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Abstract—With the scaling of CMOS technology almost over,
non-volatile memories based on emerging technologies are gain-
ing considerable popularity. Particularly, spintronic-based Race-
track memories (RTMs) exhibit unprecedented storage capacity,
as well as reduced energy per operation and high write en-
durance, which make them promising candidates to revolutionize
the architecture of memory sub-systems. However, since RTM
exploits shifting of magnetic domains to align the required data
with the access port, its read/write latency is not constant. Due
to this behaviour, several performance optimizations related to
the target application may be introduced either on memory
architecture or data placement or both. To this purpose, specific
tools able to emulate the timing characteristics of RTMs are
highly desired. Unfortunately, existing software-based simulators
show poor flexibility and run-time. To address such limitations,
this paper presents a new emulation system for RTMs based on
heterogeneous FPGA-CPU Systems-on-Chips (SoCs). Thanks to
its high flexibility, the proposed emulator can be easily configured
to evaluate different memory architectures. In addition, the
CPU can be used to stimulate the RTM architecture under
test with appropriate benchmarks, thus providing a fast self-
contained evaluation environment. As case study, ERMES has
been implemented within the Xilinx Zynq Ultrascale XCUZIEG
SoC to evaluate performances of several memory configurations
when running benchmark applications from the MiBench suite,
experiencing a speed-up higher than <146 over software-based
simulators.

Index Terms—Racetrack Memories, FPGA-based emulator,
Computer aided design techniques

I. INTRODUCTION

In the era of the Internet-of-Things (IoT), memory-hungry
applications, such as big data analytics, multimedia processing
and machine learning algorithms, have become particularly
popular [1]. As illustrated in Fig. 1, IoT edge platforms
typically rely on embedded devices, with one or more com-
puting components, such as Central Processing Unit (CPU),
Graphical Processor Unit (GPU) and custom hardware acceler-
ators. Each computing unit has its own internal memory bank,
responsible for caching data and instructions that are accessed
frequently. Furthermore, specific memory sub-systems are
used to favour data sharing among different computing units
and with other external memory peripherals.

In the above mentioned scenarios, designing memory sub-
systems with large storage capacity and suitable to operate
in energy-, area- and time-constrained environment has be-
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Fig. 1. Architecture of a typical IoT edge platform.

come quite challenging [2]. Technological limits shown by
conventional SRAM and DRAM architectures have driven
the research community towards new emerging technologies
characterized by more favourable scalability factors and lower
power dissipation. In the recent past, several non-volatile
memories (NVMs) have emerged as promising alternatives,
such as spin transfer torque RAMs (STT-RAMs) [3], phase
change memories (PCMs) [4], resistive RAMs (ReRAMs) [5]
and racetrack memories (RTMs) [6]. However, while on the
one hand the above NVMs offer high energy efficiency, on the
other hand most of them [3]- [5] suffer from limited endurance,
high write time and large cell size, which restrict their ap-
plicability in embedded devices. Most representative memory
architectures are compared in terms of performance, area and
energy in Fig. 2. It can be observed that RTMs combine
strengths of different technologies, providing lower energy per
operation and the write endurance closer to traditional RAMs,
a very low leakage dissipation and an unprecedented storage
density capacity [7].

The information in RTM is stored within magnetic
nanowires (or tracks), with the magnetic domains serving as
bits (0 or 1 depending on the magnetization of each domain).
Each track is equipped with one or more Magnetic Tunnel
Junction (MTJ) devices used as access ports for read/write
operations. Conversely to conventional 2-D array-based RAM
architectures, where the single bit information can be retrieved
by selecting the specific cell and connecting it to the bit line,
accessing the desired cell within a track requires shifting all
the magnetic domains to align the information to the access
port. Due to this unique characteristic, using RTM in practical
environments poses new challenges, since both latency and
energy per access are not deterministic, but they depend on
the position of the accessed domain with respect to the access
port.



Fig. 3. Racetrack horizontal and vertical placement on a silicon wafer.

Fig. 2. Comparing different memory technologies (*shift latency not ac-
counted).

