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Abstract libraries that coding in C or C++ normally requires [17]. In
addition, Java allows application writers to embed animation,
Java is being widely adopted as one of the software plasound, and other features within their applications easily, an
forms for the seamless integration of diverse computing démportant plus in web-based portable computing.

vices. Over the last year, there has been great momentum Rynning Java in an embedded/portable environment, how-
in adopting Java technology in devices such as cell-phonegyer, is not without its problems. First, most portable devices
PDAs, and pagers where optimizing energy consumptiofave very small memory capacities. Consequently, the mem-
is critical. Since, traditionally, the Java vi_rtual machine ory requirements of the virtual machine should be reduced
(JVM), the cornerstone of Java technology, is tuned for perang, accordingly, the application code should execute with a
formance, taking into account energy consumption requiresma|| footprint. Second, along with performance and form
re-evaluation, and possibly re-design of the virtual machinegctor, energy consumption is an important optimization pa-
This motivates us to tune specific components of the virtugd meter in battery-operated systems. Since, traditionally, the
machine for a battery-operated architecture. As embeddaglrtyal machine is tuned for performance, taking into account
JVMs are designed to run for long periods of time on “m'tedenergy consumption requires re-evaluation, and possibly re-
memory embedded systems, creating and managing Java @fsign of the virtual machine from a new perspective. Third,
jects is of critical importance. The garbage collector (GC)the JvM in a portable environment is not as powerful as the
is an important part of the JVM responsible for the auto-jym in a general-purpose system as many native classes are
matic reclamation of unused memory. This paper shows thgbt supported. All these factors motivate us to tune specific

the GC is not only important for limited-memory systems bitomponents of the JVM (e.g., garbage collector, class loader)
also for energy-constrained architectures. In particular, Wesor g portable environment.

present a GC-controlled leakage energy optimization tech- As embedded JVMs are designed to run for long periods
nigue that shuts off memory banks that do not hold live data,, .. S )
f time on limited-memory embedded systems, creating and

A vgrlety of parametgrs, such as bank size, the gafbage CO(r?ﬁanaging Java objects is of critical importance. The JVM
lection frequency, object allocation style, compaction styl

. . eSupports automatic object reclamation, removing objects that
and compaction frequency, are tuned for energy saving. are no longer referenced. Existing embedded JVMs such

as Sun’'s KVM [2] and HP’s ChaiVM [3] are already finely
tuned to conform with three important requirements of em-
bedded systems: soft real-time, limited memory, and long-
Java is becoming increasingly popular in embedguyration sessions. However, currently, there is little support
ded/portable environments. It is estimated that Java—enablﬁgi ana|yzing and optimizing energy behavior of such sys-
devices such as cell-phones, PDAs and pagers will grow froeéms. This is of critical importance for more widespread
176 million in 2001 to 721 million in 2005 [20]. One of the adoption of this technology in battery-constrained environ-
reasons for this is that Java enables service providers to Cligrents. In particular, the energy consumption in the memory
ate new features very easily as it is based on the abstract Jayatem is a significant portion of overall energy expended
Virtual Machine (JVM) Thus, it is Currently portable to 80 in execution of a Java app|ication [22] Thus, it is impor-
to 95 percent of platforms and lets developers design and infant to consider techniques to optimize memory energy con-
plement portable applications without the special tools angumption. There are two important components of memory

“This work was supported in part by NSF grants CAREER 0093082EN€rQy. dynamic energy and leakage energy. Dynamic en-
CAREER 0093085, 0073419 and a grant from Sun Microsystems. ergy is consumed whenever a memory array is referenced or
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precharged. Recent research has focused on the use of meters are not tuned appropriately. Further, we notice that the
ory banking and partial shutdown of the idle banks in ordeobject allocation pattern and the number of memory banks
to reduce dynamic energy consumption [8]. However, leakavailable in the underlying architecture are limiting factors
age energy consumption is becoming an equally importaimin how effectively GC parameters can be used to optimize
portion as supply voltages and thus threshold voltages artde memory energy consumption.
gate oxide thicknesses continue to become smaller [4]. Re- The remainder of this paper is organized as follows. The
searchers have started to investigate architectural support foext section summarizes the K Virtual Machine and its GCs.
reducing leakage in cache architectures [23, 16]. In this p&ection 3 explains the experimental setup used for our simu-
per, we show that it is possible to also reduce leakage enertgtions. Section 4 gives the energy profile of the current KVM
in memory by shutting down idle banks using an integratednplementation and discusses the impact of dividing memory
hardware-software strategy. into multiple banks. This section also investigates the energy
The garbage collector (GC) [13] is an important part of thempact of different features of our garbage collectors from
JVM and is responsible for automatic reclamation of heapboth the hardware and software perspectives. Section 5 dis-
allocated storage after its last use by a Java application. Vatusses related work. Finally, Section 6 concludes the paper
ious aspects of the GC and heap subsystems can be confiy-summarizing our major contributions.
ured at JVM runtime. This allows control over the amount of
memory in the embedded device that is available to the VM kKM and Mark-and-Sweep Garbage Col-
the object allocation strategy, how often a GC cycle is trig- lector
gered, and the type of GC invoked. We exploit the interaction
of these tunable parameters along with a banked-memory or- ] ] ) L. )
ganization to effectively reduce the memory energy (leak- < Virtual Machine (KVM) [2]is Sun’s virtual machine de-
age and dynamic) consumption in an embedded Java en§f9”,ed w|th the Const_ramts_ of inexpensive empedded/mok_nle
ronment. Since garbage collection is a heap-intensive (j.¢/€vices in mind. It is suitable for devices with 16/32-bit
memory-intensive) operation and directly affects applicatio#'SC/USC mlcroprocessors/controlIers, and Wlth. as !lttle as
performance, its impact on performance has been a populaf© KB of total memory available, 128 KB of which is for
research topic (e.g., see [13] and the references therein). the storage of the a_ctual virtual machine and _Ilbrarles them-
an embedded/portable environment, however, its impact oif|ves: Target devices for KVM technology include smart
energy should also be taken into account. This is importaif{ireless phones, pagers, mainstream personal digital assis-

not because the garbage collector itself consumes a sizeaBt8ts: and small retail payment terminals. The KVM technol-
ogy does not support Java Native Interface (JNI). The current

portion of overall energy during execution, but because it in* it
fluences the energy consumed in memory during appncatidmplementatlon is interpreter-based and does not support JIT

execution. The GC can take the banked nature of main merfptSt-in-Time) compilation.

