h o d. First, si mil ar t o t h e pre vi o us t w o c as e st u di es, 

t his m et h o d ass u m es t h at c o n g esti o n is m ore li k el y t o e xist at t h e i nt er c o n-

n e cti o n p oi nts b et we e n n et w or ks r at h er t h a n wit hi n a n et w or k. Se c o n d, 

als o a n u ns p o k e n ass u m pti o n of t h e pre vi o us t w o c as e st u di es is t h at t h e 

s er ver a n d cli e nt A S dire ctl y c o n n e ct, t h us a n y o bs er ve d i nt er c o n n e cti o n 

c o n g esti o n e xists o n t h at dire ct li n k. It is p ossi bl e a n i n di vi d u al t est c o ul d 

e xe c ut e o ver a n i n dire ct p at h, i n w hi c h c as e re p ort e d m e as ure m e nts re fl e ct 

a c o m bi n ati o n of direct a n d i n direct p at hs b et we e n s er ver a n d cli e nt A Ses. 

ir d, t h e m et h o d ass u m es t h at M-l a b’s s er ver s el e cti o n al g orit h m w or ks 

well e n o u g h t h at cli e nts i n a c ert ai n m etr o re gi o n are dire ct e d t o s er vers i n 

t h at s a m e re gi o n, a n d t h e N D T t est t h us re fl e cts p erf or m a n c e fr o m S t o 

A i n t h at m etr o re gi o n. e M-l a b re p ort di d n ot e x a mi n e p erf or m a n c e at 

a fi n er or c o ars er gr a n ul arit y t h a n m etr o re gi o n, t h at is, at t h e L A G l e vel. 

.  M- L a b  Res e arc h  Te a m,  “ I S P  I nterc o n necti o n  a n d  its  I m p act  o n  C o ns u mer  I nter net  

Perf or m a nce.”
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M-l a b p u blis h es all N D T t est d at a, al o n g wit h p at h d at a i n t h e f or m of 

tr a c er o ut es fr o m s er vers t o cli e nts. is d at a c o ul d e n a bl e p erf or m a n c e 

e v al u ati o n of s p e ci fi c L A Gs, alt h o u g h we h a ve f o u n d t h at d u e t o t h e w a y 

t h e N D T t ests s a m pl e i n di vi d u al L A Gs, o nl y a s m all s et of L A Gs a d mit 

st atisti c all y si g ni fi c a nt i nf ere n c es. O n e c o ul d als o a g gre g at e t h e d at a t o a 

pr o vi d er-l e vel vi e w b y a g gre g ati n g all t ests fr o m s er vers i n a n A S S t o cli -

e nts i n a n A S A. O n e c o n c er n wit h s u c h a g gre g ati o n is t h at s o m e m etr o 

re gi o ns m a y b e u n d er- or o ver-re pres e nt e d b as e d o n d e pl o y m e nt of s er v-

er-si d e i nfr astr u ct ure.

C AI D A/ MI T St u dy

e C AI D A/ MI T pr oj e ct d e vel o p e d m et h o ds t o d et e ct i nt er c o n n e cti o n 

li n ks a n d e vi d e n c e of p ersist e nt c o n g esti o n o n t h es e li n ks, f or e x a m pl e, 

re c urri n g  p att er ns  of  i n cre as e d  l at e n c y.  e  i nt er c o n n e cti o n  dis c o ver y  

p h as e us es v a nt a g e p oi nts ( V Ps) i nsi d e a n et w or k t o p erf or m a n e xt e nsi ve 

a cti ve t o p ol o g y dis c o ver y pr o c ess t h at i nf ers all i nt er c o n n e cti o ns of t h at 

n et w or k visi bl e fr o m e a c h V P. B y wi d el y distri b uti n g m a n y a cti ve pr o b es 

i n a n a c c ess n et w or k, t h e y ass ert t h at t h e y c a n fi n d ess e nti all y all p oi nts 

of i nt er c o n n e cti o n wit h ot h er c o n n e cti n g p arti es. e y als o d e vel o p e d t h e 

ti m e-s eri es l at e n c y pr o bi n g ( T S L P) m et h o d, a m et h o d t o i nf er c o n g esti o n 

at t h es e dis c o vere d i nt er d o m ai n i nt er c o n n e cti o ns. e V Ps s e n d pr o b es 

t o w ar d t h e n e ar a n d f ar e n d of e a c h dis c o vere d i nt er d o m ai n li n k t o o bt ai n 

t w o ti m e s eri es of l at e n ci es. e pres e n c e of di ur n al p att er ns i n l at e n c y 

t o t h e f ar e n d of t h e li n k b ut n ot t o t h e n e ar e n d of t h e li n k si g n als e vi-

d e n c e  of  c o n g esti o n  at  t h e  i nt er c o n n e cti o n.  e  m et h o d  g e n er at es  r a w  

m e as ure m e nts o n e a c h i nt er c o n n e cti o n L A G dis c o vere d fr o m t h e V P, a n d 

t h e y e x a mi n e t h e res ulti n g l at e n c y d at a ( usi n g h e uristi c g e ol o c ati o n) at t h e 

m etr o, re gi o n, or pr o vi d er l e vel. e T S L P m et h o d d o es n ot m e as ure t h e 

utiliz ati o n or c a p a cit y of L A Gs; it us es a cti ve m e as ure m e nt t o re ve al o nl y 

w h et h er i n di vi d u al L A Gs s h o w l at e n c y- b as e d e vi d e n c e of c o n g esti o n.

is pr oj e ct m a k es t h e d at a a v ail a bl e o n a p er-li n k a n d p er- L A G b asis, 

s o a res e ar c h er or a re g ul at or c o ul d i n pri n ci pl e c o m bi n e d at a at v ari o us 

l e vels of a g gre g ati o n, d e p e n di n g o n w h at q u esti o n w as b ei n g c o nsi d ere d. 

O n e c o ul d us e t h e d at a at di ff ere nt a g gre g ati o ns t o i nf er t h at “all L A Gs 

c o n n e cti n g pr o vi d ers A a n d B i n a c ert ai n re gi o n a p p e ar c o n g est e d ” or t h at 

“  o ut of  L A Gs c o n n e cti n g pr o vi d ers A a n d B i n a c ert ai n re gi o n a p p e ar 

. D h a m d h ere  et  al.,  “I nf erri n g  p ersist e nt  i nt er d o m ai n  c o n g esti o n”;  D a vi d  Cl ar k  et  al.,  

“ P oli c y I m pli c ati o ns of ir d- Part y Me as ure m e nt of I nt er d o m ai n.”
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c o n g est e d.” I n pri n ci pl e, o n e c o ul d a g gre g at e d at a at t h e L A G l e vel i n a n y 

w a y t h at a d dress es a s p e ci fi c q u esti o n. e m ai n c h all e n g e i n a g gre g ati o n 

b as e d o n g e o gr a p h y is a c c ur at el y g e ol o c ati n g i nt er c o n n e cti o n li n ks t o s p e -

ci fi c citi es or m etr o re gi o ns, w hi c h is k n o w n t o b e l ess a c c ur at e f or c ore 

r o ut er i nfr astr u ct ure t h a n e d g e d e vi c es.  A f urt h er c h all e n g e is t h at a V P 

i nsi d e a n a c c ess n et w or k m a y n ot o bs er ve i nt er c o n n e cti o n L A Gs i n g e o-

gr a p hi c all y dist a nt re gi o ns, d e p e n di n g o n t h e n at ure of r o uti n g b et we e n 

t h e a c c ess n et w or k a n d its i nt er c o n n e cti o n p art n er. A f ull pr o vi d er-l e vel 

vi e w fr o m a n a c c ess pr o vi d er t o a n i nt er c o n n e cti o n p art n er m a y re q uire a 

d e ns e d e pl o y m e nt of V Ps i nsi d e t h e a c c ess n et w or k.