With the aim to reduce the impact of shift operations on
latency and energy consumption, RTM designers can act at
different levels, either by changing the length and the shapg. 4. Example of racetrack as shift register: (a) initial status; (b) after
of the tracks [8], the number [9] and the management of acc@ssessing the positiod 5.
ports [10], or varying the port update strategy [7] and the data
placement policy [11]. However, leveraging the full potential
of RTMs requires accounting for several trade-offs [12]. As
an example, increasing the number of access ports allows
reducing the average shift latency at the cost of a considerable
area overhead, due to the use of multiple MTJs. It follows that
examining performances of different memory con gurations
and choosing the most proper one, also depending on the target
application, requires a rapid evaluation framework. Existing
solutions rely on software environments, where the memory
device is rst modeled using tools such &ACTI [13] or
Destiny [14] to extract simulation-independent parameters;
then, software simulators, likdV Main [15] andgemb [16],
are exploited to analyze the memory access statistics over a
suite of benchmarks. However, such. traditional approaches, T
being based on slow cycle-level simulations, do not meet the
aforementioned requirements of rapid evaluation. In additiofy; Racetrack memory
these environments hinder the simulation of hybrid memory on RTM is a three-dimensional structure consisting of
sub-systems [17]. magnetic nanowires that are placed horizontally or vertically
To Il this gap, in this paper we present ERMES, a new empn the surface of a silicon wafer, as depicted in Fig. 3.
ulation system for RTMs based on heterogeneous FPGA-CRlithin each nanowire (or track), multiple magnetic domains
Systems-on-Chips (SoCs) platforms. The latter is an excellefie separated by domain walls. The magnetization state of each
candidate for emulation scopes, enSUring a hlgh con gurabi”%main (|e pointing up or down) serves as b|t, a||owing to
degree and rapid evaluation. Moreover, the possibility to ry8present 0 and 1, respectively. To perform a read operation,
benchmarks on the embedded processor gives designergs@y, shift current pulsesls are used to exert spin-transfer
self-contained environment capable of easily testing differeffrque, thus shifting all magnetic domain walls along the
RTM architectures and data placement strategies. The mgdick in the same direction. When the desired information has
contributions of this paper are reported in the following.  reached the access port, the magnetization state is determined
We present a new hardware architecture that emulatesthe MTJ device. Conversely, for a write operation, a larger
the behaviour of RTMs and efciently uses the logiccurrent pulse is injected through the access port, thus switching
resources available within modern FPGA devices. Tthe magnetization state of the corresponding magnetic domain
proposed architecture is fully con gurable, thus it alwall. Obviously, since the access ports can perform only-read,
lows exploring the design space by changing desigmly-write or read-write operations, the corresponding MTJ
parameters, such as the number and the length of tradevice has to be properly sized for the speci c situation.

and the number of access ports per track. Then, after
con guration, it can be used to evaluate different data
placement strategies without requiring any further hard-
ware modi cation.

The proposed emulator includes an on purpose designed
memory controller that manages bit shifts in both direc-
tions optimizing the data access times.

Result of experiments performed running several ap-
plication benchmarks from the MiBench suite [18] are
also presented and discussed to demonstrate the high
exibility and fast runtimes of ERMES. To the best of
our knowledge, this is the rst work proposing a complete
FPGA-based emulator for RTMs.

. BACKGROUND AND MOTIVATION



Fig. 6. Top-level architecture of ERMES.