ory into account and (i) turn off unused memory banks and An M&S collector makes two passes over the heap. In Fhe

(i) move objects (in memory) in a bank-sensitive manner s§rst Pass (called mark pass), a bit is marked for each object

as to maximize energy reduction. indicating whether the object is reachable (live). After this
This paper studies the energy impact of various aspects fep, a sweep pass returns unreachable objects (garbage) to

a mark-and-sweep (M&S) garbage collector (commonly e the pool of free objects. As compared to other garbage col-

ployed in current embedded JVM environments) in a multilectors such as reference counting and generational collec-

bank memory architecture. The experiments are carried offt's [13], thFe M&S CoIIIectorI_Eas k}Oth advantag_es agg dli\jgg
using two different (compacting and non-compacting) colYantages. For example, unlike reference counting '

lectors in Sun's embedded JVM called KVM [2]. Further collector handles reference cycles naturally without any extra

the virtual machine is augmented to include features that a e_chanlsr_n. Also, no pointer arithmetic is necessary during
customized for a banked-memory architecture. We also me&- ject ass!gnmentg. As compa_red tq generational coIIeptor,
sure the sensitivity of energy behavior to different heap sizeg, has !ess |r_1format|on to maintain d_unng garba_ge collection,
cache configurations, and number of banks. In order to irf> easter to mplement, and has a simpler user mterfape.
vestigate the energy behavior, we gathered a set of thirteen The K_VM |mplemer_1ts two M&S_ collectors, one W'thou.t
applications frequently used in hand-held and wireless g&ompaction and one with compaction. In the non-compacting

vices. These applications include utilities such as calculat&Q”eCtor' in the mark phase, all the objects pointed at by the

and scheduler, embedded web browser, and game prog:jjran{é).ot objects, or pointed at by objects that are pointed at by
’ ' t objects are markeive. This is done by setting a bit in

We observe that the energy consumption of an embeddé@o biect's head led h h
Java application can be significantly more if the GC paramt- eo !ects eader calle N_IARK_BlT' In the sweep phase,
the object headers of all objects in the heap are checked to
10ur applications and GC executables are publicly availden €€ if the MARK BIT was set during the mark phase. All

www.cse.psu.edw/gchen/kvmgc/ unmarked objects (MARK BIT=0) are added to the free list




and for the marked objects (MARK BIT = 1), the MARK BIT that no extra space is needed to maintain the relocation infor-
is reset. While allocating a new object, the free list is checkethation, objects of all sizes can be handled, and the order of
to see if there is a chunk of free memory with enough spacebject allocation is maintained. The disadvantage is that both
to allocate the object. If there is not, then garbage collecta@orting the break table and updating the pointers are costly
is called. After garbage collection (mark and sweep phaseg)perations both in terms of execution time and energy.

object allocation is tried again. If there is still not any space In the rest of the paper, we will refer to these compact-
in the heap, an out-of-memory exception is thrown. Noténg and non-compacting collectors as M&S and M&C, re-
that since this collector does not move objects in memorgpectively. It should be noted that both the collectors are not
the heap can easily get fragmented and the virtual machimgptimal in the sense that they do not reclaim an objectimme-
may run out of memory quickly. diately after the object becomes garbage (as an object is not

In an embedded environment, this heap fragmentatioofficially garbage until it is detected to be so).
problem brings up two additional issues. First, since the Figure 1 shows the operation of garbage collection and
memory capacity is very limited, we might incur frequentcompaction in our banked memory architecture that contains
out-of-memory exceptions during execution. Second, a frageur banks for the heap. Each step corresponds a state of
mented heap space means more active banks (at a given tithe heap after an object allocation and/or garbage collec-
frame) and, consequently, more energy consumption in mertion/compaction. Step 0 corresponds to initial state where all
ory. Both of these motivate for compacting live objects inbanks are empty (turned off). In Step 1, objads allocated
the heap. Compacting heap space, however, consumes batid in Step 10, two more objectB &nd C) are allocated.
execution cycles and extra energy which also need to be aer Step 50, objecB becomes garbage and three new objects
counted for. (D, E, andF) are allocated. In Step 100, boihandE be-

In the compacting mark-and-sweep collector, permanegome garbage an@ is allocated. Note that at this point all
objects are distinguished from dynamic objects. A certaiithe banks are active despite the fact that Bank 2 holds only
amount of space from the end of the heap is allocated for pegarbage. In Step 200, the garbage collector is run and ob-
manent objects and is callgérmanent spacdhis is useful jectsB, D, andE are collected (and their space is returned to
because the permanent space is not marked, swept, or coii¢e space pool). Subsequently, since Bank 2 does not hold
pacted (since it contains permanent objects which will be reiny live data, it can be turned off. In Step 500, obj€céh
erenced until the end of execution of program). The mark angank 1 becomes garbage. Finally, Step 1000 illustrates what
sweep part of this collector is same as the non-compactiftpppens when both garbage collection and compaction are
collector. Compaction takes place on two occasions: run. ObjectCis collected, live objectd, G andF are clus-

tered in Bank 0, and Banks 1 and 3 can be turned off. Two

« after the mark and sweep phase if the size of the objegioints should be emphasized. Energy is wasted in Bank 2

to be allocated is still bigger than the largest free chunketween steps 100 and 200 maintaining dead objects. Thus,
of memory obtained after sweeping; the gap between the invocation of the garbage collection and
the time at which the objects actually become garbage is crit-

e when the first permanent object is allocated, and, agal in reducing wasted energy. Similarly, between steps 500

needed, when future permanent objects are allocateglhd 1000, energy is wasted in Banks 1 and 3 because the
Space for a permanent objectis always allocated in stefige objects that would fit in one bank are scattered in dif-
of 2KB. If the object needs more space, then anothe&erent banks. This case illustrates that compaction can bring

2KB-chunk is allocated, and so on until its space readditional energy benefits as compared to just invoking the
quirement is satisfied. garbage collector.

