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ABSTRACT

The Translation Look-aside Buer (TLB), a content ad-
dressable memory, consumessigni cant power due to the
assciativ e seardh mechanism it usesin the virtual to phys-
ical addresstranslation. Basedon our analysis of the TLB
accesses,we make two obsenations. First, the entropy
or information content of the stack virtual page numbers
is low due to high spatial locality of stack memory refer-
ences. Second,the entropy of the higher order bits of global
memory referencesis low since the size of the global data
is determined and xed during compilation of a program.
Based on these two characteristics, we proposetwo tech-
nigques: an entropy-based speculative stack address TLB
and a deterministic global addressTLB to achieve energy
reducing. Our results show an average of 47% energy sav-
ingsin the data TLB with lessthan 1% overall performance
impact.

Categoriesand Subject Descriptors

B.3.2[Low-P ower Arc hitectures ]: Virtual memory, TLB,
Associative memory

General Terms
Design, Exp erimentation, Performance
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1. INTRODUCTION

Power and thermal control is a rst classpriorit y in de-
signing the next generation embedded and high perfor-
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mance microprocessors[13]. Among the microprocessor
componerts, the ever-increasing on-chip memory and the
memory sub-system have been a primary focus for archi-
tects to explore energy reduction opportunities. As most
processorssupport virtual memory, the Translation Looka-
side Buer (TLB) is an indispensable component in the
processordesign. The TLB, a content addressable mem-
ory to expedite address translation, provides virtual-to-
physical address translation for ead virtual address ac-
cessed.The TLB candraw a considerableamount of power
as it is typically organized as fully or highly assaiative
structure and is accessedupon every instruction and data
fetch. Ekman et al. in [4] reported the TLB power con-
sumption to be 20-25% of the total cache power consump-
tion, and Fan et al. [5] reported 13% of the total processor
power consumption for a unied TLB. In modern embed-
ded and high-performance processordesign, it may be in-
feasibleto increasethe sizeof TLB due to power and ther-
mal constraints. The TLB power consumption increases
further as we move from 32-bit processorsto 64-bit pro-
cessorssince the TLB will have to compare and match
almost twice the number of bits.

The virtual page numbers (VPNs) typically exhibit a
large degree of spatial and temporal locality. Due to the
spatial and temporal locality of the data accessesa given
sequenceof data accessesnay all map to the samephysical
page as a page sizeis typically much larger than a normal
cache line. Therefore, very little information is conveyed
by consecutive virtual page number lookups in the TLB.
Also, many applications do not utilize the ertire address
space, resulting in rather stable higher order bits or low
entropy in the VPN. In this paper, we analyze the entropy
of the VPNs exhibited in the memory referencestream and
exploit their characteristics for energy reduction opportu-
nities. Each memory accessby a running program carries a
certain amount of information. The entropy or information
rate is a measure of unexpectednessand varies with the
program behavior. In particular, we nd that the stack ref-
erencescontain the least information content, and are thus
highly predictable. As the number of the pagesare xed
during compile time for the global static data, most of the
higher order bits in the global data memory referencesdo
not change (zero entropy) during the program execution.



Thus, a small number of VPN bits is su cien t for address
translation. To exploit theseproperties, we proposea novel
Entropy basel SPeculative - Translation Lookaside Bu er
(ESP-TLB) mechanism for stack references,and an En-
tropy based DeTerministic - Translation Lookaside Bu er
(EDT-TLB) medhanism for global static referencesto re-
duce the overall data TLB energy These mechanisms are
complexity-e ectiv e and power-e cien t, with minimal im-
pact on the performance and low hardware overhead. The
contributions of this paper are:

We quantify the entropy content of the VPNs for data
TLB lookups.

We proposetwo novel entrop y-basedschemes: a spec-
ulativ e addresstranslation for stack addresses,and a
deterministic addresstranslation for global static ad-
dressesthat exploit the low entropy in the respective
VPNs. We show that our technigues provide an aver-
age of 47% energy savings with lessthan 1% overall
performance impact.

