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CLAIMS
What is claimed is:
1. A method implemented by a network node (10) for signaling to a wireless
communication device (14) which precoders in a codebook are restricted from being used, the
method characterized by:
generating (210) codebook subset restriction signaling that, for each of one or more
groups of precoders, jointly restricts the precoders in the group by restricting a

certain component that the precoders in the group have in common,_and wherein

the precoders are Kronecker product precoders and wherein the signaling is
rank-agnostic sc as to restrict precoders Irrespective of their transmission rank;
and

sending (220) the generated signaling from the network node (10) to the wireless
communication device (14),

2. A method implemented by a wireless communication device (14) for decoding signaling
from a network node (10) indicating which precoders in a codebook are restricted from being
used, the method characterized by:
receiving (400) codebook subset restriction signaling that, for each of one or more
groups of precoders, jointly restricts the precoders in the group by restricting a
certain component that the precoders in the group have in common, and wherein

ecoders ar: cki uct prec: s and wherein the signaling i
rank-agnostic sirict pri ders irrespective of their transmission rank;
and

decoding (410) the received signaling as jointly restricting precoders in each of the one
or more groups of precoders.

i< The method of any of claims 1-2, wherein the certain component comprises a beam
precoder.
a. The method of any of claims 1-3, wherein a precoder comprising one or more beam

precoders is restricted if at least one of its one or more beam precoders is restricted.

8. The method of any of claims 3-4, wherein a beam precoder is a Kronecker productof

different beamforming vectors associated with different dimensions of a multi-dimensional
antenna array.

31

—| Deleted: 3. The method of any of claims 1-2, wherein the
codebook subset restriction signaling s rank-aghostic signaling
that jointly restricts the precoders in a group without regard to
the precoders’ transmission rank.q
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8. The method of claim 5, wherein the different beamforming vectors comprise Discrete

Fourier Transform (DFT) vectors.

Z. The method of any of claims 3.5, wherein a beam precoder is a beamforming vector
used to transmit on a particular |layer of a multi-layer transmission, wherein different scaled
versions of that beamforming vector are transmitted on different polarizations;

8. The method of any of claims 3-5, wherein a beam precoder is a beamforming vector
used to transmit on:
multiple different layers of a multi-layer transmission:
multiple different layers of a multi-layer transmission. wherein the layers are sent on
orthogonal polarizations; or
a particular layer and on a particular polarization.

&, The method of any of claims 15, wherein the codebook subset restriction signaling
comprises a bitmap, with different bits in the bitmap respectively dedicated to indicating whether
or not different beam precoders are restricted from being used.

40.  The method of any of claims 1-&, wherein a beam precoder is a Kronecker product of |
first and second beamforming vectors with first and second indices, wherein the first and second
beamforming vectors are associated with different dimensions of a multi-dimensional antenna
array, and wherein the codebook subset restriction signaling jointly restricts the precoders in a
aroup of precodetrs that have the same pair of values for the first and second indices.

g1 The method of any of claims 1-Z, wherein each precoder comprises one or more beam
precoders, wherein each beam precoder comprises multiple different components
corresponding to different dimensions of a multi-dimensional antenna array, and wherein said

certain component comprises a component of a beam precoder.

‘1—23 E
jointly restricts the precoders in a group of precoders that transmit at least in part towards a
certain angular pointing direction, by restricting a certain component which has that angular
pointing direction.

43.
which precoders in a codebook are restricted from being used, the network node (10, 600)

configured to:

32
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The method of any of claims 111, wherein the codebook subset restriction signaling | |
|
0

A LA

LA LA AR

14 A methad implemented by o network node (10)
for signaling to a wireless communication device (14) which
precoders in a codetook are restricted from being used, the
method characterized by §

tor each of ene or more groupe of preceders In the codebook.§
Idertdying (110) one or more reference configurations for the
group, wharein each reference configuration is one of different
possible configurations that restnct differsnt subgroups of
precoders in the group frem being used

identifying (120), from the different possible configurations for
the group. an actual contiguration 1o be signaled for the group:
anay

ganerating (130) signaling o indicate the actual configuration
far the graup, by generating the signafing as a bd pattern
whase |length depends on (i) whether the actual configuration
matches one of the one ot mere relerence configurations
and'or (i) which reference configuration the actual
configuration matchas; andy

sending (160) the generated signaling to the wireless
communicallon device (14) 9