During compaction, all live objects are moved to one end o .

the heap. While allocating a new dynamic object, the freé Experimental Setup

list is checked to see whether there is a chunk of free mem-

ory with enough space to allocate the object. If there is nof§.1 Banked Memory Architecture

then the garbage collector is called. During garbage collec-

tion (after sweep phase), it is checked whether the largest The target architecture we assume is a system-on-a-chip

free chunk of memory (obtained after sweep phase) sati§gSoC) as shown in Figure 2. The processor core of the sys-

fies the size to be allocated. If not, then the collector entem is based on the microSPARC-llep embedded processor.

ters compaction phase. After compaction, object allocatiomhis core is a 100MHz, 32-bit five-stage pipelined RISC ar-

is attempted again. If there still is not any space, an out-othitecture that implements the SPARC architecture v8 spec-

memory exception is signaled. ification. It is primarily targeted for low-cost uniprocessor
The default compaction algorithm in KVM is a Break applications. The target architecture also contains on-chip

Table-based algorithm[24]. Advantages of this algorithm arelata and instruction caches that can be selectively enabled.



Bank 0 Bank 1 Bank 2 Bank 3 Optional
- RAM

Step 0

|
Step 1 n ‘ ’OFF‘ ]opp‘ ’opp‘

< Heap

1
1
1
1

— Runtime Stack

COC | - KVMCode
+
s | Class Libraries

* ICACHE i

om [ |
-

PROCESSOR CORE

F---d--

L ROM
Optional
[el[e]] | Bank
Step 200 G OFF F Garbage ) )
c| | | | coteton Figure 2. Major components of our SoC. Note that
Step 500 n | [e ‘ o | | cache memories are optional.
Garbage
septooo QYEJH | [ oF | [ o | [ o | Collestion
Compaction
instruction-set simulator and custom trace generator. Appli-
- : Live Object cation programs are executed and traced under the control
of a user-supplied trace analyzer. Current implementations
|:] : Garbage run on SPARC systems and, to varying degrees, simulate the

SPARC (Versions 8 and 9) and MIPS | instruction sets.

Our simulator tracks energy consumption in the proces-
sor core (datapath), on-chip caches, and the on-chip SRAM
and ROM memories. The datapath energy is further broken
into energy spent during execution and energy spent during
GC. The GC energy, itself, is composed of the energy spent
Further, it contains an on-chip ROM and an on-chip SRAMin mark phase, sweep phase, and compaction phase (if used).
Figure 2 also shows both logical and physical views of th&imilarly, the memory energy is divided into three portions:
portion of the memory system of interest. This portion isenergy spent in accessing KVM code and libraries, energy
divided into three logical parts: the KVM code and class lispent in accessing heap data, and energy spent in accessing
braries, the heap that contains objects and method areas, ahd runtime stack and KVM variables. The simulator also al-
the non-heap data that contains the runtime stack and KVMws the user to adjust the various parameters for these com-
variables. Typically, the KVM code and the class librariegponents. Energies spentin on-chip interconnects are included
reside in a ROM. The ROM size we use is 128 KB for thdn the corresponding memory components.
storage of the actual virtual machine and libraries themselves The energy consumed in the processor core is estimated
[2]. The heap (a default size of 128KB) holds both applity counting (dynamically) the number of instructions of each
cation bytecodes and application data, and is the target gfpe and multiplying the count by the base energy consump-
our energy management strategies. An additional 32KB afon of the corresponding instruction. The energy consump-
SRAM is used for storing the non-heap data. We assume thgén of the different instruction types is obtained using a cus-
the memory space is partitioned into banks and dependingmized version of our in-house cycle accurate energy simu-
on whether a heap bank holds a live object or not, it can biator [21]. The simulator is configured to model a five-stage
shutdown. Our objective here is to shutdown as many menpipeline similar to that of the microSPARC-llep architecture.
ory banks as possible in order to reduce leakage and dynanyige energies consumed by caches are evaluated using an an-
energy consumption. Note that the operating system is astytical model that has been validated to be highly accurate
sumed to reside in a different set of ROM banks for which ngwithin 2.4% error) for conventional cache systems [15]. All
optimizations are considered here. Further, we assume a sysrergy values reported in this paper are based on parameters
tem without virtual memory support that is common in manyfor 0.10 micron, 1V technology. The dynamic energy con-

Figure 1. Operation of garbage collector and com-
pactor.

embedded environments [12]. sumption in the cache depends on the number of cache bit
lines, word lines, and the number of accesses. In this pa-
3.2 Energy Models per, we model the SRAM-based memory using energy mod-

els similar to those used for caches. The number of banks and
For obtaining detailed energy profiles, we have cussize of the banks in the SRAM-based memory are parameter-
tomized an energy simulator and analyzer using the Shadkable.
[6] (SPARC instruction set simulator) tool-set and simu- In our model, a memory bank is assumed to beire
lated the entire KVM executing a Java code. Shade is aof three modegstate at any given time. In theead/write