The rest of this paper is organized as follows: Section 2
provides an overview of entropy and its measuremen. Sec-
tion 3 motivates our work by characterizing the entropy
content of the VPNs. Section 4 preserts entropy basedad-
dresstranslation mechanism. Section 5 preserts our simu-
lation results. Section 6 discussesrelated work. Section 7
concludesthe paper.

2. OVERVIEW OF ENTROPY AND ITS MEA-

SUREMENT

The entropy or information content is a measureof \un-

certainty" or \unpredictabilit y" of arandom variable X [16].

In other words, simple repetitiv e patterns contain low en-
tropy. If X is a random variable that represerts the VPN
during the program execution, then the averageamount of
information or the zerd" order Markov source ertropy is
given by

Ho = p(xi) log p(xi) ::: (1)
i=1

where p(x;) is the probabilit y of occurrence of VPN x;,

log p(x;) is called self information, and Hy is called the
average self information. The entropy has the dimension
of bits per VPN reference.

For example in a virtual memory model, if the virtual
addressis 32-bits and the page sizeis 4KB (12-bit index),
the VPN size will be 20 bits. It meansthe program can
accessany of the 2?° virtual pages during the dynamic
program execution.

First, let's assumeall the virtual addressesrefer to the
same page. The averageinformation for this type of VPN
accessess zero by applying Eq.(1). Becausethere is only
one X;, and the probabilit y of occurrence of this x; is 1,
and log 1 is equal to zero. This meansthat there was no
useful information in this type of repetitiv e behavior.

Now assumeead of the virtual addressrefersto a unique
page. Since there are 2?° references,the average informa-
tion is 20 bits/VPN referenceby applying Eq.(1). This is
the maximum amount of information that can be obtained.
Here x; varies from 0 to 2%°-1.

The rst order Markov source entropy is a measure of
the unpredictabilit y of the next VPN given the knowledge
of the previous VPN. The weighted average rst order en-
tropy is given by

X X
P(xi)  P(x=x) log p(x;=x) :: (2)
i=1 j=1

In general,an n" order Mark ov sourceentropy is a mea-
sure of the unpredictabilit y given the knowledge of the pre-
vious n-1 references. The entropy is zero when the VPNs
generated by the processoris deterministic or can be pre-
dicted correctly, and it is maximum when the probabilities
are equal for all the VPNs.
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2.1 VPN entropy measurement
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Figure 1: Entrop y content of virtual page numbers

Figure 1 shows the measuredzerd” order Mark ov source
entropy of virtual pagenumbersfor heap, global and stack
regions of patricia from MiBench [6] and perlbmk from the
SPEC bendchmark using Eq.(1). Each point on the x-axis
contains 10,000VPNs, and the corresponding y-axis value
is the average entropy for those 10,000 VPNs. The VPNs
in the x-axis were plotted by their accessorder in time.

The entropy of the stack VPNs (the bottom dashedline)
for thesetwo benchmark programs is negligible. This means
that there is very little or no change in the stack VPNSs.
The stack region shows low entropy asthe memory accesses
to this region happen in an orderly fashion. An example



of this behavior is function calls, where the stack frame in-

creasesand decreasedlinearly and the memory references
to the stack are all closeto ead other (e.g. within a mem-
ory page) during the execution lifetime of that function.

The size of the stack frame depends on the function's ac-
tivation record.

The middle curvesin both Figure 1(a) and Figure 1(b)
show the entropy for the global VPNs. The global data
sizeis xed basedon the global variables declared in the
program. For example, 16KB of global data corresponds
to four pagesbasedon a 4KB page size. The 20-hit global
VPN activity in the plot comesfrom the accesseswithin
this global data size. The accessedo the global variables
by a program is more random compared to the stack re-
gion accessesshowing that they are a bit more di cult to
predict than the stack region. Note that, out of the 20-bit
global VPN, only few least signi cant bits vary during the
entire program'’s execution. The remaining higher order
bits do not vary. For the above example, only two least
signi cant bits (for four pages) of the VPN changed and
the remaining higher order 18-bits did not change. Based
on this fact, the entropy of the higher order global VPN
bits is zero, meaning that it is deterministic throughout
the program execution. As the sizes of various sections
are clearly dened in the section headers as part of the
executable le, the global data size is determined during
the program compilation. Therefore, the number of pages
occupied by the global data can be determined prior to a
program's execution.