The sequential nature of RTMs poses several challenges in
how data should be organized within the memaory architecture.
Fig. 5. RTM architecture. It is typically structured as shown in Fig. 5 and contains an
array of basic building blocks named Domain Block Clusters
From a logical point of view, tracks behave as shift regDBCs). Each DBC accommodates several tracks, any of
isters. The number of shifts required to perform an accesswhich can be used to store either an entiréit data word
determined by the distance between the address to be accesseingle bits belonging to different words. However, the rst
and the position of the access port. As a consequence,approach leads to considerable performance degradation since
any access, the content of all magnetic domains in a trachltiple cycles are needed to access a single word. On the
changes, with the access port serving as head whose stat#rary, as schematized in the inset of Fig. 5, where the
is dynamically updated to the last accessed domain addregmerich! indicates the-th bit of thej -th word, the second
Fig. 4 illustrates an example of this running for a trackpproach allows accessing all twebits in parallel and moving
composed byN =8 domains and one access port originallpll the tracks within the DBC in a lockstep fashion [7]. In this
aligned to the addres® 2 (Fig. 4(a)) . When the bit at the case, withM..andN-being the number of DBCs and the length
position0 5 is requested, three left shifts are needed to aligif each track, respectively, the RTM architecture illustrated in
the bit-dataF to the access port. The track content is therefofég. 5 can storeM N w-bit data words.
updated as reported in Fig. 4(b), while the track head is set to
0 5. Itis worth noting that, in tape-shaped RTMs, some bit§- Motivation of this work
usually referred to as over ow bits, may be lost because of pesigning memory sub-systems based on RTMs requires
the shifts occurring at the outermost positions. To avoid thigicing new and challenging issues because of their unique
the number of domains in the nanowire could be increaseddRaracteristics. Current design aid tools based on software
twice the number of bits effectively stored [10]. Even thougbimulation allow a cycle-by-cycle evaluation based on speci ¢
such a solution has no signi cant in uence on the overall aregodels of the memory architecture to be performed. However,
which is mostly determined by the MTJ transistors, it affecigue to their long simulation times (i.e. in the order of a few
the average read/write access time because of the increasggdred minutes per simulation [19]), they hinder the design-
length and number of possible shifts. An effective alternativgs in examining different memory con gurations and their
is given by ring-shaped RTMs [8], which link the outermosimpact on different benchmarks. Furthermore, such traditional
positions (i.e. 0 and\ -1) to provide a toroidal storage withoutaid tools do not t well with the design of hybrid memory sub-
additional domains. systems [20]- [21], composed by both dynamic/static RAMs
To reduce the average shift latency, RTM tracks can lsed RTMs. For these reasons, hardware-based emulation plat-
equipped with more than one access port. Depending on fhems equipped with con gurable controllers and suitable to
adopted management policy, the shift controller establishieilitate the communication between heterogeneous memories
which port is in the most favourable position to access tlae essential.
data, computes the required number of shifts and updates thén the recent past, FPGA-based emulation platforms for
status of all access ports. Basically, two access policies @merging NVMs have received a great deal of attention [17],
currently adopted [7]. The former, namexdatic, is based [22]- [24]. These platforms have been proposed mainly with
on a xed assignment of a set of domains to each port. the aim of analyzing the asymmetric access times that most
such a case, the logic implemented by the shift controller MvVMs suffer from. They typically use a memory controller
quite simple because each domain may be accessed onlydgponsible for managing memory requests, one or more
its assigned access port and no further elaboration is neediglay modules, which emulate delay injection, and an ex-
The latter, referred to adynamic, is thought to optimize the ternal DRAM that acts in place of the NVM. The above
shift latency. In such a case, the controller rstly computesited emulators may be exploited for the evaluation of STT-
the number of shifts needed to align each access port to R&Ms, ReRAMs, PCMs and other NVM architectures based
desired domain and chooses the access port leading to dheconventional 2D arrays. However, they cannot be useful
shortest path. in the case of RTMs, since there the access to a specic



Fig. 7. Internal architecture of thRTM core

(VHDL) at the Register-Transfer-Level of abstraction, taking
into account the memory architecture described in Section Il
Depending on the user's requirements, the number of DBCs
M, the number of tracks per DBC (i.e. the data word size
w) and the number of positions per tradk can be easily
con gured. Moreover, the number of access ports per tiRack

is chosen by the designer.

Its internal architecture is illustrated in Fig. 7; it consists
of a decoder, a shift controller andl DBCs. The access
request sent by the CPU includes the address to be accessed
(i.e. Addr), the type of operation to be performed (i.e. write
WE or readRE), and thew-bit Din word to be written. The
Addr signalis represented gnbits, withy = dog,(M  N)e;
its most signi cant bits Addrpgc ) identify the selected
DBC, whereas the least signi cant bitdddr gt ) identify the
speci ¢ position in the racetracks. Then, the shift controller
establishes the minimum latency directidSO) to ful | the

Fig. 8. Pseudo code describing operations performed by the shift controltglbceSS request and the expected number of shifts. To this aim,
position results in a change in all the other domains withfie shift controller has to also consider the current alignment of
the track, and this in uences the following accesses. For tHide access ports with the racetrack cells. Mnl multiplexer
reason, RTM emulators must keep trace of how domains hd§etherefore employed to select th¢ set referred to the
been moved after any read/write access, besides managifigressed DBC. The operations performed by the controllers
its variable latency. Based on these considerations, this wd@kmanage write and read accesses, as well as port updating,
presents for the rst time an ef cient and. exible FPGA-basecre reported in the pseudo-code of Fig. 8. H&¢T HEAD

emulation platform for RTMs. represents the initial alignment of ti® ports within theN -
sized track. The shift controller computes the number of shifts
lIl. THE PROPOSEDERMES DESIGN required by each port to acceaddrgr (lines 5-15). Then, it