1

15 A method i by a wireless ication

device (14) for decoding signaling Irom a network nede (10)
wi na are ted from

being used, the mathod characterized by
receiving (300) sighaling from the network node (10).4
for each of one or more groups of precoders in the codebaok Y
identfying (320) one or more reference configurationsa for the
group, wherein each reference canfiguration 1s one of different
possible configurations that restrict ditferent subgroups of
precaders in the group from being used ]
identfylng (320) a b pattern defined for signaling sach
reference configuration. and = length of that bit pattern; andy
detecting (330) an actual configuration signaled for the aroup.
by detecting in the signaling a bit pattern whose length
depends on (I) whather the actual configuration matches one af
the one or more reference configurations and/or (ji) which

1l thé act i Inatches.

1

18, The method of any of claims 14-15, wherein the signaling
15 a short bit paltern when the actual configuration malches
any one of the one or more reference configurations and is &
long bit patterm when the actual cenfiguration does not match
any of the ane or mofe reference configurations, wherein a
long bit pattern has mare bits than a short bt pattern

17, The method of claim 16, wherein the ene or mere
reference configurations 1of at least one of the ane or more
groups a single ref ., and wherein
different long bit patterns are respectively defined for signaling
ditferert configurations other than the single reference

eonfiqueation; St A, L
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generate codebook subset restriction signaling that, for each of one or more groups of

precoders, jointly restricts the precoders in the group by restricting a certain
component that the precoders in the group have in common, and wherein the
precoders are Kronecker product precoders and wherein the signaling is rank-
agnostic so as to restrict precoders irrespective of their transmission rank; and

send the generated signaling from the network node (10, 600) to the wireless

communication device (14, 800).

Jd4.  The network node of claim 13, configured to perform the method of any of claims 3412,

15

( Deleted: 25

which precoders in a codebook are restricted from being used, the network node (10, 600)

characterized by:

a generating module (640) for generating codebook subset restriction signaling that, for

each of one or more groups of precoders, jointly restricts the precoders in the
group by restricting a certain component that the precoders in the group have in
common_and wherein the precoders are Kronecker product precoders and
wherein the signaling is rank-agnostic so as fo restrict precoders irrespective of
their transmission rank: and

a sending module (650) for sending the generated signaling from the network node (10,

600) to the wireless communication device (14, 800).
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Jd6. A wireless communication device (14, 800) for decoding signaling from a network node  —{ Deleted: 27 ]
(10, 600) indicating which precoders in a codebook are restricted from being used, the wireless
communication device (14, 800) configured to:
receive codebook subset restriction signaling that, for each of one or more groups of
precoders, jointly restricts the precoders in the group by restricting a certain
component that the precoders in the group have in common,_and whereln the
precoders are Kronecker product precoders and wherein the signaling Is rank-
agnostic so as to restrict precoders irrespective of thelr transmission rank: and
decode the received signaling as jointly restricting precoders in each of the one or more
groups of precoders.
by i The wireless communication device of claim 16, configured to perform the method of any - [ Deteted: 28 ]
of claims 3-12. -4 N [ eleted: 27 J
~ | Deleted: 13 ]
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43
(10, 600) indicating which precoders in a codebook are restricted from being used, the wireless

communication device (14, 800) characterized by: |

a receiving module (840) for receiving codebook subset restriction signaling that, for [
each of one or more groups of precoders, jointly restricts the precoders in the |
group by restricting a certain component that the precoders in the group have in
common_and wherein the precoders are Kronecker product precoders and /
wherein the signaling is rank-agnastic so as to restrict precoders irrespective of |
thelr transmission rank; and ,‘“

a decoding module (850) for decoding the received signaling as jointly restricting
precoders in each of the one or more groups of precoders.