mode a read or write operation is being performed by the3.3 Benchmark Codes and Heap Footprints
memory bank. In this mode, dynamic energy is consumed
due to precharging the bitlines and also in sensing the data In this study, we used thirteen applications ranging from
for a read operation. For a write operation, dynamic energytility programs used in hand-held devices to wireless web
is consumed due to the voltage swing on the bitlines and iBrowser to game programs. These applications are briefly de-
writing the cells. In theactive modethe bank is active (i.e., scribed in Figure 3. The fourth column gives the maximum
holds live data) but isotbeing read or written. In this mode, live footprint of the application; i.e., the minimum heap size
we consume dynamic precharge energy as there is no regsghuired to execute the application without an out-of-memory
or write into the bank. In addition, leakage energy is conerror if garbage is identified and collected immediately. The
sumed in both these modes. Finally, in thactive mode, actual heap size required for executing these applications are
the bank does not contain any live data. Thus, the bank iauch larger using the default garbage collection mechanism
not precharged. Further, in this mode, we assume the usewfthout compaction. For examplé&wr requires a min-
a leakage control mechanism to reduce the leakage currefihum heap size of 128KB to complete execution without
Thus, a bank in this mode consumes only a small amount @bmpaction. The fifth column in the figure gives the effective
leakage energy and no dynamic energy. live heap size; that is, the average heap size occupied by live
In optimizing leakage current, we modify the voltageObjeCtS ovgrthe entire dgrati_on of the application’s execgtion.
down converter circuit [14] already present in current memETom detailed characterization, we observed that the size of
ory chip designs to provide a gated supply voltage to thEhe live heap.var!es across a_lpphcatlpns. Fur’[her, _the live heap
memory bank. Whenever ti®leegsignal is high, the supply SiZe varies with time even WI'[.hIn.a smglg a}pphcatlon: qu ex-
to the memory bank is cut off, thereby essentially eliminatingMple, theManybal | s application exhibits an oscillating
leakage in the memory bank. Otherwise, @&tedVpp Sig- eap size requweme_nt that increases z_ind de_crez_aseg periodi-
nal follows the input supply voltagd’, ). The objective of €ally. The average live heap size of this application is only
our optimization strategy is to put as many banks (from th&2% of.the maximum heap size. This indicates the potential
heap portion of memory) as possible into the inactive modf®r partially shutting down portions of the heap memory as
(so that their energy consumption can be optimized). Thi§'e demand on the heap memory changes. The ability to ex-
can be achieved by compacting the heap, co-locating Obje(ﬁg)lt this potential erends on various factprs. These factors
with temporal affinity, invoking the garbage collector morelnclude the bank size, the garbage collection frequency, ob-
frequently, adopting bank-aware object allocation strategiet$Ct allocation style, compaction style, and compaction fre-
or a combination of these as will be studied in detail in Secdueéncy as will be discussed in the next section.
tion 4. When a bank in the inactive mode is accessed to allo-
cate a new object, it incurs a penalty of 350 cycles to servicd  Energy Characterization and Optimization
the request. The turn-on times from the inactive mode are de-
pendent on the sizing of the driving transistors. Note thatthg 1 Base Configuration
application of this leakage control mechanism results in the

data being lost. This does not pose a problem in our case 8Sunless otherwise stated, our default bank configuration

the leakage control is applied only to unused (inactive) bankfs|aS eight banks for the heap, eight banks for the ROM, and

The dynamic energy consumption for each of the modesvo banks for the runtime stack (as depicted in Figure 2).
is obtained by using scaled parameters for 0.10 micron teckMl banks are 16KB. In this base configuration, by default,
nology from 0.18 micron technology files applying scalingall banks are either in the active or read/write states, ramd
factors from [1]. An analytical energy model similar to thatleakage control technique is applied. The overall energy con-
proposed in [15] is used, and a supply voltage of 1V and aumption of this cacheless configuration running with M&S
threshold voltage of 0.2V are assumed. We assume that tf@C without compaction) is given in the last column of Fig-
leakage energy per cycle of the entire memory is equal to thee 3. The energy distribution of our applications is given
dynamic energy consumed per access. This assumption triesFigure 4. The contribution of the garbage collector to the
to capture the anticipated importance of leakage energy verall datapath energy is 4% on average across the different
future. Leakage becomes the dominant part of energy cobenchmarks (not shown in the figure). We observe that the
sumption for 0.10 micron (and below) technologies for theoverall datapath energy is small compared to the memory en-
typical internal junction temperatures in a chip [4]. Whenergy consumption. We also observe that the heap energy con-
our gated supply voltage scheme is applied, leakage energitutes 39.5% of the overall energy and 44.7% of the overall
is reduced to 3% of the original amount. This number is obmemory (RAM plus ROM) energy on the average.
tained through circuit simulation for 0.18 micron technology Note that the memory energy consumption includes both
for a 64-bit RAM when using the scheme explained abovéhe normal execution and garbage collection phases and is di-
with driver sizing to maintain the same read time. vided into leakage and dynamic energy components. On av-



Application Brief Description Source ‘ Maximum ‘ Effective ‘ Base

Footprint Footprint Energy (mJ)
Cal cul at or Arithmetic calculator www.cse.psu.eda/gchen/kvmgc/ 18,024 14,279 0.68
Crypto Light weight cryptography APl in Java www.bouncycastle.org 89,748 60,613 8.40
Dr agon Game program comes with Sun’'s KVM 11,983 6,149 5.92
Elite 3D rendering engine for small devices home.rochester.rr.com/ohommes/Elite/ 20,284 11,908 3.67
Kshape Electronic map on KVM www.jshape.com 39,684 37,466 13.52
Kvi deo KPG (MPEG for KVM) decoder www.jshape.com 31,996 14,012 1.52
Kwmi WML browser www.jshape.com 57,185 49,141 34.97
Manybal | s Game program comes with Sun’'s KVM 20,682 13,276 6.19
Mat hFP Fixed-point integer math library routine home.rochester.rr.com/ohommes/MathHP/ 11,060 8,219 6.91
M ni A configurable multi-threaded mini-benchmark www.cse.psu.eda/gchen/kvmgc/ 31,748 16,341 1.46
M ssiles Game program comes with Sun’'s KVM 26,855 17,999 4.28
Schedul er Weekly/daily scheduler www.cse.psu.eda/gchen/kvmgc/ 19,736 17,685 9.63
Starcrui ser Game program comes with Sun’s KVM 13,475 11,360 4.58

Figure 3. Brief description of benchmarks used in our experiments. The fourth and fifthcolumns are in bytes.

erage, 75.6% of the heap energy is due to leakage. The leak-
age energy is dependent on the duration of the application
execution while the dynamic energy is primarily determined
by the number of references. Considering this energy distri-
bution, reducing the the heap energy through leakage control
along with efficient garbage collection and object allocation
can be expected to be very effective.