The top-most curvesin both Figure 1(a) and Figure 1(b)
show the entropy for the heapregion. It exhibit the highest
variation among all regions indicating that it is the most
dicult of all to predict, as eadh VPN contains more in-
formation. Since accessedo dynamically allocated objects
(through function calls such as malloc) cannot be easily
tracked, the entropy of these VPNs is much higher than
those of the stack and global regions. The global and
heapentropy plot is shorter for the Mib ench patricia bench-
mark becauseit has fewer memory referencescompared to
perlbmk. Also, patricia benchmark has more global refer-
encescomparedto heap, sincethe global plot is longer than
the heap plot.

2.2 Alternative VPN entropy measuement
using GZIP

Another way to measurethe entropy is to measurethe
compression ratio of the VPNs of the stack, global and
heap memory accessesysing a standard compressionpro-
gram such as gzip program. The gzip utilit y usesLempel-
Ziv-W elch (LZW) algorithm [17], a universal algorithm for
sequeriial data compression. A universal algorithm is a
coding schemewhere the coding processis interleaved with
a learning processfor varying source characteristics. One
of the main advantages of this algorithm is that it does
not need any knowledge of the probabilit y for the source
symbols a priori, in our casethe VPNs, unlike Hu man
encading [8]. The LZW algorithm relies on the recurrence
of strings in its input. Instead of assigning codewords to
the symbols in advance, the algorithm assignscodewords
to repeating source words, or patterns in the text. This
algorithm is still the basis of most losslessmodern data
compressiontechniques today. Hence, the size of the com-
pressedtrace le comparedto the original one givesa very
good indication of the entropy contained in the VPNSs.

3. MOTIVATION

Figure 2 shows the uncompressedVPN trace le size
for each of the stack, global and heap regionsin megakhytes
(MB). Eachtrace le isan ASCII text le that contains the
20-bit VPNs?! of memory referencesthat occurred during
the dynamic program execution of the respective programs.
The empty bars such as global referencesin blow sh indi-
cate that the le sizeis very small. Also, Figure 2 shows
that many benchmark programs have more stack references
followed by global references,and then heap references.
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Figure 3 shows the percertage ratio of the compressed
VPN trace le sizeto the original le sizefor Mib ench and
SPEC2000 benchmark programs. The standard gzip util-
ity that usesthe LZW algorithm [17] is used to compress
the trace le. For example, the compressedstack VPN le
size for blow sh is only 0.3% of the original VPN le size.
The stack VPN has the highest compression (lowest com-
pressionratio) of all the three regions, indicating that the
gzip algorithm was able to nd repeating sequencesmuch
more often in the stack VPNs than in the global and heap
VPNSs.
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Figure 3: Percentage compression ratio of VPNs

VPN trace compression ratio %

From the above three gures, we deducethat the stack
VPNSs contain the lowest entropy in spite of the total num-
ber of memory referencesto the stack being much higher
than the global and heap memory referencesfor most of
the benchmark programs. One outstanding example of
this behavior is shown by gccin Figure 2 and Figure 3.

1A 4KB page size is used in the simulations for a 32-bit
processor,thus the VPN has 20 bits.



Though the stack accessesdominate the gcc program as
shown in Figure 2, its compressionratio is only 0.5% as
shown in Figure 3indicating very low information content.
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Figure 4 shows the number of pages covered by the
program from its respective base during the program exe-
cution. Sometimesthe program may dynamically allocate
memory (through function calls such asmalloc) in the heap
region, but may not utilize all the pages. In such cases,
though the virtual pageis covered by the program, it may
not have accessedainy memory location in that non-utilized
page. This is particularly obsenable for heap references

since the memory locations are not sequerially accessed.