J3. A computer program comprising instructions which, when executed by at leastone

processor of a node (10, 14), causes the node (10, 14) to carry out the method of any of
embodiments 1,12, \

20. A carrier containing the computer program of embodiment 12, wherein the carrier is one
of an electronic signal, optical signal, radio signal, or computer readable storage medium.

| Deteted: 25
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30. A network node (10, 500) for signaling to a wireless
communication device which precoders in a codebook are
restrictad from being used. the network node (10, 500)
configurad to

for each of one or more groups of preceders in the codebook™§
idemify one or more reference configurations fer the group.
whereln sach refarence configuration @ one of diferent
possible configurations that restrict different subgroups of
precoders in the group from being used f|

identdy, from the dilerent possible configurations for the group.
an actual conliguration to be signaled for the group; andy
generate signaling to indicate the actual canfiguration for the
aroup. by generating the signaling as a bil patiern whose
length depends on (i) whether the actual configuration matches
one of the one or mora reference conligurations andior (i)
which reference configuration the actual configuration

malches and§
send the generated
device ¥

to lhe wireless

1

31, The network noda of claim 30, configured to parform the
methed of any of claims 16-23 1

1

32. A network node (10, 500) for signaling to a wireless
communication device (14, 700) which precoders in &
codebook are restricted from being used. the network node
(1D, 500) characterizad by |
for each of one or more groups of precoders in the codebook §
a reference configuration identifying medule (530) for
identfying one or more reference configurations for the group,
wherein each reference configuration is one ol diferant
possible configurations that restnct different subgroups of
precoders in the group from being used: |
an actual conhguration identifying module (550) tor identifying
{from the ditterent possible configurations for the group, an
actual configuration to be signaled for the group, and§
a generating module {560) for generating signaling fo indicata
the actual corfiguration fer the droup. by generating the
signaling as a bit pattern whose length depends on ([) whether
the actual configuration matches one of the one or more.
referance configuratons and/or (jl) which relerence

the actual al 1 matches, andy
8 sending module (570) for sending the generated signaling o
the wireless cammunication device (14, 700).1
1

33, The network node of claim 32, configurad to perform the
mathed of any of claims 16-23
y |

34. A wilraless communicatlon davice (14, 700) lor dacoding
signaling from a netwerk nede (10, 500) indicating which
precoders in a codebook are restricted from heing used, the
wireless communication davice (14, 700) conflaured to ]
receive signaling from the netwerk node (10, 500)
for each of one or more groups of precoders in the codebook §
ideridy one or more reference conligurations for tha aroup.
wherein each reference configuration is one of different
possible configurations thes resinet difierent subgroups of
precoders In the group Irom being used.|
identify a bit pattern defined for gignaling each reference
configuration, and a length of that bit pattern, andy
detect an aclual configuration signaled lor the group, by
detecling In the signaling a bit patietn whose length depends
on (i) whether the actual configuration matches one of the one
or mare refarence configurations and/ar (Il) which reterenca
iguration the sctual iguration matches §

1

35. The wireless communication device of claim 34,
configured to perform the method of any of claims 16-23
q T
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3

MR C HAPTER 3

ASYMPTOTIC EQUIPARTITION
PROPERTY

In information theory, the analog of the law of large numbers is the
asymptolic equipantition property (AEP). 1L v a direct consequence
of the weak law of large numbers. The fow of large rmumbers states
that for independent, identicully distributed (1.1.d.) random variables,
LY X is close to its expeucd value £X for large values of x.
’ﬂle AEP states that - log p{X;W is close Lo the entropy H, where
Xio Xpy oo, Xy mte d, td random variables and p(X;, X3,.... X,) is the
probability of observing the sequence X, X3, ..., X,. Thus, the proba-
bility p{X,;, Xa,.... X,) assigned to an observed sequence will be close
to I,

This enables uy to divide the set of all sequences into two sels, the
fypival yef, where the sample entropy is close to the true entropy, and the
nontypical set, which contains the other sequences. Most of our attention
will be on the typical sequences. Any property that is proved for the typical
sequences will then be true with high probability and will determine the
average behavior of a large sample.

First, an example. Let the random variable X £ {0, 1] have a probability
mass funclion defined by p{l) = p and p() = q. If X\ . Xs, ..., X, are
tid. according to plx), the probability of a sequence xy, xy, ..., x, i
T pla Fm cxamp!c the probability of the sequence (1,0, 1,1,0, 1}
is p2-Xigh- % = pha? Clearly, it is not true that all 2" sequences of
length »n hme the same probatility.

