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Figure	  1:	  TCP	  throughput	  comparison	  of	  MicroVisor	  and	  Linux	  native	  with	  bonding	  across	  
dual	  10Gb	  Ethernet	  links	  
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Figure	  2:	  IO	  performance	  measured	  by	  Transactions	  per	  Second	  for	  Redis	  for	  MiniOS	  /	  
Linux	  /	  co-‐located	  
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Figure	  3:	  Network	  throughput	  measured	  via	  iPerf	  against	  number	  of	  streams	  for	  different	  
MicroVisor	  configurations	  
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Figure	  4:	  Communication	  latency	  derived	  from	  NPTcp	  vs	  packet	  size	  on	  Baremetal,	  
MicroVisor	  and	  Xen	  4.4	  
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Figure	  5:	  Network	  packet	  latency	  derived	  from	  NPtcp	  against	  packet	  size	  for	  different	  
virtualisation	  configurations	  
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Figure	  6:	  Network	  throughput	  performance	  when	  using	  different	  configuration	  options	  
against	  no.	  of	  parallel	  streams	  
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Figure	  7:	  Latency	  as	  measured	  for	  various	  virtualisation	  configurations	  
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Figure	  8:	  Latency	  as	  measured	  from	  internal	  sources	  for	  various	  virtualisation	  
configurations	  
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Figure	  9:	  Network	  throughput	  vs	  number	  of	  streams	  for	  a	  variety	  of	  virtualisation	  
configurations	  
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Figure	  10:	  VIM	  instantiation	  general	  model	  

'AXQ96! DD! 7;>Y7! ;>Y!@;6!2>?8!8<=!2>K8=! :>KI><6<@7! :8<!G6!K8II6=!><!@;6!
I9>I>76=!96R696<:6!K>=6FM!)<!@;6!<6\@!7QG76:@A><7/!Y6!I9>?A=6!8!=6@8AF6=!
8<8FH7A7! >R! @;6! >I698@A><7! >R! @;6! @Y>! 3)57M! -7! R>9! @;6! 0>KIQ@6!
967>Q9:6P;HI69?A7>9/! A<! @;A7! Y>9W! Y6! R>:Q7! ><! _6< ! jNk /! 8<! >I6< . 7>Q9:6!
;HI69?A7>9! :>KK><FH!Q76=!A<! I9>=Q:@A><! :F>Q=7/!87!@;6!967>Q9:6!K8<8X69M!
_6<! :8<! G6! :><RAXQ96=! @>! Q76! =ARR696<@7! @>>F7@8:W7! L@>>F7! @>! K8<8X6!
XQ67@7!:968@A></!=67@9Q:@A><!8<=!:><RAXQ98@A><OM!-!@>>F7@8:W!:8<!A<@698:@!
YA@;!@;6!;HI69?A7>9!=A96:@FH!>9!Q7A<X!8!@>>F7@8:W!-$)M!+;6!@>>F7@8:W!-$)!
I9>?A=6=! GH! _6<! A7! :8FF6=! FAG\F! 8<=! A7! 8=>I@6=! GH! @;6! K8h>9A@H! >R! _6<!
:>KI8@AGF6!@>>F7@8:W7M!



!
!

!

!

"#$%&'(#)*)+,! )EMNJ! 56:;8<A7K7!R>9!26@Y>9W!"69?A:6!*H<8KA:7!8<=!$69R>9K8<:6 ! ! $8X6! NZ! >R!UZ!

!

Figure	  11:	  Mapping	  the	  reference	  model	  onto	  the	  considered	  orchestrators	  	  
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Figure	  12:	  VIM	  instantiation	  model	  for	  OpenStack	  Nova	  
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Figure	  13:	  VIM	  instantiation	  model	  for	  Nomad	  

!

UMUMU %\I69AK6<@8F!967QF@7!

)<! >9=69! @>! 6?8FQ8@6! @;6! 3)5! I69R>9K8<:67! A<! @;6! 35! 7:;6=QFA<X! 8<=!
A<7@8<@A8@A><! I;876/! Y6! :>KGA<6=! =ARR696<@! 7>Q9:67! >R! A<R>9K8@A><M! V6!
8<8FH76=! @;6! K6778X6! 6\:;8<X67! A<! >9=69! @>! >G@8A<! 8! :>8976! A<R>9K8@A><!
8G>Q@! @;6! G6XA<<A<X! 8<=! @;6! 6<=! >R! @;6! =ARR696<@! I;8767! >R! @;6! 35!
A<7@8<@A8@A><!I9>:677M!+;6!8<8FH7A7!>R!K6778X67!A7!8!:><?6<A6<@!8II9>8:;!
87!A@!=>67!<>@!96eQA96!@>!Q<=697@8<=!8<=!K>=ARH!@;6!7>Q9:6!:>=6M!V6!;8?6!
=6?6F>I6=!8!3)5!56778X6! -<8FH769! @>>F!YA@;!8!$H@;><!7:9AI@!8<=!@;6!":8IH!
jUk ! FAG989HM! +;6! 3)5! 56778X6! -<8FH]69! L8?8AF8GF6! 8@ ! jZk O! A7! :8I8GF6! >R!
8<8FH]A<X!2>?8!8<=!2>K8=!K6778X6!6\:;8<X67M!'>9!8!K>96!=6@8AF6=!G968W=>Y<!