For example, a program may allocate ten-thousand quad
words ( 156 pages) using the malloc function expecting
this amount of memory to be used during run-time. But
all of the allocated pagesmay not be accessedy the pro-
gram. For example, only some pagesin the middle or top
may be accessedbased on some condition cheds. In Fig-
ure 4 patricia covered 151 pages and most of the SPEC
benchmark programs covered thousands of unique pages
during the program execution. This random accesshehav-
ior of heap referencesmakesit di cult to predict asshown
by the high entropy value for heap referencesin Figure 1.

Figure 5 shows the maximum number of bits neededfor
the entropy-based addresstranslation based on the num-
ber of pagescovered. As the number of accessedpages
increases,more TLB bits are neededfor entropy-based ad-
dresstranslation. The small bars for the stack and global
regions in Figure 5 suggestthat lessernumber of bits are
su cien t for TLB tag match instead of the complete 20-bit
VPN during addresstranslation, asthe number of pages

covered by them is lessthan that of the heap region. For
example, if the stack region covers eight pages from its
base, it requires three bits for the tag match to translate
the address correctly. For most of the SPEC benchmark
programs, all 20-bits of VPN are required to translate the
heap addresscorrectly. An important characteristic of the
global region is that its data size(the total humber of pages
shown) can be determined at compile-time. So, unlike
the heap and stack regions, the global data size is xed
throughout the program execution and doesnot change.

In summary, we observe the following characteristics dur-
ing program execution.

The entropy is very low for stack VPNs and therefore
can be predicted accurately.

The global data size is determined at compile-time.
The number of bits actually needed for the global
TLB tag match is proportional to the number of
global data pages.

As a result, the number of bits neededfor the stack
and global addresstranslation is much lessthan the
complete VPN (20-bits ead in our example).

We exploit these memory reference characteristics and
propose a complexity-e ectiv e, entropy-based, low-power
data TLB.

4. ENTROPY BASED DATA TLB

Basedon the above discussionit is clear that a few lower
order VPN bits are su cien t instead of the full 20-bit VPN
tag match during the TLB lookup for the stack and global
memory references. Figure 6 shows a semartic-aware mem-
ory (SAM) architecture [11] enhancedwith Entropy-based
SPeculative (ESP-TLB) and Entropy-based DeTerminis-
tic (EDT-TLB) mechanisms. The Entropy-based SAM
(ESAM) architecture exploits the characteristics demon-
strated in eact semartic region by reorganizing the rst-
level TLB structure into two small structures | stack and
global static micro-TLBs, while leaving the second level
TLB for all the data accesses.
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Address Generation Unit
Id_environ_base_register AGY

Id_data_bound_registe ‘ [}

Control registers

LD BUF ST BUF Memory Order Buffer (MOB)
VA VA
Data Address aore 3 pre s
Router = [0[0]T 0 0[0[T 0 G globa\
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(OAR) \/A virtual address
J_L Virtual Page Number
Esp || EDT

ESP-TLB 1

Entropy base SPeculative TLE\ _

EDT-TLB
| Entropy based DeTerministic TLE
|

To Processor To Processor

‘ Unified L2 Cache ‘

Figure 6: Entrop y-based SAM microarc hitecture
(ESAM)

The virtual address (32-bits) from the address genera-
tion unit (AGU) is written to the the memory order bu er



(MOB), which consists of the load and store buers. In
the samecycle the virtual addressfrom the AGU also en-
ters the Data Address Router (DAR). The DAR writes
3 bits (100 for stack, 010 for heap, 001 for global) to
the corresponding load/store buer based on the ranges
derived from the control registers (Id _data_baseregister,
Id _environ _base register, |d_data_bound_register) initialized
by the system loader?. The MOB uses these three bits
(100-stack, 010-heap, 001-global) during the virtual ad-
dressdispatch and clock gatesthe other two semartic TLBs
that do not participate in the addresstranslation asshown
in Figure 6 to reduce dynamic power consumption. The
addition of four bits (3-bits { one eac for stack, heap and
global, and 1-bit for mis-speculation) to the MOB is not a
signi cant overhead asit already contains many bits such
as page fault information, data size of the load/store, and
load/store color ids. Since these four bits do not partic-
ipate in assaiative seard, the power consumed by these
bits is very less. Though it is not a signi cant overhead, we
accourt for the power consumed by these four bits in our
power estimation. The ESAM speculatively translates the
stack addressesusing the ESP-TLB structure, and deter-
ministically translates the global static address using the
EDT-TLB structure. The functional and implementation
details of these two structures are described in the follow-
ing sections.