However, we might be able to predict the probability of the sequence
that we actually observe. We ask for the probability p(Xi. X3, ..., Xp) of
the outcomes Xy, Xo., ..., X, where Xy, Xo, . .. 4w iid ~ p(r} This is
insidiously se!f—referential‘ but well defined nonethelcss‘ Appurently, we
are asking for the probability of an event drawn according to the sume

Elements af I)Qﬂmnznon Theary, Second Ediron, By Thomas M. Cover and oy A, Thomay
Copyright ©@ 2006 John Wiley & Sans, he
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58 ASYMPFTOTIC EQUIPARTITION PROPERTY

probability distribution. Here it wrns oot that p(X(, X5, ..., X)) is close
to 27 with high probability.

We summarize this by saying, “Almost all eveats are almost equally
surprising.™ This is a way of saying that

Pr{CXr, Xzus 0 X)) 3 UKy Koo K = 2002 s 1 @3y

H X Xy X, weiid ~ plxl.

In the example just given, where p(X(, Xz...., X,) = pk Sgt-3%,
we are simply saying that the swmber of 1's in the sequence is close
to np (with high probabkility}, and all such sequences have {roughly) the
same probability 27", We use the idea of convergence in probability,
defined as follows: -

Definition {(Convergence of revelont variables). Given 1 sequence of
sandom variables, Xy, Xa. ..., we say that the sequence Xy, X3, ... con-
verges o a rasdom vanable X:

1. In probabifity if forevery ¢ » 0, Br{{X, = Xl = &} = 0

2. In mean square if E(X, — X)* = 0

3. With probabifity | (also called afmest surely) it Prilimy e Xy =
Xi=1

3.1 ASYMPTOTIC EQUIPARTITION PRGPERTY THEOREM

The asymptotic equipatitios property is formalized in the following
thearem

Theorerm 311 {AEF). If Xy, Xo. .. ave Lidd ~ p(x), then
1
~log (X1, Xo, ... . Ka) o H(X) in probabiiity, 32
b
Proofs  Fusctions of independest randnm variables am also independent

random vartables. Thus, since the X; are 11.d, so are log p{X, ). Hence,
by the weak law of large mumbers,

1 GO, )
~ = 1og p(X1. Xz .., Xn) = s }!Jlﬂgp(.’(;) (33
- —E log plX} i probubility  (34)
= #H{X}, {3.5)
which proves the theorem i

e s
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3.1 ASYMPTOTIC EQUIRBARTITION PROPERTY THEOREM 58

Definition The typival et AW with respect to plx) is the set of se-
guences {11, 27, ..., x) €47 with the propeny

2--4«!:?(3’)“'-@} < e, oy ) < 3HlHEE) -} (3.6

As a consequence of the AEP, we can show that the set AU has the
following properties:

Theorem 3.1.2

£ oy, 2, .. xu) € Ai,’”, then H(X) ¢ = --;l; top play, xx, ...,
?Tt!) e H(XJ + €,

2, Pr{ A} = |~ e for o sufficiently large. _

3 (Al < VWIS suhere | AL denotes the number of elements in the

set A,

AL = (1 — )2 H XS Gor e sufficiently lorge.

*a

Thus, the typical set has probability nearly 1, all elements of the typical
set are pearly squiprobable, and the number of elements 1 the typical st
is neatly 244,

Proof: The prool of propedy (1) is immediate from the definition of
AL, The second property follows dtrecliy from Theorem 3,11, sioce the
pmbabihly of the event (X, Xa,.... X, ) € A% tends to 1 as n —» oo,
Thus, for any & > 0, there exists an sy such that for sfl & > sg. we have

s

Setting & = €, we oblain the second part of the theoreny. The identification
of § = ¢ will conveniently simplify notation later.
To prove propery (3), we write

I
—-iiog FXL X X - H(.\")' r:s} =18 (3.
ir g, i

1= Y pt (38)
[0

=Y plo) (3.9)
xeAl

> Z 2_—~£Hixl+s} (3103
,\'G-a‘!':{m

= zi\'ti?f(xi-fi‘_igﬂlnii’ (3‘ 11}

g A Lot oo e B Tmmn o SANTRAC O TR (3] SRRl ey ey T (el Wt b rore 2
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3.7 CONSFQUENTES OF THE AEP. DATA COMPRESSION [