A n o n g oi n g pr oj e ct at C AI D A is f o c us e d o n m a ki n g t his a n d ot h er d at a 

rel at e d t o I nt er n et t o p ol o g y a n d p erf or m a n c e e asi er t o us e.

Pri ncet o n’s CI T P I nterc o n necti o n Me as ure me nt Pr oject

Se ve n br o a d b a n d a c c ess pr o vi d ers, w hi c h s er vi c e o ver h alf of U S br o a d -

b a n d  s u bs cri b ers,  c o o p er at e d  t o  pr o vi d e  Pri n c et o n’s  CI T P  wit h  a g gre -

g at e d utiliz ati o n d at a f or i nt er c o n n e cti o n li n ks of br o a d b a n d pr o vi d ers.

It c o nt ai ns d at a o n n e arl y all of t h e p ai d p e eri n g, s ettl e m e nt-fre e p e er -

i n g, a n d I S P- p ai d tr a nsit li n ks of Bri g ht H o us e Net w or ks, C o m c ast, C o x, 

Me di a c o m, Mi d c o, S u d d e nli n k, a n d Ti m e War n er C a bl e. E a c h br o a d b a n d 

I S P s u b mitt e d t h e f oll o wi n g d at a f or e a c h fi ve- mi n ut e i nt er v al ( Se e Fi g ure 

): ti m est a m p; re gi o n ( w hi c h m a ps t o metr o i n o ur m o d el) re pres e nti n g 

a n a g gre g at e d li n k gr o u p; a n o n y mize d i nt er c o n n e cti n g p art y; t ot al i n gress 

b yt es; t ot al e gress b yt es; a n d c a p a cit y of t h e a g gre g at e d li n k gr o u p. We 

tr y t o m a p t h es e t er ms t o o ur m o d el of i nt er c o n n e cti o n, b ut n ot e t h at 

alt h o u g h t h e d at a c ollecti o n gr a n ul arit y m a ps t o t er ms i n o ur m o d el (if we 

c o nsi d er e a c h m etr o are a its o w n re gi o n), t h e re p orti ng gr a n ul arit y d o es n ot 

m at c h a n y a g gre g ati o n gr a n ul arit y i n o ur m o d el.

First, Fe a mster st ates t h at “t o pr ote ct t he c o n fi de nti alit y of i nf or m ati o n 

pert ai ni n g t o us a ge o n s pe ci fi c i nterc o n ne cts, t he d at a is a g gre g ate d i nt o 

. H u ff a k er, F o m e n k o v, a n d cl a ff y, “ Ge o c o m p are: a c o m p aris o n of p u bli c a n d c o m m er ci al.”

. at pr oj e ct f o u n d  disti n ct i nt er c o n n e cti o n r o ut er-l e vel li n ks fr o m a m aj or br o a d b a n d 

a c c ess pr o vi d er i nt o L e vel , t h e l ar g est of t h e Ti er  pr o vi d ers. Be c a us e di ff ere nt p oi nts are 

a n n o u n c e d i n di ff ere nt re gi o ns of t h at a c c ess n et w or k, it t o o k  o bs er v ati o n p oi nts t o fi n d all of 

t h os e i nt er c o n n e cti o n p oi nts.

. Se e htt p:// w w w. c ai d a. or g/f u n di n g/ di b bs- p a n d a/.

. C e nt er f or I nf or m ati o n Te c h n ol o g y P oli c y, “I nt er c o n n e cti o n Me as ure m e nt Pr oj e ct.”

. Fe a mst er, “ Re ve ali n g Utiliz ati o n at I nt er n et I nt er c o n n e cti o n P oi nts.”
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a si n gle li n k gr o u p per ge o gr a p hi c re gi o n.”  I n ot her w or ds, t he br o a d -

b a n d pr o vi ders are a g gre g ati n g c a p a cit y a n d utiliz ati o n d at a t o a metr o le vel 

bef ore s h ari n g it wit h CI T P. I n defe nse of t his a g gre g ati o n, Fe a mster n otes 

t h at “ we c a n ass u me a rel ati vel y u nif or m l o a d b al a n ce of i n b o u n d tr a ffi c 

fl o ws f or a li n k a g gre g ati o n gr o u p.”  B ut c o nte nt pr o vi ders d o n ot ne ces-

s aril y b al a n ce l o a d e q u all y a cr oss m ulti ple L A Gs i n a metr o are a. Fr o m t he 

d at a CI T P s h ares p u bli cl y, it is u n cle ar w het her m a n y of t he L A Gs i n t he 

CI T P d at a set h a ve m ulti ple c o nstit ue nt L A Gs. If t he y d o, t his ass u m pti o n 

is n ot v ali d.

M ore pr o ble m ati c is t h at alt h o u g h e a c h br o a d b a n d pr o vi der a n o n y mize d 

t he p art ner net w or k f or e a c h d at a p oi nt t he y s h are d, t he y als o re q uire d N o n-

Dis cl os ure A gree me nts t h at f urt her li mite d t he a n al ysis a n d re p orti n g t o 

e ve n m ore he a vil y a g gre g ate d f or ms of t his d at a. I n p arti c ul ar, t he p arti ci p at -

i n g I S Ps re q uire d a g gre g ati o n of c a p a cit y a n d utiliz ati o n le vels eit her acr oss 

all regi o ns or acr oss m ulti ple br o a d b a n d net w or ks t o a n o n y mize a n y gi ve n 

i nterc o n ne cti n g p art y. Fe a mster a c k n o wle d ges t h at s u c h a g gre g ati o n d oes 

n ot e n a ble u n derst a n di n g of i m p air me nts bet wee n a n y p air of net w or ks:

e p a p er st at es:

I n t he p u blic d at aset, it is p ossi ble t o assess t he o ver all utili z ati o n i n s o me 

regi o n acr oss all I S Ps a n d p art ner net w or ks, b ut n ot f or a ny i n di vi d u al 

i nterc o n necti o n p oi nt i n a regi o n. Si mil arly, it is p ossi ble t o see t he aggre-

g ate utili z ati o n f or a ny of t he p artici p ati ng I S Ps, b ut n ot f or a s peci fic 

regi o n or neig h b or I S P. As a res ult, t he aggreg ates m a ke it di ffic ult t o drill 

d o w n i nt o t he utili z ati o n bet wee n a ny p air of net w or ks, eit her as a w h ole 

or f or a ny p artic ul ar regi o n. As a res ult, it is n ot p ossi ble t o c o ncl u de t h at 

. I bi d, p. .

. I bi d, p. .

 C e nt er f or I nf or m ati o n Te c h n ol o g y P oli c y’s I nt er c o n n e cti o n Me as ure m e nt 

Pr oj e ct Ar c hit e ct ure. ( B orr o we d fr o m Fe a mst er, p. .)
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n o i nterc o n necti o n li n ks e x perie nce hig h utili z ati o n. Bec a use t he p u blic 

d at a s h o ws utili z ati o n acr oss e ac h I S P, we c a n c o ncl u de t h at e ac h I S P h as 

s p are c a p acity — alt h o ug h we c a n n ot c o ncl u de t h at it h as s p are c a p acity 

i n e ac h regi o n or o n a ny i n di vi d u al p ort.