We also note from Figure 4 that overall ROM energy is
less than the overall heap energy. This is mainly due to #Core EHeap (Leakage)
the following reasons. First, the dynamic energy for access- WHeap (Dynamic) & Runtime Stack (Leakage)
. . . M Runtime Stack (Dynamic) [JROM (leakage)
ing a ROM is less than the corresponding value for a same EIROM (Dynamic)
size RAM. This difference results from the smaller capaci-
tive load on the wordlines and bitlines. In the ROM, only the Figure 4. Energy distribution.
memory cells that store a value of zero contribute a gate ca-
pacitance to the wordline. Further, only these cells contribute
a drain capacitance to the bitline [7]. In addition, the numbeROM is 63.7% of overall ROM energy which is much higher
of bitlines is reduced by half with respect to the RAM con-than the corresponding value in the heap. This difference is
figuration and a single-ended sense amplifier is used for thue to high access frequency of the ROM banks that contain
ROM array as opposed to a differential sense amplifier in thihe KVM code as well as class libraries.
RAM array. Our circuit simulations show that the per access
energy of a RAM array can thus be as large as 10 times th4t2 Impact of Mode Control
of a ROM array. However, the difference is dependent on
the actual bit pattern stored in the array. In our experiments, Turning off a heap bank when it does not contain any live
we conservatively used a dynamic energy cost for accessifiject can save energy in two ways. First, leakage energy
the ROM to be half that of a corresponding RAM array acis reduced as a result of the leakage reduction strategy ex-
cess. Since the effective transistor width in the ROM arraglained earlier. Second, the precharge portion of dynamic
is also smaller than that in a correspondingly sized RAM arenergy is also eliminated when the bank is powered off. Fig-
ray, the leakage energy of the ROM is also smaller. Anothejre 5 gives the heap energy consumption due to M&S when
reason thatthe ROM energy is less than the heap energy is Bgode control (leakage control) is employed, normalized with
cause of using a ROM configuration that implements a sinrespect to the heap energy due to M&S when no mode con-
ple but effective energy optimization. In particular, we userol is used (i.e., all partitions are active all the time). We ob-
a banked ROM configuration and activate the supply voltaggerve from this figure that turning off unused banks reduces
selectively to only those banks that contain libraries that arghe heap energy consumption by 31% on the average (with
accessed by the application. Note that this incurs a penalty 4vings ranging from 2% to 65%). On average, 90% of these
runtime when the bank is accessed the first time. Howevesavings come from leakage energy reduction.
we found this overhead to be negligible. Figure 5 also shows that the normalized runtime stack en-
Another interesting observation is the relative leakage anergy. This energy gain in runtime stack is achieved by not
dynamic energy consumption breakdowns in the heap meraetivating one of the banks of the runtime stack when it does
ory and the ROM. We found that the dynamic energy of theot contain any useful data. Since we have two banks allo-
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% M illustrates the heap energy (normalized with respect to M&S
80 M heap energy without mode control) of tlkeallocation col-
L lector. The impact of pure mode control is reproduced here
g o for comparison.
2 40 We clearly observe that different applications work best
:g: with different garbage collection frequencies. For example,
10 4 the objects created byr agon spread over the entire heap
0 space very quickly. However, the cumulative size of live ob-
g 2 %, £ ;: § E 3 E £ £ % 2 jects of this benchmark most of the time is much less than
38 6 5 g 2 ¥ 2 £ 2 5 the available heap space. Consequently, calling the GC very
© = o frequently (after every 10 object allocations) transitions sev-
| SHeap B Runtime Stack | eral banks into the inactive state and reduces heap energy
by more than 40%. Reducing the frequency of the GC calls
Figure 5. Normalized energy consumption in heap leads to more wasted energy consumption for this applica-
and runtime stack due to mode control (M&S). tion. InKvi deo, we observe a different behavior. First, the

energy consumption is reduced by reducing the frequency of
collector calls. This is because each garbage collection has
cated to runtime stack (and the KVM variables) and mang . ENerey costdue_to fact_tha_t mark and sweep operations ac
C . . ' .. £ess memory. In this application, the overhead of calling GC
applications in our suite can operate most of the time with . :
. in every 10 allocations brings an energy overhead that cannot
one bank only, on the average, we achieve around 50% en- : ) .
ergy saving on these banks e compensated for by the energy saving during execution.
These energy savings, however, do not come for free. A‘gherefore, calling th_e GC less frequently generates a better
. X , .~ __result. Beyond a point€&75), however, the energy starts to
discussed earlier, accessing a powered off bank requires an .
Increase as the garbage collections become so less frequent
extra 350 cycles for the supply voltage to be restored. Dur: S 4
. o . hat significant energy is consumed due to dead but not col-
ing this time, a small amount of energy is also expendeq.

However, we observed that the percentages of extra exec&lfy[ecj objects. Applications lik¥ ni , on the other hand,

tion cycles and extra energy are no more than 3% and 5_2%1ﬁer greatly from the GC overhead and would perform best

. : with much less frequent garbage collector calls. Overall, it is
respectively. Therefore, we can conclude that applying leak- :
|meportant to tune the garbage collection frequency based on

age control me"h"?‘”'s”.‘ to_t_he |nact|\_/e heap banks can reduE%e rate at which objects become garbage to optimize energy
energy consumption significantly without too much impac

S consumption.
on execution time. _
The GC overhead also leads to increased energy consump-