4.1 Entropy-BasedSPeculative TLB

As we have discussedpreviously, the stack addressescon-
tain low entropy and are highly predictable. To utilize
this characteristic, stack addressesare speculatively trans-
lated. Figure 7 shows the block diagram of the ESP-TLB.
ESP-TLB rst speculatively prechargesthe samenumber
of bits that was used in the previous VPN translation
for the current VPN translation and evaluates its correct-
ness. If it nds that it is incorrect, the logic block does
two things: (1) corrects itself by increasing the number of
precharge bits and (2) squashesthe incorrect translation
by invalidating the cache tag match, and nds the correct
translation in the subsequen cycle. The main functional-
ity of this logic block is to enable and precharge the min-
imum required number of bits for the stack TLB (STLB)
address translation in order to save energy. The small-
est sSTLB VPN accessel register denoted \p" is initialized
to Ox % During the program execution, this register
will hold the smallest VPN that was accessedy the stack
pointer ($sp).* The counter bits, mis-speculation bit (MS-
BIT) in the MOB, and the TLB valid bits (V) for each en-
try are initialized to zero. The MS-BIT is set/reset based
on the correctness of the speculatively translated VPN.
Figure 7(a) shows the stack growth in the ARM memory
model. As visually represerted in Figure 7(a), when the
stack grows, the VPN decreases.

2 Alternativ ely, a compiler can annotate loads and stores
with semartic region information. The MOB can use this

information during the virtual addressdispatch to the se-
mantic TLBs and eliminate the DAR logic by using com-
piler support.

3In our simulation model basedon ARM, the stack region

begins from higher memory addressand grows downward.

“Following software convention, the smallest VPN should

represert the memory page pointed by the current $sp.
Any memory accessbeyond the current $sp (i.e. addresses
lower than $sp) is considered a violation of the software
convertion.

VPN l stack bast

Ox bfffc

stack grows
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0x bfffb

4 KB page
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(a) Stack growth in ARM memory model

Pre charge logic

L

Stack TLB

HEAN

VPN bit enable

olo|r |o|<

smallest sTLB
VPN accessed
VPN copied:
whenc<p |

Current STLB VPN

l

PPN

V' Valid bit
j = j +ve clock edge
M$)
o1 store jl ve clock edge
Buffer | ! ! | Buffer MS BIT marked only on
TL mis speculation

-- Active only when stact
grows and crosses pay
boundary

Memory Order Buffer (MOB)

20 bit stack VPN common case address translation path

(b) Entropy based SPeculative stack TLB

Figure 7: Entrop y based speculativ e stack TLB

The memory order bu er (MOB) dispatchesthe virtual
addressthat needsto betranslated to semartic TLBs. But
only oneTLB will be enabledbasedon the three bits stored
as part of the MOB. If the stack TLB (sTLB) is enabled,
the sTLB is precharged only for the bits that are high at
the output of the VPN bit enableregister, a bit mask. The
VPN bits sert from the MOB to the sTLB represen the
common casefor stack addresstranslation. This common
case path is showvn as a bold line from the MOB to the
STLB in Figure 7(b).

At the same time the address reaches the sTLB, the
current STLB VPN denoted \c" that contains the current
VPN is compared with the smallest sSTLB VPN accesse
during the high phaseof a clock cycle. If the current stack
referencedid not crossthe pageboundary, the comparator
output will be FALSE. If the comparator output is FALSE
(c p), the speculative translation was indeed correct and
no further correction is needed. The counter value stays
the sameand is not decremerted. Note that the compar-
ison is not on the critical path of the stack addresstrans-
lation.