We us e t h e t er mi n ol o g y of o ur m o d el t o e x pl ai n h o w t his e xc er pt is u n n e c -

ess aril y misl e a di n g. First, t h e i nt e nti o n all y c h os e n a g gre g at es d o n ot j ust 

m a k e it “ di ffi c ult” t o drill d o w n i nt o iss u es b et we e n a n y p air of n et w or ks 

— t h e y m a k e it i m p ossi bl e; as Fe a mst er h as pre vi o usl y cl ari fi e d, o bf us c ati n g 

t h at i nf or m ati o n w as a re q uire m e nt of t h e N D As b et we e n t h e a c c ess a n d 

c o nt e nt pr o vi d ers. F urt h er m ore, t h e c o n cl usi o n t h at e a c h I S P h as s p are 

c a p a cit y ref ers t o t h at I S P’s c o n n e cti o ns wit h all of its i nt er c o n n e cti n g p ar -

ti es, w hi c h is n ot a m e a ni n gf ul a g gre g ati o n gr a n ul arit y, si n c e, f or e x a m pl e, 

Net fli x c a n n ot us e G o o gl e’s li n ks. I n d e e d, we n ot e t h at t h e m ost i nt erest -

i n g o bs er v ati o n i n t h e p u bli c d at a t h at CI T P p ost e d is t h at a n o n n e gli gi bl e 

n u m b er of i nt er c o n n e cti o n li n ks e x p eri e n c e n e arl y  utiliz ati o n!

Fe a mst er pr o c e e ds t o a g gre g at e t h e utiliz ati o n of i nt er c o n n e ct gr o u ps 

f or all i nt er c o n n e cti o ns fr o m all access I S Ps t o all i nterc o n necti ng p arties 

a cr oss all re gi o ns, as if t h e y were s u bstit ut a bl e, t o c o n cl u d e t h at e ve n if 

t h ere are h e a vil y c o n g est e d i n di vi d u al L A Gs ( w hi c h h e c a n n ot dis cl os e), 

t h ere is s o m e L A G s o m e w h ere i n t h e hi g hl y a g gre g at e d d at a s et t h at h as 

s p are c a p a cit y t h at a p art n er c o ul d b e usi n g b ut is c h o osi n g n ot t o us e. 

He dr a ws si mil ar c o n cl usi o ns fr o m a g gre g ati n g a n d pres e nti n g utiliz ati o n 

st atisti cs per regi o n b ut acr oss all I S Ps . e pr o bl e m wit h s u c h br o a d a g gre -

g ati o ns, a cr oss all re gi o ns or a cr oss all i nt er c o n n e cti n g p arti es i n a re gi o n, 

is t h at t h e re p ort e d c a p a cit y c o ul d i n cl u d e li n ks t h at are u nli k el y t o b e 

a v ail a bl e  t o  all  i nt er c o n n e cti n g  c o nt e nt  pr o vi d ers.  ( A g ai n,  Net fli x  li n ks  

are pr o b a bl y n ot a s u bstit ut e f or d eli veri n g G o o gl e c o nt e nt.) We c o nsi d er 

t h es e a g gre g ati o n gr a n ul ariti es t o hi d e e x a ctl y t h e i nf or m ati o n a re g ul at or 

n e e ds t o s e e t o ass ess p erf or m a n c e pr o bl e ms wit h i nt er c o n n e cti o n b et we e n 

p arti es. He a g ai n a c k n o wl e d g es t h e li mits of t h es e a g gre g ati o ns:

Cert ai n a ns wers re m ai n o bsc ure d, s uc h as w het her a p artic ul ar p art -

ner net w or k is e x perie nci ng persiste nt c o ngesti o n, or w het her p artic ul ar 

ty pes  of  c o n necti o ns  (e.g.,  p ai d  peeri ng)  are  e x perie nci ng  m ore  or  less  

c o ngesti o n.

. I bi d, p. .

. is p a g e pr o vi d es a n a n o n y mize d vi e w of e a c h a g gre g at e d L A G: htt p://i nt er c o n n e cti o n.

cit p. pri n c et o n. e d u/ pr oj e ct/ vi e ws b y-i nt er c o n n e ct/; CI T P, I nt er c o n n e cti o n Me as ure m e nt Pr oj e ct.
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b ut c o n cl u d es t h at t h e re p ort e d gr a n ul ariti es:

re ve al a ge ner al pict ure of ( ) all I S Ps h a vi ng s p are c a p acity i n aggreg ate 

acr oss i nterc o n nects; ( ) m ost i nterc o n nect c a p acity i n aggreg ate s h o wi ng 

s p are c a p acity at pe a k. B ot h of t hese c o ncl usi o ns re ve al sig ni fic a ntly m ore 

t h a n we h a ve k n o w n t o d ate.

U nf ort u n at el y, w e d o n ot b eli e v e t h es e m e as ure m e nts re v e al a n yt hi n g n e w 

t h at  c a n  a d dress  a n y  dis a gre e m e nts  rel at e d  t o  I nt er n et  i nt er c o n n e cti o n  

t h at  h a v e  a p p e are d  i n  t h e  res e ar c h  lit er at ure,  m e di a  c o v er a g e,  or  F C C  

fili n gs.

Me as uri ng t he I nterc o n necti o n Li n ks of A T & T

D uri n g t h e A T & T/ Dir e c T V m er g er pr o c e e di n gs, p u bli cl y fil e d o bj e c -

ti o ns fr o m e d g e pr o vi d ers a n d t h eir r e pr es e nt ati v es f o c us e d o n i nt er c o n-

n e cti o n as a l o c us of h ar mf ul dis cri mi n ati o n a n d str o n gl y a d vis e d t h e 

F C C  i m p os e  c o n diti o ns  r el at e d  t o  i nt er c o n n e cti o ns  o n  a n y  a p pr o v e d  

m er g er.  I n  r es p o ns e  t o  t h es e  c o n c er ns,  t h e  m er g er  or d er  i m p os e d  a  

r e q uir e m e nt f or A T & T t o pr o vi d e t o t h e F C C t h e b usi n ess t er ms f or all 

t h eir si g ni fi c a nt i nt er c o n n e cti n g p arti es a n d t o r e p ort k e y p erf or m a n c e 

m etri cs of t h os e i nt er c o n n e cti o ns, f or a d ur ati o n of f o ur y e ars b e y o n d t h e 

m er g er a p pr o v al d at e. is i nf or m ati o n will e d u c at e t h e F C C a b o ut t h e 

c h ar a ct er of i nt er c o n n e cti o n a n d w h et h er t h e c o ntr a cts s u g g est e d u nr e a -

s o n a bl e  dis cri mi n ati o n  a m o n g  A T & T’s  i nt er c o n n e cti n g  p arti es.  Si n c e  

o bj e ct ors f o c us e d o nl y o n i nt er c o n n e cti o n as a p oi nt of p ossi bl e dis cri m -

i n at or y b e h a vi or, t h e m er g er or d er li mit e d t h e s c o p e of m e as ur e m e nt t o 

i nt er c o n n e cti o n  li n ks,  a n d  n o  ot h er  p art  of  t h e  p at h  fr o m  s e n d ers  t o  

r e c ei v ers.

To  de fi ne  e xactl y  h o w  A T & T  w o ul d  gat her  a n d  re p ort  t hese  meas ure -

me nts,  t he F C C mer ger a gree me nt calle d f or t he j oi nt a p p oi nt me nt of a n  

I M E. A T & T a n d t he F C C selecte d C AI D A, at t he U ni versit y of Calif or nia 

Sa n Die g o, t o ser ve as t his I M E. e f ull re p ort of t heir met h o d ol o g y a n d 

t he s u p p orti n g fili n g wit h a d diti o nal j usti ficati o n f or s o me of met h o d ol o g y 

are a vaila ble as F C C fili n gs a n d o n C AI D A’s we b site.  e F C C s peci fie d a 

. Fe a mst er, “ Re ve ali n g Utiliz ati o n,” p. .