!
!

!

!

"#$%&'(#)*)+,! )EMNJ! 56:;8<A7K7!R>9!26@Y>9W!"69?A:6!*H<8KA:7!8<=!$69R>9K8<:6 ! ! $8X6! NC! >R!UZ!

>R!@;6!@AKA<X7!R>9!7I6:ARA:! :>KI><6<@7!>9! I;876 7/!Y6!A<769@6=!@AK67@8KI!
F>XXA<X!A<7@9Q:@A><7!A<7A=6!@;6!:>=6!>R!@;6!2>K8=!0FA6<@!8<=!2>?8!0>KIQ@6!
<>=67M! V6! ;8?6! X6<698@6=! @;6! Y>9WF>8=! R>9! 1I6<"@8:W! Q7A<X! &8FFH!jEk /! 8!
Y6FF! W<>Y<! G6<:;K89WA<X! @>>FM! '>9! @;6! X6<698@A><! >R! @;6! @;6! 2>K8=!
Y>9WF>8=/! A<7@68=/! Y6! ;8?6! =6?6F>I6=! @;6! 2>K8=! $Q7;69! @>>FM! )@! A7! 8<!
Q@AFA@H! Y9A@@6<! A<! @;6! 41! F8<XQ8X6/! Y;A:;! :8<! G6! 6KIF>H6=! @>!
I9>X98KK8@A:8FFH!7QGKA@!h>G7!@>!@;6!2>K8=!"69?69M!

!

V6! 6\6:Q@6=! 6\I69AK6<@7! @>! 6?8FQ8@6! @;6! I69R>9K8<:6! >R! @;6! :><7A=696=!
3)57M! V6! I9676<@! ;696! @Y>! K8A<! 967QF@7J! AO! @;6! @>@8F! @AK6! <66=6=! @>!
A<7@8<@A8@6! 8! 0FA:W1"! 35! L96I9676<@A<X! 8! 5A:9>. 32'Ow! AAO! @;6! @AKA<X!
G968W=>Y<!>R!@;6!"I8Y<A<X!I9>:677!A<!2>?8!8<=!>R!@;6!*9A?69!6\6:Q@A><!A<!
2>K8=M! +;6! RA97@! 967QF@! A7! G876=! ><! @;6! 3)5! 567 78X6! -<8FH]69! Y6! ;8?6!
=6?6F>I6=M! +;6! @AKA<X! G968W=>Y<! A7! >G@8A<6=! YA@;! @;6! 8II9>8:;! >R!
A<769@A<X!@AK67@8KI!F>XX697!A<!@;6!7>Q9:6! :>=6!>R!@;6!3)57M!-FF!967QF@7!
;8?6! G66<! >G@8A<6=! GH! 6\6:Q@A<X! 8! @67@! >R! DTT! 96IFA:8@6=! 9Q<7/! A<!
Q<F>8=6=!:><=A@A><7M!%99>9!G897! A<!@;6!RAXQ967!=6<>@6!@;6!aEq!:><RA=6<:6!
A<@69?8F7!>R!@;6!967QF@7M!)<!68:;!9Q<!Y6!96eQ67@6=!@;6!3)5!@>!A<7@8<@A8@6!
8!<6Y!0FA:W1"!35M!+;6!35!A7!=6F6@6=!G6R>96!@;6!7@89@!>R!@;6!<6\@!9Q<M!1Q9!
6\I69AK6<@8F!76@. QI!A7!:>KI>76=!GH!@Y>!;>7@7!YA@;!8<!)<@6F!_6><!UM ZT4b]!
eQ8=. :>96!0$#!8<=!DB4^!>R!&-5M!1<6!;>7@!L;6968R@69!96R6996=!@>!87!b>7@0O!
A7!Q76=!R>9!@;6!3)5!:>96!:>KI><6<@7/!@;6!>@;69!;>7@!Lb>7@(O!R>9!@;6!3)5!
(>:8F! :>KI><6<@7! 8<=! @;6! 0>KIQ@6! 967>Q9:6M! V6! 896! Q7A<X! *6GA8<! `MU!
>I698@A<X!7H7@6K7!YA@;!_6<. 6<8GF6=!?UMDBMC!(A<Q\!W69<6F7M!^>@;!;>7@7!896!
6eQAII6=!YA@;!@Y>!<6@Y>9W!A<@69R8:67!8@!DT!4GP7J!><6!A<@69R8:6!A7!Q76=!87!
@;6!K8<8X6K6<@!A<@69R8:6!8<=!@;6!>@;69!><6!R>9!@;6!=A96:@!A<@69:><<6:@A><!
>R! @;6! ;>7@! L=8@8! IF8<6! <6@Y>9WOM! )<! >9=69! @>! 6KQF8@6! 8! @;A9=! ;>7@!
9Q<<A<X!1I6<"@8:W!&8FFH!8<=!2>K8=!$Q7;69/!Y6!:968@6=!8!76I898@6=!<6@Y>9W!
<8K67I8:6!Q7A<X!@;6!AI9>Q@6N!7QA@6!A<!@;6!b>7@0/!@;6<!Y6!A<@69:><<6:@6=!
@;A7!<8K67I8:6!@>!@;6!=8@8!IF8<6!<6@Y>9WM!