Fig. 6 shows the top-level architecture of the proposemputes the number of shiftéSO and the directiorDSO
emulation system. It includes the Processing System (PS) &@idhe port leading to the shortest path (i.e. pa}. Such an
the Programmable Logic (PL) sections. The CPU in the Pgformation is transferred to the CPU to evaluate the access
runs the benchmark software routines and generates memi@igncy. It is worth noting that, after the alignment between
requests to be forwarded to the con gural#@M coreimple- the access port and the requested bit-data has been reached,
mented in the PL. Th&®TM corecommunicates with the PSthe status of all the ports must be updated. Therefore, while
through the AXI-Lite protocol. It outputs the number of shiftdhe current head of the selected pbi{id) is updated with
needed to access the requested address, a validation sifialaccessed address, heads of the other ports are computed
to indicate that the access has been correctly executed, &#ing into account how many shifts have been performed in
eventually the read data. The PS also communicates withthe previous access request (line 21).
external Double Data Rate (DDR) DRAM memory to support To emulate the behaviour of a bidirectional shift register,

the evaluation of hybrid memory sub-systems. each track within the DBC has been describedNasegisters
connected to as many multiplexers. Depending on the selector
A. RTM core DSO, the generic registeR; receives the bit-data on either

The custonrRTM corehas been designed by the Very Highits left (R; 1) or its right R;+1). The Shift gy signal
Speed Integrated Circuits Hardware Description Languageming from the shift controller is then driven high for a time



Fig. 9. Analysis of ERMES hardware requirements for different DBC con gurationswé8; (b) w=16; (c) w=32.

long enough to perform the computed number of shifts, thasie module responsible for updating the status of Ehe
allowing the requested bit-data to be aligned with the selectadcess ports. Depending on such design parameters, different
access port. con gurations may. be realized. Fig. 9 shows the impact of
B. Interfacing CPU and RTM core varying N, w andP over the number of occupied Look-Up-

o Tables (LUTs) and registers per DBC. At a glance, it can
Application benchmarks used to test the memory su

Bé observed that, at a parity &f, the number of LUTs and

system are executed by the CPU embedded within the Prec‘gisters increases with a different rate at the growing of the
Depending on the requested memory address, the CPU

s 9 ) SBC storage capacitw N. As expected, the number of
tablishes if it has to be transferred ki tq either the eXte”}@bisters is proportional to such capacity, with slight deviations
memory or 1o theRTM corelmplgmepted in the PL. In the due to the contribution of the module implementing the access
Iatte.r case, an address ré-mapping Is dpne to ensurq thatptgﬁs updating. On the contrary, logic resources needed to
application memory request complies with the addyesg Spqﬁﬁ)lement shift registers are proportionalNo'2. This is due
assigned to the custoRTM coreconnected through the AXI- , ", synthesis optimizations made on the genBrisized

Lite protocol. To extend interoperability with other_systemt-rack to pack more multiplexers within the same LUT. As
S|mulat|on environments, ERMES can be®Qasiy 'nFerfaC?}iﬂsible in Fig. 9, the number of occupied LUTS is signi cantly
with an external host general-purpose processor. This Opt'gé‘pendent o . Egs. (1)

just requires enabling the PCI Express (RCle) interface irﬂie amount of required LUT and FF resources as function of
plemented by either hard or soft IP locks, depending on tNe' w and P. It can be seen that, while the contribution of
target FPGA platform. the shift controller (i.,eLUTc andREG() is mainly due to
IV. RESULTS ANDDISCUSSION the number of access por®d and the track lengtiN, the
For evaluation purposes, ERMES has been implement@§a Occupied by a DBC (i.€UTp andREGp) is mostly
on the Xilinx ZCU102 development board equipped witH! Uenced by its number of racetracks.
the Zynq XCZU9EG heterogeneous SoC. The overall system

has been characterized using the Xilinx Vivado 2021.2 de- LUT = LUT¢ + LUTp;

velopment tqol, imposing a tlmlpg con;tramt of 10 ns for REG = REG¢ + REGp (1)
the PL running frequency. In this section, we rst present

hardware implementation results achieved by different DBC LUTc =P  (log(N)+2);

con gurations. Then, we analyze the impact of some design REGc =3P +1) (log(N)+1) @)
settings, likeM, N, and P, and different data placement

policies on the latency performance exhibited by the proposed LUTp =(w N=2) P(log(N)+1); 3)
emulation system when running sample benchmarks from the REGp =(w N) P(log:(N)+1)