.  cl a ff y  et  al.,  “ First  A m e n d e d  Re p ort  of  A T & T ”;  cl a ff y  et  al.,  “ Re p ort  of  A T & T  

I n d e p e n d e nt Me as ure m e nt E x p ert: B a c k gr o u n d a n d s u p p orti n g.”
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ra n ge of re q uire d meas ure me nts; here we e xa mi ne h o w t h ose meas ure me nts fit 

wit hi n o ur c o nce pt ual m o del.

C a p a cit y a n d utili z ati o n. C o nsist e nt wit h t h e re as o ni n g i n “ Di ff ere nt 

O bj e cti ves  f or  Perf or m a n c e  A n al ysis,”  t h e  I M E  re q uire d  t h at  A T & T  

re p ort o n L A Gs, a n d as well m etr o- a n d pr o vi d er- wi d e a g gre g ati o ns, b ut 

n ot o n i n di vi d u al li n ks. To a c c o u nt f or f a ct ors t h at mi g ht m a k e t his d at a 

a m bi g u o us, i n cl u di n g p ossi bl e us e of t h e li n k t o c arr y n o n-I nt er n et tr a ffi c, 

f or e x a m pl e, c arri er VoI P, I P T V tr a ns p ort, or ot h er s u c h s p e ci alize d ( or 

“ n o n- BI A S ”) tr a ffi c. e I M E re q uire d t h at A T & T dis cl os e t o t h e F C C 

if a n y s u c h s h ari n g is t a ki n g pl a c e. e I M E e m p h asize d t h at it mi g ht b e 

n e c ess ar y  t o  s e e k  t h e  c o o p er ati o n  of  t h e  i nt er c o n n e cti n g  p art y  t o  f ull y  

c h ar a ct erize h o w t h e i nt er c o n n e cti n g p art y is m a n a gi n g di ff ere nt s orts of 

tr a ffi c.

P a c k et L oss r at e. Si n c e utiliz ati o n d at a al o n e c a n n ot c o n fir m t h e pres -

e n c e of c o n g esti o n ( “ Rel ati n g Perf or m a n c e Me as ures t o Q o E ”), t h e F C C 

. I n f ull, t h e m er g er a gre e m e nt pl a c e d t h e f oll o wi n g re q uire m e nts o n t h e I M E ( Fe d er al 

C o m m u ni c ati o ns C o m missi o n, “I n t h e M att er of A p pli c ati o ns of A T & T I n c. a n d DI R E C T V F or 

C o ns e nt,” A p p e n di x B. V. . c.i v), a n d re q uire d t h e s p e ci fi c ati o n of t h e f oll o wi n g m e as ure m e nts:

...t he  C o m p a ny,  i n  c o ns ult ati o n  wit h  t he  I n de pe n de nt  Me as ure me nt  E x pert,  will  s u b-

mit f or a p pr o v al by t he C o m missi o n’s O ffice of Ge ner al C o u nsel, i n c o ns ult ati o n wit h t he 

Wireli ne C o m petiti o n B ure a u a n d t he C hief Tec h n ol ogist, a re p ort descri bi ng t he I n de pe n de nt 

Me as ure me nt E x pert’s pr o p ose d met h o d ol og y f or t he me as ure me nt of t he perf or m a nce metrics 

descri be d herei n. S uc h re p ort s h all als o be s u b mitte d t o t he I n de pe n de nt C o m pli a nce O fficer. 

e pr o p ose d met h o d ol og y s h o ul d, at a mi ni m u m, a d dress t he f oll o wi ng criteri a:

( ) I de nti fic ati o n of I nter net I nterc o n necti o n Poi nts, i ncl u di ng t he i de ntity of t he i nterc o n -

necti ng p arties a n d t he l oc ati o n a n d c a p acity of e ac h i nterc o n necti o n p oi nt.

( ) I de nti fic ati o n  of  a  discl os ure  e xe m pti o n  t hres h ol d  f or  a  de  mi ni mis  v ol u me  of  tr a ffic  

e xc h a nge d bet wee n t he C o m p a ny a n d i nterc o n necti ng p arties.

( ) A de fi niti o n of “ L ate ncy,” w hic h s h all i ncl u de t he discl os ure of t he pr o b a bility distri b uti o n.

( ) A de fi niti o n of “ Pac ket L oss”.

( ) Ti me of me as ure me nts, w hic h s h all, at a mi ni m u m, i ncl u de a n i de nti fie d wi n d o w wit hi n 

pe a k us age peri o ds.

( ) For a ny perf or m a nce metric c o nti nge nt u p o n a n i nterc o n necti ng p arty’s p artici p ati o n i n 

t he selecte d me as ure me nt met h o d ol og y, a pr ocess f or w ai vi ng t he discl os ure of t h at metric 

at p oi nts of i nterc o n necti o n w here t he i nterc o n necti ng p arty decli nes t o p artici p ate.

( ) Fr e q ue ncy a n d d ur ati o n of me as ure me nts.

( ) A ny de vices use d f or me as ure me nt.

( ) E n d p oi nts of me as ure me nts.

( ) Pl ace me nt of a ny de vices.

( ) Fr e q ue ncy of discl os ures.

.  cl a ff y  et  al.,  “ Re p ort  of  A T & T  I n d e p e n d e nt  Me as ure m e nt  E x p ert:  B a c k gr o u n d  a n d  

S u p p orti n g.”
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re q uire d t h e re p orti n g of p a c k et l oss es a n d v ari ati o n i n l at e n c y (jitt er), 

pres u m pti vel y a n i n di c ati o n of p a c k et q u e u es d u e t o c o n g esti o n. e I M E 

re c o m m e n d e d s e ver al w a y of m e as uri n g p a c k et l oss. e first is t o us e t h e 

n et w or k m a n a g e m e nt c a p a bilit y o n t h e r o ut ers at t h e e n d p oi nts of t h e 

L A G. R o ut ers tr a c k h o w m a n y p a c k ets t h e y dr o p at t h e i n gress t o a li n k.

B ut t h e F C C’s re g ul at or y c o n c er n w as pri m aril y wit h tr a ffi c fl o wi n g i nt o 

A T & T, w hi c h m e a ns t h at t h e p a c k et l oss of i nt erest o c c urs o n t h e ot h er 

e n d of t h e li n k, o n t h e r o ut er b el o n gi n g t o t h e i nt er c o n n e cti n g p art y. I n 

t h e c o nt e xt of t h es e m er g er c o n diti o ns, t h e F C C c o ul d c o m p el A T & T t o 

re p ort, b ut t h e I M E c o ul d o nl y as k t h at t h e i nt er c o n n e cti n g p art y pr o vi d es 

t his i nf or m ati o n, a n d t h os e p arti es h a ve l e giti m at e re as o ns f or rel u ct a n c e 

t o c o o p er at e wit h t his re q u est. M ost o b vi o usl y, if t h e li n k is c o n g est e d i n 

t h e i n c o mi n g dire cti o n, t h e i nt er c o n n e cti n g p art y m a y n ot w a nt t o re ve al 

it. A d diti o n all y, t h e r o ut er m a y dr o p p a c k ets t h at are m alf or m e d, cl assi-

fi e d as m ali ci o us ( e. g., p art of a D D o S att a c k), mis-r o ut e d, a n d s o o n. A 

dr o p p e d p a c k et d o es n ot n e c ess aril y m e a n c o n g esti o n, a n d if t h e li n k is 

o nl y o c c asi o n all y c o n g est e d, ot h er c a us es of dr o ps m a y dist ort t h e o ver all 

m e as ure. Gi ve n t h es e f a ct ors, t h e I M E re q uire d t h at A T & T us e a s e c o n d 

a p pr o a c h t o m e as ure l oss es ( a n d l at e n c y, as dis c uss e d b el o w) o n t h e i nt er -

c o n n e cti n g li n ks, w hi c h is t o s e n d a pr o b e p a c k et a cr oss t h e li n k wit h t h e 

g o al of tri g g eri n g a res p o ns e p a c k et. e fi n al m et h o d ol o g y re q uire d usi n g 

b ot h a p pr o a c h es t o t h e e xt e nt p ossi bl e, w hi c h pr o vi d es a m e a ns t o d et er -

mi n e w h et h er t h e t w o yi el d si mil ar a ns wers, a n d (if n ot) t h e cir c u mst a n c es 

u n d er w hi c h t h e t w o di ff er, f or e x a m pl e, B arf or d a n d S o m m ers.