When the stack region grows (downward) asshown in Fig-
ure 7(a) and crossesthe page boundary, the comparator
output will be TRUE (c < p) indicating that the specula-
tiv ely translated addresswasincorrect, and a mis-speculation



recovery is required as follows: (1) set the mis-speculation
bit (MS-BIT) in the MOB for this virtual addressentry, (2)
update the smallest sTLB VPN accessel register with the
current sTLB VPN value, (3) increment the counter, and
(4) invalidate the output of the cadhe tag match hit/miss

signal by qualifying it with the comparator output signal;
all four events happen on the negative edge of the same
clock cycle since there are no dependenciesamong them.

The counter keepstrack of the number of pagesthe stack
region has covered until now, starting from the stack base.
We usea modi e d binary pre x sum logic to determine the
minim um number of the STLB precharge bits to be enabled
based on the counter value. The VPN bit enable register
stores the output of the modi e d binary pre x sum logic
and is ready for correct addresstranslation in the subse-
quent cycle in caseof a mis-speculation. The comparator
(that writes the MS-BIT) squashesthe incorrectly trans-
lated addressby invalidating the tag match for the cache
data. The instruction sdceduler cancels and resdedules
the instructions dependert on this cache data. The num-
ber of mis-speculations for the sTLB is very low and is
analyzed in detail in Section 5. The corresponding mem-
ory referenceis re-issued by the MOB, and the MS-BIT
is reset after the re-issue. The re-issued memory reference
will now succeedthrough the common casepath, as both
the current sSTLB VPN and smallest STLB VPN accessel
contain the same value. The instructions dependert on
the memory referenceget scheduled to execute on their re-
spective execution units. The power consumption of all the
componerts in Figure 7 and the performance issueson the
mis-speculation path are further discussedin Section 5.

The MOB is extended by the addition of the MS-BIT
to eath entry as shown in Figure 7. During normal oper-
ation, the MOB captures events such as TLB page-faults
and memory-access-violations,and reschedulesthe a ected
memory operations after a TLB page walk. This existing
MOB medanism can be extended to setand resetthe MS-
BIT, and no further logic is required.

The modi e d binary pre x sum logic is a combinational
circuit that determines the minimum number of the sTLB
precharge bits to be enabled based on the counter value.
For example, if the program has covered twelve pagesfrom
the stack base,the counter value will be 12 (binary 1100).
The 20-bit VPNs of these twelve pages can be uniquely
identi ed using the four lower order bits [3:0] as the stack
frame grows sequerially . When a new VPN looks up the
sTLB for an addresstranslation, thesefour bits are enough
to resolve the twelve pagesunambiguously for the VPN tag
match. Therefore, the sTLB needsto be precharged with

only four leastsigni can t bits enabled, which is [000....1111].

The circuit that acceptsthe binary value from the 20-bit
counter asinput (say, [000...01100])and provides a 20-bit
binary [000...1111]as output is implemented using a mod-
ied binary prex sum logic. In general, given an n-bit
binary input sequence,

the binary pre x sum logic provides a n-bit binary out-
put sequence,

wherep; = (bh 1+ by 2+ i+ by + Bh)mod2is called
the i binary pre x sum [12].

We need to take care of an additional case when the
counter value is a power of 2. For example, when the
counter value is 4 (binary 100) indicating four stack pages

are now covered by the program, the output should be
binary 011, as two bits are enough to uniquely identify
these four VPNs. But the output of the binary pre x sum
logic will be 111. This precharges one extra bit that is
not neededfor addressresolution, consuming more energy
during every stack TLB lookup. Therefore, whenewer the
counter value is a power of 2, the MSB of the binary pre-
X sum logic output must be changed to zero instead of
one. We modied the truth table to accommodate this
case,and implemented the logic using CMOS gates. This
modi e d pre x sum logic enables pre-charging and com-
paring only the few least signi cant bits of the stack TLB,
thus saving energy by avoiding the complete 20-bit VPN
precharge. The power consumption and the delay for this
logic is detailed in Section 5.

The following things are to be noted during the stack
addresstranslation mechanism:

1. The stack addressis translated speculatively through
the common-case(highlighted) path shown in Figure 7.

2. Sincethe stack addresstranslation is speculative, the
comparator, the modi ed binary pre x sum logic, and MS-
BIT update in the MOB do not a ect the critical path of
the TLB lookup.