MiBench suite [18].
[18] As a nal remark, it is worth noting that several different

A. FPGA implementation con gurations could lead to a speci c DBC storage capacity.
As described in the previous section, each DBC withiAs an example, a DBC can store 512 bits by settingN ) to
the RTM core architecture containsv N -sized tracks and either (8, 64), (16, 32) or (32, 16). This signi cantly in uences



TABLE |
APPLICATIONS SPECIFICATIONS

Application Description Memory footprint Number of Effective RTM
memory accesses accesses
gsort Quick sort algorithm on array of strings 2.47TMB 648233 3762
patriciaSmall Routing algorithm for network applications 2.53MB 663772 4194
bitcountSmall Count the number of bits in array of integers 17.47MB 4581094 817803
stringsearchSmall Search words into phrases 2.52MB 661964 10110
dijkstra Analysis of graphs to solve the shortest path problem  2.47MB 649897 15639

Fig. 10. Analysis of ERMES shift latency for different memory con gurations and benchmarks.

the performance-area trade-off of the RTM. Higland lowN  (i.e. length of tracksN and number of DBCsM ), while
values allow more bits can be accessed in parallel at a redukedping the data word size=32. Fig. 10 illustrates the overall
average access latency. However, such an approach hasntimaber of shift operations required to run each application
drawback of larger area occupancy [11]. Conversely, Wow for the chosen con gurations. As expected, increasing the
and highN values ensure a more compact RTM design, biléngth of the tracks at a parity &f generally leads to higher
they degrade the average speed performance. In such a casmber of shift operations. As an example, wisrl, moving
other countermeasures (i.e. increasihgcan be investigated N from 16 to 32 and 64 impacts on the total number of

to trade-off latency and area. shift operations by 2:13 and 2:91 factors, on average,
respectively. Conversely, at a parity Bf=32, increasing the
B. Benchmarks evaluation number of access porks from one to two and four contributes

Table | summarizes the main characteristics of the evaluafddreduce the latency, res.pectively, b.y 1.3 and 2,'1 timejs-, on
applications from the MiBench suite [18]. It is worth notinggverage:. Itis worth.obgervmg _the particular behavior exhibited
that, considering the amount of hardware resources availaBl the dijkstra application, which does not appear to benet
on the XCZU9EG chip, the largest memory size that can from the increasing of the number of access ports for larger

emulated is 32kBytes. Therefore, the CPU running the bendf2cks (i-e.N'=64). Further investigations were conducted on
qbc, benchmark and we noted that the above effect is in uenced

marks selects a portion of memory requests, Corresponding{) = .
a speci ¢ addresses space, and transfers them t&é core °Y the initial position of the access ports. In such a case, we

through the AXI-Lite interface. In such a case, R&M core realized that alignments with addresses lower tharl8 lead

acts as a scratchpad backed up to the external DRAM, whilgha 54% reducti0|_1 on the _shift latency. The optimiza_tion of
is used for the remaining access requests as typically happBlfs 2ccess port alignment is beyond the scope of this work,
in hybrid NVM-DRAM memory sub-systems. The effectivelUt it can be easily performed by using ERMES.

number of memory accesses requested toRA& coreis Table 1l reports hardware requirements for the 32kBytes
reported in Table |. Several con gurations of the 32kByteRTM con gurations analyzed, including resources employed
RTM core have been analyzed by varying the number dfy DBCs and shift controller. In such a case, being
access ports per tradRk and the memory array partitioningM =32kBytes/4 N) the number of DBCs, the total oc-



