lockune, 15 (2695
- - - %2, Aw_ 'ED(AO\(

@ e M@Mt] L ch“f‘/\"gﬁ“*iom_] ~ Midtews enom " Maxel
/ e - 2
-~ vewnd & veplay LA 197
Memey Z@Dwu:a M@%W 05D 22 - adl ot +.UY béa(

(C«'Mo’\ {owe wwvev

v VWMwas, ELR Seww Ipoking Ly thung
/ cle.ercjn 2
Con( woﬁc?wﬁ% (Nmwase) Ywabmedrho,,

(ookert ?NJL «M\A\i’t'\?(a iy
— /«./'
et & ar oldabol w0 Lo o

L Cowai Kodh 7L 0UALS 6@0\1}\ o Y’Vfa/fug» YUouAceg

V' W -
F z ?ra\,\,\ ™ Chrn 90
~ Umwdhe  CLY Sewet, 2\][ Wl Je j
T mesemedk odhent \ M vithaliged
—~ allpwts 'W\»ewxwa/ E]&/W\al}, VY\A?T'W?} «'\/agy)@(,\,{wr{

& — Swep ./ Swosp ok C_Yemh/ veclaivm ) i
@ﬂ *vawwlb/ dee alloeats -

- t\aNJin»\?) %zw\)(b' — vevocato- Shadows “Paje,g
— ,f,,% peye Lot .%\LM
— P i0nL WWK ‘/9)( e AL
— s\/\o\kvaﬁ [ Cowd “3
@ — 2 e bl
" VEp
@‘m T e v 2w



4 N owmwT = migase (K\'wlﬂ,u-ambé - Themny
| Preciue

@SMHQH@Q W:\ALHFM
ercudion. edidyeg j 1
il Vo ﬁvﬁ%ﬁ%ﬁ%wu« WO’T&/[W&Q
&W L. WAmngh_
Solw /,a/\m& W?W;;ZK«M i {\Aw'alfkb Y
sa \ T/%_wwmkg Wy /@KJF.M.&AM«
sed » ‘
ndle ?% F tanig (®
Cwappivg (PO
ﬁaﬂoow%& ®
@ M Wy
N L _7\,\:_/1 4

—whede ‘V\/\P’Pp\ju t recdacwn

- \'\DW W\owv w _Fa\aeg ?PQA '\/M;\a COUIJ W@i&ﬁ»:{%m,mﬁ'mﬁ

@ oshont oclecces B el

\ Pes- Page uh'ut].
lel\ W(Aﬂﬁt‘.\i iv\l;ovw[)l_a’f , /wYUMZ’ A,GC,ZS‘\'DV\Q-



&) double, ~p0Ging prodlowy —

VMM

Yy —

—_—

&) o™

;A»QO\" @«Uﬂr Yiowe stz %ﬂ

£WA1>( ok & w -~ ?ASC’,
twaliddes P mappivg

(s
l \’/24_ ~decdec do ‘/W“‘f nd  the

W‘&/\AO“"Q ibﬂ“oowlvj

118

\
U e

Lomg ¢ ?Aﬁe

Tém%mi'\el PLne
% Swap ok p o
Vivhad Al

W\Qjmo'“a/ U%Um’

0\\;?/{0&(‘}/» — wegt 0% £ Salloow ‘\'\/\%’lé‘t/cl‘2 _

—~ dallopn Aty (LEM) 3y Yg 2(/%2"(

N {v\\-mo\u{'g \l‘f/

inflate

/V

Guest Memory

~

deflate

O Vil /pcends  deriLe
~ deme 10 s o P thanned dor Ho VMM & &allgpnn

=

j;bow\mu\m' cats a(ﬂimﬁg
tomsfre P info
Guest Memory

may

page out
Pballoon ) 8

Guest Memory

may
page in

G

o wwde £ ballos ﬂ\w\\/"’l()-

Wwldnez | vedue
V"\E’Nno"ﬁ ?Y‘QJ!W&
e awg’c,

dnwveg .

balloy,. dmves
{
nflate .
— olloc wemo Sedlosn
wa,.
) o Q
TPV meny
‘b:?(m« AviviA
- wv\vuﬂ 'Pf-YaMJQ,
" baltoorr T VMM

~ imwolidat ’?2“‘”
W'\"GS ab VMM
~ o wove e 0o
M Tm

L:-‘@ b mEmT dize XDZ a WM.



@ 6 Mas crytuivment
20 — ‘Yﬂ’?{oc\\/\(ﬂ\bb (7

%} . I
V\) &(&/ ‘ - 12 224 256

9 VM Size (MB)

|

&,
?,<
Throughput (MB/sec)

V Figure 2: Balloon Performance. Throughput of single
Linux VM running dbench with 40 clients. The black bars

% &) plot the performance when the VM is configured with main
memory sizes ranging from 128 MB to 256 MB. Th bars

6% W plot the performance of the same VM configured with256 MB,
ballooned down to the specified size.
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Figure 3: Content-Based Page Sharing. ESX Server
scans for sharing opportunities, hashing the contents of can-
didate PPN 0x2868 in VM 2. The hash is used to index into a
table containing other scanned pages, where a match is found
with a hint frame associated with PPN 0x43f8 in VM 3. If a
full comparison confirms the pages are identical, the PPN-to-
MPN mapping for PPN 0x2868 in VM 2 is changed from MPN
0x1096 to MPN 0x123b, both PPNs are marked COW, and the

redundant MPN is reclaimed.
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Figure 4: Page Sharing Performance. Sharing metrics
for a series of experiments consisting of identical Linux VMs
running SPEC95 benchmarks. The top graph indicates the ab-
solute aMred and saved increase smoothly
with the number of concurrent VMs. The bottom graph plots
these metrics as a percentage of aggregate VM memory. For
large numbers of VMs, sharing approaches 67% and nearly
60% of all VM memory is reclaimed.

Total Shared Reclaimed
| GuestTypes | MB | MB | % | MB | %

A | 10 WinNT 2048 | 880 | 429 | 673 | 32.9
B 9 Linux 1846 | 539 | 29.2 | 345 | 18.7
C 5 Linux 1658 | 165 | 10.0 | 120 7.2

Figure 5: Real-World Page Sharing. Sharing metrics
from production deployments of ESX Server. (a) Ten Windows
NT VMs serving users at a Fortune 50 company, running a va-
riety of database (Oracle, SQL Server), web (IIS, Websphere),
development (Java, VB), and other applications. (b) Nine
Linux VMs serving a large user community for a nonprofit
organization, executing a mix of web (Apache), mail (Major-
domo, Postfix, POP/IMAP, MailArmor), and other servers. (c)
Five Linux VMs providing web proxy (Squid), mail (Postfix,
RAV), and remote access (ssh) services to VMware employees.
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