L at e n c y a n d jitt er. I n a d diti o n t o l oss r at es, t h e F C C re q uire d (t h at 

t h e I M E s p e cif y a m et h o d f or) A T & T t o re p ort o n v ari ati o n of l at e n c y 

a cr oss t h e L A G. W hil e s o m e c o m m erci al r o ut ers s u p p ort a m e as ure m e nt of 

q u e u e l e n gt h, o p er at ors d o n ot g e n er all y us e it, a n d t h e I M E h a d n o w a y 

t o c ali br at e it. S o t h e fi n al m et h o d ol o g y re c o m m e n d e d t w o a p pr o a c h es  

f or  a cti ve  m e as ure m e nt,  b ot h  of  w hi c h  d e p e n d  o n  m e as uri n g  t h e  ti m e  

b et we e n t h e s e n di n g of t h e pr o b e a n d t h e ret ur n of t h e re pl y, w hi c h esti -

m at es t h e r o u n d-tri p l at e n c y. Vari ati o n i n t his m e as ure m e nt is e vi d e n c e 

of jitt er. Li mit ati o ns of t h e c a n o ni c al pr o bi n g pr ot o c ol (I C M P) m oti v at e d 

t h e  re q uire m e nt  f or  a n ot h er  m ore  a c c ur at e  pr ot o c ol  ( T w o- Wa y  Acti ve  

Me as ure m e nt  Pr ot o c ol  [ T W A M P])  f or  i nt erc o n n e cti n g  p arti es  willi n g  

. es e l oss c o u nt ers m a y b e i n c o m pl et e, t h at is, re p orti n g o nl y dr o ps t h e r o ut er pr o p erl y 

re c or ds.

. B arf or d a n d S o m m ers, “ C o m p ari n g Pr o b e- a n d R o ut er- B as e d Pa c k et- L oss Me as ure m e nt.”
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t o  c o o p er at e  t o  s u p p ort  it.  T W A M P  tri es  t o  re m o ve  t h e  u n c ert ai nt y  

ass o ci at e d wit h a si m pl e I C M P pr o b e usi n g a m ore c o m pl e x s et of ti mi n gs. 

W hil e T W A M P m a y b e m ore a c c ur at e, it is n ot wi d el y d e pl o ye d i n t h e 

I nt er n et, a n d t h e o p er ati o n al a n d res e arc h c o m m u nit y h as littl e e x p eri e n c e 

wit h v ali d ati n g t h e a c c ur a c y of T W A M P pr o b es. e i nt erc o n n e cti n g p art y 

w o ul d h a ve t o i nst all a T W A M P res p o n d er at t h e f ar e n d of t h e li n k, w hi c h 

t h ere is n o w a y t o m a n d at e i n t h e c o nt e xt of t h e m er g er or d er. All t h e 

I M E ( a n d A T & T) c o ul d as k t h e i nt erc o n n e cti n g p art y is if t h e y will i nst all 

a n d a cti v at e a T W A M P res p o n d er. e f all b a c k is t h e l ess a c c ur at e I C M P 

pr o bi n g.

A p pl yi n g  o ur  m o d el  f or  a g gr e g ati n g  t h e  A T & T  m e as ur e m e nts.  

As m e as ure m e nt at di ff ere nt a g gre g ati o ns re ve als di ff ere nt b e h a vi or, t h e 

I M E re q uire d A T & T t o re p ort utiliz ati o n at t hre e a g gre g ati o ns: i n di vi d -

u al L A Gs, m etr o, a n d o ver all f or e a c h i nt er c o n n e cti n g p art y. e I M E 

re q uire d  re p orti n g  o n  i n di vi d u al  L A Gs  s o  t h at  t h e  F C C  c a n  d et e ct  a n  

i m b al a n c e  a m o n g  L A Gs  i n  a n  a g gre g ati o n,  w hi c h  mi g ht  h a ve  i m pli c a-

ti o ns f or s u bstit ut a bilit y of t h os e L A Gs. e re q uire m e nt f or re p orti n g 

at  t hre e  l e vels  of  a g gre g ati o n  w as  first  t o  all o w  f or  t h e  p ossi bilit y  t h at  

m e as ure m e nts at o n e l e vel m a y s u g g est a pr o bl e m wit h d at a a g gre g at e d 

at a n ot h er l e vel. B ut m ore f u n d a m e nt all y, t h e g o al is t o l e ar n w h at t h es e 

l e vels of a g gre g ati o n re ve al, gi ve n t h at t h e y are b as e d o n t h e s a m e u n d er-

l yi n g L A G-l e vel d at a. De fi ni n g a re gi o n r ais e d e n o u g h a m bi g uiti es t h at it 

w as o mitt e d fr o m t h e re q uire m e nt. Ai mi n g f or a fi n e- gr ai n e d vi e w of t h e 

v ari ati o n of d e m a n d, t h e m et h o d ol o g y re q uire d t h at A T & T g at h er r a w 

d at a i n fi ve- mi n ut e i nt er v als a n d t o pl ot k e y p ar a m et ers ( a cr oss all t hre e 

a g gre g ati o ns) as well as s u m m ar y st atisti cs. e I M E di d n ot re q uire t h at 

A T & T re p ort eit h er l oss or jitt er at hi g h er l e vels of a g gre g ati o n, si n c e t h e y 

k n e w of n o w a y t o a g gre g at e t h es e v al u es i n a w a y t h at yi el ds m e a ni n gf ul 

res ults. is c h all e n g e is a f ut ure res e ar c h q u esti o n.

S u m m ar y a n d P oli c y Re c o m m e n d ati o ns

We h a ve us e d o ur c o n c e pt u al m o d el t o p ositi o n a n u m b er of c urre nt d at a 

g at h eri n g e ff orts a n d t o fr a m e t h e j usti fi c ati o n f or t h e m e as ure m e nts t h e 

I M E re q uire d A T & T t o re p ort t o t h e F C C. O ur g o al is n ot t o re c o m -

m e n d a s p e ci fi c s et of m e as ure m e nts, b ut t o assist p oli c y m a k ers i n m a ki n g 

.  cl a ff y  et  al.,  “ First  A m e n d e d  Re p ort  of  A T & T  I n d e p e n d e nt  Me as ure m e nt  E x p ert”;  

He d a y at et al., A T w o- Wa y Acti ve Me as ure m e nt Pr ot o c ol ( T W A M P): R F C .”
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i nf or m e d d e cisi o ns re g ar di n g h o w t o i nt er pret m e as ure m e nts i nt e n d e d t o 

re ve al si g ni fi c a nt p erf or m a n c e i m p air m e nts. Here we s u m m arize l ess o ns 

l e ar n e d i n t h e pr o c ess of d e fi ni n g t h e A T & T/ Dire c T V m et h o d ol o g y a n d 

i n t h e pr o c ess of d e fi ni n g t h e m o d el we o ff er i n t his arti cl e.