T Nandypice! set
Dresenption nlog ket + 2 bits

Typical set
Beaeription. ni#i ++) + 2 bils

FIGURE 3.2, Source code using the 1ypical sen

We order all elements in dach set according (o some order {e.g., lext-
cographic order). Then we can represent each sequence of AU by giving
the index of the ssquence in the set. Since there are < 2749 sequences
in AU the indexing requirss no more than #{# + ¢) -+ | bits. {The extra
bit may be necessary because nlH + ¢} may not be an integer.] We pre-
fix all these sequences by u U, giving a tote] length of < w(H b e} +2
bits to represent each sequence in AV (see Figure 3.2). Sissilarly, we can
indes each sequence nof in AY® by using not more than » log (AT -+ 1 bits.
Prefixing these indices by 1, we have 2 code for all the segquences in A7

Naote the following features of the shove coding scheme:

» The code is one-to-one and easily decodable, The nitial bit acts as
a flag bit to indicate the length of the codeword that follows

» We have used a brute-force enumerstion of the atypical set 477
without tking into account the {act that the number of elements In
AU g Tess than the sumber of elements in A”. Surprisingly, this is
good ensugh to yield an efficiem description.

» The typieal seguences have shot descriptions of length = aff.

We use the notation 17 1o denote a sequence vy, voo. .., &, Let H{x")
be the length of the codeword corresponding to 7 I g iy sufficiently
large 3o that Pe{ A% > | — ¢, the expected length of the codeword iy

EUX")) = Z: Pl H{x") 3.4
‘.R
S Faaron % -‘I’?w.ws.m_s A oG 7 oo Franes i mnaen, [ ey imiaceegas, HE el romey s B it

BESROCRG R SThSest 3

IPR2022-00464
Apple EX1002 Page 270



IPR2022-00464
Apple EX1002 Page 271



AR

4R 09 @R DY e R WS W DN EEEYER SR R0 R D ESE RN EENEOE WY EEE SRR RES EENYE SR RESRE YRR

(o BYEPSARA

XP008167485

Freguent Pattern Compression: A
Signifivance-Based Compression Scheme for
[.2 Caches
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tiong inge their significant byres while maintaning & tvo or thrae exiension bits 1o rasintun sgnificant toyte positions,
They sas this mathed te seduce dyxamic power consumption iy & procussor pipeline, Kant and Iyer [18] studied the
sompressibility properties of address and dats transfees in comeersial workivads, and repunt that the high-erder bits

san be predicied with high seouracy Inaddiess transfers but with less accuracy for dia tansfess.
3 Frequent Patiern Compression (FPC)

We propese ¢ comprassion scheme that builds on significanca-based comprestiod schemes [9; 11, 123 1ty ale based
ot e shesrvasion that some data paterns are frequent snd alse compressible o & fewer mumber of bits. For example,
many small-valne integers can be stored I 4, B or 16 bits, but are normally stored {n a full 22-bit word {or 64-hits for
Hidabit srehitectures). These valies are frequent enough w merit specisl mestaent, and stoting e in 3 more s
pact fonn can increase the ceche capacity, In addition, special reaiment is also given to runs of zeros vines they are
very frequent, which is similis w the special treatment kv X-RL { 18], The inaight bebing FPC is that we wam to get
most of the benefits of dictionary-based schemes, while keeping the per-tne averhzad at & minimum.

The Freyoent Pattorn Corapression (FPC} compresses / decompresses on 2 cache line basis. Bach cache line i
divided mto 32-bit words {e.g., 16 words for a 64- byte hme). Each 32-bit word is encoded as a 5-bit prefix plus data.
Tublz | shows the different patterns coreesponding fo each prefix,

Back word in she cache fine is encoded into a compressed formun if it matches any of the patterms i the Hrat six rows
of Table 1. These petirns wre) 2 zeve run {one or more all-zern wards), 4-bit sign-extended Gncluding ongiword 2ero
rung), tne byie sign-extended. one halfword signeexiended, ane halfword padded with & zero halfseard, twe byse-
sign-extended halfwords, and & wotd consisting of repeated byfes (s.g. "OxZH202020, or similar patiemns that van bs
uged for data inttializetion). These patterns are selested based on thelr high frequency in many of vur integer and
coptmareial benchiudiks, A word that dosswUmaich any of these categories is stored inits original 32+t formar, All
peefin values as well s the cervorun Iength date bits aee stored ot the begianing of e line to speed up desompressicn,