!

UMUMUMD 1I6<"@8:W!2>?8!%\I69AK6<@8F!967QF@7!

'>9!Y;8@! :><:69<7!1I6<"@8:W ! Y6!9Q<! [6H7@><6/!4F8<:6/!2>?8!>9:;67@98@>9/!
b>9A]></!8<=!@;6!>@;69!:>KI><6<@7!A<!b>7@0/!Y;AF6!Y6!9Q<!2>?8!0>KIQ@ 6!8<=!
2>?8!26@Y>9W!A<!b>7@(M!!

VA@;!96R696<:6!@>!'AXQ96! DN/!Y6!96I>9@!A<! 'AXQ96! DZ! @;6!K687Q96K6<@7!>R!
@;6!A<7@8<@A8@A><!I9>:677!A<!1I6<"@8:W/!76I898@6=!R>9!68:;!:>KI><6<@M!+;6!
@>IK>7@!;>9A]><@8F!G89!L"@>:WO!96R697!@>!@;6!1I6<"@8:W!?697A><!@;8@!><FH!



!
!

!

!

"#$%&'(#)*)+,! )EMNJ! 56:;8<A7K7!R>9!26@Y>9W!"69?A:6!*H<8KA:7!8<=!$69R>9K8<:6 ! ! $8X6! N`! >R!UZ!

A<:FQ=67! @;6! K>=ARA:8@A><7! @>! G>>@! @;6! 0FA:W1"! 357M! +;6! 6\I69AK6<@!
96I>9@7! 8! @>@8F! @AK6! 6\:66=A<X! @Y>! 76:><=7! Y;A:;! A7! <>@! 8=6eQ8@6! R>9!
;AX;FH! =H<8KA:! 2'3! 7:6<89A>7M! -<8FH]A<X! @;6! @AKA<X! >R! @;6! 6\6:Q@A><! >R!
@;6!7A<XF6!:>KI><6<@7/!Y6!<>@6!@;8@!K>7@!>R!@;6!@AK6!A7!7I6<@!=Q9A<X!@;6!
7I8Y<A<X! I;876! Y;AF6! @;6! >@;69! :>KI> . <6<@7! 8::>Q<@! R>9! 89>Q<=! TME!
76:><=7M! )<! 'AXQ96! DE! L@>IK>7@! ;>9A]><@8F! G89O/! Y6! 7;>Y! @;6! =6@8AF7! >R!
@;6! 7I8Y<A<X! I;876! Y;A:;! A7! 7IFA@! A<! @966! I;8767J! DO! 0968@6! AK8X6/! NO!
46<698@6!_5(!8<=!UO!(AG?A9@!7I8Y<M!+;6!RA97@!@Y>!896!6\6:Q@6=!GH!@;6!2>?8!
(AG?A9@! =9A?69! 8<=! @;6! F87@! ><6! A7! 6\6:Q@6=! GH! @;6! Q<=69FHA<X! (AG?A9@!
F8H69M!+;6!2>?8! (AG?A9@!=9A?69!8F7>!6\6:Q@67!7>K6!<6@Y>9W! :><RAXQ98@A><!
7@6I7! Y;A:;! 896! <>@! 7;>Y</! 87! @;6H! ;8II6<! A<! I898FF6F! YA@;! @;6! 0968@6!
AK8X6!I;876/!Y;A:;!8FY8H7!@69KA<8@67!8R@69!@;6!<6@Y>9W!:><RAXQ98@A><!;87!
RA<A7;6=M!^H!8<8FH]A<X!@;6!@AKA<X!>R!@;6!7@>:W!?697A></!Y6!:8<!766!@;8@!
@;6!0968@6!AK8X6!A7!@;6!7F>Y67@!7@6I!YA@;!8!=Q98@A><!>R!8G>Q@!D!76:><=M!
+;A7! 7@6I! A<:FQ=67! >I698@A><7! FAW6! @;6! :968@A><! >R! F>X! RAF67! 8<=! @;6!
:968@A><! >R! @;6! R>F=697! @>! 7@>96! 4F8<:6! AK8X67M! +;6! >9AXA<8F! 1"! AK8X6!
L@;6! ><6! 96@9A6?6=! R9>K! 4F8<:6O! A7! 96 . 7A]6=! A<! >9=69! @>! K66@! Q769!
96eQA96K6<@7!L@;6!7>!:8FF6=!RF8?>97!A<!1I6<"@8:Wg7!h89X><OM!5>96>?69/!AR!
A@!A7!96eQA96=/!@;6!7Y8I!K6K>9H!>9!@;6!6I;6K698F!7@>98X6!896!:968@6=!8<=!
RA<8FFH!7>K6! :><RAXQ98@A><! I898K6@697!896!A<h6:@6=!A<@>!@;6!AK8X6!L6MXM!
""b!W6H. I8A9/!<6@Y>9W!A<@69R8:6!:><RAXQ98@A><OM!!