3. The modi ed binary pre x sum logic becomesactive
and consumespower only during mis-speculation.

4.2 Entropy-BasedDeTerministic TLB

The compiler, assenbler, and linker tool chain createsa
widely usedELF or COFF le format that is loadable, relo-
catable, and executable. As part of the process,the global
variables in the program becomepart of the global static
data in the executable. The sizeof the various sectionssuch
as .text, .init, .data, .rodata, and .bss sections are clearly
de ned aspart of the executable le format. Therefore, the
number of pagesoccupied by the global static data can be
determined after the program compilation from the di er-
encebetweenthe loader variables Id_data_start (the address
where the global static data starts) and Id_data_bound (the
addresswhere the global static data ends). Once the global
data size is known, the maximum number of pagesoccu-
pied by the global data is obtained by dividing the global
data size by 4096 (the page size). The minimum number
of bits required to addressthese global pages,and the bit
sequencesert to the precharge logic to enable the global
TLB is calculated by the loader as shovn below. By going
through a few lines of code once, the loader can determin-
istically nd the bits that needto be precharged and stores
it in the Deterministic xed bits register.

glokal data size = Id_data_bound - |d_data_base

number of pages= glokal data size/ 4096;

number of bits needed = log (humber of pages);

Deterministic xe d bits = mod_binary _pre x _sum(number
of bits needed);

The last line is a software equivalent of nding the mod-
ied binary prex sum bit sequencethat was described
in Section 4.1.

The global entropy activity comesfrom the memory ref-
erencesbetweenthe de ned boundaries of the global data
size. As the activity is con ned to these few pagesoccu-
pied by the global data, only a few lower order bits change
between memory referencesand most of the higher order
bits of VPN remain unchanged. This provides an oppor-
tunity to enable and precharge only the few lower-order
bits for global TLB (gTLB) lookup in order to save energy.
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[ 32-bit  Pro cessor Parameters | Values |
Execution Engine 4-wide out-of-order
Num ber of data TLB entries 32
Page size 4 KB
L1/L2 cache hit latency 1/ 6 cycle
Memory latency 150 cycles
TLB hit/miss latency 1/ 30 cycles
L1 Cache baseline DM, 32KB, 32B line
L2 Cache 4-way 512KB, 32B line

Num ber of TLB ports used

1

20-bit comparator power 300 W
Modied prex sum logic delay 160 ps
Modied prex sum logic power 668 W

Dynamic power for counter 956 W

Table 1: Pro cessor con guration

In Figure 8, the Deterministic xed bits is derived from the
loader variables and stored in the register. The gTLB is
precharged and compared only for the bits that are high in
this register to save energy. Since the precharged bits are
deterministically found before program execution, there is
no performance penalty involved.

5. EXPERIMENT AL RESULTS

Our performance evaluation infrastructure is based on
Simplescalar for the ARM ISA. We integrated Wattch [2]
into the Simplescalar ARM model for energy simulation
and modi ed Simplescalar to model the ESP-TLB and
EDT-TLB. We use 100nm technology in our simulations.
We simulated the Mib ench benchmark programs to com-
pletion. For the SPEC2000 benchmark suite, we rst fast
forwarded by one billion instructions and simulated the
next 300 million instructions. Table 1 describes our ma-
chine con guration and power data.

To evaluate the energy savings using the ESP-TLB and
EDT-TLB mechanisms, the power consumption of the 20-
bit comparator, modi ed binary pre x sum logic, and the
counter are taken into accourt in the Wattch simulation.
We simulated these logic componernts using HSPICE. For
our HSPICE simulations, we use BSIM transistor mod-
els [3]. The energy consumed by the comparators, and
counter are added every cycle, and the modied binary
pre x sum logic power on mis-speculation. We charge
two extra cycles on each stack address translation mis-
speculation. In the rst cycle, during the positive edge,the
VPNs are compared; during the negative edge, if the spec-
ulativ e stack address translation is incorrect the counter
is incremented and the modied binary prex sum logic

changesits output. In the secondcycle, the MOB resced-
ulesthe virtual addressfor sTLB lookup. We add an extra
10% [15] of the dynamic power to accourt for the leakage
power when there is no TLB accessactivit y. Sery et al. [15]
report 15% of dynamic power asleakage power in the 65nm
technology, and 10% in the 90nm technology.