M e as ur e m e nt is p oliti c al, a n d oft e n a d vers ari al . If p arti es are i n a 

dis p ut e, t h e y m a y f a v or m e as ure m e nt t h at re fl e cts well o n t h e m a n d p o orl y 

o n a n ot h er dis p ut a nt. Me as ure m e nts t h at re ve al t h e l o c ati o n of a n i m p air -

m e nt m a y b e i n t h e b est i nt erest of o n e p art y b ut n ot t h e ot h er. I S Ps are 

o nl y li k el y t o s h are d at a t h at will re fl e ct well o n t h e m.

M e as uri n g i n di vi d u al i nt er c o n n e cti o n p oi nts d o es n ot t ell a c o m -

pl et e st or y. C o nt e nt pr o vi d ers h a ve c o ntr ol o ver h o w t h e y s o ur c e c o nt e nt 

i nt o a n a c c ess pr o vi d er n et w or k s u c h as A T & T (i n cl u di n g p ot e nti all y o ver 

i n dire ct li n ks), a n d s o a c o h ere nt vi e w re q uires e x a mi n ati o n of t h e l ar g er 

a g gre g at es i n o ur m o d el, p ossi bl y i n cl u di n g tr a ffi c fl o w o ver i n dire ct p at hs, 

t o s e e if a v ail a bl e c a p a cit y c a n m e et d e m a n d. A c h all e n g e of o bt ai ni n g 

a m ore e x p a nsi ve vi e w is t h at a t hir d p art y m a y n ot b e a bl e t o as c ert ai n 

w hi c h  tr a nsit  li n ks  mi g ht  b e  a v ail a bl e  t o  c o nt e nt  pr o vi d ers  as  i n dire ct  

p at hs,  t a ki n g  i nt o  a c c o u nt  b ot h  t e c h ni c al  a n d  b usi n ess  c o nsi d er ati o ns.  

U n a n o n y mize d n et w or k-l e vel tr a ffi c fl o w d at a is re q uire d t o c o n fir m t h at a 

tr a nsit c o n n e cti o n re all y is b ei n g us e d b y a gi ve n c o nt e nt pr o vi d er.

R e p orti n g f or a gi ve n p air of i nt er c o n n e cti n g p arti es at t w o a g gr e -

g ati o n  gr a n ul ariti es — m etr o  a n d  r e gi o n — ar e  g e n er all y  us ef ul  i n  

d et er mi ni n g w h et h er m at eri al i m p air m e nts ar e o c c urri n g t h at mi g ht 

w arr a nt r e g ul at or y att e nti o n. B ut a c a ve at a p pli es. S p e ci fi c all y, if d at a 

fr o m fi n er a g gre g ati o n gr a n ul ariti es d o es n ot l e n d cre di bilit y t o t h e cl ai m 

t h at t h e c o nt ai n e d el e m e nts are s u bstit ut a bl e, l o o ki n g o nly at a n a g gre -

g at e  m a y  m as k  e x a ctl y  w h at  o n e  is  tr yi n g  t o  us e  t h e  d at a  t o  as c ert ai n.  

Parti c ul arl y wit h res p e ct t o c o nt e nt pr o vi d ers, w hi c h m a y c o n n e ct t o a n 

a c c ess pr o vi d er wit h m a n y L A Gs i n a m etr o are a ( a n d c o n n e ct i n m a n y 

m etr o are as), t h e m etr o l e vel of a g gre g ati o n is us ef ul, ass u mi n g s u bstit ut -

a bilit y of c o m p o n e nt li n ks. e l ar g est l e vels of a g gre g ati o n (s u c h as all 

li n ks b et we e n t w o pr o vi d ers) are r arel y a us ef ul s c o p e of re g ul at or y a n al y-

sis. It is u nli k el y t h at li n ks i n s u c h a l ar g e s c o p e will b e s u bstit ut a bl e, d u e 

t o v ari ati o n i n t h e l o wer l e vel el e m e nts t h at c o m p os e t h e a g gre g at e.

Pat h  m e as ur e m e nts  pr o vi d e  a  us ef ul  a n d  c o m pl e m e nt ar y  vi e w  of  

p erf or m a n c e a cr oss m ulti pl e I S Ps. B ut c a ve ats a p pl y h er e t o o. A bse n ce 

of  i m p air me nts  i n  a  si n gle  i nterc o n ne cti o n  li n k  d oes  n ot  i m pl y  a bse n ce  

of i m p air me nts i n t he e n d-t o-e n d p at h. O bt ai ni n g a re as o n a bl y c o m plete 

pi ct ure will re q uire c o nsi der ati o n of b ot h li n k a n d p at h ( or p at h se g me nt) 

me as ure me nts.  e  e n d-t o-e n d  me as ure me nts  fr o m  Net fli x  a n d  G o o gle  
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( “ G o o gle Vi de o Q u alit y Re p orts” a n d “ Net fli x I S P S pee d I n de x”) pr o vi de 

a n ot her me as ure of w het her o ver all c a p a cit y is meeti n g de m a n d, a n d w het her 

t here is a ct u al vari ati o n i n t hr o u g h p ut. H o we ver, t he s pe ci fi c de cisi o ns a b o ut 

h o w t h ose d at a were a g gre g ate d m a ke t he c o n cl usi o ns a m bi g u o us. E n d-t o-

e n d me as ure me nt will re ve al be h a vi or t h at m ost dire ctl y m a ps t o p ossi ble 

i m p air me nt, b ut it d oes n ot re ve al w here i m p air me nt is arisi n g, n or i n di c ate 

if t here is a n y a ct u al de gr a d ati o n i n user- percei ve d Q o E. Ma p pi n g s u c h d at a 

t o Q o E i m p air me nt re q uires a gree me nt o n a p pli c ati o n-s pe ci fi c t hres h ol ds 

f or i m p air me nt, a n o pe n rese arc h q uesti o n.

A n a c c ur at e pi ct ur e of p a c k et l oss a n d l at e n c y a cr oss i nt er c o n n e c -

ti o n li n ks r e q uir es c o o p er ati o n of i nt er c o n n e cti n g p arti es wit h c o u n-

t eri n c e nti ves t o c o o p er at e. C o nt e nt pr o vi d ers, i n p arti c ul ar, n a vi g at e a 

c o m pl e x s et of iss u es s urr o u n di n g i nt er c o n n e cti o n, st arti n g wit h c o m m er -

ci al c o ntr a cts. Usi n g t h e A T & T c as e as a n e x a m pl e, A T & T d es cri b e d t h e 

c o nt e nt pr o vi d ers as c ust o m ers of A T & T, n ot tr a diti o n al p e ers. F urt h er, 

t h e F C C c o m p ell e d A T & T t o re ve al u n d er a pr ot e cti ve or d er t h e c o ntr a cts 

t h e i nt er c o n n e cti n g p arti es si g n e d wit h A T & T. If a dire ct i nt er c o n n e c-

ti o n li n k is a p p are ntl y c o n g est e d, it d o es n ot n e c ess aril y m e a n A T & T is 

pre ve nti n g t h e i nt er c o n n e cti n g p art y fr o m o bt ai ni n g w a nt e d c a p a cit y. A n 

alt er n ati ve e x pl a n ati o n is t h at t h e i nt er c o n n e cti n g p art y h as, f or e c o n o mi c 

re as o ns,  c h os e n  n ot  t o  p ur c h as e  a d diti o n al  c a p a cit y.  C o nt e nt  pr o vi d ers  

m a y h a ve m a n y p at hs t o d eli ver t h eir c o nt e nt, b ut if t h eir i nt er c o n n e cti o n 

li n ks b e c o m e c o n g est e d, it mi g ht n ot re fl e ct well o n t h e m, es p e ci all y if 

t h e y h a d re c e ntl y l o d g e d c o m pl ai nts a b o ut t h eir a bilit y t o i nt er c o n n e ct, 

a n d t h e F C C n o w h a d t h e t er ms of t h eir i nt er c o n n e cti o n a gre e m e nt i n 

h a n d. es e vest e d i nt erests m a y m oti v at e a pref ere n c e f or re p orti n g l ar g er 

a g gre g at es ( m etr o or pr o vi d er- wi d e, i n cl u di n g i n dire ct li n ks) a n d re p ort -

i n g m e as ures t h at are n ot s c o p e d t o i nt er c o n n e cti o n li n ks s p e ci fi c all y, b ut 

t o l o n g er p at h s e g m e nts, or e n d t o e n d.