4.3 Impact of Garbage Collection Frequency tion in the ROM, runtime stack, and processor core. The en-
ergy increase in the ROM is illustrated on the right graph of
The M&S collector is called by default when, during al- Figure 6. Each bar in this graph represents the energy con-
location, the available free heap space is not sufficient to agmption in the ROM normalized with respect to the energy
commodate the object to be allocated. It should be noted thg@nsumption of the ROM with M&S with mode control. It
between the time that an object becomes garbage and the tiff! b€ observed that the case wlith 10 increases the energy
itis detected to be so, the object will consume heap energy §8nsumption in ROM significantly for many of the bench-
a dead object. Obviously, the larger the difference betweeharks. On the other hand, working with valuesko$uch as
these two times, the higher the wasted energy consumptionp» 100, and 250 seems to result in only marginal increases,
collecting would lead to powering off the bank. It is thus vi-&nd should be the choice, in particular, if they lead to large
tal from the energy perspective to detect and collect garbadg@ductions in heap energy. We also found that the energy
as soon as possible. However, the potential savings should §¢erheads in the core and runtime stack were negligible and
balanced with the additional overhead required to collect thBave less than 1% impact on overall energy excluding cases

dead objects earlier (i.e., the energy cost of garbage colleef ¥ = 10. To summarize, determining globally optimal fre- -
tion). quency demands a tradeoff analysis between energy saving in

In this subsection, we investigate the impact of callingh® heap and energy loss in the ROM. Except for cases when
the garbage collector (without compaction) with different® = 10, the energy savings in the heap clearly dominate any
frequencies. Specifically, we study the influence of-a ©Overheadsin the rest of the system.
allocation collectorthat calls the GC once after evekyob- A major conclusion from the discussion above is the fol-
ject allocations. We experimented with five different valuedowing. Normally, a virtual machine uses garbage collector
of k: 10, 40, 75, 100, and 250. The left graph in Figure nly when it is necessary, as the purpose of garbage collec-
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Figure 6. Normalized energy consumption in heap and ROM memory when M&S with mode cotrol is used with
different garbage collection frequencies.

182 sonable object allocation policy, in a banked-memory based
.. 80 system it might be possible to have better strategies. This is
270 because the default strategy does not care whether the free
ui gg chunk chosen for allocation is from an already used (active)
3 40 bank or inactive bank. It is easy to see that everything else

being equal, it is better to allocate new objects from already
active banks.

To experiment with such a strategy, we implemented a

- N W
[= 2= =y =]
I
Calculator ﬁ

lists of active banks are checked and, only if it is not possible
to allocate the space for the object from one of these lists, the
lists of inactive banks are tried. This strategy is called the

Figure 7. Normalized energy consumption in heap active-bank-first allocation.

(active bank allocation versus default allocation). Figure 7 gives the energy consumption for three different
versions. M&S with leakage control (denoted Mode Con-
trol), active-bank-first allocation (denoted Active Bank), and
a version that combines active-bank-first allocation with a
¥'rategy that activates the GC only when the new object can-
rot be allocated from an already active bank (denoted Active
. o . Bank+). All values in this figure are normalized with respect
ory space is not a concern. This is becal_Jse calling GC MOt§ the heap energy consumption of M&S without mode con-
frequently allows us to detect garbagarher,_ and free as- . trol. We see from these results that Active Bank does not
soclated space (anq turn .Oﬁ the bar_1k). This early deteCt'(]t.r)}ing much benefit over Mode Control in most cases (except
and space deallocation might result in large number of banlfﬁat we observe a 6% heap energy improvemeNtinhFP).

being transitioned to the inactive state. ) i ) ) )
This can be explained as follows. Objects with long life
. . time are typically allocated early (before the first GC is in-
4.4 Impact of Object Allocation Style voked) and occupy the first few banks. The younger objects
that occupy banks with higher addresses seldom survive the
M&S in KVM uses a global free list to keep track of next garbage collection. From the the traces of bank occupa-
the free space in the heap. When an object allocation is réen, we observe that after each GC, the banks with lower
guested, this free list is checked, the first free chunk that caaddress are always occupied and the higher addresses are
accommodate the object is allocated, and the free list is upypically free. Consequently, the default allocation acts like
dated. While in a non-banked architecture, this is a very reactive-bank-first allocationMat hFP is an exception to this

[] c [ [ o = (] o ‘c [ = =
< = E = £ L @ . .
s 85 £ 8 535 £s5 35 3 ¢ new bank allocation method where each bank has its own
T o S =5 ¥ 2 3 o 3 2 . . . . :
© a x X é = £ § £ private free list. In an object allocation request, first, the free
(73] -
(7]

‘ @ Mode Control M Active Bank O Active Bank+

tion is to create more free space in the heap. In an energ
sensitive, banked-memory architecture, on the other hand,
might be a good idea to invoke the collector even if the me
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= compacting algorithm gives an out-of-memory error. In this
subsection, we study both these issues using our applications.

5 70 — n — Let us first evaluate the energy benefits of mode control
g 60 1 e when M&C (the default compacting collector in KVM) is
§ ig R EEEERERBR used. The results given in Figure 8 indicate that mode con-
f\o 30 | I trol is very beneficial from the heap energy viewpoint when
20 | AN N A S A - M&C is employed. Specifically, the heap energy of the M&C
10 - et collector is reduced by 29.6% over the M&C without mode
O T e o o o0 = o oz e s s control. The left graph in Figure 9 compares heap energy
S &35 88 5§5Ls3 38 of M&S and M&C with mode control. Each bar in this
% © &5 g ¥ g 2 s £ g graph represents heap energy consumption normalized with
© = 2 5 respect to M&S without mode control. It can be observed

that M&C does not bring significant savings over M&S (de-

Figure 8. Energy consumption in heap due to mode noted Mode Control in the graph). First, moving objects dur-
control (M&C) normalized with respect to M&C ing compaction and updating reference fields in each object
without mode control. consumes energy. In addition, compacting may increase the
applications running time, which also means more leakage
energy consumption. Therefore, a tradeoff exists when com-
allocation behavior. Iivat hFP, after each GC, the occupied paction_is used. In our i.mpllementation, to lessen the per_for-
banks are not always contiguous. In this case active-banfi2nce impact, compaction s performed only when the object
: : L ; be allocated is larger than any of the available free chunks
first allocation can save energy by postponing the turning of? . . '
gy Oy postp v g or if it can turn off more bankskwni is one of the bench-

a new bank. In contrast, in benchmarks suclKas! and : . .
Schedul er , the energy overhead of maintaining rnuItiplemarks where compaction brings some energy benefits over
' The execution trace of this code

free lists shows up as there is almost no gain due to the a||8/|.§‘_s with rr]nodr? control. . here Mode C |
cation strategy itself. indicates that there are many scenarios where Mode Contro

does not turn off banks because all banks contain some small-

Thus, it is important to modify the default garbage collec-". q bi M&C he other hand o
tion triggering mechanism in addition to changing allocatiorp'28¢ Permanent objects. » on the other hand, turns of
ome banks after garbage collection due to the fact that it

policy to obtain any benefits. Active Bank+ combines th h s f od I biects with short life fi
active-bank-first allocation mechanism along with a strateg oth compacts fragmented five 0bjects with short fite imes

that tries to prevent a new bank from being turned on due t nd clusters permanent objects in a smaller number of banks.