TABLE I
HARDWARE REQUIREMENTS FOR DIFFERENB2KBYTES RTM
CONFIGURATIONS

(M, N) (512, 16) (256, 32) (128, 64)
P=1 180.2k LUTs, | 154.5k LUTs, | 141.4k LUTs,
258.5k Regs | 257.5k Regs | 256.8k Regs
P=2 216k LUTs, 172.8k LUTs, | 150.8k LUTSs,
261k Regs 259k Regs 257.7k Regs
P=4 Not 209.3k LUTs, | 169.4k LUTs,
implementable| 262k Regs 259.5k Regs

cupancy of LUTs and registers decreases whth while it
increases when more access ports are used.
Notably, the proposed emulation system can be adopted
to evaluate different data placement policies and examine
the latency required by different applications for a given
memory con guration. As an example, in our experiments we
analysed the shift behaviour of tfRTM corecon gured with
M =128,w=32,N =64 andP =1 when two state-of-the-art data
placement policies are used. The former, narkedt Come
First Store(FCFS), stores data into racetracks according with
the order it is required. The latter, known d#ost Access Fig. 12. Normalized simulation/emulation time running applications from the
First (MEF), orders data within the racetracks dependinyiBench suite.

on its occurrence (i.e. from the most to the least frequently.477 core: Fig. 12 reports a comparison in terms of average
accessed data). Fig. 11 compares the average number of skjfif|ation times for the MiBench applications. In comparison
per application benchmarks obtained BEFS MEF andNo {5 the cycle-levelgem5 and MARSS 86 simulators, which
strategy (i.e. data is put within the RTM based on originajmjtate the operations of the simulated memory for each cycle,
trace addresses). In general,it is evident that using particugs proposed emulation system experiences 28000 and
strategies on the basis of simple assumption about the dathOOOSpeedup, respectively. Parallel simulators 1#8im
access patterns signi cantly alleviates the impact of shifts Ebing based on multi-thread processes, signi cantly reduce
RTMs. According to the literature, for the selected benchjmylation times with respect to the cycle-level counterparts.

marks, theFCFS strategy allows the lowest latency, whichyonetheless, thanks to its on-purpose designed architecture,
is the result of quite sequential and no-repetitive patterns. ItERMES exhibits an 146 speed-up oveZSim

worth noting that such kind of investigation does not require Finally, ERMES latency results are used to analyze the
any re-synthesis of the emulator architecture. actual speed-up achieved by RTMs over other traditional NVM
technologies, for the applications mentioned above. It is worth
noting that, thanks to their constant access latencies, SRAM
A direct comparison with state-of-the-art FPGA-based emand DRAM devices achieve average performances at least
lators [17], [22]- [24] is not possible, due to the the differer?.6 times higher than the RTM counterpart for the same set
supported features. As an example, the system presenteafilbenchmarks. However, as above mentioned, such CMOS
[17] is based on a host CPU that communicates with the FPG&chnologies suffer for high leakage and considerable area
through PCle interface; the programmable logic just accoraverhead, which make them unattractive for low-energy and
modates the Hybrid Memory Manager Unit (HMMU) corearea-constrained applications. Fig. 13 shows the total access
which is used to forward the memory access requests produtiete exhibited by the ReRAM, STT-RAM and RTM technolo-
by the host CPU to either DRAM or NVM. In such a casegies normalized to the slowest PCM counterpart, taking into
the generic NVM device is supposed to be external, whi@ctcount data reported in [21]. The chosen architecture for the
prevents from keeping trace of how information are move®TM is M =512, N =16 andP=1. It is evident that the RTM
after any read/write access in the case of RTMs. Conversalutperforms competitors in all evaluated benchmarks; this is
the FPGA-based platforms [22], [23] and [24] emulate thieecause the additional shift latency accounts for only 10% of
NVM device through the DRAM. To this aim, they model thehe total access time, on average.
asymmetric read/write latency of NVMs through controlled
delay-injection modules. However, being based on DRAM,
this emulation environment is suitable only for NVM tech- Thanks to their low-area and low-energy performances,
nologies based on conventional 2D arrays (i.e. STT-RAMsmerging RTMs are effective candidates for current IoT edge
ReRAMs and PCMs). Therefore, we evaluated ERMES speeatbvices. However, since such memories involve shifting of
up over software-based simulators [25] running on the Intelagnetic domains to retrieve information within the tracks

Fig. 11. Analysis of shift latency for different data placement policies.

C. Performance Analysis

V. CONCLUSIONS ANDFUTURE TRENDS
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