!

+;6!46<698@6!_5(!8<=!(AG?A9@!7I8Y<!7@6I7!A<@9>=Q:6!8!@>@8F!=6F8H!>R!TMZ!
76:><=7/!GQ@!>I@AKA]A<X!@;676!7@6I7!A7!<><. @9A?A8F!87!8FF!@;6! I69R>9K6=!
>I698@A><7! :8<<>@! G6! 7WAII6=! >9! =>Y<7A]6=M! )<=66=/! =Q9A<X! @;6! 46<698@6!
_5(!7@6I/!@;6!:><RAXQ98@A><!>I@A><7!>R!@;6!XQ67@!=>K8A<!896!96@9A6?6=!8<=!
@;6<!Q76=!@>!GQAF=!@;6!XQ67@!=>K8A<!=67:9AI@A><!L@;6!_5(!RAF6!XA?6<!A<!
A<IQ@!@>!(AG?A9@OM!'>9!A<7@8<:6/!>I@A><7!FAW6!@;6!<QKG69!>R!0$#7!8<=!0$#!
IA<<A<X!896!A<769@6=!A<!@;6!_5(!RAF6M!1<:6!@;A7!7@6I!A7!>?69/!@;6!FAG\F!
-$)!A7!A<?>W6=!A<!>9=69!@>!G>>@!@;6!35M!V;6<!@;6!-$)!96@Q9<7/!@;6!35!A7!
:><7A=696=! 7I8Y<6=/! @69KA<8@A<X! @;6! A<7@8<@A8@A><! I9>:677M! )<! @;A7! @67@!
Y6! 896! <>@! :><7A=69A<X! @;6! Y;>F6! G>>@! @AK6! >R! @;6! 35/! 87! @;A7! A7!
A<=6I6<=6<@!R9>K!@;6!3)5!>I698@A><7/! 8<=!@;Q7!>Q@!>R!@;6!7:>I6!>R!@;A7!
Y>9WM! +;6! :><7A=696=! 7I8Y<A<X! @AK6! K687Q967! ><FH! @;6! @AK6! <66=6=! @>!
:968@6!@;6!_6<!XQ67@!=>K8A<M!



!
!

!

!

"#$%&'(#)*)+,! )EMNJ! 56:;8<A7K7!R>9!26@Y>9W!"69?A:6!*H<8KA:7!8<=!$69R>9K8<:6 ! ! $8X6! Na! >R!UZ!

!

Figure	  14:	  ClickOS	  (micro-‐NFV)	  instantiation	  time	  breakdown	  on	  OpenStack	  

!

Figure	  15:	  ClickOS	  spawning	  time	  breakdown	  on	  Nova-‐compute	  
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Figure	  16:	  ClickOS	  (micro-‐NFV)	  instantiation	  time	  breakdown	  on	  Nomad	  
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Figure	  17:	  ClickOS	  spawning	  time	  breakdown	  on	  Nomad	  
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