allocation. As it combines an energy aware allocation anHN}&Sgrge benchmarks suf(f:.h. E)sagont,) on ftI?e ottf:erkhand,ﬁ
collection policy, Active Bank+ can lead to significant en- oes not create sufficient number of free banks to off-

ergy savings as shown in Figure 7. The causes for these Sac@_t_the_extra energy overhead due to additional data structures
ings are three-fold. First, Active Bank+ invokes the GC morgnamtamed.

frequently, and thus banks without live objects are identified The original allocation policy in the compacting version
and turned off early. Second, during allocation, it reduces th@istinguishes between permanent and dynamic objects as
chances of turning on a new bank. Third, permanent objectgentioned earlier. The default allocation policy always al-
are allocated more densely, thereby increasing the opportufcates dynamic objects from the first available bank while

ties for turning off banks. permanent objects from the last available bank. Thus this
strategy requires activating at least two banks (The first one
4.5 Impact of Compaction and the last one) when both permanent and dynamic objects

are present. The active-bank-first strategy, on the other hand,

As explained earlier in the paper, the compaction algo@!ways tries to allocate dynamic objects from the first active
rithm in KVM performs compaction only when, after a GC, bank with enough space for the new object. Thus, until the
there is still no space for allocating the object. In a resourcdotal size of the allocated objects exceeds the bank size, only
constrained, energy-sensitive environment, compaction c&f1€ bank is activated. Consequently, as opposed to the case
be beneficial in two ways. First, it might lead to further en-Without compaction, the Active Bank version (thatis, allocat-
ergy savings over a non-compacting GC if it can enable turrild Object from an already active bank if it is possible to do
ing off a memory bank that could not be turned of by theS0) combined with M&C generates better results than M&C
non-compacting GC. This may happen as compaction ten#4th default allocation, and consumes 10% less heap energy
to cluster live objects in a smaller number of banks. Secon@n the average. Finally, as before, the Active Bank+ outper-
in some cases, compaction can allow an application to rdf'ms other versions for most of the cases.
to completion (without out-of-memory error) while the non-  The right graph in Figure 9 compares heap energy con-



100 -
90 H

100

70

60 — 60
50 50
40 40
30 1 30 1
20 20 |
10 - 10 -
: : : : : : : : : : : 0

° ;

[-%

©

£

Ul

N4

‘I:I Mode Control EM&C [1Active Bank+ [ Active Bank‘

% Heap Energy
% Heap Energy

—

Elite
Elite
Kvideo
Kwml

Calculator
Crypto
Dragon
Kvideo
Kwml
Manyballs
MathFP
Mini
Scheduler
Starcruiser
Calculator
Crypto
Dragon
Kshape
Manyballs
MathFP
Mini
Scheduler
Starcruiser

\I:I Mode Control BM&C C1M&C2 COM&C+ \

Figure 9. Left: Comparison of M&C and M&S. Right: Comparison of different com pacting collectors.