Figure 9 preserts the energy savings and overall perfor-
mance after applying the ESP-TLB and EDT-TLB medh-
anisms. The baseline in this gure is a convertional 32-
entry d-TLB. The total energy savings is 47% compared
to the baselined-TLB with an overall performance penalty
of lessthan 1%. The penalty from the stack addresstrans-
lation mis-speculation is negligible as the number of mis-
speculations are very few. In some casesthere is a perfor-
manceimprovemert asthe ESAM architecture reducesthe
number of expensive TLB misses.
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Figure 9: Energy savings and performance

ESP-TLB and EDT-TLB

using

Figure 10 shows the e ectiv enessof the ESP-TLB. The
maximum number of bits precharged for the stack address
translation is lessthan or equal to three bits, asthe stack
region has not crossed more than eight page boundaries.
The maximum number of mis-speculations is three; when
the counter increments from 0to 1, 1to 2, and nally from
2to 3. The rst bar in this gure shows the number of
accesseswhen the sTLB lookup neededonly one bit to be
precharged, and the secondand third bar when the sTLB
lookup neededonly two and three bits to be precharged,
respectively. The experimental results con rm the graphs
in Section 3; the stack addresseshave very low entropy and
can be predicted with high accuracy to save energy.
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Figure 10: Eectiv eness of the ESP-TLB




6. RELATED WORK

Hammerstrom et al. [7] proposed a method to estimate
the information content of memory referencesand the ad-
dressgeneration overhead. They proposeda few optimiza-
tion techniques to reduce the addresscalculation overhead
basedon the measuredentropy. Becker et al. [1] proposed
a scheme to dynamically encode a typical 32-bit address
into four to sewen bits using Hu man coding. Their exper-
iments show that 83% of addressbits in the traces contain
redundant information.

Kandemir et al. [10] proposeda compiler-based data lay-
out restructuring combined with smaller translation regis-
ters, to reduce the d-TLB energy. Petrov et al. [14] pro-
posed a software-controlled reduced virtual page number
mechanism to reduce the TLB energy. Their method con-
sists of two phases,an o -line and an on-line phase. In the
o -line phase, a special algorithm code is inserted prior to
entering and after exiting the hot-spot with reducedtag in-
formation. Additionally , the compiler also attachesspecial
tables with information about the hot-spots. During the
on-line phase, the OS provides information regarding the
libraries. Our technique requires some hardware changes,
but doesnot require any pro le feedbad support.

Juan et al. [9] proposed a circuit design to modify the
CAM cell by adding another transistor in the discharge
path. With the modied cell, the control line can be used
to precharge the match line without resetting the bit lines.
Now, the bit lines toggle due to changesin the virtual ad-
dressesof consecutive accesses.As the unied TLB is ac-
cessedby all the memory referencesfrom di erent seman-
tic regions, the entropy is higher leading to their measured
change of four bits per access,unlike our semartic-aware
technique where the addressesare segregatedbasedon dif-
ferent memory regions.

7. CONCLUSION

In this paper, we proposedtwo architectural techniques
to reduce the data TLB energy. By exploiting the low en-
tropy of stack and global data, energy savings are achieved
via (1) a speculative but highly accurate stack address
translation, and (2) a deterministic global static address
translation. In both schemes, we enable and precharge
only the minimal required number of least signi cant ad-
dress bits to reduce the data TLB energy. We show that
the TLB energy consumption is reduced by 47% with less
than 1% overall performance overhead. As shown in our re-
sults, the performance degradation due to mis-speculation
is negligible for the stack TLB, and there is no performance
penalty for the global TLB translation asit is determin-
istic. Our techniques incur very little hardware overhead.
As the TLB power contin uesto rise and aswe migrate from
32-bit to 64-bit architectures supporting large page sizes,
our techniques will becomemore signi cant in reducing the
data TLB energy.
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