E a c h st a k e h ol d er bri n gs a u ni q u e c o ntri b uti o n t o t h e o ver all pi c -

t ur e  of  i nt er c o n n e cti o n  c o n diti o ns.  e  res e ar c h  c o m m u nit y  h as  n ot  

d e vis e d t hir d- p art y m e as ure m e nt t o ols t o re m ot el y m e as ure t h e c a p a cit y 

or  utiliz ati o n  of  a n  i nt er c o n n e cti o n  li n k.  B ut  n eit h er  d o  t h e  I S Ps  h a ve  

f ull visi bilit y i nt o b e h a vi or. A n I S P o bs er vi n g a li n k m a y m e as ure utili-

z ati o n a n d c o n g esti o n b ut it c a n n ot e asil y m e as ure h o w t h e s e n d ers h a ve 

c h os e n t o d e al wit h t his c o n g esti o n: h o w m u c h t h e y h a ve sl o we d t h eir 

s e n di n g, or w h et h er t h e y h a ve c h a n g e d t h e e n c o di n g of t h e tr a ffi c. ir d-

p art y  o bs er vers  ( or  pr o vi d ers  of  hi g h er-l e vel  a p pli c ati o ns  a n d  c o nt e nt)  

m a y b e b ett er p ositi o n e d t h a n o p er at ors t o m e as ure t h e o ver all Q o E of 

a n a cti vit y b y e n d-t o- e n d m e as ure m e nt, b ut t h e y are n ot well p ositi o n e d 
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t o ass ess s u bstit ut a bilit y of L A Gs. A n I S P c a n o nl y s e e p art of t h e p at h 

a n d m a y  h a ve e xc ell e nt visi bilit y i nt o t h at p art, b ut c a n n ot s e e all of it.  

A n e n d-t o-e n d meas ure me nt has i m perfect visi bilit y i nt o t he pat h b ut ca n 

detect if  t h ere is a n o ver all pr o bl e m.

e F C C s h o ul d p urs u e wi d er visi bilit y of w h at is l e ar n e d i n t h e f a c e 

of pr ot e cti ve or d ers. It is i m p ort a nt f or t h e l ar g er c o m m u nit y t o l e ar n 

a b o ut t h e utilit y a n d e ff e cti ve n ess of t h es e v ari o us m e as ure m e nt m et h o ds. 

H o we ver t h e m e as ure m e nt m et h o d ol o g y d e fi n e d b y t h e I M E is p u bli c, 

t h e g at h ere d d at a is n ot. e m er g er or d er re q uires t h at A T & T s h are d at a 

wit h t h e F C C u n d er a pr ot e cti ve or d er, a n d wit h t h e I M E its elf o nl y i n 

t h e b e gi n ni n g of t h e re p orti n g pr o c ess, f or t h e p ur p os e of res ol vi n g fl a ws 

i n t h e m e as ure m e nt m et h o ds.  S o m e o p er ati o n al iss u es t h at tri g g ere d t h e 

re p orti n g re q uire m e nt, s u c h as o verl o a d e d L A Gs, m a y n ot aris e d uri n g t h e 

li mit e d p eri o d i n w hi c h t h e I M E is re vi e wi n g t h e m e as ure m e nt m et h o d 

a n d res ulti n g re p orti n g. Vali d ati o n of a m et h o d t o d et e ct a n iss u e is n ot 

p ossi bl e u ntil a n d u nl ess t h e c o n diti o n of i nt erest aris es.

F urt h er m ore, w hil e t h e d at a s h are d wit h t h e F C C will i nf or m re g ul at or y 

p oli ci es a n d t h e F C C’s u n d erst a n di n g of a c c ess n et w or k i nt er c o n n e cti o n 

. Fr o m t h e c o ntr a ct [ htt p:// w w w. c ai d a. or g/f u n di n g/ att-i nt er c o n n e cti o n/]:

( c) C AI D A a n d A T & T j oi ntly will re vie w t he first re p ort t h at A T & T m ust s u b mit t o t he 

F C C o n I nter net i nterc o n necti o n perf or m a nce metrics res ulti ng fr o m t he Met h o d ol og y (t he 

” Metrics Re p ort”).

(i) A T & T ac k n o wle dges a n d u n derst a n ds t h at i n or der f or C AI D A t o f ul fill its o blig ati o ns as 

p art of t his re vie w pr ocess, i ncl u di ng t o assert c o n fi de nce as t o t he v ali dity of t he Met h o d ol og y, 

C AI D A  m ust  h a ve  re as o n a ble  access  t o  cert ai n  u n derlyi ng  d at a  necess ary  t o  v ali d ate  t he  

Met h o d ol og y. A ny met h o d f or me as ure me nt m ust be teste d a n d e v al u ate d i n pr actice, a n d 

C AI D A m ust be m ateri ally i n v ol ve d i n t his acti vity.

(ii) If eit her C AI D A or A T & T belie ves t h at t here is a n iss ue wit h t he perf or m a nce metrics c o n -

t ai ne d i n t he first Metrics Re p ort, C AI D A will ( A) pr o p ose re as o n a ble a dj ust me nts t o t he 

Met h o d ol og y t o res ol ve t he iss ues(s) t h at are s atisf act ory t o t he F C C, a n d ( B) c o ns ult wit h 

A T & T o n A T & T’s e x pl a n ati o n of t he iss ue(s) a n d t he pr o p ose d a dj ust me nts t o t he Met h o d ol og y 

t o t he F C C a n d t he I C O. C AI D A a n d A T & T will re pe at t his pr ocess u ntil t here h as bee n a 

Metrics Re p ort t h at C AI D A belie ves c o nt ai ns a p pr o pri ate perf or m a nce metrics.

 If,  after  C AI D A’s  re pe ate d,  g o o d  f ait h  atte m pts  t o  pr o p ose  re as o n a ble  a dj ust me nts  

t o t he Met h o d ol og y t o res ol ve iss ue(s), t he F C C f ails t o a p pr o ve t he pr o p ose d Met h o d ol og y, 

C AI D A reser ves t he rig ht t o ter mi n ate t his Agree me nt u p o n pri or writte n n otice t o A T & T a n d 

t he F C C a n d i n dic ati ng t he re as o ns t here wit h. If s uc h ter mi n ati o n occ urs: ( ) is agree me nt 

s h all ter mi n ate a n d C AI D A s h all n o l o nger h a ve t he rig ht t o access a n d use t he Pr otecte d 

I nf or m ati o n ( as descri be d i n ( b)), ( ) C AI D A is relie ve d of a ny o blig ati o n or pe n alty u n der 

t his Agree me nt; a n d ( ) A T & T s h all rei m b urse C AI D A f or all ser vices perf or me d a n d rei m-

b urs a ble e x pe nses i nc urre d u p t o t h at p oi nt of ter mi n ati o n.
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li n ks, s o m e s a nitize d p u bli c vi e w of t his d at a mi g ht dis p el m a n y c o n c er ns 

a b o ut t h e h e alt h of t h e i nt er c o n n e cti o n e c os yst e m. e m er g er a gre e m e nt 

c o nt ai n e d a hi g h-l e vel a c k n o wl e d g m e nt of t h e g o al of p u bli c rel e as e of t h e 

d at a i n s o m e f or m.  Be c a us e of t h e str u ct ure of t h e m er g er a gre e m e nt, 

o nl y t h e F C C is i n a p ositi o n t o m a k e t his h a p p e n. We ur g e t h at t his e ff ort 

b e u n d ert a k e n.