sumption of three different compaction algorithms. M&C isthe extra forward field can be used as a stack in the marking
the default compactor in KVM. The M&C+ version differs phase to reduce the overhead during the scanning phase.
from M&C in that it performs compaction after each garbage In case that the heap is severely fragmented, M&C2 will
collection (whether or not it is actually needed from the view-out perform M&C+ because it treats each object individu-
point of free space). Our results show that in some benclally, and does not need to copy the Break Table (in this case,
marks such akshape andSchedul er , it generates better the Break Table will be large) when moving objects. On the
results than both M&S (denoted Mode Control in the figurepther hand, when most live objects are placed contiguously,
and M&C. This is due to the fact that, with M&C collector, M&C+ will perform better because it can move objects in
objects are allocated linearly, which eliminates the cost fofewer chunks. Further, the smaller Break Table reduces the
scanning and maintaining free list. M&C2, on the other handpok up cost (whose time complexity increases logarithmi-
is a collector that uses the Lisp2 Algorithm, as opposed to theally with respect to the Break Table size) when updating
default Break Table-based algorithm in KVM. In the Lisp2each reference field during compaction. Obviously, if the to-
algorithm, during compaction, first, the new addresses for athl number of reference fields is large, M&C+'s performance
objects that are live are computed. The new address of a pavill suffer a lot during the updating phase.
ticular object is computed as the sum of the sizes of all the Crypt o is an example application with rather big heap
live objects encountered until this one, and is then stored ifootprint that benefits from M&C2's cheaper marking and
an additional ‘forward’ field in the object's header. Next, allupdating. In contrastEl i t e is an application with very
pointers within live objects which refer to other live objectssmall footprint. Due to the 4-byte’s overhead in each ob-
are updated by referring to the ‘forward’ field of the objectjects, M&C2 turns on a new bank much earlier than M&C+.
they point to. Finally, the objects are moved to the address&pecifically, M&C2 turns on the third bank about 5.6 seconds
specified in the "forward” field, and then the ‘forward’ field is after program initialization while the corresponding value for
cleared so that it can be used for the next garbage collectiom&C+ is 6.2 seconds. Initializing the forwarding fields of
The advantages of this algorithm are that it is can handle olegach objects also consumes some extra energy.
jects of varying sizes, it maintains the order in which objects As we mentioned earlier, a compacting GC can run an
were allocated, and it is a fast algorithm with an asymptotiapplication in a smaller heap memory than a corresponding
complexity ofO (M), wherelM is the heap size. Its disadvan- non-compacting version. For examphd,ssi | es can run
tage is that it requires an additional four-byte pointer field irusing a 32KB heap when M&C is employed while requiring a
each object’s header that increases the heap footprint of theinimum of 64KB heap when executing using M&S. Com-
application. paring the energy consumption for systems with these con-
There are two potential energy benefits due to this configurations, we found that the M&S that uses a 64KB heap
paction style. First, objects can be relocated accounting favith four 16KB-banks consumes a heap energy of 1.02mJ,
temporal affinities and object lifetimes, instead of sliding-which is much larger than 0.71mJ, the heap energy consumed
only compaction as in M&C. For example, clustering objectdy M&C2 when using a 32KB heap using two 16KB-banks.
with similar lifetime patterns increases the potential for deSimilarly, Kwml can run using a 64KB heap when M&C is
activating an entire bank (when the objects it holds die toemployed, while requiring a minimum of 128KB heap when
gether). Secondly, reference fields can be updated more efxecuting using M&S. For this application, the M&S that
ficiently as compared to M&C and M&C+, where updatinguses a 128KB heap with eight 16KB-banks consumes a heap
each reference field needs to look up the Break Table. Finallgnergy of 13.15mJ, which is much larger than 7.66mJ, the
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i Automatic garbage collection has been an active research
area for the last two decades. The current approaches to
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% Heap Energy
(4]
o
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30 - garbage collection focus on locality-aware garbage collection
fg 1 (e.g., [B]), concurrent and hardware-assisted garbage collec-
0 L e e e e e R tion (e.g., [11]), and garbage collection for Java among oth-
g gs5288E2LE 28 2 3 ers. A comprehensive discussion of different garbage col-
E xpuw g2 E 8 £ = ER : _ :
% © 5 g x g = £ £ ¢ lection mechanisms can be found in [13]. All these tech-
© = o 3 niques are geared towards improving performance rather than
[ Mode Control (M&S) B Active Bank+ (M&S) energy consumption. We showed in this paper that for an
EMode Control (M&C2) OActive Bank+ (M&C2) energy-aware collection, different GC parameters should be
tuned. Diwan et al. [9] analyzed four different memory man-
Figure 10. Impact of cache memory. All numbers agement policies from the performance as well as energy per-
are normalized with respect to the heap energy con- spectives. Our work differs from theirs in that we focus on a
sumed using the same configuration with no mode banked-memory architecture, and try to characterize and op-
control. Note that Cr ypt o does not run with 64KB timize energy impact of different garbage collection strate-
heap. Also,Kwml cannot complete using the M&S gies when a leakage control mechanism is employed.
GC. Most of the Java-specific optimizations proposed so far

focus on improving performance whereas we target improv-

ing energy consumption without unduly increasing execu-

tion time. Our work differs from these in that we specifi-
heap energy consumed by M&C2 when using a 64KB heagflly target embedded Java environments and focus mainly
using four 16KB-banks. on exploiting leakage control mechanisms for reducing en-
ergy. We also illustrate how garbage collector can be tuned
to maximize the effectiveness of leakage control. Flinn et
al. [10] quantifies the energy consumption of a pocket com-
puter when running Java virtual machine. In [22], the energy
behavior of a high-performance Java virtual machine is char-

Th ; he infl th behavi acterized. In contrast to these, our work targets a banked-
€ presence ofa cache influences the energy be av'orﬁj?emory architecture and tunes garbage collector for energy

two ways. First, the number of reference_s o the memor)f)ptimization. Finally, numerous papers attempt to optimize
both_the ROM and RAI\Q,.arE reduced. This replu<|:es thef.dy'nergy consumption at the circuit and architectural levels.
thr?;ﬁ:r;]irgy Z?\gfumrz dbnctesetgngg)?ry} It?] particu ﬁ‘r’ wetin particular, the leakage optimizatiop circqit employed her(_a
P 9y o of the overall ENergy fag 14 reduce leakage current and is similar to that used in
the presence of the 4KB data_ and 4KB instruction cache 3, 16]. We employ a design that is a simple enhancement
Note that embedded cores typically hav_g small ca(_:hes. S o(‘fexisting voltage down converters present in current mem-
ond, the cache can account for a significant portion of th8ry designs. Further, the circuit with the differential feedback

ovgrall SySt?m energy. In particular, the instruction cache is age helps to respond to load variations faster during normal
major contributer as it is accessed every cycle. In the conteé eration

of this work, it is important to evaluate how the cache influ-

ences the effectiveness of mode control strategy and the addi- ]

tional gains that energy-aware allocation and collection prd® ~Conclusions

vide over pure mode control. Figure 10 shows the normalized

heap energy in the presence of a 4K 2-way instruction cache As battery-operated Java-enabled devices continue to
and a 4KB 2-way data cache when a 64KB heap is usedrow, it is becoming important to design resource-
Pure mode control with M&S reduces 15% of heap energgonstrained Java virtual machines. Simply porting a desktop
on the average across all benchmarks. An additional 28%/M to run on an embedded device can produce a large fixed
heap energy saving is obtained through the energy-aware anemory overhead and result in a large energy consumption;
tive bank allocation and garbage collection before new bantoth are unacceptable in most embedded products. There-
activation. The corresponding figures when M&C2 is usedore, it is important to design virtual machines components
are 14% and 25%, respectively. These results show that théresh for embedded environments. In embedded environ-
proposed strategies are effective even in the presence ofrents, memory leaks combined with the limited memory ca-
cache. pacity can be potentially crippling. Thus, garbage collection

4.6 Impact of Cache Memory



that automatically reclaims dead objects is a critical compoFl5] M. Kamble and K. Ghose. Analytical energy dissipationdn
nent. In this work, we characterized the energy impact of GC

parameters built on top of Sun’s embedded Java virtual ma-

chine, KVM. Further, we showed how the GC can be tuned to

exploit the banked nature of memory architecture for saving16]

energy.
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