3.1 Segmented Frequeni Pattern Compression (S-FPC)

To exploit compression, the L2 ceche mant be sble to pack mose compressed cache lnes thim wovompressed lines

into the same spaee. One appeonch is in deconple the cache avoess, adidiug a level of indivection hetveorn the addrss
Table 1. Freguent Pattern Encoding
Prefix Pattern Encoded Data Size
B0 Zera Ran 3 bits (for runs up to 8 zeros
Ho1 4.4t sign-cxsended Abits
u10 One byt sigu-extended & hits
811 halfword sign-extended 16 biiy
1M halfwerd padded with a zere halfword _ The nonzern halbwond (16 biis)
101 “Toves halfwends, each & bvte sign-exteaded The two hytes (16 bits}
119 wid consisting of repeated bytes & bits
111 Uncompressed wird Original Word (32 bits)
4
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Figare 1, Cache line desompression pipeline for s b4-byie (16-word) cache Hoe.

This i 5 five-stage pipeling wsed to decorag 2 compressed cache fine, where each stage containg 12 FO4 gate delays or lass,
The Hrst pipelioe siape {uontaining the 2ot ran deector, shift msgister and parbiel prdix decodery decodes the prafix amay o
determine the lengih i bits of wach word. The serond and thind stages (Parslle] Prefix sddsr nrray compute the starting bit address
for sach Jats word by editing the fengih fishds of the greveding words tn a erarchical Tashion, The fourth stage (psraliel shift teg-
abizes ) containg 1 repistars ach of which is shifted by the starring sddress of is word, The fifik and Inst stuge contains the patters
deodes, which decedes the content of each 32-0it register into an ‘ d word accondiag b ity corrssponding prefix.

matic diagram for a five-stage hardware pipeline that can be used 1o decompress 64-byte cache lines. Bach pipeline
stage 15 12 FO4 delays or fess, assuming the paralizl resotirons vequired are available for the pavallel addes, shift reg-
ister and pattern decoder, Assuming one processor cycle requires 12 FOX gane delays, this means that the decompres-
sion latency is limiesd to 3 processor oyeles.

5 Eyaluation

We evaluate owr FRC schame in wrms of ity schieved compressilality compared to other compression sehemes. We
show corapression results for our frequent paftéens, and deronsirate thal zera rans e the most frequent. We also

analyre the performance of segracnied compression, and the effest of resteicting compressed lines 1o segment bound-

aries Off compression eatios.

5.1 Workloads

T evaluate our design againg slternative schemes, we psed several multi-thicaded commercisl workinads from the
Wisconsin Conuuarsiel Workload Suite [3]. We also used six of the SPEC (24] Lenchmarks, three from the integer
sbite (SPECI2000) and three from the foaling point svite (SPEC20003, Al of these worklcads ren wader the

SNSDOCID: <X RTGEA
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‘Fuble 2, Workload Descriptions

Oaline Transsction Provessing (OLTP): DB2 with a TPO-Colike worklonil. The THC-C beschunark modals the
database sotivity of 2 wholesale supplivr, with meny concurrsat ssers paforming wansaziions. Our OLAY workload is
based oo the TRC-C 3D beactimark using THM's DR v7.2 BER detabase managenens systent, We ue s § GR datbase
with 25,000 warehouses stosed on cishow disks and an ndditions) dedicated database Jog disk, We redimrd the number
of disteity per warehouse, items per warshouse, and susiomers per Jistrins to alfow mase cincorrengy provided by &
targsy ndgnber of warehintes. Thave mie 16 simulated wsers, and the databas b2 warmied vg oy 100,000 wansections.

Java Server Worklaid: SFEUbb, SPECIBH2H00 15 & servorside java bencheiek 1hat modils a I-tier systam, foovsing
on the middizware server business fogic, W use Sun's HotSpot 140 Server VM., Our eaperiaenis use fwo thrsads and
twn warchouses, & data size of ~44 MB, st & warmug ingervet of 200,000 traasactions.