O n e p ot e nti all y pr o d u cti ve r ol e f or t h e a c a d e mi c res e ar c h c o m m u nit y 

is as a p art n er t o t h e re g ul at or, w hi c h is o nl y p ossi bl e if t h e re g ul at or c a n 

f a cilit at e  a c c ess  t o  d at a  f or  v ali d ati o n  a n d  d e pl o y m e nt  of  m e as ure m e nt  

i nfr astr u ct ure i n s u p p ort of p oli c y n e e ds. S ust ai n e d f u n di n g a n d s u p p ort 

f or s u c h i nfr astr u ct ure is a n o n- g oi n g c h all e n g e, a n d n o c o u ntr y (t o o ur 

k n o wl e d g e) h as st a bl e s o ur c es of g o ver n m e nt f u n di n g s p e ci fi c all y f or m e a -

s ure m e nt i nfr astr u ct ure t o e n a bl e I nt er n et res e ar c h b y i n d e p e n d e nt t hir d 

p arti es, n or t o f u n d o bj e cti ve a n al ysis of d at a o bt ai n e d fr o m s u c h i nfr a -

str u ct ure. L a c ki n g s u c h a c a p a bilit y, t h e re g ul at ors m ust ass u m e t h at a ct ors 

will c h o os e t o g at h er a n d re p ort n u m b ers i n a f or m t h at re pres e nts t h e 

i nt erest of t h os e a ct ors.

A ns h el e vi c h, E., a n d G or d o n Wilf o n g. “ Net w or k F or m ati o n a n d R o uti n g b y Str at e gi c A g e nts 

Usi n g L o c al C o ntr a cts.” I n WI N E, – , S h a n g h ai, .

A ns h el e vi c h,  Elli ot,  Br u c e  S h e p h er d,  a n d  G or d o n  Wilf o n g.  “ Str at e gi c  Net w or k  F or m ati o n  

t hr o u g h  Pe eri n g  a n d  Ser vi c e  A gre e m e nts.”  I n  Pr o c e e di n gs  of  t h e  t h  A n n u al  I E E E  

S y m p osi u m o n F o u n d ati o ns of C o m p ut er S ci e n c e, Ber k el e y, C A, .

Ar c a ut e,  Est e b a n,  R a m es h  J o h ari,  a n d  S hi e  M a n n or.  “ L o c al  t w o-st a g e  m y o pi c  d y n a mi cs  f or  

n et w or k f or m ati o n g a m es.” I n Pa p a di mitri o u, C hrist os, S h uz h o n g Z h a n g, e ds. I nter net 

a n d Net w or k Ec o n o mics , – . Berli n, Hei d el b er g: S pri n g er- Verl a g, .

— — —. “ Net w or k F or m ati o n: Bil at er al C o ntr a cti n g a n d M y o pi c D y n a mi cs.” I n De n g, Xi a oti e, 

Fa n C h u n g Gr a h a m, e ds. I nter net a n d Net w or k Ec o n o mics, – . Berli n, Hei d el b er g: 

S pri n g er- Verl a g, .

. Fr o m t h e m er g er or d er:

 is c o n diti o n will e n a ble t he m o nit ori ng of t he c o m bi ne d e ntity’s f ut ure i nterc o n-

necti o n agree me nt’s ter ms t o deter mi ne w het her t he c o m bi ne d e ntity is usi ng s uc h agree me nts 

t o  de ny  or  i m pe de  access  t o  its  net w or ks  i n  w ays  t h at  li mit  c o m petiti o n  fr o m  t hir d- p arty  

o nli ne vi de o c o nte nt pr o vi ders. I n a d diti o n, t his c o n diti o n re q uires t he c o m bi ne d e ntity t o 

w or k  wit h  a n  i n de pe n de nt  me as ure me nt  e x pert  t o  re p ort  cert ai n  I nter net  i nterc o n necti o n  

perf or m a nce metrics, a n d t o t he e xte nt p ossi ble, m a ke s uc h metrics p u blicly a v ail a ble.  Fe d er al 

C o m m u ni c ati o ns  C o m missi o n,  “I n  t h e  M att er  of  A p pli c ati o ns  of  A T & T  I n c.  a n d  

DI R E C T V F or C o ns e nt t o Assi g n or Tr a nsf er C o ntr ol of Li c e ns es,” P. .
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Ba a k e, Pi o, a n d orst e n Wi c h m a n n. “ O n t h e E c o n o mi cs of I nt er n et Pe eri n g,” N E T N O MI C S 

, n o.  ( ): – . [I n E n glis h] d oi: . / A: .

B a d as y a n, Nari n e, a n d S u b h a di p C h a kr a b arti. “ A Si m pl e G a m e- e oreti c A n al ysis of Pe eri n g 

a n d Tr a nsit C o ntr a cti n g a m o n g I nt er n et Ser vi c e Pr o vi d ers,” Telec o m m u nic ati o ns Policy 

, n o.  ( ): – .

B arf or d,  Pa ul,  a n d  J o el  S o m m ers.  “ C o m p ari n g  Pr o b e-  a n d  R o ut er- B as e d  Pa c k et- L oss  

Me as ure m e nt.” I E E E I nter net C o m p uti ng ( ) ( ): – .

B a u er,  St e ve n,  D a vi d  Cl ar k,  a n d  Willi a m  L e hr.  “ e  E v ol uti o n  of  I nt er n et  C o n g esti o n.”  I n  

Pr o c e e di n gs  of  t h e  t h  Res e ar c h  C o nf ere n c e  o n  C o m m u ni c ati o n,  I nf or m ati o n  a n d  

I nt er n et P oli c y ( T P R C), Arli n gt o n, V A, .

— — —. “ U n d erst a n di n g Br o a d b a n d S p e e d Me as ure m e nts.” I n T P R C, Arli n gt o n, V A, .

Br o d ki n.  J o n.  “ After  Net fli x  Pa ys  C o mcast,  S pee ds  I m pr o ve  ,”  Ars Tec h nic a ,  A pril  ,  ,  

htt ps:// arst e c h ni c a. c o m/i nf or m ati o n-t e c h n ol o g y/ / / aft er- n etfli x- p a ys- c o m c ast- 

s pee ds-i m pr o ve- /.

— — —.  “ Ti m e  War n er,  Net  Ne utr alit y  F o es  Cr y  F o ul  O ver  Net fli x  S u p er  H D  De m a n ds,”  

Ars Tec h nic a , Ja n u ar y , , htt ps:// arst e c h ni c a. c o m/i nf or m ati o n-t e c h n ol o g y/ / /

ti m e w ar n er- n et- n e utr alit y-f o es- cr y-f o ul- n et fli x-re q uire m e nts-f or-s u p er- h d/.

B ust a m a nt e,  Fa bi a n,  D a vi d  Cl ar k,  a n d  Ni c k  Fe a mst er.  “ W or ks h o p  o n  Tr a c ki n g  Q u alit y  of  

E x p eri e n c e  i n  t h e  I nt er n et:  S u m m ar y  a n d  O ut c o m es.”  A C M  Sig C o m m  C o m p uter  

C o m m u nic ati o ns Re vie w,  ( ) ( ): – .
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