Statie Web Serving: Apache. Weuss Apache 2443 for SPARC/Saluis 9, configansd to axe pihread Jocks and minimat
jogging as the web servar, Wis use SURGE [6] to generate web requssts. We use & mopositary of 20,000 files (totatling
~360 MB), andt disable Apache logaing for high performasce. We simulate 400 clients sack with 25 ms Béok tme
between requests, snd warm up for 30000 requests.

Seatie Web Serving: ¥eas, Tens is apother stalic web serving worklowd driven by SURGE, Zeus uses an cvent-deiving
server mods). Bach processor of the syscem is bound by a Zeus process, which is waiiing for web servang svent (g, open
soeket, read. file, sead file, close sockel, ete), The sess of the configwation i3 e same &8 Apachs (20,066 fles of
<30 MB total sive, 4K chents, 25 ms think e, 30,000 requests for warmnap).

SPEC. We uge thuge neges besehinarks (balp, goe, s mel) and three flostag poimt b ks {apphe, equake, nd
swiin) o the SPECepul0i0 set 1o covers widks minge of sompressibiliny properties aad working set sizes. We use the
firseyefi snpt for each benchinack, W want up cachies of each benchmark run for U bilfion instructinns.

Solaris ¥ operating system. These workloads are bricfly deseribed in Table 2. For vach dats point in onr resulls, we
present the average and the 93% confidénce interval of multiple simalations to account for spave yariability {4).

5.2 Compression Ratio
To evatuate the success of ourcompression scheme, we estimsted the comprossibility properties of pur set of bench-
marks, A snapshat is taken of the L cachie coutents fur exch of these beachmarks affer 8 warmup interval. Assuming
variabie Jength cache lines that cin coeupy any number of bits, we compare the compression ratio fron our Fregnent
Pattein Compression scheme (FIC) with two other memory compression scherres:
» The X-RL alzarithe [15] used in sore compressed cache implementatinng [21, 19, 201
* The Block-Referentinl Comprassion with Lookahead (BRCL) sclema [14], which is an upper bound for the
parallel compression scheme used for memory compression in the IRM MXT fechnology [26]. Weapply ithere 1o
cuche lines.
We also compare ggainst the "Deflate” algorithg used fn the gzip unix utitify, which dombines an LZ-variant inple-
mentation with Huffman encoding of codewords in the dictionary. For this algorithm, we mn the gzip utitity on the
whole cathe snapshot file (85 ppposed to §4-byie lines individuslly comprassed by the othee tiee schemes) The
“Deflate™ algortha is used 1o provide a practical buuad on compressibility of dicionary-based schemes for jrbi-
tearily Ing cache fines.

Figons 2 shows results that compaye the four compression schemes. While FRC i3 faster to implement in hadware, it
provides comparable compresiion ratios w the dictionany-based XRE and BRCL, and sven approaches gaip for sgme
benchmarks. FPC s slighily betior than XREL sud BROL for the fowr comuneial heschmarks.

RNSDUCI: e X HIRPEA 5w
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Figure 7. Segraent Length Histogram: Percentuge of cache Hoes compressed into 1-8 Segments

Figure 3, and all possible sizes (£:00 sopements, the same as Maximum-FPC), Our 8- byte-sezment design incresses
the compression nuthe by op 1o 53% va. 32-byie segments, and up to 19% vs, 18-byte segrmems, Figure 7 shivas the
pavcentape of lines thal can be comprossed tete 18 sepmens. We show & mare detailed distribution in Figeee 8, dese
onstrating the cemulative distibation of compressed Sache Hne sizes (1-512 bits) Far our fen benchinmks, as well ss

e 2544, 50ih and 75th peroentiles.
i Conclusion

Coche designers migh! consider using sache sompresiion e mie sastvache capatihy and peduce offolip bandwidih.
I this dosumment, we propuse and svaluate 2 simple significanse-based comprassion ssheme suitable for ciche Hoss,
sinee it s @ low compression and decompression overbead. This schete, Froguent Pagerm Comgeessiog (FRCYoom-
pregses individusl cachs: Hnex on o svord by word bagds by steriag compan word pattests in 6 cpapressed formsr
srsompanied with an appropriate prefix. This simple scheme provides comparalie comprassion ratios fo mone com

plex seheroes st have lgher cache hit litencies.
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